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SUMMARY

Light is essential for plants, not only for fueling photosynthesis, but also as
environmental information that allows them to adapt their development to thrive in different
scenarios. In shade-avoider (sun-loving) plants, such as Arabidopsis thaliana, proximity of
potentially competing vegetation triggers a group of responses known as Shade Avoidance
Syndrome (SAS), including the well-studied hypocotyl elongation. Phytochromes are the
photoreceptors that detect vegetation proximity signals that, by binding to PHYTOCHROME
INTERACTING FACTORSs (PIFs), integrate light signals into acclimation changes in plant
development. The current regulatory model states that the shade-induced inactivation of
phytochrome B (phyB) releases the repression imposed over PIFs, which results in the rapid

activation of gene expression changes and in hypocotyl elongation promotion.

PIFs contain an active phyB-binding (APB) motif and a basic helix-loop-helix (bHLH)
domain, responsible of DNA-binding. Among PIFs, the photostable PIF7 has a major role in
promoting hypocotyl elongation in shade. However, it is unknown if PIF7 DNA- and phyB-
binding activities can modulate independently different aspects of the light-regulated
development, as it occurs in the well-studied and founder member PIF3. To address this
guestion, we carried out a structure-function analysis by generating PIF7 derivatives with the
bHLH and the APB domains mutated. In the first chapter of this work we show that both the
PIF7 DNA- and phyB-binding activities are linked and fundamental to rapidly induce the
expression of PIF7 targets and the hypocotyl growth in shade.

Other components classified as positive and negative regulators participate in the
modulation of SAS by building a complex regulatory network. Nevertheless, it is still unclear
how these components are organized. To refine the architecture of this signaling network and
establish the connections between its components, in the second chapter of this thesis we
carried out physiological, cell biology and transcriptomic analyses of the shade-induced
hypocotyl elongation using defective mutants of the different regulators. Our results
demonstrate that the SAS regulatory components are organized in two main branches that
act in slightly different moments and modulate the elongation of different cells along the
hypocotyl axis. Nevertheless, we also found a signaling convergence between the two
branches, as PIFs and ELONGATED HYPOCOTYL 5 (HY5), components that belong to

these separate branches, regulate the expression of common target genes.



RESUMEN

La luz es esencial para las plantas, no solo como fuente de energia para la
fotosintesis, sino también como una sefal de informacion ambiental que les permite adaptar
su desarrollo para prosperar en diferentes escenarios. En las plantas que evitan la sombra,
como Arabidopsis thaliana, la proximidad de vegetacion potencialmente competidora
desencadena un grupo de respuestas conocido como sindrome de huida de la sombra (SAS,
de sus siglas en inglés), que incluye el alargamiento del hipocétilo. Los fitocromos, que son
los fotorreceptores que detectan las sefiales de proximidad vegetal, interaccionan con los
factores de transcripcion PHYTOCHROME INTERACTING FACTORs (PIFs). Esta
interaccidn resulta en la integracion de las sefales de luz para ajustar el desarrollo de las
plantas a estos cambios ambientales. La hipoétesis actual establece que la inactivacion
inducida por la sombra del fitocromo B (phyB) libera la represién impuesta sobre los PIFs, lo
que resulta en cambios rapidos en la expresion génica y la promocion del alargamiento del
hipocatilo.

Los PIFs contienen un motivo de unién a phyB activo (APB) y un dominio basico-
hélice-bucle-hélice (bHLH), responsable de la unién al ADN. Entre los PIFs existentes, PIF7
es el mas importante en la promocién del alargamiento del hipocétilo en sombra. Se
desconoce si la unién de PIF7 al ADN y al phyB modula independientemente diferentes
aspectos del desarrollo regulado por la luz, como ocurre con PIF3, el miembro fundador y
probablemente mejor estudiado de los PIFs. Para abordar esta cuestion, llevamos a cabo
analisis de estructura-funcion generando derivados de PIF7 con los dominios bHLH y APB
mutados. En el primer capitulo de este trabajo, mostramos que las actividades de PIF7, tanto
de union al ADN como al phyB estan vinculadas y son fundamentales para inducir
rapidamente la expresion de genes diana de PIF7 y el crecimiento del hipocétilo en sombra.

Otros componentes clasificados como reguladores positivos y negativos participan en
la modulacion de SAS mediante la construccion de una compleja red reguladora. Sin
embargo, no esta claro como se organizan estos componentes. Para profundizar en la
arquitectura de esta red de sefializacion y en las conexiones entre sus componentes, en el
segundo capitulo de esta tesis realizamos analisis fisioldgicos, celulares y transcriptémicos
del alargamiento del hipocétilo inducido por la sombra utilizando mutantes deficientes en los
diferentes reguladores. Nuestros resultados demuestran que los componentes reguladores

del SAS se organizan en dos ramas principales que actian en momentos ligeramente



diferentes del desarrollo de la plantula y modulan el alargamiento de diferentes células a lo
largo del eje del hipocétilo. Ademas, también encontramos una convergencia de las sefiales
de las dos ramas, ya que los PIFs y ELONGATED HYPOCOTYL 5 (HY5), componentes que

pertenecen a estas ramas separadas, regulan la expresion de genes diana comunes.
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GENERAL INTRODUCTION

1. Importance of light in plant life.

Plant life is highly influenced by diverse light conditions in the natural environment. To
adapt growth and development to the constantly changing scenario, plants must continuously
perceive the surrounding conditions. One of the vital environmental factors that plants need
to sense is light, which plays a double function: it is a source of energy to fuel the
photosynthesis and gives information about the environment where the plants grow. In the
absence of this signal (darkness), plant development is known as skotomorphogenesis. By
contrast, the light-triggered responses that affect the plant development are known as
photomorphogenesis. In any case, caption and detection of light as a source of information
is carried out by a complex signaling system with photoreceptor molecules as main
characters capable to modulate a wide variety of physiological responses such as seed
germination, seedling growth, definition of the architecture in the adult plant, regulation of
flowering time and facing vegetation proximity (Casal, 2012, 2013; Possart et al., 2014; H.
Smith, 2000; Harry Smith, 1982).

2. Plant development in dark conditions.

In darkness (when seeds germinate buried on the soil) seedlings adopt a
skotomorphogenic developmental program, in which most of the resources are focalized in
the hypocotyl elongation at the expense of cotyledon and root development. As a result,
seedlings grown in darkness, known as etiolated seedlings, present a thin and extremely
elongated hypocotyl (seeking for the light), with small and yellow cotyledons that remain
curled up and unable to carry out photosynthesis that, together with meristematic region, are

protected from damage by an apical hook (Josse & Halliday, 2008).

3. Plant development in light conditions.

When seedlings grow under light conditions (de-etiolated or photomorphogenic plants), they
present a thick and short hypocotyl, opened and expanded cotyledons (no apical hook) with
a green color due to the transformation of etioplasts into photosynthetically active
chloroplasts (Arsovski et al., 2012; Han et al., 2007). In this case, plants adopt a

photomorphogenic program of development in which a wide variety of photoreceptors,
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transcription factors and other molecules such as plant hormones are involved, building a

complex regulatory network that has been deeply studied.

4. Plant development in shade conditions.

The fraction of the light spectrum used by plants to perform the photosynthesis is called
photosynthetically active radiation (PAR), which corresponds to the visible spectrum of the
human eye, from 400 nm or blue light (B) to 700 nm or red light (R). However, in natural
conditions PAR radiation does not stay completely constant. Its composition changes during
the twilight, when it is enriched in B and far-red light (FR) and also depending on the time of
the year, the presence of covering clouds or the proximity of other vegetation (Hughes et al.,
1984; Harry Smith, 1982). In dense plant communities, neighboring vegetation can alter light
intensity because of a selective reflection and absorption of parts of light spectrum by the
photosynthetic pigments at the photosynthetic tissues. Among these pigments, chlorophylls
and carotenoids absorb most of the PAR, with peaks of absorbance in B (400-500 nm) and
R (600-700 nm). In contrast, some of the green and most of the FR spectrum (700-750 nm)
is transmitted through or reflected from the plant tissues what modifies light quality perceived
for a subject plant (Figure 1A) (Fiorucci & Fankhauser, 2017). These last settings, where
plants are affecting PAR levels and light quality, is often referred as shade. When we focus
on the effect of the absence or presence of neighboring vegetation on light conditions, we

can find three different scenarios:

e Unshaded situation, that happens in low density vegetation communities where plants
are growing far enough from each other. In this situation, neighboring plants do not
impact the light intensity and quality of sunlight (high B and R) that has a R to FR ratio
(R:FR) of about 1.2-1.5 (considered high R:FR) (Figure 1B) (Casal, 2013; Martinez-
Garcia et al., 2010; Roig-Villanova & Martinez-Garcia, 2016). We mimic these
conditions in the lab with continuous white light (W), that provides a R:FR > 1.5.

¢ In dense plant communities, the transmission through and reflection of FR from plant
tissues leads to a local enrichment of FR what lowers the R:FR of horizontally
propagated light although the overall light intensity may not be significantly changed
(high B and R) (Figure 1B) (Casal, 2013; Roig-Villanova & Martinez-Garcia, 2016;
Vandenbussche et al., 2005). In many plant species, this scenario induces the
activation of a set of responses called Shade Avoidance Syndrome (SAS) that aim to

avoid shade (Roig-Villanova and Martinez-Garcia 2016). We name this low R:FR
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scenario as proximity shade (Figure 1B), and we mimic it by applying an extra FR
radiation to a fixed intensity of white light (W), that results in a R:FR of about 0.50—
0.30 (Martinez-Garcia et al., 2014).

¢ In very dense plant communities where some plants are growing under a taller plant
canopy that produces plant shade, light availability is limited. Below the vegetation
canopy, sunlight is depleted in UV-B light and PAR (low B and R) but not so much in
FR. This happens because of strong and specific filtration by the leaves in canopy
vegetation (Figure 1A). Drop in R in this condition results in a R:FR that tends to be
lower than in proximity shade, and both, light quality and intensity are affected (Figure
1B), e.qg., in a forest, the top of the tree crowns is receiving the highest available light
irradiation but the amount of irradiation that arrives to the ground is highly reduced. In
this example we can observe a vertical light gradient that is reduced when we go down
from the top of a tree towards the ground. Understory plants are the ones affected by
canopy shade and must survive and efficiently use the available light energy to
complete its life cycle under these conditions (Roig-Villanova & Martinez-Garcia,
2016). We name this very low R:FR scenario as canopy shade (Figure 1B), and in
the laboratory, we mimic this scenario by applying higher amounts of FR radiation than
in proximity shade conditions to a fixed intensity of white light (W) obtaining a very low
R:FR (<0.29) (Martinez-Garcia et al., 2014).

As happens in the unshaded situation, light available for understory plants (growing under
canopy shade) is highly heterogeneous and depends on location, the time of the day or
season, i.e., light availability can suffer changes during the time of the day or seasonally such
as those produced by sun flecks that can appear in a specific moment during the day and
increase the irradiation locally in the ground (Sellaro et al., 2011). Moreover, deciduous
vegetation loses leaves seasonally or due to a severe dry season what increases light
availability for the underneath vegetation. This variability adds complexity to the mechanistic
regulation of response to environmental light cues. Overall, plants have adopted two main
strategies: shade avoider (sun-loving) plants growing in high vegetation density implement
SAS whereas shade tolerant plants have adapted its development to survive in those

conditions.
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Figure 1. Vegetation filters and reflects part of the light spectrum producing different shade
conditions. (A) Sunlight (top graph) filtered by green tissues (lower graph) has a much lower amount of
PAR. Photosynthetic pigments of green tissues mainly absorb B and R whereas FR is reflected from the
leaves. (B) Light properties found in unshaded and shaded conditions in nature. When growing in low
vegetation density (unshaded) light arriving from the sun contains high amounts of UV-B, B and R and low
amounts of FR, what results in a high R:FR. By contrast, when growing in dense vegetation communities,
neighbor plants reflect FR. This generates an environment with high amounts of UV-B, B and R but a low
R:FR (proximity shade), a cue indicating potential canopy by surrounding plants and competition for light
resources. When growing under very dense vegetation, such as below other plants (canopy shade), light
perceived by understory vegetation is filtered by green tissues of taller plants and is low in UV-B, B and R

and with a very low R:FR. Adapted from Fiorucci & Fankhauser, 2017; Kami et al., 2010.

5. The shade avoidance syndrome in Arabidopsis thaliana.

Arabidopsis thaliana is a shade avoider species: when growing isolated sunlight provides
light of high R:FR and plants follow its life cycle normally. However, when growing under
shade conditions (low or very low R:FR) plants respond by displaying a set of responses
known as the Shade Avoidance Syndrome (SAS). As a result of the SAS implementation, a
series of phenotypic changes occurs at different organs of the plant and along its entire life
cycle (Franklin, 2008; Roig-Villanova & Martinez-Garcia, 2016).
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The ability of newly germinated seedlings to thrive in shady areas with low energy
resources is reduced. To avoid this detrimental situation, during the seed stage, low R:FR
inhibits germination and induces secondary dormancy. The germination is mostly delayed
until the light conditions improve, i.e., when light reaches higher R:FR (Shinomura et al.,
1996; H. Smith & Whitelam, 1997).

At the seedling stage shade impacts the growth of the hypocotyls, cotyledons and primary
leaves. Hypocotyl elongation in response to shade is the best characterized response of
Arabidopsis. It is a fast response what makes it a reliable indicator of SAS. Regarding
cotyledons and primary leaves, it is known that both expand longitudinally mostly due to a
petiole elongation, and also tends to bend upwards, that is, they became hyponastic in
response to shade. Finally, blades of cotyledon and primary leaf area decreases in response
to shade (Lorrain et al., 2008; Martinez-Garcia et al., 2010, 2014; Tao et al., 2008).

In adult plants, organ elongation responses are also observed. As occurs in the seedling
stage, itis observed a petiole elongation and a reduction of the size in leaf blade area. Leaves
also became hyponastic. In Arabidopsis, and other rosette plants, shade induces bolting that
is characterized by the emergence of cauline stems that elongate more than in unshaded
situation. In addition, shade promotes apical dominance resulting in less branching (Franklin,
2008; Gonzalez-Grandio et al., 2013; Tao et al., 2008). Stem and petiole elongation together
with leaf hyponasty help the plant to grow above its neighbors to better capture light to
perform the photosynthesis. Nevertheless, the energy employed in elongating to reach light
and the early flowering phenotype due to the shade conditions leads to a reduction in the
number of seeds produced and a truncated fruit development, a strategy developed by shade
avoider plants to produce enough of viable offspring in these unfavorable conditions (Halliday
et al., 1994; Martinez-Garcia et al., 2010; H. Smith & Whitelam, 1997).

6. Light perception in plants.

As mentioned, plants do not simply detect the absence or presence of light, they use it as
a rich informative signal to detect changes in their environment that impact light intensity,
spectral composition, light direction and duration. To be able to obtain this information,
Arabidopsis possess at least five types of photoreceptors involved in perceiving different
regions of the solar spectrum (Hohm et al., 2013). UV-B RESISTANCE 8 (UVRS8) acts as a
receptor for the ultraviolet-B light (UV-B: 280-315 nm) (Christie et al., 2012; Galvao &
Fankhauser, 2015); cryptochromes (CRY1-3), phototropins (PHOT1 and 2) and zeitlupes
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absorb ultraviolet-A light (UV-A: ~315-400 nm) and B (~400-500 nm) (E. Chen et al., 2007,
Christie et al., 2012; H. Liu et al., 2011); phytochromes (PHYA-E), the biggest and probably
the best-characterized family of photoreceptors, are in charge of mediating responses to R
(600-700 nm) and FR (700-750 nm) (Franklin & Quail, 2010; J. Li et al., 2011), such as the
reductions in the R:FR associated with proximity and canopy shade. All these receptors
control together the photomorphogenic development of seedlings through complex regulatory
networks depending on the quantity and quality of the perceived light. Besides UVRS8 that
uses a triad of tryptophane residues to perceive the light (Jenkins, 2017), all the other known
plant photoreceptors are chromoproteins. They are composed of an apoprotein and a
covalently or non-covalently bound chromofore (Christie et al., 2015; Rockwell & Lagarias,
2006). Although a brief overview of UVR8, cryptochromes, phototropins and zeiplupes will be
given, special attention will be paid to the phytochromes in charge of sensing R:FR and

controlling SAS implementation.

6.1. UVR8 and Perception of UV-B light.

UVRS8 is the only photoreceptor in Arabidopsis discovered to mediate the UV-B
perception. This protein is localized in the cytoplasm and the nucleus, and its abundance is
not affected by the UV-B radiation or other kind of light (Heijde & Ulm, 2012). However, after
irradiance with UV-B, the receptor acts in the nucleus where it binds to promoters of target
genes. UVRS receptors are naturally found as inactive homodimers; but after perception of
UV-B light through specific Tryptophans (Trp), dimers dissociate obtaining active monomers
that initiate a signaling cascade (Christie et al.,, 2012). The active monomers establish
interactions with CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) to mediate several
developmental responses such as inhibition of hypocotyl elongation, accumulation of
flavonoids and anthocyanins, downward leaf curling and entrainment of circadian clock
(Fierro et al., 2015; Morales et al., 2013; Rizzini et al., 2011; X. Yang et al., 2015). UVR8 has
also been involved in SAS responses (Hayes et al., 2014) and it has been suggested that
active UVRS represses auxin biosynthesis and elongation in canopy gaps (Mazza & Ballaré,
2015).

6.2. Cryptochromes, phototropins and zeitlupes perceiving UV-A and blue light.

Cryptochromes (crys) are the first UV-A and B photoreceptors discovered in Arabidopsis,
that in this species are encoded by three genes (CRY1-CRY3) (Christie et al., 2012). They

participate in different processes such as inhibition of hypocotyl elongation, control of
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flowering time, circadian rhythms, stomata opening, root development, responses to biotic
and abiotic stress, fruit and ovule development, etc. (Q.-H. Li & Yang, 2007). Cryl and cry2
act mainly in the nucleus and present partially overlapping functions (Shalitin et al., 2002; Wu
& Spalding, 2007). In general, cryl has been implicated in temperature-promoted hypocotyl
elongation and cry2 in the regulation of photoperiodic flowering (Y. Liu et al., 2013, 2018). In
contrast, cry3 may be acting in chloroplasts and mitochondria, although its function is less
clear (Kleine et al., 2003). Crys are activated by B that provokes conformational changes and
enables interaction with other signaling regulators such as SUPRESSOR OF PHYA-105 1
(SPA1) (Z. Yang et al., 2017; Zuo et al., 2011) and PHYTOCHROME INTERACTING
FACTORs (PIFs). Specifically, crys have been shown to interact with PIF4 and PIFS5,
probably repressing PIFs activity (Pedmale et al., 2016). It has been suggested that a
reduction in B, as happens in canopy shade, lower the activity of cryl signaling pathway

leading to a SAS response promotion (Keller et al., 2011).

Phototropins also perceive UV-A and B. They participate in phototropism, stomata
opening, inhibition of hypocotyl elongation in response to B, intracellular movements of
chloroplasts in response to high amount of light and leaf flattening (Folta et al., 2003;
Kinoshita et al., 2001; tabuz et al., 2012; Sakai et al., 2001). In Arabidopsis there are two
genes encoding for phototropins, PHOTOTROPIN 1 (PHOT1) and PHOT2, with redundant
functions. They belong to AGC kinase family and structurally contain two Light Oxygen
Voltage (LOV) domains non-covalently bound to flavin chromophores: FMN (FLAVIN
MONONUCLEOTIDE) or FAD (FLAVIN ADENINE DINUCLEOTIDE) (Freddolino et al., 2013;
Moglich et al., 2010). It has been shown that after perception of B, phototropins are involved
in the directional growth of the plants towards the light and bending looking for higher amount

of B under shaded conditions (Fiorucci & Fankhauser, 2017).

Another type of UV-A and B photoreceptors are the Zeitlupe family: ZEITLUPE (ZTL),
FLAVIN-BINDING KELCH REPEAT F-BOX 1 (FKF1) and LOV KELCH PROTEIN 2 (LKP2).
These proteins are structurally similar to phototropins and also contain two LOV domains (Ito
et al., 2012). They are involved in processes such as floral transition and entrainment of
circadian clock (Christie et al., 2015; Y. H. Song et al., 2014), but they do not seem to

participate in SAS regulation.
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6.3. Phytochromes.

Phytochromes (phys) are a group of dimeric chromoproteins in charge of detecting R and
FR. Each subunit is a holoprotein formed by the apoprotein bound to a chromophore called
phytochromobiline (Kreslavski et al., 2018; J. Li et al., 2011). In Arabidopsis, five genes were
identified encoding for phytochromes: PHYA, PHYB, PHYC, PHYD, PHYE. All the phys
present the same chromofore but they differ in the apoprotein that is encoded by different
genes. Phys exist in two photoconvertible forms: the biologically inactive R-absorbing form
(Pr) with a maximum of absorption of R (665 nm), and the biologically active FR-absorbing
form (Pfr) with a maximum of absorption of FR (730nm) (Quail et al., 1995). They are
synthetized in the cytoplasm in the Pr inactive form, where they remain in this state when the
plant is in darkness. After perception of R, Pr form photoconverts into the biologically active
form Pfr (Eichenberg et al., 2000). This photoconversion produces a conformational change
that includes the exposure of a nuclear localization signal (NLS) that results in the phys
translocation into the nucleus (Nagatani, 2004). Both, Pr and Pfr forms present different but
overlapped absorption spectrums. Thus, active and inactive phys forms coexist in a dynamic
equilibrium that depends on light conditions, specifically on the relative amount of R and FR
(R:FR) perceived by the plant (M. Chen et al., 2004; Franklin, 2008). High R:FR produces a
higher amount of active Pfr form whereas low R:FR decants the equilibrium towards the
inactive Pr form (Figure 2). One of the first classifications of the phys was biochemical and
showed the existence of two main types: type |, which degrade when they perceive R or white
light (W) (photolabile) and predominate in etiolated seedlings; and type I, which do not
degrade after exposure to light (photostable) and predominate in de-etiolated seedlings
(Clough & Vierstra, 1997).

PhyA is the only one considered a type | because it is photolabile and degraded via the
26S proteasome. It was later determined that phyA was exclusively responsible for de-
etiolation under continuous FR, where it accumulates. In fact, phyA mutants present a similar
phenotype to the wild-type plants when grown under light or R. However, in FR, phyA mutants
display a skotomorphogenic phenotype (they are blind to that kind of light) what confirms the
main role of phyA in perceiving and mediating de-etiolation under monochromatic FR
(Dehesh et al., 1993; Nagatani et al., 1993; Parks & Quail, 1993; Reed et al., 1994; Whitelam
etal., 1993). Moreover, phyA seedlings show long hypocotyls in B (Neff et al., 2000; Whitelam
et al., 1993) what suggests that it also has a role in perception and transduction of B signals.

Later it was noticed that phyA also plays a fundamental role in controlling SAS and hypocotyl
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elongation, but its activity is only detectable at canopy shade (very low R:FR conditions),
conditions in which phyA could accumulate (Martinez-Garcia et al., 2014). PhyB-phyE, are
type Il photostable phys (Quail, 1997). Among them, phyC is the only one without a role in
SAS regulation (Franklin et al., 2003). phyB, D and E have redundant roles (Devlin et al.,
1998, 1999), and from them, phyB plays the leading role in controlling photomorphogenesis
under monochromatic R (Bae & Choi, 2008) and is the main suppressor of SAS. In fact, phyB
mutants present a similar phenotype to the wild-type plants when grown under FR whereas
under R phyB mutants display a very long hypocotyl phenotype (they are almost blind to that
kind of light). More importantly, in high R:FR (W) phyB mutants present a similar phenotype
to that of wild-type seedlings grown in low R:FR (Nagatani et al., 1991; Somers et al., 1991).
Active Pfr form of phyB is prevalent in high R:FR and represses SAS and hypocotyl
elongation (Martinez-Garcia et al., 2010). Upon perception of shade (low R:FR), most of phyB
proteins photoconvert into the inactive Pr form resulting in the promotion of SAS and therefore
the shade-triggered hypocotyl elongation (Figure 2). The differences in the stability of phyA
and phyB are translated in an antagonistic role between them: phyB inhibits SAS under high
R:FR and phyA under very low R:FR (Martinez-Garcia et al., 2014).

7. Shade signaling.

7.1. Phytochrome-PIFs light signaling hub.

Phytochromes directly interact with and regulate PHYTOCHROME INTERACTING
FACTORS (PIFs). PIFs are a group of transcription factors belonging to the basic helix-loop-
helix (bHLH) family of proteins (Leivar et al., 2008; Leivar & Monte, 2014). A total of eight
PIFs have been identified in Arabidopsis: PIF1 to PIF8 (Lee & Choi, 2017; Paik et al., 2017).
They establish a central signaling hub for light-related developmental processes, including
SAS. In unshaded conditions (high R:FR), the phys active form (Pfr) interact with PIFs
through the active phyA (APA, only present in PIF1 and PIF3) and active phyB (APB)
interacting domains. These interactions leads to the PIFs phosphorylation, ubiquitination and,
in the case of PIF1, PIF3, PIF4 and PIF5, also known as PIF Quartet (PIFQ), subsequent fast
degradation via proteasome (Al-Sady et al., 2006, 2008; Leivar & Quail, 2011; Lorrain et al.,
2008; H. Shen et al., 2008; Y. Shen et al., 2007; Zhang et al., 2013). PIF7 is an exception for
these processes. After interaction with phyB, PIF7 is phosphorylated and became unable to
interact with the DNA to regulate gene transcription, but contrarily to the other PIFs, this

process does not lead to its rapid and dramatic degradation (L. Li et al., 2012).
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Figure 2. SAS regulation activity is controlled by phytochromes and its photoequilibrium that
depends on R:FR ratio. Plants detect vegetation proximity because of changes in the R:FR. When
unshaded, phytochrome photoequilibrium is displaced towards the active Pfr form. Under low or very low
R:FR phytochrome photoequilibrium decants towards the inactive Pr form. This releases the repression
imposed over PIFs that initiate a signaling cascade caused by changes in gene expression of SAS regulators.
This cascade results in the shade-induced hypocotyl elongation. Among SAS regulatory players, PIFs,
ATHB2, ATHB4, YUCs, IAAs, SAURs, COP1/SPA, and hormones such as auxins, GAs and BRs act as
positive regulators. In contrast, HFR1, HY5 and DELLAs act as negative regulators. Ethylene seems to have
a dual activity and acts as a SAS repressor or activator depending on its concentration. Adapted from (Pierik
& Testerink, 2014; Sheerin & Hiltbrunner, 2017).

Under shade (low R:FR) conditions, phys most abundant inactive form (Pr) is not able to
interact with PIFs. Then, PIFs are not phosphorylated and can dimerize and exert its activity
as transcription factors modulating gene transcription (Figure 2). They bind to E- (CANNGT)
and G-boxes (CACGTG) and promote the expression of hundreds of PHYTOCHOME
RAPIDLY REGULATED (PAR) genes, most of them being transcription factors that regulate
SAS processes (Roig-Villanova & Martinez-Garcia, 2016) such as the shade-induced

hypocotyl elongation. PAR genes can be grouped in at least three different families of
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transcriptional regulators: (1) bHLH (e.g., BIM1, BEE1, HFR1, PAR1, PAR2, PIL1), (2)
homeodomain-leucine zipper (HD-Zip) (e.g., ATHB2, ATHB4, HAT1, HAT2 and HAT3) and
(3) B-box Domain Protein (BBX) (e.g., BBX21, BBX22, BBX24, BBX25) (Bou-Torrent et al.,
2008; Cifuentes-Esquivel et al., 2013; Gangappa et al., 2013; Roig-Villanova et al., 2006,
2007; Salter et al., 2003; Sessa et al., 2005; Sorin et al., 2009). By performing mutant analysis
of these PAR genes, their role in SAS regulation was determined, classifying them as positive
(BEEs, BIMs, BBX24, BBX25) or negative (HFR1, PAR1, PAR2, PIL1) SAS regulators.

In particular, the negative bHLH regulators LONG HYPOCOTYL IN FAR-RED 1 (HFR1),
PHYTOCROME RAPIDLY REGULATED 1 (PAR1) and PAR2 lack the ability to bind the DNA
but they are able to form competitive heterodimers with PIFs to prevent the excessive
hypocotyl elongation (Galstyan et al., 2011; Hornitschek et al., 2009) in a negative feedback
regulation module. Together with phys, this type of negative loops provides another level of
PIFs activity regulation to modulate hypocotyl growth in shade.

Another negative regulator, the bZIP transcription factor ELONGATED HYPOCOTYL 5
(HY5) regulates the shade-induced hypocotyl elongation. In this case, HY5 expression is
induced by shade more slowly in a phyA dependent manner (Ciolfi et al., 2013), hence it
cannot be considered a PAR gene. The mechanism by which it fulfills this negative function
in SAS regulation is not well described (Nawkar et al., 2017). However, it is known that phys
and crys inhibit the activity of COP1/SPA E3 ubiquitin ligase which mediates the ubiquitin-
degradation of some proteins such as HFR1 and HY5. Then, the inhibition of COP1/SPA E3
ubiquitin ligase by active photoreceptors stabilizes HY5 and HFR1 increasing their potential

to inhibit hypocotyl elongation (Figure 2).

7.2. Hormones involved with Shade Avoidance Syndrome.

Besides phys, PIFs and other transcriptional regulators mentioned above, hormones also
play an important role in modulating SAS responses. Among plant hormones, auxins,
brassinosteroids (BRs) and gibberellins (GAs) are considered as growth inducers whereas
cytokinins (CKs) are considered as inhibitors of growth. Ethylene represents a special case
because it has opposite effects in the growth depending on its concentration (Pierik et al.,
2004).

In the case of auxins, their implication in hypocotyl elongation in response to shade has
been established (Bou-Torrent et al., 2014; de Wit et al., 2015; Roig-Villanova et al., 2007).
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It is well known that PIFs control auxin biosynthesis and signaling (Hornitschek et al., 2012).
The endogenous and bioactive auxin indole-3-acetic acid (IAA), is produced from Tryptophan
(Trp) through the SHADE AVOIDANCE 3 enzyme (SAV3, also known as TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSIS 1, TAA1) that converts Trp into indole-3-pyruvic
acid (IPA). Finally, IPA is transformed into IAA by a group of flavin monooxygenases called
YUCCA (YUC) enzymes (Figure 2). YUC genes play an important role in SAS, i.e. yuc2589
mutant does not present responses to low R:FR (Kohnen et al., 2016; Miller-Moulé et al.,
2016). Moreover, expression of some YUCs, including YUC2, YUC5, YUC8 and YUCS9, is
induced under low R:FR in a PIF-dependent manner (Figure 2) (Hornitschek et al., 2012;
Kohnen et al., 2016; L. Li et al., 2012).

Gibberellins (GAs) biosynthesis is also promoted by low R:FR and is involved in the
stimulation of hypocotyl growth (Bou-Torrent et al., 2014). Bioactive GAs, synthetized by
GA3ox and GA200x, are able to interact with GIBBERELLIN-INSENSITIVE DWARF 1 (GID1)
receptor, leading to polyubiquitination and subsequent degradation of DELLASs (Leone et al.,
2014; Schwechheimer & Willige, 2009). DELLAs are able to bind to PIFs (e.g., PIF4) (De
Lucas et al., 2008) and inhibits PIF DNA-binding activity. Then, the shade-induced DELLASs
degradation releases PIFs allowing the promotion of hypocotyl growth (Figure 2).

Brassinosteroids (BRs) act as positive regulators of the shade-induced hypocotyl
elongation, i.e., the BR biosynthesis mutant drarfl is unable to promote the hypocotyl growth
caused by shade (Luccioni et al., 2002). It has been shown that low R:FR increases sensitivity
to BRs and full hypocotyl-growth response to shade requires these hormones (Casal, 2012;
Keller et al., 2011; Keuskamp et al., 2011). BR signaling is connected to GAs signaling
through DELLAS, which negatively regulate BR signaling by binding the positive regulator of
the BR signaling BRASSINAZOLE-RESISTANT 1 (BZR1) and reducing the expression of
BR-responsive genes (Figure 2) (Bai et al., 2012; Gallego-Bartolomé et al., 2012; Qian-Feng
et al.,, 2012). A recent study suggests that phyA inhibits hypocotyl elongation through
repressing BRs pathway, by reducing COP1 nuclear speckles leading to changes in
downstream genes such as PIF4, PIF5 and HY5, that together regulate BRI1-EMS-
SUPPRESSOR 1 (BES1)/BZR1 activity, BRs biosynthesis and BRs target genes (B. Song et
al., 2020).

Although ethylene signaling components under shade still needs further investigation, it

is known that low R:FR can enhance the production of ethylene in wild-type tobacco (Pierik
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et al., 2004). Ethylene signaling seems to present a dual mechanism in regulating the shade
response that depends on ethylene concentration: under low concentrations stimulates

growth whereas under high concentration inhibits growth (Pierik et al., 2004). (Figure 2).

8. An alternative strategy in response to shade: shade tolerance.

As mentioned, A. thaliana and many other plants, including most crops, are shade-avoider
(or sun-loving) species. However, shade-tolerant plants, such as those that grow in the
understory, have adapted to thrive in close proximity or under other plants, where light
amount can be limiting for other plant (shade-avoider) species. Shade tolerance often refers
to the ability of plants to tolerate low light levels and it is also defined as the minimum amount
of light required for plants to survive. Two main hypotheses have been formulated to describe
traits responsible to shade tolerance: (1) improvement in the efficiency of light use, including
higher photosynthetic capacity and consequently a better carbon gain (Givnish, 1988;
Niinemets & Tenhunen, 1997) and (2) maximization of the tolerance to stress (Kitajima,
1994).

To understand shade tolerance, it is fundamental to decipher how these plants are
capable to grow with vegetation proximity or direct canopy shade (low R:FR and very low
R:FR) without promoting some SAS responses, such as shade-induced hypocotyl elongation.
Regarding the hypocotyl response, in contrast to the shade-avoider species Arabidopsis, its
close relative Cardamine hirsuta is a shade-tolerant species, i.e. its hypocotyls are
unresponsive to shade (Hay et al., 2014; Molina-Contreras et al., 2019). This makes C.
hirsuta a good model species to study divergent physiological traits in Brassicaceae, such as
insights of evolutionary, genetic and molecular differences that stablish these two divergent
strategies: tolerate or avoid shade. Up to now, comparative genetic analyses of A. thaliana
and C. hirsuta have shown that differential activity of related orthologous components can
result in the divergent shade responses. For instance, the activities of phyA and HFR1, known
to be SAS negative regulators in A. thaliana, are enhanced in C. hirsuta, which contribute to
the lack of shade-induced hypocotyl elongation in the latter species (Molina-Contreras et al.,
2019; PauliSic et al.,, 2021). It seems therefore that these divergent strategies are
implemented using the same components that work differently in both species. Therefore, a
better understanding of how the shade-induced hypocotyl elongation works in the reference
species A. thaliana might eventually help to better know how different plants adopt either a

shade-avoider or a shade-tolerant strategy to respond to vegetation proximity.
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The general objective of the present work is to expand the current knowledge about the
regulation of the shade avoidance syndrome (SAS) in Arabidopsis thaliana. Specifically, we
aim to better understand the mechanisms and molecular connections between the SAS
regulatory components that modulate the shade-induced hypocotyl elongation response. To

this goal, we defined two specific objectives:

1. Structure-function analysis of PIF7. We aim to establish if the phyB- and DNA- binding
activities are both required for the PIF7 role as a positive SAS regulator. We also aim
to study the effect of shade on PIF7 activity and binding capacity to its target genes.

2. Refining the architecture of SAS regulatory network. We aim to clarify the relationship
between the main components in charge of modulating the shade-triggered hypocotyl
elongation by deepening in the temporal and spatial regulation of this response, i.e.,
to establish when the different regulators act during seedling development and
whether the signals provided by the SAS regulators converge in modulating the

elongation of the same or different cells along hypocotyl axis.
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ABSTRACT

Phytochrome Interacting Factors (PIFs) are transcription factors that form a central
signaling hub for light regulated processes such as the Arabidopsis thaliana seedlings
hypocotyl elongation in response to proximity vegetation or shade. Eight different PIFs have
been described: PIF1-8. They contain an Active Phytochrome Binding motif (APB) involved
in the interaction with active (Pfr) Phytochrome B (PhyB) and a basic helix-loop-helix (bHLH)
domain associated to DNA-binding. When seedlings are grown under shade conditions, PIFs
release from interaction with PhyB and initiate a signaling cascade leading to the shade-
induced hypocotyl elongation. Among PIFs, the photostable PIF7 has a major role in
promoting this response whereas other PIFs play a secondary role in modulating hypocotyl
growth in shade. It is unknown if PIF7 DNA- and phyB-binding activities can regulate different
aspects of the light-regulated development, as it occurs in PIF3, where these activities are,
at least, partially uncoupled. In the present work we demonstrate that (1) punctual mutations
in bHLH domain abolish PIF7 ability to promote hypocotyl growth in response to shade and
the expression of genes involved in that process; (2) punctual mutations in the APB motif
lead to a more photostable and constitutive active PIF7 with ability to bind DNA with the same

strength independently of light/shade conditions.
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1. INTRODUCTION

When facing vegetation proximity (shade), shade-avoider species such as Arabidopsis
thaliana initiate a set of responses known as the Shade Avoidance Syndrome (SAS). The
best characterized SAS response is arguably the promotion of hypocotyl elongation in
seedlings (Casal, 2012; Cole et al., 2011). SAS responses are initiated after perception of
changes in the Red (R) to Far-Red light (FR) ratio (R:FR) caused by nearby vegetation. When
the plant is growing isolated and unshaded, i.e., without any nearby competitors, light has a
high R:FR. By contrast, when the plant is close to and/or shaded by other plants, surrounding
vegetation reflects specifically FR and produces a decrease in the R:FR. In the laboratory,
vegetation proximity or shade is mimicked by enriching white light (W) with FR (W+FR), a

treatment known as simulated shade.

The changes in the R:FR are detected by the phytochromes photoreceptors.
Phytochromes exist in a photoequillibrium between an inactive (Pr) and an active (Pfr) form.
The displacement of the equilibrium to one or the other isoform depends on the R:FR. Under
high R:FR, the equilibrium decants towards the active Pfr form. This active form can bind to
a group of proteins known as PHYTOCHROMES INTERACTING FACTORS (PIFs) (Duek &
Fankhauser, 2005; Leivar & Quail, 2011) and inhibits their activity. PIFs are transcription
factors, so phytochrome-mediated repression prevents PIF-driven regulation of expression
of genes involved in the SAS implementation. By contrast, low R:FR displaces the
photoequillibium towards the inactive Pr form what relieves repression imposed over PIFs.
This allows PIFs to accumulate and/or interact with DNA regulatory elements, that results in
the initiation of the shade-triggered changes of expression on genes with a role in promoting

hypocotyl elongation (Leivar, Monte, Al-Sady, et al., 2008; Leivar & Monte, 2014).

PIFs, that were first identified in Arabidopsis thaliana, are members of the basic helix-
loop-helix (bHLH) family of transcriptional regulators. The bHLH domain allows (i) to dimerize
via the HLH and (i) to bind specific DNA sequences via the basic domain as dimers. As most
bHLH proteins, PIFs bind preferentially a type of E-box (CANNTG) variants known as PIF
binding E-box (PBE-box, CACATG and CATGTG) and G-box (CACGTG) motifs (Hornitschek
et al., 2012; Leivar & Monte, 2014; Oh et al., 2012; Toledo-Ortiz et al., 2003; Zhang et al.,
2013). In addition to the bHLH domain, all known PIFs contain an Active Phytochrome B-
binding (APB) region, which is necessary and sufficient for active phyB-specific binding (Chen
& Chory, 2011; Khanna et al., 2004; Leivar & Quail, 2011). Some PIFs (e.g., PIF1 and PIF3)



|g

also contain an Active Phytochrome A-binding (APA) motif which is needed for active phyA-
specific binding (Al-Sady et al., 2006; H. Shen et al., 2008).

Although there is a total of eight PIFs characterized (Leivar, Monte, Al-Sady, et al., 2008;
Leivar & Monte, 2014; Leivar & Quail, 2011; Paik et al., 2017) the best studied are PIF1,
PIF3, PIF4 and PIF5, also called the PIF quartet (PIFQ). These PIFs have an important role
in repressing seedling de-etiolation. Based on the current information, in the dark
phytochromes are inactive, PIFs accumulate and bind to DNA that represses
photomorphogenesis (promote etiolated phenotype). After light exposure, activation of phyA
and phyB leads to interaction with PIFs that triggers rapid degradation of these PIFQ and
relieves repression of photomorphogenesis, resulting in seedling de-etiolation (Lorrain et al.,
2008; Zhang et al., 2013). Consequently, pifg mutants (deficient in all PIFQ members) display
photomorphogenic phenotype in the dark (Leivar et al., 2009; Leivar, Monte, Oka, et al., 2008;
Shin et al., 2009).

The other PIF with a known role is PIF7, that is a major player in promoting the shade-
induced hypocotyl elongation while it has a minor role in repressing seedling de-etiolation
(Cole et al., 2011; Li et al., 2012; Lorrain et al., 2008). Consistent with having an APB domain
but no an APA domain, PIF7 can interact with phyB but not with phyA (Leivar, Monte, Al-
Sady, et al., 2008). This interaction does not result in a rapid degradation of this PIF, pointing
that, in contrast with PIFQ, PIF7 is quite photostable (Leivar, Monte, Al-Sady, et al., 2008).
Nonetheless, the activity of PIF7 is controlled by the rapid changes in its phosphorylation
status in response to shade. Indeed, under high R:FR, phyB interaction with PIF7 results in
its phosphorylation, and under low R:FR, phyB deactivation results in PIF7 de-
phosphorylation. Phosphorylation reduces its binding to E-boxes in the promoters of its
targeted genes (Li et al., 2012). The phosphorylation state of PIF7 is also important to
determine its cellular localization. The phosphorylated form is accumulated in the cytoplasm,
presumably sequestered by 14-3-3 proteins, a group of proteins that can interact with the
phosphorylated forms of their target proteins in response to certain signals, and this binding
finalizes the signaling event by enabling a change in the subcellular localization (Huang et
al., 2018). When exposed to low R:FR, unknown phosphatases dephosphorylate PIF7
provoking the release from 14-3-3 proteins and the migration to the nucleus, where exerts its
activity as a transcription factor initiating changes in gene expression that result in the
promotion of hypocotyl growth (Huang et al., 2018; Li et al., 2012). Overall, the current view

on how PIF7 acts is that under high R:FR (i.e., low-planting density environments), phyB



interaction results in a phosphorylated form that has little DNA-binding and/or transcriptional
activity. This suggests that PIF7 phosphorylation is controlled by phyB activity, that may
directly transfer the light signal to DNA-bound PIF7 to affect its phosphorylation status and
hence PIF7 target gene expression. Previous analyses in PIF3 showed that its DNA-binding
is not required to modulate the hypocotyl elongation under R (Al-Sady et al., 2008),
suggesting that the DNA-binding activity is not strictly required for full PIF3 activity. It is
however unknown if (1) PIF7 DNA- and phyB-binding activities can regulate different aspects

of the light-regulated development, as it occurs in PIF3 (Al-Sady et al., 2008).

The present study aims to deepen in the PIF7 mechanism acting as a transcriptional
regulator modulating the shade-induced hypocotyl elongation. We performed a detailed
structure-function analysis of PIF7 by pif7 mutant rescue experiments with transgenically
expressed PIF7 mutated derivatives in Arabidopsis. After analyzing the biological activity of
these mutated variants in the SAS regulation, we used them as tools to understand PIF7
ability to bind the DNA depending on light conditions and to identify new PIF7 target genes.



2. RESULTS

2.1. Transgenic lines expressing different PIF7 derivatives differ in the shade-
induced hypocotyl elongation response.

PIF7 primary structure analyses identified the APB maotif in the 5-16 amino acids (Leivar,
Monte, Al-Sady, et al., 2008) and the bHLH domain between the 165-216 amino acid
positions (Roig-Villanova et al., 2007) from the first N-terminal methionine (Figure X1A).
Based on that information, we cloned three PIF7 derivative constructs, using cDNA as a
source of PIF7 coding sequence (therefore without introns): (1) a wild-type form of PIF7
(PIF7wt), (2) a PIF7 derivative with the bHLH domain mutated (PIF7Bm) and (3) a PIF7
variant with the APB motif mutated (PIF7APBm) (Figures X1B-D). The mutations in the
sequences were selected based on mutations previously demonstrated to abolish PIF1 and
PIF3 interaction with the DNA and with active phyB (Al-Sady et al., 2008; H. Shen et al.,
2008) and PIF7 interaction with phyB (Leivar, Monte, Al-Sady, et al., 2008). In particular, the
mutations introduced in PIF7 produced a change of Glu in the position 175 by an Asp (E175D)
in the PIF7Bm derivative (Figure X1A, C) and changes of Glu in position 8 and Gly in position
14 by Ala in both places (EBA and G14A) in the case of PIF7APBm derivative (Figure X1A,
D).

Each of the three derivatives were fused to a triple hemagglutinin tag (3xHA) in the C-
terminal end for immunodetection purposes. Finally, these PIF7-derivative coding sequences
were expressed under the control of fragment of about 2 Kbp (1961 bp) of the PIF7 promoter
(pPIF7) (Figure X1B-D). The Arabidopsis pif7-1 mutant (in Col-0 background) was
transformed which the resulting constructs and the obtained lines were named as follows: (1)
pif7PIF™Wt containing the PIF7wt derivative (pPIF7:PIF7wt-3xHA, Figure X1B); (2) pif7PIF7Bm,
containing PIF7Bm (pPIF7:PIF7TBm-3xHA, Figure X1C); (3) pif7PIF/APBM  containing
PIF7APBm (pPIF7:PIF7APBm-3xHA, FigureX1D).

After selecting for antibiotic resistance (hygromycin), we obtained 20, 17 and 23 resistant
lines (independent T1 lines) of the PIF7wt, PIF7Bm and PIF7APBm derivatives, respectively.
In the T2 generation, we identified 11, 5 and 8 lines with only one insertion of the PIF7wt,
PIF7Bm and PIF7TAPBm T-DNAs, respectively. Once in homozygosis (T3 generation), we
grew Col-0, pif7, pif7PFwt pif7PIF7BM gnd pif7PIF7APBM during 7 days in continuous white light
(W) to measure relative PIF7 expression in each line. As expected, PIF7 transcript was

detected in Col-0 but not in pif7 mutant seedlings. Among all the lines obtained, we selected



two that presented similar PIF7 relative expression levels with Col-0: pif7P!F"t lines #12 and
#13 (Figure X2A), pif7PIF7Bm Jines #01 and #17 (Figure X2B) and pif7PIF7APBM |ines #02 and
#21 (Figure X2C).
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RTLOKLLPTASKADKVSILDDVIEHLKOLOAQVQFMSLRANLPQOMMIPQLPPPQSVLSIQH
Q00000000000 0Q00QFOMSLLATMARMGMGGGGNGYGGLVPPPPPPPMMVPPMGNRDCTN
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Figure X1. Generated PIF7 derivatives with different mutations used to transform pif7. (A) Amino acid
sequence of the ORF of PIF7 derivatives used in this work. The first methionine is highlighted in grey, the
APB motif in blue and the bHLH domain in yellow (the basic domain is underlined). Targeted amino acids for
the directed mutagenesis are underlined and highlighted in green in the PIF7wt and mutated amino acids in
red background in the PIF7APBm and PIF7Bm. Schematic representation of the transgenic (B) PIF7wt, (C)
PIF7Bm and (D) PIF7TAPBmM ORFs fused to the 3xHA tag used to transform pif7 plants. They were expressed
under the control of 1961 bp promoter region (pPIF7). Introduced mutations to impair the basic and the APB
regions in the PIFBm (E175D) and PIFAPBm (E8AG14A) derivatives are indicated in the corresponding

panels.

Next, we examined if the different PIF7 derivatives were able to complement pif7 mutation

by measuring the hypocotyl elongation in response to simulated shade. To do that, we grew



the pif7PIF"Wt pif7PIF7Bm gand pif7PIF7APBM |ines either 7 days in W or 2 days in W and 5 days in
simulated shade (W+FR). As controls, we included Col-0 and pif7 seedlings, that present
similar hypocotyl length in W but clearly differ in W+FR: Col-0 hypocotyls strongly elongate
in W+FR in contrast to the mild elongation of those of pif7 (Figure X2D-F and
Supplementary Figure X1) consistent with published information (Li et al., 2012; PauliSi¢ et
al., 2021). In W, hypocotyls of pif7PIF"t seedlings were significantly longer than those of Col-
0 and pif7, indicating that the PIF7wt transgene was active in promoting elongation even in
W. In W+FR, pif7PIF"t seedlings responded by elongating their hypocotyls that, however, did
not reach the length of Col-0 seedlings (=5 mm vs. almost 7 mm) (Figure X2D and
Supplementary Figure X1). Hypocotyls of pif7P?'F’BmJines were not significantly different from
those of pif7 seedlings in both W and W+FR (Figure X2E and Supplementary Figure X1),
indicating that the PIF7Bm transgene was inactive in promoting elongation in any of the two
conditions analyzed. As pif7PF™t seedlings, hypocotyls of pif7P'F7APBm lines were significantly
longer in comparison with Col-0 and pif7, indicating a PIF7-driven promotion of hypocotyl
elongation in W. However, W-grown pif7PIF7APBm geedlings were longer than those of
pif7PIF"WT suggesting that PIF7APBm was more active than PIF7wt in promoting elongation
in W. In W+FR, pif7PIF7APBM Jines hypocotyl length was also induced compared to W (Figure
X2F and Supplementary Figure X1).

We represented the difference in hypocotyl length of W+FR and W (Figure X2G-I) to
analyze the elongation increase due to the PIF7 derivatives in response to shade, i.e.,
whether activity of transgenic PIF7 derivative was enhanced in response to shade. This
representation showed that Col-O elongated the most in response to W+FR (ca. 6 mm
difference) and pif7 showed a remaining but significant elongation of about 1.5-2.0 mm.
Transgenic pif7P'F"" lines elongated more than pif7 but not as much as Col-0 indicating that
PIF7wt partially rescue the pif7 phenotype (Figure X2G). Importantly, this result indicated
that PIF7wt activity was enhanced by W+FR. By contrast, pif7P!F78m |ines elongated as non-
transformed pif7 (Figure X2H), reinforcing that PIF7Bm had no biological activity.
Interestingly, pif7PIF7APBM Jines elongated as pif7 seedlings (Figure X2I), indicating that
PIF7APBm was active in promoting growth in W but its activity was not enhanced in response

to shade, in clear contrast with PIF7wt.
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Figure X2. PIF7 derivatives confer different hypocotyl elongation in response to W and W+FR. Relative
PIF7 transcript in Col-0, pif7-1 and (A) pif7P'F"*t, (B) pif7PIF7Bm and (C) pif7PIF7APBMjines. Seedlings were grown
for 7 days in W. UBIQUITIN 10 (UBQ10) was used as endogenous reference gene to normalize the
expression of PIF7. Hypocotyl elongation in W and W+FR of Col-0 and pif7-1 compared with (D) pif7PF/wt,
(E) pif7P'F7Bm and (F) pif7P'F7APBM |ines. Seedlings were germinated and grown for 2 days in W and then kept
in W for 5 days or transferred to W+FR for 5 additional days. Values are means * SE of three independent
biological replicas (A-F). Difference in hypocotyl length in W+FR and W (HYPw-:rr-HYPw) for Col-0, pif7-1
and (G) pif7PF7wt, (H) pif7P'F7Bm and (1) pif7P'F7APBm [ines. (G-1) HYPw-+rr-HYPw was calculated for each of three
biological replicas. Values are means * SE of three independent biological replicas. In all panels, different

letters denote significant differences among means (one-way ANOVA with the Tukey test, P-value < 0.05).

2.2. Both APB and basic domains are needed for the shade-induced regulation of
PIF7 target gene expression.

Exposure of Arabidopsis wild-type seedlings to simulated shade rapidly induces the
expression of various direct target genes of PIF7, including PIF3-LIKE 1 (PIL1), YUCCAS8
(YUCB8) and YUCO9 (Ciolfi et al., 2013; Li et al., 2012; Molina-Contreras et al., 2019). As these
three genes are direct targets of PIF7 (therefore, their shade-induced expression is PIF7-
dependent), in pif7 seedlings their shade-induction was absent or strongly attenuated (Jiang
et al., 2019; Li et al., 2012). We wanted to analyze the activity of our PIF7 derivatives in



rescuing this shade-induced expression. W-grown 7-day-old seedlings were treated for either
1 h of W+FR or W to analyze the induction of PIL1, YUC8 and YUC9 (Figure X3). The
expression of these three genes was highly induced by shade in Col-0 but not in pif7 mutant
seedlings, as expected. Nonetheless, the expression of the three marker genes was slightly
different. In W, the relative expression of PIL1 was similar in Col-0, pif7, pif7PF"t and
pif7PIF’Bm lines whereas it was strongly induced (10-15 fold) in pif7P'F7APBm seedlings (Figure
X3A). In W+FR, PIL1 expression was induced 18 fold in Col-0 and about 4 fold in pif7
seedlings. In pif7PIF"t |ines, PIL1 expression was induced to almost similar levels as Col-0
(line #12 with comparable expression levels to those of Col-0), whereas that in pif7P!F’Bm was
comparable to pif7. In W+FR, PIL1 expression in pif7P'F7/APBm was even higher than in W
(Figure X3A).
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In W, YUCS relative expression was not significantly different in Col-0, pif7, pif7P'Fwt and
pif7PIF7BM - but it was higher in pif7PIF7APBM (2.3 fold) (Figure X3B), as happened in PIL1.

Similarly, YUC9 relative expression was not significantly different in pif7, pif7P!IF/wt pif7PIF7Bm



(line #11) and in pif7PIF7APBM (#line 02). However, it was significantly lower in Col-0 and
pif7PIF7Bm (line #01) and significantly higher in pif7P'F7APBm (#|ine 21) compared to pif7 (Figure
X3C). Shade treatment produced a significant increase in the relative amount of YUC8 and
YUC9 in Col-0, less strongly in pif7P'F"t and a mild induction in pif7P'F7APBm (line #21). No

significant changes in expression were found in pif7P'F7Bm and pif7PIF7APBM (line #02).

In summary, (1) the pif7PIF™"t Jines, that presented wild-type levels of expression in W,
showed shade-induced expression of PIL1, YUC8 and YUC9 although attenuated when
compared to Col-0; (2) pif7P'F7Bm expression levels of these genes in W and W+FR mimicked
those observed in pif7 in the same conditions, and (3) pif7P'F7APBm [ines, that already
presented their expression induced in W, showed a shade-induced expression similar to that

observed in pif7 for YUC8 and more responsive for YUC9 and PIL1.

2.3. PIF7APBm protein is more abundant than PIF7wt and PIF7Bm.

Accumulation of transgenic PIF7 derivatives was studied by immunoblot assay after
growing for 7 days in W and then transferred to W+FR for 1 h (Figure X4A). Despite the
differences in loading detected with an anti-actin antibody, a faint band corresponding to PIF7
proteins was detected using an anti-HA antibody in the pif7PIF"wt and pif7P'F/Bm seedlings. The
results indicated that these two PIF7 derivatives accumulated to similarly low but detectable
levels (Figure X4B). In contrast, PIF7APBm accumulated to much higher levels than PIF7wt
protein (Figure X4C). Thus, although all PIF7 derivatives were translated into protein,
PIF7APBm strongly accumulated compared to the other two PIF7 derivatives. As all
transgenic lines had similar PIF7 RNA expression levels (Figure X2A-C), these observations

suggest that PIF7APBm is more stable than the other two PIF7 derivatives.
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Figure X4. PIF7TAPBm accumulates to higher levels than PIF7wt and PIF7Bm derivatives. (A)
Schematic representation of the light conditions used to carry out the immunoblot assay. Immunoblot
analyses to identify PIF7wt, PIF7Bm and PIF7APBm from two pif7PF™ two pif7°F’Bm |ines (B) and two
pif7PIF7APBM |ines (C). For each line, three biological replicas were extracted. PIF7-3xHA derivatives were
detected with an a-HA antibody (upper part of the immunoblot images) and an a-actin antibody was used as

a loading control.

To study differences in photostability between the three types of transgenic lines,
seedlings were grown in W and at day 7 they were differentially treated with W or W+FR for
a few hours (Figure X5). As PIF7wt and PIF7Bm were accumulated at very low levels, to
increase the detection, in this experiment PIF7 derivatives seedlings of all three lines were
treated with MG132, a 26S proteasome inhibitor effective in blocking protein degradation and
known to be effective in the study of photolabile PIFs (Lee & Goldberg, 1998; Yu Shen et al.,
2007). After 3 h of MG132 application, plants were (i) maintained for 3 h more in W, (ii)
transferred for 3 h to W+FR, or (iii) transferred for 3 h to W+FR and then back to W for an
additional hour (Figure X5A). We observed that MG132 allowed to detect more easily PIF7wt
and PIF7Bm in these immunoblot assays. More importantly, the relative abundance of these
two derivatives increased in response to W+FR compared to those kept in W, and rapidly
decreased when transferred back to W. By contrast, PIF7APBm abundance remained
virtually unaffected in all three treatments (Figure X5B). Moreover, PIF7APBm seemed to be
more abundant than PIF7wt and PIF7Bm, not only in W+FR, but also in W. These results

suggest that PIF7TAPBm is more photostable in comparison to PIF7wt and PIF7Bm

derivatives.
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described in A. PIF7-3xHA derivatives were detected with an a-HA antibody (upper part) and an a-actin antibody

was used as a loading control (bottom part).

2.4. PIF7APBm binds target genes in both W and W+FR.

Genome-wide PIF7 target genes have been recently described in seedlings treated in
response to warm temperature and to shade (Chung et al., 2020; Willige et al., 2021). Based
on the available information, PIF7 binding preferentially occurs in shade conditions, when the
inhibitory effect of phyB is removed (Li et al., 2012; Lorrain et al., 2008; Roig-Villanova &
Martinez-Garcia, 2016). For that reason, we expect the PIF7APBm derivative, where phyB
is not able to exert its action, will bind DNA also in W. Therefore, taking advantage of the
constitutive active pif7PIF7APBm |ine, we wanted to test if the target genes of this shade-
independent PIF7TAPBmM derivative, change with the shade conditions. To this goal, we
performed a ChIP assay using pif7PIF7APBm seedlings treated with and without 50 uM MG132
under W and W+FR. First, we checked on the known target PIL1 gene the binding capacity
of this PIF7 derivative including pif7P'Fwt and pif7 as controls (Figure X6A). Due to the low
abundance of the PIF7wt protein on the pif7PF™t line (Figure X4B), we used the protease
inhibitor MG132 (50 pM) to enhance the accumulation of the PIF7wt protein and increase
detection by ChIP. This treatment was also performed in the line pif7P7APBm "although in this
case samples without MG132 treatment were also prepared. When analyzing the R1 region
of PIL1, where a G-box element (described to be bound by PIFs) is located, it was enriched
in the pif7PIFWtand pif7PIF7APBM Jines in all conditions in samples immunoprecipitated with anti-
HA antibody compared to the control samples (immunoprecipitated with IgG antibody). This
enrichment did not happen in the pif7 samples nor when analyzing the negative control region
R2 of PIL1 (located in the gene body of PIL1, where PIF7 does not bind) in any of the samples
(Figure X6A). This experiment indicated that PIF7APBm was able to bind DNA in seedlings
exposed to W or W+FR, in contrast to what has been described for the wild-type endogenous
PIF7 (Leivar, Monte, Al-Sady, et al., 2008; Li et al., 2012). Next, we sampled the W-grown
seedlings of pif7PIF7APEBM |ines grown differentially for 1 h under W or W+FR with and without
MG132 and performed a ChlP-seq experiment. After the corresponding analyses, very few
PIF7 binding peaks were identified. From pif7PIF7APBm grown in W, we obtained 8 and 14 peaks
with and without MG132 respectively. In W+FR, we obtained 25 and 12 peaks with and
without MG132 respectively (Figure X6B). These results showed that MG132 only had a
positive effect in the number of peaks in W+FR-treated samples. With MG132, we identified
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more peaks in W+FR than in W (25 versus 8). This effect might be caused by the MG132
stabilization effect over other regulatory components involved in PIF7 binding, such as PIF4
and PIF5, able to heterodimerize with PIF7. Indeed, without MG132 the number of detected
peaks decreased from 14 in W to 12 in W+FR. Among these peaks, 6 were differentially
found in W and W+FR. Another possible explanation of several of these differences in the
number of peaks is that the bioinformatic analyses were stringent and did not uncover peaks
that a visual inspection identified in most of the samples, e.g., peak close to AT1G49780 was
only found in W+FR without MG132 but a visual inspection showed that the peak was present
in other conditions (Supplementary Figure X2). In summary, MG132 treatment helped us to
increase the number of peaks identified but for further analyses we only used data from non-
treated with MG132 samples to avoid effects due to the stabilization of other regulators apart
from PIF7.

Merging the amount of peaks in all the ChlP-seq samples, we identified a total of 26 peaks
(named as p7_xx, being xx numbers from 01 to 26, see Supplementary Table SX1). From
these, 23 were single peaks, 2 were double peaks and 1 was a multiple peak (Figure X6C).
As PIFs are known to bind E-boxes (CANNTG), we searched for the presence of these motifs
in the central part of each peak (sequence between green lines in Figure X6C). At least one
type of E-box was found in every peak. Specifically, G-boxes (CACGTG) were found in 23 of
26 and PBE-boxes (CACATG) in 8 of 26 peaks. This means that although few peaks were
detected, they had a high potential for PIF7 binding. Moreover, all peaks had a G-box (23, in
white) or a PBE-box (3, in black) in a central position with a deviation of +/- 10% (Figure
X6D). We also analyzed the distance in nucleotides of the E-box from the middle position of
the peak fragment (Figure X6E) and most of the central G/PBE-boxes were located between
10 and 23 nucleotides from that part of the fragment, with a median of 15 nucleotides. This
supports that the central fragment of each peak corresponds to the PIF7 binding site and

these nucleotides appear to have the highest number of sequenced reads (read coverage).

Taking that into consideration, we used the read coverage in the central G/PBE-box in
each of the peaks as reflecting the binding efficiency of PIF7, hence as an indication to
compare the effect of W and W+FR on the binding strength of the PIF7APBm protein. In the
case of double (p7_01 and p7_21) or multiple peaks (p7_17), the read coverage values were
added. No major and consistent differences in average read coverage were found for the
various peaks in W and W+FR (Figure X6F), what points that PIF7APBm binds to these

regions with the same strength, independently of light conditions.
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Figure X6. PIF7TAPBm binds to E-boxes on gene promoters in W- and W+FR-treated seedlings. (A)
Chromatin immunoprecipitation (ChIP) assay performed for PIF7 derivatives in seedlings treated with
(+MG132) or without (-MG132) MG132 in response to W or W+FR. Seedlings of pif7P'F""t (line #12) and
pif7PIF7APBM (line #21) were grown for 7 days in W. At day 7 they were treated 2 h with or without 50 uM MG132
applied to the media and then an additional hour in W or W+FR. On top it is shown the schematic location of
R1 and R2, two ChIP-qgPCR amplified regions in PIL1 gene. R1 corresponds to the region containing the G-
box element in the promoter. R2 corresponds to the PIL1 gene body. Percentage of input +SE in R1 and R2
after ChIP with anti-HA and anti-IgG antibodies is shown for each genotype in each condition (W/ -MG132,
W+FR/ -MG132, W/ +MG132 and W+FR/ +MG132). Values correspond to one of the biological triplicates
that was sent for the ChlP-seq. (B) Venn diagram summarizing the peaks found in a ChlP-seq of pif7P!F7APBm
samples treated with combinations of W/W+FR and +/- MG132. (C) Schematic representation of the three

peak types found visualized using Integrative Genome Viewer software: single peak (p7_09) at PIL1



promoter, double peak (p7_01 A and B) at HFR1 promoter and multiple peak (p7_17 A, B, C and D) at ATHB2
promoter. Vertical green lines limit the PIF7-enriched peak region that was used to localize central G/PBE-
box and its read coverage. (D) Graph showing the relative position of the most central G/PBE-boxes in the
defined PIF7-enriched region for each peak (from p7_01 to peak p7_26). Position was calculated as the ratio
of the most central G/PBE-box position and the peak fragment length. Black dots represent PBE-boxes and
white dots represent G-boxes. (E) Distance of the G/PBE-box deviation (humber of bp) from the middle point
of each peak. (F) Representation of the PIF7APBm binding strength for each peak found in both W and W+FR
conditions. The binding strength is measured as the average of read coverage normalized to 1 million mapped

reads on each of the six nucleotides of the central E-box.

To analyze which genes were associated to the peaks found, we selected the nearest
upstream and downstream genes with the right orientation relative to each peak. The farthest
located gene we have included was 20 kb from the center of the peak. In some cases (p7_02,
p7_15 and p7_26), the closest downstream or upstream gene was in a region that was part
of the peak. In these situations, that gene was selected but we also incorporated the next
closest gene (Supplementary Table SX1). A special case was the peak p7_21A that was
close to BRI1 although this gene was not in the right orientation. However, we included BRI1
in our gene list because it has been described as a PIF target (Pfeiffer et al., 2014). Following
these criteria, we selected a total of 56 candidate genes whose expression could be regulated
by PIF7 binding to their promoter. We compared our 56-candidate gene list with published
lists of PIFs-bound genes (Figure X7 and Supplementary table SX2). A total of 41 genes
had already been described as PIF-bound and target genes: 30 of our 56 genes had been
identified previously as PIF7 targets (Chung et al., 2020), and 11 of our 56 genes had been
described as other PIFs targets (PIF1, PIF3, PIF4 or PIF5) (Pfeiffer et al., 2014). Only 15 of
our found genes have not been identified previously as PIFs targets. This can be in part
because although we may find the same peaks, the gene selection criteria could differ
between different authors. About 1000 PIF7 binding regions were detected by ChiP-seq in a
very recent work (Wilige et al., 2021). However, authors did not associate all the peaks with
genes, selecting only those regions where PIF7 binding was strongest to propose a list of 20
PIF7 target genes. From this list, 8 genes were also found in our ChlP-seq analyses (data

not shown).
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Figure X7. Most of the PIF7 peaks are associated with genes identified are known PIFs targets and are
upregulated in response to shade treatment. Table with the peaks found in our ChIP-seq experiment and
the closest genes associated to them. The AGI number, the strand (direction) and/or the name of each gene
are indicated. Genes identified as PIF targets in other ChlP-seq experiments are marked in yellow. Genes found
in published genome-wide expression experiments under different shade time exposures are marked in blue

when upregulated and in magenta when downregulated.

We also crossed the 56 genes associated to our ChlP-seq peaks with published lists of
genes whose expression was modulated in shade conditions (Figure X7 and
Supplementary Table SX2). Thirteen genes did not vary their expression pattern on any of
the list of genes. The expression of the remaining 43 genes was affected at least in one
condition of the experiments analyzed: 30 of them were only upregulated by shade, 7 were

only downregulated and 6 were up and downregulated, depending on the experiment.

Relative to the 15 genes found as PIF7 bound only in our ChlP-seq, 7 of them were not
regulated by shade in any of the RNA-seq lists, therefore we will not consider them as PIF7
targets. From the remaining 8 genes that only appear in our list, AT2G23760 (BLH4),
AT2G46990 (IAA20), AT4G19450 and AT5G12030 (HSP17.6A) are upregulated or
downregulated in 3 or more RNA-seq lists. Importantly, all the peaks but p7_07 have at least
one gene associated whose expression was shade-regulated.



3. DISCUSSION

PIFs are known to promote the Shade Avoidance Syndrome (SAS) (Leivar & Quail, 2011).
Among the different PIFs, genetic analyses showed a major role of PIF7 in promoting the
hypocotyl growth in contrast with the minor role of PIFQ (Cole et al., 2011, Li et al., 2012
Lorrain et al.,, 2008). For that reason, the study of this specific PIF might help to better
understand the SAS. As other PIFs, PIF7 contains an APB and a bHLH domain, which
suggested that phyB-PIF7 interaction controls PIF7 DNA-binding and transcriptional activities
that, eventually, modulate among other SAS responses, the shade-induced hypocotyl
elongation. Structure-function analyses of the photolabile PIF3, the well-studied founder
member of the PIF family (Martinez-Garcia et al., 2010; Ni et al., 1998), revealed surprising
results about the mechanism employed by PIF3 to promote hypocotyl elongation. These
analyses established that the two domain activities (phyB- and DNA-binding) can be
separated involving a temporal uncoupling of its two most central molecular functions, i.e.,
mutated bHLH domain in PIF3, which blocked DNA binding activity, loses its capacity to
regulate rapid-response target gene expression in response to constant R (Rc), but fully
retains its capacity to regulate phyB levels and hypocotyl growth. In contrast, during long-
term Rc PIF3 acts exclusively through its phyB-interacting capacity to modulate hypocotyl
growth, independently of its ability to bind DNA (PIF3 with APB motif mutated, unable to bind
to phyB active form, failed to rescue pif3 short hypocotyl phenotype) (Al-Sady et al., 2008).
Physical separation of molecular activities was also observed in other transcription factors
involved in the modulation of shade-induced hypocotyl elongation, as ATHB4, a transcription
factor of the homeodomain-leucine zipper family whose DNA-binding activity is not required
for the regulation of the seedling responses to plant proximity (Gallemi et al., 2017). In the
case of PIF7, it was not known, however, whether this separation of activities is conserved
and if the APB motif is able to modulate hypocotyl growth without DNA-binding activity. Our
structure-function analysis of PIF7 aimed to address this point.

After transforming pif7 mutant with the PIF7wt derivative, we obtained a partial
complementation, where the hypocotyl length in shade did not reach the length of Col-0. As
observed by some authors (Huang et al., 2018; Li et al., 2012), pif7P'F""t seedlings were
longer than Col-0 in W. We hypothesize that this could be due to differences in the spatial
distribution of PIF7 along the plants and/or differences in their regulation because the chosen
promoter region of 1961 bp could be missing some regulatory elements. Moreover, as our

PIF7 derivatives do not contain introns, they do not suffer splicing, being defective in this
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regulatory mechanism. In contrast to PIF7wt derivative, in lines transformed with PIF7Bm the
pif7 mutant phenotype was not rescued. As the protein was produced to similar levels as the
wild type (Figures X4, X5), these results support that the mutation in the basic domain
(E175), that affects a residue conserved in several bHLH proteins involved in DNA binding,
abolishes this activity. More importantly, the lack of DNA-binding of this PIF7 derivative is
essential not only for the rapid changes in gene expression driven by PIF7 after shade
treatment but also for the shade-induced promotion of hypocotyl length (Figures X2, X3).
These results contrast to what has been published for PIF3, in which DNA-binding was
required for the rapid and direct R-induced changes in gene expression but not for the
complementation of the R-induced promotion of hypocotyl (Al-Sady et al., 2008). Despite its
lack of activity, abundance of PIF7Bm is affected by the shade treatment, like the active

PIF7wt protein, reflecting that the APB domain is functional (Figure X4. X5).

The two mutations introduced to abolish phyB-binding (EBAG14A) have been previously
shown to inhibit PIF7 binding to active (Pfr) phyB (Leivar, Monte, Al-Sady, et al., 2008),
although their impact in PIF7 activity in plants was not studied. The production of the mutant
PIF7TAPBm form resulted in a constitutively active PIF7 in the transformed lines, that
displayed much longer hypocotyls in W than Col-0 and the other genotypes (Figure X2F).
This constitutive phenotype of PIF7APBm contrasts with the null activity in promoting
hypocotyl elongation of the equivalent PIF3 molecule unable to bind to any phytochrome (Al-
Sady et al., 2008). In W+FR, these lines responded to shade elongating their hypocotyls.
However, the increase in hypocotyl elongation in response to shade was similar to that of
pif7PIFBm and pif7 (Figure X2I). Probably, the extra shade-induced elongation detected in
these three genotypes is due to other PIFs (PIF3, PIF4, PIF5), whose activity is still present
in all phenotypes and were also shown to modulate SAS (Leivar & Quail, 2011; Lorrain et al.,
2008; Willige et al., 2021).

Our expression analyses of PIF7 direct targets such as PIL1 and YUCCA genes (Li et al.,
2012) agree with hypocotyl elongation. PIF7wt derivative promotes the rapid shade-regulated
expression of PIL1, YUC8 and YUCY, as it occurs in Col-0. PIF7Bm lacks any biological
activity and PIF7APBm enhances the expression of these three PAR genes constitutively in
W (Figure X3). In conclusion, the abrogation of all the biological activities tested in this work
caused by mutating the DNA-binding domain of PIF7 (PIF7Bm) and phyB interacting domain
(PIF7TAPBm) indicates that, in contrast to what was observed for PIF3 (Al-Sady et al., 2008),



PIF7 DNA-binding and phyB binding are needed to properly modulate early changes in gene
expression of PIF7 targets and hypocotyl growth in a light-dependent manner.

Regarding PIFs photostability, it is known that interaction of phyB active form with PIFs
results in their rapid phosphorylation, which is postulated to somehow reduce the activity of
the bHLH domain to bind DNA (Al-Sady et al., 2006). In the case of PIFQ (PIF1, PIF3, PIF4
and PIF5), their phosphorylation results in their degradation by the 26S proteasome (Inoue
et al., 2016; Lorrain et al., 2008; H. Shen et al., 2008); by contrast, the phosphorylation of
PIF7 reduces its capacity to bind the DNA having a poorly impact on its stability but results
in its cytoplasmatic localization sequestered by 14-3-3 proteins (Huang et al., 2018; Leivar,
Monte, Al-Sady, et al., 2008; Li et al., 2012). These lead to the PIFs classification in two major
groups: photolabile (PIF1, PIF3, PIF4 and PIF5) and photostable (PIF7). Our analyses of
PIF7 derivatives indicate that PIF7 stability is negatively affected by W when a fully functional
APB domain can interact with the active phyB. Consequently, although PIF7 is generally
considered a photostable PIF (at least in contrast with the extremely labile PIFQ), its
abundance shows a degree of light-dependence, and this stability depends on the interaction
with the active phyB. Importantly, abundance of PIF7APBm was virtually unaffected by the
shade treatment, supporting that the APB domain provides a level of regulation that is phyB
dependent. It must be mentioned that, surprisingly, we could detect the decrease of PIF7wt
and PIF7Bm when transferred from W+FR to W, in presence of the 26S proteasome inhibitor
MG132 (Figure X5). This is consistent with recent results indicating that PIF7 does not
appear to be under major regulation by the proteasome, i.e., treatment with MG132 only
moderately increases PIF7 abundancy (Chung et al., 2020). Consequently, the degradation
of PIF7 might be depending on other degradation pathways and MG132 treatment was useful
to improve PIF7wt and PIF7Bm detection but allowed to detect changes in their abundance

depending on light conditions.

Electrophoretic mobility shift assays demonstrated in vitro binding of PIFs (i.e., PIF1/PIL5,
PIF3, PIF4, PIF5/PIL6, and PIF7) to G-box elements (Hornitschek et al., 2009; Huq et al.,
2004; Hug & Quail, 2002; Leivar, Monte, Al-Sady, et al., 2008; Oh et al., 2007; Shin et al.,
2007; Toledo-Ortiz et al., 2003). Chromatin immunoprecipitation (ChIP) assays have also
confirmed in vivo binding of PIFs to promoters containing G-boxes (Hornitschek et al., 2012;
Oh et al., 2007, 2009, 2012; Shin et al., 2007; Zhang et al., 2013). In addition to G-box
elements, PIFs also bind weakly in vitro to a particular E-box element called the PBE-box
(Dong et al., 2008; Pfeiffer et al., 2014; Shin et al., 2007; Zhang et al., 2013). As expected,

|g



|§

after performing a ChiP-seq experiment with pif7 complemented with PIF7APBm derivative,
all the peaks found had PBE-boxes or G-boxes in its central part, where PIF7 is supposed to
bind. We only could detect 26 peaks that, in comparison to other ChiP-seq works analyzing
PIF7 targets (Chung et al., 2020; Pfeiffer et al., 2014; Willige et al., 2021), is a low number of
peaks. This could be due to unknown technical Ilimitations of the chromatin
immunoprecipitation assay (e.g., antibody chosen to perform the immunoprecipitation).
However, our peaks are well defined and similar to those found in published ChIP-seq
experiments detecting PIF7 targets, what strengthen the validity of our results
(Supplementary Figure X3). Surprisingly, among the peaks found, YUC8 and YUC9 were
not present, although both genes are defined as PIF7 targets (Ciolfi et al., 2013; Li et al.,
2012). The absence of these genes in our ChlP-seq analyses could be caused because we
only could identify peaks where PIF7 binds with the highest strength. Indeed, YUCS8 and
YUC9 were not found among those genes with the strongest PIF7 binding and activated
expression (Willige et al., 2021).

We wondered if shade conditions could be somehow regulating PIF7 activity also in an
APB-independent manner, that is, light conditions could also modulate PIF7 strength to bind
DNA by affecting other factors that PIF7 such as chromatin openness. However, when
analyzing differences in the ability of PIF7APBm to bind to promoter regions depending on
light conditions, we observed that this PIF7 derivative binds to DNA regions with the same

strength independently of light conditions.

It has been suggested that light regulates chromatin accessibility in a process where PIF7
plays an important role (Peng et al., 2018). In chromatin remodeling, histone
acetyltransferases (HATSs, catalyzing acetylation) and histone deacetylases (HDACSs,
catalyzing deacetylation) provoke the transformation of the condensed chromatin into a more
relaxed structure to allow gene transcription and the inverse process respectively (Liu et al.,
2014; Lusser et al., 2001; Yuan Shen et al., 2015). Other mechanism that affects chromatin
condensation is the presence of the histone H2A.Z, a histone variant that represses gene
expression in Arabidopsis and is removed from chromatin in response to various
environmental stimuli (Coleman-Derr & Zilberman, 2012; Sura et al., 2017; Zander et al.,
2019). In shade conditions, dephosphorylated PIF7 is able to interact and recruit MORF
RELATED GENE 2 (MRG2) that interacts with HATSs, building a multiprotein complex which
is essential for histone acetylation and activation of transcription of genes involved with SAS

(Peng et al., 2018). Moreover, dephosphorylated PIF7 also interacts with the EEN subunit of



the INO80 chromatin remodeler that reduces the global H2A.Z bind to shade-related genes
such as ATHB2 facilitating transcriptional activation (Alatwi & Downs, 2015; Brahma et al.,
2017; Willige et al., 2021). Our results together with these observations lead to conclude that,
although shade conditions do not appear to affect the binding strength of PIF7 to DNA within
1 h after shade exposure is initiated, it might affect chromatin accessibility after longer shade
exposures or indirectly through the ability of the shade-induced dephosphorylated PIF7 to
bind DNA- and recruit chromatin remodeler complex to decondense DNA and allow the gene

activation.

In conclusion, we have generated and characterized transgenic lines expressing three
PIF7 derivatives. Two of them had altered molecular functions, what provides powerful tools
to investigate PIF7 molecular mechanism in regulating the shade triggered responses.
Specifically, pif7PIF7APBM js a constitutively active line and an interesting resource to analyze
differences in PIF7 activity modulated directly by light/shade conditions without the need to
interact with phyB. The transgenic line containing PIF7APBm resulted in the elaboration of a
small list of PIF7 direct target genes identifying 8 new direct targets whose investigation could
help to decipher, up to now, unknown aspects about the molecular mechanism that control
the shade-induced hypocotyl elongation.
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4. MATERIAL and METHODS

4.1. Plant material and growth conditions.

Arabidopsis thaliana Col-0 and pif7-1 (Leivar, Monte, Al-Sady, et al., 2008; Li et al., 2012)
were used in this study to generate transgenic lines. To produce seeds, A. thaliana plants
were grown in the greenhouse under long day photoperiod conditions (16 h light and 8 h
dark) as described (Martinez-Garcia et al.,, 2014). For hypocotyl assays, seeds were
sterilized during 10 min in a solution containing 10% bleach (v/v) and 0,1% Tween-20 (V/v).
Then seeds were washed five times with sterile water 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). After at
least 3 days of stratification at 4 °C in darkness, plates were incubated in growth chambers
at 22 °C under continuous white light (W) provided by 4 cool-white vertical fluorescence tubes
for 2 days (PAR of 20-25 umol-m2-s1, R:FR > 3.3). After that, plates were either maintained
in W or transferred to simulated shade conditions (W+FR). Simulated shade was generated
by supplementing W with FR provided by 4 horizontal LED lamps (PAR of 20—25 umol-m2-s
!, R:FR of about 0.07). At day 7, seedlings were lied down on the petri dishes and pictures of
them were taken. Each biological replicate corresponded to ~25 seedlings per treatment and
genotype. Hypocotyl measurements were carried out by using the National Institutes of
Health (NHS) ImageJ software (Bethesda, MD, USA; http://rsb.info.nih.gov/). Hypocotyl

measurements from three different biological replicates were averaged.

For plant gene expression analyses or immunoblot assays, seeds were sown over a
sterilized nylon membrane located on the top of the solid agar plates previously mentioned.
After the germination, A. thaliana seedlings were grown for 7 days for all the performed
experiments (hypocotyl measurements, expression analyses, immunoblot assays and

chromatin immunoprecipitation).

4.2. Generation of PIF7 variants for pif7-1 complementation.

Wild-type PIF7 CDS was amplified with the primers JO414 and JO415 using Col-0 cDNA
as a template, which generated a DNA fragment that removed the stop codon and introduced
a Xhol site (PIF7m°_STOP) This PCR product was subcloned in a selected orientation (ATG
close to the Xhol site from the multiple cloning site) into PCRII-TOPO (Invitrogen) to generate
pRA1. Selected colonies were sequenced to confirm their identity. Plasmid pRA1 was
digested with Xhol and PIF7.: was inserted in pSP55 (containing 3xHA tag) (Paulisic¢ et al.,


http://rsb.info.nih.gov/

2021) previously digested with Sall and dephosphorylated, which gave pRA2. This plasmid
contained the wild-type PIF7 ORF fused in frame with 3xHA (PIF7wr-3xHA). Finally, pRA2
was digested with EcoRI and PIF7wr-3xHA was directionally cloned into pENTR3C to obtain
pRA3. This plasmid contained PIF7wr-3xHA, flanked with attL1 and attL2 sites
(attL1<PIF7wr-3xHA<attL2).

Derivatives of A. thaliana PIF7 with the APB (PIF7apem) and basic (PIF7sm) domains
mutated were obtained by PCR-based site-directed mutagenesis using pRA3 as a template.
To obtain PIF7apem-3XHA, two fragments were amplified using MJO25 plus JO417 and
JO416 plus MJO25 primer combinations, respectively. Both PCR fragments were mixed and
amplified using the nested JO414 and SPO32 primers. The resulting DNA fragment
contained a full-length PIF7 with the mutated APB domain fused to the 3xHA. This PCR
product was cloned into PCRII-TOPO generating the plasmid pRA4 (PIF7apem-3xHA).
Selected colonies were sequenced to confirm the presence of the two-point mutations that
substituted Glu 8 by Ala (E8A) and Gly 14 by an Ala (G14A) in the APB domain.

To obtain PIF7gm, two fragments were amplified using MJO25 plus JO419 and JO418
plus MJO25 primer combinations, respectively. As before, both PCR fragments were mixed
and amplified using the nested JO414 and SPO32 primers. The resulting DNA fragment
contained a full-length PIF7 with the mutated basic domain fused to the 3xHA. This PCR
product was cloned into PCRII-TOPO generating the plasmid pRA5 (PIF7sm-3XHA). Selected
colonies were sequenced to confirm the presence a point mutation that substituted Glu 175
by and Asp (E175D) in the basic domain.

pRA4 and pRAS5 were digested with EcoRI and the inserts containing the PIF7 derivatives
were directionally cloned into pPENTR3C to obtain pRA7 (attL1<PIF7apem-3XHA<attL2) and
pRA8 (attL1<PIF7sm-3xHA<attL2), respectively. These plasmids contained the PIF7
derivatives flanked with attL1 and attL2 sites. To express these PIF7 derivatives in plants,
pRA3, pRA7 and pRA8 were digested with BamHI and Xhol. The resulting BamHI-Xhol
fragments were subcloned into the BamHI-Sall digested pCAMBIA1300-based pCS14 vector
(containing the CaMV 35S promoter, p35S) (Sorin et al., 2009) to generate pBAl8
p35S:PIF7wt-3xHA), pBAG6 (p35S:PIF7apem-3XHA) and pBA16 (p35S:PIF7sm-3xHA).

We amplified a ca. 2 kb fragment of PIF7 promoter (pPIF7) starting immediately before
the ATG of PIF7 gene using gDNA of A. thaliana wild-type Col-0 as a template and primers
JDO14 and SPO20. This fragment was subcloned into pCRII-TOPO to generate pSP94.
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Selected colonies were sequenced to confirm their identity. Finally, pBA18, pBA6 and pBA16
were digested with EcoRI (that removed the p35S) and dephosphorylated, and the EcoRI
fragment from pSP94 containing the pPIF7 was subcloned into the same site. The resulting
binary vectors were named as pPP8 (pPIF7:PIF7wr-3xHA), pPP5 (pPIF7:PIF7apem-3XxHA)
and pPP6 (pPIF7:PIF7arem-3XHA). These binary vectors confer resistance to kanamycin in
bacteria and hygromycin in plants.

A. thaliana pif7-1 plants were transformed with pPP8, pPP5 and pPP6. Transgenic
seedlings were selected on 0.5xGM- medium with hygromycin (30 ug/ml) and verified by PCR
genotyping using specific primers. Homozygous transgenic plants with 1 T-DNA insertion
were finally used for the experiments. The obtained lines were named as pif7PIF7WT  pif7PIF7Bm

and pif7PIF7APBm The primers used for the Cloning are provided in supplementary Table SX3.

4.3. RNA extraction and gene expression analyses.

Seven-day-old seedlings grown in the specific conditions for each experiment were used
as material to extract total RNA. The seedlings were harvested and frozen in liquid nitrogen.
The RNA was extracted using commercial kits (Maxwell® RSC Plant RNA Kkits;
www.promega.com) following manufacturers protocol and quantified using NanoDropTM
8000 spectophotometer (ThermoFischer ScientificTM). Two pg of total RNA were
retrotranscribed to cDNA in a final volume of 20 pl by using the Transcriptor First Strand
cDNA synthesis KIT (Roche, www.roche.com). Subsequently cDNA was diluted ten-fold with
water and stored at -20°C for further analysis.

Relative mRNA abundance was determined via Real-Time Quantitative Polymerase
Chain Reaction (RT-gPCR) in a final volume of 10 pl made up of 0.3 uM of both, forward and
reverse primers, 5 ul of the LightCycler 480 SYBR Green | Master Mix (Roche) and 2 pl of
ten-fold diluted cDNA (Molina-Contreras et al.,, 2019). The RT-qPCR was carried out in
LightCycler 480 Real-Time PCR system (Roche). This analysis was performed with three
independent biological replicates for each condition and three technical replicates for each
biological replicate. As endogenous reference genes to normalize the expression of the
genes of interest, UBIQUITIN 10 (UBQ210) or the ELONGATION FACTOR 1a (EF1a) were
used, as indicated in the corresponding figure legends. The primers used for the RT-gPCR
analyses are provided in supplementary Table SX4.
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4.4. Protein extraction and immunoblot analyses.

About 50 mg of 7-day-old seedlings grown as indicated, were used to extract proteins as
follows. In some cases, at day 7 plants were treated with 50 uM MG132 for 6 h applied to the
media and exposed to different light conditions specified in each case. Plant material was
harvested, weight and frozen in liquid nitrogen. The material was ground to powder, and total
proteins were extracted using a buffer containing SDS (1.5 pl per mg of fresh weight). Protein
concentration was determined using PierceTM BCA Protein Assay Kit (Thermo Scientific,
www.thermoscientific.com). Proteins (45-50 pg) were resolved in a 12% SDS-PAGE gel and
transferred to a PVDF membrane (Bio-Rad WET transference system). The membrane was
activated with methanol 100% and blocked with 5% powder milk solution in TBST during 1 h.
After that, the membrane was immunoblotted with rat monoclonal anti-HA (high affinity,
clone3F10, Roche, www.roche.com; 1:2000 dilution), then hybridized with polyclonal
peroxidase (HRP) conjugated goat anti-rat (A9037, Sigma, www.sigma Aldrich.com; 1:5000
dilution). Next, the membrane was immunoblotted again with rabbit polyclonal anti-actin
(Agrisera, www.agrisera.com; 1:5000 dilution). Then hybridized with HRP-conjugated donkey
anti-rabbit (Amersham, www.gelifesciences.com; 1:10000 dilution). Blot pictures were
obtaining with ChemiDocTm Touch Imaging system (Bio-Rad, www.bio-rad.com) using ECL
Prime Western Blotting Detection Reagent (GE Healthcare, RPN2236).

4.5. Statistical analyses.

The statistical analyses were carried out using the Real Statistics Resource Pack, an
Excel add-in that extends Excel's standard statistics capabilities. Type of analyses and

compared measurements are indicated in figure legends.

4.6. Chromatin Immunoprecipitation Protocol (ChIP).

Plants were germinated and grown in W. At day 7 treatments were done: seedlings were
treated for 3 h without or with 50 uM MG132 applied to the media and transferred to W or
W+FR for 1 h more. After that, plant material was harvested and submerged in a crosslinking
solution (1xPBS, 0.01% (w/v) Triton, 1% (w/v) formaldehyde). They were vacuum infiltrated
for 10 min and the crosslinking was vacuum quenched for 5 min by adding 2 M glycine to a
final concentration of 0.125 M. Then, the tissue was rinsed with water, dried on a filter paper

and conserved at -80°C until processing.

|§
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For the nuclei extraction samples were grinded into a powder and mixed with MEB buffer
[1 M hexylene glycol; 20 mM PIPES-KOH pH 7.6; 10 mM MgClz; 0.1 mM EGTA, pH 8, 20
mM NaCl; 60 mM KCI; 0.5% (w/v) Triton; 5 mM B-mercaptoethanol; 1x protease inhibitor (PI)
cocktail (cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail, MERK)] for 15 min under
rotation at 4°C. The homogenate was filtered twice through Miracloth and centrifuged 6 min
at 4°C at 1500g to pellet the nuclei. After removing the supernatant, the nuclei were
resuspended in Nuclei Lysis Buffer [50 mM Tris-HCI, pH 8.0; 10 mM EDTA; 1% (w/v) SDS;
1x PI cocktail. Then the chromatin was sonicated for 7 to 9 x 20 sec “ON”, 45 sec “OFF” (high
power) in a Bioruptor (Diagenode). The samples were diluted ten times with ChIP dilution
buffer [1.1% (w/v) Triton X-100; 1.2 mM EDTA; 16.7 mM Tris-HCI, ph 8.0; 167 mM NacCl; 1x
PI cocktail]. Then, the samples were centrifuged 5 min at 8000g to sonicated chromatin in
the supernatant was collected. The chromatin solution was split into the necessary number
of tubes (one for each immunoprecipitation, IP) and 10 pl were kept as input. Each chromatin
sample was incubated overnight at 4°C with an a-HA monoclonal antibody (the same used

for the western blot).

Dynabeads™ Protein G for Immunoprecipitation (Thermo Fisher Scientific;
www.thermoscientific.com) were equilibrated with ChIP dilution buffer and they were added
to the chromatin solution. The amount of beads used was 1/10 of the chromatin volume. The
samples were rotated gently at 4°C for 60-90 min. Afterwards, the beads were captured with
a magnetic rack and the supernatant was discarded. The beads were washed five times,
twice with Low salt buffer [150 mM NacCl; 0.1% (w/v) SDS; 1% (w/v) Triton X-100; 2 mM
EDTA; 20 mM Tris-HCI, pH 8.0] and twice with High salt buffer [500 mM NacCl; 0.1% (w/v)
SDS; 1% (w/v) Triton X-100; 2 mM EDTA; 20 mM Tris-HCI, pH 8.0] and finally, the
immunoprecipitated chromatin was washed with TE buffer. The volume of the buffers utilized
for washings was the same volume as chromatin used for the ChIP. Input samples and the
immunoprecipitated samples were de-crosslinked by using the I[Pure kit (diagenode;
www.diagenode.com) and following the instructions of the fabricant. Samples were ready to

carry out further expression experiments and sequencing.

4.7. Bioinformatic analyses of the ChlP-seq.

The ChIP-seq analyses was performed using the nf-core/chipseq pipeline (nf-
core/chipseq v1.1.0, Nextflow v20.04.1) (10.5281/zenodo0.3240506). The internal parameters
used were as default, but for the model fold parameter, which was set to -m 4 50. The input
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parameters were as follows: — genome TAIR10 — macs_gsize 11.95e7 — single_end —
narrow_peak — fragment_size 230. Two different analyses were done to increase the number

of peaks detected: with and without pooling the biological replicates.

4.8. Visualization of ChIP-seq results.

Peaks found in the ChiP-seq, genes associated to the peaks, PBE/G- boxes positions
and read coverage in the central G/PBE-box in each of the peaks was analyze using the
Integrative Genomics Viewer (Robinson et al., 2011, 2017; Thorvaldsdattir et al., 2013) and

the Integrated Genome Browser (Nicol et al., 2009).

A
L ]


https://igv.org/

5. SUPPLEMENTARY INFORMATION

5.1. Supplementary Figures
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Supplementary Figure SX1. Aspect of seedlings of Col-0, pif7 and transgenic lines pif7PFwt, pjf7PIF7Bm

and pif7PF7APBM grown in W and in W+FR. Seedlings were grown as indicated in Figure X2D-F.
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Supplementary Figure SX2. Visualization of peak located close to AT1G49780 using IGV genome
browser. Peak p7_03 was only detected bioinformatically in W+FR without MG132 (pif7PIF7APBm \WW+FR/ -
MG132). However, it can be visualized in the rest of the samples (W/ -MG132, W/ +MG132 and W+FR/
+MG132). Black color indicates W conditions and red color indicated W+FR.
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Supplementary Figure SX3. Most of our peaks were already found as PIF7 targets in previous ChlP-
seqs. Visualization of peaks corresponding to promoters of (A) ATHB2, (B) HFR1 and (C) PIL1 compared to
those obtained by Chung et al., 2020 (colored in orange). Peaks found in our ChiP-seq are colored in black
for samples treated with W and in Red for samples treated with W+FR.

5.2. Supplementary Tables

Table SX1. List of peaks found in the ChlP-seq for PIF7TAPBm. Each peak is associated
to their nearest genes. AGI number, the strand (direction) and the name of each gene are
indicated. Information about peak sequences and their coordinates is also provided to

localize them in A. thaliana chromosomes. Table SX1 is available at https://bit.ly/3hB7ecm.
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Table SX2. Lists of PIF-targeted genes found in published ChIP-seq and genes
detected in RNA-seqs whose expression is modulated by shade conditions. These lists
were obtained from previously obtained data in our and other laboratories (Chung et al., 2020;
Kohnen et al., 2016; Leivar et al., 2012; Molina-Contreras et al., 2019; Pastor-Andreu et al.
(Chapter 2 of this thesis) Pfeiffer et al., 2014; Yang et al., 2018). When corresponding,
genotypes and exposure time to shade for each experiment is indicated. Table SX2 is
available at https://bit.ly/3Cer8Sv.

Table SX3. Primers used for cloning.

Gene Primer Sequence (5°- 37)
name
AtPIF7 JO414 TAACACATGTCGAATTATGGAG
AtPIF7 JO415 GGCTCGAGATCTCTTTTCTCATGATTC

PIF7 cDNA | JO416 AGCGCTCACATGGGAAAATGCGCAACTAACCGTTCATGGTC
PIF7 cDNA | JO417 GCCCATTTTCCCATGTGAGCGCTTTAACTCCATAATTCGAC

PIF7 cDNA | JO418 CAACGAGTCCGATAGGAGACGGCGTGATAGGAT
PIF7 cDNA | JO419 GCCGTCTCCTATCGGACTCGTTGTGAATCGC
PIF7 cDNA | MJO25 GACTGATAGTGACCTGTTCG

3XHA SPO32 GGCTCGAGTCAAGCGTAATCTGGA

pPIF7 JDO14 GGTCTAGATAATTGAAAGAGTACATTCAAATATC

pPIF7 SPO20 CCTCTAGAGTGTTACTTAGGCCGC

Table SX4. Primers used for gene expression analyses

Gene Primer name Sequence (5°- 37)
PIE7 BAOO6 TGGCCACAGCGTCACTGCAA
BAOO7 TGCTCGTCCCCGTCGTCCAT
UBQ10 BO40 AAATCTCGTCTCTGTTATGCTTAAGAAG
BO41 TTTTACATGAAACGAAACATTGAACTT
PIL1 BO87 GGAAGCAAAACCCTTAGCATCAT
BO88 TCCATATAATCTTCATCTTTTAATTTTGGTTTA
EF1a BO95 TGGTGTCAAGCAGATGATTTGC
BO96 ATGAAGACACCTCCTTGATGATTTC
YUCCAS BO134 AATGGACGCGGTTAAGATCG
BO135 CCCCTTGAGCGTTTCGTG
YUCCAQ BO136 GGCATGGAAGTCTCTCTTGATCTT
BO137 CGGTAAAACATGAACCGAGCTT
PILL R1 JRO62 AATGGGACCCACAATTAGGC
JROG63 AACACAAAGGGGTGGATGAA
PIL1 R2 JRO64 CGCATGAACTTGTGTCTTCG
JRO65 GCTGCTTGTCTTAGTTCTTTCACA
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ABSTRACT

After vegetation proximity perception or shade (low red to far-red ratio) by the
phytochrome photoreceptors, shade avoider plant species, such as Arabidopsis thaliana,
initiate a set of responses known as the Shade Avoidance Syndrome (SAS), including the
well-studied hypocotyl elongation. The current SAS regulatory model states that the shade-
induced inactivation of the phytochrome B releases the repression imposed over the
PHYTOCHROME INTERACTING FACTORs (PIFs), which results in the rapid activation of
gene expression changes. But PIFs are not only regulated by phytochrome B; in fact shade
signaling consist in a network that contains several positively- and negatively-acting
components that work together to implement the shade-induced transcriptional response and
the promotion of hypocotyl elongation. However, it is still unclear how these components are
organized. To answer this question, we carried out genetic, temporal, cell biology and
transcriptomic analyses of the shade-induced hypocotyl elongation using mutants of the
different regulators. Our results demonstrate that these regulatory components are organized

in two main branches that act separated in time one from another and modulate the
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elongation of different cells along the hypocotyl axis. Moreover, RNA-seq analyses indicate
that the two branches are not completely disconnected one from another and that PIFs and
ELONGATED HYPOCOTYL 5 (HY5), belonging to separate branches, target common genes
whose expression is modulated by shade, indicating the existence of a convergence point to

modulate the hypocotyl elongation.
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1. INTRODUCTION

Light may become a limiting resource for plants when growing under high vegetation
density. When shade-avoider (sun-loving) plants, such as Arabidopsis thaliana, face this
scenario they display a set of responses known as the shade avoidance syndrome (SAS).
Some of the SAS responses aim to acclimate photosynthesis in a situation of light shortage
caused by the presence of neighboring plants (Morelli et al., 2021), while others focus on
redirecting growth to escape from shade, e.g., to promote the elongation and the apical
dominance (reduced branching). At the seedling stage, hypocotyl elongation is likely the best
characterized and most conspicuous SAS response, and the focus of this work.

In nature, plants detect the proximity of neighbor vegetation because of changes in the
red (R) to far-red light (FR) ratio (R:FR). Under low vegetation density (i.e., when plants grow
away from surrounding vegetation), the sunlight that impacts the plant changes progressively
the intensity with the time of the day but the R:FR remains relatively constant (>1.2) (Roig-
Villanova & Martinez-Garcia, 2016; Smith, 1982). By contrast, under higher vegetation
density, two different scenarios can be found, both affecting the R:FR: (1) when surrounding
plants are close but do not shade, they reflect mainly FR from sunlight compared with other
wavelengths; in that case, plant proximity results in a moderate decrease in the R:FR without
reducing light quantity; (2) by contrast, when surrounding plants are much closer and their
leaves shade each other (canopy shade), photosynthetic tissues not only reflect FR but also
absorb preferentially blue and R from sunlight. This determines a reduction of blue and R
filtered by the leaves and an increase of the FR reflected, which results in light with a very

low R:FR impacting the shaded plant.

In the lab we use white light (W) for high R:FR conditions, and W supplemented with
different amounts of FR (W+FR, simulated shade) for low R:FR conditions reproducing two

types of simulated shade: proximity (low R:FR) and canopy (very low R:FR).

These changes in the R:FR are perceived by phytochrome photoreceptors. The genome
of A. thaliana contains five genes that encode for phytochromes (PHYA to PHYE).
Phytochromes exist in two photoconvertible isoforms: (1) an inactive R-absorbing Pr form
and (2) an active FR-absorbing Pfr form, which co-exist in an equilibrium that depends on the
prevailing R:FR. Under high R:FR, that typically is found in low vegetation density, the
photoequillibrium is displaced toward the active Pfr form and SAS is suppressed. Oppositely,

under the low R:FR that is found in high vegetation density, the photoequilibrium moves
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towards the inactive Pr form and SAS is induced. Genetic and physiological analyses point
that phyB is the major phytochrome controlling the SAS (Nagatani et al., 1991; Somers et al.,
1991) and other phytochromes act redundantly with phyB in the control of some SAS
responses, such as flowering time (phyD, phyE), petiole elongation (phyD, phyE) and
internode elongation between rosette leaves (phyE) (Paul F. Devlin et al., 1998, 1999;
Franklin, 2008; Martinez-Garcia et al., 2010). PhyA is a particular case, as it is the only
photolabile phytochrome (it is usually absent in high R:FR) that under very low R:FR
conditions it tends to accumulate (Martinez-Garcia et al., 2014; Yang et al., 2018). As a
consequence, genetic analyses indicated that phyA has an antagonistic role over phyB in the
SAS control; indeed, under low R:FR wild-type seedlings present a similar elongation as phyA
whereas phyB displays a higher elongation. In contrast, under very low R:FR, wild-type and
phyB seedlings elongate less than when grown in low R:FR while phyA seedlings present a
dramatic hypocotyl elongation. This indicates that phyB repression activity is deactivated by
both, proximity (low R:FR) and canopy shade (very low R:FR) whereas phyA repressive role

is only induced by very low R:FR (Martinez-Garcia et al., 2014).

SAS implementation is regulated by the interaction of phyB with the PHYTOCHROME
INTERACTING FEACTORS (PIFs). PIFs are a family of basic-helix-loop-helix (bHLH)
transcription factors that, in Arabidopsis, have eight members (PIF1 to PIF8) (Paik et al.,
2017). Under high R:FR, when PIFs interact with the active form of phyB, are phosphorylated
and degradation via 26S proteasome is promoted (Nozue et al., 2007; Lorrain et al., 2008;
Leivar and Qualil, 2011; Zhang et al., 2013). On the other hand, when plants grow under low
R:FR, phyB gets inactivated and does not interact with PIFs, which allows their accumulation.
As a consequence, PIFs hetero and homodimerize to bind the DNA and positively regulate
the response to shade promoting the expression of PHYTOCHOME RAPIDLY REGULATED
(PAR) genes instrumental to implement the SAS hypocotyl response (Roig-Villanova &
Martinez-Garcia, 2016). Compared to other PIFs, PIF7 has a major role in implementing the
shade-induced hypocotyl elongation i.e., pif7 seedling elongation under low R:FR is
attenuated compared to wild-type seedlings whereas pifq seedlings (quadruple mutant
deficient on PIF1, PIF3, PIF4, and PIF5) are able to reach a similar hypocotyl length that Col-
0 in our shade conditions (de Wit et al., 2015; Leivar et al., 2012; Li et al., 2012; Morelli et al.,
2021). Within the PAR genes, most of them encode for transcription factors that modulate
the implementation of the SAS such as ATHB2, ATHB4, HAT2, HAT3, LONG HYPOCOTYL
IN FR 1 (HFR1), PAR1, PAR2, PIL1, BEEs and BIMs (Cifuentes-Esquivel et al., 2013; Ciolfi
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et al., 2013; Gangappa et al., 2013; Roig-Villanova et al., 2007; Sessa et al., 2005; Sorin et
al., 2009).

Among the various PAR genes, we will focus on HFR1 because it has a dramatic
phenotype when grown under W+FR and does not present redundancy with other
components as happens in the case, for instance, of PAR1 and PAR2. HFR1, whose
expression is promoted under W+FR, (Ciolfi et al., 2013; de Wit et al., 2016) plays a key role
as a negative regulator of the SAS, inhibiting shade-induced hypocotyl elongation (Figure
Y1A). Consistently, hfrl1 mutants have longer hypocotyls than wild-type seedlings under
simulated shade (Ciolfi et al., 2013; de Wit et al., 2016; Galstyan et al., 2011; Roig-Villanova
et al., 2007). HFR1 is a transcription cofactor that interacts with PIF7 and other PIFs
(Galstyan et al., 2011; Hornitschek et al., 2009; Shi et al., 2013) and prevents PIFs DNA-
binding activity, hence inhibiting PIFs transcriptional activity. Therefore, HFR1 is part of a
negative feedback regulation that avoids an excessive shade-induced growth (Paulisi¢ et al.,
2021) (Figure Y1B).

A B Simulated shade
(low and very low R:FR)
Positive Negative |
regulators regulators 1
PIF457 PHYA PHYA .. S
SAV3 PHYB 7 JL
PIF457 A Trp
- p— PR > ) &
HYS | ororrreneeenrssyess
. v IPA

Hypocotyl elongation

Figure Y1. Shade-induced hypocotyl elongation is modulated by positive and negative regulators
that built a complex regulatory network. (A). Main SAS regulators: promoters of hypocotyl elongation are
represented in purple and repressors in soft red. (B). Current SAS working model integrating the activity of

the regulators represented in A.
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Another component that plays an important role repressing the SAS responses is the
transcription factor HYPOCOTYL ELONGATION 5 (HY5) (Gangappa & Botto, 2016).
Although hy5 mutants are already longer than wild-type seedlings under high R:FR, its
hypocotyls strongly elongate under low R:FR. There is molecular evidence that HY5
physically interacts with PIF1 and PIF3 during the seedling greening process (Chen et al.,
2013) and its negative effect over the shade-induced hypocotyl elongation depends on phyA
(Ciolfi et al., 2013). However, how the repressor role of HY5 is integrated in the SAS
regulatory network is still unclear (Figure Y1) (Bou-Torrent et al., 2015; Roig-Villanova et al.,
2006).

Plant hormones also play an important role in the shade-triggered hypocotyl elongation.
This is the case of indole-3-acetic acid (IAA), the endogenous bioactive auxin, whose content
in Arabidopsis shoots increased by over 50% after 1 h of low R:FR treatment (Kohnen et al.,
2016; Li et al., 2012; Tao et al., 2008). The low R:FR-induced de novo synthesis of auxin in
seedlings initiates a set of complex regulatory processes ultimately leading to cell growth and
hypocotyl elongation (Diinser & Kleine-Vehn, 2015). Tryptophan (Trp) is the precursor of the
shade-induced IAA biosynthesis that occurs through the SHADE AVOIDANCE 3 (SAV3)
pathway (Tao et al. 2008) and involves PIF-mediated transcription of YUCCA genes that
encode rate-limiting enzymes in auxin biosynthesis (Figure Y1) (Hornitschek et al., 2012; Li
et al., 2012). SAV3 is a SAS positive regulator required in the shade-induced biosynthesis of
auxins (needed for the hypocotyl growth) by converting Trp into indole-3-pyruvic acid (IPA)
(Zhao, 2012). Consistently, sav3 mutant seedlings do not produce auxins and fail to elongate

their hypocotyls in response to shade (Stepanova et al., 2008) (Figure Y1).

In summary, this study is focused on the regulators that play a major role in the shade-
triggered hypocotyl elongation (Figure Y1A) because their mutants show a clear alteration
in the length of their shade-grown hypocotyls compared to the wild type. As mentioned,
seedlings deficient in negative regulators (phyA, phyB, HFR1 and HY5) elongate more than
wild-type seedlings whereas those deficient in positive regulators (PIF4, PIF5, PIF7 and
SAV3) elongate less than Col-0 seedings under simulated shade.

How the different components are connected and work together to perceive and respond
to shade has been patrtially established (Figure Y1B). However, the connections between
some of the described SAS regulators are still unclear: for instance, although PIFs are

considered to play a central role in the shade-induced hypocotyl elongation when phyB is
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inactivated after low R:FR treatment, it is unknown if other transcriptional regulators (e.g.,
HY5) might be required to induce this response. Moreover, although in Arabidopsis dark-
grown seedlings it is known that hypocotyl elongation is the result of a non-regular pattern of
elongation of the pre-existing files of 20 cells in the hypocotyl (Gendreau et al., 1997), it is
unknown how simulated shade affects this pattern of elongation. In addition, despite all the
advances on the molecular genetics of the SAS response, there is still little information on
the growth behavior of this organ at the temporal and spatial levels, as well as the impact of

several of the SAS regulators at these organization levels.

In this work we deepen in the architecture of the network of regulators implementing the
shade-induced hypocotyl elongation in Arabidopsis thaliana, with special interest on how the
different regulators are working together to modulate this response. We have taken three
different approaches to redefine the genetic relationship between the SAS regulators: (1)
genetic analyses, to establish if different SAS components work in the same of different
pathways or regulatory modules of the network; (2) temporal analyses, to know when the
different components analyzed act in controlling shade-induced hypocotyl elongation; and (3)
spatial analyses, to identify which cells along the hypocotyl axis are targeted by each of the
main SAS regulators.
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2. RESULTS

2.1. SAS regulatory network is organized in two main differentiated modules or
branches.

To address how the different SAS signaling components are connected in the regulatory
network that controls the shade-induced hypocotyl elongation response, we initially
performed a series of genetic analyses focusing just on mutants in negative (phyA, phyB,
hy5, hfrl) or positive (sav3, pif7 and the triple pif4 pif5 pif7, from now on pif457) SAS
components. As mentioned, these components were selected because their participation in
SAS regulation is well known and described; in addition, except PIF mutants, they are not
redundant with other SAS regulators which simplifies the process of generation of multiple
mutants. For simplicity, the used allele will not be indicated in the text, although this

information is provided in the figures and in the material and methods section.

To better visualize the phyA activity all the shade experiments presented were performed
under very low R:FR. We first analyzed the response of double mutants between negative
regulators, starting with phyA and phyB (Figure Y2). In W, length of wild-type (Col-0) and
phyA hypocotyls was similar, whereas phyB hypocotyls were longer and those of phyA phyB
double mutant seedlings were the longest, as expected (Devlin et al., 2003). In W+FR, phyA
hypocotyls were longer and phyB hypocotyls shorter than the wild type (Figure Y2A).
Importantly, the phyA phyB hypocotyl length was even longer than in W, indicating that other
phytochromes can regulate the shade-induced hypocotyl elongation. Together, these data
are consistent with phyB repressing hypocotyl elongation in W and phyA in W+FR (Martinez-
Garcia et al.,, 2014). When none of the two phytochromes are present, the absence of
repression in both W and W+FR strongly unleashes the hypocotyl elongation (Figure Y2A).
To visualize better the effect of shade in controlling elongation, particularly useful when
comparing genotypes with different hypocotyl length under W (e.g., Col-0 vs. phyB), the
difference in hypocotyl length in W+FR and W (HYPw-+rr - HYPw) was calculated (Figure
Y2B). This representation showed that the phyA phyB double mutant had an intermediate
elongation response compared to phyA and phyB single mutants, suggesting that the effect
of the two phytochromes is additive (Figure Y2B). This result supports that both
photoreceptors act likely independently of one another in controlling the shade-induced

hypocotyl length. As the HYPw:rr - HYPw value helps to visualize better the genetic
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relationships between the different mutants, this representation is shown for the following set

of experiments. Hypocotyl length data will be shown as supplementary information.
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Figure Y2. Effect of phyA and/or phyB on the hypocotyl elongation in response to simulated shade.
All the genotypes were germinated in W for 2 days and then they were either maintained in W or transferred
to W+FR for 5 more days. (A) Hypocotyl length of Col-0, phyA-211, phyB-9 and phyA-211 phyB-9 double
mutant seedings after growing in W or W+FR. (B) Difference of hypocotyl length in W+FR (HYPw+rr) minus
W (HYPw) of the genotypes shown in A. Values are means + SE of three independent biological replicas.

Tukey test was performed and different character above the data indicate significant differences between
genotypes (p-value <0.05).

We next analyzed the shade-induced elongation response of double mutants deficient in
other negative regulators: phyA hfrl, hy5 hfrl and phyA hy5 (Figure Y3, Supplementary Fig
SY1). Whereas phyA hfrl and hy5 hfrl double mutant elongated more than the single
mutants (Figures Y3A-B), seedlings of the double phyA hy5 elongated as much as the single
mutant phyA (Figures Y3C). These results pointed that the pairs phyA-HFR1 and HY5-HFR1
were additive in regulating the shade-induced hypocotyl elongation, whereas phyA was
epistatic over HY5. Additivity indicates that HFR1 acts independently of phyA and HY5 in

controlling this response. In contrast, phyA and HY5 epistasis points that both regulators act
in the same branch of the SAS regulatory network.

Next, we generated multiple mutants between positive and negative SAS regulators
(Figure Y4, Supplementary Fig S2). Firstly, mutant hfrl plants were crossed with pif7, and
phenotypic analyses showed that hfrl pif7 elongated less than hfrl and more than pif7,
presenting an intermediate elongation between the single mutants (Figures Y4A) consistent
with HFR1 interacting with and inhibiting PIF7 activity (Fiorucci et al., 2020; PauliSi¢ et al.,
2021). Because HFR1 is known to heterodimerize with and inhibit transcriptional activity of
several PIFs, forming the PIFs-HFR1 transcriptional regulatory module (Galstyan et al., 2011;
PauliSic¢ et al., 2021), we reasoned that the intermediate elongation activity observed in hfrl
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pif7 seedlings was likely caused by the presence of PIF4 and PIF5, also known to promote
the shade-induced elongation of hypocotyls (Hornitschek et al., 2009; Li et al., 2012; Lorrain
et al., 2008). Therefore, we analyzed hfrl pif457 phenotype. As expected, the elongation
response to shade was reduced in hfrl pif457 (Figures Y4B). These results agree with the
view that HFR1 activity depends on PIF4, PIF5 and PIF7 (from now on PIF457) to repress
the elongation of hypocotyls. Mutant hfrl plants were also crossed with auxin biosynthetic
mutant sav3. Phenotypic analyses showed that hfrl sav3 (Figures Y4C) was almost as short
as hfrl pif457, according with the fact that the PIFs-HFR1 module depends on the SAV3
auxin biosynthetic pathway to control the shade-induced hypocotyl elongation (Ciolfi et al.,
2013; Fiorucci et al., 2020; Li et al., 2012; PauliSi¢ et al., 2021).
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Figure Y3. Combinatory effect of pairs of negative regulators on the shade-induced hypocotyl
elongation. Difference of hypocotyl length in W+FR (HYPw-rr) and W (HYPw) of (A) Col-0, phyA-211, hfrl-5,
phyA-211 hfr1-101, (B) Col-0, hy5-2, hfr1-5, hy5-2 hfrl-1, (C) Col-0, phyA-501, hy5-2 and phyA-501 hy5-2.
Seedlings were germinated and grown as indicated in Figure Y2. Representation of data and statistical analysis
was performed as in Figure Y2B.

Secondly, phyA plants were crossed with pif7 and pif457. In contrast with the HFR1-
related crosses, phyA pif7 and phyA pif457 elongation response was similar between them.
Moreover, shade-induced elongation in these multiple mutants was closer to phyA than to
pif7 (Figures Y4D-E), being greater than wild type. These results indicated that the
elongation repression imposed by phyA does not depend on PIF4, PIF5 or PIF7 (Figures
Y4D-E). A similar elongation pattern was observed in the phyA sav3 seedlings (Figures
Y4F), showing that phyA repression is (at least partially) auxin independent.

We also crossed hy5 plants with pif7 and pif457. As before, hy5 pif7 and hy5 pif457
showed a similar elongation, i.e., their hypocotyls were longer than pif7 but shorter than hy5
(Figures Y4G-H). The intermediate elongation of hy5 pif7 and hy5 pif457 compared to the
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hy5 and pif7/pif457 mutants suggest that HY5 activity is additive to PIF457 in regulating the
shade-induced hypocotyl elongation. A similar pattern of elongation was observed for the hy5
sav3 seedlings, i.e., they were longer than sav3 but shorter than hy5 (Figure Y4l), further
supporting that hy5 and sav3 were additive in regulating this response. Together, these
results are consistent with PHYA and HY5 acting independently of PIF457, HFR1 and SAV3
to promote the shade-induced hypocotyl elongation.
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Figure Y4. Combinatory effect of pairs of negative and positive regulators on the shade-induced
hypocotyl elongation. The graphs show the difference hypocotyl length in W+FR (HYPw+Fr) minus W
(HYPw) of (A) Col-0, hfrl-5, pif7-1, hfrl-5 pif7-1; (B) Col-0, hfrl-5, pif457, hfrl-5 pif457; (C) Col-0, hfrl-5,
sav3-5, hfrl-5 sav3-5; (D) Col-0, phyA-501, pif7-1, phyA-501 pif7-1; (E) Col-0, phyA-501, pif457, phyA-501
pif457; (F) Col-0, phyA-501, sav3-5, phyA-501 sav3-5; (G) Col-0, hy5-2, pif7-1, hy5-2 pif7-1; (H) Col-0, hy5-
2, pif457, hy5-2 pifd57 and (I) Col-0, hy5-2, sav3-5, hy5-2 sav3-5. Seedlings were germinated and grown as
indicated in Figure Y2. Representation of data and statistical analysis was performed as in Figure Y2B.
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2.2. phyA and hy5 are more resistant to NPA application than hfrl mutant
seedlings.

In seedlings of A. thaliana and the crop species Brassica rapa, shade perception by the
cotyledons drives synthesis of IAA, which is then transported to the hypocotyl to induce
growth (Procko et al., 2014; Tao et al., 2008). Consistently, treatment of wild-type seedlings
with the auxin transport inhibitor naphthylphthalamic acid (NPA) abolishes this response
(Sorin et al., 2009). As showed before, the dependency of PIFs-HFR1 on auxin biosynthesis
(and consequently on SAV3) and transport to promote the shade-induced hypocotyl
elongation, is well established. Less is known about phyA and HY5 dependency on this
hormone synthesis and transport to modulate hypocotyl elongation in response to shade. To
explore this relationship, we tested how NPA application affected the shade-induced
hypocotyl elongation in hy5 and phyA seedlings (Figure Y5). Under W, increasing
concentrations of NPA resulted in a mild or null reduction of the already short hypocotyls in
all the genotypes tested. However, the slightly longer hy5 hypocotyls showed some
resistance to NPA as even the highest NPA concentrations tested did not abolish completely
their elongation displaying hypocotyls that were still longer than the rest of genotypes (Figure
Y5C). Under W+FR, hypocotyl length of genotypes was strongly inhibited by NPA. However,
whereas for the case of Col-0, a hypocotyl length very close to the minimum measured was
reached with 1 uM NPA, for the case of phyA and hy5 the maximum concentration of 3 uM
was required to obtain the minimum hypocotyl length (Figure Y5B, D). As phyA and hy5 were
much longer than Col-0 under W+FR, we wondered if this was mainly causing the difference
in NPA response between genotypes. Therefore, we included sav3 in the analyses and used
the double phyA sav3 and hy5 sav3, which were as long as Col-0 in response to W+FR
(Figure Y4, Supplementary Figure SY2). The short sav3 hypocotyls virtually did not vary
with the NPA treatment under either W or W+FR, as the double phyA sav3 under W (Figure
Y5A-D). Under W+FR, phyA sav3 mock-treated seedling hypocotyls reached ~6 mm.
Hypocotyl length dropped with NPA treatment to similar levels as phyA, which was
significantly longer than Col-0 or sav3 (Figure Y5B). In W, hy5 sav3 hypocotyls elongated as
the single hy5 in response to NPA (Figure Y5C). In W+FR, hy5 sav3 were as long as hy5
and still longer than Col-0 and sav3 when grown with 3 uM NPA (Figure Y5D). Together,
these data indicate that shade-induced elongation of phyA and hy5 is less affected by NPA
than that of Col-O0 (i.e., phyA and hy5 are more resistant to NPA than Col-0), which suggested

that these mutants are not exclusively depending on auxin transport to elongate.
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for 5 more days. Values are means + SE of ~25 seedlings. Asterisks mark significant differences between
genotypes and Col-0 grown under the same NPA concentration (Student t-test: ** p-value < 0.01; * p-value <
0.05). Magenta, orange and purple asterisks are used for sav3, phyA and hy5 respectively. Orange asterisks
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lined purple square correspond to hy5 sav3.

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

We aimed to provide a temporal framework for the elongation response to shade, i.e., the
elongation speed of hypocotyls during the whole exposure of young seedlings to W+FR. This
would allow us to address if the different genetic components investigated in here act at the
same or different moments during the early development of the seedlings. To address this
question, growth rates were first determined in wild-type (Col-0) seedlings grown under W
and simulated shade. To do so, hypocotyl length was measured daily from day 2 to day 7,
and growth rate was calculated for each condition (Figure Y6). As a result, Col-0 growth rate
remained constant along time when grown under W (Figure Y6A and D), whereas it
elongated more from day 4 onwards under W+FR (Figure Y6B, E). As a control, we also
estimated the growth rate of the hypocotyl phyB mutant seedlings that, as expected, was
always higher than that of Col-0 in W. Importantly, under W, phyB growth rate increased with
the age of the seedlings, elongating more at the end of the period analyzed (from day 5

onwards) (Figure Y6A). Under W+FR, phyB growth rate resembles that of Col-0 but it was
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attenuated (Figure Y6B), consistent with the reduced shade-induced elongation reported for
this phyB mutant allele under very low R:FR conditions compared to Col-0 (Figure Y2A)
(Martinez-Garcia et al., 2014).

Next, we analyzed this phenotype for the SAS negative regulators. Under W, growth rate
of phyA, hy5 and hfrl did not vary significantly during the seedling development (Figure
Y6D). Under W+FR, phyA growth rate was strongly higher in comparison to Col-0 (or phyB
under W) at the beginning of the development (on days 2 and 3) but progressively dropped
until day 6 to values comparable to those of Col-0. Similarly, hy5 grew faster at the beginning
of the development, although it had a peak on day 4. Seedlings of hfrl also had a peak of
growth on day 4 but elongated faster in the second half of the period analyzed (Figures Y6B,
E).
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Figure Y6. Growth rate pattern differs between the mutants defective in negative regulators. The
graphs show the growth rate of (A) Col-0, phyA-501 and phyB-9 grown in W; (B) Col-0, phyA-501 and phyB-
9 grown in W+FR; (C) difference of the mean growth rate in phyA-501 and phyB-9 respect to Col-0; (D) Col-
0, phyA-501, hfrl-5 and hy5-2 grown in W; (E) Col-0, phyA-501, hfr1-5 and hy5-2 grown in W+FR and (F)
difference of the mean growth rate in phyA-501, phyB-9, hfrl-5 and hy5-2 respect to Col-0. All the genotypes
were germinated in W for 2 days and then they were either maintained in W or transferred to W+FR for 5
more days. Hypocotyl length was measured daily from day 2 until day 7 to calculate the growth rate. Mean
values + SE of biological triplicates are shown. Asterisks mark significant differences between genotypes and
Col-0 grown compared the same day (Student t-test: ** p-value < 0.01; * p-value < 0.05). Blue, orange, purple
and green asterisks are used for phyB, phyA hy5 and hfrl respectively. The values in C were calculated by
subtracting the phyB-9 growth rate in W minus the Col-0 growth rate in W and in F as the growth rate of the

other mutants in W+FR minus the Col-0 growth rate in W+FR.
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To better visualize when the repressor activity of the SAS regulators was more important
during hypocotyl elongation, the growth rate of the Col-0 was subtracted to the mutants’
growth. The growth conditions represented were those where the phenotype is more obvious:
W for phyB, and W+FR for hfrl, hy5 and phyA. This representation showed when elongation
peaked along the early seedling development for these mutants: whereas phyA and hy5 grew
faster in the first half of the period analyzed (from days 2 to 4), hfrl peaked on day 4 and
phyB after day 5 (Figure Y6C, F). Although the temporal activity of the regulators overlapped,
this approach showed that phyA and HY5 repressive activities were stronger at the beginning
of seedling development (from day 2 to day 4) and differed from those of HFR1 and phyB,
that were more obvious at the second half of the period analyzed, especially for phyB (from
day 5 to day 7).

2.4. SAS regulatory components target overlapping but different cells along the
hypocotyl axis.

Independently on where the primary site of action of the different regulators is (e.g.,
cotyledons or hypocotyls), their activity converges on the hypocotyl elongation, which in A.
thaliana is caused only by cell elongation (i.e., no cell division is involved). Previously, the
pattern of cell length in W-grown hypocotyls was shown to take place essentially in all
epidermal cells over the entire growth period (from 1 until 9 days after germination), although
the area of fastest growth moves up acropetally (from the base on day 2 to the middle of the
hypocotyl on days 7-9). Similarly, in dark-grown seedlings growth is initiated in the basal cells
but in this case, elongation zone moves up the hypocotyl with time, to become restricted to a
small area below the apical hook at day 7 (Gendreau et al., 1997). As growth regulators in
shade are different than those in W and during etiolation, we aimed to learn first the pattern
of cell length of wild-type (Col-0) hypocotyls when grown under W+FR. Because of the
variability observed between experiments and within a population, we grew about 100
seedlings of Col-0 seedlings in W and W+FR for 7 days, and hypocotyls were measured. 15-
16 individuals whose hypocotyl length was close to the average were selected to be fixed,
stained and the length of the 20 cells that make up a cell file were measured, from bottom to
top. Cell elongation of several files of epidermal cells of the hypocotyl longitudinal axis per
treatment were measured (Figure Y7). These values were averaged for each of the 20 cells
that make up a cell file, from bottom to top (Figure Y7A). The differences in cell length means
in W+FR and W were represented for each of the 20 cells that make up a cell file along the
hypocotyl longitudinal axis. This representation showed that the enhanced elongation of wild-
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type (Col-0) hypocotyls grown under simulated shade compared to those grown under W was
due to an enhanced elongation of cells along the lower-middle part of the hypocotyl, with cells
7-8 showing the elongation peak (Figure Y7B, C, D, E and F). These results indicate that
shade-induced hypocotyl elongation was the result of a pattern of asymmetric elongation of
epidermal cells.
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Figure Y7. The shade-induced cell elongation depends on the position of the cell along the hypocotyl
and is different for each SAS regulatory mutant. (A) Schematic representation of a cell file composed by
20 cells along the hypocotyl axis of Arabidopsis seedling. The graphs illustrate the cell-specific shade-induced
elongation of Col-0 (wild-type control) and (B) sav3-5 mutant; (C) hfr1-5 mutant; (D) phyA-501 mutant; (E)
hy5-2 mutant and (F) phyA-501 sav3-5 double mutant. All the genotypes were germinated in W for 2 days
and then were either maintained in W or transferred to W+FR for 5 more days. In all the graphs, we
represented the cell elongation in W+FR minus the cell elongation in W. The colored lines on the right side
of each graph indicate the cell that presents a higher length in (W+FR)-W compared to the corresponding

wild-type cell length in (W+FR)-W. For phyA and phyA sav3 the Col-0 used as a control is shared.

Next, we aimed to establish if the pattern of cell length observed in the hypocotyls of
seedlings deficient in specific SAS regulators differed from the observed in wild-type

hypocotyls, i.e., if the various SAS regulators target the same or different cells along the
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hypocotyl axis when this organ elongates in response to simulated shade. To answer this
guestion, we analyzed cell length distribution (or pattern of cell length) of sav3, phyA, hy5,
hfrl and phyA sav3. As expected, the poorly shade-responsive sav3 hypocotyls did show a
similar pattern of cell length as the wild-type hypocotyls but strongly attenuated (Figure Y7B).
In the hfrl hypocotyls, the pattern of cell length extended towards the cotyledons, with cell 9
showing the maximum of elongation compared with the corresponding wild type cells (peak
around cells 6-7) (Figure Y7C). In the case of phyA and hy5, the upper part of hypocotyl
elongated the most, centered around cells 15 and 12 respectively, in clear contrast with cells
8 and 7 showing the most elongation in wild-type hypocotyls (Figures Y7D, E). In the latter
two genotypes (phyA and hy5), the redistribution of the pattern of cell length to the upper
hypocotyl was distinct to that observed in the wild-type and hfrl seedlings. To check if the
redistribution of growth was merely caused by the enhanced hypocotyl shade-induced
elongation shown by the phyA and hy5 genotypes, we also analyzed the pattern of cell length
in phyA sav3 hypocotyls, whose shade-induced hypocotyl elongation was similar to that on
hfrl and shorter than hy5 hypocotyls (Figure Y4). In these seedlings, the hypocotyl region
that elongated most was centered around cell 13 (cell 8 in wild-type hypocotyls), indicating
that phyA represses the elongation of a group of cells located in the upper half of the
hypocotyl (Figure Y7F). In summary, these analyses indicate that (1) the hypocotyl cells
more responsive to simulated shade are placed in the lower half of the wild-type hypocotyls
(centered in cells 7-8), (2) removal of SAS negative regulators changes the pattern of cell
length, and (3) although the target cells of the various SAS negative regulators overlap, the
pattern of cell length due to loss of HY5 and PHYA function is strongly displaced towards the
upper part of the hypocotyl. These results are consistent with phyA and HY5 activities
repressing the cells of the upper part of the hypocotyl whereas HFR1 tends to repress the

elongation of cells placed in the lower half of the hypocotyl.

2.5. PIF457 and HY5 share target genes and both modulate its expression.

Despite the temporal and spatial preferences shown for each of the SAS regulators
analyzed, their activities partially overlap. This agrees with the observation of the hypocotyl
elongation data from genetic analyses in the case of hy5 pif7 and hy5 pif457 (intermediate
elongation between pif7/pif457 and hy5) (Figures Y4G-H, SY4G-H), that made us to further
investigate a possible convergence between the two groups of regulators described

previously. In addition, there is evidence about a relationship between HY5 and PIFs, e.g.,
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HY5 directly interacts with PIF1/PIF3 proteins in other photomorphogenic responses (Chen
et al., 2013) and HY5 and PIF1/PIF3/PIF4/PIF5 activities converge at shared cis regulatory
elements (Toledo-Ortiz et al., 2014; Zhang et al., 2017). Then, we decided to perform
expression analysis checking the gene expression of shared targets between PIF4/PIF5/PIF7
and HY5.

150 mCol-0 mhy5-2 mpif457 = pif457 hy5-2 Figure Y8. HY5 and PIFs activity could converge in
ACS8 . A the regulation of the expression of some common
100 | { { targeted genes. (A) Relative expression of ACS8 in
iy 7 Col-0, hy5-2, pif457 and hy5-2 pif457 at different times
s 50 [ of simulated shade treatment (0, 1, 4, 8 and 24 h). (B)
% I I I » Relative expression of PAR1 in Col-0, hy5-2, pif457
% 2(5) = == : e and hy5-2 pif457 at different time of simulated shade
B PAR1 B treatment (0, 1, 4, 8 and 24 h). Values are means + SE
;;3 iz I 1 of four independent biological replicas. Black asterisks
mark significant differences between genotypes and
101 » * Col-0 in the same light conditions (Student t-test: ** p-
5 - : . value < 0.01; * p-value < 0.05). Pink asterisk mark
0 - 0;*** 1;**_* 4h* = 8; = 234:1;= significant differences between a genotype at a
W+FR W+FR W+FR W+FR W+FR specific time point and itself at 0 h (Student t-test: ** p-

Time of shade treatment (h) value < 0.01; * p-value < 0.05).

First, we focused in the HY5 target genes identified in a ChIP-chip experiment (Lee et al.,
2007). Among this group of more than 3800 genes, we focused on ACS8 and PAR1 because
they were also described as PIFs targets (by ChIP-g-PCR and ChlP-seq, respectively)
(Gallego-Bartolomé et al., 2011; Khanna et al., 2007; Yang et al., 2021), hence being possible
candidates to have a genetic expression directly modulated by both transcription factors, HY5
and PIFs. Next, we analyzed the relative expression of these two genes in 7-days-old
seedlings of Col-0, hy5, pif457 and hy5 pif457 after different times exposed to W+FR (O, 1,
4, 8 and 24 h). The expression of ACS8 was similar before the exposure to W+FR (time 0 h)
in the four genotypes analyzed, whereas PAR1 expression was slightly reduced in pif457 and
hy5 pif457 compared to Col-0 and hy5 (Figure Y8). In Col-0, the expression of both genes
was promoted after 1 h of shade treatment. After 4 and 8 h, their expression did not change
drastically compared to 1 h and after 24 h ACS8 and PARL1 relative amount of transcript
decreased reaching comparable levels to those found at O h. In hy5, expression of both genes
was induced after 1 h but reaching higher levels than in Col-0. After 4 h the expression was
not different than at 1 h, but at 8 and 24 h the expression decreased being similar to that of
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Col-0 at these time points. In contrast, in pif457 and hy5 pif457 the levels of ACS8 and PAR1
expression remained almost unchanged throughout the entire experiment. These results
suggested that (1) HY5 repress ACS8 and PAR1 shade-induced expression, whereas (2)
PIF457 activate the expression of these two genes. In addition, (3) HY5 repressive activity

needs the positive transcriptional activity of PIFs over the expression of these two genes.

With this information we decided to carry out RNA sequencing (RNA-seq) to expand the
possible connection between HY5 and PIFs in regulating the shade-triggered changes in
gene expression. We sequenced the time points 0, 1 and 8 h after shade exposure of all four
genotypes (Col-0, hy5, pif457 and hy5 pif457) to learn about the transcriptomic dynamics
early (0 h vs. 1 h) and late (O h vs. 8 h) times after shade treatment (Figure Y9A). We
discarded the time points 4 and 24 h due to its results similarity with the time points 1 and O
h respectively (Figure Y8). We identified differentially expressed genes (DEGs) up- (fold
change > 1.5, P < 0.05) and down-regulated (fold change < 1.5, P < 0.05) after 1 and 8 h of

shade treatment compared with O h for each genotype analyzed.

In Col-0 seedlings, 386 and 826 genes were induced after 1 and 8 h of W+FR,
respectively, indicating that the number of DEGs activated in response to simulated shade
grew with the time of exposure. In hy5 seedlings, 791 genes were induced after 1 h, that
dropped to 542 after 8 h of W+FR (Figure Y9B). By contrast, in pif457 and hy5 pif457
seedlings only 1 and 3 genes were induced after 1 h of W+FR, respectively. Longer (8 h)
exposure to W+FR leads to the activation of 323 and 279 genes in pif457 and hy5 pif457
seedlings, respectively (Figure Y9B).

Regarding the repressed genes, in Col-0 seedlings, 177 and 654 DEGs were repressed
after 1 and 8 h of W+FR, respectively. In hy5 seedlings, 351 and 568 genes were repressed
after 1 and 8 h of W+FR, respectively (Figure Y9C). As in the upregulated DEGs, in pif457
and pif457hy5 seedlings only 31 and 17 genes were repressed after 1 h of W+FR,
respectively, and these numbers grew up to 435 for pif457 and 690 for hy5 pif457 after 8 h
of W+FR (Figure Y9C). The reduced number of induced and repressed genes at 1 h indicates
that PIF457 are strongly required for the rapid changes in gene expression that takes place
after simulated shade exposure. However, after 8 h, although the impact of PIF457 is still

clear, particularly in the up-regulated genes, its influence seems less prominent.
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Figure Y9. RNA sequencing results show the possible connection between HY5 and PIF457 regulating
the shade-induced changes in gene expression. (A) Conditions utilized to grow plant material for the RNA-
seq. (B) Number of upregulated genes at 1 h and at 8 h for each genotype. (C) Number of downregulated genes
at 1 h and at 8 h for each genotype. (D) Venn diagram showing the number of upregulated genes at 1 h in each

genotype. (E) Venn diagram showing the number of downregulated genes at 1 h in each genotype. (F) Venn



CHAPTER Il - RESULTS

diagram showing the number of upregulated genes at 8 h in each genotype. (G) Venn diagram showing the

number of downregulated genes at 8 h in each genotype.

Next, we analyzed the overlapping of the DEGs in the different genotypes. After 1 h of
W+FR, 294 upregulated genes were shared between hy5 (out of 791 genes, 37.2 %) and
Col-0 (out of 386 genes, 76.2 %) (Figure Y9D) and 100 downregulated genes were shared
between hy5 (out of 351, 28.5 %) and Col-0 (out of 177, 56.49 %) (Figure Y9E). Most of
these genes did not appear as DEGs after 1 h of W+FR in pif457 (1 upregulated and 31
downregulated) and hy5 pif457 (3 upregulated and 17 downregulated) (Figure Y9D and E).
In fact, specific genes only found in Col-0 or hy5 are also PIF457 dependent as they were
not detected neither in pif457 nor hy5 pif457. After 8 h of W+FR, 460 genes appeared as
upregulated in at least two genotypes, but 416, 144, 159 and 168 genes only appear in Col-
0, hy5, pifd57 and hy5 pif457, respectively (Figure Y9F). A total of 403 genes were
downregulated in at least two genotypes, but 340, 319, 282 and 521 genes only appear in
Col-0, hy5, pif457 and hy5 pif457, respectively (Figure Y9G). These data suggest that
although PIF457 and HY5 have a very strong impact in the early shade-regulated changes
in gene expression, after 8 h of W+FR treatment, the transcriptional responses diverge and
the influence of PIF457 dependence results less apparent and HY5, gains a more prominent
role. A clear example of the increasing role of HY5 at 8h are the genes that are upregulated
in the hy5 pif457 but not in the pif457.

Regarding the functional predictions, the DEGs belonged to similar GO terms categories
in all genotypes (except in pif457 and hy5 pif457 after of 1 h of W+FR because of the massive
effect in gene expression) (data not shown). Therefore, no obvious and specific process was
differentially affected in any genotype. For that reason, we paid attention to the evolution over
time of the enrichment of 33 GO terms of biological processes specifically related with shade
avoidance, light and growth (13), and five hormone groups (5 of auxins, 4 of gibberellins, 6
of ethylene, 3 of brassinosteroids and 2 of cytokinins) that are able to influence the shade-
induced hypocotyl elongation (shown in Figure Y10). We observed that most of the GO terms
were enriched because of the same pool of DEGs for each genotype (Supplementary Table
SY1). Then, we checked the p-value of the GO enrichment analyses as an indication of the
number of genes found in each genotype that participates in a biological process: the lower
the p-value, the higher the significance of the enrichment in a biological process whose

expression changes in response to simulated shade. Regarding the functional predictions of
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upregulated genes after 1 h of W+FR treatment, we found 12 of the GO terms related to light,
growth and shade avoidance, significant in Col-0 seedlings. Most (11) of them were also
found in hy5 with slightly higher p-values (less genes contributing to the GO terms) (Figure
10A). In the case of functional predictions related with hormones, after 1 h of shade treatment
we found enrichment of 13 of the GO terms involved with auxins, gibberellins, ethylene,
brassinosteroids and cytokinins in Col-0. As before, most of them (9) were also found in hy5
with similar or slightly higher p-values as in wild-type seedlings (Figure 10A). Altogether, only
5 GO terms (response to light intensity, auxin transport, auxin polar transport, response to
ethylene and response to cytokinins) were found in Col-0 but not in hy5. As expected, no GO
terms (functional predictions) were found in pif457 and hy5 pif457 (that lack shade-induced
changes in gene expression, Figure Y9B). These results indicate that all these processes
(response to light stimulus, response to blue light, hormone related processes...) depend on

the presence of PIFs to be activated after 1 h of shade treatment.

In the up-regulated genes after 8 h of W+FR treatment, from the total of GO-terms
considered, most were enriched in Col-0 (28), hy5 (24) and, surprisingly even in the mutant
pif457 (18); a few of them (9) were also enriched in hy5 pif457 (Figure 10A). In comparison
to Col-0 and hy5, p-values in pif457 and hy5 pif457 were higher in several GO-terms (less
induced genes contributed to enrich the GO-term), such as response to light stimulus,
response to red or far-red light and response to auxin stimulus (Figure 10A). These results
indicate that at 8 h PIF457s are still playing an important role in regulating several processes.
Interestingly, lots of biological processes not found in pif457 after 1 h of W+FR are detected
in the mutant after 8 h and with similar p-values to those of Col-0 and hy5, indicating that the
PIF457 leading role early after W+FR exposure (1 h) dissipates after longer periods of
simulated shade. An exception for this observation was the enrichment in GO terms related
with gibberellins, that was absent in pif457 and hy5 pif457 after 1 h and 8 h of simulated

shade.

Other scenario was found in the case of ethylene-related GO terms after 8 h of W+FR,
where ethylene biosynthetic process and ethylene metabolic process were not present in any
of the mutants but processes related with ethylene signaling pathway and response to
ethylene were enriched in pif457 and hy5 pif457 with even slightly lower p-values than in Col-
0 (Figure 10 A).
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Regarding the functional predictions of downregulated DEGs, we found enrichment in a

small number of processes related with light and hormones. Despite that, processes enriched

after 1 h in Col-0 were also enriched in hy5 but not in the pif457 or hy5 pif457 mutants (Figure

10 B). Together, these observations suggested that PIF457 activities are fundamental in the

early shade-modulated regulation of these processes, whereas HY5 activity gains importance

and PIFs loose it after longer periods of exposure to W+FR.

A Upregulated genes
1h 8h
GO:term Process WT hy5 WT hy5 pif457 mm
GO0:0009416 response to light stimulus 1,30E-14 9,60E-09 1,30E-26 1,90E-20 3,20E-07 1,40E-06
GO0:0009642 response to light intensity 4,10E-04
G0:0009637 response to blue light 6,90E-09 2,70E-05 2,20E-12 1,10E-10 1,90E-08 1,60E-04
G0:0010017 red or far-red light signaling pathway 4,90E-07 4,60E-05 6,20E-11 1,80E-09 7,20E-09 8,20E-07
GO0:0009639 response to red or far red light 2,70E-13 2,20E-09 1,20E-23 5,60E-17 7,60E-09 4,20E-07
Shade G0:0010114 response to red light 7,70E-10 2,40E-05 1,10E-06
avoidance, light | G0:0010218 response to far red light 3,60E-06 2,90E-04 1,80E-12 3,10E-07 6,30E-04
and growth | 50040007 growth 5,10E-09 2,20E-04 2,50E-07 7,90E-07 2,00E-04
G0:0048589 developmental growth 2,40E-11 4,20E-07 1,90E-07 7,50E-07 2,90E-04
G0:0060560 developmental growth involved in morphogenesis |2,20E-09 1,50E-05 1,40E-06 2,30E-05 1,30E-03
G0:0016049 cell growth 3,00E-08 5,70E-06 7,50E-07 2,30E-06 1,20E-04
G0:0009826 unidimensional cell growth 2,20E-09 1,50E-05 1,40E-06 2,30E-05 1,30E-03
G0:0009641 shade avoidance 7,00E-09 2,10E-08 5,30E-07 4,80E-08
G0:0010252 auxin homeostasis 54E-06 1,5E-04
G0:0060918 auxin transport 4,8E-05 1,1E-05 4,0E-06 1,8E-05
Auxins GO0:0009926 auxin polar transport 4,4E-05 1,0E-05
GO0:0009734 auxin mediated signallyng pathway
G0:0009733 response to auxin stimullus
GO0:0009685 gibberellin metabolic process
Gibberelins GO0:0010476 gibberellin mediated signaling pathway
G0:0009740 gibberellic acid mediated signaling pathway
G0:0009739 response to gibberellin stimulus
GO0:0009693 ethylene biosynthetic process
GO0:0009692 ethylene metabolic process 6,6E-06
G0:0009873 ethylene mediated signaling pathway 1,5E-06 6,0E-09
Ethylene GO0:0010104 regulation of ethylene mediated signaling pathway 2,5E-05 1,2E-06
negative regulation of ethylene mediated signaling
GO0:0010105 pathway 1,1E-07
G0:0009723 response to ethylene stimulus 2,7E-04 2,5E-07
GO0:0016131 brassisteroid metabolic process 3,0E-07
Brassisteroids | G0O:0009742 brassisteroid mediated signaling pathway
G0:0009741 response to brassisteroid stimulus
Cytokinins GO0:0009736 cytokinin mediated signaling pathway
G0:0009735 response to cytokinis stimulus

|.‘
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Enriched GO terms of downregulated genes (p-value)

1h

8h

hy5

hy5

2,5E-04 2,2E-03

GO:term Process
G0:0010252 auxin homeostasis
GO0:0060918 auxin transport
Auxins G0:0009926 auxin polar transport
G0:0009734 auxin mediated signallyng pathway
G0:0009733 response to auxin stimullus
Cytokinins G0:0009736 cytokinin mediated signaling pathway
G0:0009735 response to cytokinis stimulus
G0:0009685 gibberellin metabolic process
Gibberelins G0:0010476 gibberellin mediated signaling pathway
GO0:0009740 gibberellic acid mediated signaling pathway
G0:0009739 response to gibberellin stimulus
GO0:0009693 ethylene biosynthetic process
G0:0009692 ethylene metabolic process
G0:0009873 ethylene mediated signaling pathway
Ethylene GO0:0010104 | regulation of ethylene mediated signaling pathway
negative regulation of ethylene mediated signaling
G0:0010105 pathway
G0:0009723 response to ethylene stimulus
G0:0016131 brassisteroid metabolic process
Brassisteroids | G0:0009742 brassisteroid mediated signaling pathway
G0:0009741 response to brassisteroid stimulus
GO0:0009416 response to light stimulus
G0:0009642 response to light intensity
G0:0009637 response to blue light
G0:0010017 red or far-red light signaling pathway
G0:0009639 response to red or far red light
Shade G0:0010114 response to red light
avoidance, light | G0:0010218 response to far red light
and growth | =5 5040007 growth
G0:0048589 developmental growth
GO0:0060560 | developmental growth involved in morphogenesis
G0:0016049 cell growth
G0:0009826 unidimensional cell growth
G0:0009641 shade avoidance

9,9E-05 8,5E-04

4,0E-05 4,0E-06 l!!!!!l

1,60E-03 1,60E-08 1,00E-04 2,90E-06

2,80E-03 3,70E-05

Figure Y10. Shade-regulated genes of the GO processes related to shade, light, growth and hormones

show a main regulatory role of PIF457 at short-term (1 h) and an increasing role of HY5 at later times (8

h). GO enriched categories on the (A) upregulated and (B) downregulated genes. GO terms enrichments were

obtained by using agriGO online analyses tool. We show the predicted GO-terms obtained from Col-0, hy5,

pif457 and hy5 pif457 treated with W+FR for 1 and 8 h. Blue color indicates finding a significative GO term (p-

value < 0.05). Magenta color indicates absence of a significant GO term. Numbers in the tables are the p-values

for each GO term.
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3. DISCUSSION

In the regulation of the SAS in A. thaliana, the function of phyB, PIFs, HFR1 and its
dependency on auxin biosynthesis via YUCCA-SAV3 to promote the shade-induced
hypocotyl elongation has been well established (Ciolfi et al., 2013; Fiorucci et al., 2020;
Kohnen et al., 2016; Li et al., 2012; PauliSi¢ et al., 2021; Tao et al., 2008). However, other
aspects of the SAS regulatory network, such as the genetic relationship of the negative
regulators phyA and HY5 and the temporal and spatial architecture of the network (i.e., when

and where its components act), are poorly understood.

Removal of active phyB (PfrB) by exposure to simulated shade de-represses PIFs
(particularly PIF7 and, to a lower extent, PIF4 and PIF5), which directly activate the
expression of positive (e.g., YUC genes) and negative (e.g., HFR1) regulators of growth
(Figure Y1). YUC activity together with SAV3 is required for the IAA biosynthesis that
promote shade-induced hypocotyl growth. By contrast, HFR1 negatively regulates PIF457
activities by interacting with them and inhibiting PIF DNA-binding. The observed genetic
interactions between sav3 and hfrl, and pif7/pif457 and hfrl (Figures Y4 A-C) are consistent
with this scenario and points to the existence of a branch or module formed by phyB-PIFs-
HFR1-SAV3, which is directly involved in producing the rapid and temporal burst in 1AA
observed after just 1-4 h of exposure to simulated shade (Bou-Torrent et al., 2014; Kohnen
et al., 2016; Li et al.,, 2012; Tao et al., 2008). Our growth rate studies indicate that the
components of this module act in a constant manner during the firsts 2-7 days of seedling
development. In addition, HFR1 and phyB gain importance at the end of this period, when

hfrl and phyB seedlings elongated most (Figure Y6).

In contrast with the previous genetic analyses, phyA pif457, phyA sav3, hy5 pif457 and
hy5 sav3 are still able to elongate in response to shade even in the absence of PIF457 and
SAV3 (and presumably without the burst in IAA produced by SAV3 and YUC activity). PhyA
is able to interact with PIF1 and PIF3 through their Active Phytochrome A-binding motif (APA,
needed for active phyA-specific binding) suppressing their regulatory activity (Al-Sady et al.,
2006; Shen et al., 2018). Consequently, in the absence of phyA and PIF457, PIF1 and PIF3
might be able to bind the DNA and promote the auxin biosynthesis related genes what
explains the ability to elongate of phyA pif457. However, how phyA sav3, hy5 pif457 and hy5
sav3 are able to elongate remains unclear, unless auxins are generated from another

biosynthesis pathway where PIF457 and SAV3 are not required. Other possibility is that these
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mutants are elongating without the need of de novo synthesis of IAA. Indeed, it has been
shown that free and active 1AA that is metabolized from IAA-glutamate molecules is able to
elicit the shade-induced hypocotyl elongation independently of 3-IPA-mediated IAA
biosynthesis in cotyledons (Zheng et al., 2016).

Based on the epistatic effect of phyA over HY5 (Figure Y3) and the genetic additivity
between phyA and HY5 with the HFR1, PIF457 and SAV3 (Figures Y3 B, Y4 G-I), we think
that the regulatory activity of phyA and HY5 could form a module somehow separated from
that of PIF457-HFR1 and the IAA synthetized by the SAV3-YUC pathway (that we name as
the phyB-PIFs-HFR1-SAV3 module). This is reinforced by the observed genetic interaction
between phyA and phyB (Figure Y2) that have antagonistic activities in the shade conditions
used in this work (Martinez-Garcia et al., 2010). The HY5 implication in the phyA-mediated
down-regulation of early-induced shade avoidance genes in prolonged low R:FR reinforces
this view (Ciolfi et al., 2013; Jang et al., 2013). The possible participation of HY5 and phyA in
the same module is supported by the increased resistance to the auxin polar transport
inhibitor NPA shared by the phyA, phyA sav3, hy5 and hy5 sav3 mutant lines (Figure Y5).
Furthermore, our growth rate analyses indicate that phyA and HY5 act early in the seedling
development (days 2-5) with a central importance in repressing the shade-induced growth in
this period compared to phyB and HFR1 (Figure Y6). Together, these results highlight that
the two regulatory modules are also distinguished by the moment of the development in which

they repress the shade-induced elongation as well as their auxin-dependency.

Perception of the R:FR occurs in the cotyledons, where phyB orchestrates a complex
transcriptional cascade through its interaction with PIFs. This signal is transmitted to other
cells located in the same (intercellular signaling) or in other organs (interorgan signaling)
(Bou-Torrent et al., 2008), i.e., from cotyledons towards hypocotyl, organ where the shade-
triggered elongation is observed. It has been pointed the involvement of auxin in the
transmission of a shade-related signal originated in the irradiated cotyledons (Tanaka et al.,
2002). Based on the pattern of cell length compared to the wild type, the auxin deficient
mutant sav3 and the phyA sav3 mutant present a limited elongation in the cells situated in
the lower part of the hypocotyl indicating that SAV3 and auxins are needed for most of the
elongation of this section cells that occurs in Col-0 in W+FR (Figure Y7 B). Importantly,
among the negative regulator mutants, there is a different impact of the growth along the cells
of the hypocotyl axis (Figure Y7 C-F) that is translated into a spatial separation of the

regulatory activity of the module phyB-PIFs-HFR1-SAV3, acting in the middle and lower half
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of the hypocotyl and the module phyA-HY5, mainly repressing cell elongation of the upper
half. Moreover, regulatory effect of phyB is weak at the beginning of the development allowing
the elongation of the lower-middle part of the hypocotyl at this moment. By contrast, the phyA-
HY5 module acts early in the shade-induced development and repress the elongation of the
upper part of the hypocotyl. Later, the repression imposed by phyA-HY5 progressively
dissipates, and the elongation in that upper part takes place. This temporal and spatial
separation of phyB-PIFs-HFR1-SAV3 and phyA-HY5 regulatory activities is consistent with
the observed hypocotyl elongation in an acropetal gradient (from de base to the top) that

were limited to dark- and W-grown seedlings (Gendreau et al., 1997).

An additional level of regulation refers to when the different SAS components act soon
after the beginning of the simulated shade exposure. Our transcriptomic analyses indicate
that immediately after shade exposure (within 1 h) PIFs are essential to modulate gene
expression compared to later times (8 h), when absence of PIF457 had less impact on the
DEGs compared to what was found in Col-0 and hy5 (Figure Y9 B-C). Importantly, almost
all the early (1 h, up- and down-regulated) DEGs found in the hy5 background, required
PIF457 to be shade-regulated (Figure Y9 D-E), which indicate that PIF457 are epistatic over
HY5 at this early time after shade exposure. After 8 h, a substantial part of the DEGs still
requires PIF457 activity. However, even in the pif457 background, an important amount of
DEGs were identified (Figure Y9 B and C), which suggested that the expression of these
DEGs depend either on PIF1 and PIF3, or the effect exerted by unknown regulators that also
participate in regulating gene expression under W+FR. In conclusion, after 8 h of shade
exposure, the transcriptional response diverges between the various genotypes and it does
not ultimately depend only on PIF457 regulation (e.g., 168 genes upregulated and 521
downregulated only in hy5 pif457). These results could explain the almost wild-type
elongation of hy5 pif457 hypocotyls and even the residual, but significant elongation detected
in shade-grown pif457 seedlings. (Supplementary Figure SY4, Figure Y9 F-G).

PIFs are usually presented as positive regulators of the SAS promoting the expression of
genes involved in hypocotyl elongation. Our RNA-seq analyses demonstrate that they also
have an important function in the repression of gene expression as it has been previously
described for some PIFs in shade related processes (Jia et al., 2020; Toledo-Ortiz et al.,
2010; Xie et al., 2017) (Figure Y9C, E, G). Similarly, HY5 not only participates in the rapid
shade-repression of genes, but also is needed to induce gene transcription, roles that in both

cases requires PIF457 (Figure Y9D-G). The dual function of HY5 as transcriptional repressor
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and activator could explain the drop in the upregulated genes observed from 1 h to 8 h of
W+FR in hy5 (Figure Y9 B). One possibility to explain this decrease, is that at 1 h, HY5 is
mainly acting as a transcriptional repressor whereas at 8 h is acting as a transcriptional

activator.

If we focus on the enrichment in GO-terms related with shade avoidance, light, growth
and hormones processes after 1 and 8 h of shade treatment, neither PIFs nor HY5 seems to
have a critical role in downregulating genes that participate in that kind of biological functions.
In contrast, these two types of regulators play a role in promoting the expression of these
groups of genes. At 1 h, most of the GO terms predicted in Col-0 are also present in hy5 but
not in pif457 and hy5 pif457, which suggests that PIF457 activities are fundamental for the
rapid shade-induction whereas HY5 plays a minor role. By contrast, at 8 h the main role of
PIF457 dissipates while HY5 activity starts to increase, i.e., most of GO terms that appear in
Col-0 are detected in pif457 but not in hy5 pif457.

Auxin homeostasis processes take place in Col-0 and hy5, only at 1 h whereas gibberellin
metabolic process (exclusively depending on PIFs) occurs only after 8 h of simulated shade.
This is consistent with the increase in auxin levels accompanied by a later increase of the
bioactive GA4 (Bou-Torrent et al., 2014) that can be the result of the induced expression of
genes related to gibberellin biosynthesis. Interestingly, the latter group of genes are also
known to be regulated by auxins (Frigerio et al., 2006), which suggests that the rapid and
transient shade-induced IAA production might cause GA4 accumulation, a possibility that we
would like to explore in the future. In the case of ethylene, PIF457 seem to be needed for its
biosynthesis and metabolism at 1 and 8 h. This agrees with previous findings that relate PIF
activity and ethylene biosynthesis: the expression of ACC SYNTHASE (ACS) genes
(participating in ethylene biosynthesis) is induced by PIF5 (Khanna et al. 2007; Paik et al.,
2017); and ethylene signaling is regulated by PIF3 and EIN3 (Jeong et al., 2016; Paik et al.,
2017; Zhong et al.,, 2014). It has been shown that ethylene indirectly regulates HY5
degradation and activity (Yu et al., 2013; Yu & Huang, 2017). Our results also show that this
transcription factor could be participating in a feedback regulation affecting ethylene
synthesis and metabolism because these processes are not detected in our RNA-seq in hy5
after 8 h or W+FR.

On the other hand, ethylene signaling processes, that occurs independently of PIF457

and HY5, presented slightly lower p-value in the mutants in comparison to Col-0. This could



CHAPTER Il - DISCUSSION

be due to similarity in the number of upregulated genes related with ethylene signaling in all
the genotypes but a lower number of total upregulated genes in the mutants at 8 h what

contributes to an important significance (Supplementary Table SY1).

The interdependence observed of HY5 activity on PIF457 in the modulation of gene
expression at least at 1 h of W+FR suggests that these two factors might integrate and
connect the two mentioned branches. Previously, it has been demonstrated physical
interaction between HY5 and PIFs or convergence of their transcriptional activities in non-
shade-related processes (Chen et al., 2013; Toledo-Ortiz et al., 2014; Zhang et al., 2017).
Thus, PIFs and HY5 could be key players connecting the two regulatory modules in specific
moments. However, the crosstalk between PIF457 and HY5 activities might be dynamic and

disappear with longer times of shade exposure.

Our findings propose a refined model for the regulation of shade-induced hypocotyl
elongation (Figure Y11) where the functional importance of the various SAS regulatory
elements changes with the moment of the seedling development. These regulatory elements
are grouped in two main branches: (1) a well-defined pathway in which participate phyB,
PIF457, HFR1 and SAV3, that is highly dependent on auxin biosynthesis, acts along all
seedling development (although apparently more strongly at the end of the period analyzed)
and targets cells in the lower-middle of the hypocotyl; and (2) an less well-characterized
pathway with phyA and HY5 as main components, that is less dependent on auxin
biosynthesis and polar transport, acts early in the seedling development and targets upper
cells along the hypocotyl axis. A detailed genetic, temporal, spatial and gene expression
analyses shows that in these processes, PIF457 regulatory activity is fundamental at 1 h of
W+FR and its importance dissipates at 8 h. By contrast, HY5 regulatory role increases at
longer times of shade exposure, when its expression is also reported to enhance. Importantly,
we found that the two pathways are not totally independent, and several processes are

regulated by both HY5 and PIFs such as light, growth and auxin related processes.
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Figure Y11. The SAS regulatory network is divided in two modules: (1) phyB-PIF457-HFR1-SAV3 and
(2) phyA-HY5 that act separated in time and target different cells along hypocotyl axis. phyA and HY5
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activity represses the elongation of the upper part of the hypocotyl with higher repressive strength at the
beginning of development. On the other hand, phyB-PIF457-HFR1-SAV3 activity regulates elongation of the
middle-lower part of the hypocotyl and its activity is quite constant during development with presumably higher
impact in later stages, when phyA-HY5 activity drops. The two modules are not completely independent one
from another and converge through PIF457 and HY5 that participate in the regulation of the expression of
common genes. Rapid changes in expression of these genes are highly dependent on PIF457 whereas at

longer times PIF457 dependency dissipates and HY5 regulation seems to gain importance.
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4. MATERIAL and METHODS

4.1. Plant material and growth conditions.

Arabidopsis thaliana plant material used was in the Columbia-0 (Col-0) background.
Single mutants used in this study were described before: phyA-501 (Martinez-Garcia et al.,
2014; SALK_014575), hy5-2 (Bou-Torrent et al., 2015; SALK_056405C), hfr1-5 (Roig-
Villanova et al., 2007; Sessa et al., 2005; SALK 049497), pif7-1 (a mutant allele from the
SALK collection -CS68809, www.signal.salk.edu. (Leivar et al., 2008; Li et al., 2012), and
sav3-5 also known as wei8-4 and tir2-3 (Stepanova et al., 2008; SALK_022743). The multiple
mutants pif457 (pif4-101 pif5-3 pif7-1) (de Wit et al., 2015), phyA-211 hfr1-101 (Duek &
Fankhauser, 2003) 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 greenhouse under long day photoperiod (16 h light and 8 h dark).

Fluence rates were measured with a Spectrosense2 meter associated with a 4-channel
sensor (Skyelnstruments Ltd., www.skyeinstruments.com), which measures PAR (400 —700
nm) and 10 nm windows in the blue (420 — 480 nm), R (664 — 674 nm) and FR (725 — 735

nm) regions.

4.2. Genetic crosses and genotyping

Some of the mentioned 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 pif4d57), hy5 pifd57 (hy5-2 pif457) and
phyA pif4d57 (phyA-501 pif457). Flowering plants where cross-pollinated. After 17-19 days the
seeds from the cross were harvested to carry out a segregation looking for the searched
genotype. Crosses were phenotypically selected in F1 and F2 and genotypic analyses were

carried out in F2 or F3 to select homozygous plants.

The genotyping was carried out by using homemade Taq polymerase enzyme with 35
cycles amplification (annealing temperature of 50°C and extension depending on the

fragment length) using the primers listed in Supplementary Table SY2.
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4.3. 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., 2006). After 3-6 days of stratification, plates were incubated in growth
chambers at 22°C under continuous white light (W) provided by 4 cool-white vertical
fluorescence tubes for 2 days (PAR of 20-25 umol-m2-s1, R:FR of about 1.58). After that
time, plates were either maintained in W or transferred to simulated shade (W+FR) for 5 days.
Simulated shade was generated by enriching W with supplementary FR provided by 4
horizontal LED lamps (PAR of 20-25 umol-m2-s, R:FR of about 0.02). At day 7, seedlings
were lied 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 3

biological replicates.

Hypocotyl measurements were carried out by using the National Institutes of Health
(NHS) ImageJ software (Bethesda, MD, USA; http://rsb.info.nih.gov/). Hypocotyl

measurements from the different biological replicates were averaged.

4.4. Hypocotyl measurements for the temporal analyses:

Seedlings were grown for up to 7 days either in W or W+FR, as described in the previous
section. In these experiments, 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 subtracting hypocotyl length of two consecutive days, the growth rate (mm-day!) from
day 2 to day 7was calculated for each genotype and light treatment (W and W+FR). Each
biological replicate corresponded to ~25 seedlings per treatment, genotype and time point.
Experiments were done with 3 biological replicates. Hypocotyl measurements from the
different biological replicates were averaged. These averaged data were used to calculate

the growth rate.

4.5. Cell length measurements along the hypocotyl axis for spatial analysis.

For the cell length measurements, about 100 seedlings of Col-0 seedlings were grown in
W and W+FR for 7 days. After the hypocotyl length in each condition was averaged, 15-16
individuals with a hypocotyl length of the estimated averaged value + 5 % were selected.
These seedlings were de-bladed and de-rooted, and the remaining hypocotyls fixed and

stained with calcofluor white to visualize cell walls. These samples were observed using
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confocal microscopy and cell elongation of several files of epidermal cells of the hypocotyl
longitudinal axis per treatment were measured. These values were averaged for each of the
20 cells that make up a cell file, from bottom to top (Figure Y7A). The differences in cell
length means in W+FR and W were represented for each of the 20 cells that make up a cell
file along the hypocotyl longitudinal axis. The staining was carried out as follows: hypocotyls
were submerged in a 1x PBS solution (NaCl (137 mM), KCI (2.7 mM), Na2HPO4 (10 mM,
KH2HPO4 (1.8 mM)) with 4% (w/v) paraformaldehyde (PFA) during 60 min at room
temperature. Then, hypocotyls were washed twice for 1 min in 1x PBS and cleared after
transferring them to ClearSee solution (Xylitol [10% (w/v)] (Sigma), Sodium deoxycholate
[final 15% (w/v)] (Sigma), Urea [final 25% (w/v)] (Sigma)). The clearing was carried out for at
least 1 week at room temperature. Before imaging taking, hypocotyls were stained with 100
ug-mit Calcofluor White (Sigma-Aldrich) in ClearSee solution during 120 min and washed

twice with ClearSee solution during 2 days (Kurihara et al., 2015).

Pictures 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 and
detected at 425-475 nm (Kamiya et al., 2015). Cell growth measurements were carried out
by using the NHS ImageJ software on the obtained pictures. At least 15 cells of 2 cell files

per hypocotyl from 7 plants were measured for each genotype and growth condition.

4.6. RNA extraction and gene expression analyses

Seven-day old seedlings grown in W or W+FR were harvested (about x 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 NanoDrop™ 8000 spectophotometer

(ThermoFischer Scientific™). 2 ug of total RNA were retrotranscribed to cDNA in a final
volume of 20 pL by using the Transcriptor First Strand cDNA synthesis KIT (Roche,
www.roche.com) and NZY First-Strand cDNA Synthesis Kit, separate oligos (NZYtech).

Subsequently cDNA was diluted ten-fold and stored at -20°C for further analysis.

Relative mRNA abundance was determined via Real-Time Quantitative Polymerase
Chain Reaction (RT-gPCR) in a final volume of 10 pL made up of 0.3 uM of both, forward
and reverse primers, 5 pL of the LightCycler 480 SYBR Green | Master Mix (Roche) and 2
pL of ten-fold diluted cDNA (Molina-Contreras et al., 2019). The RT-gPCR was carried out in
LightCycler 480 Real-Time PCR system (Roche). One biological replicate was composed by

~30 seedlings. The analysis was performed with three independent biological replicates for


http://www.promega.com/
http://www.roche.com/
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each condition and three technical replicates for each biological replicate. ELONGATION
FACTOR 1a (EF1a) was used as endogenous reference gene to normalize the expression
of the genes of interest. Primers used for the RT-gPCR analyses are provided in

supplementary information (Supplementary Table SY3).

4.7. RNA-sequencing

Total RNA for sequencing was obtained as in the expression analysis by RT-gPCR.
Library preparation was performed from three biological replicates and sequenced at the
Centre Nacional de Analisi Genomica (CNAG - CRG) on an Illlumina NovaSeq6000 in paired-
end 50 bp read length. Mapping to TAIR10 genome and Limma comparisons were performed
to obtain the False Discovery Rate (FDR) and the Fold Change (FC) for each gene.
Differentially expressed genes (DEGs) were considered when FDR P-value was <0.05 and
FC >[1.5].

4.8. Statistical analyses

The statistical analyses were carried out using the Real Statistics Resource Pack, an
Excel add-in that extends Excel’'s standard statistics capabilities. For the statistics analyses,
we compared three values corresponding to three replicates in the case of relative expression
and hypocotyl length.
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5.1. Supplementary Figures
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Figure SY1. Combinatory effect of pairs of negative regulators over the hypocotyl length. The graphs
represent the hypocotyl length in white light (W) and simulated shade (W+FR) of (A) Col-0, phyA-211, hfrl-
5 and phyA-211 hy5-101. (B) Col-0, hy5-2, hfr1-5 and hy5-2 hfr1-1. (C) Col-0, phyA-501, hy5-2 and phyA-
501 hy5-2. All the genotypes were germinated in W for 2 days and then they were either maintained in W or
transferred to W+FR for 5 more days. Values are means + SE of three independent biological replicas. Tukey
test was performed and different characters above the data indicate significant differences between

genotypes (p-value <0.05).



CHAPTER || — SUPPLEMENTARY INFORMATION

Ow BEW+FR
12
=10 | 1 :
E g c 1 D . D
ey
o 6 R 1
B
g , B B c
o D | 18 F
D c c
0 - T T T T T |'—.| a T T T
e T T g T ST e TR e e o v Tpw
5 ¢ £ gt 3 £ & = s ¢ 2 g
o b= s £a © = s Ea © z & £3
12
D
£10 - c . 1
S
v8- - 4
E E £ D
o 6 4 ]
k5 B c B
&4' 168 B B ) A
T 24 a A A.D A N A BA A J A AA A
0- oI T T I T ll_.l n T II—.I
' S N 3 2 3 b 3 it 3 ® 3
° s} = n ° o i o5 ° o Q (iR
© < & <k © < & < © < g <z
2z 2a 2 Za 2z go
[e% o [e% o [e% Q
12
—~ D
£10 - . D :
E 5| i | E
5 B B
86- 1 & | F
s | c ] G| ] ¢
0.4 c i A C B D B
EZ_A AI 1A EF AI _AI AA B
O' ol T T - '—. n T ||—.|
7 o G N < o 5 oS [S) N 0 NT)
Q o) = o= 2 ) < w5 ° 0 I\ @
> = = > - - > > >
© £ a £ o © = = A © = © E‘g

Figure SY2. Combinatory effect of negative and positive regulators over the hypocotyl length. The
graphs represent the hypocotyl length in white light (W) and simulated shade (W+FR) of (A) Col-0, hfrl-5,
pif7-1, hfrl-5 pif7-1. (B) Col-0, hfrl-5, pif457, hfrl-5 pif457. (C) Col-0, hfr1-5, sav3-5, hfr1-5 sav3-5. (D) Col-
0, phyA-501, pif7-1, phyA-501 pif7-1. (E) Col-0, phyA-501, pif457, phyA-501 pif457. (F) Col-0, phyA-501,
sav3-5, phyA-501 sav3-5. (G) Col-0, hy5-2, pif7-1, hy5-2 pif7-1. (H) Col-0, hy5-2, pif457, hy5-2 pif457. (1)
Col-0, hy5-2, sav3-5, hy5-2 sav3-5. All the genotypes were germinated in W for 2 days and then they were
either maintained in W or transferred to W+FR for 5 more days. Values are means + SE of three independent
biological replicas. Tukey test was performed and different characters above the data indicate significant

differences between genotypes (p-value <0.05).
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Table SY1. Pool of DEGs contributing to each GO term predicted in each genotype.

Green color beneath GO terms indicates that the gene situated in the left column contributes

to the GO term. Fold change in each genotype is indicated with colored bars. Different colors

of the bars indicate different scale of the fold change value. Table SY1 is available at
https://bit.ly/3kdmPR?7.

Table SY2. Primers used for genotyping.

Gene Primer name Sequence (5- 3))
phyAwt MSO31 TAG AGC ACC GCA CAG CTG CC
MSO32 GAA GCT ATC TCC TGC AGG TGG
phya-501 MSO31 TAG AGC ACC GCA CAG CTG CC
LBbl GCGTGGACCGCTTGCTGCAACT
HYSwt hy5-F GGTAGAGAATCTGGATCGGC
hy5-R GCTGAGCTGAAACTCTGTTC
hy5-2 LBbl GCGTGGACCGCTTGCTGCAACT
hy5-R GCTGAGCTGAAACTCTGTTC
PIEAW! JO138 GCGGAATTCAACAAGTCGAACCAACGATCAGGA
BO73 CTAGTGGTCCAAACGAGAACCGTCG
pif4-101 LB3 TAGCATCTGAATTTCATAACCAATCTCGATACAC
BO73 CTAGTGGTCCAAACGAGAACCGTCG
PIESWL BO50 CCAACCGAGTTGGTGGGTCTC
BO51 ATCTCTCCACAATAGCTCCAC
0if5-3 BO50 CCAACCGAGTTGGTGGGTCTC
LBbl GCGTGGACCGCTTGCTGCAACT
PIE7 NCO111 CCGTTCATGGTCTAGGCG
NCO110 CATCCTCTGGTTTATCCTATCACGCCG
Dif-1 NCO109 TGATAGTGACCTTAGGCGACTTTTGAACGC
NCO110 CATCCTCTGGTTTATCCTATCACGCCG
HER 1wt JO367 CCCTGCAGAATTTACCAATTGGGAGATCG
JO368 GCGGATCCACCATGTTAGTTAAAGAGATATCGG
hfr1-5 LBbl GCGTGGACCGCTTGCTGCAACT
JO368 GCGGATCCACCATGTTAGTTAAAGAGATATCGG
SAV3 RO68 GTGGTGAACCGTCCAGACGAC
JO401 CAG GGT AAG ATT CGA GTG
sav3-5 RO68 GTGGTGAACCGTCCAGACGAC
LBb1 GCGTGGACCGCTTGCTGCAACT


https://bit.ly/3kdmPR7
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Table SY3. Primers used for gene expression analyses.

Gene Primer name Sequence (5- 3))
JRO46 GCAGCCAATTTCCAAAGAGA
ACSS JROA47 CGACATGAAATCCGCCATAG
BO95 TGGTGTCAAGCAGATGATTTGC
EFfa BO96 ATGAAGACACCTCCTTGATGATTTC
PARL BO109 CACCGTCATGCTCAGCCA

BO110 TCGGTCTTCACGTACGCTTG
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GENERAL DISCUSSION

One of the main challenges for humanity in the near future is to guarantee a sufficient
amount of resources and food for the increasing human world population whose number is
expected to arrive to 9,1 million people by 2050 (FAO - News Article: 2050: A third more
mouths to feed). This has to be achieved while preserving sufficient land for wildlife and
keeping biodiversity. Indeed, as the surface of arable land is limited, a solution to enhance
the production of plant supplies is to grow more plants per surface unit (that is, to increase
planting density). However, as many crops are shade-avoider or sun-loving plants, growing
in these conditions initiate the SAS responses, which in adult plants results in a reduction in
the number of seeds, leaves and/or fruits and therefore in plant yield and productivity (Roig-
Villanova & Martinez-Garcia, 2016). Importantly, some of the SAS responses take place even
when the amount of sunlight that plants receive is enough to fuel the photosynthesis, i.e.,
when the plants are growing close to neighboring vegetation but not under their canopy.
Thus, it is of vital importance to know the SAS molecular mechanisms in detail to target these
mechanisms for plant breeding and generate crops that can grow in high density without

activating SAS and hence diminishing their productivity.

Arabidopsis thaliana is the model plant that has allowed to obtain a better knowledge
about SAS mechanisms. Due to its versatility, most of the studies about SAS in Arabidopsis
has been performed at the seedling stage. This experimental approach has allowed to find
several components involved in the SAS processes that are being described also as
important players at adult stages and on other species. For example, manipulation of the
expression of well-described SAS regulators in Arabidopsis seedlings, leads to suppress
shade avoidance responses and increase yield in species such as rice, potato and tomato
(Boccalandro et al., 2003; Garg et al., 2006; lannacone et al., 2008; Kong et al., 2004).

As mentioned, one of the best studied SAS responses in Arabidopsis is the shade-
induced hypocotyl elongation at the seedling stage. Hypocotyl growth is a clear, easily
detectable and measurable phenotypic change that can be used as an output that reflects
the performance of shade signaling. That way, a large number of regulators has been found
to participate in the modulation of shade-triggered hypocotyl elongation, whose action is
decisive in the initiation of SAS. At the top of this regulatory network are the phytochromes,
responsible for perceiving the changes in the R:FR signal (Franklin & Quail, 2010; J. Li et al.,

2011). PhyB is the phytochrome with a major role in regulating this response and,
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immediately downstream a group of transcription factors called PIFs receive the light signals
perceived by phyB and transform them into shade-induced changes in the expression of
hundreds of genes that orchestrate the SAS implementation (Leivar, Monte, Al-Sady, et al.,
2008; Leivar & Monte, 2014; Roig-Villanova & Martinez-Garcia, 2016). Among the different
PIFs described in Arabidopsis, the photostable PIF7 has a prominent role (L. Li et al., 2012).
However, the precise molecular mechanism by which this PIF binds to gene promoters to
regulate its expression in a shade-dependent manner is not fully understood, i.e., whether its
DNA binding activity can be separated from its ability to interact with phyB motif as it has
been demonstrated in the case of PIF3 in the regulation of de-etiolation under R (Al-Sady et
al., 2008). The structure-function analyses of PIF7 presented in this work showed that binding
to DNA through the bHLH domain and to phyB through the APB motif are both necessary for
the regulation of shade-induced changes in gene expression and the promotion of hypocotyl

elongation. This result contrasts with that found for PIF3 (Al-Sady et al., 2008).

Although an entire chapter of this manuscript is dedicated to the SAS positive regulator
PIF7, there are many other regulators that conform the regulatory network that modulates
hypocotyl elongation in shade. In the present work (chapter 2), the architecture of this network
has been refined by taking a series of complementary approaches, pointing out that the
analyzed SAS components can be organized into two main regulatory modules (phyB-
PIF457-HFR1 and phyA-HY5) that furthermore act separately not only working at different
timepoints but also impacting at different cells along the hypocotyl axis. With this information,
we proposed a model where we integrate the genetic relationship between positive and
negative SAS regulators and its temporal and/or spatial role (Figure Y11). One interesting
point of this signaling system is the role of auxin homeostasis and its relation to the different
regulatory modules. Interestingly, we have seen that in the absence of de novo auxin
biosynthesis (using the sav3 mutant background) and analyzing the resistance of the hy5
and phyA mutants to NPA application, part of the elongation in shade can be independent of
synthesis and polar transport of auxins, a hormone known to be necessary for the shade-
induced hypocotyl growth. How the phyA-HY5 module is able to elongate independently of
these auxin aspects is something that should be further investigated, as well as differences
in the expression or activity of genes involved in SAV3 alternative routes of auxin synthesis

in phyA and hy5 mutants.

Importantly, the activity of the two SAS regulatory modules eventually converges at some

point to modulate hypocotyl cell elongation, as experiments presented in this work have
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suggested. This converge can take place at different levels such as the action of some of
these signaling components or much more downstream at the cell level. HY5 and PIF457 are
good candidates for this convergence because they regulate the expression of common
target genes, many of them involved in processes related to the perception of light, growth,
shade and hormones with a role in SAS (Figure Y9-10). Based on our genetic analyses,
PIF457 and HY5 had an additive role in the shade-induced hypocotyl growth, which points
that their activities might not converge (Figure Y4). However, this was the result of the
analysis of a long-term process, as hypocotyl was measured after 5 days of shade treatment.
In great contrast, at short term, transcriptomic analyses showed that PIF457 are epistatic
over HY5 in regulating rapid changes in gene expression in response to shade (1 h of
treatment) and surprisingly, this epistatic effect dissipates after 8 h of simulated shade
(Figure Y9) which is consistent with the genetic additivity observed genetically at day 7
(Figure Y4). Altogether, these results suggest that the crosstalk between PIF457 and HY5
activities might be dynamic and disappear with longer times of shade exposure.

Mechanistically, the crosstalk to modulate the expression of common targets could be
explained by a possible heterodimerization between PIF457 and HY5. In fact, physical
interaction between HY5 and other PIFs has been demonstrated in non-shade related
processes (D. Chen et al., 2013; Toledo-Ortiz et al., 2014; X. Zhang et al., 2017). Thus, a
possible protein-protein interaction between HY5 and PIF457 should be investigated. To be
consistent with our transcriptomic data, this interaction would have to be transient and
dynamic. Another possibility is that PIF457 and HY5 separately modulate shade-regulated
gene expression without direct interaction between both regulators, but by competing for
binding to shared target elements in the promoters of its downstream regulated genes.
Indeed, HY5 interacts with ACGT elements (NACGTN), such as ACGTG motifs or the well-
defined PIFs binding motif G-box (CACGTG) (Burko et al., 2020; J. Lee et al., 2007; H. Zhang
et al., 2011). Hence, a more in-depth study on the genes shared between PIF457 and HY5

would be useful to clarify the connection between the two regulatory modules.

For better understanding how shade can impact on the transcription factor binding to its
target regions, in the first chapter we address the PIF7 binding sites, using the constitutively
active PIF7 derivative (PIF7TAPBmM). We found that PIF7 binding activity is not regulated by
shade conditions as it binds PBE-boxes and G-boxes with equal strength in light and shade.
This explains the activation of hypocotyl growth in this PIF7 derivative line regardless of
light/shade conditions. The fact that the accessibility of PIF7 to the DNA binding sites does



|g

GENERAL DiscussION

not greatly change when seedlings grow in W or W+FR, suggests that chromatin accessibility
to PIF7 is not rapidly affected (at least within 1 h of shade treatment). Indeed, a poorly
understood aspect of SAS implementation is its epigenetic regulation. It has been shown that,
after DNA binding, PIF7 can attract regulatory complexes that modify chromatin condensation
state (Alatwi & Downs, 2015; Brahma et al., 2017; Peng et al., 2018; Willige et al., 2021).
However, till date, the chromatin changes driven by PIF7 only have been reported to happen
in the gene coding sequence, not in the promoter region. Further investigation must be done
to elucidate the connection of remodelers of the chromatin condensation state with PIF7
binding and with other SAS regulators such as HY5 (another potential attractor of chromatin
remodelers, (Jing et al., 2013)). Aspects of epigenetic regulation, such as chromatin
accessibility and PIF7 ability to bind DNA, should be also investigated after longer exposures
to simulated shade. It is known that some epigenetic regulator mutants (e.g., lhpl, mrgl
mrg2) involved in the state of chromatin condensation have phenotypes that are defective in
shade conditions (their hypocotyls do not elongate under shade as much as to wild-type
hypocotyls) (Peng et al., 2018; Valdés et al., 2012). Whether PIF7 binding is affected in these
mutants remains to be elucidated. In that context, transgenic lines expressing PIF7APBm
and PIF7Bm mutated variants will be useful tools to study these processes since,
presumably, PIF7APBm would bind constitutively to the target promoters maintaining the
gene body in a more relaxed condensation state (accessible for gene transcription) whereas
PIF7Bm could not do so as it does not bind to DNA.

The main objective of the present work has been to provide more information on the
regulation of the SAS in Arabidopsis, a shade-avoider species. By modifying the shade
regulatory signaling network, we expect to be able to generate shade-tolerant species. In
fact, by studying a close relative of Arabidopsis, the shade-resistant plant Cardamine hirsuta,
it has been demonstrated that shade tolerance in Cardamine is due to higher biological
activity of the SAS negative regulators phyA and HFR1 and an attenuated activity of phyB
and the positive regulators PIFs (Molina-Contreras et al., 2019; PauliSi¢ et al., 2021).
Understanding how the various SAS orthologous genes have differentially evolved to
modulate responses to shade conditions leading to either avoid or tolerate shade, could arise
important knowledge to be able to convert a shade-avoider into a shade-tolerant species and
specifically apply these strategies to obtain shade-tolerant crops with higher productivity

when growing in dense vegetation densities.
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. By means of directed mutagenesis of two known functional domains of PIF7 we were able
to uncouple its capacity to bind DNA and to the active phyB.

. DNA-binding activity is fundamental to rapidly induce the expression of PIF7 targets that
promote, among other responses, the hypocotyl growth in shade.

. By contrast, PIF7 binding to the active phyB photoreceptor is not needed to induce the
expression of PIF7 targets and promote hypocotyl growth. However, phyB binding is
required to modulate expression in a shade-dependent manner. Therefore, the PIF7
mutant unable to be regulated by phyB becomes a constitutively active form.

. Interaction of phyB with PIF7 affects its protein stability and binding capacity to DNA.
Moreover, using the PIF7 constitutively active form we found that shade does not affect
the strength of PIF7 binding to its DNA-binding sites.

. The SAS regulatory components analyzed seem to be organized in two regulatory
modules, whose temporal and spatial activities differ but overlap.

. The auxin/SAV3-dependent phyB-PIF457-HFR1 module has a constant activity during
seedling development with a slightly increase at the end of the analyzed period (day 7).
This module affects mainly the elongation of cells situated in the middle-lower part of the
hypocotyl axis.

. The phyA-HY5 module is partially auxin/SAV3-independent and it works mostly at the
beginning of seedling development (from day 2 to 5). It preferentially controls the
elongation of cells situated in the upper part of the hypocotyl axis.

. The two regulatory modules are not completely independent, and their activities converge
at least through PIF457 and HY5 transcription factors, in charge of regulating changes in
gene expression of common targets. Importantly, convergence of transcriptional activities
of these transcription factors is dynamic, being PIF dominant after just 1 h of shade
exposure and additive to HY5 activity at longer exposure times (8 h).
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