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Abstract: The purpose of this study was to investigate the physiological and biochemi-
cal changes of the hepatopancreas and intestinal microbial structure of Penaeus vannamei
under various levels of carbonate alkalinity stress. After Penaeus vannamei (body length
14.24 ± 2.13 cm, body weight 26.31 ± 3.26 g) was subjected to 96 h carbonate alkalin-
ity stress, the alkalinity stress levels were E8 (8 mmol/L), E18 (18 mmol/L) and E28
(28 mmol/L), respectively. The activity of antioxidant enzymes was determined by enzyme
markers, and then the intestinal microorganisms of Penaeus vannamei were analyzed by
high-throughput sequencing technology. The results showed that, under the stress of high
carbonate alkalinity, the mortality rate of Penaeus vannamei was as high as 75%, and hep-
atopancreas cells showed obvious deformation, abnormal nuclear shapes, and serious cell
vacuolation. Under high carbonate alkalinity stress, superoxide dismutase activity, catalase
activity and glutathione peroxidase activity in the Penaeus vannamei hepatopancreas were
significantly lower than those in control group (p < 0.05), and malondialdehyde content was
significantly lower than that in the control group (p < 0.05). Alkaline phosphatase activity in
the experimental group was significantly different from that in the control group (p < 0.05).
Moreover, the 16SrDNA high-throughput sequencing results showed that the intestinal
abundance of Proteobacteria in Penaeus vannamei was significantly decreased (p < 0.05)
under high carbonate alkalinity stress, and the abundance of Bacteroides was significantly
increased (p < 0.05). At the genus level, the abundance of Chrysobacteria was significantly
increased (p < 0.05). The functional prediction results of COG and KEGG showed that the
functional abundance of RNA polymerase sigma-70 factor is direct bacterial or plastid core
RNA polymerase and is specific to promoter elements that are situated 10 and 35 base-pairs
upstream of transcription-initiation points—in the high carbonate alkalinity treatment
group, this was higher than that in the control group. The functional abundance of signal
transduction histidine kinase was lower than that of the control group. The results of this
study not only indicated that Penaeus vannamei cell structure would change and mortality
would increase under high carbonate alkalinity culture environment, but they also analyzed
the changes of the intestinal microbial structure under carbonate alkalinity stress. This
study could provide theoretical reference for Penaeus vannamei saline–alkali land culture.

Keywords: carbonate alkalinity; Penaeus vannamei; antioxidant enzyme activity; 16SrDNA
high-throughput sequencing
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Key Contribution: We analyzed the intestinal microbial structure of Penaeus vannamei
under different levels of carbonate alkalinity stress, and the research results are helpful
for screening the saline–alkali resistant strain Penaeus vannamei and preparing for the
selection of saline–alkali acclimation, providing theoretical reference for the development
of saline–alkali water culture.

1. Introduction
As a large country of saline–alkali land, China is one of the countries with the most

severe soil salinization in the world, covering an area of 99.13 million hectares of alkaline
land and 46 million hectares of saline–alkali water, which are distributed in Northeast
China, North China, northwest inland areas and eastern coastal areas [1]. Because saline–
alkali land and saline–alkali water cannot be directly used for agriculture, most of them
are in a barren and idle state, which greatly restricts the development of the aquaculture
industry. The development of saline–alkali land aquaculture is not only conducive to
expanding the development space of fisheries—improving the development and utilization
rate of land resources in saline–alkali areas can also restore saline–alkali soil and increase
certain economic benefits [2]. Therefore, how to efficiently develop and utilize saline–alkali
waters has become an important issue concerning people’s livelihood at present, as the
regions with high soil salinization often have poor ecological environment and production
conditions, weak economic foundations, and increasing secondary salinized soil [3–5], and
it is also a huge challenge we are currently facing. Previously, a number of scholars have
carried out relevant experiments on shrimp culture in saline–alkali waters along the coast,
among which the research on saline–alkali waters culture of Penaeus vannamei is relatively
complete. Penaeus vannamei is native to the coastal waters of the west Pacific Ocean. Since
it was introduced to China in 1988, because of its fast growth rate, strong adaptability to
the water environment, rich nutrition and delicious taste, Penaeus vannamei, as one of the
three kinds of fine shrimp species with the highest production in the world, has become
one of the most important coastal aquaculture shrimp species in China. According to the
China Fishery Statistical Yearbook, China’s Penaeus vannamei mariculture area increased
from 89,000 hectares in 2003 to 178,000 hectares in 2020. Aquaculture output increased from
605,000 tons in 2003 to 1.863 million tons in 2020, which greatly promoted the development
of China’s aquaculture industry. This makes Penaeus vannamei an important economic
species, and it has now become the pillar industry of prawn breeding in China [6–8].

Studies have shown that Penaeus vannamei has a certain tolerance to saline–alkali
water environments and is one of the main aquatic animals that can be cultured in saline–
alkali water bodies. In recent years, breeding in saline–alkali water bodies has developed
rapidly [8]. Yang et al. [6] showed that by adding natural saline–alkali water to desalinated
shrimp pond water to improve the level of domestication, the comprehensive adaptability
of young shrimp to a saline–alkali water environment could be enhanced. However, the
long-term exposure of Penaeus vannamei to an environment with high carbonate alkalinity
will change its metabolic pattern, especially the functions of ABC transporters, protein
digestion and absorption, amino acid biosynthesis and metabolism, resulting in damage
to the body’s immune system and a series of adverse reactions [9]. Liu et al. [8] showed
that the survival, growth, metabolism and enzyme activity of Penaeus vannamei were the
best when the salinity of aquaculture water was 15 mmol/L. Under this salinity condition,
Na/K remained at 40 and 50 (natural seawater Na+/K+ is 26.15). The survival, growth,
metabolism and enzyme activities of Penaeus vannamei are high, which indicates that
water seepage from saline–alkali soil can be used for Penaeus vannamei culture after proper
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allocation. Liu et al. found that the content of unsaturated fatty acids in the muscles
of Penaeus vannamei cultured in salt–alkali water was higher than that in fresh water.
Meanwhile, the nutritional quality grade evaluation of freshwater-, salt–alkali water- and
marine-raised prawns showed that salt–alkali water was higher than seawater [10], but in
water bodies with an alkalinity of 3 mmol/L and 10 mmol/L, the basic nutrients (moisture,
ash, crude protein and crude fat) in Penaeus vannamei muscle had no significant differences,
but there was a greater impact on the content and composition of free amino acids in the
muscle. This indicates that Penaeus vannamei can cope with the osmotic pressure of high
alkalinity in the environment by regulating the content and composition of free amino acids
in muscle [2]. When the alkalinity is too high, the immune function of Penaeus vannamei
will also be inhibited, including increased oxygen consumption, DNA damage, decreased
SOD and other immunoenzyme-related activities, and decreased disease resistance [11,12].
At the same time, the acid–base balance was regulated by increasing ion regulation, so as
to cope with the stress of high carbonate alkalinity. Through the transcriptomic analysis of
Penaeus vannamei under carbonate alkalinity stress, Mo et al. [13] showed that CA and NKA-
α genes played key roles in the regulation of adaptive ions with high carbonate alkalinity.
Moreover, studies have found that Penaeus vannamei can transform sugars in the body into
lipids and other substances for use as energy sources through the process of glycolysis, thus
participating in acid–base regulation in the body [14]. Huang et al. applied double-enzyme
cut site-related DNA sequencing technology to genotype the parents and progeny of white
Penaeus vannamei cultured with high carbonate alkalinity. By constructing gene maps and
accurately locating the high-alkaline discomfort and growth quantitative trait locus, this
was conducive to the smooth development of molecular marker breeding [15].

To sum up, Penaeus vannamei has basically been cultured in saline–alkali waters,
and there are abundant studies on its nutritional composition and gene expression at
the molecular level [16]. However, few reports have been produced on its intestinal
microecology under high alkalinity stress. Based on this, 16S rDNA high-throughput
sequencing technology was used in this study to analyze the intestinal flora structure of
Penaeus vannamei under high, medium and low carbonate alkalinity stress, aiming to reveal
the salt–alkali tolerance mechanism of Penaeus vannamei. This provides reference data
for breeding Penaeus vannamei in saline–alkali land and a theoretical basis for breeding
saline–alkali-tolerant strains.

2. Materials and Methods
2.1. Sample Collection

Penaeus vannamei was taken from Yingkou Breeding Station, Chinese Academy of
Fishery Sciences. Shrimp with good vitality and relatively consistent specifications were
selected for the experiment, with a body length of 14.24 ± 2.13 cm and a body weight
of 26.31 ± 3.26 g. A control group (C) was subjected to normal aquaculture water with
an alkalinity of 4 mmol/L, and there were three alkalinity treatment groups (8 mmol/L,
18 mmol/L, 28 mmol/L. The treatment groups set up in the experiment, referred to as
E8, E18, and E28, each included three replicates (sixteen Penaeus vannamei were placed
in each repeated treatment group). The water in the experimental group was configured
by adding an appropriate amount of sodium bicarbonate (for group E8, we added about
100.8 g sodium bicarbonate; for group E18, we added about 226.8 g sodium bicarbonate;
and for group E28, we added about 352.8 g sodium bicarbonate). The alkaline titration
method was used to determine the alkalinity [17]. Shrimp in each group were cultured
in a 300 L square tank. During the experiment, the light was 12 h, the darkness was 12 h,
one-third of the water was changed every day, the average water temperature was 26 ◦C,
the dissolved oxygen content in the water was 6.8 mg/L, the ammonia content in the water
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was 0.7 mg/L, the PH of the control group was 7.7, the PH of the E8 group was 8.2, the PH
of the E18 group was 8.5, and the PH of the E28 group was 8.9. The alkalinity was measured
by acid–base neutralization titration every 6 h, and the fixed concentration of the stock
solution was adjusted to the target—this ensured stable alkalinity. The experiment lasted
for 96 h. After the end of the culture, six tail shrimp from each group were dissected, part
of the hepatopancreas tissues were taken out and soaked in paraformaldehyde solution for
fixation, and the remaining intestines and hepatopancreas tissues were frozen at −80 ◦C.

2.2. Observation of Hepatopancreas Tissue Section

The Penaeus vannamei hepatopancreas tissue was removed from the fixed solution (4%
polyformaldehyde), repaired and smoothed with a scalpel in the ventilator and placed in
the embedding frame. Dehydration was carried out with different concentrations of alcohol
(75% alcohol 4 h, 85% alcohol 2 h, 90% alcohol 2 h, 95% alcohol 1 h). The wax-soaked
tissue was embedded in the embedding machine and cooled at −20◦ after the wax block
solidified. After the wax solidified, the wax block was removed from the embedding
frame and trimmed, and the trimmed wax block was placed in the paraffin microtome for
slicing, then sectioned (5–6 µm thickness) using an HM 325 microtome (MICROM, Munich,
Germany) and dyed with hematoxylin/eosindyes. The tissue structure was observed under
a microscope.

2.3. Enzyme Activity Determination

SOD (A001-2-2), CAT (A007-2-1), GSH-Px (H545-1-2), AKP (A059-2-2) and MDA (A003-
1-1) were detected using kits purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Liver samples were homogenized and diluted with cold physiological
saline at a ratio of 1:9 (w:v). After centrifugation at 3000 rpm/s for 10 min at 4 ◦C, the super-
natant was collected. Enzyme activities were measured following the kit manufacturer’s
instructions. Optical density (OD) values were determined using an absorbance microplate
reader (SpectraMax Plus 384, Molecular Devices, San Jose, CA, USA) at 550 nm (SOD),
405 nm (CAT), 412 nm (GSH-Px), 520 nm (AKP), and 532 nm (MDA), respectively. Based
on the TP concentrations in each sample, the contents for each physiological indicator were
calculated according to the corresponding formulas. TP concentrations were measured
using the Coomassie brilliant blue G-250 method.

2.4. DNA Extraction

The total intestinal DNA of Penaeus vannamei was extracted by an OMEGA Soil DNA
kit (Omega Bio-Tek Inc., Norcross, GA, USA), and the concentration, purity and integrity
of the extracted DNA were detected by a NanoDrop 2000 ultramicro spectrophotometer
(Thermo Corporation, Waltham, MA, USA) and 1% agarose gel electrophoresis.

2.5. PCR Amplification and High-Throughput Sequencing

The total DNA extracted from the above samples was amplified by PCR using pri-
ors 341F (5′-CCTAYGGGRBGCASCAG-3′) and 805R (5′-CGACTACNNGGGTATCTAAT-
3′) [18] of the V3-V4 fragment of the bacterial 16Sr RNA gene. Amplification products were
sent to the illumina NovaSeq sequencing platform for high-throughput sequencing.

2.6. Data Analysis

We classified the sequence data using Flash (Version 1.2.11) software; classified and fil-
tered the original sequence data to obtain the complete sequence; classified the sequence by
species annotation using the QIIME2 classify-sklearn algorithm; and used PICRUST2 soft-
ware to predict the microbial gene function. The T-test statistical method was used to test
the difference between the samples (p < 0.05).
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3. Results
3.1. Effects of Alkalinity Stress on Mortality of Penaeus vannamei

The cumulative mortality trend of Penaeus vannamei under alkalinity stress is shown
in Figure 1. With the increase in carbonate alkalinity stress time, the mortality rate of the
experimental group gradually increased, while the cumulative mortality rate of Penaeus
vannamei in the control group was 6.25%, and the highest cumulative mortality rate of
group E28 was 75%. The cumulative mortality was 43.75% in group E18 and 31.25% in
group E8.
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Figure 1. With the increase in time, the mortality of Penaeus vannamei under different levels of
carbonate alkalinity stress.

3.2. Tissue Section Observation

The results of the Penaeus vannamei hepatopancreas tissue section showed that the
nucleus shape was abnormal and cell vacuolation was serious in the E28 group (Figure 2a),
while the nucleus shape was intact and the cell tissue was normal and invisible (Figure 2b).
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3.3. Changes of Enzyme Activity Indexes of Penaeus vannamei Under Different Alkalinity Stress

In the three alkalinity stress groups, with the increase in carbonate basicity, the activi-
ties of Penaeus vannamei superoxide dismutase SOD, catalase CAT and alkaline phosphatase
AKP first increased and then decreased, while the activities of glutathione peroxidase
GSH-PX gradually decreased. The SOD activity, GSH-PX activity and CAT activity of the
experimental group were significantly lower than those of the control group (p < 0.05).
In the experimental groups, the MDA content in the other two groups was significantly
decreased compared with the control group, except the E18 group (p < 0.05), and AKP
activity of the experimental groups was significantly different from that of the control
group (p < 0.05) (Figure 3).
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stress. (a) Changes of SOD activity under different levels of carbonate alkalinity stress, (b) Changes
of CAT activity under different levels of carbonate alkalinity stress, (c) Changes of GSH-PX activity
under different levels of carbonate alkalinity stress, (d) Changes of MDA content under different
levels of carbonate alkalinity stress, (e) Changes of AKP activity under different levels of carbonate
alkalinity stress. Different letters above the figure indicate significant differences (p < 0.05).
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3.4. High-Throughput Sequencing Results

We carried out the quality control and reading splicing of the original data, as well
as the chimeric filtering of the splicing data, to obtain valid data for subsequent analysis.
According to the Wynn diagram (Figure 4), 78 identical OTUs were found in different
alkalinity treatment groups, among which 119, 407, 501 and 280 unique OTUs were found
in the high-, medium-, and low-alkalinity and control groups, respectively.
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3.5. Alpha and Beta Diversity Index Analysis

With the increase in carbonate alkalinity, the Shannon index and Simpson index in
the experimental group showed a trend of first increasing and then decreasing, but the
difference among all groups was not significant (p > 0.05). However, the Chao1 index
in the experimental group showed a trend of declining, with no significant difference
among all groups (p > 0.05). The proportion of indexes in each group is shown in Table 1
below. The results showed that the intestinal wall cells of Penaeus vannamei in group
E18 were destroyed, a large number of microorganisms in the intestine were released, and
the diversity index increased. In group E28, due to the high carbonate alkalinity, a large
number of microorganisms died, and the diversity index decreased.

Table 1. Alpha diversity index of microbial community in the sample.

Sample Name Chao1 Shannon Simpson

C 23.67% 95.96% 25.30%
E8 31.67% 1.36% 24.90%

E18 29.22% 1.74% 28.01%
E28 15.44% 0.95% 21.79%

Note: C: control group, E8: 8 mmol/L group, E18; 18 mmol/L group, E28; 28 mmol/L group.

Principal coordinates analysis (PCoA) was used to evaluate the differences in intesti-
nal flora diversity of Penaeus vannamei. As shown in Figure 5, the control group and the
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E8 group are mainly distributed in the fourth quadrant, while groups E18 and E28 are
mainly distributed in the second quadrant. These results indicated that there were cer-
tain differences in the intestinal flora of Penaeus vannamei treated with different levels
of alkalinity.
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Figure 5. PCoA analysis of intestinal microbes of Penaeus vannamei.

3.6. Microflora Structure and Cluster Analysis at Gate Level

Bacteroidota (59.42%) and Proteobacteria were the main groups in the intestinal flora
of group E28 (Figure 6a,b). Based on the analysis of the flora structure at the phylum level,
Bacteroidota (59.42%) and Proteobacteria (38.72%) were the main groups, while Firmicutes
was less present (1.24%). In the intestinal flora of the E18 group, the main categories
are Bacteroidota (46.01%), Proteobacteria (43.28%), Firmicutes (8.11%) and Actinobacte-
riota. However, there were two less-significant categories: Desulfobacterota (0.59%) and
Patescibacteria (0.48%). Among the intestinal bacteria in group E8, the main categories
were Bacteroidota (49.48%), Proteobacteria (36.74%), Thermotogota (5.25%) and Actinobac-
teriota (3.94%). In the control group, the main intestinal flora were Proteobacteria (47.81%),
Bacteroidota (47.72%) and Firmicutes (2.18%).
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3.7. Microflora Structure and Cluster Analysis Based on Genus Level

Based on the analysis of the bacterial community structure at the genus level, the
column chart of bacterial abundance of samples in each group was obtained (Figure 7a,b).
Chryseobacterium was the main bacteria in the intestinal tract of Penaeus vannamei of group
E28 (59.20%), while Stenotrophomonas (29.80%) and Photobacterium (2.41%) were also present.
The main bacteria genera in the gut of Penaeus vannamei in the E18 group were Chry-
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seobacterium (40.93%), Vibrio (17.96%) and Stenotrophomonas (15.92%). The main bacteria
in the intestinal tract of Penaeus vannamei in group E8 were Chryseobacterium (42.90%) and
Stenotrophomonas (20.65%). The main bacteria in the intestinal tract of Penaeus vannamei in
the control group were Chryseobacterium (45.91%) and Stenotrophomonas (24.80%).
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3.8. COG Functional Annotation Analysis

As can be seen from Figure 8a,b (a functional abundance heat map based on COG),
Penaeus vannamei in the control group and the treatment groups with different levels of
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alkalinity was mainly enriched by NAD(P)-dependent dehydrogenase; the short-chain
alcohol dehydrogenase family; signal transduction histidine kinase; DNA-binding response
regulator; the OmpR family, which contains REC and a winged-helix (wHTH) domain;
predicted arabinose efflux permease; and the MFS family. Due to the high proportion of
other metabolites (more than 90% in both the experimental group and the control group)
affecting the data analysis, the top 10 metabolites were selected for mapping after the
removal of the others.
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3.9. KEGG Function Annotation Analysis

Based on the KEGG database (Figure 9a,b), the top 10 metabolites enriched in Penaeus
vannamei (in addition to others) in the control group and the treatment groups with different
levels of alkalinity mainly annotated the RNA polymerase sigma-70 factor pathway, a
complex outer-membrane receptor protein, an ABC-2 type transport system ATP-binding
protein, and an ABC-2 type transport system permease protein.
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4. Discussion
Under normal environmental conditions, aquatic animals will produce free radicals

during life activities such as life metabolism, but the production of free radicals is in a
dynamic balance with the body’s antioxidants [19]. However, when stimulated by the
external environment (a sudden rise in alkalinity), this balance will be disrupted, resulting
in an increase in the content of free radicals in animals. Peroxide substances and reactive
oxygen metabolites (ROS) are produced [20], while antioxidant enzymes such as SOD,
CAT and GSH-PX play a role in the antioxidant defense mechanism of organisms, clearing
reactive oxygen molecules and enhancing the defense ability of phagocytes and the immune
capacity of the body [21]. Therefore, after Penaeus vannamei was subjected to alkalinity
stress, resulting in a stress reaction, the section results showed that the nucleus shape
was abnormal and the cell vacuolation was serious, The reason for this phenomenon may
be that high carbonate alkalinity stress will cause damage to the tissue structure of the
gill and intestine, affect the respiratory metabolism, digestion and absorption capacity of
the body, and lead to a slower growth rate [22]. Salt and alkali stress would break the
hepatopancreas structure of Penaeus vannamei, swelling its internal structure and leading to
the deformation of the hepatopancreas nucleus. At the same time, the activity of antioxidant
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enzymes increased within a certain range but tended to decrease after reaching a certain
intensity [23]. In this study, with the increase in alkalinity concentration, the SOD, CAT, and
GSH-PX activities and MDA contents in group E8 were significantly lower than those in the
control group, suggesting that Penaeus vannamei may have an appropriate alkalinity survival
range that is higher than that of the control group (3 mmol/L) [24]. MDA has the same
variation rule, which further validates our speculation that the breeding-water alkalinity
of Penaeus vannamei should be appropriately increased during breeding. Moreover, our
results show that an alkalinity of 8 mmol/L is the most suitable for the survival of shrimp,
which is also consistent with the alkalinity range recommended by China for the breeding
of euryhaline shrimp [25]. Compared with the E8 group, the MDA content in the Penaeus
vannamei hepatopancreas was significantly increased due to the high alkalinity stress in
E28 [26,27].

According to the clustering analysis, at the phylum level, the main categories in the
intestinal tract of Penaeus vannamei in different treatment groups were Proteobacteria, Bac-
teroides and Firmicutes. Proteobacteria is a common group in the intestinal tract of aquatic
animals. It is also an important component of Penaeus vannamei intestinal microorgan-
isms [28]. For example, Sun et al. [29] found that Proteobacteria and Firmicutes were the
dominant phyla in the lower intestinal microorganisms of the South American white couple
based on sequencing results of the 16SrRNA gene. Yu et al. [30] sequenced the intestinal
microorganisms of healthy and diseased Penaeus vannamei, and the results showed that
Proteobacteria and Firmicutes were the dominant bacteria in Penaeus vannamei. Mente
et al. [31] studied the gut microbes of Macrobrachium rosenbergii at different stages of molt-
ing and found that the main microbial categories in the gut were gamma-Proteobacteria,
followed by Firmicutes. Tzeng et al. [32] studied the intestinal microorganisms of Mac-
robrachium nipponense growing in different environments and found that the main flora
were Proteobacteria and Firmicutes, respectively. Chen, using macro-genome sequencing
technology on Eriocheir sinensis gut microbes, found an advantage of intestinal bacteria for
Tenericutes, Bacteroidetes, Proteobacteria and Firmicutes [33]. Proteobacteria, as the domi-
nant microphyla in the gut of many aquatic animals, plays an important role in stabilizing
carbon and nitrogen cycling, energy conversion and ammonia nitrogen degradation in
organisms [34,35]. In this study, Proteobacteria abundance in the gut of Penaeus vannamei in
different alkalinity treatment groups was significantly lower than that in the control group.
Under external environmental stress, the content of Proteobacteria will decrease, thus
affecting both the metabolic and digestive functions of animals [36], even inducing changes
in the functions of Proteobacteria under multiple stresses [37]. Bacteroidetes, as one of the
dominant phyla in this study, are an important part of marine plankton bacteria, which
can live in seawater and have rich genetic and metabolic diversity. They can decompose
polysaccharides through fermentation and produce extracellular hydrolase to degrade
biological macromolecules, such as chitin, AGAR, DNA, etc. They constitute an important
functional group in the carbon cycle [38–40]. Bacteroides are often found in the gut of
humans, fish, shrimp and other animals, and these bacteria are considered to be inherent
indigenous bacteria in the gut and have a complex relationship to the host, but they usually
have a probiotic effect [37]. At the same time, studies have found that Bacteroidetes have
antibacterial diversity, and when external pathogens invade, Bacteroidetes can provide
a certain degree of protection against pathogen invasion [41]. The results of this study
showed that the abundance of Bacteroides in the gut of Penaeus vannamei in group E28 was
significantly higher than that in the control group, indicating that when Penaeus vannamei
was subjected to high carbonate alkalinity stress, the types of intestinal microbiota changed
in response to changes in the external environment. Firmicutes, as one of the most in-
dispensable and important categories during the development of Penaeus vannamei, are
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candidate probiotics in the gut, which can maintain the body’s energy metabolism and
help degrade nitrogen-containing organic matter [42,43]. In this experiment, the propor-
tion of Firmicutes is lower than that of Proteobacteria and Bacteroidetes. The presence of
Penaeus vannamei suggests that it may have some influence on the metabolic activity of
Penaeus vannamei.

At the genus level, the main bacteria genera in Penaeus vannamei’s gut were Chrysobacil-
lus, Stenotrophomonas and Vibrio. Chrysobacterium is an aerobic Gram-negative bacterium
with a rod-shaped, golden-yellow colony. It is found everywhere in nature, mostly in
soil and water, and most settles on taps or water pipes [44]. Studies have shown that
Chrysobacterium has a certain pathogenicity, but the probability is low, and some strains of
this bacterium encode proteins related to transcription and translation, which are essential
for the transfer of DNA bound to bacteria [45]. Prakash Victor et al. [46] isolated this bac-
terium from Tetraodon cutcutia, and based on the phylogenetic tree, it has been shown that
C. Chrysobacillus may have virulence factors affecting somatic cell reproduction, immune
response and cell membrane stability. The results of this study showed that the abundance
of Chrysobacterium in the intestines of Penaeus vannamei under high alkalinity stress was
significantly higher than that of the control group, indicating that when exposed to external
environmental stress, the abundance of Chrysobacterium in organisms increased and the risk
of disease increased. This also verified that Penaeus vannamei in the high-concentration treat-
ment group had the highest death rate after the end of the experiment, but the Chrysobacillus
in the intestine of the other two treatment groups was also of a dominant genera, indicating
that both genera had the versatility to adapt to different environments. Moreover, both gen-
era are currently confirmed to have drug resistance [45,47]. In addition to Chrysobacterium,
as one of the dominant bacteria in the intestinal tract of Penaeus vannamei in this study,
Stenotrophomonas has important functions, such as the activity of hydrolyzed proteins, lipids
and chitinase in organisms, among which chitinase may be involved in the regulation of
the immune system [48]. At present, Stenotrophomonas has been confirmed to participate
in the biological control mechanism, mainly including the production of antibiotics and
the activity of extracellular enzymes [49]. However, at the same time, it has been found
that Stenotrophomonas is also a kind of pathogenic bacteria originating from the natural
environment with a certain probability of causing disease to organisms [50], but it often
occurs in hosts in poor states or with low immunity. This was rarely found in healthy
individuals [51]. Maqbool et al. [52] sampled and analyzed the kidneys of the cultured
rainbow trout Oncorhynchus mykiss from India, where infectious diseases were prevalent,
and isolated Stenotrophomonas, a mobile aerobic non-fermentive bacterium with multi-drug
resistance [53]. At present, there exist a variety of research experiments on the death of
Stenotrophomonas on fish. When the abundance of Stenotrophomonas flora in fish increases
to a certain level, the fish will not eat or even die [54,55]. Moreover, some studies have
shown that when external environmental conditions, such as food, change, and when
culture density increases and temperature changes, the fish will not eat. This will greatly
increase the abundance of Stenotrophomonas in fish and lead to a significant increase in
mortality [56]. The results of this study showed that the abundance of Stenotrophomonas in
the intestinal tract of Penaeus vannamei in the group with the highest carbonate alkalinity
was significantly higher than that in the control group, indicating that when the alkalinity
of aquaculture water changes, Penaeus vannamei has a risk of disease. This directly led to
the highest mortality in group E28, which is consistent with the results of this study.

The microbial function prediction results showed that the functional abundance of the
RNA polymerase sigma-70 factor and the ECF subfamily in the high carbonate alkalinity
treatment group was higher than that in the control group. Bacterial sigma is an important
component of RNA polymerase. Substituting one sigma factor for another sigma factor can
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redirect part or all of the RNA polymerase in the cell. Studies have shown that sigma is
released when stimulated by the external environment and combines with RNA polymerase
for transcription process [57]. In this study, under the stress of high carbonate alkalinity,
it was speculated that the intestinal structure of Penaeus vannamei was changed and the
probability of bacterial invasion was increased, which led to the increase in the RNA
polymerase sigma-70 factor and the functional abundance of the ECF subfamily. In most
cases, when an animal senses changes in the external environment, the stimulus is sensed
by the histidine kinase and transmitted to the response regulator, which binds to DNA and
mediates the cellular response, thus enabling the body to respond to, sense and adapt to
environmental changes [58]. In this study, the variation of the functional abundance of the
signal transduction of histidine kinase also confirms this view.

5. Conclusions
Under the environmental stress of high carbonate alkalinity, Penaeus vannamei dis-

played increased mortality, an abnormal nucleus shape, and serious cell vacuolation, which
affected the normal metabolic activities of the body. Meanwhile, the 16S rDNA high-
throughput sequencing results showed that the abundance of pathogenic bacteria in the gut
of Penaeus vannamei under the stress of high carbonate alkalinity increased; the perception
rate of histidine kinase decreased; and the body could not make timely adjustments to
adapt to changes in the external environment, resulting in increased mortality. Therefore,
this study suggests that a levels of carbonate alkalinity above 18 mmol/L is unfavorable
to Penaeus vannamei culturing. In the future, our next research direction will be to explore
the alkalinity range to which Penaeus vannamei is best adapted and the mechanism under
alkalinity stress, and we intend to carry out the breeding of saline–alkali-tolerant strains
of Penaeus vannamei and investigate breeding in saline–alkali waters. This study aims to
analyze the saline–alkali tolerance mechanism of Penaeus vannamei and provide reference
materials for saline–alkali soil culture.
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