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Plants interpret a decrease in the red to far-red light ratio (R:FR) as a sign of impending shading by neighboring vegetation.
This triggers a set of developmental responses known as shade avoidance syndrome. One of these responses is reduced
branching through suppression of axillary bud outgrowth. The Arabidopsis thaliana gene BRANCHED1 (BRC1), expressed in
axillary buds, is required for branch suppression in response to shade. Unlike wild-type plants, brc1 mutants develop several
branches after a shade treatment. BRC1 transcription is positively regulated 4 h after exposure to low R:FR. Consistently,
BRCT1 is negatively regulated by phytochrome B. Transcriptional profiling of wild-type and brc1 buds of plants treated with
simulated shade has revealed groups of genes whose mRNA levels are dependent on BRC1, among them a set of upregulated
abscisic acid response genes and two networks of cell cycle- and ribosome-related downregulated genes. The downregulated
genes have promoters enriched in TEOSINTE BRANCHED1, CYCLOIDEA, and PCF (TCP) binding sites, suggesting that they
could be transcriptionally regulated by TCP factors. Some of these genes respond to BRC1 in seedlings and buds, supporting
their close relationship with BRC1 activity. This response may allow the rapid adaptation of plants to fluctuations in the ratio of

R:FR light.

INTRODUCTION

Plants obtain their energy from light by converting photons into
chemical energy through photosynthesis. To optimize this pro-
cess, they have evolved mechanisms to maximize light har-
vesting and avoid shade from other plants. Even before they are
completely shaded, plants can perceive decreases in the ratio of
red to far-red light (R:FR) due to absorption of red (R) light by the
photosynthetic pigments of neighboring plants. A low R:FR
triggers a series of developmental responses collectively known
as the shade avoidance syndrome (SAS) (Casal, 2012). These
responses include upward movement of leaves and promotion
of elongation of stem-like organs (including hypocotyl and pe-
tioles) at the expense of leaf expansion. This generates tall
plants with erect leaves less likely to become shaded by
neighbors. Long-term exposure to low R:FR also leads to early
flowering, an escape mechanism that shortens generation time
(Halliday et al., 1994). In addition, a common SAS response of
adult plants is the suppression of shoot branching. In a wide
variety of species ranging from conifers and grasses to eudicots,
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plants grown in low R:FR, at high density or under plant cano-
pies, develop fewer lateral branches (Smith and Jordan, 1994;
Branka Tuci¢, 2005; Aguilar- Kearney et al., 2007; Martinez et al.,
2007; Finlayson et al., 2010).

Considerable work has been performed to understand the
genetics of the SAS in Arabidopsis thaliana seedlings. A family
of five photoreceptors (phytochromes) detect changes in the
R:FR, of which phytochrome B (phyB) seems to be the main
receptor responsible for the initial detection of these changes
(Ballaré, 1999). Phytochromes act as dimers and exist in two
photoconvertible forms: Pr and Pfr, with the Pr:Pfr ratio re-
flecting the R:FR of the environment (Quail, 2002). Upon
photoconversion into active Pfr, part of the cytoplasmic phy-
tochrome pool goes into the nucleus, where it regulates
gene expression by interacting with several PHYTOCHROME
INTERACTING FACTOR (PIF) and PIF3-LIKE (PIL) proteins,
which belong to the basic helix-loop-helix (bHLH) transcription
factors. Through their direct interaction with PIF/PIL proteins,
phytochromes regulate the transcription of light-responsive G-
box-containing genes (Li et al., 2011). These global transcrip-
tional responses have been studied (Devlin et al., 2003; Salter
et al., 2003; Sessa et al., 2005; Tao et al., 2008; Hornitschek
et al.,, 2012). In addition, several hormone signaling pathways
(brassinosteroid, auxin, ethylene, cytokinin [CK], and gibber-
ellins) have been involved in the SAS in seedlings (Stamm and
Kumar, 2010). By contrast, in spite of its great ecological and
economic impact, little is known about the mechanisms un-
derlying the suppression of shoot branching in adult plants in
response to shade.

Candidates to play a role in this process are genes that reg-
ulate shoot branching in white (W) light, whose activity could be
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modulated by changes in light quality. The control of lateral
shoot growth is coordinated by a conserved network of genes
that regulate the synthesis and signaling of the hormones auxin,
strigolactone (SL), and CK. Auxin and SL, synthesized in the
shoot apex and root, respectively, prevent branching, while CK,
synthesized in the root and stem, promotes branching (Doma-
galska and Leyser, 2011). Also, class Il TEOSINTE BRANCHED1,
CYCLOIDEA, and PCF (TCP) transcription factors Teosinte
branched1 (tb1)-like, in monocots, and BRANCHED1 (BRC1)-like,
in dicots, act locally, inside the axillary buds, to cause growth ar-
rest (Doebley et al., 1997; Aguilar-Martinez et al., 2007; Finlayson,
2007; Martin-Trillo et al., 2011).

Recent studies have proposed that tb7- and BRC1-like genes
are indeed involved in the shade-induced response of branch
suppression. In Sorghum bicolor, phyB seems to negatively
regulate Sb-TB7 mRNA levels in response to light signals
(Kebrom et al., 2006). In Arabidopsis, BRC1 is upregulated in
axillary buds of plants grown at high density and is required
for complete branch suppression in these conditions (Aguilar-
Martinez et al., 2007). Moreover, it has been proposed that
BRC1 and the closely related BRC2 could differentially con-
tribute to the response of branch suppression and act through
divergent pathways in Arabidopsis plants grown under consti-
tutive shade (Finlayson et al., 2010). However, studies on the
shade control of shoot branching in Arabidopsis have analyzed,
so far, plants grown from seed germination through to flowering
under low R:FR light. These long-term treatments not only affect
axillary bud development (initiated in adult plants) but also
seedling development and flowering time, which in turn affects
rosette leaf and axillary bud number. Moreover, shade induces
photosynthetic acclimation (or long-term response; Walters,
2005; Dietzel and Pfannschmidt, 2008) involving changes in
gene expression and metabolism (Roig-Villanova et al., 2007).
All these effects complicate the comparison with plants con-
stitutively grown in W. To compensate for variations in flowering
time, standardization procedures have been devised (Finlayson
et al., 2010), but the contribution of other factors to the
branching phenotypes is still unclear.

In this work, we investigated the SAS of newly formed ax-
illary buds in adult plants grown in W and transiently exposed
to low R:FR. This approach not only minimized phenotypic
differences between plants before the treatment, but also
allowed the study of the rapid response of buds to transient
changes in light quality, a phenomenon so far completely
unknown. We observed that, in response to a treatment of low
R:FR after flowering, axillary buds become arrested. BRC1
seems to play an important role in this response, while BRC2
may play a partially redundant one. The global transcriptomic
response of wild-type axillary buds is strongly dependent on
BRC1, and the gene categories affected support a central role
for BRC1 in causing axillary bud arrest. A comparison of
genes responding to shade-triggered bud arrest and de-
capitation-triggered bud activation helped us identify a list of
bud dormancy and bud activation genes tightly associated
with bud status irrespective of the stimulus involved. This may
help us understand the genetic mechanisms controlling the
reversible transition of growth to dormancy in Arabidopsis
axillary buds.
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RESULTS

BRC1 Plays a Role in Branch Suppression during the SAS

To investigate whether BRC7 and BRC2 have a relevant role
during SAS, we grew wild-type plants in long days under W (R:
FR = 11.7; Figure 1A) until flowering, when axillary meristems
begin to initiate in long days (Hempel and Feldman, 1994;
Grbi¢ and Bleecker, 2000; Long and Barton, 2000). We trans-
ferred half of the plants to a growth chamber with identical PAR
but where W was supplemented with far-red light (FR), simu-
lating a canopy shade (W+FR, R:FR = 0.2; Figure 1B). We
started the W+FR treatment after flowering to avoid early
flowering of plants treated with W+FR, which would reduce
rosette leaf and axillary bud number relative to W-treated
plants. Two weeks later, we counted primary rosette branches
(RI) and found that wild-type plants grown in W+FR had 3 times
fewer branches than plants grown in W (Figures 1C, 1D, and
1G), indicating that exposure of plants with young buds to
a low R:FR ratio promotes bud arrest in Arabidopsis. By con-
trast, the brc7-2 mutants were partially insensitive to this
condition: W+FR-treated brc7-2 plants still had 5 times more
branches than W+FR-treated wild-type plants. Moreover, their
response to low R:FR was reduced compared with the wild-
type response: brc1-2 plants grown in W+FR had only 1.5
times fewer branches than plants grown in W (Figures 1E to
1G). Other SA responses, such as hyponasty and stem and
petiole elongation, were indistinguishable between the wild-
type and mutant plants (Figures 1D and 1F). The branching
patterns of brc2-1 mutants were like those of wild-type plants
both in W and W+FR (Figure 1G). However, the phenotype of
the double mutants was insensitive to the W+FR treatment,
revealing a certain degree of genetic redundancy between
BRC1 and BRC2 in these conditions.

Transcriptional Response of BRC1 and BRC2 to Changes in
Light Quality

We then studied the short-term transcriptional response of
BRC1 and BRC2 to the simulated shade treatment that triggered
bud arrest in wild-type plants (W+FR; Figure 1B). For that, we
grew wild-type plants in W until bolting (when rosette leaves had
small vegetative buds; Aguilar-Martinez et al., 2007) and then
transferred half of them to W+FR. We compared the mRNA
levels of buds treated for 2, 4, and 8 h with W or W+FR and
observed that, after 4 h, BRC1 mRNA levels were higher in W
+FR-treated plants (Figure 1H). These results indicated that
BRC1 expression was rapidly promoted in low R:FR. By con-
trast, BRC2 did not show significantly different transcription
levels in these conditions (Figure 1H).

As many genes responding to changes in light quality have
daily oscillating mRNA levels (Finlayson et al., 1998; Yamashino
et al., 2003) and some SAS responses are coupled to the cir-
cadian clock (Salter et al., 2003; Alabadi and Blazquez, 2009;
Sellaro et al., 2012), we investigated whether BRC1 and BRC2
were regulated in a circadian-dependent manner. We grew wild-
type plants in a 12-h-day/12-h-night photoperiod for 3 weeks
and then transferred them to constant light for 2 d, during which
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Figure 1. Effect of a Simulated Shade on Lateral Shoot Elongation in Arabidopsis Wild-Type, brc1, and brc2 Mutant Plants and Response of BRC7 and

BRC2 to W+FR.

(A) W spectrum used to grow plants presented in (C), (E), and (G).
(B) W+FR spectrum used to grow plants in (D), (F), and (G).

(C) and (D) Close-up of wild-type Arabidopsis rosettes grown continuously in W (C) or in W until flowering and then for 2 weeks in W+FR (D). Red arrows

indicate lateral shoots. In W+FR, axillary buds are arrested (red circle).

(E) and (F) Close-up of brc1 rosettes grown in W (E) or W+FR (F). Buds of brc1 mutants are unresponsive to W+FR, although other shade responses

(stem and petiole elongation) are normal.

(G) Branching phenotypes of the wild type (wt) and brc1 and brc2 mutants grown in W or W+FR for 3 weeks after flowering (n = 37 to 40).

(H) and Transcript levels of BRC1 (H) and BRC2 analyzed by qPCR, in buds of W+FR-treated plants, relative to levels in W-treated plants.

Error bars are st of three biological replicates. Different letters in (G) denote significant differences (one-way ANOVA, P < 0.05) among means. Asterisks
in (H) are significant differences (Student’s t test, P < 0.05) between control and treated plants.

[See online article for color version of this figure.]

we studied BRC7 and BRC2 transcript levels (see Supplemental
Figure 1 online). We confirmed that BRC71 and BRC2 expression
levels changed during the day: they were highest in the after-
noon, around 4 h after the peak of CCA71 expression (Mizoguchi
et al.,, 2002), and lowest at the beginning of the night. This
suggested that, like for other TCP factors (Pruneda-Paz et al.,
2009; Giraud et al., 2010), BRC1 and BRC2 expression had
a daily oscillation and that a circadian control of these genes
could be gating the response of bud arrest. These oscillations
were therefore carefully taken into account for all the expression
experiments performed in this work.

We then studied the sensitivity of BRC71 and BRC2 to changes
in the R:FR ratio in more detail. We treated bolting plants with
constant amounts of R light alone or supplemented with in-
creasing amounts of FR (R:FR = 9.8 to 1.2) for 8 h. In the R:FR =
1.2 treatment, BRC1 expression was upregulated 3 times rela-
tive to the expression in pure R-treated plants (Figure 2A) but did
not respond to other R+FR treatments. BRC2 responded mildly
to the R:FR = 1.2 treatment (Figure 2B). To compare the sen-
sitivity of these genes to different light wavelengths, we studied
their transcriptional response to monochromatic light by treating
bolting plants with pure R, blue (B), R+B, FR light, or darkness
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Figure 2. Response of BRC1 and BRC2 to Changes in Light Quality.
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BRC1 (A) and BRC2 (B) mRNA levels after 8 h of exposure to R and increasing amounts of FR relative to levels in plants treated with pure R light. BRC1
(C) and BRC2 (D) mRNA levels after 8 h exposure to pure R, B, FR, R+B, or darkness relative to levels in R treatment. Error bars are st of three biological
replicates. Asterisks are significant differences (Student’s t test, P < 0.05) between control and treated plants. Letters denote significant differences

(one-way ANOVA, P < 0.05) among means.

for 8 h. BRC1 mRNA levels were 2 to 4 times higher in FR-
treated plants than in plants treated with any other type of light
or with darkness (Figure 2C). By contrast, BRC2 responses to R,
B, and FR light or darkness were not significantly different
(Figure 2D).

In summary, BRC1 is required for bud arrest in response to
low R:FR. Moreover, BRC1 expression is upregulated early in
response to increasing amounts of FR, even when R:FR > 1 and
strongly responds to pure FR. On the other hand, BRC2 ex-
pression does not change after short treatments of simulated
shade and shows only a mild response to changes in the R:FR
ratio when R:FR > 1. Moreover, brc2 mutants and brc1 brc2
mutant phenotypes suggest that BRC2 could play a role partially
redundant with BRC1 in this response. Based on these results
that support a more relevant role of BRC1 in the shade-induced
response of bud suppression, we focused on this gene for
subsequent studies.

phyB Mediates BRC1 Upregulation in Low R:FR

Of the five Arabidopsis phytochromes, phyB has been reported
to play the most relevant role in the SAS regulation (Franklin and
Whitelam, 2005). In R, phyB suppresses SAS. In low R:FR, phyB
is inactivated and SAS is triggered. In agreement, phyB mutants
display a constitutive SAS phenotype of stem and petiole
elongation and early flowering. To study whether phyB or the
other phytochrome (phy) mutants had increased branch sup-
pression, we compared their branching patterns with those of
wild-type plants in W. To reduce a potential bias due to varia-
tions in rosette leaf number (phy mutants are early flowering), we
grew plants at 19°C, a condition that attenuates this early

flowering phenotype. In addition, we divided Rl number by the
number of rosette leaves in each genotype to normalize the
measurements. phyB mutants had fewer branches than wild-
type Landsberg erecta (Ler) plants. Moreover, all the combi-
nations of phyB with the other phy mutants also had fewer
branches than wild-type plants (Figure 3A). In addition, phyB
phyD and phyB phyE had an enhanced branch suppression
phenotype compared with phyB single mutants, indicating
some partial redundancy with phyB. To test whether BRC1 was
required for branch suppression in phyB mutants, we gener-
ated phyB-9 brc1-2 double mutants in the Columbia back-
ground. We found that brc7-2 completely suppressed the phyB
phenotype of reduced branching (Figure 3B), while it did not
suppress other phyB phenotypes, such as the long hypocotyl
of seedlings (see Supplemental Figure 2 online). Then, we
measured BRC1 mRNA abundance in phyB-9 mutants treated
with either R or R+FR (R:FR = 9.8 and 1.1, respectively) and
found that, in R, phyB mutants had more BRC1 transcripts
than wild-type plants. In R+FR, phyB and wild-type plants had
similarly high mRNA levels comparable to those of phyB mu-
tants in R (Figure 3C).

These results suggest that phyB negatively regulates BRC1
mRNA levels in R and that variations in R:FR during the SAS
could affect BRC1 expression through the phyB pathway.

Genome-Wide Transcriptional Profiles of Axillary Buds after
a Low R:FR Treatment

To gain further insight into the role of BRC1 in bud suppression
in low R:FR, we analyzed the global expression profiles of buds
of wild-type and brc1 mutant plants exposed either to W or to W
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Figure 3. Role of Phytochromes in Branch Suppression during Shade Avoidance.

(A) Shoot branching phenotype of phytochrome mutants. Number of Rl relative to the number of rosette leaves is represented (n = 20 to 22). phyAD,
phyA phyD; phyAE, phyA phyE; phyAB, phyA phyB; phyBD, phyB phyD; phyBE, phyB phyE. wt, the wild type.

(B) Shoot branching phenotype of wild-type, phyB, brc1, and phyB brc1 mutant plants (n = 72 to 76).

(C) BRC1 mRNA levels in axillary buds of wild-type and phyB mutant plants after 8 h of exposure to R or R+FR, analyzed by gPCR. Levels are relative to
those of R-treated wild-type plants. Error bars are st of three biological replicates. Different letters denote significant differences (one-way ANOVA, P <

0.05) among means.

+FR for 8 h, long before phenotypic differences are detectable
between W- and W+FR-treated buds. We obtained mRNAs from
axillary buds and hybridized sextuplicate arrays representing
over 26,000 annotated genes and microRNAs of Arabidopsis.

First, we confirmed, in the wild type, the BRC1 upregulation
after the W+FR treatment (1.76-fold increase, FDR ;s = 0.04
[FDR, false discovery rate]) and the lack of significant response
of BRC2 (FDR|jyua = 0.3) (see Supplemental Data Set 1 online).
We also confirmed that in brc? plants, BRC7 mRNA was un-
detectable. Second, we observed that in wild-type and brc1
samples, genes responding to low R:FR treatments in seedlings
(ATHB-2, PIL1, PIL2, HFR1, and IAA29; Carabelli et al., 1993;
Salter et al.,, 2003; Sessa et al., 2005) were upregulated, in-
dicating that the W+FR treatment had been effective (see
Supplemental Data Set 1 online). Third, we confirmed that
marker genes for axillary bud dormancy, such as DORMANCY-
ASSOCIATED PROTEIN (DRM1) and DORMANCY/AUXIN-
ASSOCIATED PROTEIN (Stafstrom et al., 1998; Tatematsu
et al., 2005), were upregulated in wild-type but not in brc1 plants
(see Supplemental Data Set 1 online), indicating that buds were
becoming dormant in wild-type but not in brc7 plants in re-
sponse to low R:FR.

We selected a robust group of differentially expressed
genes with significant changes of expression (FDR;yya < 0.05;
Pval ja < 0.0005) for further analysis. In the wild type, 362
genes changed after the W+FR treatment, of which 262 were
upregulated and 100 downregulated. In brc1 mutants, 94 genes
were altered after the treatment, of which 73 were upregu-
lated and 21 downregulated (see Supplemental Data Set 1
and Supplemental Figures 3A and 3B online). These changes
were confirmed by quantitative real-time PCR (QPCR) for six
upregulated and five downregulated genes (see Supplemental
Figures 4A and 4B online). The gPCR and microarray data
showed a very high average Pearson correlation coefficient
(0.93 and 0.89 for the wild type and brc1 mutants, respectively;
see Supplemental Figures 4C and 4D online), confirming the
high reliability of the array data. However, the array results
strongly underestimated the magnitude of expression level
differences, emphasizing the relevance of changes found sig-
nificant in our microarray analysis.

We first analyzed the global response of wild-type and brc1
mutant plants using the Gene Ontology (GO) Classification
Superviewer (University of Toronto; http://bar.utoronto.ca). In the
wild type, several gene categories were overrepresented among
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genes responding to W+FR. Among the upregulated genes,
overrepresented Biological Processes were Development, Sig-
nal transduction, Transcription, Response to abiotic and biotic
stimulus, and Stress (see Supplemental Figure 5A online).
Among the downregulated genes were Development and Cell
organization and biogenesis (see Supplemental Figure 5C on-
line). In brc1 mutants, the categories Development (for up- and
downregulated genes) and Cell organization and biogenesis (for
downregulated genes) were no longer overrepresented (arrows
in Supplemental Figures 5B and 5D online). We hypothesized
that genes whose expression changed in the wild type but
not in brc1 mutants could directly or indirectly depend on
BRC1 function and termed them BRC7-dependent genes (see
Supplemental Figures 3A and 3B and Supplemental Data Set 1
online). They represented 84% of the genes responding in the
wild type, confirming the relevance of BRC1 function for the
axillary bud response to low R:FR. Conversely, genes re-
sponding to low R:FR both in the wild type and brc1 mutants
could be related to a general SAS independent of BRC1. We
focused on the list of BRC7-dependent genes for further
analysis.

Upregulated BRC1-Dependent Genes: Hormone Signaling

A more detailed characterization of the BRC7-dependent genes
using MapMan (Thimm et al., 2004) indicated that upregulated
genes belonged to the categories Cell wall remodeling, Lipid
metabolism, Transcription (including homeodomain, bHLH, and
AP2/EREB-like, MYB, bZIP, and CO-like protein coding genes),
Development, Amino acid and Protein degradation (RING and
F-box proteins), Mitochondrial electron transport, Drought and Salt
stress, Metabolite transport, and Hormone metabolism and re-
sponse (see Supplemental Data Set 1 online). However, FatiGO
analyses (Al-Shahrour et al., 2004) indicated that the most sig-
nificantly enriched terms were those related to hormone re-
sponses (see Supplemental Data Set 1 online).

As hormone signaling plays a key role during the SAS and in
the control of bud outgrowth, we investigated further the sig-
nificance of this overrepresentation. We examined in our arrays
the expression of a large group of genes defined as hormone
specific markers by Nemhauser et al. (2006) (see Supplemental
Data Set 2 online) and tested whether they behaved as if
a particular hormone pathway was active. The high number of
genes analyzed (between 57 and 777 genes per category) al-
lowed us to test the statistical significance of their global re-
sponse using a test of proportions (Wilson, 1927). In wild-type
buds, a significant proportion of abscisic acid (ABA), auxin, and
ethylene marker genes behaved like in tissues with high levels of
these hormones (Figure 4A; see Supplemental Data Set 3 on-
ling). In brc1 mutants, the ABA pathway showed a significantly
reduced response (P value = 1.49-1079) relative to the wild-type
response (Figure 4A; see Supplemental Data Set 3 online). We
analyzed by gPCR the expression levels of two ABA markers
and confirmed that they were significantly upregulated in the
wild type but not in brc1 mutants (Figure 4C). In wild-type plants,
we also detected a slightly reduced jasmonic acid (JA) signaling,
in agreement with the low JA sensitivity observed in Arabidopsis
plants grown in low R:FR (Cerrudo et al., 2012). Although a list of
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SL-specific marker genes is not available, we studied the re-
sponse of the genes described by Mashiguchi et al. (2009) as
genes responding to SL in seedlings (see Supplemental Data
Set 2 online). Their expression did not support a strong SL
signaling in buds (Figure 4A; see Supplemental Data Set 3 on-
line).

These results showed that, after a shade treatment, buds
exhibit a general increase in auxin, ethylene, and ABA signaling
and a reduction in JA signaling. BRC1 could play a role in the
maintenance of ABA signaling.

Overrepresented Motifs in the Promoter of
BRC1-Dependent Upregulated Genes

To identify putative transcriptional regulatory elements associ-
ated with the upregulation of BRC7-dependent genes, we
searched for enriched 6-bp motifs within the 500-bp upstream
region of their predicted transcription start sites using Motif
discovery (van Helden et al., 1998). We found nine over-
represented motifs, the most frequent of which was CACGTG,
found 3 times more often than expected at random (see
Supplemental Data Set 4 online). The nine motifs were assem-
bled into frequency matrices and rendered the consensus
motif aCACGTGt (Figure 5A). This motif contained the ABA-
responsive element (ACGT) associated with ABA and drought
responses (Simpson et al., 2003), the E-box core element
(CANNTG; Toledo-Ortiz et al., 2003), and the G-box (CACGTG)
recognized by bHLH and bZIP proteins and overrepresented in
gene promoters responding to stress and light (Menkens et al.,
1995; Chattopadhyay et al., 1998; Martinez-Garcia et al., 2000).
These results are consistent with our finding that ABA signaling
is predominant in axillary buds after a W+FR treatment.

Downregulated BRC1-Dependent Genes: Protein Synthesis
and Cell Division

MapMan analysis of BRC7-dependent downregulated genes
indicated that these genes belonged to categories related to
chloroplast function and chlorophyll synthesis (PORA, PORB,
CHLM, and Mg,, chelatases), amino acid and protein syn-
thesis (ribosomal proteins), chromatin structure (HISTONE H4,
HISTONE 2B, and HISTONE B9), and cell cycle division and
organization (CYCLIN-A3;2, KINESIN-12B, and FtsH) (see
Supplemental Data Set 1 online). To test whether our filtered
gene list reflected a more global trend, we studied the general
behavior of genes containing annotations related to these cat-
egories (see Supplemental Data Set 2 online) as described
above. Chlorophyll- and photosynthesis-related genes were
strongly downregulated both in wild-type and brc1 samples
(Figure 4B; see Supplemental Data Set 3 online). By contrast,
genes involved in the cell cycle and cell division were strongly
downregulated in the wild type but had a significantly reduced
response in brc1 mutants (Figure 4B; see Supplemental Data
Set 3 online). Finally, genes containing ribosome-related anno-
tations were slightly downregulated in the wild type but were
significantly upregulated in brc7 mutants. We analyzed by gqPCR
the expression of four genes involved in the control of the cell
cycle and two ribosomal genes and confirmed that they were
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Figure 4. Transcriptomic Response of Wild-Type and brc1 Mutant Axillary Buds to Low R:FR.

(A) Global response of hormone marker genes in wild-type and brc1 buds treated with W+FR. Top, percentage of hormone marker genes responding as
expected after a hormone treatment (Nemhauser et al., 2006; Mashiguchi et al., 2009). Bottom, percentage of hormone marker genes responding
opposite to expected after hormone treatment.

(B) Global responses of gene categories. Black asterisks indicate statistically significant differences with the expected distribution in nontreated tissue
(A) and statistically significant differences with the response of a random gene collection (B). Red asterisks indicate statistically significant differences
between wild-type and brc1 responses ([A] and [B]). *P <5-1073; *P < 5-1076, and ***P < 5:107%. Nygp = 777, Ngy, = 57, Npyyin = 259, Nga = 121, Ng, =
61, Ny, = 749, Ny = 76, Ng_ = 69, Ngpg = 68, Np, = 41, Ngyy = 43, Ngy, = 413, Ng g, = 50, Ny = 93, Nygn = 79, Ny, = 57, Ngy = 113, Negiroyo-core = 83,
Ncell-wall = 656, Neg_ciusten = 187, and Neg_ciusternn = 168.

(C) Relative mRNA levels of representative genes of the categories ABA, ribosome, and cell cycle analyzed by gPCR. Error bars are se. Asterisks
represent significant differences (Student’s t test, *P < 0.1 and **P < 0.05) between W- and W+FR-treated plants. wt, the wild type.

[See online article for color version of this figure.]

significantly downregulated in the wild type but not in brc1 lla of the rice (Oryza sativa) PCNA gene promoter bound by TCP
mutants (Figure 4C). factors PCF1 and PCF2 (AGGTGGGCCCGT; Kosugi and Oha-
Among the BRC7-dependent downregulated genes, three shi, 1997), and the GCCCR motif recognized by AtTCP20 (Li
overlapping 6-bp motifs were found to be overrepresented (see et al., 2005).
Supplemental Data Set 4 online). These motifs were assembled These results indicate that after a low R:FR treatment, axillary
into frequency matrices and rendered the consensus motif buds undergo a general transcriptional repression of genes in-
AGGCCCAT (Figure 5C; see Supplemental Data Set 4 online). volved in photosynthesis, cell division, and protein synthesis.
This motif resembled the Up1 motif, which is overrepresented While the control of photosynthesis-related genes seems mostly
in genes upregulated in axillary buds after decapitation independent of BRC1, the expression of a large number of ribo-
(GGCCCAWW; Tatematsu et al., 2005), the binding site of class | somal genes and genes involved in cell cycle and cell division is
TCP proteins (GGNCCCAC; Kosugi and Ohashi, 2002), the site strongly influenced by BRCT1 activity. Moreover, the enrichment of


http://www.plantcell.org/cgi/content/full/tpc.112.108480/DC1
http://www.plantcell.org/cgi/content/full/tpc.112.108480/DC1

A 2
24 e
0 . =i === - =
N Tm T b o © o o )
5 - - - - -3
B >
214
_cA =
" & T T 0o~ ©® ® O - &N ™
5 - - - - =g
C o

D -
=1
a
W CCCATIA
%—vamﬁhmm’g’_ﬁgv_s
E 2

0
. X .A CCA
O_QAq.clA A ARV -V -
- o m - )

n © ~ 0 o Qo
-

Figure 5. Consensus Sequences of Overrepresented Motifs in Promoters
of BRC1-Dependent Genes.

Logo representing the frequency matrix of the consensus motif in BRC1-
dependent upregulated genes (A), bud dormancy genes (B), BRC1-
dependent downregulated genes (C), bud activation genes (D), and
genes coregulated with clusters | (E) and Il (F).

[See online article for color version of this figure.]

their promoters in TCP motifs could indicate that their transcrip-
tion is regulated by TCP transcription factors.

A Group of BRC1-Dependent Genes Is Closely Related to
Bud Activity

A total of 276 of the 306 BRC17-dependent genes were repre-
sented in the Affymetrix chips (190 upregulated and 86 down-
regulated genes); therefore, their response in other experiments
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could be analyzed using Genevestigator (Zimmermann et al.,
2004). The behavior of these genes showed an excellent nega-
tive correlation with the transcriptional profiling of dormant
versus active axillary buds (from either intact or decapitated
plants, respectively) performed by Tatematsu et al. (2005). A
significant proportion of the BRC7-dependent genes had op-
posite responses in low R:FR and after decapitation, conditions
causing bud arrest and bud activation, respectively: 77% of
genes upregulated in shade (146) were downregulated after
decapitation, and 73% of genes downregulated in shade
(63) were upregulated after decapitation (Figure 6A; see
Supplemental Figures 3C and 3D and Supplemental Data Set 1
online). During decapitation-induced bud activation, BRC1 is
rapidly downregulated (Aguilar-Martinez et al., 2007). Therefore,
these 209 BRC1-dependent genes were closely associated with
axillary bud activity and BRC1 function regardless of the stim-
ulus involved (either light quality or decapitation) and could play
a central role in the dormancy-to-growth transition in buds.
We termed them bud dormancy and bud activation genes,
respectively.

The 146 bud dormancy genes (Figure 6A; see Supplemental
Figure 3C and Supplemental Data Set 1 online) could be directly
involved in the promotion of axillary bud arrest. Consistently,
this group included MAX2, known to play a key role in this
process (Stirnberg et al., 2002), and DRM1 and DORMANCY/
AUXIN-ASSOCIATED PROTEIN, genes whose expression is
tightly correlated with bud dormancy (Tatematsu et al., 2005).
It also included a significant number of genes related to
ABA, ethylene, auxin, and gibberellin signaling (ABF3, GFB3, NTR2.1,
EBF2, WES1, and GID1C), transcription (ATHB1, ATHB21, ATHB40,
and ATHB53), and protein degradation (RHA1B, EBF2, and
MAX2). A search for overrepresented 6-bp motifs in their gene
promoters confirmed an enrichment in CACGTG motifs (Figure
5B; see Supplemental Data Set 4 online), which could indicate
that ABA signaling plays an important role in the transition to bud
dormancy independently of the stimulus involved. On the other
hand, the 63 bud activation genes (Figure 6A; see Supplemental
Figure 3D and Supplemental Data Set 1 online) could be in-
volved in promoting axillary bud growth. This group included
many genes classified as unknown and others with largely un-
related annotations, making it unclear whether they played
a coordinated role in promoting bud activation. As their gene
promoters exhibited a significant enrichment (occ_E = 2.8-107%)
in the consensus TCP binding site GGCCCAT (Figure 5D; see
Supplemental Data Set 4 online), we analyzed this gene list
further to study their putative connection with BRC1.

Global Analysis of Bud Activation Genes

To know more about the function of the bud activation genes,
we investigated whether they belonged to larger coregulation
networks related to known biological functions. For this, we
studied their degree of coregulation in other transcriptomic ex-
periments using Hcluster and NetworkDrawer (Obayashi et al.,
2007). We found two groups of 19 and 16 bud activation genes
(Clusters | and I, respectively) strongly coregulated in 1388
microarray experiments (Figure 6B; see Supplemental Data Set
1 online). Genes of Cluster | (which included genes related to cell
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(A) Heat map illustrating the expression profiling of BRC7-dependent genes in axillary buds after a W+FR treatment and after decapitation (Tatematsu

et al., 2005). Green, downregulation; red, upregulation; gray, no data.

(B) Hierarchical clustering representation of bud activation genes based on degree of coregulation. Cluster I, highlighted in blue, corresponds to genes
highly coregulated with S-phase and cytokinesis genes (blue and red circles, respectively, in [C]). Cluster II, highlighted in red, corresponds to genes

coregulated with ribosomal genes (yellow circles in [C]).

(C) Network of genes most coregulated with clusters | and Il. Bud activation genes are indicated as ellipses with Arabidopsis Genome Initiative numbers.

cycle and cell division, [i.e., CYCAS;2, HISTONE H2B, HISTONE
B9, HISTONE H4, and KINESIN12B]) were coregulated with
a larger network of genes whose GO annotations were enriched
in the terms DNA replication, DNA repair, chromatin structure,
cell cycle, and cytokinesis (Figure 6C; see Supplemental Data
Sets 1 and 2 online). Cluster Il (which comprised ribosomal
protein-encoding genes (i.e., RPL5, RPL9, and RPL19)
was coregulated with a network of genes mainly involved in

ribosomal assembly, chloroplast protein synthesis, and photo-
synthesis (Figure 6C; see Supplemental Data Sets 1 and 2 on-
line). Seventy-nine percent of the genes in this network were
predicted to be targeted to chloroplasts according to TargetP
(Emanuelsson et al., 2007) or WoLF PSORT (Horton et al., 2007;
see Supplemental Data Set 1 online). By contrast, the proportion
of putative chloroplast genes in Cluster | network was 22% (see
Supplemental Data Set 1 online).
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We tested whether genes in these two networks were
downregulated (although perhaps below our stringent signifi-
cance threshold, FDR < 0.05) in our experiment. We found that
54 and 48% of the genes coregulated with Clusters | and II,
respectively, were also downregulated after the low R:FR
treatment. This response was drastically reduced in brc1 mu-
tants (Figure 4B; see Supplemental Data Sets 2 and 3 online).
Motif analyses revealed a significant enrichment of the se-
quence GGCCCA in their promoters (Figures 5E and 5F; see
Supplemental Data Set 4 online).

In summary, two gene networks coregulated with a group of
bud activation genes and likely involved in the control of cell
division (in particular, S-phase and M-phase) and protein syn-
thesis, respectively, could play an important role during the re-
versible bud growth-to-dormancy transition. These networks
could be globally regulated at the transcriptional level by TCP
factors and their expression is strongly influenced by the pres-
ence of BRCT.

Overexpression of BRC1 Causes Downregulation of Some
BRC1-Dependent Genes

To further test the relationships between BRC1 and bud acti-
vation genes, in particular genes from Clusters | and Il, we
generated BRC1 estradiol-inducible lines and studied their re-
sponse after BRCT induction in seedlings. We analyzed the
mRNA levels of several bud activation genes 7 h after es-
tradiol application, when BRC1 was highly transcribed (see
Supplemental Figure 6A online). In spite of the slight upregulation
caused by the estradiol treatment alone (control lines, Figures 7C
and 7D), lines expressing BRC1 showed downregulation of nine
out of 13 genes of cluster |, and the downregulation was highly
significant for five of them (Figure 7A). By contrast, the four ri-
bosome genes tested from cluster Il did not respond to BRC1 in
seedlings. We also studied the expression of four additional cell
cycle genes (PCNA2, CCS52A2, CDT1a, and CDT1b) that
changed significantly in our experiment (Figure 4C). Three of them
responded negatively to BRC1, including CDT71a and CDT1b,
which were previously described as being negatively regulated by
class Il At-TCP24 (Figures 7B and 7D; Masuda et al., 2008).
PCNA2, a potential class | TCP target (Kosugi and Ohashi, 1997;
Li et al., 2005), did not respond to BRC1. We tested the pheno-
type of plants expressing BRC1 after estradiol induction and
confirmed that the treatment caused a fast and generalized
growth arrest in the root and shoot apical meristems and in leaf
primordia (Figure 7E).

Then, we used this line to test the response to BRC1 in axillary
buds. We grew plants in vitro until bolting and then added 20 uM
estradiol to the medium. Seven hours later, we studied the
mRNA levels of bud activation genes. Most genes (except
seven) were strongly downregulated in the control lines and
could not be analyzed (see Supplemental Figure 7A online).
However, the seven remaining genes were downregulated after
BRC1 induction (see Supplemental Figure 7B online). Five of
these genes had not shown a response to BRC1 in seedlings
(H2A, ZF-RING, DNAJ, DUT1, and CYCAS;2).

Altogether, these results indicate that at least some of the bud
activation genes could be responding to BRC1, regardless of the
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developmental stage and light conditions, and that a key role of
BRC1 during bud arrest would be to trigger a moderate but
generalized downregulation of genes related to cell replication
and cytokinesis.

DISCUSSION

In most plant species, one of the responses of the SAS of adult
plants is the suppression of axillary bud outgrowth. However,
little is known about the genetic mechanisms acting in buds to
cause growth arrest in low R:FR. We studied this response in
adult plants grown in W and exposed transiently to a shade
simulated with W+FR. This allowed us to minimize phenotypic
differences between treated and nontreated plants prior to ax-
illary bud formation and to identify early responses of buds. We
confirmed that exposure to low R:FR after flowering causes
branch suppression and that BRC1 is required to prevent bud
outgrowth in these conditions. We monitored the transcriptional
changes taking place in axillary buds and found that BRC1 (but
not BRC2) mRNA accumulated shortly after exposure to shade.
These results are in contrast with those of Finlayson et al. (2010),
who reported that BRC1 expression was unaffected in plants
constitutively grown in low R:FR, while BRC2 expression was
upregulated in these conditions. These contrasting results could
indicate that different genetic pathways act in response to either
long-term or transient treatments of low R:FR.

Wild-type axillary buds exposed to low R:FR display, as early
as 8 h after the start of treatment, a general upregulation of
genes related to auxin, ethylene, and ABA signaling and a global
downregulation of genes related to the cell cycle, protein syn-
thesis, and photosynthesis. The enhanced ethylene and auxin
signaling and the reduced expression of photosynthesis-related
genes is observed both in wild-type and brc1 treated buds,
suggesting that it is mostly independent of BRC17. Enhanced
ethylene and auxin production has already been described as
a response to low R:FR (Finlayson et al., 1998; Hornitschek
et al.,, 2012), and auxin (1-naphthaleneacetic acid, NAA) has
been shown to have a negative effect on photosynthetic effi-
ciency and photosystem Il activity in Malus (Zhu et al., 2011).
The potential raise in auxin signaling could be partly due to
the upregulation of YUCCAS3 and YUCCAS, encoding flavin
monooxygenases that catalyze a rate-limiting step of the main
IAA biosynthesis pathway (Mashiguchi et al., 2011). BRC1-
independent downregulation of photosynthesis-related genes
could cause a drop in sugar levels, a signal associated with bud
arrest (Kebrom et al., 2012). This low sugar signaling could be
a BRC1-independent mechanism to suppress branching under
certain stress conditions.

We mainly focused on the genetic responses that may be
directly or indirectly regulated by BRC7. Some of the most
prominent BRC17-dependent gene categories are, among the
upregulated genes, ABA-related genes and, among the down-
regulated genes, cell cycle and protein synthesis genes.

ABA Signaling and the Promotion of Bud Dormancy

We detected an increase in the response of ABA marker genes
in wild-type buds after a shade treatment. ABA has been
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Figure 7. BRC1 Negatively Regulates Bud Activation Genes and Cell Cycle Genes in Seedlings.

(A) and (C) mRNA levels, quantified by qPCR, of bud activation genes in 7-d-old seedlings carrying an estradiol-inducible construct lexa:BRC1 (A) or
lexa:GUS (C), 7 h after the beginning of treatment (mock or 10 uM estradiol).

(B) and (D) mRNA levels of selected cell division genes using the same mRNA samples as in (A) and (C), respectively. Error bars are se. Asterisks are
significant differences between mock and estradiol-treated plants (Student’s t test, *P < 0.1 and **P < 0.05).

(E) Phenotype of 7-d-old wild-type and lexa:BRC1 seedlings treated with either mock or 10 wM estradiol after germination.

[See online article for color version of this figure.]



classically related to the promotion and maintenance of bud
dormancy in many plant species (Phaseolus vulgaris, Lupinus
angustifolius, potato [Solanum tuberosum], and Populus): a cor-
relation has been found between ABA content in axillary buds
and bud dormancy (Gocal et al.,, 1991; Emery et al., 1998;
Destefano-Beltran et al., 2006; Ruttink et al., 2007) and, in pea
(Pisum sativum) and Populus, many ABA-responsive genes are
upregulated in dormant buds (Shimizu-Sato and Mori, 2001;
Ruttink et al., 2007). So far, no ABA measurements have been
reported in Arabidopsis axillary buds, and only a few ABA-
inducible genes have been studied (Finlayson et al., 2010). How-
ever, our transcriptomic results support a correlation between
ABA levels and bud arrest in Arabidopsis: Wild-type axillary buds
(which become dormant after a shade treatment) display a sig-
nificant increase in the global response of ABA-related genes,
while brc1 buds (which continue to grow) show reduced ABA-
related responses. The precise role of ABA in the promotion of
bud dormancy in Arabidopsis is still unclear. It has been pro-
posed that ABA induces the expression of ICK1, an inhibitor of
CDKs at the G1/S-phase transition (Wang et al., 1998), but we
have not detected expression changes of this gene in our
treated samples. Direct ABA applications support a role of ABA
in bud suppression (Chatfield et al., 2000), but the genetic evi-
dence is contradictory: Arabidopsis sextuple mutants for six
ABA receptors (PYR1, PYL1, PYL2, PYL4, PYL5, and PYLS),
which display dramatically impaired ABA-dependent gene ex-
pression (Gonzalez-Guzman et al., 2012), do not have an excess
of branching (see Supplemental Figure 8 online) and some ABA-
deficient mutants of Arabidopsis have reduced shoot growth
(LeNoble et al., 2004). These phenotypes could be explained by
developmental plasticity and phenotypic adaptation of the mu-
tants to low levels of ABA or reduced ABA signaling. Therefore,
experiments involving transient ABA treatments may be more
informative to investigate this question. Nevertheless, the ob-
servation that ABA-related responses are significantly reduced
(but not abolished) in brc7 mutants could indicate that BRC1 is
required for the maintenance of this pathway, for instance, by
promoting the transcription of ABA responsive regulators, such
as ABF3 and ABI5, BRC1-dependent genes that contain TCP
binding sites in their promoters. On the other hand, a correlation
has been found in several plant species between increased
auxin levels and a raise of ABA in axillary buds (Eliasson, 1975;
Tucker, 1976; Knox and Wareing, 1984; Begonia and Aldrich,
1990). Therefore, the detected increment in auxin signaling
could also be participating in the promotion of this response.

Bud Dormancy and Downregulation of Cell Cycle- and
Ribosome-Related Genes

A group of BRC1-dependent genes, not only downregulated in
low R:FR but also upregulated in buds after decapitation, are
coexpressed with a network of S-phase- and cytokinesis-related
genes. This supports the view that, during the growth-to-dormancy
transition in buds, cells become quiescent at checkpoints be-
fore S- and M-phase (Devitt and Stafstrom, 1995; Shimizu and
Mori, 1998; Kebrom et al., 2010). Genes in these coregulation
networks have promoters with significant enrichment in TCP
binding sites, indicating that they could be regulated, at least in
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part, by TCP factors. Interestingly, the TCP gene At-TCP4 has
been reported to inhibit cell division in budding yeast by
blocking G1-S transition (Aggarwal et al., 2011). Some other
TCP factors have been proposed to regulate the expression of
individual cell cycle genes: At-TCP24 negatively regulates the
expression of CDT1a and CDT1b, prereplication control factor
genes required for licensing cells into the S-phase (DePamphilis,
2003; Masuda et al., 2008). Class | TCP factors (At-TCP20,
TCP15, and PCFs) promote the expression and/or bind in vivo to
the promoter of G1/S-phase transition genes (E2FB, CDT1A,
and PCNAT; Kosugi and Ohashi, 1997; Trémousaygue et al.,
2003; Li et al., 2012), endoreduplication (FZR2, RBR, and
CYCA2;3; Li et al., 2012), and G2/M genes (WEET and CYCB1;1;
Li et al.,, 2005). Our global profiling analysis suggests a more
general regulation of this gene network by TCPs, indicating that
these factors may play a key role in regulating cell cycle pro-
gression. The strong dependence of this network on BRC1 ac-
tivity (brc7 mutants have a dramatically reduced response to low
R:FR) and the observation that the transcription of several of
these genes is downregulated by the sole induction of BRC1 in
seedlings or buds indicates that BRC7 could be negatively
controlling the expression of some S-phase and cytokinesis
genes either directly or by competing with TCP transcriptional
activators. Experiments to test the binding of BRC1 to their gene
promoters will help us test this proposal.

A second group of BRC1-dependent downregulated genes is
coregulated with many ribosome-related genes, in agreement
with the observation that dormant buds in pea have low mRNA
levels of genes encoding the ribosomal proteins RIBOSOMAL
PROTEIN L27 (RPL27) and RPL34 (Stafstrom and Sussex,
1992). Genes in this network also have promoters with a signif-
icant enrichment in TCP binding sites, consistent with previous
in silico analyses showing that the ribosome-related gene
promoters in Arabidopsis have an overrepresentation of TCP
binding sites (Trémousaygue et al., 2003; Li et al., 2005).
Moreover, At-TCP20 has been shown to bind the promoter of
ribosomal genes RIBOSOMAL PROTEIN S27 and RIBOSOMAL
PROTEIN L24 (Li et al., 2005). Our results further support that
TCP genes are closely involved in the general transcriptional
regulation of ribosomal genes in Arabidopsis. However, we have
not been able to find a clear response of these genes to BRC1
induction, suggesting that their relation with BRC7 may be
mediated by other factors, for instance, other TCP proteins.

Models of Bud Growth Regulation and the Role of BRC1

Little is known about the genetic mechanisms acting in Arabi-
dopsis during the transition from active-to-dormant buds and
their relationship with BRC1 activity. Several models have been
proposed to explain the control of axillary bud growth, involving
systemic signals and local control of gene expression (Beveridge
and Kyozuka, 2010; Domagalska and Leyser, 2011; Muller and
Leyser, 2011). One model relates bud dormancy to basipetal
polar auxin transport in the main stem. Bud growth would re-
quire that axillary buds (auxin sources) establish their own polar
auxin transport stream to export auxin into the main stem.
Dampening of auxin transport in the main stem (caused by SLs)
could enhance the competition between buds for their common
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auxin sink in the stem, leading to bud arrest (Prusinkiewicz et al.,
2009). In this context, the increased auxin levels detected in
wild-type buds could partly reflect reduced auxin export. Either
increased auxin levels or reduced auxin export could be re-
sponsible for BRC1 upregulation. An auxin-mediated regulation
of BRC1 expression would be in agreement with our observation
that BRC1 mRNA levels drop as early as 1 h after decapitation
(Aguilar-Martinez et al., 2007).

A second model suggests that auxin and SL signaling cause
reduced CK levels in buds by downregulating CK synthesis and/or
upregulating CK degradation (Nordstrom et al., 2004; Dun et al.,
2012). Reduced CK levels would directly cause bud arrest. In
addition, SL and CK could also act antagonistically by pro-
moting or repressing BRC1-like gene expression, respectively
(Mashiguchi et al., 2009; Braun et al., 2012; Dun et al., 2012). In our
experiment, neither SL-responsive genes nor CK-related global
responses seemed dramatically affected in wild-type buds. This
may suggest that, inside the buds, changes in SL and CK signaling
are not significant during the promotion of bud dormancy in re-
sponse to low R:FR. A second, more trivial, explanation could be
that SL and CK gene lists (obtained from experiments performed in
seedlings; Nemhauser et al., 2006; Mashiguchi et al., 2009) do not
accurately reflect the response to these hormones in axillary buds.

BRC1 is an excellent candidate to act as second messenger
and trigger or maintain bud dormancy. We identified a collection
of genes closely associated both with BRC17 function and bud
activity, irrespective of whether the stimulus is apical dominance
or changes in light quality. In particular, BRC1 activity is linked to
the negative regulation of cell cycle and ribosome gene ex-
pression and to the promotion of ABA signaling, all of which are
responses accompanying bud dormancy in a wide range of
species. Moreover, when ubiquitously expressed in seedlings,
BRC1 causes SAM and leaf primordia growth arrest, effects
observed in axillary buds expressing BRC1. This supports the
view that BRCT1 is a local promoter of bud dormancy and
probably a target for systemic and local signaling regulating
branch outgrowth (Aguilar-Martinez et al., 2007). It is possible
that the interplay between auxin canalization dynamics along
with the antagonistic relation between CK (which promotes
meristem activity and may negatively regulate BRC7 in some
conditions; Braun et al., 2012; Dun et al., 2012) and BRC1 could
act together to determine the growth status of the buds.

In summary, bud arrest triggered by shade, a response of
major adaptive importance for plants, may share local regulators
with other stimuli that regulate branching, such as apical dom-
inance. One of these local regulators, BRC1, could promote bud
dormancy by a combined negative action on cell proliferation
and protein synthesis and by promoting ABA signaling. Un-
derstanding these mechanisms that control bud arrest may
have a significant impact on crop yield in high-density plant-
ings common in agriculture.

METHODS

Plant Material and Growth Conditions

The wild-type Arabidopsis thaliana used in this study were of the Columbia
or Ler ecotypes, unless otherwise indicated. The brc1-2 and brc2-1

mutants were described by Aguilar-Martinez et al. (2007). The phy single
and double mutants (Ler background) were provided by G.C. Whitelam
(University of Leicester, UK). The phyB-9 mutant (Columbia background)
was provided by J.A. Jarillo (Instituto Nacional de Investigaciones
Agrarias, Madrid, Spain). The sextuple ABA receptor mutant (aba6) was
provided by P.L. Rodriguez (Instituto de Biologia Molecular y Celular de
Plantas., Valencia, Spain). Wild-type and mutant seeds were sown on
commercial soil and vermiculite in a 3:1 proportion. They were stratified in
darkness at 4°C for 3 d and grown in a 16/8-h photoperiod at 22°C in W
light (PAR, 100 wmol m—2 s~7; R:FR ratio = 11.7) or W supplemented with
FR (W+FR, PAR, 100 wmol m~—2 s~7, R:FR ratio = 0.2), unless otherwise
specified.

Light Sources

W was provided by tubes of white light-emitting diodes (LEDs) T8-
160CM-DW (CCT 4000-4500; Prosolda) or cool-white 20-W F20T12/CW
tubes (Phillips). Supplemental FR light was provided by lamp tubes
carrying FR 735-nm LEDs (L735-03AU; Epitex). Monochromatic light
treatment experiments were performed in light-insulated growth cham-
bers with rows of Phillips GreenPower monochromatic LED modules (HF
deep-red 660 nm, FR 730 nm, and B 455 nm). All light measurements were
monitored with a JAZ spectroradiometer (Ocean Optics).

Phenotypic Analysis

Wild-type and brc1 and brc2 mutant plants were either maintained in W
(see above) or transferred to W+FR (see above) after flowering. Two weeks
after the main inflorescence became visible, branches (shoots longer than
0.5 cm) were counted. phy (Ler) plants were grown at 19°C to attenuate
the early flowering phenotype. phyB and phyB brc1 (Columbia) mutants
were grown at 22°C in PAR = 60 pmol m=2 s~'. The number of RI
branches/number of rosette leaves was counted.

Expression Analyses

For Figures 1H and 2, plants were grown in W as described above until the
bolts were <1 cm long. At this stage, rosette leaves had small vegetative
buds of 150 to 400 pm (Aguilar-Martinez et al., 2007). Plants were then
keptin W or transferred to W+FR (Figure 1H) or LED light chambers (Figure
2). Samples were collected at 2, 4, and 8 h after the beginning of the
treatment (Figure 1H) or 8 h after the beginning of the treatment (Figure 2).
Plants in Figures 2A and 2B were exposed to constant amounts of R light
(82 wmol m~—2 s~7) alone or supplemented with 3, 7, 13, 17, and 27 umol
m~2 s~ of FR light (R:FR ratio = 9.8, 4.8, 2.4, 1.9, and 1.2, respectively).
Plants in Figures 2C and 2D were treated with pure R (32 umolm=2s~1), B
(15 wmol m=2 s~ "), R+B (82+15 pmol m~2 s~ ), or FR (5 wmol m—2s~7)
light or darkness for 8 h. Plants for the microarray hybridization were
grown in W or W+FR for 8 h as described for Figure 1H. Plants of the
experiment in Figure 3C were grown at 22°C and PAR = 60 pmol m—2s~1
as described for the phenotypic analysis of phyB mutants and then were
transferred to LED chambers with either R or R+FR light for 8 h. For
circadian expression analyses, wild-type plants were grown in a 12/12-h
photoperiod at 22°C in W until the bolts were <1 cm long and then were
transferred to constant W. Twenty-four hours later, axillary bud material was
collected every 4 h for 4 d. For the BRC1 estradiol induction experiment (Figure
7E), seeds were sown in Murashige and Skoog, 0.7% agar, and 1% Suc and
stratified in darkness at 4°C for 3 d. Seven days after germination and growth of
the seedlings in 22°C, W and 16/8 photoperiod, 2 mL of 10 pM estradiol
prepared from a 20 mM stock (in DMSO) or 0.0005% (v/v) DMSO (mock) were
added to each plate. Seedlings were collected 7 h later. For BRC7 induction in
buds, plants were grown in Murashige and Skoog until bolting, and then 3 mL of
20 uM estradiol or mock was added to the medium and axillary buds were
collected 7 h later.



RNA Preparation and qPCR Analyses

Rosettes leaves with their petioles, main inflorescence, and roots were
carefully dissected out, leaving a tissue highly enriched in axillary buds
and subtending tissue. Material was harvested from at least eight indi-
viduals, and a minimum of three biological replicates per genotype/
treatment and was stored in N,,. For the estradiol induction experiment in
seedlings, 20 seedlings were collected per biological replicate. RNA was
isolated with the RNeasy plant mini kit (Qiagen). Possible traces of DNA
were eliminated with RNase-Free DNase set (Qiagen). Three micrograms
of RNA was used to make cDNA with the High-Capacity cDNA archive kit
(Applied Biosystems). The gqPCR reactions were performed with Power
SYBR Green (Applied Biosystems) and the Applied Biosystems 7300 real-
time PCR system, according to the manufacturer’s instructions. Three
technical replicates were done for each biological replicate. For Figure 4,
the gPCR reactions were performed as described by Aguilar-Martinez
et al. (2007). Pairs of primers used are described in Supplemental Data Set
5 online. Cycle threshold values were obtained with the 7300 Systems
SDS Software Version 1.3 (Applied Biosystems). Three reference genes
were used: SAND, PP2A, and PPR (Czechowski et al., 2005). Relative fold
expression changes were calculated using qBASE software (Hellemans
et al., 2007).

BRC1-Inducible Construct

The coding sequence of BRC1 was cloned in the Gateway vector pMDC7
(Curtis and Grossniklaus, 2003) using an LR reaction according to the
manufacturer’s instructions (Invitrogen). Transgenic plants (Columbia)
were generated by agroinfiltration using the floral dip method (Clough and
Bent, 1998). T3 homozygous lines generated from T1 individuals carrying
a single insertion of the transgene were analyzed.

Hybridization and Analysis of Agilent Genome Arrays

Six independent biological samples per genotype and treatment (wild-
type W, wild-type W+FR, brc1 W, and brc1 W+FR) were used to hybridize
Agilent genome arrays. RNA ampilification, labeling, and hybridization
were performed basically as described by Adie et al. (2007).

Microarray slides were composed of synthetic 70-mer oligonu-
cleotides from the Operon Arabidopsis Genome Oligo Set Version 3.0
(Qiagen) spotted on aminosilane-coated slides (Telechem) by the
University of Arizona. Slides were rehydrated and UV cross-linked
according to the supplier’s website: http://ag.arizona.edu/microarray/
methods.html. Images from Cy3 and Hyper5 channels were equili-
brated and captured with a GenePix 4000B (Axon) and spots quan-
tified using GenPix software (Axon). Background correction and
normalization of expression data were performed using LIMMA (Smyth
and Speed, 2003; Smyth, 2004). LIMMA is part of Bioconductor, an R
language project (lhaka and Gentleman, 1996). First, the data set
was filtered based on the spot quality. A strategy of adaptive back-
ground correction was used that avoids exaggerated variability of log
ratios for low-intensity spots. For local background correction, the
“normexp” method in LIMMA to adjust the local median background
was used. The resulting log ratios were print-tip loess normalized
for each array (Smyth and Speed, 2003). To have similar distribution
across arrays and achieve consistency among arrays, log ratio values
were scaled using as scale estimator the median absolute value
(Smyth and Speed, 2003). Linear model methods were used for de-
termining differentially expressed genes. Each probe was tested for
changes in expression over replicates using an empirical Bayes mod-
erated t-statistic (Smyth, 2004). To control the false discovery rate, P
values were corrected using the method of Benjamini and Hochberg
(1995). The expected false discovery rate was controlled to be <5 or 10%
where specified.
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Statistical Tests of Expression Analyses

To test the statistical significance of results, Student’s t test and one-way
analysis of variance (ANOVA) with Tukey test for significance were used.
Asterisks denote significant differences in Student’s t tests. Different
letters denote significant differences in Tukey’s tests.

Statistical Analysis of Response in Gene Lists

Statistical analyses of the response of gene categories were performed by
a Wilson approximation to the hypothesis test of equality of two pro-
portions defining binomial distributions (Wilson, 1927) (R function: prop.
test) described in Supplemental Methods 1 online.

Promoter Motif Analysis

Five hundred base pair sequences 5’ of the ATG of BRC17-dependent
genes were retrieved with Sequence Bulk Download (The Arabi-
dopsis Information Resource, www.Arabidopsis.org). Identification
of overrepresented hexamer motifs was performed with Motif discovery
(RSAT, www.rsat.ulb.ac.be; van Helden et al., 1998). Oligo analysis was
used to find significantly overrepresented motifs. These motifs were
assembled into frequency matrices with Pattern assembly and default
parameters. Matrices were converted into consensus motifs with Convert-
matrix and represented using WebLogo (Crooks et al., 2004).

Global Gene Expression Comparisons

Expression data of the BRC7-dependent genes in the decapitation ex-
periment (Tatematsu et al., 2005) was retrieved when available (276/307
genes) with Genevestigator (www.genevestigator.com). Hierarchical
clustering of bud activation genes based on degree of coregulation was
performed with Hcluster (ATTED-II; Obayashi et al., 2007). The 187 genes
most coregulated with cluster | and 168 coregulated with cluster Il were
obtained with NetworkDrawer (ATTED-II; Obayashi et al., 2007). Gene
network data from NetworkDrawer was represented with Cytoscape
(Shannon et al., 2003). Statistical Analysis of GO annotation enrichment
was performed using FatiGO (Al-Shahrour et al., 2004).

Accession Numbers

Array data from this article can be found in the National Center for
Biotechnology Information Gene Expression Omnibus (http://www.ncbi.
nlm.nih.gov/geo/) database under accession number GSE27273.
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The following materials are available in the online version of this article.
Supplemental Figure 1. Circadian Expression of BRC1 and BRC2.

Supplemental Figure 2. Seedling Phenotype of brc1, phyB, and phyB
brc1 Plants.
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Genes Whose Expression Changes Significantly (FDR < 0.05) in Our
Experiment.

Supplemental Figure 4. Validation of Microarray Data by qPCR.

Supplemental Figure 5. Functional Classification of Genes Respond-
ing to W+FR.

Supplemental Figure 6. BRC1 mRNA Levels in Estradiol-Inducible
Lines.
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Genes and Cell Cycle Genes in Axillary Buds.
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