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Abstract: Broccoli, a popular international Brassica oleracea crop, is an important export vegetable
in China. Broccoli is not only rich in protein, vitamins, and minerals but also has anticancer and
antiviral activities. Recently, an Agrobacterium-mediated transformation system has been established
and optimized in broccoli, and transgenic transformation and CRISPR-Cas9 gene editing techniques
have been applied to improve broccoli quality, postharvest shelf life, glucoraphanin accumulation,
and disease and stress resistance, among other factors. The construction and application of genetic
transformation technology systems have led to rapid development in broccoli worldwide, which
is also good for functional gene identification of some potential traits in broccoli. This review
comprehensively summarizes the progress in transgenic technology and CRISPR-Cas9 gene editing
for broccoli over the past four decades. Moreover, it explores the potential for future integration of
digital and smart technologies into genetic transformation processes, thus demonstrating the promise
of even more sophisticated and targeted crop improvements. As the field continues to evolve, these
innovations are expected to play a pivotal role in the sustainable production of broccoli and the
enhancement of its nutritional and health benefits.

Keywords: broccoli; advances; gene editing; CRISPR-Cas9; Agrobacterium-mediated transformation

1. Introduction

Broccoli (Brassica oleracea L. var. italica) is a cruciferous vegetable from the Brassica family.
Also referred to as green cauliflower or broccoli, it is cherished for its rich nutritional pro-
file, which includes a spectrum of vitamins, proteins, minerals, antioxidants, and phenolic
compounds [1–5]. Also known as the “Crown of Vegetables”, broccoli is a global favorite
food due to its numerous health benefits. Broccoli contains lycopene sulfide, which is a
compound with anticancer properties that may also effectively prevent myopia, cataracts,
and cardiovascular diseases [6]. Additionally, it has been shown to improve hyperten-
sion, ameliorate certain complications related to type 2 diabetes, reduce cholesterol levels,
and foster the growth of beneficial gut microbiota [2,7]. Broccoli’s contribution to weight
and fat loss, enhanced metabolism, and strengthened immunity further solidifies its sta-
tus as a healthful food choice [8,9]. Broccoli is also noted for containing the compound
sulforaphane, which inhibits the growth of cancer cells and induces apoptosis in some
cancers [10–15].Recent studies have also highlighted the unique antiplatelet selectivity of
sulforaphane, which can reduce thrombus formation and enhance the thrombolytic activity
of recombinant tissue plasminogen activator (rtPA), thus exhibiting promise for improved
preventive and therapeutic strategies [16]. Moreover, phenolic compounds extracted from
broccoli have shown efficacy in preventing and reducing fatty liver formation [17]. Antioxi-
dant extracts with anti-inflammatory properties, such as radicicchioidin, indole-3-methanol,
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isothiocyanates, flavonoids, and quercetin, can mitigate inflammation by inhibiting en-
zymatic activity [18,19]. Certain compounds in broccoli, including thioglucosides and
isothiocyanates, have demonstrated antimicrobial activity, with sulforaphane potentially
acting against Helicobacter pylori [20–22]. Additionally, indole-3-methanol and phenolic
compounds exhibit inhibitory effects on specific bacterial strains, such as Escherichia coli
and Staphylococcus aureus [18]. In summary, the diverse health benefits of broccoli, which
are supported by scientific research, make it a powerful supplement to any diet. Its po-
tential to combat a range of health issues, ranging from cancer to cardiovascular diseases,
underscores its importance as a nutritional powerhouse food.

Genetic transformation is a phenomenon in which a cell of a specific genotype ab-
sorbs DNA from a cell of a different genotype that is present in its environment, resulting
in a change to its own genotype and gene expression. This process, known as genetic
transformation, involves the uptake of homologous or heterologous DNA molecules by a
receptor cell, which can occur naturally or be induced artificially. These DNA molecules
can originate from natural sources or can be artificially created, and their incorporation
into the receptor cell leads to the horizontal transfer and expression of genes. Genetic trans-
formation can be categorized into natural and artificial transformation, with the former
type being a physiological feature of a cell at a particular growth stage and the latter type
involving artificial methods to induce DNA uptake or directly introduce DNA into the
cell. Agrobacterium-mediated genetic transformation is a technique that involves isolat-
ing target gene fragments, constructing a vector to hold these fragments, and then using
Agrobacterium in a sensitive state to transfer the vector into plant cells. Genetic transfor-
mation includes recombinant DNA technology, cell tissue culture technology, germplasm
system transformation technology, and so on (Figure 1). The target gene is integrated into
the plant genome, and the resulting transgenic plants are verified for the presence and
expression of the gene [23–26]. Genome editing technologies allow for the introduction
of desired traits into crop varieties through targeted mutagenesis and precision breeding.
These technologies enable the simultaneous editing of multiple genetic loci, thus facilitating
the rapid accumulation of important traits [27–29]. To date, genome editing has been
applied to a broad array of crops, including cereal grains such as maize [30,31], wheat [32],
sorghum [33,34], barley [35], sugarcane [36,37], rye [38], millet [39], and various vegetables
within the cruciferous family, such as Chinese cabbage [40,41], Chinese Kale [42,43], broc-
coli [26,44], and carrot [45]. Additionally, genome editing has been extended to other crop
species, such as eggplant [46], chilli [47], tomatoes [48,49], and carrots in the umbelliferae
family [50,51]. The application of these technologies in crop improvement continues to
expand, offering new possibilities for enhancing agricultural productivity, sustainability,
and the nutritional value of food crops.

The expression of genes can vary based on the genetic transformation technology
that is used, the genotypes involved, the species of the organism, and the specific body
part where the gene is being expressed. By manipulating genes through knockout (delet-
ing a gene), overexpression (increasing gene expression), or gene silencing (reducing
gene expression), researchers can elicit a range of phenotypic responses, resistances, and
functional changes in the organism. As genetic transformation technologies continue
to evolve and improve, we can anticipate significant advancements in plant breeding.
These breakthroughs will not only enhance agricultural productivity but also drive the
development of new crop varieties with improved traits, such as increased yield, dis-
ease resistance, drought tolerance, and enhanced nutritional content. The refinement of
these techniques will play a crucial role in addressing global food security challenges and
fostering sustainable agricultural practices.

Somatic cell fusion has made significant strides in both food and cash crops, thus
enabling the integration and exchange of genes between protoplasts of different genera.
This technique allows for the breaking of barriers to intergeneric hybridization and the
creation of new varieties with varying ploidy levels, improved resistance, and enhanced
agronomic traits and quality [52]. There are two primary methods of somatic cell fusion:
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physical (electrofusion) and chemical (PEG fusion) fusion [53]. The process of somatic
cell fusion encompasses several steps, including the extraction and purification of proto-
plasts, the fusion of protoplasts, the culture and regeneration of fused protoplasts, and the
identification of hybrids [54–56].

Figure 1. (a) The profile of Agrobacterium-mediated genetic transformation; (b) the profile of
PEG-mediated genetic transformation of protoplasts; (c) the process of pollen magnetotransfection
in plants.

Reports have described the successful generation of hybrid tobacco plants with differ-
ent genotypes through protoplast fusion [57]. Similarly, new hybrids have been obtained
by fusing celery protoplasts with those of carrot, coriander, and white celery [58]. Cyto-
plasmic male sterile plants are produced by fusing the cytoplasm of Brassica napus with the
nucleus of oilseed rape [59]. Protoplasts from green cauliflower pollen and leaf pulp were
fused by using PEG to obtain hybridized callus tissue [60]. The transfer of Polima-type
cytoplasmic male sterility (CMS) from kale-type oilseed rape to Brassica napus has been
achieved by using protoplast fusion to create nuclear hybrids [61]. Complete novel genomic
plants have been created by fusing eggplant and tomato protoplasts [62]. After protoplast
fusion in oilseed rape, the resulting plants displayed new cytoplasmic morphological mark-
ers [63]. Interspecific somatic hybrids have been obtained by fusing protoplasts of rice and
barley [64], and asymmetric crosses between wheat and Arabidosis thaliana have yielded
regenerated callus tissue and green plants resembling wheat [65]. Seven hybrids of kale and
white rapeseed were obtained through the electrofusion of protoplasts [66]. Additionally,
there has been notable progress in somatic cell hybridization within the Brassica crops
of the Cruciferae family and citrus crops of the Brassicaceae family [67–72]. By pairing
different varieties and regenerating plants, researchers have been able to introduce new
traits and improve crop productivity. As somatic cell fusion techniques continue to advance,
they exhibit promise for the development of innovative crop varieties that can meet the
demands of a growing population and adapt to the challenges of climate change [73].

Transient expression in protoplasts has emerged as an efficient and straightforward
technique due to advancements in technology. It offers several advantages over other
transformation methods, including lower costs, higher efficiencies, and greater flexibility.
Protoplast transformation does not require specialized equipment or species-specific adap-
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tations, and it allows for the rapid acquisition of validation results [74–76]. Protoplasts
typically maintain the cellular identity and differentiation state of their parent cells, which
is a crucial factor in the design of genetic function screens [77]. The process involves
introducing exogenous genes into protoplasts of various species via polyethylene glycol
(PEG) induction, and the transformation efficiency is assessed via laser confocal microscopy.
Once protoplasts are successfully transformed, they can be cultured to regenerate trans-
genic plants, and the system for protoplast transformation and regeneration continues to
evolve [55,74]. The pioneering work in this field dates back to 1960, when Cocking first
reported of the isolation of protoplasts; moreover, in 1969, Aoki and Takebe achieved the
successful transformation of TMV in tobacco protoplasts [78].

Over the past few decades, many crops have been successfully transformed and re-
generated by using protoplasts. Transformation can be achieved through various methods,
including electroporation, PEG-induced transformation, and Agrobacterium-mediated deliv-
ery. These include model plants such as Arabidopsis thaliana [74,79–81], and a range of food
crops such as tomatoes [82,83], cabbage [84,85], broccoli [86], carrots [87,88], maize [89–91],
soybeans [92–94], and rice [95], as well as cash crops such as sugarcane [96], bananas [97],
strawberries [98,99], and apples [100]. Although genetic transformation technologies, so-
matic cell fusion, and protoplast transient expression have advanced in research related to
Brassica napus, there is a relative lack of comprehensive reviews focusing on the specifics
of genetic transformation and gene editing in this important crop. As the field continues
to progress, it will become increasingly important to synthesize and analyze the findings
from these various techniques to enhance our understanding and application of genetic
engineering in Brassica napus and other crop species.

2. Construction and Optimization of the Genetic Transformation System for Broccoli

Genetic transformation methods, including Agrobacterium tumefaciens, gene gun, floral
dip, polyethylene glycol (PEG), protoplast transformation, and free microspore culture, have
been used for cruciferous crops for the past 40 years [45,101,102]. The main methods of genetic
transformation research in broccoli have focused on Agrobacterium tumefaciens-mediated trans-
formation and protoplast transformation methods [103]. Agrobacterium tumefaciens-mediated
genetic transformation is widely used for model plants and field crops [25,104,105]. The ef-
ficient instantaneous transformation of protoplasts has only improved and been established
in broccoli in recent years. Callus-free protoplasts have been used to create regenerated
plants in cereal crops such as corn and rice [106]; however, this method has not been used
for Brassica oleracea crops such as broccoli, cabbage, cauliflower, and Chinese kale [107,108].

It has been reported that the transformation efficiency of the Agrobacterium tumefaciens-
mediated genetic transformation system for broccoli is generally approximately 2–26%,
which is influenced by the explant type, receptor genotype, hormone concentration, culture
time, and other factors [109,110]. In general, the broccoli genotype is the main factor affect-
ing the efficiency of genetic transformation [44,109]. It has been established that when the
concentration of hygromycin B is 5 mg/L for the generation of young sprouts, significant
differences in the differentiation rate are usually detected among broccoli genotypes. More-
over, the vector type has also been shown to affect the differentiation rate of broccoli [111].
The selection of a better receptor material with a greater differentiation and regeneration
rate is very important for the verification and identification of gene functions, which has
been proven in broccoli, such as in the inbred line B42 [110].

In recent decades, the systematic genetic transformation mediated by Agrobacterium tumefaciens
has been constructed and developed based on broccoli hypocotyls [112] (Table 1). Most
research has shown that the selective antibiotic hygromycin B is most widely used in
broccoli and has the highest and most stable selection efficiency. According to comparisons
with other Brassica crops, such as Brassica napus and Brassica rapa, the optimal selection
concentration is 5 mg/L hygromycin B in broccoli [109]. In addition, 8 mg/L hygromycin
B is better for cabbage, whereas 50 mg/L hygromycin B is generally used for rape [113].
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Table 1. Current information of genetic transformation genes in broccoli.

Gene
Transferred Exosome Type Expression Vector Types Functional Information References

Seminal
leaf Hypocotyls CRISPR-

Cas9
Over-

expressing RNAi

BoiDAD1F
√ √

recoverable male sterility [114]

Bol- miR171b
√ √ nearly completely male sterile and

increased the chlorophyll content [115]

BoMAM1
√ √

led to an increase in SF content [116]

BoFMOGS-OX2
√ √

led to an increase in SF content [116]

BoMyrosinase
√ √

led to an increase in SF content [116]

BroMYB28
√ √

increased glucoraphanin content [117]

BoiCesA
√ √ enhanced salt tolerance;

dwarf and smaller leaves [118]

BoC3H
√ √

enhanced salt stress tolerance [119]

BoC3H4
√ √

enhanced salt stress tolerance [120]

BoERF1
√ √ enhanced salt stress tolerance;

enhanced resistance to Sclerotinia stem rot [121]

BoDFN
√ √

downy mildew resistance [122]

BoWRKY6
√ √

downy mildew resistance [123]

RsrSOD
√ √

downy mildew resistance [124]

BoAPX
√ √ enhanced resistance to downy mildew

enhanced tolerance to heat stress [125]

BoGL5
√ √

mutants lacked cuticular waxes [126]

3. Research and Application of Genetic Transformation Technology in Broccoli
3.1. Agrobacterium Tumefaciens-Mediated Genetic Transformation System
3.1.1. Agronomic Traits

Several studies of agronomic traits in broccoli have been reported. Ogura cytoplasmic
male sterility (Ogura CMS) is widely used in the breeding of broccoli and other Brassica oler-
acea crops [127,128]. The Ogura CMS restorer gene Rfo from Brassica napus was successfully
introduced into broccoli, and the Rfo transgenic plants tended toward broccoli and showed
significant genetic segregation [129]. The cotyledons were subsequently transformed with
Agrobacterium to obtain 20 transgenic plants; moreover, the transformed plants exhibited
normal male sterility, and fertility was restored by using exogenous jasmonic acid treat-
ment [114]. MicroRNA171 (miR171) functions in plant growth and development, hormone
signaling, and stress responses; additionally, it plays important roles in plants through
interactions with microbes and other small RNAs, and its overexpressing transgenic broc-
coli (Bol-miR171b) plants have dark green leaves because of increased chlorophyll levels.
Additionally, all of the flowers are nearly sterile [115].

3.1.2. Quality Traits

Broccoli is rich in glucoraphanin, the second product of which is sulforaphane, which
is beneficial to human health, has anticancer effects, and is a hot topic and research field in
medicine, biochemistry, and agriculture [130–136]. According to the overexpression of the
P450 gene CYP79F1 in broccoli, BoCYP79F1 can significantly upregulate the production of
sulforaphane and glucoraphanin at the bolting stage, which is consistent with previous
reports [137]. An analysis of 80 broccoli genotypes and eight developmental organs demon-
strated that small flowers contain 12 glucosinolates, ranging from 0.467 to 57.156 µmol/g
DW. The glucosinolate content in the roots accounted for 43% of the total content, and the
glucosinolate content in different organs accounted for 29% of the total content. By examin-
ing the changes in glucosinolate profiles in 80 genotypes and eight developmental organs,
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the correlation between glucosinolates and both genotypes and organs was determined.
Statistical analysis of glucosinolates indicated that glucosinolate components in roots differ
from those in other nutrient organs [138]. To obtain plants with high sulforaphane content,
MAM1, FMOGS-OX2, and black mustard enzymes, which are required for SF biosyn-
thesis, were introduced into Brassica napus via Agrobacterium-mediated transformation.
The results showed that the SF content increased 1.86–5.5-fold in plants transformed
with the three transgenes compared with that in the wild type (WT) [116]. Studies have
suggested that BroMYB28 may play a role in glucoraphanin synthesis [139]. Moreover,
according to Agrobacterium-mediated transient overexpression of MYB28, BoMYB28 has
been shown to play a role in aliphatic glucosinolate synthesis in broccoli, which is similar
to that in Arabidopsis [117].

3.1.3. Biotic and Abiotic Stress

Currently, extreme weather and climate conditions, including high temperatures, cold
damage, droughts, floods, and haze, which usually threaten the growth and development
of broccoli, frequently occur [130]. The cuticle wax on the surface of plants helps plants to
resist many environmental stresses, such as drought, ultraviolet radiation, high radiation,
and bacterial and fungal pathogens; moreover, some loci and linkage markers for this trait
have been identified [110]. An RNAi transgenic blue and white kale line was generated
by targeting the cellulose synthase gene BoiCesA; consequently, the cellulose content was
reduced, salt tolerance was enhanced, and the expression of related genes was significantly
altered, as evidenced by dwarfing and thinning leaves [118]. The yield of cultivated plants
is influenced by natural environmental factors, and soil salinization has become an increas-
ingly serious global problem (ionic stress) [140]. The CCCH-type (C3H-type) zinc finger
(Znf) protein, which contains a typical motif with three cysteine residues and one histidine
residue, plays an important role in plant growth stress. BoC3H has been proven to poten-
tially improve salt stress tolerance by regulating free proline and MDA in broccoli plants
overexpressing this gene [119]. Moreover, transgenic plants showed enhanced tolerance to
salt stress after overexpression of BoC3H4 in broccoli, indicating that BoC3H4 is a positive
regulator of salt stress tolerance in plants [120]. The gene encoding the ERF transcription
factor BoERF1 was isolated from Brassica napus, and BoERF1-overexpressing transgenic
plants were generated via Agrobacterium-mediated transformation. The transgenic plants
showed greater seed germination and less chlorophyll loss under salt stress than the wild-
type (WT) Brassica napus plants. These results indicate that BoERF1 plays a positive role in
salt stress and stem rot resistance in nuclear mycelia, suggesting its potential application
value in the molecular breeding of Brassica napus [121].

Common diseases in broccoli include black rot, downy mildew, root swelling, viral
diseases, wilt, black spot, and soft rot, among other diseases. Currently, research on broccoli
has mainly focused on downy mildew, black rot, and root swelling [130]. Broccoli downy
mildew is a common pathological disease caused by downy mildew fungi in cruciferous
plants [141]. The BoDFN gene has been shown to increase the resistance of broccoli to
downy mildew via upregulation of the expression level of this gene [122]. Another gene
known as BoWRKY6 also plays a positive role in the downy mildew resistance of broccoli,
and two positive broccoli strains have strong resistance to downy mildew [123]. In total,
six transgenic broccoli lines were obtained by introducing RsrSOD via Agrobacterium-
mediated transformation; these plants exhibited the greatest resistance to downy mildew,
which is beneficial for broccoli breeding [124]. Seven transformed plants overexpressing
the BoAPX gene were obtained via Agrobacterium transformation. Four genetic strains were
extremely resistant to downy mildew, including apx07, apx15, apx32, and apx33, which
are highly tolerant to heat stress and play important roles in cellular defense against
ROS-mediated oxidative damage [125].

The black rot pathogen can easily overwinter in soil or seeds. The pathogen prefers
high temperature and high humidity and is susceptible to disease in hot and rainy weather
or under continuous cropping conditions [142]. At present, domestic and foreign research
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on the mechanism of black rot resistance is limited, and there is a lack of broccoli varieties
with high resistance to black rot. Due to the fact that there are many sources of resistance in
the A and B genomes of Brassica juncea, resistance genes can be introduced into broccoli
through distant hybridization [110].

In recent years, clubroot disease has become more common among broccoli, cauliflower,
and other cruciferous vegetable crops in some provinces in China, such as Yunnan, Hubei,
and Zhejiang [143,144]. Dominant clubroot resistance (CR) genes, such as CRa, CRb,
CRk, and Crr1-3, have been found in Brassica crop species, including Chinese cabbage,
Brassica napus, Brassica rapa, and radish, which provides insights into the utilization of broc-
coli. Cabbage has been successfully introduced into the CRb gene, resulting in increased
resistance to Plasmodiophora brassicae Race 4 by backcrossing with Brassica napus [145,146].
However, there are still no reports on transgenic CR broccoli.

The pests infecting broccoli include the diamondback moth, cabbage worm
(Pieris rapae), and cotton bollworm. The Bacillus thuringiensis (Bt) gene is the most ex-
tensively studied and used gene in broccoli and other Brassica oleracea crops. The Bt genes
Cry1C, Cry1Ac, cryIA(b), Cry2Ab12, Cry1la8, and Cry1Ba3 have been successfully transferred
into broccoli and Brassica napus to improve toxicity to the diamondback moth [147–149].
Cry2Ab12 is not lethal to the diamondback moth, but it can decrease the body weight of the
diamondback moth by 33%. Insect biology experiments have demonstrated that the trans-
genic “Solan Green Head”, which is a cryIAa-containing strain of Agrobacterium tumefaciens
that is resistant to codling moth larvae, is effective against codling moth infestation [150].

With the large-scale application of herbicides, there is an urgent need to cultivate
herbicide-resistant broccoli to meet future demand. The results of the GUS staining of
pBoGIR1-expressing broccoli transgenic plants have indicated that pBoGIR1 can be used
as an effective alternative to antibiotic and herbicide resistance genes for the cultivation
of transgenic crops. In broccoli, there have been fewer studies on the genetic transfor-
mation of herbicides, which can be explored in-depth to understand the research on
breeding herbicide-resistant varieties (US Patent Application for Application of the broccoli
wound-inducible promoter of GLUCOSE INHIBITION of the ROOT ELONGATION 1 gene in
transgenic plants Patent Application [Application #20140013472 issued 9 January 2014]—Justia
Patents Search).

3.1.4. Others

Nanomaterials have been an international research hotspot, and genetic transfor-
mation studies in the field of nanomaterials have been successful in maize [151], and
cotton [152,153]. Exogenous DNA-loaded magnetic nanoparticles can be delivered into
pollen, and transgenic plants can be successfully obtained from transformed seeds [154].
Pollen magnetization may facilitate the production and stress tolerance of transformed
germplasms, but this phenomenon has not been reported in broccoli or other Brassica oleracea
crops. This method will further facilitate germplasm innovation and the design of future
crops (Figure 1).

3.2. Application of the Protoplast-Mediated Instantaneous Transformation System

Protoplast fusion is the process in which the protoplasts of two heterologous parents
fuse with each other under appropriate conditions, thus further integrating intracellu-
lar substances to form hybrid cells. Therefore, protoplasts are widely used for genetic
transformation and somatic cell fusion [52,55]. According to polyethylene glycol (PEG)-
mediated protoplast fusion, hypocotyl protoplasts of kale were successfully hybridized
with chloroplast protoplasts of black mustard, and 15 somatic hybrids were obtained from
the callus [155]. The hypocotyl and cotyledon protoplasts of mustard and broccoli were
fused by using 40% (w/v) polyethylene glycol, and the regenerated plants had normal
petals and stamens; however, only two plants produced pollen [156]. By fusing the pollen
protoplasts and haploid leaf pulp protoplasts of broccoli, 40% polyethylene glycol 4000
resulted in a maximum fusion frequency of approximately 20%. The results demonstrated
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the presence of a hybrid callus [60]. Using a 20% PEG 4000-mediated efficient instanta-
neous transformation of protoplasts, the subcellular localization of the resistance gene
CRa and the gluraphanin metabolism-related gene FMOGS-OX5 (Bol029100, Bol031350)
was identified in broccoli [86,109]. Therefore, the PEG-Ca2+-mediated transformation of
plant protoplasts has great advantages and application value in gene function analysis
and breeding design [86]. However, there are still some problems, such as difficulty in the
protoplast separation of special tissues and organs, as well as the low frequency of callus
regeneration [157].

3.3. Others

In the genetic transformation of broccoli, the main method that is currently used is
an efficient instantaneous transformation system mediated by Agrobacterium tumefaciens
and protoplasts. In future research, we can apply the gene gun and floral dip methods
in broccoli. The floral dip method is simple to execute and has high transformation
efficiency. After transformation, transgenic plants can be directly generated, thus avoiding
the need for somatic or protoplast culture and decreasing the survival rate of plants after
transplantation. The dipping method has been successfully applied in multiple species,
including in both cruciferous plants such as radish and salt mustard but also in important
crops such as wheat and cash crops, including legumes [158]. There is limited research on
broccoli, given its low efficiency or inability to achieve efficient genetic transformation due
to genomic differences.

4. Research and Application of Gene Editing Technology in Broccoli

Genome editing refers to the precise design and efficient transformation of organisms
at the genomic scale. Genome editing techniques include the use of meganucleases, zinc
finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) [159,160],
and clustered regular interval short palindrome repeat (CRISPR) systems. CRISPR-Cas9
is currently the most widely used and efficient plant genome editing method [161–166].
In recent years, this genome editing system has been successfully applied to various
crops, including rice, corn, soybeans, and tomatoes, for gene function identification and
crop improvement, thus resulting in several ideal traits, such as increased yield, disease
resistance, and herbicide resistance. However, there are still few reports on this topic in
broccoli [110].

It has been reported that the accumulation of glucoraphanin in broccoli leaves and
flower buds is decreased by knocking out MYB28, which also results in a decrease in the
amount of aliphatic glucosinolate in broccoli [167]. The cycad genotype 19B42 was found
to have high regenerative capacity and is suitable for transformation [109]. A recent study
reported that the dominant gene BoGL5 can positively regulate wax synthesis in broccoli,
and CRISPR-Cas9 validation demonstrated that the functional loss of this gene leads to the
absence of wax, thus resulting in glossy mutants of broccoli [126]. The abovementioned
research indicates that the CRISPR-Cas9 system can effectively induce gene-specific mu-
tations in the broccoli genome, which is highly important for further verifying genetic
functions and enabling precise trait improvements in broccoli.

5. Future Perspectives

As extreme weather events, diseases, and pests become more prevalent, global crop
breeding has become increasingly recognized as being a critical trend for the future, thus
necessitating a worldwide call to enhance crop resilience in the face of climate change.
The development of new broccoli varieties capable of adapting to future climatic conditions
is of utmost importance. To expedite the transformation and breeding of broccoli, it is
essential to innovate genetic transformation methods that are less dependent on specific
genotypes. Additionally, enhancing the efficiency of Agrobacterium- and PEG-mediated
transient transformation in broccoli is crucial. Experiments with new bacterial strains that
exhibit high infection efficiency and the use of specific nanomaterials for transformation



Genes 2024, 15, 668 9 of 15

are potential avenues to explore in broccoli genetic engineering [168,169]. Furthermore,
significant advancements in ternary vector systems for Agrobacterium-mediated transforma-
tion have been made, which are vital for gene function analysis and the creation of novel
germplasms [170–172]. These developments underscore the need for a global commitment
to crop improvement as a means to counteract the challenges posed by climate change. In
the future, it is anticipated that continued optimization and innovation of technologies will
be targeted at crop enhancement, thus aiming to improve flavor, quality, and resistance and
to provide superior breeding materials. These efforts will not only improve food security
but also contribute to the sustainability of agricultural systems worldwide.
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of Polyphenols in the Diet of Animals. Antioxidants 2023, 12, 1141. [CrossRef] [PubMed]

23. Mei, G.; Chen, A.; Wang, Y.; Li, S.; Wu, M.; Hu, Y.; Liu, X.; Hou, X. A simple and efficient in planta transformation method based
on the active regeneration capacity of plants. Plant Commun. 2024, 5, 100822. [CrossRef] [PubMed]

24. Lee, K.; Wang, K. Strategies for genotype-flexible plant transformation. Curr. Opin. Biotechnol. 2023, 79, 102848. [CrossRef]
[PubMed]

25. Hwang, H.-H.; Yu, M.; Lai, E.-M. Agrobacterium-Mediated Plant Transformation: Biology and Applications. Arab. Book 2017,
15, e0186. [CrossRef] [PubMed]

26. Kumar, P.; Srivastava, D.K. Biotechnological advancement in genetic improvement of broccoli (Brassica oleracea L. var. italica), an
important vegetable crop. Biotechnol. Lett. 2016, 38, 1049–1063. [CrossRef] [PubMed]

27. Gao, C. Genome engineering for crop improvement and future agriculture. Cell 2021, 184, 1621–1635. [CrossRef] [PubMed]
28. Su, W.; Xu, M.; Radani, Y.; Yang, L. Technological Development and Application of Plant Genetic Transformation. Int. J. Mol. Sci.

2023, 24, 10646. [CrossRef] [PubMed]
29. Sun, W.; Wang, H. Recent advances of genome editing and related technologies in China. Gene Ther. 2020, 27, 312–320. [CrossRef]
30. Chamani Mohasses, F.; Mousavi Pakzad, S.M.; Moatamed, E.; Entesari, M.; Bidadi, H.; Molaahmad Nalousi, A.; Jamshidi, S.;

Ghareyazie, B.; Mohsenpour, M. Efficient genetic transformation of rice using Agrobacterium with a codon-optimized chromopro-
tein reporter gene (ChromoP) and introducing an optimized iPCR method for transgene integration site detection. Plant Cell
Tissue Organ Cult. (PCTOC) 2023, 156, 5. [CrossRef]

31. Toki, S.; Hara, N.; Ono, K.; Onodera, H.; Tagiri, A.; Oka, S.; Tanaka, H. Early infection of scutellum tissue with Agrobacterium
allows high-speed transformation of rice. Plant J. 2006, 47, 969–976. [CrossRef]

32. Khan, H.; McDonald, M.C.; Williams, S.J.; Solomon, P.S. Assessing the efficacy of CRISPR/Cas9 genome editing in the wheat
pathogen Parastagonspora nodorum. Fungal Biol. Biotechnol. 2020, 7, 4. [CrossRef] [PubMed]

33. Wu, E.; Lenderts, B.; Glassman, K.; Berezowska-Kaniewska, M.; Christensen, H.; Asmus, T.; Zhen, S.; Chu, U.; Cho, M.-J.; Zhao,
Z.-Y. Optimized Agrobacterium-mediated sorghum transformation protocol and molecular data of transgenic sorghum plants. Vitr.
Cell. Dev. Biol.—Plant 2013, 50, 9–18. [CrossRef]

34. Kumar, V.; Campbell, L.M.; Rathore, K.S. Rapid recovery- and characterization of transformants following Agrobacterium-mediated
T-DNA transfer to sorghum. Plant Cell Tissue Organ Cult. (PCTOC) 2010, 104, 137–146. [CrossRef]

35. Kumlehn, J.; Serazetdinova, L.; Hensel, G.; Becker, D.; Loerz, H. Genetic transformation of barley (Hordeum vulgare L.) via infection
of androgenetic pollen cultures with Agrobacterium tumefaciens. Plant Biotechnol. J. 2006, 4, 251–261. [CrossRef]

36. Zhangsun, D.; Luo, S.; Chen, R.; Tang, K. Improved Agrobacterium-mediated genetic transformation of GNA transgenic sugarcane.
Biologia 2007, 62, 386–393. [CrossRef]

37. Budeguer, F.; Enrique, R.; Perera, M.F.; Racedo, J.; Castagnaro, A.P.; Noguera, A.S.; Welin, B. Genetic Transformation of Sugarcane,
Current Status and Future Prospects. Front. Plant Sci. 2021, 12, 768609. [CrossRef]

38. Popelka, J.C.; Altpeter, F. Agrobacterium tumefaciens-mediated genetic transformation of rye (Secale cereale L.). Mol. Breed 2003, 11,
203–211. [CrossRef]

39. Ramadevi, R.; Rao, K.V.; Reddy, V.D. Agrobacterium tumefaciens-mediated genetic transformation and production of stable
transgenic pearl millet (Pennisetum glaucum [L.] R. Br.). Vitr. Cell. Dev. Biol.—Plant 2014, 50, 392–400. [CrossRef]

40. Wang, H.; Zheng, Y.; Zhou, Q.; Li, Y.; Liu, T.; Hou, X. Fast, simple, efficient Agrobacterium rhizogenes-mediated transformation
system to non-heading Chinese cabbage with transgenic roots. Hortic. Plant J. 2024, 10, 450–460. [CrossRef]

41. Li, X.; Li, H.; Zhao, Y.; Zong, P.; Zhan, Z.; Piao, Z. Establishment of A Simple and Efficient Agrobacterium-mediated Genetic
Transformation System to Chinese Cabbage (Brassica rapa L. ssp. pekinensis). Hortic. Plant J. 2021, 7, 117–128. [CrossRef]

https://doi.org/10.1038/s41523-022-00402-4
https://www.ncbi.nlm.nih.gov/pubmed/35332167
https://doi.org/10.1021/acscentsci.3c00822
https://www.ncbi.nlm.nih.gov/pubmed/38435523
https://doi.org/10.1016/j.jff.2019.05.054
https://doi.org/10.3390/antibiotics12071157
https://www.ncbi.nlm.nih.gov/pubmed/37508253
https://doi.org/10.1016/j.tifs.2021.12.015
https://doi.org/10.3390/antiox12040901
https://doi.org/10.1155/2020/5793817
https://www.ncbi.nlm.nih.gov/pubmed/32789026
https://doi.org/10.3390/antiox12061141
https://www.ncbi.nlm.nih.gov/pubmed/37371871
https://doi.org/10.1016/j.xplc.2024.100822
https://www.ncbi.nlm.nih.gov/pubmed/38243598
https://doi.org/10.1016/j.copbio.2022.102848
https://www.ncbi.nlm.nih.gov/pubmed/36463838
https://doi.org/10.1199/tab.0186
https://www.ncbi.nlm.nih.gov/pubmed/31068763
https://doi.org/10.1007/s10529-016-2080-9
https://www.ncbi.nlm.nih.gov/pubmed/26971329
https://doi.org/10.1016/j.cell.2021.01.005
https://www.ncbi.nlm.nih.gov/pubmed/33581057
https://doi.org/10.3390/ijms241310646
https://www.ncbi.nlm.nih.gov/pubmed/37445824
https://doi.org/10.1038/s41434-020-0181-5
https://doi.org/10.1007/s11240-023-02636-x
https://doi.org/10.1111/j.1365-313X.2006.02836.x
https://doi.org/10.1186/s40694-020-00094-0
https://www.ncbi.nlm.nih.gov/pubmed/32257291
https://doi.org/10.1007/s11627-013-9583-z
https://doi.org/10.1007/s11240-010-9809-2
https://doi.org/10.1111/j.1467-7652.2005.00178.x
https://doi.org/10.2478/s11756-007-0096-2
https://doi.org/10.3389/fpls.2021.768609
https://doi.org/10.1023/A:1022876318276
https://doi.org/10.1007/s11627-013-9592-y
https://doi.org/10.1016/j.hpj.2023.03.018
https://doi.org/10.1016/j.hpj.2021.01.006


Genes 2024, 15, 668 11 of 15

42. Huang, W.; Zheng, A.; Huang, H.; Chen, Z.; Ma, J.; Li, X.; Liang, Q.; Li, L.; Liu, R.; Huang, Z.; et al. Effects of sgRNAs, Promoters,
and Explants on the Gene Editing Efficiency of the CRISPR/Cas9 System in Chinese Kale. Int. J. Mol. Sci. 2023, 24, 13241.
[CrossRef]

43. Sun, B.; Zheng, A.; Jiang, M.; Xue, S.; Yuan, Q.; Jiang, L.; Chen, Q.; Li, M.; Wang, Y.; Zhang, Y.; et al. CRISPR/Cas9-mediated
mutagenesis of homologous genes in Chinese kale. Sci. Rep. 2018, 8, 16786. [CrossRef]

44. Sheng, X.; Yu, H.; Wang, J.; Shen, Y.; Gu, H. Establishment of a stable, effective and universal genetic transformation technique in
the diverse species of Brassica oleracea. Front. Plant Sci. 2022, 13, 1669. [CrossRef]

45. Liu, Y.; Zhang, L.; Li, C.; Yang, Y.; Duan, Y.; Yang, Y.; Sun, X. Establishment of Agrobacterium-mediated genetic transformation and
application of CRISPR/Cas9 genome-editing system to Brassica rapa var. rapa. Plant Methods 2022, 18, 98. [CrossRef] [PubMed]

46. Saini, D.K.; Kaushik, P. Visiting eggplant from a biotechnological perspective: A review. Sci. Hortic. 2019, 253, 327–340. [CrossRef]
47. Mahto, B.K.; Sharma, P.; Rajam, M.V.; Reddy, P.M.; Dhar-Ray, S. An efficient method for Agrobacterium-mediated genetic

transformation of chilli pepper (Capsicum annuum L.). Indian J. Plant Physiol. 2018, 23, 573–581. [CrossRef]
48. Hashmi, M.H.; Saeed, F.; Demirel, U.; Bakhsh, A. Establishment of highly efficient and reproducible Agrobacterium-mediated

transformation system for tomato (Solanum lycopersicum L.). Vitr. Cell. Dev. Biol.—Plant 2022, 58, 1066–1076. [CrossRef]
49. Sun, S.; Kang, X.-P.; Xing, X.-J.; Xu, X.-Y.; Cheng, J.; Zheng, S.-W.; Xing, G.-M. Agrobacterium-mediated transformation of tomato

(Lycopersicon esculentum L. cv. Hezuo 908) with improved efficiency. Biotechnol. Biotechnol. Equip. 2015, 29, 861–868. [CrossRef]
50. Chen, W.; Punja, Z. Transgenic herbicide- and disease-tolerant carrot (Daucus carota L.) plants obtained through Agrobacterium-

mediated transformation. Plant Cell Rep. 2002, 20, 929–935. [CrossRef]
51. Que, F.; Hou, X.-L.; Wang, G.-L.; Xu, Z.-S.; Tan, G.-F.; Li, T.; Wang, Y.-H.; Khadr, A.; Xiong, A.-S. Advances in research on the

carrot, an important root vegetable in the Apiaceae family. Hortic. Res. 2019, 6, 69. [CrossRef] [PubMed]
52. Wang, J.; Jiang, J.; Wang, Y. Protoplast fusion for crop improvement and breeding in China. Plant Cell Tissue Organ Cult. (PCTOC)

2012, 112, 131–142. [CrossRef]
53. Furuta, H.; Shinoyama, H.; Nomura, Y.; Maeda, M.; Makara, K. Production of intergeneric somatic hybrids of chrysanthemum

[Dendranthema × grandiflorum (Ramat.) Kitamura] and wormwood (Artemisia sieversiana J. F. Ehrh. ex. Willd) with rust
(Puccinia horiana Henning) resistance by electrofusion of protoplasts. Plant Sci. 2004, 166, 695–702. [CrossRef]
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163. Erdoğan, İ.; Cevher-Keskin, B.; Bilir, Ö.; Hong, Y.; Tör, M. Recent Developments in CRISPR/Cas9 Genome-Editing Technology
Related to Plant Disease Resistance and Abiotic Stress Tolerance. Biology 2023, 12, 1037. [CrossRef]

164. Bansal, K.C.; Roy, S.; Ghoshal, B. Genome Editing Technologies for Efficient Use of Plant Genetic Resources. Indian J. Plant Genet.
Resour. 2022, 35, 95–99. [CrossRef]

165. Mali, P.; Esvelt, K.M.; Church, G.M. Cas9 as a versatile tool for engineering biology. Nat. Methods 2013, 10, 957–963. [CrossRef]
166. Ma, X.; Zhang, X.; Liu, H.; Li, Z. Highly efficient DNA-free plant genome editing using virally delivered CRISPR–Cas9. Nat.

Plants 2020, 6, 773–779. [CrossRef] [PubMed]
167. Neequaye, M.; Stavnstrup, S.; Harwood, W.; Lawrenson, T.; Hundleby, P.; Irwin, J.; Troncoso-Rey, P.; Saha, S.; Traka, M.H.; Mithen,

R.; et al. CRISPR-Cas9-Mediated Gene Editing of MYB28 Genes Impair Glucoraphanin Accumulation of Brassica oleracea in the
Field. CRISPR J. 2021, 4, 416–426. [CrossRef]

168. Lv, Z.; Jiang, R.; Chen, J.; Chen, W. Nanoparticle-mediated gene transformation strategies for plant genetic engineering. Plant J.
2020, 104, 880–891. [CrossRef] [PubMed]

169. Wu, K.; Xu, C.; Li, T.; Ma, H.; Gong, J.; Li, X.; Sun, X.; Hu, X. Application of Nanotechnology in Plant Genetic Engineering. Int. J.
Mol. Sci. 2023, 24, 14836. [CrossRef]

170. Zhang, Y.; Zhang, Q.; Chen, Q.-J. Agrobacterium-mediated delivery of CRISPR/Cas reagents for genome editing in plants enters
an era of ternary vector systems. Sci. China Life Sci. 2020, 63, 1491–1498. [CrossRef]

171. Anand, A.; Bass, S.H.; Wu, E.; Wang, N.; McBride, K.E.; Annaluru, N.; Miller, M.; Hua, M.; Jones, T.J. An improved ternary vector
system for Agrobacterium-mediated rapid maize transformation. Plant Mol. Biol. 2018, 97, 187–200. [CrossRef]

172. Zhang, Q.; Zhang, Y.; Lu, M.-H.; Chai, Y.-P.; Jiang, Y.-Y.; Zhou, Y.; Wang, X.-C.; Chen, Q.-J. A Novel Ternary Vector System United
with Morphogenic Genes Enhances CRISPR/Cas Delivery in Maize. Plant Physiol. 2019, 181, 1441–1448. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/14620316.2004.11511746
https://doi.org/10.1007/s13205-018-1316-x
https://doi.org/10.1016/j.scitotenv.2021.148927
https://doi.org/10.1016/j.envpol.2022.120834
https://www.ncbi.nlm.nih.gov/pubmed/36493932
https://doi.org/10.1002/advs.202103414
https://www.ncbi.nlm.nih.gov/pubmed/34761568
https://doi.org/10.1038/s41477-017-0063-z
https://www.ncbi.nlm.nih.gov/pubmed/29180813
https://doi.org/10.1007/s11240-013-0371-6
https://doi.org/10.1007/s11627-011-9355-6
https://doi.org/10.1007/s11816-021-00732-y
https://doi.org/10.1134/s1021443709040177
https://doi.org/10.1534/genetics.110.120717
https://doi.org/10.1016/j.tibtech.2013.04.004
https://doi.org/10.1016/j.biotechadv.2023.108248
https://doi.org/10.3390/agronomy13082045
https://doi.org/10.3390/biology12071037
https://doi.org/10.5958/0976-1926.2022.00049.3
https://doi.org/10.1038/nmeth.2649
https://doi.org/10.1038/s41477-020-0704-5
https://www.ncbi.nlm.nih.gov/pubmed/32601419
https://doi.org/10.1089/crispr.2021.0007
https://doi.org/10.1111/tpj.14973
https://www.ncbi.nlm.nih.gov/pubmed/32860436
https://doi.org/10.3390/ijms241914836
https://doi.org/10.1007/s11427-020-1685-9
https://doi.org/10.1007/s11103-018-0732-y
https://doi.org/10.1104/pp.19.00767
https://www.ncbi.nlm.nih.gov/pubmed/31558579

	Introduction 
	Construction and Optimization of the Genetic Transformation System for Broccoli 
	Research and Application of Genetic Transformation Technology in Broccoli 
	Agrobacterium Tumefaciens-Mediated Genetic Transformation System 
	Agronomic Traits 
	Quality Traits 
	Biotic and Abiotic Stress 
	Others 

	Application of the Protoplast-Mediated Instantaneous Transformation System 
	Others 

	Research and Application of Gene Editing Technology in Broccoli 
	Future Perspectives 
	References

