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A B ST R A CT 

As a member of the thioredoxin (Trx) system, the Trx1 gene plays essential roles in the pathogenesis of various diseases. The function of Trx in 
bacterial infections in the freshwater crayfish Cherax quadricarinatus (Von Martens, 1868), however, has not been clarified. We cloned thiore-
doxin 1 (CqTrx1) from C. quadrangularis, and its expression was investigated. The results showed that the coding sequence of the CqTrx1 gene 
was 318 bp, encoding a polypeptide of 105 amino acids, contains the conserved motif CGPC (Cys-Gly-Pro-Cys), and was 75.24% and 66.67% 
identical to sequences of the shrimps Macrobrachium rosenbergii (De Man, 1879) and Fenneropenaeus chinensis (Osbeck, 1765), respectively. The 
CqTrx1 transcript existed in all organs tested, with the highest expression level in the intestinal tract and the lowest expression level in the gonads. 
Under the stress of Vibrio algolyticus, V. parahaemolyticus, or Aeromonas hydrophila, the expression level of CqTrx in the gills was 3.1, 4, and 7 times 
that in the control group at 3, 9, and 24 h, respectively, indicating that CqTrx1 plays an essential role in shrimp antibacterial immunity.
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I N T RO D U CT I O N
As a disulphide reductase, the thioredoxin (Trx) system plays 
a significant effect in the regulation of the redox state (Zuo et 
al., 2019). Genes of this system, including thioredoxin, thiore-
doxin reductase (Trxr), Nadph oxidase, and cytoplasm pro-
teins, are present in most organisms (Zuo et al., 2019). Three 
forms of thioredoxin have been characterized (Cunningham et 
al., 2015; Koháryová et al., 2015) and all have a Cys-Gly-Pro-
Cys-active motif, which is essential for its function as a general 
protein disulphide oxido-reductase (Léveillard et al., 2017). 
The best-investigated isomer is cytosolic Trx1, which is 12 kDa 
and mainly exists in the cytosol. Under oxidation stress, thiore-
doxin1 can be secreted to the extracellular matrix or migrate to 
the nucleus (Li et al., 2017). Another isoform, mitochondrial 
thioredoxin2, has a unique peptide at its N-terminal that makes 
a difference between it with thioredoxin1, and facilitates trans-
fer trx2 into the mitochondria (Wei et al., 2021). The third iso-
topic form Trx3 (SpTrx) plays a role in spermatozoa (Kim et al., 
2015).

Additional recent experimental evidence suggests that the 
Trx gene plays important function in multiple diseases and cel-
lular homeostasis. They have been found to be involved in redox 
signaling and presented in a range of organisms from bacteria to 
higher eukaryotes. Not only do they provide antioxidant capac-
ity, but they are also involved in various biological events in bac-
teria, such as DNA synthesis and protein folding (Liyanage et 
al., 2022). They have been found to be effective in inhibiting the 
growth of GSH-deficient bacteria (Ren et al., 2020). It was found 
that viral hemorrhagic septicemia virus and pathogen-associated 
molecular pattern molecules were observed in blood cells and 
gill tissues of the wrinkled disc abalone under bacterial stress 
(Liyanage et al., 2022). To date, Trxs from Eriocheir sinensis H. 
Milne Edwards, 1853 and Portunus trituberculatus (Miers, 1876) 
have been cloned and their expression under pathogenic attack 
were analyzed (Song et al., 2012).

Vibrio is a group of common foodborne pathogen (Li et al., 
2019) that is ubiquitously present in freshwater, estuarine, and 
marine environments, mainly in fish, shrimp, shellfish, and other 
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products. These gram-negative, rod-shaped bacteria are natural 
constituents of the environment (Baker-Austin et al., 2017). 
Vibrio alginolyticus is involved in attacking the host with a toxic 
substance (Huang et al., 2019) and is a conditional pathogen of 
shrimps (Huang et al., 2015). Previous results showed that the 
phagocytosis rate was decreased, causing acute hepatopancreatic 
necrosis and the survival rate, activity of phenol oxidase (PO), 
superoxide dismutase (SOD), and total blood count (THC) 
were significantly negatively affected by V. phagocytosis in 
Marsupenaeus japonicas (Spence Bate, 1888) (Hsieh et al., 2008; 
Ma et al., 2018; Pooljun et al., 2020).

Aeromonas hydrophila is a facultative anaerobic, gram-nega-
tive, opportunistic aquatic pathogen (Stratev et al., 2016). It is 
considered an important foodborne bacterial zoonotic pathogen 
in aquaculture. A virulent isolate phenotypically and molecu-
larly identified as a hydrophilic strain was identified as the caus-
ative agent of diseased freshwater farmed white shrimp, leading 
to major economic losses (Zhou et al., 2019a). Moreover, this 
pathogen can cause seafood-borne diarrheal disease in humans 
worldwide (Li et al., 2019). Experimental evidence showed 
that injected A. hydrophila, which is highly virulent, causes 
100% mortality of an infected freshwater crayfish within 1–6 h 
( Jiravanichpaisal et al., 2009).

Cherax quadricarinatus (Von Martens, 1868) is a fast-growing 
and large-sized crayfish and has been studied intensely (Yang et 
al., 2020). It is an important commercial species and a potential 
biological model. Trx1 is an important antioxidant gene that can 
maintain redox hemostasis in individuals during the immune 
response (Lee et al., 2013). To investigate the role of CqTrx1 in 
the antiviral immunity of C. quadricarinatus, we first cloned the 
thioredoxin gene CqTrx1in C. quadricarinatus, and studied its 
expression under V. alginolyticus, A. hydrophila or V. parahemo-
lyticus stress.

M AT E R I A L S  A N D  M ET H O D S

Experimental materials
Tissues from 30 individuals of C. quadricarinatus (36  ±  4  g, 
12 ± 1.2 cm), including hepatopancreas, muscle, gills, intestine, 
stomach, testis, abdominal nerve, ovary, heart, eye, and hemo-
cytes were quickly frozen in liquid nitrogen after the crayfish 
were fully anaesthetized by placing them in an ice bath, and then 
conserved at −80 °C.

For stimulation by bacteria, 160 crayfish (7.5  ±  0.5  cm, 
10.5  ±  1.5  g) were acclimated at 23.0 °C for three days, and 
then divided into four groups. Each individual was injected with 

0.1 ml of V. alginolyticus, 0.1 ml of V. parahemolyticus, 0.1 ml of 
A. hydrophila in PBS, or 0.1 ml of PBS alone. Crayfish were sam-
pled as soon as they died, and gills of three living crayfish in each 
group were randomly harvested at 3, 6, 9,12, 24, and 48 h after 
administration for RNA extraction.

Molecular cloning of the thioredoxin genes
One pair of CqTrx1-specific amplification primers was designed 
based on the transcripts in C. quadricarinatus using single-mole-
cule long-read sequencing (Xu et al., 2021) by Oligo 6.0 software  
(Table 1). PCR amplification was performed according to the 
experimental steps established in our laboratory as described by Lu 
et al. (2021), and the sequences were analyzed by using DNAStar 
7.1 after sequencing by Sangon Biotech (Shanghai, China).

Bioinformatics analysis
Bioinformatics descriptions were performed as described by 
Wang et al. (2020). NCBI BLAST (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) was used in the analysis similar to that of 
thioredoxin with other CDSs in the nucleotide collection 
database by the megablast program. The amino acid sequence, 
protein functional sites, and open-reading frame were ana-
lyzed using Expasy (http://www.expasy.org) and NCBI 
(https://www.ncbi.nlm.nih.gov/orffinder/). The signal pep-
tides were predicted online using SingalP-5.0 (https://ser-
vices.healthtech.dtu.dk/service.php?SignalP-5.0). Sequence 
alignment was analyzed by DNAMAN software (https://
www.lynnon.com/). Phylogenetic analysis using bootstrap 
resampling with the maximum likelihood method was ana-
lyzed by MEGA10 (http://www.megasoftware.net/) (with 
1,000 pseudoreplicates) and TBtools v1.098661software 
(Chen et al., 2020).

Tissue distribution of CqTrx1
qRT-PCR was performed in a CFX96TM Real-Time System 
(Bio-Rad, Hercules, CA, USA) as described by Lu et al. (2021). 
All qRT-PCR reactions were completed in triplicate and the 
comparative CT method was used as previously described (Lu et 
al., 2021). The relative expression level of CqTrx1 was analyzed 
using the formula 2−ΔΔCT by normalization to the control Ef1a 
gene. Duncan’s method was used to statistically analyze and per-
form comparisons of the treatment’s groups with SPSS software 
(https://www.ibm.com/products/spss-statistics).

Table 1. Primer sequences.

Primers Sequence (5’–3’)
length(bp) 

Amplification Tm  

TrxF1 CTCGTCTCTGCTACCTTCATA 571 59 CDS cloning

TrxR1 TAACAGTGCCATCAAGTACA

TrxdlF1 AGATTGAGTCCTTCTCTGGCG 93 61 qRT-PCR

TrxdlR1 GAGCATTTCTTGGAGGTAGCA

EfdlF1 TCAAACTTCCAGAGGGCAATA 109 60 qRT-PCR

EfdlR1 AGTCAACAGAGATGGGCAAAG
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R E SU LTS

Cloning of the CqTrx1 genes
The coding sequence (CDS) obtained by RT-PCR of the CqTrx1 
gene of C. quadricarinatus was 571 bp (Fig. 1A), which was con-
sistent with the expected results. The sequence of CqTrx1 had 
been submitted to NCBI (GenBank OM243912).

Sequence features of the CqTrx1 genes
The ORF Finder software in the NCBI website analysis indi-
cated that the ORF length of the CqTrx1 genes was 318 bp, 
encoding 105 amino acids (Fig. 2A). The CqTrx1 protein 
domain prediction revealed that it contains a thioredoxin 
family active site (residues 24–42), a cAMP- and cGMP-de-
pendent protein kinase phosphorylation site (13GRI16), a 
casein kinase II phosphorylation site (6GRI19), and other 
regions (Fig. 2B).

Figure 1. Cloning of the CqTrx1 genes of C. quadricarinatus: PCR 
product of CqTrx1 (A). The plasmid of PCR product cloned into the 
TA cloning vector (B).

Figure 2. Sequences analysis of the CqTrx1 gene: nucleotide and amino acid sequences (A). TrxF1 and TrxR1 primers are underlined, TrxdlF1 
and TrxdlR1 are boxed. Motif sites of the CqTrx1 gene (B).
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The overall similarity of CqTrx1 in C. quadricarinatus 
was 75.24%, 67.62% and 66.67% identity with that from 
Macrobrachium rosenbergii, Penaeus monodon Fabricius, 1798, 
and Fenneropenaeus chinensis, respectively. The phylogenetic tree 
of Trx based on the amino acid sequences showed that CqTrx1 
was located in independent branches (Fig. 3).

The molecular formula of this protein is C527H825N133O163S10 
and it contains 105 amino acids. Among the 105 amino acids, 
Glu, Lys, and Val had the highest content (10.5% each), followed 
by Asp (9.5%), and Tyr (1.0%); the isoelectric point of Cqtrx1 
was 4.77. There was no signal peptide in the CqTrx1 N-terminus 
and it was located in the cytoplasm, containing five α-helices, five 
β-folds, five T-turns, and two irregular coils (Fig.4). Tissue dis-
tribution of the CqTrx1 gene and its expression

Melting curve analysis of qRT-PCR indicated that the prim-
ers of CqTrx1 were monomers (Fig. 5A), and the results showed 
that CqTrx1 transcription was widely found in the heart, gill, 
hepatopancreas, gonad, intestine, eyestalk, muscle, and nerve tis-
sues (Fig. 5B), in the decreasing order of intestine > gill > heart> 

nerve > muscle > eyestalk > gonad > hepatopancreas (Fig. 5C), 
and the maximum difference between their expression levels in 
tissue can be up to seven times.

The transcription pattern of CqTrx1 mRNA in the gills 
after bacterial exposure is shown in Figure 6. After V. algino-
lyticus exposure, the expression of the CqTrx1 gene in the gill 
at 3, 6, and 9 h was significantly higher than that in the con-
trol group, and presented a downward trend. This expression 
value of CqTrx1 was 3.1 times higher at 3  h and 0.37 times 
lower at 48 h than that in the control group (Fig. 6A)

After exposure to V. parahaemolyticus, the expression first 
increased and then decreased compared with that of the control 
group, reaching the maximum value at 9 h, which was approxi-
mately four times that of the control group and 0.03 times lower 
at 24 h than that in the control group (Fig. 6B).

The expression level of the CqTrx1 gene under A. hydrophila 
stress was greater than that in the control group except at 6 h, 
and reached the highest value at 24 h, which was seven times the 
control expression value (Fig. 6C).

Figure 3. Phylogenetic analysis of the CqTrx1 gene.

Figure 4. Secondary structures of the CqTrx1 gene of Cherax quadricarinatus.
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D I S C U S S I O N
The Trx system plays essential roles in maintaining cellular redox 
homeostasis and antioxidant defenses (Lu & Holmgren, 2014). 
It had been shown that the reactive oxygen species/reactive 
nitrogen species (ROS/RNS) play an important function in 
modifying thiols in proteins. The system can reversibly regulate 
thiol modifications, which regulate redox signaling involved in 
the central nervous system (Ren et al., 2017). Thioredoxin is a 
redox protein with a broad role in intracellular signaling and reg-
ulation of redox homeostasis. This reducing protein can reverse 
the oxidative modification of intracellular protein cysteines 
(Zhou et al., 2019b).

We undertook cloning and expression of the thioredoxin1 
gene in C. quadricarinatus, and the results showed that it was 
75.24%, 74.29%, and 66.67% similar to the Trx genes of M. 
rosenbergii, Eriocheir sinensis (Mu et al., 2009), and P. chinensis 

(Ren et al., 2010), respectively. $Multiple sequence comparison 
revealed the important CGPC-active site motif (Booze et al., 
2016). CqTrx1 contains five α-helices, two β-folds, two T-turns, 
and two random curls; however, compared with the predicted 
secondary structure of rhodopsin Larimichthys crocea Trx, our 
CqTrx1 lacked 2 β-folds at the N-terminus (Chen et al., 2018). 
Since CqTrx1 also contains two β-folds, two T-turns and other 
active sites, the lack of a β-fold at the N-terminus may not directly 
affect the antioxidant activity. Meanwhile, no signal peptide was 
found within CqTrx1, suggesting that the CqTrx1 protein might 
be a cytosolic form.

CqTrx1 transcripts were expressed in all examined tissues, 
similar to other reports (Chen et al., 2018; Cheng et al., 2016). 
It was demonstrated that the expression of Trx1 was not all the 
same among species; for example in the fish golden pompano 
Trachinotus ovatusin (Linneaus, 1758), Trx1 expression was the 

Figure 5. The expression level of the CqTrx1 gene in different tissues of C. quadricarinatus. Melt curve analysis of the CqTrx1 gene (A). 
Detection of PCR products using agarose gel electrophoresis (B). Relative expression level of CqTrx1 in different tissues (C). The same letters 
above the bars indicate no statistically significant differences, and different letters above the bars indicate statistically significant differences 
between the samples (one-way ANOVA followed by a post hoc Tukey test, P < 0.05).
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Figure 6. The expression pattern of the CqTrx1 gene in the gills of C. quadricarinatus after bacterial challenge. Relative expression of CqTrxq 
after V. alginolyticus challenge (A), relative expression of CqTrxq after V. parahaemolyticus challenge (B), and relative expression of CqTrxq after 
A. hydrophila challenge (C). The same letters above the bars indicate no statistically significant differences, and different letters above the bars 
indicate statistically significant differences between the samples (one-way ANOVA followed by a post hoc Tukey test, P < 0.05).
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highest in the stomach, followed by gills and fins (Pourbasheer 
et al., 2015;Wang et al., 2015), but in the big-belly seahorse 
Hippocampus abdominalis Lesson, 1827, the highest expression 
was observed in muscle tissue. Herein, CqTrx1 gene expression 
in C. quadricarinatus was highest in the intestine followed by 
gills, heart, and hepatopancreas.

Shrimps farmed in pond water have always been affected by 
infectious diseases, mainly of bacterial and viral etiology (Flegel, 
2012). After V. parahaemolyticus infection, Trx1 expression was 
downregulated significantly at 12 and 48  h post-infection in the 
liver and kidney of the fish Larimichthys crocea (Richardson, 1846) 
(Chen et al., 2018), whereas Chlamys nobilis Trx transcript levels 
were found to be significantly upregulated after V. parahaemolyt-
icus infection, significantly higher in the golden scallops than that 
in the brown scallop Chlamys nobilis (Reeve, 1852) (Zhang et al., 
2018). The knockdown of Trx1 in the Marsupenaeus japonicus 
(Spence Bate, 1888), however, significantly reduced mortality and 
virus-copy number (Guo et al., 2019). We found that the expres-
sion of the CqTrx gene in the gills of C. quadricarinatus was signif-
icant within 3 h after bacterial exposure and reached the highest 
level within 9 h in the V. algolyticus and V. parahaemolyticus groups, 
which were three and five times higher than that of the control, 
respectively. In the gills of individuals were exposed to A. hydroph-
ila, the expression of the CqTrx gene was significantly higher at 24 h 
(P < 0.05) and seven-fold higher than that of the control. Therefore, 
A. hydrophila remained in Cherax quadricarinatus longer and was 
more virulent than in the two Vibrio species. These results suggest 
that CqTrx has a major antioxidant function and plays an important 
role in regulating cellular redox homeostasis in vivo in this crayfish.

A CK N O W L E D G E M E N TS
We thank the anonymous reviewers who improved the manu-
script. This project was funded by the Guangxi innovation-driven 
development special funds (grant AA19254008-3), Guangxi 
Natural Science Foundation (grants. 2019GXNSFBA245081, 
Guike AB21196030, and Guike AB20297020) and College 
Students’ Innovation Training Program (S202111607045 and 
YCSW2021357). None of the authors have any conflict of inter-
est to declare.

R E F E R E N CE S
Baker-Austin, C., Trinanes, J., Gonzalez-Escalona, N. & Martinez-Urtaza, 

J. 2017. Non-cholera vibrios: The microbial barometer of climate 
change. Trends in Microbiology, 25: 76–84.

Booze, M.L., Hansen, J.M. & Vitiello, P.F. 2016. A novel mouse model for 
the identification of thioredoxin-1 protein interactions. Free Radical 
Biology And Medicine, 99: 533–543.

Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y. & 
Xia, R. 2020. TBtools: An integrative toolkit developed for interactive 
analyses of big biological data. Molecular Plant, 13: 1194–1202.

Chen, M., Zhang, J., Xie, X. & Wu, C. 2018. Cloning and functional 
characterization of thioredoxin genes from large yellow croaker 
Larimichthys crocea. Fish & Shellfish Immunology, 77: 385–391.

Cheng, S., Li, C., Wang, Y., Yang, L. & Chang, Y. 2016. Characterization 
and expression analysis of a thioredoxin-like protein gene in the sea 
cucumber Apostichopus japonicus. Fish Shellfish Immunol, 58: 165–173.

Cunningham, G.M., Roman, M.G., Flores, L.C., Hubbard, G.B., Salmon, 
A.B., Zhang, Y., Gelfond, J. & Ikeno, Y. 2015. The paradoxical role of 
thioredoxin on oxidative stress and aging. Archives of Biochemistry and 
Biophysics, 576: 32–38.

Flegel, T.W. 2012. Historic emergence, impact and current status of 
shrimp pathogens in Asia. Journal of Invertebrate Pathology, 110: 
166–173.

Guo, N.N., Sun, X.J., Xie, Y.K., Yang, G.W. & Kang, C.J. 2019. Cloning and 
functional characterization of thioredoxin gene from kuruma shrimp 
Marsupenaeus japonicus. Fish & Shellfish Immunology, 86: 429–435.

Hsieh, S.L., Ruan, Y.H., Li, Y.C., Hsieh, P.S., Hu, C.H. & Kuo, C.M. 2008. 
Immune and physiological responses in Pacific white shrimp (Penaeus 
vannamei) to Vibrio alginolyticus. Aquaculture, 275: 335–341.

Huang, L., Guo, L., Xu, X., Qin, Y., Zhao, L., Su, Y. & Yan, Q. 2019. The 
role of rpoS in the regulation of Vibrio alginolyticus virulence and the 
response to diverse stresses. Journal Of Fish Diseases, 42: 703–712.

Huang, M., Liu, Y., Xie, C. & Wang, W.N. 2015. LvDJ-1 plays an import-
ant role in resistance against Vibrio alginolyticus in Litopenaeus vanna-
mei. Fish & Shellfish Immunology, 44: 180–186.

Jiravanichpaisal, P., Roos, S., Edsman, L., Liu, H. & Söderhäll, K. 2009. A 
highly virulent pathogen, Aeromonas hydrophila, from the freshwater 
crayfish Pacifastacus leniusculus. Journal of Invertebrate Pathology, 101: 
56–66.

Kim, J., Moon, J.Y., Kim, W.J., Kim, D.G., Nam, B.H., Kim, Y.O., Park, J.Y., 
An, C.M. & Kong, H.J. 2015. Molecular and functional characteriza-
tion of Thioredoxin 1 from Korean Rose Bitterling (Rhodeus uyekii). 
International Journal of Molecular Sciences, 16: 19433–19446.

Koháryová, M. & Kollárová, M. 2015. Thioredoxin system - a novel thera-
peutic target. General Physiology and Biophysics, 34: 221–233.

Léveillard, T. & Aït-Ali, N. 2017. Cell signaling with extracellular thiore-
doxin and thioredoxin-like proteins: Insight into their mechanisms 
of action. Oxidative Medicine and Cellular Longevity, 2017: 8475125 
[https://doi.org/10.1155/2017/8475125].

Lee, S., Kim, S.M. & Lee, R.T. 2013. Thioredoxin and thioredoxin tar-
get proteins: from molecular mechanisms to functional significance. 
Antioxidants & Redox Signaling, 18: 1165–1207.

Li, F., Ma, L., Zhang, H., Xu, L. & Zhu, Q. 2017. A thioredoxin from ant-
arctic microcrustacean (Euphausia superba): Cloning and functional 
characterization. Fish & Shellfish Immunology, 63: 376–383.

Li, L., Meng, H., Gu, D., Li, Y. & Jia, M. 2019. Molecular mechanisms of Vibrio 
parahaemolyticus pathogenesis. Microbiological Research, 222: 43–51.

Liyanage, D.S., Omeka, W.K.M., Sandamalika, W.M.G., Udayantha, 
H.M.V., Jeong, T., Lee, S. & Lee, J. 2022. PDI family thioredoxin 
from disk abalone (Haliotis discus discus): Responses to stimulants 
(PAMPs, bacteria, and viral) and functional characterization. Fish & 
Shellfish Immunology, 120: 261–270.

Lu, J. & Holmgren, A. 2014. The thioredoxin antioxidant system. Free 
Radical Biology and Medicine, 66: 75–87.

Lu, M., Yang, J., Wang, Z., Song, J., Hu, Y., Wang, P., Zhang, H., Xu, Y. 
& Zhu, P. 2021. Cloning and expression of the ChGstα and ChGstκ 
genes in the gills of Crassostrea hongkongensis under nanoparticu-
late and ionic Zn stress. Comparative Biochemistry and Physiology C, 
244: 109007 https://doi.org/10.1016/j.cbpc.2021.109007.

Ma, X., Sun, B. & Zhu, F. 2018. Molecular cloning of Kuruma shrimp 
Marsupenaeus japonicus endonuclease-reverse transcriptase and its 
positive role in white spot syndrome virus and Vibrio alginolyticus 
infection. Fish & Shellfish Immunology, 73: 297–308.

von Martens, E. 1868. Über einige neue crustaceen. Monatsberichte der 
Königlichen Preussische Akademie des Wissenschaften zu Berlin, 1868: 
607–619.

Mu, C., Zhao, J., Wang, L., Song, L., Song, X., Zhang, H., Qiu, L., Gai, Y. & 
Cui, Z. 2009. A thioredoxin with antioxidant activity identified from 
Eriocheir sinensis. Fish & Shellfish Immunology, 26: 716–723.

Pooljun, C., Daorueang, S., Weerachatyanukul, W., Direkbusarakom, S. & 
Jariyapong, P. 2020. Enhancement of shrimp health and immunity with 
diets supplemented with combined probiotics: application to Vibrio para-
haemolyticus infections. Diseases Of Aquatic Organisms, 140: 37–46.

Pourbasheer, E., Shokouhi Tabar, S., Masand, V.H., Aalizadeh, R. & 
Ganjali, M.R. 2015. 3D-QSAR and docking studies on adenosine 
A2A receptor antagonists by the CoMFA method. SAR and QSAR in 
Environmental Research, 26: 461–477.

Ren, Q., Zhang, R.-R., Zhao, X.-F. & Wang, J.-X. 2010. A thioredoxin 
response to the WSSV challenge on the Chinese white shrimp, 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcb/article/42/2/ruac036/6628418 by Zhejiang U

niversity user on 31 July 2022

https://doi.org/10.1155/2017/8475125
https://doi.org/10.1016/j.cbpc.2021.109007


8 • XING ET AL

Fenneropenaeus chinensis. Comparative Biochemistry and Physiology C, 
151: 92–98.

Ren, X., Zou, L. & Holmgren, A. 2020. Targeting bacterial antioxidant 
systems for antibiotics development. Current Medicinal Chemistry, 27: 
1922–1939.

Ren, X., Zou, L., Zhang, X., Branco, V., Wang, J., Carvalho, C., Holmgren, 
A. & Lu, J. 2017. Redox signaling mediated by thioredoxin and gluta-
thione systems in the central nervous system. Antioxidants & Redox 
Signaling, 27: 989–1010.

Song, C., Cui, Z., Liu, Y., Wang, S. & Li, Q. 2012. First report of two 
thioredoxin homologues in crustaceans: molecular characteriza-
tion, genomic organization and expression pattern in swimming 
crab Portunus trituberculatus. Fish & Shellfish Immunology, 32: 
855–861.

Stratev, D. & Odeyemi, O.A. 2016. Antimicrobial resistance of Aeromonas 
hydrophila isolated from different food sources: A mini-review. Journal 
of Infection and Public Health, 9: 535–544.

Wang, L., Guo, H., Zhang, N., Ma, Z., Jiang, S. & Zhang, D. 2015. 
Thioredoxin of golden pompano involved in the immune response 
to Photobacterium damselae. Fish & Shellfish Immunology, 45: 
808–816.

Wang, Q., Huang, C., Liu, K., Lu, M., Dan, S. F., Xu, Y., Xu, Y., Zhu, P. 
& Pan, H. 2020. Cloning and expression of three heat shock protein 
genes in the gills of Cherax quadricarinatus responding to bacterial 
challenge. Microbial Pathogenesis, 104043 [https://doi.org/10.1016/j.
micpath.2020.104043].

Wei, B. & Li, F. 2021. Mechanisms of Trx2/ASK1-mediated mitochon-
drial injury in Pemphigus vulgaris. Biomed Research International, 
2021: 2471518 [https://doi.org/10.1155/2021/2471518].

Xu, Y., Pan, H., Lu, M., Liu, Q., Shafique, L., Peng, J., Ahmed, T., Wang, 
R., Zhang, H., Wang, Q. & Zhu, P. 2021. Analysis of transcripts and 
splice isoforms in red claw crayfish (Cherax quadricarinatus) using 
single-molecule long-read sequencing. Aquaculture, 542: 736828.

Yang, H., Wei, X., Wang, R., Zeng, L., Yang, Y., Huang, G., Shafique, L., 
Ma, H., Min, L., Ruan, Z., Naz, H., Lin, Y., Huang, L. & Chen, T. 2020. 
Transcriptomics of Cherax quadricarinatus hepatopancreas during 
infection with decapod iridescent virus 1 (DIV1) . Fish & Shellfish 
Immunology, 98: 832–842.

Zhang, H., Cheng, D., Liu, H. & Zheng, H. 2018. Differential responses 
of a thioredoxin-like protein gene to Vibrio parahaemolyticus challenge 
in the noble scallop Chlamys nobilis with different total carotenoids 
content. Fish & Shellfish Immunology, 72: 377–382.

Zhou, H., Gai, C., Ye, G., An, J., Liu, K., Xu, L., & Cao, H. 2019a. Aeromonas 
hydrophila, an Emerging Causative Agent of Freshwater-Farmed 
Whiteleg shrimp Litopenaeus vannamei. Microorganisms, 10: 450–469.

Zhou, H., Tan, H., Letourneau, L. & Wang, J.F. 2019b. Increased thioredox-
in-interacting protein in brain of mice exposed to chronic stress. Progress 
in Neuro-Psychopharmacology & Biological Psychiatry, 88: 320–326.

Zuo, H., Yuan, J., Yang, L., Liang, Z., Weng, S., He, J. & Xu, X. 2019. 
Characterization and immune function of the thioredoxin-interact-
ing protein (TXNIP) from Litopenaeus vannamei. Fish & Shellfish 
Immunology, 84: 20–27.

D
ow

nloaded from
 https://academ

ic.oup.com
/jcb/article/42/2/ruac036/6628418 by Zhejiang U

niversity user on 31 July 2022

https://doi.org/10.1016/j.micpath.2020.104043
https://doi.org/10.1016/j.micpath.2020.104043
https://doi.org/10.1155/2021/2471518

