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Aquaculture has tremendous economic significance in distinguishing males and females in the juvenile Silurus asotus (Linnaeus,
1758) to obtain a female population with tremendous growth potential. To investigate the potential biological markers between
young males and females S. asotus, we analyzed the characteristics of sexual dimorphism by measuring the 14 length traits and 9
weight indicators in an artificial insemination population at 3, 5, and 7 months. In addition, quantitative real-time PCR (qRT-
PCR) was performed to determine the sexually dimorphic expression of the growth hormone-1 gene (GH-1), growth hormone
receptor gene (GHR), and insulin-like growth factor gene (IGF-1) in the hypothalamus, pituitary, gonad, and liver, at 3, 5, and
7 months. The results showed that in morphology, except for eye diameter and the distance between the pelvic and anal fins in 3-
month fish, all other morphological indicators were significantly (P <0.05) or very significantly (P <0.01) different between
juvenile males and females. The visceral weight, eviscerated weight, and intestine weight in females were significantly (P < 0.05) or
very significantly (P < 0.01) higher than in males at 5 and 7 months. Joint static allometric analyses on 14 length indicators relative
to weight showed different sex growth patterns in 3-month, 5-month, and 7-month fish. In gene expression patterns, GH-1, IGF-1,
and GHR were highly expressed in the pituitary, with higher levels in females (P <0.05 or P <0.01). In contrast, the three genes
were all more highly expressed in the testis than in the ovary (P < 0.01), indicating their essential roles in testis development. Our
results demonstrate that S. asotus has female-biased sexual dimorphism. The length traits related to head shapes could be the
potential phenotype marker to distinguish females and males in 7-month juveniles.

1. Introduction

Silurus asotus (Linnaeus, 1758) belongs to the order Silur-
iformes, the family Siluridae, and the genus Silurus, which is
distributed throughout the vast watershed of rivers in China
[1]. S. asotus is an essential freshwater commercial fish with
tender meat, relatively few bones, and abundant nutrients,
which is therefore favored by consumers [2]. In China, the
annual yield of S. asotus amounts to 315,322 tons, which
produces an output of 312,169 USD (https://www.fishbase.
se/report/FAO/, updated in 2007). Biologically, S. asotus
takes three to four years to be sexually mature, and females
have a larger size and more weight than males, with faster

growth performance [1]. Thus, generating an all-female
population in the juvenile S. asotus could create more
economic benefits in aquaculture [3]. However, it is difficult
to tell the sexes apart with the naked eye when the fish are
young. Although the study of genetic sex determination has
been carried out and has found several potential molecular
markers, no genetic marker has been proven in production
so far. Several studies have demonstrated that some fish
exhibit allometric growth characteristics in whole or part
between females and males [4], which provide potential
phenotypic traits to distinguish the sexes in young fish.
However, studies on the sexually dimorphic growth patterns
in juvenile S. asotus are still scarce.
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Sexual dimorphism is the systematic difference in size,
shape, color, physiology, and behavior between male and
female individuals of the same species [5], which shows
universality and diversity in teleosts [6]. The sexual selection
theory asserts that sexual dimorphism results from sexual
selection, but the causes of sexual dimorphism differ among
fish species [7]. For the male-male competition, males are
larger than females, such as Ictalurus punctatus [8],
Odontobutis obscura [9], Oreochromis niloticus [10], Pel-
teobagrus fulvidraco [11, 12], and Abbottina rivularis [13].
Selection for fecundity, however, which results in females
being larger than males [14], is the cause of sexual di-
morphism in species such as, Salmo gairdneri [15], Dicen-
trarchus labrax [4], Acrossocheilus wenchowensis [16],
Paralichthys olivaceus [17], Cynoglossus semilaevis [18] and
Gambusia affinis [19]. In addition, differences in early
growth rates between the two sexes may also result in sexual
dimorphism [20]. In D. labrax, several sex-related growth
patterns occur at early development stages [21].

Allometric scaling describes the relative growth re-
lationship between different local body sizes or between
whole and partial body sizes. The differentiation in al-
lometries among traits has been thought to be a driving
force by which morphology and structure evolve [22].
Huxley and Teissier [23] proposed the initial equation of
allometry to quantify allometric scaling. In the simple
allometry equation, y=a-x" (where b is the allometric
scaling), the two variables could be the length, weight,
shape, density, and volume [24, 25]. An advanced al-
lometry equation named the joint static allometric
scaling model [26] was proposed to simultaneously
evaluate the allometry scalings of multiple body parts to
the entire body. This equation is currently the most
common method used in allometric studies of com-
mercial fishes, such as P. olivaceus [27] and
O. niloticus [28].

Some studies have indicated that the phenotypes of
sexual dimorphism in invertebrates are the consequences of
sex-biased gene expression and are controlled by multiple
critical genes during growth and development [29]. The
growth, reproduction, and metabolism of fish mainly de-
pend on the somatotropic axis (brain-pituitary-liver) and
reproductive axis (brain-pituitary-gonad) [30]. Comparative
transcriptome analysis revealed many differentially
expressed genes (DEGs) in the hypothalamus and pituitary
of Mystus wyckioides between males and females, and most
of these DEGs were involved in gonad development and
growth [31]. Shen et al. [1] identified many sex-specific
DEGs in the ovary and testis of S. asotus. These DEGs
were enriched in calcium signaling and cytokine-cytokine
receptor interaction for males and in RNA transport and
ribosome biogenesis for females [1]. Sex-specific effects of
the growth hormone gene (GH) and its downstream effector,
the insulin-like growth factor-1/2 gene (IGF-1/2), play
critical roles in the growth difference between males and
females [32]. In teleosts, somatic growth is greatly regulated
by the GH/IGF-1/2 axis genes expressed in the hypothala-
mus-pituitary-gonad (HPG) axis [33]. The expressions of
GH, IGF-1, and IGF-2 were significantly higher in males than
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in females in both larval and adult P. fulvidraco, which are
involved in sexual size dimorphism [34]. IGF-1 is a mediator
of growth hormone (GH), as has been reported for humans,
mice, and several fish species [35-37]; IGF-2, in general, acts
more independently from GH and seems to be crucial for
early embryonic growth, as has been demonstrated in mouse
embryos [37]. In humans, IGF-1 levels are associated with
body mass index and fat deposits in adult women [38]. In
addition, the IGF-1 gene is widely used in agriculture as
a potential biomarker [39, 40].

Considering the importance of basic biological studies
for freshwater fisheries, this study detected the sexually
dimorphic morphology, growth patterns, and expression
levels of brain-pituitary-gonad/liver genes in S. asotus at
different developmental stages. The study could accumulate
basic data for the implementation of scientifically based
breeding and increase the overall production of S. asotus
farming.

2. Materials and Methods

2.1. Experimental System and Fish. The juvenile S. asotus
were obtained by artificial breeding, according to Mao et al.
[41]. They were raised in the freshwater fish breeding base of
Henan Normal University (Qi County, Henan, China). The
experiment was carried out at the breeding base. A total of
900 juvenile fish, aged one month, were randomly collected
by a dense fishing net (mesh size was 1 mm) and kept in 9
identical 300 L tanks (with a density of 0.3 fish/L) filled with
circulating fresh water in the breeding base. Each tank was
equipped with continuous aeration and was maintained at
a12:12L: D light-dark regime. Fish were fed (3 times a day
08:00, 13:00, and 18:00) with commercial pellets with 43%
protein (Hanye Biotechnology Co., Ltd., China). The PH and
the water temperature are 7.8-8.0 and 20-23°C, respectively.
Uneaten food and fish feces were removed daily. Freshwater
with the desired temperature was exchanged at a rate of 40%
twice a day to minimize the build-up of nitrates and nitrites
and maintain water quality. At 3, 5, and 7 months, re-
spectively, 30 juvenile S. asotus from each tank were ran-
domly collected and anesthetized with a lethal dose (500 mg/
L) of MS-222 (Zhonghong Biological Engineering Co., Ltd.,
China) to measure the length traits, the weight indicators,
and mRNA extraction.

2.2. Length Traits Detection. The 14 length traits, including
body length, body depth, body width, head depth, head
length, head width, snout length, postorbital head length, eye
diameter, interorbital width, caudal peduncle depth, caudal
fin length, pelvic fin precoxal length, and distance between
the pelvic and anal fins, were measured by a ruler and
a vernier caliper (accurate to 0.1 mm), respectively.

2.3. Weight Traits Detection. After the body weight was
measured, the fish was dissected on ice. Weight traits, in-
cluding visceral weight, eviscerated weight, fat weight, gonad
weight, intestine weight, kidney weight, liver weight, and
spleen weight, were measured. Meanwhile, the sex was
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determined by gonad evidence. The individual whose gender
could not be determined was discarded.

2.4. Coefficient of Maturity and Coefficient of Fatness. The
coefficient of maturity and the coeflicient of fatness were
calculated. The formulas are as follows:

Maturity = gonad weight (g)/body rhinsp weight (g) x
100 [42]

Condi tion factors = body weight (g)/body length
(cm)® x 100 [42]

2.5. Allometric Scaling of Length Traits to Body Weight.
The joint static allometric scaling model [26] calculated the
allometric scaling scale. The initial model is as follows:
y=byxbtxB2. . xb™, where x,, x, ..., X, indicate partial
body size m; by is the normalized constant; and by, b, . . ., by,
is the biased allometric scaling of the i (i=1...m) partial
body size to the whole body size. The model was converted
by taking the natural logarithm to facilitate the calculation.
Then, the equation is converted as follows:
Iny =Inbg + b1lnx; + bolnx, + . . .b,Inx,,. Using the converted
equation, a stepwise regression was performed to obtain the
optimal static allometric scaling model.

2.6. qRT-PCR. Determination of the mRNA expression
levels was performed by quantitative real-time PCR (qRT-
PCR) in a LightCycler® 480 thermocycler (Roche, Germany)
in a total volume of 20 ul with the LightCycler® 480 SYBR
Green I Master (Roche, Germany) following the manufac-
turer’s protocol. The qRT-PCR experiment was performed at
95°C for 5min, 45 cycles (95°C for 15s), and 60°C for 45s.
The relative expression of target genes was calculated using
the 274" method. All amplification reactions were carried
out in triplicate, and a nontemplate control was also in-
cluded in each run. The relative expression level of mRNA
was normalized with the S-actin gene and calculated using
the comparative threshold cycle method [43]. Primers
(Table 1) for qRT-PCR were designed using the Sangon
Biotech web server (https://www.sangon.com/) and Oligo7
software [44] based on the ORFs under test. In parallel, the
B-actin gene of S. asotus was used as an internal reference for
standardizing the expression of target genes. The primer
pairs used for qRT-PCR are given in Table 1.

2.7. Statistical Analysis. The results are presented as
means + SE. Analysis of statistical differences among the
quantity traits was performed by Tukey HSD multiple
comparison tests using GraphPad Prism 6 statistical soft-
ware (GraphPrism Software, La Jolla, California, USA).

3. Results

3.1. Sexual Dimorphic Length Traits Analysis. The 14 length
traits were analyzed and are shown in Table 2. In
3 months, there were no differences in body length and
body width between male and female S. asotus. However,

3

TaBLE 1: The primers information used in this study.
Gene Primers Product
size (bp)

GH F: TCAGGTTTCCCTCGGTTAGG 118
R: ATGGGCATCGGTGTGCTTAT

GHR F: GATTTGCGTCCAGAGCTCTAC 120
R: ACGAGATTCGCTGAACAGGAG

IGF-1 F: TCATCATCTCTGCCCCCAG 116
R: CAGGCAGTTGGTAGTGCAGG

B-acti F: AAGATCATTGCCCCACCTGA 100
actin R: CCTGCTTGCTGATCCACATC

the traits related to head shapes, including head depth,
head length, head width, postorbital head length, and
interorbital width, were markedly different (P <0.05 or
P <0.01) between the sexes. In 5months, except for eye
diameter, all traits were notably different between males
and females (P < 0.05 or P <0.01). The female body length
was significantly longer than the male (P<0.01). In
7 months, except for caudal peduncle depth, all traits
were significantly different between males and females
(P<0.05 or P<0.01). In female S. asotus, body length,
head width, postorbital head length, eye diameter, in-
terorbital width, caudal peduncle depth, caudal fin
length, and pelvic fin precoxal length in 7 months were
significantly greater than in 3 and 5months. In male
S. asotus, body length, body width, head depth, head
width, head length, postorbital head length, eye di-
ameter, interorbital width, caudal peduncle depth, and
caudal fin length in 7 months were significantly greater
than in 5 and 3 months.

3.2. Sexual Dimorphic Weight Traits Analysis. The 9 weight
traits were analyzed and are shown in Table 3. There were
no differences in spleen weight between males and females
at 3months, 5months, or 7 months, although the mean
values of females were greater than those of males. In
3 months, all traits showed no significant differences be-
tween male and female fish. In 5 and 7 months, weight,
visceral weight, eviscerated weight, gonad weight, intestines
weight, kidney weight, and liver weight in females were
significantly greater than in males (P < 0.05 or P <0.01). In
females, body weight, eviscerated weight, and kidney
weight in 7 months were significantly greater than in 3 or
5months (P <0.05 or P<0.01). In males, there were no
significant differences at 3, 5, or 7 months, although the
mean body weight and other traits were greater than at 3 or
5 months.

3.3. Sexual Dimorphic Condition Factors and Maturity.
At 7 months, the condition factors of females were signifi-
cantly greater than those of males, while there were no
differences between males and females at 3 and 5 months
(Figure 1(a)). The maturities of females were significantly
greater than males (P <0.01) at 5 and 7 months, while the
female’s at 3 months was significantly less than the male
(P <0.05) (Figure 1(b)).
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TaBLE 3: The statistical analysis of anatomical characteristics between female and male populations in S. asotus.
. 3 months 5 months 7 months

Variables

Female (n=83) Male (n=91) Female (n=112) Male (n=288) Female (n=102) Male (n=98)
Weight (g) 199.04+13.05° 137.47+10.37°  364.65+41.42°  166.31+1581°  530.13+2522°  234.15+32.22°
Visceral weight (g) 17.5 +1.46° 11.01 +1.81° 42.02 +2.20° 15.51 +1.38" 47.13 +2.75° 17.82+1.63°
Eviscerated weight (g)  185.07+10.47°  127.68+7.61°  291.81+23.10°  160.93+16.98°  413.76+21.13*  202.06 +27.07°
Fat weight (g) 2.47+0.57" 1.93 +0.42° 5.32+1.43% 1.79+0.75° 7.47 +1.00° 1.67 +0.63"
Gonad weight (g) 1.52 +0.24° 1.76 £ 0.22° 11.62 +1.25° 2.08 +0.49° 14.10 +£1.13° 211+0.3°
Intestines weight (g) 5.16+0.34" 4.23+0.58" 10.48 +0.76" 4.86+0.46" 10.81+0.61° 4.97+0.31°
Kidney weight (g) 1.34+0.37° 0.81+0.23° 3.33+0.22° 1.38 £0.12° 4.70 +0.34° 1.83+0.17°
Liver weight (g) 3.69 +0.50" 2.85+0.32° 7.81 £1.01° 3.34+0.37° 9.81+0.91° 3.60 +0.43"
Spleen weight (g) 0.64+0.36 0.34+0.17 0.61+0.11 0.38 +0.02 0.66 +0.05 0.35+0.07

Note. The data were expressed by the mean + standard error; the HSD was used to put up multiple comparisons. Significant differences are indicated by

lowercases (P <0.05 or P<0.01).
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FI1GURE I: Sexual dimorphic condition factor and maturity in 3, 5, and 7 months. (a) Condition factor of male and female S. asotus during 3,
5, and 7 months. (b) Maturity of male and female during 3, 5, and 7 months. Significant differences are indicated by lowercases above the

error bars (P <0.05 or P<0.01).

3.4. Sexual Dimorphic Allometric Scaling Relative to Body
Weight. Joint static allometric analyses were performed on
14 morphological indicators relative to the body weight of
female and male S. asotus at 3, 5, and 7 months (Table 4). In
the three stages, the allometric scaling value of body length
was by > 1, indicating that the body length of females grew
relatively faster than body weight from 3 months to
7 months, while the body length of males grew more slowly
than body weight (b; <1). In 3 months, female S. asotus
showed significant allometric relationships for body length,
body width, head length, head depth, and pelvic fin precoxal
length relative to body weight. Male S. asotus showed slow
allometric growth rates in body length, body depth, head
depth, snout length, interorbital width, and caudal fin length
compared to body weight. In 5months, male S. asotus
showed a greater allometric growth rate in head length than
body weight. The snout length, caudal peduncle depth,
caudal fin length, and pelvic fin precoxal length in females
and the body width, snout length, and pelvic fin precoxal
length in males showed slow allometric relationships related

to body weight. In 7 months, male body length had a con-
stant growth relationship with body weight. The female
allometric growth rates of body depth, head depth, eye
diameter, and pelvic fin precoxal length were slower than
body weight. The allometric growth rates of head length,
head depth, head width, eye diameter, caudal fin length, and
pelvic fin precoxal length in males were slower than body
weight.

3.5. Sexual Dimorphic Expression of GH/IGF Axis Genes.
The relative expression of GH-1, IGF-1, and GHR in the
hypothalamus, pituitary, gonad, and liver of male and female
S. asotus at 3, 5, and 7 months was detected and is shown in
Figure 2. The results showed that the expressions of GH-I,
IGF-1, and GHR were various in different tissues and rep-
resented gender-specific expression patterns. For the GH
gene, the expression levels in the pituitary were significantly
greater than in the hypothalamus, liver, and gonad, with
a high expression pattern of female preference. For IGF-1,
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FIGURE 2: Sexual dimorphic expression of GH/IGF axis genes in 3, 5, and 7 months. (a)-(c) Expressions of GH, IGF-1, and GHR genes in the
hypothalamus, pituitary, gonad, and liver during 3, 5, and 7 months of male and female S. asotus. f-Actin gene was used as the internal
control. Significant differences are indicated by lowercases above the error bars (P <0.05 or P <0.01).



the expression levels in the pituitary and testis were sig-
nificantly higher than those in the hypothalamus and liver.
For GHR, the expression levels in the pituitary, testis, and
liver were significantly higher than the hypothalamus at 5
and 7 months. The three genes showed higher expression
levels in the hypothalamus, pituitary, and liver of females
and male-biased high expression patterns in the testis.

4. Discussion

The catfish order is one large family of teleost, containing
about 3,407 species currently recognized [45]. Sexual di-
morphisms in growth traits are expected in the catfish
family. Lu et al. [46] found that in P. fulvidraco, the males
grow faster than the females. However, our study found
that the female S. asotus grows significantly faster and is
larger than the male at 7 months. Consistently, Shen et al.
[1] found that the mature females of S. asotus are larger
than the males, with a more than 2-fold body weight. These
results indicate that there is a female-biased sexual di-
morphism in S. asotus. We also found a variety of allo-
metric growth patterns of sexual dimorphism in the
growing process of juvenile S. asotus. At 3 months, there
were no significant differences in body weight and length.
Meanwhile, the sexual characteristics are not obvious. It is
challenging to identify males or females by phenotypic
characteristics or specific sexual characteristics, while we
also found that several local quantifiable characters fo-
cusing on the head were significantly greater in females
compared to males in juvenile S. asotus. The D. labrax
exhibits female-biased sexual size dimorphism (SSD) early
in development (from 103 dph to 165 dph) [21]. Our study
also confirmed that the female-biased SSD pattern in
S. asotus is strongly influenced by early growth differences
between sexes. Females had a larger head shape than males,
likely due to adaptations to female mouthbrooder foraging
strategies [47]. SSD has captivated considerable curiosity
for farmed fish production [48]. The head character dif-
ferences between male and female S. asotus in 3 months
could provide potential morphological markers for fil-
tering the female group to improve production efficiency
for aquaculture.

Fish generally show allometric relationships during the
different stages of development [49]. Allometric re-
lationships between body properties are helpful for a lot of
studies, such as estimation of biomass, growth, population
structure, and bioenergetic modeling studies [50]. The
various brain size-body length allometries could reflect the
climate changes [51]. However, there need to be more
knowledge on the allometric analysis between sexes at
different early development stages, which could help
recognize the potential different growth patterns between
males and females in S. asotus. The length-weight re-
lationship (LWR) is the key to providing useful in-
formation on growth patterns in fish [52]. In this study,
despite the slight difference in body length and weight
between male and female S. asotus in 3 months, there was
a positive LWR found in females (b, > 1) and a negative
LWR in males (b;<1), implying sexually dimorphic
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growth patterns in the early development stage of the fish.
It also implies that the growth in the size of the fish is not
proportionate to the increase in weight [53]. The more
rapid increase in body length of females compared with
body weight at the early development stage could de-
termine the large body size in mature females. Meanwhile,
the weight gains in females were significantly greater than
in males with greater condition factors (K) at 5 and
7 months, which indicated the rapid weight gains in juv-
enile females. A larger body size with a larger mouth shape
could help females get more food and be more competitive
compared to males. Thus, the lifetime reproductive success
of males is limited by access to females. In contrast, females
are not limited by their access to males, which leads to an
unbalance in the number of individuals of each sex in the
population [54].

Most morphological and physiological differences
between females and males are caused by the differential
expression of genes in both sexes [55, 56]. Fish ingestion
and digestion, growth-related gene expressions, sex
hormone levels, and energy allocation for growth and
reproduction could all lead to sexual dimorphism in
growth traits [33]. Generally, the growth hormone and
insulin-like growth factor axis (GH/IGF axis) are the
central hormone systems that regulate the growth of
individual vertebrates. In P. fulvidraco, GH and IGF-1/2
gene expressions in male juveniles were significantly
higher than those in females, indicating that the dif-
ferential expression of crucial hormone genes on the GH/
IGF axis could induce a faster growth rate in males [34].
However, our results showed that the expressions of GH
and IGF-1 were significantly higher in the hypothalamus,
pituitary, and liver. These results are consistent with the
expression patterns in C. semilaevis [57], indicating the
universally high expression patterns in females where the
females are larger than males. As an essential digestive
and metabolic organ, the liver plays a crucial role in
regulating fish growth. We found the GHR gene was
significantly higher in the liver, indicating increased
activity of the growth hormone (GH) [58]. Meanwhile,
we found that the three genes were highly expressed in
the testis, indicating that the expression levels of the
three genes are essential in the regulation of gonad
maturation [59]. In addition, in the hypothalamus-pi-
tuitary-gonad (HPG) system, circulating pituitary GH
stimulates the production of IGF-1, which is mainly
responsible for growth; IGF-2, which is less studied in
teleosts [60], should be detected in future studies for its
role in the early differentiation of sex.

5. Conclusion

The dimorphic growth between females and males ob-
served in S. asotus from 3 months to 7 months demon-
strates that length traits focusing on the head show
significant sex differences in early development. The
growth rate of juvenile female S. asotus is higher than that
of male individuals, which could be interpreted by re-
productive selection. The key endocrine genes of the GH/
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IGF axis could be involved in the sexual size dimorphism
of S. asotus. However, the molecular mechanism of growth
differential regulation between male and female S. asotus
needs further study.
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