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Abstract We previously cloned and analyzed the 1,893-bp
promoter region (—1,915 to —23) of the tomato (Lycopersicon
esculentum) Lehsp23.8 gene, whose expression is induced
by treatment with high or low temperatures, heavy metal, or
abscisic acid (ABA). In our present work, we examined how
this expression is regulated. A comprehensive quantitative
promoter deletion and base-substitution analysis was
conducted under various environmental conditions. The
proximal region (=565 to —23 bp) of the Lehsp23.8 promoter
harbors cis-regulatory elements that conferred high levels of
heat-induced expression in transgenic tobacco. Mutation of
the five proximal HSEs (HSE1 to 5) of that promoter led to an
absence of heat inducibility. The AT-rich regions between
—255 bp and —565 bp (AT-richl to 4) in the promoter might
serve as enhancers for such heat-induced expression. Deletion
and HSE mutation analysis indicated that other cis-acting
elements also function in response to low temperature, heavy
metal, and ABA and that HSE1 to 5 act at least as cis-acting
elements in multiple-stress responses of Lehsp23.8. These
results reveal that those five proximal HSEs and AT-rich
regions function interdependently in the expression of
Lehsp23.8 in response to non-heat stresses. Furthermore,
the putative elements CRT/DRE, AP-1, and ABRE in that
promoter are not required for multiple-stress induction.
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Abbreviations

ABA abscisic acid

GUS  B-glucuronidase
HSE heat shock element
HSF  heat shock factor
HSP  heat shock protein

The generation of agricultural varieties tolerant to a range of
growing conditions is a primary goal in biotechnological
applications because, in the field environment, plants may
encounter different types of stress in combination (Mittler
2006). Gene expression patterns are often similar when
plants are exposed to various stresses, which indicate that
crosstalk is extensive between signaling pathways (Seki et al.
2002; Sung et al. 2003). Therefore, focusing on those
elements that overlap among such response pathways that
underlie diverse forms of stress may advance our knowledge
of cross-tolerance in plant species (Bowler and Fluhr 2000).

Plants react to elevated temperatures by expressing several
families of evolutionarily conserved heat-shock proteins
(HSPs) (Baniwal et al. 2004). Induction of heat shock genes
is regulated mainly by the trimerization and activation of heat
shock factors (HSFs) (Schoffl et al. 1998; Pockley 2001). An
HSF acts through a highly conserved heat shock element
(HSE), which is defined as the adjacent and inverse repeats of
the motif 5'-nGAAn-3" (Schoffl et al. 1998). The roles of
individual HSEs and their recognition by distinct protein
factors during heat shock have been analyzed (Marrs and
Sinibaldi 1997). Moreover, several well-characterized ele-
ments, such as CCAAT-box, STRE elements, and scaffold
attachment regions (SARs), have been shown to contribute
quantitatively to the expression of different classes of heat
shock genes (Haralampidis et al. 2002).

HSPs are involved in the cellular response to various forms
of stress, e.g., heat, cold, heavy metals, and oxidation (Swindell
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et al. 2007). Although the molecular pathways leading to HSP
expression are not entirely understood (Sung et al. 2003), they
do involve temperature-perception mechanisms coupled with
multiple signal transduction pathways (Larkindale et al. 2005).
Under chilling stress, specific 4sp members are upregulated,
such as those in the 4sp70 family in Arabidopsis (Sung et al.
2001), Asp90 family in Brassica napus (Krishna et al. 1995), a
cytosolic class I Cshaspl7.5 in chestnut (Lopez-Matas et al.
2004), and Aspl10 in rice (Singla et al. 1997). Expression of
two sHSP genes, tom66 and tomlll, is induced at low
temperatures only if first induced by high temperature
(Sabehat et al. 1998). At least one CRT/DRE has been found
in the promoters for strongly cold-inducible Zsp70 members,
including hsc70-3, hsp70, and mthsc70-2. In contrast, CRT/
DREs have not been identified within the promoter of the
strongly cold-inducible Zsc70-2 (Sung et al. 2001). This
implies that the HSF family can act in a gene-specific manner
under low-temperature stress. Alternatively, some heat shock
genes might be activated by a cold-responsive regulatory
system aside from the HSF family. These reports all
demonstrate the complexity and divergence of the mechanism
for cold response of heat shock proteins.

Lehsp23.8 in tomato (Lycopersicon esculentum)
expresses under a wide range of stimuli (Banzet et al.
1998; Sabehat et al. 1998; Liu and Shono 2001). This
makes it a natural model for developing our understanding
of the integration between regulatory networks associated
with different kinds of stress. We previous isolated the
1,915-bp promoter region of Lehsp23.8, which contains
HSEs, AT-rich regions, AP-1, ABRE, and CRT/DRE, as
well as a putative TATA box (Yi et al. 2006). This promoter
shows obvious activity when plants are treated with heat,
low temperature, heavy metal, or exogenous abscisic acid
(ABA) (Yi et al. 2006). Because expression of heat shock
genes is regulated mainly at the transcriptional level (Wu
1995), it is important to unravel the cis elements within the
promoter region that regulate specific expression.

Our objective in the current study was to further define
the functional cis elements in the Lehsp23.8 promoter.
Here, we constructed chimeric genes composed of a series
of mutant promoters and the (3-glucuronidase (gus) gene.
Quantitative GUS assays were performed under multiple-
stress conditions in transgenic tobacco plants.

Materials and Methods

Plant Material and Growing Conditions

Tobacco (Nicotiana tabacum L. c.v. K3,6) was used in all
transformation experiments. Wild-type and transgenic

plants were reared in growth chambers at 26/20°C (day/
night), under natural illumination.

Construction of Chimerical Promoters

We obtained the DNA clone previously (Yi et al. 2006). Five
forward primers (5'-ATTGTCGACAATTAACCCTCACT
AAAGGG-3', 5'-CTAGTCGACATCATCTAGTTACTCT
GG-3', 5-ATCGTCGACCCTTTTTGTAGGAACTTG-3/,
5'-TAAGTCGACGTTTCTCGTGTTGGATCG-3', and 5'-
TAAGTCGACAAACCCAGAAGCGTTATG-3"; Sall site
underlined) and a reverse primer (5'-AGAGGATCCAATA
ACTTGCCGATTGAG-3'; BamHI site underlined) were
used to amplify DNA fragments harboring the Lehsp23.8
promoter deletions (—1,915~—23, —1,327~-23, —871~-23,
—565~—23, and —255~—23 bp; numbers indicate the position
from the Lehsp23.8 start codon ATG). Amplified fragments
were subcloned into the pBI101 vector (Clontech, Palo Alto,
CA), thereby generating five 5’ end-deletion constructs
(pK1915, pK1327, pK871, pK565, and pK255). The gus
gene in recombinant plasmids was controlled by those
inserted Lehsp23.8 promoter deletions.

Three other internal deletions (342, 84, and 105 bp) were
obtained by using combinations of appropriate primers and
restriction enzymes. Constructs generated in the pBluescript
KS background were cloned upstream of the gus reporter
gene of the pBI101 binary vector. In this way, constructs
pK2AT15, pK2AT34, and pK2AT12 were generated.

To obtain the 871-bp Lehsp23.8 promoter with five mutated
proximal HSEs, the sequences between —151 and —219 bp
were turned to 5-CTAGcgGCGTCTTCACaCATCCTCACG
CCACAAGTCTGGAgCtcTCTACATtATGCTTCTAA
AAGTETC-3" (underlining indicates the position of the
consensus HSEs; wild-type sequences are in uppercase and
introduced mutations are in lowercase). Finally, the HSE-
mutated pK*HSE vector was generated.

Tobacco Transformation

The recombinant plasmids were introduced into Agro-
bacterium tumefaciens strain LBA4404 by the freeze—thaw
method (Holsters et al. 1978). Following the leaf disk
transformation protocol (Jin et al. 2001), we introduced the
gus gene cassettes into tobacco. Plasmids pBI121 and pBI101
were also used to transform tobacco as positive and negative
controls, respectively. Tobacco genomic DNA was isolated by
the CTAB method (Doyle and Doyle 1990). Transgenic
plants were identified via PCR, using a gus-specific primer
combination (5-TCGATAACGTGCTGATGGTGC-3' and 5'-
ACCGAAGTTCATGCCAGTCCAG-3'). The expected am-
plified product of 864 bp was analyzed on 1.0% agarose gels.

Treatments of Transgenic Plants

Independently transformed plants (30 or 42) from each
construct were subjected to heat shock treatments for 3 h at
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39°C. For each mutant construct, 10 transgenic lines with
stronger GUS activities in response to heat were selected for
further experiments. Cold stress was applied by exposing
those plants to 2°C in a growth chamber for 48 h. For other
analyses, transgenic plants were treated with either
1.0 mmol L™! PbCl, or 0.1 mmol L' ABA for 6 h at 26°C.

Histochemical and Fluorometric GUS Assays

Histochemical staining for GUS activity was performed in
transgenic plants, using 5-bromo-4-chloro-3-indolyl-(3-d-
glucuronide (X-gluc) as a substrate (Jefferson et al. 1987).
Tissues were stained for 16 h at 37°C in X-gluc reaction buffer
(50 mM sodium phosphate buffer (pH 7.2), 0.5 mM potassium
ferrocyanide, 0.5 mM potassium ferricyanide, and 2 mM X-
gluc), then dehydrated by a series of ethanol washes, and kept
in 70% (w/v) ethanol at 4°C before being photographed.

Quantitative GUS assays were carried out as described
by Jefferson et al. (1987). Fluorometric GUS activity was
measured with 4-methylumbelliferyl-3-p-glucuronic acid
(MUG; Sigma). Standard curves were prepared with 4-
methylumbelliferone (4-MU; Sigma). Protein concentra-
tions in samples were determined with Bradford reagent
(Bio-Rad) and BSA as a standard. Specific GUS activities
were defined as the number of units of pmol 4-MU
produced per milligram of protein per minute. For all stress
trials, measurements were repeated three times.

Results
Lehsp23.8 Promoter Mutant Constructs

To define the position and function of cis sequences that
regulate Lehsp23.8 expression, we constructed a series of 5’

Fig. 1 Schematic structure of
gus chimeric genes under

end and internal deletions of the upstream promoter region
and fused them to the gus reporter gene. Eight constructs
(pK1915, pK1327, pK871, pK565, pK255, pKAATIS,
pK2AT34, and pK2AT12) were generated (Fig. 1). In
addition, a fragment of promoter region (—871~-23 bp)
with five mutated proximal HSEs was fused to the GUS
reporter gene (pK*HSE).

Generation of Transgenic Tobacco Plants

The constructed vectors were introduced into tobacco, and
plasmids pBI121 and pBIl10lwere used to transform
tobacco as positive and negative controls, respectively.
More than 30 independent transgenic plants were generated
from each construct. These were confirmed by PCR, using
a gus-specific primer combination. An 864-bp specific
fragment was obtained from most transgenics (Fig. 2).

Response of Mutant Promoters to Stress Treatments

To investigate the contribution of specific regulatory
sequences in gene expression under stress conditions, we
measured GUS enzyme activities in transgenic lines of
every construct after heat shock, low-temperature, heavy-
metal, or ABA treatments.

Heat Shock

Histochemical staining of transgenic plants harboring
construct pK1915, cultivated under control conditions,
showed no detectable GUS activity (Fig. 3a, c). Following
heat shock treatment, however, strong blue GUS staining
was detected in their leaves, shoots, and roots (Fig. 3b).
Examination of GUS expression revealed that the
Lehsp23.8 promoter was active in developing flowers after
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Fig. 2 PCR analysis of partial transgenic tobacco lines. Lanes [ to 15, independent transformants; Lane 16, untransformed plants; Lane M, DNA

marker. Numbers on left side are molecular mass standards (bp)

heat shock (Fig. 3d). Staining was most uniform in the
carlier stages. However, in fully opened flowers, strong
staining was observed in the ovaries, stigmas, sepals, and
petals, while none was found in the styles, filaments, and
anthers.

After heat shock, the GUS fluorometric activity for 5’
deletion constructs was studied in the leaves of 30 Tl
transgenic tobacco lines. Plants harboring each construct
had negligible activity under normal conditions, but this
activity increased dramatically after heat shock (Fig. 4).
Plants carrying the full-length promoter, construct pK1915,
had an expression level of 8,328 units after 3 h at 39°C.
Deletion construct pK1327 or construct pK871 had only a
minor effect on GUS activities when compared with
construct pK1915, although the deleted region contained
two consensus HSEs (HSE6 and HSE7). A further deletion
of the promoter to point =565 (construct pK565) abolished

Fig. 3 Histochemical localization for pK1915 transgenic tobacco
lines. GUS activity in untreated (a) and heat-shocked (b) seedlings;
GUS activity in developing flowers from unstressed (¢) and heat-
shocked (d) plants

one AT-rich region (AT-richS), resulting in a dramatic
increase (approx. 38%) in gene expression (from 8,621 to
11,894 units) compared with pK871, i.e., being 43% higher
relative to the full-length promoter. A further reduction in
promoter size to —255 (construct pK255) resulted in the
abolition of four AT-rich regions (AT-richl to 4), leading to
a dramatic decrease (50%) in expression (from 11,894 to
5,972 units) compared with pK565. Tobacco plants trans-
formed with the promoterless plasmid pBI101 showed
negligible activity. These data indicated that the smallest
promoter fragment (—255~-23 bp) had the essential cis-
acting elements and was sufficient for heat induction.
Sequences that included AT-richl to 4 between —255 and
=565 bp in the Lehsp23.8 promoter enhanced heat-induced
expression of the chimeric gene, while sequences with AT-
rich5 between —871 and —565 bp repressed such heat-
induced activity of that promoter. The two HSEs between
—871 and —1915 bp (HSE6 and HSE7) were not necessary
for increasing this activity.

To analyze in detail the role of proximal HSEs and AT-
rich regions in the Lehsp23.8 promoter under heat stress,
we generated the internal deletion constructs pK2AT15,
pK2AT34, and pK2AT12, as well as the HSE-mutated
construct pK*HSE. GUS activity was then characterized in
transgenic tobacco plants (Fig. 4). At 26°C, no activity was
detected in the leaves from any construct. After heat
treatment, however, the deletion of internal region AT-
richl-2 (construct pK2AT12) or AT-rich3—4 (construct
pK2AT34) significantly affected heat-induced GUS expres-
sion. This suggested that AT-richl-2 and AT-rich3—4 had
important enhancer activities. However, GUS activities in
the pKAAT1S5 lines, which were similar to those of pK255,
were unexpectedly a little higher than in either the
pKAAT34 or pKAATI12 lines. The promoter harboring
the mutant proximal HSEs (construct pK*HSE) lacked any
heat-inducible activity.

Quantitative differences in transgene expression between
independent transformants are generally ascribed to differ-
ent integration sites of the transgene (van Leeuwen et al.
2001). Transgenes inserted into the plant genome can
become inactive (gene-silencing). Our results also sug-
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Fig. 4 GUS activity in tobacco 18000

transformed with Lehsp23.8
promoter mutant constructs un-
der heat shock. Transgenic
plants (pK1915, pK1327,
pK871, pK565, pK255,
pK2AT15, pKaAT34,
pK2AT12, and pK*HSE) were
subjected to 39°C for 3 h. Fluo-
rometric GUS assays of leaves
were performed in triplicate;
mean values were calculated for
each treatment. PBI101 and
pBI121 plants were assayed as
negative and positive controls,
respectively. Errors bars repre-
sent standard deviations of 30
independent transgenic lines
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gested that the AT-rich regions could influence the rate of
transgenic silencing. Here, we compared the degree of such
gus-silencing among constructs pK2AT15, pK2AT34,
pK2AT12, and pK871 (Table 1). Deletion of the internal
AT-rich1-2 (construct pK2AT12), AT-rich3—4 (construct
pK2AT34), or AT-richl-5 (construct pK2AT15) resulted in
an increased percentage of lines with transgenic silencing.

Low Temperature

We selected 10 transgenic lines that had stronger GUS
activities in response to heat. These were then exposed to
chilling at 2°C for 48 h before fluorometric assays were
performed. The highest level of activity was detected in
pK565 lines, being significantly increased, by approximate-
ly 32% (from 1,806 to 2,377 units), compared with pK1915
(Fig. 5). However, a deletion up to position —255 (construct
pK255) resulted in a significant loss of cold-induced GUS
expression. This suggested that the 565-bp region upstream
of Lehsp23.8 was sufficient for cold induction. The putative

Table 1 Effects of AT-rich regions in the Lehsp23.8 promoter on
gene-silencing in transgenic tobacco

Lines/construct pK871  pK2AT15 pK4AT34 pK2ATI12
Total 30 42 42 42
PCR-positive 29 41 39 40
Number silenced® 3 8 10 9
Percent (%)° 10.3 19.5 25.6 22.5

#Transgenic tobacco lines with GUS activity of <100 pmol 4-MU
min ' mg' protein
® Percentage of lines with silenced expression compared with lines that
were PCR-positive

@ Springer

O control

element CRT/DRE (—1,550 bp) was not involved in the
stress response to low temperature. Nevertheless, the
proximal HSEs (HSE1 to 5) and the AT-rich regions (AT-
richl to 4) may, to some extent, have contributed to the
multiple stress-responsive character of that promoter.
Transgenic plants harboring the internal deletion con-
struct pK2AT12 or pK2AT15 showed negligible activity,
while the chimeric gene with construct pK2AT34 was still
induced by cold stress. This indicated that AT-richl-2 of
the Lehsp23.8 promoter played an important role but AT-
rich3—4 did not. The chimeric gene with the construct
pK*HSE could not be induced by low temperature,
suggesting that HSE1 to 5 were also important for the
cold-induced expression of Lehsp23.8 (Fig. 5). Together,
both AT-richl-2 and the five proximal HSEs proved
indispensable to this cold response of Lehsp23.8.

Heavy Metal

After exposing our transgenic plants to 1.0 mmol L™ PbCl,
for 6 h at 26°C, we performed fluorometric assays of GUS
activity in their leaves. Among all transgenic lines, pK871
lines showed the highest activity (Fig. 6), while that of
pK565 dropped by 30% compared with pK871. A further
reduction in promoter size to —255 (construct pK255) that
abolished four AT-rich regions resulted in negligible
activities. This suggested that the 565-bp region upstream
of Lehsp23.8 was sufficient for heavy-metal induction.
Likewise, the sequences from —871 to —255 bp enhanced
lead-induced activity of the promoter. The putative element
AP-1 (—884, —1,540, and —1,655 bp) in that promoter had
only a small role in this stress response.

Transgenic plants harboring the internal deletion construct
pK2AT34 and pK2AT12 were still induced by this heavy
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Fig. 5 GUS activity in tobacco 3500
transformed with Lehsp23.8
promoter mutant constructs under 3000
low temperature. Transgenic .E
plants (pK1915, pK1327, pK871, °
pK565, pK255, pKAATIS, 2 2500
pK2AT34, pK2AT12, and Tep
pK*HSE) were chilled at 2°C. g 2000
Fluorometric GUS assays of =
leaves were performed in tripli- ‘s
cate; mean values were calculated 1500
for each treatment. As negative E
control, pBI101 transgenic plants = 1000
were assayed. Errors bars e

. £
represent standard deviations of & 500
10 independent transgenic lines
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K
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metal, while line pK2AT15 showed negligible GUS activity.
This indicated that at least one of the AT-richl-2 and AT-
rich3—4 was essential for such induced expression of
Lehsp23.8. Another possible mechanism for this phenomenon
could have been other unidentified regulatory elements
between AT-richl-2 and AT-rich3—4 that affected promoter
activity during this stress period. The chimeric gene with
construct pK*HSE was not induced by lead exposure, sug-
gesting that the proximal HSEs also played an important role
in this induced expression (Fig. 6). All of these results indi-
cated that both proximal HSEs and AT-rich1—4 were indispens-
able to chimeric gene expression under heavy-metal stress.

Abscisic Acid

Fluorometric GUS assays showed that expression patterns
for all constructs after ABA treatment were similar to those

found with lead, except that transcript levels of the report
gene were relatively lower (Fig. 7). Likewise, tobacco
plants transformed with pK255, pK2AT15, or pK*HSE
displayed negligible activities. These similar GUS expres-
sion patterns between the ABA and Pb responses suggested
a similar pathway existed.

Discussion

AT-rich Regions in the Lehsp23.8 Promoter Enhance
Heat-Induced Expression

Various heat shock genes contain conserved HSEs in their
promoters, which are essential for heat-induced transcrip-
tion (Wu 1995). Regulation of such expression is mediated
by the conserved HSFs. Heat shock transcription factors are

Fig. 6 GUS activity in tobacco 3500
transformed with Lehsp23.8

promoter mutant constructs L
under heavy-metal stress. -E 3000
Transgenic plants (pK1915, 3

pK1327, pK871, pK565, 8 2500 f-o

pK255, pK2AT15, pK2AT34,
pK2AT12, and pK*HSE) were

1
mg
—

O control

BpPb2+

23003

AR

R RRRRRRY

PSS

= _= 2000
exposed to 1.0 mmol L™ PbCl,. =
Fluorometric GUS assays of f=

; 1500
leaves were performed in )
triplicate; mean values were =
calculated for each treatment. As <+ 1000
negative control, pBI101 g
transgenic plants were assayed. & 500
Errors bars represent standard
deviations of 10 independent
transgenic lines 0

N
§
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Fig. 7 GUS activity in tobacco 3500
transformed with Lehsp23.8
promoter mutant constructs

= 3000 -
under ABA treatment. Trans- >
genic plants (pK1915, pK1327, S
pK871, pK565, pK255, B 2500 e
pK&ATIS, pKAAT34, i)
pK2AT12, and pK*HSE) were _E 2000
exposed to 0.1 mmol L™ ABA. ‘=
Fluorometric GUS assays of £ 1500
leaves were performed in =
triplicate; mean values were E.
calculated for each treatment. As i 1000
negative control, pBI101 g
transgenic plants were assayed. S 500

Errors bars represent standard
deviations of 10 independent 0
transgenic lines

present in a latent state under normal conditions but are
activated upon heat stress by inducing trimerization and
high-affinity binding to conserved HSEs (Baniwal et al.
2004). Here, our fluorometric assays showed that heat-
induced GUS activity of the 565-bp promoter was strongest
while that of the 255-bp promoter was lowest. Activities
mediated by the 1,915-, 1,327-, or 871-bp promoters were
similar. The 871-bp Lehsp23.8 promoter within the five
proximal HSEs mutation (pK*HSE) lost this activity. These
results demonstrate that HSE1 to 5 within the 255-bp
region upstream of Lehsp23.8 are vital to the heat-inducible
activity of that promoter. Distal HSEs may play less
important roles for gene expression (Li et al. 2002). Our
results confirmed that two distal HSEs (HSE6 and 7),
between —871 and —1915 bp, were not necessary for
enhancing Lehsp23.8 promoter activity.

Heat-induced GUS activity of the 565-bp promoter was
strongest, being significantly higher than that of the 255-bp
promoter. Except for several AT-rich regions (AT-richl to
4), none of the HSEs were found between —255 and
=565 bp in the Lehsp23.8 promoter. Those regions may
serve as enhancers for heat-induced expression of the
chimeric gene. Similar AT-rich regions have been observed
in several small heat shock protein promoters from soybean
(Raschke et al. 1988). For example, in GmHspl7.3-B, an
AT-rich upstream sequence (—81 to —306 bp) possesses
enhancer-like properties (Baumann et al. 1987). The AT-
rich 268-bp positive regulatory region of the pea PetE
promoter also increases expression from both homologous
and heterologous promoters in several transgenic tissues
(Sandhu et al. 1998). Hoffmann and Binder (2002) have
found that a 3-bp change in the AT-rich region causes apt9
promoter activity to decline 70%. Therefore, we can
speculate that the AT-rich regions between —255 and
=565 bp contribute to the high heat-induced GUS activity
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of the 565-bp Lehsp23.8 promoter. Although this activity
from transgenic plants with pKAAT34 or pKAATI2 was
significantly decreased, that level was only a little lower
than those from plants with either pKAATI15 or pK255.
These results suggest that AT-rich1-2 and AT-rich3—4 have
important enhancer activities and that both may interact to
improve heat-induced expression of Lehsp23.8.

High mobility group (HMG) protein binding has been
observed with AT-rich elements in several plant genes.
Czarnecka et al. (1992) have demonstrated that nuclear
proteins bind to scattered AT-rich sequences of the soybean
GmHspl7.5-E promoter. These sequences are bound by
HMGs and AT binding factors, which are believed to
increase transcription through interaction with nuclear
scaffold proteins (Czarnecka-Verner et al. 1994). However,
the mechanism of the enhancing activity of AT-richl—4 in
the Lehsp23.8 promoter remains to be tested.

Both Proximal HSEs and AT-rich Regions Play Important
Roles for Multiple Inducibilities of the Lehsp23.8 Promoter

The 871-bp Lehsp23.8 promoter within the five proximal
HSEs mutation (pK*HSE) lost its cold-inducible activity
(Fig. 5). This demonstrated that HSE1 to 5 within the
255-bp region upstream of Lehsp23.8 are vital to this
activity. HSPs and HSFs also are involved in cellular
responses to stresses other than heat (Swindell et al. 2007).
Plant HSFs show great diversity, e.g., 21 in Arabidopsis
and at least 34 in soybean (Miller and Mittler 2006).
Moreover, there is a high degree of specialization in the
response of certain Asfs to particular stress conditions. For
example, AthsfA9, AthsfA6a, and AthsfA6b appear to be
specific to cold stress (Zimmermann et al. 2004). Here, we
speculated that some HSFs in tomato can act only under
low temperatures, having a specific bond to the DNA-
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binding domains of the Lehsp23.8 promoter. Therefore, if
HSFs are the activators for this cold response, further
exploration is needed of those members that are involved.

How can HSF activate select Asp genes under chilling?
We observed here that deletion of the promoter to point
—255 bp, which contained the proximal HSE1 to 5, resulted
in negligible cold-induced GUS activity, whereas deletion
to point =565 bp led to obvious expression (Fig. 5). This
indicates that the AT-rich region between —565 and —255 bp
plays an important role in chimeric gene expression under
cold stress. Further experiments revealed that AT-rich1-2 is
indeed an important element for such activity. As discussed
above, those AT-rich regions from —565 to —255 bp in the
Lehsp23.8 promoter serve as enhancers for heat-induced
expression of the chimeric gene. In addition, a deletion of
the internal AT-rich1-2, AT-rich3—4, or AT-rich1-5 resulted
in increased transgenic silencing. In animals, HMG-I/'Y
competes with histone HI to interact with the AT-rich
sequence of DNA SARs (Zhao et al. 1993). However, it is
unknown whether the existence of AT-richl-2 in the
Lehsp23.8 promoter can change the native chromatin
structure to make cold-induced HSF trimers bind the HSEs
at low physiological concentrations.

Heavy-metal toxicity and abscisic acid are triggers of
various HSP inductions (Coca et al. 1996; Heckathorn et al.
2004). Our results showed that a deletion of the Lehsp23.8
promoter to —565 also led to gene expression under those
types of stresses. Therefore, the putative element AP-1
(—884, —1,540, and —1,655 bp) and the abscisic acid-
response element ABRE (—850 bp) of that promoter are not
involved in plant responses to lead or ABA treatments.
Furthermore, AT-richl to 4 and HSE1 to 5 proved vital for
promoter activity under those stresses. In yeast, the CUP1
copper metallothionein gene is activated by excess copper
and heat shock through the HSE sequences in the promoter
(Liu and Thiele 1996; Penia et al. 1998). The hsp70
promoter also is hyperactivated in an HSF1-dependent
manner by combined exposure to heat and cadmium
(Saydam et al. 2003). Finally, ABA appears to induce
chimeric genes with the HaHspl7.7G4 promoter, working
synergistically with HSF3 (Rojas et al. 1999). Therefore, it
is possible that Lehsp23.8 expressions under heavy-metal
and ABA stresses have similar pathways that are coupled
with multiple signal transduction pathways leading to the
binding of HSFs to HSEs.

Abscisic acid also accumulates during chilling periods,
and many cold-induced genes respond to ABA stress, such
as kinl, cor6.6/kin2, corl5A, rdl7/cor47, and rd29A4/cor78
(Thomashow 1999; Seki et al. 2001). Our results showed
that AT-richl-2 has important roles in the activity of the
Lehsp23.8 promoter under cold stress but not ABA stress.
This suggests that the pathways of Lehsp23.8 expression
differ between the two stimuli.

Regulation elements of Lehsp23.8 represent an interac-
tion between multiple stress-response pathways. Therefore,
we propose that plant HSFs function as a network of
transcription factors that controls Lehsp23.8 expression
upon different stresses. Our results have implications
regarding the molecular basis of cross-tolerance in plant
species and raise new questions for future experimental
studies of this heat shock-response network.
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