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Abstract

Ethiopian mustard (Brassica carinata) is an ancient crop with remarkable stress resilience and a desirable seed fatty acid
profile for biofuel uses. Brassica carinata is one of six Brassica species that share three major genomes from three diploid
species (AA, BB, and CC) that spontaneously hybridized in a pairwise manner to form three allotetraploid species (AABB,
AACC, and BBCC). Of the genomes of these species, that of B. carinata is the least understood. Here, we report a chromo-
some scale 1.31-Gbp genome assembly with 156.9-fold sequencing coverage for B. carinata, completing the reference
genomes comprising the classic Triangle of U, a classical theory of the evolutionary relationships among these six species.
Our assembly provides insights into the hybridization event that led to the current B. carinata genome and the genomic
features that gave rise to the superior agronomic traits of B. carinata. Notably, we identified an expansion of transcription
factor networks and agronomically important gene families. Completion of the Triangle of U comparative genomics plat-
form has allowed us to examine the dynamics of polyploid evolution and the role of subgenome dominance in the domes-
tication and continuing agronomic improvement of B. carinata and other Brassica species.
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Background: Brassica carinata (Ethiopian mustard) is an ancient crop from the Ethiopian highlands with remark-
able heat and drought tolerance that has potential as a sustainable oil source for biofuel production. The resil-
ience of this species might be due to hybrid vigor, as B. carinata is a species derived from a hybridization be-
tween Brassica nigra (black mustard) and Brassica oleracea (kale, broccoli, etc.). Thus, the B. carinata genome is
allotetraploid with two parental genomes, or subgenomes, merged in one nucleus. We present a high-quality,
chromosome-scale reference assembly of the B. carinata genome, which is the last of six genomes comprising the
classic Triangle of U model used to study hybridization and polyploid evolution.

Question: Here, we compare B. carinata to the other Triangle of U genomes for insight into the remarkable heat
and drought tolerance of this crop. We investigate the evolutionary trajectory of the B. carinata genome as it
returns to the diploid state to elucidate the mechanisms that act on duplicated genes, such as functional diver-
gence of gene families and the biased fractionation of one subgenome.

Findings: The B. carinata genome is the largest among the Triangle of U with notable expansions in repetitive
DNA sequences and gene families related to transcriptional regulation and stress tolerance. We characterized pat-
terns of subgenome bias, finding that the subgenome derived from B. nigra is likely dominant over the subge-
nome from B. oleracea. Furthermore, we comprehensively characterize subgenomic bias in homoeologous
exchanges, or meiotic crossover between subgenomes, in the Triangle of U allotetraploids.

Next steps: The presented B. carinata genome is a crucial resource for its expanded use as a biofuel feedstock
and insight into polyploid evolution. Unraveling the genomic basis of the stress resilience of B. carinata provides
an opportunity to introgress these traits to other cruciferous vegetables, which are used worldwide as vegetable

and oil sources.

Introduction

Brassica carinata has been traditionally cultivated as a dual
oilseed and leafy vegetable crop in the Ethiopian highlands
where it has served as a staple food in rural areas (Ojiewo
et al, 2013). Among the oldest Ethiopian crops and locally
referred to as gomenzer in the Ambharic language (Hagos
et al, 2020), B. carinata has also recently gained traction as
an alternative biofuel feedstock in countries such as Canada,
India, and Italy for its adaptability and notable productivity
on marginal land (Cardone et al, 2003; Taylor et al, 2010).
Brassica carinata is a highly productive mustard and one of
the most drought- and heat-tolerant species within the eco-
nomically important Brassicaceae family (Kumar et al., 1984;
Malik, 1990). Its seed oil has significant erucic acid (C22:1)
content, which is toxic to humans but ideal for biofuel pro-
duction due to the resulting high cetane number and oxida-
tive stability (Cardone et al, 2003; Folayan et al, 2019).
Biofuels could offer sustainable energy security while de-
creasing greenhouse gas emissions; however, more efficient
crop and land use are necessary to reap such climate bene-
fits while avoiding effects on food security (Kazamia and
Smith, 2014; Searchinger et al, 2018). Its high productivity
under low input conditions and high seed erucic acid con-
tents make B. carinata a more sustainable alternative to cur-
rent biodiesel feedstocks.

The Triangle of U describes the evolutionary relationships
among six globally important Brassica species that share

independently evolved versions of three core genomes,
termed A, B, and C (Figure 1) (Nagaharu, 1935). The three
diploid species Brassica rapa (Ar, 2n = 20), Brassica nigra (Bn,
2n = 16), and Brassica oleracea (Co, 2n = 18) participated in
pairwise hybridizations to form three allotetraploids: Brassica
juncea (AjBj, 2n = 36), Brassica napus (AnCn, 2n = 38), and B.
carinata (BcCc, 2n = 34). According to the classic Triangle of
U model, the B. carinata genome spontaneously arose from
hybridization between two diploid progenitor species, B. nigra
and B. oleracea (Nagaharu, 1935). The overlapping genomic
relationships among these six Brassica species allow research-
ers to compare the evolution of a given genome in different
genomic environments. This ability to investigate the evolu-
tionary trajectories of the same core genome in divergent spe-
cies is ideal for elucidating the mechanisms that act on
duplicated genes during diploidization, such as functional di-
vergence of gene families and the biased fractionation of one
parental genome or subgenome (Thomas et al., 2006).

Biased fractionation, when diverged genomes within one
nucleus display asymmetric gene expression, occurs in many
allopolyploids and leads to greater fractionation of the reces-
sive, less expressed subgenome (Cheng et al., 2018). The mo-
lecular mechanisms that reconcile the effects of merging
divergent genomes with species-specific genetic and epige-
netic differences have drawn much attention due in part to
the close association between polyploidization and crop
domestication (Bird et al, 2018). Elucidating the genetic
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Figure 1 Genetic relationships between the Brassica species in the
Triangle of U model. The Triangle of U describes the genetic relation-
ships among six Brassica species that share the same three core
genomes. The three diploid species (B. rapa, B. nigra, and B. oleracea)
representing the AA, BB, and CC genomes, respectively, are shown at
the nodes of the triangle. The arrows along the sides of the triangle in-
dicate the pairwise hybridization events that occurred to generate the
three allotetraploid species (B. juncea, B. napus, and B. carinata). The
synonymous divergence (K;) between each pair of species is shown to
convey the degree of differentiation of the shared genomes. As K is
proportional to divergence time, a larger K, value indicates a longer
time since the species diverged.

consequences of polyploidization and the genomic features
that determine subgenome dominance will be essential for
understanding crop domestication, directing crop improve-
ment, and exploring angiosperm evolution on a larger scale.
Furthermore, the importance of these Brassica species as
global vegetable sources, including crops such as canola
(B. rapa), broccoli and cabbage (B. oleracea), and mustard
seeds (B. nigra or B. juncea), provides a strong economic
motive for elucidating the genomic features that contribute
to their different traits. Brassica lines carrying advantageous
alleles at the genomic regions defined here could be useful
as introgression donors in breeding for improved climate re-
silience and oil production, which could decrease the costs
of renewable diesel and jet fuels (Wei et al, 2016; Zhang
et al, 2017; Basili and Rossi, 2018).

Here, we generated a complete and comprehensive char-
acterization of the B. carinata genome to help illustrate the
genetic basis of its numerous valuable traits. Our
chromosome-scale assembly of the var. Gomenzer genome
represents a significant improvement compared to the pre-
vious B. carinata Zd-1 assembly (Song et al, 2021). This
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higher quality genome assembly has allowed us to build
upon the findings of Song et al. to explore the unique fea-
tures of the B. carinata genome and confirm an expansion
of repetitive sequences as well as reveal remarkable increases
in the size and gene content of the B. carinata genome.
Notably, we report here the role of subgenome dominance
and transposable element (TE) insertions in the domestica-
tion of this species. We also present a robust comparative
analysis of genome evolution trajectories among the
Triangle of U species using available genome assemblies
(Chalhoub et al, 2014; Liu et al, 2014; Parkin et al, 2014;
Yang et al, 2016; Zhang et al, 2018; Belser et al, 2018;
Rousseau-Gueutin et al, 2020; Lee et al, 2020; Song et al,
2020; Perumal et al, 2020; Cai et al, 2020; Lv et al, 2020;
Paritosh et al, 2021).

Results

Our high-quality assembly improves our under-
standing of the genome and domestication of

B. carinata

We assembled the genome of B. carinata A. Braun var.
Gomenzer (USDA accession Gomenzer, Pl 273640) using
PacBio, Illumina, and Hi-C sequencing data. The initial
PacBio read-based assembly used 140.76 Gbp of sequencing
data and produced a 1.33Gbp draft genome comprising
11,531 contigs with an N50 value of 602.9 kb (Supplemental
Data Sets 1 and 2). Next, the contigs were segregated
according to their subgenomes, Bc or Cc, using the B. nigra
(Bn) and B. oleracea (Co) genomes as references (Liu et al,
2014 Wang et al, 2019). The subgenome-clustered contigs
were then ordered and oriented into scaffolds according to
a contact frequency matrix of Hi-C loci that allowed anchor-
ing of the scaffolded sequences onto pseudochromosomes.
Lastly, gaps in the assembly were filled and sequencing
errors were corrected using the PacBio data and 63.4 Gbp
of lllumina sequencing data (Supplemental Data Sets 3 and
4). The final assembly resulted in a 1.31-Gbp genome with a
156.9-fold sequencing depth (Figure 2; Supplemental Data
Set 5) with chromosome-scale scaffolds that span the
lengths of each of the 17 B. carinata chromosomes. The re-
markable scaffold N50 value of 78.8 Mbp is the largest
among the Triangle of U genome assemblies (Supplemental
Data Set 6). This nearly complete final assembly covers a
95% confidence interval of the estimated size of the B. cari-
nata genome, which was 128 Gbp by flow cytometry and
131Gbp by k-mer analysis (Supplemental Figure S7;
Supplemental Data Set 7). Genome-wide analysis of the Hi—
C chromatin interactions and syntenic comparisons shows
well-organized sequences with a high degree of synteny with
those of shared Triangle of U genomes (Figure 3;
Supplemental Figure S2).

The completeness and contiguity of our genome assembly
were assessed in terms of gene space and repetitive sequen-
ces. Our survey of Benchmarking Universal Single-Copy
Orthologs (BUSCOs) identified 97.0% of the 425 conserved
genes in the Brassicales dataset, 83.1% of which were
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outer | A PacBio coverage
B Illumina coverage
C Hi-Ccoverage
D LTR Assembly Index (LAIl)
E Transposon Element (TE) density
F Gene density
inner ¥ G Gene duplication

Figure 2 Chromosomal features of the B. carinata Gomenzer genome assembly. The B. carinata genome comprises a total of 17 chromosomes
with eight in the Bc subgenome (BcaB01-BcaB08, right-hand semicircle) and nine in the Cc subgenome (BcaC01-BcaC09, left-hand semicircle).
The chromosomes are scaled according to their assembled length. Homoeologous relationships between the two subgenomes are indicated with
links connecting Bc subgenome homoeologs with Cc subgenome homoeologs. The tracks, from outermost to innermost, display the sequences
coverage depths for PacBio, lllumina, and Hi-C data, LAI, TE density, gene density, and gene duplication. All of the plots are drawn in a 100-kb slid-
ing window.

duplicated (Supplemental Figure S3; Simao et al, 2015). We also assessed the number of intact long terminal repeat
Identification of the majority of BUSCOs indicates a high-  (LTR) retrotransposons identified in the genome assembly as
quality genome assembly, and the magnitude of duplications  an indicator of repetitive sequence contiguity using the LTR
reflects the relatively recent hybridization event that the B.  assembly index (LAL; Ou et al, 2018). Lower quality assemblies
carinata genome experienced. often collapse the large repetitive regions of plant genomes,


https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac249#supplementary-data

Brassica carinata genome evolution

A
S
%%Q
Se
S
/e e >
o
Les
QO
Le
B

THE PLANT CELL 2022: 34; 4143-4172 4147

(]

OO ee

S
S
S
» s
S
S

91,188 gene pairs

82,629 gene pairs

58,859 gene pairs

N O>XHO oA »
S IS FT S S

NY O I>HP LA D
AR

NN : B1 i 11 . B1
1 r N\ 1

~ 104 \\_ N S 107 N\ © B2

O 20+ SR B3 = 20 N ] B3

o ST B4 z i \\ B4
5% A © 30

S i 1™ B5 D \ B5

407 ] RN < 40+ N\
Q \ -B6 . i ‘B6
50
/\ g7 Q@ 50 | /\ B7
60 \ B8 ] i \.B8
0 20 40 60 80 0 20 40 60 80
B. carinata

73,840 gene pairs 79,058 gene pairs

NG P LA PO NG P PN PP
P FFTEPE P 1T T FFP S PP
3 \\ T \\ . I
Qod N B TTIRIE N © e
[a] M Ia) e ;
8 204 \ C3 T 204 ‘\ . C3
o N c4 ®© SN c4
o N O 30+ N
& 30 e cs g . ARl cs5
S o c6 & 407 5 I
of 40 N 7T ] N c7
\\ c8 m \\ Cc8
50 N9 60-{ c9

T T T T T T T 1 T T T T T T T 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

N D H A
e FEFS S

82,078 gene pairs

U % A ®
S LTSS S

o i col m . N cot
o %7 " i o coz  ®© 104 o c02
Q04 - N - S :
3 A co3 520 : :C03
= 154 N > N co4
o N co4 304 ” :
© 20+ A cos 3 S o5
[&] Xm & . o ol co6
< 25 = i 5
S \_ cos SH40 . \
=50 N, = . co7
.30 S CO7 e e
4] Nocos @ 7 co8
354 T T T — T T T T
0 20 40 60 80 0 20 40 60 80
Gomenzer B
79,100 gene pairs 81,145 gene pairs
N O LA O N O L O O
SR IS S (@] o S S S
T . TN
A cot 2 [N, : co1
& 104 \\ - coz [0 N - co2
: o :
® 20 S €03 504 N co3
8 £ cos £ e co4
© 307 \,\' C05 cD’E 307 B co5
[} s N
S 40 N Ccos o 40-1 o Co6
) \\ co7 2 Ny co7
Q 54 , €08 50 \\ co8
l' T T T T T T \IC09 :_ IV T T T T l. T ICog
0 10 20 30 40 50 60 70 80 o 0 10 20 30 40 50 60 70 80

B. carinata Gomenzer C

Figure 3 Genomic alignment between progenitor Brassica species (B. rapa, B. nigra, and B. oleracea) and the hybridized allotetraploid species (B.
carinata, B. juncea, and B. napus). A, Visualization of macrosynteny among B. carinata subgenomes and shared genome species generated using
MCscan. The karyotypes of the B genomes (Bj, Bn, and Bc) of the Triangle of U species are on the left and the karyotypes of the C genome are on
the right. Lines connecting the chromosomes represent regions of syntenic gene arrangement between the progenitor genomes (Bn and Co) and
their shared subgenomes in the allotetraploid species (Bc, Bj and Cc, Cn). B, Pairwise intergenomic comparison dot plots between the two B. cari-
nata subgenomes and their respective shared Triangle of U genomes (Bn, Co, Bj, and Cn). The dots indicate the syntenic genes conserved as a
block among the two genomes. Longer lines represent a high abundance of genomic collinearity.

whose accurate reconstruction can shed light on their effect
on genome evolution (Veeckman et al, 2016). Our Gomenzer
assembly has an LAl score of 12.23 for the whole genome, and
the Bc and Cc subgenomes have LAl values of 11.78 and
1271, respectively (Supplemental Data Set 8). The whole-
genome LAl for Gomenzer is consistent with those of the
other Triangle of U allotetraploid assemblies, which have aver-
age LAl values of 12.32 for B. juncea and 12.60 for B. napus.
The B. carinata genome has the largest gene content
among the Triangle of U allotetraploids, containing 133,667

annotated gene models predicted to generate 143,117 tran-
scripts (Figure 4A; Supplemental Data Set 9). A total of
105,596 genes, or 78.9% of the total annotated gene models,
were supported by RNA-Seq alignments and the rest were
supported by encoded Pfam domains or by homology accord-
ing to BLAST. Each subgenome in B. carinata also contains
more gene models than the respective shared genomes in the
Triangle of U (Bn, Bj, Co, and Cn; Figure 4D). We identified
asymmetry in gene content between the two subgenomes,
with the larger Bc subgenome containing 54.1% of the
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Figure 4 Dot plot comparisons of genome size and genetic features amo

ng assembled Brassica genomes. The upper parts (A, B, and C) compare

whole-genome assemblies of the Triangle of U allotetraploids and the lower parts (D, E, and F) compare subgenome assemblies among all six spe-

cies. The x-axes represent the sizes of the Brassica genome assemblies in
content (middle), or LTR content (right). The shapes of the data points i

Mbp, and the y-axes show either gene content (left), repetitive element
ndicate the species and the sizes of the data points are scaled according

to the assembly’s LAI, with larger LAI values indicating a higher quality assembly. For the bottom, the data points for the three subgenomes are
assigned as blue (A), green (B), or yellow (C). The three allotetraploid species are represented as unique shapes: square (B. juncea), diamond (B.
napus), and triangle (B. carinata), with their progenitor species (B. rapa, B. nigra, and B oleracea) represented as circles. The B. carinata assemblies
Gomenzer and Zd-1 are highlighted in bold, and other assemblies of interest are marked on each part.

annotated gene models (Bc: 72,373 Cc: 61,294; Supplemental
Figure S4B, Supplemental Data Set 10). The Bc subgenome
contains 12.6% exonic sequences, while the Cc subgenome
only contains 8.7% exonic sequences. To assess whether the
asymmetry in gene content between the two subgenomes
could be a legacy of the parental genomes, we compared the
average gene content of the progenitor assemblies. The B. ni-
gra (Bn) assemblies had an average of 58275 genes, and the
B. oleracea (Co) assemblies had an average of 51,767 genes
(Supplemental Data Set 8). Considering the average gene
numbers of the Bc progenitor species genome assemblies, we
cannot rule out that the higher gene content of the Bc sub-
genome had already been established at the time of
hybridization.

Gene fractionation, or the process through which homoeol-
ogous subgenomes lose genes to return to the diploid state,
was also examined in B. carinata (Renny-Byfield et al,, 2017).
The Triangle of U genomes are highly duplicated, with dip-
loids having undergone an aggregate 36x multiplication
(3% 2 x 2 x 3) and the allotetraploids having undergone an

aggregate 72 x multiplication (3 X 2 X 2 x 3 X 2) since the
most recent common ancestor of all eudicots (Figure 5).
Although the B. Carinata genome has undergone diploidiza-
tion to some extent, a simple whole-genome comparison did
not indicate substantial gene loss. We found that the Bc sub-
genome has retained 28,328 pairs of whole-genome duplica-
tion (WGD)-derived genes, the most among the Triangle of U
allotetraploid subgenomes (Supplemental Data Set 11). A to-
tal of 783% of the Bc subgenome genes are WGD-derived,
whereas only 49.85% of the Cc subgenome genes are WGD
derived. Our RNA-Seq analysis resulted in high rates of RNA-
Seq alignment (~82.1%; Supplemental Figure S5A) but lower
rates (~78.4%; Supplemental Figure S5B) of assignment of
expressed sequences to the chromosomes, likely due to ambi-
guities in read mapping caused by the high similarity between
the two subgenomes. These results denote apparent retention
of duplicated genes in B. carinata similar to that observed for
many other paleopolyploidization events in plants (Bowers
et al, 2003). Our results strengthen the hypothesis that the
retention of duplicate genes in neopolyploids might give rise
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Figure 5 Representation of local syntenic regions in support of WGD events affecting Brassica species. Syntenic gene arrangements are shown for

the genomes of Amborella trichopoda, V. vinifera (2n = 19), A. thaliana (2
(Co), and the Bc and Cc subgenomes of B. carinata. Lines connecting the

n =5), B. carinata’s two progenitor species, B. nigra (Bn), B. oleracea
species indicate conserved syntenic blocks containing more than 30

orthologs. The highlighted lines that radiate from the extant A. trichopoda genome represent the WGD-derived amplification of homoeologs
retained in the rediploidized genomes of paleopolyploid species and in the more recently formed polyploid, B. carinata. The concept of this figure

was adapted from Chalhoub et al. (2014).

to adaptive evolution through the subfunctionalization or neo-
functionalization of redundant genes (Lynch and Conery, 2000)
by providing the genetic plasticity required to generate novel
traits such as the diversification of glucosinolates in the
Brassicales (Edger et al, 2015; Qi et al, 2021).

The B. carinata Zd-1 genome assembly was published in
2021 (Song et al, 2021). Notably, our Gomenzer assembly
shows superior quality metrics and is likely a more reliable
reference genome. Our Gomenzer assembly was constructed
using 57.7 Gbp more long-read sequencing data and has a
scaffold N50 value that is 19.9 Mbp longer than that of the
Zd-1 assembly (Supplemental Data Sets 2 and 6; Song et al,,
2021). Our BUSCO analysis identified more complete
BUSCOs in the Gomenzer assembly (Supplemental Figure
S3) than the Zd-1 assembly. We found that the discrepan-
cies are most apparent in the Bc subgenome, which con-
tains 26.2% more complete BUSCOs in Gomenzer than in
the Zd-1 Bc subgenome assembly. Our Gomenzer assembly
is also a better reference in terms of the contiguity of repeti-
tive sequences. The LAl value calculated for our Gomenzer
assembly falls within the reference quality range of the LAI
classification system (10 < 12.23 < 20), while that of the

Zd-1 assembly lies within the draft quality range
(0 < 9.57 < 10) (Supplemental Data Set 8; Ou et al, 2018).
An intergenomic alignment of the two assemblies identified
large-scale disruptions in collinearity, such as chromosomes
that were truncated in the Zd-1 assembly (Zd1B06, Zd1B08,
and Zd1B05), large inversions of chromosome segments
(2d1B03, Zd1C01, and Zd1C02), and a duplication of chro-
mosome GomBO06 (Supplemental Figure S6). Our 1.31-Gbp
assembly is estimated to be 22.2% larger and contains
36,518 more gene models than the 1.09-Gbp Zd-1 assembly
(Supplemental Data Sets 6 and 9). In line with our collinear-
ity assessment, the Bc subgenome assemblies showed the
most pronounced differences. The Gomenzer Bc and Cc
subgenomes are 224.2 and 67.2 Mbp larger than the Zd-1 Bc
and Cc subgenomes, respectively, and contain 34,903 and
9,015 more gene models (Supplemental Data Sets 6 and 9).

Our high-quality genome assembly refines estimates
of the timing of Triangle of U hybridization events

We deduced that the hybridization event between B. nigra
(Bn) and B. oleracea (Co) that led to the speciation of B. cari-
nata occurred about 11,000-29,900 years ago based on our
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synonymous divergence (K;) rate distribution (K, plot) analysis
(Figure 6B). Our estimate is more recent than the estimate of
41,000—45,000 years ago provided by Song et al. (2021). As for
the other Brassica allotetraploids, the hybridization events lead-
ing to the speciation of B. juncea and B. napus occurred an esti-
mated 11,000-28,600 and 5,600-7,000years ago, respectively.
Our estimated time frame for B. juncea is more recent than the
initial estimate of 39,000-55,000 years ago (Yang et al, 2016)
and overlaps with the more recently calculated K plot estimate
of 8,000-14,000 years ago (Kang et al, 2021). Our hybridization
estimate for B. napus is also more recent than both the initial
estimate of 7,500-12,500 years ago (Chalhoub et al, 2014) and
the estimate of 38,000-51,000 years ago (Yang et al, 2016).

We then constructed a maximum-likelihood phylogeny of
the Triangle of U genomes to resolve the origins of the Bc and
Cc subgenomes (Figure 7A). According to our fossil clock

calibration, the Bc subgenome diverged from the
B. juncea Bj subgenome ~5.44million years ago (MYA) and
the last common ancestor of the two diverged from the extant
B. nigra (Bn) genomes ~6.61MYA (Figure 7A). These results
imply that B. carinata (BcCc) and B. juncea (AjBj) arose from
the same B progenitor lineage. On the other hand, the Cc sub-
genome diverged from the B. oleracea (Co) kale-type lineage
(BOL) ~2.88 MYA (Figure 7A; Parkin et al, 2014). The B. napus
(AnCn) Cn subgenomes are rooted in the cabbage-type B. oler-
acea (Co) lineage with a more recent divergence estimate of
~2.63 MYA (Figure 7A; Liu et al, 2014; Lv et al, 2020; Cai et al,
2020). Thus, B. carinata (BcCc) and B. napus (AnCn) appear to
have arisen from distinct B. oleracea lineages. Furthermore, the
Bc subgenome is more diverged from the extant B. nigra (Bn)
genome assemblies than the Cc subgenome is from the extant
B. oleracea (Co) genome assemblies (Figure 1).
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are shown at each node.

To determine the maternal progenitor of B. carinata, we
assembled the chloroplast genome from our sequencing
data and used the concatenated coding sequence (CDS) ma-
trix to infer phylogenetic relationships with other Triangle of
U chloroplast genome assemblies (Supplemental Figure S7).
Identification of a distinct clade comprising B. nigra (Bn)
and B. carinata (BcCc) allowed us to designate B. nigra as
the maternal progenitor (Figure 7B), as supported by a pre-
vious study (Xue et al., 2020). Similarly, B. napus (AnCn) and
B. juncea (AjBj) cluster independently with B. rapa (Ar),
allowing us to designate B. rapa as the maternal progenitor
of both of those species, as reported in other studies (Li
et al, 2017; Kim et al,, 2018; Xue et al,, 2020). These observa-
tions are consistent with previous work suggesting a turnip-
type B. rapa (ssp. rapa) as an ancestor of B. napus (Lu et al,,
2019) and a yellow sarson-type B. rapa (ssp. trilocularis) as a
parent of B. juncea (Yang et al, 2016). Our finding that B.
napus is a more recent allotetraploid than B. juncea also
supports divergence of the maternal genotypes that partici-
pated in these hybridization events.

The B. carinata genome is the largest among the
Triangle of U

Our 1.31-Gbp B. carinata Gomenzer genome assembly is
larger than those of the other two Triangle of U

allotetraploids, with the B. napus (AnCn) assemblies having
an average size of 982.0 Mbp and the B. juncea (AjBj) ge-
nome assemblies having an average size of 888.6 Mbp
(Supplemental Data Set 6). However, assembly quality must
be considered when comparing genome assembly sizes, as
lower quality assemblies tend to collapse repetitive regions
and thus underestimate the actual genome size (Veeckman
et al, 2016). As our Gomenzer assembly has the largest N50
value among the Triangle of U genome assemblies, the size
of the B. carinata genome assembly reflects its high contigu-
ity in addition to true biological differences among the
Triangle of U species.

An asymmetry in size was identified between the Bc and
Cc subgenomes, as the apparent size of the Bc subgenome
(686.6 Mbp) is 9.1% larger than that of the Cc subgenome
(623.9 Mbp) (Supplemental Figure S4D). We compared the
assembly sizes of the subgenomes with the genome size esti-
mates for the extant progenitor species to gain insights into
whether the observed asymmetry in size could have arisen
from differences in the parental genomes. As our phyloge-
netic analysis did not resolve the B. nigra (Bn) lineage from
which the Bc subgenome arose, we then referred to the
Ni100 and C2 long-read genome assemblies. The flow
cytometry-based size estimates for the Ni100 and C2
genomes are 570 and 607.8 Mbp, respectively (Perumal
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et al, 2020). The Bc subgenome is ~14.2% larger than the
average of the Ni100 and C2 assemblies, implying an expan-
sion in the size of this genome relative to those of the mod-
ern B. nigra (Bn) genomes. Our phylogeny did reveal that
the Cc subgenome is in a distinct clade together with the B.
oleracea var. Capitata BOL assembly, which was estimated at
648 Mbp using k-mer distribution (Parkin et al, 2014). The
623.9-Mbp Cc subgenome is 3.7% smaller, implying a con-
traction in size compared to the most closely related B. oler-
acea (Co) genome. These results reflect the earlier
divergence of the Bc subgenome from the extant B. nigra
genomes and reveal a Bc-biased expansion in genome size
following the hybridization event.

TE propagation facilitated the increased size of the
B. carinata genome

TEs make up a large portion of plant genomes and play a
crucial role in their structural and functional evolution
(Waminal et al, 2018; Anderson et al, 2019; Catlin and
Josephs, 2022). Our repeat analysis identified 663.5Mbp of
repetitive DNA sequences making up 50.7% of the whole-

Yim et al.

Gomenzer assembly contains the greatest amount of repeti-
tive sequence among the Triangle of U species, and both of
its subgenomes contain more repetitive sequence than their
respective shared genomes do (Bn, Bj, Co, and Cn). As with
genome size, the observed abundance of TEs could be par-
tially due to the improved quality of the presented assem-
bly, which would provide a more accurate representation of
the TE content in Brassica genomes. Still, the average of the
Gomenzer and Zd-1 B. carinata assemblies reveal the higher
average TE contents of the Bc and Cc subgenomes
(x = 49.9% and x = 50.61%, respectively) relative to their re-
spective shared genomes in the Triangle of U (Bn, Bj, Co,
and Cn; Supplemental Data Set 12).

An asymmetric distribution of repetitive DNA content
was also identified between the Bc and Cc subgenomes.
Although the two subgenomes share similar TE content
overall (Bc: 47.3%, Cc: 48.7%; Supplemental Data Set 12),
the distributions of TEs along the chromosomes differ re-
markably. TEs in the Bc subgenome exhibit typical peri-
centromeric and telomeric enrichment, but those in the
Cc genome are more evenly distributed across the appar-
ently more fractionated Cc chromosomes (Figure 8, A

genome assembly (Supplemental Data Set 12). Our
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and B). The Cc subgenome also exhibits a higher overall
repeat content (64.9%) than the Bc subgenome does
(59.8%), indicating a higher level of retention of tandem
repeats, such as microsatellite sequences (Supplemental
Figure S4C). Tandem repeats are both substrates and
byproducts of ectopic recombination, and their presence
is closely related to chromosomal rearrangements
(Waminal et al,, 2021).

We then compared TE classes to identify repetitive ele-
ments or trends specific to the B. carinata genome. As
with other plant genomes, the LTR retrotransposons con-
tribute the largest fraction of repetitive elements, cover-
ing 29.1% of the whole genome (Supplemental Data Set
12). The two major LTR superfamilies, Copia and Gypsy,
cover 88% and 142% of the genome, respectively
(Supplemental Data Set 12). The Gomenzer and Zd-1 as-
semblies show that the B. carinata genome has the high-
est average LTR content among the Triangle of U
allotetraploids (Figure 4C). An asymmetry in LTR content
was observed with LTR sequences comprising 29.9% and
26.0% of the Bc and Cc subgenomes, respectively
(Supplemental Figure S4D). These results are consistent
with the LTR content of the progenitor species, B. nigra
(Bn) and B. oleracea (Co), whose genome assemblies have
an average LTR content of 26.6% and 23.4%, respectively
(Figure 4F; Supplemental Data Set 12). Our TE analysis
also identified asymmetric LTR distribution in the other
two allotetraploids, B. napus (AnCn) and B. juncea (AjBj,
Supplemental Figure S4D). The larger Cn and Bj subge-
nomes also comprise a higher average LTR proportion
(x =257% and X =26.6%, respectively) than do the
smaller An and Aj subgenomes (17.6% and 11.3%,
respectively).

From the whole-genome perspective, we observed simi-
lar LTR dynamics among the Triangle of U allotetraploid
genomes (Supplemental Figure S8A). However, the more
LTR-rich Bc subgenome has experienced more recent
bursts in Gypsy element activity than the B. nigra (Bn)
genomes (Supplemental Figure S8B) and has also accumu-
lated more Gypsy elements than the Cc subgenome
(Supplemental Data Set 12). Similarly, the Cc subgenome
has experienced more recent bursts in both Copia and
Gypsy elements compared to B. oleracea (Co,
Supplemental Figure S8C).

Helitrons are the most prevalent DNA transposon in our
Gomenzer assembly and represent 107.8 Mbp or 13.2% of
the genome assembly (Supplemental Data Set 12). The
Helitron content in plant genomes is generally lower and
more stable than that of retrotransposons, and Helitron-re-
lated data could thus be more informative of plant genome
features (Hu et al, 2019). Therefore, we investigated the
Helitron content of the B. carinata genome relative to that
of the other Triangle of U genomes and found that the Bc
subgenome contains more Helitrons per Mbp than the Cc
subgenome and the other Triangle of U B genomes do (Bn
and Bj; Supplemental Data Set 12).
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Gene family expansion facilitated adaptation during
B. carinata domestication

Gene duplications have long been known to contribute to
the genesis of novel traits, phenotypic variation, and adapta-
tion to changes in the environment (Ohno, 1970; Rizzon
et al, 2006; Kliebenstein, 2008). Thus, we investigated
orthogroups among the Triangle of U species to investigate
changes in gene family counts that might have spurred ge-
netic novelty and provided the basis for adaptation in B.
carinata. A total of 97.8% of the gene models annotated in
the B. carinata genome were assigned to orthogroups
(Supplemental Data Set 9). Brassica carinata was included in
88.1% of all of these orthogroups, the most among the
Triangle of U genome assemblies. A total of 416 of these
orthogroups, which cumulatively comprise 1,092 genes, were
specific to B. carinata. The Bc subgenome contains more
species-specific orthogroups than the Cc subgenome does
(Bc: 254, Cc: 162). In line with expectations, we found that
the more gene-rich Bc subgenome contains more genes per
orthogroup than Cc subgenome does (Figure 6A). The num-
bers of genes in both subgenomes were higher than the av-
erage across the Triangle of U species complex, which
indicates lower levels of gene loss and possible gene expan-
sions of these gene families.

The retention of successive duplicated genes in multiple
pathways might have contributed to the improved environ-
mental adaptability and novel trait development observed
in B. carinata relative to other Brassica species. Intensive
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way analysis of expanded gene families revealed enrichment
of pathways involved in photosynthesis, suberin and wax
biosynthesis, hormone signal transduction, plant—pathogen
interactions, diterpenoid biosynthesis, ubiquitin-mediated
proteolysis, and ascorbate and aldarate metabolism
(Supplemental Figure S9A). The expansion of these gene
families suggests that B. carinata might have developed ef-
fective adaptive responses to biotic and abiotic stresses. For
example, the expansion of genes involved in wax biosynthe-
sis has likely facilitated the thick layer of cuticular wax that
coats the stems and leaves of the plant. The accumulation
of cuticular wax helps reduce transpiration and provides
photoprotection for drought-tolerant plants to maintain
stomatal conductance and photosynthesis during drought
stress (Guo et al, 2016). These and other genes involved in
the expression of agriculturally important traits could serve
as potential targets for future engineering and breeding
efforts to improve climate resilience in other crops, espe-
cially other Triangle of U species (Wang et al,, 2020).

The contraction of some gene families also provides in-
sight into the evolution of a species, as gene loss is another
recognized driver of evolutionary novelty and adaptation
(Meyer and Purugganan, 2013; Helsen et al, 2020; Monroe
et al, 2021). Although the number of expanded gene fami-
lies in B. carinata is similar to that of B. napus (AnCn), 14.9-
fold more gene families were contracted in the B. carinata
genome than in B. napus (Figure 6A). Gene ontology (GO)
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analysis of contracted gene families revealed enrichments for
gene families involved in the “response to ATP,” “toxin re-
sponse and catabolism,” and “glutathione metabolism” cate-
gories (Supplemental Figure S9D). Interestingly, gene families
involved in cell wall functions and components, including
“adherens junction assembly,” “xyloglucan biosynthetic proc-
ess,” and “fucosylation,” were contracted. Importantly, the
removal of xyloglucans has been shown to loosen cell walls
and promote cell expansion and plant growth (Park et al,
2003, 2004; Naoumkina et al,, 2017). The possible functional
relevance of the contraction of this and the other gene fam-
ilies could be revealed in future studies.

GO analysis of expanded gene families revealed significant
enrichments for transcriptional regulation and the regulation
of biosynthetic processes (Supplemental Figure S9C).
Transcription factor (TF) family expansions are closely re-
lated to the evolution of novel traits (Lang et al, 2010) and
have been correlated with the generation of critical pro-
cesses such as the WGD-derived expansion of MADS-box
TFs and the origination of flowers (Li et al, 2015). We identi-
fied 9,599 TF-encoding genes in B. carinata, with 5,494 and
4113 in the Bc and Cc subgenomes, respectively
(Supplemental Data Set 14). MYB, NAC, and basic helix-
loop-helix (bHLH) represent the most expanded TF families
in the B. carinata genome.

Asymmetric distribution of genomic features
between the Bc and Cc subgenomes shaped by Bc
subgenome bias

As the B. carinata genome might be in the early stages of
diploidization, 82.6% of its genes have maintained collinear-
ity with those in at least one of the respective progenitor as-
semblies (Bn and Co; Figure 3; Supplemental Data Set 15).
The Bc subgenome maintains the most collinearity with the
B. nigra Ni100 assembly (72.2%) and the Cc subgenome
shares the most colinear genes with the B. oleracea HDEM
assembly (74.3%). While there is no statistical difference be-
tween the subgenomes in the number of collinear genes
they have maintained with their respective progenitors, the
Bc subgenome shares more collinearity blocks with shared
genomes in the Triangle of U than the Cc subgenome does
(analysis  of  variance (ANOVA), P =30 x 107%
Supplemental Data Set 16). In conjunction with the results
obtained from our repeat content analysis, these data indi-
cate that the Bc subgenome has undergone fewer genomic
rearrangements than the Cc subgenome, which exhibits high
levels of fractionation. These findings are also supported by
the differences in transposon distributions previously ob-
served between the respective progenitors (Parkin et al,
2014; Perumal et al, 2020). We also hypothesize that the
higher degree of gene retention in the Bc subgenome might
be correlated to genome dominance, in light of the determi-
nation that a dominant genome has experienced less frac-
tionation (Schnable et al, 2011), as will be further discussed
below.

Yim et al.

Asymmetric retention of genes following HE the Bc
and Cc subgenomes

Homoeologous exchanges (HEs), which are reciprocal
exchanges of homoeologous chromosomal regions between
subgenomes, occur due to crossovers between these regions
during meiosis (Gaeta and Chris Pires, 2010). Although the
HE mechanism is reciprocal, the two recombinant chroma-
tids resulting from an initial HE event are normally not seg-
regated into the same resulting gamete and are often
detected as unbalanced exchanges or duplication—deletion
events, wherein one homoeolog is entirely replaced with a
duplicate of its counterpart from the other subgenome.
Unbalanced exchanges are mechanistically the most fre-
quently observed HE (Mason and Wendel, 2020) and are
commonly observed in the established allopolyploid, B.
napus (Chalhoub et al, 2014). On the other hand, balanced
exchanges, wherein the homoeologs are reciprocally ex-
changed, may also become fixed following self-pollination
and selection but are more challenging to detect using
sequencing-based methods.

To investigate HE events in the B. carinata genome, we
identified 32,443 colinear homoeologous gene quartets among
the extant genomes of the diploid progenitors and the B. cari-
nata subgenomes (Bn—Bc—Cc—Co, Supplemental Data Set 17).
Based on relative sequence divergence (K; < 0.01), we found
evidence of 28 unbalanced HE events. Among these, 13
replaced the Bc homoeolog with the Cc homoeolog (Cc to
Bc translocation), while 15 were classified as unknown due to
the negligible divergence between the homoeologous pair
(Ks < 0.01) and higher divergence from the progenitors.
While we did not find evidence of balanced HEs in our
Gomenzer genome assembly, we identified three balanced
HEs in the B. carinata Zd-1 genome assembly and 244 unbal-
anced HEs among the 21,304 quartets (Supplemental Data
Set 17). The same subgenomic bias in unbalanced HEs was
observed in the B. carinata Zd-1 assembly, with 24 Bc to Cc
exchanges and 68 Cc to Bc exchanges. However, the subge-
nomic origins of 152 HEs could not be assigned. As for the
other two Triangle of U allotetraploids, our investigation
revealed intraspecific variations in subgenomic bias for unbal-
anced HEs. The frequencies of HE events in the genome as-
semblies of the two B. juncea (AjBj) varieties var. Tumida
T84-66 and Varuna, differed significantly (Yang et al, 2016;
Paritosh et al, 2021). A total of 321 HEs out of 32,044 quar-
tets were identified in the T84-66 genome assembly and 5
HEs out of 19,186 quartets were identified in the Varuna ge-
nome assembly (Supplemental Data Set 17). More Aj to Bj
(26) than Bj to Aj (16) HEs were identified in the T84-66 ge-
nome, and 120 HEs were classified as unknown. Additionally,
while we found three balanced HEs in the T84-66 genome,
none were found in the Varuna genome assembly. One of
the three unbalanced HEs observed in the Varuna genome as-
sembly could be attributed to a Bj to Aj translocation, while
the other four were classified as unknown. The B. napus
(AnCn) assemblies, on average, contained the largest numbers
of identified quartets (Ar—An-Cn-Co, X = 32,759) among the
Triangle of U species, which is evidence of unbalanced HE
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events (X = 592.6) and balanced HEs (x = 31.9). An average of
61.1% (x = 362.4) of the unbalanced HEs could not be
assigned to a subgenome, which makes determination of sub-
genomic bias difficult. Seven B. napus genome assemblies
show an An to Cn bias, whereas four exhibit a Cn to An bias
(Supplemental Data Set 17).

Lastly, homoeologs that have participated in HEs can
eventually be removed through genome fractionation, leav-
ing only one duplicated gene resulting from a HE. In order
to investigate these instances, we constructed gene triplets
comprising one retained homoeolog in a colinear block with
the orthologs in both progenitor genomes (i.e. Bn—Bc—Co or
Bn-Cc—Co, Supplemental Data Set 17). Analysis of these
triplets allowed identification of homoeologous transfers
(HTs), or instances wherein a homoeolog was removed from
its original subgenome after transfer to the new subgenome
in either a balanced or unbalanced manner. Among the
10,098 gene triplets in the B. carinata genome, we found evi-
dence for 75 HTs, 86.7% of which had been transferred from
the Cc subgenome to the Bc subgenome before being de-
leted from the Cc subgenome. We observed the same trend
in our HT analysis in which Cc homoeologs had replaced Bc
homoeologs. Similarly, the B. carinata Zd-1 genome assem-
bly revealed the same bias, with 66.1% of the 174 HTs losing
the Cc homoeolog after it was transferred to the Bc subge-
nome. We identified 156 and 2 HTs in the B. juncea T84-66
and Varuna genome assemblies, respectively (Supplemental
Data Set 17). Both genomes showed the same pattern of
subgenomic bias, with an average of 81.1% of HTs losing the
Aj homoeolog after it had been transferred to the Bj subge-
nome. The B. napus (AnCn) genome assemblies showed in-
traspecific variations in HT bias, with seven and four
genome assemblies retaining more An and Cn subgenome
homoeologs after HTs, respectively. With respect to bal-
anced and unbalanced HEs, as well as HTs, averages of 262,
163, and 761 HEs were detected in the B. carinata (BcCc), B.
juncea (AjBj), and B. napus (AnCn) genomes, respectively.

Biased expression and selection pressures between
homoeologs reveal Bc subgenome dominance

Higher transcript expression of homoeologs from one subge-
nome over those of another is one of the signatures of sub-
genome dominance. Homoeolog expression dominance has
been detected in natural and resynthesized lines of B. napus
(AnCn) with a bias for either the An subgenome (Wu et al,
2018; Li et al, 2020) or the Cn subgenome (Bird et al., 2020),
but not in B. juncea (Yang et al, 2016). Therefore, we di-
rectly compared gene expression between colinear homoeol-
ogous gene pairs (Bc compared with Cc) using our RNA-Seq
data. The majority of homoeologs (60.4%) showed similar
expression patterns; however, an average of 22.6% of the
homoeologs displayed Bc subgenome bias and 183%
showed Cc subgenome bias (Supplemental Figure S10A;
Supplemental Data Set 19). This bias was evident across all
tissue types and was most prominent in floral tissues (Bc:
22.1%, Cc: 16.7%) and during heat stress (Bc: 23.44%, Cc
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18.1%). Homoeolog expression dominance was also most
pronounced in floral tissue in B. napus (AnCn) with a bias
for the An subgenome (Li et al, 2020).

Comparing sequence evolution rates of B. carinata
homoeologs with their respective orthologs in the pro-
genitor species revealed a higher average nonsynonymous
to synonymous divergence ratio (® = K,/K, or dy/ds) for
the Cc homoeologs, indicating a greater degree of se-
quence evolution compared to the Bc homoeologs
(Supplemental Figure S10B). Highly expressed genes tend
to encode more slowly evolving proteins (Pal et al., 2001;
Alvarez-Ponce, 2014), which might explain our observa-
tion. Thus, we compared the K,/K; ratios of highly
expressed genes from the Bc and Cc subgenomes to test
this possibility. The @ values were still higher for the Cc
subgenome homoeologs across RNA-Seq samples (Mann—
Whitney U test, P =8.374 x 107>, indicating that the
higher rates of evolution of proteins encoded by the Cc
subgenome are not due to their low expression levels.
Our results thus indicate that the Cc subgenome is sub-
ject to weaker purifying selection pressures, a higher rate
of adaptation than the Bc subgenome, or both, which is
consistent with our overall findings of asymmetric
subgenome evolution and Bc subgenome dominance in
B. carinata.

Redundant gene evolution and selection pressures
on small-scale duplications among Brassica genomes
Duplicated genes can diversify to take on new functional roles
(Tang et al, 2010; Wu and Qi, 2010) and serve as substrates
for adaptation to stressful environments (Alix et al, 2017).
We observed a greater degree of sequence evolution for the
B. carinata WGD-derived genes compared to the other allote-
traploids. The B. carinata WGD-derived genes have a higher
o value (x = 031, ¢ = 0.28) than the other allotetraploids do.
Brassica napus (AnCn) and B. juncea (AjBj) exhibit average ®
values of 028 (o =027) and 026 (o =0.19), respectively
(Supplemental Data Set 20). This increased rate of sequence
divergence between B. carinata homoeologs relative to those
in the other tetraploids suggests a greater degree of relaxation
of purifying selection or greater adaptation in B. carinata that
might have facilitated the high resilience of this species to en-
vironmental stresses.

Small-scale duplications, or duplicated genes derived from
events other than WGD or HE, were also assessed in the B.
carinata genome to identify 3,645 tandem, 5,594 proximal,
11,264 transposed, and 47,157 dispersed pairs of paralogs
(Supplemental Data Set 11). Although the Bc subgenome
contains more WGD-derived genes than the Cc subgenome,
both subgenomes contain similar proportions of tandem and
proximal duplicates (PDs) relative to the total number of
genes. Our Gomenzer assembly contains the smallest propor-
tion of tandem duplicates (TDs), or duplications that are line-
arly adjacent to each other, relative to its total gene content
(2.7%) among the Triangle of U allotetraploids. These results
indicate lower propagation or retention rates, or both, for
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TDs in B. carinata. For all six species, the ® values of the TDs
are about 1.8-fold larger than the ® values of the homoeo-
logs, indicating higher diversifying positive selection acting on
TDs (Supplemental Data Set 20). Although B. napus (AnCn)
has the highest ® value (0.53) for TDs among the Triangle of
U species, the ® value (0.39) for the B. carinata TDs is still
larger than those of the respective progenitor species (0.33).
One of the most overrepresented GO terms among the TDs
was “DNA methylation on cytosine within a CG sequence”
(Supplemental Figure S9E), which is associated with epigenetic
control of stress adaptation through reprogramming of the
transcriptome and altering genome stability to enhance resil-
ience to stress (Tirnaz and Batley, 2019). Thus, because the
TDs in the B. carinata genome appear to be under less purify-
ing selection than those in the progenitor species genomes
(Bn and Co), their gene variants might help B. carinata adapt
to changes in its environment.

We identified 1.5-fold more PDs than TDs in the B. cari-
nata genome, which contains more PDs than the other
Triangle of U allotetraploids (Supplemental Data Set 11).
Although we found similar sequence evolution rates for PDs
and TDs, in agreement with the current literature
(Supplemental Data Set 20; Qiao et al., 2019), we also found
that PD sequences diversify more rapidly in B. carinata
(o = 0.52) than in the other five Triangle of U species. This
higher ® value appears to be due to an unusually low mean
K, value for B. carinata PDs (0.30) compared to the average
K value of 0.52 for all six species, suggesting that the B. cari-
nata PDs are relatively young. Gene duplication is often fol-
lowed by a short period of accelerated protein evolution
(Pegueroles et al, 2013). The GO terms enriched among PDs
included “lipid metabolic processes” and “interspecies inter-
actions,” including those with viral pathogens (Supplemental
Figure S9F). The ® values of the more distant transposed
duplicates and dispersed duplicates lay at the median of the
five duplication modes considered. However, the K, values
of these distant duplications were up to 3.5-fold greater
than the WGD K; values, indicating that more time has
passed since their duplication.

Genes encoding key FA synthesis-related enzymes
display Bc subgenome dominant expression

We then investigated the gene expansion and transcript
abundance of agronomically important genes that have
been targeted in Brassica improvement efforts to test
whether the dominant Bc subgenome shows higher expres-
sion levels as the subgenome dominance hypothesis
describes (Freeling et al, 2012). Genes in the fatty acid (FA)
biosynthesis and elongation pathways have undergone nota-
ble expansions in B. carinata (Supplemental Data Set 21).

In higher plants, de novo FA synthesis begins with the con-
version of glycolysis-derived pyruvate to acetyl-CoA by the
chloroplast-localized acetyl-CoA carboxylase (ACCase) complex
(Figure 9A). ACCase catalyzes the rate-limiting step in FA syn-
thesis and has been regarded as a significant bottleneck in the
accumulation of triacylglycerols (TAGs), the primary storage
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form of seed lipids (Ke et al, 2000). Our transcriptome data
show that the three nuclear-encoded enzymes of the complex
displayed Cc-biased expression, with the Cc subgenome copies
contributing 54.0% of the total ACCase-related transcripts in
the developing siliques (Figure 9B). Acetyl-CoA is then con-
verted to malonyl-acyl carrier protein (ACP), with ACP acting
as an essential shuttle for the acyl intermediate as it is elon-
gated by the cyclical FA synthase (FAS) complex (Huang et al,
2017). ACP is encoded by ACP1, which exists in eight copies in
the Bc subgenome and only one copy in the Cc subgenome.
The Bc subgenome copies contribute 98.4% of the ACP1 tran-
scripts in the siliques.

Beginning with an initial acetyl-CoA, each FAS cycle uses
one malonyl-ACP to add two carbons to the growing acyl-
CoA chain. This complex is composed of four enzymes that
perform sequential reactions. The initial condensing enzyme,
3-ketoacyl-ACP synthase (KAS) Ill, displays Bc-biased expres-
sion, with the Bc subgenome contributing 64.4% of the
KASIII transcripts in the developing siliques. The rest of the
enzymes involved in the FAS cycle do not show an overall
bias, with KASIl and -hydroxyacyl-ACP dehydrogenase
(HAD) displaying Bc subgenome bias and f3-ketoacyl-ACP re-
ductase (KAR) and enoyl-ACP reductase (ENR) displaying Cc
subgenome bias. Seven FAS cycles produce stearic acid
(C18:0), which is then desaturated by a stearoyl-ACP desa-
turase (SAD) before export to the cytosol. The Arabidopsis
thaliana genome encodes four SADs (FA BIOSYNTHESIS
[FAB] 2, ACYL-ACP DESATURASE [AAD]1, AADS5, and
AADG6) that work redundantly and play a role in determin-
ing the resulting FA composition and total concentration of
seed oil (Kazaz et al, 2020). The B. carinata homologs of
these four SADs are significantly expanded in the Bc subge-
nome (15 total copies) compared to those in the Cc subge-
nome (5 copies). The genes encoding these desaturases also
show Bc-biased expression with SAD, FAB2, and the AADs
contributing 70.3%, 67.4%, and 85.7% of those transcripts, re-
spectively, in the developing siliques.

TE insertions in FAE1, which encodes a regulator of
erucic acid synthesis

After export to the cytosol, oleoyl-CoA (C18:1) encounters
the endoplasmic reticulum (ER) membrane-localized FA elon-
gation (FAE) complex, which extends FAS-derived FAs into
very-long-chain FAs (VLCFAs) such as erucic acid (C22:1,
Figure 9A). The FAE complex comprises four membrane-
bound proteins that perform sequential reactions, with each
cycle adding two carbons to the growing acyl-CoA chain. The
first of these four enzymes, B-ketoacyl-CoA synthase (KCS),
facilitates the condensation of an acyl-CoA chain with
malonyl-CoA and is the rate-limiting step in VLCFA produc-
tion. The resulting VLCFA chain lengths are determined by
the substrate specificity of the numerous KCS isoforms (Millar
and Kunst, 2003). FA ELONGASE 1 (FAET) is the isoform that
targets oleic acid for elongation and governs erucic acid pro-
duction in Brassica species (Millar and Kunst, 2003; Saini
et al, 2019).
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Figure 9 Erucic acid TAG biosynthesis pathway. A, Visualization of the processes of fatty acid synthesis, elongation, TAG assembly, and fatty acid
recycling made using BioRender (B) Relative expression of genes involved in erucic acid biosynthesis. The relative transcript abundances of genes
involved in erucic acid biosynthesis are visualized as heat maps. The x-axes of the heat maps describe either the tissue or heat stress time point
for which the RNA was extracted and the y-axis provides the gene IDs. MCAT, malonyl-CoA ACP S-malonyltransferase; KAS, B-ketoacyl-ACP syn-
thase; KAR, B-ketoacyl-ACP reductase; HAD, B-hydroxyacyl-ACP dehydrase; ENR, enoyl-ACP reductase; SAD, stearoyl-ACP A9-desaturase; FAT A,
fatty acyl-ACP thioesterase A; LACS, long-chain acyl-CoA synthetase; ACC2, acetyl-CoA carboxylase 2; KCS, B-ketoacyl-CoA synthase; HCD, -
hydroxyacyl-CoA dehydrase; ECR, enoyl-CoA reductase; G3P, glycerol-3-phosphate; GPAT, glycerol phosphate acyltransferase; LPAT, lysophospha-
tidyl acyltransferase; PAP, phosphatidic acid phosphohydrolase; DGAT, diacylglycerol acyltransferase.

The B. carinata genome has retained one FAET homolog
per subgenome (Figure 9). The other KCS-encoding genes
(KCS1-3) are relatively more expanded, suggesting purifying se-
lection pressure on the number of FAET copies. The other
Triangle of U allotetraploids also contain one FAET copy per
subgenome and our phylogenetic analysis shows that the
FAE1 homologs cluster according to their genome of origin
(A, B, or G Supplemental Figure S11). We found that the Bc
subgenome copy exhibits stronger codon usage bias (effective
number of codons, ENC = 56.24) and thus is expected to be
translated at a higher rate than the Cc subgenome copy
(ENC = 58.26; Wright, 1990). In addition, transcription of the
Bc subgenome homolog does appear to be more active, con-
tributing 57.7% of the FAET transcripts in the developing sili-
ques (Supplemental Data Set 22). Interestingly, the FAET locus
in the Cc subgenome is also expressed in the stem.

After polyploidization, unprecedented retention of TE
insertions may occur in genic regions and thereby introduce
some of the intraspecific diversity required for crop domesti-
cation (Baduel et al, 2019). TE insertions are significant

drivers of phenotypic variation and have been shown to
contribute to variation in agronomically important traits
such as self-compatibility in B. napus (Gao et al, 2016). TE
insertions in promoter and genic regions can have multiple
effects on the expression of a gene, including silencing medi-
ated by methylated TEs (Hollister and Gaut, 2009). As FAE1
is believed to be the regulator of erucic acid synthesis, we in-
vestigated the gene structure of the two B. carinata homo-
logs. We found that the FAET copy in the dominant Bc
subgenome contains a 206-bp Tc1/Mariner insertion in its
promoter region (Supplemental Figure S12A). Tc1/Mariner
transposons can carry “blurry” promoters that function in a
wide range of genomic environments and might contribute
to its increased transcript abundance (Palazzo et al, 2019).
Interestingly, the Cc subgenome FAET copy that is expressed
in stems carries multiple PIF/Harbinger insertions in its pro-
moter region (Supplemental Figure S13A). However, our
results suggest that the dominant Bc subgenome contrib-
utes more to seed oil biosynthesis. In contrast, the Cc subge-
nome might be more involved in modulating leaf
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membrane lipid composition in response to heat stress and
stem membrane lipid composition under normal develop-
ment (Zhukov and Shumskaya, 2020; Zoong Lwe et al,
2021). Notably, FAET expression in plants is typically re-
stricted to developing seeds (Zeng and Cheng, 2014). Thus,
FAET activity in the stems might contribute to the produc-
tion of VLCFAs as a component of barrier lipids, as pro-
posed by Chiron et al. (2015).

FAE1 homologs among the A, B, and C genomes

We found that the FAET homologs are similarly located
among the Triangle of U genomes, with most of the A, B,
and C subgenome homologs appearing on chromosomes
A08, B03, and CO03, respectively, suggesting conservation of
both copy number and locus (Supplemental Figures S12-
S14). Each A subgenome homolog is positioned within an 8-
Mbp region on chromosome A08 (Supplemental Figure
S14). The B. rapa (Ar) Z1 assembly is the only A subgenome
homolog lacking a promoter TE insertion (Supplemental
Figure S14). Like the A subgenome homologs, all of the C
subgenome homologs are located within a 19-Mbp region
of chromosome C03, except for the B. carinata homologs,
which have been transferred to chromosome CO1
(Supplemental Figure S13).

While upstream Helitrons represent the prevailing inser-
tions among the three subgenomes, the A subgenomes are
enriched for hAT insertions and the C subgenomes are
enriched for PIF/Harbinger insertions, both of which are clas-
sified as terminal inverted repeats. Eight of the ten B. napus
(AnCn) genomes we investigated, including No. 2127, the
only accession with high erucic acid content we studied (Liu
et al, 2004), share a 3,074-bp hAT insertion in the promoter
region of the A0O8 FAET homolog. Considering that this hAT
insertion is present in the high and low erucic acid acces-
sions, the Cn subgenome copy of FAET in No. 2127 likely
facilitates erucic acid production and is contained within a
Helitron that might carry promoter or enhancer sequences.

The genome of the B. juncea (AjBj) T84-66 vegetable acces-
sion contains two FAET homologs, one on chromosome B03
and one on chromosome B04. The genic regions of both con-
tain an upstream Helitron insertion (Supplemental Figure S12,
D and E Yang et al, 2016). We also confirmed the existence
of two FAET homologs in the oleiferous Varuna accession
(Gupta et al, 2004). One homolog is located on chromosome
A08 preceded by a Helitron insertion and the other is on
chromosome B07 with no TE insertions in its promoter re-
gion (Supplemental Figures S12C and S14K; Paritosh et al,
2021). InDels in AT-rich regions of the promoter of the FAET
copy on the A subgenome have been correlated with low
erucic acid content in B. rapa (Ar; Yan et al, 2015) and B. jun-
cea (AjBj, Saini et al, 2019). AT-rich promoter sequences can
function to enhance the expression of genes expressed in a
tissue-specific manner (Sandhu et al, 1998), such as FAET.
Further, Helitrons display an insertion preference for AT-rich
regions (Grabundzija et al, 2016) and can thereby disrupt an
enhancer sequence. Unlike T84-66, Varuna seed oil contains
high amounts of erucic acid (~47%, Gupta et al, 2004),
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which might have been facilitated by the lack of a Helitron in-
sertion in the promoter of the FAET copy in the dominant Bj
subgenome. Other types of TE insertions in the FAET pro-
moter region have been associated with low erucic content,
such as a Tc1/Mariner transposon insertion in B. juncea (Saini
et al, 2019) and a PIF/Harbinger-like insertion in Sinapis alba
(Zeng and Cheng, 2014). Because the Bj subgenome FAET ho-
molog in the Varuna genome also exhibits stronger codon us-
age bias (ENC = 56.06), we would expect its transcript to be
translated at a higher rate than that of the Aj subgenome
copy (ENC = 57.30).

Association of fatty acyl-CoA reductases with seed
oil erucic acid content

Two FAE cycles produce erucoyl-CoA (C22:1) from oleoyl-
CoA (C18:1) in the ER membrane (Figure 9A). Erucoyl-CoA
is then transferred to a glycerol-3-phosphate (G3P) back-
bone to form seed storage TAGs, which are packaged into
an oil body that is then pinched off from the ER membrane.
Alternatively, VLCFA acyl-CoAs can be converted to fatty
alcohols by ER-localized alcohol-forming fatty acyl-CoA
reductases (FARs) and used for suberin biosynthesis or their
wax esters can be used for cuticular wax synthesis (Rowland
and Domergue, 2012). A study in B. napus showed an en-
richment for Helitron insertions in FAR genes although
Helitrons generally accumulate in gene-poor regions (Hu
et al, 2019). Hu et al. found a Helitron insertion in the first
intron of FART in two low erucic acid cultivars that might
contribute to low erucic acid trait.

The B. carinata genome contains four FART homologs with
two copies in each subgenome (Supplemental Data Set 23).
Our phylogenetic analysis of the Triangle of U FART homologs
revealed two clades that cluster according to their subgenome
of origin (Supplemental Figure S15). Of the four B. carinata
FART homologs, Bca_GomB02g36680 and Bca_GomC09g42040
show the highest expression levels in the developing siliques,
contributing 38.8% and 45.9% of the FAR1 transcripts in the sil-
iques (Supplemental Data Set 23). The codon usage bias of the
four B. carinata FART homologs is largely similar with ENC val-
ues that range from 5534 to 56.79. However, the two FART
homologs that are lowly expressed in the siliques have intronic
TE insertions (Supplemental Figure S16). Because the highly
expressed FART homologs are free of TE insertions in their cod-
ing sequence (CDS) regions, the intronic TE insertions might
reduce the FAR1T expression in the siliques. Thus, the expression
of the FART homologs without TE insertions might contribute
to the high erucic acid phenotype in B. carinata.

Gene family expansion and TE signatures in FLC
homologs facilitate adaptation to different climates
for crop expansion

Of the Triangle of U allotetraploids, B. carinata and B. juncea
are both winter crop species (Paritosh et al, 2021), while B.
napus originated as a winter crop from which spring and
semi-winter ecotypes have been developed through tradi-
tional breeding methods (Song et al, 2020). Late-flowering
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Brassica carinata genome evolution

(winter) ecotypes overwinter before flowering to coordinate
their reproductive development with the spring season. This
process of cold exposure-induced flowering, or vernalization,
is partly facilitated by strong expression of FLOWERING
LOCUS C (FLC). FLC, a MADS-box TF that is a key repressor
of flowering, acts in a dosage-dependent manner and is one
of the most important genes controlling the initiation of
flowering in Brassica species (Song et al., 2020). Winter eco-
types typically display strong FLC expression and therefore a
strong vernalization requirement, while spring types flower
earlier in the growing season due to weak FLC expression.
Thus, spring types with a reduced need for vernalization can
adapt to climates that experience summer drought. The
weak vernalization requirement in spring types is facilitated
partly by TE insertions in FLC, which is particularly prone to
accumulate TE insertions due to selection for these variants
(Quadrana, 2020). TE insertions in the promoter and CDS of
FLC can either upregulate (Sheldon et al, 2002) or downre-
gulate (Gazzani et al, 2003) its expression. Song et al. (2020)
found that variations in one of the nine B. napus FLC copies
(BnaA10.FLC) were useful for classifying accessions by eco-
type, a crucial aspect of crop breeding (Song et al,, 2020).
We identified 10 FLC homologs in the B. carinata genome
including four in the Bc subgenome and six in the Cc subge-
nome (Supplemental Data Set 24). The Bc subgenome con-
tributes 68.4% of the FLC transcripts across all tissues and
one copy, Bca_GomB08g03090, with the highest transcript
abundance contributes 74.9% of the FLC transcripts in ma-
ture leaves. Bca_GomB08g03090 and three other FLC homo-
logs on chromosome BO08 all carry the same Gypsy insertion
(TE_00008622) in their promoter regions (Supplemental
Figures S17 and S18). Song et al. (2020) found that a MITE
insertion in the promoter region of BnaA10.FLC was corre-
lated with its increased transcript abundance, and might
have facilitated the development of winter ecotypes. As the
Bc subgenome contributes 2.2-fold more FLC transcripts
than the Bc subgenome, the vernalization requirement of B.
Carinata as a winter crop appears to be facilitated by the
dominant subgenome (Supplemental Data Set 24).

Discussion

Brassica carinata displays great potential as a climate-
resilient crop for use in semi-arid and tropical sub-humid
environments. Our improved reference genome not only
provides a thorough examination of the unique features of
the B. carinata genome, but also further insights into the ge-
netic diversity between the Gomenzer and Zd-1 accessions
(Song et al, 2021). Our Gomenzer assembly is 22.2% larger
than the Zd-1 assembly, with 95.4 Mbp more repetitive se-
quence and 50,195 more genes (Supplemental Data Sets 6,
9, and 12). The differences between these assemblies are
particularly apparent between the Bc subgenomes, which
have a 156.9 Mbp greater difference in size than the Cc sub-
genomes and a 3.2-fold higher difference in the number of
annotated gene models (Supplemental Data Sets 6 and 9).
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Although the Gomenzer assembly is more complete, recent
evidence suggests that the variations in genome size be-
tween accessions have biological relevance and are not just
an effect of variations in genome assembly quality. For ex-
ample, a comparative study of the B. rapa Z1 and Chiifu
genotypes cytogenetically validated several large chromo-
somal variants, which together contributed to a 16% differ-
ence in their genome sizes (Boutte et al., 2020).

A previous population structure analysis of 620 B. carinata
accessions reported two distinct subpopulations of this spe-
cies, SP1 and SP2, that appear to have been developed
through targeted selection (Khedikar et al, 2020). The
Gomenzer accession belongs to the larger SP1 population
comprising the Ethiopian lines, and we propose that the Zd-
1 accession belongs to the SP2 population of breeding lines.
That study also identified bias toward the Bc subgenome,
which exhibited longer linkage disequilibrium (LD) decay
and contained selective sweep regions harboring genes in-
volved in FA and glucosinolate biosynthesis. The longer LD
decay of the Bc subgenome reflects the preferential reten-
tion of Bc alleles.

Subgenomic selection bias during the domestication of B.
juncea has also been identified. A population structure
analysis of 480 B. juncea accessions reported that the Aj sub-
genome underwent stronger selection than the Bj subge-
nome during the development of new crop types (Kang
et al, 2021). However, subgenomic bias resulting from selec-
tion pressure is not as clear in B. napus. The An subgenome
exhibits more genetic diversity (Huang et al, 2013; Qian
et al, 2014; Sun et al, 2017) and has evolved at a faster rate
(Chen et al, 2021) than the Cn subgenome, but exhibits
faster LD decay (Qian et al, 2014; Rahman et al,, 2022). The
increased genetic diversity and recombination rates in the
An genome could have been influenced by the prevalence
of introgressions with B. rapa (Ar) during the breeding his-
tory of B. napus (Qian et al, 2014; An et al, 2019).

The disparities between the Gomenzer and Zd-1
genomes could be not only due to differences in assembly
quality, but also due to actual biological differences that
could have arisen from Bc subgenome selection bias during
domestication. Alternatively, the Gomenzer and Zd-1 acces-
sions might have arisen from separate hybridization events
with distinct Bc subgenome progenitor genotypes. While B.
juncea (AjBj) likely arose from a single hybridization event
(Yang et al, 2016; Kang et al, 2021), B. napus (AnCn)
might have arisen from more than one hybridization event
involving different maternal genotypes (Song and Osborn,
1992; Allender and King, 2010). However, past introgres-
sions of B. napus with B. rapa (Ar) make the origins of B.
napus difficult to elucidate (An et al, 2019). In support of
this hypothesis, it is plausible that the Gomenzer and Zd-1
Bc subgenomes diverged earlier (~2.07 MYA) than the Cc
subgenomes (Figure 7A). Our maximum likelihood (ML)
analysis of the supermatrix and analysis of node ages shows
the greatest overlaps between subgenome species.
Although we used 1,181 low-copy number genes from
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subgenomes to construct the supermatrix, we note that a
considerable amount of incomplete lineage sorting is
expected for a recent divergence (Pamilo and Nei, 1988).
However, our divergence time estimates not only provide
indications of the degree of divergence of subgenomes, but
also give some notion of the timing of the Triangle of U al-
lotetraploid hybridization events. Contrary to previous B.
juncea research (Yang et al, 2016; Kang et al, 2021), our
analysis allows us to infer subsequent independent hybridi-
zation events within allotetraploid Brassica. Additional
analysis of genotypes, construction of a Brassica pange-
nome, and production of linkage mapping populations will
aid in resolving this hypothesis precisely and will also con-
tribute to identifying functionally important genome frag-
ments, such as the evolutionarily constrained elements
controlling polyploidy among the Triangle of U species.

Although estimates of the timing of hybridization events
can help us understand the evolution of allotetraploid
genomes, such estimates are not entirely reliable. The timing
of recent polyploidization events, such as the Triangle of U
hybridizations, is more difficult to estimate as there has not
yet been enough time for synonymous mutations to accu-
mulate (Doyle and Egan, 2010). Furthermore, because the
timing of the artificial hybridizations, such as those leading
to the reconstruction of the B. napus synthetic line No.
2127, is particularly challenging to accurately estimate, the
timing of the Triangle of U allotetraploid hybridization
events is still under debate. Previous estimates were calcu-
lated using K; plots or phylogenetic analysis combined with
Bayesian estimation (Chalhoub et al, 2014; Yang et al,, 2016;
Song et al,, 2021). The distribution K, values among individ-
ual ortholog pairs can be highly variable, which prompted
Yang et al, (2016) to use a phylogenetic analysis instead
(Zhang et al., 2002). However, there is still no guarantee that
combined phylogenetic and Bayesian methods are more pre-
cise or accurate as these methods can also provide variable
estimates for the timing of hybridization events (Doyle and
Egan, 2010).

Chalhoub et al. (2014) provided the first assessment of a
Triangle of U allotetraploid, using a K plot analysis to esti-
mate the B. napus hybridization event at 7,500—12,500 years
ago. Yang et al. (2016) then introduced the B. juncea ge-
nome assembly and used phylogenetic analysis to estimate
the timing of the hybridization event for B. juncea at
39,000-55,000 years ago. However, their estimate for the hy-
bridization event for B. napus was much earlier at 38,000-
51,000 years ago. Song et al. (2021) followed suit with their
B. carinata Zd-1 assembly, using a phylogenetic approach to
estimate the hybridization times of all three allotetraploids.
Their estimate for B. napus was similar to the estimate of
Yang et al. (2016) at 41,000-45,000 years ago, but they pro-
vided an even earlier estimate for B. juncea at 72,000-
80,000 years ago. The differences in these estimates are likely
due to differences in the estimated divergence time of the
outgroup species used for calibration. For example,
Chalhoub et al. (2014) based their estimate of the B. napus
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hybridization event on an estimate of the divergence of A.
thaliana and other Brassica species at ~12-17MYA. In con-
trast, by using an estimate of ~29.5 MYA as their molecular
clock for the divergence of A. thaliana and other Brassica
species, Song et al. (2021) increased their estimate of the B.
napus hybridization event at 41,000—45,000 years ago.

Polyploidization triggers genome fractionation to compen-
sate for the evolutionarily instantaneous duplication of all
genes and cis-regulatory elements (Zhang et al, 2021).
Several reports have emphasized that most lineages have
undergone extreme gene loss or genome size reduction
(Bennett and Leitch, 2005; Leitch and Leitch, 2008) and dip-
loidization (Wolfe, 2001) following polyploidization. The B.
carinata genome might be in the early stages of the diploid-
ization process and thus still retains many of the genes pro-
vided by the parental genomes. Our Gomenzer assembly
shows that the B. carinata genome is the largest among the
Triangle of U species, with significant expansions of repeti-
tive DNA sequences and gene families (Supplemental Data
Sets 6, 9, and 12). These expansions are particularly apparent
in the Bc subgenome, which is larger and contains 55.1% of
the total gene content for the B. carinata genome
(Supplemental Data Set 9). While the two subgenomes have
similar TE contents, the Bc subgenome has a higher LTR
content (Supplemental Figure S4D). Gypsy elements showed
the most pronounced bias between the two subgenomes
and were also preferentially expanded in the larger Bj subge-
nome of B. juncea (Supplemental Data Set 12; Paritosh et al,,
2021). Interestingly, Gypsy-specific proliferation has accom-
panied the expansions of particularly large genomes, as ob-
served for the Hesperis clade, which comprises the largest
genomes among Brassicaceae species, and the larger
Gossypium genomes (Hawkins et al, 2006; Hlouskova et al,,
2019).

The “genomic shock” hypothesis suggests that interspecific
hybridization events can be followed by bursts of TE activity
and a relaxation of selection pressures that can facilitate
their retention (Parisod et al, 2010). Patterns of TE amplifi-
cation and elimination then restructure the polyploid ge-
nome through the diploidization process, giving rise to
species-specific TE repertoires (Du et al., 2010). We hypothe-
size that the larger genome size of B. carinata might have
been facilitated by more propagation and retention of TEs,
particularly LTRs (Kidwell, 2002; Canapa et al, 2015), in B.
carinata than in the other Brassica allotetraploids partly due
to the relatively limited breeding efforts so far for this or-
phan crop. The linear relationship between genome size and
repetitive sequence content is well established and LTR pro-
liferation is regarded as the primary driver of genome expan-
sions in plants (Figure 4F; Bennetzen, 2002; Ammiraju et al.,
2007; Huang et al., 2020; Hu et al, 2022). Song et al. (2020)
also identified a remarkable expansion of Gypsy elements in
B. carinata relative to the other Triangle of U species and
reported that the LTRs in B. carinata are younger and less
diverged compared to those in the other Triangle of U
genomes.
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We also found that the Bc genome has the highest Helitron
content among the B genomes of the Triangle of U species,
indicating higher Helitron activity, retention, or a combination
of the two (Bn, Bj; Supplemental Data Set 12). Helitrons are
“exon shuffling machines” that generate genomic diversity by
disrupting cis-regulatory elements as well as capturing and
translocating genes and gene fragments around the genome
(Feschotte and Wessler, 2001; Morgante et al, 2007, Gao
et al, 2016; Muyle et al,, 2021). Helitrons have been recognized
as key players in plant evolution and have contributed sub-
stantially to the domestication of maize (Zea mays) and
wheat (Triticum aestivum) (Morgante et al, 2005; Barbaglia
et al, 2012; Wang et al, 2022). We hypothesize that the nota-
ble expansion of Helitrons in the Bc subgenome might have
facilitated its higher levels of gene family expansion through
the diversification of gene and regulatory sequences.

Although concept of the Triangle of U model was intro-
duced in 1935, the utility of this well-established compara-
tive genomics platform was not truly harnessed until these
large, highly syntenic, allotetraploid genomes could be as-
sembled using long-read sequencing technologies. The previ-
ous assemblies of the genomes of the other two Triangle of
U allotetraploids, B. juncea (AjBj) and B. napus (AnCn), have
provided insights into the asymmetric evolution of their
subgenomes as they return to the diploid state. Brassica
napus Darmor-bzh was the first of the allotetraploid
genomes to be assembled, enabling deeper analysis of the al-
lotetraploid genomes and elucidating the differences be-
tween its constituent An and Cn subgenomes (Chalhoub
et al, 2014). The B. napus genome assemblies consistently
show that the Cn subgenome is larger, has higher gene and
TE contents, and is more susceptible to homoeologous gene
loss than the An subgenomes (Chalhoub et al, 2014
Rousseau-Gueutin et al, 2020; Song et al, 2020; Sun et al,
2017). Conversely, the An subgenome of B. napus has higher
single nucleotide polymorphism (SNP) density and is more
prone to replacing syntenic homoeologous segments in the
Cn subgenome (Sun et al, 2017 Lu et al, 2019).
Additionally, asymmetric subgenomic selection during the
domestication of B. napus has resulted in the An subge-
nome contributing more to stress resistance and oil accu-
mulation and the Cn subgenome contributing more to
development and flowering time (Lu et al,, 2019). The B. jun-
cea (AjBj) assemblies also show consistent patterns of subge-
nome dominance. The Bj subgenome is larger, has higher
gene and TE contents, and exhibits a lower degree of genetic
recombination (Yang et al, 2016; Paritosh et al, 2021).
While global homoeolog expression dominance has not
been detected in B. juncea, Bj subgenome-biased expression
has been observed at specific developmental stages and in
particular tissue types (Yang et al, 2016). Overall, the An
and Bj subgenomes of B. napus and B. juncea, respectively,
show signs of subgenome dominance (Bird et al., 2018).

Polyploidy is present in other lineages, such as gymno-
sperms, fish, and amphibians, but rapid genomic downsizing
is unique to angiosperms and might be facilitated by

THE PLANT CELL 2022: 34; 4143-4172 | 4161

subgenome dominance (Cheng et al., 2018). Some speculate
that genome dominance might be at the core of Darwin’s
“abominable mystery”: the abrupt appearance of diverse
flowering plant lineages in fossils dating to the mid-
Cretaceous period (Friedman, 2009; Schnable and Freeling,
2011). Bc subgenome dominance in B. carinata was evident
from its increased gene retention (Supplemental Data Sets 9
and 11), homoeolog expression dominance (Supplemental
Figure S10A), and pericentromeric and telomeric clustering
of TEs (Figure 8; Bird et al, 2018). At the same time, the Cc
subgenome homoeologs show a higher rate of sequence
evolution (Supplemental Figure S10B) and the Cc subge-
nome TEs are dispersed throughout the chromosome arms
(Figure 8). Higher TE density around genes is a sign of sub-
genome submissiveness (Edger et al, 2019), as the presence
of methylated TEs is correlated with lower expression levels
of nearby genes (Hollister and Gaut, 2009). Overall, we
found that the Cc subgenome has undergone higher levels
of positive selection or relaxed purifying selection, or both.
Bc subgenome dominance might have effects on biological
function and phenotypic traits (Schnable and Freeling
2011), as we found that key genes involved in seed oil bio-
synthesis and flowering time display Bc-biased expression
(Figure 9).

As subgenome dominance in B. carinata is likely a legacy
of the genomic features of the diploid progenitor genomes
(Edger et al., 2017), we compared the observed subgenomic
asymmetries to the genomic features of the extant progeni-
tor species genomes. We found that the genome assemblies
of the Bc subgenome progenitor species B. nigra (Bn) gener-
ally have higher gene and LTR contents than the assemblies
of the Cc subgenome progenitor species B. oleracea do (Co,
Supplemental Data Sets 9 and 12). Thus, the higher gene
and LTR contents of the Bc genome could have been estab-
lished upon hybridization. However, because the B. nigra
(Bn) genomes are generally smaller than the B. oleracea as-
semblies, the expanded size of the Bc subgenome might be
unique to the B. carinata genome or the Gomenzer
accession.

HEs act as substrates for selection and can profoundly af-
fect genome structure and gene expression levels, giving rise
to inter- and intra-specific phenotypic variations (He et al,
2017; Stein et al, 2017; Lloyd et al., 2018). Unbalanced trans-
locations often show subgenomic bias following selection,
such as the preferential replacement of Cn subgenome frag-
ments by the homoeologous portion of the An subgenome
observed in B. napus (AnCn) (Nicolas et al, 2012; Chalhoub
et al, 2014; Samans et al,, 2017; Higgins et al, 2018). Among
the Triangle of U allotetraploids, the B. napus (AnCn) as-
semblies display the most HEs, with an average of 32 bal-
anced translocations and 593 unbalanced translocations
(Supplemental Data Set 17). As the Brassica B genome di-
verged before the A and C genomes (Figure 7A), the lower
level of divergence between the An and Cn genomes likely
led to the observed higher frequency of HEs in the B. napus
(AnCn) genomes compared to those of B. carinata (BcCc)
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and B. juncea (AjBj). We found that the B. napus genome
assemblies showed intraspecific variations in HE subgenomic
bias. For example, preferential replacement of Cn homoeo-
logs with An homoeologs occurred in the synthetic B. napus
accession No. 2127 (Supplemental Data Set 17). However,
the Darmor-bzh v5 genome assembly displayed a bias for
An to Cc translocations, while the Darmor-bzh version 10
genome assembly showed a bias for Cc to An translocations.
HE is a continual phenomenon that appears to cause intra-
specific variations, but we acknowledge that genome assem-
bly quality might be a factor affecting HE bias (Glover et al,
2016). We also postulate that the observed variations in bias
among these B. napus assemblies could be due to the preva-
lence of past introgressions of B. napus (AnCn) with B. rapa
(Ar) in Chinese B. napus accessions (Qian et al, 2006).
Moreover, 63.1% of the unbalanced translocations found in
all three allotetraploids could not be attributed to a particu-
lar subgenome. Consequently, these results illustrate the dif-
ficulty of accurately characterizing HE events in these closely
related genomes. As a result of multiple HE events, homoeo-
logs might have been assimilated into one another.

As part of homoeology inference and HE analysis, we pro-
pose identifying HT events using gene triplets. Considering
the disparities noted during the characterization of HE sub-
genomic bias, the analysis of HTs would provide a more
comprehensive picture of HE selection bias because these
HEs are inaccessible to gene quartet analysis. Our HT results
clearly show, as did our unbalanced translocation results,
that homoeologs from the recessive Cc subgenome more
commonly replaced homoeologs from the dominant Bc sub-
genome in the B. carinata genome (Supplemental Data Set
17). The higher mutation rate of these Cc subgenome
homoeologs (Supplemental Figure S10B) could have allowed
for the selection of favorable mutations following HE events.

In conclusion, the high-quality B. carinata genome assem-
bly reported here will help to improve our comprehension
of the genetics underlying favorable agronomic traits. We
observed evidence of the early stages of diploidization that
will contribute to our understanding of interspecific hybridi-
zation and the establishment of subgenome dominance in
Brassicas. The B. carinata subgenomes (Bc and Cc) are dis-
tinct from the current genomes of their extant respective
progenitor species (Bn and Co). In line with the findings
from Song et al. (2021), we found that both subgenomes
show higher levels of divergence (K;) from their respective
progenitor species (Bn and Co) than their shared genomes
in the other allotetraploids do from their progenitor species
(i.e. comparing Bj to Bn and Cn to Co). These higher muta-
tion rates might also have helped promote the extensive
gene family expansions in the B. carinata genome. Our com-
prehensive characterization of the B. carinata genome could
advance introgression-based crop improvement efforts, in-
cluding those in other Brassica species. The addition of this
high-quality chromosome-scale B. carinata genome assembly
to complete the Triangle of U will further accelerate the
pace of genetic and genomic research in Brassica species.
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Materials and methods

Library preparation and sequencing

Brassica carinata A. Braun var. Gomenzer (Pl 273640, USDA)
seeds from the USDA North Central Regional Plant
Introduction Station were sown and selfed for three genera-
tions in a greenhouse at the University of Nevada, Reno to
decrease the heterozygosity of the plants sampled for se-
quencing. High molecular weight DNA was isolated from
plant leaves according to a CTAB protocol modified from
previous reports (Japelaghi et al, 2011; Healey et al., 2014)
for PacBio sequencing. On the Sequel system, 30-kb and 8-
kb insert SMRTbell libraries were prepared for sequencing
using five and two cells, respectively. Short-read DNA was
extracted using a Zymo Quick-DNA Plant/Seed Miniprep Kit
(Zymo Research, Irvine, CA, USA) following the manufac-
turer’'s recommendations.

Hi-C experiments were performed with young leaves fixed
with a 2% formaldehyde solution using the Arima Hi-C Kit
according to the manufacturer’s specifications with some
modifications (Arima Genomics, San Diego, CA, USA). Two
Hi-C libraries were prepared using the Accel-NGS 2S Plus
DNA Library Kit (Swift Biosciences, Ann Arbor, MI, USA) fol-
lowing the manufacturer’s recommendations.

Seven cDNA libraries for RNA sequencing were con-
structed from the following B. carinata tissues in triplicate:
(1) 13-day-old seedlings; (2) roots; (3) young leaves; (4) ma-
ture leaves; (5) stems; (6) flowers; and (7) green siliques.
Fifteen cDNA libraries were generated from the leaves of
plants exposed to 40°C heat stress at durations of 2, 4, 6,
and 8 h. Total RNA was isolated from the ground tissues us-
ing the Quick-RNA Plant Miniprep Kit following the manu-
facturer’s specifications (Zymo Research, Irvine, CA, USA,
USA). The short-read DNA, Hi-C, and c¢cDNA libraries each
had a 300-bp average insert size for paired-end sequencing
by Novogene Corporation, Inc. (Davis, CA, USA) on an
lllumina NovaSeq 6000 platform.

De novo genome assembly
We used two independent methods to estimate the size
of the B. carinata genome: (1) three replicates of flow cy-
tometry and (2) k-mer based estimation with
GenomeScope version 2.0 (Ranallo-Benavidez et al,, 2020).
Contigs were assembled from the PacBio sequencing data
using the Canu version 2.0 pipeline with the following
parameters:  “corThreads = 64 batMemory = 186  ovb
Memory =24  ovbThreads = 12 corOutCoverage = 120
ovsMemory = 32-186 maxMemory = 249 ovsThreads = 20
oeaMemory = 32 executiveMemory = 64" (Koren et al,
2017). The contigs were clustered according to their re-
spective subgenomes using a combined reference genome
of the diploid progenitor species B. nigra (Bn) and
Brassica oleracea (Co) with RaGOO (Alonge et al.,, 2019).
The Hi-C reads were trimmed using TrimGalore (K and
the HiC-Pro pipeline (Servant et al, 2015) was used to filter
out low-quality reads from the Hi-C sequencing data. Loci
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contact frequency matrices were generated using HiC-Pro
(Servant et al, 2015) and Hi-C Explorer (Wolff et al, 2020).
We used the valid and trimmed read pairs as input for the
ALLHIC pipeline (Zhang et al, 2019) to scaffold the
pseudochromosome-clustered contigs according to the link-
age information from the Hi-C data. Only read pairs that
aligned to separate contigs were used for the initial scaffold-
ing and misjoined contigs were inspected using the 3D-DNA
pipeline (Dudchenko et al, 2017) and manually corrected.

Gaps in the scaffolded assembly were filled in using the
PacBio sequencing data and four iterative runs of the
LR_Gapcloser program (Xu et al, 2019) with the following
parameters “-a 0.2 -m 600 -g 300.” Three programs, Pilon
(Walker et al, 2014), Arrow (Chin et al, 2013), and
FreeBayes (Garrison and Marth, 2012) were used consecu-
tively to correct errors in the assemblies. First, inaccurate
base calls, InDels, and gaps in the PacBio-based assembly
were identified and corrected with Pilon using the lllumina
sequencing data. The raw PacBio data was then used with
Arrow (Chin et al, 2013) for further correction of call var-
iants and Indels. Lastly, FreeBayes (Garrison and Marth,
2012) was implemented to process the resulting consensus
sequence and mapped Hi-C reads in 100-kb chunks to re-
veal additional call variants. These data were then com-
pressed and indexed with Tabix (Li et al, 2011) and a
further improved consensus sequence was generated using
BCFtools (Danecek et al., 2021).

Repeat sequence annotation
Repetitive elements within the B. carinata genome were
identified using the MAKER Advanced Repeat Library
Construction document (Campbell et al, 2014) with some
minor deviations, including the substitution of MITE-Hunter
with MITE Tracker (Crescente et al, 2018), the use of
Repbase (Bao et al, 2015) as the transposase protein and
DNA sequence database, and the use of an updated release
of UniProt as the plant protein database (UniProt
Consortium, 2014; Boutet et al, 2016). The Extensive de
novo TE Annotator (EDTA) was used with the default
parameters to predict TEs (Ou et al, 2018). We used EDTA
to validate the repeat sequence annotations, and to detect
structure-based genomic repeat contents. The results were
combined with the previous repeat identification results for
complementary repeat annotation and were then passed to
the MAKER annotation software (Cantarel et al., 2008).

Lastly, each of the repeat sequence libraries was used as a
query for NCBI BLASTX (Camacho et al, 2009) against the
UniProt/SwissProt database (Boutet et al, 2016) to identify
any potential protein-CDS fragments that should be ex-
cluded. ProtExcluder version 1.2 (Campbell et al, 2014) was
also used to process each of the BLASTX results in text files
and the corresponding repeat sequence library to generate a
library containing no protein-coding gene sequence
fragments.

The LAl was calculated in 3-Mbp steps and a sliding win-
dow of 300kb as the length of intact LTRs divided by the
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total length of LTRs (Intact LTR length/Total LTR length)
(Ou et al, 2018).

Transcriptome alignment and gene annotation

The cDNA reads were trimmed with TrimGalore (https://
github.com/FelixKrueger/TrimGalore) and the transcriptome
was generated by assembling the trimmed transcriptome
cDNA reads using the Trinity assembler (Grabherr et al,
2011) with the “~jaccard_clip” option. CDSs of the resulting
transcriptome were predicted using TransDecoder (Haas
et al, 2003). The filtered reads were aligned to the assem-
bled genome using the Spliced Transcripts Alignment to a
Reference Aligner (Dobin et al, 2013), then assembled via
genome-guided Trinity assembly. The de novo transcriptome
and genome-guided assembly were processed using Program
to Assemble Spliced Alignments with A. thaliana, B. nigra, B.
oleracea, B. napus, and B. juncea protein sequences as refer-
ences (Haas et al, 2003). Read counts were obtained using
featureCount (Liao et al, 2014) to identify quantitative dif-
ferential expression estimates using DESeq2 (Love et al,
2014). We used the transcripts per million normalization
method for downstream analysis gene expression (Robinson
et al, 2010). We identified differentially expressed genes
(DEGs) as those with a £two-fold change in expression with
a false discovery rate cutoff of <0.001.

We used a MAKER pipeline to annotate protein-CDS s
within the genome based on multiple forms of evidence. Six
iterative rounds of MAKER (Cantarel et al, 2008) were run
with SNAP (Korf, 2004), and AUGUSTUS (Stanke et al,
2006), and FGENESH (Salamov and Solovyev, 2000) for ab
initio gene prediction, each using the ab initio training set
from the previous run and the B. carinata-specific repeat li-
braries. The transcripts constructed using de novo and
genome-guided methods were used to train SNAP (Korf,
2004) after evaluating them against a protein database com-
prising full-length candidates from Arabidopsis, B. nigra, B.
oleracea, B. napus, and B. juncea with >95% coverage of
core conserved genes. GeneMark (Besemer and Borodovsky,
2005) and AUGUSTUS (Stanke et al,, 2006) were trained di-
rectly from the transcriptome data using BRAKER2 (Briina
et al, 2021). FGENESH (Salamov and Solovyev, 2000) with
pretrained Arabidopsis models. The completeness of our
gene annotation was assessed after each round of the
MAKER (Cantarel et al,, 2008) process by analyzing the pres-
ence of BUSCOs. The results from BUSCO were then used
for AUGUSTUS retraining. For SNAP, we used the options “-
x 0.80 - 50" for retraining. Predicted proteins longer than 30
amino acids were retained and alternative splicing was
allowed. Among the alternative splicing isoforms, the most
highly expressed transcripts were designated as primary
transcripts with the suffix “t1.”

For annotation of functional descriptions, DCBLAST (Yim
and Cushman, 2017) was used to identify the homologous
genes in the Arabidopsis protein database (Krishnakumar et al,
2015), UniProt-SwissProt, and UniProt-TrEMBL (Boutet et al,
2016). Descriptions of protein functions were inferred using au-
tomated assignment of human readable descriptions (AHRD)
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(https://github.com/groupschoof/AHRD) based on the best hit
human readable protein descriptions for each predicted B. cari-
nata protein from the above three protein databases. We used
InterProScan (Jones et al, 2014) to identify the GO terms and
KEGG pathway information associated with all predicted pro-
teins, in addition to the Pfam domains contained in each pre-
dicted protein. The Pfam domains were then used to identify
genes encoding putative TFs using plantTF_identifier (http://
github.com/tangerzhang/plantTF_identifier). The relevant path-
ways were identified using the Ensemble Enzyme Prediction
Pipeline (E2P2 v3.1) (Schlapfer et al, 2017). We used GO terms
from InterProScan and created a B. carinata-specific GO data-
base, then we used GOATOOLS (Klopfenstein et al, 2018) to
analyze the enrichment of GO terms associated with our set of
predicted B. carinata genes.

Chloroplast genome assembly

The B. carinata chloroplast genome was assembled by align-
ing the lllumina gDNA reads to the Arabidopsis chloroplast
genome using Bowtie2 (Langmead and Salzberg, 2012). The
mapped reads were converted to a FASTQ file and then in-
dividually assembled using the SPAdes (Bankevich et al,
2012) assembler. Palindromic sequences in the Arabidopsis
chloroplast genome were identified using a BLASTN search
against itself. The Arabidopsis chloroplast genome contains
a pair of inverted repeat (IRA and IRB), a long single-copy
region, and a small single-copy region. These four regions
were fed to SPAdes (Bankevich et al, 2012) as trusted con-
tigs and reassembled. The final assembly was oriented with
the psbA gene as the starting point. Genome annotation
was then performed using CPGAVAS2 (Shi et al, 2019).

Comparison of orthologous genes and gene families
We used OrthoFinder (Emms and Kelly, 2019) software to
identify orthologous genes among 27 representative plant
genomes, including several in the Brassicaceae (B. carinata, B.
juncea, B. napus, B. nigra, B. oleracea, B. rapa, Aethionema ara-
bicum, Arabidopsis lyrata, A. thaliana, Arabis alpina, Camelina
sativa, Capsella rubella, Raphanus raphanistrum subsp. sativus,
Sisymbrium irio, Thellungiella parvula, Thellungiella halophila,
Eutrema salsugineum, Leavenworthia alabamica, and Tarenaya
hassleriana), the Caricaceae (Carica papaya), the Rutaceae
(Citrus  clementina), the Malvaceae (Theobroma cacao,
Corchorus olitorius, Gossypium raimondii), the Myrtaceae
(Eucalyptus grandis), the Vitaceae (Vitis vinifera), and the
Poaceae (Oryza sativa) (Chalhoub et al, 2014; Jaillon et al,
2007; Ming et al, 2008; Argout et al, 2011; Hu et al, 2017;
Cheng et al, 2013; Haudry et al,, 2013; Slotte et al, 2013; Yang
et al, 2013; Kagale et al, 2014; Kitashiba et al, 2014; Willing
et al, 2015, Wu et al, 2012, Hinze et al, 2016). Divergence
time estimates were calculated using r8s (Sanderson, 2003)
with calibration points obtained from the TimeTree database
(Kumar et al,, 2017).

We used the online platform OmicShare (www.omicshare.
com/tools) to conduct GO term enrichment and KEGG
pathway analyses. Gene duplications were identified using
the DupGen_finder pipeline (Qiao et al, 2019), with the
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DupGen_finder-unique.pl script and were classified into tan-
dem, proximal, transposed, or dispersed duplication types.
The respective progenitors were taken as outgroups for all
species in the Triangle of U. A genome wide BLASTP search
was performed (e-value <107'% maximum five matches,
and tabular format) using the DCBLAST (Yim and
Cushman, 2017) pipeline followed by MCScanX (Wang
et al, 2012) analysis to identify gene pairs that had resulted
from a WGD event.

Phylogenetic analysis

Molecular dating was carried out using a stringent set of
1,181 low-copy orthologs (411,367 sites) in all of the Brassica
subgenomes (An, Ar, Aj, B¢, Bn, Bj, Cc, Cn, and Co), and the
genomes of A. thaliana, A. lyrata, A. alpina, and Raphanus
sativus, together with six fossil-based age constraints on in-
ternal nodes of the tree. A ML analysis was performed with
the 1,181-sequence supermatrix using RaxML (Stamatakis,
2014) under the GTR + GAMMA + | model defined as the
best-fit evolutionary model according to the Bayesian infor-
mation criterion (BIC) from IQ-TREE (Nguyen et al, 2015).
We calculated the posterior probability distribution of node
ages and calculated evolutionary rates using the MCMCtree
program in the PAML package (Yang 1997). Phylogenetic
trees were visualized with iTOL (Letunic and Bork, 2021).

To identify maternal inheritance from the B. carinata chlo-
roplast genome assembly, we retrieved assembled chloro-
plast genomes from NCBI Organelle Genome Resources
(Wolfsberg et al,, 2001), BRAD database (Cheng et al,, 2011)
and previous research (Li et al, 2017). The CDSs and protein
sequences of the chloroplast genome assemblies were
aligned using MUSCLE (Edgar, 2004). Next, each alignment
was adjusted using PAL2NAL (Suyama et al., 2006) according
to the protein sequence alignments. We used a single matrix
comprised of the aligned sequences to determine the best-
fit nucleotide substitution model under a BIC in IQ-TREE
(Nguyen et al, 2015). Thus, the phylogenetic tree was recon-
structed using RAXML under the GTR + CAT model with
1,000 bootstrap replicates.

Dating of WGDs and species divergence

Both the peptide sequences and CDS of these orthogroups
identified with OrthoFinder (Emms and Kelly, 2019) were
aligned using MUSCLE (Edgar, 2004). The CDSs were aligned
onto the amino acid alignments using PAL2NAL (Suyama
et al, 2006). Any invalid alignments were then filtered out
using the following trimAl criteria (Capella-Gutiérrez et al.,
2009). First, if there were gaps in over 90% of the sequences,
sequence bases in the alignments were removed. Second, if
the translations of the transcript coverage comprised < 30%
of the total alignment length of a gene family, they were
also filtered out.

The hybridization date for the B. carinata genome was es-
timated from the average of two calculations: Kg/2Tg and
Ksc/2Tc where Kgg is the K; rate estimated for ortholog pairs
in the B. nigra and Bc subgenomes, K is the K rate esti-
mated for ortholog pairs in a given B. oleracea and Cc
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subgenome, and T is the divergence time proposed in previ-
ous reports (Lysak et al, 2005 Navabi et al, 2013; Arias
et al, 2014; Cheng et al, 2017). For instance, B. carinata
divtime = Kg(gnicas)/2Tseni + Ksc(golgeac)/2Tcsor Keg and
K.c were determined as the mean K; value from all ortholo-
gous pairs analyzed. The K values of ortholog pairs were cal-
culated using the synonymous_calc.py script (https://github.
com/tanghaibao/bio-pipeline).

Collinearity analyses

The assembled B. carinata genome was compared in a pair-
wise fashion with the related Triangle of U genomes among
the two allotetraploids (B. napus and B. juncea) and six ref-
erence genomes from two diploid progenitors (B. nigra
YZ12151, B. nigra C2, B. nigra NI100, B. oleracea Capitata, B.
oleracea BOL, and B. oleracea HDEM). Genome-wide syn-
tenic regions in these Brassica species were identified using
LAST (Frith et al, 2010) with cscore cut-off of 99% and a
distance cutoff of 20 neighboring genes. Each 1x1 synteny
block was screened with QUOTA-ALIGN according to the
best cscore set from LAST. The process of synteny identifica-
tion was implemented in the Python version of MCScan
(Tang et al., 2008). Results were visualized as dot plots using
the JCVI utility libraries (https://github.com/tanghaibao/jcvi).

Identification of homoeologs and
duplication-deletion events

We performed local gene collinearity analysis to identify
homoeologs in B. carinata (BcCc), B. juncea (AjBj), B. napus
(AnCn), B. nigra (Bn), and B. oleracea (Co). We performed
an all-against-all sequence similarity analysis using LAST
(Frith et al, 2010). Collinearity blocks were identified as at
least four homoeologs pairs with a distance cutoff of 20
genes using a MCScanX (Wang et al, 2012). For each of the
resulting homoeologous pairs, we then calculated the K
value using yn00 in the PAML package (Yang 1997). The
peaks in Ks value distributions for each species were identi-
fied with Gaussian mixture models using the
DupGen_finder pipeline (Qiao et al, 2019).

To compare homoeologous gene expression, we directly
compared gene expression within the quartets (Bc—-Bn-Cc—
Co) and between homoeologous gene pairs (Bc compared
with Cc) using our RNA-Seq samples. We assigned a new ID
to each pair of homoeologs. Raw read counts were divided
into the Bc and Cc subgenome matrixes then combined
into a super matrix according to their pair ID. For DEG
analysis, we set up a contrast of the raw read counts derived
from the Bc and Cc subgenomes to determine whether
measured differences in gene expression differed from zero.

Accession numbers

Sequence data from this article can be found in the NCBI
SRA data libraries under the BioProject number PRJNA
835891 and accession number(s): PacBio (SRR19221947-
SRR19221953), Hi-C (SRR19201389 and SRR19201390), DNA-
Seq (SRR19207379), RNA-Seq (SRR19134636-SRR19134670).
The genome assembly and annotation for B. carinata is
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available from CoGe under id 63922 and name B. carinata
Genome Assembly from Plant Genomics Lab (University of
Nevada, Reno). Phylogenetic trees in this article can be
found in Figshare under the accession number: FAE1
(19775764), FLC (19775749), and FAR1 (19775797).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. lllumina sequencing data k-mer
read length distribution for B. carinata Gomenzer.

Supplemental Figure S2. Hi-C-based scaffolding and syn-
tenic alignment of B. carinata Gomenzer assembly with
shared Triangle of U genomes.

Supplemental Figure S3. Comparison of BUSCO assess-
ments for Triangle of U genomes using the Viridiplantae
dataset.

Supplemental Figure S4. Distribution of genomic features
among the subgenomes of the Triangle of U allotetraploid
species.

Supplemental Figure S5. Transcriptome read mapping
and assignment statistics for B. carinata Gomenzer.

Supplemental Figure S6. Syntenic dot plots showing
alignment of the B. carinata var. Gomenzer genome against
the B. carinata var. Zd-1 genome.

Supplemental Figure S7. Gene map of the B. carinata
chloroplast genome.

Supplemental Figure S8. Insertion times of intact LTR
groups in Triangle of U species.

Supplemental Figure S9. KEGG and GO analysis for the
B. carinata Gomenzer genome.

Supplemental Figure S10. Patterns of gene expression
dominance and relative selection pressure between homoe-
ologous gene pairs.

Supplemental Figure S11. FA Elongase 1 phylogenetic
tree.

Supplemental Figure S12. Gene structures of FA Elongase
1 homologs in the Triangle of U B genomes.

Supplemental Figure S13. Gene structures of FA Elongase
1 homologs in the Triangle of U C genomes.

Supplemental Figure S14. Gene structures of Fatty Acyl
Elongase 1 homologs in the Triangle of U A genomes.

Supplemental Figure S15. FAR 1 phylogenetic tree.

Supplemental Figure S16. Gene structures of FARe 1
homologs in the B. carinata genome.

Supplemental Figure S17. Gene structure of Flowering
Locus C homologs in the B. carinata Bc subgenome.

Supplementary Figure S18. Gene structure of Flowering
Locus C homologs in the B. carinata Cc subgenome.

Supplemental Data Set 1. PacBio sequencing read sum-
mary for B. carinata Gomenzer from the SMRT portal.

Supplemental Data Set 2. Draft genome scaffolding
results and error correction for B. carinata Gomenzer.

Supplemental Data Set 3. lllumina sequencing read sum-
mary from MultiQC for B. carinata Gomenzer.

Supplemental Data Set 4. Error correction results.
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Supplemental Data Set 5. Scaffolding results for the final
B. carinata Gomenzer genome assembly.

Supplemental Data Set 6. Quality statistics for the
Triangle of U genome assemblies.

Supplemental Data Set 7. Estimation of B. carinata
Gomenzer genome size by flow cytometry.

Supplemental Data Set 8. Comparison of LAl values
among Triangle of U genome assemblies.

Supplemental Data Set 9. Comparison of gene annota-
tions among Triangle of U genome assemblies.

Supplemental Data Set 10. CDS annotation statistics.

Supplemental Data Set 11. Number of gene duplications
among Triangle of U genome assemblies.

Supplemental Data Set 12. Comparison of repeat analy-
sis among Triangle of U species using de novo libraries.

Supplemental Data Set 13. Repeat content per chromo-
some for the B. carinata genome.

Supplemental Data Set 14. Summary of TF families
detected in the Triangle of U genomes.

Supplemental Data Set 15. List of collinear genes be-
tween B. carinata and its progenitor species.

Supplemental Data Set 16. Comparison of syntenic anal-
yses of B. carinata subgenomes and their respective shared
Triangle of U genomes.

Supplemental Data Set 17. Homoeolog exchange analysis
among the Triangle of U allotetraploids.

Supplemental Data Set 18. Gene IDs for B. carinata
homoeologs involved in HEs and their colinear orthologs in
the progenitor species.

Supplemental Data Set 19. Homoeolog expression bias
between B. carinata subgenomes.

Supplemental Data Set 20. Sequence evolution rates for
duplicated genes among the Triangle of U species.

Supplemental Data Set 21. Genes involved in acyl lipid
metabolism in Arabidopsis and their homologous sequences
in Triangle of U species.

Supplemental Data Set 22. Transcript abundance of
FAET homologs in the B. carinata genome.

Supplemental Data Set 23. Transcript abundance of
FART homologs in the B. carinata genome.

Supplemental Data Set 24. Transcript abundance of FLC
homologs in the B. carinata genome.

Supplemental Data Set 25. RNA-Seq read alignment and
assignment rates.
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