\ S _ s -
- g

. Advancesin
Molecular Breeding
of Vegetable Crops

Edited by
Yuyang Zhang

Printed Edition of the Special Issue Published in Horticulturae

7z
www.mdpi.com/journal/horticulturae rM\D\Py



Advances in Molecular Breeding of
Vegetable Crops






Advances in Molecular Breeding of
Vegetable Crops

Editor
Yuyang Zhang

MDPT e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade ¢ Manchester e Tokyo e Cluj e Tianjin



Editor

Yuyang Zhang
Huazhong Agricultural
University

China

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Horticulturae (ISSN 2311-7524)  (available at: https://www.mdpi.com/journal/horticulturae/
special_issues/Molecular_Breeding_Vegetable_Crops).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,
Page Range.

ISBN 978-3-0365-5789-2 (Hbk)
ISBN 978-3-0365-5790-8 (PDF)

Cover image courtesy of Yuyang Zhang

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

Aboutthe Editor . . . . . . . . . . . e vii

Yaru Wang and Yuyang Zhang
Advances in Molecular Breeding of Vegetable Crops
Reprinted from: Horticulturae 2022, 8, 821, doi:10.3390 /horticulturae8090821 . . . . . . .. .. .. 1

Fengqing Han, Yumei Liu, Zhiyuan Fang, Limei Yang, Mu Zhuang, Yangyong Zhang,
Honghao Lv, Yong Wang, Jialei Ji and Zhansheng Li

Advances in Genetics and Molecular Breeding of Broccoli

Reprinted from: Horticulturae 2021, 7, 280, d0i:10.3390/horticulturae7090280 . . . . . . .. .. .. 5

Lili Wan, Zhuanrong Wang, Mi Tang, Dengfeng Hong, Yuhong Sun, Jian Ren, Na Zhang and
Hongxia Zeng

CRISPR-Cas9 Gene Editing for Fruit and Vegetable Crops: Strategies and Prospects

Reprinted from: Horticulturae 2021, 7, 193, doi:10.3390/horticulturae7070193 . . . . . . .. .. .. 23

Chungqing Liu, Xueqin Yao, Guanggqing Li, Lei Huang, Xinyan Wu and Zhujie Xie

Identification of Major Loci and Candidate Genes for Anthocyanin Biosynthesis in Broccoli
Using QTL-Seq

Reprinted from: Horticulturae 2021, 7, 246, doi:10.3390/horticulturae7080246 . . . . . . .. .. .. 43

So-Jeong Kim, Jee-Soo Park, TaeHoon Park, Hyun-Min Lee, Ju-Ri Choi and Young-Doo Park
Development of Molecular Markers Associated with Resistance to Gray Mold Disease in Onion
(Allium cepa L.) through RAPD-PCR and Transcriptome Analysis

Reprinted from: Horticulturae 2021, 7, 436, doi:10.3390 /horticulturae7110436 . . . . . . .. .. .. 57

Yi-Fei Li, Shi-Cai Zhang, Xiao-Miao Yang, Chun-Ping Wang, Qi-Zhong Huang and
Ren-Zhong Huang

Generation of a High-Density Genetic Map of Pepper (Capsicum annuum L.) by SLAF-seq and

QTL Analysis of Phytophthora capsici Resistance

Reprinted from: Horticulturae 2021, 7, 92, doi:10.3390 /horticulturae7050092 . . . .. ... .. .. 77

Yangmin Zhong, Yuan Cheng, Meiying Ruan, Qingjing Ye, Rongqing Wang, Zhuping Yao,
Guozhi Zhou, Jia Liu, Jiahong Yu and Hongjian Wan

High-Throughput SSR Marker Development and the Analysis of Genetic Diversity in Capsicum
frutescens

Reprinted from: Horticulturae 2021, 7, 187, doi:10.3390/horticulturae7070187 . . . . . . .. .. .. 95

Md. Shalim Uddin, Masum Billah, Rozina Afroz, Sajia Rahman, Nasrin Jahan, Md. Golam
Hossain, Shamim Ara Bagum, Md. Sorof Uddin, Abul Bashar Mohammad Khaldun, Md.
Golam Azam, Neelima Hossain, Mohammad Abdul Latif Akanda, Majid Alhomrani, Ahmed
Gaber and Akbar Hossain

Evaluation of 130 Eggplant (Solanum melongena L.) Genotypes for Future Breeding Program
Based on Qualitative and Quantitative Traits, and Various Genetic Parameters

Reprinted from: Horticulturae 2021, 7, 376, doi:10.3390/horticulturae7100376 . . . . . . .. .. .. 109

Chunping Wang, Yifei Li, Wenqin Bai, Xiaomiao Yang, Hong Wu, Kairong Lei, Renzhong
Huang, Shicai Zhang, Qizhong Huang and Qing Lin

Comparative Transcriptome Analysis Reveals Different Low-Nitrogen-Responsive Genes in
Pepper Cultivars

Reprinted from: Horticulturae 2021, 7, 110, doi:10.3390/horticulturae7050110 . . . . . . .. .. .. 133



Yan-Li Liu, Shuai Liu, Jing-Jing Xiao, Guo-Xin Cheng, Haq Saeed ul and Zhen-Hui Gong
CaHSP18.1a, a Small Heat Shock Protein from Pepper (Capsicum annuum L.), Positively
Responds to Heat, Drought, and Salt Tolerance

Reprinted from: Horticulturae 2021, 7, 117, d0i:10.3390/horticulturae7050117 . . . . . . .. .. ..

Lei Zhu, Huayu Zhu, Yanman Li, Yong Wang, Xiangbin Wu, Jintao Li, Zhenli Zhang, Yanjiao
Wang, Jianbin Hu, Sen Yang, Luming Yang and Shouru Sun

Genome Wide Characterization, Comparative and Genetic Diversity Analysis of Simple
Sequence Repeats in Cucurbita Species

Reprinted from: Horticulturae 2021, 7, 143, doi:10.3390 /horticulturae7060143 . . . . . . .. .. ..

Chao Gong, Qiangqiang Pang, Zhiliang Li, Zhenxing Li, Riyuan Chen, Guangwen Sun and
Baojuan Sun

Genome-Wide Identification and Characterization of Hsf and Hsp Gene Families and Gene
Expression Analysis under Heat Stress in Eggplant (Solanum melongema L.)

Reprinted from: Horticulturae 2021, 7, 149, doi:10.3390/horticulturae7060149 . . . . . . .. .. ..

Yiqi Xie, Libo Tian, Xu Han and Yan Yang
Research Advances in Allelopathy of Volatile Organic Compounds (VOCs) of Plants
Reprinted from: Horticulturae 2021, 7, 278, doi:10.3390 /horticulturae7090278 . . . . . . .. .. ..

Fei Wang, Yanxu Yin, Chuying Yu, Ning Li, Sheng Shen, Yabo Liu, Shenghua Gao, Chunhai
Jiao and Minghua Yao

Transcriptomics Analysis of Heat Stress-Induced Genes in Pepper (Capsicum annuum L.)
Seedlings

Reprinted from: Horticulturae 2021, 7, 339, doi:10.3390 /horticulturae7100339 . . . . . ... .. ..

vi



About the Editor

Yuyang Zhang

Dr. Yuyang Zhang is a Principal Investigator in Hubei Hongshan Laboratory, Wuhan, China.
He has also been a professor in the College of Horticulture and Forestry Science at the Huazhong
Agricultural University, Wuhan, China, since 2013. He obtained his bachelor’s degree and PhD
degree at the Huazhong Agricultural University in 2001 and 2006, respectively. He then carried out
postdoctoral research at the Agricultural Research Organization, Israel, and worked as a Visiting
Scientist at Wageningen University. His research areas cover the fields of the fruit development and

quality, molecular biology, and molecular breeding of tomato.

vii






. horticulturae

Editorial

Advances in Molecular Breeding of Vegetable Crops

Yaru Wang ! and Yuyang Zhang 1-2*

Citation: Wang, Y.; Zhang, Y.
Advances in Molecular Breeding of
Vegetable Crops. Horticulturae 2022, 8,
821. https://doi.org/10.3390/
horticulturae8090821

Received: 17 August 2022
Accepted: 25 August 2022
Published: 7 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Laboratory of Horticultural Plant Biology, Ministry of Education, Huazhong Agricultural University,
Wuhan 430070, China

2 Hubei Hongshan Laboratory, Wuhan 430070, China

Correspondence: yyzhang@mail.hzau.edu.cn; Tel.: +86-27-8728-2010

Abstract: Molecular vegetable breeding has been progressed intensively in recent years. Huge
advances have been made in germplasm evaluation, gene isolation, plant transformation, gene
editing and molecular-marker-assisted breeding. The goal of this Special Issue is to highlight, through
selected works, frontier research from basic to applied molecular vegetable breeding. The selected
papers published in Special Issue of Horticulturae exhibit a diversity in molecular vegetable breeding.
The papers listed in this editorial are especially noteworthy.

1. Advances in Gene Editing in Context of Vegetable Molecular Breeding

In recent years, it has become certain that genome editing is an efficient and powerful
tool for precise genome manipulations in plants. For applications in molecular vegetable
breeding, this new technique overcomes the shortcomings of conventional breeding, such
as long-term artificial selection and limited genetic germplasm resources [1,2]. Wan et al.
reviewed the development and application of CRISPR-Cas9 gene editing in vegetable crops.
Currently, this system has been used to improve shelf life, fruit quality and stress resistance
in major vegetable crops, such as tomato and cabbage. In the case of broccoli, genome
editing has succeeded in limited B. oleracea crops [3]. Although the application of genome
editing is extensive, how to obtain germplasm resources through gene editing of CREs
(Cis-regulatory elements) and create a universal regeneration system for vegetable crops
needs to be further studied and improved [1,4].

2. Germplasm Diversity Evaluation for Vegetable Improvement

In the modern breeding process, the evaluation of genetic diversity in agronomic and
quality traits is still a fundamental method and approach for germplasm utilization and
excavation. Uddin et al. performed phenotypic characterization and genetic diversity
evaluation of 130 local eggplant germplasms [5]. Based on an analysis of trait variance,
correlation matrix and MGIDI index, numerous traits were evaluated to determine the
inherent variation and select applicable parents for eggplant improvement.

Simple sequence repeats (SSRs) are widely used genetic markers for genetic variation
research in various crops due to co-dominance traits and high polymorphism. Zhong et al.
employed this sequencing technology in Capsicum frutescens to provide resources of SSR
molecular markers and analysis genetic diversity for pepper breeding [6]. Genome-wide
identification of SSR markers revealed that trinucleotides were the dominant repeat motif.
A total of 147 collected pepper cultivars were determined, clustered into seven main groups
due to genetic diversity and phylogenetic relationships analysis. In Cucurbita moschata,
103,056 SSR loci were found by in silico PCR in which di-nucleotide motifs were the most
common type [7]. Synteny analysis of cross-species SSR markers indicated that the main
syntenic relationships between Cucurbita species were highly conserved during evolution.

3. Understanding the Genetic Basis of Biotic Resistance in Vegetable Crops

Fungal diseases remain challenges restricting the sustainable development of veg-
etable production. Although pesticides can prevent and control fungal diseases, excessive
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use of pesticides has brought great damages to the environment and human beings. Im-
proving disease resistance has become an important breeding objective. The development
and establishment of molecular marker technology makes it fast and effective to select
germplasm resources directly.

The development of molecular markers associated with resistance to gray mold disease
in onion (Allium cepa L.) through RAPD-PCR was assessed by Kim et al. [8§]. RAPD analysis
was performed to identify the genetic relationship between the resistant and susceptible
lines and develop the SCAR marker. In addition, RNA-seq of the gray mold-resistant and
-susceptible onion lines were analyzed to develop a selectable marker for the resistant line.

Phytophthora blight is a common disease that causes decreased yield and quality in
pepper (Capsicum annuum L.). Li et al. generated a high-resolution genetic map of pepper
associated with resistance to Phytophthora capsiciby SLAF-seq and QTL analysis [9]. CQPc5.1
was identified as a major quantitative trait locus (QTL) for the P. capsici resistance, including
23 candidate genes located within the interval.

4. Mining Genes Responsible for Abiotic Stresses for Vegetable Improvement

In vegetable crops, abiotic stresses cause serious damages, which limit growth and
affect physiological metabolic processes. Therefore, screening genes responsible for abiotic
stresses is essential to breeding resistant varieties. Pepper is sensitive to high temperatures,
which leads to severe symptoms, such as pollination failure, growth defects and other
aspects. Wang et al. identified differential expression genes in pepper leaves through
a transcriptomics analysis of heat-tolerant and heat-sensitive varieties [10]. Heat shock
(HS) proteins and HS transcription factors were identified as responsive to heat stress
or recovery.

A small heat shock protein CaHSP18.1a was isolated and charactered from pepper [11].
Liu et al. demonstrated that CaHSP18.1a was sensitive to heat stress and showed high
expression levels in thermo-tolerant line. The silencing of CaHSP18.1a caused elevated
MDA contents and decreased resistance to heat, drought, and salt stresses, indicating that
CaHSP18.1a positively regulates abiotic tolerance.

In eggplant, the genome-wide identification of Hsf and Hsp genes under heat stress
was assessed by Gong et al. [12]. RNA-seq analysis showed that Hsf and Hsp genes exhibit
different expression levels in the thermotolerant line 05-4 and the thermosensitive line
05-1, providing a basis for studying the relationship between thermotolerance and heat-
response genes.

Nowadays, the irrational use of nitrogen fertilizer has resulted in undesirable growth
and reduced yield in pepper. The molecular basis underlying the genetic variation in N-use
efficiency (NUE) remains largely unknown. Based on comparative transcriptome analysis,
Wang et al. selected two genotypes with contrasting low-N tolerance to explore the variation
in NUEin pepper [13]. Numerous DEGs involved in N metabolism or other physiological
processes were identified, providing candidate genes for improving N utilization in pepper.

5. Organic Compounds in Vegetables and Its Interaction with Environment

Flavonoids and volatile organic compounds act as important roles in the growth and
developmental processes of vegetable crops, including the attraction of insect pollination,
the inhibition of plants diseases and improvement in weed control.

In broccoli, anthocyanins contribute to the purple color and act as health-promoting
antioxidants. Liu et al. identified major loci and candidate genes responsible for antho-
cyanin biosynthesis in broccoli [14]. Two QTLs on chromosomes 7 were identified to be
tightly correlated with anthocyanin biosynthesis based on QTL-seq bulk segregant analy-
sis. Further high-resolution mapping identified 14 candidate genes, providing a potential
molecular marker into the breeding of novel varieties with abundant anthocyanins.

Volatile organic compounds released from plants are related to the allelopathy phe-
nomenon, a chemical relationship of plant interaction. Xie et al. reviewed the recent
advances in the allelopathy of volatile organic compounds (VOCs) of plants [15]. VOCs
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had multiple allelopathic effects on plants, such as enzyme activity, dormancy, diseases
resistance, ROS scavenging, plant-to-plant communication, and other aspects [15]. The
research suggested that the allelopathy of VOCs can be utilized in the development of
economical and effective measures for sustainable agriculture [15].

With germplasm evaluation, gene isolation, and marker development, both scientists
and breeders are working closely to generate more efficient breeding technology, e.g., gene
editing, and to produce more elite cultivars. With emerging substantial genomic data and
tools, further collaboration is worthwhile for next-generation breeding technology, e.g.,
genome-based breeding by design, to generate green, environmentally adaptive vegetable
cultivars with high yield and quality.
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Abstract: Broccoli (Brassica oleracea L. var. italica) is one of the most important vegetable crops culti-
vated worldwide. The market demand for broccoli is still increasing due to its richness in vitamins,
anthocyanins, mineral substances, fiber, secondary metabolites and other nutrients. The famous
secondary metabolites, glucosinolates, sulforaphane and selenium have protective effects against
cancer. Significant progress has been made in fine-mapping and cloning genes that are responsible for
important traits; this progress provides a foundation for marker-assisted selection (MAS) in broccoli
breeding. Genetic engineering by the well-developed Agrobacterium tumefaciens-mediated transfor-
mation in broccoli has contributed to the improvement of quality; postharvest life; glucosinolate
and sulforaphane content; and resistance to insects, pathogens and abiotic stresses. Here, we review
recent progress in the genetics and molecular breeding of broccoli. Future perspectives for improving
broccoli are also briefly discussed.

Keywords: broccoli; progress; genetic researches; molecular breeding

1. Introduction

Broccoli (Brassica oleracea L. var. italica) is a member of the Brassicaceae family and is
widely cultivated as an important vegetable crop worldwide [1,2]. It produces edible hyper-
trophic reproductive organs (floral head and stalk), with rich health benefits and nutritious
properties, such as vitamin A, vitamin K, calcium, magnesium and anticancer bioactive
compounds, including glucosinolates, sulforaphane, selenium and flavonoids [3-5].

The italica group arises from the cultivation and domestication of Brassica oleracea (CC
genome; 2n = 18) in the Mediterranean region. Accurate knowledge about the cultivation
of B. oleracea mustard plants can be traced to the Hellenic culture, starting in approximately
the 6th century BC [6]. By distinguishing the B. oleracea cultivars, ‘Broccoli” is probably
a colloquial Latin word for any projecting shoots of the cabbage family [6]. Broccoli-like
varieties were developed from selections of desirable B. oleracea types during the past
2000 years and formed various broccoli landraces mainly in Italy [6-9]. The broccoli variety
“Vrocculi o Sparaceddi’ is considered the first domesticated form of wild brassica from
which broccoli originated [10]. During the past 300 years, the heading broccoli has greatly
improved, largely attributed to selection by Danish and English horticulturists [6]. For a
long time, the consumption of broccoli as a vegetable was confined to the Italian peninsula
and it was grown mainly as sprouting broccoli cultivars [10]. With the breeding and
improvement of calabrese broccoli varieties, a particular type producing large and compact
heads more similar to cauliflower, broccoli spread and gained popularity worldwide [10,11].
Various broccoli landraces were introduced to the United Kingdom in the 1700s and to
the United States in the 1800s and became popular after World War II [11]. Broccoli was
initially introduced into several southern provinces of China in the 1980s and has been a
popular vegetable widely grown in China. In recent years, China, with a cultivation area
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of over 80,000 ha, has become the largest producer of broccoli in the world [12]. Driven
by scientific evidence that broccoli is beneficial to human health, the market demand is
still increasing in the main broccoli-producing countries, including China, the US and
India [12-14].

With the development of molecular biology technology and functional genomics,
a large number of studies on broccoli have been performed. Marker-assisted selection
(MAS) and genetic transformation were combined with conventional breeding to improve
broccoli for high yield, quality, resistance to biotic and abiotic stresses, etc. We review the
recent progress on the genetics and molecular breeding of broccoli, focusing on desirable
agronomic traits, male sterility, abiotic stress resistance, disease resistance, secondary
metabolites and genetic transformation. Postharvest yellowing (or prolonging shelf life) of
broccoli is also a research hotspot that has been reviewed recently and thus is not included
in this review [2]. Broccoli improvement by genetic engineering was reviewed in 2016 [1],
so relevant advances in recent years from 2016 to 2021 are included in this review.

2. Genetics and Molecular Breeding of Broccoli
2.1. Abiotic Stress Resistance
2.1.1. Heat Stress

Broccoli production faces challenges of demand to extend plant areas and maintain
production security under extreme weather brought by climate change [13,15]. Broccoli
is suitable for growth in cool weather with optimal temperatures ranging from 15 to
23 °C during the early stages of floral development [16]. High temperatures above 25
severely reduce broccoli quality because (1) most broccoli germplasms require vernalization
at temperatures below 23 °C and superoptimal temperatures would even result in no
head formation; (2) some broccoli germplasms do not require vernalization, but floral
development under high temperatures (e.g., above 30 °C) results in undesirable traits,
such as bracting, uneven head surface and sizes of buds, discoloration or even brown
bead, making the broccoli products unmarketable; and (3) high temperatures during the
head maturity stage decrease broccoli yield [15,17,18]. In recent years, substantial progress
has been made in creating heat-tolerant breeding lines and genetically controlling heat
tolerance in broccoli. In the USA, researchers have made efforts to achieve sustainable
broccoli production under heat tolerance in the main production area on the east coast,
supported by projects (National Institute of Food and Agriculture (NIFA) Project No.
2010-51181-21062 and the USDA Vegetable Brassica Research Project (CRIS No. 6080-21000-
019-00D)) [16,19,20]. In Asia, researchers are trying to introduce broccoli to subtropical and
tropical regions, such as in Taiwan, China and Indonesia [21,22].

The ability to produce high-quality heads by several broccoli germplasms under
heat stress is considered a quantitative trait controlling multiple positive loci [13,15]. Lin
et al. identified 31 QTLs for head size and weight phenotypes of broccoli grown in high-
temperature seasons (average 36.4 °C day/25.9 °C) [23]. Branham et al. constructed
a high-density genetic map by genotyping-by-sequencing of a DH broccoli segregating
population for heat tolerance and identified five QTLs and one positive epistatic interaction
between QHT_C03 and QHT_CO05, explaining 62.1% of phenotypic variation [15]. Using a
new DH population of broccoli, Branham et al. performed whole-genome resequencing of
bulked segregants and identified two novel heat tolerance QTLs, of which QHT_C09.2 may
explain the negative correlation between maturity and heat tolerance [13].

Using reversed genetic approaches, a heat-stress-related broccoli catalase gene was
cloned, and ectopic expression of this gene in Arabidopsis can enhance heat tolerance, but
whether it plays a role in maintaining a high-quality head under high temperatures is
still unknown [24,25]. In addition, benefiting from improved sequencing techniques and
the release of reference genomes, some researchers performed omics-related studies and
identified differentially expressed microRNAs/genes and potential pathways involved in
heat tolerance [26,27].
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2.1.2. Other Abiotic Stresses

Several studies have focused on broccoli resistance to other stresses, such as pro-
teomic analysis for waterlogging stresses [28], microRNA analysis for salt stress [29]
and transcriptome and metabolomics for wounding stress [30]; differentially expressed
proteins/microRNAs/genes were identified as possibly related to resistance to these
stresses [28-30].

In addition, cuticular waxes on the plant surface contribute to resistance to many
environmental stresses, such as drought, UV light, high radiation and both bacterial and
fungal pathogens [31]. Some loci and linked markers for this trait have been obtained.
Using a natural glossy (cuticular wax defective) mutant, Branham and Farnham identified
three candidates, Bo3g001070, Bo3g122030 and Bo3g008780, for this trait on C03 [32]. In the
broccoli x Chinese kale-derived BolTBDH population, leaf color was segregated, which
resulted from the differences in cuticular waxes between broccoli and Chinese kale; a locus
for this trait, LC_C09@15.1, was identified on C09, explaining 45.64% of the phenotypic
variation [33].

2.2. Desirable Agronomic Traits
2.2.1. Heading

Broccoli produces edible reproductive organs characterized by proliferation and de-
velopmental arrest of floral buds [17]. Floral head quality is the most important agronomic
trait selected by breeders. With forward and reversed genetic approaches, some genes/loci
related to head formation have been identified, but the genetic basis remains elusive [34].

Some works tried to identify homologs of the Arabidopsis floral meristem identity
genes LEAFY (LFY), APETALA1 (AP1) and CAULIFLOWER (CAL) and implied that Bo.CAL
and BoAP1 are involved in curding in cauliflower, a subspecies similar to broccoli but
different in the developmental stage of the reproductive meristem at harvest [35-37].
Subsequent studies suggest that heading is quite complex in both cauliflower and broccoli,
which seems not to be controlled solely by these floral genes [34].

In the 1990s, researchers started to construct genetic maps by crossing broccoli culti-
vars/inbred lines with various materials, including broccoli cultivar/landrace, cabbage,
cauliflower, kale and Chinese kale, to detect loci of important traits, such as disease re-
sistance, head morphology, nutritional quality and flowering /maturation time [38-42]. Sev-
eral quantitative trait loci influencing head traits, including head weight, head height/width
and floret height/width, have been identified, but the early constructed genetic maps are
hard to unify [23,42,43] due to the differences in plant germplasm, marker types and link-
age group nomenclature and the lack of B. oleracea reference genomes before 2014. Using
a double-haploid BolTBDH mapping population derived from Early Big (broccoli DH
line) and TO1000DH3 (nonhead Chinese kale), Stansell et al. identified heading-quality
QTLs, including BU_C04@51.5, BR_C09@49.5, HC_C09@48.8, HU_C09@48.8, HE_C09@47.7
and OQ_C09@49.5 (Table S1), and found genomic regions of approximately 49 Mb on C09
harboring FLOWERING LOCUS C (FLC) homologs Bo9¢173400 and Bo9¢173370, as hotspots
contributing largely to over 40% phenotypic variance of the heading phenotype [33]. In
another study, three head quality QTLs, CQ-2, gCQ-3 and gCQ-6, associated with subtrop-
ical adaptation were identified [21]; and specific haplotype combinations of candidates
BoFLC3 in the interval containing gCQ-3 and PERIANTHIA (PAN, a bZIP-transcription
factor required for AGAMOUS activation) in the interval containing gCQ-6, were supposed
to adapt broccoli to high ambient temperature and short daylength. Along with these key
head-related traits, QTL mapping for bud morphology was also reported by Stansell et al.
and Lin et al. [21,33]. These studies provide genetic information and breeding materials for
improving broccoli varieties.

2.2.2. Flowering Time

Flowering is an important agronomic trait of broccoli, as it influences maturity, head
quality, hybrid seed production and geographical region adaptation. Flowering time is con-
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sidered to be controlled by multiple QTLs. To detect QTLs/genes associated with this trait,
segregation populations were generated by crossing broccoli with different germplasms,
such as broccoli x cabbage, broccoli x Chinese kale and broccoli x broccoli. Different QTLs
were detected in these studies, even using similar populations, such as broccoli x cabbage
and broccoli x Chinese kale [21,33,44-47]. Most studies have implied that flowering is
largely controlled by one or a few major QTLs [21,33,44-47]. As early as the late 1990s, us-
ing populations of broccoli (nonvernalization type) x cabbage (vernalization type), broccoli
(late flowering type) x Chinese kale (early flowering type), several QTLs for flowering time
were mapped [44-47]. Two subsequent studies used a similar population derived from
broccoli x cabbage but obtained different results [48,49], possibly due to the differences
of the specific germplasms used and the planting environmental conditions. Okazaki
et al. detected six QTLs controlling flowering time (from February to July, 2001, Niigata,
Niigata Prefecture, Japan), among which the major QTL in the interval BRMS215-F2-R4b,
accounting for 36.8% of the phenotypic variance and BoFLC2 in the interval is thought
to be the candidate control of flowering time [48]. Similarly, using a broccoli x cabbage
population, Shu et al. combined QTL-seq and a traditional linkage map to detect flowering
time loci (from the spring of 2013 to the winter of 2014, Beijing China). A major QTL Ef2.1
is located on C02 2.65-2.68 Mb, responsible for early flowering and explaining 51.5% of the
phenotypic variation, and a homolog of GROWTH-REGULATING FACTOR 6 (BolGRF6) is
a possible candidate [49]. Using DH populations of broccoli x Chinese kale, Stansell et al.
(2019) identified two QTLs DM_C03@6.4 and DM_C09@50.0 for days to maturity, two QTLs
DF_C03@6.4 and DF_C09@50.0 for days to flowering, and the major QTLs DM_C09@50.0
and DF_C09@50.0 on C09 at approximately 50 Mb, explaining approximately 50% of the
phenotypic variation [33].

Broccoli is usually sensitive and not feasible in high-temperature areas/seasons, which
are thought to impede vernalization, resulting in defects in floral meristem development.
Using tropical accessions in Taiwan, China, Lin et al. 2018 identified nonvernalization-
responsive QTLs that contribute to subtropical adaptation (high ambient temperature and
short day length) [21]. The candidate gene BoFLC3 identified in the major QTL qgDCI-3 may
function as an alternative pathway for the control of flowering in temperate and tropical
environments [21].

2.2.3. Plant Architecture

Plant architecture is a complex trait attributed to stem and leaf morphologies, includ-
ing plant height, leaf size, leaf shape, leaf angle, petiole length and lateral shoot growth.
It affects the planting density, yield and quality of broccoli [50]. Several QTLs for plant
architecture-relevant stem and leaf traits have been reported [23,27,32,51,52]. Before the
release of reference genomes, researchers mapped QTLs associated with leaf lamina width
on linkage groups C01 and C07 [51], stem width on LG5 [23], leaf apex on linkage groups
C06 and C07 [43], leaf shape on linkage group C3 [43], leaf length on linkage group C7 [43],
wing petiole length on linkage group C7 [43] and lobe number, wing number, leaf shape
and lamina petiole length on linkage group C3 [43]. In recent years, in addition to fo-
cusing on heading traits, Stansell et al. mapped several QTLs for leaf morphology and
lateral shoots. Four QTLs for leaf apex, two QTLs for leaf margin and leaf-associated
hotspot genomic regions, Lea3 on C03 0.7-1.7 Mb and Lea7 on C07 37.0-39.5 Mb were iden-
tified. A GRFI-INTERACTING FACTOR 1 (GIF1) homolog (Bo7g093130) within major QTL
LA_C07@36.6 may be responsible for the narrow leaf phenotype, and a LATE MERISTEM
IDENTITY1 ortholog (BoLMI1, Bo3g002560) near the major LM_C03@0.7, explaining over
40% phenotype variation, may be responsible for leaf margin phenotype [33]. Three lateral
shoot growth-associated QTLs, LT_C03@5.9, LT_C04@15.0 and LT_C09@9.0, are located
on C03, C04 and C09, although no likely candidates were predicted [33]. Huang et al.
constructed a genetic linkage map using a broccoli DH population and identified QTLs
for plant height (PH), maximum outer petiole length (PL) and leaf width (LW), including
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major QTLs phcl for PH on chromosome 1, plc6—2 for PL on chromosome 6 and lwc3—1
for LW on chromosome 3 [52].

2.2.4. Stem Development

Broccoli hollow stem is an undesirable phenotypic disorder showing symptoms of
cracks in the internal stem tissue [53,54]. It reduces the quality of broccoli products because
hollow stems can result in (1) yield reduction, as harvested broccoli comprise partially
edible stalks; (2) secondary pathogen infection and rotting of stems and florets [38,39]. The
incidence of hollow stems increases when plants grow rapidly, triggered by, for example,
high levels of nitrogenous and warm weather but also varies in different broccoli accessions,
indicating that this trait is largely genetically determined and can be controlled by breeding
resistant varieties [53,54]. However, relevant studies on this trait are very limited. Yu et al.
constructed a genetic map using specific locus-amplified fragment (SLAF) sequencing in
a double-haploid segregation population of broccoli and defined nine QTLs on C02, C03,
C05, C06 and C09 for hollow stems, among which QHS. C09-2 could explain 14.1% of the
phenotypic variation [55].

2.2.5. Head Color

Broccoli is rich in anthocyanin, an important nutritional value with antioxidant activity,
can improve health, increase life expectancy and prevent diseases [56]. Anthocyanin
accumulation in broccoli inflorescences, especially in septals, makes the appearance range
from green/blue to purple. Some cultivars, such as ‘Purple Sprouting Early’, are selected for
rich anthocyanin contents, producing obvious purple heads [56]. Purple traits in B. oleracea
are attributed to the independent activation of Brassica oleracea MYB DOMAIN PROTEIN 2
(BoMYB?2) in subspecies of cabbage, cauliflower, kohlrabi and possibly broccoli [57].

On the other hand, broccoli cultivars producing heads with green-purple color are
considered not beautiful and would be less attractive to consumers than the completely
green type, especially in the market of China [58]. This green-purple type is sensitive
to temperature, and cool weather would induce and deepen the purple degree. Yu et al.
mapped this purple sepal trait using a DH population and SLAF sequencing; three QTLs
were detected, with a major locus, gPH. C01-2, located on linkage group (LG)1, and two
loci, gPH. C01-4 and gPH. C01-5, located near gPH. C01-2 [59].

2.3. Male Sterility and Fertility Restoration

Broccoli displays obvious heterosis and most commercial broccoli varieties are F1
hybrids. The production of broccoli F1 hybrids depends on self-incompatibility before the
early 21st century and now nearly completely depends on male sterility-based breeding
systems [11,12,59]. Male sterility comprises cytoplasmic male sterility (CMS) and genic
male sterility (GMS) [60]. Among them, Ogura CMS, with the advantages of complete
male gamete abortion, maternal inheritance and easy transfer, is now the most widely
studied and applied male sterility source in broccoli seed production [60,61]. Ogura CMS
is a natural mutation found in radish populations [62], which is caused by a mitochondrial
gene named 07f138, and can be fully restored by the nuclear gene RFO (PPR-B) [63,64].

Researchers have made efforts to introduce the CMS source to B. oleracea by distant
hybridization and/or protoplast fusion, but the initially created CMSR1 and CMSR2 contain
too much radish cytoplasm, displaying undesirable characteristics, including yellowing at
low temperature, deformed flower shape and poor seed setting, which cannot be used in
seed production [65-67]. Until the late 1990s, the American Asgrow company applied the
method of asymmetric protoplast fusion to reduce the proportion of radish mitochondria,
creating CMSR3 with normal fertility and pistil structure; this CMS has been transferred
to many elite parent lines, playing a dominant role in the seed production of B. oleracea
crops [67,68]. During the creation and transfer processes of Ogura CMS, specific orf138 PCR
markers were developed for MAS [69]. Additional mitochondrial markers were developed
to distinguish the CMS types; detected by these six orf138-related and two simple sequence
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repeat markers in 2016, Shu et al. divided 39 CMS broccoli accessions into five groups, and
observed that CMSR3 constituted 79.49% of the CMS accessions from China [67].

In addition to the Ogura CMS, GMS resources and GMS-based seed production
systems were reported as promising alternatives [60,70-73]. A special dominant genic
male sterility (DGMS) resource, 79-399-3, which arose in cabbage populations in China,
has been successfully and widely applied in cabbage hybrid seed production [61,72]. The
DGMS-based breeding system has been established in B. oleracea crops, including cabbage,
broccoli and kohlrabi [61,72]. Compared with the Ogura CMS, the DGMS-based breeding
system displayed advantages of much higher seed quality and yield [61]. However, its
utilization is limited in broccoli, largely because homozygous DGMS plants must be
preserved and reproduced by tissue culture, which is not effective for large-scale hybrid
seed production [61]. Despite these disadvantages, this DGMS-based system has been
preserved as an alternative for broccoli hybrid seed production. In recent decades, dozens
of broccoli DGMS lines have been created, and several markers have been developed
for MAS for the rapid creation of DGMS lines [61,74]. Shu et al. developed generic SSR
markers linked to the male-sterile gene, with the marker scaffold10312a showed the highest
accuracy of >96.43% [74]. By distinguishing the amplified products polyacrylamide gel,
these markers were successfully used for identification of male and sterile plants in broccoli
breeding lines DGMs8554, DGMs93219 and DGMs94174; enabled DGMS plants selection
in the seedling stage. Han et al. developed a high-throughput kompetitive allele specific
PCR (KASP) marker K6 with high accuracy and no genetic background bias applicable
to all B. oleracea crops, including broccoli [61]. This marker was based on allele specific
fluorescence on an Applied Biosystems Viia 7 real-time PCR system for high-throughput
detection. In the DGMS-based breeding system, this marker was used for identifying
homozygous DGMS plants from selfing progenies of heterozygous plants as an alternative
to test crossing, which requires at least two years and additional labor in tissue culture [61].
These DGMS-specific markers enable effective selection in breeding programs.

On the other hand, there is increasing demand for the reutilization of CMS resources
in B. oleracea crops. The Ogura CMS restorer gene RFO (PPR-B) was introduced from
radish to rapeseed and recently to B. oleracea crops [75,76]. Liu et al. applied strategies of
interspecific hybridization and backcrossing and introduced the RFO gene from rapeseed
to broccoli. The foreground Rfo-specific markers BnRFO-AS2F /BnRFO-AS2F and BnRFO-
AS2F/BnRFO-NEW-R, were used for detecting Rfo-positive interspecific hybrids; and 28
background SSR markers were used for detecting true intergeneric hybrids and assessing
the genetic backgrounds of Rfo-positive interspecific hybrids. By evaluating polymorphism
loci of the 28 background markers, the BC2 Rfo-positive individuals were found closer to
the broccoli’s genetic background [76].

2.4. Disease Resistance
2.4.1. Downy Mildew

Downy mildew, caused by the obligate fungus Hyaloperonospora parasitica (Pers. Fr.), is
a destructive disease that affects brassica crops, including broccoli [77,78]. Broccoli plants
are often stunned or killed when infected with downy mildew at the young seedling stage
or infection can result in quality reduction and yield loss at the adult stage [79,80]. The
disease is prevalent in cool weather, with initial symptoms of light green-yellow lesions on
the upper leaf surface and later on the undersurface; the spot enlarges and turns yellow;
white fungi are visible on the undersurface of leaves under high humidity conditions [79,80].
High resistance to downy mildew both at the young and adult stages is present in some
broccoli germplasms and is controlled by a single dominant locus [79,81-84]. Resistance
loci were mapped and linkage markers were developed for MAS, but the gene has not
been cloned [79,82,83]. Giovannelli et al. identified 8 RAPD (random amplification of
polymorphic DNA) markers linked to downy mildew resistance in broccoli (cotyledon
and true leaf stage), among which two, UBC3596¢9 and OPM16750, were converted to
SCAR (sequence characterized amplified regions) markers linked to the locus with 6.7 and
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3.3 cM [82]. Farinho et al. mapped the locus Pp523 for downy mildew resistance to adult
plants of broccoli and developed flanking RAPD markers OPK17_980 and AFLP marker
AT. CTA_133/134, with genetic distances of 3.1 cM and 3.6 cM, respectively [83]; in a later
study, new AFLP markers were developed and some of them were more user-friendly
SCAR and CAPS (cleaved amplified polymorphic sequence) markers; sequencing indicated
that Pp523 is syntenic to the top arm end of Arabidopsis thaliana chromosome 1 [79]. We
aligned the marker sequences to the broccoli HDEM reference genome [85] and found that
the target Pp523 region is 49.29-50.68 Mb on C8.

2.4.2. Clubroot

Clubroot, caused by the soil-borne pathogen Plasmodiophora brassicae, is one of the
most devastating diseases of Brassica crops, including broccoli [86-88]. Plants infected by
the pathogen form galls on roots, which prevent plant uptake of nutrients and water and
become stunted and wilt under warm weather [89]. B. olearcea lacks germplasm highly
resistant to clubroot, although it has been identified and studied for mining resistance
loci/genes in its close relatives, such as turnip, radish and rapeseed [90-93]. The resistance
gene CRa has been introduced from B. rapa to B. olearcea by distant hybridization and
MAS [94]; in this process CRa-specific markers SC2930-Q-FW /SC2930-RV were applied for
detection of CRa gene in the F1 and each backcross plants, enabled successful introgression
of the CRa gene into the cabbage inbred lines. In recent years, commercial broccoli varieties
with the CRa resistance gene, bred by the Syngenta Corporation, are available on the market
of China, but the MAS process is not available.

While highly clubroot-resistant germplasms are lacking, some moderate clubroot re-
sistance has been identified in B. oleracea [95-97]. There are two studies on genetic mapping
for resistance loci related to broccoli, although both of them used broccoli as susceptible
parents. These studies are useful for the rapid introduction of clubroot resistance from
other subspecies/related species to broccoli with MAS [95,96]. Rocherieux et al. generated
F2:3 segregation populations by crossing clubroot-resistant kale and clubroot-susceptible
broccoli and constructed a restriction fragment length polymorphism (RFLP) based ge-
netic map. The populations were infected by five isolates and two to five QTLs were
identified depending on the isolates; one of these QTLs, Pb-Bol, showed broad-spectrum re-
sistance detected in all isolates [95]. Using populations of crossing resistant double-haploid
line (Anju) with a susceptible double-haploid line (GC), Nagaoka et al. identified five
CR-QTLs, pb-Bo(Anju)1, PbBo(Anju)2, PbBo(Anju)3 and PbBo(Anju)4 derived from Anju
and pb-Bo(GC)1 from the susceptible parent GC; this study also provided specific primer
sequences linked to CR loci and a comparison with known B. rapa CR genes [96].

2.4.3. Black Rot

Black rot, caused by the bacterium Xanthomonas campestris pv. campestris (Pam.) Dow-
son (Xcc), is also one of the most destructive diseases of brassica crops in the world [98,99].
The pathogen often invades plants through hydathodes and spreads through vascular
tissue, forming V-shaped lesions at the leaf margins, causing systemic infection and great
loss of quality and yield [98-100]. While some resistant plant resources have been reported
in B. oleracea, few loci/genes have been identified [101-103]. Camargo et al. identified
genomic regions associated with young and adult plant resistance to black rot in linkage
groups 1, 2 and 9 using a population of black rot-resistant cabbage line BI-16 and suscepti-
ble inbred broccoli line OSU Cr-7 [38]. Doullah et al. identified two genomic regions on
LG 2 and LG 9 significantly associated with resistance to black rot, with a disease rating
of populations from susceptible broccoli green commet P09 and resistant Reiho P01 [104].
In a later study using the same plant materials, Tonu et al. improved the previous ge-
netic map and identified three QTLs, XccBo(Reiho)1, XccBo(Reiho)2 and XccBo(Reiho)1, for
resistance to black rot, and the major QTL, XccBo(Reiho)2, was from parent Reiho [105];
comparison using common markers of the previous study by Camargo et al. revealed that
XccBo(Reiho)1 and XccBo(GC)1 may be identical to the previously reported QTLs [104,105].
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Iglesias-Bernabé et al. performed QTL analysis of black rot resistance (Xcc race 1) in the
BolTBDH mapping population and identified four QTLs, including Xcc1.1 showing overlap
with the previously reported cabbage resistance locus BRQTL-C1_1, BRQTL-C1_2 [106],
Xcc6.1 showing overlap with BRQTL-C6, Xcc8.1 showing overlap with XccBo(Reiho)2 [105]
and a novel locus, Xcc9.1 [107]; in addition, this study indicated that resistance might be
related to the synthesis of secondary metabolites [107].

2.5. Secondary Metabolites

Broccoli contains a number of beneficial secondary metabolites, including glucosi-
nolates/sulforaphane, carotenoids, phenolic acids and flavonoids. Several loci/genes
regulating the accumulation of these compounds in broccoli have been identified. Genetic
models of secondary metabolite biosynthesis in Arabidopsis provide a convenient tool for
homologous studies in broccoli [108,109]. Via a homologous cloning strategy, some broccoli
genes are isolated directly, including cytochrome P450 79F1 (CYP79F1), cytochrome P450 83A1
(CYP83A1), UDP-glucosyltransferase 74B1 (UGT74B1), sulfotransferase 18 (ST5b) and flavin-
containing monooxygenase GS-OX1 (FMOGS-OX1), cytochrome P45083B1 (BoCYP83B1),
BoMYB51, GSL-PRO, GSL-ELONG, GSL-ALK, GSL-OH, Myb28 and BoMYB51 for glucosi-
nolate biosynthesis [109-113], and BoPAL, BoDFR, BoTT8 and BoTTG1 for anthocyanin
biosynthesis [114]. Genetic loci determining the variation in these secondary metabolites
were also detected by genetic mapping. Sotelo et al. performed genetic analysis to identify
the genome regions regulating glucosinolate biosynthesis in the DH mapping population
BolTBDH and detected eighty-two significant QTLs for individual and total glucosinolate
synthesis in leaves, seeds and flower buds, and QTL9.2 (proposed candidate as GSL-ALK)
plays a central role in determining glucosinolate variation, showing epistatic interactions
with other loci [115]. Brown et al. constructed a genetic linkage map with a broccoli map-
ping population, identified 14 QTLs associated with the accumulation of aliphatic, indolic
or aromatic glucosinolates in florets, and a locus GSL12 on C09 explains approximately
40% of the phenotypic variability of progoitrin [116]. Li et al. performed genetic mapping
for sulforaphane metabolism with a DH population; 18 QTLs for sulforaphane metabolism
in broccoli florets were identified, and six QTLs among them were detected in more than
one environment [117]. Using the same population previously reported [116], Brown
et al. constructed a genetic linkage map with an SNP array and identified three QTLs
for carotenoid variation in broccoli florets [118]. Gardner et al. performed QTL analysis
saturated with SNP markers in an Illumina 60 K array for total phenolic concentration
and its individual components in the population previously reported by Brown et al. [118]
and obtained twenty-three loci identified in at least two analyses [119]. In the BoITBDH
mapping population, 33 QTLs were identified controlling phenolic concentrations in leaves,
flower buds and seeds [120]. In addition, transcriptome analyses were performed to iden-
tify differentially expressed genes related to glucosinolate metabolism in broccoli seeds,
sprouts and byproducts [121-123].

2.6. Development of Omics Research

Advances in techniques and reduced costs of high-throughput next- and third-generation
sequencing have brought high-throughput tools for genomic-related studies and the improve-
ment of broccoli. In 2014, B. oleracea draft genome-based short reads of the next generation
were released [124,125]; in 2018, the first broccoli (HDEM) reference genome, a high-quality
daft genome based on third-generation nanopore long reads and optical maps, was accessi-
ble [85]. These studies provided information on genome duplication and gene divergence and
the direct prediction of genes related to phytochemicals and morphological variations and, as
mentioned above, provided a reference for high density marker development [97,116,118].
Bulked-segregant analysis combined with whole genome resequencing (BSA-seq) for rapid
gene/QTL mapping and candidate searching [13,32] and omics-related studies exploring
differentially expressed genes/miRNAs related to important traits [26-30,121-123]. In addi-
tion, high-throughput strategies promote KASP marker-based fingerprinting for the essential
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broccoli germplasm [126], genetic diversity and population structure analysis for broccoli
cultivars [11,127], and the genomic and morphological domestication syndrome of broccoli
calabrese landraces, hybrids and sprouting broccoli [11].

2.7. Genome Editing

Genome editing is a powerful tool for efficient and targeted genome manipulations in
living organisms. Depending on the genome editing tools, four engineered nucleases were
developed: Meganucleases [128], zinc finger nucleases (ZFNs) [129], transcription activator-
like effector-based nucleases (TALENSs) [130] and short palindromic repeat (CRISPR)-
associated protein (Cas9) systems [131,132]. CRISPR/Cas9 has proven to be a cost-effective
and versatile tool for precise and efficient genome editing and in recent years, it has been
extensively studied and applied to manipulate desired genes in plants [133]. While it has
been realized in some B. oleracea crops [134,135], genome editing by CRISPR/Cas9 has not
succeeded in complete broccoli background plants. Only one study applied this tool to
broccoli-related plant material DH1012, a doubled haploid genotype from the crossing of
B. oleracea alboglabra (A12DHd) with B. oleracea italica (Green Duke GDDH33), targeting
BolC.GA4.a (Bol038154), resulting in dwarf stature [136,137].

2.8. Genetic Transformation

Agrobacterium-mediated transformation in broccoli was first reported by Metz et al. [138].
In the last decade, this genetic engineering tool has been applied for improving broccoli
regarding (1) insect resistance by the genes cry1A(c), crylC and cryIA(b); (2) fungal resistance
by the Trichoderma harzianum endochitinase gene, PR-1 and PR-2; (3) abiotic stress resis-
tance by AtHSP101; (4) herbicide resistance by Bar gene; (5) prolonged shelf-life/delayed
postharvest yellowing by ipt (isopentenyl transferase) gene, ACC synthase 1, Bo.CLH1 and
ACC oxidase gene; and (6) flowering control by CYPS86MF, SLG, FCA and CONSTANS, which
has been reviewed by Kumar and Srivastava in 2016 [1]. Thus, we review the advances of
broccoli transgenic improvement in recent years (Table 1).

Table 1. Broccoli improvement by genetic transformation in recent years.

Gene Transferred

Origin Recipient Plant Performance References

enhanced resistance to downy

BoAPX broccoli broccoli mildew [139]
enhanced tolerance to heat stress
BoWRKY6 broccoli broccoli enhanced res1‘stance to downy [140]
mildew
BoiCesA (RNAi) broccoli broccoli enhanced salt tolerance; dwarf and [141]
smaller leaves
BoC3H broccoli broccoli enhanced salt stress tolerance [142]
BoC3H4 broccoli broccoli enhanced s.alt stress tolerar}ce; [143]
more susceptible to S. sclerotiorum
enhanced salt stress tolerance;
BoERF1 broccoli broccoli enhanced resistance to Sclerotinia [144]
stem rot
crylAa Be.ac1uus . broccoli resistance to diamondback moth [145]
thuringiensis
BoMYB29 wild B. oleracea DH line [.\61012’ (partial increased glucosinolate content [146]
broccoli background)
BoTSB1, BoTSB2 broccoli Arabidopsis increased glucosinolate content [147]
BroMYB28 (tra.n51ent broccoli broccoli increased glucoraphanin content [148]
overexpression)
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Table 1. Cont.

Gene Transferred Origin Recipient Plant Performance References
MAMI1 broccoli broccoli increased sulforaphane content [149]
FMOGS-0X2 broccoli broccoli increased sulforaphane content [149]
Myrosinase broccoli broccoli increased sulforaphane content [149]
BoiDADIF (RNAi) broccoli broccoli recoverable male sterility [150]
bol-miR171b broccoli broccoli nearly completely male sterile and [151]

increased the chlorophyll content

2.8.1. Transgenic Breeding for Fungal Resistance

In two independent studies, Jiang et al. generated transgenic broccoli plants overex-
pressing the cytosolic ascorbate peroxidase gene BoOAPX and the WRKY transcription factor
gene BoWRKY6; both of them obtained enhanced resistance to downy mildew [139,140].
BoAPX-overexpressing broccoli, with a lower level of electrical conductivity and a higher
level of APX enzyme activity, exhibited significantly higher resistance to Hyaloperonospora
parasitica infection, as well as to heat stress, than wild-type plants [139]. BoWRKY6-
overexpressing broccoli exhibited significantly increased resistance to downy mildew
but varied from low to very high [140]; two of them, lines BWK14 and BWK31, exhibited
very high resistance to downy mildew [140].

2.8.2. Transgenic Breeding for Abiotic Stress Resistance

Li et al. generated RNAi transgenic broccoli lines targeting the cellulose synthase gene
BoiCesA; the BoiCesA knockdown plants showed a loss of cellulose content and significantly
enhanced salt tolerance, and the expression of related genes (BoiProH, BoiPIP2;2, BoiPIP2;3)
was significantly changed but also displayed phenotypic defects characterized by dwarfs
and smaller leaves [141].

In three independent studies, Jiang et al. reported that the overexpression of the
C3H-type zinc finger genes BoC3H and BoC3H4 and the ethylene response transcription
factor gene BoERF1 enhanced salt stress tolerance [142-144]. The BoC3H-overexpression
lines exhibited higher germination rates, dry weight and chlorophyll content under salt
stress and less cell death in the leaves due to the decreased hydrogen peroxide level,
relative electrical conductivity and malondialdehyde contents but increased free proline
content and catalase, peroxidase and superoxide dismutase enzyme activities [142]. The
BoC3H4-overexpression lines exhibited increased salinity stress tolerance, with an increase
in proline and H,O; and a decrease in chlorophyll loss, MDA and REC compared with
WT plants; however, the lines were more susceptible to S. sclerotiorum, possibly due to
the inhibited expression of the BoPDF1.2 gene [143]. The BoERFI-overexpression lines
exhibited a higher seed germination rate and less chlorophyll loss under salt stress, with
less cell death in the leaves similar to the BoC3H-overexpression lines; in addition, the
transgenic lines showed enhanced resistance to Sclerotinia stem rot [144].

2.8.3. Transgenic Breeding for Insect Resistance

Transgenic broccoli for insect resistance was extensively studied in the late 1990s and
the beginning of the 21st century [1], but in recent years there have been few related studies.
Kumar et al. generated transgenic broccoli overexpressing crylAa, which showed effective
resistance to infestation by diamondback moth (Plutella xylostella) larvae [145].

2.8.4. Transgenic Breeding for Enriched Glucosinolate /Sulforaphane Content

In recent years, improving the anticancer metabolite glucosinolate /sulforaphane con-
tent in broccoli by the genetic engineering of biosynthesis-/regulation-related genes has
increased [146-149,152]. Zuluaga et al. reported that the overexpression of BOMYB29 in
DH line AG1012 resulted in the upregulation of the aliphatic glucosinolate pathway and
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higher production of methylsulphinylalkyl glucosinolates, including glucoraphanin [146].
Li et al. isolated two tryptophan synthase beta subunit (TSB) genes from broccoli and
generated overexpression lines of BoTSB1 or BoTSB2 in Arabidopsis, which showed accu-
mulation of tryptophan, indole-3-acetic acid (IAA) and indole glucosinolates; this study
provides a target for improving glucosinolates, but no broccoli transgenic plants were
generated [147]. Studies on BroMYB28 revealed its possible role in the biosynthesis of
glucoraphanin [152], but its function was not proven in broccoli until 2019 [148]. Agrobac-
terium-mediated transient overexpression of BroMYB28 in broccoli results in the accumu-
lation of glucoraphanin [148]. Cao et al. generated transgenic broccoli by overexpressing
MAM1, FMOcgs_ox2 and Myrosinase independently or in triple [149]. Compared with
wild-type plants, independent transgenes of MAM1 FMOgs_ox, and Myrosinase enhanced
sulforaphane content by 1.7-3.4-, 1.6-2.7- and 3.7-fold, while transgenic plants with the
triple gene enhanced sulforaphane content by 1.86-5.5-fold [149].

2.8.5. Transgenic Breeding for Manipulating Male Fertility

Creation of a new male-sterile type by genetic engineering strategies can rapidly
provide alternative resources for hybrid seed production. Male-sterile transgenic broccoli
was reported by Chen et al. via RNAi of the jasmonic acid pathway gene BoiDADIF [150].
These transgenic plants showed male sterility under normal conditions but recovered
to fertility when treated with exogenous JA and were thus suitable for utilization in a
two-line seed production system [150]. Li et al. reported that the overexpression of a
microRNA bol-miR171b in broccoli resulted in nearly complete male sterility and increased
the chlorophyll content [151].

3. Conclusions and Future Perspectives

In recent years, progress has been made in the molecular breeding of broccoli for
agronomic traits, secondary metabolites, male sterility, abiotic stress resistance, disease
resistance and insect resistance. MAS facilitates the breeding of heat-stress-resistant vari-
eties and clubroot-resistant varieties. However, the molecular breeding of broccoli is still
restrained by a lack of basic research and an unknown genetic basis of most desirable traits.
Future research on the molecular breeding of broccoli may pay attention to the following
aspects.

3.1. Mining Functional Loci/Genes

Some linked markers and mapped genes/QTLs for desirable traits have been reported,
and with the development of sequencing technology in recent years, candidates have
been predicted for mapped genes/QTLs. Omics technologies, such as transcriptomics,
proteomics and metabolomics, have been employed to understand the mechanism of
desirable traits. Despite efforts, quite a few genes in broccoli have been cloned and
functionally verified. Further research should focus on mining and functionally verifying
more genes/QTLs for guiding and promoting the breeding work of broccoli: (1) As the
most desirable traits in broccoli are controlled by complex QTLs, secondary mapping
populations, including near-isogenic lines, introgression lines and chromosome segment
substitution lines, should be developed for fine mapping and isolation of these genes; (2)
by reverse genetics approaches, released databases and advanced sequencing technology
can be used to identify more functional genes; and (3) the obtained target genes, neither
from fine mapping nor homology cloning, should be verified by transient expression or
genetic transformation.

3.2. Improving Broccoli by Landraces or Other B. oleracea Subspecies

Modern broccoli has very narrow genetic diversity, which may cause undesirable
quality, yield and resistance. Broccoli landraces (especially from Italy) and other subspecies
provide diverse genetic resources with promising traits, such as differential heading type,
differential flowering/maturation time, high glucosinolate content and strong disease
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resistance. Desirable genes can be introduced by MAS from landraces/ different subspecies
to breeding materials to improve the quality and extend the genetic diversity of broccoli. A
particular case is the head compactness of calabrese broccoli, the most popular broccoli
type; in recent decades, head compactness of this broccoli has been significantly enhanced
for easy transport and storage, which may be improved via genomic fragment introgression
from cauliflower (no published literature).

3.3. Introducing Disease Resistance Genes from Related Species

Broccoli lacks resistance to some devastating diseases, such as clubroot and black
rot. To guard broccoli genotypes against these diseases, distant hybridization and MAS
can be used to introduce pyramid resistance genes/loci from related species. The club-
root pathogen P. brassicae evolved many physiological races showing different infection
responses on host plants. Only one resistant locus, CRa for race 4, has been introduced from
B. rapa, which is not enough for sustainable production of broccoli under the threat of other
P. brassicae races. More resistance genes/loci should be introduced from related species,
such as turnip, radish and rapeseed, and pyramided in broccoli. For black rot disease,
strong resistance sources have been reported in the A and B genomes of Brassica species,
and moderate clubroot resistance has been reported in the C genome of cabbage. These
resistance genes/loci can be introduced from Brassica carinata and cabbage to broccoli.

3.4. Improving the CRISPR/Cas9 Genome Editing System

The CRISPR/Cas9 system has been proven to be a highly efficient genome editing
method in plants. In recent years, this genome editing system has been successfully applied
in many crops, including rice, maize, soybean and tomato, for gene function studies and
crop improvement, such as high yield, disease resistance, herbicide resistance, ideal plant
architecture and other desirable traits. However, the CRISPR/Cas9 system has not been
established in broccoli; thus, future studies should pay more attention to improving and
employing the CRISPR/Cas9 system for broccoli improvement.
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Abstract: Fruit and vegetable crops are rich in dietary fibre, vitamins and minerals, which are vital
to human health. However, many biotic stressors (such as pests and diseases) and abiotic stressors
threaten crop growth, quality, and yield. Traditional breeding strategies for improving crop traits
include a series of backcrosses and selection to introduce beneficial traits into fine germplasm, this
process is slow and resource-intensive. The new breeding technique known as clustered regularly
interspaced short palindromic repeats (CRISPR)-CRISPR-associated protein-9 (Cas9) has the potential
to improve many traits rapidly and accurately, such as yield, quality, disease resistance, abiotic
stress tolerance, and nutritional aspects in crops. Because of its simple operation and high mutation
efficiency, this system has been applied to obtain new germplasm resources via gene-directed
mutation. With the availability of whole-genome sequencing data, and information about gene
function for important traits, CRISPR-Cas9 editing to precisely mutate key genes can rapidly generate
new germplasm resources for the improvement of important agronomic traits. In this review, we
explore this technology and its application in fruit and vegetable crops. We address the challenges,
existing variants and the associated regulatory framework, and consider future applications.

Keywords: CRISPR/Cas; gene knockout; genome editing; germplasm resource; precision editing;
regulatory framework; trait improvement

1. Introduction

Fruit and vegetable crops are rich in cellulose, vitamins, trace elements, minerals, and
other important nutrients, which are essential in the human diet [1]. However, climate
and environmental changes potentially threaten the production and supply of fruits and
vegetables [2]. Humans have long domesticated and cultivated wild species. Cross-
breeding technology enables breeders to improve varieties by crossing selected dominant
varieties [3]. However, with long-term artificial selection, the shortcomings of conventional
breeding become increasingly prominent, mainly in the excessive dependence on naturally
occurring allelic variation. There are limited genetic germplasm resources for improving
target traits, and conventional breeding can expose many adverse traits, thereby reducing
breeding efficiency [4]. Although traditional breeding can produce new vegetable cultivars
with high yield, good quality and disease resistance, with the increasing global population
and continuous food-supply demands, it is important to rapidly select new varieties to
meet market demands [5]. The development and application of emerging methods in crop
biotechnology can promote high-efficiency and precise varietal breeding [6].

Genetic engineering has been used to improve the responses to biotic and abiotic stress,
and to improve the quality of fruits and vegetables. In 1994, a storage resistant transgenic
tomato was approved by the Food and Drug Administration (FDA) [7]. For papaya, 80%

Horticulturae 2021, 7, 193. https:/ /doi.org/10.3390/horticulturae7070193 23

https:/ /www.mdpi.com/journal /horticulturae



Horticulturae 2021, 7, 193

of the market was supplied with high-yield transgenic papaya with high resistance to
the cyclic spot virus [8]. However, in order to ensure safety in planting processes and
product consumption, genetically modified (GM) plant development and application are
strictly legislated and regulated, greatly delaying the development to market of transgenic
cultivars [9]. In 2013, CRISPR-Cas-mediated gene editing was developed as a tool to study
plant gene function. Over the next two years, many new gene-edited crop germplasm
resources emerged. In 2016, the US FDA approved the CRISPR gene editing of a waxy corn
null segregant line and an anti-browning mushroom (Agaricus bisporus) for the market,
without applying the strict regulatory process required for GM crops [10,11]. This indicates
that CRISPR gene editing has already succeeded in promoting the development of crop
cultivars.

In this review, we summarise the mechanisms underlying CRISPR technology, recent
applications in fruit and vegetable crops, and improvements in CRISPR-Cas systems. We
further outline CRISPR-associated regulatory frameworks that enable commercialisation
of gene edited crops in different countries. Finally, we discuss the future challenges and
opportunities for introducing desirable alleles and improving many traits.

1.1. The Discovery and Development of CRISPR Technology

CRISPR-associated (Cas) genes were first discovered in the Escherichia coli genome in
1987 and were officially named by the Dutch scientist who identified them [12]. In 2005,
it was discovered that many CRISPR spacers consist of short sequences that are highly
homologous with sequences originating from extrachromosomal DNA. The Cas-encoded
protein can combine with the CRISPR transcription products and with the homologous
foreign DNA sequences to form a protein-RNA complex, which can cut the foreign DNA
fragments. The primary function of the CRISPR complex in bacteria and archaea is to
integrate specific fragments of exogenous DNA (from invading phages or other sources)
into their own genomes to become interval sequences. During subsequent invasion by
foreign DNA, the specific recognition system is then activated, providing an acquired
immune defence function [13-15].

CRISPR-Cas technology has been successfully applied to the editing of human, animal,
and plant genomes, and has been developed for use in drug screening, animal domes-
tication, and food science research [16-18]. There are three main types of CRISPR-Cas
systems. Types [ and III use a large multi-Cas protein complex for interference [19]. Type II
requires only a simple effector-module architecture to accomplish interference via its two
signature nuclease domains, RuvC and HNH [20]. Among various CRISPR nucleases, type
I1 Cas9 from Streptococcus pyogenes (SpCas9) is the most widely used in CRISPR-Cas tech-
nology [21]. The sgRNA-Cas complex recognises the protospacer adjacent motif (PAM) and
Cas9 cleaves the target DNA to generate a double-strand break (DSB), triggering cellular
DNA repair mechanisms (Figure 1). In eukaryotes, DSBs have two main repair mechanisms.
The first is nonhomologous end joining (NHE]). In the absence of a homologous repair tem-
plate, the NHE] repair pathway is activated at the DSB site, thus disrupting gene function.
The second is homology directed repair (HDR). If a donor DNA template homologous to
the sequence surrounding the DSB site is available, the HDR pathway is initiated, precisely
introducing specific mutations such as insertion or replacement of desired sequences into
the break sites [22]. Using a donor DNA as a template, gene targeting (GT) can precisely
modify a target locus to repair DNA DSBs.

Several strategies are used to improve the homologous recombination frequency
between a genomic target and an exogenous homologous template donor. Most of the
strategies focus on enhancing the number of donor repair templates using virus repli-
cons [23], suppressing the NHE] pathway [24], and timing DSB induction at target sites to
coincide with donor repair template delivery in plant cells [25]. Finally, the recombination
frequency can be enhanced by treatment with Rad51-stimulatory compound1 (RS-1) [26].
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Figure 1. The potential applications of CRISPR-Cas systems in genome editing. CRISPR-Cas systems
mediated genome modification depending on the two main double-strand break (DSB) repair path-
ways. Indel mutation and gene deletion are outcomes of the dominant nonhomologous end joining
(NHE]J) repair pathway. Gene insertion, correction, and replacement, using a DNA donor template,
are outcomes of the homology directed repair (HDR) pathway.

1.2. Development of the CRISPR-Cas System in Plant Studies

Since the CRISPR-Cas system was first adopted for plant genetic engineering in 2013,
numerous efforts have been made to develop it into a more powerful tool, for instance,
to enable precisely targeted DNA mutations or genetic modifications [27]. CRISPR-Cas
can now target the open reading frame, untranslated region, and promoter region of a
target coding gene, as well as noncoding RNAs [28-30]. Single-base mutations at genomic
targets have also been achieved by nickase Cas9 (nCas9) or catalytically inactive Cas9
(dead Cas9; dCas9) variants fused with cytosine or adenine deaminases, without inducing
DSBs [31]. Cas9 proteins have been developed extensively to broaden PAM preferences.
Cas9 orthologs which possess not only the canonical NGG PAM, but also NG and other
PAMs, will expand the repertoire of CRISPR-Cas9 genome editing in plants [32].

1.3. CRISPR-Cas9 in Fruit and Vegetable Crop Improvement

In 2014, CRSPR-Cas9 was used to create the first needle-leaf mutant in tomato, by
knocking out Argonaute 7 [33]. Many studies have since been published on its possible
applications in protecting plants against biotic and abiotic stresses, and improving fruit
quality, plant architecture, and shelf life [34]. Currently, the system is in the research stage
for many fruits and vegetables crops, such as cabbage, mustard, tomato, and watermelon.

Most gene-editing studies have evaluated mutation efficiency in terms of the number
of albino plants obtained after mutation of the endogenous phytoene desaturase (PDS) gene.
The disruption of PDS impairs the production of chlorophyll and carotenoid, generating
an easily identifiable albinism phenotype in plants. However, the products of gene editing
obtained in this way have no economic value [35-37]. Because of its high economic value
and the availability of Agrobacterium-mediated transformation, tomato has become a
model crop for testing CRISPR-Cas9 applications (Figure 2).
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Figure 2. CRISPR-Cas9 mediated genome editing. (I) Selection of the desired genomic DNA target,
and recognition of protospacer adjacent motif (PAM) sequences before 20 bp sequences. Design of
the sgRNA using online bioinformatics tools. (II) Cloning of designed sgRNAs, and binary vector
construction using promoters. (III) The delivery of CRISPR-Cas editing reagents into plant cells.
The vector can be transferred into the plant via Agrobacterium tumefaciens, nanoparticles, biolistic
bombardment, or polyethylene glycol (PEG). Alternatively, plant RNA viruses have been used to
induce heritable genome editing. When the cassette harbouring the sgRNA, RNA mobile element,
and tobacco rattle virus (TRV) is transformed into the Cas9 expressing plants, the systemic spread
of sgRNA will introduce heritable genome editing. (IV) Plant transformation and development of
transgenic plants. (V) Genotyping of transgenic plants. (VI) Transgene-free plants with the desired
mutation are obtained.

1.3.1. Improvement of Biotic Stress Resistance

Two strategies have been used to improve plant resistance to viruses: (1) designing
sgRNAs and targeting the virus genome; or (2), modifying the fruit crop genes in the
antiviral pathway. The binding of virus genome linked protein (VPg) to the plant protein
‘eukaryotic translation initiation factor 4E" (eIF4E) is key in Y virus infection of plants.
Mutation of a key site of eIF4E can affect the virus—plant interaction, and mediate plant
resistance to this virus [38]. In cucumbers, using CRISPR-Cas to target the N’ and C’ ends
of elF4E-produced nontransgenic homozygous plants in the T3 generation; these showed
immunity to cucumber vein yellow virus and pumpkin mosaic virus, and resistance to
papaya ring spot mosaic virus (PRSV-W) [39].

CRISPR-Cas9 can generate mutations in the coding and noncoding regions of gem-
inivirus, effectively reducing its pathogenicity. In Nicotiana benthamiana, sgRNA-Cas9
constructs target beet severe curly top virus (a geminivirus), inhibiting its accumulation
in leaves [40]. Geminivirus noncoding-region mutations are believed to reduce or even
inhibit its replication ability. Compared with coding-region mutations, noncoding-region
mutations generate fewer viral variants [41].

Fungi cause many diseases, potentially causing severe losses in crop yield and quality.
For instance, downy and powdery mildews cause serious economic losses in tomato [42].
Arabidopsis thaliana DMR6 (down mildew resistant) is a member of the 2-oxoglutarate
oxygenase Fe(Il)-dependent superfamily and is involved in salicylic acid homeostasis.
Overexpression of DMR6 in plants can reduce susceptibility to downy mildew [43]. The
DMR6 mutation obtained using CRISPR-Cas9 to knock out the homologous genes in
tomato showed resistance to Pseudomonas syringae, Phytophthora and Xanthomonas spp. [44].
Mio1 (Mildew resistant locus 1) encodes a membrane-associated protein and is a powdery
mildew disease-sensitivity gene. In tomato, Mlol mutants obtained via gene editing
exhibited resistance to the powdery mildew Oidium neolycopersici. Further, a mutant free of
mlol T-DNA was obtained by selfing TO generation plants [45].
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The fungal pathogen Fusarium oxysporum can cause Fusarium wilt disease in fruit and
vegetable crops [46]. In tomatoes, Solyc08g075770-knockout via CRISPR-Cas9 resulted in
sensitivity to Fusarium wilt disease [47]. In watermelons, the knockout of Clpsk1, encoding
the Phytosulfokine (PSK) precursor, confers enhanced resistance to Fusarium oxysporum
f.sp.niveum (FON) [48]. Botrytis cinerea, an airborne plant pathogen that infects fruit and
vegetable crops, causes great economic losses. Its initial symptoms are not obvious, and
the lack of effective pesticides makes its prevention and control difficult. Pathogens
can be effectively controlled in crops by the use of genetic resources that convey heritable
resistance. In tomatoes, mutations in MAPK3 (mitogen-activated protein kinase 3) produced
using CRISPR-Cas9 induce resistance to Botrytis cinerea [49].

The bacterial pathogen Pseudomonas syringae causes leaf spot diseases in crops, severely
impacting the yield and sensory qualities of fruits and vegetables. In Arabidopsis thaliana,
CRISPR-Cas9 was used to mutate the C-terminal jasmonate domain (JAZ2Ajas) of JAZ2
(jasmonate ZIM domain protein 2), causing expression of JAZ2 repressors; these repressors
confer resistance to Pseudomonas syringae [50].

1.3.2. Abiotic Stress Resistance Improvement

With climate change, crop production is exposed to increased potential risks of abiotic
stress. Although traditional breeding can to some extent ensure stable crop production, the
application of new technologies to rapidly obtain new crop germplasm resources capable of
responding to abiotic stress is essential for accelerating the cultivation of new varieties [51].
The emergence of CRISPR-Cas9 gene editing has shortened the time required to create new
varieties. Brassinazole-resistant 1 gene (BZR1) participates in various brassinosteroid (BR)
mediated development processes. The CRISPR mediated mutation in BZR1 impaired the
induction of RESPIRATORY BURST OXIDASE HOMOLOG1(RBOH1) and the production
of HyO,. Exogenous HyO; recovered the heat tolerance in tomato bzrl mutant [52]. Further,
new cold- and drought-tolerant germplasms can be created using gene-editing, for instance,
of CBF1 (C-repeat binding factor 1), which regulates cold tolerance in plants, and MAPK3,
which participates in the drought stress response to protect plant cell membranes from
peroxidative damage in tomatoes [53,54].

1.3.3. Herbicide Resistance Improvement

Weeds are an important cause of stress that affect vegetable yield and quality, and
selective herbicides are often used to control weed growth during cultivation. To obtain
herbicide-resistant fruits and vegetables for field production, CRISPR-Cas9 gene editing
was used for site-directed mutagenesis of the herbicide target gene acetolactate synthase
(ALS) in watermelon, yielding a herbicide-resistant watermelon germplasm [55]. Cytidine
base editing (CBE) was used for cytidine editing of key ALS sites in tomato and potato,
resulting in amino acid mutations. Up to 71% of edited tomato plants exhibited resistance
to the pesticide chlorsulfuron, and of the edited tomato and potato plants, 12% and 10%,
respectively, were free of GM components [56]. Phelipanche aegyptiaca, an obligate weedy
plant parasite, requires the host roots to release the plant hormone strigolactone (SL) to
promote seed germination; CRISPR-Cas9 was used to mutate carotenoid dioxygenase
8 (CCD8), a key enzyme in the carotenoid synthesis pathway that produces SLs in tomato,
and More Axillary Growth1 (MAX1), which is involved in the synthesis of SLs, thereby
significantly reducing SL content, and creating P. aegyptiaca-resistant tomato plants [57,58].

1.3.4. Fruit and Vegetable Quality Improvement

The primary goal in fruit and vegetable breeding is to improve quality and prolong
shelf life after harvest. Quality refers to both external and internal factors. External quality
refers to fruit size, colour, and texture, which can be discerned by the naked eye. Internal
quality must be measured using equipment, and includes the levels of nutrients such as
sugars, vitamins, and bioactive compounds including lycopene, anthocyanins, and malate.
For example, in tomato, the ovary locule number, which determines 50% of the genetic
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variation in fruit size, is determined by multiple QTLs [59]. Researchers at Cold Spring
Harbor Laboratory designed eight sgRNAs and used CRISPR-Cas9 to edit the promoter
region of the tomato CLAVATA-WUSCHEL (CLV-WUS) stem cell gene CLV3 to obtain
fruits that are larger and more numerous than wild-type fruits [60]; editing of fruit-size
determining QTLs, such as the QTLs for locule number (Ic) and fasciated number (fas),
generated germplasm resources with an increased number of locules [61].

Fruit and vegetable colour and texture are important traits for consumers. For exam-
ple, European and American consumers prefer red tomatoes, whereas Asian consumers
prefer pink tomatoes [62,63]. CRISPR-Cas was used to modify phytoene synthase 1 (PSY1),
MYB transcription factor 12 (MYB12), and anthocyanin 2 (ANT?2) to obtain yellow, pink,
and purple tomatoes, respectively [64—66]. The carotenoid isomerase gene of Chinese
kale (BoaCRTISO) is responsible for catalysis, then conversion of lycopene precursors to
lycopene. When BoaCRTISO was targeted and edited, the colour of mutants changed from
green to yellow [67]. The primary goal of improving the intrinsic quality of fruits and veg-
etables is to improve their nutrient and bioactive compound content. Carbohydrates and
vitamins are essential nutrients. Many genes are involved in the synthesis and metabolism
of sucrose and carotenoids. One of the carotenoids, provitamin A, can be absorbed by the
human body and converted into vitamin A. For example, CRISPR-Cas was used to knock
out MPK20 (mitogen-activated protein kinase 20), blocking the transcription and protein
products of multiple genes in the sucrose metabolism pathway [68]. Biofortification, the
biotechnological improvement of the absorption, transport, and metabolism of minerals by
plants, increases the levels of micronutrients that are beneficial to human health; long-term
consumption of these micronutrients can effectively prevent cardiovascular disease and
cancer [69].

Anthocyanins [70], malate [71], y-aminobutyric acid (GABA) [72], and lycopene [73]
are bioactive compounds. Adjusting key metabolic-pathway-related genes via CRISPR-
Cas9 can enrich these nutrients in fruits. For example, in tomatoes, butylamine content
was increased 19-fold through editing multiple genes in the GABA synthesis pathway,
and malate content was improved by regulating aluminium-activated malate transporter
(ALMTO) [72].

CRISPR-Cas9 can also be used to reduce the content of substances in vegetables
that are not conducive to human health, by targeting mutations that inactivate genes
in biosynthetic pathways. In potato tubers, for example, excessive content of steroidal
glycoalkaloids (SGAs), such as a-solanine and a-chaconine, affects their taste and makes
them less safe for human consumption, hence low content is an indicator of high quality.
CRISPR-Cas9 was used to delete St16DOX (steroid 16«-hydroxylase) in the potato SGA
biosynthetic pathway, resulting in SGA-free potato lines [74].

Prolonged shelf-life is an important breeding goal in fruit and vegetable production.
CRISPR was used to knock out ripening inhibitor (RIN) or DNA demethylase (DNA
demethylase 2, DML?2) to slow fruit ripening, thereby prolonging their shelf life. However,
regulating these two genes in fruit alters peel colour and reduces flavour and nutritional
value, severely reducing the fruit’s palatability and sensory qualities [75,76]. In tomatoes,
inhibiting the expression of the pectate lyase (PL) and alcobaca (ALC) genes effectively
extended shelf life, without affecting the sensory qualities or nutritional value [77,78].

1.3.5. Application of CRISPR-Cas9 to Crop Domestication

The domestication of wild species into commercial cultivated species requires changes
in numerous crop traits, including seed setting, size, consistency of maturation, flowering,
photoperiod sensitivity, and the nutritional value of the fruit [79]. Plant domestication
mostly affects the genes controlling plant morphology, plant growth habit, floral induction,
fruit size and number, dispersal, and architecture, as well as the nutritional composition.
To achieve the ideotype, alleles controlling favourable nutritional attributes and stress
resilience from wild relatives are introduced into cultivated species via traditional domes-
tication technology, but this process is very time-consuming in bringing about changes
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to many loci. With its ability to precisely manipulate the genome, CRISPR-Cas9 can
substantially accelerate de novo domestication.

The tomato is a model crop for artificial domestication using CRISPR-Cas9. In tomato
plants, the joint is a weak region of the stem which allows the fruit to drop from the
plant, making the fruit prone to fall after ripening, thus improving seed dispersal. Many
years of artificial domestication based on harvesting habits has generated cultivars with
jointless fruit stems, in which the fruit do not fall after maturation [79,80]. Roldan et al. [81]
used CRISPR-Cas to mutate MBP21 (MADS-box protein 21), obtaining a new jointless
germplasm resource.

Parthenocarpy (fertilisation-independent seedless fruit development) is an important
agronomic fruit and vegetable trait and can help ensure stable yield in fluctuating envi-
ronments. It satisfies consumer preferences for seedless over seeded fruits and provides
savings in energy consumption when separating the seeds for industrial production. In
tomatoes, SIAGL6 (SIAGAMOUS:-like 6) is essential for parthenocarpy during high tem-
perature stress. SIAGL6-mutant plants grow normally and have the same fruit weight
and morphology as wild-type plants. Therefore, this gene is an important resource for
creating new parthenocarpic germplasms. Homozygous or biallelic mutant plants ob-
tained by modifying SIAGL6 produced parthenocarpic fruits and fruits with a maximum
of 10 seeds, respectively [82]. CRISPR-Cas has also been used to knock out SIARF7 (auxin
response factor 7) and SIIAA9 (indole-3-acetic acid inducible 9) to obtain seedless tomatoes.
Seedless tomatoes are obtained from the TO generation of the biallelic and homozygous
SIIAA9-mutant Micro-Tom cultivar and the commercial Ailsa Craig cultivar [83,84].

Plant yield depends primarily on the number of flowers, which in turn is determined
by inflorescence structure. BOP (blade-on-petiole) is homologous to genes associated with
leaf complexity and silique dehiscence in tomato and Arabidopsis. Knocking out BOP
via CRISPR-Cas9 altered inflorescence morphology. CRISPR-Bop1/2/3 triple mutants
flower faster and have simpler inflorescence structure than wild-type plants [85]. The
site-directed editing of six key genes that determine yield in wild tomatoes (Solanum
pimpinellifolium) has resulted in morphological changes in aspects such as size, fruit number,
and nutritional composition [86]. In domesticated wild tomatoes, genes associated with
morphology, number of flowers, fruit yield, and vitamin C synthesis have been improved
by editing their coding sequences, cis-regulatory sequences, and upstream open reading
frames [81]. APETALA2a (AP2a), NON-RIPENING (NOR), and FRUITFULL (FUL1/TDR4
and FUL2/MBP7) have been modified to accelerate tomato maturation, producing plants
that mature earlier in natural environments [87].

Crop sensitivity to photoperiod restricts their planting areas and regulating the
photoperiod-associated genes can accelerate domestication. The disruption of self-pruning
5G (SP5G) generated a rapid surge in flowering that leads to an early fruit harvest [88].

Dwarf-crop breeding is an important direction in domestication research, as dwarf
plants are resistant to lodging under high wind conditions. Compared with normal plants,
it is more convenient to pick fruits from dwarfed plants [89]. Dwarf plants transport
nutrients more readily over the shorter distances from the roots to the leaves [89]. The
application of CRISPR-Cas9 technology in the genomes of several commercially important
fruit and vegetables has been achieved as outlined in Table 1.
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1.4. Improvements to CRISPR-Cas9 Gene-Editing Systems
1.4.1. Production of Non-GM Plants Using CRISPR-Cas9 Gene Editing

Most fruit crops have heterozygous genotypes, hybrid incompatibility, and long
growth periods. Some have complex triploid or polyploid genomes [90]. During the last
20 years, innovative breeding technology employing genetic engineering has provided a
favourable way to accelerate crop improvement for such species [91]. For example, the
introduction of foreign DNA fragments when creating transgenic lines may block the
function of endogenous genes and affect the expression of adjacent genes. In contrast to
transgenic approaches, CRISPR/Cas9 technology is able to generate nontransgenic plants.
Because CRISPR/Cas9 expression cassettes and their target sites are located at different
positions of the genome, segregation and removal of the CRISPR/Cas9 cassettes is possible
via subsequent selfing or crossing; however, this is not feasible in most fruit crops, because
of their complex, highly heterozygous, and polyploid genomes, and because they are
usually vegetatively propagated.

Fruit trees have a long juvenile stage and take several years to reach the reproduc-
tive stage. In such cases, the CRISPR/Cas9 components can be transiently expressed in
the nucleus and function for a short time to induce precise mutations. This means that
transgene-free edited plants can be generated, since the CRISPR/Cas9 expression cassette
is not integrated into the genome. Currently, the overall efficiency of the transient system
for the production of T-DNA-free edited apple lines is very low (0.4%) [92]; thus, the next
step is to improve editing efficiency and to make this system suitable for other crops.

Preassembled CRISPR-Cas-sgRNA ribonucleoproteins (RNPs) can be delivered into
plant cells and used for genome editing without the integration of foreign DNA because of
degradation by endogenous proteases [93]. The protoplast transformation technique has
been used to transform grape, apple, and lettuce with purified Cas9 RNPs. Sequencing
analysis of transformed cells revealed mutagenesis efficiencies of 0.1 to 6.9% in grapevine
and apple; however, due to the poor regeneration ability of protoplasts, no plants were
regenerated [93,94].

Two methods have been used to obtain transgene-free plants with mutations via
CRISPR/Cas9 gene editing. The first is based on the site-specific recombinase flippase
(Flp) [95], which recognises 34 bp-long flippase recognition target site (FRT) sequences. The
Flp/FRT system has been extensively used to remove undesired transgenic components in
transgenic apple [96,97]. The second removal method relies on the Cas9 enzyme cleavage
mechanism. Two additional synthetic target sites, referred to as cleavage target sites, were
added next to the left border (LB) and right border (RB) sites of the CRISPR/Cas9 vector.
When plants are transformed using CRISPR/Cas9, the Cas9 cleavage activity not only edits
the endogenous target site, but also removes T-DNA by inserting two additional cleavage
target sites, thereby resulting in T-DNA-free plants [98].

1.4.2. Novel Variants of Cas Protein and Applications

In commonly used CRISPR-Cas9 systems, the Streptococcus pyogenes (SpCas9)-gRNA
complex generally recognises the region 20 nt upstream of the PAM sequence (5'-NGG-3').
To broaden the Cas9 protein recognition sequence and reduce the off-target editing rate,
several approaches have been used to broaden PAM compatibility and enhance speci-
ficity. These approaches are based on the structural characteristics of SpCas9 binding
to gRNA and target DNA. For example, the Cas9 variants SpCas9-VQR (NGA-PAM),
SpCas9-EQR (NGAG-PAM), and SpCas9-VRER (NGCG-PAM) functioned, but their cleav-
age activity levels were lower compared to that of the wild-type SpCas9 in Arabidopsis and
rice [99-102]. SpCas9-NG has a broader recognition sequence with enhanced compatibil-
ity, recognising NG-PAM, and has successfully generated targeted mutations in rice and
Arabidopsis [103-105].

The variants SpCas9-HF1, eSpCas9, and HypaCas9 have been developed to enhance
Cas9 protein-cleavage specificity. They show reduced off-target editing activities, indicating
high specificity in plant cells [106-108]. Cas9 protein-directed evolution has been developed
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for Cas9 engineering, conferring high-specificity engineered SpCas9 proteins such as
xCas9 [109], evoCas9 [110], and Sniper-Cas9 [111]. xCas9 recognises the NG, GAA, and
GAT PAM sequences. Although the gRNA containing these PAM sequences can be mutated
in plants, the mutation efficiencies and the preferences for different corresponding PAM
sequences differ between cells. For example, the cleavage activity of xCas9 is lower in
rice callus than in mammalian cells [112], and xCas9 does not recognise the NG-PAM
sequence in tomatoes [32]. Cas9-NG has a stronger cleavage activity than xCas9, especially
at CGG, AGC, TGA, and CGT sequence recognition sites [98], making Cas9-NG more
suitable for genome editing at the NG-PAM site in plants. The single-base editing system
developed based on Cas9 variants (SpCas9-NG and SpCas9-VQR) has been applied to
precise base-editing of plant genomes [103,113].

At present, the most commonly used Cas9 protein comes from Streptococcus pyogenes,
in order to broaden the Cas9 protein recognition sequence, orthologous Cas9 proteins have
been isolated from other bacteria; for instance, NmCas9 has been isolated from Neisse-
ria meningitidis [114], SaCas9 from Staphylococcus aureus [115], StCas9 from Streptococcus
thermophilus [116], FnCas9 from Francisella novicida [117], and CjCas9 from Campylobacter
jejuni [118]. These proteins are smaller than SpCas9, which is an advantage in cassette de-
livery. In Arabidopsis, the SaCas9 and SpCas9 systems do not interfere with each other [119],
so they can fully utilise Cas9 orthologues that recognise different PAM sequences. Such
simultaneous targeting by Cas9 orthologues with different PAM sequences would enable
multiplex genome engineering by simultaneously targeting more than one site.

With the continued discovery and investigation of the functions of CRISPR protein
family members, new types of Cas proteins have been discovered including the type VI
CRISPR-Cas system Cas13 (C2c2) protein, which recognises RNA sequences and exhibits
RNA editing activity without altering the genome sequence [120,121]. This system has
been successfully applied to knockout gene function in rice and tobacco and promote
resistance to RNA viruses in Arabidopsis [121,122]. Likewise, the CRISPR-Cas13 system
created RNA-guided immunity against RNA viruses in plants. Type V CRISPR-Cas systems,
such as Cas12c, Cas12g, Cas12h, Cas12i, and Casl14, are distinguished according to the
type of their target template (ssRNA, ssDNA, dsDNA, or ssDNA) and cleavage activity
strength. Their functions range from dsDNA nicking and cleavage, and can have collateral
cleavage activity on ssRNA, ssDNA, dsDNA, and ssDNA [123,124]. In short, the functional
differentiation of these Cas protein variants can be used to target mutations in different
nucleic acid types, induce a small number of 100 kb sequence deletions, and expand the
repertoire of plant genome-editing tools.

1.5. Regulatory Framework of CRISPR-Cas-Edited Crops

During CRISPR-Cas gene editing of plants, Cas cuts the target sequence to produce
double-strand breaks, resulting in the loss of gene function. The CRISPR-Cas technique
has been utilised to create modifications in the genome that are identical to natural genetic
variation [94]. Similarly, in HDR (homologous DNA repair) of CRISPR-Cas-mediated
dsDNA fragmentation, exogenously provided homologous DNA sequences are deemed
transgenic; however, when the repair template is derived from the genes from the same
species and related interbreeding species, the resultant crops are not regarded as transgenic
crops [125]. Nevertheless, the regulatory framework regarding NHE] and HDR-mediated
gene editing contains differing definitions.

The United States Department of Agriculture (USDA), FDA, and Environmental Pro-
tection Agency state that the removal of transgenic elements in plants by CRISPR-mediated
editing is equivalent to crop improvement by conventional breeding programs, and crops
generated in this way are thus not considered GMOs for regulatory purposes [126]. In
2016, the USDA approved the marketing of gene-edited waxy corn without exogenous
transgenic elements [127], and an Agaricus bisporus mushroom with an anti-browning trait
obtained from CRISPR-Cas9 editing was exempted from GMO regulatory procedures [128].
This definition of gene-edited crops by the United States regulatory agencies promotes the
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genetic improvement of crops and accelerates the introduction of gene-edited crops to the
market. Genome editing has emerged as a powerful and elegant technology to develop
novel varieties or organisms with desirable traits in tomato, citrus, soybean, sugarcane,
camelina, and rice. In May 2020, the USDA-APHIS issued the latest edition of biotech-
nology regulations that provide three exemptions for genetic modifications in any plant
species: (i) resultant changes in DNA after DSB in the absence of an external repair donor
template; (ii) single base pair substitution in targeted loci; and (iii) introduction of a known
gene that exists in the plant’s gene pool.

As a major producer of GM crops, Canada considers gene-edited products such as
plants, animal feed, or human food as different from nonedited products, so they must
undergo a premarket assessment. In Europe, there are stringent regulations regarding
CRISPR/Cas9, and the European Court of Justice has included gene-edited crops in the
scope of GM crop regulation [129]. Australia has taken a milder approach, allowing gene-
editing without the introduction of any foreign genetic material [130]. In Asia, the attitude
towards gene-edited crops has eased in China and Japan, and cases of gene-edited crops
being planted in the field have been reported [131]. In addition, some countries have regu-
latory frameworks that are applied case-by-case, considering the breeding methodology
used, new traits or characteristics introduced, and evidence of the genetic changes in the
final product.

2. Future Challenges in the Application of CRISPR-Cas Gene Editing

CRISPR-Cas9 genome editing has been introduced and used to obtain abundant
germplasm resources with genetic variation, thanks to the results of whole genome se-
quencing and functional genomics studies in fruit and vegetable crops. Nonetheless, its
future application faces two major challenges. The first is the accurate selection of key genes
for targeted mutations and the corresponding types of mutations. Important agronomic
traits are often complex quantitative traits and editing a single gene does not produce
phenotypic changes. Therefore, efficient CRISPR-Cas-mediated target site-specific insertion
and chromosome recombination methods can be used to accumulate mutant alleles [132].

The use of gene-editing technology to inhibit the expression of specific genes in plants
reduces their adaptability. Therefore, precise genome editing requires efficient and specific
regulation of gene functions. Mutations in the exons of genes can change the function of
proteins, and mutations in the exon-intron splice sites can result in different alternative
splicing variants. Cis-regulatory elements (CREs) are noncoding DNA sequences that
often serve to regulate gene transcription. In CREs, single-nucleotide mutations, insertions,
deletions, inversions, and epigenetic variations in gene regulatory regions are closely
associated with crop domestication [133]. The CRISPR-Cas system has been used to
create mutations in the regulatory regions of promoters, and to generate a number of
alleles with variable phenotypes, which serve as excellent genetic resources in breeding
programs. Currently, the gene editing of CREs in fruit and vegetable crops is still in its
preliminary stages. Future studies are aimed at associating changes in expression produced
by different mutant CREs with the corresponding phenotypes and obtaining abundant
breeding resources through gene editing of CREs. Target induction of DSBs using CRISPR-
Cas results not only in small mutations, such as base substitutions, insertions, and deletions,
but also large rearrangements of the genome, including large deletions, chromosomal
translocations, and inversion, which is an efficient way to completely delete undesired
genes, such as those encoding allergens, in fruit and vegetable crops [134-136]. Although
such chromosomal rearrangements occur at a lower frequency than with conventional
targeted mutagenesis, a deficiency of Ku70, which is involved in the NHE] pathway,
increases the frequency of inversion and translocation (Figure 3) [135].

The second challenge in the application of gene-editing technology is transforming the
CRISPR-Cas gene-editing system into plant cells and obtaining regenerated plants. Genetic
mutation vector systems mediated by conventional Cas9 or Cas variants, and precise gene-
editing systems mediated by CBE, ABE, and prime editing, have been successfully applied
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ICasj’) Cas variants.

in model crops such as rice, corn, tobacco, and tomatoes, via Agrobacterium, gene gun,
polyethylene glycol (PEG), and electroporation-based methods, providing a foundation
for application in other crops [137]. However, developing a universal and efficient genetic
transformation and regeneration system for fruit and vegetable crops is more difficult. In
particular, the genetic transformation efficiency of CRISPR-Cas cassettes, and the ability
of transformed tissues to regenerate plants, have become limiting factors. To improve
explant regeneration ability after transformation, and meristem induction activity, the
plant morphogenesis regulatory genes Bbm (baby boom) and Wus2 (Wuschel2) can be
overexpressed at the same time as CRISPR-Cas expression cassette transformation [138].
Using plant RNA and DNA viruses as vectors to transform plant cells via CRISPR-Cas can
provide sufficient sgRNAs and shorten and simplify the process of genetic transformation
and regeneration, making this method suitable for in situ transformation, and facilitating
the production of gene-edited plants without transgenic elements [139].
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Abstract: Anthcyanins determine the colors of flowers, fruits, and purple vegetables and act as
important health-promoting antioxidants. BT 126 represents a broccoli variety with a high content
of anthocyanins (5.72 mg/g FW). Through QTL-seq bulk segregant analysis, the present study aimed
to determine the quantitative trait loci (QTLs) involved in anthocyanin biosynthesis in the F2 pop-
ulation (n = 302), which was obtained by crossing BT 126 with a non-anthocyanin-containing SN
60. The whole-genome resequencing of purple (n = 30) and green (n = 30) bulk segregates detected
~1,117,709 single nucleotide polymorphisms (SNPs) in the B. oleracea genome. Two QTLs, tightly
correlated with anthocyanin biosynthesis (p < 0.05), were detected on chromosomes 7 (BoPur7.1) and
9 (BoPur9.1). The subsequent high-resolution mapping of BoPur9.1 in the F2 population (n = 280) and
F3 population (n = 580), with high-throughput genotyping of SNPs technology, narrowed the major
anthocyanin biosynthesis QTL region to a physical distance of 73 kb, containing 14 genes. Among
these genes, Bo9g174880, Bo9g174890, and B09g174900 showed high homology with AT5G07990
(gene encoding flavonoid 3’ hydroxylase), which was identified as a candidate gene for BoPur9.1.
The expression of BoF3’H in BT 126 was significantly higher than that in SN60. Multiple biomarkers,
related to these QTLs, represented potential targets of marker-assisted selection (MAS) forantho-
cyanin biosynthesis in broccoli. The present study provided genetic insights into the development
of novel crop varieties with augmented health-promoting features and improved appearance.

Keywords: Brassica oleracea; broccoli; QTL; candidate gene; anthocyanin

1. Introduction

Broccoli (Brassica oleracea var. italic) is a popular vegetable of B. oleracea that differs from
most Brassica species, including Chinese cabbage, turnip, cabbage, broccoli, cauliflower,
and oilseed rape. Most varieties of broccoli are domesticated from crop wild relatives
in the Mediterranean Basin and grow as annuals, producing a large head with florets, buds,
leaves, stalks, and stems for consumption. Both of broccoli and cauliflower cultivar groups
are members of the CC genome B. oleracea (2n = 18) coenospecies. High-quality reference
genomes of cauliflower have been reported, and the assembled cauliflower genome was
584.60 Mb in size [1]. As a great food source of essential vitamins and minerals, broccoli
contains antioxidant phytochemicals, such as glucoraphanin, which may help prevent
cancer [2]. Purple broccoli attracts increasing attention as a functional food, owing to its
pleasing appearance and high level of health-promoting effects [3]. The purple coloration
has been identified as one of the signs of anthocyanin accumulation [4].

Anthocyanins belong to a class of flavonoid compounds that impart color to plants
and play an important role in plant protection against a variety of biotic and abiotic
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stresses [5-7]. Anthocyanin biosynthetic pathway genes have been extensively character-
ized in Arabidopsis (Arabidopsis thaliana), maize (Zea mays), tomato (Solanum lycopersicum),
eggplant (Solanum melongena), and other plant species [8-11]. The induction of structural
genes and transcription factors is considered to be an important mechanism for the reg-
ulation of anthocyanin biosynthesis in the Brassica species [12-14]. A cauliflower purple
mutation exhibited a tissue-specific pattern of anthocyanin overproduction [15]. Due to
the insertion of Harbinger transposon, the upregulation of BoMYB2 specifically activates
BobHLHs and some downstream anthocyanin structural genes to generate the ectopic ac-
cumulation of anthocyanin. Similarly, the accumulation of anthocyanin is caused by the ac-
tivation of TT8 and MYB2 genes in red cabbages [14]; of BrMYB2 and downstream genes,
such as BrTT8, BrF3’H, BrDFR1, BrANS1, BrUGTs, BrATs, and BrGSTs, under the control
of BrMYB2 in a purple head of Chinese cabbage cultivar 11591 [16]. In purple cabbages,
deleting or replacing nucleotides in the exon of BoMYBL2-1 is solely responsible for the pur-
ple coloration [17]. In addition, temperature and light are the major environmental factors
that affect anthocyanin accumulation. In purple head Chinese cabbage, BrMYB2 and BrTT§
activated anthocyanin structural genes after low temperature induction [18]. Elevated
temperature could suppress anthocyanin accumulation via COP1-HY5 signaling, and
MYBL2 down-regulation partially modulated the high-temperature-associated suppression
of anthocyanin production [19]. Some efforts have also led to the identification of candidate
genes that regulate the coloration of the Brassica species. In broccoli, three QTLs have been
mapped to the purple sepal trait of the flower head on chromosome C01 [20]. In orna-
mental kale, the genes that individually conferred pink and purple leaf colorations have
been mapped to chromosomes C3 [21] and C9 [22], respectively. In Zicaitai, an important
locus on chromosome 7 highly controlled the stalk color trait, which was significantly
correlated with bHLH49 expression in the F2 population [23]. In purple-heading Chinese
cabbage, the purple inner leaf trait was solely regulated by the dominant gene BrPur,
which was mapped to A07, between SSR markers A710 and A714, with a genetic distance
of 3.1 and 3.5 cM, respectively [24].

The majority of agronomic traits are controlled by QTLs, which are critical for improve-
ment in crop breeding, through marker-assisted selection (MAS). The classical method of QTL
mapping is linkage mapping, which is laborious and requires a great amount of time. Next-
generation sequencing (NGS) has become the new strategy for establishing associations
between agronomic traits and biomarkers or genes. It has been demonstrated that the QTL-
seq method, which combines bulk segregant analysis (BSA) with NGS, is an effective tool for
mapping and isolating QTLs [25]. QTL-seq is performed with two groups of individual plants,
with a contrasting phenotype on a trait of interest, from segregating population-either F2 re-
combinant inbred lines, double haploid, or backcross populations. Through high-throughput
SNP (Hi-SNP) technology, the genotype analysis of two mixed pools identifies the genomic
position of the polymorphic molecular markers, and the major QTL region with significant
segregation of genotypes is identified. Hi-SNP is a technique for large-scale SNP genotyping,
based on multiplex-PCR, combined with the next generation sequencing and bioinformatics
tools. Amplicon sequencing, combined multiplex-PCR and NGS with higher depth and low
false discovery rate (and was more accurate than the whole-genome resequencing (WGS)),
has been used for known SNPs genotyping in diploid but was not reported in allopolyploid
crops. QTL-seq used for SNP genotyping had many advantages, such as simple primer
design, single short reads sequences, high-throughput, high-depth sequencing, and easy to
automate and process, e.g., recently, the QTL-seq method has been utilized for mapping
QTLs related to resistance to rice blast disease and seedling vigor [26], leaf spot resistance
in peanuts [27,28], heat tolerance in broccoli [29], resistance to Fusarium oxysporum f. sp.
niveum race 1 in watermelon [30], cucumber early flowering [31], and tomato fruit weight
and lobule amounts [32].

Mutant analyses, leading to purple or red organs, has been extensively studied in flowers,
fruits, and model plants [15]. Although there is much research on the underlying mechanisms
of anthocyanin biosynthesis in cauliflower [15], cabbage [17], kohlrabi [33], kale [22], and
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Chinese kale [34], only few have focused on broccoli [20]. The purple broccoli mutant
represents an interesting mutation, in which the accumulation of anthocyanins in flower buds
causes the mutant heads to exhibit purple coloration. The broccoli purple mutation was found
to be controlled by QTLs. We designate the symbol Pur for the Purple allele.

Through QTL-seq, this work aimed to identify QTLs involved in anthocyanin biosyn-
thesis in the F2 population, which was obtained by crossing the purple broccoli line BT 126
with SN 60 (a cultivar with green heads).

2. Materials and Methods
2.1. Plant Materials

Two broccoli inbred lines, including BT 126 (with purple heads) and SN 60 (with
green heads), were used as parental lines in this study. To develop segregating populations
for anthocyanin biosynthesis, the purple head plant BT 126 was crossed with the green
head plant SN 60 (Figure 1). The F1 plants were self-pollinated to produce the two F2
populations with 302 and 280 individuals, respectively.

2018 D 2019

3

Number of mapping adrdusts
sBgesggaee

Nusmbsr of rasppang individs

=2E8858838

Figure 1. Phenotypes of the parents and F2 individuals and their frequency distributions. (A) Maternal line BT 126;
(B) paternal line, SN 60; (C,D) the frequency distribution of the purple head trait in the F2 populations with 302 and 280
individuals planted in 2018 and 2019, respectively; (E-I) phenotype of two F2 populations with 1st to 5th grades of head
color. The DNAs of 30 F2 individuals with extreme phenotypes (1st and 5th grade) were used to develop high anthocyanin

and low anthocyanin bulks; scale bar = 1 cm.

Initially, a population of 302 F2 individuals, along with 10 plants from each parental
line, were grown at Zhuanghang Experimental Base of Shanghai Academy of Agricultural
Sciences, Shanghai in 2018. The phenotyping of each F2 individual was carried out on
at least three separate days, after the flower head reached maturity in the field. Curd
color, which showed a color distribution from green to purple, was visually scored from
1 to 5: 1-green, 2-slight purple, 3-light purple, 4-slightly darker purple, and 5-purple
(Figure 1E-I). The total anthocyanin content has been determined by the high-performance
liquid chromatography (HPLC) method at six biological replicates. The BT 126 is a purple
broccoli variety, with an average content of anthocyanin 5.72 mg/g FW. It was crossed
to SN 60, with very low anthocyanin content (0.64 mg/g FW), to generate F1 progeny.
The average contents of anthocyanin, for the 5 phenotypic categories, were 5.38, 3.26,
2.29,1.27, and 0.78 mg/g FW. All the above information was increased in the revised
manuscript. Subsequently, two populations of 280 F2 and 580 F3 individuals were grown
under routine management at Zhuanghang Experimental Base of Shanghai Academy
of Agricultural Sciences, Shanghai in 2019 and 2020, respectively. We started the broccoli
seeds in the plastic tunnel in August. Four weeks after germination, we transplanted
them to field plots. The head color of each F2 and F3 plants was visually phenotyped
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in 60 days, when grown from transplants, when the heads usually had a diameter larger
than 2 1 inches. To avoid the sunlight and temperature effects, all the plants were grown
in the same plastic tunnel. Leaf tissues were harvested and stored at —20 °C for DNA
extraction. The head tissues of both parents (BT 126 and SN 60), at the full-size, mature
stage, were collected from the same site of the top head, at three biological replicates, and
used for RT-qPCR analysis. The anthocyanins in the broccoli heads were isolated and
assessed, according to the method proposed by Liu C. et al. [4].

All materials were obtained from the Institute of Horticulture, Shanghai Academy
of Agricultural Sciences.

2.2. DNA Purification, Library Generation, and Whole-Genome ReSequencing

Total DNA was extracted from fresh leaves using the CTAB method [35]. A total
of 1.5 ug DNA, per specimen, was utilized for DNA sample preparations. The DNA quality
was assessed by 1% agarose gel electrophoresis. Among the F2 segregating population,
composed of 302 plants, 30 with purple heads (high anthocyanin biosynthesis, HAB) and
30 with green heads (low anthocyanin biosynthesis, LAB) were selected to extract equal
amount of DNA, pooled to construct the DNA bulks. The DNA bulks, together with
the two parental DNA, were used for whole-genome resequencing.

By ultrasonication, 350-bp fragments were obtained from the tested DNA sample.
A sequencing library was generated using the Truseq Nano DNA HT Sample Prepara-
tion Kit (Illumina, San Diego, CA, USA), according to the manufacturer’s instructions.
The constructed library was sequenced on the Illumina HiSeq4000 platform (Illumina,
CA, USA), and 150-bp paired-end reads were produced with approximately 350-bp in-
serts. Stringent quality control (QC) steps were applied to ensure the reliability and
accuracy of the reads. Then, the filtered, high-quality sequences from the DNA bulks and
parental genotypes were aligned and mapped to the public B. oleracea genome database
(TO1000) (http://plants.ensembl.org/Brassica_oleracea) (accessed on 5 May 2021) with
the Burrows-Wheeler alignment (BWA) tool [36,37]. Alignment files were converted into
BAM files with SAMtools (Wellcome Trust Genome Campus, Cambridge, UK) [38]. SNP
detection was carried out for each specimen, utilizing the UnifiedGenotyper function
in the GATK3.8 software (The Broad Institute of Harvard and MIT, Cambridge, MA,
USA) [39]. ANNOVAR (Children’s Hospital of Philadelphia, Philadelphia, PA, USA) was
employed for SNP annotation, based on the GFF3 file of the reference genome [40].

2.3. QTL-Seq Analysis

By applying an established QTL-seq method, based on SNP-index and A( SNP-index)
estimates, candidate genomic regions harboring the main QTL(s) involved in anthocyanin
biosynthesis in broccoli were identified. Only the SNPs homozygous in either parent and
polymorphic between the parents were prepared for the further analysis. Then 1,117,709
SNPs, between both parents, were selected. The read depth for the above-mentioned
homozygous SNPs, in LAB and HAB bulks, was obtained to evaluate the SNP-index.
The SNP-index, calculated according to the reads order-checking depth information, uti-
lized short reads covering the given nucleotide position, calculated the differs reads bar
number, and accounted for the ratio of the total number [26]. The genotype of one parent
was utilized as a reference to determine the number of reads for the parental genotype, or
other genotypes, in the LAB and HAB libraries. Then, the number of the various reads was
divided by the total read number, and the ratio constituted the SNP-index of the base sites.
The SNP-index points below 0.3, in both libraries, were removed. The sliding window
method was utilized to present the SNP-indexes for the entire genome. All SNP-indexes
in a given window were averaged to obtain the SNP-index for that particular window.
The window size of IMb and the step size of 1Kb were routinely utilized. The A (SNP-
index) was then calculated using the following formula: [SNP index (HAB bulk)—SNP
index (LAB bulk)].
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2.4. High-Throughput Genotyping of SNPs in Intra-Specific Mapping Individuals

In order to validate the BoPur QTL, obtained by QTL-seq, classical QTL mapping
was performed, via the selection of the SNP, with a polymorphism between the genotypes
of the parents (BT 126 and SN 60). Through the Hi-SNP method, a total of 33 SNPs, dif-
ferentiating BT 126 and SN60, were utilized for validation and high-throughput geno-
typing in the F2 segregating population with 280 individuals and parents. The HI-
SNP technology was developed by Shanghai BioWing Applied Biotechnology Company
(http:/ /www.biowing.com.cn/) (accessed on 9 June 2021) the genotyping of 33 SNPs
was carried out by multiplex PCR with NGS on Illumina X-10 (Illumina, CA, USA) [41].
The genotyping primers were shown in the Supplementary Table S1. Based on the pheno-
typic and genotypic data, linkage maps were constructed by QTL IciMapMaker (Chinese
Academy of Agricultural Sciences, Beijing, China) with a logarithm of the odds (LOD)
value [42]. The LOD score is a measure of the strength of the evidence for the presence
of a QTL at a particular location (the LOD score = logl0 likelihood ratio, comparing
single-QTL model to the “no QTL anywhere” mode).

2.5. Analysis of the Candidate Gene

To infer the gene regulation patterns of BoF3’H during anthocyanin biosynthesis, a qRT-
PCR assay was performed. The RNA was isolated from BT 126 and SN60 at three head
developmental stages, with both low and high anthocyanin contents. Reverse transcription
was conducted using oligo-dT primers and PrimeScript™ RT Master Mix (Takara BIO, Inc.,
Shiga, Japan). The primer pair sequences for BoF3'H, BOANS2, and BoTTG1 used in this
study were previously designed for the RT-qPCR analysis. BoLBD38.3-specific primers were
designed based on the sequences in NCBI (accession number: XM_013739916). The qPCR
primer pair sequences for BoLBD38.3 were 5'-GCCCAAACGGAGACGATTAG-3' (for-
ward) and 5'-AACCGTTCACTGGCGATGTG-3' (reverse), gene-specific primers that were
confirmed to produce specific gene products by sequencing [15]. Real-time PCR was per-
formed using TB Green® Premix Ex Taq™ (Tli RNaseH Plus) (Takara, Dalian, China) on an
ABI QuantStudio 5 real-time PCR system(Thermo Fisher Scientific, MA, USA) according
to the manufacturer’s instructions. Actin was used as a reference gene [43]. The data
were processed using the 2722Ct method [44]. Sequence data of BoF3'H can be found
in the GenBank data libraries, under accession number XM_013751545.

3. Results
3.1. Inheritance of Head Color of BT 126 with SN 60

Significant differences in head color were observed among the BT 126 (parent 1, P1,
purple head), SN 60 (parent 2, P2, green head), and F1 hybrids planted in 2018 and 2019
(Figure 1). The BT 126 purple line exhibited a high anthocyanin accumulation in the heads
(5.72 mg/g FW) and developed normally when compared to green broccoli, under normal
conditions, in the field and greenhouse [4]. It was crossed to SN 60, with very low antho-
cyanin content (0.241 mg/g FW), to generate the F1 progeny. F1 individuals displayed third
grade color. As expected, the F2 population was divided into purple and green classes, with
varying degrees of continuous distribution in 1st-5th color grades (Figure 1E-I). No trans-
gressive segregation was observed in either direction of the parental genotype in the mapping
population. We could infer that the purple trait was controlled by QTL.

3.2. QTL-Seq Analysis

The high-throughput, whole-genome resequencing of both parents, as well as the LAB
and HAB libraries, yielded 158.49 to 261.57 million reads per sample. Based on the B. oleracea
reference genome (estimated genome size~630 Mb), the read mapping ratio was >93%
(Table 1). The mean coverage of the reference genome, across all samples, was 33 x.
As depicted in Table 1, the 4 x coverage of each specimen ranged from 86.85% to 92.43%.
Meanwhile, the value of Q20 was above 93% in all specimens (data not shown). The com-
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parative genome sequence analysis of the parental DNA and DNA bulks with the reference
genome revealed 1,117,709 polymorphic SNPs.

Table 1. Whole-genome mapping statistics for parents, as well as LAB and HAB bulks.

Sample Mapped Total Mapping Average Coverage Coverage
Reads Reads Rate (%) Depth (X) 1x (%) 4x (%)
SN 60 245,092,342 261,565,560 93.7 41.81 92.33 89.41
BT 126 148,780,556 158,487,152 93.88 26.2 91.51 86.85
LAB 218,978,598 232,601,048 94.14 349 95.03 92.43
HAB 192,459,282 203,800,728 94.44 31.13 94.77 91.78

The SNP-index of each SNP, that distinguished LAB from HAB, was determined.
The mean SNP-index, covering 1 Mb genomic sequence, was assessed separately in LAB
and HAB, by the 1 kb sliding window method, and mapped against all B. oleracea reference
chromosomes (9 in total). The A (SNP-index) was determined by combining the SNP-
index data of LAB and HAB and was plotted against the positions (Mb) on the B. oleracea
genome. The QTL-seq analysis detected two major genomic regions on chromosomes 7
(36,784,249-44,791,849) (BoPur7.1) and 9 (46,217,406-52,600,419) (BoPur9.1), with significant
associations with anthocyanin biosynthesis in broccoli (Figure 2). Moreover, LAB and
HAB mapping plants with reduced or elevated anthocyanin biosynthesis had the majority
of SNP alleles from SNP 1 to SNP 26 (Table S1). An important genomic region [BoSNP5
(46,217,406 bp) to BoSNP 26 (52,600,419 bp)] harboring the QTL Pur on chromosome 9
showed a A (SNP-index) that was markedly different from 0 (p < 0.05) (Figures 2A and 3B).
The QTL-seq data confirmed an important QTL (BoPur9.1) located at the 6.38 Mb genomic
interval [46,217,406 (BoSNP 5) to 52,600,419 (BoSNP 26) bp] on chromosome 9, which was
associated with the regulation of anthocyanin biosynthesis in broccoli.

A . Manhattan Plot

HAB-LAB
ASNPiIndex)

Figure 2. Distribution of two progeny SNP-index on the chromosome length, represented by the hori-
zontal axis (Mb); vertical axis: SNP-index. (A) A (SNP-index) graphs generated from QTL-seq study;
(B) SNP-index graphs depicting the HAB (high anthocyanin biosynthesis bulk); (C) SNP-index graphs
depicting the LAB (low anthocyanin biosynthesis bulk). Gray shaded boxes indicate significant QTLs.
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Figure 3. Maps of the Pur loci on C07 (A) and C09 (B) constructed using 26 SNP markers.

3.3. Validation of QTL-Seq-Derived Anthocyanin Biosynthesis QTL through
High-Throughput SNP

To assess BoPur7.1 and BoPur9.1, detected by QTL-seq, a high-throughput SNP was
carried out. The genotyping data of 26 SNP markers were mapped to a highly dense
intraspecific genetic region of chromosomes 7 and 9, depicting polymorphisms between
parental genotypes and between LAB and HAB, and were combined with phenotypic
features of a second F2 mapping population with 280 individuals. Classical QTL analysis,
based on interval mapping and composite interval mapping, revealed two highly impor-
tant genomic regions: [BoSNP37 (32.5 cM) to BoSNP38 (33.22 cM)], harboring a potent
(LOD: 13.1) Pur QTL (BoPur9.1) on broccoli chromosome 9, and [BoSNP1 (0 cM) to BoSNP2
(16.43 cM)], harboring a potent (LOD: 14.6) Pur QTL (BoPur7.1) on broccoli chromosome 7.
The detected QTLs had an interval of 0.72 cM with 72,683 bp [BoSNP22 (51,716,244 bp) to
BoSNP23 (51,788,927 bp)] on chromosome 9 and an interval of 16.43 cM with 6,920,903 bp
[BoSNP1 (36,784,249 bp) to BoSNP2 (43,705,152 bp)] on chromosome 7 (Figure 3). The pro-
portions of phenotypic variants caused by the BoPur9.1 and BoPur7.1 QTLs were 28.19%
and 38.12%, respectively (Table 2).

Table 2. Quantitative trait loci (p < 0.05) associated with anthocyanin biosynthesis in broccoli.

Chromosome  Start End LOD PVE (%) Add Dom
7 SNP1 SNP2 14.6193 38.1207 —0.8350 —0.4366
9 SNP22 SNP23 13.1231 28.1935 0.0150 1.0399

LOD-logarithm of odds; PVE-phenotypic variance explained; Add-additive effect; Dom-dominance
effect.

To further delineate the BoPur9.1 QTL, the genotyping data of 17 selected SNP markers,
the most tightly linked to BoPur9.1 (SNP10-SNP26), were analyzed in 580 F3 mapping
individuals. Loci mapping analysis identified a major QTL for anthocyanin biosynthesis,
designed by two SNP markers, including SNP22 and SNP23. This result was consistent
with the QTL analysis supporting a major anthocyanin biosynthesis QTL BoPur9.1, which
was located in the genomic interval of 51.71-51.79 Mb on chromosome 9 (Table S2).
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3.4. Prediction and Analysis of the Candidate Gene

Based on the B. oleracea genome databases (TO1000) (http://plants.ensembl.org/
Brassica_oleracea) (accessed on 5 May 2021), a total of 3 anthocyanin-related and 14 pre-
dicted protein-coding genes were found in the interval of BoPur7.1 and BoPur9.1, respec-
tively (Table 3). According to domain annotations from InterPro and BLASTX (best hit)
analyses, two of these fourteen genes have not been annotated (Table 3). The other fifteen
candidate genes were as follows: B07g096780 (homologous gene AT5G24520), encod-
ing the transparent testa glabra 1; Bo7g099150 (homologous gene AT3G49940), encoding
the LOB domain-containing protein 38; Bo7g108300 (homologous gene AT4G22880), en-
coding the anthocyanin synthase; Bo9g174870 (homologous gene AT5G08000), encoding
the X8-GPI family of proteins; Bo9¢174880, Bo9g174890, and Bo9¢174900 (homologous gene
AT5G07990), encoding flavonoid 3" hydroxylase (F3'H), which catalyzed the conversion
of dihydrokaempferol to dihydroquercetin in anthocyanin biosynthesis [45]; Bo9g174920
(homologous gene AT5G07960), encoding the Asterix-like protein; Bo9¢174940 (homolo-
gous gene AT5G07890), encoding the myosin heavy chain-like protein; Bo9g174950 (ho-
mologous gene AT5G07830), encoding the glucuronidase 2; Bo9g174960 (homologous gene
AT5G07820), encoding the calmodulin-binding, protein-like protein; Bo9¢174970 (homolo-
gous gene AT5G07800), encoding the flavin-containing monooxygenase; and Bo9¢174980,
B09¢174990, and Bo9g175000 (homologous gene AT5G07740), encoding the actin-binding
protein. BoF3’H was annotated as a homologue of the anthocyanin biosynthesis gene.

Table 3. Annotation of B. oleracea genes in the candidate region.

Bo Genes Chromosome  Gene Position (bp) ATID? E-Value AT GO P Annotation
TRANSPARENT TESTA
B07g096780 7 37466680-37466680 AT5G24520 0.0 GLABRA 1
Bo7g099150 c7 38873553-38874347 AT3G49940 0.0 LoOB domam'“;gtammg protein
Bo7g108300 Cc7 42567442-42568605 AT4G22880 0.0 anthocyanin synthase
B09g174870 9 51722173-51723584 AT5G08000 1x1071% X8-GPI family of proteins
B09g174880 9 51725909-51727132 AT5G07990 0.0 flavonoid 3’ hydroxylase activity
B09g174890 C9 51728802-51729245 AT5G07990 0.0 flavonoid 3’ hydroxylase activity
B09g174900 9 51731919-51732761 AT5G07990 0.0 flavonoid 3’ hydroxylase activity
B09g174910 9 51736550-51738488 - - -
B09g174920 C9 51742405-51744195 AT5G07960 1x 10128 Asterix-like protein
B09g174930 9 51744445-51745784 - - -
B09g174940 C9 51747328-51749122 AT5G07890 0.0 myosin heavy, chain-like protein
B09g174950 9 51751745-51754512 AT5G07830 0.0 glucuronidase 2
Bo9g174960 9 51758770-51760263 AT5G07820 0.0 “alm(’d“h“'ii‘i‘;ﬁ' protein-like
Bo9g174970 9 51764406-51766923 AT5G07800 0.0 Flavin-containing
monooxygenase

Bo9g174980 9 51767719-51777672 AT5G07740 0.0 actin-binding protein
B09g174990 9 51779465-51787686 AT5G07740 0.0 actin-binding protein
B09g175000 9 51788944-51794354 AT5G07740 0.0 actin-binding protein

@ The best hits of the seven B. oleracea genes compared to A. thaliana (AT). b GO annotations for seven Bo to AT best-hit genes obtained from

TAIR.

A primer pair, spanning the full-length CDS of BoF3’H was designed, and PCR was
performed using the cDNA of BT 126 and SN 60 as a template. DNA sequencing re-
vealed that the full-length of BoF3’H in purple-head SN 60 is 1669 bp, whereas it was
1600 bp in green-head SN 60. Compared with BoF3'H in BT 126, a deletion of 68 bp and
1bp was found at nucleotide 1080 and 1501, respectively, and nine SNPs were present
in SN60 (sequences of BT 126 and SN60 were illustrated in Table S3). The polymorphism
of the candidate gene BoF3'H was further confirmed in the segregating population. To de-
lineate the potential candidate genes regulating the anthocyanin biosynthesis in broccoli,
differ-ential expression profiling of BoF3’H was performed in two parental lines, at three
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head developmental stages. The expression of BoF3’"H, BODANS2, and BoLED38 in BT 126
were up-regulated at three head developmental stages of anthocyanin accumulation, and
the expression levels were significantly higher than those in SN60 (Figure 4B-F).
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Figure 4. Structure identity and expression of broccoli gene BoF3’H. (A) Comparison of BoF3’H promoter and cDNA
sequence between parental lines BT 126 and SN 60; (B—E) relative expression of BoF3’H, BoTTG1, BOANS2, and BoLED38 at
three head developmental stages. Significant differences between BT 126 and SN 60 are indicated by * based on Students
t test (* p < 0.05, ** p < 0.01; *** p < 0.001); (F) the phenotype of the head during three developmental stages. The upper part
depicts the head of BT 126, while the lower part depicts the head of SN 60. Scale bar = 1 cm.

4. Discussion

Increasing the anthocyanin content in Brassica vegetables represents an important
goal for nutriment breeding. This work discovered two important genomic regions har-
boring anthocyanin biosynthesis QTLs BoPur7.1 and Bopur9.1 on chromosomes 7 and 9,
based on intra-specific broccoli mapping individuals, through whole-genome NGS-based,
high-throughput QTL-seq. The two QTL-seq-derived Pur QTLs were subsequently verified
by Hi-SNP analysis. In previous studies, a major locus was reported to control antho-
cyanin pigmentation. In purple cauliflower (B. oleracea var botrytis), a Pur gene, encoding
the transcription factor R2R3 MYB, was isolated [43]. Broccoli flower head’s purple sepal
trait is regulated by a major loci and two minor loci on chromosome C01 [20]. The purple
gene of non-heading Chinese cabbage is subject to a single dominant inheritance mode but
does not follow the Mendel law [33]. Due to the considerable variations in anthocyanin
content, a novel locus was mapped in the linkage group R07 in purple turnip plants [46].
Moreover, a single dominant gene on C09, named BoPr, was reported to control antho-
cyanin pigmentation in leaves. The physical region of the C09 QTL was from 19,018,694
to 24,359,626 (5.3 Mb in internal length), which was different from our major QTLs for
head anthocyanin contents. The major locus on C09 from 51,716,244 to 51,788,927 was
included in this study. This indicates a population-specific inheritance modality for certain
QTLs controlling anthocyanin biosynthesis in the Brassica species. Hence, the integrated
approach developed here could be used for rapidly identifying the target QTLs, important
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genes, and/or alleles involved in the qualitative and quantitative traits of various crops.
Diverse models of purple traits, related to anthocyanins, may come from different genetic
backgrounds. The purple gene in ornamental kale (B. oleracea L. var. acephala) shows
a single dominant inheritance pattern on chromosome C09, and B09g058630 encoding
dihydroflavonol 4-reductase (DFR) was considered to be a candidate gene [22].

Combining QTL-seq with Hi-SNP analysis, the 0.73 Mb QTL Bopur9.1 region [BoSNP37
(51,716,244 bp) to BoSNP38 (51,788,927 bp)], encompassing 14 genes, was detected on chro-
mosome 9, which accounted for ~28.19% of all phenotypic variations in anthocyanin
biosynthesis. Among these genes, according to their respective annotations (Table 3), three
genes, Bo9g174880, Bo9g174890, and Bo9¢174900 were homologues of Arabidopsis F3'H,
encoding flavanone 3'-hydroxylase. The BoF3’H gene has been suggested to have played
a critical role in modifying plant coloration [45], which contained a coding sequence length
of 1536 bp and encoded a protein of 511 amino acids with four exons. All of the 3 candidate
genes became aligned to the different regions of BoF3’H. An increased expression of F3'H
was found to be responsible for anthocyanin production in a number of anthocyanin-
accumulating mutants. For example, the ectopic expression of apple MdF3'H can increase
the production of flavonols and cyanidin-based pigments in the Arabidopsis {/7 mutant, un-
der nitrogen pressure [47]. The VoF3’H gene was identified from grapevine, and its ectopic
expression results in high accumulation levels of anthocyanin and flavonols in the petunia
ht]1 mutant line [48]. OsF3’H editing in the Heugseonchal or Sinmyungheugchal variety,
using the CRISPR/Cas9 system, might be responsible for ocher seeds with lower antho-
cyanin contents than wild-type black rice plants [49]. Two copies of the F3’"H gene were
isolated in the barley genome and exhibited a tissue-specific expression pattern of antho-
cyanin synthesis [50]. Furthermore, nine SNPs and a 68-bp insertion, between the 3rd
and 4rd exon of BoF3’H CDS sequences, were found, which may cause a gain-of-function
mutation (Figure 4A). The 68 bp InDel was in the open reading frame (between E3 and
E4), as well as the T InDel in the 3’ end. Therefore, a frame shift is expected, resulting
in a putative truncated or extended protein. In addition, since most enzymes had conserved
regions, anthocyanin discoloration might occur, as a result of BoF3’H enzyme inactivity,
due to one of the two isoforms. In addition, the 6.92 Mb QTL Bopur7.1 region [BoSNP1
(36,784,249 bp) to BoSNP2 (43,705,152 bp)], encompassing 3 anthocyanin-related genes,
was detected on chromosome 7, which accounted for ~38.12% of all phenotypic variations
in anthocyanin biosynthesis. Among these genes, BoANS2 and BoLED38 were activated at
three head developmental stages of anthocyanin accumulation [12,13]. However, further
experiments involving transformation are needed to verify whether the function of this
gene is responsible for the purple head in broccoli.

Most of the agronomic traits are controlled by multiple QTLs. The traditional QTL fine-
mapping method usually requires several generations of backcrossing, screening of a large
population for recombinants and exhaustive field phenotyping, whi