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Shade avoidance syndrome (SAS) is a strategy of major adap-
tive significance and typically includes elongation of the stem
and petiole, leaf hyponasty, reduced branching and pho-
totropic orientation of the plant shoot toward canopy gaps.
Both cryptochrome 1 and phytochrome B (phyB) are the
major photoreceptors that sense the reduction in the blue
light fluence rate and the low red:far-red ratio, respectively,
and both light signals are associated with plant density and
the resource reallocation when SAS responses are triggered.
The B-box (BBX)-containing zinc finger transcription factor
BBX24 has been implicated in the SAS as a regulator of DELLA
activity, but this interaction does not explain all the observed
BBX24-dependent regulation in shade light. Here, through a
combination of transcriptional meta-analysis and large-scale
identification of BBX24-interacting transcription factors, we
found that JAZ3, a jasmonic acid signaling component, is a
direct target of BBX24. Furthermore, we demonstrated that
joint loss of BBX24 and JAZ3 function causes insensitivity to
DELLA accumulation, and the defective shade-induced elon-
gation in this mutant is rescued by loss of DELLA or phyB
function. Therefore, we propose that JAZ3 is part of the regu-
latory network that controls the plant growth in response to
shade, through a mechanism in which BBX24 and JAZ3 jointly
regulate DELLA activity. Our results provide new insights into
the participation of BBX24 and JA signaling in the hypocotyl
shade avoidance response in Arabidopsis.

Keywords: BBX24 e DELLAs e JAZ3 e Phytochrome B (phyB)
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Introduction

Shade avoidance syndrome (SAS) is a strategy of major adap-
tive significance to respond to the presence of neighbors, well

before shading occurs, by the elongation of stems and petioles
and leaf hyponasty among other responses (Casal 2013, Ballaré
and Pierik 2017). When true shading occurs, the transmitted
light is especially depleted at red and blue wavelengths, due
to absorption by chlorophylls, reducing the photosynthetically
active radiation (PAR). The reduction in the red:far-red (R:FR)
ratio and the reduction in the blue light fluence rate inacti-
vate phytochrome B (phyB) and cryptochrome 1, respectively,
which induce the SAS responses in shade. At the molecular level,
the transcription factors, PHYTOCHROME INTERACTING FAC-
TORS (PIFs), promote the shade-induced gene expression, and
the CONSTITUTIVE PHOTOMORPHOGENIC 1/SUPPRESSOR
OF phyA-105 (COP1/SPA) ubiquitin E3 ligase complex controls
the stability of proteins to optimize the growth reconfiguration
and the reallocation of resources in shade. Furthermore, hor-
monal regulatory networks including auxin, gibberellins (GA)
and brassinosteroids contribute to triggering SAS signaling and
adjusting plant growth in shade (Yang and Li 2017).

The GA promotes plant growth triggering the degradation
of DELLA proteins, which function as master growth repres-
sors of GA signaling (Phokas and Coates 2021). The binding of
bioactive GA to the GA-INSENSITIVE DWARF1 (GID1) receptor
promotes the interaction of the complex GA-GID1 with DELLAs
(Ueguchi-Tanaka et al. 2005, Nakajima et al. 2006). DELLAs are
subsequently poly-ubiquitinated by the E3 ubiquitin ligases [e.g.
SLEEPY1 and COP1] and thus targeted for destruction in the
26S proteasome (McGinnis et al. 2003, Blanco-Tourifian et al.
2020). Low R:FR ratios and low blue signals typically of real
canopies reduce the stability of DELLASs, likely as a consequence
of increased gibberellin levels (Djakovic-Petrovic et al. 2007).
Mutants with stable DELLA versions show reduced responses
to shade, and mutants combining loss-of-function alleles at
multiple DELLA have elongated stems even in the absence of
shade (Djakovic-Petrovic et al. 2007). At the molecular level, the
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physical interaction between the first conserved heptad leucine
repeat of DELLA and the PIF DNA recognition domain prevents
PIFs from binding to their target gene promoters to promote
shade-induced gene expression (de Lucas et al. 2008, Feng et al.
2008).

The core jasmonic acid (JA)-signaling module consists of the
JA receptor COI1, a subset of jasmonate-ZIM-domain (JAZ)
repressor proteins, and transcription factors involved in regu-
lating the expression of JA-responsive genes (Howe et al. 2018).
In the presence of the bioactive form of JA, the protein interac-
tion between COI1 and JAZ is facilitated, and the JAZ proteins
are subsequently ubiquitinated by the SCF©"" complex and
degraded through the 26S proteasome pathway and then acti-
vate the expression of JA-responsive genes mediated in part by
MYCQC2 transcription factor (Kazan and Manners 2011, Pauwels
and Goossens 2011, Howe et al. 2018).

Intensive cross-talk between GA and JA signaling is involved
to solve the allocation trade-off between growth and defense
in shade (Ballaré and Pierik 2017). The molecular mechanism
for this hormone cross-talk has been well studied and relies on
the balance originating in the physical interaction between GA-
dependent DELLA repressors and JA-dependent JAZ repressors.
The activation of the JA pathway in response to plant defense
results in JAZ degradation and an increase in DELLA activity,
repressing growth (Yang et al. 2012, Hou et al. 2015). In contrast,
the activation of the GA signaling in shade results in a reduction
of DELLA levels and subsequent activation of the JAZ repressors,
reducing the response to JA-mediated stimuli (Cerrudo et al.
2012, Chico et al. 2014, Leone et al. 2014).

B-box (BBX)-containing zinc finger transcription factors
mediate transcriptional regulation and protein—protein inter-
actions in plant development, often integrating environmen-
tal information with hormone signaling (Gangappa and Botto
2014, Song et al. 2020, Yadav et al. 2020). Interestingly, BBX24
modulates the activity of GA signaling by interacting physically
with DELLA proteins, thereby enhancing PIF4 activity in the
SAS (Crocco et al. 2015). More recently, it has been shown that
BBX24 can also regulate the JA signaling pathway in sweet pota-
toes (Zhang et al. 2020). IbBBX24 represses the expression of
IbJAZ10 by the protein—protein interaction and subsequently
activates the expression of IbMYC2 by directly binding to their
promoters to increase Fusarium wilt resistance (Zhang et al.
2020).

Despite the involvement of BBX24 in the SAS responses, only
the interaction with GAs has been elucidated so far (Crocco
et al. 2015). To generate a more comprehensive and com-
plete view of the BBX24 mechanism related to SAS-induced
responses, we studied the BBX24-dependent interactome and
identified new relevant interactions. Here, we demonstrated the
relevance of the BBX24 and JAZ3 protein interaction in the pro-
motion of growth by reducing DELLA activity downstream of
the phyB activity. These results suggest that BBX24 is an inte-
grator of GA and JA signaling pathways for the promotion of
hypocotyl growth in shade light.

Results

Interactome and transcriptome analyses suggest a
link between BBX24 and JA signaling

To identify transcription factors that interact with BBX24,
we performed a yeast-two-hybrid (Y2H) screening using the
BBX24 protein as bait against a library of 1,956 Arabidopsis
thaliana transcription factors (Pruneda-Paz Jose et al. 2014).
We identified 60 likely positive interactions (Supplementary
Table S1). The BBX24 interactors belong to 25 out of the 98
transcription factor families represented in the library (Fig. 1,
Supplementary Table S1). Functionally, the 60 transcription
factors are associated with multiple processes. Some of them
are involved in abiotic or biotic stress responses (WRKY60, HSF3
and MYB2), light signaling (ZML2 and BBX23), flowering devel-
opment (FBH4, APL and AGL16) and phytohormone signaling
pathways including JA (JAZ3), auxin (IAA13, IAA4 and IAA27),
brassinosteroid (BZS1 and BIM1) and cytokinin (CRF9), among
others (Fig. 1). These results suggest that a common theme
for many BBX24 interactors is their participation in hormone-
regulated processes.

As an additional criterion to assess the biological relevance
of these BBX24-dependent interactions, we reanalyzed the
transcriptomic dataset of Col-0 and bbx24-1 mutant seedlings
grown in shade (Crocco et al. 2015). We found 370 genes dif-
ferentially expressed between Col-0 and the bbx24-1 mutant
(|log,FC| > 0.6, where FC is fold change). From those genes
regulated by BBX24, we found 54 and 351 genes that are dif-
ferentially expressed in the bbx24-1 mutant compared to Col-
0 at high and low R:FR ratios, respectively (Supplementary
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Fig. 1 Identification of transcription factors interacting with the BBX24
protein. Visualization of transcription factors interacting with part-
ners of BBX24 identified in a Y2H screening. BBX24 protein interactors
are represented as nodes and colored depending on their transcrip-
tion factor family. Interactors are grouped according to their biological
function.
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Table S2). These results suggest that BBX24 plays a prominent
role in shade light because it regulates a higher number of genes
under this light condition than in white light (i.e. 6.5-folds) with
a strong enrichment of genes falling in functional categories
related to defense, biotic and stress responses (Fig. 2A, Sup-
plementary Table S2). Given the known interaction between
shade and JA signaling pathways, we compared the BBX24-
dependent (Crocco et al. 2015) and methyl jasmonate (MeJA)-
dependent transcriptomes (ArrayExpress-E-GEOD-21762) of
Arabidopsis seedlings. We found a statistically significant con-
vergence of genes co-regulated by MeJA- and BBX24-regulated
genes in low but not in high RFFR ratios (P=3.15x 107
vs. 0.061, respectively; Fig. 2B, Supplementary Table S2).
The gene ontology analysis showed that the commonly reg-
ulated genes are enriched in biological processes related to
secondary metabolic processes, response to stress, defense
response to insects and response to JA, among others (Sup-
plementary Table S2). Among the 53 co-regulated genes, we
found some members of the XYLOGLUCAN ENDOTRANSGLU-
COSYLASE/HYDROLASE family (XTH12 and XTH26) and ara-
binogalactan protein gene family (AGP30 and FLAG), described
previously as robust markers of hypocotyl growth in response
to low R:FR ratios (Kohnen et al. 2016). Furthermore, there are
several members of glutathione S-transferase (GSTU4, GSTUT11,
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GSTU24 and GSTU25). It has been documented that some mem-
bers of the GSTU family are connected with phytochromes
and JA signaling in the control of the hypocotyl growth in
Arabidopsis (Jiang et al. 2010, Chen et al. 2017).

JAZ3 and BBX24 promote hypocotyl growth in
shade

To better understand the finding convergence between JA- and
BBX24-regulated genes in the Y2H screening and compara-
tive transcriptome analysis, we evaluated the hypocotyl length
in Col-0, bbx24-1 and two independent BBX24 overexpressing
lines in a medium with different MeJA concentrations at high
and low R:FR ratios (Fig. 2C, Supplementary Fig. S1). After de-
etiolation, the Arabidopsis seedlings were grown in white light
or simulated shade for 4 d. In white light, the hypocotyl length
was around 1.5mm, independent of the genotype and the
MeJA concentration used in the medium. However, we found
significant effects of MeJA in a genotype-dependent man-
ner in simulated shade (genotype x light x hormone, P < 0.001,
Supplementary Fig. S1). The hypocotyl length was inhibited
by MeJA in all genotypes, and the effects were higher for both
BBX24-overexpressing lines and lower for bbx24-1 seedlings. A
concentration of as low as 1M MeJA was enough to abolish
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Fig. 2 Low R:FR ratios increase the overlap between the BBX24 function and JA signaling. (A) Gene ontology enrichment analysis of biological
process terms comparing BBX24-regulated transcriptome, both at high R:FR and at low R:FR ratios, and MeJA-responsive transcriptome. Bubble
size and color represent the enrichment factor and the adjusted P-value, respectively. (B) The Venn diagram shows overlapping between BBX24-
regulated genes, both at high R:FR and at low R:FR ratios, and MeJA-regulated genes. The P-value of the overlap among groups of interest is
shown. (C) Hypocotyl length of Col-0, bbx24 and 35S:YFP-BBX24 #9 and #17 seedlings grown under white light or simulated shade treatment for
4d under 1 pM MeJA or mock conditions. Boxplots show data obtained by the Tukey method (n > 25), and the mean is indicated as a square.
Asterisks indicate that the difference is statistically significant with Col-0 under the same light and hormone conditions obtained by a two-way

ANOVA followed by a post hoc test (Bonferroni correction, P < 0.05).
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Fig. 3 Physical interactions between BBX24 and JAZ3 in vitro and in
vivo. (A) The Y2H assay analyzing the interaction between JAZ3 and
BBX24. (B) The BiFC assay in N. benthamiana leaves. Control leaves co-
expressing YFN-BBX24/YFC and YFN/YFC-JAZ3 pairs (up) and leaves
co-expressing BBX24 and JAZ3 fusions to N- and C-terminal fragments
of YFP, respectively (bottom). The YFP signal is shown in yellow, and
the chlorophyll autofluorescence is magenta. Scale bars, 100 um (left
panel YEN-BBX24 YFC-JAZ3) and 10 pm (rest of the panels).
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the phenotype of BBX24 overexpression in the promotion of
hypocotyl elongation under shade (Fig. 2C).

Previous evidence demonstrated the stabilization of other
JAZ proteins (Chico et al. 2014) and the relevance of BBX24
interaction with DELLA proteins to promote PIF4 activity in
shade (Crocco et al. 2015). Remarkably, we found in this
work that (i) JAZ3 is a BBX24 interactor in the Y2H screen-
ing (Fig. 1, Supplementary Table S1), (ii) a high degree of
convergence is observed between MeJA- and BBX24-dependent
transcriptional targets particularly in shade instead of white
light (Fig. 2A, B) and (iii) the interference is observed between
MeJA- and BBX24-mediated hypocotyl growth in simulated
shade but not in white light (Fig. 2C). Altogether, these findings
suggest that the BBX24 and JAZ3 interaction could be impli-
cated in phyB signaling in shade. To test this hypothesis and
to have a better understanding of this possible functional con-
nection, we confirmed the physical interaction between BBX24
and)AZ3 by two independent approaches, an independent Y2H
assay (Fig. 3A) and a bimolecular fluorescence complementa-
tion (BiFC) assay in Nicotiana benthamiana leaves (Fig. 3B).
As expected, the co-infiltration of JAZ3 and BBX24 proteins
produced the yellow protein complementation but not in the
negative controls. Furthermore, the interaction was observed in
the nucleus of the cells, consistent with the expected localiza-
tion of both JAZ3 and BBX24 proteins to be functional in shade
(Fig. 3B).

In addition, we studied the BBX24 and JAZ3 expression in
Col-0 seedlings supplemented with FR in white light. We found
an increase of BBX24 and JAZ3 expression at 3-h FR, and then
their expression descended significantly later at 5-h FR, suggest-
ing an early induction of these genes in shade (Supplementary
Fig. S2). The expression of BBX24 was double induced than JAZ3,
but both genes showed the same pattern of expression (Supple-
mentary Fig. S2). These results suggest that the upregulation of

BBX24 and JAZ3 expression could be necessary to promote the
hypocotyl growth in shade light. To further confirm the physio-
logical relevance of the BBX24 and JAZ3 physical interaction to
promote hypocotyl growth in shade, we examined the pheno-
type of bbx24-1 jaz3-4 double mutant seedlings. We designed
two different experiments to evaluate hypocotyl growth in
shade. In the first one, seedlings were grown below a green
filter that reduced the PAR, blue and red photons (i.e. simu-
lated shade). In the second one, a FR pulse was applied at the
end of the photoperiod (end-of-day FR, EOD-FR), wich inacti-
vates the phyB and other stable phytochromes and induce the
shade-avoidance responses (Kasulin et al. 2013, Roig-Villanova
and Martinez-Garcia 2016). In both cases, we used white light
as control treatment. The hypocotyl length of Col-0 seedlings
significantly increased indistinctly in simulated shade and EOD-
FR than in white light, while bbx24-1 and jaz3-4 single mutants
showed shorter hypocotyls than Col-0 in shade but not in white
light (Fig. 4). Mutating both genes simultaneously did not
further affect the response to shade (Fig. 4), suggesting that
both proteins regulate hypocotyl growth through a common
signaling pathway mediated by phyB.

BBX24 and JAZ3 promote hypocotyl growth
through GA signaling in shade

Low R:FR ratios and low blue photons typical of shaded envi-
ronments enhance both GA biosynthesis and responsiveness in
Arabidopsis, thereby promoting the expression of GA-related
genes for the promotion of cell elongation (Hisamatsu et al.
2005, Djakovic-Petrovic et al. 2007). In a previous work, we
found that BBX24 interacts with DELLA proteins, through the
Leucine heptad repeat1 (LHR1) motif (Crocco et al. 2015). Here,
we demonstrated that JAZ3 also interacts with DELLAs (Sup-
plementary Fig. $3). The interaction requires the VHIID DELLA
motif, but not the adjacent LHR1 motif (Supplementary Fig.
S$3). These results suggest that DELLAs sequester BBX24 and/or
JAZ3, impeding the positive interaction between BBX24 and
JAZ3 for the promotion of the hypocotyl growth in shade. To
test this possibility, we examined the effect of altering GA lev-
els by applying exogenous GA; or paclobutrazol (PAC), a GA
biosynthesis inhibitor, on the hypocotyl length in bbx24-1 and
jaz3-4 single mutants and bbx24-1 jaz3-4 double mutants. In
white light, all genotypes showed a similar hypocotyl length in
mock, GA, and PAC treatments (Fig. 5A). In simulated shade,
the untreated single mutants as well as bbx24-1 jaz3-4 double
mutants showed significantly shorter hypocotyls than Col-0,
and the addition of GA; rescued the shorter hypocotyls of all
mutants (Fig. 5A). The addition of PAC did not further reduce
hypocotyl size in single and bbx24-1 jaz3-4 double mutants (Fig.
5A). These results are compatible with our action model in
which DELLA activity is high in the absence of BBX24 and JAZ3
and cannot be further stimulated by blocking GA-dependent
DELLA degradation. To confirm our prediction, we generated
the bbx24-1 jaz3-4 gai-td1 rga-29 quadruple mutant. In white
light, Col-0 and bbx24-1 jaz3-4 seedlings showed slight but sig-
nificantly shorter hypocotyls than the gai-td1 rga-29 double
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Fig. 4 BBX24 genetically interacts with JAZ3 to promote hypocotyl
growth in shade. Phenotypic analysis of Col-0, bbx24, jaz3 and bbx24
jaz3 seedlings grown under (A, B) simulated shade or (C, D) EOD-
FR treatment for 4 days. (A, C) Representative images of Arabidopsis
seedlings. Scale bar, 1 mm. (B, D) Boxplots show data obtained by the
Tukey method [(B) n > 30; (D) n > 20], and the mean is indicated as a
square. Different letters indicate significantly different means obtained
by a two-way ANOVA followed by the post hoc Tukey HSD (P < 0.05).

and bbx24-1 jaz3-4 gai-td1 rga-29 quadruple mutants (Fig. 5B).
In simulated shade, the shorter hypocotyls of bbx24-1 jaz3-4
seedlings were completely rescued by loss of GIBBERELLIC-ACID
INSENSITIVE (GAI) and REPRESSOR OF GAI (RGA) function
(Fig. 5B).

We selected a set of genes co-regulated by BBX24 under
shade and MeJA (Supplementary Table S2) to evaluate their

expression in Col-0 and bbx24-1, jaz3-4, bbx24-1 jaz3-4, gai-
td1 rga-29 and bbx24-1 jaz3-4 gai-td1 rga-29 seedlings growing
under white light or simulated shade for 5d (Fig. 5C). Two
genes related to defense responses, SDAT and GSTU4, pre-
sented a major induction under shade in all the genotypes
compared to Col-0 seedlings. On the other hand, XTH26 was
upregulated under shade in bbx24-1, jaz3-4 and bbx24-1 jaz3-
4 mutants, but its expression was downregulated at the same
levels of wild-type in gai-td1 rga-29 double and bbx24-1 jaz3-4
gai-td1 rga-29 quadruple mutants. XTH12 and XTH26 showed a
similar pattern of gene expression, but we did not find statisti-
cally significant differences for bbx24-1, jaz-3 single mutants and
bbx24-1 jaz-3 double mutants with Col-0 (P & 0.10). Altogether,
these results suggest that the lack of GAl and RGA proteins
rescues the impaired transcriptional regulation of genes related
to hypocotyl growth in the bbx24-1 jaz3-4 double mutant, but
the possible implication of BBX24 and JAZ3 regulating defense
under shade could involve a different mechanism independent
of DELLA proteins.

BBX24 and JAZ3 converge with phyB to promote
hypocotyl growth in shade

The phyB inactivation promotes hypocotyl growth by enhanc-
ing PIF4 activity and increasing GA biosynthesis, resulting in
DELLA degradation (Djakovic-Petrovic et al. 2007, Pacin et al.
2016, Blanco-Tourifian et al. 2020). If JAZ3 and BBX24 jointly
promote growth by inactivating DELLAs, the prediction of our
model is that loss of phyB function should be epistatic to the
loss of BBX24 and JAZ3 activities. Indeed, in white light, phyB
and bbx24-1 jaz3-4 phyb seedlings showed longer hypocotyls
than Col-0, and the shorter hypocotyl defect of bbx24-1 jaz3-4
seedlings was partially rescued by the phyB mutation (Fig. 6A).
Moreover, the inhibition of hypocotyl length by increasing
doses of PAC was more pronounced in Col-0 and bbx24-1 jaz3-
4 than in phyb and bbx24-1 jaz3-4 phyB seedlings (Fig. 6B).
The enhanced sensitivity of phyB seedlings to DELLA accu-
mulation in the absence of JAZ3 and BBX24 agrees with the
model of action in which JAZ3 and BBX24 activities converge for
downregulation of DELLA to promote the hypocotyl growth in
simulated shade downstream of phyB.

Discussion

Integration of external cues with developmental programs
depends on phytohormone networks and is critical for plants
to survive in nature. The reduction in R:FR ratios that occurs
in dense canopies due to the absorption of R light by chloro-
phylls and reflection of FR light is an anticipatory signal of
the presence of neighboring plant competitors (Ballaré et al.
1990, Ballaré and Pierik 2017). In fully de-etiolated plants, the
low R:FR ratios, a direct estimator of plant density, inactivate
phyB, which promotes growth to reach the light resource to
maximize photosynthesis (Smith 1982, Casal 2013). The evi-
dence presented in this work demonstrated that the plant
growth promoted by simulated shade involves the participa-
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Fig. 5 BBX24 and JAZ3 promote hypocotyl growth through DELLA activity. (A) Hypocotyl length of Col-0, bbx24, jaz3 and bbx24 jaz3 seedlings
grown under white light or simulated shade for 4 d incubated with 2 pM of GA, 1 uM PAC or mock. Boxplots show data obtained by the Tukey
method (n > 50), and the mean is indicated as a square. Asterisks indicate that the difference is statistically significant with Col-0 under the same
light and hormone condition obtained by a two-way ANOVA followed by a post hoc test (Bonferroni correction, P < 0.05). (B) Hypocotyl length
of Col-0, bbx24 jaz3, gai rga and gai rga bbx24 jaz3 seedlings grown under simulated shade treatment for 4 d. Boxplots show data obtained by
the Tukey method (n > 90), and the mean is indicated as a square. Different letters indicate significantly different means obtained by a two-way
ANOVA followed by the post hoc Tukey HSD (P < 0.05). (C) Transcript levels of SDA1, GSTU4, XTH26 and XTH12 genes were determined in Col-0,
bbx24, jaz3, bbx24 jaz3, gai rga and gai rga bbx24 jaz3 seedlings after 5d under white light or simulated shade. Expression levels are relative to
UBQ10 and the log2FC induction under simulated shade relative to white light for genotype. Every dot represents a biological replicate, and the
cross bars represent the mean and the standard deviation. Asterisks indicate significantly different means compared with Col-0 obtained by a

one-way ANOVA followed by a post hoc test (Bonferroni correction, P < 0.05).

tion of JA signaling, as indicated by the reduced hypocotyl
elongation of jaz3 mutants (Fig. 4). Although the JA phyto-
hormone had been previously proposed to be involved in the
inhibition of the hypocotyl growth in simulated shade based
on the exogenous application of MeJA (Fig. 2) (Chen et al.
2013), here we also demonstrated that JAZ3 is biologically rele-
vant together with BBX24 in the phyB signaling pathway, both
converging on the regulation of DELLA activity (Figs. 4-6).

Furthermore, our model of the BBX24-JAZ3-DELLA module of
action in simulated shade predicts that the loss of phyB function
is epistatic to the loss of BBX24 and JAZ3 activities. Indeed, the
shorter hypocotyl defect of bbx24-1 jaz3-4 seedlings in shade
was completely rescued by the phyB mutation (Fig. 6A). The
enhanced sensitivity of phyB seedlings to DELLA accumula-
tion in the absence of JAZ3 and BBX24 with the addition of
PAC (Fig. 6B) agrees with the model in which JAZ3 and BBX24
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Fig. 6 phyB-BBX24-JAZ3 module regulates hypocotyl growth through GA signaling in shade. Hypocotyl length of Col-0, bbx24 jaz3, phyB and phyB
bbx24 jaz3 seedlings grown (A) under white light or simulated shade treatment for 4 d or (B) under simulated shade treatment for 4 d at different
concentrations of PAC. Boxplots show data obtained by the Tukey method [(A) n > 60 and (B) n > 30], and the mean is indicated as a square.
Different letters indicate significantly different means obtained by a two-way ANOVA followed by the post hoc Tukey HSD (P < 0.05).

activities converge for downregulation of DELLA activity to pro-
mote the hypocotyl growth in the phyB-mediated SAS signaling
pathway.

The role of JAZ3 in the modulation of DELLA activity in
response to simulated shade agrees with previous observations
of other members of JAZ (Chico et al. 2014, Leone et al. 2014).
Our results suggest that the physical interaction between JAZ3
and BBX24 (Fig. 3) contributes, at least in part, to connecting
light information to )JA signaling for the control of hypocotyl
growth in shade (Figs. 4-6). We found that the lack of GAl
RGA rescues the impaired expression regulation of genes related
to cell elongation in the bbx24-1 jaz3-4 double mutant, but
the possible implication of BBX24 and JAZ3 regulating defense
responses under shade appears to be independent of DELLA
proteins (Fig. 5). It has been previously shown that FR-enriched
white light triggers RGA protein degradation and increases
JAZ10 protein stability, producing a rapid change in the balance
between DELLA and JAZ proteins and allowing the reconfigura-
tion of their resource allocation from defense to growth (Leone
et al. 2014). Furthermore, our findings are in concordance with
the JAZ protein stabilization in FR-enriched white light previ-
ously documented in Arabidopsis plants constitutively express-
ing JAZ proteins, including JAZ1, JAZ7, JAZ9, JAZ10, JAZ11 and
JAZ12 (Chico et al. 2014). Further analysis could be performed
to integrate the probable function of JAZ3 and BBX24 proteins
in the JA regulation in plant immune response and shade light.
Interestingly, a recent study in sweet potatoes reported the
first evidence that connects BBX24 and JA defense responses.
Indeed, overexpression of IbBBX24 promotes the activity of
the JA signaling by the promotion of IbMYC2 transcription
favored by the physical interaction between IbBBX24 and
IbJAZ10 that enhances the resistance to Fusarium wilt (Zhang
et al. 2020). Therefore, elucidation of the mechanism of JAZ3-
BBX24-DELLA module activity in the trade-off between growth
and plant defense may be complex and will require further
research.

Simulated shade promotes phyB inactivation and DELLA
degradation, resulting in the relief of PIF transcription fac-
tors to promote hypocotyl growth (Djakovic-Petrovic et al.
2007, Leone et al. 2014). Recent molecular evidence fur-
ther indicates that BBX24 physically interacts with GAI and
RGA DELLA proteins and facilitates the activation of transcrip-
tional expression mediated by PIF4 to promote the elongation
response in shade (Crocco et al. 2015). In addition, COP1
can directly regulate DELLA protein stability, because DELLA is
targeted for degradation by COP1 in response to shade light
(Blanco-Tourifian et al. 2020). Remarkably, BBX24 is geneti-
cally epistatic to COP1 in shade light and can be targeted for
26S proteasome—mediated degradation in a COP1-dependent
manner (Gangappa et al. 2013). Furthermore, COP1/SPA activ-
ity also affects the abundance of negative modulators of shade-
regulated growth including BBX proteins such as BBX21 and
BBX22 (Crocco et al. 2010, Xu et al. 2016) and bHLH proteins
such as HFR1 and PAR1 (Sessa et al. 2005, Hornitschek et al.
2009). Overall, these mechanisms not only tend to activate PIF
transcription factors promoting elongation in shade but also
lead to the activation of inhibitors implicated in negative feed-
back loops required for the precise adjustment of plant growth.
Further studies are required to decipher the mechanism of
BBX24 activity in COP1 signaling for the balance among antago-
nistic signals that become integrated by protein interactions in
the SAS.

The screening of putative BBX24 interactors provided in this
study suggests that BBX24 is involved in multiple physiological
responses through different signaling networks (Fig. 1, Supple-
mentary Table S1). The Y2H screening revealed that BBX24
can interact with transcription factors that are associated with
response to biotic and abiotic stress, such as ERF53 in drought
tolerance (Cheng et al. 2012), MYB76 in the production of
aliphatic glucosinolates (Gigolashvili et al. 2008), HSF3 in anoxia
(Banti et al. 2010), or HSF3A in thermotolerance (Schramm
et al. 2008). In addition, BBX24 can interact with Aux/IAA
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transcriptional regulators which operate as repressors in the
auxin signaling pathway (Leyser 2018). BBX24 can also interact
with proteins associated with light signaling responses includ-
ing PIF3, BBX11and BBX23. Altogether, our interactome analysis
agrees with the multiple functions of BBX24 in the whole cycle
of life of plants. BBX24 has been implicated in the inhibition
of seedling de-etiolation (Indorf et al. 2007, Yan et al. 2011,
Gangappa et al. 2013) and ultraviolet B responses (Jiang et al.
2012, Lyu et al. 2020). BBX24 has also been involved in the
flowering of Arabidopsis (Li et al. 2014), tolerance to chilling
and drought in overexpressing lines of chrysanthemum (Yang
et al. 2014) and pigment coloration of pear fruits (Ou et al.
2020). Very recently, it has been demonstrated that JA and
BBX are involved in the cold stress response in apples. In fact,
MdJAZ1 and MdJAZ22 interact negatively with MdBBX37 to
avoid JA-mediated cold tolerance (An et al. 2021). Overall, fur-
ther studies will be focused to decipher the functional relevance
of BBX24—protein interactions in response to light, hormone
and biotic and abiotic stimuli, among others. In summary, we
propose that BBX24 may act as a hub connecting different sig-
naling pathways through rapid and reversible protein—protein
interactions for the fine-tuning of plant growth and develop-
ment in different environmental scenarios.

Materials and Methods

Plant materials

The experiments were performed with A. thaliana (L.) Heynh. Columbia
(Col-0). The mutant lines bbx24-1 (SALK_067473) (Indorf et al. 2007), jaz3-
4 (GK-097F09) (Campos et al. 2016), gai-td1 rga-29 (GAI: SAIL_82_F06, RGA:
SALK_089146) (Cagnola et al. 2018) and phyB (SALK_069700) (Alonso et al.
2003) (Seo et al. 2006) were previously described. The double and multiple
mutant lines bbx24-1 jaz3-4, bbx24-1 jaz3-4 gai-td1 rga-29 and phyB bbx24-1
jaz3-4 were obtained by simple crossing and were identified by PCR using the
primers listed in Supplementary Table S3.

To obtain the yellow fluorescent protein (YFP) transgenic line 35S:YFP-
BBX24, Agrobacterium tumefaciens GV3101 cells were transformed with
pEarleyGate104-BBX24 plasmid and introduced into A. thaliana Col-0 plants
via the floral dip method (Zhang et al. 2006). Transgenic plants were selected
on Murashige and Skoog'’s medium containing 15 mg/| Basta (TO0 plants). The
next generation (T1 plants) was selected under the same conditions and had
only kept these lines with a 3:1 resistance ratio to ensure the presence of the
transgene. Seeds of T3 generation of two independent homozygous lines (#9
and #17) were used for the experiments.

Growth conditions and physiological and
pharmacological experiments

Seeds were sown in clear plastic boxes on 0.8% agar/water and incubated in
darkness at 4°C. After 4 d, imbibed seeds were exposed to a white light pulse for
5h and kept in darkness for 14 h at 22°C to induce germination. Then, the boxes
were transferred to a short-day photoperiod (10 h/14 h) at 22°Cand maintained
for 2d in white light to ensure complete de-etiolation. On the third day, the
boxes were transferred to the corresponding light treatment for four additional
days in the same photoperiod.

For hormone experiments, the same procedure was followed, but seeds
were sown on a paper filter above the 0.8% agar/water medium. At the begin-
ning of the night before the first day of treatment, the filter paper was trans-
ferred to an agar/water medium (0.8% v/v) supplemented with gibberellic acid

(GA;), PAC or MeJA at the corresponding concentrations and kept in this
medium during all the light treatment.

For simulated shade experiments, white light treatment consisted of a
mixture of fluorescent and incandescent lamps (PAR =90 umol m=2 s77,
red=9.1pmol m=2 s7', blue=8.1pmol m=2 s™' and FR=83 pmol m~2
s™"). Simulated shade (PAR=20pmol m=2 s~!, red=08pmol m=2 s,
blue = 1.3 pmol m=2 s~ and FR = 5.5 pmol m~2 s77) treatment was provided
by the same light sources in combination with a green acetate filter (Sup-
plementary Fig. S4, #089; LEE filters, http://www.leefilters.com) (Pacin et al.
2013). For EOD-FR experiments, the protocol was described previously with
some modifications (Mizuno et al. 2015). Arabidopsis seedlings were grown in
a Percival growth chamber with fluorescent lights (i.e. white light treatment,
PAR = 90 pmol m~2 577, red = 20 pmol m~2 s~ and blue =20 pmol m=2 s™").
For EOD-FR treatment, an FR LED was placed on a lower shelf in the same
growth chamber. The FR supplementation in the lower part reduced the ratio
of R:FR to 0.25 without altering the intensity of PAR (PAR =90 pmol m~2 s77,
red =10 pmol m=2 s, blue =10 pmol m~2 s™" and FR =40 pmol m2 s7").
From the first day of treatment, boxes were transferred manually from the
upper part (white light treatment) to the lower part (EOD-FR treatment) of
the chamber for the last 30 min of the photoperiod.

To measure the hypocotyl length, the boxes were placed vertically dur-
ing the treatment and were photographed with a digital camera (PowerShot;
Canon, http://www.canon.com). The hypocotyl length was determined using

the Fiji distribution of Image) (Schneider et al. 2012).

Transcriptome analysis

To determine BBX24- and MeJA-regulated genes, E-GEOD-64755 (Crocco et al.
2015) and E-GEOD-21762 assays obtained from the ArrayExpress database
(Athar et al. 2019) were used, respectively. For each assay, raw data (.CEL files)
were downloaded and processed with Bioconductor and R. Quality data were
analyzed using the affyPLM package and normalized by the Robust Multichip
Average method using the affy package (Gautier et al. 2004, Bolstad 2015). Gene
expression differential analysis was performed using a linear model with the
limma package (Ritchie et al. 2015). To obtain BBX24-regulated genes, gene
expression of bbx24-1 mutant seedlings was compared with Col-0 seedlings
grown under the same light condition (high or low R:FR). Genes with a >1.5-
fold change in their expression (|log2FC|> 0.6) were selected. To obtain MeJA-
regulated genes, gene expression of MeJA-treated seedlings was compared with
mock-treated seedlings. Genes with a >2-fold change (|log2FC|> 1) and an
adjusted P-value of <0.05 were selected.

Gene ontology enrichment analysis for biological process terms was per-
formed using BioMaps from VirtualPlant 1.3 platform (Katari et al. 2010). The
adjusted P-value was obtained using the Fisher exact test and corrected for mul-
tiple testing using the false discovery rate. The enrichment factor was estimated
as the ratio of the proportion of genes associated with a particular term present
in the dataset under analysis, relative to the number of genes in this category
in all the probes of the ATH1 Affymetrix array. The bubble plot was generated
using the ggplot2 package in R (Wickham 2016). The Venn diagram was rep-
resented using the VennDiagram package in R (Chen and Boutros 2011). The
statistical significance of the overlap between groups was obtained using an
online tool (http://nemates.org/ MA/progs/overlap_stats.html).

Y2H screening for the BBX24 interactome

Y2H screening was performed following a high throughput approach described
earlier (Li et al. 2019). Briefly, AH109 (MATa), carrying the PGA59-gLUC
reporter (Bonaldi et al. 2017) instead of MELT, and YU (MATa) (Pruneda-
Paz Jose et al. 2014) yeast strains were transformed with prey (pDEST22)
and bait (pDEST32) vectors, respectively. Both yeast strains were mated in
384-well microplates (each well containing a single bait-prey pair). Lumi-
nescence and optical density at a wavelength of 600 nm (ODy,) for each
well were determined in 384-well plates as described earlier (Li et al. 2019).
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Two independent experiments were performed, each consisting of individ-
ually testing the interaction between 1,956 Arabidopsis transcription factors
(cloned in pDEST22) (Pruneda-Paz Jose et al. 2014) and empty vector con-
trol (pEXP-AD502) (Life Technologies, California, United States) versus either
BBX24 (cloned in pDEST32) or empty vector control (pDEST32-MCS). In each
experiment, the PGA59-gLUC reporter activity was calculated for each well as
the [(luminescence — mean blank)/(ODg,, — mean ODgy, blank)] ratio (blanks
were obtained from cell-free wells in each microplate). Given that low ODg,
values could artificially increase the reporter activity, raising false-positive calls,
wells that exhibited a low ODyg, (not statistically different from the average
ODyg blank), were excluded from further analysis. To identify self-activating
preys, a reporter activity self-activation cut-off value was calculated as (2x aver-
age + 3SD) of the PGA59-gLUC reporter activity obtained when pEXP-AD502
and pDEST32-MCS were prey and bait, respectively. Self-activating transcrip-
tion factor preys (pDEST22-transcription factor versus pDEST32-MCS pairs
that resulted in reporter activities above the self-activation reporter activity
cut-off) were excluded from further analysis. To identify BBX24 interaction
proteins, a reporter activity interaction cut-off value was calculated as (2x aver-
age + 4SD) of the PGA59-gLUC reporter activity obtained when pEXP-AD502
and pDEST32-BBX24 were prey and bait, respectively. Positive interactions were
considered when a transcription factor-BBX24 pair exhibited a reporter activ-
ity above the interaction cut-off value. Interactome was visualized by Cytoscape
(Smoot et al. 2011).

Y2H assay and plasmid constructions

The yeast strains, Y2H gold and Y187, were transformed with pDEST22 and
pDEST32 constructions, respectively, by the LiAc/SS-DNA/PEG method (Gietz
2014). Transformed cells were grown in a YPD medium to facilitate mating.
The diploid cells were selected and were used in ~-W-L or -W-L-H medium
to identify positive interactions.

To obtain pZeo-BBX24 and pZeo-JAZ3 entry plasmids, BBX24 coding DNA
sequence (CDS) and JAZ3 CDS (variant JAZ3.1) were amplified by PCR from
cDNA of A. thaliana Col-0 using primers listed in Supplementary Table S3.
The CDS sequences were cloned into pDONR Zeo plasmid (Invitrogen, Mas-
sachusetts, United States) by in vitro recombination of the PCR product and the
donor vector. To obtain the YFP-BBX24 fusion protein, BBX24 CDS was trans-
ferred to the pEarleyGate104 LR reaction (Earley et al. 2006). To obtain yeast
expression constructions, pDEST22 and pDEST32 plasmids (Invitrogen) were
used. The BBX24 CDS and JAZ3 CDS were cloned into pDEST22 or pDEST32
plasmids to obtain the respective fusion proteins to the Gal4 activation domain
(BBX24-AD and JAZ3-AD) and Gal4 DNA-binding domain (BBX24-BD and
JAZ3-BD), using LR clonase (Life Technologies). The multiple cloning site of
pUC19 was cloned into pDEST32 to obtain the pDEST32-MCS control vec-
tor. Expression plasmids containing GAI deletions were previously described in
Gallego-Bartolomé et al. (2012). To obtain YFN-BBX24 and YFC-JAZ3, BBX24
CDS and JAZ3 CDS were transferred from entry plasmids to YFN43 and YFC43
by respective LR reactions (Belda-Palazon et al. 2012).

Bimolecular fluorescence complementation

The protocol was described previously (Belda-Palazon et al. 2012). Agrobac-
terium tumefaciens GV3101 cells were transformed with YFN-BBX24, YFC-JAZ3
or the empty vectors and were grown until ODgj, = 0.6. Cells were precipi-
tated and incubated into the infiltration solution (MgCl, 10 mM, MES 10 mM
pH 5.6, acetosyringone 200 M) for 3 h at 28°C. Cells were mixed to obtain
the different pair combinations in a 1:1 ratio (ODgyy =0.1) and were used
to infiltrate 4-week-old N. benthamiana leaves grown in a long-day photope-
riod (16 h/8 h). After 2d, the protein interaction was evaluated by confocal
microscopy.

RT-qPCR analysis

For RNA expression, 100 mg of fresh seedlings was harvested and frozen imme-
diately in liquid nitrogen. Total RNA was extracted using a Spectrum™ plant
total RNA kit (Sigma-Aldrich, St. Louis, MO, USA). Crude RNA preparations

were treated with 1.5 units of RNase-free DNase | (http://www.promega.com).
cDNA was synthesized from 2 g of DNA-free RNA template using an oligo(dT)
primer and Moloney Murine Leukemia Virus reverse transcriptase (http://www.
promega.com). RT-qPCR analysis was performed on an optical 96-well plate
using LightCycler 480 SYBR Green | Master mix (Roche, https://www.roche.
com/) and a LightCycler 480 Il real-time PCR system (https://www.roche.com/
). The thermal cycle used was 95°C for 5 min, followed by 40 cycles of 95°C
for 15s and 60°C for 1 min. Specific primer pairs for each gene were designed
using NCBI Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/)
and are listed in Supplementary Table S3.

Data analysis

In this paper, the statistical analysis was performed in R (R Core Team, 2022).
For the ANOVA tests followed by the post hoc Tukey honestly significant differ-
ence (HSD), a linear model with the corresponding factors and the interaction
among factors was performed using the function Im(), and the ANOVA was
performed using the function aov(). Then, the post hoc Tukey HSD tests were
performed using the emmeans (Lenth, et al,, 2018) and multcomp (Hothorn
et al. 2008) packages. For the ANOVA test followed by a comparison of means
against the Col-0 genotype, the emmeans_test function was used and the
adjust_pvalue function with the ‘Bonferroni’ method was used to correct the
P-values.

Supplementary Data

Supplementary data are available at PCP online.
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