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Abstract In this study, the cDNA sequences of

HSP70 and HSP90 were isolated from the special

chondr-ganoid scale, Amur sturgeon, for the first time.

Homology analysis indicated that amino acid

sequences of HSP70 and HSP90 shared high identity

with other species (82.68–99.07 and 90.19–98.07 %,

respectively). The tissue expression analysis showed

that the asHSP70 and asHSP90 mRNA were ubiqui-

tously expressed in all the examined tissues under

unstressed condition. The expression pattern of

HSP70 and HSP90 under chronic (crowding) and

acute (hypoxia) stress was examined by q-PCR in

liver, spleen and kidney. Results showed that stocking

density could significantly influence the expression of

HSP70 at day 20 and/or day 40. In contrast to stocking

density, levels of HSP70 transcripts indicated a

remarkable increase in all examined tissues after

hypoxia stress. HSP90 levels in liver and spleen

increased significantly in high stocking density. By

comparison, significant increase of asHSP90 in kidney

was only found in high stocking density at day 40.

Similar to HSP70, the levels of HSP90 transcripts

showed significant increases after hypoxia stress

except the transcript of liver in H2 group 6 h after

hypoxia. The assessment of asHSP70 and asHSP90

mRNA levels under crowding and hypoxia stresses

indicated that asHSP70 and asHSP90 gene might be

good indicators of stressful situations for Amur

sturgeon. Taking serum globulin and electrolytes

account, we suggest that crowding and hypoxia stress

can result in considerable stress for Amur sturgeon.

Keywords Acipenser schrenckii � Heat shock

protein 70 � Heat shock protein 90 � Stocking density �
Hypoxia

Introduction

Molecular chaperones are major cell constituents in all

organisms under benign conditions, and they are

essential to ensure proper folding and intracellular

localization of newly synthesized polypeptides (Feder

and Hofmann 1999). The demand for molecular

chaperones is increased under stressful conditions

(Bukau and Horwich 1998; Sørensen et al. 2003). Heat

shock proteins (HSPs), a subset of the molecular

chaperones, are the proteins known to help organisms

to modulate stress response and protect organisms

from environmentally induced cellular damage (Kiang

and Tsokos 1998; Lindquist and Craig 1988). HSPs

synthesis has been shown to be up-regulated in

response to a wide variety of environmental insults

such as crowding, hypoxia, exogenous hormones,
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heavy metal exposure and bacterial infection (Ming

et al. 2010; Deane and Woo 2010; Yue et al. 2011; Ma

et al. 2012; Mu et al. 2013). The expression of HSPs

gene can lead to protecting cells against harmful

conditions by binding and refolding of damaged

proteins (Su et al. 2010). The HSP members are

usually grouped according to their homology and

molecular weights, and divided into three main

families: small HSPs, HSP40, HSP60, HSP70,

HSP90 and HSP110 (Joly et al. 2010). Among the

HSPs families, HSP70s and HSP90 are the most

conserved and most extensively studied proteins

which play important roles in the cell as molecular

chaperones. The HSP70 family is necessary for

membrane translocation, degradation and protein

folding (Gething and Sambrook 1992), while the

HSP90 family is involved in steroid receptor forma-

tion and protein folding (Pratt 1997). HSPs could also

function as potent activators of the innate immune

system (Weigl et al. 1999; Wallin et al. 2002) and act

as cytokine to make an immunoregulatory effect on

the host’s immune system (Tsan and Gao 2004).

The aquatic environment is a very complex system

in which stocking density, temperature, salinity,

pollutant content, parasite and oxygen vary greatly.

Among them, stocking density and hypoxia are two

major chronic or acute stressors in aquaculture and

organism often evolved a variety of physiological

alterations to cope with the crowding and/or hypoxia

environment (Montero et al. 1999; Ellis et al. 2002;

Martinovic et al. 2009). Stocking density could

directly influence physiology, welfare and behavior

of farmed fish (Schreck et al. 1997; North et al. 2006).

In recent years, there are many studies have been

conducted in fish in order to understand the role of

stocking density in physiology of aquatic organisms

(Gornati et al. 2004b; Schram et al. 2006; Imorou et al.

2007). Many reports showed that the synthesis of

HSPs could be induced under crowding conditions

(Gornati et al. 2004a; Salas-Leiton et al. 2010).

Dissolved oxygen is also one relevant factor to

consider in aquatic environment. The physiological

effects of hypoxia have also been studied extensively

in aquatic organisms (Wu 2002; Douxfils et al. 2012).

Heat shock proteins could be induced under hypoxia

condition in some aquatic organisms, such as Sebastes

schlegeli and Haliotis diversicolor (Mu et al. 2013;

Huang et al. 2014). Due to the importance of these two

adverse environment factors, it is crucial to elucidate

the molecular mechanisms under these stressors to

warrant an optimal welfare of Amur sturgeon.

Sturgeons are notable ancient fish species with

unique properties: They have low evolutionary scale,

and all living representatives of sturgeons are listed in

Convention on International Trade in Endangered

Species of Wild Fauna and Flora (CITES) (Bemis

et al. 1997; Ludwig 2008). Amur sturgeon, Acipenser

schrenckii, distributed throughout the Amur River (an

international boundary between China and Russia).

Now, it is among the most important cultivated

sturgeon species in China (Zhuang et al. 2002). In

recent years, there are some studies have been

conducted in Amur sturgeon (Zhuang et al. 2002;

Yang et al. 2011; Ni et al. 2013). However, the effects

of stocking density and hypoxia on the heat shock

proteins expression of Amur sturgeon have not been

reported.

In the present study, the full-length cDNA of

HSP70 and HSP90 from Amur sturgeon (Acipenser

schrenckii) was cloned for the first time. The gene

expression profiles for HSP70 and HSP90 in different

tissues were showed using RT-PCR. In addition, this is

the first study to clearly define molecular regulation of

HSP70 and HSP90 gene in this ancient fish, accli-

mated to crowding and hypoxia stress. To correlate the

heat shock protein response with aspects of stress and

immune physiology, serum levels of globulin and

electrolytes were also reported.

Methods and materials

Fish and holding conditions

The experiment took place in a commercial farm

(Shandong Xunlong Sci-Tech Co., Ltd). Prior to the

start of the experiment, fish were initially acclimated

to experimental conditions for 2 weeks. During both

the adaptation period and experimental period, pel-

leted feed (Ningbo Tech-Bank, containing 42 % of

crude protein) was provided. Experimental ponds

were supplied with freshwater from a system equipped

with mechanical filters. Mean values of water param-

eters were temperature at 18.2 ± 1.8 �C, O2 at

8.5 ± 1.2 mg/l, TAN at 0.015 ± 0.002 mg/l and pH

at 7.84 ± 0.08 (Mean ± SEM).

1802 Fish Physiol Biochem (2014) 40:1801–1816

123



Treatments and protocols

Chronic stress

After the adaptation period, fish (42.0 ± 2.3 g) were

randomly distributed into three stocking densities

(LSD = 3.7 kg/m3, MSD = 6.9 kg/m3 and HSD =

9.3 kg/m3, respectively). The experiment was con-

ducted in 9 square concrete ponds (4.4 9 4.4 9

0.45 m3) for a period of 60 days. Samplings were

performed on triplicated groups every 20 days with a

sample size of 4 fish in each pond. The fish were

anaesthetized in tricaine methane sulfonate (MS-222)

and sampled within 20 min.

Acute stress

Nine 100-l indoor tanks were used in this experiment.

There were three experimental groups (three replicate

tanks in each group): normal group (N, 6 mg/l),

hypoxia group 1 (H1, 3 mg/l) and hypoxia group 2

(H2, 1 mg/l). Nitrogen gas bubbling was used to

quickly reduce the DO concentrations. Fish were

euthanized, and blood sampled and tissue sampled at

0.5, 1, 3 and 6 h post-stress.

Total RNA extraction and reverse transcription

(RT)

Total RNA was extracted using RNAiso reagent

(Takara, Japan) following the manufacturer’s proto-

cols. RNA concentration was quantified in a Nucleic

acid analyzer, Biodropsis BD-1000 (OSTC, China),

and sample integrity was evaluated in a 1.5 % agarose

gel electrophoresis. Then, first-strand cDNA was

synthesized with 1 lg total RNA from each sample

using random primers and Reverse Transcriptase

M-MLV (Takara, Japan) in a 20-ll reaction.

Table 1 Primers used for cloning and mRNA expression analysis

Primers Sequence (50–30) Position Usage

RT-PCR

HSP70-1F GATGTGTCCATCCTGACTATCgargayggnat 721–752 Amplification of cDNA fragment

HSP70-1R CACAGTCATCACTCCTCCAgcngtytcdat 1,312–1,341 Amplification of cDNA fragment

HSP70-2F TTACGGAGCTGCTGTGcargcngcnat 1,215–1,241 Amplification of cDNA fragment

HSP70-2R CTTGGTGATGATAGGGttgcanacyttytc 1,903–1,932 Amplification of cDNA fragment

HSP90-1F CCCTGCTTTTCATTCCACGAC 1,071–1,091 Amplification of cDNA fragment

HSP90-1R AGCGGTTGGACACTGTGACTT 1,809–1,829 Amplification of cDNA fragment

HSP90-2F TCCCAGTTTATCGGCTACC 692–710 Amplification of cDNA fragment

HSP90-2R GGAGATGTTCAAGGGCAAG 1,234–1,252 Amplification of cDNA fragment

RACE

HSP70-5-R1 CATCTTGGCATCACGGAGGGACTTC 1,059–1,083 50-RACE

HSP70-5-R2 CTTTCACAGGCGGTGCGGAGACG 889–911 Nested 50-RACE

HSP70-3-R1 CACCATCACCAACGACAAAGGACGC 1,608–1,632 30-RACE

HSP70-3-R2 TGCCCTGGAGTCCTACGCTTTCAAC 1,725–1,749 Nested 30-RACE

HSP90-5-R1 GGGGTAGCCGATAAACTGG 694–712 50-RACE

HSP90-5-R2 GCAACCAGGTAGGCAGAGTA 476–495 Nested 50-RACE

HSP90-3-R1 CATCCTCCTGTTTGAGACTGC 2,044–2,064 30-RACE

HSP90-3-R2 CGCTTGAAGATCCTCAGACTCAC 2,087–2,107 Nested 30-RACE

qPCR

HSP70-eF GGTCCAGTCCGATATGAAGCAC 351–372 RT-PCR and qPCR

HSP70-eR CGTTGGTCACAGACTTTCCGAG 508–529 RT-PCR and qPCR

HSP90-eF TGCGATACCACAGCTCTCAGTC 1,443–1,464 RT-PCR and qPCR

HSP90-eR GTAGATCACCTCAAAGCCACGC 1,594–1,615 RT-PCR and qPCR

18S-eF GCCACACGAGATGGAGCA – Reference primer

18S-eR CCTGTCGGCGAAGGGTAG – Reference primer
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Isolation and amplification of HSP70 and HSP90

cDNA

In order to isolate the two HSPs cDNA, four cDNA

fragments of HSP70 and HSP90 were first obtained

from PCR amplification, respectively. PCR was

carried out in a final volume of 25 ll containing 2 ll

of cDNA from liver tissue, 2.5 ll of 109 reaction

buffer, 2 ll of a 10 mM dNTP mix, 0.5 ll of 25 lM

solution of each primer (Table 1) and 0.2 ll of Taq

polymerase (Takara, Japan). PCR products were

isolated from a 1.5 % agarose gel electrophoresis,

then cloned into pGEM-T vector (Tiangen, China),

followed by propagation in E.coli DH5a, and subse-

quently sequenced using the ABI3730XL sequencer to

give at least threefold coverage.

SMARTTM RACE cDNA Amplification Kit (Clon-

tech, USA) was used for 30 and 50 ends RACE PCR

according to the manufacturer’s protocol. PCR products

which have corresponding predicted length were iso-

lated, purified, cloned into vector and then sequenced as

described above. BLASTN searches were used to verify

gene identity and determine similarities with other

vertebrates.

Sequence analysis

The sequence analysis of two HSPs cDNA sequences

was performed using some online softwares. The open

reading frames (ORF) of the cDNA were determined

using ORF Finder (http://www.ncbi.nlm.nih.gov/

projects/gorf/). Theoretical protein molecular mass

and isoelectric points were predicted using compute

pI/Mw tool. Molecular Biology Server was used for

scanning all known PROSITE motifs based on PRO-

SITE database. Percent identities of proteins motifs

between Amur sturgeon and other species were cal-

culated using ClustalW2. Scans for known amino acid

motifs were performed against PROSITE and Pfam

databases. HSP70 and HSP90 amino acid sequences

from various fishes were gained from GenBank.

Multi-sequences with deduced amino acid sequences

for HSP70 and HSP90 of Amur sturgeon were aligned

using Clustal X (version 1.83) (Thompson et al. 1994).

MEGA 4.0 software package (Tamura et al. 2007) was

used to construct and analyze phylogenetic tree using

the neighbor-joining method (Saitou and Nei 1987)

with 1,000 bootstrap trials.

Tissue-specific expression of HSP70 and HSP90

genes

The expression profiles of HSP70 and HSP90 mRNA in

different tissues were studies through semiquantitative

RT-PCR, including liver, heart, spleen, kidney, stomach,

intestine, brain, pituitary, muscle, gill, fin and adipose

tissue of Amur sturgeon. Total RNA of those tissues was

extracted and reverse-transcribed as described above.

The 18S rRNA (internal control gene) primers and

specific primers are listed in Table 1. After separating on

1.5 % agarose gels, the PCR products were electropho-

resed and analyzed by Chemiluminescent and Fluores-

cent Imaging System (SAGECREATION, China).

HSP70 and HSP90 genes transcripts in different

stocking density and dissolved oxygen

Real-time quantitative PCR (q-PCR) was used for

studying the expression pattern of HSP70 and HSP90

in crowding and hypoxia stress. Q-PCR was per-

formed with the SYBR Premix Ex Taq (Takara, Japan)

on Roche 480 light cycler system. PCR amplification

of 18S ribosomal RNA was applied as internal control

to normalize the concentration of templates. Anneal-

ing temperatures and cycle number were optimized as

follows: 2 min denaturing step at 94 �C, 35 cycles (for

HSP70 and HSP90) or 25 cycles (for 18S ribosomal

RNA) of 30 s at 94 �C, 30 s at 62 �C and 30 s at

72 �C. The melting curve was finally determined

during a slow temperature elevation from 62 to 99 �C

(3 �C min-1). Specific primers and internal control

gene (18S) primers are listed in Table 1. The relative

expression levels of gene were calculated by 2-DDCT

method (Livak and Schmittgen 2002).

Serum biochemical indexes

Blood samples were collected from the caudal vein

using a 1-ml plastic syringe. Then the blood samples

b Fig. 1 cDNA and deduced amino acid sequence of the HSP70

gene in Amur sturgeon. The initiation codon and termination

codon are indicated in bold, HSP70 family signatures are

highlighted as shaded regions, ATP/GTP-Binding Site Motif A

is real-line boxed, nuclear localization signal sequence is

underlined, RNA instability motifs is marked with a wavy line,

consensus sequence EEVD at the C-terminus is indicated in

italics, and the nucleotides and amino acids are numbered along

the left margin
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were clot at 4 �C for 4–6 h, centrifuged at 3,000 g for

10 min and stored at -20 �C for subsequent analysis.

Serum globulin and electrolytes including calcium

(Ca), inorganic phosphore (P) and magnesium (Mg)

were determined with an automated biochemistry

analyzer (Mindray BS180, China) according to Re-

hulka’s method (Rehulka 2000).

Statistics

The relevant values in this study were analyzed

through a one-way ANOVA followed by Duncan’s

multiple range tests. Statistical significance was

considered as P \ 0.05. All data were presented as

mean ± standard error of mean (SEM).

Results

Isolation and characterization of asHSP70 cDNA

The isolated full-length cDNA of asHSP70 consisted

of 2,313 base pairs (bp), including an open reading

frame (ORF) encoding deduced proteins of 646 amino

acid residues with a calculated molecular weight of

71.24 kDa and theoretical isoelectric point of 5.25

(Fig. 1). The deduced protein included 82 positively

charged residues (Arg and Lys) and 96 negatively

charged residues (Asp and Glu), with a net negative

charge. The 50 UTR was located 105 bp upstream of

the putative start codon (ATG), and the 30 UTR

(267 bp) with a canonical polyadenylation signal

sequence AATAAA was followed by a poly (A) tail.

The sequences have been submitted to GenBank with

an accession number JQ991596. The full length of

nucleotide sequence and the deduced amino acid

sequence are shown in Fig. 1. Amino acid sequence

analysis indicated that asHSP70 contained a cytoplas-

mic characteristic motif EEVD (Demand et al. 1998)

and three signature sequences of HSP70 family:

IDLGTTYS (residues 9–16), IFDLGGGTFDVSIL

(residues 197–210) and IVLVGGSTRIPKIQK (resi-

dues 334–348). Putative bipartite nuclear targeting

sequence (KRKFKKDITDNKRAVRR) was also

observed in the asHSP70 using the online software

of PSORT II.

The coding sequence and translated protein were

readily aligned to the known fish HSP70. ClustalW2

results revealed that percent identities of HSP70

proteins motifs between Amur sturgeon and other

species were 82.68–99.07 % (Table 2). Based on the

amino acid sequences of Amur sturgeon HSP70 along

with other HSP70 family member sequences from other

species, a phylogenetic tree was constructed using the

program of MEGA 4. As expected, the sequence

homology implicated that asHSP70 was more similar

to fish HSP70, especially in Starlet (Acipenser ruthe-

nus), than the tetrapod HSP70 (Fig. 3a).

Isolation and characterization of asHSP90 cDNA

The cDNA sequence of the asHSP90 gene was

deposited in GenBank under accession number

JX477807. The full-length cDNA of asHSP90 was

Table 2 Amino acid

identities of HSP70 and

HSP90 between Amur

sturgeon and other fish and

tetrapod

Species HSP70 HSP90

Accession number Score Accession number Score

Acipenser ruthenus AEK81529.1 99.07 AFA25806.1 98.07

Solea senegalensis BAI67713.1 88.39 BAF92790.1 92.28

Oryzias latipes NP_001098385.1 89.27 XP_004083479.1 91.02

Dicentrarchus labrax AAR01102.2 90.4 AAQ95586.1 91.72

Oncorhynchus mykiss NP_001117704.1 94.58 NP_001117703.1 91.7

Salmo salar NP_001135156.1 89.01 NP_001117004.1 91.97

Danio rerio AAH56709.1 85.69 NP_571385.2 91.45

Paralichthys olivaceus AAC33859.1 92.88 AAO92751.1 91.17

Oreochromis niloticus ACI25099.1 85.0 XP_003446339.1 91.03

Xenopus laevis NP_001121147.1 84.37 NP_001086624.1 90.3

Mus musculus AAC84168.1 83.96 NP_032328.2 90.19

Homo sapiens NP_005518.3 82.68 NP_031381.2 90.19
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Fig. 2 cDNA and deduced

amino acid sequence of the

HSP90 gene in Amur

sturgeon. HSP90 family

signatures are highlighted as

shaded regions (positions

34–54, 101–109, 125–139,

353–362 and 379–392),

RNA instability motifs are

marked with a wavy line,

consensus sequence

MEEVD at the C-terminus

is indicated in italics, the

stop codon is indicated by a

star, and the nucleotides and

amino acids are numbered

along the left margin
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of 2,760 bp, including a 50-terminal untranslated region

(UTR) of 79 bp, a 30-terminal UTR of 503 bp with a

poly (A) tail and an open reading frame (ORF) of

2,178 bp. asHSP90 encoded a polypeptide of 725 amino

acids with a predicted molecular mass of 83.66 kDa and

theoretical isoelectric point of 4.94. The full length of

nucleotide sequence and the deduced amino acid

sequence are shown in Fig. 2. Amino acid sequence

analysis indicated the existence of all five conserved

amino acid blocks distinctive of the HSP90 protein

family described by Gupta (1995): NKEIFLRELISN–

[SA]–SDALDKIR (residues 34–54), LGTIA–[KR]–

SGT (residues 101–109), IGQFGVGFYSA–[YF]–

LVA–[ED] (residues 125–139), IKLYVRRVFI (resi-

dues 353–362) and GVVDS–[ED]–DLPLN–[IV]–SRE

(residues 379–392). The C-terminal consensus cytosolic

motif, MEEVD, appeared at position 721–725.

ClustalW2 results revealed that percent identities of

asHSP90 proteins motifs between Amur sturgeon and

other species were 90.19–98.07 % (Table 2). Phylo-

genetic analysis, based on deduced amino acids, was

applied in order to determine the evolutionary position

of asHSP90. Similar to asHSP70, asHSP90 clustered

with the HSP90 of Acipenser ruthenus, and then, they

clustered to Oncorhynchus mykiss, salmo salar and

other fish species on a branch of fish HSP90 (Fig. 3b).

Expression of HSP70 and HSP90 genes

in different tissues of unstressed Amur sturgeon

Primers HSP70-eF, HSP70-eR and HSP90-eF,

HSP90-eR were applied to determine specific tissue

expression of asHSP70 and asHSP90, respectively.

asHSP70 expressed in all examined tissues. asHSP70

mRNA was abundant in liver, spleen, kidney, brain

and gill, and moderate in heart, stomach, intestine,

pituitary, muscle and fin. The lowest HSP70 expres-

sion was found in adipose tissue (Fig. 4b). asHSP90

also displayed a wide distribution. It expressed

strongly in liver, spleen and kidney, and moderate in

heart, intestine, pituitary, muscle and gill. Similar to

asHSP70, the lowest transcripts of asHSP90 were also

detected in adipose tissue (Fig. 4c). The levels of 18S

rRNA were used to normalize the PCR products to

obtain quantitative results and were found at a similar

intensity in all tissues studied.

Expression of HSP70 gene under different

stocking density and dissolved oxygen

HSP70 transcript levers in liver, spleen and kidney of

Amur sturgeon under different stocking densities were

detected by qPCR. The samples at day 0 were used as

calibrators for qPCR. The transcript levels in liver

reached the highest level at day 40 and then decreased

at day 60 in any of the three stocking densities

(Fig. 5a). Similar changes of asHSP70 transcript were

also observed in the spleen and kidney. In liver, the

HSP70 transcript showed the highest levels in high

stocking density at day 20 and day 40. However, in

spleen, significant difference was only found at day 40

(Fig. 5b). In addition, the HSP70 transcript levels of

kidney in high and medium stocking density were

significantly higher than those in low stocking density

group at day 20 and day 40 (P \ 0.05, Fig. 5c).

Compared to normal group, the levels of HSP70

transcript in H1 and H2 group indicated a remarkable

increase in spleen after hypoxia stress (Fig. 6b). The

Fig. 3 Phylogenetic tree based on amino acid sequences for

HSP70 and HSP90 in vertebrates. The tree was generated by

MEGA 4.0 software using the neighbor-joining method,

following Clustal X. Scale bar indicates an evolutionary

distance of 0.01 amino acid substitution per position in the

sequence. Bootstrap values are indicated (1000 replicates)
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levels of HSP70 transcript in liver were similar to

those in spleen except that there was a decline in H2

group at 6 h after hypoxia stress (Fig. 6a). In kidney,

HSP70 also showed a significant increase in H1 and

H2 group. Moreover, HSP70 transcripts in H2 group

were also significantly higher than those in H1 group

(Fig. 6c).

Expression of HSP90 gene under different

stocking density and dissolved oxygen

During 60-day crowding stress treatment, the tran-

scripts of asHSP90 in liver and spleen were increased

gradually throughout the experiment, and reached the

highest at day 60 (Fig. 7a, b). However, for kidney,

asHSP90 mRNA increased at first, then peaked at day

40 and finally decreased to a lower level at day 60

(Fig. 7c). With regard to stocking density, HSP90

levels in liver and spleen in high stocking density

increased significantly compared to those of other

groups (P \ 0.05). By comparison, significant

increase of asHSP90 in kidney was only found in

high stocking density at day 40 (P \ 0.05).

In the hypoxia stress experiment, the levels of

HSP90 transcript in H1 and H2 group showed

significant increases in all the three tissues after

hypoxia stress except the transcript of liver in H2

group 6 h after hypoxia (Fig. 8). In addition, HSP90

transcripts in H2 group were also significantly higher

than those in H1 group at 0.5 and 1 h after hypoxia.

However, at 6 h after hypoxia, the highest transcript

was found in H1 group.

Fig. 4 RT-PCR expression

analysis of HSP70 and

HSP90 in tissues of Amur

sturgeon. PCR amplification

of 18S ribosomal RNA was

used as an internal control.

Ma marker, (-): mRNA not

reversed transcribed, L liver,

H heart, Sp spleen, K kidney,

St stomach, I intestine,

B brain, P pituitary,

M muscle, G gill, F fin, Ad

adipose tissue
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Levels of serum biochemical indexes

under different stocking density and dissolved

oxygen

Serum electrolytes in different stocking densities

including calcium, magnesium and phosphorus are

shown in Table 3. Serum calcium revealed an up-

regulate trend with the increase of the stocking

density. Similarly, the maximum inorganic phospho-

rus was found in high stocking density. However, the

level of magnesium appeared to be stable during the

whole stocking density experiment. In addition, serum

globulin was significantly higher in high stocking

density than those in other groups (Table 3).

Fig. 5 mRNA expression of asHSP70 in liver (a), spleen (b) and

kidney (c) in different stocking densities. Expression of 18 s

rRNA was used as an internal control for real-time PCR. Values

are expressed as mean ± standard error of mean. Different

letters in the same time point indicate significant difference

(P \ 0.05, one-way ANOVA, followed by Duncan’s test)

Fig. 6 mRNA expression of asHSP70 in liver (a), spleen

(b) and kidney (c) in different dissolved oxygen. Expression of

18 s rRNA was used as an internal control for real-time PCR.

Values are expressed as mean ± standard error of mean.

Different letters in the same time point indicate significant

difference (P \ 0.05, one-way ANOVA, followed by Duncan’s

test)
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In the hypoxia stress experiment, serum calcium

increased significantly at 1, 3 and 6 h in H2 group

(Fig. 9a), while the inorganic phosphorus only

increased at 6 h (Fig. 9b). There was no evident

change in content of magnesium (Fig. 9c). Similar to

stocking density, hypoxia stress caused a systemic rise

in serum levels of globulin at 6 h (Fig. 10).

Discussion

As members of the stress-related protein, HSP70 and

HSP90 are involved in resistance to environment

stress. In this study, full lengths of asHSP70 and

asHSP90 cDNA sequence were cloned from Amur

sturgeon liver for the first time. The typical

Fig. 7 mRNA expression of asHSP90 in liver (a), spleen

(b) and kidney (c) in different stocking densities. Expression of

18 s rRNA was used as an internal control for real-time PCR.

Values are expressed as mean ± standard error of mean.

Different letters in the same time point indicate significant

difference (P \ 0.05, one-way ANOVA, followed by Duncan’s

test)

Fig. 8 mRNA expression of asHSP90 in liver (a), spleen

(b) and kidney (c) in different dissolved oxygen. Expression of

18 s rRNA was used as an internal control for real-time PCR.

Values are expressed as mean ± standard error of mean.

Different letters in the same time point indicate significant

difference (P \ 0.05, one-way ANOVA, followed by Duncan’s

test)
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characteristics of HSPs also existed in asHSP70 and

asHSP90, including signature sequences and canoni-

cal features of the HSP family protein domains. Three

signature sequences for HSP70 were identified in

asHSP70 protein, which was the same as in Phascol-

osoma esculenta and Sciaenops ocellatus (Su et al.

2010; Dang et al. 2010). In addition, all five signature

sequences existed in asHSP90 protein, which was

same to typical characteristics of HSP90 (Gupta

1995). Moreover, the consensus amino acid

sequences, EEVD and MEEVD located at the 30-
terminus, were identified in asHSP70 and asHSP90,

respectively. Members of the HSPs family are highly

conserved. Both HSP70 and HSP90 proteins shared

remarkable homologies with their counterparts in

other species. The highly conserved amino acid

sequences between species may indicate that there

are similar functions of HSPs in vertebrates and

invertebrates (Alfredo et al. 2000).

The tissue expression analysis showed that the

asHSP70 and asHSP90 were ubiquitously expressed in

all the examined tissues suggesting that asHSPs were

synthesized under unstressed conditions. In particu-

larly, spleen and kidney are major lymphoid organs of

fishes (Mulero et al. 2007). The high expression

pattern of asHSP70 and asHSP90 in spleen and kidney

indicated that asHSP70 and asHSP90 might be

involved in immune response (Pockley 2003). The

results were in agreement with previous studies in

Sebastes schlegeli (Mu et al. 2013).

To maintain the internal environment and homeo-

stasis, fish develop a defensive cellular stress response.

The mechanism mainly depends on changes in

proteins and genes in the stress process, such as the

molecular chaperones HSP70 and HSP90 (Palmisano

et al. 2000; Joly et al. 2010). As important aquacul-

ture-related stress factors, both stocking density and

hypoxia can activate this system.

HSP70 is an important protection factor in main-

tenance of homeostasis associated with stress condi-

tions and immune reactions (Basu et al. 2002). Thus,

Fig. 9 Levels of serum electrolytes (calcium, inorganic phos-

phore and magnesium) of Amur sturgeon in different dissolved

oxygen. Values are expressed as mean ± standard error of

mean. Different letters in the same time point indicate

significant differences (P \ 0.05, one-way ANOVA, followed

by Duncan’s multiple test). Ca calcium, P inorganic phosphore,

Mg magnesium

Table 3 Levels of serum globulin and electrolytes (calcium,

magnesium and phosphorus) of Amur Sturgeon in different

stocking densities at the end of the experiment

Parameter Stocking densities

LSD MSD HSD

Ca 0.85 ± 0.11a 1.40 ± 0.02b 1.63 ± 0.15b

Mg 0.86 ± 0.09 0.86 ± 0.04 0.96 ± 0.06

P 3.50 ± 0.20a 3.68 ± 0.09a 4.30 ± 0.20b

G 12.12 ± 0.85a 12.12 ± 1.34a 16.60 ± 1.06b

Ca calcium, Mg magnesium, P phosphorus, G globulin. LSD

low stocking density, MSD medium stocking density, HSD

high stocking density

Data are presented as mean ± SEM. Different letters indicate

statistical differences (P \ 0.05) between groups

1812 Fish Physiol Biochem (2014) 40:1801–1816

123



we checked the expression levels of the HSP70 upon

different stocking density in liver, spleen and kidney.

In present study, we observed a positive relationship

between HSP70 transcript and stocking density in

liver, spleen and kidney suggesting that HSP70 is an

unspecific biomarker to the special species. Previous

researches also observed over expression of HSP70 in

crowding environment (Gornati et al. 2004a; Caipang

et al. 2008; Aksakal et al. 2011). Specifically, HSP70

induction by stocking density was inhibited after

60 days of crowding. It is possible that Amur sturgeon

developed a physiological adjustment to the long term

of this environment.

HSP70 has also been identified to induce by

hypoxia (Ton et al. 2002). In mammalian cardiac

tissue, HSP70 increases to almost three times baseline

levels in response to ischemia (Marber et al. 1995). In

fish, induced HSP70 levels were also found under

hypoxia stress (Lückstädt et al. 2004; Mu et al. 2013).

However, in rainbow trout (Oncorhynchus mykiss) and

chinook salmon (Oncorhynchus tshawytscha), there

were no elevated HSP70 levels in response to hypoxia

(Airaksinen et al. 1998; Gamperl et al. 1998). In

present study, the mRNA expressions of the HSP70

gene after hypoxia treatment were up-regulated in all

of the liver, spleen and kidney tissues. We supposed

that the up-regulated mRNA expression of asHSP70

under hypoxia stress indicated that the asHSP70 gene

was inducible and involved in the immune response of

Amur sturgeon.

HSP90 acts as a buffering system against the effects

of random genetic variation and environmental change

to ensure normal development (Picard 2002). In the

current study, the levels of HSP90 mRNA were

significantly affected by stocking density and its

duration. Comparing to asHSP70, asHSP90 in liver

and spleen did not showed inhibition after 60 days of

crowding. The differences of these two HSPs to

crowding stress may be caused by different functions

in the cellular stress response. It is speculated that

HSP70 is primarily responsible for the recovery of

stressor-induced protein abnormalities, through its

chaperon function, whereas HSP90 is crucial for cell

signaling (Neckers and Ivy 2003).

Compared with the progress made in the study of

HSP70, fewer reports about HSP90 under hypoxia

condition have been found in aquatic animals. Huang

et al. (2014) reported asHSP90 expression was up-

regulated significantly at 4, 24 and 96 h post-hypoxia

in the gills of Haliotis diversicolor. Li et al. (2009)

found that HSP90 was induced at 2 h and depressed at

8 h during hypoxia stress. Similar to the result of

HSP70, asHSP90 mRNA expression levels were up-

regulated significantly in all liver, spleen and kidney

after hypoxia stress (H1 and H2). We deduced that

both asHSP70 and asHSP90 genes were inducible and

played key roles in the immune response of Amur

sturgeon under hypoxia stress.

Analysis of biochemical parameters could help to

identify the general health status of animals and

provide early warning signal in stressed organism

(Agrahari et al. 2007). Plasma electrolytes are indica-

tors of the secondary stress response in fish, providing

an indirect indication of altered cortisol levels (Biswas

et al. 2006; Roque et al. 2010). Previous study

indicated that phosphorus and calcium levels were

sensitive to fish stocking density (Hrubec et al. 2000).

In the present study, phosphorus and calcium levels in

high stocking density were much higher compared to

fish in low stocking density. Similar differences in

blood values were observed in hybrid striped bass

(Morone chrysops 9 Morone saxatilis) raised in high

stocking density (Hrubec et al. 1996). In hypoxia-

stressed fish of this study, calcium and phosphorus

increased rapidly, whereas magnesium concentration

was not affected. It is reported that high globulin

content in serum indicates a strong immune-compe-

tent ability (Li et al. 2012). In our study, serum

globulin was significantly up-regulated in high stock-

ing density and hypoxia condition (6 h). Globulin

concentrations in fish from high stocking density and

Fig. 10 Levels of serum globulin of Amur sturgeon in different

dissolved oxygen. Values are expressed as mean ± standard

error of mean ± standard error of mean. Different letters

indicate significant differences (P \ 0.05, one-way ANOVA,

followed by Duncan’s multiple test)
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hypoxia condition indicated an increase of immune

function of Amur sturgeon.

In conclusion, the full-length sequences of HSP70

and HSP90 from the special chondr-ganoid scale fish,

Acipenser schrenckii, were identified and character-

ized for the first time. The assessment of asHSP70 and

asHSP90 mRNA levels under crowding and hypoxia

stress indicated that the transcriptions of asHSP70 and

asHSP90 were sensitive to crowding and hypoxia, so

we deduced that asHSP70 and asHSP90 gene might

good indicators of stressful situations for Amur

sturgeon. Linking with the serum globulin and elec-

trolytes levels, we suggest that both chronic (crowding)

and acute (hypoxia) stressors could cause considerable

stress for Amur sturgeon. These results of this study

may provide useful information for further basic and

application research in the immune function of Chon-

drostei under various stress conditions.
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