
562                                                            Latin American Journal of Aquatic Research 
 

 

 

Latin American Journal of Aquatic Research, 50(4): 562-572, 2022 

DOI: 10.3856/vol50-issue4-fulltext-2816 

 

Research Article 

 

 

Gene expression in primary hemocyte culture of the Pacific white shrimp  

Penaeus vannamei infected with different white spot  

syndrome virus (WSSV) strains  
 

 

Delia Patricia Parrilla-Taylor
1

, Regina Elizondo-González
2

 

Jesús Neftalí Gutierrez-Rivera
1

, Alejandra García-Gasca
3

, Norberto Vibanco-Pérez
4

 

María de Jesús Durán Avelar
4

 & Ricardo Vázquez-Juárez
1

 

1Centro de Investigaciones Biológicas del Noroeste, La Paz, BCS, México 
2CONACyT - Centro de Investigaciones Biológicas del Noroeste, La Paz, BCS, México 

3Centro de Investigación en Alimentación y Desarrollo, Sinaloa, México 
4Unidad Académica de Ciencias Químico-Biológicas y Farmacéuticas 

Universidad Autónoma de Nayarit, Tepic, Nayarit, México 
Corresponding author: Ricardo Vázquez-Juárez (rvazquez04@cibnor.mx) 

 

 

ABSTRACT. Five previously analyzed white spot syndrome virus (WSSV) strains from northwest Mexico, 

differing in their genome architecture as well as in virulence, were selected (high virulence JP and LG strains; 

moderate virulence GVE and DIV strains; and low virulence LC10 strain) to evaluate pathogenesis response in 

vitro. Expression of phagocytosis-activating protein PAP, manganese superoxide dismutase MnSOD and 

peroxiredoxin PRX, and two genes of immediate-early expression (IE1 and WSSV304) were measured by qPCR 

in a primary hemocyte cell culture from Penaeus vannamei at 1, 3, 6, 12, and 24 h post-infection (hpi). PAP 

expression was significantly higher at 1 and 3 hpi, and JP and LC10 strains induced the highest expression. The 

response of MnSOD was high at 1 hpi, and a significant increase in PRX expression was detected at 3 hpi, 

probably due to the occurrence of an oxidative burst; expression levels of MnSOD and PRX were significantly 

higher at 1 and 3 hpi, respectively, induced by the LG strain (high virulence), suggesting an acute response. In 

general, expression of most immune-related - genes decreased after the initial hours of infection. Expression 

levels of IE1 and WSSV304 were exceptionally high at 1 hpi in almost all five WSSV analyzed strains, 

confirming their efficient mechanism for replication and viral fitness. The results of this study do not show an 

accurate link between the genome size and WSSV virulence of the strains, albeit the strain with the smallest 

genome showed the highest virulence. All strains induced an early immune response in heterogeneous ways. 
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INTRODUCTION 

White spot syndrome virus (WSSV) is a large dsDNA 

virus of approximately 300 kb encoding about 184 open 

reading frames (ORFs) (Van Hulten et al. 2001). It is 

the most contagious viral infection of decapod crusta-

ceans and causes up to 100% mortality of shrimp 

cultures within 3-6 days at any age (Lightner 1996).  

 

__________________ 

Corresponding editor: Mauricio Laterça 

The control of this disease has been a global priority 

over the past two decades since it has been causing 

mass mortalities in shrimp culture worldwide as a 

consequence of the rapid growth and development of 

the industry, costing billions of dollars (Lightner 1996, 

Lightner et al. 2012, Patil et al. 2021). 

The host range of WSSV includes many decapod 
and non-decapod species, including freshwater crayfish  
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and prawns, crabs, and marine crayfish (Stentiford et al. 

2009), which contribute to transmission and thus global 

dispersion of the disease. Several WSSV genomes have 

been entirely or partly sequenced, showing differences 

in genome size and sequence, especially for multiple-

repeat regions (Wongteerasupaya et al. 2003, Marks et 

al. 2004, Durán-Avelar et al. 2015, Oakey & Smith 

2018). The consensus is that during the spread of 

WSSV throughout Asia, the DNA genome has been 

progressively shrinking (Dieu et al. 2004, Marks et al. 

2005, Pradeep et al. 2008). A study focused on the 

genetic variation present among WSSV isolates found 

a higher virulence of one Thai isolate of relatively 

smaller genome size compared to another isolate with a 

larger one, suggesting a replication advantage (Marks 

et al. 2005). It has also been proposed that genome 

shrinkage stabilizes over time and that genome size and 

fitness are related (Zwart et al. 2010). In addition to 

differences in genomic architecture, multiple experi-

mental studies have shown differences in virulence 

between WSSV isolates where infectivity of virions, 

median lethal time, or both have been used as measures 

of virulence; besides that, the results of variations and 

changes in virulence are conflicting (Pradeep et al. 

2009, Zwart et al. 2010, Hoa et al. 2012, Li et al. 2017). 

Knowledge of the pathogenesis of the major viral 

diseases is essential; research on crustacean immunity 

has received high priority during the past decades, 

mainly induced by the need to control disease outbreaks 

in shrimp farms. Invertebrates do not possess acquired 

immunity and rely on innate, non-adaptive immune 

mechanisms; the first immune process is mediated by 

hemocytes and plasmatic proteins of the circulatory 

system (Bachère 2000). Crustacean hemocytes play a 

central role in the host immune response, including 

recognizing invading microorganisms and performing 

functions such as phagocytosis, melanization, encap-

sulation, nodule formation, mediation of cytotoxicity, 

and cell-cell communication for detecting and 

eliminating foreign and potentially harmful microor-

ganisms and parasites (Bachère 2000, Johansson et al. 

2000).   

The first immune response in arthropods is an 

immediate and inductive stage corresponding to 

recognizing non-self-factors and initiating immune 

reactivity, a response we intended to deal with in this 

study. 

In a previous study, our group reported the draft 

genomes of five WSSV strains with high (JP and LG), 

moderate (GVE and DIV), and low virulence (LC10), 

sampled in the states of Sinaloa and Nayarit, Mexico, 

showing differences in genome length and multiple 

mutations, and including significant deletions (Parrilla-

Taylor et al. 2018). 

Despite the significance of cell culture in shrimp 

immunology studies, the lack of shrimp immortal cell 

lines has only allowed the use of primary cell cultures. 

Due to this limitation, the primary culture of Penaeus 

vannamei hemocytes has been evaluated only by a few 

researchers (Ellender et al. 1992, Toullec et al. 1996, 

George & Dhar 2010, George et al. 2011, Dantas-Lima 

et al. 2012, Vieira-Girao et al. 2017, Thedcharoen et al. 

2020). The use of cell cultures has facilitated the study 

under controlled conditions of different viruses, 

allowing us to identify the molecular mechanisms 

involved during the replication of viruses and their 

interactions with the cell host. 

Therefore, this study aimed to evaluate three genes 

of the shrimp's immune response against viral infection 

(phagocytosis-activating protein PAP, manganese 

superoxide dismutase MnSOD and peroxiredoxin 

PRX) and two viral genes of immediate-early 

expression (IE1 and WSSV304) in a primary hemocyte 

cell culture from P. vannamei challenged with five 

different WSSV strains of high (JP and LG), moderate 

(GVE and DVI), and low (LC10) virulence. The 

intention was to determine the possible link between 

the genome size and virulence of WSSV strains, 

contributing to the knowledge of virulence and 

pathogenesis of WSSV in a highly productive area with 

recurrent disease events. 

MATERIALS AND METHODS 

Animals 

Pathogen-free Penaeus vannamei (SPF) juvenile 

shrimp (12 ± 1 g) were supplied by Pichilingue, 

Aquaculture Laboratory, Universidad Autónoma de 

Baja California Sur (UABCS), La Paz, Mexico and 

transported to a wet laboratory at Centro de 

Investigaciones Biológicas del Noroeste (CIBNOR). 

Shrimp were acclimatized for 20 days in a recirculating 

water tank system with constant aeration (DO > 4 mg 

L-1), with a 12:12 h light :dark photoperiod at 28 ± 

0.5°C and salinity at 35. Tanks were cleaned daily, 

during which 20% of the total volume of water was 

changed; shrimp were fed twice a day (9:00 and 15:00 

h) with a commercial food (35% protein, Purina). 

WSSV strains, inoculum preparation, and viral load 

quantification 

One inoculum for each of the five WSSV strains 

(Parrilla-Taylor et al. 2018) was prepared from the gills 
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Table 1. Description of the white spot syndrome virus (WSSV) strains isolated from Penaeus vannamei used in this study. 

*Data reported by farms where the strain was isolated, not experimental data. 

 

WSSV strain 
GenBank 

accession 
Virulence* 

Deletion in 130  

and 275 kb position 

Genome length 

(bp) 

JP MG432479 High 4 kb, 2.2 kb 283,858 

LC10 MG432480 Low 2.7 kb, 9.9 kb 270,274 

LG MG432482 High 2.7 kb, 9.9 kb 257,675 

GVE MG432478 Moderate 8.8 kb, 5.7 kb 272,607 

DVI MG432477 Moderate 2.7 kb, 9.9 kb 290,879 

 

 

and muscles of P. vannamei infected with WSSV strains 

(under laboratory conditions) according to the method 

described by Escobedo-Bonilla et al. (2005). WSSV 

strains are described in Table 1 (JP, LG, GVE, DVI and 

LC10); previously identified metadata are publicly 

available as NCBI Bioproject ID PRJNA413204 

(Parrilla-Taylor et al. 2018). Tissues (1.3 g) were 

disrupted with a tissue homogenizer in 6 mL of PBS 

solution and were clarified by centrifugation at 5000 g 

at 4°C for 30 min. The supernatants were aseptically 

filtered through a 0.45 µM pore-size membrane, 

recovered in sterile centrifuge tubes, and stored at -

80°C until further use. An aliquot of every inoculum 

was used to quantify the viral load of WSSV by real-

time PCR (qPCR) at the CIBNOR-Hermosillo 

reference laboratory (Mendoza-Cano & Sánchez-Paz 

2013). 

Development of primary hemocyte culture 

Every shrimp was dipped in 70% ethanol, and the 

cephalothorax was rinsed and disinfected with 96% 

ethanol under a laminar flood hood. Hemolymph was 

withdrawn from the ventral sinus at the base of the 

second abdominal pleonite using a 1 mL insulin syringe 

filled with 200 µL of pre-cooled SIC-EDTA marine 

anticoagulant in a proportion of 1:1 with hemolymph 

volume; it was mixed immediately and maintained 

under the ice. Cell count and viability were determined 

by microscopy using a Neubauer counting chamber and 

trypan blue exclusion; the mixture was diluted in a 

modified 2×L-15 medium (L-15, Leibovitz; Sigma-

Aldrich) composed of 10.5% (v/v) Chen's salts (CS) 

(Chen & Wang 1999), 10% (v/v) fetal calf serum (FCS), 

and penicillin/streptomycin (P/S: 100 units mL-1 100 

µg mL-1) (pH 7.5). 

Titration of WSSV inoculum 

In aseptic conditions, 96-well plates were prepared and 

seeded with 1×105 cells/well in a total volume of 200 

µL. Plates were incubated at 28°C for 20 h to allow cell 

adherence; the medium was discarded, and 100 µL of 

10-1, 10-2, 10-3, 10-4, and 10-5 viral dilution (eight 

replicates) of WSSV inoculum in 2×L-15 medium was 

added. The plates were incubated at 28°C for 1 h; after 

that, media were discarded, and 200 µL of 2×L-15 was 

added. Cytopathic effects (CPE) observations were 

made in an inverted microscope after incubation at 

28°C for 20 h. Dilution endpoints were calculated by 

the method of Reed & Muench (1938), and the viral 

titer was expressed as the 50% tissue culture infective 

dose (TCID50) for each of the five strains. 

The titer of the five strains of WSSV was 102.66 

TCID50 mL-1 for the DVI strain (moderate virulence, 

genome length 290,879 bp) and 103.5 TCID50 mL-1 for 

the rest of the strains (JP and LG strains, characterized 

as high virulence, genome length 283,858 and 257,675 

bp, respectively; GVE05 strain with moderate 

virulence, 272,607 bp in length; and LC10 strain with 

low virulence and 270,274 bp in length).  

Haemocyte culture and challenge with WSSV 

Freshly collected hemocyte suspensions were prepared 

by seeding each of the 24 well cell culture plates with 

600 µL of hemolymph suspension containing 1×106 

cells. After 20 h of incubation at 28°C, plates were 

observed for adherence, and the medium was removed 

under aseptic conditions. The attached cells were 

exposed to 100 µL of inoculum dilution containing 

4.99×103.5 µL-1 viral copies for JP inoculum; 4.23×103.5 

µL-1 for LC10 inoculum; 1.03×102.5 µL-1 for LG 

inoculum; 1.04×102.5 µL-1 for GVE inoculum; and 

6.48×103.3 µL-1 viral copies for DVI inoculum and 

incubated at 28°C; after 1 h the inoculum was removed, 

and 600 µL of modified 2×L-15 medium was added. 

Control wells with hemocytes were treated with the 

modified 2×L-15 medium instead of WSSV. The plate 

cells were incubated and collected at 1, 3, 6, 12, and 24 

h post-infection with four replicates in every case. 
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Isolation of RNA from cells and RT-PCR 

After incubation, the medium was removed, and 300 µL 

of TRIzol reagent (Invitrogen, USA) was added; cells 

were removed by repeated pipetting. The suspension 

was collected in micro-centrifuge tubes, and RNA 

extraction was accomplished according to the 

following protocol: 70 µL of chloroform was added and 

shaken vigorously for 15 s; the mixture was centrifuged 

at 11000 g for 15 min at 4°C. The upper phase was 

transferred, and 150 µL of isopropanol was added; the 

mixture was kept for 20 min at -4°C and hen 

centrifuged at 11000 g at 4°C for 20 min. The 

supernatant was discarded, and 200 µL of 70% ethanol 

was added to wash the pellet. The pellet RNA was air-

dried and resuspended in 15 µL of DEPC water. The 

RNA was treated with 2 U of RNase-free DNAse I 

(Promega, Madison, WI, USA) at 37°C for 30 min to 

remove residual DNA. The enzyme was inactivated at 

65°C for 10 min. The isolated nucleic acids were 

quantified and quality verified at 260/280 nm using a 

NanoDrop-2000 spectrophotometer (Thermo Fisher 

Scientific, Waltham, MA, USA). 

RNA was reverse-transcribed into cDNA using 

ImProm II reverse transcriptase (Promega, Madison, 

WI, USA) and oligo (dT) primer with 20 µL of reaction 

mix following the manufacturer's instructions. RNA 

integrity was evaluated by PCR using shrimp β-actin 

(forward primer 5ʹ-GAGACCTTCAACACCCAGC-3ʹ 

and reverse primer 5ʹ-TAGGTGGTCTCGTGATGCC-

3ʹ) with the following conditions: 94°C for 3 min; 30 

cycles of 94°C, 60°C for 30 s, and 72°C for 1 min; and 

elongation at 72°C for 8 min. The expression of the 

genes PAP, MnSOD and PRX were evaluated as a 

response to viral infection; moreover, two immediate-

early expression genes of WSSV, IE1, and WSSV304, 

crucial for WSSV pathogenesis, were analyzed. 

Quantitative real-time PCR analysis of gene 

expression 

Gene expression was analyzed by quantitative real-time 

PCR (qPCR) in 96-well optical plates with a Bio-Rad 

CFX384 system (Bio-Rad Laboratories, Richmond, 

CA) using SensiFAST Sybr NO-rOX Mix (Bioline, 

England) in 12 µL reactions. The qPCR conditions 

were 98°C for 2 min, 39 cycles of 95°C for 5 s, and 

60°C for 15 s, including a dissociation protocol of 65°C 

for 5 s, 95°C for 5 s. All samples were run with three 

replicates, and no-template controls (NTC) were 

included in every run to monitor DNA contamination. 

The threshold cycle (Ct) values, which represented the 

PCR cycle when a fluorescent signal reached the 

threshold, were measured according to the setting of an 

auto-calculated baseline threshold in Bio-Rad CFX 

Manager software (Bio-Rad, USA). As a reference, the 

F0 subunit of the ATP synthase gene was used as the 

internal control (Alvarez-Lee et al. 2020), and the 

expression of immune-related and viral genes was 

determined relative to the expression of the internal 

control. Relative gene expression was calculated as 2-ddct 

(Livak & Schmittgen 2001). The primers used are listed 

in Table 2. 

Statistical analysis 

The results given are average values of replicates ± 

standard deviation. Data were evaluated for normal 

distribution and homogeneity of variance. Multiple 

comparisons were performed using the non-parametric 

Kruskal-Wallis test, and differences were considered 

significant at P < 0.05. Statistical analyses were 

conducted using Statistica version 7 software (StatSoft; 

Tulsa, OK, USA). 

RESULTS 

Expression of immune-related genes 

The expression profiles of the three immune-related 

genes in a hemocyte culture after WSSV infection are 

shown in Figure 1. The maximum expression of PAP in 

the five strains was detected after 3 hpi (Fig. 1a). 

Comparing among hpi, PAP expression was signifi-

cantly higher at 3 hpi compared to 6 hpi for LC10, 12 

hpi for JP, and 24 hpi for LG. PAP expression levels in 

hemocytes remained at similar levels from 6 to 24 hpi, 

for all strains (P > 0.05) and among hpi. PAP expression 

in JP was significantly higher than in GVE at 1 hpi (P 

< 0.05). No significant differences in PAP expression 

were observed at 3 hpi, despite the same trend being 

shown at 1 hpi, which might have been due to the high 

standard error in this condition. 

Significant differences were observed in the 

expression of MnSOD (Fig. 1b), which showed the 

earliest response with the highest values at 1 hpi, 

decreasing afterward and remaining stable for the rest 

of the infection. The LG strain showed significantly 

higher MnSOD expression at 1 hpi than at 24 hpi (P < 

0.05). At 1 hpi, LG had significantly higher MnSOD 

expression than LC10. 

Differences in expression levels of PRX in 

hemocytes after inoculation with WSSV are shown 

(Fig. 1c). PRX expression was significantly higher at 3 

hpi than at 24 hpi in JP, LC10, LG, and GVE strains (P 

< 0.05). PRX expression was significantly higher in JP 

than in GVE at 1 hpi, in LC10 than in DVI at 3 hpi, and 

in DVI than in JP at 24 hpi (P < 0.05). 



566                                                            Latin American Journal of Aquatic Research 
 

 

 

Table 2. The Primer sequences used in this study for real-time PCR quantification of gene expression in Penaeus vannamei. 

 

Gene Forward primer (5ʹ-3ʹ) Reverse primer (5ʹ-3ʹ) Accession # 

Endogene - F0 

Immune-

related 

   - PAP 

   - MnSOD 

   - PRX 

 

CGTCGTTAGGTTAAGTGCGTT 

 

CTAGCCCCCTATCAAAGGAACT

GC 

CGTTGGAGTGAAAGGCTCTG 

TGGACCTCGCGGGAGAT 

 

TTTCAGCGCATTAAGACGTGTT 

 

GGATGCCAACATAGACTGATGCAC 

GATTTGCAAGGGATCCTGGT 

GACCGATAGCCACCATGCTT 

 

AY368151.1 

 

EF523242.1 

DQ029053.1 

AF188840.1 

Immediate-

early of WSSV 

  - IE1 

  - WSSV304 

 

 

TGGCACAACAACAGACCCTA 

CCGGACGGAGACGTGATAAG 

 

 

TGCATTATCTTCGAGCCAGA 

AGCCCTGTACAATGCCTTCC 

 

 

AAL88937.1 

AAL88937.1 

 

 

Expression of WSSV-related genes 

Viral gene expression of IE1 and WSSV304 was 

selected and quantified to investigate in vitro 

expression of early WSSV genes. The expression of IE1 

was induced in the first hpi (Fig. 2a). Comparing among 

hpi, LC10 was the only strain to show a significant 

difference in IE1 expression among hpi, being 

significantly higher at 3 hpi than at 6 hpi. Differences 

in the expression levels between strains were observed 

only at 24 hpi, with IE1 expression significantly lower 

in LC10 than in GVE and DVI. 

As shown in Figure 2b, expression of the 

immediate-early gene WSSV304 was detected from the 

first hour. The expression of WSSV304 at 1 hpi in the 

LG strain was significantly higher than in GVE 

(P < 0.05). The DVI strain showed an increase in 

WSSV304 expression at 12 hpi, significantly higher 

than its expression at 3 hpi. Statistically significant 

differences were found when comparing the genetic 

expression of WSSV304 in the strains; expression in 

LG was significantly downregulated compared with the 

expression of DVI at 12 hpi; likewise, the expression of 

WSSV304 in JP was downregulated when compared to 

the DVI at 24 hpi. 

DISCUSSION 

The innate immune system of shrimp relies on a variety 

of mechanisms, among which are cellular (as phago-

cytosis, encapsulation, among others, and mediated by 

hemocytes) and humoral components (including 

agglutinins, protease inhibitors, prophenoloxidase-

activating systems) (Tyagi et al. 2007, Banerjee et al. 

2015, Li et al. 2019, Kulkarni et al. 2021). The innate 

immune system recognizes and rapidly and efficiently 

eliminates foreign and toxic materials that can cause 

diseases (Casadevall & Pirofsky 1999, Aguirre-

Guzmán et al. 2009). A disease is defined as the result 

of a complex interaction between the host, pathogen, 

and the environment, but the outcome of infectious 

diseases is mainly determined by the pathogen's 

virulence and the host's immune defense against 

invaders (Casadevall & Pirofsky 1999). The primary 

culture of hemocytes is a simple method of studying the 

mechanisms associated with host-virus interactions 

(Dantas-Lima et al. 2012). However, only Jose et al. 

(2010) have used a primary hemocyte culture from P. 

monodon as an in vitro model to study viral and 

immune-related gene expression of WSSV, suggesting 

that primary hemocyte cultures could be used to 

describe viral mechanisms of infection. 

The pathogenesis of WSSV disease is complicated 

because of the genetic variation between strains (Marks 

et al. 2005, Gao et al. 2014, Parrilla-Taylor et al. 2018). 

Therefore, this study explores whether five WSSV 

strains can differentially modulate the expression of 

effector molecules of the innate immune system in 

shrimp with different genome lengths (257-290 kb) in 

hemocyte culture in vitro. They were previously shown 

to differ in virulence (JP, LG, GVE, DVI and LC10) 

(previously described by Parrilla-Taylor et al. 2018). 

The role of apoptosis (mainly the role played by 

initiator and effector caspases) in controlling the 

infection outcome has been studied, and the expression 

level of the (PAP) gene has been used as an indicator of 

activation of the immune response (Deachamag et al. 

2006, Khimmakthong et al. 2013, Romo-Quiñonez et 

al. 2020). In this study, the expression of PAP was 

significantly higher at 1 and 3 hpi in JP compared with 

the rest of the strains. These results differ from a 

previous study in which Deachamag et al. (2006) 

challenged shrimp with inactivated WSSV, IVH, and 

fucoidan, detecting activation of the PAP gene at 6 h 

post-immunostimulation in the hemolymph. The eleva- 
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Figure 1. a) Relative expression levels of a) phagocytosis-

activating protein (PAP), b) manganese superoxide 

dismutase (MnSOD), and c) peroxiredoxin (PRX) 

immune-related genes in an in vitro culture of hemocytes 

from Penaeus vannamei infected with JP, LC10, LG, 

GVE, and DVI WSSV strains. Bars represent mean values 

with standard errors. Statistically significant differences 

among hours post-infection are indicated with an asterisk, 

and differences among strains are indicated with 

superscript letters.  

 

 

Figure 2. a) Relative expression levels of a) IE1 and           

b) WSSV304 immediate-early white spot syndrome virus 

(WSSV) genes in an in vitro culture of hemocytes from 

Penaeus vannamei infected with JP, LC10, LG, GVE, and 

DVI WSSV strains. Bars represent mean values with 

standard errors. Statistically significant differences among 

hours post-infection are indicated with an asterisk, and 

differences among strains are indicated with superscript 

letters. 

 

ted expression of immune-related genes at 1 and 3 hpi 

observed in this study may be due to the rapid cellular 

response since the WSSV was introduced directly into 

the cells, resulting in a rapid infection. JP and LC10 

were reported as high and low virulence strains, 

respectively, which induced the highest expression 

levels of PAP at the beginning of infection without an 

apparent relationship with genome length or virulence. 

Reactive oxygen species (ROS) are a two-edged 

sword that can kill pathogens and damage the host (Yu 

1994, Tripathy & Mohanty 2017, Maldonado et al. 

2020). WSSV infection has been reported to induce 

oxidative stress in the host by releasing ROS 

(Mohankumar & Ramasamy 2006), with their level 
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increasing on hemocytes shrimp during the initial 30-

120 min of the infection (Chen et al. 2016). SOD is the 

first line of defence against ROS to eliminate possible 

oxidative harm and is essential for reducing oxidative 

stress. High MnSOD expression levels can indicate a 

better opportunity to cope with oxidative stress. Our 

data in Figure 1b indicate a rapid response of MnSOD 

detected at 1 hpi, decreasing afterward. In a previous 

study and consistent with these results, the level of 

MnSOD activity in the hemolymph of Penaeus 

vannamei infected with WSSV was higher at 1 hpi than 

at 24 hpi (Parrilla-Taylor et al. 2013). 

Peroxiredoxins are a family of antioxidant enzymes 

that modulate biological functions such as apoptosis, 

lipid metabolism, and immune response, among others 

(Abbas et al. 2019). They remove hydrogen peroxide to 

reduce oxidative stress and protect against the 

inactivation of multiple cellular enzymes closely 

related to the generation and elimination of ROS during 

phagocytosis (Le Moullac et al. 1998, Rhee et al. 2005, 

Zheng et al. 2015); MnSOD primarily produces 

hydrogen peroxide and, as a consequence, both of them 

may function as an efficient microbicidal attack system 

against invading microorganisms (Sritunyalucksana et 

al. 2001). The results were consistent with those for 

PAP expression, which showed the highest levels at 3 

hpi, allowing the occurrence of an oxidative burst. The 

significant increase of PRX expression at 3 hpi may 

have been due to the ROS increase produced during the 

infection that had to be scavenged by extra PRX 

translated from more PRX transcripts. In general, the 

expression of most immune-related genes decreased 

after the first hours of infection. 

As previously suggested, the genome evolves 

through shrinking, and a WSSV strain with a small 

genome tends to be more virulent and fit (Pradeep et al. 

2009). In this study, the WSSV strain with the smallest 

genome (LG, 257 kb genome length) induced a 

significantly higher level of host mortality, suggesting 

a high viral fitness. According to mortality data from 

the reactivation bioassay of the WSSV strains, JP (283 

kb genome length) and LG (257 kb genome length) 

were highly virulent, showing 100% mortality at 48 hpi 

as opposed to the DVI (290 kb genome length), which 

displayed lower mortality and has a larger genome 

(Parrilla-Taylor et al. 2018). In the LG strain, 

expression levels of MnSOD and PRX were signifi-

cantly higher at 1 and 3 hpi, respectively, suggesting an 

acute response to avoid cellular damage and oxidative 

stress due to infection. 

WSSV infection caused a substantial decrease in the 

expression of genes of antioxidants such as MnSOD 

and PRX. These results might be accompanied by an 

increase in lipid peroxidation and carbonylated 

proteins, indicating that increases in ROS after lethal 

challenges with WSSV cause cellular damage and 

death (Rameshthangam & Ramasamy 2006, Parrilla-

Taylor et al. 2013, Zheng et al. 2015). 

IE WSSV genes encode regulatory proteins critical 

for viral infection and the switch from latency to lytic 

cycle, viral replication, and transcription (Honess & 

Roizman 1974). Several IE genes have been identified; 

among them, the IE1 gene has been particularly 

studied. IE1 is a highly expressed transcription factor 

with DNA-binding and transac-tivation activity that 

plays a fundamental role in promoting viral replication 

and proliferation for WSSV infection (Liu et al. 2008). 

IE1 also interacts with host proteins, such as JNK, and 

establishes a positive feedback loop to promote viral 

replication (Wang et al. 2020). A less studied IE gene is 

WSSV304, which contains RING domains and 

functions as a ubiquitin E3 ligase, which is important 

for pathogenesis in shrimps (Huang et al. 2014). IE1 

and WSSV304 are regulated by Kruppel-like factors 

(KLFs), and their transcrip-tional regulation is critical 

to WSSV replication (Huang et al. 2014). 

In this study, the expression of IE1 was especially 

high at 1 hpi in almost all the analyzed strains; the high 

expression at the beginning of the infection indicated 

the WSSV strains' efficient mechanism for replication, 

given that viral IE genes did not require de novo 

synthesis to be activated (Huang et al. 2014). Early 

genes, such as IE1, tk-tmk, and rr1, are expressed as 

early as 2 hpi in infected hemocyte culture (Jose et al. 

2010). 

The DVI strain, with the largest genome (290 kbp), 

induced a moderate level of mortality which could have 

been correlated with lower levels of PAP expression 

and delayed expression of IE1 and WSSV304. It has 

been shown that WSSV strains of different virulence 

can affect the immune system of crayfish Cherax 

quadricarinatus and shrimp P. vannamei in various 

ways (Gao et al. 2014, Sun et al. 2016, 2018). Isolates 

with greater virulence may encode virulence-associated 

factors that modulate the host's physical or immune 

status and are absent or have lost their function in less 

virulent isolates (Gao et al. 2014). 

Sarathi et al. (2007) and Zwart et al. (2010) 

hypothesized that genome shrinkage of WSSV is an 

adaptive process that might give the virus a replication 

advantage and contribute to increasing viral fitness and 

virulence. Our results do not show an accurate link 

between WSSV genome size and virulence (Table 1); 
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however, there is a trend supporting this observation 

since the strain with the smallest genome showed high 

virulence while the strains with the largest genomes 

showed moderate to low virulence. The possibility 

exists that, beyond the genome size effect, proteins with 

minor alterations in their amino acid sequence and 

genomic variations in non-coding regions may also 

contribute to differences in virulence as reported for 

other viruses such as African swine fever virus 

(Chapman et al. 2008), frog virus 3 (Morrison et al. 

2014), human adenovirus (Hage et al. 2014) and 

influenza A (Yamayoshi et al. 2014). Li et al. (2017) 

suggested the presence of factors related to virulence on 

WSSV isolates that might be absent on low virulent 

isolates. The pathogenesis of individual WSSV strains 

is not yet completely understood, and further research 

is required to identify a virulence-determining 

mechanism. Despite the link between genome size and 

virus fitness in WSSV, we could not demonstrate 

virulence determinants by analyzing the response of 

shrimp to infection with virus strains differing in 

genome size, raising new questions about the host-

pathogen interactions. 
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