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A B S T R A C T

Harmful effects of water pollutants are myriad. Sulfide from water bodies affects the aquatic animals. Intestine
barrier function serves as the front-line of animals defense. Our previous study confirmed the toxic effect of
sulfide on intestine immune response of Litopenaeus vannamei, but the underlying mechanisms remained elusive.
Therefore, in this study, we investigated the transcriptomic and microbiota responses of the L. vannamei intestine
subjected to acute sulfide exposure. Sulfide decreased bacterial richness and altered the intestine microbiota
composition. Specifically, sulfide increased the abundances of Bacteroidetes and Actinobacteria, but decreased
the abundance of Proteobacteria. At the genus level, sulfide increased typical cellulolytic characteristics bacteria,
such as Formosa, Sphingomonas, and Demequina. RNA-seq analysis identified differential expression of 1799 genes
(701 up-regulated and 1098 down-regulated) were grouped into 267 pathways. The most enriched pathway
‘amoebiasis’ was related to the intestine mucus homeostasis. A number of immune-related genes associated with
antimicrobial, antioxidant, pathogen attachment and recognition, and apoptosis processes in contrasting ac-
cessions; they were correlated with the abundance of intestine bacterial at the phylum level. This study provides
an insight into the mechanisms associated with molecular and microbiota response and processes involved in
adaptation strategies towards sulfide stress.

1. Introduction

The Pacific white shrimp, Litopenaeus vannamei, is a species im-
portant to the global economy. Shrimp aquaculture suffers economic
losses due to diseases [1,2], which result from complex interactions
among the host, environment, and pathogen, and environmental stress
is often an inducing factor. L. vannamei often occurs in pond benthic
zones, and therefore, it is frequently affected by environmental pollu-
tants, such as sulfide [3]. Sulfide is generated from the anaerobic de-
composition of organic wastes and accumulates in the bottom layers
and sediments of aquatic systems [4]. Sulfide is an important con-
stituent of hydrogen sulfide (H2S), bisulfide anion (HS−) and sulfide
anion (S2−), and H2S plays a decisive role in sulfide stress [5]. H2S can
inhibit the electron transport chain of cytochrome oxidase and make
the glutathione inactivation through combining with the thiol of glu-
tathione, thus affected the biological oxidation process, blocked the cell
respiration and added to the hypoxia in vivo [6,7]. Additionally,
chronic exposure of shrimp to sulfide can decrease health and survival
through functional changes in gluconeogenesis, protein synthesis and

energy metabolism [4]. It was reported that the 50% lethal con-
centration (LC50) of sulfide greatly varies among aquatic species, in-
cluding mollusks (1.4–50.0mg/L), fish (1.38–22.4mg/L) and crusta-
cean (0.2–52.0 mg/L) [4]. In crustaceans, the 96 h LC50 of sulfide is
high, such as L. vannamei (4.25mg/L), Macrobrachium rosenbergii
(4.2mg/L), Eriocheir sinensis (3.09mg/L), and Eohaustorus estuaries
(3.32mg/L) [4,8–10]. Although sulfide concentration in natural water
environment is typically low, low dose exposure can cause the immune
depression and increase the pathogen susceptibility of the shrimp
[5,11–13]. Therefore, better understanding of toxicological effects of
sulfide will be important for the health of the shrimp.
The intestine of shrimp is an important organ for nutrient. The

shrimp intestine possess a large surface area that provides a barrier to
the variety of pathogen infection and stresses; thus, intestine immune
function serves as the first line of the host defense, and the damages of
the organ clearly effects the shrimp health [14]. The intestine immune
function is associated with its structural integrity, microbiota compo-
sition, and immune compounds. The functional activity and stability of
the microbiota is important for shrimp health, acting via functions
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related to immunity and pathogen resistance [15–17]. Additionally,
shrimp mainly rely on innate immune actors for protecting them
against stress. Because the shrimp habitats in the pathogen rich water
environment; thus, the intestine is continuously exposed to foreign
substances, and may be affected by the water quality. It was reported
that ammonia and nitrite exposure could disrupt the mucosal tissue,
change the microbiota composition, and confuse the immune status in
the intestines of shrimp [14].
In previous studies, we found that acute sulfide exposure disrupted

structural integrity, and induced an immune response in the L. vannamei
intestine [18]. However, a clear understanding of the intestine immune
function of L. vannamei in response to sulfide toxicity is lacking. To
characterize the immune actors and their associated microbiota varia-
tion in shrimp intestine immune function, here we investigated tran-
scriptomic and microbiota response on L. vannamei intestine subjected
to acute sulfide exposure. This new information affords a greater un-
derstanding of the intestine immune functions of L. vannamei in re-
sponse to sulfide toxicity, and the foundation for further developing of
biomarkers.

2. Materials and methods

2.1. Shrimp culture conditions and sulfide exposure

Healthy juvenile L. vannamei, with an average weight of
5.4 ± 0.3 g, were randomly collected from a local hatchery and reared
in a semi-intensive culture pond at Shenzhen Base, South China Sea
Fisheries Research Institute of Chinese Academy of Fishery Sciences
(Shenzhen, China). The shrimp were acclimated for 7 days prior to the
experiment, and were fed a formulated pellet feed (Haida Feed,
Jieyang, China) daily at a ratio of 5% of their body weight. The rearing
water was multistep sand-filtered, well aerated seawater collected from
the nearby ocean, and aerated with two stones. The parameters of water
quality were salinity 30, pH 8.3, dissolved oxygen 6.0 ± 0.2mg/L, and
temperature 30 ± 0.5 °C. One-third of the water was changed daily.
After acclimation, the experimental shrimp were divided into two

groups—the control group (CG) and the sulfide stress group (SG)—with
three replicate tanks per group. The tanks used in the experimental
stage were the same as those used in the acclimation stage, and the
shrimp were not moved to new tanks. Shrimp were housed at a density
of 50 shrimp per tank (300 L, 0.5 m2 round bottom area), and the tanks
contained 300 L of filtered, aerated seawater. The sulfide concentration
of the CG was 0mg/L (normal seawater as control). Based on the 96 h
LC50 of sulfide (4.3mg/L) for L. vannamei reported by Li et al. [4], the
sulfide concentration of the SG group in the present study was set to
5.0 mg/L by adding sodium sulfide (Na2S·9H2O) to regular seawater.
The sulfide level was measured by the methylene blue spectro-
photometric method, and the water was renewed every 4 h by adding
Na2S solution to maintain the concentration of sulfide at 5.0 ± 0.2mg/
L. Shrimp were fed twice daily (08:00 and 18:00) with a commercial
diet at a ratio of 5% of the average shrimp body weight.
The sulfide exposure experiment lasted for 72 h. At 72 h, whole

intestine tissue (without faeces) of six shrimp from each tank was col-
lected, mixed, and snap frozen in liquid nitrogen for intestine tran-
scriptome analysis. Additionally, whole intestine tissue (including
feces) of another six shrimp from each tank was collected and mixed,
then frozen at −80 °C for intestine microbiota analysis.

2.2. Intestine microbiota analysis

Microbial DNA was extracted using the DNeasy PowerSoil Kit
(QIAGEN) and analyzed by using 0.8% agarose gel electrophoresis.
DNA concentration and quality were checked using a NanoDrop spec-
trophotometer. Amplification of the bacterial 16S rDNA gene V4 region
was performed using the barcoded fusion primers 515F (GTGYCAGC-
MGCCGCGGTAA) [19] and 806R (GGACTACNVGGGTWTCTAAT) [20].

PCR was performed using the KOD-Plus-Neo DNA polymerase kit
(TOYOBO, Shanghai) with a Gene Amp® PCR System 9700 (Applied
Biosystems, USA). The PCR fragments were subjected to electrophoresis
in 2.0% agarose gels, and the target band was purified using a PCR
purification kit (Omega Bio-Tek, USA). The amplicons were pooled at
equimolar concentrations and sequenced on an Illumina HiSeq plat-
form.
Raw sequences were processed using the BIPES pipeline. Chimeric

sequences were determined by undetected chimera (UCHIME) [21].
Operational taxonomy units (OTUs) were defined with a threshold of
97% identity by UPARSE [22]. Taxonomies were assigned with uclust
for each OTU, and alpha and beta diversity analyses were performed for
each library using quantitative insights into microbiota ecology
(QIIME). A heatmap was constructed using the heatmap 2 function of
the R g-plots package based on the top 50 genera in the samples.

2.3. Intestine transcriptome analysis

2.3.1. RNA extraction, library construction and sequencing
Total RNA was extracted from the intestines of shrimp in each group

using Trizol Reagent (Invitrogen, USA) according to the manufacturer's
instructions, and contaminant DNA was removed using RQ1 RNase-Free
DNase (Promega, USA). Sequencing libraries were constructed using
the NEBNext Ultra™ RNA Library Prep Kit for Illumina (NE, USA) ac-
cording to the manufacturer's instructions. The library products were
sequenced on an Illumina HiSeq X Ten system.

2.3.2. Transcriptome assembly and functional annotation
Raw reads were processed to screen clean reads by removing

adaptor sequences, low-quality sequences, and reads with more than
5% poly-N. Additionally, the Q20, Q30 and GC contents of the clean
reads were calculated. After filtering clean reads, transcriptome de
novo assembly was performed with Trinity software [23]. The identities
of unigenes were evaluated with the Basic Local Alignment Search Tool
(BLAST) program against the non-redundant (Nr) protein, nucleotide
(Nt), SwissProt, Cluster of Orthologous Groups (COG), Gene Ontology
(GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
bases. Sequence homology was accepted at an E-value<1e-5.

2.3.3. Identification of differentially expressed genes (DEGs)
DEGs analysis of CG vs SG was performed using the DESeq R

package [24], and the threshold was set as a q-value < 0.01. GO
analysis of DEGs was performed with the GOseq R package [25], and
GO terms were enriched by DEGs with a corrected P-value < 0.05.
Pathway analysis of the DEGs was downloaded from KEGG, and sta-
tistical enrichment was checked using KOBAS software (v2.0) [26].

2.3.4. Validation of RNA-seq profiles by qPCR
To validate the differentially expressed genes identified by RNA-seq,

28 genes with different expression patterns and differential involve-
ment in immune responses were selected for qPCR confirmation using
the same RNA samples analyzed for the transcriptome profiling. The β-
actin gene of L. vannamei was used as an internal control to verify the
successful reverse transcription and to calibrate the cDNA template. The
gene-specific qPCR primers designed with Primer Premier 5.0 software
(Table S1), the efficiency was evaluated with amplification plot and
melt curve. The qPCR method was previously described by Duan et al.
[18].

2.4. Statistical analysis

In the analysis of the relative abundance of intestine bacterial at the
phyla and class level, the value of each variable was expressed as the
mean ± SE. Statistical analysis was performed using one-way analysis
of variance (ANOVA) followed by Duncan multiple range tests (SPSS
Ver 17.0). Significance was set at P < 0.05. Pearson correlation
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analysis was used to reveal the relationships between phylum abun-
dance and immune indices.

3. Results

3.1. Intestine microbiota analysis

3.1.1. Richness and diversity
A total of 2,320,275 sequences were obtained from the intestine

microbiota of L. vannamei by 16S rDNA gene Illumina sequencing, with
an average of 38,644 sequences per sample obtained after optimization
and quality control. The mean sequence length was 316 bp. The rar-
efaction per sample was sufficient (Fig. 1A). A kind of 549 OTUs were
shared between the two groups, and the percent of the sequence which
constituted OTUs was 91.21% (Fig. 1B). Intestine bacterial richness and
diversity indices were evaluated from the OTUs. The bacterial richness
analysis showed that Chao1 and ACE index were decreased in the SG,
when compared with the CG. Bacterial diversity was estimated by the
Shannon and Simpson index, while no significant difference in two
indices between the SG and CG (Table 1).

3.1.2. Changes in the intestine bacterial composition
A total of 37 different bacterial phylum were identified. Of the

dominant phyla, the abundances of Bacteroidetes and Actinobacteria in
the SG were increased, while the abundances of Proteobacteria,
Planctomycetes, and Cyanobacteria were decreased (Fig. 1C). At the

class level, the abundances of Flavobacteriia, Alphaproteobacteria, and
Actinobacteria in the SG were increased, while the abundances of
Gammaproteobacteria, Planctomycetacia, Deltaproteobacteria, Beta-
proteobacteria, and Cyanobacteria were decreased (Fig. 1D). Differ-
ences were also observed at the genus level: certain genera, such as
Formosa, Ruegeria, Sphingomonas, and Demequina, were more dominant
in the SG. However, some genera, such as Photobacterium, Rhodopir-
ellula, and Planctomyces, were reduced in the SG (Fig. 1E).
The linear discriminant analysis (LDA) effect size (Lefse) package

was used to determine the differential abundances of microbiota taxa
between the two groups. LDA scores of Lefse showed that 14 taxa were
increased and 10 taxa were decreased in the SG, and there were many
groups only enriched at genus level, including Formosa, Ruegeria, and
Demequina (Fig. 2A). There were 16 bacterial taxa distinguishing SG
from CG with LDA value; 3 class, 3 orders, and 3 families were enriched
in SG, including Bacteroidetes (from class to family levels), Actino-
bacteria (from class to family levels), and Alphaproteobacteria (class
level). While 3 class, 3 orders, and 3 families were enriched in CG,
including Planctomycetacia (from class to family levels), Cyanobacteria
(from class to family levels), and Gammaproteobacteria (class level)
(Fig. 2B). Furthermore, a principal coordinates analysis (PCoA)of
weighted and unweighted UniFrac distances analysis was conducted to
analyze the functional content similarity of all samples, and the results
indicated that the SG samples were clearly separated from the CG
samples (Fig. 2C and D).

Fig. 1. Alteration of intestine microbial structure of L. vannamei by sulfide stress. (A) Rarefaction curves. (B) Venn diagram. (C) Relative abundance of intestine
microbial at phylum level. (D) Relative abundance of intestine microbial at class level. (E) Heat map analysis of intestine microbial on the top 50 genera. Bars show
the mean ± SE (N= 3). * indicate significant differences (P < 0.05) between groups. The read abundance indicates the relative abundance of species of each row
after standardization in heatmap. The redder color show the higher abundance of the genera, and the black color was the lower abundance.

Table 1
Richness and diversity indices of intestine microbiota after L. vannamei exposed to sulfide stress 72 h.

Group OTUs Chao1 ACE Shannon Simpson ECS (%)

CG 1405 ± 169 1190.27 ± 53a 1204 ± 19a 3.25 ± 0.33 0.67 ± 0.06 99.51 ± 0.15
SG 1247 ± 62 875 ± 39b 954 ± 17b 3.09 ± 0.19 0.81 ± 0.03 99.36 ± 0.11

ACE: abundance-based coverage estimator. ECS: Good's estimated sample coverage. Vertical bars represent the mean ± SE (N=3). Data indicated with different
letters were significantly different (P < 0.05) between groups.
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3.2. Intestine transcriptome analysis

3.2.1. Sequencing, de novo assembly, and gene annotation
Illumina RNA-seq was performed on six intestine samples from L.

vannamei, and the person correlation coefficient between samples
showed that the SG samples were clearly separated from the CG sam-
ples (Fig. S1A). The total number of raw reads for all six samples se-
quenced was 299,911,286, which were submitted to the Sequence Read
Archive (SRA) (accession: SRP133473). Total clean reads and clean
bases for all samples were 296,558,418 and 44,483,762,700, respec-
tively. Total clean reads ratio was 98.57%–99.12%. Trinity software
generated approximately 53,271 transcripts. The lengths ranged from

200 bp to 28,723 bp, with a mean length of 1,212 bp and an N50 of
2,361 (Fig. S1B). The number of unigenes greater than 3,000 bp was
5,427 (Fig. S1C). A total of 32,503 unigenes were annotated by align-
ment with public databases, and 8,546 unigenes were co-owned (Fig.
S2). The distribution of the unigenes classified by gene function is
presented in Fig. S3.

3.2.2. Functional classification of DEGs
A total of 1799 DEGs in the intestines were identified between the

CG and SG, including 701 up-regulated genes and 1098 down-regulated
genes (Fig. 3). The difference between these two groups was clear.
DEGs were further annotated with the GO database. According to a

Fig. 2. Inter-group variation and principal coordinates analysis (PCoA) in the relative abundance of the intestine microbial communities between CG and SG. (A) LDA
score of Lefse-PICRUSt. The length of column represent the effect size of bacterial lineages. (B) Lefse cladogram. The bacterial groups from family to class level are
listed from center to outside. Each circle's diameter is proportional to the bacterial taxa's abundance. Green: bacterial taxa enriched in SG; red: bacterial taxa enriched
in CG; yellow: no significant differences. Only the taxa that linear discriminate analysis (LDA) value above 2.5 are shown. (C) PCoA Plots based on weighted UniFrac
metrics. (D) PCoA Plots based on unweighted UniFrac metric. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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GOTerm analysis, ‘oxidation-reduction process’ and ‘protein phos-
phorylation’ were the most well-represented terms among biological
processes, ‘integral component of membrane’ and ‘membrane’ re-
presented a large proportion of cellular components, and ‘protein
binding’ was the most enriched term among molecular functions
(Fig. 4A).
The DEGs were also grouped into 267 pathways by KEGG analysis,

and the summary of pathway enrichment analysis results was shown in
Table S2. The most enriched pathway was ‘amoebiasis’, followed by
‘focal adhesion’, ‘Vibrio cholerae infection’, and ‘endocytosis’ (Fig. 4B
and C). In the most enriched pathway “amoebiasis”, certain DEGs were
involved in the homeostasis of the intestine mucus, such as mucins
(MUC), collagen (COL), and laminin (Fig. S4).

3.2.3. Identify and validation of immune-related DEGs
According to the Nr database, many DEGs were also related to the

immune defence system and clustered into 6 categories: ‘mucus im-
mune’, ‘antimicrobial’, ‘antioxidant’, ‘pathogen attachment and re-
cognition’, ‘apoptosis’, and ‘other immune-related genes’ (Table S3).
These immune-related DEGs showed different expression trends. For
example, antimicrobial genes, such as anti-lipopolysaccharide factor
(ALF) and prophenoloxidase (proPO), serine proteinase (serP), serine
proteinase inhibitor (serPI), alpha 2 macroglobulin (α2M), and kazal
type protease inhibitor (kPI)was up-regulated. Antioxidant enzymes,
such as copper/zinc superoxide dismutase (Mn/Zn-SOD), glutathione
synthetase (GSS), glutathione S-transferase (GST), and sulfhydryl oxi-
dase (SOX1), were all down-regulated, while heat shock proteins
(HSP21, HSP70, and HSP90) were all up-regulated. Pathogen attach-
ment and recognition genes, such as peroxinectin (Pxt), lectin (Lec),
focal adhesion kinase (FDK), fibrinogen (FGL), clottable protein (CP),
transglutaminase (TGase), and integrin alpha 5 (ITGA5), were up-
regulated, while integrin alpha-IIb (ITGA2b), melanization interactin
protein (MIP), and toll-like receptor (TLR) were down-regulated.
Apoptosis pathway, such as p53, caspase (Casp), and inhibitor of
apoptosis protein (IAP); the expression of these genes were down-
regulated. Other immune genes, such as acid phosphatase and chit-
inase, were down-regulated.
To verify the immune-related DEG expression profiles identified by

RNA-seq, 28 genes involved in intestine immune responses were ran-
domly selected for qPCR confirmation. The up-regulation or down-
regulation trends of the genes between CG and SG was generally con-
sistent between qPCR and RNA-seq study (Fig. 5A). Thus, the DEGs
identified by RNA-seq analysis were accurate.

3.3. Correlations between intestine bacterial and immune-related DEGs

The correlations between intestine bacterial at the phylum level and
immune-related DEGs were shown in Fig. 5B. Muc-2, Muc-5AC,
COL1A3, COL1A17, Laminin-β1, ALF, serP, HSP21, HSP90, Lec, and FDK
were positively correlated with the abundance of Bacteroidetes and
Actinobacteria. Muc-19, proPO, HSP70, and Chit were positively corre-
lated with the abundance of Bacteroidetes. Muc-5B, Laminin-γ1,Mn/Zn-
SOD, TLR, and Ras were positively correlated with the abundance of
Proteobacteria. p53 was positively correlated with the abundance of
Planctomycetes. Muc-1, COL1A10, COL5A4, and ACP were negatively
correlated with the abundance of Bacteroidetes and Actinobacteria.
COL1A4, Casp, and IAP were negatively correlated with the abundance
of Bacteroidetes.

4. Discussion

4.1. Intestine microbiota in response to sulfide exposure

Animal intestines possess a large surface area that acts as a immune
barrier to inflammation and pathogen infection. The intestine barrier of
animals is associated with structural integrity, proteins involved in
immunity, and a stable microbiota. If the structural integrity of the
intestine is damaged, pathogens can enter the intestine epithelium and
disrupt host immunity [27]. It was reported that Vibrio and chronic
sulfide exposure altered the intestine microbiota structure of shrimp
[3,16]. In the present study, after shrimp exposure to sulfide, the in-
testine bacterial richness was decreased, and microbiota composition
was altered. The dominant bacterial phylum changed from Proteo-
bacteria to Bacteroidetes, and Actinobacteria increased. Similar results
was also found in the intestine of shrimp after exposure to ammonia and
nitrite [14]. Proteobacteria are a group of commensal bacteria and

Fig. 3. Analysis of all DEGs in response to sulfide stress in intestine of L. vannamei. (A) Statistic of DEGs. (B) Cluster analysis of DEGs. (C) Distribution of DEGs.

Y. Duan, et al. Fish and Shellfish Immunology 88 (2019) 335–343

339



opportunistic pathogens, which is a microbial signature of dysbiosis in
intestine microbiota [28]. Bacteroidetes, especially the class Flavo-
bacteriia, are known degraders of polymeric organic matter [29]. Ac-
tinobacteria are considered excellent elaborators of pharmaceutical
products such as antibiotics, antimicrobial agents, and industrial en-
zymes [30]. Hence forecasts sulfide might disrupt the intestine micro-
biota balance, cause the unhealthy status of the intestine micro-
ecosystem, and different types of bacterial have differently responses to
stress.
At the genus level, after sulfide stress, the dominate genera

Photobacterium belonging to the phylum Proteobacteria changed to
those genera belonging to Bacteroidetes and Actinobacteria, such as
Formosa and Demequina; opportunistic pathogens including
Sphingomonas was increased. The role of Formosa was not previously
reported in other studies, and more work is needed to determine the
effects of this bacteria. Demequina is isolated from marine organisms
and can produce α-amylase, which is involved in starch degradation to
glucose and dextrine [31]. In the present study, the abundance of De-
mequina in response to sulfide suggested intestine beneficial bacterial
might provide additional nutrition for protecting the host. Photo-
bacterium is a marine bacterium of the family Vibrionaceae, and some

species are symbiotic or pathogenic for their hosts, including fish and
crustaceans [32]. Photobacterium abundance was previously shown to
decrease in the intestines of Oreochromis niloticus and L. vannamei after
salinity stress [33]. Similarly, in the present study, the abundance of
Photobacterium was also decreased after sulfide stress, which indicated
that Photobacterium is a symbiotic bacterial in the intestine of shrimp,
and non pathogenic in our experimental conditions. Sphingomonas is a
strictly aerobic, non-spore-forming Gram-negative bacillus, ubiquitous
bacterium, thought to be an opportunistic pathogen and can cause in-
fection in humans [34]. In the present study, the abundance of Sphin-
gomonas was increased in response to sulfide, which indicated that
sulfide stress might increase the risk of opportunistic pathogen infection
to shrimp. Thus, the dominance of these genera suggested a select
community categorized by typical cellulolytic characteristics, and sul-
fide may increase the chances for opportunistic or pathogenic bacteria
to adhere to or penetrate the damaged intestine epithelium of shrimp,
thus compromising the intestine immunity of the host.

4.2. Intestine transcriptomic in response to sulfide exposure

The intestine mucosa is a major guardian against pathogen invasion

Fig. 4. The most enriched GOTerm and KEGG pathways of all DEGs in response to sulfide stress in intestine of L. vannamei. (A) GO classification. (B) The 30 most
enriched pathways. (C) Pathway enrichment of DEGs.
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and stress, and its barrier function is related to the expression of tight
junctions, mucus components and immune molecules. Tight junctions
contribute to the structural integrity of the intestine epithelium [35].
Mucins are the major components of mucus secreted by intestine goblet
cells to resist infection [27]. When the intestine mucus barrier is dis-
rupted, bacteria invade the intestine epithelium and colonize the or-
ganism. For example, V. cholera uses mucins as a nutrient source [36].
In the present study, the RNA-seq results showed that most DEGs were
down-regulated. To further explore the intestine response in detail,
DEGs were categorized using KEGG pathway analysis, which revealed
that intestine mucus barrier pathways, such as ‘amoebiasis’, ‘tight
junction’, and ‘V. cholerae infection’, were more strongly activated by
sulfide. Thus, sulfide influenced the immune function homeostasis of
the intestine mucosa in shrimp.
In the most enriched pathway, ‘amoebiasis’, several DEGs, such as

mucin, collagen (COL), and laminin, play a protective role on intestine
epithelium of shrimp in response to sulfide. Of these, COL and laminin
are also the proteins involved in ‘focal adhesion’ signaling. Here, ‘focal
adhesion’ was the second highest enriched DEG pathway. Cells utilize
focal adhesion to facilitate and regulate mechanical coupling with the
extracellular matrix (ECM) in physiological processes [37]. Focal ad-
hesion are complex organelles which span the actin cytoskeleton and
the ECM [38]. Mucins are a group of large glycoproteins that play
important roles in bacterial attachment and invasion [39–41]. V. vul-
nificus increases host susceptibility by modifying the expression of
mucin-2 in intestine epithelial cells [42]. In the present study, the ex-
pression of Muc-2 and Muc-19 was up-regulated, while Muc-1, Muc-5A,

and Muc-5B were down-regulated, indicating that sulfide induced the
immune components of the intestine mucus. COLs are the most abun-
dant of glycoproteins and are components of the ECM. The balance
between collagen synthesis and breakdown is considered to be among
the most important factors determining disease recurrence [43]. In the
present study, the expression of COL1A3 and COL1A17 was up-regu-
lated, while the expression of COL1A4, COL1A10 and COL5A4 was
down-regulated, indicating that sulfide influenced the ECM of the in-
testine. Laminins are proteins of the ECM that play critical roles the
formation and stability of the basement membranes of intestine epi-
thelium [44]. In the present study, the expression of laminin-β1 was up-
regulated, while laminin-γ1 was down-regulated; these changes might
influence the stability of the basement membrane of intestine epithelial
cells. In summary, an external sulfide stimuli sensed by the host as
stressor might promote the modulation of these genes precisely to re-
inforce/confer additional protection to the mucosal barrier.
The oxidation-reduction process is responsible for maintaining cel-

lular homeostasis, and phosphorylation processes constitute a category
of post-translational modifications [45]. Antioxidant enzymes and HSPs
participate in antioxidant functions in response to environmental stress
[18,46]. In the present study, DEGs were enriched for the oxidation-
reduction process and phosphorylation processes according to GO an-
notation. Additionally, antioxidant enzymes (Cu/Zn-SOD, glutathione
synthetase, GST, and sulfhydryl oxidase 1) were all down-regulated,
while HSP genes (HSP21, HSP70, and HSP90) were all up-regulated.
These results indicated that the oxidation-reduction process was acti-
vated in the shrimp intestines in order to counteract the oxidative

Fig. 5. qPCR verification of immune-related DEGs, significant correlation between intestine bacterial and immune-related DEGs, and potential mechanism of in-
testine barrier function in the contrasting accessions towards sulfide stress. (A) qPCR verification. Bars represent the mean ± SE (N = 3). * indicate significant
differences (P < 0.05) between groups. (B) Significant correlation between intestine bacterial at the phylum level and immune-related DEGs. Correlation coefficient
is represented by different colors (green: positive correlation; red: negative correlation). * represent significantly negative or positive correlations (*P < 0.05;
**P < 0.01; ***P < 0.0011). (C) A schematic model representing the potential mechanism of intestine barrier function in the contrasting accessions towards sulfide
stress. Bacterial, genes, and enzymes mentioned in Red and Green colour signifies increased and decreased, respectively. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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stress; antioxidant defense mechanisms mounted on the host because its
high allostatic load provoked by the sulfide exposure.
Sulfide increases the risk of pathogen infection in aquatic species

[11–13]. Successful bacterial infection always starts with adhesion to
the mucosal surfaces of the host [27]. Pathogen pattern recognition
proteins (PRPs) can recognize the pathogen associated molecule pat-
terns that released through infection [47]. In the present study, a
number of genes involved in host-pathogen attachment and recognition
were significantly altered, including lectin, fibrinogen, clottable pro-
tein, integrin, peroxinectin, and toll-like receptor, suggesting that the
intestine immune system of shrimp undergoes pathogen attack induced
by sulfide. Antimicrobial peptides and the prophenoloxidase (proPO)
system contribute to the antimicrobial capabilities of shrimp [48,49]. In
the present study, ALFs, and proPO system related genes were identified
among DEGs, and all were up-regulated. This suggested that these an-
timicrobial molecules might involve in the intestine immune response
to sulfide stress.
Apoptosis is a genetically programmed cellular suicide process that

eliminates unwanted or diseased cells, and it can be induced by a wide
range of stimuli [50]. Caspases and p53 are the main executors of the
apoptosis program, which can mediate apoptosis and resist cellular
stress [51,52]. As anti-apoptosis regulators, IAP can inhibit the activity
of caspases, and play important roles in regulating the progression of
apoptosis [53]. In the present study, p53, caspase-3, caspase-4, and IAP
gene were down-regulated in the shrimp intestine after sulfide stress.
This suggested that apoptosis program was activated to remove un-
necessary or deleterious cells to resist sulfide stress. Additionally, sev-
eral genes in the other immune gene groups were also significantly
changed, which also have been reported to be involved in immune
responses in crustaceans. For example, acid phosphatase, a multi-
functional phosphoric monoester hydrolase that is sensitive to en-
vironmental changes in shrimp [54]. Ras family proteins are involved in
the immune response to pathogen infection [55]. Chitinase is produced
by shrimp and may help to control pathogens that contain chitin [56].
In the present study, acid phosphatase and ras was down-regulated,
while chitinase was up-regulated, suggesting that sulfide influenced the
intestine immunity of shrimp, and immune system utilized different
response mechanism to defence the stress.

4.3. Increase of intestine immune response and changes of bacterial
populations

Proteobacteria and Bacteroidetes are normally dominant in the in-
testines of shrimp at all growth stages [57,58]. The pearson correlation
analysis showed that the immune genes in the shrimp intestine were
correlated with the abundance of Proteobacteria and Bacteroidetes. Of
these 28 immune genes, the up-regulated expression of Muc-2, Muc-19,
COL1A3, COL1A17, Laminin-β1, ALF, serP, proPO, HSP21, HSP70,
HSP90, Lec, FDK, and Chit were positively correlated with the abun-
dance of Bacteroidetes, which indicated that these Bacteroidetes bac-
terial might contribute to the immune response of the host, including
mucus, antimicrobial, HSPs, and PRPs genes. The down-regulated ex-
pression of Mn/Zn-SOD were positively correlated with the abundance
of Proteobacteria, which indicated that these Proteobacteria bacterial
might contribute to the decreasing of antioxidant enzymes.

5. Conclusions

This study provides data on the mechanisms associated with mole-
cular and microbiota response and processes on L. vannamei intestine
involved in adaptation strategies towards sulfide stress. Sulfide de-
creased bacterial richness and changed the composition of the micro-
bial in the shrimp intestine. RNA-seq analysis led to the identification of
1799 specific genes responsible for sulfide tolerance in contrasting ac-
cessions. Immune-related genes identified through transcriptomic data
include those associated with mucus homeostasis, antimicrobial,

antioxidant, pathogen attachment and recognition, and apoptosis,
which might be a contributing factor towards tolerance or sensitivity to
sulfide stress. On the basis of this study, a potential mechanism of in-
testine barrier function in the contrasting accessions towards sulfide
stress has been speculated and presented in Fig. 5C. Further studies will
be focus on the relevance of intestine microbiota, metabolites and
shrimp immunity in adaptation strategies towards sulfide stress.
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