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The present study was an 8-week feeding trial investigating the effects of lysine and threonine supplementation in vegetable-based
diets on growth, antioxidative capacity, and gut microbiota of juvenile redclaw crayfish, Cherax quadricarinatus (initial weight 11.52
Æ 0.23 g). The lysine and threonine were supplemented to formulate five isonitrogenous (37%) and isolipidic (9%) diets containing
0% (control), 0.2% lysine (L0.2), 0.2% threonine (T0.2), 0.4% lysine (L0.4), and 0.4% threonine (T0.4), respectively. Compared to the
control, weight gain rate (WGR) and specific growth rate (SGR) of C. quadricarinatus significantly increased with increasing dietary
lysine and threonine supplementation from 0.2% to 0.4% (P<0:05). Hepatopancreas trypsin activity significantly increased with
increasing levels of lysine and threonine in diets (P<0:05). However, the pepsin, lipase, and amylase activities were not affected by
dietary levels of lysine and threonine (P>0:05). Compared with the control, crayfish in T0.4 and L0.4 showed significantly higher
glutathione peroxidase (GPx) activity (P<0:05), lower alanine aminotransferase (ALT) activity, and lower malondialdehyde (MDA)
content (P<0:05). Supplementation with 0.4% lysine significantly changed the composition of the gut microbiota (P<0:05), which
showed a significantly increased relative abundance of Proteobacteria and decreased Firmicutes, Actinomycetes, and Pontomyces
(P<0:05). The PICRUSt analysis demonstrated that the abundance of the metabolism and cellular processes pathways in the L0.4
group weremarkedly decreased compared with the control (P<0:05). Meanwhile, a tighter interaction of the microbiota community
in crayfish was observed in the T0.4 experimental group. In conclusion, these results suggested that dietary supplementation with
0.4% threonine could significantly promote growth and improve microbial health in juvenile C. quadricarinatus.

1. Introduction

Lack of nutritional information has become the most impor-
tant factor limiting the development of formulas for aquatic
animals. Plant protein has always been the focus of fish meal

substitutes in practical diets due to its higher production and
lower cost than fish meal [1, 2]. In a previous study, a cot-
tonseed and soybean meal mixture could be used in the
formula with a replace ratio of 47.5% without negative effects
on Ictalurus punctatus [3]. A similar study has shown that
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45% of fish meal can be substituted with fermented soybean
meal without detrimental effects on growth of juvenile Lar-
imichthys crocea [4]. However, several plant proteins sources
contain significantly fewer essential amino acids (EAAs)
than fish meal [5]. EAAs shortage in plant protein ingredi-
ents cause a low nutrient supply in feed, which cannot satisfy
the nutritional requirement of cultured aquatic species [6, 7].
50% of fish meal can be effectively substituted with mixed
cottonseed meal and soybean meal (crude protein ratio 1 : 1)
in diet for juvenile C. quadricarinatus, which also leads to
dietary lysine and threonine deficiency [8]. Lysine and threonine
are particularly important for the healthy growth of aquatic
animals. Previous studies indicated that fish meal replacement
by excessive plant materials significantly affects growth perfor-
mance, intestinal structure, and microflora composition [9–12].
Therefore, the feed nutrients must be balanced and completed
to meet the nutritional requirements and improve body health
of aquatic animals [13].

Lysine and threonine are generally two of the most
important limiting EAAs in the plant-protein ingredients
used in aquafeed [1, 6]. Limiting amino acid supplementa-
tion in plant-based diets to balance feed nutrition is a com-
mon practice in aquaculture [14]. Daily feed intake, weight
gain, and protein synthesis were found to be significantly
increased in Oncorhynchus mykiss fed with lysine supple-
mentation compared to the control on a high levels plant-
based diet [5, 15]. Supplementation of methionine in a diet
containing 52% soybean meal could maintain the growth of
Silurus meridionalis [16]. Supplementation of threonine in a
plant-based diet could up-regulate muscle growth-related
gene expression and regulate the Nrf2 signaling pathway in
hybrid catfish to improve muscle growth and antioxidant
capacity [17]. Meanwhile, EAA requirements change at differ-
ent development stages, and the fast-growing aquatic animals
require higher levels of amino acids [14]. Thus, considering the
positive effects of lysine and threonine in plant-based feed, a
balanced amino acid composition in the diets is highly neces-
sary for the growth of animals.

The redclaw crayfish, Cherax quadricarinatus, is an emerg-
ing importantly economic species with the advantage of omniv-
orous habits, high nutritional value, easy cultivation, and good
flesh quality [18, 19]. However, at present, there is a lack of
research on the nutritional impacts of C. quadricarinatus,
which is an important impediment in developing the special
feed. Thus, the object of the current study was to compare and
evaluate the effects of the combined use of cottonseed meal
and soybean meal with threonine and lysine supplementation
on growth, digestive enzyme activity, antioxidant, and gut health
of C. quadricarinatus. Furthermore, the dietary lysine and
threonine requirement for juvenile C. quadricarinatus was
evaluated.

2. Materials and Methods

2.1. Experiment Ethics Statement.The current studywas approved
by the Animal Use and Care Committee, Hainan University,
Haikou, China (HNUAUCC-2020-00004).

2.2. Experimental Design and Diets Preparation. Fishmeal,
soybean meal, and cottonseed meal were used as the main die-
tary protein sources, and soybean oil was used as a lipid source
in all experimental diets. The control group was defined as a diet
without supplementation with essential amino acids (EAAs).
Based on the control, lysine and threonine were supplemented
at the contents of 0.2% (L0.2 and T0.2) or 0.4% (L0.4 and T0.4)
to formulate the four treatment diets. Dietary formula and the
proximate composition of all diets are presented in Table 1. All
raw materials were fully grounded and sieved through a 60-μm
mesh sieve and then mixed with soybean oil and further sieved
through a 40-μmmesh sieve. The drymaterials aremixedwith a
moderate amount of distilled water and then extruded through a
double-helix producer andmade into hard pellets with a 2.0mm
diameter. After that, wet pellets were dried in a dry and well-
ventilated room and stored at−20°C. The amino acid profile of
all diets is displayed in Table 2.

2.3. Experimental Management. All crayfish were obtained
from an experimental base, Chengmai, Hainan, China, and the
acclimation was maintained in a cement tank for 7 days. After
that, a total of 400 healthy crayfish (11.52Æ 0.23 g) were ran-
domly allotted to 20 cages with 20 individuals. In each net
cage, polyvinyl chloride (PVC) pipes were installed as shelters
to minimize disturbances. All crayfish were fed with five diets

TABLE 1: Ingredients composition and nutrient content of experi-
mental diets (g/kg dry matter basis).

Ingredients (%)
Treatments

Ctrl L0.2 L0.4 T0.2 T0.4

Fish meal 245 245 245 245 245
Soybean meal 187 187 187 187 187
Cottonseed meal 201 201 201 201 201
Wheat starch 180 180 180 180 180
Soybean oil 50 50 50 50 50
Lysine1 0 2 4 0 0
Threonine1 0 0 0 2 4
Cholesterol1 5 5 5 5 5
Lecithin2 10 10 10 10 10
Vitamin premix3 20 20 20 20 20
Mineral premix4 20 20 20 20 20
Choline chloride1 10 10 10 10 10
Sodium carboxymethylcellulose 25 25 25 25 25
Cellulose 47 45 43 45 43
Total 1,000 1,000 1,000 1,000 1,000
Proximate composition (g/kg)

Crude protein 369.5 371.6 372.5 372.7 374.5
Crude lipid 95.8 96.2 95.6 96.0 95.9
Ash 88.5 90.9 89.0 89.7 90.1
Moisture 84.9 83.2 84.5 85.4 84.6

1Obtained from Sangon Biotech, Ltd., Shanghai, China. 2Obtained from
Shanghai Taiwei, Ltd., Shanghai, China. 3Reference as Jiang et al. [8]. 4Reference
as Jiang et al. [8]. Ctrl means control diet without lysine and threonine
supplementation; L0.2 and L0.4 mean experimental diets with 0.2% and
0.4% lysine, respectively; T0.2 and T0.4 mean experimental diets with 0.2%
and 0.4% threonine, respectively.
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twice a day (8:00–8:30 and 18:00–18:30) with a ratio of 6% wet
body weight. To maintain the fresh water quality, uneaten food
and feces were removed by siphon, and then, approximately 60%
of the culture water was exchanged every 7 days. The water
temperature environment was kept at 25–28°C, and the dissolved
O2 and pHweremaintained at 5.0mg/L and 7.8–8.2, respectively.

2.4. Sample Collection and Growth Evaluation. The crayfish
in each replicate were sampled after 8-week trial. After anes-
thetized in ice bath, the body weight and body length of all
individuals in all replicates were measured. Hemolymph
from the pericardial cavity of each individual was sampled

using 1mL sterile syringes. After being stored overnight at
4°C, the hemolymph was centrifuged at 3,500 rpm for 10min
at 4°C, and then, the serum was separated into 200 μL tubes
and stored at −80°C until use. All crayfish were dissected
quickly on ice to obtain hepatopancreas, tail muscle, and
midintestine samples and then weighted and frozen for fur-
ther analysis. At the end of the feeding trial, three crayfish
were collected and stored in a refrigerator (−20°C) for mea-
surements of whole crayfish proximate composition.

The growth evaluation was calculated with the following
formulas:

Survival %ð Þ ¼ 100 × Final individual number=Initial individual numberð Þ; ð1Þ

Weight gain WG;%ð Þ ¼ 100 × Final individual weight − initial individual weightð Þ=Initial individual weight; ð2Þ

Specif ic growth rate SGR;% day1ð Þ ¼ 100 × ln Final individual weightð Þ − ln initial individual weightð Þ½ �=Days; ð3Þ

Condition factor CF;%ð Þ ¼ 100 × Final individual weight=Final individual weight lenght3ð Þ; ð4Þ

Hepatosomatic index HSI;%ð Þ ¼ 100 × Wet hepatopancreatic weight=Final individual weightð Þ: ð5Þ

TABLE 2: Amino acid composition of the experimental diets (g/100 g dry matter).

Amino acid
Treatments

Ctrl L0.2 L0.4 T0.2 T0.4

Essential amino acid
Arginine (Arg) 3.29Æ 0.01 3.28Æ 0.01 3.28Æ 0.01 3.29Æ 0.01 3.29Æ 0.04
Histidine (His) 0.75Æ 0.01 0.73Æ 0.01 0.73Æ 0.01 0.74Æ 0.01 0.74Æ 0.01
Isoleucine (Ile) 1.44Æ 0.01 1.44Æ 0.01 1.44Æ 0.02 1.45Æ 0.02 1.44Æ 0.01
Leucine (Leu) 2.5Æ 0.02 2.44Æ 0.01 2.45Æ 0.04 2.51Æ 0.02 2.58Æ 0.07
Lysine (Lys) 1.65Æ 0.01c 1.73Æ 0.01b 2.02Æ 0.01a 1.67Æ 0.01bc 1.68Æ 0.02b

Methionine (Met) 0.49Æ 0.04 0.53Æ 0.01 0.51Æ 0.01 0.51Æ 0.03 0.53Æ 0.01
Phenylalanine (Phe) 1.84Æ 0.01 1.83Æ 0.01 1.84Æ 0.01 1.84Æ 0.01 1.84Æ 0.01
Threonine (Thr) 1.38Æ 0.01c 1.34Æ 0.01c 1.35Æ 0.02c 1.49Æ 0.01b 1.83Æ 0.05a

Valine (Val) 1.89Æ 0.02 1.85Æ 0.01 1.86Æ 0.03 1.87Æ 0.03 1.89Æ 0.02
Nonessential amino acid

Alanine (Ala) 1.56Æ 0.03 1.56Æ 0.01 1.56Æ 0.02 1.57Æ 0.01 1.57Æ 0.01
Aspartic acid (Asp) 3.32Æ 0.02 3.28Æ 0.02 3.29Æ 0.03 3.33Æ 0.02 3.38Æ 0.06
Glutamic acid (Glu) 6.17Æ 0.02 6.12Æ 0.04 6.10Æ 0.10 6.16Æ 0.01 6.10Æ 0.01
Glycine (Gly) 2.46Æ 0.02 2.44Æ 0.03 2.44Æ 0.03 2.46Æ 0.02 2.45Æ 0.01
Proline (Pro) 1.86Æ 0.02 1.87Æ 0.02 1.86Æ 0.03 1.88Æ 0.04 1.86Æ 0.07
Serine (Ser) 2.17Æ 0.05 2.17Æ 0.02 2.16Æ 0.04 2.15Æ 0.01 2.16Æ 0.01
Tyrosine (Tyr) 1.46Æ 0.01 1.44Æ 0.03 1.45Æ 0.02 1.45Æ 0.02 1.47Æ 0.01
Total Essential amino acid 14.99Æ 0.07b 14.95Æ 0.04b 15.26Æ 0.14ab 15.14Æ 0.05b 15.62Æ 0.14a

Total nonessential amino acid 19.00Æ 0.12 18.89Æ 0.08 18.84Æ 0.19 19.01Æ 0.04 18.98Æ 0.03
Total amino acid 34.00Æ 0.19 33.83Æ 0.11 34.10Æ 0.30 34.15Æ 0.09 34.60Æ 0.17

Mean values with similar letters are not significant difference (P >0:05 a＞ b＞ c). Data expressed as meanÆ SE (n= 4). Ctrl means control diet without lysine
and threonine supplementation; L0.2 and L0.4 mean experimental diets with 0.2% and 0.4% lysine, respectively; T0.2 and T0.4 mean experimental diets with
0.2% and 0.4% threonine, respectively.

Aquaculture Nutrition 3



2.5. Nutrient Proximate Chemical Composition and Amino
Acids Analysis. The measurements of the proximate chemical
composition of all diets and whole crayfish were detected
according to the previous procedure [20]. Crude protein
was analyzed by the Dumas combustion method (Elementar
rapid N exceed, Germany). Moisture was calculated gravi-
metrically by drying at 105°C in an oven for 24 hr. Lipid
content was analyzed by ether extraction. Ash content was
tested using a SX2-4-10N furnace machine.

Amino acid content analysis was tested using the HPLC
method. The freeze-dried diets and muscle were hydrolyzed
with 6N HCI in a 110°C oven for 24 hr. Phenyl isothiocya-
nate was used to synthesize phenyl thiocarbamate via pre-
column derivatization of amino acids. To prevent oxidation
of methionine, 0.1% phenol was used during acid digestion.
An automatic analyzer (Biochrom 20, England) was used for
the amino acid contents of the hydrolysate quantification.

2.6. Digestive Enzymes Activities Analysis. After pretreatment
and centrifugation, the homogenate supernatant of samples
was carefully collected and frozen in an ultra-low-temperature
refrigerator until analysis. The amylase, pepsin, trypsin, and
lipase were analyzed using commercial kits from Nanjing
Jiancheng Bioengineering Institute (Codes C016, A080, A080,
A054), and the enzyme activities were assayed according to
the previous procedure [21, 22].

2.7. Antioxidant Capacity. The hemolymph of two crayfish in
each replicate was collected and pretreat all samples. After
that, the hemolymph supernatant was used for analysis of
total antioxidant capacity (T-AOC), alanine aminotransfer-
ase (ALT), aspartate aminotransferase (AST), glutathione
peroxidase (GPx), superoxide dismutase (SOD), and malon-
dialdehyde (MDA), which were measured by commercial
kits (Codes. A015, C009, C010, A005, A001, and A003; Jian-
cheng, Nanjing, China). The alkaline phosphatase (AKP),
acid phosphatase (ACP) in the hepatopancreas were also
determined by commercial kits (Codes A059, A060; Jian-
cheng, Nanjing, China). T-AOC, GPx, SOD, MDA, AST,
ALT, ACP, and AKP in samples were tested according to
the previous method, respectively [23–28]. All enzyme activ-
ities and MDA were determined by absorbance colorimetry.
The specific wavelengths of T-AOC, GPx, SOD, MDA, AST,
and ALT are 593, 412, 450, 532, 510, and 510 nm, respec-
tively. ACP and AKP utilize disodium phenyl phosphate as a
substrate to produce red quinone derivatives, and the enzyme
activity was calculated by measuring the rate of increase in
absorbance at 520 nm. Total protein content was detected
based on the Bradford [29] method via a commercial kit
with Code A045 (Jiancheng, Nanjing, China).

2.8. Histological Analysis. The intestines of three crayfish in
each treatment were used to histological observation. Mid-
intestinal samples were quickly removed and fixed for 24 hr
in 4% paraformaldehyde. After undergoing a dehydration
process in ethanol with graded levels and hyalinization in
xylol, the treated intestine was embedded in paraffin wax.
The 5 μm tissue slices were stained with hematoxylin–eosin.

The observation and photographs of paraffin sections were
performed by a microscope (ECLIPSE 200, Nikon, Japan).

2.9. Crayfish Intestine Microbiome Sequencing Analysis. The
total intestinal DNA was independently isolated via a com-
mercial kit (Omega, Norcross, USA) based on the extraction
guidelines. After quantity and quality detection, the V3-V4
region of 16S rRNA was amplified by PCR using 338F (5′-
ACTCCTACGGGAGGCAGCA-3′) and 806R (5′- GGAC-
TACHVGGGTWTCTAAT-3′). PCR product was purified
and recycled using 2% agarose gel, and then, purified pro-
ducts content was quantified using QuantusTM Fluorometer
(Promega, USA). Purified amplicons were sequenced using the
Illumina MiSeq PE300 platform (Majorbio, Shanghai, China).
The raw data are available in NCBI (accession: SRP310046).

OTUs were clustered with a similarity threshold of 97%
using UPARASE (Version 7.0.1), and then, the representative
sequence was annotated using RDP classifier (Version 2.2)
[30]. Alpha diversity indices (Ace index, Chao1 index, Simp-
son index, and Shannon index) were calculated by using
QIIME (Version 1.9) and utilized t tests to determine the
difference between control and each treatment. Overall dif-
ference in bacterial community was evaluated by nonmetric
multidimensional scaling (NMDS) [31]. The statistical differ-
ence in each group was determined by using LEfSe. PICRUSt
[32] was used to predict the microbial function by using 16S
data and metagenomic data, and then, predicted pathways were
predicted according to the KEGG catalogue. Gut microbiota
interspecies interactions among the dominant genera, each
with abundances in the top 30 for the three treatments, were
calculated using Mothur. The interspecies network was visually
presented and calculated via Gephi (Rho> 0.5 and P<0:05).

2.10. Statistical Analysis. All raw data are depicted as Mean
Æ SE. All data obtained from the present study were analyzed
via ANOVA using SPSS program (IBM, version 25.0). Tukey’s
test was applied to compare the significance, when significant
difference was found among experimental groups (P<0:05).

3. Results

3.1. Growth Indices. The WG and SGR of crayfish significantly
increased with 0.4% dietary lysine and threonine supplementa-
tion (P<0:05; Table 3). The survival, HSI, and CF of crayfish
were not significantly affected by dietary lysine and threonine
supplementation (P>0:05; Table 3).

3.2. The Proximate Composition and Amino Acids Profile.
After 56 days feeding trial, different dietary lysine and thre-
onine supplementation had no significant influence on the
proximate composition of whole crayfish (P>0:05; Table 4).
Moreover, the percentage concentrations of histidine in the
groups fed with L0.2, L0.4, and T0.2 diets were markedly
lower than crayfish fed with control diet (P>0:05; Table 5).

3.3. Digestive Enzyme Activity. The activity of digestive enzymes
in the hepatopancreas and intestine of crayfish among all treat-
ments is shown in Figure 1. The hepatopancreas trypsin activity
in the L0.4 and T0.4 groups was increased significantly
compared crayfish in the control (P<0:05; Figure 1(a)).
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TABLE 4: The whole-body proximate composition of C. quadricarinatus fed diets with different levels of lysine and threonine (g/kg wet weight).

Parameters
Treatments

Ctrl L0.2 L0.4 T0.2 T0.4

Crude protein 127.41Æ 1.19 127.72Æ 2.20 128.13Æ 3.55 127.14Æ 3.03 128.58Æ 3.25
Crude lipid 26.61Æ 2.54 27.36Æ 4.36 26.82Æ 1.79 27.52Æ 1.95 26.37Æ 1.68
Moisture 723.56Æ 5.48 706.9Æ 7.60 724.8Æ 10.70 709.9Æ 6.90 736.40Æ 7.40
Ash 80.16Æ 3.20 85.61Æ 3.36 81.51Æ 3.12 83.76Æ 2.00 84.27Æ 2.90

Mean values with similar letters are not significant difference (P>0:05; a＞ b＞ c). Data expressed as meanÆ SE (n= 3). Ctrl means control diet without lysine
and threonine supplementation; L0.2 and L0.4 mean experimental diets with 0.2% and 0.4% lysine, respectively; T0.2 and T0.4 mean experimental diets with
0.2% and 0.4% threonine, respectively.

TABLE 3: Growth parameters of C. quadricarinatus fed diets with different levels of lysine and threonine for 8 weeks.

Parameters
Treatments

Ctrl L0.2 L0.4 T0.2 T0.4

Initial weight (g) 10.69Æ 0.31 11.47Æ 0.44 11.58Æ 0.35 11.94Æ 0.41 11.91Æ 0.34
Final weight (g) 21.75Æ 0.94c 23.23Æ 1.07bc 26.2Æ 0.73ab 25.38Æ 0.75abc 27.59Æ 1.07a

WG (%) 103.62Æ 8.78b 102.57Æ 9.37b 126.26Æ 6.33a 112.58Æ 6.31ab 131.67Æ 9.00a

SGR (%) 19.62Æ 1.83b 20.29Æ 1.92b 27.51Æ 1.63a 23.81Æ 1.44ab 28.77Æ 1.58a

HSI (%) 7.26Æ 0.36 6.97Æ 0.25 7.03Æ 0.53 7.84Æ 0.50 6.67Æ 0.37
CF (%) 2.09Æ 0.06 2.00Æ 0.05 2.18Æ 0.04 2.02Æ 0.06 2.16Æ 0.19
Survival (%) 73.54Æ 2.42 74.75Æ 1.30 74.35Æ 2.53 75.05Æ 2.41 75.25Æ 2.37

Mean values with similar letters are not significant difference (P>0:05; a＞ b＞ c). Data expressed as meanÆ SE (n= 8). Ctrl means control diet without lysine
and threonine supplementation; L0.2 and L0.4 mean experimental diets with 0.2% and 0.4% lysine, respectively; T0.2 and T0.4 mean experimental diets with
0.2% and 0.4% threonine, respectively. WG, weight gain; SGR, specific growth rate; HSI, hepatosomatic index; CF, condition factor.

TABLE 5: Amino acid composition in muscle of C. quadricarinatus (g/100 g dry matter).

Amino acid
Treatments

Ctrl L0.2 L0.4 T0.2 T0.4

Essential amino acid
Arginine (Arg) 10.55Æ 0.02 10.27Æ 0.17 9.98Æ 0.33 10.47Æ 0.23 10.47Æ 0.13
Histidine (His) 2.59Æ 0.03a 2.31Æ 0.05b 2.31Æ 0.02b 2.29Æ 0.04b 2.47Æ 0.02a

Isoleucine (Ile) 3.79Æ 0.10 3.8Æ 0.05 3.8Æ 0.05 3.82Æ 0.04 3.49Æ 0.31
Leucine (Leu) 6.90Æ 0.09 6.67Æ 0.1 6.64Æ 0.1 6.69Æ 0.07 6.68Æ 0.02
Lysine (Lys) 7.50Æ 0.18 7.43Æ 0.1 7.40Æ 0.15 7.42Æ 0.10 7.34Æ 0.01
Methionine (Met) 2.14Æ 0.08 1.71Æ 0.27 1.63Æ 0.38 1.71Æ 0.24 2.13Æ 0.03
Phenylalanine (Phe) 3.67Æ 0.06 3.63Æ 0.05 3.64Æ 0.05 3.64Æ 0.04 3.64Æ 0.01
Threonine (Thr) 3.44Æ 0.06 3.44Æ 0.06 3.44Æ 0.03 3.52Æ 0.05 3.44Æ 0.01
Valine (Val) 4.05Æ 0.04 4.02Æ 0.06 4.00Æ 0.04 4.04Æ 0.05 4.00Æ 0.01

Nonessential amino acid
Alanine (Ala) 4.67Æ 0.11 4.57Æ 0.07 4.55Æ 0.11 4.65Æ 0.10 4.70Æ 0.04
Aspartic acid (Asp) 9.07Æ 0.04 8.83Æ 0.11 8.83Æ 0.1 8.88Æ 0.09 8.84Æ 0.01
Glutamic acid (Glu) 14.47Æ 0.12 14.27Æ 0.25 14.22Æ 0.19 14.70Æ 0.22 14.48Æ 0.07
Glycine (Gly) 4.33Æ 0.40 3.66Æ 0.18 3.62Æ 0.26 4.00Æ 0.14 4.28Æ 0.23
Proline (Pro) 2.72Æ 0.05 2.85Æ 0.01 2.84Æ 0.02 2.85Æ 0.1 2.78Æ 0.03
Serine (Ser) 3.64Æ 0.06 3.57Æ 0.05 3.57Æ 0.07 3.45Æ 0.04 3.47Æ 0.01
Tyrosine (Tyr) 3.48Æ 0.06 3.43Æ 0.05 3.44Æ 0.04 3.70Æ 0.12 3.62Æ 0.01
Total essential amino acid 44.63Æ 0.16a 42.74Æ 0.40ab 42.60Æ 1.18b 43.66Æ 0.59ab 43.41Æ 0.30ab

Total nonessential amino acid 42.36Æ 0.43 42.05Æ 0.51 42.03Æ 0.74 43.47Æ 0.61 42.82Æ 0.46
Total amino acid 87.00Æ 0.58 84.78Æ 0.87 84.64Æ 1.92 87.13Æ 1.1 86.23Æ 0.74

Mean values with similar letters are not significant difference (P>0:05 a＞ b＞ c). Data expressed as meanÆ SE (n= 4). Ctrl means control diet without lysine
and threonine supplementation; L0.2 and L0.4 mean experimental diets with 0.2% and 0.4% lysine, respectively; T0.2 and T0.4 mean experimental diets with
0.2% and 0.4% threonine, respectively.
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FIGURE 1: The digestive enzyme activity in the Hepatopancreas and Intestine of C. quadricarinatus fed with five experimental diets. Trypsin
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No significant difference in the pepsin, lipase, amylase, and
intestinal trypsin activities was detected among all groups
(P>0:05; Figures 1(b)–1(h).

3.4. Antioxidant Status. In terms of the serum SOD, T-AOC,
and AST, no significant difference was detected among all
groups (P>0:05; Figures 2(a), 2(c) and 2(f)). The activities of
GPx in the L0.4 and T0.4 groups were significantly higher
compared to the control (P<0:05; Figure 2(b)). Moreover,
compared to other groups, MDA content in the L0.4 and T0.4
treatments was markedly decreased (P<0:05; Figure 2(d)).
Similarly, no significant difference of ACP and AKP in hepa-
topancreas was observed among experimental treatments
(P>0:05; Figures 3(a) and 3(b)).

3.5. Intestine Histology. From histological observation of the
intestine, intestinal folds and epithelial cells remained com-
plete among all groups (Figure 4).

3.6. Difference Analysis of Gut Microbiota. A total of 509,362
raw sequences were obtained from 12 gut samples in three

groups, with an average of 42,447 sequences per sample. The
alpha diversity analysis is presented in Figure 5. Shannon,
Ace, and Chao1 indices in crayfish fed the diet with 0.4%
lysine supplementation were markedly lower than crayfish
fed the control (P<0:05; Figure 5(a)). Ctrl, L0.4, and T0.4 groups
contained 102, 3, and 232 OTUs, respectively, and the num-
ber of OTUs shared by the three groups is 396 (Figure 5(b)).

For NMDS analysis, the microbiota in the L0.4 group was
clearly separated from those in the control and T0.4 groups
(Figure 5(c)).

At phylum level, the abundance of Firmicutes, Actinobac-
teriota, Patescibacteria, and Planctomycetota in the L0.4
group was significantly lower compared with the control
(P<0:05; Figure 6(a)). Moreover, the abundance of Proteo-
bacteria in crayfish fed the L0.4 diet was significantly higher
than in the control (P<0:05). Meanwhile, the abundance of
Firmicutes in the T0.4 group was also markedly lower com-
pared to those crayfish fed the control (P<0:05). In addition,
the abundance of genera revealed that L0.4 diets significantly
increased Cirrobacter and Unclassified Enterobacteriace in
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FIGURE 2: The antioxidant capacity in serum of C. quadricarinatus fed with five experimental diets. SOD (a), GPx (b), T-AOC (c), MDA (d),
ALT (e), and AST (f ) in serum. Ctrl means control diet without lysine and threonine supplementation; L0.2 and L0.4 means experimental
diets with 0.2% and 0.4% lysine, respectively; T0.2 and T0.4 means experimental diets with 0.2% and 0.4% threonine, respectively. Mean
values with similar letters are not significant difference (P>0:05; a＞ b＞ c). Data are expressed as meanÆ SE (n= 8). Superoxide dismutase
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aspartate aminotransferase (AST).
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crayfish compared with the control (P<0:05; Figure 6(b)).
However, by feeding L0.4 and T0.4 diets for a 56-day trial,
the abundance of Exiguobacteriace was markedly lower com-
pared to those crayfish fed with the control diet (P<0:05;
Figure 6(b)). LEfSe analysis showed that eight bacteria gen-
era enriched in the T0.4 group, and only six bacteria genera
enriched in the L0.4 group (Figure 6(c)).

3.7. Gut Microbiota Functional Prediction. The function of
the gut microbiota is shown in Table 6. The abundance of two
pathways significantly changed in the KEGG Level 3 pathway
analysis. The abundance of fatty acid elongation in mitochon-
dria and apoptosis in crayfish fed the L0.4 diet exhibited a
markedly decreased compared to crayfish fed the control
diet (P<0:05).

3.8. Gut Microbiota Interspecies Interaction Analysis. Inter-
species interaction networks are shown in Figure 7. Compared
to crayfish fed with the control, the crayfish in the L0.4 group
had fewer negative links, and the T0.4 group showed more
negative links (Figure 7(b)). A tighter interspecies interaction
network andmore correlation links were found in the intestines
when crayfish were fed the T0.4 diet (Figure 7(a) and 7(b)).

4. Discussion

Dietary threonine and lysine supplementation significantly
enhance the growth parameters of C. quadricarinatus, which

is in agreement with the results from Marsupenaeus japoni-
cus,Megalobrama amblycephala, andMyxocyprinus asiaticus
[33–35]. Lysine and threonine are considered as essential
amino acids in crustacean nutritional requirements that can-
not be biosynthesized and must be obtained through food.
However, previous studies have reported that dietary crystal-
line amino acid excess may cause growth inhibition of Cir-
rhinus mrigala and Labeo rohita [36, 37]. In this study, the
whole crayfish composition, lysine and threonine deposition
in muscle were not significantly affected by dietary lysine and
threonine levels. This is consistent with the previous studies
on Litopenaeus vannamei and Rhamdia voulezi [38, 39].
Excess of certain amino acids may result in deamination
and inhibition of amino acids, which have further led to toxic
effects on aquatic animals [40–42]. The histidine content in
the crayfish tail muscle in the lysine supplementation groups
was markedly reduced when compared with the control.
Similarly, previous results revealed that dietary lysine and
threonine content excess led to other amino acids decrease
in the body of animals [33, 43].

Nutrients are digested mainly by digestive enzymes, and
enzyme activity can also reflect digestive capacity. Research-
ers have also found that supplementation with exogenous
amino acids in feed could promote growth performance by
increasing digestive enzyme activity [35]. The T0.4 and L0.4
diets significantly increased hepatopancreatic trypsin activity,
confirming a positive correlation between WG and digestive
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enzyme activity. Furthermore, whole-body composition was
not affected by fed with all diets, in agreement with prior
research on Megalobrama amblycephala [34].

ALT and AST are always regarded as essential cellular
and hepatopancreatic damage indicators [44]. When the

serum ALT and AST activities increase, it implies that hepa-
topancreas function has been damaged [45]. The control
group exhibited the highest transaminase values, suggesting
that the dietary inclusion of lysine and threonine can miti-
gate hepatopancreatic damage. The AKP and ACP in serum
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are the two essential enzymes in the immunity of aquatic
animals [46]. AKP and ACP activities in serum increased
with dietary lysine and threonine supplementation. ACP and
AKP are both crucial lysosomal enzymes in aquatic animals,
and their high activity indicates enhancement of immune
function. These important enzymes participate in the degra-
dation of nutrients and phagocytosis [47].

Antioxidant enzymes, including SOD and GPx, are the
first line of the antioxidant enzymatic defense barrier to
eliminate intracellular ROS production to reduce oxidative
damage to the organisms [48]. Serum MDA concentration is
commonly utilized as an indicator of protein and lipid per-
oxidation, and its content is usually inversely correlated with
antioxidant enzyme activity [49]. Antioxidant enzyme activ-
ity can represent the level of antioxidant capacity. This phe-
nomenon was observed in the current study; crayfish fed
with the T0.4 and L0.4 diets exhibited higher GPx activity
and lower MDA concentration compared to the control group.
Dietary threonine deficiency increases ROS and MDA and
decreases antioxidant enzyme activities of Ctenopharyngodon
idella by regulating theNFE2-related Factor 2 signaling pathway

[50]. Similar results were observed with increased overall anti-
oxidant capacity when supplemented with lysine and threonine
in diets [34, 38].

Animal growth and development are mainly associated
with digestion and absorption ability. Normal intestinal
structure in animals plays a crucial role in the digestion
and absorption of nutrients [51]. So far, no study has evalu-
ated the effects of dietary lysine and threonine supplementa-
tions on the intestinal structure of crayfish. The intestinal
structure of crayfish was not affected by supplementing 0.4%
lysine or threonine in the diet. Similar studies demonstrated
that dietary lysine and threonine supplementations do not
affect the intestinal structure of broilers [52]. However, die-
tary lysine deficiency led to the separation of head kidney
endothelial cells of Ctenopharyngodon idella and hemorrhage
of spleen [53].

Maintaining a stable intestinal flora structure is crucial
for both immune and digestive functions [54]. In this study,
L0.4 diets significantly decreased Shannon, Ace, and Chao 1
indices compared to the control. However, microbial diver-
sity plays a crucial role in intestinal function but depends on

TABLE 6: The relative abundance of microbial-mediated function C. quadricarinatus.

Level KEGG pathway Ctrl (%) L0.4 (%) T0.4(%) P value P value
Ctrl vs. L0.4 Ctrl vs. T0.4

3 Fatty acid elongation in mitochondria 2.07E-7 0 1.91E-7 0.001 0.689
3 Apoptosis 1.24E-4 1.79E-5 1.05E-4 0.038 0.680
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FIGURE 7: Interspecies interaction network of intestinal microbiota for C. quadricarinatus fed diets with the Ctrl, L0.4 and T0.4 diets (a). Each
node represents a genus, with node colors indicating bacteria at the phylum level. A green line represents positive interaction, and a red line
represents negative interaction. The number and ratio of interspecies positive and negative interactions in the ecological network (b).
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the existence of beneficial bacteria rather than variety itself
[55]. According to many studies, Proteobacteria, Firmicutes,
and Actinobacteriota, as the most dominant phylum, were
observed in the crustacean intestine [56]. At the phylum
level, a similar composition of gut microbiota was found in
all groups. A previous study showed that elevated relative
abundance of Proteobacteria results in intestinal microbiota
disorders [57]. Furthermore, Firmicutes and Actinobacteriota
are probiotics that are used to keep the intestinal microbiota
stable for disease resistance [58, 59]. In the present study,
Proteobacteria was significantly increased in the L0.4 group,
while Firmicutes and Actinobacteriota were significantly
decreased in the L0.4 group. Cirrobacter and Enterobacteriace
are well known as the opportunistic pathogen [60, 61]. LefEs
analysis indicated that Proteobacteria, Enterobacteriace, and
Cirrobacter were dominant in the L0.4 group, while Actino-
bacteriota and Rhodococcuswere dominant in the T0.4 group.

The predictive analysis of gut microbial function is vital
to immunity. Apoptosis process is used to remove infected,
unneeded, and deleterious cells in the body [62]. According
to a previous study, apoptosis also can modulate the level
of immune response and establish immune memory [63].
Therefore, the apoptosis in cellular processes was decreased
significantly in the intestinal function of the L0.4 group com-
pared to the control, which may have a negative impact on
the growth and immunity of crayfish. Thus, the intestinal
microbial composition and bacterial function are regulated
by dietary lysine and threonine.

The relationships of cooperation and competition exist in
different intestinal microbiota, and various species interact
with each other to establish a complex ecological network
[64]. The positive and negative links were used to demon-
strate the cooperative and competitive relationship among
the different bacterial communities [65]. The stable structure
of intestinal microbiota depends on the high ratio of negative
links [66]. A large number of interactions within the micro-
bial interaction network can also enhance the stability of the
microbial community structure [67]. A similar result was
found in the T0.4 group. According to a previous study, as
the diversity and abundance of gut microbiota increase, the
microbial correlation network becomes denser, and the
microbial structure becomes more stable [68]. The reason
for the instability of the microbial structure in the L0.4 group
may be due to the significant decrease in the alpha indices.
Dietary lysine and threonine supplementation effects on gut
microbiota architecture and interaction networks are unclear
in C. quadricarinatus and require further study.

5. Conclusion

The 0.4% group had better growth performance compared to
the control and 0.2% groups. However, the 0.4% lysine group
resulted in lower gut microbiota abundance and an unstable
intestinal structure. Moreover, the inclusion of 0.4% threonine
supplementation in a vegetable-based diet for C. quadricarina-
tus significantly enhances growth performance, digestibility,
antioxidant statue, and stable intestinal flora structure. More-
over, further research should consider the interaction of essential

amino acid supplementation in the diet of C. quadricarinatus for
metabolic mechanism.

Data Availability

Data will be made available on request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Authors’ Contributions

Zongzheng Jiang contributed to conceptualization, method-
ology, formal analysis, and writing–original draft; Dunwei
Qian contributed to conceptualization, validation, method-
ology, formal analysis, and data curation; Zhenye Liang con-
tributed to validation; Sen Wu contributed to investigation;
Fenglu Han contributed to data curation; Meili Chi contributed
tomethodology, project administration, and supervision; Chang
Xu contributed to project administration, writing–review and
editing, and supervision; and Erchao Li contributed to method-
ology, writing–review and editing, and supervision. Zongzheng
Jiang and Dunwei Qian contributed equally to this work.

Acknowledgments

The current study was supported by grants from the Agricul-
ture Ministry Key Laboratory of Healthy Freshwater Aqua-
culture, Key Laboratory of Freshwater Aquaculture Genetic
and Breeding of Zhejiang Province of Zhejiang Institute of
Freshwater Fisheries for ZJK202201, and the Initial Fund
from Hainan University for R&D (KYQD(ZR)1924).

References

[1] National Research Council, Nutrient Requirements of Fish and
Shrimp, vol. 376, p. 2011, National Academy Press, Washing-
ton, DC, USA

[2] A. G. J. Tacon and M. Metian, “Global overview on the use of
fish meal and fish oil in industrially compounded aquafeeds:
trends and future prospects,” Aquaculture, vol. 285, no. 1–4,
pp. 146–158, 2008.

[3] E. H. Robinson and M. H. Li, “Use of plant proteins in catfish
feeds: replacement of soybean meal with cottonseed meal and
replacement of fish meal with soybean meal and cottonseed
meal,” Journal of the World Aquaculture Society, vol. 25, no. 2,
pp. 271–276, 1994.

[4] P.Wang, Q. C. Zhou, J. Feng, J. J. He, Y. D. Lou, and J. Q. Zhu,
“Effect of dietary fermented soybean meal on growth, intestinal
morphology and microbiota in juvenile large yellow croaker,
Larimichthys crocea,” Aquaculture Research, vol. 50, no. 3,
pp. 748–757, 2019.

[5] Z. J. Cheng, R. W. Hardy, and J. L. Usry, “Effects of lysine
supplementation in plant protein-based diets on the perfor-
mance of rainbow trout (Oncorhynchus mykiss) and apparent
digestibility coefficients of nutrients,” Aquaculture, vol. 215,
no. 1–4, pp. 255–265, 2003.

[6] D. M. Gatlin, F. T. Barrows, P. Brown et al., “Expanding
the utilization of sustainable plant products in aquafeeds: a

12 Aquaculture Nutrition



review,” Aquaculture Research, vol. 38, no. 6, pp. 551–579,
2007.

[7] N. Daniel, “A review on replacing fish meal in aqua feeds using
plant protein sources,” International Journal of Fisheries and
Aquatic Studies, vol. 6, no. 2, pp. 164–179, 2018.

[8] Z. Jiang, D. Qian, Z. Liang, Y. Jia, C. Xu, and E. Li, “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 quadricar-
inatus,” British Journal of Nutrition, vol. 130, no. 6, pp. 978–
995, 2023.

[9] M. He, X. Q. Li, L. Poolsawat et al., “Effects of fishmeal replaced
by fermented soybean meal on growth performance, intestinal
histology and microbiota of largemouth bass (Micropterus
salmoides),” Aquaculture Nutrition, vol. 26, no. 4, pp. 1058–
1071, 2020.

[10] R. Novriadi, M. Rhodes, M. Powell, T. Hanson, and D. A. Davis,
“Effects of soybean meal replacement with fermented soybean
meal on growth, serum biochemistry and morphological
condition of liver and distal intestine of Florida pompano
Trachinotus carolinus,” Aquaculture Nutrition, vol. 24, no. 3,
pp. 1066–1075, 2018.

[11] J. F. Shen, H. Y. Liu, B. P. Tan et al., “Effects of replacement of
fishmeal with cottonseed protein concentrate on the growth,
intestinal microflora, haematological and antioxidant indices
of juvenile golden pompano (Trachinotus ovatus),” Aquacul-
ture Nutrition, vol. 26, no. 4, pp. 1119–1130, 2020.

[12] H. Liu, X. H. Dong, B. P. Tan et al., “Effects of fish meal
replacement by low-gossypol cottonseed meal on growth
performance, digestive enzyme activity, intestine histology and
inflammatory gene expression of silver sillago (Sillago sihama
Forsskál), 1775,” Aquaculture Nutrition, vol. 26, no. 5, pp. 1724–
1735, 2020.

[13] S. Ebeneezar, P. Vijayagopal, P. P. Srivastava et al., “Dietary lysine
requirement of juvenile silver pompano, Trachinotus blochii
(Lacepede 1801),”Aquaculture, vol. 511, Article ID 734234, 2019.

[14] I. Rønnestad, A. Thorsen, and R. N. Finn, “Fish larval
nutrition: a review of recent advances in the roles of amino
acids,” Aquaculture, vol. 177, no. 1–4, pp. 201–216, 1999.

[15] S. K. Gatrell, J. T. Silverstein, F. T. Barrows, J. G. Grimmett,
B. M. Cleveland, and K. P. Blemings, “Effect of dietary lysine
and genetics on growth and indices of lysine catabolism in
rainbow trout (Oncorhynchus mykiss),” Aquaculture Nutri-
tion, vol. 23, no. 5, pp. 917–925, 2017.

[16] Q. H. Ai and X. J. Xie, “Effects of replacement of fish meal by
soybean meal and supplementation of methionine in fish
meal/soybean meal-based diets on growth performance of the
Southern catfish Silurus meridionalis,” Journal of the World
Aquaculture Society, vol. 36, no. 4, pp. 498–507, 2005.

[17] Y. Zhao, Q. Jiang, X. Q. Zhou et al., “Effect of dietary
threonine on growth performance and muscle growth, protein
synthesis and antioxidant-related signalling pathways of
hybrid catfish Pelteobagrus vachelli ♀× Leiocassis longirostris
♂,” British Journal of Nutrition, vol. 123, no. 2, pp. 121–134,
2020.

[18] I. P. Saoud, J. Ghanawi, K. R. Thompson, and C. D. Webster,
“A review of the culture and diseases of redclaw crayfish
Cherax quadricarinatus (von Martens 1868),” Journal of the
World Aquaculture Society, vol. 44, no. 1, pp. 1–29, 2013.

[19] L. J. Rodgers, P. I. Saoud, and D. B. Rouse, “The effects of
monosex culture and stocking density on survival, growth and
yield of redclaw crayfish (Cherax quadricarinatus) in earthen
ponds,” Aquaculture, vol. 259, no. 1–4, pp. 164–168, 2006.

[20] AOAC, Official Methods of Analysis of the Association of
Analytical Chemists International, Association of Official
Analytical Chemists, 18th edition, 2005.

[21] B. C. W. Hummel, “A modified spectrophotometric determi-
nation of chymotrypsin, trypsin, and thrombin,” Canadian
Journal of Biochemistry and Physiology, vol. 37, no. 12,
pp. 1393–1399, 1959.

[22] Z. Y. Cheng, Q. H. Ai, K. S. Mai, H. M. Ma, Y. Li, and
J. M. Zhang, “Effects of dietary canola meal on growth
performance, digestion and metabolism of Japanese seabas
Lateolabrax japonicus,” Aquaculture, vol. 305, no. 1–4, pp. 102–
108, 2010.

[23] I. F. F. Benzie and J. J. Strain, “The ferric reducing ability of
plasma (FRAP) as a measure of “antioxidant power”: the
FRAP assay,” Analytical Biochemistry, vol. 239, no. 1, pp. 70–
76, 1996.

[24] J. A. Buege and D. A. Steven, “[30] Microsomal lipid
peroxidation,” Methods in Enzymology, vol. 52, pp. 302–310,
1978.

[25] C. Nebot, M. Moutet, P. Huet, J. Z. Xu, J. C. Yadan, and
J. Chaudiere, “Spectrophotometric assay of superoxide
dismutase activity based on the activated autoxidation of a
tetracyclic catechol,” Analytical Biochemistry, vol. 214, no. 2,
pp. 442–451, 1993.

[26] J. J. Reiners, E. Kodari, R. E. Cappel, and H. F. Gilbert,
“Assessment of the antioxidant/prooxidant status of murine
skin following topical treatment with 12-O-tetradecanoyl-
phorbol-13-acetate and throughout the ontogeny of skin
cancer. Part II: quantitation of glutathione and glutathione
disulfide,” Carcinogenesis, vol. 12, no. 12, pp. 2345–2352,
1991.

[27] G. F. Chen, L. Feng, S. Y. Kuang et al., “Effect of dietary
arginine on growth, intestinal enzyme activities and gene
expression in muscle, hepatopancreas and intestine of juvenile
Jian carp (Cyprinus carpio var. Jian),” British Journal of
Nutrition, vol. 108, no. 2, pp. 195–207, 2012.

[28] W. Zhao, M. Liang, and P. Zhang, “Effect of yeast
polysaccharide on the immune function of juvenile sea
cucumber, Apostichopus japonicus Selenka under pH stress,”
Aquaculture International, vol. 18, no. 5, pp. 777–786, 2010.

[29] M. M. Bradford, “A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding,” Analytical Biochemistry,
vol. 72, no. 1-2, pp. 248–254, 1976.

[30] Q. Wang, G. M. Garrity, J. M. Tiedje, and J. R. Cole, “Naïve
Bayesian classifier for rapid assignment of rRNA sequences
into the new bacterial taxonomy,” Applied and Environmental
Microbiology, vol. 73, no. 16, pp. 5261–5267, 2007.

[31] Ø. Hammer, D. A. T. Harper, and P. D. Ryan, “PAST:
paleontological statistics software package for education and
data analysis,” Palaeontologia Electronica, vol. 4, no. 1, pp. 1–
9, 2001.

[32] M. G. I. Langille, J. Zaneveld, J. G. Caporaso et al., “Predictive
functional profiling of microbial communities using 16S rRNA
marker gene sequences,” Nature Biotechnology, vol. 31, no. 9,
pp. 814–821, 2013.

[33] M. S. Alam, S. I. Teshima, S. Koshio et al., “Supplemental
effects of coated methionine and/or lysine to soy protein isolate
diet for juvenile kuruma shrimp, Marsupenaeus japonicus,”
Aquaculture, vol. 248, no. 1–4, pp. 13–19, 2005.

[34] H. M. Habte-Tsion, B. Liu, M. C. Ren et al., “Dietary threonine
requirement of juvenile blunt snout bream (Megalobrama
amblycephala),” Aquaculture, vol. 437, pp. 304–311, 2015.

Aquaculture Nutrition 13



[35] D. H. Yu, S. Y. Gong, Y. C. Lin, and Y. C. Yuan, “Partial
replacement of fish meal by several plant proteins with or
without iron and lysine supplement in diets for juvenile
Chinese sucker, Myxocyprinus asiaticus,” Aquaculture Nutri-
tion, vol. 20, no. 2, pp. 205–212, 2014.

[36] I. Ahmed, M. A. Khan, and A. K. Jafri, “Dietary threonine
requirement of fingerling Indian major carp, Cirrhinus
mrigala (Hamilton),” Aquaculture Research, vol. 35, no. 2,
pp. 162–170, 2004.

[37] S. F. Abidi and M. A. Khan, “Dietary threonine requirement
of fingerling Indian major carp, Labeo rohita (Hamilton),”
Aquaculture Research, vol. 39, no. 14, pp. 1498–1505, 2008.

[38] Q. C. Zhou, Y. L. Wang, H. L. Wang, and B. P. Tan, “Dietary
threonine requirements of juvenile Pacific white shrimp,
Litopenaeus vannamei,” Aquaculture, vol. 392–395, pp. 142–
147, 2013.

[39] O. Diemer, F. Bittencourt, L. G. Barcellos, W. R. Boscolo,
A. Feiden, and E. Romagosa, “Lysine in the diet of Rhamdia
voulezi male broodstocks confined in net cages,” Aquaculture,
vol. 434, pp. 93–99, 2014.

[40] P. S. Choo, T. K. Smith, C. Y. Cho, and H. W. Ferguson,
“Dietary excesses of leucine influence growth and body
composition of rainbow trout,” The Journal of Nutrition,
vol. 121, no. 12, pp. 1932–9, 1991.

[41] M. J. Walton, “Aspects of amino acid metabolism in teleost
fish, nutrition and feeding in fish,” pp. 47–67, 1985.

[42] S. Zehra and M. A. Khan, “Dietary threonine requirement of
fingerling Indian major carp, Catla catla (Hamilton) estimated
by growth, protein retention efficiency, threonine deposition,
haematological parameters and carcass composition,” Aqua-
culture Research, vol. 47, no. 1, pp. 253–265, 2016.

[43] H. M. Habte-Tsion, X. P. Ge, B. Liu et al., “A deficiency or an
excess of dietary threonine level affects weight gain, enzyme
activity, immune response and immune-related gene expres-
sion in juvenile blunt snout bream (Megalobrama amblyce-
phala),” Fish & Shellfish Immunology, vol. 42, no. 2, pp. 439–
446, 2015.

[44] Z. D. Song, H. Y. Li, J. Y. Wang, P. Y. Li, Y. Z. Sun, and
L. M. Zhang, “Effects of fishmeal replacement with soy protein
hydrolysates on growth performance, blood biochemistry,
gastrointestinal digestion and muscle composition of juvenile
starry flounder (Platichthys stellatus),” Aquaculture, vol. 426-
427, pp. 96–104, 2014.

[45] A. I. Shehata, M. Alhoshy, T. Wang et al., “Dietary supplementa-
tions modulate the physiological parameters, fatty acids profile
and the growth of red claw crayfish (Cherax quadricarinatus),”
Journal of Animal Physiology and Animal Nutrition, vol. 107,
no. 1, pp. 308–328, 2023.

[46] S. Ziaei-Nejad, M. H. Rezaei, G. A. Takami, D. L. Lovett,
A. R. Mirvaghefi, and Mehdi Shakouri, “The effect of Bacillus
spp. bacteria used as probiotics on digestive enzyme activity,
survival and growth in the Indian white shrimp Fenner-
openaeus indicus,” Aquaculture, vol. 252, no. 2–4, pp. 516–
524, 2006.

[47] C. M. Liu, Y. Z. Han, T. J. Ren et al., “Effects of dietary lysine
levels on growth, intestinal digestive enzymes, and coelomic fluid
nonspecific immune enzymes of sea cucumber, Apostichopus
japonicus, juveniles,” Journal of the World Aquaculture Society,
vol. 48, no. 2, pp. 290–302, 2017.

[48] P. Wang, J. Q. Zhu, J. Feng, J. J. He, Y. D. Lou, and
Q. C. Zhou, “Effects of dietary soy protein concentrate meal
on growth, immunity, enzyme activity and protein metabolism

in relation to gene expression in large yellow croaker
Larimichthys crocea,” Aquaculture, vol. 477, pp. 15–22, 2017.

[49] T.Wang, X. X.Wang, A. I. Shehata et al., “Growth performance,
physiological and antioxidant capacity responses to dietary fish
meal replacement with insect meals for aquaculture: a case study
in red claw crayfish (Cherax quadricarinatus),” Aquaculture
Research, vol. 53, no. 10, pp. 3853–3864, 2022.

[50] Y. W. Dong, L. Feng, W. D. Jiang et al., “Dietary threonine
deficiency depressed the disease resistance, immune and physical
barriers in the gills of juvenile grass carp (Ctenopharyngodon
idella) under infection of Flavobacterium columnare,” Fish &
Shellfish Immunology, vol. 72, pp. 161–173, 2018.

[51] M. A. McGuckin, S. K. Lindén, P. Sutton, and T. H. Florin,
“Mucin dynamics and enteric pathogens,” Nature Reviews
Microbiology, vol. 9, no. 4, pp. 265–278, 2011.

[52] R. A. Abdaljaleel, A. M. Alsadwi, H. Leyva-Jimenez, M. N. Al-
Ajeeli, Y. Al-Jumaa, and C. A. Bailey, “Evaluating the effect of
yeast cell wall supplementation on ideal threonine to lysine
ratios in broilers as measured by performance, intestinal mucin
secretion, morphology, and goblet cell number,” Journal of
Applied Poultry Research, vol. 28, no. 1, pp. 153–163, 2019.

[53] Y. Y. Hu, L. Feng, W. D. Jiang et al., “Lysine deficiency
impaired growth performance and immune response and
aggravated inflammatory response of the skin, spleen and head
kidney in grown-up grass carp (Ctenopharyngodon idella),”
Animal Nutrition, vol. 7, no. 2, pp. 556–568, 2021.

[54] A. R. Wang, C. Ran, E. Ringø, and Z. G. Zhou, “Progress in
fish gastrointestinal microbiota research,” Reviews in
Aquaculture, vol. 10, no. 3, pp. 626–640, 2018.

[55] P. Siriyappagouder, J. Galindo-Villegas, J. Lokesh, V. Mulero,
J. M. O. Fernandes, and V. Kiron, “Exposure to yeast shapes
the intestinal bacterial community assembly in zebrafish
larvae,” Frontiers in Microbiology, vol. 9, Article ID 1868, 2018.

[56] F. L. Han, X. D. Wang, J. L. Guo et al., “Effects of glycinin and
β-conglycinin on growth performance and intestinal health in
juvenile Chinese mitten crabs (Eriocheir sinensis),” Fish &
Shellfish Immunology, vol. 84, pp. 269–279, 2019.

[57] N.-R. Shin, T. W. Whon, and J.-W. Bae, “Proteobacteria:
microbial signature of dysbiosis in gut microbiota,” Trends in
Biotechnology, vol. 33, no. 9, pp. 496–503, 2015.

[58] S. Egerton, S. Culloty, J. Whooley, C. Stanton, and R. P. Ross,
“The gut microbiota of marine fish,” Frontiers in Microbiology,
vol. 9, Article ID 873, 2018.

[59] C. Binda, L. R. Lopetuso, G. Rizzatti, G. Gibiion, V. Cennamo,
and A. Gasbarrini, “Actinobacteria: a relevant minority for the
maintenance of gut homeostasis,” Digestive and Liver Disease,
vol. 50, no. 5, pp. 421–428, 2018.

[60] D. Borenshtein and D. B. Schauer, “The genus Citrobacter,”
The Prokaryotes, no. 6, pp. 90–98, 2006.

[61] S. O. Yagoub, “Isolation of Enterobacteriaceae and Pseudomonas
spp. from raw fish sold in fish market in Khartoum state,” Journal
of Bacteriology Research, vol. 1, no. 7, pp. 85–88, 2009.

[62] C. C. Chang, M. S. Yeh, and W. Cheng, “Cold shock-induced
norepinephrine triggers apoptosis of haemocytes via caspase-3
in the white shrimp, Litopenaeus vannamei,” Fish & Shellfish
Immunology, vol. 27, no. 6, pp. 695–700, 2009.

[63] Y. Gong, C. Y. Ju, and X. B. Zhang, “The miR-1000-p53
pathway regulates apoptosis and virus infection in shrimp,”
Fish& Shellfish Immunology, vol. 46, no. 2, pp. 516–522, 2015.

[64] Y. Deng, Y. H. Jiang, Y. F. Yang, Z. L. He, F. Luo, and
J. Z. Zhou, “Molecular ecological network analyses,” BMC
Bioinformatics, vol. 13, no. 1, Article ID 113, 2012.

14 Aquaculture Nutrition



[65] K. Faust and J. Raes, “Microbial interactions: from networks to
models,”Nature Reviews Microbiology, vol. 10, no. 8, pp. 538–
550, 2012.

[66] L. Zhou, H. F. Li, J. G. Qin et al., “Dietary prebiotic inulin
benefits on growth performance, antioxidant capacity, immune
response and intestinal microbiota in Pacific white shrimp
(Litopenaeus vannamei) at low salinity,” Aquaculture, vol. 518,
p. 734847, 2020.

[67] S. L. Fan, H. D. Li, and R. Zhao, “Effects of normoxic and
hypoxic conditions on the immune response and gut microbiota
of Bostrichthys sinensis,” Aquaculture, vol. 525, p. 735336, 2020.

[68] W. F. Dai, Z. L. Sheng, J. Chen, and J. B. Xiong, “Shrimp disease
progression increases the gut bacterial network complexity and
abundances of keystone taxa,” Aquaculture, vol. 517, Article ID
734802, 2020.

Aquaculture Nutrition 15




