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Abstract: The spotted scat (Scatophagus argus) is an economically important cultured marine fish that
exhibits a typical sexual size dimorphism (SSD). SSD has captivated considerable curiosity for farmed
fish production; however, up till now the exact underlying mechanism remains largely unclear. As
an important digestive and metabolic organ, the liver plays key roles in the regulation of fish growth.
It is necessary to elucidate its significance as a downstream component of the hypothalamic-pituitary-
liver axis in the formation of SSD. In this study, the liver physiological differences between the
sexes were evaluated in S. argus, and the activity of several digestive and metabolic enzymes were
affected by sex. Females had higher amylase, protease, and glucose-6-phosphate dehydrogenase
activities, while males exhibited markedly higher hepatic lipase and antioxidant enzymes activities.
A comparative transcriptomics was then performed to characterize the responsive genes. Illumina
sequencing generated 272.6 million clean reads, which were assembled into 79,115 unigenes. A
total of 259 differentially expressed genes were identified and a few growth-controlling genes such
as igf1 and igfbp1 exhibited female-biased expression. Further analyses showed that several GO
terms and pathways associated with metabolic process, particularly lipid and energy metabolisms,
were significantly enriched. The male liver showed a more active mitochondrial energy metabolism,
implicating an increased energy expenditure associated with reproduction. Collectively, the female-
biased growth dimorphism of S. argus may be partially attributed to sexually dimorphic metabolism
in the liver. These findings would facilitate further understanding of the nature of SSD in teleost fish.

Keywords: Scatophagus argus; sexual size dimorphism; liver; RNA-Seq; metabolism; enzyme activity

1. Introduction

Sexual size dimorphism (SSD), also known as sexual growth dimorphism, is com-
monly defined as the significant differences in body size and growth rate between males
and females [1]. As an interesting phenomenon in the animal kingdom, SSD is found
to be widely encountered in teleost fish and has been described in detail in more than
20 species [2], including many farmed fish such as Nile tilapia (Oreochromis niloticus), yellow
catfish (Pelteobagrus fulvidraco), and half-smooth tongue sole (Cynoglossus semilaevis) [3].
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Unfortunately, the existence of SSD can lead to undesirable consequences (e.g., lower yield,
higher feeding cost, and poorer quality) if the sex with a higher relative growth dominance
does not predominate in the cultured stocks [4]. Therefore, this phenomenon has captivated
considerable curiosity for farmed fish production, and subsequently great investigative
efforts have been made to thoroughly comprehend the mechanisms underlying SSD, with
the aim of exploring an alternative approach to improve the productivity of aquaculture.

In teleosts, somatic growth is primarily regulated by the growth hormone (GH)/insulin-
like growth factor (IGF) system of the hypothalamic-pituitary-liver (HPL) axis [5]. Over
the years, increasing evidence has shown the importance of interaction between the soma-
totropic axis and the brain-pituitary-gonad axis in the regulation of fish growth [2]. Certain
physiological mechanisms underlying sexuality (for example, sex steroids) are assumed
to induce a growth dimorphism during sexual and reproductive maturation [1,6]. In fish
species, recent investigations focusing on the neuroendocrine growth factors have charac-
terized the sexual expression patterns of growth hormone-releasing hormone (ghrh) [7,8],
growth hormone (gh) [9–12], growth hormone receptors [13,14], and insulin-like growth
factor I (igf1) [10,12,14]. Moreover, further understanding of the regulatory effects of sex
hormones on GH/IGFs axis genes implies that these genes serve as key regulators in the
occurrence of SSD [13–17].

Fish growth is regarded as a polygenic trait that integrates many biological processes
and involves a large number of individual genes. Growth speed is also influenced by
multiple physiological pathways that regulate material and energy metabolism. The
gene-by-gene strategy cannot give a full knowledge of the complex regulatory processes,
and even now the primary downstream signaling and biological process involved in the
formation of SSD remain poorly understood. The liver acts as an important digestive
and metabolic organ in the growth and development process of teleost fish and plays key
roles in the regulation of nutrient utilization, metabolism of lipids, carbohydrates and
proteins, endocrine, and immune homeostasis [18]. As a downstream component of the
HPL axis, the liver possesses the greatest density of GH receptors [18] and in part mediates
the growth-promoting effects of GH by secreting IGF-I in response to the stimulation of
GH [19–22]. Given its central involvement in the regulation of growth, the liver has been
widely used as a target organ to decipher the genetic and metabolic mechanisms that
contribute to the significantly different growth rate of fish [18,23–28], and these findings
help us to reach a better understanding of the regulation of growth. Accordingly, it is
reasonable to suppose that the liver also participates in the formation process of SSD in
fish species. However, up till now very little research has attempted to comprehensively
evaluate sex differences in the physiological and metabolic patterns of liver tissue, which
are essential to address the interaction mechanisms between liver and SSD.

The spotted scat (Scatophagus argus) is an increasingly important cultured marine
fish with great economic potential in southeast Asia, particularly China [29]. This species
has been widely cultured in Guangdong, Guangxi Province and Taiwan District with an
estimated annual output value of RMB 150 Million [30]. S. argus is also known to exhibit a
typical SSD at commercial size under either cultural or natural conditions [11,30], making
it an excellent candidate model to elucidate the mechanisms of sexually dimorphic growth.
Our previous studies have revealed the sex-biased expressions of ghrh, gh, and igf1 as well
as the influences of exogenous estradiol-17β (E2) on them [8,11,16,31], but no report on
the regulatory roles of liver tissue is available and the exact physiologic and molecular
mechanisms responsible for SSD is still far from clear. In this study, the differences of
liver physiological indicators between male and female S. argus were examined and a
comparative transcriptome analysis was further performed to characterize the responsive
genes in the liver, aiming to provide a global view of the sexual differences in hepatic
biological processes and to explore the potential pathways responsible for inducing SSD.
Such data would be of value to further illuminate the nature of the mechanisms that give
rise to SSD in this species.
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2. Materials and Methods
2.1. Fish and Sample Preparation

In late August 2017, eggs from five dams and semen from four sires were collected by
abdominal massage of mature S. argus. An artificial fertilization was performed and the
fertilized eggs were hatched in a 2500 L tank with filtered seawater and gentle aeration.
The hatched larvae were cultured in a 5 m × 5 m × 2 m pool till October 2017. The juvenile
offspring were then transferred and raised in an outdoor muddy pond (12–25‰ salinity).
The experimental fish were fed commercial marine fish pellets (YueHai Feeds Group
Company, Zhanjiang, China) twice daily. At 14 months of age, fish were randomly sampled
and anesthetized by immersing them in a 300 mg/L tricaine methanesulfonate (MS-222,
Sigma, Saint Louis, MO, USA) bath. After phenotypic measurement, the anesthetized fish
were dissected following blood collection from the lateral caudal vein. The determination
of fish gender was performed by morphological observation of gonads. Liver and gonad
tissues were collected from 20 males and 20 females, and their weights were recorded
and used to calculate hepatosomatic index (HSI) and gonadosomatic index (GSI). The
liver samples were quick-frozen in liquid nitrogen and then stored at −80 ◦C until RNA
extraction and biochemical analysis. Meanwhile, small pieces of gonad and liver tissues
from each fish were fixed in Bouin’s solution for histology. The blood samples were kept
at 4 ◦C overnight, the serum was collected by centrifugation (2150× g, 5 min) and stored
at −20 ◦C until use. Animal handling procedures were carried out in strict accordance
with the recommendations in the Guide for the Care and Use of Laboratory Animals. The
protocol was approved by the Animal Research and Ethics Committee of Guangdong
Ocean University (NIH Pub. No. 85–23, revised 1996).

2.2. Histological Procedures for Liver and Gonad Tissues

The tissue specimens were fixed in Bouin’s solution for 20 h and then transferred
into 70% ethanol, followed by dehydration in a gradient ethanol series (75–100%). The
dehydrated tissues were cleared with xylene and embedded in molten paraffin, followed
by serially sectioning at 6–8 µm. The sections were stained with hematoxylin and eosin
(H&E), and histomorphologic evaluation was performed using a light microscope (Nikon
IQ50, Tokyo, Japan). The histological developmental stages of gonads were determined
according to previous description [32].

2.3. Measurement of Enzyme Activities and Serum Steroid Hormone Assay

The liver sample was accurately weighed and homogenized (dilution 1:10) in ice-
cold 0.85% normal saline with a motor-driven tissue-cell disrupter. The homogenate was
centrifuged at 900× g for 10 min at 4 ◦C, and the supernatant was used as the enzyme
source. The protein content of the homogenate was measured by Folin-phenol reagent [33].
Protease activity was measured using casein as substrate as previously described [34].
The activities of amylase (AMS), lipase (LPS), glucokinase (GK), glucose-6-phosphatase
(G6Pase), phosphofructokinase (PFK), citrate synthase (CS), succinate dehydrogenase
(SDH), pyruvate kinase (PK), acyl-CoA oxidase (ACO), malic enzyme (ME), fatty acid syn-
thase (FAS), glucose-6-phosphate dehydrogenase (G-6-PD), acetyl-CoA carboxylase (ACC),
carnitine-acylcarnitine translocase (CACT), hepatic lipase (HL), lipoprotein lipase (LPL),
superoxide dismutase (SOD), glutathione peroxidase (GPX), and catalase (CAT) in the liver
were determined with commercial assay kits following the manufacturers’ instructions, and
the product numbers are shown in Table S1. The estradiol-17β (E2) and 11-ketotestosterone
(11-KT) levels in serum samples were measured by an enzyme immunoassay kit (Cayman
Chemical, Ann Arbor, MI, USA), according to the manufacturer’s instruction [35]. The
absorbance was measured using a photometric microplate reader (multiscan MK3, Thermo
Fisher Scientific, Chelmsford, MA, USA).
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2.4. RNA-Seq and Bioinformatics Analysis

The sex phenotype and gonad stage were determined by histological methods as
previously described. A total of six liver samples (three replicates for each sex) were
used for the preparation of transcriptome (RNA-Seq) sequencing libraries. The RNA-Seq
process was performed as described previously [29] in accordance with the following steps:
total RNA was isolated using a Trizol reagent kit (Life Technologies, Carlsbad, CA, USA),
isolated RNA was quantified by a Nanodrop 2000c spectrophotometer (Thermo Scientific,
Wilmington, DE, USA) and its integrity was confirmed by Agilent 2100 BioAnalyzer
System (Agilent Technologies, Santa Clara, CA, USA), cDNA libraries were constructed
following the Illumina RNA sequencing protocol, and sequencing of the libraries was
performed using an Illumina HiSeq™ 2500 platform (Illumina, Inc., San Diego, CA, USA)
that generates 125 bp paired-end (PE) reads. The sequencing data have been submitted
to the Sequence Read Archive (SRA) databases of NCBI under the BioProject accession
number PRJNA513082.

The bioinformatics analysis involved reads quality control, assembly, annotation, and
differential expression analysis. Firstly, the raw sequencing data in fastq format were
quality-controlled using SOAPnuke v1.5.0 [36]. In this step, clean data were obtained by
removing adapter sequences, reads containing poly-N sequences and low-quality reads
from the raw data. Then, the clean RNA-Seq data were assembled by Trinity Assembler
(version: r20140717) with default parameters [37]. Functional annotation was performed
by sequence alignment against public databases using BLAST 2.2.26+ software with an
E-value cut-off of 1 × 10−5. Gene Ontology (GO) functional results were obtained by
Blast2GO program [38], and GO term classification and visualization were accomplished
by WEGO software [39]. The KEGG pathway annotation was analyzed by KOBAS v2.0 for
pathway categories [40].

By means of expected number of fragments per kb per million reads (FPKM) method,
gene expression levels were calculated using RSEM v1.2.21 [41]. DESeq2 v1.4.5 package
was used to identify differentially expressed genes (DEGs), with a FDR < 0.01 and |log2 fold
change (FC)| > 1 as the threshold for significant differential expression [42]. Up-regulated
DEGs had log2 FC > 0 and by contrast, down-regulated DEGs had log2 FC < 0. GO and
KEGG enrichment analyses were performed using the hyper geometric distribution test, by
the phyper function in the R software package v3.4.4 (http://www.rproject.org/ (accessed
on 25 April 2018)). GO term with FDR ≤ 0.05 was defined as the term of significantly
enriching DEGs. A similar method was used to test the statistical enrichment of DEGs in
KEGG pathways [43].

2.5. Real-Time Quantitative PCR (RT-qPCR) Validation

Total RNA was isolated from liver samples using TRIzol according to the manufac-
turer’s instructions (Invitrogen, Carlsbad, CA, USA). The RNA was then subjected to
reverse transcription using a RevertAid first strand cDNA synthesis kit (Thermo Scientific,
USA). RT-qPCR was performed on a LightCycler 480 system (Roche, Basel, Switzerland)
using SYBR Premix Ex Taq II (TaKaRa Bio Inc., Shiga, Japan), as previously described [35].
Three independent biological triplicates and two technique repeats were performed for
each sample. The reference gene β-actin was used as an internal control to normalize
mRNA levels [44]. All the primer pairs are listed in Table S2. The relative gene expression
levels were calculated using 2−∆∆Ct method.

2.6. Statistical Analysis

All data were expressed as means ± standard errors (SE). Using SPSS v19.0 statistical
package (SPSS Inc., Chicago, IL, USA), the two-tailed Student’s t-test for unpaired samples
was used to statistically evaluate the differences in the mean results between groups.
Statistical significance was determined at the 95% confidence level (p < 0.05).

http://www.rproject.org/
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3. Results
3.1. Comparisons of Growth, HSI, GSI, and Steroid Hormones Levels between the Sexes

The sex of fish samples was determined by morphological observation of gonads, and
further histological analysis showed that all the male and female gonads were at stage III
(Figure S1). At 14 months of age, significant differences in body weight and body length
were observed between male and female S. argus (p < 0.001). The mean weight of female fish
(212.5 ± 30.2 g) was almost 40 percent higher than that of males (152.6 ± 26.3 g) (Figure 1A).
The HSI of male fish varied from 2.95% to 4.51% and was significantly higher than that of
females (p < 0.001) (Figure 1C). In addition, the GSI of males was 0.28 ± 0.08% and that of
females reached 0.96 ± 0.14% (Figure 1D). Serum steroid hormone (E2, 11-KT) levels were
also measured and the results differed significantly between the two sexes. Females had
higher serum E2 levels, while males had higher serum 11-KT levels (Figure 1E,F).
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Figure 1. Comparisons of growth (A,B), HSI (C), GSI (D), and serum steroid hormones levels (E,F)
between male and female S. argus. Error bars indicate the standard error of the mean (SEM) where
n = 20 for groups (A–D) and n = 6 for groups (E,F). Asterisks indicate significant differences between
the two groups (** p < 0.01, *** p < 0.001).
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3.2. Sex Differences in the Activity of Liver Digestive and Metabolic Enzymes

The histological evaluation showed that no obvious difference in the general liver
morphology was observed between male and female S. argus (Figure S2). Further compari-
son of the activity of digestive enzymes revealed that both amylase and protease activities
in the liver were affected by sex, and female fish exhibited higher activities than males
(p < 0.05) (Figure 2A). As for lipid metabolism, male S. argus exhibited markedly higher
HL activity than female individuals, whereas female fish had higher G6-PDH activity
(p < 0.05), the activity of other enzymes was not significantly different between the sexes
(Figure 2B). Moreover, sex differences in antioxidant enzymes activities were also observed.
The male group had significantly higher SOD, GPX, and CAT activities than the female
group (Figure 2C).
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Figure 2. Comparative evaluation of the activity of hepatic enzymes related to digestion (A), lipid
metabolism (B), and antioxidant defense (C) between male and female S. argus. Error bars indicate
the SEM (n = 5). Asterisks indicate significant differences between the two groups (* p < 0.05). ns: not
significant (p > 0.05).

3.3. RNA-Seq of the Liver Transcriptome

Illumina sequencing of the six libraries yielded 275.6 million raw reads, and the quality
control resulted in 272.6 million clean reads, which is equal to 40.90 Gb sequencing data.
The mean Q20 (%) and the ratio of the clean data were 94.01 and 98.93%, respectively
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(Table 1). De novo assembly generated 79,115 unigenes with a mean length of 1258 bp
(Table 2). Among them, 30,339 (38.35%) unigenes were >1000 bp and 16,913 (21.38%)
were >2000 bp in length (Figure S3). A total of 56,452 (71.35%) unigenes were successfully
annotated in at least one of the queried databases, and 15,061 (24.28%) could be annotated
in all the databases; Further analysis of the matching sequences showed that most genes
(21,909; 51.83%) were related to those of Larimichthys crocea (Figure S4). These results
reflect the high validity and reliability of assembly. To further understand the function,
22,268 unigenes were assigned into 57 2nd GO terms (Figure S5), and 37,068 unigenes were
grouped into 42 2nd KEGG categories and 306 pathways (Figure S6).

Table 1. Summary of statistics for sequencing data of the liver transcriptomes of S. argus.

Sample Raw Reads
(×106)

Raw Bases
(Gb)

Clean Reads
(×106)

Clean Bases
(Gb) % ≥ Q20 Raito of Clean

Read (%)

Female_1 45.53 6.83 45.12 6.77 92.25 99.10
Female_2 44.84 6.73 44.31 6.65 91.51 98.81
Female_3 46.97 7.04 46.49 6.97 92.46 98.98
Male_1 48.40 7.26 47.96 7.19 95.91 99.10
Male_2 45.40 6.81 44.84 6.73 95.90 98.77
Male_3 44.44 6.67 43.92 6.59 96.06 98.84
Mean 45.93 6.89 45.44 6.82 94.01 98.93
Total 275.58 41.34 272.65 40.90 - -

Table 2. Statistical summary of assembly data for the liver transcriptome of S. argus.

Category Value

Unigene number 79,115
Min length (bp) 200
Max length (bp) 17,724

Mean length (bp) 1258
N50 (bp) 2462
N90 (bp) 471
GC (%) 46.86

3.4. Differential Expression Analysis

The levels of gene expression were normalized using the FPKM values and the result of
principal component analysis (PCA) showed that three male samples formed a cluster and
three female samples were grouped into another distinct cluster (Figure 3A), verifying that
all liver samples are reliable. By comparison of the expression levels, a total of 259 genes
were identified to be differentially expressed between the male and female groups. Among
these DEGs, 109 genes were down-regulated and 150 genes were up-regulated in males
(Figure 3B), and the slightly altered DEGs (4 > FC > 2) accounted for the largest proportion
of DEGs (Figure 3C). A heatmap of hierarchical cluster of DEGs was also visualized to
illustrate the overall pattern of gene expression among different sexes. Male samples
were clustered into one major clade one by one and then clustered with the female clade,
indicating that the livers from males and females were obviously different at transcriptional
level (Figure 3D). Moreover, ten DEGs were chosen and subjected to RT-qPCR verification.
The correlation analysis showed that the consistent tendencies of expression levels between
the RNA-Seq and RT-qPCR results (R2 = 0.7316) confirmed the reliability and accuracy of
gene expression levels quantified by transcriptomic analysis (Figure 3E).
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Figure 3. Differential gene expression between the male and female livers of S. argus. (A) Clustering of male and female
samples based on the liver transcriptome profiles by principal component analysis (PCA). Three male samples (blue circles)
formed a cluster and three female samples (red circles) formed another distinct cluster. (B) Volcano plot of the differences in
gene expression. Red dots: upregulated, represent male-biased genes; green dots: downregulated, represent female-biased
genes. (C) Distribution characteristics of DEGs with different fold-changes. (D) Heatmap of hierarchical cluster of DEGs
for illustrating the overall pattern of gene expression among different liver samples. (E) Differential expression validation
by RT-qPCR. Error bars indicate the SEM (n = 3). The consistency of log2 fold change between RNA-Seq data (x-axis) and
RT-qPCR analysis (y-axis) is shown.

3.5. The Enriched GO Terms and KEGG Pathways

A GO functional analysis was performed and the result indicated that the 259 DEGs
were finally assigned to 37 2nd level GO terms. Of these functional terms, DEGs were
mainly classified into the ‘binding’, ‘metabolic process’, ‘single-organism process’, ‘cel-
lular process’, and ‘catalytic activity’ terms (Figure 4A). According to GO enrichment
analysis, the top three GO terms involved in biological processes included ‘oxygen trans-
port’ (GO:0015671), ‘ammonium transport’ (GO:0015696), and ‘actin filament severing’
(GO:0051014); the top three molecular functions terms were ‘structural molecule activity’
(GO:0005198), ‘heme binding’ (GO:0020037), and ‘calcium ion binding’ (GO:0005509); the
top three cellular components terms were found to be ‘keratin filament’ (GO:0045095),
‘desmosome’ (GO:0030057), and ‘membrane’ (GO:0016020) (Table S3). Furthermore, several
GO terms associated with metabolic process were significantly enriched, such as ‘proteol-
ysis’ (GO:0006508), ‘oxidation-reduction process’ (GO:0055114), ‘carbonate dehydratase
activity’ (GO:0004089), ‘lipid binding’ (GO:0008289), ‘lipid transport’ (GO:0006869), and
‘carbon utilization’ (GO:0015976) (Table S3).
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A KEGG enrichment analysis was also carried out to uncover the functional pathways
defined by the identified DEGs. These DEGs were mapped to 28 2nd categories and 169
KEGG pathways (Figure 4B). Among these biological pathways, ‘global and overview
maps’, ‘signal transduction’, and ‘metabolism of terpenoids and polyketides’ had the
highest percentage of DEGs. Meanwhile, a total of 20 pathways were significantly enriched
(q-value < 0.05) (Figure 5). According to their functions, these pathways, as well as the typi-
cal genes involved in them can be classified into material metabolism (carbon metabolism,
lipid metabolism, and amino acid metabolism), energy metabolism (oxidative phosphory-
lation, ATP synthesis, and glycolysis), metabolites and ion transporters, immune system,
and signal transduction (Table S4). Of which, the following KEGG pathways related to
metabolism were enriched significantly: ‘biosynthesis of amino acids’, ‘biosynthesis of
unsaturated fatty acids’, ‘carbon metabolism’, ‘complement and coagulation cascades’,
‘glycolysis/gluconeogenesis’, ‘glyoxylate and dicarboxylate metabolism’, ‘metabolic path-
ways’, and ‘oxidative phosphorylation’ (Figure 5). These functional categories would serve
as a guide to reveal the differences of hepatic metabolism between the two sexes in S. argus.
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4. Discussion

The growth rate is an economic trait of great interest for farmed fish and strongly
affect the profitability of aquaculture. Previous reports have shown that two-year-old
female S. argus grow about 50% larger than males [11,45]. In this study, we found that
the growth performance of females was almost 40% higher than that of males, once again
confirming the differential growth between the two sexes in S. argus. Further histological
observation and ELISA assay showed that the male and female gonads were both at
stage III, and male individuals had higher plasma levels of 11-KT, while females had
higher levels of E2. In teleosts, the major androgen and estrogen essential to gonadal
development and sex maintenance are 11-KT and E2, respectively [46]. The potential
correlations of steroid hormones levels with sex differences in growth performance have
been documented in fish [6,47]. In agreement with these previous reports, here we also
observed a direct relationship between sex steroids and growth performance in S. argus.
Furthermore, there are a number of examples in which treatments with sex steroids have
been demonstrated to disparately affect the growth efficiency of fish [48–51]. Specifically,
androgenic steroids generally stimulate growth in fish species exhibiting male-biased
SSD, while estrogenic steroids mainly have growth-promoting effects on fish species
showing female-biased SSD [50,51]. S. argus exhibits female-biased SSD, suggesting the
involvement of sex hormones, particularly estrogen, in this phenomenon. In female and
male fish, sex steroid hormones are present in different concentrations and have different
physiological effects. Along with their regulatory roles in fish reproduction, sex steroids
have also been known to modulate other important biological processes like food intake,
utilization of nutrients, energy metabolism and allocation, and stress response [47,51–53],
exerting sex-dependent effects on somatic growth and thereby leading to the occurrence of
SSD. These findings provide a valuable clue to reveal the mechanisms involved in sexual
growth difference.
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In general, SSD is traditionally attributed to gender differences in either energy acqui-
sition or allocation during reproduction and growth [49], both of which have been reported
in teleosts [54,55]. Aquatic animals acquire nutrient and energy almost solely by feeding,
digestion, and absorption. Absorption and utilization of nutrients are strongly dependent
on the activity of digestive enzymes and positively contribute to the growth capacity of
fish [53]. It has been demonstrated that the higher growth performance of male tilapia may
be due to a greater capacity for digesting and metabolizing nutrients [56]. As a useful index
for evaluating the growth performance of fish, several studies have revealed that sex has a
direct effect on the activity of enzymes in digestive organs including the liver [45,53,57,58].
Compared with male adult guppy (Poecilia reticulate), the specific activities of amylase and
total protease were relatively higher in the female population that exhibits a growth advan-
tage, while the activity of lipase was higher in males than females [53]. Also, Wu et al. [45]
reported the sexual differences in the activity of digestive tract enzymes and their potential
relationship with SSD in S. argus. In the current study, we found that female S. argus
had significantly higher hepatic amylase and protease activities than males; furthermore,
several DEGs involved in proteolysis process such as transmembrane protease serine 2,
transmembrane protease serine 9, and carboxypeptidase E were identified as female-biased
genes (Table S4), suggesting a better utilization of protein in females. These results are
essentially consistent with previous findings by our group in which both higher daily food
consumption and food conversion efficiency were observed in females [45]. In summary,
we may speculate that the faster growth rate of female S. argus is in partial related to the
higher digestive enzyme activities that could result in a better food utilization efficiency.

It has also been known that the proximate mechanisms for SSD in fish may be asso-
ciated with sexual differences in energy metabolism and allocation during reproduction
and growth, for example, a higher energy investment in female reproduction compared to
male tilapia [17]. Over the years, although the direct relationship between SSD and energy
repartition during sexual maturation has been less studied, the potential roles of gonadal
steroids in the modulation of energy allocation in fish have been especially investigated to
elucidate the underlying mechanisms. It is well established that treatments with exogenous
sex steroids have disparate effects on the energy allocation patterns. For example: changes
in androgen levels during the reproductive season were shown to correlate with changes
in energy allocation [59]; higher plasma testosterone levels in gilthead sea bream elicited
hepatic metabolic changes that may be related to the energy reallocation process [52];
in Tachysurus fulvidraco, E2 administration promoted energy allocation to the liver and
treatment with 17α-methyltestosterone reduced energy allocation to the ovary, suggesting
that the growth suppression effect of E2 are induced by different energy allocation [60]. In
this study, although the activity of seven representative carbohydrate metabolism-related
enzymes was detected to be not significantly different between the sexes (Figure S7), a
few processes involved in energy metabolism were enriched and in particular, there was a
remarkable upregulation of transcripts (e.g., phosphoglycerate mutase 2, glyceraldehyde
3-phosphate dehydrogenase, NADH dehydrogenase, ATP synthase) associated with gly-
colysis, oxidative phosphorylation and ATP synthesis pathways (Table S4), implicating
a steroid hormone-mediated sexual dimorphism in the energy use of S. argus. A similar
result has also been obtained in size-dimorphic C. semilaevis using molecular functional
analysis, in which Wang et al. found that significantly enriched activity in the liver included
oxidoreductase activity [2]. However, the energy metabolism gene network underlying
SSD is still a relatively poorly explored research area. Our preliminary findings would
pave the way for a more complete understanding of this complex regulatory system.

To our best knowledge, energy allocation to gonads is only one aspect of reproduction,
some other reproduction-related behaviors, such as finding and competing for mates and
reduced feeding, may result in a greater net energy expense and decreased growth [49]. In
this study, we also observed that male S. argus exhibited significantly higher antioxidant
enzymes (SOD, GPX, and CAT) activities compared to females. Similarly, the gender
differences in antioxidant defenses have been reported in some other studies. A study
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of O. niloticus showed sex differences in SOD and glutathione S-transferase, with males
showing higher activities than female individuals [61]. In brown trout (Salmo trutta L.),
the liver of females showed higher SOD and CAT activities than that of males [62]. In
the zebrafish liver, the expression of antioxidant gene gpx1 in male liver was significantly
higher than in female liver [63]. It is well known that reactive oxygen species (ROS), such
as superoxide and hydrogen peroxide, are generated as by-products of aerobic respiration
and metabolism, primarily in the mitochondria where energy is generated. Antioxidant en-
zymes are used to reduce ROS and to limit their harmful effects. Interestingly, endogenous
ROS production is associated with diverse physiological processes including changes in
the somatic growth of animals [64], and it is hypothesized that oxidative damage might
constrain growth rate. Considering that male S. argus has more active energy metabolisms
compared to females, the higher activity of antioxidant enzymes in the male liver may be
correlated with its highly active mitochondrial activities. Our results could support the
hypothesis that reduced male growth efficiency is due to increased energy expenditure
associated with reproduction [55].

The liver plays a central role in the coordination of various metabolic processes
including lipid metabolism. Lipid metabolism is a key process that exerts controlling
influences on multiple biological processes such as fish growth, reproduction, and disease-
resistance [65]. Dysfunctional lipid metabolism hampers fish growth and reduces the
productivity for aquaculture [66]. Recent transcriptomics studies on the liver tissue showed
that candidate genes responsible for differential growth rate were overrepresented in lipid
metabolism pathway branches [18,25,26,67]. Due to the different metabolic needs for males
and females during sexual maturation and reproduction, the fish liver is one of the most
sexually dimorphic organs in terms of metabolism. An analysis on the sexual dimorphism
of the zebrafish liver demonstrated that males showed activation of transcription factors
regulating lipid and glucose metabolisms [63]. A recent investigation on the candidate
networks and genes for the SSD of C. semilaevis found that certain lipid metabolism-related
pathways were significantly enriched [2]. In this study, functional analyses revealed
enrichment of lipid transport and lipid binding pathways as well as differential regulation
of transcripts involved in fatty acid metabolism. From these enriched pathways, several
sex-biased genes such as acyl-coenzyme A thioesterase, carboxylesterase 2, and trans-2-
enoyl-CoA reductase were identified (Table S4), some of which have been detected to be
differentially expressed between fast- and slow-growing fish strains [24,26], implying that
they are potentially linked with differential growth capacity. Additionally, we found that
female S. argus had higher G6-PDH activity, while male fish exhibited higher HL activity.
Higher activity of G6-PDH in female than male may be to satisfy a greater biosynthetic
need of female reproduction and breeding [68]. HL is produced exclusively in the liver
and it has been reported that estrogen can lower its activity [69]. Taken together, our
results could indicate not only an increased lipid synthesis in females but also an enhanced
lipolytic response in males, which may both elicit the occurrence of SSD in S. argus.

Moreover, sex hormones, particularly estrogens, are demonstrated to drastically shift
liver metabolism and have a significant effect on lipid metabolism. In tilapia, E2 was
demonstrated to induce deposition of lipids by stimulating the expression of genes associ-
ated with very low-density lipoprotein assembly and promoting the rate-limiting enzyme
in the synthesis of triglyceride [65,66]. Upregulated expression of lipid metabolism-related
genes was also observed in the liver of brown trout (S. trutta L.) exposed to E2 [70]. In
yellow perch (Perca flavescen), E2-downregulated genes represented a variety of functional
categories including lipid transport and metabolism [50]. Thus, genes modulating lipid
transport and metabolism would be candidates for regulation by E2 [50]. In this study, a
few genes involved in lipid metabolic processes, such as apolipoprotein E (apoE) and very
long-chain acyl-CoA synthetase, were found to be up-regulated in females that exhibit a
higher serum level of E2 (Table S4). As a component of lipoproteins, apoE is essential to the
cellular recognition and internalization of lipoproteins via lipoprotein receptor [71]. In fish
species, apoE has been known to be associated with yolk resorption [72]. In agreement with
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our research, it has been reported that apoE gene is upregulated by E2 in perch liver [50].
Collectively, these results suggest an increased uptake of lipoproteins probably stimu-
lated with E2 in female S. argus, and this result appears reasonable in light of enhanced
vitellogenin gene expression in the female liver.

Fish growth is controlled by the somatotropic axis that involves the secretion of
pituitary GH and concurrent production of GH-dependent IGF-I by the liver. An increasing
number of studies have revealed that the traits of SSD interact with the reproductive axis
in fish, and gender-dependent modulation of the GH-IGF axis components is believed
to be crucial for the sexual dimorphism of somatic growth [17]. The sexually dimorphic
expressions of GH-IGF axis genes have recently been characterized in several fish species
that exhibit strong SSD. In general, the faster growth rate of female or male population is
attributed to significantly higher levels of gh mRNA in pituitary [9–12] and igf1 mRNA in
liver [12,14,16,73]. In the present study, we found that igf1 transcript was up-regulated in
the liver of female S. argus. This result is in agreement with that of our previous research in
which igf1 expression levels were determined to be significantly higher in females than in
males at gonadal phase III and IV [16]. The biological actions of IGF-I are further modified
by insulin-like growth factor binding proteins (IGFBPs) that act as important players in
the IGF system by regulating the half-life of circulating IGF proteins and modulating IGF
signaling target tissues. Previous research has demonstrated that IGFBPs can regulate IGF
activities depending on the physiological context [74,75]. There is a strong association
of low-molecular-weight IGFBPs (e.g., IGFBP-1) with poor growth in teleosts [76]. Here,
we observed a higher expression of igfbp1 gene in the fast-growing females than in the
slow-growing males. A similar result has also been reported in C. semilaevis, which exhibits
female-biased SSD, suggesting regulation of the transport and bioavailability of IGF1 to
bind to its receptors at target cells [2]. Given the importance of these genes to teleost
growth and the recent reports of estrogen-dependent decrease in igf1 and igfbp1 mRNA
levels [69,77], further mechanistic study is required to elaborate the involvement of IGF-I
and IGFBP-1 in the growth superiority of female S. argus.

5. Conclusions

The findings in this work showed that the female-biased SSD of S. argus could be
partially attributed to sexually dimorphic metabolisms in the liver. The higher diges-
tive enzyme activities that could result in a better food utilization efficiency together
with increased lipid synthesis may lead to a faster growth rate of female S. argus. Also,
steroid hormone-mediated sexual dimorphism in energy allocation may be partially related
with the formation of SSD. The male liver showed a more active mitochondrial energy
metabolism and enhanced lipolytic response, suggesting an increased energy expenditure
associated with reproduction, which could be responsible for the reduced growth efficiency
of male S. argus. Overall, our research provides new insight into the mechanism of differ-
ential growth between the sexes, and the results would be of value to further illuminate
the nature of SSD in teleost fish.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/life11060589/s1. Table S1. The product numbers of commercial assay kits. Table S2. The
primers for RT-qPCR validation. Table S3. The top 20 enriched GO terms in the differential expression
genes (DEGs). Table S4. Searching for differential expression genes (DEGs) involved in material
and energy metabolism, metabolites and ion transporters, immune system, and signal transduction.
Figure S1. Gonadal sections (H&E staining) of male and female S. argus. Scale bars represent
50 µm. Figure S2. Liver sections (H&E staining) of male and female S. argus. Scale bars represent
50 µm. Figure S3. Sequence size distribution of assembled unigenes derived from the S. argus liver
transcriptomes. Figure S4. Statistical summary of the annotation analysis of unigenes. (A) Diagram of
unigene annotation results against Nr, Swiss-Prot, Nt, KOG and KEGG databases. The number in each
colored block indicates the number of unigenes annotated by single or multiple databases. (B) E-value
distribution of BLAST search against the Nr database for each unique sequence (E-value 1 × 10−5).
(C) Identity distribution of BLAST hits for each unique sequence. (D) Species distribution of the
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BLAST hits for annotated unigenes (E-value 1 × 10−5). Figure S5. Gene Ontology (GO) functional
classification of annotated unigenes. The unigenes showing significant similarity to homologous
genes in GO databases were assorted to three main categories: cellular components, molecular
functions, and biological processes. Figure S6. Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways analysis of annotated unigenes. The unigenes were assigned into six main categories:
genetic information processing, metabolism, cellular processes, organismal systems, environmental
information processing and human diseases. Figure S7. Comparative evaluation of the activity of
hepatic enzymes related to carbohydrate metabolism between male and female S. argus. Error bars
indicate the SEM (n = 5). ns: not significant (p > 0.05).

Author Contributions: Data curation, H.C., D.J., Z.L., and G.L.; formal analysis, W.Y., S.L. (Shuangfei
Li), and D.J.; funding acquisition, D.J. and H.C.; investigation, W.Y., Y.W., Z.L. and X.Y.; methodology,
W.Y. and H.C.; project administration, S.L. (Shuisheng Li).; resources, S.L. (Shuisheng Li) and H.C.;
supervision, D.J. and H.C.; writing—original draft, W.Y. and H.C.; writing—review and editing, G.L.
and W.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by grants from the National Key R&D Program of China
(2018YFD0901203), Special key projects of Guangdong Science and Technology Department’s sci-
ence and technology innovation strategy (2018B030311050), Guangdong Basic and Applied Basic
Research Foundation (2019A1515010958 and 2019A1515012042) and Guangdong South China Sea
Key Laboratory of Aquaculture for Aquatic Economic Animals, Guangdong Ocean University
(No. KFKT2019ZD07).

Institutional Review Board Statement: Animal experiments were carried out in strict accordance
with the recommendations in the Guide for the Care and Use of Laboratory Animals. The protocol
was approved by the Animal Research and Ethics Committee of Guangdong Ocean University (NIH
Pub. No. 85–23, revised 1996).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to the agreement with funding bodies.

Conflicts of Interest: The authors declare that there are no conflict of interest. The funders had no
role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of
the manuscript, or in the decision to publish the results.

References
1. Saillant, E.; Fostier, A.; Menu, B.; Haffray, P.; Chatain, B. Sexual growth dimorphism in sea bass Dicentrarchus labrax. Aquaculture

2001, 202, 371–387. [CrossRef]
2. Wang, N.; Wang, R.; Wang, R.; Chen, S. Transcriptomics analysis revealing candidate networks and genes for the body size sexual

dimorphism of Chinese tongue sole (Cynoglossus semilaevis). Funct. Integr. Genom. 2018, 18, 327–339. [CrossRef]
3. Mei, J.; Gui, J.-F. Genetic basis and biotechnological manipulation of sexual dimorphism and sex determination in fish. Sci. China

Life Sci. 2015, 58, 124–136. [CrossRef]
4. Piferrer, F. Endocrine sex control strategies for the feminization of teleost fish. Aquaculture 2001, 197, 229–281. [CrossRef]
5. Bower, N.; Li, X.; Taylor, R.; Johnston, I.A. Switching to fast growth: The insulin-like growth factor (IGF) system in skeletal muscle

of Atlantic salmon. J. Exp. Biol. 2008, 211, 3859–3870. [CrossRef]
6. Mandiki, S.; Houbart, M.; Babiak, I.; Vandeloise, E.; Gardeur, J.; Kestemont, P. Are sex steroids involved in the sexual growth

dimorphism in Eurasian perch juveniles? Physiol. Behav. 2004, 80, 603–609. [CrossRef]
7. Ji, X.-S.; Chen, S.-L.; Jiang, Y.-L.; Xu, T.-J.; Yang, J.-F.; Tian, Y.-S. Growth differences and differential expression analysis of

pituitary adenylate cyclase activating polypeptide (PACAP) and growth hormone-releasing hormone (GHRH) between the sexes
in half-smooth tongue sole Cynoglossus semilaevis. Gen. Comp. Endocrinol. 2011, 170, 99–109. [CrossRef]

8. Jiang, D.; Shi, H.; Liu, Q.; Wang, T.; Huang, Y.; Huang, Y.; Deng, S.; Chen, H.; Tian, C.; Zhu, C.; et al. Isolation of Growth
Hormone-Releasing Hormone and Its Receptor Genes from Scatophagus argus and Their Expression Analyses. J. Ocean Univ.
China 2019, 18, 1486–1496. [CrossRef]

9. Degani, G.; Tzchori, I.; Yom, S.; Goldberg, D.; Jackson, K. Growth differences and growth hormone expression in male and female
European eels [Anguilla anguilla (L.)]. Gen. Comp. Endocrinol. 2003, 134, 88–93. [CrossRef]

10. Din, S.Y.; Hurvitz, A.; Goldberg, D.; Jackson, K.; Levavi-Sivan, B.; Degani, G. Cloning of Russian sturgeon (Acipenser gueldenstaedtii)
growth hormone and insulin-like growth factor I and their expression in male and female fish during the first period of growth. J.
Endocrinol. Investig. 2008, 31, 201–210. [CrossRef] [PubMed]

http://doi.org/10.1016/S0044-8486(01)00786-4
http://doi.org/10.1007/s10142-018-0595-y
http://doi.org/10.1007/s11427-014-4797-9
http://doi.org/10.1016/S0044-8486(01)00589-0
http://doi.org/10.1242/jeb.024117
http://doi.org/10.1016/j.physbeh.2003.10.016
http://doi.org/10.1016/j.ygcen.2010.09.011
http://doi.org/10.1007/s11802-019-4110-4
http://doi.org/10.1016/S0016-6480(03)00238-7
http://doi.org/10.1007/BF03345591
http://www.ncbi.nlm.nih.gov/pubmed/18401201


Life 2021, 11, 589 15 of 17

11. Deng, S.-P.; Wu, B.; Zhu, C.-H.; Li, G.-L. Molecular cloning and dimorphic expression of growth hormone (gh) in female and male
spotted scat Scatophagus argus. Fish. Sci. 2014, 80, 715–723. [CrossRef]

12. Ma, W.; Wu, J.; Zhang, J.; He, Y.; Gui, J.; Mei, J. Sex differences in the expression of GH/IGF axis genes underlie sexual size
dimorphism in the yellow catfish (Pelteobagrus fulvidraco). Sci. China Life Sci. 2016, 59, 431–433. [CrossRef] [PubMed]

13. Norbeck, L.A.; Sheridan, M.A. An in vitro model for evaluating peripheral regulation of growth in fish: Effects of 17β-estradiol
and testosterone on the expression of growth hormone receptors, insulin-like growth factors, and insulin-like growth factor type
1 receptors in rainbow trout (Oncorhynchus mykiss). Gen. Comp. Endocrinol. 2011, 173, 270–280. [CrossRef]

14. Davis, L.K.; Pierce, A.; Hiramatsu, N.; Sullivan, C.V.; Hirano, T.; Grau, E.G. Gender-specific expression of multiple estrogen
receptors, growth hormone receptors, insulin-like growth factors and vitellogenins, and effects of 17β-estradiol in the male tilapia
(Oreochromis mossambicus). Gen. Comp. Endocrinol. 2008, 156, 544–551. [CrossRef] [PubMed]

15. Cleveland, B.M.; Weber, G. Effects of sex steroids on expression of genes regulating growth-related mechanisms in rainbow trout
(Oncorhynchus mykiss). Gen. Comp. Endocrinol. 2015, 216, 103–115. [CrossRef]

16. Zhang, K.-W.; Wu, T.-L.; Chen, H.-P.; Jiang, D.-N.; Zhu, C.-H.; Deng, S.-P.; Zhang, Y.; Li, G.-L. Estradiol-17β regulates the
expression of insulin-like growth factors 1 and 2 via estradiol receptors in spotted scat (Scatophagus argus). Comp. Biochem. Physiol.
Part B Biochem. Mol. Biol. 2019, 237, 110328. [CrossRef] [PubMed]

17. Yue, M.; Zhao, J.; Tang, S.; Zhao, Y. Effects of Estradiol and Testosterone on the Expression of Growth-related Genes in Female
and Male Nile Tilapia, Oreochromis niloticus. J. World Aquac. Soc. 2017, 49, 216–228. [CrossRef]

18. Fu, B.; Wang, X.; Feng, X.; Yu, X.; Tong, J. Comparative transcriptomic analyses of two bighead carp (Hypophthalmichthys nobilis)
groups with different growth rates. Comp. Biochem. Physiol. Part D Genom. Proteom. 2016, 20, 111–117. [CrossRef]

19. Holloway, A.; Leatherland, J. Neuroendocrine Regulation of Growth Hormone Secretion in Teleost Fishes with Emphasis on the
Involvement of Gonadal Sex Steroids. Rev. Fish Biol. Fish. 1998, 8, 409–429. [CrossRef]

20. Dai, X.; Zhang, W.; Zhuo, Z.; He, J.; Yin, Z. Neuroendocrine regulation of somatic growth in fishes. Sci. China Life Sci. 2015, 58,
137–147. [CrossRef]

21. Moriyama, S.; Ayson, F.G.; Kawauchi, H. Growth Regulation by Insulin-like Growth Factor-I in Fish. Biosci. Biotechnol. Biochem.
2000, 64, 1553–1562. [CrossRef]

22. Very, N.; Sheridan, M. The Role of Somatostatins in the Regulation of Growth in Fish. Fish Physiol. Biochem. 2002, 27, 217–226.
[CrossRef]

23. Chatchaiphan, S.; Srisapoome, P.; Kim, J.-H.; Devlin, R.H.; Na-Nakorn, U. De Novo Transcriptome Characterization and Growth-
Related Gene Expression Profiling of Diploid and Triploid Bighead Catfish (Clarias macrocephalus Günther, 1864). Mar. Biotechnol.
2017, 19, 36–48. [CrossRef]

24. Fu, B.; Yu, X.; Tong, J.; Pang, M.; Zhou, Y.; Liu, Q.; Tao, W. Comparative transcriptomic analysis of hypothalamus-pituitary-liver
axis in bighead carp (Hypophthalmichthys nobilis) with differential growth rate. BMC Genom. 2019, 20, 328. [CrossRef]

25. Lin, G.; Thevasagayam, N.M.; Wan, Z.Y.; Ye, B.Q.; Yue, G.H. Transcriptome Analysis Identified Genes for Growth and Omega-3/-6
Ratio in Saline Tilapia. Front. Genet. 2019, 10, 244. [CrossRef]

26. Zhang, J.; Shen, Y.; Xu, X.; Dai, Y.; Li, J. Transcriptome Analysis of the Liver and Muscle Tissues of Black Carp (Mylopharyngodon
piceus) of Different Growth Rates. Mar. Biotechnol. 2020, 22, 1–11. [CrossRef]

27. Escalante-Rojas, M.; Peña, E.; Hernández, C.; Llera-Herrera, R.; Garcia-Gasca, A. De novo transcriptome assembly for the rose
spotted snapper Lutjanus guttatus and expression analysis of growth/atrophy-related genes. Aquac. Res. 2018, 49, 1709–1722.
[CrossRef]

28. Odei, D.K.; Hagen, Ø.; Peruzzi, S.; Falk-Petersen, I.-B.; Fernandes, J.M.O. Transcriptome sequencing and histology reveal dosage
compensation in the liver of triploid pre-smolt Atlantic salmon. Sci. Rep. 2020, 10, 1–14. [CrossRef]

29. Yang, W.; Chen, H.; Cui, X.; Zhang, K.; Jiang, D.; Deng, S.; Zhu, C.; Li, G. Sequencing, de novo assembly and characterization of
the spotted scat Scatophagus argus (Linnaeus 1766) transcriptome for discovery of reproduction related genes and SSRs. J. Oceanol.
Limnol. 2018, 36, 1329–1341. [CrossRef]

30. Yang, W.; Wang, Y.; Jiang, D.; Tian, C.; Zhu, C.; Li, G.; Chen, H. ddRADseq-assisted construction of a high-density SNP genetic
map and QTL fine mapping for growth-related traits in the spotted scat (Scatophagus argus). BMC Genom. 2020, 21, 1–18. [CrossRef]

31. Ru, X.-Y.; Shi, H.-J.; Wang, T.; Liu, Q.-Q.; Jiang, D.-N.; Peng, Y.-H.; Huang, Y.; Zhu, C.-H.; Li, S.-S.; Dong, R.-R.; et al. Effects of
17β-Estradiol on growth-related genes expression in female and male spotted scat (Scatophagus argus). Comp. Biochem. Physiol.
Part B Biochem. Mol. Biol. 2020, 250, 110492. [CrossRef] [PubMed]

32. Chen, H.-P.; Cui, X.-F.; Wang, Y.-R.; Li, Z.-Y.; Tian, C.-X.; Jiang, D.-N.; Zhu, C.-H.; Zhang, Y.; Li, S.-S.; Li, G.-L. Identification,
functional characterization and estrogen regulation on gonadotropin-releasing hormone in the spotted scat, Scatophagus argus.
Fish Physiol. Biochem. 2020, 46, 1743–1757. [CrossRef] [PubMed]

33. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the folin phenol reagent. J. Biol. Chem. 1951,
193, 265–275. [CrossRef]

34. Cai, L.-S.; Wang, L.; Song, K.; Lu, K.-L.; Zhang, C.-X.; Rahimnejad, S. Evaluation of protein requirement of spotted seabass
(Lateolabrax maculatus) under two temperatures, and the liver transcriptome response to thermal stress. Aquaculture 2020, 516,
734615. [CrossRef]

http://doi.org/10.1007/s12562-014-0763-5
http://doi.org/10.1007/s11427-015-4957-6
http://www.ncbi.nlm.nih.gov/pubmed/26660095
http://doi.org/10.1016/j.ygcen.2011.06.009
http://doi.org/10.1016/j.ygcen.2008.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18395204
http://doi.org/10.1016/j.ygcen.2014.11.018
http://doi.org/10.1016/j.cbpb.2019.110328
http://www.ncbi.nlm.nih.gov/pubmed/31461684
http://doi.org/10.1111/jwas.12428
http://doi.org/10.1016/j.cbd.2016.08.006
http://doi.org/10.1023/A:1008824723747
http://doi.org/10.1007/s11427-015-4805-8
http://doi.org/10.1271/bbb.64.1553
http://doi.org/10.1023/B:FISH.0000032727.75493.e8
http://doi.org/10.1007/s10126-017-9730-3
http://doi.org/10.1186/s12864-019-5691-4
http://doi.org/10.3389/fgene.2019.00244
http://doi.org/10.1007/s10126-020-09994-z
http://doi.org/10.1111/are.13628
http://doi.org/10.1038/s41598-020-73814-6
http://doi.org/10.1007/s00343-018-7090-0
http://doi.org/10.1186/s12864-020-6658-1
http://doi.org/10.1016/j.cbpb.2020.110492
http://www.ncbi.nlm.nih.gov/pubmed/32889045
http://doi.org/10.1007/s10695-020-00825-5
http://www.ncbi.nlm.nih.gov/pubmed/32514853
http://doi.org/10.1016/S0021-9258(19)52451-6
http://doi.org/10.1016/j.aquaculture.2019.734615


Life 2021, 11, 589 16 of 17

35. He, F.-X.; Jiang, D.-N.; Huang, Y.-Q.; Mustapha, U.F.; Yang, W.; Cui, X.-F.; Tian, C.-X.; Chen, H.-P.; Shi, H.-J.; Deng, S.-P.; et al.
Comparative transcriptome analysis of male and female gonads reveals sex-biased genes in spotted scat (Scatophagus argus). Fish
Physiol. Biochem. 2019, 45, 1963–1980. [CrossRef]

36. Chen, Y.; Chen, Y.; Shi, C.; Huang, Z.; Zhang, Y.; Li, S.; Li, Y.; Ye, J.; Yuxin, C.; Li, Z.; et al. SOAPnuke: A MapReduce acceleration-
supported software for integrated quality control and preprocessing of high-throughput sequencing data. GigaScience 2018, 7,
1–6. [CrossRef] [PubMed]

37. Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, J.Z.; A Thompson, D.; Amit, I.; Adiconis, X.; Fan, L.; Raychowdhury, R.; Zeng, Q.;
et al. Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat. Biotechnol. 2011, 29, 644–652.
[CrossRef]

38. Conesa, A.; Götz, S.; García-Gómez, J.M.; Terol, J.; Talón, M.; Robles, M. Blast2GO: A universal tool for annotation, visualization
and analysis in functional genomics research. Bioinformatics 2005, 21, 3674–3676. [CrossRef]

39. Ye, J.; Fang, L.; Zheng, H.; Zhang, Y.; Chen, J.; Zhang, Z.; Wang, J.; Li, S.; Li, R.; Bolund, L. WEGO: A web tool for plotting GO
annotations. Nucleic Acids Res. 2006, 34, W293–W297. [CrossRef]

40. Xie, C.; Mao, X.; Huang, J.; Ding, Y.; Wu, J.; Dong, S.; Kong, L.; Gao, G.; Li, C.-Y.; Wei, L. KOBAS 2.0: A web server for annotation
and identification of enriched pathways and diseases. Nucleic Acids Res. 2011, 39, W316–W322. [CrossRef]

41. Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC
Bioinform. 2011, 12, 323. [CrossRef] [PubMed]

42. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

43. Zhang, D.; Wang, F.; Dong, S.; Lu, Y. De novo assembly and transcriptome analysis of osmoregulation in Litopenaeus vannamei
under three cultivated conditions with different salinities. Gene 2016, 578, 185–193. [CrossRef]

44. Cui, X.-F.; Zhao, Y.; Chen, H.-P.; Deng, S.-P.; Jiang, D.-N.; Wu, T.-L.; Zhu, C.-H.; Li, G.-L. Cloning, expression and functional
characterization on vitellogenesis of estrogen receptors in Scatophagus argus. Gen. Comp. Endocrinol. 2017, 246, 37–45. [CrossRef]
[PubMed]

45. Wu, B.; Ye, M.; Chen, L.; Deng, S.; Zhu, C.; Shi, S.; Li, G. Growth performance and digestive enzyme activity between male and
female Scatophagus argus. J. Shanghai Ocean Univ. 2013, 22, 545–551. (In Chinese)

46. Ijiri, S.; Kaneko, H.; Kobayashi, T.; Wang, D.-S.; Sakai, F.; Paul-Prasanth, B.; Nakamura, M.; Nagahama, Y. Sexual dimorphic
expression of genes in gonads during early differentiation of a teleost fish, the Nile tilapia Oreochromis niloticus. Biol. Reprod. 2008,
78, 333–341. [CrossRef] [PubMed]

47. Mandiki, S.N.; Babiak, I.; Bopopi, J.M.; Leprieur, F.; Kestemont, P. Effects of sex steroids and their inhibitors on endocrine
parameters and gender growth differences in Eurasian perch (Perca fluviatilis) juveniles. Steroids 2005, 70, 85–94. [CrossRef]

48. Riley, L.G.; Hirano, T.; Grau, E.G. Estradiol-17β and dihydrotestosterone differentially regulate vitellogenin and insulin-like
growth factor-I production in primary hepatocytes of the tilapia Oreochromis mossambicus. Comp. Biochem. Physiol. Part C Toxicol.
Pharmacol. 2004, 138, 177–186. [CrossRef]

49. Rennie, M.D.; Purchase, C.F.; Lester, N.; Collins, N.C.; Shuter, B.J.; Abrams, P.A. Lazy males? Bioenergetic differences in energy
acquisition and metabolism help to explain sexual size dimorphism in percids. J. Anim. Ecol. 2008, 77, 916–926. [CrossRef]

50. Goetz, F.W.; Rise, M.; Goetz, G.W.; Binkowski, F.; Shepherd, B.S.; Rise, M.L. Stimulation of growth and changes in the hepatic
transcriptome by 17β-estradiol in the yellow perch (Perca flavescens). Physiol. Genom. 2009, 38, 261–280. [CrossRef] [PubMed]

51. Yue, M.M.; Zhao, J.L. Effects of estradiol and testosterone on digestive enzyme activity and expression of food intake genes
between female and male Nile Tilapia Oreochromis niloticus. Fish. Sci. 2018, 37, 85–92. (In Chinese)

52. Sangiao-Alvarellos, S.; Polakof, S.; Arjona, F.J.; García-López, A.; del Río, M.P.M.; Martínez-Rodríguez, G.; Míguez, J.M.; Mancera,
J.M.; Soengas, J.L. Influence of testosterone administration on osmoregulation and energy metabolism of gilthead sea bream
Sparus auratus. Gen. Comp. Endocrinol. 2006, 149, 30–41. [CrossRef]

53. Thongprajukaew, K.; Kovitvadhi, U. Effects of sex on characteristics and expression levels of digestive enzymes in the adult
guppy Poecilia reticulata. Zool. Stud. 2013, 52, 3. [CrossRef]

54. Holtby, L.B.; Healey, M.C. Sex-specific life history tactics and risk-taking in coho salmon. Ecology 1990, 71, 678–690. [CrossRef]
55. A Henderson, B.; Collins, N.C.; E Morgan, G.; Vaillancourt, A. Sexual size dimorphism of walleye (Stizostedion vitreum vitreum).

Can. J. Fish. Aquat. Sci. 2003, 60, 1345–1352. [CrossRef]
56. Toguyeni, A.; Fauconneau, B.; Boujard, T.; Fostier, A.; Kuhn, E.R.; A Mol, K.; Baroiller, J.F. Feeding behaviour and food utilisation

in tilapia, Oreochromis niloticus: Effect of Sex Ratio and Relationship with the Endocrine Status. Physiol. Behav. 1997, 62, 273–279.
[CrossRef]

57. Areekijseree, M.; Engkagul, A.; Kovitvadhi, U.; Thongpan, A.; Mingmuang, M.; Pakkong, P.; Rungruangsak-Torrissen, K.
Temperature and pH characteristics of amylase and proteinase of adult freshwater pearl mussel, Hyriopsis (Hyriopsis) bialatus
Simpson 1900. Aquaculture 2004, 234, 575–587. [CrossRef]

58. Thongprajukaew, K.; Kovitvadhi, U.; Kovitvadhi, S.; Engkagul, A.; Rungruangsak-Torrissen, K. Evaluation of growth performance
and nutritional quality of diets using enzymatic markers and in vitro digestibility in Siamese fighting fish (Betta splendens Regan,
1910). Afr. J. Biotechnol. 2013, 12, 1689–1702. [CrossRef]

59. Leonard, J.; Iwata, M.; Ueda, H. Seasonal changes of hormones and muscle enzymes in adult lacustrine masu (Oncorhynchus
masou) and sockeye salmon (O. nerka). Fish Physiol. Biochem. 2001, 25, 153–163. [CrossRef]

http://doi.org/10.1007/s10695-019-00693-8
http://doi.org/10.1093/gigascience/gix120
http://www.ncbi.nlm.nih.gov/pubmed/29267858
http://doi.org/10.1038/nbt.1883
http://doi.org/10.1093/bioinformatics/bti610
http://doi.org/10.1093/nar/gkl031
http://doi.org/10.1093/nar/gkr483
http://doi.org/10.1186/1471-2105-12-323
http://www.ncbi.nlm.nih.gov/pubmed/21816040
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://doi.org/10.1016/j.gene.2015.12.026
http://doi.org/10.1016/j.ygcen.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28322764
http://doi.org/10.1095/biolreprod.107.064246
http://www.ncbi.nlm.nih.gov/pubmed/17942796
http://doi.org/10.1016/j.steroids.2004.10.009
http://doi.org/10.1016/j.cca.2004.07.009
http://doi.org/10.1111/j.1365-2656.2008.01412.x
http://doi.org/10.1152/physiolgenomics.00069.2009
http://www.ncbi.nlm.nih.gov/pubmed/19549814
http://doi.org/10.1016/j.ygcen.2006.05.003
http://doi.org/10.1186/1810-522X-52-3
http://doi.org/10.2307/1940322
http://doi.org/10.1139/f03-115
http://doi.org/10.1016/S0031-9384(97)00114-5
http://doi.org/10.1016/j.aquaculture.2003.12.008
http://doi.org/10.5897/AJB12.2051
http://doi.org/10.1023/A:1020512105096


Life 2021, 11, 589 17 of 17

60. Wang, L.Y.; Qi, P.P.; Chen, M.; Yuan, Y.C.; Shen, Z.G.; Fan, Q.X. Effects of sex steroid hormones on sexual size dimorphism in
yellow catfish (Tachysurus fulvidraco). Acta Hydrobiol. Sin. 2020, 44, 379–388. [CrossRef]

61. Figueiredo-Fernandes, A.; Fontaínhas-Fernandes, A.; Peixoto, F.; Rocha, E.; Reis-Henriques, M. Effects of gender and temperature
on oxidative stress enzymes in Nile tilapia Oreochromis niloticus exposed to paraquat. Pestic. Biochem. Physiol. 2006, 85, 97–103.
[CrossRef]

62. Parolini, M.; Iacobuzio, R.; DE Felice, B.; Bassano, B.; Pennati, R.; Saino, N. Age- and sex-dependent variation in the activity of
antioxidant enzymes in the brown trout (Salmo trutta). Fish Physiol. Biochem. 2018, 45, 145–154. [CrossRef]

63. Zheng, W.; Xu, H.; Lam, S.H.; Luo, H.; Karuturi, R.K.M.; Gong, Z. Transcriptomic Analyses of Sexual Dimorphism of the Zebrafish
Liver and the Effect of Sex Hormones. PLoS ONE 2013, 8, e53562. [CrossRef]

64. Alonso-Alvarez, C.; Bertrand, S.; Faivre, B.; Sorci, G. Increased susceptibility to oxidative damage as a cost of accelerated somatic
growth in zebra finches. Funct. Ecol. 2007, 21, 873–879. [CrossRef]

65. Zhang, X.; Han, Z.; Zhong, H.; Yin, Q.; Xiao, J.; Wang, F.; Zhou, Y.; Luo, Y. Regulation of triglyceride synthesis by estradiol in the
livers of hybrid tilapia (Oreochromis niloticus ♀× O. aureus ♂). Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 2019, 238, 110335.
[CrossRef] [PubMed]

66. Zhang, X.; Zhong, H.; Han, Z.; Tang, Z.; Xiao, J.; Guo, Z.; Wang, F.; Luo, Y.; Zhou, Y. Effects of waterborne exposure to 17β-estradiol
on hepatic lipid metabolism genes in tilapia (Oreochromis niloticus). Aquac. Rep. 2020, 17, 100382. [CrossRef]

67. Cleveland, B.M.; Gao, G.; Leeds, T.D. Transcriptomic response to selective breeding for fast growth in rainbow trout (Oncorhynchus
mykiss). Mar. Biotechnol. 2020, 22, 539–550. [CrossRef] [PubMed]

68. Tripathi, G.; Verma, P. Sex-specific metabolic changes in the annual reproductive cycle of a freshwater catfish. Comp. Biochem.
Physiol. Part B Biochem. Mol. Biol. 2004, 137, 101–106. [CrossRef]

69. Homma, H.; Kurachi, H.; Nishio, Y.; Takeda, T.; Yamamoto, T.; Adachi, K.; Morishige, K.; Ohmichi, M.; Matsuzawa, Y.; Murata, Y.
Estrogen suppresses transcription of lipoprotein lipase gene: Existence of a unique estrogen response element on the lipoprotein
lipase promoter. J. Biol. Chem. 2000, 275, 11404–11411. [CrossRef]

70. Webster, T.M.U.; Shears, J.A.; Moore, K.; Santos, E.M. Identification of conserved hepatic transcriptomic responses to 17β-estradiol
using high-throughput sequencing in brown trout. Physiol. Genom. 2015, 47, 420–431. [CrossRef]

71. Weisgraber, K.H. Apolipoprotein E: Structure-function relationships. Adv. Protein Chem. 1994, 45, 249–302. [CrossRef]
72. Poupard, G.; André, M.; Durliat, M.; Ballagny, C.; Boeuf, G.; Babin, P.J. Apolipoprotein E gene expression correlates with

endogenous lipid nutrition and yolk syncytial layer lipoprotein synthesis during fish development. Cell Tissue Res. 2000, 300,
251–261. [CrossRef]

73. Phumyu, N.; Boonanuntanasarn, S.; Jangprai, A.; Yoshizaki, G.; Na-Nakorn, U. Pubertal effects of 17α-methyltestosterone on
GH–IGF-related genes of the hypothalamic–pituitary–liver–gonadal axis and other biological parameters in male, female and
sex-reversed Nile tilapia. Gen. Comp. Endocrinol. 2012, 177, 278–292. [CrossRef]

74. Duan, C.; Xu, Q. Roles of insulin-like growth factor (IGF) binding proteins in regulating IGF actions. Gen. Comp. Endocrinol. 2005,
142, 44–52. [CrossRef]

75. Safian, D.; Fuentes, E.N.; Valdés, J.A.; Molina, A. Dynamic transcriptional regulation of autocrine/paracrine igfbp1, 2, 3, 4, 5, and
6 in the skeletal muscle of the fine flounder during different nutritional statuses. J. Endocrinol. 2012, 214, 95–108. [CrossRef]

76. Kelley, K.M.; E Schmidt, K.; Berg, L.; Sak, K.; Galima, M.M.; Gillespie, C.; Balogh, L.; Hawayek, A.; A Reyes, J.; Jamison, M.
Comparative endocrinology of the insulin-like growth factor-binding protein. J. Endocrinol. 2002, 175, 3–18. [CrossRef]

77. Martyniuk, C.J.; Gerrie, E.R.; Popesku, J.T.; Ekker, M.; Trudeau, V.L. Microarray analysis in the zebrafish (Danio rerio) liver and
telencephalon after exposure to low concentration of 17alpha-ethinylestradiol. Aquat. Toxicol. 2007, 84, 38–49. [CrossRef]

http://doi.org/10.7541/2020.046
http://doi.org/10.1016/j.pestbp.2005.11.001
http://doi.org/10.1007/s10695-018-0545-6
http://doi.org/10.1371/journal.pone.0053562
http://doi.org/10.1111/j.1365-2435.2007.01300.x
http://doi.org/10.1016/j.cbpb.2019.110335
http://www.ncbi.nlm.nih.gov/pubmed/31473330
http://doi.org/10.1016/j.aqrep.2020.100382
http://doi.org/10.1007/s10126-020-09974-3
http://www.ncbi.nlm.nih.gov/pubmed/32451652
http://doi.org/10.1016/j.cbpc.2003.10.005
http://doi.org/10.1074/jbc.275.15.11404
http://doi.org/10.1152/physiolgenomics.00123.2014
http://doi.org/10.1016/S0065-2911(08)60174-5
http://doi.org/10.1007/s004419900158
http://doi.org/10.1016/j.ygcen.2012.03.008
http://doi.org/10.1016/j.ygcen.2004.12.022
http://doi.org/10.1530/JOE-12-0057
http://doi.org/10.1677/joe.0.1750003
http://doi.org/10.1016/j.aquatox.2007.05.012

	Introduction 
	Materials and Methods 
	Fish and Sample Preparation 
	Histological Procedures for Liver and Gonad Tissues 
	Measurement of Enzyme Activities and Serum Steroid Hormone Assay 
	RNA-Seq and Bioinformatics Analysis 
	Real-Time Quantitative PCR (RT-qPCR) Validation 
	Statistical Analysis 

	Results 
	Comparisons of Growth, HSI, GSI, and Steroid Hormones Levels between the Sexes 
	Sex Differences in the Activity of Liver Digestive and Metabolic Enzymes 
	RNA-Seq of the Liver Transcriptome 
	Differential Expression Analysis 
	The Enriched GO Terms and KEGG Pathways 

	Discussion 
	Conclusions 
	References

