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A B S T R A C T

The mechanisms driving rapid plant diversification—often referred to as Darwin's “abominable myster
y”—remain a central question in evolutionary biology. Elucidating the genomic basis of rapid speciation and 
morphological innovation, such as those observed in the Brassicaceae, not only addresses fundamental evolu
tionary questions but also provides valuable insights for crop improvement. Recent advances in telomere-to- 
telomere genome assembly and graph-based pangenomics have enabled systematic dissection of these pro
cesses. Here, we highlight a recent study that uses Brassica rapa—a species that has radiated into a ‘kingdom’ of 
subspecies and vegetable crops within millennia—as a model to decode rapid diversification at the genomic 
level. By integrating 11 complete genomes with resequencing data from 1720 accessions, the study reveals how 
centromere remodeling driven by young satellite arrays, widespread structural variants (SVs) linked to 
subspecies-specific traits, and mutation of a single gene (BrLH1), which dominantly controls leafy head formation 
in Chinese cabbage (B. rapa ssp. pekinensis), collectively contributed to diversification. The work proposes an 
integrated SV–gene–centromere coevolution model, offering a new framework for understanding rapid radiation 
in plants. Beyond evolutionary insights, the study provides a high-resolution pangenome that will accelerate 
precision breeding in B. rapa, demonstrating how cutting-edge genomics can bridge evolutionary research and 
agricultural innovation.

The evolutionary success and rapid diversification of angiosperms 
since the mid-Cretaceous represent a fundamental question in evolu
tionary biology, famously described by Darwin as an “abominable 
mystery” [1,2]. Since Darwin's time, multiple hypotheses have been 
proposed to explain the drivers of rapid speciation and morphological 
innovation, including complex interactions between environmental 
factors and plant traits and genetic variation [3–5], as well as poly
ploidization–rediploidization events [6–8]. Despite these advances, the 
precise genomic mechanisms underlying this mystery remain elusive 
[1]. Recent developments in gap-free genome assembly and high-quality 
pangenomics provide unprecedented opportunities to address this 
question [9]. However, progress has been limited by the lack of 
high-quality genomic resources spanning diverse morphotypes within 
rapidly radiating lineages.

The Brassicaceae is a large, globally distributed plant family of great 
scientific and economic importance, notable for its considerable 

morphological diversity [10]. Within this family, the genus Brassica 
includes several agriculturally important species, many of which are 
widely cultivated as vegetables. During evolution, the ancestor of this 
genus underwent whole-genome triplication, and the resulting hexa
ploid ancestor gave rise to diploid species such as B. rapa (AA genome) 
and B. oleracea (CC genome). Combinations of the ancestors of these 
diploids then produced tetraploid species such as B. napus (AACC 
genome), relationships described by the Triangle of U [11], in which the 
diploids occupy the vertices and the tetraploids arise from pairwise 
combinations of the diploid ancestors along the sides. Among the Bras
sica species, B. rapa in particular has undergone a remarkable diversi
fication within just a few millennia, evolving into multiple subspecies 
with distinct morphotypes, including leafy greens that form heads 
(heading Chinese cabbage, ssp. pekinensis), leafy greens with thick stems 
(pak choi, ssp. chinensis), tuberous roots (turnips, ssp. rapa), and oil-rich 
seeds (rapeseed, ssp. oleifera) [12]. How this ‘kingdom’ of diverse 
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vegetable forms arose from a common ancestor over such a short 
evolutionary timescale remains unclear.

In the study that reported the first B. rapa reference genome (ssp. 
pekinensis), the authors showed that extensive over-retention of 
phytohormone-related gene families—duplicated during the Brassica 
hexaploidization event—may have contributed to morphotype diversi
fication [13]. Population-scale variome analysis of 199 core B. rapa 
accessions further revealed parallel selection on homoeologous genes 
across subgenomes, associated with traits specific to each subspecies 
[14]. Moreover, a pangenome study of 16 representative B. rapa ac
cessions, along with resequencing data from 524 accessions, demon
strated that genomic structural variants (SVs) can be used to track 
morphotype domestication [15]. Collectively, these variome and pan
genome studies identified a set of candidate genes and genomic regions 
associated with the domestication of leaf-heading and tuberous-root 
morphotypes, with other studies reporting similar and complementary 
findings [16–19]. However, these findings have not yet fully elucidated 
the mechanisms underlying subspeciation in B. rapa, thus providing only 
limited insights into the broader question of rapid angiosperm diversi
fication. Examination of ultra-high-quality genome assemblies and 
analysis of large sample sets is likely to shed further light on this 
question.

In a recent study published in Science [20], the authors address this 
knowledge gap by leveraging B. rapa as a powerful model system. By 
integrating 11 high-quality, gap-free B. rapa genomes with a large 
resequencing dataset comprising 1720 B. rapa accessions, the study 
deciphers the genomic architecture underlying rapid subspeciation and 
diversification in B. rapa, providing a framework to revisit the 
long-standing mystery of angiosperm expansion.

This study presents a comprehensive genomic investigation of the 
drivers underlying rapid diversification in B. rapa (Fig. 1). First, whole- 
genome resequencing of a diverse panel of accessions, combined with de 
novo assembly of representative genomes from key subspecies, gener
ated a rich genomic resource. Second, the authors constructed the first 
high-resolution map of B. rapa centromeres and discovered novel 
centromeric satellites, revealing dynamic patterns linked to morphotype 
differentiation. Third, the authors constructed a graph-based pan
genome incorporating SV data and associated specific SVs with impor
tant traits such as leaf heading and flowering time. Finally, the authors 
mapped the BrLH1 gene and demonstrated its role as a key regulator of 
leafy head formation. Together, these findings reveal connections 
among cryptic genomic elements (centromeric satellites), SVs, and key 

genes that underlie the rapid diversification of B. rapa morphotypes.
The foundation of this research lies in the quality and scale of its 

genomic resources. The authors generated whole-genome resequencing 
data from 1720 B. rapa accessions and assembled 11 gapless, telomere- 
to-telomere (T2T) genomes representing all seven major subspecies, 
including elite breeding lines and landraces with distinct traits. These 
assemblies were produced using a multi-platform sequencing strategy 
that integrates PacBio HiFi, Oxford Nanopore ultralong reads, Hi-C and 
short-read sequencing, enabling complete resolution of telomeres, cen
tromeres, and other complex repetitive regions that were inaccessible in 
earlier B. rapa pangenomes. High-quality annotation of these assemblies 
identified 6992 genes absent from previously reported genomes. 
Together with 20 previously published genomes [15,21–23], the authors 
constructed a saturated, graph-based pangenome that captures 
species-wide genomic diversity. Supported by population-level data 
from 1720 accessions, this pangenome provides an accurate represen
tation of population structure and the genomic landscape of B. rapa. 
Continuous generation of additional high-quality genomes and large, 
integrated variome datasets will further enable the dissection of these 
previously intractable biological questions.

A particularly notable contribution of this work is the detailed 
characterization of centromere evolution, long considered as genomic 
‘dark matter’. Using BrCENH3 ChIP-seq, the authors mapped 110 
functional centromeres across representative B. rapa accessions. Their 
results reveal that centromeres are highly dynamic, with most under
going extensive repositioning and structural reshaping across subspe
cies, a process termed centromere remodeling. The discovery of five 
novel centromeric or pericentromeric satellite arrays (pBrSTRs) and the 
detailed analysis of their copy number variation—most strikingly, the 
near absence of three pBrSTRs in Chinese cabbage—provide molecular 
markers for tracing subspecies differentiation. The authors propose that 
rapid contraction and expansion of these young, dynamic satellite arrays 
represent an important force driving centromere evolution and are 
closely associated with subspeciation. In contrast, the centromere on 
chromosome A10 is highly conserved across accessions. This centromere 
harbors genes that are essential for growth and development, suggesting 
a balance between genomic innovation and the maintenance of core 
biological functions. The evolutionary trajectory of these satellites—
from their absence in diploid species such as B. nigra (BB genome) to 
their proliferation in B. rapa (AA genome) and retention in allote
traploids—offers molecular insights into genome evolution within the 
Brassica Triangle of U. Together, these results highlight the rapid 

Fig. 1. Coevolution of centromere differentiation, structural variation, and gene mutation drives the rapid diversification of Brassica rapa.
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differentiation of centromeres during the evolution of B. rapa subspe
cies. However, further studies are needed to investigate their funda
mental role in driving rapid speciation.

Beyond centromeres, the study revealed that SVs are central players 
in subspecies divergence, further highlighting their importance as basic 
drivers of genetic diversity and evolution [24,25]. By constructing a 
graph pangenome, the authors identified more than 276,700 SVs, the 
majority of which are rare and unique to single or a few accessions, 
consistent with their recent and potentially adaptive origin. The authors 
further linked specific SVs to the divergence of key agronomic trait, 
including an ~8.6-kb presence/absence variation (PAV) on chromo
some A04 harboring an RZ-1B homolog associated with leafy head for
mation, and an ~1.1-kb PAV containing LBD31 linked to the 
non-vernalization requirement in Caixin (B. rapa ssp. parachinensis). 
Moreover, over 40% of PAVs overlap with transposable elements (TEs), 
reinforcing the role of TEs as a major source of genomic variation [24]. 
Using the ancestral subspecies B. rapa ssp. rapa (turnip) as an outgroup, 
the authors further suggest that derived SVs might have contributed to 
recent morphotype diversification. Together, these findings support a 
model in which SVs and subspecies-specific genes provide the primary 
genetic material for the rapid emergence of distinct morphotypes in 
B. rapa.

Leafy head formation is a key domestication trait of Chinese cabbage. 
The identification of BrLH1 as a causal morphogenetic regulator of this 
trait in B. rapa demonstrates the power of these fundamental genomic 
resources to yield biological insight. Through pangenome-based 
genome-wide association studies (GWAS) integrating single-nucleotide 
polymorphisms (SNPs), small insertions/deletions, and PAVs, the au
thors pinpointed BrLH1 on chromosome A07 as the major locus con
trolling leafy head formation. The genetic evidence is compelling: 
haplotypes defined by three nonsynonymous SNPs in BrLH1 show 
complete differentiation and fixation between Chinese cabbage and 
other morphotypes. This finding is particularly striking, as previous 
studies had implicated multiple loci and selection signals rather than a 
single gene with a dominant effect on morphotype formation [14,15,24,
26]. Functional validation provides further support: a loss-of-function 
EMS mutant of this gene abolished head formation, albeit with a 
concomitant dwarf phenotype. BrLH1 encodes a protein that contains 
multiple C2 and transmembrane domains and is homologous to Arabi
dopsis QUIRKY, which interacts with the receptor kinase STRUBBELIG 
(SUB) to regulate cell patterning [27]. Consistently, the authors 
demonstrate that BrLH1 interacts with BrSUB, suggesting that a 
conserved module was co-opted during B. rapa domestication to regulate 
leaf curvature. Together, this work provides direct genetic and mecha
nistic evidence for a key domestication trait, highlighting the power of 
integrating high-quality genomes with a large-scale pangenome variome 
resource in linking genomic variation to complex trait formation.

By integrating gap-free T2T assemblies, repetitive DNA landscapes, 
and population-level structural variation, this study proposes a unified 
SV–gene–centromere coevolution model for rapid phenotypic diversifi
cation. From evolutionary perspective, B. rapa emerges as a tractable 
system for studying rapid radiation, a process that resembles the early 
rapid diversification of angiosperms, offering genomic insights into 
Darwin's “abominable mystery”. From applied perspective, the gapless 
pangenome and pan-SV graph provide powerful references for allele 
discovery and molecular breeding, with trait-associated SVs and genes 
such as BrLH1 offering direct targets for crop improvement.

In conclusion, this work demonstrates that the key to understanding 
rapid plant diversification lies within the repetitive and structurally 
variable regions of the genome. By illuminating how centromere 
remodeling, structural variation, and gene innovation collectively shape 
the extraordinary diversity of B. rapa, this study elucidates how a 
‘kingdom’ of rich vegetable forms could arise from a common ancestor 
over a short evolutionary timescale. Looking ahead, a promising direc
tion for future research is the systematic comparison of plant lineages 
exhibiting contrasting levels of diversification as more high-quality 

genomic data become available. Such efforts will enable deeper inves
tigation of the underlying mechanisms and the conditions that activate 
the genomic drivers of species diversification.
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