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Abstract Glycosyltransferases (GTs) play an important
role in modulating solubility, stability, bioavailability, and
bioactivity of secondary metabolites, such as flavonoids. In
Arabidopsis thaliana, at least 120 family 1 uridine
diphosphate (UDP)-glycosyltransferases (UGTs) have been
predicted. However, little is known about their substrates or
their physiological roles in planta. To define the role of
UGT73B2 in planta, we first characterized its expression
pattern using transgenic Arabidopsis plants carrying the cis-
elements of UGT73B2 fused to the GUS reporter. During
vegetative phase, its expression was high in embryonic and
postembryonic roots, where it may play a physiological role
in the glycosylation of flavonoids. Loss of function of
UGT73B2 alone or in conjunction with its closest homo-
logs, UGT73B1 and UGT73B3, confers greater tolerance to
oxidative stress, whereas overexpression of UGT73B2
increases sensitivity to oxidative stress. In addition, growth
phenotypes of mutant and transgenic seedlings correlate
well with ROS levels in planta. Our results suggest that the
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glycosylation of flavonoids by UGT73B2—and/or its
closest homologs—modulate the response of plants to
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Keywords Arabidopsis - Flavonoids - Glycosylation -
Methyl viologen - Oxidative stress - UGT73B2

Introduction

Due to their sessile nature, plants need to cope with a
variety of environmental stresses: abiotic and biotic. To
allow plants greater flexibility and plasticity under various
stress conditions, it is essential that a variety of small
molecules, either intrinsic or extrinsic, including hormones,
metabolites, and xenobiotics, be dynamically modified
(Dixon and Paiva 1995; Hemm et al. 2004). In particular,
glycosylation catalyzed by a superfamily of glycosyltrans-
ferases (GTs), plays an important role in modulation of the
solubility, stability, bioavailability, and bioactivity of
various small molecules (Heller and Forkmann 1994; Jones
and Vogt 2001; Ross et al. 2001). In plants, secondary
metabolites such as flavonoids perform multiple functions,
including roles in oxidative stress, UV protection, and
disease resistance (Chong et al. 2002; Gachon et al. 2005;
Langlois-Meurinne et al. 2005; Li et al. 1993).

In the Arabidopsis genome, at least 120 family 1 uridine
diphosphate (UDP)-glycosyltransferases (UGTs), which
transfer UDP-activated sugar moieties to specific acceptor
molecules, have been predicted (Li et al. 2001; Ross et al.
2001). Phylogenetic analyses revealed that the family 1
UGTs were classified into 14 groups: A to N (Bowles 2002;
Li et al. 2001; Ross et al. 2001). To date, no definite
conclusion on the function of these UGTs has been made
from their primary sequence information (Langlois-Meurinne
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et al. 2005). It is generally believed that plants synthesize a
vast array of natural products to accommodate abiotic and
biotic stresses and that, in many cases, a glycosylation
reaction by a UGT is the last step in the biosynthesis of
natural products (Paquette et al. 2003). Thus, the evolution
and explosion of UGTs in the Arabidopsis genome to cope
with constant changes in environment is reasonable.

One of the 14 UGT groups, group D is composed of 13
UGT members, which generally exhibit high substrate
specificity for small compounds, such as flavonoids, with
regioselectivity (Heller and Forkmann 1994; Kim et al.
2006; Lim et al. 2002; Vogt and Jones 2000). It has been
reported that flavonoids serve as antioxidants to reduce
production of reactive oxygen species (ROS) (Asada and
Takahashi 1987; Bowler et al. 1992). In the group D UGTs,
UGT73B2 was previously reported to preferentially transfer
a glucose group to the 3-hydroxyl group of flavonoids in
vitro (Kim et al. 2006), and loss-of-function mutations in
UGT73B1, UGT73B2, or UGT73B3 (located in tandem on
the same chromosome) enhanced resistance to oxidative
stress (Lim et al. 2006). In addition, Langlois-Meurinne et
al. (2005) demonstrated the potential role of UGT73B3,
along with another group D member UGT73BS5, in defense
responses to Pseudomonas.

The aim of this study was to determine the physiological
role of UGT73B2 in a subfamily of group D because recent
work demonstrated that UGT73B2 used flavonoids as
substrates to transfer a glucose moiety from UDP-glucose
to the 3-hydroxyl group of flavonoids in vitro (Kim et al.
2006). We thus characterized mutant and transgenic
Arabidopsis plants that exhibited the modulated expression
levels of UGT73B2 and its closest homologs (UGT73BI
and UGT73B3). Under oxidative stress, loss-of-function of
either UGT73B2 or all three genes (UGT73B1, UGT73B2,
and UGT73B3) confers greater tolerance to the stress,
whereas overexpression of UGT73B2 causes slight, but
significant, sensitivity to oxidative stress. In addition,
growth phenotypes of mutant and transgenic seedlings
correlate well with ROS levels in planta. Our results
suggest that the glycosylation of flavonoids by UGT73B2,
probably also by its closest homologs (UGT73BI and
UGT73B3), modulates plants' response to oxidative stress.

Materials and Methods

Plant Materials, Growth Conditions, Oxidative Stress
Treatments, and Quantitative RT-PCR (qRT-PCR)

In this study, Arabidopsis thaliana ecotype Columbia (Col-
0) and its derivatives were used. A loss-of function
mutation in UGT73B2 (At4g34135) (SALK 043888) was
previously described (Lim et al. 2006). Seeds were surface-
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sterilized in 5% sodium hypochlorite and 0.15% Tween 20
for 3 min, rinsed thoroughly in distilled water, and planted
on MS agar plates (1X Murashige-Skoog salts, pH 5.7; 1%
sucrose; and 0.8% agar). They were stratificated for 3 days
at 4°C and grown vertically under continuous light
conditions at 22°C, as previously described (Lim et al.
2006; Lim et al. 2008).

To induce oxidative stress, plants were grown on 1x MS
agar plates containing 0, 0.5, or 1 uM of methyl viologen
(MV; paraquat; 1, 1'-dimethyl-4, 4' bipyridinium dichloride,
Aldrich, USA). The root lengths and fresh weights of the
seedlings (n>50) were measured using the Image J program
(NIH Image, USA). To score the survival rates, plants were
first grown in MS agar plates for 3 days (as mentioned
above) and were transferred to new MS agar plates with
3 uM MV. At 7 days after transfer (DAT), only surviving
plants were counted (7>260).

For qRT-PCR, total RNA was isolated from seedlings
grown in MS agar plates (with or without MV), using an
RNeasy Plant Mini kit (Qiagen, USA) according to the
manufacturer's instruction. Using the Mx3000P® QPCR
System (Stratagene, USA), qRT-PCR experiments were
carried out as described previously (Lee et al. 2008; Lim et
al. 2008). Sequence information for primers used in PCR is
listed in Table 1.

Transgenic Plants, Transformation, and GUS Assay

To generate overexpression lines, the full-length (1,452 bp)
open reading frame (ORF) of the UGT73B2 gene was
amplified by PCR using gene-specific primers, as listed in
Table 1. Subsequently, the amplified product was subcloned
into pENTR Directional TOPO™, a Gateway entry vector
(Invitrogen, USA). Only an error-free insert was transferred
to the pEarleyl00 binary vector (Earley et al. 2006)
containing the cauliflower mosaic virus (CaMV) 35S
promoter using LR recombinase, according to the manu-
facturer's instructions (Invitrogen, USA).

To produce pUGT73B2::GUS transgenic plants, an
approximately 1.2-kb fragment upstream from the ATG
start codon of UGT73B2 was amplified by PCR and
subcloned into pBI101 as described in Lim et al (2008)
with modifications. The PCR product was cut with PstI and
BamHI, and the digested Pstl-BamHI fragment was inserted
into the multicloning sites (MCS) of pBI101 cut with PstI
and BamHI. Transgenic lines containing the pUGT73B2::
GUS construct were selected and analyzed for GUS
activity, as previously described (Lee et al. 2008).

For RNA interference (RNAi), we selected the most
highly similar region among the three closely related genes:
UGT73B1 (At4g34138), UGT73B2 (At4g34135), and
UGT73B3 (At4g34131). The 0.9-kb PCR-amplified partial
fragment of the GUS gene was subcloned into the



J. Plant Biol. (2010) 53:233-239

235

Table 1 Primer sequences used in this study

Use

5'-3'

Primer name

5'-3'

Primer name

358::UGT73B2

AACGTCAATTTCAATACCTTTGGT

UGT73B2-R

CACCATGGGTAGTGATCATCATCGA
AACTGCAGAACCAATGCATTGGATCAGGACGCAAACCCAACA

UGT73B2-F

CGGGATCCCGGATTGGCTGGTTGAAAAGAAAAC  pUGT73B2::GUS

pUGT73B2-R

pUGT73B2-F

GGATCCTGTCGGCGATAAGACAGTCTGGTC RNAI

BamHI-73B-R
EcoRI-73B-R

ACT2-R

GCGGCCGCCTTCCCTTTCATGGCTTATGGTC
GGTACCCTTCCCTTTCATGGCTTATGGTC

TCGCTGACCGTATGAGCAAAGAA
AGAGGCGGAGACGGGCAAA

Notl-73B-F

RNAI

GAATTCTGTCGGCGATAAGACAGTCTGGTC

TGGAATGTGCTGAGGGAAGCA

Kpnl-73B-F
ACT2-F

qRT-PCR
qRT-PCR

TGAACTAAACTCTTCCATGAAGC

UGT73B2qRT-R

UGT73B2qRT-F

pBluescript SK vector, using BamHI and EcoRI sites
(pBSK-dGUS). Based on the sequence information of the
most conserved region between UGT73B2 and UGT73B3,
a 359-bp fragment of UGT73B2 was amplified with Norl-
BamHI (forward) and Kpnl-EcoRI (reverse) linker primers
(Table 1). The fragment was cut and subcloned into the
pBSK-dGUS vector. Subsequently, the cassette of UGT73B2
and dGUS was cut with Xbal and transferred into the
pMBPI binary vector (Suh et al. 1998) for RNAI in planta.

Plant transformation was performed by the floral-dip
method (Clough and Bent 1998) with Col-0 wild-type plants
for overexpressor and transcriptional fusion, and ugt73b1 for
RNAI, respectively. Transgenic plants in the T3 generation
were used for analysis throughout our experiments.

Analysis of ROS Production by NBT Assays

To qualitatively estimate ROS generation, we performed
NBT (nitroblue tetrazolium) staining in mutant and trans-
genic seedling roots as described by Blanvillain et al. (2009)
with minor modifications. At 10 days after germination
(DAG), seedlings grown under oxidative stress (0.5 uM
MV) were stained for 3 h with 0.5 mg ml"' NBT in 1x
phosphate-buffered saline (PBS). Plants were fixed with 70%
methanol prior to observation, and pictures were obtained
using an Axio Imager. A1 microscope equipped with an
AxioCam MRc5 digital camera (Carl Zeiss, Germany).

Results and Discussion
Tissue-Specific Expression Patterns of UGT73B2

To define the role of UGT73B2 in planta, we analyzed its
expression pattern with transgenic Arabidopsis plants harbor-
ing the cis-elements of UGT73B2 fused to the GUS reporter
gene (pUGT73B2::GUS). Expression of pUGT73B2::GUS
was primarily observed in the seedling root, specifically in
the stem cell niche where the quiescent center (QC) and the
initial cells are located, and in the mature root cap cells
(Fig. la, b). No expression was observed in the shoot
meristem or cotyledons (Fig. 1a). In the mature embryo, blue
staining was detected in the radicle (Fig. 1¢). We also found
GUS expression in the stem cell niche and from the
endodermis onward in the lateral root (Fig. 1d). In aerial
parts, we found GUS expression in the anthers and sepals of
the flower (Fig. le—g). Our GUS analysis revealed that
UGT73B2 is expressed highly in embryonic and postembry-
onic roots as well as in flowers with tissue-specific patterns.
Based on the tissue-specific expression patterns of UGT73B2,
we speculate that its major physiological role takes place in
roots during the vegetative phase and in anthers and sepals
during the reproductive phase.
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Characterization of ugt73b2 and Transgenic Plants
Under Oxidative Stress

To better understand the physiological role of UGT73B2 in
Arabidopsis, we generated and characterized overexpres-
sors of UGT73B2 driven by the cauliflower mosaic virus
(CaMV) 35S promoter along with loss-of-function ugt73b2
mutants that were previously described (Lim et al. 2006).
The expression level of UGT73B2 in the overexpressors
(OX) was substantially high by approximately sevenfold as
compared with that of the wild-type (data not shown). It
was previously reported that two closest homologs
(UGT73B1 and UGT73B3) are located in tandem with
UGT73B2 on the same chromosome (Lim et al. 2006). In
addition, expression of the UGT genes was induced in
different mutant backgrounds. For example, UGT73BI
expression substantially increased in wugt73b2 mutants,
suggesting possible redundancy in their function. Thus,
we attempted to produce plants with a loss of function of all
three genes by genetically crossing each other; but, our
attempts were unsuccessful because the genes are very
tightly linked on the same chromosome. Alternatively, we
have generated transgenic plants with substantially de-
creased expression of all three genes by RNA interference
(RNAI) (see Materials and Methods).

Previously, it was shown that ugt73b2 displayed en-
hanced resistance to oxidative stress caused by methyl
viologen (MV), which is known to promote ROS genera-
tion (Lim et al. 2006; Mylona et al. 2007). Under standard
growth conditions, ugt73b2, overexpressor (OX), and RNAi

plants showed no obvious morphological defects, but
ugt73b2 and RNAI appeared to grow better than the wild-
type (Fig. 2a—c). We further investigated growth phenotypes
of OX and RNAI seedlings in comparison with ugt73b2 and
wild-type under oxidative stress. As MV concentrations
increased, the growth of wild-type, ugt73b2, OX, and RNAi
seedlings was inhibited to varying degree compared with
those grown under control conditions (Fig. 2a). We measured
the root lengths and fresh weights of wild-type, ugt73b2,
OX, and RNAI seedlings. We found that the root length of
RNAIi plants increased, as was that of ugt73b2 single
mutants, which have been shown to be tolerant to MV
(Fig. 2a, b). In addition, fresh weights of both ugt73b2 and
RNAIi were more than those of wild-type and OX seedlings
(Fig. 2c¢). Collectively, ugt73b2 and RNAi grew better than
wild-type and OX seedlings under MV-induced oxidative
stress (Fig. 2a—c). These results indicate that reduced
function of either UGT73B2 alone—or in conjunction with
the two homologs—confers relatively resistant growth
phenotypes to oxidative stress. Taken together, these results
suggest that UGT73B2 plays a physiological role in a
glycosylation pathway in response to oxidative stress.

Characterization of Stress Tolerance Under Extreme
Oxidative Stress

Since both ugt73h2 and RNAI seedlings grew better than
wild-type and OX under the MV-induced oxidative stress,
we next investigated the adaptive fitness of the plants under
extreme conditions. We grew wild-type, ugt73b2, OX, and

Fig. 1 Expression patterns of UGT73B2 by pUGT73B2::GUS transcriptional fusion. a 10-day-old light-grown seedling. b Primary root. ¢ Mature

embryo. d Lateral root. e Flower. f Sepal. g Stamen
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Fig. 2 Effects of MV-induced
oxidative stress on wild-type,
ugt73b2, overexpressor, and
RNAI seedlings. a Phenotypes
of 10-day-old light-grown seed-
lings at different concentrations.
b Root lengths. ¢ Fresh weights

Fig. 3 Survival phenotypes
under extremely adverse oxida-
tive stress. a MS agar plate
without MV. b MS agar plate
with 3 uM MV. ¢ Survival rates.
Values that are statistically sig-
nificant (p<0.05) are indicated
by an asterisk
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RNAI for 3 days in normal conditions and transferred the
seedlings to extreme conditions (MV 3 pM; see Materials
and Methods). At seven DAT, we scored the survival rates
of wild-type, ugt73b2, OX, and RNAi plants. Under
extremely adverse conditions, approximately 35% (119
out of 342) wild-type survived, whereas survival rates of
both ugt73b2 and RNALI significantly increased to approx-
imately 55% (192 out of 352) and 61% (161 out of 265),
respectively (Fig. 3a—c). It was previously suggested that
smaller-sized individuals appear to have better adaptive
fitness under extremely adverse conditions (Achard et al.
2006). Interestingly, our analysis showed that both ugt7352
and RNAIi have better fitness under adverse conditions,
even though these seedlings are larger. Loss of function of
UGT73B2 and its closest homologs also produce plants
with greater fitness in extremely adverse conditions.

Analysis of ROS Production in Mutant and Transgenic
Seedling Roots

To better understand the correlation between the reduced
function of UGT73B2 and ROS production, we monitored
ROS production qualitatively by the standard NBT (nitro-
blue tetrazolium) staining assay. Under normal conditions,
ugt73b2 and RNAi showed similar staining patterns to
those of wild-type and OX roots (Fig. 4a—d). However, we
found that NBT staining substantially decreased in both
ugt73b2 and RNAI roots compared with roots of wild-type
and OX under oxidative stress (Fig. 4e—h). These data

Fig. 4 NBT staining patterns

indicate that ROS generation in both ugt73b2 and RNAI is
indeed reduced, which well correlates with tolerant growth
phenotypes under oxidative stress.

It is well established that flavonoids, which are known to
be substrates of UGT73B2 in vitro, act as antioxidants by
reducing ROS production (Cotelle et al. 1992; Hanasaki et
al. 1994; Jovanovic et al. 1994; Kim et al. 2006; Rice-Evans
et al. 1996; Yuting et al. 1990; Zhou and Zheng 1991). In
particular, it is thought that flavonoid aglycones are
potentially more effective antioxidants than flavonoid glyco-
sides (Rice-Evans et al. 1996). Thus, it is likely that loss-of-
function of UGT73B2 alone and/or with the homologs is
unable to efficiently convert aglycones to glycosides in a
given pool of flavonoids. Relative accumulation of agly-
cones, more effective antioxidants, in the pool of flavonoids
results in improved tolerance to oxidative stress caused by
MYV treatments. It is also probable that each of the three
UGTs may act only on the subset of specific substrates in a
given pool of flavonoids in a spatiotemporal-specific manner.
Nevertheless, we can speculate that the glycosylation of
flavonoids by UGT73B2 (and/or its closest homologs)
modulate plants' response to oxidative stress.

Conclusion
During the vegetative phase, the UGT73B2 gene is

expressed highly in embryonic and postembryonic roots,
where it possibly plays a physiological role in the glycosyl-

ugt73b2

of wild-type, ugt73b2, overex-
pressor, and RNAI roots.
Seedlings grown in normal
conditions (a—d). Seedlings
grown in MS agar plates with
0.5 uM MV (e-h). a, e Col-0
wild-type. b, f ugt73b2. ¢, g

overexpressor. d, h RNAi
P Control

0.5 uM MV
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ation of secondary metabolites, such as flavonoids. Loss of
function of UGT73B2 alone and/or with its two closest
homologs (UGT73B1 and UGT73B3) confers greater
tolerance to oxidative stress, whereas overexpression of
UGT73B2 raises sensitivity to oxidative stress slightly, but
significantly. Our results suggest that the glycosylation of
flavonoids by UGT73B2 (and/or its closest homologs)
modulates the response of plants to oxidative stress.
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