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A B S T R A C T   

This study investigates the effects of replacing soybean meal with fermented cottonseed meal (FCSM) in low 
fishmeal diets on the growth performance, antioxidant capacity, immune capacity, digestive enzyme activities 
and intestinal microbiota of Litopenaeus vannamei. Six isonitrogenous and isolipidic diets were prepared, 
including the conventional fishmeal (250 g kg− 1) group as the control, and the low fishmeal (150 g kg− 1) diet 
used FCSM (0, 105, 210, 315 and 420 g kg− 1) to replace 0 % (FCSM0), 25 % (FCSM25), 50 % (FCSM50), 75 % 
(FCSM75) and 100 % (FCSM100) soybean meal of the diet. Each diet was fed to four replicate groups of shrimp 
(0.16 ± 0.01 g) for 8 weeks. The results showed that the survival of the FCSM0 group was significantly lower 
than that of the other groups (P < 0.05). The weight gain and specific growth rate of the FCSM0 group were 
significantly lower than those of the control and FCSM75 groups (P < 0.05). The crude protein of whole shrimp 
was significantly decreased in the FCSM75 group compared with the control and FCSM100 groups (P < 0.05). 
The contents of essential amino acids, nonessential amino acids and total amino acids of L. vannamei in the 
FCSM25, FCSM50, and FCSM75 groups were significantly higher than those of the control (P < 0.01). The in-
testinal microbiota sequencing results showed that FCSM increased the microbiota diversity. At the genus level, 
the FCSM75 group had a lower abundance of Vibrio, Demequina, Microbacterium, Photobacterium and Roseburia 
than the FCSM0 group. Based on the KEGG functional prediction results, compared with the FCSM0 group, the 
FCSM75 group significantly upregulated the “glutathione metabolism”, “galactose metabolism”, and “amine and 
polyamine biosynthesis” pathways in the intestinal microbiota. This study demonstrates that replacing 75% 
soybean meal with FCSM in a low fishmeal diet could improve the growth performance, antioxidant capacity, 
and essential amino acid content of L. vannamei.   

1. Introduction 

With the continuous development of global aquaculture, the 
resource of fishmeal can no longer satisfy the growing demand for 
aquaculture, resulting in a high feed price. Soybean meal has become 
one of the most widely used and long-term stable fishmeal substitutes in 
commercial aquafeed due to its advantages of high digestion and ab-
sorption rates and abundant supply (Han et al., 2019a,b). However, the 
universal presence of anti-nutritional factors, including glycinin, plant 

lectins and trypsin inhibitor, in soybean meal also limits the proportion 
of fish meal replacement in feed (Francis et al., 2001; Han et al., 2020). 
Therefore, as soybean meal prices have continued to rise in recent years, 
the development and utilization of new plant protein sources with a low 
price and low content of anti-nutritional factors has become the primary 
way to solve the industry’s dilemma. 

Cottonseed meal (CSM) has been considered a high-quality plant 
protein source for livestock and aquatic animals due to its satisfactory 
protein content, relatively low price and plentiful supply (Robinson, 
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1991). However, considering that CSM contains a high level of 
anti-nutritional factors, the use of common CSM in aquaculture diets is 
relatively low and is limited to approximately 10–15% of the dry matter 
diet (Li and Robinson, 2006). The solid fermentation of CSM by mi-
croorganisms can effectively decompose gossypol and cellulose, increase 
the crude protein content, and produce many small peptides and 
growth-promoting factors (Zhang et al., 2007). Therefore, fermentation 
can effectively improve the nutritional value of CSM and reduce its 
negative impact on fish growth. Cottonseed meal can be fermented with 
the filamentous fungus Aspergillus oryzae, and the fermentation products 
can effectively reduce or even degrade gossypol ingredients and improve 
tilapia antioxidant activity (Lim and Lee, 2011). Fermented cottonseed 
meal (FCSM) can replace dietary fishmeal at the 16 % level in black sea 
bream (Acanthopagrus schlegelii) without affecting the apparent di-
gestibility coefficient and crude protein content of fish (Sun et al., 2015). 
A previous study also indicated that FCM could replace up to 50 % of FM 
without adversely affecting the growth performance and feed utilization 
in Litopenaeus vannamei (Sun et al., 2016). However, limited studies 
have explored the effects of soybean meal replaced by FCSM in a 
low-fishmeal diet on growth and body composition in aquatic animals. 
In addition, fermentation can also help increase the content of probiotics 
in the feed and thereby change the intestinal microbiota composition 
(Dawood and Koshio, 2020). A previous study showed that obese mice 
fed rice fermented by Bifidobacteria reconstituted intestinal Lactobacillus, 
Bifidobacterium, and Bacteroides species and significantly enhanced host 
lipid metabolism(Ray et al., 2018). Replacing 30 % of the fishmeal in the 
feed with fermented soybean meal significantly enhanced the abun-
dance of Cetobacterium in the intestinal tissue of largemouth bass 
(Micropterus salmoides) and helped hydrolyze protein and cellulose to 
produce vitamin B12 (He et al., 2020). However, there is little research 
on the effect of FCSM replacing other protein sources on the function 
and structure of the gut microbiota in aquatic animals. 

The Pacific white shrimp (Litopenaeus vannamei), a major shrimp 
farming species globally, has an increasing demand for feed as shrimp 
production increases. The exploration of new nongrain protein sources 
can alleviate the tension in feed production caused by the shortage of 
fishmeal and soybean meal. This study aimed to evaluate the true effects 
of replacing soybean meal with different degrees of FCSM in low fish-
meal diets on the growth performance, body composition, antioxidants, 
and structure and function of the intestinal microbiota in L. vannamei. 

2. Materials and methods 

2.1. Fermentation of cottonseed meal 

The fermented cottonseed meal used in this experiment was pro-
cessed and provided by the Institute of Grain Quality and Nutrition 
Research, Academy of National Food and Strategic Reserves Adminis-
tration. The strains of fermented cottonseed meal were Bacillus subtilis, 
Saccharomyces cerevisiae and Enterococcus faecium, and the initial viable 
counts of the three strains were 1◊106 CFU/g when inoculated into 
cottonseed meal. The cottonseed is treated by box-type solid-state 
fermentation, and the whole fermentation process is airtight and does 
not stir the cottonseed. B. subtilis is aerobic bacteria, and S. cerevisiae and 
E. faecium are facultative anaerobes. When the three microorganisms 
were co-fermented, B. subtilis could consume a lot of oxygen during the 
fermentation process, forming an anaerobic environment, which could 
promote the proliferation of S. cerevisiae and E. faecium on the one hand, 
and inhibit the growth of other aerobic harmful bacteria on the other 
hand. The cottonseed meal moisture content was 45 %, and anaerobic 
fermentation was performed at room temperature for 7 days. The 
resultant product was dried to constant weight in a drying oven at 60 ◦C, 
ground to a fine powder and stored at room temperature until use. The 
proximate composition of the FCSM is presented in Table 1. 

2.2. Diet formulation 

The formulations and ingredients of the experimental diets are pre-
sented in Table 2. In this experiment, a common commercial formula 
containing 250 g kg− 1 fish meal and 300 g kg− 1 soybean meal was used 
as the control group. The low fishmeal diets contain 150 g kg− 1 fishmeal 
and 440 g kg− 1 soybean meal. The protein from SBM was replaced by 
FCSM at 0 (FCSM0), 25 % (FCSM25), 50 % (FCSM50), 75 % (FCSM75) 
and 100 % (FCSM100). The essential amino acid content of all experi-
mental diets met the recommended requirements of L. vannamei as 
suggested by Bauer et al. (Bauer et al., 2012), except that methionine 
and lysine were supplemented. The experimental diets were formulated 
to contain approximately 385 g kg− 1 crude protein and 85 g kg− 1 crude 
lipid on average. After being ground and sieved through a 60-mesh 
sieve, all dry dietary ingredients were mixed thoroughly with oil and 
soy lecithin, and approximately 300 mL/kg distilled water was added to 
produce stiff dough. The pellets were extruded into 2.5-mm diameter 
with an extruder (CD4–1TS, SCUT, Guangdong, China). The pellets were 
dried at room temperature until the moisture content was less than 10%. 
After that, pellets were sieved by a 40-mesh sieve and stored at − 20 ℃. 
The amino acid composition of the experimental diets is presented in. 

Table 3. The research scheme was approved by the Committee of the 
Ethics of Animal Experiments of Hainan University (No. HNUAUCC- 
2021–00119). 

2.3. Experimental animals and sample collection 

After obtaining from a shrimp hatchery farm from Wenchang, 
Hainan, China, we acclimated juvenile L. vannamei to the experimental 
environment for 4 weeks. Twenty-five shrimp (0.16 ± 0.01 g) of healthy 
and similar size were randomly assigned to each tank (200 L) with four 
replicates (24 tanks in total). During the experiment (8 weeks), the 
shrimp were hand-fed at a rate of 4 % of body weight four times a day 
(07:00, 12:00, 17:00 and 22:00). Feces and uneaten feed were removed 
60 min after feeding, and half of the total seawater was exchanged daily. 
The monitored water quality parameters were kept according to Huang 
et al. (2020). 

At the end of the 8-week feeding experiment, shrimp were fasted for 
24 h before sampling. Shrimp in each tank were anesthetized on ice and 
then counted and individually weighed. According to a previous study, 
hemolymph was collected from 6 individuals from each tank (Yu et al., 
2021). The hepatosomatic index (HSI) was detected based on four 
shrimp in each tank. The hepatopancreas and intestine from four shrimp 
were quickly removed and frozen in a nitrogen canister and finally 
stored at − 80 ◦C for the determination of enzyme activities and intes-
tinal microbiota sequencing, respectively. Three shrimp from each tank 
were stored at − 20 ◦C for the determination of body chemical 
composition. 

2.4. Proximate composition analysis 

The composition analysis of whole shrimp and diets was performed 
according to the standard method of AOAC(2005). The details of the 
detection of crude protein, crude lipids, ash and moisture content in the 
whole body and diets were the same as those described by Huang et al. 

Table 1 
Proximate composition of fermented cottonseed meal 
(FCSM) (dry matter).  

Items FCSM 

Crude protein (g/kg)  460.2 
Crude lipid (g/kg)  4.7 
Ash (g/kg)  80.6 
Fiber (g/kg)  205.1 
Free gossypol(mg/kg)  861.9  
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(2020). The amino acid analyses of the shrimp muscle and diet samples 
were performed according to the standard methods of AOAC (2005). 
Briefly, the amino acid content of the samples was hydrolyzed in 6 
mol/L hydrochloric acid at 110 ◦C. The hydrolysate was filtered and 
evaporated to remove other acids and then mixed with 1.0 mL ~ 2.0 mL 
sodium citrate buffer solution (c(Na+) = 0.2 mol/L, pH= 2.2). The 
mixture was filtered through a 0.22 µm filter membrane and then 

quantitatively analyzed using an automatic amino acid analyzer (Bio-
chrom 20, UK). 

The free gossypol in the diet was determined by the aniline colori-
metric method (GB 13086–91). In the presence of 3-amino-1-propanol 
and glacial acetic acid, free gossypol was extracted with a mixed sol-
vent of isopropanol and n-hexane, and aniline was used to extract free 
gossypol. The gossypol was converted to aniline gossypol, and 

Table 2 
Ingredient formulation (g/kg) and proximate composition of the six experimental diets fed to L. vannamei.  

Ingredients Diets 

Con FCSM0 FCSM25 FCSM50 FCSM75 FCSM100 

Fish meal 250 150 150  150  150  150 
Soybean meal 300 440 330  220  110  0 
Peanut meal 120 120 120  120  120  120 
Shrimp shell powder 50 50 50  50  50  50 
Fermented cottonseed meal 0 0 105  210  315  420 
Corn starch 100 70 70  70  70  70 
Methionine 1.3 2.3 2.6  3  3.3  3.6 
Lysine 0 0 0  0  0.8  1.7 
Fish oil 10 12 12  12  12  12 
Soybean oil 10 12 12  14  16  18 
Soybean lecithin 15 15 15  15  15  15 
Cholesterol 5 5 5  5  5  5 
Calcium dihydrogen phosphate 10 20 20  20  20  20 
Vitamin premixa 20 20 20  20  20  20 
Mineral premixb 20 20 20  20  20  20 
Sodium carboxymethyl cellulose 30 30 30  30  30  30 
Choline chloride 5 5 5  5  5  5 
Butylated hydroxytoluene 0.5 0.5 0.5  0.5  0.5  0.5 
Betaine 10 10 10  10  10  10 
Cellulose 43.2 18.2 22.9  25.5  27.4  29.2 
Total 1000 1000 1000  1000  1000  1000 
Proximate composition 
Free gossypol (mg kg− 1) ND ND ND  11.4  16.2  20.7 
Crude protein (%) 38.53 38.25 38.37  39.66  39.18  38.56 
Crude lipid (%) 8.54 8.37 8.37  8.45  8.50  8.65 
Ash (%) 14.42 13.16 13.14  13.50  13.44  13.74 
Moisture (%) 11.39 11.29 11.10  11.41  11.09  11.25 

Note: 
ND represents not detectable. 

a Vitamin premix provided the following vitamins (g⋅kg− 1 premix): thiamin HCl 0.5; riboflavin 3.0; pyridoxine HCl 1.0; DL-calcium pantothenate 5.0; nicotinic acid 
5.0; biotin 0.05; folic acid 0.18; vitamin B12 0.002; choline chloride 100.0; inositol 5.0; menadione 2.0; vitamin A acetate (20,000 IU g− 1) 5.0; vitamin D3 (400,000 IU 
g− 1) 0.002; DL-alpha-tocopheryl acetate (250 IU g− 1) 8; α-cellulose 865.266. 

b Trace mineral premix provided the following minerals (g⋅100 g− 1premix): cobalt chloride 0.004; cupric sulfate pentahydrate 0.250; ferrous sulfate 4.0; magnesium 
sulfate heptahydrate 28.398; manganous sulfate monohydrate 0.650; potassium iodide 0.067; sodium selenite 0.010; zinc sulfate heptahydrate 13.193; sodium 
dihydrogen phosphate 15; filler 38.428. 

Table 3 
Amino acid composition of the experimental diets (% of protein).  

Amino acids Diets 

Con FCSM0 FCSM 25 FCSM 50 FCSM 75 FCSM 100 

Essential amino acid 
Arginine 2.43 2.73 3.05 3.48 3.72 3.98 
Histidine 0.88 0.81 0.83 0.89 0.90 0.94 
Leucine 2.37 2.44 2.35 2.38 2.24 2.20 
Lysine 1.51 1.76 1.63 1.58 1.50 1.47 
Methionine 0.69 0.59 0.63 0.66 0.70 0.68 
Phenylalanine 1.68 1.95 1.97 2.09 2.13 2.22 
Threonine 1.37 1.24 1.21 1.24 1.21 1.21 
Valine 1.68 1.60 1.58 1.66 1.61 1.63 
Ileleucine 1.20 1.42 1.33 1.33 1.25 1.19 
Nonessential amino acid 
Alanine 1.67 1.62 1.59 1.65 1.59 1.61 
Aspartic acid 3.61 3.85 3.71 3.81 3.63 3.63 
Glutamic acid 7.20 6.14 6.38 6.35 6.41 6.53 
Glycine 1.75 1.79 1.77 1.86 1.81 1.85 
Proline 1.65 1.68 1.61 1.63 1.52 1.51 
Serine 1.63 1.57 1.57 1.61 1.63 1.66 
Tyrosine 1.28 1.30 1.27 1.31 1.23 1.22 
Total amino acid 32.60 32.49 32.48 33.53 33.08 33.53  
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colorimetric determination was performed at a maximum absorption 
wavelength of 440 nm. 

2.5. Serum enzyme activity 

The alanine aminotransferase (ALT) and aspartate aminotransferase 
(AST) activities were detected photometrically based on the method 
described by Yu et al. (2021). Phosphatase (acid phosphatase, ACP and 
alkaline phosphatase, ALP) activity was detected according to the 
method of Javahery et al. (2019). Commercial assay kits (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) were used to 
determine the above indicators. 

2.6. Digestive enzyme activities and hepatopancreas antioxidant capacity 

Hepatopancreases and intestine were weighed and homogenized in 
10 vol (v/w) of 0.9% ice-cold sterile saline solution and centrifuged at 
1500g (5415 R, Eppendorf, Germany) for 15 min at 4 ◦C. The super-
natant was collected to measure the total protein content and the ac-
tivity of digestive enzymes, including amylase, trypsin and lipase, with 
commercial assay kits (Jiancheng Bioengineering Institute). In addition, 
glutathione (GSH), malondialdehyde (MDA), total superoxide dismutase 
(T-SOD), catalase (CAT) and glutathione peroxidase (GSH-Px) in the 
hepatopancreases were determined using commercial kits (Nanjing 
Jiancheng Bioengineering Institute) according to the instructions of the 
manufacturer. 

2.7. Intestinal microbiota analysis 

According to the manufacturer’s protocol, bacterial DNA was iso-
lated from samples (Con, FCSM0 and FCSM75) using the QIAamp DNA 
Kit (Qiagen Inc., Germany). The quantity and purity of the DNA were 
assessed using a NanoDrop ND-2000 spectrophotometer (Thermo Sci-
entific, Wilmington, DE, USA). The integrity of the isolated bacterial 
DNA was determined by electrophoresis on a 1.2% (w/v) agarose gel. 
PCR amplification of the bacterial 16 S rRNA gene V3–V4 regionwas 
performed using the universal primers 338 F (5′-ACTCCTACGGGAGG-
CAGCA-3′) and 806 R (5′-GGACTACHVGGGTWTCTAAT-3′). PCR was 
performed using our previous protocol for E. sinensis(Han, Xu et al., 
2020). Paired-end sequencing (2 × 300) was carried out on an Illumina 
MiSeq platform according to the protocol of Personal Bio-Pharm Tech-
nology Co., Ltd. (Shanghai, China). The raw sequencing data of the gut 
microbiota were submitted to the GenBank database (PRJNA842907). 

Operational taxonomic units (OTUs) were characterized as se-
quences and clustered at 97 % similarity through UCLUST. The taxo-
nomic richness and community diversity of each library were assessed 
by Mothur (version 1.31.2) (Schloss et al., 2009). QIIME software 
version 1.17 was employed to demultiplex and quality filter the raw 
reads. Sample-specific 7-bp barcodes were incorporated into the primers 
for multiplex sequencing. Alpha diversity (ACE, Chao1, Shannon and 
Good’s coverage) was calculated in QIIME, while β diversity was 
determined by the weighted UniFrac metric in principal coordinate 
analysis (PCoA). The KEGG pathway analysis of the OTUs was carried 
out on Tax4Fun (Aßhauer et al., 2015). 

2.8. Statistical analysis 

All data were calculated as the means ± standard errors. The above 
statistical analyses were conducted using SPSS 26.0 (IBM, USA). Two 
hypotheses were tested in the present study: (1) one-way analysis of 
variance (ANOVA) and Tukey’s post-hoc test were used in fermented 
cotton meal addition groups (FCSM0, FCSM25, FCSM50, FCSM75 and 
FCSM100), and (2) Student’s t test was used to compare the FCSM0, 
FCSM25, FCSM50, FCSM75 or FCSM100 group with the control. Data 
were considered statistically significant at P < 0.05 and extremely sig-
nificant at P < 0.01. 

3. Results 

3.1. Growth performance 

The growth performance of shrimp in the different groups is pre-
sented in Table 4. The survival of the FCSM0 group was significantly 
lower than that of the other groups (P < 0.05). The WG and SGR of the 
FCSM0 group were significantly lower than those of the control and 
FCSM75 groups (P < 0.05). With the increase in the FCSM content, the 
WG and SGR showed a trend of increasing first and then decreasing, and 
both reached their maximum values in the FCSM75 group. The HSI of 
the FCSM0 group was significantly higher than that of the other groups 
except for FCSM100 (P < 0.05). No significant difference was observed 
in the FCR among the groups (P > 0.05). 

3.2. Whole shrimp body composition and muscle amino acid composition 

The body compositions of shrimp in the different groups are pre-
sented in Table 5. The crude protein of whole shrimp was significantly 
decreased in the FCSM75 group compared with the control and 
FCSM100 groups (P < 0.05). The crude lipid content of whole shrimp 
was significantly lower in the FCSM100 group than in the control and 
FCSM0 groups (P < 0.05). The ash content of the FCSM50 group was 
significantly higher than that of the FCSM0 group (P < 0.05). 

The amino acid composition of L. vannamei muscle is shown in  
Table 6. The contents of essential amino acids, nonessential amino acids 
and total amino acids of L. vannamei in the FCSM25, FCSM50, and 
FCSM75 groups were significantly higher than those of the control (P <
0.01). There was no significant difference in the methionine and alanine 
contents of each group in the experiment (P > 0.05). Except for these 
two amino acids, the measured amino acids in the experiment showed a 
trend of first increasing and then decreasing with the increase in the 
level of fermented cotton meal in the diet. All achieved the maximum 
value in the FCSM75 group, and except for glutamic acid, the content of 
the FCSM75 group was extremely significantly higher than that of the 
control (P < 0.01). 

3.3. Serum enzyme activities and hepatopancreas antioxidant capacity 

Fig. 1 shows the effect of different diets on the activities of AST, ALT, 
AKP and ACP in the serum of L. vannamei. There were no significant 
differences in the activity of AST and ALT in each group (P > 0.05, 
Fig. 1A, B). The AKP activity and ACP activity of the control were 
significantly higher than those of the FCSM supplement groups (P <
0.01, Fig. 1C, D). The AKP activity of the FCSM0 group was significantly 
higher than that of the FCSM25 and FCSM50 groups (P < 0.05, Fig. 1C). 
With the increase in the fermented cotton meal level, the ACP activity 
showed a gradual declining trend, and the ACP activity of the FCSM0 
group was significantly higher than that of the other experimental 
groups (P < 0.05, Fig. 1D). 

The MDA content in the hepatopancreas of the FCSM25, FCSM75 and 
FCSM100 groups was significantly lower than that of the control 
(P < 0.05), but there was no significant difference in the fermented 
cotton meal-supplemented groups (P > 0.05, Fig. 2A). The SOD activity 
of the control and FCSM0 groups was significantly lower than that of the 
other groups (P < 0.05, Fig. 2C). The GSH content in the FCSM50 and 
FCSM100 groups was significantly higher than that in the control and 
FCSM0 groups (P < 0.05, Fig. 2D). There were no significant differences 
in GPx and CAT activities in all treatments (P > 0.05, Fig. 2B, E). 

3.4. Digestive Enzyme activities 

The trypsin and amylase activities in the hepatopancreas of the 
control and FCSM0 groups were significantly lower than those of the 
other groups (P < 0.05), and with the increase in the level of fermented 
cotton meal replacement, the activities of the two types of enzymes 
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gradually increased (Fig. 3A, C). The intestinal trypsin activity of the 
FCSM50 group was significantly higher than that of the FCSM0 and 
FCSM75 groups (P < 0.05, Fig. 3D). The intestinal amylase activity of 
the FCSM0 group was significantly higher than that of the FCSM100 
group (P < 0.05, Fig. 3F). No significant difference was found in lipase 
in the hepatopancreas and intestine in the experimental treatments 
(P > 0.05, Fig. 3B, E). 

3.5. Intestinal microbiota 

An Illumina HiSeq 2500 sequencing system produced 1004,228 
high-quality reads from the shrimp gut microbiota with an average of 
83,686 sequences per sample (range from 59,006 to 95482). The sta-
tistical estimates of species diversity and richness are shown in Table 7. 
The results showed no significant changes. There was no significant 
difference in the Chao 1 and Observed_species index data of the 
microbiota in the three groups. However, the Simpson and Shannon 
indexes in the FCSM75 group were significantly higher than those in the 
control and FCSM0 groups (P < 0.05). PCoA of the intestinal bacterial 
community showed that the FCSM0 group had partial overlap with the 
control and FCSM75 groups, while the FCSM75 group had no overlap 

Table 4 
Growth performance and survival of L. vannamei fed different diets (mean ± SE).   

Diets  

Con FCSM0 FCSM25 FCSM50 FCSM75 FCSM100 

SGRa (%d− 1) 5.67 ± 0.11 5.28 ± 0.06 *a 5.36 ± 0.14a,b 5.62 ± 0.07b,c 5.78 ± 0.08b 5.53 ± 0.05a,b,c 

WGc (%) 2308.98 ± 143.57 1826.16 ± 62.40 *a 1925.77 ± 161.55a,b 2230.66 ± 85.78b,c 2446.30 ± 109.13b 2109.85 ± 65.32a,b 

HSIb (%) 4.98 ± 0.26 5.73 ± 0.09 *b 4.65 ± 0.12a 4.67 ± 0.33a 4.85 ± 0.19a,b 5.42 ± 0.29b,c 

Survivald (%) 81.00 ± 3.42 71.00 ± 2.52a 83.00 ± 1.91c 83.00 ± 2.52c 79.00 ± 1.91c 84.00 ± 2.83c 

CFe (g cm− 3) 0.76 ± 0.01 0.76 ± 0.01 0.77 ± 0.01 0.76 ± 0.01 0.77 ± 0.01 0.77 ± 0.00 

Note: 1) Values with * represent a significant difference between the treatment and the control (P < 0.05), * * represents an extremely significant difference between 
the treatment and the control (P < 0.01); 
2) Dissimilar letters show significant differences (P < 0.05) among the FCSM0, FCSM25, FCSM50, FCSM75 and FCSM100 groups. 

a SGR (specific growth rate, %d− 1) = 100 × [Ln (final weight)− Ln(initial weight)]/days. 
b HSI (hepatopancreatic index, %) = weight of liver/weight of shrimp × 100. 
c WG (weight gain, %) = (final body weight − initial body weight)/initial body weight × 100. 
d Survival (%) = 100 × (final shrimp number/initial shrimp number). 
e CF (condition factor, g cm− 3) = weight of shrimp/length of shrimp3. 

Table 5 
Proximate composition of L. vannamei fed experimental diets for 8 weeks (%).   

Diets 

Con FCSM0 FCSM 
25 

FCSM 
50 

FCSM 
75 

FCSM 
100 

Crude 
protein 

71.30 
± 0.97 

73.22 ±
1.17b 

72.53 
± 0.22ab 

72.91 
± 0.22ab 

70.44 
± 1.06a 

73.04 
± 0.68b 

Crude 
lipid 

12.69 
± 1.14 

12.28 ±
0.96b 

10.01 
± 0.40ab 

10.08 
± 0.74ab 

10.19 
± 0.69ab 

9.20 ±
0.54 *a 

Ash 14.36 
± 0.88 

14.01 ±
0.03a 

14.30 
± 0.37ab 

15.00 
± 0.10b 

14.36 
± 0.09ab 

14.75 
± 0.30ab 

Moisture 75.35 
± 0.46 

75.39 ±
0.27 

76.23 
± 0.41 

76.08 
± 0.50 

76.18 
± 0.29 

76.00 
± 0.41 

Note: 1) Values with * represent a significant difference between the treatment 
and the control (P < 0.05), * * represents an extremely significant difference 
between the treatment and the control (P < 0.01); 
2) Dissimilar letters show significant differences (P < 0.05) among the FCSM0, 
FCSM25, FCSM50, FCSM75 and FCSM100 groups. 

Table 6 
Amino acid composition of the muscle in L. vannamei fed experimental diets for 8 weeks (% of protein).  

Amino acids Diets 

Con FCSM0 FCSM25 FCSM50 FCSM75 FCSM100 

Essential amino acid 
Arginine 8.07 ± 0.08 8.17 ± 0.08a 8.67 ± 0.05b** 8.33 ± 0.12a 8.74 ± 0.08b** 8.34 ± 0.13a 

Histidine 2.00 ± 0.02 1.99 ± 0.02b 2.04 ± 0.01b* 2.02 ± 0.02b 2.11 ± 0.03c** 1.92 ± 0.02a* 

Leucine 5.79 ± 0.04 5.80 ± 0.06a 6.01 ± 0.03b** 6.05 ± 0.05b** 6.23 ± 0.03c** 5.92 ± 0.07ab 

Lysine 6.69 ± 0.05 6.66 ± 0.06a 6.85 ± 0.04bc* 6.84 ± 0.05bc 6.97 ± 0.05c** 6.72 ± 0.08ab 

Methionine 1.71 ± 0.12 1.75 ± 0.09 1.96 ± 0.05 1.86 ± 0.11 1.90 ± 0.09 1.85 ± 0.09 
Phenylalanine 3.31 ± 0.03 3.38 ± 0.04a 3.38 ± 0.02a 3.43 ± 0.02a** 3.75 ± 0.09b** 3.37 ± 0.04a 

Threonine 2.89 ± 0.02 2.90 ± 0.03a 3.00 ± 0.01b** 3.04 ± 0.03b** 3.14 ± 0.01c** 2.97 ± 0.04b 

Valine 3.40 ± 0.02 3.42 ± 0.04a 3.55 ± 0.02bc** 3.62 ± 0.03c** 3.73 ± 0.03d** 3.50 ± 0.04ab* 

Ileleucine 3.19 ± 0.02 3.18 ± 0.03a 3.32 ± 0.16bc** 3.36 ± 0.02c** 3.46 ± 0.13d** 3.28 ± 0.38b 

Nonessential amino acid 
Alanine 5.00 ± 0.07 4.91 ± 0.06 4.88 ± 0.07 5.05 ± 0.13 5.13 ± 0.10 4.91 ± 0.07 
Aspartic acid 8.13 ± 0.05 8.14 ± 0.10a 8.45 ± 0.06b** 8.53 ± 0.07bc** 8.71 ± 0.04d** 8.34 ± 0.07ab* 

Glutamic acid 13.87 ± 0.13 13.62 ± 0.14ab 13.96 ± 0.12bc 14.05 ± 0.13c 14.12 ± 0.12c 13.53 ± 0.19a 

Glycine 7.19 ± 0.14 7.23 ± 0.17a 7.67 ± 0.11abc* 7.75 ± 0.23bc 8.13 ± 0.10c** 7.61 ± 0.17ab* 

Proline 4.37 ± 0.14 4.68 ± 0.14a 4.78 ± 0.07ab* 5.05 ± 0.08bc** 5.15 ± 0.14c** 4.59 ± 0.11a 

Serine 2.86 ± 0.03 2.87 ± 0.03a 2.97 ± 0.01bc** 2.99 ± 0.03c** 3.10 ± 0.02d** 2.89 ± 0.05ab 

Tyrosine 2.90 ± 0.03 2.88 ± 0.03a 2.97 ± 0.02b* 3.00 ± 0.03b* 3.12 ± 0.02c** 2.94 ± 0.03ab 

Total essential amino acid 37.05 ± 0.31 37.26 ± 0.42a 38.79 ± 0.17b** 38.55 ± 0.25b** 40.03 ± 0.22c** 37.87 ± 0.43ab 

Total unessential amino acid 44.30 ± 0.32 44.33 ± 0.42a 45.68 ± 0.31bc** 46.53 ± 0.37 cd** 47.34 ± 0.21d** 44.82 ± 0.53ab 

Total amino acid 81.35 ± 0.55 81.59 ± 0.84a 84.47 ± 0.47bc** 85.09 ± 0.55c** 87.38 ± 0.32d** 82.68 ± 0.95ab 

Note: 1) Values with * represent a significant difference between the treatment and the control (P < 0.05), * * represents an extremely significant difference between 
the treatment and the control (P < 0.01); 
2) Dissimilar letters show significant differences (P < 0.05) among the FCSM0, FCSM25, FCSM50, FCSM75 and FCSM100 groups. 
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with the control (Fig. 4A). 
At the phylum level, it was observed that the FCSM75 group 

decreased the abundance of Proteobacteria compared with the control 
group (P < 0.05) but significantly increased the abundance of Verru-
comicrobia compared with the control and FCSM0 groups (P < 0.05, 
Fig. 4B). In addition, the abundance of Bacteroidetes in the FCSM75 
group was significantly lower than that in the control (P < 0.05, 
Fig. 4B). At the genus level, compared with the control, the FCSM75 
group had higher abundances of Acidovorax and Microbacterium 
(P < 0.05) but lower abundances of Vibrio, Oceanicola and Lactobacillus 
(P < 0.05, Fig. 4C). In addition, the abundances of Acidovorax, Pseu-
doalteromonas and Lactobacillus were higher in the FCSM75 group than 
in the FCSM0 group (P < 0.05, Fig. 4C), but the abundances of Deme-
quina, Microbacterium, Vibrio, Photobacterium and Roseburia showed the 
opposite pattern. 

Functional analysis showed that the metagenomics potential of the 
FCSM75 group compared with the control or FCSM0 group was signif-
icantly different in several metabolism-related KEGG pathways (Fig. 5). 
Compared with the control, the FCSM75 group was significantly 
enriched in amino acid transport, glycan biosynthesis and fatty acid 
metabolism (95 % confidence intervals, P < 0.05). However, gluta-
thione metabolism, galactose metabolism and amine and polyamine 
biosynthesis were significantly enriched in the FCSM75 group compared 
with the FCSM0 group (95 % confidence intervals, P < 0.05). 

Correlation analysis of the first 100 nodes at the genus level of 
shrimp intestinal microbiota in each group was carried out. The control 
group was composed of 12 core genera and 1342 edges, and the network 
in the FCSM0 group consisted of 14 core genera and 1554 edges. 
However, the most complex network relationship was group C, which 
consisted of 16 core genera and 1624 edges (Fig. 6). 

4. Discussion 

Fermentation can effectively improve the utilization efficiency of 

plant protein sources in animals because it improves nutritional quality. 
A previous study showed that up to 16 % FCSM could replace fish meal 
effectively in Acanthopagrus schlegelii diets without affecting its growth 
performance (Sun et al., 2015). Furthermore, FCSM can even replace 
50% of the fish meal in the diet without adversely affecting the growth 
performance and feed utilization of L. vannamei (Sun et al., 2016). This 
experiment shows that in low fish meal diets, a high content of soybean 
meal can significantly reduce the survival and weight gain of 
L. vannamei, and the replacement of 75 % soybean meal by FCSM can 
change this adverse effect. These positive effects on the growth perfor-
mance of fermentation production may be realized due to the 
improvement of the reduction of anti-nutritional factors in plant pro-
teins. A previous study indicated that the growth of L. vannamei was 
significantly inhibited when soybean meal was replaced by cotton meal 
at levels above 70 % (172 mg kg− 1 free gossypol) (Wang et al., 2020a,b). 
Since cottonseed meal contains high levels of free gossypol, low doses of 
free gossypol in fermented cottonseed meal are an essential factor to 
increase the level of substituted soybean meal. In addition, fermentation 
improves the availability of amino acid patterns and the digestibility of 
nitrogen, organic matter, fiber, and calcium (Hassaan et al., 2018; Sun 
et al., 2015). In this study, FCSM was used instead of soybean meal 
combined with lysine and methionine supplementation. As a result, the 
essential amino acids in each diet group were relatively balanced, and 
the levels of some amino acids were increased, such as phenylalanine 
and arginine. A recent study also showed that fermented mixed plant 
protein can increase the contents of leucine, methionine, phenylalanine, 
threonine and valine in the tail muscle of Penaeus monodon (Rajaram 
et al., 2022). Fermentation can also improve the solubility of vitamins 
and proteins and the palatability of feed (Dawood et al., 2019; Zhang 
et al., 2017). In addition, similar to the findings of low-gossypol cot-
tonseed protein in swimming crab (Portunus trituberculatus) (Xie et al., 
2022), the lysine content in the muscle of the FCSM100 group was 
reduced in this experiment. It is speculated that the free gossypol in 
FCSM binds to lysine, which leads to a decrease in lysine content in 

Fig. 1. The activity of aspartate aminotrans-
ferase (A), alanine aminotransferase (B), alka-
line phosphatase (C) and acid phosphatase (D) 
in the serum of Litopenaeus vannamei fed 
different experimental diets. Values with 
* represent a significant difference between the 
treatment and the control (P < 0.05), * * rep-
resents an extremely significant difference be-
tween the treatment and the control (P < 0.01). 
Dissimilar letters show significant differences 
(P < 0.05) among the FCSM0, FCSM25, 
FCSM50, FCSM75 and FCSM100 groups.   
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muscle with an increase in FCSM replacement levels (Lim et al., 1997). 
Therefore, it is necessary to conduct a further study to determine 
whether FCSM improved growth performance by improving digestion 
efficiency and intestinal microbiota structure in L. vannamei. 

The trypsin activity in the gut of Salmo salar fed the diet with 
300 g kg− 1 soybean meal was significantly reduced compared to that 

fed a whole fishmeal diet (Lilleeng et al., 2007). Likewise, high levels of 
soybean meal reduced protease activity in the hepatopancreas and gut of 
tilapia(Lin and Luo, 2011). A recent study found that a plant protein mix 
fermented with Bacillus spp. can help increase amylase and protease 
activity in the hepatopancreas of P. monodon (Rajaram et al., 2022). 
Furthermore, an increase in protease activity was observed in the 

Fig. 2. The content of malondialdehyde (A) and glutathione (D) and the activity of catalase (B), total superoxide dismutase (C), and glutathione peroxidase (E) in the 
Litopenaeus vannamei hepatopancreas fed the different experimental diets. Values with * represent a significant difference between the treatment and the control 
(P < 0.05), ** represents an extremely significant difference between the treatment and the control (P < 0.01). Dissimilar letters show significant differences 
(P < 0.05) among the FCSM0, FCSM25, FCSM50, FCSM75 and FCSM100 groups. 
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hepatopancreas of Penaeus vannamei after ingestion of feed fermented 
with mixed strains (Zhang et al., 2021). In this study, compared to the 
control, although a high supplementation ratio of soybean meal in the 
diet did not influence the digestive enzyme activities of L. vannamei, 
FCSM instead of soybean meal increased trypsin and amylase activities 
in the hepatopancreas. This may be due to the existence of beneficial 
microorganisms in fermented products, which can synergistically 
benefit the digestive tract to secrete digestive enzymes and help to 
improve the digestive ability of aquatic animals(Dawood et al., 2015; 
Xie et al., 2016). A previous study showed that tilapia had significantly 
lower whole-body protein content when fed diets with increased con-
tents of pea seed meal (EL-Saidy and Saad, 2008). High levels of FCM 
reduced the body protein content of A. schlegelii (Sun et al., 2015). It was 

increased in the ash content of fish fed soybean meal instead of fish meal 
(Wang et al., 2006). In this experiment, although the protein content of 
whole shrimp in the FCSM75 group decreased and the ash content in the 
FCSM50 group increased, there was no regular change with increasing 
FCSM content. However, the crude lipid content of whole shrimp 
decreased gradually with increasing FCSM levels. Similar results were 
also seen in a related study of broilers. The results showed that a low 
hepatic TG concentration decreased lipid synthesis and abdominal fat 
levels in broilers when broilers were fed diets supplemented with FCSM 
(Nie et al., 2015). The effect of FCSM on reducing the fat content of 
L. vannamei requires further experimental studies. Furthermore, the re-
sults of the trial indicated that the contents of most amino acids in 
shrimp muscle were increased by substituting soybean meal with FCSM. 
Previous studies have found that the amino acid compositions of Para-
lichthys olivaceus (Abdul et al., 2012), Oncorhynchus mykiss (Yamamoto 
et al., 2010), and Sebastes schlegeli (Lee et al., 2016) were also affected by 
the replacement of dietary fish meal with fermented soybean meal, but 
only a few amino acid contents were changed. These results indicated 
that the replacement of vegetable protein by fermented vegetable pro-
tein was more conducive to the utilization and deposition of amino acids 
by aquatic animals than the replacement of fish meal. 

ACP and AKP are two important representative hydrolases that 
eliminate pathogenic macromolecules and extracellular invaders (Han 
et al., 2020). This experiment showed that the replacement of soybean 
meal by FCSM in the experimental diet significantly reduced the serum 
AKP and ACP activities of juvenile shrimp. High levels of soybean meal 
diet induced a stress response in rainbow trout, which increased serum 
AKP activity, but the replacement of soybean meal with fermented 
soybean meal ameliorated this adverse effect (Choi et al., 2020). The 
results of this study and previous studies all suggest that fermented 
production is an effective means to alleviate the stress response caused 
by high levels of plant protein. A previous study found that long-term 

Fig. 3. The activity of trypsin (A, D), lipase (B, E) and amylase (C, F) in the Litopenaeus vannamei hepatopancreas (A-C) and intestine (D-F) fed the different 
experimental diets. Values with * represent a significant difference between the treatment and the control (P < 0.05), * * represents an extremely significant dif-
ference between the treatment and the control (P < 0.01). Dissimilar letters show significant differences (P < 0.05) among the FCSM0, FCSM25, FCSM50, FCSM75 
and FCSM100 groups. 

Table 7 
Data from Illumina high-throughput sequencing yielded bacterial diversity and 
richness based on operational taxonomic units (OTUs), diversity index (Shannon 
& Simpson) and estimated OTU richness (Chao1 & ACE) for the intestinal bac-
terial diversity analysis of L. vannamei fed the different experimental diets. 
ANOVA followed by Tukey’s multiple comparison test was performed, where 
different letters represent significant differences (P < 0.05).  

Diets Sampling 
depth 

Richness estimate Diversity estimators 

Mean 
sequence 
(bp) 

Chao1 Observed_species Shannon Simpson 

Con  90996 1346.23 
± 123.12 

1186.28 
± 109.35 

5.29 
± 0.37a 

0.78 
± 0.02a 

FCSM0  77979 1751.37 
± 110.01 

1611.65 
± 352.77 

5.51 
± 0.20a 

0.73 
± 0.04a 

FCSM75  82082 1703.59 
± 164.11 

1538.55 
± 148.95 

7.14 
± 0.22b 

0.93 
± 0.02b  
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Fig. 4. Principle coordinate analysis (PCoA) based on dissimilarities of intestinal microbial communities found in the control, FCSM0 and FCSM75 groups (A). 
Comparisons of the relative abundance of the major bacteria in the Litopenaeus vannamei exposed to the control, FCSM0 and FCSM75 groups at the phylum (B) and 
genus (C) levels. The single asterisk (*) represents a significant difference of P < 0.05 between groups. Double asterisks (**) represent a significant difference of 
P < 0.01 between groups. 

Fig. 5. Effects of different diets on the function of gut microbiota. The abundance ratio of gut microbiota in the FCSM75 group compared with the control and FCSM0 
groups predicted the level 2 function. The difference in functional abundance ratios within the 95% confidence interval is shown on the right. P < 0.05 represents a 
significant difference. 
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use of high-vegetable protein diets to feed Sparus aurata can easily cause 
glycogen accumulation in liver tissue, leading to metabolic dysfunction 
and liver damage (Martínez-Llorens et al., 2012). ALT and AST are often 
used as representative indicators of hepatocyte injury (Jiang et al., 
2018). Higher activities of serum ALT and AST suggested that hepato-
cytes may be damaged to some extent when Trachinotus ovatus is fed 
diets with high soybean meal content (Lin et al., 2012). The replacement 
of soybean meal with fermented soybean meal in the diet ameliorated 
this adverse effect (Novriadi et al., 2018). However, in this experiment, 
neither soybean meal nor FCSM significantly affected the serum AST and 
ALT activities of L. vannamei compared to the control. This experiment 
demonstrated that the hepatopancreas health of L. vannamei was not 
affected by plant protein fermentation. 

Fermented plant products improve nonspecific immune responses 
and antioxidant activity in aquatic animals (Jiang et al., 2018; Kim et al., 

2010). As the final lipid peroxidation product, MDA accumulates in cells 
when threatened by endogenous oxidative stress(Han et al., 2019a). In 
this experiment, replacing soybean meal with a high proportion of FCSM 
effectively reduced the level of MDA in the hepatopancreas. This sug-
gests that dietary supplementation with FCSM can reduce the perox-
idative burden in the hepatopancreas of L. vannamei. Furthermore, the 
upward trend in SOD activity and GSH content indicated enhanced 
antioxidant defenses to counter the invasion of oxidative factors and 
protect organisms from the toxic effect of free. An improvement in the 
antioxidant capacity of largemouth bass (Micropterus salmoides) was also 
found in diets containing fermented soybean residue (Jiang et al., 2018). 
Similar results have been reported in shrimp fed fermented vegetable 
protein experiments, although this mechanism remains unclear (Ding 
et al., 2015; Lin and Mui, 2017). The increased antioxidant capacity of 
the FCSM groups in this experiment may be one of the main reasons why 

Fig. 6. Gut microbiota phylum-level interaction network under imidacloprid exposure. (A) Control group, (B) FCSM0 group, (C) FCSM75 group, (D) network 
properties. Each node represents a bacterial genus. Node colors represent bacterial phyla. 
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the body exerts a compensatory effect to maintain lower MDA levels. 
The gut microbiota plays a key role in maintaining mucosal struc-

tural integrity, regulating nutrient digestion and intestinal immunity, 
and potentially colonizing pathogens (Han et al., 2020). The composi-
tion and abundance of gut microbial communities can be affected by 
feed ingredients and are important factors that cause changes in host 
organisms (Han et al., 2019a,b; Sommer et al., 2017). In this study, 
FCSM increased the microbiota diversity, although it had no significant 
influence on the microbiota richness. This may be because fermentation 
helps to enhance the colonization of probiotics and improve the host 
intestinal environment (Dawood and Koshio, 2020). In addition, ac-
cording to the PCA results, the FCSM0 group had partial overlap with the 
FCSM75 group and the control group, which was also related to the feed 
composition pattern of the FCSM0 group being between the other two 
groups. At the level of phylum, the FCSM75 group had a lower abun-
dance of Proteobacteria and a higher abundance of Verrucomicrobia 
than the control and FCSM0 groups. Although Proteobacteria are a 
crucial component of the shrimp intestinal microbiota, a superfluous 
abundance of Proteobacteria has a potential disease risk because the 
phylum Proteobacteria contains many pathogenic bacteria (Fu et al., 
2022; Holt et al., 2021). Previous studies have shown that the increased 
abundance of Verrucomicrobia is considered a representative indicator 
of immune change and weight gain in the host (Koliada et al., 2017; Xu 
et al., 2020). Furthermore, this experiment found that FCSM increased 
the abundance of Bacteroidetes. Bacteroidetes in high abundance helps 
the host catabolize carbohydrates and play a key role in the host gut in 
digesting food to form simple molecules for absorption(Han et al., 
2018). 

At the genus level, the results revealed that the FCSM75 group had a 
lower abundance of Vibrio, Demequina, Microbacterium, Photobacterium 
and Roseburia than the FCSM0 group. Vibrio and Photobacterium are 
common pathogenic microorganisms in aquaculture, such as Vibrio 
harveyi and Photobacterium damselae, which have high pathogenicity to 
shrimp (Soto-Rodriguez et al., 2010; Wang et al., 2020). A previous 
study found that the abundance of Roseburia and Vibrio in L. vannamei 
significantly increased under cobalt stress (Chen et al., 2020). The 
probiotic consortium produced by the fermentation of rice bran in the 
diet was mainly composed of Bacillus and Lysinibacillus strains, which 
produced a variety of metabolites that can depress the growth of other 
microorganisms and compete with them for nutrients, thereby 
increasing the abundance of probiotics in the gut (Zhang et al., 2021; 
Liñan-Vidriales et al., 2021). In this study, the abundances of Acid-
ovorax, Pseudoalteromonas and Lactobacillus were higher in the FCSM75 
group than in the FCSM0 group. Acidovorax may be involved in 
biodegradation in animal intestines (Liu et al., 2018). Lactobacillus are 
common components of the gut microbiome of aquatic species and are 
generally considered to be beneficial organisms for maintaining intes-
tinal ecological balance and intestinal epithelial health (Dimitroglou 
et al., 2009; Han et al., 2020a,b). These results indicated that the 
replacement of soybean meal with FCSM could improve the microbiota 
structure of L. vannamei by increasing the abundance of probiotics and 
inhibiting the abundance of pathogenic bacteria. Although the FCSM75 
group and the control group had different composition patterns of gut 
microbiota, they both suppressed the abundance in the intestine of some 
pathogenic bacteria, including Vibrio and Photobacterium. 

The intestinal microbiota can regulate complex interspecies in-
teractions of various host metabolic pathways through the formed mi-
crobial ecological network (Banerjee et al., 2018). Interspecies 
interactions reflect the ecological niche of a biological community and 
can be used to infer the stability and ecological properties of community 
aggregation (Williams et al., 2014). In this experiment, the intestinal 
microbiota of shrimp fed the three diet types had different microbial 
interaction networks in FCSM75, FCSM0, and the control with a 
descending order of complexity. In a diverse community, the interaction 
between complex microorganisms can improve the ability of the com-
munity to invade pathogenic bacteria and improve the stability of the 

microbiota (Xiong et al., 2017). The complex microbiota interactions of 
the FCSM75 group in this experiment may be because fermented cot-
tonseed meal increased the gut microbiota diversity of L. vannamei. 
Based on the KEGG functional prediction results, compared with the 
FCSM0 group, the FCSM75 group significantly upregulated the “gluta-
thione metabolism” pathways in the intestinal microbiota. This result 
was also consistent with the MDA and GSH contents in the hepatopan-
creas in this experiment. It is speculated that the replacement of soybean 
meal with FCSM can play a synergistic role in improving the antioxidant 
capacity of the body through the change in the intestinal microbiota 
structure. Furthermore, the FCSM75 group significantly upregulated the 
“galactose metabolism” and “amine and polyamine biosynthesis” path-
ways in the intestinal microbiota. As small organic molecules present in 
all eukaryotic cells, polyamines can regulate physiological processes 
such as cell growth, differentiation, mitochondrial function and integ-
rity (Flynn et al., 2009). This experiment indicated that the replacement 
of soybean meal with FCSM might improve tissue repair and protection 
from oxidative damage by the intestinal microbiota. In addition, 
compared with the control, FCSM75 significantly upregulated the 
“amino acid transport”, “fatty acid metabolism”, and “glycan biosyn-
thesis” pathways in the intestinal microbiota. Although there were no 
significant differences in gut digestive enzyme activity between the two 
groups, FCSM could compensate for the lack of fishmeal levels by 
regulating the transport and metabolism of nutrients by the gut 
microbiota. 

5. Conclusion 

In conclusion, this study showed that replacing 75 % soybean meal 
with FCSM in a low fishmeal diet could improve the growth perfor-
mance, antioxidant capacity, and essential amino acid content of 
L. vannamei. In addition, FCSM increased the diversity of shrimp gut 
microbiota and improved nutrient utilization and antioxidant capacity 
by regulating gut microbe-mediated functions. 
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