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Abstract The major lacuna in developing stress-
tolerant lines through breeding is the lack of suitable
techniques for screening the segregating population.
We report here the development of an e$cient tech-
nique for identifying high-temperature-tolerant lines
in sun#ower. The rationale behind this technique is
that the stress-responsive genes are expressed during
sub-lethal (induction) stress, and its products impart
tolerance at subsequent lethal stresses. The genetic
variability in gene expression upon induction stress is
responsible for the di!erential survival and recovery
following exposure to severe lethal stress in a hetero-
geneous population. Optimization of induction and
subsequent lethal temperature levels is a pre-requisite
for developing a standardized screening protocol. The
optimum induction temperature in sun#ower was iden-
ti"ed by subjecting the germinated seedlings to various
sub-lethal temperatures followed by exposure to a spe-
ci"c lethal temperature for a "xed duration. Gradual
temperature induction was found to be optimum in
bringing about a maximum response in terms of the
recovery growth of seedlings after exposure to a lethal
temperature. Following the optimum induction treat-
ment, seedlings were subjected to a speci"c high
temperature for di!erent periods to arrive at a high-
stringency lethal temperature treatment. By adopting
this approach an open-pollinated population of
Helianthus annuus L. (morden) was screened for high-
temperature tolerance. The seedlings which survived at
the high-stringency lethal temperature following the
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optimum induction treatment were identi"ed as
thermo-tolerant lines. At the plant level too these iden-
ti"ed lines showed higher tolerance as re#ected by
a higher membrane integrity and recovery leaf-area.
The progeny population of these identi"ed lines also
exhibited higher tolerance to temperature compared to
the original population, indicating the persistence of
the selected trait. This tolerance was associated with
a higher accumulation of heat-shock proteins (HSPs).
We propose that this technique can be used as a poten-
tial tool to identify and select temperature-tolerant
lines from a heterogeneous/segregating population.
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Introduction

High temperature is an important environmental factor
signi"cantly a!ecting crop productivity in arid and
semi-arid regions. Temperatures higher than optimum
decrease both plant growth rate and duration, which
reduces the yield drastically. It has been shown in crops
including wheat that for every one degree rise of mean
temperature over the range of 12.2}27.53C the yield is
reduced by 4% (Howard 1924). Therefore, to sustain
economic yield it is necessary to breed varieties which
are tolerant to high-temperature stress. The major con-
straint in breeding for temperature tolerance is the lack
of suitable techniques for screening both germplasm
and the segregating populations.

Under natural conditions any abiotic stress is always
imposed gradually. Plants therefore are exposed to
a sub-lethal stress before being subjected to severe
stress. Several studies have shown that plants develop
the ability to withstand otherwise lethal temperatures
upon exposure to sub-lethal temperatures (referred as
induction stress). This phenomenon has been termed



acquired thermo-tolerance (Lin et al. 1984; Lindquist
and Craig 1988; Hahn and Li 1990). During the induc-
tion stress, many stress-responsive genes are expressed
which, in turn, trigger several physiological and bio-
chemical processes relevant for stress tolerance. More
precisely, mild heat treatment elicits a so-called heat-
shock response leading to the immediate induction of
a set of new proteins or the over-expression of already
existing proteins known as heat-shock proteins (HSPs)
and which persist over a time course at high temper-
ature (Vierling 1991; Nguyen et al. 1992). HSPs have
been known to play a role in cell protection, survival,
and recovery in several species (Vierling 1991; Nguyen
et al. 1992). Recently, DeRocher et al. (1991) have
shown that in pea the expression of low-molecular
weight HSPs, such as HSP 18.1 and HSP 17.9, were
up-regulated upon a gradual increase in temperature
from 30 to 423C and had long half lives (37.7$8 h)
indicating their possible involvement in establishing
thermo-tolerance. The cellular role of high-molecular
weight HSPs has been established for chaperoning pro-
teins (Sanchez and Lindquist 1990; Vierling 1991). For
instance, HSP 104 is essential for the survival of the
yeast cell at high temperature as deletion of the HSP
104 gene impaired the capacity of these cells to acquire
thermo-tolerance (Sanchez and Lindquist 1990; Parsell
et al. 1994). Interestingly, both soyabean and Arabidop-
sis genes have been shown to complement the thermo-
tolerance defect caused by deletion of the HSP 104 gene
in a mutant yeast cell (Lee et al. 1994; Schirmer et al.
1994). Molecular and electron microscope studies have
shown that the probable role of yeast HSP 104 is to
re-solubilise heat-inactivated proteins (Parsell et al.
1994). Next to the HSP 70 family, the HSP 90-kDa
proteins are the second most predominantly expressed
HSPs. These proteins appear to impart thermo-toler-
ance, as mutant yeast cells with an impaired capacity to
make HSP 90 are incapable of growing at higher tem-
peratures (Borkovich et al. 1989). Though these studies
reveal the role of HSPs in thermo-tolerance, optimum
expression of heat-shock genes is a pre-requisite which
often occurs only during induction stress. On many
occasions a relevant physiological trait was found not
to be related to the stress tolerance in known tolerant
genotypes/species, mainly because the expression of
this trait was examined by directly subjecting plants to
severe stress without prior optimum induction stress
(Lin et al. 1984; Krishnan et al. 1989; Uma et al. 1995).
Krishnan et al. (1989) have shown that genetic variabil-
ity in wheat for temperature tolerance at a lethal tem-
perature (503C) was seen when they were subjected to
prior heat-induction treatment (373C). The studies con-
ducted in our laboratory further strengthens the ex-
pression of genetic variability in the stress response
upon induction stress (Savitha 1995; Uma et al. 1995).
A relationship between stress-responsive proteins, such
as LEA2 and LEA3, and stress tolerance in seedlings of
"nger millet and rice genotypes was seen when the

seedlings were subjected to induction stress prior to
their exposure to lethal stress (Jayaprakash et al. 1998).

Since the genetic variability in stress response is
expressed only upon induction stress, and is accom-
panied by the di!erential accumulation of HSPs
(Krishnan et al. 1989; Jorgensen et al. 1992), the intrin-
sically tolerant genotypes can be identi"ed by optimiz-
ing the induction- and lethal-stress treatments. Here,
we report the application of the temperature induction-
responsive (TIR) technique for identifying highly
thermo-tolerant lines from open-pollinated popula-
tions of sun#ower.

Materials and methods

Plant material

The sun#ower seeds, (Helianthus annuus. L.) Morden (an open-
pollinated heterogeneous population), were obtained from the
Project Coordinator (Sun#ower), Bangalore, India. The pre-imbibed
seeds were germinated on moist "lter paper in Petri dishes at 303C
and 60% RH. The germinated seedlings (approximately 1.5 cm in
length) and 15}20-day-old plants raised in plastic containers were
used to study the genetic variability in stress response.

Identifying thermo-tolerant lines at the seedling level

Induction temperature treatments

The germinated seedlings (48 h-old) were subjected to di!erent in-
duction temperature treatments such as 353C for 4 h, 403C for 4 h,
453C for 4 h, or to gradual induction. For gradual induction the
temperature was increased from 35 to 453C at the rate of 53C per
h and was later maintained for 2 h at 453C.

¸ethal temperature

The induced and non-induced (maintained at room temperature)
seedlings were exposed to a lethal temperature of 553C. The duration
of the lethal temperature was varied from 1 to 3 h in order to achieve
varying levels of severe (low-stringency lethal/high-stringency lethal)
temperature stress.

¸ow-stringency lethal: Here the temperature treatment is severe
enough to cause 50% mortality in the non-induced seedlings at the
end of recovery.
High-stringency lethal: Here the temperature treatment is severe
enough to cause 90}95% mortality in the induced seedlings at the
end of recovery.
Recovery growth: After the lethal temperature treatment seedlings
were allowed to recover by transferring them to 303C for 72 h. At the
end of the recovery period root and shoot growth and the per cent
survival of seedlings were recorded.

In all these experiments 15 seedlings were used per replication and
each treatment had three replications. These experiments were con-
ducted at 60% RH.

Identi"cation of thermo-tolerant lines

By adopting an optimum induction and a high-stringency lethal
protocol, about 5000 seeds of an open-pollinated population of
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sun#ower were screened. The surviving seedlings (approximately
300) at the end of recovery were selected as thermo-tolerant lines and
developed into plants.

Development of plants from the selected lines of the open-pollinated
population

The selected lines were transferred to a plastic pot containing a red
soil and sand mix (1 : 1) and established in the greenhouse for 30
days. Only 40}50% of the transplanted seedlings survived and were
established as plants. Similarly, plants were also developed from the
original population and were compared with the selected lines with
respect to temperature tolerance.

Development of progenies from the selected lines

The selected lines were allowed to open-pollinate among them-
selves and the resulting seeds were bulked and termed the progeny
population.

Stress response of selected lines at the plant level

¸eaf-area recovery

The 30 day-old plants of selected lines and the original population
were subjected to a lethal temperature (503C for 1 h), with or without
prior optimum induction, and later were allowed to recover in the
greenhouse for 6 days. Leaf-area recovery was recorded at the end of
the recovery period.

Membrane integrity

The membrane integrity in the leaves of the treated plants (30 day-
old) was analyzed 16 h after temperature treatment by following the
Leopold et al. (1981) method. Leaf punches were taken from the top
third leaf and incubated in 10 ml of de-ionised water on a shaker for
3 h. At the end of 3 h, initial absorbance (D) was measured at
273 nm. Following this the leaf punches were boiled over a hot water
bath for 30 min and the "nal D was recorded. The percent leakage
was computed as follows:

Initial D
percent leakage"**** ]100.

Final D

Western blots

Proteins were isolated from induced and non-induced seedlings and
leaf tissues by rapid homogenization in 0.1 M tris-HCl bu!er
(pH 7.8). Protein samples (100 lg/lane) were subjected to SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE) and electroblotted onto
a nitrocellulose membrane according to Kyhse-Andersen (1984).
Blots were blocked using 4% casein in PBS for 12 h at 43C. Later,
they were probed with primary antibody for 2 h at room temper-
ature. For detecting HSP 90 and HSP 104, the antibodies raised in
rabbit against rice HSP 90 and HSP 104 were employed at a 1 : 2500
dilution (Ashwani Pareek et al. 1995); HSP 18.1 was detected by
using an antibody raised in rabbit against a fusion protein contain-
ing a C-terminal conserved region of pea HSP 18.1 at a 1 : 250
dilution (DeRocher et al. 1991). The bands in Western blots were
visualized after incubating with alkaline phosphatase-conjugated-
goat anti-rabbit IgG for 1 h at room temperature and developed by

using nitro blue tetrazolium and 5- bromo-4-chloro-3-indolyl-phos-
phate as a substrate (Engvall and Perlmann 1972).

Frequency analysis

The germinated seedlings (n"15) of the original and progeny popu-
lations were subjected to the lethal temperature with or without
prior gradual temperature-induction. The recovery growth of the
seedlings were grouped into ten size classes. The level of signi"cance
of the frequency distribution in induced and non-induced seedlings
of the two populations was calculated as described by Siegel (1956).

Results

Induction response

Seedlings exposed to the induction temperature prior
to the lethal temperature exhibited a higher growth
recovery compared to the non-induced seedlings. Fur-
ther, the recovery growth varied signi"cantly across
di!erent induction temperatures (Figs. 1, 2). The max-
imum recovery growth was obtained following gradual
temperature-induction treatment.

One of the possible mechanisms for the enhanced
recovery growth of induced seedlings is by the synthesis
of heat-shock proteins which impart thermo-tolerance
(Lindquist and Craige 1988; Hahn and Li 1990;
Vierling 1991; O'Connel 1994). We examined the

Fig. 1 Recovery growth of sun#ower seedlings exposed to high-
temperature stress following di!erent induction treatments. Ger-
minated sun#ower seedlings were exposed to di!erent induction
temperatures including 353C, 4 h; 403C, 4 h; 453C, 4 h separately,
and a gradual induction and (GI) of 353C, 1 hP403C, 1 hP453C,
2 h. A non-induced control was maintained at 303C. Later, they
were transferred to a lethal temperature of 553C, 1 h, following
which the seedlings were recovered at 303C for 72 h. At the end of
recovery the root and shoot growth was recorded. Three indepen-
dent experiments were conducted and the data were averaged. Bars
represent the standard error of means at the 5% level
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Fig. 2 Response of sun#ower
seedlings to di!erent induction
temperature treatments.
Germinated sun#ower seedlings
were exposed for 1 h of lethal
temperature stress, 553C,
following di!erent temperature-
induction treatments. The
photograph was taken after 72 h
of recovery (for details refer to
Fig. 1)

Fig. 3 A Western blot showing the enhanced expression of HSP 18.1
(a), HSP 90 (b) and HSP 104 (c) in temperature-induced seedlings.
Protein was extracted at the end of induction from both heat-
induced (HI) and non-induced (NI) germinated seedlings of sun-
#ower and separated by SDS-PAGE (100 lg/lane) and subjected to
immunoblot analysis using the indicated antisera

expression of HSP 18.1, HSP 90 and HSP 104 follow-
ing temperature induction. There was enhanced syn-
thesis of all these HSPs upon temperature induction
(Fig. 3) and this result suitably complemented the re-
covery growth response of the induced seedlings.

Selection of thermo-tolerant lines from an
open-pollinated population of sun#ower

The original population used for this study was highly
heterogeneous. In order to identify thermo-tolerant

lines, the seedlings were initially subjected to gradual
temperature induction, followed by a lethal temper-
ature for di!erent durations. With an increase in the
duration of the lethal temperature, the percent survival
of seedlings was markedly reduced (Figs. 4, 5). Lethal
stress at which only 5}10% of the seedlings survived
was considered as high-stringency lethal (explained in
Materials and methods). The surviving seedlings at
high-stringency lethal stress were selected as thermo-
tolerant lines and subsequently developed into
plants.

Evaluation of selected lines at the plant level to validate
the screening done at the seedling level

The 30 day-old plants of selected lines and the original
population were subjected to a high-temperature stress
of 503C for 1 h 30 min following gradual temperature
induction. The level of stress tolerance was assessed by
monitoring the leaf-area recovery and the maintenance
of membrane integrity. The selected population
exhibited a higher leaf-area recovery and also a higher
membrane integrity under temperature stress (Table 1,
Fig. 6). These results thus con"rm that the selected
lines are intrinsically tolerant and, therefore, also vali-
dates the initial screening done at the seedling level.
Further, to test the heritability of the identi"ed trait
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Fig. 4 Percent survival of seedlings exposed to di!erent lethal-tem-
perature durations following a gradual temperature induction. Ger-
minated sun#ower seedlings were exposed to di!erent durations of
a lethal temperature (553C, 1 h or 553C, 2 h or 553C, 3 h) with or
without prior gradual temperature induction. After 72 h of recovery
the percent survival of the seedlings was recorded. The data present-
ed here is the average of three experiments and the bar represents the
mean standard error at the 5% level

(thermo-tolerance) the progenies of the selected lines
were assessed for high-temperature tolerance.

Evaluation of the progeny population of selected lines
for temperature tolerance

The germinated seedlings of the progeny population
were subjected to high-temperature stress with or with-
out prior gradual temperature induction. The induced
progeny population of the selected lines showed a high-
er growth recovery than the induced original popula-
tion (Fig. 7). However, in the non-induced treatment
there was no signi"cant di!erence in the recovery
growth of the two populations. Further, the higher
recovery growth of the induced progeny population
was associated with enhanced synthesis of HSP 104
(Fig. 8).

Variability in the recovery growth of the
seedlings of the original population and the
progenies of the selected lines

Since the population used for this study was heterogen-
eous, a considerable variation in the recovery growth of
induced seedlings was observed. The extent of variabil-
ity was measured using the frequency distribution of
the recovery growth of the induced and non-induced
seedlings of both the original and the progeny popula-
tions (Fig. 9). The non-induced seedlings did not show

any variation in recovery growth, i.e. a large number
of seedlings grouped into the same class interval
(Fig. 9. a,c, CV"23.07 and 26.75% respectively). But,
when the induced seedlings were exposed to high-tem-
perature stress, they exhibited considerable variation in
recovery growth, i.e. the seedlings were distributed
in di!erent class intervals (Fig. 9.b. CV"54.41%,
D-max between induced and non-induced"0.733,
P(0.01). More interestingly, when the induced seed-
lings of progenies of the selected lines were subjected to
high-temperature stress they exhibited a remarkably
higher variation in recovery growth, i.e. the seedlings
were distributed in di!erent class intervals (Fig. 9.d.,
CV"52.87%, D-max between induced and non-in-
duced"0.933, P(0.01). Therefore, this suggests that
genetic variability for stress tolerance is seen only upon
optimum induction stress.

Discussion

Our results clearly demonstrate that the induced seed-
lings exhibited a higher recovery growth compared to
the non-induced and also accumulated higher levels of
a few low- and high-molecular weight HSPs, such as
HSP 18.1, HSP 90 and HSP 104. The synthesis and
localization of some of these HSPs trigger several im-
portant physiological and biochemical parameters
(Chen et al. 1990), including the maintenance of mem-
brane stability (Kader et al. 1991) and chaperoning of
the proteins (Sanchez and Lindquist 1990; Vierling and
Nguyen 1992). These changes facilitate the mainten-
ance of cellular function under stress. However, the
expression of stress-induced genes and the subsequent
changes in physiological processes occur predomi-
nantly during induction stress. Therefore, only the
seedlings which were pre-exposed to the optimum tem-
perature-induction stress exhibited better recovery
growth. More importantly, though the induced and
non-induced seedlings are not di!erent genetically, the
induced seedlings showed higher tolerance by the en-
hanced expression of stress-responsive genes.

The thermo-tolerant lines were identi"ed from the
open-pollinated (heterogeneous) sun#ower population
by varying the duration of the lethal temperature of the
induced seedlings (Fig. 4). The plants which developed
from these identi"ed lines were also found to be toler-
ant to high temperature, and so validate the initial
screening done at the seedling level. In a similar study
Blumenthal et al. (1990) have shown that the coleoptiles
of "eld-resistant wheat cultivars exposed to a lethal
temperature upon heat shock exhibited better growth
compared to a "eld-susceptible cultivar. This indicates
that screening for temperature tolerance at the seedling
level is valid. Further, the performance of the selected
lines under temperature stress was superior to that of
the original population. This was principally because
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Fig. 5 E!ect of di!erent
durations of lethal temperature
on seedling survival. The percent
survival of seedlings in induced
(Cy.I) and non-induced (C)
conditions of di!erent durations
in lethal temperature, such as
553C-1 h (a), 553C-2 h (b), 553C-
3 h (c) was recorded and the
photographs were taken 72 h
after the stress treatment

Fig. 6 Variation in the thermo-
tolerance of original and selected
lines at the plant level. The
30-day old plants, developed
from original population (CI)
and selected lines of the original
population (SCI) were subjected
to a lethal temperature of 503C
for 1 h following gradual
temperature induction. The
photograph was taken after
6 days of recovery
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Table 1 Higher membrane stability and leaf area recovery of se-
lected lines under high-temperature stress.

The 30 day-old plants, developed from the original population
and the selected lines of (for details see Materials and methods) the
original population were subjected to a lethal temperature of 503C
for 1.5 h following an optimum gradual temperature induction.
Later, recovered for 6 days. During recovery (16 h after recovery) the
leaf punches were collected from these plants for membrane-integ-
rity assessment. The leaf-area recovery was recorded 6 days after the
stress treatment

Treatment Recovery
leaf area
(cm2)

Membrane
integrity
(% leakage)

Selected induced 223 29.56
Selected non-induced Nil 32.65
Original induced 124 31.62
Original non-induced Nil 44.08

LSD at 5% 10.29 0.40

Fig. 7 Di!erential thermo-tolerance of the original, and progeny
populations of the selected lines at the seedling level. Germinated
seedlings of the original, and progenies of the selected, lines were
subjected to the lethal temperature with or without prior gradual
temperature induction. The seedlings were recovered at 303C for
72 h and the root and shoot growth was recorded. This experiment
was repeated three times and the average data is presented. Bars
represent the standard error of the means at the 5% level

Fig. 8 Enhanced expression of HSP 104 in the progenies of selected
lines. Lanes 1 and 3 Non-induced original (1) and progeny of selected
lines (3). Lanes 2 and 4 Induced original (2) and progeny of selected
lines (4). Proteins extracted at the end of induction from the top-
third leaves of 30 day-old plants of the original and progeny popula-
tion was separated by SDS-PAGE (100 lg/lane) and subjected to
immunoblot analysis using HSP 104 antisera

Fig. 9a+d Frequency distribution of the recovery growth of original
and progeny populations. a non-induced original population, b in-
duced original population, c non-induced progeny population and
d induced progeny population. The Kolmogorov-Smirnov test in-
dicated a signi"cant di!erence in the frequency distribution in the
induced seedlings of the original (D-max between induced and non-
induced: 0.733, P(0.01) and the progeny (D-max between induced
and non-induced: 0.933, P(0.01) populations. But in the non-
induced it was non-signi"cant (D-max between non-induced orig-
inal and non-induced progeny population: 0.222, NS)

they were selected by imposing a high selection pres-
sure upon optimum induction. These selected lines
showed better membrane integrity under stress, a trait
which broadly re#ects intrinsic tolerance (Mckersie and
Leshem 1994).

The progenies of the selected lines also exhibited
greater tolerance to high temperature compared to the
original population, and this trait was associated with
a higher accumulation of HSP 104. The importance of
HSP 104 in acquisition of thermo-tolerance has been
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proved in systems such as yeast (Parsell et al. 1994;
Sanchez and Lindquist 1990), soyabean and arabidop-
sis (Lee et al. 1994; Schirmer et al. 1994). This suggests
that the population selected based on the temperature
induction response at high stringency lethal are highly
thermo-tolerant and this trait is heritable. Recently,
Joshi et al. (1997) have shown the genetic linkage be-
tween the acquired thermo-tolerance trait and the dif-
ferential expression of a unique member of the HSP 26
gene family in wheat, and this further strengthens our
"ndings.

In this study, when an open pollinated population
was subjected to high temperature stress upon an
optimum induction, considerable variation in recovery
response was seen (Fig. 4). Such a variation is in fact,
a pre-requisite for identifying highly tolerant lines
at high stringency lethal stress. The lines thus selected
and their progenies showed higher thermo-tolerance.
Enhanced expression of the HSPs could be one of
the mechanisms attributed to high temperature
tolerance, as it was shown in cotton (Susan and
O'Connel 1989), maize (Ristic et al. 1991; Jorgenson
et al. 1992), sorghum (Howarth 1989; Ougham and
Stoddart 1986), wheat (Krishnan et al. 1989; Blumen-
thal et al. 1990, Vierling and Nguyen 1992) and sugar
cane (Moisyadi and Harrington 1989).

Our results conclusively showed that by developing
optimum temperature induction stress protocol and
arriving at high stringency lethal stress; thermo-toler-
ant lines can be identi"ed. Further, the thermo-tolerant
trait was positively associated with enhanced accumu-
lation of HSP 104 which therefore, can be used as
a biological marker to con"rm the identi"ed tolerant
genotype. This technique is amenable for screening
large number of seedlings and since it is non-destruc-
tive, the identi"ed tolerant lines can be developed into
subsequent progenies. Therefore, this will be a novel
approach to screen a segregating population.
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