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Abstract The genes encoding HSP70 and HSP90 proteins
were isolated from kaluga by homologous cloning and rapid
amplification of complementary DNA (cDNA) ends (RACE).
HSP70 (GenBank accession no. KP050541) and HSP90
(GenBank accession no. KP050542) cDNAs were composed
of 2275 and 2718 bp and encoded polypeptides of 650 and
725 amino acids, respectively. Basic Local Alignment Search
Tool (BLAST) analysis showed that HSP70 and HSP90 of
kaluga shared high identities with those of Acipenser
ruthenus, Acipenser schrenckii, and Acipenser baerii (98—
99 %). Fluorescent real-time RT-PCR under unstressed condi-
tions revealed that HSP70 and HSP90 were expressed in 11
different tissues of kaluga. Messenger RNA (mRNA) expres-
sions of both HSP70 and HSP90 were highest in the intestine
and lowest in the muscle. In addition, the patterns of mRNA
expression of HSP70 and HSP90 were similar, although the
level of expression was more in HSP90 than in HSP70
(P<0.05).We also analyzed patterns of HSP70 and HSP90
expression in the muscle, gill, and liver of kaluga under dif-
ferent combinations of temperature and salinity stress, includ-
ing temperatures of 4,10, 25, and 28 °C at 0 ppt salinity, and
salinities of 10, 20, 30, and 40 ppt at 16 °C, where 16 °C at
0 ppt (parts per thousand) served as the control. We found that
levels of mRNA expression of both HSP70 and HSP90 were
highest at 4 °C in the muscle, gill, and liver and changed little
with salinity stress. These results increase understanding of
the mechanisms of stress response of cold freshwater fish.
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Introduction

Heat shock proteins (HSPs) are an essential part of the im-
mune system and play an important role during internal and
external environmental stress. Both eukaryotes and prokary-
otes have HSPs (Kiang and Tsokos 1998; Serensen et al.
2003). HSP expression can be induced by a great variety of
stressors including, but not limited to, temperature (Basu et al.
2002; Dong et al. 2008; Boone and Vijayan 2002), salinity
(Hamer et al. 2004; Werner 2004), heavy metal exposure
(Downs et al. 2001), hypoxia (Mu et al. 2013; Airaksinen
et al. 1998; Ni et al. 2014; Gamperl et al. 1998), and microor-
ganism infections (Bausinger et al. 2002). HSPs are a super-
family that contains the HSP90 family (molecular weight ap-
proximately 83—110 kD), the HSP70 family (molecular
weight approximately 66—78 kD), the HSP60 family, and the
small molecular weight family (smHSP; molecular weight
approximately 12—43 kD) (Morimoto et al. 1990). Current
research on the HSP families is focused on HSP70 and
HSP90.

Temperature and salinity are important abiotic factors that
affect survival, growth, and reproduction of fish (Dong et al.
2008; Elliott 1995). It is important to study the effects of
temperature and salinity stress on fish, as fish often experience
these stresses during migration. HSPs act as molecular chap-
erones during the refolding of denatured proteins, preventing
denatured protein degradation and maintaining cell homeosta-
sis under temperature and salinity stress (Ellis 1993;
Georgopoulos and Welch 1993; Welch 1993). Therefore, it
is important to research the mechanisms of stress response.
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Kaluga is a cold freshwater fish belonging to the Acipenseri
form family that inhabits the main stream and tributaries of the
Amur River in China. With a maximum recorded weight of
more than 1000 kg, kaluga is the largest freshwater fish in the
world. Normal temperature ranges of kaluga approximately
from 0 to 25 °C in its natural environment, and it spends some
of its life in salt water but most of its life in freshwater.
Economic development has resulted in the decline of wild
kaluga, making protection imperative for its survival.
Currently, the little research that exists on kaluga has focused
on its comparative biology, nutrition, growth, development,
reproduction, and genetics (Shmigirilov et al. 2007; Lu et al.
2011; Yin et al. 2004; Zhu et al. 2012; Krykhtin and Gorbach
1996; Andoh et al. 2000; Vasil’ev et al. 2009).

This study describes the cloning and characterization of the
HSP70 and HSP90 genes in kaluga. Fluorescent real-time
quantitative PCR was used to determine the gene expression
profiles of HSP70 and HSP90. This is the first study to clearly
define molecular regulation of the HSP70 and HSP90 genes in
kaluga, both in general and under differing levels of tempera-
ture and salinity stress. These data will supply information for
further study of the biology of kaluga to conserve this vulner-
able species.

Materials and methods
Experimental species and fish holding conditions

Kaluga was obtained from Amur Group Co Ltd., China. Fish
were acclimated for 20 days in culture tanks (100 cm x

80 cm x 60 cm). On average, fish weighed 70+7 g and were
26+3 cm in length (mean+SD). In the experiment, a device
“controlled and ecological tank system” (Huixin Tianium,
Dalian, China) was used for holding water. The system is
consisted of temperature controlling system, filtration system,
sterilization system, aeration system, water recycle system,
biological oxidation system, and microcomputer system.
Holding water was 16.0+0.5 °C, with DO >6 mg/L, ammonia
<0.01 mg/L, and pH 7.0-7.4 in freshwater. Fish were fed 2 %
of their body weight twice a day. One fourth of the volume of
the tank was changed daily. Temperature, salinity, dissolved
oxygen, ammonia, and pH were tested once daily.

Fish were starved for 24 h before beginning temperature
and salinity stress treatments. Fish were divided into nine
groups of six individuals. Temperature stress treatments (at
0 ppt salinity) included 4, 10, 25, and 28 °C, and salinity stress
treatments (at 16 °C) included 10, 20, 30, and 40 ppt. Different
temperature level was controlled by the system and different
salinity level was obtained with table salt. Fish were stressed
for 2 h and then allowed to recover for 1 h in freshwater at
16 °C. Four of the nine groups received temperature stress
treatments, four received salinity stress treatments, and the last
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group served as the control group and was kept in 16 °C water
with a salinity of 0 ppt. From each group, three random fish
were sampled. To anesthetize the fish, 50 mg/L tricaine meth-
ane sulfonate (MS-222) was put in the water, immediately
after which the tissues were collected, frozen in liquid nitro-
gen, and stored at —80 °C until analysis. Tissues included
muscle, gill, brain, beard, heart, liver, spleen, stomach, intes-
tine, swim bladder, and gonads.

Total RNA extraction and reverse transcription

Tissues were extracted with RNAiso reagent (Takara, Kyoto,
Japan) following the manufacturer’s protocol. Quality control
was performed using a Nanodrop-NV3000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA) based on the 260/
280 nm and 260/230 nm absorbance ratios. Sample concen-
trations were determined to ensure sufficient homogeneous
RNA for complementary DNA (cDNA) synthesis. First-
strand cDNA was synthesized from 1 pg total RNA from each
sample using random primers and Reverse Transcriptase M-
MLV (Takara, Japan) in a 10-pL reaction.

Isolation of conserved fragments

The conserved fragments of theHSP70 and the HSP90 cDNA
were synthesized using the PCR product generated above
(cDNA) as a template and HSP70F/R and HSP90F/R
(Table 1) as primers. The PCR protocol involved
predenaturation for 10 min at 94 °C, followed by 30 cycles
at 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min, ending
with 10 min at 72°Cfor extension and incubation at 4 °C. The
PCR products were separated by 1.2 % agarose gel and puri-
fied using the EasyPure Quick Gel Extraction Kit (TransGen
Biotech, Beijing, China), cloned into the pEASY-T3 vector
(TransGen Biotech), and transformed into Escherichia coli
strain DH5« (TransGen Biotech). Cells were then grown on
an Amp/LB plate, and clones were sequenced using the
ABI3730XL sequencer (Applied Biosystems, Foster City,
CA, USA).

Rapid amplification of 5’ and 3’ cDNA ends (RACE)

5" and 3" RACE reactions were performed using the
SMART™ RACE c¢DNA amplification kit (Clontech
Laboratories, Palo Alto, CA, USA). The primers and nested
primers are shown in Table 1. A combination of touchdown
and nested PCR was used for 5" and 3’ amplification.
Touchdown PCR involved five cycles of 30 s at 94 °C and
3 min at 72 °C, then five cycles of 30 s at 94 °C, 30 s at 70 °C,
and 3 min at 72 °C, and, finally, an additional 25 cycles 0of 30 s
at 94 °C, 30 s at 68 °C, and 3 min at 72 °C. Nested PCR
involved 25 cycles of 30 s at 94 °C, 30 s at 68 °C, and
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Table 1 Nucleotide sequences of

the primers used for the HSP70 Primers Sequence (5'-3") Position Usage

and HSP90 genes
RT-PCR
HSP70F CCGATATGAAGCACTGGCCATTC 370-392 Degenerate primer
HSP70R AGGTCTGGGTCTGCTTGG 1381-1398 Degenerate primer
HSP9OF ATCAAGGAGAAGTACATYGACC 882903 Degenerate primer
HSP9OR GCCTTCATGATBCKCTCCATGTT 1869-1891 Degenerate primer
5', 3'RACE
HSP70-5-R1 TGTGGCCTGGCGCTGGGAGTCGTTGAA 564-590 5'RACE primer
HSP70-5-R2 TGGTCTCCCCTTTGTACTCGACCTCGA 424450 5'RACE nested primer
HSP70-3-R1 TGTGCAGGACCTGCTGCTGCTGGACGT 1277-1303 3'RACE primer
HSP70-3-R2 GGGCATTGAGACCGCCGGTGGGGTCAT 1319-1345 3'RACE nested primer
HSP90-5-R1 GTCAAAGGGAGCACGTCGTGGAATG 1070-1094 5'RACE primer
HSP90-5-R2 GGTCCTCCCAGTCATTGGTGAGGCTCT 985-1011 5'RACE nested primer
HSP90-3-R1 TGCGCAAGCGTGGCTTTGAGGTG 1576-1598 3'RACE primer
HSP90-3-R2 ACCGCTTGGTCTCCTCTCCCTGCTGCA 1813-1839 3'RACE nested primer
qPCR
HSP70-F GGCAAGTTTGAGCTGACTGG 1485-1504 qPCR primer
HSP70-R AGGCGTCCTTTGTCATTGGTG 1625-1645 qPCR primer
HSP90-F CTTGGAGATCAATCCAGACCAC 1943-1964 qPCR primer
HSP90-R CATCATCAATGCCAAGACCGAG 2124-2145 qPCR primer
18S-F CTGAGAAACGGCTACCACATCC - Reference primer
18S-R GCACCAGACTTGCCCTCCA - Reference primer

RT-PCR reverse transcription PCR, RACE rapid amplification of cDNA ends, gPCR quantitative PCR

3 min at 72 °C for extension. The target PCR products were
separated, purified, cloned, and sequenced as above.

Phylogenetic and sequence analyses

The search for similarities in nucleotide and amino acid se-
quences was performed using the Basic Local Alignment
Search Tool (BLAST) program (http://www.ncbi.nlm.nih.
gov/blast). Amino acid sequence information was analyzed
with the Expert Protein Analysis System (http:/www.
expasy.org/). Phylogenic trees were constructed using
MEGA 4 software (Tamura et al. 2007) and neighbor-joining,
and bootstrap analysis (1000 replicates) evaluated the reliabil-
ity of the phylogenetic trees (Saitou and Nei 1987).

Fluorescence quantitative PCR

Gene expression of HSP70 and HSP90 in various tis-
sues under different levels of temperature and salinity
stress was measured using quantitative PCR (qPCR).
Real-time PCR assays (25 puL) were carried out using
the SYBR® Premix Ex Tag™ 11 (Takara, Japan) per-
formed on the Applied Biosystems 7500 Fast Real-
Time PCR System (Applied Biosystems, USA). Each
individual sample was run in triplicate wells. The
primers used are listed in Table 1. Comparison of 18S

rRNA, p-actin, and GAPDH demonstrated that the ex-
pression of 18S rRNA was more stable and, thus, it was
used as the reference gene. A standard curve was gen-
erated using fivefold serial dilutions of cDNA. The re-
sult was analyzed using the comparative Ct method
(Livak and Schmittgen 2002).

Statistics

All analyses were performed using ANOVA followed by
Duncan’s multiple range test (P<0.05). All data were
expressed as the mean =+ standard error.

Results

Molecular cloning and sequence analysis of HSP70
and HSP90 cDNA from kaluga

The full-length cDNA was assembled by overlap of interme-
diate fragments and 5’ and 3’ end fragments using the
DNAMAN software. The full-length HSP70 cDNA from ka-
luga (GenBank accession no. KP050541) was 2275 bp and
contained an 85-bp 5'-terminal untranslated region (UTR) and
a 237-bp 3'-terminal UTR. The open reading frame (ORF)
was 1953 bp and encoded a protein of 650 amino acids. The
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theoretical isoelectric point and molecular weight (pI/Mw) of
the HSP70 was 5.215/71131.33. Three highly conserved sig-
natures, including 9-16 (IDLGTTYS), 197-210
(IFDLGGGTFDVSIL), and 334-345 (IVLVGGSTRIPK), as
well as the cytoplasmic characteristic motif EEVD, were iden-
tified in HSP70 (Fig. 1). The full-length HSP90 cDNA from
kaluga (GenBank accession no.KP050542) was 2718 bp and

contained a 44-bp 5'-terminal UTR and a 497-bp 3'-terminal
UTR. The ORF was 2178 bp, encoding a protein of 725 amino
acids. The theoretical isoelectric point and molecular weight
(pI/Mw) of the HSP90 was 4.846/83623.73. Only one highly
conserved signature (32—41: YSNKEIFLRE) and the cyto-
plasmic characteristic motif EEVD were identified in HSP90

(Fig. 2).

agtttgcggageggagacagegageagetcttaaaaagaacagcactttaaattctatttatattttcataaacattaaggaacc
ATGTCTAAGGGAACAGCTGTTGGCATTGATCTGGGAACCACCTACTCCTGCGTAGGTGTCTTTCAGCATGGCAAAGT TGAAATCATTGCCAACGACCAGGGTAACAGGACCACACCCAGC
ESKGTAVGIIDLGTTY S| CVGVFQHGKVEITANDQGNRTTEPS
TATGTAGCCTTCACCGACTCAGAGAGGCTGATCGGCCATGCTGCAAAGAACCAGGTTGCAATGAATCCCACCAACACAGTGTTCGATGCTAAGCGTCTGATTGGCCGCAGATTCGAAGAC
YVAFTDSERLIGDAAKNQVANNPTNTVFDAKRLIGRRTEFED
GCAGTGGTCCAGTCCGATATGAAGCACTGGCCATTCAACGT CGTGAGTGATGGTGGCCGTCCCAAACTCGAGGTCGAGTACAAAGGGGAGACCAAGTCT TTCTACCCTGAGGAAGTCTCT
AVVQSDMKHEWPFNVVSDGGRPKLEVEYKGETKSFYPEEVS
TCTATGGTGCTGACCAAGATGAAGGAAATTGCAGAAGCT TACCTCGGAAAGTCTGTGACCAACGCTGT TG TAACTGTGCCAGCATACTTCAACGACTCCCAGCGCCAGGCCACAAAGGAT
SHVLTEKEMKETITAEAYLGESVINAVVTIVPAYFNDSQRQATKD
GCTGGTACAATAGCTGGCCTTAATGTTCTCCGAATCATCAATGAACCAACTGCTGCTGCTATTGCT TATGGCT TGGACAAGAAGGTTGGAGT TGAAAGAAATGTGCTCATTTTICGATCTG
AGTIAGLNVLRIINEPTAAATAYGLDKEKVGVERNVLIIFDL
GGCGGTGGCACTTTCGATGTCTCCATCCTGACTATTGAAGATGGAATCT TTGAAGTGAAATCCACCGCTGGCGACACCCATCTCGGTGGAGAAGACT TTGACAACCGCATGGTCAACCAC
|G 6GGTFDVSI LI TITEDGIFEVESTAGDTHLGGEDFDNRMNVNEH
TTCATTGCAGAGTTCAAGCGCAAGTACAAGAAGGACATCAGTGACAACAAGAGAGCTGTTCGCCGTCTCCGCACCGCCTGTGAAAGGGCAAAGCGCACCCTTTCTTCCAGCACCCAGGCC
FIAEFKRKYKKDISDNEKRAVRRLRTACERAKRTLSSSTAQA
AGTATTGAAATCGACTCCCTGTACGAGGGGATCGATTTTTACACCTCCATCACCAGGGCTCGT TTTGAGGAGCTGAACGCAGACCTGTTCCGTGGTACTCTGGACCCCGTGGAGAAGTCC
STEIDSLYEGIDFYTSITRARFEELNADLFRGTLDPVETEKS
CTCCGTGATGCCAAGATGGACAAGGCCCAGATCCACGACATTGTGCTGGTCGGAGGATCTACCCGTATCCCCAAGATCCAGAAGCTGCTGCAGGATT TCTTCAACGGGAAGGAGCTCAAC
LRDAKNDKAQIHD II VLVGGESTRIP Kl IQKLLQDFFNGEKELN
AAGAGCATCAACCCAGATGAGGCTGTTGCCTATGGAGCAGCTGTGCAGGCTGCCATCCTGTCTGGGGACAAGTCTGAGAATGTGCAGGACCTGCTGCTGCTGGACGTCACTCCCCTGICT
KSINPDEAVAYGAAVQAATILSGDKSENVQDLLLLDVTPLS
CTGGGCATTGAGACCGCCGGTGGGGTCATGACTGTGCTGATCAAGCGTAACACCACTATCCCCACCAAGCAGACCCAGACCT TCACCACCTACTCTGACAACCAGCCCGGTGTGCTCATC
LGIETAGGCGVHEMTVLIKRNTTIPTITEKQTQTFTTYSDNQPGVLI
CAGGTCTATGAAGGTGAGCGAGCCATGACCAAGGACAACAACTTGCTGGGCAAGT TTGAGCTGACTGGTATCCCCCCCGCGCCCCGTGGTGTTCCTCAGATCGAGGTCACTTTCGATATT
OVYEGERAMTEKDNNLLGKFELTGIPPAPRGVPQIEVTFDI
GATGCCAACGGCATCCTGAACGTCTCTGCAGTGGATAAGAGCACTGGCAAGGAGAACAAGATCACCATCACCAATGACAAAGGACGCCTGAGCAAGGAGGATATCGAGCGCATGGTCCAG
DANGILNVSAVDEKSTGKENKITITNDEKGRLSEKEDIERMVQ
GAAGCAGAGAAGTACAAGTCTGAGGATGATGTGCAGCGTGAGAAGGTCTCCTCCAAGAATGCCCTGGAGTCCTACGCTTTCAACATGAAGTCGACTGTGGAGGATGAGAAGCTGGAGGGC
EAEKYKSEDDVQREKVSSKNALESYAFNNKSTVEDEKLESG
AAGATCAGCAATGAGGACAAGCAGAAGATCTTGGAGAAGTGCAACGAGATCATCGGCTGGCTGGATAAGAACCAGACTGCTGAGAAGGAGGAGTATGAGCACCATCAGAAAGAACTGGAG
KITSNEDKQKILEKCNEIIGWLDENQTAEKEEYEHHQKELE
AAGGTGTGCAACCCCATCATCACCAAGCTGTACCAAGGCGCTGGCGGGATGCCAGGTGGCATGCCAGGCGGTATGCCAGGGGGCT TCCCAGGGGCTGGTGCTGCTCCCTCCGGAGGTGGC
KVCNPITTEKLYQGAGGMPGGNPGGMHMPGGFPGAGAAPSGGG
TCATCAGGCCCTACCATCGAGGAGGTCGATTARagaaact tegtctcaagaat cgt taccegaaggacccaat et gtaageeaacgetggteat tggetetteecaaccatetecaagee
SSGPTIEEVD *
atagctgetatgttctgtttgtgatgetggatacttgaatccactgegtaacttgeagtgtagttgtactgttgetggeaatacattttgagtecaggtgaataaaacctacttgaaaat
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Fig. 1 The full-length cDNA nucleotide sequence and corresponding
amino acid sequence of HSP70 from kaluga. Signature sequences of the
HSP70 family are shown in boxes. The nuclear localization signal
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sequence of HSP70 is underlined. Start and stop codons are indicated
in bold
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aagcagtggtatcaacgcagagtacatgggcaattgttttaagaaaccaacaataaatcagtcaag
ATGCTGGAAGAAGCGCGCCAAGAAGAGGAGGTGGAGACCTTTGCCT TCCAGGCTGAGATTGCTCAGCT TATGTCTCTAATCATTAATACCTTTTATTCCAACAAGGAAATTTTCCTCAGG
MLEEARGQEEEVYETTFAFQAETIAQLMSLTITINTTF IY S NK E T F L R
GAGATTATCTCTAATGCCTCTGACGCTCTTGACAAAATCAGATATGAAAGCTTGACAGACCCCACCAAGCTGGACAGTGGAAAGGAGCTTAAGAT TGATATTATTCCTAACAAGAATGAG
IIII I SNASDALDKTIRYESLTDPTIE KLDSGEKETLTE KTDTITPNZEKNE
CGTACCCTGACACTTATTGACACTGGGATTGGCATGACCAAGGCCGACCTCATCAACAACT TGGGAACCATCGCCAAGTCTGGAACCAAGGCT TCCATGGAGGCCCTGCAGGCTGGTGCT
RTLTLTIDTGTIOGMTI KADTLTINNLGTTIAKSG GTTZ KASMEA ALU QATGA
GACATATCTATGATTGGTCAGTTTGGTGTTGGTTTCTACTCTGCCTACCTGGT TGCAGAGAAGGT TGTGGT TATCACCAAGCATAACGATGATGAACAATACATCTGGGAGTCCTCTGCT
DI SMIGQFGVGFYSAYLVYVYAEKVYVITKHNDDES® QYTIWEST SSA
GGAGGTTCCTTCACCGTCAAAGTTGACACTGGTGAGCCCATTGGCCGAGGTACCAGGGTCATCTTGCACCT GAAGGAAGACCAGACGGAATACAT TGAGGACAAGAGGGTCAAGGAGGTT
¢GG6GSFTVEKVDTGEPTIGRGTI RYILHLIEKEDO QTEYTIETVDIE KT RYVIKTEYV
GTCAAGAAACACTCCCAGTTTATTGGATACCCCATCACCCTATATGTGGAAAAAGAGCGTGAAAAGGAAATCAGCGATGATGAAGCAGAAGAGGAAAAGACAGAGAAGGAAGAAAAGAAA
VKKHSQFIGYPTITLYVEZ KEREIKETISDDTEAETETETZ KTETZ KTETEKHK
GAAGATGAGGAGGGAGATGAAGAGAAGCCAAAAATTGAGGATGTTGGCTCTGATGATGAGGAGGACTCCAAGGACAAGAAGAAGAAGAAAAAAAT CAAGGAGAAGTACAT TGACCAAGAG
EDEEGDEETZ KPEKTIEDVGSDDETEDSI KDI KIE KT KT KIE KZ KTTZ KTEZ KTYTITDAQE
GAGTTAAACAAGACCAAGCCTATCTGGACCAGAAATCCTGATGACATCACAACCGAGGAATACGGAGAGT TCTACAAGAGCCTGACCAATGACTGGGAGGACCATCTTGCTGTTAAGCAC
ELNKTIKPIWTIRNPDDTITTETEYSGETFYZ KSVLTNDWETDUHTLAVKH
TTTTCTGTTGAGGGTCAGCTCGAGTTCCGTGCTCTGCTTTTCATCCCACGACGTGCACCTTTTGACCTTTTTGAGAACAAGAAAAAGAGGAATAACATCAAGCTGTATGTAAGGAGGGTT
FSVEGAQLETFZRALLFTIPRRAPFDLFENKIEKIEKTRNNTIIKTLYVRTR RV
TTCATCATGGACAGCTGTGAAGAGCTCATTCCAGAATACCTGAACTTTGTTCGTGGTGTTGTCGATTCTGAAGACT TGCCCT TGAACATCTCCAGAGAAATGCTGCAACAGAGCAAAATC
FIMDSCETELTIPEYLNTFVRGYVDSEDLPLNTIST® REMLA QQSTZ KTI
CTGAGGGTTATTCGCAAGAATATAGT TAAGAAATGCATGGAACTCTTTGTTGAGCTGGCTGAGGACAAAGAAAACTACAAGAAGT TATATGATGGCT TCTCCAAGAACCTGAAGCTTGGT
LRVIRKNTITIVKKCMETLTFVELAEDI KENYZ KT KTLYDGFSIKNILTZEKTLSGEG
ATCCATGAAGATTCCCAGAACCGCAGGAAGCTGTCAGAGCCGT TGAGGTACCACAGCTCTCAGTCTGGGGATGAGATGACCTCTCTGACGGAGTACATCTCCCGCATGAAAGAGAACCAG
I #H EDSQNRRKLSEPLRYHSSQSGDEMTSILTEYTISIRMEKENDA
AAATGCATCTACTACATCACTGGTGAAAGCAAGGACCAAGTTGCTAACTCTGCATTTGTTGAGCGTGTGCGCAAGCGTGGCT TTGAGGTGATCTACATGACGGAACCCATTGATGAATAT
KCIYYITGESI KDAQVANSAFYVYERVRKRGFEVYIYMTETPTITDE]FY
TGTGTACAGCAGCTGAAGGAGTTTGATGGGAAGACT TTAGTCTCTGTCACCAAGGAGGGACTGGAACT TCCAGAGGATGAAGAGGAGAAGAAAAAAATGGAGGAAGACAAGACTAGATTT
CVQQLKEFDGKTLVSVTZ KEGLETLZPEDETETEZ KZ KT KMETEDI KTT RTF
GAGAACCTCTGCAAACTCATGAAGGAGATCCTGGACAAAAAAGT TGAAAAAGT CACAGTGTCCAACCGCTTGGTCTCCTCTCCCTGCTGCATTGTCACCAGCACTTATGGCTGGACAGCA
ENLCKTLMEKETILDI KTI KVEKYVYTVSNRLVSSPCCIVTS STYGGWTA
AACATGGAGCGCATCATGAAGGCTCAAGCACT TAGGGATAACTCTACCATGGGT TACATGATGGCCAAGAAGCACT TGGAGATCAATCCAGACCACCCAATTGTTGAAACCCTGAGGCAG
NMERTIMEKAQALRDNSTMGY MMAKT KU HLETINPDHPTIVETTLTRAQ
AAGGCTGAAGCAGACAAGAATGACAAGGCTGTGAAGGACCTGGTCACCCTCCTGTTTGAGACTGCTCTGCTGTCCTCTGGGT TTTCGCTAGATGATCCTCAGACTCACTCAAATCGCATC
KAEADKNDIKAVKDLYTLLTFETALLSSGFSLDDPQTHSNI RTI
TACAGGATGATCAAACTCGGTCTTGGCATTGATGATGATGAAGTGACAACAGAGGAGCCAGCCACTGCACCCATTCCTGATGAGATTCCACCTCT TGAGGGGGAGGATGATGCTTCCCGC
YRMIKLSGLGIDDDEYVYTTETEPATAPTITIPDETPPLEGETDDASTR
ATGGAGGAAGTAGATTAAagaccaaagctagecttttacctcaatgtggatttatttttatttgaaatactgttaagtgttt taaaggggcagtaatctggecaatacctgggagtectg
M EEVD *
aaaagttgtacattaacattgatgctgtattggttataaacccagtgttgecttetgtatgecattgtecttttaaatttgteggeaaatgetactgaggtgtgggtttageagatggett

catgcagtgctaaatgtactctcttgecactgagttattgttgaatgtttaaagggactagtgecataagtcagtatggetcattttattttectggattectggagttgetggataggggat
gaatattcagtgcatcatgcactatttgcatgggggaatattagtgetgtctectttaaatcatgtccctgaagtaagaaatgeecttgttetgtetttgtttattttcaatgaaataaac
acttaagctccaaaaaaaaaaaaaaaaaaaaaaaa
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Fig. 2 The full-length cDNA nucleotide sequence and corresponding amino acid sequence of HSP90 from kaluga. Signature sequences of the HSP90
family are shown in boxes. The nuclear localization signal sequence of HSP90 is underlined. Start and stop codons are indicated in bold

Homology analysis and construction of the phylogenetic
trees

BLAST analysis revealed that the amino acid sequences of the
HSP70 and HSP90 genes of kaluga shared high similarity
with those of other known HSP70 and HSP90 genes. The
protein sequence of the HSP70 gene of kaluga was compared
with other representative species, and the results were shown
in Table 2. Using the amino acid sequences of the HSP70
genes of kaluga and the other species analyzed, a phylogenetic
tree was constructed using the MEGA 4 software. The
resulting phylogenetic tree was composed of five major
groups: fish, mammals, insects, molluscs, and echinoderms
(Fig. 3). Similarly, we analyzed the homology of the HSP90

cDNA sequence of kaluga with that of other species, and the
results are shown in Table 3. The phylogenetic tree of the
HSP90 gene was composed of six major groups: fish, mam-
mals, insects, crustaceans, and molluscs (Fig. 4).

Expression of the HSP70 and HSP90 genes in tissues
of kaluga in unstressed conditions

Fluorescence quantitative PCR results showed that
HSP70 and HSP90 messenger RNA (mRNA) were
widely expressed in 11 tissues of kaluga, that is, gill,
brain, beard, heart, liver, spleen, stomach, intestine,
swim bladder, and gonads. mRNA expression of the
HSP70 and HSP90 genes in kaluga was highest in the
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Table 2 The homology analysis

between kaluga and other Species GenBank accession no. Similarity
representative species for HSP70
Fish
Acipenser ruthenus AEKS81529 99 %
Acipenser schrenckii AFM75819 99 %
Acipenser baerii ADL40977 98 %
Danio rerio AAH56709 86 %
Pelophylax lessonae ACY699%4 85 %
Salmo salar ACNI11053 84 %
Fundulus heteroclitus macrolepidotus ABB17041 82 %
Paralichthys olivaceus ABG56390 82 %
Xiphophorus maculates BAB72167 81 %
Mammals
Homo sapiens NP 005518 82 %
Mus musculus ACC85670 82 %
Insects
Drosophila simulans EDX13300 74 %
Drosophila auraria CAAS5168 73 %
Molluscs
Crassostrea gigas BAD15286 74 %
Crassostrea hongkongensis ACH95805 74 %
Echinoderms
Apostichopus japonicas ACJ54702 72 %
Paracentrotus lividus Q06248 71 %

intestine and lowest in muscle tissue. The expression
levels of HSP70 and HSP90 were significantly higher
in all tissues than they were in muscle (P<0.05), with
the exception of HSP70 mRNA expression in the liver
(P=0.05). In addition, trends in the levels of expression
were consistent between the HSP70 and HSP90 genes

(Fig. 5).

Fig. 3 Phylogenetic tree of
HSP70s. The phylogenetic tree
was constructed using neighbor
joining with 1000 bootstrappings.
Numbers on the nodes indicate
the confidence level of the
bootstrap analyses

Expression of the HSP70 and HSP90 genes in kaluga
under temperature stress

To determine if temperature influences the expression of
HSP70 and HSP90 genes in kaluga, levels of HSP70 and
HSP90 mRNA in muscle, gill, and liver tissue that had been
treated with various temperatures were quantified by qPCR.
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Table 3 The homology analysis between kaluga and other
representative species for HSP90

Species GenBank accession no Similarity
Fish

Acipenser ruthenus AFA25806 99 %
Acipenser schrenckii AFS88930 98 %
Oncorhynchus mykiss CDQ59193 92 %
Megalobrama amblycephala AGI97008 91 %
Salmo salar AAD30275 91 %
Mammals

Homo sapiens NP_031381 91 %
Mus musculus NP_032328 91 %
Crustaceans

Eriocheir sinensis ACJ01642 79 %
Fenneropenaeus chinensis ABM92446 79 %
Litopenaeus vannamei ADU03767 78 %
Portunus trituberculatus ACQ90226 76 %
Insects

Drosophila melanogaster ABG94057 78 %
Lucilia cuprina AEF38377 77 %
Molluscs

Haliotis tuberculata CAK95235 79 %
Mytilus galloprovincialis CAES52893 78 %
Argopecten irradians ABS50431 77 %
Crassostrea gigas ABS18268 77 %

mRNA expression of the HSP70 and HSP90 genes after tem-
perature stress are shown in Fig. 6. The control group at 16 °C
and 0 ppt salinity was used to calibrate the relative qPCR. The

Fig. 4 Phylogenetic tree of
HSP90s. The phylogenetic tree
was constructed using neighbor
joining. Numbers on the nodes
indicate the confidence level of
the bootstrap analyses

experiment was divided into cold stress (4 and 10 °C) and heat
stress (25 and 28 °C). mRNA expression of HSP70 and
HSP90 was highest in all tissues (muscle, gill, and liver) in
the 4 °C cold stress treatment (P <0.05). In the muscle, HSP70
and HSP90 gene expression increased gradually as tempera-
tures decreased to a maximum in the 4 °C treatment (Fig. 6a,
P<0.05). Under heat shock, expression of HSP70 increased
in the 25 °C treatment compared with the control (16 °C), but
less increase in the 28 °C treatment compared to the control
than at 25 °C. The levels of HSP90, however, were not sig-
nificantly different from the control (P>0.05). In gill tissue,
the levels of HSP70 and HSP90 expression increased gradu-
ally under cold stress to a maximum at 4 °C (Fig. 6b, P<0.05).
After heat shock, HSP70 levels gradually increased, reaching
the highest level in the 28 °C treatment. In addition, levels of
HSP90 gene expression in the 25 and 28 °C treatments were
much higher than in the control (P<0.05), although there was
no significant difference between the heat stress treatments
(25 vs. 28 °C; P>0.05). In the liver, the levels of HSP70 and
HSP90 expression increased gradually with cold stress,
reaching maximum levels at 4 °C (Fig. 6¢, P<0.05). During
heat stress, the levels of HSP70 and HSP90 gene expressed
increased gradually to maximum levels at 28 °C (P<0.05).

Expression of the HSP70 and HSP90 genes in kaluga
under salinity stress

We evaluated the effects of salinity stress on HSP70 and
HSP90 expression in muscle, gill, and liver tissue. mRNA
expression of the HSP70 and HSP90 genes after varying
levels of salinity stress is shown in Fig. 7. Fish in the control
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Fig. 5 Expression of HSP70 and 40 -
HSPI0 in different tissues of

kaluga. M: muscle; G: gill; B: Br
brain; Be: beard; H: heart; L: liver; 30}
Sp: spleen; St: stomach; I: sl
intestine; Sh: swim bladder; Go:

gonads. Values are expressed as 20 |

mean + standard error. Different
letters indicate significant
differences (P <0.05)

15

10 |

Relative expression level

OHSP70 @HSPS0

group (0 ppt) were used to calibrate the qPCR for comparison
among treatments. In muscle tissue, the expression of both
HSP70 and HSP90 increased gradually from 0 to 40 ppt, with
maximum expression at 40 ppt (Fig. 7a, P<0.05). In gill tis-
sue, levels of HSP70 expression decreased from 0 to 10 ppt
and from 20 to 30 ppt but increased from 10 to 20 ppt and
again from 30 to 40 ppt, reaching maximum levels at 40 ppt
(Fig. 7b, P<0.05). The expression of HSP90 increased from
0 ppt to peak levels at 20 ppt (P<0.05) and then decreased
from 20 to 40 ppt. Liver tissue followed similar patterns of

expression to gill tissue for both HSP70 and HSP90 (Fig. 7c).

Discussion

In this study, we cloned the full-length cDNA sequences of
HSP70 and HSP90 from kaluga using RT-PCR and RACE
methodology. Including the 5'-terminal UTR, 3'-terminal
UTR, and the ORF, the HSP70 cDNA was 2275 bp and
encoded a protein of 650 amino acids. Similarly, the full-
length of the HSP90 cDNA was 2718 bp, encoding a protein
of 725 amino acids. While the HSP70 protein contained three
signature sequences of the HSP family, there was only one
signature sequence in the HSP90 protein. Similarly to the
HSP70 and HSP90 genes of other eukaryotes, HSP70 and
HSP90 from kaluga also contained the highly conservative
cytosol-specific EEVD motif in the C-terminus, indicating
that HSP70 and HSP90 are mainly present in the cytosol
(Demand et al. 1998; Vayssier et al. 1999; Ivanina et al.
2008; Yenari et al. 1999). Some researchers have suggested
that, in many species, conserved tetrapeptide GGMP repeats
in the C-terminal of the HSP70 protein may mediate the asso-
ciation of HSP70 and HSP90 into a multichaperone complex
that is involved in the regulation of protein co-chaperone in-
teractions (Scheufler et al. 2000; Piano et al. 2005). We found
three repeats of the GGMP motif in the HSP70 of kaluga but
did not find it in the HSP90 genes. Manchado et al. (2008)
determined that the HSP90 family contained two subtypes,
HSP90« and HSP90f. Expression of HSP90« is highly in-
ducible and plays an important role in cell growth, apoptosis,
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and the cell cycle. HSP90{ is involved in maintaining normal
physiological cell function through its role in cell differentia-
tion and maintenance of cell structure and defense. A high
degree of similarity indicated by BLAST analysis suggested
that the HSP90 of kaluga is an HSP90{ gene.

Homology analysis showed that the amino acid sequence
of the HSP70 gene of kaluga shared the highest identity (98—
99 %) with that of the family Acipenseridae. In this regard, the
gene must be HSP70. Similarity with the HSP70 of other
vertebrates was over 81 %, and similarity with other inverte-
brates and specifically with Drosophila was nearly 73 %.
Kaluga shared one branch of the phylogenetic tree with
Acipenser ruthenus, Acipenser schrenckii, Acipenser baerii,
Danio rerio, Salmo salar, Fundulus heteroclitus
macrolepidotus, Paralichthys olivaceus, and Xiphophorus
maculates (Fig. 3). The relationship of these HSP70s as
depicted by the phylogenic tree was generally in agreement
with the traditional taxonomy of these species. The amino acid
sequence of the HSP90 gene of kaluga had 91 % similarity
with the Acipenseridae family and 91, 77, 76, and 78 % sim-
ilarity with the HSP90s of vertebrates, molluscs, crustaceans,
and insects, respectively. The fish species kaluga, A. ruthenus,
A. schrenckii, Megalobrama amblycephala, Salmo salar, and
Oncorhynchus mykiss shared one branch of the phylogenetic
tree. Thus, the phylogenic relationships determined for these
HSP90s were also in agreement with the traditional taxonomy
of these species (Fig. 4).

Tissue expression analysis of the HSP70 and HSP90 genes
of kaluga revealed ubiquitous expression in each of the 11
tissues examined in this study, indicating that both HSP70
and HSP90 were synthesized under normal, unstressed condi-
tions. Furthermore, maximum expression of both HSP70 and
HSP90 in the intestine suggests that HSP70 and HSP90 might
be associated with digestive function, which was further sub-
stantiated by expression in stomach tissue. Various studies
have shown that HSPs have a cytoprotective function in di-
gestive organs that is necessary for the adaptation of cells to
environmental stress (Jin et al. 1999; Otaka et al. 1997).
Expression was lowest in muscle tissue, a pattern also found
by Zakhartsev et al. (2005) in Gadus morhua. Interestingly,
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Fig. 6 The relative level of expression of HSP70 and HSP90 mRNA in
muscle, gill, and liver tissue of kaluga at different temperatures. Values
are expressed as mean = standard error. Different /efters indicate
significant differences (P <0.05)

there was also expression of HSP70 and HSP90 in the beard
and swim bladder, indicating that these genes also play a role
in these sensory and balance organs (Fu et al. 2014; Lin et al.
2009; Liu et al. 2004). Wegele et al. (2004) argued that the
functions of genes in the HSP70 and HSP90 families are usu-
ally closely related. The finding that patterns of expression of
HSP70 and HSP90 were similar in all tissues corroborates this
hypothesis and suggests that HSP70 and HSP90 have similar
functions in kaluga. Levels of HSP90 expression were higher
than those of HSP70 in all tissues, but it remains unclear if
HSP90 serves a more important function than HSP70 in
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Fig. 7 The relative level of expression of HSP70 and HSP90 mRNA in
muscle, gill, and liver tissue of kaluga under different magnitudes of
salinity stress. Values are expressed as mean +standard error. Different
letters indicate significant differences (P <0.05)

kaluga. Expression of HSP70 and HSP90 proteins occurs in
both normal and stressful conditions and is related to the tran-
scription level (Waagner et al. 2010; Wan et al. 2007).
Temperature and salinity are important factors defining
suitable fish habitat, and fish commonly experience tempera-
ture and salinity stress during transportation. We found that
temperature and salinity stress significantly altered levels of
expression of the HSP70 and HSP90 genes in the muscle, gill,
and liver tissue of kaluga compared with the unstressed con-
trol group (Figs. 6 and 7, P<0.05). Similarly to other studies
(Palmisano et al. 2000; Manzerra et al. 1997; Lang et al.
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2000), we found that gene expression in response to temper-
ature and salinity stress is tissue specific. Levels of HSP70 and
HSP90 expression were highest in the 4 °C treatment, indicat-
ing that they play an important role during cold stress. Wild
populations of Kaluga in the Amur River in northeastern
China survive beneath a frozen surface layer in the winter.
Thus, these results indicate that HSP70 and HSP90 are
important for survival during harsh winters. Moreover, there
was little expression of HSP70 and HSP90 during heat stress,
indicating that the genes are more sensitive to cold stress than
heat shock. We suggest that this is because kaluga has adapted
to the cold water in which it predominantly lives. HSP70 and
HSP90 expression changed little during salinity stress. Deane
and Woo (2004) also found insignificant expression of HSP70
in the liver and kidneys of Sparus sarba during salinity stress,
and Palmisano et al. (2000) found that levels of HSP90 ex-
pression in the gill and liver of Oncorhynchus tshawytscha
changed little during salinity stress. Thus, kaluga may be bet-
ter able to respond to changes in osmotic stress. In aquacul-
ture, fish are usually disinfected at salinities of 30-50 ppt, and
fish are generally transported in low-salinity waters (Carneiro
and Urbinati 2001). The present study revealed the molecular
adaptation of kaluga to saline water. Moreover, these data
clarify the effect of temperature and salinity stress on the gene
expression of HSP70 and HSP90 in kaluga and point to the
need for further research into the interaction of these stressors
on gene expression of HSPs.

In conclusion, we isolated and characterized the HSP70
and HSP90 genes of kaluga for the first time. HSP70 and
HSP90 gene expression was detected in 11 different tissues,
and patterns of HSP70 and HSP90 expression were deter-
mined under different levels of temperature and salinity stress
in muscle, gill, and liver tissue. This cloning and expression
analysis of the HSP70 and HSP90 genes in kaluga provides
more information on the HSPs in other teleost fishes. Thus,
these data are useful for further study of HSP expression under
environmental stress, and they further our understanding of
the mechanisms of HSP70 and HSP9O stress response in cold
freshwater fish.
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