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Abstract
The characterization of the expression and regulation of growth-related genes in the mus-

cles of Chinese perch is of great interest to aquaculturists because of the commercial value

of the species. The transcriptome annotation of the skeletal muscles is a crucial step in mus-

cle growth-related gene analysis. In this study, we generated 52 504 230 reads of mRNA

sequence data from the fast muscles of the Chinese perch by using Solexa/Illumina RNA-

seq. Twenty-one amino acid transporter genes were annotated by searching protein and

gene ontology databases, and postprandial changes in their transcript abundance were

assayed after administering a single satiating meal to Chinese perch juveniles (body mass,

approximately 100 g), following fasting for 1 week. The gut content of the Chinese perch

increased significantly after 1 h and remained high for 6 h following the meal and emptied

within 48–96 h. Expression of eight amino acid transporter genes was assayed in the fast

muscles through quantitative real-time polymerase chain reaction at 0, 1, 3, 6, 12, 24, 48,

and 96 h. Among the genes, five transporter transcripts were markedly up-regulated within

1 h of refeeding, indicating that they may be potential candidate genes involved in the rapid-

response signaling system regulating fish myotomal muscle growth. These genes display

coordinated regulation favoring the resumption of myogenesis responding to feeding.

Introduction
Expression of mRNAs is sensitive to changes in the nutrient status of the skeletal muscles in
humans during fasting and insulin infusion or after a high-glycemic meal [1,2]. In fish, recent
molecular tools facilitate identifying nutritionally regulated genes related to muscle growth [3].
Such genes might play a role in the stimulation of myogenesis during the skeletal muscles
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differentiation and development [4,5,6]. Valente et al (2012) reported that nutrient restriction
could increase the release of amino acids from muscle fibers and they are used by hepatocytes as
the main gluconeogenic precursors in carnivorous fish [7]. During refeeding, it accelerated the
amino acids turnover and increased protein synthesis [8]. In the last decade, a considerable
amount of effort has been focused on identifying amino acids, particularly leucine, that play a
role in stimulating protein synthesis by activating the target of rapamycin complex 1(mTORC1)
in the mammals [9]. However, scarce data are available describing the relationship between
amino acid transport mechanisms and the fasting–refeeding nutritional status, particularly in
the skeletal muscles of aquaculture species.

Amino acid transporters are belonging to the members of the solute-linked carrier (SLC)
family, which is ubiquitously expressed in the plasma membrane of many cell types, including
the skeletal muscles [10,11]. Until now, 23 amino acid transporters have been identified in
Na+-dependent systems (A, ASC, B0, BETA, Gly, IMINO, N, Nm, Nb, PHE, PROT, APC, and
XC−) and Na+-independent systems (L, T, imino, PAT, asc, X−AG, y+, y+L, B0,+, b0,+) [12]. Sys-
tem L includes a heterodimeric complex comprising an L-type amino acid transporter (i.e.,
neutral amino acids transporter small subunit 2 [LAT2]) and a glycoprotein (solute carrier
family 3 member 2 [CD98]), and is responsible for the transport of large neutral amino acids
such as leucine [13]. System A comprises sodium-coupled neutral amino acid transporters
(e.g., amino acid transporter 2 [ATA2]). A previous study revealed that two transporters,
LAT2–CD98 and ATA2, were highly expressed in muscle tissues and had a potential role in
promoting muscle growth [14]. Further investigation has confirmed that the protein complex
LAT2–CD98 and ATA2 cooperatively activates mTORC1 by increasing the intracellular leu-
cine concentration, whereas the inhibition of ATA2 and CD98 could reduce mTORC1 activity
and protein synthesis[15,16,17]. System y+L is composed of two subunits, a polytopic mem-
brane protein (i.e., Y+L amino acid transporter 1 (y+LAT1) or Y+L amino acid transporter 2
[y+LAT2]) and an associated type II membrane protein (4F2 heavy chain) [18]. Recently, the
y+LAT1 system has gained increasing attention because it transports large amounts of cat-
ionic and neutral amino acids and provides essential nutrients for animal growth and the
energy required for metabolism and reproduction [19,20]. Therefore, further investigation
and characterization of amino acid transporters in fish will provide a more comprehensive
understanding of the regulation of skeletal muscle growth and may be crucial in improving
aquaculture applications.

Fasting–refeeding protocols are commonly used as the model system to investigate the regu-
lation of muscle growth in teleosts[21]. The protocols include a relative long time of fasting
and then continuous refeeding, by which the transcript abundance was assayed over several
days or weeks [22,23]. By contrast, a single satiating meal treatment was well designed to study
the transcriptional responses to nutrient availability, with relatively high temporal resolution
[7]. Gut tissue is an important organ in nutritional digestion and absorption of vertebrate ani-
mals [24]. The amino acid transporters play an important role in the amino acid absorption in
the gut [25]. The latest research shows skeletal muscle is not only the most abundant tissue in
the fish body mass but also plays a large role in whole-body metabolism [21]. The expression
levels of mRNAs are sensitive to changes in nutrient status of the skeletal muscle [7]. Amino
acids are involved in the regulation of major metabolic pathway and considered as signaling
molecules in muscle and gut tissues. Therefore, we chose these two tissues for the detection of
amino acid transporter gene expression. However, until now, scare study has been carried out
to assay amino acid transporter expression in teleost skeletal muscles, especially for aquaculture
species during the postprandial period. Sinperca chuatsi is one of the most commercially valu-
able carnivorous fish species in aquaculture in China and Eastern Asia [26,27]. Its high nutri-
tional value, high protein content, and appealing taste stimulate its large-scale culture in China
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[28]. In the present study, we analyzed transcriptome data from the fast muscles of Chinese
perch to determine the number and expression level of amino acid transporters in the skeletal
muscles of this species. Furthermore, the effect of a fasting–refeeding treatment on the amino
acid transporter response involved muscle growth was investigated. These fundamental studies
provide insights into increasing the muscle mass in fish production.

Materials and Methods

Ethics Statement
This study was conducted in accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved
by the Institutional Animal Care and Use Committee (IACUC) of Changsha University (per-
mit #20128945–1). All surgeries were performed under sodium pentobarbital or tricaine
methanesulfonate (MS-222) anesthesia, and every effort was made to minimize the animal suf-
fering. All fish-handling procedures during the studies were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of Changsha University.

Experimental Conditions and Sampling
Chinese perch (Siniperca chuatsi) were reared under standard conditions at the Hunan Fisher-
ies Science Institute (Changsha, Hunan, China). The five 1-year-old fishes were euthanized by
immersion in water containing 2g L-1 sodium pentobarbital. Fast muscle samples were col-
lected from five 1-year-old fish and subjected to transcriptome sequencing. Two similar sizes
of Chinese perch juveniles (average body mass, 100 g) were reared in duplicate net cages (5 × 5
× 2 m), with 50 fish per tank. The fish were provided a live feed (mud carp Cirrhinus molitor-
ella; average body weight, 10 g) during 3-week experiments (body weight, 1.5%). The fish were
firstly fasted for 1 week, and then all of the fish were fed a single meal to visual satiation. Fur-
thermore, the fish were sampled at 0 h and at 1, 3, 6, 12, 24, 48, and 96 h after the meal, with 5
fish sampled at each time point. The 5 fishes were selected at each sampling point and were
euthanized by immersion in water containing 0.2 g�L−1 MS-222. The intestine and stomach
contents of each fish were determined and photographed. The fast skeletal muscles were then
collected from the dorsal myotome. All samples were kept in liquid nitrogen −80°C until fur-
ther processing.

Transcriptome Sequencing
Total RNA was extracted from the fast muscles of adult Chinese perch by using the RNA
extraction KitII(Takara Biotechnology, Dalian, China) and beads with oligo (dT) were used to
isolate poly(A) mRNA. Fragmentation buffer was added to disrupt the mRNA to produce
short fragments and they were then used as templates. A random hexamer primer was used to
synthesize the first-strand cDNA. Second-strand cDNA was synthesized using a buffer con-
taining dNTPs, RNaseH, and DNA polymerase I. The short fragments were then purified
using the QiaQuick PCR extraction kit(Takara Biotechnology, Dalian, China) and resolved
with an elution buffer (EB buffer) for end reparation and by adding poly(A). Further, the short
fragments were connected with sequencing adapters. After agarose gel electrophoresis, suitable
fragments were selected as templates for polymerase chain reaction (PCR) amplification.
Finally, the library was sequenced using Illumina HiSeq™ 2000.

Sequencing was conducted at the Beijing Genomics Institute and transcriptome de novo
assembly was performed using the short reads assembly program Trinity [29]. Trinity was first
combined to reads with a certain length of overlap to form longer fragments or contigs. The
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reads were then mapped back to the contigs. Paired-end reads can detect contigs from the
same transcript as well as the distances between these contigs[30]. Finally, Trinity was con-
nected to the contigs, and sequences that could not be extended on either end were prepared.
Such sequences were defined as unigenes. Unigene sequences were first aligned by using
BLASTX to search protein databases, such as NR, SwissProt, Kyoto Encyclopedia of Genes and
Genomes (KEGG), and COG (e< 0.00001), and then aligned by using BLASTN to search the
nucleotide database NT (e< 0.00001).

Fasting–Refeeding Experiment
Before the experiment we chosen GeNorm to analyze the stability of transcription of reference
genes including Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), β-actin, 18 S rRNA
gene, hypoxanthine phosphoribosyltransferase 1-like (HPRT1), epinephelus coioides ribo-
somal protein S29 (RPS29) and ribosomal protein L13 (RPL13). GeNorm Analysis revealed
that β-actin (geNorm stability value M = 0.23) was the most stable genes in different tissues.
The expression levels of eight amino acid transporter genes were quantitativelly assayed using
real-time PCR (qRT-PCR) with beta-actin as the internal control. Primers for the selected
genes were designed according to the transcriptome sequencing results (Table 1). Total RNAs
from the two fasting–refeeding experiments as previously described were extracted using the
TRIzolR reagent (Invitrogen, Beijing,China) and then treated with RNAse-free DNAse I (Pro-
mega, USA) in the presence of an RNAse inhibitor (Sigma, Shanghai, China), followed by etha-
nol precipitation. The obtained RNA was reverse-transcribed using SuperScript III RNase H-
reverse transcriptase (Invitrogen, Beijing, China) according to the manufacturer’s instructions.
Negative controls contained no cDNA template.

cDNA samples from the gut and skeletal muscles were used as templates for quantitative
RT-PCR assays with the SYBR Green PCR reaction kit (Stratagene, Shanghai, China), and its
amplification reaction was performed using the Stratagene Mx3005 system (Stratagene, CA,
USA). The reaction mix includes 2 μL of each cDNA template, 2.5 μL of SYBR Green mix, 1 μL
of each gene specific primer (10 μmol L−1, Table 1), and 8.5 μL of nuclease-free water to a
25 μL of final reaction volume. The following amplification protocol was adopted: (i) predena-
turation at 95°C for 60 s; (ii) amplification and quantification, repeated 40 cycles of 95°C for 5
s and 60°C for 25 s; and (iii) melting curve program (65°C–95°C with a heating rate of 0.1°C/s
and fluorescence measurement). Each product was identified through dideoxy-mediated chain
termination sequencing at the BioSune Biotech Company (Shanghai, China). The relative
expression ratio (R) of the target mRNA was calculated by R = 2−ΔΔCt, where Ct is the cycle
threshold. The basic equation used was ΔΔCt = (Cttarget gene−Cthousekeeping gene)experiment−
(Cttarget gene−Cthousekeeping gene)control.

The mRNA expression levels were then analyzed through one-way analysis of variance and
regression analysis with SPSS (SPSS, USA IBM). Duncan’s multiple range tests were used to
compare the differences between the control and experimental groups. The differences were
considered statistically significant when P< 0.05. Data are shown as mean ± standard error
(n = 6).

Results

Transcriptome Assembly Annotation
For the transcriptome analysis, one library was constructed from the mixed pool of muscle
mRNA from five individuals. The complete clean reads for the library have been uploaded to
the NCBI Sequence Read Archive site (http://www.ncbi.nlm.nih.gov/sra/), accession nos
SRX1738860. The total number of the annotated isotigs and unigenes was 156,749 and 75,534,
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respectively (Table 2). Unigenes were annotated using the NR, NT, SwissProt, KEGG, COG
and GO databases. In the COG function classification of Unigenes sequence (Fig 1), 25 classifi-
cations are associated with various functions. However, more than half the functions are only
general function predictors. The GO classification (Fig 1) contains the biological process, cellu-
lar component, and molecular function. We also observed 241 related metabolic pathways. The
number of unigenes annotated with each database was then counted. Nine families of trans-
porters with 47 members are related to the transport of amino acids and oligopeptides in fish
[12]. By summing the reported literature, we found that the amino acid transporter genes
research is concentrated in the gut. Twenty-three amino acid transport systems identified in
the intestinal carrier pathway were showed in the Fig 2. The latest research shows the. amino
acids are involved in the major metabolic regulation in muscle. In this paper, twenty-one
amino acid transporter genes were identified by searching protein and gene ontology databases
from the muscle transcriptome library of Chinese perch. Six families of amino acids and oligo-
peptide transporters, namely SLC1, SLC3, SLC7, SLC17, SLC36, and SLC38, were observed in
the fast muscles of the Chinese perch. Among these, eight transporters were Na+-independent
and 10 were Na+-dependent (Fig 2). SLC1, with 13 members found in teleost fish so far (six
members were found in this study), transports high-affinity glutamate and neutral amino

Table 1. Primers used for quantitative RT-PCR.

Forward Sequence(50-30) Reverse Sequence(50-30)

ATA4-F TTGCTCCACACCTTCACCAA ATA4-R CTGAACTCTCGGCCACTGAAC

CD98-F CTAGGCTGGGTAGGCATGCT CD98-R GTCCAACCTCGCCTCAACAC

PAT1-F ACAGCCATCTTTGCCTTCGA PAT1-R CAGCAGTTTGGCAGGTTGAG

ATA2-F CCACTGAGCGGCCAATACTC ATA2-R GGCCACGAGGAGAATCACAA

CAT2-F CGGCATTCTCGTGGGTGTAC CAT2-R TGTGAAGCATGCGTGTTAGTGTC

EAAT1-F GCAGGGAAGATTGTGGAGATG EAAT1-R CCACACGGTTGTTCTCCTCCA

LAT2-F GGCTATCAAACCCACATCATACTCC LAT2-R CTGCTGACATGGGTGAACTGCT

y+LAT2-F CTGGCTACTGAACGACGGGG y+LAT2-R GCCTGTTCTTAGTCATCGTCCC

β-actin-F CTTGACTTCGAGCAGGAG β-actin-R GGCATACAGGTCTTTACGG

RPL13-F CACAAGAAGGAGAAGGCTCGGGT RPL13-R TTTGGCTCTCTTGGCACGGAT

HPRT1-F CATACCAAAGCATTACGCAGAAG HPRT1-R CACCTCGAATCCTACAAAGTCCG

RPS29-F TCACCCCAGAAAATTCGGACAGG RPS29-R GTATTTACGGATCAGACCGTGTC

18 S -F GGAATGAGCGTATCCTAAACCC 18 S -R CTCCCGAGATCCAACTACAAGC

GAPDH-F ATCAAGGAAGCGGTGAAGAAGG GAPDH-R CGAAGATGGAGGAGTGGGTGTC

doi:10.1371/journal.pone.0159533.t001

Table 2. List of the currently known Amino acid transporters families in teleost fish andmandarin fish in the fast muscle. HUGO: The Human
Genome Organisation; Total: total number of members in each family.

HUGO Family Total mandarin fish

SLC1 High-affinity glutamate and neutral amino acid transporter family 13 6

SLC3 Heavy subunits of the heteromeric amino acid transporters 2 1

SLC7 Cationic amino acid transporter/ glycoprotein-associated family 8 4

SLC15 Proton oligopeptide cotransporter family 3 1

SLC17 Vesicular glutamate transporter family 7 3

SLC32 Vesicular inhibitory amino acid transporter family 1 1

SLC36 Proton-coupled amino acid transporter family 1 1

SLC38 System A and system N sodium-coupled neutral amino acid transporter family 8 3

SLC43 Na+-independent, system-L-like amino acid transporter family 4 1

doi:10.1371/journal.pone.0159533.t002
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acids. SLC3, with two members (one member was found), encodes the heavy subunits of the
heteromeric amino acid transporters. SLC7, with eight members (four members were found),
belongs to cationic amino acid–glycoprotein associated transporters. SLC17, with seven mem-
bers (three members were found), is involved in the vesicular storage of the glutamate and the
glycoprotein degradation and metabolism. SLC36, with one member, which was also observed
in this study, is involved in H+-coupled amino acid transport. SLC38, with eight members
(three members were found in this study), functions as a Na+-coupled neutral amino acid
transporter.

Fig 1. COG classification (A) and GO classification (B).

doi:10.1371/journal.pone.0159533.g001

Transcriptome Analysis of the Fast Muscles and Gut

PLOS ONE | DOI:10.1371/journal.pone.0159533 July 27, 2016 6 / 15



Feeding Response during the Single Meal Treatment
The fish mass and length ranged between 100 and 125 g and 23 and 27 cm, respectively, and
were similar at all sampling points (P< 0.05). The gut content of the Chinese perch increased
significantly after 1 h and remained high up-to 6 h following the meal (Fig 3). The fish were
kept hungry after the meal, and their stomachs were nearly emptied after 48–96 h. These results
confirm that all the sampled fish had ingested food, and their intestines were completely emp-
tied between 48 and 96 h after the meal treatment.

Fig 3. The gut was completely filled at 1–6 h after feeding and emptied within 48–96 h.We investigated
postprandial changes in juvenile Chinese perch following a single satiating meal (body mass, approximately
100 g) following fasting for 1 week.

doi:10.1371/journal.pone.0159533.g003

Fig 2. Twenty-three amino acid transport systems identified in animals and nine in the muscles of Chinese perch. Eight Na+-independent
transporters and 10 Na+-dependent were identified. The amino acids transporter genes found in muscle were marked with a red box to indicate the
difference between the intestinal and muscle tissues.

doi:10.1371/journal.pone.0159533.g002
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The Eight Amino Acid Transport Genes
To investigate the segmental expression of the eight nutritionally regulated genes for 1 week,
the fish were re-feeding a meal after fasting for one week. We selected eight genes belonging to
six amino acid transport systems, and compared the mRNA levels of the eight amino acid
transporters in mandarin fish at eight time points (0, 1, 3, 6, 12, 24, 48, and 96 h following the
single meal) through quantitative RT-PCR. In the fast skeletal muscles (Fig 4), as an LAT,
which includes a heterodimeric complex, the expression of LAT2 and the glycoprotein CD98
was high compared with the control group as well as ATA2, which belongs to System A with
the sodium-coupled neutral amino acid transporters. At 1 h following the single meal, ATA2
and a H+-coupled amino acid transporter (putative anion transporter, proton-coupled amino
acid transporter 1[PAT1]) increased significantly, whereas CD98 decreased. The remaining
transporters showed no significant difference compared with the control group. At 6 h, as the
gut content began emptying, low affinity cationic amino acid transporter 2 (CAT2), neutral

Fig 4. Expression of eight amino acid transporters in fast skeletal muscles after a single meal: A)
ATA2, B) ATA4, C) CAT2, D) CD98, E) EAAT1, F) y+LAT1, G) PAT1, and H) LAT2. The values are
expressed as the mean ± SEM (n = 6) of the normalized transcript levels of each amino acid transporter.
Statistical difference between time points is indicated by different letter notations (P < 0.05).

doi:10.1371/journal.pone.0159533.g004
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amino acid transporter 4 (ATA4), and ATA2 reached their highest expression levels, whereas
CD98 showed the lowest expression level. Compared with the levels at 6 h, at 48 h when the
gut content was being emptied, the expression levels of CAT2, ATA4, ATA2, and LAT2
decreased significantly; however, the expression level of CD98 and y+LAT1 increased signifi-
cantly. Unlike in the muscles, in which no transporter changed significantly at 1 h following
the single meal (except for ATA4), other transporters in the intestines changed significantly
(Fig 5). Meanwhile, the relative expression of CD98, excitatory amino acid transporter 1
(EAAT1), and PAT1 was the lowest. At 3 h, ATA4 and y+LAT1 continued showing an increas-
ing trend and reached their highest expression level. In gastric emptying, the relative expression
levels of some transfer vectors (ATA2, CD98, and LAT2) increased considerably, whereas
those of other transfer vectors (ATA4, y+LAT1, and EAAT1) decreased. At 12 h following the
single meal, all transporter levels started fluctuating. Within 48 h after gastric emptying, CAT2,
EAAT1, and y+LAT1 continued increasing, at which point CAT2 and EAAT1 reached their
highest level.

Discussion

Transcriptome Analysis of the Amino Acid Transporter Family
The SoLute Carrier (SLC) gene family comprise of most of membrane transporters and they
play roles in transporting substrates across membranes [31]. At present, representatives of 50
SLC families have been identified in teleost fish, although no member has been identified in the
SLC28 family to date. The SLC series in fish has at least 338 putatively functional protein cod-
ing genes, whereas that in humans comprise 51 families and at least 378 genes including passive
transporters, ion-coupled transporters, and exchangers [12,32]. Up to date, various transport-
ers of the SLC series have been cloned from different fish species. In a survey, zebrafish (Danio
rerio) represented the most relevant species with 304 genes, whereas others, such as Atlantic
salmon (Salmo salar), rainbow trout (Oncorhynchus mykiss), fugu (Takifugu rubripes), mefugu
(Takifugu obscurus), and Japanese eel (Anguilla japonica), were reported to have 53, 22, 16, 11,
and 10 genes, respectively [12]. In total, 232 SLC genes were observed in our transcriptome in
Chinese perch. Amino acid transporters are membrane proteins mediating the transport of
amino acids across the plasma membrane, and they play a crucial role in protein synthesis and
absorption. Furthermore, 23 amino acid transport systems have been identified in animals; in
our study, nine systems were identified in the fast muscles of Chinese perch. The Chinese
perch transcriptome contains six SLC1 genes, whereas that of zebrafish contains 13 SLC1
genes. In addition, only seven members of the slc1 gene family have been described in humans
and mice, and nearly half the genes are present in zebrafish (Table 2). The differences in the
transport gene members reflect specificity in fish species and protein synthesis.

Expression of Cationic Amino Acid Transporters
Numerous studies have described the transition of the nutrient-sensing pathway from a cata-
bolic to anabolic state in the skeletal muscles [3,4,5,33]. The mechanisms involved in the regu-
lation of metabolism depend on the crosstalk between nutritional ingestion and transportion.
Amino acids are the important factor in the regulation of nutritional ingestion and adsorption.
Postprandial plasma free amino acid levels increased significantly in trout 2 h after the meal.
FAA levels remained significantly elevated 8 h after refeeding. In these fish, plasma levels of
total FAAs decreased significantly lower than levels measured in fasted fish 24 h after feeding
[34]. The gut content of the Chinese perch increased significantly after 1 h and remained high
for 6 h and emptied within 48–96 h following the meal. According to the FAA levels and the
ingestion time after the meal, it is sufficient to study the postprandial expressional pattern of
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Fig 5. Expression of eight amino acid transporters in the gut after a single meal: A) ATA2, B) ATA4, C)
CAT2, D) CD98, E) EAAT1, F) y+LAT1, G) PAT1, and H) LAT2. The values are expressed as the
mean ± SEM (n = 6) of the normalized transcript levels of each amino acid transporter. Statistical difference
between time points is indicated by different letter notations (P < 0.05).

doi:10.1371/journal.pone.0159533.g005
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the amino acid transporter genes in the gut and muscle of Chinese fish during 96 hours after
refeeding.

Upon to now, studies on fasting and refeeding following the assays of transcript abundance
have been reported in many species, such as Atlantic salmon [22,35], rainbow trout [36,37],
Atlantic halibut [23], sea bass [38], and sea bream [39]. Studies on insulin-like growth factor
(IGF) signalling stimulating transcriptional changes in zebrafish [40] and Atlantic salmon [41]
were also reported. Earlier studies demonstrated that amino acids are essential for tissue pro-
tein synthesis and other metabolic functions [41,42]; the amino acids could be transported by
different transporters [43,44,45]. Cationic amino acid transporters (CATs) are widely distrib-
uted in different tissues and play a crucial role in the transport of arginine, histidine, lysine,
and ornithine, which involve in regulating homeostasis [46,47]. Therefore, understanding the
expression of CATs is essential. In our study, two neutral transporters (ATA2 and ATA4) and
an acid transporter (EAAT1) showed the same change trend in the muscles and gut. However,
an alkaline transporter (CAT2) and two other neutral transporters (y+LAT1 and LAT2)
showed obvious changes (Fig 6).

Lysine and arginine are typically the first limiting amino acids in diets [48,49]. The polyto-
pic membrane protein y+LAT1 transports large amounts of cationic and neutral amino acids
to provide essential nutrients for animal growth and the energy metabolism [19,20]. This pro-
tein is a membrane protein glycosylation complex; however, its expression requires a type II
membrane protein glycosylation complex, 4F2hc (also CD98hc), which is a combination of
heavy chains. Only when combined with 4F2hc, LAT1 exerts transfer activity [43,50,51,52].
Wang et al. (2009) reported that the degradation of lysine and other basic amino acids in the
small intestine play a role in modulating the intestinal growth and mucosal thickness [53]
because their metabolites are essential for DNA and protein synthesis [54,55]. In fish and

Fig 6. Heat map summary and unsupervised hierarchical clustering analysis of the genes in the
muscles (A) and gut (B) according to the similarity in their expression across different postprandial
times (0–96 h).

doi:10.1371/journal.pone.0159533.g006
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other vertebrates, nutritional status could influence the gene expression levels of amino acid
transporters. As previously reported, when European sea bass was fasted from 3 days to 21
days, the mRNA expression levels of peptide transporter 1 (PEPT1) in the upper and lower
intestinal sections reached to the highest level at the 7th day [56]. In rats, the PepT1 expression
level increased apparently from 5th day of fasting[57]. However, the expression of y+LAT1 in
grass carp showed a different response model after fasting. Studies by Yang et al (2014) demon-
strated that the y+LAT1 mRNA levels in the foregut and midgut of grass carp were different
after 1 day of fasting[29]. Higher levels of y+LAT1 mRNA expression were observed in the
intestines, suggesting that it is a crucial part in controlling the transportation of short chains of
amino acids present in the diet in the epithelium of the small intestinal brush border mem-
brane [29]. In our study, y+LAT1 expression level of increased considerably at 6 h after the sin-
gle meal. Our findings support the notion that an appropriate balance among amino acids
(including both nutritionally essential and nonessential amino acids) in diets is crucial for max-
imizing the efficiency of animal production[58]. Therefore, understanding the expression of
the y+LAT1 transporter is crucial.

System Y has four amino acid transporters: CAT1, CAT2A and CAT2B, CAT3, and CAT4.
CAT1–CAT3 have a 60% homology, but CAT4 has only approximately 40% homology [59].
CAT1 is one of the main systems of y transporters, expressed in nearly all tissues and cells.
CAT1 is mainly responsible for the transport of three types of amino acids: L-lysine, arginine,
and ornithine [60]. Therefore, the CAT family of alkaline amino acids plays a major role during
the transfer process. The present findings accord with those in a study by Luı´sa [7], who
reported that a single meal affects the expression of several growth-related genes. Another stud-
ies have indicated the importance of CAT in the small intestine, specifically in maintaining the
homeostasis of basic amino acids and overall protein nutrition in the body [51]. In the present
study, CAT2 mRNA levels continued to increase in the gut and increased in the muscle with the
emptying of the stomach; however, the levels decreased after gastric emptying. This is possibly
because CAT2 can utilize the chemical potential of the cytoplasmic membrane coupling union
that is assembled to transfer the substrate [61]. This observation requires further investigation.

Conclusions
This is the first study on the transcriptome annotation of the skeletal muscles of Chinese perch
in a muscle growth-related gene analysis. In this study, we generated mRNA sequence data
from the fast muscles of Chinese perch by using Solexa/Illumina RNA-seq. Twenty-one amino
acid transporter genes were annotated by searching protein and gene ontology databases, and
postprandial changes in their transcript abundance were assayed following a single satiating
meal in juvenile of Chinese perch. Our results reveal that upon the satiating treatment, five
transporter transcripts were markedly up-regulated within 1 h of refeeding, indicating that
they may be promising candidate genes involved in a rapid-response signaling system that reg-
ulates fish myotomal muscle growth. These genes display coordinated regulation in favoring
the resumption of myogenesis as an early response to feeding. Therefore, the present findings
provide a crucial foundation for a more comprehensive understanding of the physiological
function of amino acid transporters and their nutritional regulation, which may also provide
practical applications in aquaculture.

Acknowledgments
This study was supported by the National Natural Science Foundation of China (No.31472256,
No. 31230076 and No.31572592) and the Collaborative Innovation Center for Efficient and
Health Production of Fisheries in Hunan Province.

Transcriptome Analysis of the Fast Muscles and Gut

PLOS ONE | DOI:10.1371/journal.pone.0159533 July 27, 2016 12 / 15



Author Contributions
Conceived and designed the experiments: JSZ WYC. Performed the experiments: PW YLL JC.
Analyzed the data: LC JHW. Wrote the paper: JSZ WYC. Peformed the fast and refeeding
experiments: MZ YAW.

References
1. Pilegaard H, Saltin B, Neufer PD. Effect of short-term fasting and refeeding on transcriptional regulation

of metabolic genes in human skeletal muscle. Diabetes 2003 Mar 52: 657–662. PMID: 12606505

2. Coletta DK, Balas B, Chavez AO, Baig M, Abdul-Ghani M, Kashyap SR, et al. Effect of acute physiolog-
ical hyperinsulinemia on gene expression in human skeletal muscle in vivo. American Journal of Physi-
ology-Endocrinology and Metabolism 2008 May 294(5): E910–E917. doi: 10.1152/ajpendo.00607.
2007 PMID: 18334611

3. Panserat S, Kaushik S. Regulation of gene expression by nutritional factors in fish. Aquaculture
Research 2010 Apr 41: 751–762.

4. Rescan P-Y, Montfort J, Rallière C, Le Cam A, Esquerré D, Hugot K, et al. Dynamic gene expression in
fish muscle during recovery growth induced by a fasting-refeeding schedule. Bmc Genomics 2007 Nov
8: 438. PMID: 18045468

5. Bower NI, Johnston IA. Discovery and characterization of nutritionally regulated genes associated with
muscle growth in Atlantic salmon. Physiological genomics 2010 Oct 42A(2): 114–130. doi: 10.1152/
physiolgenomics.00065.2010 PMID: 20663983

6. Gao J, Li J, Li B-J, Yagil E, Zhang J, Du SJ. Expression and functional characterization of smyd1a in
myofibril organization of skeletal muscles. PLoS One 2014 Jan 9(1): e86808. doi: 10.1371/journal.
pone.0086808 PMID: 24466251

7. Valente LM, Bower NI, Johnston IA. Postprandial expression of growth-related genes in Atlantic salmon
(Salmo salar L.) juveniles fasted for 1 week and fed a single meal to satiation. British Journal of Nutrition
2012 Dec 108(12): 2148–2157. doi: 10.1017/S0007114512000396 PMID: 22464448

8. Peragón J, Barroso JB, García-Salguero L, Aranda F, de la Higuera M, Lupiáñez JA. Selective changes
in the protein-turnover rates and nature of growth induced in trout liver by long-term starvation followed
by re-feeding. Molecular and cellular biochemistry 1999 Nov 201(1–2): 1–10. PMID: 10630616

9. Børsheim E, Tipton KD, Wolf SE, Wolfe RR. Essential amino acids and muscle protein recovery from
resistance exercise. American Journal of Physiology-Endocrinology And Metabolism 2002 Oct 283(4):
E648–E657. PMID: 12217881

10. Palacín M, Estévez R, Bertran J, Zorzano A. Molecular biology of mammalian plasmamembrane
amino acid transporters. Physiological Reviews 1998 Oct 78(4): 969–1054. PMID: 9790568

11. Gesemann M, Lesslauer A, Maurer CM, Schönthaler HB, Neuhauss SC. Phylogenetic analysis of the
vertebrate excitatory/neutral amino acid transporter (SLC1/EAAT) family reveals lineage specific sub-
families. BMC evolutionary biology 2010 Apr 10: 117. doi: 10.1186/1471-2148-10-117 PMID:
20429920

12. Verri T, Terova G, Romano A, Barca A, Pisani P, Storelli C, et al. The SoLute Carrier (SLC) family series
in teleost fish. Functional Genomics in Aquaculture 2012 Apr: 219–320.

13. Nishimura M, Naito S. Tissue-specific mRNA expression profiles of human solute carrier transporter
superfamilies. Drug metabolism and pharmacokinetics 2008 23(1): 22–44. PMID: 18305372

14. Liu X-m, Reyna SV, Ensenat D, Peyton KJ, Wang H, Schafer AI, et al. Platelet-derived growth factor
stimulates LAT1 gene expression in vascular smooth muscle: role in cell growth. The FASEB journal
2004 Apr 18(6): 768–770. PMID: 14977877

15. Bevington A, Brown J, Butler H, Govindji S, M-Khalid K, Sheridan K, et al. Impaired system A amino
acid transport mimics the catabolic effects of acid in L6 cells. European journal of clinical investigation
2002 Aug 32(8): 590–602. PMID: 12190959

16. Hyde R, Hajduch E, Powell DJ, Taylor PM, Hundal HS. Ceramide down-regulates System A amino acid
transport and protein synthesis in rat skeletal muscle cells. The FASEB journal 2005 Mar 19(3): 461–
463. PMID: 15611152

17. Drummond MJ, Glynn EL, Fry CS, Timmerman KL, Volpi E, Rasmussen BB. An increase in essential
amino acid availability upregulates amino acid transporter expression in human skeletal muscle. Ameri-
can Journal of Physiology-Endocrinology and Metabolism 2010 May 298(5): E1011–E1018. doi: 10.
1152/ajpendo.00690.2009 PMID: 20304764

18. Palacín M, Bertran J, Chillarón J, Estévez R, Zorzano A. Lysinuric protein intolerance: mechanisms of
pathophysiology. Molecular genetics and metabolism 2004 Apr 81 Suppl1: S27–37.

Transcriptome Analysis of the Fast Muscles and Gut

PLOS ONE | DOI:10.1371/journal.pone.0159533 July 27, 2016 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/12606505
http://dx.doi.org/10.1152/ajpendo.00607.2007
http://dx.doi.org/10.1152/ajpendo.00607.2007
http://www.ncbi.nlm.nih.gov/pubmed/18334611
http://www.ncbi.nlm.nih.gov/pubmed/18045468
http://dx.doi.org/10.1152/physiolgenomics.00065.2010
http://dx.doi.org/10.1152/physiolgenomics.00065.2010
http://www.ncbi.nlm.nih.gov/pubmed/20663983
http://dx.doi.org/10.1371/journal.pone.0086808
http://dx.doi.org/10.1371/journal.pone.0086808
http://www.ncbi.nlm.nih.gov/pubmed/24466251
http://dx.doi.org/10.1017/S0007114512000396
http://www.ncbi.nlm.nih.gov/pubmed/22464448
http://www.ncbi.nlm.nih.gov/pubmed/10630616
http://www.ncbi.nlm.nih.gov/pubmed/12217881
http://www.ncbi.nlm.nih.gov/pubmed/9790568
http://dx.doi.org/10.1186/1471-2148-10-117
http://www.ncbi.nlm.nih.gov/pubmed/20429920
http://www.ncbi.nlm.nih.gov/pubmed/18305372
http://www.ncbi.nlm.nih.gov/pubmed/14977877
http://www.ncbi.nlm.nih.gov/pubmed/12190959
http://www.ncbi.nlm.nih.gov/pubmed/15611152
http://dx.doi.org/10.1152/ajpendo.00690.2009
http://dx.doi.org/10.1152/ajpendo.00690.2009
http://www.ncbi.nlm.nih.gov/pubmed/20304764


19. Chillarón J, Roca R, Valencia A, Zorzano A, Palacín M. Heteromeric amino acid transporters: biochem-
istry, genetics, and physiology. American Journal of Physiology-Renal Physiology 2001 Dec 281(6):
F995–F1018. PMID: 11704550

20. Dave MH, Schulz N, Zecevic M, Wagner CA, Verrey F. Expression of heteromeric amino acid transport-
ers along the murine intestine. The Journal of physiology 2004 Jul 558(Pt 2): 597–610. PMID:
15155792

21. Zhu X, Chen D, Hu Y, Wu P, Wang K, Zhang J, et al. The microRNA signature in response to nutrient
restriction and refeeding in skeletal muscle of Chinese Perch (Siniperca chuatsi). Marine Biotechnology
2015 Apr 17(2): 180–189. doi: 10.1007/s10126-014-9606-8 PMID: 25403496

22. Bower NI, Taylor RG, Johnston IA. Phasing of muscle gene expression with fasting-induced recovery
growth in Atlantic salmon. Front Zool 2009 Aug 6: 18. doi: 10.1186/1742-9994-6-18 PMID: 19703292

23. HagenØ, Fernandes JM, Solberg C, Johnston IA. Expression of growth-related genes in muscle during
fasting and refeeding of juvenile Atlantic halibut, Hippoglossushippoglossus L. Comparative Biochem-
istry and Physiology Part B: Biochemistry and Molecular Biology 2009 Jan 152(1): 47–53.

24. Gasbarrini G, Montalto M, Santoro L, Curigliano V, D’Onofrio F, Gallo A, et al. Intestine: organ or appa-
ratus? Digestive Diseases 2008 Apr 26: 92–95. doi: 10.1159/000116765 PMID: 18431057

25. Fasano A, Shea-Donohue T. Mechanisms of disease: the role of intestinal barrier function in the patho-
genesis of gastrointestinal autoimmune diseases. Nature clinical practice Gastroenterology & hepatol-
ogy 2005 Sep 2(9): 416–422.

26. ChuW, Fu G, Chen J, Chen D, Meng T, Zhou R, et al. Gene expression profiling in muscle tissues of
the commercially important teleost, Siniperca chuatsi L. Aquaculture international 2010 Jun 18(4):
667–678.

27. Zhang G, ChuW, Hu S, Meng T, Pan L, Zhou R, et al. Identification and analysis of muscle-related pro-
tein isoforms expressed in the white muscle of the mandarin fish (Siniperca chuatsi). Marine biotechnol-
ogy 2011 Apr 13(2): 151–162. doi: 10.1007/s10126-010-9275-1 PMID: 20354749

28. Scharff-Poulsen P, Pedersen PA. Saccharomyces cerevisiae-based platform for rapid production and
evaluation of eukaryotic nutrient transporters and transceptors for biochemical studies and crystallogra-
phy. PLoS One 2013 Oct 8(1): e76851.

29. Yang J, Tan Q, ZhuW, Chen C, Liang X, Pan L. Cloning and molecular characterization of cationic
amino acid transporter y+ LAT1 in grass carp (Ctenopharyngodon idellus). Fish physiology and bio-
chemistry 2014 Feb 40(1): 93–104. doi: 10.1007/s10695-013-9827-1 PMID: 23817987

30. Huang Q, Sun P, Zhou X, Lei C. Characterization of head transcriptome and analysis of gene expres-
sion involved in caste differentiation and aggression in Odontotermes formosanus (Shiraki). PLoS One
2012 7(11): e50383. doi: 10.1371/journal.pone.0050383 PMID: 23209730

31. Hediger MA, Romero MF, Peng J-B, Rolfs A, Takanaga H, Bruford EA. The ABCs of solute carriers:
physiological, pathological and therapeutic implications of humanmembrane transport proteins. Pflü-
gers Archiv 2004 Feb 447(5): 465–468. PMID: 14624363

32. Ikeda H, Ishikawa J, Hanamoto A, Shinose M, Kikuchi H, Shiba T, et al. Complete genome sequence
and comparative analysis of the industrial microorganism Streptomyces avermitilis. Nature biotechnol-
ogy 2003 May 21(5): 526–531. PMID: 12692562

33. Rehfeldt C, Te Pas MF, Wimmers K, Brameld JM, Nissen PM, Berri C, et al. Advances in research on
the prenatal development of skeletal muscle in animals in relation to the quality of muscle-based food.
II–Genetic factors related to animal performance and advances in methodology. animal 2011 Apr 5(5):
718–730. doi: 10.1017/S1751731110002454 PMID: 22439994

34. Seiliez I, Panserat S, Lansard M, Polakof S, Plagnes-Juan E, Surget A, et al. Dietary carbohydrate-to-
protein ratio affects TOR signaling and metabolism-related gene expression in the liver and muscle of
rainbow trout after a single meal. American Journal of Physiology-Regulatory, Integrative and Compar-
ative Physiology 2011 Mar 300(3): R733–R743. doi: 10.1152/ajpregu.00579.2010 PMID: 21209382

35. Duan C. Nutritional and developmental regulation of insulin-like growth factors in fish. The Journal of
nutrition 1998 Feb 128(2 Suppl): 306S–314S. PMID: 9478013

36. Chauvigne F, Gabillard J, Weil C, Rescan P. Effect of refeeding on IGFI, IGFII, IGF receptors, FGF2,
FGF6, and myostatin mRNA expression in rainbow trout myotomal muscle. General and comparative
endocrinology 2004 Jun 132(2): 209–215.

37. Montserrat N, Gabillard J, Capilla E, Navarro M, Gutiérrez J. Role of insulin, insulin-like growth factors,
and muscle regulatory factors in the compensatory growth of the trout (Oncorhynchus mykiss). General
and comparative endocrinology 2007 Feb 150(3): 462–472. PMID: 17196198

38. Terova G, Rimoldi S, Chini V, Gornati R, Bernardini G, Saroglia M. Cloning and expression analysis of
insulin‐like growth factor I and II in liver and muscle of sea bass (Dicentrarchus labrax, L.) during long‐
term fasting and refeeding. Journal of Fish Biology 2007 Apr 70: 219–233.

Transcriptome Analysis of the Fast Muscles and Gut

PLOS ONE | DOI:10.1371/journal.pone.0159533 July 27, 2016 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/11704550
http://www.ncbi.nlm.nih.gov/pubmed/15155792
http://dx.doi.org/10.1007/s10126-014-9606-8
http://www.ncbi.nlm.nih.gov/pubmed/25403496
http://dx.doi.org/10.1186/1742-9994-6-18
http://www.ncbi.nlm.nih.gov/pubmed/19703292
http://dx.doi.org/10.1159/000116765
http://www.ncbi.nlm.nih.gov/pubmed/18431057
http://dx.doi.org/10.1007/s10126-010-9275-1
http://www.ncbi.nlm.nih.gov/pubmed/20354749
http://dx.doi.org/10.1007/s10695-013-9827-1
http://www.ncbi.nlm.nih.gov/pubmed/23817987
http://dx.doi.org/10.1371/journal.pone.0050383
http://www.ncbi.nlm.nih.gov/pubmed/23209730
http://www.ncbi.nlm.nih.gov/pubmed/14624363
http://www.ncbi.nlm.nih.gov/pubmed/12692562
http://dx.doi.org/10.1017/S1751731110002454
http://www.ncbi.nlm.nih.gov/pubmed/22439994
http://dx.doi.org/10.1152/ajpregu.00579.2010
http://www.ncbi.nlm.nih.gov/pubmed/21209382
http://www.ncbi.nlm.nih.gov/pubmed/9478013
http://www.ncbi.nlm.nih.gov/pubmed/17196198


39. Montserrat N, Gómez-Requeni P, Bellini G, Capilla E, Pérez-Sánchez J, Navarro I, et al. Distinct role of
insulin and IGF-I and its receptors in white skeletal muscle during the compensatory growth of gilthead
sea bream (Sparus aurata). Aquaculture 2007 Jul 267: 188–198.

40. Amaral IP, Johnston IA. Insulin-like growth factor (IGF) signalling and genome-wide transcriptional reg-
ulation in fast muscle of zebrafish following a single-satiating meal. The Journal of experimental biology
2011 Jul 214(Pt 13): 2125–2139. doi: 10.1242/jeb.053298 PMID: 21653807

41. Bower NI, Li X, Taylor R, Johnston IA. Switching to fast growth: the insulin-like growth factor (IGF) sys-
tem in skeletal muscle of Atlantic salmon. Journal of Experimental Biology 2008 Dec 211(Pt 24): 3859–
3870. doi: 10.1242/jeb.024117 PMID: 19043058

42. Lin T, Lu C, Zhu L, Lu T. The biodegradation of zein in vitro and in vivo and its application in implants.
AAPS PharmSciTech 2011 Mar 12(1): 172–176. doi: 10.1208/s12249-010-9565-y PMID: 21184205

43. Kanai Y, Segawa H, Miyamoto K-i, Uchino H, Takeda E, Endou H. Expression cloning and characteri-
zation of a transporter for large neutral amino acids activated by the heavy chain of 4F2 antigen
(CD98). Journal of Biological Chemistry 1998 Sep 273(37): 23629–23632. PMID: 9726963

44. Seow HF, Bröer S, Bröer A, Bailey CG, Potter SJ, Cavanugh JA, et al. Hartnup disorder is caused by
mutations in the gene encoding the neutral amino acid transporter SLC6A19. Nature genetics 2004
Sep 36(9): 1003–1007. PMID: 15286788

45. WuG. Amino acids: biochemistry and nutrition: CRC Press 2013 Apr.

46. Lagutin OV, Zhu CC, Kobayashi D, Topczewski J, Shimamura K, Puelles L, et al. Six3 repression of
Wnt signaling in the anterior neuroectoderm is essential for vertebrate forebrain development. Genes &
development 2003 Feb 17(3): 368–379.

47. He L, Yang H, Hou Y, Li T, Fang J, Zhou X, et al. Effects of dietary L-lysine intake on the intestinal
mucosa and expression of CAT genes in weaned piglets. Amino Acids 2013 Aug 45(2): 383–391. doi:
10.1007/s00726-013-1514-0 PMID: 23722415

48. Gatrell S, Berg L, Barnard J, Grimmett J, Barnes K, Blemings KP. Tissue distribution of indices of lysine
catabolism in growing swine. Journal of animal science 2013 Jan 91(1): 238–247. doi: 10.2527/jas.
2011-5070 PMID: 23048139

49. WuG (2010) Recent advances in swine amino acid nutrition. J Anim Sci Biotech 2010 1: 118–130.

50. Mastroberardino L, Spindler B, Pfeiffer R, Skelly PJ, Loffing J, Shoemaker CB, et al. Amino-acid trans-
port by heterodimers of 4F2hc/CD98 and members of a permease family. Nature 1998 Sep 395(6699):
288–291. PMID: 9751058

51. Broer A, Wagner C, Lang F, Broer S. The heterodimeric amino acid transporter 4F2hc/y+ LAT2 mediates
arginine efflux in exchange with glutamine. Biochem J 2000 Aug 349(Pt 3): 787–795. PMID: 10903140

52. Bröer S, Wagner CA. Structure-function relationships of heterodimeric amino acid transporters. Cell
biochemistry and biophysics 2002 36(2–3): 155–168. PMID: 12139401

53. WangW, Qiao S, Li D. Amino acids and gut function. Amino acids 2009 May 37(1): 105–110. doi: 10.
1007/s00726-008-0152-4 PMID: 18670730

54. WuG. Amino acids: metabolism, functions, and nutrition. Amino acids 2009 May 37(1): 1–17. doi: 10.
1007/s00726-009-0269-0 PMID: 19301095

55. Blachier F, Mariotti F, Huneau J-F, Tomé D. Effects of amino acid-derived luminal metabolites on the
colonic epithelium and physiopathological consequences. Amino acids 2007 Nov 33(4): 547–562.
PMID: 17146590

56. Hakim Y, Harpaz S, Uni Z. Expression of brush border enzymes and transporters in the intestine of
European sea bass (Dicentrarchus labrax) following food deprivation. Aquaculture 2009 May 290(1–
2): 110–115.

57. Ogihara H, Suzuki T, Nagamachi Y, Inui K-i, Takata K. Peptide transporter in the rat small intestine:
ultrastructural localization and the effect of starvation and administration of amino acids. The Histo-
chemical journal 1999 Mar 31(3): 169–174. PMID: 10421416

58. RenW, Yin Y, Liu G, Yu X, Li Y, Yang G, et al. Effect of dietary arginine supplementation on reproduc-
tive performance of mice with porcine circovirus type 2 infection. Amino acids 2012 Jun 42(6): 2089–
2094. doi: 10.1007/s00726-011-0942-y PMID: 21617969

59. Verrey F, Closs EI, Wagner CA, Palacin M, Endou H, Kanai Y. CATs and HATs: the SLC7 family of
amino acid transporters. Pflügers Archiv 2004 Feb 447(5): 532–542. PMID: 14770310

60. Stein WD, Litman T. Channels, carriers, and pumps: an introduction to membrane transport: Elsevier
1990.

61. Rojas A, Devés R. Mammalian amino acid transport system y+ revisited: specificity and cation depen-
dence of the interaction with neutral amino acids. The Journal of membrane biology 1999 Mar 168(5):
199–208.

Transcriptome Analysis of the Fast Muscles and Gut

PLOS ONE | DOI:10.1371/journal.pone.0159533 July 27, 2016 15 / 15

http://dx.doi.org/10.1242/jeb.053298
http://www.ncbi.nlm.nih.gov/pubmed/21653807
http://dx.doi.org/10.1242/jeb.024117
http://www.ncbi.nlm.nih.gov/pubmed/19043058
http://dx.doi.org/10.1208/s12249-010-9565-y
http://www.ncbi.nlm.nih.gov/pubmed/21184205
http://www.ncbi.nlm.nih.gov/pubmed/9726963
http://www.ncbi.nlm.nih.gov/pubmed/15286788
http://dx.doi.org/10.1007/s00726-013-1514-0
http://www.ncbi.nlm.nih.gov/pubmed/23722415
http://dx.doi.org/10.2527/jas.2011-5070
http://dx.doi.org/10.2527/jas.2011-5070
http://www.ncbi.nlm.nih.gov/pubmed/23048139
http://www.ncbi.nlm.nih.gov/pubmed/9751058
http://www.ncbi.nlm.nih.gov/pubmed/10903140
http://www.ncbi.nlm.nih.gov/pubmed/12139401
http://dx.doi.org/10.1007/s00726-008-0152-4
http://dx.doi.org/10.1007/s00726-008-0152-4
http://www.ncbi.nlm.nih.gov/pubmed/18670730
http://dx.doi.org/10.1007/s00726-009-0269-0
http://dx.doi.org/10.1007/s00726-009-0269-0
http://www.ncbi.nlm.nih.gov/pubmed/19301095
http://www.ncbi.nlm.nih.gov/pubmed/17146590
http://www.ncbi.nlm.nih.gov/pubmed/10421416
http://dx.doi.org/10.1007/s00726-011-0942-y
http://www.ncbi.nlm.nih.gov/pubmed/21617969
http://www.ncbi.nlm.nih.gov/pubmed/14770310

