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Environmental pH change is a challenge for growth and health of aquatic animals. In this study, the juveniles of
Paciﬁc white shrimp Litopenaeus vannamei were exposed to a higher pH 9.5 or a lower pH 6.5 versus a normal pH
(pH 8.0) as the control for four weeks. Growth performance, antioxidant capacity, immune functions, and intestinal histological damage and microbiota were evaluated. The weight gain rate was signiﬁcantly decreased in
shrimp at pH 9.5 compared with the control shrimp at pH 8.0. The antioxidant capacities of shrimp as activities
of SOD, GSH-Px, GST and MDA contents shown at pH 9.5 or pH 6.5 were signiﬁcantly reduced relative to the
control shrimp. The expressions of immune-related genes, including anti-lipopolysaccharide factor, lysozyme,
protein toll, immune deﬁciency, and hemocyte protein-glutamine gamma-glutamyltransferase, were downregulated and the intestine tissues were distorted. Histology analysis showed that shrimp gut epithelial cells at
pH 6.5 separated from the basement membrane, while epithelial cell necrosis were found in shrimp at pH 9.5.
The diversity of intestine microbiota was disturbed with lower Shannon and higher Simpson indices in shrimp at
pH 6.5 than the control shrimp, but no diﬀerences were found in shrimp at pH 9.5. The intestine barrier
functions were weakened as the KEGG analysis shown, where functions for protein or carbohydrate digestion
and absorption at pH 6.5, and for antibiotics biosynthesis, including streptomycin, penicillin, cephalosporin,
novobiocin, ansamycins and vancomycin, at pH 9.5 in shrimp were signiﬁcantly decreased. All ﬁnding in this
study suggest that long-term lower or higher pH stress could adversely aﬀect gut microbiota functions, thus
leading to shrimp reduced growth, immunity and antioxidant capacity, and even intestine histology damage.

1. Introduction

because of the change of photosynthesis and respiration activities in the
water (Boyd, 1990; Wang et al., 2002). As a euryhaline species, the
physiological function of L. vannamei is aﬀected by pH stress. The pH
change can induce oxidative stress, reduce antioxidative ability and
immune parameters, destroy intestine tissues and change intestine microbiota (Han et al., 2018; Duan et al., 2019; Duan et al., 2017). A
short-term study on acute pH stress may not reveal a functional change
in aquatic organisms, but long-term pH stress could reduce antioxidant
capacity and cause tissue damage in shrimp (Duan et al., 2019).
However, little attention has been paid on the chronic stress of pH in
shrimp from the perspectives of growth performance, immunology and
intestinal microbiology.

The white shrimp Litopenaeus vannamei is one of the most important
aquatic species in Central and South America, Paciﬁc-rim countries and
Thailand. However, with the increasing density of shrimp in aquaculture and deterioration of water quality, abiotic environmental
parameters have become important factors to aﬀect shrimp health
(Chen et al., 2015a). Ammonia, hypoxia, and low-salinity stress can
cause oxidative stress, hepatopancreas damage, and osmotic change in
shrimp (Chen et al., 2015b; Li et al., 2016; Liang et al., 2016).
The pH value is one of the most sensitive environmental stress
factors. The pH value in a pond ﬂuctuates between 6.6 and 10.2
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The response of the shrimp to pH stress is a complex process involving the changes in the immune system, antioxidant system and
intestinal health. The intestine of shrimp is an important organ for digestion, absorption and immune defense. The microbiota structure
plays an important role in the intestine (Gao et al., 2019). The normal
structure of microbiota is closely related to the health of host. Environmental stress can interfere the function of intestine barriers,
weaken immunity response and increase the probability of pathogen
infection (Hsiao et al., 2013; Wang et al., 2019a; Li and Chen, 2008).
Thus, it is necessary to investigate the eﬀect of environmental stress on
L. vannamei.
This study aims to explore the potential adverse eﬀect of pH stress
on shrimp. We used pH 8 and the control and varied the pH value by 1.5
units from the normal value and formed two treatments with the values
of pH at 6.5 and 9.5. To fully assess the responses of shrimp to pH stress,
we evaluated shrimp survival, growth, hepatosomatic index, antioxidant capacity, immune-related gene expression, intestine histology,
and intestine microbiota of L. vannamei in an experimental condition for
28 days.

Table 1
Primer sequence used in this study.
Primer name

Sequence (5′–3′)

GenBank accession
number

Lys-F
Lys-R
Toll-F
Toll-R
Casp-3-F
Casp-3-R
TGase-F
TGase-R
Alf-F
Alf-R
LvIMD-F
LvIMD-R
β-actin-F
β-actin-R

GATTATTACCTCTTCCAATGATGAC
GTTGTAAAAATGGAAACCCTTGG
GACCATCCCTTTTACACCAGACT
CCTCGCACATCCAGGACTTTTA
CGGGTAGGAAGCCCACATATCAA
ACGGCGAAGTCAAAGCCAGAA
TGGAAGTGACGTACGGTGACTACTACG
GTTGTACAGCTGGCTGGAGTTGAAGG
CGCTTCACCGTCAAACCTTAC
GCCACCGCTTAGCATCTTGTT
TGGGTCCGTGTCCAGTGAT
ACAAACAACCACACACAAGCAG
GCAGTCCAACCCGAGAGGAAG
GTGCATCGTCACCAGCGAA

AF425673.1
DQ923424.1
EU421939.1
EU164849.1
DQ208703.2
(Wang et al., 2009b)
AF300705.2

supernatant was used to measure total protein concentration, SOD activity, GPx activity, GST activity, and MDA content. All the above indicators were tested using relevant commercial kits (Jiancheng, Ltd.,
Nanjing, China) using the protocols provided by the manufacturer.

2. Materials and methods
2.1. Experimental animals, pH exposure and sampling

2.3. Gene expression analysis

White shrimp juveniles L. vannamei were obtained from a local farm
in Hainan, China. Shrimps were acclimated in the experimental environment for two weeks. The parameters of rearing seawater quality
were pH 8.0–8.2, salinity 28-30‰, temperature 28 ± 2℃. The amount
of feed was 6 % of the body weight per day, and the commercial feed
(crude protein:41 %; crude fat:4 %) was used to feed the shrimp three
times a day (08:00, 12:00 and 18:00). Half of the seawater from each
tank daily was replaced.
The average weight of shrimp was 2.6 ± 0.4 g after acclimation.
Then shrimps were randomly divided into three groups on average for
the following conditions: control group (pH 8.0), pH 6.5 group (pH 6.5)
and pH 9.5 group (pH 9.5), respectively. The size of glass experimental
unit is 60 cm*30 cm*35 cm. Shrimp stocked at density 167 shrimp/ m2.
The values of seawater pH 6.5 and pH 9.5 were adjusted by 4 M HCl
and 4 M NaOH. To ensure the pH of seawater was within the experiment requirements, the pH value was monitored by a pH probe (AZ,
Taiwan, China) three times a day. The duration of the experiment lasted
28 days. All shrimps were fed for 28 days under experimental conditions. The feeding and waste disposal were in the same as the protocol
used during the acclimation period.
The survival of the shrimp in each tank was checked every 24 h. The
criterion for determining the death of a shrimp is that it could not react
to stimuli by a glass rod. Any death of shrimp during the experiment
was used to calculate survival rate (SR). SR (%) = 100 × (initial
shrimp number−accumulative death shrimp number) / initial shrimp
number. After pH stress, the body length, body weight and hepatopancreas weight of each shrimp were recorded. The growth parameters
were calculated follows: Weight gain rate (WGR, %) = 100 × [ﬁnal
weight – initial weight] × 100 / initial weight; hepatosomatic index
(HSI) = hepatopancreas weight / body weight. The hepatopancreas,
intestines of each shrimp were collected. The intestines of ﬁve shrimps
were preserved in 4 % paraformaldehyde for the histological analysis.
The hepatopancreas of three shrimps per tank was quickly preserved in
RNA preservation solution and placed in a −20℃ refrigerator for tissue
RNA extraction. The remaining samples were quickly frozen in liquid
nitrogen and stored at −80 ℃.

Total RNA was extracted from hepatopancreas of three shrimp per
tank using TRIzol reagents (Invitrogen, USA). Total RNA (700 ng) was
reversely transcribed to cDNA using HiScript II QRT SuperMix
(Vazyme, Nanjing, China) according to the manufacturer's protocol.
The relative gene expression was conducted in the LightCycler© 96
System (Roche, Swiss) using the SYBR Green master mix (Vazyme,
Nanjing, China). The β-actin gene was chosen as an internal control,
and the speciﬁc primer sequences of the target genes were listed in
Table 1.
2.4. Intestine histology
The intestines from three shrimp per tank were dehydrated with
diﬀerent gradients of alcohol (80 %, 90 %, 100 %), transparent with
xylene and embedded in paraﬃn to make solid wax blocks. Then, these
solid wax blocks were cut as continuous section blocks into 5-μm sections by a rotary micro-tome. The segmented tissues were stained with
hematoxylin-eosin and examined on a microscope (Nikon, E200, Tokyo,
Japan). The software Image-Pro Plus 6.0 was used to calibrate and
measure the cell height of the intestinal epithelium.
2.5. Intestine microbiota DNA and Illumina MiSeq sequencing
Microbial DNA was extracted from intestine content samples using
the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) according to the manufacturer’s protocols. The ﬁnal DNA concentration
and puriﬁcation were determined by the NanoDrop 2000 UV–vis
spectrophotometer (Thermo Scientiﬁc, Wilmington, USA), and the DNA
quality was checked by 1 % agarose gel electrophoresis. The V3-V4
hypervariable regions of the bacterial 16S rRNA gene were ampliﬁed
with primers 338 F (5′ACTCCTACGGGAGGCAGCAG-3′) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′) by thermo cycler PCR system
(GeneAmp 9700, ABI, USA). The PCR reactions were conducted using
the following program: 3 min of denaturation at 95 °C, 27 cycles of 30 s
at 95 °C, 30 s for annealing at 55 °C, and 45 s for elongation at 72 °C,
and a ﬁnal extension at 72 °C for 10 min. PCR reactions were performed
in triplicate of 20 μL mixture containing 4 μl of 5 × FastPfu Buﬀer, 2 μl
of 2.5 mM dNTPs, 0.8 μl of each primer (5 μm), 0.4 μl of FastPfu
Polymerase and 10 ng of template DNA. The resulting PCR products
were extracted from a 2 % agarose gel and further puriﬁed using the

2.2. Biochemical analysis
The 10 % hepatopancreas tissue ﬂuid was prepared by three hepatopancreas per tank with 0.86 % saline solution, homogenized under
ice-chilled conditions and centrifuged at 3000 rpm, 4 ℃ for 5 min. The
2
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glutamyltransferase (TGase) were signiﬁcantly down-regulated in both
pH 9.5 and pH 6.5 groups (P < 0.05), while compared with the pH 6.5
group, apoptosis gene caspase-3 (Casp-3) was signiﬁcantly down-related in the pH 9.5 group (P < 0.05).

AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA,
USA) and quantiﬁed using QuantiFluor ™ -ST (Promega, USA) according to the manufacturer’s protocol.
Puriﬁed amplicons were pooled in equimolar and paired-end sequenced (2 × 300) on an Illumina MiSeq platform (Illumina, San
Diego, USA) according to the standard protocols by Majorbio BioPharm Technology Co. Ltd. (Shanghai, China). The sequences obtained
are available in the Genbank database (accession no. PRJNA578594).

3.3. Intestine histology
The intestine mucosa of the control group showed normal morphology (Fig. 4A). The intestinal mucosa of shrimp at pH 6.5 and pH 9.5
showed was disformed. In the pH 6.5 group, epithelial cells were separated from the basement membrane (Fig. 4B). In the pH 9.5 group,
most of the epithelial cells were necrotic (Fig. 4C).

2.6. Functional analysis of the microbiota
Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt) normalized the OTU table to remove the
inﬂuence of 16S marker gene on copy number in the species genome.
The Kyoto Encyclopedia of Genes and Genomes Ortholog (KO) information corresponding to OTU was obtained through the greengene
id corresponding to each OTU. According to the KEGG database, the
abundance of three levels of metabolic pathway information was obtained.

3.4. Intestine microbiota
3.4.1. Sequencing data and OTU characterization
By Illumina platform sequencing, 566 and 672 high-quality sequences were obtained from the intestine microbiota. A total of 529
OTUs were obtained, including 197 OTUs from the control group, 132
OTUs from the pH 6.5 group and 501 OTUs from the pH 9.5 group. The
number of unique OTUs in the control, pH 6.5 and pH 9.5 groups were
9, 1, 156, respectively (Fig. 5A).

2.7. Statistical analysis
All data were expressed as the mean ± standard error (SE).
Statistical analysis was performed with SPSS (version 22) (IBM,
Armonk, NY, USA), and subjected to a one-way analysis of variance
(ANOVA) to analyze the diﬀ ;erences between experimental groups.
The value of P < 0.05 was set for statistical signiﬁcance. If signiﬁcant,
Turkey’s-b multiple range test or Student’s t-test was used where appropriate.

3.4.2. Alpha and beta diversity analysis
The alpha diversity was used to estimate the diﬀerence of species
diversity and richness between groups. The Shannon and Simpson indexes in the pH 6.5 group were decreased, but the Chao index in the pH
9.5 group was increased (Table 2).
Beta diversity was used to compare microbiota composition and
evaluate diﬀerences among microbiota. Principal Component Analysis
(PCA) analysis showed that pH 6.5 and 9.5 stress caused unique
structural changes of microbiota, as was shown by clustering of samples
in plots (Fig. 5B).

3. Results
3.1. Growth and survival
Compared with the pH 8.0 group, the SR was signiﬁcant lower in
both pH 6.5 group and pH 9.5 group. No diﬀerences were found in WG
and HSI between shrimp in the pH 8.0 pH 6.5 groups. However, the WG
of the pH 9.5 group signiﬁcantly decreased. The HSI was increased in
the pH 9.5 group compared with the pH 6.5 group and the control
group (Fig. 1).

3.4.3. Diﬀerences in microbiota
A total of 25 phyla were found. Actinobacteria, Proteobacteria, and
Bacteroidetes were the dominant phyla in the three groups. In the
control group, the abundance of Actinobacteria, Proteobacteria, and
Bacteroidetes were 45.09 %, 23.72 %, and 27.99 %, respectively. In the
pH 6.5 group, the abundance of Actinobacteria (78.81 %) was increased, while Proteobacteria (10.44 %) and Bacteroidetes (10.71 %)
were decreased. In the pH 9.5 group, the abundance of Proteobacteria
(63.21 %) was increased, while Actinobacteria (21.60 %) and
Bacteroidetes (8.17 %) were decreased (Fig. 6). At the genus level,
Demequina spp. and the genus of family Rhodobacteraceae were the
primary intestine bacteria in all the groups. The abundance of Demequina was increased in the pH 6.5 group while the Tamlana, Algoriphagus, and the genus of family Flavobacteriaceae were decreased
(Fig. 7A). In contrast, the abundance of vibrio and Ruegerua were increased in the pH 9.5 group while the Demequina, Actibacter,

3.2. Anti-oxidative capacity and immune responses
Shrimp at pH 6.5 had signiﬁcantly lower activities of GSH-Px and
GST. In the pH 9.5 group, the activities of SOD, GSH-Px, and GST were
decreased (Fig. 2A, B, C), and the MDA content was lower than that of
the pH 6.5 group (Fig. 2D).
According to Fig. 3, the expressions of immune genes including antilipopolysaccharide factor (Alf), lysozyme (Lys), protein toll (Toll), immune deﬁciency (LvIMD), and hemocyte protein-glutamine gamma-

Fig. 1. Survival rate (SR) (A), weight gain rate (WGR) (B) and hepatosomatic index (HSI) (C) of Litopenaeus vannamei exposed to pH 6.5 and pH 9.5 for 28 d. Vertical
bars represent the mean ± SE (n = 4). Diﬀ ;erent letters (a, b) indicate signiﬁcant diﬀ ;erences (P < 0.05) among groups.
3
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Fig. 2. Hepaopancreas oxdative stress response of Litopenaeus vannamei under pH stress for 28 days. (A) SOD activity; (B) GPx activity; (C) GST activity; (D) MDA
content. Vertical bars represent the mean ± SE (n = 4). The diﬀ ;erent letters (a, b) indicate signiﬁcant diﬀ ;erences (P < 0.05) among groups.

Fig. 3. Intestine immune responses of Litopenaeus vannamei under pH stress for 28 days. (A) Alf mRNA expression; (B) Lys mRNA expression；(C) Toll mRNA
expression; (D) LvIMD mRNA expression; (E) TGase mRNA expression; (F) Casp-3 mRNA expression. Vertical bars represent the mean ± SE (n = 3). The diﬀ ;erent
letters (a, b) indicate signiﬁcant diﬀ ;erences (P < 0.05) among groups.
4
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Fig. 5. Diﬀerences between intestine microbiota communities of Litopenaeus
vannamei under pH stress for 28 days. (A) Venn diagram; (B) PCA analysis.
Table 2
Alpha diversity of intestinal microbiota after L. vannamei exposed to pH stress.
Groups

pH 8.0
pH 6.5
pH 9.5

Species diversity indices

Species richness indices

Shannon

Simpson

Ace

Chao

2.29 ± 0.02
0.98 ± 0.45*
3.08 ± 0.61

0.22 ± 0.02
0.63 ± 0.18*
0.12 ± 0.05

188 ± 59.58
113.92 ± 14.52
292.75 ± 137.32

177.52 ± 49.58
116.87 ± 7.58
297.1 ± 142.3

The data in the same column superscript with * means signiﬁcant diﬀerence
(P < 0.05).
Fig. 4. Intestine tissue of Litopenaeus vannamei stained with HE exposed to low
and high pH stress 28 d. (A) pH 8.0 group, ×400; (B) pH 6.5 group, ×400; (C)
pH 9.5 group, ×400. The letters in the ﬁgure indicate (a) brush border, (b)
epithelium, (c) nuclei, (d) lumen, and (e1,e2,e3) diseased region.

"Membrane Transport" were increased in the pH 6.5 group, while
"Digestive System" was decreased. In KEGG level 3 term, the abundances of "Phosphotransferase system (PTS)", "ABC transporters" and
"Secretion system" were increased. "Bacterial chemotaxis" and "Flagellar
assembly" were increased as well. The abundance of "Protein digestion
and absorption" and "Carbohydrate digestion and absorption" were
decreased (Table 3).
In the pH 9.5 group, many abundance pathways were decreased.
Within the level 3 term, "Folding, sorting and degradation" was decreased in "Protein processing in endoplasmic reticulum" and "Protein
export". Within "Translation", the largest diﬀ ;erence was found in the
level 3 term "Ribosome". Within "Metabolism", the abundance of
"Streptomycin biosynthesis", "Penicillin and cephalosporin biosynthesis", and "Novobiocin biosynthesis" were decreased. Within
"Organismal Systems", a signiﬁcant decrease in abundance was

Parahalieaand the family Flavobacteriaceae and so on were decreased
(Fig. 7B).

3.4.4. KEGG pathway analysis
PICRUSTs analysis based on the KEGG database was used to study
the functional change of intestinal microbiota. A high abundance of
bacterial metagenome in the pH 6.5 group was mainly associated with
"Cellular processes", "Organismal system" and "Environment
Information Processing" in KEGG level 1. In the level 2 term, cell motility", "Endocrine System", "Excretory System", "Immune System", and
5
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Fig. 6. Intestine microbiota composition of Litopenaeus vannamei under pH stress for 28 days. (A) Composition at the phylum level; (B) Composition at genus level.

2005; Sheikhzadeh et al., 2012). In this study, the antioxidant enzyme
activities in the pH 6.5 and pH 9.5 groups were decreased in comparison with that in the control group. It has been reported that an increase
of ROS concentration in the shrimp may aggravate the oxidative damage (Wang and Wu, 2012). Thus, the organism can quickly produce
suﬃcient antioxidant enzymes and chaperone proteins to maintain a
balance, while the ROS can damage the cells under a chronic pH stress.
When the function of the cells is weakened, the ability for ROS resistance in an organism decrease. As relevant immune cells cannot be
quickly repaired, the immune ability of the L. vannamei could be ultimately decreased.
Hepatopancreas and intestine play an important role in the digestion, absorption, and antioxidant function in shrimp. In this study, the
WGR in the pH 9.5 group was signiﬁcantly lower than that in the other
two groups, while the HSI was signiﬁcantly increased in the pH 9.5
group, indicating that a high pH stress can aﬀect digestion and absorption of a shrimp. Thus, shrimp could not obtain enough nutrients
for growth and stress resistance. The open circulatory system and the
short intestine in shrimp are likely to be aﬀected by the change of pH in
the environment. It has been reported that environmental stress could
damage the intestine mucosa of the shrimp (Li et al., 2007;
Rungrassamee et al., 2014; Rungrassamee et al., 2016). In the present
study, the intestine epithelium tissue was atrophied in the pH 6.5 group
and was damaged in the pH 9.5 group. The integrity of the intestinal
barrier and intestinal microbiota are important indicators to determine
intestine health. Thus, level of damage to the intestinal tissues in L.
vannamei was related to the pH value in the environment. However, the

observed in "Mineral absorption" (Table 4).

4. Discussion
Innate immunity in crustaceans is one of the most important functions to combat pathogen invasion. It has been reported that an acute
environmental stress could aﬀect the immune capability of L. vannamei
(Han et al., 2018; Wang and Chen, 2005). The premise for their role is
that Toll, IMD, and other pathways can recognize pathogens and provide eﬀective information for combating pathogens. The Alf, and Lys
play an important role in the function of resistance to pathogens.
Apoptosis is a normal program of cells to remove damaged cells and
maintain body health (Danial and Korsmeyer, 2004). In this study, the
expression of Alf, Lys, Toll, and LvIMD in the pH 6.5 and pH 9.5 groups
were down-regulated, the Casp-3 gene was signiﬁcantly down-regulated
in the pH 9.5 group and no signiﬁcant diﬀerences were observed in the
pH 6.5 group. The results indicated that pH stress (6.5 and 9.5) aﬀects
the capability to eliminate the pathogen and pattern recognition process. Further high pH inhibited the eliminating ability of shrimp on
damaged cells. It revealed that chronic pH stress could reduce the innate immunity of L. vannamei, and its self-repair ability would be
weakened in the pH 9.5.
Under environmental stress, the excess accumulation of ROS produced in organisms can lead to the imbalance of the internal environment and damage of cells (Paital and Chainy, 2010; Wang et al.,
2009a). Antioxidant enzymes and chaperone proteins eliminate the
excess ROS to protect the immune homeostasis (Franzellitti and Fabbri,
6
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Table 3
Relative abundance of predicted functions in the pH 6.5 group.
KEGG level

KEGG pathway term

1
2
3
3
1
2
3
3

cellular processes
cell motility
Bacterial chemotaxis
Flagellar assembly
Organismal Systems
Digestive System
Protein digestion and absorption
Carbohydrate digestion and
absorption
Endocrine System
PPAR signaling pathway
Renin-angiotensin system
Excretory System
Proximal tubule bicarbonate
reclamation
Immune system
Hematopoietic cell lineage
Environmental Information
Processing
Membrane Transport
Phosphotransferase system (PTS)
ABC transporters
Secretion system

2
3
3
2
3
2
3
1
2
3
3
3

pH 8.0

pH 6.5

P-values

2.67 %
0.51 %
0.67 %

3.41 %
0.64 %
0.90 %

< 0.05
< 0.01
< 0.01

0.06 %
0.01 %
0.01 %

0.05 %
0.00 %
0.00 %

> 0.05
< 0.01
< 0.01

0.40
0.19
0.00
0.05
0.05

0.47
0.22
0.00
0.07
0.07

%
%
%
%
%

< 0.05
< 0.01
< 0.05
> 0.05
< 0.05

0.07 %
0.00 %

0.07 %
0.00 %

> 0.05
< 0.05

13.16 %
0.15 %
4.18 %
1.23 %

15.21 %
0.21 %
4.82 %
1.35 %

< 0.05
< 0.05
< 0.01
< 0.05

%
%
%
%
%

and richness were increased. Our data showed that under a chronic pH
stress, the balance of intestinal microbiota in L. vannamei was disrupted,
and the ability of intestine to screen bacteria in the water environment
weaken. Consequently, pathogenic bacteria such as photobacterium have
a chance to invade (Suo et al., 2017). This imbalance in intestinal microbiota could directly inﬂuence the immune system in shrimp and the
change in intestinal microbiota was closely related to the environment.
The intestine cannot perform a normal function when shrimp are under
a pH stress, and the composition of the intestinal microbiota may show
irregular patterns (Li and Chen, 2008). It is interesting that in other
studies, Proteobacteria are the most important microbiota in the intestine of L. vannamei (Huang et al., 2016; Zhang et al., 2014), but in
the present study, Actinobacteria and Proteobacteria were the main
phylum. It is possible that the composition of microbiota may be affected by both seawater and feed intake.
Knowledge of the diversity of intestinal microbiota is helpful to
understand the function of intestine. Normal digestion and absorption
of nutrients is one of the important prerequisites for the growth and
health of animals. Compared with the control group, the signiﬁcant
decrease was present in the abundance of the "Protein digestion and
absorption" and "Carbohydrate digestion and absorption "pathway in
the pH 6.5 group. Intestine microbiota plays an irreplaceable role in the
digestion and absorption of animals (Nicholson et al., 2013), which
suggests that low pH may aﬀect shrimp's ability that digest and absorb
proteins and carbohydrates. Meanwhile, the signiﬁcant increase was
present in the abundance of "Carbohydrate metabolism", "alpha-Linolenic acid metabolism", "D-Alanine metabolism" and so on, which associated with proteins, lipids, and carbohydrates. It is speculated that
shrimp can resist the eﬀect of low pH on body digestion and absorption
by enhancing nutrient metabolism. The enhanced metabolic capacity
ensures the growth and energy supply of shrimp in the environment of
pH 6.5. The signiﬁcant increase was present in the abundance of the
"Membrane transport" pathway in the pH 6.5 group. It has been reported that the molecules secreted from microorganisms are imported
into the cells via transporters or endocytosis to activate the cell survival
pathways in the intestinal epithelial cells. The "Membrane transport"
pathway is related to perceive and resist environmental stress on cells
(Konishi et al., 2015; Tomii and Kanehisa, 1998). At pH 6.5, the
transporters such as "ABC transporters" and "Two-component system"
were promoted. Within in the "Immune system", the signiﬁcant decrease in "Hematopoietic cell lineage" and "Rig-i-like signaling

Fig. 7. Relative abundance of intestine microbiota at the genus level of
Litopenaeus vannamei under pH stress for 28 days.(A)pH 6.5 stress; (B) pH 9.5
stress. Vertical bars represent the mean ± SE (n = 3). Superscript with * means
signiﬁcant diﬀerence (P < 0.05).

mechanisms that how high pH aﬀects the digestive system of L. vannamei need to be further studied. In the breeding process, it is found
that the body size of a few shrimp in the pH 6.5 group was larger than
that in the pH 8.0 group, which conﬁrms that the appropriate ﬂuctuation of pH is not necessarily bad for the growth of L. vannamei
(Fivelstad et al., 1999).
The structure of intestinal microbiota is an important factor for
shrimp health. It has been reported that environmental stress can break
the balance of intestine microbiota, causing infection, and increasing
the risk of pathogen infection (Duan et al., 2017). In present study,
Demequina was the dominant genus in the pH 6.5 group. As a result, the
diversity of intestine microbiota was reduced under the chronic stress of
pH 6.5, and the intestinal barrier function was weakened. Demequina
can secrete amylase, xylanase, and cellulase (Al-naamani et al., 2015),
and these enzymes can help shrimp absorb and utilize carbohydrates.
On the contrary, in the present study, the pH 9.5 group had a large
number of unique OTU in the intestinal microbiota, and Proteobacteria
was the dominant phylum. Compared to control group, Vibrio had
higher abundances while the proportions of Bacteroidetes, Demequina
and Flavobacterium were decreased, but intestinal microbiota diversity
7
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shrimp intestine microbiota in diﬀerent ways. The histological and
microbiota structures of the intestine are important biomarkers to detect the adverse eﬀect on shrimp under pH stress. It is important to
evaluate the performance of L. vananmei against long-term ambient pH
challenge. Though values selected for the study do not usually occur in
shrimp culture systems, they correspond to extreme conditions that
rarely occur in culture ponds.

Table 4
Relative abundance of predicted functions in the pH 9.5 group.
KEGG level

KEGG pathway term

1
2
3

Genetic Information Processing
Folding, sorting and degradation
Protein processing in endoplasmic
reticulum
Protein export
Translation
Ribosome
Metabolism
Biosynthesis of Other Secondary
Metabolites
Streptomycin biosynthesis
Penicillin and cephalosporin
biosynthesis
Novobiocin biosynthesis
Metabolism of Cofactors and
Vitamins
Pantothenate and CoA biosynthesis
One carbon pool by folate
Metabolism of Terpenoids and
Polyketides
Biosynthesis of vancomycin group
antibiotics
Polyketide sugar unit biosynthesis
Biosynthesis of ansamycins
Organismal Systems
Digestive System
Mineral absorption

3
2
3
1
2
3
3
3
2
3
3
2
3
3
3
1
2
3

pH 8.0

pH 9.5

P-values

2.28 %
0.06 %

2.24 %
0.05 %

< 0.05
< 0.01

0.56 %
4.73 %
2.05 %

0.48 %
4.22 %
1.67 %

< 0.01
< 0.01
< 0.01

1.03 %

0.83 %

< 0.01

0.31 %
0.09 %

0.22 %
0.07 %

< 0.01
< 0.01

0.14 %
4.38 %

0.13 %
4.20 %

< 0.05
< 0.05

0.66 %
0.52 %
1.98 %

0.54 %
0.49 %
1.93 %

< 0.01
< 0.01
< 0.05

0.05 %

0.02 %

< 0.001

0.17 %
0.05 %

0.09 %
0.04 %

< 0.01
< 0.01

0.06 %
0.04 %

0.04 %
0.02 %

< 0.01
< 0.001
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