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Approximately 120 UDP-glycosyltransferases (UGTs),
which are classified into 14 distinct groups (A to N), have
been annotated in the Arabidopsis genome. UGTs catalyze the transfer of sugars to various acceptor molecules
including flavonoids. Previously, UGT71C1 was shown to
glycosylate the 3-OH of hydroxycinnamates and flavonoids in vitro. Such secondary metabolites are known to
play important roles in plant growth and development.
To help define the role of UGT71C1 in planta, we investigated its expression patterns, and isolated and characterized a loss-of-function mutation in the UGT71C1 gene
(named ugt71c1-1). Our analyses by quantitative realtime reverse transcriptase polymerase chain reaction
(qRT-PCR), microarray data mining, and histochemical
detection of GUS activity driven by the UGT71C1 promoter region, revealed the tissue-specific expression patterns of UGT71C1 with highest expression in roots. Interestingly, upon treatment with methyl viologen (MV,
paraquat), ugt71c1-1 plants displayed enhanced resistance to oxidative stress, and ROS scavenging activity
was higher than normal. Metabolite profiling revealed
that the levels of two major glycosides of quercetin and
kaempferol were reduced in ugt71c1-1 plants. In addition,
when exposed to MV-induced oxidative stress, eight representative ROS response genes were expressed at lower
levels in ugt71c1-1 plants, indicating that ugt71c1-1
probably has higher non-enzymatic antioxidant activity.
Taken together, our results indicate that ugt71c1-1 has
increased resistance to oxidative stress, suggesting that
UGT71C1 plays a role in some glycosylation pathways
affecting secondary metabolites such as flavonoids in
response to oxidative stress.
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Introduction
Glycosyltransferases transfer nucleotide diphosphateactivated sugars to a variety of aglycons, including hormones, secondary metabolites, and xenobiotics (Heller et
al., 1994; Ross et al., 2001; Vogt and Jones, 2000). Modifications by these enzymes, which occur in all living organisms, modulate the solubility, stability, bioavailability,
and bioactivity of various small molecules (Heller et al.,
1994; Jones and Vogt, 2001; Ross et al., 2001). In particular, secondary metabolites such as flavonoids are modified by glycosylation at hydroxyl positions (Harborne and
Corner, 1961; Heller et al., 1994; Mølgaard and Ravn,
1988).
Approximately 120 UDP-glycosyltransferases (UGTs)
are predicted from the Arabidopsis genome (Li et al.,
2001; Ross et al., 2001). These enzymes belong to the
Family 1 UGTs, which generally exhibit high substrate
specificity for low-molecular weight compounds such as
flavonoids (Heller et al., 1994; Kim et al., 2006; Lim et
al., 2002; Vogt and Jones, 2000). In phylogenetic analyses,
Family 1 UGTs are classified into 14 groups, A to N
(Bowles, 2002; Li et al., 2001; Ross et al., 2001). Of these
groups, Group E, which includes UGT71C1, is composed
of 22 UGT members and is probably involved in glycosylation of phenylpropanoids, such as monolignols and flaAbbreviations: ABRC, Arabidopsis biological resource center;
DPPH, 1,1-diphenyl-2-picrylhydrazyl radical; GUS, β-glucuronidase; HPLC, high performance liquid chromatography; MV,
methyl viologen; qRT-PCR, quantitative real-time reverse transcriptase polymerase chain reaction; ROS, reactive oxygen
species; UGTs, UDP-glycosyltransferases.
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vonoids (Bowles, 2002; Lim et al., 2003a). Previously, the
substrate specificity and regioselectivity of UGT71C1 was
determined in vitro using reference substrates such as hydroxycoumarins, hydroxycinnamates, and flavonoids (Lim
et al., 2003a; 2003b). In these in vitro studies, it was shown
to have regioselectivity at the 3-OH of substrates such as
caffeic acid, coumaric acid, isoferulic acid, quercetin, and
luteolin (Lim et al., 2003a; 2003b).
In general, aerobic organisms are known to contain enzymatic antioxidant defense components such as superoxide
dismutases (SODs), catalases (CATs), and peroxidases, to
protect cells from damage by reactive oxygen species (ROS)
(Asada and Takahashi, 1987; Bowler et al., 1992). Plant secondary metabolites such as flavonoids are non-enzymatic
defense components since they also scavenge ROS (Asada
and Takahashi, 1987; Bowler et al., 1992). Loss-of-function
mutations in UGT73B1, UGT73B2, or UGT73B3 (tandemly
clustered flavonoid UGTs) enhanced resistance to oxidative
stress (Lim et al., 2006).
To better understand the role of UGT71C1 in planta,
we examined the expression patterns of UGT71C1, and
isolated and characterized a loss-of-function mutant,
ugt71c1-1. Overall, our findings support a role for
UGT71C1 in glycosylation of plant secondary metabolites
such as flavonoids, and underscore a role for this enzyme
in the oxidative stress response.

Materials and Methods
Plant material and growth conditions Arabidopsis thaliana
ecotype Columbia (Col-0) and its derivatives were used in these
experiments. A loss-of function mutation in UGT71C1 (At2g
29750) (SALK_111765) was identified in the SIGnAL database
(http://signal.salk.edu). Seeds of this mutant plant were obtained
from the Arabidopsis Biological Resources Center (ABRC). They
were surface-sterilized in 5% sodium hypochlorite and 0.15%
Tween 20 for 3 min, rinsed in distilled water, and placed on MS
plates (1× Murashige-Skoog salts, pH 5.7; 1% sucrose; and 0.8%
agar). They were then cold-treated at 4°C for 3 d before being
grown vertically under continuous light as described previously
(Lim et al., 2006).
Isolation of T-DNA insertion mutants To determine whether
individual mutant plants were homozygous for a T-DNA insertion,
primers specific for the T-DNA left border (LB1 5′-GGCAATCAGCTGTTGCCCGTCTCACTGGTG-3′) and for UGT71C1
(F1 5′-TCTCGTTCCGATGAGTCCAAA-3′, R1 5′-GATCAACAACTGCGTTGCACA-3′, nested F2 5′-AATCCGGACAACGATCGAAAT-3′) were designed. A combination of gene-specific
primer and T-DNA border primer was used to perform PCR-based
genotyping. The resulting PCR amplification products were sequenced to verify the position of the T-DNA insertion. After several
backcrosses of homozygous mutant plants to wild-type (Col-0)
plants, homozygous plants were identified and used for analysis.
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Histochemical detection of GUS activity To construct the
promoter::GUS reporter gene, a 1-kb upstream region from the
ATG start codon of UGT71C1 (At2g29750) was amplified by
PCR with the primer pair (F1 5′-AACTGCAGAACCAATGCATTGGTTCATGACTTTCTACATTTTTC-3′, R1 5′-GCTCTAGAGCACTAGGGATTTTCTGAGAAACTC-3′). The PstI and
XbaI sites are underlined, and the sequences corresponding to
the upstream region of UGT71C1 are italicized. The PCR products were digested, and the PstI-XbaI fragment was inserted into
the corresponding restriction sites of pBI101. Transgenic lines
containing the UGT71C1 promoter::GUS reporter fusion construct were selected and analyzed for GUS activity. Each sample
(3- and 10-day-old seedlings, flowers, stems, cauline leaves, and
rosette leaves) was treated with GUS staining buffer (5 mM potassium hexocyanine Ferrate II; 5 mM potassium hexocyanine
ferrate III; 0.5 M EDTA, pH 8.0; 1 M sodium phosphate buffer,
pH 7.0; 0.1% Triton X-100; and 20 mM X-Glu A, cyclohexylammonium) for 3 to 5 h at 37°C in the dark. Staining was terminated
by replacing the staining solution with 70% ethanol. Samples
were stored at 4°C prior to examination with a Stemi 2000-C stereo microscope (Carl Zeiss, Germany).
RNA isolation and RT-PCR analysis Total RNA samples were
isolated from various plant tissues with an RNeasy Plant Mini kit
(Qiagen, USA). These RNA samples were converted into cDNA,
and quantitative real-time RT-PCR was performed as previously
described (Lim et al., 2006). The synthesized cDNA samples
served as templates, and gene-specific primers were employed to
amplify approximately 110 to 130-bp fragments unique to each
gene. For the qRT-PCR experiments, SYBR Premix ExTaq was
used according to the manufacturer’s instructions (Takara, Japan)
using the Mx3000P® QPCR System (Stratagene, USA). For semiquantitative RT-PCR, the UGT71C1 and ACTIN2 (At3g 18780)
genes were amplified using a KAPA2G Fast PCR kit (KAPA Biosystems, USA). PCR conditions consisted of 95°C for 2 min, followed by 25 cycles at 95°C 30 s, 60 °C 30 s, 72 °C 30 s, and final
extension at 72°C 30 s. Both quantitative and semi-quantitative RTPCR experiments were carried out in three separate biological replicates. To analyze the expression of Arabidopsis ROS response
genes we used eight representative genes: ALTERNATIVE
OXIDASE (AOX; At5g64210), BON ASSOCIA- TION PROTEIN I
(BAP1; At3g61190), CATALASE1 (CAT1; At1g20630), CATALASE 2 (CAT2; At4g35090), COPPER/ ZINC SUPEROXIDE
DISMUTASE (CSD1; At1g08830), Fe SUPERO-XIDE DISMUTASE I (FSD1; At4g25100), FERRETIN1 (FER1; At5g01600),
and PEROXIREDOXIN (PEROX; At3g06050) (Table 1). ACTIN2
(At3g18780) was used as an internal standard for calculating the
relative expression levels of the individual target genes (Table 1).
Independent experiments were carried out with triplicate RNA
samples. The mean values of the triplicates were calculated, and
the standard errors (± SE) were determined using the Excel program (Microsoft, USA).
Methyl viologen (MV) treatment For MV treatments, mutant
and wild-type plants were grown on 1X MS plates containing 0,
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Table 1. Primers used in the qRT-PCR experiments.
Gene

Gene code

Forward primer

Reverse primer

ACTIN2

At3g18780

TCGCTGACCGTATGAGCAAAGAA

TGGAATGTGCTGAGGGAAGCA

AOX

At5g64210

GATGTTGTAACGGTGATTCGTGCTG

GTGATAACCAATCGGAGCTGCTG

BAP1

At3g61190

TGGTTAAATCGGATCCCACCAGA

TAACAGTCCGGCCACCGTATCC

CAT1

At1g20630

CGCCATGCCGAAAAATACCC

CTTGCCTGTCTGAATCCCAGGAC

CAT2

At4g35090

TCCGCCTGCTGTCTGTTCTG

TGGGTCGGATAGGGCATCAA

CSD1

At1g08830

TGATGGAACTGCCACCTTCACA

ATGGCCTCCCTTTCCGAGGT

FER1

At5g01600

GCCTTACTCTTGCCGTGCTGGT

TGAGAACAAACCCTTCACCAATCTG

FSD1

At4g25100

GCTCGGCTCTTTCCCATTGC

CAGCTTCCCAAGACACAAGATTGG

PEROX

At3g06050

CAAGGATCTCTCTGCTGCATTGCTC

TGACTTCTGCCCCTGTAACCTTGA

UGT71C1

At2g29750

AGCCTTGGAGATGCGGTTGG

GCTTCTTTTCCCGCCTCAGC

0.5, 1.0, or 1.5 µM MV (paraquat; 1, 1′-dimethyl-4, 4′ bipyridinium dichloride, Aldrich, USA). After ten days, the root
lengths of mutant and wild-type seedlings were measured with
Scion Image for Windows (vers. Beta 4.0.2, Scion, USA). The
carotenoid and chlorophyll contents of mutant and wild-type
plants were determined at 470 nm, 648 nm, and 664 nm, as previously described (Lichtenthaler and Wellburn, 1983; Lichtenthaler, 1987; Lim et al., 2006).

Electron Co., USA). Chromatographic separation of the compounds was achieved using a YMC-Hydrosphere C18 column
(2.0 × 50 mm, 5 µm) at a flow rate of 0.2 ml min−1. Mobile
phases A and B were water and acetonitrile, respectively, and
both phases contained 0.1% formic acid. Gradient elution was
conducted as follows: 0 to 30 min for a linear gradient of 5 to
80% B, followed by 30 to 45 min of 100% B.

Measurement of DPPH radical scavenging activity Scavenging
activity was measured using the stable free radical DPPH (1,1diphenyl-2-picrylhydrazyl, Sigma, USA) by a modification of
previously described procedures (Burda and Oleszek, 2001). Following incubation of a mixture of sample and DPPH solution at
37°C for 30 min, absorbance was measured at 517 nm with an
Apollo LB 911 Microplate Absorbance Reader (Berthold Technologies GmbH & Co., Germany). A reference was prepared with
100 µl of 80% methanol, and L-ascorbic acid was used as a positive control for our analysis.

Results and Discussion

Metabolite profiling by HPLC and mass spectrometry Flavonoids were extracted from 10-day-old Arabidopsis seedlings
(3 g) ground in liquid N2 as previously described (Graham,
1991). For HPLC (high performance liquid chromatography),
we used a Hitachi LaChrom Elite HPLC equipped with a photo
diode array (PDA) detector system. An equal quantity (20 µL)
of each concentrated extract was injected into a YMC Pack-Pro
C18 I.D column (250 × 4.6 mm, 5 µm) (YMC, Japan) and separated with a 60-minute linear gradient from 5% acetonitrile/95%
distilled water to 90% acetonitrile at a flow rate of 1mL min-1.
The elution of metabolites was monitored by the photodiode
array detector. Retention times and UV spectra were examined
for each sample. Each profile was obtained independently with
triplicate biological samples, and LC-ESI/MS analysis was used
to confirm the identities of the various flavonoid and isoflavonoid metabolites. Mass spectra were obtained via either direct
infusion or liquid chromatographic introduction into a Finnigan
LCQ Advantage MAX ion trap mass spectrometer equipped
with a Finnigan Surveyor Modular HPLC system (Thermo

Identification of a loss-of-function mutation in UGT71C1 The Arabidopsis UGT71C1 gene encodes a polypeptide with 481 amino acid residues. Two closely related
genes (UGT71C2 and UGT71C3) are annotated in the
Arabidopsis genome (Fig. 1A). Comparison of the deduced
amino acid sequences of UGT71C1, UGT71C2, and
UGT71C3 revealed a signature domain for the binding of the
UDP moiety of activated sugar donors (Fig. 1A) (Ross et al.,
2001). UGT71C1 and UGT71C2 share 79.7% identity, while
UGT71C1 and UGT71C3 share 66.2% identity.
Previous in vitro studies revealed the substrate specificity of UGT71C1 using reference substrates such as hydroxycoumarins, hydroxycinnamates, and flavonoids (Lim
et al., 2003a; 2003b). To better understand the role of
UGT71C1 in planta, we adopted a reverse genetic approach. A loss-of-function mutation in the UGT71C1 gene
was identified in the SIGnAL database (http://signal.salk.
edu). To verify the T-DNA insertion in UGT71C1, approximately 20 plants obtained from the ABRC were
genotyped using a PCR-based method. Subsequently, the
PCR products were sequenced to determine the position
of the T-DNA insertion, which was found 105 bp upstream of the ATG start codon (Fig. 1B). Recessive homozygous plants (named ugt71c1-1) co-segregated with
the T-DNA insertion. As expected, expression of UGT
71C1 was drastically reduced in ugt71c1-1 (Fig. 1C). The
ugt71c1-1 plants had no obvious phenotypes under standard growth conditions (data not shown).
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Fig. 1. The Arabidopsis UGT71C1 gene. A. Comparison of the
deduced amino acid sequences of UGT71C1, UGT71C2, and
UGT71C3. The PSPG motif is boxed. B. A loss-of-function mutation in UGT71C1. The arrowhead indicates the position of the TDNA insertion. C. UGT71C1 expression in wild-type (WT) and
ugt71c1-1 (mut) plants.

Tissue-specific expression of UGT71C1 We employed
three approaches to investigate the tissue-specific expression of UGT71C1: i) qRT-PCR with RNA samples from
cauline leaves, flowers, seedlings, stems, roots, and rosette
leaves, ii) microarray data mining from the AtGenExpress
database (http://www.weigelworld.org/resources/microarray/AtGenExpress), and iii) histochemical analysis of a
UGT71C1 promoter::GUS fusion in transgenic Arabidopsis
plants. The qRT-PCR analysis revealed that UGT71C1 was
highly expressed in roots, whereas its expression was very
low in other tissues (Fig. 2A). When we compared our
qRT-PCR results to the microarray results from the AtGenExpress consortium (Fig. 2B), we found that the overall
expression patterns of UGT71C1 from the two independent
platforms were congruent. We also analyzed the expression
pattern of UGT71C1 using the UGT71C1 promoter::GUS
fusion. UGT71C1 expression was mainly evident in the roots,
although weak expression was also detected in the basal
nodes of branches, the petioles of rosette leaves, and the
basal parts of siliques (Fig. 3). Taken together, our expression analyses indicate strong expression of UGT71C1 in

Fig. 2. Tissue-specific expression of UGT71C1. A. qRT-PCR
results. B. Microarray results obtained from the AtGenExpress
database.

roots, and suggest a major physiological role of UGT71C1 in
roots.
Oxidative stress in response to MV UGT71C1 has previously been shown to transfer a sugar moiety to the 3OH of hydroxycinnamates and flavonoids in vitro (Lim et
al., 2003b). Hydroxycinnamates (C6C3) and flavonoids
(C6C3C6), which are major secondary metabolites in plants,
act as antioxidants by scavenging superoxide and peroxyl
radicals (Cotelle et al., 1992; Hanasaki et al., 1994;
Jovanovic et al., 1994; Meyer et al., 1998; Natella et al.,
1999; Yuting et al., 1990; Zhou and Zheng, 1991). In particular, the aglycons of flavonoids are relatively strong antioxidants compared to flavonoid glycosides (Rice-Evans,
1996). Therefore, we investigated whether alterations in
UGT71C1 expression affect plant responses to oxidative
stress caused by MV, an agent that causes ROS production
(Mylona et al., 2007). Both ugt71c1-1 and wild-type plants
formed progressively more stunted growth on MS plates as
the MV concentrations was increased (0−1.5 µM; Fig. 4A).
However, growth inhibition by MV was much less for
ugt71c1-1 plants than for wild-type plants, indicating that
ugt71c1-1 displays resistance to oxidative stress (Fig. 4A).
Furthermore, better root growth was observed in ugt71c1-1
seedlings than in wild-type seedlings at all MV concentrations tested (Fig. 4A).
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Fig. 3. Histochemical detection of GUS. A. Flower. B. Silique. C. Stem. D. Cauline leaf. E. Rosette leaf. F. 3-day-old seedling. G. Root
tip of 3-day-old seedling. H. 10-day-old seedling. I. Lateral root of 10-day-old seedling.
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Fig. 4. Effects of MV on wild-type and ugt71c1-1 seedlings. A. Phenotypes of 10-day-old light-grown seedlings at different concentrations of MV. B. Chlorophyll a content. C. Chlorophyll b content. D. Carotenoid content. Gray bars represent wild-type (WT) activity, and
white bars mutant activity.
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Fig. 5. ROS scavenging activity of wild-type and ugt71c1-1 seedlings under oxidative stress. No significant change in ROS scavenging activity was noted in ugt71c1-1 even at 1.5 µM MV, while
the activity decreased to 50% of control in wild-type plants.

The effects of MV on the seedlings were quantified by
measuring the content of chlorophylls and carotenoids in
mutant and wild-type seedlings. Chlorophyll a content in
ugt71c1-1 plants exposed to 1 µM MV was more than
two-fold higher than in wild-type plants (Fig. 4B). In addition, chlorophyll b content fell drastically in wild-type
plants as the MV concentration increased (Fig. 4C). Chlorophyll b content in ugt71c1-1 plants grown on MS plates
with 1 µM MV was approximately four-fold higher than
in wild-type plants (Fig. 4C), and carotenoid content at 1
µM MV was also more affected in wild-type plants (Fig.
4D). Taken together, these results indicate that reduced
expression of UGT71C1 renders plants more resistant to
oxidative stress, and support the idea that aglycons are
more effective antioxidants than glycosides.
Comparison of metabolites and ROS scavenging activity in ugt71c1-1 and wild-type plants Plant secondary
metabolites such as hydroxycinnamates and flavonoids act
as antioxidants that scavenge free radicals such as O2-, O2,
and H2O2 (Cotelle et al., 1992; Hanasaki et al., 1994;
Jovanovic et al., 1994; Rice-Evans et al., 1996; Yuting et al.,
1990; Zhou and Zheng, 1991). Since ugt71c1-1 plants grew
better than wild-type seedlings in response to MV-induced
oxidative stress conditions, we performed DPPH assay to
measure ROS scavenging activity. Overall, ugt71c1-1
plants exhibited higher scavenging activity than wild-type
plants (Fig. 5). In particular, the level of radical scavenging
activity in wild-type plants was less than 50% of that of
ugt71c1-1 plants at 1.5 µM MV.
In general, flavonoid aglycons are thought to be
stronger antioxidants than flavonoid glycosides (Lee,
2004; Rice-Evans et al., 1996). Since the relative abundance of aglycons to glycosides probably influences the
ability to scavenge ROS under oxidative stress, we ana-
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Fig. 6. Relative abundance of three major flavonoid compounds
in wild-type and ugt71c1-1 plants. In ugt71c1-1, the amount of
quercetin 3,7-O-glucoside, rhamnoside was reduced by 25%.
Kaempferol 3,7-O-glucoside, rhamnoside was present at only
approximately 70% of the wild-type (WT) level.

lyzed ugt71c1-1 and wild-type plants by targeted metabo
lite profiling using HPLC and mass spectrometry. Two major flavonoid compounds were quantitatively different between ugt71c1-1 and wild-type plants: the amount of
quercetin 3, 7-O-glucoside, rhamnoside, was reduced by
25% in ugt71c1-1 plants, and the amount of kaempferol 3,
7-O-glucoside, rhamnoside was only approximately 70% of
the wild-type level (Fig. 6). Under standard conditions,
secondary metabolites such flavonoids are constantly modified by hydroxylation, methylation, and glycosylation. In
view of the properties of flavonoid aglycons and the reduction of UGT71C1 expression in ugt71c1-1, it is tempting to
speculate that, under oxidative stress, the reduced amounts
of flavonoid glycosides in ugt71c1-1 favor dynamic
changes of the pool of flavonoid glycosides to aglycons,
which are more effective antioxidants.
Expression of ROS response genes under oxidative
stress conditions Expression of the genes encoding ROS
catabolizing enzymes such as superoxide dismutases
(SODs), catalases (CATs), and peroxidases is rapidly induced during oxidative stress (Scandalios, 2005; Scandalios et al., 1997). We analyzed the expression levels of
the ROS response genes in ugt71c1-1 and wild-type
plants under oxidative stress conditions (Fig. 7). Eight
Arabidopsis ROS response genes were examined: ALTERNATIVE OXIDASE (AOX; At5g64210), BON ASSOCIATION PROTEIN I (BAP1; At3g61190), CATALASE1
(CAT1; At1g20630), CATALASE 2 (CAT2; At4g35090),
COPPER/ZINC SUPEROXIDE DISMUTASE (CSD1;
At1g08830), Fe SUPEROXIDE DISMUTASE I (FSD1;
At4g25100), FERRETIN1 (FER1; At5g01600), and PEROXIREDOXIN (PEROX; At3g06050) (Table 1). RNA
samples from three independent batches of 10-day-old

374

Arabidopsis UGT71C1 in Response to Oxidative Stress

A

B

C

D

E

F

G

H

Fig. 7. Expression of eight ROS response genes in wild-type and
ugt71c1-1 seedlings under oxidative stress. Gray bars represent
the levels in wild-type, and white bars represent the levels in
ugt71c1-1. A. AOX. B. BAP1. C. CAT1. D. CAT2. E. CSD1. F.
FER1. G. FSD1. H. PEROX.

seedlings exposed to different MV concentrations were
purified, and the expression levels of the ROS response
genes were analyzed by qRT-PCR. Overall, the expression
of these ROS response genes was reduced in ugt71c1-1
compared to that in wild-type plants (Fig. 7). SOD and
CAT have been reported to play pivotal roles in removal
of excess ROS during oxidative stress (Mittler, 2002).
CAT1 and CAT2 expression increased in both wild-type
and ugt71c1-1 plants with increasing MV concentration,
with maximum levels at 1 µM MV (Figs. 7C and 7D);
however, the maximum levels of CAT1 and CAT2 were
lower in ugt71c1-1 than in wild-type plants. Similarly, the
levels of CSD1 and FSD1 in wild-type plants in the presence of 1 µM MV were approximately two-fold higher
than those of ugt71c1-1 plants (Figs. 7E and 7G). Expression of AOX and PEROX, which are involved in mitochondrial redox homeostasis (Maxwell et al., 1999; Millar
et al., 2001; Mittler, 2002; Purvis and Shewfeldt, 1993),
increased dramatically in wild-type plants but only slowly
in ugt71c1-1 plants (Figs. 7A and 7H). In addition, transcript levels of a singlet oxygen marker gene (BAP1) and
a superoxide marker gene (FER1) also increased in wild-

type plants (Figs. 7B and 7F); in ugt71c1-1 plants, BAP1
expression increased with increasing MV concentrations,
but FER1 expression decreased (Figs. 7B and 7F). These
results are consistent with the results of the DPPH analysis, which demonstrated that ugt71c1-1 has higher ROS
scavenging activity and thus probably accumulates less
ROS than wild-type plants. In addition, the reduced expression of the eight ROS response genes in ugt71c1-1
suggests that active non-enzymatic antioxidants such as
flavonoids play a role in responses to oxidative stress.
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