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Plants grown under a canopy recognize changes in light quality and modify their growth patterns; this modification is known
as shade avoidance syndrome. In leaves, leaf blade expansion is suppressed, whereas petiole elongation is promoted under the
shade. However, the mechanisms that control these responses are largely unclear. Here, we demonstrate that both auxin and
brassinosteroid (BR) are required for the normal leaf responses to shade in Arabidopsis (Arabidopsis thaliana). The microarray
analysis of leaf blades and petioles treated with end-of-day far-red light (EODFR) revealed that almost half of the genes
induced by the treatment in both parts were previously identified as auxin-responsive genes. Likewise, BR-responsive genes
were overrepresented in the EODFR-induced genes. Hence, the auxin and BR responses were elevated by EODFR treatment in
both leaf blades and petioles, although opposing growth responses were observed in these two parts. The analysis of the auxin-
deficient doc1/big mutant and the BR-deficient rot3/cyp90c1 mutant further indicates that auxin and BR were equally required
for the normal petiole elongation response to the shade stimulus. In addition, the spotlight irradiation experiment revealed that
phytochrome in leaf blades but not that in petioles regulated petiole elongation, which was probably mediated through
regulation of the auxin/BR responses in petioles. On the basis of these findings, we conclude that auxin and BR cooperatively
promote petiole elongation in response to the shade stimulus under the control of phytochrome in the leaf blade.

Light provides important information for plants to
control organ growth.When plants are under a canopy
of shade cast by neighboring plants, various growth
and developmental responses, such as promotion of
stem elongation, are elicited. This phenomenon is
known as the shade avoidance syndrome (SAS). SAS
directs the reallocation of energy resources from the
storage organs to the stalk organs in order to escape
from the surrounding competitors at the expense of
growth of the storage organs (McLaren and Smith,
1978).

Under shade conditions, the ratio of red light (R) to far-
red light (FR) is substantially decreased (Kasperbauer,
1971). This change in the light quality is recognized by
phytochrome photoreceptors (Whitelam and Smith,
1991; Devlin et al., 1999; Franklin et al., 2003). Phyto-
chrome exists in two photointerconvertible forms: the
FR-absorbing Pfr form and the R-absorbing Pr form.
The dynamic equilibrium between Pfr and Pr depends
on the ratio of R to FR (R:FR; Neff et al., 2000). The low
R:FR under the shade shifts the equilibrium of phyto-
chrome toward Pr and triggers SAS. Treatment with a
pulse of FR at the end of the light period (EODFR) also
induces SAS, because EODFR eliminates Pfr during
the subsequent dark period (Smith, 1982).

Arabidopsis (Arabidopsis thaliana) contains five phy-
tochrome-encoding genes, PHYA to PHYE (Sharrock
and Quail, 1989; Clack et al., 1994). The SAS response
is primarily mediated by the phytochrome B holopro-
tein (phyB) encoded by PHYB (Robson et al., 1993).
Transcriptomic analyses revealed that the expression
of many genes is altered in response to the low R:FR
treatment (Devlin et al., 2003). Furthermore, a number
of reports have described the involvement of various
phytohormones, such as auxin, brassinosteroid (BR),
ethylene, and GA, in SAS (Kim et al., 1998; Neff et al.,
1999; Kanyuka et al., 2003; Djakovic-Petrovic et al., 2007;
Tao et al., 2008; Pierik et al., 2009; Sorin et al., 2009).
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Among the various phytohormones, the role of
auxin in SAS has been explored intensively. For ex-
ample, the hypocotyl response to low R:FR and the
constitutive SAS phenotype in the phyB mutant are
suppressed in auxin-resistant mutants, such as axr1-12,
shy2-1D, and axr2-1 (Kim et al., 1998; Steindler et al.,
1999; Pierik et al., 2009). Furthermore, the endogenous
auxin level is increased in response to low R:FR through
de novo synthesis (Tao et al., 2008). Several studies
have reported that the auxin transport inhibitor N-1-
naphthylphthalamic acid (NPA) reduces the hypocotyl
SAS response (Steindler et al., 1999; Pierik et al., 2009).
In contrast to the hypocotyl, less is known about the

SAS signaling pathway in the leaf. The Arabidopsis
leaf consists of a leaf blade and a petiole. The petiole
physically supports the leaf blade in the position that
is best suited for light reception. Hence, the regulation
of petiole elongation should be important to maximize
photosynthesis. Accordingly, petiole elongation is pro-
moted by shade stimuli, such as low R:FR and EODFR
(Vince-Prue et al., 1976; Nagatani et al., 1991). On the
other hand, the growth of leaf blades is suppressed
under low R:FR conditions (McLaren and Smith, 1978).
Hence, phyB regulates the growth in the leaf blade and
the petiole in opposite manners (Kozuka et al., 2005).
Although ethylene, auxin, and GA have been shown to
be involved in the shade-promoted petiole elongation
(Hisamatsu et al., 2005; Djakovic-Petrovic et al., 2007;
Pierik et al., 2009), little progress has been made in
determining the mechanisms of the petiole response to
shade.
In this study, we examined the roles of auxin and BR

in the leaf SAS.Microarray analyses revealed that many
auxin- and BR-responsive genes showed altered ex-
pression in response to EODFR in both the leaf blade
and the petiole. The involvement of auxin and BR was
further confirmed using loss-of-function mutants of
DOC1/BIG, which encodes the calossin-like protein
involved in auxin transport (Gil et al., 2001; Yamaguchi
et al., 2007), and ROT3/CYP90C1, which encodes a BR
biosynthesis enzyme (Kim et al., 2005; Ohnishi et al.,
2006). A spotlight irradiation experiment further dem-
onstrated that the shade stimulus was perceived by
phytochrome in the leaf blade to control petiole elon-
gation. An inhibitor analysis suggested that auxin
transport was involved in this blade-petiole communi-
cation. Collectively, this work provides a mechanistic
basis for the processing of light stimuli and subsequent
regulation of leaf responses under the shade.

RESULTS

Light Regulation of Leaf Growth

To investigate the effects of light on leaf growth, we
compared the sizes of the leaf blade and petiole under
different light conditions (Fig. 1). Arabidopsis seed-
lings grown for 7 d under continuous white light
(70 mmol m22 s21) were further grown under the same

light conditions or were placed under a 10-h-light
(120 mmol m22 s21)/14-h-dark cycle for 20 d with or
without the EODFR (50 mmol m22 s21 for 5 min)
treatment. Consequently, the sizes of the leaf blades
and petioles under the light/dark cycles were indis-
tinguishable from those under continuous white light
(Fig. 1). In contrast, the EODFR treatment substantially
promoted petiole elongation, whereas it suppressed
leaf blade expansion, as expected from previous re-
ports (Vince-Prue et al., 1976; McLaren and Smith,
1978; Nagatani, et al., 1991; Kozuka et al., 2005).

Transcriptomic Analysis of EODFR Responses in Leaf
Blades and Petioles

To gain insight into the mechanisms of the growth
responses of the leaf to the shade, we examined the
gene expression profiles under different light condi-
tions using the Affymetrix ATH1 GeneChips. Be-
cause the leaf blade and the petiole responded to
EODFR in opposite manners (Fig. 1), the leaf blade
and petiole were analyzed separately. The Arabidop-
sis young plants were grown under continuous white
light (70 mmol m22 s21) for 19 d and then subjected to
the light treatments shown in Figure 2A. Namely, the
plants were further grown under white light (70 mmol
m22 s21) for 2 h, placed in the dark for 2 h, or incubated
in the dark for 2 h after a pulse of FR (5 min at 50 mmol
m22 s21). Total RNAs prepared from either leaf blades
or petioles were hybridized to the gene chips to
determine the gene expression profiles.

The transcriptomic data were processed as shown
(Fig. 2B). The genes that were expressed differen-
tially across the three light conditions were deter-
mined using the one-way standard ANOVA model
(P, 0.05). Among them, the EODFR-responsive genes

Figure 1. Effects of the light treatments on the growth of leaf blades and
petioles. Leaf blade area (left) and petiole length (right) were deter-
mined in the wild-type seedlings grown under continuous white light
(cWL; 70 mmol m22 s21) or short days without (2) or with (+) EODFR
(50 mmol m22 s21 for 5 min). The short days consisted of 10-h-white-
light (100 mmol m22 s21)/14-h-dark cycles. Fourth leaves were used for
the size measurement (n $ 15, mean 6 SD). Asterisks indicate signif-
icant differences from the white light controls (* P , 0.05, Student’s
t test).
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were defined as genes that showed at least a 2-fold
difference between the dark and EODFR conditions.
The dark-responsive genes, which exhibited differen-
tial expression between the continuous white light and
dark conditions, were defined in the same way. The
numbers of genes found in the leaf blade and petiole
are shown (Fig. 2B). Although both induced and
repressed genes were found in each category, there
were less of the latter than the former (Fig. 2B). Hence,
we focused on the induced genes, which are referred
to as the EODFR- and dark-induced genes.

We found a small number of overlapping genes
between the EODFR- and dark-induced genes, indi-
cating that the gene expression profiles were altered
quite differently by the inactivation of phytochrome
(EODFR) and that of the other photoperception sys-
tems (dark). In contrast, many overlapping genes were
found between the leaf blade and petiole (Fig. 3B).
Nevertheless, 50 and 109 EODFR-induced genes were
specific to the leaf blade and the petiole, respectively.
The genes are listed in Supplemental Data Sets S1 to S4.

Correlation between the EODFR-Induced Genes and
Phytohormone-Regulated Genes

In the whole seedling, many phytohormone-respon-
sive genes, especially auxin-responsive genes, are in-
duced in response to low R:FR (Devlin et al., 2003;

Carabelli et al., 2007). Hence, we asked whether the
phytohormone-responsive genes were differentially
expressed in response to EODFR in the leaf. For this
purpose, the sets of genes responsive to abscisic acid,
ethylene precursor (1-aminocyclopropane-1-carboxylic
acid), BR, cytokinin, GA, auxin, and jasmonate were
cross-referenced with the EODFR-induced genes
(Nemhauser et al., 2006).

The auxin-responsive genes were overrepresented
in the EODFR-induced genes both in the leaf blade
(Fisher’s exact test, P , 2.2 3 10216; Supplemen-
tal Table S1) and in the petiole (P , 2.2 3 10216;
Supplemental Table S2). Indeed, 52 and 81 auxin-
responsive genes, including the IAA, GH3, and SAUR
families, were up-regulated by EODFR in the leaf
blade and petiole, respectively (Fig. 4A). The lists of
those genes are shown in Supplemental Data Set S5.

We also found that the BR-responsive genes were
significantly overrepresented in the EODFR-induced
genes in both the leaf blade and petiole (Fig. 4A). In
particular, genes that are dually controlled by auxin
and BR were overrepresented in the EODFR-induced
genes (Fig. 4A). Notably, this tendency was not ob-
served for the dark-induced genes, although similar
numbers of BR-responsive genes were found in this
category (Fig. 4B; Supplemental Data Set S6).Figure 2. Microarray analysis of differential gene expression across

three light conditions. A, The light regimes. An FR pulse (50 mmol m22

s21 for 5 min) was given at the end of the day. cWL, Continuous white
light. B, Flow chart showing the number of genes that were statistically
and robustly induced or repressed in response to the light treatments.

Figure 3. Comparative analysis of EODFR- and dark-induced genes in
leaf blades and petioles. A, Venn diagrams illustrating the different
responses to the EODFR and dark treatments. B, Venn diagrams
illustrating the different responses in leaf blades and petioles. The
numbers of genes belonging to each category are shown.
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The Leaf Response to the Shade Stimulus in Auxin- and

BR-Related Mutants

To investigate the physiological relevance of auxin
and BR in the leaf SAS, we employed a genetic ap-
proach using doc1 and rot3 mutants. We reasoned that
severe auxin-deficient mutants, such as axr1 and axr2
(Lincoln et al., 1990), are unsuitable for this purpose.
Hence, the less severe doc1 mutant was chosen (Gil
et al., 2001; Yamaguchi et al., 2007). Likewise, the rot3
mutant, which exhibits a milder dwarf phenotype
(Tsuge et al., 1996; Kim et al., 2005) than other mutants
such as cpd and bri1 (Szekeres et al., 1996; Li and Chory,
1997), was used.
Arabidopsis seedlings grown for 7 d under continu-

ous white light were further grown under a 10-h-light/
14-h-dark cycle for 20 d with or without the EODFR
treatment as described in Figure 1. As expected from
the above reports, the doc1 and rot3 single mutants had
shorter petioles than the wild type under both light
conditions (Fig. 5A). Importantly, the petiole length
was increased by 56% of the EODFR control in the
wild type (Fig. 5A), whereas the same treatment was
less effective in the doc1 (35%) and rot3 (23%) mutants.
Hence, the responsiveness of the petiole to EODFR
was decreased by the doc1 and rot3 mutations. Fur-

thermore, an additive responsiveness phenotype was
not observed in the doc1rot3 double mutant (34%),
indicating that DOC1/BIG and ROT3/CYP90C1 are
involved in the same pathway for the regulation of
petiole elongation.

We also measured the area of the leaf blade in the
mutants. However, the doc1 mutation never affected
the leaf blade area regardless of the light conditions
(Fig. 5B). The rot3mutant had a slightly decreased leaf
blade area in both light conditions. Although the leaf
size was further reduced in the doc1rot3 mutant, this
mutant retained the normal responsiveness to EODFR.
Hence, neither DOC1/BIG nor ROT3/CYP90C1 was
required for the leaf blade response to the shade
stimulus.

The phyB mutant exhibits constitutive SAS due to
permanent loss of phyB Pfr (Nagatani et al., 1991;
Whitelam and Smith, 1991; Devlin et al., 1999; Franklin
et al., 2003). We confirmed that the introduction of
the phyB mutation into the wild-type background
increased the petiole length by 60% of the wild-type
length without EODFR (Fig. 5A). In the same way, the
phyB mutation increased the petiole length by 36%,
34%, and 37% in the doc1, rot3, and doc1rot3 mutant
backgrounds, respectively (Fig. 5A). These numbers
were consistent with the effects of EODFR observed in
the respective genotypes. Hence, the doc1 and rot3
mutations significantly suppressed the petiole elonga-
tion induced by the phyB mutation.

Similar to the petiole response, the constitutive leaf
blade SAS was observed in the phyB mutant (Fig. 5B).
Hence, the phyB Pfr suppressed SAS not only in the
petiole but also in the leaf blade. Furthermore, similar
effects were observed in all of the genetic backgrounds
with the phyB mutation. These results genetically
confirmed that the leaf blade SAS was independent
of the functions of DOC1/BIG and ROT3/CYP90C1.

Gene Expression Response to the Shade Stimulus in
Auxin- and BR-Related Mutants

To elucidate the molecular basis of the physiological
phenotypes of the doc1 and rot3mutants, we examined
the expression levels of the auxin- and BR-responsive
genes under different light conditions. The 19-d-old
wild-type, doc1, and rot3 plants were subjected to the
same light treatments used for Figure 2A and analyzed
by quantitative reverse transcription (RT)-PCR analy-
sis. The genes that are induced only by auxin (GH3.3,
IAA6, and SAUR68; Fig. 6A), by both auxin and BR
(IAA19, XTH19, and XTH22; Fig. 6B), and only by BR
(At5g24580, F8H, and At3g28200; Fig. 6C) were se-
lected for this analysis. According to the microarray
analysis, their responses to EODFR were much stron-
ger in the petiole than in the leaf blade (Supplemental
Data Set S5).

In wild-type plants, all of the genes exceptAt3g28200
exhibited clear responses to EODFR in both the leaf
blade and petiole. The discrepancy between the RT-
PCR and the microarray results might be due to the

Figure 4. The percentages of auxin- and BR-responsive genes found in
the EODFR-induced (A) and dark-induced (B) genes. Pie charts show
the numbers and percentages (in parentheses) of genes that are induced
only by auxin (blue), only by BR (red), and by both auxin and BR
(white). Auxin- and BR-responsive genes were defined according to
Nemhauser et al. (2006).
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higher sensitivity of the real-time RT-PCR technique. It
was noteworthy that the expression levels relative to
the internal control (for details, see “Materials and
Methods”) were generally higher in the petiole than in
the leaf blade in both light conditions (Fig. 6A). Hence,
auxin and BR might be maintained at higher levels in
the petiole than in the leaf blade independent of the
light conditions.

We then examined the gene expression responses in
the doc1 mutants. In this mutant, the expression of the
auxin-responsive (Fig. 6A) and auxin/BR-responsive
(Fig. 6B) genes was reduced in the leaf blade and
petiole regardless of the light conditions. Interestingly,
the expression of BR-responsive genes was also re-

duced in doc1, although doc1 has never been regarded
as a BR-deficient mutant (Fig. 6C). Furthermore, this
phenotype became more pronounced when the plants
were treated with EODFR.

The rot3 mutant had similar changes in gene ex-
pression to the doc1 mutant. Namely, the expression
of all genes, including auxin-responsive (Fig. 6A),
auxin/BR-responsive (Fig. 6B), and BR-responsive
(Fig. 6A) genes, was more or less reduced in both the
leaf blade and the petiole regardless of the light condi-
tions. Interestingly, the effects of rot3 on some genes,
such as At5g24580, were more pronounced when the
plants were treated with EODFR. Taken together,
the DOC1/BIG and ROT3/CYP90C1 functions were

Figure 5. The growth response to EODFR in the phyB, doc1, and rot3 single and multiple mutants. The petiole lengths (A) and
areas of the leaf blade (B) of the matured fourth rosette leaves were determined in the wild type (WT), phyB, doc1, phyBdoc1,
rot3, phyBrot3, doc1rot3, and phyBdoc1rot3. These seedlings were grown under short days without (2) or with (+) EODFR as
described in Figure 1. Fourth leaves were used for the size measurement (n $ 15, mean 6 SD). Asterisks indicate significant
differences from the respective EODFR controls (* P , 0.05, Student’s t test).

Figure 6. Up-regulation of the auxin-
and BR-responsive genes in response to
EODFR. The mRNA levels were deter-
mined in the leaf blade and petiole of
the wild-type (WT), doc1, and rot3
plants treated with (+) or without (2)
EODFR as described in Figure 2A. A,
Auxin-responsive genes: GH3.3, IAA6,
and SAUR68. B, Auxin- and BR-respon-
sive genes: IAA19, XTH19, and XTH22.
C, BR-responsive genes: At5g24580,
F8H, and At3g28200. The transcription
levels were quantified by real-time
RT-PCR and normalized to UBQ10
(see “Materials and Methods”). Data
are expressed in relative units and rep-
resented as means 6 SD (n = 3).
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equally required for the normal response of the auxin-
and BR-responsive genes to the shade.

Photoperceptive Sites for the Petiole Response to EODFR

The light signals perceived by phyB in a certain part
of the leaf could be delivered to the other parts by way
of phytohormones, such as auxin. Hence, we com-
pared the effects of spotlight FR irradiation applied
separately to the leaf blade and petiole. Fourteen-day-
old young plants grown on agar plates under contin-
uous white light (50 mmol m22 s21) were placed under a
10-h-light (50 mmol m22 s21)/14-h-dark cycle for 2 d. A
spotlight FR pulse (2,000 mmol m22) was then given on
the fifth rosette leaves at the end of each light period.
The lengths of the leaf blades and petioles were
measured before and after the 48-h treatment, and
the increments were determined.
The whole plant irradiation with FR effectively

promoted petiole elongation (Fig. 7A). However, the
effect of FR on the leaf blade expansion, which was
clearly observed after the 20-d treatment (Fig. 1), was
not observed in this short-term experiment (Fig. 7A).
Interestingly, the spotlight given on the leaf blade was
as effective for petiole elongation promotion as the
whole plant irradiation (Fig. 7A). In striking contrast,
irradiation of the petiole was much less effective.
Hence, the photoperceptive site for the regulation of
petiole elongation was the leaf blade but not the
petiole itself.
Because auxin is basipetally transported in maize

(Zea mays) coleoptiles (Iino and Carr, 1982), we spec-
ulated that auxin might mediate the signal from the
leaf blade to the petiole. Hence, we examined whether
expression of auxin-responsive genes in the petiole
was under the control of phytochrome in the leaf
blade. For this purpose, the fifth rosette leaves of 14-
d-old young plants grown under continuous white
light (50 mmol m22 s21) were treated with or without
spotlight FR irradiation and further incubated in the
dark for 2 h before RNA extraction. The expression of
auxin-responsive genes, such as GH3.3 and IAA6, was
then examined by quantitative real-time RT-PCR (Fig.
7B). Consequently, the spotlight given on the leaf blade
effectively induced gene expression not only in the leaf
blade but also in the petiole. In contrast, petiole
irradiation was not effective at all.

Effect of NPA on the Petiole Elongation Response

To investigate the involvement of auxin transport in
the petiole response, we examined the effects of the
auxin transport inhibitor NPA. The fifth rosette leaves
were excised from 14-d-old plants and placed on an
agar plate under R light (10 mmol m22 s21) supple-
mented with (low R:FR) or without (high R:FR) FR light
(90mmolm22 s21) for 48 h.We found that the promoting
effect of low R:FR on petiole elongation disappeared at
NPA concentrations above 50 mM (Fig. 8A). In contrast,
almost no inhibitory effect of NPAwas observed under

the high R:FR condition. Similar results were obtained
with intact plants sprayed with an NPA solution (Fig.
8B). Taken together, normal auxin transport within the
leaf was important for the promotion of petiole elon-
gation in the shade.

DISCUSSION

Global Transcriptional Analysis during Leaf SAS

The present microarray analysis provides, to our
knowledge, the first comprehensive genome-wide ev-
idence for the responses of the leaf blade and petiole to
shade. Although similar efforts have been made at the
whole seedling level (Devlin et al., 2003; Carabelli
et al., 2007), SAS responses in different parts within a
certain organ had never been compared. Conse-
quently, we identified 50 and 109 genes that were
specifically induced in the leaf blade and petiole by
EODFR, respectively (Fig. 3). At the same time, we
identified 59 genes that were up-regulated both in the
leaf blade and petiole. These numbers are comparable
to the numbers of genes that responded to the shade
stimulus in the whole seedling (Carabelli et al., 2007).

Figure 7. Effect of FR spotlight irradiation on the leaf blades and
petioles. Fifth rosette leaves of 14-d-old plants grown under continuous
white light were treated without (2) or with a FR pulse on the whole
plants (w), leaf blade (b), petiole (p), or leaf blade plus petiole (b+p). A,
Increases in the petiole (black bars) and blade (gray bars) lengths. The
increments were determined after 2-h rounds of the EODFR treatment.
Data are represented as means 6 SD (n $ 15). Asterisks indicate
significant differences from the respective EODFR controls (* P, 0.05,
Student’s t test). B, GH3.3 and IAA6mRNA levels in the leaf blade and
petiole in response to a FR pulse given as described in A. The mRNA
levels were quantified by real-time RT-PCR and normalized to UBQ10
(see “Materials and Methods”). Data are represented as means 6 SD

(n =3).
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Interestingly, many transcription factor genes
were induced by EODFR. Namely, 25 and 35 tran-
scription factors were induced in the leaf blade and
petiole, respectively (Supplemental Data Set S7). The
SAS response has been proposed to be under the
control of a few key transcriptional factors, which
activate various target genes and other transcription
factors (Carabelli et al., 1996). Indeed, theATHB2 gene,
which encodes a homeodomain ZIP transcription fac-
tor, and the HFR1 gene, which encodes a basic helix-
loop-helix transcription factor, were up-regulated by
the shade stimulus to promote and suppress hypo-
cotyl elongation, respectively (Steindler et al., 1999;
Sessa et al., 2005). We inspected the list of the EODFR-
induced genes for transcription factors that may be
involved in the leaf SAS (Supplemental Data Set S7).
Consequently, we found that ATHB2 and HFR1
exhibited the most dramatic responses to EODFR
compared with other genes (Supplemental Data Set
S7). Although we analyzed other transcription factors,
none of them showed a strong response. We confirmed
those results by real-time RT-PCR (Supplemental
Fig. S1). Hence, ATHB2 and HFR1 may act as key
regulators of SAS not only in the seedling but also in
the leaf.

According to our microarray data, certain EODFR-
induced genes, such as IAA6, SAUR68, XTH19,
XTH22, F8H, and At3g28200, were responsive to the
light treatment only in the petiole (Supplemental Data
Set S7). Nevertheless, the real-time RT-PCR analysis
showed that all of them were responsive in both the
leaf blade and petiole (Fig. 6). This is probably because
the expression levels were too low in the leaf blade to
be properly analyzed by the microarray analysis.
Indeed, the expression levels in the real-time RT-PCR
analysis were three or more times lower in the leaf
blade than in the petiole for these genes. Likewise,
YUC2, YUC8, and YUC9 genes, which responded
to EODFR only in the leaf blade in the microarray
analysis (Supplemental Data Set S7), exhibited the
response at lower expression levels in the petiole
(Supplemental Fig. S1).

Up-Regulation of Auxin Signals in the Leaf SAS

Many auxin-responsive genes were included in the
EODFR-induced genes in both the leaf blade and
petiole (Fig. 4). Hence, the auxin response was broadly
elevated under shade conditions in the leaf. The phys-
iological relevance of this phenomenon was confirmed
by the observation that the petiole response to EODFR
was reduced in the doc1 mutant (Fig. 5). Furthermore,
the promoted petiole cell elongation observed in the
phyB mutant was suppressed by the doc1 mutation
(Supplemental Fig. S2). Hence, auxin was implicated
in the regulation of petiole cell elongation by the shade
stimuli. It should be noted that the petiole elongation
response to EODFR was not completely abolished in
the doc1 mutant. This is probably because the doc1
mutant exhibits a milder phenotype than the severe
auxin response mutants such as axr1 (Gil et al., 2001).

The above conclusion should not be surprising,
because a tight relationship between phytochrome
and auxin has been reported previously. For example,
the dominant gain-of-function mutation of SHY2/
IAA3, which is defective in auxin-induced growth
and gene expression (Tian et al., 2002), suppresses the
hypocotyl elongation phenotype of the hy2 phyto-
chrome-deficient mutant (Kim et al., 1996). Our group
and others (Pierik et al., 2009) confirmed that the
promotion of petiole elongation by EODFR is impaired
in the auxin-insensitive mutants, such as axr1 and axr2
(data not shown).

In contrast to the petiole, the up-regulation of auxin-
responsive genes was accompanied by the suppres-
sion of leaf blade expansion in response to EODFR
(Fig. 4A). Hence, the auxin signals apparently sup-
pressed the expansion of the leaf blade. It is noteworthy
that the XTH genes, XTH19 and XTH22, were strongly
up-regulated in the petiole (Fig. 6B) but not in the leaf
blade (Supplemental Data Set S7), although these
genes are typical auxin-responsive genes (Nemhauser
et al., 2006). Because the XTH family is involved in cell
wall loosening (Rose et al., 2002), this expression pattern
could explain how the up-regulation of auxin signals

Figure 8. Effect of NPA on petiole elongation under different light
conditions. A, The leaves were excised and grown on agar plates
containing NPA at various concentrations for 48 h under high (R [10
mmol m22 s21]) or low R:FR (R [10 mmol m22 s21], FR [90 mmol m22

s21]) conditions. B, The wild-type seedlings were sprayed with the NPA
solution and then grown for 48 h as in A. The fifth rosette leaves were
used (n $ 15, mean 6 SD). Asterisks indicate significant differences
from the mock controls (* P , 0.05, Student’s t test).
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promotes the growth only in the petiole. We speculate
that an unidentified tissue-specific factor plays an im-
portant role in this type of growth regulation.
The above results gave rise to the possibility that the

level of auxin in the leaf blade and petiole would be
increased under the shade conditions. Previously, it
has been reported that the shade stimulus increases
free auxin levels in seedlings (Tao et al., 2008). Our
microarray data and RT-PCR analysis indicate that the
expression of YUC2, YUC8, and YUC9, which are
involved in auxin biosynthesis (Zhao et al., 2001;
Sugawara et al., 2009), was increased in response to
the EODFR treatment (Supplemental Fig. S1). How-
ever, no significant change was observed in the auxin
levels in both the leaf blade and petiole under different
light conditions (Supplemental Fig. S3). Hence, the
auxin levels might be regulated differentially between
seedlings and leaves in response to the shade stimulus.
A more detailed analysis is necessary to characterize
the spatial distribution of the auxin levels.
If the auxin levels did not change in response to the

shade stimulus, how is the large number of auxin-
responsive genes up-regulated? One possible expla-
nation is that local changes in auxin levels, which
would not be detected by the conventional auxin
measurement method, triggered the change in gene
expression and cell elongation response. Alternatively,
sensitivity of the tissue to auxin rather than the auxin
level itself might be increased in response to the shade
stimulus. Indeed, such a phenomenon has been re-
ported repeatedly in various plant tissues (Palme et al.,
1991). Furthermore, a member of the TIR1/AFB auxin-
binding proteins, AFB1, which is involved in the
transcriptional response to auxin (Dharmasiri et al.,
2005), was up-regulated in response to EODFR (Sup-
plemental Data Set S7). It remains unclear whether
this is the main reason why the expression of auxin-
responsive genes was induced.

Involvement of BR in the Leaf SAS

In addition to auxin, BR-responsive genes were
significantly overrepresented in the EODFR-induced
genes in both the leaf blade and petiole (Fig. 4). Accord-
ingly, the petiole elongation response to EODFR was
reduced in the rot3mutant, suggesting that a normal BR
level mediated by ROT3/CYP90C1 is required for this
response. These observations are consistent with the
previous reports that BR-deficient mutants and seed-
lings treated with a BR biosynthesis inhibitor show a
light-grown phenotype in darkness (Szekeres et al.,
1996; Asami et al., 2001). Because a homolog of ROT3/
CYP90C1, CYP90D1, redundantly catalyzes the same
reaction in the BR biosynthetic pathway (Kim et al.,
2005; Ohnishi et al., 2006), it is not surprising that a
residual response to EODFR was observed in the rot3
mutant.
Like the doc1 mutant, the rot3 mutation suppressed

the cell elongation phenotype in the phyB mutant
(Supplemental Fig. S2). Hence, normal BR levels are

required for the response of petiole cell elongation to
the shade stimulus. However, it remains unclear how
the BR responses are related to the leaf blade expan-
sion. As is the case with auxin, the BR-responsive
genes were up-regulated in both the leaf blade and
petiole in response to EODFR (Fig. 4), whereas the leaf
blade expansion was suppressed in the same condi-
tions (Fig. 1). It is noted here that the expression of the
XTH19 and XTH22 genes, which are not only auxin-
responsive but also BR-responsive genes (Nemhauser
et al., 2006), was strongly up-regulated in the petiole
(Fig. 6B). Hence, the tissue-specific nature of the BR-
responsive genes is probably responsible for mecha-
nisms by which the BR signals differentially regulate
the growth of the leaf blade and the petiole.

It is possible that the BR levels are increased under
the shade condition. However, this might not be true.
The expression level of ROT3/CYP90C1, which is one
of the key BR biosynthesis enzymes (Kim et al., 2005;
Ohnishi et al., 2006), was altered neither in the leaf
blade nor in the petiole in response to EODFR (Sup-
plemental Fig. S2). These observations are consistent
with a report that the active BR levels were not
changed during the seedling deetiolation process in
pea (Pisum sativum; Symons and Reid, 2003). In addi-
tion, the BRI1 gene encoding a BR receptor protein (Li
and Chory, 1997) was found in the EODFR-induced
genes (Supplemental Data Set S7), indicating that
sensitivity of BR might be increased by EODFR.

Coordinated Action of Auxin and BR Responses in

the Petiole

The doc1 and rot3 mutations affected petiole elon-
gation in similar manners (Fig. 5). Furthermore, the
petiole phenotype of these mutants was more pro-
nounced when the plants were treated with EODFR.
Interestingly, an additive effect was not observed
when these two mutations were combined with re-
spect to responsiveness to EODFR (Fig. 5). Hence,
auxin and BR appeared to act cooperatively to pro-
mote the petiole elongation under the shade.

The similarity of the two mutants was further ob-
served at the level of cell elongation. Namely, the cell
elongation observed in the phyB mutant was partially
suppressed by the doc1, rot3, and doc1rot3 mutants to
very similar extents (Supplemental Fig. S2). In addi-
tion, the doc1 and rot3 mutations affected the expres-
sion of both auxin- and BR-responsive genes (Fig. 6).
Hence, many auxin- and/or BR-responsive genes
might be controlled by both auxin and BR in the leaf
(see below).

The above idea is not surprising, considering the
previously reported tight coordination of the functions
of auxin and BR. For example, auxin plays crucial roles
in certain BR-induced growth responses (Mandava,
1988). Auxin and BR share many target genes, such as
IAA, GH3, and SAUR (Goda et al., 2004; Nemhauser
et al., 2004). Hence, the petiole might be one of the sites
where the coordinated action of these two hormones
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plays a key physiological role. However, it is not likely
that phytochrome acts in the petiole to trigger those
responses. As discussed below, this response was
under the control of phytochrome in the leaf blade
but not in the petiole.

Blade-Petiole Communication in the Leaf SAS

Our spotlight irradiation experiment clearly demon-
strated that phytochrome in the leaf blade but not that
in the petiole controlled the gene expression and elon-
gation responses in the petiole (Fig. 8). Because
the Arabidopsis petiole has a stem-like structure, the
relationship between the leaf blade and the petiole
might be analogous to the relationship between the
cotyledon and the hypocotyl. Indeed, leaf phytochrome
is known to regulate elongation of the stem (Black and
Shuttleworth, 1974; Casal and Smith, 1988a, 1988b).

It is intriguing that auxin transport might play a role
in blade-petiole communication. Indeed, the auxin
transport inhibitor NPA specifically suppressed the
petiole elongation response to EODFR (Fig. 8). In
addition, auxin biosynthetic genes were induced
in the leaf blade more intensely than in the petiole
(Supplemental Fig. S1). Taken together, we speculate
that newly synthesized auxin in the leaf blade accu-
mulates in the petiole to induce the auxin/BR cooper-
ative responses. The details of the signaling network
that governs plant morphogenesis and the responses
to the various light stimuli will be ultimately revealed
through functional genomic analyses at the organ and
tissue levels in combination with bioinformatics.

MATERIALS AND METHODS

Plant Materials

Arabidopsis (Arabidopsis thaliana) wild type, the PHYB-deficient mutant

phyB-9 (Chory et al., 1989), the DOC1/BIG-deficient mutant doc1-1 (Gil et al.,

2001), and the ROT3-deficient mutant rot3-1 (Tsuge et al., 1996) were in the

Columbia background. The phyBrot3 double mutant was established by

crossing phyB-9 with rot3-1 (Tsukaya et al., 2002). The phyBdoc1 double mutant

was established by crossing phyB-9with doc1-1. The rot3doc1 double mutant was

established by crossing rot3-1 with doc1-1. The phyBrot3doc1 triple mutant

was established by crossing phyBrot3 with phyBdoc1.

PCR-Based Genotyping

The phyB-9 and doc1-1 genomic sequences in the candidate individuals

were examined by the derived cleaved amplified polymorphic sequence

method (Neff et al., 1998). The phyB-9 mutation was identified using the

primers 5#-CATGGGATCTATTGCGTCTTTAGCAATGGC-3# and 5#-AGAA-

GAAGTGTGATGGCAAACAACCAGAGC-3#. The PCR product was resolved

on a 3.0% agarose gel after digestion with the restriction endonuclease SacI.

The doc1-1 mutation was identified using the primers 5#-CTTTTACGTC-

CAGTGGCAGTAATTTCATGG-3# and 5#-ACACGGTGACCCCGGTGGCA-

AACTTTAGCG-3#, in combinationwith digestionwithHhaI. The rot3-1mutation

was identified using the primers 5#-TGGCTCTGGTTACGTCTACG-3# and

5#-GGAAAGCTGAAGTCTATGGA-3#.

Growth Conditions

Plants were sown on rockwool and grown at 22�C under white fluorescent

light as described previously (Tsukaya et al., 1991). For cultivation of plants on

plates, seeds were sterilized in a solution of NaClO and incubated for 3 d in

sterile distilled water at 4�C in darkness. The seeds were then sown on MS0

(Tsukaya et al., 1991) plates and grown under continuous white fluorescent

light (50 mmol m22 s21) at 22�C.

Light Treatment

White light was provided from cool-white fluorescent tubes (FL20SSW/18;

Toshiba). R and FR light were provided from light-emitting diodes with

maximum wavelengths at 660 nm (IS-Series; CCS Inc.) and 735 nm (IS-Series;

CCS Inc.), respectively. For the spotlight FR irradiation experiments, plants

were grown on agar plates for 14 d under continuous white light. FR light

provided by the light-emitting diodes was guided through an acrylic fiber as

described previously (Tanaka et al., 2002).

Leaf Size Measurement

The leaf size was determined in the fourth rosette leaves treated with or

without EODFR. The leaves were numbered from the first rosette leaves that

emerged after the cotyledons to true leaves. For the size measurement, leaves

were excised at the basal part of the petiole and flattened by lightly pressing

on a sheet of paper. The leaves were then scanned to measure the petiole length

and leaf blade area using the ImageJ software (http://rsb.info.nih.gov/ij/).

For the spotlight irradiation experiments, the petiole and blade lengths were

determined both before and after the light treatment in the fifth rosette leaves

of 14-d-old plants. In this case, the lengths were measured with a caliper

square. Because the leaf blade tapers into the petiole in the Arabidopsis rosette

leaf, the middle point of the transition zone was defined as the petiole-blade

boundary.

Microarray Experiment

Biological triplicates for each light condition were subjected to the micro-

array analysis. Plants were sown on rockwool and grown at 22�C under

continuous white fluorescent light. Total RNAwas separately prepared from

leaf blades and petioles using the Sepazol RNA I Super Kit (Nacalai Tesque)

following the manufacturer’s instructions. Third and fourth leaves were

collected from at least 20 plants. The samples were further purified using the

RNeasy Mini Kit (Qiagen). ATH1 GeneChips were used for the expression

analysis using 10 mg each of total RNA sample following the manufacturer’s

instructions (Affymetrix).

Microarray Data Analysis

Array data were processed and analyzed with the Microarray Suites 5.0 soft-

ware (Affymetrix) and GeneSpring 7.3 (Agilent). Data values were normalized

per chip to the 50th percentile and per gene to themedian of themeasurement in

white light. To verify the reliability of the data, genes classified as “present” or

“marginal” in at least three of nine samples (triplicate samples in the three light

conditions) were selected and used for further analysis. Subsequently, after

the removal of the data from synthetic control probes, subsets of the triplicate

samples with statistically different or similar expression levels among the

three light treatments were compared. The one-way standard ANOVA

model with the false discovery rate (P , 0.05; Benjamini and Hochberg,

1995) method was performed. Among them, any genes that did not display at

least a 2-fold change across the three light conditions were discarded. Lists of

the remaining genes in the leaf blades and petioles were considered as

robust sets of differentially expressed genes in response to EODFR and dark

(Fig. 2A).

RT-PCR Analyses

Total RNAwas prepared from leaf blades and petioles separately using the

Sepazol RNA I Super Kit (Nacalai Tesque) for real-time RT-PCR analysis.

Third and fourth leaves were collected from at least 20 plants. cDNA was

synthesized with the oligo(dT) primer using the SuperScript First-Strand

Synthesis System (Invitrogen) and Deoxyribonuclease I, Amplification Grade

(Invitrogen), following the manufacturer’s instructions. Real-time PCR was

carried out as described previously (Mochizuki et al., 2008). The primers used

for PCR are listed in Supplemental Table S3.
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NPA Treatment

Seedlings were grown under continuous white light conditions for 14 d.

The aquatic solution of NPAwith 0.01% (v/v) Triton X-100 was sprayed onto

intact seedlings. The basal part of the petioles of the excised fifth rosette leaves

was vertically inserted into the plates supplemented with the NPA solution in

dimethyl sulfoxide (DMSO). Stock solutions of NPA at concentrations of 0.5,

5.0, and 50 mM were prepared in DMSO. Each stock solution was diluted

1,000-fold with distilled water and used for the feeding experiments. As a

control, plants were also treated with 0.1% (v/v) DMSO and 0.01% (v/v)

Triton X-100.

Sequence data from this study can be found in the GenBank data libraries

under the following accession numbers: At4g16780 (ATHB2), At5g47370 (HFR1),

At1g52830 (IAA6), At3g15540 (IAA19), At2g23170 (GH3.3), At1g29490 (SAUR68),

At4g13260 (YUC2), At4g28720 (YUC8), At1g04180 (YUC9), At4g30290 (XTH19),

At5g57560 (XTH22), At4g36380 (ROT3/CYP90C1), At3g02260 (DOC1/BIG),

At4g05320 (UBQ10), At1g70560 (TAA1), At5g24580, At5g22940 (F8H), and

At3g28200. The microarray data were deposited in the Gene Expression

Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession number

GSE17845.

Supplemental Data

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

Supplemental Figure S1. Quantitative real-time RT-PCR analysis.

Supplemental Figure S2. Length and number of petiole cells.

Supplemental Figure S3. Free IAA levels in leaf blades and petioles.

Supplemental Table S1. Overlap between the hormone-responsive and

EODFR-induced genes in leaf blades.

Supplemental Table S2. Overlap between the hormone-responsive and

EODFR-induced genes in petioles.

Supplemental Table S3. Primer sequences used for the real-time RT-PCR

analysis.

Supplemental Data Set S1. Lists of the EODFR-induced genes in leaf

blades and petioles.

Supplemental Data Set S2. Lists of the EODFR-repressed genes in leaf

blades and petioles.

Supplemental Data Set S3. Lists of the dark-induced genes in leaf blades

and petioles.

Supplemental Data Set S4. Lists of the dark-repressed genes in leaf blades

and petioles.

Supplemental Data Set S5. Lists of the auxin- and BR-responsive genes in

the EODFR-induced genes.

Supplemental Data Set S6. Lists of the auxin- and BR-responsive genes in

the dark-induced genes.

Supplemental Data Set S7. Lists of the EODFR-induced genes in leaf

blades and petioles.

Supplemental Materials and Methods S1.
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Altmann T, Rédei GP, Nagy F, Schell J, Koncz C (1996) Brassinosteroids

rescue the deficiency of CYP90, a cytochrome P450, controlling cell

elongation and de-etiolation in Arabidopsis. Cell 85: 171–182

Tanaka S, Nakamura S, Mochizuki N, Nagatani A (2002) Phytochrome in

cotyledons regulates the expression of genes in the hypocotyl through

auxin-dependent and -independent pathways. Plant Cell Physiol 43:

1171–1181

Tao Y, Ferrer JL, Ljung K, Pojer F, Hong F, Long JA, Li L, Moreno JE,

Bowman ME, Ivans LJ, et al (2008) Rapid synthesis of auxin via a new

tryptophan-dependent pathway is required for shade avoidance in

plants. Cell 133: 164–176

Tian Q, Uhlir NJ, Reed JW (2002) Arabidopsis SHY2/IAA3 inhibits auxin-

regulated gene expression. Plant Cell 14: 301–319

Tsuge T, Tsukaya H, Uchimiya H (1996) Two independent and polarized

processes of cell elongation regulate leaf blade expansion in Arabidopsis

thaliana (L.) Heynh. Development 122: 1589–1600

Tsukaya H, Kozuka T, Kim GT (2002) Genetic control of petiole length in

Arabidopsis thaliana. Plant Cell Physiol 43: 1221–1228

Tsukaya H, Ohshima T, Naito S, Chino M, Komeda Y (1991) Sugar-

dependent expression of the CHS-A gene for chalcone synthase from

petunia in transgenic Arabidopsis. Plant Physiol 97: 1414–1421

Vince-Prue D, Guttridge CG, Buck MW (1976) Photocontrol of petiole

elongation in light-grown strawberry plants. Planta 131: 109–114

Whitelam GC, Smith H (1991) Retention of phytochrome-mediated shade

avoidance responses in phytochrome-deficient mutants of Arabidopsis,

cucumber and tomato. EMBO J 139: 119–125

Yamaguchi N, Suzuki M, Fukaki H, Morita-Terao M, Tasaka M, Komeda

Y (2007) CRM1/BIG-mediated auxin action regulates Arabidopsis in-

florescence development. Plant Cell Physiol 48: 1275–1290

Zhao Y, Christensen SK, Fankhauser C, Cashman JR, Cohen JD, Weigel

D, Chory J (2001) A role for flavin monooxygenase-like enzymes in

auxin biosynthesis. Science 291: 306–309

Kozuka et al.

1618 Plant Physiol. Vol. 153, 2010


