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A B S T R A C T

Phosphoglycerate kinase (EC 2.7.2.3, PGK) catalyses the reversible transfer of a phosphate group from 1,3-
diphosphoglyceric acid and ADP to produce 3-phosphoglyceric acid and ATP, which represents the initial
production of ATP during glycolysis; therefore, PGK is a key enzyme in the energy metabolism. To study the role
of PGK in the resistance to WSSV infection in shrimp, the full-length cDNA of the PGK gene (LvPGK) from
Litopenaeus vannamei was obtained by using homology cloning and RACE amplification. The tissue distribution
of LvPGK and its expression changes in the main immune tissues after WSSV stimulation were obtained by
quantitative real-time PCR. Furthermore, RNA interference (RNAi) was used to study the role of LvPGK in shrimp
defending against WSSV infection. The results showed that the full-length cDNA sequence of LvPGK was 1855
bp, contained a 1248 bp open reading frame (ORF) encoding 415 amino acids, and included a conserved PGK
domain. LvPGK presented ubiquitous expression in most examined tissues, with the most predominant expres-
sion in the muscle and the weakest expression in the intestine. LvPGK transcripts could be induced in the he-
mocytes and hepatopancreas by injection with WSSV. Both the replication of WSSV and the shrimp cumulative
mortality decreased significantly after LvPGK knockdown (P < 0.01). After challenging LvPGK RNAi shrimp
with WSSV, the concentration of glucose in the hepatopancreas and muscle tissue did not show significant
change; however, the content of pyruvate and lactate decreased significantly (P < 0.05). Moreover, significant
decreases in the expression levels of crustin, ALF1, ALF2 and ALF3 were also detected. The results suggested that
LvPGK might be involved in WSSV replication by increasing host aerobic and anaerobic metabolism.

1. Introduction

Shrimp culture has suffered from a global disease crisis that has
caused considerable economic losses to the aquaculture industry in the
past thirty years [1]. Reports have indicated that approximately 60% of
shrimp diseases are caused by viruses [2]. Among which, white spot
syndrome virus (WSSV) is one of the most prevalent, widespread and
lethal for shrimp populations [3].

Lacking an acquired immune system, shrimp mainly rely on their
innate immune system to response the pathogenic infection, which
might collaborate with many physiological processes. Previous in-
vestigations demonstrated that energy metabolism might be involved in
the disease-resistance immune response of shrimp [4]. For example, Li
and colleagues indicated viral infections could trigger metabolic
changes in host cells to support the high bioenergetic and biosynthetic
demands of viral replication [5]. In addition, some energy metabolic
enzymes might play an important role in shrimp defending against
WSSV infection [6–9].
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Previous studies indicated that the mutation of mammalian PGK
might lead to chronic haemolytic anaemia [11] and PGK could be in-
volved in the development of a variety of tumours [12–14]. In addition,
PGK might contribute to mRNA synthesis of Sendai virus at the elon-
gation step in vitro [15]. Therefore, PGK has become a candidate mo-
lecule in the development of anti-infection vaccines and drugs in recent
years [16,17].

During glycolysis, glucose is phosphorylated, converted, cleaved
and yields 1,3-diphosphoglycerate, which is catalysed by PGK to pro-
duce 3-phosphoglycerate and then converted into pyruvate. Pyruvate
enters into the tricarboxylic acid cycle (TCA) or generates lactate de-
pending on aerobic and anaerobic conditions [18]. Previous studies
demonstrated that increased glucose and lactate contents were detected
in the hepatopancreas after shrimp Litopenaeus vannamei infected with
hypodermal and haematopoietic necrosis virus (IHHNV), suggesting
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that the virus might achieve replication and proliferation by changing
the host's metabolic pathways [19].

Antimicrobial peptides (AMPs) play a major role in the innate im-
munity of shrimp against microbial invasion by directly killing foreign
pathogens. Crustin and anti-lipopolysaccharide factor (ALF) are the
crucial members of AMPs [20,21] and exhibit potential antimicrobial-
activity against a broad range of pathogens, including WSSV [22–24].
However, till to the present study, the molecular and expression char-
acterizations of PGK in crustacean have not been reported, and the role
of PGK in shrimp response to WSSV infection is poorly understood.

In the present study, the full-length cDNA sequence of PGK was first
cloned from L. vannamei, and the temporal expression profiles of the
LvPGK after WSSV challenge were investigated. Furthermore, the role
of PGK in shrimp response to WSSV infection was studied by using RNA
interference (RNAi) approach, in order to better understanding the
potential role of PGK in shrimp immune response.

2. Materials and methods

2.1. Animals, WSSV challenge and sample collection

L. vannamei (8.44 ± 1.35 g weight) were purchased from a com-
mercial shrimp farm in Xiamen, China. Before experiment, shrimp were
acclimated for 7 days at 28 °C at a salinity of 25 practical salinity units
(psu) in recirculating seawater tanks and fed with commercial diets
every day. The tissues including gill, heart, stomach, brain, hepato-
pancreas, nerve, intestine, muscle and hemocytes were dissected out or
collected from 3 healthy shrimps as our previous report [25]. All
samples were preserved in liquid nitrogen for RNA extraction.

Shrimp immune challenge was carried out by intramuscularly in-
jection of 50 μl WSSV (5×107 copies) in phosphate buffered saline
(PBS, 137mM NaCl, 2.7mM KCl, 1.8 mM KH2PO4, 10mM Na2HPO4)
into the second abdominal segment. Shrimp were injected with 50 μl
PBS as the control. The hepatopancreas and hemocytes of each group
were collected at 6, 12, 24, 48 and 96 h after WSSV injection. The
hemocytes and hepatopancreas pooled from 3 shrimps at each time
point were mixed as one sample; and every treatment was composed of
three replicates (N=3). All samples were frozen in liquid nitrogen
immediately and then transferred to a −80 °C freezer for further ex-
periments.

2.2. Total RNA extraction and cDNA synthesis

Total RNA was extracted using the Eastep® Super Total RNA
Extraction Kit (Promega, USA) according to the manufacturer's in-
structions. First strand cDNA was synthesized using the GoScript™
Reverse Transcription System Kit (Promega, USA) with 1 μg of total
RNA. The cDNA products were used for the LvPGK gene amplification
as well as quantitative real-time PCR (qPCR) and double-stranded RNA
(dsRNA) synthesis.

Table 1
PCR primers used in this study.

Primer name Primer sequences (5′-3′) Usage

PGK-F GACGGAGCAAGCAGACAT Amplification of homologous fragment
PGK-R GTCCCTAAGAAATGGAAGTG
PGK-3′-F1 CCCTGTGGTGTGTTTGAAT First round for 3′RACE
PGK-3′-F2 GTGGCAGCACTCACAGATG Second round for 3′RACE
PGK-5′-R1 CATTCACATACACATCTCCAAG First round for 5′RACE
PGK-5′-R2 GGTGAGAGCAAAGGACGACA Second round for 5′RACE
dsPGK-T7-F1 GGATCCTAATACGACTCACTATAGGTGAGGAAACTTGGAGATGTGTATGT Synthesis of dsLvPGK
dsPGK-R1 TCTACTACCATATCCATGACAGCCT
dsPGK-F2 TGAGGAAACTTGGAGATGTGTATGT
dsPGK-T7-R2 GGATCCTAATACGACTCACTATAGGTCTACTACCATATCCATGACAGCCT
dseGFP-T7-F1 GGATCCTAATACGACTCACTATAGGACAAGTTCAGCGTGTCCG Synthesis of dseGFP
dseGFP-R1 TCGCCGATGGGGGTGTTC
dseGFP-F2 ACAAGTTCAGCGTGTCCG
dseGFP-T7-R2 GGATCCTAATACGACTCACTATAGGTCGCCGATGGGGGTGTTC
qVP28-F ATCCGCAATGGAAAGTCTGA Absolute qPCR
qVP28-R GGGTGAAGGAGGAGGTGTT
qPGK-F ACAAATTGATCGCAAAGGC Immune gene expression analysis
qPGK-R TGGTCCACAGTCCAGTCCC
qβ-actin-F GAAGTAGCCGCCCTGGTTGT
qβ-actin-R GGATACCTCGCTTGCTCTGG
qCrustin-F GGAGGGTCAAGCCTACTGC
qCrustin-R ACGTGGGCATGTGGGAC
qALF1-F GGATGTGGTGTCCTGGATGG
qALF1-R GCGTCGTCCTCCGTGATG
qALF2-F GCGAACAAACTCACTGGACTG
qALF2-R ACATGCGACCCTGGAATACAG
qALF3-F GACCTGTCCAACCCTGAGC
qALF3-R TCGCCTCCTCCTCCGTTATC

Note: The bolded letter represents the T7 RNA polymerase promoter sequence.

Table 2
Predicted PGK protein sequences used for multiple sequence alignments and
phylogenetic analysis.

Species GenBank Acc. NO. Protein Identity (%)

Homo sapiens NP_000282.1 PGK 75.1
Mus musculus AAA70267.1 PGK 74.3
Danio rerio NP_998552.1 PGK 72.9
Oryzias latipes XP_004076818.1 PGK 72.4
Drosophila melanogaster ABH06602.1 PGK 74.9
Tribolium castaneum XP_968140.1 PGK 73.6
Danaus plexippus EHJ66818.1 PGK 79.5
Pararge aegeria JAA78662.1 PGK 78.6
Spodoptera frugiperda ALA09393.1 PGK 80.0
Hyalella azteca XP_018025899.1 PGK 81.5

F.-X. Li, et al. Fish and Shellfish Immunology 93 (2019) 144–152

145

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=NP_000282.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AAA70267.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=NP_998552.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=XP_004076818.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=ABH06602.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=XP_968140.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=EHJ66818.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=ALA09393.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=XP_018025899.1


2.3. LvPGK cDNA cloning and sequence analysis

The PGK cDNA fragment was amplified using primers PGK-F and
PGK-R with muscle cDNA as the template at an annealing temperature
of 53 °C. The 3′ end PCR amplification of the LvPGK was performed
using the gene-specific primers PGK-3′ F1/PGK-3′ F2 and the adaptor
primers AOLP/AP with nested PCR and annealing temperatures of 53 °C
and 56 °C, respectively. For the 5′ end, template was prepared using
muscle tissue as our previous report [25], and the nested PCR was
performed with primer pairs AAP/PGK-5′ R1 and AP/PGK-5’ R2 at an
annealing temperatures of 53 °C and 59 °C, respectively. The primer
sequences are shown in Table 1. All PCR products were gel-purified,
ligated, cloned and sequenced as our previous report [26].

The deduced amino acid sequence was analysed with the Expert
Protein Analysis System (EXPASY) (http://www.expasy.org). The pro-
tein domain feature and the glycosylation site were predicted by Simple
Modular Architecture Reach Tool (SMART) (http://smart.embl-

heidelberg.de) and NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/
services/NetNGlyc/), respectively. The predicted PGK proteins from
different species (Table 2) were assessed via multiple sequence align-
ment using the Clustal Omega (http://www.ebi.ac.uk/tools/msa/
clustalo/), and then a phylogenetic tree was constructed using the
neighbour-joining (NJ) method in MEGA 5.0 software. Bootstrap sam-
pling was reiterated 1000 times.

2.4. Tissue distribution and expression analysis after WSSV challenge

The tissue expression and transcriptional levels of LvPGK in the
hemocytes and hepatopancreas of WSSV-infected shrimp were in-
vestigated using qPCR with the specific primers qPGK-F/qPGK-R and
the GoTaq® qPCR Master Mix Kit following the manufacturer's in-
structions. The internal reference gene Lvβ-actin in shrimp was used
with the primers qβ-actin-F/qβ-actin-R (Table 1). The reaction process
included the following steps: denaturation at 94 °C for 2min, 40 cycles
of 94 °C for 15 s, and annealing temperature of 60 °C for 1min. The
expression of the target gene was calculated with the 2-△△CT method
[27].

2.5. Synthesis of dsRNA

Double-stranded RNA (dsRNA) was synthesized in vitro according to
the method of Wang and colleagues [28]. The primers dsPGK-T7-F1/
dsPGK-R1 and dsPGK-F2/dsPGK-T7-R2 were designed according to the
ORF of our obtained LvPGK cDNA sequence. The domain fragment of
the LvPGK gene containing the T7 RNA polymerase promoter sequence
was amplified by PCR. The products were taken as a sense chain and
antisense chain respectively, and dsLvPGK with a length of 622 bp was
synthesized according to the instructions of the T7 RiboMAX™ Express
RNAi System (Promega, USA). Similarly, the primer pairs dseGFP-T7-
F1/dseGFP-R1 and dseGFP-F2/dseGFP-T7-R2 were designed according
to the enhanced green fluorescent protein (eGFP) vector to synthesize
dseGFP with a length of 500 bp as the control.

2.6. RNA interference of LvPGK assay

Healthy L. vannamei (1.83 ± 0.65 g weight) were acclimated for at
least 7 days as described above. RNAi was performed by injecting 20 μl
dsLvPGK (3 μg/g shrimp) into the second abdominal segment of each
shrimp. Shrimp were injected with 20 μl of dseGFP as the control. The
interference effect of dsLvPGK was confirmed by detecting the expres-
sion of LvPGK using qPCR with muscle cDNA (N=3) at 24 h and 48 h
after dsRNA injection.

2.7. WSSV copy numbers and cumulative mortality of shrimp

To investigate the impact of LvPGK knockdown on WSSV replication
and shrimp mortality, the shrimp were injected intramuscularly with
3 μg/g dsLvPGK dissolved in PBS. The shrimp were injected with same
amount PBS or dseGFP as control. After 24 h dsLvPGK injection, the
shrimp were injected with 20 μl WSSV (2×107 copies). The muscle
pooled from 3 shrimps at each time point were mixed as one sample,
and three parallel samples were collected at 24 h and 48 h (N=3).
Genomic DNA was extracted from shrimp muscle by a commercial kit
(Tiangen, China), and the WSSV copy numbers in each sample were
detected by absolute qPCR with primers qVP28-F/qVP28-R according
to the method of Qiu et al. [29]. Shrimp cumulative mortality was
evaluated by calculating the numbers of dead animals (shrimp injected
with PBS or dseGFP as control) every 12 h after WSSV injection within
48 h.

2.8. Biochemical assay and gene expression analysis

To investigate the effect of LvPGK silencing on the metabolism

Fig. 1. Sequence analysis and predicted domain of LvPGK. (A) Full-length cDNA
sequence and deduced amino acid sequence of LvPGK. The bolded letter in-
dicates the start codon and stop codon, respectively. The boxed information
indicates the predicted N-glycosylation site. The shading indicates the predicted
PGK domain. The underline indicates the predicted polyA signal. (B) Deduced
PGK domain of LvPGK was predicted by SMART.
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Fig. 2. Conservative domain and phylogenetic analysis of the PGK. (A) Multiple sequence alignments of PGK amino acids from different species. The predicted
substrate binding sites, ADP binding sites and hinge region were white triangles, grey triangles and black triangles, respectively. (B) Phylogenetic tree (NJ) based on
the predicted PGK amino acid sequences. The scale bar corresponds to 0.05 estimated amino acid substitutions per site. The bootstrap value was tested 1000 times
(bootstrap=1000). The LvPGK protein was marked with a black triangle. The GenBank accession numbers of these deduced PGK are listed in Table 2.
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during shrimp defending against WSSV infection, the concentration of
glucose, pyruvate and lactate were detected in LvPGK silencing shrimp
after WSSV injection. WSSV challenge in LvPGK silencing shrimp was
carried out as above. The hepatopancreas and muscle were dissected
and collected at 0 h, 24 h and 48 h after WSSV injection. The tissues
pooled from 3 shrimps at each time point were mixed as one sample,
and each sample had triplicates (N= 3), and the tissues were homo-
genized with PBS (10% W/V) and then centrifugated at 4 °C. The su-
pernatants were used for further biochemical detection. All biochemical
assays were performed using detection kits according to the manufac-
turer's instructions (Jiancheng, Nanjing). The total protein concentra-
tion assay was performed with the BCA method [30].

To research the role of LvPGK in shrimp defending against WSSV
infection, the expression of some immune genes including crustin,
ALF1, ALF2 and ALF3 were examined in LvPGK silencing shrimp after
WSSV injection. Total RNA was extracted from hepatopancreas of
LvPGK or eGFP silencing shrimp at 0 h, 24 h and 48 h after WSSV in-
fection. The cDNA synthesized and expression levels of crustin, ALF1,
ALF2 and ALF3 were determined as above. The gene specific primers
were used for the qPCR amplifications and Lvβ-actin as internal re-
ference (Table 1). All data were given in terms of mRNA relative ex-
pression as mean ± SE (N=3).

2.9. Statistical analysis

The data were analysed by an independent sample t-test using SPSS
19.0 software for Windows, and differences were considered a sig-
nificant at P < 0.05 and an extremely significant at P < 0.01. The
cumulative mortality of the shrimp was analysed by the log-rank test

with the Kaplan-Meier method.

3. Results

3.1. Sequence analysis of LvPGK

As a result, a 1855 bp nucleotide sequence representing the full-
length cDNA of LvPGK was obtained and deposited to GenBank (with
accession number of MK734376), which contained an ORF of 1248 bp
encoding a polypeptide of 415 amino acids residues (aa), an 84 bp 5’
-untranslated region (UTR), a 523 bp 3’ -UTR and a poly A tail (Fig. 1).
The calculated molecular weight of deduced polypeptide was 44.26 kDa
and theoretical isoelectric point (pI) was 6.62. A N-glycosylation site
was predicted at position of Asn348 (Fig. 1A) and a conserved PGK
domain was predicted at positions of 8–404 aa (Fig. 1B).

Multiple alignments showed that the amino acid sequence of LvPGK
shared the highest identity with the PGK from an amphipod crustacean
Hyalella azteca (81.5%) and had high identity with the PGK from human
(75.1%), zebrafish (72.9%), fruit fly (74.9%) and other organisms
(Table 2). The conservative substrate binding sites (5 residues), ADP
binding sites (11 residues) and hinge region (7 residues) in PGK family
were also identified in LvPGK (Fig. 2A). Phylogenetic analysis showed
that the predicted PGK amino acids of vertebrates and invertebrates
were clustered to their corresponding subgroups. LvPGK belonged to
the group of invertebrates and had the closest phylogenetic relationship
with PGK from the crustacean H. azteca (Fig. 2B).

3.2. Expression analysis of LvPGK

The tissue distribution of LvPGK transcripts is shown in Fig. 3.
LvPGK showed a ubiquitous expression in all examined tissues. The
most predominant expression of LvPGK was detected in the muscle,
followed by the heart, stomach and gill tissues, and the expression le-
vels of LvPGK in intestine, hemocytes, nerve and hepatopancreas were
very weak.

The expression patterns of LvPGK in shrimp hemocytes and hepa-
topancreas after WSSV challenge are shown in Fig. 4. LvPGK transcripts
upregulated significantly (P < 0.05) in hemocytes at 6 h, reaching the
greatest expression level at 24 h, which was approximate 6.91-fold
greater than that of the control (P < 0.01). Then, the expression of
LvPGK declined gradually from 48 h to 96 h post injection, however it
was still significantly higher than that of the control at 96 h (P < 0.05)
(Fig. 4A). The expression level of LvPGK in the hepatopancreas was
similar to that in the hemocytes, with the peak value was approximate
5.82-fold higher than that of the control at 24 h (P < 0.01). Then, it
decreased significantly from 48 h to 96 h, and the lowest value was
approximate 14.7% of the control at 96 h (P < 0.01).

Fig. 3. Tissue expression profiles of LvPGK. The relative expression levels of
LvPGK in different tissues were compared against that in intestine. Bars indicate
the mean ± SE of three independent cDNA samples (N=3).

Fig. 4. Expression of LvPGK in hemocytes (A)
and hepatopancreas (B) at 6 h, 12 h, 24 h, 48 h
and 96 h after WSSV infection in shrimp. The
LvPGK expression levels were normalized to that
of Lvβ-actin, and the PBS control at each time
point was set as 1. The results were based on
three independent cDNA samples and expressed
as the mean ± SE (N = 3). Sing asterisk (*)
represents significant difference (P < 0.05),
and double asterisk (**) represents extreme sig-
nificant difference (P < 0.01).
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3.3. Effects of LvPGK RNAi on the WSSV replication and shrimp cumulative
mortality

To further investigate the role of LvPGK during WSSV infection,
RNAi was used to silence LvPGK expression. QPCR showed that injec-
tion with 3 μg/g shrimp dsLvPGK significantly downregulated the ex-
pression of LvPGK (P < 0.01) (Fig. 5A). Therefore, WSSV challenge
was carried out at 24 h after dsLvPGK injection.

WSSV copy numbers in LvPGK silencing shrimp are shown in
Fig. 5B. The WSSV copies in the LvPGK silencing group were sig-
nificantly lower than those of the PBS and eGFP silencing control group,
and they reached the values of ~2.7% and ~4.0% of the PBS and

dseGFP control at 24 h (P < 0.01) and ~7.3% and ~17.2% of the PBS
and dseGFP control at 48 h (P < 0.01), respectively.

The cumulative mortality of LvPGK silencing shrimp after WSSV
infection is shown in Fig. 5C. Shrimp mortality increased gradually in
all groups after WSSV injection. However, compared with the control, a
significantly lower cumulative mortality was found in the LvPGK si-
lencing group after 48 h virus challenge (P < 0.01) (33.8% cumulative
mortality of the LvPGK knockdown group, 74.2% cumulative mortality
of the PBS control group and 60.0% cumulative mortality of the dseGFP
control group).

3.4. WSSV infection-induced changes in the metabolites of LvPGK RNAi
shrimp

The changes of some biochemical products in hepatopancreas and
muscle of LvPGK silencing shrimp after WSSV infection are shown in
Fig. 6. Compared with the control group, no significant change of
glucose concentration was detected in the hepatopancreas of the LvPGK
silencing shrimp after WSSV infection (Fig. 6A). However, the pyruvate
concentration decreased significantly in the LvPGK silencing group,
with the lowest value approximating 46.2% of the eGFP silencing
control appeared at 0 h after WSSV injection (24 h after LvPGK RNAi)
(P < 0.01). And the significant low concentration maintained to 48 h
post-injection (P < 0.01) (Fig. 6B). The concentration of lactate in
LvPGK silencing shrimp also decreased significantly from 0 to 48 h after
WSSV injection, with the lowest value of approximating 44.4% as much
as that of the control appeared at 0 h (P < 0.05) (Fig. 6C).

In muscle tissue, the glucose concentration did not show significant
change in the LvPGK silencing shrimp from 0 to 48 h after WSSV in-
fection (Fig. 6D). The concentration of pyruvate decreased significantly
in the LvPGK silencing shrimp from 0 to 48 h after challenge
(P < 0.05), with the lowest value of approximating 32.1% as much as
the control appeared at 48 h (Fig. 6E). The lactate concentration also
decreased significantly in LvPGK silencing shrimp from 0 to 24 h after
WSSV injection, with the lowest value of approximating 56.3% of the
control at 0 h (P < 0.05), however, it recovered to the control level at
48 h after WSSV injection (Fig. 6F).

3.5. Expression of some antimicrobial peptide genes in LvPGK RNAi shrimp
after WSSV challenge

The expression levels of crustin, ALF1, ALF2 and ALF3 in the he-
patopancreas of LvPGK silencing shrimp infected with WSSV are shown
in Fig. 7. The expression of crustin was reduced after LvPGK silencing,
and after WSSV infection, crustin transcripts dramatically decreased at
24 h and 48 h, reaching the lowest value of ~22.3% as much as the
dseGFP appearing control at 24 h (P < 0.05) (Fig. 7A). When LvPGK
was silenced, the expression level of ALF1 significantly declined,
reaching the lowest level of ~15.0% of the control (P < 0.05). Then it
increased gradually and returned to the control level at 48 h after WSSV
challenge (Fig. 7B). The transcriptional level of ALF2 and ALF3 de-
creased after LvPGK silencing, with the lowest values of ~34.3% and
~30.4% as much as the control appearing at 48 h after WSSV injection,
respectively (P < 0.05) (Fig. 7C and D).

4. Discussion

In the present study, LvPGK was first cloned and characterized in
shrimp. The full-length cDNA sequence of the LvPGK gene was 1855 bp,
including a 1248 bp ORF encoding a polypeptide of 415 amino acids
(Fig. 1A). The typical PGK domain was also predicted in LvPGK
(Fig. 1B), suggesting that LvPGK might belong to the conservative PGK
family. The conserved crucial catalytic domains of PGK functioned as
binding substrates, ADP and active configuration were predicted in
LvPGK (Fig. 2A), indicating that PGK is a highly conserved enzyme in
species and LvPGK might possess the catalytic function of the PGK

Fig. 5. WSSV copies and cumulative mortality of LvPGK RNAi shrimp after
WSSV infection. (A) qPCR analysis of the silencing efficiency of LvPGK, with an
internal control of Lvβ-actin. The results were based on three independent
cDNA samples and expressed as the mean ± SE (N=3). (B) WSSV copies per
1 μg muscle tissue genome DNA were measured at 24 h and 48 h after WSSV
infection. Bars indicate the mean ± SE of three independent genomic DNA
samples (N=3). (C) Cumulative mortality of LvPGK silencing shrimp after
WSSV infection. The data were analysed using the Kaplan-Meier method, and
significant differences were detected by the log-rank test. Sing asterisk (*) re-
presents significant difference (P < 0.05), and double asterisk (**) represents
extreme significant difference (P < 0.01).
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family [31]. Multiple sequence alignments and phylogenetic analysis
showed that LvPGK shared high identities with PGK from other in-
vertebrates and vertebrates, with the closest relationship with PGK
from an amphipod crustacean H. azteca (Fig. 2B). The observed re-
lationships within this cluster reflected the taxonomic positions of the
species.

LvPGK was broadly expressed in most examined tissues, with the
highest expression in muscle, followed by heart and brain, and the
lowest level was found in intestine (Fig. 3). Our results suggested that
muscle and heart might play a more important role in synthesizing PGK
in L. vannamei, which might be due to high energy metabolism and
requirements of these tissues. However, the expression levels of LvPGK
in the immune tissues including hepatopancreas and hemocytes were
very low, suggesting that these immune tissues do not maintain high
energy metabolism levels in the normal shrimp [32].

In invertebrates, the hepatopancreas and hemocytes are important
tissues involved in the immune response. The significant upregulations
of LvPGK transcripts were detected in both tissues after WSSV infection
(Fig. 4), indicating that LvPGK might be induced in the anti-WSSV
immune response of shrimp. However, a previous study showed that no
significant change of PGK protein content was detected in the

hemocytes of L. vannamei after WSSV infection [4], which was different
from our results. The difference might be due to different physiological
status of the shrimp or the PGK was detected based on the different
expression levels.

Energy metabolism plays an important role in shrimp immune re-
sponse. Our results showed that the WSSV copy numbers decreased
significantly in LvPGK RNAi shrimp (Fig. 5B), suggesting that LvPGK
silencing might affect the energy production in the glycolysis, which
would result to failure meeting the increasing requirements of viral
replication. WSSV is a large enveloped virus, and it was demonstrated
that a large amount of phospholipids might be required to form a viral
envelope during the viral replication and package [33,34]. A similar
result was observed in shrimp Exopalaemon carinicauda with WSSV in-
fection, which showed that triosephosphate isomerase (TPI) gene si-
lencing led to decrease of downstream metabolic products and then
resulted in the decrease of phospholipid synthesis and eventually a
lower virus replication in infected shrimp [35]. In addition, the enzyme
PGK catalyses 1,3-diphosphoglycerate to 3-phosphoglycerate, which is
used to further synthesize phospholipid [4]. Our results indicated that
LvPGK silencing might lead to the disorder of glycolysis, and then re-
sulted to the decrease of downstream molecules production,

Fig. 6. The concentration of glucose, pyr-
uvate, lactate in hepatopancreas and muscle
of LvPGK silencing shrimp after WSSV in-
fection. WSSV injection was carried out at
24 h after LvPGK RNAi, samples were col-
lected from the LvPGK silencing shrimp at
0 h (24 h after LvPGK silencing), 24 h and
48 h after WSSV injection. Glucose level (A),
pyruate level (B) and lactate level (C) in the
hepatopancreas; and glucose level (D), pyr-
uate level (E) and lactate level (F) in the
muscle. The dseGFP control at 0 h was set as
1. Bars indicate the mean ± SE of three
parallel samples (N = 3). Sing asterisk (*)
represents significant difference
(P < 0.05), and double asterisk (**) re-
presents extreme significant difference
(P < 0.01).
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phospholipid synthesis, and the decline of WSSV replication (Fig. 5B).
Therefore, the cumulative mortality of shrimp decreased (Fig. 5C). Si-
milarly, another investigation demonstrated that WSSV replication was
significantly reduced after the expression of Ras GTPase suppressed
[36], which agreed with our results.

In addition, glucose is one of the most important energy resources.
Glucose consumption and lactate accumulation were observed in L.
vannamei during the WSSV replication [37]. The increasing of glucose,
lactate, and other biochemical products were also observed in the he-
patopancreas after shrimp infected with IHHNV [19] and WSSV [38].
These transformations indicated that viral infection might cause tem-
porary changes in host metabolic pathways to maximize proliferation.
Our results showed that no significant change of glucose content was
detected in the hepatopancreas and muscle tissue of LvPGK RNAi
shrimp after WSSV infection (Fig. 6A–D), which might be due to the
involvement and compensation from other metabolic pathways. Fur-
thermore, pyruvate and lactate levels decreased significantly (Fig. 6B,
C, 6E, 6F), which might be due to the decrease of metabolic products
caused by LvPGK silencing and the increase of energy requirements of
WSSV replication and immune response. However, the mechanisms
need to be further studied.

Antimicrobial peptides (AMPs) are generally considered as essential
immune effectors in innate immune response through killing a wide
range of pathogens. Previous research has showed that crustin and ALFs
played a crucial role in shrimp anti-WSSV infection immune response
[39–41]. Our findings showed that the downregulation of crustin,
ALF1, ALF2 and ALF3 expression in LvPGK silencing shrimp and after
WSSV challenge (Fig. 7), suggesting that the expression of these AMPs
could not be induced in shrimp after LvPGK silencing, which might be
due to the metabolic disorder and the decrease energy production after
LvPGK silencing. It was demonstrated that knockdown a crucial enzyme
in lipogenic and glycogenic, myocyte enhancer factor-2 (MEF2), re-
sulted to reduced expression of AMPs [42]. The decline of both WSSV
replication and these AMP genes were detected in our study, suggesting
that knockdown of LvPGK might lead to suppression of WSSV replica-
tion due to metabolic change. Then less WSSV numbers might not in-
duce a rapid immune response. Additionally, there are many other
immune genes were involved in shrimp immune response, which might

contribute to the decrease of WSSV replication and shrimp mortality.
Therefore, the expression levels of more immune genes need to be
further investigated.

In conclusion, the full-length cDNA sequence of LvPGK was cloned
in shrimp L. vannamei. LvPGK was broadly expressed in most examined
tissues with the highest level in the muscle and the lowest level in the
intestine. The expression of LvPGK in hepatopancreas and hemocytes
could be induced by WSSV infection. Interestingly, WSSV replication
and shrimp mortality decreased significantly after LvPGK silencing.
Moreover, the changing of metabolic products might affect WSSV re-
plication and some immune genes’ expression and induction.

[10].
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