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Galactinol synthase (GolS) is a key enzyme in the synthesis of raffinose family oligosaccharides that function as
osmoprotectants in plant cells. In leaves of Arabidopsis (Arabidopsis thaliana) plants overexpressing heat shock transcription
factor A2 (HsfA2), the transcription of GolS1, -2, and -4 and raffinose synthase 2 (RS2) was highly induced; thus, levels of
galactinol and raffinose increased compared with those in wild-type plants under control growth conditions. In leaves of the
wild-type plants, treatment with 50 uM methylviologen (MV) increased the transcript levels of not only HsfA2, but also GolS1,
-2,-3,-4, and -8 and RS2, -4, -5, and -6, the total activities of GolS isoenzymes, and the levels of galactinol and raffinose. GolS1-
or GolS2-overexpressing Arabidopsis plants (Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29) had increased levels of galactinol
and raffinose in the leaves compared with wild-type plants under control growth conditions. High intracellular levels of
galactinol and raffinose in the transgenic plants were correlated with increased tolerance to MV treatment and salinity or
chilling stress. Galactinol and raffinose effectively protected salicylate from attack by hydroxyl radicals in vitro. These findings
suggest the possibility that galactinol and raffinose scavenge hydroxyl radicals as a novel function to protect plant cells from
oxidative damage caused by MV treatment, salinity, or chilling.

The raffinose family oligosaccharides (RFOs), such
as raffinose, stachyose, and verbascose, are soluble
galactosyl-Suc carbohydrates. As shown in Figure 1,
RFOs are synthesized from Suc by the subsequent
addition of activated Gal moieties donated by galac-
tinol (Peterbauer and Richter, 2001). Galactinol syn-
thase (GolS; EC 2.4.1.123) catalyzes the first committed
step in the biosynthesis of RFOs and plays a key
regulatory role in the carbon partitioning between Suc
and RFOs (Saravitz et al., 1987). In fact, overexpression
of Arabidopsis (Arabidopsis thaliana) GolS2 in trans-
genic Arabidopsis plants caused an increase in the
levels of endogenous galactinol and raffinose under
normal conditions (Taji et al., 2002). Raffinose synthase
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(RS; EC 2.4.1.82) catalyzes the synthesis of raffinose
from Suc and galactinol (Lehle and Tanner, 1973).

RFOs accumulate in the late stages of soybean
(Glycine max) seed maturation and desiccation, indicat-
ing that they play a role in the desiccation tolerance of
seeds as osmoprotectants (Saravitz et al., 1987; Castillo
et al.,, 1990). Furthermore, RFOs protect unilamellar
liposomes from dehydration by direct sugar-membrane
interactions in vitro (Hincha et al., 2003). In thylakoid
membrane of chloroplasts isolated from spinach (Spina-
cia oleracea) leaves under freezing, drought, or heat stress
conditions, raffinose has been found to reduce the inac-
tivation of the electron (2,6-dichlorophenolindophenol
reduction) and cyclic photophosphorylation in photo-
synthesis (Santarius, 1973).

Recently, it was reported that the expression of
enzymes related to the biosynthesis of galactinol and
RFOs and their intracellular accumulation in plant cells
are closely associated with the responses to environ-
mental stresses (Taji et al., 2002; Kaplan et al., 2004,
2007; Panikulangara et al., 2004; Peters et al., 2007). The
GolS activity in kidney bean (Phaseolus vulgaris) seeds
increased upon exposure of plants to cold conditions
(Liu et al.,, 1998). The expression of GolS genes in
Arabidopsis and Ajuga reptans plants was induced by
cold stress (Sprenger and Keller, 2000; Taji et al., 2002).
The insertion of T-DNA into the GolS1 gene in Arabi-
dopsis plants impaired the increase in galactinol and
raffinose contents at 2 h after heat stress treatment
(Panikulangara et al., 2004). In knockout RS5 Arabidop-
sis mutants, the accumulation of raffinose was not
observed during chilling stress (Zuther et al., 2004). In
leaves of tomato (Solanum lycopersicum) and Arabidop-
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Figure 1. Biosynthetic pathway of galactinol, raffinose, and stachyose
in plants.

sis seedlings, the transcript levels of GolS and RS
increased under environmental stress, such as cold
and desiccation (Downie et al., 2003; Zuther et al., 2004).
Arabidopsis contains seven genes that belong to the
GolS family. Among them, GolS1 and GolS2 mRNAs
were detected in mature seeds and also induced by
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drought, salt, or heat stress in leaf tissue, while GolS3
mRNA was induced by cold stress (Taji et al., 2002;
Panikulangara et al., 2004).

It is generally accepted that the imposition of envi-
ronmental stress, such as drought, chilling, heat, and
high-light irradiation, gives rise to excess concentra-
tions of reactive oxygen species (ROS) and that much
of the injury to plants caused by exposure to stress is
associated with oxidative damage at the cellular level
(Bowler et al., 1992; Foyer et al., 1994; Alscher et al.,
1997; Shigeoka et al., 2002).

It has been reported that the expression of Arabi-
dopsis GolS1 and GolS2 is regulated by a heat shock
transcription factor (HSF), such as HsfAla, HsfAlb,
and/or HsfA2 (Panikulangara et al., 2004; Busch et al.,
2005; Schramm et al., 2006). Recently, we reported that
the transcription of GolS1 and GolS2 is induced by a
combination of high-light and heat stress or treatment
with hydrogen peroxide, as is the transcription of
HsfA2 (Nishizawa et al.,, 2006). Based on the data
reported so far, it seems likely that galactinol and RFOs
protect plant cells from the oxidative damage caused
by various types of stress condition.

To explore the relationship between the roles of
galactinol and/or raffinose and oxidative stress con-
ditions, we studied the expression of GolS and RS
isoenzymes and the levels of galactinol and raffinose
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Figure 2. Expression of the HsfA2, GolS, and RS genes in the leaves of wild-type and Ox-HsfA2 plants. Four-week-old wild-type
and Ox-HsfA2-6 plants grown under control growth conditions were used for the analysis. The procedures are described in the
“Materials and Methods.” Relative amounts were normalized to Actin2 mRNA (=100%). Mean = sp values from three
experiments are shown. Asterisks indicate that the values are significantly different from those in the wild-type plants (P < 0.05).
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in HsfA2-overexpressing plants and in wild-type
plants under control growth conditions. Next, we
evaluated the tolerance of oxidative stress in GolS1-
and GolS2-overexpressing transgenic plants under
several types of environmental stress. Furthermore,
we determined the abilities of galactinol and raffinose
as scavengers of the hydroxyl radical in vitro. Finally,
we discuss the potential of galactinol and raffinose as
novel intracellular antioxidants in plants under sev-
eral types of stress.

RESULTS

Expression of GolS and RS Genes and Accumulation
of Galactinol and Raffinose in the
HsfA2-Overexpressing Plants

Seven GolS genes (GolS1 to GolS7) and three putative
GolS genes (designated GolS8 to GolS10; At3g28340,
At3g06260, and At5g30500, respectively) as well as six
putative raffinose synthase genes (designated RS1 to
RS6; Atlg55740, At3g57520, At4g01265, Atdg01970,
At5g40390, and At5g20250, respectively) were identi-
fied from the Arabidopsis genome databases (National
Center for Biotechnology Information, Arabidopsis
Genome View [http:/ /www.ncbinlm.nih.gov/mapview/
map_search.cgi?taxid=3702] and The Arabidopsis In-
formation Resource [http://www.arabidopsis.org/
index.jsp]). Recently, we reported that expression of
GolS1 and GolS2 is under the control of HsfA2 in
Arabidopsis plants (Nishizawa et al., 2006). Then, the
expression of all GolS genes (GolS1 to GolS10) and RS
genes (RS1 to RS6) in the HsfA2-overexpressing trans-
genic Arabidopsis plants (Ox-HsfA2-6) was examined
using quantitative PCR analysis. In leaves of the
Ox-HsfA2-6 plants, the level of the HsfA2 transcript
was approximately 330-fold higher than that in wild-
type plants (Fig. 2). The transcription of GolS1, -2, and
-4 and RS2 was highly induced in leaves of the
Ox-HsfA2-6 plants compared with those of the wild-
type plants under control growth conditions (25°C,
100 uEm Flg 2). GolS5,-6,-7,-9,and -10 and RS3
were hardly expressed in leaves of wild-type and
Ox-HsfA2-6 plants under control growth conditions
(data not shown).

We determined the levels of galactinol and RFOs in
the leaves of wild-type and Ox-HsfA2-6 plants under
control growth conditions (Fig. 3). In the wild-type
plants, galactinol was undetected and the level of
raffinose was 16.2 * 10.2 nmol g ' fresh welght
Galactinol and raffinose markedly accumulated in
the Ox- HszZ 6 plants (194 = 60.4 and 425 *= 112
nmol g fresh weight).

Expression of GolS and RS Genes and Accumulation of
Galactinol and Raffinose in Wild-Type Plants under
Oxidative Stress

We analyzed the expression of the GolS and RS
genes following oxidative damage caused by treat-
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ment with 50 uM methylviologen (MV), an enhancer of
the production of O, , under control growth condi-
tions (25°C, 100 uE m 2 s™'). The transcription of
GolS1, -2, -3, -4, and -8 and RS2, -4, -5, and -6 in the
wild-type plants was induced at 3 and 6 h after
treatment with MV (Fig. 4). The transcript level of
RS1 was not changed by the MV treatments. GolS5, -6,
-7,-9, and -10 and RS3 were expressed in neither MV-
treated nor untreated plants (data not shown). The
total activity of GolS isoenzymes in the leaves of
Arabidopsis plants was not detected under control
growth conditions; however, at 3 and 6 h after treat-
ment with MV under control growth conditions, the
activities were 0.11 = 0.01 and 0.39 = 0.01 nmol min "’
mg ! protein, respectively (Fig. 5A). In the untreated
plants, galactinol and raffinose were hardly detectable.
At 3 h after treatment w1th MV under control growth
conditions (100 uE m 2 s 1), the levels of galactmol
and raffinose were 32.2 * 3.6 and 44.5 = 9.8 nmol g

fresh weight, respectively, and at 6 h, therr levels were
130.7 = 10.5 and 177.2 * 46.5 nmol g ' fresh weight,
respectively (Fig. 5B). At1and 3 h after treatment with
MYV under high light (1,600 uE m™ 2571, the act1V1t1es
were 1.0 = 0.1 and 3.6 * 0.1 nmol min™' mg™'

protein, respectively (Fig. 6A). The levels of galactinol
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Figure 3. Galactinol, raffinose, and stachyose contents in the leaves of
wild-type and Ox-HsfA2 plants. Four-week-old wild-type and Ox-
HsfA2-6 plants grown under control growth conditions were used for
the analysis. The procedures are described in ““Materials and Methods.”
Mean = sp values from three experiments are shown. Asterisks indicate
that the values are significantly different from those in the wild-type
plants (P < 0.05). FW, Fresh weight.
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Figure 4. Effects of treatment with MV under control growth conditions on the transcript levels of HsfA2, GolS, and RSgenes in the
leaves of wild-type plants. Four-week-old wild-type plants grown in soil under control growth conditions were sprayed with MV
(50 um) in 0.1% Tween 20 (5 mL) and then transferred to control growth conditions (100 uE m~2s " for6 h. The procedures are
described in “Materials and Methods.” Relative amounts were normalized to Actin2 mRNA (100%). Mean = sp values from three
experiments are shown. Asterisks indicate that the values are significantly different from those in the wild-type plants (P < 0.05).

and raffinose were 154.4 * 34.0 and 239.2 * 55.0
nmol g ! fresh weight at 3 h after treatment with MV
under high-light conditions (Fig. 6B).

Isolation and Characterization of Knockout GolS1 and
Knockdown GolS2 and GolS3 Mutants

To explore the roles of galactinol and/or raffinose
under oxidative stress conditions, we isolated and
characterized the GolS1, GolS2, or GolS3 mutants con-
taining a T-DNA insert in each gene (SALK_121059,
SALK_101144, or SAIL_558_G10) from the SIGnAL
project (signal.salk.edu/tabout.html), because among
seven GolS genes, the transcript levels of GolS1, -2, or
-3 have been found to be relatively higher than those of
other GolS genes under stressful conditions (Taji et al.,
2002; Busch et al., 2005). The T-DNA insert sites are
shown in Supplemental Figure S1A. The growth and
appearance of these mutants were similar to those of
wild-type plants under control growth conditions
(Supplemental Fig. S1B).

Four-week-old wild-type and mutant plants were
treated with 50 um MV under control growth condi-
tions (25°C, 100 uE m ™2 s~'). Quantitative PCR anal-
ysis revealed that the T-DNA insertion in the GolS1
gene resulted in the complete loss of GolS1 expression
at the transcript level under control growth or stressful
conditions (Supplemental Fig. S2). The T-DNA inser-
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tion in the GolS2 or the GolS3 gene caused the signif-
icant reduction of GolS2 or GolS3 expression at the
transcript level under control growth or stressful con-
ditions (Supplemental Fig. S2). Therefore, these mu-
tants were designated as knockout GolS1 (KO-GolS1)
or knockdown GolS2 or GolS3 (KD-GolS2 or KD-GolS3)
mutants.

Total activities of GolS isoenzymes were not de-
tected in the wild type or in KO-GolS1, KD-GolS2, and
KD-GolS3 mutants under control growth conditions
(Supplemental Fig. S3A). No significant differences
were observed in total GolS activities and levels of
galactinol and raffinose between the wild type and
KO-GolS1, KD-GolS2, and KD-GolS3 mutants under
stressful conditions (Supplemental Fig. S3, A and B). In
addition, no significant differences were observed in
the transcript levels of other GolS genes between wild-
type, KO-GolS1, KD-GolS2, and KD-GolS3 plants un-
der stressful conditions (Supplemental Fig. S2).

Evaluation of Oxidative Stress Tolerance in GolS1- and
GolS2-Overexpressing Transgenic Plants

Next, we generated transgenic Arabidopsis plants
overexpressing GolS1 (Ox-GolS1) and obtained GolS2-
overexpressing transgenic Arabidopsis plants (Ox-
GolS2) from Taji et al. (2002). In the Ox-GolS1-11
plants, the transcript levels of GolS1 were approxi-

Plant Physiol. Vol. 147, 2008
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Figure 5. Effects of treatment with MV under control growth conditions
on total GolS activity and galactinol and raffinose contents in the leaves
of wild-type plants. Four-week-old wild-type plants grown in soil under
control growth conditions were sprayed with MV (50 um) in 0.1%
Tween 20 (5 mL) and then transferred to control growth conditions (100
wEm™2 s for 6 h. A, Total GolS activities. B, Galactinol and raffinose
contents. Mean * sp values from three experiments are shown.
Asterisks indicate that the values are significantly different from those
in the wild-type plants (P < 0.05).

mately 2-fold higher than those in the wild-type plants
under control growth conditions (Fig. 7A). In the Ox-
GolS2-8 and Ox-GolS2-29 plants, the transcript levels
of GolS2 were approximately 7- and 15-fold higher,
respectively, than those in the wild-type plants (Fig.
7A). No difference was observed in transcript levels of
RS1,-2,-4,-5, and -6 between the wild-type, Ox-GolS1-
11, Ox-GolS2-8, and Ox-GolS2-29 plants under control
growth conditions (data not shown). The total activi-
ties of GolS isoenzymes in the leaves of the Ox-GolS1-
11, Ox-GolS2-8, and Ox-GolS2-29 plants were 0.20 =
0.01,7.2 = 0.4, and 7.8 = 0.8 nmol min~' mg ™" protein,
respectively, under control growth conditions (Fig.
7B). Galactinol and raffinose were significantly accu-
mulated in the Ox-GolS1-11, Ox-GolS2-8, and Ox-
GolS2-29 plants under control growth conditions
(Fig. 7C). The levels of galactinol in the Ox-GolS1-11,
Ox-GolS2-8, and Ox-GolS2-29 plants were 404 = 188,
1,479 + 349, and 1,727 * 366 nmol g~ ' fresh weight,
respectively, and the levels of raffinose in those trans-
genic plants were 121 + 28.9,754.3 + 232, and 788.5 =
100 nmol g~ ! fresh weight, respectively, under control
growth conditions. No significant differences in the
levels of ascorbate (AsA) and reduced glutathione
(GSH) were detected between the wild-type, Ox-
GolS1-11, Ox-GolS2-8, and Ox-GolS2-29 plants (Fig.
8). In addition, PSII activities (variable fluorescence
[F,]/maximal fluorescence [F,]) and the CO, fixation
in Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29 plants
were the same as those in the wild type under control
growth conditions (Fig. 9, B and C). No difference was
observed in the growth or morphology between the
wild-type, Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29
plants under control growth conditions (Fig. 9A).
Four-week-old wild-type, Ox-GolS1-11, Ox-GolS2-8,
and Ox-GolS2-29 plants were treated with 50 um MV
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under control growth conditions (25°C, 100 uE m™2s™").
Although the PSII activities and the CO, fixation of the
wild-type, Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29
plants decreased considerably, the PSII activities and
the CO, fixation of Ox-GolS1-11, Ox-GolS2-8, and Ox-
GolS2-29 plants were significantly higher than those of
wild-type plants under stressful conditions (Fig. 9, B
and C). However, no differences were observed in the
MV-tolerant phenotype, the PSII activity, and the CO,
fixation between the Ox-GolS1-11, Ox-GolS2-8, and
Ox-GolS2-29 plants under stressful conditions (Fig. 9,
A-C). The malondialdehyde (MDA) levels were ele-
vated in both wild-type and transgenic plants, but the
lipid peroxidation in the transgenic plants was signif-
icantly lower than that in the wild-type plants under
stressful conditions (Fig. 9D). The levels of AsA at 6 h
after MV treatment under control growth conditions
were drastically decreased in the wild-type and Ox-
GolS plants; however, they remained significantly high
in the Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29 plants
compared with those in the wild-type plants (Fig. 8).
By contrast, the levels of dehydroascorbate in the
wild-type, Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-
29 plants hardly changed. The levels of GSH in wild-
type plants decreased to 66% after 6 h under stressful
conditions, while those in the Ox-GolS1-11, Ox-GolS2-8,
and Ox-GolS2-29 plants hardly changed. The levels of
oxidized glutathione (GSSG) in wild-type, Ox-GolS1-11,
Ox-GolS2-8, and Ox-GolS2-29 plants increased to 489%,
384%, 344%, and 345%, respectively, after 6 h under
stressful conditions. However, the levels of GSSG in
the Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29 plants
were lower than that in the wild-type plants at 6 h after
MV treatment. When sprayed with 50 um MV and

exposed to a high light intensity (1,600 uEm™*s™"), the
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Figure 6. Effects of treatment with MV under high-light conditions on
total GolS activity and galactinol and raffinose contents in the leaves of
wild-type plants. Four-week-old wild-type plants grown in soil under
control growth conditions were sprayed with MV (50 um) in 0.1%
Tween 20 (5 mL) and then transferred to high-light conditions (1,600 wE
m~2 s for 1 and 3 h. A, Total GolS activities. B, Galactinol and
raffinose contents. Mean * sp values from three experiments are
shown. Asterisks indicate that the values are significantly different from
those in the wild-type plants (P < 0.05).
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wild-type plants developed more severe visible leaf
injury than the Ox-GolS1-11, Ox-GolS2-8, and Ox-
GolS2-29 plants at 3 h after the stress treatment (Fig.
10A). The PSII activities were decreased in both the
wild-type and transgenic plants. Although there was
no difference in the PSII activities between the wild-
type and Ox-GolS1-11 plants at 1 h after the stress
treatment, the values at 3 h in all transgenic plants
were significantly higher than those in the wild-type
plants (Fig. 10B). The total amounts of galactinol and
raffinose in the Ox-GolS1-11 plants were approxi-
mately one-fortieth and one-seventh of those in the
Ox-GolS2-28 and Ox-GolS2-29 plants, respectively,
suggesting that enhanced levels of galactinol and
raffinose in Ox-GolS1-11 plants are sufficient to im-
prove tolerance to the stress treatment. The MDA level
in the transgenic plants was significantly lower than
that in the wild-type plants under stressful conditions
(Fig. 10C). There were no significant differences in
the levels of Glc, Fru, and Suc between the wild-type,
Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29 plants be-
fore and after stress treatments (Supplemental Fig. 54).

Four-week-old plants were irrigated every 2 d with
a 100 mm NaCl solutlon under normal light intensity
(100 uE m™2 57! for 2 weeks. At 2 weeks after the
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stress treatment, the rosette leaves of the Ox-GolS1-11,
Ox-GolS2-8, and Ox-GolS2-29 plants remained green,
whereas the leaves of the wild-type plants were
bleached (Fig. 11A). The PSII activity of the wild-
type plants was decreased to 65% after salinity stress,
while the activities in the Ox-GolS1-11, Ox-GolS2-8,
and Ox-GolS2-29 plants remained high (87%, 92%, and
91%, respectively; Fig. 11B). The MDA levels of the
wild-type plants were significantly increased, while
those in the Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-
29 plants were increased to a lesser extent (Fig. 11C).
Four-week-old wild-type and Ox-GolS1-11, Ox-
GolS2-8, and Ox-GolS2-29 plants were exposed to
Chlllmg at a high light intensity (4°C, 1,000 uE m~
s7!) for 24 h and then transferred to control growth
conditions for 3 h (25°C, 100 uE m ™ ?s~!). The leaves of
both the wild-type and transgenic plants withered at
24 h after the chilling stress treatment (data not
shown). The PSII activity of the wild-type plants was
decreased to 71% after 3 h of recovery from the chilling
stress, while the activities in the Ox-GolS1-11, Ox-
GolS2-8, and Ox-GolS2-29 plants remained high (85%,
87%, and 86%, respectively; Supplemental Fig. S5A).
After 3 h of recovery, the MDA levels in the wild-type
plants were increased significantly, while those in the
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Figure 8. Effects of MV treatment
under control growth conditions on
AsA and GSH contents in the leaves
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of wild-type, Ox-GolS1, and Ox-
GolS2 plants. Four-week-old wild-
% type, Ox-GolS1-11, Ox-GolS2-8,
o and Ox-GolS2-29 plants grown in
a e soil under control growth conditions
were sprayed with MV (50 um) in
0.1% Tween 20 (5 mL) and then
transferred to control growth condi-
tions (100 wE m™2s™") for 6 h. The
procedures are described in “Mate-
rials and Methods.” Mean * sp

GSH and GSSG (nmol g' FW)

Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29 plants
were increased only slightly (Supplemental Fig. S5B).

Hydroxyl Radical-Scavenging Activities of Galactinol
and Raffinose

To explore the function of galactinol and raffinose as
antioxidants, we determined the scavenging activity
against hydroxyl radicals of galactinol and raffinose.
The reactivities of galactinol and raffinose with hy-
droxyl radicals were examined in vitro by allowing
them to compete with salicylate for the radicals
(Smirnoff and Cumbes, 1989). In this assay, the forma-
tion of 2,3-dihydroxy-benzoic acid by the reaction
between salicylate and hydroxyl radicals is sup-
pressed by a scavenger in a dose-dependent manner.
As shown in Figure 12, the addition of galactinol at
concentrations of 0.5 to 10 mm and raffinose at con-
centrations of 1 to 10 mwm effectively protected 20 mm
salicylate from attack by hydroxyl radicals. Using the
data points in Figure 12, the second-order rate con-
stants for the reaction between galactinol or raffinose
and hydroxyl radicals were calculated (Table I). The
rate constants for galactinol and raffinose were esti-
mated to be 7.8 + 0.81 X 10" and 8.4 * 0.46 X 10° M~
s L respectively. The rate constants for Suc, Glc, Fru,
mannitol, Pro, AsA, and GSH were 89 + 0.68 X 10°,
4.0 +0.28 x 10°,3.8 = 0.23 X 10°,5.0 = 0.22 X 10°, 1.6 =
0.09 X 10”,1.5 = 0.11 X 10”,and 8.1 = 0.58 X 10°m ™ 's ™",
respectively.

DISCUSSION

Overexpression of the transcription factors dehydration-
responsive element binding factor 1A /C-repeat bind-
ing factor 3 in Arabidopsis plants caused an increase
in the GolS3 transcript and the accumulation of galac-
tinol and raffinose under control growth conditions
(Gilmour et al., 2000; Taji et al., 2002). The expression
of Arabidopsis GolS1 and GolS2 is regulated by the
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values from three experiments are
shown. Different letters indicate sig-
nificant differences (P < 0.05).

HsfAla, HsfA1b, and/or HsfA2 genes (Panikulangara
et al., 2004; Busch et al., 2005; Nishizawa et al., 2006;
Schramm et al., 2006). In this study, we found that the
expression of GolS4 and RS2 as well as GolS1 and
GolS2 in Ox-HsfA2-6 plants was markedly induced
compared with that in wild-type plants under control
growth conditions (Fig. 2). Furthermore, galactinol
and raffinose levels were increased in the Ox-HsfA2-6
plants compared with the wild-type plants under
control growth conditions (Fig. 3), which is consistent
with the results observed in HsfAlb-overexpressing
transgenic Arabidopsis plants (Panikulangara et al.,
2004). These findings indicated that the HsfA2 gene
regulates the expression of most of the GolS isoen-
zymes and RS2, resulting in increased intracellular
levels of galactinol and raffinose.

The accumulation of stachyose was only observed in
seeds of wild-type and Ox-HsfA2-6 plants (Supple-
mental Fig. S6). Taji et al. (2002) reported that stach-
yose was not accumulated in the leaves, flowers, or
siliques of Arabidopsis plants.

Next, to examine in more detail the functions of
GolS and RS under stressful conditions, we measured
the expression levels of GolS and RS isoenzymes, the
total activities of GolS isoenzymes, and the galactinol
and raffinose levels in wild-type plants under oxida-
tive stress conditions (Figs. 4-6). Under oxidative
damage caused by treatment with MV, the expression
of not only HsfA2 but also GolS1, -2, -3, -4, and -8 and
RS2, -4,-5, and -6 was induced in the wild-type plants,
and the total activities of GolS isoenzymes and the
galactinol and raffinose levels were increased. These
findings indicated that the expression of enzymes
related to the biosynthesis of galactinol and raffinose
and their intracellular accumulation in wild-type plant
cells are closely associated with oxidative damage
caused by several types of environmental stress.

It is well known that many osmoprotectants act as
scavengers of ROS, including hydroxyl radicals, in
vitro (Smirnoff and Cumbes, 1989). To explore the
relationship between the roles of galactinol and/or
raffinose and oxidative stress conditions, the KO-GolSl1,
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Figure 9. Effects of MV treatment A
under control growth conditions on
phenotype, PSII activity, CO, fixa-
tion, and lipid hydroperoxide levels
in the leaves of wild-type, Ox-
GolS1, and Ox-GolS2 plants. Four-
week-old wild-type, Ox-GolS1-11,
Ox-GolS2-8, and Ox-GolS2-29
plants grown in soil under control
growth conditions were sprayed
with MV (50 uMm) in 0.1% Tween
20 (5 mL) and then transferred to
control growth conditions (100 wE
m~2s7") for 6 h. A, Phenotypes of
plants exposed to oxidative stress. B,
Effects of the stress on PSII activity in
wild-type, Ox-GolS1-11, Ox-GolS2-
8, and Ox-GolS2-29 plants. The PSII
activity (F,/F,) in the rosette leaves of
Arabidopsis plants was determined
at 25°C after adaptation to the dark
for 30 min. C, CO, fixation in wild-
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KD-GolS2, and KD-GolS3 mutants were isolated and
characterized. There was no significant difference in
the expression of GolS genes between the wild type
and the KO-GolS1, KD-GolS2, and KD-GolS3 mutants
under growth or stressful conditions (Supplemental
Fig. 52). However, the reduced expression of GolS1, -2,
or -3 had no effect on the levels of galactinol and
raffinose and the total activities of GolS under stressful
conditions (Supplemental Fig. S3). Accordingly, it is
likely that the double or triple knockout GolS plants
might be necessary to produce the mutants with
reduced levels of galactinol and/or raffinose.

We assessed the stress tolerance of GolSI- or GolS2-
overexpressing Arabidopsis plants. Galactinol and
raffinose levels were higher in the Ox-GolS1-11,
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Ox-GolS2-8, and Ox-GolS2-29 plants than in the
wild-type plants under control growth conditions
(Fig. 7C). These increases had no effect on the levels
of AsA and GSH in the Ox-GolS1-11, Ox-GolS2-8, and
Ox-GolS2-29 plants under control growth conditions
(Fig. 8).

Agt 6 h after MV treatment under control growth
conditions (100 uE m™* s7'), the wild-type plants
developed visible leaf injury but the transgenic plants
did not (Fig. 9A). Although the PSII activities of the
wild-type, Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29
plants decreased significantly at 6 h after MV treat-
ment under control growth conditions, those of the
Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29 plants
were higher than that of wild-type plants (Fig. 9B).

Plant Physiol. Vol. 147, 2008
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Ox-GolS1-11
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Figure 10. Effects of MV treatment
under high light on phenotype, PSII
activity, and lipid hydroperoxide
levels in wild-type, Ox-GolS1, and
Ox-GolS2 plants. Four-week-old wild-
type, Ox-GolS1-11, Ox-GolS2-8, and
Ox-GolS2-29 plants grown in soil un-
der control growth conditions were
sprayed with MV (50 um) in 0.1%
Tween 20 (5 mL) and then transferred
to high light (1,600 wE m~2 s™") for
3 h. A, Phenotypes of plants exposed
to oxidative stress. B, Effects of the
stress on PSII activity in wild-type,
Ox-GolS1-11, Ox-GolS2-8, and Ox-
GolS2-29 plants. The PSII activity (F,/
F..) in the rosette leaves of Arabidopsis

plants was determined at 25°C after
adaptation to the dark for 30 min. C,
Lipid peroxidation expressed as MDA
content in wild-type, Ox-GolS1-11,

[ wild-type Ox-GolS2-8, and Ox-GolS2-29 plants.
Ox-GolS1-11 Mean = sp values from three exper-
B Ox-GolS2-8 iments are shown. Asterisks indicate

Ox-GolS2-29 that the values are significantly differ-

ent from those in the wild-type plants

Similar results were obtained under high-light condi-
tions (1,600 uE m ™2 s~%; Fig. 10).

The total amounts of galactinol and raffinose were
approximately 5.4% and 59.4%, respectively, com-
pared with the levels of AsA and GSH in the Ox-
GolS-1-11 plants under control growth conditions
(Figs. 7 and 8). The levels of AsA in the Ox-GolS1-11,
Ox-GolS2-8, and Ox-GolS2-29 plants were higher than
that in the wild-type plants at 6 h after MV treatment
under control growth conditions, although the levels
of AsA in the wild-type and Ox-GolS plants were
drastically decreased (Fig. 8). The levels of GSH in
wild-type plants decreased under stressful conditions,
while those in the Ox-GolS1-11, Ox-GolS2-8, and Ox-
GolS2-29 plants hardly changed. The levels of GSSG in
the Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29 plants
were lower than that in the wild-type plants at 6 h after
the MV treatments under control growth conditions.
These findings suggest that the enhanced levels of
galactinol and raffinose may be closely related to the
maintenance of levels of AsA and GSH in plants under
the stressful conditions.

Previously, it was reported that Suc, which is the
most abundant carbohydrate in plant leaves, can
scavenge hydroxyl radicals in vitro (Smirnoff and
Cumbes, 1989). There were no significant differences
in the levels of Glc, Fru, and Suc between the wild-
type, Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29
plants before and after stress treatments (Supplemen-
tal Fig. 54). These findings indicate that the increases in
intracellular levels of galactinol and raffinose have no
effect on levels of Glc, Fru, and Suc and suggest that
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(P<0.05).

the MV-tolerant phenotype in the Ox-GolS1-11, Ox-
GolS2-8, and Ox-GolS2-29 plants is due to the in-
creases in galactinol and raffinose levels.

It has been reported that a wide range of environ-
mental stresses cause the enhanced production of ROS
in plant cells (Bowler et al., 1992; Foyer et al., 1994;
Alscher et al., 1997; Shigeoka et al., 2002; Mittler et al.,
2004; Ishikawa et al., 2005; Miller and Mittler, 2006;
Al-Taweel et al., 2007). The overexpression of GolS1 or
GolS2 also conferred tolerance to salinity or chilling
stress (Fig. 11; Supplemental Fig. S5). In Arabidopsis
plants, the transcript levels of GolS1 and GolS2 were
increased by the salinity and drought stresses, and the
GolS2-overexpressing Arabidopsis plants showed in-
creased tolerance to drought stress (Taji et al., 2002),
suggesting that galactinol and raffinose act as osmo-
protectants under salinity stress conditions. It is note-
worthy that the transgenic plants with the enhanced
ROS-scavenging capacity overexpressing glutathione
S-transferase, Mn-superoxide dismutase, glutathione
peroxidase, or ascorbate peroxidase showed increased
tolerance to salinity and/or drought stresses (Roxas
et al.,, 1997; Tanaka et al., 1999; Badawi et al., 2004;
Yoshimura et al., 2004; Gaber et al., 2006). Based on our
data here and the data reported previously, it seems
likely that the novel functions of galactinol and raffi-
nose as antioxidants and/or osmoprotectants may
lead to the increased tolerance of oxidative damage
caused by chilling, salinity, or drought stress in the
Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29 plants.

Although ROS are essential for various physiolog-
ical processes (Pei et al., 2000; Joo et al., 2001; Bolwell
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Figure 11. Effects of salinity on phenotype, PSII activity, and lipid hydroperoxide levels in wild-type, Ox-GolS1, and Ox-GolS2
plants. Four-week-old wild-type, Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29 plants grown in soil under control growth
conditions were irrigated with NaCl solutions (100 mm) every 2 d for up to 14 d. A, Phenotypes of plants exposed to salinity. B,
Effects of the stress on PSIl activity in wild-type, Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29 plants. The PSII activity (F, /F,) in
the rosette leaves of Arabidopsis plants was determined at 25°C after adaptation to the dark for 30 min. C, Lipid peroxidation
expressed as MDA content in wild-type, Ox-GolS1-11, Ox-GolS2-8, and Ox-GolS2-29 plants. Mean * sp values from three
experiments are shown. Asterisks indicate that the values are significantly different from those in the wild-type plants (P < 0.05).

et al., 2002), the excess amount of ROS causes
the oxidative stress in plant cells (Blokhina et al.,
2003). One of the most reactive ROS is the hydroxyl
radical that is formed from hydrogen peroxide by the
Haber-Weiss or Fenton reaction using metal catalysts
(Halliwell and Gutteridge, 1989). The hydroxyl radical
can potentially react with all biological molecules.
Because cells have no enzymatic mechanism to elim-
inate this highly reactive radical, its excess production
leads ultimately to cell death. Accordingly, we deter-
mined the scavenging activities of galactinol and raf-
finose (Fig. 12). The second-order rate constants for the
reaction between galactinol or raffinose and hydroxyl
radicals were higher than those reported for typical
antioxidants, such as AsA and GSH or citrulline (3.9 X
10° M s~ !; Akashi et al., 2001; Table I). Reactions with
hydroxyl radicals can be classed into three main types:
hydrogen abstraction, addition, and electron transfer
(Aust and Eveleigh 1999). However, it is unclear what
the products formed by the reaction between hydroxyl
radicals and galactinol or raffinose are.

The level of raffinose was higher than that of
galactinol in the Ox-GolS1-11 plants, indicating that
the endogenous activity of RS isoenzymes is higher
than the total activity of GolS isoenzymes in the
transgenic plants. In contrast, in Ox-GolS2 plants, the
levels of galactinol were greater than those of raffinose
(Fig. 7C).

The second-order rate constant for the reaction be-
tween galactinol and hydroxyl radicals was almost the
same as that of raffinose (Table I). It seems likely that
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both galactinol and raffinose as antioxidants may
contribute almost equally to the stress tolerance. The
Ox-GolS1-11 plants showed a distinctly MV-tolerant
phenotype, although the total levels of galactinol and
raffinose in the Ox-GolS1-11 plants were very low
compared with those in the Ox-GolS2-8 and Ox-GolS2-
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Figure 12. Hydroxyl radical-scavenging activities of galactinol and
raffinose. The competitive inhibition of radical-induced formation of
2,3-dihydroxy-benzoic acid (DHBA) by adding increasingly higher
concentrations of galactinol (circles) and raffinose (squares) was ana-
lyzed. The procedures are described in “Materials and Methods.” The
values are means = sp (n = 10).
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Table I. Second-order rate constants for reactions between hydroxy!
radicals and various compounds

Data represent means = sp (n = 10). ID;,, 50% inhibitory dose.

Compound D5, Rate Constant
mm m st

Galactinol 3.1 03 7.8 *0.81 X 10°
Raffinose 2.9 *0.2 8.4 + 0.46 X 10°
Glc 6.0 = 0.4 4.0 +0.28 X 10°
Fru 6.2 + 0.4 3.8 +0.23 x 10°
Suc 2.7 +0.2 8.9 = 0.68 X 10°
Mannitol 4.8 0.2 5.0 = 0.22 X 10°
Pro 15.0 = 0.9 1.6 = 0.09 X 10°
AsA 16.4 = 1.3 1.5 = 0.11 X 10°
GSH 3.0 + 0.2 8.1 = 0.58 x 10°

29 plants (Figs. 9 and 10). This finding suggests the
possibility that the initial intracellular levels of galac-
tinol and raffinose in the Ox-GolS1-11 plants are at
least necessary to achieve a positive effect on the
protection of cellular components from oxidative dam-
age caused by environmental stresses (Figs. 9-11;
Supplemental Fig. S5).

The total amounts of galactinol and raffinose in the
MV-treated wild-type plants at 6 h under light intensity
of 100 uE m ™2 s~V or those in the MV-treated wild-type
plants at 3 h under light intensity of 1,600 uE m *'s "'
were approximately 1.9- and 2.4-fold higher, respec-
tively, than those in the Ox-GolS1-11 plants that showed
a clearly MV-tolerant phenotype (Figs. 5-7).

The chloroplasts of higher plants are potentially a
powerful source of oxidants. Even small amounts of
hydrogen peroxide inhibit the activity of enzymes
involved in the Calvin cycle (Kaiser, 1976; Miyagawa
et al., 2000). Accordingly, the efficient scavenging of
ROS in chloroplasts is essential to maintain photosyn-
thesis. In fact, chloroplasts possess ROS-scavenging
enzymes, such as Mn-superoxide dismutase, ascorbate
peroxidase, glutathione peroxidase, and thioredoxin
peroxidase, as well as nonenzymatic antioxidants,
such as a-tocopherol (vitamin E), B-carotene, AsA,
and GSH (Mittler, 2002). Santarius and Milde (1977)
have reported that raffinose is significantly accumu-
lated in chloroplasts of frost-hardy leaves of Brassica
oleracea (green cabbage).

The data reported here, together with the findings
reported previously, suggest the possibility that galac-
tinol and raffinose act not only as osmoprotectants and
stabilizers of cellular membranes but also as scavengers
of ROS, and that they play a novel role in the protection
of cellular metabolism, in particular, the photosynthe-
sis of chloroplasts, from oxidative damage caused by
MYV treatment, salinity, chilling, or drought.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia plants were grown (16
h of light, 25°C/8 h of dark, 22°C) on Murashige and Skoog medium under a
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light intensity of 100 uE m 2 s™" and then transferred to soil cultures under

control growth conditions for 2 weeks. Four-week-old seedlings were used for
the experiments unless noted otherwise. Plants were collected and frozen in
liquid N, and stored at —80°C for further preparation.

Quantitative PCR Analysis

Total RNA was isolated from leaves of Arabidopsis plants (1.0 g fresh
weight) as described previously (Nishizawa et al., 2006). To eliminate any
contamination by DNA, 50 ug of total RNA was treated with DNase I (Takara).
The total RNA was converted into cDNA using ReverTraAce (Toyobo) with an
oligo(dT),, primer. Primer pairs for the quantitative PCR were designed using
Primer Express software (Applied Biosystems), and the primer sequences are
listed in Supplemental Table S1. Gene-specific primers were chosen such that
the resulting PCR products had an approximately equal size of 100 bp. The
quantitative PCR was performed with a 7300 Real-Time PCR System (Applied
Biosystems) using Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen).
Actin2 mRNA, set to 100%, was used as an internal standard in all exper-
iments. The quantitative PCR experiments were repeated at least three times
for a cDNA prepared from three batches of plants.

Measurements of Galactinol, Raffinose, and Stachyose

Leaf tissue (0.5 g) was ground to a fine powder in liquid N, and then
homogenized with 10 mL of 80% (v/v) ethanol at 80°C using a mortar and
pestle. One hundred seeds (5 mg) were homogenized in 5 mL of 80% ethanol
at 80°C. The homogenate was boiled for 10 min at 90°C and centrifuged for
5 min at 10,000g, then extracted twice in 1 mL of 80% ethanol at 90°C. Extracts
were dried and dissolved in 1 mL of distilled water. Galactinol, raffinose, and
stachyose were analyzed by high-performance anion-exchange chromatogra-
phy using CarboPac MA-1 (for galactinol) and PA-1 (for raffinose and
stachyose) columns on a Dionex DX-500 gradient chromatography system
(Dionex) coupled with pulsed amperometric detection by a gold electrode. All
measurements were repeated at least three times for extracts from five batches
of plants.

Assay of GolS

Leaf tissue (0.5 g) was ground to a fine powder in liquid N, and then
homogenized with 1.5 mL of 50 mM HEPES-NaOH, 2 mm dithiothreitol, and
4 mm MnCl,, pH 7.0, using a mortar and pestle. The homogenate was
centrifuged for 10 min at 12,000, and the supernatant was used to assay GolS
by the modified method reported by Liu et al. (1995). The reaction mixture
(100 uL) contained buffer (50 mm HEPES-NaOH and 2 mwm dithiothreitol, pH
7.0), 4 mm MnCl,, 1 mm UDP-Gal, 5 mM myoinositol, and a crude enzyme. The
enzyme was preincubated with the reaction mixture at 30°C for 15 min and
then incubated with the substrates at 30°C for 30 min. The reaction was
stopped by adding 200 uL of ice-cold 100% ethanol and centrifuged in a
microcentrifuge. The reaction products were analyzed by high-performance
anion-exchange chromatography using a CarboPac MA-1 column on a Dionex
DX-500 gradient chromatography system. Protein was determined by the
method of Bradford (1976) with bovine serum albumin as a standard.

Determination of the Rate Constant for the Reaction
between Galactinol and Raffinose and
Hydroxyl Radicals

The hydroxyl radical-scavenging activity of a compound can be analyzed
with the competitive trapping assay (Smirnoff and Cumbes, 1989; Akashi
et al.,, 2001). The second-order rate constant for the reaction between the
compound and hydroxyl radicals is calculated according to the kinetic
competition model for ROS scavengers (Mitsuta et al., 1990). The constant
for salicylate, 1.2 X 10" M7 's™! (Maskos et al., 1990), was used to calculate the
constant for the competitor.

Isolation of KO-GolS1, KD-GolS2, and
KD-GolS3 Mutants

The knockout or knockdown Arabidopsis lines containing a T-DNA insert
in the GolS1, -2, and -3 genes (KO-GolS1, KD-GolS2, and KD-GolS3, respec-
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tively, obtained through the SIGnAL project [http://signal.salk.edu/
tabout.html]) were outcrossed and selfed to check for segregation and to obtain
pure homozygous lines as described (Sussman et al., 2000). The analysis of the
GolSl, -2, and -3 knockouts and the segregation were performed with PCR.

Constructs and Plant Transformation

The plasmid pBI/Pro.355:GolS1 was constructed as follows. The coding
region of GolS1 ¢cDNA was amplified from the first-strand cDNAs using
primers 5'-TCTAGAATGGCTCCGGGGCTTA-3' and 5'-GGTACCTCAAG-
CAGCGGACG-3'. The amplified fragment was integrated into the Xbal/Kpnl
site between the cauliflower mosaic virus 355 and the nopaline synthetase
terminator sequence of the plant binary vector pBI121 (Clontech). DNA
sequences were confirmed using the ABI Prism 3100 Genetic Analyzer
(Applied Biosystems). Arabidopsis ecotype Columbia plants were trans-
formed using Agrobacterium tumefaciens harboring the pBI/Pro.355:GolS1
construct. T3 seeds were used for subsequent experiments.

Measurement of Antioxidants

The rosette leaves of Arabidopsis seedlings (0.5 g wet weight) were frozen
in liquid N, and used for the antioxidant analyses. The levels of AsA and
dehydroascorbate were determined spectrophotometrically using AsA oxi-
dase as described previously (Miyagawa et al., 2000). Levels of GSH and GSSG
were determined using a glutathione reductase recycling system coupled to
5,5'-dithiobis(2-nitrobenzoic acid) (Shigeoka et al., 1987). All measurements
were repeated at least three times for extracts from three batches of plants.

Measurements of Glucose, Fructose, and Sucrose

The rosette leaves of Arabidopsis seedlings (0.5 g wet weight) were ground
to a fine powder in liquid N, using a mortar and pestle with 1 mL of 6% (v/v)
HCIO,. The extract was allowed to thaw and was then centrifuged at 12,000
for 10 min. Next, the supernatant fraction was brought to a neutral pH value
by adding a 5 M KOH-1 M triethanolamine solution and then centrifuged at
12,000g for 10 min. Glc, Fru, and Suc levels were estimated by enzymatic
assays as described previously (Leegood, 1993). All measurements were
repeated at least three times for extracts from five batches of plants.

Stress Treatments

Arabidopsis plants were grown under normal conditions as described
above for 2 weeks. The wild-type and transgenic plants were transferred to
soil culture under continuous illumination with approximately 100 uE m 2s7!
at 25°C for 2 weeks. For MV treatment, 4-week-old wild-type and transgenic
plants grown in soil were sprayed with 50 uM MV in 0.1% (v /v) Tween 20 and
then transferred to control growth conditions (100 uE m™2 s™%) for 6 h or
exposed to high light (1,600 wE m~?s™?) for 3 h. For chilling stress, 4-week-old
plants were transferred to 4°C under high light intensity (1,000 uE m~2s71) for
24 h and then allowed to recover under control growth conditions (100 uE m?
s!, 25°C) for 3 h. To maintain 4°C even under high light intensity, the heat
effect from the light illumination was minimized by filtration through a glass
tray with a frosted bottom containing 5 cm of cold water placed over the
plants. For salinity stress, 4-week-old plants were irrigated with NaCl solution
(100 mm) every 2 d for up to 14 d.

Measurement of Chlorophyll Fluorescence

Chlorophyll fluorescence was measured according to the method de-
scribed by Miyagawa et al. (2000). Chlorophyll fluorescence in the third leaf of
the Arabidopsis plants was measured at 25°C with a Mini PAM Chl Fluo-
rometer (Waltz). All measurements were repeated at least three times for three
batches of plants.

Estimation of CO, Fixation Rate

Net CO, assimilation rates of leaves were measured by a modification of
the method described previously (Miyagawa et al., 2001) using a Li-Cor
LI-6400 apparatus using the following measuring cell (6400-15 Arabidopsis
chamber, 0.785 sz) parameters: 25°C, 100 umol m2s7}, 360 nL L7t CO,, 60%
relative humidity, and air flow of 300 mL s L
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Measurement of Lipid Hydroperoxide Content

The thiobarbituric acid test, which determines the amount of MDA as an
end product, was used to analyze lipid peroxidation (Roxas et al., 1997). The
MDA content was estimated by measuring absorbance from As;, to Agy, using
a molar absorption coefficient of 1.56 X 10° (Gueta-Dahan et al., 1997). All
measurements were repeated at least three times for extracts from three
batches of plants.

Data Analysis

The significance of differences between data sets was evaluated by t test.
Calculations were carried out with Microsoft Excel software.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: GolS1, At2g47180; GolS2,
Atlg56600; GolS3, Atlg09350; GolS4, Atlg60470; GolS5, At5g23790; GolS6,
At4g26250; GolS7, Atlg60450; GolS8, At3g28340; GolS9, At3g06260; GolS10,
At5g30500; RS1, At1g55740; RS2, At3g57520; RS3, Atdg01265; RS4, Atdg01970;
RS5, At5g40390; and RS6, At5g20250.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Characterization of the KO-GolS1, KD-GolS2,
and KD-GolS3 mutants.

Supplemental Figure S2. Expression of the GolS and RS genes in the
leaves of wild-type, KO-GolS1, KD-GolS2, and KD-GolS3 plants.

Supplemental Figure S3. Effect of MV treatment under control growth
conditions on total GolS activity and galactinol and raffinose contents
in the leaves of wild-type, KO-GolS1, KD-GolS2, and KD-GolS3 plants.

Supplemental Figure S4. Effect of MV treatment under high light on
levels of Glc, Fru, and Suc in the leaves of wild-type, Ox-GolS1, and
Ox-GolS2 plants.

Supplemental Figure S5. Effect of recovery from the chilling stress on
PSII activity and lipid hydroperoxide levels in the leaves of wild-type,
Ox-GolS1, and Ox-GolS2 plants.

Supplemental Figure S6. Stachyose contents in seeds of wild-type and
Ox-HsfA2 plants.

Supplemental Table S1. Primers used for the quantitative PCR analysis
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