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Abstract This study was conducted to evaluate the
effects of different dipeptides (lysine-leucine, lysine-
glycine, and leucine-glycine) and free amino acids (ly-
sine and leucine) on the growth, gene expression of
intestinal peptide and amino acid transporters, and se-
rum free amino acid concentrations in turbot. Fish
(11.98 ± 0.03 g) were fed four experimental diets
supplementing with crystalline amino acids (CAA),
lysine-leucine (Lys-Leu), lysine-glycine (Lys-Gly),
and leucine-glycine (Gly-Leu). Fish protein hydrolysate
(FPH) containing a mixture of free amino acids and
small peptides was designed as a positive control diet.
There was no significant difference in the growth and
feed utilization among three dipeptide diets (Lys-Leu,
Lys-Gly, and Gly-Leu). Compared with the CAA
group, feed efficiency ratio was significantly higher in
the Lys-Leu and Lys-Gly groups, and protein efficiency
ratio was significantly higher in the Lys-Leu group. For
peptide transporter, oligopeptide transporter 1 (PepT1)
mRNA level was not affected by dietary treatments. For
amino acid transporters, lower expression of B0 neutral
amino acid transporter 1 (B0AT1) and proton-coupled
amino acid transporter 1 (PAT1) were observed in fish
fed the dipeptide and FPH diets compared with the CAA

diet. In conclusion, juvenile turbot fed Lys-Leu, Gly-
Leu, and Lys-Gly had a similar growth performance,
whereas lysine and leucine in the Lys-Leu form can be
utilized more efficiently for feed utilization than those in
free amino acid from. In addition, compared to free
amino acids, dipeptides and fish protein hydrolysate in
diets may down-regulate the expression of amino acid
transporters but did not affect the expression of PepT1.
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Introduction

Fish from aquaculture are important sources of animal
protein for millions of people. Global aquaculture has
remained at an annual growth rate of 5.8% during the
period 2000–2016, which has become one of the fastest-
growing major food production sectors in the world.
Fish meal in aquafeeds is the major protein source for
carnivorous fish. However, fish meal production has
followed a fluctuating but overall declining trend since
1994 (FAO 2018). If aquaculture maintains a steady
growth over the next few years, fish meal production
will not be able to keep up with the demand of feeds for
aquaculture. Thus, aquafeeds have a strong need for
sustainable alternative ingredients from plant proteins
(Perez-Velazquez et al. 2018; Gatlin III et al. 2007).

Since plant proteins are always limited in essential
amino acids, such as lysine, methionine, arginine, and
leucine, concentrations of essential amino acids are
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particularly important in evaluating the possibility of
fish meal substitution (Gatlin III et al. 2007; Kaushik
and Seiliez 2010). Supplementation of essential amino
acids in diets as per the requirement of fish is necessary
in formulating plant protein-based diets (Furuya et al.
2004; El-Husseiny et al. 2017). Generally, essential
amino acids in feed are mainly derived from protein-
bound amino acids, free amino acids, or peptides
(Zhang et al. 2006). Researchers proposed that exoge-
nous essential amino acids in both synthetic peptides
and crystalline forms could be supplemented to high
plant protein-based diets for optimum growth of fish
(Dabrowski et al. 2003; Ostaszewska et al. 2013). These
studies focused on comparing the utilization efficiency
of free amino acid and dipeptide in some fish species,
such as common carp (Cyprinus carpio) (Kamaszewski
et al. 2014; Ostaszewska et al. 2010a), olive flounder
(Paralichthys olivaceus) (Kim and Lee 2013;
Rahimnejad and Lee 2014), yellow perch (Perca
flavescens) (Kwasek et al. 2012; Ostaszewska et al.
2013). However, the effect of dietary dipeptides on
growth in different fish species was controversial com-
pared with crystalline amino acids. In addition, to our
knowledge, few studies on turbot were conducted to
compare the efficiency of free essential amino acids
and their small peptides in term of growth performance
and amino acid transport.

Generally, the transport of free amino acids and di/
tripeptide hydrolyzed from dietary protein was modu-
lated by amino acid and peptide transporters in the
intestine (Poncet and Taylor 2013; Verri et al. 2017).
Previous studies found that feed containing dipeptides
or free amino acids up-regulated the oligopeptide trans-
porter 1 (PepT1) gene expression in the intestine of
rainbow trout (Oncorhynchus mykiss) (Ostaszewska
et al. 2010b) and yellow perch (Kwasek et al. 2012).
However, it was not clear whether a similar response of
PepT 1 was also appeared in turbot due to species-
specific uptake of di/tripeptides via teleost fish PepT 1
(Margheritis et al. 2013). In addition, the other issue is
how to be affected amino acid transporters by dietary
free amino acids and dipeptides, because free amino
acids from intestinal lumen were transported by amino
acid transporters (Bröer 2008).

Among the ten essential amino acids, lysine was an
amino acid commonly deficient in plant protein-based
diets, and its imbalance and bioavailability could affect
fish growth and feed efficiency (Abimorad et al. 2014).
Leucine, a member of branched-chain amino acids

family, had an important anabolic function, which stim-
ulated protein synthesis in fish via the target of
rapamycin signaling pathway (Lansard et al. 2010).
Therefore, the two essential amino acids were chosen
as representative essential amino acids in the present
study. The objectives of this study were to evaluate the
effect of different dipeptides (lysine-leucine, lysine-gly-
cine, and leucine-glycine) and free amino acids (lysine
and leucine) on growth, muscle amino acid composi-
tion, expression of intestinal peptide and amino acid
transporters, and postprandial serum free amino acids
in turbot fed high plant protein diets.

Materials and methods

Diets and feeding management

Five isoproteic (480 g kg−1 crude protein) and isolipidic
(110 g kg−1 crude lipid) diets were formulated to contain
fish meal and peanut meal as the protein source as well
as fish oil and soy oil as the lipid source. A mixture of
crystalline amino acids without lysine, leucine, and gly-
cine was prepared according to Peres and Oliva-Teles
(2005). Fish protein hydrolysate containing 822 g kg−1

crude protein and 3.6 g kg−1 crude lipid was produced
from by-products of Pollock (Theragra chalcogramma)
by enzymatic treatment (Wei et al. 2016). Four experi-
mental diets (the CAA, Lys-Leu, Lys-Gly, and Gly-Leu
diets) were prepared to contain the equivalent of lysine,
leucine, and glycine: (1) the CAA diet supplemented
with crystalline lysine, leucine, and glycine; (2) the Lys-
Leu diet supplemented with synthetic lysine-leucine and
crystalline glycine; (3) the Lys-Gly diet supplemented
with synthetic lysine-glycine and crystalline leucine; (4)
the Gly-Leu diet supplemented with synthetic leucine-
glycine and crystalline lysine. Fish protein hydrolysate
containing a mixture of free amino acids and small
peptides was supplemented to the FPH diet as a positive
control diet. The formulation and amino acid composi-
tion of experimental diets are respectively shown in
Tables 1 and 2.

The growth trial was conducted at Yantai Tianyuan
Aquatic Product Co., Ltd. (Shandong, China). Turbot
were kept in cylindrical fiberglass tanks for 2 weeks to
acclimate to the experimental conditions. Then, the fish
were fasted for 24 h and weighed. Juvenile turbot (initial
weight 11.98 ± 0.03 g) were randomly stocked into 15
tanks (water volume 120 L) at a density of 25 fish per
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tank (five treatments with three replicates). Sea water
was supplied to the tanks at a rate of 5 L min−1. During
the whole experimental period, water quality parameters
measured were water temperature (15 ± 1 °C), pH (7.7 ±
0.2), salinity (32 ppt), and dissolved oxygen (7 mg L−1).
Fish were subjected to natural photoperiod (from Au-
gust to October 2017) during the trial. During the 8
weeks of feeding period, fish were hand-fed two times
a day (06:30 and 16:30).

Sample collection

At the end of feeding trail, fish were fasted for 24 h and
then anesthetized with eugenol (1:10000) before sam-
pling. Fish were counted and weighed by each tank.
Five fish were randomly sampled from each tank and
frozen for the determination of whole-body chemical
composition. Another five fish per tank were euthanized
with eugenol overdose (3:10000) for dissection. Muscle
and proximal intestine were immediately dissected, fro-
zen in liquid nitrogen, and stored at − 80 °C until the
determination of concentrations of amino acids and gene
expression, respectively. Then, the remaining fish from
each tank continued to be fed their allocated diets until a
visible satiation. Three fish from each tank were collect-
ed at 8 h after refeeding. Blood samples were collected
from the caudal vein using heparinized syringes. Then
serum was separated with centrifugation at 3000×g for
10 min and stored at − 80 °C.

Chemical analysis of fish and diets

The chemical composition of the diets and fish samples
was analyzed using standard methods (AOAC 2005).
Drymatter content was determined by drying the samples
to constant weight at 105 °C. Crude protein content was
determined by the Kjeldahl method (UDK142 automatic
distillation unit, VELP, Usmate, MB, Italy). Crude lipid
content was determined using Soxhlet method (Foss
Tecator, Hoganas, Sweden). Ash content was determined
by incinerating in a muffle furnace at 550 °C for 16 h.

Determination of amino acid in muscle and diet

Muscle and experimental diets were hydrolyzed in 6 N
HCl for 22 h at 110 °C for amino acid analyses. Serum
and experimental diets were de-proteinized by thor-
oughly mixing samples with trichloroacetic acid (6%),
followed by centrifugation at 10000g for 10 min and the

supernatant used for free amino acid analyses. The
contents of amino acids in hydrolyzed muscle and feed
samples as well as free amino acids in de-proteinized
serum and feed samples were analyzed using an amino
acid analyzer (Hitachi L-8900 automatic amino acid
analyzer; Hitachi High-Technologies Corporation, To-
kyo, Japan).

Gene expression analysis

Total RNA was extracted from proximal intestine
using RNAiso plus kit (TaKaRa Biotechnology
(Dalian) Co., Ltd., Dalian, China) and reversely tran-
scribed with Prime Script™ RT reagent Kit with
gDNA Eraser (Perfect Real Time) (TaKaRa Biotech-
nology (Dalian) Co., Ltd., Dalian, China). Relatively
quantitative mRNA expression between different
treatments was analyzed using quantitative real
time-polymerase chain reaction (qRT-PCR). β-Actin
was used as the housekeeping gene. Specific primer
sequences of target genes for the qRT-PCR are listed
in Table 3. The gene expression analyses were fo-
cused on oligopeptide transporter 1 (PepT1,
SLC15A1), B0 neutral amino acid transporter 1
(B0AT1, SLC6A19), cationic amino acid transporter
1 (CAT1, SLC7A1), proton-coupled amino acid
transporter 1 (PAT1, SLC36A1), and y+ L-type ami-
no acid transporter 2 (y+LAT2, SLC7A6). The qRT-
PCR was performed on SYBR Green Real-time PCR
Master Mix (TaKaRa Biotechnology (Dalian) Co.,
Ltd., Dalian, China). Target gene expression was
normalized relative to β-actin expression. The rela-
tive expression levels of target gene were analyzed
using the 2-ΔΔC

T method (Livak and Schmittgen
2001).

Statistical analysis

The results are presented as mean ± standard error (SE)
of three replicate tanks. Normality of distributions and
homogeneity of variances were confirmed by Shapiro-
Wilk test and Levene’s test, respectively. All data were
subjected to one-way ANOVA followed by a Tukey’s
multiple comparison test. The differences at P ≤ 0.05
were considered to be statistically significant. The soft-
ware SPSS 16.0 (SPSS Company, Chicago, IL, USA)
was used to compute statistical analyses.

Fish Physiol Biochem (2020) 46:1795–1807 1797



Results

Growth performance and feed utilization

Growth results are shown in Table 4. The survival of
experimental fish in all groups was more than 98%.
Final body weight and specific growth rate in fish fed
the FPH diet were significantly higher than those in fish

fed the CAA diet (P < 0.05). Similarly, an increasing
trend of specific growth rate had been observed in the
Lys-Leu group (P = 0.107), the Gly-Leu group (P =
0.107), and the Lys-Gly group (P = 0.140) compared
with fish fed the CAA diet. Feed intake in the Lys-Leu
treatment was significantly lower than that of fish in the
CAA, Gly-Leu, and FPH treatments (P < 0.05). Fish fed
the Lys-Leu and Lys-Gly diets showed significantly

Table 1 Formulation and chemical composition of experimental diets (g kg−1 of dry matter)

Ingredient CAA Lys-Leu Lys-Gly Gly-Leu FPH

Fish meal 150 150 150 150 150

Peanut meal 380 380 380 380 380

Wheat meal 164.4 164.4 164.4 164.4 127.0

Fish protein hydrolysate 190

Amino acid mixturea 101.8 101.8 101.8 101.8

L-lysineb 21.1 21.1

L-leucineb 18.9 18.9

Glycineb 10.8 10.8

Lys-Leuc 40

Lys-Glyc 31.9

Gly-Leuc 29.7

Fish oil 45 45 45 45 45

Soy oil 35 35 35 35 35

Soybean lecithin 15 15 15 15 15

Mineral premixd 15 15 15 15 15

Vitamin premixe 8 8 8 8 8

CaH2PO4 15 15 15 15 15

DMPTf 5 5 5 5 05

Choline chloride 10 10 10 10 10

Vitamin C 5 5 5 5 5

Proximate composition

Dry matter 932.9 929.3 934.7 938.6 925.1

Lipid 90.2 91.7 91.2 90.5 92.6

Protein 482.6 486.9 488.0 483.2 487.4

Ash 112.1 110.1 108.8 110.3 107.7

a Free amino acid mixture composition: (g kg−1 diet; all L-form amino acids unless otherwise indicated): arginine, 11.7; histidine; 3.0;
isoleucine, 9.4; D/L-methionine, 14.5; cystine, 4.2; phenylalanine, 3.1; threonine, 12.1; tryptophan, 2.0; valine, 9.8; taurine, 10.0;
hydroxyproline, 6.0; aspartic acid, 4.0; glutamic acid, 4.0; serine, 4.0; glycine, 4.0; alanine, 4.0
b L-lysine, L-leucine, and Glycine were purchased from Hebei Huayang Amino Acids Group Company Limited
c Lys-Leu (Lysine-Leucine), Lys-Gly (Lysine-Leucine), and Gly-Leu (Glycine-Leucine) were purchased fromGLBiochem (Shanghai) Ltd.
dMineral premix (mg or g kg−1 diet): MgSO4·7H2O, 1200 mg; CuSO4·5H2O, 10 mg; ZnSO4·H2O, 50 mg; FeSO4·H2O, 80 mg;
MnSO4·H2O, 45 mg; CoCl2·6H2O (1%), 50 mg; NaSeSO3·5H2O (1%), 20 mg; Ca(IO3)2·6H2O (1%), 60 mg; zoelite, 13.49 g
eVitamin premix (mg or g kg−1 diet): thiamin 25 mg; riboflavin, 45 mg; pyridoxine HCl, 20 mg; vitamin B12, 0.1 mg; vitamin K3, 10 mg;
inositol, 800 mg; pantothenic acid, 60 mg; niacin, 200 mg; folic acid, 20 mg; biotin, 1.2 mg; retinol acetate, 32 mg; cholecalciferol, 5 mg;
alpha-tocopherol, 120 mg; wheat middling, 6.66 g
f DMPT, dimethyl-β-propiothetin
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higher feed efficiency ratios compared to fish receiving
the CAA diet (P < 0.05). Compared to the CAA treat-
ment, protein efficiency ratio significantly increased in
the Lys-Leu treatment (P < 0.05) and the trend of the
increase was also observed in the Lys-Gly treatment (P
= 0.117). There were no significant differences for pro-
tein productive value between dietary treatments (P >
0.05).

Whole fish body composition and amino acid
composition of muscle

The whole-body proximate composition for the fish fed
the different diets is presented in Table 5. Data for
moisture, crude protein, crude lipid, and ash on whole
fish analysis showed no significant differences between
dietary treatments (P > 0.05). As seen in Table 6, except
for phenylalanine and taurine, the concentrations of
essential and non-essential amino acids were the lowest
in the fish fed the CAA diet. The lowest concentration of
phenylalanine and taurine was observed in the fish fed
the FPH diet.

Proximal intestinal mRNA expressions of peptide
and AA transporters

The expression of PepT1 is presented in Fig. 1. PepT1
mRNA level was not affected by dietary treatments (P >
0.05). As shown in Fig. 2, mRNA levels of B0AT1 and
PAT1 with fish fed the CAA diet were significantly
higher than all other diets (P < 0.05). The expression
level of y+LAT2 in fish fed the CAA diet was signifi-
cantly higher than that of fish fed the Lys-Gly and FPH
diets (P < 0.05), while no significant difference was
observed among the Lys-Leu, Lys-Gly, and Gly-Leu
groups (P > 0.05). Fish fed the CAA diet had signifi-
cantly higher mRNA level of CAT1 than that of fish fed
the FPH diet (P < 0.05), while there was no significant
difference among the FPH, Lys-Leu, Lys-Gly, and Gly-
Leu groups (P > 0.05).

Serum amino acid profiles

Serum free amino acid concentrations at 8 h post-
feeding are shown in Table 7. Regarding essential

Table 2 The amino acid and free amino acid composition of experimental diets (g kg−1 dry matter)

CAA Lys-Leu Lys-Gly Gly-Leu FPH
AA FAA AA FAA AA FAA AA FAA AA FAA

EAA

Threonine 17.6 9.5 18.3 9.2 17.6 9.5 16.8 9.5 13.9 3.4

Valine 24.3 8.0 25.1 7.7 25.0 8.1 24.1 8.4 22.2 4.8

Methionine 17.2 11.1 17.5 10.8 16.8 11.4 16.0 11.9 8.8 4.6

Isoleucine 17.5 6.5 18.3 6.2 18.5 6.6 17.6 6.8 16.8 3.1

Leucine 35.8 14.7 38.9 0.7 38.6 14.3 37.1 0.9 30.6 7.6

Phenylalanine 17.8 3.2 18.9 3.6 18.4 3.5 20.6 3.4 24.2 5.9

Lysine 25.8 13.4 27.3 0.8 27.3 1.9 27.4 13.5 22.3 5.4

Histidine 7.7 3.2 8.2 3.1 8.5 3.3 8.4 3.4 8.1 3.6

Arginine 50.6 10.2 53.0 10.7 53.7 10.5 52.3 12.1 50.9 11.3

NEAA

Taurine 9.8 9.6 10.2 9.9 9.9 9.6 9.6 9.4 4.6 4.2

Aspartic acid 31.2 3.5 33.0 3.4 31.8 3.6 29.8 3.7 39.9 2.5

Serine 15.1 3.5 15.4 3.4 15.2 3.5 14.3 3.8 16.8 1.8

Glutamic acid 62.8 4.4 66.5 4.4 65.2 4.4 61.6 4.6 79.9 4.7

Glycine 22.5 8.3 24.0 8.2 24.5 0.3 24.0 0.7 23.0 1.9

Alanine 28.0 3.8 29.8 3.8 27.7 3.8 28.3 3.9 37.2 3.4

Cystine 23.4 2.3 24.3 2.4 25.9 2.7 24.6 2.5 12.8 2.1

Tyrosine 10.2 0.2 10.6 0.2 11.4 0.2 10.9 0.2 14.8 2.6

Proline 11.3 3.8 11.5 3.8 13.6 3.9 13.4 4.1 17.3 1.2

AA, amino acid; FAA, free AA; EAA, essential AA; NEAA, non-essential AA
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amino acids, concentrations of valine, methionine, iso-
leucine, leucine, and lysine had been affected by dietary
treatments (P < 0.05), which the lowest amounts for
those essential amino acids were observed in fish fed
the FPH diet. To non-essential amino acids, taurine,
glycine, and cystine in serum showed the lowest con-
centration in fish fed the FPH diet compared with fish
fed other diets. On the contrary, the levels of tyrosine
and proline in the FPH group were the highest among all
the groups.

Discussion

Fish protein hydrolysates contained short-chain peptides
and free amino acids with high nutritional properties,
which had been demonstrated to have a beneficial

biological effect on fish growth, feed intake, protein
and amino acid digestibility, and non-specific immune
response (Hevrøy et al. 2005; Olsen and Toppe 2017;
Swanepoel and Goosen 2018; Wei et al. 2016). In the
present study, higher growth performance in fish fed
diets containing fish protein hydrolysate was observed
compared with fish fed diets containing crystalline ami-
no acid mixtures at the equivalent protein content, which
was consistent with our previous study of turbot (Wei
et al. 2016). It indicated that low molecular weight
peptides from fish protein hydrolysate may be utilized
more efficiently than crystalline amino acids in turbot
fed high plant protein diets. This result was supported by
the study of Dabrowski et al. (2003) and Dabrowski
et al. (2005), which showed that a mixture of synthetic
dipeptides improved growth performance of rainbow
trout compared to a mixture of crystalline amino acids.
For a single dipeptide, an interesting result in the current
study was that growth performance was relatively close
among three dipeptide groups (Lys-Leu, Gly-Leu, and
Lys-Gly), it indicated that turbot had a similar utilization
efficiency for these three dipeptides. In addition, com-
pared to fish fed the CAA diets, specific growth rate
showed an obviously increasing trend in fish fed the
Lys-Leu diet (P = 0.107), the Gly-Leu diet (P = 0.107)
and the Lys-Gly diet (P = 0.140), and the trend of the
increase in feed efficiency ratio and protein efficiency
ratio were also observed in the Lys-Leu group (P < 0.05)
and the Lys-Gly group (feed efficiency ratio, P < 0.05;
protein efficiency ratio,P = 0.117). Although significant
statistical differences were not observed in growth and
feed utilization, those change trends still indicated that
dietary amino acids in the form of dipeptide, especially
Lys-Leu, seemed to improve growth performance of
turbot than those in the form of free amino acids. This
may be supported by the fact that the levels of most
amino acids in muscle were higher in fish fed the dipep-
tides diets (the Lys-Leu, Gly-Leu, and Lys-Gly diets)
than those of fish fed the CAA diets. Because the
increase of muscle amino acid concentrations in the
dipeptides groups indicated that those amino acids in
dipeptide form may more effectively increase amino
acid deposition of muscle compared with free amino
acid from when concentrations of amino acids in feed
were similar among all the groups. Meanwhile, these
results of growth were consistent with previous results
of olive flounder, which showed that lysine and leucine
availability could be better in fish growth when the fish
were fed dipeptide (leucine-glycine or lysine-glycine)

Table 3 Primer sequences used for qRT-PCR

Gene Primer sequence
(5′ to 3′)

Product
size
(bp)

Accession
number a

B0 neutral AA
transporter
1(B0AT1,
SLC6A19)

F-GGTGCCCA
GGTGTT
CTAC

132 MH174967

R-CACTGAGGTGCATCCATT

Cationic amino acid
transporter 1
(CAT1, SLC7A1)

F-TTGGTTGG
CAGGAC
ACTT

112 MK116879

R-CTGGGCTGGTCAAGGGTA

Proton-coupled amino
acid transporter 1
(PAT1, SLC36A1)

F-TTTCGGTA
GGTTGA
TGGG

141 MK116881

R-TTCGTCCTGCTGGTGTTC

Oligopeptide
transporter 1
(PepT1, SLC15A1)

F-TCTACACG
CTGGGA
CAAA

229 MK090537

R-AAGATGGA
GAAGAA
GGTGCT

y+ L-type amino acid
transporter 2
(y+LAT2, SLC7A6)

F-AGGGTGTT
TGGAAG
GTGA

100 MK116885

R-CTGTGGCTTTGTCGTGCT

β-actin F-CCAAAGCC
AACAGG
GAGAA

101 AY008305

R-AGAGGCAT
ACAGGG
ACAGCACA

aNCBI GenBank accession no.
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than free forms (Kim and Lee 2013; Rahimnejad and
Lee 2014). However, for common carp and yellow
perch, no significant differences were found in the
growth when the diets were supplemented with free or
dipeptide forms of lysine and glycine (Kwasek et al.
2012; Ostaszewska et al. 2010a, 2013). The possible
reason for this contradiction was that substantial
species-specific differences may appear in PepT1 of
teleost fish in response to various dipeptides transport
(Romano et al. 2014).

In teleost fish, PepT1, known as a member of Solute
Carrier 15 (SLC15) family, is chiefly responsible for the
absorption of di/tripeptides from dietary protein diges-
tion in intestinal lumen (Verri et al. 2017). Previous
study reported that the dipeptide uptake occurred in
the proximal of the intestine in Mozambique tilapia
(Oreochromis mossambicus) (Thamotharan et al.

1996a, 1996b), which was demonstrated by assessing
the regional distribution of PepT1 in the whole intestine
(Orozco et al. 2017). Similarly, turbot PepT1 was found
to express primarily in proximal intestine (Xu et al.
2016), which indicated that dietary dipeptide absorption
may be mainly mediated by PepT1 in proximal intestine
of turbot (Wei et al. 2020a, b). However, the present
experimental diets supplemented with synthetic dipep-
tide or fish protein hydrolysate did not cause any differ-
ent changes in PepT1 expression compared to the CAA
diet in proximal intestine. For the regulation of PepT1
by dietary dipeptide alone, Ostaszewska et al. (2013)
reported that a wheat gluten-based diet supplemented
with dipeptide (lysine-glycine) induced a stronger
PepT1 immuno-positive reaction in proximal intestine
of yellow perch. For the regulation of PepT1 by dietary
crystalline amino acids or fish protein hydrolysate,

Table 4 Growth performance and feed utilization of juvenile turbot fed different diets

CAA Lys-Leu Lys-Gly Gly-Leu FPH

FBW (g)a 36.43 ± 1.20a 39.75 ± 0.71ab 39.45 ± 0.85ab 39.72 ± 0.61ab 42.25 ± 0.90b

SR (%)b 98.67 ± 1.33 98.67 ± 1.33 100.00 100.00 100.00

SGR (% day−1)c 1.98 ± 0.06a 2.14 ± 0.03ab 2.13 ± 0.04ab 2.14 ± 0.03ab 2.25 ± 0.04b

FI (% day−1)d 1.65 ± 0.03bc 1.52 ± 0.03a 1.55 ± 0.02ab 1.64 ± 0.03bc 1.69 ± 0.02c

FERe 1.09 ± 0.05a 1.26 ± 0.01b 1.23 ± 0.01b 1.17 ± 0.03ab 1.18 ± 0.03ab

PERf 2.31 ± 0.1a 2.59 ± 0.02b 2.53 ± 0.03ab 2.42 ± 0.06ab 2.33 ± 0.05ab

PPVg 35.26 ± 1.63 35.93 ± 0.78 37.47 ± 1.44 35.28 ± 0.83 34.2 ± 1.03

Data are presented as mean ± SE of three replicate tanks (n = 3). Values in the same row followed by different superscript letters are
significantly different (P < 0.05)
a FBW, final body weight
b SR, survival rate = 100 × (final fish number/initial fish number)
c SGR, specific growth rate = 100 × [ln (final weight)−ln (initial weight)]/feeding days
d FI, feed intake = 100 × total feed intake/[feeding days × (final weight + initial weight)/2]
e FER, feed efficiency ratio = body weight gain/dry feed intake
f PER, protein efficiency ratio = (final weight−initial weight)/protein intake
g PPV, protein productive value = (final protein content−initial protein content)/protein intake

Table 5 Whole-body chemical composition of juvenile turbot fed different diets (g kg−1 wet weight)

Body composition CAA Lys-Leu Lys-Gly Gly-Leu FPH

Moisture 771.7 ± 5.6 783.6 ± 3.2 773.8 ± 4.9 775.7 ± 1.8 778.5 ± 5.2

Crude protein 147.6 ± 4.3 138.4 ± 1.5 144.9 ± 2.9 143.2 ± 1.4 144.2 ± 3.0

Crude lipid 40.5 ± 2.2 37.6 ± 1.2 39.4 ± 1.8 43.2 ± 1.8 37.3 ± 3.1

Ash 34.0 ± 1.3 32.2 ± 0.2 32.7 ± 0.6 31.8 ± 0.6 33.4 ± 0.7

Data are presented as mean ± SE of three replicate tanks (n = 3). Values in the same row followed by different superscript letters are
significantly different (P < 0.05)
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Bakke et al. (2010) also reported that fish meal substitut-
ed by a mixture of crystalline amino acids or fish protein
hydrolysate could up-regulate PepT1 expression in
proximal intestine of Atlantic cod. Taken together, we
speculated that PepT1 expression in turbot proximal
intestine may be simultaneously up-regulated by

dipeptide, fish protein hydrolysate, and crystalline ami-
no acids, which caused no significant differences ob-
served in PepT1 expression between dietary treatments.

Amino acid transporters play an important role in the
uptake of amino acids in intestinal lumen, nevertheless,
they are different from peptide transporters (PepT1) due

Table 6 Amino acid composition of muscle in juvenile turbot fed experimental diets (g kg−1 dry weight)

Amino acid CAA Lys-Leu Lys-Gly Gly-Leu FPH

EAA

Threonine 28.29 ± 0.34a 33.10 ± 0.72b 35.78 ± 0.89b 40.56 ± 0.36c 41.71 ± 0.75c

Valine 32.58 ± 0.89a 37.80 ± 1.38b 40.28 ± 0.13b 44.45 ± 0.27c 46.95 ± 0.03c

Methionine 15.98 ± 0.53a 19.50 ± 1.37ab 20.82 ± 0.41bc 23.41 ± 0.53cd 25.26 ± 0.87d

Isoleucine 30.14 ± 1.60a 35.61 ± 1.99ab 37.75 ± 0.88bc 41.83 ± 0.47c 42.98 ± 0.41c

Leucine 51.85 ± 2.23a 60.63 ± 1.90b 64.89 ± 1.67bc 71.42 ± 0.77cd 72.99 ± 0.89d

Phenylalanine 44.36 ± 0.51a 43.07 ± 1.09a 48.82 ± 1.14b 41.41 ± 0.49a 40.91 ± 0.06a

Lysine 63.64 ± 1.38a 73.35 ± 1.24b 79.01 ± 2.23b 85.77 ± 0.61c 87.28 ± 0.65c

Histidine 14.86 ± 0.34a 16.35 ± 0.67ab 18.20 ± 0.49bc 19.18 ± 0.37c 20.04 ± 0.27c

Arginine 41.27 ± 1.92a 48.29 ± 1.34b 51.04 ± 0.56b 57.35 ± 0.97c 59.08 ± 1.03c

NEAA

Taurine 23.68 ± 0.36b 24.74 ± 1.16b 28.76 ± 0.31c 29.79 ± 0.66c 6.49 ± 0.11a

Aspartic acid 60.22 ± 0.14a 73.99 ± 1.72b 77.92 ± 1.54b 90.24 ± 1.57c 95.65 ± 0.47c

Serine 24.84 ± 0.54a 28.76 ± 1.31b 31.49 ± 0.71b 35.62 ± 0.37c 37.47 ± 0.03c

Glutamic acid 101.20 ± 2.59a 122.48 ± 15.32ab 129.78 ± 8.90ab 147.70 ± 1.81b 155.05 ± 9.30b

Glycine 35.32 ± 2.05a 39.14 ± 1.45ab 43.25 ± 0.08ab 47.09 ± 0.68b 47.20 ± 3.14b

Alanine 39.48 ± 2.05a 45.29 ± 1.64ab 50.29 ± 1.18bc 53.24 ± 0.70c 53.97 ± 0.11c

Cystine 6.19 ± 0.10a 8.44 ± 0.14bc 6.94 ± 0.71ab 9.65 ± 0.12c 12.97 ± 0.14d

Tyrosine 30.13 ± 0.15a 31.08 ± 2.37a 36.83 ± 0.61b 31.38 ± 0.43a 32.31 ± 0.32ab

Proline 24.41 ± 0.96a 26.53 ± 1.22ab 29.00 ± 0.24b 28.79 ± 1.20b 28.60 ± 0.20b

EAA, essential amino acid; NEAA, non-essential amino acid

Data are presented as mean ± SE of three replicate tanks (n = 3). Values in the same row followed by different superscript letters are
significantly different (P < 0.05)

Fig. 1 Relative mRNA
expression of oligopeptide
transporter 1 (PepT1) in proximal
intestine. Data are presented as
mean ± SE of three replicate tanks
(n = 3). Bars of with same letters
are not significantly different by
Tukey’s test (P > 0.05)
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to exhibiting distinct substrate specificities for
transporting amino acids into the enterocyte (Chen
et al. 2018). Based on amino acid profile and functional
studies, five amino acid transport systems had been
proposed, the “neutral system,” the “basic system,” the
“acidic system,” the “iminoglycine system,” and the “β-
amino acid system,” respectively, which are
transporting groups of amino acids rather than individ-
ual amino acid (Bröer 2008). Some studies revealed that
the form (free vs. protein-bound) of dietary amino acids
may affect the absorption of amino acids from the lumen
of the small intestine into enterocytes by regulating
intestinal expression of amino acid transporters
(Osmanyan et al. 2018; Morales et al. 2017; Zhang
et al. 2013). For this reason, amino acid transporters
related to the absorption of leucine, lysine, and glycine
in the intestine were measured in the present experi-
ment. PAT1 was identified as a proton/amino acid
transporter responsible for the absorption of protons
and neutral amino acids such as glycine (Boll et al.
2004; Thwaites and Anderson 2011). B0AT1 was a
Na+-dependent neutral AA transporter and transported
leucine efficiently (Margheritis et al. 2016; Rimoldi
et al. 2015). CAT1 was the classical cationic amino acid
transporter system, in which its expression can be af-
fected by dietary lysine (Fotiadis et al. 2013; He et al.
2013). y+LAT2 mediated the influx of several neutral
and cationic amino acids with similar efficiency (Verrey
et al. 2004). Our data found that fish fed the dipeptides

and FPH diets down-regulated the expression of those
amino acid transporters in proximal intestine relative to
fish fed the CAA diets. Similarly, Morales et al. (2017)
reported that the expression of amino acid transporters
in duodenum of pig was down-regulated fed the high-
protein diet (protein-bound) compared with those fed
the low-protein diet supplemented with free amino
acids. It indicated that dietary amino acids from dipep-
tide or fish protein hydrolysate (a mixture of small
peptides) except for protein-bound amino acids may
also down-regulate amino acid transporter expression
in the intestine relative to dietary free amino acids.
Additionally, the expression of test amino acid trans-
porters and PepT1 had no significant difference among
the three dipeptide treatments. It may further prove that
turbot has the similar utilization efficiency for Lys-Leu,
Gly-Leu, and Lys-Gly in diets.

Free amino acid concentrations in serum can be influ-
enced by a variety of factors including the amino acid
forms in diets, the levels of dietary amino acids, and the
types of protein sources (Ambardekar et al. 2009; Larsen
et al. 2012; Yun et al. 2016). In the present study, leucine
and lysine concentrations from serum at 8 h post-feeding
were obviously higher in fish fed the CAA and dipeptides
diets compared with fish fed the FPH diets, which was in
agreement with Yun et al. (2016) study that postprandial
serum lysine concentrations tended to increase as the
increase of dietary lysine concentration. It suggested that
concentrations of leucine and lysine in serum fairly

Fig. 2 Relative mRNA expression of amino acid transporters
(proton-coupled amino acid transporter 1, PAT1; y+ L-type amino
acid transporter 2, y+LAT2; B0 neutral amino acid transporter 1,
B0AT1; and cationic amino acid transporter 1, CAT1) in proximal

intestine. Data are presented as mean ± SE of three replicate tanks
(n = 3). Bars of with same letters are not significantly different by
Tukey’s test (P > 0.05)
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reflected concentrations of amino acids in diets consumed
by turbot. In addition, Bogé et al. (1981) reported that
glycine from glycine-glycine in rainbow trout was
absorbed more rapidly than that from the equivalent free
amino acid. However, there were no significant differ-
ences in serum concentrations of leucine, lysine, and
glycine in the CAA, Lys-Leu, Lys-Gly, and Gly-Leu
groups at 8-h post-feeding. The different results may be
explained that serum was sampled at 8 h after meal,
whichmissed the optimal absorption time of amino acids,
resulting in no significant changes of leucine, lysine, and
glycine contents in serum between the CAA diet and the
dipeptides diets (Wei et al. 2020a, b). Thus, 8-h postpran-
dial serum free amino acids may not be affected by their
forms (free vs. dipeptides) in diets. Further studies could
examine concentrations of serum free amino acids at
different sampling times.

In conclusion, the growth and feed utilization were
similar among the Lys-Leu, Gly-Leu, and Lys-Gly
groups. However, lysine and leucine in Lys-Leu forms
were utilized more efficiently for feed utilization

compared with those in free amino acid form. Dietary
amino acids from dipeptide or fish protein hydrolysate
may down-regulate amino acid transporter expression
but did not affect the expression of PepT1 in the prox-
imal intestine compared with those from free amino acid
form. Meanwhile, the present study also found that
concentrations of serum free amino acids at 8-h post-
feeding may not be affected by amino acid forms (free
vs. dipeptides) in diets.
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Table 7 Serum free amino acid concentrations at 8-h post-feeding (μg/ml)

Amino acid CAA Lys-Leu Lys-Gly Gly-Leu FPH

EAA

Threonine 19.14 ± 1.90 18.88 ± 2.63 21.45 ± 3.36 21.04 ± 1.31 17.59 ± 0.79

Valine 63.44 ± 4.31b 60.12 ± 3.35b 53.88 ± 0.74b 54.11 ± 3.98b 34.54 ± 6.25a

Methionine 69.40 ± 18.36b 76.89 ± 13.45b 62.19 ± 2.22b 69.50 ± 11.17b 5.72 ± 2.07a

Isoleucine 30.54 ± 2.31b 28.03 ± 2.09b 27.52 ± 0.67b 23.30 ± 0.99ab 16.51 ± 3.71a

Leucine 77.52 ± 5.63b 66.03 ± 13.58ab 70.6 ± 2.98ab 64.24 ± 6.92ab 35.20 ± 8.08a

Phenylalanine 33.15 ± 4.64 35.93 ± 3.43 44.15 ± 4.94 34.13 ± 1.46 38.74 ± 4.17

Lysine 32.96 ± 4.28ab 36.86 ± 5.83ab 39.24 ± 2.45ab 41.30 ± 3.83b 21.74 ± 2.90a

Histidine 10.52 ± 0.70 10.05 ± 0.94 11.51 ± 1.00 9.75 ± 0.45 7.76 ± 0.83

Arginine 40.87 ± 6.52 56.22 ± 7.43 47.97 ± 4.52 61.55 ± 3.57 39.85 ± 2.65

NEAA

Taurine 81.67 ± 6.81b 81.14 ± 11.96b 74.59 ± 3.54b 74.58 ± 7.32b 36.04 ± 3.37a

Aspartic acid 8.26 ± 1.61 6.86 ± 0.43 6.80 ± 1.23 8.35 ± 0.68 5.10 ± 1.09

Serine 35.7 ± 6.11 32.85 ± 3.93 39.41 ± 8.53 33.62 ± 1.95 17.63 ± 1.31

Glutamic acid 7.51 ± 0.75 9.25 ± 0.35 10.13 ± 1.00 9.20 ± 0.29 8.13 ± 0.81

Glycine 14.25 ± 1.53ab 17.74 ± 1.45b 16.84 ± 0.70ab 16.33 ± 0.49ab 12.34 ± 0.54a

Alanine 36.29 ± 2.92 32.04 ± 3.16 37.18 ± 2.01 32.77 ± 1.43 35.40 ± 2.46

Cystine 13.64 ± 0.90b 13.22 ± 0.58b 14.34 ± 1.19b 12.99 ± 0.32b 6.60 ± 0.61a

Tyrosine 6.49 ± 1.62a 5.91 ± 1.36a 8.76 ± 1.09a 6.38 ± 1.07a 29.35 ± 1.52b

Proline 6.54 ± 0.49a 6.84 ± 0.93a 8.79 ± 0.21ab 7.71 ± 1.10ab 10.94 ± 0.51b

EAA, essential amino acid; NEAA, non-essential amino acid

Data are presented as mean ± SE of three replicate tanks (n = 3). Values in the same row followed by different superscript letters are
significantly different (P < 0.05)
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