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The shortage of fishmeal (FM) resources limits the healthy development of
aquaculture. Developing new protein sources to replace FM in aquatic feeds is
an effective measure to alleviate this situation. However, the application effect
of new protein sources is greatly affected by water salinity, which is an
important parameter of aquaculture. In this study, the growth, disease
resistance, and intestinal digestion, immunity, and microbiota structure of
Litopenaeus vannamei (initial weight: 0.38 + 0.01 g) fed on Clostridium
autoethanogenum protein (CAP) or not at three different water salinities
(15 %0, 30 %o, and 45 %.) were compared, aiming to explore the effects of
dietary CAP on shrimp when suffering different salinity stresses. The results
showed that the growth performance, feed utilization, and survival rate (SR)
after pathogen challenge of L. vannamei could be significantly improved by
dietary CAP when compared with the control at the same salinity and they were
also significantly affected by salinity changes when L. vannamei was fed on the
same protein source. With the increase in salinity, obvious upregulation was
observed in the activities and gene expression of digestive enzymes both in L.
vannamei fed on FM and CAP, with significantly higher levels in L. vannamei fed
on CAP than in those fed on FM at the same salinity. Meanwhile, the expression
levels of immune genes in the CAP group were significantly higher than those in
the FM group at different salinities. The intestinal microbiota analysis showed
that CAP could increase the relative abundance of beneficial bacteria and
decrease the relative abundance of harmful bacteria in the intestine of L.
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vannamei at the phylum, family, and genus levels, and it was more affected by
salinity changes when compared with FM. Besides, the changes in salinity and
protein sources led to different changes in the intestinal microflora function of
L. vannamei. In sum, this study indicated that CAP could improve the growth,
disease resistance, digestive capacity, and intestinal microflora of L. vannamei
with a much more intense immune response and enhance its ability to cope
with salinity stress.

KEYWORDS

Litopenaeus vannamei, Clostridium autoethanogenum, salinity, growth performance,
intestinal microbiota

1 Introduction

Aquaculture can economically provide high-quality animal
proteins for the global population (1). In the past 40 years,
aquaculture production worldwide has increased rapidly to
satisfy the increasing demand for animal protein consumption
(2). Up to now, aquatic products have been considered the third-
largest source of animal proteins (3). Rapidly increased
aquaculture production results in a strong demand for
fishmeal (FM), which is the indispensable source of high-
quality protein in aquatic feeds (4). The shortage of FM has
become one of the biggest problems facing the global aquatic
feeds industry, which has seriously affected the healthy and
sustainable development of the aquatic feeds industry (5). The
threat in the future is that overfishing will lead to an ecological
imbalance in the marine ecosystem because FM mainly comes
from fishing (6). Thus, the development of suitable novel protein
sources will meet the growing needs of the rapidly growing
aquaculture industry (7).

Litopenaeus vannamei is the largest shrimp species in the
world in consumption and cultivation. The annual production of
L. vannamei in 2019 was 5.5 million tons (8). Generally, the
protein requirements of L. vannamei are high and the best
protein level for shrimp feed is 35% to 40% (9). FM is also the
most common protein source for L. vannamei as for most
aquatic animals, accounting for 30% of the feeds (10).
Therefore, looking for substitutes for FM is of great
significance for the healthy development of L. vannamei
aquaculture. L. vannamei is a euryhaline shrimp species with a
salinity tolerance range of 0.5-78 %o (11, 12). Salinity is a crucial
environmental factor for aquatic animal reproduction, growth,
development, and survival (13-15). In general, L. vannamei
could effectively maintain osmotic pressure and ion regulation
under different salinities to adapt to the environment (16).
However, the survival, growth, and immunity varied according
to the different salinities, which was mainly due to the energy
digestibility changes (17-20). L. vannamei provides sufficient
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energy to effectively cope with changes in salinity mainly
through food intake. If not, it uses its own body energy
sources, resulting in slow growth, low survival rate, and so on
(21). It has been reported that protein is a fundamental source of
energy during salinity changes. L. vannamei reared in high
salinity required high dietary protein than those reared in low
saline waters (22, 23). This does not support sustainable
aquaculture growth since high protein levels not only increase
the cost of the feeds but also increase protein catabolism, which
increases the organic load and environmental pollution (21).
Therefore, it is essential to identify cheap protein energy sources
to spare dietary protein in the shrimp culture.

At present, the development and application of novel protein
sources in shrimp feeds mainly focus on plant protein, animal protein,
and single-cell protein (SCP) sources (24). However, the use of plant
protein is limited due to its unbalanced amino acid composition, the
presence of anti-nutritional factors, and poor taste. At the same time,
the nutritional content of animal protein sources usually varies with
the season or product batch, and animal protein’s biological safety
must also be considered. SCP, also known as microbial protein, is not
only rich in protein and amino acids but also in vitamins, minerals,
nucleotides, and immune polysaccharides and has gotten a lot more
favour (25). Clostridium autoethanogenum protein (CAP) is a by-
product of Clostridium autoethanogenum fermentation to produce
ethanol. Clostridium autoethanogenum can produce ethanol and
CAP by using CO produced by industrial tail gas as a carbon
source and ammonia water as a nitrogen source. As a high-quality
SCP, the protein content of CAP can be as high as 80%. Besides, CAP
is rich in essential amino acids, easy for animals to digest and absorb,
and contains no anti-nutritional factors. CAP has been used in several
aquaculture species, including Acanthopagrus schlegelii, Micropterus
salmoides, Cyprinus carpio var. Jian, and L. vannamei, with the effect
of improving growth performance, feed utilization, anti-oxidation,
intestinal health, and immune response (26-31). In a basal diet
containing 560 g/kg FM, CAP could substitute 30% FM without
adverse effects on growth, intestinal histology, and immunity, while
higher FM substitution decreased the growth and flesh quality of L.
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vannamei (27, 32). However, the application effect of CAP on L.
vannamei at different salinities has not been investigated up to now.

In this study, the ability of L. vannamei to utilize CAP at
different salinities was investigated from the aspects of growth
performance, disease resistance, intestinal digestive capacity,
immunity, and microbiota structure, which could provide a
theoretical reference for the application of C. autoethanogenum as
a new protein source in aquatic feeds.

2 Materials and methods
2.1 Diet preparation

Two isoproteic and isolipidic diets were made as shown in
Table 1. The control diet was designed using FM (589 g/kg) as
the only protein source. Under the premise of using 150 g/kg FM
to meet the basic requirement for normal growth (10), 354g/kg
CAP was used as the only protein source to replace FM in the
experimental diet. All raw materials were crushed and screened
through an 80-mesh screen. After the raw materials were mixed

TABLE 1 The formula and proximate composition of the diet (dry
matter/%).

Ingredients (%) Groups

FM CAP
Brown fish meal 58.90 15.00
CAP 0.00 35.40
Corn starch 20.00 20.00
Fish oil 0.36 2.52
Corn oil 0.36 2.52
Soyabean lecithin 1.00 1.00
Vitamin and mineral premix® 1.20 1.20
Choline chloride 0.50 0.50
Ethoxyquin 0.05 0.05
Attractant” 0.10 0.10
Ca(H,PO,), 1.20 1.20
Vitamin C 0.05 0.05
Cellulose microcrystalline 16.28 20.45
Total 100.00 100.00
Proximate composition (%)
Crude protein® 41.39 40.85
Crude lipids® 7.53 7.66
Ash 11.56 5.16
Moisture 7.32 7.64

*Vitamin and Mineral Premix (kg ' of diet) includes the following contents: thiamine, 5
mg; riboflavin, 10 mg; vitamin A, 5,000 IU; vitamin D3, 1,000 IU; vitamin E, 40 mg;
menadione, 10 mg; pyridoxine, 10 mg; biotin, 0.1 mg; cyanocobalamin, 0.02 mg; calcium
pantothenate, 20 mg; folic acid, 1 mg; niacin, 40 mg; vitamin C, 150 mg; FeSO,-H,0, 303
mg; KIOs, 1.3 mg; Cu,(OH);Cl, 5 mg; ZnSO,H,0, 138 mg MnSO,H,O, 36 mg;
Na,SeOs, 0.6 mg; CoCl,-6H,0, 0.8 mg.

"The attractant is betaine.

“Crude protein and crude lipid contents were measured value.
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by a step-by-step expanding method, they were fully mixed by a
V-type mixer (JS-14S, Zhejiang Chint Electrics Co., Ltd.,
Zhejiang, China). Fish oil, corn oil, and soybean lecithin were
added and mixed again, followed by adding some water to the
mixture, and then extruded using a twin-screw extruder (M-256,
South China University of Technology, Guangzhou, China). The
feed pellets were baked at 75°C for 20 min and air-dried
naturally, and then stored in the refrigerator at 20°C. CAP was
provided by Beijing Shoulang Bio-technology Co., Ltd., Beijing,
China. The crude protein, crude lipid, crude ash, and moisture of
CAP were 84.21%, 0.19%, 3.27%, and 7.14%, respectively.

2.2 Collection and acclimatization of the
trialled L. vannamei

The L. vannamei larvae were provided by Zhanjiang Yuehai
Aquatic Fry Co., Ltd. (Zhanjiang, China). 240 L. vannamei (initial
weight of 0.38 + 0.01 g) were randomly divided into two equal
groups and fed on FM or CAP diets. The FM or CAP group was
equally divided into three subgroups at three salinities of low
salinity (15 %o), medium salinity (30 %o), and high salinity (45
9%o), which were set as previous studies (33, 34). Three biological
replicates were set for each subgroup with 40 individuals placed
in 300-litre fiberglass tanks. L. vannamei were further adapted to
low and high salinity. Artificial seawater salt (Jiangxi Yantong
Technology Co., Ltd., Jiangxi, China) was used to gradually
increase salinity to 45%o for high salinity, and freshwater was
used to gradually decrease salinity to 15%o for low salinity from
the original medium salinity of 30%o, being changed by 2%o per
day. Thus, there were six treatments with three replicates per
treatment, that is FM15%o0, FM30%0, FM45%0, CAP15%o,
CAP30%o, and CAP45%o groups, respectively. L. vannamei
were fed four times daily at the following times: 7:00 am, 11:00
am, 17:00 pm, and 21:00 pm. At the beginning of the experiment,
L. vannamei were fed on an amount of feeds equivalent to 10% of
their body weight. 0.1 g of feed was added to the amount of feed
per tank per day if the shrimp finished eating within 30 minutes.
One-third of the water was replaced each day by water with pre-
adjusted salinity from a reservoir. The temperature, ammonia
nitrogen, dissolved oxygen, and pH were monitored daily and
maintained between 27-30°C, <0.05 mg/L, >6.0 mg/L, and 7.7-
8.0, respectively.

2.3 Sample collection

After 24-hour starvation at the end of 8 weeks of feeding, the
shrimps were counted and weighed to measure survival rate (SR)
and the overall body weight indicators, including the final body
weight (FW), weight gain rate (WGR), specific growth rate (SGR),
and protein efficiency ratio (PER). Intestines from nine shrimps
were randomly collected from each tank into three samples, to
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analyze the intestinal digestive enzyme activity, gene expression,
and microbiome structure. After being placed in liquid nitrogen for
rapid freezing, samples were transferred to —80°C storage for
subsequent analysis.

2.4 Growth performance analysis

Based on the recorded data, the indices for the assessment of
growth performance, including SR, WGR, SGR, FCR, and PER,
were calculated as follows:

Final shrimp number
= 100

SR(%) =
(%) Initial shrimp number

[Ln (Final body weight) — Ln (Initial body weight)]
Days

SGR (% d™!) =

x 100

(Final body weight — Initial body weight)

WGR (%) = 100
(%) Initial body weight X
FCR = Feed intake
- (Final body weight — Initial body weight)
PER (%) (Final body weight — Initial total weight) 100
) =

Protein intake

2.5 Challenge tests

Vibrio parahaemolyticus were prepared as in our previous
studies (35, 36). The V. parahaemolyticus cells were centrifuged
(5000 g) for 10 min at 4°C and then resuspended by 1 x PBS as
an inoculum about 1 x 10° colony-forming units (CFU)-uL ™.
After sample collection, a total of 30 L. vannamei from each
group were chosen to perform a challenge test with V.
parahaemolyticus at a dose of 10’ CFU/g shrimp. The survival
rate was recorded every 4 hours. The differences between the two
groups were analyzed by the GraphPad Prism software using the
Mantel-Cox (log-rank %2 test) method.

2.6 Detection of intestinal digestive
enzyme activities

50 mg of intestinal tissue was added into 0.01 mol/L PBS
(PH = 7.2-7.4) to prepare a homogenate at a proportion of 10%
(Tissue: PBS=1:9). About 20 minutes after centrifugation (2000-
3000 rpm/min), the supernatant was collected and examined.
The activities of three digestive enzymes, including trypsin,
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amylase, and lipase, were determined using the enzyme-linked
immunosorbent assay (ELISA) kit ml036384, ml036449, and
ml036371 from Shanghai Enzyme-linked Biotechnology Co.,
Ltd., respectively. The relevant operation was carried out
strictly according to the manual.

2.7 Gene expression analysis of intestinal
digestive enzymes

The total RNA of the intestine was extracted by TransZol Up
Plus RNA kits (TransGen, China), and the RNA concentration was
determined by Spectrophotometric analysis (Nanodrop 2000). The
cDNA was reverse-transcribed from total RNA by Evo M-MLV RT
kit with gDNA Clean for gPCR II (Accurate Biotechnology Hunan
Co., Ltd, China). The gene expressions of trypsin, amylase, lipase,
superoxide dismutase (SOD), lipopolysaccharide (LPS) and beta-
1,3-glucan binding protein (LGBP), prophenoloxidase (PPO),
phenoloxidase (PO), Crustin (CRU), anti-lipopolysaccharide
factor (ALF), penaeidin (PEN), and lysozyme (LYZ) were
assessed by the Roche Light Cycler480 thermal cycler (Roche
Applied Science, Germany) using the SYBR® Green Premix Pro
Taq HS qPCR Kit II (Accurate Biotechnology Hunan Co., Ltd,
China). For each target gene, specific primers were designed by
Primer 5.0 software according to the known sequences in the NCBI
database (Table 2). The results of real-time gPCR were analyzed by
the 2724“T method (37) using elongation factor lo. (EF1lo) as a
reference gene. Three independent biological replicates were
performed for each sample.

2.8 Intestinal microbial analysis

The genomic DNA of the microorganisms was extracted
from intestinal samples following the manufacturer’s
instructions using HiPure Soil DNA Kits (Magen, Guangzhou,
China). The V3-V4 region of the 16S rDNA gene was amplified
using primers 341F: CCTACGGGNGGCWGCAG; 806R:
GGACTACHVGGGTATCTAAT. The PCR program was
conducted at an initial denaturation step at 95°C for 5 min,
followed by 30 cycles at 95°C for 1 min, 60°C for 1 min, 72°C for
1 min, and a final extension at 72°C for 7 min. PCR reactions
were performed in a triplicate 50-uL mixture containing 10 UL
of 5 x Q5% Reaction Buffer, 10 uL of 5 x Q5® High GC
Enhancer, 1.5 pL of 2.5 mM dNTPs, 1.5 pL of each primer (10
uM), 0.2 uL of Q5@ High-Fidelity DNA Polymerase, and 50 ng
of template DNA. The related PCR reagents were from New
England Biolabs, USA. The amplified products were purified by
the AxyPrep DNA gel extraction kit (Axygen Biosciences, Union
City, CA, USA). Subsequently, amplicons were pooled into
equimolar concentrations and sequenced by Guangzhou
Genedenovo Biotechnology Co., Ltd., using a Hiseq2500
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TABLE 2 PCR primers used in this study.

Gene names Primers
EFla EFlo-F
EFlo-R
Lipase Lipase-F
Lipase-R
Trypsin Trypsin-F
Trypsin-R
Amylase Amylase-F
Amylase-R
SOD SOD-F
SOD-R
GBP GBP-F
GBP-R
PPO PPO-F
PPO-R
PO PO-F
PO-R
CRU CRU-F
CRU-R
ALF ALF-F
ALF-R
PEN PEN-F
PEN-R
LYZ LYZ-F
LYZ-R

GenBank no.

10.3389/fimmu.2022.1034994

Sequences (5’-3’)

XM027373349.1 GTATTGGAACAGTGCCCGTG
TCACCAGGGACAGCCTCAGTA
XM02373566.1 TCTCCCACTTCAATCGTCA
ATGCTTGGAATCGCTCTG
JQ277721.1 CTTCCGCCGTGGTCTCAA
TCTGCTCGGTGCCCTCAT
XM027369804.1 GTTCCTTACTCCGCTTTCG

CGTAGTCAGTGCCTTGGTTCA

DQ005531.1 CTTTGCCACCCCTCAAGTATG
TGCCTCCGCCTCAACCA
AY723297.1 TACGGAGGAACGACGCTGC
AAATCATCGGCGAAGGAGC
AY723296.1 AACTCCATTCCGTCCGTCTG
CGGCTTCGCTCTGGTTAGG
XM027381766.1 AAGCCAGGCAGCAACCAC
CAGAAGTTGAAACCCGTGGC
AF430071.1 GTAGGTGTTGGTGGTGGTTTC
CTCGCAGCAGTAGGCTTGAC
EW713395 TTACTTCAATGGCAGGATGTGG
GTCCTCCGTGATGAGATTACTCTG
DQ206401.1 GACGGAGAAGACAATGGAAACC
ATCTTTAGCGATGGATAGACGAA
AF425673.1 TATTCTGCCTGGGTGGCTTAC

CAGAGTTGGAACCGTGAGACC

EF10, elongation factor 1-alpha, SOD, superoxide dismutase, GBP, beta-1,3-glucan binding protein, PPO, prophenoloxidase, PO, phenoloxidase, CRU, small cysteine and glycine repeat-

containing protein, ALF, anti-lipopolysaccharide factor, PEN, Penaeidin, LYZ, lysozyme.

PE250 machine (Illumina, USA). The raw data were deposited in
the NCBI GenBank (http://www.ncbi.nlm.nih.gov/genbank/).

To obtain high-quality clean reads, FASTP (38) was used to
further filter the raw reads and the noise sequence of the raw tags
under specific filtering conditions to obtain high-quality clean
tags. The clean tags were clustered into operational taxonomic
units (OTUs) of = 97% similarity using UPARSE pipeline (38).
The representative OTU sequences were classified using the
RDP classifier (39) based on the SILVA database (40), with a
confidence threshold value of 0.8. Alpha diversity indexes,
OTUs, Chao 1, ace, Shannon, Simpson, and Goods coverage
were calculated using QIIME (41, 42). Beta diversity indexes and
principal coordinates analysis (PCoA) of bray-curtis distances
were generated in the R project Vegan package (43). The KEGG
pathway of OTUs was analyzed by Tax4Fun (42).

2.9 Statistical analysis

The results were expressed as mean + standard deviation
(mean * SD), and two-way analysis of variance (ANOVA) was
used to test the significance using SPSS 20.0 statistical software.
Tukey’s multiple comparison method was further used if there were
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significant differences. For the challenge test, the survival rate was
calculated using Log-rank Kaplan-Meier analysis by GraphPad
Prism. The differences between all the test results were considered
significant at P< 0.05 and highly significant at P< 0.01.

3 Results

3.1 Growth performance and
feed utilization

Analysis of variance analysis (Table 3) showed that the
protein source and salinity significantly affected the WGR,
SGR, FCR, and PER but not the SR of L. vannamei. Besides,
the interaction of protein source and salinity had a significant
effect on all these five indices of L. vannamei (P< 0.05).

The protein source changes led to significant changes in the
WGR, SGR, FCR, and PER of L. vannamei at the same salinity.
At the same salinity, a change in protein source resulted in a
significant difference in the growth performance and feed
utilization of L. vannamei between the FM and the CAP
groups. At 15%o salinity, the FCR of L. vannamei in the CAP
group was significantly lower than that in the FM group, while
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TABLE 3 Effects of protein sources and salinity on growth of L. vannamei.

10.3389/fimmu.2022.1034994

Items SR/% WGR/% SGR/(%/d) FCR PER (%)
Protein source Salinity/%o
FM 15 88.75 + 1.77 1757.77 + 27.12° 522 +0.03" 1.41 +0.12% 1.76 + 0.16%
30 90.00 + 2.50 1784.13 + 36.33%° 5.24 + 0.034° 1.49 + 0.04* 1.66 + 0.05°
45 95.83 + 1.44 1588.92 + 23.43%* 5.05 + 0.12%* 1.39 + 0.10* 1.78 + 0.13°
CAP 15 92.50 + 2.50 1843.40 + 35.86" 5.30 + 0.03 1.04 + 005 2.36 + 0.10%
30 94.17 + 1.44 1983.43 + 59.56™ 5.42 + 0.05"° 1.98 + 0.09™ 1.25 + 0.06™°
45 91.17 + 3.75 1790.54 + 65.73% 5.25 + 0.02% 3.69 + 0.09% 0.67 + 0.024°
P-value of two-way ANOVA
Salinity 0.1981 <0.0001 <0.0001 <0.0001 <0.0001
Protein source 0.3819 <0.0001 <0.0001 <0.0001 <0.0001
Interaction 0.0161 0.0279 0.0199 <0.0001 <0.0001

Values with different capital letter superscripts indicated significant differences between different protein sources at the same salinity (P<0.05). Values with different small letter superscripts
indicated significant difference among different salinities when the protein source was the same (P<0.05). The same as below.

the PER was significantly higher than that in the FM group (P<
0.05). The WGR, SGR, and FCR of L. vannamei in the CAP
group at 30%o and 45%o salinity were significantly higher than
those in the FM group, while the PER was significantly lower
than that in the FM group (P< 0.05).

Besides, the alteration of salinity led to different changes in
the growth performance and feed utilization of L. vannamei in
the FM and the CAP groups. The WGR and SGR of L. vannamei
were significantly different at different salinities both in the FM
and the CAP groups. However, only the FCR and PER of L.
vannamei in the CAP group were significantly different at
different salinities. In the FM group, the WGR and SGR of L.
vannamei at 45%o salinity were significantly decreased when
compared with those at 15%o and 30%o salinities. In the CAP
group, the WGR and SGR of L. vannamei were highest at 30%o
salinity, with a significantly higher level than those at 15%o and
45%o salinities. With the increase in salinity, the FCR of L.
vannamei increased significantly while the PER of L. vannamei
decreased significantly (P< 0.05).

100

75+

Survival rate (%)

3.2 Survival rates of L. vannamei after
V. parahaemolyticus infection

The survival rates of L. vannamei after V. parahaemolyticus
infection were not significantly different among the FM group at
the three different salinities. In the CAP group, the survival rate of
L. vannamei at 45%o salinity after V. parahaemolyticus infection
was highest and significantly higher than that at 30%o salinity
(Figure 1). Under the condition of the same salinity, the survival
rate of L. vannamei in the CAP group after V. parahaemolyticus
infection was higher than that in the FM group, with significantly
higher levels at 15%o0 and 45%o salinities (P< 0.05).

3.3 Digestive enzyme activities in
the intestine

As shown in Figure 2, under the condition of the same
salinity, the intestinal amylase and lipase activities of

FM15%o
FM30%o
FM45%o
=&+ CAP15%o
== CAP30%o
== CAP45%o :l

Hours post infection (hpi)

FIGURE 1

Survival rates of L. vannamei after V. parahaemolyticus infection. Differences in survival levels between treatments were analyzed by Kaplan-
Meier plot (log-rank x° test). Significant differences in survival rate were marked with asterisks, * indicates P< 0.05
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FIGURE 2

Effects of protein sources and salinity on intestinal trypsin (A), amylase (B) and lipase (C) activities in L. vannamei. Under the same salinity, values
with different capital letter superscripts mean significant difference among different protein source (P<0.05); under the protein sources, values
with different small letter superscripts mean significant difference between different salinity (P< 0.05)

L. vannamei in the CAP group were significantly higher than
those in the FM group at 15%o salinity (P< 0.05). At 30%o
salinity, the activities of all the three intestinal digestive enzymes
of L. vannamei in the CAP group were significantly higher than
those in the FM group (P< 0.05). At 45%o salinity, the activities
of trypsin and amylase but not that of lipase in the CAP group
were significantly increased when compared with those in the
FM group (P< 0.05).

The activities of three intestinal digestive enzymes, including
trypsin, amylase and lipase, were significantly up-regulated with
the increase in the salinity both in the FM and the CAP groups,
with the only exception being that the trypsin activities in the FM
group at different salinities were not significantly changed. In the
FM group, amylase activities in the intestine of L. vannamei at
three different salinities were significantly different, with the
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highest level at 45%o salinity. The intestinal lipase activity of L.
vannamei at 45%o salinity was significantly higher than those at
15%0 and 30%o salinities. However, there was no significant
difference between the activities of lipase in the intestine of L.
vannamei at 15%o and 30%o salinities. In the CAP group, both the
intestinal trypsin and amylase activities of L. vannamei were
significantly induced by the increase in salinity, reaching the peak
at 45%o salinity. The activities of intestinal lipase in L. vannamei
at 30%o and 45%o salinities were not significantly different but
both of them were significantly higher than that at 15%o salinity.
Two-way ANOVA showed that the protein source and
salinity significantly affected the activities of trypsin, amylase,
and lipase in the intestine of L. vannamei. The interaction of
protein source and salinity had a significant effect on the
activities of trypsin and amylase but not on that of lipase.
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3.4 The gene expression of intestinal
digestive enzymes

When compared with those in the FM group (Figure 3), the
expression levels of intestinal Trypsin and Lipase genes of L.
vannamei in the CAP group were significantly higher only at
45%o salinity, while the intestinal Amylase expression levels were
significantly increased at all the studied salinities (P< 0.05). The
gene expression levels of Lipase but not those of Trypsin and
Amylase in the intestine of L. vannamei were significantly raised
by the increase in salinity in the FM group. However, there was

10.3389/fimmu.2022.1034994

no significant difference in the gene expression of Trypsin and
Amylase at different salinities. In the CAP group, the intestinal
Lipase expression levels of L. vannamei at the three different
salinities were significantly different from each other. Both the
intestinal Trypsin and Amylase expression at 45%o salinity were
significantly higher than those at 15%o and 30%o salinities; there
was no significant difference between the FM group and the CAP
group. Two-way ANOVA showed that the protein source,
salinity, and their interaction had a significant effect on the
expression of Trypsin, Amylase, and Lipase in the intestine of
L. vannamei.
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FIGURE 3

30%o

45%o

Effects of protein source and salinity on the gene expression of intestinal degistive enzymes in L. vannamei. The detection of gene expression

were performed in triplicate for each sample. Expression values were normalized to those of EFla using the Livak (

2744CY method and the data

were provided as the means + SD of triplicate assays. Under the same salinity, values with different capital letter superscripts mean significant
difference among different protein source (P < 0.05). Under the protein sources, values with different small letter superscripts mean significant
difference between different salinity (P < 0.05). (A) Trypsin gene expression, (B) Amylase gene expression, (C) Lipase gene expression.
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3.5 The expression of immune genes in
the intestine

Compared with that in the FM group (Figure 4), the
expression of immune genes in the intestine of L. vannamei in
the CAP group was significantly increased at different salinities
(P<0.05), with the only exception being that ALF expression was
not significantly different between the FM and the CAP groups
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FIGURE 4
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at 15%o salinity. In the FM and the CAP groups, a change in
salinity led to a significantly increased expression of the detected
immune genes except for PO in the FM group and LYZ in the
CAP group. In the FM group, the expression levels of PPO and
CRU genes in the intestine of L. vannamei at different salinities
were significantly different, with the highest level at 45%o
salinity. The LGBP expression at 45%o salinity was
significantly higher than that at 15%0 and 30%o salinities

LGBP
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Effects of protein source and salinity on intestinal immune gene expression in L. vannamei. The detection of gene expression were performed in
triplicate for each sample. Expression values were normalized to those of EFla using the Livak (2724 method and the data were provided as
the means + SD of triplicate assays. Under the same salinity, values with different capital letter superscripts mean significant difference among
different protein source (P < 0.05) The expression of immune genes in the intestine. Under the protein sources, values with different small letter
superscripts mean significant difference between different salinity (P < 0.05). (A) SOD gene expression, (B) LGBP gene expression, (C) PPO gene
expression, (D) PO gene expression, (E) CRU gene expression, (F) ALF gene expression, (G) PEN gene expression, (H) LYZ gene expression.
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(P<0.05), and the LGBP expressions at 15%o and 30%o salinities
were not significantly different (P>0.05). The expression of SOD,
ALF, PEN, and LYZ genes at 30%o and 45%o salinities were
significantly higher than those at 15%o salinity, and their
expression levels at 30%o and 45%o salinity were not
significantly different (P>0.05). In the CAP group, the gene
expression levels of SOD and ALF in the intestine of L. vannamei
were significantly different at different salinities, with the highest
level at 45%o salinity. The expressions of intestinal LGBP, PPO,
PO, CRU, and PEN at 45%o salinity were significantly higher
than those at 15%o and 30%o salinities, but their expressions at
15%o0 and 30%o salinities were not significantly different. Two-
way ANOVA showed that protein source, salinity, and their
interactions had significant effects on the expressions of all the
eight detected intestinal immune genes in L. vannamei.

3.6 Intestinal microbiota analysis

3.6.1 Richness and diversity analysis

The raw data of intestinal microbiota analysis in this study
have been deposited in the SRA database with the accession
number PRJNA870236. As shown in Figure 5, there were 193
core operational taxonomic units (OTUs) among all the tested
groups according to Venn diagram analysis. In contrast, 169, 300,

Venn

10.3389/fimmu.2022.1034994

108, 73, 107, and 107 OTUs were unique to FM15%o, FM30%o,
FM45%0, CAP15%0, CAP30%o0, and CAP45%o groups, respectively.
Clearly, the proportions of shared OTUs within each group were
52.31%, 39.15%, 64.12%, 72.56%, 64.33%, and 64.33%, respectively.

Alpha indices, including Good’s coverage, observed species
(Sobs), Chaol, abundance-based coverage estimator (ACE),
Shannon, and Simpson, were evaluated to investigate the
significant differences in the diversity and richness of microbiota
in the intestine among different treatments (Table 4). Good’s
coverage estimates showed that all groups had more than 99%
bacterial species. The salinity significantly affected the Sobs,
Chaol, ACE, Shannon, and Simpson indices, while the protein
source significantly affected the Chaol and Simpson indices of the
intestinal microbiota in L. vannamei. Besides, the interaction of
protein source and salinity significantly affected the Sobs, Chaol,
ACE, and Simpson indices of the intestinal microbiota (P< 0.05).
The analysis of beta diversity by PCoA analysis showed that both
the samples in the FM and the CAP groups had obvious
separation under different salinity conditions, and the two
PCoA axes showed 63.60% variation among the groups (Figure 6).

3.6.2 Comparison of the intestinal
microbiota composition

As shown in Figure 7A, the top 10 intestinal bacterial phyla of L.
vannamei sorted from high to low were Bacteroidetes,

FM30%o

00’0("“\]&3

CAP30%o

FIGURE 5

Venn diagram of shared and unique OTUs of intestinal microbiota in L. vannamei.
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TABLE 4 Effects of protein sources and salinity on microflora diversity in the intestine of L. vannamei.

Items Good’s coverage Sobs
Protein source Salinity/%o
M 15 0.99 + 0.00 555.00 + 64.35°
30 0.99 + 0.00 525.00 + 7.07°
45 0.99 + 0.00 738.00 + 31.95"°
CAP 15 0.99 + 0.00 562.00 + 14.73
30 0.99 + 0.00 528.33 + 36.90
45 0.99 + 0.00 574.33 + 70.69*
P-value of two-way ANOVA
Salinity 0.9255 0.0056
Protein source 0.0974 0.0844
Interaction 0.3910 0.0348

Chaol ACE Shannon Simpson
p
722.04 + 13.50%° 635.19 + 11.89* 3.97 + 0.09° 0.75 + 0.104°
588.28 + 9.68° 610.46 + 16.66™* 4.29 + 0.04™ 0.82 + 0.02°
798.01 + 20.33% 774.83 + 8.49° 4.89 +0.10° 0.91 + 0.03°
612.40 + 2294 636.98 + 13.29° 427 £ 042 0.88 + 0.05°
619.34 + 25.69° 648.59 + 11.87™ 432 +0.29 0.88 + 0.03
702.42 + 7.89°° 731.50 + 3.34° 458 +0.13 0.89 + 0.03
<0.0001 <0.0001 0.0024 0.0009
<0.0001 0.8713 0.9332 0.0052
<0.0001 0.0031 0.1219 0.0021

Values with different capital letter superscripts indicated significant differences between different protein sources at the same salinity (p<0.05). Values with different small letter superscripts

indicated significant difference among different salinities when the protein source was the same

Proteobacteria, Actinobacteria, Verrucomicrobia, Planctomycetes,
Tenericutes, Firmicutes, Patescibacteria, Chlamydiae, and
Cyanobacteria. As shown in Figure 7B, the relative abundances of
Bacteroidetes in the FM group both at 30%o and 45%o salinities
were significantly lower than that at 15%o salinity (P< 0.05), while
there was no significant difference in those in the CAP group at
different salinities (P > 0.05). At 15%o salinity, the relative
abundance of Bacteroidetes in the CAP group was significantly
lower than that in the FM group. The salinity but not the protein
source significantly affected the relative abundance of Bacteroidetes.
However, the interaction of salinity and protein source had a
significant effect on the relative abundance of Bacteroidetes. The
relative abundance of Firmicutes in the FM group at 45%o salinity

(p<0.05).

was significantly higher than those at 15%o and 30%o salinities (P<
0.05), while there was no significant difference in the CAP group at
different salinities (P > 0.05). The salinity, protein sources, and their
interaction had a significant effect on the relative abundance of
Firmicutes (P< 0.05).

At the family level (Figure 8A), the prevalent microbial
communities in the intestine of L. vannamei consisted
of Flavobacteriaceae, Rhodobacteraceae, Vibrionaceae,
Psychromonadaceae, and Rubritaleaceae. As shown in
Figure 8B, the change in salinity had no significant effect on
the relative abundance of Rhodobacteraceae and Rubrialeaceae
in the FM group and the relative abundance of Vibrionaceae in
the CAP group. In the CAP group, the relative abundance of
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FIGURE 6

Principal coordinates analysis (PCoA) based on Bray analysis of intestinal microbiota in L. vannamei.
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Effects of protein sources and salinity on the structure and composition of intestinal microbiota community in L. vannamei at phylum level.

(A) Mean abundance indifferent groups. One side of the graph is the grouping information, and the other side is the species information. The
lines on both sides represent corresponding relationship pairs. The thicker the lines, the greater the abundance value. (B) Relative abundance
with significant differences in phylum levels. Under the same salinity, values with different capital letter superscripts mean significant difference

among different protein source (P<0.05); under the protein sources, values with different small letter superscripts mean significant difference
between different salinity (P< 0.05).
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Effects of protein sources and salinity on the structure and composition of intestinal microbiota community in L. vannamei at family level.

(A) Mean abundance indifferent groups. One side of the graph is the grouping information, and the other side is the species information. The
lines on both sides represent corresponding relationship pairs. The thicker the lines, the greater the abundance value. (B) Relative abundance
with significant differences in family levels. Under the same salinity, values with different capital letter superscripts mean significant difference

among different protein source (P<0.05); under the protein sources, values with different small letter superscripts mean significant difference
between different salinity (P< 0.05).
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Rhodobacteraceae at 45%o salinity was not only significantly
higher than those at 15%o and 30%o but also significantly higher
than that in the FM group at the same salinity (P< 0.05). The
relative abundances of Vibrionaceae were significantly different
among the FM groups at the three different salinities, with the
highest level at 30%o salinity, and the relative abundances of
Vibrionaceae in the CAP group at 30%o and 45%o salinities were
significantly lower than that in the FM group at the same
salinity. In the CAP group, the relative abundances of
Rubrialeaceae were significantly different at the three different
salinities. When compared with the FM group, the relative
abundances of Rubrialeaceae were significantly increased in
the CAP group at 30%o and 45%o salinities (P< 0.05). The
salinity, protein sources, and their interaction significantly
affected the relative abundances of Rhodobacteraceae,
Vibrionaceae, and Rubrialeaceae (P< 0.05).

At the genus level (Figure 9A), Actibacter was the species
with the highest abundance, followed by Motilimonas, Vibrio,
Halocynthiibacter, and Ruegeria. As shown in Figure 9B, the
change in salinity had a significant effect on the relative
abundance of Vibrio and Candidatus_Bacilloplasma in the FM
group but not in the CAP group. The relative abundance of
Vibrio in the FM group at 30%o salinity was significantly higher
than those at 15%o and 45%o salinities. The relative abundance of
Vibrio at 30%o salinity in the CAP group was significantly lower
than that in the FM group. With the increase in salinity, the
relative abundance of Candidatus_Bacilloplasma in the FM
group increased first and then decreased, with the only
insignificant difference between 15%o and 30%o salinities. At
all the three studied salinities, the relative abundance of
Candidatus_Bacilloplasma in the CAP group was significantly
lower than that in the FM group. The change in salinity had a
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significant effect on the relative abundance of Rubritalea in the
CAP group but not in the FM group. The relative abundances of
Rubritalea were significantly different from each other in the
CAP group at all the three studied salinities, with the highest
level at 30%o salinity. At 30%o and 45%o salinities, the relative
abundances of Rubritalea in the CAP group were significantly
higher than that in the FM group (P< 0.05). The relative
abundances of Ruegeria both in the FM and the CAP groups
at 45%o salinity were significantly lower than those at the 15%o
and 30%o salinities. When compared with the FM group, the
relative abundances of Ruegeria were significantly increased in
the CAP group at all the three studied salinities (P< 0.05).
Besides, the salinity and protein sources significantly affected the
relative abundances of Vibrio, Candidatus_Bacilloplasma,
Rubritalea, and Ruegeria (P< 0.05), while the interaction of the
salinity and protein sources had a significant effect on the
relative abundances of Vibrio, Candidatus_Bacilloplasma, and
Rubritalea but not on that of Ruegeria.

3.6.3 Functional prediction of the intestinal
microbial community

Changes in the presumptive functions of intestinal
microflora were examined using Tax4fun software to predict
the metagenomes. As shown in Figure 10A, the top 10 predicted
functions had the following relative abundances: membrane
transport (13.28-14.40%), carbohydrate metabolism (12.71-
12.99%), amino acid metabolism (12.48-12.95%), metabolism
of cofactors and vitamins (7.03-7.20%), energy metabolism
(6.98-7.14%), signal transduction (6.43-7.39%), nucleotide
metabolism (5.23-5.38%), translation (4.18-4.65%), xenobiotic
biodegradation and metabolism (3.96-4.30%), and replication
and repair (3.74-4.24%).

Vibrio Candidatus_Bacilloplasma

Mmoo

A A

LA LA a——

Groups

Rubritalea Ruegeria

=M = cap

Effects of protein sources and salinity on the structure and composition of intestinal microbiota community in L. vannamei at genus level. (A) Mean
abundance indifferent groups. One side of the graph is the grouping information, and the other side is the species information. The lines on both sides
represent corresponding relationship pairs. The thicker the lines, the greater the abundance value. (B) Relative abundance with significant differences in
genus levels. Under the same salinity, values with different capital letter superscripts mean significant difference among different protein source (P<0.05);
under the protein sources, values with different small letter superscripts mean significant difference between different salinity (P< 0.05).
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Functional prediction of protein sources and salinity in intestinal microbial community. (A) Relative abundances of the top 10 predicted
functions. (B—D) Welch's t-tests of the significantly different functions at level 2.

The results of Welch’s t-test showed that there were several
predicted pathways for significant enrichment in the microbial
community with KEGG level 2 at different salinities of the same
protein source (P< 0.05). As shown in Figure 10B, the enriched
functions related to cell motility were significantly increased,
while the functions of metabolism of cofactors and vitamins,
metabolism of terpenoids and polyketides, signalling molecules
and interaction, and cell communication were significantly
decreased in the CAP group when compared with the FM
group at 15 %o salinity. At 30 %o salinity (Figure 10C), the
functions of translation and lipid metabolism were significantly
increased, while the function of cell motility was significantly
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decreased in the CAP group when compared with that in the FM
group. Comparison between the CAP and FM groups at 45%o
salinity indicated that the functions of transport, catabolism, and
the nervous system were significantly increased in the CAP
group (Figure 10D).

4 Discussion

There is a great demand for fishmeal in the culture of L.
vannamei. At present, the substitution of fishmeal has attracted
much attention in L. vannamei culture due to its shortage (10).
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CAP has been used in aquaculture to improve the growth
performance, feed utilization, and immune response of L.
vannamei (27). Salinity is a crucial environmental factor for L.
vannamei culture and has a great impact on the utilization of
protein (44). In this study, the growth, disease resistance,
intestinal digestive capacity, immunity, and microbiota
structure of L. vannamei fed on CAP at different salinities
were investigated to evaluate the application value of CAP in
shrimp culture.

As a high-quality SCP, CAP has been used for several
aquaculture species with various beneficial effects. In A.
schlegelii, CAP can replace fishmeal in the diet up to 58.20%
without adverse effects on growth performance, antioxidation,
and digestive enzyme activity (26). In M. salmoides, the
replacement of fishmeal with CAP did not affect its growth
performance and whole-body composition but increased the
digestive capacity and antioxidant index. The optimal CAP
replacement level was 49.80% with a maximum WGR of
juvenile M. salmoides (31). Lu et al. found that there is no
negative effect on the growth performance and liver health of M.
salmoides when the level of CAP replacing fishmeal is less than
50%, and excessive CAP inclusion may damage liver health (29).
CAP supplementation in practical diets has a beneficial effect on
the growth performance of C. carpio var. Jian (28) and O.
niloticus (27). In addition, the antioxidant capacity of C. carpio
var. Jian was increased and the whole-body energy homeostasis
of O. niloticus could be regulated through the AMPK signalling
pathway. In L. vannamei, CAP could substitute 30% of fishmeal
in a diet containing 560 g/kg of fishmeal without adverse effects
on growth, intestinal histology, and immunity (27). Consistent
with the previous study performed in L. vannamei, our study
also found that the growth performance, digestive capacity, and
immunity of L. vannamei could be improved by dietary CAP.
The improved growth of L. vannamei was evident since the
WGR and SGR of L. vannamei in the CAP group were
significantly higher than those in the FM group at 30%o and
45%o0 salinities. Moreover, the SR, WGR, and SGR of L.
vannamei were not negatively affected by dietary CAP at all
the studied salinities. The digestive capacity of L. vannamei was
improved since both the activities and the expressions of the
digestive enzymes were significantly increased in the CAP group
when compared with those in the FM group. Furthermore,
dietary CAP significantly increased the SR of L. vannamei
after a pathogen challenge, which indicated that the immunity
of L. vannamei was improved by dietary CAP. However, the FCR
of L. vannamei in the CAP group was significantly higher than
that in the FM group, while the comparison of PER between the
CAP and the FM groups was opposite at 30%o and 45%o
salinities. The increased FCR and decreased PER suggested
that CAP may not be perfect. Nonetheless, the possibility of
using CAP as a safe and effective alternative protein source in
aquatic feed is beyond doubt.
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The intestinal histology and digestive capacity of fish and
shrimp fed on CAP have been investigated before (27, 31).
However, there were no reports on the effect of dietary CAP on
aquatic animals from the aspect of intestinal microbiota
structures. In recent years, the sequencing technology of
intestinal microbiota has received extensive attention. Studies
have shown that the intestinal microbiota is closely linked to
digestion, immunity, metabolism, and the overall health of the
host (45, 46). Based on this, the intestinal microbiota structure of
L. vannamei fed on CAP was compared with that of L. vannamei
fed on FM. Alpha diversity analysis showed that the diversity
and abundance of the intestinal microbiota of L. vannamei in the
CAP group were significantly different from those in the FM
group, suggesting that dietary CAP would change the diversity of
intestinal microbiota. Bacteroidetes and Proteobacteria were
considered the dominant phyla in the intestine of fish and
shrimp (47-50). In this study, the two phyla were the first
and second dominant phyla both in the CAP and the FM groups,
and there was no significant difference in their relative
abundance between the CAP and the FM groups, which
further proved that there was no harm in the intestinal
microbiota diversity of L. vannamei when fed on CAP. An
interesting discovery was that the beneficial bacteria significantly
increased while the harmful bacteria significantly decreased in
the intestine of L. vannamei at the phylum, family, and genus
levels. The effect was more obvious at the genus level. Vibrio is
the most common core bacterial group in the intestine of
crustaceans (51). Several members in the Vibrio genus are
conditionally pathogenic bacteria, which seriously affects the
survival and health of shrimp, such as V. parahaemolyticus (52),
Vibrio harveyi (53), and Vibrio alginolyticus (54). White faeces
syndrome (WEFS) is a severe disease and has drawn wide
attention in shrimp culture. Huang et al. found that Vibrio
and Candidatus_Bacilloplasma were the two overrepresented
genera in shrimp with WES (55). In this study, the relative
abundance of Vibrio genus in the CAP group was significantly
lower than that in the FM group at a salinity of 30%o, and the
relative abundance of C._Bacilloplasma was significantly
increased in the CAP group at 30%o and 45%o salinities. On
the contrary, the relative abundances of Rubritalea and Ruegeria
were significantly increased by dietary CAP. Rubritalea is a
genus in the phylum Verrucomicrobia that could degrade the
excess mucin produced by the inner wall of the intestine and was
helpful for normal growth (56). Ruegeria is a global gram-
negative marine bacterium that can co-exist with unicellular
eukaryotes and inhibit many marine pathogens (57, 58). It could
be speculated that since the change in the intestinal microbiota
structure of L. vannamei was associated with increased disease
resistance of L. vannamei in the CAP group when compared
with the FM group, it may make a valuable contribution to
increasing disease resistance. Additionally, the predictive
function of intestinal microflora also revealed that
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metabolism-related functions account for most of the top 10
functions and are closely related to the promotion of L.
vannamei growth. However, further study is needed to
confirm this speculation.

Several indices can be used to evaluate the immunity of
shrimp, including the activities of SOD, LGBP, antibacterial
peptide (AMP), and so on. SOD is an important antioxidant
enzyme that provided the first line of ROS elimination from cells
(59). As a pattern recognition protein (PRP), LGBP is involved
in the activation of shrimp immunity by recognizing LPS and [3-
1,3-glucan from gram-negative bacteria (60). The
prophenoloxidase (proPO) system is an enzyme cascade
system that is activated upon recognition of pathogens by
PRPs like LGBP and plays an important role in the innate
immunity of shrimp (61). Crustins, ALFs, and PEN are the three
important kinds of AMPs that contribute to the antibacterial
capabilities of shrimp as efficient effectors (62). Lysozyme plays
an important role in the shrimp’s immune defence by destroying
peptidoglycan support, resulting in bacterial splitting under
osmotic pressure within the bacteria (63). In this study, the
relative expression levels of immune genes, including SOD,
LGBP, PPO, PO, CRU, ALF, PEN, and LYZ, in the CAP
group were higher than those in the FM group, which
indicated that the intestinal immunity of L. vannamei could be
enhanced by dietary CAP. The results were consistent with those
of the intestinal microbiota analysis.

Since L. vannamei have an open hemolymph circulation
system, they adjust their osmotic pressure eftectively to adapt to
the changes in external salinity (15, 16). Osmotic adjustment is an
energy-dependent process. When facing changes in external
salinity, providing adequate energy by manipulating the diet is
an effective means of improving shrimp’s survival abilities (21, 64).
Li et al. found that the digestive and immune regulatory abilities of
L. vannamei remained at a high level, and the expression level of
antioxidant-related genes is also significant during salinity stress
(44). Obviously, all the regulatory processes in L. vannamei
required energy consumption. If the energy taken in from the
external environment is not enough, L. vannamei will use their
own body energy, resulting in a rapid reduction in growth. In this
study, the growth performance of L. vannamei at 30%o salinity
was much better than that at 15%o or 45%o salinities, whether the
protein source in the feed was FM or CAP. This was probably
because the extra energy L. vannamei obtained from the feed
could be used for growth at a proper salinity rather than coping
with the pressure caused by low or high salinities. The activities
and expression of intestinal digestive enzymes in L. vannamei at
45%o salinity were significantly higher than those at 30%o salinity,
which further implied that L. vannamei need to take in more
energy from the external environment in response to salinity
stress. What cannot be ignored is that the FCR and PER of L.
vannamei in the FM group were not obviously affected by the
salinity change but they were significantly affected by the increase
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in salinity. Besides, the SR of L. vannamei after a pathogen
challenge was only significantly affected by salinity change in
the CAP group but not in the FM group. Differently, most of the
expressions of immune genes were significantly increased with the
increase in salinity both in the FM and the CAP groups.
Furthermore, the changes in several main intestinal flora species
at different levels of L. vannamei affected by salinity increase in the
CAP group were significantly different from those in the FM
group. All these results indicated that salinity change variably
affected L. vannamei in several aspects when the protein sources
were different.

Finally, our study found that the interaction of salinity and
protein source significantly affected L. vannamei in most of the
aspects studied, including growth performance, activities and
expression of digestive enzymes, expression of immune genes,
and abundance of special microbiota species at the phyla, family,
and genus levels. The results suggest that the change in salinity
had a significant impact on the effect of dietary CAP on L.
vannamei, which could provide a theoretical reference for the
practical application of CAP in aquatic feeds.

In conclusion, on the one hand, dietary CAP could
effectively improve growth performance, disease resistance,
intestinal digestive capacity, immunity, and microbial structure
but not feed utilization in L. vannamei under the same salinity
condition. On the other hand, the change in salinity had much
more obvious effects on L. vannamei fed on CAP than the
control in the aspects of growth performance, disease resistance,
intestinal digestive capacity, immunity, and microbiota
structure. In any case, CAP could be used as a safe and
effective alternative protein source in shrimp feeds.
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