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Abstract

The phytohormone gibberellin (GA) participates in the regulation of plant growth as
well as responses to environmental stimuli. GA signaling is mediated via the
degradation of DELLA proteins, which act mainly as transcription regulators by
interacting with transcription factors. Here, GA signaling was studied in relation to
the hormone strigolactone (SL) and low temperature (4 °C) stress in Arabidopsis

thaliana.

Both GA and SL control plant growth and have similarities in their signal perception
mechanisms. Furthermore, an interaction was reported between the rice DELLA
protein and the SL receptor. Although, crosstalk between the two hormone
pathways was suggested, it remained largely unclear how they interact at the
physiological and molecular level. For the investigation of such interactions, GA and
SL biosynthesis single and double mutants were phenotypically and biochemically
analyzed in the response to the two hormones. Additive effects on phenotypical
traits were observed while treatments with the synthetic SL, rac-GR24, did not affect
DELLA stability. Furthermore, a transcriptomics analysis of GA- and SL-deficient
ga1l max1-4 mutants was performed in response to GA and rac-GR24 and largely
additive changes in the mRNA abundance of a substantial number of genes were
observed in response to the two hormones. The findings suggest that signaling
interaction of the two hormones occurs at the level of gene transcription regulation

of common target genes.

Upon low temperature exposure, DELLA proteins are stabilized in plants and control
growth and gene expression changes, but the signaling events downstream of
DELLAs in this condition remained unknown. Therefore, the role of GA in the
regulation of growth and transcription in cold temperature stress was investigated.
First, the gene expression changes in response to GA in ambient temperature and
in combination with cold stress of the wild type were analyzed and found to be
largely different. In addition, more than 200 new DELLA-transcription factor

interactions were identified with the yeast two-hybrid system and, by combining the
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two data sets, putative targets of the pathway were identified. Evidence that
GROWTH REGULATORY FACTORs (GRFs) interact with DELLA proteins and

affect growth and transcription changes in response to cold stress was obtained.

Zusammenfassung

Das Phytohormon Gibberellin (GA) ist an der Regulation des Pflanzenwachstums
sowie an den Reaktionen auf Umweltreize beteiligt. Die GA-Signaltubertragung wird
Uber den Abbau von DELLA-Proteinen vermittelt, die hauptsachlich als
Transkriptionsregulatoren durch Wechselwirkung mit Transkriptionsfaktoren wirken.
Hier wurde die GA-Signallbertragung in Bezug auf das Hormon Strigolakton (SL)

und den Stress bei niedriger Temperatur (4 ° C) bei Arabidopsis thaliana untersucht.

Sowohl GA als auch SL steuern das Pflanzenwachstum und weisen Ahnlichkeiten
in ihren Signalwahrnehmungsmechanismen auf. Dartber hinaus wurde eine
Wechselwirkung zwischen dem Reis-DELLA-Protein und dem SL-Rezeptor
berichtet. Obwohl eine Wechselwirkung zwischen den beiden Hormonwegen
vorgeschlagen worden war, blieb weitgehend unklar, wie diese auf physiologischer
und molekularer Ebene interagieren. Zur Untersuchung solcher Wechselwirkungen
wurden Einzel- und Doppelmutanten der GA- und SL-Biosynthese in Reaktion auf
die beiden Hormone phénotypisch und biochemisch analysiert. Additive Effekte auf
phanotypische Merkmale wurden beobachtet, wahrend Behandlungen mit dem
synthetischen SL rac-GR24 die DELLA-Stabilitdt nicht beeinflussten. Darlber
hinaus wurde eine Transkriptomanalyse von GA1- und SL-defizienten ga1 max1-4
Mutanten als Reaktion auf GA und rac-GR24 durchgeflihrt, und es wurden
weitgehend additive Anderungen in der mRNA-Hé&ufigkeit einer betrachtlichen
Anzahl von Genen als Reaktion auf die zwei Hormone beobachtet. Die Ergebnisse
legen nahe, dass die Signalinteraktion der beiden Hormone auf der Ebene der

Gentranskriptionsregulation gemeinsamer Zielgene stattfindet.

Bei Exposition mit niedriger Temperatur werden DELLA-Proteine in Pflanzen
stabilisiert und kontrollieren Wachstums- und Genexpressionsanderungen, aber die
2



den DELLAs nachgeschaltete Signalereignisse in dieser Reaktion blieben
unbekannt. Daher wurde die Rolle von GA bei der Regulation von Wachstum und
Transkription bei Kaltestress untersucht. Zunédchst  wurden  die
Genexpressionsanderungen beim Wildtyp als Reaktion auf GA bei
Umgebungstemperatur und in Kombination mit Kaltestress analysiert und als
weitgehend unterschiedlich befunden. Dartber hinaus wurden mehr als 200 neue
DELLA-Transkriptionsfaktor-Wechselwirkungen mit dem Hefe-Zwei-Hybrid-System
identifiziert und durch Kombination der beiden Datensatze wurden vermeintliche
Ziele des Signalwegs identifiziert. Es wurde der Nachweis erbracht, dass GROWTH
REGULATORY FACTORs (GRFs) mit DELLA-Proteinen interagieren und
Wachstums- und Transkriptionsdnderungen als Reaktion auf K&ltestress

beeinflussen.



1. Introduction

Plants have evolved numerous molecular signaling mechanisms in order to
coordinate their developmental program and responses to changes in the
environment. They have to decide when and where to germinate, grow, develop
organs, and reproduce according to temperature, soil composition, water
availability, light conditions and other environmental factors. Plant hormones are
utilised for transferring external and internal information to achieve survival and

reproductive success.

Gibberellins (GAs), a group of tetracyclic diterpenoid hormone molecules, have
been extensively studied because of their importance for agricultural production. GA
insensitive gene variants were first introduced into commercial wheat varieties in
the 1950’s by the Nobel prize laureate Norman Borlaug. These high yielding
varieties have shorter and stronger stems and thus can support more grain without
lodging. Yield is additionally increased due to nutrient allocation in grain filling
instead of shoot growth. These mutations are currently present in more than 70 %
of the total cultivated wheat and, in combination with fertilizer use and pest control,
have contributed to significant increases in yield production in the second half of the
last century (Hedden, 2003).

GAs are growth stimulants and, in the last two decades, have also emerged as
central regulators of defence versus growth responses. GAs promote germination,
shoot and leaf growth and flowering, whereas reduced GA levels and signaling
inhibit growth and promote stress resistance (Colebrook et al., 2014;
Schwechheimer, 2014). GAs are involved in the regulation of plant responses to
multiple environmental cues such as abiotic stress (temperature, shade avoidance,
phosphate starvation, salt stress, drought stress) and biotic interactions (arbuscular
mycorrhiza, insects) (Achard et al., 2006; Jiang et al., 2007; Achard et al., 2008;
Colebrook et al., 2014; Li et al., 2015; Fonouni-Farde et al., 2016; Du et al., 2018).
Furthermore, GA signaling interconnects with other hormone signaling pathways

including those of auxin, jasmomic acid as well as the more recently identified SLs
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(Daviere and Achard, 2016). GA responses are determined by specific interactions
at the molecular level, which vary depending on the environment, plant organ and
developmental stage (Cao et al., 2006; Wild et al., 2016; Serrano-Mislata et al.,
2017; Rizza and Jones, 2018). A detailed examination and identification of GA
signaling components and interactions will increase our understanding of the
pathway and facilitate the creation of new varieties with better stress tolerance and

improved yield, through breeding or genetic engineering.

1.1. Gibberellin (GA)

GA research sparked in Japan in the beginning of the 20" century because of the
plant disease “bakanae”, which is caused by the GA-producing fungus Gibberellla
fujugikuroi. Symptoms of the disease include slender seedling growth and infertility,
today known effects of GA signaling saturation (Hedden and Sponsel, 2015). In
1958, the plant endogenous gibberellin A1 (GA1) was first isolated and since then
more than 130 GAs have been found in diverse species including bacteria, fungi,
and vascular plants (MacMillan and Suter, 1958; Hedden and Sponsel, 2015).
However, only a few, structurally distinct GAs are bioactive in angiosperms, namely
GA1, GA3, GAs and GA7 (Sun, 2011).

1.1.1. GA acts to suppress the DELLA transcription factors

GA-dependent phenotypes in plants are the result of changes in gene transcription
rates and protein trafficking. These are influenced by a variety of factors including
intracellular GA levels, developmental stage, cell/organ type, environmental
conditions and other hormones (Daviere and Achard, 2016). Genetic and
biochemical evidence suggests that the primary target of GA signaling are the
nuclear-localized DELLA-domain transcription regulators (Silverstone et al., 2001;
Daviere and Achard, 2016). Although, DELLA-independent GA-promoted changes

in gene expression have been reported, 95% of gene expression changes depend
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on DELLA abundance and their interactions with other transcription factors (Willige
et al., 2007; Livne et al., 2015).

DELLAs proteins belong to the GRAS (GAI, RGA, SCR) family of transcription
factors with 32 members in Arabidopsis and 54 in rice. GRAS proteins share the
conserved C-terminal GRAS domain, which includes the LHRI, VHIID, LHRII,
PFYRE and SAW motifs (Pysh et al., 1999; Tian et al., 2004). DELLA proteins have
additionally the DELLA and TVHVNP domains in their N-terminus that are
necessary for their interaction with the GA receptor (Fig. 1A) (Tian et al., 2004;
Griffiths et al., 2006; Ueguchi-Tanaka et al., 2007; Willige et al., 2007). Non-DELLA
GRAS proteins are not direct targets of GA signaling, although the GA-regulated
SCARECROW-LIKES (SCL3) has been implicated in the control of GA homeostasis
(Yoshida and Ueguchi-Tanaka, 2014).The suggested mechanism involves protein-
protein interactions between the DELLAs, SCL3 and INDETERMINATE DOMAIN
(IDD) transcription factors to control downstream responses (Zhang et al., 2011;
Yoshida et al., 2014). Thus, other GRAS factors might be involved in GA responses
by interfering with the DELLA function or by antagonizing DELLA interactions.

Inside the cell, bioactive GAs bind to the nuclear GA receptor GIBBERELLIN
INSENSITIVE DWARF1 (GID1) that was first characterised in rice (Ueguchi-Tanaka
et al., 2005; Griffiths et al., 2006; Ueguchi-Tanaka et al., 2007). GA-binding causes
structural changes in GID1 that promote the interaction between GID1 and the
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Figure 2. The dwarf
phenotype of the GA-
insensitive gid1 receptor
triple mutant is
suppressed by loss-of-
function of DELLA
mutations.

The DELLA proteins RGA
and GAIl in Arabidopsis
repress growth downstream
of the GA receptor. 6-week-
old Arabidopsis thaliana
plants of the specified
genotypes. Figure from

gid1 gid1
gid2 gid2 -
gid3 gid3 3 Willige et al., 2007.

gai-t6

DELLA transcription regulators (Murase et al., 2008). The GID1-DELLA complex
subsequently associates to the SKP1-CULLIN1-F-box protein-type (SCFFtox) E3
ubiquitin ligase complex. This requires the presence of the F-box protein GID2 in
rice and SLEEPY 1 (SLY1) or SNEEZY (SNZ) in Arabidopsis (Dill et al., 2004; Fu et
al., 2004; Ariizumi et al., 2011). Ubiquitinylated DELLA proteins are subjected to
degradation via the 26S proteasome (Fig. 1B) (Silverstone et al., 2001; Fu et al.,
2002; Willige et al., 2007). Exogenous application of GA can rescue the growth
restrain of GA-deficient mutants such as ga1 but not that of GA-insensitive mutants
(Fig. 2) (Griffiths et al., 2006; Willige et al., 2007).

A functional GA-GID1-DELLA signaling module is present in vascular plants but not
in the moss Physcomitrella patens (Hirano et al., 2007). The number of gene copies
of the GA receptor and the DELLA-domain proteins varies between different plant
species. For example, Arabidopsis thaliana has three receptor (GID1A, GID1B and
GID1C) and five DELLA genes (REPRESSOR OF GA1-3 1, RGA; GIBBERELLIC
ACID INSENSITIVE, GAI, RGA-LIKE 1, RGL1; RGA-LIKE 2, RGL2 and RGA-LIKE
3, RGL3) whereas rice has only one receptor (GID1) and one DELLA (SLENDER
RICE 1, SLR1). The GID1 receptors are structurally similar to a/b hydrolases. An

amino acid substitution in the loop region of the GID1B allele of Arabidopsis allows



it to interact with the DELLA proteins in the absence of GA. It was suggested that
GID1B responds differently than other GID1 proteins to various stimuli and that
GID1B may show a developmental stage- or organ-specific expression (Nakajima
et al., 2006; Yamamoto et al., 2010). RGA and RGL2, two different DELLA genes
of Arabidopsis, on the other hand, where shown to have the same biochemical
function but different mMRNA expression patterns based on promoter exchange
experiments (Gallego-Bartolome et al., 2010). Thus, the main GA perception
complex is conserved and functional diversification occurs mainly form differences

in the spatio-temporal regulation of gene expression of individual components.

Cellular DELLA protein levels are controlled by the amount of bioactive GAs and are
therefore influenced by the rates of GA biosynthesis, catabolism and transport. GAs
are synthesised from geranylgeranyl diphosphate (GGDP) through a series of
enzymatic reactions. In the initial steps, GGDP is converted to GA12 by the enzymes
ent-copalyl diphosphate synthase (CPS), ent-kaurene synthase (KS), ent-Kaurene
oxidase (KO) and ent-kaurenoic acid oxidase (KAO). GA12 is then converted to
bioactive GAs by two classes of 2-oxoglutarate—dependent dioxygenases the GA
20-oxidases (GA20oxs) and the GA 3-oxidases (GA3oxs). The deactivation of
bioactive GAs is catalyzed by GA 2-oxidases (GA2oxs) (Fig. 3) (Yamaguchi, 2008).
Both, GA biosynthesis (GA200xs and GA3oxs) and catabolism (GA20xs), as well
as GA signaling genes are subject to feedback regulation by GA. This includes the
activation of GA biosynthesis and the suppression of GA catabolism genes by
DELLA proteins (Yoshida and Ueguchi-Tanaka, 2014; Yoshida et al., 2014).
Feedback regulation occurs after exogenous GA treatment or can be the result of
intracellular changes in GA content due to hormone transport or environmental
inputs. This homeostatic mechanism strongly influences intracellular GA and
DELLA levels (Middleton et al., 2012). Furthermore, spatial separation of GA
biosynthesis and catabolism in combination with the long and short distance
transport of GAs have been suggested to control developmental processes and cell
type-specific GA responses (Binenbaum et al., 2018). The intermediate non-

bioactive GA12 has been shown to move through the xylem and phloem to support
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Figure 3. Diagram of the enzymatic biosynthesis and catabolism steps of bioactive GAs in
plants.

GGDP, geranylgeranyl diphosphate; ent-CDP, ent-copalyl diphosphate; CPS, ent-copalyl
diphosphate synthase; KS, ent-kaurene synthase; KO, ent-kaurene oxidase; KAO, ent-kaurenoic
acid oxidase; 20x, GA 2-oxidase; 30x, GA 3-oxidase; 130x, GA 13-oxidase; 200x, GA 20-oxidase.
Figure from Yamaguchi, 2008.



growth (Regnault et al.,, 2015). The transport of bioactive GAs by transporter
proteins has been demonstrated to contribute to cell-type specific DELLA
accumulation and to influence GA-dependent growth responses (Chiba et al., 2015;
Saito et al.,, 2015; Kanno et al.,, 2016; Tal et al.,, 2016). The spatio-temporal
regulation of GA metabolism and transport contribute to the control of DELLA
accumulation and to promote developmental changes and responses to fluctuations
in environmental conditions (Galvao et al., 2012; Shani et al., 2013; Wild et al., 2016;
Rizza et al., 2017).

DELLAs control transcription changes in response to GA through protein-protein
interactions with numerous structurally diverse transcription factors (Yoshida et al.,
2014; Daviere and Achard, 2016). More than 150 such interactions have been
reported to date and about 50 of them have been biologically validated and
connected to specific plant phenotypes (Van De Velde et al., 2017). In the majority
of cases, these interactions prevent the DELLA-targeted transcription factors from
binding to gene promoters through protein sequestration. For example, the
interaction of DELLAs with the PHYTOCHROME-INTERACTING FACTORs (PIFs)
inhibits their binding to gene promoters and reduces cell elongation (de Lucas et al.,
2008; Feng et al., 2008; Hou et al.,, 2010; Bai et al., 2012; Oh et al., 2012;
Schwechheimer, 2014; Daviere and Achard, 2016; Van De Velde et al., 2017).
Additionally, DELLAs can transactivate genes when being tethered to their
promoters by interacting with members of the INDETERMINATE DOMAIN (IDDs),
ABA-INSENSITIVE3 and type-B ARABIDOPSIS RESPONSE REGULATORS
(ARRs) transcription factor families (Lim et al., 2013; Fukazawa et al., 2014; Yoshida
et al.,, 2014; Marin-de la Rosa et al., 2015). DELLA interactions with the RING
domain proteins BOTRYTIS SUSCEPTIBLE1 INTERACTOR (BOI), BOI-RELATED
GENE1 (BRG1), BRG2, and BRG3 have been suggested to co-regulate gene
expression but the factor that brings the complex to gene promoters remains
unknown (Park et al., 2013). Although the ability to bind DNA has been described
for rice GRAS proteins, there is no evidence of direct DNA-binding in the case of
the DELLAs (Li et al., 2016).
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Apart from GA-promoted DELLA ubiquitinylation, other post-translational
modifications that affect DELLA abundance and interactions have been identified
(Camut et al.,, 2017). O-fucosylation of DELLA proteins by SPINDLY (SPY)
increases their binding affinity to PIFs and BRASSINAZOLE RESISTANT1 (BZR1)
transcription factors (Zentella et al., 2017). Moreover, DELLA O-GlcNAcylation by
SECRET AGENT (SEC) inhibits the same interactions as well as the DELLA
interaction with JASMONATE-ZIM DOMAIN1 (JAZ1) (Zentella et al., 2016).
Phosphorylation has also been reported to affect DELLA activity and proteasomal
mediated degradation (Hussain et al., 2005; Dai and Xue, 2010). Finally, salt stress-
promoted SUMOylation of DELLAs has been shown to mediate the GA-independent
DELLA-GID1 binding and GID1 sequestration. This mechanism has been
suggested to increase DELLA abundance and thus limits growth under stress
conditions (Conti et al., 2014).

DELLAs have also emerged as regulators of intracellular protein trafficking through
interactions that do not affect transcription but protein localization (Locascio et al.,
2013; Shanmugabalaji et al., 2018). They control microtubule orientation to regulate
cell expansion though interactions with subunits of the prefoldin complex (PFD) in
Arabidopsis. DELLA stabilization mediates the relocation of the complex from the
cytoplasm to the nucleus and negatively affects tubulin heterodimerization and
microtubule orientation in a GA-dependent manner (Locascio et al., 2013).
Furthermore, DELLAs interact with a member of a translocon complex at the outer
envelope membrane of chloroplasts (TOC159), an essential component of an import
machinery for proplastid to chloroplast differentiation (Bauer et al., 2000;
Shanmugabalaji et al., 2018). This interaction promotes the proteasomal
degradation of TOC159 and inhibits chloroplast biogenesis during germination

whereas GA has the opposite effect (Shanmugabalaji et al., 2018).

Auxin transport is also regulated by GA and DELLAs in a post-transcriptional
manner. GA deficiency results in reduced root gravitropic response, auxin transport
and membrane content of the PIN-FORMED2 (PIN2) auxin transporter, which is
targeted for vacuolar degradation (Willige et al., 2011; Lofke et al., 2013). GA-
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dependent DELLA degradation increases PIN2 membrane levels and facilitates
auxin transport by promoting protein recycling to the plasma membrane (Willige et
al., 2011; Lofke et al., 2013; Salanenka et al., 2018). The regulation of protein
trafficking by GA requires the retromer complex and an intact microtubule
cytoskeleton. It has been suggested that the DELLA-PFD interactions promote
protein targeting to the vacuoles by affecting the microtubule dynamics (Salanenka
et al.,, 2018). Thus, DELLAs regulate intracellular protein trafficking and auxin

transport in addition to gene expression through protein-protein interactions.

In conclusion, DELLA abundance and interactions with numerous transcription
regulators and other proteins control gene expression and intracellular protein
trafficking and depend on the presence of bioactive GA as well as DELLA protein

modifications.

1.2. Strigolactone (SL) signaling interaction with GA

Strigolactones (SLs) are plant-produced carotenoid compounds that control plant
root and shoot architecture and are secreted from the roots to trigger biotic
interactions (Brewer et al., 2013). SLs were initially identified in the 1950s as
germination-promoting agents of parasitic weeds belonging to the families of Striga
and Orobanche. These weeds infect a wide range of grasses and flowering plants
such as maize, rice and tomato causing big yield loses (Xie et al., 2010). SL
production is triggered by low phosphate availability to inhibit shoot branching and
promote biotic interactions between arbuscular mycorrhiza and plants (Akiyama et
al., 2005; Gomez-Roldan et al., 2008; Umehara et al., 2008). While the increased
branching is the most prominent phenotype of SL-deficient and -signaling mutants,
effects on root architecture, plant stature, leaf senescence and secondary growth
have been reported (Brewer et al., 2013). Thus, SLs signal both inside the plant and
in the rhizosphere to coordinate plant response to low phosphate and increase their

nutrient assimilation though beneficial symbiotic interactions (Waldie et al., 2014).
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Both, GA and SL signaling pathways are involved in the regulation of shoot
outgrowth and elongation, the response to low phosphate availability and the root
colonization by arbuscular mycorrhiza (Jiang et al., 2007; Gomez-Roldan et al.,
2008; Umehara et al., 2008; Kohlen et al., 2011; Mayzlish-Gati et al., 2012; Floss et
al., 2013; Takeda et al., 2015; Fonouni-Farde et al., 2016; Wang et al., 2017). SL
biosynthesis and signaling mutants have increased branch number and reduced
plant height, phenotypes that have also been reported for semi-dwarf GA-deficient
mutants (Silverstone et al., 1997; Booker et al., 2004; Shen et al., 2007; Lo et al.,
2008; Rieu et al., 2008; Lin et al., 2009). Furthermore, low phosphate availability
triggers SL production that modifies the Arabidopsis shoot and root architecture,
although this species does not interact with beneficial fungi (Kohlen et al., 2011;
Mayzlish-Gati et al., 2012). Phosphate starvation also promotes the reduction of GA
levels and the stabilization of DELLA proteins to inhibit growth and regulate root
architecture (Jiang et al., 2007). Thus, the two hormones might interact in the control

of growth and responses to external stimuli (Marzec, 2017).

SLs are a diverse group of compounds comprised of a butenolide D-ring connected
to an additional element with specific stereochemistry, important for signal
transduction (Fig. 4A) (Al-Babili and Bouwmeester, 2015). Several SL biosynthesis
mutants have been characterized in different plant species. As SLs are still detected
in most of them, it has been suggested that additional uncharacterized biosynthesis
pathways must exist (Waldie et al., 2014; Al-Babili and Bouwmeester, 2015). In
Arabidopsis, the isomerase DWARF27 (D27) and the carotenoid cleavage
dioxygenases MORE AXILLARY BRANCHES3 (MAX3; CAROTENOID
CLEAVAGE DIOXYGENASE 7) and MORE AXILLARY BRANCHES4 (MAX4;
CAROTENOID CLEAVAGE DIOXYGENASE 8) convert the all-trans-3-carotene to
the SL intermediate carlactone (Waters et al., 2012; Al-Babili and Bouwmeester,
2015). The latter is subsequently changed to bioactive SLs by the enzymes MORE
AXILLARY BRANCHES1 (MAX1; CYTOCHROME P450, FAMILY 711) and
LATERAL BRANCHING OXIDOREDUCTASE (LBO) (Fig. 4B) (Booker et al., 2005;
Brewer et al., 2016).
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Figure 4. SL structures and biosynthesis pathway.

(A) Chemical structures of two of the naturally derived SLs with different stereochemistry strigol
and orobanchol as well as that of the commonly used synthetic SL, GR24. (B) The identified steps
and enzymes of SL production in Arabidopsis. Figure modified from Al-Babili and Bouwmeester,
2015 and Brewer et al., 2016.

The bioactivity of SLs depends on the regulation of SL biosynthesis and transport.
They are transported inside the plant from root to shoot and from root to the
rhizosphere (Al-Babili and Bouwmeester, 2015). Active transporters are most likely
involved in this process as it has been shown with the characterization of a petunia
PDR-type SL transporter (Kretzschmar et al., 2012; Sasse et al., 2015). Both the
transporter and the biosynthesis genes MAX3 and MAX4 are subject to
transcriptional regulation by SLs (Mashiguchi et al., 2009; Kretzschmar et al., 2012).
Recently, the GA-promoted downregulation of SL production through changes in

expression of SL biosynthesis genes has been reported for rice (lto et al., 2017).
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Whether this type of regulation and its contribution to SL and GA mutant phenotypes

is conserved in other plant species remains to be investigated.

Similarly to GA signaling, SL signaling is perceived by the a/b hydrolase receptor
DWARF14 (D14) to target specific proteins for ubiquitylation and proteasomal
degradation through the SCFFPox E3 ubiquitin ligase complex (Arite et al., 2009;
Waters et al., 2012; Jiang et al., 2013; Zhou et al., 2013; Marzec, 2016). Although
GID1 and D14 belong to the same enzymatic group, only D14 hydrolyses the bound
SLs, an activity that is required for SL perception (Ueguchi-Tanaka et al., 2005;
Hamiaux et al., 2012; Nakamura et al., 2013; Zhao et al., 2015; de Saint Germain
et al., 2016; Yao et al., 2016). The F-box proteins DWARF3 (D3) in rice and MORE
AXILLARY BRANCHES2 (MAX2) in Arabidopsis interact with D14 and are
necessary for SL signal transduction and ubiquitylation of the target proteins
DWARF53 (D53) and SUPPRESSOR of max2-1 LIKE7 (SMXL7), SMXL6 and
SMXLS8 in rice and Arabidopsis, respectively (Fig. 5A) (Jiang et al., 2013; Zhou et
al., 2013; Soundappan et al., 2015; Wang et al., 2015).

The F-box proteins D3/MAX2 are also necessary for the response to the karrikins
(KARs), a class of smoke-derived compounds (Nelson et al., 2011; Morffy et al.,
2016). KARs promote seed germination after fire, affect seedling growth, and
enhance stress tolerance (Morffy et al., 2016). The receptor of KARs is the D14
homologous protein, KARRIKIN INSENSITIVE2 (KAI2) (Waters et al., 2012). KAI2
recognizes KARs and non-naturally derived SL enantiomers such as GR24¢n-50S  |n
contrast, D14 binds naturally-derived SLs such as strigol and the synthetic GR245PS,
Thus, the commonly used synthetic SL, rac-GR24 (GR243%PS and GR24entDs)
confers responses to SL as well as KAR as each of the two enantiomers binds to
one of the two receptor proteins (Scaffidi et al., 2014; Umehara et al., 2015). It has
been hypothesized that plant-endogenous karrikin-like compounds are produced
but these remain unidentified to date (Waldie et al., 2014; Conn and Nelson, 2015).
The KAI2-MAX2 hormone-bound complex mediates the ubiquitylation and
proteasomal degradation of the target proteins SUPPRESSOR of max2-1 (SMAX1)
and SUPPRESSOR of max2-1 LIKE2 (SMXL2) (Fig. 5B) (Soundappan et al., 2015;
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Villaecija-Aguilar et al., 2019; Wang et al., 2020). Recently, SMAXL2 has also been
suggested to be a target of the SL-D14-MAX2 complex and thus being targeted by
both D14- and KAI2-dependent regulation of hypocotyl growth (Fig. 5) (Wang et al.,
2020) .

Multiple evidences suggest that the control of gene expression is one mode of SL
action. Transcript profiling after GR24 treatments results in altered transcript levels
of about 100 and 500 genes in Arabidopsis and tomato, respectively (Mashiguchi et
al., 2009; Mayzlish-Gati et al., 2010). The SL target proteins D53/SMXL6, SMXL?7,
SMXL8 suppress the gene expression of the branch-inhibiting transcription factors
FINE CULM1 (FC1) and BRANCHED1 (BRC1) in rice and Arabidopsis, respectively
(Zhou et al., 2013; Soundappan et al., 2015; Wang et al., 2015). Based on protoplast
assays, it has been suggested that the repressor activity of D53/SMXL6, SMXL?7,
SMXL8 depends on the presence of the EAR motif (Wang et al., 2015). The latter
is found in several transcription factors that interact with the transcription regulator
TOPLESS (TPL) in Arabidopsis and other plant species (Causier et al., 2012).
Interactions between D53/SMXL6, SMXL7, SMXL8 and TPL proteins have been
shown in rice and Arabidopsis, and it has been hypothesized that TPL is required
for the SL-mediated transcription responses (Jiang et al., 2013; Soundappan et al.,

2015; Wang et al., 2015). Although not all the SL-related phenotypes are influenced
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by the presence of the EAR motif indicating the involvement of additional signaling
targets downstream of SMXLs (Liang et al., 2016). Recent work has shown that the
three SL targeted SMXLs can suppress their own transcription thought promoter
binding but for the regulation of other genes, such as BRC1, additional transcription
factors are needed. This study confirmed their role as transcription factors, a
function that has not been know when the work presented in this thesis was
conducted (Wang et al., 2020).

Interestingly, the DELLA proteins have been suggested to be targets of SLs as the
rice SLR1 interacts with D14 in yeast and protoplast cells. This interaction depends
on a functional D14 and the presence of SLs, while it is inhibited by the GA-bound
GID1 (Nakamura et al., 2013). Thus, the D14-DELLA complex formation might be
interfering with the DELLA function by either reducing the free DELLA levels or
promoting their degradation. In this scenario, SLs would be promoting GA
responses and transcription changes. Furthermore, GA could be promoting SL
responses if the DELLA proteins antagonize the D14-SMXL binding or reduce the
D14 receptor abundance. Also, two independent studies demonstrate that the
abundance of the fusion protein GFP-RGA is unaffected by GR24 treatments, while
branching and internode elongation have been suggested to be independently
controlled by the two hormones in pea (de Saint Germain et al., 2013; Bennett et
al.,, 2016). The relevance of the DELLA-D14 interaction remains unclear and
additional research is needed to understand how the two hormone signaling

pathways are connected (Daviere and Achard, 2016).

Finally, auxin transport is regulated by SLs, but in a negative manner as opposed to
the effect observed after GA application. SLs inhibit auxin transport and promote
the removal of PIN1 transporters from the plasma membrane in Arabidopsis shoots
and SL-deficient mutants have better auxin transport capabilities and higher PIN1
levels compared to the wild type (Bennett et al., 2006; Crawford et al., 2010; Agusti
et al., 2012; Shinohara et al., 2013). In addition, SLs lead to a reduction in the
plasma membrane-associated PIN2 transporter in Arabidopsis roots under low

phosphate conditions in a MAX2-dependent manner (Kumar et al., 2015). The effect
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of SLs on auxin transport and PIN1 levels depends on the SL-targeted SMXLs
(Soundappan et al., 2015; Liang et al., 2016). The importance of the SL regulation
of auxin transport for the inhibition of branch outgrowth has been debated (Bennett
et al., 2006; Waldie et al., 2014; Brewer et al., 2015). A recent report suggests that
both the control of auxin transport and transcriptional regulation of target genes such
as BRCT1 from SL, contribute to the increased branch number phenotype of the SL-
deficient and insensitive mutants (Bennett et al., 2016; Seale et al., 2017). Thus, the

control of auxin transport could be another convergent point of GA and SL signaling.

1.3.GA in cold stress responses

Sub-optimal temperatures negatively impact plant growth and can cause cell
damage and death with devastating results for agricultural yield production (Baxter,
2014; Jha et al., 2017). Thus, identification of the molecular signaling mechanisms
that control plant cold stress responses is important for the development of high-

yielding stress-resistant crops.

Plants have evolved various adaptive strategies to adjust their growth and
development to temperature fluctuations and cold environments (Baxter, 2014). For
example, monocot and dicot species from temperate climates including Arabidopsis,
have the ability to increase their freezing tolerance after a temperature drop. This is
achieved through transcription reprogramming and adjustments of cellular
metabolism and composition that take place when the plants grow in above-zero
cold temperatures (Miura and Furumoto, 2013). Important conserved regulators of
the cold acclimation response are the C-REPEAT BINDING FACTORs (CBFs)
transcription factors, which are rapidly upregulated when temperature decreases.
Arabidopsis has three CBF genes, CBF1, CBF2 and CBF3 (Thomashow, 2010).
CBF overexpression confers constitutive freezing tolerance while loss of functions
cbf mutants are defect in cold acclimation and freezing sensitive (Miura and
Furumoto, 2013; Jia et al., 2016; Zhao et al., 2016).
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DELLA proteins are also involved in the response to low temperature to inhibit
growth and promote stress resistance (Achard et al., 2008; Penfield, 2008;
Colebrook et al., 2014). GA treatments promote the stem elongation of lettuce and
wheat plants grown in low temperatures (Stoddart et al., 1978; Pinthus et al., 1989).
In Arabidopsis, the root elongation of double and quadruple DELLA loss-of-function
mutants is less inhibited compared to the wild type after exposure to 4 °C for several
hours per day (Achard et al., 2008). Similarly, quintuple (global) DELLA mutant
plants are not as strongly inhibited as the wild type in terms of leaf and stem growth
and flowering time at 12 °C, compared to ambient temperature grown plants (Kumar
et al., 2012; Zhou et al., 2017). The plant survival after freezing stress of the GA-
insensitive gai mutant is enhanced compared to the wild type (Peng et al., 1997;
Achard et al., 2008). In contrast, gai and rga double loss-of-function mutants are

more vulnerable to freezing damage and death (Achard et al., 2008).

At the molecular level, cold stress supresses GA responses and promotes the
stabilization of DELLA proteins. The GA1 content of tall and semi-dwarf GA-
insensitive Rht wheat varieties is lower when they grow at 10 °C as opposed to 25
°C (Pinthus et al., 1989). In Arabidopsis, a reduction in bioactive GA levels and
stabilization of the fusion protein GFP-RGA are observed after short exposure to
cold temperatures. It has been suggested that this is the result of noted changes in
transcription of specific GA metabolism and DELLA genes (Achard et al., 2008;
Zhou et al., 2017).

Genetic and biochemical evidence suggests that CBFs promote DELLA stabilization
in cold stress. CBF overexpression affects the transcript levels of GA catabolism
GA20x genes and of RGL3, while the cold induction of those is compromised in a
cbf3 mutant (Achard et al., 2008; Li et al., 2017; Zhou et al., 2017). In addition, CBF3
has been suggested to control the cold-induced upregulation of GA20x7 by direct
promoter binding (Zhou et al., 2017). Strikingly, ambient temperature-grown CBF
overexpressing lines have reduced GA, and higher GFP-RGA content, are late
flowering and dwarf. These phenotypes are rescued by exogenous GA treatments

or the genetic introduction of double GAl and RGA or quintuple DELLA loss-of-
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function alleles (Achard et al., 2008; Zhou et al., 2017). Vice versa, DELLAs
contribute to the cold stress-promoted upregulation of the CBF genes. CBF gene
expression is not as strongly induced in quintuple DELLA gene mutants compared
to the wild type after cold stress. It has been suggested that this might be the result
of DELLA-JAZ interactions as this effect can be rescued by methyl jasmonate
treatment (Hu et al., 2013; Zhou et al., 2017).

Another result of DELLA stabilization in cold stress is the increase of PFD protein
nuclear localization (Perea-Resa et al., 2017). DELLA-PFD interactions have been
suggested to regulate the daily fluctuations in cell expansion through the control of
microtubule dynamics (Locascio et al., 2013). In addition, GA treatments stabilize
the cold-sensitive microtubule cytoskeleton of maize protoplast cells (Huang and
Lloyd, 1999). Interestingly, a fast rearrangement of the cytoskeleton after cold
exposure is corelated with increased growth recovery and freezing tolerance in
winter wheat varieties (Abdrakhamanova et al., 2003). It is thus tempting to
hypothesize that the DELLA-PDF interactions could be involved in the rapid cold-
promoted microtubule rearrangement to inhibit cell growth and promote cold
acclimation. Notably, it has been suggested that PFDs negatively affect the ability
to cold acclimate in Arabidopsis, since cold pre-treated pfd mutants are able to
withstand lower freezing temperatures compared to the wild type. However, pfd4
mutants are not freezing-resistant in the absence of cold pre-treatment (Perea-Resa
et al., 2017). In contrast, DELLA proteins strongly enhance the survival of non-cold
acclimated plants (Achard et al., 2008). Thus, the PFD-DELLA interaction might be
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involved in the regulation of the cold acclimation response but one would expect
that DELLAs have additional targets to inhibit growth and improve survival in

response to reducing temperatures.

The role of GA and DELLA proteins in the control of cold-promoted gene expression
changes remains to be elucidated. Functional interactions between DELLA proteins
and other transcription factors could be expected to mediate these responses (Fig.
6). Analysis and identification of the GA signaling components in cold-stress can

facilitate future biotechnological applications and germplasm selection.

1.4. Objectives of this study

The current work aims to unravel the contribution and targets of the growth- and

defence-regulating hormone GA in the plant’s response to SLs and cold stress.

Although an interplay between GA and SL at the molecular level has been
suggested, it has been largely unclear whether molecular and developmental
changes in response two hormones have mutual effects. To investigate the putative
interaction between GA and SL signaling, Arabidopsis thaliana gal max1-4
biosynthesis mutants of both hormones, were generated and examined in detail.
Phenotypic and biochemical analyses, as well as a detailed investigation of the
transcription responses of gal max1-4 after single and combined GA and SL
treatments, were performed. Furthermore, the use of next-generation sequencing
of mMRNA allowed an in-depth transcriptome profiling and the identification of

additive changes in mRNA expression of specific gene clusters.

The effect and targets of GA in the control of early cold stress-promoted transcription
changes were investigated in Arabidopsis thaliana seedlings. First, changes in
transcript abundance in response to cold stress (4 °C) and GA were determined with
MRNA sequencing. For the identification of candidate transcription factors that
mediate this response downstream of GA, a yeast-two-hybrid screen of the two
DELLA proteins, RGA and GAI, was performed against a transcription factor

collection of almost 2000 transcription factors (Pruneda-Paz et al., 2014). By
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combining the two datasets, the GROWTH-REGULATING FACTORS (GRFs) were

identified and their role in cold stress growth regulation was elucidated.
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2. Materials and methods

2.1.Biological material

Biological material and growth conditions. Wild type and mutants of the
Arabidopsis thaliana ecotype Columbia were used for all experiments. The loss-of-
function mutants ga1 (SALK_109115), max1-4 (Sail_25_A05), max3-9 and max2-
1, grf1 line 1 (grf1#1, SALK_069339c), grf3 line 1 (grf3#1, SALK_026786), grf5-1
(SALK_086597) as well as the overexpression transgenic lines 35S:GRF5,
35S:miR396b, 35S:rGRF1 and 35S:rGRF3 were previously described (Stirnberg et
al., 2002; Booker et al., 2004; Horiguchi et al., 2005; Willige et al., 2007; Rodriguez
et al.,, 2010; Hewezi et al., 2012; Luo et al., 2012). Primer sequences used for

genotyping of the single and double mutants are listed in Table 1.

The genomic construct pGRF3:GRF3 was cloned with the primers 5-attB1-
CCTCAGTCAGAACCGAATG-3" and 5-attB2-ATGAAAGGCTTGTGTCGAGAC-3’
and introduced into the entry vector pDNR201. The mutation that renders GRF3
insensitive to the miR396b was introduced with mutation PCR with the primers 5’-
GCACCGTGGCCGCAACAGGAGCCGTAAACCGGTCGAGACTCC-3° and 5™
GTTGCATTGACGGTGGTTGGAGTCTCGACCGGTTTACGGCTCCTGTTG-3..

pGRF3:rGRF3 was then recombined with the destination vector pGWB459 to get
the C-terminal RFP fusion (Tanaka et al., 2011). The pGRF3:rGRF3-RFP was
cloned with the primers 5’-attB1-CCTCAGTCAGAACCGAATG-3’' and 5-attB2-
GCTCAATTAAGTTTGTGCCCC-3’ and inserted back to the pDNR201 to be finally
introduced to the pFASTRO7 vector (Shimada et al., 2010). The construct was used
to transform the established pRGA:GFP-RGA (Landsberg erecta background)
transgenic line and two T1 plant lines expressing pRGA:GFP-RGA/pGRF3:rGRF3-

RFP were analysed (Silverstone et al., 2001).
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Table 1: List of primers used for genotyping in this study.

Primer Sequence Reference

3step_max1_fw —5/75 | TCC CCATCT GAAATC TGT TTG

3step_max1_rv—5/76 | AAT TAATAC GGA TTC CGT GCG

LBb1.3 ATTTTG CCG ATT TCG GAAC

3step_gal_Ip2 CAG ACC CGA GAC AGT AACTGC

3step_gal_rp2 TCT CTA CTC GAG GCAAGC TTG

max2-1 dCAPS F CCC AAA GCT CTC AAA GAT GC (Stanga et al., 2013)
CAATAATCAAGCTCGCTCAAGC

max2-1 dCAPS R TCAAGCTTCCAATTCCGGTCAA (Stanga et al., 2013)
GAAGAATCTTTCCCATAAACTCGAAT

MAX3_fw_exon2 TTTAAGATGCCACCGAAACG (Booker et al., 2004)

MAX3_rv_exon2 TTTACCACAAAATGTGAAGTTG (Booker et al., 2004)

2.2.Physiological experiments

Unless stated otherwise, plants were germinated on %2 MS 0.8% agar plates before
seedlings were transferred to soil. Plants were grown in continuous white light (110-
130 pmol m=2 s1) in MobyLux GroBanks (CLF Plant Climatics, Wertingen, Germany)
or MLR-351 SANYO growth chambers (Ewald, Bad Nenndorf, Germany). To
overcome the germination defect imposed by the GA-deficiency of the ga1 mutants,
seeds were treated with GAs during imbibition. For the quantification of rosette
diameters, seeds were surface-sterilized and incubated at 4 °C in water containing
100 uM GAs (Duchefa Biochemie, The Netherlands) for five days to induce
germination. GAs was subsequently removed by repeated washes of the seeds
before plating. For branch number and plant height measurements, stratified seeds
were germinated for five days on 2 MS plates containing 100 pM GAs and
subsequently transferred to soil. GAs treatments were performed by spraying four

times with either 1 uM GAs or mock (n=10).

For assessing primary root elongation and RGA accumulation in the specified
genotypes under low phosphate conditions, seeds were surface sterilized and then
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stratified for five days in water supplemented with 100 uM GAs followed by washes
to remove GAs. Seeds were germinated on ¥2 MS 0.8% agar plates for 8 days and,
subsequently, seedlings were transferred for seven days to ¥2 MS plates containing
1.5 mM CaClz, 9.4 mM KNOs, 0.75 mM MgSOs4, 10.3 mM NH4NO3, 2.5 mM MES,
100 mL/L Murashige and Skoog basal salt micronutrient solution (Sigma-Aldrich,
Taufkirchen, Germany), 0.5 mL 1000x Gamborg B5 Vitamin mixture (Duchefa
Biochemie, The Netherlands), 0.8% agar supplemented with either 10 uM or 1.0
mM KH2POq4 for low and high phosphate conditions, respectively (n=36) (Jiang et
al., 2007).

For the quantification of leaf, petiole and root growth, seeds were surface-sterilized,
stratified and grown on 2 MS 0.8% agar plates in continuous white light (110 - 130
pmol m?2 s1) in MLR-351 SANYO growth chambers (Ewald, Bad Nenndorf,
Germany) for six days before they were transferred to plates containing mock or 10
MM GAs (Duchefa Biochemie, The Netherlands) or 0.1, 0.5 or 1 uM paclobutrazol
(PAC; Duchefa Biochemie, The Netherlands). Plates and leaves were scanned after
either seven days at 21 °C (7 days at 21 °C) or seven days at 4 °C and seven
additional days at 21 °C (7 days recovery). At 4 °C, almost no growth was observed.
The different parameters were quantified with the Imaged software (NIH). The
experiment was repeated three times with similar results. In the case of the first
repeat, no ambient temperature condition was included. The cell size analysis was
performed from ten images taken from ten different seedling true leaves in the mid-
section of the respective leaves. For the quantification of the 3S:miR396b root
phenotype on PAC, Col-0 and 3S:miR396b seeds were surface-sterilized, stratified
and grown on %2 MS 0.8% agar plates for five days. Subsequently, they were
transferred on plates containing either mock or 5 uM PAC or 5 uM PAC + 10 pM
GAs. Photos of the root tips were taken with an Olympus SZX16 stereoscope
(Olympus, Hamburg, Germany) after eight days and the frequency of the
disorganized meristem phenotype was counted. For the microscopic visualization
of the phenotype, Col-0 and 35S:miR396b seeds were surface-sterilized and grown

for five days before they were transferred to medium containing either mock or 1
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MM PAC. The photos were taken after eight days using propidium iodide staining

with an Olympus FV1000 (Olympus, Hamburg, Germany) confocal microscope.

2.2.1. Statistical tests

The effect of the genotype and treatment in the branching, plant height and primary
root elongation, and leaf growth assays was assessed with two-way ANOVA and
Tukey's honestly significant difference post-hoc test. Differences with p-value <0.05
were accepted as significant. All statistical analyses were performed with the R

statistical package.

2.3.Immunoblot analysis

Protein extracts for immunoblot analyses were prepared using an established anti-
RGA antibody as previously described (Willige et al., 2007). For the hormonal
treatments, ga1 max1-4 seeds were surface sterilized and incubated at 4 °C in 100
MM GAs for five days to induce germination. Subsequently they were grown on -
MS 0.8% agar plates and, 10 days after germination, were transferred to liquid
MS in 24-well plates for 5 hours to acclimate before the addition of 100 uM GAs or
5 uM GR24 (Chiralix, Nijmwegen, The Netherlands) or 100 uM GAs + 5 uM GR24
or a mock solution. Pooled samples were taken from three individual wells. For the
investigation of RGA levels in ambient temperature and after exposure to cold
stress, Columbia-0 seeds were surface-sterilized, stratified for two days, and grown
on %2 MS agar for nine days at 21 °C under continuous light (110—150 pmol m=2 s1)
in a Sanyo growth chamber. Seedlings were then placed at 4 °C under the same

light conditions and spray-treated with 100 uM GAs or a mock solution.

26



2.4. Transcriptomics

2.4.1. RNA-sequencing (RNA-seq) analysis of the ga1 max1-4 mutant after GA
and GR24 treatments

gal max1-4 seeds were surface-sterilised and stratified for 6 days at 4 °C in 100
MM GA3. Following the removal of GA3 by extensive washes, seeds were grown on
2 MS agar plates for seven days at 21 ° C. Seedlings were then transferred to 24-
well plates in liquid MS (mock) for 7 hrs before hormone treatments for 0, 30, 60
and 120 min with mock, 5 uM GR24, 100 uM GA3 and 5 uM GR24 + 100 pM GAS.

Three independent biological replicates were collected for each treatment.

RNA was isolated as described above, quantified with a Qubit (2.0 Fluorometer;
RNA-seq Fisher, Schwerte, Germany) using the QuantiFluor RNA high sensitivity
kit (Promega, Mannheim, Germany) and its quality was further determined with a
Bioanalyzer 2100 (Agilent Technologies, Waldbronn, Germany). cDNA libraries
were prepared using the TruSeq Stranded mRNA Sample Preparation kit (lllumina,
San Diego, CA) according to the manufacturer’s instructions. Clusters were
generated and sequenced on two-lane flow cells in four batches with the HiSeq
2500 platform (lllumina). The TruSeq Rapid SR Cluster kit (lllumina) and the TruSeq
Rapid SBS kit (lllumina) were used generating 50 bp single stranded reads.

The analysis of the raw sequences and the differential expression analysis were
performed on the CLC Genomics Workbench v. 7.0.4 (CLC bio, Aarhus, Denmark).
Raw sequences were first quality timmed (trim using quality scores: 0.05, maximum
number of ambiguous nucleotides: 1) and then aligned and mapped to the
Arabidopsis thaliana Columbia-0 (TAIR10) genome using the RNA-seq analysis tool
with default settings (Maximum number of hits for a read, 10; Global alignment, No;
Similarity fraction, 0.8; length fraction, 0.8; mismatch cost, 2; Insertion cost, 3;
Deletion cost, 3). Differential expression analysis was performed using the Empirical
Analysis of the DGE tool (Estimate tagwise dispersions, Yes; Total count filter cutoff,
5.0). Genes with a false discovery rate corrected p-value < 0.01 and fold change >

1.5 were classified as differentially expressed genes (DEGs). Raw sequence reads
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from this study were submitted to NCBI under the Bioproject PRINA266229 and are
available from the Sequence Read Archive as SRP050945.

The FC values for the 261 DEGs of the combined treatment that would occur based
on the read counts of the single treatments were calculated as FCecalculated =
(ReadCountsca + ReadCountsarz4 - ReadCountsmock)/ReadCountsmock, in response
to GA, FCea = ReadCountsca/ReadCountsmock and in response to GR24, FCarea4 =
ReadCountscr24/ReadCountsmock. The output FC values of the Empirical Analysis
of the CLC DGE tool cannot be calculated from the original counts as they are based
on average counts per million for each group of biological replicates and derive
internally in the Exact Test algorithm (CLC Genomics Workbench 7.0 manual). The

later were used and FCecalculated Was estimated as FCecalculated = FCca + FCaRr24 — 1.

2.4.2. RNA-Seq analysis of the response to cold stress and GA

Arabidopsis thaliana Col-0 seeds were surface-sterilized, stratified for two days,
and grown on %2 MS agar for nine days at 21 °C under continuous light (110 — 150
pmol m-2 s-1) in a Sanyo growth chamber. Seedlings were then spray-treated with
100 uM GAS3 or a mock solution and placed at 21 °C or 4 °C under the same light
conditions. Three biological replicates of seedling shoots were collected after 0, 1,
2 and 4 h for each treatment. Total RNA was isolated using the NucleoSpin RNA
Plant kit (Machery-Nagel, Daren, Germany). DNA was removed by an on-column
treatment with rDNase (Machery-Nagel, Duren, Germany). For library preparation
and RNA sequencing, RNA was quantified with the KAPA library quantification kit
(Mlumina, San Diego, CA) and cDNA libraries were prepared using the TruSeq RNA
Sample Preparation v2 kit (lllumina, San Diego, CA) following the manufacturer’s
instructions. Clusters were generated and sequenced on eight lane flow cells with a
HiSeq 1000 platform (lllumina, San Diego, CA). The TruSeq Paired-End Cluster kit
v3 (lllumina) and the TruSeq SBS kit v3 (lllumina) were used to generate 100 bp
paired-end reads. The analysis of the raw sequences and the differential expression
analysis were performed on the CLC Genomics Workbench v. 7.5.1 (Qiagen,

Aarhus, Denmark). Raw sequences were first quality trimmed (trim using quality
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scores: 0.05; maximum number of ambiguous nucleotides: 1) and then aligned and
mapped to the Arabidopsis thaliana Columbia-0 (TAIR10) genome using the RNA-
seq analysis tool with default settings (Maximum number of hits for a read, 10;
Strand specific, both; Count paired reads as two, no; Expression value, total counts;
Calculate RPKM for genes without transcripts, no; Global alignment, no; Auto-detect
paired distances, yes; Similarity fraction, 0.8; length fraction, 0.8; mismatch cost, 2;
Insertion cost, 3; Deletion cost, 3). Differential expression analysis was performed
using the Empirical Analysis of DGE tool (Total count filter cutoff, 5.0; Estimate
tagwise dispersions, yes; FDR corrected, yes). Genes with a false discovery rate
corrected p-value < 0.01 and fold change > 1.5 were classified as differentially
expressed genes (DEGs). Heat maps were generated using the Cluster 3.0 and
Treeview tools (de Hoon et al., 2004; Saldanha, 2004). The raw data of this
experiment can be found at NCBI SRA database under accession number
SRP178244 and Bioproject PRINA513856.

An independent RNA-seq experiment was performed in order to compare the
responses to the 4 °C and GA treatment using nine days-old seedlings of the Col-0
wild type and 35S:GRF5 transgenic lines (Horiguchi et al., 2005). Growth conditions
and RNA-preparation were as described above. Seedling shoot material was
harvested from the three genotypes after four hours at 21 °C (mock), 4 °C (mock)
and at 4 °C following 100 uM GAs treatment. Library preparation and sequencing
using lllumina technology was performed by GATC Biotech (Constance, Germany).
After selection of polyadenylated mRNAs, strand-specific cDNA libraries were
generated and sequenced, producing more than 25 million stranded 50 bp-reads
per sample. The raw sequence reads were quality trimmed (trim using quality
scores: 0.05; maximum number of ambiguous nucleotides: 1) and aligned to TAIR10
using the RNA-seq analysis tool (Mismatch cost, 2; Insertion cost, 3; Deletion cost,
3; length fraction, 0.8; Similarity fraction, 0.8; Global alignment, no; Strand specific,
reverse; Maximum number of hits for a read, 10; Count paired reads as two, no;
Expression value, total counts; Calculate RPKM for genes without transcripts, no)
of the CLC Genomics Workbench v. 10.1.1 (Qiagen, Aarhus, Denmark). Differential
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expression analysis was performed using the Differential Expression for RNA-seq
tool (CLC Genomics Workbench v. 10.1.1, Qiagen, Aarhus, Denmark). DEGs were
classified as for the previous experiment (false discovery rate corrected p-value <
0.01, fold change > 1.5). Heat maps were generated using the Cluster 3.0 and
Treeview tools (de Hoon et al., 2004; Saldanha, 2004). The raw data of this
experiment can be found at NCBI SRA database under accession number
SRP158655 and Bioproject PRUINA487166.

2.5. Quantitative real-time PCR

Table 2: List of primers used for qRT-PCR analysis.

Primer Sequence Reference
D14_fw_2step GCAGCTTGC TCAGTT TCT CC
D14_rv_2step CGA TAC GTG GAC CCC ACT AA

MAX4_fw_2step ACC CAC TTG GCT GAATGG TA
MAX4_rv_2step GTG GAG TAG CCG TCG AAG AG
MAX2_fw_2step AGT TAG ATT GCG GGG ACA CA

MAX2_rv_2step GTG GTG GCC AAT AAT CAAGC

D27_fw_2step TGG ACA GAG CAT TAC CGA CA

D27_rv_2step CCT CAC CTC TGA AGG TCC AA

MAX1_fw_2step GGT TGC AAG GGA AACTGC TA

MAX1_rv_2step TGC TAA CCA AAC CCATGT CC

QRTMAXS3F GATTCG TTG GTG AGC CCA TG (Hayward et al., 2009)
QRTMAX3R CAC CGA AAC CGC ATACTC GA (Hayward et al., 2009)
BRC1_fw AAC ACG ACC GAA ACAAGA GG

BRC1_rv GCT CTCTCCTCC TTG GAC AAC T

For gRT-PCR analyses, total RNA was isolated using the NucleoSpin RNA Plant kit
(Machery-Nagel, Diren, Germany). DNA was removed by an on-column treatment
with rDNase (Machery-Nagel, Diren, Germany). Subsequently, 2 ug of total RNA
were reverse transcribed with an oligo(dT) primer and M-MuLV Reverse

Transcriptase (Fermentas, St. Leon-Rot, Germany) and the cDNA equivalent of 60-
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80 ng of total RNA was used in a 10 pl PCR reaction in a CFX96 Real-Time System
Cycler with SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad, Miinchen,
Germany). A 40 cycle 2-step amplification protocol (10 s at 95 °C; 20 s at 60 °C)
was used for all measurements. Relevant primers for qRT-PCR are listed in Table
2.

2.6. Protein-protein interaction assays

2.6.1. Molecular cloning

As the full-length DELLA proteins are not suitable as ‘baits’ for yeast two-hybrid
experiments, N-terminally truncated M5 versions of RGA and GAIl were used as
previously described (de Lucas et al., 2008). DNA-binding domain (DB) yeast two-
hybrid constructs of M5-truncated RGA (RGA204) and GAIl (GAI141) were
generated using Gateway-based cloning of PCR fragments obtained with the
primers RGA-FW 5-attB1-CGGAGTCAACTCGTTCTGTTATCCTGG-3’ and RGA-
RV 5-attB2-GTCAGT ACGCCGCCGTCGA-3’' as well as GAI-FW 5%-attB1-
CGAACGGCGTCGTGG AAACC-3’ and GAI-RV 5’-attB2-
GCTAATTGGTGGAGAGTTTCCAAGCC-3’, respectively  (LifeTechnologies,
Carlsbad, CA). AD yeast two-hybrid clones for GRF4 were obtained in the same
manner from Col-0 cDNA with the primers 5-attB1-
CGATGGACTTGCAACTGAAAC-3 and 5-attB2-GTTAATGAAAAACTT
GAGTAGAG-3’ and for GRF6 with 5’-attB1-CGATGGCTACAAGGATTCC-3 and 5
attB2-GTCAAATGAAGAGTGAAGTAG-3'. Yeast two-hybrid constructs for the
remaining genes were retrieved from the transcription factor collection (Pruneda-
Paz et al.,, 2014). SCR and SCL3 yeast two-hybrid constructs were previously
published (Consortium, 2011). For the bimolecular fluorescence complementation
experiment, the coding sequence of GRF5 was amplified with the primers 5’-attB1-
CGATGATGAGTCTAAGTGGAAGTAG-3’ and 5-attB2-GTTAGCTACCA
GTGTCGAGTC-3’ and of GRF3 with 5-attB1-CGATGGATTTGCAACTGAAAC-3’
and 5’-attB2-GTCAATGAAAGGCTTGTGTC-3’ from the respective AD vectors. The
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miRNA396-resistant version of GRF3, rGRF3 was obtained with mutation PCR with
the primers 5’-GCACCGTGGCCGCAACAGGAGCCGTAAA
CCGGTCGAGACTCC-3° and 5-GTTGCATTGACGGTGGTTGGAGTCTCGAC
CGGTTTACGGCTCCTGTTG-3" as described before (Hewezi et al., 2012). GIF1
was cloned with 5’-attB1-CGATGCAACAGCACCTGATG-3'° and 5%-attB2-
GTCAATTCCCATCATCTGATG-3. Entry vectors carrying the full-length
sequences of RGA and GAlwere previously published (Consortium, 2011). An entry
vector with the XERICO coding sequence was provided by Andrea Holzer

(Technische Universitat Minchen, Germany).

2.6.2. Yeast two-hybrid protein-protein interaction assays.

The N-terminally truncated M5 versions of RGA and GAIl, M5-RGA and M5-GAI, as
well as the full-length coding sequences of SCR and SCL3 were cloned into pDEST-
DB and screened by yeast mating against a previously published transcription factor
collection fused to a GAL4 activation domain (AD) expressed via pDEST-AD
(Pruneda-Paz et al., 2014). Yeast two-hybrid screening was done using previously
described strains, plasmids, media and transformation protocols (Altmann et al.,
2018). For detection of AD auto-activators, the AD-fused transcription factor
collection in MATa Y8800 yeast strains was mated with the empty pDEST-DB
expressing MATa Y8930 and subsequently selected in the presence of 1 mM 3-
amino-1,2,4-triazole (3-AT). The DELLA protein screens were performed twice,
once with 1 mM 3-AT and a second time with 2 and 3 mM 3-AT for RGA and GAl,
respectively. The SCR and SCL3 screens were performed once using 1 mM 3-AT.
The molecular identities of all positive transcription factor clones were confirmed by

sequencing of the respective inserts.

2.6.3. In planta protein-protein interaction analysis

Bimolecular fluorescence complementation (BiFC) assays were carried out using
transient transformation of Nicotiana benthamiana leaves with transformed
Agrobacterium tumefaciens grown to ODesoo = 0.4 as previously described (Bos et
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al., 2010). Fluorescence complementation was observed after 2-3 days with an
Olympus FV1000 (Olympus, Hamburg, Germany) confocal microscope. The
specified open reading frames were cloned for this purpose into the vectors pCL112
and pCL113 (Bos et al., 2010).

2.7.Accession numbers

Sequence data from this article can be found in the Arabidopsis Genome Initiative
database under the following accession numbers: GA1 (AT4G02780), MAX1
(AT2G26170), MAX3 (AT2G44990), SMXL8 (AT2G40130), BRC1 (AT3G18550),
GA20X2 (AT1G30040), DFL1 (AT5G54510), GA2 (AT1G79460), GA3
(AT5G25900), KAO1 (AT1G05160), KAO2 (AT2G32440), GA200X1 (AT4G25420),
GA200X2 (GA200X2), GA200X3 (AT5G07200), GA3OX1 (AT1G15550), GA3OX2
(AT1G80340), GA20X4 (AT1G47990), GA20X6 (AT1G0240), GID1A
(AT3G05120), GID1B (AT3G63010), GID1C (AT5G27320), GAl (AT1G14920),
RGA (AT2G01570), RGL1 (AT1G66350), RGL2 (AT3G03450), RGL3
(AT5G17490), D27 (AT1G03055), MAX4 (AT4G32810), LBO1 (AT3G21420), D14
(AT3G03990), KAI2 (AT4G37470), MAX2 (AT2G42620), SMAX1(AT5G57710),
SMXL2 (AT4G30350), SMXL3 (AT3G52490), SMXL4 (AT4G29920), SMXL5
(AT5G57130), SMXL6 (AT1G07200), SMXL7 (AT2G29970), AtNPF1.1
(AT3G16180), AtNPF2.5 (AT3G45710), AtNPF2.10 (AT3G47960), AtNPF2.13
(AT1G69870), AtNPF3.1 (AT1G68570), AtNPF5.2 (AT5G46050), AtNPF5.8
(AT5G14940), SWEET4 (AT3G28007), SWEET10 (AT5G50790), SWEET12
(AT5G23660), ABCA7 (AT3G47780), ABCB11 (AT1G02520), ABCB15
(AT3G28345), ABCC2 (AT2G34660), ABCC12 (AT1G30410), ABCG1
(AT2G39350), ABCG14 (AT1G31770), ABCG19 (AT3G55130), ABCG22
(AT5G06530), ABCG27 (AT3G52310), ABCG34 (AT2G36380), ABCG37
(AT3G53480), GAI (AT1G14920), GIF1 (AT5G28640), GRF1 (AT2G22840), GRF2
(AT4G37740), GRF3 (AT2G36400), GRF4 (AT3G52910), GRF5 (AT3G13960),
GRF6 (AT2G06200), GRF7 (AT5G53660), GRF9 (AT2G45480), RGA
(AT2G01570), SCR (AT3G54220), SCL3 (AT1G50420), XERICO (AT2G04240)

)
)
)
)
)
)
)
)
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3. Results

3.1.GA and SL treatments affect gene expression and plant morphology in
Arabidopsis thaliana in an additive manner

3.1.1. GA- and SL- deficient plant phenotypes are additive

Since a reduction in stem elongation and a high branch number are phenotypes
observed in both SL- and GA-deficient mutants, it was hypothesised that the two
hormones might control these traits in cooperation (Silverstone et al., 1997; Gomez-
Roldan et al., 2008; Umehara et al., 2008).

To assess the interaction of GA and SL in the control of growth and axillary branch
elongation, the phenotypic outcome a combined GA and SL deficiency was
investigated. Homozygous gal maxi1-4 and gal max3-9 double mutants were
generated and provided by Carina Klermund. The single mutations were previously
described and the homozygosity of the double mutants was confirmed by
genotyping PCR (Table1) (Booker et al., 2004; Willige et al., 2007; Luo et al., 2012).
As the GA-deficiency of ga? prevents germination, all seeds used in these
experiments were treated with 100 uM GAs for 5 days during the stratification at 4
°C, and were subsequently repeatedly washed with water to remove excess GAs.
Mutant lines of ga1, gal max1-4 and gal max3-9, as well as the wild type, could
then be germinated on %2 MS 0.8 % agar plates for 10 days before they were

transferred to soil.

The double ga1 maxi1-4 and gal max3-9 mutants phenotypically resembled the
single ga? mutant as suggested by the analysis of rosette growth (Fig. 7A). Thus,
SL deficiency did not affect bud release and plant growth in the absence of GA
biosynthesis in ga1. In order to examine the branching and plant height phenotypes,
the GA biosynthesis defect of ga1 was partially normalized by GAs treatments in a
second experiment. Wild type and the aforementioned single and double mutants
were germinated on 2 MS 0.8 % agar plates for four days and subsequently

transferred to soil. The plants were treated with 1 UM GAs or mock solution and the
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Figure 7: Analysis of growth phenotypes of GA and SL deficient gal max1-4 and gal max3-
9.

(A) Six-week-old gat, gal max1 and gal max3-9 plant-rosette photos. Mutant line numbers (#)
and rosette diameters (mean; error bars SD; n = 10) are specified. Scale bar: 2 cm. (B)
Photographs of 5-week-old plants with the genotypes as specified. WT, wild-type. Plants were
treated four times at regular intervals with 1 uM GA3 (+GA) or a mock solution (GA). Wild type
plants were bent to fit the photograph. For actual plant heights, refer to (C). Scale bar: 2 cm. (C)
and (D) Mean and SD of plant height (C) and number (No) of axillary branches (D) of 5-week-old
plants with the genotypes as specified (n = 10). Axillary branches > 0.5 cm were counted. Same
letters indicate no significant differences between genotypes or treatments (Tukey’s HSD, P <
0.05). (E) Primary root elongation of 15-day-old seedlings (n = 36) grown on Murashige and Skoog
(MS) for 8 days and transferred to high- (1.0 mM KHzPQOs; HP) or low-phosphate (10 uM KH2POy;
LP) medium for an additional 7 days.

plant height and branch number were recorded after 5 weeks of growth (Fig. 7B, 7C

and 7D). As expected, mock-treated max71-4 and max3-9 mutants were shorter
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compared to wild-type whereas gat and ga7 max mutants did not bolt (Fig. 1B, 1C
and 1D). GA treatment partially rescued the stem elongation defect of the gat
mutant but had no effect on the single max mutants (Fig. 7B and 7C). Similarly, GA
treatment promoted the stem elongation of the ga7 max mutants, but significantly
less compared to gat (Fig. 7C). Therefore, SL-dependent shoot elongation was
unaffected by GA treatments. The number of axillary branches of the single max
mutants was more than double compared to wild type, and not altered after GA
treatment (Fig. 7D). GA-treated ga1 max mutants had the same branch number as
the single max mutants, whereas the branch number did not differ in GA-treated ga?
compared to the wild type (Fig. 7D). Hence, the increased branch number occurred

only as a result of SL deficiency and required the presence of GA.

Lastly, since low phosphate-containing medium promotes SL biosynthesis as well
as a reduction in root elongation, which in turn depends on GA and DELLA levels,
the root growth of ga7’ and gal maxi1 mutants was measured in two different
phosphate regimes (Fig. 7E) (Jiang et al., 2007; Kohlen et al., 2011; Mayzlish-Gati
et al., 2012). Seedlings were grown for eight days on %2 MS 0.8 % agar plates and
subsequently for additional seven days on medium with either high phosphate (1.0
mM KH2POa4; HP) or low phosphate (10 uM KH2POas; LP). However, the root
elongation of gatl and gal max1-4 was similarly inhibited in both HP and LP
conditions and, therefore, the expected higher SL levels of ga1 did not influence the
LP-imposed root growth inhibition (Fig. 7E). In conclusion, GA- and SL-deficient

plants expressed additive morphological phenotypes.

3.1.2. RGA levels in seedlings are not affected by SL

A previous report suggested the direct involvement of SL signaling in DELLA
regulation through the binding of the rice SLR1 with the SL receptor D14 (Nakamura
et al., 2013). To evaluate this observation in the novel genetic background described
here, the amount of the DELLA protein RGA was surveyed (Stirnberg et al., 2002).
Total protein was extracted from pools of eight-days-old plants grown in HP medium.

Immunoblot analysis showed similar RGA levels between the wild type and single
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max1-4, max3-9 and max2-1 mutants (Fig. 8A). In addition, gat and ga1 max1-4
had similarly increased RGA content (Fig. 8A). In addition, a time course experiment
(30, 60, 120 and 240 minutes) of ten-days-old ga1 max1-4 seedlings treated with
100 uM GA3z, 5 uM GR24, 100 uM GAs + 5 uM GR24 and mock solution revealed
that GA, as expected, but not SL impacted RGA stability (Fig. 8B). Therefore, it was
concluded that neither RGA levels nor RGA degradation are dependent on SL

biosynthesis or signaling, at least not in seedlings.

Figure 8. Seedling DELLA protein
content is not affected by SL.

(A) Anti-RGA immunoblot and CBB
- S Y Su . @B | anti-RGA (Coomassie Brilliant Blue) stained gel of
protein extracted from 8-day-old seedlings
grown on high-phosphate (HP) medium as
'-'!”Q: ce8 specified in Figure 7E. (B) Anti-RGA
B mock GR24 immunoblot and CBB-stained gel of
0 300 60° 120° 240° 30° 60" 120° 240° protein extracted from 10-day-old gaf
maxi1-4 # 2 seedlings grown on 1/2
Murashige and Skoog (MS) and treated
for the times indicated with a mock
'...- cBB solution, 100 pM gibberellin (GAs), 5 UM
_u__LM- - GR24 or 5 M GR24 plus 100 uM GAS3 as
GAs GAs + GR24 specified. The samples were processed in
S0 60 120 240" 30' 60" 120° 240’ slyi-10(1/2) parallel, incubated in two different blots as
@ anti-RGA shown, and exposed for the same period

of time.
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3.1.3. GA and GR24 regulate gene transcription mostly in an additive manner

To understand how GA and SL induced transcription responses might be
connected, an RNA-seq experiment was performed. The gal max1-4 mutant line
was used as it allows the study of both hormonal responses in one genetic
background in the absence of the respective other pathway. Thus, the background
activity of gene expression that would occur due to the developmental differences

from the comparison of the respective single mutants was minimized.
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Seven-days-old seedlings grown on %2 MS 0.8 % agar plates were transferred to
liquid Y2 MS for seven hours. Subsequently, the seedlings were transferred in liquid
> MS medium that contained the hormone combinations of 100 uM GAs3, 5 UM
GR24, 100 uM GAs + 5 uM GR24 as well as mock solution (Fig. 9A). The applied
concentrations were previously used to rescue the increased number of axillary
branches and the dwarf phenotype of the single max3 and ga1 mutants, respectively
(Willige et al., 2007; Umehara et al., 2008). Three biological replicates for each
treatment were sampled at 0 and after 30, 60 and 120 minutes (Fig. 9A). RNA was
extracted from pooled whole seedlings and mRNA was sequenced as detailed in
Materials and Methods. Three biological replicates were included in the analysis.
The sequencing generated an average of 33 *10° reads (SD = +4) per sample, which
were mapped on the reference Arabidopsis genome TAIR10. The differentially
expressed genes (DEGs) after GAs, GR24 and GAs3+GR24 treatments were
identified with the comparison of the respective samples to the mock samples for
each time point. The filtering criteria fold-change (FC) > 1.5 and false discovery rate

(FDR) corrected p-value < 0.01 were applied.

GAs treatment alone affected the expression of a total of 210 genes, 167 of which
were suppressed over the course of two hours (Fig. 9B). These included 15 out of
20 genes that were previously identified to be differentially transcribed after GA
treatment in multiple experiments (Claeys et al., 2014). In addition, gene ontology
(GO) enrichment analysis of the 210 DEGs was performed, and the term “response
to GA” (GO:0009739) was the most significantly enriched (p-value = 2.9E-14,
Appendix 1). Overall, the DEGs of ga? max1 after GA treatment included several

previously known hormone targets (Claeys et al., 2014).

GR24 application caused a total of 73 DEGs, most of which were identified after two
hours, whereas none were detected after 30 minutes. In contrast to the response to
GA, a majority 64 DEGs were upregulated (Fig. 9B). The GO terms “response to
chemical” (GO:0042221, p-value = 0.01) and “response to stimulus” (GO:0050896,
p-value = 0.03) were significantly enriched (Appendix ). Seven of the 73 DEGs were

also differentially expressed after GAs treatment. More specifically, a MATE
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Figure 9. GA and SL induced changes in gene expression in mutants.

(A) Schematic representation of the experimental design of the RNA-seq experiment. (B)
Venn diagrams of the differentially expressed genes (DEGs) after hormone treatments
compared to the mock treatment at each of the three time points. Fold change (FC) >1.5; false
discovery rate-corrected P-value <0.01. (C) RNA-seq results of genes regulated in both 100
UM GAz and 5 puM GR24 single treatments (D) Heat map of the 68, 71 and 162 DEGs that
were identified only in response to the combined 100 uM GA; + 5 uM GR24 after 30, 60 and
120 min of treatment. log2-transformed FC values were used (cluster 3.0 algorithm,
correlation uncentered, complete linkage).
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transporter (AT1G58340), an EXPANSIN family gene (AT1G20190), a
phosphoenolpyruvate carboxylase (AT3G14940) and an unknown protein
(AT5G50335), were either activated or suppressed by both hormones (Fig. 9B and
9C). Three additional genes namely FE-DEFICIENCY INDUCED TRANSCRIPTION
FACTOR 1 (AT2G28160), a 2-oxoglutarate and Fe (ll)-dependent oxygenase
(AT3G60290) and a CCT motif family protein (AT5G53420), were upregulated after
GR24 and downregulated after GAs treatments whereas after the combined
treatment gene expression was normalized to the mock levels (Fig. 9C). So, the
vast majority of DEGs after single GAs and GR24 treatments were specifically

controlled by one of the two hormones.

Surprisingly, GAs + GR24 treatments resulted in the differential expression of 386
genes in total, which included 261 unique DEGs for this condition. GO analysis
revealed several enriched categories only for this group (261 DEGs), including
“response to ethylene” (GO:0009723, p-value = 1.46E-04), “response to salicylic
acid” (GO:0009751, p-value=1.30E-03) and “response to chitin” (GO:0010200, p-
value = 1.08E-04) (Appendix I). Only 125 DEGs were also detected after either one

or both the single hormone treatments (Fig. 9B and 9C).

The fact that the number of unique DEGs was increased when compared to the
single treatments was consistent for each of the three time points (Fig. 9B). Notably,
no DEGs were detected after 30 minutes of single GR24 treatment and only 9 DEGs
after single GAs treatment as opposed to 68 DEGs after GAs + GR24 treatment. In
addition, 71 and 162 DEGs were detected exclusively in the double GAs + GR24
treatment after 60 and 120 minutes, respectively (Fig. 9D). Hierarchical clustering
and heatmap of the latter showed that the majority of upregulated DEGs had also
positive FCs in the single hormone treatments. Similarly, the majority of
downregulated genes had negative fold changes in the single hormone treatments
(Fig. 9D). Although the 261 DEGs were detected only after the combined treatment,
their expression pattern appeared to follow the same trend in the single hormone

treatments.
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This result could be explained by either additive or synergistic actions of GA and SL
on the transcription activation or repression of the individual genes. In the case of
additive gene regulation, analysis of the read-count results of the single hormone
treatments, would be sufficient to closely estimate the experimental FC after double
GAs + GR24 treatment as FCcaiculated = FCaa + FCer24 — 1. In contrast, changes in
gene expression that cannot be predicted without the addition of other parameters
would indicate synergistic action of the two hormones. The FCcarculated Value for the
68, 71 and 162 unique GAs + GR24 identified DEGs was subtracted from the
experimental FC after GAz + GR24 treatment (FCexperimental). The resulted values for
the three time points were plotted against the log2-transformed RPKM for each gene
at the mock treatment (Fig. 10A). The majority of the differences was distributed
around “zero”, regardless of the expression level of the genes or up/downregulation
by the treatment. In particular, 72 %, 77 % and 80 % of the FCcaiculated — F Cexperimenta
values were between -0.5-FC and +0.5-FC for the 30, 60 and 120 minutes DEGs,
respectively (Fig. 10B). A 10.5I-FC difference was set as an arbitrary threshold to
account for technical variation between the single and combined treatments. This
suggested that the majority of the transcription changes after the combined
treatment occurred through the additive effects of the single hormone treatments
(Fig. 10B). For the remaining 19 (30 min), 17 (60 min) and 31 (120 min) DEGs

IFCcalcuiated — FCEexperimentall > 0.5 implied synergistic regulation (Table 3).

In total, 22 upregulated genes were synergistically activated (FCcalculated -
FCexperimental < —0.5) while one upregulated gene was antagonistically regulated
(FCcalculated — FCexperimentat > 0.5). Similarly, nine downregulated genes were
categorized as synergistically suppressed (FCcaiculated — FCexperimentai > 0.5) and 30
downregulated genes as antagonistically regulated (FCcaiculated— FCexperimentai < —0.5)
(Table 3). The synergistically activated DEGs included the GA catabolism gene
GA2ox2 (AT1G30040), as well as the SL signaling target genes SMXL8
(AT2G40130) and BRANCHED1 (BRC1, AT3G18550). The later, and two additional
genes, namely DWARF IN LIGHT1 (DFL1, AT5G54510) and AT1G60060, were

chosen for independent assessment of the RNA-seq results by quantitative reverse
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Figure 10. DEGs detected only in response to the combined GA plus GR24 treatment show
mostly additive changes in mRNA levels.

(A) Scatterplots of the subtracted experimentally derived fold changes of the combined GA3 +
GR24 treatment (FCexperimental) from the mathematically determined FC (FCcalculated) of
DEGs detected in the combined treatment. (B) Density histograms of the distribution of the
FCcalculated—FCexperimental for the DEGs presented in (A). (C) RNA-seq and quantitative
reverse transcriptase-polymerase chain reaction (QRT- PCR) results of selected synergistically
regulated genes in the RNA-seq.

transcriptase-polymerase reaction (qQRT-PCR) (Fig.10C). The expression pattern of
the selected genes was very similar in both analyses (Fig. 10C). The expression of
SMAXLS8 was increased in the presence of GR24 (30 min, 2.34-FC, 60 min, 2.81-
FC), not affected by the single GAs treatment (30 min, 1.2-FC, 60 min, 1.18-FC),
and even more enhanced after the combined treatment compared to the mock
treatment (30 min, 3.59-FC, 60 min, 3.93-FC). BRC1 transcript levels followed a

42



similar pattern, but it was differentially expressed in a significant manner (DE) only
after 120 minutes (GAs, 1.3-FC; GR24, 4.91-FC; GAs + GR24, 6.2-FC) (Table 3).
GA20x2 transcription was increased after 60 and 120 minutes of combined
treatment, but remained almost unchanged after the single treatments.
Furthermore, the protein kinase AT1G60060 was differentially expressed already
after 30 minutes of combined treatment. Finally, DFL1, a gene that encodes an
auxin amino-acid conjugation enzyme involved in auxin homeostasis was
significantly upregulated after 30 and 60 minutes of combined treatment (Fig. 10C,
Table 3). In conclusion, the transcription changes after GAs + GR24 treatments were
mostly the result of additive effects of the two hormones, and only a small subset of
genes was controlled in a synergistic manner.

Table 3: List of 62 differentially expressed genes that undergo cooperative regulation by
the two hormones. Genes that undergo positive synergism are annotated with bold.

Gene 100 pM 100 pM GA3 FC FCcalculated-
Feature ID 5 uM GR24
Symbol GA3 +5 puM GR24 calculated FCexperimental
30 minutes
AT1G21910 | DREB26 -1.76 -1.27 -2.12 -2.81 -0.69
AT2G35640 | AT2G35640 -1.39 -1.48 -2 -2.53 -0.53
AT5G67300 | MYBR1 -1.56 -1.32 -1.98 -2.51 -0.53
AT4G13395 | RTFL12 -1.15 -1.03 -1.95 -1.19 0.76
AT3G59940 | AT3G59940 -1.75 -1.27 -1.89 -2.79 -0.90
AT1G61660 | AT1G61660 -1.36 -1.45 -1.74 -2.35 -0.61
AT5G03230 | AT5G03230 -1.82 -1.34 -1.73 -3.38 -1.65
AT3G45260 | AT3G45260 -1.54 -1.25 -1.71 -2.23 -0.52
AT4G01720 | WRKY47 -1.67 -1.2 -1.62 -2.31 -0.69
AT3G60220 | ATL4 1 117 1.78 117 -0.61
AT5G54510 | DFL1 1.2 1.28 2.11 1.48 -0.63
AT1G29160 | AT1G29160 1.03 1.55 2.2 1.58 -0.62
AT2G34140 | AT2G34140 1.05 1.66 2.28 1.71 -0.57
AT1G74890 | ARR15 1.36 1.27 2.55 1.63 -0.92
AT5G03680 | PTL 1.33 1.57 2.63 1.90 -0.73
AT3G61250 | MYB17 1.26 1.95 3.15 2.21 -0.94
AT2G40130 | SMXL8 1.2 2.34 3.59 2.54 -1.05
AT1G60060 | AT1G60060 1.43 1.64 3.85 2.07 -1.78
AT2G47780 | AT2G47780 3.94 2.78 9.39 5.72 -3.67
60 minutes

AT4G34419 | AT4G34419 -5.21 -1.22 -7.86 -86.13 -78.27
AT3G63110 | IPT3 -1.77 -1.36 -2.65 -3.33 -0.68
AT5G43890 | YUC5 -1.89 -1.65 -2.17 -7.40 -5.23
AT1G73805 | SARD1 -1.94 -1.51 -2.15 -5.63 -3.48
AT1G62370 | AT1G62370 -1.54 113 -1.85 -1.28 0.57
AT1G61340 | FBS1 -1.53 -1.41 -1.83 -2.76 -0.93
AT1G61660 | AT1G61660 -1.47 -1.3 -1.65 -2.22 -0.57
AT1G21050 | AT1G21050 -1.37 -1.43 -1.62 -2.33 -0.71
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AT2G37180 | RD28 -1.43 -1.3 -1.59 -2.13 -0.54
AT1G76620 | AT1G76620 1.07 1.12 214 1.19 -0.95
AT1G18000 | AT1G18000 1.63 -1.14 2.33 1.51 -0.82
AT5G54510 | DFL1 1.47 1.09 2.42 1.56 -0.86
AT1G60750 | AT1G60750 -1.36 2.08 2.89 1.82 -1.07
AT1G30040 | GA20X2 1.83 1.43 2.91 2.26 -0.65
AT5G59990 | AT5G59990 2.36 1.62 3.57 2.98 -0.59
AT2G40130 | SMXL8 1.18 2.81 3.93 2.99 -0.94
AT4G28520 | CRU3 -20.86 119.52 113.74 118.57 4.83
120 minutes

AT4G00893 | AT4G00893 -3.26 1.14 -11.78 -2.24 9.54
AT1G56650 | PAP1 -5.2 1.14 -8.8 -3.01 5.79
AT5G49120 | AT5G49120 -2.19 -1.08 -6.19 -2.61 3.58
AT2G01200 | IAA32 -2.32 -1.45 -4.21 -8.29 -4.08
AT2G37390 | NAKR2 -2.72 -1.41 -3.69 -13.01 -9.32
AT4G01970 | STS -2.09 -1.61 -3.38 -10.04 -6.66
AT1G62420 | AT1G62420 -1.75 1.1 -2.7 -1.49 1.21

AT1G29270 | AT1G29270 -2.04 -1.25 -2.7 -3.45 -0.75
AT4G32810 | MAX4 -1.33 -1.89 -2.61 -3.56 -0.95
AT2G35270 | GIK -1.32 -1.06 -2.55 -1.43 1.12
AT4G35720 | AT4G35720 -2.27 -1.49 -2.49 -8.95 -6.46
AT4G21310 | AT4G21310 -2.04 -1.28 -2.47 -3.68 -1.21
AT5G61610 | AT5G61610 -2.05 -1.26 -2.47 -3.55 -1.08
AT4G30290 | XTH19 -1.4 -1.74 -2.46 -3.46 -1.00
AT5G46050 | NPF5.2 -1.85 -1.33 -2.37 -3.42 -1.05
AT1G50280 | AT1G50280 -1.89 -1.42 -2.02 -4.29 -2.27
AT4G36670 | PMT6 -1.45 -1.48 -1.98 -2.74 -0.76
AT1G54010 | AT1G54010 -1.63 -1.44 -1.94 -3.25 -1.31
AT4G28410 | AT4G28410 -1.55 1.12 -1.91 -1.31 0.60
AT1G72920 | AT1G72920 -1.74 -1.43 -1.9 -3.65 -1.75
AT5G59080 | AT5G59080 1.11 -1.36 -1.76 -1.18 0.58
AT5G 14360 | AT5G 14360 -1.4 -1.43 -1.71 -2.42 -0.71
AT4G21990 | APR3 -1.15 1.22 1.76 1.09 -0.67
AT1G62975 | AT1G62975 1.3 1.15 1.98 1.45 -0.53
AT1G35260 | MLP165 1.19 1.57 2.29 1.76 -0.53
AT1G30040 | GA20X2 1.3 1.33 2.4 1.63 -0.77
AT2G37430 | ZATi11 1.22 1.64 2.84 1.86 -0.98
AT1G76620 | AT1G76620 1.73 1.46 3.05 2.19 -0.86
AT1G17180 | GSTU25 1.05 4.01 5.52 4.06 -1.46
AT3G18550 | BRC1 1.3 4.91 6.2 5.21 -0.99
AT4G33070 | AT4G33070 1.81 3.75 10.84 4.56 -6.28

3.1.4. Gene transcript levels of GA and SL pathway genes after hormone

treatments

An additional possibility for a hormone signaling interplay between GA and SL would
be the mutual regulation of hormone levels or signaling proteins by the respective
other pathway. Therefore, the gene expression results for metabolic and signaling
genes of GA and SL from the RNA-seq experiment were investigated. In regard to
GA biosynthesis, GA3/KO, GA20ox1, GA200x2, GA200x3 and GA3ox1 were
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Figure 11. mRNA level of GA pathway genes in the RNA-seq experiment.

(A) and (B) Simplified diagrams of the GA biosynthesis and catabolism pathway (A) and the GA
signaling pathway (B). Graphs displaying the RPKM normalized expression levels of the detected
GA biosynthesis and catabolism genes (A) and GA signaling genes (B) in response to 100 uM
GAS3, 5 uyM GR24 or 5 M GR24 plus 100 uM GAS treatments in the RNA-seq experiment.
GA1/CPS, GA REQUIRING2/ent-copalyl diphosphate synthase; GA2/KS, GA2/ent-kaurene
synthase; GA3/KO, GA3/ent-kaurene oxidase; KAO, ent-kaurenoic acid oxidase; GA200X, GA20
OXIDASE; GA30X, GA3 OXIDASE; GA20X, GA2 OXIDASE; GID1, GIBBERELLIC ACID
INSENSITIVE DWARF1; SLY, SLEEPY; GAIl, GIBBERELLIC ACID INSENSITIVE; RGA,
REPRESSOR-OF -gat; RGL, RGA-LIKE.

similarly downregulated after the treatments that included GA (GAs and GAs +
GR24), whereas the GA catabolism gene GA20x4 was upregulated by GAs and GAs
+ GR24 treatment (Fig. 11A). This type of feedback regulation of GA biosynthesis
and catabolism genes is a known effect of GA treatment (Yamaguchi, 2008; Hedden
and Thomas, 2012; Claeys et al., 2014). Moreover, the GA receptor genes GID1A
and GID1B as well as the F-box protein gene SLY1 were suppressed, and DELLA
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Figure 12. mRNA level of SL pathway genes in the RNA-seq experiment.

(A) and (B) Simplified diagrams of the SL biosynthesis (A) and signaling pathway (B). Graphs
displaying the RPKM expression levels of the detected SL biosynthesis (A) and signaling genes
(B) in response to 100 uM GAS3, 5 uM GR24 or 5 M GR24 plus 100 uM GA3 treatments in the
RNA-seq experiment. CCD7, CAROTENOID CLEAVAGE DIOXYGENASE7; CCDSs,
CAROTENOID CLEAVAGE DIOXYGENASES; CYP711A1, CYTOCHROME P450 FAMILY 711
SUBFAMILY A POLYPEPTIDE 1; D27, DWARF27; KAI2, KARRIKIN INSENSITIVE2; MAX2,
MORE AXILLARY BRANCHES2; MAX3, MORE AXILLARY BRANCHESS3; MAX4, MORE
AXILLARY BRANCHES4; LBO1, LATERAL BRANCHING OXIDOREDUCTASE1; D14,
DWARF14; SMAX1, SUPPRESSOR OF max2-1; SMXL, SMAX1-LIKE.

encoding genes were upregulated after the treatments that contained GA (Fig. 11B).
GR24 did not affect the expression of GA metabolic genes and pathway genes apart
from the synergistically upregulated GA20x2 as discussed in the previous section
(3.1.3).

The transcript abundance of the SL biosynthetic genes MAX3 and MAX4 was
reduced after GR24 treatments, in line with a previous report (Fig. 12A) (Mashiguchi
et al., 2009). MAX4 downregulation was stronger after the combined (GAs + GR24)
treatment and marginal after single GAs treatment. In addition, the oxidoreductase

LBO1, which encodes an enzyme of a later SL biosynthesis step, was suppressed
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after both the GAs and combined treatment, whereas GR24 alone did not affect its
expression levels (Fig. 12A) (Brewer et al., 2016). Therefore, GA had a negative
impact on SL biosynthesis gene expression. The latter has also been reported for
GA-treated rice plants where SL hormone levels were decreased compared to
untreated (Ito et al., 2017). On the other hand, the SL and KAR receptor genes D14
and KA/I2, as well as the F-box protein encoding MAX2 were not differentially
expressed by GR24 or GA treatments. However, SMAXLs, including the KAR-
targeted SMAXL2 and the SL targets SMXL6, SMXL7, SMXL8, were upregulated
after GR24 treatments as reported previously (Fig. 12B) (Stanga et al., 2013). In
addition, the double GAs + GR24 treatment led to the synergistic upregulation of
SMAXL8 (3.1.3). A similar transcript behavior was observed for SMAXL4 and
SMAXL5 but the changes were not significant (p-value =< 0.5) (Fig. 12B). In
conclusion, both GAs and GR24 single hormone treatments reduced the expression
of SL biosynthesis genes, while SL/KAR signaling genes were upregulated only
after GR24 treatments, or synergistically upregulated in the case of SMAXL8 and

BRC1 after the combined treatment.

3.1.5. Gene transcript levels of hormone transporter genes

GA transporters belonging to the NITRATE TRANSPORTER1/PEPTIDE
TRANSPORTER (NPF) and SWEET gene families as well as an ATP-binding
cassette (ABC) transporter of SL in petunia, were previously described
(Kretzschmar et al., 2012; Saito et al., 2015; Sasse et al., 2015; Kanno et al., 2016;
Tal et al., 2016). Gene transcript levels of transporter genes were controlled by the
respective hormones (Kretzschmar et al., 2012; Tal et al., 2016). Although, the later
has not been investigated for all the proposed transporters, transcription changes
after hormone treatments could be an indication for hormone transport activity.
Therefore, the gene expression results for the reported transporters and proteins

belonging to the same families were investigated (Fig. 13).

From the 53 NFP genes of Arabidopsis, six were differentially expressed in

hormone-treated ga1 max1-4 (RNA-seq). The characterized GA transporter NPF3.1
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Figure 13. mRNA levels of GA and SL transporter genes in the RNA-seq experiment.

(A)-(C) RPKM normalized expression levels of chosen (a) NPF, (B) SWEET or (C) ABC
transporter genes, in response to 100 uM GA3, 5 uM GR24 or 5 M GR24 plus 100 uM GA3
treatments in the RNA-seq experiment. Presented are genes that have been previously reported
to transport either of the hormones or showed transcriptional regulation by GA3 or GR24, and
therefore qualify as candidate transporters.

(AT1G68570) was, as expected, suppressed following GAs treatments, but
NPF2.10/GTR1 (AT3G47960) was not differentially expressed (Fig.13A) (Saito et
al., 2015; Tal et al., 2016). NPF2.13 (AT1G69870) was also downregulated by GAs,
similarly to the known transporter NPF3.1. Although NPF5.2 (AT5G46050) and
NPF5.8 (AT5G14940) appeared supressed after GAs treatment alone, they were
only detected as DE in the combined treatment and thus categorized as additively
and antagonistically regulated genes, respectively. Furthermore, NPF2.5
(AT3G45710) was upregulated after GAs treatments and NPF1.1 (AT3G16180) was
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additively upregulated after the combined GAs+GR24 treatments. Single GR24
treatments did not affect NPF gene expression (Fig.13A). The identified NPF DEGs
in this experiment (NPF1.1, NPF2.5, NPF2.13 and NPF5.2) showed GA transport
activity in a previous yeast-based transporter screen, hence they could potentially

represent functional GA transporters (Chiba et al., 2015).

The gene transcripts of the proposed SWEET GA transporters, SWEET13
(AT5G50800) and SWEET14 (AT4G25010), were not detected in this experiment.
Furthermore, SWEET10 (AT5G50790) and SWEET12 (AT5G23660), which were
shown to transport GA in a yeast assay, were not differentially expressed (Fig. 13B)
(Kanno et al., 2016). In total, ten genes were expressed but only SWEET4
(AT3G28007) was significantly upregulated in an additive manner after the
combined treatment (Fig. 13B). For this reason, SWEET4 may qualify as a

transporter candidate for either GA or SL.

The gene expression data of the 130 members of the ABC-type transporter family
in Arabidopsis were also analysed (Hwang et al., 2016). Among them, 12 genes
were significantly regulated in this experiment (Fig. 13C). Interestingly, this family
was the only enriched group in protein domain analysis of the 73 GR24 DEGs with
six matches (Thalemine; p-value=0.007; InterPro, IPR003439). The transcript
abundance of ABCA7, ABCB11, ABCB15, ABCC2, ABCG34 and ABCG37 was
increased after GR24 treatments and was not affected by GAs. Contrarily, ABCG1,
ABCG14 and ABCG19 expression was upregulated after GAs treatments and did
not change with GR24 (Fig. 13C). Three additional genes were identified as
differentially expressed and their expression profiles suggested antagonistic
regulation. More specifically, ABCC12 was downregulated with GAs, a response that
was compromised in the GAs+GR24 treatment. Similarly, ABCG22 mRNA was
increased after 120 minutes of GR24 treatment, but not in the combined treatment.
Finally, ABCG27 was downregulated after single GA treatment but not differentially
expressed after the combined treatment (Fig. 13C). In conclusion, the differentially
expressed transporters identified in this analysis could represent GA or SL hormone

transporters.
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3.1.6. Gene transcript levels of auxin pathway genes after hormone treatments

GA and SL are both involved in PIN-mediated auxin transport and the regulation of
PIN abundance at the plasma membrane (Bennett et al., 2006; Crawford et al.,
2010; Willige et al., 2011; Willige et al., 2012; Lofke et al., 2013; Shinohara et al.,
2013; Salanenka et al., 2018). Hence, the possibility of transcription regulation of
auxin transporters and auxin regulatory protein kinases was examined
(Rademacher and Offringa, 2012). Amongst all the transporters and kinases, only
PIN2 (AT5G57090) was significantly upregulated after two hours in the treatments
that contained GA according to the criteria FC > 1.5 and FDR corrected p-value <
0.0. Nevertheless, the resolution of the whole seedling analysis could have
insufficient for the detection of expression changes of those genes as they have

been previously shown in specific tissues such as root tip and apical hook.

3.2.GA transcription response and targets in low temperature stress.

3.2.1. GA cannot promote growth at 4 °C

DELLA protein stabilization occurs in Arabidopsis after short exposure to 4 °C
temperature stress and it was suggested that it plays a growth inhibitory role (Achard
et al., 2008). In order to investigate whether such an increase in DELLA abundance
is causative for the limitation of growth in these conditions, wild type seedlings were
grown in %2 MS 0.8 % agar plates for five days and then transferred to plates
containing either GAs (1 or 10 uM), or the GA biosynthesis inhibitor PAC (1 or 5 uM),
or mock solution for seven days at 4 °C. The root elongation was constrained,
regardless of the treatment, while the growth of the PAC-treated seedlings was
further limited (Fig. 14A and 14B). Hence, the degradation of DELLA proteins was

not sufficient to relieve growth in these conditions.
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3.2.2. GA signaling is involved in cold stress-induced gene expression

Considering that there is no obvious phenotypic change related to the DELLA status
when the plants grow in low temperature (4 °C), in order to examine the role of
DELLA stabilization in this condition, a detailed gene expression and subsequently
RNA-seq analysis were performed. Wild type seedlings were grown in ¥2 MS 0.8 %
agar plates, at 21 °C for nine days before they were spray-treated with either 100
MM GAs or the corresponding mock (ethanol) control. Then, they were immediately
placed in a 4 or a 21 ° C growth chamber with identical light conditions. Shoot tissue
samples for protein and RNA analysis included one and three biological replicates,
respectively (Fig. 15A). First, the RGA protein levels after exposure to 4 °C for 0, 1,
2, 4 and 6 hours were assessed. Total protein extract (45 pg) was analysed with
anti-RGA immunoblot analysis where sly7-10 (9 ug) served as a positive control.
Increased protein content was observed as soon as 2 hours of cold stress treatment
(Fig. 15B). In contrast, RGA was, as expected, not detected in GA-treated samples
(Fig. 15C). In agreement with a previous report, cold-stress treatments increased
the amount of RGA whereas GA treatments promoted RGA degradation in the same
conditions (Fig. 15B and 15C) (Achard et al., 2008). Second, the gene expression
levels of the cold-stress marker gene CBF1 and the GA catabolism genes GA20x1,
GA20x3 and GA20x6 after 1, 2, 3, 4, 6 and 8 hours of treatments were analysed
with qRT-PCR (Fig. 15A and 15D). CBF1 was upregulated after 1 hour of cold stress
treatment (4 °C mock), with a peak at 3 hours, compared to 21 °C samples where
the transcript levels, relative to ACTS8, were close to zero. Interestingly, after 1 hour
of cold stress and 100 uM GAs treatment (4 °C GA) CBF1 mRNA levels were the
highest. GA20x1 expression was activated after 2, 3 and 8 hours of cold stress and
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Figure 15: Cold stress promotes DELLA protein increase, which in turn modifies

transcription. Profound changes in transcript abundance of the GA pathway genes after

GA3 and cold-stress transcription profiling.

(A) Experimental design of the immunoblot and transcriptomics experiments. (B) Anti-RGA
(DELLA) western-blot of shoot protein extract after seedling 4 °C treatments for the specified
duration. (C) Anti-RGA (DELLA) western-blot of samples from the same experiment in response
to 4 °C and 100 uM GAs. (D) gRT-PCR gene expression analyses of the cold stress reporter gene
CBF1 and the GA catabolism genes GA2ox1, GA20ox2 and GA20x6 of shoots in response to 4
°C and 100 uM GAgtreatments. (E) Heat map of the fold changes in expression of GA pathway
genes in response to cold stress treatment (21 °C mock vs 4 °C mock) in RNA-seq analysis.
False discovery rate corrected p-value < 0.01 (Cluster 3.0, TreeView).
was not affected by GA. Finally, GA20x3 and GA20x6 were similarly upregulated
after 100 uM GAs treatment at both 21 °C and 4 °C (21 °C GA; 4 °C GA) compared
to the respective mock treatments. In addition, cold stress promoted the expression
of the two genes already after 1 hour (Fig. 15D). Thus, while the increase in DELLA
protein abundance at 4 °C was observed after two hours, its effect on transcriptional

regulation was profound as early as one hour of cold exposure.
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For the investigation of the effect of GA on gene expression in cold stress with RNA-
seq, samples of the early time points (1, 2, and 4 hours) were selected in order to
identify the direct DELLA targets. Total mMRNA was sequenced with the lllumina
technology and the resulting sequences were aligned to the reference genome
TAIR10. Genes with FC > 1.5 and FDR corrected p-value < 0.01 were categorized
as differentially expressed. The cold stress DEGs (21 °C vs 4 °C mock treated
samples) included several components of GA metabolism and signaling (Fig. 15E).
Cold stress supressed the transcription of the GA biosynthesis enzyme-encoding
GA200x1, GA200x2 and GA3ox1 whereas the GA catabolism genes GAZ2ox1,
GA20x2, GA20ox6 and GA20x8 were upregulated (Fig. 15E). Thus, transcription
changes in hormone biosynthesis and catabolism could lead to the reduction of GA
levels and consequently reduced DELLA degradation after cold stress exposure.
Furthermore, cold-imposed upregulation of the DELLA-encoding genes RGA,
RGL1, RGL2 and RGL3, and suppression of the GA receptor gene GID1A, GID1B
and the F-box SLY1 were detected and these would further increase DELLA levels.
Therefore, the cold stress effect on GA pathway gene expression could be causative
for the observed DELLA stabilization.
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Figure 16: Transcription changes of cold stress and GA marker genes in the
transcriptomics experiment.

(A) Transcript behaviour of cold stress marker genes in the transcriptomics experiment in
response to 100 uM GAs at 21 °C and 4 °C. (B) Heat map of the fold changes in expression of
GA marker genes in response to GA 21 °C treatment (21 °C mock vs 21 °C 100 uM GAs). FPKM
(Fragments per kilobase of exon model per million mapped reads). False discovery rate
corrected) p-value < 0.01 (Claeys et al., 2014; Cluster 3.0, TreeView).
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The impact of temperature and GA treatments was also evaluated based on the
transcript behaviour of genes known to be regulated by the two responses.
Expression upregulation of the established cold stress marker genes CBF1, CBF2,
CBF3, RD29A and COR15A/B showed that the seedlings reacted to cold stress as
expected (Fig. 16A) (Gilmour et al., 2004; Eremina et al., 2016). Moreover, the
previous qRT-PCR results for CBF1 matched the RNA-seq analysis results (Fig.
15D and 16A). The GA treatments at 21 °C repressed the expression of 18 out of
20 previously identified GA-regulated genes (Fig. 16B) (Claeys et al., 2014). Along
these lines, the seedlings perceived the exogenously applied GA and this led to

RGA degradation and the anticipated transcription changes (Fig. 15C and 16B).

The DEGs after GA treatments at 21 °C (21 °C + mock vs 21 °C + GA; GA 21 °C),
at 4 °C (4 °C + mock vs 4 °C + GA; GA 4 °C) as well as after cold stress (21 °C +
mock vs 4 °C + mock; cold stress) were identified (FC > 1.5, FDR corrected p-value
< 0.01; Fig. 17A, 17B, 17C and 17D). In total 676 and 816 genes were differentially
expressed after GA application at 21 °C and 4 °C, respectively (Fig. 17D). Only 23
(1 h), 46 (2 h) and 23 (4 h) genes were GA-regulated in both temperatures at the
same time (Fig. 17A, 17B, 17C). The number of GA-controlled genes in both 21 °C-
and 4 °C-treated plants increased to 165 when the individual time point results were
combined (Fig. 17D). Hierarchical clustering analysis of the 165 DEGs showed that
the majority of these genes as similarly up- or downregulated. In addition, the 2 and
4 hours-samples were grouped together according to temperature, as some of those
genes behaved differently in response to GA in the two temperature regimes. (Fig.
17E). A further 511 (GA 21 °C) and 651 (GA 4 °C) DEGs were GA-regulated in
either 21 °C or 4 °C (Fig. 17D). Thus, GA affected gene expression in a temperature-

dependent manner.

Cold stress changed the transcription of a total of 7343 genes in the experiment,
which is in line with previous studies that found similar numbers of DEGs (Fig. 17D)
(Jia et al., 2016; Zhao et al., 2016; Calixto et al., 2018). These included 3264, 3602
and 4800 DEGs after 1, 2 and 4 hours of cold stress respectively (Fig. 17A, 17B and
17C). Among those, only 183 (5.6 %; 1 h), 165 (4.5 %; 2 h) and 187 (3.9 %; 4h)

54



A 1h B 2h C 4h D  AuDEGs
GA21°C GA4°C GA21°C GA4°C GA21°C GA4°C GA21°C GA4°C
(164) (424) (274) (271) (378) (243) (676) (816)
cold stress cold stress cold stress cold stress
(3264) (3602) (4800) (7343)
E mock vs GA F
O ) o 21°Cmockvs 4 °C
ol o o < < < mock GA mock GA mock GA
- - [ < [ <

+4.0 +4.0

+27 +2.7

+13 +13

00 0.0

13 -13

27 165 DEGs 27

5 4.0 -4.0

183 DEGs

165 DEGs FC 187 DEGs Log,FC

Figure 17: Gibberellin treatment modifies cold stress transcription with largely unique
targets compared to its effect in ambient temperature.

(A), (B) and (C) Venn diagrams of the differentially expressed genes (DEGSs) after cold stress (21
°C mock vs 4 °C mock), GA 21 °C (21 °C mock vs 21 °C 100 uM GA3z) and GA 4 °C (4 °C mock
vs 4°C 100 uM GA3) treatments for 1, 2 and 4 hours, respectively. Numbers of DEGs in response
to cold stress and to GA at 4 °C are annotated with bold. (D) Venn diagram of the total number
of differentially expressed genes after 1, 2 and 4 hours of treatments. The common DEGs after
GA treatment at both 21 °C and 4 °C are annotated with bold. (E) Hierarchical clustering of the
165 DEGs (annotated with bold tones) in Venn diagram (D) and arrays according to the fold
changes in expression in response to 100 uM GAs compared to the mock treatment in 21 °C and
4 °C after 1, 2 and 4 hours of treatments. (Cluster 3.0, correlation uncentered, average linkage,
TreeView). (F) Hierarchical clustering of the log2-transformed fold changes in expression of 183,
165 and 187 DEGs (annotated with bold tones) in Venn diagrams (A), (B) and (C) in response to
mock 4 °C as well as 100 uM GA3z 4 °C treatments, compared to the mock 21 °C treatments.
(Cluster 3.0, correlation uncentered, complete linkage, TreeView). Fold change = 1.5; false
discovery rate corrected p-value < 0.01.

were also differentially expressed after GA treatments at 4 °C (Fig. 17F).

Hierarchical clustering analysis of the cold and GA 4 °C regulated genes revealed
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Figure 18: Fold changes in mRNA abundance after GA treatments are milder compared
to cold stress.

(A), (B) and (C) Density histograms and boxplots of the log2 fold-changes in mRNA
abundance of differentially expressed genes after 1, 2 and 4 hours of cold stress (21 °C mock
vs 4 °C mock), GA 4 °C (4 °C mock vs 4 °C 100 uM GAz) and GA 21 °C (21 °C mock vs 21
°C 100 uM GA3) treatments respectively. Probability densities for log. transformed fold-
changes (log2FC) between -1 and 1 are shown in red. (D) Principal component analysis for
the transcriptomics analysis (PCA for RNA-seq tool; CLC Genomics Workbench 10.1.1).
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that GA affected gene expression in a positive or antagonistic way in relation to cold
stress (Fig. 17F). A moderate effect the GA compared to cold treatments was also
observed in the FCs of the respective DEGs. About half of the cold-regulated genes
after 1 h (52 %), 2 h (51 %) and 4 h (47 %) of treatment had FC < 2 in expression
(Fig. 18A). This number increased dramatically in the GA treatments. More
specifically, 63 %, 80 % and 74 % of GA 21 °C DEGs and 66 %, 58 % and 68 % of
GA 4 °C DEGs had FC < 2 in expression (Fig. 18B and 18C). Furthermore, in
principal component analysis, the 4 °C-treated samples were separated from the 21
°C-treated in the first component (23.3 %), and the 1 h, 2 h and 4 h of cold stress in
the second (15.6 %) (Fig. 18D). In summary, the GA 4 °C DEGs represented a small
fraction of cold-regulated genes and resulted in relatively smaller FCs. Cold stress
had a stronger impact on gene transcription, which was partially modulated by GA
(Fig. 17 and 18).

3.2.3. DELLAs interact with a broad set of structurally distinct transcription factors

to regulate cold transcription

GA-promoted DELLA degradation results in gene expression changes because of
the interruption of the DELLA-transcription factor interactions in multiple pathways
(Schwechheimer, 2014; Daviere and Achard, 2016). For the identification of such
interactions in cold stress, N-terminally truncated versions of RGA and GAI were
tested for interactions with 1956 transcription factors from a previously cloned
collection of transcription-related genes (Pruneda-Paz et al., 2014). RGA and GAI
interacted with 244 and 243 transcription factors respectively, and a majority of 86.6
% (226) transcription factors interacted with both DELLAs (Fig. 19A, 19B and 19C;
Appendix Il). The high number of common interactions is in line with the high
sequence similarity and the functional redundancy of the two DELLA proteins
(Gallego-Bartolome et al.,, 2010). A total of 261 putative DELLA-interactors
belonged to 51 transcription factor-families characterized by different conserved
domains (Appendix Il) (Pruneda-Paz et al., 2014). 50 out of these 261 interactions

were previously reported whereas 211 were new (Fig. 19B) (Van De Velde et al.,
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Figure 19: Yeast two-hybrid interactome of the GRAS proteins RGA, GAIl, SCR and SCL3
against the UCSD collection of transcription factors (Pruneda-Paz 2014, cell reports).

(A) Representative yeast -Leu-Trp-His plates for GAl and RGA baits from the screen. (B) Venn
diagram of DELLA-identified interactions compared to previously described interactions (Appendix
II) (Van De Velde et al., 2017)). (C) RGA and GAIl (DELLA) absolute number of interacting

transcription factors (TFs) in yeast belonging to the specified TF-families. (D) Relative number of
RGA- and GAl-interacting (DELLA) (%) TFs of the total number of family members present in the
collection. TF-families with more than 5 DELLA interactions are included in (C) and (D). (E) and
(F) Absolute number of SCR and SCL3 detected interactions by TF-family.

2017). These included 13 interactions that were previously shown to be biologically
relevant and relate with specific phenotypes, such as with the BRASSINAZOLE
RESISTANT1 (BZR1), JASMONATE ZIM DOMAIN1 (JAZ1) and INDETERMINATE
(IDD) transcription factors (Appendix Il) (Hou et al., 2010; Bai et al., 2012; Oh et al.,
2012; Van De Velde et al., 2017). In addition, 109 previously reported interactions,
which included 65 interactions with probes that were present in the transcription
factor collection, were not detected (Appendix Il) (Van De Velde et al., 2017).
Relatively, most interactions compared to the total number of transcription factor-
family members that were screened, were observed for the GRF (63 %), TCP (58
%) and ZIM domain (50 %) proteins (Fig. 19D). In order to investigate the specificity
of the identified interactions, the GRAS-domain transcription factors SCR and SCL3
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were also tested. These proteins lack the GID1-binding N-terminal domains DELLA
and TVHVNP, which are deleted in the two DELLAs screened herein, and share
with them the GRAS domain (Pysh et al., 1999; Ueguchi-Tanaka et al., 2007;
Murase et al., 2008). Strikingly, only nine and six interactions were detected for SCR
and SCL3, respectively (Fig. 19E and 19F). These interactions were also present in
the DELLA screen results, apart from that with APETALA2 (Appendix IlI). The
combined number of previously and newly discovered DELLA interactions was
much higher (370) compared to the number of interactions of the non-DELLAs SCR
and SCL3 (Appendix Il, Fig. 19).

Next, 17 cold and GA 4 °C DEGs (RNA-seq) that interacted with DELLAs were
identified (Fig. 17F and 20A). As several previously studied DELLA-interactor
encoding genes were feedback-regulated by GA, these proteins could be mediators
of the effect of GA on cold stress-imposed transcription changes (Fig. 20A, 20B and
20D)(Yoshida et al., 2014). These included three out of nine GRF genes, which
were significantly activated after cold stress but not in the presence of GA (Fig. 20B).
Furthermore, the effect of the GA treatments on GRF expression at 21 °C was
smaller (Fig. 20B and 20C). Similar expression patterns were observed for GRFS,
GRF7 and GRF9, however, these changes were not significant (FC < 1.5 and/or
FDR p-value > 0.01) (Fig. 20C). In addition, six DELLA interactors namely MYC2
(AT1G32640), JAZ7 (AT2G34600), ERF13 (AT2G44840), ERF6 (AT4G17490),
ABR1 (AT5G64750), and SIP4 (AT2G30360) were cold stress-upregulated and GA
further activated their expression but only at 4 °C (Fig. 20D). The transcript
behaviour of SPLZ2 (AT5G43270), an integrase-type DNA-binding protein
(AT1G77200) and AIF1 (AT3G05800) was similar to that of the GRFs (Fig. 20B and
20D). Finally, the transcription factors, HBI1 (AT2G18300), ZFP8 (AT2G41940),
SCL3 (AT1G50420) and BOI (AT4G19700) and BRG2 (AT1G79110) responded to
GA at both 21 °C and 4 °C (Fig. 20D). In conclusion, several GA 4 °C and cold stress
DEGs interacted with DELLAs and thus qualified as candidate genes that regulated
transcription changes downstream of GA in cold stress response. These included
three GRFs and the previously studied DELLA interactions with MYC2, SPL2,
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Figure 20: Transcript behaviour of putative DELLA interactors in the transcriptomics
experiment.

(A) Venn diagram of all DELLA reported interactions (from Fig. 5A) compared to all GA
controlled genes in cold stress after 1, 2 and 4 hours of treatments (from Fig. 3E). (B) Changes
in the mRNA abundance of GRF1, GRF3 and GRF5 identified in (A). (B) Transcript behaviour
of the six additional GRF family members in the experiment. (D) Transcript behaviour of the
remaining 14 DELLA-interacting proteins from (A). FPKM, Fragments per kilobase of exon
model per million mapped reads.




SCL3, BOI and BGR2 (Appendix Il, Fig. 20B and 20D) (Zhang et al., 2011; Hong et
al., 2012; Yu et al., 2012; Park et al., 2013; Van De Velde et al., 2017).

As five out of eight GRFs interacted with DELLAs in the yeast two-hybrid screen,
and as GRF1, GRF3 and GRF5 were cold stress-activated in a GA-dependant
manner, this transcription factor family was very prominent in this analysis (Fig. 19
and 20). Therefore, the following experiments sought to confirm the DELLA-GRF
protein interactions. A yeast two-hybrid test between the N-terminally truncated
DELLAs (RGA and GAl) and eight out of nine GRFs (GRF1-GRF7 and GRF9) was
carried out as before. The DELLA interactions with GRF1, GRF3, GRF5, GRF7 and
GRF9 were confirmed, and the additional interactions with GRF2 and GRF4 were
observed (Fig. 21A). GRF8 was not included in this analysis as cDNA isolation from
seedlings or seeds was not successful. This was because the gene annotation at
the TAIR database for GRF8 was incorrect as it was later kindly pointed out by Prof.
Jeong Hoe Kim. The interactions of RGA and GAIl with GRF3 and GRF5 were
confirmed in Nicotiana benthamiana cells with Bimolecular fluorescence
complementation. A miRNA396-resistant version of GRF3 (rGRF3) that includes
silent mutations in the miRNA396-binding site, and GRF5, which does not have a
miRNA396-binding site, were chosen to achieve GRF overexpression (Fig. 21B and
21C) (Hewezi et al., 2012). YFP signal was observed in the nucleus of the cells that
expressed GRF5 or GRF3 in combination with the DELLAs. The GRF
INTERACTING FACTOR 1 (GIF1) and the RING E3 ubiquitin ligase XERICO were
included as positive and negative controls, respectively (Kim and Kende, 2004; Ko
et al., 2006). GIF1 interacted with the two GRFs and, surprisingly, also with the two
DELLAs (Fig. 21B and 21C). Signal for DELLA-GIF1 interactions was observed in
the nucleus and cytoplasm. DELLA dimerization was also observed in agreement
with previous reports (Fig. 21C) (Itoh et al., 2002; Li et al., 2016). Signal was not
observed in any combination that included XERICO and GRFs or GIF1 or the N-
terminally truncated DELLAs, but weak nuclear signal was rarely observed in cells
that expressed XERICO with the full length RGA (Fig. 21B and 21C). Altogether,

the transcript behaviour of the GRF genes in the RNA-seq experiment and the
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Figure 21: GRF protein -family members interact with DELLAs in yeast and in planta.
(A) GRF1, GRF2, GRF3, GRF4, GRF7 and GRF9 yeast two-hybrid interactions with truncated
GAl and RGA. Representative photos of BiFC interactions between GRF3, GRF5 and GIF1 and
the full length (B) or the truncated versions (C) of GAl and RGA, in transiently transformed N.
benthamiana leaves. The experiment was repeated three times.

confirmed DELLA-GRF interactions, suggested their involvement in the regulation

of cold and GA responses.

3.2.4. GRFs are DELLA targets for the control leaf and root growth

DELLA proteins as well as GRFs are involved in the control of cell proliferation and
growth (Kim et al., 2003; Horiguchi et al., 2005; Achard et al., 2009; Ubeda-Tomas
et al., 2009; Rodriguez et al., 2010; Rodriguez et al., 2015; Ercoli et al., 2018).
Therefore, the role the DELLA-GRF interactions in the regulation of leaf and root
growth in cold stress was examined. The response of the wild type, a GRF5

overexpressing line (35S:GRF5) and mIiRNA396b overexpressing line
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Figure 22: Leaf growth recovery of GRF5 and miR396b overexpressors treated with GA or
the GA biosynthesis inhibitor PAC after 4 °C induced growth inhibition and at 21 °C.

(A) Representative leaf photos of seedlings grown for six days, and subsequently transferred on
plates supplied with mock or 10 uM GAS or 0.1 uM PAC for seven days at 21 °C, or 7 days at 4
°C followed by 7 days at 21 °C. (B) Quantification of leaf area from (A). (C) Representative leaf
photos of seedlings grown as in (A) on plates supplied with 0.5 uM or 1 uM PAC (D) Quantification
of leaf area from (C). N=36 Same letters indicate no significant differences between genotypes or
treatments (Tukey HSD, p < 0.05). The experiment was repeated three times with similar results.

(35S:miRNA396b), which post-transcriptionally downregulates seven out of nine
GRFs and thus has reduced GRF levels and smaller leaves, to various GA and PAC
levels was assessed (Horiguchi et al., 2005; Rodriguez et al., 2010). Seeds were
germinated on %2 MS 0.8 % agar plates at 21 °C for six days. Afterwards, they were
transferred to medium supplied with GAs (10 uM), the GA biosynthesis inhibitor PAC
(0.1 uM, 0.5 uM, 1.0 pM) or the respective mock solution and were grown for seven

days at 21 °C or 4 °C. As no seedling growth was observed after growth for seven
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days at 4 °C (data not shown), the seedlings were transferred to 21 °C for an
additional seven days and their growth recovery after cold stress was examined.
The GA treatment did not promote leaf area growth in any of the genotypes in this
experiment (Fig. 22A and 22B). PAC treatments inhibited the leaf growth of the wild
type and the 35S:GRF5 overexpressing line but in a differential manner. More
specifically, the lowest applied PAC concentration (0.1 pM) repressed leaf growth
of the wild type but not of 35S:GRF5 at 21 °C (7 days 21 °C) and more profoundly
after cold stress (7 days 4 °C + 7 days 21 °C) (Fig. 22A and 22B). A higher PAC
concentration (0.5 uM) resulted in a stronger inhibition of wild type leaf growth
compared to 35S:GRF5 and in the highest PAC amount (1 uM) the two genotypes
had the same leaf size (Fig. 22C and 22D). Thus, GRF5 overexpressing seedlings
were in a dosage-dependent manner less sensitive to PAC-imposed leaf growth
inhibition compared to the wild type. In addition, the leaf size of 35S:miRNA396b
expressing seedlings was mostly not affected by GA or PAC treatments and only a
small reduction was observed in the 1 uM PAC-treated seedlings at 21 °C (Fig. 22).
In summary, high GRF5 protein content outcompeted the growth inhibitory effect of
DELLAs after the PAC treatment and the low GRF levels in 35S:miRNA396b
phenotypically mimicked the PAC-treated wild type seedlings. Therefore, DELLAs

supressed leaf growth in a GRF-dependent manner.

Leaf size is determined by cell division and elongation, in which both GRFs and GA
were shown to play a role (Gonzalez and Inze, 2015). To understand whether the
differential leaf growth of wild type, 35S:GRF5 and 35S:miRNA396b in PAC is due
altered cell size or/and numbers the latter were quantified. Seedlings were grown
on ¥2 MS 0.8 % agar plates at 21 °C for four days and an additional seven days in
medium containing 0.1 uM or 0.5 uM or 1 pM PAC. Cell sizes and numbers were
counted in 400 pm x 400 pm images from the middle of the first two true leaves.
Cell size was reduced proportionally only after 0.5 uM and 1 uM PAC in all three
genotypes but no significant differences were observed between the wild type and
the GRF5 overexpressing seedlings (Fig. 23A and 23B). The leaf cells of miR396b

overexpressing seedlings were bigger compared to the other two genotypes as it
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Figure 23. The effect of the GA biosynthesis inhibitor PAC on cell elongation in WT, GRF5
and miR396b overexpressors.

(A) Representative first leaf photos of the palisade cell layer bellow the epidermis, in the middle
along the leaf axis, for the specified genotypes and treatments. The seedlings were grown for five
days, and subsequently transferred on plates with the mentioned treatments for seven days.
Quantification of cell size (B) and cell number (C) in a 400 x 400 um leaf area as described above
N=10 photos.

was previously shown, and this was only normalised in the 1 puM PAC treatment
(Fig. 23A and 23B) (Horiguchi et al., 2005; Ferjani et al., 2007; Rodriguez et al.,
2010). On the other side, cell number per area was decreased in 35S:miR396b but
it was not significantly different between the wild type and 35S:GRF5 in the different
PAC concentrations (Fig. 23A and 23C). Furthermore, increased cell number was
observed in the mock-treated 35S:GRF5 compared to the wild type suggesting that
the cells in the same region were not fully elongated (Fig. 23C). Since cell size and
numbers were similar between the wild type and the 35S:GRF5 in the different PAC
treatments, the observed differences in leaf size were attributed to increased cell

proliferation in the 35S:GRF5 overexpressing line (Fig. 23).

Since the GRF5 overexpressing seedlings were partially insensitive to PAC, the
effects of the transgene in the ga1 mutant background and the DELLA levels in
different GRF genotypes were investigated next (Fig. 24). ga1 was crossed with
35S:GRF5 and two transgenic lines homozygous for gal were phenotypically
analysed. Wild type, ga7 and ga1 35S:GRF5 seeds were treated with 100 uM GAs
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Figure 24. GRF overexpression neither rescues the GA deficiency-induced developmental
and growth defects, nor does it affect RGA levels.

(A) Representative photos of nine-days-old seedlings of WT, GA-deficient mutant ga? and gat
35S:GRF5. (B) Representative photos of six-weeks-old plants of specified genotypes. (C) RGA
western blot from total protein of shoot extracts of nine-days-old seedlings and (D) signal
quantification (LAS) for the indicated genotypes. sly7-10 was used as control. The experiment
was repeated twice with similar results.

for 5 days during the stratification at 4 °C to promote germination. Subsequently,
GAs was removed through multiple washing steps with water. However, nine-days-
old as well as six-weeks-old ga1 35S:GRF5 seedlings phenotypically resembled the
single ga1 mutant (Fig. 24A and 24B). Thus, increased GRF5 levels alone did not
alleviate growth in this background. Furthermore, the RGA protein content of shoot
extracts of the 35S:miR396b line, the single grf1, grf3 and grf5-1 mutants and the
respective overexpressors was quantified after immunoblot analysis (Fig. 24C and
24D). The RGA content was similar to the wild type in all backgrounds, with the
exception of the 35S:miR396b line, which showed increased RGA levels (Fig. 24C
and 24D). In summary, GRF overexpression did not promote growth of the gat
mutant nor affected RGA levels but interestingly, downregulation of multiple GRFs
in the 35S:miR396b line led to RGA protein upregulation indicating the existence of
feedback regulation of DELLA levels by the GRFs.
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Next, the effects of GA and PAC on root growth after 7 days at 21 °C and 7 days 4
°C + 7 days 21 °C were examined. Overall, the root elongation of the 4 °C-treated
seedlings was reduced and GA (10 pM) did not rescue root elongation in these
conditions (Fig. 25A). In addition, the root growth of the wild type and 35S:GRF5
expressing seedlings grown in PAC was inhibited to a similar degree (Fig. 25A and
25B). Interestingly, the root elongation of the 35S:miR396b line was diminished in
the 4 °C-stressed seedlings and even more strongly in the presence of PAC (Fig.
25A and 25B). Thus, cold stress and PAC treatments suppressed root elongation in
all the genotypes examined, while the 35S:miR396b root growth was profoundly

inhibited in the presence of PAC.

To understand why root growth of 35S:miR396b in PAC was abolished, this
phenotype was more closely examined. The wild type and the miR396b
overexpression line were grown in 2 MS 0.8 % agar plates for five days and then
for an additional eight days on medium containing either 5 uM PAC or 5 uM PAC +
10 uM GA or the respective mock treatment (Fig. 26A). Only 23 % of PAC-treated
35S:miR396b roots were macroscopically similar to wild type. In the remaining 77
% of the seedlings, root growth was disturbed (17 %) or completely abolished (60
%) with tumour-like growth and bloated cells (Fig. 26A). GA rescued these defects
in the presence of PAC indicating that the high DELLA levels in combination with

the low GRF-expression in 35S:miR396b line resulted in the meristem collapse (Fig.
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Figure 26. 35S:miR396b roots are hypersensitive to the GA biosynthesis inhibitor PAC.
(A) Representative photos of 13-days-old Col and 355:miR396b roots after growth for eight days
on mock or 5 uM PAC or 5 uM PAC + 10 uM GAs. Included are the percentages of seedlings
with the respective phenotypes for each treatment. (B) Representative photos of ten-days-old Col
and 355:miR396b roots after growth for five days on mock or 5 uM PAC. In boxes are details of
the epidermis/cortex cell layers (box length 100 um). (C) Confocal images of the roots of two
independent pRGA:GFP-RGA pGRF3:rGRF3-RFP expressing lines.
26A). Microscopically, defects in the determination of cell division planes were
observed, which disturbed the root meristem structure and ultimately led to its
collapse (Fig. 26B). Furthermore, plants expressing pRGA:GFP-RGA together with
pGRF3:rGRF3-RFP showed that the expression domain of RGA overlaps with that

of rGRF3 in the root proliferation zone (Fig. 26C). Thus, the reduced GRF-protein
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content of the 35S:miR396b line in combination with high DELLA levels resulted in

the disturbance of root growth.

3.2.5. GRF5- and GA- dependent transcription changes in cold stress

To identify the transcription targets of the DELLA-GRF interactions in cold stress
and confirm their role in the regulation of cold and GA DEGs genes, an RNA-seq
experiment was performed as detailed before (Fig. 15A). Since the GA-dependent
GRF cold stress activation was observed after 2 h of treatments, the latest time point
(4 h) was chosen for this analysis to allow sufficient time for GRF translation. Briefly,
the wild type and 35S:GRF5 seedlings were treated for four hours with 100 uM GAs
at 4 °C or mock at 4 °C or mock at 21 °C. Total mRNA was sequenced and the
DEGs were identified. The thresholds for determining the DEGs of FC>1.5 and FDR
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Figure 27. Transcript behavior
of GA pathway and GRF genes
in the wild type and GRF5
overexpressor after 4 h of GA
and cold stress treatment.

(A) Heatmap of the fold changes
in expression of the nine GRF
genes in GRF5 overexpressor
compared to the wild type. (B)
Heatmap of the fold changes in
expression of the nine GRF

GA200X1 * [ GA200X1 genes in response to the
GA200X2 . GA200X2 .
GA30X1 GA30x1 treatments in Col and

35S5:GRF5. (C) Heatmap of the
fold changes in expression of GA
pathway genes in GRF5
overexpressor compared to the
wild type. (D) Heatmap of the
fold changes in expression of GA
pathway genes in response the
treatments in Col and
35S:GRF5. False discovery rate
corrected p-value < 0.01; Cluster
3.0, TreeView). Data from RNA-
seq.
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corrected p-value < 0.01 were implemented as in the initial experiment. GRF5
expression was highly increased with FC>100 in all three experimental conditions
while the transcript levels of the other GRFs were the same in 35S:GRF5 line
compared to the wild type (Fig. 27A). Furthermore, GRF1 and GRF6 were
upregulated in response to the 4 h 4 °C treatment but not to GAs in both genotypes,
similarly to the initial RNA-seq experiment (Fig. 27B). Additionally, GRF4 mRNA
levels were increased in response to 4 h 4 °C treatment only in the 355:GRF5
expressing seedlings (Fig. 27B). Thus, overall the GRF gene expression in
response to cold and GA was similar to that of the first RNA-seq experiment (Fig.
27B, 20B and 20C). Moreover, GA metabolism and signaling gene expression was
influenced by GRF5 overexpression. GA200x1, GA2o0x1, GA2ox8 and RGL1, RGL2
and RGL3 were upregulated in 35S:GRF5 compared to the wild type in one or more
conditions (Fig. 27C). However, the cold-imposed transcript regulation of the GA
pathway genes was much stronger compared to the genotype effect (Fig. 27D). The
identified GA pathway DEGs were the same as in the initial RNA-seq experiment
apart from GAI, which was detected following the statistical criteria, only in the
second experiment. Furthermore, the transcript behaviour of the latter was strikingly
similar between the two experiments supporting the reproducibility of the results
(Fig. 15E and 27D). Overall, cold stress affected GA pathway gene expression that

may lead to a reduction of GA levels and consequently DELLA accumulation.

A subsequent principal component analysis of the RNA-seq samples showed a

strong influence of the temperature (PC1, 36.4 %) and the genotype for the cold-
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Figure 29. RNA-seq experiment for the identification of DELLA and GRF —dependent
transcriptional changes after cold stress and GA treatment.

(A) Venn diagram of the differentially expressed genes (DEGs) after 4 hours of cold stress (21
°C mock vs 4 °C mock) and GA 4 °C (4 °C mock vs 4 °C 100 uM GAg3) treatments in Col-0 and
GRF5 overexpressor. The 132 DEGs that respond to cold stress and GA 4 °C are annotated with
bold. (B) Venn diagram of the 132 cold stress and GA 4 °C DEGs from (A) and the misregulated
genes in GRF5 overexpressor compared to Col-0 after 4 hours 4 °C mock and 4 °C 100 uM GAs
treatments. In bold, are the DEGs that are misregulated in the GRF5 overexpressor in a cold
stress and GA 4 °C dependent manner. (C), (D) and (E) hierarchical clustering of the fold changes
in expression of the 26, 36 and 16 DEGs from Venn diagram (B). Genes annotated with bold are
CBF regulated (Cluster 3.0, correlation uncentered, complete linkage, TreeView).
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treated samples (PC2, 14.8 %) (Fig. 28). In addition, the samples were not strongly
separated according to the GA treatment similarly to the previous RNA-seq
experiment (Fig. 18D and 28). In conclusion, the major factor influencing gene
expression in both RNA-seq experiments was cold stress, while the GA treatment

had a smaller impact.

In light of the DELLA-GRF protein-protein interactions, it was anticipated that the
GA- and cold stress-controlled gene expression depends on GRF protein
abundance. In response to cold stress, 3319 genes were differentially expressed in
both the wild type and 35S:GRF5 line whereas 811 and 2086 were only differentially
expressed in either one, respectively (Fig. 29A). Furthermore, only nine genes were
DE in response to GA at 4 °C in both genotypes, while 64 and 90 DEGs were only
detected in either one or the other genotype. In total, 132 genes were DE in
response to cold stress and GA treatment at 4 °C in the wild type and 35S:GRF5,
and the majority of them was expressed in a genotype-specific way (Fig. 29A). Thus,
GRF5 overexpression affected strongly the cold stress transcription responses as

well as the GA- and DELLA-dependent transcription changes.

To further explore the effect of GRF5 overexpression on the 132 cold-stress and GA
DEGs, the latter where categorized according to their transcript behaviour in the
35S:GRF5 line compared to the wild type. In total, between the transgenic line and
the wild type 1656 and 1001 genes were DE after 4 h of 4 °C and 4 h of 4 °C + GA
(100 uM) treatments, respectively (Fig. 29B). Thus, the number of miss-regulated
genes in 35S:GRF5 after cold stress was reduced by 39.5 % in the presence of GA.
From the 132 cold stress and GA DEGs, 26 genes were mis-regulated in the
overexpressor both in the presence and absence of GA at 4 °C (Fig. 29C).
Moreover, the expression of 36 genes was normalized to the wild type levels after
the 4 °C + GA treatment (Fig. 29D). Finally, 16 genes were DE in 355:GRF5
compared to the wild type only after the 4 °C + GA treatment (Fig. 29E). Thus, the
GA-promoted transcription regulation in cold stress depends on intracellular GRF5

levels.
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Figure 30. Subset of cold stress differentially expressed genes are similarly
missregulated in the GRF5 overexpressor at 21 °C.

(A) and (B) Venn diagrams of the down- and upregulated differentially expressed genes (DEGs)
respectively, in Col-0 after 4 hours of cold stress (21 °C mock vs 4 °C mock) and in GRF5
overexpressor compared to Col-0 after 4 hours 21 °C mock treatment. (C) Hierarchical clustering
of the fold changes in expression of the 31 downregulated DEGs (from B), in response to 4 hours
4 °C mock and 4 °C 100 uM GAgs treatment compared to the 21 °C mock treatment as well as
the fold changes in expression in GRF5 overexpressor compared to Col-0 after 4 hours of 21 °C
mock treatment. (D) Hierarchical clustering as in (C) of the fold changes in expression of 67
upregulated DEGs (from A). Genes annotated with bold are also targets of the CBF regulon
(Cluster 3.0, correlation uncentered, complete linkage, TreeView). 73
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As GRF5 was upregulated after cold stress, it was hypothesized that transgene
expression in the 35S:GRF5 line would in turn affect stress-promoted gene
expression. Indeed, the expression of 25.3 % (98 out of 386 DEGs) of the DEGs in
GRF5 overexpressing seedlings, compared to the wild type at 21 °C, changed in a
similar manner after cold stress in the wild type (Fig. 30A and 30B). More
specifically, after 4 h of cold stress, 1481 and 2449 genes were down- and
upregulated in the wild type, respectively (Fig. 30A and 30B). From those, the
expression of 31 and 67 DEGs was also down- and upregulated in 35S:GRF5
compared to the wild type at ambient temperature (Fig. 30C and 30D). Notably, 26
of them, including the established cold stress marker genes COR15A, COR15B,
RD29A and KIN2, were also previously shown to be CBF regulated (Fig. 30C, 30D
and 31) (Park et al., 2015; Jia et al., 2016; Zhao et al., 2016). A closer look into the
expression pattern of those CBF-targeted genes, revealed that they were not only
upregulated by GRF5 at 21 °C, but additionally, that their induction after cold stress
was much stronger in this genotype (Fig. 31). Thus, increased GRF5 levels affected
the expression of core cold stress responsive genes in ambient temperature in the
absence of other known regulators such as the CBFs, indicating that those genes
might be direct GRF5 targets. Contrarily, the cold-promoted CBF upregulation was
reduced in 35S:GRF5 compared to the wild type for all three CBF genes (Fig. 31).
Furthermore, the CBF gene upregulation after cold stress was reduced in the wild

type in the presence of GA, something that did not occur in the GRF5 overexpressor
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(Fig. 31). Therefore, the increased GRF5 levels in the overexpressor might have
affected CBF gene expression directly or indirectly due to protein-protein
interactions with the DELLAs. In conclusion, both the responses to cold as well as
to GA relied on the GRF5 intracellular content, which is controlled by DELLA
proteins at the RNA-transcription and protein level through protein-protein

interactions.
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4. Discussion

4.1.GA and SL treatments affect gene expression and plant morphology in
Arabidopsis thaliana in an additive manner

The hormones GA and SL are involved in the regulation of plant growth and
response to phosphate limitation, and they share similarities in their signaling
perception mechanisms (Jiang et al., 2007; Kapulnik and Koltai, 2016; Marzec,
2017). GA and SLs are bound to the a/b hydrolase family receptors GID1 and D14,
respectively, and this binding promotes the proteasomal degradation of specific
target proteins. The DELLA- and members of the SMXL-family proteins are
degraded in the presence and act downstream of GA and SL, respectively
(Schwechheimer, 2014; Marzec, 2016). The role of GA and DELLA proteins in the
regulation of transcription has been extensively studied, while increasing evidence
suggest their involvement in protein trafficking and auxin transport as well (Willige
et al., 2011; Locascio et al., 2013; Lofke et al., 2013; Yoshida et al., 2014; Van De
Velde et al., 2017; Salanenka et al., 2018; Shanmugabalaji et al., 2018). SLs control
plant architecture and growth through the regulation of auxin transport and gene
transcription (Waldie et al., 2014; Bennett et al., 2016; Wang et al., 2020). A recent
report showed that the SL-targeted SMXLs act as transcription factors (Wang et al.,
2020). Although, it was reported that GA and SL act independently to control
phenotypic responses, the direct interaction of the two signaling pathways at the
molecular level had also been suggested (de Saint Germain et al., 2013; Nakamura
et al., 2013; Marzec, 2017).

Here, the combined effect of the two hormones in the control of plant growth and
molecular responses was examined. Phenotypic analysis of single and double GA
and SL biosynthesis mutants revealed that GA is required for the expression of the
increased branching and reduced plant height phenotypes of SL-deficient-mutants,
indicating that GA acts upstream in the regulation of those processes (Fig. 7). The
same phenotypes were expressed and regulated in an additive manner by the two
hormones in the ga’ max mutants, when growth was partially rescued after GA
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treatments (Fig7). In a study that was conducted in pea, where the double mutant
of the SL-deficient mutant rms1 (max4) and the GA biosynthesis mutant /le-1
(PsGA3oxT1) were analysed, evidence for additive effects of the two hormones on
the same phenotypes was also presented (de Saint Germain et al., 2013).
Therefore, the effect of SL in the inhibition of branch outgrowth and promotion of
shoot elongation, is independent from GA when the latter is at a critically low level
to allow meristem activation and growth. At the molecular level, this could mean that
GA-specific targets are needed for meristem activation, or that in the absence of
GA, as it is the case in the ga? mutant, DELLAs supress SL responses by binding

to D14 as it was previously suggested (Nakamura et al., 2013).

In order to investigate whether the suggested DELLA-D14 interaction could affect
DELLA stability, RGA (DELLA) levels were quantified in different GA- and SL-
deficient mutant genotypes and after GA and GR24 treatments. The RGA seedling
protein levels where only affected by changes in GA but not in SL levels, in line with
previous observations in Arabidopsis roots and shoots where the GFP-RGA protein
levels were monitored (Fig. 8) (de Saint Germain et al., 2013; Bennett et al., 2016).
Since DELLA stability is not affected by the presence of SL, it is unlikely that DELLA
proteins are SL targeted through their direct interaction with D14 as it was previously
suggested (Nakamura et al., 2013). Furthermore, no difference in root growth was
observed between the ga1 and ga1 max1 mutants under low phosphate conditions,
which promote SL biosynthesis (Fig. 7E) (Kohlen et al., 2011). This indicates that
even if the DELLA-D14 binding occurs in the presence of SL, it does not affect the
DELLA-imposed growth inhibition in this genetic background. It could thus be
argued that the suggested DELLA-D14 interaction does not influence DELLA-
mediated responses. Another possibility could be that the DELLA-D14 interaction
interferes with the proteasomal degradation of the SMXL proteins affecting in this
way SL signaling. In the case of KAR-mediated signaling, although GA is required
for the KAR-promoted activation of seed germination, the KAI2 downstream
transcription changes of a severe GA-deficient mutant were similar to that of the

wild-type. It was suggested that DELLA proteins do not block or affect transcription
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changes in response to KAR (Nelson et al., 2010). Thus, analysis of the
transcriptional responses downstream of GA and SL was performed for the

investigation of the plausibility of such interactions.

The utilization of the GA and SL biosynthesis deficient mutant ga1 max1 allowed
the analyses of the global changes in transcript abundance after hormone
treatments, without the changes in mRNA levels that would occur due to the
developmental differences of the single GA and SL biosynthesis mutants. In a two-
hour time-course experiment, the 210 genes that were identified as being
differentially expressed after GA treatment, included many known GA-regulated
transcripts (Fig. 9B) (Appendix 1) (Claeys et al., 2014). After SL treatment,
application of rac-GR24 resulted in the expression changes of a total of 73 genes
(Fig. 9B). These included genes that were previously shown to be SL-regulated such
as MAX3 and MAX4, abut also many new transcription targets (Fig. 9 and 12)
(Mashiguchi et al., 2009). Although rac-GR24 can activate D14 and KAI2
downstream signaling, gene expression changes are expected to have occurred
mainly through D14, as KAI2 signaling is active in the ga1 max1 mutant (Scaffidi et
al., 2014). Thus, the observed transcription changes after the single GAs and GR24
treatments were in line with previous observations, supporting the validity of the

experiment.

When the transcription changes after the GAs and GR24 treatments were
compared, only seven genes were identified as being differentially expressed in
both cases, suggesting, that the two hormones have mostly different target gene
sets (Fig. 9C). Surprisingly though, the concurrent application of both substances
led to the identification of 386 DEGs, 261 of which were differentially expressed only
in this condition (Fig. 9). The fold changes in expression for the majority of the 261
DEGs were mathematically predicted to be close to the experimental fold changes
that occurred after the single treatments (IFCcaicuiated — FCexperimentall > 0.5) (Fig. 10).
Thus, the enhanced gene expression changes after the combined treatment for the
majority of the DEGs that were exclusively detected in this condition, can be

explained as the result of the additive effects of each of the two hormones on their
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A ca regulated genes B sL regulated genes C GA+sL additively
regulated genes

GA, GR24 GA, GR24

Promoter Gene A Promoter Gene B Promoter Gene C

Figure 32. Simplified diagram summarizing the main groups of GA and SL regulated genes.

Transcription activation or suppression of the GA- (A) and SL- regulated (B) genes is the result
of the action of transcription factor(s) that are exclusively controlled by one or the other hormone
and bind the promoters of non-overlapping gene targets. (C) Genes that are regulated in an
additive way by GA and SL are common targets of GA- and SL-controlled transcription factors or
the additive effect of the two hormones on the same transcription factor(s).

mMRNA transcription rates. In addition, a synergistic effect of the two hormones on
gene expression could be proposed for a small subset of those genes, as the
predicted fold changes were not similar to the experimental ones from the combined
treatment according to the arbitrary threshold that was set (Fig. 10, Table 3). The
robust reproducibility of these results in all three time points suggests that this was
rather unlikely to have occurred due to variation in gene expression between
biological replicates. Nevertheless, a higher number of biological replicates in the
current study could have facilitated the identification of more DEGs and added more
power to the analyses (Lamarre et al., 2018). In summary, GA and GR24, have both
separate and also common transcription targets, which they regulate mostly in an

independent manner.

The differentially expressed genes can be thus categorised into three main groups.
The first two categories include genes that are exclusively regulated by one or the
other hormone (Fig. 32A and 32B). The third group includes a substantial number
of genes that are controlled by both hormones in an additive manner (Fig. 32C). At
the molecular level, the additive regulation of gene expression could be the result of
GA- and SL-controlled transcription factors that bind to different cis or trans
elements of those genes (Fig. 32). According to a GO analysis, the group of
additively regulated genes was enriched in genes involved in responses to other
hormones such as ethylene and salicylic acid (Appendix I). Thus, some of the

common GA and GR24 ftranscription targets might be targeted by multiple

79



hormones. Analyses of genomic binding sites of 27 different transcription factors in
Arabidopsis showed that the majority of the genes are targeted by at least two
transcription factors, while genes that are regulated by multiple transcription factors
are more likely to be rather broadly than specifically expressed (Heyndrickx et al.,
2014). The transcriptomics analyses presented here supports the existence of

common transcription targets of GA and SL and possibly other hormones.

Since the control of gene expression of GA and SL metabolism and signaling genes
could be another point of hormone signaling interference, this aspect was closely
examined. GR24 alone did not have an effect on the expression of GA pathway
genes, which changed only in response to the treatments that contained GAs, the
latter being in line with the introduced model for GA feedback regulation (Fig. 11)
(Middleton et al., 2012; Yoshida et al., 2014). On the other hand, GAs supressed the
expression of the SL biosynthesis genes MAX4 and LBO1 suggesting that GA
negatively impacts SL hormone levels (Fig. 12). In rice, GA was shown to reduce
SL biosynthesis through the downregulation of mMRNA abundance of the respective
biosynthetic genes (Ito et al., 2017). Therefore, downregulation of SL levels by GA

might also be occurring in Arabidopsis.

Interestingly, in the presence of both hormones, the GA catabolism gene GAZ20x,
the SL signaling gene SMXL8 and the SMXL6-targeted gene BRC1 were
synergistically activated (Fig. 10) (Wang et al., 2020). This implies the existence of
shared cis or ftrans regulatory factors by the two pathways that control GA
catabolism and SL signaling. For example, one possibility could be that both the
release of a transcription suppressor from the gene promoter in presence of SL, and
the binding of a transcription activator in the presence of GA, are required for an
increase in their mMRNA levels. The exact mechanism behind this type of regulation,
as well as timing and developmental context requires further investigation. In the
case of phosphate deficiency for example, the DELLA proteins are stabilised while
SL levels are increased indicating that at least in specific cell types of the root, either
SL- or GA-downstream signaling would predominantly affect transcription (Jiang et

al., 2007; Kohlen et al., 2011). In summary, the observed changes in transcript
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abundance of GA and SL metabolism and signaling genes suggest a direct effect of
GA on SL biosynthesis, while the aforementioned GA catabolism and SL signaling

genes were regulated in a synergistic manner.

Finally, several genes that belong to the families of characterized GA (NPF,
SWEET) and SL (ABC) hormone transporters were identified as being differentially
expressed after the treatments that contained the respective hormones
(Kretzschmar et al., 2012; Saito et al., 2015; Sasse et al., 2015; Kanno et al., 2016;
Tal et al., 2016). In the case of GA, NPF2.13, NPF5.2 and NPF5.8 showed similar
transcript behaviour to that of the know GA transporter NPF3. 1, suggesting that they
might be involved in GA transport in seedlings (Fig. 13A and 13B). This is further
supported by hormone transport experiments yeast, for NPF2.13 and NPF5.2,
which were able to transport both GA1 and GAs (Chiba et al., 2015). Furthermore,
several genes of the ABC family of transporters were transcriptionally activated by
GR24 (Fig. 13C). As the only know SL transporter to date from petunia belongs to
the same family and is transcriptionally regulated by SL, those transporters qualify
as candidates of SL transport in Arabidopsis (Kretzschmar et al., 2012; Sasse et al.,
2015). Thus, from this analysis putative GA and SL hormone transporters were

identified and their role in active hormone transport could be examined in the future.

In conclusion, the analyses of the transcription responses of the ga? max1 mutant
to GA and SL, provided us with evidence suggesting signaling convergence of the
two hormones at the level of transcription regulation of common target genes.
Further research is needed to understand the physiological context where the
observed molecular signaling takes place and how it affects developmental

decisions and responses to external stimuli.

4.2. GA transcription response and targets in low temperature stress.

GAs are modulated in the response to cold stress both after a short-term exposure
as well as an evolutionary adaptation to cold temperatures (Achard et al., 2008; Luo
et al., 2015; Zhou et al., 2017). The stabilization of DELLA proteins is observed
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within the first hours of cold exposure in Arabidopsis and increased DELLA levels
are associated with reduced growth and freezing stress resistance (Achard et al.,
2008). Although the seedling growth of DELLA mutants is less inhibited compared
to wild-type during cold-warm temperature fluctuations or at 12 °C, continuous plant
exposure at 4 °C completely inhibits seedling growth regardless of the DELLA status
(Fig. 14) (Achard et al., 2008; Zhou et al., 2017). This might be the result of the
strong effect that temperature has on enzymatic activity in combination with the
action of other signaling pathways that are activated in cold stress, including other
hormones, which might be acting in epistatic way (Miura and Furumoto, 2013;
Penfield and MacGregor, 2014). As no seedling phenotype is linked to the rapid
DELLA stabilization that is observed at 4 °C, it is tempting to hypothesize that
DELLAs might act as a switch for a fast growth response when the temperature is
increased. Analyses of the effect that GA has on transcription in the context of cold
stress, and identification the molecular targets that act downstream of the DELLA
proteins can help increasing our understanding of the role of GA in the plant’s
response to cold stress and facilitate the development of stress-resistant plants.
Here, mRNA-seq and DELLA-transcription factor interactomics analyses were
combined that led to the identification of the GRF transcription factors as

downstream DELLA targets in cold stress.

4.2.1. GA signaling regulation of cold stress-induced transcription changes

In order to understand the role of GA signaling and DELLA stabilization in cold stress
response, the gene expression changes after seedling exposure to GAz and 4 °C
stress were analyzed. First, an increase in the protein amount of the DELLA protein
RGA, was observed after 2 h of seedling exposure to 4 °C, similarly to previously
reported observations (Fig. 15B and 15C) (Achard et al., 2008). Furthermore, the
expression of selected marker genes, such as cold-induced CBF1, changed as early
as 1 h of cold and GA treatments suggesting a fast influence of DELLA stabilization
in gene expression regulation in cold stress (Fig. 15D). Consequently, for the

identification of direct DELLA targets, the early time points of 1, 2 and 4 hours of
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treatments were chosen for the monitoring of the global of changes in mRNA
abundance with RNA-seq (Fig. 17). The observed transcript behavior of previously
established cold and GA regulated genes in the RNA-seq analyses, supports the
credibility of the experiment, as it is in line with previous publications (Fig. 16)
(Thomashow, 2010; Claeys et al., 2014; Eremina et al., 2016).

The expression of several GA metabolism and signaling genes changed after cold
stress in a robust way, indicating a strict transcription regulation of GA and DELLA
levels. More specifically, GA biosynthesis genes (GA20oxs, GA3ox1) were
downregulated and GA catabolism genes (GA2o0xs) were upregulated, suggesting
that cold stress signaling promotes a reduction in bioactive GAs (Fig. 15E) (Achard
et al., 2008; Zhou et al., 2017). Furthermore, four DELLA protein-encoding genes
(RGA, RGL1, RGL2, RGL3) were upregulated while components of the GA receptor
complex (GID1, SLY1) were downregulated (Fig. 15E). Thus, an increase in DELLA
protein synthesis and a reduction in GA-receptor complexes could be additionally
contributing to the observed increase in DELLA nuclear levels (Fig. 15). Although
similar observations were made by others, those studies identified and focused on
a smaller number of GA pathway cold stress-regulated genes which were mostly
not expressed in the same way or were not detected in this RNA-seq experiment
(Achard et al., 2008; Zhou et al., 2017). The transcriptional regulation of GA
metabolism and signaling genes has also been reported in response to other abiotic
stresses as well as GA treatments (Colebrook et al., 2014). The evident changes in
transcript abundance of multiple genes of GA metabolism and signaling support the

involvement and regulation of the hormone in cold stress response.

The effect of GA on transcription was strongly influenced by the temperature regime.
GA treatments at 21 °C and 4 °C altered the expression of 676 and 816 genes,
respectively, from which only 165 were regulated in both temperatures (Fig. 17E).
Distinct effects of GA treatments on transcription in different tissues or conditions
were previously shown (Cao et al., 2006). Differential regulation and binding of
transcription factors by DELLA proteins in different conditions and tissues is likely

causative for the divergent responses to GA.
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Cold stress had a stronger effect on transcription in terms of number of regulated
genes and fold changes in expression compared to the GA treatments (Fig. 17D
and 18). In total 7346 DEGs were identified as cold regulated, while about 5 % of
those genes were also GA regulated at each individual time point (Fig. 17A to 17F).
Thus, GA affected a small subset of cold stress-regulated genes. Contrarily, about
76 % of the GA regulated genes at 4 °C were also cold stress regulated, suggesting
the strong involvement of GA signaling and GA-regulated genes in the response to
cold stress. Furthermore, the GA treatments mostly enhanced or suppressed but
did not abolish the cold-promoted gene expression changes for a vast majority of
those genes, suggesting that the latter are controlled by multiple TFs (Fig. 17F).
These results fit with previous observations that several TFs are cold stress-induced
in parallel with the CBFs and that they share common target genes (Park et al.,
2015). Overexpression of some of those first wave TFs resulted in dwarf phenotypes
but without altered expression of cold stress-upregulated GA catabolism enzyme-
encoding genes (Fig. 15E) (Park et al., 2015). These results suggest that different
TFs control growth in cold temperatures by partially overlapping and also
independent signaling pathways and could thus explain the changes in gene
expression observed here after GA treatments, as well as the fact that GA alone did
not alleviate the growth inhibition at 4 °C (Fig. 14 and 17F) (Park et al., 2015).

4.2.2. DELLA possibly interact with numerous transcription factors to regulate

gene expression in cold

For the discovery of novel candidate DELLA interactors that regulate the response
to cold stress, a yeast-two-hybrid screen was performed. In total, 261 Arabidopsis
thaliana transcription factors were identified as putative DELLA interactors for both
RGA and GAI, 86% from which interacted with both DELLAS, in line with previous
evidence of functional redundancy of the Arabidopsis DELLA proteins (Fig. 19A,
19B, 19C and 19D) (Appendix Il) (Gallego-Bartolome et al., 2010). These
transcription factors belonged in 51 different protein families, evident for their high

structural variability (Appendix Il). Previously reported DELLA interactions, including
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many with proven roles in the regulation of biological processes, also included
proteins from diverse transcription factor families (Appendix Il) (Marin-de la Rosa et
al., 2014; Pruneda-Paz et al., 2014; Van De Velde et al.,, 2017). This study
contributes 211 new putative DELLA-controlled transcription factors in addition to
the 159 that were previously described (Appendix Il) (Claeys et al., 2014; Marin-de
la Rosa et al., 2014; Van De Velde et al., 2017). As many of the biologically validated
DELLA interactions were initially shown in yeast two-hybrid experiments, it is likely
that many of the newly identified interactions also have biological functions and will
be the focus of future studies (Appendix Il) (Yoshida et al., 2014; Van De Velde et
al., 2017).

In contrast to the yeast two-hybrid screen results for the two DELLAs, only 9 and 6
interacting partners were found for each of the other two GRAS proteins SCR and
SCLS3, respectively (Fig. 19E and 19F). The latter, also belonged to different
transcription factor families, and all but one interacted with the DELLASs, suggesting
that shared motifs between the four proteins probably mediate these common
interactions (Fig. 33). All four tested proteins have the GRAS domain and additional
motifs but the percentage of identical bases between the two truncated DELLAs is
much higher (88 %) compared to the sequence identities that they share with SCR
(22 %) and SCL3 (28 %) (Fig. 33, Geneious 7.1.9, https://www.geneious.com).
Thus, DELLAs, but not the other two GRAS proteins, have a unique sequence
identity that gives them higher binding affinities for a variety proteins, including
possibly more than 15 % of the Arabidopsis transcription factors and also other
proteins such as the PFDs and (Fig. 19) (Locascio et al., 2013; Pruneda-Paz et al.,
2014). Several motifs as well as post-translational mortifications that affect some of
the DELLA interactions have been already identified but further research is needed
to find the DELLA-specific sequences, protein properties and mechanisms that
enable their interaction with this remarkable number of different proteins (de Lucas
et al., 2008; Hou et al., 2010; Bai et al., 2012; Zentella et al., 2016; Zentella et al.,
2017). In addition, such a comparative analyses can be repeated with different

protein-protein interaction detection methods to achieve a reduction in false
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positives, resulting from assay artifacts, as well as false negative results (Braun et
al., 2013). Nevertheless, the findings of the yeast two-hybrid experiment are in line
with the ever-growing literature of validated DELLA-transcription factor interactions
(Schwechheimer, 2014; Van De Velde et al., 2017).

From all DELLA interactors, 17 were also DELLA- and cold stress-regulated at the
transcription level and thus qualified as candidate DELLA targets in cold stress
response. Those included the previously described DELLA interactions with MYC2,
SPL2, SCL3, BOI and BRG2 as well as additional interactions first reported in this
study (Fig. 20B and 20D) (Zhang et al., 2011; Hong et al., 2012; Yu et al., 2012;
Park et al., 2013). The latter included the DELLA interaction with the jasmonate
signaling protein JAZ7, which was also regulated by GA and cold at the transcription
level (Fig. 20D). DELLA interactions with other JAZ proteins were previously
described and suggested to play a role in the DELLA-dependent CBF gene
activation (Hou et al., 2010; Yang et al., 2012; Qi et al., 2014; Zhou et al., 2017).
Thus, it is likely that the DELLA-JAZ7 interaction could affect CBF gene expression
although the role of this and the other identified DELLA-targeted genes in cold stress
response should be further investigated in future studies. Given the dynamic and
variable changes in transcription after GA treatments, and the numerous GA-
regulated DELLA interactors, it is expected that DELLAs control the response to

cold stress through the binding of multiple transcription factors.

The most prominent transcription factor family in the interactomics data-set was that
of the GRFs. Seven out of the nine family members interacted with the DELLASs in
yeast, while the genes encoding three of them, GRF1, GRF3 and GRF5 were cold
stress and GA 4 °C regulated (Fig. 19D and 20B). The GRF3 and GRF5 interactions
with the two DELLAs were confirmed in planta with BiFC (Fig. 21). Further attempts
to verify these interactions in stably-transformed plants with epitope-tagged GRFs
were unsuccessful, probably due to the low protein expression of the tagged-GRFs
in combination with unspecific antibody binding (data not shown). Remarkably

though, while the work for this thesis was ongoing, the interaction between SLR1,
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Figure 33. Alignment and domain structure of the GRAS proteins that served as baits in
the yeast two-hybrid experiment.

Multiple sequence alignment of the protein sequences of SCR, SCL3 and N-terminally truncated
GAIl and RGA truncated versions that were used as baits in the yeast two-hybrid screen.
Annotated are the regions and motifs identified with PROSITE (MUSCLE, Geneious 7.1.9,
https://www.geneious.com).

the DELLA protein of rice, and GRF4 was shown with BiFC, co-immunoprecipitation
and fluorescence resonance energy transfer experiments in a study about nitrogen
use efficiency in rice (Li et al., 2018). This discovery is in line the findings presented
here and suggests that DELLA-GRF interactions are conserved in monocots and
dicots (Li et al., 2018). The role of the GRF-DELLA interactions in Arabidopsis is

discussed in the following paragraphs.

4.2.3. GRFs are DELLA targets for the control growth and gene expression

The first described GRF transcription factor was identified as a GA-regulated gene
and this work presents evidence through a comprehensive analysis of the
involvement of members of this family from Arabidopsis in GA signaling and cold

stress (van der Knaap et al., 2000).

The nine Arabidopsis thaliana GRF transcription factors have been involved in
various developmental processes and responses including the control of cell
proliferation, meristem homeostasis, osmotic and UV-B radiation stress (Hoe Kim
and Tsukaya, 2015; Omidbakhshfard et al., 2015). The GRF proteins interact the
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members of the GIF family of transcription cofactors, with three members in
Arabidopsis named GIF1, GIF2 and GIF3, and together promote cell proliferation
and leaf growth as well as the maintenance of the root meristem (Kim and Kende,
2004; Horiguchi et al., 2005; Lee et al., 2009; Debernardi et al., 2014). In addition,
the miR396 post-transcriptionally downregulates seven out of nine Arabidopsis
thaliana GRFs and miR396 overexpressing transgenic lines have low GRF content
compared to the wild type (Liu et al., 2009; Rodriguez et al., 2010; Wang et al.,
2010; Beltramino et al., 2018). Cell proliferation in the leaves is activated by the
GRFs expressed in the leaf base, while miR396 expression at the tip downregulates
the GRFs and promotes cell elongation (Liu et al., 2009; Rodriguez et al., 2010;
Beltramino et al., 2018). As the leaves get older, miR396 expression is extended
towards the leaf base to reduce GRF activity and the cells elongate (Beltramino et
al., 2018). Plants that overexpress GRF5, which is not bound by miR396, or silent
mutations of miR396-resistant versions of other GRFs have bigger leaves while
miR396 overexpressing plants have smaller leaves (Kim et al., 2003; Horiguchi et
al., 2005; Rodriguez et al., 2010; Beltramino et al., 2018). Therefore, GRFs are
subjects to different levels of regulation including transcriptional regulation by GA,
posttranscriptional regulation through the miR396 as well DELLA regulation at the
protein level and proteasomal degradation (Fig. 20 and 21) (Omidbakhshfard et al.,
2015).

Manipulation of DELLA levels distinctly affected the shoot and root growth of plants
with different GRF levels, signifying thus the role of the GRF-DELLA interactions in
the control of the latter (Fig. 22 and 25). GA or PAC treatments had almost no impact
on leaf growth of 355:miR396b expressing seedlings, therefore, GRF expression is
necessary for the promotion of leaf growth by GA (Fig. 22). Similar results were
reported for rice where it was shown that the leaf elongation of miR396
overexpressing lines was partially insensitive to GA treatments (Tang et al., 2018).
Besides, PAC-treated GRF5 overexpressing seedlings were partially resistant to the
DELLA-imposed inhibition of leaf growth, in a dosage-dependent manner, and more

strongly when they were additionally exposed to cold stress (Fig. 22). The latter
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suggests that the DELLA-GRF5 binding interferes with the GRF5 activation of cell-
proliferation in leaves (Horiguchi et al., 2005). Furthermore, the root growth of
355:miR396b expressing seedlings in PAC- and cold stress was strongly arrested,
and strikingly, their root meristem function was severely disturbed when they were
in PAC containing medium (Fig. 25 and 26). Interestingly, a similar root phenotype
defect was reported for root endodermis and cortex specific promoter-driven GAI
expression, while higher numbers of cell divisions with the wrong orientation were
shown in miR396b overexpressing seedlings compared to the wild type (Ubeda-
Tomas et al., 2009; Rodriguez et al., 2015). As DELLA and GRF protein expression
in the root proliferation zone overlap, it can be anticipated that the proteins interact
in this tissue (Fig. 26C). Therefore, a DELLA-GRF balance is required for the
coordination of cell proliferation and elongation in the root meristem zone. In
summary, the effect of DELLA stabilization on leaf and root growth was dependent
on the GRF protein abundance, which supports the hypothesis that the GRF
transcription factors are DELLA targets regulated transcriptionally as well as through
the DELLA-GRF protein interactions.

The role of the DELLA-GRF5 interaction in the control of cold stress- and GA-
promoted gene expression was further investigated with RNA-seq analyses of the
wild type and the GRF5 overexpressor. In line with the first RNA-seq experiment,
the impact of cold stress on gene expression was stronger as opposed to that of GA
for both genotypes, while the observed changes in transcript abundance of GA
pathway genes in response to cold stress were almost identical between the two
experiments, confirming the reproducibility of the results (Fig. 15E, 27D and 28).
GRF5 activated the expression of the GA metabolism genes and DELLA genes,
GA200x1, GA2ox1, GA20x8, RGL1, RGL2 and RGL3 (Fig. 27C). These results are
in line with previous reports, although, there a different gene was shown to be GRF-
controlled (Hewezi et al., 2012; Fina et al., 2017). The GRF-regulation of GA and
DELLA levels is further supported by the observation that miR396b overexpressing
seedlings have higher DELLA content compared to the wild-type (Fig. 24). Thus,
GRF5 and possibly other GRFs transcriptionally regulate GA pathway genes.
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In agreement with the hypothesis that GRFs are DELLA targets in cold stress, GRF5
overexpression strongly affected gene expression changes in response to GA and
cold stress treatments (Fig. 29). The identity of the regulated genes was largely
different between 35S:GRF5 and the wild type as only 9 out 132 genes were
differentially expressed in both (Fig. 29A). Therefore, the DELLA-controlled GRF5
abundance determined the GA response in cold stress. Interestingly, the CBF3
transcription factor was among the putative DELLA-GRF5 target genes in cold
stress response (Fig. 29D and 31). In the wild type its expression was cold stress
activated while GA partially suppressed CBF activation in line with a previous report
(Fig. 31) (Zhou et al., 2017). CBF1 and CBF2 had also similar expression patterns
as CBF3 but the observed changes were not significant according to the applied
statistical criteria (Fig. 31). In contrast to the wild-type, CBF gene expression was
not as strongly activated after cold stress nor GA-regulated in the GRF5
overexpressor (Fig. 31). The latter could be the result of the direct CBF suppression
by GRF5 through promoter binding in combination with an additional cold induced
transcription factor, as the CBFs were not activated in the 35S:GRF5 line at ambient
temperature. Another explanation could be that the regulation of different
transcription factors by DELLAs, such as the JAZ proteins, was abolished in this
genotype due to the decreased number of free from GRF DELLA molecules (Fig.
20D) (Zhou et al., 2017). Furthermore, a quarter of the DEGs between the GRF5
overexpressing line and the wild-type at ambient temperature, were also regulated
in the same manner after cold stress in the wild type, suggesting that GRF5 directly
controls the expression of those genes (Fig. 30). The latter included 26 genes of the
CBF regulon which were regulated by GRF5 in the absence of CBF expression at
21 °C (Fig. 30) (Park et al., 2015; Jia et al., 2016; Zhao et al., 2016). For example,
RD29A, COR15A and COR15b were upregulated in the GRF5 overexpressor
compared to the wild-type at ambient temperature, as well as after cold stress but
they were not GA-regulated (Fig. 31). These results are in line with previous reports
that showed cold stress induction of CBF regulon genes in cbftriple mutants (Jia et
al., 2016; Zhao et al., 2016). Therefore, GRF5 controls the expression of both GA-

dependent and independent cold stress differentially expressed genes.
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> CF) = Figure 34. Schematic representation of

T Promoter _ |GRF5 GA and GRFS5 signaling in cold stress.
QFAT \4 Cold stress promotes DELLA stabilization
! Growth through the downregulation of GA levels and
Cold stress v \/ the upregulation of DELLA gene expression,
@RF5 > in both a CBF-dependent and independent
\L Promoter COR genes _ manner. DELLAs consequently promote the
> > Freezinglolerance  oprs ypregulation, which activates  the
Promoter | RD29A expression of cold regulated genes (COR),
ggg;gg including CBF target genes to promote

freezing tolerance. The DELLA-GRF5
complex formation plays a growth inhibitory
role possibly thought by the sequestration of
GRF5 from gene promoters that activate cell
proliferation and the promotion of expression
of COR genes.

In summary, the cold stress transcriptional response in Arabidopsis is controlled by
GRF5 and possibly the GRF1 and GRF3 transcription factors, which are a subject
to GA and DELLA regulation (Fig. 34). Thus, an additional role of these transcription
factors in an abiotic stress response is uncovered as part of this work on top of their
already described functions in ambient temperature-grown plants (Debernardi et al.,
2014; Hoe Kim and Tsukaya, 2015; Omidbakhshfard et al., 2015; Rodriguez et al.,
2015; Li et al., 2018). As a DELLA-GRF interaction was also reported in rice to play
a role in nitrogen use efficiency, it is likely that these interactions are conserved in
different plant species and play crucial roles in the regulation of growth, yield and
abiotic stress resistance (Duan et al., 2015; Gao et al., 2015; Li et al., 2018; Xue et
al., 2020). Further elucidation and characterization of the molecular signaling
mechanisms that act downstream of GA and DELLA proteins and their interactors,

is crucial for the future development of cold stress resistant and high yielding crops.
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5. Appendix

5.1. Appendix |
GOtermID GO term p-value (Holm-Bonferroni)
GA3 DEGs (210)
G0:0009739 | response to gibberellin 2.97E-14
G0:0009719 | response to endogenous stimulus 4.16144E-06
G0:0001101 | response to acid chemical 4.48352E-06
G0:0009725 | response to hormone 8.55761E-06
G0:0010033 | response to organic substance 9.07091E-06
G0:0009740 | gibberellic acid mediated signaling pathway 1.00077E-05
G0:0010476 | gibberellin mediated signaling pathway 1.14306E-05
G0:0071370 | cellular response to gibberellin stimulus 1.48276E-05
G0:0033993 | response to lipid 3.06072E-05
G0:1901700 | response to oxygen-containing compound 3.60735E-05
G0:0065007 | biological regulation 0.000958481
G0:0006355 | regulation of transcription, DNA-templated 0.001794138
G0:1903506 | regulation of nucleic acid-templated transcription 0.002044645
G0:2001141 | regulation of RNA biosynthetic process 0.002044645
G0:0051252 | regulation of RNA metabolic process 0.002839661
G0:0006351 | transcription, DNA-templated 0.003745224
G0:0009937 | regulation of gibberellic acid mediated signaling pathway 0.00377791
G0:0097659 | nucleic acid-templated transcription 0.004647178
G0:0019219 | regulation of nucleobase-containing compound metabolic process | 0.0053784
G0:0032774 | RNA biosynthetic process 0.005686791
G0:0042221 | response to chemical 0.008091375
G0:0050789 | regulation of biological process 0.017577278
G0:0050794 | regulation of cellular process 0.018447268
G0:0032870 | cellular response to hormone stimulus 0.019562345
G0:0071495 | cellular response to endogenous stimulus 0.021571887
G0:0009755 | hormone-mediated signaling pathway 0.021683409
G0:2000112 | regulation of cellular macromolecule biosynthetic process 0.023531916
G0:0071229 | cellular response to acid chemical 0.026392976
G0:0010556 | regulation of macromolecule biosynthetic process 0.027679024
GR24 DEGs (73)
G0:0042221 | response to chemical 0.011360743
G0:0050896 | response to stimulus 0.031378182
Only GA3 + GR24 DEGs (261)
G0:0009719 | response to endogenous stimulus 1.52E-07
G0:0010033 | response to organic substance 2.04E-07
G0:0042221 | response to chemical 5.55E-07
G0:0050896 | response to stimulus 5.89E-07
G0:0006351 | transcription, DNA-templated 8.13964E-06
G0:0006355 | regulation of transcription, DNA-templated 8.73737E-06
G0:0009725 | response to hormone 8.95313E-06
G0:1903506 | regulation of nucleic acid-templated transcription 1.0329E-05
G0:2001141 | regulation of RNA biosynthetic process 1.0329E-05
G0:0010243 | response to organonitrogen compound * 1.04173E-05
G0:0097659 | nucleic acid-templated transcription 1.08226E-05
G0:0032774 | RNA biosynthetic process 1.41432E-05
G0:0051252 | regulation of RNA metabolic process 1.57308E-05
G0:0019219 | regulation of nucleobase-containing compound metabolic process | 3.57376E-05
G0:1901700 | response to oxygen-containing compound 8.36059E-05
G0:0031326 | regulation of cellular biosynthetic process * 0.000107749
G0:0010200 | response to chitin * 0.000107817
G0:0009889 | regulation of biosynthetic process * 0.000129751
G0:0009723 | response to ethylene * 0.000146056
G0:0032870 | cellular response to hormone stimulus 0.000165645
G0:0071495 | cellular response to endogenous stimulus 0.000188274
G0:2000112 | regulation of cellular macromolecule biosynthetic process 0.000239023

109



G0:0031323 | regulation of cellular metabolic process * 0.000246162
G0:0080090 | regulation of primary metabolic process * 0.000254896
G0:0010556 | regulation of macromolecule biosynthetic process 0.000294693
G0:0034654 | nucleobase-containing compound biosynthetic process * 0.000423614
G0:0018130 | heterocycle biosynthetic process * 0.000562856
G0:1901362 | organic cyclic compound biosynthetic process * 0.000598727
G0:0051171 | regulation of nitrogen compound metabolic process * 0.000728878
G0:1901698 | response to nitrogen compound * 0.000743773
G0:0019222 | regulation of metabolic process * 0.000885976
G0:0010468 | regulation of gene expression * 0.001163959
G0:0071310 | cellular response to organic substance * 0.001170814
G0:0009751 | response to salicylic acid * 0.001304709
G0:0000160 | phosphorelay signal transduction system * 0.001391592
G0:0070887 | cellular response to chemical stimulus * 0.002355248
G0:0060255 | regulation of macromolecule metabolic process * 0.003770975
G0:0019438 | aromatic compound biosynthetic process * 0.00490776

G0:0009755 | hormone-mediated signaling pathway 0.006944708
G0:0071369 | cellular response to ethylene stimulus * 0.012235306
G0:0065007 | biological regulation 0.014188383
G0:0001101 | response to acid chemical 0.021149231
G0:0009873 | ethylene-activated signaling pathway * 0.025195978
G0:0050789 | regulation of biological process 0.037532225
G0:0050794 | regulation of cellular process 0.046869233

5.2. Appendix I
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Identified |Present
Reference showing in Y2H in UCSD
FeatureID |Name Type Technique interaction screen collection|
AT1G01030 |[NGA3 ABI3-VP1 Y2H library this study Yes Yes
subunit of pyruvate Arabidopsis Interactome
dehydrogenase Mapping Consortium,
AT1G01090 |PDH-E1 ALPHA |complex Y2H library 2011 No No
AT1G02340 |HFR1 bHLH Y2H library this study Yes Yes
AT1G03040 |AT1G03040 bHLH Y2H library this study Yes Yes
AT1G03150 |AT1G03150 GNAT Y2H library this study Yes Yes
C2H2 Zinc-finger Fukazawaet al., 2014;
AT1G03840 |IDD3/MGP TF Y2H, BiFC, pull-down |Yoshida et al., 2014 Yes Yes
double B-box type
AT1G06040 |BBX24/STO zinc finger protein |Y2H, BiFC, co-IP Croccoetal., 2015 No Yes
Marin-de la Rosaet al,
AT1G06170 |bHLH89 TF Y2H library 2014 Yes Yes
AT1G07360 |MAC5A C3H Y2H library this study Yes Yes
AT1G08010 |GATA11 C2C2-GATA Y2H library this study Yes Yes
Y2H (DELLA@AD), Houetal., 2014; Liuetal,,
AT1G08970 |[NF-YC9 TF pull-down, BiFC, co-IP |2016 No Yes
Y2H library, BiFC, pull- |Feng et al., 2008; Marin-de
AT1G09530 |PIF3 bHLH TF down, co-IP laRosaetal., 2014 No Yes
Marin-de la Rosaet al,
AT1G09540 |[MYB61 TF Y2H library 2014 Yes Yes
AT1G10585 |F4I4E1 Y2H library Lumbaet al_, 2014 No Yes
Marin-de laRosaet al.,
AT1G12980 |[DRN/ESR1 TF Y2H library 2014 Yes Yes
AT1G14030 |LSMT-L SET /PcG Y2H library this study Yes Yes
AT1G14687 |HB32 zf-HD Y2H library this study Yes Yes
AT1G14920 |GAI GRAS Y2H library this study Yes Yes
CCAAT /CCAAT-
HAP2/
AT1G17590 |NF-YA8 CBFB_NFYA Y2H library this study Yes Yes
AT1G18400 |BEE1 bHLH Y2H library this study Yes Yes
JA ZIM-domain Y2H, BIFC, pull-down,
AT1G19180 |JAZ1/TIFY10A |protein co-IP Houet al., 2010 Yes Yes
DREB (A- Marin-de laRosaet al.,
AT1G19210 |5)/ERFO17 TF Y2H library 2014 No Yes
Y2H (full-length Baietal, 2012; Lietal,
AT1G19350 |BES1 TF DELLA@AD), BiIFC 2012 No Yes
AT1G20910 |AT1G20910 ARID Y2H library this study Yes Yes
(SWI)/Sucrose
AT1G21700 |SWI3C Nonfermenting BiFC, pull-down Sarnowska et al., 2013 Yes Yes
CCAAT /CCAAT-
AT1G21970 |LEC1 HAP3 Y2H library this study Yes Yes
AT1G22070 |TGA3 bZIP Y2H library this study Yes Yes
Putative Arabidopsis Interactome
uncharacterized Mapping Consortium,
AT1G22160 |Q8VY80 protein Y2H library 2011 No No
AT1G22490 |AT1G22490 bHLH Y2H library this study Yes Yes
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AT1G66140 |ZFP4 C2H2 Y2H library this study Yes Yes
AT1G66370 [MYB113 MYB Y2H library this study Yes Yes
AT1G67030 |ZFP6 C2H2 Y2H library this study Yes Yes
Marin-de la Rosaet al.,
AT1G67260 |[TCP1 class | TCPTF Y2H library 2014 Yes Yes
AT1G68030 |AT 1G68030 PHD Y2H library this study Yes Yes
AT1G68130 |IDD14 C2H2 Y2H library this study Yes Yes
AT1G68360 |AT 1G68360 C2H2 Y2H library this study Yes Yes
AT1G68510 |LBD42 LOB/ AS2 Y2H library this study Yes Yes
AT1G68670 |AT1G68670 G2-like Y2H library this study Yes Yes
AT1G68810 |AT1G68810 bHLH Y2H library this study Yes Yes
Marin-de la Rosaet al.,
AT1G68920 |bHLH49 TF Y2H library 2014 Yes Yes
Marin-de laRosaetal.,
AT1G69170 |SPL6 TF Y2H library 2014 No Yes
AT1G69560 [MYB105 MYB Y2H library this study Yes Yes
AT1G69570 |AT 1G69570 C2C2-DOF Y2H library this study Yes Yes
Daviere et al., 2014; Marin
AT1G69690 |[TCP15 class | TCP TF Y2H, Y2H library delaRosaetal., 2014 Yes Yes
Probable WRKY Arabidopsis Interactome
transcription factor Mapping Consortium,
AT1G69810 |WRKY36 36 Y2H library 2011 Yes Yes
Marin-de la Rosaet al.,
AT1G70000 [MYBD TF Y2H library 2014 No Yes
JA ZIM-domain Y2H (DELLA@AD), co-|Hou et al_, 2010; Yang et
AT1G70700 |JAZIITIFY7 protein IP al, 2012 Yes Yes
AT1G72010 |[TCP22 class I TCPTF Y2H Daviére etal., 2014 No Yes
AT1G72030 |AT1G72030 GNAT Y2H library this study Yes Yes
AT1G72210 |AT1G72210 bHLH Y2H library this study Yes Yes
AT1G72570 |AT1G72570 AP2-EREBP Y2H library this study Yes Yes
AT1G73360 |HDG11 HB Y2H library this study Yes Yes
AT1G74950 |TIFY10B ZIM Y2H library this study Yes Yes
Bai et al., 2012; Gallego-
Y2H (DELLA@AD), Bartolomé et al., 2012; Li
AT1G75080 |[BZR1 TF BiFC, pull-down, co-IP |etal, 2012 Yes Yes
AT1G77200 |AT1G77200 AP2-EREBP Y2H library this study Yes Yes
Y2H (full-length DNA,
RING domain but GAL4 AD), pull-
AT1G79110 |BRG2 protein down Park et al_, 2013 No No
co-IP (followed by
AT1G80670 |[RAE1 nucleoporin MS/MS) Tamuraet al_, 2010 No No
Type-b GARP- Marin-de la Rosaetal.,
AT2G01760 |ARR14 ARR Y2H 2015 No Yes
C2H2 Zinc-finger Fukazawa et al_, 2014;
AT2G02070 |IDD5 TF Y2H, BiFC Yoshida et al., 2014 No Yes
C2H2 Zinc-finger Fukazawaet al., 2014;
AT2G02080 |IDD4 TF Y2H, BiIFC Yoshida et al_, 2014 No Yes
AT2G02450 |LOV1 NAC Y2H library this study Yes Yes
AT2G02540 |HB21 zf-HD Y2H library this study Yes Yes

112



AT1G23420 |INO C2C2-YABBY Y2H library this study Yes Yes
AT1G24590 |DRNL AP2-EREBP Y2H library this study Yes Yes
AT1G26780 [MYB117 MYB Y2H library this study Yes Yes
Y2H (full-length
AT1G27360 |SPL11 TF DELLA@AD) Yuetal., 2012 No Yes
Y2H (full-length
AT1G27370 |SPL10 TF DELLA@AD) Yuetal, 2012 No Yes
AT1G28160 |AT1G28160 AP2-EREBP Y2H library this study Yes Yes
AT1G30330 |ARF6 TF Y2H, pull-down, co-IP  |Ohetal_, 2014 No No
AT1G30490 |PHV HB Y2H library this study Yes Yes
AT1G30970 |SUF4 C2H2 Y2H library this study Yes Yes
Marin-de la Rosaetal.,
AT1G31630 |AGL86 TF Y2H library 2014 Yes Yes
AT1G32240 |KAN2 G2-like Y2H library this study Yes Yes
AT1G32640 [MYC2 bHLH TF Y2H, co-IP Hong et al_, 2012 Yes Yes
Daviére et al., 2014; Marin
AT1G35560 |TCP23 class ITCPTF Y2H, Y2H library delaRosaetal., 2014 No Yes
AT1G43160 |RAP2.6 AP2-EREBP Y2H library this study Yes Yes
AT 1G44830 |AT1G44830 AP2-EREBP Y2H library this study Yes Yes
AT1G48150 |AT1G48150 MADS Y2H library this study Yes Yes
JA ZIM-domain Y2H (full-length
AT1G48500 |JAZ4 protein DELLA@AD) Yang et al_, 2012 No Yes
Y2H ( full-length
DELLA@AD, pull-
AT1G50420 |SCL3 GRAS TF down, co-IP Zhang et al_, 2011 No Yes
C2C2-GATA/ZIM
AT1G51600 |ZML2 /CCT Y2H library this study Yes Yes
AT1G53170 |ERF8/EREBP-8 |transcription factor |Y2H library Lumba et al_, 2014 No Yes
Marin-de la Rosaetal.,
AT1G53230 |TCP3 class ITCPTF Y2H library 2014 Yes Yes
Arabidopsis Ineraciome
Mapping Consortium,
AT1G53510 |MPK18 kinase Y2H 2011 No No
Marin-de laRosaet al.,
AT1G53910 |RAP2.12 TF Y2H 2014 No Yes
AT1G54160 |NF-YAS HAP2/ Y2H library this study Yes Yes
Y2H (full-length
DELLA@AD), pull- Houetal., 2014; Liuet al,,
AT1G54830 |[NF-YC3 TF down 2016 No Yes
AT1G56010 |NAC1 NAC Y2H library this study Yes Yes
Daviére et al., 2014; Marin
AT1G58100 |TCP8 class ITCPTF Y2H, Y2H library delaRosaetal, 2014 Yes Yes
Putative Arabidopsis Interactome
uncharacterized Mapping Consortium,
AT1G60670 |Q94AP2 protein Y2H library 2011 No No
AT1G61660 |AT1G61660 bHLH Y2H library this study Yes Yes
AT1G62150 |AT1G62150 mTERF Y2H library this study Yes Yes
AT1G62300 |WRKY6 WRKY Y2H library this study Yes Yes
AT1G63650 |EGL3 bHLH TF Y2H, BiFC, pull-down [Qi et al., 2014 No Yes
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AT2G11810 [IMGD3 Y2H library Lumba et al_, 2014 No No
AT2G13960 |AT2G 13960 MYB-related Y2H library this study Yes Yes
AT2G18160 |bZIP2 bZIP Y2H library this study Yes Yes
AT2G18300 |HBI1 bHLH Y2H library this study Yes Yes
AT2G18350 [HB24 zf-HD Y2H library this study Yes Yes
Gallego-Bartoloméet al.,
AT2G20180 |PILS bHLH TF Y2H 2010 Yes Yes
AT2G20350 |AT2G20350 AP2-EREBP Y2H library this study Yes Yes
AT2G20570 |GPRI1 G2-like Y2H library this study Yes Yes
AT2G20880 |[ERF53 AP2-EREBP Y2H library this study Yes Yes
Marin-de la Rosa et al_,
AT2G22750 |bHLH18 TF Y2H library 2014 No Yes
AT2G22800 |[HAT9 HB Y2H library this study Yes Yes
AT2G22840 |GRF1 GRF Y2H library this study Yes Yes
AT2G23760 |BLH4 HB Y2H library this study Yes Yes
AT2G25000 |WRKY60 WRKY Y2H library this study Yes Yes
CHD3 type Y2H (full-length
AT2G25170 |PKL chromatin DELLA@AD), pull- Zhang et al_, 2014 No No
AT2G25650 |AT2G25650 GeBP Y2H library this study Yes Yes
AT2G27050 |EIL1 TF Y2H Anetal_, 2012 No Yes
AT2G27230 [LHW bHLH Y2H library this study Yes Yes
Y2H, FRET-FLIM, co-
AT2G28160 |FIT bHLH TF IP (tobacco & At) Wild et al_, 2016 No Yes
Marin-de la Rosa et al_,
AT2G28550 | TOE1 TF Y2H library 2014 Yes Yes
AT2G28610 |PRS HB Y2H library this study Yes Yes
AT2G28810 |AT2G28810 C2C2-DOF Y2H library this study Yes Yes
Marin-de la Rosa et al.,
AT2G28910 |CXIP4 TF Y2H library 2014 Yes Yes
AT2G30340 |LBD13 LOB/AS2 Y2H library this study Yes Yes
AT2G30360 |CIPK11 kinase Y2H library Lumba et al_, 2014 No No
AT2G30470 [HSI2 ABI3-VP1 Y2H library this study Yes Yes
Marin-de la Rosa et al_,
AT2G31070 [TCP10 class I TCPTF Y2H library 2014 Yes Yes
AT2G31180 |[MYB14 MYB Y2H library this study Yes Yes
Marin-de la Rosa et al_,
AT2G31210 |bHLH91 TF Y2H library 2014 Yes Yes
Marin-de la Rosa et al_,
AT2G31380 |STH/BBX25 TF Y2H library 2014 No Yes
AT2G32700 |LUH LUG Y2H library this study Yes Yes
AT2G33070 [INSP2 TF BiFC, co-IP Fonouni-Farde et al_, 2016 No No
AT2G33835 |FES1 C3H Y2H library this study Yes Yes
AT2G33860 |[ETT ARF Y2H library this study Yes Yes
Marin-de la Rosa et al_,
AT2G33880 |[STIMPY/WOX9 [TF Y2H library 2014 No Yes
AT2G34600 |JAZ7 ZIM Y2H library this study Yes Yes
AT2G35000 |ATL9 ND Y2H library this study Yes Yes
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AT2G35940 |BLH1 HB Y2H library this study Yes Yes
co-IP (invitro & in
AT2G36270 |ABIS TF Vivo) Lim et al., 2013 No Yes
AT2G36400 |GRF3 GRF Y2H library, BiFC this study Yes Yes
Arabidopsis Interactome
RNApolymerase Mapping Consortium,
AT2G36990 |SIGF sigma-subunit F |Y2H library 2011 No Yes
AT2G37590 |DOF2.4 C2C2-DOF Y2H library this study Yes Yes
AT2G38300 |AT2G38300 G2-like Y2H library this study Yes Yes
AT2G40260 |AT2G40260 G2-like Y2H library this study Yes Yes
AT2G40620 |AT2G40620 bZIP Y2H library this study Yes Yes
AT2G41370 |BOP2 TRAF Y2H library this study Yes Yes
AT2G41710 |AT2G41710 AP2-EREBP Y2H library this study Yes Yes
Marin-de laRosaet al.,
AT2G41940 | ZFP8 TF Y2H library 2014 No Yes
Y2H (full-length
DELLA@AD), BiFC, co-
AT2G42200 |SPL9 TF IP Yuetal., 2012 No Yes
Marin-de laRosaet al.,
AT2G42280 |FBH4 TF Y2H library 2014 Yes Yes
Marin-de laRosaet al,
AT2G43000 JANAC042/JUB1 |TF Y2H library 2014 Yes Yes
de Lucas et al., 2008;
Y2H, Y2H library, Marin-de la Rosaet al_,
AT2G43010 |PIF4 bHLH TF BiFC, pull-down, co-IP |2014 No Yes
AT2G44840 |ERF13 AP2-EREBP Y2H library this study Yes Yes
AT2G44910 |HB4 HB Y2H library this study Yes Yes
Y2H (full-length
DELLA@AD), BiFC, co-
AT2G45160 |SCL27 GRAS TF IP Maetal , 2014 No Yes
AT2G45190 |AFO C2C2-YABBY Y2H library this study Yes Yes
AT2G45480 |GRF9 GRF Y2H library this study Yes Yes
AT2G45680 |TCP9 class I TCPTF Y2H Daviére et al_, 2014 Yes Yes
AT2G46970 |PIL1 bHLH Y2H library this study Yes Yes
AT3G01890 |AT3G01890 SWI/SNF-BAF60b |Y2H library this study Yes Yes
Ninja-family
AT3G02140 |AFP4/TMAC?2  |protein Y2H library Lumbaet al_, 2014 No No
Marin-de laRosaet al.,
AT3G02150 |TCP13 class I TCPTF Y2H library 2014 Yes Yes
AT3G04030 [MYR2 G2-like Y2H library this study Yes Yes
AT3G04450 |AT3G04450 G2-like Y2H library this study Yes Yes
Putative Arabidopsis Interactome
uncharacterized Mapping Consortium,
AT3G05625 |Q8GUKS protein Y2H library 2011 No No
Y2H, BiFC, but pull-
AT3G05690 |NF-YA2 TF down did not confirm Houetal , 2014 Yes Yes
AT3G05800 |AIF1 bHLH Y2H library this study Yes Yes
MYB-related /
AT3G07740 |ADA2A SWIRM Y2H library this study Yes Yes
Marin-de laRosaetal.,
AT3G10480 |JANACO0S50 TF Y2H library 2014 Yes Yes
AT3G11100 |AT3G11100 TRIHELIX Y2H library this study Yes Yes
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AT3G11440 |MYB65 MYB Y2H library this study Yes Yes
NAC/NAM Marin-de la Rosaet al.,
AT3G12910 |(MGH6.1) TF Y2H library 2014 Yes Yes
Y2H (full-length DNA,
RING domain but GAL4 AD), pull-
AT3G12920 |BRG3 protein down Park et al_, 2013 No No
Marin-de la Rosaet al.,
AT3G13040 |myb-like HTH |TF Y2H library 2014 No Yes
Arabidopsis Interactome
RNC4/MMM171 Mapping Consortium,
AT3G13740 |5 Y2H library 2011 No No
AT3G13960 |GRF5 GRF Y2H library, BiIFC this study Yes Yes
AT3G15170 |CUC1 NAC Y2H library this study Yes Yes
Marin-de laRosaet al.,
AT3G15270 |SPL5 TF Y2H library 2014 No Yes
AINAC2/ANACO Marin-de la Rosaet al,
AT3G15510 |56 TF Y2H library 2014 Yes Yes
AT3G16160 |AT3G16160 CPP Y2H library this study Yes Yes
Arabidopsis Interactome
Mapping Consortium,
AT3G16250 |PNSB3 Y2H library 2011 No No
Marin-de la Rosaet al.,
AT3G16770 |RAP2.3 TF Y2H, co-IP 2014 Yes Yes
Type-b GARP- Marin-de la Rosa et al.,
AT3G16857 |ARR1 ARR Y2H, BiFC, co-IP 2015 Yes Yes
JA ZIM-domain Hou et al., 2010; Yang et
AT3G17860 |JAZ3/TIFY6B protein Y2H (DELLA@AD) al., 2012 No Yes
AT3G18550 |BRC1 TCP Y2H library this study Yes Yes
AT3G18650 |AGL103 MADS Y2H library this study Yes Yes
AT3G20310 |ERF7 AP2-EREBP Y2H library this study Yes Yes
AT3G20640 |AT3G20640 ND Y2H library this study Yes Yes
AT3G20770 |EIN3 TF Y2H, co-IP Anetal , 2012 No Yes
C2C2-GATA/ZIM
AT3G21175 |ZML1 /CCT Y2H library this study Yes Yes
Marin-de la Rosaet al.,
AT3G21330 |bHLH87 TF Y2H library 2014 Yes Yes
AT3G23130 |SUP C2H2 Y2H library this study Yes Yes
AT3G24120 |AT3G24120 G2-like Y2H library this study Yes Yes
AT3G24310 [MYB305 MYB Y2H library this study Yes Yes
co-IP (invitro & in
AT3G24650 |ABI3 TF Vivo) Lim etal., 2013 No Yes
AT3G24660 | TMKL1 kinase Y2H library Lalonde et al., 2010 No No
AT3G25710 |BHLH32 bHLH Y2H library this study Yes Yes
AT3G25790 |AT3G25790 G2-like Y2H library this study Yes Yes
AT3G27010 |TCP20 class | TCP TF Y2H Daviéere et al, 2014 Yes Yes
AT3G27920 |GL1 MYB factor Y2H, BiFC, pull-down [Qietal, 2014 No Yes
AT3G28910 |MYB30 MYB Y2H library this study Yes Yes
Marin-de la Rosaet al.,
AT3G29035 |ANACO059 TF Y2H library 2014 Yes Yes
Marin-de la Rosaet al.,
AT3G45150 |TCP16 class | TCP TF Y2H library 2014 Yes Yes
AT3G47500 |CDF3 C2C2-DOF Y2H library this study Yes Yes
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Y2H, Y2H library,
BiFC, co-IP, FRET-

Daviere et al., 2014; Marin

de laRosaetal., 2014;

AT3G47620 |TCP14 class | TCP TF FLIM Resentini et al_, 2015 No Yes
Putative
uncharacterized
AT3G48510 | T8P19.20 protein Y2H library Lumba et al., 2014 No No
AT3G49690 |MYB84 MYB Y2H library this study Yes Yes
AT3G49760 |bZIP5 bZIP Y2H library this study Yes Yes
AT3G50330 |HEC?2 bHLH Y2H library this study Yes Yes
AT3G50510 |LBD28 LOB / AS2 Y2H library this study Yes Yes
C2H2 Zinc-finger |Y2H (full-length + Tup),
AT3G50700 |IDD2/GAF1 TF BiFC, pull-down Fukazawaet al., 2014 Yes Yes
Arabidopsis Interactome
Mapping Consortium,
AT3G51180 |C3H45 Zinc-finger TF Y2H library 2011 Yes Yes
Arabidopsis Interactome
20S proteasome Mapping Consortium,
AT3G51260 |PAD1 alpha subunit Y2H library 2011 No No
AT3G52250 |AT3G52250 MYB Y2H library this study Yes Yes
AT3G53310 |AT3G53310 ABI3-VP1 Y2H library this study Yes Yes
AT3G54220 |SCR GRAS Y2H library this study Yes Yes
AT3G54390 |AT3G54390 TRIHELIX Y2H library this study Yes Yes
AT3G54620 |BZIP25 bZIP Y2H library this study Yes Yes
AT3G54990 |[SMZ AP2-EREBP Y2H library this study Yes Yes
AT3G55730 [MYB109 MYB Y2H library this study Yes Yes
AT3G56970 |bHLH 38 bHLH TF Y2H, FRET-FLIM Wild et al., 2016 No Yes
AT3G56980 |bHLH 39 bHLH TF Y2H, FRET-FLIM Wild et al., 2016 No Yes
DREB (A- Marin-de laRosaetal.,
AT3G57600 |2)/DREB2F TF Y2H library 2014 Yes Yes
Y2H (full-length
AT3G57920 |SPL15 TF DELLA@AD), co-IP Hyunet al., 2016 No Yes
AT3G58070 |GIS C2H2 Y2H library this study Yes Yes
AT3G60390 |HAT3 HB Y2H library this study Yes Yes
Y2H (full-length
AT3G60630 |SCL22 GRAS TF DELLA@AD) Maetal., 2014 No Yes
Y2H (full-length
AT3G61850 |DOF DOF TF DELLA@AD) Boccaccini et al., 2014 No Yes
Gallego-Bartolome et al,
AT3G62090 |PIL2 bHLH TF Y2H 2010 No No
Marin-de la Rosa et al.,
AT4G00050 JUNE10 TF Y2H library 2014 Yes Yes
Putative Arabidopsis Interactome
uncharacterized Mapping Consortium,
AT4G00980 |Q8GXX5 protein Y2H library 2011 No No
AT4G01500 [INGA4 ABI3-VP1 Y2H library this study Yes Yes
AT4G01680 |MYB55 MYB Y2H library this study Yes Yes
AT4G01720 |WRKY47 WRKY Y2H library this study Yes Yes
AT4G02590 |UNE12 bHLH Y2H library this study Yes Yes
AT4G02670 |IDD12 C2H2 Y2H library this study Yes Yes
Marin-de la Rosa et al.,
AT4G03250 |HDZIP TF Y2H library 2014 Yes Yes
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AT4G04450 |WRKY42 WRKY Y2H library this study Yes Yes
Arabidopsis Interactome
Mapping Consortium,
AT4G04770 |ABCI8 ATPase Y2H library 2011 No No
AT4G04885 |PCFS4 C2H2 Y2H library this study Yes Yes
Y2H (full-length Rombola-Caldentey et al,
AT4G04890 |PDF2 HD-ZIP TF DELLA@BD), BiFC 2014 No Yes
AT4G05170 |AT4G05170 bHLH Y2H library this study Yes Yes
ATA4G08150 |[KNAT1 HB Y2H library this study Yes Yes
AT4G13640 |[UNE16 G2-like Y2H library this study Yes Yes
AT4G14713 |PPD1 ZIM Y2H library this study Yes Yes
AT4G14720 |ATAG14720 ZIM Y2H library this study Yes Yes
Type-b GARP- Marin-de la Rosaet al,
AT4G16110 |[ARR2 ARR Y2H 2015 No No
DREB (A- Marin-de la Rosaet al,
AT4G16750 |4)/ERF039 TF Y2H library 2014 No Yes
AT4G16780 |HB-2 HB Y2H library this study Yes Yes
Marin-de la Rosaetal.,
AT4G17460 [HAT1 TF Y2H library 2014 Yes Yes
AT4G17490 |ERF6 AP2-EREBP Y2H library this study Yes Yes
AT4G17695 |KAN3 G2-like Y2H library this study Yes Yes
AT4G18170 |WRKY28 WRKY Y2H library this study Yes Yes
Marin-de la Rosaetal.,
AT4G18390 |[TCP2 class I TCPTF Y2H library 2014 No Yes
AT4G18430 |RABATE Y2H library Lumba et al., 2014 No No
Y2H (full-
RING domain lengthDELLA@AD),
AT4G19700 |BOI protein pull-down, co-IP Park et al., 2013 No No
Putative Arabidopsis Interactome
uncharacterized Mapping Consortium,
AT4G20150 |Q94AL6 protein Y2H library 2011 No No
Marin-de la Rosaetal.,
AT4G21040 |DOF 4.3 TF Y2H library 2014 Yes Yes
AT4G21080 |DOF4.5 C2C2-DOF Y2H library this study Yes Yes
AT4G21340 |B70 ND Y2H library this study Yes Yes
Y2H (full-length Rombola-Caldentey et al,
AT4G21750 |MLA1 HD-ZIP TF DELLA@BD), BiFC 2014 No No
AT4G22070 |[WRKY31 WRKY Y2H library this study Yes Yes
AT4G22360 |AT4G22360 SWI/SNF-BAF60b | Y2H library this study Yes Yes
Putative
serinefthreonine
AT4G23050 |F7H19.240 kinase Y2H library Lumba et al., 2014 No No
AT4G24540 |AGL24 MADS Y2H library this study Yes Yes
AT4G24960 |HVA22D Y2H library Lumba et al., 2014 No No
AT4G25410 |AT4G25410 bHLH Y2H library this study Yes Yes
AT4G27330 |SPL NOZZLE /NZZ Y2H library this study Yes Yes
AT4G27410 |RD26 NAC Y2H library this study Yes Yes
AT4G29100 |AT4G29100 ND Y2H library this study Yes Yes
AT4G30080 |[ARF16 ARF Y2H library this study Yes Yes
AT4G31060 |AT4G31060 AP2-EREBP Y2H library this study Yes Yes
AT4G32010 |HSL1 ABI3-VP1 Y2H library this study Yes Yes
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AT4G32570 |TIFY8 ZIM Y2H library this study Yes Yes
AT4G34000 |ABF3 bZIP Y2H library this study Yes Yes
AT4G34610 [BLH6 HB Y2H library this study Yes Yes
STR15/SEN1/DI
AT4G35770 N1 Y2H library Lumbaet al_, 2014 No No
Marin-de laRosaet al,
AT4G36060 |[bHLH11 TF Y2H library 2014 No Yes
Gallego-Bartolomé et al.,
AT4G36930 |SPT bHLH TF Y2H 2010 Yes Yes
Ferrandez-Ayelaetal.,
AT4G37130 [TCU1/NUP58  |nucleoporin Y2H library 2013 No No
AT4G37260 [MYB73 MYB Y2H library this study Yes Yes
AT4G38180 |[FRS5 FAR1 Y2H library this study Yes Yes
AT5G01820 |CIPK14/SR1 kinase Y2H library Lumba et al_, 2014 No No
AT5G02320 [MYB3R-5 MYB Y2H library this study Yes Yes
Fukazawa et al., 2014;
C2H2 Zinc-finger |Y2H, BiFC, crystal Yoshida et al., 2014,
AT5G03150 [IDD10/AJKD TF structure Hirano et al_, 2017 Yes Yes
AT5G04110 |GYRB3 MYB-related Y2H library this study Yes Yes
AT5G05790 |AT5G05790 MYB Y2H library this study Yes Yes
AT5G06070 |RBE C2H2 Y2H library this study Yes Yes
Marin-de laRosaet al.,
AT5G06839 |bZIP65/TGA10 |TF Y2H library 2014 No Yes
AT5G08070 [TCP17 TCP Y2H library this study Yes Yes
AT5G08130 [BIM1 bHLH Y2H library this study Yes Yes
AT5G08330 [TCP11 TCP Y2H library this study Yes Yes
Marin-de laRosaet al,
AT5G09460 |AJAX3bDHLH143 | TF Y2H library 2014 Yes Yes
AT5G09750 |HEC3 bHLH Y2H library this study Yes Yes
Marin-de laRosa et al,
AT5G10030 |OBF4/TGA4 TF Y2H library 2014 No Yes
Y2H, BiFC, pull-down,
AT5G10140 [FLC MADS-box TF co-IP Li etal., 2016 No Yes
AT5G10280 |[MYB92 MYB Y2H library this study Yes Yes
AT5G10570 |AT5G10570 bHLH Y2H library this study Yes Yes
AT5G10970 |AT5G10970 C2H2 Y2H library this study Yes Yes
AT5G11340 |AT5G11340 GNAT Y2H library this study Yes Yes
Arabidopsis Interactome
Mapping Consortium,
AT5G12190 |[Q9FMP4 splicing factor Y2H library 2011 No No
Hou et al., 2014; Fonouni-
AT5G12840 [NF-YA1 TF Y2H, BiFC, co-IP Farde et al_, 2016 No Yes
JA ZIM-domain Y2H (full-length
AT5G13220 |JAZ10 protein DELLA@AD) Yang et al., 2012 No No
AT5G13330 |Rap2.6L AP2-EREBP Y2H library this study Yes Yes
AT5G14170 |CHC1 SWI/SNF-BAF60b |Y2H library this study Yes Yes
AT5G14760 |[AO aspartate oxidase |Y2H library Lumba et al_, 2014 No No
AT5G15130 |[WRKY72 WRKY Y2H library this study Yes Yes
AT5G15210 [HB30 zf-HD Y2H library this study Yes Yes
Y2H (full-length
B-box Zinc-finger |DELLA@BD), pull-
AT5G15840 [CO TF down, co-IP Xuetal., 2016 No Yes
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Arabidopsis Interactome

transcriptional Mapping Consortium,
AT5G16320 |FRL1 regulator Y2H library 2011 No No
AT5G17810 |[WOX12 HB Y2H library this study Yes Yes
AT5G18240 [MYR1 G2-like Y2H library this study Yes Yes
AT5G18450 |AT5G 18450 AP2-EREBP Y2H library this study Yes Yes
AT5G19790 |[RAP2.11 AP2-EREBP Y2H library this study Yes Yes
AT5G20730 |ARF7 TF Y2H Ohetal, 2014 Yes Yes

Marin-de la Rosaetal.,
AT5G21120 |EIL2 TF Y2H library 2014 No Yes
AT5G23000 |MYB37 MYB Y2H library this study Yes Yes
AT5G23260 |TT16 MADS Y2H library this study Yes Yes
AT5G23280 |AT5G23280 TCP Y2H library this study Yes Yes
AT5G23290 |[PFD5 co-chaperone Y2H, BiFC, co-IP Locascio et al., 2013 No No
AT5G25160 |ZFP3 C2H2 Y2H library this study Yes Yes
AT5G25190 |ESE3 AP2-EREBP Y2H library this study Yes Yes
AT5G25220 |KNAT3 HB / KNOX2 Y2H library this study Yes Yes
AT5G25790 |AT5G25790 CPP Y2H library this study Yes Yes
AT5G26280 |Q93783 Y2H library Lumba et al., 2014 No No
AT5G26650 |AGL36 MADS Y2H library this study Yes Yes
AT5G26805 |AT5G26805 REM(B3) Y2H library this study Yes Yes
AT5G27880 |AT5G27880 C2H2 Y2H library this study Yes Yes
AT5G28770 |BZO2H3 bZIP Y2H library this study Yes Yes
Marin-de la Rosaetal.,

AT5G29000 |PHL1 TF Y2H library 2014 No Yes
AT5G37020 |ARF8 TF Y2H Ohetal, 2014 No Yes

Ribulose

bisphosphate

carboxylase (small Arabidopsis Interactome

chain 2B) family Mapping Consortium,
AT5G38420 |RBCS-2B protein Y2H library 2011 No No
AT5G39660 [CDF2 C2C2-DOF Y2H library this study Yes Yes
AT5G39820 [INAC094 NAC Y2H library this study Yes Yes
AT5G41315 |GL3 bHLH TF Y2H, BiFC, pull-down |Qietal., 2014 No Yes
AT5G41410 |BEL1 HB Y2H library this study Yes Yes
AT5G41580 |AT5G41580 zf-MI1Z Y2H library this study Yes Yes
AT5G41920 |AT5G41920 GRAS Y2H library this study Yes Yes

Y2H (full-length

AT5G43270 |SPL2 TF DELLA@AD) Yuetal., 2012 No Yes
AT5G44160 INUC C2H2 Y2H library this study Yes Yes
AT5G44190 |GLK2 G2-like Y2H library this study Yes Yes

RING domain Y2H (full-length
AT5G45100 |BRG1 protein DELLA@AD) Park et al_, 2013 No No
AT5G45980 |[WOX8 HB Y2H library this study Yes Yes
AT5G46915 |AT5G46915 ABI3-VP1 Y2H library this study Yes Yes

Y2H (full-length), BiFC,

AT5G47640 [INF-YB2 TF pull-down Hou et al., 2014 No Yes
AT5G47790 |AT5G47790 FHA Y2H library this study Yes Yes
AT5G48150 |PAT1 GRAS Y2H library this study Yes Yes
AT5G48430 |QILV70 Y2H library Lumba et al_, 2014 No No
AT5G49510 |[PFD3 co-chaperone Y2H Locascio et al., 2013 No No
AT5G50010 |AT5G50010 bHLH Y2H library this study Yes Yes
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AT5G50670 |SPL13B SBP Y2H library this study Yes Yes
AT5G51780 |AT5G51780 bHLH Y2H library this study Yes Yes
Marin-de la Rosaetal.,
AT5G51910 |[TCP19 class I TCP TF Y2H library 2014 Yes Yes
AT5G53660 |GRF7 GRF Y2H library this study Yes Yes
Marin-de la Rosa et al.,
AT5G53950 [CUC2/ANACO98 | TF Y2H library 2014 No Yes
AT5G54230 |MYB49 Y2H library Lumbaet al., 2014 No Yes
AT5G54360 |AT5G54360 C2H2 Y2H library this study Yes Yes
Orphans/C2C2-
AT5G57180 |CIA2 CO-like Y2H library this study Yes Yes
AT5G59220 |SAG113 Y2H library Lumba et al., 2014 No No
AT5G59800 [MBD7 ND Y2H library this study Yes Yes
Marin-de la Rosaetal.,
AT5G60120 | TOE2 TF Y2H library 2014 Yes Yes
Marin-de la Rosa et al.,
AT5G60970 |TCP5 class | TCP TF Y2H library 2014 No Yes
AT5G61270 |PIF7 bHLH Y2H library this study Yes Yes
AT5G61590 |AT5G61590 AP2-EREBP Y2H library this study Yes Yes
AT5G61890 |AT5G61890 AP2-EREBP Y2H library this study Yes Yes
TF Arabidopsis Interactome
Mapping Consortium,
AT5G62260 |AHL6 Y2H library 2011 No No
AT5G62430 |CDF1 C2C2-DOF Y2H library this study Yes Yes
Y2H (full-length
DELLA@AD), pull-
AT5G63470 |[NF-YC4 TF down Liuetal., 2016 No Yes
AT5G64340 |SACS51 bHLH Y2H library this study Yes Yes
Marin-de laRosaetal.,
AT5G64750 |AtABR 1 TF Y2H library 2014 No Yes
Marin-de la Rosa et al,
AT5G65790 |MYB68 TF Y2H library 2014 No Yes
AT5G66320 |GATAS C2C2-GATA Y2H library this study Yes Yes
AT5G66350 |SHI SRS Y2H library this study Yes Yes
C2H2 Zinc-finger |Y2H (full-length
AT5G66730 |IDD1/ENY TF DELLA@AD), BiFC Feurtado et al., 2011 Yes Yes
Y2H (full-length
AT5G67110 |ALC bHLH TF DELLA@AD), BiFC Arnaud et al., 2010 Yes Yes
AT5G67300 [MYBR1 MYB Y2H library this study Yes Yes
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