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ABSTRACT

Stankovi¢, B. & Gari¢-Stankovi¢, A. (1997). Molecular ecology of the plant adaptation to
high temperatures. Ekol. Zast.Zivot. Sred., VVol. 5, No. 1, Skopje.

Plants respond to high temperature stress by activating a set of biochemical and
physiological processes designed to hasten the thermo tolerance. The adaptation mechanisms
include phenotypic, cellular and molecular modifications.The cellular responses involve
alterations in amino acid metabolism, photosynthesis, carbohydrate metabolism, assimilation, and
respiration Cells accumulate solutes having protective function on the plasma membrane.
Biochemical changes in lipid composition lead to increased membrane stability. The translational
machinery becomes redirected toward preferential synthesis of stress-induced proteins, with
concomitant cessation of synthesis of the steady-state proteins.

With a few notable exceptions, most of the work related to molecular ecology of the heat
stress response has concentrated on the rapid transcriptional activation of hsp genes and the
ensuing production of heat shock proteins (HSPs) The high molecular weight HSPs are
constitutively expressed at low levels. In contrast, the low molecular weights HSPs are produced
de novo following stress. Advances have been accomplished in understanding the regulation of the
hsp genes Correlation between the production of heat shock proteins and increased thermo
tolerance has been demonstrated in a few cases. The purpose of this review is to present recent
information concerning the cellular and molecular mechanisms underlying plant acclimation to
high temperature, and to address some of the responses underlying thermo tolerance.

Key words; heat shock proteins, heat stress, high temperature

Abbreviations (kparenxu): ABA - abscisic acid; HMW - high molecular weight; HSP - heat shock protein;
LMW - low molecular weight; TKW - thermal kinetic window

N3BOJ

CrankoBuk, b. u apuk-Crankosuk, A. (1997). MonekynapHa eKoJIOTHja Ha aJanTaiijara
Ha pacTeHHjaTa KOH BUCOKH Temneparypu. Ekomn. 3amr. )Kusot Cpen., Tom 5, bp. 1, Ckomje.

Bo ycioBu Ha cTpec nmpenu3BHKAH O BUCOKH TEMIIEpAaTypH Ha OKOJMHATA, PAacTeHHUjaTa
pearupaar co akTUBHpame Ha Tpyna OMOXEMHCKH M (DM3MOJIONIKHM TPOLECH YHjaIliTO LN €
3roJIeMyBambe Ha TOIUIOTHATa OTHOPHOCT. ANANTHBHHUTE MEXaHU3MH BKJIYy4yBaaT NPOMEHH Ha
(EHOTHIICKO, KJIETOYHO M MOJEKyJapHO HUBO. KileToyHuTe NpOMEHH omdakaaT NPOMEHH BO
MeTaboNMM3MOT Ha AMUHOKHCENHMHHTE, jarJIeHWTe XHUIpaTH, HHUBOTO Ha (OTOCHHTE3ara,
acUMWIalMjaTa U JulemeTo. KieTkure akyMmyiupaar MaTepuH YMjalllTo yJora € 3allTHTa Ha
IiazmanemMara. BHOXeMHCKHTE NPOMEHHM BO COCTaBOT Ha MAaCTHTE ja CTaOMIM3HpaaT
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ra3ManemMara. TpaHCIalnOHHOT MeXaHu3aM ce (OKycHpa KOH CHHTe3a Ha CTpec
MPOTEUHH, JIOJICKa BO UCTO BpeMe CHHTE3aTa Ha HOPMAJIHH ITPOTEHUHHM € ITPEeKHUHATA.

CO0 HEKOJIKYy UCKIYYOIld, HajrToJeM el OJ] MCTPaKyBamaTa Ha MOJIEKyJapHara
€KOJIOTH]ja Ha CTPECOT MPEIU3BUKAH OJ] BUCOKH TEMIICpaTypH CE OJHECYBa Ha aKTUBUPAHC
Ha TpaHckpumimjata Ha hsp (heat shock protein) rennte, Kako W Ha MOCIEIOBATEIHOTO
npousBoicTBO Ha HSP mporennu. HSP mporenHuTe co ronema MosieKyjapHa TeXHHA Ce
aKTUBHPAHU KOHCTUTYTUBHO. 3a pasnuka o HuB, HSP mpoTtenHuTe co Mana MoneKyinapHa
TEXWHA Ce CHHTETH3HMpaaT caMo 10/ YCIOBH Ha cTpec. Bo HEKONKy MCTIUTYBamba MpUKaKaHa
€ Kopenmamja ToMmery cuHTe3ara Ha HSP mporemHM W 3roileMeHaTa OTIIOPHOCT Ha
pacTeHrjaTa KOH TOIUIOTEeH cTpec. Llen Ha 0Boj TPy € /1a TH COOIIIITH IIOHOBUTE CO3HAHHja
BO OJHOC Ha KIETOYHUTE U MOJIEKYJAapHUTE MEXaHW3MH KOHWINTO TO JETePMHHUPAAT
MPUJIaroyBamkeTO Ha PACTCHUjaTa KOH BUCOKH TEMIIEPaTyPH.

Kiy4ynu 300poBH: IPOTEHHN Ha TOIUIOTHUOT IIIOK, TOIJIOTEH CTPEC, BUCOKH TEMIIEPATypH

INTRODUCTION

Higher plants have an optimum temperature
for growth and development in a given habitat. The
window of optimal temperatures varies during differ-
ent stages of development, and plants have evolved
adaptive mechanisms to reduce the impact of high
solar radiation and the ensuing elevated temperatures
in a dynamic environment. High temperature mark-
edly reduces the growth and development of plants,
and can have lethal consequences. In an agricultural
context, it is often the largest limiting factor deter-
mining the agricultural yield. This fact has inspired
workers to develop empirical methods for identifica-
tion of the optimal temperatures for plant growth
(Burke 1990).

The balance between absorbed and emitted
solar and infrared radiation, heat conduction, heat
convection, and transpiration, is the factor gov-
erning plant temperature (Nobel 1983). Lethal
temperatures for vegetative tissues of flowering
plant species typically range between 40°C and
60°C. Sub lethal leaf temperatures lead to meta-
bolic and phenotypic changes which reflect accli-
mation mechanisms, designed to increase the
thermo tolerance. The traits governing thermo
toler-ance are species and strain-dependent, and
the heat shock responses are a consequence of the
activation of a complex set of ultrastractural,
transcriptional, and translational adjustments and
modifications.

Being sessile organisms, plants have to
adapt their metabolism to changes in atmos-
pheric temperature, minimizing the ensuing
damage. High temperatures have multiple ef-
fects. They reduce nutrient ion uptake, enzyme
activity, photosynthesis, and translocation of
metabolites. They alter the rate of respiration
leading to reduced growth and poor yield
(Bjorkman et al. 1980). To survive supraoptimal
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temperatures of the habitat, plants have evolved
adaptation and protection mechanisms. These
consist of both short and long-term responses.
Some short-term responses are probably in-
volved in minimizing the impact of stress until it
is alleviated. They are physiologically mani-
fested as osmotic adjustments, directed toward
increasing the intra-plant water flow. This is
accomplished through reduction in the resistance
to water flow and keeping the stomata open, the
longer-term responses to hyperthermia most
likely entail survival-related mechanisms. They
are manifested through closure of stomata, re-
duction of the overall leaf area through abscis-
sion, and hastening or deferring reproduction. In
an agricultural context, the benefit of various
mechanisms of acclimation depends on the spe-
cies and on the environment in which it is being
produced.

The response to elevated high tempera-
tures is complex. Heat stress is frequently ac-
companied with high light intensity stress. Both
environmental factors increase the evaporative
demand, indirectly contributing to water defi-
ciency or salt stress. In terms of physiological
and biochemical responses, a host of other a bi-
otic agents can mimic the high temperature
stress: water deprivation, anoxia, heavy metal
ions, increased salt concentration, abscisic acid,
auxin, ethylene, ethanol, uncouplers of oxidative
phosphorylation, and metabolic inhibitors (Cza-
rnecka et al. 1984; Vierling 1991; Van Breu-
segem et al. 1994), Thus the plant response to
high temperature must be considered in view of
the complex interaction and cross-talk of various
a biotic stresses and their effects on the plant.

Recent advances in analytical chemistry
and molecular biology have helped reveal re-
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sponses and decipher parts of the mechanisms
by which plants perceive and adapt to tempera-
ture changes (Fig. 1),. Segments of the signal
transduction pathways leading to high tempera-
ture-induced changes in transcription and trans-

High temperature stimalus

PLASMA MEMBRANE

CYTOPLASM

lation are now known, Certain biochemical and
physiological roles of the genes and proteins
involved have also been discovered, and they
are outlined below

Jon uptake and sequetration
Lipoxygenase activation
Modification of the membrane lipid composition

Increse in Ca™™ concentration
Osmolyte biosynthesis

Moditied metabolism in organelies
mRNA stabilty and turnover
Protein turnover

HSP synthesis

Enzyme aciivity

Sensitivity to hormones

Protein phosphryvlation (?)

MUCLEUS

Transcriptional control
{gene activation and repression)

Fig. 1 Schematic pathways of the cellular and molecular acclimation to high temperature stress.
Interaction and cross-talk of biochemical, functional and structural components from
different cellular compartments is balanced to achieve thermo tolerance in planta.

Cn. 1 lllemMarcky maTHINTa Ha KJIETOYHATA U MoneKynapHaTa aKJ'II/IMaLII/Ija KOH CTpeC O[] BUCOKH
temmepatrypu. Mutepakuujata u "cross-talk” wa Ouoxemuckure, QyHKIHO-HATHUTE U
CTPYKTYPHHUTC KOMIIOHCHTH OJ pa3JIN4YHU KICTOYHU MOCJIOBU. € 6anchnpaHa Ja C¢€
MOCTUTHE TOJIEpaHIHja KOH TOIIMHA Kaj pacTeHujaTa

MOLECULAR RESPONSES TO HIGH TEMPERATURE

Plant cells respond to elevated tempera-
tures by dramatically altering both their tran-
scriptional and translational patterns of gene
expression, a common and well-documented
molecular theme during the heat stress response
is almost complete cessation of synthesis of the
"normal”, steady-state proteins. Instead, a lim-
ited number of specific genes, previously either

EKOJI. 3amur. XKusot. Cpen., 5,1 (1998)

silent, or active at very low levels, become
upregulated. The newly-activated genes encode
tissue-specific heat-shock proteins, which be-
come so intensely synthesized and accumulated
during heat stress, that eventually become major
cellular constituents. All plant species examined,
when shifted from ambient temperatures to tem-
peratures five or more degrees higher, in a ma-
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jority of the cell types produce HSPs. This re-
sponse occurs in response both to abrupt and to
gradual temperature changes, which are equiva-
lent to those found under field conditions (Ho
and Sacks 1989).

Initiated in Drosophila, studies over the
past thirty years have revealed a large degree of
HSPs evolutionary conservation among king-
doms, Both field and laboratory studies have
demonstrated transient- and longer-term HSPs
induction in plants following increase in tem-
perature, and extensive reviews describing dif-
ferent facets of this phenomenon are available
(Nagao et al, 1990; Vierling 1991; Hendrick and
Hartl 1993; Parsell and Lindquist 1994), Similar
to other organisms, the plant heat shock proteins
have been categorized according to their ap-
proximate size, i.e. molecular weight, into five
classes: high molecular weight (HMW) HSP110
(110 kDa); HSP90 (80-95 kDa); intermediate
HSP70 (63-78); HSP60 (53-62 kDa); and the
small, low molecular weight (LMW) (14-30
kDa). The far majority of plant heat shock pro-
teins consist of HSP90, HSP70, and low mo-
lecular weight HSPs.

Regulation of the synthesis of high tem-
perature-induced HSPs is performed at both
transcriptional and translational level. The
mPVNA for high molecular weight HSP is often
constitutively expressed, albeit at low levels.
However, even though the high molecular
weight HSP transcripts are present in Sorghum
embryos prior to treatment, they are not readily
translated (Howarth 1990). In marked contrast,
RNA transcripts for LMW cytoplasmic HSPs are
absent from control tissues. Hence synthesis of
low molecular weight HSPs requires tran-
scription de novo. The LMW hsp genes become
transcription ally activated within five minutes of
exposure to high temperature (Nagao et al.
1990). Low molecular weight hsp transcript lev-
els can increase as much as 200-fold compared
to the unstipulated controls. The mRNA turnover
time varies with the species and the severity of
experienced stress, and the newly-synthesized
proteins are present at significant levels up to
several hours or days following stress.

Analyses of the promoter sequences have
revealed bipartite promoter structure containing
two consensuses 5'-upstream regulatory se-
quences. The heat shock promoter regulatory
elements appear to have multiple copies (6-9)
with overlapping elements (Schoffl et al. 1990).
Such a structure enables differential levels of
expression of various hsp gene family members
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following heat shock (Vierling 1991; Van
Breusegem et al. 1994). Since the hsp genes are
also activated following other stresses, it is plau-
sible that the multitude of regulatory sequences
is correlated to the number and/or types of envi-
ronmental stresses the plant is experiencing
Hence, the up regulation of hsp genes might be
just a part of a general molecular mechanism
protecting the plant cells from the potentially
lethal effects of environmental stress.

An ascribed putative function of HSPs is
their role in development of thermo tolerance
through a conditioning treatment at lower, HSP-
inducing temperatures. Indeed, through gradual
exposure to higher temperature, plants can be
conditioned and acclimated to withstand heat
stress, and burgeoning evidence suggests corre-
lation between the degree of HSP production
and plant adaptation to high temperatures (Na-
gao et al. 1990; Lee et al. 1994; Parsell and
Lindquist 1994). On the other hand, HSP pro-
duction may not be essential for adaptation to
heat stress. Some reports imply acquisition of
thermo tolerance in the absence of newly-synthe-
sized HSPs (Xiao and Mascarenhas 1985; Bon-
ham-Smith et al. 1987). Such a discrepancy is
not altogether surprising, since the exact func-
tions of numerous cloned HSPs remain largely
unknown. Only a few plant HSPs have been
characterized in greater detail. One of them is
the cytosolic 110-kDa ubiquitin, involved in
ATP-dependent proteolysis. Ubiquity cova-
lently attaches to proteins destined for degrada-
tion. Similarly, the mitochondria and chloro-
plast-localized GroEL (i.e. HSP60) is believed to
function as a molecular chaperone. HSP60 is
involved in assembly of macromolecular com-
plexes in organelles. Other high molecular
weight HSPs are also shown to function as mo-
lecular chaperones (Hendrick and Hartl 1993),
they are probably involved in minimizing high-
temperature stress damage through association
with partially denatured proteins, preventing
their further breakdown or nonspecific aggrega-
tion.

The majority of research related to heat
shock-related transcriptional activation has con-
cerned up regulation of hsp genes, However, heat
stress has profound effects on other facets of the
plant genome. Waters and Schaal (1996) showed
that high temperature influenced the genomic
components of Brassica, reducing the amount of
nuclear ribosomal gene-copy number (rDNA).
This effect was stable and even heritable, i.e. it
was passed on to the F; generation.
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Another whole family of heat stress-in-
duced genes is the one comprising calmodulin-
related touch (TCH) genes (Braam 1992). Sev-
eral members of this gene family are unregu-
lated following various a biotic stresses
including heat. The significance, if any, of
calmodulin-related enzymes in heat stress and in
acquiring

thermotolerance is unknown. High temperature
causes release of calcium from intracellular
stores. Activation of these genes might occur as
a reaction to the heat stress-increased cytoplas-
mic Cz2" levels, and it may or may not be caus-
ally related to the heat shock response.

CELLULAR RESPONSES TO HEAT STRESS

The effects of supraoptimal temperatures
on the physiology and biochemistry of plant
cells and tissues have been examined through
studies both in vitro and in vivo. Suspension
cultured cells of cowpea respond dramatically to
elevated temperature. The ultra structural
changes involve almost complete loss of polyri-
bosome, rough endoplasmic reticulum, and
dictyosomes. Dylewski et al. (1991) also ob-
served nucleolar swelling and migration of in-
tracellular waste material into the vacuole. When
analyzed at amino acid level, heat shock
differentially influenced the amino acid synthe-
sis rate in cowpea cells. While proline, valine,
leucine and isoleucine synthesis rates were in-
creased several-fold in response to heat shock,
phenylalanine synthesis rate dropped to 50% of
the initial value (Mayer et al. 1990). Selective
amino acid availability under temperatures stress
will thus redirect numerous biochemical and
metabolic pathways.

Dupuis and Dumas (1990) studied the ef-
fect of temperature stress on in vitro fertilization
efficiency in maize. The fertilization rate was
highly reduced when pollinated spike lets were
exposed to temperatures above 36°C. Report-
edly, the mature pollen, but not the female spike
lets, was the tissue sensitive to heat stress.

Growing plant at high temperatures influ-
ences the intracellular levels of various plant
hormones. Heat shock increases the content of
abscisic acid (ABA) (Daie and Campbell 1981).
ABA and cytokinins appear to have opposite
effects and roles during high temperature stress.
Whilst ABA levels rise during heat stress, cyto-
kinin levels fall. This is not altogether surpris-
ing, since both hormonal changes favor stomata
closure and reduce resistance to water flow.

High temperature stress inhibits the rate
of carbohydrate synthesis, and plants adapt by
adjusting the rates of photosynthesis and respi-
ration (Pearcy 1977). The starch content in heat-
stressed tomato leaves decreases, primarily due
to increased starch hydrolysis and inhibition of

Exomn. 3amr. XKusot. Cpexn., 5,1 (1998)

its biosynthesis (Dinar et al. 1983). Similarly,
starch accumulation in developing barley en-
dosperm is decreased under' heat stress condi-
tions. This reduction was attributed to the
sharply decreased activity of the UDP sucrose
synthase (MacLeod and Duffus 1988). The im-
port of photosynthates is reduced under high
temperatures. Thorne (1982) demonstrated that
the phloem unloading in soybean is a tempera-
ture dependent process, which could be related
to the heat-induced disruptions in membrane
integrity.

Characterization of the intracellular lo-
calization of HSPs provides information con-
cerning their putative functions, and can help
clarify some of the observed variation in relation
to thermo tolerance. The variations in the
amount, array, and Kinetics of HSP production
can be a function of cell type, developmental
stage, availability of nutrients (particularly ni-
trogen compounds), degree of thermal stress the
plant is experiencing, and the habitat (Somers et
al. 1991; Vierling 1991; Parsell and Lindquist
1994; Heckathorn et al 1996). Various plant heat
shock proteins appear to be differentially
localized in the nuclei, cytoplasm, chloroplasts,
and mitochondria (Lin et al. 1984; Vierling
1991).

Leicht et al. (1986) suggested that there
are at least three functionally distinct classes of
HSPs: ones that enter the nucleus upon heat
shock; others that are cytosolic (soluble HSPs);
third that associate with the cytoskeleton. In-
deed, certain Drosophila and mouse HSPs are
cytoskeleton-binding proteins (Koyasu et al.
1986; Leicht et al. 1986). Due to the high degree
of homology and evolutionary conservation, it
would not be surprising if at least some plant
HSPs turn out to be associated with the cyto-
skeleton. Obviously, an actin-HSP interaction in
a nonmuscle actomyosin system has key bio-
logical signe ract with the outer chloroplast en-
velope membrane, enhancing formation of satu-
rated lipids, in particular digalactosyl diacyl-
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glycerols (Suss and Yordanov 1986). Chloro-
phyll fluorescence measurements indicate that
heat-stressed chloroplasts undergo significant
injury (Kraus et al. 1995). The known heat
shock-induced chloroplast responses involve: (i)
structural changes - disorientation of the lamel-
lar systems, decreased synthesis of the chloro-
phyll a/b light harvesting complex, dissociation
of the light-harvesting pigments and the photo-
system reaction centers; (ii) functional modifi-
cations - decrease in the quantum yield of elec-
tron transport; (iii) alterations in photosynthetic
electron transport; (iv) reduced carbon fixation
through inhibition of ribulose-I,5,-bisphosphate
carboxylase; (v) changes in carbohydrate me-
tabolism (Burke 1990). A consequence of the
above is a significantly decreased photosynthetic
efficiency of plants subjected to elevated tem-
peratures.

In the process of acclimation to heat
stress, the lipids and proteins in the plasma
membrane undergo structural changes designed
to increase plasma membrane stability. These
involve increased saturation content of mem-
brane lipids, and have been observed both in the
plasma membrane (Raison et al. 1980), and in

the chloroplast outer envelope and thylakoid
membranes (Suss and Yordanov 1986). Thermal
injury induces expression of genes encoding for
lipoxygenases LOX-1 and LOX-2 Lipoxy-
genases have multiple physiological roles in
plant responses to stress such as pathogen attack,
wounding, and anoxia. They are involved in
membrane deterioration during aging, which led
to the suggestion that they might be involved in
thermo tolerance (Maccarone et al 1992). The
effects of heat stress on endomembrane organi-
zation are poorly understood, and the reports on
protein synthesis on the endoplasmic reticulum
(ER) are sometimes conflicting. Using barley
aleurone, Sticher et al. (1990) showed heat
stress-induced arrest in synthesis of a-amylase, a
protein translated in the ER. At the same time,
the ER was not destroyed by heat-shock treat-
ment. It is possible that the arrest in a-amylase
synthesis occurs due to disassociation of a-
amylase mRNA and ER-bound polysomes, and
is ABA-mediated. Contrary to these observa-
tions, ER-mediated storage protein synthesis in
soybean cotyledons was unaffected by heat
stress (Hughes and Dunn 1990).

PHENOTYPIC ADAPTATION TO HIGH TEMPERATURE

Growth perturbation and inhibition occurs
in plants experiencing high temperatures. The
extent of decline in growth varies among spe-
cies. Thin-barked woody species are susceptible
to bark burn, which occurs due to overheating of
the cambium. The particularly sensitive plant
part is a narrow strip of bark at the soil level. In
deciduous plants, the heat injury initially takes
place in the larger' leaves that absorb a lot of ir-
radiation. Hence some shrub species have de-
veloped the strategy of shedding the larger®
leaves and producing smaller ones with the onset
of the dry season (Newton and Goodin 1989).

Morphological acclimation to hyper-
thermal stress is performed through combined
mechanisms involving both heat avoidance and
tolerance. The physiological responses include
decrease in respiration, increased cooling
through transpiration, and decrease in absorption
of irradiation. Avoidance is accomplished
through phenotypic modifications designed to

16

absorb less irradiation and decrease transpira-
tion, while increasing the light reflectance. The
adaptations involve enhancement in mesomor-
phic leaf structure, increased pubescence (hairi-
ness), production of articular wax, shift toward
vertical leaf orientation, decrease in leaf size,
and increased salt content in the leaves (Nobel
1983, Burke 1990).

Thermoto lerance is the ability of plants to
survive an otherwise lethal temperature by
means of initial exposure to a hyper thermal
shock at a nonlethal temperature. Studies con-
ducted with soybean seedlings have led to con-
clusions that thermo tolerance develops in a
time - and temperature - dependent manner, and
is correlated to HSP synthesis (Lin et al. 1984;
Key et al. 1985; Heckalhorn et al. 1996). A
strong support for the role of HSPs in acquisi-
tion of thermo tolerance was recently demon-
strated: a soybean 101-kDa 11SP was able to
rescue a yeast thermosensithe mutant (Lee et al.
1994).
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FUTURE PROSPECTS

To better understand the heat shock re-
sponse, methods for determining the degree of
stress the plant is experiencing have to be estab-
lished. It is possible to determine the limits of
high temperature stress in individual plant spe-
cies through the use of a thermal kinetic window
(TKW), which is based on the thermal depend-
ence of the apparent Michaelis constant (Km)
for a given enzyme (Burke 1990). Other
physiological methods for assessment of experi-
enced heat stress and heat tolerance involve
measurement of electrolyte leakage (Binelli and
Mascarenhas 1990), net CO, assimilation, and
chlorophyll fluorescence (Kraus et al. 1995).
Combined use of a few methods should provide
accurate assessment of the degree of acquired
thermo tolerance.

Although plant species vary in regard to
their sensitivity and response to thermal stress, it
is safe to assume that all plants have evolved
capabilities for high temperature perception,
signaling, and response, Improvement of ther-
moto lerance has large agricultural implications
and has been a goal in crop breeding for lone
time. The heat tolerance in plants is genetically
determined. However, a larger number of genes
is probably involved in acquisition of heat toler-
ance, which has rendered the selection schemes
for plants exhibiting increased productivity un-
der high temperatures largely unsuccessful
(Marshall 1982).

In recent years, the studies of temperature
stress tolerance have shifted from monitoring

the physiological status of stressed plants
compared with unstressed controls, to deducing
biochemical and molecular mechanisms underl-
ying sensitivity and tolerance. Understanding of
the molecular ecology of the stress response is
an initial step in manipulating and constructing
transgenic plants with increased fitness in the
stress environment. In relation to heat stress, the
future research prospects are exciting. A lot of
progress can be done on further characterization
of the HSPs. The functions, subcellular
localization, and modes of regulation for many
of the HSPs have yet to be determined. To
facilitate this, functional complementation and
rescue of thermosensitive yeast and plant
mutants provides a powerful yet elegant
approach (Lee et al. 1994). Advantage can be
taken of the heat sensitive genotype of
Arabidopsis (Binelli and Mascarenhas 1990),
and transgenic Arabidopsis plants can be used as
an assay system for identification of genes re-
lated to thermotolerance. Identification of tran-
scription factors interacting with the hsp regu-
latory elements will further our understanding of
the plant stress transcriptional responses, both in
relation to high temperature and in general. The
nature of high temperature-induced genomic
changes can be characterized in greater detail.
Since plants do not sequester a germ line, heat
stress-induced mutations are easily inherited,
and being passed on to future generations, they
could have significant evolutionary and agri-
cultural implications.
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