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fig. S1. Population structure and genomic diversity of 1,720 B. rapa accessions based 
on SNPs. 
(A) Structure of 1,720 B. rapa accessions based on SNPs. Bar-plots showing the inferred
ancestral components at K = 4 to 7. Each vertical bar represents a group of accessions.
Colored segments within each bar indicate the proportional contributions from different
ancestral population clusters. (B) Three-dimensional PCA of B. rapa accessions based on
SNPs. Each dot represents a group colored by morphotypes, including Turnip (TU), Mizuna
(MIZ), Oilseed (OI), Pak choi (PC), Wutacai (WTC), Caixin (CX), Taicai (TC), and Chinese
cabbage (CC). PC1, PC2, and PC3 show 12.91%, 5.29%, and 3.38% of the total genetic
variation, respectively. (C) Nucleotide diversity (π) and population divergence (FST) across
the six morphotypes (accession number >20). The value in each circle represents a measure
of π for each morphotype and values on each line indicate FST between two morphotypes.
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fig. S2. K-mer depth-frequence distribution in 11 B. rapa genomes. 
Each graph represents one of 11 gapless genome assemblies, including Turnip (TU1), 
Mizuna (MIZ1), Oilseed (OI1), Pak choi (PC1), Wutacai (WTC1), Caixin (CX1), Taicai 
(TC1) and Chinese cabbage (CC1, CC2, CC3, CCA03). X- and Y-axis show k-mer (k=21) 
depth and k-mer frequency, respectively. Heterozygosity values below 0.3% were set to 
0.3%.  
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fig. S3. Interaction heatmap of 11 B. rapa genomes at 100-kb resolution based on Hi-
C analysis. 
The heatmaps visualize the Hi-C contact matrices at a resolution of 100-kb window, 
providing a comprehensive overview of the chromatin interactions across the genomes. 
Within each accession, interactions along the diagonal exhibit higher intensity compared 
to off-diagonal positions, indicating that in the Hi-C assembled chromosomes, proximal 
sequences (diagonal positions) have stronger interaction frequencies while distal sequences 
(off-diagonal positions) display weaker interaction signals. The level of Hi-C interaction 
strength is indicated by the color scale. This observation aligns with the principles of Hi-
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C-assisted genome assembly. The absence of significant noise (strong interaction 
intensities) outside the diagonal regions further substantiates the high quality of the genome 
assembly. Each graph represents one of 11 assemblies, including Turnip (TU1), Mizuna 
(MIZ1), Oilseed (OI1), Pak choi (PC1), Wutacai (WTC1), Caixin (CX1), Taicai (TC1) and 
Chinese cabbage (CC1, CC2, CC3, CCA03).  
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A Comprehensive map on chromosomes A01-A10 of TU1 
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B Comprehensive map on chromosomes A01-A10 of MIZ1 
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C Comprehensive map on chromosomes A01-A10 of OI1 
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D Comprehensive map on chromosomes A01-A10 of PC1 
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E Comprehensive map on chromosomes A01-A10 of WTC1 
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F Comprehensive map on chromosomes A01-A10 of CX1 
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G Comprehensive map on chromosomes A01-A10 of TC1 
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H Comprehensive map on chromosomes A01-A10 of CC3 
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I Comprehensive map on chromosomes A01-A10 of CC2 
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J Comprehensive map on chromosomes A01-A10 of CC1 
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K Comprehensive map on chromosomes A01-A10 of CCA03 

 

fig. S4. Comprehensive map on chromosomes of 11 B. rapa genomes. 
(A-K) Genome-wide distribution of Tandem Repeats Density, Repeat elements Density, 
Gene Density, DNA Methylation Density, NGS Depth, HiFi Depth, ONT Depth, Telomere 
(solid triangle) from top to bottom in chromosomes A01-A10 of each accession as 
indicated. The gray regions in each of the chromosome map shows the syntenic alignment 
between CCA03 and the latest Chinese cabbage reference genome Chiifu V4.0. The two 
IGV graphs in panels A-K show manual validation of four large inversions marked ① to 
④ on relevant chromosome(s), based on mapping the ONT reads and HIFI reads to the 
CCA03 genome assembly. Accessions include TU1 (A), MIZ1 (B), OI1 (C), PC1 (D), 
WTC1 (E), CX1 (F), TC1 (G), CC3 (H), CC2 (I), CC1 (J), and CCA03 (K). 
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fig. S5. Copy number of 45S rDNAs by digital PCR in 11 B. rapa genomes. 
Comparison of the copy number of (A) 5.8S, (B) 18S, (C) 28S rDNAs in the assemblies. 
Copy number was estimated from data of digital PCR-based assays with two single copy 
genes as reference (Ref 1 and Ref 2). Information about Ref 1 and Ref 2 is presented in table 
S26. 
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fig. S6. Antigenic peptide designing for production of anti-BrCENH3 antibody.  
(A) Multiple amino-acid sequence alignment of CENH3 proteins. Domains and structures 
are shown. (B) Multiple amino-acid sequence alignment of H3 proteins. (C) Comparisons 
among H3 and CENH3s. The BrCENH3-specific dodecapeptide used as an antigen to 
generate anti-BrCENH3 antibody is boxed in panel A and C.  
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fig. S7. Western blot detection of BrCENH3.  
(A) Transient assay. A CaMV 35S promoter-controlled BraCENH3 expression cassette 
35S::BrCENH3 was constructed and cloned into Agrobacterium tumefaciens GV3101. 
Young leaves of Nicotinana benthimiana (N.b) were agroinfiltrated with A. tumefaciens 
GV3101 carrying 35S:BrCENH3. At 4 days post-agroinfiltration, total protein was 
extracted from these infiltrated leaf tissues (OE) and analyzed by western blot using the 
anti-BrCENH3 (upper panel) or anti-H3 (Lower panel) antibody. Protein samples extracted 
from leaf tissues agroinfiltrated with A. tumefaciens GV3101 carrying the empty gene 
expression vector was used as the negative control (CK). (B) Western detection of 
BrCENH3s and BrH3s in B. rapa. Total protein was extracted from leaf tissues of the eleven 
B. rapa subspecies/morphotypes as well as N. benthimiana (N.b) and analyzed by western 
blot using the anti-BrCENH3 (upper panel) or anti-H3 (Lower panel) antibody. Sizes (kDa) 
and positions of protein markers and positions of CENH3 and H3 are indicated.  
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fig. S8. Immunostaining of chromosomes with anti-BrCENH3 antibodies. 
Immunostaining was performed on sections of CCA03, PC1, WTC1 and CX1 root tips with 
the antibody specifically raised against BrCENH3. Chromosomes at metaphase (blue) were 
stained with 4′,6-diamidino-2-phenylindole (DAPI). Red fluorescence signals are visible at 
the primary constrictions of the chromosomes stained with the anti-BrCENH3 antibody (A), 
but not with the antisera purified from rabbits immunized with the carrier protein alone (B). 
Scale bar = 10 um.  
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A Characterization of the (peri)centromeres A01-A10 in TU1  
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B Characterization of the (peri)centromeres A01-A10 in MIZ1 
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C Characterization of the (peri)centromeres A01-A10 in OI1 
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D Characterization of the (peri)centromeres A01-A10 in PC1 
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E Characterization of the (peri)centromeres in A01-A10 WTC1 
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F Characterization of the (peri)centromeres A01-A10 in CX1 
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G Characterization of the (peri)centromeres A01-A10 in TC1 
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H Characterization of the (peri)centromeres A01-A10 in CC3 
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I Characterization of the (peri)centromeres A01-A10 in CC2 
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J Characterization of the (peri)centromeres A01-A10 in CC1 
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K Characterization of the (peri)centromeres A01-A10 in CCA03 

 
fig. S9. Characterization of the (peri)centromeres in 11 B. rapa genomes.  
(A-K) CENH3 Coverage, CENH3 Density, satellite coverage, repeat elements density, gene 
density, DNA methylation density and A/B compartment in chromosomes A01-A10 of each 
B. rapa accession as indicated. Trapezoid heatmap displays the topologically associating 
domain (TAD) within the chromatin interaction map. Eigv, eigenvector value of correlation 
matrix. CENH3-rich region of per chromosome was centromere and pericentromere with 
high satellite coverage, high repeat elements density and low gene density was shown with 
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purple block. Accessions include TU1 (A), MIZ1 (B), OI1 (C), PC1 (D), WTC1 (E), CX1 
(F), TC1 (G), CC3 (H), CC2 (I), CC1 (J), and CCA03 (K).  
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fig. S10. Phylogenetic analysis and classification of satellites at monomeric nucleotide 
sequence level. 
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(A) Multiple sequence alignments of CentBr satellites. Sequences of twenty-two variants 
circ176-1 – circ176-22 of CentBr1 and two variants circ176-23 and circ176-24 of CentBr2 
are shown. (B) Percentages of pairwise sequence identities among variants within and 
between CentBr1 and CentBr2 showed in panel A. (C) Phylogenetic relationship among 
seven types of satellites across 11 B. rapa genomes. Satellites within the same clades are 
shown in the same colors. The sequence of PCR630 used in this analysis is shown in table 
S17. (D) Monomeric satellite sequences of pBrSTR92, pBrSTR144, pBrSTR197 and 
pBrSTR228. Units A-E in each satellite are shown with different colors (also see Fig. 2B). 
Unit C consists of three subunits which are framed by boxes with different patterns. (E) 
Multiple sequence alignments of pBrSTR497, pBrSTR92, pBrSTR144, pBrSTR197 and 
pBrSTR228. (F) Percentages of pairwise sequence identities among pBrSTR497, 
pBrSTR92, pBrSTR144, pBrSTR197, and pBrSTR228 showed in panel E. 

Based on the monomeric nucleotide length (base-pairs, bp), degree of sequence repeats, and 
the chromosomal locations, satellite DNAs are generally classified into (i) microsatellites 
(2-6 bp, short tandem repeats, and telomeric regions); (ii) minisatellites (approximate 15 bp, 
variable tandem repeats, and euchromatic regions); (iii) satellites (tens to hundred bp, high 
tandem repeats, and centromeric, pericentromeric and subtelomeric regions); and (iv) 
macrosatellites (up to several kilobase-pairs, dozens to hundred tandem repeats, and 
chromosomal arms as well as subtelomeric regions) (108). The five satellites pBrSTR497, 
pBrSTR92, pBrSTR144, pBrSTR197, and pBrSTR228 have a monomeric length of 497, 92, 
144, 197, and 228 bp, respectively. These satellites are highly enriched in the centromeric 
and pericentromeric heterochromatin regions (Fig. 2; fig. S10 and S15). Thus by definition， 
they should be classified as the classic centromeric “satellites”, rather than microsatellites, 
minisatellites or macrosatellites.  

The monomeric sequence of pBrSTR497 (497-bp) differs completely from that of 
pBrSTR92, pBrSTR144, pBrSTR197, and pBrSTR228, sharing 8.5-19.8% nucleotide 
identities (fig. S10E). The latter four satellites possess some related sequences since they 
were formed from different arrangements of the five units A-E (Fig. 2B, fig. S10D). 
However, pBrSTR92, pBrSTR144, pBrSTR197, and pBrSTR228 are not high-order repeats 
of any of the five units A-E, and they are four distinct satellites because of marked 
differences in their lengths (92 to 228 bp) and very low overall nucleotide identities (13.3-
27.9%) at the entire monomeric sequence level (fig. S10F).   
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fig. S11. DNA methylation level between (peri)centromeres and chromosomal arms in 
11 B. rapa subspecies/morphotypes. 
Statistical significance of pairwise comparisons between chromosomal regions was 
assessed by Mann-Whitney U tests, with *** indicating P < 0.001. 
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fig. S12. Distribution of A (red) and B compartment (blue) in (peri)centromeric regions 
and chromosomal arms in 11 B. rapa subspecies/morphotypes. 
Statistical significance of pairwise comparisons between chromosomal regions was 
assessed by Mann-Whitney U tests, with *** indicating P < 0.001. 
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fig. S13. Annotation of LTRs in 11 B. rapa genomes. 
(A) Percentage of LTRs in Centromere, Pericentromere, other genomic regions (Others), 
and Genome-wide. (B) Copy numbers of FL-LTR-RTs in centromere regions of 11 B. rapa 
genomes. (C) Copy numbers of FL-LTR-RT families in pericentromeric regions of 11 B. 
rapa genomes. 
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fig. S14. LTR retrotransposon insertion ages across chromosomal regions (A01-A10) 
in B. rapa. 
Ages in million years ago (MYA) of LTR-retrotransposon insertions in centromeres, 
pericentromeres, and chromosome arms of 11 B. rapa accessions. Significance testing 
between chromosomal regions were performed using Mann-Whitney U tests. The different 
lowercase letters above the box plots represent significant differences (P < 0.05). 
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fig. S15. Copy numbers of satellites in 11 B. rapa genomes. 
Copy numbers of four satellite repeats (CentBr, pBrSTR92, pBrSTR497, and PCR630) are 
shown across 11 Brassica rapa genomes. Bars are color-coded by subspecies/morphotype, 
as indicated on the x-axis. 
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fig. S16. Copy numbers of 5 newly characterized and 2 known satellites across 6 
Brassica sp., three diploids (AA, BB, CC) and three allotetraploids (AABB, AACC, 
BBCC) as well as Arabidopsis thaliana. 
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fig. S17. Digital PCR-based analysis of satellites.  
Comparison of the copy number of satellite PCR630 in the 11 B. rapa (AA) (A) and 8 B. 
oleracea (CC) (B) genomes. Digital PCR-based estimation was obtained with single copy 
genes as reference (AA: Ref 1 and Ref 2; CC: Ref A and Ref B). The CC genomes are not 
complete, with high probability of missing satellite DNAs in their assemblies (30). This 
may result in overcalculating copy number changes in AA vs CC based on the in silico assay. 
We have thus re-examined the completeness and assembly quality of the published CC 
genomes (30) used for comparisons in our study. The total genome sizes of those CC 
assemblies range from 539.87 to 584.16 Mb with an average contig N50 of 19.18 Mb. On 
average, 98% contig sequences are anchored to the nine CC pseudochromosomes. The 
average BUSCO complete score is 98.70%, indicating high completeness and quality of the 
CC assemblies. We then performed digital PCRs on 11 AA (A) and 8 CC (B) (30) accessions 
to quantify satellite copy numbers. The PCR630 copy numbers measured by digital PCR vs 
in silico assay are close. The ratio between the PCR630 copy numbers obtained from digital 
PCR in AA vs CC is about 4.24. Unfortunately, digital PCR cannot be carried out to estimate 
the CenBr copy number due to that CentBr is of high sequence polymorphism, and no 
primers could be designed for digital PCR to capture all CenBrl variants. Nevertheless, both 
digital PCR and in silico assays show that AA genomes contain more CentBr and PCR630 
than the CC counterparts.   
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fig. S18. Dot-plots show sequence synteny in the (peri)centromeric regions of 10 
chromosomes A01-A10 for each of 10 pairs of the 11 B. rapa accessions as indicated. 
Dot-plots were produced using the DGENIE software and alignments with mashmap (v2.0). 
The pair of relevant B. rapa accessions are indicated on the left of the graphics. These pairs 
were chosen based on the position on the phylogenetic tree (Fig. 1A).  
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fig. S19. Dot-plots show sequence synteny in the (peri)centromeric regions of 
chromosome A10 for pairwise comparison between the 11 B. rapa accessions. 
Accessions include TU1, MIZ1, OI1, PC1, WTC1, CX1, TC1, CC1, CC2, CC3 and CCA03. 
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fig. S20. Association of subspecies-specific satellites with (peri)centromeric synteny. 
CENH3 peaks (red) and satellite coverage (blue) in chromosomes of different B. rapa 
accessions as indicated. Example dot-plots show sequence syntenies in the 
(peri)centromeric regions of chromosomes for six pairwise comparisons chromosome A01 
of CC1 vs CC2, chromosome A05 of TC1 vs CX1, chromosome A03 of PC1 vs OI1, 
chromosome A01 of CX1 vs WTC1, chromosome A05 of CX1 vs WTC1, and chromosome 
A09 of CX1 vs WTC1. Horizontal vs vertical axis represents nucleotide positions at the 
scale of million (M) bases in chromosomes.  
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fig. S21. Knock-down of BrNfu2 and BrQS by virus-induced gene silencing (VIGS) 
affects plant development in CX1.  
(A) Phenotypic changes caused by BrNfu2 (reduced size) and BrQS (early flowering) gene 
silencing in CX1 plants. Plants were photographed at 33 days post virus inoculation by 
bombardment. Relative expression of BrNfu2 in pTY (empty vector) and gene silencing 
plants (B), plant spread (C) and leaf area (D). (E) Relative expression of BrQS in pTY 
(empty vector) and gene silencing plants. Different lowercase letters above the box plots 
represent significant differences (P < 0.05).   
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fig. S22. Distribution of protein coding-sequence (CDS) lengths for different types of 
genes. 
The box-plots show the CDS lengths of genes in core, softcore, dispensable, and specific 
gene families. Different lowercase letters above the box plots represent significant 
differences (P < 0.05).  



 46 

 
fig. S23. Functional analysis (Gene Ontology) of specific genes on different 
morphotype/subspecies Taicai, Pak choi and Oilseed. 
The P value indicates the significance of enrichment for the GO terms; a lower P value 
corresponds to a more significant enrichment result. Morphotype/subspecies-specific genes 
that were not significantly enriched are not shown here.  
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fig. S24. The SV component coverage map with a window of 100kb. 
Each circle represents a different variation type in ten chromosomes.  
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fig. S25. PCR amplification for SVs validation. 
Ten PAVs were randomly selected for wet-experimental validation. Different bands show 
the presence or absence of 8 Chinese cabbage (CC), 8 Caixin (CX) and 8 Turnip (TU). SV1-
5 is present in CC, but absent in other morphotypes. SV6-8 are present in CX, but not in 
other morphotypes. SV9 is absent in CX, but appears in other morphotypes. SV10 is absent 
in TU, and present in other morphotypes. Subspecies/morphotypes, SVs, as well as size and 
positions of DNA markers are indicated. 
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fig. S26. Population structure and principal component analysis (PCA) based on SVs 
in 1,720 B. rapa accessions. 
(A) Structure of 1,720 B. rapa accessions based on SVs. Bar-plots showing the inferred 
ancestral components at K = 4 to 7. Each vertical bar represents a group of accessions. 
Colored segments within each bar indicate the proportional contributions from different 
ancestral population clusters. (B) Three-dimensional PCA of B. rapa accessions based on 
SVs. Each dot represents a group colored by morphotypes, including Turnip (TU), Mizuna 
(MIZ), Oilseed (OI), Pak choi (PC), Wutacai (WTC), Caixin (CX), Taicai (TC), and Chinese 
cabbage (CC). PC1, PC2, and PC3 explain 24.55%, 10.44%, and 9.60% of the total genetic 
variation, respectively. 
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fig. S27. Gene expression corresponding to differential distances from SVs. 
Significance testing between chromosomal regions were performed using Mann-Whitney 
U tests. The different lowercase letters above the box plots represent significant differences 
(P<0.05). FPKM: Fragments Per Kilobase of exon per Million mapped fragments. 
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fig. S28. Presence-absence variation leads to gene function variation in different 
subspecies. 
(A) In Turnip, a 5,168 bp fragment was identified, encompassing the entire coding region 
of BrWIP4 gene. This fragment was present in 61/74 (82.43%) of Turnip accessions, but 
were only found in 9/1,642 (0.55%) non-Turnip accessions. (B) In Turnip, a 6,144 bp 
fragment was identified, encompassing the entire coding region of BrMHZ11 gene. This 
fragment was present in 62/74 (83.78%) of Turnip accessions, but were only found in 
59/1,642 (3.59%) non-Turnip accessions. (C) All 74 Turnip accessions did not contain a 
2,954 bp fragment, whereas 1,381/1,642 (84.10%) of non-Turnip accessions contained this 
segment. This segment includes BrHSFA5. (D) 62/74 (83.78%) Turnip accessions did not 
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contain a 1,770 bp fragment, whereas 1,318/1,642 (80.33%) of non-Turnip accessions 
contained this segment. This segment includes BrSCAR2. (E) In Caixin, a 1,130 bp fragment 
was identified, encompassing the region of BrLBD31 downstream. This fragment was 
present in 198/220 (90.00%) of Caixin accessions, but were only found in 242/1,496 
(16.18%) non-Caixin accessions. (F) In Caixin, a 1,298 bp fragment was identified, 
encompassing the region of BrFCA downstream. This fragment was present in 190/220 
(86.36%) of Caixin accessions, but were only found in 267/1,496 (17.85%) non-Caixin 
accessions. (G) In Caixin, a 1,226 bp fragment was identified, encompassing the region of 
BrY1661 upstream. This fragment was present in 190/220 (86.36%) of Caixin accessions, 
but were only found in 74/1,496 (4.95%) non-Caixin accessions. (H) In Caixin, a 191 bp 
fragment was identified, encompassing the region of BrTFL1 downstream. This fragment 
was present in 190/220 (86.36%) of Caixin accessions, but were only found in 220/1,496 
(14.71%) non-Caixin accessions. REF represents the same sequence as the reference 
genome CCA03, and ALT indicates that the sequence is different from REF. Gray boxes 
represent the genomic collinearity region. Red arrows show related genes. 
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fig. S29. Haplotype analysis of three non-synonymous SNPs in BrLH1.  
"Heading" denotes accessions forming leafy heads, whereas "Non-Heading" refers to those 
without head formation. The three panels display the genotype-to-phenotype associations 
for the three non-synonymous SNPs located at A07:28,905,981, A07:28,905,964, and 
A07:28,905,862 within the BrLH1 gene. Each bar represents the proportion of accessions 
with or without heading in each haplotype. In our B. rapa population, the A-to-C SNP at 
A07:28,905,981, the A-to-T SNP at A07:28,905,964, and the C-to-T SNP at 
A07:28,905,862 reduces the proportion of heading accessions from 99.7% to 0.6%, 93.0% 
to 0%, and 96.9% to 0.3%, respectively. The three SNPs collectively exhibit substantial 
mutation effects and mutations at these SNPs are closely associated with the traits of 
heading and non-heading in B. rapa.  
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fig. S30. Identification of candidate gene at the loci for fg7. 
(A) Pangenomic and genetic basis of heading vs non-heading in B. rapa subspecies. (B, C) 
Forward genetic analysis of candidate gene BrLH1 responsible for non-heading phenotype 
in the Chinese cabbage fg7 mutant. A C-to-T SNP was found in the BrLH1 exon at 
nucleotide 1,264 bp. This SNP leads to introduce a premature stop codon in the BrLH1 
coding sequence (B), resulting in translational truncation of the wild-type 1,048 amino-acid 
( AA) BrLH1 protein to a 421-AA polypeptide (C). The codon for Q in wild-type BrLH1, 
the premature stop codon (*) in the fg7 mutant BrLH1 (mBrLH1), and relevant domains in 
BrLH1 and mBrLH1 proteins are indicated. C2 presents Protein kinase C conserved region 
2. PRT_C is the functional domain Plant phosphoribosyltransferase C-terminal. Pink point 
represents the low complexity region. The domain was predicted in SMART 
(https://smart.embl.de/). 
  

https://smart.embl.de/
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fig. S31. BrLH1 genotype to phenotypes in B. rapa.  
Plants height (A) and width (B) of wild type and mutant fg7. Different lowercase letters 
above the box plots represent significant differences (P < 0.05).  
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fig. S32. BrLH1 interacts directly with BrSUB in the yeast two-hybrid system. 

The construct combinations were co-introduced into the yeast strain AH109. Transformants 
diluted to different concentrations were grown on the -Leu-Trp (lacking leucine and 
tryptophan) control plates and the -Leu-Trp-His (lacking leucine, tryptophan and histidine) 
with 30mM 3-AT (3-Amino-1,2,4-Triazole) selective plates for 3-4 days. The combination 
of BrLH1/pGBKT7 (empty vector) and pGADT7 (empty vector)/BrSUB as a negative 
control (BD: pGBKT7; AD: pGADT7).  

Taken together, our results reveal how BrLH1 and its protein product may genetically and 
biochemically modulate trait development in B. rapa. 

(i) BrLH1 belongs to the SLM gene family. It encodes a protein containing multiple C2 
domains and transmembrane domains, known as MCTP (Multiple C2 domains and 
Transmembrane Region Proteins). In B. rapa, only a single copy of BrLH1 exists and no 
other related homologs are found. The BrLH1 homolog QUIRKY (QKY) in Arabidopsis 
thaliana is involved in regulating plant cell morphogenesis and cell patterning (69). QKY 
mutants exhibit various developmental defects, including disordered root epidermal cell 
patterns, abnormal floral organ development, twisted stems, and twisted leaves In 
Arabidopsis (70,71). QKY directly interacts with the STRUBBELIG (SUB) receptor-like 
kinase to stabilize SUB at the plasma membrane and maintain its level at the cell surface, 
which is essential for controlling how tissues develop. In additional, QKY also interacts 
with SCRAMBLED (SCM), which controls the CAPRICE protein movement to regulate 
root epidermal cell patterning. SUB mutants also display multiple developmental defects, 
such as twisted leaves and stems (72). Through yeast two-hybrid screening, we found that 
BrLH1 interacts with BrSUB (fig. S32). Thus, BrLH1 may involve BrSUB to modulate leaf 
heading in B. rapa. 
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(ii) BrLH1 consists of 3,147 bp. The three non-synonymous SNPs locate at nucleotide 539, 
556, and 658 in the gene, respectively. We notice that in the Chinese cabbage population, 
the A-to-C SNP at A07:28,905,981, the A-to-T SNP at A07:28,905,964, and the C-to-T 
SNP at A07:28,905,862 reduces the proportion of heading accessions from 99.7% to 0.6%, 
93.0% to 0%, and 96.9% to 0.3%, respectively (fig. S29 and fig. S30A). The three SNPs 
exhibit substantial mutation effects and mutation at each SNP is closely associated with the 
traits of heading and non-heading in B. rapa (Fig. 5B, fig. S29 and fig. S30A). 

(iii) The fg7 mutant plants were dwarf (Fig. 5C). Why the accessions without AAC 
haplotype are not dwarf remains to be elucidated. BrLH1 consists of 3,147 bp. Likely the 
C-to-T mutation at nucleotide 1,264 in BrLH1 in fg7 alters a sense codon to a non-sense 
stop codon (fig. S30, B to C), leading to premature termination of protein translation to 
produce a truncated 421-AA polypeptide rather than the wild-type 1,048-AA BrLH1 (fig. 
S30C). Such truncated polypeptide may completely lose its biological functions, leading to 
non-heading and plant growth reduction (i.e., the dwarf phenotypes) in fg7. In contrast, the 
three SNPs in BrLH1 in natural populations without the AAC haplotype are all sense 
mutations, which cause only single amino-acid changes in BrLH1 protein. Such single-
amino mutation may not impose any effect on BrLH1 to control plant growth but affects 
BrLH1 to modulate leaf heading. Consequently, these accessions cannot form leaf heads 
although they properly grow to normal plant sizes. 
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