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Abstract

Grouper (Epinephelus spp.) is a group of fish species with great economic importance in

Asian countries. A novel hybrid grouper, generated by us and called the Hulong grouper

(Hyb), has better growth performance than its parents, E. fuscoguttatus (Efu, ♀) and E. lan-

ceolatus (Ela, ♂). We previously reported that the GH/IGF (growth hormone/insulin-like

growth factor) system in the brain and liver contributed to the superior growth of the Hyb. In

this study, using transcriptome sequencing (RNA-seq) and quantitative real-time PCR

(qRT-PCR), we analyzed RNA expression levels of comprehensive genes in the muscle of

the hybrid and its parents. Our data showed that genes involved in glycolysis and calcium

signaling in addition to troponins are up-regulated in the Hyb. The results suggested that the

activity of the upstream GH/IGF system in the brain and liver, along with the up-regulated

glycolytic genes as well as ryanodine receptors (RyRs) and troponins related to the calcium

signaling pathway in muscle, led to enhanced growth in the hybrid grouper. Muscle contrac-

tion inducing growth could be the major contributor to the growth superiority in our novel

hybrid grouper, which may be a common mechanism for hybrid superiority in fishes.

Introduction

Grouper (Epinephelus spp.) is a group of important economic marine fish species that are

widely cultured in China and Southeast Asian countries [1, 2]. However, some threats, such as

germplasm resource degradation and insufficiency of high-quality gametes in hatcheries,

restrict the development of grouper aquaculture [3]. One critical way to solve these problems

is hybridization technology, which has been widely applied to grouper artificial breeding over

the past few decades [4–9]. A novel hybrid grouper (Hyb), generated by us and called the

Hulong grouper, exhibits a faster growth rate and stronger disease resistance than its parents

PLOS ONE | DOI:10.1371/journal.pone.0168802 December 22, 2016 1 / 16

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Sun Y, Huang Y, Hu G, Zhang X, Ruan Z,

Zhao X, et al. (2016) Comparative Transcriptomic

Study of Muscle Provides New Insights into the

Growth Superiority of a Novel Grouper Hybrid.

PLoS ONE 11(12): e0168802. doi:10.1371/journal.

pone.0168802

Editor: Aldrin V. Gomes, University of California,

Davis, UNITED STATES

Received: July 12, 2016

Accepted: December 5, 2016

Published: December 22, 2016

Copyright: © 2016 Sun et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

found within the manuscript and it’s Supporting

Information files. All transcriptome reads generated

in this study have been submitted to the Sequence

Read Archive (SRA) database of NCBI (Hyb:

SRX1631685; Efu: SRX1626373; Ela:

SRX1631646).

Funding: BGI-Shenzhen provided support in the

form of salaries for authors YS, YH, GH, X. Zhang,

ZR, X. Zhao, CG, XL, XY and QS but did not have

any additional role in the study design, data

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0168802&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0168802&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0168802&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0168802&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0168802&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0168802&domain=pdf
http://creativecommons.org/licenses/by/4.0/


(E. fuscoguttatus, Efu ♀× E. lanceolatus, Ela ♂) [10–13]. Although the biological and physiologi-

cal features of this hybrid species have been well-studied, the genetic mechanisms of its hetero-

sis, especially its superior growth, have yet to be clarified.

Muscle growth is a complex process that includes cell proliferation, differentiation and

material metabolism [14]. In mammals, the total skeletal muscle fiber number is determined

during the embryonic period, and muscle hypertrophy occurs only after birth [15–17]. During

the whole life cycle of teleosts, however, hypertrophic and hyperplastic muscle growth can take

place concomitantly [18, 19]. For this reason, fish are excellent experimental models for study-

ing fundamental growth regulatory mechanisms in vertebrates. Additionally, compared to the

other vertebrates, fish muscle mass accounts for a higher proportion of body weight, which

reaches 50%-70% in some economically important species [20]. Therefore, understanding the

mechanisms controlling muscle growth in fish is necessary to optimize aquaculture.

Our previous research on the brain and liver of the Hyb and its parents demonstrated that

the growth hormone/insulin-like growth factor (GH/IGF) axis and its downstream signaling

pathways, including glycogen synthesis, contributed to the enhanced growth of the hybrid

grouper [21]. Therefore, because muscle is a target of GH/IGF [22, 23], we chose to investigate

the downstream glycolysis pathway and explore the genetic mechanisms underlying the supe-

rior growth in the Hyb. The other reason why we chose to examine glycolysis is that it plays a

central role in the anabolism and catabolism of organisms [24] and provides intermediates for

other metabolic pathways [25–27] and energy for life activities [28]. Glycolysis has been shown

to be related to muscle growth. In mammals, loss of glycolytic enzymes has been observed in

some skeletal muscle diseases such as inclusion body myositis [29], inflammatory myopathy

[30], Duchenne muscular dystrophy [31], Becker muscular dystrophy [32] and limb weakness

[33]. In teleosts, such as the model organism zebrafish (Danio rerio), glycolytic genes such as

Pgam, Pfk, Gapdh, Pgk and Pyk were synchronously activated in embryonic muscles and atten-

uation of their expression led to reduced fiber size and unfused myoblasts [34].

Muscle growth depends heavily on high-quality muscle contractions [35, 36], which are

controlled by the release of calcium into the cytosol [37]. Therefore, we further investigated, in

addition to glycolysis, if other pathways, such as the calcium signaling pathway, also contrib-

uted to the enhanced growth of Hyb. Ca2+ release mediated by ryanodine receptors (RyRs)

from the sarcoplasmic reticulum (SR) into the cytosol causes a very rapid and dramatic

increase in the cytoplasmic calcium concentration, which has been widely exploited for signal

transduction [38–41]. Troponin C (TnC), which contains four calcium-binding EF hands [42,

43], is one of the proteins that can directly bind to and sense Ca2+ [37, 44, 45]. Together with

troponin I (TnI) and troponin T (TnT), TnC forms a troponin complex that binds to G-actin

and tropomyosin synchronously then plays a major role in Ca2+ dependent regulation of mus-

cle contraction [46, 47]. Ca2+ concentration variations regulated by RyRs are reported to be

involved in muscle development. In zebrafish, calcium signaling via RyR channels regulated

muscle fiber formation in embryos [48], and depletion of RyR1 or RyR3 caused slow muscle

defects and resulted in disrupted, non-uniform slow muscle fibers [49]. In addition, complete

loss of TnT activity led to sarcomere loss and myocyte disarray [50, 51] and injection of TnC

morpholinos resulted in a loss of skeletal muscle function [52].

In our previous study, transcriptome sequencing (RNA-seq) of the brain and liver tissues

from the Hyb and its parents demonstrated that the GH/IGF system in addition to the protein

and glycogen synthesis pathway contributed to the enhanced growth in the Hyb [21], but the

performance of target organs (for example, muscle) has not been reported. In this study, we

sequenced the transcriptomes of muscles from the three groupers mentioned above, and the

results were further validated using quantitative real-time PCR (qRT-PCR). We found that,

among the annotated candidates, 8 out of the 10 enzymes catalyzing glycolysis were up-
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regulated in the hybrid grouper compared to its parents. In addition, the calcium signaling

pathway was also highly activated and the expressions of troponins, including TnC, TnT and

TnI were much higher. These findings enhanced our understanding of pathways regulating

muscle development and heterosis in fish.

Materials and Methods

Fish and sample preparation

E. fuscoguttatus (♀), E. lanceolatus (♂) and their hybrid F1 offspring (the Hulong grouper)

were cultivated under the same breeding conditions (i.e., maintained in a laboratory recirculat-

ing seawater system at 25–30˚C) in the Daya Bay Seawater Fish Farm in Huizhou, Guangdong

Province, China [21]. Three individuals from each species were randomly selected at the age of

18 months. Fresh muscle tissues were dissected from each fish after euthanasia by immersion

in MS-222 buffered solution (3 g/L) on ice, and the tissues were immediately deposited in sep-

arate sterile tubes soaked in liquid nitrogen. The research protocol and the procedure for han-

dling experimental animals were reviewed and approved by the Institutional Review Board on

Bioethics and Biosafety of BGI.

RNA extraction and high-throughput sequencing

Total RNA from nine muscle samples was separately isolated with Trizol reagent (Invitrogen,

Carlsbad, CA, USA) and purified using the RNeasy Animal Mini Kit (Qiagen, Valencia, CA).

RNA quality was then assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo

Alto, Calif). An equal amount of total RNA with a 28S/18S ratio� 1.0 and RNA Integrity

Number (RIN)� 7.0 from three individuals in each group was pooled together to construct

cDNA libraries (Illumina, San Diego, CA). These libraries were subsequently sequenced

through an Illumina HiSeq2000 platform at BGI (Shenzhen, China). Approximately 5 Gb of

raw reads were generated for each of the three samples.

Raw reads processing, RPKM calculation and GO enrichment

Adaptor sequences and raw reads with a more than 10% N bases and quality score below 20

were filtered out using SOAPnuke [53]. The remaining clean reads were then aligned to the

available genome of E. coioides (from our unpublished data) with SOAPaligner 2 [54]. The

Cuffdiff package of Cufflink software (version 2.1.1) [55], with the core parameters (—FDR

0.05—geometric-norm TRUE—compatible-hits-norm TRUE) to reduce certain types of bias

caused by differential amounts of RNA reads, was used to calculate the RPKM (Reads Per Kilo-

base Transcriptome per Million mapped reads) values of the mapped genes. The differential

expressed genes (DEGs) were identified using the absolute value of log2 (ratio)�1 as the

threshold. Gene ontology (GO) annotation of genes was conducted with Blast2GO [56]. The

enrichment analysis was carried out by GO:Termfinder using the hypergeometric test [57, 58]

and P-values were corrected using the Bonferroni method [59].

Validation of the RNA-seq analysis by qRT-PCR

A qRT-PCR process is typically used to confirm data obtained from high-throughput sequenc-

ing [60, 61]. In this study, 16 identified genes were used to verify the analysis results of tran-

scriptional sequencing. Total RNA from the muscle tissue of the hybrid grouper and its

parents were extracted and purified with the RNeasy Animal Mini Kit (Qiagen, Valencia, CA),

and first-strand cDNA was obtained using a RevertAid First Strand cDNA Synthesis Kit (Fer-

mentas, Vilnius, Lithuania). The qRT-PCR reactions based on SYBR (SYBR Green I, Osaka,
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Japan) were performed with a LightCycler 480 system (Roche, Basel, Switzerland) using the

reaction procedure as follows: 95˚C for 1 min followed by 40 cycles of 95˚C for 10 s and 60˚C

for 30 s. All samples were examined in triplicate (i.e., three separate biological replicates) with

β-actin as the internal control, and the 2-ΔΔCt method [62] was used to calculate relative expres-

sion amounts. A standard curve was generated by running serial 10-fold dilutions (6 × 102 to

6 × 108) of a recombinant plasmid (pLB-β-actin) obtained as the template. Copy numbers of β-

actin were detected to determine its stable and uniform expression in all samples. All gene-spe-

cific primers for target genes as well as the β-actin are summarized in the S1 Table.

Results

High-throughput sequencing and mapping to the reference genome

To obtain the muscle transcriptome data of the hybrid F1 and its parent non-hybrids (1.5

years was used as the approximate age for each fish to remove age difference) and to investigate

the gene expression variations among the 3 grouper species, three individuals from each spe-

cies were caught and a total of 9 RNA samples were isolated from muscle tissues. All RNA sam-

ples were of high-quality with a 28S/18S ratio� 1.0 and RIN� 7.0 after an RNA quality

assessment. Three cDNA libraries were then constructed separately for the Hyb, Efu and Ela.

Approximately 5 Gb of raw data for each sample were produced, and a total of 169 million

paired-end clean reads were finally obtained after data filtration (Table 1). All transcriptome

reads generated in this study have been submitted to the Sequence Read Archive (SRA) data-

base of NCBI (Hyb: SRX1631685; Efu: SRX1626373; Ela: SRX1631646).

The clean reads were subsequently aligned to the E. coioides genome (from our unpublished

data) with SOAP aligner 2.0 [54]. We assembled the reference based on more than 100× cover-

age paired-end reads from libraries of 200-bp, 500-bp, 800-bp, 2-kb, 5-kb, 10-kb and 20-kb

insert sizes to achieve a good genome assembly. Approximately 62.43% (Hyb), 60.93% (Ela)

and 60.79% (Efu) of clean reads were mapped to the reference genome (� 5 base mismatches),

respectively, in which 54.06% (Hyb), 51.05% (Ela) and 55.71% (Efu) of the reads were mapped

to the gene regions (� 5 base mismatches). Moreover, 53.27% (Hyb), 48.59% (Ela) and 52.09%

(Efu) of those uniquely mapped reads were further selected for gene quantification analysis

(Table 1). Interestingly, all these mapping rates are higher than the previously published data

on the liver and brain [21], which suggested that genes expressed in muscle may be more con-

served than those in the other two tissues among the studied groupers.

RPKM calculation and GO enrichment of DEGs

Gene expression levels were quantified by RPKM values. RPKMs of each gene in the muscle of

the hybrid grouper were compared to its parents (S2 Table). The differentially expressed genes

(DEGs) between the hybrid grouper and its parents were identified through filtering based on

the criteria of false discovery rate (FDR)�0.05 and absolute log2 (ratio)�1. Our data showed

Table 1. Statistics of transcriptome data generated from the hybrid F1 and its parents.

Sample Number of clean

reads

Number of reads mapped

to genome

Mapping

ratea
Number of reads

mapped to genes

Mapping

ratea
Unique matches to

genes

Mapping

rate

Hyb 54,743,866 32,834,074 62.43% 29,300,448 54.06% 28,018,366 53.27%

Ela 55,310,310 33,702,316 60.93% 28,234,437 51.05% 26,878,024 48.59%

Efu 58,753,044 35,718,079 60.79% 31,762,641 55.71% 30,606,157 52.09%

aReads with� 5 base mismatches were counted when mapped to the reference sequences.

doi:10.1371/journal.pone.0168802.t001
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that compared to Efu, there were 553 up-regulated and 1,250 down-regulated genes in the Hyb

(S3 Table). Compared to Ela, the corresponding numbers of DEGs were 389 and 3,287, respec-

tively (S4 Table). In total, there were 5,479 genes that were differentially expressed in the Hyb

compared to its parents, and among those genes, 574 overlap DEGs were found in ‘Hyb vs.

Efu’ and ‘Hyb vs. Ela’. Therefore, a total of 4,905 unique DEGs were identified and they were

further selected for Gene Ontology (GO) enrichment analysis.

GO analysis of our dataset by Blast2GO [56] showed that all the above-mentioned 4,905

unique DEGs identified in the Hyb were enriched into 55 GO terms, in which cell and cell part

were the top two enriched terms with 1,357 and 1,356 annotated genes, respectively (Fig 1).

Among these 4,905 genes, 1,715 genes were grouped into biological process, 1,698 genes into

cellular component and 1,771 genes into molecular function (Fig 1). In the liver, we previously

found that metabolic process and catalytic activity were the most enriched processes out of the

molecular function and biological process categories [21]. In the muscle, a large number of

genes were also grouped into metabolic process (868 genes) and catalytic activity (1,050

genes), which made them the second and third most-enriched terms in each categories. The

results suggested that extensive metabolic and catalytic activities in the muscles of the hybrid

may also contribute to enhanced growth.

Glycolytic genes are up-regulated in the hybrid grouper

We formerly showed that in the liver and brain the upstream GH/IGF axis and its downstream

signaling pathways, such as glycogen synthesis, may be related to growth superiority in the

hybrid grouper [21]. In this study, we further investigated whether in muscle, as one of the

major tissues affected by the GH/IGF pathway, the genes in related downstream pathways

(such as glycolysis) expressed differently between the hybrid and its parents.

Glycolysis consists of 10 major steps with each reaction catalyzed by a specific enzyme.

RPKM values of these 10 enzymes (Pgm, Gpi, Pfk, Ald, Tpi, Gapdh, Pgk, Pgam, Eno, Pyk) in

the muscle of Hyb were compared to RPKM values of its parents Efu and Ela (Table 2). In the

Hyb, we observed that all the 10 candidate genes had higher RPKMs than Ela with an excess

number ranging from 280.91 (Pfk) to as high as 15,450.35 (Ald). Compared to Efu, up to 8

(Pgm, Gpi, Pfk, Ald, Gapdh, Pgk, Pgam, Eno) out of the 10 glycolytic genes were up-regulated

in the Hyb, with an excess number ranging from 41.68 (Pgk) to as high as 7,002.71 (Gapdh).

Consistent with this outcome, the RPKM of Ldh, which codes for the protein catalyzing the

conversion of lactate to pyruvic acid, was much higher (6,245.80) in the Hyb than in the Efu

(4,967.76) and Ela (4,986.57), which provides further evidence that the glycolysis pathway was

activated in the Hyb (Fig 2). These genes may lead to active anabolism and catabolism in mus-

cle of the Hyb and subsequently stimulate the development of the muscle in the hybrid grouper

[34, 63].

Ca2+ signaling is activated and Tns were up-regulated in the Hyb

We further investigated, in addition to glycolysis, if genes in other pathways involved in mus-

cle growth demonstrated different expression levels between the Hyb and its parents as well.

Troponin (Tn) is a complex of three regulatory proteins (troponin C, troponin T and troponin

I) that is integral to muscle contraction and development [46, 47]. Troponin C (TnC), contain-

ing four Ca2+-binding EF hands [42, 43], can directly bind to and sense Ca2+ [37, 44, 45],

which was released into the cytosol by RyRs cellular calcium channels [38, 39]. We thus tested

whether troponins and genes involved in the calcium signaling pathway were also up-regulated

in the hybrid grouper.

Comparative Transcriptomic Study of a Novel Grouper Hybrid
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By comparing the RPKMs of Ca2+-regulating protein-coding genes in the Hyb and its

parents (Table 3, Fig 3), RyRs (RyR1 and RyR3) were found to be up-regulated in the muscle

of Hyb, which suggested there were active changes in the Ca2+ concentration of the cytosol in

the cytoplasm. The downstream Ca2+-binding protein TnC was also up-regulated in the Hyb

Fig 1. GO enrichment in the muscle transcriptome of the Hyb. The left y-axis indicates the identified GO terms. The right y-axis indicates the

three groups of GO enrichment. The down x-axis represents the number of genes in certain category.

doi:10.1371/journal.pone.0168802.g001
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along with the other two troponins, TnI (TnI1, TnI2) and TnT (TnT1, TnT2) (Table 3, Fig 3).

The activation of Ca2+ signaling as well as the abundance of the Tn complex may lead to severe

muscle movement which facilitated the increase in the size of skeletal muscle [35].

Validation of the RNA-seq analysis by qRT-PCR

To further verify the expression levels of the above-mentioned genes in glycolysis and Ca2+ sig-

naling pathways, qRT-PCR validation experiments were conducted using gene-specific prim-

ers (S1 Table), which were designed based on the mapped genome sequences. The efficiency of

the primers was determined using PCR. A single band (ranging from approximately 150 bp to

300 bp in length) was observed in each lane, and the PCR products were sequenced and ana-

lyzed. The result showed that they were the target gene fragments. Standard curve analysis of

β-actin showed R2 value of 0.99 and slope of -3.48, from which E (amplification efficiency)

Table 2. RPKMs of glycolytic genes in the three groupers.

GeneID Gene name Hyb-RPKM Efu-RPKM Ela-RPKM

ECO_PGM1_07035 Pgm 3,070.37 2,101.00 2,194.73

ECO_NA_20255 Gpi 3,228.49 1,770.03 1,755.65

ECO_NA_05450 Pfk 1,299.06 1,196.67 1,018.15

ECO_Q76BG1_ORYLA_15881 Ald 32,280.01 31,577.18 16,829.66

ECO_Q76BF5_ORYLA_00080 Tpi 4,868.45 5,110.67 3,636.00

ECO_GAPDH_00100 Gapdh 41,125.72 34,123.01 26,085.64

ECO_pgk1_01579 Pgk 1,535.34 1,493.66 1,204.62

ECO_PGAM2_13905 Pgam 10,060.13 7,849.86 7,349.46

ECO_ENO3_11835 Eno 14,821.15 10,080.36 8,788.70

ECO_NA_15670 Pyk 5,227.16 5,924.14 3,920.25

doi:10.1371/journal.pone.0168802.t002

Fig 2. Most glycolysis genes were up-regulated in the hybrid grouper. (A) Diagram representing the 10

steps of glycolysis. Blue arrows denote the expression differences between the Hyb and paternal Ela. Red

arrows denote the expression differences between the Hyb and maternal Efu. Up and down arrows stand for

up- and down-regulation of transcription, respectively, in the Hyb; (B) Hierarchical cluster analysis of glycolytic

genes. The color key represents RPKM values.

doi:10.1371/journal.pone.0168802.g002
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was calculated to be 94%, which is acceptable for qRT-PCR analysis. The calculation of copy

numbers showed that β-actin exhibited stable and uniform expression in the three species, sug-

gesting that it could be used as the housekeeping gene in this study.

The data showed that, consistent with the RNA-seq analysis, all glycolytic genes had higher

expression in the Hyb than in Ela. Compared to Efu, Pgm, Pfk, Gapdh, Pgk and Eno were up-

regulated in the hybrid grouper (Fig 4A). Regarding the troponins and genes involved in Ca2+

signaling pathway, all those genes had higher expressions in the Hyb compared to the Ela,

whereas all troponins were up-regulated in the muscle of the Hyb compared to Efu (Fig 4B).

These results confirmed that the expression differences of most studied transcripts among the

3 groupers revealed by both methods were generally consistent.

Discussion

A novel grouper hybrid called the Hulong grouper (Hyb) exhibits better growth performance

compared to its parents, Ela and Efu [10, 11]. In a previous study, we had inferred that the

GH/IGF system and its downstream signaling pathways, such as glycogen synthesis, may con-

tribute to growth superiority [21]. However, the underlying mechanism for muscle growth

superiority in the Hyb is still unknown. Here, transcriptome analysis of muscle in Hulong

grouper and its parents had been carried out, and we identified candidate genes regulating

downstream glycolysis as well as muscle contraction involved Ca2+ signaling pathway and tro-

ponin synthesis. The qRT-PCR confirmed the differential expression in the selected genes. All

of these differences, to a great degree, may account for the enhanced muscle growth of the

hybrid.

Glycolysis involved in muscle development

Glycolysis was reported to be involved in muscle development. Mutation of glycolytic genes,

such as Pfkm, Pgam and Pyk, leads to different disease symptoms in muscle [34, 64]. Multiple

muscle diseases have been known to show a reduction in glycolytic enzyme expression and an

accumulation of glycogen [29–33]. In addition, reduced activity of glycolytic enzymes were

observed in experimental animals with muscle-specific inactivation of proteins (such as

mTOR) regulating cell growth [65], while significantly up-regulated expressions of glycolytic

genes were detected in skeletal muscle-specific, conditional transgenic mice that expressed

extra exogenic proteins (such as Akt1) stimulating muscle fiber growth [66]. In this study,

almost all glycolytic genes were up-regulated in the muscle of the Hyb compared to its parents,

which indicated that glycolysis may play an important role in the superior growth of the hybrid

grouper.

Many metabolites in glycolysis are intermediates for other anabolic pathways as well, and as

a consequence, the activation of the glycolysis pathway also led to the activation of multiple

Table 3. RPKMs of Ca2+ regulating genes and downstream troponins in the three groupers.

GeneID Gene name Hyb-RPKM Efu-RPKM Ela-RPKM

ECO_ryr1a_11089 RyR1 256.60 237.40 254.01

ECO_A4KUJ6_ORYLA_03678 RyR3 423.41 376.38 344.40

ECO_NA_06296 TnC 299.91 231.28 201.63

ECO_NA_04171 TnI1 398.77 357.04 193.70

ECO_NA_11258 TnI2 623.37 307.88 584.98

ECO_tnnt1_11276 TnT1 286.13 267.16 160.97

ECO_TNNT2_17228 TnT2 114.29 65.35 111.93

doi:10.1371/journal.pone.0168802.t003
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metabolic pathways, such as gluconeogenesis [67, 68], lipid metabolism [69], the citric acid

cycle (CAC, also known as tricarboxylic acid or TCA cycle, a post-glycolytic process leading to

amino acid synthesis, nucleotide synthesis and tetrapyrrole synthesis) [70, 71], among other

Fig 3. Ca2+ signal was activated by RyRs, with downstream troponin proteins up-regulated in the Hyb. (A)

Diagram representing the related Ca2+ signaling pathway and the interaction between calcium and troponins. Blue

arrows denote the expression differences between the Hyb and paternal Ela. Red arrows denote the expression

differences between the Hyb and maternal Efu. Up arrows stand for up-regulation of transcription in the Hyb. The

green up arrow denotes the increasing Ca2+ concentration in the cytoplasm. (B) Hierarchical cluster analysis of

Ca2+ regulating genes and troponins. The color key represents RPKM values.

doi:10.1371/journal.pone.0168802.g003
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processes. Therefore, the up-regulated expression of glycolytic enzymes may synchronously

influence growth superiority in the Hyb not just via glycolysis, but in a much wider scope.

Glycolysis is a downstream pathway of the GH/IGF axis [72, 73]. Our previous study sug-

gested that variation of GH/IGF system in the brain and liver may be the important cause of

enhanced growth in the Hyb [21]. In our current study, we confirmed that in muscle, a target

of the GH/IGF system, the downstream glycolysis was also activated in the Hyb with up-regu-

lation of almost all glycolytic genes, which provided evidence for a possible critical role in the

upstream GH/IGF pathway in muscle development by stimulating downstream glycolysis in

the muscle as the major effector organ (Fig 5).

Ca2+ signaling pathway and calcium-binding protein TnC

Calcium acts as a signal messenger combining excitation events with downstream effects [74].

Muscle contraction results from the binding of Ca2+ to a calcium-binding protein TnC in skel-

etal muscle [75, 76]. TnC, in addition to TnI and TnT, forms the troponin complex that binds

Fig 4. qRT-PCR validation of candidate genes. Nine glycolytic genes (A), RyR and Tn (B) were picked out

as representatives of differences between the Hyb and its parents. β-actin was used as the internal control,

and each value represents an average of three separate biological replicates. The error bars represent the

standard deviation. Asterisk (*) was marked if there was significant difference between the two samples, as

assessed by a t-test (P < 0.05).

doi:10.1371/journal.pone.0168802.g004
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to actin and tropomyosin [75]. The release of Ca2+ into the cytosol from SR via the RyR recep-

tor channels raised the Ca2+ concentration and its binding to TnC changes the conformation

of TnC, which ultimately resulted in the strong interaction between actin and myosin to gener-

ate force and muscle shortening [77]. In the muscle of the Hyb, Ca2+ signaling was activated

and troponins were up-regulated, which suggested there was an active state of muscle contrac-

tion that led to fiber growth [35]. These data were consistent with the active swimming of the

Hyb.

An overall view on the the superior growth of the Hyb

The heterosis of the hybrid Hyb grouper is represented in many aspects, such as faster growth

rate and stronger disease resistance [10, 11]. Although the biological and physiological features

of the Hyb have been well-studied, the genetic mechanisms of its heterosis, especially enhanced

growth, had yet to be investigated. We formerly obtained the transcriptome sequences of the

tissues in the neuroendocrine system (brain and liver) from the Hyb and its parents. Differen-

tial gene expression was observed in the GH/IGF axis and downstream signaling pathways,

such as protein synthesis and glycogen synthesis [21]. In this study, we sequenced the tran-

scriptomes of the major effector organ (muscle) from these three groupers, and the down-

stream glycolysis pathway was shown to be highly activated in the Hyb. In addition, the Ca2+

signaling pathway was activated via up-regulated RyRs (RyR1 and RyR3) and troponins (TnC,

TnI and TnT), which resulted in elevation of muscle contraction and subsequently promoted

muscle growth and body development (Fig 6).

Conclusions

The novel hybrid grouper, called the Hulong grouper (Hyb), exhibits better growth perfor-

mance and stronger disease resistance than its parents Efu (♀) and Ela (♂). Using the RNA-seq

technique, we obtained the muscle transcripts from these 3 species. The transcriptomic data

showed that almost all glycolytic enzymes were up-regulated in the Hyb. Troponins as well as

genes involved in Ca2+ signaling were also up-regulated. The RNA expression levels of candi-

date genes were further validated by qRT-PCR. These findings revealed that glycolysis in

Fig 5. The GH/IGF axis may serve as the upstream pathway of glycolysis to stimulate enhanced growth.

Blue arrows denote the expression differences between the Hyb and paternal Ela. Red arrows denote the

expression differences between the Hyb and maternal Efu. Up and down arrows represent for up- and down-

regulation of transcription, respectively, in the Hyb.

doi:10.1371/journal.pone.0168802.g005
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addition to calcium signaling and up-regulated troponins may be the most important contrib-

utors to the growth superiority of the hybrid grouper.
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