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Lysine is known to be a functional nutrient from yeast to human beings. However,
the mechanisms for lysine to regulate body growth and metabolism in fish species
are far from fully illuminated. In order to elucidate the molecular effects of lysine on
growth performance and metabolism, largemouth bass (Micropterus salmoides), which
is extremely sensitive to protein composition, was chosen as the experimental model.
Juvenile largemouth bass (4.16 ± 0.02 g) were fed with the lysine control diet (LC diet),
the lysine supplementation diet (LS diet), and the low lysine diet (LL diet) for 8 weeks.
The results showed that the LS diet group significantly increased fish growth, feed
efficiency, and nutrient retention compared with those of the LL diet group in largemouth
bass. Moreover, compared to the LL diet, lysine supplementation also elevated the
plasma total protein, total EAA, total AA, and some individual AA concentrations.
Mechanistically, lysine supplementation had a significant effect to decrease the mRNA
expression levels of peptide and AA transporters induced by lysine restriction. Lysine
supplementation also had an important impact on regulating the target of rapamycin
(TOR) signaling pathway. More importantly, the key regulators in the amino acid response
(AAR) signaling pathway were also down-regulated by lysine supplementation. Our
results provide a clear elucidation of how dietary lysine affected growth performance,
physiological and biochemical responses, and signaling responses and represent a
sound foundation for using lysine to improve the nutrient utilization of poultry by-product
meal in largemouth bass.

Keywords: lysine, growth performance, nutrient-sensing signaling pathways, gene regulation, largemouth bass
(Micropterus salmoides)
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INTRODUCTION

Beyond acting as building blocks for proteins, amino acids (AA)
also have diverse physiological functions, such as regulating
body growth and metabolism, cell signaling, immunity, appetite
stimulation, stress responses, and reproduction (Li et al., 2009;
Wu et al., 2014). In 2010, Wu (2010) defined the AA that
played a vital role in regulating key metabolic pathways as a
new concept of “functional amino acids” (FAA). A restriction
in an FAA leading to AA imbalance not only impairs protein
synthesis but also disrupts whole body metabolism homeostasis
(Wu, 2010). Consequently, the ideal balances of dietary AA will
promote optimal growth, production, and health performance
(Reeds, 2000).

As an important FAA in both human beings and other
animals, lysine exerts extraordinary effects on body growth
and metabolism (Li et al., 2009). More surprisingly, data on
the AA composition of the ingredients used in animal feeds
show that lysine is one of most often limiting AA, especially
in plant protein sources (Mai et al., 2006). Therefore, lysine
supplementation represents a crucial way to improve the nutrient
utilization of low-lysine ingredients. Increasing evidences in
mammals had shown that dietary lysine concentration is the
top regulator of the metabolism in piglets (Shikata et al., 2007).
Consistent with mammals, studies on fish also revealed that lysine
restriction caused not only growth restriction and metabolic
obstruction (Marine et al., 2011) but also scoliosis, lordosis,
and immune problems (Khan and Abidi, 2015). Until now, a
large number of studies have only explored the effect of dietary
lysine on the phenotypic changes in the growth performance
of fish species, but the underlying molecular mechanism by
which lysine affects growth and metabolism still need to
be fully revealed.

Nutrient-sensing signaling pathway activation is the core
mechanism for AA to regulate body growth and metabolism
(Kimball, 2007). Target of rapamycin (TOR) and amino
acid response (AAR) are two complementary nutrient-sensing
signaling pathways that control body anabolism and catabolism
(Guo and Cavener, 2007; Trevino et al., 2008). A well-balanced
AA profile diet could activate the TOR signaling pathway to
promote protein synthesis and intermediary metabolism (Ma and
Blenis, 2009). In contrast, deficiency in any individual AA will
enhance the abundance of uncharged tRNAs, resulting in the
activation of general control non-derepressible 2 kinase (GCN2),
a key regulator involved in the AAR signaling pathway, and
the subsequent inhibition of total protein (TP) translation (Guo
and Cavener, 2007). Furthermore, peptide and AA transporters,
as the bridge connecting the internal and exterior cell milieu,
are the AA sensing mechanisms that lie upstream of the
TOR and AAR pathways (Castagna et al., 1997; Russell et al.,
2003). In recent years, peptide and AA transporters have
been considered as the first step for AA sensing and are
increasingly thought to play a pivotal role in body nutrient
sensing (Bröer, 2008; Song et al., 2017). In mammals, numerous
reports have revealed the regulatory mechanism of dietary
lysine levels on nutrient-sensing signaling pathways (Sato et al.,
2015). However, little is known about how lysine regulates

body growth and metabolism through nutrient-sensing pathways
in fish species.

In the present study, lysine supplementation to low lysine
diet was hypothesized to promote the body growth and
metabolism by affecting nutrient-sensing signaling pathways.
To test this hypothesis, largemouth bass, a carnivorous
fish species, was chosen as the experimental model to
explore the changes in body growth performance, nutrient
accumulation, plasma AA concentration levels, peptide and
AA transporters expressions, and TOR and AAR signaling
pathways after feeding different lysine level diets. This trial
should provide an improved mechanistic understanding of
the inner links among lysine, nutrient-sensing, and body
growth performance.

MATERIALS AND METHODS

Ethics Statement
The experimental procedures strictly complied with the
regulations of the University Animal Care and Use Committee of
the South China Normal University (approval reference number
1002019-02-0016).

Experimental Diets
All the components in the experimental diets are presented
in Table 1. Three isonitrogenous (approximately 54.8% crude
protein) and isolipidic (approximately 12.5% crude lipid) diets
were formulated using fishmeal (FM), poultry by-product meal
(PBM), and L-crystalline AA with different levels of lysine. The
lysine control diet (LC diet) contained 65% FM, the low lysine
diet (LL diet) contained 65% PBM, and supplementation with
all the EAA except lysine to match the EAA profile of the
LC diet, and the lysine supplementation diet (LS) contained
65% PBM and supplementation with all the EAA to match
the EAA profile of the LC diet. The ingredients used in
this experiment were finely grounded into powder through
a 320-µm screen. After that, all the compositions used in
the diets were individually blended in the mixer and further
homogenized after oil and water added. The pellets were wet-
extruded by using a pelletizer (F-26, South China University
of Technology, Guangzhou, China). All the experimental diets
were dried at 45◦C for 12 h and stored at −20◦C until used.
The AA compositions of the experimental diets are presented in
Table 2.

Fish and Experimental Conditions
Juvenile largemouth bass were purchased from Zengcheng
Fish Farm (Guangdong, China). Before the experiment, all
fish were fed commercial feed twice per day for 2 weeks
to apply experimental conditions. Afterward, the largemouth
bass were fasted for 24 h and weighed to obtain the initial
body weight. Fish with an initial weight of 4.16 ± 0.02 g
were randomly assigned into tanks with 300 L of freshwater.
Each diet was allocated in triplicate tanks, and each tank
contained 30 fish. Fish were fed twice (07:00 and 17:00)
daily to apparent satiation for 8 weeks. During the trial, the
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TABLE 1 | Experimental diet formulations.

Diets (% dry weight)

Ingredients LC LS LL

Fishmeal 65.00 0.00 0.00

Poultry by-product meal 0.00 65.00 65.00

Wheat meal 5.00 5.00 5.00

Wheat gluten meal 12.00 12.00 12.00

Fish oil 4.50 1.50 1.50

Soybean lecithin 1.50 1.50 1.50

AA mixture1 0.00 2.17 2.17

L-lysine-HCl 0.00 0.84 0.00

Alanine 3.01 0.00 0.84

Monocalcium phosphate 1.50 1.50 1.50

VC + VE (1:1) 0.10 0.10 0.10

Choline chloride 0.60 0.60 0.60

Vitamin premix2 0.50 0.50 0.50

Mineral premix3 1.50 1.50 1.50

Antioxidant 0.05 0.05 0.05

Mold inhibitor 0.10 0.10 0.10

Cellulose 4.64 7.64 7.64

Proximate composition

DM (%) 89.54 89.25 89.91

Crude protein (%) 54.49 54.96 54.82

Crude lipid (%) 12.13 12.80 12.74

Ash (%) 15.81 15.35 15.83

Lysine-HCl 3.11 2.27 2.97

LC, lysine control diet; LL, low lysine diet; and LS, LL diet with lysine
supplementation diet.
Fishmeal (produced in Peru): protein, 67.09%; crude lipid, 9.47%. Poultry by-
product meal (pet food grade, produced in United States): crude protein, 66.10%;
crude lipid, 12.06%; all the protein sources were obtained in Guangdong Yuehai
Feeds Group Co., Ltd.
1AA mixture (g/kg diet): L-histidine, 5.47; L-isoleucine, 2.18; L-leucine 2.59; L-
methionine; 3.62; L-phenylalanine, 1.00; L-threonine, 2.18; L-tryptophan, 0.19;
L-valine, 1.74; L-tyrosine, 1.38; and L-taurine, 1.30.
2Mineral Premix (mg/kg diet): Co (COCl2), 0.24; Cu (CuSO4), 2.00; Se (Na2SeO3),
0.18; Mn (MnSO4), 6.20; Fe (FeSO4), 21.10; Zn (ZnSO4), 34.4; I (Ca (IO3)2), 1.63;
and Mg (MgSO4·H2O), 52.70.
3Vitamin Premix (mg/kg diet): vitamin A, 16,000 IU; vitamin B1, 17.80; vitamin
B2, 48; vitamin B6, 29.52; vitamin B12, 0.24; vitamin C, 800; vitamin D3, 8000
IU; vitamin E, 160; vitamin K3, 14.72; niacinamide, 79.20; folic acid, 6.40;
calcium-pantothenate, 73.60; biotin, 0.64; inositol, 320; and L-carnitine, 100.

water temperature ranged from 24◦C to 27◦C, NH4–N ranged
from 0.07 to 0.10 mg/L, and dissolved oxygen ranged from
6.0 to 7.0 mg/L.

Sample Collection
At the beginning of the trial, 20 fish were randomly sampled
to obtain the initial whole body compositions. After 8 weeks
of feeding, the experimental fish were weighed and counted
after 24 h of fasting, and four fish from each tank were
randomly selected for final biochemical analysis. Meanwhile, 12
largemouth bass (4 per tank) from each treatment were quickly
collected. First, all the fish were euthanized with 100 mg/L
eugenol (Shanghai Medical Co., Ltd, Shanghai, China). The
caudal venipuncture method was used to obtain the blood
samples. Blood samples were centrifuged at 3,000 g for 5 min

TABLE 2 | Amino acid composition of experimental diets.

Diets (% dry weight)

LC LS LL

Essential amino acids

Lysine 3.11 2.97 2.27

Threonine 1.83 1.80 1.80

Valine 2.09 2.09 2.10

Methionine 1.21 1.16 1.15

Isoleucine 1.74 1.71 1.75

Leucine 3.19 3.19 3.18

Arginine 2.43 2.79 2.80

Phenylalanine 1.82 1.80 1.80

Histidine 1.36 1.31 1.32

Total EAA1 18.78 18.82 18.18

Non-essential amino acids

Aspartic acid 3.69 3.20 3.21

Serine 1.65 1.67 1.68

Glutamate 6.63 6.76 6.70

Glycine 2.57 4.00 4.03

Alanine 5.12 2.76 3.45

Tyrosine 1.42 1.55 1.57

Proline 2.05 2.93 2.90

Total NEAA2 23.13 22.87 23.54

TAA3 41.91 41.69 41.71

1EAA: sum of essential amino acids.
2NEAA: sum of non-essential amino acids.
3TAA: sum of amino acids.

at 4◦C immediately after the blood was drawn. The supernatant
plasma was transferred into the new tubes and immediately
placed into liquid nitrogen and then kept at −80◦C for analysis.
The livers and visceral mass of four fish from each tank
were weighed, and the ratios were expressed as a percentage
of body weight. At the same time, the liver, intestine, and
dorsolateral white muscle were dissected and pooled into RNase-
free tubes (Axygen), frozen in liquid N2 and then stored at
−80◦C until analysis.

Biochemical Analyses
Proximate composition analyses of the ingredients, diets, and
whole fish were performed following previous methods (Liu et al.,
2014). Whole fish were dried at 105◦C to a constant weight
to calculate the water content. Crude protein contents were
determined by the Kjeldahl method (Kjeltec TM 8400, FOSS,
Sweden) to measure nitrogen and then multiply a coefficient,
6.25. SoxtecTM 2055 extraction by using petroleum ether (B.P.
30–60◦C for 3 h) was used for lipid content measurement.
Moreover, fish samples were put into a muffle furnace (FO610C,
Yamato Scientific Co., Ltd., Tokyo, Japan) at 550◦C for 8 h
to analyze the ash content. For AA concentrations, all the
ingredients and diets were dried by a freezer dryer (ALPHA1-
2 LD plus, Christ Co., Ltd, Germany). After digesting with 6 M
HCl for 22 h, all the AA composition in ingredients and diets were
measured by an L-8900 AA analyzer (Hitachi, Japan; Blankenship
et al., 1989).
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TABLE 3 | Primer sequences used for real-time quantitative PCR.

Genes Forward prime Reverse prime Product size (bp) PCR efficiency (%)

TOR signaling pathway

TOR1 TCAGGACCTCTTCTCATTGGC CCTCTCCCACCATGTTTCTCT 208 95.5

AKT11 CACCGTAGAACCGAGCCCGCT CGCCATGAAGATCCTAAAGAA 236 97.4

S61 GCCAATCTCAGCGTTCTCAAC CTGCCTAACATCATCCTCCTT 156 96.0

4EBP11 AGCAGGAACTTTCGGTCATA GTCAATGGGCAGTCAGAAGA 168 94.1

AAR signaling pathway

eIF2α1 TAAGTCCAGCCCATCCAAAA CACCCGAGGAGGCCATCAAG 233 95.5

CHOP1 TGGTGGTGTTGATGGTGGTAA AGACGTGGGGTGAGGGTGTTC 298 96.8

ATF41 GGAGACCAGGAAGATGCGTAG TGTCCAGCAGCAGTGATGACA 209 96.2

REDD11 TGACCTGTGTCCCTCTAATGA ATGTGCTCCAGAAGTTTCTCA 165 97.5

Peptide and AA transporters

SLC7A5 (LAT1)1 CCAAAGCACGACAGACCTACA ACCAACCTGGCATATTTCACC 137 95.3

SLC7A8 (LAT2)1 GGTGACCACAGGGATAGAGATG TTGCTTACGGAGGCTGGAACTT 104 95.2

SLC38A2 (SNAT2)1 AATAGGGAAAAGCACCACGGG GTATGAGGAGCTCAAAGACCG 247 93.2

SLC15A2 (PEPT2)1 TGCACATCCCCTCTCAGTACG CAAGTCAGTTGGAGCCATTCC 249 97.1

1All these sequences of the target genes in largemouth bass were obtained through a degenerate PCR strategy.

Determination of Plasma Biochemical
Parameters
The concentration of plasma TP was measured by using
an Automatic Biochemical Analyzer (CHEMIX- 800, Sysmex

TABLE 4 | Growth performance and nutrient utilization after largemouth bass fed
different diets.

Diets P

LC LS LL

Initial body weight 4.18 ± 0.04 4.10 ± 0.07 4.22 ± 0.08 0.49

Final body weight 29.2 ± 0.21a 26.9 ± 0.14b 24.1 ± 0.32c 0.00

Specific growth
rate (%/day)

3.47 ± 0.03a 3.36 ± 0.02b 3.12 ± 0.03c 0.00

Weight gain ratio
(%)

598 ± 10.0a 557 ± 7.41b 473 ± 8.33c 0.00

Feed efficiency ratio 1.19 ± 0.01a 1.12 ± 0.01b 0.98 ± 0.01c 0.00

Protein efficiency
ratio

2.41 ± 0.02a 2.28 ± 0.01b 1.98 ± 0.03c 0.00

Protein retention
(%)

47.5 ± 0.80a 43.3 ± 0.55b 40.2 ± 0.71c 0.01

Fat retention (%) 88.9 ± 2.14a 79.0 ± 1.15b 72.4 ± 0.85c 0.01

Survival rate (%) 100 ± 0.00 100 ± 0.00 100 ± 0.00 –

Condition factor
(g/cm3)

2.09 ± 0.04 2.09 ± 0.03 2.01 ± 0.05 0.33

Viscerosomatic
index (%)

7.66 ± 0.12b 8.43 ± 0.11ab 8.98 ± 0.24a 0.00

Hepatosomatic
index (%)

4.60 ± 0.33 4.63 ± 0.15 4.28 ± 0.21 0.52

Proximate composition of whole body (wet weight%)
Moisture 72.8 ± 0.96 72.2 ± 0.83 72.8 ± 0.32 0.15

Crude protein 17.0 ± 0.04a 16.8 ± 0.05a 16.0 ± 0.10b 0.00

Crude lipid 6.73 ± 0.02a 6.81 ± 0.07a 6.42 ± 0.06b 0.00

Ash 3.38 ± 0.04 3.36 ± 0.08 3.48 ± 0.06 0.67

All the values show means ± SEM (n = 6). Significance was evaluated by one-way
ANOVA followed by Tukey’s multiple range tests. Superscripted letters “a, b, c” in
the same row means significant different (P < 0.05).

Corporation, Kobe, Japan). The concentrations of free AA in
the plasma were determined using the method described before
(Mente et al., 2003). Briefly, an ion-exchange AA analyzer (L8900;
Hitachi, Tokyo, Japan) was used to measure the concentration of
free AA; 1.2 ml of 10% sulfosalicylic acid solution and 400 µl of
each plasma sample were mixed well. After incubation for 5 min
at 4◦C, all samples were centrifuged at 13,000 rpm for 15 min at
4◦C. Supernatants were filtered through 0.22-µm filters for free
AA concentration analysis.

RNA Extraction and Quantitative
Real-Time PCR
Total RNA samples of different tissues were extracted using
TRIzol reagent (Vazyme Biotech Co., Ltd, China) following the
manufacturer’s instructions. The quality and quantity of isolated
RNA were detected by using a 1.2% denaturing agarose column
and a NanoDrop 2000 spectrophotometer, respectively. Intact
RNA (1 µg) was then reverse transcribed into cDNA by a Prime
Script RT reagent Kit (Vazyme Biotech Co., Ltd, China).

All the primers used in this study are listed in Table 3. There
were no changes in the expression of β-actin, elongation factor
1α (EF1α), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) in the corresponding tissues among the treatments.
Therefore, the geometric means of these three reference genes
were used for the normalization of the samples. The Quantitative
Real-Time PCR (qRT-PCR) was performed in an ABI 7500 real-
time PCR machine (Applied Biosystems, United States) using
Hiff R© qPCR SYBR Green Master Mix (Yeasen, Shanghai, China)
according to the manufacturer’s instructions. The PCR efficiency
was determined by the slope of a standard curve using four serial
dilutions of cDNA. The qRT-PCR program was as follows: 95◦C
for 2 min and then 40 cycles at 95◦C for 15 s, 60◦C for 30 s, and
72◦C for 20 s. At the end of each PCR, melting curve analysis
was performed to confirm that only single amplified product was
present. Comparative CT method (2−11Ct method) was used
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TABLE 5 | Total protein and FAA concentration in the plasma after largemouth
bass intake different diets.

Nutrients Diets P

LC LS LL

Total
protein (TP;
µg/µl)

48.8 ± 0.32a 47.8 ± 0.067a 45.7 ± 0.10c 0.00

Free amino acids (µg/ml)

Threonine 25.4 ± 0.34a 19.1 ± 0.30b 17.6 ± 0.32c 0.00

Valine 26.4 ± 0.31 27.3 ± 0.18 26.3 ± 0.24 0.71

Methionine 16.2 ± 0.071a 14.9 ± 0.13b 11.7 ± 0.23c 0.00

Isoleucine 16.1 ± 0.21 16.3 ± 0.17 15.5 ± 0.23 0.84

Leucine 29.2 ± 0.46a 29.0 ± 0.24a 27.5 ± 0.14b 0.02

Phenylalanine 16.4 ± 0.061a 15.4 ± 0.13b 15.1 ± 0.055b 0.00

Lysine 29.8 ± 0.20a 29.3 ± 0.12a 21.2 ± 0.57b 0.00

Arginine 2.50 ± 0.15 2.70 ± 0.071 2.50 ± 0.26 0.55

Histidine 16.4 ± 0.25a 12.2 ± 0.22c 15.2 ± 0.27b 0.00

Total EAA 178 ± 1.5a 166 ± 0.87b 152 ± 0.37c 0.00

Serine 6.80 ± 0.093b 7.16 ± 0.019ab 7.36 ± 0.19a 0.04

Glutamate 12.7 ± 0.29 12.5 ± 0.094 12.3 ± 0.33 0.66

Glycine 83.2 ± 0.67a 76.5 ± 1.2b 77.5 ± 1.4b 0.01

Alanine 60.7 ± 0.71a 53.3 ± 1.2b 56.9 ± 0.48b 0.00

Cysteine 5.46 ± 0.16a 5.21 ± 0.057a 4.54 ± 0.14b 0.01

Tyrosine 19.5 ± 0.086a 19.2 ± 0.51a 17.8 ± 0.17b 0.02

Total NEAA 188 ± 1.8a 174 ± 2.6b 176 ± 0.70b 0.00

TAA 367 ± 3.1a 340 ± 3.0b 329 ± 0.58c 0.00

Data were expressed as means ± SEM. All the evaluations were analyzed by one-
way ANOVA followed by Tukey’s multiple range test. Superscripted letters “a, b, c”
in the same row means significant different (P < 0.05).

to calculate the relative expression level. Gene expressions were
represented as the fold change related to the LC diet group.

Western Blot Analysis
The expression level of protein kinase B (AKT), phosphor-AKT,
TOR, phosphor-TOR, ribosomal protein S6 (S6), phosphor-
S6, eukaryotic initiation factor 4E binding protein-1 (4E-BP1),
phosphor-4E-BP1, activating transcription factor 4 (ATF4),
eukaryotic initiation factor 2α (eIF2α), phosphor-eIF2α, and
β-tubulin were measured by using Western blot as previous
described (Song et al., 2016). After homogenization on ice,
muscle and liver were lysed in RIPA buffer (50 mM Tris–HCl,
1 mM EDTA, 150 mM NaCl, 0.1% SDS, 0.5% NP-40, and pH
7.5) with phosphatase inhibitor and protease cocktails (Roche,
United States) for 1 h. The protein concentrations of the samples
were measured by using the BCA protein assay kit (Beyotime
Biotechnology). Samples were separated by sodium dodecyl
sulfate-polyacrylamide gels (SDS-PAGE) and transferred to 0.45-
µm PVDF membranes (Millipore). After blocking with 5% non-
fat milk in TBST buffer (20 mM Tris–HCl, 500 mM NaCl,
and 0.1% Tween-20) for 1 h, the membranes were incubated
with primary antibody (Cell Signaling Technology, United States,
and Santa Cruz Biotechnology Inc., United States) overnight
at 4◦C. Then, the membranes were incubated in horseradish
peroxidase-labeled secondary antibodies for 1 h and visualized

using ECL reagents (Beyotime Biotechnology). The Western blot
result bands were quantified with the NIH Image 1.63 software.
The antibodies used in present study were presented as follows:
phospho-Akt (Ser473, 9271), Akt (9272), phospho-TOR (Ser2448,
2971), TOR (2972), phospho-S6 (Ser235/236, 4856), S6 (2217),
phospho-4E-BP1 (Thr37/46, 9459), 4E-BP1 (9452), ATF4 (sc-
200), phosphor-eIF2α (Ser51, 3597), eIF2α (9722), and β-tubulin
(2146). All the antibodies in present study were confirmed to be
conserved and successfully used in fish species (Song et al., 2016;
Xu et al., 2016).

Calculations
Growth parameters were calculated as follows:

Specific growth rate (SGR,%/day) = 100× (Ln Wt-Ln W0)/t;
Weight gain rate (WGR,%) = 100× (Wt-W0)/W0;
Feed efficiency ratio (FER) = (Wt-W0)/(dry feed intake);
Protein efficiency ratio (PER) = (Wt-W0)/(dry feed

intake× protein percent in dry diet);
Nutrient retention (%) = 100 × (final body weight × final

carcass nutrient content-initial body weight × initial carcass
nutrient content)/nutrient intake;

Survival rate (SR,%) = 100 × final amount of fish/initial
amount of fish;

Condition factor (CF, g/cm3) = 100× (final body weight/body
length (cm)3);

Viscerosomatic index (VSI,%) = 100 × (viscera wet
weight/body wet weight);

Hepatosomatic indices (HSI,%) = 100 × (liver
weight/whole body weight).

W0 and Wt represented the body weight (g) of initial fish and
final fish, respectively, while t represented the rearing days of
this experiment.

Statistical Analysis
Data were expressed as means ± SEM. All the statistical
evaluations were analyzed using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple range test with the SPSS
19.0 software. Differences were considered as significant when
P < 0.05.

RESULTS

Lysine Supplementation Increased Body
Growth and Nutrient Retention in
Largemouth Bass
As shown in Table 4, after 8 weeks of feeding, the fish fed the
LS diet gained significantly more body weight (26.9 ± 0.14 g)
than those fed LL diet (24.1 ± 0.32 g), but less body weight
than those the fed LC diet (29.2 ± 0.21 g). Compared with
the LL diet, the LS diet significantly increased the SGR, WGR,
FER, PER, protein retention, fat retention and body protein, and
lipid contents (P < 0.05). However, compared with the LC diet,
the LS diet significantly decreased the SGR, WGR, FER, PER,
protein retention, and fat retention (P < 0.05). Moreover, the
LL diet markedly increased the VSI compared with the LC diet
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FIGURE 1 | Effects of the LC diet, LL diet supplemented with dietary lysine (LS diet) and the LL diet on peptide and AA transporters mRNA expression in muscle
(A) and intestine (B). Different superscript letter “a, b” indicated statistical significant differences (P < 0.05; mean ± SEM, n = 6).

(P < 0.05). Dietary lysine levels did not affect the SR, CF, HSI,
and the body compositions, including moisture and ash content
(P > 0.05).

Dietary Lysine Levels Modified the
Plasma TP and AA Concentration
The concentration of TP and AA in plasma after feeding
different diets was assessed. As shown in Table 5, crystalline
lysine addition significantly elevated TP concentration in plasma
compared with the LL diet (P < 0.05). Meanwhile, lysine
supplementation also increased the concentration levels of

lysine in plasma. The concentrations of total EAA, total AA,
and individual AA, including threonine, methionine, leucine,
cysteine, and tyrosine, were significantly higher in fish fed the
LS diet than in fish fed the LL diet (P < 0.05). However,
supplementation with lysine to LC diet level still did not increase
the total EAA, total NEAA, total AA, threonine, methionine,
phenylalanine, glycine, and alanine concentration levels to those
of the LC diet group (P < 0.05). Moreover, compared to
the LC diet group, lysine supplementation had no significant
effect on increasing the plasma total NEAA concentration
(P > 0.05).
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FIGURE 2 | Effects of the LC diet, LL diet supplemented with dietary lysine (LS diet) and the LL diet on muscle (A) and liver (B) mRNA expression levels of key
regulators involved in TOR signaling pathway. Different superscript letters “a, b” indicated statistical significant differences (P < 0.05; mean ± SEM, n = 6).

Lysine Levels Acutely Varied the mRNA
Expression Levels of AA Transporters
The mRNA expression levels of peptide and AA transporters were
examined in both muscle (Figure 1A) and intestine (Figure 1B).
In muscle, fish fed the LL diet showed significantly enhanced
mRNA expression levels of the peptide transporter solute carrier
family 15 member 2 (SLC15A2, PepT2) and AA transporters,
including solute carrier family 7 member 5 (SLC7A5, LAT1),
solute carrier family 7 member 8 (SLC7A8, LAT2), and solute
carrier family 38 member 2 (SLC38A2, SNAT2), compared to
the fish fed the other two diets (P < 0.05). Compared with the
LL diet, lysine supplementation markedly reduced the mRNA
expression levels of these four transporters, which had no
significant differences with the LC diet group (P < 0.05). The AA

transporters in the intestine displayed various mRNA expression
patterns after the fish fed different diets. Compared with the fish
fed the LC diet, the fish fed the LL diet significantly increased
the mRNA expression levels of SLC15A2, SLC7A5, and SLC38A2
(P < 0.05). Lysine addition had a significant effect to decrease the
mRNA expression levels of SLC15A2 and SLC38A2 to the LC diet
group level (P < 0.05). No significant differences were observed
in SLC7A8 expression level among the three groups (P > 0.05).

Lysine Supplementation Altered the TOR
Signaling Pathway
The mRNA expression levels of key regulators involved in the
TOR signaling pathway were measured in both the muscle
(Figure 2A) and liver (Figure 2B). There is no doubt that among
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FIGURE 3 | Effects of the LC diet, LL diet supplemented with dietary lysine (LS diet) and the LL diet on muscle (A) and liver (B) protein phosphorylation levels of key
regulators involved in TOR signaling pathway. Different superscript letters “a, b, c” indicated statistical significant differences (P < 0.05; mean ± SEM, n = 3).

the three different treatments, the gene expression level of the
selected key regulators in the TOR signaling pathway showed
significantly high expression in the LC diet regardless of muscle
and liver (P < 0.05). Compared with the fish fed LL diet, the
fish fed the LS diet elevated the mRNA expression of TOR, S6,
and 4E-BP1 in muscle and S6 and 4E-BP1 in liver (P < 0.05).
No significant differences were detected in muscle and liver AKT
expressions between the LL and LS diet groups (P > 0.05).

Moreover, the TP and corresponding phosphorylation levels
of key regulators involved in the TOR signaling pathway were
also evaluated in muscle and liver (Figure 3). Consistent with
the mRNA expression profile, the LL diet group had significantly
lower phosphorylation levels of AKT, TOR, S6, and 4E-BP1
than the LC diet group in both muscle and liver (P < 0.05).
Lysine supplementation had a significant effect to increase the
phosphorylation levels of S6 in liver and AKT, TOR, S6, and
4E-BP1 in muscle (P < 0.05).

Lysine Supplementation Depressed the
AAR Signaling Pathway
The data describing the relative expression of key regulators in
the AAR signaling pathway are presented in Figure 4. The LL
diet activated the AAR signaling pathway in both the muscle and
liver (P < 0.05). Lysine supplementation significantly decreased

the gene expression level of key regulators including eIF2α, ATF4,
and regulated in development and DNA damage responses 1
(REDD1) to the expression levels observed with the LC diet
in muscle (P < 0.05). In the liver, lysine supplementation
significantly reduced the mRNA expression levels of ATF4 and
REDD1 induced by low lysine level (P < 0.05). No significant
differences were observed in the expression level of eIF2α,
ATF4, CHOP, and REDD1 between the LS and LC diet groups
(P > 0.05).

The phosphorylation levels of key regulators involved in the
AAR signaling pathway were also assessed in the present study
(Figure 5). Compared with the fish fed with the LC diet, the fish
fed with LL diet had significantly higher ATF4 expression level
in muscle, liver, and higher eIF2α phosphorylation level in liver
(P < 0.05). Lysine addition had a marked effect to decrease the
TP expression of ATF4 in both muscle and liver. Furthermore, in
liver, lysine supplementation had a different effect to decrease the
phosphorylation level of eIF2α in liver (P < 0.05).

DISCUSSION

Fishmeal replacement is an urgent and complicated problem
that directly affects the development of aquaculture (Gatlin
et al., 2007). Up to now, a large number of studies have
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FIGURE 4 | Effects of the LC diet, LL diet supplemented with dietary lysine (LS diet) and the LL diet on muscle (A) and liver (B) mRNA expression levels of key
regulators involved in AAR signaling pathway. Different superscript letters “a, b” indicated statistical significant differences (P < 0.05; mean ± SEM, n = 6).

been conducted to improve the utilization of non-fishmeal
protein sources in order to achieve the fishmeal replacement
(Hardy, 2010). Available evidences have shown that improving
feed efficiency by supplementing AA is becoming increasingly
important for all species, including mammals, poultry, and fish
(Wu et al., 2014; Regmi et al., 2017). Lysine as an EAA is
often limited in ingredients used for aquafeeds. Therefore, lysine
supplementation is becoming a pivotal method to improve the
effects of non-fishmeal protein source substitution in aquaculture
(Li et al., 2009; Huang et al., 2020). So far, many studies have
been tested and suggested that compared with other protein
sources, PBM is one of the most promising ingredients widely
used in aquafeeds industry due to its higher protein content
and good apparent digestibility (Zapata et al., 2016; Sabbagh
et al., 2019). However, the high percentage of PBM substituted
with FM often reduced body growth performance. The main
problem leading to this phenomenon is PBM, compared with FM,
contained lower levels of lysine and other AA. AA imbalance,

especially lysine restriction, has become one of the main limiting
factors of using PBM to replace FM. Previous studies showed
that the replacement of FM with PBM caused growth restrictions
of more than 50% in humpback grouper (Cromileptes altivelis;
Shapawi et al., 2007) and over 80% in white shrimp (Litopenaeus
vannamei; Cruzsuárez et al., 2007). Consistent with these studies,
our trial showed that the complete replacement of FM with
PBM reduced growth performance, nutrient retention, and
feed efficiency. Lysine supplementation could ameliorate these
problems caused by PBM replacement in largemouth bass. These
results further confirmed the effect of lysine in improving growth
performance in fish species. However, the underlying mechanism
for this phenomenon is still not fully revealed in fish species. In
the present study, the nutrient-sensing system was evaluated to
figure out how dietary lysine regulates growth performance and
nutrient metabolism.

The free AA concentration in the metabolic pool is considered
as the primary driving force to determine anabolism or
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FIGURE 5 | Effects of the LC diet, LL diet supplemented with dietary lysine (LS diet) and the LL diet on muscle (A) and liver (B) protein phosphorylation levels of key
regulators involved in AAR signaling pathway. Different superscript letters “a, b” indicated statistical significant differences (P < 0.05; mean ± SEM, n = 3).

catabolism. It is noteworthy that the concentrations of free
AA in plasma were easily influenced by nutritional state,
developmental stage, and endocrine status (Bos et al., 2003; Wu,
2013). Our previous study in turbot revealed that crystalline
AA addition could significantly increase the plasma free AA
concentration (Song et al., 2017). Consistent with the turbot
study, the present study showed that largemouth bass fed the
LL diet for 8 weeks presented significantly lower concentration
of total EAA, TAA, and individual AA than did fish fed
the LS diet. Lysine supplementation had a significant effect
to elevate these AA’s concentrations. Lysine restriction created
a nutritional environment in which other AA could not
successfully transport into plasma. Lysine supplementation
balanced the AA composition of the PBM and further promoted
the transport and absorption of various AA in plasma. Elevated
free AA increased the “building blocks” for protein synthesis and
ultimately promoted growth performance (Wu, 2018).

Peptide and AA transporters, as sensors of intracellular and
extracellular, play an important role in the absorption of AA in
both intestine and other tissues (Russell et al., 2003; Taylor, 2013).
To determine the underlying mechanisms by which dietary lysine
level changed the composition of free AA pools, the cellular
transporters in both intestine and muscle were measured in this
study. SLC15A2 is the major peptide transporter widely expressed
in intestinal and extraintestinal tissues (Gilbert et al., 2008). We
observed that SLC15A2 had significantly higher expression in the
LL diet group than in the LS diet group. Fish fed the LS diet had
decreased mRNA expression of SLC15A2, but not to the level of
fish fed the LC diet. These results were in accordance with studies
in blunt snout bream (Megalobrama amblycephala; Ahmed et al.,
2019) and turbot (Scophthalmus maximus L.; Xu et al., 2017). The
SLC7A5, SLC7A8, and SLC38A2, acting as the intermediates to
regulate FAA transportation, were also identified in fish species
(Xu et al., 2016, 2017). In both the muscle and intestine, lysine
supplementation down-regulated the mRNA expression levels of
AA transporters except SLC7A8 in intestine, but in muscle, the
AA transporter expression levels were still higher than those in
the LC diet. By combining the free AA concentrations results,

we could find a link between the gene expression of peptide and
AA transporters and free AA concentrations. Lysine restriction
reduced the free AA concentration in plasma; a lower AA
concentration stimulated transporters’ expression to transport
as many AA to the free AA pool as possible. This adaptation
mechanism could ensure the optimal growth when the body is
exposed to different nutritional environments.

Target of rapamycin and AAR are two distinct but
complementary pathways responsible for sensing AA
concentration at the cellular level (Peichuan et al., 2002;
Anne et al., 2003). Increasing evidences from yeast to mammals
demonstrated that aside from being the unit for protein
synthesis, lysine also acts as a signaling molecule that has a
profound effect on regulating the cellular nutrient sensing system
(Dann and Thomas, 2006; Wu, 2010). Moreover, our previous
studies in turbot also demonstrated that dietary AA availability
regulated body growth and metabolism through the TOR and
AAR signaling pathways (Song et al., 2016; Xu et al., 2016).
The phosphorylation site of Ser2448 for TOR, Ser473 for AKT,
Thr37/46 for 4E-BP1, Ser235/236 for S6, and Ser51 for eIF2α were
more sensitive to dietary nutrient composition (Seiliez et al.,
2011; Dai et al., 2013). The present study showed that low lysine
level diet activated the AAR pathway and inhibited the activity
of the TOR signaling pathway. These results are consistent with
previous studies that focused on the relationship between AA
and nutrient-sensing pathways (Jordan et al., 2013). Moreover,
our results demonstrated that in the TOR signaling pathway,
the phosphorylation site of Ser235/236 for S6 could be the most
sensitive regulator for dietary lysine availability. Muscle had a
stronger response to crystalline lysine addition. Dietary lysine
supplementation had a limited effect on regulating both mRNA
and protein expression of the key regulators involved in the TOR
signaling pathway. On the contrary, the limitation of individual
AA could activate the AAR pathway to repress global protein
synthesis but increased special protein translation including
some EAA, AA transporters, and so on (Kilberg et al., 2005; Guo
and Cavener, 2007). So, it was inferred that lysine restriction
is a powerful signaling method to activate the AAR signaling
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pathway, which then leads to the shutdown of protein anabolism
and an increase in the mRNA expression levels of peptide and AA
transporters to maintain body homeostasis in largemouth bass.
These results showed a noticeable correlation between the AAR
pathway and AA transporter activity in fish species.

CONCLUSION

Taken together, the present study indicated that lysine
supplementation in FM totally replaced by PBM diet improved
growth performance and body nutrient content not only by
balancing the AA profile of the diet but also by supplying a
signaling molecule to regulate the nutrient-sensing pathways.
A well-balanced AA composition of the diet improved the free
AA concentration and then inhibited the AAR signaling and
activated TOR pathway. Hypoactivated AAR signaling status
then decreased the mRNA expression of AA transporters in
turn to regulate free AA availability in fish. Our observations
confirmed that crystalline lysine supplementation was an
extremely effective method that could, through a nutrient-
sensing system, maintain the balance of the AA profile to improve
the utilization of PBM in largemouth bass.
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