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MATERIALS AND METHODS 25 

 26 

Plant materials 27 

The following A. thaliana lines in the Columbia-0 background were used: lfy-12 (40); ap1-7 (6), 28 

cal-1 (41), ap1-7 cal-1 double mutants (gift from J. Goodrich, Institute of Molecular Plant Science, 29 

University of Edinburgh, Edinburgh, United Kingdom), SOC1p-GFP (42) (provided by D. Posé), 30 

35Sp:FT (43), 35Sp:SOC1 (44), soc1-2 (44), AGL24p:AGL24-RFP (45) and agl24-2 (28).  31 

35Sp:CO (46), co-3 (47), ft-3 (43), 35S:AP1-GR ap1-1 cal-1 (48) and TFL1p:GUS (this work) are 32 

A. thaliana lines in the Landsberg erecta background, as well as the 35S:AP1-GR ap1-1 cal-1 (48) 33 

used for the mutation of CLV3 using the CRISPR-Cas9 strategy.  34 

For crosses between accessions, it was previously verified that the GUS reporter activity was not 35 

affected in wild-type Col x Ler hybrids. 36 

Brassica oleracea var. botrytis and Romanesco cauliflowers were obtained from Observatoire 37 

Breton des Semences (OBS) or bought at the Grenoble producer market.  38 

 39 

Plant growth conditions  40 

Seeds were sown on soil or surface-sterilized and grown in Petri dishes on Murashige and Skoog 41 

basal salt mixture medium (Sigma-Aldrich, www.sigmaaldrich.com). Seeds were stratified 1-3 42 

days at 4°C, transferred mixture of phagnum:perlite:vermiculite (2:1:1) or on soil:vermiculite (5:1) 43 

and grown at 21-22°C under long-day (16 h) or short-day conditions (8 h). ap1 cal plants were 44 

grown at 18°C for 16 h light and 16°C for 8 h dark, under 65% humidity. Nicotiana benthamiana 45 

plants for transient assays were grown on a mixture of sphagnum:vermiculite (1:1) under long-day 46 

photoperiod at 24°C. 47 

 48 

Plasmids construction 49 

For the reporter analysis of TFL1 expression, we produced a TFL1p:GUS construct that contained 50 

the β-glucuronidase (GUS) gene flanked by 2177 bp of the TFL1 promoter 5’ region and 4605 bp 51 

of the TFL1 promoter 3’ region (20). The 5’ region was amplified from a Ler genomic clone with 52 

primers 5’-TGAGTCGACGCTAGGAGACTTCGTTGATC-3’ (SalI site is underlined) and 5’-53 

CTGCAGGATCCTTTTCTTTTGTTAACTTAGAGG-3’ (including the ATG of the TFL1 gene, 54 
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BamHI site is underlined). This fragment was cloned as SalI-BamHI into the pBI101 vector (49), 55 

upstream the GUS gene. The 3’ region was amplified with primers 5’-56 

GTAGAGCTCTAGATTCATGATTGTCATAAACTGC-3’ (including the stop codon of TFL1, 57 

SacI and XbaI sites are underlined) and 5’-58 

TAGAATTCGGTACCAAGTTGAAGTCTCTCATTGACGAAC-3’ (EcoRI and KpnI sites are 59 

underlined). This fragment was cloned as SacI-EcoRI into the pBI101 vector, thus replacing the 60 

nopaline synthase terminator downstream the GUS gene. The resulting TFL1p:GUS cassette was 61 

cloned as SalI-KpnI into the pBIN19 binary vector. This construct was introduced into wild-type 62 

Arabidopsis plants of the Ler ecotype by vacuum infiltration (50, 51). An homozygous line 63 

carrying the transgene in a single locus was selected for further analysis. 64 

For transient expression assays, the cDNAs of SOC1 and AGL24 were cloned into the pMDC32 65 

vector by Gateway LR recombination to create 35Sp:SOC1 and 35Sp:AGL24 plasmids 66 

respectively. The 35Sp:NGA3 plasmid was already available (52). The TFL1 promoter region IV 67 

(fragment between +2823 and + 3230 bp downstream the TFL1 stop codon) was amplified with 68 

forward primer 5'-CTCGAGGACTCTCGAGGACAAACCAAC-3' (XhoI site is underlined) and 69 

reverse primer 5'-CTTATATAGAGGAAGGGTCTTGATTATGGGTTAGCTATAAAGATGG-70 

3' (overlapping sequence with a 35SminΩ promoter is underlined). The TFL1 promoter region V 71 

(fragment between +3420 and +3752 bp downstream the TFL1 stop codon) was amplified with 72 

forward primer 5´-CTCGAGCGGATTGGTCCAGTTAGAAC-3' (XhoI site is underlined) and 73 

reverse primer 5'-CTTATATAGAGGAAGGGTCTTGAAGAAGCTCCTACCACTTGAAG-3’ 74 

(overlapping sequence with a 35Smin (53) promoter is underlined). A -90 bp CaMV 35S promoter 75 

that includes the omega translational enhancer (35S)(53) was amplified with forward primer 5’-76 

CAAGACCCTTCCTCTATATAAG-3' and reverse primer 5’-77 

CCATGGTGTAATTGTAAATAGTAATTGTAATGTTG-3’ (NcoI site is underlined). The 78 

35SminΩ sequence was fused by PCR downstream the TFL1 promoter regions with the described 79 

region-specific forward primers and the 35SminΩ reverse primer. The resulting fragments were 80 

cloned as XhoI/NcoI into the pGreenII 0800-LUC vector (54). 81 

For the CRISPR-Cas9 mediated mutation of CLV3, three gRNA spacers specific of the CLV3 gene 82 

were designed using CHOPCHOP https://chopchop.rc.fas.harvard.edu/ and synthetized by 83 

eurofins. Guide sequences are the following:   84 

https://chopchop.rc.fas.harvard.edu/
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● Guide1: 5’-GATTGGAGACCAGAAGCATCATGA-3’ 85 

● Guide2: 5’-GATTGGTTTCTTGGCTGTCTTGGT-3’ 86 

● Guide3: 5’-GATTGGTGAATGGGTTGGAGCAAA-3’ 87 

These guides were used to build one vector with two gRNA spacers (guides 1-2) and one with the 88 

three gRNA (guides 1-2-3) 89 

After annealing oligonucleotide guides, each of the 3 double-stranded DNAs were ligated in 90 

pBSK-AtU6-26:guide vector (55), modified to allow sequential ligation of several guides (56). 91 

Resulting plasmids were verified by sequencing. KpnI/SbfI restriction fragments containing the 92 

assembled guides and the UBQ10:CoCas9:tUBQ10 cassette of the pBSK:CoCas9 digested by SbfI 93 

and EcoRI were simultaneously ligated in the pCAMBIA plant transformation vector containing 94 

the At2S3:eGFP as selection marker. This plasmid was obtained by cloning the At2S3:eGFP:t35S 95 

reporter construct from pFP100 (57) into BstX1/PspX1 digested pCAMBIA1300 backbone. The 96 

pBSK:CoCas9 contains a codon-optimized version optimized for expression in Arabidopsis of the 97 

human Cas9 under the control of the UBQ10 promoter (56). Final plasmids (pMLM17 with 2 98 

guides and pMLM18 with 3 guides) were verified by sequencing.  99 

 100 

Arabidopsis thaliana transformation 101 

Agrobacterium tumefaciens, strain C58C1pMP90, carrying pMLM17 or 18 were grown overnight 102 

at 28 °C in Luria Broth medium supplemented with rifampicin 50 µg/mL, gentamycin 50 µg/mL 103 

and kanamycin 50 µg/mL and used for the Arabidopsis floral dip method (58) using Silwet L-77 104 

at 0.01 %. To improve transformation efficiency of the 35S:AP1-GR ap1-1 cal-1 plants, a spray 105 

with 10 mM Dexamethasone supplemented with Silwet L-77 0.01 % was performed 10 days before 106 

the agrobacterium floral dip to trigger AP1-GR nuclear translocation and induce flower 107 

development and seed recovery.  108 

 109 

Molecular characterization of clv3 CRISPR-Cas9 lines 110 

The effect of the clv3 mutation in ap1 cal were studied by transforming MLM17 and MLM18 111 

constructs in 35S:AP1-GR ap1-1 cal-1. T1 primary transformed seeds were collected based on 112 

their seed fluorescence under a SZX12 Olympus dissecting microscope.  113 
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We obtained 14 T1 plants with pMLM17 vector (5 out of 14 showing pyramidal curds) and 16 114 

with the pMLM18 (7 out of 16 showing pyramidal curds). PCR amplification of the CLV3 genomic 115 

sequence around the sgRNA target sites was used to detect Cas9/sgRNA induced mutations and 116 

deletions. gDNA was extracted from leaves using Edwards extraction buffer (200 mM Tris-HCl 117 

pH7.5 ; 250 mM NaCl, 25 mM EDTA, 0.5 % SDS 20 %). For the PCR amplification, two couples 118 

of primers were used oMLM1134/oMLM1131 (166 bp) and oMLM1132/oMLM1133 (268 bp)  119 

oMLM1131: 5’-CATGAGCTTGAGTGAGATCTGG-3’ 120 

oMLM1132: 5’-AATGTTGTTCAATTGGCAGATG-3’ 121 

oMLM1133: 5’-CCGAAATGGTAAAACCGATAAA-3’ 122 

oMLM1134: 5’-GCTACTACTACTACTCTTCTGC-3’  123 

In the T2 generation, non-fluorescent seeds were sown to select against the transgene. The PCR 124 

product obtained with oMLM133/1134 primers were sequenced to check mutations at the CLV3 125 

locus. Sequencing revealed several types of mutations in the CLV3 gene. Plant MLM18-25-4 has 126 

a T nucleotide insertion at position 57 creating a frame-shift with a stop codon in the 1st exon 127 

((First exon sequence with added t and bold stop codon: 128 

ATGGATTCGAAGAGTTTTCTGCTACTACTACTACTCTTCTGCTTCTTGTTCCTTCAtTG129 

A) amino acid sequence: MDSKSFLLLLLLFCFLFLH), as well as a deletion of 100 bp between 130 

guides 3 and 2. The mutant MLM17-3 shows the same insertion of a T nucleotide as the MLM18-131 

25-4 mutant. Plants shown in figure 4 are MLM18-25-4 T3 (Fig. 4j), MLM17-3 T1 (Fig. 4k) and 132 

MLM18-4-28 T3 (Fig. 4m).  133 

To verify that the pyramidal phenotype observed in ap1 cal 35S:AP1-GR is due to a single 134 

mutation, one T2 plant (MLM18-2-19 in 35S:AP1-GR ap1-1 cal-1) was crossed to 35S:AP1-GR 135 

ap1-1 cal-1 and F2 progenies from two individual F1 plants were analyzed. The pyramidal 136 

phenotype was observed in 6 out of 35 (17%) and 8 out of 40 (20%) F2 plants consistent with a 137 

25% / 75% segregation with a single mutation at the CLV3 locus (Chi-square test of independence 138 

p = 0.205 > 0.5).  139 

As a control, pMLM18 construct was transformed into the Col-0 and Ler wild type backgrounds. 140 

27 and 30 T1 plants were obtained in Col-0 and Ler backgrounds respectively, all showing typical 141 

clv phenotype including increased petal number, increased pistil size due to increased carpel 142 

number and inflorescence meristem size.  143 

 144 
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Seed and plant imaging 145 

For selection of MLM17 and MLM18 transgenics based on At2S3:GFP fluorescence in seeds, an 146 

Olympus SZX12 dissecting microscope with fluorescent illumination was used. Light micrographs 147 

were taken with the Keyence digital microscope (VHX-5000) using a Z20 X50 lens. 148 

Confocal imaging was performed as described (59). Environmental scanning electron microscopy 149 

experiments were performed at the Electron Microscopy facility of the ICMG Nanobio-Chemistry 150 

Platform (Grenoble, France). Untreated flowers were directly placed in the microscope chamber. 151 

Secondary electron images were recorded with a Quanta FEG 250 (LV) microscope while 152 

maintaining the tissue at 2 °C, under a pressure of 120 Pa and a 25 % relative humidity. The 153 

accelerating voltage was 7 kV and the image magnification ranged from 100 to 800X.  154 

 155 

GUS assay and histological procedures 156 

Arabidopsis shoot apices were stained for GUS as described (20) with minor modifications. 157 

Staining buffer contained 10 mM of potassium ferri- and ferrocyanide in order to minimize leakage 158 

of the X-Gluc reaction product (60). Photographs of whole-mount samples were taken with a Color 159 

View 12 digital camera connected to a Nikon SMZ800 binocular stereoscopic microscope. After 160 

GUS staining, some samples were cleared with chloral hydrate solution for 2-3 days at 4 °C (61). 161 

Images of cleared apices were taken with a Nikon DS-Fi1 digital camera connected to a Nikon 162 

Eclipse 600 light microscope under Nomarski interference optics. For tissue sectioning, samples 163 

were stained in 0.2% (w/v) eosin and embedded in paraffin as described (20). 12 µm sections were 164 

obtained with a Leica RM-2025 microtome and images were taken under bright-field microscopy. 165 

Luciferase transient assays 166 

4-week-old Nicotiana plants (with 5-6 leaves) were used for the analysis. Agrobacterium cultures 167 

(C58pMP90 strain) were incubated for 24 hours at 28 °C (to stationary phase, OD600 1-2). Cells 168 

were collected and resuspended in infiltration buffer (10 mM MgCl2, 10 mM MES and 0.2 mM 169 

acetosyringone) to an OD600 of 0.4.  Agrobacterium mixtures with a 1:5 reporter:effector ratio were 170 

prepared. These were incubated for 3 hours at room temperature and darkness with gentle shaking 171 

(50 rpm) before infiltration of young and fully expanded Nicotiana leaves. Three days later, firefly 172 

luciferase (LUC) and renilla (REN) activities were assayed from 0.5 cm leaf discs (approximately 173 

20 mg) using the Dual-Luciferase® Reporter Assay System kit according to the manufacturer’s 174 
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instructions (Promega). Absolute relative luminiscence units were measured with a GloMaxTM 96 175 

Microplate Luminometer (Promega). LUC/REN ratios were averaged from at least three biological 176 

replicates (different plants) each one with three technical replicates (different leaves from the same 177 

plant). 178 

 179 

Chromatin immunoprecipitation assay 180 

The commercial antibody Living Colors_DsRed polyclonal antibody (Clontech) and an antibody 181 

against a synthetic peptide (SVKCIRARKTQVFK) were used for AGL24 and SOC1 ChIP 182 

experiments respectively. Chromatin was prepared from inflorescences and three independent 183 

biological replicates were done. Wild-type (Col-0) plants were used for chromatin extraction for 184 

the SOC1 ChIP experiment, and soc1-2 plants served as a negative control. Homozygous 185 

AGL24p:AGL24-RFP agl24-2 plants were used for the AGL24 ChIP experiment and wild-type 186 

plants served as a negative control. The ChIP assays were performed as described previously (62). 187 

Six primer sets (fragments 1-6) were designed in the 3’ TFL1 promoter region: the forward primer 188 

5’-AAACGTGGAGATACGGAAAAGG-3’ and the reverse primer 5’-189 

ACCAGCCGTGAAAATAGATATG-3’ for fragment 1, the forward primer 5’- 190 

GCATTCTACATTGATTCAGTG-3’ and the reverse primer 5’-191 

TGAATTAATGACACGTGACC-3’ for fragment 2, the forward primer 5’-192 

GTTTTAGGGTTTCAGTAACAC-3’ and the reverse primer 5’-193 

ATGGAATGGAACAGAGCACG-3’ for fragment 3, the forward primer 5’- 194 

GGTCCAAGGGTTAGTATGTTTC-3’ and the reverse primer 5’-195 

GCCGCAAACCTGGTGATTAACC-3’ for fragment 4, the forward primer 5’-196 

GAAACATACTAACCCTTGGACC-3’ and the reverse primer 5’-197 

GTAAATGTACCTCCTCGTCAC-3’ for fragment 5, and the forward primer 5’-198 

TCAATTTCGGATTGGTCCAG-3’ and the reverse primer 5’-199 

CTTAGTTGTAACTGATGAACG-3’ for fragment 6. Enrichment folds were detected by qPCR 200 

using a SYBR Green assay (Bio-Rad). The assay was performed in triplicate using a Bio-Rad 201 

C1000 Thermal Cycler optical system and relative enrichments, with their associated relative 202 

errors, were calculated as previously described (62). 203 

 204 
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Cauliflower curd mRNA sequencing  205 

Curds from developing cauliflowers grown in the field (planted July 10th 2017, harvested Oct 18-206 

27 2017) were provided by O.B.S (Breton Seed Observatory): OBS_5045_1 (named OBS-Caul-1 207 

on figure S5), OBS_800_1 (OBS-Caul-2), OBS-0795_2 (OBS-Caul-3), OBS_800_2 (OBS-Caul-208 

4), OBS_0795_1 (OBS-Caul-5), OBS_0819_1 (OBS-Caul-5). We also used two cauliflowers 209 

(Samples CAUL_1, CAUL_2a, CAUL_2b) and two Romanesco (Samples ROM_1, ROM_2a, 210 

ROM_2b) bought on the Grenoble producer market in 2017. 2a and 2b correspond to extractions 211 

made on different florets from the same curd. Total RNAs were extracted using the RNeasy Plant 212 

Kit protocol (QIAGEN) followed by DNAse treatment and sent to Genewiz (UK) for quality 213 

control, Poly-A selection, library cloning and sequencing (Illumina HiSeq4000, 2x150bp 214 

configuration, single index).  215 

The obtained reads were aligned with the HDEM Reference Genome (63) with STAR 216 

(outFilterMultimapNmax 1; outFilterMismatchNmax 6; alignIntronMax 30000; other parameters 217 

set by default). FeatureCount (default settings) was used to detect reads mapping to Brassica 218 

oleracea genes. EdgeR (default settings) was then used to identify the genes differentially 219 

expressed between the individuals analyzed. The orthologs of AP1 (At1g69120), CAL 220 

(At1g26310) and FUL (At5g60910) of cabbage are identified by BLAST protein against the 221 

Arabidopsis thaliana proteome (TAIR10). The Heatmap of the expression of these genes is 222 

generated by a python ad hoc script. Comparisons of the genes expressions on multiple tissues 223 

were done using datasets from GSE42891 (64). Orthology between our reference genome (HDEM) 224 

and their reference were done with reciprocal Blast and selection of the best candidates. 225 

The following secure token has been created to allow review of record GSE150627 while it 226 

remains in private status: khkjgckmdtkhpgb.  227 

 228 

BoAP1 promoter analysis 229 

BoAP1-a/c and BobAP1-a/c promoters were extracted from HDEM (63) and D-134 (65) reference 230 

genomes, respectively. The sequences were scanned with the Position Weight Matrices (PWM) of 231 

three transcription factors known to regulate AP1 in Arabidopsis. PWM were taken from the 232 

JASPAR database for FD and SOC1 (66) or from (67) for LFY. Based on previous analyses on 233 

LFY (67), we chose a score threshold of -18 to distinguish relevant TFBS. We calculated 234 
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thresholds for FD (-8.5) and SOC1 (-9.5) to achieve similar TFBS frequency as for LFY sites with 235 

score > -18.  The PWM and computed thresholds were used to identify TFBS in BoAP1-a/c and 236 

BobAP1-a/c promoters. 237 

MODELING METHODS 238 

 239 

Regulatory network construction and simulation 240 

SALT network 241 

The SALT model included the SAX genes (i.e., SUPPRESSOR OF OVEREXPRESSION OF 242 

CONSTANS 1 (SOC1), AGAMOUS-LIKE 24 (AGL24) and XAANTAL2 (XAL2)), APETALA1 243 

(AP1) and CAULIFLOWER (CAL) (hereinafter AP1/CAL), LEAFY (LFY), and TERMINAL 244 

FLOWER1 (TFL1). These genes are the key transcription factors (TF) or co-factors that have been 245 

experimentally associated with inflorescence and flower development and the development of 246 

cauliflower structures in A. thaliana. We also included two inputs, auxin, a phytohormone that 247 

promotes the initiation of new primordia, and F that represents different types of molecules 248 

triggering flower production. Because we did not include the auxin signaling pathway and F 249 

possibly represents multiple flowering inducing pathways, the activity of both auxin and F is only 250 

phenomenological in our model. Auxin concentration is maximal in newly formed primordia, 251 

while its activity is basal in the shoot apical meristem. For this reason, shoot apical meristems and 252 

newly formed primordia states are different in their auxin levels. As the value of F increases during 253 

the plant development in every meristem, we expect the shoot apical meristem to transit to an 254 

inflorescence state, and to a flower state for lateral primordia. The network includes multiple 255 

positive and negative regulatory interactions listed in Table S1. We model all regulatory 256 

interaction using Hill equation of the form: 257 

 258 

𝑑𝑌

𝑑𝑡
=

𝑋𝑛

𝑘𝑋,𝑌
𝑛 +𝑋𝑛, 259 

 260 

for positive regulations and: 261 

 262 

𝑑𝑌

𝑑𝑡
=

𝑘𝑋,𝑌
𝑛

𝑘𝑋,𝑌
𝑛 +𝑋𝑛

, 263 

 264 
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for negative regulations. 𝑘𝑋,𝑌
𝑛  is the dissociation constant or binding affinity of protein X to the 265 

promoter of gene Y, which is equal to the concentration of free TF at which half of all binding sites 266 

are occupied and 𝑛 is the Hill coefficient that usually represents the number of TF molecules that 267 

are required to bind to a gene regulatory region, also known as level of cooperativity. Using Hill 268 

equations to represent the regulatory interactions we build the GRN described by the next system 269 

of equations: 270 

𝑑𝑆

𝑑𝑡
= (

𝑘𝐴,𝑆
𝑛

𝑘𝐴,𝑆
𝑛 + 𝐴𝑛

) (
𝐹

𝑘𝐹,𝑆 + 𝐹
+

𝑆𝑛

𝑘𝑆,𝑆
𝑛 + 𝑆𝑛

) − (𝑘𝑎𝑆+𝐴
𝑆𝐴 − 𝑘𝑑𝐷

) − 𝛿𝑆 271 

𝑑𝐴

𝑑𝑡
= (

𝑘𝑇,𝐴
𝑛

𝑘𝑇,𝐴
𝑛 + 𝑇𝑛

) (
𝐿𝑛

𝑘𝐿,𝐴
𝑛 + 𝐿𝑛

+
𝑆𝑛

𝑘𝑆,𝐴
𝑛 + 𝑆𝑛

𝐹

𝑘𝐹,𝐴 + 𝐹
) − (𝑘𝑎𝑆+𝐴

𝑆𝐴 − 𝑘𝑑𝐷
) − 𝛿𝐴 272 

𝑑𝐿

𝑑𝑡
= (

𝑘𝑇,𝐿
𝑛

𝑘𝑇,𝐿
𝑛 + 𝑇𝑛

) (
𝑎𝑢𝑥 + 𝑎𝑢𝑥𝑏

𝑘𝑎𝑢𝑥,𝐿 + 𝑎𝑢𝑥 + 𝑎𝑢𝑥𝑏

𝑘𝐿,𝐿
𝑛

𝑘𝐿,𝐿
𝑛 + 𝐿𝑛

+
𝐴𝑛

𝑘𝐴,𝐿
𝑛 + 𝐴𝑛

) − 𝛿𝐿 273 

𝑑𝑇

𝑑𝑡
= (

𝑆𝑛

𝑘𝑆,𝑇
𝑛 + 𝑆𝑛

𝑘𝑅,𝑇
𝑛

𝑘𝑅,𝑇
𝑛 + 𝑅𝑛

𝑘𝐷,𝑇
𝑛

𝑘𝐷,𝑇
𝑛 + 𝐷𝑛

) +
𝐿𝑛

𝑘𝐿,𝑇
𝑛 + 𝐿𝑛

− 𝛿𝑇 274 

𝑑𝐷

𝑑𝑡
= 𝑘𝑎𝑆+𝐴

𝑆𝐴 − 𝑘𝑑𝐷
− 𝛿𝐷 275 

𝑑𝑎𝑢𝑥

𝑑𝑡
= −𝛿𝑎𝑢𝑥 276 

𝑑𝑅

𝑑𝑡
= −𝛿𝑅 277 

S, A, L, T and aux represent SAX, AP1, LFY, TFL1, and auxin respectively. D and R represent the 278 

dimer SAX-AP1, and the eREP repressor of TFL1. 𝑎𝑢𝑥𝑏 represents a “basal level of auxin activity”. 279 

For sake of simplicity, 𝑎𝑢𝑥𝑏includes the synthesis, import and signaling in an apical meristem and 280 

is considered constant.  𝛿 is the degradation rate. Here, in 𝑘𝑋,𝑌, 𝑋 ∈ {𝑆, 𝐴, 𝐿, 𝑇, 𝐷, 𝑅, 𝐹, 𝑎𝑢𝑥} 281 

and 𝑌 ∈ {𝑆, 𝐴, 𝐿, 𝑇}.  𝑘𝑎𝑆+𝐴
 and 𝑘𝑑𝐷 are the association rate of AP1 with SAX and the dissociation 282 

rate of the SAX-AP1 complex. We optimized the SALT model choosing different values of 𝛿, 𝑘𝑋,𝑌 283 

and n within sensitive biological values (see Parameters below). 284 

Parameters 285 

Data for the exact value of the parameters included in the network are not available in the literature. 286 

However, we used general knowledge about the different processes to constrain the parameter 287 

space. In particular, we assumed that the degradation 𝛿 of all variables were equal to 0.1/minute, 288 

which is a realistic value given that the half-life of proteins is usually within the hours range (68).  289 

The level of cooperativity 𝑛 for all X and Y genes were equal to 2, representing the formation of 290 
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protein dimers for gene regulations, which is common for gene regulation (69). Finally, we 291 

considered that the concentration of TFs in cells is within the nanoMolar (nM) range (70). The 292 

affinity of transcription factor to the DNA is usually lower than 10−8M (i.e., affinity≤µM)(71). 293 

Finally, TFs or cofactors, including TFL1, AP1, and LFY bind to hundreds of target genes, and all 294 

TFs can randomly bind to the DNA (32). Thus, the effective concentration of TFs is lower than 295 

the real concentration. Assuming that the effective concentrations of the TFs is 2 orders of 296 

magnitude smaller than the real concentration, we constrain 𝑘𝑋,𝑌 values within the range 297 

[10−10M, 10−6M].  298 

The SALT model was able to produce the expected behavior, and the kinetic was optimized by 299 

hand (see Table S2) leading to “optimal” values of the parameters. Then, we analyzed the effect 300 

of modifying the value of the 𝑘𝑋,𝑌s. To do this, we fixed the values of all 𝑘𝑋,𝑌 to their optimal 301 

values, except one, that we varied within the interval [10−10M, 10−7M]. As observed in Fig. S2, 302 

the overall behavior of the network was maintained for most 𝑘𝑋,𝑌 values, showing that the dynamic 303 

of the network is robust to changes in the values of the parameters. 304 

Structure of the model 305 

The model structure (as reported in Fig. 3a, with feedback loops and feedforward loops (FFL) 306 

listed in Table S3), allows for some analysis which is independent of specific parameter values. 307 

The “mutual repression” positive feedback listed in Table S3 is solely mediated by AP1. The other 308 

positive 2-loop, between AP1 and LFY, is visible but cannot affect the competition with TFL1: it 309 

plays a role of stabilization, or self-maintenance, of the floral identity. One consequence of this 310 

loop is that, at steady state, LFY and AP1 are always expected to be either both high or low. It is 311 

apparent, without having to write any detailed model of the dynamics, that the removal of AP1 312 

above deprives the network from its ability to overcome TFL1's expression; even if external signals 313 

transiently increase LFY's expression, without AP1’s contribution this cannot be maintained 314 

permanently and the system must reverse to a ``non-flower'' identity (high TFL1). The structure of 315 

the positive three loop entails that any steady state must not only have AP1 and LFY at similar 316 

levels, but that this should be opposite to TFL1 level, again confirming the antagonism floral/non-317 

floral identities. 318 

Coherent FFLs have been characterized (72) to induce a response delay (to “off steps” for type 2 319 

and “on steps” for type 4, given the AND nature of these FFLs), which can have the function of a 320 
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“persistence detector” (i.e. their last term responds to pulses of the first term only if it persists over 321 

time), while incoherent FFLs have the potential to speed up response times (the “on step” for type 322 

1 and “off step” for type 3, with also a potential to induce pulses of TFL1 if LFY is present). For 323 

the SALT model this leads to the following interpretation: the GRN comprises a core “ALT” 324 

network, which has an intrinsic ability to present clearly distinct floral (high LFY and AP1, low 325 

TFL1) and non-floral attractors (high TFL1, low AP1 and LFY), while also presenting homeostatic 326 

properties able to transiently maintain the network in intermediary states (all three core variables 327 

at intermediate levels). On top of this core network, a layer of feedforward loops is able to speed 328 

up the triggering of the core ALT network’s internal dynamics, while protecting the flower 329 

inducing genes from transient removal of the florigen signal. Without the AP1 node, the remaining 330 

LFY-TFL1 “core” network is irremediably deprived of its bistability, and only high TFL1/low 331 

LFY can be achieved as a permanent state. 332 

Two remaining FFLs (6th and 11th in Table S3) have the potential to make the increase (in 333 

response to SAX, i.e. F after a delay) of LFY faster than that of TFL1 and make the removal of 334 

TFL1 (upon SAX removal) delayed compared to that of LFY. Both can contribute to the 335 

occurrence of a transient pulse of LFY upon F induction via SAX, during which TFL1 remains 336 

low. 337 

Introducing a factor X 338 

Even though the SALT network has the ability to extend the persistence of a transient pulse of 339 

LFY in time, this can only be a reversible process; the irreversible effects produced by the LFY 340 

pulse (i.e. the development of branches of order >2 and the removal of the bract) observed in the 341 

ap1 cal mutant cannot be explained with the SALT variables alone. The most parsimonious 342 

explanation requires some transcriptional target of LFY, say a factor “X” (which could actually 343 

correspond not only to one but to several transcriptional targets, aggregated into a unique factor X 344 

here), which would be permanently activated by a transient exposure to LFY. This requires this 345 

factor X to either self-activate, or to be part of a larger positive feedback loop involving additional 346 

transcription factors. Choosing the former for parsimony, one would typically have  347 

𝑑𝑋

𝑑𝑡
= (

𝐿𝑛

𝐿𝑛 + 𝑘𝑋𝐿
𝑛 +

𝑋𝑛

𝑋𝑛 + 𝑘𝑋𝑋
𝑛 ) − 𝛿𝑋𝑋 348 

 349 



Submitted Manuscript: Confidential 

 

 

13 

Given the hypothetical nature of this equation, we simplify it to a limit where the Hill function 350 

becomes a hard step (i.e. 𝑛 → ∞), so the production rate (term in brackets) is a Boolean like “1 if 351 

either X or L is high, 2 if both are high”. The finite n case would be qualitatively equivalent, but 352 

requires more parameter values and does not lead to closed form solutions. In this model, X has 353 

two stable values, high and low, and the high value can be triggered permanently if LFY remains 354 

high for some time, i.e. 𝐿(𝑡) > 𝑘𝑋𝐿 for a long enough interval of time values (say at least 𝛥𝑡, 355 

defined as the time for X to reach its threshold 𝑘𝑋𝑋  from 0).  356 

In practice, this is strictly equivalent to a simpler criterion, where LFY is compared to a threshold 357 

value larger than 𝑘𝑋𝐿  calculated to ensure it takes at least 𝛥𝑡 time units for LFY to decrease down 358 

to 𝑘𝑋𝐿 . We have therefore chosen this simple implementation. In summary: the factor X is a 359 

Boolean variable, which is set to 0 initially and switches irreversibly to 1 if LFY reaches a 360 

threshold value at one point during its history. This was incorporated in the model with the 361 

piecewise function: 362 

 363 

                                      𝑋(𝑡) = 0        𝑖𝑓   𝑋(𝑡 − 𝑑𝑡) = 0      &     𝐿 < 𝐿𝑋𝑡ℎ 364 

                                      𝑋(𝑡) =  1      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  365 

 366 

where 𝐿𝑋𝑡ℎ represents the LFY threshold needed to activate 𝑋 (Table S2). The equations 367 

describing the SALT model plus this one are the equations used in the plant architecture and 368 

GRN model described in the next section. 369 

Coupling of plant architecture model and GRN 370 

To model the interaction between the GRN studied in this work and the development of plant 371 

architecture, we built a model for organ and branching system development and coupled this 372 

developmental model with the GRN model presented in the previous section.  373 

Our developmental model consists of a set of developmental rules expressing the growth of the 374 

plant apices and the growth dynamics of the different organs. These rules are encoded using the 375 

L-system formalism (73) in the L-Py programming language (74). The model is a context-free 376 

deterministic L-system (D0L-system), where components change according to physiological and 377 

genetic rules depending on their own state, but independent of the state of their neighbors in the 378 

plant. 379 
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Meristem state. We assume in our model that plant apices i (i.e. meristems) have a state 𝑠𝑖 380 

composed of molecular variables (levels of gene expression, hormones, etc.), geometric variables 381 

(radius, order), and physiological variables such as age, time count since last production, 382 

dormancy, physiological age, number of plastochrons already produced, duration in the current 383 

physiological state.  384 

At a macroscopic level, meristems can be in one of three categories of physiological state 385 

corresponding to three broad classes of the detailed states 𝑠𝑖: VEG for vegetative, INFLO for 386 

inflorescence, FLO for flower. The first meristem starts in a VEG physiological state. During 387 

growth, new meristems are initialized with respect to the parent meristem state 𝑠𝑖: they inherit all 388 

the values LFY, AP1, SAX of their parent meristem, a value of TFL1 multiplied by a fraction 389 

factor (by default 0.1) and maximal level of auxin and of TFL1 repressor (eRep). The value of F 390 

is also inherited with potentially an attenuating factor (by default 1 - no attenuation).  391 

Rules determining meristem macroscopic physiological state. At any time t, meristems that 392 

have a state with high LFY and high AP1 are set to FLO physiological state. Meristems that are 393 

not in FLO physiological state can either be in VEG or INFLO physiological states.  A VEG 394 

physiological state corresponds to a low sum of SAX and LFY, while INFLO physiological state 395 

corresponds to a high value of the sum of SAX and LFY.  The fact that the sum of LFY and SAX 396 

determine the physiological state reflects the fact that LFY and SAX induce bolting independently. 397 

Low/high values of specific gene activities are determined with respect to specific thresholds 398 

parameters. These thresholds were set so that in WT plants they lead to realistic numbers of organs 399 

and development (inspired from Mündermann et al. (75)).  400 

Meristem growth. In VEG physiological state, meristems produce a short internode, an axillary 401 

leaf at a phyllotaxis angle of 137 degrees from the preceding one at each plastochron. Axillary 402 

meristems are forced to stay dormant (we do not model the outgrowth and dynamics of lateral 403 

meristems in the rosette). In INFLO physiological state, a bract/cauline leaf is produced if the X 404 

factor (reflecting a memory of high levels of LEAFY) is not set in the current meristem state, 405 

together with an axillary meristem. Finally, as soon as a meristem enters a FLO state, it 406 

immediately transforms into a terminal flower with age 0. 407 

Conditions for lateral productions to grow out: The meristem building the main stem (order 0 408 

in the code) grows immediately after initiation. Lateral meristems in the rosette meristem never 409 
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grow (their growth is not modelled). Meristems building stems of order 1 (lateral branches) always 410 

start to grow with a small and constant delay with respect to the moment of their initiation (half a 411 

day by default). Other meristems (at higher orders) are latent by default (in reference to what is 412 

observed in WT, presumably due to apical dominance exerted to apices of order 1 on meristems 413 

of higher orders). This dormancy is cancelled if meristems have experienced a high level of LFY 414 

since their initiation, which by triggering the factor X (see above), induces meristems outgrowth 415 

(case of cauliflower). 416 

Organ growth. Every generated organ grows during the simulation according to its own growth 417 

rules. These rules depend on the physiological state of the meristem that produced that organ. For 418 

instance, an internode produced by a meristem in VEG physiological state will not elongate, as 419 

opposed to meristems produced by meristems in INFLO or FLO physiological states. Growth rules 420 

are essential to the dynamics of architecture development, in particular the rules controlling 421 

internode elongation. These rules have been implemented to reproduce qualitatively realistic 422 

rosette dynamics, bolting and flowering development on the WT. We assume here that these rules 423 

are not modified by the mutations affecting the inflorescence studied here. The cauliflower 424 

architecture thus emerges only from a change in the genetic network and its consequence on organ 425 

outgrowth or suppression, with a conserved dynamics of axes elongation. 426 

Gene regulation computation. At each time step, each meristem reads the new value of F, whose 427 

dynamics is considered as a global input variable to the plant and determined here by a growing 428 

sigmoidal function of the current development time. This value is used as an input of the genetic 429 

network, together with the previous state of the meristem to update the genetic state of the 430 

meristem. This new genetic state may in turn determine a new value of the macroscopic 431 

physiological state of the meristem and induce a change in meristem behavior according to 432 

previously defined rules. 433 

A consequence of the meristem development rules and the monotonic increase of F, all meristems 434 

follow a logical sequence of differentiation by moving to the next physiological state after a while: 435 

VEG → INFLO → FLO, 436 

thus producing a progressive macroscopic differentiation of the meristems. In the cauliflower, this 437 

differentiation is blocked in the INFLO state as LFY can never set up firmly the flower state 438 
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L-systems implementation principle. At any moment during a simulation, the simulated plant is 439 

represented as a set of components organized in a bracketed string of modules and called the L-440 

string. Modules represent the various plant components (meristems, internode, leaves, etc.) that 441 

can be found in a plant branching system. Each module can bear attributes describing its state (e.g. 442 

diameter, length, genetic state, etc.). In the L-string, modules within a pair of matching brackets 443 

correspond to the successive components of a given axis. The position of an opening bracket in 444 

the L-string defines the position of the axis in the tree branching system. Altogether, the L-string 445 

represents the state of the plant branching system at each time step.  446 

For example, consider a L-string made of three main types of components denoted I (internodes), 447 

A (apices), L (leaves): 448 

L = 𝐼(5,21)𝐼(5,19)[𝐿(10,40)][𝐼(3,10)𝐴(𝑠1)]𝐼(4,12)[𝐴(𝑠2)]𝐴(𝑆0) 449 

It represents a plant made of 3 axes: 450 

1. 𝐼(5,21)𝐼(5,19)𝐼(4,12)𝐴(𝑠0) 451 

2.  𝐼(3,10)𝐴(𝑠1) 452 

3. 𝐴(𝑠2) 453 

Leaves, such as [𝐿(10,40)], are considered as insertions on their own axis. In this example, 454 

internodes I have two attributes, namely d and l, corresponding respectively to their average 455 

diameter and length. Likewise, leaves L have two attributes corresponding to their maximum width 456 

and length. Apices A have a single vector attribute aggregating several variables defining the state 457 

of an apex. A typical such state contains variables corresponding to plastochron information, gene 458 

expression and signal levels.   459 

Let's assume for instance that the state of each apex is governed by a GRN composed of 3 genes, 460 

𝐴, 𝐵, 𝐶. Then the state of every apex will contain a value corresponding to the level of expression 461 

of these genes in the apex. In our example, each state 𝑠𝑖 of apex 𝑖 will contain the following 462 

variables: 𝑠𝑖 . 𝐴, 𝑠𝑖 . 𝐵, 𝑠𝑖 . 𝐶, corresponding to the expression levels of genes 𝐴, 𝐵, 𝐶 in state 𝑠𝑖, and 463 

a plastochron count down value 𝑠𝑖 . 𝑃𝐶𝐷, counting the time remaining before initiating a new lateral 464 

organ and reset at the initiation of each lateral primordium. 465 

Based on these definitions, assuming a constant increment of time 𝛥𝑡 between the simulation steps, 466 

the rules of development have the following main structure: 467 
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𝐴(𝑠):   # apex production rule (s = state) 468 

 compute the new apex state 𝑛𝑠 as a function of the old state 𝑠 and 𝛥𝑡 469 

            (this updates in particular the apex GRN variables, including factorX)  470 

if 𝑠. 𝑃𝐶𝐷 == 0: # time to make a new primordium 471 

compute an initial state 𝑖𝑠 for the new lateral apex  472 

reset 𝑠. 𝑃𝐶𝐷 to T       # i.e. to a full plastochron 473 

if factorX < fXthreshold: produce [𝐴(𝑖𝑠)]𝐴(𝑛𝑠) 474 

else: produce 𝐴(𝑛𝑠)      # the bract is suppressed 475 

 else: 476 

  decrease 𝑠. 𝑃𝐶𝐷by 𝛥𝑡 477 

produce 𝐴(𝑛𝑠) 478 

𝐼(𝑦, 𝑙): # internode production rule, (y = diameter, l = length) 479 

 compute  dy and 𝑑𝑙 as a function of the increment of time 𝛥𝑡 480 

produce 𝐼(𝑑 + 𝑑𝑦, 𝑙 + 𝑑𝑙) 481 

𝐿(𝑤, 𝑙): # Leaf production rule (w = width, l = length) 482 

 compute 𝑑𝑤 and dl  as a function of the increment of time 𝛥𝑡 483 

produce 𝐿(𝑤 + 𝑑𝑤, 𝑙 + 𝑑𝑙) 484 

 485 

The first rule defines the time evolution of an apex. First the new state 𝑛𝑠 is computed based on 486 

the apex previous state 𝑠 and on 𝛥𝑡. This updates the value of the gene expression levels contained 487 

in the apex current state (detailed below). Then, if the plastochron countdown has reached 0 488 

(𝑠. 𝑃𝐶𝐷 == 0), it triggers the production of a new lateral apex with an initial state partially 489 

inherited from the main apex's state (see above), and an apical state with updated state. Note that 490 

depending on the value returned by the GRN for the factor X, the network will keep or suppress 491 

the bract (this illustrates how gene levels are used to take decisions at the level of morphodynamics 492 

rules). Otherwise, one just replaces the current apex with an updated one. 493 
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The last two rules define how each internode I and leaf 𝐿 grow with time. Increment of the 494 

geometric variables (length, width and diameter) characterizing these components are computed 495 

over a time lapse 𝛥𝑡, and are used to update the values of internode and leaf geometric variables.  496 

Finally, a set of interpretation rules make it possible to map at each time point the current L-string 497 

to a detailed geometric interpretation. The detailed description of these rules can be found in the 498 

available code. 499 

 500 

Coupling with the GRN model 501 

At time step 𝑡, each apex 𝑖 is in a state 𝑠𝑖 stored as an attribute of the corresponding component 502 

𝐴(𝑠𝑖) in the L-string. We assume that this state is characterized by some attractor of the SALT 503 

GRN described in previous section Regulatory network construction and simulation. During 504 

development, this state can change if one of its entries, aux or F, is forced to a new value by the 505 

architectural processes implemented in the L-systems rules and external to the GRN per se.  506 

Let us denote 𝑔1, … , 𝑔𝑘 the set of GRN variables and call 𝑔1, … , 𝑔𝑘0
 subset of the entries that might 507 

be overwritten by external processes during the plant growth (variables that can be forced from the 508 

outside in the GRN). At the end of the 𝑛𝑡ℎ time step, the state of an apex 𝑖 is stable, defined by 𝑠𝑖, 509 

and the 𝑘𝑡ℎ gene having the value 𝑠𝑖 . 𝑔𝑘. During the next step of duration 𝛥𝑡, apex processes or 510 

aging may change the value of one or several of the input gene variables 𝑔1, … , 𝑔𝑘0
. In this case, 511 

the apex GRN state from the previous state may no longer be valid, i.e. compatible with the GRN 512 

model. Therefore the GRN transition function must be called with the new GRN input gene values 513 

to compute the attractor corresponding to this new situation. All these updates are done at the 514 

beginning of the Apex production rule (see above). 515 

Between two simulated steps, the state of every apex is thus evaluated using this rule. The state of 516 

newly initiated lateral meristems is derived from the apical meristem state, using a set of putative 517 

inheritance rules (see description above). Thanks to this tight coupling between the plant 518 

architecture model and GRN, the architecture of the plant can be seen as an emerging property of 519 

the two-way interaction between GRN and growth. It made it possible to reproduce all the mutant 520 

phenotypes related to genes involved in the cauliflower GRN. 521 

 522 
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Geometric model 523 

In addition to the GRN-based plant development model, we built a purely architectural or 524 

geometric model (no GRN involved) to study how changes in the plastochron modify the 525 

morphology of curds. This model is a simplified version of the plant architecture model described 526 

above.  527 

The model only contains meristems and internodes. Meristems produce an internode and an 528 

axillary meristem every plastochron. New meristems can start producing their own internodes and 529 

axillary meristem one plastochron after being produced. Internodes start to elongate immediately 530 

after being produced following a sigmoidal growth function.  531 

The cauliflower and Romanesco morphologies are produced by changes in the plastochron 532 

duration. To produce a cauliflower morphology, the plastochron remains constant during the entire 533 

simulation (10h). For the Romanesco morphology new meristems are initialized with a 10 h 534 

plastochron. Then, the duration of the plastochron linearly decreases as the meristem grows.  535 

The model was implemented as an L-system (see previous section). For the cauliflower 536 

morphology the plastochron countdown decreased following: 537 

 538 

𝑠. 𝑃𝐶𝐷(𝑡 + 𝛥𝑡) = 𝑠. 𝑃𝐶𝐷(𝑡) − 𝑐𝑡𝑒 539 

 540 

while for the Romanesco the plastochron countdown decreased faster with the age of the 541 

meristem: 542 

 543 

𝑠. 𝑃𝐶𝐷(𝑡 + 𝛥𝑡) = 𝑠. 𝑃𝐶𝐷(𝑡) − (𝑐𝑡𝑒)(𝑠. 𝐴𝐺𝐸) 544 

 545 

where 𝑠. 𝐴𝐺𝐸 is the age of the meristem since it was created. 546 

  547 
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Supplementary figures 548 

 549 

Figure S1. The photoperiod flowering pathway upregulates TFL1p:GUS activity in the shoot 550 

apex. (a-b), TFL1p:GUS activity in representative shoot apices grown under long-day (a) or short-551 

day (b) photoperiod. (c-d), longitudinal sections through the apices shown on the left. (e-f), 552 

TFL1p:GUS activity in representative WT (e) and co-3 (f) shoot apices at a similar developmental 553 

stage. (g-h), TFL1p:GUS activity in cleared WT (g) and 35Sp:CO (h) shoot apices. (i-j), 554 

TFL1p:GUS activity in representative WT (i) and ft-3 (j) shoot apices at a similar developmental 555 

stage. (k-l), TFL1p:GUS activity in longitudinal sections through representative WT (k) and 556 

35Sp:FT (l) shoot apices at a similar developmental stage. Arrows mark the SAM region. Scale 557 

bars in (c), (d), (k) and (l), 100 μm. Scale bars in (g) and (h), 40 μm. 558 

  559 
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 560 

561 

Figure S2: Robustness of the SALT model 562 

Steady state of the SALT GRN (y axis) at different F values (x axis) using 10 different values of 563 

the parameter indicated above each graph (see Modeling Methods section), while the other 564 

parameters remain fixed. The first three columns of graphs show the analysis in SAM conditions 565 

(i.e., without auxin), and the next three columns show the analysis performed in lateral meristem 566 

conditions (i.e., with auxin). The value of the parameters changes in regular intervals from 0.001 567 

(light green, yellow and grey colored curves) to double its optimized value (dark green, orange 568 

and dark grey colored curves). Green, yellow and red curves correspond to TFL1, AP1, and LFY 569 

value, respectively. The same qualitative behavior is observed independently of changes in the 570 

value of the parameters.   571 

  572 

min max min maxAP1TFL1 min maxLFY
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 573 

Figure S3: Genetic control of lateral axes development: Lateral axes of higher order develop in 574 

ap1 cal , in a LFY dependent manner, compared to wild-type or lfy plants. 575 

The main inflorescence stem is order 1, a lateral axis growing on order n stem has order n+1. 576 

Numbers on the pictures below indicate order of the closest inflorescence.  577 

(a-c) Inflorescences of six-week-old plants grown in long days. Whereas in these growth 578 

conditions, inflorescences of orders >2 are rarely observed in Col-0 (a) or lfy mutant (c), several 579 

of them are visible in ap1 cal mutant (b). Scale bar = 1 cm. (d-f) The highly branched structure of 580 

ap1 cal (d) compared to wild type Col-0 (e) is lost in ap1 cal lfy triple mutant (f), that have an 581 

architecture very close to the lfy single mutant (g). Plants were grown for 2 months in long-day 582 

conditions. Scale bar = 5 cm. Scoring axis of order ≥4 per plant (h) shows that the ap1 cal lfy plants 583 

behaves differently from ap1 cal plants (Wilcoxon test, * p-value 0.0099)  584 

585 
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 586 
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Figure S4: Sequence and expression of BoAP1 and BoCAL genes.  587 

(a) Sequence alignment of the BoAP1-a, BoAP1-c and BoCAL proteins from Brassica oleracea 588 

(Bo) and Brassica oleracea var. botrytis (Bob). Sequences of the proteins were translated from the 589 

Brassica oleracea reference genome (63) or from the gene sequence assembled from reads 590 

obtained from RNA-seq of cauliflower curds (sample CAUL-2b). The mutation identified in 591 

BoCAL protein is the same as previously published (7)(b). Expression levels of BobAP1, BobCAL 592 

and their close homologs FRUITFUL (BobFUL) based on RNA-seq. For each gene, the normalized 593 

number of reads (RPKM) is shown as a value and color coded according to the color scale. OBS 594 

are cauliflowers harvested in the field of the Brittany Seed Observatory, CAUL and ROM samples 595 

are issued from two mature curds bought on the market (2a and 2b are different samples from curd 596 

2).  BobAP1 genes expression is undetectable in growing cauliflowers (OBS samples) and weak 597 

in mature cauliflowers as compared to BoFUL genes. (c) Expression levels of genes BoAP1, 598 

BoCAL and BoFUL gene in Brassica oleracea tissues (stem, inflorescence and flowers, left panel) 599 

and the curds of the Botrytis varieties (cauliflower and Romanesco). Error bars represent the 600 

standard deviation between replicates. This comparison shows that BoAP1-a and BoAP1-c have a 601 

higher expression level than BoFUL in inflorescence and flower tissue whereas their expression is 602 

much lower than BoFUL’s in curds (right panel). BobACT2 is an ACTIN2 gene used as a reference. 603 

(d) Analysis of BoAP1-a/c and BobAP1-a/c promoter sequences using models (position weight 604 

matrices) detecting binding sites for 3 known AP1 regulators from Arabidopsis (SOC1, FD and 605 

LFY)(66, 67). Sites are denoted by bars above the line for cabbage and below for cauliflowers and 606 

with height dependent on the score obtained with the binding models. Scale bar is 100 bp.  607 

  608 
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 609 

 610 
Figure S5: Cauliflowers grow axes of higher order than cabbages 611 

Dissected cauliflower reveals axes of successive orders from order 1 to 7 (b-g).  Growing 612 

cabbages (h-j) and an elongating cauliflower curd (k). Cabbages (h-j) show 3 orders, rarely 4, 613 

whereas cauliflowers show up to 7. Scale bars: 2 cm (a), 0.5 cm (b, c), 1 mm (d), 500 µm (e), 614 

200 µm (f), 50 µm (g).  615 

 616 

  617 
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 618 

Figure S6: Differential expression of selected meristem genes between Cauliflower and 619 

Romanesco curds. Heatmap (a) and quantification (b) showing the expression of genes involved 620 

in meristem homeostasis in cauliflower and Romanesco curds. CLV3 is expressed at lower level 621 

in Romanesco as compared to cauliflower (p = 0.0765; Mann & Whitney test). CLAVATA1 and 622 

SHOOTMERISTEMLESS (STM) have lower read numbers in Romanesco but the difference is 623 

barely significant (p = 0.1;  Mann & Whitney test). Error bars represent the standard deviation 624 

between replicates. 625 

 626 

 627 

  628 
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Table S1. List of interactions used in the GRN. 629 

 630 

Regulator Type of regulation References 

AP1/CAL regulations 

LFY Positive direct  (15, 41, 67, 76–80) 

TFL1 Negative direct (in complex with FD)  (26, 29, 81–83) 

SAX Positive direct  (21, 41) 

F Positive (direct in complex with FD)  (84–89) 

LFY regulations 

AP1/CAL Positive direct  (6, 82, 90, 91)  

TFL1 Negative direct  (17, 26, 29, 83) 

SAX  Positive direct  (21, 41, 92–94) 

Auxin Positive via MP/ARF5  (95, 96) 

LFY Negative direct  (15, 67, 76, 96, 97) 

TFL1 regulations 

AP1/CAL Negative direct  (6, 25, 82, 90, 91) 

SAX  Positive direct  This study, (21) 

SAX Negative direct  (21, 25) 

LFY Positive direct  (15, 67, 76, 98) 

SAX regulations 

AP1 Negative direct  (9, 21, 91, 99, 100) 

SAX Positive direct  (21, 28, 42, 92, 94, 

101, 102) 

F Positive direct  (18, 19, 21, 44, 89, 

93, 103–108) 

  631 
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Table S2.  Parameter values used in the SALT GRN.  632 

All 𝑘𝑋,𝑌 are in nM t-1 units. Time (t) is in arbitrary units.   633 

 634 

𝑘𝐿,𝐴 1 

𝑘𝑇,𝐴 1 

𝑘𝐹,𝐴 50 

𝑘𝑆,𝐴 15 

𝑘𝐴,𝑆 4 

𝑘𝐹,𝑆 10 

𝑘𝑆,𝑆 20 

𝑘𝑆,𝑇 1 

𝑘𝐿,𝑇 100 

𝑘𝐷,𝑇 1 

𝑘𝑅,𝑇 0.1 

𝑘𝑆,𝐿 6 

𝑘𝐴,𝐿 4 

𝑘𝐿,𝐿 100 

𝑘𝑇,𝐿  5 

𝑘𝑎𝑢𝑥,𝐿 1 

𝑘𝑎𝑆+𝐴
 0.1 

𝑘𝑑𝐷
 0.01 

𝛿 0.1 

𝑛 2 

𝐿𝑡ℎ 1 

 635 

 636 

  637 
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Table S3. Feedback and feedforward loops in the SALT GRN. 638 

 639 

Feedback loops and their sign Coherent and Incoherent FFLs (ignoring 

SAX) 

▪ Mutual activation AP1←→LFY (>0) 

▪ Mutual repression AP1⊢⊣TFL1 (>0) 

▪ Positive 3-loop 

LFY→AP1⊣TFL1⊣LFY (>0) 

▪ Self repression LFY ⊢⊣LFY (<0) 

▪ Negative 2-loop LFY⊢→TFL1 (<0) 

▪ Negative 3-loop 

LFY→TFL1⊣AP1→LFY (<0) 

▪ CFFL, type 2:  TFL1⊣AP1→LFY / 

TFL1⊣LFY 

▪ CFFL, type 2:  TFL1⊣LFY→AP1/ 

TFL1⊣AP1 

▪ CFFL, type 4:  AP1⊣TFL1⊣LFY/ 

AP1→LFY 

▪ IFFL, type 3:  AP1→LFY→TFL1/ 

AP1⊣TFL1 

▪ IFFL, type 1:  LFY→TFL1⊣AP1/ 

LFY→AP1 

▪ IFFL, type 1:  LFY→AP1⊣TFL1/ 

LFY→TFL1 

▪ SAX->LFY->AP1 / SAX->AP1; CFFL 

type 1 

▪ SAX->LFY->TLF1 / SAX->TFL1; 

CFFL type 1 

▪ SAX->AP1->LFY/ SAX->LFY; CFFL 

type 1 

▪ SAX->AP1-|TLF1/ SAX->TFL1; IFFL 

type 1 

▪ SAX->TFL1-|LFY / SAX->LFY; IFFL 

type 1 

▪ SAX->TFL1-|AP1 / SAX->AP1; IFFL 

type 1 

 640 

  641 
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