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Abstract

Background: Polyploidy is widely recognized as a significant evolutionary force

in the plant kingdom, contributing to the diversification of plants. One of the nota-
ble features of allopolyploidy is the occurrence of homoeologous exchange (HE)
events between the subgenomes, causing changes in genomic composition, gene
expression, and phenotypic variations. However, the role of HE in plant adaptation
and domestication remains unclear.

Results: Here we analyze the whole-genome resequencing data from Brassica napus
accessions representing the different morphotypes and ecotypes, to investigate

the role of HE in domestication. Our findings demonstrate frequent occurrence of HEs
in Brassica napus, with substantial HE patterns shared across populations, indicat-

ing their potential role in promoting crop domestication. HE events are asymmetric,
with the A genome more frequently replacing C genome segments. These events
show a preference for specific genomic regions and vary among populations. We

also identify candidate genes in HE regions specific to certain populations, which likely
contribute to flowering-time diversification across diverse morphotypes and ecotypes.
In addition, we assemble a new genome of a swede accession, confirming the HE
signals on the genome and their potential involvement in root tuber development. By
analyzing HE in another allopolyploid species, Brassica juncea, we characterize a poten-
tial broader role of HE in allopolyploid crop domestication.

Conclusions: Our results provide novel insights into the domestication of polyploid
Brassica species and highlight homoeologous exchange as a crucial mechanism
for generating variations that are selected for crop improvement in polyploid species.

Background

Polyploidy, referring to either the duplication of a single genome (autopolyploidy) or to
the combination and doubling of two or more different genomes (allopolyploidy), has
long been recognized as a major force in plant evolution and speciation [1-4]. All seed
plants have undergone at least one polyploidization process during their evolution-
ary history [5-7]. Polyploidy is prevalent among domesticated crops, some of which
have even experienced multiple rounds of polyploidization [8, 9]. As a result of this
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association, polyploidy has long been proposed as a crucial factor in crop domestica-
tion [10, 11]. Such important role of polyploidy is thought to result from the rapid and
dynamic changes in genomes that occur at the beginning of polyploid formation [12, 13].
Following genome merging and doubling, polyploidization leads to dramatic “genomic
shocks” with large numbers of structural variations (SV) being a prominent feature,
which may give rise to novel phenotypes and thus provide substrates for natural selec-
tion and successful domestication [14—16]. Understanding mechanisms of polyploidy
and its various consequences that lead to successful domestication is of fundamental
importance for a full appreciation of its potential.

One causal mechanism of the “genomic shock” early in the formation of polyploids
is the occurrence of homoeologous exchange (HE) between the two constituent subge-
nomes, which has been increasingly reported in recent years [17-19]. HE is a mecha-
nism unique to allopolyploids and relates to the exchange of chromosome segments
via crossover formation between homoeologous chromosomes [20, 21]. While the HE
mechanism is inherently reciprocal, the recombinant chromatids resulting from an ini-
tial HE event are typically not segregating into the same resulting gamete. Instead, they
are often identified as unbalanced exchanges or duplication—deletion events, wherein
one gene is entirely replaced by a duplicate of its homoeolog from the other subgenome
[19]. Although exchanges that involve homoeologs switching places with each other can
also become stable through self-pollination and selection, their detection via sequencing
methods poses challenges [17, 22]. HEs are extremely prevalent in both newly synthe-
sized and established allopolyploid plants, including wheat [23], rice [24, 25], rapeseed
[26-29], and peanut [30], suggesting that HEs likely contribute to plants escape from
genetic bottlenecks during the initial stage of polyploidization and have been selected
during species diversification and crop domestication. Gaining a deeper understanding
of homoeologous exchange and its consequences at the genome level has the potential to
catalyze new breakthroughs to improve the diversity of polyploid crops.

Understanding what factors cause homoeologous exchange requires tracing back to
the meiotic pairing process at the onset stage of allopolyploid species formation [31].
After merging and doubling divergent genomes into the same nucleus, the immediate
challenge for the newly formed allopolyploids is to stabilize their meiotic regulation pro-
cess, as their inherited homoeologous chromosomes may pair and recombine between
each other, which could result in abnormal segregation and aneuploidy [17, 32, 33]. In
well-established allopolyploid species, HE events are relatively stabilized. As aneuploidy
is rare in such polyploids, mechanisms to control chromosome pairing likely exist in
polyploids, therefore, allowing them to behave genetically as diploids during meiosis
[31]. Genetic research revealed that pairing control mechanisms are attributed to either
specific genetic loci, such as Phl in polyploid wheat [34], BuaPhl and PrBn in Brassica
napus [35, 36], or due to the intrinsic homoeologous genome divergence [29].

HE-induced chromosome segment reshuffling may induce or contribute to dramatic
genomic and transcriptomic changes, therefore affecting the phenotypic variations
of plants [17]. Following chromosome segregation over time, HEs can result in one of
the DNA fragments replacing the corresponding homoeologous regions and becom-
ing fixed. This process would consequently lead to a segmental allopolyploid genome
that contains a mix of auto- and allopolyploid segments [15, 37, 38]. By using synthetic
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allopolyploids, previous research has shown that HE affects gene expression within HE
regions through dosage effects, resulting in significant alternations in the overall expres-
sion levels of homoeologous gene pairs [39, 40]. Interestingly, genes in HE regions were
shown to be associated with diversity in many important trait in polyploid crops, includ-
ing flowering time [41, 42], leaf shape and color [27, 30], seed glucosinolate content
[29], and disease resistance [38], suggesting significant influence of HEs on important
traits. However, despite the prevalence of HEs and their potential association with phe-
notypes, much is still unknown about the role of HEs in trait diversification and crop
domestication.

Brassica napus (AACC, 2n=4x=138) is a relevant target species to study the impact
of homoeologous exchange on crop domestication because of its worldwide cultiva-
tion and adaptation in diverse climate zones, and as it possesses some favorable attrib-
utes including the availability of well-established genomes, genetic transformation,
and ease of resynthesis [28, 43, 44]. B. napus is a recent allopolyploid species resulting
from the interspecific hybridization between two closely related diploid species B. rapa
(AA, 2n=2x=20) and B. oleracea (CC, 2n=2x=18), according to the “triangle of U”
[45]. Within the species, it comprises three diverse morphotypes, including oil-type B.
napus subsp. oleifera (rapeseed or oilseeds), tuber-type B. napus subsp. rapifera (swede
or rutabaga), and leafy-type B. napus subsp. pabularia (Siberian kale or leaf rape) [28,
46]. The oil types can be further divided into winter, spring, and semi-winter ecotypes
based on different needs of vernalization, as a result of artificial selection in different
regions of the world [47]. Our recent research has shown that B. napus derived from the
hybridization of European turnip of B. rapa and wild B. oleracea, and that interploidy
introgression is prevalent during its domestication history [48]. Furthermore, many in-
depth studies have been conducted in B. napus regarding the mechanisms and impacts
of HEs. The HEs phenomenon was first reported in synthetic B. napus, dating back at
least to 1995 [49], and later the association of HE with flowering time diversification was
also established [27, 41, 49, 50]. Recently, the availability of large amounts of genomic
data has made it possible to study the impact of HEs of polyploid species at the popula-
tion level and sequencing depth-based method has been develop for detecting HE in B.
napus. These studies utilizing the whole-genome resequencing data have revealed that
HEs have much higher frequency in the germplasm and are the main source of gene
presence-absence variation in B. napus [29, 38]. However, the impact of the variations
resulting from HEs on crop domestication has not yet been studied in detail.

In this paper, we performed a comprehensive study of the prevalence and the role
of homoeologous exchanges in the domestication of allopolyploid B. napus crops. We
explored genomic features and patterns of HEs among the different morphotypes and
ecotypes and examined their direct impacts on gene expression changes. We then quali-
fied the impact of HEs on the diversification of the different morphotypes in B. napus by
using flowering time variation as a clear example. In addition, we assembled a reference
genome of the swede morphotype which confirmed the “segmental allopolyploid” char-
acter of its genome and allowed to investigate the potential impact of HE on tuberous
organ formation. Finally, we analyzed the HE status in the related polyploid B. juncea
species, also characterized by a diversity of morphotypes, and showed that HEs play a

generic role in crop domestication and diversification.
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Results

Prevalence of homoeologous exchanges in the domesticated Brassica napus

To fully characterize the homoeologous exchange (HE) events in the domestication his-
tory of Brassica napus, we collected publicly available whole genome resequencing data
of 260 accessions representing all various morphotypes and ecotypes, including swede,
Siberian kale, winter rapeseed, spring rapeseed, and semi-winter rapeseed. In addition,
we included the resequencing data of 8 accessions each of European turnip (B. rapa)
and wild-type B. oleracea, which were combined to represent the in silico ancestry of B.
napus and used as a control group for subsequent analyses (Additional file 2: Table S1).
We first aimed to understand the phylogenetic relationships between different mor-
photypes in the domestication history of B. napus. With the in silico progenitor acces-
sions as the outgroup, we found that the phylogenetic clustering clearly resolved five
groups plus the outgroup, which are highly consistent with different morphotypes and
ecotypes (Fig. 1; Additional file 1: Fig. S1). In particular, the phylogeny revealed that the
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Fig. 1 The occurrence of homoeologous exchanges between A and C genome during the domestication
of Brassica napus, as indicated by C genome coordinate. A total of 260 accessions of B. napus, representing
diverse morphotypes and ecotypes, are ordered according to their phylogenetic relationships, with in
silico progenitors as the outgroup. The group names are indicated as the colored bars at the bottom. The
homoeologous exchange values represent log,-transformed mapping density ratios of the homoeologous
gene pairs, with the blue and purple components representing the coverage abundance of the A

and C genome, respectively. The homoeologous gene pairs are plotted on the Y axis as C genome
chromosomes ordered from CO1 to C09 and on the X axis based on the phylogenetic relationships of all
accessions. Expanded views of each chromosome are available in Supplementary figures S8-516. Detailed
homoeologous relationships between the A and C genomes are presented in Supplementary Figure S3
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morphotypes of swede and Siberian kale (used as vegetable and fodder) were domesti-
cated before rapeseed (oil crop), with the hypocotyl-root tuber swede as the basal clade
in the phylogeny. With regard to rapeseed, the winter ecotype was the basal type, from
which spring and semi-winter ecotypes diversified.

Homoeologous exchange events were assessed by calculating the A-C ratio of read
coverage depth of resequencing data from 260 B. napus accessions and the in silico con-
trol accessions on the combined reference genome of the diploid ancestral species (B.
rapa, A genome; B. oleracea, C genome) (Additional file 1: Fig. S2). We identified 31,456
homoeologous gene pairs, which were used as anchors to represent the homoeolo-
gous regions between the A and C genomes (Additional file 1: Fig. S3; Additional file 2:
Table S2). The log,-transformed mapping density ratio values of the homoeologous gene
pairs were designated as HE values and were visualized across chromosomal sequences
based on the gene order of the C genome (Additional file 1: Figs. S4, S5). No HE regions
were detected in the 64 in silico combinations of ancestral accessions used as negative
control (Additional file 1: Fig. S6). As a positive control, we also included sequencing
data from eight rapeseed accessions from which reference genomes had previously been
assembled and confirmed the presence of HE in these accessions [44] (Additional file 1:
Fig. S7). Those results indicate the reliability of the HE identification method.

A total of 260 accessions used in this study all exhibited substantial HE segments of
different sizes, which strongly indicate the prevalence of HE in the B. napus germplasm
(Fig. 1, Additional file 1: Figs. S8-S16, Additional file 2: Table S3). The length of HE frag-
ments where A replaced C ranged from 13.1 kb to 16.2 Mb, with an average length of
763.3 kb. One of the swede accessions (3052GSS) showed the most HE events, with
36.3 Mb (6.7%) of the C genome replaced by homoeologous A genome segments. On
the other hand, in accessions where C replaced A, HE fragments ranged from 10.3 kb to
4.66 Mb, with an average length of 204.1 kb. A semi-winter rapeseed accession (R5085)
had the highest number of HEs, replacing 7.69 Mb (2.54%) of the A genome with homoe-
ologous C fragments. Besides, some HEs appeared only in a single accession, absent
in other phylogenetically related ones, suggesting their recent emergence and that the
occurrence of HE is ongoing. When considering the extent of coverage across the whole
genome, approximately 37.1% of the C genome and 39.8% of the A genome was affected
by HE in at least one accession. Notably, some genomic hotspot areas exhibited HEs in
the majority of the accessions, such as C01, C09, and their homoeologous A regions.
In these regions, HEs can occur with opposite directions, forming AAAA structures in
some accessions and CCCC structures in others, indicating the variability and ongo-
ing process of HEs in these tetrasomic regions during the recent domestication process
(Additional file 1: Figs. S8, S16). In summary, these results clearly show that HEs are
extremely prevalent in B. napus populations, suggesting a likely role in their adaptation
and domestication into diverse crops and ecotypes.

Genomic and transcriptomic features of HEs

Building on the initial catalog of HEs, we then turned our attention to an investigation
of features describing the observed HEs patterns. Firstly, HEs exhibited an uneven dis-
tribution across the chromosomes in the B. napus population. Genomic characterization
of all HE events in the 260 accessions revealed that certain regions of the chromosomes
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are favored for the presence of HE (Fig. 1). Alignment of those HEs to the relative posi-
tion of centromere to telomeres showed that HEs tend to be located in the distal third of
chromosome arms, which is also a region of high gene density and high recombination
rates (Fig. 2A). Secondly, HEs tend to occur in a biased direction between the A and C
genomes. We found that on average, each accession contains 16 instances in the case of
A chromosome segments replacing C chromosome segments, significantly higher than
the 7 instances in the opposite direction (Mann—Whitney tests, P<2.2e — 16) (Fig. 2B).
When assessing the accumulated size of replaced segments within accessions, HEs of
A replacing C had a much higher average length of 12.1 Mb, compared to 2.5 Mb for C
replacing A (Fig. 2C). These findings indicate a prevailing dominance of the A subge-
nome over the C subgenome in the context of HE. Thirdly, the biased direction of HEs
was observed to vary among different morphotypes. HEs of A replacing C were signifi-
cantly higher than C replacing A in most morpho- and ecotypes, with the exception in
the Siberian kale group of lower HEs frequency in both directions (Fig. 2D). Additionally,
the occurrence of HE differed among the homoeologous chromosomes. Chromosomes
C01 and C02 showed two of the highest amounts of accumulative HE lengths among
all accessions, which correlated with their high collinear relationship with their homoe-
ologous A01 and A02 chromosomes, respectively (Fig. 2E; Additional file 1: Figs. S3, S8
and S9). On the contrary, chromosomes with lower collinearity, such as C06 and C07,
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Fig. 2 Genomic distribution and characteristics of homoeologous exchanges. A Distribution of HEs across
the relative chromosome positions from centromere to telomere, with indications of recombination
frequency and gene density. The histogram reflects the cumulative count of HEs in each bin. Recombination
frequency (cM/Mb, shown in blue) and gene density (% genic sequence, shown in red) are illustrated along
the average chromosome arm. B Comparison of HE events between chromosomal segments of “A replacing
C"andC replacing A"in B. napus populations, as measured by HE cases from each accession. C Comparison
of HE events, measured by the accumulative genome size of the replaced segments in each accession.

D Comparison of accumulative genome size for HE events within different B. npaus groups: Swede (SW),
Siberian kale (SK), Winter rapeseed (RWE), Spring rapeseed (RSP), Semi-winter rapeseed (RSE). E Distribution
and comparison of the accumulative genome size of HE events indicated by different C chromosomes.
Mann-Whitney tests were used to assess significance between HE directions with asterisks indicating
significance level. "“P<0.001, “P<0.01, P<0.05,"P>0.05
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exhibited much lower HE events with their homoeologous A chromosomes (Additional
file 1: Figs. S13, S14). In general, these genomic characteristics of HEs provide insights
into their preferences within specific regions of the genome and for distinct morpho-
and ecotypes.

The direct effect of HE on genes is that it could lead to duplication or deletion of one of
the homoeologs, potentially leading to expression changes for both genes and homoeol-
ogous gene pairs in allopolyploids [39, 40, 51]. We then investigated the effect of HEs on
expression changes of HE-affected genes in B. napus populations using public data from
119 accessions [46]. We selected accessions where both RNA and DNA were extracted
from young leaves, allowing us to quantify the occurrence of HE and the expression of
HE-affected genes at the same time. HE events were again found to be prevalent in those
119 B. napus accessions (Additional file 1: Fig. S17). The further analysis revealed that
the expression levels of the replacing genes were significantly elevated, likely due to the
presence of additional gene copies created by HEs (Additional file 1: Fig. S18A, S18B).
Additionally, HEs were generally associated with total expressional alterations of their
homoeologous gene pairs. For those homoeologous genes with different expression lev-
els in the pre-HE status, the post-HE expression of the higher expressed homoeologs
(AA or CC) tended to show increased expression compared to the HE-free homoe-
ologs (AC) (Additional file 1: Fig. S18C, S18E). In contrast, the post-HE expression of
the lower expressed homoeologs (AA or CC) tended to show decreased total expression
compared to the HE free homoeologs (AC) (Additional file 1: Fig. S18D, S18F). In gen-
eral, HEs were associated with total expressional alterations of their homoeologous gene
pairs, but those changes would depend on the differential expression levels between A
and C genes in their initial status. Those expressional changes resulting from HEs could
lead to potential functional diversification in B. napus populations.

Selection of HEs in the morphotype domestication

Given the widespread occurrence of homoeologous exchanges among the sampled
accessions, it is hypothesized that in the domestication process, accessions with the
favored genomic variations resulting from HE were selected, leading to the fixation
of different HE patterns among different populations (Additional file 1: Fig. S19). Our
objective was then to investigate the potential contributions of HE patterns to the
domestication of diverse morphotypes and ecotypes in B. napus. We calculated HE pat-
terns per morpho/ecotype by determining the average value across the genome of all
corresponding accessions. The 64 in silico ancestral accessions were utilized as a control
for comparisons of morpho/ecotype HE patterns.

Our findings revealed distinct patterns of homoeologous exchanges across various
morphotypes and ecotypes of B. napus, with certain patterns exclusive to specific
populations (Fig. 3, Additional file 2: Table S4). Among the morphotypes, swede
exhibited the highest incidences of HE events, with 20 distinct signals covering
20.3 Mb of the C genome at the population level, particularly involving homoeolo-
gous regions such as C01-A01, C08-A09, and C09-A10. Those events were predomi-
nantly in the direction of A genome segments replacing those of C genome, which
involved 1188 homoeologous gene pairs specific to this morphotype (Additional
file 1: Fig. S20A). In contrast, the Siberian kale group displayed a smaller number of
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HE group signals, with a significant proportion involving the replacement of the A
genome with the C genome (8 signals corresponding to 205 gene pairs) (Additional
file 1: Fig. S20B). The various rapeseed ecotypes displayed a moderate level of HE
signals, along with numerous ecotype-specific patterns. Notably, a prominent large
HE segment involving the “A replacing C’, spanning up to 7.3 Mb, was identified on
homoeologous chromosome C02-A02 in the semi-winter rapeseed group, similar to
the findings of accessions from the pan-genome study of B. napus [44], indicating
the widespread presence of this large segment in the semi-winter rapeseed ecotype.
Additionally, some HE patterns showed opposite directions in different groups.
HEs involving “A replacing C” were observed on chromosome CO08 in swede mor-
photypes, whereas an inverse pattern of “C replacing A” was detected in both Sibe-
rian kale and semi-winter rapeseed groups. This indicates a set of genes from the
A genome may be favored in swede, while in other morphotypes, their homoeologs
from the C genome are favored (Fig. 3). In summary, our results provide evidence
for the selection of HEs during morphotype domestication. Those group-level HE
patterns observed among diverse morphotypes and ecotypes suggest potential roles
in their differentiation and adaptation to local environments throughout the domes-
tication process.
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Contribution of HEs to the flowering-time diversification

We then selected representative HEs events among various morphotypes and ecotypes
to investigate their functional significance to phenotypic changes during B. napus
domestication. One of the major traits for plants adapting to various environments
worldwide is flowering-time regulation, which synchronizes plant development with
the local climate conditions [52]. According to the different vernalization requirements,
B. napus has diversified into three different ecotypes (winter, spring, semi-winter). Our
approach focused on genes located within HE regions selected for different populations,
as the high degree of this structure variation observed within the population is indicative
of its adaptive value.

Our examination of HE effects on flowering-time related genes revealed substantial
impacts on the diversification of different ecotypes. A comprehensive inspection of 306
Arabidopsis flowering-related genes using the Flowering Interactive Database (FLOR-
ID) identified 394 homoeologous gene pairs in B. napus (Additional file 2: Table S5) [53].
Among various morphotypes and ecotypes, we detected a total of 57 flowering-related
gene pairs affected by HE on the group level, with 38 of them specific to particular mor-
photypes and ecotypes, suggesting a substantial role for flowering-time related genes in
driving the diversification of different ecotypes (Additional file 1: Fig. S21; Additional
file 2: Table S6). For instance, a prominent segment of HE, representing the chromo-
somal segments of A02 replacing C02, was detected in the majority of semi-winter rape-
seed accessions (Fig. 3). In this specific HE region, 8 flowering time-related gene of the
C subgenome were replaced by their homoeologous genes of the A subgenome, includ-
ing COL5.A02-C02 (CONSTANS-LIKE 5, 42/71), VIN3.A02-C02 (VERNALIZATION
INSENSITIVE 3, 50/71). Similarly, in the spring rapeseed group, we identified HE seg-
ments of A replacing C on C03/A03, encompassing gene pairs such as UBP12.A02-C02
(UBIQUITIN-SPECIFIC PROTEASE 12 43/57), FTIP1.A03-C03 (FT-INTERACTING
PROTEIN 1, 28/57). These data suggest the potential importance of HE-mediated altera-
tions in flowering genes for rapeseed ecotypes adapting to different growing seasons.

Among the flowering-time genes, FLOWERING LOCUS C (FLC) homologs were nota-
ble, as the three different FLC homoeologous gene pairs were impacted by HEs in differ-
ent groups, resulting in expressional changes (Additional file 1: Figs. S22, S23; Additional
file 2: Table S6). Specifically, a distinct HE of A replacing C event on the C09-A10 chro-
mosome segment resulted in the replacement of the FLC.C09 gene with its homolog
FLC.A10 in all 55 accessions of the swede group (Fig. 4A, C). The swede morphotype,
known for its winter-annual flowering behavior requiring extended vernalization [42],
exhibited a much delayed flowering time when compared to other groups, with an aver-
age of 195 days after sowing (Fig. 4B; Additional file 1: Table S7) [54]. Further explo-
ration of this gene pair across the 119 available accessions, with both genomic and
transcriptome data from young leaf [46], confirmed the HEs of FLC.A10-C09 in all 19
swede accessions (Fig. 4C). Transcriptome analysis from those accessions showed that
the expression level of FLC.A10 was significantly higher in swede accessions than in
other groups, whereas the expression of FLC.C09 remained consistently low across all
groups (Figs. 4D and 5E). Besides, the two gene duplicates of BnaFLC.C09 in B. napus
were also found to be low-expressed among different groups (Additional file 1: Fig. S24).
Notably, the expression of FLC.A10 exhibited a two-fold increase in the swede group
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relative to the other two winter ecotypes, Siberian kale and winter rapeseed, which cor-
related with the gene duplication resulting from the HE. FLC.A10, also known as FLCI,
has been identified in previous studies for its important role in the vernalization require-
ment in B. rapa [55] and B. napus [54, 56]. Therefore, the presence of HE in the swede
group, leading to the duplication and higher expression of FLC.A10, likely contributes to
the extended flowering time and prolonged vegetative growth observed in this morpho-
type. This underscores the potential role of HE in the diversification and domestication
of the swede morphotype, highlighting its significance in shaping plant phenotypes.

Involvement of HEs in swede hypocotyl-root domestication

Since the swede morphotype is characterized by its distinct root enlargement trait and
has significantly more HEs compared to other morphotypes (Fig. 5A), we then intended
to validate these findings by first generating a representative swede reference genome
and explored the potential role of HE during hypocotyl root development. We selected
a representative swede accession and sequenced its genome using both Nanopore and
[lumina platforms, generating 97.3 Gb (~ 100x) and 110.8 Gb (~ 120x) data, respectively
(Additional file 2: Table S8). The assembly generated 895 Mb genome size with a contig
N50 of 4.3 Mb, further ordered into 19 pseudo-chromosomes utilizing Hi-C data cover-
ing 92.6% of the genome (Fig. 5B; Additional file 1: Fig. S25; Additional file 2: Table S9).
Genome annotation led to 97,852 protein-coding genes with an average length of 2354.3
base pairs (bp) and 4.62 exons per gene, verified by 97.29% coverage of RNA-seq data
(Additional file 2: Table S10). The analysis also revealed 372.56 Mb of transposable ele-
ments (TEs), including 15.71% LTR retrotransposons, within the assembled swede
genome (Fig. 5B). BUSCO statistics confirmed the high-quality assembly compared to
other B. napus genomes (Additional file 2: Table S11).

Given the completeness and collinearity of the newly assembled swede genome, we
investigated the HE segments in this segmental allopolyploid genome. Investigation of
the HE signals using the Nanopore long-read data revealed 17 HE signals, confirming
16 signals previously identified with short reads and uncovering one missed segment on
CO01 (Additional file 1: Fig. S26). We then compared the collinearity between our assem-
bly and the pseudo-ancestry B. napus genome, which is concatenated by B. rapa and
B. oleracea genomes. The results show that our assembled genome has good syntenic
relationship with the pseudo-ancestral genome, with one-on-one matches on the major-
ity of chromosome regions, while some inversions also exist (Additional file 1: Fig. S27).
We also found that on the chromosome regions where HEs occur, the genomes showed
direct collinearity with the replaced ancestral genome. This newly assembled swede
genome confirmed previous HE findings based on short-read sequencing.

We next generated time-course gene expression profiles from stages around the tuber
initiation timepoint of swede with the non-tuber forming rapeseed as comparison. Anal-
ysis of HE ratios identified that 1405 homoeologous gene pairs were affected by HE in
the swede accession compared to the rapeseed accession (Additional file 2: Table S12).
From the 1405 HE gene pairs, 865 exhibited differential expression during swede hypoc-
otyl development compared to rapeseed (Additional file 1: Fig. $28). This indicates that
the HE gene pairs are enriched for differentially expressed genes (Fisher’s exact test,
P<0.01), suggesting HE might play a role in the swede tuberization process. HEs can
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lead to changes in gene expression primarily through the replacement of gene copies,
which may alter the overall transcriptional output of affected gene pairs. This is particu-
larly relevant for genes involved in key developmental processes. According to the previ-
ous findings on mechanisms underlying the tuberous organ development, we focused
on three essential and well-characterized developmental programs: leaf-derived mobile
signal transduction, cytokinin signaling, and vascular tissue patterning (Fig. 5B) [57-60].
Among those potential gene programs, several differentially expressed genes pairs were
affected by HE. Those genes include FLC.A03-C03 and FLC.A10-C09 for the late-flow-
ering signal transduction, TM06.A03-C03 for cytokinin signaling and XCP1.A01-C01
gene pairs for vascular tissue differentiation and development (Fig. 5C; Additional file 1:
Fig. S28). These findings suggest that HEs influence these biological processes, poten-
tially involving the morphological changes in swede.

Selections of HEs in domesticated Brassica juncea crops

To test whether selective significance of HEs on trait domestication as revealed in B.
napus is a generic property of allopolyploids, we analyzed another Brassica allopolyploid
species, B. juncea (AABB genome), with publicly available genome sequence data [61].
We characterized the HE events in the domestication of B. juncea species, including 425
accessions across six populations, and compared the results with those of B. napus. A set
of 28,934 homologous gene pairs were identified by applying the same method to deter-
mine the collinearity between the A and B subgenomes, which revealed much lower col-
linearity of the two subgenomes in B. juncea compared to B. napus (Additional file 1:
Fig. S29). HEs were also detected in B. juncea accessions; however, the extent of HEs was
much lower than in B. napus (Fig. 6). In particular, we identified two large HE segments
of A replacing B in the root mustard morphotype (G1_Root) on chromosome B01, which
were replaced by the corresponding homoeologous A04 and A0O5 segments, respectively
(Additional file 1: Fig. S30). Although HE segments in A04 and AO5 were also found
in swede (B. napus), the specific position of these segments did not match with those
found in root mustard (B. juncea). Those group-level HE segments may indicate poten-
tial selection of additional independent HE patterns to the tuber-forming morphotype
in B. juncea (Additional file 2: Table S13). Those HE regions also contained several genes
related to tuber development, such as STP6.A05-B01 (SUGAR TRANSPORTER 6),
EXPA4.A04-B01 (EXPANSION A4), among others (Additional file 2: Table S14). In gen-
eral, the occurrence of HEs at group level indicates their likely evolutionary significance
in polyploid species, contributing to adaptation and domestication for favorable traits.

Discussion

Homoeologous exchanges have been commonly observed in both newly synthesized and
established allopolyploid crop species, suggesting their potential role in species diver-
sification and crop domestication. However, their specific contributions to the domes-
tication of allopolyploid crops and their impact on trait diversification have yet to be
thoroughly researched. In this study, we conducted a comprehensive analysis of HEs
in the domestication of polyploid Brassica species. By exploring the genomic patterns
of HEs across diverse morphotypes and individuals, we connected HEs to phenotypic
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Fig. 6 The occurrence of homoeologous exchanges between A and B genome during the domestication of
Brassica juncea, as indicated by B genome coordinate. Four hundred twenty five accessions of B. juncea are
ordered based on phylogenetic relationship, sourced from Kang et al. [61]. Name of each group is defined
based on research. Group names are indicated as the colored bars at the bottom. The homoeologous
exchange values represent log,-transformed mapping density ratios of the homoeologous gene pairs, with
the blue and purple components representing the coverage abundance of the A and B genome, respectively.
The homoeologous gene pairs are plotted on the Y axis as B genome chromosomes ordered from BO1 to

B08 and on the X axis based on the phylogenetic relationships of all accessions. Homoeologous relationship
between A and B genome can be found in Supplementary Figure S29

changes. Taken together, our findings highlight the importance of HE for allopolyploid
crop domestication.

The role of HEs during the polyploid genome evolution

For newly formed tetraploids, polyploidization seems to be a coin with two sides.
Although polyploidy greatly expands genome instability and genomic shocks with
direct implications for short-term survival, it can open up access to genetic novelties on
which natural and human selection can act [9, 16]. Following polyploidization, homoe-
ologous exchange events have been shown to induce significant variations in both the
genomic and transcriptomic landscapes, thus leading to the emergence of adaptive
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traits. Our findings reveal an extensive prevalence of HEs in B. napus and certain HEs
have been selected during the domestication of morphotypes in allopolyploid Brassica
species (Figs. 1 and 6). Intriguingly, certain HEs are exclusive to specific accessions and
are absent in phylogenetically related ones, indicating that they have arisen and been
selected during the recent breeding and domestication of this germplasm. This finding
supports the notion that HEs are actively participating in generating variations contrib-
uting to the recent domestication processes [42]. Other HEs are shared among acces-
sions or across morphotypes, suggesting that the potential ancestral state of these signals
was selected during intraspecies diversification [62]. In fact, those HE-affected acces-
sions represent “segmental autopolyploid in allopolyploids’, which contain a mixture
of partial autopolyploid segments within an allopolyploid genome [17]. In this study,
through the de novo assembly of a swede reference genome, we have confirmed the
HE signals in this reference genome that were initially identified by the short-read data
(Fig. 5B). The newly assembled reference genome of the segmental allopolyploid swede
highlights the complexity of its genome structure, as it comprises a complex mosaic of
genomic regions representing one or the other subgenome, with considerable relevance
for phylogenomics [37].

Mechanisms and patterns of HEs in allopolyploid genomes

Understanding the mechanisms leading to HEs in allopolyploid genome should be traced
back to the meiotic pairing process, as the inherited homoeologous chromosomes from
progenitors still have the potential to pair with each other [31, 32]. Aside from genes
related to pairing control mechanisms as depicted previously [36, 63], features intrinsic
to the allopolyploid genome and differences in intrinsic homoeologous genome diver-
gence also have an impact on the occurrence of HEs [64]. In our study, we found the
genomic regions where exchanges have taken place are not random. Instead, HEs tend
to occur in the distal regions of chromosome arms of high gene density and high recom-
bination frequency. This spatial pattern suggests a strong association between HEs and
these specific chromosomal regions (Fig. 2A). The prevalence of HEs extending towards
telomeres supports the notion that sub-telomeric regions play a role in homoeologous
recognition and selection [29, 65]. Additionally, our study highlights a subgenome bias
in the directional replacement of HEs within allopolyploid Brassica species. The A
genome from B. rapa exhibits a higher propensity to replace segments of the B and C
genomes (B. nigra, B. oleracea), indicating its genome dominance in HE events (Figs. 2B,
C and 6). Similar pattern of biased HEs towards one subgenome has also been found in
other allopolyploid species including peanut [30] and strawberry [66], suggesting HEs as
a potential cause for subgenome dominance [37].

Furthermore, sequence homology can explain the occurrence of HEs in allopolyploids.
HEs were found to be significantly different in AACC genome compared with AABB
genome (Figs. 1 and 6). Such different frequency of HEs can be mainly attributed to the
differences in sequence homology, which can be explained in two aspects. Firstly, the
collinearity between the A and B ancestral genomes is much lower than that of the A
and C genome. The reduced collinearity in the A and B genome in B. juncea indicates a
lower possibility of pairing during the meiosis phase (Figs. S3, S29). Previous research
on synthetic allopolyploid rice (Oriza sativa), which was generated by hybridization and
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doubling of two highly syntenic parental rice subspecies (japonica and indica), revealed
extremely frequent HE events among its descendants, with some individuals even exhib-
iting complete replacement of whole chromosomes with those from the other subspe-
cies [24]. Secondly, the lower frequency of HEs in AABB genomes may also be due to
the decreased sequence similarity of collinear genes or collinear regions. The divergent
time between the A and C genome occurred approximately 4.6 million years ago (Mya),
while the divergence between the A and B genome happened around 6.5 Mya [67]. The
significantly longer divergence time of the A and B genomes suggests a greater degree
of sequence divergence in their collinear regions. This divergence could also affect the
homoeologous chromosome pairing efficiency, which drives the occurrence of HEs in
allopolyploids.

Importance of HE compared with other genetic variations

The evolution and domestication of species involve a complex interplay of genetic
changes that shape their genomes and phenotypes. Among these genetic variations,
homoeologous exchanges stand out as a unique and potent mechanism in allopoly-
ploid species evolution. In comparison to other genetic variations like point mutations,
small-scale structural changes, and chromosomal rearrangements, HEs offer distinct
advantages that contribute significantly to genome evolution and phenotypic diversity
[19]. One key distinction of HE lies in their large-scale impact, where HEs facilitate the
replacement of substantial chromosome segments between homoeologous chromo-
somes that include not only genes but also their associated regulatory elements [23].
In our study, certain B. napus accessions exhibited the replacement of C genome seg-
ments spanning up to 12.6 Mb with their A genome counterparts (Fig. 1). Notably, these
large-scale replacements can extend to entire chromosomes, as observed in resynthe-
sized allopolyploid rice [24]. This ability to induce large structural changes is especially
critical for driving rapid and substantial shifts in phenotypes. Furthermore, the direct
and immediate connection between HEs and phenotypic changes makes them indis-
pensable contributors to trait diversification [68]. Their persistence across both newly
synthesized allopolyploids and established species underscores their evolutionary sig-
nificance (Figs. 1 and 6). The recurring, selection-driven occurrence of HEs emphasizes

their active role in species diversification and crop domestication.

Selection of HEs in Brassica morphotypes domestication

The allopolyploid species in the Brassica genus contain various morphotypes and
ecotypes, which have been distributed and domesticated worldwide in various hab-
itats. Yet, they are relatively new species, with a hybridization history of around
10,000 years and a severe bottleneck of population size following their speciation
[48, 61]. Understanding how allopolyploid Brassica crops have, despite this severe
genomic bottleneck, adapted to different environments globally is crucial for a full
appreciation of their domestication and utilization. In our previous study, we empha-
sized the role of interploidy introgression from diploid Brassica crops in the adap-
tation of the polyploid B. napus [48]. In this study, we focus on another important
mechanism of polyploidization, HEs, in the diversification and domestication of vari-
ous morphotypes and ecotypes in B. napus and B. juncea. Research has suggested the
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potential contributions of HEs to various traits in Brassica species, including seed oil
content and disease resistance, which are crucial for agricultural success and adapt-
ability [29, 38]. However, these studies often focused on the immediate genetic out-
comes of HEs, especially in those synthetic plants, often overlooking their broader
implications on the domestication narrative. Our study bridges this gap by illustrating
that HEs are not only actively occurring in polyploid Brassica crops but also under
selective forces during domestication. For instance, our observations of distinct HE
patterns in swede and Siberian kale morphotypes suggest an adaptive advantage con-
ferred by specific HE events in response to environmental and agricultural selection
(Fig. 3). Specifically, the swede morphotype had the most notable HE patterns, involv-
ing many functional important homoeologous gene pairs associated with flowering
time diversification and hypocotyl root development (Figs. 4 and 5). Other groups
from B. napus and B. juncea have a moderate level of HE signals, with taxon-spe-
cific patterns present in all three ecotypes, containing many genes potentially affect-
ing their phenotypes. Those group-level HE patterns are common among the various
morphotypes and ecotypes, indicating their selective role in the domestication pro-
cess for crops.

Mechanisms contributing to tuberous organ formation in allopolyploid Brassica

The Brassica genus exhibits a remarkable divergence in morphotypes, alongside
instances of convergent evolution across different species. Notably, tuberous organs such
as the swollen hypocotyl-root vegetables found in turnip (B. rapa, AA), swede (B. napus,
AACC), and root mustard (B. juncea, AABB) represent some of the earliest morpho-
types to emerge during their independent domestication processes [48, 61]. This sug-
gests an ancient preference for these morphotypes, likely due to their starch and sugar
content, which are significant components in early human diets. In allopolyploid spe-
cies, the emergence of tuberous organs as initial domesticated morphotypes underscores
the role of polyploidization and convergent evolution in shaping crop characteristics. In
our study, we found that HEs may contribute to the tuberous organ during the domesti-
cation of B. napus and B. juncea. Among the different morphotypes in B. napus, swede
exhibited the highest incidences of HE events compared to other morphotypes, indicat-
ing the potential importance of HEs selection for the swede domestication (Fig. 3). By
comparing the expression levels of genes during the initiation and development of swede
tubers, many of the HE-affected genes were found to be differentially expressed, suggest-
ing that HE-induced changes may play some role in swede hypocotyl-root tuber devel-
opment (Fig. 5). In B. juncea, root mustard was the main morphotype with two large
HE segments of A replacing B on chromosome BO01, indicating the potential selection
of HEs for this morphotype (Fig. 6). The specific A genome position of HEs segments
in root mustard did not match with those found in swede, but those HE regions also
contained several genes related to tuber development. Tuberous organ formation is a
complex trait which has hardly been studied in Brassica species. We speculate that vari-
ous genome evolution processes contributed to the tuber trait formation during domes-
tication, including interploidy introgression, homoeologous exchanges, and independent
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and convergent genomic selection from the genomes (A, B, C) resulting from recent
polyploidy and paleo-subgenomes (LF, MF1 and MF2) from ancient polyploidy.

Conclusions

In this study, we conducted a detailed analysis of homoeologous exchanges in the
domestication of two polyploid Brassica species. Our exploration of genomic pat-
terns of HEs across various morphotypes and accessions established a direct link
between HEs and phenotypic variations. We identified specific HE patterns that con-
tribute to the flowering-time diversification in different ecotypes and development
of hypocotyl-root in swede. This investigation highlights the significance of HEs in
polyploid crops genomic diversity and adaptability, revealing their contribution to the
domestication processes. In conclusion, HE represents a major mechanism to induce
phenotypic innovation in allopolyploid plants via generating novel genomic compo-
sition and inducing transcriptional variation. The continuous studies for homoeolo-
gous exchanges and its mechanisms could ultimately offer new breakthrough for us to

improve diversities in polyploid crops.

Methods

Plant materials and data collection

The diversity panel of Brassica napus used in this study comprised 260 accessions,
including 55 accessions of swede/rutabaga (B. napus subsp. rapifera), 21 accessions of
Siberian kale (B. napus subsp. pabularia), and 184 accessions of rapeseed (B. napus
subsp. oleifera). Besides, we also collected 8 accessions of presumed diploid progeni-
tors of European turnip (B. rapa subsp. rapa) and wild type of B. oleracea (B. oleracea
subsp. acephala). One swede accession named “Laurentian” (Bna007) was used for
genome assembly in this study. Seeds were planted in the greenhouse during autumn
2020 in order to confirm morphotypes. Fresh leaves were collected for DNA extrac-
tion and library preparation. Detailed information about resources, morphotypes,

and ecotypes for each accession is shown in supplementary table S1.

Genome resequencing reads alignment and variants calling

Given that using the B. napus AC reference genomes for HE analysis could intro-
duce biases due to its potential pre-existing HEs, we select the reference genome of
the diploid ancestral species B. rapa [69] (AA, Chiifu version 3), and B. oleracea [70]
(CC, JZC version 2). The two diploid genomes were concatenated to represent the
genome of B. napus. The raw reads data from all accessions were filtered to remove
low-quality bases using fastp (version 0.23), with parameters “-q 20 -u 30 -n 6 -c”
[71]. The filtered sequencing reads of B. napus were aligned to the combined genome
with BWA-MEM (version 0.7.12) employing default parameters, followed by sorting
of alignment results, and marking of PCR duplicates with Sambamba (version 0.7)
[72]. The mapping quality of each accession were checked for their alignment sta-
tistics using Qualimap2 [73] (Table S1). Variants calling for each accession was per-
formed using GATK HaplotypeCaller module in accordance with Genome Analysis
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Toolkit (GATK) Best Practices [74] and merged into a single GVCF file model, from
which SNPs were subsequently identified using a joint calling approach.

Inference of phylogenetic relationship

To understand the phylogenetic relationships in the domestication history of B.
napus, a maximum-likelihood phylogenetic tree was constructed using fourfold
degenerate sites SNPs in order to reduce the potential influence of selection bias.
Phylogenetic tree was built using IQ-TREE (version 2.0.3) [75], based on the best fit-
ting model (TVM+ R10), determined by the Bayesian information criterion. Boot-
strap values were calculated for 1000 iterations using the ultrafast bootstrap method
(UFboot). The output file was then plotted with the 8 ancestral accessions as the out-
group, and visualized with the R package ggtree [76].

Detection of homoeologous exchanges

Assessment of read coverage depth was used to detect homoeologous exchange pat-
terns between the A and C subgenomes; homoeologous gene pairs were used as
anchors to assess the patterns (Additional file 1: Fig. S2) (adapted and revised from
He et al. [29]). We focused on non-reciprocal exchanges as reciprocal exchanges are
less frequently observed and pose greater challenges for detection using sequencing-
based methods. A total of 31,456 syntenic homoeologous gene pairs between the A
and C genome were identified using SynOrth, based on both the sequence similarity
and homologous flanking genes [77]. To identify HE, an mpileup file for each acces-
sion was generated using samtools from the BAM file [78], which was subsequently
processed to obtain mapping depth for each of the defined homoeologous gene
anchored on chromosomes (Fig. S4). We also utilized in silico ancestral accessions of
B. napus, generated by 64 pairwise combinations of sequencing data from 8 European
turnip of B. rapa and 8 wild type of B. oleracea. These in silico accessions represent
genetic and technical background for B. napus prior to any HEs, thereby providing a
control group for comparison of HE signals in the real B. napus accessions.

HE ratios were calculated by dividing the mapping depth of the A gene by that of
the corresponding C gene and were subsequently log,-transformed (log,(A/C)). Devi-
ations from zero in the log2-transformed values indicate a potential occurrence of
homoeologous exchange between gene pairs, with values greater than threshold of
2 indicating A replacing C and values less than — 2 indicating C replacing A. In con-
trast, clustering of log,-transformed values around zero reveals unaltered homoeolo-
gous gene pairs that have not undergone HE. In addition, to mitigate potential bias
caused by local gene duplication/gene loss, HE values deviating from zero were cross-
verified against the mapping densities of both homoeologous genes. An HE value
was maintained if the mapping depth of one homoeologous gene exceeded 1.5 times
the overall read depth in the accession, and simultaneously the other gene was less
than 0.375 times. Otherwise, the HE value was reset to zero (Additional file 1: Fig.
S5). These log,-transformed HE value was then visualized according to their order
on chromosome number and position at the basis of the C genome by customized
scripts in R. HE regions were defined based on the mean value of sliding window of
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5 genes with step of 2 genes across the genome. Those windows were further filtered
and merged based on the threshold absolute value of 2.

Identification of group-level homoeologous exchange

Group-level homoeologous exchange (HE) patterns were investigated across different
morphotypes and ecotypes of B. napus, including swede, Siberian kale, winter rapeseed,
spring rapeseed, and semi-winter rapeseed. The group-level HE for different morpho-
types was calculated as the average value of HE ratio for all the accessions in this group
using a sliding window of 5 genes with steps of 2 genes across the genome. Mann—Whit-
ney test was performed to assess the significance of differences in HE values between
various groups and the in silico control in B. napus. For HE values showing deviation
from zero, only those that showed significant differences compared to the control group
were retained (P<0.01). Windows with absolute HE values exceeding 2 were subse-
quently merged to represent the group-level HE regions.

De novo assembly of a swede genome and gene annotation

Genomic DNA was isolated from young leaves using a cetyltrimethylammonium bro-
mide (CTAB) method. Both Illumina short-read library and ONT long-read sequencing
library were prepared according to standard manufacturer’s protocol. The resulting data-
set consisted of approximately 110 Gb of Illumina reads and 97 Gb of Nanopore reads
for de novo assembly of the swede genome. The BL-Hi-C libraries were constructed fol-
lowing a previous protocol and processed into paired-end sequencing libraries, resulting
in ~ 105 Gb paired-end Hi-C reads for genome scaffolding [79].

The raw ONT long reads were self-corrected using the NextCorrect module in Next-
Denovo [80]. The corrected reads were assembled into contigs using the Canu assembler
(version 2.2) [81], with optimized parameters 'batOptions=-dg 3 -db 3 -dr 1 -ca 500
-cp 50’ Contigs were polished using both the corrected ONT reads and highly accurate
short reads with NextPolish [82]. Chromosome-level genome assemblies were obtained
using Hi-C. The Hi-C mapping results were processed to obtain the contact signals using
the 3D-DNA pipeline [83]. The resulting assembly was further corrected using the visu-
alization of chromatin contact patterns with the Juicebox Assembly Tools, leading to 19
pseudochromosomes [84].

The gene structure was annotated using the MAKER2 pipeline [85], integrating evi-
dence from transcriptomes, protein homologs, and ab initio methods for gene structure
prediction. EVM was used to integrate all predicted gene structure evidence, producing
high-confidence gene models [86]. Gene functions were assigned based on alignments
with the eggNOG v5.0 database using the eggNOG-mapper with default settings [87,
88]. Genome quality was evaluated using the BUSCO pipeline [89] to assess the com-
pleteness of the gene space.

Confirmation of HE by whole genome comparison

Syntenic regions between the two diploid genomes of B. rapa and B. oleracea were iden-
tified using MCScan with parameters “-a -e le-5 -s 57 [90]. Syntenic blocks comprising
of at least 5 genes were obtained and further visualized using graphic module imple-
mented in jcvi [91]. The swede assembled genome was also compared to their diploid



Wang et al. Genome Biology (2024) 25:231 Page 20 of 25

progenitors of B. rapa and B. oleracea using Mummer based on the minimum clustering
unit of 10 Kb with parameters (nucmer —maxmatch -1 80 -c 200). The output was further
visualized with dotPlotly [92].

Expression analysis for HE-related genes

For exploring the effect of HEs on gene expression changes in different morphotypes
of B. napus, we selected the accessions which have both public resequencing data and
public transcriptome data available [46]. According to previous description, both RNA
and DNA were collected from the second youngest leaf of the accession when the plant
had five true leaves. All raw paired-end RNA-seq reads were filtered with fastp and fur-
ther mapped to the concatenated reference genomes of B. rapa (AA), and B. oleracea
(CC) using STAR (version 2.7.10) [93]. RSEM was used to estimate the expression lev-
els, which utilized expectation maximization (EM) algorithm to estimate the maximum
likelihood value of gene or transcript abundance after taking multi-mapped reads into
account [94]. Gene expression level was calculated based on the transcripts per mil-
lion reads (TPM) values. To assess HE’s impact on overall gene expression, genes within
the HE regions in each accession were designated as HE-related genes and the rest as
non-HE genes. The average expressional value of HE-related genes in HE-harboring
accessions was compared with those in HE-free accessions. For expressional changes of
total homoeologous gene pair, we first compare the expression between A and C genes
in those non-HE accessions, and identify those differentially expressed gene of either
higher expression of A or C. For those differentially expressed genes in non-HE acces-
sions, those genes were assigned as the pre-HE status. Second, for those differentially
expressed genes, we further investigate the effects of HEs on overall expression of gene
pair. The results were further visualized using R ggplot2.

Transcriptome analysis for root tuberization

In order to explore potential effect of HEs on the tuberization process, the tuber-form-
ing swede accession and a rapeseed accession was cultivated for their hypocotyl root
tissues during the tuberization process. Both hypocotyl root tissues were collected for
swede and rapeseed at three timepoints around tuber initiation stage (21, 28, 35 days
after sowing) with three replicates. The total RNA for each accession at each timepoint
was isolated and sequenced according to the standard protocols. Gene expression anal-
ysis was performed as described before. Differentially expressed genes between swede
and rapeseed at each timepoint were identified using DESeq2 [95]. Enrichment analy-
sis of HE genes among differentially expressed genes was tested by Fisher’s exact test
(differentially expressed gene pair ratio: 865 HE/4347 total, background ratio: 1405 HE
affected/31,456 syntenic homoeologous gene pairs). Expression changes of the repre-
sentative HE-related genes were further compared and visualized in R.

Identification of homoeologous exchanges in B. juncea
We analyzed an additional Brassica allopolyploid species, B. juncea, with pub-
licly available genome sequence data to test the selective significance of HEs in
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domestication [61]. The diversity panel of Brassica juncea used in this study com-
prised 425 accessions from 6 groups classified previously. All public re-sequencing
data used in this study were downloaded from National Center for Biotechnology
Information (NCBI) Sequence Read Archive collection (SRA). The reference genome
of diploid ancestral species B. rapa (AA, Chiifu version 3), and B. nigra [96] (BB,
Nil00) were concatenated to represent the AABB genome of Brassica juncea. Twenty
eight thousand nine hundred thirty four homoeologous gene pairs between the AA
and BB genome were identified through reciprocal best match. Identification of HE
for 425 accessions and 6 groups were performed as described before.
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