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Plant adaptive responses to drought are coordinated by adjusting growth and developmental processes as well as molecular
and cellular activities. The root system is the primary site that perceives drought stress signals, and its development is
profoundly affected by soil water content. Various growth hormones, particularly abscisic acid (ABA) and auxin, play a critical
role in root growth under drought through complex signaling networks. Here, we report that a R2R3-type MYB transcription
factor, MYB96, regulates drought stress response by integrating ABA and auxin signals. The MYB96-mediated ABA signals are
integrated into an auxin signaling pathway that involves a subset of GH3 genes encoding auxin-conjugating enzymes. A
MYB96-overexpressing Arabidopsis (Arabidopsis thaliana) mutant exhibited enhanced drought resistance with reduced lateral
roots. In the mutant, while lateral root primordia were normally developed, meristem activation and lateral root elongation
were suppressed. In contrast, a T-DNA insertional knockout mutant was more susceptible to drought. Auxin also induces
MYB96 primarily in the roots, which in turn induces the GH3 genes and modulates endogenous auxin levels during lateral root
development. We propose that MYB96 is a molecular link that mediates ABA-auxin cross talk in drought stress response and
lateral root growth, providing an adaptive strategy under drought stress conditions.

Water availability in the soil influences virtually all
aspects of plant architecture and physiology. Conse-
quently, the rootsystemisverysensitive towaterdeficit.
Under drought stress conditions, depth and elongation
of theprimary root and formation of the lateral roots are
adjusted to sustain theviability ofplants (Horvath et al.,
2003; Deak and Malamy, 2005; Gubler et al., 2005; Yu
et al., 2008). Notably, while primary root growth is not
discernibly affected by water deficit, the number of
lateral roots and their growth are significantly reduced
(Deak and Malamy, 2005).

Lateral root formation is initiated when a few pericy-
cle founder cells adjacent to the two xylem poles divide
anticlinically and asymmetrically, resulting in two
shorter cells flanked by two longer cells (Dubrovsky
et al., 2000; Casimiro et al., 2003; De Smet et al., 2008).
This step is referred to as lateral root initiation. The
daughter cells undergo several rounds of cell division,
which result in a dome-shaped lateral root primordium
that subsequently emerges through the outer cell layers
(referred to as emergence of lateral root primordium).
The lateral root primordium further expands through
cell divisions after lateral root primordial emergence,
and a meristem is established when three to five cell
layers are formed within the lateral root primordium
(Casimiro et al., 2003). The lateral root meristem is
activated when the soil conditions are favorable.

The developmental steps during lateral root forma-
tion can be traced at the molecular level. The G1-S
transition of the cell cycle in the pericycle founder cells
is regulated by Kip-related protein2 (KRP2), function-
ing as a cyclin-dependent kinase inhibitor (Himanen
et al., 2002). The KRP2 gene is repressed by auxin but
activated by abscisic acid (ABA), which is consistent
with the promotive role of auxin and the repressive
role of ABA in lateral root initiation (Verkest et al.,
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2005; De Smet et al., 2006). Several ABA-related genes,
such as 9-CIS-EPOXYCAROTENOIDDIOXYGENASE9
(NCED9), encoding an ABA biosynthetic enzyme
(Taylor et al., 2000), are also closely related to the
process of lateral root initiation (Tan et al., 2003; De
Smet et al., 2006).

Lateral root formation is greatly influenced by both
endogenous and external stimuli. The activation of the
lateral root meristem occurs with the help of a series of
ABA-responsive genes. In the presence of ABA, lateral
root formation is inhibited, although the dome-shaped
primordium is normally developed. This inhibition is
caused by the ABA-mediated repression of the activa-
tion of newly established lateral root meristem (De
Smet et al., 2006). Meanwhile, it has been shown that
the ABA insensitive8 (abi8) mutant is incapable of
maintaining meristem activity (Brocard-Gifford et al.,
2004), which is in contrast to the inhibitory role of ABA
in lateral root formation. Although it has not been
experimentally examined, one possibility would be
that some lateral root initiation genes might represent
molecular events occurring in the surrounding cells,
which are still required for normal lateral root initia-
tion (De Smet et al., 2003; Tan et al., 2003). External
signals mediated by environmental factors, such as
drought and osmotic stress (Deak and Malamy, 2005)
and soil nutrients (Malamy and Ryan, 2001; Little et al.,
2005), are also integrated into the growth hormone
signaling networks (Ivanchenko et al., 2008).

Auxin is known to promote the entire process of
lateral root formation. It plays a primary role in lateral
root initiation (Xie et al., 2000, 2002; Ljung et al., 2002;
Dubrovsky et al., 2008). In contrast, under drought or
osmotic stress conditions, the lateral root meristem
activation is suppressed by ABA-mediated signals,
producing fewer and shorter lateral roots (De Smet
et al., 2003; Deak and Malamy, 2005). Auxin is also
involved in the meristem activity of the lateral roots, as
has been shown with a mutation in the ABERRANT
LATERAL ROOT FORMATION3 gene (Celenza et al.,
1995). Lateral root growth is blocked after the emer-
gence of the lateral root primordium in the mutant,
which also occurs in the lateral roots of ABA-treated
plants or of plants grown under drought conditions
(De Smet et al., 2003; Deak and Malamy, 2005), suggest-
ing that signaling cross talk occurs between ABA and
auxin. It is generally believed that ABA regulates lateral
root formation by modulating auxin signaling path-
ways (De Smet et al., 2003; Deak and Malamy, 2005).
However, the underlying molecular mechanisms have
not yet been explored at the molecular level.

In this work, we examined morphological and mo-
lecular aspects of an Arabidopsis (Arabidopsis thaliana)
activation-tagged mutant, myb96-ox, in which the
MYB96 gene is constitutively overexpressed. While
the myb96-ox mutant exhibited enhanced resistance to
drought with stunted growth and reduced lateral
roots, a T-DNA insertional knockout mutant, myb96-1,
was more sensitive to water deficit. Notably, the
MYB96-mediated ABA signals are transduced through

an auxin signaling pathway that involves a subset of
GH3 genes. These signals regulate lateral root forma-
tion by arresting the meristem activity after the emer-
gence of lateral root primordium, providing a means
of controlling root branching under drought condi-
tions (Horvath et al., 2003; Gubler et al., 2005).

RESULTS

myb96-ox Exhibits Dwarfed Growth with Reduced
Lateral Roots

By screening an Arabidopsis activation-tagged mu-
tant pool generated by randomly integrating the cau-
liflower mosaic virus (CaMV) 35S enhancer element
into the genome of ecotype Columbia (Col-0), we
isolated the morphogenic mutant myb96-ox that ex-
hibits dwarfed growth with altered leaf morphology
(Fig. 1A). Themyb96-ox leaves were small and severely
curled downward with an asymmetric axis (Fig. 1B).
The root systemwas also affected in the mutant. While
the primary root growth was apparently normal (Sup-
plemental Fig. S1), the growth of lateral roots was
significantly reduced (Fig. 1C) with lower lateral root
density (Fig. 1D). Overall, the myb96-ox phenotypes
were quite similar to those observed in plants grown
under abiotic stress conditions (Heil and Baldwin,
2002), suggesting that the tagged gene might be in-
volved in abiotic stress responses.

Mapping the T-DNA insertional site using a three-
step thermal asymmetric interlaced-PCR (Liu et al.,
1995) and gene expression analysis revealed that a
gene (At5g62470) encoding aMYB transcription factor,
MYB96, was activated by the nearby insertion of the
enhancer element in the mutant (Fig. 1, E and F).
Transgenic plants overexpressing the MYB96 gene
under the control of the CaMV 35S promoter recapit-
ulated the myb96-ox phenotypes (Fig. 1, A and B),
indicating that the overexpression of MYB96 is the
molecular cause of the myb96-ox phenotypes. The
T-DNA insertional knockout mutantmyb96-1was phe-
notypically indistinguishable from wild-type plants
when grown under normal growth conditions (Fig.
1A). However, it exhibited an altered response to
water deficit, which was efficiently rescued by the
expression of a genomic DNA segment containing the
MYB96 gene and its own promoter (see Fig. 3G below),
confirming the interconnectedness of MYB96 and the
myb96-ox phenotypes.

The MYB96 protein consists of 352 amino acids
(Supplemental Fig. S2). Protein structure analysis re-
vealed that it belongs to the R2R3-type MYB subfamily
with two imperfect repeats (R1 and R2), each consist-
ing of approximately 53 residues that form a typical
helix-turn-helix configuration (Stracke et al., 2001).

MYB96 Is Induced by ABA and Drought

To examine the subcellular localization of the
MYB96 protein, a GFP-coding sequence was fused in
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frame to the 3# end of the MYB96 gene, and the fusion
construct was transiently expressed in onion (Allium
cepa) epidermal cells. The fusion was exclusively
detected in the nucleus (Fig. 2A), which is consistent
with its role as a transcription factor.
While theMYB96 gene was expressed at a high level

in the leaves and flowers, it was expressed at a
relatively lower level in the roots (Fig. 2B). In addition,
it was expressed throughout the plant life (Fig. 2C). To
further examine the localized expression patterns in
different plant tissues, a promoter sequence covering
an approximately 2-kb region upstream of the MYB96
transcription start site was fused to a GUS-coding
sequence, and the promoter-GUS reporter was trans-
formed into wild-type plants. GUS activity was de-

tected at a high level in the leaves and hypocotyls (Fig.
2D), consistent with the gene expression profiling (Fig.
2B). Although the activity was low in the roots, in-
cluding the primary root tips, high GUS activity was
detected in lateral root primordia (Fig. 2D). The overall
level of GUS activity was high in the leaves. Notably,
more close examination revealed that it was localized
mainly into the guard cells.

The myb96-ox phenotypes were similar to those
observed in plants grown under environmental stress
conditions. In addition, the high expression of MYB96
in the guard cells was similar to the expression pat-
terns of some genes mediating abiotic stress responses
(Zhang et al., 2007; Jung et al., 2008). Therefore, we
examined the effects of various environmental condi-

Figure 1. myb96-ox exhibits dwarfed growth with altered leaf shape and reduced lateral roots. A, Phenotypes ofmyb96-ox and
myb96-1. Four-week-old plants grown in soil were photographed. Transgenic plants overexpressingMYB96 under the control of
the CaMV 35S promoter (35S:MYB96) were included for comparison. The insets are enlarged views of the myb96-ox and 35S:
MYB96 plants. B, Comparison of leaf morphologies. The rosette leaves were photographed. A rosette leaf of the 35S:MYB96
plants was also included as a comparison (at right). C, Root phenotypes. Plants were grown on vertical MS agar plates for 3
weeks. D, Lateral root densities. Lateral root density was calculated by dividing the lateral root number by the primary root
length. Visible lateral roots of 20 plants were counted and averaged for each plant group. Error bars represent SE. Statistical
significance of the measurements was determined by Student’s t test (* P, 0.01). E, Mapping of T-DNA insertion sites inmyb96-
ox and myb96-1. Black arrows indicate gene loci. The white arrow indicates exons of the MYB96 gene. F, Transcript levels of
MYB96 in myb96-ox and myb96-1. Transcript levels were determined by qRT-PCR using RNA samples extracted from 2-week-
old whole plants grown on MS agar plates. Biological triplicates were averaged. Error bars represent SE (t test; * P , 0.01). The y
axis is presented on a logarithmic scale for better comparison of fold changes.
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tions on MYB96 expression. The MYB96 gene was
induced significantly by drought (Fig. 2E). It was
also induced moderately by high salt. Furthermore,
MYB96 expression was significantly elevated by ABA
but unaffected by methyl jasmonic acid (mJA) and
1-aminocyclopropane-1-carboxylic acid (ACC; Fig.
2F). Indole-3-acetic acid (IAA) also induced MYB96
expression by approximately 1.8-fold (see Fig. 5A
below). These observations suggest that MYB96 may
play a role in ABA-mediated drought stress response.

MYB96 Enhances ABA-Mediated Drought Resistance

Our data suggested that the MYB96-overexpressing
myb96-ox mutant and the knockout myb96-1 mutant
would respond to drought differentially from wild-
type plants. As expected, whereas the myb96-ox mu-
tant showed enhanced resistance to drought, the
myb96-1 mutant was susceptible to drought (Fig. 3A).

Measurements of the rate of water loss from the leaves
also showed similar results. The water content of the
myb96-1 leaves rapidly decreased upon exposure to
drought (Fig. 3B). The rate of water loss in the myb96-
ox leaves was not discernibly different from that in the
wild-type leaves. This could be due to the small size of
the myb96-ox leaves and thus the small total volume of
water in it.

To look into the molecular mechanisms underlying
the function of MYB96 in drought resistance, we
searched for genes whose expression levels were al-
tered in the myb96-ox and myb96-1 mutants. Most of
the stress genes examined, except for the dehydration-
responsive gene RESPONSIVE TO DEHYDRATION22
(RD22; Yamaguchi-Shinozaki and Shinozaki, 1993),
were unaffected by the myb96 mutations (Supplemen-
tal Fig. S3). The RD22 expression was elevated by
approximately 12-fold in the myb96-ox mutant but
reduced by 3- to 4-fold in themyb96-1mutant (Fig. 3C),

Figure 2. MYB96 is induced by ABA and drought. In B, C, E, and F, transcript levels were determined as described in Figure 1F. A,
Nuclear localization of MYB96 protein. A MYB96-GFP fusion was transiently expressed in onion epidermal cells and visualized
by bright-field and fluorescence microscopy. B, Tissue-specific expression of MYB96. SA, Shoot apical region; FL, flowers; SI,
siliques; ST, stems; CL, cauline leaves; RL, rosette leaves; RO, roots. Error bars represent SE. C, Growth stage-dependent
expression of MYB96. Whole plants harvested at the indicated time points were used for RNA extraction. d, Days after cold
imbibition. Error bars represent SE. D, Distribution of pMYB96-GUS expression in plant tissues. GUS activity was assayed in the
whole plant (left), in the lateral root primordium (right, top), and in the guard cells (right, bottom). E and F, Effects of abiotic
stresses (E) and growth hormones (F) on MYB96 expression. Two-week-old plants grown on MS agar plates were used for the
treatments. Error bars represent SE (t test; * P, 0.01). h, Hours; d, days. ABA, IAA, and mJAwere used at 20 mM, ACC was used at
50 mM, and NaCl was used at 200 mM.
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indicating that MYB96 is required for proper expres-
sion of RD22. RD22was still induced by drought in the
myb96-1 mutant (Fig. 3D). However, the transcript
level was significantly lower than that in wild-type
plants exposed to drought, showing that MYB96, at
least partially, mediates drought induction of RD22.
We next examined whether drought induction of
MYB96 depends on ABA. The effect of drought on
the expression of MYB96 was significantly reduced in
the ABA-deficient aba3-1 mutant, as it was on the

expression of RD22 (Fig. 3E), sustaining the hypothesis
that MYB96 is induced by drought along an ABA-
dependent signaling pathway.

To examine whether the responses of the myb96-ox
and myb96-1 mutants to drought are related to the
regulation of the stomatal opening, stomatal apertures
were measured in the leaves. Whereas the stomatal
aperture decreased to a greater degree in theABA-treated
myb96-ox leaves than in the wild-type leaves, it de-
creased to a lesser degree in the ABA-treated myb96-1

Figure 3. MYB96 regulates drought resistance through the ABA signaling pathway. In C to E, transcript levels were determined as
described in Figure 1F. Two-week-old whole plants grown onMS agar plates were used for RNA extraction. In C and D, the y axis
is presented on a logarithmic scale for better comparison of fold changes. Mo, Mock; DR, drought. A, Drought stress responses of
myb96-ox and myb96-1. To measure survival rates, three independent measurements, each consisting of 30 seedlings, were
averaged for each plant group. Error bars represent SE (t test; * P , 0.01). B, Water loss assays. The leaves of 4-week-old plants
were used. Leaves from seven plants were measured and averaged. C, Transcript levels of RD22 inmyb96-ox andmyb96-1. Error
bars represent SE (t test; * P, 0.05). D, Effects of drought on expression ofMYB96 and RD22. Error bars represent SE. E, Expression
of MYB96 and RD22 in aba3-1. Error bars represent SE (t test; * P , 0.01). F, Stomatal apertures in the myb96-ox and myb96-1
leaves. Two-week-old plants grown on MS agar plates were incubated in MS liquid cultures supplemented with 10 mM ABA for 6
h (left). Two-week-old plants grown in soil were also subjected to drought treatments for 2 weeks before measuring stomatal
apertures (right). Approximately 20 stomatal openings on the fourth leaves were measured and averaged. Error bars represent SE
of the mean (t test; * P, 0.05). G, Complementation assays onmyb96-1. AMYB96 gene with its own promoter was transformed
into myb96-1. Survival rates were measured as described in A. Error bars represent SE (t test; * P , 0.01).
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leaves (Fig. 3F, left). The differential stomatal apertures
between the myb96-ox and myb96-1 leaves were more
evident when the plants were treated with drought
(Fig. 3F, right), indicating that MYB96-mediated sig-
nals enhance plant resistance to drought by reducing
stomatal opening. However, stomatal densities of the
abaxial surfaces of the myb96-ox and myb96-1 leaves
were essentially similar to that in the wild-type leaves
(Supplemental Fig. S4), showing that MYB96 regulates
specifically stomatal opening.

To confirm the role of MYB96 in ABA-mediated
drought resistance, the myb96-1 mutant was trans-
formed with a wild-type MYB96 gene driven by its
own promoter. The pMYB96::MYB96 in myb96-1 trans-
genic plants were as resistant to drought as wild-type
plants were (Fig. 3G), verifying the role of MYB96 in
drought resistance.

ABA Responsiveness Is Altered in Seed Germination
and Lateral Root Formation of myb96-ox

We also examined other plant responses mediated
by ABA, such as seed germination and lateral root
formation, in the myb96-ox and myb96-1 mutants. We
found that the germination process of the myb96-ox
seeds was hypersensitive to ABA (Fig. 4A). It was
considerably delayed in the presence of 5 mM ABA. In
contrast, germination of themyb96-1 seeds was slightly
but reproducibly more resistant to ABA (see below).

The most prominent phenotype of the myb96-ox
mutant was reduced lateral roots (Figs. 1C and 4B). To
more systematically evaluate the effects of ABA, the
mutant plants were grown on vertical half-strength
Murashige and Skoog (MS) agar plates (MS agar plates
hereafter) supplemented with various concentrations
of ABA (0–5 mM). Whereas lateral roots were reduced
by only approximately 20% in the presence of 0.5 mM

ABA in wild-type plants, they were reduced by more
than 70% in the myb96-ox mutant under the same
conditions (Fig. 4B), demonstrating that MYB96 might
be related to ABA signaling in regulating lateral root
formation.

Lateral root formation of the myb96-1 knockout mu-
tant was still responsive to ABA (Fig. 4B). It was also
indistinguishable from that of wild-type plants in the
presence of mannitol, which mimics drought condi-
tions (Fig. 4C). The marginal differences upon ABA
treatment on seed germination and lateral root growth
in themyb96-1mutant might be due to some functional
redundancy of the MYB proteins or multiple ABA
signaling pathways governing seed germination and
lateral root development.

MYB96-Mediated ABA Signals Are Incorporated into an

Auxin Signaling Pathway

Auxin and ABA are two major growth hormones
governing lateral root development. Accumulating
evidence suggests that a physiological balance be-
tween the auxin-promotive and ABA-repressive sig-

nals is crucial for the emergence of lateral root
primordium and lateral root meristem activation
(Deak and Malamy, 2005; De Smet et al., 2006).

To examine whether the MYB96-mediated ABA
signals are linked to auxin signaling during lateral
root development, we examined the effects of auxin on
MYB96 expression using transgenic plants overex-
pressing a gene fusion in which the MYB96 gene
promoter sequence was fused to a GUS-coding se-
quence (pMYB96-GUS). Interestingly, whereas the
level of GUS activity was not detectably influenced
by IAA in the aerial plant parts, the level was signif-

Figure 4. Seed germination and lateral root formation ofmyb96-ox are
hypersensitive to ABA. A, Seed germination rates in the presence of 5
mM ABA. Fifty seeds were germinated and counted for each seed group.
Three measurements were averaged. Error bars represent SE. Radicle
emergence was used as a morphological marker for germination. d,
Days after cold imbibition. B, Effects of ABA on lateral root formation.
Plants were grown as in A, but MS agar plates supplemented with 0 to 5
mM ABA were used. Visible lateral roots of 20 seedlings were counted
and averaged. Error bars represent SE (t test; * P , 0.01). C, Lateral root
formation of myb96-ox and myb96-1 in the presence of 100 mM

mannitol. For mannitol treatments, seedlings were grown at 22�C for
3 d on MS agar plates after cold imbibition, transferred to vertical MS
agar plates supplemented with 100 mM mannitol, and further grown for
2 weeks. Visible lateral roots of 30 plants were counted and averaged.
Error bars represent SE (t test; * P , 0.01).
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icantly elevated in the roots (Fig. 5A). In untreated
roots, it was detected primarily in the tips of lateral
roots and in the lateral root primordium (Figs. 2D
and 5A). The domain of GUS activity was extended
throughout the whole root system after IAA treat-
ments, mainly in the vasculature of the primary root,
indicating that auxin up-regulates MYB96 expression
mostly in the roots.
Treatments with ABA exhibited distinct induction

patterns ofMYB96. GUS activity was elevated broadly
in the aerial plant parts (Supplemental Fig. S5, A
and B). In the roots, it was induced primarily in the
emerging lateral roots. When the transgenic plants
were treated with both IAA and ABA, GUS activity
was elevated in the emerging lateral roots as in the
ABA-treated seedlings. However, the level in the vas-
culature of the primary root was lower than that in the
vasculature of the IAA-treated roots (Supplemental
Fig. S5, B and C). Based on previous observations
(Himanen et al., 2002; De Smet et al., 2003) and our
own observations, it was concluded that ABA inhibits
the action of IAA on pericycle cell division rather than
the effects of IAA on MYB96 expression. As a result,
fewer primordia are produced in the presence of ABA,
which in turn results in fewer cells expressingMYB96.
Consistent with this, MYB96 was induced specifically
in the pericycle cells of the primary root treated with
IAA for 6 h (Supplemental Fig. S6).
A subset of GH3 genes encoding a subset of IAA-

conjugating enzymes is reportedly induced by ABA
and abiotic stresses (Mallory et al., 2005; Park et al.,
2007). Furthermore, GH3-overexpressing mutants
show dwarfed growth with altered leaf morphology
and reduced lateral roots (Mallory et al., 2005; Sorin
et al., 2005; Park et al., 2007), which are strikingly
similar to the myb96-ox phenotypes.
Therefore, we investigated whether MYB96 is rela-

ted to the GH3-mediated responses to abiotic stresses.
Expression of the GH3 genes and their upstream
regulators, such as AUXIN RESPONSE FACTOR (ARF)
genes, was examined in the myb96-ox and myb96-1
mutants. Among the six GH3 genes (GH3-1–GH3-6)
examined, GH3-3, GH3-5/WES1, and GH3-6/DFL1
were up-regulated by more than 2-fold in themyb96-ox
mutant (Fig. 5B), while other GH3 genes were not
discernibly affected. Expression of ARF17 was also
elevated in the mutant. However, no visible changes in
the expression of other genes involved in auxin signal
perception and signaling, including TRANSPORT
INHIBITOR RESPONSE1, ARF5, and ARF7, were
observed in the myb96-ox and myb96-1 mutants (Sup-
plemental Fig. S7).
We next examined the effects of ABA on the expres-

sion of the GH3 and ARF genes in the shoots and roots.
MYB96 was expressed to a similar level in the shoots
and roots of 2-week-old plants (Fig. 5C), which is in
contrast to the relatively low-level expression in the
roots of fully grown plants (Fig. 2B). Analysis of
MYB96 transcript levels throughout the plant growth
stages revealed that the transcript level was drastically

reduced 3 weeks after germination (Supplemental Fig.
S8). MYB96 was induced by ABA in both the shoots
and roots but with higher induction in the latter (Fig.
5C). GH3-3 and GH3-5 were induced by ABA to a
higher level in the roots than in the shoots. While RD22
expression was relatively higher in the shoots, it was
induced by ABA to a similar degree in both the roots
and shoots, which would be related to the role of RD22
in MYB96-mediated drought resistance (Fig. 3).

ARF17 does not seem to be directly related to
MYB96 regulation of the GH3 genes. It was induced
by ABA only slightly in both the shoots and roots (Fig.
5C). In addition, kinetic comparison of the ARF17 and
GH3-5 expression patterns revealed that GH3-5 was
induced earlier than ARF17 after ABA treatments
(Supplemental Fig. S9). Collectively, these observa-
tions strongly support the hypothesis that the MYB96-
mediated ABA signals are modulated through an
auxin signaling pathway, which would affect auxin
metabolism as observed in the GH3-overexpressing
mutants (Park et al., 2007).

ABA Induction of GH3-3 and GH3-5 Genes Depends
on MYB96

The selected GH3 genes are up-regulated in the
myb96-oxmutant (Fig. 5B). TheMYB96 gene is induced
by auxin in the roots (Fig. 5A). Therefore, we asked
whether the auxin induction of theGH3 genes requires
MYB96 in the roots and how the ABA and auxin
signals are interconnected. We found that the GH3
genes were still induced efficiently by IAA in the
myb96-ox and myb96-1 roots, reaching levels compara-
ble to that in wild-type plants (Fig. 6A), indicating that
auxin induction of the GH3 genes is independent of
MYB96.

We next examined whether the GH3 genes would be
induced by ABA in a MYB96-dependent manner spe-
cifically in the roots. The myb96-ox and myb96-1 mu-
tants were treated with ABA, and the expression
patterns of the GH3 genes were examined in the roots.
We observed that whereas ABA induction of GH3-3
and GH3-5 was significantly reduced in the myb96-1
mutant, that of GH3-6 was not (Fig. 6B).

Meanwhile, the RD22 gene was unaffected by auxin,
and its transcript levels were unchanged in the WES1-
overexpressing (wes1-D) and WES1-deficient (wes1-1)
mutants (Supplemental Fig. S10; Park et al., 2007),
supporting that MYB96-GH3 signaling is independent
of RD22-mediated signaling.

We also examined whether the myb96-ox root phe-
notypes were rescued by IAA. The number of lateral
roots increased to a discernible level in the presence of
IAA higher than 0.1 mM in the myb96-ox mutant (Fig.
6C). However, it was not fully recovered to the number
observed in the IAA-treated wild-type plants, as has
been observed in many of the ABA biosynthetic and
signaling mutants (Brady et al., 2003). This would be
because the MYB96-mediated ABA signals also exert
its role in an auxin-independent manner or because
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endogenous auxin levels are adjusted to a certain
degree by the elevated GH3 activities in the myb96-ox
mutant (see below). These observations indicate that
the MYB96-mediated ABA signals are, at least in part,
integrated into an auxin signaling pathway that in-
volves a few GH3 genes. Meanwhile, the effects of IAA
on primary root growth in the myb96-ox and myb96-1
mutants were similar to those in the wild-type roots
(Fig. 6D), indicating that the MYB96-mediated auxin
signaling is specific to lateral root formation.

MYB96 Regulates Lateral Root Growth

Our data indicated thatMYB96 regulates lateral root
development as well as drought resistance by modu-
lating ABA signals. Consistent with this notion, the
root phenotype of the myb96-ox mutant was quite
similar to that observed in wild-type plants grown in
the presence of ABA. Both plants exhibited normal
primary root growth but with fewer lateral roots (Fig.
7A). In addition, MYB96 expression was initiated in
the lateral root primordia after developmental stage III
(Supplemental Fig. S11).

Interestingly, light microscope-assisted counting of
the lateral roots and lateral root primordia revealed
that although visible lateral roots were reduced in the
myb96-ox mutant, more lateral root primordia were
observed in the mutant (Fig. 7B; Laplaze et al., 2007).
Furthermore, total numbers of lateral roots and lateral
root primordia were similar in the wild type and
myb96-ox roots. We also found that lateral root length
was significantly shorter in the myb96-ox mutant but
slightly longer in the myb96-1 mutant (Fig. 7C). These
observations indicate that MYB96 regulates later steps
of lateral root development but does not affect earlier
developmental steps, such as lateral root initiation.

Differential interference contrast microscopy further
supported the role of MYB96 in lateral root develop-
ment. In wild-type roots, most of the lateral root
primordia were expanded through cell divisions after
emergence, and ameristem tissue consisting of smaller
cells was visible within the tips of lateral roots (Fig.
7D), indicative of lateral root meristem activation
(Malamy and Benfey, 1997; Malamy, 2005). In the
myb96-ox mutant, lateral root primordia were nor-
mally developed, but further lateral root growth was
suppressed, as was observed in the ABA-treated
wild-type roots (Fig. 7D; Supplemental Fig. S12). To-
gether, our data strongly support that MYB96 regu-
lates the activation of lateral root meristem and lateral
root growth. This view is also consistent with the
ABA-mediated repression of the activation of newly

Figure 5. MYB96 is induced by IAA primarily in the roots. Transcript
levels were determined as described in Figure 1F. A, Effects of IAA on
MYB96 expression in the roots. Two-week-old transgenic plants
expressing the pMYB96-GUS fusion were incubated in MS liquid
cultures supplemented with 10 mM IAA for 12 h and subjected to GUS
staining. B, Transcript levels of auxin-responsive genes. Two-week-old
whole plants grown on MS agar plates were used for RNA extraction.

Error bars represent SE (t test; * P , 0.01). C, Effects of ABA on
expression of auxin-responsive genes. Two-week-old wild-type plants
grown on MS agar plates were incubated for 6 h in MS liquid cultures
supplemented with 20 mM ABA before harvesting plant materials. Mo,
Mock. Error bars represent SE (t test; * P , 0.01).
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established lateral root meristems (De Smet et al.,
2003).
Expression analysis of the genes involved in lateral

root development also supported the role ofMYB96 in
lateral root meristem activation and lateral root
growth. Expression of ABI3 and ABI5, which mediate
ABA signaling during lateral root meristem activation
(Brocard et al., 2002; Brocard-Gifford et al., 2004), was
induced in the MYB96-overexpressing myb96-ox
mutant but reduced in the knockout myb96-1 mutant
(Fig. 7E). NCED9, which encodes an ABA biosynthetic
enzyme functioning in lateral root formation (Taylor
et al., 2000), also showed similar expression patterns in
the myb96-ox and myb96-1 mutants. In contrast,
CYCB1;1 and KRP2, which regulate cell cycling during
earlier steps of lateral root formation (Wang et al.,
1998; Himanen et al., 2002; Verkest et al., 2005), were
unaffected in the mutants. These observations dem-
onstrate that MYB96 mediates ABA signals in regulat-
ing the activation of lateral root meristem.

Endogenous Auxin Levels Are Altered in myb96-ox

We found that MYB96-mediated ABA signals are
incorporated into an auxin signaling pathway that
involves GH3-3 and GH3-5 genes, suggesting that the

levels of endogenous auxins would be altered in the
myb96-ox mutant.

To examine this possibility, we employed the DR5-
GUS reporter containing an auxin-inducible, synthetic
DR5 promoter fused to the GUS-coding sequence,
which is frequently used as a marker for auxin re-
sponses (Ulmasov et al., 1997). We crossed the myb96-
ox mutant with the transgenic plants expressing the
DR5-GUS reporter. The GUS activity was evidently
reduced in the lateral roots as well as in the vascula-
ture of the primary roots in the myb96-ox background
(Fig. 7F). The GUS transcript level was also lower in
the mutant roots (Fig. 7G). To confirm these results, we
measured the levels of endogenous auxins in the
myb96-ox mutant. The level of conjugated IAA forms
were approximately two times higher in the myb96-ox
mutant (Fig. 7H), which is consistent with the induc-
tion of GH3-3 and GH3-5 genes in the mutant (Fig.
6A). Meanwhile, the level of free IAA was unaltered
to a discernible degree in the mutant, which would be
due to rigorous control of auxin homeostasis under
stress conditions (Dombrecht et al., 2007; Park et al.,
2007).

In accordance with MYB96 regulation of the GH3-3
and GH3-5 genes, distribution of GUS activity in the
roots of the transgenic plants expressing the pGH3-5/

Figure 6. MYB96-mediated ABA sig-
nals are related to auxin. In A and B,
transcript levels were determined as
described in Figure 1F. Mo, Mock. A,
Effects of IAA on expression of auxin-
responsive genes in myb96-ox and
myb96-1. Two-week-old whole plants
grown on MS agar plates were incuba-
ted in MS liquid cultures supplemented
with 20 mM IAA for 6 h before harvest-
ing root samples. The y axis is presen-
ted on a logarithmic scale for better
comparison of fold changes in the first
three graphs. B, Effects of ABA on
expression of GH3 genes in the roots.
Two-week-old plants grown on MS
agar plates were incubated in MS liq-
uid cultures supplemented with 20 mM

ABA for 6 h before harvesting root
samples. Error bars represent SE (t test;
* P , 0.01). C, Effects of IAA on lateral
root formation. Plants were grown on
vertical MS agar plates supplemented
with 0 to 1 mM IAA for 3 weeks, and
visible lateral root numbers were
counted. Twenty seedlingswere counted
and averaged. Error bars represent SE

(t test; * P , 0.01). D, Effects of IAA on
primary root growth. Measurements
were carried out using 2-week-old
plants grown on MS agar plates as
described in C.

MYB96 in Drought Stress Resistance

Plant Physiol. Vol. 151, 2009 283



WES1-GUS reporter was very similar to that observed
in the roots of the pMYB96-GUS transgenic plants
(Supplemental Fig. S13). The GH3-5/WES1 expression
was localized primarily in the lateral root primordium,
like the MYB96 expression. In addition, whereas
ABA up-regulated GH3-5 expression mainly in the lat-
eral root primordium, IAA induced its expression
throughout the whole roots.

Altogether, our data demonstrate that MYB96 is a
critical component of ABA signaling that mediates
plant responses to drought stress via RD22 (Fig. 8). The
MYB96-mediated ABA signals are also incorporated
into an auxin signaling pathway that probably in-
volves a subset of GH3 genes. The signaling cross talk
between ABA and auxin is a key part of molecular
mechanisms governing lateral root meristem activa-

Figure 7. MYB96 regulates lateral root growth. A, Comparison of lateral root formation ofmyb96-ox and ABA-treated wild-type
plants. Seedlings were germinated and grown on MS agar plates for 2 weeks (left). For ABA treatments, seedlings grown at 22�C
for 3 d onMS agar plates after cold imbibition were transferred to MS agar plates supplemented with 1 mM ABA and further grown
for 2 weeks (right). B, Counting of lateral root primordia using a light microscope. Thirty plants at each growth stage were
counted and averaged. Error bars represent SE (t test; * P , 0.01). C, Lateral root lengths of myb96-ox and myb96-1. Lengths of
lateral roots on 20 plants grown on vertical MS agar plates for 3 weeks were measured and averaged. Error bars represent SE (t test;
* P , 0.01). D, Suppression of lateral root growth right after emergence in myb96-ox. Plants were grown at 22�C for 3 d on MS
agar plates after cold imbibition and further grown for 2 weeks either in the presence or absence of 1 mM ABA. Lateral root
primordia were compared by differential interference contrast microscopy. Bar = 50 mm. E, Expression of lateral root
development-related genes in myb96-ox and myb96-1. Transcript levels were determined as described in Figure 1F using
root samples. Error bars represent SE (t test; * P, 0.01). F and G, Measurements of GUS activity. The DR5-GUS reporter construct
was transformed into wild-type plants (DR5-GUS) and themyb96-oxmutant (myb96-ox3DR5-GUS). Two-week-old roots were
subjected to GUS staining (F). GUS expression was quantitated by qRT-PCR using root samples (G). Error bars represent SE (t test;
* P , 0.01). H, Measurements of endogenous auxin contents. Extraction and quantification of endogenous auxins were carried
out using whole plants grown for 3 weeks onMS agar plates. Measurements of five independent plant samples, each with 0.5 g of
fresh whole plants, were averaged. Error bars represent SE (t test; * P , 0.01).
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tion under drought conditions. However, it is evident
that the MYB96-GH3 signaling cascade is not directly
related to the RD22-mediated ABA signaling pathway
functioning in the drought resistance response of the
shoots.

DISCUSSION

MYB96-Mediated ABA Signaling in Drought Resistance

Among the approximately 200 MYB proteins in the
Arabidopsis genome, up to 126 members belong to the
R2R3-type subfamily (Yanhui et al., 2006). The roles of
the R2R3-typeMYBmembers have been demonstrated
in a variety of developmental processes, such as de-
velopment of meristem, flowers, and seeds (Schmitz
et al., 2002; Zhang et al., 2007; Petroni et al., 2008), cell
cycle control (Araki et al., 2004), and stomatal closure
(Liang et al., 2005). Some MYB members also regulate
plant responses to biotic and abiotic stress conditions
(Abe et al., 2003; Raffaele et al., 2008; Van der Ent et al.,
2008).
In this work, we demonstrated that a R2R3-type

MYB transcription factor, MYB96, modulates an ABA
signaling pathway that helps regulate plant responses
to drought stress. The knockout myb96-1 mutant is
susceptible to drought. The stomatal apertures of the
knockout mutant were not evidently different from
those of wild-type plants when grown under normal
growth conditions. In contrast, the stomatal apertures
decreased to a lesser degree in the mutant than in
wild-type plants. Furthermore, the drought sensitivity
of the mutant was efficiently rescued by the expression
of a wild-type MYB96 gene in the mutant, showing
that MYB96-mediated ABA signals induce plant resis-
tance responses to water deficit by reducing stomatal
opening.
Suppression of lateral root development is a typical

adaptive response of plants to drought stress. Lateral
roots are significantly reduced in themyb96-oxmutant,
and the root phenotype is hypersensitive to ABA,
demonstrating that MYB96 regulates later steps of

lateral root development under drought stress condi-
tions.

At first glance, it seems paradoxical that primary
root growth is either unaffected or even enhanced, but
lateral root formation is suppressed, when soil water is
limited. However, this is conceivable if we consider
what plants require to survive under drought condi-
tions. By sacrificing lateral root formation, stem
growth, and leaf expansion as well as metabolic activ-
ity, primary root growth can be maintained and thus
the underground water reached (Deak and Malamy,
2005; Malamy, 2005). The shade avoidance response in
plants may be a similar such strategy. Plants growing
in shade put most of their available metabolic energy
into maintaining primary stem growth to reach the
light that is essential for photosynthesis (Morelli and
Ruberti, 2000).

It has been suggested that reduced lateral root
formation might be caused by suppression of lateral
root meristem activation, not by reduced initiation of
lateral roots (Deak and Malamy, 2005; Malamy, 2005).
We also observed that the number of lateral root
primordia in the myb96-ox root was similar to that in
the wild-type root. In contrast, the lateral root meri-
stem activation was suppressed in the mutant. It is
evident, therefore, that MYB96 regulates primarily the
later steps of lateral root development, such as estab-
lishment and activation of lateral root meristem. This
notion is also consistent with previous observations
(De Smet et al., 2003; Deak andMalamy, 2005) showing
that drought suppresses lateral root formation when
lateral root primordia reach the developmental stage
consisting of three to five cell layers.

Mutants with altered lateral root development differ-
entially respond to drought stress (Deak and Malamy,
2005; Xiong et al., 2006), supporting the close relation-
ship between drought responses and lateral root de-
velopment. Drought-mediated suppression of lateral
root development is widely accepted to be an adaptive
response to ensure plant survival under unfavorable
growth conditions. In this view, the lateral root re-
sponse is considered to be a determinant of drought
tolerance as well as a mechanism for drought resis-
tance (Xiong et al., 2006).

However, some caution should be used in interpret-
ing the data. While the MYB96-overexpressing myb96-
ox mutant had significantly reduced lateral roots, the
myb96-1 mutation has only marginal effects on lateral
root development. This might be attributable to func-
tional redundancy of multiple MYB transcription fac-
tors and/or of multiple drought stress signaling
pathways governing lateral root development. Never-
theless, we believe that MYB96 is likely a critical
component of such adaptive responses under drought
conditions. First, whereas primary root growth was
unaffected, the lateral roots were reduced in the
myb96-ox mutant, which is similar to the root pheno-
types observed in plants grown under drought stress
conditions (Deak and Malamy, 2005; Malamy, 2005).
Second, MYB96 expression is initiated and localized

Figure 8. MYB96mediates ABA signals via RD22 in regulating drought
stress response. The MYB96-mediated ABA signals also induce GH3
genes to regulate lateral root development under drought conditions.
This signaling pathway is probably linked to the GH3-mediated neg-
ative feedback loop maintaining auxin homeostasis (Park et al., 2007).
The solid arrows indicate ABA signal transduction, and the dotted
arrows indicate auxin signal transduction.
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specifically in developing lateral root primordia, and it
is further elevated by ABA. Furthermore, it has been
widely documented that lateral root development is
intimately related to plant responses to drought. The
myb96-ox mutant exhibited enhanced resistance to
drought with reduced lateral roots.

ABA-Auxin Cross Talk in Adaptive Responses

to Drought

Symptoms frequently observed in plants exposed to
biotic and abiotic stress conditions include reduction
of growth and metabolism and alteration of plant
architecture and morphology. These would be due to
reallocation of metabolic resources between different
physiological processes to optimize plant survival un-
der unfavorable growth conditions (Heil and Baldwin,
2002; Jackson et al., 2004). Accordingly, signaling cross
talk between auxin and ABA or salicylic acid has been
extensively documented. An example is the functional
relationship between auxin and ABA in lateral root
development under drought conditions.

While auxin plays a promotive role throughout
lateral root developmental steps, ABA modulates
auxin responses and signaling primarily at later steps
of lateral root development (De Smet et al., 2003; Deak
and Malamy, 2005). Experimental evidence obtained
in recent years also supports the signaling cross talk
between auxin and ABA (Suzuki et al., 2001; Brady
et al., 2003). However, the underlying molecular
schemes have not yet been elucidated.

Our data demonstrate that MYB96 regulates ABA-
mediated drought stress signals during lateral root
development. Of particular interest is the fact that
ABA affects an auxin signaling pathway that involves
a subset of GH3 genes. The GH3 genes encode en-
zymes that conjugate amino acids, such as Leu, Ala,
Asp, and Glu, to IAA (Staswick et al., 2002, 2005).
Several members of the GH3 genes are rapidly in-
duced by auxin. Therefore, it has been suggested that
the rapid up-regulation of GH3 genes by auxin may
help to maintain the appropriate level of endogenous
auxin (Staswick et al., 2005; Park et al., 2007).

We found that expression of the GH3 genes was
elevated in the myb96-ox mutant. Drought and ABA
treatments also elevated the level of the GH3 tran-
scripts, particularly in the lateral root primordia. These
observations suggest that ABA-mediated drought
stress signals modulate the roles of auxin by inducing
GH3 enzyme genes, ultimately reducing lateral root
formation. Supporting this notion, the level of conju-
gated auxins was elevated in the myb96-ox mutant,
although the level of free auxin was unaltered. This
view is also supported by a previous report showing
that endogenous IAA levels were significantly reduced
in the roots of hydroponic tomato (Solanum lycopersi-
cum) cultures exposed to high salinity (Normanly,
1997). Furthermore, the phenotypes of the myb96-ox
mutant are quite similar to those of the Arabidopsis
mutants overexpressing GH3 genes, such as DFL1 and

WES1 (Nakazawa et al., 2001; Park et al., 2007), in that
both mutants exhibit dwarfed growth with reduced
lateral roots.

We believe that the regulation of the GH3 signaling
pathway by MYB96-mediated ABA signals is impor-
tant for lateral root formation, although expression of
GH3 genes and endogenous levels of active IAAwere
unaltered in the myb96-1 mutant, based on the follow-
ing observations. First, GH3-3 and GH3-5 genes are
induced, particularly in the roots, by ABA and
drought in a MYB96-dependent manner. Second, en-
dogenous levels of conjugated IAA forms are higher
by approximately 2-fold in theMYB96-overexpressing
myb96-ox mutant. No changes in the levels of free IAA
in the mutant probably result from the fact that whole
plants were used for measurements of auxin contents.
In an assay using the DR5-GUS reporter, lower GUS
activity was detected in the myb96-ox roots.

Our data support that MYB96 functions as a molec-
ular link that interconnects ABA and auxin signals in
lateral root development, which provides a fitness
adaptation to drought stress (Heil and Baldwin, 2002).
Meanwhile, we found that the GH3 genes were also
induced by auxin independent of MYB96. This would
be related to the regulation of auxin homeostasis by
GH3-5/WES1 and other GH3 genes functioning under
biotic and abiotic stress conditions (Park et al., 2007). It
seems that there would be multiple signaling path-
ways governing auxin metabolism, each exerting its
role under distinct environmental conditions. Alterna-
tively, the GH3-mediated signaling pathway would be
further modulated by some tissue-specific factors,
such as MYB96 in lateral root formation, in different
plant tissues.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) lines used were in the ecotype Col-0,

unless otherwise specified. Plants were grown in a controlled culture room at

22�C with a relative humidity of 60% under long-day conditions (16 h of light

and 8 h of dark) with white light illumination (120 mmol photons m22 s21)

provided by fluorescent FLR40D/A tubes (Osram).

Isolation of myb96-ox and myb96-1

Ecotype Col-0 was transformed with the activation-tagging vector pSKI015

that contains the CaMV 35S enhancer element (Weigel et al., 2000). To select

herbicide-resistant transformants, T0 seeds were collected, sown in soil, and

sprayed twice a week with a 1:1,000 dilution (in water) of Finale solution

(AgrEvo) containing 5.78% Basta. A morphogenic mutant (myb96-ox) with

dwarfed growth and curled leaves was chosen for further analysis. The

myb96-1 knockout mutant was isolated from a pool of T-DNA insertion lines

(GABI_120B05) deposited in the Nottingham Arabidopsis Stock Centre at the

University of Nottingham. Absence of MYB96 gene expression in the mutant

was verified by reverse transcription (RT)-PCR before use.

The single T-DNA insertion event in the myb96-ox mutant was verified by

genomic Southern-blot hybridization using the 35S enhancer sequence as a

probe, followed by analysis of segregation ratios. The flanking sequences of

the T-DNA insertion site were determined by thermal asymmetric interlaced-

PCR (Liu et al., 1995).

For the MYB96 complementation test, a genomic clone containing the

MYB96 gene with its own promoter (approximately 2.1 kb) was subcloned
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into the promoterless pKGWFS7 Gateway vector (Invitrogen). The PCR

primers used for genomic PCR were 5#-AAAAAGCAGGCTCGCACCA-

TAAATAATCATAACTTTATCAT-3# (forward) and 5#-AGAAAGCTGGGTTT-

CTGTTTTCACCTTTTGATGAG-3# (reverse). The expression construct was

transformed into the myb96-1 knockout mutant.

Analysis of Transcript Levels

Quantitative real-time (qRT)-PCR was employed for measuring transcript

levels. RNA sample preparation, reverse transcription, and quantitative PCR

were carried out based on the rules that have recently been proposed by

Udvardi et al. (2008) to ensure reproducible and accurate measurements.

Extraction of total RNA samples from appropriate plant materials and RT-

PCR conditions have been described previously (Kim et al., 2006). The RNA

samples were extensively pretreated with RNAse-free DNAse to eliminate

any contaminating genomic DNA. The PCR primers used are listed in

Supplemental Table S1.

qRT-PCR was carried out in 96-well blocks with an Applied Biosystems

7500 Real-Time PCR System using the SYBR Green I Master Mix in a volume

of 25 mL. The PCR primers were designed using Primer Express Software

installed into the system and listed in Supplemental Table S1. The two-step

thermal cycling profile used was 15 s at 94�C and 1min at 68�C. An eIF4A gene

(At3g13920) was included in the assays as an internal control for normalizing

the variations in cDNA amounts used (Gutierrez et al., 2008). The qRT-PCRs

were carried out in biological triplicates using RNA samples extracted from

three independent plant materials grown under identical growth conditions.

The comparative DDCT method was used to evaluate the relative quantities of

each amplified product in the samples. The threshold cycle (CT) was auto-

matically determined for each reaction by the system set with default

parameters. The specificity of the PCR was determined by melt curve analysis

of the amplified products using the standard method installed in the system.

Treatments with Growth Hormones and Abiotic Stresses

Two-week-old plants grown on MS agar plates were transferred to MS

liquid cultures supplemented with various growth hormones, including IAA,

mJA, and ACC (10 mM each, unless otherwise specified), for the indicated time

periods, and plant materials were harvested for RNA extraction. ABA was

used at a final concentration of either 1 or 5 mM for MS agar plates or 20 mM for

MS liquid cultures.

For the assays on the effects of drought on gene expression, 2-week-old

plants grown onMS agar plates were put on dry 3MM paper and incubated at

room temperature for the indicated time periods. For the assays on the effects

of high salinity on gene expression, 2-week-old plants grown on MS agar

plates were soaked in MS liquid cultures containing 200 mM NaCl and

incubated under constant light for the indicated time periods. For cold

treatments, 2-week-old plants grown on MS agar plates were transferred to a

cold chamber set at 27�C and incubated for the indicated time periods before

harvesting plant materials. Whole plants were used for RNA extraction unless

otherwise specified.

Drought stress was induced in 2-week-old plants in soil (grown in 36-cm3

soil pots) by halting watering. To prevent direct air drying of seedlings, small

pores weremade in the plastic cover 7 d following the start of drought, and the

cover was removed 7 d later. Watering was reinitiated after 20 d, and survival

rates were calculated for each group of plants. Three independent measure-

ments of 30 seedlings were averaged.

Effects of ABA on Lateral Root Formation

To examine the effects of ABA on lateral root formation and primary root

growth, seedlings were grown at 22�C for 3 d under long days on MS agar

plates after cold imbibition and transferred to MS agar plates supplemented

with appropriate concentrations of ABA. They were further grown for 2 weeks

before counting lateral root numbers and measuring lengths of lateral roots

and primary roots. Lateral root primordia were counted with the aid of a light

microscope. Thirty countings or measurements were averaged for each assay.

Water Loss Assays

The fourth to seventh leaves were detached from 4-week-old plants and

put on 3MM paper at room temperature for the indicated time periods, and

fresh weights of the leaves were measured, as described previously (Jung

et al., 2008), using a Sartorius Analytical Balance with a readability of 0.01 mg

(DE/CP-225D). Leaves from seven plants were measured and averaged.

Confocal Microscopy and Differential Interference

Contrast Microscopy

To examine the developmental steps of lateral root formation, the roots of

2-week-old plants grown onMS agar plates weremounted on a slide glass and

monitored using differential interference contrast optics on a Carl Zeiss

confocal microscope (LSM510) as described previously (Malamy and Benfey,

1997).

Subcellular Localization of MYB96 and

Histological Assays

The GFP-coding sequence was fused in frame to the 3# end of the MYB96

gene sequence, and the gene fusion was subcloned into the pBA002 vector

(Kost et al., 1998) for transient expression in onion (Allium cepa) epidermal

cells. After incubation for 24 h at 22�C, the cells were subjected to bright-field

and fluorescence microscopy.

For histochemical analysis of the GUS activity, the seedlings or plants were

incubated in 90% acetone for 20 min on ice, washed twice with rinsing

solution [50 mM sodium phosphate, pH 7.2, 0.5 mM K3Fe(CN)6, and 0.5 mM

K4Fe(CN)6], and subsequently incubated at 37�C for 18 to 24 h in rinsing solu-

tion containing 2 mM 5-bromo-4-chloro-3-indolyl-b-D-glucuronide (Duchefa).

The seedlings were then incubated in a series of ethanol solutions ranging from

15% to 80% in order to remove chlorophylls from plant tissues. They were then

mounted on microscope slides and visualized using a Nikon SMZ 800 micro-

scope.

Measurements of Endogenous Auxin Contents

Plants were grown on MS agar plates for 3 weeks. Approximately 0.5 g of

whole plants was used for eachmeasurement. Extraction and quantification of

endogenous contents of free IAA and conjugated IAA forms were carried out

essentially as described previously (Prinsen et al., 2000). Plant materials were

frozen in liquid nitrogen and extracted with 80% ethanol. [Indole-D5]IAA

(Cambridge Isotopes) was added to the plant materials as an internal standard

immediately before the extraction. The lipid substances were allowed to be

precipitated by incubating for 16 h at220�C. The precipitates and debris were

removed by centrifugation (17,600g, 10 min, 4�C). For determination of total

IAA, the ethanol extract was subjected to alkaline hydrolysis by boiling in 1 N

NaOH. The IAAs in the extract were pretreated with a C18 cartridge (Waters)

and separated on a reverse-phase column (Apollo C18, 5 mm; Alltech)

connected to a HPLC system (600E; Waters) equipped with a fluorescence

detector (486; Waters). The IAA peaks were monitored with the emission at

360 nm (excitation at 286 nm). The purified IAAs were concentrated and

derivatized with (trimethylsilyl) diazomethane. The IAAs were finally re-

solved on a capillary gas chromatography column (FactorFour VF-5ms;

Varian) set on a gas chromatography-mass spectrometry system (CP 3000,

Saturn 2200; Varian). The fragmentation peak of 130 was compared with that

of 135 from the internal standard and used for quantification. Five measure-

ments were averaged.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers MYB96 (At5g62470), RD22 (At5g25610),

GH3-3 (DFL1, At2g23170), GH3-5 (WES1, At4g27260), and GH3-6 (At5g54510).

Supplemental Data

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

Supplemental Figure S1. Effects of ABA on primary root growth.

Supplemental Figure S2. Amino acid sequence and domain structure of

the MYB96 protein.

Supplemental Figure S3. Transcript levels of abiotic stress genes and

ABA-related genes in the presence of 20 mM ABA.

Supplemental Figure S4. Stomatal density.
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Supplemental Figure S5. Effects of auxin and ABA on tissue-specific

expression of MYB96.

Supplemental Figure S6. Effects of auxin on MYB96 expression in the

primary root.

Supplemental Figure S7. Expression of genes involved in auxin responses

and signaling.

Supplemental Figure S8. Growth stage-dependent expression of MYB96.

Supplemental Figure S9.Kinetic comparison of ABA effects onARF17 and

GH3-5 expression.

Supplemental Figure S10. Effects of IAA on RD22 expression and tran-

script levels of RD22 in wes-1D and wes1-1.

Supplemental Figure S11. Developmental stage-dependent expression of

MYB96 in lateral root primordia.

Supplemental Figure S12. Effects of ABA on lateral root formation in wild-

type plants.

Supplemental Figure S13. Effects of IAA and ABA on expression of

MYB96 and WES1.

Supplemental Table S1. Primers used in this work.
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