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Abstract

For the omnivorous Cherax quadricarinatus crayfish, plant raw materials can be good alternatives to dietary fish meal (FM). A 56-d feeding trial
was conducted in C. quadricarinatus (11-70 (st 0-13) g). Diet with 100 % FM as the protein source was the control. Seven experimental diets
were formulated by replacing 75 or 100 % of FM with soyabean meal (SM75, SM100) or cottonseed meal (CM75 and CM100), and a mixture of SM
and CM (protein content is 1:1) replacing 50, 75 or 100 % of FM (SC50, SC75 and SC100). Crayfish fed the CM100 and SC100 showed significantly
lower weight gain (WG), specific growth rate, trypsin and pepsin activities compared with the control diet. Crayfish in CM100 group showed
significantly higher GPx, alanine aminotransferase, aspartate aminotransferase activities and malondialdehyde content than the control. SM100
and CM100 diets can cause slight separation of the peritrophic membrane from the intestinal folds. The pepsin activity of crayfish in SC50 was
significantly higher than those in other experimental diets. The highest WG and muscle arginine content were also found in crayfish fed SC50.
The relative abundance of Proteobacteria, Unclassified Enterobacteriaceae and Candidatus Bacilloplasma was significantly higher, but
Actinobacteriota was significantly lower in SM100, CM100 and SC100 than in control. Microbiota functional prediction indicated that the relative
abundance of ‘cell motility’ pathway in crayfish fed CM100 was significantly decreased compared with the control. In conclusion, only half of the
FM can be effectively substituted with a mixture of SM and CM (protein content is 1:1) for C. quadricarinatus.
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Dietary protein is one of the most expensive components and
most important nutrients incorporated in aquatic animal feedV.
Insufficient quantity or poor quality of dietary protein results in a
reduction or cessation of the growth of aquatic animals.
Furthermore, excessive protein in the aquafeed leads to
increased costs and pollutes the environment®. Fish meal
(FM) is used as a major animal protein source within most
aquatic animals formulas due to its high digestibility, balanced
essential amino acid composition, vitamins, minerals and good
palatability®. However, FM production is gradually declining,
and its price and demand are increasing because of a reduction
in global capture fisheries“>. Therefore, research on new

dietary protein sources as substitutes for FM has aroused wide
concern in aquaculture.

Currently, many kinds of plant protein sources have been
widely used in aquaculture as the main source of FM substitu-
tion, such as red swamp crayfish feed. However, commercial
use of plant protein sources is often restricted due to anti-nutri-
tional factors®, lower lipid digestibility” and a lack of some
essential amino acids®. Several studies suggest that aquafeed
can be formulated using multiple plant protein combinations
to balance amino acids and reduce FM consumption and feed
costs without affecting the growth performance of aquatic
animals, such as Litopenaeus vannamei®'V, Procambarus

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; GDM, gestational diabetes mellitus; GPx, glutathione peroxidase;
MCFA-carnitine, medium-chain fatty acylcarnitine; MDA, malondialdehyde; OTU, operational taxonomic unit; PA, phosphatidic acid; PC, phosphatidylcholine;
PC, phosphatidylcholine; PC, principal component; PLS-DA, partial least-squares discriminant analysis; PS, phosphatidylserine; SM, sphingomyelin; SOD,
superoxide dismutase; SP, sphingolipid; UHPLC, ultra-HPLC; VIP, variable importance in the projection.
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clarkiit® | Marsupenaeus japonicus"®,  Ctenopharyngodon
idella™® and Eriocheir sinensis 519,

The Redclaw crayfish Cherax quadricarinatus has been
widely cultivated around the world due to its high economy
and rich nutrition’’=', C. quadricarinatus is an omnivore,
but its phytophagous characteristics have attracted the attention
of researchers?*??. Because of the presence of special endog-
enous cellulase®?> C. quadricarinatus can efficiently digest
plant proteins. At present, plant-based baits, including pumpkin,
carrots and so on, are still used in practical production for
feeding. However, feeding plant-based bait is not only harmful
to culture management but also does not satisfy the nutrient
requirements of crayfish during the growth period. Therefore,
the development of special feeds containing plant-based protein
for the pre-adult stage of Redclaw crayfish is a feasible approach.
In addition, cellulose degradation depends on gut microbiota
at the phylum level, such as Proteobacteria, Firmicutes,
Actinobacteriota, Bacteroidetes and Fusobacteria?>2”.

Previous research found that cottonseed meal (CM) is the
most suitable FM substitution, followed by soyabean meal
(SM)BO, Nevertheless, previous studies have not determined
the substitution ratio and the effect of combined replacement.
Further research should be undertaken to investigate the utilisa-
tion of multiple plant protein sources. Therefore, in the present
study, diverse plant protein combinations and multiple substitu-
tion ratios in crayfish diets were used to determine the effects on
the growth, antioxidant ability, body composition, intestinal
morphology and gut microbiota of Redclaw crayfish. The results
provide a theoretical reference for the development of a special
compound aquafeed of C. quadricarinatus.

Materials and methods
Experimental diets

All abbreviations of the present study are shown in Table 1. FM
was used as the sole protein source in the control diet (FM).
Seven experimental diets were produced by the formula shown
in Table 2. Seventy-five percentage or 100 % of the dietary FM
was replaced by SM (SM75 and SM100) or CM (CM75 and
CM100), respectively. Fifty percentage, 75% or 100% of the
FM was replaced by a mixture of SM and CM with equal crude
protein (SC50, SC75 and SC100), respectively.

In the formula, FM, SM and CM were used as the main dietary
protein sources. Wheat starch was supplied as the carbohydrate.
Soyabean oil, soyabean lecithin and cholesterol were used as the
lipid sources. All the raw materials were fully ground and sieved
through a 60-mesh sieve. The dry ingredients were finely ground
and mixed thoroughly, and then oils were slowly added. The
mixture was passed through a 40-mesh sieve, and distilled water
was added to the dry mixture to attain a soft dough (120 ml/kg
dry diet). The mixtures were extruded by a double helix plodder
into 2-:0-mm diameter and cut into diet pellets (CD4 X 1TS,
SCUT). Diet pellets were naturally dried at room temperature
until the moisture was <10 % and then stored at —20°C. The
amino acid profiles of the eight experimental diets are shown
in Table 3.

Table 1. All abbreviations and full name covered in this study

Abbreviations Full name

FM Control

SM75 Soyabean meal replaces 75 %

SM100 Soyabean meal replaces 100 %

CM75 Cottonseed meal replaces 75 %

CM100 Cottonseed meal replaces 100 %

SC50 Soyabean/cottonseed meal replaces 50 %
SC75 Soyabean/cottonseed meal replaces 75 %
SC100 Soyabean/cottonseed meal replaces 100 %
WG Weight gain

SGR Specific growth rate

HSI Hepatosomatic index

CF Condition factor

MDA Malondialdehyde

SOD Superoxide dismutase

GPx Glutathione peroxidase

AST Aspartate aminotransferase

ALT Alanine aminotransferase

T-AOC Total antioxidant capacity

TP Total protein

TC Total cholesterol

TAG Triacylglycerol

GL Glucose

EAA Essential amino acids

NEAA Non-essential amino acids

Y EAA Total essential amino acids

Y NEAA Total non-essential amino acids

YTAA Total amino acids

Crayfish rearing and experimental conditions

Seven hundred juvenile Redclaw crayfish (11-70 (se 0-13) g) were
purchased from an aquaculture company in Chengmai county,
Hainan province, China. The C. guadricarinatus were allocated
into net cages (90 cm X 60 cm X 90 cm) with a stocking density of
twenty crayfish per net cage. All experimental diets were inves-
tigated in randomly distributed quadruplicate cages. Polyvinyl
chloride pipe was included in each net cage as shelters and
continuously aerated with air stones by blowers. The experi-
mental animals were fed manually twice a day at 08.30 and
18.30 hours with a daily ratio of 3% body mass of crayfish.
During the experiment, aerated water temperature was kept at
27 (st 3)°C, dissolved oxygen concentration kept over 4 mg/l
and the pH ranged from 7-8 to 8-2. In addition, the water
exchange rate was 70% of the cement pool every week.
During the trial period, to maintain stable water quality, the spare
aerated water was stored in aeration pools close to the breeding
pools. The culture water was exchanged by aerated tap water
through a pipe from a storage pool. In addition, the culture water
has filtered the algae through a 48-pm nylon screen to maintain
water quality.

Experimental sample collection and animal ethics

At the end of the 8-week trial, all crayfish were fasted for 24 h
before sampling. All crayfish were anaesthetised in ice bath prior
to sampling. Crayfish were counted and weighed to calculate
survival, weight gain and specific growth rate. Five crayfish were
randomly selected from each cage and stored at —20°C to
analyse the whole-body composition. In each replicate, the
haemolymph samples were extracted from the pericardial cavity
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Table 2. Ingredients (g/kg dry basis) and proximate composition (%) of the eight experimental diets fed to Cherax quadricarinatus

Ingredients (g/kg) FM SM75 SM100 CM75 CM100 SC50 SC75 SC100
Fish meal 490-0 122.5 0.0 245.0 0.0 249.0 1225 00
Soyabean meal 0-0 558-0 740-0 0-0 0-0 1870 290-0 370-0
Cottonseed meal 0-0 0-0 0.0 590-0 780-0 2010 320-0 400-0
Wheat starch 180-0 150-0 1100 1400 70-0 180-0 12.0 80-0
Soyabean oil 50-0 50-0 50-0 50-0 50-0 50-0 50-0 50-0
Cholesterol* 5.0 5.0 50 5.0 50 5.0 50 5.0
Lecithint 10-0 10-0 10-0 10-0 10-0 10-0 10-0 10-0
Vitamin premix} 20-0 200 200 200 200 200 200 200
Mineral premix§ 20-0 20-0 200 20-0 200 200 200 200
Choline chloridell 10-0 10-0 10-0 10-0 10-0 10-0 10-0 10-0
Sodium carboxymethylcellulose 25.0 25.0 25.0 25.0 250 25.0 25.0 25.0
Cellulose 190-0 295 10-0 75 10-0 47.0 75 10-0
Total 1000-0 1000-0 1000-0 1000-0 1000-0 1000-0 10000 1000-0
Analysed proximate composition (%)

Moisture 853 842 861 828 841 841 858 861
Crude protein 35-46 35-25 36-24 3524 3667 35-36 36-25 36-85
Crude lipid 9-89 9-57 9.70 970 9-56 9.52 9-67 9.72
Ash 867 864 85-20 858 8:58 8:65 8:50 8:62

FM control, fish meal control; SM75/SM100, soyabean meal replaces 75/100 %; CM75/100, cottonseed meal replaces 75/100 %; SC50/75/100, soyabean/cottonseed meal replaces

50/75/100 %.
* Sangon Biotech, Ltd., Shanghai, China.
1 Shanghai Taiwei, Ltd., Shanghai, China.

1 Vitamin mix (g/kg premix): thiamin, 0.5; riboflavin, 3; pyridoxine, 1; cyanocobalamine, 0.003; ascorbic acid (35 %), 100; a-tocopherol (50 %), 50; menadione, 2; inositol, 5;
nicotinamide, 5; cholecalciferol (500 000 pg/g), 0.8; retinol palmitate (500 000 pg/g), 0.48; folic acid, 0.18; biotin, 0.05; choline chloride, 100; pantothenic acid, 5. All ingredients

were filled with a-cellulose to 1 kg.

§ Mineral mix (g/kg premix): KCl, 28; MgSQy, 71; ZnSQO4, 20; MnSO4-H,0, 1.625; CuSO,4-5H20, 0.625; Ca (I03),, 0.2; CoCly-6H,0, 0.01; NaH,PO4, 215; CaHPO,4-2H,0, 250; CaCOs3,
180; Na,SeOj3, 0.025; FeSO,4-H,0, 10; KH,PO4, 216. All ingredients were filled with a-cellulose to 1 kg.

Il Sangon Biotech, Ltd., Shanghai, China.

using 1-ml sterile syringes. The hepatopancreas was weighed to
calculate the hepatosomatic index, and body length was
measured to calculate the condition factor of crayfish. The hepa-
topancreas, muscle and intestine samples were partially sepa-
rated on ice, transferred to liquid N, for quick freezing and
then stored at —80°C for further analysis. Partial intestinal
samples were separated and fixed in paraformaldehyde (4 %)
for histological analysis.

The experimental procedures and designs in this study were
approved by the Hainan University Institutional Animal Use and
Care Committee, Haikou, China (HNUAUCC-2020-00004).

The survival, weight gain, specific growth rate, hepatoso-
matic index and condition factor were calculated using the
following formulae:

(1) Weight gain (WG, %) =100 X (final crayfish weight —
initial crayfish weight)/initial crayfish weight

(2) Specific growth rate (% day’l) =100 X (In (final crayfish
weight) — In (initial crayfish weight))/days

(3) Survival (%) = 100 X (final crayfish number/initial crayfish
number)

(4) Hepatosomatic index (%) = 100 X (wet hepatopancreatic
weight/final crayfish weight)

(5) Condition factor (%) =100 X (final crayfish weight/final
crayfish body length®)

Whole-body proximate composition analysis

The composition of raw feed ingredients, experimental diets and
crayfish whole-body samples was analysed based on standard
of Official Agricultural (AOAQC)
protocol®?., Moisture contents were calculated gravimetrically

Association Chemists

after drying samples at 105°C for 10 hours to a constant weight.
The crude protein contents of the samples were determined by
the Dumas combustion method using a protein analyser (FP-528,
Leco). Crude lipid concentration was extracted by the Soxhlet
extraction system. The ash contents were analysed by combus-
tion in a muffle furnace (SX2-4-10 N) at 550°C for 8 h.

Muscle amino acid composition

The amino acid compositions of the experimental diets and cray-
fish muscle were determined by hydrolysing samples with 6
mol/l hydrochloric acid at 110°C for 24 h and neutralised to
pH 7-0 with NaOH. The hydrolysate was filtered and evaporated
to remove other acids. The acid-free liquid was mixed with 0-05
mol/l hydrochloric acid, and a 0-2-pm nylon membrane filter was
used to remove other residues. Phenyl thiocarbamate was
synthesised from phenyl isothiocyanate by precolumn derivati-
sation of amino acids, which can be detected with HPLC amino
acid analytical system. During acid digestion, the partial oxida-
tion of sulphur-containing amino acids, in particular methionine,
was prevented by using 0-1 % phenol. The composition of amino
acids in experimental diets and muscle samples was measured
using an automatic amino acid analyser (Biochrom 20,
Harvard Bioscience Company).

Analysis of digestive enzyme activity

Hepatopancreas and intestinal samples of crayfish were
weighed and homogenised on ice in 10 volumes (v/w) of
prechilled saline solution (0-86 %), and then all the homogenate
was centrifuged at 3000 rpm at 4°C for 10 min. The activities of
amylase, lipase, pepsin and trypsin in the hepatopancreas and
intestinal supernatant were measured by commercial kits
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Table 3. The amino acid profiles (g/100 g DM) of the eight experimental diets
(Mean values and standard errors)

FM SM75 SM100 CM75 CM100 SC50 SC75 SC100
Amino acid Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
EAA
Arg 262 0-01¢ 2.65 0-02bc 2.6 0.02¢ 2.81 0-012b¢ 2.97 0-06? 284 0-092 2.94 0-042 2.90 0-022
His 0-62 0-03° 077 0-0120 0-82 0012 077 0-0220 0-81 0-012 0-65 0-01° 0-73 0-01® 0-79 0-01%
lle 1.45 0-012 1.45 0-022 1.46 0-012 1.4 0-012 1.29 0-04° 1.47 0-012 1.45 0-022 1.43 0-012
Leu 2.60 0-022 2.56 0-01abe 2.59 0-022° 2.51 0-01b¢ 2.58 0-022b 2.50 0-02¢ 2.51 0-02b¢ 2.52 0-012be
Lys 1-81 0-012 1.74 0-02° 1.75 0.0220 1.66 0-02¢ 1.64 0-01¢ 1.65 0-01¢ 1.62 0.01¢ 1.60 0-01¢
Met 0-38 0-01 0-36 0-01 0-34 0-01 0-38 0-01 0-35 0-01 0-33 0-01 0-34 0.01 0-34 0-02
Phe 1.50 0-02° 1.64 0-022 1.69 0-012 1.5 0-01° 1.52 0-01° 1.63 0-012 1.64 0-012 1.64 0-012
Thr 1.40 0-012 1.35 0-01° 1.31 0-02b¢ 1.31 0-01b¢ 1.30 0-01be 1.38 0-012b 1.29 0-01¢ 1.29 0-01¢
Val 1.93 0-03? 1.78 0-01be 1.75 0.02¢ 1.87 0-0120 1.87 0-0220 1.87 0-012 1.81 0-01be 1.84 0.01°
NEAA
Ala 1.54 0-02° 1.48 0-04° 1.54 0-01® 1.59 0-01° 1.75 0-032 1.56 0-01° 1.52 0-01® 1.53 0-02°
Asp 2.37 0-04¢ 347 0-07° 3.92 0-032 3-63 0-032° 3-84 0-032b 3.02 0-020¢ 3.55 0-02° 3.73 0-022°
Glu 4.8 0-30° 577 0-112 5.63 0-09% 5.60 0.27% 5.44 0-172b 5.81 0-142 5.60 0-05% 5.77 0-102
Gly 315 0-022 1.81 0-03° 1.51 0.01¢ 1.85 0.07° 1.60 0-03° 2.50 0-022 2.01 0.02% 1.69 0-02t¢
Pro 2.27 0-012 1.78 0-022b 1.65 0-022be 1.62 0-01b¢ 1.56 0-02¢ 1.73 0-01° 1.64 0-012be 1.55 0-01¢
Ser 2.81 0-022 273 0-06° 2.78 0-05%° 2.71 0-012 2.70 0-042b 2.27 0-01¢ 2.61 0-04° 2.67 0-022°
Tyr 1.42 0-012b 1.30 0-02° 1.31 0-01¢ 1.33 0-01b¢ 1.45 0-022 1.45 0-012 1.39 0-01% 1.37 0-012be
YEAA 14.30 0-05 14.30 0-04 14.31 0-03 14.20 001 14.32 0-10 14.31 0.07 14.33 0-03 14.35 0-02
YNEAA 18.35 0-26 18-34 0-35 18-35 0-03 18-33 0-26 18-34 0-20 18-34 0-12 18-33 0-04 18-31 0-15
YTAA 32:65 0-23 32.64 0-37 32.65 0-05 32.53 0-25 3266 0-26 32.66 0-15 32.66 0-04 32.66 017

EAA, essential amino acids; NEAA, non-essential amino acid; Y EAA, total essential amino acids; ) NEAA, total non-essential amino acids; Y TAA, total amino acids.
FM control, fish meal control; SM75/SM100, soyabean meal replaces 75/100 %; CM75/100, cottonseed meal replaces 75/100 %; SC50/75/100, soyabean/cottonseed meal replaces 50/75/100 %.
ab.e\Values within a row without a common superscript letter are significantly different (a indicates a higher value). The results are presented as the mean + se (n 4).
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(C016, A054, A0S0, A080, Jiancheng Bioengineering Institute).
The digestive enzyme activities were determined by previously
published documents®%3% In this system, 1 mg reducing sugar
catalysed by per gram of tissue per minute is defined as 1 unit of
amylase enzyme activity. One gram of tissue protein reacts with
substrate in the reaction system at 37°C, and 1 pmol substrate
consumption is considered as 1 lipase activity unit. Pepsin
enzyme activity unit is defined as 1 pg tyrosine generated with
protein hydrolysis catalysed by enzymes within 1 g protein.
One trypsin activity unit is defined as every 0-003 change in
absorbance per minute caused by trypsin in 1 mg protein from
tissues at 37°C and pH =8.

Biochemical analysis

After the feeding trial, the haemolymph from two crayfish per
replicate was collected. After that, all samples were centrifuged
at 3000 rpm for 10 min at 4°C, and the serum was collected for
antioxidant capacity assays according to the instructions of
commercial kits. The contents of malondialdehyde (MDA), activ-
ities of superoxide dismutase (SOD), glutathione peroxidase
(GPx), aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT) and total antioxidant capacity in the serum of cray-
fish were measured by using the relevant commercial kits with
the codes A003, A001, A005, C010, C009 and A015, respectively
(Jiancheng Bioengineering Institute). The contents of total
protein, total cholesterol, TAG and glucose in the hepatopan-
creas of crayfish were also detected with relevant commercial
kits (A045, A111, A110 and A019, respectively) purchased from
Nanjing Jiancheng Bioengineering Institute. SOD, GPx, MDA
and total antioxidant capacity were analysed with previously
reported documents®*37), The SOD activity was tested by using
the Water soluble tetrazole salt (WST-1) method. Corresponding
quantity of SOD that its inhibition percentage reaches 50 % in a
mixture reaction is considered as one SOD activity unit. GPx
activity was determined by using the colorimetric method.
One unit of GPx activity was defined as 1 mmol/l GSH concen-
tration decreasing (already deducted effect of non-enzymatic
reaction) in reaction system per mg protein per 60 s. The
MDA content was determined by the Thibabituric Acid (TBA)
method. MDA can combine with TBA to produce red
compounds, which has absorption peak at 532 nm. Total antioxi-
dant capacity was tested by the spectrophotometric method.
One unit of total antioxidant capacity was defined as 0-01 reac-
tion system OD value increasing per ml blood serum per 60 s at
37°C. The activities of ALT and AST were determined according
to a published procedure®?. The determination of the content of
total protein in the hepatopancreas was based on previous
feasible methods®?.

Paraffin sections of the intestine

Three crayfish intestines from each replicate were used for histo-
logical analysis. Intestinal samples were kept in 4 % paraformal-
dehyde for 24 h dehydrated through ascending concentrations of
ethanol and cleaned in xylol. After that, the samples were
embedded in paraffin and then cut into 5 pm slice thicknesses
(RM2125 RTS). Tissue slices of the intestines were stained with
haematoxylin and eosin (H&E). After washing and drying, the

thicknesses were sealed with resin. The stained sections were
observed using a light microscope (Eclipse 200, Nikon) and
photographed by the SBI image analysis software (version 2-0,
HK SAIBAO Instrument Limited Co.).

Intestinal microbiota analysis in Cherax quadricarinatus

The intestines of crayfish fed the FM, SM100, CM100 and SC100
diets were collected according to the growth performance and
health status for the intestinal microbiota assays (12 4). Total intes-
tinal bacterial DNA was extracted from the gut contents of the
four experimental groups using an E.ZN.A.® Soil DNA Kit
(Omega Bio-Tek). DNA quality and concentration were assessed
by Nano Drop 200 Spectrophotometer (Thermo). Bacterial DNA
was used as the template for 16S rRNA gene V4-V5 region ampli-
fication. PCR was performed utilising the forward and reverse
primers 338F (5'-ACTCCTACGGGAGGCAGCAG-3") and 806R
(5’-GGACTACHVGGGTWTCTAAT-3"), respectively. PCR prod-
ucts were isolated from a 2% agarose gel and purified using
a PCR product recovery kit (Thermo Scientific Inc.) before
being quantified utilising a Quantus™ Fluorometer (Promega).
Subsequently, sequencing libraries were created by the
NEXTFLEX ® Rapid DNA-Seq Kit based on the manufacturer’s
procedure, and then purified amplicons were subjected to the
Mlumina MiSeq PE300 platform for analysis by high-throughput
sequencing (Majorbio Technology Co., Ltd.). The sequencing
datasets obtained in this study are deposited in SRA with the
accession number SRP310043.

Operational taxonomic units (OTU) were clustered with a
level of 97 % sequence similarity via UPARSE software (version
7.0.1). For each representative sequence, RDP classifier software
was used for species annotation®. Thea-diversity indexes,
including Shannon, Simpson, Chaol and ACE, were measured
by QIIME software (version 1.9), and the # test analysis method
was used to analyse the difference among the four experimental
treatments. The f-diversity among bacterial communities was
determined by non-metric multidimensional scaling according
to the Bray—Curtis method“?”. Venn diagrams were used to
authenticate unique and common OTU among four experimental
treatments. The linear discrimination analysis effect size (LEfSe)
was used to determine the biomarkers in bacterial communities
between each two treatments*". The Wilcoxon rank-sum test
evaluated the genera with relative abundance in the top 10 in
the intestinal tract of crayfish in each group. Heatmaps were
created for genera with relative abundance in the top 50, and
one-way ANOVA was performed to determine significant
differences among all treatments. The microbial functions were
predicted using the phylogenetic investigation of communities
by reconstruction of unobserved states (PICRUSY by 16S
data and metagenomic data. The functional profiles of the micro-
bial communities were annotated according to the Kyoto

Encyclopedia of Genes and Genomes at levels 1, 2 and 3“2,

Statistical analysis

Statistical analysis was performed via SPSS software version 24.0
(IBM). All results are presented as the mean values and standard
errors. The data conform to the prerequisites for ANOVA:
comparability, normality and homogeneity. One-way ANOVA
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was used to confirm the effects of FM substitution, and the signifi-
cant difference level was P < 0-05. Tukey’s multiple comparison
test was utilised to compare the group mean values when there
were significant differences among the dietary treatments.
Furthermore, the ¢ tests were performed to determine the differ-
ence between each treatment group and the control group.
Other analysis tests are as follows:

rate of crayfish fed the CM100 and SC100 diets were significantly
lower than those in the control (P < 0-001). Meanwhile, crayfish
fed the CM100 diets displayed significantly lower WG and
specific growth rate values than those fed the other substituted
diets, excluding the SC100 diet (P < 0-05). There was no signifi-
cant difference in WG and specific growth rate between crayfish
fed FM and SC50 (P> 0-05) (Table 4).

1. The Wilcoxon rank sum test was used to determine the
genus-level bacteria.

Whole-body proximate composition and amino acids
2. PICRUSt was utilised to predict the function of the intestinal

composition in muscle

microbiota.
3. LEfSe was used to determine the biomarkers in bacterial After the 8-week feeding trial, different dietary plant protein
communities. sources and FM replacement ratios had no significant impact

on the moisture, crude protein, crude lipid or ash of crayfish
(P> 0-05) (Table 5).

There was no significant difference in the relative contents of
total essential amino acids, total non-essential amino acids and
total amino acids in crayfish among experimental groups
(P> 0-05). The concentrations of arginine and valine in the tail
muscle of crayfish fed the CM100 diet were significantly higher
than those in the control. Similarly, crayfish fed the SC50 and
SC75 diets showed a significantly increased relative content of
valine compared with the control (P < 0-05) (Table 6).

4. The a-diversity and p-diversity indices were applied to
analyse the gut bacterial diversity and resemblance.

Result
Growth performance and hepatosomatic index

Different plant protein sources and FM replacement ratios
showed no significant difference in survival, condition factor
or hepatosomatic index (P> 0-05). The WG and specific growth

Table 4. Growth performances of C. quadricarinatus fed different experimental diets
(Mean values and standard errors)

Survival (%) WG (%) SGR (%) HSI (%) CF (%)

Diets Mean SE Mean SE Mean SE Mean SE Mean SE

FM 74-50 1.85 100-68 4.38 21.03 0-88 691 0-33 212 0-07
SM75 7375 1.25 91.93 10.4720 20-38 2.272 6:19 0-39 2.26 0-05
SM100 72.25 2:63 88-33 5.76% 19:16 1182 624 0-38 2-:29 0-14
CM75 72-00 3-20 90-12 5.712 19-71 1182 6-33 0-26 2.31 012
CM100 7175 3:59 53-00 4.67¢* 11.95 1.020%** 6-44 0-32 211 0-08
SC50 72.55 2.38 102-92 9.982 2110 1.852 7-06 0-16 216 0-05
SC75 72.87 1.63 86-03 7-502p 1949 1.582 6:70 0-30 1.99 0-02
SC100 71-85 2.64 67-55 2.7500k*x 1510 0-628b**x 6-95 0-28 2.09 0-04

WG, weight gain; SGR, special growth rate; HSI, hepatosomatic index; CF, condition factor; C. quadricarinatus, Cherax quadricarinatus.

FM control, fish meal control; (SM75/SM100, soyabean meal replaces 75/100 %; CM75/100, cottonseed meal replaces 75/100 %; SC50/75/100, soyabean/cottonseed meal replaces
50/75/100 %.

aboyalues within a row without a common superscript letter are significantly different (a indicates a higher value). The results are reported as the mean =+ se (n 4).

Asterisks denote statistically significant differences.

*(P<0.05).

**(P<0.01).

*** (P<0.001), compared with the control group.

Table 5. Proximate composition (% wet weight) of Cherax quadricarinatus fed the eight experimental diets
(Mean values and standard errors)

Moisture Crude protein Crude lipid Ash

Diets Mean SE Mean SE Mean SE Mean SE

FM 71-63 248 1347 0-84 271 0-35 875 0-88
SM75 69-90 0-62 13-30 0-14 270 0-08 845 0-34
SM100 7292 0-52 12.35 0-56 2.82 0-09 8-37 0-11
CM75 73:52 1.31 12.52 0-59 2:53 0-05 8:50 0-39
CM100 73-37 1-14 12:16 0-23 241 0-08 7-96 0-44
SC50 72-36 0-55 12.77 0-11 2:60 0-26 7-91 0-30
SC75 70-80 0-96 1318 0-41 2:65 0-01 8.52 0-36
SC100 69-12 0-71 1310 0-20 2-60 0-10 8-60 0-04

Values are presented as the mean + s (n 4).
FM control, fish meal control; SM75/SM100, soyabean meal replaces 75/100 %; CM75/100, cottonseed meal replaces 75/100 %; SC50/75/100, soyabean/cottonseed meal replaces
50/75/100 %.
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Table 6. Amino acid profile (g/100 g DM) in tail muscle of Cherax quadricarinatus fed different experimental diets
(Mean values and standard errors)
FM SM75 SM100 CM75 CM100 SC50 SC75 SC100
Amino acid Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
EAA
Arg 9-86 0-06° 1017 0-06% 10-69 0-072b 1047 0-12abe 11-03 0-082 10-62 0-092b 10-66 0-072° 10-44 0-412be
His 2:25 0-03 244 0-04 2.57 0-09 245 0-08 2:53 0-04 2:62 0-01 2:50 0-07 248 0-08
lle 3-84 0-02 380 0-03 3-86 0-06 387 0-03 382 0-1 3-80 0-07 383 0-06 386 0-04
Leu 6-84 0-07 6-85 0-06 697 0-06 6-83 0-01 695 0-07 6-93 0-06 6:96 0-05 694 0-04
Lys 7-54 0-05 7-54 015 7-58 0.07 7-55 0-07 7-60 0-12 7-54 0-16 7-55 0-07 7-57 0-09
Met 1.79 0-37 1.93 0-18 1.83 0-25 212 0-07 2.01 0-26 2:21 0-04 1.74 02 1.77 0-31 N
Phe 3-66 0-05 364 0-05 364 0-03 364 0-06 366 0-06 3-64 0-08 3:65 0-02 363 0-05 ‘g
Thr 342 0-05 341 0-03 340 0-09 343 0-03 344 0-09 341 0-02 343 0-02 343 0-04 o
Val 3-87 0-02°¢ 4.01 0-04¢ 419 0-012b 4.04 0-032b 4.20 0-022 4.09 0-032 411 0-072 4.08 0-03% Q
NEAA N
Ala 4.72 01 4.71 0-11 4.77 0-11 4.74 0-09 4.64 0-09 4.70 0-09 4.77 0-01 4.72 0-16 =
Asp 9-08 0-11 914 0-08 915 0-04 9-10 0-03 915 0-03 9-10 0-07 913 0-07 905 0-13
Glu 14.39 0-24 14.5 0-14 14.35 0-11 14.44 019 14.33 0-4 14.43 012 14.46 0-22 14.58 013
Gly 3:90 0-11 3.78 02 4.08 017 3.97 0-29 411 0-04 4.30 0-43 3:59 0-04 345 013
Pro 2.72 0-03 2.83 0-07 277 0-08 2:92 0-04 277 0-08 275 0-08 2:79 013 2.98 0-12
Ser 369 0-04 372 0-05 364 0-08 359 0-03 361 0-09 3-61 0-09 371 0-01 363 0-08
Tyr 355 0-06 3.54 0-03 3-57 0-04 355 0-01 349 0-08 344 0-08 3:50 0-09 352 0-03
YEAA 43-06 0-61 43-8 0-19 44.74 0-26 44.41 0-23 45.25 0-23 44.84 0-09 44.43 0-27 44.2 0-39
Y NEAA 42.05 0-40 42.22 0-24 42-34 0-09 42.32 0-24 4210 0-50 42.33 0-46 41.96 012 41.94 0-38
YTAA 85-11 0-66 86-02 043 87-08 0-32 86-73 0-34 87-35 0-33 8717 0-55 86-39 0-16 86:13 0-75

EAA, essential amino acids; NEAA, non-essential amino acid; Y EAA, total essential amino acids; ) NEAA, total non-essential amino acids; Y TAA, total amino acids.
FM control, fish meal control; SM75/SM100, soyabean meal replaces 75/100 %; CM75/100, cottonseed meal replaces 75/100 %; SC50/75/100, soyabean/cottonseed meal replaces 50/75/100 %.
ab.cValues within a row without a common superscript letter are significantly different (a indicates a higher value). Values are presented as the mean + se (n 4).
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Digestive enzyme activities in hepatopancreas and
intestine

The effects of all treatments on the activities of trypsin, pepsin,
lipase and amylase in the hepatopancreas or intestine are
displayed in Fig. 1. Compared with the control diet, the trypsin
activity produced in the hepatopancreas was significantly
reduced in all treatments except the SM75 diet (P<0:05)
(Fig. 1(2)). The intestinal trypsin activity in the CM75, CM100
and SC50 groups was notably lower than that of those fed a
control diet (P<0-05) (Fig. 1(e)). The hepatic pepsin activity
in the rest of the treatment groups significantly declined, except
those of the crayfish fed the SC50 and SC75 diets, compared with
the control group (P < 0-05) (Fig. 1(b)). Hepatic pepsin activity in
the SC50 and SC75 groups was markedly higher than that in the
other treatments (P<0-05) (Fig. 1(b)). Compared with the
control, intestinal pepsin activity markedly decreased in the
SM75, CM75 and CM100 groups (P < 0-05) (Fig. 1(0). Higher
intestinal pepsin activity was found in the SC50 group than in
the groups of other plant substitutes, excluding the SC75 group
(P <0-05) (Fig. 1(H). Lipase activity in the hepatopancreas and
intestine was not significantly affected by any of the groups
(P> 0-05) (Fig. 1(c) and (g)). Except for the SC50 diet, higher
activities of amylase in the hepatopancreas were observed in
crayfish fed with all replaced diets compared with those reared
in the control group (P<0-05) (Fig. 1(d)). Crayfish fed the
SM75, SM100, CM75, SC50 and SC75 diets had significantly
higher intestinal amylase activity than crayfish in the control
(P<0-0D (Fig. 1(h)).

Antioxidant status and the amount of energy materials
in hepatopancreas

The SOD activities were the highest in the CM100 group and
were significantly higher than those in the control and SM75
groups (P<0-05) (Fig. 2(a)). The GPx activities were signifi-
cantly higher in the CM100 group than in the control, SM75,
SC75 and SC100 groups (P<0-05) (Fig. 2(b)). No difference
was observed in haemolymph total antioxidant capacity among
all treatments (P> 0-05) (Fig. 2(c)). The MDA concentration also
showed a significantly elevated trend in the SM100, CM100 and
SC100 treatments compared with the control diet (£ < 0-001)
(Fig. 2(d)). The CM100 and SC100 diets significantly affected
the MDA concentrations, which were notably increased
compared with the SM75, CM75 and SC50 diets (P<0-05)
(Fig. 2(d)). Compared with the control and SC50 groups, the
ALT activities were significantly increased in C. quadricarinatus
fed with pure CM that completely replaced the FM diet (P < 0-01)
(Fig. 2(e)). Except for the SC50 diet, the AST activities of the
haemolymph in crayfish fed with other substituted diets were
higher than those cultivated in the control (P < 0-01) (Fig. 2(f).

Of all the replaced treatments, there was no significant
difference in total cholesterol, total protein, TAG or glucose
(P> 0-05) (Fig. 3(a—d)). However, with the replacement of CM
increasing, a significant elevation of hepatopancreas glucose
content in CM75 and CM100 was found in comparison with
the control (P < 0-01) (Fig. 3(c)). In addition, the content of total
protein in SM75 and SC75 was much higher than that in craytish
in the control (P < 0-01).

Intestinal histology

The intestinal histology of crayfish fed different plant protein
sources and rations is shown in Fig. 4. The intestinal peritrophic
membrane, observed from the control, covered the intestinal
folds closely, and the goblet epithelial cells attached to the intes-
tinal folds. In contrast, the intestinal peritrophic membrane struc-
ture of crayfish fed SM100 and CM100 was partially detached
from the intestinal folds. The intestinal histology of crayfish
fed the SM75, CM75, SC50, SC75 and SC100 diets was similar
to that of the control.

Differences in intestinal microbial community
composition, diversity and structure

In total, 675 825 high-quality sequences were obtained from
sixteen crayfish intestinal samples, with an average of 42 239
valid sequences per sample. No significant difference was found
ina-diversity indexes, including Chaol, Shannon and Simpson
indexes, compared with the control (P> 0-05) (Fig. 5(a), (b)
and (0)). The Ace index, as one of the community richness
indexes, was markedly decreased in the SC100 treatment
compared with the control (P < 0-05) (Fig. 5(c)). Venn diagrams
showed that 184 OTU were shared among all treatments
(Fig. 5(e)). In addition, 129, 42, 78 and 40 unique OTU only
appeared in FM, SM100, CM100 and SC100, respectively
(Fig. 5(e)). In nonmetric multidimensional scaling analysis,
the Bray-Curtis distance between SM100 and CM100 treat-
ments was observed to cluster together and remarkably
detached from the FM group (Fig. 5(f)). Moreover, the SC100
group showed OTU clusters similar to those of the FM group
(Fig. 5(H).

Proteobacteria, Firmicutes and Actinobacteriota in crayfish
of all the four treatments were the most dominant phyla shown
in the relative abundance histogram (Fig. 6(2)). Interestingly, the
relative abundance of Actinobacteriota in crayfish existed
significant difference among the control and the other three
treatments (Fig. 6(2)). LEfSe analysis revealed that CM100 and
SC100 contained two microbial biomarkers and one microbial
biomarker, respectively (Fig. 6(b)).

The Wilcoxon rank-sum test was used to analyse the abun-
dance of the top 10 genus-level bacteria in the crayfish intestine
in all experimental groups, and then the differential bacterial
community was displayed (Fig. 7). The sequencing data
indicated that the relative abundance of Aeromonas was
decreased significantly in SM100 and CM100, and unclassified
Enterobacteriaceae and Bacilloplasma were significantly
increased compared with FM (P<0-05) (Fig. 7(a) and (b)).
Unclassified Mycoplasmataceae
higher abundance in crayfish fed CM100 than in crayfish
fed the control diet (P<0-05) (Fig. 7(b)). The relative abun-
dance of Staphylococcus was significantly decreased in the
SC100 treatment compared with the FM group (P < 0-05)
(Fig. 7(o).

A genus-level heatmap is presented in Fig. 8. There were also
significant differences among unclassified Mycoplasmataceae,
Bacteroidia, Ruminococcaceae, Enterobacteriaceae and
Bacilloplasma, as well as Aeromonas and Ralstonia in crayfish
among all experimental treatments (P < 0-05).

showed a remarkably
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Fig. 1. The activities of trypsin (a), pepsin (b), lipase (c) and amylase (d) in the hepatopancreas and the activities of trypsin (e), pepsin (f), lipase (g) and amylase (h) in the
intestine of C. quadricarinatus fed the eight experimental diets. SM75 and SM100, dietary FM is replaced by soyabean meal at the ratio of 75 and 100 %. CM75 and
CM100, dietary FM is replaced by cottonseed meal at ratios of 75 and 100 %, respectively. SC50, SC75 and SC100, dietary FM is replaced by soyabean meal and
cottonseed meal mixture (equal crude protein contents) at the ratio of 50, 75 and 100 %. Values (mean = sE) in bars that show the same letter or nothing are not signifi-
cantly different (P> 0-05) between treatments. Values are presented as the mean =+ se (n 4). Asterisks denote statistically significant differences via ttest *(P < 0-05),
**(P<0-01), ***(P<0-001), compared with the FM group. C. quadricarinatus, Cherax quadricarinatus; FM, fish meal.

ssald Aussaaun aBpuquied Ag auljuo paysiiand v¥07002Z5 L 1£000S/£L0L 01/B10°10p//:sdny


https://doi.org/10.1017/S0007114522004044

British Journal of Nutrition

Plant proteins evaluation in crayfish diet 987
(a) (b)
<7 600 x % 500 A
' a a
»—El : ab b ab ab ab = E ab
SEE T g 4004 | ab b
2 400 ' 9 Vb E b
g i Z 300 M b
= ' =] '
g ' = '
4 ' 1S) '
S ool : 5 200 :
2 ' & '
e ' g '
: : g oo | |}
& ] = ]
=R ! < '
7] T T T =R U | T T
SR NNV O b6 QB D e
S O S LS S &SP
c}“%@ @O s 9L < @\%@O@Q@ %O%O%C/

—
o
~

Total antioxidant capacity (U mLh

@
L)

Alanine aminotransferase (U mL'l)

R IR\ R IR\ SO SR

—~
[o}
=

407
Kk

30

Malondialdehyde (nmol mL ")
S
L

—
—
=

259

* %

*k
*E o gekk l -
*%

20
154
104

5_

(U | T T

> OO N®
TN Ty &L

Aspartate aminotransferase (U mL'l)

Fig. 2. The levels of SOD (a), GPx (b), T-AOC (c), ALT (e) and AST (f) and the contents of MDA (D) in the haemolymph of C. quadricarinatus fed the eight different diets
for 8 weeks. There was a significant difference between groups represented by different letters (P < 0-05). Values are presented as the mean + st (n 4). Statistical
analysis was determined by t test, and significant differences are indicated by *(P < 0-05), **(P < 0-01), ***(P < 0-001). SOD, superoxide dismutase; GPx, glutathione
peroxidase; T-AOC, total antioxidant capacity; ALT, alanine aminotransferase; AST, aspartate aminotransferase.

Functional prediction of the intestinal microbial
community

PICRUSt was used to analyse the function of the intestinal micro-
biota of crayfish fed with diets with different protein sources and
rations (Fig. 9). In Kyoto Encyclopedia of Genes and Genomes
level 1 analysis, functional genes related to ‘Metabolism’
pathway were the highest in all treatments (Fig. 9(a)). There
was no significant difference in any predicted pathway among
the FM, SM100, CM100 and SC100 groups (Fig. 9(a)). In the
heatmap of KEGG level 2 analysis, the relative abundance of
the ‘membrane transport’ pathway was the highest among all

predictive functional pathways (Fig. 9(b)). Noticeably, signifi-
cantly decreased relative abundance was observed in those
fed the CM100 diet in the ‘cell motility’ pathway (P<0-05)
(Fig. 9(b)).

Discussion

Due to the anti-nutritional factors involved in plant products,
excessive use of plant protein to replace FM protein was formu-
lated in aquafeed that would inhibit the growth of aquatic
animals"?. The present study aimed to investigate the effects
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Fig. 3. The contents of total cholesterol (a), TAG (b), glucose (c) and total protein (d) in the hepatopancreas of C. quadricarinatus fed the eight experimental diets for
8 weeks. Values (mean + s) in bars that show the same letter or nothing are not significantly different (P> 0-05) among treatments. Values are presented as the
mean + s (n4). Asterisks denote statistically significant differences via ttest *(P < 0-05), **(P < 0-01), ***(P < 0-001), compared with the FM group. C. quadricarinatus,

Cherax quadricarinatus; FM, fish meal.

of replacing FM with SM and CM in the diet of C. quadricari-
natus on growth and health. Essential amino acid imbalance
is the first limiting factor for FM substitutes with high levels of
plant protein, and some of their deficiencies lead to poorer
growth, The growth performance of crayfish, including
parameters such as survival and specific growth rate, decreased
significantly in the CM100 and SC100 treatments. The present
study supports results from previous observations‘>=>. There
are some anti-nutritional factors present in plant protein sources,
such as protease inhibitors and lectins contained in SM and
gossypols involved in CM, which could affect the growth of
aquatic animals. Although the impact of negligible negative
effects by blending plant protein with a certain proportion, there
is still an adverse influence when FM substitution is at a high
level™. A previous study illustrated that 25 % of FM replaced
by a single SM or CM in the diet increased growth performance
in terms of weight gain in Macrobrachium nipponense®.
Interestingly, this is similar to the results in the present study,
which found that the WG of crayfish in the SC50 treatment
was higher than that in the control, but there was no significant
difference. Moreover, by using a plant protein mixture as a FM
substitution at a low level in the diets of Procambarus clarkii
and Eriocheir sinensis, both obtained better weight gain>19,
In this study, no remarkable difference was found in the
proximate whole-body composition of crayfish in all treatments.
Similar results were also published for several aquatic animals,
including Lateolabrax japonicus“”, Cherax quadricari-
natus® | Eriocheir sinensis"> and Litopenaeus vannamei™".

The crude protein content of whole-body crayfish decreased
with the increase in the plant protein replacement ratio, but there
was no significant difference, mainly due to plant protein’s
effects on digestion and absorption as well as its low digesti-
bility®. Several previous studies stated that there was no
remarkable difference in the amino acid content of crayfish
when FM was replaced with SM and brewer’s grains in diets“®5?,
However, the difference in our experiment was that the arginine
content in crayfish muscle in the CM100 was observably higher
than crayfish in the control, which may be attributed to high argi-
nine concentrations in the CM100 diet. From the nutritional value
of dietary amino acids, the arginine content of Redclaw crayfish
in the SM100 and SC50 treatments also increased remarkably
compared with FM.

Generally, digestive enzymes reduce the retention time of
feed in the intestine and then decompose it into various
nutrients, which are beneficial to digestion and absorption in
animals®!>%, As the content of plant protein in the diet increases,
anti-nutritional substances can inhibit the activity of digestive
enzymes®>>. Therefore, a decrease in protease and lipase
activities was observed in all plant protein replacement treat-
ments. A previous study reported that a similar result found
in FM was replaced with a high proportion of plant protein®.
In addition, a study demonstrated that lipase activity was indi-
rectly influenced by glycine concentration in feed®>. In our
experiment, a reduction in the glycine concentration of crayfish
muscle was due to the decline in lipase activity caused by dietary
CM and SM inclusion. Some studies have suggested that amylase
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Fig. 4. Intestinal histology of C. quadricarinatus fed diets with different replacement levels of plant protein sources. The magnification was 400x. Arrows show the
peritrophic membrane detached from the intestinal epithelial cells and intestinal folds. C. quadricarinatus, Cherax quadricarinatus.

activity in omnivorous animals is elevated with rising dietary
plant protein levels®®”. In the present study, the amylase
activity of Redclaw crayfish fed diets with plant protein inclusion
was increased. At the same time, Redclaw crayfish are omnivo-
rous species, and their amylase activity is significantly affected by
the dietary plant protein source.

MDA, as an indicator of lipid peroxidation, is often used to
determine the presence of oxidative stress in aquatic animals.
Anti-nutritional substances in plant protein result in the
production of a large amount of reactive oxygen species®®.
In the present study, the MDA value was elevated markedly in
C. quadricarinatus fed the CM100 and SC100 diets, implying

that there is a state of oxidative stress in crayfish. Decreased anti-
oxidant enzyme activity was reported by using high levels of
plant protein to replace FM in the diet“?5”. However, the activ-
ities of SOD and GPx in CM100 were observed to be remarkably
higher than crayfish in the control, and the activities of the two
enzymes also showed an upwards trend in SM100. Meanwhile,
there is also a similarly increased activity of antioxidant enzymes
in crayfish fed diets with plant protein replacing FM©%D The
MDA results suggest that the increase in the activity of antioxi-
dant enzymes is due to the elimination of reactive oxygen
species generated by anti-nutritional factors©?. Glucose concen-
trations, as a stress indicator, increased significantly in the CM100
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treatment, indicating the presence of a state of stress in cray-
fish in CM100 ¥, With damage to the hepatopancreas, the
levels of ALT and AST in the serum, as indicators of hepatopan-
creas injury, were increased®?. In this experiment, the ALT

activity increased significantly in crayfish fed a diet with
FM totally replaced by CM. Damage to the hepatopancreas
might influence ALT and AST activities which finally affect
growth®D,
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The level of nutrients absorbed by animals is determined by nutrients and resisting pathogenic bacteria®. Meanwhile, in
their normal histological structure®. Distributed epithelial cells the normal histological structure, the intestinal peritrophic
in the intestinal folds play an important role in absorbing membrane is able to protect epithelial cells and improve
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Fig. 9. KEGG predicted by PICRUSt. Heatmap of KEGG level 1 (a) and relative abundance in top 10 of KEGG level 2 (b). The data in the violin bar have been
transformed via log10. The t test was used to identify the differences among groups. Statistical significance is indicated by *(P < 0-05).

digestion ability because of its tightly surrounded epithelial
cells®”. In the present study, part of the intestinal peritrophic
membrane of crayfish fed 100% SM- or CM-supplemented
diets appeared to be slightly separate from the intestinal
folds, suggesting that epithelial cells are at risk for damage.
Similarly, a previous study found that Totoaba macdonaldi
fed with SM inclusion content of more than 22% of the diet
developed enteritis and intestinal fold atrophy, resulting in lower
growth performance and digestive enzyme activity®>. Because
of this, the main reason for the growth restriction of crayfish fed a
totally CM-supplemented diet may be that the intestinal
epithelial cells of CM100 were injured.

The intestinal microbiota is well known to play a vital
function in digestion and immune response, and it is able to
regulate numerous metabolic reactions in animals“®. Some
studies have proven that the composition and structure of gut
microbiota are influenced by feed ingredient composition®7?.
Actinobacteriota is well known as a probiotic used to improve
disease resistance in aquatic animals”". According to this
experiment, the relative abundance of Actinobacteriota, as the
dominant phylum, was found to decrease in plant protein-
supplemented diets. The microbiota with a low level of
abundant Actinobacteriota in crayfish fed the SM100, CM100
and SC100 diets demonstrated a reduction in beneficial
bacteria and low disease resistance compared with the control.
A higher relative abundance of Candidatus Bacilloplasma and

Unclassified Enterobacteriaceae was observed in crayfish fed
diets with pure CM as a total replacement of FM, and a higher
relative abundance of Aeromonas was found in the SC100 group.
However, Candidatus Bacilloplasma and Aeromonas are
considered common opportunistic pathogens in Pacific white
shrimp, for example, resulting in gastritis7>7. Proteobacteria
was a potential diagnostic criterion for disease, and the increase
of relative abundance may result in poorer growth. Relative
research has indicated that a higher relative abundance of
Enterobacteriaceae in shrimp leads to lower growth perfor-
mance and a higher risk of disease”®. This seems to explain
the lower growth performance and higher relative abundance
of pathogenic bacteria in the SM100, CM100 and SC100 groups
than in the FM group.

At the genus level, the relative abundance of Candidatus
Bacilloplasma and  Unclassified Enterobacteriaceae was
elevated significantly in crayfish fed the SM100 and CM100
diets. Enterobacteriaceae were isolated from fish in an insalu-
brious environment by researchers, which indicated that
Enterobacteriaceae are potential pathogens and that humans
are also at risk of infection after consumption>7®. Further
studies indicated that Enterobacteriaceae are environmental
causative agents of human mastitis”’”. As a result, Redclaw cray-
fish are cultured in 100 % CM and SM treatment groups, which
not only affects their health status but also poses a risk of disease
after human consumption. Several previous studies have shown
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that Ralstonia, such as Ralstonia solanacearum and Ralstonia
eutropha, are pathogenic bacteria in crops”®’. However, in
consideration of plant protein supplementation in diets, the
increased relative abundance of Ralstonia may be related to
the use of plant ingredients in our formulation. The present study
revealed a positive correlation between the structure and
predicted function of gut bacteria. The secondary metabolic
pathways are mainly enriched in carbohydrate metabolism,
amino acid metabolism, energy metabolism and metabolism
of cofactors and vitamins. The experimental diets contain
plant-based proteins that regulate carbohydrate metabolism
and promote the production of compounds related to cellulose
and hemicellulose degradation®®”. The decomposition of
amino acids and cellulose produces a source of carbon and
energy that could be utilised by bacteria. The relative abundance
of amino acid metabolism and carbohydrate metabolism
increased in the FM and SC100, which significantly facilitated
the relative abundance of cell motility.

Conclusion

Among the mixed replacement treatments, the activities of
pepsin, lipase and amylase in crayfish fed the SC50 diet were
higher than those in crayfish fed the control diet, and the growth
performance and arginine content were also higher than those in
the control. However, containing a high proportion of CM
and SM in the diet not only restricts the growth but also
influences the health of C. quadricarinatus. Therefore, this
study concluded that half of the dietary FM can be replaced with
a composite mixture of SM and CM (protein content ratio = 1:1)
without influencing the growth performance and physiological
health of C. quadricarinatus.

Acknowledgements

This work was supported by grants from the National Key R & D
Program of China (2018YFD0901305) and the initial fund from
Hainan University for R&D (KYQD(ZR)1924). Meanwhlie,
thanks to all authors for their contributions.

The authors’ contributions are as follows: C. X., E. L. and
Y. J. conceived the experiment; Z. J. and D. Q. conducted the
experiments and statistical analysis; Z. L. formulated the exper-
imental diets; Z. J. and C. X wrote and revised the manuscript;
E. L. and Y. J. conducted polish work of this manuscript. All
authors contributed, read and approved the final manuscript.

No potential conflict of interest.

References

1. Wang]JX, Zhang HT, Yang QH, et al. (2020) Effects of replacing
soybean meal with cottonseed meal on growth, feed utilization
and non-specific immune enzyme activities for juvenile white
shrimp, Litopenaeus vannamei. Aquacult Rep 16, 100255.

2. Zhang]s, Yin WJ & Gao N (2021) Effect of feed protein level on
growth and feed conversion ratio of Oncorbynchus masou
masou juvenile fish. J Aquacult 42, 13-17.

3. FAO (2020) The State of World Fisheries and Aquaculture
2020. Sustainability in Action. Rome: FAO. pp. 44.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Cao L, Naylor R, Henriksson P, et a/. (2015) China’s aquaculture
and the world’s wild fisheries. Science 347, 133-135.

Hardy RW (2006) Fish meal prices drive changes in fish feed
formulations. Aquacult Magazine 32, 29-31.

Francis G, Makkar HPS & Becker K (2001) Antinutritional
factors present in plant-derived alternate fish feed ingredients
and their effects in fish. Aquaculture 199, 197-227.

Brinker A & Reiter R (2011) Fish meal replacement by plant
protein substitution and guar gum addition in trout feed, Part
L. effects on feed utilization and fish quality. Aquaculture
310, 350-360.

DayalJS, Jannathulla R, Ambasankar K, et al. (2020) Aspergillus
niger fermented plant protein mix as a potential substitute for
fishmeal in the diet of Penaeus vannamei (Boone, 1931).
Aquacult Nutr 26, 853-865.

Sudrez JA, Gaxiola G, Mendoza R, et al. (2009) Substitution of
fish meal with plant protein sources and energy budget for
white shrimp Litopenaeus vannamei (Boone, 1931).
Aquaculture 289, 118-123.

Yang QH, Tan BP, Zhou XQ, et al. (2014) Replacement of fish
meal with plant protein mixture in diets for pacific white shrimp
(Litopenaeus vannamei). Chin | Animal Nutr 26, 1486-1495.
Yue YR, Liu YJ, Tian LX, et al. (2012) Effects of replacing fish
meal with soybean meal and peanut meal on growth, feed
utilization and haemolymph indexes for juvenile white shrimp
Litopenaeus vannamei, Boone. Aquac Res 43, 1687-1696.
Tan Q, Song D, Chen X, et al. (2018) Replacing fish meal with
vegetable protein sources in feed for juvenile red swamp cray-
fish, Procambarus clarkii: effects of amino acids supplementa-
tion on growth and feed utilization. Aquacult Nutr24, 858-864.
Bulbul M, Kader MA, Asaduzzaman M, et al. (2016) Can canola
meal and soybean meal be used as major dietary protein
sources for kuruma shrimp, Marsupenaeus japonicus?
Aquaculture 452, 194-199.

HuYJ, HuY, Wu TQ, et al. (2019) Effects of high dietary levels
of cottonseed meal and rapeseed meal on growth performance,
muscle texture, and expression of muscle-related genes in grass
carp. North Am J Aquacult 81, 235-241.

Jiang HB, Chen LQ, Qin JG, et al. (2013) Partial or complete
substitution of fish meal with soybean meal and cottonseed
meal in Chinese mitten crab Eriocheir sinensis diets.
Aquacult Int 21, 617-628.

Luo Z, LiXD, Wang WM, et al. (2011) Partial replacement of fish
meal by a mixture of soybean meal and rapeseed meal in prac-
tical diets for juvenile Chinese mitten crab Eriocheir sinensis:
effects on growth performance and in vivo digestibility: partial
replacement of FM by a mixture of SBM and RM. Aquacuit Res
42, 1615-1622.

Edgerton BF (2005) Freshwater crayfish production for poverty
alleviation. World Aquaculture 36, 48, 50, 52-55, 62-64.
Saoud IP, Ghanawi J, Thompson KR, et al. (2013)
A review of the culture and diseases of redclaw crayfish Cherax
quadricarinatus (Von Martens 1868). ] World Aquacult Soc 44,
1-29.

Yin Y, Yan WH, Zheng Y, et al. (2018) Research progress and
industrial development prospect in Jiangsu province for
Cherax quadricarinatus. ] Aquacult 39, 9-13.
Campana-Torres A, Martinez Cordova LR, Villarreal
Colmenares H, et al. (2006) Apparent dry matter and protein
digestibility of vegetal and animal ingredients and diets for
pre-adult Australian redclaw crayfish Cherax quadricarinatus
(von Martens 1858). Hidrobiologica 16, 103-100.
Campana-Torres A, Martinez Coérdova LR, Villarreal
Colmenares H, et al. (2008) Carbohydrate and lipid digestibility
of animal and vegetal ingredients and diets for the pre-adult
redclaw crayfish, Cherax quadricarinatus (von Martens):

ssaud Ais1anun abpriquie) Ag auljuo paystiand #707002ZS L LL000S/LL0L 0 L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114522004044

o

British Journal of Nutrition

994

22.

23.

24.

20.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

30.

37.

Z. Jiang et al.

carbohydrate and lipid digestibility for redclaw. Agquacult Res
39, 1115-1121.

Figueiredo MSRB & Anderson AJ (2003) Ontogenetic
changes in digestive proteases and carbohydrases from the
Australian freshwater crayfish, redclaw Cherax quadricari-
natus (Crustacea, Decapoda, Parastacidae): changes in diges-
tive enzymes. Aquacult Res 34, 1235-1239.

Figueiredo MSRB, Kricker JA & Anderson AJ (2001) Digestive
enzyme activities in the alimentary tract of redclaw
crayfish, Cherax quadricarinatus (decapoda: parastacidae).
J Crustacean Biol 21, 334-344.

Pavasovic A, Richardson NA, Mather PB, et al. (2006)
Influence of insoluble dietary cellulose on digestive enzyme
activity, feed digestibility and survival in the red claw cray-
fish, Cherax quadricarinatus (von Martens). Aquacult Res
37, 25-32.

Xue XM, Anderson AJ, Richardson NA, et al. (1999)
Characterisation of cellulase activity in the digestive system
of the redclaw crayfish (Cherax quadricarinatus).
Aquaculture 180, 373-386.

Parma L, Candela M, Soverini M, et al. (2016) Next-generation
sequencing characterization of the gut bacterial community of
gilthead sea bream (Sparus aurata, L.) fed low fishmeal based
diets with increasing soybean meal levels. Anim Feed Sci
Technol 222, 204-216.

Wu SG, Ren Y, Peng C, et al. (2015) Metatranscriptomic
discovery of plant biomass-degrading capacity from grass carp
intestinal microbiomes. FEMS Microbiology Ecology 91, fiv107.
Zhao HX (2015) Study on the Diversity and Function of
Intestinal Bacterial Flora from Different Wild Animals (Ma
Thesis). Jilin Agricultural University. https://kns.cnki.net/
KCMS/detail/detail.aspx?dbname=CMFD201601&filename=
1015963696.nh.

Zhu H (2018) Comparative Analysis of Gut Microbiota in Five
Herbivores (PhD Thesis). Sichuan Agriculture University.
Qian DW, Yang XL, Xu C, et al. (2021) Growth and health status
of the red claw crayfish, Cherax quadricarinatus, fed diets with
four typical plant protein sources as a replacement for fish meal.
Aquacult Nutr 27, 795-806.

AOAC (2005) Official methods of analysis of the Association of
Analytical Chemists International (18th ed.), Gaithersburg,
Maryland, USA 45, 75-76.

Chen GF, Feng L, Kuang SY, e al. (2012) Effect of dietary
arginine on growth, intestinal enzyme activities and gene
expression in muscle, hepatopancreas and intestine of
juvenile Jian carp (CQyprinus carpio var. Jian). Br J Nutr 108,
195-207.

Cheng ZY, Ai QH, Mai KS, et al. (2010) Effects of dietary canola
meal on growth performance, digestion and metabolism of
Japanese seabass, Lateolabrax japonicus. Aquaculture 305,
102-108.

Benzie IFF & Strain JJ (1996) The Ferric Reducing Ability of
Plasma (FRAP) as a measure of ‘Antioxidant Power: the
FRAP assay. Anal Biochem 239, 70-76.

Buege JA & Aust SD (1978) [30] Microsomal lipid peroxidation.
Methods Enzymol 302-310.

Nebot C, Moutet M, Huet P, et al. (1993) Spectrophotometric
assay of superoxide dismutase activity based on the activated
autoxidation of a tetracyclic catechol. Anal Biochem 214,
442-451.

Reiners JJJ, Kodari E, Cappel RE, et al. (1991) Assessment of the
antioxidant/prooxidant status of murine skin following topical
treatment with 12-O-tetradecanoylphorbol-13-acetate and
throughout the ontogeny of skin cancer. Part II: quantitation
of glutathione and glutathione disulfide. Carcinog 12,
2345-2352.

38.

39.

40.

41.

42.

43.

44.

45.

40.

47.

48.

49.

50.

51.

52.

53.

54.

Bradford MM (1976) A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal Biochem 72, 248-254.

Wang Q, Garrity GM, Tiedje JM, et al. (2007) Naive Bayesian
classifier for rapid assignment of rRNA sequences into the
new bacterial taxonomy. Appl Environ Microbiol 73,
5261-5267.

Hammer @, Harper DAT & Ryan PD (2001) PAST: paleonto-
logical statistics software package for education and data
analysis. Palaeontol Electronica 4, 9.

Segata N, Izard J, Waldron L, et al. (2011) Metagenomic
biomarker discovery and explanation. Genome Biol 12, 1-18.
Langille MGI, Zaneveld J, Caporaso JG, et al. (2013) Predictive
functional profiling of microbial communities using 16S rRNA
marker gene sequences. Nat Biotechnol 31, 814-821.

Alvarez ]S, Hernandez-Llamas A, Galindo J, et al. (2007)
Substitution of fishmeal with soybean meal in practical diets
for juvenile white shrimp Litopenaeus schmitti (Pérez-
Farfante & Kensley 1997). Aquacult Res 38, 689—695.

Kader MA & Koshio S (2012) Effect of composite mixture of
seafood by-products and soybean proteins in replacement of
fishmeal on the performance of red sea bream, Pagrus major.
Aquaculture 368, 95-102.

Sun H, Tang JW, Yao XH, et al. (2016) Effects of replacement of
fish meal with fermented cottonseed meal on growth perfor-
mance, body composition and haemolymph indexes of
Pacific white shrimp, Litopenaeus vannamei Boone, 1931.
Aquacult Res 47, 2623-2632.

Huang YJ, Zhang NN, Fan WJ, et al. (2018) Soybean and cotton-
seed meals are good candidates for fishmeal replacement in the
diet of juvenile Macrobrachium nipponense. Aquacult Int 26,
309-324.

Li Y, Ai QH, Mai KS, et al. (2012) Effects of the partial substitu-
tion of dietary fish meal by two types of soybean meals on the
growth performance of juvenile Japanese seabass, Lateolabrax
Japonicus (Cuvier 1828): fish meal substitution on seabass
growth. Aquacult Res 43, 458-466.

Muzinic LA, Thompson KR, Morris A, et al. (2004) Partial and
total replacement of fish meal with soybean meal and brewer’s
grains with yeast in practical diets for Australian red claw cray-
fish Cherax quadricarinatus. Aquaculture 230, 359-376.

Liu XH, Ye JD, Wang K, et al. (2012) Partial replacement of fish
meal with peanut meal in practical diets for the Pacific white
shrimp, Litopenaeus vannamei: utilization of peanut meal in
shrimp. Aquacult Res 43, 745-755.

Thompson KR, Muzinic LA, Engler LS, et al. (2005) Evaluation
of practical diets containing different protein levels, with or
without fish meal, for juvenile Australian red claw crayfish
(Cherax quadricarinatus). Aquaculture 244, 241-249.
Kalhoro H, Zhou J, Hua Y, et al. (2018) Soy protein concentrate
as a substitute for fish meal in diets for juvenile Acanthopagrus
schlegelii: effects on growth, phosphorus discharge and diges-
tive enzyme activity. Aquacult Res 49, 1896-19006.

Wang XX, Yuan Y, Li CC, et al. (2020) Partial substitution of fish
meal with soy protein concentrate in commercial diets for juve-
nile swimming crab, Portunus trituberculatus. Anim Feed Sci
Technol 259, 114290.

Fuentes-Quesada JP, Viana MT, Rombenso AN, et al. (2018)
Enteritis induction by soybean meal in Totoaba macdonaldi
diets: effects on growth performance, digestive capacity,
immune response and distal intestine integrity. Aquaculture
495, 78-89.

Krogdahl A, Penn M, Thorsen J, et al. (2010) Important antinu-
trients in plant feedstuffs for aquaculture: an update on recent
findings regarding responses in salmonids. Aquacult Res 41,
333-344.

ssaud Ais1anun abpriquie) Ag auljuo paystiand #707002ZS L LL000S/LL0L 0 L/Bio 10p//:sdny


https://kns.cnki.net/KCMS/detail/detail.aspx?dbname=CMFD201601&filename=1015963696.nh.
https://kns.cnki.net/KCMS/detail/detail.aspx?dbname=CMFD201601&filename=1015963696.nh.
https://kns.cnki.net/KCMS/detail/detail.aspx?dbname=CMFD201601&filename=1015963696.nh.
https://kns.cnki.net/KCMS/detail/detail.aspx?dbname=CMFD201601&filename=1015963696.nh.
https://doi.org/10.1017/S0007114522004044

ot

British Journal of Nutrition

55.

57.

60.

61.

62.

63.
64.

65.

60.

67.

Plant proteins evaluation in crayfish diet 995

Yaghoubi M, Mozanzadeh MT, Marammazi JG, et al. (2016)
Dietary replacement of fish meal by soy products (soybean
meal and isolated soy protein) in silvery-black porgy juveniles
(Sparidentex hasta). Aquaculture 464, 50-59.
Falcon-Hidalgo B, Forrellat-Barrios A, Farnés OC, et al. (2011)
Digestive enzymes of two freshwater fishes (Zimia vittata and
Gambusia punctata) with different dietary preferences at three
developmental stages. Comp Biochem Physiol B: Biochem Mol
Biol 158, 136-141.

Furné M, Hidalgo MC, Lopez A, et al. (2005) Digestive enzyme
activities in Adriatic sturgeon Acipenser naccarii and rainbow
trout Oncorbynchus mykiss. A comparative study. Aquaculture
250, 391-398.

Turan A & Mahmood A (2007) The profile of antioxidant
systems and lipid peroxidation across the crypt-villus axis in
rat intestine. Digestive Dis Sci 52, 1840-1844.

Ray GW, Liang DZ, Yang QH, et al. (2020) Effects of replacing
fishmeal with dietary soybean protein concentrate (SPC) on
growth, serum biochemical indices, and antioxidative functions
for juvenile shrimp Litopenaeus vannamei. Aquaculture 516,
734630.

Yun H, Shahkar E, Hamidoghli A, et al. (2017) Evaluation of
dietary soybean meal as fish meal replacer for juvenile whiteleg
shrimp, Litopenaeus vannamei reared in biofloc system. It
Aquat Res 9, 11-24.

Xie SW, Liu Y], Zeng SL, et al. (2016) Partial replacement of fish-
meal by soy protein concentrate and soybean meal based
protein blend for juvenile Pacific white shrimp, Litopenaeus
vannamei. Aquaculture 464, 296-302.

Takahashi K & Cohen HJ (1986) Selenium-dependent
glutathione peroxidase protein and activity: immunological
investigations on cellular and plasma enzymes. Blood 68,
640-645.

Iwama GK (1998) Stress in fish. Ann NY Acad Sci 851, 304-310.
Meng ZN, Chen YC, Guan XT, et al. (2010) Effect of Chinese
herb compounds on activities of transaminase in-serum and
antioxidase in erythrocyte of Cyprinus carpio L. J Northeast
Agricult Univ 41, 75-80.

McGuckin MA, Lindén SK, Sutton P, et al. (2011) Mucin
dynamics and enteric pathogens. Nat Rev Microbiol 9,
265-278.

Faggio C, Torre A, Pelle E, er al. (2011) Cell volume regulation
following hypotonic shock in hepatocytes isolated from Sparus
aurata. Comp Biochem Physiol A: Mol Integr Physiol 158,
143-149.

Dinglasan RR, Devenport M, Florens L, et al. (2009) The
Anopheles gambiae adult midgut peritrophic matrix proteome.
Insect Biochem Mol Biol 39, 125-134.

68.

9.

70.

71.

72.

73.

74.

75.

70.

77.

78.

79.

80.

81.

Wang AR, Ran C, Ringg E, ef al. (2018) Progress in fish gastro-
intestinal microbiota research. Rev Aquacult 10, 626-640.
Catalan N, Villasante A, Wacyk J, et al. (2018) Fermented
soybean meal increases lactic acid bacteria in gut microbiota
of Atlantic Salmon (Salmo salar). Probiotics & antimicro.
Probiotics Antimicrob Proteins 10, 566-576.

Qiao F, Liu YK, Sun YH, et al. (2017) Influence of different
dietary carbohydrate sources on the growth and intestinal
microbiota of Litopenaeus vannamei at low salinity.
Aquacult Nutr 23, 444-452.

Das S, Ward LR & Burke C (2008) Prospects of using marine
actinobacteria as probiotics in aquaculture. Appl Microbiol
Biotechnol 81, 419-429.

Chen JK, Shen CR, Yeh CH, et al. (2011) N-acetyl glucosamine
obtained from chitin by chitin degrading factors in Chitinbacter
tainanesis. Int ] Mol Sci 12, 1187-1195.

Hou DW, Huang ZJ, Zeng SZ, et al. (2018) Intestinal bacterial
signatures of white feces syndrome in shrimp. Appl Microbiol
Biotechnol 102, 3701-3709.

Shin NR, Whon TW & Bae JW (2015) Proteobacteria: microbial
signature of dysbiosis in gut microbiota. Trends Biotechnol 33,
496-503.

Yagoub SO (2009) Isolation of Enterobacteriaceae and
Pseudomonas spp. from raw fish sold in fish market in
Khartoum state. Afr J Bacteriol Res 1, 085-088.

Sivakami R, Premkishore G & Chandran MR (1996) Occurrence
and distribution of potentially pathogenic Enterobacteriaceae
in carps and pond water in Tamil Nadu, India. Aquacult Res
27, 375-378.

Puppel K, Kalinska A, Kot M, et al. (2020) The effect of
Staphylococcus spp., Streptococcus spp. and Enterobacteriaceae
on the development of whey protein levels and oxidative stress
markers in cows with diagnosed mastitis. Animals 10, 1591.
Garg RP, Yindeeyoungyeon W, Gilis A, et al. (2000) Evidence
that Ralstonia eutropha (Alcaligenes eutrophus) contains a
functional homologue of the Ralstonia solanacearum Phc cell
density sensing system. Mol Microbiol 38, 359-367.

Yamada T, Kawasaki T, Nagata S, et al. (2007) New bacterio-
phages that infect the phytopathogen Ralstonia solanacearum.
Microbiol 153, 2630-2639.

Toledo M, Gutiérrez MC, Siles JA, et al. (2017) Chemometric
analysis and NIR spectroscopy to evaluate odorous impact
during the composting of different raw materials. J Cleaner
Prod 167,154-162.

Lopez-Gonzalez JA, Suarez-Estrella F, Vargas-Garcia MC, et al.
(2015) Dynamics of bacterial microbiota during lignocellulosic
waste composting: studies upon its structure, functionality and
biodiversity. Bioresour Technol 175, 406-416.

ssaud Ais1anun abpriquie) Ag auljuo paystiand #707002ZS L LL000S/LL0L 0 L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114522004044

	Effects of dietary plant protein sources intake on growth, digestive enzyme activity, edible tissue nutritional status and intestinal health of the omnivorous Redclaw crayfish, Cherax quadricarinatus
	Materials and methods
	Experimental diets
	Crayfish rearing and experimental conditions
	Experimental sample collection and animal ethics
	Whole-body proximate composition analysis
	Muscle amino acid composition
	Analysis of digestive enzyme activity
	Biochemical analysis
	Paraffin sections of the intestine
	Intestinal microbiota analysis in Cherax quadricarinatus
	Statistical analysis

	Result
	Growth performance and hepatosomatic index
	Whole-body proximate composition and amino acids composition in muscle
	Digestive enzyme activities in hepatopancreas and intestine
	Antioxidant status and the amount of energy materials in hepatopancreas
	Intestinal histology
	Differences in intestinal microbial community composition, diversity and structure
	Functional prediction of the intestinal microbial community

	Discussion
	Conclusion

	Acknowledgements
	References


