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Introduction: Shrimp is an important aquaculture species worldwide. Vibrio

parahaemolyticus (VP) is an opportunistic pathogen of Litopenaeus vannamei

that can cause diseases such as acute hepatopancreatic necrotic disease

(AHPND), resulting in significant losses to the shrimp farming industry.

Methods: In this study, We analyzed two shrimp populations by transcriptomics

and non-targeted metabolomics, which exhibited significant differences in

resistance to VP. Through integrated analysis, we identified genes and

metabolites linked to the development of shrimp's resistance to VP.

Results and discussion: The analysis revealed that the differential metabolism of

flavonoid compounds, especially quercetin, significantly influences the

expression of shrimp's resistance to VP. Supplementing feed with an

appropriate quantity of quercetin has the potential to increase the expression

of crucial genes in the NF-kB pathway, including TLR and AP1, along with the

expression of the antibacterial peptide crustin, resulting in a decreased mortality

rate. Together, these results indicate that an appropriate amount of quercetin

can strengthen the immune response of shrimp to VP, thereby reducing the

incidence of AHPND.
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1 Introduction

Litopenaeus vannamei is the most extensively cultivated

crustacean species globally, contributing to over 80% of the total

shrimp production (FAO, 2022). Vibrio parahaemolyticus (VP) is the

most detrimental bacterium to shrimp aquaculture. Currently, there

are no highly effective preventive and control strategies for VP.

Similar to other crustaceans, L. vannamei primarily depends on its

innate immune system to counteract pathogen intrusion. The

hepatopancreas, a pivotal organ within the immune system, plays a

critical role in orchestrating the immune response of shrimp (Ren

et al., 2019). VP, harboring the pirA and pirB toxin genes on a

plasmid, is causally implicated in the onset of acute hepatopancreatic

necrotic disease (AHPND) in L. vannamei, also known as early

mortality syndrome (EMS) (Lee et al., 2015; Kewcharoen and

Srisapoome, 2019). The clinical signs of AHPND include jejunum,

pale watery hepatopancreas, and a soft shell. The mortality rate of

AHPND is almost 100% in shrimp (Lai et al., 2015; Soto-Rodriguez

et al., 2015). Therefore, there is an urgent need to develop an effective

control method for AHPND.

The integration of genomics, transcriptomics, proteomics,

metabolomics, and various other omics technologies has emerged

as a crucial approach for the screening of biomarkers, facilitating

disease diagnosis and increasing our understanding of pathogenic

mechanisms (Bujak et al., 2015; Shah et al., 2015; Khan et al., 2020).

Specifically, the integration of metabolomics with transcriptomics

offers a powerful approach to understanding the dynamic shifts in

the metabolic processes of organisms (Saito and Matsuda, 2010;

Patti et al., 2012). In a majority of instances, metabolites are

downstream functional entities resulting from the activities of

genes and proteins (Ye et al., 2016). In the context of aquatic

animals, liquid chromatography-tandem mass spectrometry (LC-

MS) has proven to be a valuable tool for investigating potential

mechanisms underlying diseases (Zhang et al., 2019; De Los Santos

et al., 2022). In one study, a comprehensive analysis of

transcriptome and metabolome data indicated that infection of

molting crabs with Staphylococcus aureus or Vibrio alginolyticus

altered the metabolome and transcriptome levels of the crabs and

resulted in hormonal and immune dysfunction (Li et al., 2023). At

present, the investigation of metabolic alterations in shrimp during

bacterial infestations is still in a nascent stage.

Quercetin is a biologically active flavonoid found in more than 20

plant materials (Anand David et al., 2016; Hai et al., 2020). It has anti-

inflammatory, anti-oxidation (Lesjak et al., 2018), anti-cancer (Baghel

et al., 2012), and other characteristics. Previous studies have shown that

the addition of polyphenols and polyphenol-rich additives to aquatic

animal feed can increase growth performance, immune responses,

antioxidant status, and disease resistance (Ahmadifar et al., 2021,

Ahmadifar et al., 2022). Quercetin is known to promote

immunostimulant properties, antioxidant indices, and disease

resistance in zebrafish (Danio rerio) (Wang et al., 2020b).

Additionally, as a dietary supplement, quercetin has been shown to

enhance growth, antioxidant capacity, immune response, and regulate

immune-related gene expression in Channa argus (Kong et al., 2022).

However, reports of quercetin’s antibacterial activity in L. vannamei are
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rare. In this study, we conducted a comprehensive analysis using

transcriptomics and metabolomics to compare different genes and

metabolites between two populations of L. vannamei with different

resistance to VP. The findings revealed a significant impact of

flavonoids, particularly quercetin metabolism, on the resistance of

L. vannamei to VP. Supplementation of shrimp feed with quercetin

at a dosage of 1g per 100 g substantially enhanced their resistance

against VP, resulting in reduced mortality due to VP infection. This

study aims to uncover the critical metabolites involved in the resistance

of L. vannamei to VP, offering diverse perspectives on the mechanisms

underlying resistance to pathogenic microbial infections.
2 Materials and methods

2.1 Animals, pathogens, and sampling

Shrimp (L. vannamei; average weight 4.65 ± 1.97 g each) were

obtained from the 863 bases of Guangdong Hengxing Feed Co., Ltd.

In Zhanjiang City, China. In the pathogenicity tests on different

shrimp populations, we utilized six populations sourced from

different origins, with 120 shrimp in each population. The Mx and

Mx01 populations were introduced from Mexico, while the TH04,

TH06, CTLL, and CTS were bred domestically through independent

selection. The six populations were divided into experimental and

control groups of 60 shrimp each. The experimental group was

injected with VP, while the control group was injected with an equal

volume of sterile PBS. Based on the survival rate curves, the Mx

population with the highest survival rate and the TH04 population

with the lowest survival rate were chosen for transcriptional and

metabolome sample collection and sequencing. The water in the

culture tank was maintained at a temperature of 27 ± 0.5°C, salinity at

30-33‰, and pH at 7.2 ± 0.2 and one-third was replaced every day.

Aeration was provided to maintain dissolved oxygen at a

concentration of approximately 8 mg/L. Water quality indicators

during the test period can meet the requirements of shrimp growth.

The shrimpwere fed with a formula feed at 5% of their body weight at

9:00 AM and 5:00 PM every day.

VP was obtained from the Guangdong Microbiological Collection

Center, GDMCC No. 1.306. We used VP carrying pirA and pirB

plasmids (as shown in Supplementary Figure S1) and cultured in Luria

broth (LB) medium overnight at 37°C. The bacteria were harvested by

centrifugation (5000 g, 5 min) and washed twice in phosphate buffer

saline (PBS) to remove the growth medium. According to the prior

study, the final injection concentration was around 2.5 × 107 CFU/mL

of solution, with each shrimp receiving 50 mL (Li et al., 2013). The

shrimp count was recorded every 4 h, and the surviving shrimp pairs

were tallied after 5 days (120 h) to calculate the survival rate. On the 5th

day (120 h) after infection, all shrimp were collected and marked to

estimate cumulative mortality.

Hepatopancreas tissues from the Mx and TH04 populations of

shrimp were collected at 0, 4, 24 hours post-VP infection, with the

hepatopancreas of six shrimp serving as onemixed sample. Six samples

were collected at each time point, and the samples were immediately

immersed in liquid nitrogen after sampling and stored at -80°C.
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2.2 Transcriptome and metabolome
sequencing and analysis

2.2.1 Transcriptomic sequencing and analysis
Total RNA was extracted from the hepatopancreas using a

Trizol reagent. Then, a NanoDrop ND-1000 (NanoDrop,

Wilmington, DE, USA) and Bioanalyzer 2100 (Agilent, CA, USA)

were used to analyze the amount and purity of total RNA with a

RIN value > 7.0 and to detect the integrity of RNA. Two rounds of

purification were performed using oligo (dT) magnetic beads. The

purified mRNA was used to fragment RNA into short fragments at

a high temperature using divalent cations. Then, the cleaved RNA

fragments were reverse-transcribed to create the final cDNA library,

by the protocol of the mRNASeq sample preparation kit (Illumina,

San Diego, USA). The average insert size for the paired-end libraries

was 300 bp (± 50 bp). Finally, 2×150bp paired-end sequencing

(PE150) was performed on an Illumina Novaseq™ 6000 (LC-Bio

Technology CO., Ltd., Hangzhou, China), according to the

manufacturer’s protocol. The raw mRNA sequencing data has

been uploaded to the NCBI Sequence Read Archive (SRA)

submission: PRJNA1063533.

All assembled unigenes were aligned against the non-redundant

(Nr) protein, Gene Ontology (GO), and Kyoto Encyclopaedia of

Genes and Genomes (KEGG) databases using DIAMOND, with a

threshold of Evalue<0.00001. Next, GO and KEGG enrichment

analyses were performed on the differentially expressed unigenes

using in-house Perl scripts. The reference genome of the

transcription group is ASM378908V1.

2.2.2 Metabolomics sequencing and analysis
The sample stored at -80°C refrigerator was thawed on ice.

Subsequently, the thawed sample was homogenized using a grinder

(30 HZ) for 20 s. A 400 mL solution (Methanol: Water = 7:3, V/V)

containing internal standard was added into a 20 mg ground sample

and shaken at 1500 rpm for 5 minutes. After placing it on ice for 15

minutes, the sample was centrifuged at 12000 rpm for 10 minutes at

4°C. A 300 mL aliquot of the supernatant was collected and kept at

-20°C for 30 minutes. The sample was then centrifuged again at

12000 rpm for 3 minutes at 4°C. Finally, 200 mL of the supernatant

was transferred for LC-MS analysis. All samples were acquired by

the LC-MS system following machine orders. The analytical

conditions were as follows, UPLC: column, Waters ACQUITY

UPLC HSS T3 C18 (1.8 µm, 2.1 mm*100 mm); column

temperature, 40°C; flow rate, 0.4 mL/min; injection volume, 2 mL;
solvent system, water (0.1% formic acid): acetonitrile (0.1% formic

acid); The column was eluted with 5% mobile phase B (0.1% formic

acid in acetonitrile) at 0 minute followed by a linear gradient to 90%

mobile phase B (0.1% formic acid in acetonitrile) over 11 minutes,

held for 1 minute, and then come back to 5% mobile phase B within

0.1 minute, held for 1.9 minutes.

The LC-MS raw data files were converted to mzXML format

using ProteoWizard software. The corrected and filtered peaks were

queried for metabolite identification based on laboratory-created

databases, comprehensive public databases, artificial intelligence
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prediction databases, and metDNA methods. Principal

component analysis (PCA) and orthogonal partial least squares

discriminant analysis (OPLS-DA) were performed on the processed

data. The projected variable importance (VIP) was calculated based

on the OPLS-DA model (at least three biological replicates).

Metabolites with statistically significant differences between

populations were screened based on a VIP value greater than 1

and a P value less than 0.05. Metabolomics data has been deposited

in the MetaboLights database: MTBLS9507.

2.2.3 Integrated analysis of transcriptomic and
metabolomic variability

To ascertain the relationship between the transcriptomic and

metabolomic data, the Pearson Correlation Coefficient (PCC) was

computed and the corresponding p-values for genes and

metabolites were calculated using the ‘cor’ function in R. This

enabled us to assess the connection between differentially expressed

metabolites (DMs) and differentially expressed genes (DEGs), only

those with a PCC greater than 0.80 and a p-value less than 0.05 were

considered significant. Given the significance of DEGs at 4 h in both

populations, we focused on scrutinizing the correlations between

DEGs and DMs in the TH04-4 h versus Mx-4 h comparison.
2.3 Quercetin feeding method

The quercetin (CAS number: 6151-25-3) used in this

experiment had a purity of 97% and was purchased from

Shanghai McLean Biotechnology Co., Ltd. The quercetin was

prepared in dimethyl sulfoxide (DMSO). For the quercetin

feeding experiment, a total of 480 shrimps (L. vannamei; mean

weight 3.65 ± 0.93 g, n=480) were divided into three experimental

groups and one control group, each containing 120 shrimps. After

one week of acclimation, the shrimp were evenly distributed across

12 buckets designated for the quercetin feeding experiment. The

barrels were organized into four groups, each representing a

different concentration of quercetin feeding experiment, along

with one blank control. Each group consisted of three replicates

and housed 40 shrimps per barrel. The experimental groups

involved supplementation of 0.1 g, 1 g, and 2 g of quercetin per

100 g of commercial feed. The control group was provided

commercial feed without quercetin supplementation. The

experiment lasted for 14 days. During this period, shrimp were

fed three times daily (at 9:00 AM, 1:00 PM, and 6:00 PM) with feed

constituting 5% of their body weight per day. Waste removal was

conducted 3-4 hours after each feeding session, and one-third of the

water was replaced daily. The water conditions in the culture tank

were maintaining a temperature of 27 ± 0.5°C, a salinity level

between 30-33‰, and a pH value of 7.2 ± 0.2, with a third of the

water being refreshed daily. To ensure optimal water quality,

aeration was provided to keep the dissolved oxygen levels at

approximately 8 mg/L. These water quality parameters were

sustained throughout the test period to fulfill the growth

requirements of the shrimp. The statistical method of VP
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challenge and survival rate is the same as in 2.1. The hepatopancreas

tissue of each shrimp was obtained after 24 h of VP challenge and

was pre-treated with liquid nitrogen and stored at -80°C for

subsequent RNA extraction. The death of shrimp was recorded

every 4 h after the challenge, and the mortality rate was calculated.

To verify the effect of quercetin on VP infection in L. vannamei,

primers were designed to detect the expression of immune-related

genes by RT-qPCR (Supplementary Table S1).
2.4 RT-qPCR assays

Total RNA was isolated from the hepatopancreas, and the

expression of immune-related genes was detected by RT-qPCR to

improve the reliability and accuracy of the transcriptome data. The

designed primers are shown in Supplementary Table S1. In the RT-

qPCR analysis, b-actin was used as an internal reference gene. The

RT-qPCR reaction mixture (20 mL) was carefully prepared from 10

mL 2 × Power SYBR Green PCR Master mixture, 400 nM forward

and reverse primers, and 1 mL template cDNA. Subsequently, PCR

amplification was carried out through a series of 40 cycles, including

initial denaturation at 95°C for 2 min, denaturation at 95°C for 15 s,

annealing at 60°C for 20 s, extension at 72°C for 30 s, and finally,

cooling at 4°C for 5 min. The 2-DDCT method was employed to

quantify the relative expression of the target genes and the b-actin
gene (Michaelidou et al., 2013). The data are reported in the form of

relative mRNA expression levels.
2.5 Statistical analysis

All data are presented as the mean ± SD. One-way ANOVA and

Duncan multiple tests were used to conduct between-group

comparisons of numerical data. Origin software was used to

generate a Kaplan ± Meier plot (log-rank c2 test) for the analysis

of the mortality or survival rates.
3 Results

3.1 Differences in the survival rates of the
Mx and TH04 populations

To select shrimp populations with significant differences in

resistance to VP, infection experiments were carried out by the

artificial injection method. The results showed that the survival

rates of the Mx, TH04, TH06, Mx01, CTLL, and CTS populations

were 71.38%, 0%, 23.72%, 39.14%, 18.82%, and 14.49%, respectively

(Figure 1). The survival rate of the Mx population was significantly

higher than that of the TH04 population. Thus, among the six

populations, Mx exhibited the strongest resistance against VP with

the highest survival rate, while TH04 showed the weakest resistance

and lowest survival rate. Accordingly, these two populations with

the greatest difference in VP resistance were chosen as the focus of

the transcriptional and metabolome analyses.
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3.2 Identification of differential genes and
metabolites following VP infection

3.2.1 Differential gene and metabolite analysis
Transcriptome analysis of the hepatopancreas tissue of TH04

and Mx shrimp infected with VP was performed using an Illumina

Novaseq™ 6000 sequencer. The resulting dataset comprised a total

of 859,258,916 raw reads from the shrimp samples. Following

stringent quality control procedures, 20,948 expressed genes were

retained for further analysis (Supplementary Table S2). In the TH04

population, 530 upregulated genes and 3,020 downregulated genes

were identified after 4 h of VP infection, and 534 upregulated genes

and 1,013 downregulated genes were identified after 24 h of VP

infection. In the Mx population, 512 upregulated genes and 175

downregulated genes were identified after 4 h of VP infection, and

396 upregulated genes and 45 downregulated genes were identified

after 24 h of VP infection (Figure 2A). The analysis revealed that

there were more downregulated genes in the TH04 population than

in the Mx population after 4 h of VP challenge. A Venn diagram

was used to analyze the differential genes in the Mx and TH04

populations after 4 h of VP infection. 115 downregulated DEGs

were overlapping between the TH04 and Mx populations, whereas

60 downregulated DEGs in Mx population were distinct from 2,905

downregulated DEGs in TH04 population (Figure 2B). 79

upregulated DEGs were overlapping between the TH04 and Mx

populations, while the 433 upregulated DEGs in Mx population

differed from the 451 upregulated DEGs in TH04 population

(Figure 2C). To validate the sequencing data, the upregulated

DEGs in the Mx population and the downregulated DEGs in the

TH04 population were selected for RT-qPCR analysis. The results

(Supplementary Figure S2) showed that the expression profiles of

the transcriptome data and the RT-qPCR data were consistent.

LC-MS was used to analyze the non-targeted metabolomics of

the hepatopancreas tissue samples of L. vannamei, a total of 5,980

metabolites were detected. The PCA clustering results show that

there are differences in metabolites between TH04 and Mx

populations after VP infection (Supplementary Figure S3). In the

TH04 population, 894 upregulated metabolites and 1,258

downregulated metabolites were identified after 4 h of VP

infection while 800 upregulated metabolites and 1,437

downregulated metabolites were identified after 24 h of VP
FIGURE 1

Survival rates of six L. vannamei populations infected with VP. “**”
indicate significant differences, and the significance levels were P<0.01.
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infection. In the Mx population, 690 upregulated metabolites and

1,716 downregulated metabolites were identified after 4 h of VP

infection while 447 upregulated metabolites and 2,039

downregulated metabolites were identified after 24 h of VP

infection (Figure 2D). A Venn diagram was used to analyze the

differential metabolites in the Mx and TH04 populations after 4 h of

VP infection. 502 downregulated DMs were overlapping between

the TH04 and Mx populations, whereas 1,214 downregulated DMs

in Mx population were distinct from 756 downregulated DMs in

TH04 population (Figure 2E). 123 upregulated DMs were

overlapping between the TH04 and Mx populations, while the

567 upregulated DMs in Mx population differed from the 771

upregulated DMs in TH04 population (Figure 2F).

3.2.2 Differential gene and metabolite annotation
To explore the immune-related genes and pathways in the

hepatopancreas of L. vannamei after VP infection, KEGG

pathway enrichment analysis was performed. Compared with the

control group, after 4 h of VP infection, the amoeba disease and

phagosome pathways were significantly enriched in the 79 genes co-

upregulated in the two populations (TH04, Mx), while the 433
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genes specifically upregulated in the Mx population were related to

fructose and mannose metabolism and lysosome, and the 451 genes

specifically upregulated in the TH04 population were related to

ribosome and purine metabolism. Compared with the control

group, after 4 h of VP infection, the lysosomal and arachidonic

acid pathways were significantly enriched in the 115 genes co-

downregulated in the two populations (TH04, Mx), and the

significantly enriched pathways in the 60 genes downregulated in

the Mx population included purine metabolism and metabolism of

xenobiotics by cytochrome P450. Among the 2,905 genes

specifically downregulated in the TH04 population, the

significantly enriched pathways included phagosome and

endocytosis (Supplementary Table S3).

Non-targeted metabolomics was also used to analyze the DMs

in the hepatopancreas of L. vannamei 4 h after VP infection. To

further explore the potential metabolic pathways involved in VP

infection of L. vannamei at 4 h, KEGG pathway enrichment analysis

was performed. Compared with the control group, metabolic

pathways and nucleotide metabolism were significantly enriched

in the 123 metabolites co-upregulated in the Mx population and

TH04 population 4 h after VP infection, while metabolic pathways
A

B

C

D

E

F

FIGURE 2

Statistical analysis of DEGs and DMs. (A, D) The numbers of DEGs and DMs at 4 h and 24 h of VP infection in the TH04 and Mx populations. Red
color represents upregulation and blue color represents downregulation. (B, C) Venn diagram showing differentially upregulated and downregulated
DEGs in the TH04 and Mx populations at 4 h after VP infection. (E, F) Venn diagram showing differentially upregulated and downregulated DMs in
the TH04 and Mx populations at 4 h after VP infection. Significant differences were p < 0.05.
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and biosynthesis of cofactors were significantly enriched in the 567

metabolites specifically upregulated in the Mx population.

Metabolic pathways and ABC transporters were significantly

enriched in the 771 metabolites specifically upregulated in the

TH04 population. Compared with the control group, 4 h after VP

infection, the KEGG pathways significantly enriched in the 502

metabolites co-downregulated in the Mx and TH04 populations

were metabolic pathways and ABC transporters, while the KEGG

pathways significantly enriched in the 756 metabolites specifically

downregulated in the Mx population and the 1,214 metabolites

specifically downregulated by the TH04 population were metabolic

pathways and ABC transporters (Supplementary Table S4).

3.2.3 Integration of transcriptomics and
metabolomics analyses

Metabolomics analysis identified a total of 12 flavonoid

compounds, including quercetin, formononetin, and ipriflavone.

Differential metabolite analysis revealed that, except for

Rebaudioside B (MW0169755), the levels of 11 flavonoid

compounds, including quercetin (MW0009623), formononetin

(MW0124161) and ipriflavone (MW0124440), were markedly

higher in the Mx population, which exhibited strong resistance
Frontiers in Marine Science 06
against VP, compared with the TH04 population, which exhibited

weak resistance traits. Notably, quercetin displayed the most

pronounced difference in metabolite levels (Figure 3A). A

correlation analysis of genes and metabolites revealed that 128

genes were related to flavonoid metabolism, including 11 genes

related to quercetin metabolism (Figure 3B). The transcriptome

differential analysis revealed that, among the 128 genes associated

with flavonoid metabolism, 66 genes displayed significantly higher

expression levels in the Mx population than in the TH04 population

(Supplementary Table S5). Among them, 11 genes related to

quercetin showed a significant upregulation trend in the Mx

population (Figure 3C). The integrated transcriptome and

metabolome analysis suggested that the metabolic levels of

quercetin could impact the resistance traits of shrimp against VP.
3.3 Effect of quercetin on L. vannamei
infected with VP

Further experiments were conducted to verify the effect of

quercetin on VP infection in L. vannamei. Quercetin was added

to commercial shrimp feed at 0.1 g, 1 g, and 2 g of quercetin per 100
A

B

C

FIGURE 3

Correlation analysis of metabolomic and transcriptomic data. (A) Metabolomic analysis of heat maps of DMs associated with flavonoids in the TH04
and Mx populations (quercetin is in the red box). (B) Network diagram of genes associated with flavonoids (genes associated with quercetin are in
red boxes). Solid yellow lines indicate positive correlations and dashed grey lines indicate negative correlations; red circles are metabolites and green
circles are genes. (C) Transcriptomics analysis of heat maps of DEGs associated with flavonoids in the TH04 and Mx populations.
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g of feed. Shrimp were fed twice per day, with a feeding rate of 5% of

body weight. After continuous feeding for 14 days, on the 15th day,

all shrimp were infected with VP for challenge testing (Figure 4A).

The survival rate over five days was calculated, and the results

showed that the control group without quercetin supplementation

had a survival rate of 14.79%. The experimental groups that

received 1 g of quercetin added to 100 g of feed had a higher

survival rate of 78.95%, compared to the 0.1 g and 2 g quercetin

supplementation groups (37.61% and 25.08%, respectively).

Kaplan-Meier analysis revealed that the experimental group

that received 1 g of quercetin added to 100 g of feed had a

significantly higher survival rate than the control group, while

there were no significant differences between the control group

and the experimental groups that received 0.1 g and 2 g of

quercetin (Figure 4B).

The effect of quercetin on the anti-Vibrio traits of shrimp was

verified by RT-qPCR. The relative expression levels of immune-

related genes (Toll-like receptor, anti-lipopolysaccharide factor,

crustin, lysozyme, cathepsin B) and quercetin-related genes

(hypothetical protein C7M84_016793, zinc/cadmium resistance

protein-like, transcription factor activator protein-1 and holotricin-

3) were verified. The results showed that compared to the control

group, the experimental group fed quercetin had high expression of

Toll-like receptor, anti-lipopolysaccharide factor, crustin, lysozyme,

cathepsin B, hypothetical protein C7M84_016793, zinc/cadmium

resistance protein-like, transcription factor activator protein-1 and

holotricin-3-like. The expression of the genes in the 1 g quercetin

group was significantly higher than that in the groups fed 0.1 g and 2

g quercetin (Figure 5). These findings indicate that the addition of

quercetin to the diet of L. vannamei had a positive impact on their

resistance to VP infection; quercetin supplementation at an

appropriate concentration enhanced the immune response of

the shrimp.
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VP is a commonly encountered opportunistic pathogen capable

of causing AHPND, leading to mortality in shrimp. In this study,

transcriptomics and metabolomics were used to explore the

differential gene expression and metabolites in Mx and TH04

populations, which exhibited significant differences in resistance

to VP. Transcriptome and metabolome sequencing identified

20,948 expressed genes and 5,980 metabolites. Following a 4 h VP

infection, 687 genes and 2,406 metabolites exhibited significant

changes in the Mx population, while 3,550 genes and 2,152

metabolites showed significant alterations in the TH04

population. The transcriptomic analysis of Exopalaemon

carinicauda infected with VP highlighted a marked predominance

of downregulated differential genes compared to upregulated genes

following the infection (Ge et al., 2017). Moreover, families of

L. vannamei with weak resistance to VP showed a higher count of

downregulated DEG (Liu et al., 2023). This study’s transcriptomic

analysis revealed that, after VP exposure, the TH04 population, with

weaker resistance, exhibited significantly more downregulated

genes than the highly resistant Mx population. This observation

aligns with findings from previous research. This outcome could

stem from variables like gene expression patterns across

populations, the activation of immune pathways, or variations in

how hosts recognize pathogens. Earlier research has demonstrated

that infection with Vibrio harveyi notably enhances metabolic

pathways related to energy, amino acids, and carbohydrates in

shrimp (Ma et al., 2020). There are notable disparities in resistance

to VPAHPND among various L. vannamei families (Sun et al., 2023a).

In this study, metabolomics analysis showed that after exposure to

VP, both TH04 and Mx populations exhibited significant

enrichment in metabolic pathways, indicating considerable

alterations in host metabolism potentially linked to the severity of

VPAHPND. These findings suggest that metabolic dysregulation may

play a role in facilitating Vibrio proliferation (Lai et al., 2015). To

explore the critical metabolites influencing shrimp resistance to VP,

further correlation analyses between differentially expressed genes

and metabolites in the Mx and TH04 populations revealed notable

differences in the expression of flavonoids and their related genes.

To explore the critical metabolites influencing shrimp resistance

to VP, further correlation analyses between differentially expressed

genes and metabolites in the Mx and TH04 populations revealed

notable differences in the expression of flavonoids and their related

genes. Particularly, quercetin, among the 11 types of flavonoid

compounds, displayed significantly higher metabolic levels and

gene activity in the Mx population compared to the TH04

population, suggesting a potential impact of quercetin and other

flavonoids on shrimp resistance to VP. Flavonoids play vital roles in

the antioxidant and antibacterial effects (Aisiah et al., 2022),

flavonoids intervention leads to the disintegration of cell walls

and membranes, disruption of metabolic processes and redox

balance, and nucleic acid damage in Shewanella putrefaciens,

ultimately culminating in cellular demise (Wang et al., 2020a). In

addition, transcriptome and metabolomics research indicated that
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FIGURE 4

Effect of quercetin on L. vannamei infected with VP. (A) Course of
the quercetin feeding experimental program. (B) The survival rate of
the different experimental groups. Different letters show significant
differences by ANOVA (p < 0.05).
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flavonoid biosynthesis may be key to Camellia oleifera’s resistance

against Anthracnose (Yang et al., 2022).

Quercetin as a typical representative of flavonoids and the most

important bioflavonoid in the human diet, is widely found in plants

(Petersen et al., 2016; Hai et al., 2020; Wang et al., 2020b). In recent

years, Quercetin has become a popular feed additive because of its

properties of growth-promoting, anti-oxidation, lipid metabolism-

regulating, anti-carcinogenicity, immunity-enhancing, anti-virus,

and anti-bacterial (Wang et al., 2016). In this study, the

integrated analysis of the transcriptomic and metabolomic

unveiled flavonoid compounds, specifically quercetin, as crucial

metabolites underlying the disparities in VP resistance between the

Mx and TH04 populations. Furthermore, the gradient feeding

experiment revealed that the inclusion of 1 g of quercetin per 100

g of feed enhanced the ability of shrimp to resist VP and reduced the

mortality rate. Notably, feeding 0.1 g and 2 g of quercetin per 100 g

of shrimp feed did not significantly improve the immune capacity of
Frontiers in Marine Science 08
shrimp against VP, indicating that there is an optimal dosage range

for the utilization of quercetin. Previous studies have shown that the

combination of quercetin and florfenicol can enhance disease

resistance, survival, and immune activity in VPAHPND-infected

shrimp (Zhai et al., 2022), notably, the most significant

enhancement in immune factor activity for Cyprinus carpio

occurred when 100 mg of quercetin was added per 1 kg of feed

(Sun et al., 2023b). Shi et al. reported that quercetin could enhance

immunity by regulating the gene expression of the NF-kB signaling

pathway and AMPs in Bombyx mori (Shi et al., 2021). Following 24

hours of VP infection, the expression levels of genes including Toll-

like receptor, crustin, and transcription factor activation protein 1

were significantly enhanced after the incorporation of quercetin

into the feed. Furthermore, the peak activity of the shrimp immune

pathway was observed with a quercetin feeding concentration of 1

g/100 g of feed. The NF-kB pathway plays a vital role in the innate

immunity of shrimp and includes genes such as Toll-like receptor,
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FIGURE 5

Gene expression of immune-related factors in L. vannamei after feeding with different levels of quercetin and challenge with Vibrio. (A) Anti-
lipopolysaccharide factor gene, (B) cathepsin B, (C) crustin, (D) holotricin-3-like, (E) hypothetical protein C7M84_016793, (F) lysozyme, (G) Toll-like
receptor, (H) transcription factor AP-1-like, and (I) zinc/cadmium resistance protein-like in the hepatopancreas of L. vannamei infected with VP for
24 h, under the action of different concentrations of quercetin. One-way ANOVA and Duncan’s multiple comparisons test were used; Different
letters show significant differences by ANOVA (p< 0.05). Expression levels were obtained for all three biological replicates (n=3). Error bars indicate
the standard error of the mean of the three replicates of the organism.
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crustin, and transcription factor activation protein, which

contribute to the antibacterial immune response (Yang et al.,

2008; Li and Xiang, 2013). In shrimp, crustin is predominantly

expressed in haemocytes and gills, where it demonstrates

antibacterial or antiviral activities. These activities are commonly

regulated by the NF-kB pathway (Toll and IMD pathways) (Liu

et al., 2015; Sun et al., 2017). Research indicates that increasing

levels of quercetin supplementation in the feed result in an initial

increase followed by a decrease in the activities of serum acid

phosphatase (ACP), lysozyme (LZM), and the content of

immunoglobulin M (IgM) in Cyprinus carpio (Sun et al., 2023b).
5 Conclusions

This study aimed to investigate the underlying reasons for

phenotypic differences in the resistance of L. vannamei to VP using

transcriptome and metabolome sequencing techniques. Joint analysis

of transcriptome and metabolome data revealed that flavonoid

compounds, particularly quercetin, play a role in the varying degrees

of resistance to VP among the Mx and TH04 populations.

Supplementation of shrimp feed with 1 g of quercetin per 100 g of

feed enhanced the expression of the Toll-like receptor, crustin, and

transcription factor activation protein genes in the NF-kB pathway,

leading to enhanced resistance against VP and a decreased mortality

rate. These findings indicate that the incorporation of an appropriate

amount of quercetin into shrimp feed can effectively boost the immune

capacity of shrimp against VP and lower the incidence of AHPND.
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