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The Brassica genus contains a diverse range of oilseed and vegetable 
crops important for human nutrition1. Crops of particular agricul-
tural importance include three diploid species, Brassica rapa (AA), 
Brassica nigra (BB) and Brassica oleracea (CC), and three allopolyploid 
species, B. napus (AACC), B. juncea (AABB) and Brassica carinata 
(BBCC). The evolutionary relationships among these Brassica spe-
cies are described by what is called the ‘triangle of U’ model2, which 
proposes how the genomes of the three ancestral Brassica species, 
B. rapa, B. nigra and Brassica oleracae, combined to give rise to the 
allopolyploid species of this genus. B. juncea formed by hybridiza-
tion between the diploid ancestors of B. rapa and B. nigra, followed 
by spontaneous chromosome doubling. Subsequent diversifying 
selection then gave rise to the vegetable- and oil-use subvarieties of  
B. juncea. These subvarieties include vegetable and oilseed mustard in 
China, oilseed crops in India, canola crops in Canada and Australia, 
and condiment crops in Europe and other regions3. Cultivation of  
B. juncea began in China about 6,000 to 7,000 years ago4, and flour-
ished in India from 2,300 BC onward5.

The genomes of B. rapa, B. oleracea and their allopolyploid offspring 
B. napus have been published recently6–8, and are often used to explain 
genome evolution in angiosperms6–8. The genomes of all Brassica 

species underwent a lineage-specific whole-genome triplication6,7,9, 
followed by diploidization that involved substantial genome reshuf-
fling and gene losses6,10–13. In general, plant genomes are typically 
repetitive, polyploid and heterozygous, which complicates genome 
assembly14. The short read lengths of next-generation sequencing 
hinder assembly through complex regions, and fragmented draft and 
reference genomes usually lack skewed (G+C)-content sequences and 
repetitive intergenic sequences. Furthermore, in allopolyploid species, 
homoeolog expression dominance or bias, and specifically differential 
homoelog gene expression, has often been detected, for instance in 
Gossypium15–17, Triticum18,19 and Arabidopsis20,21, but the role of this 
phenomenon in selection for phenotypic traits remains mechanisti-
cally mysterious22.

We reported here the draft genomes of an allopolyploid, B. juncea 
var. tumida, constructed by de novo assembly using shotgun reads, 
single-molecule long reads (PacBio sequencing), genomic (optical) 
mapping (BioNano sequencing) and genetic mapping, serving to 
resolve complicated allopolyploid genomes. The multiuse allopolyploid 
B. juncea genome offers a distinctive model to study the underlying 
genomic basis for selection in breeding improvement. These findings 
place this work into the broader context of plant breeding, highlighting  
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a potential link between homoeolog expression dominance and trait 
improvement that might be extendable to other polyploid crops.

RESULTS
Genome assembly, scaffold anchoring and annotation
To distinguish among subgenomes in Brassica species, we redes-
ignated the subgenomes in Brassica23 as follows: B. rapa as BraA;  
B. nigra as BniB; B. oleracea as BolC; B. juncea A subgenome as BjuA 
and B subgenome as BjuB; and B. napus A subgenome as BnaA and 
C subgenome as BnaC.

We selected an advanced generation inbred line of B. juncea var. 
tumida (variety T84−66) for whole-genome sequencing. We esti-
mated the size of the T84-66 genome at 922 Mb by flow cytometry 
(Supplementary Fig. 1 and Supplementary Table 1). We assem-
bled the T84-66 genome using 176× Illumina shotgun reads and 
12× PacBio single-molecule long reads (Supplementary Table 2a,b 
and Supplementary Fig. 2). The assembly spanned 784 Mb, 85% of 
the 922 Mb estimated by flow cytometry (Supplementary Table 3). 
The contig N50 value was 61 kb, and the scaffold N50 was 855 kb 
(Supplementary Table 3).

We collected 996,648 BioNano DNA molecules over 150 kb, which 
corresponds to 222 equivalents of the genome, the average of which 
exceeded 2 Mb in size (Supplementary Table 4). The genome map 
assembled de novo consisted of 922 constituent genome maps with 
average length of 1.19 Mb and N50 of 1.84 M (Supplementary Table 4).  
We used these assemblies to correct the genome assembly above 
(Supplementary Fig. 3). The final assembly by the BioNano approach 
spanned 955 Mb, and the scaffold N50 was 1.5 Mb (Supplementary 
Table 3). We constructed a high-resolution genetic map with 5,333 
bin markers and 18 pseudo-chromosomes (10A and 8B subgenomes; 
Supplementary Tables 5 and 6). We then integrated a published  
B. juncea genetic map24 (Supplementary Table 7). Finally, we 
anchored 91.5% and 72.3% of A- and B-subgenome assembly 
sequences onto the 10 and the 8 pseudo-chromosomes, respectively 
(Supplementary Table 8a and Supplementary Fig. 4). We sorted the 
B. juncea chromosomes into the 402.1 Mb BjuA and 547.5 Mb BjuB 
subgenomes based on this assembly (Supplementary Table 9).

We also sequenced the genome of a doubled haploid line of B. nigra 
(YZ12151) for comparative genomic study. We assembled a collec-
tion of 96× Illumina shotgun reads to generate a 396.9 Mb genome 
sequence for B. nigra, with a scaffold N50 of 557.3 kb, and 68% of the 
estimated 591 Mb B. nigra genome (Supplementary Tables 10 and 
11, and Supplementary Fig. 5). We anchored the 66% scaffolds into 
pseudo-chromosomes for B. nigra, referring to the BjuB genetic map 
(Supplementary Table 8b).

To validate the genome assembly, we used subreads from PacBio, 
of which 10 subreads had more than 99.4% coverage and 92.3% 
identity, on average, with the assembled genome (Supplementary 
Table 12). We aligned 15 published bacterial artificial chromosomes 
(BACs) from B. nigra to the B. nigra genome assembly, and observed 
over 98.5% coverage and 99.8% identity on average to BAC clones 
(Supplementary Table 13 and Supplementary Fig. 6). We BLAST-
aligned 458 core eukaryotic genes (Cluster of Essential Genes (CEG) 
database)25 to the genome assembly with core eukaryotic genes map-
ping approach (CEGMA) pipeline26, which showed high-confidence 
hits of 453 (98.8%) and 458 (100%) CEG proteins for all 458 essential 
genes in CEG with full length (>70% alignment) in the genome of  
B. juncea and B. nigra, respectively (Supplementary Table 14a). We 
validated the assembled genomes by matching expressed sequence tags 
(ESTs) downloaded from the US National Center for Biotechnology 
Information (NCBI) database, which indicated that 98.9% and 98.2% 

ESTs were supported by the assembled genomes of B. juncea and  
B. nigra (>50% alignments), respectively (Supplementary Table 14b).

We identified and compared repetitive sequences from syntenic 
regions of these genomes. We identified 316.1 Mb of repetitive sequence 
from the B. juncea genome, 131.2 Mb from BjuA and 216.5 Mb  
from BjuB (Supplementary Table 15). Long terminal repeats (LTRs) 
are the predominant transposable element (TE) family identified in all 
sequenced Brassica genomes6,7. Copia- and Gypsy-type LTRs repre-
sent the two most abundant TE subfamilies. Using repetitive sequence 
from syntenic regions, we found that they constituted a similar per-
centage of all TEs in the BjuA and BjuB, and their respective ancestral 
genomes (Supplementary Fig. 7a). We observed similar repeti-
tive sequence contributions in B. napus (Supplementary Fig. 7b).  
We identified TEs in the B. juncea and B. napus subgenomes that 
were newly formed after divergence from each ancestral genome 
(Supplementary Fig. 8 and Supplementary Table 16a). We con-
firmed five randomly selected newly formed TEs by PCR amplifica-
tion from B. rapa, B. nigra and B. juncea (Supplementary Fig. 9). 
These newly formed TEs showed similar distribution and percentage 
between the B. juncea and B. napus subgenomes, and their respective 
ancestral genomes (Supplementary Table 16b and Supplementary 
Fig. 10a,b). We observed 310 newly formed TEs to be active between 
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Figure 1 The genome of B. juncea vegetable-use variety T84-66. The  
B. juncea genome comprises 10 chromosomes belonging to BjuA 
(J01−J10; right semicircle) and 8 chromosomes belonging to BjuB 
(J11−J18; left semicircle), scaled on the basis of their assembled length. 
Homeologous relationships between BjuA and BjuB chromosomes are 
displayed with connecting lines colored according to the BjuB subgenome. 
The tracks, from outer to inner, show gene density (non-overlapping, window 
size = 500 kb), repetitive sequence density (window size = 500 kb),  
the location of gene loss (blue solid point for gene loss), the location of 
pseudogenes (solid line for pseudogenes), genome (optical) marker density 
(window size = 500 kb) and genetic marker density (window size = 500 kb).
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the subgenomes of B. juncea, a much larger number than the 41 newly 
formed TEs being found active between the subgenomes of B. napus 
(Supplementary Table 17).

We annotated 80,050 and 49,826 protein-coding genes in the  
B. juncea and B. nigra genomes, respectively (Supplementary Table 18).  
Approximately 97.8% of B. juncea genes and 94.7% of B. nigra genes 
could be annotated by non-redundant nucleotide and protein sequences 
in the NCBI, Cluster of Orthologous Groups (COG), Gene Ontology 
(GO), SWISS-PROT and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) databases (Supplementary Table 19). Using transcriptomes of 
B. juncea we validated gene predictions of assembled genomes, verifying 
all predictions (Supplementary Table 20a,b). Additionally, we identified 
noncoding RNAs, consisting of 21 long noncoding RNAs, 3,725 small 
RNAs, 2,638 tRNAs, 511 rRNAs, 1,402 microRNAs and 15,418 small 
nuclear RNAs, from the B. juncea genome (Supplementary Table 21).

We extracted 28,228 and 28,917 syntenic ortholog gene pairs from 
the B. juncea subgenomes and their ancestral genomes to identify gene 
loss during the speciation process8. In total, we identified 562 and 545 
genes lost from BjuA and BjuB, respectively, relative to their common 
ancestral genomes. This represents a higher percentage than the gene 
loss estimates for BnaA and BnaC, relative to their common ancestral 
genomes (Supplementary Table 22). We validated gene loss using 
PCR amplifications (Supplementary Fig. 11). Gene loss numbers of 
B. juncea and B. napus were consistent with their formation times. 
The identified genes lost in the B. juncea subgenomes of BjuA and 
BjuB are involved in different functions based on Gene Ontology 

(Supplementary Fig. 12a,b). We mapped the distributions of genes, 
repetitive sequences, gene loss, pseudogenes, genome markers and 
genetic markers of the B. juncea subgenomes (Fig. 1).

Comparison of A subgenomes in Brassica
Synteny analysis among three A subgenomes of Brassica showed strong 
co-linearity, although chromosomal rearrangements have occurred 
between BjuA and BraA after their divergence from the common  
B. rapa ancestor (Fig. 2a and Supplementary Table 23). To study the 
divergence of BjuA and BnaA, we assayed single-nucleotide polymor-
phisms (SNPs) from the resequencing of A subgenomes from eigh-
teen B. juncea accessions including the B. juncea reference sequence 
(Supplementary Table 24), five B. napus accessions including the  
B. napus reference sequence8, and 27 B. rapa accessions, including 
the B. rapa reference sequence6 that covers most subspecies of B. rapa 
(Supplementary Table 25). We constructed a neighbor-joining tree 
for A subgenomes in Brassica, and discovered that BjuA and BnaA 
had divergent origins (Fig. 2b). BjuA might derive from B. rapa ssp. 
tricolaris, which is distributed in Asia, whereas BnaA might derive 
from B. rapa ssp. rapa (European turnip), which is widely distrib-
uted in Europe (Fig. 2b). This discovery indicates that allopolyploids  
B. juncea and B. napus have independent geographical origins, deriv-
ing from Asian and European regions, respectively.

Furthermore, we found that all A subgenomes from B. juncea were 
rooted in the common ancestor, and evolved into different subvarie-
ties for vegetable or oil use (Fig. 2b). Principal component analysis 
displayed that vegetable- and oil-use subvarieties of B. juncea were 
distributed nearby B. rapa ssp. tricolaris group and far from other 
subspecies of B. rapa, supporting the ancestor being closer to B. rapa 
ssp. tricolaris (Supplementary Fig. 13). Using the independent origin 
of A subgenomes in B. napus and B. juncea as a control, we com-
pared the SNP variation characteristics between BjuA and BnaA, and 
that between A subgenomes of vegetable- and oil-use subvarieties of  
B. juncea. We found typical SNP polyphyletic origin pattern between 
BjuA and BnaA, and typical SNP monophyletic origin pattern for 
A subgenomes of vegetable- and oil-use subvarieties in B. juncea 
(Supplementary Fig. 14). In total, the results drawn from the phylo-
genetic tree, principal component analysis and SNP variation patterns 
point to a monophyletic origin and evolution into vegetable- and 
oil-use subvarieties for A subgenomes of B. juncea.

To estimate when B. juncea formed, we found that the synonymous 
nucleotide substitution rate was not accurate for estimating formation 
time of the post-neopolyploid species (Supplementary Fig. 15 and 
Supplementary Table 26a,b). We therefore used phylogenetic analy-
sis and Bayesian method27 to calculate when BjuA diverged from its 
closest relative genome (tricolaris; Fig. 2b), to set an upper limit for its 
time of formation. We considered the time between the divergence of 
BjuA and the earliest divergent B. juncea accessions (B. juncea; Fig. 2b)  
as the lower limit for its formation time. We deduced that B. juncea 
formed ~0.039−0.055 million years ago (Mya) (Fig. 2c). Similarly, to 
estimate when B. napus formed, we referred to BnaA and its closest 
relative genome (European rapa; Fig. 2b) to set an upper limit for its 
formation time, and to BnaA and the earliest divergent B. napus acces-
sions (B. napus; Fig. 2b) to set a lower limit for its formation time. 
Here we deduced that B. napus formed 0.038−0.051 Mya (Fig. 2c),  
which is slightly earlier than the previous estimate of ~7,500 years ago 
derived by synonymous substitution (Ks) estimation8.

Homoeolog expression dominance in allopolyploid B. juncea
To explore the transcriptional behavior of the allopolyploid subg-
enomes, we compared the genome-wide transcriptional levels of 
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Figure 2 Synteny and phylogenetic evolution analysis of three  
A-subgenome in Brassica species. (a) Schematic representation of synteny 
among B. rapa (BraA), A subgenome of B. juncea (BjuA) and B. napus 
(BnaA). Each line connects a pair of orthologous genes between genomes 
or subgenomes. (b) A phylogenetic neighbor-joining tree constructed from 
BjuA, BnaA, and resequencing of A subgenomes of 17 B. juncea, 5  
B. napus and 27 B. rapa accessions. Vegetable- and oil-use subvarieties 
of B. juncea are marked with black and rose lines. (c) An ultrametric tree 
constructed from A subgenomes of B. juncea (BjuA) and B. napus (BnaA); 
two A subgenomes from the resequencing of B. juncea (BjuA_R16) and 
B. rapa ssp. tricolaris; and two A subgenomes from the resequencing 
of B. napus (BnaA) and B. rapa ssp. rapa (Europe). B. oleracea (BolC) 
is considered as an outgroup. Numbers in parentheses indicate the 
divergence time interval (Mya). The two A subgenomes from the 
resequencing of B. juncea (BjuA) and B. rapa (ssp. tricolaris) correspond 
to the two red and bold branches in b. The two A subgenomes from the 
resequencing of B. napus (BnaA_R1) and B. rapa ssp. rapa (Europe) 
correspond to the two blue bold branches in b. 
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homoeologous genes from BjuA and BjuB from different tissues, dif-
ferent developmental stages and two newly resynthesized B. juncea 
(Supplementary Table 27a). On average, 16.2% of genes displayed 
homoeolog expression dominance in all samples we investigated, of 
which we observed only 8.2% to be dominantly expressed towards 

to BjuB over BjuA excluding resynthesized lines (Fig. 3a and 
Supplementary Table 27b). This indicated no significant global 
genome dominance using a double-side binomial test for the subg-
enomes in B. juncea, which may be explained by the recent polyplo-
dization of this crop. This is consistent with several recent polyploids, 
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Figure 4 Selective sweep signals and expression pattern analysis between vegetable- and oil-use subvarieties of B. juncea. (a) Genome-wide distribution 
of FST values and π ratio (sliding window = 100 kb, step = 10 kb). Red dashed lines represent the 95% tails for the empirical FST distribution (top) and 
π ratio (bottom). Magnified are regions of two GSL-metabolism-related genes (BjuA020134 and BjuA020135) and two lipid-metabolism-related genes 
(BjuA020878 and BjuA030837) that showed both homoeolog expression dominance and strong selective signals, respectively. (b) Sequence analysis of 
selected genes in a between vegetable- and oil-use subvarieties. The non-synonymous mutation sites are shown on white background. (c) Heat map for 
genes involved in GSL and lipid synthesis in vegetable-use (highlighted in green) and oil-use (highlighted in orange) subvarieties of B. juncea from the 
RNA-seq data. Scaled log2 expression values are shown from red to blue in color, indicating high (red) to low (blue) expression. Abbreviations of sample 
names in c are defined in supplementary table 33.
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such as B. napus8, G. hirsutum17 and T. aestivum19. Transcriptional 
expression analysis in resynthesized Brassica allopolyploids showed 
that gene expression changes occurred soon after the initial genome 
merger and allopolyploidization28. These observations suggest that 
establishment of homoeolog expression dominance after the initial 
genome merger and allopolyploidization was immediate. During dif-
ferent developmental stages, 3,339 commonly expressed gene pairs 
showed homoeolog expression dominance, with 56% of gene pairs 
displaying dominance toward BjuB subgenomes (Supplementary 
Fig. 16). In different tissues, 2,251 commonly expressed gene pairs 
indicated homoeolog expression dominance, and 55% of gene pairs 
showed dominance toward BjuB (Supplementary Fig. 17). In all evo-
lutionarily synthesized B. juncea, homoeolog expression dominant 
genes derived predominantly from BjuB, whereas one of the two tran-
scriptomes from the resynthesized B. juncea types showed expression 
dominance by BjuA (Fig. 3a and Supplementary Table 27b).

We identified 5,632 gene pairs displaying homoeolog expression dom-
inance in B. juncea (Supplementary Table 28). Using the KEGG data-
base, we performed a pathway enrichment analysis for all homoeolog 
expression dominant genes. This analysis showed that genes showing 
homoeolog expression dominance were enriched for: cellular processes, 
environmental information processing, genetic information processing 
and metabolism and plant-pathogen interaction (Supplementary Fig. 18).  
Among these pathways, we found that metabolic and plant hormone 
signal transduction pathways were especially enriched.

We calculated the average non-synonymous/synonymous substitu-
tion (Ka/Ks) value of all genes among population accessions based on 
whole-genome sequencing and resequencing data. The results show sig-
nificant difference between BjuA and BjuB using a permutation test, of 
which the BjuB has evolved faster than the BjuA, suggesting asymmetric 
evolution of the two subgenomes (Fig. 3b). To further analyze homoe-
olog expression dominant genes, we calculated the average Ka/Ks val-
ues among those genes expressed as dominant (higher expression level 
in homoeologous gene pair), subordinate (lower expression level in 
homoeologous gene pair) and neutral (equal expression level in homoe-
ologous gene pair). The Ka/Ks values of dominant and subordinate 
genes (median: 0.31 and 0.35, respectively) were significantly higher 
than those of neutral genes (median: 0.25) using a permutation test  
(Fig. 3b). We also calculated the average Ka value among these genes, 
which indicated the same patterns with Ka/Ks values (Supplementary 
Fig. 19). This observation indicated that both dominant and subordinate  
genes evolved more rapidly than did the neutral genes, with subordinate 
genes being prone to selection in a homoelogous gene pair.

Selection in allopolyploid B. juncea
Using SNPs from resequencing accessions of B. juncea (Supplementary 
Table 25), we estimated the average pairwise diversity (π) and popula-
tion differentiation statistics (FST) between the vegetable- and oil-use 
varieties of B. juncea (Supplementary Tables 29 and 30). We identi-
fied selective sweep regions in vegetable- and oil-use B. juncea acces-
sions by combining FST < 0.05 and π ratio < 0.05 outliers (Fig. 4a and 
Supplementary Table 31). In total, we identified 794 selected genes 
between the vegetable- and oil-use subvarieties of B. juncea, of which 
36.3% (288) showed homoeolog expression dominance. A high pro-
portion of genes with homoeolog expression dominance under selec-
tion imply their participation in agricultural trait improvement.

Vegetable-use B. juncea varieties have been selected based on their 
glucosinolate (GSL) content and composition for human nutrition 
and plant defense properties29. Oil-use B. juncea varieties have been 
subjected to intensive breeding to improve their lipid composition, 
including decreases in the levels of erucic acid and GSL, which are 

undesirable because they can produce toxic catabolic products in 
animal feed8. In total, we identified 13 GSL-metabolism-related 
genes and 22 lipid-metabolism-related genes that were differentially 
selected between the vegetable- and oil-use subvarieties of B. juncea 
(Supplementary Table 32). Of these selected genes, 6 GSL-metabolism- 
related genes and 7 lipid-metabolism-related genes likewise exhib-
ited homoeolog expression dominance (Supplementary Fig. 20  
and Supplementary Table 33). One of these genes, BjuB021254, 
whose ortholog is AT1G04350 (AOP) in Arabidopsis, encodes a  
2-oxoglutarate-dependent dioxygenase and has an essential role in GSL 
biosynthesis30. The gene BjuA030837, whose ortholog is AT1G18460 
in Arabidopsis, encodes a lipase family protein that is important in the 
glycerol biosynthesis process31. The homoeolog expression dominance 
and selection of these genes suggests that their functions in GSL and 
lipid metabolism have been subjected to selection and improvement 
between vegetable and oil-use subvarieties of B. juncea.

With resequencing of vegetable- and oil-use subvarieties of B. juncea, 
we showed divergent genotypes with nonsynonymous mutation for 
GSL- and lipid-metabolism-related genes between vegetable- and oil-
use subvarieties of B. juncea (Fig. 4b). Oil-use types displayed uniform 
genotypes for the GSL- and lipid-metabolism-related genes compared 
to vegetable-use types. In the vegetable-use groups, all but varieties  
CN59 and CN79 showed consistent genotypes for these genes. We 
constructed a phylogenetic tree for the vegetable- and oil-use types 
of B. juncea, in which accessions CN59 and CN79 were clustered into 
a subgroup independent from the vegetable-use subgroup (Fig. 2b), 
although we classified them into the vegetable-use subgroup on the 
basis of their edible organs. Transcriptomic analysis from selected GSL- 
and lipid-metabolism-associated genes showed significant differences 
in expression using a two-tailed t-test between vegetable and oil-use 
subvarieties of B. juncea (Fig. 4c and Supplementary Table 29). These 
observations indicate that genomic selection has diversified GSL- and 
lipid-metabolism-related genes between vegetable- and oil-use subvari-
eties of the plant, each in the direction of their respective agriculturally 
desirable traits. We also observed 24 selected genes involved in phyto-
hormone metabolism, of which 12 genes exhibited homoeolog expres-
sion dominance (Supplementary Table 32). Transcriptomic analysis 
for selected phytohormone-associated genes showed significant dif-
ferences in expression using a two tailed t-test between vegetable-  
and oil-use subvarieties of B. juncea (Supplementary Table 33 and 
Supplementary Fig. 21). These differences may, likewise, contribute 
to the phenotypic deviations between the two types.

DISCUSSION
B. rapa, B. juncea and B. napus once comprised the three main Brassica 
oilseed crops worldwide, whereas at present B. rapa is selected primarily 
as a vegetable, B. juncea both as a vegetable and for oil use, and B. napus  
for oilseed32. Discovery of a possible A-subgenome-diversified origin 
for B. juncea and B. napus may shed light on the unusual features of 
selection divergence in Brassica. These insights appear promising for 
de novo synthesis of neo-polyploid species by introgression of indi-
vidual A-subgenome types to achieve desired breeding purposes.

We demonstrated evidence of homoeolog expression dominance 
patterns distinguishing A-subgenome types in Brassica. Although 
homoeolog expression dominance has been observed in several 
polyploid species17,19,22, a correlation between homoeolog expression 
dominance and evolutionary rate has not been reported previously. 
This finding provides important evidence of agricultural selection 
behavior. More importantly, these observations may facilitate the 
improvement of agriculturally important traits by focusing selection 
on the transcriptionally dominant genes.
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Selective sweep regions distinguishing vegetable- and oil-use subvarie-
ties of B. juncea identified 794 loci, of which 36.3% showed homoeolog 
expression dominance. This high proportion of genes with expression 
dominance under selection implies their potential in agricultural trait 
improvement by precisely associating homoeolog expression dominance 
genes with target traits (36.3% selected genes of 16.2% homoeolog expres-
sion dominance genes). It is reasonable to assume that this methodology 
could be applied to a broader array of selected traits in other polyploid 
crops to provide insight into underlying physiological mechanisms.

Polyploidy is particularly common in flowering plants, is recog-
nized as a characteristic of all angiosperm genomes during their 
evolution33 and has an essential role in speciation and genomic 
plasticity34,35. The reprogramming of allopolyploid transcriptomes 
is shown to be triggered predominantly by interspecific hybridiza-
tion20, displaying insight into homoeolog gene expression in pheno-
typic variability and plasticity. Homoeolog expression dominance or 
bias appears to be a consequence of genome merger and doubling22, 
but the underlying applicability of the homoeolog expression domi-
nance in agriculture trait selection has not been substantiated to 
date. We found that homoeolog expression dominant genes have 
higher Ka/Ks than neutral genes in the allopolyploid B. juncea, con-
sistent with these genes as targets of intensified selection for vegeta-
ble- and oil-use varieties of this agriculturally important plant. This 
observation implies that transcriptional dominance can predate trait 
selection. The potential linking of homoeolog expression dominance 
to trait improvement suggests that Brassica breeding programs, and 
those of other polyploid crops, might benefit from focusing their 
efforts on the subset of genes with transcriptional dominance, both 
as a means of enhancing response to selection and toward gaining 
mechanistic insights.

URLs. PBjelly, https://sourceforge.net/projects/pb-jelly/; A. thaliana 
and B. rapa protein sequences, http://genome.jgi-psf.org/; PASA, 
http://pasapipeline.github.io/; KEGG Automatic Annotation Server; 
http://www.genome.jp/kegg/kaas/.

METHODS
Methods, including statements of data availability and any associated 
accession codes and references, are available in the online version of 
the paper.

Accession codes. The genome assemblies of B. juncea and B. nigra 
have been deposited at GenBank: LFQT00000000 and LFLV00000000, 
respectively (BioProject PRJNA285130).

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Plant materials and sequencing. Genome sequencing and assembly was 
done on a B. juncea var. tumida inbred line (T84−66) with excellent agro-
nomic traits being widely used as a parent in breeding (NCBI Biosample 
SAMN03741772) and a B. nigra double haploid line (YZ12151) (NCBI 
Biosample SAMN03742614). Sequences of T84−66 included 13 paired-end 
and mate-paired Illumina libraries (175.8×) and 1 single-molecule reads 
library (12.03×) combined with 222× of BioNano data (Supplementary  
Tables 2a,b and 4). Sequences of YZ12151 included 10 paired-end and mate-
paired Illumina libraries (95.99×) (Supplementary Table 10). The flow cytom-
etry analysis and the abundance of 17-nt k-mers were performed to estimate 
the genome size (Supplementary Table 1, and Supplementary Figs. 1 and 5).  
Additionally, about 10× coverage of genome sequences from 17 B. juncea 
varieties consisting of 10 vegetable- and 7 oil-use subvarieties for each were 
generated for genomic analysis (Supplementary Table 24). Low-depth (<1×) 
genome sequencing of 27 representative B. rapa accessions were used for com-
parative analysis of A subgenomes in Brassica (Supplementary Note).

De novo assembly. Genome assembly used ALLPATHS-LG36. All the corrected 
Pacbio RS II reads were used to fill the gaps by PBjelly_V15.2.20 (ref. 37).  
RefAligner utility in IrysView was used to perform alignment between Irys 
molecules and draft assemblies for correcting the scaffolds chimera error. 
Finally, the corrected scaffolds were anchored to the genomic (optical) maps 
assembled from BioNano data (Supplementary Fig. 3). This generated 
assembly v1.0 (Supplementary Table 3). Additional details are available in 
the Supplementary Note.

Genome quality evaluation. We used the CEGMA v.2.3 (ref. 25) to blast 
458 conserved Core eukaryotic genes (CGE database)24 to assess the genome 
assembly of B. juncea. The assembled genome of B. juncea was also validated 
by mapping 23,002 ESTs (length ≥ 500 bp) downloaded from NCBI. To assess 
the accuracy of the B. juncea genome, we randomly aligned 10 sub-reads over 
40 kb from PacBio data to check the paired end relationship using SOAP38 
(Supplementary Tables 12 and 14a,b, and Supplementary Fig. 6). Additional 
details are available in the Supplementary Note.

Genetic map and pseudo-chromosome construction. We constructed a ref-
erence genetic map of B. juncea based on genotyping by resequencing of 100 
individuals of F2 population39 (Supplementary Table 5). After resequencing 
reads alignment with BWA40, potential SNPs were identified by GATK v3.4 
(ref. 41). Pairwise recombination of this marker set on each scaffold was calcu-
lated, of which adjacent SNPs with pairwise recombination rate less than 0.001 
were lumped into a genetic bin, excluding bins showing significantly distorted 
segregation (chi-squared test, P < 0.01). A final set of bin markers was grouped 
to 18 linkage groups using Highmap42 (Supplementary Table 8a).

ALLMAPS43 was used to construct the initial pseudo-chromosomes of 
B. juncea from scaffolds using the genetic map (T84/DTC) constructed in 
the present study being integrated with a published genetic map (SY/PM)23. 
We sorted BjuA and BjuB subgenomes of B. juncea referred to the final 
genetic map (Supplementary Table 9). Additional details are available in the 
Supplementary Note.

Genome annotation. The repetitive sequences of the B. juncea genome 
were identified with a combination of de novo and homolog strategies. Four  
de novo programs including RepeatScout44, LTR-FINDER45, MITE46 and 
PILER47 were used to generate the initial repeat library. The initial repeat 
database was classified into classes, subclasses, superfamilies and families by 
the PASTEClassifier with REPET48. We then merged transposable element 
(TE) sequences of Brassica species and the Repbase database49 together to 
construct a new repeat database and distinguish the genome assembly repeat 
sequences through RepeatMasker50 (Supplementary Table 15).

Genes were annotated iteratively using three main approaches: homology-
based, de novo and EST/unigenes-based. Results of these three methods were 
integrated by GLEAN51 to get a high-confidence gene model. An RNA-seq 
based method mapping transcriptome data to the reference genome using 
TopHat and assembling transcripts with Cufflinks was adopted to obtain the 
gene structures and new genes52 (Supplementary Tables 18, 19 and 20a,b).

tRNAscan-SEM (version 1.23)53 was used to detect reliable tRNA positions. 
Noncoding RNAs were predicted by the Infernal program using default param-
eters54. Through comparing the similarity of secondary structure between the 
B. juncea sequence and Rfam (v12.0) database55, the noncoding RNAs were 
classified into different families (Supplementary Table 21).

Stringent criteria and strategy were used to identify new TEs for the BjuA 
subgenome (Supplementary Fig. 8). The same strategy was used to identify 
new TEs in the subgenomes of B. juncea and B. napus compared to their 
corresponding ancestral genome after divergence from a common ancestor 
(Supplementary Table 16a,b and Supplementary Note).

We performed all-against-all BLASTP (E = 1 × 10−5)56 and chained the 
BLASTP hits by QUOTA-ALIGN (cscore = 0.5)57 with ‘1:1 synteny screen’ to 
call synteny blocks. The ‘1:3 synteny screen’ model was used to identify synteny 
blocks between A. thaliana and Brassica because of whole genome triplication 
in Brassica evolution history6 by QUOTA-ALIGN (cscore = 0.5). All gene 
losses were calculated based on the Brassica ancestor common gene sets of each 
species. Meanwhile, we identified gene loss from other subgenomes (BniB, 
BjuB, BolC, BnaA and BnaC) of Brassica (Supplementary Tables 22 and 34 ). 
Additional details are available in the Supplementary Note.

Comparison of A subgenomes in Brassica. We called SNPs from A sub-
genomes by resequencing of B. juncea, B. napus and B. rapa and referring 
to the B. rapa reference genome using BWA40, GATK41 and SAMtools58 
(Supplementary Table 25). Ungenotyped SNPs were imputed by the KNN 
algorithms59. SNPs with minor allele frequency (MAF) > 0.05 were picked for 
further analysis. Only non-heterozygous SNPs with integrity > 0.6 were kept 
for phylogenetic tree construction. The neighbor-joining phylogenetic tree for 
A subgenomes in Brassica was constructed by MEGA v6.0 using the Kimura 
2-parameter model with 1,000 bootstraps and default parameters60.

We selected high quality SNPs with integrity ≥ 0.8 and MAF ≥ 0.05 from 
all SNPs above for principal component analysis using STRATPCA program 
from the EIGENSOFT package61.

To compare the characteristics of the SNPs of B. juncea and B. napus, we 
selected six B. juncea varieties including three vegetable- and three oil-use 
subvarieties (CN53, CN58, CN04 and CN02, EU07, AU213, respectively) and 
five B. napus varieties. We only retained SNPs with full integrity (integrity = 1)  
for further analysis. Fixed SNPs were defined as the frequency of alleles  
≥ 60% and were different from their reference genome in B. juncea and B. napus 
populations. Polymorphic SNPs in B. juncea population were defined as the 
frequency of alleles ≥ 60%, and their genotypings were distinct from B. napus. 
Polymorphic SNPs in B. napus population were defined as the frequency of 
alleles ≥ 60% and their genotypings were dissimilar to B. juncea. We identified 
fixed and polymorphic SNPs in B. juncea and B. napus populations and those 
between B. juncea and B. napus population based on different frequencies 
of alleles scaled at 60%, 70%, 80% and 90%. We used the same strategies to 
identify fixed and polymorphic SNPs in and between vegetable- and oil-use  
B. juncea. Additional details are available in the Supplementary Note.

Formation time estimation for B. juncea. To estimate the formation time of  
B. juncea, we first selected BjuA, its closest relative genome from B. rapa and the 
earliest divergent B. juncea accession based on the phylogenetic tree of A sub-
genomes in Brassica. Then we reconstructed the coding region sequences for 
selected varieties from the resequencing data. After multiple sequence align-
ments by MUSCLE v3.3 (ref. 62), a phylogenetic tree was constructed and diver-
gence time was estimated by Bayesian MCMC analyses in BEASTv1.8 (ref. 27)  
with JIT nucleotide substitution model, relaxed log normal clock model, 
and one million MCMC generations from which parameters were sampled 
every 1,000 generations and other default parameters. The divergence time 
of B. oleracea (4.6 ± 0.5 Mya) was considered as outgroup7. We calculated the 
divergence time between BjuA and its closest relative genome from B. rapa as 
the upper limit of formation time of B. juncea. The divergence time between 
BjuA and the earliest divergent B. juncea accessions was considered as the 
lower limit of formation time of B. juncea. Additional details are available in 
the Supplementary Note.

Homoeolog expression dominance analysis. The clean reads from RNA-seq 
after quality control were mapped onto the B. juncea genome using Tophat2 
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(ref. 63). The gene expression level of individual genes was quantified using 
RPKM values (fragments per kilobase of exon per million fragments mapped) 
by Cufflinks52. Homoeolog expression dominance analysis was performed 
within syntenic gene pairs. Differentially expressed genes pairs with greater 
than twofold change were defined as dominant gene pairs. The dominant 
genes were the genes that were expressed relatively higher in dominant gene 
pairs, and the lower ones are the subordinate genes. The rest of the syntenic 
gene pairs that showed non-dominance were classified as neutral genes. To 
test whether the occurrences of BjuA dominant gene pairs and the occurrences 
of BjuB dominant gene pairs are equal, we performed double-side binomial 
tests on dominant gene pairs for all samples64 (Supplementary Table 27a,b). 
Additional details are available in the Supplementary Note.

Selective pressure on dominantly expressed genes and subgenomes. All SNP 
sets were called by GATK41 for 17 B. juncea accessions with default parameters 
and filtered out with depth < 3×. Coding region sequence sets were then recon-
structed based on high quality SNPs for each sample. To detect selective pres-
sure of each coding gene, the rates of nonsynonymous (dN) and synonymous 
(dS) (ω = dN/dS) substitutions were estimated site-by-site using the YN00 
program with default parameters from the PAML 4.2b package58. Each paired 
gene set of 17 samples was estimated repeatedly. All Ka/Ks of gene pairs were 
classified to three categories (dominant genes, subordinate genes and neutral 
genes). Meanwhile All Ka/Ks of gene pairs were separated into BjuA/BjuB 
subgenomes. To test statistical significance of different data sets, we per-
formed a permutation test on them with 1,000 permutations (Supplementary  
Table 26a,b). Additional details are available in the Supplementary Note.

Detection of selective sweep signals. Average pairwise diversity (π) and popu-
lation differentiation statistic (FST) were calculated through Bio::PopGen of 
bioperl package65. Selective sweep regions were identified in the 10 vegetable-  
and 7 oil-use B. juncea subvarieties by combining FST outliers and π ratio 
outliers (θπ (vegetable-use/oil-use)) with 100 kb sliding windows and 10 kb 
steps. Adjacent windows extended to 10 kb likely represent the effect of a 
single divergence region and thus were linked to define a ‘candidate gene 
region’ (Supplementary Table 31). Additional details are available in the 
Supplementary Note.
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Following publication of this article, the authors have corrected 426 chimeric scaffolds in this genome (total scaffold number 10,684). 
The genome assembly has now been improved as V1.5, and the updated genome assembly is available to be downloaded from  
http://brassicadb.org/brad/datasets/pub/Genomes/Brassica_juncea/V1.5/.
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