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SUMMARY

Seed dormancy is an adaptive trait defining where and when plants are established. Diverse signals from the
environment are used to decide when to initiate seed germination, a process driven by the expansion of cells
within the embryo. How these signals are integrated and transduced into the biomechanical changes that
drive embryo growth remains poorly understood. Using Arabidopsis seeds, we demonstrate that cell-wall-
loosening EXPANSIN (EXPA) genes promote gibberellic acid (GA)-mediated germination, identifying EXPAs
as downstream molecular targets of this developmental phase transition. Molecular interaction screening
identified transcription factors (TFs) that bind to both EXPA promoter fragments and DELLA GA-response
regulators. A subset of these TFs is targeted each by nitric oxide (NO) and the phytochrome-interacting TF
PIL5. This molecular interaction network therefore directly links the perception of an external environmental
signal (light) and internal hormonal signals (GA and NO) with downstream germination-driving EXPA gene
expression. Experimental validation of this network established that many of these TFs mediate GA-regu-
lated germination, including TCP14/15, RAP2.2/2.3/2.12, and ZML1. The reduced germination phenotype
of the tcp14 tcp15 mutant seed was partially rescued through ectopic expression of their direct target
EXPA9. The GA-mediated control of germination by TCP14/15 is regulated through EXPA-mediated control
of cell wall loosening, providing a mechanistic explanation for this phenotype and a previously undescribed
role for TCPs in the control of cell expansion. This network reveals the paths of signal integration that culmi-
nate in seed germination and provides a resource to uncover links between the genetic and biomechanical

bases of plant growth.

INTRODUCTION

The development of plants is highly plastic, being capable of
change in response to their environment [1]. Rather than making
use of individual signals from the environment, complex combi-
nations of inputs are perceived and integrated in order to make
developmental decisions. An example of complex signal integra-
tion is observed in seed dormancy. This adaptive trait enables
plants to move [2] by imposing a growth arrest upon the en-
closed embryo [3]. The decision to break dormancy and restart
growth is influenced by a variety of signals from the environment
including temperature, light quality, smoke, and others [4]. These
multiple signals must be perceived, integrated, and turned into a
single decision to restart embryo growth. How these diverse
environmental inputs are integrated and transduced to stimulate
embryo growth remains unknown.

The seed-to-seedling transition in Arabidopsis is principally
driven by cell expansion [5, 6]. Immediately preceding this induc-
tion of cell growth is the expression of diverse gene families that
encode proteins that modify the cell wall [7-9]. These include

4')

expansins (EXPAs) [10], xyloglucan endo-transglycosylases
(XETs) [11], pectin methylesterases (PMEs) [12], and polygalac-
turonases (PGs) [13]. The functional contribution of each individ-
ual class of cell-wall-modifying protein toward the promotion of
germination remains unclear.

Both germination and cell-expansion-associated gene
expression are promoted by the hormone gibberellic acid (GA).
The action of this hormone has been demonstrated to occur in
multiple sites within seeds, promoting cell expansion in both
the embryo [6] and the endosperm [14] in Arabidopsis. A neces-
sity for GA in the seed-to-seedling transition is not present
because embryos from GA-deficient genotypes grow into
stunted seedlings, whereas intact seeds in this species depend
on the hormone for germination to occur [15]. Evidence of bi-
directional communication between the embryo and endosperm
is proposed to coordinate growth across these tissues [16, 17].

GA responses are repressed by DELLA proteins [8, 18]. DEL-
LAs have been proposed to act by physically interacting and in-
hibiting the activity of transcription factors (TFs) [19]. DELLAs
also integrate different signals from the environment, including
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light and temperature, to control plant growth and development
[20]. The mechanistic basis as to how signals from the environ-
ment are transduced via GA and DELLAs into the gene expres-
sion driving cell expansion and germination remains unknown.

Interaction mapping provides a powerful means to uncover rela-
tionships between molecular entities as well as system-level prop-
erties, and to identify previously uncharacterized regulators of
developmental processes. Systematic mapping of protein-protein
interactions in plants has identified regulatory hubs as targets of
pathogen effectors [21], established protein-DNA interactions as
identified novel regulators of vascular development [22], uncov-
ered the architecture of nitrogen assimilation [23], and described
the cistrome-binding landscape of TFs in Arabidopsis [24].

This study makes use of interaction mapping to uncover the
molecular network used by seeds to integrate multiple signals
from the environment and transduce this into growth-promoting
gene expression and germination. This establishes direct
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EXPA Expression Promotes GA-
Mediated Seed Germination

A range of gene families associated with
cell-wall modification is induced during Ara-
bidopsis seed germination [7, 25, 26]. In light
of a clearly demonstrated role in promoting
plant cell expansion [10] and the implication
that they participate in the germination pro-
cess [14, 26, 27], we investigated the role
of EXPA genes in GA-mediated embryo
growth.

In Arabidopsis, the a-EXPA gene family
consists of 26 members [28]. Publicly avail-
able gene expression data indicate 8 of
these are induced during seed germination
(Figure 1A) [7]. Of these 8 induced genes,
only EXPA2 is specific to the endosperm
and not present in the embryo (Figure 1B)

[14, 25, 26]. The subset of 7 genes including EXPA1, EXPAS,
EXPAS8, EXPA9, EXPA10, EXPA15, and EXPA20 represents em-
bryo-induced EXPA family members.

The induction of EXPA genes during seed germination in
response to GA has been reported previously [8, 26, 29]. The
functional role this EXPA gene expression plays in the control
of germination, however, remains poorly defined. We examined
this by creating an inducible construct consisting of
XVE::EXPA9, enabling high-level expression in response to es-
trogen application [30] (Figure S1B).

Seed germination is reduced in the presence of the GA-syn-
thesis inhibitor paclobutrazol (PAC) (Figure 1C) [31]. Ectopic in-
duction of EXPA9, however, partially restored this GA-limited
germination phenotype (Figures 1C and S1A). This demonstrates
EXPA expression supports embryo growth under GA-limiting
conditions, and presents this gene family as downstream molec-
ular targets promoting the seed-to-seedling transition.
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Figure 2. Identification of EXPA-Binding Transcription Factors

(A) Schematics of genomic regions of embryo-induced EXPA genes. 3' UTR regions are colored in purple, and exons are colored in green. The numbers below the
gray lines indicate relative positions upstream of the transcription start site (TSS). Promoter bait fragments used in the Y1h assay are labeled with the numbers 1 to
4, consisting of ~300- to ~400-bp sequences with 100-bp overlaps between adjacent fragments.

(B) Pie chart showing the categorization of transcription factor (TF) families included in the Y1h library screened (Data S1B).

(C) Pie chart showing the percentage of TFs by family that bound to EXPA promoters in yeast (Data S1C).

(D) Heatmaps showing the number of TFs that bound to the overlapping promoter fragments of EXPA genes.

(E) Interaction between TFs and EXPA promoter fragments in Y1h assays. Node color indicates TF family after the legend on the right.

See also Figures S2-54.

Identification of TFs that Bind Germination EXPA
Promoter Sequences
With the (1) identification of EXPA gene expression as a promoter
of germination under GA-limiting conditions, and (2) identifica-
tion of 7 EXPA genes being induced in Arabidopsis embryos dur-
ing seed germination, we sought to identify the molecular factors
that regulate the expression of these germination-promoting
genes.

To identify TFs that bind the 7 EXPA promoter sequences, a
yeast-1-hybrid (Y1h) assay was used. To generate the EXPA

promoter bait constructs, 1.2-kb sequence fragments upstream
of the transcription start site were cloned and divided into four
bait fragments of 300~400 bp with 100-bp-overlapping regions
(Figure 2A).

To obtain a suitable TF library for screening, TFs expressed at
7 h after imbibition (HAI) and 12 HAI in the germinating embryo
axis, according to publicly available expression data, were
selected for subsequent analyses [25] (Data S1A). The selection
of the respective time window was guided by the temporal in-
duction of EXPA gene expression, reaching high levels by 12
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Figure 3. Interaction between EXPA-Binding Transcription Factors and DELLA
Molecular interactions between TFs and DELLA, and TFs with EXPA promoter sequences.

(A) Interaction between TFs and DELLA proteins in Y2h assays.

(B) Network illustrating the interaction between DELLA and EXPA promoter-binding TFs.

(C) Venn diagram showing the overlap between DELLA-interacting proteins and TFs that bind the promoter sequences of EXPA genes.

(D) Y1h colonies showing interaction between TFs that bind to EXPA promoter fragments and also interact with DELLA. Left: yeast growth on standard deviation
(SD)-Leu-Trp media. Right: yeast growth on SD-Leu-Trp-His + 3-amino-1,2,4-triazole (3-AT).

See also Data S2.

HAI (Figure 1A). A total of 168 of the 255 (66%) seed-expressed
TFs were covered in a prey library (Data S1B) [32], representing
transcripts from 15 TF families (Figure 2B).

Screening of the 28 genomic bait fragments representing the
EXPA promoter sequences against 168 prey TFs in the Y1h
assay resulted in a total of 134 TF-promoter interactions be-
tween 42 TFs and genomic regions of 7 EXPAs (Figures 2C—-
2E, 3D, and S2-S4).

Extensive redundancy in the binding of germination-associ-
ated EXPA promoters was identified as a result of this Y1h
screening (Figure 2E; Data S2). A total of 23 of the 42 TFs bound
to multiple promoter fragments (55%), whereas each EXPA pro-
moter had multiple TFs binding their promoters. Biases in the TF
families binding to EXPA promoter sequences were also
observed, and the TCP and AP2 TF families were enriched
(Figure 2C).

3706 Current Biology 30, 3703-3712, October 5, 2020

EXPA Promoter-Binding TFs Also Interact with DELLA
Proteins

Previous work investigating gene expression in seeds has
demonstrated the control of GA-promoted germination, and
EXPA gene expression is regulated by DELLA proteins [18, 33].
To exert their function, DELLA proteins physically interact with
TFs such that they sequester their capacity to bind target DNA
sequences [33, 34]. We sought to establish whether the TFs
identified as EXPA promoter-binding proteins also interact with
DELLA proteins.

Yeast-2-hybrid (Y2h) screening using truncated (M5) versions
of the DELLA proteins REPRESSOR-OF-ga7-3 (RGA) and GIB-
BERELLIC ACID INSENSITIVE (GAl) [19, 35] identified multiple
TF-DELLA interactions including that of CYCLING DOF FACTOR
2 (CDF2) and CDF3, DECREASE WAX BIOSYNTHESIS
(DEWAX), PHYTOCHROME A SIGNAL TRANSDUCTION 1



Current Biology

Environmental signals

Hormones

Receptors

Signaling

EXPA and DELLA- £,
binding TFs

Germination-promoting éx;h Ex;g E);,g
gene expression ol

¢? CellPress

OPEN ACCESS

o

s

PDI

s

PPI

Figure 4. Signal Integration and Growth Regulatory Network in Arabidopsis Seeds

Molecular regulatory network linking the perception of environmental and hormonal cues to downstream gene expression driving cellular biomechanical changes
and embryo growth. TFs are shown as circles, EXPA nodes as green octagons, receptors as arrowheads, hormones as squares, and environmental inputs as
hexagons. Green edges indicate protein-DNA interactions, black edges indicate protein-protein interactions, and gray edges indicate the regulatory relationships

between nodes. Node color indicates TF family after the legend on the right.

(PAT1), Dof-type zinc finger (Dof, At2g28810), ZIM-LIKE 1
(ZML1/GATA24), MYB DOMAIN PROTEIN 30 (MYB30),
ETHYLENE RESPONSE FACTOR 7 (ERF7), RELATED TO AP2
3 (RAP2.3), and TEOSINTE BRANCHED1/CYCLOIDEA/PCF 15
(TCP15) (Figures 3A and 3B). Several other EXPA promoter-
binding TFs had been previously reported to interact with DELLA
proteins including TCP14 [36] and RAP2.2/RAP2.12 [37]. Of the
42 TFs identified that bind EXPA promoters, 13 also physically
interact with DELLA proteins (Figure 3C).

A Molecular Interaction Network Underpinning Seed
Germination
Results of the Y1h screen identified TFs that bind to germination-
associated EXPA genes. These TFs were compared with the Y2h
screen identifying DELLA-interacting TFs. This resulted in a
network consisting of 134 protein-DNA interactions involving
42 TFs, 7 EXPAs, and 13 DELLA-TF protein-protein interactions
(Data S2). The subset of this molecular interaction network
providing direct links between the perception of GA and the
binding of EXPA promoter fragments is presented in Figure 4.
The ERFVII family of TFs including RAP2.2, RAP2.3, and
RAP2.12 acts as sensors of nitric oxide (NO) in plants [38]. The
Y1h screen identifies them as also binding the promoters of
EXPA genes, providing a potential link between this signaling mole-
cule and the biomechanical modulation of plant growth (Figure 4).
The TF PHYTOCHROME INTERACTING FACTORS3 LIKE5
(PIL5) mediates light-regulated control of seed germination,
and interacts with the red light receptor PHYTOCHROME [39].

PIL5 also physically interacts with DELLA proteins [40] and binds
to their promoter sequences [41]. Despite the central role of this
TF in the control of germination, EXPA genes upregulated during
germination are not direct targets of PIL5 [42]. The TFs ERF4,
CRF1, DEWAX, and RAP2.2 are, however, direct transcriptional
targets of PIL5 and bind EXPA promoter sequences in the Y1h
assay. Both DEWAX and RAP2.2 also interact with DELLA,
providing a link between the perception of light and the binding
of EXPA promoter sequences.

The organization of this molecular interaction network reveals
a hierarchical structure of signal integration underpinning the
control of seed germination (Figure 4) [4]. The interactions
between these molecular agents identify the paths of environ-
mental and hormonal signal perception, their integration, and ul-
timately the promotion of embryo cell growth through the induc-
tion of EXPA gene expression.

EXPA Promoter-Binding Proteins Impact GA-Mediated
Germination
Whether the TFs identified through molecular interaction
screening play a role in GA-mediated Arabidopsis seed germina-
tion through their control of EXPA gene expression was investi-
gated. A total of 13 TFs was screened that both interact with
DELLA proteins and bind to the EXPA promoter sequences
(Figure S5).

Mutant seeds were initially screened on the GA-synthesis in-
hibitor PAC, identifying potential GA-mediated germination phe-
notypes for TCP14/15, ZML1, and RAP2.2/2.3/2.12 on 10 uM

Current Biology 30, 3703-3712, October 5, 2020 3707
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Figure 5. Functional Validation of the Signal Integration Network

(A) BiFC assay investigating the interaction between DELLA and TFs in plant cells. Fusion proteins were co-expressed in tobacco leaves by using Agrobacterium
infiltration and images represent co-transfected cells with visible fluorescence. YFP, fluorescence of yellow fluorescent protein; BF, bright field; merged, merger
of the YFP and bright-field images. Red arrows indicate the position of YFP signal. The scale bar indicates 50 pm.

(B) Germination of zm/1 imbibed in different concentrations of PAC.

(C) Relative expression of the ZML1 target EXPAT in the zml/1 background determined by using gPCR.

(D) Same as (B) using combinations of rap2.2 rap2.3 and rap2.12 mutant seeds.

(E) Relative expression of the ERFVII TF targets EXPA1, EXPAS8, and EXPA9 in the rap2.2 rap2.3 rap2.12 mutant background determined by qPCR.

(F) ChIP using HA-tagged RAP2.3 on the EXPAS8 promoter. The EXPA1-coding region was used as a negative control and no specific signals were observed in the
negative-control region.

(G) Same as (B) using tcp14 and tcp15 mutant seeds.

(H) gPCR analysis of EXPA genes targeted by TCP14 and TCP15.

(legend continued on next page)
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PAC (Figures S5E-S5M). Before proceeding with further func-
tional analysis of these genes, the interactions between these
TFs and DELLA were investigated in planta. Although each
TCP14/15 and ERFVII TF has been previously reported to
interact with DELLAs [36, 37, 40], this has not been established
for ZML1. Using bimolecular fluorescence complementation
(BIFC) in tobacco leaves, we confirmed the interaction between
ZML1 and RGL2 within plant cells (Figure 5A).

Phenotyping mutant seeds on a broader range of PAC con-
centrations confirmed GA-mediated germination phenotypes
for zml1 (Figure 5B). The regulatory relationship between ZML1
and its putative target EXPA7 was examined by looking at
EXPA transcript abundance in the zm/7-null mutant background.
This showed EXPAT1 transcript abundance to be significantly
higher than in the wild type (Figure 5C). The inability to recover
a transgenic line harboring a detectable epitope-tagged version
of this protein prevented the further study of this interaction.

Compared with the wild type, the rap2.2/2.3/2.12 triple-
mutant background showed reduced germination in the pres-
ence of PAC, suggesting these ERFVII proteins promote embryo
growth in response to GA (Figure 5D). Of the EXPA targets of
these TFs, the transcript abundance of EXPA8 was significantly
higher in the triple mutant than in the wild type (Figure 5E). Chro-
matin immunoprecipitation (ChIP) analysis using 35S::MA-
RAP2.3-HA (hemagglutinin), however, did not identify the enrich-
ment of this protein on its putative EXPA8 promoter fragment tar-
gets (Figure 5F). The expression level of EXPA8 might therefore
be indirectly regulated by these ERFVII genes.

The tcp14-4 single and tcp14-4 15-3 double mutants showed
reduced germination in the presence of PAC (Figure 5G). A role
for TCP14 and TCP15 in GA-stimulated seed germination has
been reported previously [43], and was proposed to occur through
the regulation of the cell cycle by TCPs within the cells of the radicle.
Although the overall contribution of cell division in the radicle to
overall embryo growth and germination remains unclear [5, 6],
the putative control of EXPAs by these TCP TFs was examined
as a putative explanation for this reduced germination phenotype.

In the tcp14-4 15-3 double mutant, the transcript abundance
of EXPA9 was significantly decreased, whereas the expression
of the other 6 putative EXPA targets was not altered (Figure 5H).
ChlIP using a 35S::TCP14-HA construct identified an enrichment
of this protein on the promoter of EXPA9 (Figure 5I). These results
collectively suggest TCP14 to be a direct positive regulator of
EXPA9 expression.

By taking together (1) EXPA expression is capable of stimu-
lating GA-mediated seed germination (Figure 1C), (2) the tcp14
mutant shows a reduced capacity to germinate under GA-limited
conditions (Figure 5G), and (3) EXPA9 gene expression in the
absence of TCP14 and TCP15 (Figure 5H), we sought to deter-
mine whether the expression of EXPA9 is sufficient to account
for the reduced germination phenotype observed in the tcp14-
4 tcp15-3 mutant.

To test this, the estrogen-inducible XVE::EXPA9 construct was
introduced into the tcp714-4 tcp15-3 loss-of-function mutant.

¢ CellP’ress

Although no significant difference in germination was observed
under standard germination conditions, induced expression of
EXPA9 in tcp14-4 tcp15-3 led to an enhanced germination
response in the presence of PAC (Figures 6 and S6). The ectopic
expression of EXPA9 is therefore capable of partially rescuing
GA-mediated germination defects in tcp14-4 tcp15-3, while
partly explaining the mechanistic basis for this phenotype.

A Resource for Plant Growth and Signal Integration

This study identified 42 TFs capable of binding EXPA promoter
sequences, 13 of which also interact with DELLA proteins. These
TFs represent putative regulators of EXPA gene expression, and
therefore cell wall biomechanics [10]. The identification of these
TFs as direct modulators of plant cell growth provides a focused
resource awaiting further characterization. This resource might
be used to identify further mechanistic interactions underpinning
the modulation of plant growth by linking genetic pathways to the
biomechanical changes driving cell expansion. In addition to the
provided network file (Data S2), these interactions from this pub-
lication have been submitted to the IMEx Consortium (http://
www.imexconsortium.org) through IntAct [44] and assigned the
identifier IM-27910.

DISCUSSION

The regulation of plant development is highly plastic in response
to the environment [1]. In this study, we reveal the genetic
complexity that underpins signal integration in the control of em-
bryo growth during seed germination. These insights reveal the
extent and nature of the redundancy that underlies the control
of the downstream gene expression promoting GA-mediated
embryo growth. This is observed in terms of the number of
EXPA genes that are induced during germination, and the large
number of TFs that bind to the promoters of these genes (Fig-
ure 2E). This network further reveals the paths of information
flow from the perception of environmental signals to the down-
stream gene expression that drives the seed-to-seedling devel-
opmental transition (Figure 4).

Although a variety of environmental, hormonal, and genetic
factors have been described to regulate seed germination [3],
how these signals are integrated and transduced into embryo
growth remains unclear. This study addressed this gap by per-
forming targeted molecular interaction mapping to establish a
network underpinning signal integration and seed-germination-
driving gene expression in Arabidopsis (Figure 4). The network
linked the perception of environmental (light quality) and hor-
monal (GA and NO) signals to the gene expression responsible
for the biomechanical changes driving the seed-to-seedling
transition (EXPA).

Although EXPA gene expression was shown to promote GA-
mediated embryo growth (Figure 1C), the regulation of these
downstream targets is highly redundant, and multiple TFs bound
to their associated upstream promoter fragments (Figure 2E).
This redundancy in the integration of signals into EXPA gene

(I) ChIP using HA-tagged TCP14 on the EXPA9 promoter. The EXPA1-coding region is included as a control.
Data in (B), (C), (E), (F), (H), and (I) were statistically analyzed by using Student’s t test (*p < 0.05, **p < 0.01). Statistically significant differences in (D) and (G) are
denoted with different lowercase letters (one-way ANOVA with Tukey post hoc test, p < 0.05). Error bars represent SD from three independent biological repeats.

See also Figure S5.
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Figure 6. Functional Complementation of TCP Germination by EXPA
Expression

Impact of ectopic expression of EXPA9 on seed germination upon 10 uM PAC
treatment in the tcp74-4 tcp15-3 mutant background. Data were statistically
analyzed by using Student’s t test (*p < 0.05, **p < 0.01).

See also Figure S6.

expression likely provides robustness to the germination pro-
cess, whereby a single TF-EXPA interaction rarely impacts the
seed-to-seedling transition (Figure S5). This redundancy could
explain the relatively small number of GA-related germination
phenotypes identified in seeds carrying mutations in single
genes or restricted to single gene families. Despite this redun-
dancy, phenotypes in null mutants of the ERFVII (RAP/2.2/2.3/
2.12), TCP14/15, and ZML1 TFs were identified (Figures 5B,
5D, and 5G).

The tcp14 tcp15 mutant showed reduced germination in GA-
limited conditions (Figure 5G), and TCP14 directly bound and pro-
moted EXPA9 expression (Figures 5H and 5I). A GA-mediated
germination phenotype for TCP14 and TCP15 has been proposed
previously to act through the control of the cell cycle in the radicle
[43]. This work extends the role of these genes to the promotion of
cell expansion through the control of EXPA9 gene expression, a
proposal consistent with the description of this TF as a promoter
of embryo growth potential [45]. This finding further suggests the
mechanistic basis of reduced germination in the tcp14 tcp15
mutant background to be at least partially due to a reduction in
EXPA expression, as supported by the partial rescue of this
phenotype under GA-limiting conditions (Figure 6).

The uncovering of this network provides insight into a funda-
mental gap in our understanding of a complex biological pro-
cess: how multiple environmental inputs are integrated to create
a single developmental output, in this instance, how environ-
mental signals are used to regulate the gene expression altering
cellular biomechanics and embryo growth in seeds. It further
highlights the importance of understanding the complexity of
transcriptional regulation as a whole system, while providing a
resource for further exploitation by understanding how the activ-
ity of the TFs that bind to EXPAs modulates plant growth.

The identification of downstream targets of developmental pro-
cesses enables the mechanistic basis of phenotypes to be

3710 Current Biology 30, 3703-3712, October 5, 2020
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established and the comprehensive mapping of the molecular in-
teractions underpinning developmental phase transitions. Similar
approaches and the resources generated by these studies repre-
sent powerful ways to understand plant development.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-HA tag antibody - ChIP Grade Abcam Cat#ab9110
Goat Anti-Mouse IgG-Peroxidase antibody Sigma-Aldrich Cat#A4416
Bacterial and Virus Strains

Escherichia coli DH5a [27]

Agrobacterium tumefaciens (strain GV3101) [27]

Chemicals, Peptides, and Recombinant Proteins

Phusion DNA Polymerase NEB MO0530
Murashige & Skoog Medium Duchefa Biochemie Cat#M0221
B-estradiol Sigma-Aldrich Cat#E2758
3-Amino-1,2,4-triazole Sigma-Aldrich Cat#A8056
Taq DNA Polymerase NEB Cat#M0273
Critical Commercial Assays

RNeasy PowerPlant Kit QIAGEN Cat#13500-50
RNeasy Plant Mini Kit QIAGEN Cat#74903
Plant DNeasy Kit QIAGEN Cat#69104
Gateway BP Clonase Il Enzyme mix Invitrogen Cat#11789020
Gateway LR Clonase Il Enzyme mix Invitrogen Cat#11791020
SuperScript Il Reverse Transcriptase Invitrogen Cat#18064022
Brilliant Il QPCR Master Mix with ROX Agilent Cat#600806
Pierce Protein A/G Magnetic Beads Invitrogen Cat#88802
Experimental Models: Cell Lines

Yeast strain AH109 (MATaq) Clontech N/A

Yeast strain Y187 (MATaq) Clontech Cat#630457
Yeast strain Y8800 (MATa) Clontech N/A

Yeast strain Y8930 (MATa) Clontech N/A
Experimental Models: Organisms/Strains

Arabidopsis thaliana Col-0 [27]

Arabidopsis thaliana At2g28810
Arabidopsis thaliana erf7

Arabidopsis thaliana myb30
Arabidopsis thaliana pat1

Arabidopsis thaliana TCP14 TPTD
Arabidopsis thaliana TCP15 TPTC
Arabidopsis thaliana RAP2.3 TPTD
Arabidopsis thaliana Col-0 XVE::EXPA9

Arabidopsis thaliana tcp14-4 15-3
XVE:EXPA9

Arabidopsis thaliana tcp14-4 35S::TCP14-
HA

Arabidopsis thaliana cdf2-1
Arabidopsis thaliana cdf3-1
Arabidopsis thaliana cdf2-13-1
Arabidopsis thaliana CDF2-OX

Arabidopsis Biological Resource Center
Arabidopsis Biological Resource Center
Arabidopsis Biological Resource Center
Arabidopsis Biological Resource Center
Arabidopsis Biological Resource Center
Arabidopsis Biological Resource Center
Arabidopsis Biological Resource Center
This study

This study

This study

[46]
[46]
[46]
[47

Cat#SALK_056801C
Cat#SALK_032229
Cat#SALK_027644C
Cat#SALK_064220C
Cat#TPT_3.47620.1D
Cat#TPT_1.69690.1C
Cat#TPT_3.16770.1D
N/A

N/A

N/A

N/A
N/A
N/A
N/A
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Arabidopsis thaliana dewax [48] N/A
Arabidopsis thaliana iDEWAX [48] N/A
Arabidopsis thaliana zml1 [49] N/A
Arabidopsis thaliana rap2.2 [50] N/A
Arabidopsis thaliana ebp [50] N/A
Arabidopsis thaliana rap2.12 [50] N/A
Arabidopsis thaliana rap2.2 2.12 [50] N/A
Arabidopsis thaliana rap2.12 ebp [50] N/A
Arabidopsis thaliana rap2.2 2.3 2.12 [50] N/A
Arabidopsis thaliana tcp14-4 [51] N/A
Arabidopsis thaliana tcp15-3 [51] N/A
Arabidopsis thaliana tcp14-4 15-3 [51] N/A
Oligonucleotides

Primers Table S1 N/A
Recombinant DNA

PHISLEU2GW [32] N/A
PHISLEU2GW-pEXPAT This study N/A
PHISLEU2GW-pEXPA3 This study N/A
PHISLEU2GW-pEXPA8 This study N/A
PHISLEU2GW-pEXPA9 This study N/A
PHISLEU2GW-pEXPA10 This study N/A
PHISLEU2GW-pEXPA15 This study N/A
PHISLEU2GW-pEXPA20 This study N/A
PDEST-AD Invitrogen N/A
pDEST-DB Invitrogen N/A
PDEST-DB-RGAAN This study N/A
PDEST-DB-GAIAN This study N/A
PSPYNE [52] N/A
PSPYNE-RGL2 This study N/A
pPSPYCE [52] N/A
PSPYCE-TCP14 This study N/A
PpSPYCE-TCP15 This study N/A
pSPYCE-ZML1 This study N/A
pGWB14 RIKEN BRC N/A
pGWB14-TCP14 This study N/A
PER8-GW [30] N/A
PER8-GW-EXPA9 This study N/A
Software and Algorithms

CytoScape [53] https://cytoscape.org/
matrix2png [54] https://matrix2png.msl.ubc.ca/index.html

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, George W. Bassel

(george.bassel@warwick.ac.uk).

Materials Availability

This study did not generate new unique reagents.
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Data and Code Availability
All datasets generated or analyzed during this study are included in the manuscript. The interactions from this publication have been
submitted to the IMEXx (http://www.imexconsortium.org) consortium through IntAct [44] and assigned the identifier IM-27910.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant Material and growth conditions

Seeds were grown on half-strength Murashige and Skoog (MS) medium with 0.8% Agar under 16h/8h light/dark cycles. 2-week-old

seedlings were transferred to soil and grown in a greenhouse. Freshly harvested seeds were stored at room temperature for 1-2 months.
Arabidopsis T-DNA insertion lines were obtained from Arabidopsis Biological Resource Center (ABRC): At2g28870 mutant

(SALK_056801C), erf7 (SALK_032229), myb30 (SALK_027644C), pat1 (SALK_064220C). Following lines were kindly provided by au-

thors and have been previously described: cdf2-1, cdf3-1, cdf2-13-1, and CDF2-OX [46, 47]; dewax and iDEWAX [48]; zml1 [49];

rap2.2, ebp, rap2.12, rap2.2 2.12, rap2.12 ebp, and rap2.2 2.3 2.12 [50]; tcp14-4, tcp15-3, and tcp14-4 15-3 [51].

METHOD DETAILS

Plasmid construction and plant transformation
To generate the estrogen-inducible XVE::EXPA9 construct, full-length cDNA coding sequence of EXPA9 was amplified using primers
described in Table S1 with Phusion DNA Polymerase (NEB, M0530), and recombined in pDONRzeo using BP clonase Il (Invitrogen).
The fragment was subsequently transferred from the entry vector into the estrogen inducible pER8GW [30] by LR clonase reaction
(Invitrogen).

For the 35S::TCP14-HA construct, the coding sequence without the stop codon of TCP74 was amplified and inserted into pDONR-
zeo by BP reaction, then recombined with pGWB74 by LR reaction (Invitrogen).

The resulting plasmids were transformed into Agrobacterium tumefaciens strain GV3101 and introduced into Arabidopsis thaliana
by the floral dipping method [55]. Transgenic progeny seeds were selected on half-strength MS medium with 20 mg/L hygromycin
[55].

Phenotypic analyses

Germination assays were performed by surface sterilizing seeds and pipetting them onto 1/2 MS medium supplemented with PAC as
required to achieve specific concentrations. For estrogen inducible lines, seeds were either treated with 30 uM B-estradiol or ethanol
(mock). After sowing, seeds were kept at 4°C under dark conditions for 3 days, and then transferred to a controlled growth chamber
under 16h/8h light-dark cycles at 22°C.

Gene expression analyses

Total RNA was isolated either from Arabidopsis seeds using the RNeasy PowerPlant Kit or from seedlings using RNeasy Plant Mini Kit
(QIAGEN) according to the manufacturer’s instructions. DNA in RNA samples was removed with DNase | (Thermo Fisher Scientific)
and RNA was reverse-transcribed into cDNA using SuperScript Il Reverse Transcriptase (Invitrogen). Quantitative PCR was per-
formed in 96-well blocks with Brilliant 1| QPCR Master Mix with ROX (Agilent, #600806) on the AriaMx Real-Time PCR system.
Gene expression was normalized using internal control GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE C SUBUNIT
(GAPC) (At3g04120) [56]. RT-PCR was performed with Tag DNA Polymerase (NEB, #M0273) on a thermal cycler. Analysis of
EXPA9 were subjected to amplication for 26 and 30 cycles, and analysis of GAPC was followed by 26 cycles.

Yeast one hybrid screening of Arabidopsis cDNA libraries

TFsincluded in the Y1h screening library were determined by examining those expressed in the germinating embryo at 7 HAl and 12
HAI [25], prior to or concurrent with the induction of EXPA gene expression. 168 embryo expressed TFs were available in the REGIA +
REGULATORS RR Library [32], in which TF cDNAs fused to an N-terminal GAL4-activation domain in pDEST22 (Invitrogen). Prey
clones were transformed into yeast strain AH109 (MATa, Clontech) according to manufacturer’s instructions.

Y1h screening was performed as described previously [57]. Promoter sequences for EXPA1 (At1g69530), EXPA3 (At2g37640),
EXPAS8 (At2g40610), EXPA9 (At5g02260), EXPA10 (At1926770), EXPA15 (At2g03090), and EXPAZ20 (At4938210) consisting of 300
~400 bp fragments with 100 bp overlaps were cloned into pPDONRZeo, and then into the destination vector pHISLEU2GW . Bait vec-
tors were then transformed into yeast strain Y187 (MATa, Clontech) and tested for autoactivation. Several fragments required the
addition of 3-amino-1,2,4-triazol (3-AT) to enable selection of interacting proteins. Mating was performed by mixing 3 uL of each
bait and prey onto YPDA plates, with subsequent replica-plating (after 24 h) onto SD-Leu-Trp and SD-Leu-Trp-His (+ 3-AT where
required) and grown for two days to confirm mating and provide selection for interaction. All positive interactions in yeast were
re-tested and sequenced.

Protein-protein interaction assays
Protein interaction screening in yeast was performed using N-terminal truncations of RGA and GAIl. These were cloned into pDEST-
DB and screened by yeast mating against EXPA promoter-binding TFs fused to a GAL4 activation domain (AD) expressed via pDEST-
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AD [58] following previously described protocols [59]. To detect AD auto-activators, the AD-fused transcription factor collection in
MATa Y8800 yeast strains was mated with the empty pDEST-DB expressing MATa Y8930, then selected using 1 mM 3-amino-
1,2,4-triazole (3-AT). Protein interaction screens were repeated twice with 1 mM 3-AT and a second time with 2 and 3 mM 3-AT
for RGA and GAl, respectively.

BiFC protein-protein interaction in planta

Full-length TF coding sequences and RGL2 were cloned into pSPYCE or pSPYNE vectors containing either C- or N-terminal portions
of yellow fluorescence protein [52] and transformed into Agrobacterium strain GV3101. Bacteria were grown overnight at 28°C in LB
medium and resuspended in infiltration buffer (10 mM MES, pH5.7, 10 mM MgCl,, and 150 mM acetosyringone). To visualize the
fluorescence signal, different combinations of bacteria cells were co-infiltrated into the leaves of 4-week-old Nicotiana benthamiana.
YFP signals were assayed 3 days after inoculation and excited at 488 nm using a Zeiss LSM510 microscope.

Chromatin Immunoprecipitation

ChIP was performed as described previously with minor modifications [60]. Seedlings (6 days after imbibition) grown on half-strength
MS medium supplemented with 10 uM GAz were used for CHIP-gPCR analyses. Chromatin was isolated from 2 g of seedlings and
sheared by sonication to fragments of 400 bp. Following isolation, sonicated chromatin was precleared with Dynabeads Protein A/G
(Invitrogen) and then immunoprecipitated overnight using Anti-HA (Abcam, ab9110) polyclonal antibodies. gPCR analyses were per-
formed using Birilliant Il QPCR Master Mix with ROX (Agilent, #600806). Fold enrichment was calculated by normalizing the amount of
target fragment first to the internal control gene (ACTIN2) and then to the corresponding amount in the wild-type (Col-0). The primers
used for ChIP-gPCR are listed in Table S1.

Bioinformatics analyses
The network graph was visualized using CytoScape (version 3.7) [53]. Expression profile of EXPAs was generated in the Matrix2png
program (https://matrix2png.msl.ubc.ca/index.html) [54].

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was implemented using either EXCEL or SPSS software. Data shown in the figures are representing an average of
biological replicates. All seed germination test had at least 50 seeds in each biological replication. Two-tailed Student’s t test was

performed with the t.test() function in EXCEL. One-way ANOVAs with post hoc Turkey test was carried out by SPSS (version 16.0)
at a significance level of p < 0.05. Details of statistical tests are provided in figure legends.
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