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SUMMARY

Coordinating growth and patterning is essential for eukaryote morphogen-
esis. In plants, auxin is a key regulator of morphogenesis implicated
throughout development. Despite this central role, our understanding of
how auxin coordinates cell fate and growth changes is still limited. Here, we
addressed this question using a combination of genomic screens to delve
into the transcriptional network induced by auxin at the earliest stage of
flower development, prior to morphological changes. We identify a shoot-
specific network suggesting that auxin initiates growth through an antago-
nistic regulation of growth-promoting and growth-repressive hormones,
quasi-synchronously to floral fate specification. We further identify two
DNA-binding One Zinc Finger (DOF) transcription factors acting in an auxin-
dependent network that could interface growth and cell fate from the early
stages of flower development onward.

INTRODUCTION

During morphogenesis of multicellular organisms, undifferentiated cells respond to endogenous cues

and switch identity, resulting in the determination of cell fate patterns and in growth changes. How

cell fate patterns and growth are synchronized to generate complex organisms with stereotypical orga-

nization is a key question in developmental biology. In plants, flowers are formed at the tip of shoot axes

on the flanks of shoot apical meristems (SAMs), in a ring-shaped domain called the peripheral zone (PZ)

(Denay et al., 2017). The small signaling molecule auxin, which is polarly transported, accumulates in few

cells of the PZ where the activation of its transduction pathway leads to organogenesis (Reinhardt et al.,

2003). In the model plant Arabidopsis thaliana, mutations affecting either polar auxin transport (e.g., pin-

formed 1 (pin1) or pinoid (pid)) or auxin signaling (e.g., arf5/monopteros (mp)) result in naked inflores-

cences where floral organogenesis fails (Bennett et al., 1995; Okada et al., 1991; Przemeck et al.,

1996). Auxin primarily acts at the transcriptional level via two families of interacting transcription factors

(TFs) and regulators, termed auxin response factors (ARFs) and auxin/indoleacetic acid (Aux/IAAs) (Ver-

noux et al., 2011). In response to auxin, ARF proteins reprogram gene expression, starting with genes

with ARF binding sites, i.e. auxin response element (ARE), in their regulatory regions (Larrieu and Ver-

noux, 2015).

Despite the essential role of auxin during floral initiation and development, few genes have been iden-

tified as direct auxin targets in SAMs (Wu et al., 2015; Yamaguchi et al., 2013). These include the

APETALA2 TFs AINTEGUMENTA (ANT) and AINTEGUMENTA-LIKE 6/PLETHORA 3 (AIL6/PLT3), the

plant-specific single copy TF LEAFY (LFY) and the YABBY TF FILAMENTOUS FLOWER (FIL). These TFs

promote growth (AIL6/ANT), patterning (FIL, LFY), and floral identity acquisition (LFY), highlighting a

dual function of auxin in regulating both growth and cell fate at the SAM. However, these genes are

induced with a significant delay compared to the onset of auxin-induced transcription and are expressed

only once the flower primordium starts growing out from the SAM (Caggiano et al., 2017; Heisler et al.,

2005; Yamaguchi et al., 2013). Flower initiation occurs dynamically in only a small number of cells that

cannot be easily isolated (Figure 1A) (Besnard et al., 2014), and this has so far prevented the analysis

of the early network acting in the flower founder cells to initiate flower patterning and growth in response

to auxin.
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RESULTS

Genes and processes affected in mutant inflorescences deficient in auxin transport and

signaling

To gain insight into the auxin-dependent network during flower initiation, we used complementary RNA-

seq-based genomic analyses to obtain a global vision of the auxin-regulated gene network in the SAM

before progressively converging on the identification of a high-confidence core network acting during

the early phases of flower initiation (Figure 1B).

Initially, we profiled the transcriptome of dissected wild-type meristems (Col-0) and pin-shaped meri-

stems of mutants pin1-7, pid-9, and mpS319 (all loss-of-function alleles in Col-0 accession, pin1-7 and

Col-0 control already described in Armezzani et al., 2018). From these datasets, we identified 5483 differ-

entially expressed (DE) genes (2927 up and 2556 down, Data S1) that were consistently DE in the three

mutants (Figure 1C). In upregulated genes, the gene ontology (GO) ‘‘Response to cytokinins’’ (FDR =

6.1 3 10�8) was enriched, coherently with the primary function of cytokinin in stem cell niche specification

(Figure 1D and Data S2). In downregulated genes, the GO term ‘‘Flower development’’ (FDR =

1.7 3 10�9) was enriched, showing that this approach effectively captured genes activated during floral

organogenesis. However, the GO terms ‘‘Response to auxin’’ (FDR = 5.5E-2) and ‘‘Auxin-activated

signaling pathway’’ (FDR = 1.5E-1) were only slightly overrepresented among the downregulated genes

(Figure 1D, Data S2). This is likely because of secondary effects of the mutations, for instance compen-

satory physiological or mechanical changes of meristematic tissues due to long-term changes in auxin

signaling activity and to the absence of flowers, hindering the identification of early auxin-responsive

genes in SAMs.

A model system to study auxin early responses in shoot meristems identifies a shoot-specific

network

We thus designed an approach with an increased sensitivity to identify genes regulated by auxin during

early organogenesis. We employed a pharmacological approach using the polar auxin transport inhibitor

NPA to generate pin-like SAMs in vitro (termed NPA pins, Figures 2A–2D). These have been shown to

generate a ring of organogenesis from cells in the periphery in response to exogenous auxin (Sassi

et al., 2014). To further characterize cell identities in NPA pins and confirm their meristematic identity,

we looked at the expression of the synthetic auxin reporter pDR5-3xVENUS-N7 (Vernoux et al., 2011)

and the endogenous reporters pAHP6-GFPer (Besnard et al., 2014) and pSTM-YFP-H4 (Verkest et al.,

2005), which mark differentiated (DR5 and AHP6) and undifferentiated (STM) cells of the PZ (Figures 2E–

2H and S1A–S1I). We observed that while NPA pins have no or barely detectable DR5 or AHP6 expression,

STM is expressed in most cells of the SAM periphery. These results indicate that while cells in the PZ of NPA

pins have ameristematic identity, they remain in an undifferentiated state and unresponsive to auxin. Then,

we looked at the effects of exogenous auxin treatments on the spatial and temporal dynamics of the three

reporters using live imaging. While the DR5 reporter accumulated high levels of fluorescence in all tissues

except in the CZ, as expected, AHP6 was induced only in the periphery (Figures 2I–2L and Videos S1 and

S2). This expression pattern is strikingly similar to primordia-specific genes in pin1 mutants (e.g. LFY and

ANT) (Vernoux et al., 2000). In contrast, the STM reporter showed a progressive reduction of fluorescence

over time in the periphery, consistent with its downregulation during primordia initiation (Figures S1J–S1M

and Video S3) (Long et al., 1996). For the threemarkers, changes in fluorescence were detected after 60 min

(Figure S1N). Together with previous reports (Sassi et al., 2014), our results establish an experimental

framework and define a time window to analyze auxin responses during early stages of flower initiation

in SAMs.

We thus profiled the transcriptome of NPA pins treated with or without auxin for 30 or 120 min to analyze

the dynamics of early auxin responses. We identified 109 and 1448 induced as well as 39 and 1166

repressed genes after 30 and 120 min, respectively (Figures S2A and S2B, and Data S3). As the dynamics

of pDR5-3xVENUS fluorescence accumulation in response to auxin in NPA pins is similar to what was pre-

viously reported in roots (Figure S2C, Videos S1 and S4) (Brunoud et al., 2012), we compared our ‘‘Shoot’’

auxin response transcriptome with a ‘‘Root’’ auxin response transcriptome generated using mature root

tissues as the source of mRNA (De Rybel et al., 2012). We found that only 16% (n = 340) of up- and 10%

(n = 200) of downregulated genes were common to both datasets (Figures 2M and S2D and Data S3). Inci-

dentally, 41% (n = 851) and 43% (n = 932) of up- and 39% (n = 737) and 51% (n = 1054) of downregulated

genes were either shoot or root-specific, respectively. Genes induced only in roots are mainly associated
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with ribosome biogenesis, while repressed ones are involved in photosynthesis (Figure 2N and Data S4). In

contrast, genes induced by auxin only in shoots are associated with lignin and wax biosynthesis, while

repressed ones are involved in stress responses, primarily mediated by jasmonic acid (JA) (Figure 2N

and Data S4). These results demonstrate the large differences in genomic auxin responses in shoots and

roots. They indicate a strong differential competence between these tissues and identify a shoot-specific

auxin-dependent network.

A meta-analysis shows that resources are oriented toward growth during early flower

primordia initiation

To further define a high-confidence auxin-dependent network acting during flower initiation, we consol-

idated our SAM auxin response transcriptome by also profiling the transcriptome of an inducible

repressor of auxin signaling (pRPS5A-GR-bdl (Weijers et al., 2006), Figure 1B) using inflorescence tissues

treated with or without 10mM dexamethasone (dex) for 2 h. The short treatments allowed 121 downregu-

lated and 40 upregulated genes to be identified (Figure S3A and Data S3). Since this is a gain-of-function

approach, genes induced by auxin in NPA pins are expected to be downregulated with dex. Therefore,

we discarded from further analyses genes showing incoherent fold changes (n = 6/161, Figure S3B). The

overlap between dex and auxin datasets (n = 78/155 (>50%), Figure S3B) demonstrates that both ap-

proaches are complementary and captured auxin-responsive genes. In addition, we found a significant

enrichment in ARF5 dap-seq peak in the promoters of regulated genes compared to non-regulated

genes (p-val = 2,9 *10�10, hypergeometric test) (Figures S3D–S3I). For auxin-induced genes, this increase

was most significant at 30 min, suggesting that our experiment captured early regulation of direct

auxin targets. For further analyses, we separated early/direct targets (DE after 30 min of auxin treatments

and/or after dex treatments) from delayed ones (DE only after 120 min of auxin treatments) (Figure S3C

and Data S3).
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Figure 1. Identification of auxin response genes during flower primordia establishment using a combination of RNA-seq screens

(A) pDR5-3xVenus-N7 reporter in wild-type inflorescence SAM shows that auxin responses are activated before any morphological changes occur (I1 stage).

(B) Three RNA-seq screen were used to identify auxin response genes during flower formation. These provide a developmental context, using flower-less

mutants, and auxin responses, using two pharmacological approaches.

(C) Venn diagram showing the overlap between the three mutant datasets.

(D) Heatmap showing the -log10(False Discovery Rate, FDR) for selected ontologies associated with auxin, cytokinin, and flower development in the mutant

datasets.
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We then cross-referenced the auxin response and dex datasets with the mutant datasets. We kept genes

DE in at least two mutants and one pharmacological treatment, making sure that the signs of significant

fold changes were consistent (Data S5). These filters led to 52 early and 289 delayed upregulated as well

as 12 early and 370 delayed downregulated high-confidence genes (Figure 3A and Data S5). Ontologies

enriched with the 52 early- and 284 late-induced genes include ‘‘Flower development’’ and ‘‘Response
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Figure 2. NPA pin as a model system to study hormone responses in SAMs

(A and B) Arabidopsis plants grown on Naphthylphthalamic acid (NPA, 10mM) produce naked inflorescences that morphologically resemble pin mutants.

(C–L) Transverse (C,E,G,I,K) and longitudinal (D,F,H,J,L) sections, as represented by the white and black lines in B, of NPA pins expressing either a cell surface

marker (p35S-Lti6b-GFP) (C and D), an auxin response marker (pDR5-3xVenus) (E–F and I–J) or an AHP6 transcriptional reporter (pAHP6-erGFP) (G–H and K–

L). NPA pins have been mock (C–H) or auxin (IAA, 1mM) treated (I–L) for 16 h.

(M) Heat maps showing genes induced after 2 h of auxin treatments in roots (De Rybel et al., 2012) and/or in shoots (this study).

(N) Selection of gene ontologies enriched either in the root, the shoot or in both datasets. Scale bar = 1mm (A), 60mm (B), 5mm (C–L).

ll
OPEN ACCESS

4 iScience 25, 104683, July 15, 2022

iScience
Article



A

veg_rosette_for_phase_change

C

hypocotyl
stem

_2nd_internode
stem

_1st_node
roots_7_days
roots_17_days
pedicels_flow

er_stage_15
leaf_7_petiol
stam

ens_flow
er_stage_12

sepals_flow
er_stage_15

senescing_leaves
m

ature_pollen
seeds_stage_6
seeds_stage_7
seeds_stage_8
seeds_stage_9
seeds_stage_10
shoot_apex_transition
shoot_apex_inflorescence
flow

ers_stage_9
flow

ers_stage_10_11
shoot_apex_vegetative
siliques_stage_4
siliques_stage_5
siliques_stage_3
petals_flow

er_stage_15
stam

ens_flow
er_stage_15

flow
ers_stage_15

carpels_flow
er_stage_15

flow
ers_stage_12

carpels_flow
er_stage_12

sepals_flow
er_stage_12

petals_flow
er_stage_12

cauline_leaves
leaf_4
leaf_7_distal_half
cotyledons
leaf_2

leaf_12
leaves_1_2
leaf_7_proxim

al_half
leaf_8
leaf_10

AT1G13670
AT5G51670
AT5G47370-HAT2
AT4G36110-SAUR9
AT4G34760-SAUR50
AT5G43700-IAA4
AT1G49200
AT4G38860-SAUR16
AT5G47440-FL6
AT1G49780-PUB26
AT5G43190
AT3G04860
AT1G80100-AHP6
AT3G02000-ROXY1
AT5G66940-DOF5.8
AT3G62100-IAA30
AT3G50410-OBP1
AT4G27260-GH3.5
AT2G28350-ARF10
AT2G23170-GH3.3
AT3G47600-MYB94
AT1G53160-SPL4
AT2G26710-BAS1
AT2G46990-IAA20
AT3G29370

Tissue
Flower
Leaf
Pollen
Root
SAM
Seed
Stem

-3
-2
-1
0
1
2
3

Row-normalised
expression

Delayed

3

1053

841
437

224

26

2893
5

29
2

1
3

2

2

0
2

2228

138

25

975
0

4 2

1546
26

28

311

655

1

pid-9

mpS319

Early

pin1-7

B

14

1196

867
421

164

35

83118
3

2
4

2
2

1

0

2
2

2391

202

42

624
1

0 0

037

20

2

378

657

1

pid-9

mpS319
pin1-7

Early

Delayed

Early_up
D

elayed_up
Early_dow

n
D

elayed_dow
n

response to auxin
cellular response to auxin stimulus
auxin-activated signaling pathway
auxin homeostasis
flower development
cytokinin metabolic process
cytokinin biosynthetic process
response to jasmonic acid
regulation of jasmonic acid mediated signaling pathway
jasmonic acid mediated signaling pathway
cellular response to jasmonic acid stimulus

0

4

8

12
-log10(FDR)

Figure 3. Global analyses reveal a set of genes specifically expressed during floral organ primordia establishment

(A) Overlap in DEGs between the different datasets for genes induced (left) or repressed (right) by auxin. Fold change

have to be consistent (i.e. genes induced by auxin are repressed in pin mutants and vice-versa). Numbers in red indicate
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to auxin’’ while ‘‘Cytokinin metabolism’’ was only enriched with the delayed induced genes (Figure 3B and

Data S6). While no ontologies were significantly enriched in early repressed genes, ‘‘Response to jasmonic

acid’’ was again highly enriched in delayed repressed genes (Figure 3B and Data S6), and an enrichment

was also found for ‘‘Response to salicylic acid’’ and ‘‘Response to abscisic acid’’. These results suggest

that auxin induces first and almost immediately gene networks controlling cell fate in flower primordia.

Cytokinins are essential for cell cycle activation and have recently been shown to be positive regulators

of organ initiation at the SAM (Landrein et al., 2018). Conversely, jasmonic, salicylic, and abscisic acids

repress growth during stress responses (Su et al., 2013; Yang et al., 2012). Auxin could thus prepare the

growth phase through hormonal cross-talks and notably repression of stress hormones quasi-synchro-

nously to cell fate specification. The flower master regulator LFY has also been shown to repress biotic

stress responses (Winter et al., 2011). Our data indicate that orienting resources toward growth at the

expense of stress responses could be a general auxin-dependent property of organogenesis at the shoot.

DOF3.4/OBP1 and DOF5.8 are activated during primordia initiation and potentially link

growth with floral fate acquisition

To functionally assess the capacity of our approach to identify early regulators of organogenesis, we finally

focused on a core network of 14 genes that are identified as consistently auxin-induced across all datasets

and with preferential expression in inflorescence meristems (Figure 3C). Of these 14 genes, seven have

been confirmed as expressed specifically at organ primordia initiation sites using in situ hybridization or

reporter lines (IAA20 and IAA30 (Vernoux et al., 2011), AHP6 (Besnard et al., 2014), ROXY1 (Xing et al.,

2005),MYB94 (Lee and Suh, 2015), SPL4 (Torti et al., 2012), and BAS1(Bell et al., 2012)), one has a confirmed

role during flower development (ARF10 (Liu et al., 2010)) and two others belong to the GH3 gene family,

which regulates auxin metabolism (Staswick et al., 2002), and are markers associated with auxin-responsive

tissues (Hagen et al., 1991) (Table S1). The remaining four genes encodes two proteins of unknown function

and two DOF (DNA binding with one zinc finger) transcription factors (OBP1/DOF3.4 and DOF5.8). Using

whole-mount in situ hybridization and translational reporters, we showed that both DOF genes are ex-

pressed and that the proteins accumulate at flower primordia initiation sites (Figures 4A–4D). OBP1 and

DOF5.8 cluster together on a phylogenetic tree suggesting they might act redundantly (Figure S4 (Yana-

gisawa, 2002)), so we assessed their role using loss of function alleles and overexpressing lines. Although

single and double mutants flowered earlier than the WT (Figure S5), they did not display conspicuous inflo-

rescence phenotypes (Figure S6) or show defects in flower-expressed genes (Figure S7) suggesting both

genes are dispensable under controlled growth conditions. However, when combined with the weak

mpS319 allele, we observed an aggravation of mp seedling phenotypes, notably the formation of tubular

seedlings (‘‘tubes’’), a phenotype we never observed in single mpS319 mutants (Figure 4E). These tubular

seedlings are rootless and have an oval-shaped shoot structure missing cotyledons. This observation is

compatible with both DOFs acting downstream of MP and show that they are required for organogenesis

inmpS319 background. Also, overexpression of OBP1 or DOF5.8 using the RPS5A promoter in wild type re-

sulted in a delay in flowering (Figure S5), consistent with a regulatory role in flowering. Coherently, ontol-

ogies enriched with genes co-expressed either with OBP1 or DOF5.8 include ‘‘Flower Development’’ and

‘‘Shoot System Development’’ (Data S5).OBP1 has in addition been suggested to control the expression of

cell cycle genes (Skirycz et al., 2008) and genes involved in cell growth and auxin responses are DE in a

DOF5.8-inducible dominant-negative overexpression lines (Konishi and Yanagisawa, 2015). Overexpres-

sion of OBP1 or DOF5.8 under the RPS5A promoter induces defects in leaf morphology (Figure S6), consis-

tent with a role on cell proliferation and growth. In addition, expression of DOF5.8, either WT or fused to a

SUPRD repressor motif (Konishi and Yanagisawa, 2015), using an MP promoter leads to even more severe

leaf phenotypes with smaller and highly serrated leaves (Figure S6). To test directly a role for OBP1 or

DOF5.8 in proliferation, we induced expression of either OBP1 or DOF5.8 in the vascular tissue at the

root tip, i.e. in cells where they are not normally expressed. This induction triggered extra cell proliferation

leading to an increased number of vascular cell files (Figures 4F–4K), similarly to the effect observed with

other DOF transcription factors involved in controlling radial growth in the root (Miyashima et al., 2019).

Altogether, this suggests a scenario where these two DOF TFs could act downstream of auxin on flower

development as regulators of growth, through a primary action on cell proliferation. Interestingly, the

Figure 3. Continued

(B) Selection of gene ontologies enriched with early or delayed auxin-responsive genes (see text for definition).

(C) Hierarchical clustering of the 25 induced top targets (i.e. DEGs selected from the high-confidence list (criteria in

Figure S3C)) but DE in all datasets (the mutants and all pharmacological treatments) across 43 different tissues highlights

one cluster of genes with a shoot-specific expression patterns (dashed black square).
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tomato ortholog of DOF5.8/OBP1, SlDO9, acts downstream of auxin and controls inflorescence meristem

and floral meristem differentiation via the regulation of cell division genes (Hu et al., 2022).

DISCUSSION

Consistent with our data, theDOF5.8 promoter is bound byMP in EMSA and ChIP experiments (Konishi et al.,

2015). In addition, MPwas found using DAP-seq to bind bothOBP1 andDOF5.8 promoters in chromatin-free-

isolatedgenomicDNA (Data S7) (O’Malley et al., 2016). Thesepublisheddata indicate that these twoDOFs are

direct MP targets and under direct regulation by auxin signaling. Both genes are also directly activated by LFY

in inflorescences, as demonstrated by ChIP and microarray experiments (Datas S5, S6, and S7), and the LFY

promoter is bound by the two DOFs in DAP-seq data, suggesting that they are potential transcriptional reg-

ulators of LFY (Data S7). Our analysis thus identifies OBP1, DOF5.8, and LFY as elements of a network under

direct control by auxin and at the interface between growth regulation and flower identity specification (Fig-

ure 4L). Consistent with a recently proposed function for LFY in flower outgrowth (Chahtane et al., 2013; Yama-

guchi et al., 2016), the regulation of both OBP1 and DOF5.8 by LFY and vice-versa creates a network revealed

by our genome-wide analysis of auxin responses during flower initiation. This network could be essential in
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(A–D) Expression pattern of OBP1 (A,C) and DOF5.8 (B,D) using whole-mount RNA in situ hybridization and transgenic plants expressing translational

reporters.

(E) Aggravation of mpS319 phenotype in multiple mutants with obp1 and dof5.8.

(F–K) Transactivation of OBP1 or DOF5.8 in wild-type roots leads to additional cell division.

(L) Model showing early and delayed response genes and processes during floral primordia establishment.

Scale bars 20mm (A–D), 1.5mm (E) 50mm (F–H), 25mm (I–K).
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setting the dynamics of the expression of the two DOF genes and the relative timing of growth and identity

changes during early flower development, and further studies will be required to validate this hypothesis.

Limitations of the study

Our study provides datasets of direct auxin target genes in the SAM. However, because of the

technology used (Illumina short reads), alternatively spliced transcripts were not studied. In

addition, genes regulated at a different level (translation, subcellular localization, etc .) are not ac-

counted for. Also, although some of the top target genes identified have been confirmed as

expressed in floral organ primordia, alternative approaches such as RNA in situ hybridis ation or trans-

genic reporter lines are needed to confirm their precise spatiotemporal expression pattern. Finally,

functional redundancy remains the most likely explanation why we could not identify strong pheno-

types in our double mutants as there are more than 30 additional DOF genes in the Arabidopsis

genome.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Sodium carbonate Fluka cat. no. 71350

Sodium acetate Euromedex cat. no. EU0310

Sodium hydrogen carbonate Merck cat. no. 6329

GoTaq reaction buffer, 53 Promega cat. no. M792A

Proteinase K Invitrogen cat. no. 25530.015)

Polyvinylpyrrolidone average molecular weight 40,000 Sigma-Aldrich cat. no. PVP40-100g

Tween 20 Sigma-Aldrich cat. no. P2287

Ficoll 400 Sigma-Aldrich cat. no. F2637

Agarose Euromedex cat. no. DNA grade LE-8200.B

GoTaq DNA Polymerase Promega cat. no. M784A

Tris-HC (1 M, pH 8 and pH 9.5) Euromedex cat. no. 200923.A

Glacial acetic acid VWR cat. no. 20104.298)

DIG RNA labeling mix, 103 containing 10 mM ATP,

10 mM CTP, 10 mM GTP, 6.5 mM UTP and 3.5 mM

DIG-11-UTP

Roche cat. no. 11 277 073

Anti-digoxigenin-AP Fab fragments Roche cat. no. 11 093 274 910; RRID:AB_514500

4-Nitro blue tetrazolium (NBT) chloride solution Roche cat. no. 11 383 213 001

5-Bromo-4-chloro-3-indolyl-phosphate, 4-toluidine

salt (BCIP) solution

Roche cat. no. 11 383 221 001

BSA Sigma-Aldrich cat. no. A8022

Pectolyase Y23 Duchefa cat. no. P9004.0001

Pectinase from Aspergillus Serva cat. no. 31660

Macerozyme R10 Duchefa cat. no. M8002.0005

Cellulase RS Duchefa cat. no. C8003.0005

Histoclear II VWR cat. no. NADIHS-200-1GAL

Dulbecco’s PBS, 103 Scientific PAA cat. no. H15-011

Methanol VWR cat. no. 1.06009.1000

Absolute ethanol Elvetec cat. no. 200093)

Formaldehyde (36% solution stabilized in 9% methanol VWR cat. no. 20909.290

Hydrogen peroxide (H2O2), 30% solution Sigma-Aldrich cat. no. 21.676.3

tRNA from baker’s yeast Roche cat. no. 10 109 495

Salmon sperm DNA Qbiogen cat. no. SADN005

Trisodium citrate dihydrate VWR cat. no. 11A190004

Sodium chloride Euromedex cat. no. 1112.A

Magnesium chloride hexahydrate Calbiochem cat. no. 442611

Formamide VWR cat. no. 24311.291

EDTA Euromedex EU0007-C

DNase I Ambion AM1907

Glycogen from Mytilus edulis Sigma-Aldrich G1767

RNase inhibitor Bioblock EO0381

dNTPS Qiagen cat. no. 10881767001

T7 RNA Polymerase Roche cat. no. 10881767001

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Sodium hypochlorite solution Merck 1056142500, CAS: 7681-52-9

Triton Merck X100, CAS: 9036-19-5

Dexamethasone Merck D4902, CAS: 50-02-2

b-Estradiol Merck E2758, CAS: 50-28-2

NAA (1-Naphthaleneacetic acid) Merck 35745, CAS: 86-87-3

NPA (N-1-Naphthylphthalamidic acid) Merck PS343, CAS: 132-66-1

Agarose Sigma-Aldrich A-2790, CAS: 9012-36-6

Plant agar Meridis P 1001-1, CAS: 9002-18-0

MS basal salt mixture, powder Sigma-Aldrich M5524

Arabidopsis medium Duchefa N/A; custom order with composition

according to Hamant et al. (2002)

Experimental models: Organisms/strains

Columbia 0 accession (Col-0) NASC N1093

mpS319 (Col-0) Donner et al. (2009) SALK_021319

pin1-7 (Col-0) Thomas et al. (2009) SALK_047613

pid-9 (Col-0) Christensen et al. (2000) N/A

obp1 (Col-0) Narsai et al. (2017) SALK_049540

dof5.8-2 (Col-0) Konishi et al. (2015) SALK_02270835

dof58-3 (No-0) This study pst03057

pDR5::3xVenus Vernoux et al. (2011) N/A

pAHP6::erGFP Mähönen et al. (2006) N/A

pSTM::YFP-H4 Verkest et al. (2005) N/A

pRPS5A::GR-bdl Weijers et al. (2006) N/A

pCRE1[XVE]::OBP1/pSAPL::GFP-GUS This study N/A

pCRE1[XVE]::DOF5.8/pSAPL::GFP-GUS This study N/A

pRPS5A::OBP1-GFP This study N/A

pRPS5A::DOF5.8-GFP This study N/A

pOBP1::OBP1-mCherry This study N/A

pDOF5.8::DOF5.8-mCherry This study N/A

Software and algorithms

Fiji https://imagej.nih.gov/ij/ 1.51a

Zeiss LSM https://www.embl.de/eamnet/html/

body_image_browser.html

Zeiss

FastqQC https://www.bioinformatics.

babraham.ac.uk/projects/fastqc/

0.11.3

Tophat2 Kim et al. (2013) v2.0.14

htseq-count https://htseq.readthedocs.io/en/

release_0.11.1/count.html

v0.9.1

DESeq2 Love et al. (2014) v. 1.18.1

R https://cran.r-project.org/ 3.3.1

Pheatmap https://www.rdocumentation.org/

packages/pheatmap/versions/1.0.12/

topics/pheatmap

1.0.12

Deposited data

Project (all datasets grouped in a single Project) SuperSeries GEO: GSE205299
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Teva Vernoux (teva.vernoux@ens-lyon.fr).

Materials availability

Plasmids generated in this study are available upon request.

Data and code availability

RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Acces-

sion number is GSE205299. Microscopy data reported in this paper will be shared by the lead contact upon

request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All mutants used in this study are in Col-0 accession (except where indicated) and the alleles were: mpS319

(T-DNA, SALK_021319 (Donner et al., 2009)), pin1-7 (T-DNA, SALK_047613 (Thomas et al., 2009)), pid-9

(T-DNA and small deletion (Christensen et al., 2000)), obp1 (T-DNA, SALK_049540 (Narsai et al., 2017)),

dof5.8-2 (T-DNA, SALK_022708 (Konishi et al., 2015), dof58-3 (T-DNA, pst03057, No-0 accession)]. The

following reporters and inducible lines were described previously: pDR5:3xVenus (Vernoux et al., 2011),

pAHP6:erGFP (Mähönen et al., 2006), pSTM:YFP-H4 (Verkest et al., 2005), pRPS5A:GR-bdl (Weijers

et al., 2006). The following reporters and overexpression lines are described in this study: pCRE1

[XVE]:OBP1/pSAPL:GFP-GUS, pCRE1[XVE]:DOF5.8/pSAPL:GFP-GUS, pRPS5A:OBP1-GFP, pRPS5A:

DOF5.8-GFP, pOBP1:OBP1-GFP and pDOF5.8:DOF5.8-GFP. Col-0 is the wild-type accession used for all

experiments. Primers used for genotyping are indicated in Table S2.

Plant growth

All genotypes (exceptmpS319) were germinated on soil for RNA-seq (mutants and dex-inducible line), phe-

notyping, confocal microscopy and in situ hybridisation experiments. The plants were initially grown in

short days (8h light, 20�C; 16h darkness, 20�C) for 3 weeks before being transferred to long days for an addi-

tional 3 weeks (16h light, 20�C; 8h darkness, 20�C) to synchronise flowering. Whenever meristems were

dissected (for RNA-seq, phenotyping, confocal microscopy and in situs), plants had bolted few days before

and stems were 2–5 cm high. BecausempS319 homozygousmutants rarely develop a primary root they often

fail to grow beyond the seedling stage. To improve recovery of homozygous mutants, sterilised seeds from

a heterozygous parent were germinated on solid ½ Murashige and Skoog (MS, Sigma) salts (2.15 g/L, pH

5.7), 1% agar plates containing auxin (1-Naphthaleneacetic acid, NAA at 0.1mM) and grown for 10 days in

short days (8h light, 20�C; 16h darkness, 20�C). Plants with distinctive mp phenotypes (fused cotyledons)

but with a visible and growing primary or adventitious roots were transferred on soil and grown for another

2 weeks before being transferred to long days for 3 weeks.

Seeds to generate NPA pins (RNA-seq and confocal microscopy) were surface-sterilised and germinated

on solid Arabidopsis medium (modified MS, see (Hamant et al., 2002) for details) complemented with

N-1-Naphthylphthalamic Acid (NPA, 10mM) and grown for 2 weeks in long days (16 h light, 20�C; 8 h dark-

ness, 20�C). NPA pins used for all experiments did not have any bumps visible on their flank and had a

maximum height of 2 cm.

Seeds for in vitro cultures were sterilised in 20% bleach, 0.1% Triton for 20 min and rinsed three time with

sterile water. Seeds for NPA pins were sown using top-agar to ensure they are evenly spaced, a key param-

eter to obtain good proportions (�10%) of pins with no visible morphological changes. After the third rinse,

water was removed andmolten Arabidopsis medium containing 10mMNPAwas added to the sterile seeds.

Seeds were resuspended in the medium and immediately poured onto round petri dishes already contain-

ing 25 mL of solid Arabidopsis medium (with 10mM NPA) to a density of around 100 seeds/plate. All seeds

were vernalised on plates for 2 days before growing in growth rooms (see conditions above).
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Seeds for OBP1 and DOF5.8 overexpression under oestradiol inducible pCRE1[XVE] promoter were ster-

ilized with bleach containing 0.1% tween for 5 min and rinsed six times with sterile water. Seeds were

vernalized for 3 days, sown on solid ½ MS medium and grown for 4 days in long day conditions (16 h light,

22�C; 8 h darkness, 22�C). Induction was performed by transferring 4 days old seedlings to medium with

5mM 17b-oestradiol (Sigma). All transgenic lines generated in this study were selected based on a single

locus insertion (segregation 3/1 of basta resistance at the T2 generation) and analyzed as homozygous

at the T3 generation.

METHOD DETAILS

Constructs & plant transformation

OBP1 and DOF5.8 promoters and coding sequence were amplified from Col-0 DNA (they are both intron-

less) and cloned using Gateway BP (Invitrogen, promoters) or TOPO cloning (Invitrogen, coding se-

quences) following manufacturer’s recommendations into pDONRP4-P1R (promoters) and pDONR221

(coding sequences). Overexpression (RPS5A promoter, DOF gene and GFP as C terminal fusion) and trans-

lational fusion (DOF promoter, DOF gene and mCherry as C terminal fusions) constructs were assembled

using three-fragment Multi-Site Gateway cloning (Invitrogen) into the binary vector pB7m34GW (Karimi

et al., 2007), transformed into Col-0 or mpS319 and transgenic plants selected on Basta (10 mg/mL). For

ectopic expression of OBP1 and DOF5.8 in the root, their coding sequences were assembled with stele-

specific estradiol-inducible promoter (pCRE1[XVE]) into pHm43GW using Multi-Site Gateway cloning (Sil-

igato et al., 2016), transformed into pSAPL:GFP-GUS (Miyashima et al., 2019) marker line and transgenic

plants selected on hygromycin. Primers used for cloning are indicated in Table S2.

RNA extraction and RNA-seq data analysis

RNA for mutants

Five Col-0 (wild-type control) primary inflorescences per biological replicate were dissected up to P6

(dissection time +/� 2 min) and a section of +/� 500mm from the tip of the meristem cut and directly frozen

in liquid N2. Five pin inflorescences per biological replicate were mechanically stimulated for 2 min to simu-

late dissection and a section of +/� 500mm from the tip of the meristem cut and directly frozen in liquid N2.

Care was made to harvest only healthy Col-0 and pin mutants with no morphological changes at the apex).

To reduce any effects due to the circadian clock, biological replicates were harvested alternatively in the

following order (Col-0 R1, pin1 R1, pid R1, mp R1, Col-0 R2, etc . up to R4) (total harvesting time �2 h

30 min, 4 biological replicates each genotype). pin1-7 and Col-0 control aready described in Armezzani

et al. (2018)).

RNA for dex-inducible

50mL of a solution containing dexamethasone (dex) (Sigma, 50mM (dissolved in DMSO)) or not (mock con-

trol, DMSO only) and Silwet L-77 (Lehle seeds, 0.01% final concentration) was placed on the top of a Col-0

(wild-type control) or pRPS5A:GR-bdl (Weijers et al., 2006) primary inflorescence. Silwet was used to ensure

treatments reached themeristem. After 2 h of treatments, fivemock and dex treated primary inflorescences

per biological replicate were dissected up to P6 (dissection time +/� 2 min), and a section of +/� 500mm

from the tip of the meristem cut and directly frozen in liquid N2 per biological replicate. To ensure each

sample was treated for 2 h exactly, inflorescences were treated every 4 min to accommodate for dissection

time. To reduce the effects of the circadian clock, biological replicates were harvested alternatively (Col-0

Mock R1, Col-0 Dex R1, GR-bdlMock R1, GR-bdl Dex R1, Col-0 Mock R2, etc. up to R4) (total harvest time

�2 h 40 min).

RNA for auxin treated NPA pins

A section of +/� 500mm from the tip of 20 NPA pins per biological replicate with no visible bumps on

their flanks were harvested and kept in 2mL Eppendorf tubes containing 500mL of liquid Arabidopsis me-

dium with NPA at 10mM. Once all samples were harvested, an equal volume of liquid Arabidopsis me-

dium containing auxin (Sigma, NAA at 2mM (1mM final)) or not (mock control) and NPA (Sigma, 10mM)

was added. Treatments were performed for 30 min or 120 min after which all liquid medium was

removed, and the samples directly frozen in liquid N2. To reduce the effects of the circadian clock,

the treatments were started in such a way that all were harvested at the same time. The following sam-

ples were generated: Auxin 30 min R1, Mock 30 min R1, Auxin 120 min R1, Mock 120 min R1, Auxin

30 min R2, etc ., up to R4.
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All RNA extractions were performed using the Arcturus Pico Pure (Thermo Fischer) RNA extraction kit

followingmanufacturer’s recommendations. RNA quality was assessed with a Bioanalyser and only samples

with a RIN >6 were used. Before sequencing, an aliquot of RNA (500 ng) from selected samples was used for

cDNA synthesis using Superscript Reverse Transcriptase II and the expression of few targets genes (AHP6,

PIN1, MP, PID) as well as a control gene (AT1G04850) tested using qPCR. Four biological replicates were

initially generated for all samples and three were sequenced (those with highest RINs).

All the sequencing reactions were performed at the ‘‘Plateforme Transcriptome’’ located in Unité de Re-

cherche en Génomique Végétale (URGV) at the Université d’Evry Val d’Essonne (now Institute of Plant Sci-

ences Paris-Saclay (IPS2), Université Paris-Sud, Université d’Evry, Université Paris-Saclay). Libraries were

prepared using the Agilent RNA6000 Nano kit and sequenced on a HiSeq2000 (Paired End 23 100b). Fastq

files of the reads (with adaptors, reads with quality below 20 and readsmapping to the ribosomes removed)

were downloaded from the sequencing lab server. Fastq files were analyzed with FastqQC (v 0.11.3, no

particular options), reads mapped to the Arabidopsis genome (TAIR10) using Tophat2 (v2.0.14 (Kim

et al., 2013), options: -p8 –read-realign-edit-dist 0 –min-anchor-length 5 –min-intron-length 9 –max-

intron-length 15000 –max-multihits 50 –no-coverage-search –microexon-search –min-segment-intron

8 –max-segment-intron 50000 –b2-very-sensitive –prefilter-multihits), and reads that mapped to exons

counted using htseq-count (v0.9.1, option: htseq-count -f bam -r pos -m intersection-nonempty -s reverse).

Number of reads.

Count reads matrices were analyzed using DESeq2 (v. 1.18.1 (Love et al., 2014)) with default options. The

log2 fold changes were shrunk using the lfcShrink function and the ‘‘apeglm" method (Zhu et al., 2018).

The following comparisons were generated:

Mutants analyses: pin1-7 vs Col-0, pid-9 vs Col-0,mpS319 vs Col-0. All the values are in Data S1. Gene with

incoherent fold changes (i.e. induced in one mutant but repressed in another) were tagged as ‘‘Incoherent

FC’’ (n = 648/15829, 4%). pin1-7 and Col-0 control aready described in Armezzani et al. (2018)).

Auxin analyses: Col Dex vs Col Mock, GR-bdl Dex vs GR-bdl Mock, Auxin 30 Minutes vs Mock 30 Minutes,

Auxin 120 Minutes vs Mock 120 Minutes. There were no DEGs in the Col Dex vs Col Mock comparison. This

dataset was therefore not used in subsequent analyses.

Genes tagged as differentially expressed have an FDR <0.1 (default in DESeq2). Overlaps were computed

in R using the package VennDiagram.

The auxin response transcriptome in roots was analyzed using GEO2R (GSE42896 [Auxin 2hrs:

GSM1503030, GSM1053031, GSM1053032; Mock: GSM1053036, GSM1053037, GSM1053038]) with default

options (except for ‘‘Category of Plat-form annotation to display on results’’ where ‘‘Submitter supplied’’

was used instead of ‘‘NCBI supplied’’).

Gene ontologies and heatmaps

Gene lists were generated using excel and analyzed using Panther (http://www.pantherdb.org/). All the de-

tails (database version, type and version of test used) are indicated in Datas S2, S4, and S6. Heatmaps to

represent enriched ontologies were generated using pheatmap. Briefly, the log10 of the FDR obtained

with Panther for selected ontologies (indicated on the heatmaps) were calculated, imported and analyzed

in R with pheatmap.

Gene lists used and heatmaps

The root dataset (GSE42896 (De Rybel et al., 2012)) was used to compare the auxin response transcriptome in

shoots and roots. The samples (GSM1053031, GSM1053032, GSM1053036, GSM1053037, GSM1053038) were

analyzed using GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/) and the results exported to excel for anal-

ysis. The At GenExpress datasets GSE5629, GSE5630, GSE5631, GSE5632, GSE5633 (Schmid et al., 2005) were

downloaded from GEO (https://www.ncbi.nlm.nih.gov/geo/). The average expression values for selected

samples (GSM131685, GSM131688, GSM131691, GSM131694, GSM131697, GSM131700, GSM131703,

GSM131706, GSM131643, GSM131649, GSM131652, GSM131655, GSM131658, GSM131661, GSM131576,

GSM131579, GSM131582, GSM131585, GSM131588, GSM131591, GSM131594, GSM131597, GSM131600,

GSM131603, GSM131606, GSM131609, GSM131612, GSM131636, GSM131555, GSM131558, GSM131495,
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GSM131498, GSM131507, GSM131510, GSM131513, GSM131516, GSM131519, GSM131522, GSM131528,

GSM131531, GSM131534, GSM131537, GSM131540, GSM131546) were calculated and log2 transformed.

These were then extracted for selected genes and used to generate the heatmap (Figure 3D). The LEAFY tar-

gets were selected based on (Winter et al., 2015).

Whole mount in situ hybridisation

Whole mount in situ hybridisation was performed as described previously (Rozier et al., 2014). Briefly, full

length cDNAs were amplified using a forward primer, starting at the ATG, and a reverse primers with the T7

RNA polymerase promoter. Amplified cDNAs were transcribed with the T7 RNA polymerase (Invitrogen) in

presence of DIG-labelled NTPmix (Roche). DNA was removed by DNAse (Ambion) treatments and purified

RNA were fragmented to 150 bp average size. Probes were quantified and kept in 50% formamide at

�20�C. Wild-type inflorescences were swiftly dissected, leaving a few flower primordia (up to P10), fixed

in formaldehyde, dehydrated and kept in 100% methanol. Samples were rehydrated and the cell wall

partially digested before performing the hybridisation overnight at 50�C. Anti-DIG-AP Fab fragments

(Roche) antibody was used to detect the probes with an NBT/BCIP staining.

ARF5 dap-seq peaks

Genes were classified in different groups: induced/repressed by auxin after 30/120 min and induced/

repressed by dex. We defined their respective promoters as a (-2000, 3000) base pairs region around

the respective gene transcription start site. For each of the aforementioned groups, we investigated the

density of ARF5 DAP-Seq peaks (reduced to a 1 bp regions at their center) in the promoters of their respec-

tive genes, treating separately the 5001 positions (Figures S3C–S3H). To check for a potential enrichment of

ARF binding sites in the differentially expressed genes compared to the non-varying ones, we pooled all

the genes either responsive to DEX or auxin treatment and counted how many of them had at least one

ARF5 dap-seq peak overlapping with their promoter. We then proceed to do the same in the group of

non-regulated genes, so that we could perform a hypergeometric test.

Microscopy

Fluorescent lines were observed using an inverted LSM700 confocal microscope with a water-dipping 40x

lense. Dissected inflorescence (up to P6, i.e. when the meristem is visible) or NPA pins were removed from

the plant and transferred onto solid ½ MS in small round Petri dishes. Cell walls were stained with propi-

dium iodide (10 mg/mL). Just before observation, dissected inflorescences were submerged with sterile

distilled water and NPA pins submerged with liquid Arabidopsis medium containing 10mM NPA with or

without auxin (NAA at 1mM). Confocal images were analyzed using Fiji (https://fiji.sc/). Quantification of

fluorescence was carried out as described previously (Larrieu et al., 2014). Inflorescences used for in situs

as well as dissected siliques were observed using a dissecting microscope. Roots were stained with propi-

dium iodide (10 mg/mL) and observed using Leica TCS SP5 II HCS-A confocal microscope with a water-

dipping 60x lens.

Phylogenetic tree

The phylogenetic tree of Arabidopsis DOF proteins was drawn using conserved, ungapped, amino acid

sites of all DOF proteins with MAFFT (https://mafft.cbrc.jp/ (Katoh et al., 2019)).

QUANTIFICATION AND STATISTICAL ANALYSIS

For all the experiments, detail of statistical tests used and error-bars on barplots are indicated in the figure

legends.
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