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Superoxide dismutase (SOD) gene expression was investigated to
elucidate its role in drought and freezing tolerance in spring and
winter wheat (Triticum aestivum). cDNAs encoding chloroplastic
Cu/ZnSODs and mitochondrial MnSODs were isolated from wheat.
MnSOD and Cu/ZnSOD genes were mapped to the long arms of the
homologous group-2 and -7 chromosomes, respectively. Northern
blots indicated that MnSOD genes were drought inducible and
decreased after rehydration. In contrast, Cu/ZnSOD mRNA was not
drought inducible but increased after rehydration. In both spring
and winter wheat seedlings exposed to 2°C, MnSOD transcripts
attained maximum levels between 7 and 49 d. Transcripts of Cu/
ZnSOD mRNA were detected sooner in winter than in spring wheat;
however, they disappeared after 21 d of acclimation. Transcripts of
both classes of SOD genes increased during natural acclimation in
both spring and winter types. Exposure of fully hardened plants to
three nonlethal freeze-thaw cycles resulted in Cu/Zn mRNA accu-
mulation; however, MnSOD mRNA levels declined in spring wheat
but remained unchanged in winter wheat. The results of the dehy-
dration and freeze-thaw-cycle experiments suggest that winter
wheat has evolved a more effective stress-repair mechanism than
spring wheat.

Active oxygen species such as superoxide, H,O,, and
hydroxyl radicals are by-products of normal cell metabo-
lism. These active oxygen species result in the peroxidation
of membrane lipids (Mead, 1976), breakage of DNA strands
(Brawn and Fridovich, 1981), and inactivation of enzymes
(Fucci et al.,, 1983). The conditions leading to damage
caused by active oxygen species are referred to as oxidative
stress. Both chloroplasts and mitochondria can produce
active oxygen species either under normal growth condi-
tions or during exposure to various stresses. The PSI
electron-transport chain contains a number of autooxidiz-
able enzymes that reduce O, to superoxide (Badger, 1985;
Asada and Takahashi, 1987; Asada, 1994), and evidence
indicates that superoxide and H,O, can also be produced
by PSII under high-light intensities (Landgraf et al., 1995).
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During mitochondrial respiration, reactive oxygen species
are also generated via the reactions of the electron-
transport chain (Rich and Bonner, 1978; Bowler et al., 1991).

Active oxygen species are also generated during chemi-
cal and environmental stresses, including chilling and
freezing (Wise and Naylor, 1987; Senaratna et al., 1988;
Kendall and McKersie, 1989; Tsang et al., 1991; McKersie et
al., 1993), drought (Perl-Treves and Galun, 1991; Price and
Hendry, 1991), desiccation (Senaratna et al., 1985; Leprince
et al.,, 1990), flooding (Hunter et al., 1983; Van Toai and
Bolles, 1991), herbicide treatment (Malan et al., 1990;
Kurepa et al, 1997), pathogen attack (Montalbini and
Buonaurio, 1986; Buonaurio et al., 1987; Koch and Slusar-
enko, 1990), and ionizing radiation (Niwa et al., 1977).

SODs are a group of metalloenzymes that protect cells
from superoxide radicals by catalyzing the dismutation of
the superoxide radical to molecular O, and H,O,. SODs are
categorized into two families with unrelated DNA se-
quences. Cu/ZnSOD is located mainly in the cytosol
and/or chloroplasts of plants, whereas the other family
contains either Mn (MnSOD) in the mitochondria or Fe
(FeSOD) in the chloroplast (Fridovich, 1986). For mono-
cotyledonous plants, only ¢cDNAs for chloroplastic Cu/
ZnSOD and mitochondrial MnSOD have been isolated
from rice or corn (Sakamoto et al., 1993; Zhu and Scan-
dalios, 1993; Kaminaka et al., 1997).

Cold and drought are the most common environmental
stresses, but the regulation of SOD gene expression under
these conditions is not well documented (Perl-Treves and
Galun, 1991; Price and Hendry, 1991; McKersie et al., 1993).
Wheat (Triticum aestivum) is the largest cultivated crop in
the world and has distinct spring and winter genotypes. To
our knowledge, no study has been done of the SOD gene
response to prolonged periods of cold and drought stress
or of the differential regulation of SOD gene expression
between spring and winter genotypes in wheat. In this
paper we report the isolation, chromosomal localization,
and differential expression of chloroplastic Cu/ZnSOD
and mitochondrial MnSOD genes in a spring and a winter
wheat subjected to both cold and drought stresses.

Abbreviations: LT5, median lethal temperature (causing 50%
death); SOD, superoxide dismutase.
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MATERIALS AND METHODS
Plant Materials

Spring and winter wheat (Triticum aestivum cvs Katepwa
and Norstar, respectively, both hexaploid) were used for
northern analyses. The cv Chinese Spring wheat and 35
ditelosomic lines derived from cv Chinese Spring were
used for chromosomal localization of SOD genes. In the
nomenclature of the ditelosomic lines, the numeral indi-
cates the chromosome number, the A, B, or D represents
the specific genome, and the L or S indicates which chro-
mosome arm is present. Ditelosomic lines from the E.R.
Sears collection were provided by Drs. B. Fowler and A.
Limin (Crop Development Center, University of Saskatche-
wan, Saskatoon, Canada).

Drought Treatment

Seedlings of both the spring and winter wheat were
grown in a sandy-loam soil at a density of five or six plants
per pot (15 cm in diameter) in a greenhouse. Water was
withheld from plants at the three-leaf stage for 6 d to
simulate a drought stress, and then the plants were wa-
tered to saturation. During the drought period a fan was
used to increase the rate of transpiration. Plants were har-
vested at 0, 2, 4, and 6 d during the drought treatment and
1 and 3 d after rehydration. Leaf water potentials (bar)
were measured with a water-potential meter (PMS Instru-
ment Co., Corvallis, OR).

Cold Acclimation in a Controlled Environment

The wheat seeds were germinated on moist paper towels
and the seedlings were transferred to a foam grid for
hydroponic culture. The planting grids were used to sus-
pend the seedlings over one-half-strength Hoagland solu-
tion, with the roots immersed in a continuously aerated
solution (Tyler et al., 1981). At the three-leaf stage, the
temperature of the controlled-environment chamber was
decreased to a constant day/night temperature of 2°C, with
a 16-h photoperiod. The plants were harvested after 0, 2, 7,
21, and 49 d of cold acclimation.

Cold Acclimation under Natural Autumn Conditions

Seeds of spring and winter wheat were sown into flax
stubble at the University of Saskatchewan on September 9,
1996. Seeding depth was 3 to 5 cm, and 10 kg ha ™" fertilizer
(11-15-1) was applied at the time of seeding. Field-
acclimated seedlings at the three- to five-leaf stage were
harvested on September 26, September 30, October 9, Oc-
tober 15, and October 22 and subjected to a controlled-
freeze test as described previously (O’Conner et al., 1993).
After freezing, the crowns were thawed at 4°C overnight
and transplanted to flats containing Redi-Earth (W.R.
Grace & Co., Boca Raton, FL) for regrowth analysis after 3
weeks at 23°C in a greenhouse. Freezing tolerance was
determined as LTs, (Gusta et al., 1982).
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Plants harvested on October 22 were subjected to a
freeze-thaw cycle. Seedlings of both cultivars were placed
on moist tissue paper in the bottom of 30- X 140-mm glass
test tubes, nucleated with ice at —2.5°C, held isothermal for
1 h, and cooled to —3°C overnight. The next morning, the
seedlings were thawed at 4°C for 8 h and recooled to —3°C
overnight. After three freeze-thaw cycles, the seedlings
were transplanted to flats containing Redi-Earth for re-
growth analysis for 3 weeks as described above.

Screening of Wheat cDNA Library

A cDNA library constructed in AZAPII (Stratagene) from
mRNA isolated from cold-acclimated cv Norstar winter
wheat (Houde et al., 1992) was obtained from Dr. F. Sarhan
(University of Montreal, Quebec, Canada). The library
was screened with heterologous probes from wild to-
bacco (Nicotiana plumbaginifolia): a mitochondrial MnSOD
cDNA (Bowler et al., 1988) and a chloroplastic Cu/ZnSOD
cDNA (Tsang et al., 1991). Approximately 5.0 X 10* phage
were plated on 150-mm NYZ agar (5 g of NaCl, 2 g of
MgSO,7 H,O, 5 g of yeast extract, and 10 g/L NZ amine)
plates and grown at 37°C for 6 to 9 h. After the plates were
cooled at 4°C overnight, plaques were lifted onto nylon
membranes (Hybond N*, Amersham). The hybridization
and washing procedures were as outlined by the manufac-
turer. The remainder of the isolation procedure was con-
ducted as described in the AZAPII ¢cDNA library protocol.

DNA Sequencing and Sequence Analysis

Six MnSOD ¢DNAs and five chloroplastic Cu/ZnSOD
cDNAs were sequenced completely using primers and
synthetic oligonucleotides from cycle DNA-sequencing
reactions performed with fluorescent dye terminators on
an automated DNA sequencer (model 373A, Applied Bio-
systems) at the Plant Biotechnology Institute (National
Research Council, Saskatoon, Saskatchewan, Canada).
Overlapped sequence data from both strands for each clone
were assembled and analyzed using DNAStar computer
software (Madison, WI).

Mapping of SOD Genes Using Southern Analysis

Genomic DNA was isolated from seedlings of the avail-
able ditelosomic wheat lines (cv Chinese Spring) using the
cetyl-trimethyl-ammonium bromide method (Procunier et
al., 1990). The genomic DNA (7.5 ug) was digested with
Dral, electrophoresed in 1.0% agarose gels, and transferred
onto nylon membranes (GeneScreen Plus, NEN Life Sci-
ence) by capillary blotting. Hybridization and washing
were carried out according to the manufacturer’s instruc-
tions for aqueous hybridization.

Northern Analysis

Total RNA was isolated from crown tissue of wheat
using a modified hot-phenol method (Robertson et al.,
1994). After isolation, total RNA (30 ug per lane) was
separated by electrophoresis on formaldehyde gels. The
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Figure 1. Southern analyses of genomic DNA isolated from cv Chi-
nese Spring (CS) wheat ditelosomic lines. Wheat genomic DNA was
digested with Dral, separated by agarose-gel electrophoresis, trans-
ferred to nylon membranes, probed with chloroplastic Cu/ZnSOD (a)
and mitochondrial MnSOD (b) genes, and washed under high-
stringency conditions.

remainder of the RNA blotting and hybridization was as
described previously (Robertson et al., 1994), except that
200 ug of sonicated herring DNA was used instead of yeast
tRNA.

Each lane of the autoradiography films from all northern
blots were passed through a scanning densitometer three
times to obtain an average value for relative intensity. Zero
was determined by passing the beam through a clear re-
gion of the film, which had not been in contact with the
membrane. The values obtained for each treatment from
the various gels were then averaged and plotted to show
relative changes in mRNA accumulation. The relative in-
tensity of mRNA transcripts in northern blots was ex-
pressed as treatment intensity divided by control intensity.

RESULTS

Isolation and Characterization of Chloroplastic
Cu/ZnSOD Genes

A Cu/ZnSOD cDNA from wild tobacco (Tsang et al,,
1991) was used to probe a cold-acclimated winter wheat cv
Norstar AZAPII (Stratagene) cDNA library (Houde et al.,
1992). Five positive clones were isolated, and both strands
of each clone were sequenced completely. Three of the
c¢DNAs had complete open reading frames. The first clone
(SOD1.1) was 883 bp (accession no. U69536), whereas the
other two were identical and were designated SOD1.2 (781
bp) (accession no. U69632). Both genes were missing

poly(A™) tails but contained polyadenylation signals
(AAATAAA). The two genes had 98% identity and en-
coded two nearly identical (98% identity) Cu/ZnSOD pro-
teins of 201 amino acids with a calculated molecular mass
of approximately 20.3 kD and a calculated pI of 5.46. The
wheat chloroplast Cu/ZnSOD proteins were 80% to 86%
identical to the chloroplast Cu/ZnSODs from other plant
species (e.g. pea, tomato, and spinach) but had only 60% to
68% sequence identity to cytosolic Cu/ZnSODs (e.g. maize
and rice). An identical 47-amino acid peptide was present
at the N terminus of both proteins encoded by the SOD1.1
and SOD1.2 cDNAs and is a putative chloroplast transit
peptide.

Isolation and Characterization of Mitochondrial Mn Genes

The wheat cDNA library was also screened with a wild
tobacco MnSOD cDNA (Bowler et al., 1988). Six positive
clones were isolated and sequenced. Four of the cDNAs
had complete open reading frames; three were identical
(934 bp) and designated SOD3.1 (accession no. U72212), and
the fourth (SOD3.2) was 891 bp (accession no. U73172). The
poly(A™) tails of both genes were missing, but both had two
polyadenylation signals (AATAAA). The two genes were
98% identical in the open reading frames, were 88% identical
in the noncoding region, and encoded two nearly identical
(98%) MnSOD proteins of 231 amino acids, with a calculated
molecular mass of approximately 25.3 kD and a calculated
pl of 8.25. The wheat MnSOD proteins were 84% to 88%
identical to MnSOD proteins from other monocotyledonous
species (e.g. rice and maize) but only 74% to 79% identical to
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Figure 2. Differential expression of wheat chloroplastic Cu/ZnSOD
(a) and mitochondrial MnSOD (b) genes during drought stress. Total
RNA from spring wheat cv Katepwa and winter wheat cv Norstar
after 0, 2, 4, or 6 d of dehydration and 1 or 3 d of rehydration was
electrophoresed and transferred to a nylon membrane. The same blot
was sequentially hybridized with Cu/ZnSOD 1.1 and MnSOD 3.1
and was washed under high-stringency conditions. EtBr (c) and W.P.
(d) represent ethidium bromide-stained gels and water potential (bar)
of the fully expanded leaf, respectively.
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Table I. Relative intensity of mRNA transcripts in northern blots during drought stress

The relative intensity was expressed as treatment intensity divided by control intensity. Details of the treatments are given in the figure legends.

cv Katepwa cv Norstar
Dehydration Rehydration Dehydration Rehydration
do d?2 d4 de6 d1 do d?2 d4 d6 d1 d3
SOD 1 1.00 0.90 1.36 1.02 1.41 3.39 1.20 1.59 1.43 1.06 4.00 3.55
SOD 3 1.00 1.31 2.39 2.65 1.49 0.99 1.38 1.90 3.47 3.27 2.61 3.31

MnSOD proteins from dicotyledonous species (e.g. pea, to-
bacco, and rubber tree). A putative 27-amino acid mitochon-
drial transit peptide was present at the N terminus of both
proteins encoded by the wheat SOD3.1 and SOD3.2 cDNAs.

Mapping of Cu/ZnSOD (SOD 1) and
MnSOD (SOD 3) Genes

Ditelosomics are euploid lines in which one arm in a
given chromosome is missing; they can be used to map a
gene to a specific chromosome arm in wheat (Neuman and
Hart, 1986). Using the 35 ditelosomic lines that were avail-
able for this study, we were able to determine that the
chloroplast Cu/ZnSOD genes were located on the long
arms of the group-7 chromosomes (Fig. la). Restriction
fragments were absent in Dral-digested DNA from the
ditelosomic lines 7AS (3.6 kb), 7BS (2.6 kb), and 7DS (2.3
and 4.7 kb) compared with the fragment pattern obtained
using the 7L ditelosomic lines and cv Chinese Spring DNA.
Because the S ditelosomic lines are missing the long arms of
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Figure 3. Differential accumulation of wheat chloroplastic Cu/Zn-
SOD (a) and mitochondrial MnSOD (b) genes during cold stress in a
controlled environment. Total RNA extracted from spring wheat cv
Katepwa and winter wheat cv Norstar seedlings after 0, 2, 7, 21, or
49 d of cold acclimation at a constant day/night temperature of 2°C
with a 16-h photoperiod was electrophoresed in 1.2% agarose gel
and transferred to a nylon membrane. The same blot was sequentially
hybridized with Cu/ZnSOD 1.1 and MnSOD 3.1 and washed under
high-stringency conditions. EtBr (c) and LTs, (d) represent ethidium
bromide-stained gels and temperatures (°C) that killed 50% of plants,
respectively.

the corresponding chromosomes, the missing restriction
fragments indicated the presence of these DNA fragments
on the long arms.

When a Southern blot of Dral-digested DNA from
group-2 ditelosomic lines was probed with the MnSOD
cDNA, fragments were absent in the 2AS (4.5 kb) and 2DS
(3.8 kb) lines that were present in the 2L lines and in the cv
Chinese spring DNA (Fig. 1b). Although the 2BS line was
not available, it is reasonable to conclude that the MnSOD
genes are located on the long arms of the homologous
group-2 chromosomes.

Differential Expression of Cu/ZnSOD and MnSOD
Genes during Drought Stress

Drought stress was induced by withholding water from
greenhouse-grown winter and spring wheat seedlings. A
fan was placed near the seedlings during the drought
treatment to increase the transpiration rate. MnSOD
mRNA increased gradually during the drought period,
with maximum transcript accumulation observed in the
d-6 samples in both the spring and winter wheat seedlings
(Fig. 2; Table I). A decline in the MnSOD mRNA levels
occurred when the stress was relieved by rewatering the
seedlings in the spring genotype, whereas transcript levels
did not decline in the winter seedlings. Although MnSOD
genes were drought inducible in both the spring and win-
ter wheat, it is of interest that MnSOD transcript accumu-
lation was higher in the winter wheat cultivar (3-fold in-
crease) than in the spring wheat cultivar (2-fold increase).
Cu/ZnSOD did not appear to be drought inducible; how-
ever, a 3- to 4-fold increase in Cu/ZnSOD mRNA was
noted after rehydration of the drought-stressed plants of
both types (Fig. 2). Water potentials of wheat leaves in-
creased during the drought in both spring and winter
wheat. However, no correlation was found between the
SOD gene expression and the water potentials (Fig. 2).

Differential Expression of Cu/ZnSOD and MnSOD
Genes during Cold Stress

For plants cold acclimated in a controlled environment,
transcripts for both MnSOD and Cu/ZnSOD genes in-
creased during the acclimation period (Fig. 3; Table II).
MnSOD transcripts gradually increased in the winter
wheat seedlings and were maximal after 49 d of low-
temperature stress. Maximum levels of MnSOD mRNA
were detected within 7 d of cold acclimation in the spring
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Table II. Relative intensity of mRNA transcripts in northern blots during drought stress and during cold stress in a controlled environment

The relative intensity was expressed as treatment intensity divided by control intensity. Details of the treatments are given in the figure legends.

cv Katepwa cv Norstar
do d?2 d7 d 21 do d2 d7z d 21 d 49
SOD 1 1.00 0.92 4.84 4.47 0.37 1.20 4.17 4.85 4.56 0.73
SOD 3 1.00 0.78 3.47 3.22 1.49 1.38 1.90 3.47 3.27 2.61

wheat and remained constant during the entire acclimation
period.

A major difference was noted in the expression of Cu/
ZnSOD genes compared with MnSOD genes in response to
low temperature. Cu/ZnSOD mRNA increased and at-
tained maximal levels after 21 d of exposure to low tem-
perature; however, the transcripts were not detected after
49 d of cold treatment in either the winter or the spring
wheat cultivar (Fig. 3). In contrast, the MnSOD transcripts
remained high for both cultivars for 49 d (Fig. 3; Table II).

Under natural conditions, transcripts of the Cu/ZnSOD
genes gradually increased and reached a maximum level
on October 22 (Fig. 4). The seedlings at this date were not
exposed to a natural frost; however, the night temperature
already approached 0°C. MnSOD genes in winter wheat
responded faster to the natural acclimating conditions than
genes in spring wheat. The levels of the transcripts were
maximum on October 22 in both the spring and winter
wheat seedlings. The MnSOD and Cu/ZnSOD genes re-
sponded differently to the artificially induced freeze-thaw
cycles. A large 1400% to 1500% increase in Cu/Zn mRNA
was detected in both the spring and winter wheat seedlings
after three repeated freeze-thaw cycles (Fig. 4; Table III). In
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Figure 4. Northern analyses of wheat chloroplastic Cu/ZnSOD (a)
and mitochondrial MnSOD (b) genes during cold stress under natural
conditions. Total RNA extracted from spring wheat cv Katepwa and
winter wheat cv Norstar seedlings harvested on September 26 (S26),
September 30 (S30), October 9 (O9), October 15 (O15), and October
22 (022) or freeze-thaw plants harvested on October 22 (FT) was
separated by 1.2% agarose-gel electrophoresis and transferred to a
nylon membrane. The same blot was sequentially hybridized with
Cu/ZnSOD 1.1 and MnSOD 3.1 and washed under high-stringency
conditions. EtBr (c) and LTs, (d) represent ethidium bromide-stained
gels and temperatures (°C) that killed 50% of plants, respectively.

contrast, the expression pattern of the MnSOD genes dif-
fered between spring and winter wheat. MnSOD mRNA
levels declined after three repeated freeze-thaw cycles in
the spring wheat, whereas the level of MnSOD transcripts
remained relatively unchanged in the winter wheat culti-
var (Fig. 4, lanes O22 and FT).

Freezing tolerance was determined as LTs,. Although
there was a 10°C to 14°C difference in freezing tolerance
between the spring and winter wheat cultivars, there was
no correlation between LT5, and SOD gene expression for
seedlings hardened either by artificial or natural conditions
(Figs. 3 and 4).

DISCUSSION

Analysis of the wheat MnSOD and Cu/ZnSOD c¢DNAs
showed a high degree of sequence identity with equivalent
SOD proteins from other plant species. The analysis also
revealed a highly conserved putative transit-peptide se-
quence between the different MnSOD genes in wheat. A
highly conserved putative transit peptide was also present
in the Cu/ZnSOD genes.

Mapping a gene to a specific chromosome is important
for plant genetics and breeding. Genes of interest that do
not result in a clear phenotypic or biochemical trait in
breeding lines can be followed and manipulated if the
chromosomal segments on which they are located are
known. The ditelosomic wheat lines are an excellent tool
for mapping the location of a gene to a specific chromo-
some arm either through DNA-blot, isozyme, or protein-
blot analyses. The fact that wheat is hexaploid permits the
removal of an entire chromosome arm on both homologous
chromosomes. For example, the removal of the long arm on
both group-6 chromosomes of the A genome does not
significantly affect the viability of the ditelosomic line that
is formed. Using these lines we were able to map the
MnSOD gene to the long arms of the group-2 chromosomes
and the Cu/ZnSOD gene to the long arms of the group-7
chromosomes. Given the high-stringency conditions used
in the mapping study and the absence of missing fragments
in the other ditelosomic groups (data not shown) probed
with the Cu/ZnSOD c¢DNA, it is not likely that the missing
fragment on the group-7 chromosomes (Fig. 1) corre-
sponded to cytosol Cu/ZnSOD genes.

Our mapping studies also support the results obtained
by other researchers. Netsvetaev and Krestinkov (1993)
mapped a Cu/ZnSOD gene to barley chromosome 1 using
isozyme analysis. Barley chromosome 1 is homologous
to chromosome 7A, 7B, and 7D in hexaploid wheat (Laurie
et al., 1992). Neuman and Hart (1986) used SOD isozyme
analysis to map the MnSOD gene in wheat and concluded
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Table Ill. Relative intensity of mRNA transcripts in northern blots during drought stress and cold stress under natural conditions
The relative intensity was expressed as treatment intensity divided by control intensity. Details of the treatments are given in the figure legends.
cv Katepwa cv Norstar
526 S30 09 Oo15 022 S26 S30 09 O15 022 FT
SOD 1 1.00 0.93 1.02 6.33 6.69 1.17 0.99 1.59 2.43 10.28 15.28
SOD 3 1.00 1.19 1.58 5.99 5.37 0.91 2.89 2.84 5.48 7.05 4.39

2526, September 26; S30, September 30; O9, October 9; O15, October 15; 022, October 22; and FT, freeze-thawed plants harvested on

October 22.

that the MnSOD genes were located on the group-2
chromosomes.

Mitochondrial MnSOD activity parallels the activity of
the respiratory electron-transport chain of mitochondria in
wild tobacco (Bowler et al., 1989). Respiration increases
dramatically during stress and the production of superox-
ide radicals is rigorously coupled with the rate of mito-
chondrial respiration (Zhu and Scandalios, 1993). There-
fore, it was not surprising to note that MnSOD expression
increased with increasing drought stress and decreased
after rehydration in wheat seedlings. It is unclear why a
difference in the kinetics of MnSOD gene expression was
noted between the spring and winter wheat cultivars.
However, it may be related to the increased potential of
winter wheat to partially cold acclimate during dehydra-
tion (Siminovitch and Cloutier, 1982) or it may be related to
the higher stress tolerance of winter cereals.

In contrast to the results with the MnSOD genes, the
Cu/ZnSOD genes did not respond to drought, a finding
that is consistent with the report by Perl-Treves and Galun
(1991). It was also interesting that the MnSOD and Cu/
ZnSOD genes responded differently to rehydration (Fig. 2).
It is not clear why drought did not enhance the expression
of chloroplast Cu/ZnSOD genes. It is possible that the
inhibition of photosynthesis, which occurs during drought,
may result in reduced production of superoxide radicals in
the chloroplast. After the drought stress is relieved, pho-
tosynthesis increases, and superoxide radicals are again
generated because of leakage of electrons from PSI and Fd
(Asada and Takahashi, 1987).

Both MnSOD and Cu/ZnSOD genes were induced in
both winter and spring plants subjected to cold-acclimating
conditions either in controlled environments or in the field
(Figs. 3 and 4). As was observed in response to drought, the
induction of MnSOD genes was more rapid in the seedlings
of the winter wheat than the spring wheat cultivar under
both growth conditions. This similarity in response to the
different stresses may be related to the fact that cold accli-
mation results in cellular dehydration (Malone, 1993). The
increased expression of MnSOD genes in seedlings ex-
posed to various stresses may in part explain the difference
in the cold-acclimation capabilities of spring and winter
cereals. Overexpression of SOD genes in transgenic plants
has been reported to increase chilling or freezing tolerance
in several species (Gupta et at al., 1993; McKersie et al.,
1993; Van Camp et al., 1996).

The Cu/ZnSOD genes were induced by exposure to cold
temperature in seedlings of both spring and winter wheat
in contrast to the absence of gene expression in response to

drought. A possible explanation may be that cold-
acclimating conditions did not result in the cessation of
photosynthesis and, thus, superoxide radicals were still
being generated. After 21 d of acclimation cellular dehy-
dration levels may result in the shutdown of photosynthe-
sis in the controlled environments and explain the decrease
in Cu/ZnSOD gene expression after this time. In field-
acclimated seedlings the onset of Cu/ZnSOD transcript
accumulation was slower compared with that in seedlings
acclimated in a controlled environment (Fig. 4, lane O22).

In this study a major difference between MnSOD and
Cu/ZnSOD gene expression was the response of these
genes to a repeated freeze-thaw cycle. A freeze-thaw cycle
near the end of the acclimation period is known to enhance
the freezing tolerance of winter cereals (Gusta et al., 1982).
The winter wheat seedlings in later October and early
November had an LTs, of —20°C when exposed to three
repeated freeze-thaw cycles. Therefore, it is highly unlikely
that a frost of —3°C would be injurious to the thylakoid
membrane. Although the spring wheat cultivar can tolerate
—8°C when cooled at 2°C h™', seedlings are injured after
repeated exposure to frosts of —4°C (L.V. Gusta, unpub-
lished data). This would result in an increased production
of superoxide radicals and may explain the increase in
Cu/ZnSOD gene expression. Tsang et al. (1991) observed
that chloroplastic FeSOD gene expression increased during
chilling treatment of wild tobacco plants, and FeSOD
mRNA levels further increased after the plants were re-
turned to their normal growth temperature. However, in
contrast to our results, Tsang et al. (1991) found that the
expression of MnSOD and cytosol Cu/ZnSOD genes were
unaffected by chilling but that SOD gene expression in-
creased 5- to 10-fold after the plants were returned to their
normal growth temperature.

These differences in response may reflect the difference
in the cold hardiness of the two species. Wild tobacco is
chilling sensitive and has little or no freezing tolerance,
whereas spring wheat is moderately freezing tolerant and
winter wheat is very cold hardy. The presence of MnSOD
transcripts in the winter wheat plants after the freeze-thaw
treatments represents the only significant difference in the
expression pattern of either SOD gene between spring and
winter wheat. Whether the persistence of MnSOD mRNA
in winter varieties is involved in the increased freezing
tolerance inherent in winter cultivars is unknown. How-
ever, the increase in stress tolerance in several transgenic
plants resulting from the overexpression of other SOD
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genes in a number of species suggests that it could be
important (Gupta et at al., 1993; McKersie et al., 1993; Van
Camp et al., 1996).

Received November 16, 1998; accepted March 5, 1999.

The accession numbers for the sequences reported in this article
are U69536 (Cu/ZnSOD 1.1), U69632 (Cu/ZnSOD 1.2), U72212
(MnSOD 3.1), and U73172 (MnSOD 3.2).
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