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Abstract

Broccoli (Brassica oleracea var. italica Plenck) is an important vegetable crop, as it is rich in health-beneficial glucosinolates (GSLs).
However, the genetic basis of the GSL diversity in Brassicaceae remains unclear. Here we report a chromosome-level genome assembly
of broccoli generated using PacBio HiFi reads and Hi-C technology. The final genome assembly is 613.79 Mb in size, with a contig N50 of
14.70 Mb. The GSL profile and content analysis of different B. oleracea varieties, combined with a phylogenetic tree analysis, sequence
alignment, and the construction of a 3D model of the methylthioalkylmalate synthase 1 (MAM1) protein, revealed that the gene copy
number and amino acid sequence variation both contributed to the diversity of GSL biosynthesis in B. oleracea. The overexpression of
BoMAM1 (BolI0108790) in broccoli resulted in high accumulation and a high ratio of C4-GSLs, demonstrating that BoMAM1 is the key
enzyme in C4-GSL biosynthesis. These results provide valuable insights for future genetic studies and nutritive component applications
of Brassica crops.

Introduction
The Brassicaceae family generates high-value oilseed, vegetable,
and condiment crops via their seed and vegetative tissues [1]. In
2022, ∼142.25 million tons of Brassica vegetables was produced
worldwide, valued at USD 21.19 billion (http://faostat.fao.org/).
Based on U’s triangle [2], the basic genomes (A, B, and C) of
the Brassica genus form three diploid species, Brassica rapa (AA,
n = 10), Brassica nigra (BB, n = 8), and Brassica oleracea (CC, n = 9), and
can also combine to form three amphidiploids, Brassica juncea
(AABB, n = 18), Brassica carinata (BBCC, n = 17), and Brassica napus
(AACC, n = 19) [3, 4]. A recent genome duplication divergence event
resulting in Arabidopsis lineages and the Brassiceae tribe produced
several rounds of genomic rearrangement and rediploidization
after whole-genome triplication (WGT), leading to the genomes
of the current three diploid species [5, 6]. These evolutionary
features have created an interesting system involving gene family
expansion and multiple gene copies for the study of trait diversity
in the Brassiceae tribe.

Multiple B. oleracea cultivar groups have been domesticated
through artificial selection; this species is integral to human diets
in the form of broccoli (var. italica), cabbage (var. capitata), kale
(var. acephala), cauliflower (var. botrytis), Brussels sprouts (var.
gemmifera), and kohlrabi (var. gongylodes) [7, 8]. Seven B. oleracea
genomes have been assembled to date [1, 8–12]. In the early

investigation of genomic sequencing, a kale (TO1000DH3) genome
was highly fragmented due to low assembly coverage, at most
80% of the estimated genome size, in which short reads were
used alone [1, 13]. Recently, five B. oleracea genotype reference
genomes (Korso 1401, OX-heart 923, D134, C-8, and Cap02-12)
were improved using PacBio sequencing aided by Hi-C chromo-
some conformation capture to anchor scaffolds to chromosomes
[8–11]. One genotype was sequenced using a combination of
Oxford Nanopore Technology and optical maps, demonstrating
the utility of these technologies for complex duplicated genomes
[12]. Complete genome assembly contributes to the identification
of new features of transposable elements (TEs), particularly for
long terminal repeat retrotransposons (LTR-RTs), which are an
important component of plant genomes, allowing wide variation
of content among different species. This technique is beneficial
for genetic and genomic comparative studies of B. oleracea, and
enables the high-quality sequencing of Brassica varieties with high
nutritional value for molecular breeding and functional genomics
investigations.

Broccoli (Brassica oleracea var. italica Plenck) is rich in anti-
carcinogenic, antioxidant, and health-promoting components,
including polyphenolic compounds, vitamin C, and glucosinolates
(GSLs) [14–17]. GSLs are secondary metabolites of broccoli that
offer beneficial properties related to human health. Sulforaphane

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/11/5/uhae063/7616067 by guest on 21 June 2024

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8524-405X

 8602 23263 a 8602 23263 a
 
mailto:JunweiWang87@126.com
mailto:JunweiWang87@126.com
mailto:JunweiWang87@126.com

 17603
23263 a 17603 23263 a
 
mailto:wyunsheng@gmail.com
mailto:wyunsheng@gmail.com

 26231 23263 a 26231
23263 a
 
mailto:huangke@hunau.edu.cn
mailto:huangke@hunau.edu.cn
mailto:huangke@hunau.edu.cn
http://faostat.fao.org/
http://faostat.fao.org/
http://faostat.fao.org/
http://faostat.fao.org/


2 | Horticulture Research, 2024, 11: uhae063

(4-methylsulfinylbutyl isothiocyanate, SF), the hydrolysis product
of glucoraphanin (RAA), which is an aliphatic glucosinolate [18,
19], induces phase 2 enzyme activity that converts carcinogens
into inactive metabolites [20], thereby reducing the risk of
various cancers [21, 22]. At least 120 known GSL structures
have been identified in Chinese kale, cabbage, broccoli, and
Chinese cabbage [17, 23, 24]. Previous studies based on quan-
titative trait loci (QTL) mapping, homologous gene alignment,
and gene function identification have revealed many genes
related to GSL biosynthesis in Arabidopsis thaliana and other
Brassica crops [15, 23, 25, 26]. The species genotype, presence or
absence of orthologous genes, derivation of paralogous genes,
duplication of genes, tandem repeat of gene families, and tissue-
specific expression of genes all contribute to the diversity
of GSLs in Brassica crops. At present, the reference genome
sequences and transcriptomic information provide a solid
foundation for improving molecular breeding studies of GSL in
Brassica crops.

Aliphatic GSLs, derived from Met, have a wider distribution
in plants than aromatic or indolic GSLs. The biosynthetic
pathway involves three major phases: side chain elongation,
core structure formation, and side chain modification [23]. A set
of enzymes involved in side chain elongation and modification
contribute to the GSL content and structure diversity [27]. The
methylthioalkylmalate synthase (MAM) gene cluster is a genetic
locus central to GSL side chain length, and is related to an
insect-resistant quantitative trait locus [28, 29]. The MAM cluster
comprises three genes (MAMa, MAMb, and MAMc) derived from
whole-genome duplication and specialization of MAM duplicates
[29, 30]. MAM1 and MAM2 originate from MAMa gene duplication;
MAM-L (MAM3) is orthologous to MAMb, and MAMc has been lost
in evolution [29]. MAM-L provides precursors for aliphatic GSLs
with long side chains, whereas MAM2 and MAM1 control short-
chain GSLs [29, 31–33]. QTLs encompass three tandem MAM genes
which were detected in two B. rapa BC2DH populations. Naturally
occurring insertion within the exon of BrMAM-3 has resulted
in loss of function and low GSL content [34]. The BrMAM1-A of
the wild mustard A genome is overexpressed in the Arabidopsis
mam1 knockout line background; specifically, the C4-aliphatic GSL
content level is elevated and comparable to that of the wild type
(WT) [27]. From an evolutionary perspective, MAMs are related
to isopropylmalate synthase (IPMS), which catalyzes the first
reaction of leucine biosynthesis. IPMS and MAMs belong to the
DRE-TIM metallolyase superfamily [35, 36]. The major domains of
this protein can assume a closely packed form in the homodimer,
in which the N-terminal domain is the catalytic domain, consist-
ing mainly of a (β/α) 8 barrel (TIM barrel) with a divalent metal
cofactor necessary for substrate binding. The C-terminal domain
contains an allosteric Leu binding site and acts as a regulatory
domain [35, 36].

In this study, the chromosomal-level genome of the advanced-
generation inbred broccoli line BOP04-28-6 was assembled. Phy-
logenetic and comparative genomic analyses were performed
to resolve the phylogenetic position, WGT event, and chromo-
some structure of broccoli. As RAA is highly enriched in broc-
coli, broccoli genome assembly can be used to reveal molecular
mechanisms related to RAA-specific accumulation. Novel insights
into the hereditary basis of GSL profile diversity and the key
genes in C4-aliphatic GSL biosynthesis were obtained through
genomic analysis, characterization of GSL biosynthesis genes, and
metabolite data generated from different B. oleracea varieties. This
chromosome-level genome provides an important resource for
research on the molecular mechanisms of agricultural traits.

Results
Genome sequencing, assembly, and annotation
An advanced-generation inbred line of broccoli that is rich in
RAA was used for genomic sequencing (Fig. 1A). We sequenced
and assembled this genome by using a hybrid approach that
included Illumina sequencing, PacBio SMRT, and a Hi-C chromatin
interaction map. Illumina HiSeq sequencing and survey analysis
provided an estimated genome size of broccoli of ∼655.33 Mb,
using GenomeScope with the default parameters, except for a k-
mer size of 17 (Fig. 1B), with a high homozygosity of 99.56% (Sup-
plementary Data Table S1) and proportion of repeated sequences
of 63.23%. This generated 35 Gb of Illumina short reads (53.44-fold
coverage) and 29 Gb of PacBio long reads (44.27-fold coverage; Sup-
plementary Data Table S1). The genome size of the final assembly
was 613.79 Mb, with 552 contigs (N50 of 14.70 Mb; Table 1). Finally,
the chromosome-scale scaffolds were assembled based on Hi-C
data (68.37 Gb), and a 576.18-Mb contig was assembled into nine
chromosome-scale pseudomolecules (93.87% of the estimated
genome size; Figs. 1C and D; Supplementary Data Table S1). In
the assessment of the broccoli genome assembly using Core
Eukaryotic Gene Mapping Approach (CEGMA) and Benchmark-
ing Universal Single-Copy Orthologs (BUSCO) software to reveal
genome completeness, it was found that 99.19% of core eukaryotic
genes and 99.4% of the complete single-copy orthologs were intact
(Supplementary Data Table S1), indicating high quality of the
assembled genome.

The protein-coding gene (PCG) content of the broccoli
genome was annotated using an integrated approach con-
sisting of EVidenceModeler, homology, and de novo gene pre-
diction, and RNA sequencing (RNA-seq) (Fig. 1D; Supplemen-
tary Data Table S1). A total of 55 958 PCGs were predicted
(Supplementary Data Table S1), and 97.60% of the predicted
PCGs were annotated against multiple protein-related databases
[e.g. Swiss-Prot, Gene Ontology (GO), and Kyoto Encyclopedia
of Genes and Genomes (KEGG); Supplementary Data Table S1;
Supplementary Data Fig. S1]. In addition, 18 467 non-coding
RNAs were identified, including 12 061 ribosomal RNAs, 3228
transfer RNAs, 774 microRNAs, and 2404 small nuclear RNAs
(Supplementary Data Table S1).

We also predicted and annotated the repeated sequences
in the broccoli genome. A total of 361.25 Mb (58.85%) of the
assembly was identified as repeat sequences (Supplemen-
tary Data Table S1). Most of these were LTR-RTs, which constituted
48.35% of this genome, followed by DNA TEs (5.78%), long inter-
spersed nuclear elements (2.78%), and short interspersed nuclear
elements (0.03%). Moreover, 3.87% of repeated sequences could
not be classified (Supplementary Data Table S1). Interestingly,
LTR-RTs constituted 13% of the broccoli genome, and Gypsy
elements accounted for 11.3% (Supplementary Data Table S1).
This composition was unlike those of other Brassica plants, such as
B. rapa ‘Chiifu’ [37] (11.3% Gypsy elements, 4.9% Copia elements)
and B. nigra [38] (20.9% Gypsy elements, 10.4% Copia elements;
Supplementary Data Fig. S2A–C).

Comparative genomic and phylogenomic
analyses of Cruciferae
The high-quality reference genome for broccoli enables compara-
tive genomics among Cruciferae species to investigate the genetic
evolutionary basis of trait diversity. The Brassica species genomes
for one B. nigra, two B. rapa (Chiifu and Z1) [12], and five B. oleracea
(Korso, OX-heart, TO1000, HDEM, and JZS) and three Cruciferae
species genomes of A. thaliana [39], B. cretica [40], and R. sativus
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Figure 1. Genome of B. oleracea var. italica Plenck (Bop04-28-6, broccoli). A Image showing key features of a mature period broccoli. B 17-mer spectrum
of Illumina reads. C Hi-C interaction heat map of the assembled Bop04-28-6 genome. Color bar at the right represents the density of Hi-C interactions,
which is indicated by the number of links at 1-Mb resolution. D Circos display of Bop04-28-6 and other species genomic features.

[41], and one outgroup species genome were included for com-
parative genomic and phylogenomic analyses with the broccoli
genome (Supplementary Data Table S3). OrthoVenn3 was used
to identify putative orthologous gene clusters among annotated
genes of the cruciferous species, based on pairwise sequence
similarities. A total of 58 087 PCGs of the broccoli genome were
grouped into 38 207 gene clusters. Compared with the other Bras-
sica crops, 15 256 common gene clusters contained 248 618 genes,
and 215 broccoli-specific clusters contained 1505 genes (Supple-

mentary Data Table S4). Moreover, 2008 gene clusters contained
13 239 genes that were shared by all five Brassica species (Sup-
plementary Data Table S4; Fig. 2A and B), and 289 gene clusters
contained 997 genes clustered from two broccoli lines (BOP04-28-
6 and HDEM).

Gene family contraction and expansion were detected in
broccoli and the other seven species: BOP04-28-6, HDEM,
Korso, TO1000, and OX-heart, Chiifu, B. nigra, and A. thaliana
(Supplementary Data Fig. S3A). A total of 49 626 gene clusters
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Table 1. Assembly statistics of the broccoli genome.

Genome assembly Number Size

GC content 36.62%
Total contigs (bp) 552 613 792 861
Maximum contig length (bp) 49 006 907
Contig N50 (bp) 12 14 708 456
Contig N90 (bp) 50 2 802 620
Total scaffolds (bp) 478 613 800 261
Maximum scaffold length (bp) 79 934 553
Scaffold N50 (bp) 5 64 340 119
Scaffold N90 (bp) 9 52 555 196
Pseudochromosomes (bp) 9 576 183 561

were inferred from their most recent common ancestor using
the Computational Analysis of gene Family Evolution (CAFE) tool,
based on species divergence times and gene family clustering
(Supplementary Data Table S4). CAFE analysis revealed 447
expansion gene families and 606 contraction gene families in the
broccoli genome (Supplementary Data Fig. S3A). All of these fam-
ilies exhibited significant contractions and expansions (family-
wide P-value ≤0.05) and were mainly assigned to macromolecule
localization, peptide transport, and protein transport according
to GO term enrichment analyses (Supplementary Data Fig. S3B;
Supplementary Data Table S5).

Detailed investigation of the phylogenetic placement of
broccoli based on 1923 single-copy gene families was conducted
through phylogenetic analysis using the maximum likelihood
method (Fig. 2A). The results showed that AA (B. rapa and B. rapa
Z1), BB (B. nigra), and CC genomes (B. oleracea var. botrytis, Korso;
B. oleracea var. capitata, OX-heart and JZS; B. oleracea, TO1000;
B. oleracea var. italica HDEM and BOP04-28-6) were divided into
different branches, and B. cretica was placed in the CC genome
branch. The relationships between AA genome species and
CC genome species, and between B. nigra and R. sativus, were
relatively close (Fig. 2A). The divergence times were estimated
using MCMCTree, with calibration. The estimated divergence time
of the cruciferous species was 117 Mya, and A. thaliana and Brassica
crops diverged at 30.7 Mya. Within the B. oleracea crops, the initially
edible organs were loose leaves; the floret ball (Korso, HDEM,
and BOP04-28-6) and leaf ball [Cap02-12 (V2) and OX-heart 923]
diverged from TO1000 almost simultaneously, at 2 Mya (Fig. 2A).
Such organ differentiation likely represented adaptations to the
changeable climate and reproduction.

Based on the syntenic blocks detected between BOP04-28-6
and other plant genomes, the 4DTv and synonymous substitution
rates of synonymous sites (Ks) values of gene pairs were estimated
to investigate evolutionary relationships and genome structural
evolution, and two whole-genome duplication (WGD) events
were detected (Fig. 2D–F; Supplementary Data Fig. S4E and F)
[5, 42]. Segmental collinearity analysis showed that BOP04-
28-6 had larger centromeres than HDEM (Fig. 2D; Supplemen-
tary Data Fig. S4G and H).

A direct comparison between the genomes identified some
single-nucleotide polymorphisms (SNPs), insertions/deletions
(InDels), and structural variants (SVs). SVs are more likely to cause
phenotype changes than are SNPs. There are abundant structural
variations between our genome and the other B. oleracea genomes,
including insertions, deletions, duplications, and translocations
(Supplementary Data Fig. S4H). In total, 1 941 862 SNPs, 683 392
InDels and 26 358 SVs were identified through direct genome
comparison of BOP04-28-6 and HDEM using SVIM-ASM. Some SVs

were located in the exon region, which affects 1795 PCGs (Supple-
mentary Data Table S12). KEGG enrichment analysis was applied
to these genes, in which the MAPK signaling pathway was found
to be enriched (P = 0.0083; Supplementary Data Fig. S4I). GO term
annotation indicated functional enrichment in diverse biological
processes/systems including lipid biosynthesis, monosaccharide
metabolic processes, the protein–DNA complex, ADP binding, and
oxidoreductase activity (Supplementary Data Fig. S4J).

Chromosome structure of the broccoli genome
A total of 58 087 genes were predicted from the BOP04-28-6
genome to examine the syntenic gene block arrangement in nine
chromosomes. MCScanX was used to compare the gene block
arrangement in three diploid species of U’s triangle [B. rapa (AA),
B. nigra (BB), and B. oleracea (CC, 02-12)] with that of A. thaliana
[13, 43, 44]. Relatively complete triplicated regions in broccoli
were constructed and related to the 24 ancestral crucifer blocks
(A–X) in A. thaliana [45]. Based on these syntenic relationships
and their retained gene densities, the triplicated regions were
divided into least fractionated (LF), medium fractionated (MF1),
and most fractionated (MF2) subgenomes (Fig. 2G; Supplemen-
tary Data Table S6), and the same biased retention pattern of
duplicated genes during diploidization was observed [43, 44].
In a gene-to-gene comparison, the LF subgenome comprised
24 769 genes, whereas MF1 and MF2 had 16 939 and 13 022 genes,
respectively (Supplementary Data Table S6).

Identification of glucosinolate biosynthetic
pathway genes
GSL biosynthesis is divided into three independent stages:
chain elongation, core structure formation, and secondary
modifications [14, 23]. Based on the reported A. thaliana GSL
biosynthesis genes [25, 26], the sequences were used as seeds to
identify homologs in BOP04-28-6 and other Brassica varieties. We
identified 121 GSL biosynthesis genes, 41 GSL degradation genes,
12 core transcription factors (TFs), and 8 GSL transporters. One
or more gene copies and family members of these enzymes were
identified among the 13 species (Supplementary Data Table S7).
Almost all of the GSL biosynthetic pathway genes had multiple
copies. The gene family consisting of BoMAMs, BoCYPs, BoGGP1,
BoSOTs, BoAPKs, BoGSHs, BoAOPs, BoGSL-OHs, BoESPs, BoNSPs,
BoPCSs, and BoMYs had two or more copies; the crucial TFs
(BoMYB28, BoMYB29, BoMYB34, and BoMYB122) had two copies,
and BoMYB51 had four copies. In our genome, the loci of GS-
ELONG, GS-AOP, and GS-OH exhibited proximal and tandem
duplication, which contributes to the diversity of GSLs. The
GS-ELONG QTL is responsible for variation in GSL chain length
[25, 46]; it contains MAM genes, with four MAM genes on
chromosome 2 (BolI0088930, BolI0090270, BolI0108770, and
BolI0108790) and two on chromosome 7 (BolI0405710 and
BolI0405730). The GS-AOP QTL, which is responsible for secondary
modification, contains AOP genes, including two on chromosome
2 (BolI0483900 and BolI0483910). Additionally, 13 genes were
identified as BoSOT18: one on chromosome 1 (BolI0034420),
seven on chromosome 6 (BolI0345170, BolI0345180, BolI0345230,
BolI0346180, BolI0346190, BolI0357810, and BolI0357820), and
five on chromosome 9 (BolI0500950, BolI0500960, BolI0502590,
BolI0502630, and BolI0502650).

Amino acid sequence alignment and phylogenetic construction
were conducted to demonstrate the functions of BoMAMs
and BoAOPs (Fig. 4; Supplementary Data Fig. S5). The BoMAM
enzymes belonged to the DRE-TIM metallolyase superfam-
ily, according to gene sequence and structural comparisons;
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Figure 2. Comparative genomics analyses. A Phylogenetic tree of 13 plant species. The red numbers denote divergence time of each node (Mya, million
years ago). The blue number on each branch of the tree denote the total number of expansion and contraction gene clusters. B Distribution of
single-copy, multiple-copy, unique, and other orthologs in the 13 plant species. C Venn diagram representing the shared and unique gene cluster
among five Brassica subspecies (Bop04-28-6, HDEM, Korso, TO1000, and OX-heart). Each number represents the number of gene clusters. D Synteny
patterns between genomic regions from A. thaliana, B. nigra, B. rapa, and Bop04-28-6. This collinear relationship is highlighted by one syntenic set
shown in green and red. E Distribution of synonymous substitution levels (Ks) of syntenic paralogous genes (solid curves) after evolutionary rate
correction. F Syntenic blocks between genomes. Dot plots of orthologs show a 1–3 chromosomal relationship between A. thaliana and Bop04-28-6.
G Distribution of genomic blocks along the nine chromosomes of the Bop04-28-6 genome. Genome blocks were assigned to the subgenomes LF (red),
MF1 (green), and MF2 (blue). Centromeres are shown as black ovals.

these enzymes catalyze carbon–carbon bond-forming reactions
between acetyl-CoA and α-ketoacids. Phylogenetic analysis
classified four BoMAMs as BoMAM1 (BolI0088930, BolI0090270,
BolI0108770, and BolI0108790) and two BoMAMs as BoMAM2

(BolI0405710 and BolI0405730; Fig. 4C). In addition, BolI0108790
shares evolutionary ancestry and 97.23% sequence identity with
BjMAM1 A (BjuA033169) [27], for which the protein structure
was elucidated by a 2.1-Å-resolution X-ray crystal structure
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Figure 3. Aliphatic GSL biosynthesis pathway genes identification in broccoli. A Proposed biosynthetic pathway of aliphatic GSLs in broccoli.
B Schematic representation of the broccoli chromosomes together with the positions of key genes involved in aliphatic GSL biosynthesis.

(Fig. 4B and F). According to the PROSITE database (http://prosite.
expasy.org/), the conserved domain for carbon–carbon bond-
forming reactions between acetyl-CoA and α-ketoacids has active-
site residues including 3 metal-binding sites, 3 catalytic sites, 7
2-oxo acid binding sites, and 19 CoA binding sites (Fig. 4F) [36].
Amino acid sequence alignment revealed that the metal-binding
and catalytic sites are better conserved than other sites. We
hypothesized that BolI0108790 has the same catalytic function
as BjMAM1 A. However, sequence alignment indicated the lack
of a catalytic active site for BolI0108770, which is considered to
be a pseudogene. Moreover, BolI0088930 and BolI0090270 have
∼70% sequence identity with BjMAM1 A protein. Furthermore,
variations in the acetyl-CoA and 2-oxo acid binding sites were
observed, which indicates that these two genes have no catalytic
function (Fig. 4F). Of the BoAOP genes, four were clustered as AOP2
(BolI0090380, BolI0147130, BolI0483900, and BolI0483910). The
2-oxoglutarate/Fe(II)- dependent dioxygenase activity depends
on two conserved domains, DIOX-N and 2OG-FeII Oxy, at the
N- and C-terminal regions (Supplementary Data Fig. S5B) [47].
In the conserved 2OG-FeII Oxy domain of BoAOP2, four key
active site residues were observed (His308, His356, Asp310, and
Arg376). Sequence alignment suggested that only BolI0483910

has the same catalytic activity as BrAOPs (Supplementary Data
Fig. S5) [47] .

Characterization of glucosinolates and MAMs in
B. oleracea varieties
Next, we investigated the underlying molecular mechanisms
of GSL diversity in cultivated B. oleracea varieties. Four genomic
sequences materials (broccoli, BOP04-28-6; cauliflower, Korso-
1401; cabbage, D134; and OX-heart 923) were selected to contrast
the profile ratio of GSLs (Supplementary Data Table S10). The
results showed that BOP04-28-6 contained a higher C4-GSL
content than C3-GSL; however, OX-heart 923 showed the inverse
ratio, which indicated that the side chain elongation was the key
factor for causing GSL diversity between BOP04-28-6 and OX-
heart 923.

The evolutionary and biochemical foundation of the BoMAM
gene family of B. oleracea crops plays a crucial role in GSL profile
diversity. Among these four Brassica crop genomes, six (BOP04-
28-6), seven (Korso-1401), seven (D134), and five (OX-heart 923)
MAMs were identified. Phylogenetic tree analysis indicated
that only single MAMs for D134 (D134 MAM.4) and Korso-1401
(Korso MAM.3) were clustered with BolI0108790 BoMAM1 and
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Figure 4. Function identification of B. oleracea MAMs. A Comparison of C3- and C4-glucosinolate content in four Brassica subspecies (BOP04-28-6,
Korso-1401, D134, OX-heart 923). The C3-glucosinolate (C3-GSL; dark green) and C4-glucosinolate (C4-GSL; light green) profiles (shown as percentages)
were determined in seedlings. B Comparison of 3D structures of BoMAM1, BjMAM1-A, and OX MAM.1. The structures of BoMAM1 (α-helices and
β-strands, gray), BjMAM1-A (α-helices and β-strands, rose), and OX MAM.1 (α-helices, red and β-strands, yellow) monomers are superimposed.
Conserved features, including the N-terminal α/β-barrel domain and the α-helical region that extends to form part of the CoA binding site, are
indicated. C Phylogenetic analysis of MAMs from BOP04-28-6 (Bol), Korso-1401 (Korso), D134, OX-heart 923 (OX), B. rapa (field mustard; Br), B. napus
(rape; Bn), B. oleracea (Bo), A. thaliana (thale cress; At), and A. lyrata subsp. lyrata (Al). Black numbers indicate the percentage of replicate trees in which
the associated proteins clustered in the bootstrap test (1000 iterations). The evolutionary history was inferred using the neighbor-joining method.
D Stereo view of the active site. Residues interacting with 4MTOB, CoA and Mn2+ (M) and surrounding the site are shown as stick models. E Stereo view
of the substrate-binding pocket. Residues encompassing 4MTOB and CoA are shown as stick models with the β-strands forming the interior of the
pocket shown as ribbons. F Multiple sequence alignment of BOP04-28-6, D134, OX-heart 923, and B. juncea MAMs. Secondary structure features
corresponding to the structure of BoMAM1 (α-helices red, β-strands turquoise) are shown above the alignment. Residues in the metal-binding (green),
catalytic (yellow), 2-oxo acid-binding (red), and CoA-binding (blue) sites are highlighted. Dark gray indicates regions of sequence difference and light
gray indicates regions of sequence similarity.
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Figure 5. Overexpression of BoMAM1 increased C4-GSL content and ratio. A Schematic diagram showing the constructs used for genetic
transformation. B, D Aliphatic GSL content of BoMAM1 overexpression lines and WT. C Relative expression of BoMAM1 in overexpression lines and WT.
E Comparison of C3- and C4-GSL content in BoMAM1 overexpression lines and WT.

BjMAM1-A, which shared 97.23% homology with BjMAM1-A, with
OX-heart missing the MAMs in clade I (Fig. 4C). Although the two
OX-heart MAMs (Ox MAM.1 and Ox MAM.2) were clustered with
the clade III BoMAM1 (BolI0088930.1 and BolI0090270.1) of BOP04-
28-6, the mutation of active-site residues suggests that Ox MAM.1
and Ox MAM.2 cannot catalyze 4-methyl-thio-2-oxobutanoic acid
(4MTOB).

To confirm this hypothesis, protein (BolI0108790 BoMAM1
and Ox MAM.1) structure homology was examined using Swiss-
Model (https://swissmodel.expasy.org/). Based on the MAM
crystal structure from B. juncea (BjuMAM1-A), this protein in
a homodimer contains two CoA, two 4-(methylsulfanyl)-2-
oxobutanoic acid, two Mn2+ ligands, eight β-strands, and α-
helices; the BolI0108790 BoMAM1 protein obtains only two
Mn2+ ligands (Supplementary Data Fig. S6). To investigate the
major residues for substrate binding, the 3D protein structure
of BolI0108790 BoMAM1 was visualized using PyMOL [48, 49].
The active-site residues of BolI0108790 BoMAM1 were replaced
to build the 3D protein model, and the protein surface of the
substrate binding site was formed by a major portion of residues
containing Val-182, Glu-223, Ala-253, and Pro-255 (Fig. 4D–F),

which likely governed the substrate preference of MAMs [36]. The
results indicated that the BolI0108790 BoMAM1 and its highly
homologous MAMs have major catalysis ability for C4-GSLs, and
the shortage of C4-GSLs in OX-heart 923 is due to the missing
clade I MAM1 member and residue variation.

Overexpression of BoMAM1 induces
C4-glucosinolate accumulation
To address the functional significance of BoMAM1, an Agrobac-
terium-mediated genetic transformation technique was used to
construct a BoMAM1 overexpression transgenic line, and BOP04-
28-6 was transformed. Quantitative reverse-transcription poly-
merase chain reaction (qRT–PCR) was used to assess BoMAM1
expression in the BoMAM1-OE line. A significantly high expres-
sion level was detected in florets and leaves (Fig. 5C). When the
broccoli had grown to maturity, florets and leaves were sampled
for GSL analysis. For C4-GSL, the gluconapin (GNA) and progoitrin
(PRO) contents had the greatest improvement (2-fold) compared
with WT florets. A 23-fold increase of PRO in BoMAM1-OE leaves
was observed, as well as a 1-fold increase in florets and a 2-
fold increase in leaf RAA concentrations in the BoMAM1-OE line
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(Fig. 5B and D). Glucoerucin (GER) accumulated in florets but was
undetected in WTs; however, GNA was detected in BoMAM1-OE
leaves (Fig. 5B and D). Notably, C4-GSL content showed a signifi-
cant increase compared with the WT, and the ratio of C4-GSL was
enhanced in florets and leaves of the BoMAM1-OE line (Fig. 5E).

Integrated transcriptomic and metabolomic
analyses for glucosinolate biosynthesis and
transport
To obtain insights into the spatiotemporal distribution charac-
teristics of GSLs in broccoli, we conducted high-performance
liquid chromatography (HPLC) to detect GSLs, using sinigrin as the
internal standard. The four growth stages (rosette leaf, budding,
maturation, and flowering stages) were observed in different tis-
sues (roots, stems, pedicels, leaves, buds, and flowers; Supplemen-
tary Data Table S8). Four aliphatic GSLs (IBE, GER, RAA, and PRO)
were identified and quantified (Fig. 6B). Significant differences
in GSL composition were observed among the different growing
stages and tissues. The primary aliphatic short-chain GSL (C3–
C4) for the C3-aliphatic GSL IBE was detected in all 17 samples;
its synthesis was enhanced during the maturation and flowering
stages, and it was enriched in the roots and three reproductive
organs (pedicel, bud, and flower). For the C4-aliphatic GSLs GER
and RAA, GER was not detected in leaves in any of the four
growth stages, but accumulated massively in the roots. RAA, the
metabolite of GER, was enriched in reproductive organs during
the maturation and flowering stages and was detected in all
17 samples (Fig. 6B) [19, 23, 50]. Correlation analyses showed a
significant negative correlation between GER and RAA contents,
whereas IBE and RAA were strongly positively correlated (P < 0.01;
Supplementary Data Fig. S7).

To investigate the molecular mechanism underlying GSL
biosynthesis sites and transport properties, we performed tran-
scriptome analysis of the broccoli developmental stages, based on
the high-quality genome. Expression profiling analysis revealed
that most genes involved in the GSL biosynthesis pathway
exhibited tissue-specific expression (Supplementary Data Fig. S7
and Table S9). BoMAM1 (BolI0108790), which is involved in side
chain elongation, was highly expressed in the roots during the
rosette leaf and budding stages. The core structure synthesis
genes BoCYP83A1 (BolI0233710), BoGSTU20 (BolI0342800), BoGGP1
(BolI0008350, BolI0418200), BoUGT74B1 (BolI0280040), BoSOT16
(BolI0357830), and BoSOT18 (BolI0357820) also attained high
expression levels in roots and other tissues, probably because
this gene family performs more extensive functions in plants
(Supplementary Data Fig. S7A). In contrast, three BoFMO GS-
OX family genes showed the opposite expression pattern, with
BoFMO GS-OX2 (BolI0499660) and BoFMO GS-OX5-1 (BolI0444800)
highly expressed in reproductive tissues and BoFMO GS-OX5-
2 (BolI0475370) highly expressed in stems. Among these four
multicopy BoAOP2 genes, only one had catalytic activity that is
highly expressed in the roots during the rosette leaf and budding
stages (Fig. 6C). To investigate the biosynthesis and transport
mechanisms, the expression profile of these six GSL transporter
genes (BoGTRs) was analyzed. BoGTR genes were found to be highly
expressed in roots and shoots at all stages (Fig. 6C).

Identification of potential transcription factors
involved in glucosinolate biosynthesis
Based on the gene expression profile, we conducted weighted
gene co-expression network analysis (WGCNA) to examine
the co-expression of GSL biosynthesis pathway genes. From
the identified 61 440 genes across all samples, we extracted

28 040 variably expressed genes to build 29 co-expression
modules (Fig. 7A and B). Among the 219 GSL biosynthesis-related
genes, only 96 were clustered in the co-expression modules,
and were scattered among 20 of the modules (Supplemen-
tary Data Table S11).

KEGG enrichment analysis was applied to the candidate
modules (Supplementary Data Fig. S8). The pathways in which
green module genes were significantly enriched contribute to
GSL biosynthesis, such as the glutathione metabolism, amino
acid biosynthesis, cysteine and methionine metabolism, sulfur
metabolism, and glucosinolate biosynthesis pathways (Fig. 7D).
Sixteen GSL biosynthesis-related genes were screened in the
green module; the GSL side chain elongation gene BoMAM1
(BolI0108790) was included. The rosette leaf stage root (RR)
sample maintained a significantly positive correlation with the
green module, and GER obtained the same correlation with the
green module (Fig. 7C). In addition, modular genes were highly
expressed in broccoli roots. These results further indicate the
unusually high expression of BoMAM1 in broccoli tissues.

Additionally, 112 TFs were screened from the green module,
belonging to 31 TF families (Supplementary Data Table S11).
Based on a weight/topological overlap matrix threshold of >0.3,
we filtered out 15 hub TFs, four genes related to GSL biosynthesis,
one gene related to glutathione metabolism, three genes related
to amino acid biosynthesis, and one gene involved in cysteine
and methionine metabolism. The co-expression network of
the green module was constructed using Cytoscape (Fig. 7E).
The 10 TFs (BobHLH27, BolI0009080; BoHPR3, BolI0268300;
BoERF6, BolI0010790; BoCOL10, BolI0104390; BoNAI1, BolI0242330;
BoAHK5, BolI0540620; BoAHK5, BolI0058740; BoMYB122,
BolI0357800; BoDREB3, BolI0059340; and BobHLH126, BolI0019800)
among the hub TFs were connected to key pathway genes (Fig. 7E;
Supplementary Data Table S11). Notably, two hub TFs (BobHLH27
and BoHPR3) were connected to all four GSL biosynthesis genes
(BoMAM1, IPMI2, BolI0201410; GSTF11, BolI0316010; and GTR1,
BolI0489820). These two hub TFs not only connected to the GSL
biosynthesis genes but also to one glutathione metabolism gene
(APX2, BolI0049390), all three amino acid biosynthesis genes
(CYSD2, BolI0486840; PFK5, BolI0468620; and AK3, BolI0071560),
and one cysteine and methionine metabolism gene (TAT,
BolI0470000).

Discussion
Although many genomes of B. oleracea have been investigated,
the taxonomic divergence of this family based on its diverse
agronomic traits remains unclear. In addition, the profile speci-
ficity of GSLs in broccoli receives much attention, but requires
clarification with regard to their hereditary basis. In this study, a
chromosome-level high-quality diploid B. oleracea var. italica Plenck
(broccoli, BOP04-28-6) genome was assembled, and the sequences
anchored to nine pseudo-chromosomes, corresponding to the BB
genome karyotype (2n = 2x =18). For the previous genome of this
species, the assemblies of contig N50 and scaffold N50 and BUSCO
values were lower than ours; specifically, the contig N50 size
value of the broccoli assembly was 1.6-fold larger than that of
HDEM (9.49 Mb; Table 1) [12]. The genome size showed slight dif-
ferences among B. oleracea varieties, with the exception of TO1000,
possibly due to the short reads used to estimate the genome
size [1, 13].

Phylogenomic analysis of 1923 single-copy gene families was
conducted using the maximum likelihood method. The AA, BB,
and CC genomes were divided into different branches (Fig. 2A);
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Figure 6. Aliphatic GSLs content and biosynthesis genes expression pattern. A Broccoli morphology in four growth periods. B Aliphatic GSL content of
broccoli. C Gene expression profile of MAMs, FMO GS-OXs, AOPs, GS-OHs, BASS5s, and GTRs for aliphatic GSL biosynthesis and transport in different
tissues in development phases in broccoli.

the external physical characteristics were found to be strongly
influenced by evolution. The commercial trait of the floret ball in
B. oleracea was separated, and consistent species divergence status
among taxa with AA, BB, and CC genomes was observed in some
Brassicaceae family genome studies [4, 5, 8, 9]. WGDs are regarded
as drivers of speciation, which can promote diversification [51].
After the split of the Brassiceae tribe from Arabidopsis, a recent

and tribe Brassiceae-specific WGT occurred that greatly affected
the genomic diversification of the extant Brassica species [1, 5, 13,
52]. In addition, the observation of 24 common syntenic genomic
blocks and syntenic analyses of Arabidopsis and other Brassiceae
taxa (Fig. 2G) [43], including phylogenetic trees, showed that the
BB genomes are distantly related to the CC genomes and more
closely related to the AA genomes [1, 44].
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Figure 7. WGCNA of broccoli transcripts. A Dendrogram of genes based on co-expression network analysis. Each leaf in the tree corresponds to an
individual gene. Twenty-nine modules, each associated with a different color, formed from the major tree branches. B Association between modules
and GSL content. The color of each module is the same as that in A. The color scale indicates the correlation. Each cell contains the number of
corresponding correlations and P values. C Heat maps and bar graphs of co-expressed genes in the MEgreen module. D KEGG pathway analysis of
co-expressed genes in the MEred module. E, F Co-expression network and gene expression profile of the MEgreen module from WGCNA. Transcription
factors with strong regulatory relationships (weight > 0.3) are indicated by red circles, the GLS biosynthesis genes, glutathione metabolism genes,
amino acid biosynthesis genes and cysteine and methionine metabolism genes of the MEgreen module with strong regulatory relationships
(weight > 0.3) to TFs are indicated by yellow, purple, orange, and peach circles.

Genome mining is an effective means for discovering natural
product biosynthetic pathways, facilitating their characterization.
In Brassica and Arabidopsis, GSLs are the most prominent metabo-
lite families, with highly relevant ecological and physiological
functionality that provides their typical food flavors and pro-

tective effects against cancer [26, 53, 54]. Additionally, proximal
duplication genes and tandem duplication genes were observed,
which were due to the WGT event and gene block arrangement,
indicating triplication or more compared with Arabidopsis genome
genes. However, GSL biosynthetic pathway genes exhibit a scat-
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tered distribution, with small clusters (Fig. 3B). Gene duplications,
particularly tandem genes and gene clusters, play important roles
in the diversification of plant secondary metabolic pathways [55,
56]. This phenomenon suggests that these gene pairs participate
in concerted functions or attain some form of complementary
subfunctionalization among genes.

Based on side chain elongation and secondary modification of
GSLs, >120 known GSL structures have been identified, and ∼40
types of GSLs are present in Arabidopsis, primarily derived from
Met and Trp. Brassica rapa was enriched in C4/C5-hydroxyalkyl-
GSLs, which are catalyzed from sulfinyl-GSLs by AOPs [47, 57].
The high enrichment of C3-hydroxyalkyl-GSL is an important
characteristic of the GSL profile in B. juncea [58]. However, in
B. oleracea the GSL profile differs among subspecies, and higher
RAA accumulation is observed in broccoli [17]. In addition, C3-
hydroxyalkyl-GSL is enriched in cauliflower and cabbage [59, 60].
The individual genes involved in GSL side chain elongation and
secondary modification contribute to this diversity. The molecular
function of genes depends on multiple factors, including the plant
species, accession, and allelic condition [50]. Four major loci have
been found to control aliphatic GSL variation: GS-ELONG, GS-
OX, GS-AOP, and GS-OH [19, 28, 61, 62]. In our genome, the GS-
ELONG and GS-AOP loci showed proximal duplication and tandem
duplication. The GS-ELONG QTL, which contains six BoMAM genes
(BolI0088930, BolI0090270, BolI0108770, BolI0108790, BolI0405710,
and BolI0405730), contributes to variable GSL chain length [25, 46].
Based on phylogenetic analysis sequence alignment, the profile
and content of GSLs, as well as the 3D protein model of MAM1
amino acid sequences in different Brassica taxa, indicated that
BolI0108790 is the key enzyme for C4-GSL biosynthesis (Fig. 4D–F)
[27]. Similarly, four AOP2s (BolI0090380, BolI0147130, BolI0483900,
and BolI0483910) were identified; only BolI0483910 holds a key
active site with catalytic activity comparable to that of AOPs
(Supplementary Data Fig. S5) [47]. These data provide valuable
clues for understanding the mechanism of GSL diversity, given the
high C4-GSL content. The identified genes are valuable targets for
genetic improvement regarding the high nutritional value of the
species. Thus, the diversification of the B. oleracea GSL profile is
due to duplication and gene function conservation of the protein
ligand site.

RNA-seq, GSL profiling, and content determination were per-
formed for 17 samples among four growth stages (rosette leaf,
budding, maturation, and flowering stages) for different tissues
(roots, stems, pedicels, leaves, buds, and flowers) of BOP04-28-
6 (Supplementary Data Table S8). The C3- and C4-GSLs showed
an organizational difference in accumulation; C4-GSLs showed
a negative correlation between GER and RAA. RAA is catalyzed
from GER by BoFMO GS-OXs [19, 23, 50]. However, IBE and RAA
were significantly positively correlated (P < 0.01), and IBE and RAA
have the same amino acid side chain group, combined with the
expression level of three BoFMO GS-OXs (Fig. 6C). Thus, the asso-
ciated catalysis presents substrate specificity [63–66]. In addition,
BoFMO GS-OX5 is more active during 3-(methylsulphinyl)propyl
GSL catalysis. As another enzyme of amino acid side chain group
diversity in Brassica [47], only one AOP2 (BolI0483910) exhibited
catalytic activity that was highly expressed in roots during the
rosette leaf and budding stages. Considering the tissue-specific
expression of BoAOP2 (BolI0483910) and the tissue differential
distribution of RAA and IBE, a shortage of substrates catalyzed by
BoAOP2 may form hydroxyalkyl GSLs. As plant secondary metabo-
lites, which have specific synthesis sites and are transported to
other tissues, GSLs appear to be stored in edible parts or exhibit
resistance to pests and diseases [67–70]. During the evolution

of B. oleracea, conservation of the crucial catalytic active site of
MAM1 ensured high RAA accumulation in broccoli. MAM family
genes are involved in GSL biosynthesis at the first side chain
elongation stage [34, 46], and gene expression at the beginning
of GSL biosynthesis is susceptible to regulation [71]. In addition,
BoMAM1 (BolI0108790) was highly expressed in roots during the
rosette leaf and budding stages, and GER accumulated in roots
during the rosette leaf, budding, and maturation stages. The key
enzyme BoMAM1 (BolI0108790) for C3- to C4-GSL synthesis is
considered to be an indicator of the initial C4-GSL synthesis site.
Furthermore, the negative correlation of enrichment between GER
and RAA, as well as combined expression levels of FMO GS-
OXs, and glucosinolate transporters (GTRs), indicates that GER
was initially biosynthesized in roots, transported to reproductive
tissues, and then catalyzed to RAA; this process resulted in the
hydrolysis of products with anticancer activity, conferring health
promotion benefits on broccoli.

Enzymatic reactions are crucial for GSL biosynthesis, and tran-
scriptional regulation is the potential factor altering the expres-
sion of enzyme genes for GSL accumulation in different tissues
[71]. In some biological processes, the mutual interaction and
binding of TFs to gene promoters play key roles in integrating
regulatory information. Many core TFs for GSL biosynthesis reg-
ulation were identified. Three MYBs (MYB28, MYB29, and MYB76)
are central to aliphatic GSL synthesis and three (MYB34, MYB51,
and MYB122) to indolic GSL synthesis [26, 72]. Among the bHLH
subgroups, MYC2/bHLH06, MYC3/bHLH05, and MYC4/bHLH04,
belonging to subgroup III, interact with MYBs and directly reg-
ulate GSL biosynthesis [73, 74]. WGCNA is an effective tool for
investigating the key genes and TFs of target metabolites for large
amounts of transcriptome data. Through WGCNA and module
gene function enrichment analyses, the green module genes were
found to be enriched during GSL biosynthesis and in the other
pathways that contribute to GSL biosynthesis. The co-expression
TFs of GSL biosynthesis genes were screened. BobHLH27 and
BoHPR3 were found to be connected to all of the key pathway
genes, indicating that these two TFs would play the important
role in GSL biosynthesis. The bHLH TF belonging to BobHLH27,
which was covered as an early network component with a role
in pathogen and insect resistance, and its transcriptional activity
are induced by methyl jasmonate [75]. Similarly, the key TFs
(MYC2/MYC3/MYC4) of the jasmonic acid signaling pathway inte-
grate environmental stresses and developmental signals to reg-
ulate plant growth and defense [76]. Moreover, BoHPR3 is the
redundancy gene in the hydroxypyruvate-reducing system [77];
however, information on its transcriptional regulation function is
lacking to date. BobHLH27 likely controls differential GSL accu-
mulation in tissues to regulate expression of these four GSL
biosynthesis gene, and it has a potential regulatory function in the
other pathways that contribute to GSL biosynthesis. However, the
enzymatic genes and co-expression TFs were highlighted using
bioinformatics tools. Resolution of the gene function is necessary
to verify the differential tissue accumulation and diversity of GSL
profiles in tissues.

Conclusions
A high-quality, chromosome-level genome assembly of broccoli
was conducted using Illumina sequencing, PacBio SMRT, and Hi-C
technology. Contig N50 reached 14.70 Mb, with an overall genome
size of 613.79 Mb. Based on gene information for B. oleracea vari-
eties and detailed transcriptome data, we revealed that BoMAM1
is the key enzyme contributing to diversification across Brassica
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species in terms of GSL structure and differential accumulation
in broccoli tissues. A global view of the regulatory network of GSL
biosynthesis in broccoli and many potential candidate genes was
investigated to determine whether GSL biosynthesis is regulated
by multiple TFs in broccoli. This study provides valuable resources
for exploring the evolution of Brassica crops, which is valuable
for future genetic studies and nutritive component applications.
The presented high-quality broccoli genome is also an important
resource for molecular breeding.

Materials and methods
Plant materials and DNA and RNA isolation
An advanced-generation inbred line of B. oleracea L var. italica
(BOP04-28-6, broccoli) was selected for whole-genome sequenc-
ing. This line has excellent agronomic traits and strong RAA
biosynthesis ability, and the hydrolysis product of RAA confers
high anti-cancer activity. The seedlings were cultivated in a 50-
well nursery site and then planted in the greenhouse (Yunyuan
base of Hunan Agriculture University) when they had grown
to four true leaves (on 28 September 2020). The young leaves
were collected for genomic DNA extraction and genome deter-
mination at the rosette leaf stage. DNA was extracted by the
phenol–chloroform extraction protocol. The roots, stems, pedicels,
leaves, buds, and flowers at rosette leaf stage, budding stage,
mature period and flowering period were sampled for RNA-seq
and GSL content measurement. Following the manufacturer’s
instructions for TRIzol reagent (Invitrogen, USA), total RNA was
extracted and pooled for sequencing. Seven-day-old seedlings
of BOP04-28-6, Korso-1401, D134, and OX-heart 923 were culti-
vated in a phytotron (22◦C, 60% humidity, 12 h light/12 h dark,
Hunan Agricultural University) and collected for GSL content
measurement.

Estimation of genome size
Based on k-mer distribution, a genomic survey was conducted to
estimate the genome size, GC content, homozygosity status, and
duplication content. A library construction kit (Illumina) was used
to construct a short insert size (350 bp) library, and the Illumina
HiSeq 6000 platform was used for sequencing. Jellyfish [78] was
used to determine the distribution of k-mer values based on the
generated ∼50× high-quality reads, and GenomeScope [79] was
used to estimate genome size.

Genome sequencing, assembly, and quality
evaluation
Using AMPure PB Magnetic Beads (Pacific Biosciences), DNA
concentration, damage repair, end repair, ligation of hairpin
adapters, and template purification were conducted to prepare
the SMRTbell template. Then, the constructed DNA libraries
was carried out on the PacBio Sequel platform. CCS (https://
github.com/PacificBiosciences/ccs) was used to filter the high-
precision HiFi reads, based on subreads. De novo assembly of the
PacBio HiFi reads was performed using Hifiasm to obtain contig
sequences.

Genome integrity was evaluated using BUSCO (Benchmarking
Universal Single-Copy Orthologs: http://busco.ezlab.org/) and
CEGMA (Core Eukaryotic Genes Mapping Approach: http://
korflab.ucdavis.edu/datasets/cegma/). The integrity of the
assembled genome was evaluated by BUSCO and CEGMA. BWA
software (http://bio-bwa.sourceforge.net/) was used to analyze
the alignment rate, extent and depth distribution of reads
covering the genome, to evaluate the accuracy of assembly.

Hi-C sequencing and assistant assembly
Hi-C library is prepared by the protocol, crosslink DNA, cut with
restriction enzyme, fill ends and mark with biotin, ligate, purify
and shear DNA, pull down biotin, and sequencing using paired-
ends on Illumina HiSeq-2500 platform (PE 125bp). Hi-C data was
assembled by ALLHiC, and through 5 steps (pruning, partition,
rescue, optimization, building) to own chromosomal level assem-
bly. ALLHiC could handle both the assembly of simple genomes
and the assembly of complex genomes (high heterozygosity, poly-
ploidy).

RNA sequencing and analysis
Total RNA was used as input material. Briefly, mRNA was puri-
fied using poly-T oligo-attached magnetic beads. Stranded RNA
libraries were constructed and sequenced by the IlluminaNovaseq
platform. The clean data was filter out and then mapped onto this
broccoli genome. The mapped reads were assembled by StringTie
(vl.3.3b). We used FeatureCounts vl.5.0-p3 to count the read num-
bers mapped to each gene. The lengths of the genes and read
counts were used to calculate the FPKM of each gene. The DESeq2
R package (1.20.0) was used to analyze the differential expres-
sion of two groups. DEGs were assigned using an adjusted P-
value of <0.05. We used the clusterProfiler R package to analyze
GO enrichment; significantly enriched GO terms were identified
using a corrected P-value <0.05. We used the clusterProfiler R
package to test the statistical enrichment of KEGG pathways.

To analyze genes involved in GSL biosynthesis of different broc-
coli tissues for four developmental stages, WGCNA was performed
using the R package. To construct an adjacency matrix we used 7
as the soft thresholding power, and all DEGs were hierarchically
clustered by TOM similarity. The first principal component was
used to convert the genes in different colored modules to module
eigengenes. The GSL contents of different broccoli tissues for
four developmental stages were correlated with the eigengenes
of each module to find the key module associated with GSL
biosynthesis. Hub genes were identified based on the threshold
of weight/topological overlap matrix (TOM) > 0.3.

Genome annotation
Homologous protein sequences were downloaded from Ensembl
and TAIR (Swiss-Prot and TAIR10). Diamond was used for
alignment to the genome and protein sequences. To predict
the gene structure of the protein region, the matching proteins
were aligned to the homologous genome sequences. Augustus
(v3.2.3), GeneMark-ES, GlimmerHMM (v3.04), and SNAP (2013-
11-29) were used for automated gene prediction. The ab initio
gene prediction models were trained using the high-quality gene
models from the PASA assembly using RNA-seq data. Tandem
repeats were extracted using Tandem Repeats Finder (http://
tandem.bu.edu/trf/trf.html). And ab initio prediction built de
novo repetitive elements database by LTR FINDER, RepeatScout
(http://www.repeatmasker.org/), RepeatModeler (http://www.
repeatmasker.org/RepeatModeler.html) with default parameters.
Gene functions were assigned according to the best match
by aligning the protein sequences to Swiss-Prot using BLASTP
(with a threshold of E-value ≤1e−5) and EggNOG (http://eggnog-
mapper.embl.de/). We searched ProDom, PRINTS, Pfam, SMRT,
PANTHER, and PROSITE to annotate the motifs and domains
by InterProScan70 (v5.31). The protein functions predicted by
database searches, including KEGG, GO, Swiss-Prot, and National
Center for Biotechnology Information non-redundant. tRNAscan-
SE (http://lowelab.ucsc.edu/tRNAscan-SE/) was used to predict
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tRNA. For rRNAs are highly conserved, we choose relative species’
rRNA sequences as references. BLAST was used to predict rRNA
sequences. Other ncRNAs were identified by searching against
the Rfam database with default parameters using the infernal
software (http://infernal.janelia.org/).

Comparative genomic and evolutionary analyses
Orthologous relationships between genes of A. thaliana, B. nigra,
B. oleracea var. botrytis (Korso), B. oleracea var. capitata (OX-heart),
B. oleracea var. italia (HDEM), and B. rapa (Z1) were inferred
using all-against-all protein sequence similarity searches with
OrthoFinder. For each gene family, Muscle was used for alignment,
Gblocks was used to ambiguously align positions, and IQ-
TREE 1.6.12 was used to construct the tree. MCMCTree (http://
abacus.gene.ucl.ac.uk/software/paml.html) was used to calculate
the divergence times between species and was implemented
in PAML. The likelihood model originally implemented in
the software package CAFE (http://sourceforge.net/projects/
cafehahnlab/) was used to identify the gene families expansion or
contraction.

Evolution and expression analysis of key
candidate genes
Based on the described gene function and its genome information,
the MAMs and AOPs of broccoli were chosen for further analysis.
BLASTP and HMMER were used to identify the homologous genes
in other species. The phylogenetic trees and sequence alignment
were constructed using MEGA11.

Glucosinolate analysis
According to a previously described method [80], GSLs were
extracted and quantified using the following steps. Briefly, the
freeze-dried sample powder was soaked in 70% methanol with
100 μl of sinigrin (5 mmol/l, internal standard) for 20 min in a
75◦C water bath, the cooling mixture added with barium acetate
and then for centrifugation. We collected the supernatant and
re-extracted the residues. GSLs were catalyzed by sulfatase
to convert them to desulfated GSLs in a DEAE–Sephadex A-
25 column, and the aqueous solution of desulfated GSLs was
analyzed by HPLC (Agilent, CA, USA). The following linear gradient
program at 30◦C was performed: 0–20% methanol, 20 min; 20–
30%, 5 min; 10 min and 3 min for isocratic elution, 40% and
90%; individually, with a 1 ml/min flow rate. Desulfated GSLs
were detected with a diode-array detector (229 nm). According
to the fingerprint of desulfated GSL retention time by HPLC–MS,
GSLs were characterized as desulfated GSLs and the content was
measured (expressed in micromoles per gram).

Broccoli BoMAM1 genetic transformation
Broccoli seedlings were transformed with Agrobacterium tumefa-
ciens strain LBA4404. The coding sequence of BoMAM1 was cloned.
BoMAM1 was inserted into pCAMBIA1301 by homologous recom-
bination and expression was driven by the CaMV 35S promoter.
The recombinant plasmid pCAMBIA1301-BoMAM1 was used for
genetic transformation, and hygromycin was used to select stable
transformants.

Quantitative real-time RT–PCR analysis
Total RNA was reverse-transcribed into cDNA by HiScript
II Q RT SuperMix for qPCR (+gDNA wiper; Vazyme, China).
The cDNA samples were used to prepare the qPCR reaction
solution by using an AceQ qPCR SYBR Green Master Mix Kit
(Vazyme, China). On the basis of the base sequence of genes,

specific primers were designed at the ends of the open reading
frame: BoMAM1-F: CCCTACCACCAGTTCCAACA; BoMAM1-R:
TCTTGTCGGGGAGCTTGTTC; Actin-F: ATGGCTGAGGCTGATGAC
ATTC; Actin-R: AAGGTCGAGACGGAGGATGG.
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