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Abstract In order to explore the possible physio-
logical mechanism of high temperature induced
sterility in rice, we examined the floret sterility and
endogenous plant growth regulator contents in pol-
lens of two hybrid rice cultivars Shanyou63 and
Teyou559 that are tolerant and susceptible to high
temperature, respectively. Indexes of floret sterility,
pollen activity, and variation of endogenous indole-3-
acetic acid (IAA), gibberellic acids (GAs), abscisic
acid (ABA), free proline and soluble proteins in
anthers were measured. We found that during the
course of high temperature treatment, both cultivars
exhibited a marked decrease in pollen activity, pollen
germination and floret fertility; however, the high
temperature tolerant Shanyou63 showed a much
slower rate of decrease than the high temperature
susceptible Teyou559. In addition, anthers of both
cultivars displayed a decrease in the contents of IAA,
GAs, free proline and soluble proteins but an increase
in the ABA content. Yet compared to Teyou559,
Shanyou63 retained significantly higher levels of free
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praline and GAs and a lower level of ABA, along
with higher pollen vigour and pollen germination rate
even after prolonged high temperature treatment. Our
study suggests a possible correlation between pollen
viability/floret sterility and high temperature-caused
changes in IAA, GAs, ABA, free proline and soluble
protein contents. The severity in these changes may
reflect the variation of rice cultivars in their heat
stress sensitivities for floret development.
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Abbreviations

IAA  Indole-3-acetic acid
GAs  Gibberellic acids
ABA Abscisic acid

Introduction

Rice is grown mainly in tropical and subtropical
zones. Heading and flowering stage of rice is most
sensitive to high temperatures (Satake and Yoshida
1978; Tan et al. 1985). During this stage, heat stress
can most likely cause floret sterility, fecundity
decrease and yield loss, largely due to decrease in
pollen activity and pollen germination, limited
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growth of pollen tube, low anther dehiscence, lack of
pollen reaching to chapiter, and incomplete pollina-
tion (Li et al. 2002; Mackill et al. 1982; Matsui et al.
2001; Matsushima et al. 1982; Satake and Yoshida
1978; Tan et al. 1985; Tang et al. 2006).

There are obvious differences of sensitivity to high
temperatures among rice cultivars (Smirnoff 1993;
Tan et al. 1985). High temperature-tolerant cultivars
exhibit higher floret fertility, fecundity and anther
dehiscence than susceptible cultivars under the high
temperature stress (Matsui et al. 2000, 2001; Satake
and Yoshida 1978). In addition, tolerant cultivars
experience far less severe decrease of pollen activity
and pollen germination at high temperatures than
susceptible cultivars (Tang et al. 2006). The main
cause of anther indehiscence was well understood,
but physiological and biochemical mechanisms for
decreasing pollen activity and pollen germination
induced by heat are still not clear (Matsui et al. 2000,
Matsui and Omasa 2002).

It has been reported that endogenous hormones play
an important role in modulating male fertility. Insuf-
ficient IAA and GAs and excessive ABA may induce
pollen abortion (Nakajima et al. 1991; Shimizu and
Kuno 1967; Tang et al. 1996; Yang et al. 1990). Free
proline and soluble proteins in anthers are important
materials for normal pollen development and germi-
nation. Disruption of their normal accumulations due
to stresses may lead to drastic loss of pollen activity
and even to sterility (Plif 1981; Song et al. 1999).
High temperature (heat) stress is an often occurring
event during rice growth season. Yet different rice
cultivars display marked difference in heat sensitivity.
We report here our studies on high temperature
induced changes in anthers of endogenous phytohor-
mones, free proline and soluble proteins, in connection
with pollen activity, pollen germination and fecundity
of two rice cultivars of distinct high temperature
tolerance. Our results suggest a possible link between
changes in hormones, free proline and soluble proteins
in rice anthers and floret sterility during heat stress.

Materials and methods
Plant materials

Two hybrid rice cultivars Shanyou63 and Teyou559
(Oryza sativa ssp. indica) were used in this study.
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Shanyou63 is tolerant and Teyou559 susceptible to
high temperatures. The experiments were arranged as
a complete randomized-block design with two repli-
cations. Each replication consisted of four plants per
cultivar. Seeds were sown on April 29th, 2006 and
seedlings were transplanted on May 28th, 2006 in the
plastic boxes with four seedlings per box. During
different growing stages, urea containing rapeseed
meal (organic fertilizer) and the nitrogen/phosphorus/
potassium compound fertilizer were applied as
scheduled. Imidacloprid, Fipronil, and Validamycin
were sprayed to control Chilo suppressalis, Baliothr-
ips biformis, plant hopper, Cnaphalocrocis medinalis
and sheath blight as needed.

High temperature treatments

Phytotron was used for high-temperature treatments.
Plants at flowering stage were exposed to 39 + 0.5°C
for 4 h (10:00-14:00, Beijing time) for 1, 3 or 5 days.
The control plants were grown in the same conditions
as treated plants except for at the average temperature
of 32 + 0.5°C instead of 39°C.

Pollen activity was measured immediately after
the treatments. At the same time, anthers were
collected, frozen in liquid nitrogen and kept in
—20°C until use for assays of endogenous hormones,
free proline and soluble proteins. Pollen germina-
tion rate was measured on the next day of each
treatment.

Assaying methods

The methods for extraction and purification of TAA,
GAs (GA1 and GA4), and ABA were modified from
those described by He (1993). Anthers were ground
with 80% methanol containing 1 mM butylated
hydroxytoluene and extracted with 100 mg of poly-
vinylpyrrolidone (PVP) per gram fresh material for
4 h at 4°C. The supernatant was passed through
Chromosep C18 columns (C18 Sep-Park Cartridge,
Waters Corp., Millford, MA), prewashed with 10 ml
100% (w/v) and 5 ml 80% (v/v) methanol, respec-
tively. The hormone fractions were eluted with 10 ml
100% (v/v) methanol and 10 ml ether from the
columns and dried under N2, and dissolved in 2 ml
phosphate buffer saline (PBS) containing 0.1% (v/v)
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Tween 20 and 0.1% (w/v) gelatin (pH 7.5) for
analysis by ELISA.

The mouse monoclonal antigens and antibodies
against IAA, GAs and ABA, and IgG horseradish
peroxidase used in ELISA were produced at the
Phytohormones Research Institute (China Agricul-
tural University; He 1993). Each well on the
microtitration plate was coated with 100 pL coating
buffer (1.5 g/l Na2CO3, 2.93 g/l NaHCO3, and
0.02 g/1 NaN3, pH 9.6) containing 0.25 pg/ml anti-
gens against the hormones. The coated plates were
incubated for 4 h at 37°C for GAs, and ABA, and
overnight at 4°C for IAA, and then kept at room
temperature for 30 to 40 min. After washing four
times with PBS + 0.1% Tween 20 buffer (pH 7.4),
each well was filled with 50 pl of either pollen grain
extracts or IAA, GAs, and ABA standards
(0-2,000 ng/ml dilution range), and 50 pl of 20 pg/
ml antibodies against IAA, GAs, and ABA, respec-
tively. The plate was incubated for 3 h at 28°C for
GAs, ABA, and overnight at 4°C for IAA, and then
washed as above. One hundred microliters of
1.25 pg/ml  IgG-horseradish peroxidase substrate
were added to each well and incubated for 1 h at
30°C. The plate was rinsed five times with the above
PBS + Tween 20 buffer, and 100 pl color-appearing
solution containing 1.5 mg/ml O-phenylenediamine
and 0.008% (v/v) H,O, was added to each well. The
reaction was stopped by addition of 50 pl 6N H,SO4
per well when the 2,000 ng/ml standard had a pale
color, and the 0 ng/ml standard had a deep color in
the wells. Color development in each well was
recorded using an ELISA Reader (model EL310, Bio-
TEK, Winooski, VT) at optical density A490. TAA,
GAs, and ABA contents were calculated following
Weiler et al. (1981).

Acid Ninhydrin method was used for free proline
assaying. Anthers were ground in 3% sulfosalicylic
acid and incubated at 100°C for 15 min. Supernatant
collected after centrifuge at 3,000 g for 10 min was
mixed with an equal volume of acetic acid and acid
Ninhydrin and incubated at 100°C for 0.5 h. Toluene
was added into solution and color development of
extract was measured at A520.

Soluble proteins were extracted according to Zhang
and Tang (1992). Anthers were ground with 30 mM
Tris-HCI (pH 8.7) containing 1 mM 1,4-dithiothreitol,
1 mM Ve, 1 mM ethylene- diaminetetraacetic Acid,
5mM MgCl, and 1 mM phenyl methyl sulfonyl

fluoride. Supernatant collected after centrifuge at
4,000 g for 15 min was stained with Coomassie
Brilliant Blue G250 for measuring soluble protein with
colorimetric method at a wavelength of 595 nm.

Pollen from different florets was assayed for pollen
activity with benzidine staining test. Pollen for
germination test was placed on the glass slide
covered with 0.6% agar medium containing 18%
sucrose, 60 mg/l H3;BO3 and 300 mg/l Ca(NO3), and
artificially germinated by incubating at 29 + 0.5°C
for 5 min. Pollen from 8 to 10 spikes were scored as
germination rate for each treatment.

At maturity seeds were differentiated as plump and
shriveled once soaked in 95% ethanol.

Results

Effect of high temperature stress on seed setting
in indica hybrid rice

The percentage of fertility was decreased signifi-
cantly in both Shanyou63 and Teyou559 under 39°C
at flowering stage (Fig. 1). However, the pattern of
the decrease differed significantly according to cul-
tivars and treatment periods. As the temperature
treatments prolonged from 1 day to 3 days or 5 days,
the effect on fecundity was less severe with the high
temperature tolerant Shanyou63 than with the sus-
ceptible Teyou559 (Fig. 1). Nonetheless, longer
duration of temperature treatment decreased fertility
percentage in both cultivars.
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Fig. 1 Effects of high temperature stress (39°C) on seed
setting. Normal temperature treatment is referred as 0 day
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Effect of high temperature stress on pollen
activity

Pollen activity was reduced significantly in both
Shanyou63 and Teyou559 after only one treatment of
4 h at 39°C (Fig. 2A). The longer the plants were
exposed to the high temperature, the more pollen
activity decreased. In vivo pollen germination also
decreased after one 4-h 39°C treatment for both
cultivars (Fig. 2B). The degrees of decreases in both
pollen activity and pollen germination were more
severe in Teyou559 than in Shanyou63, indicating
that Shanyou63 was more tolerant to high tempera-
ture than Teyou559, which is in accordance with the
change of fertility.

Effect of high temperature stress on the content
of free proline and soluble proteins in anthers

The amounts of free proline (Fig. 3A) and soluble
proteins (Fig. 3B) in anthers of both Shanyou63 and
Teyou559 decreased dramatically under high tem-
perature stress. The decrease, which was positively
correlated with the period of the treatment, was much
more obvious in anthers of Teyou559 than that in
those of Shanyou63 under the same treatment, again
reflecting the property of Shanyou63 as being heat
tolerant. It is worth noting that after a 4-h heat
treatment for 5 days, the soluble protein content in
anthers was reduced to about the same level between
these two cultivars (Fig. 3B), even though Shan-
you63 still contained a much higher level of free
proline (Fig. 3A).

Fig. 2 Effects of high A 100

Effect of heat stress on the endogenous hormone
contents in anthers

Contents of IAA and GAs decreased notably in anthers
of both Shanyou63 and Teyou559 under high temper-
ature stress (Fig. 4). Particularly for Teyou559, a 4-h
treatment at 39°C resulted in approximately 46% drop
in IAA content (Fig. 4A). In contrast, only a 12%
decrease was observed for Shanyou63 (Fig. 4A).
Similar patterns occurred also for GAs (Fig. 4B).
The average contents of IAA and GAs decreased by
48.9% and 55.9% in Teyou559 and 20.4% and 30.2%
in Shanyou63, respectively, as compared to the control
plants. Interestingly, after heat treatments for 3 days or
5 days, the anther IAA content was maintained at the
similar level between these two cultivars (Fig. 4A) but
the GAs levels remained much higher in Shanyou63
than in Teyou559 (Fig. 4B).

In contrast to other parameters measured in this
study, high temperature treatments resulted in the
increase in anther ABA content for both cultivars
(Fig. 4C), suggesting ABA as a stress hormone.
Interestingly, the heat susceptible cultivar Teyou559
showed a higher increase than the heat tolerant
Shanyou63.

Discussion

Heading and flowering time, the most crucial stage
for fertility, is very sensitive to stressful environ-
ments. High temperature stress at this stage can
induce sterility and thus limit grain yield (Satake and
Yoshida 1978; Tan et al. 1985; Tang et al. 2006). In
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present study, we have demonstrated that high
temperature exposure to 39°C for as little as 4 h
could drastically decrease fertility as well as pollen
activity and germination of indica hybrid rice (Figs. 1
and 2). This kind of decrease is positively correlated
to treatment duration. The longer the treatment is
applied, the more severe the effects. Our study
supports the notion that fertility decrease is a

phenotypic behavior of rice under heat stress while
decrease in pollen activity and germination might be
the main physiological reason for sterility.

Damage to pollen under high temperature differs
in various cultivars. Pollen activity as well as fertility
of the high-temperature tolerant cultivar Shanyou63
decreased much less than those of the susceptible
cultivar Teyou559 (Fig. 2), which confirmed the

@ Springer



4

Plant Growth Regul (2008) 54:37-43

observed agronomic traits for these two cultivars.
Hence, this variability among cultivars could be
utilized in breeding programs for production of high
temperature tolerant cultivars. Adoption and breeding
high-temperature tolerant rice cultivars would be one
of the most effective countermeasures to maintain
high productivity and stability of rice under heat
stress.

Amounts of endogenous hormones in anthers of
both Shanyou63 and Teyou559 changed significantly
under high temperature stress (Fig. 4). The contents
of IAA and GAs decreased while ABA increased
obviously. The longer the treatment performed, the
more severe the decrease of IAA and GAs were
observed. Decrease of IAA and GAs and increase of
ABA in the high-temperature tolerant cultivar were
less drastic than the susceptible cultivar. Previous
studies showed that hormones play an important role
in the development of male fertility. The maintenance
of certain contents of IAA and GAs is necessary to
normal development of anthers. Lack of sufficient
active IAA and GAs would cause pollen abortion,
which is a common reason for male sterility (Nak-
ajima et al. 1991; Shimizu and Kuno 1967; Tang
et al. 1996; Yang et al. 1990). ABA is a key factor to
prevent premature anther development and, when
necessary, trigger pollen abortion (Tang et al. 1996;
Yang et al. 1990). Relatively low level of ABA in
anthers is required for normal anther/pollen develop-
ment. Therefore, we consider that deficiency in IAA
and GAs and abnormal increase in ABA level
induced by high temperature may be a main physi-
ological mechanism for floret sterility and lower
fecundity.

On the other hand, free proline and soluble
proteins in anthers provide energy, nutrition and
osmosis environment necessary for pollen germina-
tion and elongation (Plif 1981; Song et al. 1999). In
addition, free proline and soluble proteins can
regulate cell infiltration and stabilize cell membrane
structure, which contributes to maintain cell structure
and function under abiotic stresses (Jiang et al. 1997;
Smirnoff 1993). Our results show that contents of free
proline and soluble proteins in anthers of Shanyou63
and Teyou559 decreased significantly during heat
treatments (Fig. 3). The decrease in the high-temper-
ature susceptible cultivar was more rapid and
profound than that in the tolerant cultivar. It appears
that contents of free proline and soluble proteins in
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anthers are closely correlated with pollen activity.
The decrease of free proline and soluble protein
induced by high temperatures may be another major
stress indicator, along with hormonal changes, for
decrease in pollen activity and floret sterility in rice
plants.
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