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Twelve full- length and two truncated DnaK type heat shock protein 70 (hsp70) 

genes have been identified in Arabidopsis since the completion of the genome sequencing 

project.  While the biochemical mechanism and structure of hsp70 are highly conserved 

among organisms, the physiological roles of hsp70s in plants remain largely unknown 

due to promiscuous substrate specificity and functional redundancy of individual hsp70s.  

To characterize the roles of hsp70 genes in Arabidopsis, the following objectives were 

undertaken: 1) a comprehensive RT-PCR and genomic analysis for the hsp70 gene 

family, 2) transgenic approach to over/underexpress two members of the hsp70 gene 

family, cytosolic Hsc70-1 and ER luminal BiP-2, and 3) microarray analysis of gene 

expression during induction of acquired thermotolerance.  I isolated two nuclear-encoded, 

organellar members of the Arabidopsis hsp70 gene family mtHsc70-2 (AF217458) and 
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cpHsc70-2 (AF217459).  Genomic analysis revealed several unique characteristics of the 

subfamily of Arabidopsis hsp70 gene family such as gene structure, sequence relatedness, 

C-terminal sequence motifs.  RT-PCR analysis established the complex differential 

expression pattern for the hsp70s in Arabidopsis that suggests specialized functions even 

among members localized to the same subcellular compartment.  Transgenic analysis 

showed that the tight regulation of cytosolic Hsc70-1 expression is essential to viability 

of plants and that increased BiP-2 protein levels enhanced the survival of seed after heat 

stress.  Microarray analysis identified genes that are commonly induced or repressed in 

response to temperature extremes.  The expression patterns of the genes in the microarray 

also suggested that the membrane components and the photosynthetic apparatus are 

primary targets for temperature stresses.   
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CHAPTER 1 
INTRODUCTION 

 
Heat shock protein 70 (hsp70) is a molecular chaperone that helps newly 

synthesized polypeptides to obtain correct conformations as well as assisting stress-

denatured proteins to assume their original folded conformations.  Hsp70 consists of two 

major domains: a 44 kDa ATPase domain and a 30 kDa peptide binding domain.  The 

structure and biochemical properties of hsp70 protein have been well characterized in 

many organisms (Flaherty et al., 1990; Flynn et al., 1991; Wang et al., 1998; Zhu et al., 

1996).  Hsp70s are involved in nearly every aspect of protein biogenesis during normal 

growth development of an organism as well as under various stresses (Brodsky, 1996; 

Bush and Meyer, 1996; Gaitanaris et al., 1990; Gao et al., 1991; Glover and Lindquist, 

1998; Goloubinoff et al., 1999; Lee et al., 1995; Nelson et al., 1992; Morishima et al., 

2000; Sheffield et al., 1990).   

Hsp70 comprises a highly conserved gene family in every organism.  Arabidopsis 

has 14 or more hsp70 genes (Sung et al., 2001).  Hsp70s are present in almost every 

subcellular compartment of the cell.  In many cases, multiple members of hsp70 gene 

family are present in the same subcellular compartment.  Despite its well-characterized 

structure and biochemical properties, specific functions of individual hsp70 in cellular 

metabolism are poorly characterized.  This is mainly because of the broad substrate 

specificity of hsp70 and functional overlap among individual members. 
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The primary objective of this project was to define some of the whole organism 

biological processes that rely upon involvement and proper function of the hsp70 

chaperones.  I attempted to characterize the roles of hsp70s in Arabidopsis by taking 

three major approaches: 1) genomic analysis of hsp70 gene family, 2) gene expression 

analysis of hsp70 gene family by RT-PCR, and 3) transgenic studies of two members of 

the Arabidopsis hsp70 gene family.  The results indicated that the Arabidopsis hsp70 

gene family has several characteristics that are unique to the subfamily and a complex 

differential expression pattern for the hsp70s that portends specialized functions even 

among members localized to the same subcellular compartment.  Transgenic analysis 

showed that the tight regulation of cytosolic Hsc70-1 expression is essential to viability 

of plants and that overexpression of BiP-2 gene increased thermotolerance of seed.   

Currently, I have identified a total of 10 knockout lines for two cytosolic and 

three BiP genes.  More focused and targeted analysis will be feasible with these lines.  

Together with knockout analysis, the results obtained in this study will be a basis for 

further studies on hsp70 in Arabidopsis.   
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CHAPTER 2 
LITERATURE REVIEW 

 
Hsp70s comprise one subset of heat shock proteins that are induced by a rapid 

increase of temperature.  In eukaryotes, hsp70s are encoded by a highly conserved multi-

gene family whose proteins function in all major subcellular compartments of the cell.  

Numerous studies have elucidated hsp70 chaperone functions under stress conditions and 

in protein metabolism.  Hsp70s bind and release unfolded/non-native proteins, thereby 

helping polypeptides undergo productive folding in the highly concentrated protein 

environment of the cell.  Hsp70s can prevent aggregation of denatured proteins (Sheffield 

et al., 1990) and refold stress-denatured proteins (Gaitanaris et al., 1990; Glover and 

Lindquist, 1998; Goloubinoff et al., 1999; Lee et al., 1995).  They are also involved in 

translation (Nelson et al., 1992), translocation processes (Brodsky, 1996; Bush and 

Meyer, 1996; Gao et al., 1991) and steroid receptor function (Morishima et al., 2000).  In 

addition, cytosolic hsp70s act as negative repressors of heat shock factor (HSF)-mediated 

transcription either by themselves or in an hsp90-associated multi-chaperone complex 

(Bonner et al., 2000; Shi et al., 1998; Zou et al., 1998). 

Hsp70 Gene Family 

Plant hsp70 genes are encoded by a highly conserved multi-gene family.  

Fourteen genes encode hsp70s in Arabidopsis and there are at least 12 in spinach (Guy 

and Li, 1998; Sung et al., 2001).  Sequence analyses show that hsp70 gene families 

consist of four major subgroups and each of which shares the same subcellular 
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localization (Boorstein et al., 1994; Guy and Li, 1998; Sung et al., 2001): cytosol, ER, 

plastids, or mitochondria.  In watermelon, an hsp70 encoded by the same gene is 

localized to glyoxysome as well as plastid (Wimmer et al., 1997). 

Conservation of hsp70 genes in plants is astonishing in that the least conserved 

plant cytosolic member among 23 full- length plant hsp70 sequences analyzed shares 75% 

amino acid identity (data not shown) with the rest of hsp70 sequences.  Mitochondrial 

and plastid members are more similar to the bacterial hsp70 homolog, DnaK, while the 

ER luminal BiP and hsp70s targeted to other compartments are more closely related to 

cytosolic hsp70s (Boorstein et al., 1994; Wimmer et al., 1997). 

A unique feature of the plant hsp70 gene family is the presence of multiple 

members of ER luminal BiP.  Five genes encode for BiP in tobacco, four in soybean, 

three in Arabidopsis and at least two in maize (Cascardo et al., 2000; Denecke et al., 

1991; Sung et al., 2001) while only a single gene encodes BiP in yeast (Normington et al, 

1989).  Another feature of plant hsp70s is the distinctive subcellular localization motifs 

present at the C-termini.  The C-termini of each subgroup are unique and highly 

conserved within each group and diagnostic for their subcellular locations.  The 

conserved motif for cytosolic group is EEVD, for ER it is HDEL, for mitochondria it is 

PEAEYEEAKK and for plastids it is PEGDVIDADFTDSK (Guy and Li, 1998).  HDEL 

motif in BiP is an ER retention signal.  The EEVD motif in cytosolic hsp70 is essential 

for interaction with hsp70 interacting proteins such as Hip/p48 and p60/Hop (Liu et al., 

1999).  Deletion of EEVD from a rat hsc70 resulted in a dramatic increase in ATPase 

activity suggesting a role for EEVD in modulating ATPase activity of hsc70 (Boice and 
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Hightower, 1997).  It is suspected that the conserved C-terminal sequence motifs of 

mitochondria and plastid hsc70 may have similar roles as EEVD. 

Gene structure of plant hsp70s is also unique within four subgroups of the gene 

family.  Genes encoding cytosolic hsp70s usually have one or no introns while genes 

encoding organellar hsp70 have multiple introns.  The ER group has 4 to 5 introns, the 

mitochondrial group has 5 and the plastid group has 7 in Arabidopsis, in contrast to 7 

introns for the ER group, 4 for the mitochondrial group and 7 for the plastid group in 

spinach (Guy and Li, 1998; Sung et al, 2001).  It is intriguing how organellar hsp70s with 

presumed prokaryotic origins have more complex intron-exon structure than their 

cytosolic counterparts.  Although gene structures of organellar hsp70s are distinctly 

different and characteristic of each subgroup, they are not highly conserved among 

plants.   

Structure and Functions of Hsp70 

An hsp70 protein can be divided into two major structural domains: a 44 kDa 

ATPase domain and a 30 kDa peptide-binding domain (Figure 2-1).  The crystal 

structures of the N-terminal ATPase domain of bovine hsc70 (Flaherty et al., 1990) and 

that of C-terminal peptide binding domain of DnaK from E. coli are now available (Zhu 

et al., 1996).  Hsc70 (heat shock cognate 70) designates the members in the hsp70 gene 

family that are expressed in normal conditions as well as under stress.  The N-terminal 

ATPase domain contains two structural lobes that form a deep cleft where the binding 

site for ATP is located (Zhu et al., 1996).  The C-terminal peptide-binding domain 

contains a ? -strand and five ? -helical segments.  The first two of the five ? -helical 

segments serve as a lid on top of the peptide-binding site formed by the ? -strand  
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Figure 2-1. Three-dimensional structures of hsp70 protein. (A) 44 kDa N-terminal 
fragment of bovine hsc70. (B) 30 kDa C-terminal fragment of E. coli DnaK.  Three-
dimensional structures were adapted from NCBI protein structure database.  The 44 kDa 
ATPase fragment (PDB ID: 3HSC) is shown with ATP in the nucleotide binding cleft.  
The 30 kDa C-terminal peptide binding fragment (PDB ID: 1DKX) is shown with a 
substrate peptide in the peptide binding cleft (Arrow).  Three-dimentional structures were 
viewed with Cn3D 3.0. 
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 domain (Zhu et al., 1996).  A domain swapping experiment with chimeric proteins 

containing all combinations of the ATPase, peptide-binding, and variable domains of 

yeast cytosolic hsp70 proteins, Ssa1 and Ssb1, proved that the functional differences 

between Ssa1 and Ssb1 are not determined by either peptide-binding or variable domains 

(James et al., 1997).  This suggested that an additional factor(s) is required to confer 

functional specificity to hsp70.  A NMR study revealed that the C-terminal tail of DnaK 

binds to its own peptide-binding site (Wang et al., 1998).  The ? -helical segment bound 

to peptide-binding site was forced to an extended structure reflecting interaction of DnaK 

with its putative substrate.  The role of the C-terminal tail associated with the peptide-

binding site is not yet known, but the C-terminus is implicated in modulation of substrate 

binding affinity of DnaK (Wang et al., 1998).   

The binding and release of substrate polypeptide by hsp70 are well demonstrated 

in the binding cycles of DnaK with its co-chaperones, DnaJ and GrpE (Figure 2-2).  A 

substrate polypeptide brought by DnaJ is bound in the narrow cavity of the ? -strand 

peptide-binding domain of DnaK-ATP.  Only selected polypeptides can be bound in this 

region.  The best candidate substrate for this region is an extended heptameric 

polypeptide enriched with aliphatic amino acids (Flynn et al., 1991).  This hydrophobic 

and extended structure of the candidate peptide is very similar to those of unfolded 

regions of denatured proteins.  Hydrolysis of ATP causes conformational change of 

DnaK that shifts the open state of the ? -helical lid segment to a closed state.  Transition 

from the open to the closed state of the ? -helical lid in the peptide domain of DnaK 

stabilizes the substrate binding to DnaK, which prevents early release and unproductive 

folding of substrate polypeptide.  Another DnaK interacting co-chaperone, GrpE, then 
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Figure 2-2. The cycle of binding and release of a substrate by Hsp70.  This figure was 
modified from the figure published by Rassow et al. (1997).  The solid lines indicate the 
cycle in E. coli and the dotted lines indicate the cycle specific to eukaryotic system.  In 
eukaryotic system, no GrpE homolog is found in the cytosol.  Instead, Ydj1 carries out 
the combined function of DnaJ and GrpE in yeast.  Hsp70 interacting protein (HIP) 
stabilizes ADP-bound hsp70 and BAG-1 facilitates the nucleotide exchange in 
mammalian system.  BAG-1 also acts as a negative regulator of hsp70 chaperone activity 
by competing HIP binding to hsp70.  C-terminus Hsc70 interacting protein (CHIP) 
negatively regulates hsp70 activity by inhibiting hsp40 stimulated ATPase activity.   
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interacts with the ATPase domain of DnaK and exchanges ADP with ATP.  The binding 

of ATP causes a conformational change that leads to the opening of the C-terminal ? -

helical lid region and thereby facilitating the release of substrate polypeptide from 

peptide binding domain.  A new cycle of binding and release ensues by recruitment of a 

new substrate polypeptide by DnaJ (Figure 2-2).   

In the binding and release cycle of mammalian hsp70, cytosolic hsc70s interact 

with a tetratricopeptide repeat protein known as Hip.  Hip is an oligomeric protein that 

binds to the ATP-binding domain of Hsc70 (Hohfeld et al., 1995) through interaction 

with its tetratricopeptide repeats (Irmer and Hohfeld, 1997).  Hip acts to stabilize the 

ADP state of Hsc70, maintain high peptide affinity and is an activator of folding activity 

(Luders et al., 1998).  The Arabidopsis genome contains two sequences (BAB02710 and 

CAA16552) that encode possible Hip homologs.  BAG-1 is a negative regulator of Hsc70 

(Bimston et al., 1998; Shinichi et al., 1999) that interacts with the ATPase domain of 

Hsc70s through a 45 amino acid region (BAG domain) near its C-terminus with high 

affinity.  Its interaction is with the ATPase domain of Hsc70, which stimulates ATP 

hydrolysis and accelerates ADP release similar to GrpE with DnaK (Hohfeld and Jentsch, 

1997).  In fact, based on the crystal structure solution of the Bag domain complex with 

the ATPase domain of Hsc70 from bovine, it is concluded that Bag1 performs the same 

nucleotide exchange function as GrpE even though it is structurally different.  This 

appears to have occurred through convergent evolutionary processes (Sondermann et al., 

2001).  BAG-1 also inhibits chaperone activity, and acts as a competitive antagonist to 

the binding of Hip.  The Arabidopsis genome contains one sequence (BAB11054) that 

encodes a possible BAG-1 homolog.  BAG-1 contains a ubiquitin like domain and 
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interacts with 26S proteasom (Luders et al., 2000).  Another tetratricopeptide repeat 

containing Hsc70 regulator has been recently identified in mammalian systems (Ballinger 

et al., 1999).  This protein known as CHIP for C-terminus Hsc70 interacting protein, is 

present in the cytosol and acts as a negative regulator of Hsc70 by inhibiting Hsp40 

(DnaJ)-stimulated ATPase activity of Hsc70 peptide binding and refolding of non-native 

substrate.  The Arabidopsis genome contains one sequence (AAF02162.1) that may 

encode a CHIP homolog.  CHIP is also known as a E3 ubiquitin ligase (Jiang et al., 

2001).  BAG-1 and CHIP protein may guide misfolded proteins for degradation when 

productive folding is difficult to achieve (Demand et al., 2001). 

Hsp70 proteins also participate in a multi-chaperone complex in yeast 

(Ziegelhoffer et al., 1995).  However, unlike the DnaK chaperone complex, there is no 

known GrpE homolog in yeast.  Instead, Ydj1 (a yeast DnaJ homolog) carries out the 

combined function of DnaJ and GrpE.  Ydj1 not only binds to unfolded proteins but also 

stimulates the ATPase activity of Ssa1p and accelerates the hydrolysis of ATP and the 

release of ADP from Ssa1p (Ziegelhoffer et al., 1995).  The mammalian multi-chaperone 

complex containing hsp70 is more complex than that of E. coli and yeast systems.  Hsc70 

directs co-translational folding of nascent polypeptides with the help of subsequent 

chaperoning from TriC (a mammalian homolog of GroEL).  Mammalian hsp70 also 

participates in the multi-chaperone complex that contains hsp90, Hip (hsc70- interacting 

protein), Hop (hsp70/90-organizing protein), peptidylprolyl isomerases (PPI), p23, and 

BAG-1.  The multi-chaperone complex carries out chaperone functions in the 

conformational change of the progesterone receptor via intricate and sequential 
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interactions of chaperones in the complex (Freeman and Morimoto, 1996; Schwarz and 

Grossman 1998).   

Much evidence shows that plants also have hsp70 containing multi-chaperone 

complexes.  For example, reactivation of heat-denatured luciferase by hsp70 in 

conjunction with pea hsp18.1 and a DnaJ homolog indicates the presence of multi-

chaperone complexes in plants (Lee and Vierling, 2000).  Furthermore, activation of the 

glucocorticoid promoter by dexamethasone in transgenic plants indicates that plants may 

have a multi-chaperone complex that activates a plant progesterone receptor (McNellis et 

al., 1998; Nara et al., 2000).   

Hsp70 proteins fulfill three major roles as a molecular chaperone.  First, hsp70 

proteins bind to nascent polypeptides emerging from the ribosome and prevent 

aggregation until the synthesis of the polypeptide reaches the point for proper folding.  

The SSA subfamily of yeast cytosolic hsp70 is involved in initiation of translation.  A 

member of the SSA subfamily, Ssa1, interacts with a hsp40 homolog (Sis1) and a poly-

A-binding protein (Pab1) in translating ribosomes (Horton et al., 2001) and the SSB 

subfamily is involved more in elongation (Nelson et al., 1992).  Second, hsp70 proteins 

help the folding of substrate proteins and/or maintain loose conformations of precursor 

proteins during the translocation process.  The SSA subfamily participates in this process 

(Bush and Meyer, 1996; Kim et al., 1998).  Third, hsp70 proteins regulate HSF activity 

either by forming a stable complex with HSF (Bonner et al., 2000) or by modulating HSF 

conformation after heat induction (Shi et al., 1998).  The SSA subfamily performs the 

latter function by refolding activated HSF after heat shock while the SSB subfamily 
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fulfils the former by forming a stable and ATP-sensitive complex independent of heat 

shock (Bonner et al., 2000). 

However, yeast cytosolic hsp70s appear to have functional redundancy in 

translocation of precursor proteins.  Translocation of precursor proteins into ER and 

mitochondria was blocked in ssa1ssa2ssa4 mutant, but was normal in ssa1SSA2SSA4 and 

ssa1ssa2SSA4 (Deshaies et al., 1988).  SSA4 is heat inducible and not expressed under 

normal conditions indicating SSA4 is replacing missing functions of SSA1 and SSA2 in 

these mutants (Deshaies et al., 1988).  It also appears that there is no specificity among 

the SSA members on targeting precursor proteins to respective organelles.  The members 

of the SSA subfamily perhaps provide a common pool of cytosolic Hsp70 proteins to 

bind precursor proteins.  Arabidopsis has approximately 80 J-domain containging 

proteins (personal comm. Jan Miernk).  The members of the DnaJ family are more likely 

candidates that confer specificity on targeting.   

Cytosolic Hsp70 Proteins 

In Arabidopsis, five genes for cytosolic Hsp70s have been identified so far.  They 

are Hsc70-1, Hsc70-2, Hsc70-3, Hsp70 and Hsp70b.  Hsc70-1 and other members of 

cytosolic hsp70s in Arabidopsis are most like the SSA subfamily in yeast.  There is no 

apparent SSB type of hsp70 known in plants.  Hsc70-1 and Hsc70-2 are tandemly located 

1.5 kb apart on chromosome 5 (Wu et al., 1988).  Northern blot analysis showed only 

Hsc70-1 is present at a significant level during both heat shock and normal conditions in 

root, leaf, stem, flower, but at lower levels in green and yellow siliques (Wu et al., 1988; 

Wu et al., 1994).  The level of mRNA of Hsc70-1 was increased five-fold after heat 

shock at 37 ?C for 2 hours.  The transcript for Hsc70-2 was not detected at all and the 
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transcript for Hsc70-3 was not detected before heat shock but detected at a very low level 

after heat shock (Wu et al., 1988).   

In yeast, over-expression of SSA1 or SSA4 showed no effect on thermotolerance, 

however, ssa1 or ssa2 single mutants showed slow growth at 30ºC (Craig and Jacobsen, 

1984).  Single mutants for ssb1 or ssb2 showed slow growth at low temperature (Craig 

and Jacobsen, 1985).  These results suggest specific roles for the SSA and the SSB 

subfamily at different temperature environments.  A double mutant of ssa1ssa2 

displayed: 1), increased transcription of a yeast DnaJ homolog-SIS1 (Zhang et al., 1996), 

2), increased expression of other heat shock proteins (Halladay and Craig, 1995), 3), poor 

growth (Halladay and Craig 1995), and 4), deficiency in luciferase folding (Unno et al., 

1997).  The double mutant, ssa3ssa4, and the triple mutant, ssa1ssa2ssa4, were found to 

be lethal in yeast (Werner-Washburne et al., 1987).  In Drosophila, over-expression of a 

hsp70 protein resulted in enhanced thermotolerance, but was also shown to be cytotoxic 

for the growth and development of larvae (Feder et al., 1992; Feder et al., 1996).  Over-

expression of a rat hsp70 (Hsp70c) conferred enhanced tolerance to high temperature, 

H2O2 and reactive oxygen species (Chong et al., 1998). 

Knockout mutants of these genes in Arabidopsis are not available yet.  However, 

when Lee and Schöffl (1996) tried to block the expression of hsp70s in Arabidopsis upon 

heat shock by introducing anti-sense mRNA of a tobacco hsp70 with a soybean heat 

shock promoter, the transgenic plants showed reduction in protein abundance of both 

hsc70 and hsp70 pools.  Consequently, the transgenic plants lost induced-thermotolerance 

and showed prolonged auto-repression of heat shock response (Lee and Schöffl, 1996).   
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ER Luminal Hsp70 Proteins 

Hsp70 proteins located in endoplasmic reticulum (ER) are also known as binding 

proteins (BiPs).  BiP is found associated with nascent polypeptides and involved in 

translocation and folding of newly synthesized proteins in yeast (Sanders et al., 1992; 

Simons et al., 1995; Vogel et al., 1990).  An apparent role in secretory biogenesis was 

confirmed by accumulation of secretory precursor proteins when a temperature sensitive 

mutant of KAR2 gene was incubated at a non-permissive temperature (Nguyen et al., 

1991; Vogel et al., 1990).  Yeast BiP (Kar2p) interacts with the Sec complex on the 

lumen side of ER for translocation of newly synthesized proteins from the cytosol.  BiP 

and ATP are required for the release of a precursor protein from the Sec complex on the 

cytosolic face of the ER (Lyman and Schekman, 1997).  Kar2p binds to the J-domain like 

peptide loop of Sec63p in the presence of ATP, which allows the secretory precursor 

protein to pass through a membrane channel formed by Sec61p into the ER lumen 

(Lyman and Schekman, 1996).  Not every secretory protein interacts with Kar2p.  Over-

expression of a BiP defective in ATPase activity prevented secretion of a coagulation 

factor, factor VIII, while the secretion of monocyte/macrophage-colony-stimulating-

factor was not affected (Hendershot et al., 1996).   

In mammalian cells, the phenotypes of BiP mutants are complex.  Grp78 

antisense mutants were less tolerant to cytotoxic compounds (Liu et al., 1997).  Over-

expression of defective BiPs that do not release the substrate proteins resulted in reduced 

secretion of proteins (Hendershot et al., 1995; Hendershot et al., 1996; Morris et al., 

1997) and showed ER disruption (Hendershot et al., 1995).  Contrary to these 

observations, secretion of a tissue plasminogen activator (tPA) variant protein actually 

increased when functional hamster BiP was underexpressed in Chinese hamster ovary 
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cells (Dorner et al., 1988).  These results suggest that the association with BiP is the rate-

limiting step for secretion of certain proteins, but not every protein.   

Plant BiPs are presumed to function in a similar way to that of other eukaryotic 

BiPs since a tobacco BiP partially complemented a yeast temperature sensitive kar2 

mutant (Denecke et al., 1991).  However, there are still significant differences between 

plant BiPs and other eukaryotic BiPs since multiple members of BiP proteins are present 

in many plants (Denecke et al., 1991; Kalinski et al., 1995; Wrobel et al., 1997).  It still 

warrants further study to determine whether there is functional specificity or redundancy 

among the members of the BiP family in plants.  The expression of plant BiP is induced 

by various stresses as well as during developmental processes.  Expression of BiP mRNA 

increases during leaf expansion and seed maturation in soybean (Kalinski et al., 1995).  

Similarly, the amount of BiP protein is increased when storage proteins are accumulated 

in pumpkin cotyledons (Hatano et al., 1997).  Degradation of storage proteins in pumpkin 

cotyledon was also accompanied by a rapid increase of BiP protein (Hatano et al., 1997).  

The expression of BiP was induced when maize cells were treated with protein unfolding 

agents, azetidine-2-carboxylic acid and tunicamycin (Wrobel et al., 1997).   

In addition to the analysis of BiP mRNA expression, the protein analysis of BiP 

also indicates that BiP is involved in the folding of seed storage proteins and formation of 

protein bodies in plants.  BiP has been shown to associate with nascent polypeptides of 

prolamin in rice (Li et al., 1993).  BiP has also been shown to bind to full- length 

polypeptide of ? -conglycinin in soybean by reciprocal co-immunoprecipitation 

experiment using antibody against either hsp70 or ? -conglycin (Gillikin et al., 1995).  

From bean cotyledon, BiP was precipitated by anti-phaseolin antibody after tunicamycin 
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treatment. (D'Amico et al., 1992).  Similarly, it was shown that BiP formed a complex 

with an assembly defective phaseolin in transgenic tobacco plant (Pedrazzini et al., 

1994).  Further, it was shown that BiP associates with the monomer of phaseolin, but not 

with assembed homotrimeric phaseolin (Vitale et al., 1995).  In maize, BiP was 

associated with the ER-derived protein body in endosperm mutants (Boston et al., 1991; 

Fontes et al., 1991; Marocco et al., 1991).  When maize storage proteins (?-zeins) are 

expressed in transgenic Arabidopsis plants, they are co- localized with BiP in 

reticular/amorphous structures in cells (Geli et al., 1994). 

Three genomic clones for BiP were sequenced in Arabidopsis (BiP-1 (D89341), 

BiP-2 (D89342), and BiP-3 (AC000106)), but only one full- length cDNA clone 

corresponding to BiP-2 has been isolated (D84414).  It is not clear whether these three 

proteins are all functional in Arabidopsis.  There is 98% identity at the amino acid level 

between BiP-1 and BiP-2 protein, but the amino acid identity drops to 76% between these 

two BiPs and BiP-3 protein.  BiP-1 and BiP-2 may carry out a similar function in 

Arabidopsis and may even functionally replace each other while BiP-3 may carry out a 

distinct functions from those of BiP-1 and BiP-2.  The expression analysis shows that 

heat shock and protein denaturing agents such as tunicamycin and castanospermin induce 

the expression of Arabidopsis BiP gene(s) (Koizumi, 1996), but it is not clear which of 

three BiPs were studied since a non-specific probe was used in the Northern blot analysis.  

Recently, over-expression of tobacco BiP was successfully carried out in tobacco and 

over-expression of BiP alleviates ER stress imposed by treatment of tunicamycin, a 

protein glycosylation inhibitor (Alvim et al., 2001; Leborgne-Castel et al., 1999).  During 

tunicamycin treatment, the synthesis of a-amylase was significantly reduced in wild type 
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tobacco plants.  BiP over-expression in tobacco plants reversed the negative effect of 

tunicamycin treatment on a-amylase synthesis (Leborgne-Castel et al., 1999). 

In response to wounding or exposed elicitation, several of the molecular 

chaperones of the endoplasmic reticulum are strongly induced showing elevated mRNA 

levels.  Among these, BiP is particularly responsive to wounding (Guy and Li, 1998; 

Kalinski et al., 1995), salicylic acid, culture filtrate elicitors (Denecke et al., 1995), or 

plant cell wall degrading enzymes (Jelitto-Van Dooren et al., 1999).  This molecular 

chaperone response is likely to be a consequence of the host response that results in the 

elaboration of defense-related genes, some of whose products are secreted from the cell.   

Chloroplast Hsp70 Proteins 

Hsp70s in chloroplast play roles in translocation of numerous nuclear-encoded 

precursor proteins.  Several chloroplast hsp70s were initially identified during the process 

of isolating components of protein import machinery.  Cross- linking with radiolabelled 

precursor proteins and immuno-detection with Hsp70 antibody revealed the presence of 

Hsp70 proteins on the envelope membranes (Kourtz and Ko 1997; Marshall et al., 1990; 

Schnell et al., 1994) and in the stroma (Marshall et al., 1990).  An hsp70 protein 

embedded in the outer envelope membrane was identified with anti-hsp70 antibodies 

(Marshall et al., 1990; Schnell et al., 1994).  This hsp70 was also identified as a 

component of the import complex and immunogenically different from cytosolic hsp70 in 

pea (Schnell et al., 1994).  The presence of a stromal hsp70 in pea also was detected by 

using tomato hsp70 antibody (Marshall et al., 1990).  In spinach, a chloroplast outer 

envelope hsp70 (Com70/SCE70) similar to cytosolic hsp70 was isolated and sequenced 

(Ko et al., 1992).  Com70/SCE70 was localized in close physical proximity with 
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precursor proteins on the outer envelope membrane (Kourtz and Ko, 1997).  Cross-

linking of Com70 with arrested precursor proteins by using anti-Com70 antibody 

suggests the involvement of Com70 in early stages of import of precursor proteins into 

chloroplast (Kourtz and Ko, 1997).  Recently, it was shown that a chloroplast precursor 

protein forms a protein complex with a cytosolic hsp70 and a dimeric 14-3-3 protein.  

The precursor in the complex was imported three to four times better than a free 

precursor (May and Soll, 2000).  Sequence analyses of the transit peptides of chloroplast 

precursors also corroborate a role of hsp70 in protein transport in chloroplast by 

localizing hsp70 binding sit es in the transit peptides (Ivey et al., 2000; Rial et al., 2000).   

The vigorous metabolic activities in chloroplast probably require hsp70s for 

proper maintenance of the photosynthetic apparatus that is damaged during 

photosynthesis as well as under stress conditions.  The induction of stromal hsp70s in 

spinach (Chsp70) by high temperature and in Chlamydomonas reinharditii (Hsp70B) by 

light and high temperature is concordant with the above hypothesis (Drzymalla et al., 

1996; Wang et al., 1993).  The presence of DnaJ and GrpE homologues in pea 

chloroplast (Schlicher and Soll, 1997) and the fact that Chsp70 is more similar to 

bacterial DnaK than cytosolic homologues (Wang et al., 1993) suggest that stromal 

hsp70s carry out their functions as molecular chaperones in concert with plant 

homologues of DnaJ and GrpE.  Hsp70 is also required for proper packaging of storage 

proteins in maize amyloplast (Yu et al., 1998).  The abundance of chaperonin 60 (Cpn60; 

alpha and beta) and heat shock protein 70 (Hsp70) greatly increased during chromoplast 

differentiation (Bonk et al., 1996).  This plastid hsp70 is a functionally active form and 

associated with a soluble entity containing phytoene desaturase suggesting an active role 
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of hsp70 in the conversion of chloroplast to chromoplast (Bonk et al., 1996).  

Overexpression of a chloroplast- localized hsp70 (HSP70B) in Chlamydomonas 

reinhardtii enhances the reactivation of photosystem II after photoinhibition while 

underexpression of HSP70B resulted in less reactivation of PSII after photoinhibition 

(Schroda et al., 1999).  The cells overexpressing HSP70B recover much faster after 

photoinhibition than wild type cells.  Photoinhibition partly results from damage in the 

components of PSII such as D1, CP43, OEE2 and OEE3 protein.  The data in the study 

indicate that HSP70B helps reactivation of these proteins after photoinhibition either by 

directly interacting with unfolded domains of these proteins or by facilitating import of 

chloroplast proteins required for repairing these proteins.  To date, two stromal hsp70s 

have been sequenced in Arabidopsis (AL078637 and AF217459).  

Mitochondria Hsp70 Proteins 

Initiation of the import process of precursor proteins into the matrix of 

mitochondria requires matrix ATP and cytosolic hsp70 protein (Stuart et al., 1994).  

Matrix hsp70 protein mediates import, folding, assembly and degradation of 

mitochondrial proteins (Stuart et al., 1994).  Yeast matrix hsp70 protein interacts with a 

component of the inner membrane translocation complex (for review, see Neupert, 1997).  

It is shown that approximately 10% of total matrix hsp70 protein associates with Tim44 

in an ATP-dependent manner.  Matrix hsp70 utilizes ATP to drive precursor proteins into 

the matrix either by a molecular ratchet (Neupert et al., 1990) or a translocation motor 

mechanism (Glick, 1995).   

A yeast mitochondria GrpE homolog, Yge1p/Mge1p, is localized in the matrix 

(Nakai et al., 1994).  Yge1p/Mge1p interacts with a matrix hsp70 and facilitates the 



20 

 

release of nucleotide from the hsp70 (Miao et al., 1997).  Mge1p also facilitates 

formation of hsp70-Tim44 complex (Schneider et al., 1996).  Mge1p can functionally 

substitute for GrpE in various biological functions such as complex formation with 

DnaK, stimulation of ATPase activity of DnaK, and refolding of denatured luciferase 

(Deloche and Georgopoulos, 1996). Two mitochondrial DnaJ homologs, Mdj1p and 

Mdj2p, have been identified in yeast, and this suggests the presence of a DnaK-like 

chaperone complex in mitochondria (Prip-Buus et al., 1996; Westermann and Neupert 

1997).  However, Mdj1P was not found in the translocation machinery of mitochondria.  

A mitochondria-encoded protein, var 1, was shown to aggregate more in Mdj1p mutants 

(Westermann et al., 1996).  This study indicates Mdj1P participates in folding of proteins 

but probably not in the import process.  Single mutants of either Mdj1p or Mdj2p did not 

show growth defects at high temperature, but a double mutant showed severe growth 

defect at high temperature suggesting considerable overlap in functions of the two DnaJ 

homologs in yeast mitochondria (Westermann and Neupert, 1997).  

In addition to the matrix hsp70, another hsp70 was localized on the outer 

membrane of mitochondria (Mooney and Harmey, 1996).  Like its chloroplast 

counterpart Com70, this mitochondrial hsp70 is more similar to cytosolic hsp70 than 

other mitochondria matrix hsp70s.  This novel mitochondria hsp70 is presumably 

involved in recruiting precursor proteins to the import complex on the outer membrane of 

mitochondria. 
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CHAPTER 3 
COMPREHENSIVE GENOMIC AND EXPRESSION ANALYSIS OF ARABIDOPSIS 

HSP70 GENE FAMILY 

 
Partial genomic sequences for three cytosolic members of the Arabidopsis hsp70 

gene family were first described more than 10 years ago (Wu et al., 1988).  Since then, 

several additional hsp70 sequences have been added to the gene database 

(http://www.ncbi.nlm.nih.gov/Genbank/).  With the completion of genome sequencing, 

twelve full- length Arabidopsis hsp70 sequences are available in the database, five genes 

encoding cytosolic proteins, three encoding ER luminal members, and two each for 

plastid or mitochondrion- localized proteins.  Although each member of the hsp70 gene 

family shares a highly conserved structure and action mechanism, there is accumulating 

evidence that various members of the hsp70 family play distinct roles in growth and 

development of plants.  First, they are targeted to various subcellular compartments 

where vastly different metabolic processes occur.  Second, sequence analysis classifies 

hsp70s into subfamilies that may be linked to different functions.  Third, expression 

profiles of individual members of the hsp70 family differ under various conditions and 

stimuli.  Important questions yet to be resolved include how different functions are 

allocated to each member and to what extent members of the family within a single 

subcellular compartment are functionally distinct and/or redundant.  

In plants, comprehensive expression analysis of hsp70s has been limited 

(Denecke et al., 1991; DeRocher and Vierling, 1995; Duck et al., 1989; Dudley et al., 

1997; Li et al., 1999; Wang and Lin, 1993) because the entire complement of hsp70 
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genes has not been available or known for any plant.  Expression of only three 

Arabidopsis cytosolic hsp70s has been examined while most recent sequence information 

indicates that Arabidopsis has five cytosolic hsp70s, (Wu et al., 1988; Wu et al., 1994).  

At-Hsc70-1/Hsp70-1 was shown to be expressed in leaves at normal temperature and 

further induced by heat shock.  The mRNA for Hsp70-2, whose corresponding gene is 

located 1.5 kb downstream from At-Hsc70-1/Hsp70-1, was not detected at normal 

temperatures or during heat shock.  At-Hsc70-3/Hsp70-3 mRNA was found to be present 

at very low levels, and showed no induction by heat shock. In addition, At-Hsc70-

1/Hsp70-1 was also highly expressed at normal temperatures in root, stem and flower, but 

not detected in green or yellow siliques (Wu et al., 1994). 

RT-PCR is a powerful method for expression analysis of gene families because 

amplification from mRNAs can be highly specific and quantification of expression 

signals can be rapidly performed (McDowell et al., 1996; Wang et al., 1999).  In order to 

better define the physiological roles of hsp70s in plant growth and development, mRNA 

levels for 11 Arabidopsis hsp70 genes were quantified using RT-PCR.  The data reveal 

that several members of the Arabidopsis hsp70 family show distinct expression patterns, 

allowing predictions of when and where function of each hsp70 is expected to become 

physiologically important.  These data are necessary to devise experimental strategies to 

assess phenotypes of loss-of- function mutants and transgenic plants that 

over/underexpress individual hsp70s. 
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Materials and Methods 

Plant Growth and Harvest 

Arabidopsis seed (ecotype Columbia) were sown on water soaked Whatman filter 

paper (No. 1) for germination experiments.  For other experiments, plants were grown in 

a commercial soil mix (Fafard® mix No. 2) containing Canadian sphagnum peat, perlite 

and vermiculite and watered every third day and fertilized once a week with a 

commercial fertilizer (Peter's 20-20-20).  Plants were grown at 20°C with a photoperiod 

of 15 hr light/9 hr dark in growth cabinets.  The irradiance was approximately 150 

µmol·m-2·s-1 at canopy height and was provided by incandescent bulbs and cool-white 

fluorescent tubes.  Samples were harvested and flash-frozen in liquid nitrogen and stored 

at –80°C until RNA extraction. 

Isolation of cDNA Clones for Arabidopsis Hsp70s 

A full- length cDNA clone for a plastid hsp70 (cpHsc70-2) was isolated from 

Arabidopsis cDNA libraries (obtained from Arabidopsis Biological Resource Center, 

Ohio) by PCR amplification.  In these libraries, Arabidopsis cDNAs were size 

fractionated (1-2 kb, 2-3 kb, 3-6 kb) and inserted at the EcoR1 site in Lambda Zap II 

phagemid.  A forward primer (CG202; 5'-CCCAGTCACGACGTTGTAAAA-3') was 

generated for the Lambda Zap II phagemid vector.  A reverse primer (CG205; 5'-

GCTGCCAACAAATCA CATTA-3') was generated from a partial EST clone (T43623) 

of a plastid hsp70 that was identified by a conserved C-terminal motif.  Amplified 

cDNAs were cloned into pCR2.1 vector (Invitrogen).  The cDNA was sequenced in both 

directions and confirmed in its entirety.  Additionally, I employed a PCR strategy to 

obtain genomic fragments of all related genes to identify an Arabidopsis homolog of 
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plant mitochondria hsp70.  Primers were designed to encode sequences with exact 

identity between E. coli DnaK (K01298) and the Sacchromyces cerevisiae mitochondria 

hsp70, SSC1 (M27229).  The forward primer was derived from NGDAWV (aa 98 to 103) 

of DnaK and the reverse primer from EAAEKA (aa 264 to 269).  Primers were fully 

redundant and had additional 5’ restriction sites.  PCR was performed using Arabidopsis 

(ecotype Columbia) genomic DNA.  Two distinct 586 bp genomic fragments having ends 

with an exact match to the primers were amplified.  Sequencing revealed both fragments 

encoded 166 amino acids, interrupted at amino acid 114 by an 88 bp intron having both 

consensus donor and acceptor splice sites.  With these genomic fragments, I screened a 

cDNA library prepared from Arabidopsis heat shock RNA (Helm and Vierling, 1989), 

and obtained a full- length cDNA clone of a mitochondria hsp70 (mtHsc70-2).  A detailed 

screening method was described previously (Schirmer et al., 1994).   

RNA Isolation and RT-PCR 

Organ specific expression of hsp70s was analyzed for roots, stems, leaves, 

flowers (0 day after pollination: DAP), siliques at 3 DAP from 4-week old plants, siliques 

at 7 DAP from 5-week-old plants and siliques at 14 DAP from 6-week-old plants.  For 

changes in hsp70 expression during germination, intact seedlings at 0 to 96 hours after 

imbibition were collected in liquid nitrogen and stored at -80°C.  Hsp70 expression in 

response to temperature extremes was also examined in plants that were exposed to 4°C 

for 12 hours and 48 hours, 40°C for 30, 60, and 90 minutes.  Control plants were kept at 

20°C.  Temperature treatment was initiated 2 hours after the onset of the light period in 

order to harvest all the samples within the light period. 

Samples were ground in liquid nitrogen and total RNA isolated according to the 

manufacturer’s protocol using Trizol?  (Gibco-BRL).  The amount of total RNA was 



25 

 

determined by UV spectrophotometry.  Total RNA (1 µg) was treated with one unit of 

DNase I (Sigma) for 15 minutes at room temperature prior to RT-PCR to remove residual 

DNA contamination.  Using commercial RT-PCR beads (Amersham Pharmacia Biotech), 

aliquots of total RNA were reverse transcribed into cDNA with random primer, d(N)6, 

then amplified with gene specific primers (Table 3-1) in the same tube.  When 

resuspended in 25 µl, each RT-PCR bead generated a reaction solution containing 2.0 

units of Taq DNA polymerase, 10 mM Tris-HCl (pH 9.0), 60 mM KCl, 1.5 mM MgCl2, 

200 µM of each dNTP and 1 unit of Moloney murine leukemia virus reverse 

transcriptase.  The cDNAs produced by reverse transcription were amplified with a pair 

of gene specific primers (10 pmoles for each primer) for each gene.  For each RT-PCR 

reaction, a plant 18S rRNA internal standard (Ambion Inc.) was included as a loading 

control.  With this standard, a pair of 18S rRNA specific primers and a pair of 

competitive primers were mixed at the ratio of 2:8 (18S rRNA primers: competitive 

primers) in order to generate unsaturated RT-PCR signals over the concentration range of 

total RNA used in this experiment.  PCR reactions for all genes were subjected to 25 

cycles at 95°C (30 sec), 52°C (45 sec), and 72°C (90 sec) with GeneAmp® PCR System 

2400 (Perkin-Elmer).  For the analysis of temperature response and organ specific 

expression, three rounds of RT-PCR were conducted with three independently isolated 

total RNA samples.  For the analysis of differential expression during seed maturation 

and germination, 2 rounds of RT-PCR were conducted with two independently isolated 

total RNA samples.  Twenty µl from each PCR reaction was fractionated by 1.5% 

agarose gel in TAE buffer and stained with 0.5% ethidium bromide.  The ethidium 

bromide stained gels were digitally photographed with an IS-1000 Digital Imaging  
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Table 3-1. Arabidopsis Hsp70 gene family 

Proposed name Original name 
Predicted 
subcellular  
location 

Introns  
GenBank  
acession number 

Clone  
type  

Reference  

Hsc70-1 
At-Hsc70-1 
Hsp70-1 

Cytosol     1 
AL162971 
X74604 

BAC 

cDNA 
Bevan et al., 2000b

a
 

Wu et al., 1994 

Hsc70-2 Hsp70-2 Cytosol     1 AL162971 BAC Bevan et al., 2000b
a
 

Hsc70-3 
At-Hsc70-3 
Hsp70-3 

Cytosol     1 
AC011436 
Y17053 

BAC 
cDNA 

Lin et al., 1999
a
  

Hsieh et al., 1998 

Hsp70 Hsp70 Cytosol     1 
AP002055 
AJ002551 

BAC 
cDNA 

Nakamura, 2000
a
 

Hinderhofer et al., 1998
a

Hsp70b - Cytosol     0 AC010924 BAC Liu et al., 1999
a
 

BiP-1 - ER lumen     5 
AF262043 
D89341 

BAC  
Genomic 

Wilson, 2000
a
 

Koizumi and Sano, 1997 

BiP-2 - ER lumen     5 
AB017067 
D89342 

BAC 
Genomic 

Nakamura, 1999
a
 

Koizumi and Sano, 1997 

BiP-3 - ER lumen     4 AC000106 BAC Osborne et al., 1997
a
 

mtHsc70-1 - 
Mitochondrion 
matrix 

    5 AL035538 BAC Bevan et al., 1999b
a
 

mtHsc70-2 Hsc70-5 
Mitochondrion 
matrix 

    5 
AL353994 
AF217458 

BAC 
cDNA 

Bevan et al., 2000a
a
 

Vierling et al., 2000
a
 

cpHsc70-1 - Plastid stroma     7 AL078637 BAC Bevan et al., 1999a
a
 

cpHsc70-2 Hsc70-7 Plastid stroma     7 
AB024032  
AF217459 

TAC 
cDNA 

Nakamura, 1999
a
 

Sung et al., 2000
a
 

Hsp70t-1 - Unknown     1 AC058785 BAC Lin et al., 2000
a
 

Hsp70t-2 - Unknown     0 AC006223 BAC Lin et al., 2000
a
 

a Indicates direct submissions to GenBank.  These entries are not included in the literature cited. 
Note: The sequences for BiP-3, Hsp70t-1 and Hsp70t-2 were identified from database searches after RT-
PCR analyses were completed.  The nucleotide sequence for BiP-3 is quite divergent from BiP-1, BiP-2.  
However, their amino acid sequences showed remarkably high homology.  Hsp70t-1 (617 aa) and Hsp70t-2 
(563 aa) are truncated at their C-terminal ends and their subcellular localizations have not been determined 
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System (Alpha Innotech Corporation).  Scion Image for Windows (Scion 

Corporation-http://www.scioncorp.com) program was used to quantify the intensity of 

the ethidium bromide stained DNA bands from the negative images of the gels.   

Results 

Arabidopsis Hsp70s Are Encoded by a Gene Family 

Arabidopsis contains genes encoding five cytosolic hsp70s, three BiPs (hsp70 

homologs in the ER), two plastid hsp70s and two mitochondrial hsp70s.  Includ ing the 

sequences of two organellar hsp70s cloned in this study (see Materials and Methods), 

full- length sequences for 12 Arabidopsis hsp70 genes are now available in the database 

either from cDNA or genomic sequence, in addition to two truncated hsp70 sequences 

(Table 3-1).  One of the two truncated sequences, Hsp70t-1 (AC058785), has no 

corresponding EST clone in the database while the other sequence, Hsp70t-2, has a 

corresponding EST clone (AI996202).  This suggests that Hsp70t-1 may not be expressed 

or expressed under conditions not included in the construction of EST libraries.  

Although Neighbor-Joining analysis suggests that Hsp70t-1 belongs to the cytosolic 

group 3), there is not enough information to predict subcellular localization for either 

Hsp70t-1 or Hsp70t-2.  From the genome sequencing database, I identified a 

mitochondrial hsp70 and refer to it as mtHsc70-1 (AL035538) and a chloroplast hsp70 as 

cpHsc70-1 (AL078637).  I cloned cDNAs for a second mitochondrial hsp70 and a second 

chloroplast hsp70 and named them mtHsc70-2 (AF217459) and cpHsc70-2 (AF217458). 

I propose a new nomenclature for hsp70 genes in Arabidopsis in order to clarify 

and establish consistency for this gene family.  All gene names used in this study are 

listed in Table 3-1 along with accession numbers.  For the remainder of this dissertation, I 
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will use the gene names proposed in Table 3-1.  Hsp70 genes are found on all five 

chromosomes (Figure 3-1).  Six hsp70s representing members localized to the major 

subcellular compartments; two cytosolic (Hsc70-1 and Hsc70-2), two ER (BiP-1, BiP-2), 

one chloroplast (cpHsc70-2), and one mitochondrial member (mtHsc70-2) are found on 

chromosome 5.  Of these six hsp70 genes on chromosome 5, only two cytosolic members 

(Hsc70-1 and Hsc70-2) are present in tandem.  Chromosome 2 harbors only one hsp70 

gene, Hsp70t-2.  

The intron-exon structure of the hsp70 genes in Arabidopsis is distinctive and 

different for genes encoding proteins targeted to different subcellular locations (Table 3-

1).  Arabidopsis hsp70 genes encoding protein targeted to the same subcellular 

compartments are highly conserved in the number of introns and the length of exons 

(Table 3-1, and data not shown) indicating they are likely products of gene duplication 

events.  For example, four cytosolic hsp70 genes (Hsc70-1, Hsc70-2, Hsc70-3, Hsp70) 

have one intron each and their corresponding exons are the same size.  The fifth cytosolic 

member, Hsp70b, has no intron like many of the strongly heat inducible hsp70 genes in 

other organisms.  A new hsp70 member for the ER, BiP-3, has four introns while the 

other two BiP genes (BiP-1 and BiP-2) have three introns each.  There is no conservation 

in the length of exons between the first two BiP genes and BiP-3 indicating that BiP-3 

probably arose from a different evolutionary lineage.  All organellar members have more 

introns than cytosolic members.   

Plastid and Mitochondrial Hsp70s Are Highly Conserved 

The two mitochondrial hsp70s, mtHsc70-1 and mtHsc70-2, encode proteins of 

666 and 682 amino acids, respectively with predicted isoelectric points of 5.17 and 5.60, 
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Figure 3-1. Chromosomal location of hsp70 genes in Arabidopsis.  Hsp70 genes were 
positioned on a physical map created by the Arabidopsis Genome Initiative (AGI; 
http://www.arabidopsis.org/agi.html).  This map contains molecular markers as well as 
genetic markers.   
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respectively.  The two plastid hsp70s, cpHsc70-1 and cpHsc70-2 encode proteins of 718 

amino acids each with predicted isoelectric points of 5.03 and 4.96, respectively.  These 

organellar hsp70s were aligned with full- length organellar hsp70s from other plant 

species, revealing strong amino acid sequence conservation.  The Arabidopsis plastid 

hsp70 proteins are 88% identical to each other and 81 to 85% identical with chloroplast 

hsp70 proteins from other plants.  The two mitochondrial hsp70s are 78% identical to 

each other and 76 to 86% identical to those of other species.  Sequence alignment also 

revealed that mtHsc70-1 differs from mtHsc70-2 and other plant mitochondria hsp70 

proteins in the N- and C-termini (Figure 3-2).  Arabidopsis mtHsc70-1 has deletions of 

several amino acids in the N-terminal signal peptide region and an insertion of three 

amino acids in the C-terminal end compared to other plant mitochondrial hsp70 proteins.  

This unique C-terminus of mtHsc70-1 may indicate alternative suborganellar localization 

or specialized co-chaperone interaction that is different from that of mtHsc70-2 and other 

known mitochondrial hsp70s.  The C-terminus of organellar hsp70s is highly conserved 

and can be used as a predictive localization motif for organellar hsp70 proteins (Guy and 

Li, 1998).  The C-termini of the Arabidopsis plastid hsp70s and the mitochondrial hsp70s 

also contain these conserved motifs (underlined residues in Figure 3-2).  As noted in 

Table 3-1, the proposed subcellular localization for the 12 full- length Arabidopsis hsp70s 

was consistent with Neighbor-Joining analysis (Figure 3-3) and C-terminal sequence 

motifs.  The general branching pattern of this dendrogram is also in agreement with 

previous phylogenic analyses of hsp70s in yeast, plants and other organisms (Boorstein et 

al., 1994; Guy and Li, 1998). 
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A) N-termini of chloroplast and mitochondrial hsp70 proteins 
cpHsc70-1 M-ASSAAQIHILGGIGFPNSFCSSSTKNLDNKTNSIPRSVFFGNRT----SPFSTPTSAFLRMGRRNNNASRYT-VGPVRVVNEKVVGID 84 
cpHsc70-2 M-ASSAAQIHVLGGIGFASSSSSKRNLNGKGGTFM-PRSAFFGTRT----GPFSTPTSAFLRMGTRNGGGASRYAVGPVRVVNEKVVGID 84 
Pea       M-ASSA-QIHGLGTASF-----SSLKK--PSSISGNSKTLFFGQRLNSNHSPF-T-RAAFPKLSSKTFKK----G-FTLRVVSEKVVGID 74 
Spinach   M-ASSATQIHVLGATPF---TTSSSKP--SSS-RPN--SVFFGQKMSPSTACIGNPKSAFLRLKKSSGGRRRSAGVGPVRVVNEKVVGID 81 
Cucumber  MGASTA-QIHGLGAPSF--AAASMRKSNNVSS-----RSVFFGQKLGNS-SAF--PAAAFLNLRSNTS--RRNSSVRPLRIVNEKVVGID 77 

mtHsc70-1                           M-A----------------SVSAFKSVSANGKNSMFG-----KLGYLARPFCSRPVGNDVIGID 42 
mtHsc70-2                           M-ATAALLRSIRRREVVSSPFSAYRCLSSSGKASLNSSYLGQNFRSFSRAFSSKPAGNDVIGID 62 
Potato                              M-ATAALLRSLRRREFATSSISAYRTLASNTKPSWCPSLVGAKWAGLARPFSSKPAGNEIIGID 62 
Bean                                M-A--AVLRSLRRRDVASATFSAYRSLTGSTKP----AYVAQKWSCLARPFSSRPAGNDVIGID 57 
Pea                                 M-A-ATLLRSLQRRNLSSSSVSAFRSLTGSTKTSYATH----KLASLTRPFSSRPAGNDVIGID 58 
Spinach                             M-AT-ALRRCLRPEQF--RSFPAFKSLAGNASPSLSSPYMAQRLASLVRPFSSRPAGNDVIGID 60 
 
B) C-termini of chloroplast and mitochondrial hsp70 proteins 
cpHsc70-1 LQELKEKIASGSTQEIKDTM-AALNQEVMQIGQSLYNQPQPGGADS-----PPGGEASSSSDTSSSA-KGGDNGGDVIDADFTDSN 718 
cpHsc70-2 LQELKDKIGSGSTQEIKDAM-AALNQEVMQIGQSLYNQP--G-AGGPGAGPSPGGEGA-SSGDSSSS-KGGD-GDDVIDADFTDSQ 718 
Pea       LGELKEAITGGSTQTIKDAL-AALNQEVMQLGQSLYNQP--GAAGQAGPT-PPG----SESGPSESSGKEG-PEGDVIDADFTDSK 706 
Spinach   LGELKDAINGGETQAIKDAM-AALNQEVMQLGQSLYNQP--G-AGGEPGAG-PGPTPGAESGPSDSTSK-G-PEGDVIDADFTDSK 715 
Cucumber  LGELKEAISGGSTEAIKEAM-AALNQEVMQLGQSLYNQP--G-AGAA-----PGPGASSESGPSESTGK-G-PEGDVIDADFSDSK 707 

mtHsc70-1 VFDFRTAMAGEDVEDIKAKVEAA-NKAVSKIGEHMSKGFGSSGSDGSFGEGTSGTEQTPEAEFEEASGSRK 666 
mtHsc70-2 VADLRSASSGDDLNEIKAKIEAA-NKAVSKIGEHMS-G-GSGGGSAPGGGSEGGSDQAPEAEYEEV---KK 682 
Potato    ISDLRAAMGTENIDDIKAKLDAA-NKAVSKIGEHMA-G-GSSGGASGGGGAQGG-DQPPEAEYEEV---KK 682 
Bean      VSDLRKAMSGDNVDEIKSKLDAA-NKAVSKIGEHMS-G-GSSGGSSAGG-SQGGGDQAPEAEYEEV---KK 675 
Pea       VSDLRTAMAGENADDIKAKLDAA-NKAVSKIGQHMS-G-GSSGGPSEGG-SQGG-EQAPEAEYEEV---KK 675 
Spinach   VSDLRSAMQNDNLEEIKAKTDAA-NKAVSKIGEHMS-G-GQGGGSSSSG----GADQTPEAEYEEA---KK 675 

 
Figure 3-2. Sequence alignment of chloroplast and mitochondrial hsp70 proteins.  
Arabidopsis plastid hsp70s (cpHsc70-1, cpHsc70-2) were aligned with chloroplast hsp70s 
from pea, spinach and cucumber.  Arabidopsis mitochondrial hsp70s (mtHsc70-1, 
mtHsc70-2) were aligned with mitochondrial hsp70s from potato, bean, pea and spinach.  
Black shading indicates consensus residues common to both chloroplast and 
mitochondrial hsp70s.  Gray shading indicates consensus residues specific in either 
chloroplast or mitochondrial hsp70s.  Brackets indicate the beginning of the N-terminal 
highly conserved ATP-binding motif.  Underlined residues are C-terminal signature 
motifs for organelle localization.  Dashes indicate gaps introduced to maxmize alignment 
agreement. 
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Figure 3-3. A Non-rooted Neighbor-Joining analysis using the CLUSTAL program in 
DNASTAR for protein sequences of the Arabidopsis hsp70 gene family.  Full- length 
protein sequences of 12 Arabidopsis hsp70 proteins and two truncated sequences 
(Hsp70t-1, Hsp70t-2) were used in this analysis.  The scale at the bottom represents the 
branch distance as the number of changes in character states between neighbors.  Each 
shaded area represents subcellular localization; from the top, cytosol, ER, mitochondrion, 
and chloroplast. 
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Optimization of RT-PCR 

Robust analysis of hsp70 expression required gene specific primers for the eleven 

hsp70s examined in this study (Table 3-2).  Primers were designed to produce PCR 

products with different lengths in order to conduct multiplex RT-PCR.  However, 

multiplex RT-PCR could not be used because of unequal and biased amplification of 

different sequences.  Therefore RT-PCR reactions for each gene were analyzed 

individually.  The conditions for RT-PCR were optimized to produce unsaturated PCR 

product accumulation that retained a linear relationship with the original transcript levels 

in all samples.   

A range of 1 to 256 ng of total RNA was tested and 16 ng and 64 ng of total RNA 

were found to generate unsaturated RT-PCR product accumulation for each gene through 

25 cycles of PCR.  As an example, RT-PCR signals of Hsc70-1 over a range of 1 to 256 

ng of total RNA are shown (Figure 3-4).  Two RT-PCR signals were generated for each 

sample; one for the individual hsp70 gene and one for 18S rRNA as an internal loading 

control.  When the two signals were not saturated in the sample, the ratios of the two 

signals over a range of total RNA concentrations were reasonably constant.  Total RNA 

concentrations of 16 ng and 64 ng consistently yielded the same ratio and also gave 

stoichiometric increases of RT-PCR signals (Figure 3-4).  For the present analysis, 16 ng 

of total RNA was used for all reactions.  RNA samples were treated with DNase I to 

eliminate DNA contamination.  However, even without DNase I treatment, no 

amplification products from DNA contamination were detected for any of the genes (data 

not shown).  The gene specificity of RT-PCR was confirmed by sequencing all RT-PCR 

products. 
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                    Table 3-2. Oligonucleotide primers used in RT-PCR 
Gene Primer Sequence 

CG256F  5’-TGCCTACGGTCTTGACAA-3’ 
Hsc70-1 

CG257R  5’-ACCTGGATCAACACACCG-3’ 
CG301F  5’-TGGCCTTTCACTATCATC-3’ 

Hsc70-2 
CG302R  5’-TAGAAGTCAGCTCCACCA -3’ 

CG268F  5’-CCCTTCACGCTCAAATCT-3’ 
Hsc70-3 

CG269R  5’-TCCTCCAGCGGTTTCAAG-3’ 
CG258F  5’-TCAAGCGGATAAGAGTCACT-3’ 

Hsp70 
CG259R  5’-CTCGTCCGGGTTAATGCT-3’ 
CG284F  5’-TGTCGGAGTTTGGATGAAT-3’ 

Hsp70b 
CG285R  5’-CTGTCTCAAGTCCAAGGCTA -3’ 
CG260F  5’-ACTAAGATGAAGGAGACAGCT-3’ 

BiP-1 
CG261R  5’-ACTTGGTGCTGACTACTTAGA-3’ 
CG262F  5’-ACTAAGATGAAGGAGACGACC-3’ 

BiP-2 
CG263R  5’-TTGGTGCTGACTGCTTAAG-3’ 
CG234F  5’-GCTGCTGCACTATCATATGG-3’ 

mtHsc70-1 
CG235R  5’-CACGGAGGATACCACCTT-3’ 
CG266F  5’-CGTTTCCTCTCCTTTCTCA -3’ 

mtHsc70-2 
CG267R  5’-TTTGGCTAGGTCTATTCCC-3’ 
CG247F  5’-GGTGATCCTTGTTGGTGG-3’ 

cpHsc70-1 
CG213R  5’-ATCTCAACGCTTGTCTGTC-3’ 

CG264F  5’-AGTGCCTTCTTCGGTACA-3’ 
cpHsc70-1 

CG265R  5’-GGACACTCAAGCTTAACATTATT-3’ 

          F: Forward primer, R: Reverse primer. 
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Figure 3-4. RT-PCR optimization.  Equivalent increase of duplex Hsc70-1 and 18S rRNA 
signal in the range of 1 to 256 ng of total RNA was tested.  The 16 ng total RNA was 
selected for subsequent experiments.  * RT-PCR band for Hsc70-1.  ** RT-PCR band for 
18S rRNA. 
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Diverse Responses of Arabidopsis Hsp70s to Temperature Extremes 

Expression profiles for hsp70 genes during heat shock or cold acclimation were 

determined on plants that were exposed to 40°C for 30, 60, and 90 minutes of heat shock 

treatment and to 4°C for 12 and 48 hours of low temperature treatment.  Control plants 

were kept at 20°C.  The most specific response to temperature extremes was that of 

Hsp70b (Figure 3-5).  The Hsp70b transcript was detectable only during heat treatment 

and was not detected during any other treatment or developmental stage or in any organ.  

Except for mtHsc70-1 and cpHsc70-1, all members of the family showed induction of 2- 

to 20-fold by 30 minutes at 40°C (Figures 3-5 & 3-6).  The induction of Hsc70-1 and BiP 

genes expression in response to heat shock was in good agreement with previous findings 

by other laboratories using hybridization based techniques (Wu et al., 1988; Wu et al., 

1994; Koizumi, 1996).   

Despite the strong and nearly universal induction by heat shock, repression 

kinetics of hsp70s were quite diverse.  Three classes of repression kinetics could be 

discerned: rapid, within 30 to 60 minutes at 40°C (Hsc70-2); moderate, 60 to 90 minutes 

at 40°C (Hsc70-1, Hsc70-3, Hsp70b) and slow, 90 minutes or more at 40°C (Hsp70, 

cpHsc70-2, BiP-1, BiP-2, mtHsc70-2) (Figures 3-5 & 3-6).  Several hsp70s were also 

induced during low temperature treatment, but responsiveness to cold was limited to 

cytosolic and mitochondrial hsp70s.  Hsc70-1 and Hsc70-3 were induced 3- to 5-fold 

within 12 hours at 4°C while Hsc70-2 and Hsp70 were induced 10-fold or more by 48 

hours at 4°C.  mtHsc70-1 and mtHsc70-2 showed about a two-fold increase after 48 hours 

at 4°C, while the transcript levels of both ER and chloroplast members (BiP-1, BiP-2, 

cpHsc70-1 and cpHsc70-2) showed little or no change (Figures 3-5 & 3-6).  Contrary to 

the responses of BiP genes in tomato and spinach (Li et al., 1999), the expression of 
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Figure 3-5. Response of cytosolic hsp70s to temperature extremes.  Two-week old 
Arabidopsis plants were subjected to 4°C for 12 and 48 hours for low temperature 
treatment or 40°C for 30, 60 and 90 minutes for heat shock treatment.  Control plants 
(20°C) were incubated at 20°C simultaneously.  Signal values obtained from each gene 
were normalized with the 18S rRNA signal value and the resulting values were presented 
as relative units. Error bar represents standard deviation. 
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Figure 3-6. Response of organellar hsp70s to temperature extremes.  Empty space 
indicated by a white line in the gel pictures of cpHsc70-1 and mtHsc70-2 was cut out to 
achieve uniform spatial arrangement of the images. 



39 

 

BiP-1 and BiP-2 at low temperature did not show much change.   

Two interesting aspects of the temperature response of Arabidopsis hsp70s are the 

absence of heat induction of mtHsc70-1 and the induction of Hsp70b exclusively by heat 

shock.  The absence of heat- inducible expression in mtHsc70-1 appears to be due to the  

absence of heat shock elements in the promoter, as the promoters for 11 Arabidopsis 

hsp70 genes were examined for the presence of two major temperature responsive cis-

elements, heat shock element (HSE) and C-repeat or dehydration responsive element 

(CRT/DRE) (Figure 3-7).   

HSE has been linked with the heat inducible expression of many heat shock genes 

(Czarnecka et al., 1989).  CRT/DRE is known to be associated with drought- and cold-

inducible expression of many genes (Yamaguchi-Shinozaki and Shinozaki, 1994).  

Overall, the results indicate expression profiles of hsp70 genes and the presence of cis-

elements in the promoters are in good agreement.  Hsp70s that showed strong induction 

by heat shock contain multiple HSE elements (Figure 3-7), but no functional HSE was 

found in the promoter of mtHsc70-1 (Figure 3-7).  One or more CRT/DRE were found in 

the promoters for strongly cold- inducible members such as Hsc70-3, Hsp70, and 

mtHsc70-2.  In contrast there are exceptions for the presence of the cis-elements and 

induction of hsp70s by temperature stress.  An HSE was not found in BiP-1 and BiP-2 

where heat induction was clearly observed, and CRT/DREs were not found in the 

promoter of the strongly cold-inducible member, Hsc70-2.  Conversely, a CRT/DRE was 

found in cpHsc70-2, yet cold induction was not detected.  HSE and CRT/DRE are the 

best characterized cis-elements for heat and cold induction of hsp70 genes, but heat and 

cold induction of hsp70 genes results from the function of a complex array of cis- 
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Figure 3-7. Predicted cis-elements in the promoters of Arabidopsis hsp70 genes.  
Promoter sequences for 11 Arabidopsis hsp70 genes, a cold inducible gene 
(Rd29A/Cor78), and a heat inducible gene (Hsp17.4) were analyzed.  The numbers at the 
bottom indicate the number of nucleotides upstream to the translation initiation codon, 
ATG.  Induction fold of each gene in response to heat and cold are indicated as solid 
diamonds, one diamond; less than 5-fold, two diamonds; 5 to 10-fold, three diamonds; 
more than 10-fold.  Solid circle; perfect HSE (nTTCnnGAAnnTTCn or 
nGAAnnTTCnnGAAn).  Open circle; imperfect HSE.  Solid triangle; the core sequence 
of CRT/DRE (CCGAC).  Solid box; TATA box. 
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elements.  For example, heat induction of BiPs without an HSE can be explained by the 

presence of multiple C1 elements that are critical for the unfolded protein response 

(Wooden et al., 1991).  Similarly, cold induction of Hsc70-2 without CRT/DRE could 

possibly be explained by the presence of ABA responsive elements (ABRE). 

Specific Members of Arabidopsis Hsp70s Are Induced during Seed Maturation and 
Germination 

Transcript levels of hsp70 genes in green silique (7 DAP), yellow silique (14 

DAP) and dry seed were analyzed.  Hsp70 showed the greatest induction (8-fold) of the 

family during seed maturation and desiccation (Figure 3-8).  Transcript levels of 

mtHsc70-2 also rose during this period, but to a lesser extent (Figure 3-9), while the 

transcript levels for Hsc70-1, Hsc70-2, Hsc70-3, BiP-1, BiP-2, cpHsc70-2 and mtHsc70-

1 were diminished.  The transcripts of Hsp70b and cpHsc70-2 were not detectable during 

this stage of development (Figures 3-8 & 3-9).   

Previous analyses from our lab showed induction of hsp70 genes around two days 

of imbibition (data not shown).  When samples were taken at 6, 12, 24, 48, 96 hours of 

imbibition and analyzed, transcripts of Hsp70 were found to disappear within 24 hours 

after the onset of imbibition.  Hsp70b was not detected at any time point during 

imbibition and germination (Figure 3-8).  Depending on the timing of peak expression 

during germination, members of the family could be divided into three classes; early, 

intermediate and late.  The early class showed peak expression at 6 hours after imbibition 

and Hsc70-2 is indicative of this class.  The intermediate class showed peak expression 

between 6 and 24 hours after imbibition, and the two mitochondrial members (mtHsc70-

1, mtHsc70-2) belong to this class.  The late class showed peak expression at 24 and 96 

hours of imbibition and Hsc70-1, Hsc70-3, BiP-1, BiP-2, cpHsc70-1 and cpHsc70-2 
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Figure 3-8. Expression of cytosolic hsp70s during seed maturation and germination.  
Silique samples (S1, S2) were harvested from 5 week and 6 week-old plants.  S1; silique 
at 7 DAP, S2; silique at 14 DAP, Sd; mature dry seed.  Samples were also harvested at 6, 
12, 24, 48 and 96 hours after imbibition. 
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Figure 3-9. Expression of organellar hsp70s during seed maturation and germination. 
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belong to this class.  Noteworthy of this class was the very low expression level of BiP-1 

and BiP-2 in mature seed, which was followed by very strong induction at 48 and 96 

hours of imbibition. 

Hsp70s Are Differentially Expressed in the Organs of Arabidopsis under Basal 
Conditions 

The expression of Arabidopsis hsp70 genes was analyzed to determine whether 

individual members of the family were expressed in particular organ(s).  Hsp70 

transcripts were abundant in root, but barely detectable in other organs (Figure 3-10).  

Hsc70-3 and mtHsc70-1 were also detected at higher levels in root.  In contrast, Hsp70b 

was not detected in any organ in the absence of heat shock.  Transcripts for cpHsc70-1 

and cpHsc70-2 were detected at higher levels in leaves than other organs (Figures 3-10 & 

3-11).  Two ER members, BiP-1 and BiP-2 were abundantly present in all organs tested.  

However, BiP transcript levels were slightly increased in floral tissues (Figure 3-11).  

Unfortunately, transcript levels of mtHsc70-2 were too low to resolve organ specific 

expression.  Transcript levels for all members appeared to diminish in young silique at 3 

DAP (Figures 3-10 & 3-11). 

Discussion 

Temperature Response 

Previous expression studies for plant hsp70s demonstrated induction in 2 hours of 

heat shock either at 37°C or 40°C (DeRocher and Vierling, 1995; Koizumi, 1996; Li et 

al., 1999; Wu et al., 1988; Wu et al., 1994).  Most Arabidopsis hsp70s reached peak 

induction within 30 minutes of heat shock exposure, and the rapid response of hsp70 
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Figure 3-10. Expression of cytosolic hsp70s in different organs.  Rt; root, Lf; leaf, St; 
stem, Fl; flower, Si; silique at 3 DAP 
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Figure 3-11. Expression of organellar hsp70s in different organs.  Rt; root, Lf; leaf, St; 
stem, Fl; flower, Si; silique at 3 DAP 
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genes to heat shock is not limited to Arabidopsis, as the induction of spinach hsp70 genes 

was detected as early as 5 minutes after heat shock (Li and Guy, unpublished data).  After 

initial heat induction Arabidopsis hsp70s showed rapid and diverse repression profiles.  

The repression of some hsp70 genes (Hsc70-2, mtHsc70-2) starts as early as 60 minutes 

after the onset of heat shock while others (BiP-1, BiP-2, cpHsc70-2) remained at an 

induced level 90 minutes after heat shock.  Repression patterns for Arabidopsis BiP 

previously analyzed (Koizumi, 1996) were consistent with the present results and 

demonstrate that BiP genes have a relatively slower repression system than for other 

plant hsp70s. 

In contrast, induction by low temperature treatment was limited to cytosolic and 

mitochondrial members of hsp70s in Arabidopsis.  Except for Hsp70b, all cytosolic 

hsp70s showed strong induction by low temperature treatment.  The reason why the 

cytosolic members are strongly induced at low temperature is not clear, but it may be 

related to increased demand for molecular chaperone function at low temperature.  The 

temperature responses suggest that cytosolic and ER hsp70 genes are responsible for 

molecular chaperone activity under heat stress and mainly cytosolic hsp70s are required 

under low temperature stress in Arabidopsis.   

Roles of Hsp70s in Seed Maturation  

Induction of BiP expression in Arabidopsis seems to occur earlier during seed 

development than in pumpkin, rice and wheat (Hatano et al., 1997; Muench et al., 1997).  

BiPs in all three plants were induced 1 to 2 weeks after pollination where rapid cell 

expansion and accumulation of seed storage proteins occurs, but decreased rapidly 

towards the end of seed maturation (Hatano et al., 1997; Muench et al., 1997).  Two 

Arabidopsis BiP genes were induced at or before the time of pollination.  The major seed 
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storage protein in Arabidopsis (12S protein) begins to accumulate around one week after 

pollination (Wehmeyer et al., 1996).  Whether the high transcript levels of the two BiPs 

in flowers were a prerequisite for the rising flux of seed storage proteins through the ER 

of floral organ cells requires further investigation.   

I have shown the expression of all hsp70 genes except for Hsp70 and mtHsc70-2 

was repressed in siliques during the later stages of seed development (7, 14 DAP).  This 

implies diminishing roles of hsp70 genes during seed development.  Based on the overall 

low levels of hsp70 expression, siliques (including developing seeds) may be one of the 

most sensitive organs to heat stress.  Alternatively, the decline in the expression of hsp70 

genes in seeds may be compensated for by the increased expression of other chaperones 

and stress proteins during late seed maturation, including the small Hsps, Hsp101 and 

LEA proteins. 

Hsp70 showed a striking expression pattern during seed maturation and 

germination where it was absent in flowers and young siliques, but present at high levels 

in dry seed.  Hsp70 transcripts accumulated during the later stages of seed development 

and/or during desiccation.  Subsequently, Hsp70 transcripts rapidly disappeared during 

germination.  Similar expression patterns were observed for cytosolic hsp70s of pea and a 

mungbean hsp70 (DeRocher and Vierling, 1995; Wang and Lin, 1993).  This pattern of 

Hsp70 expression also closely follows the expression patterns of small heat shock 

proteins (Wehmeyer et al., 1996) and LEA genes (Raynal et al., 1999) in Arabidopsis, 

suggesting that Hsp70 expression may be regulated by a common mechanism that 

regulates these classes of genes during development (Almoguera et al., 1998; Galau and 

Hughes, 1987). 
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The presence of Hsp70 transcripts in mature dormant seed makes it a preserved 

mRNA (Harris and Dure, 1978).  The reason for the presence of Hsp70 transcript as a 

preserved mRNA remains unclear, but there are two possibilities.  During imbibition and 

germination, the resumption of protein synthesis may require immediate production of 

the cytosolic chaperone for efficient protein biogenesis.  Alternatively, the Hsp70 mRNA 

could serve as an immediate source of Hsp70 for translation if imbibition occurred during 

a period of high temperature exposure.   

Roles of Hsp70s in Seed Germination  

In the early stages of germination, disaggregation of protein bodies and utilization 

of storage proteins has to be efficiently maintained to cope with increased demand for 

amino acids and energy for organogenesis.  In the latter stages, a substantial 

transformation takes place in seedlings during the formation of the photosynthetic 

apparatus and conversion of plastids to chloroplasts, which is manifested by the greening 

of seedlings around 48 to 96 hours after imbibition.  The chaperone activities of hsp70s 

may be needed in two important aspects of protein metabolism during germination, 

which explains the induction of many hsp70s.  First, proteins that are unfolded or 

misfolded during seed desiccation could be susceptible to aggregation during seed 

imbibition (i.e. rehydration of proteins), and hsp70 chaperones may need to be present in 

every compartment of the cell as soon as the cells become rehydrated in order to 

minimize the toxic effects of protein aggregation.  Second, the initiation of active 

synthesis and translocation of proteins must be protected to ensure optimal function of 

metabolic processes during germination.  The copious amounts of Hsp70 transcript in dry 

seed may serve as a reservoir for rapid access to molecular chaperone activity during the 

initial stages of storage protein utilization.  In the same context, induction of Hsc70-2 
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within the first 6 hours of imbibition appears just as important as Hsp70 for the initial 

stages of germination since Hsp70 transcripts rapidly disappeared in the first 12 hours of 

imbibition.  

Five hsp70s, Hsc70-1, Hsc70-3, BiP-1, BiP-2, cpHsc70-2, were strongly induced 

by 96 hours after imbibition in this study.  The induction of these genes coincides with 

the greening of cotyledons and could be involved in the utilization of storage proteins in 

cotyledons, formation of photosynthetic apparatus and the developmental conversion of 

plastids to chloroplasts.  In the case of BiP induction, specific roles for BiP proteins 

during germination have been elucidated in pumpkin where induction accompanied the 

degradation of seed storage proteins (Hatano et al., 1997).  It was concluded that BiP 

participated in the degradation of seed storage proteins by assisting in folding and 

assembly of newly synthesized hydrolytic enzymes responsible for the degradation of 

seed storage protein (Hatano et al., 1997), and the same may be true for Arabidopsis. 

Organ Specific Expression of Hsp70 Genes in Arabidopsis 

High expression in root and very low or no expression of Hsp70 in other organs 

suggest a specific role of Hsp70 in root growth or function.  Other hsp70s also expressed 

in root are Hsc70-3, BiP-1, BiP-2 and mtHsc70-1.  When BiP gene expression was 

reduced in tobacco with an antisense approach, root formation of transgenic shoot 

cuttings was compromised, suggesting a role of BiP in root formation (Leborgne-Castel 

et al., 1999).  In fact, the expression of the two BiP genes analyzed in this study was 

ubiquitous indicating vital roles of BiP genes in whole-plant cellular metabolism.  The 

signal of cpHsc70-1 was higher in leaf and very low elsewhere suggesting a specific role 

of cpHsc70-1 in chloroplast.  Transcripts of cpHsc70-2 were higher in all organs 

compared to cpHsc70-1 suggesting a general role(s) of cpHsc70-2 in all forms of plastids.  
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In summary, I have shown that the expression patterns of hsp70 genes, one of the 

most highly conserved gene families, are distinct and in many cases, differential 

expression pattern(s) can be linked to major physiological or developmental processes 

occurring in plants.  Based on the expression patterns, a role for Hsp70 can be ascribed to 

seed maturation and germination, Hsp70b exclusively to heat stress, and the cytosolic/ 

mitochondrial hsp70s to cold stress.  It will be challenging to investigate how the 

chaperone activities of hsp70 proteins translate into specific physiological roles in the 

context of plant cell function and in the larger context of plant growth and development.  

I will use the information obtained from this study to devise experimental strategies to 

assess the major phenotypes of transgenic plants that over/underexpress individual 

hsp70s. 
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CHAPTER 4 
CREATING OVER/UNDEREXPRESSION LINES OF Hsc70-1 and BiP-2 IN 

ARABIDOPSIS 

 
Arabidopsis has five full- length hsp70 genes localized in the cytosol (Hsc70-1, 

Hsc70-2, Hsc70-3, Hsp70, Hsp70b) and three BiP genes, BiP-1, BiP-2, and BiP-3 (Sung 

et al., 2001).  The five cytosolic hsp70 genes share 87 to 89% identity at the amino acid 

level, and they are more responsive to temperature changes than the genes for organellar 

hsp70s in Arabidopsis (Sung et al., 2001).  Hence, the cytosolic members have been 

implicated most often with a function in acquired thermotolerance.  The presence of 

multiple members of hsp70 in the cytosol and the overlap of expression patterns among 

members during temperature treatment, development, and in different organs suggest at 

least some degree of functional redundancy (Sung et al., 2001).  Nonetheless, I also 

observed expression patterns that were specific to individual members.  Unfortunately, 

any attempt to modify the expression of an individual member of the gene family runs the 

risk of falling short of pinpointing the exact consequences of altered expression of 

individual members in such a redundant background.  However, until knockout mutants 

for all hsp70 genes are available, transgenic approaches to modify the expression of 

individual hsp70 genes represent a reasonable methodology in an attempt to decipher 

physiological roles in plants.   

I have made four constructs for cytosolic Hsc70-1, two under the control of a 

constitutive promoter (a figwort mosaic virus (FMV) promoter) and two under the control 

of an inducible promoter (an Arabidopsis Cor78/RD29A promoter).  The transgene was 
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placed in a sense or antisense orientation for each type of promoter.  I have attempted to 

test the consequences of over and underexpression of cytosolic Hsc70-1 for 

thermotolerance and monitored growth and development of the transgenic plants. 

BiP-1 and BiP-2 share 98% identity at the amino acid level, but BiP-3 is quite 

different from BiP-1 and BiP-2.  I hypothesized that BiP-1 and BiP-2 make up the major 

portion of the total BiP pool in the ER and BiP-3 makes up the remainder with 

presumably a more specific function.  BiP is known to bind to unfolded proteins in the 

ER lumen and to participate in ER quality control during protein biogenesis of secretory 

proteins.  However, it is not well characterized how the molecular chaperone function of 

BiP in the ER contributes to overall plant metabolism.  BiP is an abundant ER resident 

protein suggesting important housekeeping roles.  Consequently, it was reported that 

overexpression of tobacco BiP protein was quite feasible, but underexpression was not 

(Leborgne-Castel et al., 1999).  Although primary tobacco transformants containing BiP 

antisense construct showed apparently a lower level of BiP protein, the reduction of BiP 

proteins became less obvious in the next generation (Leborgne-Castel et al., 1999).  The 

authors also stated that transforming tobacco calli with BiP antisense construct also 

produced transformed calli with minor levels of antisense transcript suggesting the 

reduction in BiP level was not permissible and possibly detrimental to tobacco cells 

(Leborgne-Castel et al., 1999).   

I investigated whether altering the abundance of BiP protein by transgenic 

modification of BiP-2 in Arabidopsis is possible and if so, whether altered levels of BiP 

protein are sufficient enough to change protein trafficking through ER during stress 

conditions as well as under normal conditions.  Four transformation constructs for BiP-2 
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were generated in the same manner that generates Hsc70-1 constructs.  In a series of 

experiments, I characterized the responses of BiP-2 sense and antisense transgenic plants 

after imposing three very different ER stresses; heat shock, tunicamycin treatment, and 

pathogen challenge.  

Materials and Methods 

Vector Construction 

The proprietary transformation vector (pHK1001), obtained from Dr. Harry Klee 

with consent from Monsanto, was used to generate constitutive expression of Hsc70-1 

and BiP-2 constructs.  The vector pHK1001 has two major advantages over the pBI121 

vector commonly used in agrobacterium-mediated transformation.  It is relatively small 

(7 kb) compared to pBI121 (15kb), and its multi-cloning site is near the right border of T-

DNA, which enhances the transfer of intact transgene sequences into the plant genome.  

Conventional transformation vectors have their multi-cloning sites near the left border 

after the NPTII gene (kanamycin resistant gene), which raises the risk of truncation or 

deletion of transgene during T-DNA transfer.  The structure of T-DNA in the original 

pHK1001 is as follows; the right border-FMV promoter-ACC gene-NOS terminator-NOS 

promoter-NPTII gene-NOS terminator-the left border (Figure 4-1).  FMV promoter is 

from figwort mosaic virus.  It is as strong a constitutive promoter as CaMV 35S 

promoter, and drives expression of transgene well in reproductive tissues and vegetative 

tissues (Maiti et al., 1997).  A full- length cDNA for BiP-2 obtained from Dr. Nozomu 

Koizumi (Nara Institute of Science and Technology, Japan) replaced the ACC gene to 

generate constitutive sense or antisense transformation vector.  Then the FMV promoter 
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Figure 4-1. Transformation constructs of Hsc70-1 and BiP-2 gene.  RB: right border of T-
DNA, FMV: Figwort Mosaic Virus promoter, BiP-2 (S): BiP-2 cDNA in sense 
orientation, BiP-2 (AS): BiP-2 cDNA in antisense orientation, NOS: NOS terminator or 
promoter, NPTII-128: a NPT gene.  Green box is the region that was truncated in BiP-2 
antisense constructs.  It contains a total of 208 bp including 128 bp of N-terminus coding 
sequence.  K: Kpn1, N: Not1, P: Pst1, X: Xba1. 
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 was replaced with an inducible promoter (Cor78/RD29A) to produce two inducible 

transgene vectors.  The Cor78/RD29A promoter is from Arabidopsis and drives the 

expression of the Cor78/RD29A gene in response to osmotic stress, low temperature, 

dehydration, and ABA (Yamaguchi-Shinozaki and Shinozaki, 1993).  Altogether, four 

constructs were generated for BiP-2 gene and four constructs for Hsc70-1 (Figure 4-1).   

The final eight constructs were then transferred to agrobacterium (ABI) by a tri-

parental mating method.  Agrobacterium was grown on LB plates with kanamycin (50 

µg/ml) and chlorampenicol (25 µg/ml) for two days, helper E. coli (DH5a) with 

pRK2013 grown overnight on LB plates with kanamycin (50 µg/ml), and E. coli (DH5a) 

with each construct was grown on LB plates with spectinomycin (100 µg/ml) then 

subcultured in 2 ml of liquid LB with respective antibiotics.  Aliquots of 50 µl of each 

culture were streaked on LB plates without antibiotics.  Bacterial lawns appeared after 

overnight culture.  A loopful of the bacterial lawn was streaked on LB plate with all three 

antibiotics and incubated at 28°C.  Colonies of transformed agrobacterium appeared after 

2 to 3 days. 

Plant Growth and Transformation by Vacuum Infiltration 

Seeds of Columbia ecotype were sown in 5" X 5" plastic pots covered with plastic 

window mesh.  Plants were grown under continuous light (150 ? mole/sec?m2) at 20?C, 

and irrigated once every third day with tap water and fertilized once a week with a 

commercial premixed fertilizer (Peter's 20-20-20).  For plant transformation, a modified 

version of the vacuum infiltration method was used (Bent et al., 1994).  Infiltrated plants 

were laid on their side in a plastic flat then covered with plastic wrap for one day.  After 

one day, plants were set upright and covered with a gallon-size freezer bag to maintain 
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humidity and prevent cross-pollination.  After 3 to 4 weeks, seeds from the same pot 

were harvested together.  Seeds were sterilized and 100 ? l of seeds (2,500 seeds) plated 

on selection media.  After 7 to 14 days, transformants were distinguished as green 

seedlings.  These primary transformants were transferred to a medium with a higher 

concentration of gelling agent (1.75 % agar compared to 0.8%).  This allows roots of true 

transformants to grow while it eliminates pseudo-transformants. 

PCR Screening of Transformants 

Putative transformants obtained after selection on hard agar medium were 

subjected to PCR screening.  Primers specific to promoters (FMV, Cor78) and BiP-2, and 

Hsc70-1 were designed to amplify the transgenes in kanamycin resistant seedlings 

(Figure 4-2).  A primer pair for each promoter and construct produced a distinct sized 

PCR product (Table 4-1).  Genomic DNA from each transformant was extracted as 

described (Li and Chory, 1998).  Three µl of genomic DNA was amplified with 10 

pmoles of each primer by 35 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1.5 

min.  Each PCR positive line was identified by gel electrophoresis and designated 

individually.  pHK-BiP-2 (S) lines start with #6, pHK-BiP-2 (AS) with #2, pHKCOR-

BiP-2 (S) with #7, and pHKCOR-BiP-2 (AS) with #5. 

Confirmation of T-DNA Integration into Arabidopsis Genome 

A modified adaptor- ligation PCR technique was used to confirm integration of T-

DNA into the Arabidopsis genome.  This technique yields a different length PCR product 

for each insertion because the length of the genomic DNA fragment flanking T-DNA on 

a restriction fragment is specific to the integration site.  One µg of genomic DNA was 

digested with TaqI.  Two adaptor primers (CG336; 5’-CTAATACGACTCAC TATAGG 

GCTCGAGCGGCCGGGCAGGT-3’, CG337; 5’-GCACCTGCCCAA-3’) were ligated at 
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Figure 4-2. Location of primers for PCR confirmation of the constructs and transgenic 
lines. 

 
 
 
 
    Table 4-1. Length of products for PCR confirmation of the constructs. 

Size of PCR products 
Constructs (Primer) 

FMV (CG 197) Cor78 (CG 196) 

Hsc70-1 sense (CG 194) 461 bp 584 bp 

Hsc70-1 anti-sense (CG 195) 403 bp 526 bp 

BiP-2 sense (CG 192) 349 bp 472 bp 

BiP-2 anti-sense (CG 193) 289 bp 412 bp 
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80°C for 2 min followed by a stepwise cool down over 40 min to produce the adaptor that 

ligates to TaqI digested genomic DNA. 

Ligation of genomic DNA and the adaptor was carried out as described (Spertini 

et al., 1999).  Adaptor- ligated genomic DNA was subject to two rounds of PCR.  In the 

first round of PCR, adaptor- ligated genomic DNA was amplified with an adaptor-specific 

primer CG338 (5’-ATCCTCTAATACGACTCACTATAGGGC-3’) and T-DNA left 

border primer LB1 (5’-CGCCTATAAATACGACGGA-3’) by 7 cycles of 94°C for 30 

sec, 52°C for 1 min, and 72°C for 3 min followed by 32 cycles of 94°C for 30 sec, 56°C 

for 1 min, and 72°C for 3 min.  The PCR product was diluted 50 times and an aliquot of 

1µl was subjected to a second round of PCR.  In the second round of PCR, the final PCR 

amplicons were produced with CG339 (5’-TATAGGGCTCGAGCGGC-3’) and LB2 (5’-

CGCTGCGGACATCTACAT-3’), a nested primer set to CG338 and LB1, by 30 cycles 

of 94°C for 30 sec, 55°C for 1 min, and 72° for 3 min.  PCR products were separated in a 

1.5% agarose gel.  The bands on the gel were excised for sequencing using LB3 primer 

(5’-GACCATCATACTCATTGCTG-3’) in order to localize the insertion locus on the 

Arabidopsis chromosome.  

Preparation of Recombinant BiP-2 Protein and Western Blot Analysis 

The coding sequence for BiP-2 was amplified from pHK-BiP-2 (S) with primer 

CG212 (5’-CCGGAATTCTCTAGAGCTCATCGTGA-3’) and CG215 (5’-

CCGGAATTCATATGGCTCGCTCGTTTG-3’).  The two primers were designed with 

an EcoRI site.  PCR amplified BiP-2 cDNA was then digested with EcoRI and cloned 

into pGEX2T protein expression vector (pGEX2T-BiP-2) and E. coli strain BL21 cell 

was transformed with pGEX2T-BiP-2.  Expression of recombinant BiP-2 protein was 

induced by 0.1 mM IPTG at 37°C for 4 hr.  Total soluble proteins were extracted as 
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described (Anderson et al., 1994).  Total soluble proteins separated by SDS-PAGE were 

transferred onto PVDF membranes using a semi-dry blot transfer cell (Trans-blot? SD, 

Biorad) and immuno-blotted with monoclonal antibodies raised against spinach ER-

luminal hsc70 (1D9).  This antibody specifically recognizes spinach BiP protein(s). 

Hypocotyl Elongation Assay 

Seeds of transgenic Arabidopsis plants were disinfected with 70% ethanol for 2 

min followed by 5% bleach (0.25% sodium hypochlorite) and 1% SDS for 15 min.  Seeds 

were then washed with sterile water three times.  Seeds were plated on 1X MS medium 

with or without 0.2 µg/ml tunicamycin.  The plates were wrapped with aluminum foil and 

placed vertically in a growth cabinet.  The growth temperature was 20°C.  After one 

week in the growth cabinet, hypocotyl length was measured.  

Seed Thermotolerance Assay 

Seeds were imbibed at 4°C for 4 days for uniform germination and subjected to a 

10 min heat treatment ranging from 50°C to 60°C in 2°C increments.  Seeds were plated 

on pre-soaked filter paper in petri-dishes.  The dishes were sealed with Parafilm® and 

incubated in a growth chamber with the photoperiod of 15 hrs light/9 hrs dark, at 20°C, 

and a light intensity of 150 µmol/sec·m2.  Thermotolerance was evaluated at indicated 

times by determining germination rate. 

Whole Plant Thermotolerance Assay 

Arabidopsis plants were grown in a grid pattern 4x4 (total 16 plants) in sealed 

clear plastic delicatessen containers containing commercial soil (Fafard® mix No. 2) at 

20°C for 18 days with a photoperiod of 15 hrs light/9 hrs dark.  Thermotolerance assays 

were conducted by inverting the containers over water baths allowing the aerial portion 

of the plants to be immersed at temperatures of 42°, 44°, 46°, 48°, and 50ºC for 10 min.  
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Electrolyte leakage of leaves was measured 3 days after heat treatment.  For electrolyte 

leakage measurements, the aerial portions of the plants were placed in scintillation vials 

containing 10 mL distilled water and shaken for 1 hr.  After the first conductivity reading, 

the vials containing tissues were subject to a 2 min microwaving at high setting that 

raised the temperature of the solution to the boiling point, thus killing all cells.  After 

cooling to room temperature and shaking for 1 hr, the second readings were taken and the 

LT50 determined from electrolyte leakage data.  The LT50 was arbitrarily set at an 

electrolyte leakage of 50%. 

Disease Progression Assay 

Leaves of four-week old transgenic and wild-type Arabidopsis plants were 

challenged with a strongly virulent (P. syringae pv. tomato DC3000), and a weakly 

virulent strain (P. syringae pv. maculicola ES4326) at a titer level of 104 colony forming 

units (cfu) /mL as described (Davis et al., 1991).  Pseudomonas strains were grown in 

King’s B (KB) medium in the presence of 100 µg/ml rifampicin.  Bacterial suspension 

was prepared from mid- to late- log phase culture (OD at 600 nm = 0.5-1.5).  Bacterial 

cells were pelleted by centrifugation and resuspended in an equal volume of sterile 10 

mM MgCl2.  The concentration of viable bacterial cells was estimated by measuring the 

OD at 600 nm and adjusted by diluting with sterile 10 mM MgCl2.  Leaves were 

infiltrated with bacteria with a syringe, without a needle, through the underside of fully 

expanded leaves of identical developmental stage.  Bacterial populations were monitored 

in leaf disk samples of 0.6 cm diameter following homogenization in 0.2 ml MgCl2 

solution.  Samples (50 µl) from serial dilutions of the homogenate were plated on KB 

medium.  The ability of the bacteria to multiply was monitored over a 7-day period by 

colony counts.   
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Results 

Hsc70-1 and BiP-2 Sense/Antisense Transgenic Plants 

Seeds obtained from infiltrated plants were selected on germination medium 

containing 30 µg kanamycin/ml.  Kanamycin resistant seedlings were further analyzed 

for the presence of transgenes by PCR (Figure 4-3).  In the case of pHKCOR-BiP-2 (AS) 

transgenic lines, the PCR product of 412 bp was amplified as expected (Table 4-2).   

Quantitative data were collected for all transformation experiments (Table 4-2).  

Most interestingly, I was not able to obtain any primary transformants for pHK-Hsc70-1 

(AS) (Table 4-2).  Occasional green seedlings of pHK-Hsc70-1 (AS) did not survive the 

two-week screening period on kanamycin media.  The number of primary transformants 

for pHK-Hsc70-1 (S) was also very low.  I was able to obtain only 8 lines after screening 

ca. 50,000 seeds (Table 4-2).  The effort to generate homozygous lines for plants 

containing pHK-Hsc70-1 (S) has not been successful.  Western blot analysis on T0 

transgenic lines for pHK-Hsc70-1 (S) showed that a moderate increase in protein level in 

several lines was achieved (Figure 4-4).  Similarly, only nine transgenic plants containing 

pHK-BiP-2 (AS) were obtained (Table 4-2).  Western blot analysis on T0 transgenic lines 

for pHK-BiP-2 (AS) showed a reduced level of BiP protein in several lines (Figure 4-5).  

The reduced protein levels observed in those lines were not seen in western blot analysis 

of T2 homozygous lines.  However, I was able to obtain ample an amount of primary 

transformants for the constructs with the inducible promoter.  It is also interesting to 

observe that not only the constitutive antisense constructs yielded a low percentage or no 

transformation, but also the inducible antisense constructs rendered 



63 

 

 

 

 

 

+ – pHKCOR-BiP-2 (AS) lines

+ : pHKCOR-BiP-2 (AS) plasmid DNA
–: genomic DNA of wild type Arabidopsis  

 
Figure 4-3. A representative PCR screening for the presence of pHKCOR-BiP-2 (AS) 
construct in the transgenic plants. 

 
 
 
 

Table 4-2. Transformation efficiency of Hsc70-1 and BiP-2 constructs. 

 Total seeds 
screened 

PCR positive 
lines 

Transformation 
efficiency 

pHK-Hsc70-1 (S) 50,000 8 0.016 % 
pHK-Hsc70-1 (AS) 52,500 0 0.00 % 
pHKCOR-Hsc70-1 (S) 15,000 95 0.63 % 
pHKCOR-Hsc70-1 (AS) 15,000 37 0.25 % 
pHK-BiP-2 (S) 12,500 47 0.38 % 
pHK-BiP-2 (AS) 17,500 9 0.06 % 
pHKCOR-BiP-2 (S) 15,000 123 0.82 % 
pHKCOR-BiP-2 (AS) 17,500 83 0.47 % 
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Figure 4-4. Western blot analysis on pHK-Hsc70-1 (S) in T0 transgenic lines.  WT: wild-
type Arabidopsis.  The blots were cross-reacted with a monoclonal antibody (5B7) 
specific to cytosolic hsc70.  The images were modified to bring the lane for wild-type 
Arabidopsis to the left of the image when necessary. 
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Figure 4-5. Western blot analysis of pHK-BiP (AS) in T0 transgenic lines.  WT: wild-type 
Arabidopsis.  The blots were cross-reacted with a monoclonal antibody (1D9) specific to 
BiP.  The images were modified to bring the lane for wild-type Arabidopsis to the left of 
the image when necessary. 
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lower transformation efficiency than the sense constructs.  I suspect that there is a 

fortuitous expression of the transgenes at room temperature resulting in some degree of 

antisensing in untreated plants.  In the case of pHK-BiP-2 (S), 47 primary transformants 

were obtained.  Selected BiP-2 sense/antisense lines were advanced to further generations 

to obtain homozygosity.  Homozygosity of a line was confirmed by 100% kanamycin 

resistance of the subsequent generation.   

Eight lines for pHK-Hsc70-1 (S) were also propagated to subsequent generations, 

but so far I have not been successful in obtaining homozygous lines for any of the eight 

lines.  Further analysis of transgenic lines for pHK-Hsc70-1 (S) was abandoned due to 

the difficulty in obtaining homozygous lines.  Homozygous plants for pHK-BiP-2 (S) and 

(AS) were subjected to a modified adaptor- ligation PCR to confirm T-DNA insertions in 

the Arabidopsis genome (Figure 4-6).  As expected, T3 transgenic lines generated from 

the same T0 plant harbor T-DNA insertion at the same location in their genome.  

Conversely, transgenic lines derived from different T0 plants have T-DNA insertions in 

different places in their genome.  For example, lanes 2, 3, 4 are progenies of the same T0 

plant.  The PCR results show identical band patterns among these three lines indicating 

T-DNA insertions in these three lines are identical as expected.  Lanes 1, 2, 5, 6, and 8 

were derived from different T0 plants, hence showing different sized band patterns.  Of 

nine independent transgenic lines, I attempted to sequence six lines in order to determine 

the precise location of T-DNA insertions in the genome. 

The sequences of four lines were successfully obtained and localized on the 

physical map generated by Arabidopsis Genome Initiative (AGI) (Figure 4-7).  A sense  
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1: 2-2-6
2: 2-29-1
3: 2-29-5-8
4: 2-29-6-4
5: 2-20-2-9
6: 2-22-7
7: 2-36-4
8: 2-36-5
9: 6-60-10

10: 6-32-2-5
11: 6-32-6-7
12: 6-61-3-2
13: 6-61-4-3
14: 6-15-2-9
15: Wild type
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2: 2-29-1
3: 2-29-5-8
4: 2-29-6-4
5: 2-20-2-9
6: 2-22-7
7: 2-36-4
8: 2-36-5
9: 6-60-10

10: 6-32-2-5
11: 6-32-6-7
12: 6-61-3-2
13: 6-61-4-3
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Figure 4-6. Adaptor-ligated PCR confirmation of T-DNA integration in BiP-2 transgenic 
lines. 
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Figure 4-7. Locations of the BiP-2 transgene insertion in the Arabidopsis genome. 
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line, 6-60-10, was localized to the intergenic region between gene H2A and C2H2, a zinc 

finger type protein gene on chromosome 4.  Another sense line, 6-32-3-4, was localized 

to the promoter region of a putative RING-finger protein in chromosome 3.  An antisense 

line, 2-20-2-6, was localized in the second exon of a gene of unknown function on 

chromosome 5.  Lastly, another antisense line, 2-36-4, was localized to the intergenic 

region between two genes of unknown function.  Based on these results, lines 6-60-10 

and 2-36-4 should have fewer side effects from disrupting Arabidopsis genome function 

by the integration of transgenes since they inserted into intergenic regions of the genome.  

Recombinant BiP-2 Protein and Western Analysis of Transgenic Lines. 

Recombinant BiP-2 protein was expressed in E. coli strain BL21, separated by 

SDS- PAGE, and immuno-blotted with a monoclonal antibody raised against spinach BiP 

protein (1D9).  Total cell extract from wild-type Arabidopsis as well as recombinant BiP-

2 protein reacted with 1D9 (Figure 4-8).  1D9 did not react with Arabidopsis recombinant 

cytosolic Hsc70-1 protein.  With this experiment, I confirmed that the monoclonal 

antibody raised against spinach BiP protein is highly specific to BiP proteins in 

Arabidopsis.  At this point, it is not clear whether 1D9 antibody reacts only with BiP-2 or 

reacts with all three BiP proteins. 

The level of BiP proteins in six BiP-2 sense lines and eight BiP-2 anti-sense lines 

was determined by immuno-blotting with 1D9.  Several sense lines showed significant 

increase at the protein level (Figure 4-9).  Line 6-13 showed about a two fold increase, 

but generation homozygous lines has not been successful, so it was left out from further 

analyses.  Homozygous lines of 6-60-10, 6-32-6-7, and 6-32-2-5 showed 3 to 5 fold 

increase in protein band intensity.  However, anti-sense lines did not show as much 

reduction of the protein as primary transformants (Figure 4-10).  This result indicates that 
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Figure 4-8. Specificity of hsp70 antibodies.  The first four lanes were cross-reacted with a 
monoclonal antibody specific to BiP (1D9) and the second four lanes with a monoclonal 
antibody specific to cytosolic hsc70 (5B7). 
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Figure 4-9. Protein expression in BiP-2 sense transgenic plants.  Total cellular protein 
was extracted with 1:3 w/v ratio with 2X SDS loading buffer and separated in 12% SDS-
PAGE.  The upper half of the blot was reacted with 1D9 and the bottom half reacted with 
aLHCP rabbit polyclonal antibody (a gift from Dr. Kenneth Cline). 
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Figure 4-10. Protein expression in BiP-2 antisense transgenic plants.  Total cellular 
protein was extracted with 1:3 w/v ratio with 2X SDS loading buffer and separated in 
12% SDS-PAGE.  The upper half of the blot was reacted with 1D9 and the bottom half 
reacted with aLHCP rabbit polyclonal antibody (a gift from Dr. Kenneth Cline). 
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increasing BiP-2 protein level is tolerable in Arabidopsis, while significantly decreasing 

BiP-2 levels is not.  Further analyses for characterizing the consequences of altered BiP-2 

expression by transformation were carried out with selected homozygous lines.  Those 

are 6-15-5-2, 6-32-6-7, 6-60-10, and 6-61-5-4 for sense lines and 2-2-6, 2-20-2-9, 2-29-6-

4, and 2-36-4 for anti-sense lines. 

Expression Analysis of BiP-2 Transgenic Lines 

In order to investigate whether BiP-2 gene expression is indeed increased or 

decreased in transgenic lines and whether altered BiP-2 expression resulted in any 

changes in gene expression of BiP-related and BiP- interacting proteins, four BiP-2 sense 

and four BiP-2 anti-sense transgenic lines were subject to RT-PCR for eight functiona lly 

related genes to BiP-2 gene (Figure 4-11).  Those eight genes include BiP-1, BiP-2, BiP-

3; two ER-localized molecular chaperones known to interact with BiP, calreticulin and 

GRP94; and three hsp70 members from other subcellular compartments, Hsc70-1, 

cpHsc70-2, and mtHsc70-2.  Gene specific primers were designed for each gene.  There 

are three homologs of calreticulin in Arabidopsis, therefore, I designed PCR primers that 

will amplify all three.  RT-PCR analysis showed significant increase of BiP-2 in two 

sense lines, 6-32-6-7 and 6-60-10 (Figure 4-12).   The increase in transcripts was 

quantitatively represented at the protein level showing two to five-fold increase in BiP-2 

protein in sense lines (Figure 4-9).  The other two sense lines, 6-61-5-4 and 6-15-5-2 did 

not show much increase of BiP-2 protein compared to wild-type.  Two antisense lines, 2-

36-4 and 2-29-6-4, show a slight decrease in BiP-2 transcript level, but the protein levels 

were not much different from that of wild-type (Figure 4-10).  Two other antisense lines, 

2-20-2-9 and 2-2-6, showed wild-type level of BiP-2 transcripts (Figure 4-12).   
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Figure 4-11. The gel images of RT-PCR analysis of BiP-2 transgenic lines.  The upper 
lane in each image is RT-PCR amplicon for the designated gene.  The lower lanes in all 
images are RT-PCR amplicon for 18S rRNA.  For RT-PCR conditions and protocols, 
refer to materials and methods in chapter 2. 
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Figure 4-12. Graphical presentation of RT-PCR analysis of BiP-2 transgenic lines.  The 
average of three replicate experiments is shown in the graph.  Standard deviation was 
calculated for each data point, but left out in the graph for a more clear presentation. 
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Hypocotyl Elongation Assay on BiP-2 Transgenic Lines 

The hypocotyl elongation was previously adopted by Vierling and her colleagues 

in a thermotolerance assay (Hong and Vierling, 2000).  Hypocotyl elongation is very 

sensitive to stress and is easily scored by measuring hypocotyl length.  Strong induction 

of BiP genes by tunicamycin is a hallmark of the stress response of the BiP gene.  

Although the induction of BiP by tunicamycin is a result of accumulation of 

unglycosylated proteins in the ER instead of a direct result of tunicamycin effect on BiP 

protein, I tested whether altering the BiP-2 protein level in Arabidopsis resulted in any 

changes in the whole plant response to tunicamycin treatment.  Sense and antisense 

transgenic plants were grown on MS plates with or without 0.2 µg/ml of tunicamycin for 

one week in the dark.  After one week the hypocotyl length was scored (Figure 4-13A).  

Tunicamycin treatment inhibited the growth of hypocotyls by 30 to 60% in transgenic 

line and wild-type alike (Figure 4-13B).  Even the elongation of hypocotyls of the two 

strong sense lines, 6-32-6-7 and 6-60-10, was not much different from that of wild-type.  

This experiment shows that increasing BiP-2 protein level in Arabidopsis has little effect 

on the response to tunicamycin at the whole plant growth level. 

Seed Thermotolerance Assay on BiP-2 Transgenic Lines 

BiP protein interacts with seed storage proteins in plants: prolamin in rice, zein in 

maize, and phaseolin in bean.  Expression of BiP genes is strongly induced in later stages 

of germination in Arabidopsis (Sung et al., 2001).  I hypothesized that if BiP aids in the 

translocation of seed proteins during germination processes under normal condition, 

increased level of BiP protein in seed should help seed to cope better with environmental 

changes such as heat stress during germination.  After 10 min heat treatment ranging 

from 50°C to 60°C in a water bath, seeds were plated on pre-wet filter paper in petri-dish.  
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Figure 4-13. Effect of tunicamycin on hypocotyl elongation of BiP-2 transgenic lines. (A) 
A representative picture of seedlings grown on MS plates with or without tunicamycin.  
(B) Graphical presentation of hypocotyl elongation on MS plates with or without 
tunicamycin.  The error bars indicate the standard deviation of three experiments.  
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After one week, seeds that survive heat treatment germinated (Figure 4-14A).  The 

performance of seeds was scored by counting germinated seeds of each line (Figure 4-

14B).  Seeds with fully expanded cotyledons were counted as germinated seeds.  The 

effect of heat treatment on seeds was manifested in two ways.  First, heat treatment up to 

54°C delayed germination for ca. 48 hours.  This is a non-discriminating effect on all the 

lines tested.  Second, at 56°C and higher, germination is permanently affected by the heat 

treatment.  Up to 54°C, seeds from every line showed germination rates close to 100% 

and at 58°C and 60°C, virtually all seeds were killed by the heat treatment.  However, 

heat treatment at 56°C discriminates lines doing better than others (Figure 4-14).  Two 

strong sense lines, 6-32-6-7 and 6-60-10, showed 50% germination and a moderate sense 

line, 6-15-5-2, showed 40% germination while a sense line with wild-type BiP-2 protein 

level and non-transformed wild-type showed ca. 20% germination (Figure 4-14B).  This 

indicates that increased BiP-2 protein in transgenic lines resulted in improved 

germination following heat shock treatment.  Western analysis of BiP-2 in transgenic 

lines just before heat treatment showed a tight correlation between increased protein level 

and thermotolerance of imbibed seeds (Figure 4-15). 

Whole Plant Thermotolerance of BiP-2 Transgenic Lines 

In order to investigate whether enhanced thermotolerance in seed of BiP-2 

transgenic lines is also characteristic of whole plants, I analyzed the thermotolerance of 

BiP-2 transgenic lines 3 weeks after sowing.  Plants were subjected to 10-minute heat 

treatment in water bath with temperature ranging from 42°C to 50°C, then incubated for 

three days in normal growth condition before evaluating thermotolerance.  By measuring 

50% leakage of total available electrolytes in leaf, I was able to show an increase in  
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Figure 4-14. Seed thermotolerance of BiP-2 (S) lines. (A) Seeds germinated on wet filter 
paper after heat treatment. (B) Seed thermotolerance of BiP-2 (S) lines. 
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Figure 4-15. BiP protein level in imbibed seeds before heat treatment.  Two hundreds 
seeds from each line were ground in 2x SDS loading buffer and 10 ? l of seed extract 
were subject to SDS-PAGE and western blot analysis.  One of two identical gels was 
cross-reacted with BiP specific antibody (the upper panel) and the other was cross-
reacted with cytosolic hsc70 antibody (the lower panel). 
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thermotolerance of Arabidopsis by 3°C after a 90 min pre-heat treatment (Figure 4-16A).  

If there is any change in thermotolerance in BiP-2 transgenic whole plants, I should be 

able to detect it with the electrolyte leakage assay since this assay clearly revealed the 

induction of acquired thermotolerance in Arabidopsis (Figure 4-16A).  Electrolyte 

leakage measurement showed no difference in thermotolerance between BiP-2 transgenic 

lines and wild-type plants (Figure 4-16B).  The result indicates little effect of increased 

BiP-2 protein level in transgenic lines on thermotolerance of whole plants.  Lines 6-61-5-

4 and 6-32-6-7 showed slight increase in thermotolerance at 44°C.  However, 6-60-10, a 

more strongly overexpressing line than 6-61-5-4, did not show any increase in 

thermotolerance at 44°C.  

Disease Progression in BiP-2 Transgenic Lines 

In response to wounding or elicitation, several of the molecular chaperones of the 

endoplasmic reticulum are strongly induced showing elevated mRNA levels.  Among 

these, BiP is particularly responsive to wounding (Kalinski et al., 1995; Guy and Li, 

1998), salicylic acid or culture filtrate elicitors (Denecke et al., 1995).  This molecular 

chaperone response is likely to be a consequence of the host response that results in the 

elaboration of defense related genes some of whose products are secreted from the cell.  

Once the presence of a disease agent has been detected and the host response begins, the 

flux through the secretory pathway of glucanases, chitinases and other proteins localized 

to the cell wall area is rapidly increased, which perhaps concomitantly signals the need 

for increased molecular chaperone capacity to accommodate the rising flux via the 

unfolded protein signaling pathway (Brewer et al., 1997).  Since the ultimate outcome of 

the disease process and the host response is a function, in part, of the dynamics of the  
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Figure 4-16. Whole plant thermotolerance of BiP-2 transgenic lines. (A) Electrolyte 
leakage analysis during induction of acquired thermotolerance.  (B) Electrolyte leakage 
analysis of BiP-2 (S) lines.  In panel A, plants are incubated at 40°C for 0, 15, and 90 min 
before heat treatment. The error bars represent the standard deviation of two or three 
experiments. 
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response to suppress the infection process and that of the pathogen to circumvent 

defenses or overwhelm them, then the ability of the plant to effectively mobilize defenses 

as rapidly as possible is significant.    

For those host defense proteins that must traverse the secretory pathway to their 

destination of action, being able to complete that journey as quickly as possible is 

important to the course of disease progression.  Therefore, altered expression of BiP may 

influence the rate of disease progression upon infection.  If BiP function is rate limiting in 

these processes then changing its abundance could influence the rate of biogenesis of 

secretory proteins.  This has now been clearly demonstrated in yeast where 

overexpression by the insertion of extra copies of the gene increased BiP abundance by 

10-fold (Harmsen et al., 1996), which caused a 20-fold increase in the amount of secreted 

protein.  

In contrast, overexpression of BiP in Chinese hamster ovary cells delayed the 

secretion of thyroglobulin by retaining it in the ER in complexes with BiP and GRP94 

(Muresan and Arvan, 1998).  So not only may overexpression accelerate flux through the 

secretory pathway, it may also result in delayed conformational maturation, inappropriate 

retention and reduced flux.  When BiP abundance was reduced in yeast to about 5% of 

wild-type, the secretion of three proteins, granulocyte colony-stimulating factor, acid 

phosphatase and pancreatic trypsin inhibitor were all diminished compared to wild-type 

(Robinson et al., 1996).  Interestingly, in contrast to the Chinese hamster ovary cells 

(Muresan and Arvan, 1998), overexpression of BiP in yeast did not adversely affect 

secretion so apparently it was not the rate- limiting factor at wild-type levels for the three 

proteins studied.  If BiP is a rate- limiting factor in secretory protein biogenesis in 
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Arabidopsis, then several outcomes are possible (Table 4-3).  BiP sense lines and wild-

type (Columbia ecotype) were challenged with a weakly virulent (P. syringae pv. 

maculicola ES4326) and a strongly virulent (P. syringae pv. tomato DC3000) strain at 

titer level of 104 cells/mL as described (Davis et al., 1991).   

The ability of the inoculant to multiply was determined by dilution plating from a 

homogenate of a 0.6 cm diameter leaf disk on King's medium.  Bacterial populations 

were monitored over a 7-day period.  The weakly virulent (P. syringae pv. maculicola 

ES4326) strain progressed very slowly over a 7-day period (Figure 4-17A).  Overall 

population growth of ES4326 was about one order of magnitude.  In contrast, the strongly 

virulent (P. syringae pv. tomato DC3000) strain progressed very quickly over the first 

three days showing population increases of three orders of magnitude (Figure 4-17B).  

Over a 7-day period, the populations of DC3000 increased by four orders of magnitude.  

These results showed that I was successful to elicit the appropriate pathogenicity in 

Arabidopsis.  However, there was no difference in population growth of ES 4326 and 

DC3000 in wild-type and four sense transgenic lines tested (Figure 4-17). 

Discussion 

Plant Transformation 

The efficiency of transformation indicates that lowering the expression of 

cytosolic Hsc70-1 is apparently lethal to Arabidopsis (Table 4-2).  A full- length cDNA 

clone of Hsc70-1 was used to build the antisense constructs of Hsc70-1.  There are five 

cytosolic hsp70 genes that share 81 to 87% identity at nucleotide level. In this case, the 

full- length cDNA clone used for constitutive anti-sensing probably caused a global  
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Table 4-3. Possible disease progression phenotypes. 

BiP Expression 
Level 

Bacterial Population Wild-type BiP Effect 
on Host Response 

Disease Phenotype 

Wild-type Increases Rate limiting 
Normal avirulent 
and virulent 
processes 

Overexpression Increases equal or 
less than wild-type 

Rate limiting Attenuated virulent 
process 

Underexpression Increases equal or 
more than wild-type 

Rate limiting Accentuated 
virulent process 

Wild-type Increases Not rate limiting 
Normal avirulent 
and virulent 
processes 

Overexpression 
Increases same as 
wild-type 

Not rate limiting 
Normal avirulent 
and virulent 
processes 

Underexpression 
Increases same as 
wild-type Not rate limiting 

Normal avirulent 
and virulent 
processes 
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Figure 4-17. Population growth progression of Pseudomonas in BiP-2 transgenic lines.  
(A) P. syringae pv. maculicola ES4326.  (B) P. syringae pv. tomato DC3000. 
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repression of all cytosolic members resulting in death of all strong underexpression 

transformed cells.  In order to test whether eliciting repression of Hsc70-1 and probably 

those of the four other cytosolic hsp70 genes was indeed detrimental to cells, I incubated 

ten cold inducible antisense lines for Hsc70-1 at 5°C for two months.  All the lines 

survived low temperature incubation and completed their entire life cycle (data not 

shown).  However, it is too early to conclude that inducing repression of cytosolic hsp70 

genes by low temperature did not cause damage to the plants, since it has not been tested 

yet whether repression of cytosolic hsp70 genes in those inducible lines actually 

occurred.  This will be attempted in the near future.   

BiP-2 antisense construct also rendered a very low, but non-zero transformation 

efficiency suggesting that a global repression of the three BiP genes is not completely 

lethal.  Alternatively, it may have been that BiP-2 specific or at least BiP-1 and BiP-2 

specific repression has occurred instead of a general repression of all three BiP genes.  

This can be tested by confirming expression of antisense RNA and concomitant decrease 

of endogenous RNA by RT-PCR.  I obtained nine BiP-2 antisense transformants out of 

17,500 seeds screened.  All nine primary transformants showed some degree of 

antisensing at the protein level but showed wild-type BiP-2 protein levels in subsequent 

generations.  This prompted us to suspect that all the severe antisense transformants did 

not make it through the first screening procedure and that only mild antisense 

transformants survived the screening procedure and advanced to further generations.  In 

order to further test this hypothesis, I need to confirm the presence of strongly inducible 

BiP-2 antisense lines. 
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Increasing the expression of Hsc70-1 constitutively also seems to be tightly 

controlled in Arabidopsis since I was able to obtain only 8 primary transformant lines.  

Western blot analysis of these primary transformants for Hsc70-1 showed an increase in 

protein level in several lines but not as strong as those of BiP-2 overexpressing transgenic 

lines.  Most of the constitutive Hsc70-1 sense plants are dwarf and very poor in setting 

seeds (data not shown).  It has not been possible to reach homozygosity for any of these 

lines so far suggesting that doubling the expression level of these eight lines is also 

detrimental.  In order to confirm the toxicity of doubling the expression of Hsc70-1, the 

lethality of homozygosity of constitutive Hsc70-1 sense lines needs to be confirmed by 

careful segregation analysis in subsequent generations.  

Transformation of Arabidopsis for constitut ive BiP-2 overexpression was as 

efficient as inducible constructs.  As to why constitutive BiP-2 overexpression did not 

affect transgenic plants negatively while constitutive Hsc70-1 overexpression showed 

adverse effects is not clear.  One possible explanation is a broader range of cellular 

metabolism that cytosolic Hsc70-1 protein is involved compared to those of BiP-2 

proteins.  Any negative effect generated from having increased amount of Hsc70-1, for 

example, increase in retention time of substrate proteins and thereby causing prolonged 

protein maturation and/or translocation, would be more global and render serious 

consequences in case of overexpression of cytosolic Hsc70-1 than that of BiP-2 proteins.  

Increased Level of BiP-2 Protein in Transgenic Lines Did Not Change the Response of 
Plants to Tunicamycin. 

Tunicamycin inhibits glycosylation of the proteins thereby causing accumulation 

of unglycosylated and incompletely folded proteins in the ER.  A strong induction of BiP 

by tunicamycin treatment is a result of accumulation of incompletely folded proteins 
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rather than direct action of tunicamycin to BiP protein.  However, the recruitment of BiP 

to incompletely folded proteins generated by tunicamycin treatment might deplete the 

total cellular pool of free BiP and thereby limit the amount of BiP available to other 

important cellular processes such as translocation of storage proteins and secretion of 

extracellular proteins.  I postulated that transgenic plants should cope with tunicamycin 

treatment better because increased total cellular BiP pool due to overexpression of BiP-2 

would alleviate the depletion of cellular BiP imposed by tunicamycin treatment.   

Transgenic Arabidopsis seeds were germinated and incubated vertically in the 

dark for one week on a solid MS medium with 0.2 µg/ml tunicamycin.  Major differences 

in hypocotyl elongation of either sense or antisense lines of BiP-2 compared to that of 

wild-type under tunicamycin treatment were not observed.  Contrary to our results, 

transgenic tobacco BiP overexpression seeds germinated and survived 5-day treatment of 

5 µg tunicamycin treatment while wild-type seed did not (Alvim et al., 2001).  However, 

the experiment by Alvim et al. (2001) is not identical with our experiment.  They 

incubated plants on a medium containg much higher tunicamycin for a shorter period 

time, then transferred to medium with no tunicamycin and analyzed for plant survival.  It 

will be worthwhile repeating the germination/survival assay used for tobacco seed to test 

whether our Arabidopsis transgenic seeds also survive the tunicamycin treatment. 

Imbibed Seeds of BiP-2 Overexpression Transgenic Lines Showed More 
Thermotolerance Than Wild-type While Whole Plants of Transgenic Lines Did Not. 

BiP interacts with seed storage proteins in many plants.  Through these 

interactions, BiP probably helps in the accumulation and packaging of seed storage 

proteins during seed maturation and unpacking and translocation of seed storage proteins 

during germination.  Increased level of BiP protein in the cells could be beneficial to 
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plants by accommodating increased trafficking of proteins going through the ER during 

seed maturation and germination and also by helping in the disaggregation of denatured 

proteins under stresses.  In this study, two strong overexpression lines (6-32-6-7 and 6-

60-10) and one moderate overexpression line (6-15-5-2) showed better germination than 

wild-type when they were treated for 10 minutes at 56°C.  A tight correlation between 

increased protein level and increased thermotolerance in transgenic lines suggested that 

increased levels of BiP protein were responsible for increased thermotolerance in 

transgenic lines.  This can be further confirmed if the depletion of cellular BiP proteins in 

the transgenic plants by other forms of stress such as tunicamycin treatment or by 

overexpression of permanently unfolded proteins in the transgenic plants resulted in the 

loss of increased thermotolerance.  

Thermotolerance observed in transgenic seeds prompted us to ask whether 

increase in thermotolerance persists throughout the life cycle of transgenic plants.  The 

identical heat treatment was imposed on 3-week old whole plants with a lower 

temperature range.  No difference in thermotolerance between transgenic and wild-type 

plants was observed.  Therefore, the thermotolerance I observed in imbibed seed is not 

permanently installed in plants, but more specific to this stage of plant development.  

This indicates that the cell damage alleviated by increased BiP in transgenic imbibed seed 

is specific to germination.  In a future study, it will be important to determine what 

aspects of cell metabolism present in imbibed seed, but not in whole plant are protected 

by increased BiP under heat stress.   

Increased Cellular BiP Level Did Not Affect Disease Progression. 

I hypothesized that if BiP is a rate- limiting factor in the secretory pathway of PR 

genes and other genes involved in pathogen defense, increased levels of BiP protein will 
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either bolster secretion of the proteins and thereby help cells to restrain pathogen growth.  

However, it is also possible that increased BiP proteins actually can delay secretion of the 

proteins by holding on to substrates longer.  I challenged transgenic plants with two 

bacterial pathogens (P. syringae pv. mauculicola ES4326 and P. syringae pv. tomato 

DC3000).  The pathogens were able to proliferate according to their virulence, but no 

difference in pathogen progression as determined by population counts was observed 

between wild-type and transgenic lines.  This indicates that BiP was not a rate-limiting 

factor in the secretory pathway during pathogen challenge.  Alternatively, the proteins or 

the processes that are benefited from increased BiP protein level may not be key elements 

in plant response mechanisms against these bacterial pathogens.  Even though, the whole 

plant disease progression assay did not reveal any clear information about the roles of 

BiP during pathogen attack, I will attempt to determine whether an increased level of BiP 

protein actually affects secretion of PR proteins in any manner.  First, I plan to perform 

western blot analysis on extra-cellular PR-1 proteins in wild-type and transgenic lines to 

test whether secretion of PR-1 is affected.  Second, I will perform reciprocal 

immunoprecipitation on cellular BiP and PR-1 proteins to test whether an increase level 

of BiP results in additional or prolonged interaction between the two proteins.  This will 

shed some light on the roles of BiP at the protein level. 

I created Hsc70-1 and BiP-2 sense and antisense constructs under the constitutive 

or the inducible promoter to investigate the consequences of altered expression of Hsc70-

1 and BiP-2 in plant.  The absence of transformants for the constitutive antisense Hsc70-1 

suggests that either global antisensing to all the cytosolic hsp70 genes or Hsc70-1-

specific antisensing is detrimental to plants.  I need to determine whether the antisensing 
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was specific to Hsc70-1 in future studies.  I was able to obtain several putative Hsc70-1 

overexpression transgenic plants.  I have tried to obtain homozygous lines for these 

transgenic lines, but were not successful.  Consequently, not much analysis has been done 

with these lines.  In retrospect, I should have tried several analyses, the thermotolerance 

assay in particular, with these heterozygous lines.  It is very important to characterize 

these lines in future studies even as heterozygous lines.  

Transformation of BiP-2 was more amenable compared to Hsc70-1.  I was able to 

obtain numerous constitutive BiP-2 antisense transgenic lines.  However, I observed 

lower transformation efficiency in both constitutive and inducible BiP-2 antisense 

transgenic lines suggesting antisensing BiP protein in the ER is also detrimental to plants, 

but not as severe as antisensing Hsc70-1.  Overexpression of BiP-2 resulted in significant 

increase in the level of total cellular BiP protein.  Germination assays following heat 

shock showed increased thermotolerance in imbibed seed of BiP-2 overexpression lines.  

This trait was tightly associated with increased BiP protein in imbibed seed.  A similar 

thermotolerance assays with whole plants of the same transgenic lines also showed some 

degree of thermotolerance, but was not as tightly associated with increased BiP protein 

level as in imbibed seeds.  Analyses of the effect of tunicamycin treatment on hypocotyl 

elongation and disease progression did not reveal any concrete differences between the 

transgenic lines and wild-type plants.  It is important to determine what aspect(s) of cell 

metabolism in imbibed seed is(are) protected by increased BiP level in future studies.   
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CHAPTER 5 
MICROARRAY ANALYSIS OF GENE EXPRESSION IN RESPONSE TO HIGH 

AND LOW TEMPERATURE SHOCK 

 
Plant responses to temperature stress are complex, and involve various 

biochemical and physiological mechanisms (Gilmour et al., 2000; Guy, 1999; Nover and 

Scharf, 1997; Shinozaki and Yamaguchi-Shinozaki, 2000; Thomashow, 2001; Weis and 

Berry, 1988).  Hence, tolerance of plants to temperature extremes results from the 

activities of multiple genes.  Molecular approaches have advanced our appreciation of the 

complexity of stress responses, and have provided detailed information most frequently 

on a single gene basis, one gene at a time.  Still this has done very little to provide robust 

insight into the totality of the molecular basis of stress- induced tolerance mechanisms 

(Thomashow, 1998).  To address this challenge, new approaches are needed that will 

enable us to assess the global nature of gene expression and the regulation of the genes 

related to stress responses during stress induction of acquired tolerance.  Microarray 

technology provides one such approach (Schenk et al., 2000; Seki et al., 2001). 

It is highly probable that stress resulting from one form of temperature extreme is 

not different from that resulting from the opposite temperature extreme.  I already know 

that many stress genes are responsive to more than one type of stress.  For example, low 

temperature exposure leads to increased expression of dehydrins (Zhu et al., 2000).  

Dehydrins represent a large and diverse class of proteins that were first associated with 

water deficits in plants (Close et al., 1989; Zhu et al., 2000).  The finding of dehydrins 

linked with drought and cold stress provided a strong basis for the commonality of 
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mechanisms of osmotic stresses in both these stresses.  Similarly, low temperature leads 

to the induction of hsp70s in plants (Li et al., 1999; Sung et al., 2001).  Given that hsp70s 

are molecular chaperones with many functions in protein metabolism, it is highly 

probable that low temperature affects some aspect of protein metabolism that elicits 

hsp70 induction (Li et al., 1999).  Thus, it is very likely that different stresses exert their 

deleterious effects on plant cells through a number of mechanisms.  Some of these 

mechanisms may be common to many different stresses.  Therefore, it is important to 

know those responses that are specific to a given stress, and it is equally important to 

know those that occur in response to many forms of stress.  Microarray technology offers 

a means to reveal, on a global basis, the transcriptional responses that occur in response 

to a stress as well those that are shared with different forms of abiotic stress. 

One approach of DNA microarray analysis is based on hybridization of cDNA 

reverse-transcribed from sample RNA to a high-density array of immobilized target 

sequences each corresponding to a specific gene.  Two sample mRNAs are each labeled 

with one of two fluorescent nucleotides (usually Cy3-dCTP or Cy5-dCTP) by reverse-

transcription and mixed on a one-to-one basis prior to hybridization to the array.  This 

sets up a competitive and quantitative hybridization of two species of fluorescently 

labeled cDNAs to the same DNA sequence in the array.  This allows quantitative 

comparison of gene expression in both samples on a large scale that conventional gene 

expression analytical methods like Northern blotting can not embrace.  However, 

microarray technology is still early in its development.  Many techniques are being 

developed to advance DNA microarray analysis such as gene specific DNA synthesis or 

dispensing techniques, developing a better matrix for DNA arraying, and ensuring that all 
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genes present in the genome are represented (van Hal et al., 2000).  Alternatively, the 

expression of a subset of the genome can be analyzed in order to elucidate the regulation 

of a group of genes that is either highly conserved such as cytochrome P450 family (Xu 

et al., 2001), or involved in certain aspects of metabolism such as diurnal and circadian-

regulated genes (Schaffer et al. 2001) with a minimum of cross contamination of signal. 

One of the early microarray analyses of gene expression was carried out with 45 

genes (Schena et al., 1995).  Since then, the number of microarray studies reported in the 

literature has grown substantially, and many microarray stud ies have been conducted 

with plants.  Expression patterns have been monitored in response to drought and cold 

stress (Seki et al., 2000), defense responses to pathogen challenge (Desikan et al., 2001; 

Maleck et al., 2000; Schenk et al., 2000;), seed development (Girke et al., 2000), and 

mechanical wounding and insect feeding (Reymond et al., 2000).  All these microarray 

analyses have been successful in opening new horizons in understanding the role of 

differential gene expression in complex biochemical and physiological process.  In all 

these cases, a large number of genes co-regulated in response to corresponding treatments 

were identified at a scale that was simply not possible with conventional RNA blot or 

RT-PCR analysis.  By identifying large numbers of co-regulated genes new avenues of 

discovery become possible.  For example, a novel promoter element was identified from 

the group of genes commonly regulated during defense response (Maleck et al., 2000).  

Also, cross talk and overlaps of signal transduction pathways have been more easily 

elucidated (Reymond et al., 2000; Schenk et al., 2000; Seki et al., 2000).  It also helped 

lead to discovery of genes with strong seed specific promoters that will be valuable in 

crop production (Girke et al., 2000). 
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The primary objective of this research is to identify genes active in both high and 

low temperature stress induced tolerance.  The secondary objective is to deduce the 

biochemical and molecular processes responsive to temperature changes and those that 

are involved in the development of acquired tolerance for each of the two temperature 

extremes.   

Materials and Methods 

Plant Growth and Harvest 

Arabidopsis (ecotype Columbia) plants were grown in a commercial soil mix 

(Fafard® mix No. 2) containing Canadian sphagnum peat, perlite and vermiculite.  Plants 

were grown at 20°C with a photoperiod of 15 hr light/9 hr dark in growth cabinets.  The 

irradiance was approximately 150 µmol·m-2·s-1 at canopy height and was provided by 

incandescent bulbs and cool-white fluorescent tubes.  Plants were watered every third day 

and fertilized once a week with a commercial fertilizer (Peter's 20-20-20).  Based on Q10 

considerations, plants were exposed to 4°C for 12 hr, or for 40°C for 1 hr.  These 

represent approximately equivalent temperature/time treatments metabolically with 

respect to the control growth conditions and circadian clock programming of plants.  For 

Arabidopsis, acquired thermotolerance is usually approaching near maximal levels at 

40°C after 1 hr, while freezing tolerance is just beginning to increase by 12 hr at 4°C.  

Control plants were kept at 20°C (Figure 5-1).  Temperature treatment was initiated 2 

hours after the onset of the light period in order to harvest all the samples within the light 

period.  Samples were harvested and flash-frozen in liquid nitrogen and stored at –80°C 

until processed for RNA extraction. 
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Figure 5-1. Induction of thermotolerance in Arabidopsis.  A) Induction of acquired 
thermotolerance.  B) Induction of acquired freezing tolerance.  The shaded area indicates 
the time point when the RNA samples for microarray analysis were harvested.  Dale 
Haskell, in our laboratory, performed the acquired tolerance experiments and the data 
have been used with his consent.  
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RNA Isolation, Microarray Analysis, and RT-PCR 

Tissue samples were ground in liquid nitrogen and total RNA isolated according 

to manufacturer’s protocol using Trizol® (Gibco-BRL).  The amount of total RNA was 

determined by UV spectrophotometry.  Three independently isola ted total RNA samples 

from each treatment were combined to yield average expression levels in the microarray 

analyses.  Two different microarrays were used in this study: a proprietary array that 

contained 10,000 cDNA clones (Academic Program, Arabidopsis EST Microarray-DNA 

Chip Plant Biology Research, Monsanto Company, St Louis, MO), and a public array 

(IncyteGenomics, Inc., Palo Alto, CA) that contained 6,000 cDNA sequences.  

Hybridizations with the proprietary array were done in duplicate and only those results 

consistent in both sets of hybridizations were used in further analyses.  The hybridization 

to the public array was done only once.  Colleagues at Monsanto Company performed the 

fluorescent labeling of cDNAs, hybridization, and collected initial fluorescent data.  

Results 

Verification of Microarray Data by RT-PCR 

During the exposure to mild temperature stress, plants develop tolerance to 

subsequent more severe temperature stresses.  Such induced tolerances are called 

acquired thermotolerance and acquired freezing tolerance.  Arabidopsis develops 

tolerance rather quickly upon exposure to temperature stresses.  Figure 5-1 shows the 

kinetics of development of such tolerances.  Within one hour of incubation at 40°C, 

Arabidopsis already engaged development of acquired thermotolerance and showed a 

2°C increase in LT50 (temperature that kills 50% of plants).  Arabidopsis still continued to 
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develop acquired thermotolerance after two hours at 40°C, the longest incubation 

administered in this experiment.  On the other hand, Arabidopsis began to show acquired 

freezing tolerance as early as after 6 hours at 4°C and reached the maximum freezing 

tolerance after 96 hours at 4°C.  Then it lost some of acquired freezing tolerance.  To 

monitor gene expression at an early stage of induction of thermotolerance, the time 

points, 1 hour at 40°C and 12 hours at 4°C, were chosen for the microarray study. 

RT-PCR on selected genes was carried out to confirm the efficacy of the 

temperature treatments that had been given to the plants, and to determine whether the 

expression data obtained from the microarrays would properly correlate with the 

expression data from RT-PCR analysis.  Strong induction of Hsp70 and Hsp17.6 by heat 

treatment and strong induction of Cor78 by low temperature showed that the temperature 

treatments were effective in imposing the expected thermal stresses on the plants (Figure 

5-2). 

There are some discrepancies in the data from the two analyses, but expression 

data obtained for selected genes by RT-PCR were reasonably consistent with data 

obtained from the microarrays (Table 5-1).  The discrepancies appear to arise from the 

lack of specificity of probes for homologous gene cross-hydridization, and inaccuracy in 

annotation of the genes used in the DNA array.  Eight different cDNA clones of hsp70 

genes were used in the Monsanto DNA array; four clones are listed as Hsc70-1 and three 

as heat shock protein 70-like protein and one as a DnaK homolog.  This indicates that the 

annotation of the sequences in the microarray may not be sophisticated enough to specify 

properly those genes from highly homologous gene families.  Nor were the libraries used 

to create the microarray free of representational bias to certain expression subsets of the 
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Table 5-1. Comparison of expression of selected genes obtained from RT-PCR and 
microarray analysis 

 Heat induction Cold induction 

 Microarray RT-PCR Microarray RT-PCR 

Hsc70-1 1.2a 2.1b 1.0 2.1 

Hsp70 NA 30.6 NA 7.8 

Cor78 0.8 1.0 9.3 6.3 

Hsp17.6 10 NC 1.0 NC 
a Induction ratio was calculated as the microarray signal obtained following heat 
treatment/control or cold treatment/control.  The values are the average of all the 
microarray data with the same annotation. 
b Induction ratio was obtained from Figure 5-2 by normalizing the signal ratios from 4° 
and 40°C to the signal ratio from 20°C. 
NA: Not Available.  Expression data is not available in microarray analysis. 
NC: Not Calculated.  Strong induction of Hsc17.6 was also observed in RT-PCR analysis 
(see Figure 5-2), but induction fold was not calculable due to the absence of the signal in 
the control (20°C). 
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Figure 5-2. RT-PCR verification of microarray results.  The arrows indicate RT-PCR 
amplicons of 18S rRNA.  A segment of 18S rRNA was co-amplified in the same RT-
PCR reaction tube as an internal loading control.  The bar graph next to each gel picture 
represents the ratio of the intensity of gene specific RT-PCR amplicon over 18 rRNA RT-
PCR amplicon. 
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genome.  In fact, the libraries used in the proprietary microarray were constructed from 

root (a Monsanto internal library 22), stem (a Monsanto internal library 23), flower buds 

(a Monsanto internal library 24), open flower (a Monsanto internal library 25), leaf (a 

Monsanto internal library 35), green seedling (a Monsanto internal library 146), and 

Euglena gracilus (a Monsanto internal library 147).  Approximately 56% of the cDNA 

clones in the array came from the two flower libraries showing a strong emphasis on the 

reproductive phase of the plant.  Incyte's Arabidopsis GenBank microarray contained 

over 4,500 unique annotated gene clusters and 1,500 unannotated EST clusters.  Genes 

from all major Arabidopsis thaliana tissues are represented: roots, rosettes, and 

inflorescences.  

The microarray data for these eight hsp70 clones did not properly represent 

changes in gene expression of individual hsp70 genes (Table 5-2) as accurately as gene 

specific RT-PCR did (see Figure 3-5).  This is probably because nonspecific cross-

hybridization of probes to these eight hsp70 clones in the microarray obscured any 

changes in expression signals that occurred during the temperature treatments.  

Therefore, the array system used in this experiment has room for improvement on several 

counts: annotation, gene representation, gene specificity, and total genic content.  

Nevertheless, the data from this array experiment resulted in an unprecedented global 

view of gene expression during high and low temperature shock. 

Gene Expression during Heat Treatment 

The proprietary array used in this study contains 10,000 clones that would have 

consisted of approximately 40% the genome if all the clones had been completely 

independent gene sequences.  Yet, only the signals of 5,636 clones were detected  

 



103 

 

 
 

 

 

Table 5-2. Microarray data for Arabidopsis hsp70 genes 
Monsanto clone ID Annotation Heat 

induction 
Cold 

induction 
ARABL1-043-Q1-E1-E5 Hsc70-1 1.4 0.4 

LIB25-009-Q1-E1-B5 Hsc70-1 1 1.4 
LIB25-010-Q1-E1-H2 Hsc70-1 1 1.1 
LIB25-014-Q1-E1-C8 Hsc70-1 1.4 1 
LIB22-077-Q1-E1-B6 Heat shock protein 70 like protein 1.2 1 
LIB25-056-Q1-E1-H6 Heat shock protein 70 like protein 1.1 1.1 
LIB35-053-Q1-E1-E10 Heat shock protein 70 like protein 1.2 1.4 
LIB23-017-Q1-E1-B11 DnaK homolog  0.6 0.7 

 



104 

 

following heat treatment.  This is little more than half of the array showing detectable 

signal under both treatment conditions.  Figure 5-3 shows the expression ratio of genes 

by heat treatment.  Each datapoint represents the expression ratio (heat-treated to control) 

of a gene.  I arbitrarily used two-fold induction/repression lines to separate heat induced 

or repressed genes from the others; two-fold induction/repression is a common limit in 

many microarray studies.  The points above the lines are genes that are induced and 

below the line are genes that are repressed.  The majority of genes contained in the array 

did not show obvious changes in gene expression (Figure 5-3).  Ninety-six genes were 

induced during heat shock out of 5,636.  That is 1.7% of all the detectable clones in the 

array, and 1.0% of all the clones in the array.  The number of genes repressed during heat 

treatment was 307, which is 5.4% of all detectable clones, and 3.1% of all the clones in 

the array (Table 5-3).  Approximately three times as many genes were repressed than 

induced during heat shock. 

The genes that were induced or repressed were categorized into 10 arbitrary 

groups: unknown identity/function, antioxidant, membrane, RNA/protein synthesis, 

photosynthesis, metabolism, HS/chaperone/protease, transcription factor (TF)/signal 

transduction, cold shock protein (CSP), and other representing genes that encode proteins 

not belonging to any of the other categories.  The unknown group represents genes with 

no functional information.  The antioxidant category represents genes related with 

antioxidant metabolism.  The membrane group represents genes associated with 

membranes, or that have a membrane-related function.  The RNA/protein synthesis group 

represents genes involved in RNA and protein synthesis except for the genes encoding  
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Figure 5-3. Global view of gene expression during heat shock (HS).  Y-axis represents 
the fluorescent signal from heat shock samples.  X-axis represents the fluorescent signal 
from control samples.  The fluorescent signals from control and heat shock sample 
designate a single data point in the graph.  The data points that fall onto or near the 
diagonal line represent the genes showing no change during heat shock.  The data points 
in the pink area represent the genes induced two fold or more during heat shock.  The 
data points in blue area represent genes repressed two fold or more during heat shock.  



106 

 

 

 

 

 

Table 5-3. Microarray results for the proprietary array. 

Heat Shock Cold Shock 
 

Number Percenta Percentb Number Percenta Percentb 

Induced 96 1.7 1.0 128 1.9 1.3 

Repressed 307 5.4 3.1 1393 21.0 13.9 

Unchanged 5233 92.8 52.3 5113 77.1 51.1 

Total 5636 100 56.4 6634 100 66.3 

Percenta percent of the detectable cDNA clones in the array. 
Percentb percent of all the cDNA clones in the array. 
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transcription factors.  The photosynthesis category represents genes involved in 

photosynthesis.  Some of the genes grouped in the photosynthesis category are also 

membrane proteins.  They were placed in the photosynthesis group when they had an 

obvious function related to photosynthesis.  The metabolism grouping includes genes 

involved in cellular metabolism except for the structural genes encoding actins, tublins, 

and histones.  The HS/chaperone/protease grouping represents genes encoding heat shock 

proteins, chaperones, and proteases.  The TF/signal transduction category represents 

genes encoding transcriptional factors, protein kinases, protein phosphatases, and 

receptor proteins that are thought to be involved in any signal transduction pathway.  The 

CSP group represents cold stress proteins. 

The percentage of heat- induced or heat-repressed genes for each group is 

presented in pie charts (Figure 5-4 & 5-5).  The metabolism, photosynthesis, TF/signal 

tansduction groups contained approximately equal percentages of genes that were either 

induced or repressed.  The antioxidant, CSP, HS/chaperone/protease, and membrane 

group contained three times greater percentage in the total heat- induced genes than the 

percentage in the total heat-repressed genes indicating the functions of many genes in 

these groups are required to cope with high temperature.  On the contrary, the 

RNA/protein synthesis group was represented by three-times greater percentage in the 

total heat-repressed genes than the percentage in the total heat- induced genes showing 

engagement of transcriptional and/or translational repression of gene expression during 

heat treatment. 

The 10 genes most significantly induced by heat shock are a fibrillin homolog 

(induction fold; 20X), a lipocalin homolog (11X), a 26S proteasome-associated pad1  
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Figure 5-4. Functional distribution of heat- induced genes in the array.  The percentages 
are based on the total number of heat- induced genes. 
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Figure 5-5. Functional distribution of heat-repressed genes in the array. 
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homolog (8X), plasma membrane intrinsic protein 2A (8X), RNA helicase (8X), Hsp81-2 

(8X), an axi 1- like protein (6X) and three proteins of unknown identity or function.  

Fibrillin is a carotenoid-associated protein and known to accumulate during conditions of 

oxidative stress such as high light with low temperature, gamma irradiation or methyl 

viologen treatment that leads to accumulation of active oxygen species (Langenkamper et 

al., 2001).  Lipocalin is a violaxanthin de-epoxidase and a zeaxanthin epoxidase that 

catalyze the interconversions between the carotenoids violaxanthin, antheraxanthin and 

zeaxanthin and thereby dissipates excess light energy that would damage the 

photosynthetic system (Hieber et al., 2000).  Pad1 is a component of 20S catalytic core 

structure of 26S proteasome and known to interact with an ubiquitin ligase (Farras et al., 

2001).  Axi 1- like protein activates RUB1, an ubiquitin- like protein in conjunction with 

ECR1 (del Pozo and Estelle, 1999).  Considering the protective roles of these proteins 

against protein denaturation in cellular metabolism, it suggests that heat shock may result 

in two major cellular lesions in plants; protein denaturation and generation of over 

energization of photosynthetic electron transport that generate active oxygen species.  

Heat shock probably perturbs either membrane integrity or stability of components of 

electron transport in the photosystem.  Heat shock also denatures heat labile proteins 

hence resulting in induction of 26S proteasome-related proteins along with lipocalin and 

fibrillin.   

Gene Expression during Cold Treatment 

The freezing tolerance assay of Arabidopsis following incubation at 4°C showed 

that Arabidopsis began to acquire induced freezing tolerance as early as 6 hours at 4°C 

(Figure 5-1).  Arabidopsis plants were incubated for 12 hours at 4°C for this study.  

Cellular mechanisms involved in developing freezing tolerance would be engaged at this 
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time of microarray analysis.  Contrary to gene expression during heat shock, the global 

view of gene expression during cold treatment revealed a broad-spectrum up-shift off the 

1:1 diagonal (Figure 5-6).  Whether this up-shift reflects an actual induction of gene 

expression during cold treatment or an artifact of the technique has not been determined.  

A time course microarray analysis would help clarify this.  The total number of cold-

repressed genes made up 21% of all the detectable cDNA (6,634) clones and 13% of all 

the cDNA clones (10,000) in the array.  The cold-repressed genes constituted 10 times 

more genes in the array than cold- induced genes (Table 5-3).  This suggests that the 

global repression of transcription is also a major part of the systematic response to cold 

shock. 

The CSP group constitutes 10% of the total cold- induced genes.  Also, four of the 

ten most strongly induced genes by cold shock belong to this group: cor47 (12X), ERD10 

(10X), Cor78 (9X), and Cor15a (8X).  These genes encode dehydrin- type proteins.  The 

specific cellular functions of these proteins have not been identified, but they are 

implicated in membrane stabilization during a freezing and thaw cycle (personal comm., 

Tim Close).  Another interesting aspect of plant response to cold shock is induction of ß-

amylase (13X) and patatin- like protein (8X).  Beta-amylase catalyzes the breakdown of 

a-1,4-glycosidic linkages in polyglucan at the non-reducing end to produce maltose as its 

product.  The purpose of induction of ß-amylase gene by cold shock is not known, but it 

is suspected that its product, maltose, may act as a compatible solute in the cell during 

cold shock (personal comm., Fatma Kaplan).  Patatin is a storage protein initially found 

in potato tuber and it constitutes 40% of total soluble potato tuber protein.  Unlike other 

storage proteins, patatin has lipid acyl hydrolase and acyl trans ferase activities (Racusen,  
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Figure 5-6. Global view of gene expression during cold shock (CS). 
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1984; Andrews et al., 1988; Rosahl et al., 1987) and is implicated in membrane 

degradation during stresses such as wounding or pathogen attack (Senda et al., 1996).   

Patatin- like protein induced by cold shock may participate in a salvage process of 

damaged membrane components during cold shock. 

The metabolism and TF/signal transduction group constituted 29% and 9% of the 

total cold- induced genes and 20%, 6% of the total cold-repressed genes, respectively.  

This result supports what has long been known, that some aspects of metabolism and 

signal transduction pathways are actively involved in acclimation and developing 

freezing tolerance.  The membrane and RNA/protein synthesis groups make up a greater 

percentage in the total cold-repressed genes than in cold- induced genes reflecting a 

downward adjustment of RNA/protein synthesis and membrane biogenesis during cold 

treatment.  The antioxidant, HS/chaperone/protease, photosynthesis groups contained 

approximately equal percentage of genes in the cold- induced and the cold-repressed 

categories (Figures 5-7 & 5-8).  

Some of the most strongly cold-induced genes were ß-amylase, cold stress 

proteins (Cor78/RD29A, Cor15A, ERD10, Cor6.6), ascorbate/glutathione pathway 

related proteins (phospholipid hydroperoxide glutathione peroxidase), photosynthesis 

(Lhb1b2) and ribosomal proteins (L17, L7A).  This result suggests that carbohydrate 

metabolism, ascorbate/glutathione pathway, photosynthesis, and protein translation were 

strongly affected by low temperature.  It seems that the photosynthesis group was equally 

represented in the cold- induction and cold-repression profile.  However, the listing 

reveals that different genes were represented in the two profiles suggesting the presence  
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Figure 5-7. Functional distribution of cold- induced genes in the array. 
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Figure 5-8. Functional distribution of cold-repressed genes in the array. 
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of specific and differential regulation of the genes related to photosynthesis in response 

to cold shock. 

Comparison of Gene Expression in Response to Heat and Cold 

A major objective in the microarray study was to search for components of heat 

and cold stress induced tolerance responses that are common for both forms of stress as 

well as components that are unique to each form of stress.  Obviously, the 

HS/chaperone/protease grouping makes up a greater percentage in the total heat- induced 

genes than in the total cold- induced genes while the CSP group constitutes a greater 

percentage in the total cold- induced genes than in the total heat- induced genes (Figures 5-

4 & 5-7).  However, more interestingly, the membrane group constitutes a five times 

greater percentage in the total heat- induced genes than it does in the total cold induced 

genes.  This result suggests that the membrane components are affected more by heat 

shock or are perhaps more susceptible to heat stress.  The metabolism group constitutes 

twice as the percentage in the total cold- induced genes than in the total heat- induced 

genes.  This may reflect an upward adjustment of cellular metabolism to counteract 

thermodynamic constraints imposed during cold treatment. 

The RNA/protein synthesis group makes up a slightly greater percentage in the 

total heat-repressed genes (17%) than in the total cold-repressed genes (11%).  Other than 

that, the heat and cold repression profiles were very similar (Figures 5-5 & 5-8).  This 

result indicates that the mechanisms for transcriptional repression in response to heat and 

cold shock may be similar. 

Co-regulation of the Genes by Heat and Cold Treatment 

Twelve genes were co-induced by heat and cold shock (Table 5-4).  This 

represents 12% of the total heat- inducible genes and 9% of the total cold- inducible genes.  
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Table 5-4. Co-induced genes in response to heat and cold shock. 

Heat 
Induction 

Cold 
Inductio

n 

Category Gene Description 
Accession 

Number 

5 12 CSP Cold-regulated protein cor47 X59814 

5 10 CSP Dehydrin ERD10  D17714 

2 2 HS Putative RNA -binding protein with RNP2 
region 

AF000657 

11 6 Mem Lipoprotein BLC precursor (Lipocalin) U21727 

20 3 Photo Fibrillin AF075598 

4 2 Photo Lhcb6 AF134130 

5 3 R/P Putative ribosomal protein L17 AC002332 

5 8 UK Putative protein  AL030978 

4 10 UK MtN19 homolog Y15376 

3 2 UK GAST1 homolog NA 

3 6 UK NA NA 

4 2 UK BAC F5A8 complete sequence AC004146 

CSP: cold stress proteins, HS: heat shock proteins/chaperones/proteases, Mem: 
membrane related proteins, Photo: photosynthesis related proteins, R/P: RNA/protein 
synthesis related genes, UK: genes with unknown function 
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Approximately, one out of ten heat-or cold- induced genes was induced by the other 

temperature shock.  This indicates that there is a relatively small overlap or convergence 

in cellular mechanisms that are induced during heat and cold shock.  Co- induction profile 

of gene expression suggests that there is little overlap between the two temperature signal 

pathways leading to gene induction (Table 5-4).  However, the gene repression by both 

heat and cold shock suggests the opposite prospect.  A total of 274 genes were co-

repressed by heat and cold shock (Figure 5-9).  This constitutes 89% of the total heat-

repressed genes and 20% of the total cold-repressed genes.  This shows that most of heat-

repressed genes are also cold repressed while the majority of cold-repressed genes are not 

heat-repressed.  Since the majority of the heat-repressed genes are represented in the co-

repressed genes, the composition of the co-repressed genes is quite similar to that of the 

heat-repressed genes. 

Discussion 

Conservative Response of the Cell to Temperature Stresses 

In response to temperature shock, Arabidopsis exhibited a greater repression of 

gene expression than induction.  These relatively fewer induced genes may play critical 

roles in helping the plant cope with temperature stresses.  However, the repression of the 

genes is a more prevalent response to both forms of temperature stress.  The prevalent 

repression in response to heat and cold shock may be specific to temperature stresses.  

When the growth temperature of a human pathogen (Group A Streptococcus) was altered 

from 37°C to 29°C, 57% of the total genes in microarray were repressed (Smoot et al., 

2000).  However, different types of treatments related to plant disease response such as a 

pathogen, salicylic acid, methyl jasmonate, and ethylene all resulted in a smaller number  
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Figure 5-9. Functional distribution of co-repression genes in the array. 
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of repressed genes than that of induced genes in a microarray study (Schenk et al., 2000).  

It seems that the normal rate of cellular metabolism itself becomes inhibiting or 

detrimental to cell survival under stressful conditions probably by generating more 

harmful by-products.  Hence, cells slow down metabolism to make less stress-labile 

components or harmful by-products of metabolism.  Nevertheless, during cold treatment, 

the cell induces many genes involved in metabolism in order to cope with metabolic 

constraints imposed by low temperature. 

Possible Temperature-Labile Components of the Cell 

High temperature denatures proteins, and destabilizes membrane structures by 

increasing fluidity of the membrane (Weis and Berry, 1988).  Low temperature 

decelerates cellular metabolism and restricts movement and interaction of membrane 

proteins by decreasing membrane fluidity (Quinn, 1988).  These two forms of 

temperature stress seemingly affect cellular metabolism in opposite ways.  However, 

microarray gene expression data suggest that the cellular stresses generated by two 

opposite forms of temperature stress affect common cellular components.  The two forms 

of temperature stress induced expression of the genes encoding lipocalin and fibrillin 

(Table 5-4).  These two genes are strongly induced by accumulation of reactive oxygen 

species (Hieber et al., 2000; Langenkamper et al., 2001; Manach and Kuntz, 1999).  This 

suggests that the destabilization of membrane structures, either by increasing or 

decreasing the fluidity of the membrane, resulted in perturbation of electron transport 

thereby generating reactive oxygen species.  It can be extrapolated from this result that 

the membrane is an important site of reception of temperature stress signals, and the 

production of reactive oxygen species.  This is perhaps an early and possibly major 

cellular lesion caused by temperature stresses. 
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The genes related to photosynthesis constitute fairly small and equivalent portion 

in every gene expression chart rendered in this study.  Nonetheless, the components of 

the photosynthetic apparatus are very sensitive to temperature stresses because volatile 

photochemical reactions that can easily be affected by temperature change are taking 

place in the photosystems and because most of the photosystem components are 

embedded in the membranes which are susceptible to temperature stress. 

A closer look at the temperature responsive genes in photosynthesis suggests a bi-

modal regulation of gene expression under non-optimal conditions for photochemical 

reactions rendered by temperature stress.  The cell downsizes the photosynthetic systems 

by gene repression and either protects the photosystems or replaces the damaged 

components by gene induction.  During both heat shock and cold shock, the expression of 

the following genes was repressed: a chlorophyll biogenesis related gene 

(protochlorophyllide reductase), the components of the oxygen-evolving center (33 kDa 

polypeptide of oxygen-evolving complex, a putative protein 1 photosystem II oxygen-

evolving complex), plastocyanin, and accessory proteins (Lhb1b1, Lhcb2).  On the other 

hand, the genes encoding fibrillin and Lhcb6 were induced during the both heat and cold 

shock.   

The expression of approximately one quarter of the Arabidopsis genome was 

detected and analyzed in this study.  A biased library preparation and poor annotation of 

the array in this study warrants further improvement.  Nonetheless, the global gene 

expression analysis using this microarray revealed much new information.  The 

expression patterns in response to heat and cold shock revealed the small overlap 

between heat and cold signal transduction pathway leading to gene induction, but a large 
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commonality in the two signal transduction pathways leading to gene repression.  Strong 

induction of the genes related to photosystem protectants such as lipocalin and fibrillin by 

heat and cold shock suggest the membrane structure, photosystems in particular, is a 

common and primary target for temperature stresses.  New information from this 

microarray study also opens an avenue of research on the gene expression of ß-amylase 

in response to heat and cold shock.   
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CHAPTER 6 
CONCLUSION 

 
Fourteen members of the Arabidopsis hsp70 gene family have been identified by 

the genome sequencing project.  High sequence homology and promiscuous substrate 

affinities of hsp70s make it difficult to assign specific physiological roles to ind ividual 

members.   

Comprehensive genomic analysis revealed characteristics unique to each 

subfamily.  A subfamily is defined as members of the same cluster determined by 

sequence analysis.  The same subcellular location was predicted for the members in the 

same subfamily.  Gene structures and C-terminal motifs were also found to be unique to 

the subfamily.  RT-PCR analysis on 12 members of the gene family revealed the complex 

expression patterns of individual hsp70 genes.  Most notably, the expression of Hsp70b 

was only induced by heat shock and was not detected in all the developmental stages, 

heat, and cold stress conditions I tested.  Expression patterns of individual members were 

different even among the members of the same subfamily, for example, among the five 

cytosolic members.  Cytosolic and mitochondrial members are more responsive to 

temperature stress than the other subfamilies.  The expression data along with data from 

genomic analysis established the basis for assigning more detailed and defined roles of 

individual hsp70s in plant metabolism.   

A transgenic approach was used to alter the expression of two members, Hsc70-1 

and BiP-2, in order to assess their roles in plant metabolism.  Constitutive 
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underexpression of Hsc70-1 is not permitted in Arabidopsis.  However, constitutive 

overexpression of Hsc70-1 is permitted, but the recovery of the transgenic plants was 

very difficult.  The regulation of ER luminal BiP is less stringent yielding several 

antisense and numerous sense lines.  These results indicate that the regulation mechanism 

for each hsp70 is different.  Constitutive overexpression of BiP-2 resulted in increased 

thermotolerance of seed, but did not change thermotolerance of the whole plant 

indicating the role of BiP-2 is accentuated during germination.   

In addition to the hsp70 studies, microarray analysis was conducted to monitor 

changes in gene expression in response to temperature extremes.  The results showed that 

12 genes were co-induced and 274 genes were co-repressed during heat and cold stress.  

Strong induction of the genes involved in protection of the photosystems and salvage of 

membranes indicate that the membrane components and photosynthetic apparatus are 

primary targets for injury from heat and cold stress.   

I also have identified a total of 10 T-DNA inserted knockout lines for two 

cytosolic hsc70 and three BiP genes (Figure 6-1).  Analyzing the phenotypic changes 

resulting from the knockout of individual hsp70 genes will help elucidate the function of 

the individual hsp70 proteins in Arabidopsis.   
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Figure 6-1. Knockout locations for two cytosolic hsc70 genes and three BiP genes.  The 
black and gray triangles indicate the region of T-DNA insertion in the gene.  Plants 
containing T-DNA insertions indicated by the black triangles were further pursued and 
homozygous lines are being developed from them. 
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