Plant Physiology, 2024, 00, 1-16

https://doi.org/10.1093/plphys/kiae417
Advance access publication 14 August 2024

Research Article

Plant Physiology*

Temporal and spatial frameworks supporting plant
responses to vegetation proximity

Pedro Pastor-Andreu,*(®) Jordi Moreno-Romero,"*{[2) Mikel Urdin-Bravo,’{®) Julia Palau-Rodriguez,” Sandi Paulisic,*

Elizabeth Kastanaki,* Vicente Vives-Peris,”(®) Aurelio Gomez-Cadenas,’{l2) Anna Esteve-Codina,® Beatriz Martin-Mur,®

Antfa Rodriguez-Villalén,* Jaume F. Martinez-Garcia'*

Centre for Research in Agricultural Genomics (CRAG), CSIC-IRTA-UAB-UB, Barcelona 08193, Spain

“Institute for Plant Molecular and Cell Biology (IBMCP), CSIC-UPV, Valéncia 46022, Spain

*Departament de Bioquimica I Biologia Molecular, Universitat Autdnoma de Barcelona, Barcelona 08193, Spain

“Group of Plant Vascular Development, Swiss Federal Institute of Technology (ETH) Zurich, Zurich CH-8092, Switzerland

5Depalftament de Biologia, Bioquimica I Ciéncies Naturals, Universitat Jaume I, Castell6 de la Plana 12071, Spain

SFunctional Genomics Team, Centro Nacional de Anélisis Genémico (CNAG), Universitat de Barcelona, Barcelona 08028, Spain

*Author for correspondence: jaume.martinez@ibmcp.upv.es

The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the Instructions for
Authors (https://academic.oup.com/plphys/pages/General-Instructions) is: Jaume F. Martinez-Garcia (jaume.martinez@ibmcp.upv.es).

Abstract

After the perception of vegetation proximity by phytochrome photoreceptors, shade-avoider plants initiate a set of responses known as
the shade avoidance syndrome (SAS). Shade perception by the phytochrome B (phyB) photoreceptor unleashes the PHYTOCHROME
INTERACTING FACTORs and initiates SAS responses. In Arabidopsis (Arabidopsis thaliana) seedlings, shade perception involves rapid
and massive changes in gene expression, increases auxin production, and promotes hypocotyl elongation. Other components, such as
phyA and ELONGATED HYPOCOTYL 5, also participate in the shade regulation of the hypocotyl elongation response by repressing it.
However, why and how so many regulators with either positive or negative activities modulate the same response remains unclear.
Our physiological, genetic, cellular, and transcriptomic analyses showed that (i) these components are organized into 2 main
branches or modules and (ii) the connection between them is dynamic and changes with the time of shade exposure. We propose a
model for the regulation of shade-induced hypocotyl elongation in which the temporal and spatial functional importance of the
various SAS regulators analyzed here helps to explain the coexistence of differentiated regulatory branches with overlapping activities.

Introduction remains relatively constant (Smith 1982). By contrast, when neigh-
boring plants are close enough, they can sense plant proximity by
detecting the reflected FR from other plants that combines with
sunlight and results in a moderate decrease in the R:FR (R:FR 0.5
to 0.3) without reducing light intensity. When neighboring vegeta-
tion is denser forming a plant canopy, photosynthetic pigments of
the upper leaves act as selective filters that preferentially absorb
and deplete blue and R from sunlight but transmit part of green
and most FR (Casal 2012). Plant canopy shade presents a drastic re-
duction of R compared to the FR thatresults in a very low R:FR ratio

When plants grow in high density, the close proximity of vegetation
might obstruct sunlight and pose a threat for plant survival. Plants
have adopted contrasting avoidance or tolerance strategies to
deal with vegetation proximity or shade (Martinez-Garcia and
Rodriguez-Concepcion 2023). Specifically, when shade-avoider
(sun-loving) plants face this scenario, they display a set of responses
known as the shade avoidance syndrome (SAS). Some of the SAS re-
sponses acclimate photosynthesis to eventual light shortage caused
by the presence of neighboring plants; others focus on redirecting

growth to escape from shade by promoting either stem elongation
and/or apical dominance (reduced branching) or flowering to pro-
duce seeds (Casal 2012; Roig-Villanova and Martinez-Garcia 2016;
Morelli et al. 2021). At the seedling stage, hypocotyl elongation is
likely the best characterized and most conspicuous SAS response
in the shade-avoider plant Arabidopsis (Arabidopsis thaliana) (Casal
2012; Martinez-Garcia et al. 2014) and the focus of this work.
Plants detect neighbor vegetation as changes in the red (R) to
far-red light (FR) ratio (R:FR). Plants absorb R and reflect mainly
FR from sunlight. Under low planting density, the intensity of in-
coming sunlight during the day changes but the R:FR (>1.2)

(R:'FR < 0.06) and a low light intensity in the photosynthetic active
radiation region (Martinez-Garcia et al. 2014; Pierik and de Wit
2014; Fiorucci and Fankhauser 2017). The reduced R:FR occurring
under both proximity and canopy shade acts as a reliable signal in-
dicative of the nearby presence of vegetation that is perceived by
the phytochrome photoreceptors (Fig. 1).

As molecular switches, phytochromes existin 2 photoconverti-
ble isoforms (an inactive R-absorbing Pr form and an active
FR-absorbing Pfr form) that are present in an equilibrium that de-
pends on the prevailing R:FR. Under high R:FR (low vegetation
density), most phytochromes are in the active Pfr forms and SAS
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Figure 1. Simplified model that depicts the genetic components
analyzed in this work involved in plant neighbor detection. Color
indicates the positive (blue) or negative (pink) contribution to the
shade-induced hypocotyl elongation. Aspect of representative seedlings
just before (W-grown 2-d-old, bottom left) and after the shade
treatment (shade-grown 7-d-old, bottom right) is shown. Arrows
indicate positive and bars represent negative regulatory relationships.
Question mark indicates an unknown regulatory relationship between
the connected components.

is suppressed, whereas under low R:FR (high vegetation density),
the photoequilibrium moves toward the inactive Pr form and
SASisinduced. From the 5 phytochromes characterized in A. thali-
ana (phytochrome A [phyA] to phyE), phyA and phyB have the
main roles in controlling SAS responses. Genetic and physiological
analyses indicate that photostable phyB is the major phyto-
chrome controlling the SAS (Casal 2012; Martinez-Garcia et al.
2014). Additional genetic analyses also showed that phyA, the
only photolabile phytochrome, has an antagonistic role over phyB
in the SAS control, particularly under very low R:FR mimicking
plant canopy shade. Under low R:FR (proximity shade), wild-type
and phyA mutant seedlings present a similar hypocotyl elongation
whereas phyB mutants display longer hypocotyls. In contrast,
under very low R:FR (canopy shade), wild-type and phyB seedlings
elongate less than when grown under low R:FR and phyA seedlings
present an exaggerated hypocotyl length. This indicates that phyB
is deactivated by both proximity (low R:FR) and canopy (very low R:
FR) shade whereas phyA activity is induced only by very low
R:FR (Fig. 1) (Yanovsky et al. 1995; Martinez-Garcia et al. 2014;
Molina-Contreras et al. 2019). It has been shown that under
very low R:FR conditions, phyA protein tends to accumulate
(Martinez-Garcia et al. 2014; Yang et al. 2018; Molina-Contreras
etal. 2019). For clarity, we will use the term simulated shade to re-
fer to any treatment, including proximity, canopy, or other similar
conditions, that lowers the R:FR but has not been specifically de-
fined as such (Roig-Villanova and Martinez-Garcia 2022).

SAS implementation is regulated by, at least, the interaction of
active phyB with PHYTOCHROME INTERACTING FACTORS (PIFs),
a family of basic-helix-loop-helix (bHLH) transcription factors.
When interacting with active phyB, PIFs are phosphorylated.
Phosphorylation triggers the degradation of PIF1, PIF3, PIF4, and
PIFS (known as the PIF quartet [PIFQ]) via the 26S proteasome. By
contrast, PIF7 phosphorylation has little effect on its stability but

it inhibits its DNA-binding activity (Li et al. 2012) and promotes cy-
toplasm retention, reducing its nuclear import (Huang et al. 2018).
Either case, under high R:FR, PIF transcriptional activity is inhibited
by the active form of phyB, whereas deactivation of phyB under low
R:FRresults in PIF accumulation in the nucleus and/or promotion of
their DNA-binding activity. This initiates a transcriptional cascade
that leads to the expression of dozens of PHYTOCHOME RAPIDLY
REGULATED (PAR) genes, several of which encode transcription
factors from various families (e.g. bHLH, HD-Zip, and BBX) having
positive, negative, or even complex roles in implementing the hypo-
cotyl elongation response (Sessa et al. 2005; Roig-Villanova et al.
2006, 2007; Sorin et al. 2009; Cifuentes-Esquivel et al. 2013; Ciolfi
et al. 2013; Gangappa et al. 2013; Kohnen et al. 2016; Gallemi et al.
2017; Gommers et al. 2017; Buti et al. 2020).

PIF7, together with a minor contribution of PIF4 and PIF5, has a
major and positive role in promoting the shade-induced hypocotyl
elongation. pif7 and the pif4 pif5 pif7 (from now on pif457) showed
an attenuated and almost null hypocotyl elongation in response
to simulated shade (Li et al. 2012; de Wit et al. 2015). From the var-
lous PAR genes, induction of YUCCAs (YUCs) contributes to auxin
production together with SHADE AVOIDANCE 3 (SAV3, also known
as TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1/WEAK
ETHYLENE INSENSITIVE 8 [TAA1/WEIS8]) in the 2-step indole-3-acetic
acid (IAA) pathway from tryptophan (Trp). Indeed, the Trp amino-
transferase encoded by SAV3 catalyzes the conversion from Trp
toindole-3-pyruvic acid (IPA), and the flavin monoxigenase encoded
by YUC genes catalyzes the IPA oxidative decarboxylation to IAA
(Fig. 1) (Brumos et al. 2014; Zheng et al. 2016). The single sav3 and
multiple mutants in YUC genes (yuc2 yuc5 yuc8 yuc9 and yuc3 yuc5
yuc/ yuc8 yuc9) had attenuated shade-induced hypocotyl elongation
(Lietal. 2012; Kohnen et al. 2016). Together, these results highlight
the importance of SAV3- and YUC-mediated production of IAA in
this SAS response.

Another PAR gene with a well-known negative role in the
shade-induced hypocotyl elongation is LONG HYPOCOTYL IN
FAR-RED 1 (HFR1) that encodes a transcriptional cofactor of the
bHLH family structurally related to PIFs but lacks the phyB- and
DNA-binding ability (Galstyan et al. 2011; Hornitschek et al. 2012).
HFR1heterodimerizes and inhibits the activity of all 4 PIFQ members
(PIF1, PIF3, PIF4, and PIF5) (Fairchild et al. 2000; Hornitschek et al.
2009; Shi et al. 2013) and PIF7 (Zhang et al. 2019; Buti et al. 2020;
Paulisic et al. 2021). hfrl hypocotyls display an opposed phenotype
to that of pif7 or pif457 seedlings; i.e. they are longer than wild-type
ones under simulated shade (Roig-Villanova et al. 2007; Ciolfi et al.
2013; de Wit et al. 2016). Another PIF antagonist is ELONGATED
HYPOCOTYL 5 (HYS5), known to encode a transcription factor of the
basic domain-leucine zipper (bZIP) family. HY5 expression is
phyA-dependent, anditisnotrapidly or stronglyinduced in response
to certain shade condition (Ciolfi et al. 2013). Hypocotyls of the hy5
mutant seedlings elongate more than the wild-type ones under
low R:FR (Sellaro et al. 2011; Bou-Torrent et al. 2015; van Gelderen
et al. 2018; Ortiz-Alcaide et al. 2019). Therefore, HYS acts as a nega-
tive SAS regulator. CONSTITUTIVELY PHOTOMORPHOGENIC 1
(COP1) is an E3 ubiquitin ligase that interacts with and modulates
the abundance of several SAS regulatory components, including
HYS and HFR1. COP1 accumulates in the nucleus under shade,
counteracting the negative impact of HYS and HFR1 accumulation
and modulating therefore this response (Pacin et al. 2013, 2016).
Nuclear-pore complex components, chloroplast-derived signals,
and epigenetic components also prevent an excessive response to
shade, providing additional levels of regulation of this response
(Gallemi et al. 2016; Ortiz-Alcaide et al. 2019; Martinez-Garcia and
Moreno-Romero 2020).
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The mechanisms that connect SAS components have been es-
tablished in a few cases: (i) HFR1 inhibits PIF activity; (i) HY5 ap-
pears to be mainly associated with phyA action (Ciolfi et al.
2013; Zhang et al. 2018), although it has not been explored; and
(iif) other transcription factors, including the growth-promoting
PIFs, would be mostly linked to the phyB-dependent pathway
(Casal 2012; Roig-Villanova and Martinez-Garcia 2016) (Fig. 1).
The antagonistic phyA/HY5/HFR1 and phyB/PIF/SAV3 activities
likely provide young seedlings with the capacity to rapidly elon-
gate when impeding competition is nearby and also to attenuate
excessive growth when growing under a canopy. However, several
key aspects of the genetic architecture of the SAS regulatory net-
work remain unclear. These include features regarding whether
these pathways or components operate concurrently on the
same cell type and, if they do, how they are connected (Fig. 1).
To address these issues, we have carried out (i) genetic analyses,
to establish if different SAS components work in the same or dif-
ferent regulatory branches or modules of the network; (ii) tempo-
ral analyses, to learn when the different components analyzed act
in controlling the shade-induced hypocotyl elongation; and (iii)
spatial analyses, to identify the cells targeted along the hypocotyl
axis epidermis by each SAS regulator. Besides, we explored molec-
ular connections between HYS and PIFs, 2 antagonistic SAS
components. Our findings indicated that these components are
grouped in, atleast, 2 main modules or branches that act at differ-
ent times and impact the elongation of distinct cells along the hy-
pocotyl axis. We also show that HY5 acts as a node, although
its functional relationship with PIF457 changes with the time of
shade exposure.

Results

The SAS regulatory network is organized in at
least 2 genetically differentiated modules or
branches

We first prepared a series of genetic crosses focusing on a few mu-
tants in negative (phyA, phyB, HY5, and HFR1) or positive (SAV3,
PIF4, PIF5, and PIF7) SAS components (Fig. 1). These mutants re-
sult in strong shade-related hypocotyl phenotypes. From these
components, only PIF4, PIFS5, and PIF7 (PIF457) show some redun-
dancy in controlling the shade-induced hypocotyl elongation
(Li et al. 2012; Hersch et al. 2014).

The hypocotyl length of the single and double phyA and phyB
mutant seedlings in response to simulated shade was first ana-
lyzed (Fig. 2). In continuous white light (W) (that simulates sun-
light of high R:FR), the length of Col-0 and phyA hypocotyls was
similar, whereas that of phyB hypocotyls was longer and those of
phyA phyB double mutant seedlings were the longest, as expected.
In continuous W + FR (very low R:FR), phyA hypocotyls were longer
and phyB hypocotyls shorter, respectively, than the wild type
(Fig. 2, A and B). The antagonistic activity of phyA and phyB under
simulated shade indicates that the W + FR conditions employed in
these experiments mimic canopy shade, in contrast with those
proximity shade conditions in which phyA action is negligible
(Martinez-Garcia et al. 2014). Importantly, the phyA phyB hypoco-
tyl length in W + FR was even longer than in W (Fig. 2B), in agree-
ment with the conclusion that other phytochromes regulate the
shade-induced hypocotyl elongation (Devlin et al. 2003). To better
visualize the effect of simulated shade in controlling hypocotyl
elongation, the difference in hypocotyl length in W+FR and
W (HYPw . rr — HYPw) was calculated (Fig. 2C). This representation
showed that phyA phyB double mutant hypocotyls had an
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Figure 2. Genetic interaction of phyA and phyB in the shade-induced
hypocotyl elongation. A) Cartoon showing the design of the experiment.
Seedlings were germinated and grown in W (R:FR > 1.5) for 2 d, and then
they either maintained in W or transferred to simulated shade (W +FR,
R:FR, 0.02) for 5 more days. On Day 7, pictures were taken and hypocotyl
(HYP) length was measured. B) HYP length of Col-0, phyA-211, phyB-9,
and phyA-211 phyB-9 double mutant seedlings after growing in W
(HYPy) or W+ FR (HYPyy . rr). Values are means and error bars are st of 3
independent replicates. C) Elongation response (HYPy , ;g — HYPyw) of
lines shown in B). Values of HYPy, and HYPy . pr (shown in B) were used
to calculate HYPy . pr — HYPy,. sE was propagated accordingly. In B),
different letters denote significant differences (2-way ANOVA with the
Tukey test, P<0.05) among means. In C), asterisks indicate significant
differences (based on the 2-way ANOVA) between the mutant and
wild-type genotypes in response to simulated shade (*P<0.01).

intermediate shade-induced elongation response compared to
those of phyA and phyB single mutants (Fig. 2C), suggesting that
the effect of the 2 phytochromes is additive. This is interpreted
as indicative that these 2 phytochromes act likely independently
of one another in controlling the shade-induced hypocotyl length.
In the following set of experiments, the HYPy, , rr — HY Py is shown
when comparing the different mutants (raw data are included as
Supplementary data).

We next produced double mutants deficient in other negative
regulators (phyA hfrl, hy5 hfrl, and phyA hy5) and analyzed
their shade-induced hypocotyl elongation response (Fig. 3;
Supplementary Fig. S1) (no phyB mutant was included in these
crosses as its phenotype was observed more clearly in W).
Seedlings of phyA hfrl and hy5 hfrl double mutants elongated
more than the single mutants (Fig. 3, A and B), suggesting that they
worked additively, in agreement with previous information (Kim et
al. 2002; Ciolfi et al. 2013). By contrast, phyA hy5 seedlings elongated
as much as the phyA single mutant (Fig. 3C), indicating that phyA
was epistatic over HY5. During deetiolation under monochromatic
FR, hundreds of phyA-associated genes that are phyA regulated
have been identified as putative direct targets of phyA. These direct
targets are likely to be cotargeted by phyA in association with many
known light-related transcription factors, such as HYS (Chen et al.
2014). It is therefore expected that several other DNA-binding or
light-related transcription factors act downstream phyA. Following
this model, epistasis reflects the upstream activity of phyA over
HY5 under our very low R:FR conditions, and it alsoinvolves the addi-
tional action of other factors (e.g. HYH). Together, our genetic anal-
yses suggested that (i) phyA and HYS act in the same branch of the
SAS regulatory network and that (ii) HFR1 acts independently of
phyA and HYS in controlling this response.

We also generated multiple mutants of positive and negative
SAS regulators (Fig. 4; Supplementary Fig. S2). As before, phyB mu-
tants were excluded from these crosses. Phenotypic analyses
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Figure 3. Geneticinteraction of SAS-negative regulators in the shade-induced hypocotyl elongation. Difference of hypocotyl length (HYP) in simulated
shade, W +FR (HYPyy . rr) and W (HYPy) of Col-0, A) phyA-211, hfr1-5, phyA-211 hfr1-101, B) hy5-2, hfr1-5, hy5-2 hfrl-1, C) phyA-501, hy5-2, and phyA-501
hy5-2. Seedlings were grown as in Fig. 2A. Means and st of 3 independent replicates were used to calculate the shown values of HYPy, , pg — HYPy and to
propagate the st. Error bars are the propagated st. Black asterisks indicate significant differences (based on the 2-way ANOVA) between the mutant and
wild-type genotypes in response to simulated shade (P <0.01). In A) and C), red asterisks indicate significant differences (based on the 2-way ANOVA)
between the double mutants and phyA single genotypes in response to simulated shade (*P <0.01; ns, not significant).
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Figure 4. Genetic interaction of pairs of SAS-negative and -positive regulators in the shade-induced hypocotyl elongation. Difference of hypocotyl
length (HYP) in simulated shade, W+ FR (HYPy , rr) and W (HYPy) of Col-0 (A) hfr1-5, pif7-1, hfr1-5 pif/-1, B) hfr1-5, pif457, hfr1-5 pif457, C) hfr1-5, sav3-5,
hfr1-5 sav3-5, D) phyA-501, pif7-1, phyA-501 pif7-1, E) phyA-501, pif457, phyA-501 pif457, F) phyA-501, sav3-5, phyA-501 sav3-5, G) hy5-2, pif7-1, hy5-2 pif7-1,
H) hy5-2, pif457, hy5-2 pif457, and I) hy5-2, sav3-5, and hy5-2 sav3-5. Seedlings were grown as in Fig. 2A. Means and st of 3 independent replicates were
used to calculate the shown values of HYPy , rr — HYPy and to propagate the sk. Error bars are the propagated se. Asterisks indicate significant
differences (based on the 2-way ANOVA) between the mutant and wild-type genotypes in response to simulated shade (*P <0.01; ns, not significant).

showed that hfrl pif/ length was intermediate between the Fankhauser 2017; Buti et al. 2020; Paulisic et al. 2021). The
single mutants (Fig. 4A; Supplementary Fig. S2A) consistent with shade-induced elongation of hypocotyls of an hfrl pif457 quadru-
HFR1 interacting with and inhibiting PIF7 activity (Fiorucci and ple mutant line was reduced compared to hfrl pif/. This is
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consistent with the reported role of HFR1 as a transcriptional
cofactor by heterodimerizing and inhibiting the transcriptional
activity of PIF4 and PIFS5 (Hornitschek et al. 2009; Galstyan
et al. 2011). However, the elongation response of the hfrl pif457
mutant was still higher than that of pif457 seedlings (Fig. 4B;
Supplementary Fig. S2B), reflecting the minor contribution of ad-
ditional factors. Mutant hfrl plants were also crossed with sav3,
known to have a role in the shade-induced auxin biosynthesis
(Tao et al. 2008). Phenotypic analyses (Fig. 4C; Supplementary
Fig. S2C) showed that the phenotype of hfrl sav3 mutants was sig-
nificantly longer than in sav3 seedlings and virtually as short as
hfrl pif457, in agreement with the described role of PIF457 in pro-
moting the SAV3-dependent IAA biosynthesis (Hornitschek et al.
2012; Lietal. 2012). These results not only pointed to a very minor
contribution of other PIFs but also to a SAV3-independent auxin
mechanism in these shade conditions.

In contrast with the previous crosses, phyA pif7, phyA pif457, and
phyA sav3 shade-induced hypocotyl elongation was similar between
them and closer in length to that of phyA than to pif7, pif457, or sav3
(Fig. 4, D to F; Supplementary Fig. S2, D to F). Together, these results
suggested that the elongation repression imposed by phyA under
simulated shade is mostly independent on PIF457 or the rapid
shade-induced and SAV3-dependent auxin biosynthesis. Finally, hy-
pocotyls of hy5 pif7, hy5 pif457, and hy5 sav3 seedlings showed an in-
termediate elongation compared to the parental pif7, pif457, sav3,
and hy5 lines (Fig. 4, G to I; Supplementary Fig. S2, G to I). Together,
these results suggest an additive activity for these regulators in the
control of this shade-induced elongation response.

The variations in SAV3 requirements between the 2 proposed
branches led us to explore the contribution of auxin synthesis
and transport in these modules. The cotyledons of A. thaliana and
Brassica rapa seedlings perceive shade and trigger local IAA synthe-
sis in the cotyledons themselves (Fig. 1). Then, IAA is transported
from cotyledons to the hypocotyl, where cellular elongation occurs
(Procko et al. 2014). Treatments of wild-type seedlings with the
auxin biosynthesis inhibitor L-kynurenine (L-kyn) that effectively
and specifically targets Trp aminotransferases such as SAV3 (He
et al. 2011) or with the auxin transport inhibitor naphthylphthala-
mic acid (NPA) abolish the shade-induced hypocotyl elongation re-
sponse in wild-type seedlings (Fig. 5) (Sorin et al. 2009; Keuskamp
etal. 2010; Hersch et al. 2014; Zheng et al. 2016). In our W + FR con-
ditions, the extra elongation of hfrl compared to wild-type hypoco-
tyls was completely abolished by the highest doses of L-kyn applied
(Fig. 5A). Auxin quantification indicated that IAA levels in Col-0 and
hfrl seedlings increased to similar values after 1h of W+FR treat-
ment (Fig. 5B), in contrast with published information (Hersch et al.
2014). Nonetheless, this result suggests that HFR1 does not have a
strong and measurable impact on the IAA levels in our growth/
shade conditions, at least at the time of shade treatment analyzed.
The extra hypocotyl elongation of phyA and hy5 seedlings, which
was less affected by L-kyn than the wild type (Fig. 5A), and the at-
tenuated IAA levels after 1 h of W + FR in both hy5 and phyA (Fig. 5B)
suggested that shade-induced elongation in these 2 mutants was
not fully dependent on auxin levels. As IAA levels seem to be under
negative feedback control, as in several auxin-signaling mutants
(Suzuki et al. 2015; Takato et al. 2017), these results are consistent
with phyA and hy5 having an altered auxin responsiveness (Cluis et
al. 2004; Yang et al. 2018).

The extra elongation of hfrl mutant seedlings is almost abolished
by the application of the auxin transport inhibitor NPA (Fig. 5C),
which indicates that the action of PIF-HFR1 in modulating the
shade-induced hypocotyl elongation is mostly dependent on auxin
produced somewhere else and transported to the hypocotyl, as
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Figure 5. Contribution of auxin synthesis and polar transport in the
shade-induced hypocotyl response of phyA, hy5, and hfrl seedlings. A)
Effect of L-kyn on the shade-induced hypocotyl (HYP) length of Col-0,
hfr1-5, hy5-2, and phyA-501 seedlings. B) IAA content in Col-0, hfr1-5,
hy5-2, and phyA-501 seedlings grown in W for 7 d and then treated for
1 hwith W+FR (R:FR=0.02). Whole seedlings were collected to measure
[AAlevels. Data are means and error bars are st of 4 biological replicates.
FW, fresh weight. C) Effect of NPA on the shade-induced HYP length of
Col-0, hfr1-5, hy5-2, and phyA-501 seedlings. In A) and C), inhibitors were
applied in the media, seedlings were grown in W for 2 d and then
transferred to W + FR for 5 d, and values are means and error bars are st
of 3 independent replicates. Asterisks indicate significant differences
(Student’s t-test) relative to the wild type growing under the same light
treatment (ns, not significant, *P<0.05, *P<0.01).

proposed (Hersch et al. 2014). By contrast, the resistance to the in-
hibitory effect of NPA of phyA and hy5 (Fig. 5C) suggested that these
2 factors share similar mechanisms to repress shade-induced elon-
gation and, in contrast with HFR1, are less dependent on auxin
transport to promote elongation.
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Figure 6. Effect of phyA, phyB, HFR1, and HY5 mutations on the
hypocotyl growth rate under W and simulated shade. A) Cartoon of the
experiment design. Seeds were germinated and grown for 2 d under W
and then either kept under W or transferred to simulated shade (W +FR,
R:FR=0.02) for 5 more days. Circles indicate the days on which
hypocotyl lengths were measured to estimate the daily growth rate.
Growth rate of Col-0, phyA-501, and phyB-9 hypocotyls grown in W B) or
W +FR C). Growth rate of Col-0, phyA-501, hfr1-5, and hy5-2 hypocotyls
grown in W D) or W + FR E). In B) to E), growth rate values were estimated
as the difference of average hypocotyl length after 2 consecutive days.
Values are means and error bars are st of 3 independent biological
replicates.

Together, these results are consistent with a network architec-
ture in which these components are likely organized in at least 2
separate branches or modules, one involving the activity of
PIF457, HFR1, and SAV3 to promote the shade-induced hypocotyl
elongation and a second one requiring the activity of PHYA and
HYS5 to repress it.

SAS regulatory components act in different
moments during the shade-induced hypocotyl
elongation

We next studied when the different components act upon exposure
of young seedlings to W + FR. Growth rates were first determined in
wild-type (Col-0) seedlings grown under W and W + FR. To do so, hy-
pocotyl length was measured daily from Days 2 to 7 in different
groups of seedlings, and the variations in the daily growth rate
were estimated for each genotype and light treatment (Fig. 6A).
Under W, Col-0 growth rate remained low but constant along the
period analyzed (Fig. 6, B and D), whereas under W +FR, it went
up from Day 5 onwards (Fig. 6, C and E). As an additional control,
the growth rate of the phyB mutant hypocotyls was also estimated.
Importantly, under W, phyB growth rate increased with the age of
the seedlings (Fig. 6B). Under W +FR, phyB growth rate mimicked
that of Col-0 but the peak at Day 5 was attenuated in the mutant
(Fig. 6C), consistent with its reduced elongation compared to Col-0
(Fig. 2) (Martinez-Garcia et al. 2014; Molina-Contreras et al. 2019).
Under W, the growth rate of phyA, hy5, and hfr1 hypocotyls was con-
stant along time and similar to that of Col-0 (Fig. 6, B and D). Under
W +FR, phyA and, to a lower extent, hy5 growth rate was much high-
er than that of Col-0 hypocotyls on Days 2 to 4 but progressively
dropped to values closer to those of Col-0 (Fig. 6, C and E). By con-
trast, hfrl followed a pattern of growth rate similar to Col-0 and, if
anything, it elongated slightly faster than Col-0 in the second half

of the period of time analyzed (Fig. 6E). To visualize the repressor ac-
tivity of the different regulators, the growth rate of the wild type was
subtracted to that of each mutant grown in those conditions where
the phenotype is more obvious: W for phyB and W + FR for hfr1, hy5,
and phyA. This representation confirmed our previous conclusions
(Supplementary Fig. S3). In summary, although the temporal activ-
ity of the regulators overlapped, phyA represses hypocotyl elonga-
tion more strongly at the beginning of seedling development
(from Days 2 to 4), HY5 at the beginning but shows a peak in the
middle of this period (Day 4) and HFR1 (and phyB) appeared as
more active at the second half of the period analyzed (from Days
5 to 7). These results provided a framework that separates the tem-
poral action of the participating components.

SAS regulatory components target overlapping
but different regions along the hypocotyl axis

In A. thaliana, hypocotyl elongation is a result of cell elongation (not
cell division). Among the different tissues of this organ, the epidermis
isof particularimportance in mediating auxin-induced growth in the
hypocotyl (Procko et al. 2016). In W-grown hypocotyls, the pattern of
epidermal cell length takes place in all cells over the entire growth
period (from 1 to 9 d after germination), although the area of fastest
growth moves acropetally, from the base (Cells 2 to 4) on Days 1 to 2
to the middle (Cells 10 to 12) of the hypocotyl on Days 7 to 9
(Gendreau etal. 1997). In dark-grown seedlings, growth also initiates
in the hypocotyl basal cells but, in this case, cells that elongated fast-
est move up much more rapidly and only a few cells upwards: from
Cell1at36to48 htoCells3to4at 72 h from germination (Gendreau
etal. 1997). As there is not much information about how A. thaliana
hypocotyls elongate in response to simulated shade at the cell level,
we first established the pattern of epidermal cell length in wild-type
(Col-0) hypocotyls grown under W and W + FR. Using confocal micro-
scopy, the length of several files of epidermal cells along the hypoco-
tyl longitudinal axis per treatment was measured (Supplementary
Fig. 54). Cell length in W-grown hypocotyls was similar along the
hypocotyl (Supplementary Fig. S5). By contrast, W + FR treatmenten-
hanced the elongation of all cells compared to W treatment,
although the pattern of epidermal cell length was not uniformly
distributed, with cells located in the lower half of the hypocotyl elon-
gating the most (Supplementary Fig. S5). A similar conclusion was
reached when representing the difference in length between cells
grown in W+ FR and W in each position, with Cells 7 to 8 being the
ones that grew the most, becoming about 170 to 250 um longer
than cells in the same position of W-grown hypocotyls (Fig. 7, Col-0
panels). These results indicate that the shade-induced hypocotyl
elongation of wild-type seedlings resulted from a bell-shaped
non-symmetrical (skewed) elongation pattern of epidermal cells
peaking around Cells 7 to 8 from the base. A skewed distribution of
cell elongation in the hypocotyl has also been observed in dark-,
W-, or low blue-grown hypocotyls of A. thaliana (Gendreau et al.
1997; Keuskamp et al. 2010), shade-exposed B. rapa hypocotyls
(Procko et al. 2014), and end-of-day-FR-treated cowpea epicotyls
(Martinez-Garcia and Garcia-Martinez 1992).

Independently of the primary site of action of the studied SAS reg-
ulators (e.g. cotyledons or hypocotyls), their activities converge on
the elongation of hypocotyls. To establish whether the convergence
affected the same or different hypocotyl cells, we next analyzed the
shade-induced cell length in hypocotyls of seedlings deficient in spe-
cific SAS regulators (Supplementary Fig. S5; Fig. 7). The hyporespon-
sive sau3 hypocotyls showed a similar pattern of cell elongation as
wild type but strongly attenuated and slightly shifted to lower cells
(elongation peak in Cells 5 to 7 that elongated ~40 ym more than

$20Z 1800190 |0 UO Jasn BIoUS|BA ap BoIUd8)I0d 1BNsIaAun Aq Z1Ses//// L yeenysAydid/ee01 01 /1op/ajonie-aoueape/sAydid/woo dno-olwspese)/:sdny woJj papeojumoq


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae417#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae417#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae417#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae417#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae417#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae417#supplementary-data

Shade-induced hypocotyl elongation in Arabidopsis | 7

col-0| }

ULJLJL:JUL.JL.JL.J =t p

ey
o
=

+

7

Cell position along the hypocotyl

= T | | e

= NWAaO N

sév3-5

phyA:501sav3.5

T
N

|

!
P ICR T TR T ¢

1

==

o--t=4=4=ﬂ;J

0

250
500
750
1000
250
171 5 E—

750
1000

0

250
500
750 1

1000
250
500
750

1000

N
o

Col-0

Y I I S T Y
W ha o N0 W

=
N

-
-

-
o

ST

w

Cell position along the hypocotyl

===
t

= N WaON~N®

fr1-5 col-0| | hy5-2

1]
0
0 4~
0

(=]

250
LI —
750
1000
25
5

. .

o o (=

- -1

~ 2 0
2

3 T
o =1 =]
o
o~ ~

1000
250
500

1000

Difference in cell length in W+FR - W (pm)

Figure 7. Distribution of the epidermal cell length from base to top induced by simulated shade in hypocotyls of wild-type or SAS mutant seedlings.
Schematic representation of the 20 cells composing a cell row of the epidermis along the longitudinal axis of an A. thaliana hypocotyl (left). Difference in
length in simulated shade (W + FR) and W for each of the 20 epidermal cells in hypocotyls of Col-0, A) sav3-5, phyA-501, phyA-501 sav3-5, B) hfr1-5, and C)
hy5-2. Seedlings were grown as in Fig. 2A. Arrows point to cell with a highest difference in length. Values have been estimated after mean lengths of at
least 15 cells of 2 cell rows per hypocotyl from 7 different hypocotyls per genotype and growth condition. Error bars represent se.

the same cells in W-grown hypocotyls) (Fig. 7A). In the shade-
hyperresponsive hfrl seedlings, the peak of cell length was widened,
with Cell 9 showing the maximum of elongation (~280 um longer
than Cell 9 in W-grown hypocotyls) (Fig. 7B). In the case of hy5 and
phyA, also hyperresponsive to shade, cell length was strongly en-
hanced and the elongation peak moved to the upper half of the hypo-
cotyl (Cell 12 in hy5 that elongated ~640 ym more than the same cell
inW-grown hypocotyls; Cell 15in phyA thatelongated ~830 ym more
than the same cell in W-grown hypocotyls) (Fig. 7, A and C).

As the peak cell number was associated with the difference in hy-
pocotyl length in W+ FR and W (HYPyw . rr — HYPy) (Supplementary
Fig. S6), we wondered if the redistribution of cell growth was a

consequence of the enhanced hypocotyl shade-induced elongation
shown by these genotypes. To check this possibility, we analyzed
the cell length in phyA sav3 hypocotyls, whose shade-induced hypo-
cotyl elongation was similar to that of hfrl and lower than hy5 hypo-
cotyls (Fig. 6). The peak of cell elongation in phyA sav3 seedlings (Cell
13) was closer to that of hy5 (Cell 12) and phyA (Cell 15). In addition,
the most responsive cell in phyA sav3 seedlings elongated more (Cell
13, ~340 ym) than in hfr1 (Cell 9, ~280 um). These results reinforced
the conclusion that phyA acted by repressing the elongation of a
group of cells located in the upper half of the hypocotyl (Fig. 7A).
In this case, peak cell number did not associate with the HYPy . rr
—HYPy (Supplementary Fig. S6).
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Altogether, these analyses indicate that (i) the hypocotyl cells
more responsive to simulated shade are located in the lower
half of the wild-type hypocotyls (centered in Cells 7 to 8), (ii) defi-
ciency in SAS-negative regulators keeps the pattern of epidermal
cell length but affects the peak cell number, and (iii) although the
target cells of the various SAS-negative regulators overlap, the
peak cell number due to loss of HY5 and PHYA function is strongly
shifted toward the upper half of the hypocotyl. These results are
consistent with phyA and HY5 activities repressing the cells of
the upper part of the hypocotyl whereas HFR1 more clearly re-
pressed the elongation of cells located in the lower half of the hy-
pocotyl, providing a spatial framework that separates the action
of the participating components.

PIF457 and HY5 modulate the expression of
shared shade-regulated genes

Despite the temporal differences observed between phyA, HYS, and
PIFs/HFR1/SAV3, their activities overlap and eventually converge in
controlling hypocotyl elongation. Hence, we aimed to further inves-
tigate possible convergence points between these 2 groups of regula-
tors. Evidence in other photomorphogenic or temperature-regulated
responses showing that HY5 directly interacts with PIF1/PIF3 pro-
teins (Chen et al. 2013) and HY5 and PIF activities converge at a
shared cis-regulatory element (Toledo-Ortiz et al. 2014; Gangappa
and Kumar 2017; Zhang et al. 2017) led us to explore shade-induced
changes of PIF457 and HYS in the expression of shared targets
genes. We focused on 1-AMINO-CYCLOPROPANE-1-CARBOXYLATE
SYNTHASE 8 (ACS8) and PAR1,identified as both potentially putative
HYS binding targets (Lee et al. 2007) and direct PIFs targets (Khanna
et al. 2007; Gallego-Bartolome et al. 2011; Yang et al. 2018). The ex-
pression of both genes was significantly promoted in Col-0 after 1
to 8 h of W +FR treatment (compared to the beginning of the treat-
ment) and decreased after 24 h of the shade treatment (Fig. 8). In
hy5, ACS8, and PAR1, expression was also induced after 1 to 8 h. By
contrast, in pif457 and hy5 pif457, the expression of ACS8 and PAR1
remained virtually unaffected by the W+FR treatment (Fig. 8B).
These results suggest that PIF457 activates whereas HY5 represses
ACS8 and PAR1 expression. Importantly, HYS activity depends on
PIF457 transcriptional activation. These expression analyses were
carried out in 7-d-old seedlings. These older seedlings elongated
mildly to W +FR treatments (Supplementary Fig. S7), although the
profile of response was consistent to what was observed in younger
seedlings (Fig. 4H) suggesting that the same genetic components and
molecular mechanisms are still functional.

To expand our understanding of the role and interaction of HY5
and PIF457 activities, we carried out RNA sequencing (RNA-seq) of
the time points 0, 1, and 8 h after shade exposure of the 4 geno-
types (Col-0, hy5, pif457, and hy5 pif457) (Fig. 9A). We identified dif-
ferentially expressed genes (DEGs) upregulated (fold change [FC] >
1.5, P<0.05) and downregulated (FC <0.667, P<0.05) after 1 and
8 h of shade treatment compared to 0 h for each genotype ana-
lyzed (Supplementary Tables S1 to S4). After 1h of W+FR, 386
and 791 DEGs were induced and 177 and 351 were repressed in
wild-type and hy5 seedlings, respectively. Importantly, only 1
and 3 DEGs were induced and 31 and 17 were repressed in pif457
and hy5 pif457 seedlings, respectively (Fig. 9, B to E). From these
early shade-modulated DEGs, 294 upregulated genes were shared
between hy5 (out of 791 genes, 37.2%) and Col-0 (out of 386 genes,
76.2%) (Fig. 9D) and 100 downregulated genes were shared be-
tween hy5 (out of 351, 28.5%) and Col-0 (out of 674, 14.8%)
(Fig. 9E). As 748 DEGs (497 upregulated and 251 downregulated)
appeared only in hy5 but not in Col-0, we concluded that HY5

A | W+FR
8 24h
B —o— Col-0 ~o— pif457
—&— hy5-2 hy5-2 pif457
150

Relative expression
o

0 = T 1 \:/ T S T A4
1 4 8
Time of W+FR treatment (h)

Figure 8. Effect of hy5 and pif457 mutations on the shade regulation of
the expression of ACS8 and PAR1. A) Cartoon of the experiment design.
Seeds were grown for 7 d under W and then transferred to simulated
shade (W +FR, R:IFR=0.02) for the indicated time before harvesting
samples (circles). B) Relative expression of ACS8 (top) and PAR1 (bottom)
in Col-0, hy5-2, pif457, and hy5-2 pif457 at the indicated times of
simulated shade treatment. Values are means and error bars are st of 3
independent biological replicates. Expression is presented relative to
the Col-0 genotype at 0 h. Asterisks around the symbols indicate
significant differences (Student’s t-test) relative to the same genotype at
0 h. Asterisk at the right indicate significant differences between the
different mutants and the wild type in response to simulated shade
(2-way ANOVA); ns, not significant, *P <0.05, *P<0.01.

has a dual role as both activating and repressing rapid shade-
modulated gene expression. The vast majority of these DEGs did
not change in pif457 and hy5 pif457 (Fig. 9, D and E), indicating
that PIF457 is basically required for all the changes in gene expres-
sion that take place after 1 h of simulated shade exposure. An im-
portant but weaker impact of PIF457 on gene expression was
detected after 3 h of shade exposure (Ince et al. 2022).

After 8 h of W +FR, 826 and 542 DEGs were induced and 654 and
568 were repressed in Col-0 and hy5 seedlings, respectively. After
this time of W +FR exposure, a substantial number of DEGs were
detected in pif457 (323 upregulated and 435 downregulated) and
hy5 pif457 (279 upregulated and 690 downregulated) seedlings
(Fig. 9, B to G). Venn diagrams indicated that, from the total num-
ber of DEGs identified in all genotypes (1,347 upregulated and
1,865 downregulated), a large fraction appeared as upregulated
(65.9%: 416 in Col-0, 144 in hy5, 159 in pif457, and 168 in hy5
pif457) or downregulated (78.4%: 340 in Col-0, 319 in hy5, 282 in
pif457, and 521 in hy5 pif457) only in 1 genotype, whereas the
rest appeared in at least 2 genotypes (Fig. 9, F and G). Based on
the highest significance and the enrichment fold of overlapping
genes, we concluded that the set of DEGs of hy5 pif457 (upregulated
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Figure 9. Effect of hy5 and pif457 mutations on the shade-regulated transcriptome. A) RNA-seq was performed with RNA extracted from Col-0, hy5-2,
pif457, and hy5-2 pif457 seedlings at the indicated times (circles) of simulated shade treatment. Seedlings were grown as in Fig. 8A. Three independent
biological replicates were used for each genotype and treatment. Evolution of the number of upregulated B) and downregulated C) DEGs in response to 1
and 8 h of W + FRin Col-0, hy5-2, pif457, and hy5-2 pif457 seedlings grown as indicated in A). Venn diagrams showing the overlap of upregulated D, F) and
downregulated E, G) DEGs after 1 D, E) and 8 h F, G) of W + FR treatment between Col-0, hy5-2, pif457, and hy5-2 pif457 seedlings.

and downregulated) is closer to this in hy5 than pif457. The num-
ber of misregulated DEGs in hy5 pif457 is lowest when compared to
hy5 and highest when compared to pif457 (Supplementary Fig. S8).
Theseresults indicate that, after 8 h of simulated shade, (i) the ex-
pression of a substantial amount of DEGs does not require PIF457
activity and (ii) the DEG identity is closer to hy5 than pif457, in con-
trast to what happens at 1 h.

Regarding the functional prediction, the DEGs belonged to
similar GO term categories in all genotypes (except in pif457 and
hy5 pif457 after 1h of W+FR, in which no GO term enrichment
was found because of the massive drop in DEG number)
(Supplementary Table S5). Importantly, no obvious and specific
processes were differentially affected by HYS (at 1 h) or HY5 and
PIF457 at later times that could easily explain the differences in
growth detected among the genotypes (Fig. 5H).

Together, we concluded that (i) PIF457 and HY5 have a strong
impact in the early shade-regulated changes in gene expression,
although (ii) the leading role of PIF457 at this early time of shade
exposure dissipates after longer periods (8 h) of treatment.

Discussion

In the A. thaliana shade-induced hypocotyl elongation, the function
of phyB and its effect on the PIF457-HFR1 and auxin biosynthesis
via SAV3/YUCs in the cotyledons are well established (Tao et al.
2008; Li et al. 2012; Ciolfi et al. 2013; Kohnen et al. 2016; Fiorucci
and Fankhauser 2017; Paulisic et al. 2021) (Fig. 1). The observed ge-
netic interactions between sav3/pif//pif457 and hfrl (Fig. 4, A to C)
and the pharmacological applications of L-kyn and NPA on hfrl
seedlings (Fig. SA) are consistent with this scenario. The genetic
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analyses with SAS-negative and SAS-positive regulators (Figs. 2 to 4),
the enhanced resistance to L-kyn and NPA shown by phyA and hy5
seedlings in response to shade, and the changes in the rapid
shade-induced IAA production (relative to Col-0) (Fig. 5) supported
that phyA and HYS act in a different branch than PIF457-HFR1
and SAV3/YUCs.

The strong shade-induced elongation of phyA pif457 and phyA
sav3 hypocotyls (Fig. 4, D toI) indicated that these mutants, there-
fore, might elongate either using IAA generated from a PIF457-
and SAV3-independent biosynthesis pathway or without the
need of de novo synthesis of IAA. Indeed, IAA can be produced
from IAA-conjugated with amino acids molecules in the hypoco-
tyl, IAA that is able to elicit the shade-induced hypocotyl elonga-
tion independently of the SAV3-mediated IAA biosynthesis in
cotyledons (Zheng et al. 2016). However, this increase in IAA po-
tentially produced in the hypocotyl by this alternative pathway
does not seem to be high enough for being detected when quanti-
fying IAA in whole phyA or hy5 seedlings (Fig. 5B).

HY5 is involved in the phyA-mediated gene repression in pro-
longed low R:FR (Ciolfi et al. 2013), and both phyA and HY5 act
very early in the seedling development (Days 2 to 5) (Fig. 6). The
phyA-HYS early suppression seems fundamental for seedling estab-
lishment and survival soon after germination in deep shade envi-
ronments (Yanovsky et al. 1995). Because deep canopy conditions
are usually accompanied by reductions in the light intensity, in
these early stages of the seedling development, the mechanisms
of elongation are very dependent on changes of auxin sensitivity
(Hersch et al. 2014) that can be modulated directly by phyA action
on the stability of the auxin signaling repressors Aux/IAA (Yang
et al. 2018) and by HY5 on the promotion of the expression
of negative regulators of auxin signaling (Cluis et al. 2004). The
PIF457-HFR1 module appears to be working in early and late seed-
ling development (Fig. 6) and even in other organs and stages of de-
velopment, such as petiole length and lamina size in leaves (de Wit
etal. 2015), responses that appear to be more dependent on changes
of auxin levels. Therefore, our results provide a temporal frame-
work with different dependence on auxin sensitivity and levels
that support the functional separation of these 2 signaling modules.

Perception of the R:FR by phyB in the control of the hypocotyl
elongation occurs mainly in the cotyledons, where PIF457-HFR1
promotes elongation by inducing IAA production (Tanaka et al.
2002; Keuskamp et al. 2010; Procko et al. 2014; Kohnen et al.
2016). Newly synthesized IAA is then transported to the adjacent
hypocotyl where cell elongation is promoted. As before, differences
were observed between the 2 signaling modules: the activity of the
PIF457-HFR1 module, thatitis SAV3-dependent, affects the elonga-
tion of cells in the middle-lower half of the hypocotyl that is spa-
tially distinct from that of phyA-HY5, that mainly represses cell
elongation in the upper half (Fig. 7). It seems, therefore, that the
strong repression imposed by phyA-HY5 in the upper half of the
wild-type hypocotyls takes place at the beginning of seedling devel-
opment. This temporal and spatial separation of the PIF457-HFR1
(together with SAV3) and phyA-HYS regulatory activities is consis-
tent with an acropetal gradient of hypocotyl growth (from the base
to the top) in response to simulated shade, as it was observed in
both dark- and W-grown seedlings (Gendreau et al. 1997).

Additional levels of regulation refer to (i) when the different SAS
components and modules act relative to the beginning of the simu-
lated shade exposure and (ii) their level of molecular interaction.
Our expression analyses indicate that PIF457 is essential to modu-
late gene expression immediately after shade exposure. In clear
contrast, HY5 suppressed the number of DEGs after 1 h although
its activity was strongly dependent on PIF457 at this early time after

shade exposure (Figs. 8 and 9, D and E), which suggests a connec-
tion of the 2 mentioned branches at these initial stages after shade
exposure. Previously, it has been demonstrated physical interac-
tion between HYS and some PIFs and HFR1 and convergence of
their transcriptional activities in non-shade-related processes
(Chen et al. 2013; Jang et al. 2013; Toledo-Ortiz et al. 2014; Zhang
et al. 2017). Thus, PIF457-HFR1 and HY5 could be key players con-
necting the 2 regulatory modules rapidly after shade exposure.
However, the crosstalk between PIF457-HFR1 and HYS5S activities
seems dynamic and changes with time. After 8 h of shade expo-
sure, the transcriptome was clearly affected by shade even in the
absence of PIF457 (Fig. 9, B, C, F, and G), reflecting that a large per-
centage of the expression changes caused after shade perception
by phyB happens bypassing PIF457 activity. Hence, expression of
these DEGs depends either on other PIFs (e.g. PIF1 and PIF3) or on
the effect exerted by unknown but non-PIF regulators whose tran-
scriptional activity is also connected to the reduction in phyB activ-
ity caused by shade. In addition, after 8 h of shade exposure, the
transcriptome divergence between the various genotypes, even be-
tween pif457 and hy5 pif457 (Fig. 9, F and G), points to a change in
the molecular relationship of PIFs and HY5 that appear in this mo-
ment to act independently from each other. What sustains this dy-
namic relationship is unknown, although it might involve changes
in the accessibility of these regulators to the same target promoters
with time triggered by shade perception (e.g. caused by the increase
in the abundance of transcriptional regulators-cofactors that can
affect their DNA-binding abilities), a shade-induced divergence of
their spatial pattern of expression that impedes PIFs and HY5 to
be expressed in the same cells, and/or by epigenetic processes
that alter chromatin compaction, also known to influence the ac-
cessibility and binding of transcription factors to regulatory ele-
ments in the DNA (Martinez-Garcia and Moreno-Romero 2020).

In the SAS regulation, PIFs are usually presented as positive reg-
ulators by promoting the expression of genes involved in hypocotyl
elongation. Our RNA-seq analyses support that they also have an
important function in the repression of gene expression, as it has
been previously described for some PIFs in shade-induced proc-
esses related with metabolic or architectural responses (hence,
not related with cell elongation) (Toledo-Ortiz et al. 2010; Xie et
al. 2017; Jia et al. 2020). Similarly, although HYS acts mainly induc-
ing gene expression (Burko et al. 2020), it has an important role in
the shade repression of genes that, after just 1 h of shade exposure,
requires PIF457 (Fig. 9, D and E).

Our findings propose a model for the regulation of shade-induced
hypocotyl elongation that incorporates the temporal and spatial
functional importance of the various SAS regulators analyzed in
here. These components are grouped in 2 main modules or
branches: (i) a well-defined pathway in which PIF457-HFR1 partici-
pates, it is highly dependent on auxin produced via SAV3 and
YUCs mostly in the cotyledons, acts along all seedling development
(from Days 2 to 7 from germination), and targets cells in the middle-
lower region of the hypocotyl; and (ii) a less well-characterized
pathway with phyA and HY5 as main components, that is less de-
pendent on SAV3-related auxin biosynthesis and polar transport,
it has an important role in the early seedlings development (Days
2 to 5 after germination) and targets cells in the upper region of
the hypocotyl. In these processes, PIF457 transcriptional activity is
fundamental at 1 h of W +FR and its importance dissipates at later
times (8 h). By contrast, the importance of HYS regulatory role in-
creases at longer times of shade exposure, when its expression
is also reported to enhance (Ciolfi et al. 2013), likely because of the
delayed accumulation of phyA. Importantly, the molecular interac-
tion between these transcriptional regulators is dynamic and moves
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from epistasis, soon after shade exposure, to additivity, at later
hours (based on both transcriptomic and hypocotyl elongation ex-
periments). Because of the reported interaction of HY5 with some
PIFs and HFR1, it might act connecting both branches that, there-
fore, are crosstalking along the seedling development.

Materials and methods

Plant material and growth conditions

All the A. thaliana plant material used was in the Col-0 background.
Mutants used in this study were described before: phyA-501
(Martinez-Garcia et al. 2014), hy5-2 (Ortiz-Alcaide et al. 2019),
hfr1-5 (Roig-Villanova et al. 2007), pif/-1 (Li et al. 2012), and sav3-5,
also known as wei8-4/tir2-3 (Stepanova et al. 2008). The multiple
mutants pif457 (pif4-101 pif5-3 pif7-1) (de Wit et al. 2015), phyA-211
hfr1-101 (Duek et al. 2004), and phyA-211 phyB-9 (Strasser et al.
2010) used in this study were described elsewhere. To produce seeds
of the various A. thaliana genotypes, plants were grown in the green-
house under long day photoperiod (16-h light, 8-h dark).

Fluence rates were measured with a Spectrosense2 meter associ-
ated with a 4-channel sensor (Skye Instruments Ltd., www.
skyeinstruments.com), which measures PAR (400 to 700 nm) and
10-nm windows in the blue (464 to 473 nm), R (664 to 674 nm),
and FR (725 to 735 nm) regions. Light spectra were generated using
a Flame Model Spectrometer with Sony Detector (FLAME-S; Ocean
Optics).

Pharmacological treatments

When indicated, the medium was supplemented with different
concentrations of L-kyn (Sigma-Aldrich) or NPA (Duchefa). L-kyn
was dissolved at 50 mm in DMSO. NPA was dissolved at 5 mwu in
DMSO. Stock solutions were kept at =20 °C until use.

Genetic crosses and genotyping

Mutants were crossed to generate the following multiple mutants:
phyA hy5 (phyA-501 hy5-2), phyA pif7 (phyA-501 pif7-1), phyA hfrl
(phyA-501 hfrl-5), phyA sav3 (phyA-501 sav3-5), hy5 pif7 (hy5-2
pif7-1), hy5 hfrl (hy5-2 hfrl-5), hy5 sav3 (hy5-2 sav3-5), hfrl pif7
(hfr1-5 pif7-1), hfrl pif457 (hfrl-5 pif457), hy5 pif457 (hy5-2 pif457),
and phyA pif457 (phyA-501 pif457). After crosses, seedlings in the
segregating F2 generation were preselected searching by the pre-
dicted phenotypes, if any. In any case, the genetic identity of the
plants was established by genotyping the preselected plants by
PCR using specific primers (Supplementary Table S6).

Measurements of hypocotyl length

For hypocotyl growth assays, seeds were sterilized and sown in
solid agar plates without sucrose (GM—; 0.215% [w/v] MS salts plus
vitamins, 0.025% [w/v] MES pH 5.80) (Roig-Villanova et al. 2019).
After 3 to 6 d of stratification, plates were incubated in growth
chambers at 22 °C under continuous W provided by 4 cool-white
vertical fluorescence tubes (F36W/840, Sylvania) for 2 d (PAR of 20
to 25 ymol'm~2s~!, R:FR>2.5). After that time, plates were either
maintained in W or transferred to simulated shade (W +FR) for 5
d. Simulated shade was generated by enriching W with supplemen-
tary FR (peak at 725 nm) provided by 4 horizontal LED lamps (Philips
GreenPower LED module FR) (PAR of 20 to 25 ymol'm~2-s~*, R:FR of
about 0.02). Details of the resulting light spectra are shown as
Supplementary Fig. S9 (Molina-Contreras et al. 2019). At Day 7, seed-
lings were flattened down on the petri dishes and pictures of them
were taken. Each biological replicate corresponded to ~25 seedlings
per treatment and genotype. Experiments were done with at least 3
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biological replicates. Hypocotyl measurements were carried out by
using the National Institutes of Health (NHS) Image] software
(Bethesda, MD, USA, http:/rsb.info.nih.gov/). Hypocotyl measure-
ments from the different biological replicates were averaged.

Hypocotyl measurements for the temporal
analyses

Seedlings were grown for up to 7 d either in W or W+FR, as de-
scribed in the previous section. In these experiments (Fig. 6;
Supplementary Fig. S3), hypocotyl length measurements were
made daily from pictures taken from plants of different ages,
from Day 2 until Day 7 after germination (6 time points). By sub-
tracting the hypocotyl length of 2 consecutive days, the growth
rate (mm-day ™) from Days 2 to 6 was calculated for each genotype
and light treatment (W and W + FR). Each biological replicate corre-
sponded to ~25 seedlings per treatment, genotype, and time point.
Experiments were done with 3 biological replicates. Hypocotyl
measurements from the different biological replicates were aver-
aged. These averaged data were used to calculate the growth rate.

Hormone analyses

About 50 seedlings per biological replica of the different genotypes
and treatments (that ranged from 80 to 120 mg) were immediately
frozen in liquid nitrogen. Hormone extraction and analysis were per-
formed as described (Simura et al. 2018) with a few modifications.
Briefly, around 100 mg of fresh material was extracted in 1 mL of
50% (v/v) acetonitrile prepared with ultrapure water, adding 2.5 ng
of [°Hs]IAA as internal standard in a ball mill (MillMix 20, Domel)
for 10 min at 17 rps, followed by 5 min of sonication. After sonica-
tion, the samples were centrifuged at 4,000 x g at 4 °C for 10 min.
Finally, supernatants were filtered through SPE columns (OASIS
HLB 30 mg 1 cc, Waters), recovering the eluent. Finally, 0.5 mL of
30% (v/v) acetonitrile prepared in ultrapure water was added to
the SPE columns and the eluent was recovered joint to the previous
ones.

Chromatographic separations were performed on a reverse-
phase C18 column (50x 2.1 mm, 1.6-um particle size, Luna-Omega,
Phenomenex) using a acetonitrile:water (both supplemented with
0.1% [v/v] formic acid) gradient at a flow rate of 300 uL/min. IAA
was detected with a triple quadrupole mass spectrometer connected
online to the output of the column though an orthogonal Z-spray
electrospray ion source (Xevo TQ-S). Finally, IAA content was quan-
tified by interpolation in a standard curve prepared with commercial
TIAA (Sigma) using the MassLynx v4.2 software.

Cell length measurements along the hypocotyl
axis for spatial analysis

For the cell length measurements, about 100 seedlings were grown
either in W or W + FR, as previously described. On Day 7, hypocotyls
were measured and the mean value for each group (genotype and
treatment) was calculated. About 15 individuals with a hypocotyl
length of the estimated averaged value+5% were selected.
Cotyledons and roots were removed from these seedlings and the
remaining hypocotyls were fixed and stained with Calcofluor
White (Sigma-Aldrich) to visualize cell walls. Briefly, hypocotyls
were submerged in a 1x PBS solution (137 mm NaCl [8.06 g/L],
2.7 mm KCI [0.22 g/L], 10 mm Na2HPO4 [1.15 g/L], 18 mu KH2HPO4
[0.20 g/L]) with 4% (w/v) paraformaldehyde for 60 min at room
temperature. Then, hypocotyls were washed twice for 1min in
1x PBS and cleared after transferring them to ClearSee solution
(10% [w/v] xylitol (Sigma), 15% [w/v] sodium deoxycholate [Sigmal],
25% [w/v] urea [Sigmal). The clearing was carried out for at least
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1 wk at room temperature. Before taking images, hypocotyls were
stained with 100 ugmL™ Calcofluor in ClearSee solution for
120 min and washed twice with ClearSee solution for 2 d (Kurihara
et al. 2015).

Images of fixed and stained plant material were taken by using
confocal microscopy (Zeiss LSM 780). Calcofluor White stained
samples were imaged with 405-nm excitation Argon laser and de-
tected at 425 to 475 nm (Kamiya et al. 2015). In most of the images,
gain and laser intensity were adjusted to remove background
noise. Cell growth measurements were carried out using the
NHS Image] software on the obtained pictures. At least 15 cells
of 2 cell files per hypocotyl from 7 seedlings were measured for
each genotype and growth condition. Values were averaged for
each of the about 20 cells that constitute a cell file (from bottom
to top) along the hypocotyl longitudinal axis.

RNA extraction and gene expression analyses

Seven-day-old seedlings grown in W or W+FR were harvested
(about 35 mg per sample) and frozen in liquid nitrogen. RNA was
extracted using commercial kits (Maxwell RSC Plant RNA kits;
www.promega.com) and quantified using NanoDropTM 8000 spec-
trophotometer (Thermo Fisher Scientific). Two micrograms of total
RNA were retrotranscribed to cDNA in a final volume of 20 uL by
using the Transcriptor First Strand cDNA Synthesis Kit (Roche,
www.roche.com) or the NZY First-Strand cDNA Synthesis Kit, sep-
arate oligos (NZYtech) following the manufacturer’s instructions.
Subsequently, cDNA was diluted 10-fold and stored at —20 °C for
further analysis.

Relative mRNA abundance was determined via reverse transcrip-
tion quantitative PCR (RT-qPCR) in a final volume of 10 uL. made up of
0.3 pm of both forward and reverse primers, 5 L of the LightCycler
480 SYBR Green I Master Mix (Roche), and 2 uL of 10-fold diluted
cDNA (Molina-Contreras et al. 2019). The RT-qPCR was carried out
in LightCycler 480 Real-Time PCR system (Roche). The analysis was
performed with 3 independent biological replicates (~30 seedlings
per biological replicate) for each condition and 3 technical replicates
for each biological replicate. ELONGATION FACTOR la (EFla) was
used as endogenous reference genes to normalize the expression
of the genes of interest. Primers used for the RT-qPCR analyses are
provided in Supplementary Table S7.

Statistical analyses

These analyses were carried out using the Real Statistics Resource
Pack, an Excel add-in that extends Excel’s standard statistics ca-
pabilities. For the statistical analyses, we compared 3 values cor-
responding to 3 replicates in the case of relative expression and
hypocotyl length.

RNA-seq: processing, analyses, and data
availability

Total RNA for sequencing was obtained as in the expression anal-
yses by RT-qPCR. The total RNA samples were quantified using the
Qubit RNA BR Assay Kit (Thermo Fisher Scientific), and the RNA in-
tegrity was assessed with the Agilent RNA 6000 Pico Bioanalyzer
2100 Assay (Agilent).

The RNA-seq libraries were prepared using the KAPA Stranded
mRNA-Seq Illumina Platforms Kit (Roche), following the manufac-
turer’'s recommendations, starting with 500 ng of total RNA. The
size and quality of the libraries were evaluated using a High
Sensitivity DNA Bioanalyzer assay (Agilent). The libraries were
sequenced on the HiSeq 4000 (Illumina) with a read length of
2x51Dbp using the HiSeq 4000 SBS Kit ([llumina), following the

manufacturer’s protocol for dual indexing. Image analysis, base call-
ing, and quality scoring of the run were performed using the manu-
facturer’s software Real Time Analysis (RTA 2.7.7). RNA-seq data
have been deposited in NCBI's Gene Expression Omnibus (GEO) and
are accessible through GEO Series accession number GSE268032.

RNA-seq reads were mapped against A. thaliana reference ge-
nome (TAIR10) from Ensembl Plants, using STAR aligner version
2.5.3a (Dobin et al. 2013) and ENCODE parameters. Annotated
genes were quantified with RSEM v1.3.0 (Li and Dewey 2011), using
Ensembl annotation release 47. Differential expression analysis
was performed with limma v3.4.2 R package. Counts were normal-
ized with TMM (Robinson and Oshlack 2010) and transformed
with the “voom” function. The linear model was fitted with the
voom-transformed counts and contrasts were extracted. Genes
were considered differentially expressed (DEG) with an adjusted
P <0.05. From these, we selected those whose 0.667 >FC>1.5.

GO enrichment

Thelist of DEGs (Supplementary Tables S1 to S4) was used toiden-
tify the enrichment in GO terms using the agriGO online analyses
tool.

Accession numbers

Sequence data from this article can be found in the GenBank/EMBL
data libraries under accession numbers ACS8 (At4g37770), EFla
(At5g60390), HFR1 (At1g02340), HY5 (At5g11260), PAR1 (At2g42870),
PHYA (At1g09570), PHYB (At2g18790), PIF4 (At2G43010), PIFS
(At3g59060), PIF7 (At5g61270), and SAV3 (At1g70560).
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