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Effects of feeding frequency 
on juvenile Chinese sturgeon 
Acipenser sinensis
Yacheng Hu 1,2,3, Kan Xiao1,2,3, Jing Yang1,2, Xueqing Liu1,2, Binzhong Wang 1,2, 
Qingkai Zeng1,2 & Hejun Du 1,2*

In this study, the effects of different feeding frequencies on the growth and the expression of genes 
in the GH/IGF axis were assessed in juvenile Chinese sturgeon. The newly hatched Chinese sturgeons 
were bred for 38 days at three different feeding frequencies groups (feeding frequency of two times 
a day, TWD; three times a day, THD; and four times a day, FOD), and the expression levels of the GH/
IGF axis responses to feeding frequency were determined by quantitative real-time PCR. In addition, 
the full-length of the Coding Sequences of IGF I and IGF II genes (489-bp and 660-bp, respectively), 
were cloned and analyzed from Chinese sturgeon the first time. Multiple sequence alignments of 
IGFs revealed that Chinese sturgeon are high sequence identity to IGFs from other species. The 
phylogenetic relationships based on the IGF I and IGF II amino acid sequences were consistent with 
the traditional classification. After 38 days of growth, the three different feeding frequencies groups 
of Chinese sturgeon had no significant difference of body length, body weight, specific growth rate, 
the survival rate, the rate of weight gain and the condition factor. However, the relative expression 
of Chinese sturgeon GH in the pituitary decreased with increasing feeding frequency. The relative 
expression of Chinese sturgeon GHR in liver and skeletal muscle was deceased with increasing 
feeding frequency, while the relative expression of GHR in stomach and intestines at THD group was 
significantly higher than that of at TWD group and FOD group (p < 0.05). The relative expression of 
Chinese sturgeon IGF I in liver increased significantly with increasing feeding frequency (p < 0.05). 
The relative expression of IGF I in stomach and skeletal muscle was similar at the three groups. The 
relative expression of IGF I in intestines was significantly higher at FOD group than at TWD group 
and THD group (p < 0.05). The relative expression of Chinese sturgeon IGF II in liver at TWD group was 
significantly higher than that at THD group and FOD group (p < 0.05). However, the relative expression 
of IGF II in stomach, intestines and skeletal muscle at THD group was higher than that at TWD group 
and FOD group. Based on these previous studies that liver IGF I is regarded as a biomarker of growth 
performance, this result suggested that the juvenile Chinese sturgeon is better for growth when 
feeding four times daily compared to twice and thrice daily.

Chinese sturgeon Acipenser sinensis is an anadromous species that only spawns in Yangtze River of  China1. The 
number of the wild population of Chinese sturgeon has greatly declined because of overfishing and  damming2. 
And this species has been classified as a critically endangered species by the International Union for Conserva-
tion of Nature (IUCN)3. The wild population of Chinese sturgeon did not spawn for the first time in  20134. So, 
it is urgently to increase the efforts of research and conservation and to protect the spawning environment of 
Chinese sturgeon. In this situation, artificial propagation is one of the effective strategies to enhance the wild 
population. To be able to develop an aquaculture industry and to save this species more efficiently, artificial 
reproduction has been attempted since 1983. However, it is difficult to breed Chinese sturgeon because of its life 
history characteristics that is long lifespan and late maturation. For Chinese sturgeon, it needs at least 14 and 
9 years for females and males to grow  mature5. Therefore, it is important to study Chinese sturgeon to speed up 
the rate of growth of this species. However, because of its extremely late sexual maturation which needs more 
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than 9 and 14 years for males and females, respectively, it is very difficult to accomplish artificial reproduction. 
Moreover, there is little knowledge about the regulation mechanism of growth of Chinese sturgeon.

The growth of Chinese sturgeon is largely governed by food intake, feeding frequency, ration, the kind of 
food and its ability to absorb nutrients. Notwithstanding the nutritionally balanced feeds play an important role 
in cultivating fish, an appropriate feeding management is also necessary to improve production efficiency. It is 
well known that feeding frequency is one of the most important factors in fish farming. Feeding frequency plays 
important role in the growth of fish, especially in the early  stages6. For aquaculture producers, it is critical to 
minimize production costs in a global market place. The appropriate feeding frequency not only increase feed 
conversion ratio to minimize feed wastage and to improve the water quality but also enhance growth to reduce 
the size heterogeneity of  fish7. Not appropriate feeding frequency may lead to increased cannibalism or enhance 
costs of  production8. Higher feeding frequency is better to feed younger age groups on higher growth and 
 survival9. However, over-feeding frequency can input costs and accumulate waste that can affect water quality. 
Meanwhile, a too low feeding frequency may cause greater variety in fish size and reduced  growth10. A lot of 
studies have done about feeding frequency. Many studies had proved that there is an optimal feeding frequency 
to feed fish not only for food ingestion and digestion, but also absorption occurring. Feeding five times a day 
resulted in exhibited improved growth rates compared with once or thrice feeding per day in juvenile Atlantic 
Halibut Hippoglossus hippoglossus11. Therefore, investigation of the appropriate feeding frequency for individual 
growth is important for successful culture of Chinese sturgeon. Chinese sturgeon culturing methods of breeding 
to gain higher productivity and survival rates have been developed. However, no studies have done to establish 
the optimum feeding frequency on Chinese sturgeon. It is important to explore the molecular mechanisms to 
feeding frequency to ensure optimal health of Chinese sturgeon.

The growth of fish is a complex metabolic process and physiological that is primarily controlled by the growth 
hormone (GH)/insulin-like growth factors (IGFs)  axis12. The GH-IGF axis that is involved in many metabolic 
pathways and physiological processes related to somatic growth, development, metabolism, and reproduction 
plays an important role in the regulation of the growth-promoting actions in  fish13–15. The GH/IGF axis includes 
GH and IGFs. The growth of fish is primarily controlled by the GH and  IGFs12,16. Studies on the function of GH/
IGFs in fish are less than those in mammalian vertebrates.

The pituitary secretes GH, which stimulates the synthesis and secretion of IGF  I17. The GH receptor (GHR) 
play essential role in this process. When GH binds to GHR on the cell surface of the target tissue, it will form a 
GH-GHR complex. GHR play essential role in the production and release of IGF I in the liver and other  tissues18.

GH should be considered to be the most important because its regulation involves a complex series of inter-
actions between different hormones. GH is an essential polypeptide required for the development and growth 
of fish. GH is involved in carbohydrate metabolism, reproduction, skeletal and soft tissue growth, immune 
function and so  on19.

IGFs plays an important role in variety cellular processes such as metabolic regulation, cell growth, organ dif-
ferentiation and basic  metabolism20,21. IGFs include IGF I and IGF II. In fish, both IGF I and IGF II are detected 
in liver, gastrointestinal tract, skeletal muscle, gills, brain, heart, eye, spleen, gonads, kidney and  pancreatic22,23. 
IGF I played an important role in the rule of the growth-promoting actions in  fish13. IGF I was so important in 
regulation growth and reproduction that this gene had been studied widely including the Southern flounder 
(Paralichthys lethostigma)24, the Chilean flounder (Paralichthys adspersus)25, tilapia (Oreochromis mossambicus), 
rainbow trout (Oncorhynchus mykiss), coho salmon (Oncorhynchus kisutch), carp (Cyprinus carpio), red seabream 
(Pagrus major)26. IGF I regulates most of the somatotropic activities such as carbohydrate metabolism and cel-
lular  growth17. IGF I was not only involved in promoting cell differentiation  processes27,28, cell  proliferation29,30, 
but also vary plastically in response to artificial selection for growth  rate31,32 and environmental cues, such as 
temperature, nutrition and  photoperiod33–35. The mRNA expression of IGF I can be elevated by intraperitoneal 
injection of recombinant bream  GH36. Although a lot of knowledge of physiological functions of IGF I have 
been known, there is little about those of IGF II. The expression of IGF II is also influenced by GH, and IGF II is 
also abundantly produced in the liver and extra liver  tissues37,38, Several studies have reported that GH depend-
ent expression of IGF II in  fish39,40. The IGF II may play an important role in embryonic growth in  mammals41. 
However, the expression of IGF I and IGF II are by way of a negative feedback control pituitary GH expression 
in vitro42.

The mRNA transcripts of GH and IGFs in fish are considered to be an indicator for growth performance 
and physiological  status43,44. A lot of studies indicate that the nutrients, seasons and developmental can affect 
the level of IGFs in  fish45–47. For instance, the Atlantic salmon had a significant decrease in circulating IGF I and 
IGF II after prolonged  starvation48. While, prolonged starvation led to reductions in GH mRNA expression and 
liver IGF I mRNA expression in Ictalurus punctatus49 and the dietary protein composition was reported to be 
closely correlated with the expression levels of GH and IGF I in Carassius auratus50. Thus, the GH/IGF axis was 
speculated to be played an important role in fish under different physiological status and environment conditions. 
Although IGFs are so important, there is no study on IGFs in Chinese sturgeon. And information on the GH/
IGF axis in Chinese sturgeon is rare. As the primary growth related gene, understand the mechanism of GH/
IGF axis will improve our knowledge on fish growth.

Thus, the objectives of our study were to explore the roles of GH, GHR and IGFs under different feeding 
frequencies and elucidate the optimal feeding frequency to feed juvenile Chinese sturgeon. We also cloned and 
analyzed IGF I and IGF II from Chinese sturgeon the first time. The knowledge gained from this research will 
be useful for the development of Chinese sturgeon breeding.
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Material and method
Exprimental procedures. The fertilized eggs of Chinese sturgeon were obtained from Chinese Sturgeon 
Research Institute, Hubei Provence, China. They were hatched at 18.0 ± 0.5  °C. After 5  days, the eggs were 
hatched into larvae. After eighteen days growth of larvae, Chinese sturgeon (body weight, 0.15 ± 0.02 g; length, 
3.47 ± 0.06 cm) began to eat food. Then, a total of 450 apparently healthy Chinese sturgeon individuals were 
randomly selected for the experiment. The 450 Chinese sturgeon individuals were randomly stocked into 9 
rectangle tanks (0.8 m × 0.5 m × 0.4 m) at 18.0 ± 0.5 °C (50 fish in each tank). The experiment was partitioned 
into three groups. Among the 9 rearing tanks of fish, three were fed two times daily with Red silk worm (TWD), 
another three were fed three times daily (THD), the last three were fed four times daily (FOD), each group was 
set up with 3 parallel tanks, and there are 50 fish in each tank. The dissolved oxygen of the water in the tanks 
was maintained at over 6.0 mg/L throughout the experiment. The tanks were supplied with filtered water. The 
physicochemical parameters of the water in the tank can meet the need of the experiment. In our study, stocking 
density was not a limiting factor during the experiment, because the tank was large enough to meet the experi-
ment requirements. In addition, before the main experiment, a pre-experiment was performed to determine 
bout/meal size and time spent eating (time in minutes), and the result showed that feed time was completed 
within ~ 40 min. Therefore, during the experiment, Chinese sturgeon was used apparent satiety feeding method 
to be fed with enough red silk worm each time, and residues were cleared after 40 min of feeding. The specific 
feeding time in each day is at 9:00 and 21:00 in TWD group, 9:00, 15:00 and 21:00 in THD group, 9:00, 13:00, 
17:00 and 21:00 in FOD group. All rearing tanks were changed clean water two times a day to maintain the water 
quality. The light regime was controlled at 12 h light and 12 h dark. They were fed 38 days. Body weight and 
length of body were measured at the beginning and the end of experiment. Then six fish was taken from each 
rearing tanks to be sampled. All fish were anaesthetized with MS-222 (Sigma, USA) and sampled within 5 min. 
Pituitary, liver, stomach, intestines and skeletal muscle were collected from each fish, immediately frozen in 
liquid nitrogen, and stored at − 80 °C.

Measurement of growth traits. The initial body weight (IBW) (g), initial body length (IBL) (cm), finally 
body weight (FBW) (g) and finally body length (FBL) (cm) was measured at the beginning and end of the trial. 
Specific growth rate (SGR) was calculated as follows: SGR (%) = 100 × (lnFBW − lnIBW)/time (d). The survival 
rate (SR) was calculated as follows: SR = 100% × Nf/Ni,  Nf is the number of the finally fishes,  Ni is the number of 
the the initial fishes. The rate of weight gain (WGR) was calculated as follows: WGR = 100% × (FBW-IBW)/IBW. 
The condition factor (CF) was calculated as follows: CF = 100% × FBW/FBL3.

Molecular cloning of IGFs and GHR cDNAs. Total RNA was extracted from the samples using Trizol 
reagent (Invitrogen, USA) according to the manufacturer’s instructions. The concentration of total RNA and 
the purity of sample were quantified by NanoDrop®2000 spectrophotometer (Thermo Scientific, Wilmington, 
DE, USA) and 1% agrose gel. All RNA samples analyzed had a 260/280 ratio ≥ 1.80. The cDNA was produced 
following the manufacturer’s instructions (iScript cDNA Synthesis Kit, BioRad, Hercules, CA, USA) by using 
one microgram of RNA. Then the cDNA was stored at − 80 °C to be used as a template in quantitative real-time 
PCR (qPCR).

Based on unpublished Chinese sturgeon transcriptome sequences (Illumina HiSeq2000) that was measured 
by our laboratory, we obtain the partial cDNA sequences of GHR, IGF I and IGF II. The fragment-deduced 
amino acid sequences were most similar to GHR and IGFs protein. To obtain the full-length Coding sequence 
of IGF I and IGF II in Chinese sturgeon, special primers were designed according to the partial cDNA sequence 
that with Primer 5.0 (showed in Table 1). Then, cDNA fragments of GHR, IGF I and IGF II of Chinese sturgeon 
were obtained by PCR amplification. The PCR reaction was performed in a final volume of 50 μL containing 
2 μL cDNA, 4 μL 10 mmol/L dNTP mix, 5 μL reaction buffer, 1 μL each primer solution (Table 1), 0.4 μL Taq 
polymerase (TaKaRa), and 36.6 μL nuclease-free water. All PCRs were performed on a PTC-200 thermal cycler 
(Bio-Rad, USA). Denaturation at 94 °C for 3 min was followed by 40 cycles of amplification at 94 °C for 30 s, 
annealing temperature of each gene for 30 s, and 72 °C for 30 s, followed by an additional extension at 72 °C for 
10 min. The PCR products were electrophoresed on a 1.5% agarose gel and visualized using ethidium bromide 
staining. Putative gene fragments were cloned into pMD18-T vector (Takara, Japan) after purification, and 
sequenced with an ABI3730XL sequencer (Applied Biosystems, Foster City, CA, USA).

Sequence analysis. To examine the similarity of Chinese sturgeon IGF I and IGF II to those of other spe-
cies, the cDNA and deduced amino acid sequences were analyzed by the BLAST program (NCBI, https ://www.
blast .ncbi.nim.nih.gov/Blast .cgi). Multiple sequence alignments of predicted amino acid sequences of IGF I and 
IGF II were produced using DNAMAN software. A phylogenetic tree based on IGF I and IGF II amino acid 
sequences was constructed using the neighborjoining method on Mega 5.1 using 1000 bootstrap replicates. Sig-
nal peptide regions, conserved domains, protein phosphorylation site, transmembrance helix structure, second-
ary structure, tertiary structure, hydrophobicity prediction and protential N-glycosylation sites were predicted 
using SignalP version 3.0 (https ://www.cbs.dtu.dk/servi ces/Signa lP/), Pfam (https ://pfam.xfam.org/searc h), 
DISPHOS1.3 (https ://www.dabi.templ e.edu/disph os/), TMHMM Server v.2.0 (https ://www.cbs.dtu.dk/servi ces/
TMHMM /), PSIPRED 4.0 (https ://bioin f.cs.ucl.ac.uk/psipr ed/), Chimera (https ://www.cgl.ucsf.edu/chime ra/), 
ProtScale (https ://web.expas y.org/prots cale/) and ExPASy Molecular Biology Server (https ://www.expas y.org/).

Quantitative real-time RT-PCR (qRT-PCR). Chinese sturgeon β-actin (Table 1) was used as a positive 
control for the RT-PCR analysis to determine the template concentration and to provide an external control for 
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PCR reaction efficiency under the same reaction conditions. The GH sequence of Chinese sturgeon was got from 
in Genbank (Accession No. EU599640).

The expression patterns of GH/IGF axis mRNAs in various tissues of Chinese sturgeon were examined by 
RT-PCR. The qPCR were performed in triplicate wells using SYBR Green Premix Ex TaqTM II (Takara) on an 
AB Step One Plus Real-Time PCR system (AB Applied Biosystems, Foster City, USA) and the cycling conditions 
for qPCR were as follows: 95 °C for 30 s, 40 cycles of 5 s at 95 °C, 30 s at 60 °C, and 45 s at 72 °C. The primers 
used in this study were designed based on the cloned sequences using Primer5 software. Table 1 lists the primers 
used for these analyses. The relative quantification (RQ) was calculated using the  2−ΔΔCt method (ΔCT = CT of 
target gene—CT of β-actin, ΔΔCT = ΔCT of any sample -ΔCT of calibrator sample).

Statistical analysis. All data were performed using SPSS 17.0 and shown as mean values ± standard error. 
Statistical analyses were determined by one-way analysis of variance (ANOVA) using Duncan’s test. Significant 
differences were accepted when p < 0.05.

All fish handling and experimental procedures in this study were approved by the Chinese Sturgeon Research 
Institute, the China Three Gorges Corporation, and the Hubei Key Laboratory of Three Gorges Project for Con-
servation of Fishes. All experiments were performed in accordance with relevant guidelines and regulations.

Results
Effects of feeding frequency on growth performance. Table 2 summarizes the growth parameters of 
Chinese sturgeon after 38 days of culture. No fish died in the three different feeding frequencies group during 
the 38 days of experiment. After 38 days of growth, the three different feeding frequencies groups of Chinese 
sturgeon had no significant difference of body length, body weight, specific growth rate, the survival rate, the rate 
of weight gain and the condition factor.

Table 1.  Summary of quantitative real-time PCR primers used in this study.

Primers Sequence (5′–3′) Production size (bp)

IGF I-F1 GTG TTC TGT GCC TGA CTC 
402

IGF I-R1 GAA GAG CAA AAT CCAGA 

IGF I-F2 CCC ATT CCT TCT TAT TTC GC
318

IGF I-R2 CAT AGC CTG TTG GTT TGT TGA 

IGF II-F AAT GCC ACA GAA AGG ACG 
820

IGF II-R GCA GCA GAA ACT GGG AAC 

GHR-F TGA ACA TCA AGG ACG ACG 
318

GHR-R CGG GCG ATA GCA GAAC 

IGF I-qF GTA CTG TGC GCC TGT TAA 
164

IGF I-qR TCC TGT TGC CTA TGT TCC 

IGF II-qF ATC GCC CTC ACA GTC TAC AT
130

IGF II-qR GTG GCT TGC TGA AAT AAA A

GH-qF ATG GCA TCA GGT CTG CTT CT
185

GH-qR ACG CTG CTC ATC TGG AAC ATAG 

GHR-qF CAT AGA AAT CCA GGT TTA CCC AAC TC
271

GHR-qR CTG AAC ATC AAG GAC GAC GACTC 

β-Actin-F TTA TGC CCT GCC CCA CGC TATC 
201

β-Actin-R CGT GTG AAG TGG TAA GTC CGT 

Table 2.  Growth parameters of Amur sturgeon after 38 days of growth at different stocking frequencies. 
Values not sharing a common letter are significantly different (p < 0.05). Data are means ± SEM.

Item The group of feeding two times daily (TWD)
The group of feeding three times daily 
(THD)

The group of feeding four times daily 
(FOD)

Initial body weight (IBW, g) 0.15 ± 0.02a 0.15 ± 0.02a 0.15 ± 0.02a

Initial body length (IBL, cm) 3.47 ± 0.05a 3.46 ± 0.04a 3.47 ± 0.06a

Finally body weight (FBW, g) 2.44 ± 0.5a 2.58 ± 0.59a 2.54 ± 0.49a

Finally body length (FBL, cm) 7.01 ± 0.56a 7.17 ± 0.62a 7.13 ± 0.51a

Specific growth rate (SGR) 7.51 ± 0.56a 7.65 ± 0.66a 7.64 ± 0.54a

Survival rate (SR) (%) 100 100 100

The rate of weight gain (WGR) (%) 1545.72 ± 336.78a 1644.83 ± 396.77a 1618.39 ± 330.92a

Condition factor (CF) 0.007 ± 0.00065a 0.0069 ± 0.00052a 0.007 ± 0.00055a
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Molecular characterization and phylogenetic analysis IGF I and IGF II. We cloned the full-length 
of the Coding Sequences of IGF I and IGF II genes from the liver of Chinese sturgeon (accession no. MK028132 
and MK028133). And we cloned the partial-length of the Coding Sequences of GHR gene from the liver of 
Chinese sturgeon (accession no. MK028131). The Coding Sequences of IGF I and IGF II genes were 489-bp and 
660-bp, respectively. As shown in Fig. 1 the predicted amino acid sequence of IGF I and IGF II consist of 162 
and 219 amino acid, respectively. The calculated molecular weight of IGF I protein was 18.3 kDa with a theo-
retical isoelectric point of 9.5. Similarly, the calculated molecular weight of IGF II protein was 25.0 kDa with a 
theoretical isoelectric point of 9.77. The GRAVY (grand average of hydropathicity) results indicated that IGF 
I and IGF II were hydrophilic. The IGF I protein contained a conserved domain (48-106aa) and nine putative 
phosphorylation sites. The IGF II protein contained two conserved domains (60-116aa and 150-205aa) and 11 
putative phosphorylation sites. The IGF I was predicted to contain no glycosylation site and transmembrane 
helix structure. The IGF II was predicted to contain two glycosylation sitea and one transmembrane helix struc-
ture. The IGF I was predicted to contain 44 amino acid signal peptide, however, there is no amino acid signal 
peptide was predicted in the IGF II (Fig. 2). The second structure of IGF I protein was predicted to consititute 
with strand (3%), helix (37%) and coil (60%) (Fig. 3). The second structure of IGF II protein was predicted to 
consititute with helix (43%) and coil (57%) (Fig. 3). The IGF I and IGF II protein tertiary structure have been 
predicted via Chimera (Fig. 4).

To further understand the sequence similarities, the IGF I and IGF II of Chinese sturgeon were compared with 
those from other vertebrates using NCBI (https ://blast .ncbi.nlm.nih.gov/Blast .cgi?PROGR AM=blast n&PAGE_
TYPE=Blast Searc h&LINK_LOC=blast home). The sequence of IGF I exhibited higher similarity to fish species 
like Huso huso (97%), Acipenser baerii (96%), Acipenser schrenckii (98%), Acipenser ruthenus (96%), Acipenser 
persicus (95%). Similarly, IGF II sequence exhibited higher similarity with the fish species like Acipenser schrenckii 
(99%), Scaphirhynchus platorynchus (98%). Our multiple sequence alignments shows that Chinese sturgeon IGFs 
has high sequence identity to IGFs from other (Fig. 5).

To evaluate the evolutionary relationships between the predicted Chinese sturgeon IGFs and other species 
IGFs, a phylogenetic tree was constructed (Fig. 6). There are two distinct lineages in this phylogenetic tree, one 
was composed of IGF I, while another was composed of IGF II. The phylogenetic tree showed that the Chinese 
sturgeon IGF I was closely related to that of Acipenser ruthenus, which was also belongs to the Acipenseriformes 
family. Similarly, the Chinese sturgeon IGF II was closely related to that of Acipenser schrenckii IGF II, which 
was belongs to the Acipenseriformes family, too. And sturgeon IGFs formed a clade with other fish subgroups, 
did not grouped into a clade with Gallus gallus, Sus scrofa, Bos Taurus, Mus musculus and Homo sapiens. The 
phylogenetic relationships is consistent with the classification and evolutionary status for these species.

Expression patterns of GH, GHR, IGF I and IGF II in various tissues. The relative expression of GH, 
GHR, IGF I and IGF II mRNA in various tissues of Chinese sturgeon were determined by quantitative real-time 
PCR. The relative expression of GH/IGF axis was significantly affected by feeding frequency (p < 0.05). The rela-
tive expression of GH in the pituitary decreased with increasing feeding frequency (Fig. 7). The relative expres-
sion of GHR in liver and skeletal muscle was deceased with increasing feeding frequency, while the relative 
expression of GHR in stomach and intestines at THD group was significantly higher than that of at TWD group 

Figure 1.  Nucleotide and deduced amino acid sequence of Chinese sturgeon IGFs. (a) Chinese sturgeon IGF 
I. (b) Chinese sturgeon IGF II. The putative signal peptide is marked in red. A putative conserved domain is 
marked in blue. Predicted phosphorylation sites are boxed in black. Prediction of glycosylation site of proteins 
are indicated in green. Prediction of transmembrane helix structure of protein are boxed in purple. The stop 
codon is denoted by an asterisk.

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
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Figure 2.  Predicted signal peptide of IGFs protein in Chinese sturgeon. (a) Chinese sturgeon IGF I. (b) Chinese 
sturgeon IGF II.

Figure 3.  Chinese sturgeon IGFs protein second structure prediction via PSIPRED. (a) Chinese sturgeon IGF I. 
(b) Chinese sturgeon IGF II.
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and FOD group (p < 0.05) (Fig. 7). The relative expression of IGF I in liver increased significantly with increasing 
feeding frequency (p < 0.05) (Fig. 7). The relative expression of IGF I in stomach and skeletal muscle was similar 
at the three groups. The relative expression of IGF I in intestines was significantly higher at FOD group than at 
TWD group and THD group (p < 0.05). The relative expression of IGF II in liver at TWD group was significantly 
higher than that at THD group and FOD group (p < 0.05) (Fig. 7). However, the relative expression of IGF II 
in stomach, intestines and skeletal muscle at THD group was higher than that at TWD group and FOD group.

Discussion
Growth is a major physiological process that is closely related in vertebrates. The GH/IGF axis is important in 
the neuroendocrine regulation of vertebrate  growth12,16. The reasonable feeding frequency is an important fac-
tor for effective cost saving in intensive aquaculture. An appropriate feeding frequency can help the growth and 
metabolism of fish. Therefore, it is important to determine the optimum feeding frequency for the healthy and 
sustainable development of fish. In this study, the effects of different feeding frequencies on the growth and the 
expression of genes in the GH/IGF axis were assessed in juvenile Chinese sturgeon. The significant variation 
in the expression of genes related to the GH/IGF axis of juvenile Chinese sturgeon among the different feeding 
frequencies is interesting.

We first cloned and analyzed the IGF I and IGF II sequences from Chinese sturgeon. The complete coding 
region of IGF I from Chinese sturgeon encoded a putative protein composed of 162 amino acids with 45amino 
acid signal peptide. The result is similar to those of the Persian  sturgeon51. The complete coding region of IGF II 
from Chinese sturgeon encoded a putative protein composed of 219 amino acids with no signal peptide. However, 
the IGF II from Amur sturgeon contained 47 amino acid signal  peptide52. A multiple sequence alignment was 
constructed indicating that Chinese sturgeon IGFs display relatively high sequence identity comparing to those 
of other teleosts. The phylogenetic analysis of the full length amino acid sequences revealed that IGFs sequences 
from Chinese sturgeon have high similarity with IGFs from other species in the Acipenseriformes group. The 
result of phylogenetic analysis for the IGFs is consistent with the traditional taxonomy, and this result is consist-
ent with previous  study53. Those result suggested that the structure and function of IGFs of Chinese sturgeon 
share a higher degree of evolutionarily conserved in amino acid sequence.

The GH/IGF axis is influenced by environmental conditions and  nutrition50,54,55. The GH was detected in 
the pituitary of Chinese  sturgeon56. Interestingly, the expression of GH was showed lower levels at FOD group 
than that at TWD group and THD group at the end of the 38-day experiment in the present study. The GH is 
implicated in somatic growth and developmental processes. The higher expression of GH is in the fast-growing 
females Cynoglossus semilaevis and Anguilla anguilla than in  males57,58. The expression levels of GH are decreased 
with fasting conditions in Rhamdia quelen55. The lower expression levels of GH may lead to the reduced growth 
of Chinese sturgeon at the higher feeding frequency group.

The GHR can mediate the biological actions of  GH17. The binding of GH to GHR leads to the rapid activation 
of some signal transduction pathways that regulate cell growth. The expression levels of GHR can be affected 
by environmental factors in  fish59,60. In this study, the expression levels of GHR were significantly affected by 
the feeding frequency. The expression levels of GHR decreased in the liver and skeletal muscle along with the 
increasing of feeding frequency. The muscle GHR of Atlantic salmon was elevated after fed high plant protein, 
while GH-IGF system had minor  effects61. The GH had been reported to be participation in regulating GHR 
expression in  fish62,63. In the liver and skeletal muscle, the expression levels of GHR are decreasing along with 
the increasing feeding frequency that is likely to be because of the decreasing of the expression levels of GH in 
the present study. And this is consistent with the theory that the expression level of GHR decreases as the expres-
sion level of GH decreases. However, the expression levels of GHR in the stomach and intestines are highest at 
THD group. This suggested it could up-regulated GHR expression in the stomach and intestines at the feeding 
frequency of three times daily.

In this study, the IGF I and IGF II were expressed differentially due to feeding frequency, indicating that the 
Chinese sturgeon IGF I and IGF II paly different roles in response to different feeding frequencies. The IGFs 

Figure 4.  Chinese sturgeon IGFs protein tertiary structure prediction via Chimera. (a) Chinese sturgeon IGF I. 
(b) Chinese sturgeon IGF II.
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play an important role in somatic growth of vertebrates. In the present study, we observed that the expression 
levels of IGF I in the liver and intestines at FOD group was highest significantly among the three experimental 
groups. The IGF I increase in liver and intestines may support IGF I to be involved in the metabolism when fed 
four times daily compare to two and three times daily. There is no significantly difference to the expression levels 
of IGF I in the stomach and skeletal muscle among the three experiments. The expression levels of IGF II in the 
stomach, intestines and skeletal muscle at THD group were highest significantly among the three experimental 
groups. The expression levels of IGF II at TWD group were highest significantly in the liver.

Considering the relationship of GH, GHR and IGFs, the increasing expression levels of GHR can enhance 
GH sensitivity and increase the IGFs production. In opposite, the increasing expression levels of IGFs can reduce 
expression of GH production because of negative feedback. The increasing expression levels of IGF I in the liver 
and the decreasing expression levels of GH in this study support this hypothesis. Interestingly, no IGF I responses 

Figure 5.  Multiple alignment of IGFs proteins in different species. The IGFs sequences from other species 
were downloaded from GenBank. The references for the GenBank Accession Numbers of IGFs amino acid 
sequences are as follows: Acipenser sinensis IGFs (AsiIGFs, MK028132 and MK028133); Acipenser ruthenus 
IGF I (ArIGF I, DQ329352); Acipenser baerii IGF I (AbIGF I, FJ428828); Acipenser persicus IGF I (ApIGF 
I, GU325629); Acipenser schrenckii IGF II (AscIGF II, KC484697); Danio rerio IGFs (DrIGFs, NM_131825 
and AY049027); Lateolabrax japonicas IGFs (LjIGFs, JN596878 and JN596879); Sparus aurata IGFs (SaIGFs, 
AY996779 and AY996778); Trachinotus ovatus IGFs (ToIGFs, KT727922 and KT727923); Gallus gallus IGFs 
(GgIGFs, NM_001004384 and NM_001030342); Bos Taurus IGFs (BtIGFs, NM_001077828 and NM_174087); 
Sus scrofa IGFs (SsIGFs, NM_214256 and XM_021080648); Homo sapiens IGFs (HsIGFs, NM_001111283 and 
NP_001121070); Mus musculus IGFs (MmIGFs, AY878193 and M14951.1) and Cyprinus carpio IGF II (CcIGF 
II, HM641129). (a) Chinese sturgeon IGF I. (b) Chinese sturgeon IGF II.
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were detected in stomach and skeletal muscle at the different feeding frequency in this study. The current GHR 
response in the liver and skeletal muscle seems to be related to the decreasing of GH at three experiments. The 
decreasing GH may lead the low expression of GHR in the stomach and intestines at FOD group. Requeni et al.64 
reported that the GH levels of rainbow trout were rose after feeding more plant protein, which maybe because 
of the decreasing of the IGF I. Confinement stress caused a significant decline in circulating IGF I after 3 h, and 
IGF II after 24 h in rainbow trout. However, confinement stress had little effect on the circulating GH in rainbow 
 trout48. However, it cannot be adequately determined here whether the decline in GH is attributed solely to the 
increasing of IGF I in liver. More research is required to fully understand this mechanism.

The feeding frequency plays an important role in intensive aquaculture. An inappropriate feeding frequency 
can negatively affects the growth of fish. Higher feeding frequency can input costs and the too low feeding 
frequency can cause greater variety in fish  size10. Therefore, it is important to confirm the optimum feeding 
frequency. Previous study about juvenile Brazilian sardine65 have suggested that feeding frequency had signifi-
cant effects on biometric index of growth, such as the body weight gain, specific growth rate and feed efficiency 
rate. Increased feeding frequency has been reported to promote the growth of many fish  species66,67. A lot of 
studies had been reported that the growth rate was increasing with feeding frequencies in many juvenile fish 
 species68,69. These studies have suggested that feeding frequency had significant effects on weight gain and feed-
ing behaviour of cultivated fish. Unfortunately, we could not compare the outcomes to other studies as no data 
on the expression levels of GH/GHR axis in fish under different feeding frequencies. As the frequency of feed-
ing increases, the individual size difference decreases in rock  bream70. Manecas Baloi et al.65 reported that the 
effective feeding frequency for good performance in farmed fish was at least twice daily. In contrast of fed only 
once daily, fish gained more weight under feeding more than once daily. Biswas et al.71 reported that feeding 
three times daily gained more weight and grew more efficiently for Lates calcarifer compared to one, two and 
four times daily. Atlantic spadefish grew more and more efficiently when feeding three times daily compared 
to once daily, regardless of feeding  rate72. Mihelakakis et al.73 reported that juvenile common Pandora could 
obtain good growth and feed efficiency when were fed to satiation twice daily compared to one, three and four 

Figure 6.  Phylogenetic tree of IGF I and IGF II constructed by the neighbor-joining method.
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feeding daily. The optimal feed efficiency for growth performance of juvenile dark-banded Rockfish treated was 
2 and 3 meals/d74. The optimal feeding frequency of captive head-started green turtles was feeding twice  daily75. 
However, the feeding frequency had little effect on the growth of the  tilapia76. Although the optimal feeding 
frequency differs according to the size and species of fish, increased feeding frequency may help increase the 
opportunity to access to feed and reduce the dominance in culture tank in fish. That might be because juvenile 
fish need to distribute more energy for competing tours to flock at the lower feeding frequency, which could 
accelerate the metabolism of lipid and protein. After 38 days of growth, the three different feeding frequencies 
groups of Chinese sturgeon had no significant difference of body length, body weight, specific growth rate, the 
survival rate, the rate of weight gain and the condition factor in this study. These changes do not appear to be 
consistent with the expression of GH/IGF axis. These is no significant difference of special growth rate with the 
increasing of feeding frequency in A. schrenckii Brandt♀ × A. baeri Brandt♂hybrid sturgeon for feeding 12 weeks, 
though special growth rate grows continuously with the increasing of feeding  frequency77. That result is similar 
to our study. We suppose the experiment period was not long enough. The biometric index should be consistent 
with the expression of GH/IGF axis. This hypothesis need further studies to be verified. In our study, stocking 
density was not a limiting factor during the experiment, because the tank is large enough to meet the experi-
ment requirements. No fish died in the three different feeding frequencies group during the 38 days of experi-
ment. This result is similar to the previous  studies77. 400 juvenile individuals of A. schrenckii Brandt♀ × A. baeri 
Brandt♂hybrid sturgeon (initial body weight 7.79 ± 0.37 g) were fed at three feeding frequencies for 12 weeks, 
and all fish survived throughout the  trial77.

The significant difference in the expression of GH/IGF axis was found in different feeding frequencies in the 
present study. The process of growth is primarily governed by the GH/IGF axis. The IGFs are the primary media-
tors of the growth-promoting effects of GH. In the present study, we observed that the expression levels of IGF I 
in the liver at FOD group was highest significantly among the three experimental groups. Stress caused by a high 
feeding frequency may enhance the reallocation of metabolic energy. However, there is no significant difference 
of body length, body weight, specific growth rate, the survival rate, the rate of weight gain and the condition 
factor in the three different feeding frequencies groups. Further studies are necessary to investigate the specific 
mechanism by which GH/IGF axis transcription alters growth performance in Chinese sturgeon. In addition, 
considering the relationship among IGFs, GH, and GHR, the increasing expression levels of IGFs can reduce 
expression of GH production because of negative feedback. Many studies have proved that most transcripts are 
produced in the liver under the stimulation of  GH78,79. The increasing expression levels of IGF I in the liver and 
the decreasing expression levels of GH in this study are consistent with this hypothesis. The growth-promoting 
effects of GH was mediated by IGFs. Systemic IGF I can act on target tissues to promote cell differentiation, 
proliferation and ultimately body  growth80. IGF I has been extensively researched as a candidate gene for growth 
improvement in many species. The IGF I gene have been proved to have a direct role in the determination of 
growth rate in cattle  breed81,82. Polymorphisms at the IGF I gene are considered to be a possible QTL marker for 
birth weight in  pig83. Interestingly, an increasing of IGF I in liver was observed with the increasing of feeding 
frequency in this study, a result which may have potentially been caused by increasing of blood supply to the 
liver. Plasma IGF I and liver IGF I mRNA levels have been reported to have positive and significant correlations 
in juvenile rainbow trout (Oncorhynchus mykiss)84, juvenile southern flounder (Paralichthys lethostigma)85, and 

Figure 7.  Response of GH (a), GHR (b), IGF I (c) and IGF II (d) to different feeding frequency in Chinese 
sturgeon. Data with different letters was significantly different (p < 0.05).
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in juvenile hybrid striped bass (Morone chrysops × Morone saxatalis)86. The increasing of blood supply to the 
liver had previously been identified as the major source of circulating IGF  I45. The somatic growth and plasma 
IGF I in vertebrates had been reported to have a positive  correlation60. Furthermore, the previous study have 
reported that liver IGF I mRNA levels were correlated to growth rate in juvenile  tilapia87,88. Although this needs 
to be proven in all species and there is still issues to be note that the appropriate normalization of liver IGF I 
mRNA levels were essential to accurately reflect biological  significance89. And there is sufficient data extant to 
suggest that measures of IGF I mRNA levels can be a helpful method for growth of fish over precisely defined 
and physiologically structured groups in both cultured and natural  conditions16. Based on the case of IGF I have 
the direct contributions to regulate somatic growth, along with the correlations with growth rate in fish, IGF 
I may be a candidate gene to measure instantaneous growth, although the biomarkers for growth can be both 
situation specific and  species89. As feeding frequency is relation with cost involved, optimal feeding frequency 
should be a cost-effective management approach during fish growth. The expression level of IGF I is regarded as 
a biomarker of growth performance in  fish90. The increasing expression levels of IGF I in liver at increased feed-
ing frequencies obtained in our study agree with the results reported by the researchers cited above. Therefore, 
based on these previous studies that liver IGF I is regarded as a biomarker of growth performance, it is better for 
growth when feeding four times daily compared to twice and thrice daily.

Overall, in the present study we have observed clear effects of feeding frequency on the expression of GH, 
GHR, IGF I and IGF II. The significant difference in the expression of GH/IGF axis was found in different 
feeding frequencies in the present study. Further studies investigating the characterized relationship between 
GH and IGFs, their respective receptor expression levels and circulating concentrations, are required to fully 
understand. The three different feeding frequencies groups had no significant difference of body length, body 
weight, specific growth rate, the survival rate, the rate of weight gain and the condition factor in only 38 days of 
feeding for juvenile Chinese sturgeon. An increasing of IGF I in liver was observed with the increasing of feeding 
frequency in this study. According to the previous study, the expression level of IGF I is regarded as a biomarker 
of growth performance in  fish90. Therefore this result suggested that the juvenile Chinese sturgeon is better for 
growth when feeding four times daily compared to twice and thrice daily.

Conclusion
In conclusion, we have confirmed that there were significant correlations between feeding frequency and expres-
sion of GH/IGF axis in this experiment. However, the preliminary nature of this work must be acknowledged.

The full-length of the Coding Sequences of IGF I and IGF II genes (489-bp and 660-bp, respectively), were 
cloned and analyzed in Chinese sturgeon the first time. Multiple sequence alignments of IGFs revealed that Chi-
nese sturgeon are high sequence identity to IGFs from other species. IGFs were detected in the four tissues (liver, 
stomach, intestines and skeletal muscle) of Chinese sturgeon. In this study, the expression of GH/IGF axis was 
significantly affected by feeding frequency. The relative expression of Chinese sturgeon IGF I in liver increased 
significantly with increasing feeding frequency (p < 0.05) in this study. Based on these previous studies that liver 
IGF I is regarded as a biomarker of growth performance, this result suggested that the juvenile Chinese sturgeon 
is better for growth when feeding four times daily compared to twice and thrice daily.

Data availability
Data are available from the corresponding author upon reasonable request.
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