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Abstract Two complementary deoxyribonucleic acid (cDNA) clones encoding 2 different 70-kDa heat shock proteins
(HSPs) were isolated from the prawn Macrobrachium rosenbergii. The cDNA clones were 2448 and 2173 bp in length
and contained 1950- and 1734-bp open reading frames (ORFs), respectively. The ORFs encoded 649— and 577—amino
acid polypeptides, which were named Mar-HSC70 and Mar-HSP70, respectively, according to the sequence identities
with other known HSC70s and HSP70s and based on their inducibility in response to heat shock stress (at 35°C).
Genomic DNA sequence analysis revealed no introns in either gene. The major structural differences between the 2
proteins were a 60—amino acid segment and a 14—amino acid segment present in the N-terminal and C-terminal,
respectively, of Mar-HSC70 that were not found in Mar-HSP70. Northern blotting and semiquantitative reverse tran-
scription—polymerase chain reaction analyses indicated that the Mar-HSP70 gene was expressed under heat shock
(35°C) stress in a non-tissue-specific manner. In contrast, Mar-HSC70 messenger ribonucleic acid was constitutively
expressed in every tissue except muscle, and its expression in response to heat shock (at 35°C) changed only in

muscle.

INTRODUCTION

Heat shock proteins (HSPs), found in all eukaryotic or-
ganisms, play essential roles in protein metabolism, fold-
ing, translocation, and refolding of denatured proteins
under both stress and non-stress conditions (Blackman
and Meselson 1986; Deshaies et al 1988; Nelson et al 1992;
Rubin et al 1993). HSPs themselves and their genes are
highly conserved throughout evolution and are found
universally from bacteria to humans (Gupta and Golding
1993; Hartl 1996; Morimoto et al 1997). The various HSP
families, including HSP100, HSP90, HSP70, HSP60, and
small HSPs, are grouped according to their molecular
mass (Georgopoulos and Welch 1993).

The HSP70s constitute one of the most highly con-
served protein and gene families and are the most widely
studied stress proteins (Boorstein et al 1994). Their ex-
pression is regulated by environmental and physiological
stresses and nonstressful conditions such as cell growth,
development, and pathophysiological conditions (Santa-
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cruz et al 1997; Morimoto 1998). Members of one HSP70
subfamily are expressed at extremely low levels under
normal conditions and increase significantly in response
to stressors, such as temperature shifts, heavy metals,
hypoxia, and infectious microorganisms (Shinnick 1991;
Baler et al 1993; Hartl 1996). Others (HSP70 cognates, also
known as HSC70s) are constitutively expressed under
normal conditions and change relatively little on expo-
sure to stress (Park et al 2001; Kregel 2002). Although
expression patterns of HSP70 and HSC70 are quite dif-
ferent, they share common structural features. They con-
sist of 2 domains: the 44-kDa N-terminal adenosine tri-
phosphatase-binding domain and a 30-kDa C-terminal
substrate-binding domain (Dang and Lee 1989).

Several HSP70 and HSC70 genes from aquatic organ-
isms, including reef coral (Tom et al 1999), oyster (Boutet
et al 2003), and fishes (Molina et al 2000; Ali et al 2003),
had been identified. However, there are only a little data
on HSP70 and HSC70 of crustaceans. To our knowledge,
it had been reported that expression of HSP70 was tran-
siently induced by heavy metals (Hg and Cu) in a tissue-
specific manner in freshwater prawn Macrobrachium mal-
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colmsonii (Yamuna et al 2000); using homologous comple-
mentary deoxyribonucleic acid (cDNA) probes, levels of
HSP70 messenger ribonucleic acid (mRNA) in the lobster
Homarus americanus was characterized during hypo- and
hyperosmotic stress (Spees et al 2002); and a heat-induc-
ible HSP70 was identified in the deep-sea vent shrimp
Rimicaris exoculata (Ravaux et al 2003). Cheng et al cloned
the HSP70 gene in barnacle larvae and characterized its
expression under hypoxic conditions, which was the first
report on the HSP70 gene sequence in crustaceans
(Cheng et al 2003). In prawns, HSP70 and HSC70 gene
structure has not been reported to date.

The giant freshwater prawn, Macrobrachium rosenbergii,
is a commercially important organism. In 1999, aquacul-
ture of the species in 37 countries exceeded 130 000 tons
of prawns per annum. Research has shown that M rosen-
bergii can exist in water that fluctuates between 15°C and
35°C, but that optimum growth occurs, when the animals
are reared in a thermal environment of 27°C to 29°C
(Smith 1981). Temperature is thus a limiting factor in the
distribution of this species and thus restricts the locations
where farming is successful. Thermal acclimation can in-
volve all life cycle stages and can result in physiological
compensatory temperature responses that may permit
thermal niche expansion. Thus, an insight into the mo-
lecular adaptations and changes in response to tempera-
ture is important for understanding the biology, distri-
bution, and ability of M rosenbergii to adapt to different
thermal regimens across various geographic regions. Re-
cently, Herrera et al (1998) demonstrated that the critical
maxima and minima of M rosenbergii are significantly af-
fected by acclimation temperature and that this species
shows a high degree of adaptability to various thermal
regimes.

In this study, we identified 2 cDNAs (2448 and 2173
bp) encoding Mar-HSC70 and Mar-HSP70 in M rosenber-
gii. Transcription of both genes was compared in several
tissues in response to heat shock treatment. The results
demonstrated that expression of Mar-HSC70 was not tis-
sue specific with the exception of muscle and changed
relatively little on exposure to heat shock. In contrast, ex-
pression of Mar-HSP70 was found to respond to heat
shock (at 35°C) and expression also was not tissue spe-
cific. This is the first report describing the cloning and
characterization of HSP70 and HSC70 mRNA in prawns.

MATERIALS AND METHODS

Animals

Adult prawns, M rosenbergii (7.2 to 12.0 g), of both sexes,
were obtained from a market in Hangzhou, China, and
were reared in a 15-L glass aquarium with circulating
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freshwater at 25°C. Prawns were acclimated for at least 2
weeks before experimentation and were fed twice daily.

Stress treatments

In the cold-treatment group, 20 prawns were transferred
from 25°C to 15°C or 20°C for 2 hours, whereas for heat
treatment, 20 prawns were transferred from 25°C to 30°C
or 35°C for 2 hours. The 10 prawns remaining at 25°C
served as controls. After the treatments, tissues including
thoracic ganglia, hepatopancreas, ovary, gill, gut, and
muscle were removed, snap-frozen in liquid nitrogen,
and stored at —80°C.

Nucleic acid preparation

All tissues were homogenized in Trizol Reagent (Invitro-
gen), and total RNA was prepared according to the man-
ufacturer’s instructions. Genomic DNA for polymerase
chain reaction (PCR) analysis was obtained using the
DNeasy Tissue Kit (Qiagen, GmbH, Hilden, Germany)
according to the manufacturer’s instructions.

Reverse transcription—polymerase chain reaction

First-strand ¢cDNA was synthesized from 2 ug of total
RNA from hepatopancreas and thoracic glands obtained
from the prawns treated at 35°C, using the Super-
script®/First-strand c¢cDNA Synthesis Kit (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s pro-
tocol. The first-strand cDNAs were used as the template,
and cDNA fragments encoding the 2 HSP70s were am-
plified by 2 rounds of PCR amplification. Oligonucleotide
primers for the 2 HSP70s were designed based on the
highly conserved amino acid sequences corresponding to
positions 125-146 and 197-220 of Escherichia coli K12
(AAC74362), Mozambique tilapia (CAA04673), Mediter-
ranean fruit fly (P91902), cow (P19120), and humans
(NP-002146). In the first PCR, amplification was primed
by pairs of degenerate oligonucleotides (PF and PR, Fig
1; Table 1), and the following program was used: 94°C
for 4 minutes, followed by 40 cycles of 94°C for 30 sec-
onds, 52°C for 30 seconds, and 72°C for 30 seconds. In
the second PCR, the first-round PCR products were used
as templates, and amplification was primed by pairs of
nested primers (PFN and PRN, Fig 1; Table 1) using the
same program as in the first PCR but with the addition
of a final polymerization step at 72°C for 10 minutes. The
PCR products were subcloned into the PCR® 2.1-TOPO®
vector using the TOPO® TA cloning kit (Invitrogen) for
sequencing analysis.
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Fig 1. Schematic diagram of Mar-HSC70 (A) and Mar-HSP70 (B) complementary deoxyribonucleic acids (cDNAs) showing locations of
primers for polymerase chain reaction (PCR) and strategy of the gene cloning. Arrowheads represent primers, and lines under them indicate
cDNA fragments amplified with the primers by PCR, 5'—rapid amplification of cDNA ends (RACE), and 3'-RACE.

Table 1 Nucleotide sequences and positions of primers used in polymerase chain reaction

Position

Primer Direction Sequence (5'-3') Mar-HSC70 Mar-HSP70
PF F GCNGTNATHACNGTNCCNGC 518-537 546-565
PFN F GTNCCNGCNTAYTTYAAYGA 530-549 557-576
PR R ACRTCRAANGTNCCNCCNCC 698-714 729-749
PRN R GTNCCNCCNCCNARRTCRAA 687-705 719-739
HSC70F F CAGGGACAATCTCTGGICTG 576-595 —
HSC70FN F GCTTATGGCTTAGACAAGAAGG 638-659 —
HSC70R R ACATTGCGTTCTCCTCCAAC 659-678 —
HSC70RN R AGACCAGAGATTGTCCCTGC 575-594 —
HSC70F1 F GITGITGAAGGTGITGITGG 37-56 —
HSC70F2 F ACAAATCTGCAATCCCATCATCAC 1894-1917 —
HSC70R1 R AATCAAGTAGTTCCAAGTTTTCTG 2356-2379 —
HSP70F F GCTGGAGCTATTGCAGGACTC — 603-623
HSP70FN F AGTGGCCTTGAGAGGAGAAAAG — 686—707
HSP70R R CTTTTCTCCTCTCAAGCCCACT — 686-707
HSP70RN R GAGTCCTGCAATAGCTCCAGC — 603-623
HSP70F1 F CCAACGACCAAGGAAACAGGA — 36-56
HSP70F2 F AGATCTCTTCAGAGGTACAC — 1049-1068
HSP70F3 F GTGGAACAGAAAGCAGAAGAAACC — 1836-1859
HSP70R1 R GTCTGCCACTGAAGGATCAC — 1789-1808
HSP70R2 R TTCTGCATGCAATATAAAAGGTAG — 2091-2114
ActinF F TATGCACTTCCTCATGCCATC — —
ActinR R AGGAGGCGGCAGT GGTCAT — —

a Positions reflect nucleic acid locations in Figs 2 and 3.
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3’ and 5’ rapid amplification of cDNA ends

The full-length Mar-HSC70 and Mar-HSP70 cDNAs were
obtained by using the rapid amplification of cDNA ends
(RACE) method. The cDNAs for 5 RACE were synthe-
sized from thoracic ganglia and hepatopancreas total
RNAs using the FirstChoice™ RLM-RACE Kit (Ambion,
USA) according to the manufacturers’ protocol. The gene-
specific primers (HSC70R, HSC70RN, HSP70R, and
HSP70RN, Fig 1; Table 1) for 5'-RACE were designed
based on the nucleotide sequences of the Mar-HSC70 and
Mar-HSP70 cDNA fragments amplified by reverse tran-
scription (RT)-PCR (al and a2, Fig 1). cDNA fragments
encoding the 5'-regions of Mar-HSC70 and Mar-HSP70
were amplified by 2 rounds of PCR. The first round of
PCR was performed using gene-specific primers
(HSC70R and HSP70R, Fig 1; Table 1) and the 5'-RACE
adapter outer primer included in the RACE kit. The pro-
grams for PCR amplification were 94°C for 5 minutes,
followed by 40 cycles of 30 seconds at 94°C, 30 seconds
at 62°C, 35 seconds at 72°C, and a final step of 72°C for
10 minutes for Mar-HSC70 and 94°C for 5 minutes, fol-
lowed by 38 cycles of 30 seconds at 94°C, 30 seconds at
54°C, 30 seconds at 72°C, and a final step of 72°C for 10
minutes for Mar-HSP70. In the nested PCR, the first-
round PCR products were used as templates, and each
amplification was primed by nested gene-specific primers
(HSC70RN and HSP70RN, Fig 1; Table 1) and the 5'-
RACE adapter inner primer included in the 5’-RACE Kkit.
The programs for nested PCR amplification were as de-
scribed for the first PCR. The nested PCR products were
subcloned and sequenced.

The ¢cDNAs for 3’-RACE were synthesized from gan-
glia and hepatopancreas total RNAs using FirstChoice™
RLM-RACE Kit (Ambion, Austin, TX, USA) according to
the manufacturers’ protocol and used as templates for
PCR. The first round of PCR was primed by gene-specific
primers (HSC70F and HSP70E Fig 1; Table 1) and the 3'-
RACE adapter outer primer provided in the kit. The pro-
grams for PCR amplification were 94°C for 5 minutes,
followed by 35 cycles of 30 seconds at 94°C, 30 seconds
at 60°C, 90 seconds at 72°C, and a final polymerization
step at 72°C for 10 minutes. The nested PCR was per-
formed using nested gene-specific primers (HSC70FN
and HSP70EN, Fig 1; Table 1) and the 3’-RACE adapter
inner primer provided in the kit. The programs for nested
PCR amplification were as described above. The nested
PCR products were subcloned and sequenced.

Cloning of Mar-HSC70 and Mar-HSC70 genes from
genomic DNA

To determine whether the identified Mar-HSC70 and
Mar-HSP70 genes contained introns, genomic DNAs for
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Mar-HSC70 and Mar-HSP70 were amplified by PCR, and
their nucleotide sequences were analyzed. For Mar-
HSC70 intron analysis, the isolated genomic DNA (100
ng) was used as a template for PCR to amplify a genomic
DNA fragment. The amplification was primed by pairs of
gene-specific primers (HSC70F1 and HSC70R1, Fig 1A)
and a program consisting of 3 steps: denaturation at 94°C
for 5 minutes; 38 cycles of 94°C for 30 seconds, 58°C for
30 seconds, 72°C for 4 minutes; and a final polymerization
step at 72°C for 10 minutes. For Mar-HSP70 intron anal-
ysis, 2 genomic DNA fragments were amplified by pairs
of gene-specific primers (HSP70F1 and HSP70R, HSP70F
and HSP70R2, Fig 1B) using the program described
above. The DNA fragments were then subcloned and se-
quenced.

Sequencing analysis

Purified recombinant plasmids were sequenced using the
ABI Prism Big Dye Terminator Cycle Sequencing Ready Re-
action Kit (Applied Biosystems, Foster City, CA, USA), di-
luted 1:1 in halfBD™ Sequencing Reagent (GenPak, Stony
Brook, NY, USA), according to the manufacturer’s instruc-
tions. The DNA was sequenced from both strands on an
ABI PRISM 377 Genetic Analyzer (Applied Biosystems). Se-
quences were aligned using Vector NTI version 9.0.

Northern blot analysis

Each set of total RNA was extracted from various tissues
(thoracic ganglia, hepatopancreas, ovary, gill, gut, and
muscle) using the Trizol Reagent described above. Total
RNA was quantified on a spectrophotometer at 260 nm.
Aliquots containing 10 pg of total RNA corresponding to
each tissue were mixed with glyoxal and dimethyl sulf-
oxide and heated at 50°C for 30 minutes and then placed
on ice for more than 1 minute. The treated RNAs were
then separated through a 1% agarose (Seakem) gel. The
intensities of ethidium bromide-stained ribosomal ribon-
ucleic acid bands were examined visually to ensure that
equal amounts of total RNA were loaded onto the gels.
The RNA was then transferred to a nylon membrane (Hy-
bond-N, Amersham Pharamacia Biotech, Uppsala, Swe-
den) and ultraviolet cross-linked. The 5'-RACE products
of cDNA fragments HSC70-P (594 bp, bases 1-594 in 5’
untranslated region of Mar-HSC70 cDNA, in Fig 1A) and
HSP70-P (623 bp, bases 1-623 in untranslated region of
Mar-HSP70 cDNA, in Fig 1B) were amplified and puri-
fied using QIAquick PCR Purification Kit (Qiagen). At the
same time, the 3'-end region probes for both genes were
amplified by pairs of primers HSC70F2-HSC70R1 for
Mar-HSC70 and HSP70F3-HSP70R2 for Mar-HSP70 and
also used in the northern blotting analysis. The fragments
were labeled with digoxigenin—deoxyuridine triphos-



phate at 37°C overnight using the DIG High Prime La-
beling Kit, and hybridization was performed overnight at
50°C using the DIG Easy Hyb system (Roche Molecular
Biochemicals, Mannheim, Germany) according to the
manufacturer’s instructions. The blots were washed at
room temperature, twice at low stringency (2X standard
saline citrate [SSC], 0.01% sodium dodecyl sulfate [SDS])
for 5 minutes and then at 55°C twice at high stringency
(0.1x SSC, 0.1% SDS) for 15 minutes. After washing, hy-
bridized probes were detected by alkaline phosphatase—
conjugated anti-DIG antibody and the CSPD chemilumi-
nescent detection system.

Semiquantitative RT-PCR

Because Northern blotting analysis could not detect ex-
pression of mRNA at very low amounts, we further per-
formed semiquantitative RT-PCR experiments to measure
expression levels of muscle Mar-HSC70, thoracic ganglia,
and hepatopancreas Mar-HSP70 mRNA at each temper-
ature point. Total RNA extraction and RT were described
as above. The cDNA fragments were amplified using
primers HSC70F2-HSC70R1 for the 486-bp Mar-HSC70
fragment and HSP70F2-HSP70R1 for the 760-bp Mar-
HSP70 fragment. As an internal control, a 198-bp frag-
ment of the constitutively expressed p-actin gene
(AF221096) was amplified using primers actinF and
actinR (Table 1). Ten microliter aliquots of PCR reaction
were collected after 26, 28, 30, 32, and 34 cycles to deter-
mine the linage range of the reaction. Thirty cycles for
Mar-HSC70, 32 cycles for Mar-HSP70, and 26 cycles for
B-actin were chosen, and the same program was used in
these reactions: 94°C for 5 minutes, followed by indicated
cycles of 94°C for 30 seconds, 56°C for 30 seconds, 72°C
for 30 seconds, and a final extension step at 72°C for 10
minutes.

Nucleotide sequence accession numbers

The nucleotide sequences of the cDNA-encoding Mar-
HSC70 and Mar-HSP70 were submitted to GenBank un-
der accession numbers AY466445 and AY466497, respec-
tively.

RESULTS
Identification of Mar-HSC70 and Mar-HSP70 genes

To design PCR primers for HSC70 or HSP70 amplification
(or both), we aligned amino acid sequences correspond-
ing to both inducible and constitutive forms of HSP70
from E coli K12, Mozambique tilapia, Mediterranean fruit
fly, cow, and humans. The conserved regions from both
HSC70 and HSP70 were selected for initial PCR primer
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design (primers PE PR and their nested primers PFN and
PRN, Fig 1; Table 1). The cDNAs were synthesized from
total RNA isolated from thoracic ganglia and hepatopan-
creas of heat shocked shrimp (treated at 35°C) using RT.
After 2 rounds of PCR amplification, cDNA fragments (al
and a2 in Fig 1) were subcloned and sequenced by ana-
lyzing 5 independent clones for thoracic ganglia and he-
patopancreas. Two fragments, a 176-bp (al) fragment
from thoracic ganglia and a 182-bp fragment from the
hepatopancreas (a2), which exhibited sequence variations,
were selected for designing the gene-specific primers
(HSC70E EN, R, RN and HSP70E FN, R, and RN in Fig
1) for 3'- and 5’-RACE. To confirm the orientation of the
3 DNA fragments (fragments al, a2 and their 3'-RACE
and 5-RACE fragments, respectively), PCR was per-
formed to amplify cDNA fragments that spanned those
regions (b1 and b2, Fig 1). Sequence analysis of fragments
bl and b2 indicated that the 3 fragments (5'-, 3'-RACE
and al for Mar-HSC70, and a2 for Mar-HSP70) over-
lapped.

The full-length ¢cDNA sequence from thoracic ganglia,
based on 3'- and 5'-RACE, was 2448 bp in length and
contained an open reading frame (ORF) of 1950 bp, which
encoded a 649-amino acid protein (Mar-HSC70) with a
calculated molecular mass of 70904 Da. HSP70 signa-
tures-1, -2, and -3, the adenosine triphosphate (ATP)-
AGT-binding site, and nuclear localization signal se-
quences were identified (Fig 2). The Mar-HSC70 gene in-
cluded a 94-bp 5'—untranslated region (UTR) and a 404-
bp 3’-UTR that contained a polyadenylation signal
(AATAAA) (Fig 2). The Mar-HSP70 cDNA sequence de-
termined from hepatopancreas by 3'- and 5'-RACE was
2173 bp in length and contained an ORF of 1734 bp,
which encoded a 577-amino acid protein with a calcu-
lated molecular mass of 63 731 Da. HSP70 signatures-2,
and -3, the ATP-AGT-binding site, and nuclear localiza-
tion signal sequences were identified (Fig 3), although the
HSP70 signature-1 was not found. The Mar-HSP70 gene
contained a 302-bp 5'-UTR, a 137-bp 3'-UTR, and a poly-
adenylation signal (AATAAA) (Fig 3).

The similarity between amino acid sequences of
HSC70s and HSP70s in different species

The similarity between HSP70 and HSC70 amino acid
sequences in different species suggests similar molecular
functions, and thus HSP70 and HSC70 are considered
separate subfamilies of the HSP70 family. Greater simi-
larity is commonly observed between members of the 2
subfamilies from different species than between HSP70
and HSC70 from the same species. Comparison of the
Mar-HSC70 amino acid sequence with HSC70s of other
species (oyster, zebrafish, house mouse, insect, humans)
revealed 79.8-86.5% sequence identity. Slightly lower
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AAAAGTCGCTCTCGCTCAGTTGTACGAGGCACGTCGGTTGTTGAAGGTGTTGTTGGTCGGTTTGTGTTTTCCATCGTTTTARAGTCGAAACATCATGGCGAAATCAGCTGCTGTTGGGAT
M A K S A A V g
TGATCTAGGAACTACATACTCGTGTGTCGGAGTGTTCCAGCATGGCAAAGTTGAGATCATTGCCAACGACCAGGGCAACCGAACCACCCCTTCGTATGTCGCCTTCACAGACACAGAGCG
p L ¢ T T Y S ¢ vV GV F Q H G K YV EI I ANDI QGNURTTU®PS Y VAV F TUDTE R
signature-1
CCTTATTGGTGATGCTGCCAAGAATCAGGTGGCCATGAACCCCAACAACACTGTATTTGATGCCAAACGGCTCATTGGCCGAAAGTTTGATGACGGTGTTGTTCAGTCTGACATGAAGCA
L I ¢ DA AKINOQ VA AMNDNUPNNTV F DAI K RILTIUG RI KU FUDUDG GV V Q S DMK H
TTGGCCTTTTACTGTCATAAATGATAATACTAAGCCAAAAATTCAAGTAGATTACAAGGGTGAAACGAAAACATTTTTCCCAGAAGAAATTTCATCAATGGTTCTAATTAAAATGAAAGA
W P F TV I NDNT K P XK I Q VDY K G E TK TV FVF P EE I S S MV L I K MK E
AACTGCAGAGGCATTCCTGGGCAGCACTGTGAAAGATGCTGTTATTACTGTTCCTGCCTACTTCAATGATTCTCAGCGTCAAGCTACCAARAGATGCAGGGACAATCTCTGGTCTGAATGC
T A _E A F L G S T V K DAV I T V P AY F ND S QR QAT KD AGTTI S G L N A
ATG/GTP binding site

CCTTCGGATCATTAATGAGCCTACTGCTGCTGCCATCGCTTATGGCTTAGACAAGAAGGTTGGAGGAGAACGCAATGTTTTGATCTTTGATCTTGGTGGTGGCACTTTTGATGTGTCAAT
L R I I N E P TAAATIAYGILDI K KV G G EU RNV L I F D L G G G T F D V S I

signature-2
TCTAACCATTGAGGATGGAATTTTTGAGGTAAAATCCACAGCTGGTGATACTCACTTGGGTGGTGAAGATTTTGATAACAGAATGGTAAATCACTTCATTCAAGAGTTCAAGCGAAAGTA
L T I ED G I F EV K ST AGDTHULGGEDVFDN RMUVNUHZFTIQE F_K_ R K Y

CAAAAAAGATCCCTCTGAGAACAAACGTGCTCTTCGCCGTCTCCGTACTGCTTGTGAGCGTGCAAAGCGCACTCTTTCAGCCTCTGCCCAAGCAAGTATTGAAATTGATTCTTTGTATGA
XK K D P S E N K R A L R R L R T A CERAZKRTILS A S A QA S IETIUDSTL Y E

nuclear localization signal

GGGTACTGATTTTTACACATCGGTTACTCGTGCAAGGTTTGAGGAGTTGTGTGGTGACTTGTTCCGTGGTACCCTTGAGCCTGTAGAGAAATCCCTGAGAGATGCCAAAATGGATAAGGC
G T D F Y T™S VT RAURVPF E EL CGDULF R GTULE PV E K S L RUDA AIKMMD K A
ACAGATTCATGACATTGTTCTTGTTGGAGGATCCACTAGGATTCCCAAGATTCAGAAATTACTGCAAGATTTCTTCAATGGGAAAGAACTGAATAAATCTATCAATCCAGATGAAGCTGT
Q I H D I _V L VvV G G S T R I P K I O K L L Q D F F N G K E L N K S I N P D E A V
signature-3
AGCATGTGGTGCTGCTGTACAGGCAGCTATTTTGTGTGGTGATAAATCTGAGGCTGTGCAAGATCTGCTTCTCTTGGATGTTACACCTCTGTCTCTTGGTATTGAAACTGCTGGAGGAGT
A C G A AV QAAI L CGDIK S E AV pD L L L L DVTU®PULSULGTIETA ASG GGV
TATGACGGCACTCATTAAACGTAACACCACAATCCCAACCAAGCAGACTCAGACATTCACCACTTATTCAGACAATCAGCCTGGTGTGTTAATTCAAGTTTATGAAGGAGAGCGTGCAAT
M TAUL I K RNT T TI P TXK Q T QTTVF TTY S DDNOQ?P G VL I Q VY EGEURA AWM
GACAAAGGATAACAACCTCCTGGGTAAATTTGAACTCTCTGGTATTCCTCCAGCTCCACGAGGAGTGCCACAAATTGAAGTGACTTTTGATATTGATGCCAATGGTATCCTGAATGTGTC
T K D N NL L G K F EL S G I P PAZP RGV P QTIE VT FDTIUDA ANSZGTIT LNV S
TGCTGCGGACAAGTCAACTGGTAAGGAGAACAAAATCACAATCACAAATGACAAGGGTCGCCTCAGTAAAGAAGAAATTGAACGTATGGTTCAAGAAGCTGAAAAGTACAAAGCTGATGA
A A D K ST G K E N K I TTI TNIDI KGURULS K EE I ERMV QEAZEIK Y K ADD
TGAGAAGCAACGTGATCGCATTGCAGCAAAGAATAGTTTGGAATCTTACTGCTTCAACATGAAGTCCACCGTGGAAGATGACAAGTTTAAGGACAAGGTGCCAGAGGAGGATCGCAACAA
E K Q R DRI AAIKNISTLESY CVFNMI KS TV EDT DI K FI XKD KV P EE DR N K
GATAATGGAAGCTTGCAATGATGCCATCAAATGGCTGGATTCTAATCAGCTGGGAGAGAAGGAAGAGTATGAGCATAAATTGAAGGAAATAGAACARATCTGCAATCCCATCATCACAAA
I M EA CNUDA ATIIKWULD S N L G E K E E Y EHI KL K EIE QI CNUPTI I T K
AATGTATCAAGCAGCTGGTGGTGCCCCTCCAGGTGGTATGCCAGGTGGCTTCCCAGGTGCACCAGGTGGTGGTGCTGCACCTGGTGGTGGTTCCTCTGGCCCAACCATTGAAGAAGTAGA
MYQAAGGAPPGGMPGGFPGAPGGGAAPGGGSSGPTI
TTAAATTATTTTCCTTAACAAACAATCTCTTTGGCTTTTGCAGTTTATTTATAAATTTTACTTTATTTGTATCATTATTTTATTTCTGAATATGCAGTTGTCTTGAATGTCGTGCCAAAT

*

TATTGAATGAGTTTTGATATACATGTTTTGTTTTGTAATCTTTCATTATATAATATTTACACATTTTTATTGTTTGTTAAGATATGCAGATTTTCAAACTTCAAATTATTAATCATATTT
TGGCTGTAGATAGCCTATACAAAGCAGAGTACTTAGGTATTTGTTTCTTTCACCAAAGAACTGTTATTGAGTTTTCAGAAAACTTGGAACTACTTGATTTTCAGCATATTAGCAATTACT
ATGTTCATTCAARAATAAATTTTTTAGTAATCAAAAAAAAAAAAAARA

Fig 2.
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Nucleotide sequence and deduced amino acid sequence of Mar-HSC70. Deduced amino acid sequences of Mar-HSC70 are shown

in the single letter representation below the respective codons. The asterisks indicate stop codons in the complementary deoxyribonucleic
acid (cDNA). The consensus polyadenylation signals AATAAA is double-underlined. HSP70 signatures-1, -2, and -3, the adenosine triphos-

phate-guanosine triphosphate (ATP-GTP)—binding site, and the nuclear localization signal sequences are underlined.

identities (68.2-81.0%) were observed between Mar-
HSC70 and Mar-HSP70s from these species. On the other
hand, comparison of the Mar-HSP70 amino acid sequence
with HSP70s and HSC70s from the above species re-
vealed 61.2-68.5% and 67.4-68.8% identity, respectively.

The alignment analysis showed that the major differences
between the amino acid sequences of Mar-HSP70 and Mar-
HSC70 (Fig 4) were deletions in the N-terminal (60 amino
acids) and C-terminal (14 amino acid residues). The deleted
N-terminal segment usually contains 1 of 3 HSP70 family
signatures (IDLGTTYS), and thus Mar-HSP70 contains only
2 of these signatures. We confirmed the absence of the N-
terminal segment from Mar-HSP70 by sequencing 3 hepa-
topancreas HSP70 cDNA clones and 3 genomic DNA clones.
All 6 clones lacked the 60—-amino acid segment.

Analysis of genomic DNA structure of Mar-HSP70 and
Mar-HSC70

A 2343-bp genomic DNA fragment was amplified by us-
ing the gene-specific primers, HSC70F1 and HSC70R1,
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and sequenced. The sequence and length of the genomic
DNA fragment were identical to those of the cDNA for
Mar-HSC70 (Fig 1A). Two genomic DNA fragments (672
bp and 1512 bp) were amplified for Mar-HSP70 by using
the gene-specific primers (HSP70F1 and HSP70R, and
HSP70F and HSP70R2) and sequenced. The sequences
and lengths of these genomic DNA fragments were also
identical to those from the Mar-HSP70 cDNA (Fig 1B).
These results suggested that neither gene contained in-
trons.

Stress-induced expression of Mar-HSC70 and Mar-
HSP70 genes

Northern blot analysis of total RNA was used to deter-
mine whether expression of Mar-HSC70 and Mar-HSP70
genes increased under heat and cold shock. A ¢cDNA frag-
ment produced by 5'-RACE (HSC70-F, 594 bp, in Fig 1A)
as described above was used as a probe for detecting
Mar-HSC70 gene expression. The probe hybridized to a
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AAACGTTTTCCAGCACGGAAAAGTGGAGATCATCGCCAACGACCAAGGAAACAGGACCACCCCTTCCTATGTGGCCTTCGCGGACACGGAGAGACTCATAGGAGATGCTGCAAAGAATCA 120
GGTGGGTGAAAGATTTACCACACTATATATTCAAGCTGAAAAACATGCTCATGGTAGAAACTGTCCTTGAAAGCAACCTGGGAAACCTCTATGCAAATGTTAATAATAATACAAGTGTCC 240
AAAGTTAAAAAAAAAAAAAACACACAATAAATAGCAAGTGGTCATTTCCATTCCAGGTGGCCATGAACCCTAACAACACAGTGTTCAATGCAAAGCGCCTCATTGGAAGGAAGTTCGACG 360

N P NN TV F N A KURUL I G R K F D L9
ACCCAACAGTTCAGAGTGACATGAAACATTGGCCTTTCACTGTTGTCAGTGAAGGAGGAAAACCAAAGATGAAGGTGGAATTCAAAGGTGAGACAAAGACTTTCAACCCAGAAGAAATCT 480
D pTVQ SDM I KHW?PF TV VS E GG K P KM I KUVETZFI KGETI KTV FNUPEE I 59
CTTCCATGGTACTGACTAAGATGAAGGAAACTGCAGAAGCCTATTTGGGAAAGACAGTCAAGGATGCTGTCATCACAGTTCCTGCTTGCTTCAATGACTCTCAGAGACAGGCAACTAAGG 600
s s Mm vL T KM KETA AEA Y L G K TV KDA AV ITVPATCTFNDS QR QA TK 99

ATP/GTP binding site
ATGCTGGAGCTATTGCAGGACTCAATGTCCTTAGGATCATCAATGAACCAACAGCTGCTGCCATTGCTTATGGACTTGATAAGAAAGTGGGCTTGAGAGGAGAAAAGAATGTTCTTATTT 720

D AGAIAGLN NV VILIRTITINUEU®PTA AA AATI AYGULIDI K I KV GLRGEI KNV L I 131
TTGACCTGGGTGGTGGTACTTTCGATATTTCCGTCCTTAGTATTGACGAAGGCGTCTTTGAAGTGAAAGCTACAGCTGGTGACACACACCTTGGTGGAGAAGACTTTGATAACAGAATGG 840
F D L G G G T F D I S VL $ I DEGV F EV KA AT ASGUDTHULGSGET DT FDNTZRM 171
signature-2
TACACCATTTCGTTCAAGAGTTCCAGCGTAAATACAAGAAGGACTTAACAACCAACAAACGCGCAATAAGGCGTCTTAGGACAGCATGTGAARAAGAGCAAAGAGGACTCTATCTTCTTCTA 960
V HHVF V Q E F QR K Y K KDL TTNIK®RATIRRILIRTATCEI R AI KU RTTIL S S S 211

nuclear localization signal

CACAGGCTAGTATTGAAATTGACTCTCTTTTTGAAGGCATTGACTTCTATACTTCCATTACAAGGGCTCGTTTCGATGAACTTTGCTCAGATCTCTTCAGAGGTACACTTGAGCCTGTAG 1080

T Q A S I E I D S L F E G I DVPF YT S I TU R ARV FDETLTCSUDTZ LU FWRGTTLE P V 251
AAAAAGCTCTGAGGGATGCAAAACTAGACAAGGGAAGTATTGCAGAAATAGTCCTTGTTGGAGGATCTACTCGTATTCCCAAGATACAGAAACTACTTCAGGACTTCTTTAATGGTAAGG 1200
E K A L RDAIKULDI KG S I A E LNV L V ¢ G S T R I P K I O K L L Q DF F N G K 291
signature3
AACTGAATAAATCCATCAACCCAGATGAAGCTGTAGCTTATGGTGCTGCTGTGCAAGGAGCTATCTTAAGAGGAGACCAATCTGAAGGGGTTAAAGATGTCTTACTTCTAGATGTGGCCC 1320
E L N K $ I N P D EAV AY GAA AV QGAIULURGDIOQSEGV KDV L L L D V A 331
CTCTTTCCCTAGGTATTGAAACTGCTGGAGGTGTTATGACTGCTCTTATCAAGAGGAATACCACAATTCCTACAAAACAGCAGCAGATCTTCACAACTTACGCAGATAACCAGCCAGGTG 1440
P L s L G I ET ASGSGUVMTA ATLTII K RNTTTIU®PTI KOQOQOQTIFTTYADNIOQP G 371
TTCTAATTCAGGTTTATGAAGGTGAACGTCCAATGACTAAAGACAATAATCTATTGGGTAAATTCGAATTGAGTGGAATACCACCTGCTCCCAGGGGAGTACCTCAGATTGAAGTCACTT 1560
vV L I Q VY EGERPMTIKIDNNILULG K F EL S G I P P AP RGV P Q I E VT 411
TTGACATCGACGCTAATGGAATTCTCAATGTTTCTGCAGTTGATAAGTCTACTGGAARAGGAAAATAAGATCACCATCACAAATGACAAAGGACGTCTCAGTAAGGAGGAAATCGAGAAGA 1680
F D I DANGTIULNVSAVDI KS TG KENI KTITTITNUDI KGU RTUL S KEE I E K 451
TGGTTAATGATGTTGAAAGGTACAAGGAAGAGGATGACAAGCAGAGAGAAAGAGTGGAAGCTAAGAATCGTCTTGAGTCAGTGTGTTATAGCATCAAGTCTGCAGTTTGTGATCCTTCAG 1800
M V N DV E R Y K E E DD K QRERV EAI KNI RILESV CY S I K S AV CD P S 491
TGGCAGACAAGTTGTCTGCTGATGAGAAACGATGTGTGGAACAGAAAGCAGAAGAAACCCTTCGGTGGCTGGAAGCAAATCAACTGGCAGAGAAAGAAGAGTTCGAATATCAGATGAATG 1920
vV AD KL S A DEI KU R CVEO QK AEZETT LIRMWILEA AN QT LA AEI KEEUFE Y Q MN 531
AGTTAGAAAAAGTGTGGAGACCTTTAGCCAGCAAGGTCCATGGTCAAGGAGGCTATGCAGGCAATGCAGGTTATCTGGGTAGCACTGGTGGTCCCACTGTCGAGGAGGTTGACTAATTGA 2040
E L E KV WRPILASI KV HGOQGS GGYA ASGNA AGTYULGSTTG GG GTPT \Iiﬁi‘iiﬂi!i * 571
GAATTTTTGTTTACTCTTTCAGAGCTTGAAGATAAAGTTAAGAATATTATCTACCTTTTATATTGCATGCAGAAAATGTATTTTCCATTTTTATAAATAAATACACTAAAAATGTTTAAT 2160
TAAAAAAAAAAAR 2173

Fig 3. Nucleotide sequence and deduced amino acid sequence of Mar-HSP70. Deduced amino acid sequences of Mar-HSP70 are shown
in the single letter representation below the respective codons. The asterisks indicate stop codons in the complementary deoxyribonucleic
acid (cDNA). The consensus polyadenylation signals AATAAA is double-underlined. HSP70 signatures-2 and -3, the adenosine triphosphate-
guanosine triphosphate (ATP-GTP)-binding site, and the nuclear localization signal sequences are underlined.

Mar-HSC70
C.virginica HSC70
D.melanogaster HSC70
M.sexta HSC70
M.musculus HSC70
H.sapiens HSC70

- *GYAGNAG-----=========== Y--LGST
+8SGNSG- == mmrmmmmmm e H--ASSGQ
D.melanogaster HSP70 - -AGAAGGPG--------- ANCGQQAGGFGGYS
M.sexta HSP70 - *BGAGAAP------------ GGQQHG-RG- -A
M.musculus HSP70 D) + e+ +GAPGAG-----==---~ GFGAQAPPK-GASGS|
H.sapiens HSP70 GD) +++QVPGGES------------ SCGTQARQGDPS

Mar-HSP70

C.virginica HSP70

S < < < = < < < < <O < <

Fig 4. Cluster W formatted alignments of representative HSC70 and HSP70 amino acid sequences. Identical residues among all HSC70s
and HSP70s are highlighted by light gray boxes, and identical HSC70s and HSP70s residues within each are indicated by the open boxes.

~2.4-kb transcript in both thoracic ganglia and hepato-  The expression patterns of the 2 genes were also con-
pancreas at all tested temperatures: 15, 20, 25, 30, and  firmed to be similar by using 3’-end probes of Mar-
35°C (Fig 5A). However, expression of Mar-HSC70 was HSC70 and Mar-HSP70 (data not shown).

low at 25°C but increased significantly in muscle after
exposure to 35°C (Fig 5B). Another cDNA fragment
(HSP70-P, 623 bp, in Fig 1B) produced by 5'-RACE was
used as probe for Mar-HSP70 in Northern blot analysis.
Significant accumulation of a =~2.1-kb mRNA was ob-  To characterize the tissue-specific expression of Mar-
served in thoracic ganglia and hepatopancreas only at ~ HSC70, the HSC70-P probe (Fig 1A) described above was
35°C heat shock but not at 15°, 20°, 25°, and 30°C (Fig 5C).  used to detect HSC70 gene expression in thoracic ganglia,

Tissue-specific expression of Mar-HSC70 and Mar-
HSP70 genes

Cell Stress & Chaperones (2004) 9 (3), 313-323
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Fig 5. Expression of Mar-HSC70 and Mar-HSP70 genes in re-
sponse to heat shock. Total ribonucleic acids (RNAs) (10 ng) ex-
tracted from thoracic ganglia (A), muscle (B), and hepatopancreas
(C) at different temperatures (15°, 20°, 25°, 30°, and 35°C) were
analyzed by Northern blotting. Gene transcripts were detected by
hybridization to a 594-bp (A and B) and 623-bp (C) 5'—untranslated
region (UTR) fragment produced by 5'—rapid amplification of cDNA
ends (RACE) for Mar-HSC70 and Mar-HSP70, respectively. The
ethidium bromide—stained 28S/18S ribosomal ribonucleic acid
(rRNA) bands were used as controls for loading variation. The figure
was prepared from X-ray film using an HP 3500c Scanjet.

hepatopancreas, ovary, gill, gut, and muscle. Mar-HSC70
mRNA expression was observed in all test tissues except
muscle at 25°C (Fig 6A), and the expression levels re-
mained unchanged or increased only slightly in most tis-
sues after a 35°C heat shock treatment (Fig 6a). In muscle,
a heat shock of 35°C significantly increased the expres-
sion of Mar-HSC?70 (Fig 5B). In contrast, Mar-HSP70 gene
expression in thoracic ganglia, hepatopancreas, ovary,
gill, gut, and muscle was not observed under control con-
ditions (25°C) using the HSP70-P probe (Fig 6B). How-
ever, Mar-HSP70 gene expression was induced in all tis-
sues on exposure to the 35°C heat shock for 2 hours (Fig
6b). We confirmed these observations using probes tar-
geting the 3’ end of Mar-HSC70 and Mar-HSP70 (data
not shown). The data clearly suggest that Mar-HSC70 is
noninducible in most tissues except muscle and Mar-
HSP70 is inducible under heat shock stress.

DISCUSSION

Although HSC70 and HSP70 genes have been previously
identified in many species, this study is the first to report
isolation and sequencing of both HSC70 and HSP70 in
prawns. In this article, 2 genes encoding Mar-HSC70 and
Mar-HSP70, were identified and characterized from the
prawn M rosenbergii. Based on amino acid sequence iden-
tities with other known HSC70s and HSP70s, the 2 genes
were identified as members of the HSP gene family,
which encoded HSP70 family proteins. One of the genes
was not expressed under normal conditions but was in-
ducible by heat shock (35°C) and was thus named Mar-
HSP70. The second gene was expressed constitutively
and was not induced by heat shock stress in most tissues
and was thus named Mar-HSC70 (HSP70 cognate).

Fig 6. Northern blot analyses of tis-
sue-specific expression of Mar-HSC70
(A) and Mar-HSP70 (B) genes. Total
RNAs (10 pg) extracted from thoracic
ganglia, hepatopancreas, ovary, gill,

gut, and muscle at different tempera-
tures (25°C, A and B; 35°C, a and b)
were analyzed. Both gene transcripts
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genes were detected by hybridization
to a 594-bp and 623-bp 5'—untranslat-
ed region (UTR) fragment produced by
5'—rapid amplification of cDNA ends
(RACE) for Mar-HSC70 and Mar-
HSP70, respectively. The ethidium bro-
mide—stained 28S/18S rRNA bands
were used as a controls for loading var-
iation. The figure was prepared from X-
ray film using an HP 3500c Scanjet.




The major structural differences between the 2 proteins
(Mar-HSC70 and Mar-HSP70) were found to be a 60—ami-
no acid segment and a 14-amino acid segment present in
the N-terminal and C-terminal, respectively, in Mar-
HSC70 that were not found in Mar-HSP70, the accuracy
of which has been further confirmed. However, the func-
tional and evolutionary significance of this deletion is un-
known. The 14-amino acid segment absent from the C-
terminal of Mar-HSP70 was also found to be absent from
the C-terminal of inducible HSP70s from other species.
This segment contains a glycine-alanine-proline (GAP)
repeat that may play an important role in the structure
and function of the HSC70 subfamily. A review of pre-
viously reported sequences found that HSC70s contain at
least 1 GAP sequence in this region. For example, HSC70s
from the midges Chironomus tentans (AAN14525) and C
yoshimatsui (AAN14526) contain 2 GAP sequences (Ka-
rouna-Renier et al 2003), mouse HSC70 (AAB18391)
(Hunt et al 1999) contain 1 GAP, and oyster HSC70
(CAC83684) (Boutet et al 2003) contains 3.

An ATP-guanosine triphosphate-binding site motif was
found at positions 131-138 in Mar-HSC70 (AEAFLGST)
and 71-78 in Mar-HSP70 (AEAYLGKT). Likewise, puta-
tive bipartite nuclear localization signals (KKDPSENK-
RALRRL and RALRRLRTACERAKRTL) were found at
positions 246-263 and 258-274 in Mar-HSC70 and posi-
tions 180-197 and 192-208 (QRKYKKDLTTNKRAIRRL
and RAIRRLRTACERAKRTL) in Mar-HSP70. The 2 sig-
nals, which were characterized by an abundance of the
basic amino acids lysine and arginine, are needed for the
selective translocation of HSP70s into the nucleus
(Knowlton and Salfity 1996). Although the C-terminal
end appears to be less conserved, the last 4 amino acids,
EEVD, are identical in all species. This feature was pre-
viously shown to be characteristic of cytosolic-nuclear
HSP70s and HSC70s (Boorstein et al 1994). Three HSP70
signatures were identified in Mar-HSC?70 at positions 8-
15 (GIDLGTTY), 198-206 (DLGGGTFD), and 334-48
(IVLVGGSTRIPKIQK). However, only 2 HSP70 signatures
were found in Mar-HSP70 at positions 133-140
(DLGGGTFD) and 268-282 (IVLVGGSTRIPKIQK). To our
knowledge, this is the first report of an inducible HSP70
in which signature-1 was deleted. We speculated that N-
terminal deletion in Mar-HSP70 may be of great signifi-
cance in evolution.

In the HSP70 family, introns are generally found only
in constitutively expressed genes but not found in the
inducible forms (Yost and Lindquist 1986). It was sug-
gested that the lack of introns in inducible HSP70s allows
rapid transcription and accumulation on stress, the nu-
clear export signal being probably provided by the
mRNA secondary and tertiary structure (Huang et al
1999). However, in our study, genomic DNA sequence
analysis revealed a lack of introns in both genes. Al-
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Fig 7. Expression analysis of Mar-HSC70 (A) and Mar-HSP70 (B
and C) in response to heat shock by semiquantitative reverse tran-
scription—polymerase chain reaction (RT-PCR) experiments. RT-
PCR amplification products for Mar-HSC70 (486 bp) fragment, Mar-
HSP70 (760 bp), and the constitutive control B-actin (198 bp) from
total ribonucleic acid (RNA) (1 ng) extracted from muscle, thoracic
ganglia, and hepatopancreas at different temperatures (15°, 20°, 25°,
30°, and 35°C) are shown.

though previous studies have reported introns in induc-
ible HSP70s (Muller et al 1992; Stefani and Gomes 1995),
to our knowledge this is the first report of a constitutively
expressed HSC70 that contained no intron.

Significant accumulation of Mar-HSC70 mRNA was ob-
served in every test tissue except muscle under normal
conditions. Mar-HSC70 mRNA was particularly enriched
in the ovary of prawns. Similar enriched patterns of
HSC70 transcripts have been reported in zebrafish and
Drosophila during embryogenesis (Perkins et al 1990; San-
tacruz et al 1997). Therefore, the tissue-specific enrich-
ment of Mar-HSC70 transcripts in prawns may signify a
critical role for this stress protein during reproductive
events.

Northern blot analysis indicated that Mar-HSP70
mRNA expression in M rosenbergii was induced by 35°C
heat shock, but expression was not observed at 15°, 20°,
25°, or 30°C. Semiquantitative RI-PCR results showed that
expression of the Mar-HSP70 gene remained at low levels
at 15, 20, 25, or 30°C in thoracic ganglia and hepatopan-
creas; whereas Mar-HSP70 expression was slightly upre-
gulated exposed to 30°C, significantly increased to 35°C
(Fig 7 B,C). The results obtained by semiquantitative RT-
PCR demonstrated that that mRNA of Mar-HSP70 are
expressed at low levels at 15°, 20°, 25°, or 30°C. These
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levels were lower than the detection limit of Northern
blotting. In contrast, significant expression of Mar-HSC70
mRNA was detected in every test tissue except muscle,
and, with the exception of muscle, no significant response
to heat stress was observed. Mar-HSC70 mRNA expres-
sion was not detected by Northern blotting in the muscle
of prawns cultured at 15°, 20°, or 25°C. Using RT-PCR,
however, we detected the expression of the Mar-HSC70
gene at low levels in muscle at 15°, 20°, or 25°C (Fig 7A).
Similarly, Boone and Vijayan (2002) observed significant-
ly lower baseline levels of HSC70 protein in skeletal mus-
cle than in liver, heart, gill, or white muscle of rainbow
trout. They attributed these lower levels of HSC70 to
slower protein turnover in skeletal muscle compared with
the other tissues. M rosenbergii may also exhibit slower
turnover of HSC70 protein in muscle than other tissues,
which would maintain baseline levels of HSC70 protein
without the need for high baseline levels of gene induc-
tion. Further investigation of HSC70 protein levels in M
rosenbergii tissues is required to confirm this theory. In
contrast to other tissues, exposure to a 30°C heat shock
induced a slight increase in Mar-HSC70 expression in
muscle, and exposure to 35°C heat shock for 2 hours in-
duced expression of the mRNA to an even greater extent.
Significantly higher induction of HSC70 mRNA has also
been observed in muscle from carp in response to heat
shock as compared with other tissues (Ali et al 2003).
Under these conditions, an increase in HSC70 in addition
to HSP70 may be required to protect against muscle dam-
age.

No Mar-HSC70 and Mar-HSP70 mRNAs were ob-
served in the muscle and in the hepatopancreas of prawns
after cold shock (15°C and 20°C). Similar HSC70 and
HSP70 expression patterns after cold shock have been re-
ported in the flesh fly (Rinehart et al 2000). Furthermore,
previous studies demonstrated that a recovery period is
required before HSP70 expression and HSC70 upregu-
lation are observed, indicating that these genes are not
involved in the immediate response to a cold shock that
leads to rapid cold hardening (Chen and Denlinger 1987;
Rinehart et al 2000). At the same time, these results sug-
gest that some members of the HSP70 family function in
a fundamentally different manner during heat and cold
shock stress.

Identification and characterization of 2 genes encoding
Mar-HSC70 and Mar-HSP70 may provide valuable infor-
mation for farming of the giant freshwater, M rosenbergii.
Mar-HSC70, a non-heat-inducible form of the HSP70
family, may play a very important role in growth and
development of M rosenbergii. The synthesis of Mar-
HSP70 is slightly increased after exposure to 30°C, sig-
nificantly increased to 35°C (Figs 5C and 7 B,C), sug-
gesting that the appearance of severe cellular damage oc-
curred at 35°C, at the same time, high levels of expressed
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Mar-HSP70 allowed their survival during and after ther-
mal stress by refolding and repairing the denatured pro-
teins. In addition, we will use Mar-HSP70 as a useful
probe to investigate the relationship between expression
of the Mar-HSP70 gene and other stressors (heavy metals,
bacteria, and salt water), which we will expect to expand
M rosenbergii as a model organism for biomonitoring in
the environment.
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