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DELLA proteins are land-plant specific transcriptional regulators that transduce
environmental information to multiple processes throughout a plant’s life'. The
molecular basis for this critical function in angiosperms has been linked to the
regulation of DELLA stability by gibberellins and to the capacity of DELLA proteins

to interact with hundreds of transcription factors (TFs)*®

. Although bryophyte
orthologs can partially fulfill functions attributed to angiosperm DELLA®’, it is not
clear whether the capacity to establish interaction networks is an ancestral
property of DELLA proteins or it is associated with their role in gibberellin
signaling®'’. Here we show that representative DELLAs from the main plant
lineages display a conserved ability to interact with multiple TFs. We propose that
promiscuity was encoded in the ancestral DELLA protein, and that this property
has been largely maintained, while the lineage-dependent diversification of
DELLA-dependent functions mostly reflects the functional evolution of their

interacting partners.

To gain insight into the conservation of the DELLA interactome in plants, we
selected a core set of 42 proteins (covering all major families of TFs and transcriptional
regulators) known to be DELLA partners in Arabidopsis thaliana. We examined the ability
of DELLAs from another angiosperm (Solanum lycopersicum, SIPRO), a lycophyte
(Selaginella moellendorfii, SmDELLA1), and a liverwort (Marchantia polymorpha,
MpDELLA) (Extended Data Fig. 1) to interact in a yeast two-hybrid assay with selected
orthologs of these 42 AtDELLA partners in each species, according to the literature and
phylogenetic analyses (Fig. 1a; Supplementary Table 1). Given that all the interactions
occur through the C-terminal GRAS domain, a truncated version of each DELLA without
the N-terminal domain was used. As expected, all of the AtTFs interacted with AtIRGA,
and the interactions were conserved at very high level in the other three species: 74%
for SIPRO, 71% SmDELLA1, and 85% for MpDELLA (Fig. 1b; Supplementary Table 2).
Moreover, 98% of the interactions were detected in at least two species, suggesting that
the ability of DELLASs to interact with multiple TFs has been extensively conserved during
land plant evolution.

To investigate to what extent the conservation of these protein-protein interactions
depends on the DELLA protein itself, or it is the result of DELLA-TF coevolution, we
tested the capacity of DELLAs from several lineages to establish heterologous
interactions with the set of A. thaliana TFs (AtTFs). All the DELLA proteins analyzed in
the previous experiment, as well as the two moss DELLAs (from Physcomitrium patens),
the two gymnosperm DELLAs (from Picea abies) and a second SmDELLA2 were able

to interact with at least 86% of the AtTFs (Fig. 1c). This result suggests that promiscuity



is a property encoded in the ancestral GRAS domain of DELLA proteins, an idea further
supported by two observations: (i) a resurrected GRAS domain based on the predicted
ancestral-most sequence of DELLAs"! displayed a ratio of 81% of positive interactions
with this set of AtTFs (Fig. 1c); and (ii) reciprocal heterologous interactions were also
conserved, as the AtRGA protein interacted with 73% of the MpTF set (Fig. 1d). Although
other non-DELLA GRAS proteins also showed a significant capacity of interaction with
TFs, the highest ratio observed was only 20% for the closest GRAS paralogs of AtDELLA
proteins, SCARECROW-LIKE3 (SCL3) vs the AtTF set (Fig. 1c), and 50% for MpGRAS7
vs the MpTF set (Fig. 1d). This is in tune with the reported low interacting capacity of
other GRAS proteins®. Considering this and the higher conservation level of the GRAS
domain within the DELLA clade, compared with eight other clades in the GRAS family
(Extended Data Fig. 2), we propose that DELLAs’ promiscuity is an advantageous
property actively maintained during evolution, rather than a characteristic achieved by
convergent evolution in different lineages or an intrinsic feature of the GRAS domain
fold.

Despite the conservation of a high interactive capacity in DELLA proteins during
plant evolution deduced from the qualitative assays shown above (Fig. 1b-d), there are
indications that DELLA-TF coevolution has contributed to the specificity of the
interactions in different lineages. By comparing yeast growth in the absence and in the
presence of 3-amino-1,2,4-triazole (3-AT) to titrate homologous and heterologous
interactions between DELLAs and TFs from A. thaliana and M. polymorpha (Fig. 1e), we
found that in 6/22 cases the strength of the interaction was equivalent for homologous
and heterologous interactions; in 7/22, the strength was determined by the TF species;
and in 9/22 cases the strength was determined by the combination of DELLA and TF,
suggesting a relatively high level of fine-tuning of the DELLA-TF affinity in a species-
dependent manner.

Angiosperm DELLA proteins have been shown to undergo different post-
translational modifications in various environmental contexts which modulate their
activity’. A reasonable scenario emerges in which species-specific regulatory
mechanisms and differences in DELLA-TF relative affinities would have contributed to
the optimization of DELLA function during evolution. To obtain an accurate picture of the
relevance of such mechanisms in vivo, we decided to examine the ability of different
DELLAs to complement the AtdellaKO mutant. We introduced five DELLA proteins, each
one from a different species (A. thaliana, AtRGA; S. lycopersicum, SIPRO; P. abies,
PaDELLAZ2; S. moellendorfii, SmMDELLA1; and M. polymorpha, MpDELLA) fused at their
C-termini to YFP, under the control of a 4 kb promoter fragment and 3 kb terminator

fragment of AtRGA to obtain native expression patterns. We selected lines with



comparable DELLA levels (Extended Data Fig. 3) and, to avoid the interference of
possible species-specific differences in the sensitivity towards GAs, all the experiments
were performed in the presence of paclobutrazol (PAC), a GA synthesis inhibitor. Among
the processes affected by DELLA proteins in A. thaliana, we evaluated the degree of
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heterologous complementation of AtdellaKO in the control of plant size , seed

t'”, and salt stress resistance'®. While all

germination'®, skotomorphogenic developmen
DELLAs conveyed certain degree of complementation, there were marked differences
between species: the complementation achieved by AtRGA was almost matched by the
angiosperm SIPRO and gymnosperm PaDELLAZ2, but the lycophyte SmDELLA1 and the
liverwort MpDELLA were less efficient in the correction of the defects caused by DELLA
loss of function (Fig. 2a-e; Extended Data Fig. 4). The capacity to substitute endogenous
DELLAs may be correlated with the evolutionary distance between A. thaliana and the
corresponding species, as supported by the reduced effect of AtRGA expression
compared to MpDELLA in M. polymorpha in a reciprocal heterologous expression test
(Fig. 2f,9).

Given that DELLA function is mostly exerted through transcriptional regulation via
the interaction with TFs, we further investigated the complementation capacity in terms
of transcriptomic changes, for which we performed RNA-seq analyses of the
uncomplemented AtdellakO mutant, and one of each of the complemented lines
(Supplementary Fig. 1). All DELLAs were associated with a substantial number of
differentially expressed genes (DEGs) (Fig. 3a, Supplementary Table 3). We observed
that 86% of the AtRGA-dependent DEGs were also under the regulation of the DELLA
of at least one other species, and the sense of the transcriptional regulation was the
same in over 95% of the cases (Fig. 3a,b). The highest overlap was detected with the
evolutionarily closer species S. lycopersicum and P. abies and, consistently, an overlap
was also found among the biological functions of the DEGs regulated by each DELLA
(Fig. 3c; Supplementary Table 4). Functions related to the response to pathogen
infections are among the ones regulated by all DELLAs in A. thaliana, while other
functions, like the response to water deprivation, are regulated only by DELLAs from
Spermatophyta (Fig. 3c). Particularly interesting is the overlap between the five species
in the regulation of a set of 211 DEGs which define a set of functions that had not been
previously attributed to DELLA regulation, like the response to hypoxia, heat, antibiotics,
or to unfolded proteins in the endoplasmic reticulum (Supplementary Table 4). According
to our TF enrichment analysis, a small set of TFs —all of which interact with AtDELLA-
would be enough to explain the coincident regulation of the 211 target genes by all
DELLAs (Fig. 3d; Supplementary Table 5). On the other hand, we observed that

heterologous expression of SIPRO caused the exclusive alteration of over 2300 genes



(Fig. 3b). To test whether this feature results from the ability of SIPRO to interact with
particular AtTFs that are not natural AtDELLA partners, we performed a hierarchical
analysis of TF-target regulations among the SIPRO-exclusive targets. This analysis
predicted that the expression of 20% of these genes could be regulated by a small set
of TFs (Fig. 3e; Supplementary Table 6), none of which interacted with AtRGA, while at
least two of them (AT1G74840 [SANT/Myb family] and AT5G01380 [GT3a family])
interacted with SIPRO (Fig. 3f). Curiously, only the tomato ortholog of AT1G74840
showed interaction with SIPRO (Extended Data Fig. 5), indicating that heterologous
interactions not always reflect biologically relevant interactions.

In summary, the partial complementation at the phenotypic and transcriptomic level
of the AtdellaKO mutant by DELLAs from other species suggests that, despite the
general conservation of promiscuity among DELLAs, additional factors modulate
DELLA-TF interactions in a species-specific manner.

Although all previous results point to an intrinsic capacity of the ancestral DELLA
protein to act as a transcriptional hub, they do not demonstrate that this function is indeed
conserved across land plant evolution. To investigate the capacity of DELLAs to act as
hubs in species other than A. thaliana, we compared the DELLA-dependent
transcriptomes in the dicots A. thaliana and S. lycopersicum, the monocot O. sativa, the
lycophyte S. kraussiana, the moss P. patens and the liverwort M. polymorpha —spanning
an evolutionary distance of no less than 470 M years'®. For the first three species and

the moss, a DELLA loss-of-function mutant is available®%%22

, S0 the comparison between
AtdellaKO, Ossir1, Slpro and and Ppdellaab and their respective wild types would define
the transcriptome mobilized by DELLAs in each species. Although there are no della
mutants available in S. kraussiana, a GA treatment is an efficient way to remove DELLAs

in Selaginella spp®%.

Furthermore, the DELLA-dependent transcriptome in M.
polymorpha is available through the comparison between wild-type and MpDELLA
overexpressing lines’. RNAseq analyses were performed (see Methods for details) and
DEGs were determined between the conditions with high and low DELLA levels for each
species (Supplementary Table 7). For inter-species comparison of the transcriptomes,
orthogroups (OGs) were first defined in all species (Supplementary Table 8). Relatively
large numbers of genes were mobilized by DELLAs in each species, ranging from 1553
OGs in P. patens to 4592 in S. lycopersicum (Fig. 4a). Interestingly, around 20% of the
OGs were unique for a single species, while a larger set of the OGs were common to at
least three species (54% in A. thaliana, 46% in S. lycopersicum, 56% in O. sativa, 64%
in S. kraussiana, 48% in M. polymorpha and 64% in P. patens) (Fig. 4a). Together with
the conservation of enriched GO categories among DELLA-dependent DEGs common

to at least 4 species (Fig. 4b; Supplementary Table 9), these results are a strong



indication of extensive conservation in functions and molecular targets for DELLAs
across evolution, possibly caused by the largely conserved interactome. However, the
identification of genes regulated in a species-specific manner highlights the existence of
alternative mechanisms that have operated during evolution to optimize DELLA functions
in extant plants. The differences in DELLA transcriptional targets between species may
have emerged from the loss or gain of particular DELLA-TF interactions, but also from
the loss or gain of an interacting TF’s capacity to regulate downstream targets®. To
explore these two possibilities, we first searched for enriched regulatory elements in the
promoters of exclusive DELLA targets for each of the species, and then established the
conservation of these elements in the orthologs of the rest of the species (Fig. 4c). We
observed two contrasting behaviors: on one hand, only a marginal number of the TF-
target regulations of species such as A. thaliana or P. patens were conserved in the
other species, supporting a mechanism by which DELLA functional evolution would also
depend on the evolution of its interacting TFs with respect to target recognition; on the
other hand, most of the TF-target regulations in S. lycopersicum and O. sativa were
conserved in the orthologous targets of A. thaliana, pointing to the alternative mechanism
by which DELLA functions would evolve through the gain or loss of TF partners. In
agreement with this prediction, we found that SIPRO was able to interact with SIDOF14
(one major regulator of S. lycopersicum-exclusive DELLA targets [Supplementary Table
10]) in a yeast two-hybrid assay, while AtRGA did not interact with its ortholog AtDOF1
(Fig. 4d). The observation that a reconstructed ancestral GRAS domain was also unable
to interact with either one of the DOF orthologs leads to speculate that this DELLA-DOF
interaction was gained, rather than lost, after the separation between Rosids and
Asterids.

In summary, our work indicates that (i) DELLAs have conserved their role as
transcriptional hubs based on a remarkable capacity to establish physical interactions
with TFs, and (ii) that the actual biological functions controlled by DELLAs in different
plant lineages relies on two mechanisms: the gain and loss of specific DELLA-TF
interactions in certain clades, and also evolutionary changes attributable to the TFs
themselves®. This work provides experimental evidence that supports previous
observations using in silico network analyses that pointed to stress responses as a likely
ancestral function of DELLAs?.

Our study reveals an evolutionary model in which the ancestral DELLA soon
displayed an extensive capacity to interact with multiple TFs, which is now maintained in
extant plants of vascular and non-vascular clades, irrespective of the presence of a GA
perception module. Such a model —contrary to a model suggesting the gradual

development of the high degree of connectivity— has multiple implications, both from



basic and applied perspectives. For instance, it becomes evident that the diversity of
functions regulated by GAs in vascular plants (many of which have profound impact in
cultivated species) is a direct consequence of DELLA’s conserved promiscuity. The fact
that this property has been conserved for over 470 M years is a faithful measure of its
physiological relevance and highlights the constraints under which this type of ‘hub’

protein evolves.

Methods

Plant materials and growth conditions. Used della mutants and their parental lines
are the following: Arabidopsis thaliana Landsberg erecta (Ler) wild type, and the
pentuple dellaKO mutant (stock nr. N16298 in the Nottingham Arabidopsis Stock
Center); Solanum lycopersicum cv. M82, and the severe loss-of-function della mutant
pro“®RAS 27 Oryza sativa subsp. japonica cv. Nipponbare and the sir1-1 mutant®'. These
three species were grown and propagated from seeds in the greenhouse. Tomato and
rice della mutations were maintained in heterozygosity due to sterility, and homozygous
mutants selected by phenotyping and genotyping by Sanger sequencing when
necessary (primers in Supplementary Table 11). The Physcomitrium (Physcomitrella)
patens Ppdellaab mutant® and its parental strain Gransden (Gd UK) were maintained in
vitro as previously described?®. An undetermined cultivar of creeping Selaginella
kraussiana was obtained from the University of Valencia botanical collection, maintained
in soil, and propagated by cuttings. Marchantia polymorpha subsp. ruderalis Tak-1
accession was maintained in vitro asexually from gemma?®.

All species were cultivated in growth chambers at 22°C under long-day conditions
unless otherwise stated. For in vitro culture, half-strength MS medium® (A. thaliana, S.
lycopersicum and O. sativa), half-strength Gamborg's B5 medium?®' (M. polymorpha) or
BCD medium?® (P. patens) were used. Transformation of A. thaliana and M. polymorpha
were performed by Agrobacterium floral dipping and thallus cuttings respectively, as

previously described®=34,

Phylogenetic analysis. For DELLA phylogenetic analysis, DELLA protein sequences
from different species were collected based on previously published phylogenetic trees
(Supplementary Table 1)", with the addition of Anthoceros agrestis DELLA
(Sc2ySwM_228: 2934964..2932688 (-))*°. Protein sequence alignments were performed
with M-Coffee using a combination of the multiple alignment methods MAFFT, T-Coffee,
MUSCLE, and POA2)*. Trimming was performed in unambiguously aligned regions,
and deleting non-GRAS domain parts. The LG model of amino acid replacement was

selected as best-fit using the AIC model for ranking, and used to construct a rooted



maximum-likelihood tree with PhyML (v3.1)*, using empirically estimated amino acid
frequencies when indicated (+F). Statistical significance of branches was evaluated by
the SH-like approximate likelihood ratio test. The graphical representation of the
phylogenetic tree was generated using FigTree (version 1.4.3) software
(http:/ftree.bio.ed.ac.uk/software/figtree/), and the final figure edited manually.

For transcription factor gene family phylogenetic trees, OrthoFinder-implemented
pipeline was utilized, including MAFFT-based multiple sequence alignment and
FastTree-based phylogenetic tree construction under default settings. The trees are
accessible at Mendeley Data v1 (http://dx.doi.org/10.17632/prfnj59kbs.1).

Species-specific DELLA interactome studies. To assess the conservation of the
DELLA interactome through yeast two-hybrid screening, collections of DELLA putative
interactors expressed in yeast were created for four different species. To select the
members of the A. thaliana core collection, an exhaustive literature search was
conducted on DELLA reported interactions; this information was compiled, and
representative members of each protein family were chosen (Supplementary Table 1).
Gateway entry clones were obtained for these DELLA known interactors in Arabidopsis,
by resorting to existing transcription factor collections, personal donations, and de novo
cloning when needed. The unavailable genes were amplified from A. thaliana wild-type
cDNA using attB-PCR primers and introduced in entry vectors through BP Clonase I
(Invitrogen) reaction. Expression clones were created by transferring these genes to the
destination vector pGADT7-GW through LR Clonase Il (Invitrogen) reaction. This
process results in the fusion of the CDS with the Gal-4 activation domain contained in
the pGADT7-GW vector.

For the collections of DELLA putative interactors in S. lycopersicum, S. moellendorfii
and M. polymorpha, a search for orthologs was conducted using PLAZA Integrative
Orthology Viewer®, BAR expressolog identification®®, Phytozome*’, MarpolBase
(http://marchantia.info), OrthoMCL-DB*', OneKP*? and extensive manual curation. The
retrieved gene sequences were synthesized (Genscript) and introduced in pGADT7 for
direct transformation in yeast, with exceptions from M. polymorpha that were obtained
by either cloning from cDNA as described above, or by donations (Supplementary Table
1).

Additional Gateway-based entry clones for DELLA interactors included in other
analyses (Fig. 3, Fig. 4, and Extended Data Fig. 5) were constructed by either PCR-
based cloning, or gBlock synthesis, or directly ordered from clone collections
(Supplementary Table 1). In all cases, these clones were transferred into pGADT7-GW

as indicated above.



As baits, truncated versions of DELLAs from different species were used: A. thaliana
RGA, M. polymorpha MpDELLA, P. patens PpDELLAa and PpDELLAb, and S.
lycopersicum PRO GRAS domains were amplified from cDNA; full length DELLA CDS
from S. moellendorfii (SmMDELLA1 and SmDELLAZ2) and P. abies (PaDELLA1 and
PaDELLA2) were synthesized as gBlocks (I.D.T.) with attB overhangs. GRAS domain
truncations were obtained by PCR ampilification from these gBlocks. The sequence of
the GRAS domain from the ancestral DELLA gene was obtained from a previous report"’
and synthesized as a gBlock (I.D.T.) with affB overhangs. Non-DELLA GRAS genes
were also amplified from cDNA: SCARECROW (AtSCR) and SCARECROW-LIKE 3
(AtSCL3) from A. thaliana, and GRAS7 (MpGRAS7, Mp8g01770) from M. polymorpha.
gBlocks and PCR products containing affB overhangs were introduced in Gateway entry
vectors as previously described and transferred by LR Clonase Il (Invitrogen) reaction
into pGBKT7-GW to produce bait vectors. Sequences of all truncated versions can be
found in Supplementary Table 12. Putative DELLA interactors in pPGADT7 and truncated
DELLAs in pGBKT7 were transformed in the yeast haploid strains Y187 and Y2H-Gold
(Clontech) respectively, by subjecting yeast cells to a 42°C heat shock in the presence
of polyethylene glycol and Lithium acetate. Transformants were grown in SD selective
medium without leucine or tryptophan depending on the transformed vector (-L for
pGADT7 and -W for pGBKT7). Diploid yeast containing both types of plasmids were
obtained by yeast mating, induced by co-culture of both strains in liquid YPD medium.
After selecting diploids in SD -L/W, they were grown in liquid until saturation and dropped
in SD plates (-L/W as a growth control and -L/W/H) (Supplementary Table 2;
Supplementary Fig. 2). All Y2H screenings were performed in the same conditions, and
the strength of the interactions was assessed by using SD -L/W/H plates supplemented
with 2.5 mM 3-Amino-1,2,4-triazole (3-AT), a competitive inhibitor of HIS3 that reduces
histidine production by the yeast. Interactions were considered strong when diploids

grew in the presence of 3-AT, and weak when they did not.

Heterologous complementation in A. thaliana and M. polymorpha. Plasmids were
generated using a combination of Gateway™ (Invitrogen) and GoldenBraid (GB)*
systems. A pRGA:GW:YFP:tRGA Destination Vector was built containing a 3.7-Kb
fragment upstream of the RGA start codon, the Gateway recombination cassette, the
gene encoding Yellow Fluorescent Protein (YFP), and the 2.8-Kb sequence downstream
the RGA stop codon. As selection marker, we used the fluorescent protein DsRED under
the control of the seed-specific At2S3 promoter and the 35S terminator*. All full-length

sequences used in this study were cloned into the Gateway cassette.



For M. polymorpha, we used a previously described pMpGWB106-MpDELLA’
plasmid harboring a 356S:MpDELLA-Citrine cassette, and built an analogous plasmid for
AtRGA overexpression in M. polymorpha transferring the RGA gene from a Gateway
entry plasmid into the pMpGWB106 destination vector*® by LR Clonase |l (Invitrogen)
reaction as described above.

Transgenic A. thaliana plants were examined for DELLA subcellular localization
using confocal microscopy, and for DELLA levels by western blotting with anti-GFP (JL-
8) and anti-DET3 as control (Clontech) (Extended Data Fig. 3). Two independent lines
were chosen from each set for further phenotypical analysis. All tests were performed in
the presence of PAC to maximize DELLA accumulation. For all in vitro assays, seeds
were sown in half strength MS medium supplemented with PAC (1 pM for the
germination tests and 0.5 uM for the rest). Hypocotyl length and apical hook angle were
measured for 20-40 seedlings of each line using ImageJ*®. Fresh weight was determined
for 28-32 seedlings of each line, in sets of 4. Germination ratios were examined using
75 seeds from each line after 24h at 22°C in darkness. Seeds were considered
germinated if emerging radicles were detected under binocular microscope. Tolerance
to salt stress was assessed by transferring 7-day-old seedlings (50 seedlings per line)
grown in light, to plates supplemented with 250 mM NacCl, and counting the number of
surviving seedlings after 6 days. Seedlings were considered alive when green areas
were observed. For size measurement in adult plants, seeds were sown in individual
pots containing soaked soil mix (2:1:1 peat, vermiculite and perlite), and grown under a
long-day photoperiod. After 7 days, plants were watered once a week with 10 yM PAC
dissolved in water. The length of the main stem, from the rosette to the tip, was measured
in 30-day-old plants (18 plants per line). One-way ANOVA with post-hoc Tukey HSD test
was employed to find statistically significant differences between phenotypes of different

complemented lines.

Quantitative RT-PCR and transcript copy count analysis. For quantification of
MpDELLA and AtRGA transcript abundance, 14-days-old M. polymorpha plants were
flash-frozen and homogenized in liquid nitrogen. Total RNA was extracted using the
RNeasy Plant Mini Kit (Qiagen) following manufacturer's instructions. cDNA was
prepared from 1 ug total RNA using NZY First-Strand cDNA Synthesis Kit (Nzytech).
Quantitative PCR was performed using 1 ul of cDNA per reaction in a 10 pl total volume
with SYBR Premix ExTaq (TliRNaseH Plus) Rox Plus (Takara Bio Inc). For transcript
copy count, the full length CDS of MpDELLA, AtRGA and MpEF1a (Mp3g23400) were
amplified, purified, and quantified in a Qubit 4 Fluorometer using the Qubit dsSDNA BR

Assay Kit (ThermoFisher). After quantification, serial dilutions were made to construct
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calibration standard curves for each gene. The number of gene transcripts was
determined for each sample and normalized using MpEF71a transcript number.
Quantitative PCR in plant samples and for standard curve construction were performed

in a QuantStudio 3 real-time PCR system (ThermoFisher).

RNA-seq analyses. For the transcriptomic analysis of AtdellaKO complementation with
DELLAs from different species, seven-day-old seedlings grown in long-days with 0.5 yM
PAC were collected. For the comparative analysis of DELLA function in A. thaliana, S.
lycopersicum, O. sativa, S. kraussiana and P. patens, wild-type and della mutant plants
of the first three species were grown in the presence of PAC at the minimal concentration
that caused maximal reduction of hypocotyl or coleoptile growth (Supplementary Fig. 3),
which was 0.5 uM for A. thaliana and 5 uM for S. lycopersicum and O. sativa. Soil-grown
S. kraussiana plants were submerged in water with either 10 yM PAC or 100 uM GA4.7
up to the bottom half of the pots, and sprayed 24 and 72 h after watering, with the same
solutions (this time including 0.02% Tween 20), similarly to previously described?®.
Tissue samples were collected 1 h after the second spray. P. patens wild-type and
Ppdellaab mutants were grown as described above. The transcriptomic analysis of
MpDELLAoex plants has been previously described’.

Total RNA was extracted from triplicate samples with the RNeasy Plant Mini Kit
(Qiagen), and the RNA concentration and integrity (RIN) were measured in an RNA
nanochip (Bioanalyzer, Agilent Technologies 2100). The preparation of libraries and
subsequent sequencing in an lllumina NextSeq 500 platform was carried out at Beijing
Genomics Institute (BGI) yielding at least 20M 100-bp paired-end reads per sample. The
read qualities were explored using FastQC version 0.11.9. The adaptors were removed
from the reads processing the paired-end files together using bbduk version 38.42 with
the default adapters file and the following parameters: “ktrim=r k=23 mink=11 hdist=1".
Next, the reads were quality filtered using Trimmomatic*’ version 0.39 with the following
parameters: “-phred33 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:35”
and the quality of the filtered files was assessed with FastQC.

For the de novo assembly of the full S. kraussiana transcriptome, all the available
filtered reads were included, and Trinity*® version 2.9.1was used with default parameters.

For the differential expression analysis, the full genome and transcriptome were
downloaded from NCBI for A. thaliana, O. sativa, P. patens, and S. lycopersicum. A
decoys file was created for each species using the genome and next the index was
created using the index command from Salmon *° version 1.1.0. The full transcriptome
of S. kraussiana was indexed without a decoys file given the lack of a genome assembly.

The number of reads per transcript was determined with salmon quant using the —
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validateMappings parameter and the filtered reads file. Both paired-end files while
processing each replicate when available. Using the accessory scripts
abundance_estimates_to_matrix.pl from Trinity a matrix with counts per transcript in all
the replicates was obtained. Finally, the differential expression analysis using DESeq2
was performed using the run_DE_analysis.pl accessory script from Trinity. All the
detected DEGs for the complementation of AtdellaKO can be found in Supplementary
Table 2, and DEGs for the five species can be found in Supplementary Table 7.

For the definition of orthologous genes, the full proteome was downloaded for the
aforementioned species in NCBI and for S. kraussiana, the proteome was obtained from
TransDecoder (https://github.com/TransDecoder/) version 5.5.0 output of our full
transcriptome assembly. Next, the longest isoform was selected for each gene and the
proteins were written on a single file per species in the same folder. Finally, OrthoFinder®®
version 2.3.11 was run on the folder containing the proteomes with default parameters.
The obtained orthogroups are listed in Supplementary Table 8.

GO enrichment and TF enrichment analyses were performed using the
corresponding tools available at PlantRegMap®’, selecting the corresponding species for
each dataset and “all” in the Method options. A TF is considered enriched if the number
of possible targets for it on the input list of genes is higher than expected; and a gene is
considered a target if there is experimental evidence or it has cis regulatory elements or
binding motifs for the TF. The obtained data were represented using Cytoscape, and

they can be found in Supplementary Tables 5, 6 and 10.

Analysis of gene regulatory networks. To identify A. thaliana TFs putatively
recognized by all heterologous DELLA proteins when expressed in A. thaliana, we run
the TF-enrichment tool provided by PlantRegMap®' on the list of 211 DEGs common to
all DELLA (Fig. 3a) and selected the subset of those known to interact with AtDELLAS®.
The result was graphed using Cytoscape. To identify TFs that could putatively mediate
the DELLA-dependent transcriptional regulation exclusively exerted by SIPRO in the
AtdellakO mutant (Fig. 3e), we followed this pipeline: (1) Run the TF enrichment tool
provided by PlantRegMap®' on the Arabidopsis genes misregulated only in the line
expressing SIPRO; (2) Focus on the TFs over-represented with a p-value<0.001. Most
of them belong to the ERF family and are known to interact with AtDELLAS®, so they are
not the candidates to mediate SIPRO-exclusive regulation. However, some of them are
also misregulated in the complemented line, so we hypothesize that SIPRO might
regulate an upstream regulator of one of those ERFs; (3) Extract all the possible TF-cis

element regulations for ERF2, eliminate those that interact with AtDELLA, select 4 at
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random (RTV1, AT1G74840, AT1G76870, AT5G01380), and test the interaction with A.
thaliana and S. lycopersicum DELLAs by Y2H (Fig. 3f).

To identify TFs that could putatively mediate the species-specific DELLA-dependent
transcriptional regulation and compare between species, we did the following: (1) For
each species, select the set of genes under DELLA regulation exclusively in that species;
(2) Run the TF enrichment tool provided by PlantRegMap®'; (3) Extract the list of TF-
target regulations for those enriched TFs; (4) Search for the occurrence of those TF-
target regulations among the orthologous targets in the other species. Two situations
may occur: (a) the occurrence is low, which implies that the reason why DELLA does not
regulate those genes in the other species may be the diversification of the cis elements
in those promoters; (b) the occurrence is high, which means that those genes are
conserved targets for the same TFs in the other species, and if they are not DELLA-
dependent targets it may be because DELLA does not interact with those TFs in the

second species.

Data availability

All materials generated in this study are freely available upon request from the
corresponding author. All data are available in the main text or the supplementary
materials. The RNA sequencing data generated in this study have been submitted to the
NCBI BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/) under accession
numbers PRJINA695247 (“Complementation of an Arabidopsis thaliana dellakO with
DELLAs from different plant species”) and PRJNA695244 (“DELLA-dependent

transcriptomes in different plant species”).
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Figure Legends

Fig. 1 | Capacity of interaction of DELLAs from different plant lineages. a, Scheme
of plant phylogeny depicting representative species of the lineages selected for this
study. b, Interaction between each DELLA and the corresponding orthologs in each
species of a core set of AtTFs known to interact with AtDELLAs. Green squares
represent positive interaction results in a yeast 2-hybrid assay. Dark grey squares
indicate that no orthologous TF could be found in that species. BD- and AD- denote in-
frame fusions to the GAL4 DNA Binding- and Activation Domains, respectively. Negative
controls include either the empty BD- or AD- vectors, indicated with @. ¢, Heterologous
interaction between DELLAs from different species and the selected AtTFs. AncDELLA
is the reconstructed most likely GRAS domain of DELLA in the last common ancestor of
land plants. AtSCR, AtSCL3 and MpGRAS7 are the A. thaliana and M. polymorpha
proteins representative of the GRAS clade most closely related to the DELLA clade. d,
Heterologous interaction between AtRGA and the set of orthologous MpTFs used in a.
e, Scheme of the strength of interaction between homologous and heterologous DELLA-
TF pairs of A. thaliana and M. polymorpha. Each diamond represents the interaction
between AtRGA or MpDELLA with either an AtTF or its M. polymorpha ortholog in a
yeast 2-hybrid test. The color indicates the strength of the interaction; if growth is visible
in the presence of 2.5 mM 3-AT, it is classified as “strong”; if it is visible only in the
absence of 3-AT, it is “weak”. The number in the center of each diamond represents how

many DELLA-TF combinations show that particular behaviour.

Fig. 2 | Heterologous complementation of DELLA function. Wild-type A. thaliana
plants (WT), plants mutant for the five DELLA genes (AtdellaKO) and AtdellaKO plants
transformed with DELLAs from the species indicated (At, SI, Pa, Sm, or Mp) under the
control of the AtRGA promoter and terminator, had their phenotypes examined in the
presence of PAC (a-e). a, Hypocotyl length of 3-day-old seedlings grown in darkness
(n=28 seedlings; black bar is the mean). b, Fresh weight of 7-day-old seedlings (n=6

individuals per genotype; black bar is the mean). ¢, Images of representative 30-day-old
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plants showing the effect on inflorescence length. Scale bar=5 cm. d, Hook angle of 3-
day-old seedlings grown in darkness (n=18 seedlings; black bar is the mean). e,
Percentage of seedlings surviving the presence of 250 mM NaCl (n=3 independent
biological replicates with 150 seeds per test). f, Thallus size of 14-day-old M. polymorpha
plants overexpressing MpDELLA or AtRGA under the control of the 35S promoter (n=26
gemmalings; black bar is the mean). g, Images of representative M. polymorpha plants
used in f. Letters in a, b, d, e and f indicate statistical differences between groups after
one-way ANOVA followed by Tukey’s HSD post hoc test (p<0.01).

Fig. 3 | Behaviour of DELLAs from different plant lineages as transcriptional
regulators in A. thaliana. a, UpSet plot representing the overlap of DEGs regulated by
the different DELLAs (according to the RNAseq analysis using line #1 of each DELLA
transgenic construct). Colours indicate the proportion of genes up- and down-regulated
in each case. The 211 genes regulated by all DELLAs have been highlighted in pale
blue. b, Heatmap of fold-change values among DELLA targets common for at least three
species. The largest overlap is observed between the DELLAs of the three
spermatophytes (A. thaliana, S. lycopersicum and P. abies). ¢, GO categories (Biological
Process) enriched among the targets of DELLAs common to at least two species. d,
Network representation of the 211 DEGs common to DELLAs from all species, showing
the most likely regulators according to TF enrichment analysis. e, Scheme representing
the most likely small gene regulatory network that would explain the regulation of
SIPRO’s exclusive downstream targets in A. thaliana, highlighting the three most-
upstream regulators (in green). f, Yeast 2-hybrid assay showing the interaction of two of
the most-upstream A. thaliana regulators with SIPRO, but not with AtRGA. H, Histidine;
3AT, 3-amino-1,2,4-triazole.

Fig. 4 | Comparison of the transcriptional regulatory activity of DELLAs across the
plant lineage. a, UpSet plot representing the overlapping and unique OGs regulated by
DELLA in the different species. b, ReviGO representation of the GOs overrepresented
in at least four of the species examined. ¢, Degree of conservation of enriched TF-
promoter regulatory interactions that mediate putative DELLA regulation exclusive in one
species, when compared with the corresponding orthologous sets in the other four
species. Smaller circles indicate that the original TF-promoter interaction pairs do not
happen in the other species. Larger circles indicate that the same TF-promoter
interaction pairs in one species are present as orthologous TF-promoter in the other
species —suggesting that the reason for the orthologous genes not being DELLA targets

is because of lack of the necessary DELLA-TF interactions in that species. An example
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10.

11.

12.

13.

14.

15.

16.

17.

18.

is the conservation between SIDOF14-promoter and AtDOF1-promoter interactions. d,
Yeast 2-hybrid assay showing that protein-protein interaction between SIPRO and
SIDOF14 is not conserved between the orthologous pair in A. thaliana: AtRGA and
AtDOF1. H, Histidine; 3AT, 3-amino-1,2,4-triazole.

References

Claeys, H., de Bodt, S. & Inze, D. Gibberellins and DELLAs: central nodes in growth
regulatory networks. Trends Plant Sci 19, 231-239 (2014).

Vera-Sirera, F., Gomez, M. D. & Perez-Amador, M. A. DELLA proteins, a group of GRAS
transcription regularors, mediate gibberellin signaling. in (ed. Gonzalez, D. H.) 313-328
(Elsevier/Academic Press, 2015).

Daviere, J. M. & Achard, P. Gibberellin signaling in plants. Development (Cambridge)
140, 1147-1151 (2013).

Marin-de La Rosa, N. et al. Large-scale identification of gibberellin-related transcription
factors defines group VII ETHYLENE RESPONSE FACTORS as functional DELLA
partners. Plant Physiol 166, 1022—-1032 (2014).

Lantzouni, O., Alkofer, A., Falter-Braun, P. & Schwechheimer, C. GROWTH-
REGULATING FACTORS Interact with DELLAs and Regulate Growth in Cold Stress.
Plant Cell 32, 1018-1034 (2020).

Yasumura, Y., Crumpton-Taylor, M., Fuentes, S. & Harberd, N. P. Step-by-Step
Acquisition of the Gibberellin-DELLA Growth-Regulatory Mechanism during Land-Plant
Evolution. Current Biology 17, 1225-1230 (2007).

Hernandez-Garcia, J. et al. Coordination between growth and stress responses by
DELLA in the liverwort Marchantia polymorpha. Current Biology 31, 3678-3686.e11
(2021).

Phokas, A. & Coates, J. C. Evolution of DELLA function and signaling in land plants.
Evol Dev 23, 137-154 (2021).

Blazquez, M. A., Nelson, D. C. & Weijers, D. Evolution of Plant Hormone Response
Pathways. Annu Rev Plant Biol 71, 327-353 (2020).

Hernandez-Garcia, J., Briones-Moreno, A. & Blazquez, M. A. Origin and evolution of
gibberellin signaling and metabolism in plants. Semin Cell Dev Biol 109, 46-54 (2021).
Hernandez-Garcia, J., Briones-Moreno, A., Dumas, R. & Blazquez, M. A. Origin of
Gibberellin-Dependent Transcriptional Regulation by Molecular Exploitation of a
Transactivation Domain in della Proteins. Mol Biol Evol 36, 908-918 (2019).
Blanco-Tourifian, N., Serrano-Mislata, A. & Alabadi, D. Regulation of DELLA Proteins by
Post-translational Modifications. Plant Cell Physiol 61, 1891-1901 (2020).

Dill, A. & Sun, T. P. Synergistic derepression of gibberellin signaling by removing RGA
and GAI function in Arabidopsis thaliana. Genetics 159, 777—785 (2001).

King, K. E., Moritz, T. & Harberd, N. P. Gibberellins are not required for normal stem
growth in Arabidopsis thaliana in the absence of GAl and RGA. Genetics 159, 767-776
(2001).

Achard, P. et al. Gibberellin signaling controls cell proliferation rate in Arabidopsis. Curr
Biol 19, 1188-1193 (2009).

Cao, D., Hussain, A., Cheng, H. & Peng, J. Loss of function of four DELLA genes leads
to light- and gibberellin-independent seed germination in Arabidopsis. Planta 223, 105—
113 (2005).

Alabadi, D., Gil, J., Blazquez, M. A. & Garcia-Martinez, J. L. Gibberellins repress
photomorphogenesis in darkness. Plant Physiol 134, 1050-1057 (2004).

Achard, P., Renou, J. P., Berthomé, R., Harberd, N. P. & Genschik, P. Plant DELLAs
Restrain Growth and Promote Survival of Adversity by Reducing the Levels of Reactive
Oxygen Species. Current Biology 18, 656—660 (2008).

16



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Morris, J. L. et al. The timescale of early land plant evolution. Proc Natl Acad Sci U S A
115, E2274-E2283 (2018).

An, F. et al. Coordinated regulation of apical hook development by gibberellins and
ethylene in etiolated Arabidopsis seedlings. Cell Res 22, 915-927 (2012).

Ikeda, A. et al. slender rice, a constitutive gibberellin response mutant, is caused by a
null mutation of the SLR1 gene, an ortholog of the height-regulating gene
GAI/RGA/RHT/D8. Plant Cell 13, 999—-1010 (2001).

Bassel, G. W., Mullen, R. T. & Bewley, J. D. Procera is a putative DELLA mutant in
tomato (Solanum lycopersicum): effects on the seed and vegetative plant. J Exp Bot 59,
585-593 (2008).

Hirano, K. et al. The GID1-mediated gibberellin perception mechanism is conserved in
the lycophyte Selaginella moellendorffii but not in the bryophyte Physcomitrella patens.
Plant Cell 19, 3058-3079 (2007).

Jones, D. M. & Vandepoele, K. Identification and evolution of gene regulatory networks:
insights from comparative studies in plants. Curr Opin Plant Biol 54, 42—48 (2020).
Romani, F. & Moreno, J. E. Molecular mechanisms involved in functional macroevolution
of plant transcription factors. New Phytologist 230, 1345-1353 (2021).

Briones-Moreno, A. et al. Evolutionary analysis of DELLA-associated transcriptional
networks. Front Plant Sci 8, (2017).

Livne, S. et al. Uncovering DELLA-Independent Gibberellin Responses by
Characterizing New Tomato procera Mutants. Plant Cell 27, 1579-1594 (2015).

Vesty, E. F. et al. The decision to germinate is regulated by divergent molecular networks
in spores and seeds. New Phytologist 211, 952—966 (2016).

Ishizaki, K., Chiyoda, S., Yamato, K. T. & Kohchi, T. Agrobacterium-mediated
transformation of the haploid liverwort Marchantia polymorpha L., an emerging model for
plant biology. Plant Cell Physiol 49, 1084—1091 (2008).

Murashige, T. & Skoog, F. A revised medium for rapid growth and bioassays with
tobacco tissue cultures. Physiol Plant 15, 473—497 (1962).

Gamborg, O. L., Miller, R. A. & Qjima, K. Nutrient requirements of suspension cultures
of soybean root cells. Exp Cell Res 50, 151-158 (1968).

Moody, L. A. et al. ARABIDILLO gene homologues in basal land plants: species-specific
gene duplication and likely functional redundancy. doi:10.1007/s00425-012-1742-7.
Kubota, A., Ishizaki, K., Hosaka, M. & Kohchi, T. Efficient Agrobacterium-mediated
transformation of the liverwort Marchantia polymorpha using regenerating thalli. Biosci
Biotechnol Biochem 77, 167—-172 (2013).

Clough, S. J. & Bent, A. F. Floral dip: A simplified method for Agrobacterium-mediated
transformation of Arabidopsis thaliana. Plant Journal 16, 735-743 (1998).

Li, F. W. et al. Anthoceros genomes illuminate the origin of land plants and the unique
biology of hornworts. Nat Plants 6, 259-272 (2020).

Wallace, I. M., O’Sullivan, O., Higgins, D. G. & Notredame, C. M-Coffee: combining
multiple sequence alignment methods with T-Coffee. Nucleic Acids Res 34, 1692—1699
(2006).

Guindon, S. et al. New Algorithms and Methods to Estimate Maximum-Likelihood
Phylogenies: Assessing the Performance of PhyML 3.0. Syst Biol 59, 307-321 (2010).
Proost, S. et al. PLAZA: A comparative genomics resource to study gene and genome
evolution in plants. Plant Cell 21, 3718-3731 (2009).

Patel, R. v., Nahal, H. K., Breit, R. & Provart, N. J. BAR expressolog identification:
expression profile similarity ranking of homologous genes in plant species. The Plant
Journal 71, 1038-1050 (2012).

Goodstein, D. M. et al. Phytozome: a comparative platform for green plant genomics.
Nucleic Acids Res 40, D1178-86 (2012).

Chen, F., Mackey, A. J., Stoeckert, C. J. & Roos, D. S. OrthoMCL-DB: querying a
comprehensive multi-species collection of ortholog groups. Nucleic Acids Res 34,
(2006).

17



42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Leebens-Mack, J. H. et al. One thousand plant transcriptomes and the phylogenomics
of green plants. Nature 574, 679-685 (2019).

Sarrion-Perdigones, A. et al. GoldenBraid 2.0: a comprehensive DNA assembly
framework for plant synthetic biology. Plant Physiol 162, 1618—1631 (2013).
Aliaga-Franco, N. et al. Identification of Transgene-Free CRISPR-Edited Plants of Rice,
Tomato, and Arabidopsis by Monitoring DsRED Fluorescence in Dry Seeds. Front Plant
Sci10, (2019).

Ishizaki, K. et al. Development of gateway binary vector series with four different
selection markers for the liverwort marchantia polymorpha. PLoS One (2015)
doi:10.1371/journal.pone.0138876.

Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years of
image analysis. Nat Methods 9, 671-675 (2012).

Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer for lllumina
sequence data. Bioinformatics 30, 2114-2120 (2014).

Grabherr, M. G. et al. Full-length transcriptome assembly from RNA-Seq data without a
reference genome. Nat Biotechnol 29, 644—-652 (2011).

Patro, R., Duggal, G., Love, M. |, Irizarry, R. A. & Kingsford, C. Salmon provides fast
and bias-aware quantification of transcript expression. Nat Methods 14, 417-419 (2017).
Emms, D. M. & Kelly, S. OrthoFinder: Phylogenetic orthology inference for comparative
genomics. Genome Biol 20, (2019).

Tian, F., Yang, D.-C., Meng, Y.-Q., Jin, J. & Gao, G. PlantRegMap: charting functional
regulatory maps in plants. Nucleic Acids Res 48, D1104—-D1113 (2020).

Ritter, B. et al. Two WXXF-based motifs in NECAPs define the specificity of accessory
protein binding to AP-1 and AP-2. EMBO Journal 23, 3701-3710 (2004).

18



Chromatin
/Transcription

H
[}
£
[©)

NAC AP2

Zn finger

TCP_ MYB G2

TF family

b

|
[ |
|
|
HEN
|
|
| |
[ | [ | ] | [ |
H BN il ol [ |
» ~ <0 = » <O NN T O
Eg €33 £ $233333%3
¢ £%EE < ZSzagraah
< <9258 4 R-N-N-N-N-F- N
£=2 B fde§§aec=
svuoV1130-a9 .svuoV1130-08
[3)
M‘
P —
g a
o M3 MaMis z g
o = o c 0 (=% %
2 2 5 E £ 8
e} & = 9] > &
4 2 = a ¢ > =

E

TF family
AD-MpTFs

Liverworts

Hornworts

GA-GID1
\
DELLA
\

AISCL3*
MpGRAS7

Green algae

TF/IR

Weak
Strong

§ Interaction
1%

L 2
&

P

At M

$328:2

dn v dw o dn
v113aa

4]
zns1dn [l
9a4ddn [ Il
24730
reaandn
vA-INdn I
anHdn [l
SLEAN-YLAN [
iodn I
BNECY ||
zvrdn I
2| zsavwan N
E| rsavidn
Ldoadw il I
edizadn I
zaHzodn I
xomdw [l Il
1xonxdn [ I I
111384
viiaadn [N
Lsvaodn [l
2yzg9dn
Ladvan I
8L4y3dn
2ovNdn I
rovndn I
oxagdn
yxaadn [l
oVrdn
elqadn NN
Nwxdi [
axxdy [l
ergandn 1IN

zdoLdn [N
rdoLdn [N
ZyHIHadN [l
Jiddn N
AoAndn I
veHHadn [

[AECY |

Chromatin
/Transcription

No interaction

M Interaction
NAC GRAS Homeobox

Zn finger

TCP MYB G2-

bHLH

AtRGA
MpDELLA
MpGRAS7

svaoV1130-0a8

Figure 1



Hypocotyl length (mm)
T3

(degrees)
g

le

100

Hook ang
3

e e
I LAPE ¥
-
- o o 317
i B
l b b b ¢ g
b b =
< 2 ? ‘
e & 20 4
® 5
&
L=
a a ab c cd
0 ~ bc
- S de
—— ef de
L f
9 : g
—_ -,
= &
#OH2 #1#2 M H2 #1 O #2 #1 #D W
» 0 9 X N
WT o g K @»\Y
» S N NG 0
LS W
L dellako:

o

Fresh weight (mg)

Surviving seedlings (%)

60

40

20

ab

= be

#1 #2 #1 #2 #1 O #H2 M H#H2 ##H2

WT

o Q\O \}'L \}’\ N3
?:{% of QQO(,,\, OQ’\’ 0(,/\/

o

dellak®

Figure 2

#1

o

dellak®.

@,
SIPRO

= e s
PaDELLA2 SmDELLA1

35S,

1 1 1 1
wWT a |
#1 | b
3
g #2 | bc
o
=|#3 | be
#1 { #o cd
<
O] ® 5 ®
z (" ( d
<<
#3 ® } ad

dellak®.

Thallus projection area (cm?)
00 02 04 06 08 1.0

<
3
]
Q
joN
=
4
u L
2]
L3¢

“Sge——

—— VOV



SN
I Q~0 ngv 0@’3 QQ/ QQ/\/
@ 2000 & N ¢ & X
o 1 1 1 1 ]
2 4
3 |
» 1000 791
_§ - 475 527 -2
= 2 67 33 38 3 16 3 217 4 4g g 244 1012 5 2049 14 7
- m -0
[——338]  ARGA I ®
4723|  SIPRO I ® g [ 2
2894 PaDELLA2 ® I-.4
469[] SmDELLA1 I ® 3 —
MpDELLA P W
4000 2000 0 © Upregulated genes @ Downregulated genes
Set size
o =
2@ o °.> o I~
o a\\ & < Q‘ e‘ﬁ S o ’6“00 \e{\“ e‘0‘
o) O g o o e & - c}‘o‘*‘ aoﬂ\"ada‘ege’\ o Ta 4® e\°@° o
© o8 &\@“ o*‘e‘\a g oS 0 o P (0 o e o o o
" ‘\ " EP\ &£ P 50\ <« @ @
9990(\ eg\‘ g\‘\g eer oe\\\)'b‘ ec.,&)o ec.,Qo ‘\00*0990(\ eeQO“ ecRo‘\ @‘(\.\ ’5\2\‘(\6‘&\ & & 0990(\ é@‘e‘\ é@'\e(\
' ' ' ' ' | ' ' ' ' ' ' ' Fold
AtRGA ® - . L4 Gene ratio  enrichment
20
SIPRO ® o . 0.20 |
15
PaDELLA2 ° ° @ 0
SmDELLA1 ° K ) " ) ° @on . E
MpDELLA () ® o 0 O @® 005 o
e f
TCP4
ToP15 O O AT5G01380 AT1G74840 BD-ARGA _BD-SIPRO
-H
o Tcp AT1G76870 RTV1 WHH 4H +3AT
‘ oer D@ DDDD
© bHLH
© carP2 = ADRTVI DDDD
O MYB RVE4 AlL2
~
© NAC ¢ ¢ AD-AT1G76870
@ WRKY
@ BEH ERF3 LEP
i Ny S e | | | ] ]
WRKY28
Other.SIPRO AD-AT5G01380
target genes

Figure 3

abueyo pjoy zbo



Semantic space Y
o

S. lycopersi bo

S. k

M. polymorpha

1000

Intersection size

0
A. thaliana @

O. sativa QO¢

P. patens

phenylpropanoid
metabolic process

response to
— biotic stimulus

"\ response to
abiotic stimulus

developmental process

growth

monosaccharide
metabolic process

/

lipid metabolic
process
L

4

0

4

Semantic space X

GO category

General process
Primary metabolism
Secondary metabolism

Response to stimuli
and/or stress

Development and growth

Ne° of species

€99

Species-specific regulations

—_——
——s |
C——
——
J——
—— ]
f— e
—— |ur
—0—0 |z

I. I

A. thaliana

S. lycopersicum

O. sativa

P. patens

M. polymorpha

Conserved cis elements

Figure 4

Set size
0 2000 4000
L) N7
[ ) 4592
[ ] 3249
(] [—T568]
[ J 1553]
[ ) 3540)
d ) o o
l 6;2’ Q/V\S”
BD Q_Ca?" L8
m\ ¢ v 5 &
Conserved 1|
regulations (%) +H
O 100 -H
+3AT
O -
5 "
10 < B
o5 I | I | | N +3AT
3 +H
L
ol === =
a -H
2] +3AT




5
3 3 S g
= 8§’
2 g 28§ F5755
28,2383 §§ § &
3 Bseriidg s $ $
% % thecsRdd | F/FF
W BR[0T 7 -
Y KAVSIR P g
K “\® oS F
X, %, o b= & «?@» &
a o ’%& . — FE$
5 — ~ N
OQC: "0 P - : 0
DELLA2 o 3 S
22 «éf@é,@ 5
5
Yoo s : w&v@@»&
g 7 NS % o
= 4 &
Coade,,  Pota Eliay ov“““\} osRY \
! 7/ alRT \ csoe
w v bt EgDELLAZ
MeDELLRy A2 AROA®
MgDELLA7 [ A Subs./residue DELLAbryo . awAl
DeDELLAT % 05 AR o
@siPRO | Ao
chEL§1 ¢ ¢ FROELEAsO
AchDELH \ 3 o Smog,
pELLK pAle
port y = oy
e « ) A7
paf ’ /%OQQ% o,
02 L ® L4,
A Y
2® % o
W R\
o IS 2 g d ¢
> 4 = 0,
o )73 %
S5 AR
S FE b 4
& S ETITIE S > B My, ® g
6(/ o‘v F < o & o 4 % % 2,
S S %%, <
P < § 3\
N < o K
& Sy E 5% %
3338 2832 % % %,
gglagbgars %
§8:* 8% £5 @ R
DELLA1/2 g & §°
g = DELLA3

Osmpg, vy

)
<
062?«7,
% &
<4
>

Rosids

Basal rosids
Asterids

Basal asterids
Basal eudicots

-0-04

Monocots

Basal monocots
Basal angiosperms
Gymnosperms
Ferns

Lycophytes
Mosses

Liverworts
Hornworts

QO Presence
Absence



+||| o .||_33
_II. a .IITooOo
TIOY IY [ T
F-{ = - e

TI .w IIII_.oo
TI 2 II._ooo

T = II._oooo
T © ||I|_oooo

T © |I|._ooooo

o ® Q < N o
= =] =] IS =] IS

UOI}BAIBSUOD anpisay

SCR SHR LAS SCL4/7 PAT1 LISCL SCL3 HAM GRAS

DELLA



a \’g\\ b dellako proAtRGA:DELLA-YFP:terAtRGA Cc dellako proAtRGA:DELLA-YFP:terAtRGA
© o — —
a\\’t) & — 7 N Y o — 7 N Y T
¥ » AtRGA SIPRO  PaDELLA2 SmDELLA1 MpDELLA AtRGA SIPRO  PaDELLA2 SmDELLA1 MpDELLA
kDa r J J J 11 1 r 11 11 1r 11 1
170 Q| # #®m  #2 ow w2 owm #2 w1 w2 # |koa Q| #2 #1 #2 om w2 # #2 # #2  # |kDa
130 o Lo L
9 i & 2
5 k100 &
o 100 70 ol :17%0
[ < >
0] =70 -5 - 55
o} L 40 - 40
L 55
- 35 35
- 40 s - 25
- 15
=170 ff ﬁ
L L170 [ 170
130 [a) 130 A 130
0 100 1 - 100
= © Lo O - 70
=100
3 >
Q F 55 55
5 0
o 40 - 40
55 L5 F 35
D - L o5
L 40 - 25 - 15
d dellak©
- AtRGA-YFP SIPRO-YFP PaDELLA2-YFP SmDELLA1-YFP MpDELLA-YFP
15.5 —
5o 125 CIMpDELLA
2T g5 OatreA
2y 9
293
o=
2z 35 o
So 351 m — m 4
3 2 3.0% DNy
o
5 C;: 1.5
e .
0 =l L0, ND ND
Tak-1 #1 #2 #3 #1 #2 #3
35S:MpDELLA 35S:AtRGA



Stem length (cm)

40

30

20

b
ab ab

-__—a

WT #1_#2 #1 #2 #1 #2 #1 #2 #1 _#2

P 0 @ 2

?&0 9\??\ Q/\/\y Q/\z\y 0@’\}
& c}‘\o W

b dellak©

Germinating seeds (%)

40

30

20

10

a

ce €

WT #1_#2 #1 #2 #1 #2 #1 #2 #1 #2 .

?.
W

]
%\Q?~

>
o@y &
L

dellak©

\}’\

W

0@”&




AD-@

AD-Solyc06g071230

AD-Solyc09g005560

BD-AtRGA

BD-SIPRO

+H

-H

+H

H
+3AT




