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A B S T R A C T

pH of water environment affects the survival of aquatic animals. Intestine barrier function influences the health
of animals, which is related to its mucosa structure, immune components, and microbial communities. In this
study, we investigated the histological structure, digestive and metabolic capacity, immune responses, and
microbial composition in the intestine of Litopenaeus vanmei under three different conditions: control (pH 8.3),
low pH stress (pH 6.9), and high pH stress (pH 9.7) for 72 h. The results showed both low and high pH stress
disrupted the intestine morphological structure, and induced variations in the activities of digestive (AMS, LPS,
Tryp, and Pep) and metabolic (HK, PK, CCO, and LDH) enzymes. Low and high pH stress also increased oxidative
stress (MDA, LPO, PC, and ·O2

− generation), and decreased the antioxidant enzyme activities (T-AOC, SOD, and
GST); shrimp enhanced CAT activity and HSP70, Trx, MT and Fer gene transcripts as defense mechanism.
Additionally, Immune confusion was also found in the shrimp intestine in response to low and high pH stress,
including the antibacterial ability (T-NOS, PO, proPO, ALF, and Lys), pathogen recognition (TLR and Lec),
apoptosis (Casp, IAP and p53), and mucus homeostasis (Muc-1, Muc-2, Muc-5AC, Muc-5B, and Muc-19). pH
exposure also decreased the diversity of the intestine bacterial, disturbed the composition of microbiota, and
decreased the microbial metabolite SCFA contents. Our results indicated that acute pH stress can impair the
intestine barrier function of white shrimp, probably via destroying mucosa structure, confusing digestion and
metabolism, inducing oxidative stress, disordering immunity, and disrupting the microbial composition.

1. Introduction

The intestine of shrimp is an important organ for nutrient and im-
munity. The intestine barrier function serves as a front-line defense to
diseases in shrimp, which is associated with its structural integrity,
immune proteins, and a stable microbiota [1]. Shrimp rely on its innate
immune responses to defense against stresses, including antibacterial,
antioxidant, pathogen pattern recognition, and apoptosis, etc. The
shrimp intestine also harbors abundant microbiota, and the function
and stability of which is important to the host health [2]. Intestine
microbiota is a complex microbial ecosystem that exist in a symbiotic
relationship with the host, contributes to multiple physiological pro-
cesses of the host [3]. Healthy intestine microbiota can produce bene-
ficial metabolites, and protect the host from colonization of pathogenic
microbes; conversely, unbalanced microbiota (dysbiosis) may produce
harmful metabolites, leading to alteration of immunity and increasing
the susceptibility to diseases [4,5]. If the structural integrity of the in-
testine is destroyed by various stresses, the opportunistic pathogen may

invade and disorder the immunity of the host. Thus, intestine barrier
function affects the overall health of shrimp.

Shrimp habitats are a pathogen-rich water environment; thus, its
intestine may be affected by the water environment [1]. The pH is an
important indicator of water environment affecting the life of shrimp.
In mariculture system, pH levels fluctuate from 6.6 to 10.2 because of
the consumption and release of carbon dioxide [6]. The pond sediments
frequently induce the decreasing of pH [7]; conversely, organic wastes
accumulation and algal bloom may cause red tide, resulting in the
water pH rise to 9.0 [8,9]. Acidification water environment can reduce
the blood pH value of aquatic animals, weaken its oxygen carrying
capacity, and resulting in animal physiological hypoxia despite the high
dissolved oxygen in water [10,11]. Alkaline water environment may
corrode the animal's gill tissue, causing it to lose its absorb ability and
die in large numbers [12,13]. Additionally, pH variation could cause a
stress response in shrimp, leading to high mortality, oxidative stress,
immune suppression, and pathogen susceptibility [10,11,14–16]. Till
now, a clear understanding of the effects of pH stress on the intestine
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barrier function of shrimp is still lacking.
The Pacific white shrimp, Litopenaeus vannamei, is one of the most

important marine species in the world. Shrimp cultivation has been
suffering serious problems caused by polluted environment and dis-
eases. Disease is the result of complex interaction of the host, its en-
vironment, and pathogens; of these, environmental stress is a main
inducement factor [14]. In this study, we investigated the changes of
the intestine barrier fuction of L. vannamei when exposed to acute low
pH (pH 6.9) and high pH (pH 9.7) stress (compared to pH 8.3; control).
Of that, intestine histological morphology, digestive and metabolism
capacity, oxidative stress and immune responses, and microbiota
composition were detected after pH stress 72 h.

2. Materials and methods

2.1. Experimental animals and pH exposure

Healthy juvenile L. vannamei were randomly selected from a local
farming pond in Shenzhen, China, the average body weight was
3.2 ± 0.3 g. The shrimp were acclimated for 7 days before the stress
experiment. The rearing water of the shrimp was sand-filtered sea-
water, and aerated with two stones. The parameters of water quality
was pH 8.3, salinity 30‰, temperature 30 ± 0.5 °C, dissolved oxygen
6.5 ± 0.5mg L−1. The shrimp were fed daily with commercially feed
at 5% of body weight. Changed one-third of water per day.

After acclimation, the shrimp were divided into three groups: the
control group (CG), the low pH stress group (LG), and the high pH stress
group (HG). Per group contained three replicate tanks. Shrimp were
housed at 50 shrimp per tank and the tanks contained 500 L of filtered,
aerated seawater. pH values of the CG, LG, and HG were set at 8.3, 6.9,
and 9.7 by adding 1.0mol/L HCl or 1.0mol/L NaOH solution to the
regular seawater. The stability of the water pH was continuously
maintained using a portable multiparameter meter (YSI, USA). The pH
stress experiment lasted for 72 h. At 72 h, intestine of the shrimp of each
tank were sampled individually, snap-frozen in liquid nitrogen for
biochemical, gene-expression, and microbiota analysis.

2.2. Intestine morphology

The intestine from three shrimp per tank were extracted at 72 h of
pH stress, and fixed in Davidson solution (330mL 95% ethanol, 220mL
formalin, 115mL acetic acid, and 335mLH2O) for 24 h. The samples
were placed in flush water for 8 h, and the embedded lumps were put
into 70% ethanol overnight. Then, the samples were dehydrated with
different concentrations of ethanol (80%, 90%, and 100%), followed by
acetone and xylene transparent, paraffin embedding. The intestine
sections was sliced to 4 μm, stained with hematoxylin and eosin (HE),
and examined with a microscopy (Olympus, Tokyo, Japan).

2.3. Biochemical assays

The intestine from three shrimp per tank were broken to 10% tissue
homogenate with 0.9% saline solution, then centrifuged (3500 rpm,
4 °C, 10min). The supernatant was immediately detected for bio-
chemical parameters using a microplate reader (Bio-Rad, USA).
Amylase (AMS), lipase (Lip), trypsin (Tryp), pepsin (Pep), hexokinase
(HK), pyruvate kinase (PK), cytochrome c oxidase (CCO), lactate de-
hydrogenase (LDH), malondialdehyde (MDA), lipid peroxidation (LPO),
protein carbonyl (PC), ·O2

− generation capacity, total antioxidant ca-
pacity (T-AOC), superoxide dismutase (SOD), catalase (CAT), glu-
tathione S-transferase (GST), phenoloxidase (PO), and total nitric oxide
synthase (T-NOS) were measured using related commercial assay kits
(Nanjing Jiancheng Institute, China) according to the manufacturer's
protocol. The total protein concentration in tissue homogenates was
measured using a Coomassie brilliant blue protein assay kit (Jiancheng,
Ltd., Nanjing, China) according to the manufacturer's protocol. The

assays were all run in three replicate samples.
One unit of AMS activity was defined as the amount of enzyme per

mg tissue protein every 30min hydrolyzes 10mg starch at 37 °C. One
unit of LPS activity was defined as the amount of enzyme per g tissue
protein every minute catalyzes 1mmol substrate at 37 °C. One unit of
Tryp activity was defined as the amount of enzyme per mg tissue pro-
tein every minute make the absorbance change 0.003 at 37 °C under the
pH 8.0 assay condition. One unit of Pep activity was defined as the
amounts of enzyme per mg tissue protein every minute generate 1mg
amino acid by hydrolyzing protein at 37 °C. One unit of HK activity was
defined as the amount of enzyme per g tissue protein producing
1mmol/L NADH every minute at 37 °C and pH 6.0. One unit of PK
activity was defined as the amount of enzyme per g tissue protein
making 1 μmoL phosphoenolpyruvate into pyruvic acid every minute at
37 °C and pH 6.0. CCO activity was calculated from the linear rate of
absorbance decrease at 550 nm. One unit of LDH activity was defined as
per g tissue protein reacted with a substrate at 37 °C to produce 1 μmol
pyruvic acid within 15min. MDA and LPO content was measured
spectrophotometrically with thiobarbituric acid (TBA) method and the
product were read spectrophotometrically at 586 nm and 532 nm re-
spectively. PC content was measured spectrophotometrically at 370 nm,
and expressed as nmol/mgprot. ·O2

− generation capacity was measured
spectrophotometrically using xanthine/xanthine oxidase as the ·O2

−

generator and the product were read spectrophotometrically at 550 nm.
One unit of T-AOC was defined as the amount of enzyme per mg tissue
protein inducing an absorbance increase of 0.01 every minute at 37 °C.
One unit of SOD activity was defined as the amount of SOD required per
mg of tissue protein to inhibit the rate of xanthine reduction by 50% in
1mL of reaction solution. One unit of CAT activity was defined as the
amount of enzyme per mg of tissue protein needed to reduce 1 μmol of
H2O2 in 1 s under the assay conditions. GST was determined by mon-
itoring the conjugation of reduced glutathione with 1-chloro-2, 4-di-
nitrobenzene (CDNB) at 412 nm. One unit of GST activity was defined
as the amount of enzyme per mg tissue protein every minute deduction
of enzymatic reaction reduce 1 μmol/L GSH at 37 °C. T-NOS activity
was measured by the catalysing reaction of L-arginine and O2 at
530 nm. PO activity was measured using L-3,4-dihydroxyphenylalanine
(L-DOPA) as a substrate. One unit of PO activity was defined as a linear
increase in absorbance of 0.001 per mg tissue protein every minute.

2.4. Gene expression analysis

Total RNA from the intestine of three shrimp per tank was extracted
using TRIzol Reagent (Invitrogen, USA), then the genome DNA was
eliminated using RQ1 RNase-Free DNase (Promega, USA). Total RNA
(8 μg) was reverse transcribed to cDNA using PrimeScript™ RT Reagent
Kit (Takara, China) according to the manufacturer's protocol. Real-time
RT-qPCR was conducted in a LightCycler480 System using a SYBR®

Premix Ex Taq™ II Kit (TaKaRa, Japan). β-actin gene of L. vannamei was
chosen as an internal control, and the specific primer sequences of the
target genes were designed using Primer Premier 5.0 software and
listed in Table 1. The RT-qPCR was carried out in a total volume of
20 μL, containing 10 μL SYBR Premix Ex Taq Ⅱ (Tli RNaseH Plus)
(2× ), 2 μL of the 1:7 diluted cDNA, 0.8 μL each of 10 μmol/L forward
and reverse primers, and 6.4 μL DEPC-treated water. The PCR program
was 95 °C for 30 s, then 40 cycles of 95 °C for 5 s and 60 °C for 30 s,
followed by 1 cycle of 95 °C for 5 s, 60 °C for 1min and 95 °C for 15 s.
DEPC-treated water for the replacement of template was used as ne-
gative control. To estimate transcript copy numbers for each sample,
RT-qPCR data from three replicate samples were analyzed with the
LightCycler480 system SDS Software. The relative gene expression level
is shown as the fold-change in expression, relative to the β-actin gene,
calculated by the 2-△△CT comparative CT method.
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2.5. Intestine microbiota analysis

Intestine microbial DNA of three shrimp per tank was extracted
using a PowerSoil™ DNA Isolation Kit (Mo Bio Laboratories, Inc.,
Carlsbad, CA) according to the manufacturer's protocol. The purity DNA
quality was examined with 1.0% agarose electrophoresis. The V4 region
of the bacterial 16S rRNA gene was amplified using the barcoded fusion
primers 515F (GTGYCAGCMGCCGCGGTAA) and 806R (GGACTACNV-
GGGTWTCTAAT). The PCR reactions was 20 μL, containing the FastPfu
polymerase 0.4 μL, dNTPs (2.5 mM) 2 μL, 5× FastPfu buffer 4 μL, each
primer (5 μM) 0.8 μL, and template DNA 10 ng. The PCR reaction pro-
grams were 1 cycle of 95 °C for 5min, 27 cycles of 95 °C for 30 s, 55 °C
for 30 s, and 72 °C for 45 s, followed by 72 °C for 10min. The PCR
products was purified by a PCR purification kit (Qiagen), then was

sequenced with an Illumina HiSeq platform. The raw sequences were
processed using the BIPES pipeline. Chimeric sequences were de-
termined by undetected chimera (UCHIME) [17]. The operational tax-
onomy units (OTUs) were defined with a threshold of 97% identity by
UPARSE [18]. Taxonomies were assigned with uclust for each OTU, and
alpha and beta diversity analyses were determined for each library
using quantitative insights into microbial ecology (QIIME).

2.6. Statistical analysis

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.

3. Results

3.1. Intestine histological structure

The intestine mucosa of the CG showed good morphology (Fig. 1A).
After shrimp exposed to low and high pH stress, there were obvious
pathological damage in the intestine mucosa of the LG and HG, such as
epithelial cells were exfoliated from the basement membrane, and out
of shape; lots of them had cavitation bubble (Fig. 1B and C).

3.2. Digestive and metabolism capacity of shrimp to low and high pH stress

After pH stress, digestive enzymes including AMS, LPS, and Tryp
activity were decreased in the LG and HG, while Pep activity was only
decreased in the LG (Fig. 2A–D). The activities of energy metabolism
enzymes HK and PK were decreased in the LG and HG (Fig. 2E and F).
Respiratory metabolism enzymes including CCO activity was decreased
in the LG and HG, while LDH was increased in the two groups (Fig. 2G
and H).

3.3. Oxidative stress responses of shrimp to low and high pH stress

After pH stress, the contents of MDA, LPO and PC, and the capacity
for ·O2

− generation were all increased in the LG and HG (Fig. 3A–D). In
response to oxidative stress, antioxidant enzymes including T-AOC,
SOD, and GST activity were all decreased in the LG and HG, while CAT
activity was increased (Fig. 3E–H). The relative expressions of anti-
oxidant related genes including heat shock protein 70 (HSP70), thior-
edoxin (Trx) and metallothionein (MT) were all increased in the LG and
HG; ferritin (Fer) was increased in the LG, while decreased in the HG
(Fig. 3I–L).

3.4. Immune responses of shrimp to low and high pH stress

After pH stress, immune enzymes including T-NOS and PO activity

Table 1
Primer sequence used in this study.

Primer name Sequence (5′-3′) GenBank accession
number

proPO-F CAATGACCAGCAGCGTCTTC AY723296
proPO-R CACGGAAGGAGGCGTATCAT
ALF-F TTACTTCAATGGCAGGATGTGG KJ000049
ALF-R GTCCTCCGTGATGAGATTACTCTG
Lys-F GTTCCGATCTGATGTCCGATG AY170126
Lys-R AAGCCACCCAGGCAGAATAG
HSP70-F CAACGATTCTCAGCGTCAGG AY645906
HSP70-R ACCTTCTTGTCGAGGCCGTA
Trx-F TTCCTGAAGGTGGATGTGGA EU499301
Trx-R AGTTGGCACCAGACAAGCTG
MT-F CTGATCCATGCTGTAACGAG KJ701600
MT-R CATCTTGTTGCACACTCCTC
Fer-F ACCTTCAAGCGAACCTCTGG AY955373
Fer-R GGTAGTTCTGGCGGACTTGG
TLR-F CCTTGCTGACTGGGCATTTGG KM272333
TLR-R TGCATTGCTGGCTCCGAGACTTA
Lec-F GCAGCAACCTGATAATGCACA DQ871245
Lec-R TCGGATGGTGGCTTCACATA
Casp-F CGAAGTCAAAGCCAGAAACA EU421939
Casp-R ACTGCTACTTCCCTGGTGAC
IAP-F CAACACCTGCCTCAGGACAA GQ293142
IAP-R CTTCCATTGCCTCCTCGTCT
p53-F AAGACACCGAACGATGGAAG KC422442
p53-R TGGGGGACTCGTTCTTTATG
Muc-1-F GGCTCGGAAGTTGGCGATGATG Duan et al. [1]
Muc-1-R CGATGGCTCAATGGCGAAGAGG
Muc-2-F TGCCAGCCACGTCCTCCTTG Duan et al. [1]
Muc-2-R CCGCAGCCGAGGCAGTCC
Muc-5AC-F AGCAGGACTTCAACGACTACAACAG Duan et al. [1]
Muc-5AC-R GCGCGACGCCGATGATGG
Muc-5B-F CTTGACGCATACGCTCAGGTTCC Duan et al. [1]
Muc-5B-R TCCGCCGCCTTCATCCTCTG
Muc-19-F GAAGAGGAGGAAGAGGACGAGGAG Duan et al. [1]
Muc-19-R GGACCACCAGGCACAAGAACATC
β-actin-F GCCCTGTTCCAGCCCTCATT AF300705
β-actin-R ACGGATGTCCACGTCGCACT

Fig. 1. Intestine tissue of L. vannamei stained with HE exposed to low and high pH stress 72 h. (A) The control group (CG),× 400; (B) the low pH group (LG),× 400;
(C) the high pH group (HG),× 400. The letters in the Figure indicate that: (a) brush border, (b) epithelium, (c) nuclei, (d) lumen.
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were both decreased in the LG and HG (Fig. 4A and B). The relative
expressions of antibacterial-related genes including prophenoloxidase
(proPO) were decreased in the LG and HG, while anti-lipopoly-
saccharide factor 1 (ALF) were increased in the two groups; lysozyme
(Lys) was only decreased in the HG (Fig. 4C–E). The relative expressions
of pathogen pattern recognition genes including toll like receptor 4
(TLR) were decreased in the LG and HG, while C-type lectin (Lec) were
increased in the two groups (Fig. 4F and G). The relative expressions of
apoptosis genes including caspase-3 (Casp), inhibitor of apoptosis pro-
tein (IAP), and p53 were all decreased in the LG and HG (Fig. 4H–J).
The relative expressions of mucin (Muc) genes including Muc-1, Muc-

5AC, andMuc-5B were all decreased in the LG and HG, while Muc-2 and
Muc-19 were both increased in the two groups (Fig. 4K–O).

3.5. Intestine microbiota responses of shrimp to low and high pH stress

Illumina sequencing of intestine microbial produced 496,732 high-
quality sequences, with an average of 55,192 sequences per sample.
The coverage for each group exceeded 99%. Rarefaction curves analysis
of the observed species per sample was sufficient (Fig. 5A). A total of
389 OTUs were shared by the three groups with Venn diagram analysis,
and the number of unique OTUs in the LG and HG were lower than the

Fig. 2. Intestine digestive and metabolism capacity of L. vannamei exposed to low and high pH stress 72 h. (A) AMS activity; (B) LPS activity; (C) Tryp activity; (D)
Pep activity; (E) HK activity; (F) PK activity; (G) CCO activity; (H) LDH activity. Vertical bars represent the mean ± SE (n=3). The different letters (a, b, c) indicate
significant differences (P < 0.05) among groups.

Fig. 3. Intestine oxidative stress responses of L. vannamei exposed to low and high pH stress 72 h. (A) MDA content; (B) LPO content; (C) PC content; (D) ·O2
−

generation capacity; (E) T-AOC activity; (F) SOD activity; (G) CAT activity; (H) GST activity; (I) HSP70 mRNA expression; (J) Trx mRNA expression; (K) MT mRNA
expression; (L) Fer mRNA expression. Vertical bars represent the mean ± SE (n=3). The different letters (a, b, c) indicate significant differences (P < 0.05) among
groups.
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CG (Fig. 5B). The alpha diversity analysis showed that the Chao1, ACE,
Shannon, and Simpson indexes of the LG and HG were all lower than
those of the CG; there was no significant difference between LG and HG
(Table 2). Non-metric Multi-Dimensional Scaling (NMDS) based on
Bray-Curtis distance was performed to detect the relationships of the
microbial in different samples, and confirmed that the intestine mi-
crobial in the three groups were separated (Fig. 5C).

A total of 33 different bacterial phylum were identified.
Proteobacteria and Bacteroidetes were two of the dominant phyla in the
three clustered groups. Compared with the CG, the relative abundance
of Proteobacteria, Verrucomicrobia, Actinobacteria, and Firmicutes
were decreased in the LG and HG, while that of Bacteroidetes was in-
creased (Fig. 5C). At the class level, Flavobacteriia, Gammaproteo-
bacteria, and Alphaproteobacteria were the primary intestine bacterial

Fig. 4. Intestine immune responses of L. vannamei exposed to low and high pH stress 72 h. (A) T-NOS activity; (B) PO activity; (C) proPO mRNA expression; (D) ALF
mRNA expression; (E) Lys mRNA expression; (F) TLR mRNA expression; (G) Lec mRNA expression; (H) Casp mRNA expression; (I) IAP mRNA expression; (J)
p53mRNA expression; (K) Muc-1 mRNA expression; (L) Muc-2 mRNA expression; (M) Muc-5AC mRNA expression; (N) Muc-5B mRNA expression; (O) Muc-19mRNA
expression. Vertical bars represent the mean ± SE (n=3). The different letters (a, b, c) indicate significant differences (P < 0.05) among groups.

Fig. 5. Intestine microbiota responses of L. vannamei exposed to low and high pH stress 72 h. (A) Rarefaction curves; (B) Venn diagram; (C) NMDS based on Bray-
Curtis distance; (D) Relative abundance of intestine microbial at the phylum level; (E) Relative abundance of intestine microbial at the class level; (F) SCFA content.
Vertical bars represent the mean ± SE (n=3). The different letters (a, b, c) indicate significant differences (P < 0.05) among groups.
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in all of the groups. Compared with the CG, the relative abundance of
Flavobacteriia and Alphaproteobacteria were increased in the LG and
HG, while that of Gammaproteobacteria, Verrucomicrobia, Clostridia,
Actinobacteria, and Betaproteobacteria were decreased (Fig. 5D). Gas
chromatography was performed to detect the contents of intestine mi-
crobial metabolites short-chain fatty acids (SCFA) including acetic acid
(AA), propionic acid (PA) and butyric acid (BA), showed that these
were all decreased in the LG and HG (Fig. 5E).

4. Discussion

The nutrient uptake ability of shrimp intestine mainly depend on its
intestine epithelium and microvilli, and the digestive function of in-
testine mainly rely on its digestive enzymes [19]. The structural in-
tegrity of intestine mucosa benefits the intestine health of shrimp. It
was reported that environmental stress could damage the intestine
mucosa of the shrimp [19,20]. In this study, after low and high pH
stress, the intestine mucosa epithelial cells were damaged obviously,
and the activities of AMS, LPS, and Tryp were decreased in the LG and
HG, the activity of Pep was decreased in the LG, which indicated that
low and high pH stress destroyed the structural integrity of intestine,
and disordered its digestion function. Glycolysis is an important energy
metabolic pathway in organisms, which can provide energy to organ-
isms [21]. Of that, HK and PK are two important rate-limiting enzymes
[22]. Additionally, organisms can also obtain energy respiratory me-
tabolism; CCO and LDH are two marker enzymes of aerobic and
anaerobic respiration respectively [23,24]. In this study, the activities
of HK, PK, and CCO were decreased in the LG and HG, while the activity
of LDH was increased in the two groups. Hence forecasts low and pH
stress might disorder the energy and respiratory metabolic homeostasis
in the intestine of shrimp.

The increasing of oxidative stress is one of the toxic effect of en-
vironmental pollutants in shrimp [25]. The excessive of ROS is damage
to organism. LPO and PC are considered to be consequences of oxida-
tion of lipid and protein by ROS; MDA is the end product of LPO that is
recognized as an indicator of oxidative damage [19]. It was reported
that pH stress could influence the oxygen affinity and consumption of
Palaemontes kadiakensis [26]. ROS production in haemolymph of L.
vannamei was also increased [16,27]. Similarly, in this study, the con-
tents of MDA, LPO and PC, and the capacity of ·O2

− generation were
increased in the intestine of L. vannamei in response to low and high pH
stress, indicating that oxidative stress occurred in the shrimp intestine.
To counteract oxidative stress damage, organisms have evolved anti-
oxidant defense system, including antioxidant enzymes and proteins.
SOD, CAT, and GST are important antioxidant enzymes to defense
oxidative stress, and the total status of antioxidant enzymes can be
reflected with T-AOC activity [19]. As important antioxidant proteins,
HSPs can increase endogenous peroxidase activity to catalyze the
conversion of ROS [28]; Trx acts as a substrate of peroxiredoxin and
function in cell redox homeostasis [29]; Fer orchestrates the cellular
defense against stress and inflammation by regulating the cellular
availability of transition iron in Fenton reaction [30]; MT plays an
antioxidant role as an effective free radical scavenger [31]. In this
study, significant deduction decreases of T-AOC, SOD and GST activity,

and induction of CAT activity and HSP70, Trx and MT gene transcripts
were observed in the intestine of L. vannamei in response to low and
high pH stress, while Fer gene transcripts was induced in the LG, but
deduced in the HG. These mechanisms indicated that pH stress might
break the balance of redox status in the shrimp intestine, probably via
increasing the oxidative stress parameters, and confusing the anti-
oxidant enzyme activities and gene transcripts.

Intestine immune function of shrimp plays a vital role in resisting
pathogens infection and environmental stress. As antibacterial mole-
cules, T-NOS, ALF and Lys are important components of the non-spe-
cific immune system against pathogenic microbes [32–34]; proPO plays
its immune function by increasing PO activity [35]. In this study, after
pH stress, a significant decrease in the T-NOS and PO activity and proPO
gene expression in the LG and HG, while Lys gene expression was only
decreased in the HG, ALF gene expression was increased in the LG and
HG, indicating pH stress might influence the antibacterial function of
shrimp. With exception to the immune system, an early pivotal event in
the immune process is to recognize the pathogen. TLR and Lec initiate
the immune response of organism by facilitating pathogen recognition
associated molecule patterns [36,37]. In this study, after pH stress, the
transcript levels of TLR was decreased, while that of Lec was increased,
indicating that exposure of pH stress disturbed the intestine pathogen
pattern recognition process. Apoptosis is a normal physiological process
for eliminating harmful cells and preventing excessive cell proliferation
[38]. Of that, Casp and p53 play important roles in mediating apoptosis
[39,40]; contrarily, IAP has a strong inhibitory effect on apoptosis [41].
In this study, Casp, IAP and p53 gene transcripts were down-regulated
in the shrimp intestine in response to pH stress, suggesting that apop-
tosis program was failed to remove unnecessary or deleterious cells to
resist stress. Mucus is present at the interface between the epithelial
surfaces of the intestine and its internal environment, representing the
principal immune response of the intestine mucosa [42]. Mucs are the
major organic components of the intestine mucus layer that contribute
to the mucosal barrier against enteric pathogens [43]. In this study, the
expressions of Muc-2 and Muc-19 gene were up-regulated, while the
expressions of Muc-1, Muc-5AC, and Muc-5B were down-regulated, in-
dicating that pH stress influenced the intestine mucus homeostasis of
the shrimp. In general, pH stress might disorder the immune functions
in the shrimp intestine, including the antibacterial ability, pathogen
recognition, apoptosis, and mucus homeostasis.

The intestine microbial plays important roles in the intestine barrier
function of the host. Intestine microbiota includes various opportunistic
pathogens. When the integrity of intestine mucosa is broken by stress,
pathogens can seize the opportunity to penetrate the barrier of the in-
testine, enter the body and disorder the immunity of the host [1].
Previous studies have shown that water environmental mutations and
exposure to environmental pollutants caused significant changes in the
intestine microbial of aquatic animals [1,20,44–46], thus induced the
inflammation and immune disorders of the host [47]. Bacterial di-
versity functions in important ecological ability, which was decreased
in the diseased shrimp, and closely associated with the severity of
shrimp disease [48]. In this study, after shrimp exposure to low and
high pH stress, the diversity of intestine bacterial was decreased; the
dominant bacterial phylum Proteobacteria abundance was decreased,
while the Bacteroidetes abundance was increased; the Firmicutes
abundance was also decreased. Proteobacteria and Bacteroidetes are
both intestine dominant bacterial of shrimp [1,49–51]. Firmicutes
bacteria provide a good index regarding the state of the intestine, in-
cluding producing SCFA and prebiotics [52]. SCFA, including AA, PA,
and BA, are beneficial metabolites of the intestine bacterial, which can
provide nutrition for the intestine mucosa, and benefit the regulation of
the intestine micro-ecological environment of the host [53]. In this
study, SCFA contents in the intestine of shrimp were also decreased,
indicating that pH stress influenced the production of beneficial me-
tabolites of the intestine bacterial. Together, these phenomena revealed
that low and high pH stress could impair the functions and stability of

Table 2
Alpha diversity of intestinal microbial after L. vannamei exposed to low and
high pH stress 72 h.

Group Observed Chao1 ACE Shannon Simpson

CG 672 ± 39 817 ± 36a 845 ± 37a 3.36 ± 0.15a 0.82 ± 0.05a

LG 638 ± 24 613 ± 42b 713 ± 25b 3.02 ± 0.18b 0.76 ± 0.03b

HG 646 ± 47 633 ± 31b 698 ± 34b 2.89 ± 0.13b 0.72 ± 0.06b

ACE, abundance-based coverage estimator. Values represent the mean ± SE
(n=3). The different letters (a, b, c) indicate significant differences (P < 0.05)
among groups.
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intestine microbial of the shrimp, by decreasing the bacterial diversity,
disrupting the composition of intestine microbial, and reducing the
bacterial metabolite SCFA contents. These might compromise the in-
testine immunity of the host.

In conclusion, acute low and high pH stress damaged the morpho-
logic structure, affected the levels of genes expression and enzymes
activity related to digestive and metabolism, oxidative stress response,
and immune function, and caused biomolecule damage in the intestine
of L. vannamei. Acute exposure to pH stress resulted in a significant
changes in the composition and metabolites content of intestine mi-
crobiota. Our results suggest that pH stress impaired the intestine
barrier function of the shrimp. Further studies need to explore the
correlation of the intestine microbiota with the shrimp immune and
metabolism in response to pH stress.
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