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A B S T R A C T

The Chinese black sleeper (Bostrychus sinensis) is a commercially important fish in southeastern China, but the
effects of salinity on the growth of B. sinensis fry remain unclear. In the present study, the three month-old B.
sinensis fry were reared for 5 weeks at 5, 15, 25 and 35 parts per thousand (ppt) salinities to evaluate the effects
of salinity on the survival rate, specific growth rate, condition factor, feed intake (FI), food conversion efficiency
(FCE), plasma osmolality, plasma Cl− concentration and the gill Na+-K+-ATPase (NAK) activities. In addition,
since the insulin-like growth factor (IGF) system plays important roles in osmoregulation and promoting growth
in teleosts, the complete B. sinensis insulin-like growth factor-1 receptor (igf-1r) gene was cloned and igf-1rmRNA
levels in the muscle and gill were measured at the end of this experiment. Our results showed that the fry reared
at lower salinities (5 and 15 ppt) grew significantly faster than those at higher salinities (25 and 35 ppt), and the
fry reared at 15 ppt exhibited lower FI and higher FCE than those reared at 5 ppt. A typical ‘U-shaped’ pattern of
gill NAK activity levels with the lowest one at 15 ppt was observed, suggesting that a lower energy expenditure
on osmoregulation at this level of salinity. The length of the complete igf-1r cDNA sequence was 6864 bp, and it
had a wide range of tissue expression including muscle and gill. After 5 weeks of rearing, muscle igf-1r mRNA
levels were similar among the four salinity groups, while the gill igf-1r mRNA level at 5 ppt was significantly
higher than that at 15 ppt. Taken together, the results from the present study indicated that the optimal salinity
for rearing B. sinensis fry was 15 ppt, and that IGF-1 might serve as a hyperosmoregulatory hormone in long-term
low salinity acclimation in B. sinensis.

1. Introduction

Growth in teleost fishes is directly under the control of many
environmental factors, such as salinity, temperature and photoperiod
(Boeuf and Payan, 2001; Zacharia and Kakati, 2004; Taylor et al.,
2005). Salinity is one of the most important abiotic factors affecting the
growth and survival of aquatic organisms, and many authors have
demonstrated the influence of external salinity on growth capacities in
fish (see the review by Boeuf and Payan, 2001). Thus, defining the
optimal salinities for the culture of euryhaline fish that can survive
large fluctuations in ambient salinity may be fundamental in develop-
ing a rearing protocol for these species.

As osmoregulation is an energy demanding process, isoosmotic
salinities minimize osmoregulatory stress and osmoregulatory costs and
increase the energy available for growth and/or survival (Imanpoor
et al., 2012). Na+-K+-ATPase (NKA) is an ion translocating enzyme and
is expressed at an extremely high level in salt transporting tissues such
as gills. The lowest activity of the gill NAK occurs when the salinity of

the medium is close to or slightly above that of the blood, and gill NKA
activity is used as an indicator of osmoregulatory energetics (Gaumet
et al., 1995; Morgan and Iwama, 1998; Imsland et al., 2003).

Many hormones, including insulin-like growth factor-1 (IGF-1),
growth hormone (GH), thyroid hormones and prolactin are known to
be involved in both osmoregulation, and growth control and regulation.
IGF-I is produced mainly in the fish liver under the influence of GH
released from the adenohypophysis and binding to GH receptors (Link
et al., 2010). IGF-I promotes body growth among vertebrates, and many
studies suggest that IGF-1 may be a useful growth index (Beckman,
2011). Moreover, in many teleost species the GH/IGF-I axis is also
involved in osmoregulation (Wood et al., 2005; Yada et al., 2012). For
example, transfer of some euryhaline fishes from freshwater to seawater
increases circulating IGF-I (Link et al., 2010). The biological effects of
the IGF system are mediated mainly by the interaction of the IGF-1
ligand with the IGF-1 receptor (igf-1r) modulated through IGF binding
proteins (Escobar et al., 2011). Once the igf-1r is activated by the
binding of IGF-1, it triggers a signaling transduction cascade to the cell
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nucleus thus modulating some cellular functions through the regulation
of transcription factors (Valenciano et al., 2012).

The Chinese black sleeper (Bostrychus sinensis) is a euryhaline fish,
which can be found occasionally in freshwater (Kottelat et al., 1993;
Peh et al., 2009), but it usually inhabits marine ecosystems such as
coral reefs (Nguyen and Nguyen, 2006). Previous research establishes
that adult B. sinensis has high tolerance of exposure to air (Ip et al.,
2001) or environmental ammonia (Anderson et al., 2002), and can
tolerate a progressive increase in salinity from 5 parts per thousand
(ppt) water to 30 ppt (Peh et al., 2009). However, there is a dearth of
knowledge on the osmoregulatory capacity of B. sinensis fry. As a
commercially important fish in southeastern China, the rearing of B.
sinensis fry is a critical step for its farming. The optimum stocking
density, shelter and diet for rearing B. sinensis fry is established (Zhang
et al., 2015), but the effects of salinity on the growth of B. sinensis fry
remain unclear. Hence, the present study aimed to understand the
optimal salinity for rearing B. sinensis fry.

2. Materials and methods

2.1. Fish, experimental design and rearing conditions

The experiment was first conducted between July and August, 2013
in Dongshan, Fujian Province, China. Three month-old B. sinensis fry
used in this study were obtained from hatchery. The average initial
weight and length of fry were 0.377 ± 0.051 g and 3.263 ± 0.15 cm.
Before the experiment, the fry were reared in an earth pond under
dissolved oxygen conditions of 5.84 mg L−1 ± 0.184, a temperature
of 29.4 °C ± 0.703 and a salinity of 12.5 ppt ± 0.750. 120 healthy fry
were divided into four treatment groups of different salinities (5, 15, 25
and 35 ppt, with no replicates). Prior to the experiments, the fry of each
group were acclimatized to their own rearing salinities for five days.
Different salinities were attained by exposing individuals to progres-
sively increasing or decreasing salinity (5 ppt per day) until all
treatments reached the target salinity. Salinities were realized by
dilution of full-strength seawater with dechlorinated fresh water.
Each group (30 individuals) was reared in a 0.65 ∗ 0.45 ∗ 0.40 m3

(140 L) plastic tank with 120 L of filtrated seawater and PVC pipes
(56.5 cm in length, 10.7 cm in diameter) were used as the shelters. The
values of dissolved oxygen, temperature, total dissolved solids and
electrical conductivity were 5.37 mg L−1 ± 0.340, 28.29 °C ± 0.518,
9.6 mg L−1 ± 0.5 and 4.84 S m−1 ± 0.5 for the 5 ppt group;
5.27 mg L−1 ± 0.256, 28.29 °C ± 0.457, 24.7 mg L−1 ± 0.5 and
12.84 S m−1 ± 0.5 for the 15 ppt group; 5.22 mg L−1 ± 0.279,
28.34 °C ± 0.472, 38.71 mg L−1 ± 0.5 and 19.84 S m−1 ± 0.5 for
the 25 ppt group; and 5.33 mg L−1 ± 0.281, 28.41 °C ± 0.495,
51.9 mg L−1 ± 0.5 and 26.84 S m−1 ± 0.5 for the 35 ppt group.
The fry were fed with dry commercially formulated pellet diets (1.0 mm
in diameter each) twice a day at 0830 and 1800 h as previously
described (Zhang et al., 2015). The daily feed ration was 12% of the
total fish weight. Two hours after feeding the number of residual pellet
diets was counted to calculate the feed intake. Then the feces and
residual feed were removed using a syphon. The water refreshment rate
in each tank was 60 L per day using a syphon to keep nitrogenous waste
products at acceptable low levels.

The same experiment was repeated (with two replicates) between
July and August, 2016 in the same location as the first experiment. The
average initial weight and length of fry were 0.374 ± 0.074 g and
3.279 ± 0.32 cm. The rearing conditions and procedures were similar
to those of the first experiment.

2.2. Measurements of growth

The weights and lengths of the B. sinensis fry (n = 15) in each group
were measured every week. The fry were not fed the day before
sampling. At the end of the experiment, the survival rate (SR), condition

factor (CF), specific growth rate (SGR), feed intake (FI) and food
conversion efficiency (FCE) of each group were calculated.

The CF was calculated as: CF = (W/L3) × 100 where W is weight
and L is length.

The SGR was calculated following the formula (Gunnarsson et al.,
2012; Houde and Schekter, 1981): SGR = (eg − 1) × 100 where g =
(ln(W2) − ln(W1)) × (t2 − t1)−1 and W2 and W1 are the weights on
days t2 and t1.

FI was calculated for the fish in each tank on a weekly basis, and
then expressed as consumption per day on a weight per weight basis (%
body weight/day).

Food conversion efficiency (FCE) was calculated as the increase in
biomass in relation to total food consumption.

2.3. Cloning of igf-1r

The total RNA of gill tissue was extracted using the RNAzol reagent
(Molecular Research Center Inc. (MRC), Cincinnati, OH, USA) and
reverse transcribed into first strand cDNA using the SMART RACE cDNA
Amplification Kit (Clontech) following the manufacturer's instructions.
The partial sequence of igf-1r was obtained from brain transcriptomic
data. In order to confirm the sequence, two primers were designed
(Supplemental Table 1). Then the PCR amplification was carried out in
20 μL volume under the following cycling conditions: 94 °C for 3 min (1
cycle); 94 °C for 30 s, 56 °C for 30 s and 72 °C for 1 min (35 cycles)
followed by a final DNA extension at 72 °C for 10 min using recombi-
nant Taq™ DNA polymerase (TaKaRa). Then all PCR products were
purified from agarose gel and sub-cloned into vector pmd19-t
(TAKARA, Japan), and then transformed into Escherichia coli DH5α
(Promega, Madison, WI, USA). The plasmid DNA of several positive
clones was prepared for DNA sequencing (Invitrogen Ltd, Guangzhou,
China). Based on the confirmed partial cDNA sequence obtained, gene-
specific primers were designed for further extension using 5′- and 3′-
RACE (Supplemental Table 1). The first PCR amplification for 5′ or 3′
RACE was performed using a universal primer in the kit and a gene
specific primer. If no specific band was obtained, these initial 5′ or 3′
RACE products were diluted and used for nested PCR amplification with
gene-specific nested primers, in combination with a nested universal
primer. All RACE reactions were carried out following the manufac-
turer's instructions. RACE products were sub-cloned and sequenced as
described above.

2.4. Phylogenetic analysis

After obtaining the cDNA for the B. sinensis igf-1r, a BLAST
homology search was performed using deduced amino acid sequences.
The alignment of known igf-1r was performed using the MEGA 6.0
program and the Clustal W method. Then a phylogenetic tree was
constructed using the neighbor-joining method with a bootstrap value
of 1000 trials for each position.

2.5. Tissue distribution of igf-1r

Adult fish were anesthetized in 0.01% MS222 (Sigma–Aldrich)
buffered solution with an equal amount of sodium bicarbonate, and
then decapitated humanely. The olfactory bulb, telencephalon, mesen-
cephalon, hypothalamus, cerebellum, medulla oblongata, pituitary,
olfactory sac, spleen, gill, liver, intestine, heart, muscle, skin, kidney,
testis and ovary were collected and immediately dipped into liquid
nitrogen and stored at -80°C. Total RNA extraction and cDNA synthesis
were conducted as described in Section 2.3.

The PCR amplification was performed in 20 μL volumes using
recombinant Taq™ DNA polymerase (TaKaRa). The gene-specific pri-
mers that were used to amplify a fragment of igf-1r and β-actin are listed
in Supplemental Table 1. Thermal cycling conditions for igf-1r and β-
actin were as follows: initial activation of 10 min at 95 °C, followed by
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30 (igf-1r) or 28 (β-actin) cycles of 30 s at 95 °C; 30 s at 58 (igf-1r) or
60 °C (β-actin); 30 s at 72 °C, and a final extension of 10 min at 72 °C.
The amplified products (10 μL) were resolved in a 1.5% agarose gel,
and the DNA was visualized using ethidium bromide, with a u.v.
transilluminator, and then photographed.

2.6. Expression of igf-1r transcripts in the muscle and gill using real-time
qPCR

At the end of the experiment, five fry from each group were
anesthetized and humanely decapitated. The muscle and gill were
collected and immediately dipped into liquid nitrogen and stored at
−80 °C. Total RNA extraction and cDNA synthesis were conducted as
described in Section 2.3. Then the real-time qPCR was performed.
Specific primers for detecting igf-1r (Supplemental Table 1) were
designed and examined for their specificity and amplification efficiency
on serial dilutions of respective target gene plasmid DNA (103 – 108

copies/μL). All qPCR was performed using premix (Fermentace). Ct
values were determined in a 7500 fast Real-Time PCR System (Applied
Biosystems, USA) using default settings and baseline, and thresholds
were adjusted manually where necessary. The relative mRNA levels of
igf-1r were determined using the comparative Ct method (Schmittgen
and Livak, 2008) with the β-actin gene as the internal control. The
specificity and efficiency of β-actin specific primers are described in a
previous study (Lai et al., 2014) (Supplemental Table 1).

2.7. Measurements of gill NAK activity

Gill tissues of the fry in the four groups were obtained at the end of
the experiment. Gill tissue was homogenized using a Polytron-type
homogenizer and supplemented with 0.70% NaCl solution. Thereafter,
the mixture was centrifuged at 2,500 rpm for 10 mins and the super-
natant was collected for determination. NAK activity was determined
by measuring the release of inorganic phosphate (Pi) from ATP with
malachite green dye method according to the kit protocol (Nanjing
Jiancheng Institute of Biological Engineering, China) (Zhao et al.,
2013). The kit was confirmed to be available to measure gill NKA
activity in B. sinensis fry (Supplemental Fig. 1).

2.8. Measurements of plasma osmolality and Cl− concentration

Blood samples were taken from the caudal vein with a heparinized
syringe and transferred into test tubes on ice. Plasma was separated by
centrifugation, collected in microfuge tubes and stored at −20 °C until
analysis. Plasma osmolality was determined using a freezing point
osmotic pressure instrument (LOSER-OM806 M, Löser Messtechnik,
Berlin, Germany). The Cl− concentration of the plasma was measured
as described previously (Zhang et al., 2014).

2.9. Statistical analysis

All data were analyzed using one-way ANOVA followed by Fisher's
PLSD post hoc test to assess statistical differences among the individual
groups. The statistical analyses were run using the SPSS (version 21.0)
statistical software package.

3. Results

3.1. Growth of B. sinensis fry

The SRs of the fry in the four groups were all above 86.7%, while
100% mortality occurred in freshwater after only 3 days of rearing. The
CFs in the four groups did not exhibit significant differences. The fry at
5 and 15 ppt showed higher SGRs than those at 25 and 35 ppt,
indicating that both 5 and 15 ppt were suitable salinities for the growth
of B. sinensis fry. Nevertheless, a significantly higher FI and lower FCE
were observed at 5 ppt, compared to 15 ppt (Table 1). Therefore 15 ppt
was taken as the optimal salinity for rearing B. sinensis fry, when the
feeding cost is taken into consideration.

3.2. Gill NAK activity, plasma osmolality and plasma Cl− concentration

A typical ‘U-shaped’ pattern of gill NAK activities is shown in
Fig. 1A. The lowest NAK activity (0.11 μmol Pi h−1 mg−1 protein) was
found in the 15 ppt group, which was significantly lower than in 5 and
35 ppt (0.29 and 0.34 μmol pi h−1 mg−1 protein). There were no
significant differences between the 25 ppt (0.23 μmol pi h−1 mg−1

protein) and the other groups. Plasma osmolality in four groups
remained in the range 326–339 mosmol kg−1 with no significant
differences (Fig. 1B). Plasma Cl− concentrations significantly decreased
as the ambient salinity increased from 5 to 35 ppt (Fig. 1C).

3.3. Cloning and phylogenetic analyses of B. sinensis igf-1r

The complete B. sinensis igf-1r sequence was obtained (GenBank
accession no. KT961623). The length of the complete igf-1r cDNA
sequence was 6864 bp, which included a 794 bp 5′-untranslated region
(UTR), an open reading frame (ORF) of 4275 bp and a 1795 bp 3′-UTR.
The ORF encoded a putative protein of 1424 amino acid residues
(Supplemental Fig. 2). Sequence analysis revealed that the B. sinensis
igf-1r cDNA was organized into several major domains including a
signal peptide sequence of 30 amino acids, an extracellular alpha
subunit of 708 amino acids and an intracellular beta subunit of 682
amino acids (Fig. 2). Moreover, a tyrosine kinase domain of 266 amino
acids, a cysteine domain of 154 amino acids and a transmembrane
domain of 23 amino acids were found using a Conserved Domain
Search (CD-search) and the TMHMM program (Supplemental Fig. 2).
The phylogenetic tree showed that B. sinensis igf-1r was classified into
the fish clade and belonged to the Igf-1rb (Fig. 3).

Table 1
Effects of the four different salinities (5, 15, 25 and 35 ppt) on the growth performance of B. sinensis fry.

Date Salinity(ppt) SR(%) CF(%) SGR(%) FI(%) FCE

2013/7/5–2013/8/8(5 weeks) 5 100.0 1.33 ± 0.07a 6.94 ± 0.35b 8.35 ± 0.89b 0.54 ± 0.06a

15 96.7 1.34 ± 0.13a 6.98 ± 0.51b 6.81 ± 1.09a 0.68 ± 0.05b

25 96.7 1.33 ± 0.16a 6.06 ± 0.54a 7.58 ± 1.27a 0.57 ± 0.18ab

35 93.3 1.27 ± 0.07a 6.04 ± 0.60a 7.04 ± 1.38a 0.61 ± 0.16ab

2016/7/1–2016/8/4(5 weeks) 5 86.7 1.36 ± 0.14a 6.94 ± 0.64b 8.00 ± 0.34c 0.59 ± 0.02a

15 93.3 1.43 ± 0.15a 6.94 ± 0.65b 7.10 ± 0.11a 0.66 ± 0.01b

25 93.3 1.48 ± 0.18a 6.62 ± 0.46ab 7.68 ± 0.85bc 0.59 ± 0.06a

35 93.3 1.37 ± 0.22a 6.04 ± 1.14a 7.32 ± 0.40ab 0.58 ± 0.03a

SR, survival rate; CF, condition factor; SGR, specific growth rate; FI, feed intake; FCE, food conservation efficiency. Data are expressed as the mean± SD. Values sharing a common
superscript letter are not significantly different (p< 0.05).
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3.4. Tissue distribution of igf-1r mRNA

Expressions of igf-1r were found in all the tissues examined except
mesencephalon, and some tissues including hypothalamus, cerebellum,
testis and ovary expressed high levels of igf-1rmRNA. Importantly, both
the muscle and gill expressed igf-1r mRNA, even though the expression
was relatively low (Fig. 4).

3.5. Expressions of igf-1r mRNA in the muscle and gill at different salinities

No significant differences of igf-1r levels in the muscle were found in
the four groups (Fig. 5A). However, the expression level of igf-1r in the
gill at 5 ppt was the highest among the four groups and significantly
higher than that at 15 ppt (Fig. 5B). Even though the gill igf-1r levels at
higher salinities (25 and 35 ppt) were lower than at 5 ppt, the
differences between them were not significant (Fig. 5B).

4. Discussion

Many authors have reported on the influence of water salinity on
fish growth and it appears that most marine fish present higher
developmental or growth rates at lower salinity (see the review by
Boeuf and Payan, 2001). For instance, the tolerance and the optimal

salinity for growth are 0–35 and 15 ppt for Sparus sarba (Woo and Kelly,
1995), 0–35 and 12 ppt for Salaria fluviatilis (Plaut, 1999) and 0–20 and
5 ppt for Micropogonias undulates (Peterson et al., 1999). Previous
research establishes that adult B. sinensis can tolerate a progressive
increase in salinity from 5 to 30 ppt, and it is a hyperosmotic regulator
at 5 ppt and hypoosmotic hypoionic regulator in seawater (Peh et al.,
2009). Similarly, the results from the present study indicated that B.
sinensis fry could tolerate a wide range of salinity from 5 to 35 ppt, but
did not survive in freshwater. The highest SGRs were observed at 5 and
15 ppt, while significantly lower SGRs were obtained in the higher
salinity groups. In addition, the fry at 15 ppt showed significantly less
FI and higher FCE than those at 5 ppt, although the SGRs in both groups
were similar. Hence, to obtain higher growth rates with low feeding
cost, it is suggested to rear B. sinensis fry at a salinity of 15 ppt.

In teleosts, two different patterns of NAK activities are reported in
response to changes in salinity: a linear and a ‘U-shaped’ relationship
(Jensen et al., 1998; McCormick, 2001; Laiz-Carrion et al., 2005;
Vargas-Chacoff et al., 2011). In terms of the ‘U-shaped’ relationship,
lowest activity of the gill enzyme occurs when the salinity of the
medium is close to or slightly above that of the blood (Imsland et al.,
2003). For instance, gill NAK activities of the euryhaline killifish
Fundulus heteroclitus and the pupfish Cyprinodon salinus are lower at
near isosmotic salinity conditions (15–16 ppt) compared to either

Figure 1. Gill Na+-K+-ATPase (NAK) activities (A), plasma osmolality (B) and plasma Cl− concentration (C) of B. sinensis fry in the four different salinity groups (5, 15, 25 and 35 ppt).
Data are expressed as the mean ± SEM (n≥ 3). Bars marked with different letters are significantly different from each other (p < 0.05).

Figure 2. Schematic diagram of B. sinensis igf-1r. The α-subunit contains a conserved cysteine-rich (Cys-rich) region; the β-subunit contains a tyrosine-kinase domain (TKD) and a
transmembrane domain.
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freshwater or seawater (Stuenkel and Hillyard, 1981; Morgan and
Iwama, 1998). In the present study, the pattern of gill NAK showed a
typically ‘U-shaped’ relationship, and the lowest activity was observed
at 15 ppt, probably because the osmolality of seawater at 15 ppt
(approximately 440 mosmol kg−1) is close to fry plasma osmolality
(311–342 mosmol kg−1). Many studies have shown that gill NAK
activity relates directly to Cl− fluxes across gills and how a decrease
in NAK activity at reduced salinities is accompanied by a decrease in
plasma Cl− (Woo and Kelly, 1995; Foss et al., 2001; Fielder et al., 2007;
Partridge and Lymbery, 2008; Blanco Garcia et al., 2015). However, in
juvenile yellowtail kingfish (Seriola lalandi), higher Cl− concentration
and lower gill NAK activity were observed at low salinities (Blanco
Garcia et al., 2015). Similarly, no positive correlation between gill NAK
activity and plasma Cl− concentration was found in the present study,
where plasma Cl− concentration decreased at higher salinities. Inter-
estingly, in adult B. sinensis, plasma Cl− concentration remains un-
changed after long-term acclimation to seawater (Peh et al., 2009).

Thus, future studies on the branchial permeabilities and chloride
transporter proteins in both adult and juvenile B. sinensis should be
undertaken.

It is widely accepted that rearing fish in salinities near their
isoosmotic point has an energy-saving effect, since salinities that differ
from the internal osmotic concentration of the fish must impose energy
regulatory costs for active ion transport (Kuhlmann and Quantz, 1980;
Febry and Lutz, 1987; Gaumet et al., 1995; Imsland et al., 2003). In the
present study, the SGR of B. sinensis fry at 15 ppt was higher than those
at 25 and 35 ppt, suggesting a lower energy expenditure on osmor-
egulation at isosmotic salinity. However, the SGR of the fry at 5 ppt was
close to that at 15 ppt, although a significantly higher NAK activity was
observed in 5 ppt. We supposed that this may be due to higher FI of the
fry at 5 ppt, which resulted in more overall energy input. Similarly, the
growth rate of the turbot (Scophthalmus maximus) is better at 10–19 ppt,
compared to fish in full strength sea water, and the turbot eat more at
lower salinity (Gaumet et al., 1995). In contrast, in the cod (Gadus

Figure 3. Phylogenetic analysis of B. sinensis igf-1r. Multiple species' amino acid sequences of igf-1r were aligned using Clustal W. Danio rerio insulin receptor a (IRa) is used as an outgroup
for the tree. The GenBank accession numbers for sequence data analyzed are: Chelydra serpentine, AGJ91144.1; Cynoglossus semilaevis, XP_008309033.1; Cyprinus carpio (a), AAN52151.1;
Cyprinus carpio (b), AAN52152.1; Danio rerio (a), AAI63723.1; Danio rerio (b), NP_694501.1; Fundulus heteroclitus, XP_012724167.1; Gallus gallus, AGG38008.1; Homo sapiens,
AAI13611.1; Larimichthys crocea, KKF30174.1; Maylandia zebra, XP_004539804.1; Mus musculus, NP_034643.2; Nothobranchius furzeri, ADV72543.1; Oreochromis niloticus,
XP_003440646.2; Paralichthys adspersus, ACJ66864.1; Rattus norvegicus, NP_434694.1; Scophthalmus maximus, CAA12278.1; Sparus aurata (a), AJE25612.1; Takifugu rubripes,
XP_003969481.1; Danio rerio IRa, NP_001136144.1.

Figure 4. Expression of B. sinensis igf-1r transcripts in various tissues analyzed using RT-PCR with gene specific primers for B. sinensis igf-1r and β-actin listed in Supplemental
Table 1.Expression of B. sinensis igf-1r transcripts in various tissues analyzed using RT-PCR with gene specific primers for B. sinensis igf-1r and β-actin listed in Supplemental Table 1.
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morhua) better growth rates at lower salinity conditions (7 ppt) result
from an increase in FCE, but not an increase in FI (Lambert et al., 1994).

Besides the energy cost, hormonal stimulation such as IGF-1 is also
involved in the variation in growth under different ambient salinities
(Boeuf and Payan, 2001). The biological responses of IGF-1 are mainly
mediated by the binding and activation of the igf-1r (Escobar et al.,
2011). Two isoforms of igf-1r genes are reported in some teleosts, such
as Danio rerio (Ayaso et al., 2002; Maures et al., 2002), Paralichthys
olivaceus (Nakao et al., 2002), Oncorhynchus kisutch (Chan et al., 1997)
and Oncorhynchus mykiss (Greene and Chen, 1999), while only one igf-
1r gene that belongs to the Igf-1ra is found in Chilean flounder
(Paralichthys adspersus) (Escobar et al., 2011). In the present study,
we cloned one igf-1r gene that was classified into the Igf-1rb group
based on phylogenetic analysis. Experimental trials to isolate additional
igf-1r cDNAs or transcriptomic data obtained from the brain and
olfactory sac did not provide any evidence for the existence of any
additional igf-1r genes in B. sinensis.

In this study, we found that B. sinensis igf-1r had a wide range of
tissue expression and this was consistent with the previous data from
other teleosts, which indicates the pleiotropic role of IGF-1(Duan et al.,
1993; Reinecke et al., 1997; Duval et al., 2002; Tse et al., 2002; Vong
et al., 2003; Clay et al., 2005; Patruno et al., 2006). For example, the
abundant expressions of igf-1r in the testes and ovary agree with their
important roles such as regulators in hormone synthesis and secretion,
germ cell proliferation and differentiation (Weber and Sullivan, 2000;
Escobar et al., 2011). Moreover, the participation of IGF-1 in osmor-
egulation, seawater adaptability, skeletal muscle satellite cell prolifera-
tion and differentiation is reported in teleosts (Datuin et al., 2001; Ng
et al., 2001; Wood et al., 2005; Castillo et al., 2006; Yada et al., 2012).
In the present study, igf-1r was detected in the muscle and gill, which
suggested that IGF-1 might also play a role in osmoregulation and
promoting growth through igf-1r in B. sinensis.

As well as showing the function of promoting body growth, the
conclusive evidence for the role of IGF-I as a seawater-adaptive
hormone in salmonids is offered as a result of injection experiments
in which IGF-I improves hypoosmoregulatory ability (McCormick,
1996; Seidelin et al., 1999; Tipsmark et al., 2007). However, it is
recently reported that, in the striped bass (Morone saxatilis), circulating
IGF-1 is upregulated during freshwater acclimation and downregulated
during short-term (24 h) seawater acclimation, and short-term (24 h)
exogenous treatment of freshwater-fish with IGF-I induces physiological
freshwater levels of the hormone after seawater transfer and produces
an anti-seawater adaptive effect, thus suggesting that it acts as a
hyperosmoregulatory hormone (Tipsmark et al., 2007). Since the
upregulation of circulating IGF-I observed in the striped bass in
response to salinity changes is transitory (24 h) and not prolonged
(96 h), it is suggested that IGF-I may serve dual roles, both as a
hyperosmoregulatory hormone during rapid salinity acclimation and as

a growth-promoting and developmental hormone in both freshwater-
and seawater-acclimated fish (Tipsmark et al., 2007). Interestingly, a
higher gill igf-1r level in B. sinensis fry was observed at 5 ppt, compared
to 15, 25 and 35 ppt. Since the upregulation of gill igf-1r level at 5 ppt
would result in enhancing IGF-1's biological effects in the gill, we
supposed that in addition to promoting growth, B. sinensis IGF-1 may
also serve as a hyperosmoregulatory hormone through igf-1r in the gill
in long-term low salinity acclimation.

Taken together, it is likely that B. sinensis fry are more adaptive to
low salinity than high ones and this may result from their ecological
adaption. B. sinensis is a seasonal breeding fish, inhabiting intertidal
zones: the spawning season of this species extends from April to
October in the coastal waters of Southeastern China, with a peak
spawning period between May and July (Hong et al., 2006). Accord-
ingly, the development and growth of the B. sinensis fry occur from pre-
summer to autumn. The major rainy season can last for more than
60 days (from April to June) in the southeastern coastal areas of China,
and during this period, rainfall is highly abundant and accounts for 30
to 60% of the total annual rainfall (Yihui and Zunya, 2008). Moreover,
in autumn, with the rapid southward retreat of the East Asian summer
monsoon, abundant rainfall can still appear in the southeastern coastal
areas of China with the impacts of tropical cyclones and other tropical
weather systems (Yihui and Zunya, 2008). Therefore, from pre-summer
to autumn, high precipitation often decreases the salinity in the coastal
waters of southeastern China. We supposed that in order to adapt to this
sudden decrease of ambient salinity B. sinensis fry has evolved a better
low salinity acclimation system.

In summary, in this study we found that salinity affects the growth
performance of B. sinensis fry during long-term rearing, and a salinity of
15 ppt was optimal for rearing B. sinensis fry based on the SGR and FCE.
Moreover, a typical ‘U-shaped’ pattern of gill NAK activity with the
lowest level at 15 ppt was observed, suggesting that 15 ppt salinity is
close to the isoosmotic point and costs the lowest energy for osmor-
egulation in B. sinensis fry. The fry at 5 ppt salinity showed a
significantly higher gill igf-1r mRNA level, suggesting that the B.
sinensis IGF-1 might serve as a hyperosmoregulatory hormone in long-
term low salinity acclimation.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.aquaculture.2017.04.004.
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Figure 5. Muscle igf-1r mRNA levels (A) and gill igf-1r mRNA levels (B) of B. sinensis fry in the four different salinity groups after 5 weeks of rearing. Data are expressed as the
mean ± SEM (n = 5). Bars marked with different letters are significantly different from each other (p< 0.05).
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