Brassinolide Induces IAA5, IAA19, and DR5, a Synthetic
Auxin Response Element in Arabidopsis, Implying a Cross
Talk Point of Brassinosteroid and Auxin Signaling

Ayako Nakamura, Kanako Higuchi, Hideki Goda, Makoto T. Fujiwara, Shinichiro Sawa,
Tomokazu Koshiba, Yukihisa Shimada*, and Shigeo Yoshida

Plant Science Center, RIKEN, Suehirocho, Tsurumi, Yokohama, Kanagawa 230-0045, Japan (A.N., H.G., Y.S.,
S.Y.); Department of Biological Sciences, Graduate School of Science, Tokyo Metropolitan University,
Hachioji, Tokyo 192-0397, Japan (K.H., T.K.); Plant Functions Lab., RIKEN, Hirosawa, Wako, Saitama 351-
0198, Japan (M.T.E., S.Y.); Department of Biological Sciences, Graduate School of Science, The University of
Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan (S.S.); and Graduate School of Science and Engineering,
Saitama University, Saitama, Saitama 338-8570, Japan (A.N., S.Y.)

Despite numerous physiological studies addressing the interactions between brassinosteroids (BRs) and auxins, little is
known about the underlying molecular mechanisms. We studied the expression of IAA5 and IAA19 in response to treatment
with indole acetic acid (IAA) or brassinolide (BL), the most active BR. Exogenous IAA induced these genes quickly and
transiently, whereas exogenous BL induced them gradually and continuously. We also found that a fusion of DR5, a
synthetic auxin response element, with the GUS (B-glucuronidase) gene was induced with similar kinetics to those of the
IAA5 and TAA19 genes in response to both IAA and BL treatment of transgenic plants. These results suggest that the JAA
genes are induced by BL, at least in part, via the activation of the auxin response element. Endogenous IAA levels per gram
fresh weight did not increase when seedlings of Arabidopsis wild type (WT) or the BR-deficient mutant det2 were treated
with BL. Furthermore, the levels of JAA transcripts were lower in the det2 mutant than in the WT, even though endogenous
IAA levels per gram fresh weight were higher in the det2 mutant than in the WT. In conclusion, the lack of evidence for
auxin-mediated activation of early auxin-inducible genes in response to BL suggests that the BR and auxin signaling

pathways independently activate the transcriptional system of the JAA and DR5-GUS genes.

Exogenous application of brassinosteroids (BRs) to
plants at nanomolar to micromolar concentrations
produces a wide spectrum of physiological effects.
These include promotion of cell elongation and divi-
sion, enhancement of tracheary element differentia-
tion, delaying of abscission, enhancement of gravity-
induced bending, promotion of ethylene biosynthesis,
and enhancement of stress resistance, as reviewed by
Clouse and Sasse (1998) and Sasse (1999). A number of
BR-deficient mutants have been identified in Arabi-
dopsis, pea (Pisum sativum), and tomato (Lycopersicon
esculentum; for review, see Clouse and Feldmann,
1999; Clouse, 2002; Fujioka and Yokota, 2003). These
mutants exhibit dwarfism when grown in either light
or dark conditions. Many of these mutants also have
dark-green leaves, reduced fertility, a prolonged life
span, and abnormal skotomorphogenesis. BR-insensi-
tive mutants have been identified in Arabidopsis, pea,
tomato, and rice (Oryza sativa; for review, see Clouse
and Feldmann, 1999; Clouse, 2002; Fujioka and
Yokota, 2003). The molecular mechanisms of BR ac-
tion, however, remain unclear.
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It has been suggested that the actions of BRs are
related to auxin action (Mandava, 1988; Sasse, 1999).
Synergistic interactions between BRs and auxins oc-
cur in elongating tissues and cells in dicots (Yopp et
al., 1981; Katsumi, 1985; Sala and Sala, 1985) and in
monocots (Yopp et al., 1981). Such synergism is also
found in the bending responses of dicots (Yopp et al.,
1981; Cohen and Meudt, 1983; Meudt, 1987) and
monocots (Takeno and Pharis, 1982; Fujioka et al.,
1998). Several authors have proposed that BR-
induced effects might be mediated via auxin, with BR
treatment altering the levels of endogenous auxin or
enhancing sensitivity to auxin (Mandava, 1988; Sasse,
1999). Although numerous physiological studies
have addressed the interactions between BRs and
auxins, little is known about the underlying molecu-
lar mechanisms. Clouse et al. performed extensive
comparisons of the physiological effects of BRs and
auxins and molecular analyses of auxin-inducible
genes and auxin-insensitive mutants in soybean (Gly-
cine max), tomato, and Arabidopsis. In soybean and
tomato, members of the SAUR and GH3 gene families
were not rapidly induced during BR-promoted cell
expansion but were induced by BR at later time
points, even after the beginning of cell elongation,
with different kinetics than those induced by auxin
treatment (Clouse et al., 1992; Zurek et al., 1994).
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When free indole acetic acid (IAA) levels in BR-
treated tissues were analyzed using mass spectrom-
etry (MS), it was found that free IAA levels decreased
in BR-treated soybean epicotyls (Zurek et al., 1994).
Therefore, it was concluded that BR does not stimu-
late SAUR gene transcription via increased IAA lev-
els. The auxin-insensitive tomato mutant dgt (Zurek
et al., 1994) and the Arabidopsis mutant axrl-3
(Clouse et al., 1993) are sensitive to BRs. Several
studies have concluded that the BR promotion of cell
elongation in soybean and tomato and the BR inhi-
bition of root elongation in Arabidopsis are likely not
mediated by auxin signaling pathways (Clouse et al.,
1992, 1993; Zurek et al., 1994). On the other hand,
McKay et al. (1994) reported that IAA levels are
reduced in the youngest internodes but not in the
apical portion of the pea BR-insensitive mutant lka
and the BR-deficient mutant kb (Nomura et al., 1997)
when compared with the WT. Therefore, the possi-
bility cannot be excluded that the endogenous BRs
increases the endogenous IAA content.

Recently, we found that a number of early auxin-
inducible genes, belonging to the GH3, SAUR (Hagen
and Guilfoyle, 2002), and IAA gene families (Abel et
al., 1995; Liscum and Reed, 2002), are quickly in-
duced by brassinolide (BL) treatment in Arabidopsis
seedlings (Goda et al., 2002). Therefore, it is evident
that some auxin-inducible genes respond to BL more
quickly than previously reported. The BL induction
kinetics of these genes are similar to those of genes
involved in cell elongation and cell wall organization
(Goda et al., 2002). Among these genes, the SAUR-
AC1 gene (Gil et al., 1994) is induced by BL within 30
min and was found to be one of the earliest respond-
ing BL-inducible genes (Goda et al., 2002). Therefore,
it is possible that BRs activate auxin biosynthesis or
activate a part of the auxin signaling pathway during
BR-induced growth promotion in Arabidopsis seed-
lings or that these genes represent shared signaling
components of the auxin and BR signaling pathways.
The IAA, GH3, and SAUR genes are classified into at
least four groups depending on their sensitivity to
TIAA and BRs (Goda et al., 2002): those that are sen-
sitive to IAA but insensitive to BRs, those that are
sensitive to both IAA and BRs, those that are sensi-
tive to BRs but insensitive to IAA, and those that are
repressed by BRs. In contrast to the BL induction of
some early auxin-inducible genes, none of the late-
auxin-inducible genes are significantly induced by
BL within a 3-h treatment period, even though a
number of probes for such genes were examined due
to their presence on the Arabidopsis Genome Array
(Goda et al., 2002).

In our experimental system, BL significantly pro-
moted the growth of Arabidopsis seedlings in both
the WT and deetiolated? (det2) mutant, a BR-deficient
mutant blocked early in BR biosynthesis (Fujioka et
al., 1997). The respective fresh weight of BL-treated
det2 or WT seedlings reached 150% and 115% that of
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mock-treated seedlings that had undergone a 12-h BL
treatment. We focused on members of the IAA gene
family to gain insight into interactions between auxin
and BRs. The IAA3 gene has been shown to be in-
duced within 10 min after treatment with 20 um IAA
(Abel et al., 1995) and within 1 h after treatment with
10 nm BL (Goda et al., 2002). Therefore, induction of
the JAA3 gene seems to be more rapid with IAA
treatment than with BL treatment, although its re-
sponses to the two hormones have not yet been com-
pared under the same conditions. Very recently, we
have used the Affymetrix GeneChip to perform mi-
croarray screening for early auxin-inducible genes
(Sawa et al.,, 2002) and early BL-inducible genes
(Goda et al., 2002) under the same experimental con-
ditions. Comparison of the two comprehensive stud-
ies revealed that both IAA and BL rapidly induce the
IAA5 and IAA19 genes. In this manuscript, we ana-
lyzed the induction kinetics of these two genes after
treatment with various concentrations of IAA or BL.
IAA5 has been reported to be quickly induced by IAA
(Conner et al., 1990; Abel et al., 1995), although the
dose dependence of its induction kinetics has not been
studied. We show that both of these IAA genes are
induced with different kinetics by auxin and BL. The
timing of the maximum expression after auxin induc-
tion occurred more quickly than that after BL induc-
tion with all concentrations tested. To gain further
insight, we also used the DR5-GUS (B-glucuronidase)
reporter system, which has been widely used as a
marker to study endogenous auxin distribution.
Finally, we analyzed endogenous IAA levels using
gas chromatography (GC)-MS to discern when BL
activates the DR5-GUS, IAA5 or IAA19 genes most
efficiently. Based on these studies, the signaling inter-
actions between auxin and BRs are discussed.

RESULTS

Induction of IAA5 and IAA19 Genes by BL and
IAA Treatment

We studied expression of the [AA5 and [AA19
genes in response to treatment with exogenous auxin
and BR. Seven-day-old det2 seedlings were treated
with 10 nm BL, and the induction kinetics of the two
genes were analyzed with real-time quantitative
(RTQ) reverse transcriptase (RT)-PCR (Fig. 1, A and
B). The IAA5 and IAA19 genes were induced by BL
treatment with kinetics similar to the responses of
IAA3, SAUR-AC1, and BRU6/GH3-2 to BL, as well as
similarly to genes implicated in cell wall organiza-
tion, as described previously (Goda et al., 2002). IAA5
was induced 34-fold and IAA19 12-fold, and levels of
both transcripts peaked at 12 h after BL treatment.
The induction of the IAA5 gene was significant 30
min after BL treatment, whereas that of JAA19 was
significant 6 h after the treatment (Student’s ¢ test,
P < 0.05). The IAA5 is one of the earliest responding
BL-inducible genes known because no gene was in-
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Figure 1. The induction kinetics of IAA5 and
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duced more than 2-fold by BL within 15 min in our
microarray analysis (Goda et al., 2002).

To compare the induction kinetics of the [AA genes
by BL treatment with those in response to IAA, WT
(Columbia [Col-0]) seedlings were treated with 10
nM, 100 nMm, or 1 uM BL or TAA for up to 24 h. Both
IAA genes were quickly induced by IAA treatment
and showed stronger responses with higher IAA con-
centrations (Fig. 1, C and D). The IAA5 and IAA19
genes were induced by over 80- and nearly 40-fold,
respectively, and transcript levels peaked 1 h after
TAA treatment. In contrast, BL induced both IAA
genes with much different kinetics than did IAA. The
maximum induction of these genes by BL in WT
plants ranged from 3- to 5-fold (Fig. 1, E and F). The
point of maximum transcript accumulation of these
IAA genes after BL treatment occurred later than did

Plant Physiol. Vol. 133, 2003

the maximum point after auxin induction. The BL
induction kinetics in the WT were similar to the BL
induction kinetics of the det2 mutant. The timing and
the level of peak induction by BL were independent
of BL concentration.

The levels of the JAA5 and IAA19 transcripts were
compared between WT plants and det2 mutant
plants. The levels were higher in WT plants than in
det2 mutant plants (Fig. 2A), indicating that these
genes are down-regulated in the det2 mutant, possi-
bly because this mutant has a lower endogenous
level of BR (Fujioka et al., 1997). BL induction of these
genes was analyzed in bril (BR insensitive 1) mutant.
Both transcript abundance and BL induction of two
genes were impaired in the bril mutant (Fig. 2B),
indicating that the BL responses of the JAA genes are
dependent on the bril gene. Therefore, the BL re-
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Figure 2. IAA5 and IAAT9 transcripts in WT, det2, and bril seed-
lings. A, Transcript abundance of /AA5 and IAA79 in WT (Col) and
det2 seedlings. B, Seven-day-old briT or WT (Wassilewskija) mutant
seedlings were treated with 10 nm BL for 6 h. The transcript abun-
dance was analyzed using Tag-Man RTQ RT-PCR. Transcript levels
are presented as values relative to those of the WT, defined as 1, after
normalization to 18S ribosomal RNA levels. The data are the
means * St of the results of three independent hormone treatment
experiments.

sponses presented here are dependent on the BR-
specific signaling pathway because the BRII1 gene
encodes a critical component of the BR receptor
(Wang et al., 2001).

DRS5, an Artificial Auxin Response Element (AuxRE),
Responds to BL

AuxREs, which consist of a TGTCTC sequence and
an adjacent or overlapping coupling element, were
defined based on the auxin-responsive promoter of
the soybean GH3 gene (Liu et al., 1994; Ulmasov et
al., 1995). Gain-of-function experiments with mini-
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mal promoter-GUS reporter genes have shown that a
single copy of an AuxRE is sufficient to confer auxin
responsiveness to reporter genes (Ulmasov et al.,
1995). The IAA5 and IAA19 genes have one and three
putative AuxREs (TGTCTC elements), respectively,
in the 500-bp fragments upstream of their start
codons. DR5, an artificial AuxRE containing the
TGTCTC element, has increased auxin responsive-
ness (Ulmasov et al., 1997). The GUS reporter gene
fused to a minimal cauliflower mosaic virus 35S pro-
moter, and the DR5 AuxRE has been used widely as
a marker to monitor endogenous IAA distribution
because the resulting GUS activity coincides with
endogenous IAA distribution (Sabatini et al., 1999;
Casimiro et al., 2001).

To gain insight into the mechanisms of BL induc-
tion of primary auxin-responsive genes, we studied
the involvement of the DR5 AuxRE in BL-induced
gene expression. Transgenic Arabidopsis seedlings
containing the DR5-GUS reporter gene were treated
with either 1 um IAA or 10 nm BL, and the abun-
dance of GUS transcripts was analyzed by RTQ RT-
PCR (Fig. 3A). IAA quickly induced GUS transcript
accumulation, with similar kinetics to the induction
of the JAA5 and IAA19 genes by IAA. GUS transcript
abundance peaked 1 h after IAA treatment and re-
turned to the basal level by 12 h after treatment, with
a maximum induction of about 100-fold. In contrast,
BL significantly induced the DR5-GUS gene at 12 h
(Student’s t test, P < 0.05) with peak induction of
approximately 10-fold. These observations indicated
that both BL and IAA induce the DR5-GUS reporter
gene at the transcriptional level. We also tested the
dose dependence of DR5-GUS induction by both IAA
and BL at the time of the maximum induction in
Figure 3A (1 h for IAA induction and 12 h for BL
induction). IAA induced the DR5-GUS gene dose
dependently between 10 nm and 1 um (Fig. 3B). We
also tested BL dose response of the DR5-GUS gene
between 10 pm and 1 um (Fig. 3C). At lower BL
concentrations, i.e. between 1 pm and 10 nm, BL
induction of the DR5-GUS gene was dose dependent.
At 10 nm BL, we sometimes observed saturated re-
sponses and sometimes did not (individual data not
shown). Therefore, 10 nm BL was close to the satu-
ration level. In contrast, the BL induction was less
dose dependent between 100 nm and 1 um (Fig. 3C).
Based on these observations, the time- and dose-
dependent induction kinetics of the DR5-GUS gene
seems to be similar to those of the JAA5 and IAA19
genes in response to IAA or BL, although maximum
induction of the DR5-GUS was higher than that of the
IAA5 and IAA19 genes. These observations suggest
that exogenously applied BL induces primary auxin-
responsive genes, at least in part, by activating the
same cis-element as auxin, the AuxRE. The above
observations suggest that exogenous BL increases
endogenous auxin levels, or exogenous BL increases
the sensitivity of seedlings for auxin, or the AuxRE is
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Table I. Endogenous IAA levels in the det2 and WT seedlings in
response to BL

Treatments Fresh Wt 1AA IAA
mg plant™! pg plant™’ ng g fresh wt™!
det2 (80)
Mock 1.02 = 0.01 12.27 = 1.94 11.98 = 1.86
10 nm BL 1.54 = 0.08 17.30 = 2.60 11.09 = 1.18
WT (60)?
Mock 1.92 + 0.02 13.13 = 0.54 6.83 *+ 0.32

10 nm BL 2.27 = 0.04 17.30 = 2.02 7.60 = 0.79

? No. of plants used for the experiment. The data are the means =
st from three independent hormone treatment experiments.

a shared cis-element that functions in both the auxin
and BR signaling pathways. The lag period for BL-
induced gene expression may be due to the time
needed to induce auxin biosynthesis, to activate the
auxin signaling pathway, or to directly modulate the
transcriptional system of AuxRE without involve-
ment of auxin. It may be difficult to clearly distin-
guish the latter two cases.

Endogenous IAA Levels after BL Treatment

The above findings prompted us to determine the
endogenous free IAA levels in response to treatment
with exogenous BL. We used det2 mutant seedlings
and WT seedlings not only because det2 shows
clearer JAA gene induction in response to BL treat-
ment (Fig. 1) but also because effects of endogenous
BRs can be studied. Seven-day-old det2 and WT seed-
lings were treated with 10 nm BL for 12 h and then
analyzed for fresh weight and endogenous free IAA
levels (Table I). The fresh weight per seedling of
BL-treated det2 or BL-treated WT seedlings was 150%
or 115%, respectively, that of mock-treated seedlings,
indicating that exogenous BL strongly promotes
seedling growth. The amount of IAA per plant in-
creased as the fresh weight increased. However, IAA
levels per gram fresh weight did not change in re-

Figure 3. Induction kinetics of the DR5-GUS gene after auxin and BL
treatment. A, Time course of the DR5-GUS gene response to 10 nm
BL or 1 um IAA treatment. Seven-day-old transgenic Arabidopsis
seedlings containing the DR5-GUS gene were treated with BL or IAA
for up to 24 h. B, Dose-dependent induction of the DR5-GUS gene
in response to IAA treatment. Seven-day-old transgenic Arabidopsis
seedlings containing the DR5-GUS gene were treated with 10 nm,
100 nm, or T um IAA for 1 h. C, Dose-dependent induction of the
DR5-GUS gene in response to BL. Seven-day-old transgenic Arabi-
dopsis seedlings containing the DR5-GUS gene were treated with BL
for 12 h. Levels of GUS gene transcripts were analyzed using Tag-
Man RTQ RT-PCR. Transcript levels are presented as values relative
to those at 0 h (A) or mock treatment (B and C), both defined as 1,
after normalization to 18S ribosomal RNA levels. The data are the
means * st of the results of three independent hormone treatment
experiments. The experiments in each panel were performed inde-
pendently; therefore, the results differ, even under the same
conditions.
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Figure 4. Induction of GUS activity in DR5-GUS transgenic seed-
lings in response to treatment with various plant hormones. Seven-
day-old transgenic Arabidopsis seedlings harboring the DR5-GUS
gene were treated or mock treated with plant hormones for 24 h; 10
um solutions of the hormones ABA, 1-aminocyclopropane-1-
carboxylate (ACC), zeatin, methyl jasmonate (MeJA), and GA; were
used. BL and IAA were used at concentrations of 10 nmto T um. GUS
activities were determined and presented as values relative to mock-
treated plants after normalization to the protein content. The data are
the means = st of the results of three independent hormone treatment
experiments, except for IAA treatment at 1 uMm (six experiments).

sponse to BL treatment of either det2 or WT seed-
lings. This result indicates that exogenous BL induces
the DR5-GUS reporter gene without detectable in-
creases in IAA levels per gram fresh weight. It also
indicates that lower endogenous BR levels in the det2
mutant do not result in reduced IAA levels but in-
stead result in higher IAA levels.

Specific Induction of DR5-GUS by Both IAA and BL

Natural AuxRE D1-4 is stimulated specifically by
auxin and not by other plant hormones (cytokinin,
GA;, ethylene, abscisic acid [ABA], and jasmonate) in
carrot (Daucus carota) protoplasts (Ulmasov et al,,
1995), but its stimulation by BR has not been studied
yet. Because the DR5 AuxRE has a 2-bp substitution
outside of the TGTCTC element of the natural AuxRE
D1-4 and the previous report with D1-4 used carrot
protoplasts, we examined the response of DR5
AuxRE to various plant hormones in Arabidopsis
seedlings. We first confirmed that in response to a 50
uM 1-naphthalene acetic acid (NAA) treatment, GUS
activity was more than 100 times that in mock-treated
plants. This result was consistent with the induction
in carrot protoplasts in the previous report (Ulmasov
et al., 1997). Next, the DR5-GUS transgenic seedlings
were treated with either 10 nm to 1 um BL, 10 nMm to
1 puMm IAA, or 10 pmMm 1l-aminocyclopropane-1-
carboxylate, ABA, zeatin, methyl jasmonate, or GA.
BL was the most effective hormone, behind auxins, to
stimulate the DR5-reporter gene construct (Fig. 4). BL
induced GUS activity dose independently between
10 nm and 1 um (the induction was significant at 10
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nM BL based on Student’s t test, P < 0.05). GUS
activities in BL-treated plants were about 3-fold
higher than those in the mock-treated plants after
24 h of treatment (Fig. 4). In contrast, IAA induced
GUS activity dose dependently between 10 nm and 1
puM. The GUS activation of about 3-fold triggered by
the 10 nm BL treatment was equivalent to the GUS
activation with 50 nm IAA treatment (Fig. 4). GUS
activities were measured at 24 h, a relatively later
time point, to reflect how much GUS protein was
synthesized by each hormone treatment because each
hormone may induce the DR5 with different kinetics
(e.g. IAA induction is transient, whereas BL induc-
tion is continuous).

Organ-Specific Analysis of BL and IAA Inductions

To analyze the organ specificity of the DR5-GUS
reporter activity induced by BL or IAA treatment,
7-d-old DR5-GUS transgenic seedlings were treated
with either of these hormones for 12 h and then
stained for GUS activity (Fig. 5). In the control plants,
GUS activity was detectable only at the edges of
cotyledons and root tips (Fig. 5A) under our staining
conditions. When seedlings were treated with 1 um
IAA, both shoots and roots stained (Fig. 5C), similar
to the staining after 50 um NAA treatment observed
by Ulmasov et al. (1997). When seedlings were
treated with a lower concentration of TAA (50 nm),
roots stained more strongly than shoots (Fig. 5D),
and the staining pattern was similar to the pattern
seen with shorter staining after 50 um NAA treat-
ment by Ulmasov et al. (1997). These observations,
together with those of Ulmasov et al. (1997), indicate
that the DR5-reporter fusion gene is more sensitive to

Figure 5. Histochemical staining of GUS activity in DR5-GUS trans-
genic Arabidopsis seedlings in response to IAA or BL treatment.
Seven-day-old DR5-GUS transgenic seedlings were mock treated (A),
treated with 10 nm BL for 12 h (B), treated with 1 um IAA (C), or
treated with 50 nm IAA (D) for 12 h. Seedlings were stained for 24 h
for GUS activity in staining buffer containing 1 mm
5-bromo-4-chloro-3-indolyl-B-p-glucuronide.

Plant Physiol. Vol. 133, 2003



auxin in roots than in shoots. In contrast, treatment
with 10 nm BL induced GUS activity mainly in coty-
ledons, whereas GUS activity was not detectable in
roots (Fig. 5B). A higher concentration (100 nm) or
longer treatment (3 d) of BL did not change the
staining pattern of the DR5-GUS reporter fusion
(data not shown). These observations indicate that
the DR5-GUS gene responds to BL mainly in
cotyledons.

The organ-specific induction of the JAA and DR5-
GUS genes was analyzed by RTQ RT-PCR. Seven-
day-old DR5-GUS transgenic seedlings were treated
with either 10 nm BL for 6 h or 1 um IAA for 1 h; then,
the seedlings were divided into shoots and roots. All
three genes were expressed more strongly in roots
than in shoots (Fig. 6, A-C, insets). The induction of
these three genes in response to BL treatment was
stronger in shoots, whereas their induction was lim-
ited in roots (Fig. 6, A-C, insets). This result was
consistent with the histochemical staining of the
DR5-GUS reporter (compare Fig. 5, B with A). Con-
versely, IAA induced these genes in both shoots and
roots, although the degree of the induction in shoots
and roots varied with each gene (Fig. 6). The maxi-
mum induction shown in Figure 6 is higher than in
the previous figures. This may be because the tran-
script levels shown in Figure 6 were normalized to
those in shoots of control seedlings, in which the
maximum level of DR5-GUS transcripts was lower
than in roots.

DISCUSSION

The respective fresh weight per seedling of the
BL-treated det2 mutant and the WT reached 150%
and 115% that of mock-treated seedlings after a 12-h
BL treatment (Table I). During the growth promotion
induced by BL treatment, the JAA5 gene was induced
as a primary BL-responsive gene, similar to the
SAUR-ACI gene. Because the IAA5 and IAA19 genes
are induced by BL as quickly as the genes involved in
cell elongation and cell wall organization (Goda et
al., 2002), it is possible that these IAA genes are
involved in growth acceleration in response to BL. A
precise dose-dependent kinetics study of the IAA5
and [AA19 genes after IAA treatment (Fig. 1) re-
vealed that induction of the IAA genes was as rapid
as that observed in previous studies (Conner et al.,
1990; Abel et al., 1995). In contrast, BL induced IAA
genes more moderately and more continually than
IAA treatment in both det2 and the WT (Fig. 1). The
timing of maximum transcript accumulation after BL
induction was independent of BL concentration be-
tween 10 nm and 1 um and later than that after IAA
induction. The magnitude of maximum transcript
accumulation was also independent of BL concentra-
tion at these concentrations. From these observations,
it is apparent that IAA and BL induce the two [AA
genes with different kinetics and different dose
dependency.
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Figure 6. Organ-specific expression of the DR5-GUS and IAA genes.
Seven-day-old WT seedlings transgenic for a DR5-GUS gene were
dissected into shoots (S) and roots (R) before (control) and after
treatment with 10 nm BL for 6 h or T um IAA for 1 h. The abundance
of GUS (A), IAA5 (B), and IAAT9 (C) transcripts was analyzed using
Tag-Man RTQ RT-PCR. Transcript levels are presented as values
relative to those for control shoots, defined as 1, after normalization
to the 18S ribosomal RNA levels. The data are the means * st of the
results of three independent hormone treatment experiments.

Xu et al. (1995) reported that the Arabidopsis TCH4
gene, which encodes a xyloglucan endotransglycosy-
lase, was induced both by BL and IAA with similar
kinetics as the IAA genes presented here. Very re-
cently, they found that transgenic plants harboring
—147 to —45 TCH4::LUC respond to BR but not to
IAA (Iliev et al., 2002). In our study, both the BL and
IAA induction kinetics of the DR5-GUS gene seem to
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be similar to those of the JAA5 and IAA19 genes in the
timing of the peaks, the relative peak heights, and the
dose dependency. The IAA5 and IAA19 genes both
have putative AuxREs containing a TGTCTC se-
quence. Therefore, we speculate that BL activates
these JAA genes at the transcriptional level, at least in
part through the AuxRE. The DR5-GUS gene has been
used to monitor endogenous IAA levels because the
resulting GUS activity coincides with endogenous
IAA distribution as determined by MS measurement
(Sabatini et al., 1999; Casimiro et al., 2001). We found
that more DR5-GUS transcripts accumulated in roots
than in shoots (Fig. 6). This is consistent with the
findings that the endogenous free IAA levels per gram
fresh weight are higher in roots than in shoots in
7-d-old Arabidopsis seedlings (T. Koshiba, unpub-
lished data) and are higher in roots than in cotyledons
in 10-d-old Arabidopsis seedlings (Kowalczyk and
Sandberg, 2001). Conversely, DR5-GUS reporter activ-
ity appears to be higher in cotyledons than in roots in
6- to 7-d-old Arabidopsis seedlings (Fig. 3 in Ulmasov
et al., 1997). In 20-d-old Arabidopsis seedlings, the
downstream BRs, 6-deoxocastasterone and castaster-
one, accumulate to higher levels in shoots than in
roots (Bancos et al., 2002; Shimada et al., 2003). There-
fore, the distribution of endogenous BR appears
consistent with the organ-specific DR5-GUS reporter
activity. The inconsistency between the DR5-GUS re-
porter activity and the DR5-GUS transcript accumula-
tion in roots and shoots might be due to highly local-
ized expression of the DR5-GUS gene in root tips.

In this study, the IAA5 and IAA19 genes (Fig. 1)
and the DR5-GUS reporter gene (Figs. 2 and 3) were
induced within 30 min and remained activated up to
24 h posttreatment. A 12-h BL treatment accelerated
seedling growth (Table I). However, the endogenous
free IAA levels per gram fresh weight did not change
in either det2 or WT seedlings (Table I). It is possible
that endogenous IAA was increased in response to
BL treatment, but the increase was below the limits of
detection. For example, it was increased mainly in
cotyledons as a result of transport from other organs.
Alternatively, endogenous IAA might not increase in
response to BL treatment. If this is the case, the
AuxRE is not specific to auxin but responds to both
auxins and BRs. Of note, endogenous IAA levels
were higher in the BR-deficient mutant det2 than in
the WT (Table I). This indicates that the lower endog-
enous BRs in the det2 mutant do not result in lower
endogenous IAA levels. Moreover, the abundance of
IAA5 and IAA19 transcripts was lower in det2 seed-
lings than in WT seedlings (Fig. 2), suggesting that
decreased BRs down-regulate IJAA5 and IAA19 gene
expression in the det2 mutant not via decreased en-
dogenous IAA levels but with increased IAA levels.
Miissig et al. (2002) also reported that IAA2, IAA3,
IAA13, and [AA22 transcript levels are lower in BR-
deficient plants than in the WT. These findings sup-
port the possibility that BL regulates JAA genes and
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the transcriptional activity of AuxRE without altering
the levels of auxin molecules. The increased IAA
levels in det2 seedlings may be independent of their
BR content because IAA levels did not change in
response to exogenous BL treatment. One possible
explanation is that the higher IAA levels in det2 are
due to the larger seedling number per gram fresh
weight in det2 as compared with the WT, given that
det2 seedlings are smaller than WT seedlings. An-
other explanation is that the lower level of endoge-
nous BRs in the det2 mutant results in decreased
auxin sensitivity, which in turn causes increased IAA
levels.

Although both TAA and BL activate the IAA5,
IAA19, and DR5-GUS genes, a number of character-
istics distinguish BL and IAA induction. IAA induc-
tion is steep and transient, consistent with the pro-
posed hypothesis that IAA proteins function as self-
repressors (Ulmasov et al.,, 1997; Gray and Estelle,
2000; Hagen and Guilfoyle, 2002). In contrast, BL
induction is gradual and continuous. There is less
evidence for a self-repressing system in BL induction.
BL might induce these genes with a different mech-
anism from that of auxins. Meanwhile, TAA induc-
tion is dose dependent and is highest at higher IAA
concentrations (1 um, Figs. 1 and 3), whereas BL
induction is dose independent between 10 nm and 1
uM (Figs. 1 and 3). This is probably because the BL
response is saturated at BL treatments exceeding 10
nM. We found that BL induction of the DR5-GUS
gene starts at about 100 pm and saturates between 10
and 100 nm (Fig. 3C). Interestingly, the endogenous
free BL level is <400 pM in light-grown plants (Choe
et al., 2001) and is less in light-grown seedlings (Fu-
jioka et al., 2002) if one calculates this level on the
assumption that free BL is distributed uniformly in
plants. Similarly, IAA induction starts at between 30
to approximately 50 nm (Fig. 4), which is equivalent
to the endogenous free IAA level in seedlings (Table
I) calculated using the same assumption. Therefore,
each hormone induces the DR5-GUS gene roughly at
its physiological concentration, and BL induction
starts at a lower concentration than IAA induction
dose.

Because IAA induction of the IAA5, IAA19, and
DR5-GUS genes did not show saturation, the expres-
sion of these genes might be related to a response to
higher IAA levels. The most remarkable physiologi-
cal response to treatment with higher IAA concentra-
tions is growth retardation, which is most significant
in roots. This appears consistent with the tissue-
specific induction of the DR5-GUS reporter; IAA in-
duces DR5-GUS more strongly in roots than in shoots
(Fig. 5). In contrast, the application of approximately
1 uMm BL promotes shoot growth (e.g. Li et al., 1996;
Seto et al., 2002) and retards root growth (e.g. Clouse
et al., 1993; Li et al., 2001). Because BL induces DR5
mainly in cotyledons, activation of the DR5 element
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by BL might be related to the promotion of growth in
cotyledons.

Conclusions

The early auxin-inducible genes, IAA5, IAA19, and
DR5-GUS, are induced by BL in Arabidopsis seed-
lings, without increases in IAA levels per gram fresh
weight. Endogenous IAA levels were higher in the
det2 mutant than in the WT, whereas the levels of
IAA5 and IAA19 transcripts were lower in the det2
mutant than in the WT. The lack of evidence for
auxin-mediated activation of early auxin-inducible
genes in response to BL suggests that the BR and
auxin signaling pathways activate the transcriptional
system of the JAA and DR5-GUS genes indepen-
dently. Very recently, we demonstrated that AXR1 is
involved in BR-mediated elongation and SAUR-ACI
gene expression in Arabidopsis (Nakamura et al.,
2003). Functional characterization of IAA genes and
insights into ubiquitin-mediated system will further
extend understanding signal interaction between BR
and auxin.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis ecotype Col-0 was used as the WT in this study unless
otherwise noted. The Arabidopsis mutant det2-1 (Chory et al., 1991) was
used as the BR-deficient mutant, and bril-5 (Noguchi et al., 1999) was used
as the BR-insensitive mutant. The DR5-GUS transgenic plant has been
described by Ulmasov et al. (1997). Seedlings were grown for 7 d in one-
half-strength Murashige and Skoog (Murashige and Skoog, 1962) liquid
medium (Life Technologies/Gibco-BRL, Cleveland) supplemented with
1.5% (w/v) Suc, with shaking at 120 rpm at 22°C under continuous fluo-
rescent light of 100 uE m™2 s~ . The seedlings were then treated with
hormones or mock treated with 0.1% (v/v) dimethyl sulfoxide in the
medium.

Isolation of RNAs and RTQ RT-PCR

Isolation of RNAs and RTQ RT-PCR were performed essentially as
described previously (Shimada et al., 2001, 2003). In brief, total RNAs were
extracted from Arabidopsis seedlings using the guanidine-hydrochloride
method. The RNAs were then treated with DNase I and converted to cDNAs
with random primers using the Super Script First-Strand Synthesis System
(Invitrogen, Carlsbad, CA). Quantitative RT-PCR was performed using real-
time-monitoring Tag-Man technology (Holland et al., 1991) with a model 7700
sequence detector and a Tag-Man Universal PCR Master Mix (Perkin-Elmer
Applied Biosystems, Foster City, CA). The gene-specific Taq-Man probes and
PCR primers were designed to avoid homology to other members of the IJAA
gene family, using the program Primer Express version 1.5 (Perkin-Elmer
Applied Biosystems) and the BLAST program (Altschul et al., 1990). The JAA5
gene was analyzed using the forward primer (5'-AAGAGTCAAGTTGT-
GGGTTGGC-3"), the reverse primer (5'-AATGCAGCTCCATCTA-
CACTCACT-3'), and the Tag-Man probe (5'-FAM- CGAACTTTTGGTCCGT-
TCGAGACTGTTC-TAMRA-3'; complement). JAA19 was analyzed with the
forward primer (5'-GAGCATGGATGGTGTGCCTTAT-3'), the reverse primer
(6'-TTCGCAGTTGTCACCATCTTTC-3'), and the Tag-Man probe (5'-FAM-
ATAAGCTCTTCGGTTTCCGTGGCATCG-TAMRA-3’) or with the forward
primer (5'-TGAATATGACGTCGTCGGGTAGTA-3’), the reverse primer (5'-
CCGGCGAATCATTAACCTTCT-3'), and the Tag-Man probe (5'-FAM- CCA-
GATGAAACGACGCCGCTTTCA-TAMRA-3'; complement). Because the se-
quences of the IAA5 and IAA19 genes are the two most closely related in the
IAA gene family (Liscum and Reed, 2002), we tested the risk of cross ampli-
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fication. Solutions of IAA5 or IAA19 cDNAs were used as templates for
RTQ-PCR with the probe and primers specific for the other gene. We found
that neither probe-primer set recognizes the cDNA template of the other gene
(data not shown). The GUS gene was analyzed with the forward primer
(5'-GGCAGGCCAGCGTATCG-3'), the reverse primer (5'-TTGACCCA-
CACTTTGCCGTA-3'), and the Tag-Man probe (5'-FAM-CTGCGTTTCGAT-
GCGGTCACTCA-TAMRA-3'). Primers and a probe for 18S ribosomal RNA
were described previously (Goda et al., 2002). There was no or little signal in
RTQ-PCR when the RT reactions were omitted.

Histochemical Localization of GUS Activity

The DR5-GUS construct and transgenic plants were described by Ulma-
sov et al. (1997). Histochemical GUS staining was performed by incubating
whole seedlings in GUS staining buffer containing 50 mm sodium phos-
phate (pH 7.0), 0.5 mMm potassium ferrocyanide, 10 mm EDTA, 0.1% (v/v)
Triton X-100, 2% (v/v) dimethyl sulfoxide, and 1 mm 5-bromo-4-chloro-3-
indolyl-B-p-glucuronide at 37°C for 24 h (Jefferson, 1987).

GUS Activity Assay

GUS activities were measured by using the GUS activity kit (Sigma, St.
Louis) according to the manufacturer’s instructions. Plants were ground
in liquid nitrogen, then homogenized in 500 uL of extraction buffer con-
taining 50 mm sodium phosphate (pH 7.0), 10 mm EDTA, 10 mm
B-mercaptoethanol, 0.1% (w/v) sodium n-lauroylsarcosine, and 0.1% (v/v)
Triton X-100. To assay GUS activity, 25 uL of the extracts was mixed with 75
uL of 0.7 mm 4-methylumbelliferyl B-p-glucuronide in extraction buffer
prewarmed to 37°C. The mixture was incubated at 37°C for 90 min, and 10
L of the mixture was mixed with 200 uL of stop solution (0.2 M sodium
carbonate). The resulting fluorescence was measured with a multilabel
counter, the Wallac 1420 ARVOsx2 (Perkin Elmer Life Science, Boston) at
355 (excitation) and 460 (emission) nm. Protein content was determined
according to the Bradford method (Bradford, 1976) to normalize GUS
activity.

Quantification of Endogenous IAA

For GC single-ion monitoring MS analyses of free IAA, fresh plant
material was carefully weighed, frozen in liquid nitrogen, and stored at
—80°C. The material was then ground in liquid nitrogen using a mortar and
pestle. After addition of ['*C4]IAA at a rate of 30 pg/1 mg fresh weight
(Cambridge Isotope Lab, Andover, MA) as an internal standard, the mate-
rial was extracted in 80% (v/v) acetone with 0.1 mg mL ™! 2,6-di-tert-butyl-
4-methylphenol (BHT) for 60 min. After centrifugation, the supernatant was
collected. The pellet was re-extracted for 90 min, and the supernatant was
brought to a water phase in a rotary evaporator. After adjustment of the pH
to 2.0, the aqueous phase was then partitioned twice against ether contain-
ing 0.01 mg mL ™! BHT. The combined ether phase, which contained ether-
soluble acidic and neutral substances, was concentrated to about 0.6 mL
under a nitrogen stream. After adjustment of the pH to 10.0 with 2% (w/v)
NaHCO;, vortexing for 1 min, and centrifugation, the organic phase was
discarded. The pH was adjusted to 2.0, an equal volume of ether containing
0.01 g mL~" BHT was added, and the material was dried under a nitrogen
stream and dissolved in methanol. IAA was purified by HPLC using a
Nucleosil N(CH3), column (Senshu, Tokyo) and a mobile phase of methanol
with 0.03% (w/v) acetic acid. The purified IAA fraction was dried under a
nitrogen stream and trimethylsilylated with N-methyl-N-trimethylsilyltri-
fluoroacetamide at 60°C for 15 min. Splitless injections were made into a
GC-single-ion monitoring-MS system (QP5050A, Shimadzu, Kyoto) equipped
with a capillary column (DB-1, 0.25-mm X 30 m i.d., 0.25-um film thickness;
J&W Scientific, Folsom, CA). A linear temperature gradient was applied
from 80°C to 280°C with an increase of 20°C min~'. The injection temper-
ature of the GC was 250°C, the ion source temperature of the MS was 250°C,
a helium flow of 1.2 mL min ' was applied, the ionization potential was 70
eV, and the scan time was 0.2 s. The percentages of IAA molecules labeled
with *C were calculated from the relative intensities of m/z 202 to 208 and
319 to 325 ions after subtraction of background.
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