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Abstract
Brassica species are known as important economic plants. In this review, the main
focus is to describe and compare methods used for Agrobacterium-mediated
transformation of three Brassica species (B.oleracea, B. napus and B. rapa). In
addition, the use of virus-induced gene silencing (VIGS) system and CRISPR/Cas
system are described. Many factors influence the success of transformation, such as
the explant, agrobacterium, and the regeneration medium. For the most researches, it
shows the high regeneration efficiency, while the transformation efficiency is low. This
review gives a summary of these factors, as presented in different studies and the
example of setting up the cabbage transformation system.

Keyword: Brassica species, Agrobacterium, in planta, VIGS
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1 Introduction
1.1 Brassica species
Brassica genus belongs to the Brassicaceae family and contains 37 species. Most of
the species in the Brassica genus are known as the important economic vegetables or
oil-seed plants, such as cabbage, cauliflower, pakchoi, and rapeseed. It is meaningful
to study the genetic transformation of Brassica species, as gene transformation is a
valuable way to study the gene function and is one of the tools to improve the breeding
processes, such as shorting the selection and generation processes.
In this review, we focus on three Brassica species, Brassica oleracea, Brassica napus
and Brassica rapa, which are the component of tringle of U theory. The theory
describes the evolution and relationship among six economically important Brassica
species (Figure 1). Three of species are diploid (Brassica oleracea, Brassica nigra
and Brassica rapa) and the other three are allotetraploid (Brassica carinata, Brassica
junco and Brassica napus) derived from the pairwise interspecific hybridization of the
diploid species.

Figure 1. The diploid genomes of B. rapa, B. nigra and B. oleracea are denoted by AA,
BB and CC, respectively. The allotetraploid genomes of B. juncea, B. napus and B.
carinata are denoted by AABB, AACC and BBCC, respectively (Kumar et al., 2015;
Nagaharu, 1935).
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1.2 Agrobacterium-mediated transformation
The genetic transformation systems described in this review are Agrobacteriummediated transformation, virus-induced gene silencing and CRISPR gene silencing.
1.2.1 Agrobacterium-mediated transformation in the model plant
Agrobacterium-mediated transformation is a widely used way to transform the
exogenous gene into plants. Tobacco (Nicotiana tabacum L.) is the model plant in
genetic transformation. Several reasons for using tobacco as a model plant in genetic
transformation are described below: (1) It is easy for tobacco leaf pieces to be
regenerated by organogenesis(Constantin et al., 1977). (2) It is easy for tobacco plants
to adopt the change of environment when the plants need to transfer from the lab to
the greenhouse condition (Chandra et al., 2010, Jube & Borthakur, 2007). Welladoption of the environment increases the regeneration rate. (3) Tobacco plants have
high biomass yield, which makes it easy to produce recombinant proteins for molecular
farming (Twyman et al., 2003). Nowadays, the molecular genetics and genomic
mapping of tobacco are well researched and almost completed (Jube & Borthakur,
2007). The research and application of genetic transformation in tobacco provide the
prospect and reference for the transformation system in other plants.
Agrobacterium-mediated transformation system has been developed in B. napus, B.
oleracea and B. rapa. However, compared to the model plants, it is more difficult to
build the transformation system in these Brassica species. Especially in B. rapa,
transforming the exogenous gene is harder than in the other two species (Narasimhulu
& Chopra, 1988). When compared with other important economic crops, the
transformation studies of Brassica species are few and limited. When searching the
crops name with “transformation” and the crop’s name with “Agrobacterium-mediated
transformation” in google scholar, the number of results shows that Brassica species
have the lowest information (Table 1).
Table 1. The number of search results of crops transformation in Google scholar.

Crops

rice
wheat
tobacco
maize
potato
soybean
tomato
Brassica

No. of results in Google Scholar
key word: crop's name
key word: crop's name
+transformation
+Agrobacterium-mediated
transformation
2580000
45400
1900000
33300
1600000
53400
1120000
38300
652000
28500
644000
29300
440000
34800
144000
23500
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1.2.2 The infection process of Agrobacterium
Agrobacterium is used widely in gene transformation due to the ability to transfer the
exogenous gene into the plant genome. Agrobacterium tumefaciens was evidenced to
be the pathogen that causes crown gall disease. It can transfer the oncogene into the
plants (Smith & Townsend, 1907). Agrobacterium tumefaciens (A. tumefaciens) is the
most common species used in the plant transformation, which harbors a transferred
DNA (T-DNA).

Figure 2. The main steps of the process of Agrobacterium tumefaciens infect plant cell (Hwang
et al., 2017).

The infection of A. tumefaciens starts from attachment to the plant through the wound
sites of the plants by synthesizing cellulose fibrils which help the bacteria to anchor to
the host plant (Matthysse, 1983). The plant-derived signals such as phenolics that are
secreted from the wounded plants stimulate the expression of virulence genes (vir
genes) which is encoded by Ti-plasmid and chromosomal virulence genes (chv genes).
Vir genes are involved in the cleavage and processing of T-DNA and transferring and
integration into plant cell nuclei. For Chv genes, it is important to transduce the signal
for Agrobacterium pathogenicity (Stachel et al., 1985). Chv genes encode the proteins,
such as ChvE, a glucose/galactose binding protein which can enhance the activation
of vir gene through binding the sugar and can interact with the VirA encoded by vir
gene (Doty et al., 1996; Shimoda et al., 1993).
The genes encoded by T-DNA are responsible for synthesizing indole-3-acetic acid
6

(IAA), cytokinin (CK) and opines. IAA and CK are important plant hormones that
influence the plant cell division. As a result, the oncogenic expression gene leads to a
large amount of IAA and CK, which cause uncontrolled cell division and
undifferentiated growth of plant tissue. That is the reason of tumor-like gall on the plant
after infected by A. tumefaciens. Moreover, the plasmid from A. tumefaciens is called
tumor-inducing plasmid (Ti-plasmid). Similarly, Agrobacterium rhizogenes is also used
in plant transformation because of the root-inducing plasmid (Ri-plasmid) (Kowalczyk
et al., 2018). Opines are the source of the nutrients produced by the host plants for
Agrobacterium (Subramoni et al., 2014). The genes encode by T-DNA do not involve
in the transfer process of T-DNA. Thus, these genes can be removed and replaced by
genes of interest, and the modified T-DNA can be still transformed into the plants
(Subramoni et al., 2014). In this case, the A. tumefaciens are disarmed because of the
T-DNA lack of the oncogenic gene.
1.2.3 Agrobacterium-mediated transformation
For Agrobacterium-mediated transformation, the binary vectors derived from Ti
plasmid are used widely with disarmed Agrobacterium in transformation. Since the
plasmid are very large and low in copy number, it is difficult to isolate the plasmid.
While binary vector system is suitable to be used instead of using plasmid. Because
of the small size of binary vector. A binary vector and a vir helper plasmid constitute
the T-DNA binary system (Hoekema et al., 1983). With the help of vir helper vector, the
DNA fragments between the LB and RB are transformed into the plants. Figure 3 is a
sample graph of T-DNA binary system.

Figure 3. The sample graph of T-DNA binary vector system. (a) Binary vector. The selection
marker in the T-DNA region (between left border sequences (LB) and right border sequences
(RB)) aims to make sure the successful plant transformation. Abr means antibiotic resistance
gene, which is served as a selectable marker for the bacterium. (b) Vir helper vector. Vir proteins
encoded by vir genes induce the T-DNA cut from binary vector and transferred into the plant
cells. Ori represents the origin of replication. (L.-Y. Lee & Gelvin, 2008)
7

The general process of transferring the exogenous gene in the plants can be divided
into three steps (Figure 4). The first step is to infect the target plants with
Agrobacterium. The second step is transferring and integration of T-DNA into the host
DNA from the target plants. The third step is the selection and the regeneration of the
transformed plants.
Firstly, the synthetic binary vector is inserted into the Agrobacterium mostly using
electroporation. Secondly, the A. tumefaciens grew in a liquid medium to a certain
density, and either plants explant or the inflorescences are dipped in the bacterial
suspension for several minutes. Then, the plants explant or the inflorescences were
co-cultivated with the Agrobacterium in the MS medium (Murashige & Skoog, 1962).
In this whole protocol, the type of Agrobacterium strains, the type of explant, the period
of co-cultivation and the composition of the co-cultivation medium influence the
efficiency of transformation. After that, antibiotics are used in the regeneration medium
to kill the bacterium to avoid the overgrowth of Agrobacterium. In the reports,
carbenicillin, cefotaxime and timentin are the most common antibiotic used for
inhibiting the growth of Agrobacterium (Bhattacharya et al., 2002; Cho et al., 2001; Fry
et al., 1987; Jun et al., 1995; Kowalczyk et al., 2018; Y.-H. Lee et al., 2000). For
regenerating the shoot and root, the type and concentration of the hormone , as well
as other components acted as transformation enhancers, such as silver nitrate
(Kuvshinov et al., 1999; Radke et al., 1992), used in the shooting and rooting medium
are important factors of regeneration efficiency. After co-cultivation, for selection of the
transformed explants, antibiotics such as kanamycin and hygromycin are used to kill
the explants without transferring the GOI successfully (Bhattacharya et al., 2004; Cho
et al., 2001; Kuvshinov et al., 1999; Yu et al., 2010; F.-L. Zhang et al., 2000).
Because the regeneration and tissue culture are problematic or take a long time for
some plant species, other methods are developed that make these steps
indispensable. In some researches, infecting the flowering plants by dipping
inflorescences in the Agrobacterium medium under the vacuum condition (Bai et al.,
2016; Martins et al., 2015; Qing et al., 2000).
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Figure 4. The general process of Agrobacterium-mediated transformation.

1.3 Virus-induced gene silencing
Virus-induce gene silencing (VIGS) is a plant RNA-silencing technique which uses the
post-transcriptional gene silencing (PTGS) mechanism in plants to reduce the
expression level of the GOI (Burch-Smith et al., 2006). When plants are infected by
the virus, the defense system of the plant can identify and degrade the double-stranded
RNA (dsRNA) of the virus. As a result, the homologous RNA sequence, short
interfering RNA (siRNA), to the dsRNA is degraded and the gene that code this RNA
sequence is silenced (Soosaar et al., 2005). Based on this plant defense system, the
virus vector designed by inserting the target plant gene sequence is transferred to plant
cells for silencing the gene of interest.
Figure 5 shows the structure and mode of inoculation and mechanism of VIGS. Firstly,
the virus genome was modified by inserting the target gene in binary plasmid. Then,
the VIGS vector can be introduced into plant cells by Agrobacterium-mediated
transformation or mechanical inoculation of in vitro transcript or biolistic inoculation
such as particle bombardment. The viral transcript with target gene derived from VIGS
vector is amplified to dsRNA by host RdRPs. DsRNA is cleaved by dicer (also known
as endoribonuclease Dicer ) into siRNA which act as guide molecules in RISC. With
the guiding of siRNA, the components of RISC can degrade the target transcript.
Off target silencing, the silencing of an uninterested gene, can be occurred because
the homologous sequence between the siRNA from target gene trigger and the
uninterested mRNA sequence (Bekele et al., 2019). This unintended silencing can be
minimized by selecting the insert gene sequence carefully in the publicly available
databases. Moreover, a more specific tool, CRISPR-Cas gene editing, can be used.
Cas9 protein can work on the specific sited by different single-guide RNAs (sgRNAs)
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(Ma et al., 2019). There are some successful examples of CRISPR-Cas gene editing
have been reported in Brassica (Braatz et al., 2017; Lawrenson et al., 2015; Sun et al.,
2018; Yang et al., 2017).

Figure 5. The main steps in VIGS (Purkayastha & Dasgupta, 2009). (RdRP: RNA dependent
RNA polymerase, dsRNA: double-stranded RNA, siRNA: small interfering RNA, RISC: RNAinduced silencing complex).

1.4 CRSPR/Cas-9 mediated gene editing
CRISPR (clustered regularly interspaced short palindromic repeats) is a the DNA
sequence found in the genomes of prokaryotes in bacteria and archaea (Barrangou,
2015). CRISPR/Cas, CRISPR together with CRISPR-associated (Cas) genes, is an
10

acquired immune system that against viruses and was found in approximately 50%
genomes of sequenced bacteria and nearly 90% genomes of sequenced archaea
(Grissa et al., 2007). In CRISPR locus, there are several conserved repeated
sequences interspaced by spacers, which is distinct nonrepetitive sequences (Figure
6A). In the CRISPR/Cas system, foreign DNA invaded by Cas nuclease is transformed
into small DNA fragments which are integrated into the CRISPR locus of the host
genome as spacers. In order to respond to viral and phage infection, spacers are used
as transcription templates to produce crRNA (CRISPR RNA), instructing Cas to cleave
target DNA sequences from the invading virus and phage (Figure 6B).

Figure 6. Overview of CRISPR/Cas bacterial immune system (F. Zhang et al., 2014).
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Among over 40 different Cas protein families that have been reported (Haft et al., 2005),
CRISPR/Cas9 was used widely for genome editing. The ways of deliver vectors,
harboring sgRNA and Cas9, to the plants are using Agrobacterium transformtaion and
partile bombardment (Liu et al., 2017) which is the way to direct transfer into
protoplasts by sampling adding the CAS9 protein with guide RNAs to protoplasts and
then regenerate from these protoplasts plants. One major problem of CRISPR/Cas9mediated genome editing is off-target mutations. The homologous DNA sequences
could becleaved by CRISPR/Cas, which could result in the undirsed sites, also known
as off-target mutations (F. Zhang et al., 2014). For reducing the off-target mutations
and ensure the specificity of CRISPR/Cas9, several methods can be done. For
example, using the searching tool CasOT, which was developed by Xiao et al., 2014
and this tool can identify the potential off-target sites within the whole genomes.
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2 Aim
This thesis aims to review the transformation systems used in Brassica species by
comparing the transformation protocols and methods, including regeneration and
selection systems and their efficiencies in three Brassica species (B. rapa, B. oleracea
and B. napus).
(1) To compare the methodologies used in Agrobacterium-medium transformation
systems of Brassica species.
(2) To provide an overview of other transformation systems.
(3) To check the methods of VIGS in Arabidopsis thaliana and application of VIGS in
Brassica species
(4) To give the suggestion on the optimized transformation system in Brassica species.
(5) To understand the methods of CRISPR gene editing.
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3 Agrobacterium-mediated transformation in Brassica
species
3.1 Transformation system with regeneration system
Many factors influence the transformation efficiency. For example, the genotypes of
target plant, the explant, the Agrobacterium species and strains and the medium and
environment conditions (temperature, light) used in the regeneration steps.
3.1.1 The effect of genotypes
Different genotypes show a significant difference in transformation efficiency in
Brassica species (Qing et al., 2000; Rani et al., 2013). In B. napus, 100 cultivars were
tested in One’s research (Ono et al., 1994). It was reported that the frequency of shoot
regeneration ranged from 97% in 'Arabella' and ‘Norin 26' to 0% in ‘N-30’ and ‘N-18’.
As well as in Chinese cabbage (B. rapa), 123 genotypes were tested in Zhang’s study
(F.-L. Zhang et al., 1998). The regeneration frequency of these genotypes ranged from
0% to 95%. Thus, the regeneration efficiency depends on the genotypes in Brassica
species. In this case, introducing the gene in a specific genotype can be achieved by
using CRISPR/Cas gene editing.
3.1.2 The effect of explant
The type of explant, age of the plants and culture condition of explants influence the
effect of the transformation (Table 2). When it comes to the type of the explant,
cotyledons and hypocotyls are used widely in Brassica species in the transformation
system. However, it is hard to answer which type of explants has a higher regeneration
rate. Because in some researches, using cotyledons was more effective and
regenerative than using hypocotyls. In contrast, other studies (Cho et al., 2001;
Kowalczyk et al., 2018; Radke et al., 1992) reported that using hypocotyls for Brassica
species had better regeneration effects than using cotyledons (Rani et al., 2013). The
difference of using cotyledons and hypocotyls as explants, it is possible due to the
different regeneration ability of cotyledons and hypocotyls. For example, in Chi’ s
research (Chi et al., 1990), compared explant source (cotyledon or hypocotyl) of seven
cultivars from B. rapa, cotyledons took ten days to form shoot in the tissue culture, and
hypocotyls needed 14 days. In Pavlović et al., (2010) report, hypocotyls, cotyledons
and roots were tested in four varieties of B. oleracea (red cabbage, broccoli, Savoy
cabbage and cauliflower). The hypocotyls showed a high shooting regeneration rate
(frequency of explants with shoots) in these four varieties (from 75% in red cabbage to
92% in Savoy cabbage). While the shooting regeneration rate of cotyledons was
generally lower and had a large difference among different varieties, 32% in broccoli
(cv. Korvet), 41% in red cabbage (cv. Rubin), 68% in Savoy cabbage(cv. Vertus), 85%
in cauliflower (cv. Rasa). However, only one genotype was tested within each
14

morphotype. It is not clear that other genotypes from B. oleracea turn out similar results.
Besides using cotyledons and hypocotyls, other tissues are also used as explants for
Brassica species. Such as roots (Kowalczyk et al., 2018; Pavlović et al., 2010), first
and second upper internodes (Kuvshinov et al., 1999), peduncle segments (Eapen &
George, 1997) and protoplasts (Hu et al., 1999). However, roots showed a very low
regeneration rate (17% to 57%) in Pavlović’s research (Pavlović et al., 2010). Other
explant types are not as common as cotyledons and hypocotyls used in the Brassica
species in the recent research. Although hypocotyls have better regeneration effects
and faster morphogenic response that reported in lots of recent studies (Gerszberg et
al., 2015; Pavlović et al., 2010b; Ravanfar et al., 2014), it is suggested to test the effect
of both cotyledons and hypocotyls for the transformation of certain genotypes.
The age of explants also influences the effect of transformation. In the majority studies,
explants were taken from 5- to 10-day-old seedlings (Cho et al., 2001; Kowalczyk et
al., 2018; Kuvshinov et al., 1999; Moloney et al., 1989; Yu et al., 2010). According to
some research data, the young-age of explants, such as the explants from 3- to 5-dayold seedlings tend to have better regeneration results in Brassica species. For example,
compared with the explants from 3- to 7-day-old seedlings, explants from 3-day-old
seeding showed the highest shoot regeneration rate in B. rapa (Teo et al., 1997). In B.
napus, explants from 4-day-old seeding gave optimal shoot regeneration rate (90%),
in this report, only three ages of seeding were compared, 4-, 5- and 6-day- old seedling.
(Ono et al., 1994). However, considering the thin cell wall of the young age explants
rendering explants fragile and the very small size of explants makes them not easy for
manipulation (Gerszberg, 2018), it is the possible reason for the majority of studies use
explants from seven- to ten-day-old seedlings. According to Mukhopadhyay’ studies
(Mukhopadhyay et al., 1992), explants from five- to seven-day-old seedlings in B. rapa
showed the shoot regeneration, while the younger or older explants did not develop
the shoot in this research. In conclusion, it is suggested to use explants from sevenday-old seedlings as these have the best regeneration efficiency.
It was suggested to pre-cultivate the explants at 25°C under 16 hours photoperiod with
pH5.8 in the pre-cultivation medium (Cho et al., 2001; Kowalczyk et al., 2018). The
mediums used for explant cultivation varied but were generally based on MS medium
(Murashige & Skoog, 1962) or B5 medium (Gamborg et al., 1968).
Table 2. Summary of explants in B.oleracea, B. rapa and B. napus.

Reference

Species

Genotypes

P.A.C.Sparrow,
2004

Brassica DH from
oleracea A12DHd x
GDDH33

15

Type of
Age of explants
explants
cotyledonary 4-day-old seedlings
petioles

Tomasz
Kowalczyk,
2018

Brassica cauliflower (cv.
oleracea Pionier)

Chantal David,
1988
Y YU, 2010

Brassica
oleracea
Brassica
oleracea
Brassica
oleracea

P.K.Pius,2000

hypocotyls

cauliflower (cv.
hypocotyls
ES 5-1)
cauliflower (cv.
hypocotyls
Saixue)
cabbage(cv.
cotyledons
Hercules,
Brunswick,Cape
spitz and
Copenhagen)

10-day-old
seedlings

10-day-old
seedlings
7-day-oldseedlings
not mention

H. Tsukazaki,
2002

Brassica five doubled
oleracea haploid line of
cabbage

hypocotyls

7-day-oldseedlings

R.C.
Bhattacharya,
2004

Brassica cabbage (cv.
oleracea Golden Acre)

hypocotyls

4-day-oldseedlings

Yeon-Hee Lee,
2000

Brassica cabbage
oleracea

hypocotyls

6- to 7-day-old
seedlings

H.S. Cho,2004

Brassica Chinese
rapa
cabbage(F1
hybrid from
Korea)

cotyledon
and
hypocotyls

5-day-old seedlings

V.Kuvshinov,
1999

Brassica turnip rapa
rapa

stem

not mention

F.-L.
Zhang ,2000

Brassica Chinese
rapa
cabbage

cotyledons
petioles

4-day-old seedlings

A.
Mukhopadhyay,
1992

Brassica oilseed (cv.
rapa
Pusa Kalyani)

hypocotyls
and
cotyledons

4-to 10-dayseedlings

Se II Jun, 1995

Brassica Chinese
rapa
cabbage (cv.
Spring flavor)

cotyledons

5-day-old seedlings

Maurice
Brassica cv. Westar
M.Moloney,1989 napus

cotyledons

5-day-old seedlings

Y.P.Wang,2005

mesophyll
protoplast

3- to 4-week-old
seedlings

Brassica cv. "Maplus"
napus
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V. Cardoza,
2003

Brassica cv. Westar
napus

hypocotyls

8- to 10-day-old
seedlings

Sharon E.
Radke,1992

Brasscia
rapa
and
Brassica
napus
Brassica
oleracea
and
Brasscia
napus

hypocotyle

3-to-7day-old
seedlings

Marc De
Block,1989

cv. Ante,
Candle, Emma,
Span, Sylvi,
Tobin,R-500
cv. Westar and
R8494 (var.
oleifera),
cv.Walchera
and
Andersen(var.
botrytis)

hypocotyls

12-to 14-day-oldseedlings

3.1.3 The effect of co-cultivation
After attaching with agrobacterium, the explants were cultivated with agrobacterium
into the co-cultivation medium (Table 3). In most studies, the co-cultivation medium
was the same as the shoot regeneration medium without antibiotics. Acetosyringone
(AS) can induce the expression of vir gene and was used in co-cultivation medium in
many studies for improving the transformation efficiency (Kuginuki et al., 2002;
Kuvshinov et al., 1999; Yu et al., 2010; F.-L. Zhang et al., 2000). Six levels of
concentration of AS were investigated by Zhang et al., (2000) and it turned out that 50
μ M AS resulted in the highest transformation efficiency. Different from shoot
regeneration which takes place in light condition, the explants of Brassica species and
Agrobacterium were co-cultivated in the dark. In Gynheung’s report(An et al., 1986),
the light condition for co-cultivation depended on the plant species. Since the tobacco
and potato transformation can be efficiently performed under the light in the cocultivation step. The period of co-cultivation was two-day in most of the studies (Cho
et al., 2001; Christey et al., 1997; Kowalczyk et al., 2018; Kuvshinov et al., 1999; Radke
et al., 1992). In Tsukazaki’ s studies (Kuginuki et al., 2002), the effect of co-cultivation
time, from one to ten days, were tested. It turned out that three-day co-cultivation
resulted in the highest infection efficiency.
Table 3. Summary of co-cultivation in B.oleracea, B. rapa and B. napus.
Reference

Species

Genotypes

P.A.C.Sparrow,

Brassica

DH from

2004

oleracea

A12DHd x
GDDH33

17

Period of co-

light condition of

cultivation

co-cultivation

3 days

16/8h photoperiod

Tomasz

Brassica

cauliflower (cv.

Kowalczyk, 2018

oleracea

Pionier)

H. Tsukazaki,

Brassica

five doubled

2002

oleracea

haploid line of

2 to 3 days

in the dark

3 days

in the dark

3 days

in the dark

cabbage
R.C.

Brassica

cabbage (cv.

Bhattacharya,

oleracea

Golden Acre)

Yeon-Hee Lee,

Brassica

cabbage

2 days

in the dark

2000

oleracea

H.S. Cho,2004

Brassica

Chinese

2 days

in the dark

rapa

cabbage(F1

3days

not mention

3 days

not mention

not mention

not mention

cv. Westar

3 days

not mention

cv. "Maplus"

2 days

in the dark

cv. Westar

2 days

not mention

2days

not mention

2 days

not mention

2004

hybrid from
Korea)
F.-L. Zhang ,2000

Brassica

Chinese

rapa

cabbage

A.

Brassica

oilseed (cv.

Mukhopadhyay,

rapa

Pusa Kalyani)

Brassica

Chinese

rapa

cabbage (cv.

1992
Se II Jun, 1995

Spring flavor)
Maurice

Brassica

M.Moloney,1989

napus

Y.P.Wang,2005

Brassica
napus

V. Cardoza, 2003

Brassica
napus

Sharon E.

Brassica

cv. Ante,

Radke,1992

rapa and

Candle,

Brassica

Emma, Span,

napus

Sylvi, Tobin,R500

M.C

Brassica

several

Christey,1997

oleracea

cultivars of two

and

species

Brassica
rapa
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3.1.4 The effect of Agrobacterium
Agrobacterium tumefaciens were used in the most Agrobacterium-mediated
transformation studies, as well as Agrobacterium rhizogenes (Table 4). Various
Agrobacterium strains were used in different studies. The strains are one of the factors
that influent the efficiency of transformation. According to Kowalczyk’s results
(Kowalczyk et al., 2018), different Agrobacterium species and strains show different
transformation efficiency. The concentration of Agrobacterium is also various from
different researches, while the value of OD600 ranges from 0.8 to 1.0. OD600 indicates
the optical density of the bacterial sample measured at a wavelength of 600nm. This
is commonly used to reflect the concentration of bacteria or other cells in a liquid and
it little damage or hinder the growth of bacteria. Agrobacterium rhizogenes A4 showed
the best performance in the cauliflower (Brassica oleracea var. botrytis) study with 55%
of transgenic hairy roots confirmed by GUS assay and 72% of seedlings with at least
one hair root. While other stains, such as A. tumefaciens EHA105, A. tumefaciens
LBA4404 and A. rhizogenes ATCC15834, showed a very low transformation efficiency.
In Kuvshinov et al., (1999) research, five Agrobacterium strains were tested, and the
results showed that using LBA4404 had the highest transformation efficiency (the
proportaion of calli with blue inclusion in histological GUS assay). Using LBA4404
showed 66% of calli with positive GUS assay over all infected calli in cultivar Sisu
(Brassica rapa ssp. oleifera) and 53% in cultivar Valtti (Brassica rapa ssp. Oleifera)
while using other strains all had the lower transformation efficiency.
Table 4. Summary of Agrobacterium in B.oleracea, B. rapa and B. napus.
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* transformation efficiency in the table means the percentage of the explants that
produced green shoots that tested PCR positive over the total number of explants
3.1.5 The effect of regeneration medium
For improving the regeneration rate in the shooting medium, ethylene inhibitor was
used in the shooting medium. During plant regeneration, ethylene plays an important
role in enhancing callus formation, but it inhibits the production of the shoot. Thus,
ethylene inhibitor is necessary for shoot medium (Williams et al., 1990). In most
Brassica transformation studies (Bhattacharya et al., 2004; Cho et al., 2001; Kuvshinov
et al., 1999; Y.-H. Lee et al., 2000; Radke et al., 1992; Yu et al., 2010), silver nitrate
(AgNO3) was used as ethylene inhibitor. Because Ag（I）was found to block ethylene
action (Beyer, 1976). In Radke’ s research (Radke et al., 1992), AgNO3 was proved to
have the effective in promoting shooting formation with the concentration of 5mg/l and
10mg/l. According to Block’ s study (Block et al., 1989), the optimized concentration of
AgNO3 was different based on the different genotype. In this case, it is suggested to
test the optimized concentration of AgNO3 for different genotypes. On the other hand,
long time exposure to AgNO3 can cause the symptoms of vitrification (Radke et al.,
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1992). Thus, AgNO3 only added in the shooting medium in most studies.
Cytokinins (CK) and auxins are two class of plant hormones that used in regeneration
medium. CK promote cell division and are involved in cell growth and differentiation.
Auxins promote root initiation. Zeatin, BA (or BAP or 6- Benzylaminopurine or benzyl
adenine) and TDZ (thidiazuron) are the common CK used in the regeneration medium.
IAA (indole-3-acetic acid), NAA (1-naphthaleneacetic acid), IBA (indole butyric acid)
and 2,4-D (2,4-dichlorophenoxyacetic acid) are the common auxins used in the
regeneration medium.
CK and auxins were used in the shooting medium for stimulating shoot formation.
Among all the references in this review, few studies only use CK as the hormones in
the shooting medium. For example, in Moloney’ s study (Moloney et al., 1989), 20μM
BA used for shooting medium for B. napus cv. Westar. In Yu’ s studies (Yu et al., 2010),
for cabbage (B. oleracea) transformation, adding 1.0mg/l BA or 0.1mg/l TDZ in shoot
medium showed 100% shoot regeneration rate in hypocotyls and cotyledons.
However, in lots of studies, CK and the low concentration of auxins were used together
in the shooting medium. In B. oleracea transformation reports, Kowalczyk’ s studies
(Kowalczyk et al., 2018) showed that 2mg/l BA and 0.1mg/l NAA led to the best
regeneration potential in the Pionier (B. oleracea var. botrytis) hypocotyls when
compared with other concentration of growth regulators (1mg/l BA, 0.5 mg/l BA+0.1
mg/l NAA, 1mg/l BA+ 0.1mg/l NAA). In Lee’ s research (Y.-H. Lee et al., 2000), 2mg/l
BA and 0.1mg/l NAA were also used for shoot formation in the cabbage (B. oleracea
ssp. capitata). While, in Bhattacharya’s study, the concentration of BA and NAA was
2mg/l and 0.5 mg/l for cabbage (cv. “Golden Acre”) shoot regeneration. The
concentration of BA and NAA for shoot formation for Chinese cabbage (B. rapa ssp.
pekinensis cv. ‘Spring Flavor’) was tested in Jun’ s study (Jun et al., 1995). It showed
that the optimal result was 5.0 mg/l BA and 0.5mg/l NAA. This optimal concentration
of BA and NAA were also used in shooting formation for transformation of three
Chinese cabbage cultivars (B. rapa ssp. pekinensis cv. “Beijing No. 80”, “CR Shinki”,
and “Chihiri No. 70”) in Zhang’ research (F.-L. Zhang et al., 2000). According to these
studies, the concentration of phytohormone for shooting depends on the genotypes of
the plants. Thus, it suggests testing and choosing the optimal concentration for the
different genotypes in regeneration assay of Brassica species.
In lots of studies, auxins were used for promoting rooting formation in the regeneration
medium. For example, 0.5mg/l NAA was used for root regeneration medium in the
transformation of B. oleracea (Yu et al., 2010) and B. napus cv. “Maplus” (Wang et al.,
2005). In Bhattacharya’ s study, 0.1mg/l IAA was used in root medium for cabbage
cultivar “Golden Acre”. For other studies, 2mg/l IBA was used in B. napus cv. “Westar”
(Moloney et al., 1989) and oilseed rape (B. rapa) cultivars (“Ante”, “Candle”, “Emma”,
“Span”, “Sylvi”, “Tobin” and “R-500”) (Radke et al., 1992). In contract, in some research,
no phytohormones were used in the root medium, such as the transformation in
Chinese cabbage (B. rapa) (Cho et al., 2001; Jun et al., 1995; F.-L. Zhang et al., 2000).
All the studies above did not mention the root regeneration efficiency in their report, as
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well as no discussion about the hormones used in the root formation medium. Thus, it
seems that the concentration of auxins used for shoot formation has a less important
effect. Kowalczyk (2018) tested the different concentrations of NAA in root formation
media for cauliflower (B. oleracea var. botrytis) regeneration. The result showed that
different concentration (0 mg/l, 0.5 mg/l, 1.0 mg/l, 1.5 mg/l) of NAA made no significant
difference of rooting formation. As the root regeneration rate showed 100% in the
concentration of 0.5mg/l to 1.5mg/l, 87% root regeneration rate appeared in the
situation that without using NAA in the root medium. In conclusion, in the regeneration
medium, the plant regulators used in the shooting medium affect the regeneration
efficiency but show little influence for root formation.
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Table 5. Summary of regeneration medium in B.oleracea, B. rapa and B. napus.
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3.1.6 Antibiotics and selection
The antibiotics used to kill the Agrobacterium may have harmful effects on the
regeneration (Shackelford & Chlan, 1996). The most common three antibiotics used to
kill excess Agrobacterium in Brassica species are cefotaxime, carbenicillin and
timentin. In kuvshinov’s report (Kuvshinov et al., 1999), using 200mg/l of carbenicillin
was better than using 500mg/l cefotaxime. Because compared with carbenicillin, the
shoot regeneration frequency decreased two to fivefold by using cefotaxime.
For selecting the transformed plant, antibiotics such as kanamycin and hygromycin were
commonly used in the regeneration medium after co-cultivation of explant and Agrobacterium
(Table 5). In the binary vector, selectable marker genes added in the T-DNA region confer
resistance to an antibiotic. The expression of neomycin phosphotransferase gene (nptII) in the
transformed plants resist the kanamycin and the expression of the hygromycin
phosphotransferase gene (hpt) in the transformed plants resist hygromycin. Among all the
references in this review, nptII used commonly in Brassica species (Jun et al., 1995; Moloney
et al., 1989; Radke et al., 1992; Sparrow et al., 2004; Wang et al., 2005; Yu et al., 2010; F.-L.
Zhang et al., 2000). In these studies, the concentration of kanamycin varies from 5mg/l to
30mg/l. In Radke’s study, 25mg/l kanamycin was suggested to be used for selection compared
with the results of using 10mg/l kanamycin . On the other hand, the concentration of hygromycin
used for the transformation of Chinese cabbage (B. rapa) in Cho’s research was 10mg/l (Cho
et al., 2001). However, in Kuvshinov’s study (Kuvshinov et al., 1999), the optimal concentration
of hygromycin and kanamycin used for transformation of turnip rape (B. rapa) was found to be
20-25mg/l. Moreover, hygromycin was suggested as the better antibiotic for selection because
of the less percentage of “escapes” (false positive error) when compared the result of
kanamycin. Thus, it is hard to say the better antibiotic for selection in the Brassica species.
Since more studies used kanamycin, but some studies proved that hygromycin was a better
option. While the concentration of kanamycin and hygromycin in most studies was used around
25mg/l, it is suggested to start with concentration 25mg/l, as it is the most commonly used.

3.2 In planta transformation
In planta transformation is an efficient and useful way for the plants that are not suitable
for tissue culture and regeneration system. This transformation way was first described
and achieved successfully in Arabidopsis (Feldmann & David Marks, 1987). A. thaliana
is the first genome sequenced plant with the small size of genome around 135
megabase pair (Mbp). Because of the small genome size and short generation time,
the efficient protocols of A. thaliana have been tested and established by many pieces
of research (Akama et al., 1995). A. thaliana and Brassica species share a common
ancestor. In other words, Brassica species are closely related to A. thaliana (Town et
al., 2006). It means that the protocols of the in planta transformation used in A. thaliana
can be used as references for building the protocols in Brassica species.
The procedures of in planta transformation include vacuum infiltration, floral dip and
spraying (Bai et al., 2016). Vacuum infiltration is a breakthrough in Arabidopsis as it is
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a simple and reliable method to obtain transformants without using tissue culture.
Several research were used vacuum infiltration in Arabidopsis. However, the
application of vacuum infiltration method in Brassica species transformation is limited.
Compared with Arabidopsis, Brassica species have bigger flowers and seeds, and
vernalization is required for flowering in some cultivars. Moreover, most of Brassica
crops are self-incompatible. All these reasons limit the development of the floral
dipping methods in Brassica species.
3.2.1 The current research in Brassica species
Vacuum infiltration method was reported in pakchoi (Brassica rapa L. ssp. chinensis)
(Qing et al., 2000). The Agrobacterium strain was C58, the binary plasmid vector
pDHB-Nia1carried a phosphinotricin (Basta) resistance gene. The plants of cv. ’49
Caixin’ with a few open flowers were infiltrated with Agrobacterium in a glass vacuum
chamber under a vacuum condition for 25 minutes. This is the first report of successful
in planta transformation of pakchoi. However, the transformation efficiency was lower
than A. thaliana. Pakchoi cultivar “49Caixin” do not require vernalization but Chinese
cabbages and oilseed rapa need. Thus, The vernalization-infiltration method based on
vacuum infiltration method was established in Chinese cabbage and oilseed rapa (Bai
et al., 2013). For vacuum infiltration, vernalization condition was set as 4 °C for 18
days and then normal temperature (22 °C ) for 36 days. The size of fully bolted
inflorescences of Chinese cabbage and oilseed rape are too large for the vacuum
cambers. Thus, the primary inflorescences are the most suitable transformants using
vacuum. The Agrobacterium strain was GV3301 with OD650=0.05. The results of this
report turned out that the transformation efficiency from the cultivars of Chinese
cabbage and oilseed rape was over 0.01%. Vacuum infiltration methods provide a very
useful way for transformation of the plants that are recalcitrant to tissue culture.
However for the Brassica species, the studies about in planta transformation are still
few and limited.
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4 Virus-induced gene silencing in Brassica species
Using virus-induced gene silencing in Brassica species was first reported by Raul
Alvarez-Venegas (Álvarez-Venegas et al., 2010). In this studies , VIGS technology was
used to down-regulate BnFLC (FLOWERING LOCUS C) gene expression. FLC gene
is negative regulation of flowering. Thus, loss of function or down-regulation of the FLC
gene can promote flowering time and over-expression of FLC gene can delay the
flowering time (Michaels & Amasino, 1999). The virus used in the study is Cabbage
Leaf Curl Virus (CaLCuV), which is a single stranded DNA that can infect Brassica
species. The FLC gene fragment was inserted into the CaLCuV vector, replaced the
coat protein gene. And the vector with GOI (gene of interest) into winter canola
(Brassica napus) by particle bombardment. Recently, the application of VIGS also
reported in Brassica rapa (Huang et al., 2018) and Brassica oleracea (Z. Xiao et al.,
2020). In Xiao’s study (Z. Xiao et al., 2020), the virus vector was the same as the vector
used in Alvarez-Venegas’ s study (Álvarez-Venegas et al., 2010). The result of Xiao’ s
report showed the effective performance of using CaLCuV-based VIGS in cabbage. In
Huang’s study (Huang et al., 2018), turnip yellow mosaic VIGS system was used. The
gene of interest was BcMAF1, a MADS AFFRCTING FLOWERING gene isolated from
pakchoi (Brassica rapa ssp. Chinensis). In this study, the results showed the functional
characterization of BcMAF1, which indicated the successful application of VIGS in the
Brassica rapa. The research of using VIGS in Brassica species is limited, but the
successful studies provide a reference value for developing VIGS in Brassica species.
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5 Conclusion
Based on the summary of the protocols in Brassica species. Here is the suggestion of
an example for setting up the transformation of cabbage (B. oleracea var. capitata).
For the materials, the explants are suggested to be the cotyledons and hypocotyls from
6-to 10-days seedlings. The Agrobacterium strain is suggested as A. tumefaciens
LBA4404 which is used in the WUR Plant Breeding laboratory. In addition, this strain
showed the highest transformation efficiency when compared with A. tumefaciens
EHA101, EHA105 and AGL0 in the cabbage (B. oleracea) transformation in Kuginuki
et al., (2002)’s study. the concentration of Agrobacterium can be tested at OD600=0.8
and 0D600=1.0 which are the two common value used in the studies of B. oleracea.
When it comes to the genotypes of cabbage, it is suggested to compare five to ten
genotypes to choose the genotypes that can have the high regeneration efficiency and
transformation efficiency.
The co-cultivation period is suggested to be two day or three days. it is hard to say two
days or three days which is better according to all the references used in this review.
So the best way is still to test this two periods to see the difference and choose the
most suitable (high transformation efficiency) one to apply in the assay. The cocultivation assay is suggested to be process in the dark. The plant growth regulators
used in co-cultivation medium is similar with the one used in the shooting medium.
In the regeneration medium, 500 mg/l carbenicillin and 250mg/l cefotaxime are used
commonly for kill the agrobacterium in the regeneration medium. Kanamycin is the
most common antibiotic to select the transformed plants, although one report
(Kuvshinov et al., 1999) that describe B. rapa transformation proved hygromycin is
better. Thus, 25mg/l kanamycin is suggested to use if in case there is no time to test
the concentration and type of antibiotic for selecting plants. Otherwise, the
concentrations as 15mg/l, 20mg/l, 25mg/l and 30mg/l of kanamycin and hygromycin
are recommended to test. The concentration of plant hormones used in the shooting
medium are suggested to be teste with the different combination of BA (1mg/l, 2mg/l,
5mg/l) and NAA (0.1mg/l, 0.2 mg/l and 0.5mgl/). For rooting, the concentrations of NAA
(0mg/l, 0.1mg/l, 0.2mg/l and 0.5mg/l) is suggested to be tested for the most suitable
one with high rooting regeneration rate, although in many studies, no hormones was
added in the rooting medium.
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