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Abstract: In this study, to explore the effect of growth hormone changes on the related genes and
regulatory roles of the turtle, PCR amplification, real-time fluorescence quantitative analysis, and
enzyme cutting technology were used to clone and sequence the somatostatin (SS) gene, growth
hormone receptor (GHR), and insulin-like growth factor-1 (IGF-I) sequence of Chinemys reevesii. The
effects of human growth hormone on the mRNA expression of growth-axis-related genes SS, GHR,
and IGF-1 in different sexes were observed. The study of the SS gene in turtles using real-time
fluorescence quantitative PCR showed that the SS gene was mainly expressed in the nervous system
and the digestive system, with the highest expression found in the brain, while the GHR gene and
the IGF-I gene were expressed in all tissues of Chinemys reevesii. The SS gene was expressed in the
brain, pituitary, liver, stomach, and intestine, with the highest expression in the brain and the lowest
expression in the liver. Within 4 weeks of the injection of exogenous growth hormone, the expression
level of the SS gene in the brain of both sexes first increased and then decreased, showing a parabolic
trend, and the expression level of the experimental group was lower than that of the control group.
After the injection of growth hormone (GH), the expression of the GHR gene in the liver of both sexes
showed a significant increase in the first week, decreasing to the control group level in the second
week, and then gradually increasing. Finally, a significant level of difference in the expression of
the GHR gene was reached at 3 and 4 weeks. In terms of the IGF-I gene, the changing trend of the
expression level in the liver was the same as that of the GHR gene. After the injection of exogenous
growth hormone, although the expression of the SS gene increased the inhibition of the secretion
of the GHR gene by the Reeves’ turtle, exogenous growth hormone could replace the synthesis of
GH and GHR, accelerating the growth of the turtle. The experiments showed that the injection
of recombinant human growth hormone affects the expression of SS, GHR, and IGF-1 genes, and
promotes the growth of the Reeves’ turtle.

Keywords: Chinemys reevesii; growth hormone injection; somatostatin; growth hormone receptor; insulin-like
growth factor-I
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1. Introduction

Turtles are long-living animals with complicated body growth, and there is both
determinate and indeterminate body growth in this group [1–4]. The main difference
is in the ability to continue growth throughout life in indeterminate growers, while the
determinate ones cease their skeletal growth typically close to sexual maturation [5–7].
There are many kinds of turtles, roughly divided into three kinds: tortoise, terrapin, and
semi-water turtle. Chinemys reevesii is a freshwater turtle belonging to Chordata, Reptilia,
Testudoformes, and Geoemydidae that is mainly distributed in subtropical and temperate
regions, such as China, Japan, and South Korea. Generally, turtles are long-living and slow-
growing animals, making them suitable for use as animal models to study growth [8,9].
However, determining why turtles grow slowly remains an unsolved problem. Moreover,
the causal relationship between growth retardation and gene expression patterns related to
the growth axis is still unclear. Growth hormone and somatostatin (SS) are key factors that
regulate the growth and development of an animal [10]. To date, the SS gene expression
pattern of the Reeves’ turtle remains unknown. In previous studies on the hypophysis
microstructure, adenohypophysis ultrastructure, and blood biochemical indexes [11,12], it
was found that fewer granules are secreted by the GH cells of the hypophysis of turtles
compared with other animals.

SS is a low molecular basic peptide secreted in the hypothalamus, and was first dis-
covered by British scientists in 1968 [13]. After a series of experiments, such as separation,
purification, and identification, Brazeau et al. extracted the substance successfully, de-
termined its structure as a cyclic 14-peptide (SS-14), and officially named it as SS [14].
Pradayrol et al. later found that SS-28 and SS-25 of the SS-14 amino-terminal extension
were both encoded by the same gene in mammals [15,16]. Since the discovery of SS, it
has been detected in various vertebrates, mainly in the nervous system and the digestive
system. It has many functions, such as inhibiting the activity of the nervous system and
the spontaneous electrical activity of the brain [17]. An injection of SS into the animal
brain and spinal cord can effectively relieve pain [18]. In the clinic, SS can inhibit the
production of antibodies via B lymphocytes and can also inhibit the release of inflammatory
factors [19–22] to resist the inflammatory reaction. In addition, it can inhibit the exocrine
function of the gastrointestinal tract and pancreas, the release of gastrointestinal hormones
and proteases, gastrointestinal peristalsis, and the repair of gastrointestinal mucosa [23]. In
terms of regulating animal growth, growth hormone and insulin-like growth factor-1 (IGF-I)
can promote animal growth, while SS can inhibit the release of various hormones, such
as growth hormone (GH), thyroid-stimulating hormone (TSH), gonadotropin-releasing
hormone (GnRH), etc. [24,25], which play a negative feedback role in the growth axis, and
work with growth hormone and IGF-I to regulate the growth and metabolism of animals.
Based on this function, SS can effectively inhibit the growth of tumors [26–28]. Mclean
and Donaldson found that an exogenous injection of growth hormone extracted from
mammals can promote the growth of amphibians and reptiles [29]. Therefore, in this study,
we injected turtles with human growth hormone to observe the expression of SS mRNA,
GHR mRNA, and IGF-I mRNA related to the growth axis of the Reeves’ turtle of different
sexes, to explore the effect of growth hormone on related genes and its regulatory role, and
to determine the main reason for the slow growth of turtles.

2. Materials and Methods
2.1. Experimental Animal

In this experiment, male and female turtles were identified and 100 healthy first-year
young turtles were selected. There are two main criteria used for the discrimination of sex
in C. reevesii. One is the turtle’s belly nail—the female’s is flat and the pattern is denser,
while the male’s is concave and the pattern is sparser. The other is the turtle’s tail—the
female tail is slender and close to the anus, while the male tail is shorter and far from the
anus. The experimental animals were from Guangdong Zhangcheng Ecological Agriculture
Investment Co., Ltd (Guangdong, China). with a weight of 80–100 g. The water temperature
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was kept at 24–26 ◦C. The change in the water temperature in the aquaculture pond was
affected by the day/night cycle, but due to the thermal characteristics of the water itself,
the change in water temperature in the aquaculture pond was much smaller than the air
temperature. In addition, the water level was 1 cm higher than the back of the young turtle.
The amount of feed was approximately 3% of the total body weight of the young turtle.
The C. reevesii feed used in the experiment was purchased from Shanghai Derui Feed Co.,
Ltd (Shanghai, China). The main ingredients of the feed were crude protein 30%, total
phosphorus 0.8%, lysine 1.1%, crude fiber 6.5%, 13% crude ash, 3% calcium, 3% crude
fat, and 10% water. The Animal Care Committee of South China Agriculture University
(Guangzhou, China) approved the current study under the trial registration number G027,
and the research was accomplished according to the Experimental Animal Management
Law of China.

2.2. Sample Preparation

The growth hormone used in the experiment was sourced from Shanghai Shushi
Biotechnology Co., Ltd (Shanghai, China). The male and female turtles in the experimental
group were injected with growth hormone from 10 µg/g via by intraperitoneal injection
once a week, lasting 4 weeks. The Reeves’ turtles in the control group were injected
with same volume of PBS, and the other breeding conditions were consistent with the
experimental group. Every week, male and female turtles were randomly selected for
dissection once a week, and seven organs (brain, hypophysis, liver, spleen, kidney, stomach,
and intestine) were placed in liquid nitrogen, and then transferred to the refrigerator at
−80 ◦C for preservation.

2.3. Tissue Collection and Isolation of RNA

In order to determine the expression pattern of the tissue-specific gene, seven organs
and tissues were removed from the turtles: liver, spleen, kidney, brain, hypophysis gland,
stomach, and intestine. The total RNA was extracted with the Eastep Super RNA Extraction
Kit (Promega, Beijing, China), and the cDNA was then synthesized via reverse transcription
from 1 µg RNA (OD260/OD280) with the GoScriptTM RT Mix Kit (Promega, Beijing, China).

2.4. Cloning and DNA Sequencing of the SS Gene of the Reeves’ Turtle

The NCBI website was used to query the cDNA sequence of the SS gene of the
species close to the Reeves’ turtle in GenBank, and DNAMAN software (LynnonBiosoft,
American) was used to determine its conservative region. Primer Premier 6.0 software
was employed to design specific nucleotide sequence primers for the SS gene of the turtles.
Accordingly, the forward and reverse primers were 5′-GGCAAACAGGAACTGGC-3′ and
5′-ACAGTCTTCGGCTCGTGTCGTG-3′, respectively. PCR was performed by using the
DNA polymerase of 2 × TransStart® KD Plus PCR SuperMix (TransGen Biotech, Beijing,
China) under the following conditions: an initial denaturing cycle at 94 ◦C for 5 min,
followed by 30 cycles of amplification consisting of denaturation at 94 ◦C for 30 s, annealing
at 52 ◦C for 1 min, and extension at 68 ◦C for 1 min. A final extension at 68 ◦C for
10 min was added after the last cycle. The PCR product was run using 1% (w/v) agarose
gel electrophoresis with 30 mM Tris-acetate buffer (pH 8.0) containing 1 mM EDTA and
visualized using ethidium bromide (0.5 µg/mL). The PCR product was linked with a
pMD18-T simple vector (Takara Bio, Beijing, China) to form a recombinant plasmid. The
recombinant plasmid DNA was introduced into DH5α-sensitive Escherichia coli for culture
and amplification. Sequencing was then carried out by Qingke Biotechnology Co., Ltd.
(Beijing, China). The cloned SS PCR product was expected to be 294 base pairs (bp).

2.5. RT-PCR

The nucleotide sequence of the SS gene of turtles was obtained via sequencing,
and RT-PCR primers were designed. The forward and reverse primers were
5′-GGCAAACAGGAACTGGC-3′ and 5′-TTAGCCGATCGCTCCAACTC-3′, respectively.
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The gene expression of each turtle’s organ was detected using the newly acquired SS
sequence, GHR gene, and IGF-I gene obtained from previous experiments in the laboratory.
This was carried out under the following conditions: an initial denaturing cycle at 95 ◦C for
2 min, followed by 40 cycles of amplification at 95 ◦C for 15 s, the annealing temperature
was then adjusted according to primer temperature for 1 min, the extension was at 72 ◦C
for 1 min, the fluorescence signal was collected at 72 ◦C, and dissolution curve analysis
was added to the reaction conditions at the end of the cycle. In this study, β-actin was used
as the internal reference gene of RT-PCR.

2.6. Statistical Analysis

Considering the influence of the size, age, and kinship of the experimental animals,
first-year turtles of the same size were selected for the experiment. The turtles selected in
this experiment were full-sibs. The data in this study were expressed as the mean ± SEM
(standard error of mean; the standard error of the sample mean was used to measure the
gap between the sample mean and the population mean). One-way ANOVA was used to
test the differences between the groups. The difference was significant (p < 0.05). All the
statistics were calculated using Graphpad Prism 6 (Graphpad Software Inc., San Diego, CA,
USA), and the data were logarithmically transformed.

3. Results
3.1. Tissue Distribution of SS Gene Expression in the Reeves’ Turtle

To determine the expression of the SS gene in the liver, spleen, kidney, brain, hypoph-
ysis, stomach, and intestinal tissue of the Reeves’ turtle, we cloned part of the SS gene for
subsequent research. The qRT-PCR results showed that the expression level of SS mRNA in
the brain was the highest, whether in male or female Reeves’ turtles. The expression level
of SS in the hypophysis was nearly half that of the brain. The expression of SS in these
two tissues was higher than in other tissues. Compared with the SS mRNA expression in
the brain, the SS gene expression levels in the stomach, intestine, and liver tissues were
approximately 7.9%, 1%, and 0.2%, respectively. Interestingly, the expression levels of the
SS gene in the male brain and the hypophysis were significantly higher than those in the
female (p < 0.05). However, the expression of SS in other tissues shared no sex difference.
The transcription of SS could not be detected either in the male/female spleen or kidney
(Figure 1).
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Figure 1. Relative gene expression of SS in male and female Reeves’ turtles. Total RNA from different
tissues of three Reeves’ turtles was used to perform the real-time PCR. Each sample was performed
in duplicate. The expression levels of the SS gene in the Reeves’ turtles were normalized to the
expression of the β-actin gene. Data were processed using Graphpad Prism 6 (Graphpad Software
Inc., San Diego, CA, USA), and were subjected to variance analysis (ANOVA) using the Open GL
Mathematics (GLM) process. Different superscripts signify significant differences (* p < 0.05). Data
are expressed as mean ± standard error of the mean (n = 3).
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3.2. Modulation of SS Gene Expression in the Brain under Periodic Injection of Growth Hormone

The growth hormone/insulin-like growth factor (GH/IGF) axis is an essential en-
docrine system regulating vertebrate growth [30]. However, the effect of growth hormone
on the expression of SS in Reeves’ turtles was still unclear. Given that the highest mRNA
expression level of SS was found in the brain, we analyzed the modulation of SS expression
in the brain after periodic injections of growth hormone. The qRT-PCR results showed
that the SS mRNA expression in the brain tissue did not change significantly in the first
week after injection (p > 0.05, effect size of Cohen d = 0.2). After two weeks of continuous
injection, the expression of SS in the brain tissue of female turtles increased significantly
(p < 0.01, effect size of Cohen d = 0.8) (Figure 2a). After two or three weeks of continu-
ous injection, the expression of SS mRNA in the male turtle brain increased significantly
(p < 0.01, effect size of Cohen d = 0.8) (Figure 2b). Interestingly, in the fourth week of
continuous injection, the SS gene expression in the brain tissue of male and female turtles
shared no significant difference compared with the control group (p > 0.05, effect size of
Cohen d = 0.2). Collectively, the SS gene expression in the brain of male and female turtles
presented a trend of increasing first, and then decreasing. Further data analysis revealed
that, in the third week of continuous GH injection, expression of the SS gene in the brain
tissue of female turtles was significantly higher than that of males (p < 0.05) (Figure 2c).
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Figure 2. Modulation of SS expression in the brain after injection of GH. The turtles were divided into
two groups, the experimental group and the control group, which contained the same number of male
and female turtles. We first measured the body weight of the turtles. Male or female Reeves’ turtles in
the experimental group were injected with a certain amount of growth hormone weekly. The turtles
to be injected were weighed and were injected according to the standard 10 µg/g. Meanwhile, male
or female Reeves’ turtles in the control group were injected with same volume of PBS. (a) Relative
SS gene mRNA expression in the brain tissue of male Reeves’ turtle. (b) Relative SS gene mRNA
expression in the brain tissue of female Reeves’ turtle. (c) Sex differences regarding SS gene expression
in the brain after four weeks of GH injection. β-actin was used as the internal gene of qRT-PCR.
Data were processed using Graphpad Prism 6 (Graphpad Software Inc., San Diego, CA, USA), and
were subjected to variance analysis (ANOVA) using the GLM process. Different superscripts signify
significant differences (* p < 0.05). Data are expressed as mean ± standard error of the mean (n = 3).
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3.3. Effect of Exogenous Growth Hormone on SS Gene Expression in Tissues of the Reeves’ Turtle

Given the modulation of SS gene expression in the brain through GH injection, we
further analyzed whether a similar effect existed in other organs of the Reeves’ turtle. The
turtles were divided into two groups: the experimental group and the control group. The
male and female Reeves’ turtles in the experimental group were injected weekly with a
certain amount of growth hormone on Mondays for four weeks. The Reeves’ turtles in the
control group were injected with the same volume of PBS. Four weeks after the injection of
GH, the mRNA expression of the SS gene in different tissues of male and female Reeves’
turtles was analyzed via qRT-PCR. Compared with the control group, the expression of the
SS gene mRNA in the hypophysis decreased significantly (p < 0.05, effect size of Cohen
d = 0.5) (Figure 3a,b). The expression of the SS gene in the stomach and intestinal tissues
did not change significantly under the stimulation of GH (p > 0.05, effect size of Cohen
d = 0.2). In both male and female turtles, the expression of SS in the liver, spleen, and
kidney were so low that they were almost undetectable. Interestingly, when facing the GH
stimulation, the mRNA expression profile of SS had a similar response trend in different
tissues both in male and female turtles.
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Figure 3. Expression of the SS gene in each organ after 4 weeks of growth hormone injection. The
turtles were divided into two groups, the experimental group and the control group, containing the
same number of male and female turtles. We first measured the body weight of the turtles. Male
or female Reeves’ turtles in the experimental group were injected with a certain amount of growth
hormone weekly. The turtles to be injected were weighed and were injected according to the standard
10 µg/g. Meanwhile, male or female Reeves’ turtles in the control group were injected with same
volume of PBS. (a) The mRNA expression of the SS gene in the male Reeves’ turtle after four weeks of
GH stimulation. (b) The mRNA expression of the SS gene in the female Reeves’ turtle after four weeks
of GH stimulation. β-actin was used as the internal gene of qRT-PCR. Data were processed using
Graphpad Prism 6 (Graphpad Software Inc., San Diego, CA, USA), and were subjected to variance
analysis (ANOVA) using the GLM process. Different superscripts signify significant differences
(* p < 0.05). Data are expressed as mean ± SEM (n = 3).

3.4. Modulation of GHR Gene Expression in the Liver under Periodic Injection of Growth Hormone

GHR is an essential endocrine regulator of the growth axis of GH/IGF-I. The biological
role of growth hormone is mediated by GHR [8]. In the liver of fish and other vertebrates,
the expression level of GHR was found to be high [8,31,32]. We measured the mRNA
expression of the GHR gene in the liver, spleen, kidney, brain, hypophysis, stomach, and
intestine of turtles via the qRT-PCR method. The GHR gene was highly expressed in the
liver, brain, stomach, and hypophysis of the Reeves’ turtle, but the abundance of GHR
mRNA in the spleen, kidney, and intestines was low (Figure 4a).
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Figure 4. Effect of GH stimulation on GHR gene expression in the liver. The mRNA expression of
GHR in different organs of the Reeves’ turtle and the effect of GH stimulation on GHR expression in
the liver. (a) The mRNA expression of GHR in different organs of the Reeves’ turtle. The turtles were
divided into two groups, the experimental group and the control group, containing the same number
of male and female turtles. We first measured the body weight of the turtles. Male or female Reeves’
turtles in the experimental group were injected with a certain amount of growth hormone weekly for
four weeks. The turtles to be injected were weighed and injected according to the standard 10 µg/g.
Meanwhile, male or female Reeves’ turtles in the control group were injected with same volume of
PBS. (b) Relative GHR gene mRNA expression of male Reeves’ turtle liver under GH stimulation.
(c) Relative GHR gene mRNA expression of female Reeves’ turtle liver under GH stimulation. (d) Sex
differences in GHR gene expression in the liver after four weeks of GH injection. β-actin was used as
the internal gene of qRT-PCR. Data were processed using Graphpad Prism 6 (Graphpad Software
Inc., San Diego, CA, USA), and were subjected to variance analysis (ANOVA) using the GLM process.
Different superscripts signify significant differences (* p < 0.05). Data are expressed as mean ± SEM
(n = 3).

To further clarify the effect of GH stimulation on GHR gene expression in turtle liver,
the turtles were divided into two groups, the experimental group and the control group,
containing the same number of male and female turtles. We first measured the body weight
of the turtles. Male or female Reeves’ turtles in the experimental group were injected with
a certain amount of growth hormone weekly for four weeks. The turtles to be injected were
weighed and were injected according to the standard 10 µg/g. Meanwhile, male or female
Reeves’ turtles in the control group were injected with the same volume of PBS. In the
first week of the GH injection experiment, the mRNA expression of GHR was significantly
increased in both the male and female Reeves’ turtles in the experimental group (p < 0.05).
However, during the second and third week of the GH injection experiment, the GHR
expression in the male turtle liver in the experimental group was decreased, and there was
no significant difference between the control group and the experimental group (p > 0.05,
effect size of Cohen d = 0.2) (Figure 4b). Meanwhile, in the second week of the GH injection
experiment, the GHR expression in the female turtle liver in the experimental group was
decreased, and there was no significant difference with the control group (p > 0.05, effect
size of Cohen d = 0.2) (Figure 4c). Interestingly, in the fourth week of the GH injection
experiment, the GHR gene expression in the male turtle liver was increased significantly
again (p < 0.01, effect size of Cohen d = 0.8) (Figure 4b). In the third and fourth weeks of GH
injection, the GHR gene expression of the female turtle liver was significantly higher than
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that of the control group (p < 0.01, effect size of Cohen d = 0.8) (Figure 4c). The GHR gene
expression in the liver of male and female turtles presented a change trend of increasing
first, and then decreasing, but eventually increasing again. Further data analysis revealed
that in the third and fourth week of GH injection, the expression of the GHR gene in the
female turtle liver was significantly higher than that of the male turtle (p < 0.05) (Figure 4d).

3.5. Modulation of GHR mRNA Expression in Different Tissues of Reeves’ Turtles after Four
Weeks of GH Injection

In order to clarify the effect of GH injection on GHR mRNA expression in different
organs, the modulation of GHR expression in the Reeves’ turtle was detected after four
weeks of GH injection. The GHR mRNA expression in different organs of male and female
Reeves’ turtles did not change significantly after four weeks of GH stimulation (p > 0.05)
(Figure 5a,b). The data analyzed with regard to sex differences showed that the GHR mRNA
expression in the male turtle brain was significantly higher than that in the female turtle
brain (p < 0.05) (Figure 5c).
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Figure 5. Effect of four weeks of GH stimulation on GHR expression. Expression of GHR in different
tissues of the Reeves’ turtle after four weeks of GH injection. (a) The mRNA expression of the GHR
gene in the male Reeves’ turtle after four weeks of GH stimulation. (b) The mRNA expression of the
GHR gene in the female Reeves’ turtle after four weeks of GH stimulation. (c) The mRNA expression
of the GHR gene in each tissue of female and male Reeves’ turtles. β-actin was used as the internal
gene of qRT-PCR. Data were processed using Graphpad Prism 6 (Graphpad Software Inc., San Diego,
CA, USA), and were subjected to variance analysis (ANOVA) using the GLM process. Different
superscripts signify significant differences (* p < 0.05). Data are expressed as mean ± SEM (n = 3).

3.6. Effect of Periodic Exogenous GH Injection on IGF-I Gene Expression in the Liver

IGF-I is a hormone that is fundamental to reproduction and lifespan, as well as to cell
growth, differentiation, migration, and survival [33]. In vertebrates, it is produced both
centrally by the liver and peripherally by diverse tissues [34]. To verify the effect of GH
stimulation on IGF-I gene expression in the liver of male and female Reeves’ turtles, we first
measured the expression of the IGF-I gene in the liver, spleen, kidney, brain, hypophysis,
stomach, and intestine. The qRT-PCR data showed that IGF-I mRNA was expressed in
different organs of the Reeves’ turtle. There are differences in the expression of IGF-I mRNA
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between the male and female. The IGF-I mRNA expression levels in the liver, kidney, and
spleen of the female turtle were significantly higher than those of the male turtle (p < 0.05)
(Figure 6a). However, the highest mRNA expression of IGF-I was found in both the male
and female liver.
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Figure 6. Effect of GH stimulation on IGF-I gene expression in the liver. (a) The mRNA expression
of the IGF-1 gene in each tissue of female and male Reeves’ turtles. (b) The mRNA expression of
the IGF-1 gene in the liver of the male Reeves’ turtle after four weeks of GH stimulation. (c) The
mRNA expression of the IGF-1 gene in the liver of the female Reeves’ turtle after four weeks of
GH stimulation. (d) The mRNA expression of the IGF-1 gene in the liver of the female and male
Reeves’ turtles. The expression of the IGF-I gene in different tissues of the Reeves’ turtle. The average
expression in the male liver is the highest at 30.72, while the expression in the stomach is the lowest
at 0.28. The average expression in the female liver is the highest at 113.60, while the expression in
the stomach is the lowest at 0.47. Different superscripts signify significant differences (* p < 0.05).
Data were processed using Graphpad Prism 6 (Graphpad Software Inc., San Diego, CA, USA), and
expressed as the mean ± SEM. Variance analysis was operated using GLM procedures, based on at
least three replicates for each treatment.

3.7. Changes in IGF-I Gene mRNA Expression in the Liver after Periodic Injection of
Growth Hormone

To study the effect of GH injection on the expression of liver IGF-I, Reeves’ turtles in
the experimental group were injected with a certain amount of growth hormone weekly
for four weeks. Meanwhile, the turtles in the control group were injected with the same
volume of PBS. After the injection of growth hormone, the expression of IGF-I mRNA in the
liver of males and females in the control group remained basically stable, and the changing
trend of IGF-I mRNA expression levels in the male and female liver were similar: the
expression increased in the first week of the experiment, decreased in the second week, and
continuously increased in the third and fourth weeks of the experiment. The expression
of mRNA in the experiment group of the male turtle was significantly higher than that
in the control group at the fourth week (p < 0.01, effect size of Cohen d = 0.8), while the
expression in the female group was significantly higher than that in the control group at
the first, second, and fourth weeks (p < 0.05, effect size of Cohen d = 0.5). The expression of
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IGF-I mRNA in the liver of male turtles in the experimental group was only slightly higher
than that of female turtles in the second week, while that of female turtles was higher than
that of male turtles in the first, third, and fourth weeks, with the difference significant in
the third and fourth weeks (p < 0.05). The results are shown in Figure 6. Four weeks after
the injection of growth hormone, the expression of the IGF-I gene mRNA in the liver and
kidney of the male turtles in the experimental group was significantly higher than that in
the control group (p < 0.05, effect size of Cohen d = 0.8), while the expression in the spleen
was significantly lower than that in the control group (p < 0.05, effect size of Cohen d = 0.8),
and the expression levels in the hypophysis, brain, and stomach were slightly lower than
those in the control group (p > 0.05, effect size of Cohen d = 0.2). The expression of the
IGF-I gene mRNA in the liver of the female turtles was significantly higher than that in
the control group (p < 0.05, effect size of Cohen d = 0.8), and expression in the spleen was
slightly lower than that in the control group (p > 0.05, effect size of Cohen d = 0.2). The
results are shown in Figure 7.
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Figure 7. Expression of the IGF-I gene mRNA in each organ after 4 weeks of injection of growth
hormone. (a) Compared with the control group, the expression of the IGF-I gene mRNA in the liver
and kidney of the male experimental group increased significantly, while the expression in the spleen
decreased significantly. (b) Compared with the control group, the expression of the IGF-I gene mRNA
in the female experimental group increased significantly. Data were processed using Graphpad
Prism 6 (Graphpad Software Inc., San Diego, CA, USA), and expressed as the mean ± SEM. Variance
analysis was operated using GLM procedures, based on at least three replicates for each treatment.
* p < 0.05 compared between the two indicated constructions.

4. Discussion

Under natural conditions, the growth rate of the Reeves’ turtle is relatively slow, being
slow at 1–2 years, accelerating at 3–4 years, and reaching sexual maturity at 5–6 years.
Female turtles grow faster than male turtles. In the 6th year of sexual maturity, female
turtles weigh about 400 g, while male turtles weigh approximately 250 g [35]. Although
the growth speed of turtles is slower than that of other vertebrates, their growth is also
controlled by the growth hormone (GH)—insulin-like growth factor-1 (IGF-I) system. SS
mainly inhibits the growth of animals by reducing the release of hypophysis growth
hormone [10]. As a type of inhibiting hormone required for regulating the stable growth
of animals, SS can prevent animals from being damaged when they grow too fast. For
example, because of the over-secretion of GH, the growth and development of patients
with gigantism will be reduced, causing side effects such as low resistance and a short
lifespan [36]. Therefore, SS plays an indispensable role in the growth axis of animals. In
this study, β-actin was used as the internal reference gene of RT-PCR. The expression levels
of the SS gene mRNA in the brain, hypophysis, liver, spleen, kidney, stomach, and intestine
were analyzed. SS gene mRNA was highly expressed in the nerve and digestive tissues of
the Reeves’ turtle, with the highest expression found in the brain. This is consistent with
the research results regarding SS gene expression in humans, rats, fish [37–39], and other
animals, but the expression amount in other tissues was not found to be the same. In this



Genes 2023, 14, 2032 11 of 15

experiment, no expression of SS mRNA was found in the spleen or kidney of the Reeves’
turtle; however, the expression of SS mRNA has been detected in the spleen of fish [38],
and also in the kidney of Chinese sturgeon [39]. According to a comprehensive analysis of
the above results, the expression of SS gene mRNA is different among different species,
but the expression of SS gene mRNA in the brain of different organisms is the highest,
indicating that SS gene mRNA is expressed in different animals mainly in the brain, which
is the main regulatory organ governing the release of the SS gene to control the growth and
development of animals. However, due to the different expression characteristics, growth
rules, and lifestyles of various animals, there may be differences in the expression of SS
gene mRNA among the different organs of different animals. In this study, the relative
expression of SS gene mRNA in the nervous system of male turtles was higher than that
of female turtles. Combined with the above results, it is suggested that the growth speed
of male and female turtles in the natural state is inconsistent, which may be caused by
the difference in SS gene expression between male and female individuals. It was found
that the expression abundance of growth hormone can affect the expression of SS. After
Kamegai et al. excised the hypophysis gland of mice so that they could not secrete growth
hormone by themselves, the concentration of SS decreased. When exogenous growth
hormone was then injected, the concentration of SS in the mice began to increase again [40].
In this experiment, through a continuous injection of growth hormone, a large amount
of the SS gene was expressed in both female and male turtles to balance their growth
speed. Male turtles had strong adaptability to the growth hormone. After two weeks of
injection, the turtles adapted to the injection amount of exogenous growth hormone, and
the expression of SS gene mRNA in the brain began to decrease, which was similar to the
natural state. However, the adaptability of female turtles to exogenous growth hormone
was weak, and the expression of SS gene mRNA in the brain was higher and lasted longer
than that in males, which indicates that the female is more sensitive to growth hormone.
Therefore, it is speculated that the reason female turtles grow faster than male turtles under
natural conditions may be due to the sensitivity of the female growth hormone.

Through experiments, we found that the GHR gene can be expressed in all tissues of
the Reeves’ turtle, which is consistent with the expression in chickens, fishes, rats [41–43],
etc. The expression of the GHR gene seriously influences the effect of growth hormone.
When the expression of the GHR gene is high, it can combine with growth hormone to
promote the growth of the organism. However, when the expression of the GHR gene
is inadequate, growth hormone cannot combine with GHR, resulting in the organism
producing negative feedback regulation, and inhibiting the growth and development of
the organism. The GHR protein encoded by chickens with dwarfism is abnormal because
of the mutation of the GHR gene, which cannot combine with growth hormone, resulting
in growth retardation [44]. It was found that the expression of the GHR gene was different
in different organs of animals at different periods. The expression of the GHR gene in
the kidney of rabbits was the highest in the fetal period, while the expression of the GHR
gene in the heart, liver, muscle, and other tissues was low. However, the expression of the
GHR gene in the kidney was unchanged in the second to sixth month, but it was largely
expressed in the heart, liver, muscle, and other tissues [45]. According to the above results,
the developmental changes in GHR gene mRNA in different species and tissues will vary,
but the highest expression level in the liver suggests that there may be differences in the
expression regulation mechanism in different tissues. Combined with the results of this
study, GHR gene mRNA expression in the brain of the male Reeves’ turtle was found to be
the highest, followed by that in the liver. In the female, the expression of GHR gene mRNA
was the highest in the liver, followed by that in the brain. This indicates that the male and
female development of the Reeves’ turtle is not synchronous; the male development is
slower than that of the female. The highest level of mRNA expression indicates that all
the organs needed for survival are mature and begin to concentrate on the growth stage.
Meanwhile, the highest level of GHR gene mRNA expression occurring in the male brain
indicates that the brain development of the male is not perfect at this stage, so it is necessary
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to concentrate on the development of the brain to control the release of various hormones.
This difference under natural conditions may be one of the reasons for the asynchronous
growth of the male and female turtle. In this study, GHR gene mRNA expression in the
liver of male and female turtles changed after the injection of human growth hormone. In
the first week, the mRNA expression of the GHR gene in the livers of males and females
increased rapidly, and was significantly higher than that in the control group. In the second
week, the mRNA expression of the GHR gene in the livers of both turtles decreased to a
level similar to that in the control group, and continued to increase at the third and fourth
weeks, suggesting that the sensitivity of the livers of the Reeves’ turtle to exogenous growth
hormone was higher at the first injection of growth hormone. The expression of mRNA
increased rapidly. When injected twice, the body had adapted to the exogenous substance,
so the expression of GHR gene mRNA in the liver was self-regulated to be consistent with
that found under natural conditions. However, with the continuous injection of growth
hormone, the concentration of growth hormone in the body increased, so that the mRNA
expression of the GHR gene in the liver was increased, and began to promote the growth of
the Reeves’ turtle.

IGF-I is one of the important hormones regulating the growth and development of
animals. It is generally believed that IGF-I plays a leading role in the growth of animals.
IGF-I can be synthesized by many tissues and organs in animals, while the main source
of IGF-I in circulation is the liver [46]. In this experiment, we found that the IGF-I gene is
widely distributed in various tissues of the Reeves’ turtle, and the IGF-I gene content in the
liver is the highest. This result is consistent with that found in pigs, sheep, and Oreochromis
mossambicus [47–49]. Although the expression level of the IGF-I gene is the same among
all types of animals, the expression level of IGF-I in different tissues of different sexes of
the same animal also varies. Combined with the results of this study, it was found that the
expression level of IGF-I gene mRNA in the liver of the male and female Reeves’ turtle was
the highest among all the tissues, but the expression level of the IGF-I gene was different
between them. The expression of mRNA in the female turtle liver, spleen, and kidney
was higher than that in the male, suggesting that the growth rate of females in the first
year may be faster than that in males. Further, the tissues related to detoxification and
metabolism, such as the spleen and kidney, develop better, and females in the first year
can adapt to harsh environments better than the males. The effect of growth hormone on
the expression of the IGF-I gene has been proved in various animals. López-Fernández
et al. injected recombinant human growth hormone into aging rats for 7 days continuously,
and the expression of the IGF-I gene was restored to the level of adult rats [50]. After
Pedroso et al. injected recombinant growth hormone into salmon, the expression level of
IGF-I gene mRNA in the liver increased significantly [51]. In this experiment, the expression
trend of IGF-I gene mRNA in the liver of male and female turtles was similar with the
continuous injection of growth hormone. In the first week, the expression of IGF-I gene
mRNA in the liver of turtles was upregulated. The turtles then adapted to the injection
amount of exogenous growth hormone. The expression amount of IGF-I gene mRNA in the
liver required a lot of SS to balance its growth rate; the male turtles adapted to the growth
hormone, and after two weeks, the turtles adapted to the injection amount of exogenous
growth hormone, the IGF-I gene in the liver. The continuous upregulation of mRNA may be
due to the accumulation of growth hormone in the body after the third week, the sensitivity
of the turtles to growth hormone being reduced, and the turtles adapting to the injection
amount of exogenous growth hormone. According to the analysis of the changing trend
of the mRNA of SS, GHR, and the IGF-I gene in the four weeks after injection, when the
expression of SS gene mRNA in the brain was downregulated, the expression of GHR and
IGF-I gene mRNA in the liver was upregulated. When the expression of SS gene mRNA
in the brain was upregulated, the expression of GHR and IGF-I gene mRNA in the liver
was downregulated at the same time, suggesting that the expression level of the SS gene
in the brain was related to the expression level of GHR and IGF-I. After the injection of
growth hormone, although the increase in SS gene expression inhibited the secretion of GH,
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the exogenous growth hormone was able to take the place of GH synthesized in vivo and
GHR, which accelerated the growth of the turtles. Although the expression of the SS gene
increased in the early stage of injection, the expression of the SS gene decreased slowly in
the late stage of injection, which may indicate that the adaptability of turtles to exogenous
growth hormones improved. Our laboratory measured the concentration of IGF-I in the
blood of the Reeves’ turtle. The concentration of IGF-I in the blood of the yellow-feathered
broiler is approximately three times that of the Reeves’ turtle, and the content of IGF-I in the
blood of the blue pond pig is about ten times that of the Reeves’ turtle [3]. In combination
with this experiment, it was found that the IGF-I gene can be expressed in a large amount
in turtles, so it is suggested that the slow growth of the Reeves’ turtle may be related to its
low expression level of growth hormone.

5. Conclusions

Before this study was performed, there was no data available on SS in turtles, and no
data regarding the growth-axis-related genes of turtles injected with exogenous growth
hormone. In this study, we found that exogenous growth hormones can effectively stimulate
the changes in genes related to the growth axis, which may help us to understand the
molecular mechanism of the growth of turtles. The results in this study indicated that
SS gene mRNA expression was the highest in the brain and the lowest in the liver. GHR
gene mRNA and IGF-I gene mRNA are expressed in the brain, hypophysis, liver, kidney,
spleen, stomach, intestine, and other tissues. In males, GHR gene mRNA expression is the
highest in the brain, while in females, IGF-I gene mRNA expression is the highest in the
liver. In females, IGF-I gene mRNA expression is higher in the liver, kidney, and spleen
than that in the male. At the early stage of the injection, SS gene expression increased, but it
later slowly reduced. This may suggest the adaptability of the Reeves’ turtle to exogenous
growth hormone. At the same time, exogenous growth hormone can be recognized by the
GHR gene and can promote the expression of the IGF-I gene. The experiments showed that
the injection of recombinant human growth hormone affected the expression of SS, GHR,
and IGF-1 genes, and promoted the growth of the Reeves’ turtle. This provides a theoretical
basis for further research on the molecular biology of tortoises and turtles, and guidance
on breeding production.
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6. Frýdlová, P.; Mrzílková, J.; Šeremeta, M.; Křemen, J. Universality of indeterminate growth in lizards rejected: The micro-ct reveals
contrasting timing of growth cartilage persistence in iguanas, agamas, and chameleons. Sci. Rep. 2019, 9, 18913. [CrossRef]
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