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Abstract
To alleviate the growth inhibition, and intestinal damage of Chinese mitten crab (Eriocheir sinensis) induced by low fishmeal diets (LF), an
8-week feeding trial was conducted to evaluate the addition of dietary soybean-derived bioactive peptides (SBP) in LF diets on the regulation of
growth, digestion and intestinal health. The crabs were fed isonitrogenous and isoenergetic conventional diet and LF diets (10 % fishmeal
replaced by soybean meal, LF) supplemented with 0, 1 %, 2 %, 4 % and 6 % SBP, respectively. The results showed that LF diet inhibited growth
while inclusion of SBP quadratically remitted the growth inhibition induced by LF. For digestive function, increasing addition level of SBP
quadratically improved the α-amylase and trypsin activities. For antioxidant function, LF group significantly increased the malondialdehyde
content, while SBP linearly decreased themalondialdehyde level and cubically increased the anti-superoxide anion activity and total antioxidant
capacity level. For intestinal health, the peritrophic membrane (PM) almost completely separated from the inner wall of the intestinal lumen, the
epithelial cells reduced, the muscularis became thinner and the apoptotic signals increased in LF group; with SBP addition, the intestinal
morphology was improved, with the PM adhering to the inner wall of the intestinal lumen, an increase in the number of epithelial cells and an
increase in the thickness of the muscularis. Additionally, there was a decrease in apoptotic signals. Dietary SBP also increased the expression of
PT and Crustin1 quadratically and decreased the expression of ALF1 linearly, ALF3 and ILF2 quadratically.
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Fishmeal offers a balanced amino acid profile, great digestibility
and excellent palatability, making it an incredibly high-quality
protein source for animal feed. The expansion of the global
aquaculture industry has led to a shortage of fishmeal supply. It
has been criticised for using high-qualitymarine proteins that are
directly consumable by humans(1). Fishmeal substitution has
become an unavoidable issue in the feed industry, while plant
proteins, which are inexpensive, stable in origin and pollution-
free, have become a mainstream research direction for fishmeal
substitution(2). Among them, soybean meal has been widely
used in aquafeeds because of its balanced nutritional compo-
sition. However, using soybean meal in aquafeeds in large
quantities can lead to growth inhibition and intestinal damage

due to essential amino acid deficiency and anti-nutritional
factors(3). One-third or higher fishmeal replacement levels by
soybean meal can significantly decrease the growth perfor-
mance, feed efficiency, intestinal villi height and muscular
thickness of Pacific white shrimp (Litopenaeus vannamei)(4–6).
Hence, improving intestinal barrier integrity and immunology
may be an effective approach to increasing the utilisation of
soybean meal and other plant protein sources in aquafeeds.

Soybean-derived bioactive peptides (SBP) are short peptide
mixtures consisting of 2 to 10 amino acids produced from
soybean proteins after protease hydrolysis, with a molecular
weight mainly distributed below 1000 and a protein content of
about 85 %. SBP is quickly absorbed and used by the intestine
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since they are short-chain peptides(7). A variety of these short
bioactive peptides have been shown to be effective in improving
growth and digestive performance(8) as well as immunomodu-
lation(9), antioxidants(10) and other physiological functions in
mammals and fish. Fermented soybean meal contains a lot of
SBP(11), and partial replacement of fishmeal with fermented
soybean meal can improve the growth performance and crude
protein content of Chinese mitten crab (Eriocheir sinensis)(12).
Antibacterial peptides contained in SBP have strong antibacterial
activity against Vibrio alginolyticus and Vibrio parahaemolyti-
cus(13). The effects of SBP are connected to the preservation,
augmentation or repair of the intestinal barrier function, which
controls the inflow of microbes from the intestinal lumen while
selectively allowing the absorption of water, nutrients and
ions(14). The research has reported that SBP or fermented
soybean meal could improve digestive enzyme activities, distal
intestinal morphology and intestinal microbial flora in fish(15–17).
Nevertheless, few studies focus on the intestinal regulation of
SBP in crustaceans.

Chinese mitten crab is an important economically farmed
species in China, known for its delicious taste and rich
nutrition(18). However, there is a strong dependence on fishmeal
in the cultural process. The amount of fishmeal in the general
compound feed is normally around 30 %. Therefore, it is crucial
to cut back on fishmeal consumption. However, farmed crabs
may experience growth suppression and poor digestibility when
more plant proteins are used to replace fishmeal in the feed(19,20).
The addition of bioactive substances under low fishmeal
conditions (LF) has become a popular research direction for
fishmeal substitution(21–23), while related studies in Chinese
mitten crab have been few.

In view of this, the present study aimed to evaluate the effects
of LF diet on the growth, digestion and intestinal health of
E. sinensis, and the amelioration of SBP supplementation in a LF
diet. The results will shed more light on the molecular
mechanism of physiological response induced by protein
sources and also provide a reference for the development and
application of LF diet.

Materials and methods

Experimental diets

Six isonitrogenous (40% crude protein) and isoenergetic (18MJ/kg
gross energy) diets were formulated in this study. The formula and
approximate components of the control diet (CT) and the LF diet
are shown in Table 1, in which fishmeal, soybean meal, rapeseed
meal, peanut meal and blood meal served as protein sources; fish
oil and soybean oil served as lipid sources; α-starch served as the
carbohydrate source. Fishmeal content in LF was reduced from
32% to 22% with the inclusion of soybean meal. 1%, 2%, 4% and
6% SBP were supplemented in LF, respectively. The SBP (Tian le
tai) was produced by enzymolysis with soybean protease that was
obtained from Jiangsu FIELD Technology Co., Ltd. Its main
components are shown in Table 2, and the relative molecular
weight distribution of peptides detected according toGB/T 22 492–
2008 is presented in Table 3.

All experimental diets were prepared in the laboratory.
Various raw materials were crushed and sieved through a 60
(unit) mesh; the ingredients were thoroughly mixed and
blended to ensure homogeneity. Lipid sources and 25 % water
were added to the mixture. SBP, in paste form, was added to
the feed along with 25 % water based on the feed weight.
A twin-screw extruder (Guangzhou Huagong Optical
Mechanical and Electrical Technology Co., Ltd.,
Guangzhou, China) was used to produce wet granular feed
with a particle size of 2·5mm. After drying in a hot air oven, the
feeds were provided to crabs.

Animal ethics

The care and use of animals followed Animal Research Institute
Committee guidelines of Nanjing Agriculture University, China.
This study has been approved by the Committee of the Animal
Research Institute of Nanjing Agricultural University, China
(permit number: SYXK (Su) 2011–0036).

Crabs and the feeding trial

Chinese mitten crabs were obtained from a commercial farm in
Nanjing (Jiangsu, China). After 2 weeks of acclimation, 180 male
and 180 female crabs of similar size (1·61 ± 0·05 g)were selected,
fromwhich 10male and 10 female crabs were randomly selected
and stocked into 18 outdoor concrete ponds (1 m × 1 m × 1 m),
each with plastic tubes for crabs to hide. Six experimental diets
were randomly allotted to crabs with triplicate tanks. Crabs were
fed thrice daily (07.00, 13.00 and 19.00) for 8 weeks, and the
residual feed was weighed one hour after each feeding to
calculate the total feed intake. The weight of the crabs was
measured every 2 weeks, and the daily feed amount was
adjusted accordingly.

During the feeding trial, 1/3 water was changed every 2 d,
water temperature ranged from 25 to 27°C, pH fluctuated
between 7·4 and 8·0, and dissolved oxygen was maintained
between 4–5 mg/l, and nitrite, ammonia nitrogen and sulphide
were kept< 0·01, 0·05 and 0·01 mg/l, respectively.

Sample collection

At the end of the feeding experiment, all cultured crabs in each
concrete pond were weighed to assess their growth perfor-
mance. Twomale and two female crabs were randomly selected
from each replica. Haemolymph was extracted from the base of
the second pereiopod, mixed with an anticoagulant (1:1)
composed of glucose (14·7 g/l), sodium citrate (13·2 g/l) and
citric acid (4·8 g/l). The mixture was then centrifuged at 4°C for
15 min at 3000 rpm. The supernatant was collected and stored at
−20°C. The intestine was also collected and stored at −80°C for
subsequent experiments. The hindgut was preserved in 4 %
paraformaldehyde for histopathological and apoptosis
measurement.

Growth parameter

The bodyweight of the collected sampleswasmeasured, and the
weight gain rate and specific growth rate (SGR) were calculated
as follows:
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Weight gain rate (%)= [(Wt−W0)/W0] × 100
Specific growth rate (SGR, %/d)= [(lnWt−lnW0)/t] × 100
Feed conversion ratio= F/(Wt1−W)
Relative feed intake (%/d)= 100 × F’ × 2/[(W0þWt) × t]

where Wt is the final crab average body weight (g), W0 is the
initial crab average bodyweight (g), t is the breeding time (days),
Wt1 is the final total body weight, W is the initial total body
weight, F is total amount of the feed consumed, and F’ is crab
average feed consumed.

Proximate assays

Diets and ingredients were analysed for proximate composition.
Crude protein (nitrogen× 6·25) was determined by the Kjeldahl
method using an Auto Kjeldahl System (2300; FOSS Tector,
Hoganas, Sweden); crude lipid by diethyl ether extraction using
an Auto Soxtec System (2050; FOSS Tector); ash by combustion at
550°C for 6 h; crude fibre by fritted glass cruciblemethod using an
automatic analyser (ANKOM A2000i; Macedon, New York, USA);
and gross energy by an adiabatic bomb calorimeter (PARR 1281,
USA). Acid-soluble protein was determined according to Greene
and Babbitt(24). Stachyose and raffinose contents were measured
using Foss XDS–NIR Rapid Content Analyzer (FOSS Analytical,
Slangerupgade, Denmark) through near-infrared reflectance(25)

Tripartite analyses were conducted for each sample.

Digestive enzyme assays

Hepatopancreatic tissue stored at −20°C was carefully weighed
and homogenised in ice-cold buffer (dilution 1:10) using a motor-
driven tissue cell disruptor in a 2 ml centrifugal tube. The
homogenisation buffer consisted of 0·02 M Tris/0·01 M phos-
phates at pH 7·0. The resulting homogenate was centrifuged at
2500 rpm for 10 min at 4°C, and the supernatant was collected as
the enzyme source. The activities of α-amylase (AMS), trypsin
(TPS), lipase (LPS) and the protein concentration were measured
using kits (ref. no. C016, A080 and A054, A045) provided by
Jiancheng Bioengineering Institute (Nanjing, China).

Antioxidant index assays

Intestinal tissues stored at −20°C were taken from each group
and were prepared in the same way as hepatopancreas
supernatant. The protein concentration in the tissue supernatant
was determined using kits (ref. no. A045) produced by Jiancheng
Bioengineering Institute (Nanjing, China) to calculate the
specific activity of the enzymes. The anion on Coomassie
brilliant blue dye combines with protein −NH3

þ to make the
solution blue, and the protein content can be calculated by
measuring the absorbance.

Superoxide dismutase, anti-superoxide anion, catalase,
peroxidise activities, malondialdehyde (MDA) content and total
antioxidant capacity levels were measured using kits (ref. no.
A001, A052, A007, A084, A003, A015) provided by Jiancheng
Bioengineering Institute (Nanjing, China). The Water-soluble
tetrazolium salt (WST-1) method was employed to determine
superoxide dismutase activity, where the electron transfer
substance and a chromogenic agent resulted in a purplish-red
reaction system; anti-superoxide anion activity was calculated
based on the absorbance difference using vitamin C as the
standard; the addition of ammonium molybdate quickly stops
the reaction of catalase decomposing H2O2, and the remaining
H2O2 reacts with ammonium molybdate to produce a yellowish
complex. The change at 405 nm was measured to calculate
catalase activity; peroxidase activity, which catalyses H2O2, was
determined by measuring the absorbance change at 420 nm;
MDA content was assessed by condensing it with thiobarbituric
acid to form a red product with a maximum absorption peak at
532 nm, allowing for its quantification. The total antioxidant

Table 1. The ingredients and proximate composition of experimental diets
(%, air dry basis)

Ingredients CT LF
Proximate
composition CT LF

Fishmeal* 32·00 22·00 Crude protein 39·72 39·89
Soybean meal* 10·00 24·00 Crude lipid 7·69 7·80
Rapeseed meal* 10·00 10·00 Ash 10·02 9·65
Peanut meal* 10·00 10·00 Gross energy

(MJ/kg)
18·49 18·35

Blood meal* 6·00 6·00
α-starch† 22·50 18·00
Fish oil* 2·00 2·25
Soybean oil* 2·00 2·25
Monocalcium

phosphate*
2·00 2·00

Choline chloride
(50%)‡

1·00 1·00

Vitamin and mineral
premix‡

1·00 1·00

Bentonite‡ 1·00 1·00
Salt 0·50 0·50

* Obtained from Jiangsu Fuyuda Food Products Co., Ltd., Yangzhou, China.
†Obtained from Foshan Guonong Starch Co., Ltd., China.

‡Obtained from Wuxi Hanove Animal Health Products Co., Ltd., Wuxi, China.

Table 2. Main components index requirements of soybean-derived
bioactive peptides (SBP)

Components (g/l) SBP

Crude protein, ≥ 40·0
Crude fibre, ≥ 10·0
Crude lipid, ≥ 15
Acid-soluble protein (% of total protein), ≥ 30
Stachyose, ≤ 0·5
Raffinose, ≤ 0·5
PH 3·4∼4·5

Values were obtained from commercial specifications of Jiangsu FIELD Technology
Co., Ltd.

Table 3. Relative molecular weight distribution of peptides in SBP

Molecular
weight range

Peak area
percentage
(%, λ220

nm)

Number-average
molecular weight

(Mn)

Weight-average
molecular weight

(Mw)

10 000–12 360 30·390 11 299 11 340
5000–10 000 18·187 7913 8193
3000–5000 4·204 3801 3908
2000–3000 1·806 2633 2664
1000–2000 4·685 1495 1526
500–1000 4·945 576 584
180–500 32·360 223 244
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capacity level was measured using colorimetry, wherein
antioxidant substances reduce Fe3þ to Fe2þ, and Fe2þ forms
solid complexes with phenanthroline substances.

Gene expression assays

Intestinal tissues stored at −80°C were taken from each group.
Total RNAwas isolated by RNAiso Plus (Takara, Japan), and RNA
concentration was measured by spectrophotometer (DN-1000,
Thermo, USA). The RNA concentrations were homogenised to
500 ng/μl. Reverse transcription was performed with HiScript III
RT SuperMix for quantitative PCR (þ gDNA wiper) premix
(Vazyme, China), and the reverse-transcribed cDNA was stored
at −80°C for standby. The target genes were selected as
peritrophin 2 (PM2), IL enhancer binding factor (ILF2), anti-
lipopolysaccharide factor (ALF1), anti-lipopolysaccharide factor
2 (ALF2), anti-lipopolysaccharide factor 3 (ALF3), peritrophin-
44-like protein (PT) and crustin I (Crustin1), and the primers
were according to Wang et al.(26) and Han et al.(27) (Table 4).
Real-time quantitative PCR was performed using the CFX96
RT-PCR system (Bio-Rad, CA) to analyse the relative expression
of the above target gene mRNAs in the crab intestines. The
RT-quantitative PCR reaction system was referenced by Sun
et al.(28). In this study, beta-actin (β-actin) was used as the
internal reference gene, and the 2−ΔΔCT method was used to
calculate the relative expression of genes. A standard curve was
made for each primer pair before the formal test to ensure that
the amplification efficiency of the target gene was the same as
that of the internal reference gene and was around 100 %.

Histopathological and transferase-mediated dUTP nick
end labelling assays

Hindgut tissues stored at 4°C were placed in an embedding box
and rinsed with distilled water for half an hour. Haematoxylin-
eosin staining was performed sequentially by dehydration, wax
immersion, embedding and sectioning regarding Lai et al.(29).
The terminal deoxynucleotidyl transferase-mediated dUTP nick
end labellingmethodwas used to determine intestinal apoptosis.
The specific procedure for intestinal transferase-mediated dUTP
nick end labelling analysis was according to Abbasi-Oshaghi
et al.(30). Quantification was performed using Image Pro Plus 4·1
software.

Statistical analysis

SPSS 20·0 software was applied for data analysis, and all the data
were presented as the mean of replicates with SEM(n 3). An
independent-samples t test was used to assess whether there
was a significant difference between CT and LF. Orthogonal
polynomial contrasts were used to assess the significance of
linear, quadratic or cubic models in describing the response in
the dependent variable to SBP level. Statistical significance was
set asP< 0·05. Quadratic regression analysis was used to analyse
the optimal dietary SBP level based on SGR. The Pearson
correlation coefficient was employed to examine the relation-
ship between different indicators (https://www.chiplot.online/
correlation_heatmap.html).

Results

Growth performance

As shown in Table 5, the final weight, weight gain rate and SGR
of crabs in LF group were significantly lower than those in CT
group (P< 0·05) while feed conversion ratio was significantly
higher (P< 0·05). The orthogonal polynomial contrasts showed
that the final weight, weight gain rate and SGR of crabs were all
quadratically increased (P< 0·05) with increasing dietary SBP
levels in LF diet while feed conversion ratio quadratically
decreased. Relative feed intake did not vary significantly among
these groups (P> 0·05). Using the SGR as an indicator, the most
fitted curve to the model is quadratic with the equation
y= –0·0202x2þ 0·1258xþ 3·6404; R2= 0·4381 (P= 0·010).
Based on the model, the estimated optimal addition of SBP in
the LF diet for Chinese mitten crab is 3·1 % (Fig. 1).

Hepatopancreas digestive enzyme activities

As shown in Table 6, no significant differences in AMS, TPS and
LPS activities were observed between LF and CT groups
(P> 0·05). The orthogonal polynomial contrasts showed that
the activities of AMS and TPS were both quadratically increased
(P< 0·05) while LPS was not significantly correlated (P> 0·05)
with increasing dietary SBP levels in LF diet.

Intestinal antioxidant indexes

As shown in Table 7, the MDA content in LF group was
significantly higher than that in CT group (P< 0·05). The
orthogonal polynomial contrasts showed that the content of
MDA was linearly decreased, while the activities of anti-
superoxide anion and total antioxidant capacity were both
cubically increased (P< 0·05) with increasing dietary SBP levels
in LF diet.

Histopathology and transferase-mediated dUTP nick end
labelling observation

As shown in Fig. 2, compared with CT group, the peritrophic
membrane (PM) was separated, the epithelial cells were
damaged, and the muscularis was thinner in LF group. With
the gradual increase of SBP addition, these adverse effects were
gradually improved. In 6 % SBP added group, themorphology of
PM was normal, and the thickness of muscularis was similar to
that of CT group. As shown in Table 8, the muscular thickness
and fold height in LF group were significantly decreased
(P< 0·05) than that in CT group. The orthogonal polynomial
contrasts showed that the muscular thickness was linearly
increased (P< 0·05) with increasing dietary SBP levels in LF diet.
The results of transferase-mediated dUTP nick end labelling and
DAPI staining of intestinal tissues are shown in Fig. 3 clearly, and
the apoptotic signal was significantly induced (P< 0·05) in LF
group, while it was significantly decreased (P< 0·05) in 2 % SBP
added group.

Intestinal gene expression

As shown in Table 9, LF group showed the lowest expression of
PM2, PT and Crustin1, as well as the highest expression of ALF1,
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ALF2, ALF3 and ILF2. The expression of ALF2 in LF group was
significantly higher (P< 0·05) than that in CT group. The
orthogonal polynomial contrasts showed that the increasing
dietary SBP levels in LF diet quadratically increased (P< 0·05)
the expression of PT and Crustin1. The expression of ALF1
linearly and ALF3 and ILF2 quadratically decreased (P< 0·05)
with increasing dietary SBP levels in LF diet.

Correlation and cluster analysis of indicators

As shown in Fig. 4, the correlation heat map showed that TPS,
PM2 and fold height had significant positive correlations with
growth performance, feed conversion ratio displayed a negative
relationship with growth performance (P< 0·05). Furthermore,
there were positive correlations observed between PM2 and
TPS, PT and AMS, as well as MDA and ALF1, ALF3 and ILF2
(P< 0·05). Conversely, MDA exhibited negative correlations
with muscular thickness and fold height (P< 0·05).

Discussion

This study investigated the effects of adding SBP to a LF diet on
growth, digestion and intestinal health of Chinese mitten crab.
The results showed that the LF diet reduced the growth
performance of crabs, which may be due to the high level of
soybeanmeal substitution(31). In contrast, the increasing addition
level of SBP to LF diets quadratically improved the growth
performance of crabs and reached the level of normal diets.
Relevant studies have also shown that SBP can improve animal
growth performance(17,32). However, in this study, more than 6 %
SBP to the diet of Chinese mitten crabs will have no obvious
effect on promoting growth. Drawing on the study by Song
et al.(8), we speculated that excessive ingestion of SBP could
precipitate this phenomenon. Excessive SBP consumption could
overload intestinal transporters, augmenting luminal peptide
influx and free amino acid concentrations. Simultaneously, rapid
peptide influx could boost amino acid oxidation and endog-
enous excretion, resulting in more nitrogen excretion than
intake. This could engender a negative nitrogen balance that
hampered cell growth.

Growth performance is closely related to digestion and
absorption ability(33). In crustaceans, the hepatopancreas is an
important digestive organ that secretes various digestive
enzymes(34). In this study, the increasing addition level of SBP
to LF diets quadratically increased the AMS and TPS activities of
crabs. In the study of Pelteobagrus fulvidraco, Zhao et al.(17)

replaced fishmeal with soybean peptide, and they found that
AMS and protease activities in 20 % soybean peptide substitution
group were higher than in the control group. But with the
increase in fishmeal substitution with soya peptides, there were
no significant differences in the levels of AMS, LPS and protease
activities between 50 % soybean peptide substitution group and
the control group. This could be because the soybean peptide
was easier to digest and did not trigger the digestive enzyme
activities. These results suggested that low levels of added SBP
can increase protease and AMS activities, while high levels
almost completely eliminate this enhancement.

The digestive and absorption capacity is closely related to the
intestinal health condition(35). MDA is one of the stable products
of lipid peroxidation, which can indirectly reflect the extent of
lipid peroxidation leading to cell membrane damage and
consequently cell death(36). In this study, feeding LF diet led to
a significant increase in MDA content, which is consistent with
the results of Jiang et al.(37) while the increasing addition level of
SBP linearly reduced the degree of cellular oxidative damage
and cubically increased the anti-superoxide anion activity and
total antioxidant capacity level. This should be an effective
activation of Nrf2/antioxidant response element mediated
activity by SBP(38). Research has discovered that the synthesised
antioxidant peptides provide protection to human intestinal
Caco-2 cells against oxidative damage induced by H2O2. This
protection is achieved by reducing intracellular ROS (Reactive
oxygen species) generation and lipid peroxidation (39).
Additionally, the continuous renewal of intestinal epithelial
cells plays a crucial role in the recovery process following
various damages. Bioactive peptides from bovine colostrum
have been demonstrated to enhance in human epithelial T84
cells (40). Intestinal tissue sections showed impairment in
intestinal epithelial cells in the LF diet group, while it was
recovered with the addition of SBP, which suggested that SBP

Table 4. Primer pair sequences of the genes used for real-time quantitative PCR

Gene Position Primer sequence (5 0→3 0) GenBank accession no.

β-actin Forward CTCCTGCTTGCTGATCCACATC KY356885·1
Reverse GCATCCACGAGACCACTTACA

PM2 Forward CTCGTCGATGACCAAGGACC KU041139·1
Reverse CCTCTGCGGGAAGGAAACTT

ILF2 Forward GGGAACTTCGATGCCTGTCA GU002546
Reverse ATGACCACGATGTCCGCTAC

ALF1 Forward GCTGGCTGGACCGGATTATT DQ793214·1
Reverse ATCACACGGGTGTTGCAGAT

ALF2 Forward TGTCACCCCGCCTCATTAAG GU014699·1
Reverse GTCAGAGACTCCCCCTGGAT

ALF3 Forward TCTATGGCACAACGACACCG HQ850572·1
Reverse TGCCCTCGTGGTACAATTCC

PT Forward GACCTGCACCTTTGACGAGA KM433863·1
Reverse GTATTTGGTGCAGTCGAGCG

Crustin1 Forward GCTCTATGGCGGAGGATGTCA GQ200832·1
Reverse CGGGCTTCAGACCCACTTTAC
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might also promote the proliferation of epithelial cells. However,
feeding LF diet significantly induced intestinal apoptosis, which
may be caused by substances such as soya globulin in soybean
meal (41,42). The addition of SBP effectively inhibited the
apoptotic signal. Therefore, SBP was highly likely to maintain
the cell population by inhibiting epithelial cell apoptosis, while
the possibility of SBP directly stimulating the proliferation of
intestinal epithelial cells cannot be excluded. The specific
mechanisms of action need to be further investigated and
verified through in vitro cell culture experiments. The correlation
heatmap demonstrated a significant link between intestinal fold
height and growth performance. A decrease in fold height was
observed with the LF diet, which was partially alleviated by the
addition of SBP. The increasing addition level of SBP also
cubically increased the thickness of the intestinal muscularis; this
was a rare occurrence among multiple indicators where SBP
demonstrated favourable outcomes even at a 6 % addition level,
presumably because SBP is short peptides, which can be directly
absorbed and utilised by the intestine and promote intestinal
development (43).

This study also found that LF diets disrupt intestinal PM
structure (27). The PM is a membranous structure on the surface
of the intestinal lumen in arthropods, similar to the goblet cells
in vertebrates (44). It is rich in PM factors that protect the
intestine from mechanical damage and microbial invasion (45).
PM2 is a PM protein, and PT is a PM-liked factor of the Chinese
mitten crab, which played important roles in innate immune
defence processes (46,47). The results showed that adding SBP
to the LF diet increased the relative expression of PM2 and PT,
while the intestinal histology also showed that it could
effectively reduce the intestinal PM shedding of crabs caused
by the LF diet. In addition, the expression of ILF2 gene is
related to immune response and the key transcription factor of
IL-2 (48). In this study, we found that the LF diet up-regulated
the expression of ILF2, while the increasing addition level of
SBP quadratically reduced the expression level to normal
levels, which indicated that the immune response was
stimulated by the LF diet and disappeared after the addition
of SBP. ALFs are important antimicrobial peptides in
crustaceans and are widely involved in antimicrobial and
antiviral responses (49). It was found that ALF1 and ALF2 can
decrease the immune response of the organism (50); ALF3
showed strong antibacterial activity against Gram-negative R
bacteria, and the expression of ALF3 in blood cells was
significantly up-regulated after several hours of attacking the
Chinese mitten crab with pathogenic bacteria (51). In this
study, we found that all ALFs were up-regulated to varying
degrees by LF diets, and the up-regulation was NS with the
addition of SBP. The correlation heatmap revealed a strong
correlation between ALF1 and ALF3 with ILF2. Considering
the expression of ILF2, it was speculated that the LF diet
probably stimulated the immune response of the crab and
promoted the expression of ALFs. After the addition of SBP,
the immune response disappeared and the expression of ALFs
returned to normal. Numerous bioactive peptides originating
from diverse food sources have been found in mammals to
possess anti-inflammatory properties by enhancing the
expression of proinflammatory cytokines while reducingT
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the expression of anti-inflammatory cytokines, thereby
influencing immune regulation (52–54). Soybean peptides have
also been shown to possess such beneficial effects, as they can
alleviate LPS-induced intestinal inflammation by decreasing
the expression of IL-1β, IL-6 and TNF-α, while increasing the
expression levels of IL-10 (55). It is known that the intestinal
structure of crustaceans is significantly different from that of
vertebrates. For example, the invertebrate gut has a unique
PM, which is mainly secreted by midgut cells. Because the PM
is close to the inner wall of the midgut and wraps the food, it
has the functions of protecting the epithelial cells of the
midgut and helping the digestion and absorption of food. The
expression of PM-related genes such as PT and PM2 reflect the
function of the PM to some extent. In addition, the expression
of ILF2, ALF1, ALF2, ALF3 and other genes can reflect the
immune function of the intestine. However, the proteins
encoded by the above genes are unique to invertebrates or
have low homology with vertebrates. In our experiments, SBP
also exhibited a significant regulatory effect on the intestinal
structure and the expression of PT, PM2, ILF2, ALF1, ALF2 and
ALF3 in Chinese mitten crabs. Therefore, the experiments we
conducted can help us further understand the role of active
peptides on crustaceans.

The correlation analysis revealed several significant relation-
ships. There was a positive correlation between PM2 and TPS, as
well as between PT and AMS, indicating that a well-developed
PM structure can enhance digestive enzyme activity. MDA
showed positive correlations with ALF1, ALF3 and ILF2,

suggesting that oxidative damage in the intestine can trigger
immune regulation in Chinese mitten crabs. MDA also exhibited
negative correlations with muscular thickness and fold height,
indicating that oxidative damage can disrupt the physical barrier
of the crab’s intestine. On the other hand, TPS, PM2 and fold
height showed positive correlations with growth performance,
indicating that improved digestive enzyme activity and a well-
maintained physical barrier in the intestine contribute to better
growth in Chinesemitten crabs. Based on the information above,
we have organised the impact of SBP on Chinese mitten crabs
into a pathway diagram. Optimal level of SBP enhanced the
relative expression levels of PM2 and PT, maintaining the
integrity of the PM structure. Additionally, it reduces cell
apoptosis and promotes the growth of intestinal cells. The
improved physical barrier further enhanced the activities of
digestive enzymes. Furthermore, through immune regulation,
SBP supplementation decreased the relative expression of ILFs
and ALFs, while increasing the relative expression of Crustin1.
This leads to a reduction in MDA levels and then a decrease in
oxidative damage. Through these pathways, SBP ultimately
promotes the growth of Chinese mitten crabs.

Additionally, the growth-promoting effect of high doses of
SBP was not obvious in the present study. Compared with the
appropriate dose group, high doses of SBP increased the feed
coefficient, reduced the activity of intestinal digestive enzymes,
but the difference in antioxidant performance was NS.
Therefore, we speculated that high doses of SBP may affect
the absorption of nutrients by inhibiting the activity of intestinal

Fig. 1. The optimum level of dietary soybean-derived bioactive peptides supplementation in the low fishmeal diet based on quadratic regression analysis on the specific
growth rate of Eriocheir sinensis.

980 K. Jiang et al.

https://doi.org/10.1017/S0007114523002507 Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114523002507


Table 6. Effect of soybean-derived bioactive peptides on the digestive enzyme activities of Eriocheir sinensis

Parameter CT LF LFþ 1%SBP LFþ 2%SBP LFþ 4%SBP LFþ 6%SBP SEM

Polynomial orthogonal
contrasts Regression

Linear Quadratic Cubic Model (Pr > F) R2

AMS (U/mgprot) 0·165 0·166 0·191 0·260 0·202 0·192 0·009 0·116 0·001 0·907 Qd 0·014 0·509
TPS (U/mgprot) 157·609 110·430 242·605 333·080 271·197 211·844 24·334 0·083 0·004 0·720 Qd 0·003 0·623
LPS (U/gprot) 9·333 12·821 10·246 11·727 13·105 6·481 1·329 0·336 0·492 0·243 Ns – –

Independent-samples t test was used between CT and LF.
Polynomial orthogonal contrasts were used among LF groups, if statistical significance (P< 0·05) detected, the model that fits best with the data was selected; AMS, α-Amylase; TPS, Trypsin; LPS, Lipase; Ns, P> 0·05; Ln, Linier; Qd,
Quadratic; Cu, Cubic; n 3.

Table 7. Effect of soybean-derived bioactive peptides on the antioxidant indexes of Eriocheir sinensis

Parameter CT LF LFþ 1%SBP LFþ 2%SBP LFþ 4%SBP LFþ 6%SBP SEM

Polynomial orthogonal
contrasts Regression

Linear Quadratic Cubic Model (Pr > F) R2

MDA (nmol/mgprot) 0·016* 0·043 0·027 0·026 0·021 0·022 0·003 0·038 0·242 0·715 Ln 0·027 0·323
SOD (U/mgprot) 27·605 25·963 28·143 34·178 33·467 30·824 1·555 0·201 0·236 0·610 Ns – –
CAT (U/mgprot) 28·088 31·486 30·737 31·513 36·854 37·269 2·303 0·354 0·755 0·730 Ns – –
ASA (U/gprot) 100·874 73·127 86·965 103·443 55·417 72·994 5·277 0·245 0·091 0·035 Cu 0·146 0·375
T-AOC (mmol/gprot) 0·167 0·149 0·258 0·276 0·169 0·252 0·016 0·155 0·078 0·004 Cu 0·014 0·605
POD (U/mgprot) 0·108 0·064 0·059 0·078 0·065 0·062 0·006 0·971 0·590 0·768 Ns – –

Independent-samples t test was used between CT and LF.
* Indicated P< 0·05; polynomial orthogonal contrasts were used among LF groups, if statistical significance (P< 0·05) detected, the model that fits best with the data was selected; MAD, Malondialdehyde; SOD, Superoxide dismutase; CAT,
Catalase; ASA, Anti-superoxide anion; T-AOC, Total antioxidant capacity; POD, Peroxidase; Ns, P> 0·05; Ln, Linier; Qd, Quadratic; Cu, Cubic; n 3.
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digestive enzymes in Chinese mitten crabs, thereby reducing
growth performance. The relevant molecular mechanisms
require further study.

According to previous studies, soya protein peptides were
commonly used as protein sources to replace fishmeal in
aquafeed, which are produced by hydrolysis or microbial
fermentation. The substitution of fish meal with soya protein
peptides was shown to positively impact the intestinal health,
immunity, digestive capacity and liver lipid metabolism of fish
and shrimp, with no significant effect on growth perfor-
mance(17,56,57). The optimal inclusion level of soya protein
peptides as a protein source in aquafeed ranges from 10 % to

15 % (air dry base). These advantages might be due to that soya
protein peptides do not include any anti-nutritional components
and are abundant in amino acids, low-molecular-weight short
peptides and unique nutritional elements. Furthermore, this food
item possesses qualities that facilitate efficient digestion and
absorption, while also containing bioactive compounds that
stimulate the metabolic process of adipose tissue(58).
Nevertheless, our experiments demonstrated that dietary
2–4 % SBP (30–35 % DM) can also enhance the growth
performance and digestive ability of Chinese mitten crabs, as
well as repair intestinal barrier damage induced by LF diets.
Therefore, we believed that soya peptides not only possess

Fig. 2. Photomicrographs of H&E-stained hindgut sections of E. sinensis; (100×). Yellow arrow: muscularis; Blue arrow: peritrophic membrane; White arrow: epithelial
cell.

982 K. Jiang et al.

https://doi.org/10.1017/S0007114523002507 Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114523002507


notable attributes as a highly assimilable protein source, but are
recognised to have functional properties that facilitate the
restoration of the intestinal barrier and confer antioxidant
benefits, even when administered in minute quantities. Our
researchmay provide the possibility for the application of SBP as
feed additives in aquafeed.

Conclusion

In summary, feeding LF diets under the present experimental
conditions reduced the growth performance of Chinese mitten
crab, caused oxidative damage to the intestine and damaged the
intestinal immunological and physical barriers. The adverse
effects of LF diets on the growth and intestinal health of Chinese
mitten crab could be significantly improved by supplementing
with SBP. In this study, the appropriate dietary level of SBP in LF
diets for Chinese mitten crab was obtained as 2–4 %. The growth
performance and digestive enzyme activities of Chinese mitten
crab were significantly increased, and the antioxidant capacity
and intestinal morphology were improved at the appropriate
level. However, as the addition amount increases, the positive
effects brought about by optimal level SBP were gradually
eliminated. The mechanism of action may be that SBP promoted
the intestinal barrier function and then improved the digestive,T
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Fig. 3. Effect of soybean-derived bioactive peptides on intestinal apoptosis of
Eriocheir sinensis. Under fluorescence microscope (a), the apoptotic cells
fluoresced in green, while blue colour represents the nuclei. The values (b) are
expressed as the mean ± SE (n 3). The absence of the same lowercase letter
indicates a significant difference (P< 0·05).
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Table 9. Effect of soybean-derived bioactive peptides on the intestinal gene expression of Eriocheir sinensis

Parameter CT LF LFþ 1%SBP LFþ 2%SBP LFþ 4%SBP LFþ 6%SBP SEM

Polynomial Orthogonal
Contrasts Regression

Linear Quadratic Cubic Model (Pr > F) R2

PM2 1·047 0·667 1·620 1·423 1·623 1·373 0·151 0·184 0·118 0·497 Ns – –
PT 1·130 0·613 0·787 1·467 1·187 0·950 0·110 0·120 0·039 0·480 Qd 0·046 0·402
Crustin1 1·083 0·767 1·240 1·333 1·220 0·950 0·091 0·575 0·038 0·717 Qd 0·060 0·374
ALF1 1·113 2·800 2·160 1·037 1·657 1·480 0·203 0·012 0·053 0·766 Ln 0·022 0·343
ALF2 1·183* 2·320 1·440 1·073 1·777 1·550 0·217 0·459 0·228 0·378 Ns – –
ALF3 1·110 1·867 1·127 0·897 1·243 1·340 0·129 0·272 0·040 0·368 Qd 0·054 0·385
ILF2 1·090 2·177 0·727 0·720 0·620 0·510 0·199 0·004 0·040 0·147 Qd 0·004 0·601

Independent-samples t test was used between CT and LF.
* IndicatedP< 0·05; polynomial orthogonal contrasts were used among LF groups, if statistical significance (P< 0·05) detected, themodel that fits best with the data was selected; PT:
peritrophin-44-like protein; PM2, peritrophin 2; ILF2: IL enhancer binding factor; ALF1: anti-lipopolysaccharir; ALF2: anti-lipopolysaccharir 2; ALF3: anti-lipopolysaccharir 3; Crustin1:
crustin I. Ns, P> 0·05; Ln, Linier; Qd, Quadratic; Cu, Cubic; n 3.

Fig. 4. Pearson’s correlation coefficients for 24 indicators of Eriocheir sinensis. The colour assigned to a tile in the heatmap grid indicates the strength of association
between two indicators. Red signifies a positive correlation, while blue signifies a negative correlation., * indicates P< 0·05, ** indicates P< 0·01.
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absorption and antioxidant capacity of the intestine to realise the
growth performance.
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