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Penaeids shrimp are the most economically important groups of crustaceans 

distributed throughout Asia, Australia and the Western Hemisphere. Asian 

countries such as China, India, Indonesia, Vietnam and Thailand account for 55% 

of the total shrimp catch (FAO, 2009) world over. Globally, penaeid shrimp 

culture ranks sixth in terms of value amongst all taxonomic groups of aquatic 

animals cultivated (FAO, 2006). The most important cultured penaeid shrimp 

species are the giant black tiger shrimp (Penaeus monodon), Pacific white shrimp 

(P. vannamei), kuruma shrimp (P. japonicus), blue shrimp (P. stylirostris) and 

Chinese white shrimp (P. chinensis). World shrimp production is dominated by P. 

monodon, which accounted for more than 50% of the production in 1999 (FAO, 

2001). They belong to the largest phylum in the animal kingdom, the Arthropoda. 

This group of animals is characterized by the presence of paired appendages and a 

protective cuticle or exoskeleton that covers the whole animal. The subphylum 

Crustacea is made up of 42,000, predominantly aquatic species that belongs to 10 

classes. Within the class Malacostraca, shrimp, together with crayfish, lobsters and 

crabs, belong to the order Decapoda. 

The exterior of penaeid shrimp is distinguished by a cephalothorax with a 

characteristic hard rostrum, and by a segmented abdomen (Fig 1). Most organs, 

such as gills, digestive system and heart, are located in the cephalothorax, while 

the muscles concentrate in the abdomen. Appendages of the cephalothorax vary 

in appearance and function. In the head region, antennules and antennae perform 

sensory functions. The mandibles and the two pairs of maxillae form jaw like 

structures that are involved in food uptake (Solis, 1988). In the thorax region, the 

maxillipeds are the first three pairs of appendages, modified for food handling, 

and the remaining five pairs are the walking legs (pereiopods). Five pairs of 

swimming legs (p1copods) are found on the abdomen (Bell and Lightncr, 1988; 

Baily-Brock and Moss, 1992). 

The internal morphology of penacid shrimp is shown in figure 2. Penaeids 

and other arthropods have an open circulatory system and, therefore, the blood 

1 



generaf Introauction 

and blood cells are called haemolymph and haemocytes respectively. 

Crustaceans have a muscular heart that is dorsally located in the cephalothorax. 

The valved haemolymph vessels leave the heart and branch several times before 

the haemolymph arrives at the sinuses that are scattered throughout the body, 

where exchange of substances takes place. After passing the gills, the 

haemolymph returns in the heart by means of three wide non-valved openings 

(Bauchau, 1981). A large part of the cephalothorax in penaeid shrimp is occupied 

by the hepatopancreas, the digestive gland. The main functions of the 

hepatopancreas are the absorption of nutrients, storage of lipids and production 

of digestive enzymes (Johnson, 1980). One of the haemolymph vessels that 

leaves the heart ends in the lymphoid organ, where the haemolymph is filtered 

(van de Braak, 2002a
). This organ is located ventro-anteriorly to the 

hepatopancreas (Fig 3). Haemocytes are produced in the haematopoietic tissue. 

This organ is dispersed in the cephalothorax, but mainly present around the 

stomach and in the onset of maxillipeds. Figure 4 shows the early stage ovary in 

P. monodon. Ovary lies dorsal to the gut and extends from cephalothorax along 

the entire length of the tail. 

ados!1a1 carina 
compound eye hepatic carina 
rostrum hepatic spine 

i 

telson 

uroPJd 
(tail fan) 

Fig.I. Lateral view of the external morphology of Penaeus monodon 
(Primavera, 1990) 
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Fig.2. Lat.:ral \'i~\v of thl! inll'mal anatomy or I~malc P. mnnotiOlI 

(Primavcrn. 1(90) 
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"'jg.4. An early slag~ uvary or P. IIlUI10clVII liemonstralin g. anterior 
lobul e!'> (black arrow). lateral lohu les (b lue arrow) and 
posterior lnbules (red arrow) (Abd-abduminal regIOn: 
Cl'p-l'ephalothonu:il' region ) 

I , I. Shrimp cell culture 

With the rapId growth or high intens ity aqllaclIlturl' or penaeid shrimp. 

vim l discases have spr~ad over tht.: shrimp farms worldwide since 1990, l"<lusing 

seven: tinandal losses (Bal·here. 2000: Va lderrama and Engle. 2004: Chen and 

Li, 2(05). Abo ut 20 vi ruses have been reported in wild and fanned shrimp 

(I3ona1l1i, 2008) induding. White spot syndrome vinls (WSSV). Monodon baculo 

vinl!lo (MBY). Ydlow ht.:ad vinls (YH V). Taura syndrome vims (TSY) and 

IIlfL'ctiolls hypodl'nnal and haematopoietic necrosis vims (iHH NV). In order tu 

devdop effective strategics for o\"t.:rcoming the plague. detailed st llliies or shrimp 

hio logy and shrimp viruses should he performed. A permanent shrimp L"dl line 
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will greatly facilitate the research works in this field. The earliest research on in 

vitro culture of shrimp cells began in Taiwan where shrimp epizootic broke out 

first (Chen et al., 1986). Although some successes have been made, no 

pennanent shrimp cell line has yet been made available (Rinkevich, 2005) 

1.1.1. Species used 

Attempts have been made to develop cell cultures from penaeids such as 

P. monodon (Chen et al., 1986, 1998; Hsu et al., 1995; Chen and Wang, 1999; 

Fraser and Hall, 1999; Kasornchandra et al., 1999; West et al., 1999; Wang et al., 

2000), P. stylirostris (Luedeman and Lightner, 1992; Nadala et al., 1993; Lu et 

al., 1995; Tapay et al., 1995; Shike et al., 2000; Shimizu et aI., 2001), 

P. japonicus (Machii et al., 1988; Sano, 1998; Chen and Wang, 1999; Itami et 

al., 1999; Lang et al., 2002, 2004a,b; Maeda et al., 2003, 2004), P. chinensis 

(Tong and Miao, 1996; Huang et al., 1999; Fan and Wang, 2002; Chun-Lei et al., 

2003; Jiang et al., 2005), P. penicillatus (Chen et al., 1989; Chen and Wang, 

1999), P. indicus (Toullec et al., 1996; Kumar et al., 2001), P. vannamei 

(Luedeman and Lightner, 1992; Nadala et al., 1993; Lu et al., 1995; Toullec et 

al., 1996) and the non penaeids such as Macrobrachium rosenbergii (Frerichs, 

1996). Besides, initiatives have been made for obtaining cell cultures from 

Nephrops norvegicus (Mulford and Austin, 1998; Mulford et al., 2001) 

The donor tissues from these species used for cell culture development were 

ovary (Chen et al., 1986, 1989, 1998; Luedeman and Lightner, 1992; Nadala et 

al., 1993; Tong and Miao, 1996; Mulford and Austin, 1998; Itami et a1. 1999; 

Toullec et al., 1999; West et al., 1999; Ch en and Wang, 1999; Shike et al., 2000; 

Shimizu et al., 2001; Lang et al., 2002; Maeda et al., 2003, 2004); testis (Mulford 

and Austin, 1998; Toullec, 1999); lymphoid (Chen et al., 1989; Nadala et al., 1993; 

Tapay et al., 1995; Hsu et al., 1995; Lu et al., 1995, Tong and Miao, 1996; West et 

al., 1999, Itami et al., 1999;Chen and Wang,1999; Wang et al., 2000; Lang et al., 

2002, 2004a,b) heart (Chen et al., 1986; Tong and Miao, 1996; Mulford and Austin, 

1998; Chen and Wang, 1999; Lang et al., 2002); hepatopancreas (Chen et al., 1986; 
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Machii et al., 1988; Ghosh et al., 1995; Mulford and Austin 1998; Toullec 1999; 

Wang et al., 2000; Lang et al., 2002); gill (Chen et al., 1986; Mulford and Austin, 

1998); nerve (Chen et al., 1986; Tong and Miao 1996; Mulford and Austin, 1998; 

Toullec, 1999; Lang et al., 2002; Chun- Lei et al., 2003) muscle (Chen et a1.,1986; 

Lang et al., 2002); haematopoeitic tissue (Mulford and Austin, 1998; Chen et al., 

1998; West et al., 1999; Mulford, 2001); embryonic tissue (Tong and Miao, 1996; 

Frerichs, 1996; Toullec et al., 1996; Fan and Wang, 2002); haemocytes (Chen and 

Wang, 1999; Itami et al., 1999; Jiang et al., 2005); eyestalk (Tong and Miao, 1996; 

Mulford and Austin, 1998; Kumar et al., 2001); epidermis (Toullec et al., 1996; 

Toullec, 1999) gut (Chen et al., 1986; Mulford and Austin, 1998); and Y organ 

(Toullec, 1999). 

1.1.2. Preparation of animals for aseptic removal of tissues 

Aseptic removal of tissues for cell culture development has always been a 

difficult task due to their aquatic inhabitation and the fact that they carry passive 

microorganisms in their body fluid with out any pathological signs. To avoid 

contaminated tissue going in to the tissue culture bottles several steps have been 

incorporated as part of the protocols over the years. 

1.1.2.1. Surface Disinfection 

Following have been the different protocols adapted by the earlier workers: 

1. Immersed animals in ice cold solutions of 10% bleach X 5 min, 

1 % povidone iodine for 5min and 70% ethanol for 5min (Shike et 

al., 2000a) 

2. Immersed the donors in 70% ethanol (Lang et al., 2002 and Maeda et 

al.,2003) 

3. Immersed in 10% sodium hypochloride for 10min and then wiped 

with 70% ethyl alcohol 5 times at interval of three minutes (Chen et 

al., 1986) 
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4. Maintained for 18-96 hours in runnmg sea water sterilized by 

ultraviolet light and Millipore (0045) filtration. 

5. Maintained in Dakin's fluid for 30-60 seconds prior to dissection and 

washed three times with balanced salt solution (Machii et aI., 1988). 

6. Submerged for 5 minutes in chilled 70% ethanol (West et aI., 1999). 

7. Fertilized eggs were suspended for 1 hour at room temperature in PBS­

antibiotic solution (penicillin 400 1U mrl; streptomycin 400 )lg mrl). 

Eggs were pelleted and resuspended in a few milliliters of 1 : 1 0 buffered 

iodophore (Buffodine: Evans Vanodine) with added malachite green 

(O.Olmg mr!) and held for 20 minutes (Fan and Wang, 2002). 

8. Disinfected the animals using 5% sodium hypochlorite. Dissected 

tissues were immersed in a solution containing 3000 rUmr' 

penicillin and 3000 )lg mr' streptomycin for 5-10minutes (Chen 

and Wang, 1999). 

9. Shrimp anesthetized by placing on ice and were surface sterilized with 

70% alcohol followed by 0.02% iodine disinfectant (Wang et al., 2000). 

10. Shrimps submerged in iodoform solution (iodoform/water = 1 :30, 

v/v) for about 10-15 min (Chun-Lei et al., 2003). 

11. Animals sacrificed by plunging into ice for 3 to 5 minutes and 

disinfected in ice cold sodium hypochlorite solution (300-35Oppm) for 

5min, prepared in autocIaved sea water (20g r1
). Subsequently washed 

with sterile sea water and dipped in cold ethanol (70%) for 2-3minutes, 

again washed in sea water for 3-4 times (Kumar et aI., 2001). 

12. Shrimps swabbed with 75% ethanol (Jiang et al., 2005). 

13. Maintained in aerated sea water containing 1000 IU mr! penicillin, 

1000 )lg mrl streptomycin for 4-18 hours at room temperature. The 

embryos and larvae were pretreated with the above antibiotics 
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combined with fungizone (2.5 J.1g mr!) and (Nystatin 100 Jlg ml"!) 

for 4 hours, then disrupted by aspiration with a fine tip pipette (Tong 

and Miao, 1996). 

14. Eggs removed from ovigarous M. rosenbergii 7-13 days after 

fertilization and mixed and held for 1 h at room temperature in PBS­

antibiotic solution (penicillin 100 IV mr!; streptomycin 100 Jlg mr!l; 

kanamycin 100 Jlg mr!; amphotericin B 1 J.1g mrl). Treated eggs 

pelieted by low speed centrifugation and resuspended in a few 

milliliters of 1: 1 0 buffered iodophore (Buffodine: Evans Vanodine 

International) with added malachite green (lmg 100mrl). Incubated 

for 20 min (Frerichs, 1996). 

15. Immersed shrimp in 0.06% iodine solution dissolved in sea water for 

5min and wiped with 70% ethanol (ltami et aI., 1999). 

16. Shrimp soaked in 100ppm KMN04 at 4°C for 30 min and then rinsed 

with sterile sea water (Huang et aI., 1999). 

17. The animals anaesthetized by immersion in sea water at 4°C for 50-

60 min were dipped briefly in 10% (w/v) sodium hypochlorite to 

inactivate extraneous micro organisms, and rinsed for 10 min in 7% 

(w/v) iodine tincture followed by rapid immersion in holding 

medium, which consisted of serum free medium supplemented with 

penicillin- streptomycin (104 IV/mrl), amphotericin B (l0 Jlg mr!) 

and gentarnycin (2.5 J.1g mrl). Subsequently rinsed several times with 

70% ethanol (Mulford and Austin, 1998). 

18. After dissection tissues were washed in 2X L-15 containing 1 000 ~g mr! 

streptomycin, 1000units mrl penicillin and 100 Jlg mrl fungizone 

(Chen et aI., 1998; Itami et aI., 1999). 

19. Sterilized by immersion in freshly prepared 5% (v/v) chlorax 

containing 5.25% sodium hypochlorite (Chen et aI., 1989). 
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20. Anaesthetized in cold water for 50 min and submerged in freshly 

prepared 7% iodine disinfectant (Luedeman and Lightner, 1992). 

21. Soaked in 10% sodium hypochlorite for 5 minutes. After dissection 

lymphoid organs pooled in antibiotic incubation medium containing 

2XL-1S, 100 lUll OO~g penicillin/streptomycin per ml, 1 % 

amphotericin Band 0.5% gentamycin with agitation and transferred 

to fresh medium for further O.Shr incubation (Tapay et al., 1995) 

22. Anaesthetized for 20min and surface sterilized in 0.02% iodine 

disinfectant for 5min before tissue excision (Hsu et al., 1995). 

23. Surface sterilized by 10 min immersion in freshly prepared 1 % sodium 

hypochlorite and rinsed with 70% ethanol (Toullec et al., 1996). 

1.1.3. Preparation of tissue for culture - explant method vs enzymatic 
dissociation vs mechanical dissociation 

Once the tissues are aseptically removed they can be stored at 4° C for a 

short period of 30 minutes before seeding in tissue culture bottles. However, the 

tissues have to be processed further for effective proliferation. Over the years 

several attempts have been made to evolve an effective preparation of tissue to 

initiate active proliferation and growth in an appropriate tissue culture medium. 

Three methods attempted were the explant, enzymatic dissociation and 

mechanical dissociation. Reports available in literature on implementation of 

these methods are summarized below: 

1.1.3.1. Explant Method 

In explant method the tissues are minced into smaller pieces and seeded in 

growth medium. This method was adapted by several workers (Chen et al., 1986, 

1989; Luedcman and Lightner, 1992; Nadala et al., 1993; Lu et al., 1995; Tapay et al., 

1995; Toullec et al., 1996; Tong and Miao, 1996; Mulford and Austin, 1998; Chen 

and Wang, 1999; Itami et al., 1999; Wang et al., 2000; Mulford et al., 2001; Kumar et 

al., 2001; Lang et al., 2002; Chun-Lei et al., 2003). According to Toullec (1999) the 
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capability of explants to attach to tissue culture bottle is linked to the strength of 

haemocytes to adhere to and in fact all tissues contain a small quantity of 

haemolymph and haemocytes smeared on. Haemocyte-like cells could provide a 

natural attachment factor. However, hepatopancreas contains only a fewer 

haemocytes than in the other tissues, but at the same time do exhibit a good 

capability to attach. This property is provided by the outer membrane of 

microtubules. But the same outer membrane on the other hand prevents the cell 

migration delimiting their prospects of becoming a cell line. This suggests that 

explant technique is not suitable to every tissue; as a general rule, loose tissues are 

best adapted to this protocol. 

1.1.3.2. Enzymatic Dissociation 

Enzymes commonly used for the dissociation of shrimp tissues are 

collagenase, trypsin, pronase and dispase. According to TouIlec (1999) trypsin 

and pronase seem to be too potent for crustacean tissues. Collagenase and 

dispase are weaker and cause less damage to the cells being more specific to 

connective tissue. Numerous washes are needed to eliminate the dissociating 

enzyme. However, enzymatic treatment can weaken the cell membranes and 

decrease their ability to attach to the substratum. A coating with adhesion factors 

such as poly- lysine or collagen can compensate this effect. 

Maeda et a1. (2003) treated tissue pieces with 0.1 % collagenase Type V 

solution at 28°C with shaking at 50 rpm. The suspension was filtered through a 

metal mesh to remove undigested tissues. Maeda et al. (2004) also used 

collagenase Type V for 30 minutes at 25°C to disperse the cells from ovarian 

tissue cut into pieces of 2-3 mm3
. Type IV collagenase was used by ToulIec et 

a1. (1996) for the enzymatic dissociation of epidennis, ovary and embryos at a 

final concentration of 0.25% in culture medium for JOmin at 26°C. At the end of 

this period cells were washed twice with appropriate culture medium containing 

10% fetal bovine serum. Cell suspensions were filtered through a 60 Jlm mesh 

filter in order to remove tissue fragments. 
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For the dissociation of midgut gland, Machii et a1. (1988) minced the tissue 

and trypsinised in 0.05% trypsin in Calcium Magnesium free fluid for 20 

minutes. Cells were washed twice in a balanced saIt solution with 10% FCS or 

medium Pj-2 with 0.012/lg/ml aprotinin. Ghosh et a1. (1995) used perfusion 

technique for the dissociation of hepatopancreas. Prawns were injected with 

heparin (5000 U) into the periarthroidal space. After 10-15 min carapace was 

removed and a 20-gauge needle connected to a perfusion reservoir by 

polyethylene tube was inserted directly into the hepatopancreas and perfused 

with about SOml perfusion medium (144mM, KCI; 5mM, KH2P04; 1.2mM, 

NaHC03; 33mM, EDTA at 7.5 pH) with O.2g rl streptomycin sulphate at a flow 

rate of l2ml/min. The tissue was then carefully removed and transferred to a 

beaker containing 20m1 perfusion medium with EDT A. The hepatopancreas was 

then meshed with a rubber police man and stirred at 200 rpm with a sterile 

magnetic stirrer bar with constant bubbling of filtered air. 

Chun-Lei et a1. (2003) employed trypsin for the dissociation of eyestalk. 

Eyestalks were removed and rinsed thrice with shrimp saline. Exoskeleton, 

muscles and some connective tissues were removed in sterile saline, medulla 

terminalis taken out and placed in Ca2+ - and Mg2+ -free saline with 0.1 % trypsin 

in the dark for 90 min at 22°C. For the dissociation of haematopoietic tissue 

Mulford et al. (2001) used pronase (dispase; ex. Clostridium histoiyticum, 

Sigma), collagenase (Type lA; ex. Clostridium histoiyticum, Sigma) and trypsin 

(ex. Porcine pancreas, Gibco BRL) prepared to 0.025%-0.2% (w/v) in 3X PBS, 

calcium and magnesium free with antibiotics at 800 mOsmlkg and at pH 7.4. 

Small fragments of tissue were added to 4ml volumes of each enzyme with 

incubation for ISmin to 12h at 4°C, and at room temperature. 

1.1.3.3. Mechanical dissociation 

Mechanical dissociation provides a large number of cells, but seems to 

reduce the ability of cells to attach and an adhesion factor is sometimes needed to 

assist their attachment to the substrate. Most fragile cells are often broken by this 
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drastic treatment. Ruptured cells release proteases into the medium; therefore 

numerous washes are necessary prior to cell plating to avoid cell digestion. 

Toullcc (1999) and Shike et a1. (2000a) created cell suspension by sieving the 

lymphoid organ or ovary through a stainless steel mesh (190nm pore size). 

Subsequently lymphoid organ cell suspension was passed through a nylon mesh 

cell strainer (40llm pore size) before plating to remove the debris. West et a1. 

(1999) used a ground glass homogenizer with a clearance of 100 Ilm for the 

dissociation of haematopoietic tissue, lymphoid and ovary. Frerichs (1996) and 

Fan and Wang (2002) gently ground eggs using a mortar and pestle in 

disinfectant solution, pelleted, resuspended in PBS - antibiotic solution and 

passed through a stainless steel strainer to separate the cellular component from 

residual debris. Tong and Miao (1996) disrupted embryo and eggs pretreated 

with antibiotics by aspiration with a fine tip pipette. 

For the dissociation of hepatopancreas, Huang et a1. (1999) removed the 

whole organ from the anterior midgut and put into a sterile beaker in ice bath 

with 5ml NaCI (27grl) solution. Hepatopancreas was cut using scalpels and 

aspirated several times using a dropper. The suspension was passed through a 

sterile 300 mesh sieve to obtain a single cell suspension. Mulford et a1. (2001) 

pipetted the fragments of haematopoietic tissue several times and sieved through 

a 40-60 mesh screen tissue grinder for dissociation. Mulford and Austin (1998) 

also used repeated pipetting for the dissociation of hepatopancreas and ovary. 

Hsu et a1. (1995) minced lymphoid organ and forced through a 23GX 11 14 gauge 

needle for dissociation. 

1.1.4. Contamination and antibiotics used in shrimp cell culture 

One of the major difficulties experienced in developing cell cultures from 

shrimp and prawns is the often occurring contamination from various sources. It has 

to be pointed out that other than contamination from external sources, as the animal 

body habitually harbors bacteria during various occasions, impropcr selection of a 

donor animal may also lead to severe contamination and subsequent losses. 
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Common contaminating agents are bacteria, yeast, fungus, protozoans and 

thraustochytrids. Thraustochytrids are marine and freshwater heterotrophic protests, 

that feed as saprophores as parasites or as bacterivores (Porter, 1990; Raghukumar, 

1992). Their evolutionary relationships and taxonomy are still poorly understood 

(Porter, 1990; Cavalier-Smith et al., 1994) and they were characterized as neither 

protozoa nor fungi, but as heterotrophic heterokontchromists (Cavalier-Smith et al., 

1994). Incidence of thraustochytrid contamination was reported in cell cultures from 

mollusk (Ellis et al., 1985; Ellis and Bishop, 1989), sponges (Han et al., 1996; 

Blisko, 1998), corals (Frank et al., 1994), oysters (Awaji, 1997) and tunicates 

(Rinkevich and Rabinovitz, 1993, 1994, 1997). They appear in a variety of forms as 

rapidly dividing cells, round cells with filopods forming a stellate pattern around the 

cells, cells connected by net like ectoplasmic processes or, as spherical-to-ellipsoid 

cells (Rinkevich, 1999). Rinkevich (1999) after the detailed examination of the 

literature especially the studies that described highly proliferating cultures reported 

suspicious thraustochytrid contamination in shrimp cell culture works published by 

Itami et at. (1989), Hsu et a1. (1995), Toullec et al. (1996). There are several ways to 

identify thraustochytrids in vitro; unfortunately none of them is conclusive. By 

electron microscopy sagenogenetosome a specialized structure unique to 

thraustochytrids (Porter, 1990) can be diagnosed. This structure is difficult to find in 

some thraustochytrids as there may be only one in a cell of up to 100)lm. Under 

epifluorescence microscopy, the use of acriflavine hydrochloride, which stains the 

sui fated polysaccharide cell walls of these organisms is highly recommended 

(Raghukumar and Schaumann, 1993). Other features are cytoplasmic extensions 

without any organelles and formation of biflagellated zoospores in some genera of 

thraustochytrids. A confirmative method that distinguishes thraustochytrids from 

animal cells is by their typical18S mRNA signatures (Cavalier-Smith et al., 1994). 

This issue of contamination by microscopic organisms was addressed by 

several researchers and the various antibiotic preparations used by them during 

different occasions are summarized in Table 1. 
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Table 1. Antibiotics used in shrimp cell culture 

SI.No Reference Penicillin Streptomycin Amphotericin B Gentamycin Fungizone 

TouIIec et aI., 1996 0.16grI O.lgrI 

2 Lu et al., 1995 100lUmr1 100pgmrI 5pgmr i 10).lgmr' 

3 Tapay et aI., 1995 IOOIUmr i 100 Ilgmr' 

4 Ghosh et al.,. 1995 72mgr' IOOmgr1 75mgr' 

5 Chen et al., 1989 lOOIUmr I 100pgmrI 

6 Mulford and Austin, 1998 104 IUmr l lif )lgmr! 10 pg mrI 

7 Mulford et aI., 2001 100lUmrI O.lmgmrI 2.5pgmrI 

8 Itami et aI., 1999 1000lUmrI 1000 )lgmrI 25pgmr I 

9 Frerichs, 1996 IllgmrI 500 J.1gmr I 

!O Tong and Miao, 1996 IOOUI mr I 100 )lgmrI 

11 Jiang et al., 2005 lOOUI mr!1 lOO)lgmrI 

[2 Chilll-Lci ct aI., 2003 200U mr' lOOUmr I 80Umr1
• 

13 Fan and Wang, 2002 IOOUlmr' 100 JlgmrI 

14 Maeda et al., 2003, 2004 loooUmrI 1000 Jlgmr1 

15 Lung et aI., 2002 100,000 IU I-'t 100,000 IU 1'1 

16 Shike et aI., 2000" lOOUlmr1 100)lgmr' 2.5)lg mr' 

17 Shimizu et aI., 2001 100UI mr't 100)lg mr' 2.5 pg mr' 

18 Luedeman and Lightncr,. 104 unitmr I 104 Jlg mr' 1OJlgmr' 
1992 

*gentamycin sulphate; tPeniciIlin G 

1.1.5. Selection/Development of an appropriate culture medium 

Absence of an appropriate growth medium especially for shrimp have been 

hampered the progress in cell line development to a certain extent. What has 

been done so far is to modify and use the available media which otherwise have 

been designed for mammalian cell culture systems. 

The media generally used are 0.2X L-15 (Shimizu et aI., 2001), IX L-15 

(Chun-Lei et aI., 2003), 2X L-15 (Chen et aI., 1986, 1989, 1998; Nadala et aI., 

1993; Lu et aI., 1995; Tapay et aI., 1995; Tong and Miao, 1996; Toullec et a1., 

1996; Mulford and Austin, 1998; Chen and Wang, 1999; Wang et aI., 2000; 

Kumar et aI., 2001; Shike et aI., 2000'\ Maeda et a1., 2003& 2004; Jiang et aI., 

2005) M199 (Ghosh et aI., 1995; Toullec et aI., 1996; ltami et aI., 1999; Shimizu 
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et aI., 2001; Lang et aI., 2002), Pj-2 (Machii et aI., 1988), MPS (Tong and Miao, 

1996; Fan and Wang, 2002), NCTC 135 (Wang et aI., 2000), Grace's Insect 

Medium (Luedeman and Lightner, 1992; Nadala et aI., 1993 ;Toul1ec et a1., 1996; 

Wang et aI., 2000), MM Insect medium (Nadala et aI., 1993), and TC 100 

medium (Nadala et aI., 1993). 

Considering the inadequacy of these media several attempts have been 

made to supplement them with growth factors in isolation as well as in multiples. 

Shike et a1. (20003
) supplemented the medium with 20% FCS. Meanwhile, Lang 

et a1. (2002) used 20% FBS along with NaCl-11 g rI, KC1- O.4g rI, MgS04. 

7H20- 3g rI, MgCb. 6H20- 3.3g rI, CaCb. 2H20 - 0.9g rI, Na2HP04. 12H20-

O.lg rt, HEPES- 2.38g, L- Glutamine- 0.15g, Lactalbumin Hydrolysate- O.lg, 

NaHC03- 2.2g. The medium used by Maeda et a1. (2003, 2004) consisted of 10% 

FBS, glucose 19 ri, proline- O.lg ri, TC Yeastolate- Ig rl and lactalbumin 

hydrolysate- 1 g rl .Chen et a1. (1986) added 18%FCS, 30% muscle extract, 

0.006gmr l NaCl and 10% lobster haemolymph to the growth medium. The 

additives provided by Machii et a1. (1988) consisted of 300mgll glucose, 100mg rl 
lactalbumin hydrolysate and 20% FCS. At the same time Fan and Wang (2002) 

incorporated 15-20% heat inactivated FBS, 0.55g rl sodium pyruvate, 0.75g rl 
NaHC03, 2.0g rl chitosan, 100 Jlllflask of nerve nodule extracts, and 12g NaCl 

to give an osmolality of 2.4%. Chen and Wang (1999) added 20% FCS along 

with ovary extract, muscle extract and lobster haemolymph. 20% FBS alone was 

supplemented by Wang et a1. (2000) and Frerichs (1996). Kumar et al. (2001) 

used 27% prawn muscle extract, 10% prawn haemolymph and 10% FBS. Jiang 

et a1. (200S) additionally added 20% FBS, 2g rlglucose, 2.4% NaCl, GIT 

medium, AKN salt solution and inorganic acid of MPS. Itami et al. (1999) used Ilg 

NaCl, OAg KCI, 3g MgS04. H20, 3g MgCh.6H20, 0.9g CaCh.2H20, O.OSg 

NaH2P04.2H20, O.lSg 1- glutamine and 19 lactalbumin hydrolysate. Mulford et al. 

(2001) added 10% heat inactivated FBS, S% Nephrops serum, 5% Nephrops muscle 

extract, 0.06g rl of L-proline, 1 gr l glucose to the media. FBS and L-proIine were 
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added by Mulford and Austin (1998). Chen et a1. (1998) added FCS, muscle 

extract of grass prawn and lobster haemolymph and Chen et at. (1989) added 5% 

FCS, 10% shrimp muscle extract, 15% lobster haemolymph. Luedeman and 

Lightner (1992) added 10% hybridoma quality fetal bovine serum along with 

proline (2mg mr!), sodium bicarbonate (40mg/ml), magnesium chloride (2M), 

and sodium chloride (5M). Nadala et a1. (1993) added 20% FBS, 8% shrimp 

extract, 20 ng/ml EGF and Ghosh et aI., (1995) added 3.75mM HEPES, 2.1mM 

sodium bicarbonate, 0.2g 1- glutamine L-! Tapay et al. (1995) used a c?mbination 

of 20% fetal bovine serum, 8% shrimp extract, 20ng mr! epidermal growth 

factor of murine submaxillary origin, 10 units mr! human recombinant 

interleukin 2 and salt solution. Lu et a1. (1995) added 20% FBS, 4% shrimp 

extract, 30ng mrl epidermal growth factor. Toullec et al. (1996) added proline 

0.06g ri, 10mM HEPES in M 199 and L-glutamine in Grace at a final 

concentration of 0.3g rl. Ten percent heat inactivated fetal bovine was added in 

all media. 

1.1.6. Osmolality of growth media 

Osmolality requirements for successful cell culture development are well 

known. As mentioned above since the growth media used for mammalian <l:nd 

avian cell cultures were used for shrimp/prawn cell culture there was the 

requirement of modifying the osmolality by addition of extra salt. In most of the 

cases NaCI was used for adjusting osmolality. Meanwhile a few researchers used 

a mixture of salts to bring up the salt content preferably to that of haemolymph 

(Mulford and Austin 1998; Chen et aI., 1989; Mulford et aI., 2001). Osmolality 

ranged from 520 to 820 mOsmol for saline water species while an osmolality of 

450mOsmol was preferred for fresh water species such as M. rosenbergii. 

1.1.7. pH of growth media 

The pH values used in growth media have been those of haemolymph of 

the animals where from the tissues for the cell culture development have been 
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used. This ranges between 7.0 and 7.5 (Toullec, 1999). Specific reports of the pH 

value used for cell culture development are given in Fan and Wang (2002), 

(7-7.2); Chen and Wang (1999), (6.8-7.2); Wang et a1. (2000), (7.4); Chun-Lei et 

a1. (2003), (7.5); Kumar et a1. (2001), (6.8-7.2); Jiang et a1. (2005), (7.0-7.2); 

Tong and Miao (1996), (7.0-7.2); Itami et a1. (1999), (7.6); Mulford et a1. (2001), 

(7.4); Mulford and Austin (1998), (7.4), and Toullec et a1. (1996), (7.0). 

1.1.8. Incubation Temperatures 

In aquatic Asia pacific region shrimps/prawns are referred to have a water 

temperature of 25°C to 32°C as the optima. Naturally, the cell cultures derived 

from such animals also prefer to have this range of temperature. Therefore, 

attempts have been made by almost everyone to incubate the cultures at a 

particular temperature within this range. However, there were instances of 

maintaining a temperature of 15 to 16°C (Ghosh et aI., 1995; Mulford and Austin, 

1998; Mulford et aI., 2001). In one instance Chen et al. (1998) used a 

temperature range of21-32°C, the optimum being 28±1. 

Majority of the workers have been using a closed system with media 

containing bicarbonate. Meanwhile workers like Lang et al. (2002) have 

attempted to grow the culture in 5% CO2 atmosphere. In another instance 

Luedeman and Lightner (1992) employed an atmospheric gas phase with open 

system under which a cell monolayer with 80% confluence was fonned within a 

period of 2 days from ovarian tissue. 

1.1.9. Sub-culturing and Transfection 

Ultimate objective of every shrimp/prawn cell culture development 

programme was establishment of corresponding cell lines. However, this 

obj ective has not been achieved so far. In most of the cases passaging has not 

been attempted and the efforts were to maintain the culture for a long duration by 

change of media. Meanwhile, Chen et at. (1986) attained 3 passages in ovarian 

culture and Chen et a1. (1989) attained 2 passages in lymphoid culture. Chen and 
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Wang (1999), attained three passages in ovarian and lymphoid cultures, Kumar 

et a1. (2001) attained 4 passages in eyes talk culture, Freirichs (1996) and Fan 

and Wang (2002) attained 10 passages in embryonic culture, and Mulford et a1. 

(2001) and Mulford and Austin (1998) attained 1 passage in haematopoietic 

tissue and ovarian culture respectively_ Hsu et a1. (1995) claimed to have attained 

more than 90 passages for the culture of lymphoid organ which was later 

reported as thrausochytrid contamination by Rinkevich (1999). At the same time 

Tapay et a1. (1995) reported to ~ave attained 44 passages for lymphoid cultures. 

Even though not able to be sub cultured, various researchers could maintain cell 

cultures for different duration. Accordingly, Lang et al. (2002) could maintain 

the culture for more than a month, Maeda et a1. (2003) for 45 days, Chen et al. 

(1986) for 2 months, and West et a1. (1999) for 5 months. Chen and Wang (1999) 

maintained the heart tissue cell culture for 4 days and lymphoid and ovary for 20 

days. Wang et al. (2000) maintained the culture for> 1 week, Chun-Lei et a1. 

(2003) for 8-15 days, Kumar et a1. (2001) for 3 months, Tong and Miao (1996) 

for 3 months, Itami et aI. (1999) for 54 days, Mulford et aI. (2001) for >21 days, 

Mulford and Austin (1998) for greater than 3 months, and Luedeman and 

Lightner (1992) for 10 days. Nadala et a1. (1993) maintained lymphoid for 

greater than 3 weeks and nerve for 3 months. Toullec et al. (1996) maintained 

embryonic and ovarian cultures for several months. Haemocyte cultures were 

maintained by Jiang et a1. (2005) for 20 days, Hami et al. (1999) for 10 days, and 

Chen and Wang (1999) for 4 days. 

Transfection of lymphoid cultures with SV40 large T antigen containing 

vectors were reported (Tapay et al., 1995; Hu et al., 2008). Tapay et a1. (1995) 

employed pSV3-neo, a shuttle vector to attain 44 passages and Hu et al. (2008) 

employed a pantropic retroviral vector containing envelope glycoprotein of 

vesicular stomatitis virus (VSV -0) to attain 21 passages. Firefly luciferase and 

Escherichia coli J3 galactosidase reporter gene expressions was recorded in 

P. stylirostris lymphoid and ovarian cell cultures mediated by transfection with 
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retroviral vectors pseudotyped with VSV-G (Shike et aI., 2000a
). The VSV-G 

binds to the phospholipids moieties in the target cell membrane and no specific 

protein receptor is required for vector entry into the cell. Therefore VSV-G 

pseudotyped retroviral vector has an extremely broad host cell range (Que et aI., 

1999; Mizuarai et al., 2001; Sarmasik et aI., 2001; Dreja and Piechaczyk, 2004) 

and can integrate stably into the genome of dividing cells, allowing for a stable 

and heritable expression of heterologous gene. 

1.1.10. Crustacean cell culture for WSSV studies 

WSSV, the most serious pathogen ever recorded in shrimp (Lo et aI., 1996; 

Chen et aI., 1997) causes total devastation of shrimp culture industry within 3 to 

7 days of infection (Mamoyama et aI., 1994; Hao et aI., 1999). WSSV has a 

remarkably broad host range among crustaceans. Almost every species of 

penaeid shrimp is susceptible to WSSV. Moreover, the virus can effect other 

marine, brackish water, and fresh water crustaceans including cray fishes, crabs, 

spiny lobsters and even hermit crabs (Lo et aI., 1996; Flegel 1997, 2006). WSSV 

was originally classified as an unassigned member of the Baculoviridae family, 

but has been recently re-classified as a new virus family, the Nimaviridae (genus 

Whispovirus). Complete WSSV virions are ellipsoid to bacilliform-enveloped 

particles, with a distinctive tail like appendage to one end. 

The WSSV genome is a large circular dsDNA of approximately 300kbp. 

Three WSSV isolates from China (WSV-CN, accession no.AF332093), 

Thailand (WSV-TH, accession no. AF369029), and Taiwan (WSV-TW, 

accession no. AF440570), have been completely sequenced, and their genome 

sizes are 305, 297, 307kbp, respectively. The ICTV whispovirus study group 

committee recently chose the China isolate, WSV -CN as the type strain (Leu 

et aI., 2008). 

Various researchers have proved the WSSV susceptibility of lymphoid 

organ cell culture (Tapay et aI., 1997; Kasornchandra et aI., 1999; Itami et aI., 
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1999; Wang et aI., 2000), ovarian culture (Maeda et aI., 2004), haemocyte 

culture (Jiang et aI., 2005) and haematopoeitic stem cells of the crayfish, 

Pacifastacus leniusculus (liravanichpaisal et aI., 2006). Wang et al. (2000) 

studied the ultrastructure and morphogenesis of WSSV in lymphoid culture 

and proposed an alternative pathway for viral assembly. Instead of packing 

nucleoprotein into a partially enveloped empty capsid (Leu et aI., 2008), the 

alternative pathway proposes that the electron dense nucleocapsid is 

assembled first and then enveloped by viral membrane. RT-PCR expression 

of VP 28 envelope protein of WSSV was demonstrated in crayfish 

haematopoietic stem cells from as early as 36 hour post infection by 

liravanichpaisal et al. (2006). 

1.1.11. Crustacean cell culture for cytotoxicity studies 

Cytotoxicity is considered an important index for evaluating safety of 

antimicrobials and management chemicals prior to their administration m 

aquaculture. For its accomplishment cell lines can be used which out-rightly 

eliminates animal experimentation as part of the bioassays as being followed now. 

Such an approach can forecast their in vivo effects as well as assisting their 

optimization for field level application. This is specifically because under field 

conditions realizing their negative impacts happens to be quite cumbersome 

(MacGowan et aI., 2001). Hauton and Smith (2004) employed Homarus gammarus 

granulocyte culture to investigate the cytotoxicity of aquaculture immunostimulants 

and 2, 4-dinitrophenol using neutral red uptake assay while Sung et al. (2003) 

studied the effects and toxicity of phthalate esters on the isolated haemocytes of 

Macrobrachium rosenbergii utilizing haemocytic adhesion, pseudopodia formation, 

superoxide anion production and phenoloxidase activity. 

1.2. Possible obstacles and solutions for shrimp cell immortalization 

Primary cells have a limited proliferative capacity in culture due to 

cellular senescence. The cell cycle consists of three major interphases 
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beginning with an initial gap phase (G 1 phase), a DNA synthesis stage 

(S phase), a second gap phase (G2 phase) and eventual mitosis, where division 

of the cell occurs (Freshney, 2000). A cell may pause in the G 1 phase before 

entering the S phase and enter a state of donnancy (GO phase). Entry into the S 

phase is tightly regulated by signals from the environment, with cycle duration 

dependent upon cell type, as well as species variation. For all somatic cells, 

after a number of progressions through the cell cycle, cellular senescence will 

occur and the cell will eventually die. 

This finite life span is regulated by a group of dominantly acting 

senescence genes, the products of which negatively regulate cell cycle 

progression (Sasaki et aI., 1994). Disrupting those genes which are involved in 

limiting the proliferative potential of cells should effect escape from the 

senescence pathway and push cells towards immortalization and transfonnation 

(Crane, 1999). Many viruses have evolved genes which encode for proteins 

which effectively suppress or delay apoptosis long enough for the production 

of suffident quantities of virions (Teodoro and Branton, 1997). Adenovirus, 

Simian virus 40 (SV40), polyomavirus, and human papillomaviruses (HPV) are 

some of the viruses that have evolved such strategies (Teodoro and Branton, 

1997; O'Brien, 1998). Each of these viruses encodes proteins that interact with 

key regulators of the cell cycle to stimulate unscheduled DNA synthesis. Cell 

cycle regulatory genes such as p53 and the retinoblastoma (Rb) gene are the 

most commonly affected (Sager, 1992). These genes act at the G 1 checkpoint 

ensuring completion of DNA replication and the integrity of the genome prior 

to cells entering the synthesis phase. In nonnal cells, p53 and the Rb gene are 

usually inactive, and cells proceed around the nonnal cell cycle. However, in 

response to cellular stress or DNA damage, these genes become activated by 

phosphorylation and will often result in either growth arrest at the G 1 /S 

interface or apoptosis (Sager, 1992; Levine, 1997). However, for continual 

cellular proliferation, suppression of both pS3 and Rb genes may be necessary. 
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A variety of cell physiological stimuli can provoke a cell to enter 

senescence. Following extensive passage in culture (Hayftick and Moorehead, 

1961) and exposure to oxidative damage (Chen et al., 1995; von Zglinicki et 

al., 1995;) or activation of an oncogene (Serrano et aI., 1997; Zhu, et al., 1998; 

Zindy et al., 1998; de Stanchina et al., 1998), primary cultures of mammalian 

cells enter into irreversible growth arrest. Replicative senescence that takes 

place following extensive passage in culture may be the cellular manifestation 

of progressive telomere shortening. Telomeres are the structures at the ends of 

mammalian chromosomes that 'cap' the chromosomes and provide a protective 

function, preventing end-to-end chromosomal fusions (Greider and Blackbum, 

1996). With each round of cell division and DNA replication, the telomeric 

DNA sequence is under-replicated, leading to the progressive shortening of the 

telomere (Olovnikov, 1973). Eventually the shortened telomere may no longer 

be able to protect the end of the chromosome, and the unprotected 

chromosomal DNA end may release a senescence inducing signal to the cell. In 

humans, telomeres are made of the simple double-stranded hexameric DNA 

repeat (TT AGGG)n reiterated for over 2-30kbp, and by a G-rich single stranded 3' 

overhang of 50-200 nucleotides in length (Blackbum, 1994). Telomere of Pacific 

white leg shrimp, P. vannamei is having pentanucleotide repeating units, 

(TTACC)n (Alcivar-Warren, 2006) where as that of P. japonicus is (TTAGG)n 

repeats (Lang et al., 2004a
). In many cell lines, telomere maintenance is 

provided by the action of the ribonucleoprotein enzyme complex, te10merase 

(Col gin and Reddel, 1999). Telomerase is expressed in germ cells and has 

moderate activity in stem cells, but is absent from normal somatic cells. 

Deletions andlor mutations within senescence genes and transfection can allow 

cells to escape from the negative control of the cell cycle and re-express 

telomerase (Bodnar et aI., 1998; Colgin and Reddel, 1999). The ectopic 

expression of the catalytic subunit of the human telomerase gene (hTERT) 

restores telomere length in certain cell types and allows early passage cultures of 

cells to circumvent senescence and become immortalized (Bodnar et al., 1998; 
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Vaziri and Benchimol, 1998). To date only one study has been performed on in 

the in vitro telomerase activity in shrimp cells. Using telomeric repeat 

amplification protocol assays Lang et a1. (2004 a) reported active telomerase 

activity in cultured lymphoid organ cells for up to 30 days. 

Oxidative damage is another cellular stress that can induce senescence-like 

growth arrest. The culturing of cells in conditions of mild hyperoxia shortens 

replicative lifespan and induces accelerated telomere shortening (von Zglinicki et 

a1., 1995). Conversely, cells cultured in low oxygen tension have an extended 

replicative lifespan and delayed senescence (Chen et aI., 1995; Saito et aI., 

1995). Reactive oxygen species (ROS) have been implicated more directly in 

the process of senescence. Dilute hydrogen peroxide can induce cells to enter 

into a senescence-like growth arrest or, at higher concentrations, to undergo 

apoptosis (Chen and Ames, 1994). 
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Fig.5. Multiple obstacles blocking the path to cell immortality 
(Lee et al., 2004) 

At least three immortality stages, MO, Ml and M2 (Fig 5) have been 

described in literature that can limit the life span of primary cells. While Ml and 

M2 are caused by the shortening of telomeres, MO appears to represent a delayed 

response to inadequate culture conditions. Feeder layers have successfully been 

used to overcome MO, while Ml and M2 are most efficiently bypassed by the 

expression -of exogenous hTERT. Viral oncogenes, such as the SV401arge T 

antigen and the E6/E7 proteins of the human papilloma virus (HPV 16), can 

overcome Ml and provide cells with an extended life span (Fig 5), but this 

strategy invariably gives rise to cells that display cancer-assocjated changes. 
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However, cells expressmg these oncogenes which can bypass cell cycle 

checkpoint pathways leading to extended life span are not yet immortal as 

telomeres continue to shorten with divisions (Shay and Wright, 1996). Terminal 

telomere shortening eventually leads to M2 (for mortality stage 2), an anti­

proliferative state characterized by massive cell death. Immortal clones can 

sometimes emerge from M2 (at a frequency of 10-7
) that have gained the ability 

to maintain the size of their telomeres (Counter et aI., 1992; Shay et aI., 1993; 

Counter et aI., 1994). Lee et a1. (2004) proposes that in conjunction with feeder 

layers, exogenous hTERT can bypass all three obstacles (MO, M 1, M2) without 

causing significant changes in phenotypic properties. Meanwhile, cotransfection 

of multiple genes was proposed for cell immortalization. For example with 

human diploid fibroblasts the only successful expression reported thus far used a 

combination ofhTERT, Ras and SV40 large T (Hahn, 1999; Elenbass, 2001). 

For many cell types, the main obstacle to immortality is their inability to 

proliferate in vitro. This failure to proliferate can be an intrinsic property of the 

cells, as in the case of post-mitotic terminally differentiated cells, which have 

lost all proliferative capacity upon differentiation (e.g. neurons). Alternatively, 

this failure can result from our inability to emulate in vivo conditions that 

support growth. Indeed, there are several examples of cells with a capability for 

in vivo proliferation that are unable to divide in the artificial environment of the 

laboratory (e.g. hepatocytes). Catalytic subunit of the telomerase gene alone 

should not be expected to overcome these obstacles, as the enzyme does not 

appear to inhibit differentiation, alter phenotypic properties, or decrease growth 

requirements (Lee et aI., 2004). Selection of appropriate tissue with mitotic 

potential such as haematopoietic tissue, ovarian tissue and embryonic tissue for 

in vitro culture is crucial in the case shrimp culture. Lymphoid cells readily form 

monolayer in culture. Owens and Smith (1999) explain this as cell migration 

from the explant rather than by cell division. Observations made by van de Braak 

et a1. (2002b
) confirmed limited mitotic activity in lymphoid organ. 
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While a number of invertebrate cells have demonstrated spontaneous 

transformation in vitro, other cell types have required manipulation to assist 

transformation. The lack of spontaneous transformation in crustacean cells may 

be due to the lack of oncoviruses that infect these animals (Crane and Williams, 

2002). The neoplastic transformation of vertebrate cells was first achieved by 

transfection with active oncogenes (Ratner et al., 1985), yet this technique has 

had limited application in crustacean and aquatic invertebrate cells (Claydon and 

Owens, 2008). The current techniques for the introduction of foreign genes into 

crustacean cells are quite underdeveloped, and transfection of plasmid DNA into 

shrimp cells has proven to be difficult (Shike et aI, 2000). Much research of 

crustacean and aquatic invertebrate cell cultures has involved the adjustment of 

the culture media via nutrition supplementation in an effort to enhance continual 

mitosis (Claydon and Owens, 2008). Limitation in the transfection of shrimp 

cells with viral vectors used in mammalian cell culture is the lack of specific 

protein receptor for these viruses in the shrimp cell. The application of vectors 

pseudotyped with vesicular stomatitis virus envelope glycoprotein (VSV-G) is a 

possible solution for this problem (Shike et aI, 2000a; Hu et al., 2008). The VSV-G 

protein binds to phospholipids moieties of the cell membrane, thus 

circumventing the need for a specific protein receptor on the target cell surface 

(Mastromarino et al., 1987). Viral genes can integrate stably into the genome of 

dividing cells allowing a stable and hereditable expression. 

Gene delivery to cells, especially non-dividing ones is limited to a large 

extent by multiple extracellular and intracellular barriers, the major one being the 

nuclear envelope. Once in the cytoplasm, plasmids must make their way into the 

nucleus in order to be expressed. Numerous studies have demonstrated that 

transfections works best in dividing populations of cells in which the nuclear 

envelope dissembles during mitosis, thus largely eliminating the barrier. It is 

well appreciated that non-dividing or growth arrested cells cannot be easily 

transfected by almost any method (Dean et al., 2005). However, since shrimp 
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cells do not actively undergo cell division, the mechanisms of nuclear transport 

of plasmids in non-dividing cells are of critical importance. Plasmids can be 

transported into the nuclei of non-dividing cells via the nuclear pore complex 

(NPC) (Dowty et aI., 1995) but do so in a sequence-specific manner (Dean, 

1997).The sequences that support DNA nuclear import were tenned DNA 

nuclear targeting sequences or DTS (Dean et aI., 2005).The 72 bp enhancer 

region from S V 40 genome sequence was found to support the nuclear import of 

cytoplasmically localized plasmids (Dean et aI., 1997; 1999). Other DTS 

sequences reported were smooth muscle ganuna actin promoter (SMGA) and the 

flk-I promoter (Vacik et aI., 1999; Dean, 2002). Protein factors involved in DNA 

nuclear import include the nuclear localization signals (NLS) within the amino acid 

sequences of transcription factors. SV 40 enhancer contains binding sites for number 

of transcription factors such as AP1, AP2, Oct-I, TEF-l etc. (Wildeman, 1988). 

Complexing DNA with NLS containing peptides and proteins increase the 

nuclear import of plasmids. These various molecular approaches together with 

the selection of appropriate tissue and growth media might lead to shrimp cell 

immortalization. The present study was undertaken in the light of these 

developments and understandings with the following objectives: 

1. Development of primary cultures from Penaeus monodon with special 

reference to lymphoid organ 

2. Development of primary haemocyte culture from Penaeus monodon 

and its application in white spot syndrome virus (WSSV) titration and 

viral and immune related gene expression 

3. Primary haemocyte culture of Penaeus monodon as model for 

cytotoxicity and genotoxicity studies 

4. Transfection of Penaeus monodon pnmary cell cultures, pnmary 

oocytes and spenn cells in vitro 

•••••• • ,9;)C\Q. 11 11 11 III ••• 
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2.1. Introduction 

Penaeid shrimp culture has taken up the central stage in aquaculture 

production sector attaining globally the sixth position in terms of value among 

all taxonomic groups of animals cultivated (FAO, 2006). It has to be pointed out 

that this achievement is amidst the multitudes of infectious diseases, which stand 

out as the major impediments in the aquaculture production. Penaeus monodon, 

one of the most widely cultured penaeid shrimps, is under threat of several 

diseases, among which white spot disease caused by white spot syndrome virus 

(WSSV) spells out the greatest havoc. Eventhough extensive investigations have 

been made on this virus, lack of a valid cell line has been hampering the progress 

of research in elucidating pathogenesis and morphogenesis as well as the 

development of prophylactic and therapeutic measures. 

First reported cell culture from Penaeus monodon was by Ch en et a1. 

(1986), following which Chen and Wang (1999), West et al. (1999), Fraser and 

Hall (1999) and Wang et a1. (2000) made attempts to establish cell lines from the 

same species without much success. Cell cultures from different species of 

penaeids were reported from P. stylirostris (Leudcman and Lightner, 1992; 

Tapay et aI., 1995; Shike et a1., 20003 and Shimizu et aI., 2001), P. japonicus (Chen 

and Wang, 1999; Lang et al., 2002, 20043
,b; Maeda et al., 2003), P. chinensis (Tong 

and Miao, 1996; Fan and Wang, 2002; Chun-Lei et aI., 2003; Jiang et aI., 2005), 

P. penicillatus (Chen et aI., 1989; Chen and Wang, 1999), P. indicus (TouIlec et 

al., 1996; Kumar et al., 2001), P. vannamei (Leudeman and Lightner, 1992; 

Nadala et aI., 1993; Toullec et a1., 1996) and non - penaeids such as 

M. rosenbergii (Frerichs, 1996), Besides, initiatives were also made for obtaining 

cell cultures from Nephrops norvegicus (Mulford et aI., 2001; Mulford and 

Austin, 1998). Among them Tapay et aL (1995), Freirichs (1996), Fan and 

Wang (2002), and Hu et a1. (2008) could attain the progress of cell cultures up to 

or more than 10 passages. In spite of thcse relentless efforts world wide no 
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immortal cell line could be developed so far. Nevertheless, infection ofWSSV in 

primary cultures of lymphoid organ was observed by Lu et a1. (1995) and Wang 

et al. (2000), while Maeda et a1. (2004) and Jiang et a1. (2005) employed cultures 

of ovary and haemocytes, respectively, for the same. 

In this context a study was undertaken to develop primary cell cultures 

from ovary, heart, muscle and lymphoid tissues of P. monodon, which would 

later be taken forward for establishment. In this process the effect of growth and 

attachment factors and BrdU incorporation in the primary cell cultures generated 

from lymphoid organ was investigated. Subsequently, the primary cell cultures 

generated from the lymphoid tissue was subjected for WSSV susceptibility and 

expression of WSSV genes and shrimp immune related genes could be 

elucidated. 

2.2. Material and methods 
2.2.1. Experimental animals 

WSSV and Monodon Baculo VIruS (MBV) negative P. rnonodon larvae 

obtained from a local hatchery were stocked and reared in a Recirculating 

Aquaculture System for shrimp integrated with nitrifYing bioreactors (Kumar et al., 

2009) in sea water having lSg rl salinity Water quality was maintained by the 

addition of a probiotic Detrodigest TM (NCAAH, India) to manage detritus and 

Enterotrophotic TM (N CAAH , India) to control Vibrio. The larvae were fed with 

commercially available pelIeted feed (Higashimaru, India). They were confirmed 

WSSV negative by nested peR (WSSV detection kit, Genei, India) when they grew 

to 8-12g, and used for all experiments. For isolation of ovarian tissue female animals 

weighing 80-120g obtained from local hatcheries were used. 

2.2.2. Surface sterilization of the animals 

The animals were sacrificed by immersing in crushed ice and disinfected 

by maintaining in 800 mg rl sodium hypochlorite solution prepared in ice cold 

sea water (salinity IS g rl) for 10 minutes. Subsequently, they were washed 5 
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times in sterile ice cold sea water, dipped in 70% alcohol and rinsed in ice cold 

sea water. 

2.2.3. Development of primary cell cultures of heart, ovarian and muscle 
tissues 

Heart tissue, dorsally located in the cephalothorax was excised from the 

surrounding tissues and held in Hank's Balanced Salt Solution (HBSS) with 

osmolality adjusted to 720± 10 mOsm. Muscle tissue was cut from the abdominal 

region and the ovarian tissue from the anterior dorsal region was (from anterior 

dorsal region, Chapter 1, Fig 4) also excised and held in HBSS. The tissues were 

washed thrice with HBSS to remove the contaminating haemocytes and cut into 

pieces of Imm3 size. Tissue pieces were further disaggregated by pi petting and 

seeded into 25cm2 flasks (Greiner Bio One, India) with 2 ml growth medium. 

The medium used was Grace's Insect supplemented with magnesium chloride 

hexahydrate (2g ]"1), 10% sodium bicarbonate solution (3.5ml r\ L-proline 

(20mg rl), sucrose (200mg rl), trehalose (200mg r 1), fetal bovine serum (10%), 

fish muscle extract (4%), shrimp muscle extract (4%), shrimp haemolymph 

(8%), 0.06J.lg mr! chloramphenicol, 100J.lg mr' streptomycin and 100 IU mr' 

penicillin. Cultures were incubated at 25°C and observed daily under inverted 

phase contrast microscope (Leica, Switzerland). 

Fish muscle extract was prepared from Clarias gariepinus muscle tissue. 

Muscle tissue(10%, w/v) was macerated in PBS, centrifuged at 1O,000g for 20 

minutes, supematant incubated at 56°C for 30 minutes, centrifuged to remove the 

coagulated proteins, passed through poly vinylidene fluoride membrane (PVDF, 

0.22J.l) (Millipore, India) and maintained at - 20°e. For preparing shrimp muscle 

extract (10%, w/v) muscle tissue was isolated from P. monodon, after removing 

the cephalothorax region. The same protocol for fish muscle extract was followed. 

Haemolymph was collected from healthy P. monodon. Haemolymph was withdrawn 

asceptically using capillary tubes containing 100J.ll anticoagulant (Tris HC] 0.01 M, 

Sucrose 0.25M, Tri Sodium Citrate 0.1 M) from rostral sinus. Haemolymph was 
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diluted with PBS (1: 1), centrifuged at 10,000g for 20 minutes, supematant 

incubated at 56°C for 30 minutes, centrifuged to remove the coagulated proteins, 

passed through poly vinylidene fluoride membrane (PVDF, 0.22Jl) and maintained 

at -20°C. 

2.2.4. Development of primary culture of lymphoid organ 

Lymphoid organ consists of two distinct lobes located ventro-anterior to 

the hepatopancreas (Chapter 1, Fig 3). Shrimps were dissected to remove the 

lyinphoid organ and the tissue pieces were immediately immersed in HBSS. 

Before seeding tissue pieces were washed thrice, cut into 1 mm3 pieces, 

pipetted vigorously and seeded into 25 cm2 flask. Media used were Grace's 

Insect (composition given above) and Leibovitz's L-15 (Sigma) at double 

strength supplemented with 2% glucose, 20% FBS, 0.06Jlg mr! 

chloramphenicol, 100Jlg mrl streptomycin and 100 IU mr' penicillin. For 

further experiments L IS based medium was used. Performance of the primary 

culture in L - IS basal medium and basal medium supplemented with MEM 

Vitamins (IX) and tryptose phosphate broth (2.95 g rl) were compared. This 

was accomplished by MTT assay of 96 well plate (Greiner Bio One, India) 

cultures of lymphoid organ at 3rd and Sth days of culture. Triplicates were kept 

for each medium. 

2.2.5. Effect of attachment factors on lymphoid cell culture 

Attachment factors tested were laminin (20 Jlg mrl, Sigma, USA), 

fibronectin (20 Jlg mr', Sigma, USA) and poly-L-Lysine (200Jlg mrl, Sigma, 

USA). Stock solutions were prepared in PBS and 34JlI per well of each solution 

was added to 96 well plate. The plate was incubated at 37°C for 2 hours and 

excess was removed. To the coated wells 200JlI of the growth medium 

containing explants of uniform size were added and incubated at 2S°C. MTT 

assay was done after 48 hours. Triplicates were kept for the attachment factors 

and control wells were devoid of the same. 
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2.2.6. Effect of growth factors on lymphoid primary cell culture 

Growth factors tested were fibroblast growth factor-basic (bFGF, from 

bovine pituitary glands (Sigma, USA», epidermal growth factor (EGF, from 

mouse submaxillary glands (Sigma, USA», insulin like growth factor-l (IGF-I, 

human, recombinant expressed in E. coli «Sigma, USA»), insulin like growth 

factor-2 (IGF-2, human, recombinant expressed in E. coli «Sigma, USA» and 

transforming growth factor-f31 (TGF- 131, from porcine platelets «Sigma, USA»). 

Primary stock solutions of bFGF and EGF was prepared in media while IGF-1 

was prepared in water, IGF-2 in 10mM acetic acid containing 10j.lg mr' bovine 

serum albumin (BSA) and TGF- El in 4mM Hel containing 1 j.lg mr! BSA. 

Primary stocks were diluted to required concentrations with growth media. 96 

well plate cultures of lymphoid organ was prepared and growth factors were 

added to get a final concentration of lOng mr', 20 ng mr' and 40 ng mr! for 

bFGF, 1 ng mrl, 10 ng mr', and 30 ng mr! for EGF and 10 ng mrl, 25 ng mrl 

and 50 ng mrl for IGF-I, IGF-2 and TGF- 131. MTT assay was done after 48 

hours. Triplicates were kept for each concentration of growth factors, and control 

wells without the addition of growth factors were kept. 

2.2.7. MTT assay 

The assay is a colorimetric method based on the determination of cell 

viability utilizing the reaction of a tetrazolium salt (3-(4, 5-dimethylthiazol-2-yl)-

2, 5-diphenyl tetrazolium bromide, MTT) with the mitochondria of metabolicaIly 

active cells. The reduction of the tetrazolium salt by nicotinamide adenine 

dinucleotide dehydrogenase (NADH) and nicotinamide adenine dinucleotide 

phosphate dehydrogenase (NADPH) within the cells produces insoluble purple 

formazan crystals, which are later solubilized yielding a purple-colored solution 

(Mosmann, 1983). 

After replacing the medium, 50j.l1 of MTT (Sigma) solution (5mg mrl in 

PBS; nOmOsm) was added to each well and incubated for 5 hours in dark. 
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Control consisted of medium alone with MTT added. After incubation, the 

medium was removed and MTT-formazan crystals were dissolved in 200)11 

dimethylsulfoxide. Absorbance was recorded immediately at 570nm in a micro 

plate reader (TECAN Infinite Tm, Austria). 

2.2.8. 5-bromo-2'-deoxyuridine (BrdU) assay of lymphoid cell culture 

A sample of 20)11 of lOmM BrdU solution was added to each well of 96 well 

plate lymphoid organ cultures with 200)11 medium. Wells without the addition of 

BrDU were kept as control. After 24 hour incubation, medium was removed, 

washed with PBS, fixed with 4% parafonnaldehyde for 15 minutes and washed 

again with PBS. 2M HCl was added to each wen, incubated for 20 min, neutralised 

with 0.1M sodium borate (PH 8.5) for 2min and washed with PBS. Cells were 

permeabilised with PBS containing 0.2% triton X-lOO and 3% BSA for 5 minutes. 

After blocking with 3% BSA in PBS for 1 hour, I :1000 dilution (in 3% BSA) of the 

mouse monoc1onal anti BrdU antibody (Sigma, USA) was added and incubated for 

1 hour. Cells were washed thrice with PBS for 5 minutes each and incubated for 1 

hour with rabbit anti mouse FITC conjugate, 1: 40 dilution (Sigma, USA). Wells 

were washed with PBS, stained with DAPI (O.2)1g mrl) and observed under inverted 

fluorescent microscope (Leica, Switzerland). DAPI and FITC were viewed under 

filters with excitation wavelength 360-370nm and 470-490nm respectively. Test 

wells were compared with the wells without BrdU (negative control). The images 

were processed and merged using the "Leica Application Suite" software (Leica 

Microsystems, Switzerland). 

2.2.9. Preparation of WSSV lysate from gill tissue and infection of 
lymphoid cell culture 

Gill tissue (500 mg) from WSSV infected shrimps weighing 8-12g under 

laboratory conditions was macerate~ with mortar and pestle kept in ice bath in 

lOml cell culture medium with glass fiber wool. The extract was centrifuged at 

10,000g for 10rninutes at 4°C and the supematant passed through 0.22)1m 

polyvinylidenc fluoride (PVDF) membrane (Millipore). The extract obtained was 
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diluted 30 times and added to lymphoid organ cultures and observed for 

cytopathic effect (CPE). 

2.2.10. Immunofluorescence assay for detection of WSSV in lymphoid 
cell culture 

For the immunofluorescence detection of WSSV, lymphoid cultures were 

prepared in Leighton tubes with cover slips (10 x 22mm; Micro-Aid) and 

incubated at 25°C. After 48 hours WSSV inoculum was added. After 12 hours 

cover slips were removed from Leighton tubes, washed twice in PBS 

(720mOsm) and immersed in 10% paraformaldehyde, and maintained in 70% 

ethanol at -20°C until use. These fixed cover slip cultures were used for the 

immunofluorescence detection of WSSV. The cover slips were attached to a 

glass slide, free sites were blocked using 3% BSA in PBS and incubated in a 

humidified chamber for 1 hour. The slides were washed in PBS/Tween 20 

(0.01 %) and added WSSV monoclonal (C 38) antibody (Ani! et aI., 2002) on the 

slide, incubated for 1 hour and washed three times in wash buffer. It was again 

incubated for an hour after addition of rabbit anti mouse FITC conjugate, I: 40 

dilution (Sigma), and subjected to washing. After incubation with general 

nuclear stain DAPI (l 0 ~1, 0.2~g mr!) for three minutes, the slides were rinsed 

with distilled water, air dried, mounted (Vectashield, USA) and observed under 

fluorescent microscope (Olympus, Germany). OAP} and FITC were viewed 

under filters with excitation wavelength 360-370nm, and 470-490nm, 

respectively. The slides were compared with uninfected lymphoid organ cultures 

(negative control). The images were processed and merged using the '"Image pro­

express" software (Media Cybernetics Inc, MD, USA). 

2.2.11. Expression of WSSV genes and shrimp immune related genes 
in WSSV infected lymphoid cell culture 

2.2.11.1. RNA isolation from WSSV infected haemocyte culture 

Lymphoid explant cultures prepared in 24 well plate in modified 2X LIS 

medium was used for RNA extraction. After 48 hours of incubation the medium 

was removed and 500 ~I WSSV inoculum was added. RNA isolation was done 
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after 8th and 24th h from 10 wells each. Wells added with heat inactivated (56°C 

for 1 hour) WSSV were kept as controls. RNA was isolated from control cells 

after 24 hours. For RNA isolation the medium was removed, wells washed with 

ice cold PBS, explants detached and removed by repeated pipetting and TRI 

reagent (Sigma) added to each well. Complete lysis of cells was allowed by 

repeated pipetting and the reagent was collected in 1.5 ml MCTs. The samples 

were stored for 5 minutes at room temperature to ensure complete dissociation of 

nucleoprotein complexes. 0.2ml chloroform was added to 1 rol TRI reagent, 

shaken vigorously for 15 seconds, and allowed to stand for 15 minutes. The 

resulting mixture was centrifuged at 12,000g for 15 minutes at 4°C. Colourless 

upper aqueous phase was separated carefully from the three layers formed and 

transferred to a fresh tube. 0.5ml isopropanol was added and stored for 10 

minutes at RT and centrifuged at 12,000g for 10 min. RNA was found 

precipitated on the sides and bottom of the tube after centrifugation at 12,OOOg 

for 10 min at 4°C. Supematant was discarded and the pellet was washed twice 

with 75% ethanol. The RNA pellet was air died and dissolved in 20".11 of DEPC 

treated sterile water by repeated pi petting at 55°C. These RNA samples were 

subjected to DNase treatment with RNase-free DNase 1 (New England Biolabs). 

0.2 units of the enzyme was added per ~g RNA and incubated at 37°C for 10 

minutes. The enzyme was inactivated at 75°C for 10 minutes. Concentration and 

quality of RNA were measured by taking the absorbance at 260/280nm in a UV­

Visible spectrophotometer. 

2.2.11.2. RT-PCR ofWSSV genes and shrimp immune related genes 

1 ~g RNA was subjected to cDNA synthesis with 20111 reaction mix containing 

M-MuLV reverse transcriptase (80U), RNase inhibitor (8U), Oligo (dT)12 

primer(40pmoles), dNTP mix (lroM), RTase buffer (IX) and MgCh (2mM) at 

42°C for 1 hour. All reagents were purchased from New England Biolabs. 

Expression of 8 WSSV genes and 8 immune related genes were amplified. Shrimp I3 

actin gene was also amplified as a reference. PCR using 2111 of cDNA was 
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subsequently performed with specific primer sets as given in Table 1. 25 III peR 

reactions were done with 0.5U of Taq DNA polymerase, 200llM dNTP mix, 

lOpmoles of each forward and reverse primer and I X PCR buffer. The hot start PCR 

programme used for WSSV genes was 94°C for 2min, followed by 35 cycles of 

94°C for 30s, annealing for 30s, 68°C for 30s followed by final extension at 68°e 

for 10 min. Annealing temperatures were SO°C for endonuclease, 53°e for latency I 

and ribonucleotide reductase (rrl), 54°C for DNA polymerase (dnapol), immediate 

early genel (ie1), Vp 28 and thymidine kinase and thymidilate kinase (tk-tmk) and 

55°e for protein kinase I (Pkl) and 13 actin. For immune genes also hot start PCR 

was done with 94°e for 2min, followed by cycles of 94°e for 2 min, annealing for 

Imin, noe for lmin followed by final extension at noe for 10 min. Annealing 

temperature and number of cycles employed for PCR of Astakine and peroxinectin 

were 56°C and 30 cycles, for prophenoloxidase (Pro PO) and transglutaminase 

56°C and 35 cycles, for crustin and penaeidine 55°C and 35cycles, for alpha 2 

macroglobulin 65°C and 30cycles and for haemocyanin 56°e and 35cycles.Ten J.lI 

of each PCR product was analysed by 1 % agarose gel electrophoresis, stained with 

ethidium bromide and visualized under ultraviolet light. 

2.2.12. Statistical analysis 

The results in the figures are average values of 3-6 replicates ± standard 

deviation. The effects of treatments were statistically analyzed by single factor 

and two factor analysis of variance (ANOV A) wherever applicable. Differences 

were considered significant at P <0.05. 

2.3. Results 
2.3.1. Primary cell cultures from heart, ovary and muscle tissues 

Primary cell cultures from heart, ovary and muscle tissues were developed. 

In this process migration of cells from the explants and cell proliferation could 

be noticed with in four hours of incubation. There wcre remarkable differences 

in the morphology of cells generated from these tissues. The primary cell culture 

developed from the heart tissue was rounded with little pseudopodia (Fig 1). 
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These cells could be maintained for three weeks with intermittent change of 

medium with out sub-culturing. Subsequently the cells were found to get 

detached and get disintegrated. 

The primary cell cultures developed from the ovanan tissue was 

fibroblastic along with the primary oocytes having larger nuclei (Fig 2). Some of 

the primary oocytes were found with dividing nuclei but with out cytoplasmic 

division (Fig 3). Primary cell cultures developed from the early stage and 

irrunature ovaries were found better in attachment and proliferation of cells than 

that of mature ovaries. Ovarian primary cell culture was maintained for 2 weeks 

with intennittent change of medium. 

The primary cell cultures generated from muscle tissue were thread like 

and most of the cells were in suspension. The cells developed could be 

maintained for 3-4 days (Fig 4). 

2.3.2. Primary cell culture from lymphoid organ 

Perfonnance of the primary cell cultures in double strength L-15 medium 

was found to be better than that in Grace's Insect medium. The explants were 

found getting attached to the culture vessel within 2 hours of seeding. Once the 

explants were attached, round cells in large numbers were seen to migrate from 

the tissue and remained (Fig 5) the same in morphology. Apart from, fibroblastic 

(Fig 6) and epithelioid cells (Fig 7) were also found developing as part of the 

primary cell culture (Fig 8). Cells in the mitotic phase were frequently seen 

among the epithelioid cells (Fig 9) while mitotic events were rare in round cells 

and fibroblastic cells. Epithelioid cells which were released to the medium were 

transferred to another flask where it got attached to and fonned a monolayer (Fig 

10). Attempts to subculture the fibroblastic cells did not yield satisfactory results 

as only a few cel1s were able to be reattached on passage. From the studies 

conducted it was noticed that the firoblastic cells formed monolayer quickly 

while epitheloid cells were not. Their occurrence was sporadic and inconsistent. 
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Perfonnance of lymphoid organ cell cultures in the basal L-15 and 

modified 2XL-15 media was compared utilizing MTT assay. No significant 

(P>0.05) difference was found on the third day of culture between the two media 

(Fig 11). However, on the fifth day, significant difference in the MTT readings 

was found (P<0.05) between the two, with higher MTT values for modified L-15 

medium. In the modified medium metabolic activity of the cells was significantly 

high on the 5th day (P<0.05) which was in the declining order during the same 

period (3rd to 5th day) in the basal medium. Accordingly, the modified f!1edium 

(L - 15) containing Leibovitz's L-15 (Sigma) at double strength supplemented 

with 2% glucose, MEM Vitamins (IX), tryptose phosphate broth (2.95 g r l), 

20% FBS, 0.06)lg mrl chloramphenicol, 100)lg mrl streptomycin and 100 IU 

mrl penicillin was finalized to be used for all subsequent studies. 

2.3.3. Effect of attachment factors on lymphoid primary cell culture 

Efficacy of attachment factors such as laminin, fibronectin and polylysine 

were evaluated by growing lymphoid cells on microwell plates coated with the 

same in terms of MTT readings. Accordingly in laminin (20)lg mrl) coated 

wells, negative absorbance was recorded after 48 hours of incubation (Fig 12). 

Absorbance was not significantly (P>0.05) different from the control with 

respect to fibronectin (20 ).lg mr!) coated wells while absorbance for poly-L­

lysine (200 )lg mrl) coated wells were significantly much higher than that of the 

control. In terms of attachment fibronectin and poly lysine coated wells were 

found better than Iaminin coated wells. 

2.3.4. Effect of growth factors on lymphoid primary cell culture 

Among the growth factors tested bFGF (Fig 13), EGF (Fig 14), IGF-2 and 

TGFB did not have any significant effect (P>0.05) in the growth and 

multiplication of the cells measured in tenns of MTT assay compared to that of 

the control. IGF-l (Fig 15) at lOng mrl was found suitable for supporting better 

growth than in the control (P<O.05). 
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2.3.5. 5- bromo-2'-deoxyuridine (BrdU) assay of lymphoid primary 
cell culture 

Green positive fluorescence of FlTC was observed in a very few cells (Fig 

16) while most of the cells were negative with only blue signals from DAPI. 

2.3.6. WSSV infection of lymphoid cell culture and immunofluorescence 
detection of WSSV 

Cytopathic effect was visible within 12 hours of inoculation with WSSV 

and it was more prominent at 24 hours. Infected cells were found shrunken with 

refractile granules accumulated (Fig 17). Finally, the cells were found detached 

from the culture plate and lysed. Green positive signals with FITC conjugated 

monoclonal antibodies against WSSV were observed (Fig 18) from the nuclei of 

infected cells and no such positive signals could be obtained from the control. 

Blue fluorescence of DAPI was observed in the cell nuclei in all preparations. 

2.3.7. Expression of WSSV genes and shrimp immune related genes in 
WSSV infected lymphoid cell culture 

2.3.7.1. Expression of \VSSV genes in virus infected lymphoid cell culture 

Expressions of an immediate early gene (ie1), 5 early genes (pkl, tk-tmk, ITl, 

dnapol, endonuclease), a late gene (Vp 28) and a latency gene (latency 1) were 

investigated at 8th and 24th h post infection (Fig 19). All the genes, except the 

latency 1 gene, were expressed at 8th and 241h hours; the latter only at the 8th 

hour. However, there noticed down regulation of pkl and DNA polymerase at 

the 24th hour post infection. None of the viral genes was found expressed in the 

control cell cultures exposed to heat inactivated WSSV. 

2.3.7.2. Expression of immune related genes in WSSV infected lymphoid 
cell culture 

Immune related gcnes investigated included prophenoloxidase, astakine, 

peroxinectin, alpha 2-macroglobulin, haemocyanine, transglutaminase, crustin 

and penaeidin (Fig 20). All the genes could be amplified at 8th h post infection 

except the transglutaminase. At 24th hour only alpha 2 macroglobulin and 

penaeidin were alone found expressed, among which that of the fonner was 
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weak. In the control, exposed to heat inactivated WSSV, faint expression of 

peroxinectin, alpha 2-macroglobulin and crustin, and strong expression of 

penaeidin were detected. 

2.4. Discussion 

This was an attempt to generate primary cell cultures from various tissues 

of heart, ovary, muscle and lymphoid and to take forward the strengthening of 

the cultivation technique to get i~ established or/and use it for the isolation of 

WSSV. On comparing the results' with those of previous workers it has been 

found that primary cell culture of heart tissue has been attempeted by various 

workers with varying level of success (Chen et aI., 1986; Tong and Miao, 1996; 

Mulford and Austin, 1998; Owens and Smith, 1999). Similar to the present study 

Chen et a1. (1986) and Lang et al. (2001) observed adherence of the cells but 

without multiplication while Tong and Miao, (1996) observed mitotic figures in 

heart primary cell culture in the medium for penaeid shrimp (MPS). While round 

cells were observed in the present study, Mulford and Austin (1998) had noticed 

fibroblastic cells. Primary culture of muscle tissue was reported by Wang et a!. 

(2001) in Macrobrachium nipponense where the authors passaged the culture for 

3 times. In the present study muscle cells developed could be maintained for only 

3-4 days. 

Cell culture from the ovarian tissue of the penaeid shrimp was reported 

more frequently than that of heart tissue (Leudeman and Lightner, 1992; Nadala 

et al., 1993; Tong and Miao, 1996; Toullcc et aI., 1996; Chen et al., 1998; 

Mulford and Austin, 1998; West et al., 1999; Ch en and Wang, 1999; Fraser and 

Hall, 1999; Shike et al., 2000a
; Shimizu et al., 2001; Lang et al., 2002; Maeda et 

al 2003). Both fibroblastic and epithelioid cells were observed (Leudeman and 

Lightner, 1992; Ch en et al., 1998; Mulford and Austin, 1998; Fraser and Hall, 

1999) similar to the present study while Maeda et a1. (2003) reported epithelioid 

cells only. Grace's Insect Medium was used by Leudeman and Lightner (1992) 
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and Nadala et al. (1993) while others used L 15 (Chen et aI., 1998; Mulford and 

Austin, 1998; Maeda et al 2003) and M 199 (Toullec et aI., 1996; Lang et aI., 

2002). Superior performance of early stage immature ovaries noted in the present 

study was in agreement with the observations of Toullec et a1. (1996), Mulford 

and Austin (1998) and Fraser and Hall (1999). Mitosis was reported in ovarian 

cell cultures (Lang et aI., 2002; Maeda et al 2003). Lang et a1. (2002), similar to 

the present study, noticed different developmental stages of oocytes in culture. 

Although explant cell cultures were obtained from various tissues and organs 

of penaeid shrimps, the cells from lymphoid organ formed monolayer more rapidly 

and remained stable for longer periods of time (Nadala et aI., 1993). This is the 

reason for many researchers for choosing lymphoid organ as their preferred tissue 

(Chen et aI., 1989; Nadala et aI., 1993; Tapay et aI., 1995; Lu et aI., 1995; Tong and 

Miao, 1996; Tapay et aI., 1997; West et aI., 1999; Chen and Wang, 1999; Itami et 

al., 1999; Kasomchandra et aI., 1999; Owens and Smith, 1999; Wang et aI., 2000; 

Shike et aI., 2000a; Lang et aI., 2002). The lymphoid organ or oka organ was first 

described by Oka (1969) followed by Martin et al. (1987) and Hose et a1. (1992). 

Although the latter authors attributed a haematopoietic function for lymphoid organ, 

van de Braak et a1. (2002,) did not support this function due to limited number of 

mitotic figures observed, and proposed lymphoid organ as a filter for all foreign 

materials encounterd in the haemolymph. 

L-15 medium has been described as the most suitable one for penaeid 

shrimp cell culture and has been employed by various workers (Chen et aI., 

1989, Nadala et aI., 1993; Kasomchandra et aI., 1999; Owens and Smith, 1999). 

Kasomchandra et al. (1999), Hami et a1. (1999) and Wang et a1. (2000) reported 

fibroblastic and epithelioid morphology of the cells in the lymphoid cell culture, 

meanwhile, Wang et a1. (2000) described round cells as well. Round cells 

migrating out of the explant, observed in the present study, appear to be 

haemocytes present in the lymphoid organ, the filtering organ of haemolymph. 

van de Braak et a1. (2002b) reported the presence haemocytes of granular and 
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semI granular types within the central haemal lumen of lymphoid organ. 

Difficulty experienced in subculturing the cells by mechanical or enzymatic 

means has been reported by several researchers (Chen et aI., 1989; Owens and 

Smith, 1999; Itami et aI., 1999), while Kasornchandra et al. (1999) reported up to 

three passages. Even though researchers such as Lang et al. (2002) reported cell 

division in lymphoid organ culture none was able to passage the culture beyond a 

few rounds. Owens and Smith (1999) attributed the ready formation of 

n:onolayer in lymphoid cell cultures to cell migration from the explant rather 

than by cell division. Hsu et al. (1995) claimed it upto 95 passages but Rinkevich 

(1999) reported, after careful examination of the figures published by Hsu et al. 

(1995), this as thraustochytrid contamination, which went on unaware of the 

authors. That might be the reason why the works of Hsu et al. (1995) could not 

be later projected as the attainment of establishment of cell line from shrimp. 

Subsequently, more than 21 passages of the cultures transfected with simian 

virus 40 large T antigen employing a pantropic retroviral vector has been 

reported by Hu et al. (2008). In spite of these developments none of cell cultures 

has been made available to the scientific community till date. 

Laminin and fibronectin are extracellular matrix proteins and poly-L-Iysine 

is a positively charged aminoacid, which enhance attachment and proliferation of 

cells. Of the three, poly-L-lysine (200 Ilg mr!) was found to enhance attachment 

and proliferation of cells from the explants. However, Frerichs (1996) observed 

no increase in adhesiveness of embryonic cells of Macrobrachium rosenbergii in 

poly lysine coated plates. In the same pattern Cook et al. (1989) and Braasch et 

al. (1999) did not observe any positive results for laminin and fibronectin 

coating for crab, Cardisoma carnifex and lobster, Panulirus marginatlls neurons 

and P. vannamei haemocytes, respectively. However, in our study, lack of 

attachment on laminin and fairly better attachment on fibronectin coated plates 

could be observed for cells from lymphoid organ. Fan and Wang (2002) noticed 

enhanced growth and proliferation in embryonic cells of P. chinensis after the 
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administration of IGF-2 and bFGF, while Fraser and Hall (1999) reported no 

stimulation of growth after the application of EGF and bFGF. In the present 

study, IGF-1 enhanced cell proliferation at a concentration of 1 Ong mrl. 

Attempt of BrdU assay has not been reported in the lymphoid cell culture 

of penaeid shrimp while 1-2% Brdu positive cells was reported in P. vannamei 

haemocyte culture (Braasch et al., 1999) and 35% in P. japonicus (Maeda et al., 

2003) ovarian primary cell cultures. Very few positive fibroblastic cells have 

been noted in the present study, which supported the findings of van de Braak et 

al. (2002b
) who observed limited number of mitotic figures in the lymphoid 

organ. 

Wang et al., 2000 have proved the susceptibility of WSSV in lymphoid 

primary cell culture while Maeda et a1. (2004), Jiang et a1. (2005) and 

liravanichpaisal et a1. (2006) studied the WSSV infectivity of ovarian cell culture 

of P. japonicus, haemocyte culture of P. chinensis and haematopoeitic stem cells 

of the crayfish, Pacifastacus leniusculus respectively. Shrinkage, rounding and 

detachment of infected cells were the common cytopathic effects reported in the 

event ofWSSV infection (Wang et al., 2000; Maeda et al., 2004; liravanichpaisal 

et al., 2006). Additionally, in the present study, accumulation of retractile 

granules was also observed. Infected haemocytes exhibited clumping (Jiang et 

al., 2005). Wang et a1. (2000), Maeda et a1. (2004) and Jiravanichpaisal et al. 

(2006) employed electron microscopy and in situ hybridization (Jiravanichpaisal 

et al., 2006) to demonstrate the WSSV infectivity of the cells while Jiang et a1. 

(2005), similar to that of in the present study, employed immunodetection 

utilizing monoc1onal antibodies against WSSV. 

Genes of the most double stranded DNA viruses are expressed in the host 

in a cascade fashion. Immediate early and early genes are expressed before viral 

DNA replication, while expression of late genes occurs after replication of the 

viral genome (Honess and Roizman, 1974; Friesen and Miller, 1986; Blissard 
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and Rohnnann, 1990; Blissard, 1996). All the tested genes including immediate 

early gene 1, protein kinase, thymidine kinase and thymidylate kinase, 

ribonucleotide reductase 1, endonuclease, DNA polymerase, Vp 28 and latency 1 

genes were expressed in WSSV infected lymphoid cell culture. This 

demonstrated the suitability of lymphoid cell culture in WSSV morphogenesis 

related investigations. 

Haemocytes in shrimp play a crucial role in cellular defense mechanisms 

and are responsible for releasing humoral defense molecules. All the immune 

related genes studied except transglutaminase were expressed in lymphoid cell 

culture. This could be attributed to the haemocytes present in the lymphoid organ 

which migrated during incubation (van de Braak et al., 2002a). Among the 

immune genes investigated, haemocyanin is expressed in hepatopancreas and 

gets processed under acidic conditions to produce an antibacterial peptide 

astacidinel as reported in cray fish (Lee et al., 2003) and shrimp (Destoumieux 

et al., 2001), specifically during bacterial infection. However, in our study this 

was found weakly expressed in the WSSV infected P. monodon lymphoid cell 

culture. 
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Table 1. Primer sequences of WSSV genes, shrimp immune related 
genes and B actin 

SI. 
Size (bp) 

No. 
Gene Primer sequence (5'-3') ofPCR Reference 

product 

WSSV genes 

1. 
Immediate early F-GACTCTACAAA TCTCTITGCCA 

gene (iel) R-CTACCTITGCACCAATTGCTAG 502 

2 Protein kinase (Pkl) 
F-TGGAGGGTGGGGACCAACGGACAAAAC 

R-CAAA TIGACAGTAGAGAATTTTGCAC 
512 

Thymidine kinase F-GAGCAGCCATACGGGTAAAC 
3 and thymidylate 

R-GCGAGCGTCTACCTT AA TCC 
412 

kinase (tk-tmk) 

Ribonucleotide F-ATCTGCT AGTCCCTGCACAC 
408 4 

reductase (rrl) R-AAAGAGGTGGTGAAGGCACG 

DNA polymerase F-TGGGAAGAAAGATGCGAGAG 
5 

(dnapoJ) R-CCCTCCGAACAACATCTCAG 
586 

Endonuclease 
F-TGACGAGGAGGA TTGT AAAG Liu et aI., 

6 
R-TTATGGTTCTGTATTTGAGG 

408 2005 

7 Vp28 
F-CTGCTGTGA TTGCTGTA TTT 

555 
R~AGTGCCAGAGTAGGTGAC 

8 Latency 1 
F-CTTGTGGGAAAAGGGTCCTC 

R-TCGTCAAGGCTTACGTGTCC 
647 

Shrimp immune related genes 

Prophenol oxidase F-TGGCACTGGCACTTGATCTA 

(pro PO) R-GCGAAAGAACACAGGGTCTCT 
590 

Jiravanich 

Astakine 
F-GTCGCGCATTTAACAAGGAG paisal et 

2 455 a!., 2007 R-CCCTGTGGATTGAGCTCACT 

3 Peroxinectin 
F-CGAAGCTTCTTGCAACTACCA 

R·GCAGGCTGATTAAACTGGCTT 
547 

AJpha2 F-ATGGCCAATCCCGAGAGGTACCTACTG Lin 
4 345 

macroglubiJin R-TGTTGCTGCAGAAGTTIGTTATCCTCAT et aI., 2007" 

5 Haemocyanin 
F-GTCGACGAACTTCACTGGGA 

R-GTTCAGTGTCATCAACGGCA 
598 

F-TGGGYCTTCGGGCAGTT 
627 liravanich 6 T ransglutamina~e 

R-CGAAGGGCACGTCGTAC paisal 

F-GCACAGCCGAGAGAAACACTATCMGAT et aI., 2007 
7 Crust in 

R-GGCCT ATCCCTCAGAACCCAGCACG 
430 

8 Penaeidin-3 
F-AGGAT ATCATCCAGTTCCTG 

R-ACCTACATCCTTTCCACAAG 
240 

13 Actin 
F·CTTGTGGTTGACAATGGCTCCG 

520 
Zhang 

9 
R-TGGTGAAGGAGTAGCCACGCTC et aI., 2007 
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Fig.L Primary cell culture from hean tissue of P. monodon (20X) 

Fig.2. Primary culture from ovarian tissue of P. monodon showing 
primary oocytes (20X) among fibroblastic cells (black 
arrows). Oocytc:s in ditTcrent stages of development can also 
be seen (red arrows). 
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Fig.3. Nuclear division of primary oocytes in ovarian cell culture (20X) 

Fig. 4. Primary cell culnlrc from muscle ti sslle or P. fIlonodoll in 
culture. Elongated thread like ce lls seen (40X) 
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Fig.5. Round cells migrating from explant (20X) of lymphoid tissue

Fig.6. Monolayer of primary cell culture (fibroblastic) from
lymphoid tissue (20X)
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Fig.'. Monolayer of primary cell cuhure (epitheloid) from lymphoid 
tissue (20X) 

Fig.S. Primary cell culture from lymphoid tissue (Epithelioid among 
fihrohlastic cells) ( 1 OX) (Ib- fibroblastic: cp-epithdioid) 
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Fig.9. Epithelioid ce lls in division generated from primary lymphoid 
cell culture (20X) 

Fig.IO. First passage of epithelioid cell s from a primary cell culture 
generated from lymphoid tissue (lOX) 
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3.1. Introduction 

Circulating haemocytes of crustaceans and other invertebrates play a 

crucial role in cellular defense mechanisms, performing functions such as 

phagocytosis, encapsulation and lysis of foreign cells (Smith and Soderhall, 

1983; Ratcliffe et al., 1985; 10hansson and Soderhall, 1989; Soderhall and 

Cerenius 1992). They are also responsible for releasing humoral defense 

molecules. Three morphologically different types of haemocytes are described 

including hyaline, semigranular and granular (Bauchau, 1981). In general hyaline 

cells are the smallest cell type with a high nucleus/ cytoplasmic ratio and no or 

few cytoplasmic granules. The granular cells are the largest cell type with a 

relatively smaller nucleus and fully packed with granules. The semigranular cells 

are intermediate between the hyaline and the granular cells. (Bachau, 1981; 

Soderhall and Cerenius, 1992). This classification is mainly based on the number 

of cytoplasmic granules in the haemocytes and different staining techniques, and 

to a much lesser extent, on density, functions and enzyme distribution (van de 

Braak et al., 2001 a). Haemocytes are produced in the haematopoeitic tissue, 

existing as lobules, located in different areas in the cephalothorax, mainly at the 

dorsal side of the stomach in the epigastric region as a layer and in a substantial 

area in the onset of the maxillipeds and to a lesser extent towards antelll1al gland 

in P. monodon. (van de Braak et al., 2001 a,b). 

An essential step in the crustacean defense system is the recognition of 

invading microorganisms, which is mediated by the haemocytes and plasma 

proteins (Vargas-Albores and Yepiz-Plascencia, 2000). Different pattern 

recognition proteins in the haemolymph recognize and bind cell wall components 

of microorganisms (Soderhall et al., 1996; Vargas- Albores et al., 1996, 1997) 

and a second site becomes active for haemocyte binding. This operates as elicitor 

of defense responses following which the hacmocytcs degranulate and release off 

different proteins. Several proteins arc pro-enzymes, others are substrates which 
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are involved in clotting (transglutaminase), prophenoloxidase activating system 

(prophenoloxidase activating enzyme, prophenol oxidase, phenol oxidase, 

peroxinectin) and in other cellular activation processes (proteinase inhibition and 

anti microbial peptide production), which are synthesized in haemocytes 

(Johansson and S6derhiill, 1992; S6derhiill et al., 1996; Sritunyalucksana and 

S6derhiill, 2000). 

The pro PO-activating system m crustaceans IS also most extensively 

studied in the freshwater' crayfish P. leniusculus (S6derhiill et al., 1996; 

S6derhiill and Cerenius, 1998). Proteins of the proPO system occupy a very 

prominent position in non-self recognition, haemocyte communication and the 

production of melanin. Upon activation and degranulation of the haemocytes, the 

inactive proPO is converted to the active phenoloxidase by prophenoloxidase 

activating enzyme. The phenol oxidase enzyme catalyses the stepwise oxidation 

of phenols to quinones, followed by several intermediate steps that lead to the 

formation of melanin, which is a dark brown pigment that sequesters the 

pathogens, thus preventing their contact with the host. During this formation also 

antimicrobial factors are formed (S6derhall et aI., 1996; S6derhiill and Cerenius, 

1998). An important factor that is involved with the proPO system is 

peroxinectin, which is involved in cell adhesion and peroxidase activity. 

Transmembrane receptors of the integrin family on the haemocytes play an 

important role in the cell adhesion function of peroxinectin (J ohansson, 1999). 

Alpha 2 macroglobulin, which is a broad spectrum protease binding protein, is 

stored m the haemocyte granules (Arm strong and Quigley, 1999). 

Transglutaminase and astakine were reported to be involved in cell proliferation 

and/or differentiation (Huang et al., 2004; Soderhall et al., 2005). Astakine is a 

cytokine which is directly involved in haemocyte differentiation and maturation 

in crayfish and is also present in P. monodon (Soderhall et al., 2005). 

Haemocyanine, a multi functional molecule serves as an oxygen carrier for 

arthropods such as chelicerates and crustaceans (Decker and Terwilliger, 2000; 
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Decker and Tuczek, 2000). Among the crustacean antimicrobial peptides, 

crustins and penaeidins are reported in shrimp (Destoumieux et al., 1997; Relf et 

al., 1999; Gross et al., 2001). 

White spot syndrome virus (WSSV), the major viral shrimp pathogen is an 

ellipsoid to bacilli form enveloped particle of about 275nm in length and 120nm 

in width, with a tail like appendage at one end. It is the type species of the genus 

whispovirus in the family Nimaviridae (Vlak et al., 2005) and it is unique with 

an infection strategy that does not match infection models of any other known 

viruses. Genes of most large dsDNA viruses infecting (in)vertebrates are 

expressed in a cascade fashion. In the cascade of viral regulatory events, 

successive stages of virus replication are dependant on the proper expression of 

the genes in the preceding stage. Immediate early and early genes are expressed 

before viral DNA replication, while expression of late genes occurs after 

replication of the viral genome (Honess and Roizman, 1974; Friesen and Miller, 

1986; Blissard and Rohrmann, 1990; Blissard, 1996). Availability of the 

complete WSSV sequence facilitates the global molecular characterization of the 

virus by genomic and proteomic approaches and has recently led to the discovery 

of many important WSSV genes, including latency associated genes (Hossain et 

al., 2004; Khadijah et al., 2003), immediate early genes (Liu et al., 2005), many 

other non structural genes (Tsai et al., 20003 , b; Chen et al., 20023 ; Tzeng et al., 

2002) and more than 39 structural genes (Durand et al., 1997; Van Hulton et al., 

2002; Zhang et al., 2004; Tsai et al., 2006). 

Primary haemocyte culture of P. japonicus (Itami et al., 1999) and 

P. chinensis (Jiang et al., 2005) had already been reported. Itami et a1. (1999) 

were able to culture granular haemocytes for 10 days while Jiang et al. (2005) 

cultured total haemocytes for 20 days. Jiang et a1. (2005) proved the­

susceptibility of WSSV in haemocyte culture by immunocytochemical detection. 

Lack of shrimp cell lines is hampering the progress of research in WSSV (Marks 

et al., 2003; Han et al., 2007). 
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In the present study primary haemocyte culture was developed and its 

application in WSSV titration and in the expression studies of WSSV genes and 

haemocyte immune genes were explored. 

3.2. Material and methods 
3.2.1. Experimental animals 

WSSV and Monodon Baculo virus (MBV) negative P. monodon larvae 

obtained from a local hatchery were stocked and reared in a Recirculating 

shrimp rearing system integrated with nitrifying bioreactors (Kumar et aI., 2009) 

in sea water having a salinity of 15 g rl. Water quality was maintained by the 

addition of a probiotic, Detrodigest TM (NCAAH, India), to manage detritus, and 

Enterotrophotic ™ (NCAAH, India) to control Vibrio. The larvae were fed with 

commercially available pelleted feed (Higashimaru, India). They were confirmed 

WSSV negative by nested PCR (WSSV detection kit, Genei, India) when they 

grew to 8-12g, and used for all experiments. 

3.2.2. Development of primary haemocyte culture 

The animals were sacrificed by immersing III crushed Ice and 

disinfected by maintaining in 800 mg rl sodium hypochlorite solution 

prepared in ice- cold sea water (salinity 15 g rl) for 10 minutes. Subsequently 

they were washed 5 times in sterile ice- cold sea water, dipped in 70% alcohol 

and rinsed in the former. Haemolymph was withdrawn asceptically from 

rostral sinus using capillary tubes containing 100)11 anticoagulant (Tris HCI 

O.OIM, Sucrose O.25M, Tri Sodium Citrate O.IM) and diluted to obtain 5 x 

105 cells mrl using modified L-15 (Leibovitz) medium, and aliquots of 200)11 

were dispensed into the wells of 96 well plates (Greiner Bio-One) and 

incubated at 25°C. For the immunofluorescence detection of WSSV, 

haemocyte cultures were prepared by adding 1 ml of cell suspension (5 x 105 

cells) prepared in growth medium into Leighton tubes with cover slips (l0 x 

22mm; Micro-Aid), and incubated at 25°C. 
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The medium used was Leibovitz' s L-15 (Sigma) at double strength 

supplemented with 2% glucose, 20% FBS, 0.06~g ml-l chloramphenicol, 1 OO).1g mr 

1 streptomycin and 100 IU mrl penicillin. To prevent melanisation and subsequent 

cell death, N-phenylthiourea (O.2mM) was added. This served as the basal medium 

on which media supplements such as MEM Vitamins (IX), bovine embryonic fluid 

(5%) and tryptose phosphate broth (2.95g rl) were tested. Each of these additives 

was added to the basal medium individually and the haemocyte response was 

examined by measuring the metabolic activity through 3-(4, 5-dimethylthiazol-2-yl)-2, 

5-diphenyl tetrazolium bromide (MIT) assay for 6 days. Replicates were maintained 

for each combination of the medium. 

3.2.3. Effect of growth factors on primary haemocyte culture 

Growth factors tested were fibroblast growth factor-basic (bFGF, from bovine 

pituitary glands (Sigma, USA), epidermal growth factor (EGF, from mouse 

submaxillary glands (Sigrna, USA), insulin like growth factor-l (IGF-l, human, 

recombinant expressed in E. coli (Sigma, USA), insulin like growth factor-2 (IGF-2, 

human, recombinant expressed in E. coli (Sigma, USA) and transforming growth 

factor-BI (TGF- B1, from porcine platelets «Sigma, USA». Primary stock solutions 

ofbFGF and EGF were prepared in the medium while IGF-I was prepared in water, 

IGF-2 in 10mM acetic acid containing 1 O~g mrl bovine srnm albumin (BSA) and 

TGF- B 1 in 4mM Hel containing 1 ).1g mrl BSA. Primary stocks were diluted to 

required concentrations with the growth medium. 96 well plate cultures of 

haemocytes were prepared and growth factors were added to get a final 

concentration of20 ng mr! and 40 ng mr! for bFGF, 10 ng mr) and 30 ng mr! for 

EGF and 25 ng mr) and 50 ng mr! for IGF-I, IGF-2 and TGF- 61. MIT assay was 

done after 24 and 48 hours. Quadruplicates were kept for each concentration of 

growth factors and control wells without the addition of growth factors. 

3.2.4. MTT assay 

This assay is a colorimetric method based on the determination of cell 

viability utilizing the reaction of a tetrazolium salt (3-(4, 5-dimethylthiazol-2-yl)-2, 
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5-diphenyl tetrazolium bromide, MTT) with the mitochondria of metabolically 

active cells. Reduction of the tetrazolium salt by nicotinamide adenine 

dinucleotide dehydrogenase (NADH) and nicotinamide adenine dinucleotide 

phosphate dehydrogenase (NADPH) within the cells produces insoluble purple 

formazan crystals, which are later solubilized yielding a purple-colored solution 

(Mosmann, 1983). 

After replacing the medium, a sample of 50111 of MTT (Sigma) solution 

(Smg mrl in PBS; 720mOsm) was added to each well and incubated for 5 hours 

in dark. Control consisted of medium alone with MTT added. After incubation, 

the medium was removed and MTT-formazan crystals were dissolved in 200).11 

dimethylsulfoxide. Absorbance was recorded immediately at 570nm in a micro 

plate reader (TECAN Infinite Tm, Austria). 

3.2.5.5- bromo-2'-deoxyuridine (BrdU) assay 

A sample of 20j.ll of 10mM BrdU solution was added to each well of 96 

well plate haemocyte cultures with 200j.ll medium and the detection done after 

2, 24 and 48 hours. The medium was removed, cells were fixed with acidified 

ethanol for 30 minutes and blocked using 3% bovine serum albumin in PBS. 

Peroxidase conjugated anti BrdU solution (Amersham Biosciences, UK) of 100 j.ll 

was added to each well and incubated for 90 minutes at room temperature. Wells 

were rinsed thrice with PBS and diaminobenzidene (O.6mg mrl in 0.05M tris 

buffer with 0.03% hydrogen peroxide) substrate was added to the wells 

immediately. After 20 minutes wells were rinsed with PBS and counterstained 

with Meyer's Haematoxylin for 30s. Cells without BrdU were kept as control. 

Cells were observed under inverted microscope, and the total and differential 

counts (brown coloured positive cells) were taken. 

3.2.6. Preparation of WSSV lysate from gill and haemolymph 

A 500 mg sample of gill tissue from WSSV infected shrimps under 

laboratory conditions was macerated with mortar and pestle kept in ice bath in 
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lOml cell culture medium with glass fiber wool. The extract was centrifuged at 

1O,OOOg for lOminutes at 4°C and the supematant passed through 0.22Jlm 

polyvinylidene fluoride (PVDF) membrane (Millipore). Frozen haemolymph 

from a WSSV infected shrimp was thawed, centrifuged at 10,000g for 10 

minutes at 4 QC, diluted 10 times with cell culture medium and passed through 

O.22Jlm PVDF membrane. In the same pattern extracts from healthy P. monodon 

adults were used for examining cytotoxicity of gill tissue and haemolymph. 

3.2.7. Titration of WSSV suspension prepared from infected gill and 
haemolympb 

The method of MTIso was adopted here for the titration of WSSV in the 

suspension prepared. A 96 well culture of haemocytes was generated employing 

the modified L-15 medium. A double dilution series of WSSV suspension from 

gill and haemolymph extracts was prepared in a deep well plate (Axygen). The 

medium was removed from the wells and 200Jll WSSV inoculum added to each 

well maintaining quadruplicate for each dilution. For comparison, uninfected 

controls were also maintained. On the third day the wells were observed under 

phase contrast microscope (Carl Zeiss, Gennany) for ePE, and subsequently MTI 

assay was done. In the same manner gill tissue and haemolymph extracts from 

apparently healthy P. monodon were applied as controls to haemocyte culture to 

check the cytotoxicity. 

The 50% infectious dose, tenned MTTso of the virus is defined as the titre 

of the virus at which the average well absorbance was 50% that of the uninfected 

cells. This was detennined by plotting the optical density of each well versus the 

-loglOofthe dilution factor. The optical density was defined as: 

Optical density::: (Blank absorbance -Well absorbance/ Blank absorbance) x 100% 

The blank absorbance is the average absorbance of 12-48 uninfccted wells 

and the well absorbance is the average absorbance of infected wells. From the 

plot of optical density versus -log.o of the dilution factor, the 50% optical density 
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was detennined. This value was converted per milliliter basis and stated as the 

MTTso titer (Heldt et aI., 2006). 

3.2.8. Immunofluorescence assay for detection of WSSV 

Diluted WSSV suspension (300 times) was used for infecting haemocytes. 

The medium was removed and Iml WSSV inoculum prepared in the growth 

medium was added to the Leighton tubes with cover slip cultures and incubated 

at 25°C. After 24, 48 and 72 hours cover slips were removed, washed twice in 

PBS (72OmOsm) and immersed in 10% parafonnaldehyde and maintained in 

70% ethanol at -20°C until use. These fixed cover slip cultures were used for the 

immunofluorescence detection of WSSV. The cover slips were attached to a 

glass slide, free sites were blocked using 3% BSA in PBS and incubated in a 

humidified chamber for 1 hour. The slides were washed in PBS/Tween 20 

(0.01 %) and added WSSV monoclonal (C 38) antibody (Anil et aI., 2002) on the 

slide, incubated for 1 hour and washed three times in wash buffer. It was again 

incubated for one hour after addition of rabbit anti mouse FITC conjugate, 1: 40 

dilution (Sigma) and subjected for washing. After incubation with general 

nuclear stain OAPI (lO JlI, 0.2Jlg mr!) for three minutes, the slides were rinsed 

with distilled water, air dried, mounted (Vectashield, USA), and observed under 

fluorescent microscope (Olympus, Gennany). DAPI and FITC were viewed 

under filters with excitation wavelength 360-370nm and 470-490nm, 

respectively. The slides were compared with uninfected haemocytes (negative 

control). The images were processed and merged using the "Image pro-express" 

software (Media Cybernetics Inc, MD, USA). 

3.2.9. Expression of WSSV genes and shrimp immune genes in WSSV 
infected haemocyte culture 

3.2.9.1. RNA isolation from WSSV infected haemocyte culture 

Twenty four well plate cultures of haemocytes were prepared in modified 

2X LIS medium. One mL of cell suspension containing 8 x 105 cells was added 

to each well. After 6 hours incubation, the medium was removed and 500 Jll 
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WSSV inoculum added. RNA isolation was done after 2h, 12h, 24h, 36h, and 48h 

from 10 wells each. Control wells were maintained without WSSV and with heat 

inactivated (S6°C for 1 hour) WSSV as inocula. RNA was isolated from control 

wells after 48 hours. For RNA isolation the medium was removed, wells washed 

with ice cold PBS and TRI reagent (Sigma) was added to each well. Complete 

lysis of cells was allowed to take place by repeated pipetting and the reagent was 

collected in I.S ml MCTs. The medium removed from the wells containing 

detached cells was centrifuged at 400g for S minutes, washed with ice cold PBS 

and pooled to each hour's sample. The samples were stored for 5 minutes at room 

temperature to ensure complete dissociation of nucleoprotein complexes. 0.2mL 

chlorofonn was added to 1 ml TRI reagent, shaken vigorously for IS seconds, and 

allowed to stand for 15 minutes. The resulting mixture was centrifuged at 12,000g 

for 15 minutes at 4°C. Colourless upper aqueous phase was separated carefully 

from the three layers formed and transferred to a fresh tube. O.5ml isopropanol was 

added and stored for 10 minutes at RT and centrifuged at 12,000g for 10 min. 

RNA was precipitated on the sides and bottom of the tube after centrifugation at 

12,000g for 10 min at 4°C. The supernatant was discarded and the pellet washed 

twice with 75% ethanol. The pelleted RNA pellet was air died and dissolved in 20 

JlI DEPC treated sterile water by repeated pipetting at 55°C. These RNA samples 

were subjected to DNase treatment with RNase-free DNase 1 (New England 

Biolabs). 0.2 units of the enzyme was added per !1g of RNA and incubated at 37°C 

for 10 minutes. The enzyme was inactivated at 75°C for 10 minutes. Concentration 

and quality of RNA was measured by taking the absorbance at 260/280mn in a 

uv-Visible spectrophotometer. 

3.2.9.2. RT-PCR ofWSSV genes and haemocyte immune related genes 

One !1g of RNA was subjected to cDNA synthesis with 20!1l of reaction 

mix containing M-MuLV reverse transcriptase (80U), RNase inibitor (8U), Oligo 

(dT)12 primer(40pmoles), dNTP mix (ImM), RTase buffer (lX) and MgClz 

(2mM) at 42°C for 1 hour. All reagents were purchased from New England 
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Biolabs. Subsequently, 8 WSSV genes and 8 immune related genes were 

amplified by PCR using 2)11 cDNA with specific primer sets as given in Table 1 

(Chapter 2). Shrimp 13 actin gene was also amplified as a reference. 25)11 PCR 

reactions contained O.5U of Taq DNA polymerase, 200)1M dNTP mix, 10pmoles 

of each forward and reverse primer and I X PCR buffer. The hot start PCR 

programme used for WSSV genes was 94°C for 2min, followed by 35 cycles of 

94°C for 30s, annealing for 30s, 68°C for 30s followed by final extention 68°C 

for 10 min. Annealing temperatures were 50°C for endonuclease, 53°C for 

latency 1 and ribonucleotide reductase (rrl), 54°C for DNA polymerase 

(dnapol), immediate early genel (iel), Vp 28 and thymidine kinase and 

thymidilate kinase (tk-tmk), and 55°C for protein kinase l(pkl) and 13 actin. For 

immune related genes also hot start PCR was done with 94°C for 2min, followed 

by cycles of 94°C for 2 min, annealing for Imin, noc for Imin followed by 

final extension at 72°C for 10 min. Annealing temperature and number of cycles 

employed for PCR of Astakine and peroxinectin were 56°C and 30 cycles, for 

prophenoloxidase (Pro PO) and transglutaminase 56°C and 35 cycles, for crustin 

and penaeidin 55°C and 35cyc1es, for alpha 2 macroglobulin 65°C and 30cycles 

and for haemocyanin those were 56°C and 35cycles. 10)11 of each PCR product 

were analysed by 1 % agarose gel electrophoresis, stained with ethidium bromide 

and visualized under ultraviolet light and documented. 

3.2.10. Statistical Analysis 

The results in the figures are average values of 3-6 replicates ± standard 

deviation. The effects of treatments were statistically analyzed by single factor 

and two factor analysis of variance (ANOY A) wherever applicable. Differences 

were considered significant at P 3).05. 

3.3. Results 

3.3.1. Primary haemocyte culture 

Melanisation (blackening of the media and cell death) was observed in 

haemocyte culture with the basal medium from the first day of culture itself. 
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However, addition ofN-phenylthiourea (0.2mM) could prevent this situation and 

enhance metabolic activity (Fig 1). Among the supplements tested addition of 

bovine embryonic fluid significantly reduced the activity, recorded as low MTT 

readings (P<0.05) (Fig 2). When the basal medium was supplemented with 

MEM Vitamins (IX) and tryptose phosphate broth independently, the differences 

observed were not significant, however, in combination the two ingredients 

could provide higher MTT values (P<0.05). Under such conditions haemocytes 

were viable up to 6-8 days. Accordingly, the modified medi.um was finalized to 

contain Leibovitz's L-15 (Sigrna) at double strength supplemented with 2% 

glucose, MEM Vitamins (IX), tryptose phosphate broth (2.95 g rl), 

N-phenylthiourea (0.2mM), 20% FBS, 0.06flg mrl chloramphenicol, IOOjJg mrl 

streptomycin and 100 IU mr' penicillin. In this medium haemocytes appeared 

spherical or elliptical initially, and within a few hours two distinct morphological 

types such as round to elliptical and small and large fibroblastic cells, with 

granules, could be seen (Fig 3). 

Growth factors such as bFGF, IGF-I, EGF and TGF B did not have much 

effect on the haemocytes while IGF-2 at 50ng mrl had significant difference (Fig 

4) from the control (P=0.05). 

The results of BrdU assay showed that maximum labeling had taken place 

at 24 hours, recording 22±7.38 % positive cells (Fig 5,6). 

3.3.2. Titration of WSSV 

Sigmoid curves were obtained on plotting optical density versus -log", of the 

dilution factor, and 50% optical density was extrapolated from the curve and 

converted to per millilitre. The MTT titre of infected gill extract and haernolymph 

were 2.910glO(MTT501ml) and 3.210gIO (MTTso mrl), respectively (Fig 7). 

No toxicity was observed for the gill extract from healthy animals whereas 

the haemolymph showed 5% inhibition (MTT values) at 10 times dilution (Fig 8) 

at which the cells appeared normal morphologically. 
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3.3.3. Cytopathic effect (CPE) 

On inoculating with haemolymph and gill extracts from shrimp infected with 

WSSV (diluted 80 and 20 times, respectively) the hacmocytcs in culture were found 

disintegrated within a few hours. In lower dilutions the cells were round and in still 

higher dilutions they were both round and small spindle shaped; beyond which a 

mixture of round, small spindle and a few long spindle shaped cells could be 

noticed. In higher dilutions the cells appeared the same as that of the control. This 

sequence of morphological changes suggested that both types of cells were 

susceptible to WSSV; the spindle shaped cells were the most. Cytopathic effect 

(CPE) included shrinkage and necrosis of haemocytes (Fig 9), which was visible 

from 1st day itself in lower dilutions of WSSV and 2nd to 3rd day onwards in higher 

dilutions. Hypertrophy of the infected nucleus was also observed (Fig 10). 

3.3.4. Immunofluorescence detection of WSSV 

Blue fluorescence of DAPI was observed in the cell nuclei in all 

preparations. Green positive signals with FITC conjugated mono clonal 

antibodies against WSSV were observed from the nuclei of cells assayed after 72 

hours of exposure to the virus. However, FITC signals were observed in the 

cytoplasm subsequent to 24 hours incubation, however, no positive signals could 

be obtained from the control slides (Fig 11). 

3.3.5. Expression of WSSV genes and shrimp immune related genes in 
WSSV infected haemocyte culture 

3.3.5.1. Expression of WSSV genes in WSSV infected haemocyte culture 

Expression of an immediate early gene (ie1), 5 early genes (pkl, tk-tmk, 

ITl, dnapol, endonuclease), one of the late genes (Vp 28) and a latency gene 

(latency 1) was examined at 2h, 12h, 24h, 36h and 48h post infection (Fig 12). 

They were categorized in to two as follows: 

1. Those which got expressed and maintained more or less unifonnly 

through out the study period of 48h: iel, pkl, tk-tmk,rrl, endonuclease. 
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2. Genes which were not expressed after 24th hour: dnapol, Vp28 and 

latency 1. 

When Vp28 was found upregulated the latency 1 was down regulated. 

None of the WSSV genes was expressed in control haemocytes without WSSV 

and control cells with heat inactivated WSSV. 

3.3.5.2. Expression of immune related genes in WSSV infected haemocyte culture 

Expression of immune related genes examined at the event ofWSSV infection 

included prophenoloxidase, astakine, peroxinectin, alpha 2-macroglobulin, 

haemocyanine, transglutaminase, crust in and penaeidin (Fig 13). Expression of 

these genes compared to that of the negative control could be categorized as 

follows: 

1. 11lOse which were up regulated at 2nd hour: prophenoloxidase, peroxinectin, 

penaeidin, alpha 2-macroglobulin, crustin and transglutaminase. 

2. Those which were maintained upregulated in the same order at 1 i h 

hour: peroxinectin, penaeidin, and crustin. 

3. Those which were maintained their expression in the same order at 

24thth hour: Astakine. 

4. Those which were upregulated and maintained at 48th hour at the event 

of administering heat inactivated WSSV: prophenoloxidase, 

peroxinectin, alpha 2-macroglobulin and penaeidin. 

Meanwhile haemocyanin and transglutaminase were found faintly 

expressed even though not detected in the controls. 

3.4. Discussion 

Leibovitz L-15 was chosen as the basal medium based on its strong 

buffering capacity contributed by the relatively high aminoacid concentration. 

Over the years L-15 has been employed by several for shrimp cell culture 
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development (Wang et aI., 2000; Mulford et aI., 2001; Maeda et aI., 2003), 

however, none of the attempts including ours has culminated in establishment of 

a cell line. In this context it was necessary to improvise the medium to support 

the cell cultures for a longer duration, which might ultimately lead to 

immortalization. With this on focus several supplements were incorporated to the 

medium and response of haemocytes was assessed in terms of enhancement of 

their metabolic activity using MTT assay, a maiden attempt in shrimp cell 

culture ~evelopment specifically for screening growth supplements. As on today 

the screening of media and media supplements were based on microscopic 

observation and not by quantitative assays. Lone deviation from this normal 

practice recorded in literature was the attempt ofShimizu et a1. (2001) who opted 

for 3H-thymidine uptake assay and 35S-methionine uptake assay for analyzing 

performance of ovarian cells in different media. Considering the easiness of the 

protocols involved and the quantitative data generated on the metabolic activity 

of cells under study we have been choosing MTT assay in the screening of media 

supplements. 

Among the supplements tested, addition of bovine embryonic fluid to the 

medium was detrimental to the cells. Even though the effects of tryptose 

phosphate broth and MEM vitamins (IX) were not significant when tested 

individually, in combination they contributed to the longevity of haemocytes for 

6-8 days. However, animal- wise variation in the response of the cells with 

respect to their lifespan was experienced. Metabolic activity of haemocyte did 

not vary considerably for 3 days and the activity started decreasing only then 

onwards. Advantageously, with in this period WSSV titration and cytotoxicity 

assays could be completed. Among the types of cells developed half turned out 

to be fibroblastic within three hours of incubation matching with the findings of 

Roper et a1. (2001). This could be ascribed to the specificity of L-15 medium 

which was known to support more the growth of fibroblastic cells (Fraser and 

Hall, 1999). The medium was found to support hyaline haemocytes from marine 
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decapode crustaceans such as Liocarcinlls depurator (L) and Carcinus maenas 

(L) (Walton and Smith, 1999), hyaline, semigranular and granular haemocytes 

from Carribean spiny lobster, Panulirus argus (Li and Shields, 2007), and 

haemocytes from Penaeus chinensis (Jiang et a1. 2005). 

Among the vertebrate growth factors tested only IGF-2 at 50 ng mr! had a 

significant effect on the culture. Fan and Wang (2002) noticed enhanced growth 

and proliferation in embryonic cells of P. chinensis after the administration of 

IGF-2 and bFGF while Fraser and Hall (1999) reported no stimulation of growth 

after the application ofEGF and bFGF. 

To determine the proliferation of the cultured haemocytes, incorporation of 

5- bromo-2'-deoxyuridine (BrdU) was accomplished (Gratzner, 1982). BrdU, a 

synthetic analogue of thymidine incorporated into deoxyribonucleic acid during 

the S-phase of the cell cycle, was used for the analysis of cell proliferation, as 

monitoring DNA synthesis happened to be an indirect method. Several workers 

have attempted to study the proliferation of circulating haemocytes in shrimp. 

Sequeira et a1. (1996) observed that only about 0.6 percentage of circulating 

haemocytes in P. japonicus were in 02 or M phase, and the percentage increased 

to 3 with the injection of lipopolysaccharide or infection with the fungus 

Fusarium, however, with out any dividing cells under circulation. Subsequently, 

Gargionni and Baracco (1998) could observe mitotic figures just in less than 1 % 

of circulating cells in P. paulensis. Soderhall et a1. (2003) detected < 1-2.5% 

BrdU incorporation in circulating haemocytes of Pacifastacus leniusculus after 

90 minutes of labeling. In our study BrdU incorporation was attempted in vitro 

where there were 22± 7.38% positive cells detected at 24th hour of incubation 

suggesting cell proliferation. 

Because of the presence of 13- integrin rcccptor, which mediates WSSV 

infection (Li et al., 2007) shrimp haemocytes were selected for its titration. In 

our study, haemocyte culture was successfully demonstrated as in vitro system 
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for titrating WSSV. Researchers reported quantal assays for yellow head

baculovirus (YBV) and non-occluded baculo like virus in primary lymphoid

explant cultures (Lu et al., 1995; Tapay et al., 1997). The advantage of using

haemocyte culture over explants as model for WSSV titration and cytotoxicity

studies is the easiness in quantification of cells to be seeded to maintain uniform

cell number in micro plates, a prerequisite for quantal assays , and the rapidity in

obtaining monolayer of cells. .

Gill extract and haemolymph from WSSV infected shrimp were used for

the virus titration. While doing so the observation made by Fraser and Hall

(1999) on the cytotoxicity ofhaemolymph on shrimp cell culture was considered,

and both gill extract and heamolymph from normal animals were proven non

toxic to haemocyte culture prior to the experiment.

Determining viral titer of an infected tissue is of utmost importance in

virology and a common method recommended is the endpoint titration assay, the

number of infectious units expressed as TCIDso mr l
. Some of the major

disadvantages of this assay are risk of erroneous results as they are done

manually (Andersson et al., 2005) , the need of an experienced person and a great

deal of time when a large number of samples are analysed (Heldt et al., 2006).

MTT assay employed in the present study is a high throughput assay which

doesn't require manual assessment of cytopathic effect; instead metabolic

activity of the cells is measured. Even though the MTT assay was successfully

used in the titration of vertebrate viruses (Levi et al., 1995; Heldt et al., 2006;

Andersson et al., 2005) this had not been employed for titration ofWSSV so far.

MAb C38, which reacts strongly with the 28kDa but weakly with l8kDa

envelope proteins of WSSV, has been used for immunofluorescence detection of

the virus (Anil et al., 2002). Using these MAbs we could observe strong positive

signals from the infected nucleus after 72 hours of virus administration.

Nevertheless, localized signals could be seen from cytoplasm and nucleus as well
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from 24hour onwards, a situation probably caused by the events such as 

phagocytosis and/or endocytosis(Wang et aI., 2002). 

Expression of viral genes and immune related genes at the event of WSSV 

infection was investigated along with that of negative control and heat 

inactivated haemocytes. Viral gene expression could be categorized in to two 

such as those which got expressed and maintained more or less uniformly 

through out the study period of 48h ( ie!, pkl, tk-trnk,rrl, endonuclease), and those 

genes which were not expressed after 24th hour (dnapol, Vp28 and latency 1). When 

Vp28 was found upregulated the latency 1 was down regulated. None of the 

WSSV genes was expressed in control haemocytes without WSSV and control 

cells with heat inactivated WSSV. 

Classification of the viral gene expression in to two categories point out the 

regulatory events in the viral multiplication which take place in the shrimp 

haemocytes. WSSV early genes, which are regulatory genes, are transcribed at 

the early infection stage (Han et aI., 2007). In the cycle of virus proliferation, the 

early genes initiate the synthesis and replication of the viral genome (Okano, 

1999). In this process a few early genes can accelerate the expression of late 

genes as well (J ensen et aI., 1996). In the present study amplification of the 

immediate early gene I, tk-tmk and ITI from 2 h post infections and the other 

early genes such as protein kinase, DNA polymerase and endonuclease from 12 

hour post infection suggested the sequence of events of viral DNA replication in 

the haemocytes. It has to be highlighted that Vp 28, a late gene, involved in the 

production of envelope protein could be expressed from 12-24 hours while the 

latency gene was down regulated. This is a clear indication of the virulence of 

WSSV to haemocytes by not having been entering in to a latent phase. It has 

been reported that envelop proteins such as Vp28 is highly expressed in infected 

shrimp relative to latency genes and the reverse is true in the case of specific 

pathogen free shrimp and/or asymptomatic carriers of WSSV (Khadijah et a1., 

2003). Use of in vitro crustacean cultures for analyzing the viral gene expression 
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has been rarely reported in literature. Among them the expression of Vp 28 gene 

demonstrated by liravanichpaisal et a1. (2006) in crayfish haematopoietic stem 

cell culture by Rt-peR is note worthy. In this context the detection of Vp28 by 

immunofluorescence in infected haemocytes accomplished in this study is a 

direct evidence of the viral multiplication in shrimp haemocytes. The study 

suggested that primary haemocyte culture could be used to delineate the 

infectious mechanisms of the virus and its morphogenesis. 

Expression of immune related genes examined at the event ofWSSV infection 

included prophenoloxidase, astakine, peroxinectin, alpha 2-macroglobulin, 

haemocyanin, transglutaminase, crustin and penaeidin. Expression of these genes 

compared to that of the negative control could be categorized in to four, such as 

those which were up regulated at 2nd h (prophenoloxidase, peroxinectin, 

penaeidin, alpha 2-macroglobulin, crustin and transglutaminase), maintained 

upregulated in the same order at I zth h (peroxinectin, penaeidin, and crustin), at 

24thth h (Astakine), and at 48th hour when heat inactivated WSSV was 

administered (prophenoloxidase, peroxinectin, alpha 2-macroglobulin and 

penaeidin). Meanwhile haemocyanin and transglutaminase were found faintly 

expressed even though not detected in the controls. 

Shrimps have no acquired adaptive 1mmune system; their defense is 

believed to depend entirely on an innate, non adaptive mechanism to resist 

invasion by pathogens (Gross et aI., 2001). Understanding the interaction 

between host and pathogen will be helpful in controlling infectious diseases in 

shrimp. The expression of immune related genes and other genes was reported in 

different larval stages of P. monodon (Jiravanichpaisal et aI., 2007), in 

P. japonicus after exposure to peptidoglycan (Fagutao et aI., 2008) and In 

P. chinensis after exposure to WSSV (Wang et al., 2006). The results suggested 

that immune related genes were triggered immediately after exposure to WSSV 

and the increase in expression might result in an enhanced immune response to 

ward off the pathogens. In contrast, the apparent decrease in expression of most 
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immune-related genes after initial hours of infection indicates that the heightened 

response is temporary or short lived in the event ofWSSV infection in shrimp on 

considering the haemocyte culture as a model for WSSV infection. This pattern 

of expression was observed in P. japonicus following peptidoglycan stimulation. 

(Fagutao et aI., 2008). Amplification of transglutaminase and haemocyanin was 

very weak and was detected only in the initial hours. Very low expression of 

haemocyanin gene in haemocytes could be explained on the basis of its 

production in hepatopancreas. (Gibson and Barker, 1979; Khayat et aI., 1995; 

Lehnert and Johnson, 2002). The slight increase in the expression of 

prophenoloxidase, peroxinectin, alpha 2-macroglobulin and penaeidin in control 

cells with heat inactivated WSSV than the negative control cells has 

implications in vaccination of shrimp using inactivated WSSV. Singh et a1. 

(2005) have demonstrated the efficacy of formalin inactivated WSSV III 

immunizing shrimp for 10 to 15 days. Crustin and penaeidins are antimicrobial 

peptides of which crust ins act against gram positive bacteria (Rattanachai et aI., 

2004) while penaeidins have antibacterial and antifungal properties 

(Destoumieux et aI., 1997). It has to be pointed out that expression of both genes 

decreased with increasing duration. But initial expression of crustin was higher 

than that of the control while initial penaeidin expression was similar to that of 

the control. This suggests the higher level of response of crustin to WSSV 

infection. 

In conclusion, the haemocyte culture developed using the modified L-15 

medium served as a convenient model for WSSV titration. The cell culture could 

be employed for investigating virus multiplication cycle and morphogenesis and 

also for the analysis of cellular responses to viral infection. 
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Fig.3. Morphology of primary haemocyte culture. (A) 0 hour. (B) 24 
hour (arrow heads: rounded to elliptical cells; arrows: small to 
large fibroblastic cells) 
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Fig.9. Cytopathic effecl of WSSV in primary haemocyte culture. 
A) Control without WSSV. (B) 1/ 10 dilution: haemocytes were 
found disintegrated within a few ho~ of inoculation. (C) 1/40 dilution 
: only round to elliptical cells were present. (0) 1/160 dilution: round 
10 elliptical and small to targe fibroblastic cells were present. (E) 1/320 
dilution: a mixture of larger number of round to elliptical and srnalllo 
large fibroblastic cells noticed. (F) 112560 dilution: cells appeared the 
same as that of the control. (arrow heads: rounded to elliptical cells; 
arrows: small 10 large fibroblastic cells). 
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Fig.10. Nuclear hypertrophy in hacmocytcs infected with WSSV 
A) Control without WSSV B) WSSV infected haemocylcs 
with hypertrophied nucleus (arrows) 
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4.1. Introduction 

Cytotoxicity is considered an important index for evaluating safety of 

antimicrobials and management chemicals prior to their administration in 

aquaculture. For its accomplishment cell lines can be used which out-rightly 

eliminates animal experimentation as part of the bioassays as is being followed 

now. Such an approach can forecast their in vivo effects as well as assisting their 

optimization for field level application. This is specifically because under field 

conditions realizing their negative impacts happens to be quite cumbersome 

(MacGowan et al., 2001). 

Cell lines can also be used for assessing the toxicity of major aquatic 

pollutants such as heavy metals and pesticides. Effluents from industries and 

runoff from agricultural fields may contain such pollutants, which on reaching 

aquatic environments such as rivers, ponds, lakes, and estuaries lead to 

impairment of the ecosystem. Needless to say, the bio-accumulation and 

persistence of these pollutants in the aquatic environment constitute a serious 

threat to biological life and also to human beings indirectly by virtue of their 

involvement in the food chain (Binelli and Provini, 2004). Majority of these 

effluents/chemicals are mutagenic (Galloway ct aI., 1987; Garaj-Vrhovac and 

Zeljezic, 2000) linked either to the development of cancer (Leiss and Savitz, 

1995) or to developmental deficits (Arbuckle and Server, 1998). This is apart 

from the chronic sublethal effects manifested in varied forms of physiological 

and metabolic abnormalities. 

Among heavy metals, cadmium and mercury are the most highly toxic 

elements owing to their persistence in the environment. They are redox inactive 

which challenge antioxidant derense by binding to thiols in the cell such as 

reduced glutathione (OSH) (Stohs and Bagchi, 1995; Ercal ct al., 2001) and 

induce apoptosis (Pulido and Parrish, 2003). Cell toxicity caused by heavy metal 

ions is attributed to oxidative and nitrosative stress (Stohs and Bagchi, 1995; 
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Ercal et al., 2001; Pompella et al., 2003), defined as an excess of oxidants over 

antioxidants. Macromolecules in cells are damaged by metal- induced production 

of oxygen and nitrogen containing free radicals (oxidants) and/or metal-induced 

depletion of the cell's antioxidant defenses. Apoptosis or necrotic cell deaths are 

the usual consequences (Pulido and Parrish, 2003). 

Toxic effects of cadmium have been well documented in a wide range of 

organisms: teratogenesis in Xenopus laevis (Mouchet et al., 2006, 2007), 

carcinogenesis in Syrian hamsters (Waalkes and Rehm, 1998) and apoptosis in 

Paracentrotus lividus larvae are useful examples of its toxicity_ In addition, 

cadmium is irreversibly accumulated in cells, as demonstrated in rats and 

marine mollusks (Roesijadi et al., 1996; Haouem et al., 2007). Experimental 

evidences suggest that the metal crosses the plasma membrane as bivalent ion, 

Cd2+, exerting an agonistic role against calcium ionic channels (Viarengo and 

Nicotera, 1991; Rainbow et al., 2005). Cadmium has been associated with 

blockage of oxidative phosphorylation, glutathione depletion and antioxidant 

enzymatic activity inhibition, production of reactive oxygen species, DNA 

damage, inhibition of relative repair mechanisms, and a general reduction of 

protein synthesis coupled with an increase in stress protein synthesis (Kesseler et 

al., 1994; Shimizu et al., 1997; Ercal et al., 2001; Schroder et al., 1999, 2005; 

Roccheri et al., 2004; Lin et al., 2007b). 

Mercury (Hg) is one of the most toxic metals described (Ayllon and 

Garcia-Vazquez, 2000), and its toxicity is widely studied in fishes where it 

accumulates mainly in the form of methyl mercury. Mercury nitrate and metallic 

mercury (Hgo) were demonstrated to be micronucleus inducers in Poecelia 

latipinna (Ayllon and Garcia-Vazquez, 2000) and Cyprinus carpio 

(Ncpomuceno et al., 1997), respectively. In addition, methyl mercury proved to 

be teratogenic as well as a micronucleus and chromosomal aberration inducer in 

Fundulus heteroclitus embryos (Weis and Weis, 1977; Perry et al., 1988). A 

chronic study of mercuric chloride exposure in rats and mice reported an 
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increased incidence of stomach and thyroid tumors in rats and renal tumors in 

mice (NTP, 1991). The most important biological effects of organic and Hg 

vapour exposure are neurological, while inorganic Hg is mostly nephrotoxic 

(Kerper et al., 1992). 

Worldwide pesticide consumption in the year 2000 was estimated to the 

tune worth of *5.35 billion pounds (USEPA, 2001). Meanwhile in India, the 

pesticide consumption registered more than fourfold increase during the post­

Green Revolution era (1966-1999). However, in later years, the pesticide 

consumption exhibited a steady decline (Prajneshu, 2002) probably due to 

awareness about their ill effects among the public. Although the consumption of 

pesticides in India is estimated to be the lowest (0.5 kglha) as against 17 kg/ha in 

Taiwan, 12 in Japan, 6.6 in Korea, 7 in the United States, and 2.5 in Europe, the 

food and agricultural products do contain substantial quantities of pesticide 

residues (Assocham, 2007), a situation which emerges due to their indiscriminate 

and non - judicious use as well as to the nonobservance of prescribed 

waiting/withdrawal periods. 

Toxicity of pesticides on non- target organisms and ecosystems is of world 

wide concern (Pimentel et aI., 1998). Among pesticides, organophosphate 

pesticides (Ops), as esters, amides, or simple derivatives of phosphoric or 

thiophosphoric acids, are synthetic chemicals designed to be toxic, some extend 

volatile, and stable enough to remain in their toxic fonn for relatively shorter 

periods of time (Poovala et aI., 1998). Ops are groups of chemicals that act 

primarily by inhibiting the enzyme acetylcholine esterase (AchE) at cholinergic 

junctions of the nervous system (Gallo and Lawryk, 1991); as a result, 

acetylcholine levels accumulate in the synapse, followed by enhanced 

stimulation of cholinergic receptors on postsynaptic cells and subsequent 

alteration of receptor - mediated signaling pathways, e.g. alteration of 

intracellular cAMP levels. These cellular changes may lead to functional changes 

at the tissue/organism level (Pope et aI., 2005). 
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Heavy metals and pesticides are known genotoxicants too, hannfully 

affecting aquatic biota. Deoxyribonucleic acid (DNA) being the carrier of 

inherited infonnation in living organisms, any unprogrammed change in the 

structure of the DNA molecule may potentiate serious biological consequences. 

Certain environmental chemicals and! or physical agents are classified as 

genotoxicants, as they have the capacity to interact with and damage the 

structure of the DNA molecule, often with a concomitant adverse effect on 

biological integrity (Shugart, 1995; 1998). Within the nucleus ofa cell the DNA 

molecule is in a constant state of flux between a functionally stable, double­

stranded entity without discontinuity and an intennediate, unstable state where 

the structural integrity of DNA is in a state of alterations (Shugart, 1990; 1998 

and Shugart et aI., 1992). Under nonnal cellular conditions the occurrence of the 

latter state is a transient phenomenon that can be triggered by physiological 

processes e.g., DNA replication, random thennal collision between molecules 

and cellular metabolism. The resulting structural changes that occur to the DNA 

molecule under these conditions are rapidly repaired (EIliott and Elliott, 1997) or 

become part of the new stable structure e.g., postreplication modifications. Under 

such situations exposure of an organism to a genotoxicant disrupts nonnal 

cellular processes and results in structural modifications to the DNA, which 

might cause subsequent negative impacts on the cells. An organism's inability, 

whether transient or pennanent to cope up with this type of stress and to maintain 

its structural integrity provides the investigator an opportunity to test for the 

genotoxicity of the chemical and physical agents in the environment. Some of 

the more common DNA structural modifications caused by genotoxicants are 

summarized in Table 1. Two general classes of structural modifications result 

from exposure to a genotoxicant. Class 1 modifications are brought about by 

ultraviolet light in the 290-320 nm range (UV-B) which cause specific 

dimerization of pyrimidine bases within the DNA. Besides, several chemicals, 

such as the polycyclic aromatic hydrocarbon benzo[a]pyrene, become covalently 

attached to DNA and fonn adducts. In both the examples, the structural 
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modifications become a specific fingerprint of the responsible genotoxicant. The 

class 2 modifications are the structural changes not specific to a particular 

genotoxicant, however, this may suggest the potential for genotoxicant exposure. 

Meanwhile, many genotoxicants may cause DNA strand breakage directly. For 

example, the formation of free radicals or abasic sites by genotoxicants can result 

in the breakage of phosphodiester linkages within the DNA molecule. Further, 

genotoxicants can also interfere with normal DNA processing activities such as 

replication, methylation and repair which might result in mutations- e.g., base 

additions or deletions. The potential for genotoxicant exposure is implied when 

nonspecific structural modification such as strand breaks, abasic sites, 

hypomethylation and mutations occur in excess of what might be anticipated 

compared to controls (Shugart, 2000). 

Table 1. DNA structural modifications caused by genotoxicants 
(Shugart, 2000) 

Genotoxieant 

Physical 

Chemical 

Type of motlifje~tion 

Thymine-Thymine Dimer 
Strand Breakage 
Adduct 
Altered Bases 
Abasic Site 
Strand Breaks 

Hypomcthylatetl DNA 
Mutation 

Mechanism 

Dimerization of Pyrimidine Bases by UV-B Light 
Formation of Free Radicals by Ionizing Radiation 
Covalent Attachment of Genotoxicant 
Chemical Modification of Existing Bases 
Loss of Chemically Unstable Adduct or Damaged Base 
Breakage of Phosphodicsler Linkages due to 

Formation of Free Radicals and Abasic Sites 
Interference with Postreplication 
Interference with DNA Repair 

DNA strand breakage IS not an uncommon occurrence In a cell. Heat 

energy causes thousands of abasic sites per cell per day which, however, are 

rapidly repaired under normal conditions (ElIiott and ElIiott, 1997). An abasic 

site is an example of an insult to DNA that indirectly results in strand breakage 

i.e., the initial damage is a loss of a base .from the DNA chain and the repair of 

this damage results in a temporary gap in the DNA molecule. Ionizing radiation 

as well as free radicals can cause strand breakage directly, whereas other 

physical agents such as UV light and certain chemical agents that are genotoxic, 
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potentiate alterations to the DNA molecule that are candidates for repair (Table 1: 

photoproducts, adducts, altered bases, etc.) and thus for the occurrence of strand 

breaks (Shugart et al., 1992; Shugart, 1994; 1998) . Several of the DNA strand 

break assays currently in use are based on the general principle that, under in 

vitro denaturation conditions of high pH, the rate at which single-stranded DNA 

is released from the duplex DNA is proportional to the number of strand breaks 

in the DNA molecule (Rydberg, 1975). Alkaline labile sites in the DNA 

molecule (abasic sites for example) will also be detected because they are 

chemically converted to single strand breaks under these in vitro assay 

conditions. 

The Comet Assay or single cell gel electrophoresis (SCGE) assay IS a 

rapid, sensitive and relatively simple method for detecting DNA damage at the 

level of individual cells (Singh et aI., 1988). It combines the simplicity of 

biochemical techniques for detecting DNA single strand breaks (strand breaks 

and incomplete excision repair sites), alkali labile sites and cross linking, with 

the single cell approach typical of cytogenetic assays. Several reviews have been 

published in recent years to highlight the procedures, advantages and limitations 

of this assay in genotoxicological, ecotoxicological and biomonitoring studies 

(Fairbairn et aI., 1995; Dixon et aI., 2002; Lee and Steinert, 2003; Collins, 

2004). The main advantages of the Comet Assay include: (a) the collection of 

data at the level of the individual cell, allowing more robust statistical analyses, 

(b) the need for a small number of cells per sample « 1 0,000), (c) sensitivity 

for detecting DNA damage and (d) use of any eukaryote single cell population 

both in vitro and in vivo, including cells obtained from exposed human 

populations and aquatic organisms for eco-genotoxicological studies and 

environmental monitoring (Collins et aI., 1997; Dixon et aI., 2002; Lee and 

Steinert., 2003; Jha, 2004). 

The Comet Assay is based on the ability of negatively charged 

loops/fragments of DNA to be drawn through an agarose gel in response to an 
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electric field. The extent of DNA migration depends directly on the DNA 

damage present in the cells. It should be noted that DNA lesions consisting of 

strand breaks after treatment with alkali either alone or in combination with 

certain enzymes (e.g. endonucleases) increase DNA migration, whereas DNA­

DNA and DNA-protein cross-links result in retarded DNA migration compared 

to those in concurrent controls (Tice et aI., 2000). 

In this assay, a suspension of cells is mixed with low melting point agarose 

and spreads onto a microscope glass slide. After lysis of cells with detergent at 

high salt concentration, DNA unwinding and electrophoresis is carried out at a 

specific pH. Unwinding of the DNA and electrophoresis at neutral pH (7-8) 

predominantly facilitates the detection of double strand breaks and cross links; 

unwinding and electrophoresis at pH 12.1-12.4 facilitates the detection of single 

and double strand breaks, incomplete excision repair sites and cross-links; 

whereas unwinding and electrophoresis at a pH greater than 12.6 expresses alkali 

labile sites in addition to all types of lesions listed above (Miyamae et aI., 1997). 

When subjected to an electric field, the DNA migrates out of the cell, in the 

direction of the anode, appearing like a 'comet'. The size and shape of the comet 

and the distribution of DNA within the comet correlate with the extent of DNA 

damage (Fairbaim et aI., 1995). 

In the study undertaken here primary haemocyte culture of P. monodon 

was utilized for studying cytotoxicity of benzalkonium chloride (BKC), a health 

management chemical in aquaculture, N-methyl-l-hydroxyphenazine, an antivibrio 

compound, two heavy metal compounds cadmium chloride (CdCb.2 Y:2 H20) and 

mercuric chloride (HgCb) and two organophosphate insecticides, malathion 

(ClOHI906PS2) and monocrotophos (C7HI4NOsP) which reach aquaculture 

systems through run off. Subsequently genotoxicity of the heavy metal 

compounds and insecticides was examined in haemocyte culture employing 

comet assay. 
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4.2. Material and methods 
4.2.1. Experimental animals 

WSSV and Monodon Baculo virus (MBV) negative P. monodon larvae 

obtained from a local hatchery were stocked and reared in a Recirculating 

shrimp rearing system integrated with nitrifying bioreactors (Kumar et aI., 2009) 

in sea water having a salinity of 15g rl. Water quality was maintained by the 

addition of a probiotic Detrodigest ™ (NCAAH, India) to manage detritus and 

Enterotrophotic ™ (NCAAH, India) to control Vibrio. The larvae were fed with 

commercially available pelleted feed (Higashimaru, India). They were confirmed 

WSSV negative by nested PCR (WSSV detection kit, Genei, India) when they 

grew to 8-12g, and used for all experiments. 

4.2.2. Development of primary haemocyte culture 

The animals were sacrificed by immersing in crushed ice and disinfected 

by maintaining in 800 mg rl sodium hypochlorite solution prepared in ice cold -

sea water (salinity 15 g rl) for 10 minutes. Subsequently, they were washed 5 

times in sterile ice cold sea water, dipped in 70% alcohol and rinsed in ice- cold 

sea water. Haemolymph was withdrawn asceptically using capillary tubes 

containing 100111 anticoagulant (Tris HCl O.OlM, Sucrose 0.25M, Tri Sodium 

Citrate 0.1 M) from rostral sinus and diluted to obtain 5 x 105 cells mrl using 

modified L-15 (Leibovitz) medium and aliquots of 200 III were dispensed into the 

wells of96 well plates (Greiner Bio-One) and incubated at 25°C. 

4.2.3. Cytotoxicity of benzalkonium chloride (BKC) 

BKC is used here as a representative of health management chemical in 

aquaculture to assess the suitability of primary haemocyte culture for testing 

cytotoxicity. A 96 well plate culture of haemocytes was developed and 

incubated at 25°C for 12 hours. Different concentrations of BKC prepared in 

growth medium were added to the wells to attain final strength ranging from 

O.012-25mg r 1 with replicates for each concentration. Cells with the growth 
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medium were kept as control. After 12 hours incubation wells were observed 

under phase contrast microscope (Leica, Germany) and MTT assay was 

performed. Percentage inhibition of cells at each concentration of BKC was 

calculated based on the formula, percentage inhibition of haemocytes = [100-

(Average absorbance (MTT assay) of haemocytes at a particular concentration 

of the compound/Average absorbance of control haemocytes without the 

compound) x I 00)]. 

4.2.4. Cytotoxicity of N-methyI-l-hydroxyphenazine (pyocyanin) 

4.2.4.1. Extraction of N-methyl-l-hydroxyphenazine 

N-methyl-l-hydroxyphenazine is used here as a representative of 

therapeutic chemical (antivibrio compound) used in aquaculture. Pseudomonas 

MCCB 102, previously described by Vjayan et a1. (2006) and J ayaprakash 

(2005) and confirmed of its identity based on 16S rRNA gene sequence 

analysis (Genbank accession no. EP062514) was used for the production of the 

anti vibrio molecule. This isolate formed a part of the culture collection of 

National Centre for Aquatic Animal Health (NCAAH), Cochin University of 

Science and Technology (CUSAT), India. The organism was grown in ZoBell's 

marine broth 2216 E (peptone: 1 Ogr l
, yeast extract: 1 gr l

, sodium chloride: 12.9 

gr l, pH: 6.5 and incubation temperature: 25°C). The cultures (3-5 days old) 

were centrifuged at 10,000 g at 4°C for twenty minutes, the supernatant 

filtered through a series of filters including glass microfiber filter (GP/C, 

Whatman), cellulose acetate membrane (0.45 Jlm; Millipore) and PVDP 

membrane (0.22 Jlm; Millipore), and used for further extraction. To extract the 

phenazine compound, 5 ml culture supematant was treated with 2ml 

chloroform acidified with lml O.IN HCI (Chang and Blackwood, 1969). The 

compound was quantified by measuring absorbance at 520 nm, multiplying 

with 17.072 and expressed in Jlg mrl (Essar et aI., 1990). Resulting solution 

containing the compound was vacuum dried, dissolved in cell culture medium 

and pH adjusted to 7.5 with IN NaOH. 
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4.2.4.2. Determination of ICso of N-methyl-l-hydroxyphenazine 

Different concentrations of the compound were added to the we1ls to attain 

a final strength ranging from 0.5-14 mg 1'1 with replicates for each concentration. 

Cells with the growth medium were kept as control. After 12 hours incubation 

wells were observed under phase contrast microscope (Leica, Germany) and 

MTT assay was performed. Percentage inhibition of cells at each concentration 

of the compound was calculated based on the formula given above. 

4.2.5. Cytotoxicity of cadmium chloride (CdCI2.2 Yz H20) and mercuric 
chloride (HgCI2) 

Cadmium chloride and mercuric chloride were used as representatives of 

aquatic toxicants. Stock solutions of cadmium chloride (Qualigens) and mercuric 

chloride (Merck) were prepared in growth medium. Different concentrations of 

the compounds were added to the wells to get final concentrations ranging from 

0.49 to 500 )lM for cadmium chloride and 0.49 to 62.5 for mercuric chloride 

maintaining replicates for each concentration. Cells with the growth medium 

were kept as control. After 12 hours incubation wells were observed under phase 

contrast microscope (Leica, Germany) and MTT assay was performed. 

Percentage inhibition of cells at each concentration of the compounds was 

calculated based on the formula given above. 

4.2.6. Cytotoxicity of malathion [S-(1, 2-dicarboethoxyethyl) O,O-dimethyl 
phosphorodithioate]; (ClOH1906PS2» and monocrotophos (E)­
(dimethyll-methyl-3-(methylamino )-3-oxo-l-propenyl phosphate); 
(C7H14NOsP» 

Commercially available preparations of malathion (50% w/w) and 

monocrotophos (53% w/w) were used for toxicity studies. Insecticides were 

dissolved in DMSO and diluted with medium to get stock concentrations of 500 

mg r' and 1000 mg r' of malathion and monocrotophos respectively. Different 

concentrations of the compounds were added to the wells to get final 

concentrations ranging from 0.76 to 185.2 mg 1'1 for malathion and 0.98 to 1000 

mg rl for monocrotophos maintaining replicates for each concentration. Cells 
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with the growth medium were kept as control. After 12 hours incubation wells 

were observed under phase contrast microscope (Leica, Germany) and MTT 

assay was performed. Percentage inhibition of cells at each concentration of the 

compounds was calculated. 

4.2.7. MTT assay 

The assay is a colorimetric method based on the determination of cell 

viability utilizing the reaction of a tetrazolium salt (3-(4, 5-dimethylthiazol-2-yl)-2, 

5-diphenyl tetrazolium bromide, MTT) with the mitochondria of metabolically 

active cells. The reduction of the tetrazolium salt by nicotinamide adenine 

dinucleotide dehydrogenase (NADH) and nicotinamide adenine dinucleotide 

phosphate dehydrogenase (NADPH) within the cells produces insoluble purple 

formazan crystals, which are later solubilized yielding a purple-colored solution 

(Mosmann, 1983). 

After replacing the medium, 50111 of MTT (Sigma) solution (5mg mr' in 

PBS; nOmOsm) were added to each well and incubated for 5 hours in dark. 

Blank consisted of medium alone with MTT added. After incubation, the 

medium was removed and MTT-formazan crystals were dissolved in 200111 

dimethylsulfoxide. Absorbance was recorded immediately at 570nm in a micro 

plate reader (TECAN Infinite Tm, Austria). 

4.2.8. Comet assay 

Haemocytes were exposed to cadmium chloride (l40I1M), mercunc 

chloride (17J.1M), malathion (60 mg rl) and monocrotophos (186 mg r') for 4 

hours. These concentrations were chosen because more than 80% viability of 

cells was recorded after 4 hour exposure by trypan blue viability assay. After the 

exposure to compounds, cells were detached using a cell scrapper, pelletised, 

washed and suspended in PBS. Negative control consisted of cells without any 

treatment. Added 150111 of normal agarose solution (Sigma, USA) (0.75% in 

PBS) to the frosted slide, covered with a coverslip (22 x 50mm) to get a uniform 
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layer and allowed to solidify. To prepare the second layer 10111 of cell suspension 

were mixed with 70111 of low melting agarose solution (Sigma, USA) (0.75% in 

PBS) and the suspension was layered over the first layer after removing the 

coverslip and kept undisturbed until agarose solidified. A third layer of low 

melting agarose was made over the second layer. Coverslips were removed and 

the slides were treated with pre chilled lysis solution (2.5M NaCI, 100mM 

EDTA, 10mM Tris, 1.5M NaOH, pH 10 with 1 % Triton X 100 and 10% DMSO) 

for 1 hour at 4°C. After lysis, sli~es were incubated in electrophoresis buffer 

(300mM NaOH and ImM EDTA, pH>13) at 4°C for unwinding of DNA, and 

were electrophoresed for 40 minutes at 25V in the same buffer. Subsequently, 

the slides were neutralized in OAM Tris (pH 7.5), stained with ethidium bromide 

(2llg mrl) and observed under fluorescent microscope (Olympus, Germany). For 

each sample replicate slides were prepared and 25 cells from each slide were 

analysed for DNA damage using Comet Score™, a comet scoring software. 

Percentage of nuclei with tails, tail length, percentage DNA in the tail and tail 

moment (arbitrary units) were used to estimate DNA damage. Tail moment is the 

percentage DNA in the tail multiplied by tail length. 

4.2.9. Statistical analysis 

The results in the figures are average values of 4-6 replicates ± standard 

deviation. The effects of treatments were statistically analyzed by analysis of 

variance (ANOVA). Differences were considered significant at P <0.05. The 

results of the cytotoxicity assay were analyzed by probit analysis using the SPSS 

software (SPSS Inc., USA). 

4.3. Results 
4.3.1. Cytotoxicity of benzalkonium chloride (BKC) 

Morphological changes in the cells such as clumping, shrinkage and 

necrosis were visualized microscopically after exposure to higher concentrations 

(above 3.l3mg rl) ofBKC, (Fig 1) with an ICso of 0.49 ±0.13 mg rl (Fig 2). 
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4.3.2. Cytotoxicity of N-methyl-l-hydroxyphenazine (pyocyanin)

Necrosis was observed at higher concentrations of pyocyanin (Fig 3). ICso

value of the compound in primary haemocyte culture of P. monodon was found

to be 1.4 ± 0.31 mg r l (Fig 4).

4.3.3. Cytotoxicity of cadmium chloride (CdCI2.2 ~ H20) and mercuric
chloride (HgC12)

Necrosis of cells was observed at higher concentrations (>125 JlM for

cadmium chloride and >15.6 IlM for mercuric chloride) and cell rounding at

lower concentrations «15.6 JlM for cadmium chloride and <1.95 IlM for

mercuric chloride) (Fig 5). ICso values were 31.09±16.27 JlM and 5.52± 1.16 JlM

for cadmium chloride (Fig 6) and mercuric chloride respectively (Fig 7).

4.3.4. Cytotoxicity of malathion and monocrotophos

At higher concentrations of Malathion and Monocrotophos (>61.7 mg r'
and >166mgr l respectively) necrosis was observed (Fig 5). ICso value of

Malathion (Fig 8) was found to be 59.94 ± 52.3 mg r l and of Monocrotophos

(Fig 9) was 186.76 ± 76.995 mg r'. Malathion was found to be non toxic below

6.86mg r' and monocrotophos below 15.6mg r'.

4.3.5. Genotoxicity of cadmium chloride, mercuric chloride, malathion
and monocrotophos

All pollutants tested induced DNA strand breakage and thereby comets in

the haemocytes (Fig 10). In the negative control almost all nuclei were circular

without any visible tail while short tails were observed in 6.73±4.83% of cells.

Greater than 60% of the cells were with tails for cadmium chloride, mercury and

malathion in the concentrations tested while for monocrotophos it was less than

60% (Fig 11). Tail length of the comets in mercuric chloride treatment was the

lowest (23 ±6.83 pixels) while for cadmium chloride, malathion and

monocrotophos length of the tail ranged from 26-42 pixels (Fig 12). Percentage

tail DNA for cadmium chloride, mercuric chloride, malathion and

monocrotophos were 46.76±8.37, 44.71±7.25, 40.81±9.10 and 36.04± 21.54,
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respectively (Fig 13). Tail moment (Fig 14) was found to be lesser for mercuric 

chloride (11.82±5.5) when compared to the other three and the values were 

highest for cadmium chloride (23.07± 14.99). 

4.4. Discussion 

P. monodon is one among the important cultured species in the world. 

Lack of shrimp cell lines has been hampering progress of research in testing the 

~ffects of drugs and management chemicals prior to their administration in 

aquaculture systems. This has also hindered the study of pollutants such as heavy 

metals and pesticides in the aquatic environment, which adversely affects shrimp 

health and its export value. Primary haemocyte culture is an alternative to 

bioassay systems, which involves animal experimentation to study the genotoxic 

and cytotoxic effects of chemicals and pollutants. 

The cytotoxicity of Benzalkonium chloride (BKe), a quaternary 

ammonium compound widely used as broad spectrum disinfectant and at low 

concentration (0.1 ppm) as immunostimulants and moderately higher (1 ppm) to 

stimulate moulting in shrimp culture ponds, was assessed in primary haemocyte 

culture and found safe at O.1mg 1'1 level. The heamocyte culture was again applied 

for assessing cytotoxicity of N- methyl-l- hydroxyphenazine, a phenazine 

compound reported useful in managing Vibrio in aquaculture (Preetha et al., 2009). 

Cytotoxicity of aquaculture immunostimulants and 2, 4-dinitrophenol using neutral 

red uptake assay was investigated by Hauton and Smith (2004) in Homarus 

gammarus granulocyte primary culture while Sung et a1. (2003) examined the 

effects and toxicity of phthalate esters on the isolated haemocytes of 

Macrobrachium rosenbergii utilizing haemocytic adhesion, pseudopodia 

formation, superoxide anion production and phenoloxidase activity. 

Toxicity of cadmium chloride andlor mercuric chloride has been evaluated on 

different aquatic organisms such as fishes (Arabi et aI., 2004; Pereira et aI., 2009), 

sea urchin (Filosto et aI., 2008), shrimp (Lee ct aI., 2000; Espericueta et aI., 
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2001) and crab (Botton, 2000). In our study 12 hour ICso values for cadmium 

chloride and mercuric chloride were 31.09±16.27 IlM (7.l0±3.72 mgrl) and 

5.S2±1.16 JlM (1.50±0.31 mgrl), respectively. Espericueta et a1. (2001) reported 

the LCso values as 2.49 and 1.23 mgr! for cadmium and mercury, respectively in 

post larvae of Litopenaeus vannamei after 96 hour exposure while in Limulus 

polyphemus embryos IC50 was reported to be > I 000 mgr! and 12.8 mgr1 for Cd 

and Hg after 24 hour exposure (Botton, 2000). At higher concentrations of 

Malathion and Monocrotophos (>61.7 mg rl and > 166mgr1 respectively) 

necrosis was observed and the ICso value of Malathion was found to be 59.94 ± 

52.3 mg r! and that of Monocrotophos was 186.76 ± 76.995 mg rl. Malathion 

was found to be non toxic below 6.86mg 1'1 and monocrotophos below 15.6mg r 

I. It has to be pointed out that the information on toxicity generated using whole 

animal is often insufficient in the sense that several of the toxic effects go on 

unnoticed which might have long term implications in the biotic community. 

Cornet assay was widely employed by many researchers to assess strand 

breakage due to to genotoxicant exposure (Lee et al., 2000; 2008; Lee and Kim 

2002; Kim and Lee, 2004; Arabi et al., 2004; Rank et al., 2005; Pereira et al., 

2009; Bissett et al., 2009) in a wide variety of species such as Cyprinus carpio 

(Arabi et al., 2004), Liza aurata (Pereira et al., 2009), Palaemonetes pugio (Lee 

et al. 2000; 2008; Kim and Lee, 2004; Lee and Kim 2002) Mytilus edulis (Rank 

et al., 2005) and Crassostrea virginica (Bissett et al., 2009). Lee et a1. (2000) 

studied the effect of genotoxicants such as chromium (Ill) chloride, sodium 

chromate, mercuric chloride, and 2-methyl-l,2-naphthoquinone (MNQ) on grass 

shrimp, Palaemonetes pugio, embryos employing cornet assay. DNA damage in 

a variety of aquatic animals has been associated with reduced growth, abnormal 

deve10pment and reduced survival of embryos, larvae and adults (Shugart et al., 

1992; Lee et al., 1999; Steinert et al., 1999). In grass shrimp comet assay was 

used to provide a sensitive measure of DNA strand breakage exposed to 

99 



Prima ry fiaemoc!Jte cu[ture of P. molWaon as modA for C!J to to;'{jci f:!J anti gena to;'{jci f:!J stuaies 

genotoxicants, highway run off scdiments, sediments with coal ash and 

phototoxicants (Lee et aI., 2000; 2008; Lee and Kim 2002; Kim and Lee, 2004). 

Tail length is the basic parameter used for quantifying DNA damage in the 

comet assay. However, the tail length levels off after migrating to a certain 

distance. After the maximum length is attained, the comet tail will not be 

extending in length, however grow in intensity as compared to that of with the 

head portion (Bowden et aI., 2003). So, in addition to tail length, percentage tail 

DNA and tail moment were also calculated using comet scoring software. 

Genotoxicity of cadmium was reported by Stefania et al (2002) III rat 

hemispheres and cerebellum, Yang et a1. (2003) in rat Leydig cells, Pruski and 

Dixon (2002) and Emmanouil et al. (2007) in Mytilus edulis and Hook and Lee 

(2004) in Paleomonetes pugio embryos, and Chang et al. (2009) in Litopenaeus 

vannamei. The present study proved that cadmium chloride induced DNA 

damage in primary haemocyte culture. 

Genotoxicity of mercury was reported in Cyprinus carpio gill cells (Arabi 

et aI., 2004), blood cells of Liza aurata (Pereira et aI., 2009), human salivary 

gland tissue cells and lymphocytes (Schmid et aI., 2007) and Palaemonetes 

pugio embryo (Lee et aI., 2000). Arabi et a1. (2004) found that HgCb have a 

deleterious effect on the membrane integrity and glutathione (GSH) content of 

gill cell suspensions of carp, Cyprinus carpio L. and mercury caused DNA strand 

breaks at 3000IlM. Mercuric chloride has been reported to cause DNA damage in 

P. pugio embryos at concentrations as low as 0.003 IlM after a 12 hour exposure 

period (Lee et aI., 2000). DNA damage was reported by Pereira et al. (2009) in 

goden grey mullet, Liza aurata due to environmental exposure of mercury. The 

present study proved that mercuric chloride induced DNA damage in primary 

haemocyte culture. 

Jamil et a1. (2005) reported genotoxic effect of monocrotophos in human 

lymphocytes in vitro employing comet assay. Giri et a1. (2002) evaluated the 
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genotoxicity of malathion using chromosome aberration, sister chromatid 

exchange (SCE) and spenn abnonnality assays in mice. Effect of pesticides such 

as DDT, azinphosmethyl, pennethrine, parathion, chlorpyrifos, malathion, 

endosulfan, and carbaryl was studied on DNA and protein of Litopenaeus 

stylirostris larvae (Reyes et aI., 2002). The results indicated reductions in protein 

and DNA in larvae exposed to these pesticides, and in those exposed to DDT, 

breaks and/or adducts were registered. The study suggested pesticide pollution 

as a possible cause of reduced growth rate in larvae due to protein reduction and 

other disease conditions. Malathion and monocrotophos, which are two 

commonly used insecticides, have proved to be genotoxic to P. monodon 

primary haemocyte culture in the present study. 

In conclusion, the study has demonstrated the use of primary shrimp 

haemocyte culture for testing the cytotoxicity of a shrimp health management 

chemical, an anti Vibrio compound, and aquatic pollutants such as heavy metals 

and pesticides employing MTT assay. The primary cell culture system could also 

be employed to assess the DNA damage induced by genotoxic pollutants in the 

aquatic environment. The present study fonns the first report of comet assay 

carried out to record DNA strand breakage as demonstration of genotoxicity of 

pollutants using shrimp cell culture as a model system. 
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Fig.1. Cytoxicity orBKC in primary haemocyte culture. A) Control B) 
Necrosis and shrinkage ofhaemocytes seen at 25 mg rl (40x). 
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Fig.2. Toxicity of benzalkonium chloride in primary haemocyte 
culture in terms of percentage inhibition of cells determined 
through MTf assay (n=4). 
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A B 

Fig.3. Toxicity of N.methyl.j.hydroxyphenazine in primary haemocyte 
culture. A) Control, B) Cells after exposure to N·methyl-I· 
hydroxyphenazine (1 Omg r') (40X) 
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Fig.4. Toxicity of N-mcthyl-I-hydroxyphenazine in primary 
ha~mocyt~ culture in tenns of percentage inhibition of cells 
determined through MTT assay (n=3). 

103 



·Primary naemo..)'tl' CI/{turl' of·p. mOlloJon as mo..fid jor cyto/()~:j(ity <Jut! 9eth)tO:lJ~-;ty si uores 

.".' 
" "' . . " f·· ... . -<' • ~ '.' , 

'. : t • J., • . ' .'. ;". . .... ,/.- . 
. :., . . "., ' .i, /. 

,'( • . ~:. '. ~', .~. ,.1,'·p .... '. 

~~ " " • .:' '. r' , . . " ..., ; ,. 
'. I' I·' ...• ~~ .: ... / ... ~ ~'. ~ .... ,~', 

• • .. '. . c"" ,.-~. ' 
• '.,' ..... ' ' '. ,,"..... '" J ,~., \ .~. '- ;',: .. )', . 

•. . J ...... : ",,1.- ,:,.v,'.t:f 
/

: " '" " •• ,}.~~. 'r-
< ' ' •• ; • " .' ~ . ~ '.":" .... ,'. ,., '" ' 

: ::,' : •. _ ":;' .;" I'''·':'·'~l'~'': 
";~'. :. '" ',. '.',., .1, ...... ~.' ... ' •• , .. ". -co ,,. ""., , ' -' _ .. -' 

: ' 
, ". 

, .. 

A B 

o 

E 

Fig.S. Primary haemocytes after 12 hour exposure to A) Cadmium 
chloride (l5 .63~M). B) Mercuric chloride (1.95~M). 

C) Malathion (61.7mgr\ D) Monocrotophos (lOO mgr l
) and 

E) Control (20X). 

104 



Pri11Ul'!:l fuwrwcgte culture of P. monotfon as moae! for cgtoto~tg ana geTWtoi(jcity studies 

90 

80 

70 

~ 60 
"#. 
-;; 50 
.2 a 40 
.c. 
E 30 

20 

10 

O+---r--.---.---.--~---.--.---.---.---.--. 

500 250 125 62.50 31.25 15.63 7.81 3.91 1.95 0.98 0.49 

Concentration of Cadrrium chloride (IJM) 

Fig.6. Toxicity of cadmium chloride in primary haemocyte culture 
in terms of percentage inhibition of cells determined through 
MTT assay (n=4). 
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Fig.7. Toxicity of mercuric chloride in primary haemocyte culture in 
terms of percentage inhibition of cells determined through 
MTT assay (n=4). 
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Fig.8. Toxicity of malathion in primary haemocyte culture in terms 
of percentage inhibition of cells determined through MTT 
assay (n=4). 
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terms of percentage inhibition of cells determined through 
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Fig.12. Mean tail length of the comets formed by exposure to 
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monocrotophos (Cell count around 100). 
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5.1. Introduction 

Finite cell lines have a life span of 20-100 generations after which they 

undergo senescence, but some cells undergo spontaneous transformation and 

produce continuous cell lines with an infinite life span. In vitro transformation 

may not take place by mere passage of the cell culture continuously in most of 

the cases. In such instances when the cells are unable to produce cell lines by 

themselves they are subjected to transfection of foreign genes, especially 

oncogenes employing methods such as calcium phosphate precipitation, lipid­

mediated transfections and electroporation. 

The method of calcium phosphate-DNA co-precipitation was first 

introduced by Graham and Van der Eb in 1973. Principle of this technique is the 

formation of insoluble calcium phosphate-DNA complexes in a supersaturated 

solution achieved by adding a solution containing DNA and calcium chloride to 

a buffered saline solution containing phosphate and incubating the mixture for a 

period of time. DNA molecules enter the cells by endocytosis of the calcium 

phosphate-DNA co precipitates (Hafezparast, 2000) resulting in an expression of 

the foreign gene. Factors influencing the success rate include the quality and 

concentration of DNA, pH, and duration of incubation time. 

The use of cationic lipids for DNA transfection has become widespread 

since in its introduction by FeIgner et a1. (1987). Various formulations of lipid 

reagents for transfection are available in the market. They normally contain a 

positively charged moiety attached to a neutral lipid component (Gao and Huang, 

1995). On mixing these reagents with DNA, the charged head groups are drawn 

towards the phosphate backbone of DNA and form lipid-DNA complexes. When 

the suspension is added to the cells, the positively charged head groups of lipid 

are attracted to the negatively charged cell membrane. The end result is that the 

lipid-DNA complex is either fused to the cell membrane or enters the cell by 

endocytosis, transferring its DNA load into the cell. Factors influencing the 
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efficiency of lipofection are cell type, chemical and physical structure of the 

cationic liposomes, lipid: DNA ratio, their concentrations, DNA quality, cell 

culture density and the duration of exposure of cells to the lipid. The advantages 

of lipofection over other methods include higher efficiency, ability to transfect a 

wide variety of cells including cells which are refractile to other transfection 

procedures, relatively low cell toxicity and delivery of large DNA fragments 

upto several megabase pairs (Freshny, 2000) 

DNA can be introduced into cells by electroporation, when a high cell 

concentration is briefly exposed to a high-voltage electric field in the presence of 

DNA to be transfected (Chu et aI., 1987). Small holes are generated transiently in 

the cell membrane (Zimmerman and Vienkin, 1982), and the DNA is allowed to 

enter the cell. Removal of the electric field results in spontaneous sealing of the 

pores, as long as the field strength and duration of the pulse are within tolerable 

range of the cells (Zimmerman, 1982). Most cells refractory to chemical methods 

of gene transfer are successfully transfected by electroporation (Andreason and 

Evans, 1988; Chu et aI., 1987). Chemical methods of transfection usually result 

in the integration of large concatamers, which may inherently interfere with cell 

function and obscure investigations involving specific gene expression (Robins 

et aI., 1981; Kucherlapati and Skoultchi, 1984). Suspension cells are more easily 

transfected by electroporation than are adherent cells, since adherent cells must 

be detached from the culture vessel (Freshny, 2000). Parameters affecting the 

transfection efficiency of electroporation are voltage, time constant, composition 

of electroporation buffer and temperature. The drawbacks of electroporation 

include its requirement for more cells and DNA than chemical methods of gene 

transfer and its variability in optimal parameters between cell types. Other 

techniques of gene delivery include DEAE dextran neutralization, microinjection 

of DNA directly into the cells and the use of viral vectors. 

Following transfection the exogenous DNA remains in the nucleus for a 

limited time unless it is integrated into the host genome. However, even in the 
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non integrated fonn, the transfected DNA is subject to the regulatory 

mechanisms that control gene expression and therefore its genes can be 

expressed transiently. Integration of the transfected gene into the host genome, 

on the other hand, gives rise to stable retention of the exogenous gene in the 

cells, providing constitutive expression. 

In most transfection experiments the cDNA of the gene of interest is inserted 

into an expression vector that carries an expression cassette constituting of a strong 

promoter, a multiple cloning site and a polyadenylation sequence. The vector also 

contains a bacterial origin of replication and a bacterial selectable marker for 

propagation and selection of the vector in bacterial cells. In order to isolate the few 

transfected cells from non transfected cells, a dominant selectable marker is also 

utilized. Some vectors have reporter genes which are screenable marker genes. 

These differ from selectable marker genes in that they do not confer a property that 

allows transformed cells to survive under selective conditions. Instead, they encode 

a product that can be detected using a simple and inexpensive assay. When 

controlled by a strong constitutive promoter, reporter genes are often used as 

markers to confirm transient or stable transformation, since only cells containing 

reporter-gene construct can express the corresponding protein. Importantly, the 

assays used to detect reporter gene activity are quantitative, so they can also be used 

to measure transfonnation efficiency. 

The vector P2compietete Flue pGL3 basic has been used in the present 

study, having firefly (Photinus pyralis) luciferase (luc) gene as the reporter. The 

functional enzyme is created immediately after translation. Firefly luciferase is a 

61kDa monomer that catalyzes the mono-oxygenation of beetle luciferin. The 

enzyme uses ATP as a co-factor, although most of the energy for photon 

production comes from molecular oxygen. 

HO S eOOH 

'0/----<~f + ATP + o~ 
Firefly luciferase -0 0-

'0~K.f tAMP + P~ + CO~ + Light 

Beetle luciferin Oxyluciferin 
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When the substrate, luciferin and A TP are added to the lysate of the cells 

containing the enzyme luciferase photons are produced. This is measured using a 

luminometer. 

Transfection of shrimp primary cultures was reported by Tapay et a1. 

(1995) and Hu et a1. (2008). Tapay et al. (1995) employed lipofection and Hu 

et a1. (2008) employed reteroviral infection for transfection of lymphoid 

organ cultures. Gene transfer to shrimp zygotes and embryos was reported by 

Preston et a1. (2000); Tseng et a1. (2000), Arenal et a1. (2004), Sun et a1. 

(2005), Lu and Sun (2005) and Arenal et a1. (2008). Transfection methods 

were polyethylenimine mediated (Sun et aI., 2005; Lu and Sun, 2005), 

e1ectroporation (Tseng et aI., 2000; Arenal et aI., 2004) and microinjection 

(Preston et aI., 2000). 

The present study deals with the transfection of shrimp primary haemocyte 

culture, lymphoid organ culture and primary oocytes and sperm cells maintained 

in vitro. 

5.2. Material and methods 
5.2.1. Experimental animals 

WSSV and Monodon Baculo virus (MBV) negative P. monodon larvae 

obtained from a local hatchery were stocked and reared in a recirculating 

shrimp rearing system integrated with nitrifying bioreactors (Kumar et aI., 

2009) in sea water having salinity 15 g r 1. Water quality was maintained by the 

addition of probiotics Detrodigest ™ (NCAAH, India) to manage detritus, and 

Enterotrophotic ™ (NCAAH, India) to control Vibrio. The larvae were fed 

with commercially available pelleted feed (Higashimaru, India). They were 

confirmcd WSSV negative by nested PCR (WSSV detection kit, Genei, India) 

when they grew to 8-12g, and used for all experiments. For isolation of ovary 

and testes male and female animals weighing 60-120g obtained from local 

hatcheries were used. 
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5.2.2. Surface sterilization of the animals 

The ammals were sacrificed by immersing in crushed ice and disinfected by 

maintaining in 800 mg rl sodium hypochlorite solution prepared in ice cold sea water 

(salinity 15 g rl) for 10 minutes. Subsequently, they were washed 5 times in sterile ice 

cold sea water, dipped in 70% alcohol and rinsed in ice cold sea water. 

5.2.3. Development of primary haemocyte and lymphoid cell cultures 

Haernolymph was withdrawn asceptically from rostral sinus using capillary 

tubes containing 100JlI anticoagulant (Tris HCI O.OIM, Sucrose 0.25M, Tri Sodium 

Citrate O.1M) and diluted to obtain 5 x 105 cells mrl using modified 2XL-15 

(Leibovitz) medium and aliquots of 200JlI were dispensed into the wells of 96 well 

plates (Greiner Bio-One, USA) and incubated at 25°C for 6 hours before using for 

transfection experiments. Media used was composed of Leibovitz's 2XL-lS (Sigma) 

at double strength supplemented with 2% glucose, MEM Vitamins (IX), tryptose 

phosphate broth (2.95 g r l ), 20% FBS, N-phenylthiourea (0.2mM), 0.06Jlg mr! 

chloramphenicol, 1 OOJlg mrl streptomycin and 100 IU mrl penicillin. 

Surface sterilized shrimps were dissected to remove the lymphoid organ 

and the tissue pieces were immediately immersed in HBSS. Before seeding, 

tissue pieces were washed thrice, cut into Imm3 pieces, pipetted vigorously and 

200Jll media containing explants were aliquoted into 96 well plate. Media used 

was 2X LI5 modified with the same composition as that of haemocyte culture 

but devoid of N-phenylthiourea. The culture was allowed to grow for 48 hours 

before using for transfection experiments. 

5.2.4. In vitro maintenance of primary oocytes and sperm cells of 
P. mOllodon 

Ovary and testes were removed from surface sterilized animals, cut into 

Imm3 pieces and seeded into 25 cm2 flasks, incubated at 25°C in modified 2X L 

15 medium. Primary oocytes and sperm cells migrated from the explants were 

maintained in the growth medium in the flask until transfection experiment. 
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5.2.5. Isolation and purification of the plasmids 

5.2.5.1. Transformation of P2completete Fluc pGL3 basic vector into 
Escherichia coli 

P2completete Fluc pOL3 basic vector (Dhar ct aI. , 2007). is a modified 

pGL3-Basic vector (Promega, USA) containing a modified IlIC coding region of 

the firefly (Photinlls pyralis) luciferase that has been optimized for evaluating 

transcriptional activity in transfected eukaryotic cells. The P2 promoter region of 

the infectious hypodenna\ and hematopoietic necrosis virus (IHHNV) was 

inserted between Sac! and Xmal sites ofpGL3-Basic upstream of the luciferasc 

coding sequence (Fig 1). 

synthetic upstream poly(A) signal 

110ri9/ 

Sad (12) 

P2 complete 

~--

AmpR 
P2 complete Flue pGL3 Basic 

4926 bp 

Flue 

I SV40 late poly(A) signal 

ColE1 

Fig.1. Vector map ofP2completete Flue pGL3 basic vector 

The P2completete Flue pOL3 basic vector spohed on to the blotting paper 

was soaked for 15 minutes in 100",1 Tris EDTA butTer in a microcentrifuge tube 

for 15 minutes and centrifuged at 10.000 xg for 10 minutes. 5111 of the solution 

obtained was used to transfonn E. coli strain JM 1 09 (Invitrogen). 

To the 5111 plasmid in a screw cap tube, added SOil I competent JMJ09 

ce lls. mixed gently and incubated in ice for 20 minutes. Heat shock was given For 
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90 seconds at exactly 42°C. The tube was returned to ice For 2 minutes. Added 

6001-11 Super Optimal broth with Catabolite repress ion (SOC: Composition for 

IOmi: Tryptone-O.2 g; yeast exytract-O.lg; aCI-O.005g, 250mM KCI- IOO~I ; 

2M MgCh-50JlI ; 1 M glucose-2001.d . MgCh and glucose was added just beFore 

transfonnation) and incubated for 2 hours at 37°C with shak ing. After 

incubation. 200JlI each was plated into LB ampicillin plates (LB medium-

2g1 100ml; Agar- 2g1 100ml). After aUloclaving added 100Jl I of ampici llin 

( IOOl11g mrl) and incubated for 16 hOllrs at 37°C. Individual colonies developed 

were inoculated into 10 ml LB ampici llin broth and incubated at 3JOC with 

shaking for plasmid extT'dction. 

5.2.5.2. Propagation of E. coli HBI01 conta ini ng the plas mid vector, I)SV3-neo 

pSV3-neo vector with the simian vims 40 (SV40) large T antigen was 

purchased from ATCC (catalog No. 37 150). Vector provides dominant se lectable 

marker for resistance to antibiotic G41 8 (Fig. 2) in mammalian cell lines and to 

ampicillin in £. (·oti. E. ('O fi was propagated in LB ampici llin (50 Jlg ~d · l) al 37 °C. 

.,r.c'_l..P'"'_ 
pIIIIIIIf.S-,I_ 
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5.2.5.3. Plasmid extraction 

Plasmid extraction was done usmg GenElute HP Plasmid Miniprep kit 

(Sigma). 5ml culture after overnight incubation was peUetised at 12,000 x g for 1 

miunte. The pellet was resuspended in 200111 resuspension solution containing 

RNase A and lysed by adding 200llllysis buffer. 350fll neutralization solution was 

added and centrifuged at 12,000 x g for 10 minutes to remove the cell debris. Lysate 

was loaded into GenElute HP Miniprep. Binding column inserted in a 

microcentrifuge tube and centifuged at 12,000 x g for 1 minute. Plasmid DNA 

bound to the column was washed twice to remove the endotoxins, salt and other 

contaminants. To elute the plasmid DNA, the column was transferred to a fresh 

collection tube, added 100 fll molecular biology grade water and centrifuged at 

12,000 x g for Imin. Purity of the plasmid DNA obtained was analysed by agarose 

gel electrophoresis and by determining the ratio of the absorbance reading at 

260nml280nm in a UV-VIS spectrophotometre (Shimadzu). 

5.2.5.4. Restiction digestion 

P2completete Fluc pGL3 basic vector was restriction digested with Hind III 

(New England Biolabs) enzyme and pSV3-neo plasmid using Eco RI to confirm the 

plasmid size. 20 III reaction mixture containing 5 III plasmid, 0.5 III enzyme 

(20,000U mrl) and IX reaction buffer was incubated for 1 hour at 37 QC. The 

mixture was then incubated at 65 QC for 20 minutes to inactivate the enzyme. 

5.2.6. Lipofection of primary haemocyte and lymphoid cell cultures 

96 well plate cultures ofhaemocytes and lymphoid cells were washed with 

growth medium (2X L-15 modified) without serum and antibiotics and subjected 

to transfection with P2completete Flue pGL3 basic vector. Composition of the 

transfection suspension was as follows: 

Solution A 

Plasmid DNA 

2X L-15 modified medium with out serum and antibiotics: 200111 
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Solution B 

Cellfectin (Invitrogen) : 30111 

2X L-15 modified medium without serum and antibiotics : 200111 

Solution B was added to solution A, mixed gently and incubated at room 

temperature (25°C±2) for 35 minutes. This lipid-DNA mixture was diluted to 

2ml with serum free, antibiotic free media and subsequently a sample of 0.2ml 

of the transfection suspension was added to each well. After 24 hours of 

incubation transfection medium was replaced with normal medium with serum 

and antibiotics and the cells were subjected to luciferase assay after another 24 

hours. 

5.2.7. Lipofection of primary oocytes and sperm cells 

For the transfection of oocytes and sperms, cells suspended in the medium 

were collected by centrifugation, washed with serum free, antibiotic free 2X L­

IS modified medium, and 250 III of cells at a concentration of 1 x 106 cells mrl 

were added to each well of the 24 well plate. Oocytes were transfected with 

P2completete Flue pGL3 basic vector and sperm cells were transfected with both 

P2completete Fluc pGL3 basic vector and pSV3-neo vector. Composition of the 

transfection suspension was as follows: 

Solution A 

Plasmid DNA 

2X L-15 modified medium without serum and antibiotics 

Solution B 

Cellfectin (Invitrogen) 

2X L-15 modified medium without serum and antibiotics 

Solution B was added to solution A, mixed gently and incubated at room 

temperature (2S0C±2) for 35 minutes. This lipid-DNA mixture was diluted to 

2ml with serum free, antibiotic free medium and subsequently 0.25ml of the 

118 



Transfection of P. monoaon pril1/ilTY ce[[ cu[tures, primary OOC!Jtes and sperm [efts in vitro 

transfection suspension was added to each well. After 24 hour incubation in 

transfection medium half of the medium was removed from each well without 

disturbing the cells and nonnal growth medium was added. After another 24 

hours primary oocytes and spenn cells transfected with P2completete Fluc pGL3 

basic vector was subjected to luciferase assay and sperm cells transfected with 

pSV3-neo vector was subjected to immunofluorescence assay with anti SV 40 T 

antigen 

5.2.8. Lipofection of Sf9 cells with P2completete Flue pGL3 basic vector 

As a positive control Spodoptera Jrugiperda Sf9 cells were included. 

Cells in log phase were subjected to transfection. Microwell plate culture of the 

cell line was prepared by adding 0.2 ml of 5 xl05 cells mrl. The medium used 

was TnM-FH (Sigma) with 10% FBS, the growth medium recommended for Sf9 

cells. After 24 hours, the medium was removed, washed with serum free, 

antibiotic free TnM-FH and subjected to transfection. Composition of the 

transfection suspension was as follows: 

Solution A 

Plasmid DNA 

TnM-FH medium without serum and antibiotics 

Solution B 

Cellfectin (Invitrogen) 

TnM-FH medium without serum and antibiotics 

Solution B was added to solution A, mixed gently and incubated at room 

temperature for 35 minutes. This lipid-DNA mixture was diluted to 2ml with 

serum free, antibiotic free medium and subsequently 0.2ml of the transfection 

suspension was added to each well. Transfection mixture prepared in serum free 

TnM-FH was added. After 24 hours transfection medium was replaced with 

normal growth medium and luciferase assay was done after another 24 hours. 
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5.2.9. Electroporation of sperm cells with P2completete Flue pGL3 
basic vector and pSV3-neo vector 

5.2.9.1. Selection of the hypoosmolar buffer and determination of the cell 
diameter in hypo osmolar buffer 

Osmolality of the electroporation buffer (25mM KC], 0.3mM KH2P04, 

0.85mM K2HP04) was adjusted to 280, 400,600 and 720mOsm by the addition 

of myo-inositol. Sperm cells were incubated in each of the buffers for 30 minutes 

and viability was determined by trypan blue staining. Cells incubated in modified 

2XL 15 medium were kept as control. Cells after incubation in the selected 

electroporation buffer for 15 minutes were observed under phase contrast 

microscope (Leica, Germany) and the diameter of the cell was determined using 

"Leica Application Suite" software (Leica Microsystems, Switzerland). 

5.2.9.2. Calculation of optimum pulse voltage for electroporation of sperm cells 

Critical field strength necessary for the electro permeation of the cell 

membrane can be calculated approximately using the following formula: 

Ee= Ve/ (0.75 x d), where Ee= critical field strength (V/cm), Vc= 

permeation voltage of the membrane (1 Vat 20 QC) and d= cell diameter (cm). 

To calculate the voltage to be set on the Multiporator (Eppendorf, 

Germany) the critical field strength (Ec) was multiplied with the gap width of the 

cuvette (O.2cm). The calculated voltage was applied at different pulse lengths of 

40, 70 and 1001lS. Pore formation at the selected pulse voltage was checked 

immediately after pulsing by propidium iodide staining. The stain was added to 

the cells at a final concentration of 51lg mrl and observed under fluorescent 

microscope (Olympus, Germany). 

Electroporation of sperm cells was done with both P2completete Flue 

pGL3 basic vector and pSV3-neo vector separately. For electroporation an 

aliquot of 400 III (1 x 106 cells) cell suspension was aliquoted into 

microcentrifuge tubes, plasmid DNA added to a final concentration of 5 /lg mr!, 
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and transferred the suspension to electroporation cuvettes of 2 mm gap width 

(Eppendorf, Gennany). Control consisted of cells without the addition of the 

plasmid. After pulsing in the eukaryotic mode of the equipment, cells were 

allowed to remain in the cuvette for 10 minutes, transferred to 24 well plates 

with lml growth medium, replaced half of the medium at 24 hours. After 24 

hours cells transfected with P2completete Fluc pGL3 basic vector and pSV3-neo 

vector was subjected to luciferase assay and immunofluorescence assay 

respectively. 

5.2.10. Luciferase assay of cells transfected with P2completete Flue 
pGL3 basic vector 

Cells transfected with P2completete Fluc pGL3 basic vector (both 

electroporation and lipofection) was subjected to luciferase assay. Assay was 

done with Bright-Glo Luciferase Assay System (Promega) according to the 

manufacturer's protocol. From the haemocyte and lymphoid cell culture whole 

medium was removed and 100JlI of the reagent added to each well. Half (250Jll) 

of the medium was removed from the oocytes and spenn cells and 250JlI reagent 

was added. Duration of 2 minutes was given for complete cell lysis, then the 

samples were transferred to microcentrifuge tubes and measurement was taken in 

luminometer (Turner Biosystems, USA) immediately. Normal cells without 

transfection were also subjected to Luciferase assay. This served as the control. 

5.2.11. Immunofluorescence assay of sperm cells transfected with pSV3- neo 

Sperm cells transfected with pSV3-neo vector (both eIectroporation and 

lipofection) subjected to immunofluorescence assay with anti SV40 T antigen. After 

transfection cells were pelletised by centrifugation at 400g for 5 minutes, washed 

with PBS (72OmOsm) and fixed in 10% paraformaldehyde, and subsequently with 

70% ethanol. Cells were sedimented on to glass slides, pre coated with poly-L-Iysine 

(0.01 %) using a cytocentrifuge (Wescor, USA). Subsequently the free sites were 

blocked using 3% BSA in PBS and incubated in a humidified chamber for 1 hour. 

The slides were washed in PBS/Tween 20 (0.01 %) and added 100Jll anti SV 40T 
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antigen (51lg mrl) (Calbiochem) on the slide, incubated for 1 hour and washed three 

times in wash buffer. It was again incubated for an hour after addition of IOOfll 

rabbit anti mouse FITC conjugate, 1: 50 dilution (Sigma) and subjected for washing. 

After incubation with general nuclear stain DAPI (10 fll, O.2flg mrl) for three 

minutes, the slides were rinsed with distilled water, air dried, mounted (Vectashield, 

USA) and observed under fluorescent microscope (Olympus, Germany). DAPI and 

FITC were viewed under filters with excitation wavelength 360-370nm and 470-

490nm respectively. The slides were compared with untransfected control cells. The 

images were processed and merged using the "Image pro-express" software (Media 

Cybernetics Inc, MD, USA). 

5.2.12. Statistical analysis 

The results in the figures are average values of 3-4 replicates ± standard 

deviation. The effects of treatments were statistically analyzed by Student's-t 

test. Differences were considered significant at P <0.05 

5.3. Results 

5.3.1. Development and maintenance of primary haemocyte and 
lymphoid cell cultures 

Primary haemocyte cultures fonned a monolayer within 4 hours. Round to 

elliptical and small and large spindle shaped cells, with granules, could be seen. 

In lymphoid cell culture explants attached to the culture vessel within few hours 

and fibroblastic and round cells migrated from the explant. 

5.3.2. In vitro maintenance of primary oocytes and sperm cells 

Primary oocytes cells and spenn cells migrated from the gonadal tissues 

once the tissue pieces were seeded onto growth medium. The primary oocytes 

were large and round (Fig 7), however cells of different sizes could also been 

obtained. Oocytes were maintained for 1 week in the growth medium. Sperm 

cells on the other hand were small and non motile with anterior spike, central cap 

region and posterior main body (Fig 8B). These cells were maintained in 

modified L 15 medium for I month. 
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5.3.3. Restriction digestion of the P2completete Flue pGL3 basic and 
pSV3-neo plasmids 

Extracted plasmids P2completete Flue pGL3 basic (Fig 3A) and pSV3-neo 

(Fig 4) were analyzed by agarose gel electrophoresis. Restriction digestion of 

P2completete Flue pGL3 basic with Hind III (Fig 3B) and that of pSV3-neo with 

Eco RI linearised the plasmids (Fig 4). 

5.3.4. Lipofection of haemocyte culture, lymphoid cell culture, 
primary oocytes, sperm cells and Sf9 with P2completete Flue 
pGL3 basic vector 

On performing lipofection on haemocyte (Fig 5) and lymphoid cell cultures 

(Fig 6) with P2completete Flue pGL3 basic vector, most of the cells were found 

dead. On the other hand primary oocytes (Fig 7) and sperm cells (Fig 8A) after 

transfection were viable, however, with less percentage of dead cells. Luciferase 

assay did not show any significant difference between transfected cells and control 

cells in primary oocytes, however, in sperm cells there was significant difference 

(P<O.05) (Table 1). Meanwhile, transfected Sf9 cells showed highly significant 

difference from that ofthe control (Table 2). For sperm cells luminometer readings 

were in the range of 162-215 relative light units (RLU) meanwhile for Sf9 cells the 

readings ranged from 12,110-17,038 RLU. 

5.3.5. Transfection of sperm cells by eleetroporation with P2eompletete 
Flue pGL3 basic vector 

Percentage viability of sperm cells in electroporation buffers with different 

osmolality was examined to select the hypo osmolar buffer for further experiments. 

Buffer with an osmolality of 600 mOsm was found suitable with 86% viability. In the 

isoosmotic control with 720 mOsm viability was 89% (Table 3). Diameter of the cells 

was 6Jlm on 15 minutes incubation in the hypoosmolar buffer (600 mOsm) and 5Jlm 

in the normal medium (modified 2XL 15). Using the fonnula, Ec= VJ (0.75 x d) 

critical field strength was calculated to be 2222.22 V cm-I which, on using a 2 mm 

electroporation cuvette, was set at 444.44 V. Optimum voltage was selected to be 440 

V. Among the different pulse lengths tested 40 JlS was found to be better with greater 
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viability than 70 and 100 ~s. When checked for pore fonnation at 440V/40 ~s by 

propidium iodide staining almost all the cell nuclei were stained (Fig 9). Optimum 

conditions for eletroporation of spenn cells were summarized in Table 4. After 

e1ectroporation most of the cells were live in the control without plasmid and in the 

test with added plasmid. But when subjected to luciferase assay after 48 hours only a 

slight increase (Table 5) in the readings was observed when compared to that of the 

control but it was not significant (P>0.05). 

5.3.6. Lipofection and electroporation of sperm cells with pSV3 neo vector 

Sperm cells transfected with pSV3 neo vector were subjected to 

immunofluorescence assay to detect the SV 40 T antigen. Positive signals of green 

fluorescence were found in a few cells (Fig 10) demonstrating the expression of SV 

40 T antigen in lipofected cells having no fluorescence in the control. 

5.4. Discussion 

P. monodon sperms, as in various other shrimp species, are of natantian 

form (Brown et a1., 1976; Kleve et aI., 1980; Clark Jr. et aI., 1981; Rios and 

Barros, 1997; Hall et al., 1999; Pongtipatee et aI., 2007) which are non motile 

and composed of a single spike originating from the acrosomal region, a central 

cap with an acrosome and a subacrosomal region and a nucleus of decondensed 

chromatin structures (Pongtipatee et aI., 2007). In the prcscnt study non motile 

sperm cells with anterior spike, central cap region and posterior main body were 

observed and maintained in modified 2XLl5 medium for 1 month. 

P2completete Fluc pGL3 basic vector (Dhar et aL, 2007), is a pantropic 

modified luciferase reporter vector containing a modified coding region for firefly 

(Photinus pyralis) luciferase (luc) that has been optimized for monitoring 

transcriptional activity in transfected eukaryotic cclls. The P2 promoter region of the 

IHHNV which causes "Runt Deformity Syndome" in penaeid shrimp (Lightner et 

aL, 1983; Kalagayan et aI., 1991; Lightner et a1., 1996; Primavera and Quinitio, 

2000) is cloned upstream of the luc gene. In IHHNV, the P2 promoter drives the 

expression of the non structural gene, where as P61 promoter drives the expression 
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of the structural gene (Shike et al., 2000b; Dhar et al., 2007). Promoters for viral 

capsid genes are generally stronger than those for non-structural genes. However, in 

insect and fish cell lines the luciferase expression was higher when the gene was 

under the control of the nonstructural gene promoter, P2 compared to its expression 

under the structural gene promoter, P61 (Dhar et al., 2007). In shrimp tail muscle the 

difference in expression between P2 and P61 promoters were not significant. In 

shrimp, P2 driven luciferase expression was less than 10,000 fold compared to the 

luciferase expression in insect cells ~d fish cells. Dhar et a1. (2007) suggested that 

this was likely due to difference in transfection efficiencies in vitro and in vivo. The 

present study tested the transfection efficiency of the vector in shrimp primary cell 

cultures, oocytes and sperms maintained in vitro. Cell death was evident in primary 

haemocyte and lymphoid cell cultures, which might be due to the toxicity of 

Iipofection reagent, cellfectin. ( 1: 1.5 (M/M) liposome formulation of the cationic 

lipid N, NI, NIl, NllI-Tetramethyl- N, NI, NIl, NllI-tetrapalmityl-spermine (TM-TPS), 

and dioleoyl phosphatidylethanolamine (DOPE) in membrane-filtered water). 

Sperm cells and oocytes withstood lipofection but luciferase expression was not 

significant in oocytes. Meanwhile, sperm cells exhibited significant expression, but 

it was 300 fold lesser than that ofthe insect cell line, Sf9. 

Primary lymphoid organ culture of P. styiirostris was reportedly transfected 

using pSV -3 neo shuttle vector containing the tumor (T) antigen gene from Simian 

virus 40. Transfected cells were passaged upto 44 times (Tapay et al., 1995). The 

frequency ofSV-40 induced immortalization is approximately 100% in rodent cells, 

whereas in human cells the occurrence is dramatically lower (10-8 to 10.5) (Shay and 

Wright, 1989; Radna et al., 1989). Hu et a1. (2008) attempted immortalization of 

lymphoid organ cultures of P. chinensis using a pantropic retroviral vector in which 

SV 40 large T antigen was expressed from a Moloney murine leukemia virus 

promoter (MoML V). The authors were able to passage the cells upto 21 times. In 

the present study sperm cells were transfected with pSV3-neo vector and the 

expression ofT antigen was detected in a few cells. 
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Electroporation conditions for spenn cells could be standardized in the 

present study. Better expression of the luciferase gene was observed in lipofected 

spenn cells than in electroporated cells. Electroporation of penaeid shrimp 

zygote/embryo have been reported by Preston et a1. (2000), Tseng et a1. (2000), 

Arenal et a1. (2004), Sun et a1. (2005) and Arenal et a1. (2008). Most of the 

workers (Tseng et aI., 2000; Arenal et al., 2004; Arenal et aI., 2008) have 

obtained better results by electroporation while Preston et a1. (2000) and Sun et 

a1. (2005) obser.ved that microinjection and poyethylenimine mediated 

transfection worked better in shrimp zygotes than electroporation. Transgenic 

shrimp was developed by gene transfer in to zygote by various researchers 

(Tseng et aI., 2000; Lu and Sun, 2005; Arenal et aI., 2008). Taura syndrome 

resistance and growth enhancement were conferred in transgenic shrimp by 

transfection of antisense Taura syndrome virus coat protein (Lu and Sun, 2005) 

and tilapia growth honnone gene (Arena] et al., 2008), respectively. 

Transfection of gametes is a method to generate transgenic animals 

(Esponda, 2005). The first experiment reporting transfection of male gamete was 

in rabbit (Brackett et al., 1971). Arezo (1989) demonstrated transfection of sea 

urchin spennatozoa, and Lavitrano et a1. (1989) produced transgcnic mice 

employing transfected spennatozoa. Transfection of spennatozoa was reported in 

abalone (Tsai et al., 1997), bivalved mollusks (Guerra et al., 2005), mussel 

(Kuznetsov et al., 2001) salmon (Sin et al., 1993; Symonds et al., 1994), 

zebrafish (Khoo et al., 1992; Patil and Khoo, 1996) and carp (Kang, 1999). 

Transfected spenn cells can be injected into the thelycum of mature female 

shrimp, which during spawning might fonn transgenic zygotes. 

Further studies are required to confinn the viability and fertility of transfected 

spennatozoa and the development of transgenic animals. Gene transfer to spenn 

cells is only an initial step in the formation oftransgenic shrimps. 
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Table 1. Luciferase assay of spenn cells 48 hours after lipofection 
with P2completete Flue pGL3 basic 

Control (RL U) Test (RLU) 

148 215 

123 162 

144 179 

124 164 

Average 134.75 180 
Standard 13.10 24.54 
deviation 

Table 2. Luciferase assay of sf9 cells 48 hours after transfection with 
P2completete Flue pGL3 basic 

Control (RLU) Test (RLU) 

113 12,110 

141 14,096 

154 17,038 

137 14,660 

Average 136.25 14,476.00 
Standard 17.11 2028.14 
deviation 

Table 3. Percentage viability of sperm cells in electroporation buffer 
with different osmolality 

Osmolality of the buffer (mOsm) 

280 

400 

600 

720 

127 

Viability (%) 

60 

50.8 

86 

89 



'Transfection of P. monoaon primary cc[[ cu[tures, primary OOC!ftes ana spenn cerrs in vitro 

Table 4. Optimal conditions for e1ectroporation of Pmonodon sperm cells 

SI. No. Conditions Optimum 

1 Osmolality of the buffer 600mOsm 

Cell density 

2 DNA 1 x 106 

3 Cuvette gap width 51lg mrl 

4 Voltage 2mm 

5 Pulse length 440V 

6 No. of pulses 40lls 

7 1 

Table S. Luciferase assay of sperm cells transfected using 
P2completete Fluc pGL3 basic vector by electroporation 

Control (RLU) Test (RLU) 

96 128 

102 118 

158 178 

Average 118.67 141.33 
Standard 34.20 32.15 
deviation 
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'l'ransfectwn ofl1'. rrumoJ"on prirMty eel[ (u(tures, primiJr) oocytes aruf sperm cea.s in vitro 

A B 

Fig.5. Phase contrast micrographs showing lipofected haemocytes. 
(A) Control, (B) Live (red arrows) and dead (blue arrows) 
haemocytes 48 hours after transfection (40X) 

A B 

Fig.6. Primary lymphoid cell cuhure after lipofection. (A) Control. 
(B) Live (arrows) and dead (arrow heads) cells after 
lipofection (40X) 
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'Trilnifrction oIP" monodon primar)' cerr (uuures, pn"mary vacytcs ant{spenn ce(!~ in vitro 

Fig.7. live (red arrows) and dead (blue arrows) primary oocytes after 
lipofection with P2completete Hue pGL3 basic vector (40X) 

A B 

Fig.8. A) Sperm cells of Penoeus mOlloJrJl1 after transfection (20X). 
B) Enlarged image of the spenn ce ll s showing spike, central 
cap region and posterior main body 
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C 
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CONCLUSIONS AND 
SCOPE FOR FUTURE RESEARCH 



Penaeid shrimp culture has taken up predominant position in aquaculture 

industry attaining globally the sixth position in terms of value among all 

taxonomic groups of animals cultivated (FAO, 2006). This is primarily due to 

the rapid growth of high density culture and its expansion in all shrimp growing 

Nations. Tragically, concomitant with this development has been the rapid 

spread of viral diseases over the shrimp farms worldwide causmg severe 

financial losses. About 20 types of viruses have been reported in penaeid shrimp, 

among which the white spot syndrome virus (WSSV) has been responsible for 

the highest economic loss to the industry. Even though extensive investigations 

have been carried out on this virus, lack of a valid cell line has been hampering 

the progress of research in elucidating pathogenesis and morphogenesis as well 

as in the development of prophylactic and therapeutic measures. It is worth 

noticing that much before the onset of the white spot syndrome virus, there has 

been efforts in generating cell cultures from shrimp alike the attempts made in 

other animal groups. However, the difference has been that all such efforts made 

in shrimp cell line development were futile exercises, which, there by, has 

transformed the scenario most challenging. 

The first chapter of the thesis deals with a detailed description of the efforts 

made world wide in establishing cell lines from shrimp in particular and 

crustacean in general. Ever since the first reported cell culture from Penaeus 

monodon by Chen et a1. (1986), several researchers have been stepping in to the 

field and coming up with primary cel1 cultures from penaeid and non- penaeid 

species. In spite of these efforts no immortal cel1 line could be developed so far 

from shrimp and for that matter from any species of crustacean. It is in this 

background that the present study has been conceptualized and executed 

focusing on the development of cell culture systems from Penaeus monodon 

demonstrating their application in WSSV isolation and study, and also in using 

them as tools in testing cyto and genotoxicity of aquaculture management 

chemicals and environmental pollutants. 
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The subject matter in this thesis has been divided under the following heads: 

1. Development of primary cell cultures from Penaeus monodon with 

special reference to lymphoid organ 

2. Development of primary haemocyte culture from Penaeus monodon 

and its application in white spot syndrome virus (WSSV) titration and 

viral and immune related gene expression 

3. '~rimary haemocyte culture of Penaeus monodon as model for 

cytotoxicity and genotoxicity studies 

4. Transfection of Penaeus monodon pnmary cell cultures, primary 

oocytes and sperm cells in vitro 

Overall achievements of this work are summarized as given below: 

• Primary cell cultures from heart, ovary, muscle and lymphoid organ 

were developed from explants, which got attached to the culture vessel 

and cell migration started within a few hours. Superior performance of 

early stage immature ovaries was also noticed. 

• Although explant cell cultures were obtained from various tissues and 

organs of penaeid shrimps, the cells from lymphoid organ formed 

monolayer more rapidly and remained stable for longer periods. 

• Cell cultures from heart and lymphoid tissue were maintained tor more 

than three weeks while ovarian and muscle primary cultures for two 

weeks and four days, respectively. Among them the epithelioid cells in 

lymphoid cell culture exhibited mitotic activity and were able to be 

sub cultured once. However, this occurrence was sporadic and 

inconsistent. 

• Among the various media tested the modified medium (L-IS) 

containing Leibovitz's L-15 at double strength supplemented with 2% 

glucose, MEM Vitamins (IX), tryptose phosphate broth (2.9Sg r'), 
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20% FBS, 0.06flg mr! chloramphenicol, lOOflg mr' streptomycin and 

100 IU mr' penicillin was found to be the most suitable for the 

development and maintenance of lymphoid cell cultures. 

• Among the cells generated from lymphoid, a very few fibroblastic cells 

were positive to BrdU assay demonstrating that DNA synthesis was 

limited to only such cells. This is suggestive of the fact that the 

monolayer fonnation from the explant of lymphoid tissue was mainly 

due to migration of cells from the explant, and not positively due to cell 

proliferation. However, the observed DNA synthesis has implications 

in their continued multiplication leading to immortalization. 

• Poly-L-Iysine coating of the culture vessel and addition of insulin like 

growth factor 1 (10ng mr') were found to enhance the growth of 

lymphoid cell cultures. 

• The lymphoid cell culture was susceptible to WSSV and as cytopathic 

effect shrinkage, rounding, accumulation of retractile granules and 

detachment of infected cells were the common features in the event. 

This was further confinned by immunofluorescence detection assay 

employing monoclonal antibodies against WSSV. 

• In the WSSV infected lymphoid cell cultures expression of WSSV early 

and late genes such as immediate early gene 1, protein kinase, thymidine 

kinase and thymidylate kinase, ribonucleotide reductase 1, endonuclease, 

DNA polymerase, Vp 28 and latency 1 gene could be detected. This has 

demonstrated the suitability of lymphoid cell cultures for WSSV isolation 

and the study on viral morphogenesis, as the cell culture supported the 

expression of virus' structural and functional genes. 

• All the Immune related genes (prophenoloxidase, astakine, 

peroxinectin, alpha 2-macroglobulin, haemocyanine, transglutaminase, 

crustin and penaeidin) studied except transglutaminase were expressed 
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m lymphoid cell culture. Haemocyanin, even though expressed in 

hepatopancreas and gets processed under acidic conditions to produce 

an antibacterial peptide, astacidinel, specifically during bacterial 

infection, was found to be weakly expressed in the WSSV infected P. 

monodon lymphoid cell culture. 

• For the development of primary haemocyte culture, and its application 

in WSSV studies modified Leibovitz's L-15 medium containing L-15 

at double strength supplemented with 2% glucose, MEM Vitamins 

(IX), tryptose phosphate broth (2.95 g r\ N-phenylthiourea (0.2mM), 

20% FBS, 0.061lg mr) chloramphenicol, 100llg mr) streptomycin and 

100 IU mrl penicillin was found to be suitable. 

• Animal- wise variation was experienced in the response of the cells 

with respect to their lifespan. Metabolic activity of haemocyte did 

not vary considerably for 3 days and the activity started decreasing 

only then onwards. Advantageously, with in this period WSSV 

titration and cytotoxicity assays could be completed. Among the 

types of cells developed half turned out to be fibroblastic within 

three hours of incubation. This could be ascribed to the specificity of 

L-15 medium, which was known to support more the growth of 

fibroblastic cells. In this medium haemocytes appeared round to 

elliptical and small and large fibroblastic, with granules, which were 

viable upto 6-8 days. 

• Several growth factors were tested on the heamocytes to investigate the 

efficacy in enhancing the longevity of the cells. Among them the 

vertebrate growth factor (IGF-2 at 50 ng mrl) alone had a significant 

effect on the culture. 

• To determine the proliferation of the cultured haemocytes, incorporation of 

5- bromo-2'-deoxyuridine (BrdU) was accomplished. At 24 hours 22±738 
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% of cells were found 5-bromodeoxyuridine (BrdU) positive suggesting 

DNA synthesis. 

• In this study, haemocyte culture was successfully demonstrated as in vitro 

system for titrating WSSV by employing MTIso method. The advantage 

of using haemocyte culture over explants as model for WSSV titration and 

cytotoxicity studies is the easiness in quantification of cells to be seeded to 

maintain uniform cell number in micro plates, a prerequisite for quantal 

assays, and the rapidity in obtaining monolayer of cells. 

• MTI assay employed in the present study is a high throughput assay, which 

doesn't require manual assessment of cytopathic effect such as shrinkage 

and necrosis; instead metabolic activity of the cells is measured. Even 

though the MTI assay was successfully used in the titration of vertebrate 

viruses this had not been employed for titration ofWSSV so far. 

• Using MAbs, strong positive signals from the infected nucleus could be 

obtained after 72 hours of virus administration. Nevertheless, localized 

signals could be seen from cytoplasm and nucleus as well from 24hour 

onwards, a situation probably caused by the events such as phagocytosis 

and/or endocytosis. 

• Expression of viral genes and immune related genes at the event of 

WSSV infection was investigated along with that of negative control 

and heat inactivated haemocytes. 

• Viral gene expression could be categorized in to two such as those which 

got expressed and maintained more or less uniformly through out the study 

period of 48h (iel, pkl, tk-trnk,rrl, endonuclease), and those genes which 

were not expressed after 24th hour ( dnapol, Vp28 and latency 1). When 

Vp28 was found upregulated, the latency 1 was down regulated. None of 

the WSSV genes was expressed in control haemocytes without WSSV, 

and control cells with heat inactivated WSSV. 
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• Classification of the viral gene expression in to two categories points 

out the regulatory events in the viral multiplication which take place in 

the shrimp haemocytes. WSSV early genes, which are regulatory genes, 

are transcribed at the early infection stage. 

• In the present study amplification of the immediate early gene 1, tk-tmk 

and ITl from 2 h post infections and the other early genes such as 

protein kinase, DNA polymerase and endonuclease from 12 hour post 

infection suggested the sequence of events of viral DNA replication in 

the haemocytes. It has to be highlighted that Vp 28, a late gene, 

involved in the production of envelope protein could be expressed from 

12-24 hours while the latency gene was down regulated. This is a clear 

indication of the virulence of WSSV to haemocytes by not having been 

entering in to a latent phase. In this context the detection of Vp28 by 

immunofluorescence in infected haemocytes accomplished in this study 

is a direct evidence of the viral multiplication in shrimp haemocytes. 

• The study has suggested that primary haemocyte culture could be used 

to delineate the infectious mechanisms of the virus and its 

morphogenesis. 

• Expression of immune genes was examined at the event ofWSSV infection, 

and this included prophenoloxidase, astakine, peroxinectin, alpha 2-

macroglobulin, haemocyanin, transglutaminase, crustin and penaeidin. 

• Expression of these genes compared to that of the negative control 

could be categorized in to four, such as those which were up regulated 

at 2nd h (prophenoloxidase, peroxinectin, penaeidin, alpha 2-

macroglobulin, crustin and transglutaminase), maintained upregulated 

in the same order at 12'hh (peroxinectin, penaeidin, and crustin), at 

24thth h (Astakine), and at 48th hour when heat inactivated WSSV was 

administered (prophenoloxidase, peroxinectin, alpha 2-macroglobulin 
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and penaeidin). Meanwhile haemocyanin and transglutaminase were 

found faintly expressed even though not detected in the controls. 

• Immune response of haemocytes to heat inactivated WSSV is note 

worthy and supplements to the observation that shrimp can be protected 

by administering inactivated WSSV. 

• The results have suggested that immune related genes were triggered 

immediately after exposure to WSSV and the increase in expression 

might result in an enhanced immune response to ward off the 

pathogens. However, subsequently, there was an apparent decrease in 

expression of most immune-related genes after initial hours of infection 

indicating that the heightened response is temporary or short lived in 

the event of WSSV infection in shrimp on considering the haemocyte 

culture as a model for WSSV infection. There was higher level of 

response of crustin to WSSV infection. 

• This study demonstrates the potential of haemocyte culture as a tool for 

studying WSSV multiplication and morphogenesis, screening of 

antiviral formulations and its mode of action and the effectiveness of 

vaccination. 

• Haemocyte cultures were demonstrated as tools for cytotoxixcity and 

genotoxicity determinations. 

• Cytotoxicity is considered an important index for evaluating safety of 

antimicrobials and management chemicals prior to their administration 

in aquaculture. For its accomplishment primary haemocyte cultures 

have been demonstrated useful which out-rightly eliminates animal 

experimentation as part of the bioassays, as being followed now. 

• Estimation of cytotoxicity of a shrimp health management chemical 

(benzalkonium chloride), an anti vibrio compound (N-methyl-l­

hydroxyphenazine), and aquatic pollutants such as heavy metals 
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(cadmium chloride and mercuric chloride) and pesticides (malathion and 

monocrotophos) was done in primary haemocyte culture employing MTT 

(3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide) assay. 

Benzalkonium chloride (BKC), a quaternary ammonium compound, 

widely used as broad spectrum disinfectant and at low concentration 

(O.lppm) as immunostimulants and moderately higher (lppm) to 

stimulate moulting in shrimp culture ponds, was assessed in primary 

haemocyte culture and found safe at O.lmg rl level. 

• The heamocyte culture was again applied for assessing cytotoxicity of 

N- methyl-l- hydroxyphenazine, a phenazine compound reported 

useful in managing Vibrio in aquaculture, the ICso value of the 

compound was found to be 1.4 ± 0.31 mg L- 1 and safe at <0.5 mg L- I 

• On undertaking a 12-hour exposure to heamocyte culture ICso values 

for cadmium chloride and mercuric chloride were 31.09± 16.2 7 J-tM 

(7_10± 3.72 mgL- I
) and 5.52±L 16 J-tM (1.5± 0.3ImgL-1), respectively_ 

• At higher concentrations of Malathion and Monocrotophos (>61.7 mg rl 
and> 166mgr1 respectively) necrosis was observed having the ICso value 

of Malathion being 59.94 ± 52.3 mg rl and that ofMonocrotophos 186.76 

± 76.995 mg rl. 

• Malathion was found to be non toxic below 6.86mg ri, and 

monocrotophos below 15.6mgL- I
. 

• It has to be pointed out that the information on toxicity generated using 

whole animal is often insufficient in the sense that several of the toxic 

effects go on unnoticed which might have long term implications in the 

biotic community. In this context cytotoxicity studies help gather 

accurate information on the safe level of the toxic ants/drugs which can 

be either discharged to the natural environment or to be administered in 

the health management of the aquatic animals. 
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• To demonstrate the application ofhaemocytes for detennining genotoxicity 

of selected pollutants the cells were exposed to cadmium chloride (140J.lM), 

mercuric chloride (l7/lM), malathion (60 mg rl) and monocrotophos (186 

mg rl) for 4 hours. These concentrations were chosen because more than 

80% viability of cells was recorded after 4 hour exposure by trypan blue 

viability assay. In this experiment all compounds were found gcnotoxic and 

were found to induce DNA strand breakage and there by the fonnation of 

comets, assessed using the comet scoring software. 

• Primary haemocyte and lymphoid cell cultures, primary oocytes and 

spenn cells were subjected for transfection to assess their suitability for 

in vitro transformation and for trangenesis. 

• Transfection was attempted using a lipofection reagent, cellfectin with 

a luciferase gene reporter vector P2completete Fluc pGL3 basic vector, 

a pantropic modified Iuciferase reporter vector containing a modified 

coding region for firefly (Pho/inlls pyralis) luciferase (luc) that has 

been optimized for monitoring transcriptional activity in transfected 

eukaryotic cells. The P2 promoter region of the IHHNV which causes 

"Runt Defonnity Syndome" in penaeid shrimp. 

• During this process cell death was evident in primary haemocyte and 

lymphoid cell cultures, which might be due to the toxicity of lipofection 

reagent, cellfectin. ( 1 :1.5 (M/M) liposome formulation of the cationic 

lipid N, NI, Nil, NIJI-Tetramethyl- N, NI, Nil, NIII-tetrapalmityl-spermine 

(TM-TPS), and dioleoyl phosphatidylethanolamine (DOPE) III 

membrane-filtered water). 

• Sperm cells and oocytes withstood lipofection but luciferase expression 

was not significant in oocytes. Meanwhile, spenn cells exhibited 

significant expression, but 300 fold lesser than that of the insect cell 

line, Sf9. 
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• Subsequently, lipofection and electroporation of sperm cells with pSV3 

neo vector was attempted and the sperm cells transfected were 

subjected to immunofluorescence assay to detect the SV 40 T antigen. 

• Positive signals of green fluorescence were found in a few eells 

demonstrating the expression of SV 40 T antigen in lipofected cells 

having no fluorescence in the control. 

• Gene transfer to sperm cells mediated by electroporation and 

lipofection employing P2completete Flue pGL3 basic vector and pSV3-

neo vector with SV 40 T antigen gene stands out to be the initial step 

towards development of transgenic shrimp. 

Scope for future research 

1. The Primary haemocyte culture can be used as the WSSV infection 

model to study the entire events starting from virus adsorption on to 

cell membrane, entry, and morphogenesis. Coupled with the 

expression of viral genes and immune related genes this model can be 

effectively employed for screening antiviral molecules and for studying 

their dose depended action. 

2. Response of the heamocyte culture to inactivated WSSV in terms of 

expression of immune related genes points to the possibility of using 

this model for unraveling the cellular level response to inactivated 

WSSV as 'vaccine'. 

3. As the haemocyte cultures and the lymphoid cell cultures were 

susceptible to WSSV, the same model can be used for isolating other 

shrimp viruses as well. 

4. Cellular receptors involved in viral pathogenesis and the response of 

cells to viral infections can be analyzed using the haemocyte and 

lymphoid cell cultures. 
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5. Using the shrimp haemocyte model, cytototoxicity and genotoxicity of 

drugs, pesticides and other chemicals which are either used in 

aquaculture or passively enter in to the system can be evaluated. 

6. Among all the tissues tested the cell cultures derived from lymphoid tissue 

showed at least a limited extend of cell proliferation, which can be 

exploited in attempting for immortalizing the cell cultures as cell lines. 

7. Transfection of haemocyte cultures and lymphoid cell cultures with two 

vectors turned out to be failures suggesting that refined methods have to be 

evolved for accomplishment as a method for immortalizing the cell 

cultures. 

8. Transfection of sperm cells could be accomplished in this study, which 

in turn stands out to be the initial step towards development of 

transgenic shrimp with disease resistance, faster growth and tolerance 

to varying environmental factors; the development of which would 

have far reaching positive implications in shrimp industry . 

• • • • • • • 9;')c;:Q. ••••••• 

143 



REFERENCES 



Alcivar-Warrcn, A., Meola, D.M., Wang, Y., Guo, X., Zhou, L., Xiang, J., Moss, 
S., Arce, S., Warren, W., Xu, Z., Bell, K., 2006. Isolation and Mapping 
of Telomeric PentanucIeotide (TAACC)n Repeats of the Pacific Whiteleg 
Shrimp, Penaeus vannamei, Using Fluorescence In Situ Hybridization. 
Marine Biotechnology 8, 697-680. 

Andersson, P., AIm, S., Edman, K., Lindberg, M.A., 2005. A novel and rapid 
method to quantify cytolytic replication of picomaviruses in cell culture. 
Journal of Virological Methods 130, 117-123. 

Andreason, G.1., Ewans, G.A., 1988. Introduction and expression of DNA molecules 
in eukaryotic cells by electroporation. Biotechniques 6, 650-660. 

Anil, T.M., Shankar, K.M., Mohan, C.V., 2002. Monoclonal antibodies 
developed for sensitive detection and comparison of white spot syndrome 
virus isolates in India. Diseases of Aquatic Organisms 51, 67-75. 

Arabi, M., 2004. Analyses of impact of metal ion contamination on Carp 
(Cyprinus carpio L.) Gill Cell Suspensions. Biological Trace Element 
Research 100, 229-245. 

Arbuckle, T.E., Server, L.E., 1998. Pesticide exposures and fetal death: a review of 
the epidemiological literature. Critical Reviews in Toxicology 28, 229-270. 

Arenal, A., Pimentel, R., Garcia, c., PimenteI, E., Alestro"m, P., 2004. The SV40 T 
antigen nuclear localization sequence enhances nuclear import of vector 
DNA in embryos ofa crustacean (Litopenaeus schmitti) . . Gene 337, 71-77. 

Arenal, A., Pimentel, R., Pimentel, E., Martl'n, L., Santiesteban, D., Franco, R., 
Alestro"m, P., 2008. Growth enhancement of shrimp (Litopenaeus 
schmitti) after transfer of tilapia growth honnone gene. Biotechnology 
Letters 30, 845-851. 

Arezzo, F., 1989. Sea urchin sperm as vector of foreign genetic information. Cell 
Biology International Reports 13, 391-404. 

Armstrong, P.B., Quigley, l.P., 1999. Alpha 2-macroglobulin: an evolutionarily 
conserved ann of the innate immune system. Developmental and 
Comparative Immunology 23,375-390. 

Assocham, 2007. Debunking theory of India's pesticide consumption being 
highest. A Report on "Pesticide residues in Indian food and agricultural 
products" submitted to Govt. of India 2007. 

Awaji, M.S., 1997. Primary culture techniques for the outer epithelial cells of pearl 
oyster mantle. In: Maramorosch, K., Mitsuhashi, J. (Eds.), Invertebrate Cell 
Culture, Novel Directions and Biotechnology Applications. Science 
Publishers, NH,USA, pp. 239-244. 

144 



~ferences 

Ayllon, F., Garcia-Vazquez, E., 2000. Induction of micronuclei and other nuclear 
abnormalities in European minnow Phroximus phroximus and mollie 
Poecillia latipinna: an assesment of the fish micronucleus test. Mutation 
Research 467, 177-186. 

Bachere, E., 2000. Shrimp immunity and disease control. Aquaculture 191, 3-11. 

Baily-Brock, J.H., Moss, S.M., 1992. Penaeid taxonomy, biology and zoogeography. 
In: Fast, AW., Lester, L.J. (Eds.), Marine shrimp culture: principles and 
practices. Elsevier Science Publishers, Amsterdam, pp. 9-28. 

Bauchau, AG., 1981. Crustaceans. In: Ratcliffe, N.A., Rowley, A.F. (Eds.), 
Invertebrate blood cells.' Academic Press, London and New York, pp. 
385-420. 

Ben, T.A., Li ghtn er, D.V., 1988. A handbook of normal penaeid shrimp 
histology. The World Aquaculture Society, Baton Rouge, 114 pp. 

Bethesda, M., 1991. Toxicology and carcinogenes~s studies of mercuric chloride 
in F344 rats and B6C3F1 mice (gavage studies). National Toxicology 
Program. U.S. Department of Health and Human Services, Public Health 
Service, National Institutes of Health. 

Binelli, A., Provini, A., 2004. Risk for human health of some POPs due to fish 
from Lake Iseo. Ecotoxicology and Environmental Safety 58, 139-145. 

Bissett Jr, W., Smith, L., Thompson, l.A., 2009. Geostatistical analysis of DNA 
damage in oysters, Crassostrea virginica, in Lavaca Bay, Texas 
Ecotoxicology 18, 69-74. 

Blackburn, E.H., 1994. Telomeres: no end in sight. Cell 77, 621-623. 

Blisko, R., 1998. Reproduction Process and Establishment of Cell Culture from 
Marine Sponges Negombata Spp., M.Sc. dissertation. Tel Aviv 
University, Israel. 

Blissard, G.W., 1996. Baculovirus-insect cell interactions. Cytotechnology 20,73-93. 

Blissard, G.W., Rohrm ann , G.F., 1990. Baculovirus diversity and molecular 
biology. Annual Review of Entomology 35,127-155. 

Bodnar, AG., Ouellette, M., Frolkis, M., Holt, S.E., Chiu, c.P., Morin, G.B., 
Harley, c.B., Shay, l.W., Lichtsteiner, S., Wright, W.E., 1998. Extension 
of lifespan by introduction of telomerase into normal human cells. 
Science 279, 349-352. 

Bonami, J.R., 2008. Shrimp Viruses, Encyclopedia of Virology, pp. 567-576. 

145 



~ferences 

Botton, M.L., 2000.Toxicity of Cadmium and Mercury to Horseshoe Crab 
(Limulus polyphemus) Embryos and Larvae. Bulletin of Environmental 
Contamination and Toxicology 64, 137-143. 

Bowden, R.D., Buckwalter, M.R., McBride, J.F., Johnson, D.A., Murray, B.K., 
O'Neill, K.L., 2003. Tail profile: a more accurate system for analyzing 
DNA damage using the comet assay. Mutation Research 537, 1-9. 

Braasch, D.A., Ellender, R.D., Middlebrooks, B.L., 1999. Cell cycle components 
and their potential impact on the development of continuous in vitro 
penaeid cell replication. Methods in Cell Science 21, 255-261. 

Brackett, B.G.; Baranska, W., Sawicki, W., Koprowski, H., 1971. Uptake of 
heterologous genome by mammalian spennatozoa and its transfer to ova 
through fertilization. Proceedings of the National Academy of Sciences 
USA 68, 353 - 357. 

Brown, A. Jr., Kleve, M.G., Yudin, A. I., 1981. An acrosome reaction in 
natantian spenn. Journal of Experimental Zoology 218, 279-291. 

Cavalier-Smith, T., Allsopp, M.T.E.P., Chao, E.E., 1994. Thraustochytrids are 
chromists, not Fungi: 188 rRNA signatures of heterokonta. Philosophical 
Transactions of the Royal Society London B 346, 387-397. 

Chang P.C., Blackwood A.C., 1969. Simultaneous production of three phenazine 
pigments by Pseudomonas aeruginosa Mac 436. Canadian Journal of 
Microbiology 15,439-444. 

Chang, M., Wang, W.N., Wang, A.L., Tian, T.T., Wang, P., Zheng, Y., Liu, Y., 2009. 
Effects of cadmium on respiratory burst, intracellular Ca2+ and DNA damage 
in the white shrimp Litopenaeus vannamei. Comparative Biochemistry and 
Physiology Part C: Toxicology & Phmmacology 149, 581-586. 

Chen, L.L., Lo, C.F., Chiu, Y.L., Chang, C.F., Kou, G.H., 2000. Natural and 
experimental infection of white spot syndrome virus (WSSV) in 
benthic larvae of mud crab Scylla serrata. Diseases of Aquatic 
Organisms 40, 157-161. 

Chen, L.L., Leu, J.H., Huang, Cl., Chou, CM., Chen, S.M., Wang, C.H., Lo, 
CF., Kou, G.H., 2002a

• Identification of a nucleocapsid protein (VP35) 
gene of shrimp white spot syndrome virus and characterization of the 
motif important for targeting VP35 to the nuclei of transfected insect 
cells. Virology 293,44-53. 

Chen, L.L., Wang, RC, Huang, C.1., Peng, S.E., Chen, YG., Lin, S.1., Chen, 
W.Y., Dai, C.F., Yu, H.T., Wang, C.H., Lo, CF., Kou, G.H., 2002b

. 

Transcriptional analysis of the DNA polymerase gene of shrimp white 
spot syndrome virus. Virology 301, 136-147. 

146 



<J(g.ferences 

Chen, Q., Ames, B.N., 1994. Senescence-like growth arrest induced by hydrogen 
peroxide in human diploid fibroblast F65 cells. . Proceedings of the 
National Academy of Sciences USA 91,4130-4134. 

Chen, Q., Fischer, A., Reagan, l.D., Yan, L.J., Ames, B.N., 1995. Oxidative 
DNA damage and senescence of human diploid fibroblast cells. 
Proceedings of the National Academy of Sciences USA 92, 4337-4341. 

Chen, S.N., Kou, G.H., 1989. Infections of cultured cells from the lymphoid 
organ of Penaeus monodon Fabricius by monodon- type baculovirus 
(MBV). Journal of Fish Diseases 12, 73-76. 

Chen, S.N., Chi, S.C., Kou, G.H., Liao, I.C., 1986. Cell culture from tissues of 
grass prawn, Penaeus monodon. Fish Pathology 21, 161-166. 

Chen, S.N., Jong, K.J., Kou, G.H., 1989. Cell cultures derived from tissues of 
penaeid shrimp, Penaeus penicillatus, and hard clam, Meretrix fusoria, 
in: Mitsuhashi, J. P, (Ed.), Invertebrate Cell System Applications. CRC 
Press Inc., Florida, pp 253-262. 

Chen, S.N., long, KJ., Kou, G.H., 1998. Cell cultures from hematopoietic tissue 
and ovary of penaeid shrimp, Penaells monodon. In: Kuroda, Y., Kurstak, 
E., Maramorosch (Eds.). Japan Scientific Soceities Press, Springer­
Verlag, pp. 195-198. 

Chen, S.N., Wang, C.S., 1999. Establishment of cell culture systems from 
penaeid shrimp and their susceptibility to white spot disease and yellow 
head viruses. Methods in Cell Science 21, 199-206. 

Chen, X.F., Chen, c., Wu, D.H., Huai, H., C, C.X., 1997 A new baculovirus of 
cultured shrimp .. Science in China Series C 40, 630-635. 

Chen, X.Y., Li, G.S., 2005. Research advances in viral diseases of penaeid 
shrimp. Ecological Sciences 24, 162-167. 

Chu, G., Hayakawa, H., Berg, P., 1987. Electroporation for the efficient 
transfection of mammalian cells with DNA. Nucleic Acid Research 15, 
1311-1326. 

Chun-Lei, G., Jin-sheng, S., lian-Hai, X., 2003. Primary culture and 
characteristic morphologies of medulla terminalis neurons in the 
eyesta1ks of Chinese shrimp, Fenneropenaeus chinensis. Jounal of 
Experimental Marine Biology and Ecology 290, 71-80. . 

Cl ark, W.HJ., Klevc, M.G., Yudin, A.I., 1981. An acrosome reaction in 
natantian sperm .. Journal of Experimental Zoology 218, 279-291. 

147 



'Rgferences 

Claydon, K., Owens, L., 2008. Attempts at immortalization of crustacean 
primary cell cultures using human cancer genes .. In vitro Cellular and 
Developmental Biology -Anima144, 451-457. 

Colgin, L.M., Reddel, RR, 1999. Telomere maintenance mechanisms and cellular 
immortalization. Current Opinion in Genetics and Development 91, 97-103. 

Collins, A., Dusinska, M., Franklin, M., Somorovska, M., H, P., Duthie, S., 
Fillion, L., Panayiotidis, M., Raslova, K., Vaughan, N., 1997. Comet 
Assay in human biomonitoring studies: reliability, validation, and 
applications. Environmental and Molecular Mutagenesis 30, 136-146. 

CoIlins, A.R., 2004. Comet assay for DNA damage and repair: principles, 
applications and limitations. Molecular Biotechnology 26,249-261. 

Conners, D.E., Black, M.C., 2004. Evaluation of Lethality and Genotoxicity in 
the Freshwater Mussel Utterbackia imbecillis (Bivalvia: Unionidae) 
Exposed singly and in combination to chemicals used in lawn care. 
Archives of Environmental Contamination and Toxicology 46, 362-371. 

Cooke, I., Graf, R, S, G., Haylett, 8., Meyers, D., Ruben, P., 1989. Crustacean 
peptidergic neurons in culture show immediate outgrowth in simple 
medium. Proceedings of National Academy of Sciences, USA 86, 402-406. 

Counter, C.M., Avilion, A.A., LeFeuvre, C.E., Stewart, N.G., Greider, C.W., 
Harley, c.B., Bacchetti, S., 1992. Telomere shortening associated with 
chromosome instability is arrested in immortal cells which express 
telomerase activity. The EMBO Journal1l, 1921-1929. 

Counter, C.M., Botelho, F.M., Wang, P., Harley, C.B., Bacchetti, S., 1994. 
Stabilization of short telomeres and telomerase activity accompany 
immortalization of epstein-barr virus-transformed human b lymphocytes. 
Journal of Virology 68,3410-3414. 

Crane, M.J., 1999. Mutagenesis and cell transformation in cell culture. Methods 
in Cell Science 214,245-253. 

Crane, M.J., Wi1liams, L.M., 2002. Development of continuous prawn cell lines 
for virus isolation and cultivation. Fisheries Research & Development 
Corporation. Ed. Geelong, CSIRO Livestock Industries. 

de Stanchina, E., McCurrach, M.E., Zindy, F., Shieh, S.Y., Ferbeyre, G., 
Samuelson, A.V., Prives, c., Roussel, M.F., Sherr, c.J., Lowe, S.W., 
1998. EIA 

Dean, D.A., 1997. Import of plasmid DNA into the nucleaus IS sequence 
specific. Experimental Cell Research 230, 293-302. 

148 



'l(gferences 

Dean, D.A., Dean, 8.S., Muller, S., Smith, L.C., 1999. Sequence requirements 
for plasmid nuclear entry!. Experimental Cell Research 253, 713-722. 

Dean, D.A., 2002. Nucleocytoplasmic trafficking.In; Mahato, R.I (Ed). 
Phannaceutical perspectives of nucleic acid-based therepeutics. Harwood 
Academic Publishers, London.pp 229-260. 

Dean, D.A, Strong, D.D., Zimmer, W.E., 2005. Nuclear entry of nonviral 
vectors. Gene Therapy 12, 881-890. 

Decker, H., Taczek, F., 2000. Tyrosine/catecholoxidase activity ofhemocyanins: 
structural basis and molecular mechanism. Trends in Biochemical 
Sciences 25, 392-397. 

Decker, H., Terwilliger, N., 2000. Cops and robbers: putative evolution of copper 
oxygen -binding proteins. Journal of Experimental Biology 203, 1777-1782. 

Destoumieux, D., Bulet, P., Van Dorsseler, A, Rodriguez, J., Bachere, E., 1997. 
Penaeidins, a new familiy of antimicrobial peptides isolated from the 
shrimp Penaeus vannamei (Decapoda). Journal of Biological Chemistry 
272, 28398-28406. 

Destoumieux, D., Saulnier, D., Gamier, l., Jouf'frey, C, Bulet, P., Bachere, E., 
2001. Antifungal peptides are generated from the c terminus of shrimp 
hemocyanin in response to microbial challenge. Journal of Biological 
Chemistry 276,47070-47077. 

Dhar, A.K., Lakshman, D.K., Natarajan, S., Allnut, F., van Beek, N., 2007. 
Functional characterization of putative promoter elements from infectious 
hypodermal and hematopoeitic necrosis virus (IHHNV) in shrimp and in 
insect and fish cell lines .. Virus Research 127, 1-8. 

Oixon, D.R., Pruski, A.M., Dixon, L., Jha, A.N., 2002. Marine invertebrate eco­
genotoxicology: a methodological overview. Mutagenesis 17,495-507. 

Dowty, M.E., Williams, P., Zhang, G., Hagstrom, l.E., Wolff, l.A, 1995. 
Plasmid DNA entry innto postmitotic nuclei of primary rat myotubes. 
Proceedings ofthe National Academy of Sciences USA 92. 

Dreja, H.S., Piechaczyk, M., 2004. Engineering of vesicular stomatitis virus- G 
protein (VSV-G) to retarget recombinant infectious retroviral particles. 
Molecular Therapy 9, 276-277. 

Duangsuwan, P., Phoungpetchara, t, TinikuI, Y, Poljaroen, l., Wanichanon, C., 
Sobhon, P., 2008. Histological and three dimensional organizations of 
lymphoid tubules in normal lymphoid organ of Penaeus monodon. Fish 
and Shellfish Immunology 24, 426-435. 

149 



:R.fferences 

Durand S., L.D.V., Redman R.M., Bonami J.R, 1997. Ultrastructure and 
morphogenesis of white spot syndrome baculovirus (WSSV) .. Diseases 
of Aquatic Organisms 29, 205-211. 

Elenbass, B., Spirio, L., Koerner, F., Fleming, M.D., Zimonjic, D.B., Donaher, 
l.L., Popescu, N.C., Hahn, W.C., Weinberg, R.A., 2001. Human breast 
cancer cells generated by oncogenic transfonnation of primary mammary 
epithelial cells .. Genes and Development 15, 50-65. 

Elliott, W.H., Elliott, D.C., 1997. Biochemistry and Molecular Biology. Oxford 
University Press, New York. 

E11is, L.L., Bishop, S.H., 1989. Isolation of cell lines with limited growth 
potential from marine bivalves. In: Mitsuhashi, J. (Ed.), Invertebrate Cell 
System Applications. CRC Press, Boca Raton, FL, pp. 243-251. 

Ellis, L.L., Brodey, M.M., Bishop, S.H., 1985. Preparation of cells from marine 
molluscs for culture., Techniques in the Life Sciences. CL Elsevier, 
Ireland, pp. 1-15. 

Emmanouil, c., Sheehan, T.M.T., Chipman, lX., 2007. Macromolecule oxidation 
and DNA repair in mussel (Mytilus edulis L.) gill following exposure to Cd 
and Cr(VI). Aquatic Toxicology 82, 27-35. 

Ercal, N., Gurer-Orhan, H., Aykin-Burns, N., 2001. Toxic metals and oxidative 
stress Part I: Mechanisms involved in metal induced oxidative damage. 
Current Topics in Medicinal Chemistry 1,529-539. 

Espericueta, M.G.F., Voltolina, D., Lopez, J.LO, 2001. Acute toxicity of cadmium, 
mercury, and lead to wruteleg shrimp (Litopenaeus vannamei) postlarvae. 
Bulletin of Environmental Contamination and Toxicology 67,580-586. 

Esponda, P., 2005. Transfection of Gametes: A Method to Generate Transgenic 
Animals. International Journal of Morphology 23,281-284. 

Essar D.W., Eberly L., Hadero A., Crawford LP., 1990. Identification and 
characterization of genes for a second anthranilate synthase in Pseudomonas 
aeruginosa: Interchangeability of the two anthranilate synthase and 
evolutionary implications. Journal of Bacteriology 172, 884-900. 

Fagutao, F.F., Yasuike, M., Caipang, C.M., Kondo, H., Hirono, 1., T, Y., Aoki, 
T., 2008. Gene expression profile of hemocytes of kuruma shrimp, 
MarsujJenaeus japonicus following peptidoglycan stimulation. Marine 
Biotechnolo gy 1, 731-740. 

Fairbairn, D.W., Olive, P.L., O'NeiIl, K.L., 1995. The Comet Assay: A 
comprehensive review. Mutation Research 339,37-59. 

150 



'Rsferences 

Fan, T.-J., Wang, X.-F., 2002. In vitro culture of embryonic cells from the 
shrimp, Penaeus chinensis. lounal of Experimental Marine Biology and 
Ecology 267, 175-184. 

FAO FishStatPlus, 2001. Food and Agriculture Organisation of the United Nations. 
Fisheries Department Statistical Database Software, Version 2.30 

FAO, 2006. State of world aquaculture: 2006, FAO Fisheries Technical Paper 
No. 500. Food and Agricultural Organization, Rome. 

FAO, 2009. The state of world fisheries and aquaculture 2008. FAO Fisheries 
and Aquaculture Department, Food and Agriculture Organization of the 
United Nations,Rome 

Felgner, P., Gadek, T., Holm, M., Roman, R., Chan, H.W., Wenz, M., Northrop, 
1.P., Ringold, a.M., Danielsen, M., 1987. Lipofection: A highly efficient, 
lipid mediated DNA-transfection procedure. Proceedings of the National 
Academy of Sciences USA 84, 7413-7417. 

Filosto, S., Roccheri, M.C., Bonaventura, R., Matranga, V., 2008. 
Environmentally relevant cadmium concentrations affect development 
and induce apoptosis of Paracentrotus lividus larvae cultured in vitro. 
Cell Biology and Toxicology 24, 603-610. 

Flegel, T.W., 1997. Special topic review: major viral diseases of the black tiger 
prawn (Penaeus monodon) in Thailand .. World lournal of Microbiology 
and Biotechnology 13,433-442. 

Flegel, T.W., 2006. Detection of major penaeid shrimp viruses in Asia, a historical 
perspective with emphasis on Thailand .. Aquaculture 258, 1-33. 

Frank, U., Rabinowitz, C., Rinkevich, R, 1994. In vitro establishment of 
continuous cell cultures and cells lines from ten colonial cnidarians. 
Marine Biology 120, 491-499. 

Fraser, c.A., Hall, M.R., 1999. Studies on primary cell cultures derived from 
ovarian tissue of Penaeus monodon. Methods in Cell Science 21,213-218. 

Frerichs, O.N., 1996. In vitro culture of embryonic cells from the freshwater 
prawn Macrobrachium rosenbergii. AquacuIture 143,227-232. 

Freshney, R.I., 2000. Culture of animal cells: A manual of basic techniques. 
Wiley-Liss, New York. 

Friesen, P.D., 1997. Regulation of Baculovirus early gene expression. In: Miller, 
L.K. (Ed.), The BacuJoviruses. Plenum Press, New York, pp. 141-170. 

Friesen, P .D., Miller, L.K., 1986. The regulation of baculovirus gene expression. 
Current Topics in Microbiology and Immunology 131, 31-49. 

151 



~ferences 

Gallo, M.A., Lawryk, N.l., 1991. Organic phosphorous pesticides. In: Hayes, 
WJ., Laws, E.R. (Eds.), Handbook of Pesticide Toxicology. Academic 
Press, New York, pp. 5-13. 

Galloway, S.M., Armstrong, M.A., Reuben, C., Colman, S., Brown, B., Cannon, 
I., Ahmed, M., Duk, S., Rimpo, 1., Margolin, B.H., Resnick, M.A., 
Anderson, B., Zeigcr, E., 1987. Chromosome aberrations and sister 
chromatid exchanges in Chinese hamster ovary cells:evaluation of 108 
chemicals. Environmental and Molecular Mutagenesis 10, 1-175. 

Gao, X, Huang, L., 1995. Cationic liposome-mediated gene transfer. Gene 
Therapy 2, 71 0-722 .. 

Garaj-Vrhovac, v., Zeljezic, D., 2000. Evaluation of DNA damage in workers 
occupationally exposed to pesticides using single-cell gel electrophoresis 
(SCGE) assay pesticide genotoxicity revealed by comet assay. Mutation 
Research 462,279-285. 

Gargioni, R., Barracco, M.A., 1998. Hemocytes of the palaemonids 
Macrobrachium rosenbergii and M. acanthurus, and of the penaeid 
Penaeus pau/ensis. Journal of Morphology 236,206-221. 

Ghosh, D., Ray, A.K., Dasmahapatra, A.K., 1995. Primary culture of prawn 
hepatocytes in serum free media. In vitro Cellular and Developmental 
Biology- Animal 31, 811-813. 

Gibson, R., Barker, P.L., 1979. The decapod hepatopancreas. Oceanography and 
Marine Biology, An Annual Review 17,285-346. 

Giri, S., Prasad, S.B., Giri, A., Sharma, G.D., 2002. Genotoxic effects of 
malathion: an organophosphorus insecticide, using three mammalian 
bioassays invivo. Mutation Research/Genetic Toxicology and 
Environmental Mutagenesis 514, 223-231. 

Graham, F.L., van der Eb, A.J., 1973. A new technique for the assay of 
infectivity of human adenovirus 5 DNA. Virology 52, 456-467. 

Gratzner, HJ., 1982. Monoclonal antibody to 5-bromo and 5-iododeoxyuridine: a 
new reagent for the detection of DNA replication. Science 218,474-475. 

Greider, C.W., Blackburn, E.H., 1996. Telomeres, telomerase and cancer. 
Scientific American 274,92-97. 

Gross, P.S., Bartlett, T.c., Browdy, c.L., Chapman, R.W., Warr, G.W., 2001. 
Immune gene discovery by expressed sequence tag analysis of hemocytes 
and hepatopancreas in the Pacific white shrimp, Litopenaeus vannamei, 
and the Atlantic white shrimp, L. setiferus. . Developmental and 
Comparative Immunology 25,565-577. 

152 



<J?gferences 

Guerra, R., Carballada, R., Esponda, P., 2005. Transfection of spermatozoa in 
bivalve molluscs using naked DNA. Cell Biology International 29, 159-
164. 

Hafezparast, M., 2000. Genetic modification. In: Masters, J.R.W. (Ed.), Animal 
Cell culture. Oxford University Press, pp. 235-258. 

Hahn, W.c., Counter, C.M., Lundberg, A.S., Beijersbergen, R.L., Brooks, M.W., 
Weinberg, R.A., 1999. Creation of human tumour cells with defined 
genetic elements .. Nature 4000, 464-468. 

Hall, M.R .. , Young, N., Kenway, M., 1999. Manual for the detennination of egg 
fertility in Penaeus monodon. AIMS. Research. Australia. 

Han, F., Xu, l., Zhang, x., 2007. Characterization of an early gene (wsv477) from 
shrimp white spot syndrome virus (WSSV). Virus Genes 34, 193-198. 

Hao, N.V., Thuy, D.T., Loan, L.T., Phi, T.T., Phuoc, L.H., Duong, H.H., Corsin, 
F., Chanratchakool, P., 1999. Presence of two viral pathogens, WSSV 
andMBV, in three wild shrimp (Penaeus indicus, Metapenaeus chinensis, 
and Metapenaeus lysianassa) cultured in the mangrove forest of Camau 
province. Asian Fisheries Science 12, 309-325. 

Haouem, S., Hmad, N., Najjar, M.F., El Hani, A., Sakly, R., 2007. Accumulation 
of cadmium and its effects on liver and kidney functions in rats given diet 
containing cadmium-polluted radish bulb. Experimental Toxicology and 
Pathology 59, 77-80. 

Hauton, C., Smith, V.J., 2004. In vitro cytotoxicity of crustacean 
immunostimulants for lobster (Homarus gammarus) granulocytes 
demonstrated using the neutral red uptake assay. Fish and Shellfish 
Immunology 17, 65-73. 

Hayflick, L., Moorhead, P.S., 1961. The serial cultivation of human diploid cell 
strains. Cell Research 25,585-621. 

Heldt, c.L., Hemandez, R., Mudiganti, U., Gurgel, P.V., Brown, D.T., 
Carbonell, R.G., 2006. A colorimetric assay for viral agents that produce 
cytopathic effects. Journal of Vir ologica I Methods 135,56-65. 

Honess, R. W., Roizman, 8., 1974. Regulation of herpesvirus macromolecular 
synthesis: 1. Cascade regulation of the synthesis of three groups of viral 
proteins. 10urnal of Virology 14, 8-19. 

Hook, S.E., Lee, R.F., 2004. Interactive effects of UV, benzo[a] pyrene, and 
cadmium on DNA damage and repair in embryos of the grass shrimp 
Paleomonetes pugio. Marine Environmental Research 58, 735-739. 

153 



:I?!ferences 

Hose, J.E., Martin, G.G., Tiu, S., McKrell, N., 1992. Patterns of hemocyte 
production and release throughout the moult cycle in the penaeid shrimp 
Sicyonia ingentis . . Biological Bulletin 183, 185-189. 

Hossain, M.S., Khadijah, S., Kwang, J., 2004. Characterization of ORF89 - A 
latency-related gene of white spot syndrome virus. Virology 325, 106-115. 

Hsu, Y.-L., Yang, Y.-H., Chen, Y.-c., Tung, M.-C., Wu, l-L., Engelking, M.-H., 
lC., L., 1995. Development of an in vitro subculture system for the oka 
organ (Lymphoid tissue) of Penaeus monodon. Aquaculture 136,43-45. 

Hu, G.-b., Wang, D., Wang, C.-h., Yang, K.-f., 2008. A novel immortalization 
vector for the establishment of penaeid shrimp cell lines. In Vitro Cellular 
and Developmental Biology-Animal 44, 51-56. 

Huang, c.c., Sritunyalucksana, K., SOderhiill, K., Song, Y.L., 2004. Molecular 
cloning and characterization of tiger shrimp (Penaeus monodon) 
transglutaminase. Developmental and Comparative Immunology 28,279-294. 

Huang, J., Song, x.-L., Yu, J., Zhang, L.-J., 1999. The components of an 
inorganic physiological buffer for Penaeus chinensis. Methods in Cell 
Science 21, 225-230. 

Han, M., Contini, H., Carmeli, S., Rinkevich, 8., 1996. Progress towards cell 
cultures from a marine sponge that produces bioactive compounds. 
Journal of Marine Biotechnology 4, 145-149. 

Itami, T., Aoki, Y., Hayashi, K.I., Yu, Y., 1989. In vitro maintenance of cells of 
lymphoid organ in Kuruma shrimp Penaeus japonicus. Nippon Sui san 
Gakaishi. Bulletin of Japanese Soceity for Science and Fisheries. 55, 2205. 

Itami, T., Maeda, M., Kondo, M., Takahashi, Y, 1999. Primary cu1ture of 
lymphoid organ cells and hemocytes of kuruma shrimp, Penaeus 
japoniclls. Methods in Cell Science 21,237-244. 

Jamil, K., Shaik, A.P., Mahboob, M., Krishna, D., 2005. Effect of 
organophosphorus and organochlorine pesticides (monochrotophos, 
chlorpyriphos, dimethoate, and endosulfan) on human lymphocytes in 
vitro. Drug and Chemical Toxicology 27, 133-144. 

Jayaprakash, N.S., 2005. Antibody based diagnostics for detection ofvibrios and 
their biological control using antagonistic bacteria in Macrobrachium 
rosenbergii larval rearing system. Ph. D Thesis, Cochin University of 
Science and Technology, Kerala, India. 

Jensen, O.N., Houthaeve, T., Shevchenko, A., Cudmore, A., Ashford, T., Mann, 
T.M., Griffiths, G., Krijnse Locker, J., 1996. Identification of the major 
membrane and core proteins of vaccinia virus by two-dimensional 
electrophoresis. Journal of Virology 70, 7485-7497. 

154 



tJ?!ferences 

Jha, AN., 2004. Genotoxicological studies in aquatic organisms: An overview. 
Mutation Research 552, 1-17. 

Jiang, Y.-S., Zhan, W.-B., Wang, S.-B., Xing, l., 2005. Development of 
primary shrimp hemocyte cultures of Penaeus chinensis to study 
white spot syndrome virus (WSSV) infection. Aquaculture 253, 
114-119. 

Jiravanichpaisal, P., Puanglarp, N., Petkon, S., Donnuea, S., Soderhall, I., 
Soderhall, K., 2007. Expression of immune-related genes in larval stages 
of the giant tiger shrimp, Penaeus monodon. Fish and Shellfish 
Immunology 23, 815-824. 

Jiravanichpaisal, P., Soderhall, K., Soderhall, 1., 2006. Characterisation of white 
spot syndrome virus replication in in vitro- cultured haematopoietic stem 
cells of freshwater crayfish, Pacifastacus leniusculus. Journal of General 
Virology 87,847-854. 

Johansson, M.W., 1999. Cell adhesion molecules in invertebrate immunity. 
Developmental and Comparative Immunology 23,303-315. 

Johansson, M. W., Soderhall, K., 1989. Cellular immunity in crustaceans and the 
proPO system. Parasitology Today 5,171-176. 

Johansson, M.W., S6derhalI, K., 1992. Cellular defence and cell adhesion in 
crustaceans. Animal Biology 1, 97-107. 

lohnson, P.T., 1980. Histology of the blue crab, Callinectes sapidus. A model for 
the Decapoda. gPraeger, New York, 440 pp. 

Kalagayan, H., Godin, D., Kanna, R., Hagino, G., Sweeney, J., Wyban, l., 
Brock, J., 1991. IHHN virus as an etiological factor in runt-deformity 
syndrome of juvenile in Penaeus vannamei cultured in Hawaii. Journal of 
World Aquaculture Society 22,235-243. 

Kang, 1.H., Yoshizaki, G., Homma, 0., Striissmann, C.A, Takashima, F., 1999. 
Effect of an osmotic differential on the efficiency of gene transfer by 
electroporation of fish spermatozoa. Aquaculture 173297-307. 

Kasomchandra, J., BoonyaratpaIin, S., 1998. Primary shrimp cell culture: 
Applications for studying white spot syndrome virus (WSSV). In: Flegel, 
T.W. (Ed.), Advances in shrimp biotechnology. National Center for 
genetic Engineering and BiotechnologYl Bangkok. 

Kasomchandra, J., Khongpradit, R., Ekpanithanpong, U., Boonyaratpalin, S., 
1999. Progress in the development of shrimp cell cultures in Thailand. 
Methods in Cell Science 21,231-235. 

155 



'Rgferences 

Kerper, L.E., Ballatori, N., Clarkson, T.W., 1992. Methyl Hg transport across the 
blood-brain barrier by an amino acid carrier. American Journal of 
Physiology 262, R761-R765. 

Kesseler, A., Brand, M.D., 1994. Localisation of the sites of action of cadmium on 
oxidative phosphorylation in potato tuber mitochondria using top-down 
elasticity analysis. European Journal of Biochemistry 225,897-906. 

Khadijah, S., Neo, S.y', Hossain, M.S., Miller, L.D., Matharan, S., Kwang, J., 
2003. Identification of white spot syndrome virus latency-relatedvenes in 
specific-pathogen-free shrimps by use of a microarray .. Journal of 
Virology 77, 10162-10167. 

Khayat, M., Funkenstein, B., Tietz, A., Lubzen, E., 1995. In vivo, in vitro and 
cell free synthesis ofhemocyanin in the shrimp Penaeus semisulcatus (de 
Haan). Comparative Biochemistry and Physiology B 112, 31-38. 

Khoo, H.W., Ang, L.H., Lim, H.B., Wong, K.Y., 1992. Sperm cells as vectors 
for introducing foreign DNA into zebrafish. Aquaculture 107, 1-19. 

Kim, O.B., Lee, R.F., 2004. Effects of genotoxic compounds on DNA and 
development of early and late grass shrimp embryo stages. Marine 
Environmental Research 57, 329-338. 

Kleve, M.G., Yudin, A.l., Cl ark, W.HJ., 1980. Fine structure of the unistellate sperm 
of the shrimp, Sicyonia ingentis (Natantia). Tissue and Cell 12, 29 - 45. 

Kucherlapati, R., Skoultchi, A., 1984. Introduction of purified genes into 
mammalian cells. CRC Critical Reviews in Biochemistry 16, 349-379. 

Kumar, G.S., Singh, LS.B., Phi lip, R., 2001. A cell culture system from the eye 
stalk of Penaeus indicus. In: Linder- Olsson, E. et al. (Ed.), Animal Cell 
Technology: From Target to Market. Kluwer Academic Publishers, 
Netherlands, pp. 261-265. 

Kumar, V.J.R., Achuthan, C., Manju, N.J., PhiIip, R., Bright Singh, I.S., 2009. 
Activated packed bed bioreactor for rapid nitrification in brackish water 
hatchery systems. Journal of Industrial Microbiology and Biotechnology 
36: 355-365. 

Kuznetsov, A.V., Pirkova, A.V., Dvoryanchikov, G.A., Panfertsev, E.A., 
Gavryushkin, A.V., Kuznetsova, LV., Erokhin, V.E., 2001. Study on the 
transfer of foreign gens into mussel Mytillus galloprovincials Lam. eggs 
by spermatozoa. Journal of Developmental Biology 32, 254-262. 

Lang, G.-h., Wang, Y., Wang, M., Chen, x.-g., 2001. The long-term primary culture 
of Penaeus chinensis lymphoid tissue and a primary study of its chemical 
transformation. Journal of ocean university of China, Qingdao 31, 411-414. 

156 



'li.gferences 

Lang, G.-h., Nomura, N., Wang, B.-Z., Matsumura, M., 2002. Penaeid (Penaeus 
japonicus) lymphoid cells replicate by cell division in vitro. In Vitro 
Cellular and Developmental Biology- Animal 38, 142-145. 

Lang, G.-h., Wang, Y., Nomura, N., Matsumura, M., 2004a
. Detection of 

telomerase activity in tissues and primary cultured lymphoid cells of 
Penaeus japonicus. Marine Biotechnology 6,347-354. 

Lang, G.-h., Wang, Y., Nomura, N., Matsumura, M., 2004b
• Replication of white 

spot syndrome virus in ovarian primary cultures from the kuruma shrimp, 
Marsupenaeusjaponicus. 10unal of Vir ologica 1 Methods 116,89-94. 

Lavitrano, M.L., Camaioni, A, Fazio, V.M., Dolci, S., Farace, M.G., Spadafora, 
c., 1989. Sperm cells as vectors for introducing foreign DNA into eggs: 
genetic transformation in mice. Cell Biology International 57, 717-723. 

Lee, K.M., Choi, K.H., Ouellette, M.M., 2004. Use of exogenous hTERT to 
immortalize primary human cells. Cytotechnology 45, 33-38. 

Lee, R., Kim, G.B., 2002. Cornet assays to assess DNA damage and repair in 
grass shrimp embryos exposed to phototoxicants. Marine Environmental 
Research 54, 465-469. 

Lee, R.F., Kim, G.B., Maruya, K.A, Steinert, S.A, Oshima, Y., 2000. DNA 
strand breaks (comet assay) and embryo development effects in grass 
shrimp (Palaemonetes pugio) embryos after exposure to genotoxicants. 
Marine Environmental Research 50,553-557. 

Lee, R.F., Niencheski, L.F.H., Brinkley, K, 2008. DNA strand breaks in grass 
shrimp embryos exposed to highway runoff sediments and sediments 
with coal fly ash. Marine Environmental Research 66, 164-165. 

Lee, R.F., Steinert, S., 2003. Use of the single cell gel electrophoresis/ Comet 
Assay for detecting DNA damage in aquatic (marine and freshwater) 
animals. Mutation Research 544, 43-64. 

Lee, R.F., Steinert, S.A., Nakayama, K., Oshima, Y., 1999. Use of DNA damage 
(comet assay) and embryo development defects to assess contaminant 
exposure by blue crab (c. sapidus) embryos. In: Henshel, D.S., Black, 
M.C., Harass, M. (Eds.), Environmental Toxicology and Risk 
Assessment: Standardization of Biomarkers for Endocrine Disruption and 
Environmental Assessment. American Society for Testing and Materials, 
West Conshohocken, P A. 

Lee, S.Y., Lee, B.L., Soderhall, K., 2003. Processing of an antibacterial peptide 
from hemocyanin of the fresh water cray fish Pacifastacus leniusculus. 
Journal of Biological Chemistry 278, 7927-7933. 

157 



'Rsferences 

Lehnert, S., Johnson, S., 2002. Expression of hemocyanin and digestive enzyme 
messenger ranks in the hepatopancreas of the Black Tiger Shrimp 
Penaeus monodon. loumal of Comparative Biochemistry and Physiology 
B 133, 163-171. 

Leiss, J.K., Savitz, D.A., 1995. Home pesticide use and childhood cancer: a case­
control study. American Journal of Public Health 85, 249-252. 

Leu, J.-H., Tsai, l.-M., Lo, e.-F., 2008. White spot syndrome virus, in: Mahy, 
B.WJ., van Regenmortel, M.V.H. (Eds.), Encyclopedia of virology. 
Elsevier, pp. 450-459. 

Levi, R., Beeor-Tzahar, T., Amon, R., 1995. Microculture virus titration- a 
simple colourimetric assay for influenza virus titration. Journal of 
Virological Methods 52, 55-64. 

Levine, A.J., 1997. p53, the cellular gatekeeper for growth and division. Cell 
883, 323-331. 

Li, C., Shields, l.D., 2007. Primary cultures of hemocytes from the Carribean 
spiny lobster, Panulirus argus, and their susceptibility to Panulirlts argus 
Virus 1 (PaVl). Journal ofInvertebrate Pathology 94, 48-55. 

Li, D.F., Zhang, M.C., Yang, H.J., Zhu, YR, Xu, x., 2007. 13- integrin mediates 
WSSV infection. Virology 368, 122-132. 

Lightner, D.V., 1996. A handbook of pathology and diagnostic procedures for 
diseases of penaeid shrimp. World Aquacu1ture Soceity, Baton Rouge, 
Louisiana. 

Lightner, D.V., Redman, R.M., Bell, T.A., 1983. Infectious hypodennal and 
hematopoietic necrosis, a newly recognized virus disease of penaeid 
shrimp. Journal of Invertebrate Pathology, 62-70. 

Lightner, D.V., Redman, R.M., Poulos, RT., Nuan, L.M., Mari, l.L., Hasson, 
K.W., 1996. Risk of spread of pe ne id shrimp viruses in the Americas by 
the international movement of live and frozen shrimp. Rev. Sci. Tech. 
Off. Int. Epiz 16, 146-160. 

Lin, ye., Vaseeharan, B., Ko, e.F., Chiou, T.T., Chen, l.C., 2007. Molecular 
cloning and characterization of a proteinase inhibitor, alpha2-
macroglobulin (a2-M) from the haemocytes of tiger shrimp Penaeus 
monodon. Molecular Immunology 44, 1065-1074. 

Lin, A., Zhang, X., Chen, M., Cao, Q., 2007b
• Oxidative stress and DNA 

damages induced by cadmium accumulation. Journal of Environmental 
Science (China) 19, 596-602. 

158 



:Rgferenas 

Liu, WJ., Chang, Y.S., Wang, C.H., Kou, G.H., Lo, C.F., 2005. Microarray and 
RT-PCR screening for white spot syndrome virus immediate-early genes 
in cycloheximide-treated shrimp .. Virology 334,327-341. 

Lo, C.F., Ho, C.H., Peng, S.E., Chen, c.H., Hsu, H.E., Chiu, Y.L., Chang, C.F., 
Liu, K.F., Su, M.S., Wang, C.H., Kou, G.H., 1996. White spot syndrome 
associated virus (WSBV) detected in cultured and captured shrimp, crabs 
and other arthropods. Diseases of Aquatic 

Lu, Y., Sun, P.S., 2005. Viral resistance in shrimp that express an antisense 
Taura syndrome virus coat protein gene. Antiviral Research 67, 141-146. 

Lu, Y., Tapay, L.M., Loh, P.C., Brock, lA., Gose, R., 1995. Development of a 
quantal assay in primary shrimp cell culture for yellow head baculovirus 
(YBV) ofpenaeid shrimp. Journal of Vir ologica I Methods 52, 231-236. 

Luedeman, R.A., Lightner, D. V., 1992. Development of an in vitro primary cell 
culture system from the penaeid shrimp, Penaeus stylirostris and 
Penaeus vannamei. Aquaculture 101,205-211. 

Lycons- Alcantara, M., Lambkin, H.A., Mothersill, C., 1999. Antigenic 
characterisation of Nephrops nOn'egiclts (L.) hepatopancreas cells. Cell 
Biochemistry and Function 17, 157-164. 

Lycons- A1cantara, M., Lambkin, H.A., Nordmo, K, Lyng, F., Mothersill, c., 
2002. Cross reactivity of some antibodies to human epitopes with shrimp 
Pandalus borealis proteins: a possible aid in validation and 
characterisation of crustacean cells in vitro. Cell Biochemistry and 
Function 20,247-256. 

Lynn, D.E., 1999. Development of insect cell lines. Methods in Cell Science 21, 
173-181. 

MacGowan, A., Rogers, C., Bowker, K., 2001. In vitro models, in vivo models, 
and pharmacokinetics: what can we learn from in vitro models? Clinical 
and infectious Diseases 33, (SuppI3): S214-S220. 

Machii, A., Wada, K.T., Awaji, M., Nakamura, H.K., Towns]ey, S.l., 1988. 
Some characters of cells of the midgut gland and chytrids from primary 
cultures of the prawn Penaeus japonicus. In: Kuroda, Y., Kurstak, E., 
Maramorosch, K. (Eds.). Japan Scientific Soceities Press, Springer 
Verlag, pp. 11-14. 

Maeda, M., Mizuki, E., Itami, T., Ohba, M., 2003. Ovarian primary culture of the 
kuruma shrimp Marsupenaeus japonicus. In vitro Cellular and 
Developmental Biology- Animal 39, 208-212. 

159 



'1?gferences 

Maeda, M., Saitoh, H., Mizuki, E., Itami, T., Ohba, M., 2004. Replication of white 
spot syndrome virus in ovarian primary cultures from the kuruma shrimp, 
Marsupenaeusjaponicus. Journal of Vi rologica 1 Methods 116,89-94. 

Mamoyama, K., Hiraoka, M., Nakona, H., Koube, H., Inouye, K., Oseko, N., 
1994. Mass mortalities of cultured kumura shrimp, Penaeus japonicus in 
Japan in 1993: A histopathological study. Fish Pathology 29141-148. 

Marks, H., Mennens, M., Vlak, J., Van Hulten, M.C., 2003. Transcriptional 
analysis of the white spot syndrome virus major virion protein genes. 
Journal of General Virology 84,1517-1523. 

Martin, G.G., Hose, lE., Kim, J.1., 1987. Structure ofhematopoietic nodule~ in 
the ridgeback prawn, Sicyonia ingentis: light and electron microscopic 
observations. Journal of Morphology 192, 193-204. 

Mastromarino, P., Conti, C., Goldani, P., Hauttecoeur, B., Orsi, N., 1987. 
Characterization of membrane components of the erythrocyte involved in 
VSV attachment and fusion at acidic pH. Journal of General Virology 68, 
2359-2369. 

Mayo, M.A., 2002. A summary of taxonomic changes recently approved by 
ICTV. Archives of Virology 147, 1655-1656. 

Miyamae, Y., lwasaki, K., Kinae, N., Tsuda, S., Murakami, M., Tanaka, M., 
Sasaki, Y.F., 1997. Detection of DNA lesions induced by chemical 
mutagens using the single-cell gel electrophoresis. (Comet) assay. 2. 
Relationship between DNA migration and alkaline condition. Mutation 
Research 393, 107-113. 

Mizuarai, S., Ono, K., Yamaguchi, K., Nishijima, K., Kamihira, M., Iijima, S., 
2001. Production of transgenic quails with high frequency of germ-Line 
transmission using VSV-G pseudotyped retroviral vector. Biochemical 
and Biophysical Research Communications 286, 456-463. 

Mosmann, T., 1983. Rapid colorimetric assay for cellular growth and survival: 
application to proliferation and cytotoxicity assays. Journal of 
Immunological Methods 65, 55-63. 

Mouchet, F., Baudrimont, M., Gonzalez, P., Cuenot, Y., Bourdineaud, J.P., 
Boudou, A., Gauthier, L., 2006. Genotoxic and stress inductive potential 
of cadmium in Xenopus laevis larvae. Aquatic Toxicology 78, 157-166. 

Mouchet, F., Gauthier, L., Baudrimont, M., Gonzalez, P., Mailhes, c., Ferrier, 
V., Devaux, A., 2007. Comparative evaluation of the toxicity and 
genotoxicity of cadmium in amphibian larvae (Xenopus laevis and 
Pleurodeles wait!) using the comet assay and the micronucleus test. 
Environmental Toxicology 22,422-435. 

160 



'R.f.ferences 

Mulford, A.L., Austin, B., 1998. Development of primary cell cultures from 
Nephrops norvegicus. Methods in Cell Science 19,269-275. 

Mulford, A.L., Lyng, F., MothersilI, C., Austin, B., 2001. Development and 
characterisation of primary cell cultures from the hematopoietic tissues of 
the Dublin Bay prawn, Nephrops norvegicus. Methods in Cell Science 
22, 265-275. 

Nadala, E.C., Lu, Y., Loh, P.C., 1993. Primary cultures of lymphoid, nerve and 
ovary cells from Penaeus stylirostris, and Penaeus vannamei. In Vitro 
Cellular and Developmental Biology- Animal 29A, 620-622. 

Nag, M., Nandi, N., 1991. Effect of three organophosphates on respiration in rat 
brain and liver tissue. Bioscience Reports 11, 7-10. 

National Toxicology Program. 1991. Toxicology and carcinogenesis studies of 
mercuric chloride in F344 rats and B6C3Fl mice (gavage studies). 
Bethseda, MD: U.S. Department of Health and Human Services, Public 
Health Service, National Institutes of Health. 

Nepomuceno, J.c., Ferrari, I., Spano, M.A., Centeno, A.l., 1997. Detection of 
micronuclei in peripheral erythrocytes of Cyprinus carpio exposed to 
metallic mercury. Environmental and Molecular Mutagenesis 30, 293-297. 

O'Brien, V., 1998. Viruses and apoptosis. Journal of General Virology 798, 
1833-1845. 

Oka, M., 1969. Studies on Penaeus orientolis Kishinouye-VIII. Structure of the 
newly found lymphoid organ. . Bulletin of the Japanese Society of 
Scientific Fisheries 35, 245-250. 

Okano, K., Mikhailov, V., Maeda, S., 1999. Colocalization of Baculovirus IE-l 
and Two DNA-Binding Proteins, DBP and LEF-3, to Viral Replication 
Factories. Journal of Virology 73, 110-119. 

Olovnikov, A.M., 1973. A theory of marginotomy. The incomplete copying 
of template margin in enzymic synthesis of polynucIeotides and 
biological significance of the phenomenon. Journal of Theoretical 
Biology 41, 181-190. 

Owens, L., Smith, J., 1999. Early attempts at production of prawn cell lines. 
Methods in Cell Science 21,207-211. 

Pati!, J.O., Khoo, H.W., 1996. Nuclear internalization of foreign DNA by 
zebrafish spermatozoa and its enhancement by electroporation. Journal of 
Experimental Zoology 274, 121-129. 

161 



'1?g.ferences 

Pereira, C.S.A., Guilherme, S.LA.G., Barroso, C.M.M., Verschaeve, L., Pacheco, 
M.G.G., Mendo, S.A.L.V., 2009. Evaluation of DNA Damage Induced 
by Environmental Exposure to Mercury in Liza aurata Using the Comet 
Assay. Archives of Environmental Contamination and Toxicology. 

Perry, D.M., Weis, J.S., Weis, P., 1988. Cytogenetic effects of methyl mercury in 
embryos of the killifish, Fundulus heteroclitus. Environmental 
Contamination and Toxicology 17, 569-574. 

Pimentel, D., Greiner, A., Bashore, T., 1998. Economic and environmental costs 
of pesticide use. In: Rose, J. (Ed.), Environmental Toxicology: Current 
Developments. Gordon and Breach Sci~nce Publishers, UK, pp. 121-187. 

Pompella, A., Visvikis, A., Paolicchi, A., DeTata, V., Casini, A.F., 2003. The 
changing faces of glutathione, a cellular protagonist. Biochemical 
Pharmacology 66, 1499-1503. 

Pongtippatee, P., Vanichviriyakit, R., Chavadej, J., Plodpai, P., Pratoomchart, B., 
Sobhon, P., Withyachumnarnkul, B., 2007. Acrosome reaction in the 
sperm of the black tiger shrimp Penaeus monodon (Decapoda, 
Penaeidae). Aquaculture Research 38, 1635-1644. 

Poovala, V.S., Kanji, V.K., Tachikawa, H., Salahudeen, A.K., 1998. Role of 
oxidant stress and antioxidant protection in Acephate induced renal 
tubular cytotoxicity. Toxicological Sciences 46, 403-409. 

Pope, C.N., Liu, J., Karanth, S., 2005. Pharmacology and toxicology of 
cholinesterase inhibitors: uses and misuses of a common mechanism of 
action. Environmental Toxicology and Phannacology 19,433-446. 

Porter, D., 1990. Phylum Labryinthulomycota. In: Margulis, L., Corliss, lO., 
Melkonian, M., Chapman, D.J. (Eds.), Handbood of Protoctista. Jones 
and Bartlett, Boston, pp. 388-398. 

Prajneshu, S.C., 2002. Modelling and forecasting country's pesticide 
consumption data using ARIMA time-series approach. Annals in 
Agricultural Research 23, 719-722. 

Preetha, R., Jose, S., Prathapan, S., Vijayan, K.K., Jayaprakash, N.S., Philip, R., 
Singh, LS.B., 2009. An inhibitory compound produced by Pseudomonas 
with effectiveness on Vibrio harveyi. Aquaculture Research (In Press). 

Preston, N.P., Leopold, R., Henderling, J., Atkinson, P.W., Baule, Y.J., 2000. 
Delivery of DNA to early embryos of the prawn, Penaeus japonicus .. 
Aquaculture 181,225-234. 

Primavera, lH., 1990. External and internal anatomy of adult penaeid 
prawns/shrimps. SEAFDEC,Aquaculture Department, The Philippines, 
Poster. 

162 



'Rgferences 

Primavera, J.H., Quinitio, E.T., 2000. Runt-deformity syndrome in cultures of 
the giant tiger prawn Penaeus monodon. Journal of Crustacean Biology 
20, 796-802. 

Pruski, A.M., Dixon, D.R., 2002. Effects of cadmium on nuclear integrity and 
DNA repair efficiency in the gill cells of Mytilus edulis L. Aquatic 
toxicology 57, 127-137. 

Pulido, M.D., Parrish, A.R., 2003. Metal-induced apoptosis: mechanisms. 
Mutation Research 533, 227-241. 

Que, X., Kim, D., Alagon, A., Hirata, K., Shike, H., Schimizu, c., Gonzalez, A., 
Bums, J.c., Reed, S.L., 1999. Pantropic retroviral vectors mediate gene 
transfer and expression in Entamoeba histolytica. Molecular 
Biochemistry and Parasitology 99,237-245. 

Radna, R.L., Caton, Y., Jha, K.K., Kaplan, P., Li, G., Traganos, F., Ozer, H.L., 
1989. Growth of immortal simian virus 40tsA- transformed human 
fibroblasts is temperature dependant. Molecular Cell Biology 9,3093-3096. 

Raghukumar, S., 1992. Bacterivory: a novel dual role for thraustochytrids in the 
sea. Marine Biology 113, 165-169. 

Raghukumar, S., Schaumann, K., 1993. An epifluorescence microscopy method 
for direct detection and enumeration of the funglike marine protists, the 
thraustochytrids. Limnology and Oceanography 38, 182-187. 

Rainbow, P.S., Black, W.H., 2005. Cadmium, zinc and the uptake of calcium by 
two crabs, Carcinus maenas and Eriocheir sinensis. Aquatic Toxicology 
72,45-65. 

Rank, J., Jensen, K., Jespersen, P.H., 2005. Monitoring DNA damage in 
indigenous blue mussels (Mytilus edulis) sampled from coastal sites in 
Denmark. Bulletin of the Veterinary Institute in Pulawy 46, 127-137. 

Ratcliffe, N.A., Rowley, A.F., Fitzgerald, S.W., Rhodes, c.P., 1985. Invertebrate 
immunity: basic concepts and recent advances. International Review of 
Cytology 97, 183-350. 

Ratner, L., Josephs, S.F., Wong-Staal, F., 1985. Oncogenes: their role in 
neoplastic transformation. Annual Reviews in Microbiology 39, 419-449. 

Rattanachai, A., Hirono, 1., Ohira, T., Takahashi, Y, Aoki, T., 2004. Cloning of 
kuruma prawn, Marsupenaeus japonicus crustin-like peptide cDNA and 
analysis of its expression. Fisheries Science 70, 765-771. 

Relf, J.M., Chisholm, J.R., Kemp, G.D., Smith, V.J., 1999. Purification and 
characterization of a cysteine-rich 11.5 kDa antibacterial protein from the 
granular haemocytes of the shore crab, Carcinus maenas. European 
Journal of Biochemistry 264,350-357. 

163 



'l\f.ferences 

Reyes, lG.G., Leyva, N.R., Millan, O.A, Lazcano, G.A, 2002. Effects of pesticides 
on DNA and protein of shrimp larvae Litopenaeus stylirostris ofthe California 
GulfEcotoxicology and Environmental Safety 53, 191-195. 

Rinkevich, B., 1999. Cell cultures from marine invertebrates: obstacles, new 
approaches and recent improvements. Journal of Biotechnology 70, 133-173. 

Rinkevich, B., 2005. Marine invertebrate cell cultures: New millennium trends. 
Marine Biotechnology 7, 429-439. 

Rinkevich, B., Rabinowitz, C., 1993. In vitro culture of blood cells from the 
colonial protochordate Botryllus schlosseri. In Vitro Cell and 
Developmental Biology 29A, 79-85. 

Rinkevich, B., Rabinowitz, C., 1994. Acquiring embryo derived cell cultures and 
aseptic metamorphosis of larvae from the colonial protochordate Botryllus 
scholosseri. Invertebrate Reproduction and Development 25, 59-72. 

Rinkevich, B., Rabinowitz, C., 1997. Initiation of epithelial cell cultures from 
palleal buds of Botryllus scholosseri, a colonial tunicate. In Vitro Cell 
and Developmental Biology 33A, 422-424. 

Rios, M., Barros, C., 1997. Trypsin-like enzymes during fertilization in the 
shrimp Rhynchocinetes typus. Molecular Reproduction and Development 
46, 581 - 586. 

Robins, D.M., Ripley, S., Henderson, AS., Axel, R., 1981. Transforming DNA 
integrates into the host chromosome. Cell 23, 29-39. 

Roccheri, M.C., AgneIlo, M., Bonaventura, R., Matranga, V., 2004. Cadmium 
induces the expression of specific stress proteins in sea urchin embryos. 
Biochemical and Biophysical Research Communications 321, 80-87. 

Roesijadi, G., Hansen, K.M., Unger, M.E., 1996. Cadmium-induced 
metal1othionein expression during embryonic and early larval 
development of the mollusc Crassostrea virginica. Toxicology and 
Applied Pharmacology 140, 356-363. 

Roper, K.G., Owens, L., West, L., 2001. The media used in primary cell cultures 
of prawn tissues: a review and a comparative study. Asian Fisheries 
Sciences 14,61-75. 

Rydberg, B., 1975. The rate of strand separation in alkali of DNA of irradiated 
mammalian cells. Radiation Research 61, 274-285. 

Sager, R., 1992. Tumor suppressor genes in the cell cycle. Current Opinions in 
Cell Biology 42, 155-160. 

164 



1(gferences 

Saito, H., Hammond, A.T., Moses, R.E., 1995. The effect oflow oxygen tension 
on the in vitro-replicative life span of human diploid fibroblast cells and 
their transformed derivatives .. Experimental Cell Research 217,272-279. 

Sano, T., 1998. A novel tissue organized in the primary hemolymph culture of 
Penaeus japonicus Bate. Aquaculture 164, 289-296. 

Sarmasik, A., Chun, C.Z., Jang, I.K., Lu, J.K., Chen, T.T., 2001. Production of 
transgenic live-bearing fish and crustaceans with replication defective 
pantropic retroviral vectors. Marine Biotechnology 3, 177- 184. 

Sasaki, M., Honda, T., Yarnada, H., Wake, N., Barrett, J.c., 1994. Evidence for 
multiple pathways to cellular senescence. Cancer Research 5423, 6090-6093. 

Schmid, K., Sassen, A., Staudenmaier, R., Kroemer, S., Reichl, F.X., Harreus, 
U., Hagen, R., Kleinsasser, N., 2007. Mercuric dichloride induces DNA 
damage in human salivary gland tissue cells and lymphocytes. Archives 
of Toxicology 81, 759-767. 

Schroder, H.C., Di Bella, G., Janipou, N., Bonaventura, R., Russo, R., Miiller, 
W.E.G., Matranga, V., 2005. DNA damage and developmental defects 
after exposure to UV and heavy metals in sea urchin cells and embryos 
compared to other invertebrates. Progress in Molecular and Subcellular 
Biology 39, 111-137. 

Schroder, H.C., Hassanein, H.M.A., Lauenroth, S., Koziol, c., A, M.T.A., 
Lacorn, M., Steinhart, H., Batel, R., Miiller, W.E.G., 1999. Induction of 
DNA strand breaks and expression of HSP70 and GRP78 homolog by 
cadmium in the marine sponge Suberites domuncula. Archives of 
Environmental Contamination and Toxicology 36,47-55. 

Sequeira, T., Tavares, D., Arala-Chaves, M., 1996. Evidence for circulating 
hemocyte proliferation in the shrimp Penaeus japonicus. Developmental 
and Comparative Immunology 20,97-104. 

Serrano, M., W, L.A., McCurrach, M.E., Beach, D., Lowe, S.W., 1997. 
Oncogenic ras provokes premature cell senescence associated with 
accumulation ofp53 and p16INK4a. Cell 88, 593-602. 

Shay, J.W., Der Haegen, B.A., Ying, Y., Wright, W.E., 1993. The frequency of 
immortalization of human fibroblasts and mammary epithelial cells 
transfected with sv40 large t-antigen. Experimental Cell Research 209, 45-52. 

Shay, J.W., Wright, W.E., ] 989. Quantitation of the frequency of 
immortalization of normal diploid fibroblasts by SV 40 large T antigen. 
Experimental Cell Research 1874, 109-118. 

Shay, J.W., Wright, W.E., 1996. Telomerase activity in human cancer. Current 
Opinion in Oncology 8, 66-71. 

165 



'R,gferenas 

Shike, H., Shimizu, c., Klimpel, K.S., Bums, J.C., 2000a
. Expression of foreign 

genes in primary cultured cells of the blue shrimp Penaeus stylirostris. 
Marine Biology 137,605-611. 

Shike, H., Dhar, A.K., Burns, lC., Shimizu, c., Jousset, F.X., Klimpe1, K.R., 
Bergoin, M., 2000b. Infectious hypodermal and hematopoeitic necrosis virus 
of shrimp is related to mosquito brevidensoviruses .. Virology 277, 167-177. 

Shimizu, C., Shike, H., Klimpel, K.R., Bums, J .C., 2001. Hemolymph analysis 
and evaluation of newly formulated media for culture of shrimp cells 
(Penaeus stylirostris). In vitro Cellular and Developmental Biology­
Animal 37,322-329. 

Shimizu, M., Hochadel, l.F., Waalkes, M.P., 1997. Effects of glutathione 
depletion on cadmium-induced metallothionein synthesis, cytotoxicity, 
and proto-oncogene expression in cultured rat myoblasts. Journal of 
Toxicology and Environmental Health 51, 609-621. 

Shugart, L., Bickharn, l., Jackim, G., McMahon, G., Ridley, W., Stein, l., 
Steinert, S., 1992. DNA alterations. In: Huggett, RJ., Kimerle, R.A., 
Mehrle Jr, P .M., Bergrnan, H.L. (Eds.), Biomarkers: Biochemical, 
Physiological, and Histological Markers of Anthropogenic Stress. Lewis 
Publishers, Boca Raton, FL, pp. 125-153. 

Shugart, L.R., 1990. Biological monitoring: Testing for genotoxicity. In: 
McCarthy, J.F., Shugart, L.R. (Eds.), Biological Markers of 
Environmental Contaminants. Lewis Publishers, Inc., Boca Raton. 

Shugart, L.R., 1994. Genotoxic responses in blood. In: Fossi, M.C., Leonzio, C. 
(Eds.), Nondestructive Biomarkers in Veretebrates. Lewis Publishers, 
Inc., Boca Raton, pp. 131-145. 

Shugart, L.R., 1995. Biomarkers of DNA damage. In: de Serres, F.J., Bloom, 
A.D. (Eds.), Ecotoxicity and Human Health. Lewis Publishers, Inc., Boca 
Raton, pp. 123-141. 

Shugart, L.R., 1998. Structural damage to DNA in response to toxicant 
exposure. In: Forbes, V.E. (Ed.), Genetics and Ecotoxicology. Taylor & 
Francis, Philadelphia, pp. 151-168. 

Shugart, L.R., 2000. DNA damage as a biomarker of exposure. Ecotoxicology 9, 
329-340. 

Shugart, L.R., Bickham, l., Jackim, E., McMahon, G., Ridley, W.P., Stein, J.E., 
Steinert, S.A., 1992. DNA alterations. In: Huggett, R.J., Kimerle, R.A., 
Mehr[e, P.M., Bergrnan, H.L. (Eds.), Biomarkers: Biochemical, 
Physiological, and Histological Markers of Anthropogenic Stress. Lewis 
Publishers, Inc., Boca Raton. 

166 



'R.!-ferences 

Sin, F.Y.T., Bartley, A.L., Walker, S.P., Sin, I.L., Symonds, J.E., Hawke, L., 
Hopkins, c.L., 1993. Gene transfer in chinook salmon (Oncorhynchus 
tshawytscha) by electroporating spenn in the presence of pRSV -IacZ 
DNA. Aquaculture 117,57-69. 

Singh, I.S.B., Manjusha, M., Pai, S.S., Philip, R., 2005. Fenneropenaeus indicus 
is protected from white spot disease by oral administration of inactivated 
white spot syndrome virus .. Diseases of Aquatic Organisms 66, 265-270. 

Singh, N.P., McCoy, M.T., Tice, R.R., Schneider, E.L., 1988. A simple 
technique for the quantitation of low levels of DNA damage in individual 
cells. Experimental Cell Research 175, 184-19 I . 

Smith, V.J., Soderhall, K., 1983. Induction of degranulation and lysis of 
haemocytes in the freshwater "crayfish, Astacus astacus, by components 
of the prophenoloxidase activating system in vitro. Cell and Tissue 
Research 233,295-303. 

Soderhall, 1., Bangyeekhun, E., Mayo, S., SoderhaII, K., 2003. Hemocyte 
production and maturation in an invertebrate animal; proliferation and 
gene expression in hematopoietic stem cells of Pacifastacus leniusculus. 
Developmental and Comparative Immunology 7,661-672. 

SoderhaIl, 1., Kim, Y.A., JiravanichpaisaJ, P., Lee, S.Y., Soderhall, K., 2005. An 
acient role for a prokineticin domain in invertebrate hematopoiesis. 
Journal of Immunology, 6153-6160. 

Soderhall, K., Cerenius, L., 1992. Crustacean immunity. Annual Review of Fish 
Diseases 2, 3-23. 

S6derhiill, K., Cerenius, L., 1998. Role of prophenoloxidase-activating system in 
invertebrate immunity .. Current Opinion in Immunology 10, 23-28. 

S6derhiill, K., Cerenius, L., Johansson, M.W., 1996. The prophenoloxidase 
activating system ininvertebrates .. In: S6derhall, K., Iwanaga, S., Vasta, 
G.R. (Eds.), New Directions in Invertebrate Immunology. SOS 
Publications, Fair Haven, pp. 229-253. 

Solis, N.B., 1988. Biology and ecology, Biology and culture of Penaeus 
monodon. SEAFDEC, Brackishwater aquaculture Information System. 
Aquaculture Department Southeast Asian FisheriesDevelopment Center, 
Tigbauan, Iloilo, pp. 3-15. 

Sritunyalucksana, K., Soderhall, K, 2000. The proPO and clotting system in 
crustaceans. Aquaculture 191,53-69. 

Stefania, K., Eva, M., 2002. The effect of cadmium and ionizing radiation on 
DNA and RNA content in the rat hemispheres and cerebellum. Bulletin 
of Veterinary Institute of Pulley, 46,127-137. 

167 



'Rgferences 

Steinert, S.A., 1999. DNA damage as bivalve biomarker and as an environmental 
assessment tool. Biomarkers 4 492- 496. 

Stepanyan, R., Hollins, B., Brock, S.E., McClintock, T.S., 2004. Primary culture of 
lobster (Homarus americanus) olfactory sensory Chem. Sense 29, 179-187. 

Stohs, S.J., Bagchi, D., 1995. Oxidative mechanisms in the toxicity of heavy 
metals. Free Radical Biology and Medicine 18, 321-336. 

Sun, P.S., Venzon, N.C.J., Calderon, F.R.O., Esaki, D.M., 2005. Evaluation of 
methods for DNA delivery into shrimp zygotes of Penaeus (Litopenaeus) 
vannamei. Aquaculture 243, 19-26. 

Sung, H.-H., Kao, W.-Y., Su, y'-J., 2003. Effects and toxicity of phthalate esters 
to hemocytes of giant freshwater prawn, Macrobrachium rosenbergii. 
Aquatic Toxicology 64,25-37. 

Symonds, J.E., Walker, S.P., Sin, F.Y.T., Sin, 1., 1994. Development of a mass 
gene transfer method in Chinook salmon: optimization of gene transfer 
by electroporated sperm. Molecular Marine Biology and Biotechnology 
3, 104-111. 

Tapay, L.M., Lu, Y., Brock, J.A., Nadala, E.C.B., Loh, P.C., 1995. 
Transformation of primary cultures of shrimp (Penaeus stylirostris) 
lymphoid (oka) organ with simian virus- 40 (T) antigen. Proceedings of 
the Soceity for Experimental Biology and Medicine 209, 73-78. 

Tapay, L.M., Lu, y., Gose, R.B., Nadala, E.C.B., Brock, J.A., Loh, P.C., 1997. 
Development of an in vitro quantal assay in primary cell cultures for a 
non- occluded baculo- like virus of penaeid shrimp. Jounal of Virological 
Methods 64, 37-41. 

Teodoro, J.G., Branton, P.E., 1997. Regulation of apoptosis by viral gene 
products. Journal of Virology 713 1739-1746. 

Tice, R.R., Agurell, E., Anderson, D., Burlinson, B., Hartmann, A., Kobayashi, 
H., Miyamae, Y., Rojas, E., Ryu, J.C., Sasaki, Y.F., 2000. Single cell 
gel/Comet Assay: guidelines for in vitro and in vivo genetic toxicology 
testing. Environmental and Molecular Mutagenesis 35, 206-221. 

Tong, S.-1., Miao, H.Z., 1996 Attempts to iniate cell cultures from Penaeus 
chinensis tissues. Aquaculture 147, 151-157. 

Toullec, J.Y., 1999. Crustacean primary cell culture: A technical approach. 
Methods in Cell Science 21, 193-198. 

Toullec, lY., Crozat, Y., Patrois, J., Porcheron, P., 1996. Development of 
primary cell cultures from the penaeid shrimps Penaeus vannamei and P. 
indicus. Journal of Crustacean Biology 16,643-649. 

168 



2(gferences 

Tsai, H.J., Lai, c.H., Yang, H.S., 1997. Sperm as a carrier to introduce an 
exogenous DNA fragment into the oocyte of japanesse abalone (Haliotis 
diversicolor suportexta). Transgenic Research 6, 85-95. 

Tsai, I.M., Wang, H.C., Leu, J.H., Hsiao, H.H., Wang, A.H., Kou, G.H., Lo, 
C.F., 2004. Genomic and proteomic analysis of thirty-nine structural 
proteins of shrimp white spot syndrome virus. Journal of Virology 78, 
11360-11370. 

Tsai, J.M., Wang, H.C., Leu, J.H., Wang, A.H.J., Zhuang, Y., Walker, P.l, Kou, 
G.H., Lo, C.F., 2006. Identification of the nucleocapsid,tegument, and 
envelope proteins of the shrimp white spot syndrome virus virion. Journal 
ofVirology 80,3021-3029. 

Tsai, M.F., Lo, c.P., van Hulten, M.C., Tzeng, H.F., Chou, C.M., Huang, C.J., 
Wang, C.H., Lin, 1.Y., Vlak, J.M., Kou, G.H., 2000a

. Transcriptional 
analysis of the ribonucleotide reductase genes of shrimp white spot 
syndrome virus .. Virology 277,92-99. 

Tsai, M.F., Yu, H.T., Tzeng, H.F., Leu, J.H., Chou, C.M., Huang, C.l., Wang, 
C.H., Lin, J.y', Kou, G.H., Lo, C.F., 2000b. Identification and 
characterization of a shrimp white spot syndrome virus (WSSV) gene that 
encodes a novel chimeric polypeptide of cellular-type thymidine kinase 
and thymidylate kinase. Virology 277, 100-110. 

Tseng, F.S., Tsai, H.J., Liao, I.C., Song, Y.L., 2000. Introducing foreign DNA 
into tiger shrimp (Penaeus monodon) by electroporation. 
Theriogenology 54, 1421-1432. 

Tzeng, H.F., Chang, Z.F., Peng, S.E., Wang, C.H., Lin, J.Y., Kou, G.H., Lo, 
C.F., 2002. Chimeric polypeptide of thymidine kinase and thymidylate 
kinase of shrimp white spot syndrome virus: thymidine kinase activity of 
the recombinant protein expressed in a baculovirus/insect cell system .. 
Virology 299, 248-255. 

USEPA, 2001. Pesticides industry sales and usage: 2000 and 2001 market 
estimates. 

Vacik, J., Dean, B.S., Zimmer, W.E., Dean, D.A., 1999. Cell-specific nuclear 
import of plasmid DNA. Gene Therapy 6, 1006-1014. 

Valderram, D., Engle, C.R., 2004. Farm-level economic effects of viral diseases 
on Honduran shrimp farms. Journal of Applied Aquaculture 16, 1-26. 

Van de Braak, C.B.T., 2002a
. Haemocytic defense in black tiger shrimp 

(Penaeus monodon), Ph D thesis, Wageningen University, The 
Netherlands. 

169 



1?gferences 

Van de Braak, C.B.T., Botterblom, M.H.A, Taveme, N., Van, W.B., 
Muiswinkel, J.H., Rombout, W.M., van der Knaap, W.P.W., 2002b

. The 
roles of haemocytes and the lymphoid organ in the clearance of injected 
Vibrio bacteria in Penaeus monodon shrimp. Fish and Shellfish 
Immunology 13, 293-309. 

Van de Braak, C.B.T., Botterblom, M.H.A., Liu, W., Taverne, N., van der 
Knaap, W.P.W., Rombout, 1.H.W.M., 2002c

. The role of haematopoietic 
tissue in haemocyte production and maturation in the black tiger shrimp 
(Penaeus monodon). Fish and Shellfish Immunology 13, 253-272. 

van Hulten, M.C., Reijns, M., Vermeesch, AM., Zandbergen, F., Vlak, J.M., 
2002. Identification of VP 19 and VP 15 of white spot syndrome virus 
(WSSV) and glycosylation status of theWSSV major structural proteins. 
The Journal of GeneralVirology 83,257-265. 

Vanichviriyakit, R., Kruevaisayawan, H., Weerachatyanukul, W., Pongtippatee­
Tawipreeda, P., Withyachumnarnkul, 8., Pratoomchat, 8., Chavadej, J., 
Sobhon, P., 2004. Molecular modification of Penaeus monodon sperm in 
female thelycum and its consequent responses. Molecular Reproduction 
and Development 69, 356-363. 

Vargas-Albores, F., Jimenez-Vega, F., S6derhalI, K., 1996. A plasma protein 
isolated from brown shrimp (Penaells californiensis) which enhances the 
activation of prophenoloxidase system by ~ -1 ,3-g1ucan .. Developmental 
and Comparative Immunology 20, 299-306. 

Vargas-Albores, F., Jimenez-Vega, F., Yepiz-Plascencia, G., 1997. Purification 
and comparison of 1,3-g1ucan binding protein from white shrimp 
(Penaeus vannamei) . . Comparative Biochemistry and Physiology I 16B, 
453-458. 

Vargas-Albores, F., Yepiz-Plascencia, G., 2000. Beta glucan binding protein and 
its role in shrimp immune response. Aquaculture 191, 13-21. 

Vaziri, H., Benchimol, S., 1998. Reconstitution of telomerase activity in nonnal 
human cells leads to elongation oftelomeres and extended replicative life 
span .. Current Biology 8, 279-282. 

Viarengo, A, Nicotera, P., 1991. Possible role of Ca2+ in heavy metal 
cytotoxicity. Comparative Biochemistry and Physiology 100e, 81-84. 

Vijayan K.K., Bright Singh LS., Jayaprakash N.S., AJavandi S.V., Somnath Pai 
S., Preetha R, 2006. A brackishwater isolate of Pseudomonas PS-I02, a 
potential antagonistic bacterium against pathogenic vibrios in penaeid 
and non-penaeid rearing systems. Aquaculture 251, 192-200. 

170 



'Rsferences 

Vlak, J.M., Bonami, J.R., Flegel, T.W., Kou, G.H., Lightner, D.V., Lo, C.F., 
Loh, P.C., Walker, PJ., 2005. Nimaviridae. In: Fauquet, C., Mayo, M.A., 
Maniloff, J., Desselberger, U., Ball, L.A. (Eds.), Virus Taxonomy VIlIth 
Report of the International Committee on Taxonomy of Viruses. 
Elsevierl Academic Press, London, pp. 187-192. 

von Zglinicki, T., Saretzki, G., Docke, W., Lotze, C., 1995. Mild hyperoxia 
shortens telomeres and inhibits proliferation of fibroblasts: a model for 
senescence? Experimental Cell Research 220, 186-193. 

Waalkes, M.P., Rehm, S., 1998. Lack of cacinogenicity of cadmium chloride in 
female Syrian hamsters. Toxicology 126, 173-178. 

WaIton, A., Smith, V.J., 1999. Primary culture of the hyaline haemocytes from 
marine decapods. Fish and Shellfish Immunology 9, 181-194. 

Wang, B., Li, F., Dong, B., Zhang, X., Zhang, C., Xiang, J., 2006. Discovery of 
the genes in response to white spot syndrome virus (WSSV) infection in 
Fenneropenaeus chinensis through cDNA mlcroarray. Marine 
Biotechnology 8, 491-500. 

Wang, C.-H., Yang, H.-N., Tang, C.-Y., Lu, C.-H., Kou, G.-H., Lo, C.-F., 2000. 
Ultrastructure of white spot syndrome virus development in primary 
lymphoid organ cell cultures. Diseases of Aquatic Organisms 41, 91-104. 

Wang, W.-N., Liang, H., Wang, A.-L., Chen, T., Zhang, S.-E., 2001. Effect of 
pH and Zn2

+ on sub cultured muscle cells from Macrobrachium 
rosenbergii. Methods in Cell Science 22, 277-284. 

Wang, Y.c., Lo, C.F., Chang, P.S., Kou, G.H., 1998. Experimental infection of 
white spot baculovirus in some culture and wild decapods in Taiwan. 
Aquaculture 164, 221-231. 

Wang, YT., Liu, W., Seah, J.N., Lam, C.S., Xiang, 1.H., Korzh, V., Kwang, l., 
2002. White spot syndrome virus (WSSV) infects specific hemocytes of 
the shrimp Penaeus merglliensis. Diseases of Aquatic Organisms 52, 
249-259. 

Weis, P., Weis, 1.S., 1977. Methylmercury teratogenesis in the killifish, 
Fundulus heteroclitus. Teratology 16,317-325. 

West, L., Mahony, T., McCarthy, F., Watanabe, D., Hewitt, D., Hansford, S., 
1999. Primary cell cultures isolated from Penaeus monodon prawns. 
Methods in Cell Science 21,219-223. 

Wildeman, A.G., 1988. Regulation ofSV40 early gene expression. Biochemistry 
and Cell Biology 66,567-577. 

171 



~fere/U£S 

Yang, 1.M., Arnush, M., Chen, Q.Y., Wu, X.D., Pang, B., Jiang, X.Z., 2003. 
Cadmium-induced damage to primary cultures of rat Leydig cells. 
Reproductive Toxicology 17, 553-560. 

Zhang, J., Li, F., Wang, Z., Xiang, J., 2007. Cloning and recombinant expression 
of a crustin-like gene from Chinese shrimp, Fenneropenaeus chinensis .. 
Journal of Biotechnology 127,605-614. 

Zhang, X.B., Huang, C.H., Tang, x.H., Zhuang, Y., Hew, c.L., 2004. 
Identification of structural proteins from shrimp white spot syndrome 
virus (WSSV) by 2DEMS. Proteins-Structure Function and 
Bioinformatics 55, 229-235. 

Zhu, 1., Woods, D., McMahon, M., Bishop, J.M., 1998. Senescence of human 
fibroblasts induced by oncogenic Raf. . Genes and Development 12, 
2997-3007. 

Zimmermann, D., 1982. Electric field-mediated fusion and related electrical 
phenomena. Biochimica et Biophysica Acta 694,227-277. 

Zimmermann, U., Vienken, l., 1982. Electric field induced cell to cell fusion. 
Journal of Membrane Biology 67, 165-182. 

Zindy, F., Eischen, C.M., Randle, D.H., Kamijo, T., Cleveland, 1.L., Sherr, C.J., 
Roussel, M.F., 1998. Myc signaling via the ARF tumor suppressor 
regulates p53-dependent apoptosis and immortalization. Genes and 
Development 12,2424-2433. 

1I ....... ro~ .....•. 

172 


	Title
	Certificate
	Declaration
	Acknowledgements
	Contents
	General Introduction
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	References



