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Orychophragmus violaceus is a Brassicaceae species widely cultivated in China, particularly as a winter

cover crop in northern China because of its low-temperature tolerance and low water demand. Recently,

O. violaceus has also been cultivated as a potential industrial oilseed crop because of its abundant 24-

carbon dihydroxy fatty acids (diOH-FAs), which contribute to superior high-temperature lubricant proper-

ties. In this study, we performed de novo assembly of the O. violaceus genome. Whole-genome synteny

analysis of the genomes of its relatives demonstrated that O. violaceus is a diploid that has undergone

an extrawhole-genome duplication (WGD) after the Brassicaceae-specific a-WGD event, with a basic chro-

mosome number of x = 12. Formation of diOH-FAs is hypothesized to have occurred after the WGD event.

Based on the genome and the transcriptome data frommultiple stages of seed development, we predicted

thatOvDGAT1-1 andOvDGAT1-2 are candidate genes for the regulation of diOH-FA storage inO. violaceus

seeds. These results may greatly facilitate the development of heat-tolerant and eco-friendly plant-based

lubricants using O. violaceus seed oil and improve our understanding of the genomic evolution of Brassi-

caceae.

Keywords: Orychophragmus violaceus, genome evolution, dihydroxy fatty acids, polyestolides, lubricant oil,

oilseed, Brassicaceae
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INTRODUCTION

Orychophragmusviolaceus is anornamentalBrassicaceaespecies

with small purple flowers that bloom in the early spring. It has the

common name of Chinese violet cress (Zhou et al., 1987). This

plant typically grows in the wild in East Asia, particularly Korea

and northern China, where it is known as ‘‘er-yue-lan’’ (Zhang

and Dai, 2005). It is also cultivated as a leafy vegetable (‘‘zhuge’’)

in China and as a cover crop in northern China because of its

low-temperature tolerance and high water use efficiency (Liu

et al., 2012; Wen et al., 2020). O. violaceus has emerged as a

potential industrial oilseed crop because its seed oil contains

abundant dihydroxy fatty acids (diOH-FAs) (nebraskanic acid,

7,18-OH-24:1D15; wuhanic acid, 7,18-OH-24:2D15,21) in the form

of polyestolides, which can contribute to superior lubrication prop-

erties (Li et al., 2018). These fatty acids and their special storage

form (triacylglycerol [TAG] polyestolides) are unique in the plant

kingdom and give O. violaceus oil even better high-temperature

lubricantproperties thancastoroil, a valuableplant-based lubricant

Published by the Plant Communications Shanghai Editorial Office in
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(Romsdahl et al., 2019). However, the specific metabolism of C24

diOH-FAs (fatty acid chains with 24 carbons) and TAG

polyestolides inO. violaceus is largely unknown.

Our previous study demonstrated that fatty acid desaturase 2

(FAD2) and fatty acid elongase 1 (FAE1) in O. violaceus have

developed specific enzymatic activities critical for diOH-FA

biosynthesis (Li et al., 2018). Rather than catalyzing fatty acid

desaturation, the enzyme encoded by OvFAD2-2 functions as a

fatty acid hydroxylase to generate the terminal hydroxyl group

of nebraskanic and wuhanic acids (Li et al., 2018). The

functional variants encoded by OvFAE1-1 produce the

carboxyl-terminal hydroxyl group of diOH-FA through a ‘‘discon-

tinuous elongation’’ process (Li et al., 2018). The enzymatic origin

of TAG polyestolides, which account for nearly all fatty

acid storage in O. violaceus seeds, remains unclear. These

molecules consist of high-molecular-weight TAG species

containing a diOH-FA at the sn-3 or sn-1 position and an addi-

tional diOH-FA linked to the 18-OH of esterified nebraskanic

and wuhanic acids (Romsdahl et al., 2019). It is presumed that

polyestolides are formed by an acyltransferase, such as

diacylglycerol acyltransferase (DGAT), that is assumed to have

novel activity. Genomics and seed transcriptomics data for

O. violaceus are expected to enhance our understanding of the

evolution and the ‘‘missing’’ steps in the pathways of diOH-FA-

containing polyestolide biosynthesis in Brassicaceae.

Previous studies have reported the unusual chromosome pairing

behavior during meiosis in O. violaceus (Li and Liu, 1995; Li

et al., 1996; Yin et al., 2020). Cytological observation has clearly

revealed that O. violaceus has a total of 24 chromosomes (Li

et al., 1996). However, it remains controversial whether the

24 chromosomes are derived from a tetraploid with a basic

chromosome number of six or an octoploid with a basic

chromosome number of three (Li et al., 1996; Lysak et al.,

2007; Yin et al., 2020). The phylogenetic position of O. violaceus

remains disputable, and the main concern involves the

relationship of the Orychophragmus genus to other branches

such as the Conringia genus and the rest of the genera in

different Cruciferae lineages (Lysak et al., 2007; Zhou et al.,

2009; Liu et al., 2011; Hu et al., 2016; Mandáková et al., 2017;

Guo et al., 2021; Huang et al., 2020). A previous study using

mitochondrial NAD7 revealed that the Orychophragmus genus is

a branch in Brassicaceae that is paralleled by Isatideae,

Sisymbrieae, Iberideae, Arabideae, Calepineae, Thalspideae,

Alysseae, and Eutrema to form lineage II of Cruciferae (Couvreur

et al., 2010). A comprehensive plastome-based genus-level phylo-

genetic study of a collection of Brassicaceae species updated the

disparity among evolutionary lineages and suggested defined

terms for genera and tribes that were improperly assigned previ-

ously (Walden et al., 2020). Apparently, dissection of genome

information can greatly help to resolve these controversies.

In this study, we performed de novo assembly of theO. violaceus

genome at the chromosome level. Based on the high-quality

genome, we confirmed that the basic chromosome number of

O. violaceus is x = 12. An analysis of its genome structural

characteristics indicated that O. violaceus did not undergo the

Brassicaceae whole-genome triplication (WGT) (Lysak et al.,

2007) but experienced a unique whole-genome duplication

(WGD) event, consistent with the results of previous studies

(Lysak et al., 2007; Franzke et al., 2011). The present

O. violaceus genome can be considered a diploid with an

evolutionary track of polyploidy. Some ancient chromosomes

have been well retained, whereas other chromosomes have

experienced fragmentation and rearrangement, thus explaining

the formation of the multivalent configuration in regenerated

haploids from pollen mother cells of O. violaceus (Yin et al.,

2020). This genomic information, together with a transcriptome

of the developing seed, also provides important information

about the evolution of genes associated with diOH-FA biosyn-

thesis, including OvFAE1-1. Our study also reveals that variation

in the transcript structure of diacylgylcerol acyltransferase 1

(DGAT1) may be associated with TAG polyestolide biosynthesis.

The findings of the present study may improve our understanding

of Brassicaceae evolution and variant fatty acid and TAG biosyn-

thesis and contribute to the genetic improvement of O. violaceus

as a new and high-value industrial oilseed crop.

RESULTS

De novo assembly of the O. violaceus genome

Based on the NovaSeq 6000 and PacBio Sequel II platforms,

approximately 180 Gb of Illumina short reads and 48 Gb

of PacBio circular consensus sequencing (CCS) long reads were

obtained. Genome analysis according to the distribution of

K-mers (Marçais and Kingsford, 2011) revealed that the genome

of O. violaceus is highly complicated and the estimated size is

approximately 1.27 Gb, including 74.89% repetitive regions and

1.45% genome heterozygosity (Supplemental Figure 1; Table 1).

Hifiasm software was used for initial assembly of the O. violaceus

genome (Cheng et al., 2021). The draft genome contained 4328

contigs with an N50 (read length metric) value of 1.96 Mb and a

total length of 1.87 Gb. After filtering of the redundant contigs

with Purge Haplotigs (Roach et al., 2018), 3D DNA pipelines

(Durand et al., 2016; Dudchenko et al., 2017) were used to

scaffold the genome and filter the heterozygous region by

integrating approximately 150 Gb of Hi-C (whole genome

chromosome conformation capture) data (Figure 1B;

Supplemental Table 1). Finally, a chromosome-scale genome

with a total length of 1.25Gbwas obtained that contained 12 pseu-

dochromosomes and 6Mb of unplaced scaffold. The final genome

contained 97.8% complete Benchmarking Universal Single-Copy

Orthologs (BUSCO) genes, and the long terminal repeat (LTR) as-

sembly index (LAI) value was 36.15. Based on the final assembly,

a total of 61 097 protein-coding genes were annotated (Table 1).

In the chromosome synteny analysis, two pairs of chromosomes

(Chr01–Chr02 and Chr09–Chr10) exhibited a similar chromo-

some structure, suggesting that O. violaceus was possibly

derived from a tetraploid (Figure 1C).

Genome collinearity and evolution analysis of the
O. violaceus genome

To verify this conclusion, weperformed a genome synteny analysis

between O. violaceus, Arabidopsis thaliana, and Brassica napus

because these species can represent different nodes on the evolu-

tionary route (The Arabidopsis Genome Inititiative, 2000; Song

et al., 2020), particularly B. napus, which has experienced the

WGT of Brassica (Figure 2). As shown in Figure 2A, some

A. thaliana chromosomal fragments showed collinearity with

2 Plant Communications 4, 100432, March 13 2023 ª 2022 The Authors.
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two fragments in O. violaceus and six fragments in B. napus,

indicating the tetraploid nature of the O. violaceus genome

(Figure 2A, orange, green, and blue labels). We then compared

the 12 pseudochromosomes of O. violaceus with the seven

chromosomes of Isatis indigotica, whose genome has an intact

ancestral translocation proto-Calepineae karyotype (tPCK) (Kang

et al., 2020). The linear order and continuity of homologous genes

on the OvChr01 and OvChr02 chromosome pair were highly

consistent with those on I. indigotica Chr01. Similarly, OvChr09

and OvChr10 also aligned well with I. indigotica Chr06

(Figures 2C and 2D). Except for chr03, which showed high

collinearity with I. indigotica Chr02 (Figure 2E, orange label), the

other O. violaceus pseudochromosomes showed interlaced

collinearity with I. indigotica chromosomes. For several

I. indigotica chromosomal fragments, one fragment might share

collinearity with one or two chromosomal fragments in

O. violaceus (Figure 2E, orange and mazarine). It could therefore

be inferred that O. violaceus possibly evolved through a

tetraploid, consistent with the hypothesis proposed by Lysak

et al. (2007). Our data demonstrated that, through chromosomal

fragmentation and rearrangement, O. violaceus has evolved from

a tetraploid into a diploid with a basic chromosome number of

n = 12 (2n = 24).

To confirm this evolutionary path, 818 single-copy gene families

were used to infer the phylogenetic position and divergence

time of O. violaceus and 12 other Brassicaceae species

(Figure 3A). Although O. violaceus was clustered between

I. indigotica and the Brassicaceae species, it diverged from the

Brassicaceae branch around 18.0 million years ago (mya),

before the Brassica WGT event (Figure 2F), and underwent a

separate WGD at around 6.22 mya (Supplemental Figure 2).

Because O. violaceus has undergone one more WGD than

I. indigotica, its predicted genome size would be around 600

Mb, which is about twice that of I. indigotica (around 284 Mb,

Kang et al., 2020). However, the total genome size of

O. violaceus was 1.25 Gb, with an average chromosome size of

around 100 Mb, which is much larger than that of most

cruciferous species (Supplemental Table 2; Shan et al., 2021).

This may be due to the burst of LTR retrotransposons in the

O. violaceus genome (Rensing et al., 2008; Nystedt et al.,

2013), as about 55.18% of the genome sequence was

annotated as LTR retrotransposons (Supplemental Figure 3).

Karyotype analysis of O. violaceus
pseudochromosomes

To better study the evolution of chromosome structure in Brassi-

caceae, a model containing 24 genomic blocks (GBs; named

from A to X) was simulated using comparative chromosome

painting (CCP) (Supplemental Figure 4A; Lysak et al., 2007,

2016; Schranz et al., 2006; Schranz et al., 2007; Mandáková

and Lysak, 2016). Based on CCP, the karyotype evolution in

eight species with x = 7 (2n = 14, 28) chromosomes from six

Brassicaceae tribes (Calepineae, Conringieae, Noccaeeae,

Eutremeae, Isatideae, and Sisymbrieae) was reconstructed with

an ancestral PCK (n = 7). Among them, Eutremeae, Isatideae,

and Sisymbrieae showed an additional translocation between

the second and seventh chromosomes (tPCK, n = 7)

(Supplemental Figure 4A; Mandáková and Lysak, 2008; Lysak

et al., 2016).

To decipher the karyotype of O. violaceus, we performed a

whole-genome collinearity comparison between O. violaceus

and A. thaliana and determined the order and orientation of the

24 ancestral GBs of A. thaliana along the O. violaceus

pseudochromosomes (Figure 3B). Among the 12 O. violaceus

pseudochromosomes, five displayed a karyotype similar to the

ancestral karyotype: Chr01 and Chr02 were similar to tPCK1,

Chr03 was similar to tPCK2, and Chr09 and Chr10 were similar

to tPCK6 (Figure 3B, red stars). Translocation had occurred in

the rest of the pseudochromosomes (Figure 3B). To explore

how the chromosomes are rearranged and reduced, we

propose a brief model (Supplemental Figure 5). The whole

model consists of three progressive processes (Supplemental

Figure 5): 1) GBs in OvtPCK3, OvtPCK2, OvtPCK4, and

OvtPCK5 were rearranged to form new chromosomes Ov-

New1–OvNew6; 2) GBs in OvtPCK7 were rearranged with

OvNew02 and OvNew04 to form OvNew07–OvNew10; and 3)

OvNew10 was rearranged with OvtPCK4 to form OvNew12,

and OvNew08 was rearranged with OvNew11 to form OvNew13

(Supplemental Figure 5).

Assembly feature Statistics

Assembled genome size 1.25 Gb

Estimated genome size 1.27 Gb

Estimated genome heterozygosity 1.45%

Contig N50 1.96 Mb

BUSCO coverage 97.8%

LAI 36.15

Chromosome number 12

Assembled % of genome 99.50%

Repeat region % of assembly 74.89%

GC content 39.10%

Number of protein-coding genes 61 097

Average gene length 2097.4 bp

Table 1. Assembly features of the O. violaceus genome.

Plant Communications 4, 100432, March 13 2023 ª 2022 The Authors. 3
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Previous cytological observations suggested that O. violaceus

chromosomes may have undergone rearrangement (Li et al.,

1996; Lysak et al., 2007; Yin et al., 2020). This hypothesis is

supported by our genome assembly and collinearity analysis

(Figures 1C and 2A). Our genome assembly and synteny

relationships may also explain the formation of multivalents

observed during meiosis (Supplemental Figure 4B). Because of

inter-chromosomal fragmental homology, the non-homologous

chromosomes of O. violaceus can pair with each other, thus ex-

plaining the circular chromosome structure duringmeiosis (Li and

Liu, 1995; Li et al., 1996; Yin et al., 2020).

Transcriptomic analysis of developing O. violaceus
seeds

To identify genes involved in diOH-FA biosynthetic pathways, we

collectedO. violaceus seeds over a time course from 22–44 days

after flowering (DAF) to obtain fatty acid and transcriptomic

information (Supplemental Table 3). At the early stages of

seed development, no diOH-FA was detected until 32 DAF

(Figure 4B and Supplemental Figure 6). Apparent diOH-FA began

to be observed from 32 DAF, and there was a more significant in-

crease in the content of C24:2-diOH than of C24:1-diOH at 40

DAF (Figures 4B and Supplemental Figure 6). At 44 DAF, the

total diOH-FA content accounted for 40.55% of the total fatty

acids (Figure 4B and Supplemental Figure 6).

Developing O. violaceus seeds at 22, 26, 32, and 40 DAF were

collected for transcriptome analysis, and three biological repli-

cates were obtained for each time point. A total of 6747 differen-

tially expressed genes (DEGs) were identified, which were further

divided into 10 modules according to their expression levels at

the four developmental stages (Supplemental Figure 7 and

Supplemental Figure 8). The two most relevant modules, which

are marked in brown and turquoise (Supplemental Figure 9),

comprised a total of 2332 genes whose expression was

upregulated at 32 DAF (brown, Supplemental Figure 9) or 40

DAF (turquoise, Supplemental Figure 9).

To determinewhether there are uniquegenes for diOH-FA synthe-

sis that are not present in other oil crops, we extracted the tran-

scriptomedata of twoB. napusmaterials, onewith highoil content

and the other with low oil content, and compared them with the

transcriptome data from O. violaceus seeds (Figure 4C). Using

the same criteria described above, we identified genes from the

two B. napus materials whose expression patterns were similar

to those in the brown or turquoise modules (Supplemental

Figure 10). By overlapping these three datasets, we identified

165 O. violaceus-specific gene families and 953 singletons

(Figure 4D and Supplemental Figure 11). Although Kyoto

Encyclopedia of Genes and Genomes (KEGG) enrichment

identified 60 genes associated with lipid metabolism, most of

these genes were neither highly expressed at the corresponding

seed developmental stages during diOH-FA synthesis nor anno-

tated as being connected with very-long-chain fatty

acid metabolism, except for OvFAE1-1 and OvFAD2-2

(Supplemental Table 4). Because the candidate genes were

expected to be upregulated at the initiation of diOH-FA biosyn-

thesis, these results suggested that, instead of novel genes,

some ‘‘known’’ enzymes normally involved in fatty acid meta-

bolismmay have acquired new functions during evolution to cata-

lyze the biosynthesis of diOH-FAs and polyestolides.

Figure 1. Hi-C interaction heatmap and genome features of O. violaceus.
(A) The flower of O. violaceus.

(B) Hi-C interaction heatmap of O. violaceus.

(C) Genome features of O. violaceus. I, chromosomes; II, GC content; III, gene density; IV, repeat sequences; V, LTRs; VI, intra-genomic synteny within

O. violaceus.
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Evolutionary analysis of the OvFAE1 and OvFAD2 gene
families

Previous studies have suggested thatOvFAD2-2,OvFAE1-1, and

OvFAE1-2 participate in the ‘‘discontinuous elongation’’ pathway

of diOH-FAs (Li et al., 2018). Our transcriptome data also

associated these three genes with the two modules most

relevant to diOH-FA synthesis. A BLAST search revealed the

presence of five copies of OvFAD2 and three copies of OvFAE1

in the O. violaceus genome (Figures 5A and 5B), but only

OvFAD2-1, OvFAD2-2, OvFAE1-1, and OvFAE1-2 were highly

expressed (Figure 5C; Supplemental Table 4).

Because I. indigotica has not experienced WGT or WGD

(Figure 3A), it may retain the tPCK karyotype of the ancestor

species of O. violaceus. We therefore used I. indigotica as a

reference and compared gene-to-gene Ks values between FAD2/

FAE1 orthologs (Supplemental Table 5). The results suggested

that the FAD2 and FAE1 gene families had not undergone

positive selection (Supplemental Table 5). For the FAD2 genes,

there was no significant difference in Ks value from IiFAD2,

although, according to the Ks value, OvFAD2-5 might be

the most distant member (Supplemental Table 5). When

we compared the OvFAE1 orthologs with IiFAE1, OvFAE1-1

and OvFAE1-2 had much lower Ks values than OvFAE1-3

(Supplemental Table 5), suggesting a two-stage evolution of

FAE1 genes, inwhichOvFAE1-1 andOvFAE1-2 appeared first, fol-

lowed byOvFAE1-3, whichmay have originated from a local dupli-

cation of OvFAE1-2 (Figures 5B and 5D).

OvDGAT1 as a candidate gene for the biosynthesis of
polyestolides

Fatty acid acyltransferases are involved in TAG biosynthesis.

Among these enzymes, DGAT1 or DGAT2 catalyzes the addition

of the third fatty acid to the glycerol backbone of diacylglycerol

(DAG) to form TAG (Li-Beisson et al., 2013). The storage of

primary fatty acids in the form of TAG polyestolides in

O. violaceus suggested additional acyltransferase speciation to

esterify fatty acids to the terminal hydroxyl group of TAG-linked

A

C

B

E

Intra-genomic comparison within Orychophragmus violaceus (9,459 gene pairs)

0 10K 20K 30K 40K 50K 60K

0

10K

20K

30K

40K

50K

60K

I.i. Chr05

I.i. Chr01
0.00-37.86Mb
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0.03-100.66Mb
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0.00-36.14Mb

Chr09
0.04-104.98Mb
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D

O. violaceus

A. thaliana

B. napus subgenome A B. napus subgenome C

Figure 2. Genome collinearity and phylogenetic analysis.
(A) Genome collinearity of A. thaliana, B. napus, and O. violaceus.

(B) Intra-genomic comparison within O. violaceus.

(C) Chromosome comparison between O. violaceus Chr01 and Chr02 and I. indigotica Chr01.

(D) Chromosome comparison between O. violaceus Chr09 and Chr10 and I. indigotica Chr06.

(E) Chromosome comparison between the other chromosomes of O. violaceus and I. indigotica Chr02, Chr03, Chr04, Chr05, and Chr07.

Plant Communications 4, 100432, March 13 2023 ª 2022 The Authors. 5

Orychophragmus violaceus genome Plant Communications



diOH-FA.Wefound twoOvDGAT1-relatedgenes,OvDGAT1-1and

OvDGAT1-2, in theO. violaceus seed transcriptome (Supplemental

Table 6). Phylogenetic analysis of theDGATgene family suggested

thatOvDGAT1-1 andOvDGAT1-2were in a unique branch distinct

from DGAT genes of other species (Supplemental Figure 12A).

Through protein sequence alignment of OvDGAT1-1/1-2,

AtDGAT1, BnDGAT1, and RcDGAT1, we found that the amino

acids in the catalytic center were highly conserved, but some res-

idues in the acyl-coenzyme A (CoA) binding site showed variations

in OvDGAT1-1 or OvDGAT1-2 (Figures 4E and 4F and

Supplemental Figure 12B; Sui et al., 2020). In particular,

OvDGAT1-1 contained an insertion of �28 amino acids, likely

from alternative transcript splicing, that was not present in all

known plant DGAT1s (Supplemental Figure 12B). We speculated

that these protein sequence and structural variations might be

associated with the acquisition of new functions in OvDGAT1-1

and OvDGAT1-2 for polyestolide biosynthesis.

DISCUSSION

In this study, we performed de novo assembly of the

O. violaceus genome and characterized its evolutionary position

and the key candidate genes responsible for diOH-FA biosyn-

thesis in seeds. The results lay a solid foundation for genetic

improvement of O. violaceus for use as a high-value industrial

oil crop in the future.
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Figure 3. Evolution and chromosome struc-
ture analysis of O. violaceus.
(A) Phylogenetic analysis of O. violaceus and other

cruciferous species. The numbers on the tree

represent the estimated differentiation times

(million years ago [mya]). WGD, whole-genome

duplication; WGT, whole-genome triplication.

(B) Karyotype of O. violaceus (2n = 24) based

on 24 ancestral GBs of A. thaliana. Red stars

represent chromosomes that retain the ancestral

karyotype. Chr01–Chr12 represent the 12 pseudo-

chromosomes of O. violaceus.

O. violaceus is a new oilseed crop
whose genome has undergone an
Orychophragmus-specific WGD event

Previous studies have demonstrated that

O. violaceus is a close relative of the Brassica

species (Lysak et al., 2007). Based on the

CCP technique, Lysak et al. (2007) proposed

that O. violaceus has experienced a

duplication event rather than a triplication

event because one copy of the ancestral GBs

from A. thaliana corresponds to two GBs in

O. violaceus (Lysak et al., 2007). In the

present study, we provided direct evidence

for this WGD event in O. violaceus, which is

independent of the Brassica-specific WGT

proposed previously (Lysak et al., 2005;

Wang et al., 2011; Cai et al., 2021). The

genome information revealed that

O. violaceus is a diploid (2n = 24) evolving

from an ancient tetraploid. The haploid

genome of this ancestor contained 14 pseudochromosomes; the

karyotype of five was retained, and the remaining nine underwent

fragmentation and rearrangement, eventually leading to 12

chromosomes in the O. violaceus haploid genome (Supplemental

Figure 5). The genome block homology also explains the previous

observation of multivalent synapsis conformation during meiosis

(Li and Liu, 1995; Yin et al., 2020). Our genome structure

comparison suggested that O. violaceus may have evolved from

one or two very similar parental diploid species close to

I. indigotica. The present diploid genome is apparently stable

because the pollen fertility is normal (data not shown).

Considering the wide distribution of O. violaceus in mainland

China, this species can adapt well to different environmental

niches, again demonstrating the stability and plasticity of its

genome.

O. violaceus gene neo-functionalization is associated
with diOH-FA synthesis

Polyploidization in higher plants is frequently associated with

adaptation and diversification (Zuo et al., 2022). The seed oil of

O. violaceus has unique diOH-FAs, and to date, only several

related genes have been identified, some of which are dual-

function proteins (Li et al., 2018). Based on genome assembly

and comparison, we proposed a hypothesis regarding the

evolution of the OvFAE1 gene family (Figure 5D). By sequence

alignment, we found that OvFAE1-2 was closer to IiFAE1,
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Figure 4. Fatty acid profiles and transcriptome profiling of O. violaceus seeds at different developmental stages in comparison with
B. napus with low and high oil content.
(A) Structure of nebraskanic and wuhanic acids.

(B) Weight percentage of diOH-FAs in developing O. violaceus seeds from 22–44 DAF based on three biological replicates. Error bars represent the

standard error.

(C) Venn diagram of genes with similar expression profiles in seeds from developing siliques of high-oil-content B. napus, low-oil-content B. napus, and

O. violaceus.

(legend continued on next page)
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although OvFAE1-1 has been identified previously to be func-

tional for fatty acid discontinuous elongation (Li et al., 2018).

The third gene, OvFAE1-3, was far not only from IiFAE1 but

also from the other two OvFAE1 genes. We therefore

hypothesized that it may have come from local fragmental

insertion (Figure 5D). These results indicated that a duplicated

ancestral pair of FAE1 genes was generated by WGD, followed

by mutation accumulation and diversification. Because only one

copy of FAE1 is present in I. indigotica, and no diOH-FA was

found in its seed oil, the new function of OvFAE1-1 for diOH-FA

biosynthesis was presumably acquired after the WGD event.

Based on the seed transcriptome and weighted gene co-expres-

sion network analysis (WGCNA), we identified twomodules highly

relevant to diOH-FA synthesis (Supplemental Figure 9). Several

genes were identified as candidates, including the previously

known FAD2 and FAE1 genes and the DGAT1 gene (Figure 2E).

Based on the phylogeny and protein sequence comparison

with B. napus genes and our previous studies, we can

speculate that the biosynthetic genes of diOH-FAs and

polyestolides may not be new genes but may instead be

derived from structural changes in the domains of proteins

normally involved in fatty acid metabolism. Previously, we

found that the variant forms of FAE1 (OvFAE1-1) and FAD2

(OvFAD2-2) are required for the biosynthesis of hydroxyl groups

in the diOH-FAs (Li et al., 2018). Given the sequence variation

and perhaps also alternative splicing variants, OvDGAT1 is a

promising candidate for the production of polyestolides, but

direct experimental evidence is still lacking. Based on these re-

sults, we simulated the pathways of diOH-FA biosynthesis and

storage in O. violaceus seeds (Figure 6 and Supplemental

Figure 15): OvFAD2-2 catalyzes the hydroxylation of oleoyl-phos-

phatidylcholine (PC) into ricinoleyl-PC; OvLCAT-PLA hydrolyses

ricinoleyl-PC and generates ricinoleyl-CoA; and OvFAE1-1/1-2

catalyzes the formation of 7,18-OH-24:1D15-CoA through

discontinuous chain elongation (Figure 6). After OvGPAT1- and

OvLPAT2-catalyzed acylation, the resulting DAG is acylated at

the sn-3 position by OvDGAT1-1 to form a TAG species with

the diOH-FA (Supplemental Figure 15, first compound). The

acyl-transferring activity of OvDGAT1 adds one or more diOH-

FAs to the hydroxyl group of the TAG-esterified fatty acids to

form polyestolides (Supplemental Figure 15).

The reference genome presented here provides not only an

important resource for future use of O. violaceus as a new

industrial oil crop but also a better understanding of the cytolog-

ical behaviors of chromosomes during meiosis at the genome

level. The unique phylogenetic position of O. violaceus relative

to other Brassicaceae species provides a new perspective for

understanding the appearance of diOH-FAs during evolution.

Because these special fatty acids are not present in seed

oils from A. thaliana (Li-Beisson et al., 2013), Brassica spp.

(Cacciola et al., 2016; Rout et al., 2018; Cartea et al., 2019;

Tang et al., 2021), or I. indigotica (Supplemental Figure 16), it

remains unclear where and when the genes responsible for

diOH-FAs arose during evolution. The genomic data reveal

that only one copy of the FAD2 gene is present in I. indigotica,

but multiple copies are present in the O. violaceus

genome, indicating the possibility of neo-functionalization bymu-

tation. Finally, we propose a most promising candidate gene,

OvDGAT1-1, which can contribute to the accumulation of up to

40% of diOH-FAs in O. violaceus seed oil to enable the utilization

of O. violaceus in the plant-based lubricant industry.

METHODS

O. violaceus materials and sample collection

The O. violaceus plants were cultivated in the experimental fields

at the campusofHuazhongAgricultural University,Wuhan,China.

Flowering-stage plants were used for seed collection at different

developmental stages. The appearance of the first flower was

marked, and DAF were used as time points. Siliques of four

different developmental stages (22–44 DAF) were collected at

around 8:00 a.m. The seeds were removed from the siliques and

immediately frozen in liquid nitrogen until further use.

Seed oil extraction and fatty acid composition analysis

Fatty acids were extracted using 2.5% (w/v) sulfuric acid-

methanol and 0.01% (w/v) 2,6-Di-tert-butyl-4-methylphenol

(BHT) as described previously (Li et al., 2018). Fatty acids were

analyzed by gas chromatography using an HP-INNOWax

column (30 m 3 0.25 mm, 0.25-mm particle size, Agilent

Technologies, USA) and flame ionization detector (Li et al., 2018).

Whole-genome sequencing

Young O. violaceus leaves were used to construct the library

for sequencing on an Illumina paired-end high-throughput

sequencing platform (NovaSeq 6000) with a read length of

150 bp following the standard library building process by Novo-

gene (Cuddapah et al., 2009).

For the construction of PacBio libraries, DNA samples were

sheared with a Covaris ultrasonic crusher. Magnetic beads

were used to enrich and purify large fragments of DNA. Stem-

loop sequencing connectors were then added to both ends of

the DNA fragments, and exonucleases were used to remove

the fragments that failed to connect. Constructed libraries were

sequenced using the PacBio Sequel II platform.

Young leaves were also used to construct the Hi-C library. First,

the young leaves were fixed in mass-spectrometry (MS) buffer

containing 1% formaldehyde solution. Leaf DNA was then ex-

tracted and digested by the DpnII restriction enzyme. An Illumina

paired-end sequencing library with a 350-bp insert size was con-

structed and sequenced with the HiSeq X Ten sequencer.

Transcriptome sequencing

For the transcriptome analysis, RNA sequencing (RNA-seq) was

performed by the Beijing Genomics Institute (Shenzhen, China).

(D) KEGG enrichment of 165 gene families clustered only in O. violaceus.

(E and F) Predicted 3D structures of OvDGAT1-1 (E) and OvDGAT1-2 (F). Critical residues that are potentially important for diOH biosynthesis are shown

as stick models. Numbers represent amino acid positions in OvDGAT1-1 or OvDGAT1-2. M428 fromOvDGAT1-1 andM410 fromOvDGAT1-2 are shown

in cyan. A382 (OvDGAT1-1)/A392 (OvDGAT1-2) are shown in red. M504 from OvDGAT1-1 and V486 from OvDGAT1-2 are shown in orange. Blue sticks

indicate neighboring residues within 6 Å. Yellow lines represent segment polar contacts to atoms.
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For genome annotation, root, stem, leaf, flower, and silique tissues

were collected from the experimental fields at the flowering stage.

About 0.5 g of tissue was used to extract RNA for transcriptomics

analysis. To identify DEGs in seeds from different developmental

stages, we selected seeds from siliques at 22, 26, 32, and 40

DAF for RNA-seq, using three biological replicates for each stage.

Genome assembly and quality assessment

The Genome Characteristics Estimation software package was

first used to conduct a genome survey (Liu et al., 2013). HiFi

reads sequenced on the PacBio platform were then used for de

novo assembly with the Hifiasm software package (Cheng et al.,

2021). High fidelity (HiFi) reads were aligned to the draft assembly

using the minimap2 software package (Li, 2018) and polished

three times according to the alignment results using the Racon

software package (Vaser et al., 2017). Next, BWA-MEM (maximal

exact matches) was used to map the Illumina paired-end reads to

the corrected primarily assembled draft (Li, 2013), and SAMtools

was used to filter out low-quality reads (Li et al., 2009a, 2009b).

Pilon was then used with default parameters to correct the

assembled contigs using the short reads (Walker et al., 2014).

The Purge Haplotigs pipeline was used to identify and reassign

the duplicate contigs of the polished draft, with the parameter

‘‘align_cov’’ set to 65 (Roach et al., 2018).

For Hi-C scaffolding, around 60 Gb of clean Illumina paired-end

Hi-C reads were first mapped to the contigs using Juicer (Durand

et al., 2016). The contigs were then corrected, clustered, ordered,

and oriented using the 3D DNA pipeline (Dudchenko et al., 2017).

HiC-Pro was used to draw the Hi-C interaction matrix (Servant

et al., 2015).

The BUSCO software packagewas used to assess the integrity of

single-copy gene clusters (Simao et al., 2015). The LTR_FINDER

and LTRharvest software packages were used to annotate LTRs

in the assembly (Xu and Wang, 2007; Ellinghaus et al., 2008).

These results were integrated and used to calculate the

LAI with LTR_retriever (Ou and Jiang, 2018; Ou et al., 2018).

Genome annotation

RepeatModeler (http://www.repeatmasker.org/RepeatModeler/)

was used to predict and construct the repeat sequence library
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Figure 5. OvFAD2 and OvFAE1 gene family analysis.
(A) Collinearity of the OvFAD2 gene family.

(B) Collinearity of the OvFAE1 gene family.

(C) Gene expression profile of the OvFAD2 and OvFAE1 gene families at different seed developmental stages.

(D) Proposed evolutionary line of OvFAE1. Asterisk-labeled OvFAE1-1 functions as the discontinuous fatty acid elongase.
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of our assembly. RepeatMasker software was used to mask

the repeat sequences in the assembly using the parameters ‘‘-E

Wublast -GFF -S -xsmall’’ (Tarailo-Graovac et al., 2009).

For structure annotation and function annotation, we performed

de novo annotation. First, the RNA-seq data from root, stem,

leaf, flower, and silique tissues were aligned to the assembled

genome using HISAT2 (Kim et al., 2015). Based on the

alignment results, Trinity was used for transcriptome assembly

(Borodina et al., 2011; Grabherr et al., 2011). We used StringTie

to annotate gene structure (Pertea et al., 2015) and obtain

transcriptome evidence. For homology annotation, we

downloaded the published protein sequences of Chiifu (Zhang

et al., 2018), Zhongshuang 11 (Song et al., 2020), and

Arabidopsis (TAIR10) as references. For ab initio prediction, we

used BRAKER2 and AUGUSTUS for training and carried out ab

initio prediction of gene structures (Stanke et al., 2004; Stanke

et al., 2006; Stanke et al., 2008; Bruna et al., 2020; Bruna et al.,

2021; Hoff et al., 2016; Hoff et al., 2019; Lomsadze et al., 2005;

Lomsadze et al., 2014). Finally, we used the MAKER (annotation

software, http://www.yandell-lab.org/software/index.htm) pipe-

line to integrate the results of these three methods (transcriptome

evidence, homologous proteins, and ab initio prediction) to obtain

the final annotation (Cantarel et al., 2008).

InterProScan was used to perform functional annotation of the

protein-coding genes (Mulder and Apweiler, 2007). The Blastp

software package was used to compare protein sequences with

the Gene Ontology, KEGG (Ogata et al., 1999; Kanehisa and

Goto, 2000), and other protein sequence databases.

Figure 6. Proposed metabolic pathway of diOH-FAs in seeds of O. violaceus.
Oleoyl-phosphatidylcholine (oleoyl-PC) is hydroxylated by OvFAD2-2, and the resulting ricioleoyl-PC is desaturated by OvFAD3-1 or hydrolyzed directly.

The free hydroxy acyl-CoA is elongated by OvFAE1-1. The elongated 3-keto-14-hydroxy-20:1D11-CoA (3-keto-14-hydroxy-20:2D11,14-CoA, not

shown) is reduced to 3,14-dihydroxy-20:1D11-CoA (3,14-dihydroxy-20:2D11,14-CoA, not shown). The intermediates are elongated again by OvFAE1-1

rather than dehydrated by 3-hydroxyacyl-CoA dehydratase. diOH-FA is generated by the discontinuous biosynthesis pathway. Non-hydroxylated fatty

acids are assembled on the glycerol backbone. OvDGAT1-related enzymes transfer the dihydroxy acyl chain to the sn-3 position of DAG.Wepropose that

OvDGAT1-related enzymes will continue to transfer acyl chains to theD18 hydroxy group of dihydroxy acyl on the sn-3 of TAG. The final polyestolides can

contain one to three extra acyl chains (normal acyl chains or dihydroxy acyl chains). The assembled polyestolides are then stored in the oil body. Red

labels, key genes related to diOH-FA metabolism. Pathway modified from Li-Bession et al. (2013) and Li et al. (2018).
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Phylogenetic tree construction and species divergence
time

We first downloaded the genomic information for 12 species

closely related toO. violaceus: Aethionema arabicum, A. thaliana,

Brassica nigra,Brassica rapa,Brassica oleracea,Capsella rubella,

Thellungiella parvula, I. indigotica, Sinapis alba, Raphanus sati-

vus, Eutrema salsugineum, and Sisymbrium irio from The Arabi-

dopsis Information Resource (https://www.arabidopsis.org/)

and the Brassica database (http://brassicadb.cn/). The protein

sequences of the 12 species closely related to O. violaceus

were extracted using gffread (Pertea and Pertea, 2020). Gene

family cluster analysis was performed using OrthoFinder (Emms

and Kelly, 2019). Protein sequences from the single-copy gene

families obtained in the previous step were compared using the

MUSCLE software package (Edgar, 2004). Based on the

comparison results, the RAxML software package was used to

construct a phylogenetic tree of the 13 species, including

O. violaceus, with the parameters ‘‘-f a -x 12 345 -# 1000 -p

12 345 -m PROTGAMMAAUTO’’ (Stamatakis, 2014). Finally, the

species divergence time was estimated using MCMCTree in the

PAML software package with the parameter ‘‘-p 0.05’’ (Yang,

2007).

Chromosome karyotype analysis and collinearity
analysis

Using the JCVI (collinearity software, https://github.com/

tanghaibao/jcvi) software package, we first obtained the collinear

relationship between the genomes of O. violaceus and A. thaliana

(Tang et al., 2015). Then the genome was divided according to

the 24 GBs of A. thaliana (Mandakova and Lysak, 2008). For

collinearity analysis of the genomes of O. violaceus and I.

indigotica, we extracted coding sequence (CDS) sequences and

annotation information from the genomes of O. violaceus and I.

indigotica and drew a collinearity map with JCVI (Tang et al. 2015).

WGD analysis

The ksd program in the wgd software package was used to

calculate the values of the non-synonymous substitution rate

Ka and the synonymous substitution rate Ks for homologous

genes (Zwaenepoel and Van de Peer, 2019), and the probability

distribution curve of the O. violaceus synonymous substitution

rate was visualized using the R language. The divergence times

of known species were obtained from the TimeTree

evolutionary timescale website (http://www.timetree.org). Six

time points were selected for correction of divergence time

estimates of the phylogenetic tree between O. violaceus and

the other 12 cruciferous plants. According to TimeTree, the

divergence time of B. rapa and B. oleracea was between 2.02

mya and 3.212 mya, that of B. nigra and R. sativus was

between 7.6 mya and 15.9 mya, that of S. alba and B. nigra

was between 4.6 mya and 21.9 mya, that of S. irio and

I. indigotica was between 11.4 mya and 43.8 mya, that of

A. thaliana and C. rubella was between 7.9 mya and 14.6 mya,

and that of A. thaliana and E. salsugineum was between 19.7

mya and 32.3 mya. The value of the synonymous substitution

rate r was calculated according to the formula time = Ks/

2r (Goldman and Yang, 1994; Hurst, 2002; Li et al., 2009a,

2009b; Tiley et al., 2018) and was around 8.7E�9. Finally,

according to the known Ks peak value and the synonymous

replacement rate, the times of the WGT event of cruciferous

plants and the WGD event of O. violaceus were calculated.

Transcriptome analysis

We first used the HISAT2 software package to align RNA-seq

data of seeds from siliques at 22, 26, 32, and 40 DAF to the as-

sembly (Kim et al., 2015). Gene expression data were then

obtained using the featureCounts software package. Finally,

differential gene expression data were obtained according to

the DEGSeq2 library in R with an adjusted P value of 0.05

(Wang et al., 2010; Zhu et al., 2019). WGCNA was performed

with the WGCNA library in R using a powerEstimate value of 18

(Langfelder and Horvath, 2008).

Based on the differential expression information, we first per-

formed visual analysis of the number of DEGs. GO and KEGG

enrichment analysis of the DEGs was then performed using

TBtools software (Chen et al., 2020). According to the

enrichment results, visualization was performed using R.

Bioinformatics analysis of the DGAT1 gene family

RcDGAT1 (NW_017871090.1), BrDGAT1 (NC_024803.2), BoD

GAT1 (NC_027756.1), and BnDGAT1 (NC_027765.2) were down-

loaded from NCBI and AtDGAT1 (AT2G19450.1) from TAIR. The

CDS sequences of IiDGAT1-1 and IiDGAT1-2 were extracted

from the genome of I. indigotica. The CDS sequences of

OvDGAT1-1 and OvDGAT1-2 were extracted from our assembly

and amplified by PCR from the cDNA of developing O. violaceus

seeds.

MEGA X was used to perform phylogenetic analysis of the

DGAT1 genes (Kumar et al., 1994). The statistical method was

set to ‘‘maximum likelihood.’’ The test of phylogeny was set to

‘‘bootstrap method,’’ with 1000 bootstrap replications. The

peptide sequences of these genes were then obtained, and

AtDGAT1, BnDGAT1, RcDGAT1, andOvDGAT1-1/2 were aligned

using ClustalX (Jeanmougin et al., 1998). Finally, PyMOL (Delano,

2002) was used to predict the structure of OvDGAT1-1/2.

Data availability

The data supporting the findings of this work are available in

the paper and its supplemental information. The whole-

genome shotgun sequencing data, PacBio CCS sequencing

data (HiFi reads), Hi-C data, and transcriptomes of different O.

violaceus tissues have been deposited at NCBI under

BioProject number PRJNA828624 and at the China

National Genomics Data Center (https://ngdc.cncb.ac.cn)

under accession ID CRA008040. The nucleotide sequencing

data for OvDGAT1-related genes identified in this study have

been deposited at NCBI GenBank under accession numbers

ON325585 (OvDGAT1-1) and ON325586 (OvDGAT1-2).
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