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Abstract 33 

Graft-mediated floral induction is a classical yet promising breeding technique that accelerates seed production 34 

and shortens generation time in crops with long life cycles. However, its application is still limited to a few species due to 35 

the instability or failure of floral induction. Although genetic variation in floral induction ability of rootstocks has been 36 

reported, the underlying natural genetic factors remain unclear. Here, using a Brassicaceae grafting model, we investigated 37 

two early-bolting radish (Raphanus sativus) accessions differing in their ability to induce flowering. We focused on a 38 

significant difference in FLOWERING LOCUS T (FT) expression between these accessions, leading to the identification 39 

of two quantitative trait loci (QTLs) associated with FT levels. Transcriptomic and genomic analyses revealed that both 40 

QTLs harbored previously unreported loss-of-expression alleles of FLOWERING LOCUS C (FLC) homologs, key floral 41 

repressors involved in vernalization. Grafting experiments with F2 populations demonstrated that these FLC loss-of-42 

expression alleles enhanced floral induction additively, with RsFLC1 having a stronger effect. Our results confirmed that 43 

successful graft-mediated floral induction requires FT expression exceeding the threshold for rootstock flowering itself. 44 

This elevated FT expression level can be accomplished by the substantially reduced repressive activity of FLC homologs. 45 

Further analysis revealed that these alleles originated from weedy radish (Raphanus raphanistrum), likely contributing to 46 

early flowering of these weeds in disturbed environments. This study demonstrates that identifying natural genetic variants 47 

that markedly enhance FT expression is an effective strategy to develop highly florigenic rootstocks, thereby broadening 48 

the application of graft-mediated floral induction in crop breeding. 49 

 50 

Keywords 51 

Graft-mediated floral induction, FLOWERING LOCUS C (FLC), FLOWERING LOCUS T (FT), vernalization, weedy 52 

radish (Raphanus raphanistrum), Brassica oleracea 53 

 54 

Key message 55 

Loss-of-expression FLC alleles from weedy radish act as expression QTLs for RsFTa, enabling florigenic rootstocks 56 

with strong graft-mediated floral induction for Brassicaceae crop breeding. 57 

  58 
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Introduction 59 

Graft-mediated floral induction is a phenomenon in which flowering is induced in recipient plants under non-60 

inductive conditions, by grafting them onto florally induced donor plants. This phenomenon was first described by 61 

Chailakhyan (1936) during his studies on the transmissive floral signal produced in the leaves, following the discovery of 62 

photoperiodism by Garner and Allard (1920). Since then, graft-mediated floral induction has been extensively studied as a 63 

model for understanding the transmission of systemic floral signals in plants (Lang 1952; Zeevaart 1976). It is now well 64 

established that this phenomenon is caused by the movement of florigen, specifically the FLOWERING LOCUS T (FT) 65 

protein and its homologs synthesized in the leaves of plants under inductive conditions. FT protein travels through the graft 66 

junction from the donor plant to the shoot apex of the recipient plant, where it induces flowering by activating downstream 67 

floral meristem identity genes (Corbesier et al. 2007; Lifschitz et al. 2006; Lin et al. 2007; Notaguchi et al. 2008). 68 

Graft-mediated floral induction has long been considered as a potential technique for breeding and seed 69 

production, enabling forced flowering under non-inductive conditions. For example, in sweet potato (Ipomoea batatas), 70 

which rarely flowers in temperate regions, grafting onto related species such as moonflower (Ipomoea alba) or morning 71 

glory (Ipomoea nil) has been developed and is still used for hybrid breeding today (Kobayashi and Nakanishi 1982; Lam 72 

and Cordner 1955). In the 1960s, grafting onto related wild species was reported to induce flowering in late-bolting 73 

cultivars of sugar beet (Beta vulgaris) (Curtis and Hornesey 1964; Curtis 1964). Since the discovery of FT, grafting 74 

approaches using FT-overexpressing transgenic plants as rootstocks have also been explored, including successful 75 

examples in orange (Citrus sinensis) (Soares et al. 2020) and Jatropha curcas (Tang et al. 2022; Ye et al. 2014). 76 

Although graft-mediated floral induction has long been recognized, its practical application in breeding 77 

remains limited to a few plant species. In some species, flowering is not induced even when scions are grafted onto florally 78 

induced rootstocks (van de Pol 1972). Similar failures have also been reported when transgenic plants overexpressing FT 79 

are used as rootstocks, with reports in trifoliate orange (Citrus trifoliata) (Wu et al. 2022), cassava (Manihot esculenta 80 

Crantz) (Bull et al. 2017; Odipio et al. 2020), poplar (Populus spp.) (Zhang et al. 2010), and apple (Malus × domestica 81 

Borkh.) (Tränkner et al. 2010; Wenzel et al. 2013). In these cases, the FT-overexpressing rootstocks themselves exhibited 82 

early flowering, suggesting that the lack of induction in grafted plants may result from insufficient FT movement from 83 

rootstock to scion (Putterill and Varkonyi-Gasic 2016), although the precise cause remains unclear. Together, these 84 

findings underscore the practical challenges of graft-mediated floral induction in breeding programs. 85 

We developed a grafting technique that enables stable and early flowering of cabbage (Brassica oleracea L.), 86 

which normally requires a long period for floral induction due to its juvenility and strong vernalization requirement (Motoki 87 

et al. 2019, 2024). We found that certain early-bolting radish (Raphanus sativus L.) accessions can induce flowering in 88 

cabbage more effectively, which correlated with their higher FT protein supply compared with other radish or B. oleracea 89 

rootstocks (Motoki et al. 2022). It was shown that differences in FT protein supply capacity were associated with variation 90 

in FT gene expression levels and size of leaves, which is the organ responsible for FT protein production. We proposed 91 

this technique as the "GRAFT" method (Grafting onto Relatives capable of Abundant Florigen Transmission), emphasizing 92 
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the importance of selecting plants with high florigen supply capacity as rootstocks (Motoki et al. 2024). This technique has 93 

recently been adopted by several seed companies to accelerate the breeding of Brassicaceae crops. 94 

The genetic basis underlying high FT expression level in radish accessions with strong floral induction ability 95 

remains unclear. Clarifying this mechanism is essential for developing rootstocks that enable faster and more reliable graft-96 

mediated flowering. In the model plant Arabidopsis thaliana, FT expression is regulated by a range of environmental and 97 

endogenous cues, including photoperiod, vernalization, ambient temperature, plant age, and phytohormones (Kinoshita 98 

and Richter 2020). These signals are transduced through complex transcriptional networks involving multiple upstream 99 

regulators. Natural genetic variations affecting FT expression level have been reported across diverse plant species. These 100 

include mutations in the cis-regulatory regions of the FT locus itself (A. thaliana, Liu et al. 2014; B. rapa, Nishikawa et al. 101 

2023; C. sativus, Wang et al. 2020; G. max, Zhao et al. 2016; O. sativa, Ogiso-Tanaka et al. 2013), as well as in trans-102 

acting upstream regulators (B. rapa, Nishikawa et al. 2023; G. max, Xia et al. 2012; O. sativa, Takahashi et al. 2009; Z. 103 

mays, Huang et al. 2018). 104 

Recently, a pan-genome of the genus Raphanus was released, revealing the genomic characteristics of its 105 

constituent species (Zhang et al. 2021). This pan-genome includes six varieties of the cultivated species R. sativus, two 106 

subspecies of the wild species R. raphanistrum, and interspecific hybrids between R. raphanistrum and R. sativus. All 107 

accessions possess nine chromosomes, and while the overall chromosomal arrangement is largely conserved across 108 

genomes, both inter-chromosomal and intra-chromosomal rearrangements were observed in some cases (Zhang et al. 2021). 109 

The use of a pan-genome facilitates the functional genomics, by enabling efficient detection of larger structural variants, 110 

such as presence/absence variants, copy number variants, inversions and translocations, which are often difficult to identify 111 

using traditional single-reference genomes (Shi et al. 2023). 112 

In this study, we explored the genetic factors responsible for the high FT gene expression level in radish to 113 

elucidate the mechanisms underlying the natural variation in the graft-mediated floral induction ability. Quantitative trait 114 

loci (QTL) analysis on FT expression levels, combined with pan-genome-base comparison, identified two genomic regions, 115 

both harboring naturally occurring loss-of-expression alleles of FLC homologs. Grafting experiments demonstrated that 116 

these loss-of-expression alleles of FLC contributed to the variation in floral induction ability of the radish rootstocks by 117 

enabling early onset and constitutively high expression of FT, with differing magnitudes of effect. Further analysis revealed 118 

that these alleles originated from weedy radish (R. raphanistrum), likely contributing to their early flowering trait in 119 

disturbed environments. This study demonstrates that identifying natural genetic variants that enhance FT expression is an 120 

effective strategy to develop highly florigenic rootstocks, thereby providing a framework to broaden the application of 121 

graft-mediated floral induction in crop breeding. 122 

 123 

Methods 124 

Plant materials and population construction 125 

R. sativus G2-IL1 (an inbred line of seedpod-harvesting type radish isolated from accession no. 76703, 126 

Genebank Project, NARO, Japan) and CH-IL1 (an inbred line of the seedpod-harvesting type radish isolated from cultivar 127 
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‘Rat-tailed’, Chiltern Seeds, United Kingdom) were used for the generation of segregating population. The G2-IL1 × CH-128 

IL1 F1 was obtained by crossing of the two accessions, and F2 seeds were produced by self-pollinating a single F1 individual. 129 

Self-pollination was performed using CO2 treatment to overcome self-incompatibility, following the methods of previous 130 

studies (Nakanishi and Hinata 1975). Several radish accessions from Genebank Project and Tohoku University Brassica 131 

Seed Bank (https://www.agri.tohoku.ac.jp/pbreed/Seed_Stock_DB/SeedStock-top.html) were used for genotyping the 132 

RsFLC1 and RsFLC3 loci (Table S1). 133 

 134 

Growth conditions for flowering time evaluation 135 

For flowering time evaluation of the F₂ population in controlled conditions, plants were grown in a growth 136 

room maintained at 22 ± 2°C in long-day (LD) conditions (16 h light / 8 h dark). Light was provided using fluorescent 137 

lamps (PPFD 120 μmol m⁻² s⁻¹; NEC Lighting, Ltd., Japan). Seeds were sown on moist filter paper and germinated in the 138 

dark at 22°C for 1 day. The germinated seeds were then transplanted into 7.5 cm diameter plastic pots filled with granular 139 

rockwool (Nippon Rockwool Corp., Tokyo, Japan) and cultivated further in the growth room. All plants were irrigated and 140 

fertilized from below using a half-strength nutrient solution (Enshi-shoho, formulated by the National Horticultural 141 

Research Station, Japan). Flowering time was recorded as the number of days from transplantation to bolting, with a plant 142 

defined as bolted when the flowering stem reached 3 cm in height above the top of the hypocotyl. A total of 189 individuals 143 

were cultivated under identical conditions in four independent survey rounds (23, 47, 47, and 72 plants, respectively). 144 

For flowering time evaluation of the F₃ population, plants were grown in an unheated greenhouse at Kizu Farm, 145 

Kyoto University. Seeds were sown on moist filter paper and germinated in the dark at 22°C for 1 day. On June 23, 2022, 146 

the germinated seeds were transplanted into 7.5 cm diameter plastic pots filled with nursery soil (Ikubyo-baido, Takii Seed 147 

Co., Kyoto, Japan) supplemented with 3 g/L of slow-release fertilizer (Long-total kaki No.1, ZEN-NOH, Japan). The pots 148 

were placed on benches in the greenhouse and watered regularly. Flowering time was recorded as the number of days from 149 

transplantation to bolting, with a plant defined as bolted when the flowering stem reached 5 cm in height above the top of 150 

the hypocotyl. 151 

 152 

Gene expression analysis in the F₂ population 153 

Leaf disks were collected from the tip of the largest leaf of each individual in the G2-IL1 × CH-IL1 F₂ 154 

population grown in the growth conditions described above, at 14 days after sowing, between Zeitgeber time (ZT) 15.5 155 

and 16.0. Total RNA was extracted from the leaf samples using Sepasol RNA I Super G (Nacalai Tesque, Inc., Kyoto, 156 

Japan), purified with Econospin™ for RNA (Epoch Life Science, Missouri City, TX, USA), and reverse-transcribed using 157 

ReverTra Ace® qPCR RT Master Mix with gDNA Remover (Toyobo Co., Ltd., Osaka, Japan), in accordance with the 158 

manufacturer’s instructions. Gene expression analysis was performed on 115 individuals from survey rounds 1, 2 and 3, 159 

after excluding two individuals from which RNA extraction failed. 160 

One microliter of 20-fold diluted cDNA was then used as the template for quantitative reverse transcription-161 

PCR (RT-qPCR). RT-qPCR was conducted using the THUNDERBIRD® SYBR® qPCR Mix kit (Toyobo Co., Ltd.) in 162 
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accordance with the manufacturer’s instructions, with amplification performed on a LightCycler® 480 system (Roche 163 

Diagnostics K.K., Tokyo, Japan). The thermal cycling conditions were as follows: initial denaturation at 95°C for 5 minutes, 164 

followed by 40 cycles of 95°C for 10 seconds, 60°C for 30 seconds, and 72°C for 30 seconds. Amplification specificity 165 

was confirmed using melting curve analysis. All RT-qPCR primers used in this study are listed in Table S2. 166 

 167 

Library preparation and sequencing for genomic analysis 168 

For whole-genome sequencing of G2-IL1 and CH-IL1, genomic DNA was extracted from leaf tissue using the 169 

DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). Library preparation was performed using the TruSeq DNA PCR-170 

Free Sample Preparation Kit (Illumina, San Diego, CA, USA), and the libraries were sequenced on an Illumina platform 171 

using 151 bp paired-end reads, yielding an average sequencing depth of approximately 25× for G2-IL1 and 40× for CH-172 

IL1. 173 

For the long-read sequencing of CH-IL1, DNA was extracted from leaf tissue using the NucleoBond® HMW 174 

DNA (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany). Size selection was conducted using BluePippin high-175 

pass size selection (Sage Science, Inc., Beverly, MA, USA). Library preparation was performed using Ligation Sequencing 176 

Kit V14 (Oxford Nanopore Technologies plc, Oxford, UK). Sequencing was performed on a PromethION 2 Solo (Oxford 177 

Nanopore Technologies plc), generating an average sequencing depth of approximately 100×. 178 

For dpMIG-seq library construction of the F₂ population, genomic DNA was extracted from leaf tissue using 179 

the method described by Mizuno et al. (2020). The dpMIG-seq library was constructed following the protocol described 180 

by Nishimura et al. (2024), using the primer set PS1_4–5. The constructed libraries were sequenced on an Illumina platform, 181 

generating 151 bp paired-end reads for subsequent genotyping analysis. 182 

 183 

Reference-based variant calling 184 

For whole-genome sequencing of the parental accessions, raw FASTQ files were filtered and trimmed using 185 

Trimmomatic (Bolger et al. 2014) to retain reads with a minimum quality score of 20. The resulting 150 bp paired-end 186 

reads were aligned to one of the reference genomes from the radish pan-genome (Zhang et al. 2021) using the Burrows–187 

Wheeler Aligner maximal exact match with default parameters (Li and Durbin 2009). The resulting SAM files were 188 

converted to BAM format and sorted using SAMtools (Li et al. 2009). Reads with four or more mismatches were removed, 189 

and only properly paired reads were retained using SAMtools. The filtered reads were used as input for elPrep (Herzeel et 190 

al. 2021) to mark and remove duplicates, perform base quality score recalibration (BQSR), and execute variant calling via 191 

its HaplotypeCaller module. Per-chromosome GVCF files were generated and subsequently combined using the 192 

GenomicsDBImport and GenotypeGVCFs functions of GATK v4 (Van der Auwera and O'Connor 2020). SNPs and indels 193 

were filtered based on standard hard-filtering parameters, and only high-confidence homozygous variants passing all filters 194 

were retained. Finally, variants were annotated for predicted functional effects using SnpEff (Cingolani et al., 2012). 195 

For the dpMIG-seq analysis of the F₂ population, the first 17 bases at the 5′ end of each raw read—derived 196 

from the primer used in the first PCR of dpMIG-seq—were removed using fastp (Chen 2023) with parameters -f 17 -F 17, 197 



 7 

along with quality trimming (-q 20) and filtering of low-quality reads (-n 10). Paired-end reads were also processed to 198 

remove polyG tails and adapters using the default settings of fastp. Processed reads were mapped to the RS00 reference 199 

genome using SNAP-aligner with default parameters for paired-end mode. The resulting BAM files were sorted and 200 

indexed using SAMtools. Variants were called using samtools mpileup with the -d 0 option, and passed to BCFtools 201 

(Danecek et al. 2021) for SNP/INDEL calling. The resulting VCF files were filtered using VCFtools to retain high-202 

confidence biallelic variants with a minimum depth of 5, minor allele frequency of 0.1, and missing data threshold of 20%. 203 

 204 

Linkage map construction and QTL analysis of the F2 population 205 

A linkage map of the F₂ population was constructed using Lep-MAP3 (Rastas 2017). Filtered VCF files were 206 

separated by chromosome, and polymorphisms within each chromosome-specific file were grouped using the 207 

SeparateChromosomes2 module of Lep-MAP3. For downstream analysis, the linkage group containing the highest number 208 

of markers per chromosome was selected as the representative linkage group. QTL analysis was performed using R/qtl 209 

(Broman et al., 2003). Composite interval mapping was applied to identify QTLs associated with days to bolting and the 210 

relative expression level of RsFTa normalized to RsActin. The significance threshold for the LOD score was determined 211 

using 1,000 permutation tests. 212 

 213 

Genomic sequence analysis of RsFLC1 and RsFLC3 loci 214 

 To characterize the genomic sequences of RsFLC1 and RsFLC3 in G2-IL1 and CH-IL1, short-read 215 

resequencing data were mapped to 11 reference genomes from the radish pangenome (Zhang et al. 2021) using BWA-216 

MEM with default parameters. Variants, including SNPs and indels, were called using the mpileup function in SAMtools, 217 

followed by variant calling with BCFtools. Homozygous polymorphisms within ORFs of RsFLC1 and RsFLC3 were 218 

counted to identify the most similar reference genome for each accession. Based on this analysis, RS00 and RS08 were 219 

selected for RsFLC1, and RS03 and RS09 for RsFLC3 for further analysis. Genomic regions containing RsFLC1 or RsFLC3 220 

along with their flanking sequences were retrieved and aligned using the nucmer tool from MUMmer4 to detect potential 221 

structural variants (Marçais et al. 2018). 222 

For CH-IL1, long-read genomic data generated using Oxford Nanopore sequencing were aligned to the RS08 223 

reference genome using minimap2 (Li 2018). Structural variations around RsFLC1 were manually inspected using 224 

Integrative Genomics Viewer (Helga et al. 2013). Allele-specific genomic PCR primers targeting variants in RsFLC1 and 225 

RsFLC3 were designed based on the detected structural polymorphisms between G2-IL1 and CH-IL1 (Fig. S1, Table 226 

S2). PCR was performed using KOD One® PCR Master Mix (Toyobo Co. Ltd.) using the following conditions: 35 cycles 227 

at 98°C for 10 sec, 60°C for 5 sec, and 68°C for 7 sec. Allele-specific primers were mixed at equal concentrations in a 228 

single reaction to perform multiplex PCR for each gene. 229 

 230 

RNA-seq library preparation and sequencing 231 
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RNA-seq analysis was performed using G2-IL1 and CH-IL1 plants grown under LD conditions in a growth 232 

room, as described above. Leaf disks were collected from the tip of the largest leaf of each plant at 14 days after sowing, 233 

between ZT 15.5 and 16.0 (n = 4 per accession). Total RNA was extracted from the sampled leaves using a modified 234 

version of the Direct-TRI method described by Ujibe et al. (2021), in which powdered frozen leaf tissue was homogenized 235 

in Sepasol RNA I Super G (Nacalai Tesque, Inc.), and RNA was subsequently purified using Econospin™ for RNA (Epoch 236 

Life Science). Non-targeted RNA-seq libraries were prepared using the Lasy-Seq ver. 1.1 protocol 237 

(https://sites.google.com/view/lasy-seq/) (Kamitani et al. 2019; Kashima et al. 2021). Sequencing was performed on an 238 

Illumina platform, generating 150 bp paired-end reads for downstream transcriptome analysis. 239 

 240 

Mapping and gene quantification 241 

Processing of the RNA-seq data was conducted following the method described by Kashima et al. (2021). Read 242 

1 sequences were trimmed using fastp with the following parameters: --trim_poly_x -w 20 --243 

adapter_sequence=AGATCGGAAGAGCACACGTCTGAACTCCAGTCA --244 

adapter_sequence_r2=AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT -l 31. The trimmed read 1 sequences were 245 

then aligned to the radish reference RNA sequence of RS00 (GWHANWD00000000.RNA.fasta) using BWA-MEM with 246 

default settings. Gene-level quantification was performed using Salmon (Patro et al. 2017) with the -l IU option to specify 247 

the library type. The resulting read counts per gene were summarized using R (version 4.3.2; R Core Team 2023). 248 

Differential expression analysis was carried out using the edgeR package (Robinson et al. 2010), applying the glmQLFTest 249 

function to identify DEGs. Genes with |log2FC| > 1 (FDR = 0.05) were considered as differentially expressed. Homologs 250 

of 317 flowering time-related genes, compiled from Arabidopsis thaliana gene lists in the Flowering Interactive Database 251 

(FLOR-ID; Bouché et al. 2016) and the George Coupland group 252 

(https://www.mpipz.mpg.de/14637/Arabidopsis_flowering_genes), were identified in the RS00 reference genome through 253 

mutual BLAST searches. 254 

 255 

Effect of RsFLC1 and RsFLC3 genotype on the floral induction ability of radish rootstocks 256 

 Grafting experiments were conducted in a growth room maintained at 22 ± 2°C under LD conditions (16 h light 257 

/ 8 h dark). Light was supplied using daylight-color LED lamps at a PPFD of 120 μmol m⁻² s⁻¹. Seven to ten individuals 258 

homozygous for specific RsFLC1/RsFLC3 genotypes—RsFLC1Lpt1/RsFLC3Ngr1, RsFLC1Lpt1/rsflc3Rpn1, 259 

rsflc1Ldr1/RsFLC3Ngr1, and rsflc1Ldr1/rsflc3Rpn1—were selected from the F₂ population of G2-IL1 × CH-IL1 by genotyping 260 

with allele-specific primers, as described above. The selected plants were transplanted into 7.5 cm diameter plastic pots 261 

filled with granular rockwool (Nippon Rockwool Corp) and used as rootstocks. The grafting experiment was conducted in 262 

two replicates, with three to five individuals per genotype used in each replicate. Cabbage ‘Matsunami’ (Ishii Seed Growers 263 

Co., Ltd., Shizuoka, Japan) seedlings, 3 to 4 weeks after sowing, were used as scions. Split grafting was performed 264 

following the method of Motoki et al. (2022), when the radish seedlings had bolted to a height of 7 cm above the hypocotyl. 265 

Grafted plants were cultivated for 65 days after grafting.  266 
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To evaluate the floral induction ability of each rootstock genotype, the number of days to first flowering and 267 

the total number of opened flowers at the end of cultivation were recorded. For gene expression analysis, leaf disks were 268 

collected from the tip of the largest leaf of the rootstocks at ZT 15.5–16.0, at 3, 5, 7, 9, and 11 weeks after sowing of the 269 

rootstocks. Total RNA was extracted using the modified version of the Direct-TRI method as described above. Reverse 270 

transcription and RT-qPCR were performed as described above, except that the LightCycler® 96 system (Roche 271 

Diagnostics K.K., Tokyo, Japan) was used for RT-qPCR. The opened flower count and gene expression analysis were 272 

conducted only in the second replicate of the grafting experiment. 273 

 274 

Results 275 

Heritability of RsFTa expression level between two radish accessions with different graft-mediated floral induction 276 

abilities 277 

Radish inbred line CH-IL1 is developed from a commercial pod-radish cultivar through the selection and 278 

inbreeding of individuals capable of inducing flowering in grafted cabbages (Motoki et al. 2022, Fig. 1a). Another inbred 279 

line, G2-IL1, was derived from a wild radish accession collected in Thailand, with selection focused on the early-bolting 280 

trait. In warm, LD conditions, both CH-IL1 and G2-IL1 exhibit an extremely early-bolting phenotype and do not require 281 

vernalization for flowering, with an average bolting time of 22.4 days after sowing for CH-IL1 and 28.0 days for G2-IL1 282 

(Fig. 1b). However, when used as rootstocks, only CH-IL1 successfully induces flowering in the grafted cabbage scions, 283 

whereas G2-IL1 fails to do so (Motoki et al. 2022, Fig. 1a).  284 

Among the two FT homologs reported in radish, RsFTa and RsFTb (Mitsui et al. 2023), we focused on RsFTa, 285 

which showed much higher expression in both G2-IL1 and CH-IL1 (Fig. S2). Expression analysis of RsFTa in leaves 286 

revealed that, although RsFTa expression was detectable in G2-IL1, CH-IL1 exhibited a markedly higher expression—287 

95.7-fold greater on average (Fig. 1c). We first aimed to identify the genetic loci responsible for this difference in RsFTa 288 

expression levels through QTL analysis. In the population generated from the cross of these two accessions, the F1 plants 289 

exhibited intermediate phenotypes relative to the parental accessions for both days to bolting and RsFTa expression levels 290 

(Fig. 1b, 1c). The F2 population showed a wide range of segregation for both traits. Furthermore, a strong negative 291 

correlation was observed between these two traits in the F2 population (Fig. S3). These results suggested that RsFTa 292 

expression level, which also likely contributes to the control of bolting time, is governed by multiple genetic factors. 293 

 294 

QTL analysis for RsFTa expression level 295 

We performed QTL analysis for days to bolting and RsFTa expression level using the F₂ population described 296 

above. A genomic library was constructed using the dpMIG-seq method (Nishimura et al. 2024), and the obtained short 297 

reads were mapped to the RS00 reference genome (Zhang et al. 2021) to identify SNPs (Table S3). Based on the genotypes 298 

of 189 F₂ individuals, a linkage map was constructed using 1,224 markers derived from 3,628 SNPs (Table S4; Data S1). 299 

QTL analysis for days to bolting (n=189) detected three QTLs with LOD peaks of 6.7, 9.1, and 49.7 located on 300 

chromosomes 3, 7, and 7, respectively (Fig. 2a). The LOD threshold for this analysis was 5.9 based on 1,000 permutations. 301 
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Similarly, QTL analysis for RsFTa expression level (n=115) identified two QTLs with LOD peaks of 12.6 and 19.0 on 302 

chromosomes 3 and 7, respectively (Fig. 2b). The LOD threshold for this analysis was 7.6 based on 1,000 permutations. 303 

Notably, the two QTLs for RsFTa expression level overlapped with two of the QTLs detected for days to bolting, 304 

suggesting that common genetic factors control both traits. We focused on these two QTLs affecting RsFTa expression 305 

and named them qFTexp3 and qFTexp7, respectively. qFTexp3 had a 1.5-LOD support interval extending from 0 to 6.6 306 

cM, corresponding to the physical region 256,333–2,129,181 bp on chromosome 3 (Fig. 2c). qFTexp7 had a 1.5-LOD 307 

support interval ranging from 69.6 to 73.3 cM, corresponding to 32,996,245–33,524,914 bp on chromosome 7 (Fig. 2c). 308 

We then examined the effects of genotype combinations at qFTexp3 and qFTexp7 on RsFTa expression using 309 

the markers closest to the LOD peaks. In both QTLs, the CH-IL1 genotype increased RsFTa expression, and a clear 310 

interaction between the two QTLs was observed (Fig. 2d). The proportion of phenotypic variation explained by these QTLs 311 

Fig. 1. Phenotype data of F2 population and their parents showing different grafting floral induction abilities. (a) Representative 

pictures of cabbage scions grafted onto CH-IL1 and G2-IL1 radish rootstocks. The pictures were taken at 63 days after grafting. The 

cabbage grafted onto CH-IL1 started flowering while the cabbage grafted onto G2-IL1 continued vegetative growth. White 

arrowheads indicate graft junction. Scale bars = 10 cm. (b) A histogram of days to bolting in the radish F1 and F2 population and its 

parental accessions. (c) A histogram of the expression level of RsFTa in the leaf of the radish F1 and F2 population and its parental 

accessions at two weeks after sowing. 
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was 15.3% for qFTexp3 and 34.9% for qFTexp7, indicating that RsFTa expression levels in the two parental accessions 312 

are predominantly controlled by these two major QTLs, with qFTexp7 having a larger effect.  313 

 314 

Identification of candidate genes for qFTexp3 and qFTexp7 315 

To identify candidate genes underlying qFTexp3 and qFTexp7, we first performed whole-genome resequencing 316 

analysis to narrow down potential genes. Notably, the RsFTa gene (GWHTANWD013529) is located on chromosome 2 317 

in the RS00 genome, outside the regions associated with these QTLs. Whole-genome resequencing of the two parental 318 

accessions revealed 1,827,287 SNPs and 597,502 indels when mapped to the RS00 reference genome. We focused on 319 

variants homozygous in both parents and annotated their functional impacts using SnpEff (Cingolani et al., 2012). In total, 320 

98,278 SNPs and 18,335 indels were predicted to be non-synonymous. Of these, 68 and 22 non-synonymous variants were 321 

Fig. 2. The QTL analysis of the F2 population. (a) LOD scores of QTLs for the days to bolting. (b) LOD scores of QTLs for the 

expression level of RsFTa. The red lines in (a), (b) and (c) indicate LOD score thresholds. (c) Enlarged pictures for qFTexp3 

and qFTexp7. The vertical lines on the x-axis show the position of markers. The gray bar shows a 1.5-LOD support interval. (d) 

An effect plot for the expression level of RsFTa in the F2 population categorized by markers close to the LOD score peaks for 

qFTexp3 and qFTexp7, with G2/G2, CH/CH, and G2/CH indicating the homozygous G2-IL1 allele, homozygous CH-IL1 allele, 

and heterozygous allele, respectively. Error bars indicate mean ± SE. 
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located within the 1.5-LOD intervals of qFTexp3 and qFTexp7, respectively (Fig. 3a). However, none of these variants 322 

were found in homologs of known flowering time-related genes. 323 

Given the lack of apparent functional variants in flowering-related genes, we next investigated differential gene 324 

expression between the parental lines. RNA-seq was conducted using the largest leaves collected two weeks after sowing 325 

from G2-IL1 and CH-IL1 plants, based on the Lasy-Seq protocol (Kamitani et al., 2019; Kashima et al., 2021). A total of 326 

1,684 upregulated genes [false discovery rate (FDR) = 0.05, log₂ fold-change (FC) > 1] and 1,605 downregulated genes 327 

(FDR = 0.05, log₂FC < -1) were identified in G2-IL1 (Table S5). Among these differentially expressed genes (DEGs), 64 328 

genes were homologs of known Arabidopsis flowering-time genes (Table S5), including 15 homologs of genes that act as 329 

upstream regulators of FT (Fig. 3b). Notably, within the 1.5-LOD intervals of qFTexp3 and qFTexp7, we identified two 330 

floral repressor genes, GWHTANWD015077 (associated with qFTexp3 and located at 1,808,520-1,813,290 bp on 331 

chromosome 3) and GWHTANWD044743 (associated with qFTexp7 and located at 33,049,859-33,054,708 bp on 332 

chromosome 7), which were significantly downregulated in CH-IL1 (Fig. 3a, 3b). Both genes encode homologs of FLC, a 333 

well-known upstream repressor of FT in Arabidopsis (Helliwell et al., 2006). 334 

FLC is a MADS-box transcription factor that regulates the vernalization requirement in Arabidopsis by binding 335 

to the first intron of FT and repressing its expression, thereby acting as a major floral repressor (Helliwell et al., 2006; 336 

Michaels and Amasino, 1999). FLC homologs play key roles in the diversification of the flowering phenology in 337 

Brassicaceae family (Soppe et al. 2021) and have been repeatedly identified as major QTLs for flowering time in crops 338 

species including radish (Irwin et al. 2016; Kitamoto et al. 2014; Okazaki et al. 2007; Wang et al. 2018; Zhao et al. 2010). 339 

Radish has three copies of FLC homologs (RsFLC1, RsFLC2, and RsFLC3), and each of them was reported to function as 340 

a floral repressor in transgenic experiments (Yi et al. 2014). The reduced expression of the two FLC homologs in CH-IL1 341 

was a plausible explanation for the elevated RsFTa expression observed in this accession. Expression levels of RsFLC1 342 

(GWHTANWD044743) and RsFLC3 (GWHTANWD015077) were significantly lower in CH-IL1 compared with G2-IL1, 343 

with RsFLC1 showing a 9.84-fold decrease and RsFLC3 a 19.7-fold decrease (Fig. 3c). In contrast, no difference was 344 

detected in the expression of RsFLC2, another FLC homolog in the radish genome (Fig. 3c). These results suggested that 345 

cis-regulatory changes affecting RsFLC1 and RsFLC3 in CH-IL1 likely contribute to their reduced expression. 346 

  347 
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Fig. 3. Identification of the candidate genes for qFTexp3 and qFTexp7 by RNA-seq analysis and whole genome re-sequence analysis. 

(a) Integration of QTL analysis, RNA-seq analysis and whole genome re-sequence analysis for qFTexp3 and qFTexp7. * Number of 

genes with polymorphisms between G2-IL1 and CH-IL1 which were annotated as HIGH or MODERATE for impact in SnpEff 

analysis of whole genome resequencing data. (b) List of differentially expressed genes (DEGs) between G2-IL1 and CH-IL1 that are 

predicted to be homologs of upstream regulator genes of FT in Arabidopsis (FDR = 0.05). The blue heatmap in the upper panel and 

the red heatmap in the lower panel indicate the homologs of genes with negative and positive effects on expression of FT in 

Arabidopsis, respectively. zTranscript id is the name of the transcript in the RS00 reference genome. yChr shows chromosome. xPos 

indicates the transcription start site for each gene in the RS00 reference genome. wGene name indicates the Arabidopsis gene with the 

highest homology. (c) Expression level of the three FLC homologs in the RNA-seq data. The results of the Wilcoxon test between 

G2-IL1 and CH-IL1 are shown in the graph (n=4). 
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Characterization of the genomic sequences of RsFLC1 and RsFLC3 349 

To investigate allelic variation in RsFLC1 and RsFLC3 between G2-IL1 and CH-IL1 and to identify potential 350 

cis-regulatory elements responsible for the reduced expression in CH-IL1, we first searched the radish pangenome (Zhang 351 

et al., 2021) for reference genomes with the highest sequence similarity to the RsFLC1 and RsFLC3 regions. Short reads 352 

from both parental accessions were mapped to the 11 reference genomes constituting the pangenome, and the number of 353 

homozygous variants within the open reading frames (ORFs) of RsFLC1 and RsFLC3 was calculated. For RsFLC1, G2-354 

IL1 showed the highest similarity to RS00 (R. sativus var. longipinnatus), whereas CH-IL1 was most similar to RS08 (R. 355 

raphanistrum ssp. landra), as indicated by the lowest number of detected variants (Fig. 4a). For RsFLC3, G2-IL1 showed 356 

the highest similarity to RS03 (R. sativus var. niger), whereas CH-IL1 was most similar to RS09 (R. raphanistrum ssp. 357 

raphanistrum) (Fig. 4b). 358 

Next, we extracted genomic regions containing RsFLC1 and RsFLC3, along with their flanking sequences, 359 

from the respective reference genomes to compare gene structures and identify potential structural variations. In RsFLC1, 360 

we identified a large inverted repeat of approximately 10 kb in the RS08 genome (Fig. S4a, Fig. 4c). This sequence, 361 

spanning the promoter region and exons 1 to 6 of the RS00 RsFLC1 gene, was inserted between exons 6 and 7 of the RS00 362 

gene model. Although this structural variant could not be amplified by PCR, Oxford Nanopore long-read sequencing of 363 

CH-IL1 confirmed its presence by capturing reads spanning the entire region (Fig. S5). For RsFLC3, no large structural 364 

variations were detected, unlike in RsFLC1. However, three indels were identified in the RS09 genome, the closest 365 

reference to CH-IL1: a 713-bp insertion in the first intron, a 585-bp deletion in the ninth intron, and another 1176-bp 366 

deletion in downstream of the gene (Fig. S4b, Fig. 4d). 367 

To identify potential cis-regulatory variation underlying the differences in RsFLC1 and RsFLC3 expression 368 

between alleles, we examined polymorphisms in the promoter regions of these genes. In A. thaliana, the 272-bp region 369 

upstream of the start codon has been identified as the minimal promoter required for FLC expression prior to vernalization 370 

(Sheldon et al. 2002). This region contains ABA-responsive cis-regulatory elements (ABREs) known to be involved in the 371 

upregulation of FLC expression in response to abscisic acid (Xu et al. 2022). In addition, a SUF4-binding motif has been 372 

identified upstream of the minimal promoter, which is bound by SUF4, a component of the FRIGIDA complex that 373 

enhances FLC transcription (Choi et al. 2011). In RsFLC1, we identified one ABRE-like motif (shared by AtFLC and 374 

RsFLC1: ACACGTGGC) and one SUF4 binding motif-like sequence (AtFLC: CCAAATTTTAAGTTT; RsFLC1: 375 

AGAAATTCAAAGTAT) within 400 bp upstream of the start codon (Fig. 4e). Although three SNPs were found between 376 

the G2-IL1 and CH-IL1 alleles in the region homologous to the minimal promoter, none overlapped with the identified 377 

motifs. Thus, no promoter mutations were found that clearly disrupt known regulatory elements. Given this, it is possible 378 

that the large intragenic inversion identified in RsFLC1—which spans the promoter and early exons—rather than specific 379 

cis-regulatory sequence changes, may underlie the loss of expression observed in CH-IL1. In contrast, the RsFLC3 380 

promoter exhibited more extensive sequence variation (Fig. 4f). Within the 500-bp upstream region of the start codon, we 381 

identified one ABRE-like motif (ACACGTGGC) and one SUF4 binding motif-like sequence (ACAAATTTTTAGTAT) 382 

in the G2-IL1 allele, both of which harbored SNPs in CH-IL1 allele (ACATGTGGC in the ABRE-like motif and  383 
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Fig. 4. Characterization of genomic sequences of RsFLC1 and RsFLC3. (a, b) Number of homozygous polymorphisms against 11 

radish reference genomes within the open reading frame (ORF) of RsFLC1 (a) and RsFLC3 (b) in the whole genome resequencing 

data. Orange shading indicates the lowest number of polymorphisms in each accession. (c, d) Analysis of structural variations 

around RsFLC1 (c) and RsFLC3 (d) between the most similar reference genomes for G2-IL1 and CH-IL1. The syntenic relationships 

between the two genomes are visualized based on the dot plot analysis. For simplicity, small structural variations are omitted in (c). 

The gene models in the corresponding regions are visualized based on the GFF files of each reference genome using Integrative 

Genomics Viewer. (e, f) Polymorphisms in the promoter regions of RsFLC1 (e) and RsFLC3 (f) between G2-IL1 and CH-IL1 

alleles. (g) Electrophoresis images of the amplified products by multi-plex PCR using the primer sets shown in Fig. S1 for RsFLC1 

and RsFLC3, respectively. White and black arrowheads indicate the amplicon size expected from G2-IL1 and CH-IL1 allele, 

respectively. (h) An effect plot for the days to bolting in the F3 population categorized by the above mentioned primer sets for 

RsFLC1 and RsFLC3, with G2/G2, CH/CH, and G2/CH indicating the homozygous G2-IL1 allele, homozygous CH-IL1 allele, and 

heterozygous allele, respectively. Error bars indicate mean ± SE. 
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ACAAAATTTTAGTAT in the SUF4-binding motif-like sequence). In addition to these motif-level changes, numerous 385 

SNPs and indels were found across the RsFLC3 promoter region, suggesting the cis-regulatory divergence that may 386 

contribute to the differential gene expression between alleles. In this study, we did not further experimentally validate 387 

which cis-regulatory variants underlie the loss-of-expression phenotype; this remains to be elucidated through future 388 

functional analyses. 389 

Based on the structural variants described above, we developed allele specific markers that discriminated the 390 

G2-IL1 and CH-IL1 alleles (Fig. 4g, Fig. S1). Using these markers, we genotyped 96 F₃ individuals grown under natural 391 

LD conditions in a greenhouse and analyzed the relationship between genotype and days to bolting as a proxy for RsFTa 392 

expression. The results showed that these allele-specific markers were significantly associated with flowering time in the 393 

F₃ population (Fig. 4h), confirming the effect of the CH-IL1 alleles. We named these previously unreported loss-of-394 

expression FLC alleles from CH-IL1 as rsflc1Ldr1 and rsflc3Rpn1, and the functional FLC alleles from G2-IL1 as RsFLC1Lpt1 395 

and RsFLC3Ngr1, based on their corresponding reference genomes. 396 

 397 

Combinatorial effects of RsFLC1 and RsFLC3 alleles on graft-mediated floral induction ability in radish rootstocks 398 

We next investigated whether the loss-of-expression FLC alleles identified in this study enhanced graft-399 

mediated floral induction ability in radish rootstocks. From the F₂ population derived from the G2-IL1 × CH-IL1 cross, we 400 

selected individuals homozygous at both RsFLC1 and RsFLC3 loci using the allele-specific markers. Four genotypic 401 

combinations were analyzed: RsFLC1Lpt1/RsFLC3Ngr1, RsFLC1Lpt1/rsflc3Rpn1, rsflc1Ldr/RsFLC3Ngr1, and rsflc1Ldr/rsflc3Rpn1 402 

(7–10 individuals per combination). These plants were grown under LD conditions, and cabbage seedlings were grafted 403 

onto their floral stems at the time of bolting. 404 

In the radish rootstocks themselves, rsflc1Ldr1 significantly accelerated bolting (about 10 days earlier than 405 

RsFLC1Lpt1), whereas the RsFLC3 genotype had little effect (Fig. 5a). Leaf area of the rootstocks at grafting was positively 406 

correlated with bolting time; rsflc1Ldr1 genotypes developed smaller leaves than RsFLC1Lpt1 (Fig. 5b). Time-course gene 407 

expression analysis in the rootstock leaves showed that the overall tendency of RsFTa levels followed the order: 408 

rsflc1Ldr1/RsFLC3Ngr1 > rsflc1Ldr1/rsflc3Rpn1 > RsFLC1Lpt1/rsflc3Rpn1 > RsFLC1Lpt1/RsFLC3Ngr1 (Fig. 5c), although at 3 weeks 409 

after sowing, rsflc1Ldr1/rsflc3Rpn1 showed the highest expression levels. Expression levels were consistently higher in 410 

rsflc1Ldr1 genotypes from 5 weeks after sowing onward. rsflc3Rpn1 showed limited effects depending on the RsFLC1 411 

background: increased expression was observed at early stages in the rsflc1Ldr1 background and at later stages in the 412 

RsFLC1Lpt1 background, relative to RsFLC3Ngr1 genotypes. Regarding the expression of the FLC homologs themselves, 413 

both rsflc1Ldr1 and rsflc3Rpn1 showed similarly negligible expression, as expected (Figs. 5d, 5e). In contrast, the functional 414 

alleles exhibited distinct expression dynamics: RsFLC1Lpt1 was stably and highly expressed throughout the growth period, 415 

whereas RsFLC3Ngr1 showed unstable and gradually declining expression, particularly in the rsflc1Ldr1 background. 416 

The flowering response of grafted cabbage scions were clearly affected by rootstock genotypes (Figs. 5f–h). 417 

Nearly all scions grafted onto rootstocks with rsflc1Ldr1 genotype flowered. In contrast, flowering occurred at a lower 418 

frequency in RsFLC1Lpt1 genotypes—particularly in the RsFLC1Lpt1/RsFLC3Ngr1 combination, where only 1 out of 8 scions 419 
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Fig. 5. Effect of RsFLC1 and RsFLC3 alleles on the floral induction ability of radish rootstocks. (a) Days to bolting after 

sowing of the radish rootstocks themselves. (b) Total area of leaves left on rootstocks after grafting at the day of grafting. (c–e) 

Time-course gene expression of (c) RsFTa, (d) RsFLC1, and (e) RsFLC3 in the leaves of radish rootstocks used for the grafting 

experiment. At each time point, leaf disks were sampled from the largest non-yellowing leaves of each rootstock plant. RsActin was 

used as an internal control. Error bars indicate mean ± SE (n = 4–5). Arrowheads in the RsFTa graph indicate the average time point 

of grafting for each rootstock genotype. (f) Representative pictures of cabbage scions grafted onto F2 individuals with different 

combination of RsFLC1 and RsFLC3 alleles. The pictures were taken at 65 days after grafting. White arrowheads indicate graft 

junction. Scale bars = 10 cm. (g) Floral status of the grafted scions at 65 days after grafting. (h) Days to flowering after grafting of 

the cabbage grafted onto F2 individuals. ED: end of experiment; NF: non-flowering. Different letters indicate statistical difference 

among the treatments with pairwise Wilcoxon tests with the Bonferroni adjustment for multiple comparisons (P < 0.05, n = 7–10) 

in (a), (b) and (h). 
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flowered (Fig. 5g). rsflc1Ldr1 also led to earlier flowering and more opened flowers (Fig. 5h, Fig. S6). rsflc3Rpn1 improved 421 

floral induction only in the RsFLC1Lpt1 background (Figs. 5g, 5h). These findings demonstrated that rsflc1Ldr1, a major-422 

effect allele for RsFTa upregulation, strongly promoted graft-mediated floral induction. In contrast, rsflc3Rpn1, a minor-423 

effect allele, enhanced graft-mediated floral induction only in the presence of a functional RsFLC1 allele. 424 

 425 

Distribution of FLC loss-of-expression alleles in radish germplasm 426 

To investigate the origin of the loss-of-expression FLC alleles identified in CH-IL1, we surveyed a panel of 427 

Raphanus accessions (Table S1). Pangenome analysis showed that the rsflc1Ldr1 and rsflc3Rpn1 alleles were most similar to 428 

RS08 and RS09 reference genomes, which were derived from R. raphanistrum, a weedy radish species (Figs. 4a, 4b). 429 

Genotyping of diverse R. sativus and R. raphanistrum accessions revealed that the rsflc1Ldr1 allele was exclusive to R. 430 

raphanistrum, and the rsflc3Rpn1 allele was detected in both species, although it was much less frequent in R. sativus (Fig. 431 

6a; Table S1). All three accessions carrying the rsflc1Ldr1 allele were collected from the United States (Table S1). The 432 

rsflc3Rpn1 allele was found in accessions originating from five different countries, suggesting a broader geographic 433 

distribution. Furthermore, both the rsflc1Ldr1 and rsflc3Rpn1 alleles were present in a heterozygous state in each of these 434 

accessions (Table S1), as well as in the original cultivar used to develop the CH-IL1 inbred line (Fig. 6b). 435 

  436 

Fig. 6. Distribution of FLC loss-of-expression alleles in radish germplasm. (a) Summary of the genotyping of diverse R. sativus and 

R. raphanistrum accessions. (b) Heterozygous state of FLC loss-of-expression alleles in the original cultivar used to develop CH-

IL1. Black arrowheads indicate the bands corresponding to rsflc1Ldrl and rsflc3Rpnl alleles, and white arrowheads indicate the bands 

corresponding to RsFLC1Lpt1 and RsFLC3Ngr1. The smaller bands in the RsFLC3 result, indicated by gray arrowheads, represent 

amplicons derived from an allele type other than rsflc3Rpnl or RsFLC3Ngr1. Asterisks indicate individuals carrying heterozygous loss-

of-expression FLC alleles. 
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Discussion 437 

Natural variations underlying differences in graft-mediated floral induction ability 438 

In this study, we identified two unreported loss-of-expression alleles of FLC as QTLs that enhanced FT 439 

expression in radish, and showed that these alleles contributed to the variation in the graft-mediated floral induction. 440 

Although previous studies reported that the genotype of rootstocks affected quantitative differences in graft-mediated floral 441 

induction (Fujise et al. 1964; Motoki et al. 2022), this study is the first report identifying the underlying genetic factors 442 

responsible for such differences. Rootstocks possessing the functional FLC alleles used in this study flowered early under 443 

non-vernalized conditions (Fig. 5a). However, they were much less effective and exhibited unstable floral induction of 444 

grafted cabbage scions (Figs. 5f–h). This suggested that flowering of the rootstock itself is not sufficient to trigger the 445 

graft-mediated floral induction in the scion, which aligns with previous findings (Motoki et al. 2022; Putterill and 446 

Varkonyi-Gasic 2016; Tang et al. 2022; van de Pol 1972). 447 

Based on these observations, we propose a model for successful graft-mediated floral induction using radish 448 

rootstocks (Fig. 7). At high levels of FLC expression, FT expression is strongly repressed, and neither the radish rootstock 449 

itself nor the grafted cabbage scion does not flower (Fig. 7a). As FLC expression decreases, FT expression is initiated, 450 

triggering flowering in the rootstock. However, this level of FT is insufficient to induce flowering in grafted scions (Fig. 451 

7b). A further decrease in FLC expression leads to higher FT expression, which enables floral induction in the scion (Fig. 452 

7c). The underlying mechanism behind the different FT thresholds required for flowering in rootstocks and scions remains 453 

unclear. Possible explanations include differences in sensitivity of meristems to FT between rootstocks and scions or 454 

limited FT transmission across the graft junction. As a future work, it will be of interest to examine whether this model can 455 

Fig. 7. A proposed model for successful graft-mediated floral induction using radish rootstocks. (a) At high levels of FLC 

expression, FT expression is strongly repressed, and neither the radish rootstock nor the grafted cabbage scion undergoes flowering. 

(b) A moderate reduction in FLC expression initiates FT expression, enabling flowering of the rootstock itself; however, this FT 

level remains insufficient to stably induce flowering in the grafted cabbage scion. (c) A further reduction in FLC expression results 

in a substantial increase in FT expression, which exceeds the threshold required to reliably induce flowering in the scion. This 

model implies that natural variation in other upstream regulators of FT may also influence the stability of graft-mediated floral 

induction. 
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also explain inter-specific variations in graft-mediated floral induction ability, as observed between R. sativus and B. 456 

oleracea rootstocks (Kagawa 1957; Motoki et al. 2019, 2022).  457 

While FLC is a major upstream regulator of FT in Arabidopsis, several other transcription factors regulate FT 458 

expression in parallel with FLC (Kinoshita and Richter 2020). Additionally, mutations in the cis-regulatory regions of the 459 

FT locus itself alter its gene expression level (Liu et al. 2014), although in this study no expression QTLs for RsFTa were 460 

detected on chromosome 2, where RsFTa gene is located (Fig. 2b). Therefore, by searching a broader range of radish 461 

germplasm, natural variations that enhance FT expression, other than the variations in FLC, may be identified as additional 462 

genetic factors for promoting graft-mediated floral induction. In the closely related species B. rapa, an accession carrying 463 

a mutated FT allele with increased expression level was reported to induce flowering in grafted radish scions (Nishikawa 464 

et al. 2023), supporting this possibility. 465 

 466 

Differential effects of RsFLC1 and RsFLC3 alleles on RsFTa expression and graft-mediated floral induction ability 467 

Both loss-of-expression FLC alleles identified in this study showed little to no expression throughout the 468 

growth period (Figs. 5d, 5e). However, rsflc1Ldr1 had a stronger effect than rsflc3Rpn1 on both RsFTa expression in the 469 

rootstock and its graft-mediated floral induction ability (Figs. 5c, 5f, 5g). One possible explanation for this difference lies 470 

in the expression patterns of their corresponding functional alleles: RsFLC1Lpt1 maintained high expression throughout the 471 

growth period, whereas RsFLC3Ngr1 exhibited weaker and unstable expression that declined over time (Figs. 5d, 5e). 472 

Previous studies have reported that variations in expression levels of FLC homologs are associated with their floral 473 

repression activity in several Brassica species (Calderwood et al. 2021; Hepworth et al. 2020; Kinoshita et al. 2023; 474 

Kitamoto et al. 2014; Wang et al. 2018). Therefore, the instability of RsFLC3Ngr1 expression was suggested to cause a 475 

smaller phenotypic contrast with its loss-of-expression counterpart. In line with this hypothesis, at early growth stage (3 476 

weeks after sowing) when RsFLC3 expression remains high in the rsflc1Ldr1/RsFLC3Ngr1 genotype, RsFTa expression was 477 

higher in rsflc1Ldr1/rsflc3Rpn1 than rsflc1Ldr1/RsFLC3Ngr1 (Fig. 5c). 478 

At 5 weeks after sowing, RsFTa expression became higher in rsflc1Ldr1/RsFLC3Ngr1 than in rsflc1Ldr1/rsflc3Rpn1 479 

(Fig. 5c). This increase cannot be explained solely by the expression difference between RsFLC1 and RsFLC3, since 480 

RsFLC3 expression was still detected at relatively higher levels in rsflc1Ldr1/RsFLC3Ngr1 at this stage. Instead, it may reflect 481 

the influence of other factors such as plant size: rsflc1Ldr1/RsFLC3Ngr1 plants exhibited slightly delayed bolting and 482 

developed larger leaves compared to rsflc1Ldr1/rsflc3Rpn1 (Figs. 5a, 5b). Because FT expression is known to be affected by 483 

developmental stage (Castillejo and Pelaz 2008) and carbohydrate signaling in Arabidopsis (King et al. 2008; Wahl et al. 484 

2013), the elevated RsFTa expression may be attributable to advanced developmental stage or enhanced carbohydrate 485 

signaling linked to the larger plant size. 486 

Besides transcriptional differences, amino acid differences between RsFLC1 and RsFLC3 may contribute to 487 

their functional divergence, which was not investigated in this study. Further investigation into the molecular and functional 488 

differences between these two homologs may provide valuable insights into the regulation of flowering in radish. 489 

 490 
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Evolutionary origin and maintenance of loss-of-expression FLC alleles in radish 491 

Building on our genomic and germplasm analyses, we inferred that both loss-of-expression FLC alleles 492 

originated from R. raphanistrum, a weedy radish species (Figs. 4a, 4b, 6a). R. raphanistrum is a globally distributed 493 

noxious weed (Kebaso et al. 2020), and early flowering has been reported as an adaptive trait enhancing seed dispersal in 494 

disturbed conditions (Ashworth et al. 2016; Charbonneau et al. 2018). Experimental evolution and modeling studies 495 

suggested that flowering time variation in R. raphanistrum can be explained by the presence of a major-effect gene and a 496 

minor-effect gene (Somerville et al. 2024). The two loss-of-expression FLC alleles identified in this study were strongly 497 

associated with early flowering (Figs. 2a, 4h), suggesting that they represent a part of the genetic basis for early flowering 498 

in R. raphanistrum. Recently, Li et al. (2023) reported that the mutations in FLC contribute to early flowering and 499 

adaptation in another Brassicaceae weed, Cardamine occulta, and suggested a common evolutionary trajectory of early 500 

flowering in ruderal weeds in Brassicaceae. Our results provide another example supporting this hypothesis. 501 

CH-IL1, the accession used in our genetic analysis, was derived from a commercial R. sativus var. caudatus 502 

(pod radish) cultivar through selection for high RsFTa expression and ability to induce flowering in grafted scions (Motoki 503 

et al., 2022). However, surveys of genetic resources revealed that the rsflc1Ldr1 and rsflc3Rpn1 alleles are absent from other 504 

R. sativus var. caudatus accessions (Table S1). Further analysis showed that these alleles were present in a heterozygous 505 

state in the original seeds from which CH-IL1 is derived (Fig. 6b). Taken together, these findings imply that the loss-of-506 

expression FLC alleles have introgressed from R. raphanistrum, which was possibly present in or near the commercial 507 

seed production site, into the pod radish cultivar through unintentional hybridization during seed multiplication. 508 

 509 

Application of identified natural variation in breeding of florigenic rootstocks and conventional root-type radish 510 

The allele-specific markers developed for the loss-of-expression FLC alleles enable efficient breeding of radish 511 

rootstocks with enhanced graft-mediated floral induction ability. Previous studies have shown that not only FT mRNA 512 

expression levels, but also the amount of leaves—where FT is produced— in rootstocks are key determinants of graft-513 

mediated floral induction (Motoki et al., 2022; Suge 1984; Zeevaart 1958). For instance, introducing these alleles into 514 

radish accessions with larger or longer-lived leaves will help generate rootstocks with even greater florigenic potential. 515 

Additionally, combining these alleles with disease resistance traits may facilitate the development of robust rootstocks 516 

suited to diverse breeding environments. 517 

Beyond rootstocks for grafting, these markers are also valuable in breeding programs for conventional root-518 

type radish cultivars. As R. raphanistrum is cross-compatible with cultivated radish, it serves as a useful genetic resource 519 

for expanding the gene pool. For example, it was shown that herbicide resistance can be introduced from R. raphanistrum 520 

to R. sativus, which can lead to the development of herbicide-tolerant cultivars (Jugulam et al. 2014). However, the early 521 

bolting trait associated with R. raphanistrum may compromise root development in cultivars bred for root harvest. The 522 

molecular markers developed in this study can support the effective elimination of undesirable early bolting alleles while 523 

preserving key traits of R. raphanistrum. 524 

 525 
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Conclusion: A strategy for developing florigenic rootstocks for floral induction in other crops 526 

In this study, we identified naturally occurring loss-of-expression FLC alleles in radish as key genetic 527 

variations underlying enhanced graft-mediated floral induction ability, through increased FT gene expression levels. Our 528 

findings suggest that initial screening based on FT expression levels serves as a practical approach to efficiently develop 529 

highly florigenic rootstocks. Importantly, we found that the loss-of-expression FLC alleles originated from R. raphanistrum, 530 

a weedy species adapted to disturbed environments through early flowering. This finding highlights the importance of 531 

exploring genetic diversity in wild and weedy relatives, in addition to cultivated germplasm, for identifying naturally 532 

occurring alleles that confer high FT expression and enhance floral induction. Our study experimentally demonstrates that 533 

graft-mediated floral induction can be enhanced by genetic improvement of FT expression levels in the rootstocks, thus 534 

providing a framework for developing florigenic rootstocks that may facilitate the application of graft-mediated floral 535 

induction in other crops. 536 
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 771 

 772 

Figure legends 773 

Fig. 1. Phenotype data of F2 population and their parents showing different grafting floral induction abilities. (a) 774 

Representative pictures of cabbage scions grafted onto CH-IL1 and G2-IL1 radish rootstocks. The pictures were taken at 775 

63 days after grafting. The cabbage grafted onto CH-IL1 started flowering while the cabbage grafted onto G2-IL1 continued 776 

vegetative growth. White arrowheads indicate graft junction. Scale bars = 10 cm. (b) A histogram of days to bolting in the 777 

radish F1 and F2 population and its parental accessions. (c) A histogram of the expression level of RsFTa in the leaf of the 778 

radish F1 and F2 population and its parental accessions at two weeks after sowing. 779 

 780 

Fig. 2. The QTL analysis of the F2 population. (a) LOD scores of QTLs for the days to bolting. (b) LOD scores of QTLs 781 

for the expression level of RsFTa. The red lines in (a), (b) and (c) indicate LOD score thresholds. (c) Enlarged pictures for 782 

qFTexp3 and qFTexp7. The vertical lines on the x-axis show the position of markers. The gray bar shows a 1.5-LOD 783 

support interval. (d) An effect plot for the expression level of RsFTa in the F2 population categorized by markers close to 784 

the LOD score peaks for qFTexp3 and qFTexp7, with G2/G2, CH/CH, and G2/CH indicating the homozygous G2-IL1 785 

allele, homozygous CH-IL1 allele, and heterozygous allele, respectively. Error bars indicate mean ± SE. 786 

 787 

Fig. 3. Identification of the candidate genes for qFTexp3 and qFTexp7 by RNA-seq analysis and whole genome re-sequence 788 

analysis. (a) Integration of QTL analysis, RNA-seq analysis and whole genome re-sequence analysis for qFTexp3 and 789 

qFTexp7. * Number of genes with polymorphisms between G2-IL1 and CH-IL1 which were annotated as HIGH or 790 

MODERATE for impact in SnpEff analysis of whole genome resequencing data. (b) List of differentially expressed genes 791 

(DEGs) between G2-IL1 and CH-IL1 that are predicted to be homologs of upstream regulator genes of FT in Arabidopsis 792 

(FDR = 0.05). The blue heatmap in the upper panel and the red heatmap in the lower panel indicate the homologs of genes 793 

with negative and positive effects on expression of FT in Arabidopsis, respectively. zTranscript id is the name of the 794 

transcript in the RS00 reference genome. yChr shows chromosome. xPos indicates the transcription start site for each gene 795 

in the RS00 reference genome. wGene name indicates the Arabidopsis gene with the highest homology. (c) Expression 796 

level of the three FLC homologs in the RNA-seq data. The results of the Wilcoxon test between G2-IL1 and CH-IL1 are 797 

shown in the graph (n=4). 798 

 799 



 30 

Fig. 4. Characterization of genomic sequences of RsFLC1 and RsFLC3. (a, b) Number of homozygous polymorphisms 800 

against 11 radish reference genomes within the open reading frame (ORF) of RsFLC1 (a) and RsFLC3 (b) in the whole 801 

genome resequencing data. Orange shading indicates the lowest number of polymorphisms in each accession. (c, d) 802 

Analysis of structural variations around RsFLC1 (c) and RsFLC3 (d) between the most similar reference genomes for G2-803 

IL1 and CH-IL1. The syntenic relationships between the two genomes are visualized based on the dot plot analysis. For 804 

simplicity, small structural variations are omitted in (c). The gene models in the corresponding regions are visualized based 805 

on the GFF files of each reference genome using Integrative Genomics Viewer. (e, f) Polymorphisms in the promoter 806 

regions of RsFLC1 (e) and RsFLC3 (f) between G2-IL1 and CH-IL1 alleles. (g) Electrophoresis images of the amplified 807 

products by multi-plex PCR using the primer sets shown in Fig. S1 for RsFLC1 and RsFLC3, respectively. White and black 808 

arrowheads indicate the amplicon size expected from G2-IL1 and CH-IL1 allele, respectively. (h) An effect plot for the 809 

days to bolting in the F3 population categorized by the above mentioned primer sets for RsFLC1 and RsFLC3, with G2/G2, 810 

CH/CH, and G2/CH indicating the homozygous G2-IL1 allele, homozygous CH-IL1 allele, and heterozygous allele, 811 

respectively. Error bars indicate mean ± SE. 812 

 813 

Fig. 5. Effect of RsFLC1 and RsFLC3 alleles on the floral induction ability of radish rootstocks. (a) Days to bolting after 814 

sowing of the radish rootstocks themselves. (b) Total area of leaves left on rootstocks after grafting at the day of grafting. 815 

(c–e) Time-course gene expression of (c) RsFTa, (d) RsFLC1, and (e) RsFLC3 in the leaves of radish rootstocks used for 816 

the grafting experiment. At each time point, leaf disks were sampled from the largest non-yellowing leaves of each 817 

rootstock plant. RsActin was used as an internal control. Error bars indicate mean ± SE (n = 4–5). Arrowheads in the RsFTa 818 

graph indicate the average time point of grafting for each rootstock genotype. (f) Representative pictures of cabbage scions 819 

grafted onto F2 individuals with different combination of RsFLC1 and RsFLC3 alleles. The pictures were taken at 65 days 820 

after grafting. White arrowheads indicate graft junction. Scale bars = 10 cm. (g) Floral status of the grafted scions at 65 821 

days after grafting. (h) Days to flowering after grafting of the cabbage grafted onto F2 individuals. ED: end of experiment; 822 

NF: non-flowering. Different letters indicate statistical difference among the treatments with pairwise Wilcoxon tests with 823 

the Bonferroni adjustment for multiple comparisons (P < 0.05, n = 7–10) in (a), (b) and (h). 824 

 825 

Fig. 6. Distribution of FLC loss-of-expression alleles in radish germplasm. (a) Summary of the genotyping of diverse R. 826 

sativus and R. raphanistrum accessions. (b) Heterozygous state of FLC loss-of-expression alleles in the original cultivar 827 

used to develop CH-IL1. Black arrowheads indicate the bands corresponding to rsflc1Ldrl and rsflc3Rpnl alleles, and white 828 

arrowheads indicate the bands corresponding to RsFLC1Lpt1 and RsFLC3Ngr1. The smaller bands in the RsFLC3 result, 829 

indicated by gray arrowheads, represent amplicons derived from an allele type other than rsflc3Rpnl or RsFLC3Ngr1. Asterisks 830 

indicate individuals carrying heterozygous loss-of-expression FLC alleles. 831 

 832 

Fig. 7. A proposed model for successful graft-mediated floral induction using radish rootstocks. (a) At high levels of FLC 833 

expression, FT expression is strongly repressed, and neither the radish rootstock nor the grafted cabbage scion undergoes 834 
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flowering. (b) A moderate reduction in FLC expression initiates FT expression, enabling flowering of the rootstock itself; 835 

however, this FT level remains insufficient to stably induce flowering in the grafted cabbage scion. (c) A further reduction 836 

in FLC expression results in a substantial increase in FT expression, which exceeds the threshold required to reliably induce 837 

flowering in the scion. This model implies that natural variation in other upstream regulators of FT may also influence the 838 

stability of graft-mediated floral induction. 839 

 840 
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