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Increased Thermotolerance of Transgenic Rice Plant by

Introduction of Thermotolerant Gene
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Abstract

To increase thermotolerance of forage crops, transgenic rice plants as a model for transformation of
monocots were generated. A ¢cDNA encoding the chloroplast-localized small heat shock protein (small HSP) of
rice, Oshsp21, was introduced into rice plants via Agrobacterium-mediated gene transfer system. Calli induced
from scutella were co-cultivated with a A. tumefaciens strain EHA101 carrying a plasmid, pIGhsp2l. A large
number of transgenic plants were regenerated on a medium containing hygromycin. Integration of Oshsp2l
gene was confirmed by PCR and Southern blot analyses with genomic DNA. Northern blot and immunoblot
analyses revealed that the Oshsp2l gene was constitutively expressed and accumulated as mature protein in
transgenic plants. Effects of constitutive expression of the Oshsp2l on thermotolerance were first probed with
the chlorophyll fluorescence. Results indicate that inactivation of electron transport reactions in photosystem II
(PSII), were mitigated by constitutive expression of the Oshsp2l. These results suggest that the chloroplast
small HSP plays an important role in protecting photosynthetic machinery during heat stress.
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I. Introduction the
reticulum (ER) and the mitochondrium (Waters et

Thermotolerance, or the ability of living organisms
to withstand exposure to lethal high temperatures, is
thought to be conferred by the induction of heat
shock proteins (HSPs) (Lindquist and Craig, 1988).
HSPs
classified into five
HSP100, HSP90, HSP70, HSP60 and small HSPs of
15-30 kbDa (Lindquist and Craig, 1988).
these, the most abundant in higher plants is a group
of small HSPs that belong to the HSP20 super
family (Vierling, 1991; Waters, 1995).

HSPs are all

classified into five

The major synthesized in ecukaryotes are

conserved classes, namely,

Among

Plant small nuclear-encoded and

multigene  families, being

localized to different cellular compartments including

al, 1996). The chloroplast small HSP is synthesized
in the cytoplasm as a precursor and transported into
1988). Little is

known about the cellular function of these small

the chloroplast (Vierling et al,

HSPs. Recently, however, it has been shown that
these proteins possess molecular chaperone activity
to prevent thermal aggregation of proteins and to
facilitate refolding of denatured proteins (Lee et al,
1995; Parsell and Lindquist, 1993; Waters et al,
1996). Several studies have demonstrated correlations
between the accumulation of specific plant HSPs and
thermotolerance (Chou et al., 1989; Lee et al., 1995;
Park et al, 1996; Banzet et al., 1998). Thus, these
small HSP may be

observations suggested that
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involved in the acquisition of plant thermotolerance.

Rice (Oryza sativa L.) is the most important
cereal crop and rice straw has been also widely
used as roughages in Korea. Rice is heat tolerant
and is especially productive in summer. Most forage
grasses cultivated in Korea are cool season grasses
15~21C.

Among them, perennial ryegrass and timothy are

which have optimum temperature of

known to be sensitive to high temperature.
Temperatures above the optimum temperature greatly
reduce growth of forages. For these reasons, it
would be desirable to improve thermotolerance of
heat sensitive forage grasses by introducing a
thermotolerant gene.

To improve thermotolerance of forage grasses,
transgenic rice plants that constitutively overexpress
the chloroplast small HSP were generated. We also
examined if overexpression of the small HSP would

confer thermotolerance to transgenic plants.

II. Materials and Methods

1. Construction of Expression Vector

A cDNA encoding the chloroplast-localized small
HSP, Oshsp2l, was isolated from rice (Oryza sativa
L. cv. Nagdongbyeo) (Lee et al., 2000). The Xbal
(5" and Xho!l (3') fragment of the Oshsp21 cDNA
was placed downstream of the cauliflower mosaic
virus (CaMV) 35S promoter within the plG121-Hm
1994). The resulting plasmid,
plGhsp21l, was introduced into Agrobacterium
tumefaciens, EHA101 (Hood et al., 1986).

vector (Hiei et al.,

2. Plant Transformation

Dehusked mature rice seeds were sterilized in
2.5% NaOCl solution, inoculated into the callus
induction medium (Toki, 1997), and incubated under
light at 30°C. After 3 weeks, calli derived from the
scuiella were used for transformation. Agrobacterium
containing the expression vector, pIGhsp21, was

grown for 3 days on the AB medium containing 50

mg/L kanamycin and 50 mg/L hygromycin. The calli
were soaked in this suspension for 2 min and
excess bacteria were removed by blotting on sterile
After

callus

Kimwipes, and co-cultured for 3 days.

co-culture, the calli were washed with
induction medium containing 50 mg/L carbenicillin
and transferred to the selection medium containing
50 mg/L hygromycin and 50 mg/l. kanamycin. The
selected calli were transferred to the regeneration
medium containing 1 mg/L NAA and 5 mg/L

Kinetin (Toki, 1997).
3. PCR Analysis of Transgenic Plants

Genomic DNA was prepared from rice leaves by
the cetyltrimethylammonium bromide (CTAB) method
(Murray and Tompson, 1980). To confirm integration
of expression vector, pIGhsp2l, to transgenic plants,
PCR technique was employed. For PCR analysis,
genomic DNA from transgenic plant was used as a
template and oligonucleotides 5'-CCCACCCACGAG-
GAGCATC-3', corresponding to the sequence for the
3-portion of the 358 CaMV promoter, and 5'-
CACGCCGTTCTTGAGCTCG-3',
the internal sequence of Oshsp21 cDNA (Lee et al.,

corresponding  to

2000), were used as forward and reverse primers,

respectively. The resulting PCR products were

analyzed by electrophoresis on a 1.0% agarose gel.

4. Northern blot and Immunoblot Analyses

Total RNA was control  or
heat-treated
method (McGookin, 1984). Total RNA (5 ug) was

subjected to electrophoresis on a 1% agarose gel

prepared  from

leaves by the guanidine thiocyanate

containing 0.6 M formaldehyde, transferred onto a
nylon membrane (Biodyne A, Pall BioSupport, NY)
and hybridized with a “P-labeled Oshsp2l cDNA.
Hybridization was performed at 42°C for 16 h in a
solution that contained 50%
membrane was washed with 0.2 X SSC and 0.1%
SDS at 65C for 1 h, exposed to X-ray film or
imaging plate and analyzed using an image analyzer

formamide. The
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(BAS2000, Fuji Film, Tokyo).

Tissues were ground into a fine powder in liquid
N; with a mortar and pestle. Soluble proteins were
extracted and applied to 12% SDS-PAGE. After
electrophoresis, gels were either stained with
blue R250 or transferred to
Schleicher &
Rabbit
antiserum against a Oshsp2l fusion protein was used

at a dilution of 1:2000 (Lee et al, 2000). Bound

Coomassie brilliant

nitrocellulose membrane  (Protran,

Schuell, Germany) for immunoblot analysis.

antibodies were detected using goat anti-rabbit
alkaline phosphatase system (Promega, Madison,
WI).

5. Chlorophyll Fluorescence Measurements

Rice plants were grown in a growth chamber
under the conditions of 16 h light (257C) and 8 h
dark (227C). Leaves were cut into discs with a
diameter of 1 om and placed on a temperature-
controlled aluminum block. Chlorophyll fluorescence
was measured with a modulation fluorometer,
PAMI101 (Walz, Germany) equipped with PAM103
and KL1500, a light source for saturating pulses

(Miyao-Tokutomi et al., 1998).

[1I. Results and Discussion

To generate transgenic rice plants, the binary

vector plGhsp21 was introduced into rice plants
through Agrobacterium-mediated gene transfer system
using calli derived from the scutella. Initial selection
of transgenic calli was carried out on a selection
medium  (Toki,
mg/L) and kanamycin (50 mg/L). After 2 weeks on

this medium, vigorously growing compact calli were

1997) containing hygromycin (50

transferred to the regeneration medium. From 98
selected calli 27 hygromycin-resistant plants were
recovered and transferred to soil (Fig. I).

To provide evidence of integration of the Oshsp2l
into the rice. genome, genomic DNA was isolated
from transgenic rice

plants and subjected to

X - /"
B Transformants

Fig. 1. Regeneration of

transgenic rice
plants. Photograph was taken 4
weeks after selected calli had been
transferred to the regeneration
medium.

Southern blot analysis. All transgenic plants analyzed
gave the expected 1.2 kb band when
genomic DNA was digested with Xbal (5') and Sall
(3') (data not shown). Subsequently, genomic DNA

size of

was prepared from 4 relatively vigorously growing
analyzed by PCR
specific primers targeting the junction of CaMV 35S
promoter and Oshsp2l. The expected 0.8 kb DNA

fragment was amplified from genomic DNA isolated

transgenic  plants and using

from all selected transgenic plants but not from
non-transgenic plant (Fig. 2). These results indicate
that the Oshsp2] gene in successfully integrated into
genome of rice plants.

In order to examine the expression of the
Oshsp21 gene in independent transgenic plants, total
RNA was isolated from leaves of transgenic plants
and subjected to Northern blot analysis (Fig. 3).
Non-transgenic plant that had been treated at 42C
for 2 h was used as a control. As shown in Fig.
3A, transcripts were not detected in non-transgenic
plant at the control temperature of 25C, but were
accumulated at 42°C for 2 h. By contrast, significant

levels of the transcripts were accumulated in all



Lee et al. : Increased Thenmotolerance of Transgenic Plant

Transformants

2 3 4

Marker

{kb)
23.1
9.4

NT 1

» o,
D

N
o w

0.6 ol <€ 0.8 kb

Fig. 2. PCR analysis with genomic DNA in -

transgenic plants. Genomic DNA
was isolated from transgenic plant
and used as a template. After PCR
amplification, PCR products were
analyzed by agarose dgel electro-
phofesis. NT, non-transgenic plant;
Tr, transgenic plant. Arrowhead
indicates 0.8 kb DNA fragments
amplified by PCR.

transgenic plants at control temperature. Three out of
2 and 4)

accumulate considerably more Oshsp2l transcript in

4 transgenic plants (transformants 1.
the absence of heat stress than do heat-stressed (42
C. 2 h) non-transgenic plants.

of  OsHSP21
transgenic plants was analyzed by immunoblotting
using anti-OsHSP21 protein antibody (Fig. 3B). The
antibody detected a single band of 21 kDa in cell
of E. coli that

The accumulation protein  in

lysates expressed the mature
OsHSP21
non-transgenic plants, a single band of 21 kDa was
These indicates that the

precursor OsHSP21 protein expressed on heat stress

protein. Also in heattreated leaves of

detected. observation

was processed t0 the mature form in leaves. This 21
kDa band was of all

transgenic plants. As in the case of the transcript

also detected in leaves

level, the levels of OsHSP21 protein were different

[A] (B]
NT Transformants Transformants
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NTECT 2 3 4

Fig. 3. Northern blot and immunoblot
analyses of transgenic plants.
[A] Northern blot. Total RNA (5
vg) was fractionated by agarose gel
electrophoresis and subjected to
northern  hybridization. NT. non-
transgenic plant. [B] Immunoblot.
Soluble protein was purified from
leaves and subjected to immuno-
blotiing.

among transgenic plants. These results indicate that
the Oshsp2l gene was constitutively expressed and
normally accumulated as mature protein in transgenic
plants.

To determine effects of constitutive expression of
the OsHSP21 protein on thermotolerance were first
probed with the After

5-min incubation of leaf discs at high temperatures,

chlorophyll fluorescence.
the Fo, Fv and Fm levels were determined and the
Fv/Fm ratio that has been used as parameter of the
physiological state of photosynthetic apparatus in
intact leaves was calculated (Pospisil et al., 1998).
As shown in Fig. 4, decrease in Fv/Fm at high
temperature was mitigated by constitutive expression
of the Oshsp2l. In non-transgenic plant, Fv/Fm at
50°C was decreased to 10% of control temperature
of 25C. By contrast, Fv/Fm at 50°C in transgenic

plant remained about half of control temperature.

=100~
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These observations indicated that thermotolerance of
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Fig. 4. Changes of photosynthetic para-
meter, Fv/Fm. Chlorophyll fluor-
escence after 5-min heat treatment
at designated temperatures. Percent
increase of Fv/Fm was represented.

photosystem 1l (PSII) was improved by the
constitutive expression of the Oshsp2l.

Results in this study suggest a possibility that
establishment of gene transfer system for thermo-
tolerance genes into monocots could be a useful
tools to improve thermotolerance of heat sensitive

forage grasses.

IV. References

1. Banzet, N., C. Richaud, Y. Deveaux, M.
Kazumaier, J. Gagnon and C. Triantaphylides.
1998. Accumulation of small heat shock
proteins, including mitochondrial HSP22, induced
by oxidative stress and adaptive response in
tomato cells. Plant J. 13:519-527.

2. Chou, M., Y. Chen and C. Lin. 1989. Thermo-
tolerance. of isolated mitochondria associated
with heat shock proteins. Plant Physiol. 89:
617-621.

3. Hiei, Y., O. Shozo, K. Toshihiko and K.
Takashi. 1994. Efficient transformation of rice

10.

11

13.

-101—

(Oryza sativa 1.) mediated by Agrobacterium
and squence analysis of the boundaries of
T-DNA. Plant J. 6:271-282.

. Hood, E., G.L. Helmer, R.T. Fraley and M. D.

Chilton. 1986. The hypervirulance of Agrobac-
terium tumafaciens A281 is encoded in a region
of pTiBo542 outside of T-DNA. J. Bacteriol.
168:1291-1301.

. Lee, B.-H., S.-H. Won, H.-S. Lee, M. Miyao,

W.L Jung, 1J. Kim and J. Jo. 2000. Expression
of the chloroplast-localized small heat shock
protein by oxidative stress in rice. Gene
245(2):283-290.

. Lee, GJ., N. Pokala and E. Vierling. 1995.

Structure and in vitro molecular chaperone
activity of cytosolic small heat shock proteins
from pea. J. Biol. Chem. 270:10432-10438.

. Lindquist, S. and E.A. Craig. 1988. The heat

shock proteins. Annu. Rev. Genet. 22:631-677.

. McGookin R. 1984. RNA extraction by the

guanidine thiocyanate procedure. In: Walker JM
(ed), Methods in Molecular Biology, vol. 2. pp.
113-116. Humana Press. New Jersey.

. Miyao-Tokutomi, M., B.-H. Lee, N. Mizusawa

and N. Yamamoto. 1998. Active oxygen and
photoinhibition « f photosystem II. In: G, Garab
(ed). Photosynthesis: Mechanisms and effects.
Kluwer Academic Publishers: Vol. 1lI, pp.
2097-2102.

Murray, M.G. and W.F. Tompson. 1980. Rapid
isolation of high molecular weight plant DNA.
Nucleic Acids Res. 8:4321-4325.

Park, S., R. Shivaji, J.V. Krans and D. S.
Luthe. 1996. Heat-shock response in heat-tolerant
and nontolerant variants of Agrostis palustris
Huds. Plant Physiol. 111:515-524.

. Parsell, D.A. and S. Lindquist. 1993. The

function® of heat-shock proteins in  stress
tolerance:  degradation and reactivation of
proteins. Annu. Rev. Genet. 27:437-496.

Pospisil, P., J. Skonica and J. Naus. 1998. Low
and high temperature dependence of minimum

Fo and maximum Fm chlorophyll fluorescence



Lee et al. : Increased Thermotolerance of Transgenic Plant

14. Toki, S. 1997. Rapid and efficient Agrobac- proteins in plants. Annu. Rev. Plant Physiol.
terium-mediated transformation of rice. Plant Plant Mol. Biol. 42:579-620.
Mol. Biol. Rep. 15:16-21. 17. Waters, E.R. 1995. The molecular evolution of
15. Vierling, E., R.T. Nagao, A.E. DeRocher and the small heat-shock proteins in plants. Genetics
L.M. Harris. 1988. A heat shock protein 141:785-795.
localized to chloroplasts is a member of a 18. Waters, ER.,, GJ. Lee and E. Vierling. 1996.
eukaryotic superfamily of heat shock proteins. Evolution, structure and function of the small
EMBO J. 7:575-581. heat shock proteins in plants. J. Exp. Bot.
16. Vierling, E. 1991. The roles of heat shock 47:325-338.

-102—-



