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• Intestinal microbiota and immune mol-
ecules, and haemolymph metabolism
were disrupted.

• Intestinal Firmicutes abundance was in-
creased but Bacteroidetes abundances
was decreased.

• Intestinal peritrophic membrane and
antimicrobial genes were differentially
expressed.

• Haemolymph amino acid and arachi-
donic acid metabolism were disturbed.

• Several stress-related gene andmetabo-
lite markers were identified.
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Ammonia and thermal stress frequently have harmful effects on aquatic animals. The intestine is an important
barrier allowing the body to defend against stress. In this study, we investigated the intestinal microbiota and
transcriptomic and metabolomic responses of Litopenaeus vannamei subjected to individual and combined am-
monia and thermal stress. The results showed that obvious variation in the intestinal microbiota was observed
after stress exposure, with increased levels of Firmicutes and decreased levels of Bacteroidetes and
Planctomycetes. Several genera of putatively beneficial bacteria (Demequina, Weissella and Bacteroides) were
abundant, while Formosa, Kriegella, Ruegeria, Rhodopirellula and Lutimonas were decreased; pathogenic bacteria
of the genus Vibrio were increased under individual stress but decreased under combined stress. The intestinal
transcriptome revealed several immune-related differentially expressed genes associated with the peritrophic
membrane and antimicrobial processes in contrasting accessions. Haemolymph metabolomic analysis showed
that stress exposure disturbed the metabolic processes of the shrimp, especially amino acid metabolism. This
study provides insight into the underlying mechanisms associated with the intestinal microbiota, immunity
andmetabolismof L. vannamei in response to ammonia and thermal stress; ten stress-relatedmetabolitemarkers
were identified, including L-lactic acid, gulonic acid, docosahexaenoic acid, L-lysine, gamma-aminobutyric acid,
methylmalonic acid, trans-cinnamate, N-acetylserotonin, adenine, and dihydrouracil.
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1. Introduction

Pacific white shrimp (Litopenaeus vannamei) is an important aquatic
economic species and a high-quality protein source for humans. Shrimp
live their entire life in water; therefore, they are inevitably affected by
environmental pollutants (Liu and Chen, 2004). Ammonia is a common
pollutant in aquatic environments and is mainly produced by the de-
composition of organic wastes, including faeces and excess feed. In in-
tensive culture ponds, the concentration of ammonia can increase as
high as 46 mg/L (Chen et al., 1988). Ammonia stress affects shrimp
health and causes high mortality, immune disorders, and susceptibility
to disease (Cheng and Chen, 2002; Jiang et al., 2004; Liu and Chen, 2004;
Zhang et al., 2012). Additionally, habitat water temperature drives all
biological processes of aquatic animals, including physiological and be-
havioural processes (Pörtner and Knust, 2007). In subtropical climate
regions, especially summer, the water temperature of shrimp ponds
often exceeds 34 °C (Preston et al., 1995; Jackson and Wang, 1998;
You et al., 2010). Elevated temperatures can also induce stress re-
sponses and cause physiological discomfort in shrimp (Hewitt and
Duncan, 2001;Wang and Chen, 2006). It has been reported that ammo-
nia concentration is affected by water temperature, and the toxicity of
ammonia to aquatic animals increases with increased water tempera-
ture (Kir et al., 2004). However, the physiological response mechanism
of shrimp under the combined stress of elevated ammonia and temper-
ature is still unclear.

The intestine is one of the tissues with themost contact between or-
ganisms and the external environment, and it is also the largest immune
organ. The intestine provides a barrier for host health that is composed
of intestinal mucosa and a stable functional microbiota (Duan et al.,
2018a). The intestinal barrier not only plays an important role in main-
taining the stability of the internal environment but also can effectively
prevent the invasion of pathogen-derived substances and the displace-
ment of bacterial endotoxins (Gao et al., 2016). A stable functional mi-
crobiota contributes to host health, including nutritional, metabolic
and immune homeostasis, andmetabolic function; conversely, microbi-
ota imbalancewill impair host health and increase disease susceptibility
(Hsiao et al., 2013; Koeth et al., 2013). In particular, the intestinalmicro-
biota co-metabolizeswith its host, and themicrobiota and host immune
system can exchange metabolites between the intestinal lumen and
mucosal surfaces, as well as the systemic circulation (Gentile and
Weir, 2018; Zimmermann et al., 2019). Beneficial microbial metabolites
will promote host health, while harmful microbial metabolites can lead
to host disease (Levy et al., 2017). Thus, the interaction between the in-
testinal microbiota and the immunity and metabolism of the host has a
profound effect on host health.

In previous studies, we confirmed that, individually, ammonia and
thermal stress caused intestinal mucosal damage and immune disrup-
tion in L. vannamei, and ammonia stress also induced intestinalmicrobi-
ota alterations (Duan et al., 2018a, 2018b); however, the underlying
molecularmechanisms are unknown. Therefore, in this study, we inves-
tigated the individual and combined effects of ammonia and thermal
stress on the intestinal microbiota community of L. vannamei. Then,
transcriptomics and metabolomics were used to analyse the changes
in intestinal immune factors and haemolymph metabolites, respec-
tively, and the association between variations in intestinal microbes
and host immune factors and metabolites was also analysed.

2. Materials and methods

2.1. Shrimp and rearing conditions

Healthy L. vannameiwith an average bodyweight of 6.7±0.5 gwere
randomly obtained from a local farming pond in Shenzhen Base, South
China Sea Fisheries Research Institute, Chinese Academy of Fishery Sci-
ences (Shenzhen, China). The shrimp were acclimated in sand-filtered
and aerated seawater (salinity 30‰, pH 8.4, temperature 30 °C) for
7 days before the stress experiment. Commercial feed was provided to
the shrimp daily at 5% of their body weight three times per day
(07:00, 12:00, 18:00). Two-thirds of the water was exchanged per day.

2.2. Stress exposure and sample collection

After 7 days of acclimation, the healthy shrimp in the intermoult
stagewere divided into four groups: the control group (CG), the thermal
stress group (TG), the ammonia stress group (AG), and the combined
ammonia and thermal stress group (ATG). Each group included three
replicate tanks. The shrimp were housed at 50 individuals per tank,
and each tank contained 100 L of aerated seawater. According to previ-
ous studies, the 72 h 50% lethal concentration (LC50) values of
ammonia-N for L. vannamei juveniles were 32.15, 43.17 and
44.93 mg/L at salinities of 15, 25 and 35, respectively (Lin and Chen,
2001). Increasing thewater temperature from30 °C to 33 °C could affect
the intestinal health of L. vannamei (Duan et al., 2018b). Based on the
pre-experiment results, we set the ammonia concentration and thermal
stress temperature of this study as 15 mg/L and 33 °C, respectively, and
sampled at 72 h.

In detail, the CG tanks were filled with seawater, the water temper-
ature was kept at 30 °C and ammonia was kept at 0 mg/L; the TG tanks
were filled with seawater, the water temperature was kept at 33 °C and
ammonia was kept at 0 mg/L; the AG tanks were filled with seawater,
the water temperature was kept at 30 °C and ammonia was kept at
15 mg/L; the ATG tanks were filled with seawater, the water tempera-
ture was kept at 33 °C and ammoniawas kept at 15mg/L. All the groups
had the same culture conditions except that the ammonia-N concentra-
tions and water temperatures were different. The ammonia-N concen-
tration of the AG and ATG was maintained at 15.0 mg/L by adding
NH4Cl solution to the seawater. The concentration of ammonia in the
seawater was adjusted in time to ensure stability. The water tempera-
ture stability of all the groups was continuously maintained using
aquarium heaters. The tanks used in the stress exposure stage were
the same as those used in the acclimation stage, and the shrimp were
not moved to new tanks. The stress exposure lasted for 72 h.

After 72 h of exposure, the intestines (without faeces) and
haemolymph of the shrimp from each tank were sampled individually.
In detail, six shrimp intestines from each tank were mixed for microbial
community analysis, and six shrimp intestines from each tank were
mixed for transcriptome analysis; these 12 shrimp haemolymphs
were mixed for metabolomic analysis. Overall, each group contained 3
duplicate microbial samples, 3 duplicate transcriptome samples, and 6
duplicatemetabolome samples. All the sampleswere snap-frozen in liq-
uid nitrogen until experimental analysis.

2.3. Intestinal microbiome analysis

Total genomic DNA of the microbes from the intestine samples was
extracted using the TAB/SDSmethod, and then the V4 region of the bac-
terial 16S rDNA gene was amplified using a pair of barcoded fusion
primers, 515F (5′-GTGCCAGCMGCCGCGG-3′) and 806R (5′-GGAC
TACHVGGGTWTCTAAT-3′). The PCRs were carried out using Phusion®
High-Fidelity PCRMasterMix (New England Biolabs). The PCR products
were mixed in equidensity ratios and purified. Then, sequencing librar-
ies were constructed using the NEBNext® Ultra™ DNA Library Prep Kit
for Illumina (NEB, USA) and sequenced on an Illumina MiSeq platform.

Paired-end reads were merged using FLASH and assigned to each
sample according to the unique barcodes. Sequence analysis was per-
formed by UPARSE software, and the operational taxonomy units
(OTUs) were defined with ≥97% similarity (Edgar, 2013). Chimeric se-
quences were determined by UCHIME (Edgar et al., 2011). Alpha diver-
sity was calculated with three metrics, including Chao1, Simpson, and
Shannon index, usingMothur software (Schloss et al., 2011). A Venn di-
agram was used to count the number of unique and shared OTUs in
multiple samples. Beta diversity was evaluated by principal coordinates
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analysis (PCoA) plots based on weighted and unweighted UniFrac met-
rics using the package Ape. Differential intestinal bacteria of TG vs CG,
AG vs CG, and ATG vs CG were identified. Microbial composition was
analysed at thephylum, class and genus levels. Linear discriminant anal-
ysis (LDA) effect size (LEfSe) analysis was performed using the Python
LEfSe package (Segata et al., 2011) to identify differential bacterial
taxa within different groups. RandomForest analyses were performed
based on Kyoto Encyclopedia of Genes and Genomes (KEGG) level 3
using the R randomForest package. A Cytoscape network was con-
structed to analyse the correlations and differences between microbial
communities based on OTU abundance using Cytoscape software
(http://www.cytoscape.org/). All statistical analyses were conducted
using R package software. In addition, the alpha diversity index values
were expressed as the mean ± SE and analysed using two-way
ANOVA (SPSS ver 20.0), followed by Tukey's multiple comparison
tests to analyse the significant differences between independent exper-
imental groups and treatments. P < 0.05 was regarded as statistically
significant.

2.4. Intestinal transcriptome analysis

Total RNA was extracted from the intestine using TRIzol® Reagent
(Invitrogen, USA), and genomic DNA was removed using DNase I
(TaKaRa, China). A high-quality RNA sample (1 μg) was used to con-
struct a sequencing library using a TruSeq™ RNA sample preparation
kit from Illumina (San Diego, CA). After quantification by TBS380,
paired-end libraries were sequenced with the Illumina HiSeq PE
2 × 151 bp read length. Raw paired-end reads were trimmed, and the
clean reads were screened using Trimmomatic software (http://www.
usadellab.org/cms/uploads/supplementary/Trimmomatic). Then, all
the clean reads were separately aligned to the L. vannamei genome
with orientation mode using TopHat software (http://tophat.cbcb.
umd.edu/). Differentially expressed genes (DEGs) of TG vs CG, AG vs
CG, and ATG vs CG were identified, and the expression level of each
transcript was calculated according to the reads per kilobase of exon
per million mapped reads (RPKM) method. Cuffdiff (http://cufflinks.
cbcb.umd.edu/) was used for differential expression analysis. The
DEGs between two samples were selected using the following criteria:
logarithmic fold change >2 and false discovery rate (FDR) <0.05. The
GO functional enrichment of the DEGs was analysed using Goatools
software (https://github.com/tanghaibao/Goatools). KEGG pathway
analysis of the DEGs was performed using KOBAS software (http://
kobas.cbi.pku.edu.cn/home.do). The statistical analyses of the GO and
KEGG enrichment were set as Bonferroni-corrected P-values <0.05.

2.5. Haemolymph metabolomics analysis

Six haemolymph sample replicates of shrimp from each group were
used for metabolomics analysis. All the haemolymph samples were
taken from liquid nitrogen and thawed in the refrigerator at 4 °C, and
metabolite extraction was performed using methanol and 2-
chlorobenzalanine. Twenty microlitres of each sample was taken for
quality control (QC), and the rest was used for LC-MS detection. Liquid
chromatography was accomplished in a Thermo Ultimate 3000 system
equipped with an ACQUITY UPLC® HSS T3 (150 × 2.1 mm, 1.8 μm,
Table 1
Alpha diversity of intestinal microbial of L. vannamei after ammonia and thermal stress.

Group Observed Chao1

CG 961 ± 363 1225 ± 322a

TG 1510 ± 113 1723 ± 194b

AG 1660 ± 289 1968 ± 271b

ATG 1531 ± 273 1786 ± 216b

Values represent the mean ± SE (n = 3). The different letters (a, b, c) indicate significant diffe
Waters) column. Mass spectrometry was executed on a Thermo Q
Exactive mass spectrometer. Data-dependent acquisition (DDA) MS/
MS experiments were performed with HCD scans. Dynamic exclusion
was implemented to remove some unnecessary information in the
MS/MS spectra.

The original data were converted into mzXML format (xcms input
file format) through Proteowizard software (v3.0.8789). The R
(v3.3.2) XCMS package was used for the identification, filtration and
alignment of peaks. Base peak chromatograms (BPCs) were obtained
through continuous description of the ions with the highest intensity
in each mass spectrogram. All the data were determined using quality
control (QC) and quality assurance (QA). After standardized treatment
by autoscaling with mean-centering and scaling to unit variance (UV),
partial least squares-discriminant analysis (PLS-DA) of the metabolo-
mics data was performed using the R language ropls package. All the
metabolites were classified according to KEGG and Metabolon.inc. Dif-
ferential metabolites (DMs) of TG vs CG, AG vs CG, and ATG vs CG
were identified. Based on the exact mass match (error < 15 ppm) and
secondary spectra MS/MS, metabolite identification was performed by
searching Metlin (http://metlin.scripps.edu/), MoNA (https://mona.
fiehnlab.ucdavis.edu/) and company databases (BioNovoGene, China).
Agglomerate hierarchical clustering of the DMs was performed using
the R software (v3.3.2) pheatmap package. The DMs were annotated
with KEGG pathway analysis using metaboanalyst software (www.
metaboanalyst.ca). The PLS-DA model was used to determine the DMs
between the pairwise comparison groups with the first principal com-
ponent of variable importance in projection (VIP) values (VIP ≥ 1) com-
bined with a P-value ≤0.05.
2.6. Correlation analysis of intestinal bacteria and the DEGs and DMs

Pearson correlation analysis was employed to reveal the correlation
between intestinal bacteria and the intestinal immune-related DEGs of
the host and haemolymph DMs using the Cytoscape software coNet
plug-in, and the correlation coefficient and P-value threshold were not
set. P < 0.05 was regarded as statistically significant, P < 0.01 was
regarded as very significant, and P < 0.001 was regarded as extremely
significant. A heatmap was used to show the correlation of intestinal
bacteria with genes and metabolites respectively.
3. Results

3.1. Intestinal microbiota changes

3.1.1. Richness and diversity
A total of 772,926 clean reads were obtained from all the microbial

samples, and the average number of clean reads per sample was
64,410. A rarefaction curve analysis of the observed species per sample
was sufficient (Fig. S1). Compared with the CG, the Chao index of the
three stress groups was increased, the Simpson index of the TG and
AG was also increased, but the Shannon index was not significantly
changed (Table 1); the unique OTUs of the three stress groups were in-
creased, and those of the ATG were lower than those of the TG and AG
(Fig. 1A). PCoA of weighted and unweighted UniFrac distances was
Shannon Simpson Coverage (%)

3.77 ± 0.78 0.0843 ± 0.0361a 99.61
3.98 ± 1.26 0.1668 ± 0.0284b 99.54
3.82 ± 1.80 0.2187 ± 0.0317b 99.40
4.16 ± 0.38 0.0886 ± 0.0272a 99.36

rences (P < 0.05) among groups.

http://www.cytoscape.org/
http://www.usadellab.org/cms/uploads/supplementary/Trimmomatic
http://www.usadellab.org/cms/uploads/supplementary/Trimmomatic
http://tophat.cbcb.umd.edu/
http://tophat.cbcb.umd.edu/
http://cufflinks.cbcb.umd.edu/
http://cufflinks.cbcb.umd.edu/
https://github.com/tanghaibao/Goatools
http://kobas.cbi.pku.edu.cn/home.do
http://kobas.cbi.pku.edu.cn/home.do
http://metlin.scripps.edu/
https://mona.fiehnlab.ucdavis.edu/
https://mona.fiehnlab.ucdavis.edu/
http://www.metaboanalyst.ca
http://www.metaboanalyst.ca


Fig. 1. Intestinal microbial diversity and composition of L. vannamei after ammonia and thermal stress. The number of unique and shared OTUs between different treatments indicated by the Venn diagram (A). PCoA plots based onweighted UniFrac
metrics (B) and unweighted UniFrac metrics (C). Average relative abundances of dominant bacterial phyla (D), classes (E) and genera (F) in the intestine of tadpoles under different treatments.
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further performed to confirm that the intestinal bacteria in the CG and
the three stress groups were clearly separated (Fig. 1B, C).

3.1.2. Intestinal microbial composition
The taxa of dominant bacteria among the three groups were similar,

while their abundancewas altered. At the phylum level, comparedwith
the CG, the relative abundance of Proteobacteria was decreased in the
TG but increased in the ATG; the relative abundance of Bacteroidetes
was decreased in the three stress groups, but the abundance of
Firmicutes was increased (Fig. 1D). At the class level, the relative abun-
dance of Alphaproteobacteria, Flavobacteriia, Betaproteobacteria and
Planctomycetacia decreased in the three stress groups, but the abun-
dance of Gammaproteobacteria, Bacteroidia and Bacilli increased
(Fig. 1E). Differences were also observed at the genus level: certain gen-
era, such as Bacteroides,Demequina, andWeissella, were increased in the
three stress groups, but Formosa, Kriegella, Lutimonas, Muricauda,
Pandoraea, Rhodopirellula, and Ruegeria were decreased. In addition,
Vibriowas increased in the TG andAGbut decreased in theATG (Fig. 1F).

3.1.3. Changes in the intestinal bacterial phylotypes
LEfSewas employed to analyse the differential abundances of bacte-

rial taxa in the four groups. In the cladogram, Rickettsiales contributed
to the CG, while Lactobacillaceae contributed to the AG (Fig. 2A). In
the LEfSe LDA, the abundances of 1, 1, 4 and 3 bacterial taxa were
enriched in the CG, TG, AG and ATG, respectively. Specifically,
Rickettsiales was enriched in the CG, Butyricicoccus was enriched in
the TG, Lactobacillus and Alloprevotella were enriched in the AG, and
Tenacibaculum and Propionigenium were enriched in the ATG (Fig. 2B).
Network analyses further confirmed the differences in the microbiota.
Based on the Cytoscape network analysis of relative phylum abundance,
the most dominant OTUs, OTU2 and OTU3, both belonged to
Proteobacteria, and the OTUs of Bacteroidetes had the highest correla-
tion with those of Firmicutes (Fig. 2C). Network branching diagrams
were used to further analyse the differences in the microbiota in the
four groups, and only Lactobacillus was significantly dominant in the
AG (Fig. 2D). The prediction function of the intestinal microbiota was
analysed using PICRUSt. Based on random forest KEGG classification,
compared with those in the CG, “pathogenic Escherichia coli infection”
and “regulation of actin cytoskeleton” were both increased in the
three stress groups, but “biosynthesis and biodegradation of secondary
metabolites”, “pertussis”, and “bladder cancer” were all decreased
(Fig. 2E).

3.2. Intestinal transcriptome analysis

3.2.1. Identification and functional annotation of the DEGs
RNA-Seq analysis of the L. vannamei intestine from the four groups

generated 545,434,190 total raw reads and 81,815,128,500 raw bases,
with 515,505,124 total clean reads and 76,872,591,171 clean bases pro-
duced after optimization and quality control; the clean reads ratio was
93.04%–94.67%. Then, the clean reads were mapped to the L. vannamei
genome, and the mapped rate was 80.76%–86.52% (Table S1). All raw
reads were submitted to the Sequence Read Archive (SRA) (accession:
PRJNA626527).

A total of 334 DEGs were identified in the intestines in the three
stress groups comparedwith the CG (Fig. S2), and 13DEGswere present
in all groups, including FK506-binding protein 4 (FKBP), carbohydrate
sulfotransferase 11, titin, mannose-binding protein (MBP), chitinase 4
precursor (Chit-4p), and peritrophin-1 (PT-1) (Table S2). Specifically,
the TG contained 74 upregulated and 78 downregulated genes, the AG
contained 74 upregulated and 55 downregulated genes, and the ATG
contained 66 upregulated and 79 downregulated genes (Fig. 3).

The DEGswere annotated by GO enrichment analysis. The dominant
GO terms of the TG, AG and ATGwere basically similar. Of these, “single-
organism process”, “metabolic process” and “cellular process”were the
dominant subcategories in biological processes; “cell”, “cell part” and
“organelle” were the dominant subcategories in cellular components;
and “catalytic activity” and “binding”were the dominant subcategories
in molecular functions (Fig. 4A–C).

All the DEGswere further analysed by KEGG pathway analysis. Com-
pared with the CG, the most enriched pathways of the TG were “ABC
transporters”, “caffeine metabolism”, and “vitamin digestion and ab-
sorption” (Fig. 4D); those of the AG were “DNA replication”, “histidine
metabolism”, “alanine, aspartate and glutamate metabolism”, and
“ascorbate and aldarate metabolism” (Fig. 4E); and those of the ATG
were “prion diseases”, “linoleic acid metabolism” and “ABC trans-
porters” (Fig. 4F).

3.2.2. Identification of the immune-related DEGs
Several immune-related DEGswere identified based on the NR data-

base annotations, which provided a better understanding of the im-
mune response of the L. vannamei intestine induced by stresses.
Specifically, 13 immune-related DEGs were mainly shared by the
three stress groups. Of these, 4 DEGs, including FKBP, MBP, PT-1, and
Chit-4p, were present in the three comparisons of TG vs CG, AG vs CG,
and ATG vs CG; 4 DEGs including prophenoloxidase-activating enzyme
2α (PPAE-2α), alpha 2 macroglobulin (α2M), haemocyte homeostasis-
associated protein (HHAP), and aminopeptidase N (APN), were present
in the two comparisons of TG vs CG and ATG vs CG; 5 DEGs, including
haemolymph clottable protein (HCP), peritrophin-55 (PT-55), chitinase
(Chit), mucin-3A (Muc-3A), and serine proteinase inhibitor 8 (SPI8),
were present in the two comparisons of AG vs CG and ATG vs CG
(Table 2).

3.3. Haemolymph metabolome analysis

3.3.1. Multivariate analysis of the metabolite profiles
Metabolomic analysis was conducted to explore the alterations in

haemolymph metabolic profiles after stresses. The metabolic profiles
of the haemolymph of L. vannamei among the different groups by LC-
MS analysis are shown in Fig. S3. The PLS-DA score plot and permutation
test further showed a significant difference among the four groups in
both positive and negative ionization modes (Fig. 5), suggesting that
ammonia and thermal stress caused metabolic phenotype alterations
in shrimp haemolymph. A total of 338 metabolites were identified in
the shrimphaemolymphusingMS/MSanalysis, and the largest category
was “amino acids, peptides, and analogues” (37.1%), followed by “carbo-
hydrates and carbohydrate conjugates” (15.9%) and “fatty acids and
conjugates” (15.2%) (Fig. S4).

3.3.2. Identification and functional annotation of the DMs
We further screened the DMs between the control and the three

stress groups. Compared with the CG, the TG contained 42 upregulated
and 20 downregulated DMs, the AG contained 44 upregulated and 31
downregulated DMs, and the ATG contained 34 upregulated and 35
downregulatedDMs (Fig. 6B, 6D, 6F). To explore the potentialmetabolic
pathways affected by stresses, all the DMs were further analysed by
KEGG annotation. Compared with the CG, the most enriched pathways
in the TG were “phenylalanine metabolism”, “phenylalanine, tyrosine
and tryptophan biosynthesis”, “alanine; aspartate and glutamate me-
tabolism”, and “arachidonic acid metabolism” (Fig. 6A); those in the
AGwere “histidinemetabolism”, “vitamin B6metabolism”, “valine, leu-
cine and isoleucine biosynthesis” (Fig. 6C); and those in the ATG were
“D-glutamine and D-glutamate metabolism”, “beta-alanine metabo-
lism”, “alanine, aspartate and glutamate metabolism,” and “arachidonic
acid metabolism” (Fig. 6E).

Certain DMs related to organism health, including gamma-
aminobutyric acid (GABA), L-lactic acid, gulonic acid, and
docosahexaenoic acid, were all increased in the three stress groups,
but L-lysine, methylmalonic acid, adenine, dihydrouracil, and N-
acetylserotonin were all decreased. Additionally, trans-cinnamate
was increased in the TG but decreased in the AG and ATG; beta-



Fig. 2. Intergroup variation, network and metabolism analyses of the intestinal microbes of L. vannamei after ammonia and thermal stress. (A) LEfSe cladogram. (B) LDA score of LEfSe-PICRUSt. (C) Relevance network analyses based on the bacterial
phylum level. The nodes represent the phylum classification of the OTUs, and the node size indicates the relative abundance of each taxon. The nodes representing the same phylum are shown in the same colour. Lines between two OTUs represent
the correlation. (D) Differential network analyses. The nodes represent the species classification, and the node size indicates the relative abundance. The node colour provides information about the difference; black indicates no significant difference,
and the remaining colours indicate significant differences in the corresponding group. The names of taxa with an abundance above 1% are provided. (E) Microbial metabolism prediction based on KEGG pathway analysis. *Indicates a significant
difference (P < 0.05) among groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sitosterol was increased in the AG and ATG, but ergocalciferol, L-
histidine and phosphorylcholine were decreased; arachidonic acid
and glyceric acid were increased in the TG and ATG; hydroquinone,
Fig. 3. Scatter and volcano plots of the DEGs in the intestine of L. vannamei after a
L-isoleucine and DL-dopa were increased in the TG and AG, but pyr-
idoxine was decreased; while stearic acid was only decreased in the
TG (Table 3).
mmonia and temperature stress. (A) TG vs CG. (B) AG vs CG. (C) ATG vs CG.



Fig. 4. Themost enrichedGO terms and pathways of theDEGs in the intestine of L. vannamei after ammonia and thermal stress. (A)GO terms of TG vs CG. (B) GO terms of AG vs CG. (C) GO terms of ATG vs CG. (D) KEGGpathways of TG vs CG. (E) KEGG
pathways of AG vs CG. (F) KEGG pathways of ATG vs CG.
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Table 2
Transcription profiles of the immune relatedDEGs in intestinal of L. vannamei after ammo-
nia and thermal stress.

Gene id Function annotation TG vs
CG

AG vs
CG

ATG
vs
CG

LVAN21979 Peritrophin-1 (PT-1) Down Down Down
LVAN21973 Peritrophin-55 (PT-55) N/A Down Down
LVAN08663 Mucin-3A (Muc-3A) N/A Up Up
LVAN00179 FK506-binding protein 4 (FKBP) Down Down Down
LVAN14100 Aminopeptidase N (APN) Up N/A Up
LVAN20408 Hemolymph clottable protein (HCP) N/A Up Up
LVAN12988 Hemocyte homeostasis-associated protein

(HHAP)
Up N/A Up

LVAN02632 Prophenoloxidase-activating enzyme 2a
(PPAE-2α)

Down N/A Down

LVAN12835 Alpha 2 macroglobulin (α2M) Up N/A Up
LVAN10203 Serine proteinase inhibitor 8 (SPI8) N/A Up Up
LVAN17073 Mannose-binding protein (MBP) Down Down Down
LVAN18516 Chitinase 4 precursor (Chit-4p) Up Up Up
LVAN00215 Chitinase (Chit) N/A Down Down
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3.4. Association between the intestinal microbiota and host immune factors
and metabolites

To reveal the relationships between intestinal microbial and im-
mune and metabolite parameters, heat maps were generated by Pear-
son correlation analysis. In the correlation between intestinal bacterial
and host immune DEGs, Maribacter, Kriegella, Formosa, Muricauda, and
Fig. 5. Derived PLS-DA score plots and corresponding permutation testing of PLS-DA from the
stress. (A) PLS-DA score plot of positive ions. (B) Permutation testing of positive ions. (C) PLS-
Lutimonas were positively correlated with changes in the PT-1, PPAE-
2α andMBP genes;Mycobacterium and Demequinawere positively cor-
related with changes in theMuc-3A, FKBP and SPI8 genes; Ruegeriawas
positively correlated with changes in the PT-1 and MBP genes;
Bacteroides was positively correlated with changes in the HHAP gene;
and Pseudoxanthomonas was positively correlated with changes in the
APN, HCP and Chit-4p genes (Fig. 7A). In the correlation between intes-
tinal bacterial and host metabolites, Demequina was positively corre-
lated with changes in glyceric acid and L-lactic acid; Bacteroides was
positively correlated with changes in arachidonic acid; and Lutimonas,
Muricauda, Rhodopirellula, and Ruegeria were positively correlated
with changes in methylmalonic acid but negatively correlated with
changes in beta-sitosterol (Fig. 7B).
4. Discussion

4.1. Intestinal microbiota in response to ammonia and thermal stress

Environmental pollutants and challenging environments have ad-
verse effects on the intestinal barrier function of aquatic animals
(Duan et al., 2018a; Tinkov et al., 2018; Qiao et al., 2019). In this
study, ammonia and thermal stress altered the intestinalmicrobial com-
position of L. vannamei, notably, Proteobacteria, Bacteroidetes and
Firmicutes were the dominant intestinal bacteria of L. vannamei.
Proteobacteria are frequently prominent in the intestinal microbiome
of shrimp (Fan et al., 2019; Holt et al., 2020) and participate in carbon
complexes and nitrogen degradation (Cottrell and Kirchman, 2000;
LC-MS metabolite profiles in the haemolymph of L. vannamei after ammonia and thermal
DA score plot of negative ions. (D) Permutation testing of negative ions.
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Table 3
Significantly changed DMs in haemolymph of L. vannamei after ammonia and thermal
stress.

Metabolites name Log2 fold change Categories

TG vs
CG

AG vs
CG

ATG vs
CG

Glyceric acid 3.40 / 1.69 Carbohydrate

L-Lactic acid 0.67 0.57 0.60 Carbohydrate

Gulonic acid 0.67 0.57 0.60 Carbohydrate
Arachidonic acid 1.06 / 1.17 Lipid
Stearic acid −0.56 / / Lipid
Docosahexaenoic acid 1.28 0.97 1.32 Lipid
beta-Sitosterol / 2.47 2.00 Lipid
Ergocalciferol / −0.75 −0.61 Lipid
Phosphorylcholine / −0.60 −0.64 Lipid
L-Isoleucine 1.54 1.33 / Amino acid

L-Lysine −1.60 −1.53 −1.33 Amino acid

L-Histidine / −0.27 −0.31 Amino acid

Gamma-aminobutyric acid 0.32 0.75 0.70 Amino acid
Methylmalonic acid −1.25 −1.88 −2.25 Amino acid
trans-Cinnamate 0.98 −1.28 −1.15 Amino acid
DL-Dopa 2.21 1.55 / Amino acid
N-acetylserotonin −0.13 −0.19 −0.13 Amino acid
Adenine −0.38 −0.66 −0.75 Nucleotide
Dihydrouracil −1.64 −2.80 −2.80 Nucleotide
Hydroquinone 2.82 2.61 / Xenobiotics
Pyridoxine −0.71 −0.61 / Cofactors and vitamins
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Klase et al., 2019). In this study, the changes in abundance of
Proteobacteria suggested that ammonia and thermal stress had differ-
ent effects on Proteobacteria homeostasis; among them, thermal stress
might decrease the contribution of Proteobacteria to host metabolism
and digestion, while the combined stress induced their functions.
Bacteroides and Firmicutes both participate in fermentation and pro-
vide nutrients to the host (Gillilland et al., 2012; Wexler, 2007);
Bacteroidetes can promote energy metabolism by increasing carbohy-
drate metabolism (Shin et al., 2015), while Firmicutes facilitate energy
harvest by improving lipid metabolism (Turnbaugh et al., 2008;
O'Sullivan et al., 2002). The increased abundance of Firmicutes and the
decreased abundance of Bacteroides indicated that ammonia and ther-
mal stress might affect the ability of L. vannamei intestinal bacteria to
metabolize nutrients.

At the genus level, several dominant genera exhibited obvious dif-
ferences among groups. Among them, we were primarily interested in
host health-related bacteria. Vibrio is a major pathogen that can cause
severe economic loss in shrimp farming (Soto-Rodriguez et al., 2015).
Hence, the increase in Vibrio abundance indicated that ammonia and
thermal stress induced a proportion of pathogenic bacteria in the
shrimp intestine and potentially increased the risk of disease. Ruegeria
can degrade phosphate triesters, which are synthesized organophos-
phorus compounds that exist in plasticizers and pesticides
(Achbergerová and Nahálka, 2014; Yamaguchi et al., 2016).
Rhodopirellula can help facilitate global carbon and nitrogen cycling by
breaking down substantial amounts of organicmaterial, such as “marine
snow”, including aggregates of zooplankton, phytoplankton andprotists
(Klindworth et al., 2014). Lutimonas is a strictly aerobic heterotrophic
nitrifying bacterium that degrades ammonia (Fu et al., 2009). The de-
crease in the abundance of Ruegeria, Rhodopirellula and Lutimonas indi-
cated that ammonia and thermal stress could potentially affect the
metabolism of organic material, ammonia, and phospholipids.
Demequina can produce α-amylase to degrade starch into glucose and
dextrin (Wei et al., 2018). Weissella is a lactic acid bacterium that can
Fig. 6. The most enriched KEGG pathways and hierarchical clustering analysis of the DMs in th
(A) and hierarchical clustering (B) of TG vs CG. The enriched pathway (C) and hierarchical clu
vs CG.
synthesize beneficial substances such as synthetic bacterin, oligosaccha-
rides and exopolysaccharides (Park et al., 2013; Lynch et al., 2014).
Bacteroides can produce carbohydrate metabolism-related enzymes, vi-
tamins, glycans, and cofactor enzymes to promote food digestion
(Karlsson et al., 2011). Thus, we speculated that the increased abun-
dance of Demequina, Weissella and Bacteroides in the intestine of L.
vannamei could provide more nutrition and beneficial substances to
the host as an adaptation to these stresses. Alloprevotella can ferment
carbohydrates to produce acetic acid and succinic acid (Downes et al.,
2013). In this study, the enriched abundance of Alloprevotellamight pro-
vide protection for intestinal mucosa in response to ammonia stress.

4.2. Intestinal transcriptomic response to ammonia and thermal stress

In this study, we used RNA-Seq technology to analyse the effect of
ammonia and thermal stress on the intestinal transcriptome in L.
vannamei. Based on the analysis of KEGG pathways, the individual and
combined ammonia and thermal stress had different effects on gene ex-
pression in the intestine. For example, individual thermal stress mainly
affected ABC transporters, caffeine metabolism, and the digestion and
absorption of vitamins; individual ammonia stress mainly affected the
metabolism of amino acids (histidine, alanine, aspartate and gluta-
mate), ascorbate and aldarate; and combined thermal and ammonia
stressmainly influenced ABC transporters and linoleic acid metabolism.
ABC transporters aremultifunctional transmembrane proteins that play
important roles in the regulation of cell osmotic pressure, detoxification
metabolism and immune response (Jaskulak et al., 2020). Furthermore,
thermal stress affected intestinal vitamin homeostasis, ammonia stress
affected gut protein homeostasis, and combined stress affects intestinal
energy storage and supply. Vitamins are trace substances that maintain
normal physiological functions (Nguyen et al., 2012). Amino acids and
lipids are important components and energy sources for the organisms
(Lee et al., 2018). Therefore, our data suggests that thermal and ammo-
nia stresses have caused a dysfunction of shrimp intestinal metabolic
functions, which may potentially affect its important role in host's im-
mune response.

Intestinal immunity is an important line of defence for organisms
against foreign invaders. The peritrophicmembrane (PM) is an effective
barrier of the shrimp intestinal epithelium that prevents foreign sub-
stance invasion. Peritrophin (PT) is an important component of the
peritrophic membrane (PM) (Du et al., 2006). Muc-3A is a glycoprotein
component of intestinalmucus that can resist pathogen attachment and
invasion (Ogata et al., 2017). In this study, the expression of PT-1 and PT-
55was downregulated, while that ofMuc-3Awas upregulated, indicat-
ing that ammonia and thermal stressmight affect the integrity of the PM
and that the mucus was induced in the organism to maintain intestinal
homeostasis. The FKBP family is responsible for the quality control of
protein processing (Galat, 1993), which contributes to physiological ho-
meostasis and environmental adaptation in Artemia (Maniatsi et al.,
2015); FKBP46 of P.monodon could co-interactwith theWSSV viral pro-
tein VP15 during virion assembly (Sangsuriya et al., 2011). APN is a
membrane-bound enzyme that can influence immune and inflamma-
tory responses by regulating local chemokine concentrations
(Kanayama et al., 1995; Proost et al., 2007). Thus, the downregulated
expression of FKBP and the upregulated expression of APN revealed
that immune and inflammatory responses were induced in the shrimp
intestine.

Foreign substances can enter the circulatory system of the organism
through the damaged intestine. The organism can rely on its
haemolymph coagulation and immune molecules to prevent pathogen
invasion. HCP is an important component in haemolymph coagulation
e haemolymph of L. vannamei after ammonia and thermal stress. The enriched pathway
stering (D) of AG vs CG. The enriched pathway (E) and hierarchical clustering (F) of ATG



Fig. 7. Significant correlation between intestinal bacteria at the genus level and DEGs and DMs. (A) The correlation of intestinal bacteria and immune-related DEGs. (B) The correlation of intestinal bacteria and DMs. The correlation coefficient is
represented by different colours (red, positive correlation; blue, negative correlation). *Represents significantly negative or positive correlations (*P < 0.05; **P < 0.01; ***P < 0.001). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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(Cheng et al., 2008). HHAP can regulate haemocyte homeostasis by
inhibiting apoptosis in shrimp (Apitanyasai et al., 2015). Thus, we spec-
ulated that the upregulated expression of CP and HHAPwould facilitate
the haemolymph coagulation process to resist stress. The
prophenoloxidase (proPO) system is an important component in
shrimp immunity. Of this system, PPAE catalyses proPO as an active
phenoloxidase (PO), and SPI and α2M can regulate the proPO system
by inhibiting serine protease (SP) activity (Khorattanakulchai et al.,
2017). As a lectin, MBP can activate the complement system by binding
specific SP (Argayosa et al., 2011). Chit in crustacean intestines can help
digest food and control pathogens that contain chitin (Mali et al., 2004;
Zhou et al., 2018). In this study, the expression of SPI8 and α2Mwas up-
regulated, while the expression of PPAE-2α,MBP and Chitwas downreg-
ulated, suggesting that ammonia and thermal stress might disrupt the
proPO system in shrimp intestine, thereby affecting the antibacterial
process of shrimp.

4.3. Haemolymph metabolomics in response to ammonia and thermal
stress

Haemolymph metabolomics analysis further proved that ammonia
and thermal stress affected themetabolic function of L. vannamei, espe-
cially amino acid metabolism. Interestingly, in the most enriched path-
way, individual thermal stress mainly affected “phenylalanine
metabolism” and “phenylalanine, tyrosine and tryptophan biosynthe-
sis”, individual ammonia stress mainly affected “histidine metabolism”
and “valine, leucine and isoleucine biosynthesis”, and the combined
stress mainly affected “D-glutamine and D-glutamate metabolism”.
Hence, we speculated that organisms utilized different metabolic adap-
tation strategies for different stresses. Pyridoxine (VB6) is a component
of some coenzymes in the body and participates in amino acid metabo-
lism (Giri et al., 1997). In this study, the decreased level of VB6 further
confirmed that these stresses caused the disorder of amino acid
metabolism.

Lysine is a limiting amino acid that participates in protein synthesis;
it can also participate in lipid metabolism as a substrate for carnitine
(Harpaz, 2005). In this study, the decreased level of L-lysine indicated
that lipid metabolism might also be altered by stresses. Lipid metabo-
lism provides essential fatty acids and energy for organisms and plays
important roles in the immune response of aquatic animals to environ-
mental stress (Lee et al., 2018). In this study, the arachidonic acid me-
tabolism pathway was altered in the TG and ATG, and the level of
arachidonic acid was increased. In addition, the level of
docosahexaenoic acidswas also increased in the three stress groups. Ar-
achidonic (20:4n-6) and docosahexaenoic acids (22:6n-3) are both
long-chain polyunsaturated fatty acids that have beneficial effects on
the immunity of aquatic animals (Aguilar et al., 2012; Ding et al.,
2018; Zhang et al., 2019). Therefore, we speculated that the increased
level of these fatty acids was a strategy for shrimp to cope with stress.

We further identified several differential metabolites related to the
health of the organism, and they fluctuated in all three stresses. Lactic
acid is the product of anaerobic metabolism in animals, and previous
studies have shown that the lactic acid content in fish blood increases
after stress (Currey et al., 2013). In this study, the increased level of L-
lactic acid indicated that stress-induced anaerobic metabolism was en-
hanced in shrimp. N-acetylserotonin is a precursor of melatonin and is
an indole amine-type hormone that can be used as a free radical scaven-
ger to reduce stress-induced lipid peroxidation (Stuss et al., 2010).
GABA is an important neurotransmitter that can improve the antioxida-
tive status and stress tolerance of aquatic animals (Xie et al., 2015; Wu
et al., 2016). Gulonic acid is an important intermediate in theproduction
of vitamin C, which can act as an effective nutrient and antioxidant
(Yang et al., 2017). In this study, the decreased level of N-
acetylserotonin and the increased level of gulonic acid and GABA indi-
cated that these components might facilitate the antioxidant response
to stress. Methylmalonic acid can be converted into succinic acid
under the catalysis of enzymes and vitamin B12 and participate in the
citric acid cycle. In this study, the decreased level of methylmalonic
acid indicated that the citric acid cycle was affected by these stresses.
Adenosine is a basic component of nucleic acids, and it is also involved
in cellular respiration and the synthesis energy substances, such as
adenosine triphosphate (ATP), coenzyme nicotinamide adenine dinu-
cleotide (NAD) and flavin adenine dinucleotide (FAD). Uracil is a unique
base component of RNA that can be catalysed by dihydropyrimidine de-
hydrogenase (DPD) to dihydrouracil. In this study, the decreased levels
of adenosine and uracil indicated that the production of energy and
nucleic acid substances were affected by these stresses. Therefore, indi-
vidual and combined ammonia and thermal stress disordered the met-
abolic homeostasis of shrimp, including energy substances and
antioxidants.
4.4. Correlation between intestinal microbial changes and host health

Intestinal microbiota variation is closely related to host health,
which will cause host immune and metabolic disorders and increase
disease susceptibility (Levy et al., 2017). In this study, the decreased
levels of Formosa, Kriegella, Ruegeria, Muricauda and Lutimonas were
positively correlated with changes in shrimp intestinal immune-
related genes (PT-1, PPAE-2α and MBP) and methylmalonic acid, indi-
cating that these bacteria might affect the immunity and citric acid
cycle of L. vannamei. Formosa participate in the depolymerization of sea-
weed polysaccharides (Dogs et al., 2017; Silchenko et al., 2018).
Kriegella has the ability to produce acid from galactose, lactose and
melibiose (Nedashkovskaya et al., 2008). Thus, the decreased levels of
Formosa and Kriegella suggested that ammonia and thermal stress
might influence the carbohydrate metabolism of intestinal bacteria. As
beneficial substance-producing bacteria, the increased level of
Bacteroides was positively correlated with the changes in the HHAP
gene and arachidonic acid, indicating that Bacteroides was involved in
the immune response and arachidonic acid metabolism of L. vannamei
to ammonia and thermal stress. As a starch-degrading bacteria, the in-
creased level of Demequina was positively correlated with the changes
in immune-related genes (PT-1, PPAE-2α and MBP) and glycolytic me-
tabolites (glyceric acid and L-lactic acid), indicating that Demequina
was involved in the immune response and glycolysis of L. vannamei to
ammonia and thermal stress. Several of the highly relevant bacteria,
genes and metabolites selected in this study might be used as bio-
markers for shrimp in response to ammonia and thermal stress.
5. Conclusions

We investigated the toxic effects of ammonia and thermal stress on
L. vannamei using integrated analysis of the microbiome, transcriptome
andmetabolome. Ammonia and thermal stress caused variations in the
intestinal bacterial community, with an increase in Firmicutes and a de-
crease in Bacteroidetes. The abundance of some beneficial substance-
producing bacteria decreased, including Formosa, Kriegella, Ruegeria,
Rhodopirellula and Lutimonas; pathogenic bacteria of the genus Vibrio
increased under individual stress but decreased under combined stress.
Genes were differentially expressed in the intestine, and the enriched
pathways were involved in ABC transporter, amino acid, linoleic acid,
and ascorbate and aldarate metabolism; the immune-related genes
were associated with peritrophic membrane and antimicrobial pro-
cesses. Dysfunction of haemolymph metabolism was also observed,
and 10 metabolic markers were identified, including L-lactic acid,
gulonic acid, docosahexaenoic acid, L-lysine, gamma-aminobutyric
acid, methylmalonic acid, trans-cinnamate, N-acetylserotonin, adenine,
and dihydrouracil. Several intestinal bacterial genera had significant
correlations with host genes and metabolic markers, but their mecha-
nisms still need to be explored.
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