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Glutaredoxins (Grxs), small heat-stable oxidoreductases, are key members of the

thioredoxin (Trx) superfamily. Recently, an emerging subclass of Grxs with a cysteine

residue in the active site was found in shrimps. However, molecular functions of

Grx-related proteins in decapods were rarely reported. In this study, a novel full-length

Grx 3 (LvGrx 3) complementary DNA (cDNA) was identified in Pacific white shrimp

(Litopenaeus vannamei), which had a 975-bp open reading frame (ORF) encoding a

polypeptide of 324 amino acids. The nucleic acid sequence of Pacific white shrimp

glutaredoxin 3 (LvGrx 3) showed 99.59% identity with genomic DNA (gDNA) sequence

and 63.49% coverage. Sequence alignment showed that the amino acid sequence of

LvGrx 3 shared 97% identity with black tiger shrimp (Penaeus monodon) Grx 3 and 62%

identity with amphipod (Hyalella azteca) Grx 3. LvGrx 3 showed higher expression in the

intestine, gill, and hepatopancreas, and lower expression in epithelium and abdominal

nerve. In response to ammonia-N stress, LvGrx 3 was significantly upregulated in both

the hepatopancreas and gill, and the peak value appeared after 24 h exposure. After

lipopolysaccharide (LPS) injection, expression levels of LvGrx 3 in the hepatopancreas

were increased in the middle stage, and LvGrx 3 in gill was upregulated in the middle

and later periods (24 and 48 h). These results indicate that LvGrx 3 can participate

in immune responses against ammonia-N stress and pathogen infection. However,

RNA interference (RNAi) assay showed that LvGrx 3 silencing in ammonia-N-challenged

shrimp could significantly induce the gene expression of antioxidant enzymes and

aggravate the oxidative damage of protein and lipid. These results suggest that LvGrx 3

is involved in regulating the antioxidant system and plays a vital role in defense responses

against environmental stress.
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INTRODUCTION

Pacific white shrimp (Litopenaeus vannamei) is one of the
popular shrimp species cultivated in China (Williams et al., 1996;
Chang et al., 2009). In the past two decades, the deteriorating
aquaculture environment severely disrupted shrimp farming
and caused stress-induced disease outbreaks (Tseng and Chen,
2004; Chiu et al., 2007; Qiu et al., 2011). Change in
environmental factors has an important effect on increasing
mortality (Mermoud et al., 1998). Environmental factors may
induce stress reaction and immune-mediated depression, making
shrimps susceptible to pathogens (Horowitz and Horowitz,
2001). Ammonia-N is one of the main environmental factors
in the aquaculture system, which is toxic for aquatic animals,
especially for shrimps. It can induce oxidative stress in various
tissues and organs of shrimp, such as hepatopancreas, hemocytes,
and nerve (Kosenko et al., 1997; Liu and Chen, 2004).

In many oxygenic organisms, reactive oxygen species (ROS)
are generated as by-products in the process of aerobic
metabolism (Wulf, 2002; Balaban et al., 2005). In many events,
ROS can provoke severe oxidative stress and damage cellular
proteins, lipids, or DNA (Cross et al., 1987; Toren, 2005;
Leung and Chan, 2009). Organisms can protect themselves from
the toxicity of excess ROS by developing different effective
mechanisms (Poyton, 1999; Kondo et al., 2006). Glutaredoxin
redox system is an important antioxidant system, which
takes part in many physiological and biochemical processes
and plays a critical role in defense mechanisms against
oxidative stress (Grant, 2001; Lillig et al., 2008). As a key
member of the glutaredoxin redox system, Grx is a small
and conserved oxidoreductase belonging to the thioredoxin
(Trx) superfamily, which is prevalent in both prokaryotes
and eukaryotes (Fernandes and Holmgren, 2004; Lillig and
Berndt, 2013).Grxs have highly conserved domains, which are
exposed to the surface of the protein and accompanied by
glutathione (GSH) in the vicinity (Rodríguez-Manzaneque et al.,
1999). Grxs mainly use GSH, which serves as a substrate
to catalyze the reduction of protein disulfides (Wells et al.,
1990). Grxs reduce disulfides via two different mechanisms.
Dithiol mechanism requires active site Cys residues, while
monothiol mechanism relies on the N-terminal active site
cysteine (Bushweller et al., 1992). According to the structure
and catalytic mechanism, there are three kinds of Grxs (Vlamis-
Gardikas and Holmgren, 2002; Lillig et al., 2005). The first kind
of Grx is a classical Grx (9–14 kDa) with two cysteines in their
active sites [e.g., Escherichia coli Grx 1, yeast (Saccharomyces
cerevisiae) Grx 1 and Grx 2 and human Grxs] (Vlamis-Gardikas
and Holmgren, 2002). The second kind of Grx consists of
the monothiol Grxs, which is exemplified by the yeast (S.
cerevisiae) Grx 3, Grx, 4 and Grx 5, lacking the C-terminal
active site cysteine. All the three yeast Grxs have C-G-F-S
as the active site motif (Rodríguez-Manzaneque et al., 1999).
The third kind of Grx consists of E. coli Grx 2, which is
a 24.3 kDa protein with more three-dimensional structural
similarities to the glutathione S-transferase (GST) family of
protein (Xia et al., 2001). Other proteins belonging to this kind
of Grx are human glutathione transferase omega 1 (GSTO1) and

chloride intracellular channel 1 (CLIC1) (Vlamis-Gardikas and
Holmgren, 2002).

Grxs are of great interest in recent years due to their different
and potent functions. Grx 3 participates in the process of cellular
defense against oxidative stress, cell growth and proliferation,
protection of protein oxidation, biogenesis of iron-sulfur clusters,
and iron homeostasis (Li et al., 2007; Haunhorst et al., 2013).
However, most researchers care about the species of E. coli (Shi
et al., 1999), yeast (Chi et al., 2018), zebrafish (Danio rerio)
(Haunhorst et al., 2013), mice, and human (Cheng et al., 2011).
However, few studies were reported on decapods. In this study,
the full length of Grx 3 was first cloned from Pacific white
shrimp, and its molecular characterization was analyzed. In order
to investigate the biological function of LvGrx 3, the expression
pattern of LvGrx 3 was determined in Pacific white shrimp
under ammonia-N stress and lipopolysaccharide (LPS) injection.
Besides, LvGrx 3 was silenced to explore its role in Pacific white
shrimp after ammonia-N exposure.

MATERIALS AND METHODS

Shrimp, Management, and Diet
Healthy cultured Pacific white shrimps (L. vannamei) (body
length of 10.6 ± 1.5 cm; weight of 11.2 ± 2.6 g) were obtained
from a local shrimp farm in Haikou, Hainan province, China.
The shrimps were maintained in cycling filtered plastic tanks
with salinity of 15‰, temperature of 24 ± 2◦C, and pH of 7.9–
8. A commercial shrimp diet (40% protein, 5% fat, 5% fiber, and
16% ash; Haid Group, Guangzhou, China) was used to feed the
shrimps twice daily before starting the experiment.

Sample Collection
Hemolymph (400 µl) was extracted from the pericardial sinus of
each shrimp with 25 gauge needle and 1.5ml syringe, absorbing
an equal volume of ice-cold shrimp anticoagulant solution (AS,
20.5 g L−1 glucose, 8 g L−1 sodium citrate, and 4.2 g L−1 sodium
chloride, pH 7.5) (Xian et al., 2013). Hemocyte was separated
by centrifugation at 800 g for 5min at 4◦C, and hemocyte
pellets were used for RNA extraction. Tissue samples, such as
hepatopancreas, intestine, gill, stomach, pyloric cecum, eyestalk,
muscle, hemocytes, scape, epithelium, and abdominal nerve were
collected from healthy shrimps and preserved in liquid nitrogen
for RNA extraction (Yao et al., 2010).

Cloning the Full-Length Complementary
DNA of LvGrx 3
Based on the previous transcriptome data of Pacific white shrimp,
we obtained a partial middle fragment of Grx 3 cDNA using
primers, such as Grx3-F1 and Grx3-R1. Semi-nested real-time
polymerase chain reaction (RT-PCR) strategy was used to obtain
an open reading frame (ORF) sequence near the 3′ end or 5′ end
of LvGrx 3. The 3′ ends of Grx 3 were obtained with 3′-Full RACE
Core Set with PrimeScript RTase (Takara, Dalian, China), and
5′ ends were obtained with SMART RACE cDNA Amplification
Kit (Clontech, Mountain View, CA, United States). For the 3′

end, PCR was performed with gene-specific primer Grx3-3′F1
and 3′ rapid amplification of cDNA ends (RACE) outer primer.
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TABLE 1 | Summary of primers used in this study.

Primers Sequences

Grx3-F1 ACGATGCGGATTCAGCC

Grx3-R1 GACTATGTCCAGCCCACCAA

Grx3-3′F1 ACGATGCGGATTCAGCC

Grx3-5′R1 CTATGTCCAGCCCACCAATCAGG

3′RACE

outer primer

TACCGTCGTTCCACTAGTGATTT

UPM long

primer

CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT

Short

primer

CTAATACGACTCACTATAGGGC

Grx3-RT-F1 TTCAGCCGCACAACCATA

Grx3-RT-R1 AGTCCTTGTCGCACTTCCTC

Grx 3i-F

(with T7)

GGATCCTAATACGACTCACTATAGGTGACAGAATAGATGGTGCC

Grx 3i-F TGACAGAATAGATGGTGCC

Grx 3i-R

(with T7)

GGATCCTAATACGACTCACTATAGGTCTTTGACTATGTCCAGCC

Grx 3 i-R TCTTTGACTATGTCCAGCC

GFPi-F (with

T7)

TAATACGACTCACTATAGGGAGAGTGCCCATCCTGGTCGAGCT

GFPi-F GTGCCCATCCTGGTCGAGCT

GFPi-R

(with T7)

TAATACGACTCACTATAGGGAGATGCACGCTGCCGTCCTCGAT

GFPi-R TGCACGCTGCCGTCCTCGAT

β-Actin F GCCCATCTACGAGGGATA

β-Actin Rc GGTGGTCGTGAAGGTGTAG

GPx-F AGGGACTTCCACCAGATG

GPx-R CAACAACTCCCCTTCGGTA

GST-F AAGATAACGCAGAGCAAGG

GST-R TCGTAGGTGACGGTAAAGA

Trx-F TTAACGAGGCTGGAAACA

Trx-R AACGACATCGCTCATAGA

LvGrx 2-F TGATAAGCAGCCTGATGGTG

LvGrx 2-R GCCTTGTTTCTGTTCCTCCA

The PCR protocol was as follows: 1 cycle of denaturation at
94◦C for 3min, 30 cycles of 94◦C for 30 s, 58◦C for 30 s, and
72◦C for 1min, followed by a 10min extension at 72◦C. The 5′-
untranslated regions (UTRs) were amplified with primer Grx3-
5′R1 and universal primer mix (UPM). The PCR was carried out
using 30 cycles of 94◦C for 30 s, 68◦C for 30 s, and 72◦C for 3min.
5′- and 3′-RACE PCR products were gel purified, cloned, and
sequenced as described previously (Zheng et al., 2019). All primer
sequences are provided in Table 1.

Bioinformatics Analysis
The full-length cDNA of LvGrx 3 was identified using
the National Center for Biotechnology Information (NCBI)
BLAST search program (http://www.ncbi.nlm.nih.gov/blast).
The nucleotide and predicted protein sequences of LvGrx 3
were analyzed using the DNAMAN software and the Expasy
search program (http://au.expasy.org/tools/). Multiple sequence

alignments of the predicted LvGrx 3 protein with known Grx 3
proteins were analyzed using the ClustalX software.

The phylogenetic tree was constructed using the neighbor-
joining (NJ) method and plotted with Molecular Evolutionary
Genetics Analysis (MEGA) version 6.0 software. Bootstrap
sampling was performed with 1,000 replicates.

Tissue-Specific Expression of LvGrx 3
mRNA
In order to assess the expression of LvGrx 3 in different tissues
of Pacific white shrimp, quantitative real-time PCR (qRT-PCR)
was conducted using the RNA of hepatopancreas, intestine,
gill, stomach, pyloric cecum, eyestalk, muscle, hemocytes, scape,
epithelium, and abdominal nerve from nine healthy shrimps. The
housekeeping gene β-actin was used as an internal control.

A real-time quantitative PCR (qPCR) using Stratagene
Mx3005P (Agilent, Santa Clara, CA, United States) was applied
to study the expression of LvGrx 3 in different tissues of Pacific
white shrimp. The primers of the target gene were Grx3-RT-
F1 and Grx3-RT-R1 (Table 1). The RT-PCR conditions were as
follows: 94◦C for 3min to activate the polymerase, followed by
40 cycles of 95◦C for 15 s, 58◦C for 15 s, and 72◦C for 20 s.
Dissociation analysis of amplification products was performed
at the end of each PCR reaction to confirm that only a
PCR product was amplified and detected. The comparative CT
method (2−11Ct method) was used to analyze the expression
level of LvGrx 3.

Ammonia-N Stress and LPS Challenge
Expression analysis of LvGrx 3 in shrimpwas tested by ammonia-
N stress or LPS injection. Two groups (control and 20mg L−1

ammonia) were designed in the ammonia-N stress experiment,
and the 20mg L−1 ammonia-N solution was made using NH4Cl
and 15‰ disinfected seawater (Lin and Chen, 2001; Liu and
Chen, 2004). Prior to the experiment, the mean doses of
ammonia-N in two groups were tested by 0.01 and 20.45mg
L−1, respectively. Both groups were analyzed in triplicate with
25 shrimps per replicate in plastic tanks with 80 L disinfected
seawater (salinity 15‰ and temperature of 24 ± 2◦C, pH7.9–
8), which was aerated continuously using an air stone. The
water environment of the plastic tanks was similar to the
water environments of the culture ponds where the shrimps
were purchased.

For the pathogen infection experiment, healthy shrimps were
intramuscularly injected at the third abdominal segment with 2
µg µl−1 LPS or sterile physiological saline solution. LPS (2mg
ml−1, from E. coli 055: B5, Sigma-Aldrich, Shanghai, China) was
dissolved in physiological saline solution (0.85% NaCl, Macklin,
Shanghai, China) to give a dose of 2 µg µl−1. Shrimps were split
into two categories, and each category was set in three replicates
with 25 shrimps per replicate. According to a previous study
(Xian et al., 2016), the LPS dose was 8 µg g−1 wet weight, and the
shrimp in the control group was injected with the same amount
of sterile physiological saline solution.

After 0, 3, 6, 12, 24, and 48 h ammonia-N stress or LPS
injection, nine healthy shrimps were collected from different
groups at each time point. Hemocytes were extracted, separated,
and immediately used for RNA extraction. The tissues (gill
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and hepatopancreas) of each shrimp were dissected quickly and
preserved separately in liquid nitrogen and then stored at−80◦C
before RNA extraction.

The total RNA was extracted from the tissues of shrimps by
the TRIzol Reagent (Invitrogen, Carlsbad, CA, United States)
following the instructions of the manufacturer. RNA
concentration and quality were estimated using a NanoDrop
2000 spectrophotometer (NanoDrop Technologies, Wilmington,
DE, United States), and RNA integrity was verified by 1% agarose
gel electrophoresis. First-strand cDNA was generated from total
RNA using PrimeScript RT Reagent Kit with gDNA Eraser
(Takara, Dalian, China).

Assay of Superoxide Anion Radical (O–
2)

Production
O−

2 production was quantified using the reduction of nitroblue
tetrazolium (NBT) to formazan (Zhang et al., 2013).
Hepatopancreas samples were homogenized in 10 volumes
of ice-cold 0.85% NaCl solution in the ice bath for 2min.
Homogenates were centrifuged at 10,000 g for 15min at 4◦C, and
then 20 µl supernatant was stained with 100 µl NBT solution
(0.3%) for 30min at room temperature. The NBT solution
was removed and then washed one time with 100% methanol
(Sigma-Aldrich, Shanghai, China) and three times with 70%
methanol and then air-dried. Formazan was dissolved by adding
120 µl 2M KOH(Sigma-Aldrich, Shanghai, China) and 140 µl
dimethyl sulphoxide (Sigma-Aldrich, Shanghai, China). The
optical density at 630 nm was measured using a microplate
reader. O−

2 production was expressed as NBT reduction in 20 µl
of supernatant.

Assay for Silencing LvGrx 3 Gene
The double-stranded RNA (dsRNA) for LvGrx 3 and green
fluorescent protein (GFP, as a negative control) gene were
synthesized by in vitro transcription using T7 RiboMAXTM

Express RNAi System (Promega, Madison, WI, United States).
The gene-specific primers of LvGrx 3 and GFP dsRNA are
presented in Table 1. The formation of the dsRNAs was
quantified by UV spectrophotometry at an absorbance of 260 nm
and analyzed by 1% agarose gel electrophoresis. The dsRNAs
were stored at−80◦C for gene silencing experiments.

RNA interference (RNAi) efficiency was detected by qRT-PCR
and semi-quantitative RT-PCR. First, the synthetic dsRNA was
dissolved in a protective buffer (10mM Tris-HCl and 400mM
NaCl, pH 7.5) to make a final concentration of 2.5µgµl−1. Then,
the shrimps were split into two groups and injected with LvGrx
3 (2.5 µg g−1 shrimp) or GFP dsRNA (2.5 µg g−1 shrimp) into
each shrimp at the lateral area of the fourth abdominal segment
(Kong et al., 2018). The hepatopancreas samples in three shrimps
from the test or control group were collected at 0, 12, 24, and
48 h after injection. Then, the total RNA was extracted from
the hepatopancreas of shrimps by the method mentioned above.
The LvGrx 3 cDNA sequence of hepatopancreas was amplified
using specific primers, Grx3-RT-F1 and Grx3-RT-R1, and the β-
actingene was used as an internal control. Finally, all the PCR
products were identified by 2% agarose gel electrophoresis as a
semi-quantitative analysis.

Ammonia-N Stress After Gene Silencing
To study the effects of ammonia-N stress on shrimps after LvGrx
3 silencing, shrimps were randomly divided into two groups.
One group was injected with Grx 3 dsRNA, and the other group
was injected with GFP dsRNA. Then, both groups of shrimps
were challenged by ammonia-N (20mg L−1) after 12 h dsRNA
injection, and hepatopancreas samples from nine shrimps in
each group were collected at 0, 1.5, 3, 6, 12, and 24 h. These
hepatopancreas samples were placed in liquid nitrogen and then
stored at−80◦C for RNA extraction.

Quantification of Antioxidant Genes After
LvGrx 3 Silencing
qRT-PCR was performed to analyze the relative expression levels
of the antioxidant genes, such as LvGrx 3, LvGrx 2, Trx, GPx,
and GST in the shrimp of LvGrx 3-silenced and GFP groups. All
gene-specific primer pairs are listed in Table 1.

Determination of Protein Carbonyl and
Malondialdehyde Contents
In this study, the concentrations of protein carbonyls were
measured using Protein Carbonyl Test Kit (A087, Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). Protein
carbonyl proteins were tested by a 2,4-dinitrophenylhydrazine
reaction (Levine et al., 1990). Total protein concentrations were
measured using Coomassie Brilliant Blue Protein Determination
Kit (A045-2, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). All tests were performed in triplicate,
measuring the absorbance of each sample at 370 and 595 nm for
protein carbonyl and protein contents, respectively.

Under oxidative stress conditions, the MDA content was used
to assess the extent of lipid peroxidation by the thiobarbituric
acid (TBA) assay. The MDA content in the hepatopancreas of
shrimp was carried out using the MDA detection kit (A003-
2) purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). The MDA content in lipid hydroperoxide
decomposition products could condensate with TBA to produce
red compounds with an absorption peak of 532 nm. All data were
tested in triplicate, and the mean of the three values was used for
statistical analysis.

Statistical Analyses
All data were presented as means ± SD. One-way ANOVA
was performed to analyze data, and a multiple comparison
(Tukey) test was conducted to compare the significant differences
among different treatments using the SPSS 18.0 software (SPSS
Inc., Chicago, IL, United States). P < 0.05 was considered
statistically significant.

RESULTS

Characterization of the Full-Length cDNA
for LvGrx 3
The nucleotide and deduced amino acid sequences of LvGrx
3 are presented in Figure 1. The full-length cDNA for LvGrx
3 of Pacific white shrimp was 1,512 bp, containing a 975-bp
ORF, which encodes 324 amino acids. It had 99.59% identity
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with genomic DNA (gDNA) sequence (GenBank accession no.:
XM_027353970.1), and showed 63.49% coverage. It displayed
5.25% identity with LvGrx 2, which was cloned in the previous
study (Zheng et al., 2019). The cDNA contained a 5’ UTR of 93
nucleotides and a long 3’-UTR of 444 nucleotides, including a
stop codon (TAA), a putative polyadenylation consensus signal
(AATAAA), and a poly (A) tail. The deduced mature LvGrx 3
protein had a calculated molecular mass of 36 kDa and a pI of
4.93. The GSH binding sites of LvGrx 3 were formed by Lys141,243,
Cys149,251, Gly150,252, Phe151,253, Thr189,291, and Tyr190,292.

Phylogenetic Analysis
To investigate the relationship between LvGrx 3 and its
homologs, multiple sequence alignment was performed. Blast
analysis revealed that LvGrx 3 possessed a Trx domain, two
Grx domains, and two active sites of the monothiol Grx CGFS
(149–152 and 251–254 aa), indicating that LvGrx 3 is related to
the monothiol kind of Grx family. LvGrx 3 shared the highest
similarity with Grx 3 from black tiger shrimp (P. monodon)
(GenBank accession no.: XP_037789122.1, 97%) and amphipod
(H. azteca) (GenBank accession no.: XP_018026525.1, 62%
identity). LvGrx 3 showed 61% percent identity with dampwood
termite (Zootermopsis nevadensis) (GenBank accession no.:
XP_021939072.1), and termite (Cryptotermes secundus)
(GenBank accession no.: XP_023701670.1). LvGrx 3 showed 52%
identity with brown marmorated stink bug (Halyomorph halys)
(GenBank accession no.: XP_014281542.1). Multiple sequence
alignment demonstrated that the deduced amino acid sequence
of Grx 3 from Pacific white shrimp showed a high similarity in
fundamental structure and function with that from other species
(Figure 2). The signature monothiol CGFS active site and 12
GSH binding sites were highly conserved in all sequences of
Grx 3.

In order to construct a phylogenetic tree, 15 sequences
of Grx 3 and five sequences of Grx 2 were selected
from 18 different species (Figure 3). Grx 3 sequences
of 15 species used for the phylogenetic tree were black
tiger shrimp (GenBank accession no: XP_037789122.1),
amphipod (GenBank accession no: XP_018026525.1), termite
(GenBank accession no: XP_023701670.1), German cockroach
(Blattella germanica) (GenBank accession no: PSN36174.1),
nematode (Caenorhabditis elegans) (GenBank accession no:
NP_001023756.1), fungus (S. cerevisiae) (GenBank accession no:
GFP69319.1), goldfish (Carassius auratus) (GenBank accession
no: XP_026078075.1), zebrafish (Danio rerio) (GenBank
accession no: NP_001005950.1), rohu (Labeo rohita) (GenBank
accession no: RXN07040.1), lesser kestrel (Falco naumanni)
(GenBank accession no: XP_040461937.1), red junglefowl
(Gallus gallus) (GenBank accession no: NP_001264313.1),
human (Homo sapiens) (GenBank accession no.: AAH05289.1),
brown rat (Rattus norvegicus) (GenBank accession no:
AAH86381.1), and house mouse (Mus musculus) (GenBank
accession no: NP_075629.2). The Grx 2 sequences of the five
species used for the phylogenetic tree were Pacific white shrimp
(GenBank accession no: AYO52065.1), black tiger shrimp
(GenBank accession no: XP_037791880.1), Chinese mitten
crab (Eriocheir sinensis) (GenBank accession no: AXM05418.1),

snow crab (Chionoecetes opilio) (GenBank accession no:
KAG0711752.1), and gazami crab (Portunus trituberculatus)
(GenBank accession no: MPC96022.1).

The phylogenetic tree was mainly divided into two large
branches, namely, Grx 2 of the crustaceans and Grx 3 from
different classifications. The Grx 3members were subdivided into
two large groups. A group was originated from the vertebrate,
and the other group was originated from invertebrate and
fungus. The vertebrate group mainly contained mammal, aves,
and fish. The invertebrate group included insects, crustaceans,
and nematodes. The Grx 3 from the fungus was closer to the
invertebrate group. LvGrx 3 formed a large group with fungus
Grx 3, which is the typical example of the monothiol Grxs.
Therefore, LvGrx 3 was proved to be a member of the Grx 3
family. Finally, LvGrx 3 shared the highest similarity with black
tiger shrimp Grx 3 and formed a group with black tiger shrimp
Grx 3 in the phylogenetic tree.

Expression of LvGrx 3 mRNA in Different
Tissues
The results of qRT-PCR for tissue distribution analysis showed
that LvGrx 3 could be detected in all the examined tissues of
Pacific white shrimp. LvGrx 3 showed a significant expression
(P < 0.05) in intestine, gill, and hepatopancreas compared
with hemocytes. LvGrx 3 expression was low in epithelium and
abdominal nerve (Figure 4).

Expression of LvGrx 3 in Hepatopancreas
and Gill After Ammonia-N Stress or LPS
Injection
Expression profiles of LvGrx 3 in the hepatopancreas and gill
of shrimp under ammonia-N stress are shown in Figure 5. In
hepatopancreas, LvGrx 3 transcript level was increased at 12–48 h
under ammonia-N stress (P < 0.05). After 24 h exposure, LvGrx
3 expression in the ammonia-N group was 2.44-fold higher than
that of the control group. In gill, LvGrx 3 expression level was
upregulated at 6–48 h exposure (P < 0.05), and the peak value
was found after 24 h exposure, which was 8.23-fold of that in the
control group.

The mRNA transcript levels of LvGrx 3 of hepatopancreas
and gill in LPS-injected shrimps are presented in Figure 6.
The transcriptional level of LvGrx 3 in hepatopancreas was
upregulated after 24 h LPS injection. The transcriptional level of
LvGrx 3 reached the highest level (P < 0.05) and then fell back
to the level of the control group after 48 h (P > 0.05). LvGrx 3
expression level in gill was significantly increased after 12–48 h
injection (P< 0.05), and the highest level was observed after 12 h.

Analysis of O–
2 Production in

Hepatopancreas and Gill After Ammonia-N
Stress or LPS Injection
The O−

2 production in the hepatopancreas and gill of shrimps
under ammonia-N stress is shown in Figure 7. O−

2 production
in hepatopancreas significantly increased at 6 and 24 h after
ammonia-N stress (P < 0.05) and reached the peak at 6 h. In gill,
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FIGURE 1 | Nucleotide and deduced amino acid sequences of Grx 3 gene of Pacific white shrimp (Litopenaeus vannamei). The letters in box indicate start codon

(ATG), stop codon (TAA), and polyadenylation signal sequence (AATAAA). The catalytic amino acids (C-G-F-S) are shaded in gray. The other cysteine residues, Cys34,

Cys45, and Cys136 in LvGrx 3 are underlined.
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FIGURE 2 | Multiple sequence alignment of Grx 3 in Pacific white shrimp (Litopenaeus vannamei). The blue region indicates that the sequences share the same amino

acid residue. Gaps are indicated by spots. A square line box shows the special catalytic residues, and red triangle arrows represent 12 GSH binding sites.

O−

2 production increased after 12–48 hexposure (P < 0.05), and
the highest value was observed after 12 h exposure.

As shown in Figure 8A, compared with the control group,
LPS stimulation could significantly enhance O−

2 production in
hepatopancreas after 6, 12, and 24 h exposure (P < 0.05). At the
same time, a significant increase in O−

2 production of gill was
observed after 3–12 h LPS injection (P < 0.05), and the peak level
was detected after 3 h injection (Figure 8B).

LvGrx 3 Silencing in Hepatopancreas
In order to elucidate the role of LvGrx 3 in shrimps under
ammonia-N stress, RNAi assay was conducted using LvGrx 3
gene-specific dsRNA. dsRNA (700 bp) of LvGrx 3 and GFP genes
were synthesized, and their expression patterns were determined
after dsRNA injection (Figure 9A). The silencing efficiency of

dsLvGrx 3 was evaluated by qRT-PCR. The LvGrx 3 expression
levels in dsLvGrx 3-injected shrimps were decreased to <50%
of the original level at 12, 24, and 48 h post-injection. In
contrast, LvGrx 3 transcription remained constant in shrimps
injected with dsGFP (Figure 9B). After semi-quantitative RT-
PCR analysis, a similar expression trend was observed in dsLvGrx
3 and dsGFP-injected shrimps (Figure 9C).

Expression Patterns of Genes in LvGrx
3-Interfered Shrimps Under Ammonia-N
Stress
The relative expression level of LvGrx 3 is shown in Figure 10A.
In the dsGFP-injected group, no significant change in LvGrx 3
expression was observed at 12 h injection (pre-exposure, 0 h).
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FIGURE 3 | Phylogenetic tree using 15 sequences of Grx 3 and five sequences of Grx 2 from various species. Amino acids sequences are aligned using the ClustalX

software, and the tree is constructed with the neighbor-joining (NJ) method in Molecular Evolutionary Genetics Analysis (MEGA) 4. The numbers at the forks indicate

the bootstrap values. The corresponding species in different colors are presented on the right side of the figure. The pink dots indicate Grx 3, and the blue dots

indicate Grx 2. LvGrx 3 is underlined in the figure.

However, after 6–24 h ammonia-N exposure, LvGrx 3 of dsGFP-
injected shrimps were significantly increased and showed a peak
at 24 h (P < 0.05). In dsGrx 3-injected groups, the LvGrx
3 transcription was significantly inhibited at 12 h injection (P
< 0.05). Although it was slightly upregulated during 1.5–24 h
ammonia-N stress, the expression level of LvGrx 3 was lower
than that under pre-injection (P < 0.05). The LvGrx 3-interfered
shrimps had a significantly lower LvGrx 3 transcription than the
dsGFP group before (0 h) ammonia-N stress and at all sampling
times (P < 0.05).

The relative level of LvGrx 2 is shown in Figure 10B.
LvGrx 2 transcriptional levels in dsGFP-injected shrimps were
significantly upregulated after 3, 6, and 24 h ammonia-N
exposure (P < 0.05), while those in LvGrx 3-interfered shrimps
were increased after 0 and 3–24 h (P < 0.05) with a peak at
3 h. Compared with the dsGFP-injected shrimps, transcriptional

levels of LvGrx 2 in dsGrx 3-injected shrimps were higher than
those of LvGrx 3 exposure after 0, 12, and 24 h (P < 0.05).

The relative level of Trx is shown in Figure 10C. Trx mRNA
levels in dsGFP-injected shrimps were significantly enhanced
after 3 to 24 h exposure (P < 0.05). In dsGrx 3-injected shrimps,
a sharp increase in the expression of Trx was found after
0 and 3–24 h ammonia-N stress (P < 0.05). Compared with
dsGFP-injected shrimps, transcriptional levels of Trx in LvGrx
3-interfered shrimps were relatively higher after 0, 6, and 12h
exposure (P < 0.05).

The relative level of GPx is shown in Figure 10D. GPxmRNA
levels were increased by ammonia-N exposure after 3 h and at
all test times (P < 0.05) in both dsGFP and LvGrx 3-suppressed
shrimps. Compared with dsGFP-injected shrimps, GPxmRNA
expression was enhanced at 0–1.5 and 12–24 h (P < 0.05) in
dsGrx 3-injected shrimps.
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FIGURE 4 | Relative expression of Grx 3 in different tissues of Pacific white shrimp (Litopenaeus vannamei), such as hepatopancreas, intestine, gill, stomach, pyloric

cecum, eyestalk, muscle, hemocytes, scape, epithelium, and abdominal nerve (P < 0.05). The calculated data in the same group with different letters are significantly

different (P < 0.05).

FIGURE 5 | Analysis of Grx 3 expression in (A) hepatopancreas and (B) gill of ammonia-N stress and the control groups by real-time polymerase chain reaction

(RT-PCR) at 0, 3, 6, 12, 24, and 48 h post-stress (n = 9). Statistical significance was calculated using Statistical Package for the Social Sciences (SPSS) 18.0 (*P <

0.05; **P < 0.01; ***P < 0.001).

The relative level of GST is shown in Figure 10E. The levels
of GST transcript in dsGFP-injected shrimps were upregulated at
1.5–24 h, and the highest level was observed after 3 h exposure

(P < 0.05). Similarly, GST transcripts were high in dsGrx 3-
injected shrimps throughout the exposure period and peaked at
3 h (P < 0.05). Compared with dsGFP-injected shrimps, GSTs
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FIGURE 6 | Analysis of Grx 3 expression in (A) hepatopancreas and (B) gill of LPS-injected and control groups by quantitative real-time polymerase chain reaction

(qRT-PCR) at 0, 3, 6, 12, 24, and 48 h post injection (n = 9). Statistical significance was calculated using Statistical Package for the Social Sciences (SPSS) 18.0 (*P <

0.05; **P < 0.01).

FIGURE 7 | Analysis of O−

2 production in (A) hepatopancreas and (B) gill of ammonia-N stress and control groups at 0, 3, 6, 12, 24, and 48 h post stress (n = 9).

Statistical significance was calculated using Statistical Package for the Social Sciences (SPSS) 18.0 (*P < 0.05; **P < 0.01; ***P < 0.001).

in dsGrx 3-injected shrimps were lower at 6–24 h exposure
(P <0.05).

Protein Carbonyl and MDA Contents in
LvGrx 3-Interfered Shrimp Under
Ammonia-N Stress
In dsGFP shrimps, protein carbonyl content gathered rapidly
at 3–24 h, and the maximum level was observed at 6 h (P <

0.05). In LvGrx 3-interfered shrimps, its trend was continuously
and substantially raised after 6 h, and was higher than the
level of PI (P < 0.05). At the same time, the level of protein
carbonyl in the dsGFP-injected group was significantly increased
at 12 and 24 h after injection with the LvGrx 3 dsRNA
(Figure 11A).

As shown in Figure 11B, an obvious increase in the content
of MDA was observed at 1.5–24 h in both dsGrx 3 and dsGFP-
injected shrimps (P < 0.05). The MDA content increase (P <

0.05) was found in dsGrx 2 shrimps after ammonia-N exposure
at 12 and 24 h.

DISCUSSION

Sequence Analysis and Tissue Distribution
of LvGrx 3
Grx 3 is a small and conserved monothiol Grx, with a typically
active Cys-Gly-Phe-Ser motif (Holmgren et al., 1975; Isakov
et al., 2000; Vlamis-Gardikas and Holmgren, 2002). In previous
studies, Grx 3 of E. coli, yeast, zebrafish, mice, and human was
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FIGURE 8 | Analysis of O−

2 production in (A) hepatopancreas and (B) gill of LPS-injected and control groups at 0, 3, 6, 12, 24, and 48 h post injection (n = 9).

Statistical significance was calculated using Statistical Package for the Social Sciences (SPSS) 18.0 (*P < 0.05; **P < 0.01; ***P < 0.001).

FIGURE 9 | Quality of dsRNA synthesized in vitro and silencing efficiency of LvGrx 3 dsRNA injection. (A) Detection of purified dsRNA of GFP and LvGrx 3 genes by

agarose gel electrophoresis. Lane 1, LvGrx 3 dsRNA; Lane 2, DNA marker (DL 2000, Takara, Dalian, China); Lane 3, GFP dsRNA. (B) Efficiency of dsRNA knock

down of LvGrx 3 expression levels. Hepatopancreas samples from each shrimp were collected after LvGrx 3 or GFP dsRNA injection for quantitative reverse

transcription-polymerase chain reaction (qRT-PCR) analysis. Data are expressed as means ± standard deviation (SD) relative to the untreated group (0 h). Significant

differences between dsGrx 3 and dsGFP-injected shrimps at the same exposure time are indicated with asterisks (*P < 0.05; **P < 0.01; ***P < 0.001). The

calculated data in the same group with different letters are significantly different (P < 0.05). (C) LvGrx 3 expression in dsGFP and dsGrx 3-injected shrimps by

semi-quantitative real time-polymerase chain reaction (RT-PCR). The β-actin gene was used as a control.
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FIGURE 10 | Expression profiles of five genes [LvGrx 3 (A), LvGrx 2 (B), Trx (C), GPx (D), and GST (E)] in the hepatopancreas of dsGrx 3-injected shrimp were

collected after exposure to ammonia-N (dsGFP-injected shrimp was used as the control) (n = 9). PI, pre-injection of dsRNA. Significant differences between dsGrx 3

and dsGFP-injected shrimps at the same exposure time are indicated with asterisks (*P < 0.05; **P < 0.01; ***P < 0.001). The calculated data in the same group with

different letters are significantly different (P < 0.05).

mainly studied (Shi et al., 1999; Cheng et al., 2011; Haunhorst
et al., 2013; Chi et al., 2018). However, few studies reported

molecular information and functions of Grx 3 in crustaceans.
In this study, the full-length ORF of LvGrx 3 was identified,
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FIGURE 11 | Time course of protein carbonyl (A) and MDA contents (B) in LvGrx 3-interfered shrimps after exposure to ammonia-N (n = 9). PI, pre-injection of

dsRNA. Significant differences between dsGrx 3 and dsGFP-injected shrimps at the same exposure time are indicated with asterisks (*P < 0.05; **P < 0.01; ***P <

0.001). The calculated data in the same group with different letters are significantly different (P < 0.05).

and it had a low homology (5.25% identity) with LvGrx 2,
which was cloned in the study (Zheng et al., 2019). The
distinct sequence difference in LvGrx 2 and LvGrx 3 genes
suggests that this may perform different physiological functions
in shrimps. In structure, LvGrx 3 was formed by two Grx-like
domains (149CGFS152 and 251CGFS254) in tandem, belonging to
monothiol Grx, whereas LvGrx 2 contained dimercap to active
site CPYC (Zheng et al., 2019).

The tissue distribution of Grx 3 was studied in some
vertebrates. In humans, Grx 3 showed stronger expression in
the heart, spleen, testis, thymus, and peripheral blood leukocytes
but displayed weaker expression in the lungs, placenta, colon,
and small intestine (Witte et al., 2000). Similarly, mouse Grx3
was highly expressed in most tissues and developed organs. It
was more robust in testis, brain, kidney, and stomach (Cheng
et al., 2011). In zebrafish, Grx3 transcripts were presented in
eye, brain, heart, and ventral region by in situ hybridization
(Haunhorst et al., 2013). However, there are few reports on
the tissue expression of Grx3 mRNA in crustaceans. In this
study, LvGrx 3 was similar to the human and mouse Grx 3,
which could be detected in all examined tissues. The abundance
of Grx3 in different tissues was quite different, indicating that
LvGrx 3 had a wide range of biological functions in various
tissues and organs. The expression of LvGrx 3 was higher in
the intestine, followed by gill and hepatopancreas, and lower
in the epithelium and abdominal nerve. The intestinal immune
system is an important defense line for crustaceans against
environmental stress and pathogen infection. Hepatopancreas
is the key organ for metabolism, immunity, and detoxification
in crustaceans. Gill is the organ that has a direct contact
with the external environment, and ambient biotic or abiotic
substances enter into the aquatic animals through the gill,
which is the main tissue involved in detoxification after
environmental stress in shrimps. The higher expression of
LvGrx 3 was detected in intestine, gill, and hepatopancreas,

which might imply that this gene took part in innate immunity
and detoxification.

Responses of LvGrx 3 to Ammonia-N
Stress and LPS Injection
Grx 3s participate in the process of cellular defense against
oxidative stress, cell growth and proliferation, protection of
protein oxidation, biogenesis of iron-sulfur clusters, and iron
homeostasis (Li et al., 2007; Haunhorst et al., 2013). In fungus,
Grx 3 could form a complex with Grx 4 and the bolA homolog
Fra2, and it could assemble a [2Fe-2S] cluster acting as a signal
to control the iron regulon in response to cellular iron status
(Pujol Carrion et al., 2006; Li et al., 2009; Chi et al., 2018).
Grx 3 and Grx 4 play important roles in actin cytoskeleton
remodeling and cellular defense. The Trx domain of Grx3 and
Grx4 regulates the remodeling of the actin cytoskeleton, whereas
the Grx domains regulate the correct redox status of the cells.
Both functions are essential for cell survival under oxidative
conditions (Pujol Carrion and Torre Ruiz, 2010). However, the
depletion of Grx3 impairs the maturation of hemoglobin and the
major iron-consuming process during embryonic development
in zebrafish. The house mouse Grx 3 was induced during
oxidative stress, which indicates that it plays a crucial part in
protecting cells against oxidative stress. Besides, the deletion of
Grx3 in mice caused early embryonic lethality, which shows
that Grx3 is required for efficient cell cycle progression (Cheng
et al., 2011). Silencing of human Grx 3 expression in HeLa
cells decreased the activities of several cytosolic Fe/S proteins,
which could make cells unable to use iron efficiently (Haunhorst
et al., 2013). However, the biological and physiological functions
of Grx 3 in crustaceans have not been well-characterized. In
this study, we determined the expression responses of LvGrx
3 against ammonia-N stress and LPS injection and its roles to
participate in the defense system against environmental stress
and pathogen infection.
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Ammonia-N, a common and severe water pollutant in
aquaculture, was derived from nitrogenous waste excretion
of aquatic animals and food decomposition. It was proved
to be toxic in aquatic animals, especially in decapods, such
as Pacific white shrimp, Chinese shrimp (Fenneropenaeus
chinensis), and crayfish (Procambarus clarkia) (Lee et al., 2010;
Chang et al., 2015; Yao et al., 2016). In previous studies,
ammonia-N could induce harmful ROS/reactive nitrogen species
(RNS) overproduction and cause oxidative damage to tissues
and organs. In order to prevent severe damage, the organism
could produce antioxidant substances to resist oxidative stress
(Ching et al., 2009; Li et al., 2014, 2016; Cheng et al., 2018).
In this study, an upward trend in LvGrx 3 transcript was
observed in the hepatopancreas and gill of shrimps after
ammonia-N exposure, which was similar to the responses of
LvGrx 2 (Zheng et al., 2019). LvGrx 3 and LvGrx 2 play
key roles in defense mechanisms against ammonia-N stress by
their common functions in redox regulation and antioxidant
defense. Although the responses of LvGrx 3 were similar
in hepatopancreas and gill, the ammonia-induced expression
of LvGrx 3 in gill was higher than that in hepatopancreas.
The highest level of LvGrx 3 expression in hepatopancreas
was about 2.44-fold compared with the control group, while
that was about 8.23-fold compared with the control group in
gill. The enhancement of LvGrx 3 transcription in gill could
be detected after 6 h stress, while upregulation occurred in
hepatopancreas after 12 h exposure, demonstrating that the
molecular response of LvGrx 3 in gill was more sensitive
than that in hepatopancreas after ammonia-N challenge. These
findings suggest that LvGrx 3 plays an important role in
defense activities of gill against ammonia-N stress compared
with hepatopancreas. Gill is the main channel through which
ambient toxic factors, such as ammonia, enter into the
aquatic animals (Xian et al., 2014). Therefore, gill is the most
vulnerable organ under environmental stress, and the increase
in LvGrx 3 expression of gill can protect this organ involved
in respiration.

Furthermore, LvGrx 3 expression was knocked down in vivo
to verify the defense mechanism against ammonia-N stress. The
results confirmed that LvGrx 3 expression could be upregulated
in the dsGFP control group after 6 h ammonia-N exposure,
while LvGrx 3 expression was decreased in LvGrx 3-suppressed
shrimps. Transcriptional levels of three antioxidant enzymes
(LvGrx 2, TRx, and GPx) showed upregulation in the middle
and later periods of exposure in LvGrx 3-suppressed shrimps,
whereas GST expression was increased first and then decreased
at the later stage. The results proved that decline of LvGrx 3
expression was linked to the upregulation of LvGrx 2, TRx,
and GPx, which suggests that these genes play a vital role
in the function of LvGrx 3. Both protein carbonyl and MDA
contents in LvGrx 3-suppressed shrimps presented significant
upregulation at 12 and 24 h exposure, which indicates that
LvGrx 3 silencing increases the degree of oxidative damage in
the middle and later stages. These results suggest that LvGrx
3 plays a vital role in antioxidative defense during ammonia-
N stress.

LPS is a highly antigenic and cytotoxic substance, which
is found in the outer membrane of Gram-negative bacteria.
Recognition of LPS is essential for host antimicrobial defense
reactions (Doe et al., 1978; Lorenzon et al., 2002). The
cellular toxicity of LPS on hemocytes has been elucidated
in shrimps (Lorenzon et al., 1999; Rodríguez-Ramos et al.,
2008). The previous study demonstrated that LPS caused
ROS/RNS-induced Ca2+-mediated hemocyte apoptosis and
subsequent THC decline (Xian et al., 2013). LPS affected
the expression levels of antioxidant-related genes in shrimps,
such as LvGrx 2, catalase (CAT) and manganese superoxide
dismutase (MnSOD) (Ji et al., 2009; Gómez-Anduro et al.,
2012; Zheng et al., 2019). In this study, LvGrx 3 transcription
was affected by LPS injection. Expression of LvGrx 3 in
hepatopancreas was significantly upregulated at the middle
stage, while ascension in gill was observed during middle
and later periods (24 and 48 h), indicating that LvGrx 3
was involved in the immune response against Gram-negative
bacterial infection. Response of LvGrx 3 was more sensitive in
gill than that in hepatopancreas after the LPS challenge, but
the highest relative expression level of LvGrx 3 was detected
in hepatopancreas. The expression profile of LvGrx 3 after
LPS stimulation was different from that under ammonia-
N stress.

In summary, the full-length LvGrx 3 cDNA was cloned
in Pacific white shrimp and identified as a member of the
Trx superfamily. LvGrx 3 was observed in all tested tissues of
Pacific white shrimp with higher expression in the intestine,
gill, and hepatopancreas. The mRNA expression levels of
LvGrx 3 in hepatopancreas and gill were induced when
challenged by ammonia-N exposure and LPS injection,
suggesting that LvGrx 3 plays a critical role in shrimp defense
mechanism against environmental stress and pathogen
infection. LvGrx 3 silencing in shrimp challenged with
ammonia-N significantly induced the gene expressions of
some antioxidant enzymes and aggravated the oxidative
damages of protein and lipid. These results demonstrate that
LvGrx 3 is involved in regulating the antioxidant system
and plays a vital role in the defense mechanism against
environmental stress.
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