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Preface

It is estimated that a 70-100% increase in cereal food supply is required to feed the
predicted world population of 9.8 billion people by 2050. Unfortunately, climate
change, decreasing environmental resources, and increasing human population
are major factors limiting agricultural production worldwide. Climate change will 
aggravate the effects on crops of various stresses such as pathogen attack, extreme
temperatures, drought, salinity and submergence with water, and is set to have
a profound impact on food production. To breed crops with increased yield and 
resistance to biotic/abiotic stresses, it is necessary to effectively utilize the current
methodologies and further develop new breeding technologies as soon as possible.

Genetic crossing, selection of natural or artificial mutations, and transgenics, are
the major techniques for plant breeding. Among them, plant transformation has
been widely adopted as the most effective method in understanding how the plant
works, improving crop characteristics, and producing value compounds. Back
to 1974, Marc Van Montagu and Jeff Schell at Ghent University (Belgium) were
credited with discovering that the soil bacterium Agrobacterium uses a plasmid, 
now known as the Ti plasmid, to transfer its genetic material to a plant cell. Since
then, Agrobacterium-mediated transformation has been rapidly developed and 
recognized as the most powerful method for genetic engineering and creation of
transgenic plants. In 1987, the first field trial of a genetically modified (GM) potato
was reported in the United Kingdom, and the transgenic potatoes had the GUS 
reporter gene. In 1994, Flavr Savr tomatoes (Calgene company) went on sale in the
USA. The polygalacturonase gene which degrades pectin in cell walls and results
in the softening of fruit, was knocked out in the transgenic tomato, so that the GM 
fruits remain firm for a longer time, and allowed them to develop a better flavor. 
This GM tomato was the first commercially available GM food. However, controver-
sial debates regarding public concerns, risks, and biosafety issues have arisen since
the first GM food became available on the market, and these controversies seem
to continue. Nowadays, only a few important crops such as soybean, corn, canola, 
cotton, etc., have been successfully engineered for specific characteristics, and are
available on the market.

The first chapter of this book is an overview of Agrobacterium-mediated
transformation. This chapter extensively describes updated information related to
Agrobacterium-mediated transformation, including the history of Agrobacterium,
the natural process of Agrobacterium, comprehensive mechanism of gene transfer
from Agrobacterium to host plant, and the general protocol of Agrobacterium-
mediated transformation in higher plants. In brief, this chapter provides fruitful
information regarding Agrobacterium-mediated transformation, and will definitely
be useful in the field of transformation. The second chapter extensively describes
grapevine improvement through biotechnology. Grapes are one of the most widely
cultivated fruit crops worldwide. Authors in this chapter mention the achievement
of the sequencing of the multiple grape genomes and its applications to grape
improvement. For grapevine breeding, several techniques including marker-assisted
selection, RAPD markers, microsatellites, single-nucleotide polymorphism (SNP),
genetic transformation, etc., have been clearly described. This information should
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be very useful to grapevine breeders. The third chapter describes a simple and 
step-by-step Agrobacterium tumefaciens-mediated transformation method for 
the diploid brassica species Brassica oleracea, an important crop worldwide. The 
transformation efficiency is estimated as 25%. It should help for establishment of 
transformation in Brassica oleracea. Chapter 4 describes chloroplast transformation 
in higher plants. Chloroplast transformation, as compared with nuclear transforma-
tion, offers several important features, including (1) high-level expression of the 
transgenes; (2) preventing pollen transmission of transgene due to the maternal 
inheritance of the plastid genome in most plants; and (3) precise integration into 
plastid genome of the host plant via a homologous recombination process. In this 
chapter, step-by-step cloning protocols of chloroplast expression vectors specific for 
spinach, tomato and Nicotiana benthamiana are described. Moreover, PCR analysis 
confirms integration of transgenic expression cassette into the chloroplast genome 
of N. benthamiana, and transgenic genes can be transmitted into progenies. This 
chapter provides experimental-based data, and these vectors will be useful for 
chloroplast transformation. There are two chapters related to virus-induced gene 
silencing (VIGS). Chapter 5 describes the molecular mechanism as well as applica-
tion of RNA interference (RNAi) and VIGS in plants, and provides mass informa-
tion in the field of plant molecular biology. This information should be useful for 
plant pathologists and plant biologists. Chapter 6 describes the basic mechanisms 
and applications of RNAi in gene silencing area. Back to several decades, the RNAi 
pathway was first observed in nematodes in response to double-stranded RNA 
(dsRNA) which resulted in sequence-specific gene silencing. Now, this phenom-
enon of RNAi induced gene silencing has been reported in almost all species. Thus, 
understanding the role of short interfering RNA (siRNA) and machinery involved 
in the RNAi pathway will lead to application of this pathway as a technique in 
therapeutic applications and crop improvement. Furthermore, detail considerations 
regarding vector construction for RNAi experiments are provided. This information 
is very useful for all readers. Chapter 7 describes the biosafety issues which mainly 
come from genetically modified organisms (GMOs). Horizontal gene transfer 
(HGF) is defined as the transfer of genetic material from one organism to another 
independent organism. By using molecular breeding techniques, foreign expression 
cassette carrying antibiotic or herbicide selection marker and transgene with valu-
able trait can be integrated into the chromosome of host cell. Transgenes in these 
GMOs may arise a potential question: transgenes may transfer into the environment 
or human by HGT. In this chapter, the authors extensively explain the mechanisms 
and detections of HGT, and conclude that HGT from GMOs can be negligible to 
humans or to the environment. Information provided here is valuable to this field.

Finally, I would like to thank each author who has contributed a chapter to make 
this book possible.

Kin-Ying To
Agricultural Biotechnology Research Center,

Academia Sinica,
Taipei, Taiwan
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Chapter 1

Agrobacterium-Mediated 
Transformation
Risha Amilia Pratiwi and Muhammad Imam Surya

Abstract

Agrobacterium-mediated transformation (AMT) heavily relies on the capability 
of bacterial pathogen Agrobacterium tumefaciens in transferring foreign genes into 
a wide variety of host plants. Currently, AMT is the most commonly used method 
for generating transgenic plants. On the other hand, A. tumefaciens was very useful 
for plant breeding. It also accelerated the technology of plant breeding to obtain 
specific characters. Gene transfer from bacteria to plants is a complex mechanism 
that involves several functional steps. This chapter will give brief information 
related to AMT mechanism, including the history of crown gall disease, the natural 
pathogenesis of A. tumefaciens, and the general protocol of AMT.

Keywords: Agrobacterium tumefaciens, crown gall disease, natural pathogenesis,  
plant transformation, plant breeding technology

1. Introduction

Plants are essential natural resource for the survival and welfare of human 
being. The many uses of plants can be summarized in “TREES” word, an abbrevia-
tion for timber, restoration, ecological, educational and recreation, and source of 
sustenance [1]. Given the importance of plants, people have been upgrading both 
productivity and quality of cultivated plants. Plant breeding technique comes as an 
art, science, and business of manipulating the genetic pattern of plants by humans 
to develop superior cultivars, related to improving humankind, ranging from unin-
tentional changes that are resulted by conventional selection to precision breeding 
by molecular tools [2, 3].

Plant breeding activities are considered to have been going on for at least 
10,000 years, as long as the age of human civilization from nomadic hunter-gath-
erer to sedentary lifestyle [2]. The earlier farmers collected their best seeds to be 
replanted. This conscious human selection activity to get the best performing plant, 
although relatively simple, is the fundamental principle of phenotype-selection 
based. Later people incorporated some superior properties of different closely 
related parents through artificial mating or sexual hybridization, generating new 
genetic recombination which dramatically led to increased crop yields, easy cultiva-
tion, tolerant to environmental stresses, and resistant against pest [2–4].

The advance of molecular biology and genetic engineering provides new 
opportunities in plant breeding technology. Moreover, the application of molecular 
markers developed from QTL analysis enhances breeding efficiency by enabling 
marker-assisted selection for particular agronomic traits [5]. On the other hand, 
next generation sequencing (NGS) has revolutionized genomic and transcriptomic 

XIV
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approaches to biology. These new sequencing tools are also valuable for discovery, 
validation, and assessment of genetic marker in populations. NGS technologies 
have conferred new opportunities for high-throughput genotyping in various 
plant species. Recent improvements in high-throughput sequencing have enable 
sequences to be used to detect and score single nucleotide polymorphisms (SNPs) 
by bypassing time-consuming process of marker development. However, genotype-
by-sequencing (GBS), a series of genetic analyses that includes molecular marker 
discovery and genotyping using NGS technologies, has opened new possibilities 
in plant breeding and plant genetics studies, including linkage maps, genome-
wide association studies, genomic selection, and genomic diversity studies [6]. 
Furthermore, horizontal gene transfer (HGT), also known as lateral gene transfer, 
refers to the movement of genetic information across normal mating barriers, 
between more or less distantly related organisms, and thus stands in distinction to 
the standard vertical transmission of genes from parent to offspring [7]. HGT from 
bacteria to plants has been restricted to Agrobacterium rhizogenes, and the related 
bacterium A. tumefaciens transforms a wide variety of host plants by transferring 
a segment of the large tumor-inducing plasmid, called T-DNA into host cells [8]. 
Most genetic engineering of plants uses AMT to introduce novel gene content.

The development of AMT technology is supported by research on RNA inter-
ference technology for functional analyses of genes involved in transformation 
mechanism or gene(s) of interest and gene editing technology that allows precise 
manipulation of targeted genome sequences [9]. Although there are several species 
of Agrobacterium that have the capability to cause tumors—such as A. rhizogenes that 
cause hairy roots disease, the discussion of Agrobacterium-mediated transformation 
in this chapter specifically refers to A. tumefaciens. The Agrobacterium-plant interac-
tion is a complex process that its effectiveness and efficiency are affected by many 
factors. This review focuses on the mechanism of AMT and updates technology to 
increase the successfulness of plant-gene transformation mediated by A. tumefaciens.

2. Agrobacterium-mediated transformation mechanism

2.1 History of crown gall disease

The generation of transgenic plant mediated by A. tumefaciens basically mimics 
the event of naturally plant transformation. The dawn of natural plant transforma-
tion study began when fleshy rough roundish surface morphology on the roots’ 
crown (region joining root and shoot) of over 20 different fruit trees was observed 
[10]. To investigate the causative agent of these tumor-like outgrowths later 
named “crown gall disease,” infected root crown tissues were isolated. The bacteria 
described as Agrobacterium tumefaciens then were presented [11]. While these 
Gram-negative soil bacteria were inoculated to wounded young tissues of healthy 
plants, secondary tumors that cannot be distinguished from the crown gall were 
produced. On the other hand, the old tissues were not very susceptible [10].

The development of in vitro cultivation technique supports the study of sec-
ondary tumor. Explant derived from the interior of secondary tumor continued 
to unlimited proliferation in auxin in auxin and cytokinin lacking medium and 
synthesized unusual amino acid derivative; guanido amino acids octopine N2-(D-1-
carboxyethyl)-L-arginine and nopaline N2-(1,3-dicarboxypropyl)-L-arginine  
[9, 12]. Both properties distinguished tumor cells than normal cells.

Bacterial isolation from secondary tumor cultures revealed that no one of these 
cultures has yielded any growth of A. tumefaciens. Injection of paste from these 
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bacteria-free cultures to healthy plants exhibited no evidence of tumor initiation 
as it is observed due to paste injection from young primary tumors. The fact that 
volume of secondary tumor still increased—although bacteria were absent, indi-
cated that bacteria only trigger tumorigenesis, not involved in the whole process. 
Somehow, the host cells were permanently transformed so that they were able to 
convert normal cells into neoplastic cells [13].

Further investigation to confirm the involvement of A. tumefaciens in early step 
of tumorigenesis was conducted through temperature challenge. Bacterial inocula-
tion on periwinkle plant (Vinca rosea L.) at temperature of 32°C did not inducted 
swelling growth, even bacterial and plant cells grew well at that temperature. The 
bacterial inability to forming tumorous property was not influenced by host plant 
physiological disturbances as a whole but was solely dependent upon environmental 
change of bacterial inoculation site, in this case an elevated temperature.

Plants inoculated with bacteria at a temperature of 26°C for 5 days, before being 
held at 32°C, retained tumorigenic state. These periods provided sufficient oppor-
tunity for bacteria to interact with host plants, and then they drove the cellular 
alteration of the plants. Once the cellular alteration was fully complete, temperature 
at 32°C would not matter; plants were entirely independent in converting normal 
cells into neoplastic cell. The nature of plant oncogenic transformation as bacterial 
influence was known as “tumor-inducing principle” [13, 14].

The development of molecular technique made a breakthrough in the inves-
tigation of the origin of tumor-inducing principle. On the examination of the 
pathogenic strains of A. tumefaciens, one or several homolog large (±140–235 kbp 
in size) supercoiled circular plasmids were isolated [15]. None of the avirulent 
Agrobacterium strains tested belonged to such a plasmid. Based on its association in 
inducing tumors, the plasmid was called “tumor-inducing(Ti)-plasmid” [15, 16].

Ti-plasmid borne harbored by four apparently distinct genetic loci (Figure 1). 
Three loci that consist of genes regulating auxin, cytokinin, and opine synthase 
are located on T-DNA, a highly conserved DNA fragment defined by 25 bp repeat 
sequence borders on each end. The genes regulating auxin and cytokinin accumula-
tion determine the oncogenicity of the plasmid. The gene regulating opine synthesis 
is necessary for expression in host plants as exclusive nutrition for A. tumefaciens [17]. 
The fourth locus, apart from T-DNA, controls the catabolism of opine compound 
[9, 20]. All genes carry the signal necessary for the expression in host plant cell. 
During bacterial infection to host cell, only T-DNA was cleaved out of the Ti-plasmid 
borne, transferred, and ultimately incorporated to DNA nuclear of host plant cells 
[18, 19]. Therefore, the complete Ti-plasmid was not found in tumor cells, given their 
relatively large size could not infiltrate host nuclear ore complex passively [15]. Genes 
regulating auxin and cytokinin synthesis modifying the phytohormone ratio in the 
host cell resulting uncontrolled cell proliferation that leading to tumor growth.

2.2 The natural pathogenesis of A. tumefaciens

AMT is a complicated mechanism, which includes (1) signal recognition from 
plant host to A. tumefaciens, (2) T-DNA processing, (3) T-DNA traveling in plant 
host cell, (4) T-DNA integrating to plant host genome, and (5) expression of 
T-DNA in the plant host cell. The mechanism of T-DNA transfer is facilitated by a 
set of virulent genes located on Ti-plasmid borne [approximately 35 virulent genes 
grouped in at least 8 operons, virA, virB, virC, virD, virE, virF, virG, and virH, 
encoding VirA, VirB, VirC, VirD, VirE, VirF, VirG, and VirH protein, respectively 
(Figure 1)], apart from T-DNA, whereas others are on chromosome (chromosomal 
virulent genes—chv) [22, 23].
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bacteria-free cultures to healthy plants exhibited no evidence of tumor initiation 
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volume of secondary tumor still increased—although bacteria were absent, indi-
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2.2.1 Signal recognition

Agrobacterium-plant interaction occurs when a large plant-derived chemicals, 
which include organic acid compounds (pH 5.0–5.8) as routine secreted chemical 
and phenolic compounds as the wound-releasing chemical, are exposed to the 
bacteria. Signal recognition of A. tumefaciens to plant cell involves three systems 
(Figure 2) [24]. First, bacterial chemotaxis attracted by phenolic compounds that 
are exuded from fresh wound site of plants, such as acetosyringone and α-hydroxy 
acetosyringone [25]. Initially, bacteria engage with plant cell surface reversibly, 
stimulating adhesion production that causes adhesion through unipolar polysac-
charide (UPP)-dependent polar attachment and UPP-nondependent attachment. 
This irreversible surface attachment establishes a site for multicellular biofilms 
formation, matrix elaboration, cell division, biofilm maturation, and “buddy 
daughter” cell dispersal [26]. Secondly, host signal compounds are also recognized 
by transmembrane protein receptors (VirA) on periplasmic space of bacterial cell 
that trigger phosphorylation of positive regulatory protein VirG [25–27]. Thirdly, 
protein ChvG/ChvI encoded by chromosomal virulent genes perceive acidity from 
sugar that activate basal expression of virG too [22]. The phosphorylated VirG leads 
to the activation of another virulence gene [25]. Monosaccharides enhance signaling 
process by binding with ChvE then synergize with VirA [28].

2.2.2 T-DNA processing

The process of excising T-DNA from Ti-plasmids depends on VirD1 and VirD2 
as endonucleases. The 25 bp border sequences on the bottom strand of T-DNA 
act as nicking site for VirD1 and VirD2. VirD1, a site-specific helicase, unwinds 
double-stranded T-DNA. A nuclease, VirD2, cuts the bottom strand of T-DNA from 
the right and left border, becoming single-stranded linear DNA termed T-strand 
[21, 29]. VirD2 then covalently caps the 5′ end of T-strand at the right border, form-
ing the VirD2/T-strand complex [28]. The 3′ end of the nicked right border acts as 
a priming site for the bottom strand of T-DNA regeneration [29]. VirC1 binding 

Figure 1. 
Schematic representation of a Ti-plasmid borne (not to scale, modified from [20, 21]).
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the “overdrive” sequence near the right border of T-DNA (Figure 1) through its 
C-terminal ribbon-helix-helix DNA binding fold enhances the number of T-strand 
molecules [30, 31]. The right fraction of the 25 kb terminus sequence of T-DNA 
determines the director of DNA transfer [32] (Figure 3).

2.2.3 T-DNA traveling

The T-DNA traveling to the host cannot separate from the role of VirD2 and 
VirE2. Both VirD2 and VirE2 have the C-terminal nuclear localization signal (NLS) 
sequence that piloted VirD2/T-strand to the host nucleus [33]. VirD2/T-strand, a 
rodlike structure, exits bacterial cells through Ti-pilus, type IV secretion system 
(T4SS), which is assembled by 11 VirB and VirD4 proteins [34]. The hydrophilic pro-
tein VirE2 is accumulated in the bacterial cytoplasm and translocated into the host 
cell through clathrin-mediated endocytosis. Besides helping transport the T-strand, 
VirE2 in the host cytoplasm coats along the T-strand noncovalently and form 
VirD2/T-strand/VirE2 (termed Ti-complex) to protect it from any nuclease digestive 
activity [35–37]. Ti-complex in the plant cytoplasm is trafficked to the plant nucleus 
via the endoplasmic reticulum network inside the plant cytoplasm (Figure 4) [24].

2.2.4 T-DNA integration

T-DNA integration followed by transgene expression is the final and crucial 
stage in the genetic transformation mediated by Agrobacterium. The molecular 

Figure 2. 
Schematic representation of A. tumefaciens signal recognition mechanism, modified from [26].
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mechanism of T-DNA integration into host plant genome actually is still not fully 
understood. T-DNA integration occurs at random sites, not preferentially in tran-
scriptional active or hypomethylated regions of the plant genome. Some important 

Figure 3. 
T-strand generation from T-DNA, modified from [29].

Figure 4. 
T-complex traveling, modified from [38].
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genes in the T-DNA integration process are limited to genes related to chromatin 
formation and histone modification [39].

VirE2 may play a role in T-strand targeting to chromatin by binding to the bZIP 
transcription factor VirE2 interacting protein 1 (VIP1). VIP1 mediates the associa-
tion of VirE2/single-strand DNA with mononucleosomes, a unit of chromatin in the 
nucleus [39]. When T-complex arrived in the plant nucleus, its protein component 
should be disassembled by the ubiquitin-proteasome system so that the T-strand 
can be exposed. T-complex disassembling process and VirE2 degradation are 
assisted by VirF [40, 41].

VirD2 has no ligation activity, so T-strands are not likely to join directly with 
the host genome. Possibly, the host DNA polymerase copies the T-strand to form a 
double-stranded T-DNA, and then it joins with the site breaks of DNA host plant 
that it is caused by environmental stress due to Agrobacteria incubation or normal 
metabolic processes. Non-homologous end joining (NHEJ) as a way of repairing 
broken double-stranded DNA is proposed as the main pathway of bacterial plant 
DNA integration. NHEJ only requires little or no sequence homology on the dam-
aged part, although in fact there are microhomology between the T-DNA and the 
integration points on the host chromosome [42] (Figure 5).

2.2.5 T-DNA expression

Bacterial T-DNA that integrates with plant genome cells faces two possible 
fates. First, the T-DNA is expressed, in various levels. Second, the T-DNA is only 

Figure 5. 
T-DNA integration, modified from [42].
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integrated but cannot be expressed. A broad range of transgene expression, from 
very high to totally silent, depends on species [12].

The expression on auxin and cytokinin coding genes in T-DNA causes the accu-
mulation of both phytohormones. Phytohormone ratio abnormalities bring plant 
cell to uncontrolled cell proliferation, leading to tumor growth. The expression of 
opine synthesis coding genes produces opine—the type depends on bacterial strain, 
an exclusive nutrition for Agrobacterium. In young tissue, swelling is observed from 
the fourth or fifth day after bacterial inoculation, well-developed in a month, and 
growing rapidly until it reaches an inch or two in diameter for several months [10]. 
The overall mechanism of AMT is summarized in Figure 6.

2.3 Agrobacterium-mediated transformation

2.3.1 The engineered A. tumefaciens Ti-plasmid

The wild-type Ti-plasmids are not suitable for being gene vectors because the 
T-DNA has oncogenes that cause tumor growth in host cells. Construction disarmed 
Ti-plasmid by deletion of oncogenes, and opine biosynthetic coding gene makes the 
plasmid non-oncogenic, the 25 bp of each repeat border sequence remaining. 
The promise of AMT relies on the substitution of T-DNA by any foreign DNA 
sequence so that A. tumefaciens can be a “vehicle” in insertion gene(s) of interest 
that are transmissible to the progeny [18, 43]. Selectable marker genes are inserted 
into the T-DNA in order to distinguish the transformed cells from normal cells, 
tandem with experimental transgenes. Some herbicide resistance markers that are 
 commonly used are phosphinothricin, chlorsulfuron, sulfonamide, and glyphosate. 
The insertion of bacterial selectable marker, such as trimethoprim, streptomycin, 
spectinomycin, sulfonamides, bleomycin, hygromycin, kanamycin, neomycin, or 
gentamicin, evaluates the uptake engineered plasmid to bacterial cell [8].

Disarmed Ti-plasmid is difficult to be manipulated in vitro due to its large size. 
Since the virulence genes may act in trans on the T-DNA sequences in the same cell, 
it was transferred to small independently plasmid that has origin of replication for 
Agrobacterium, called “helper vector.” In addition, the elimination of virulence gene 
causes the Ti-plasmid to accommodate longer transgene. Furthermore, scientist 
 constructs the binary vector, so called because it is designed to be replicate in 
multiple host (E. coli and A. tumefaciens). The binary vector consist of left and right 
borders, origin of replication for multiple host, selectable marker genes, and gene(s) 
of interest. This engineered plasmid is now used in plant genetic transformation.

Figure 6. 
Overall mechanism schematic of AMT.
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2.3.2 Agrobacterium-mediated transformation protocol

AMT is a general method for genetic modification in many plant species. 
It is because it allows efficient insertion of stable, un-rearranged, single-copy 
sequences into plant genome. Two critical points for successful transformation 
were indicated: the use of actively dividing embryonic callus cells derived from 
the scutella of mature seeds as the starting material and the addition of a phe-
nolic compound, acetosyringone, in the cocultivation steps [44, 45]. Moreover, 
Cheng et al. reported that there is no significant difference in the transformation 
efficiencies between immature embryos, pre-cultured ones, and embryogenic 
callus [46].

Several protocols of AMT have been reported either in Monocotyledoneae or 
Dicotyledoneae plants. In general, Agrobacterium-based method was used for trans-
genic plant. The protocol consists of seven steps, which can be briefly summarized 
as follows: stage (I) preparation of sterilize seed or samples and inoculum; stage (II) 
explant preparation, infection, and cocultivation with A. tumefaciens; stage (III) 
selection; stage (IV) regeneration; stage (V) acclimatization and molecular identifi-
cation of T0; stage (VI) cultivation and self-crossing of T0; and stage (VII) T1 plant 
analysis (Figure 7).

2.3.2.1 Preparation of sterilize seed or samples and inoculum

Immature embryo was a common sample that is used for transformation. Some 
experience reported that transformation efficiencies depend on the genotype or 
variety [47, 48]. To obtain the immature embryo, seed is planted in sterile media 
(such as husk, compost, mixed soil, etc.) and grown in environmentally controlled 
growth rooms. Immature embryo is harvested after pollination, but it depends on 
the species. On the other hand, callus is also produce from hypocotyl or cotyledon 
explants.

Inoculum is prepared by culture A. tumefaciens strain that contains appropri-
ate antibiotics. The bacteria are grown with a loop and suspend in specific media 
such as LB, LS-inf-AS medium. Inoculum should be prepared fresh. In some 

Figure 7. 
The protocol of Agrobacterium-mediated transformation.
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cases, the growth of A. tumefaciens in liquid culture before transformation is 
not necessary. On the other hand, the A. tumefaciens preparation and plasmid 
construction are able to follow the commercial plasmid and A. tumefaciens 
preparation.

2.3.2.2 Explant preparation, infection, and cocultivation with A. tumefaciens

The embryonic, immature embryo or callus is able to be used as the explants. 
The explant should be sterilized before the infection or transformation process. 
Both of the suspension of the embryos and bacteria are transferred to the new plate 
or empty petri dish. After wrapping the petri dish, the cocultivation step follows 
by incubating in the dark at 24–29°C for 2–7 days, depending on the species. The 
A. tumefaciens concentration and the infection time were found to be important 
factors in preventing explant turning necrosis and improving transformation 
efficiency. We can follow some recommendation from several protocols for specific 
species.

2.3.2.3 Selection

Selection is one of the critical factors in the success of transformation. The 
process of selection can be occurred after the stage of transformation, regeneration, 
or on T0 and T1 plant. Moreover, antibiotic selection is one of the methods to check 
the successful transformation. In addition to antibiotic selection, PCR should be 
used to confirm the presence of the targeted transgene in each transformant at each 
generation.

2.3.2.4 Regeneration

Regeneration of transformed plants occurred after the proliferation. The 
shoots grown out from the proliferation explants is pulled out and placed in a new 
medium. Generally, the regeneration stage is following the in vitro propagation 
methods which are divided into shoot regeneration and selection, cut and recut 
shoot regeneration, and root regeneration.

2.3.2.5 Acclimatization and molecular identification of T0

The acclimatization of T0 can occur after the roots grow strongly. The transgenic 
T0 plant can be grown directly in a soil or mixed media under the environmental 
controlled or green house.

2.3.2.6 Cultivation and self-crossing of T0

The primary transformant (T0) was obtained by A. tumefaciens transformation. 
After the study of transgene inheritance in successive generation, T1 seeds are pro-
duced by self-crossing pollination of the primary transformant (T0). The process of 
cultivation occurred in the greenhouse. The seed of primary transformant (T0) is 
harvested from T0 plant.

2.3.2.7 T1 plant analysis

T1 plant is the plant that obtained from the harvested seed of T0 plant. The 
analysis of T1 plant are referring to the morphological or physiological expression of 
the specific gene which is inserted.
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3. Conclusions

Currently, AMT become a common tool for genetic engineering. The mechanism 
of AMT was affected by several factors and also depends on the species. On the 
other hand, several Agrobacterium and plasmid have been commercialized, and it 
was accelerating plant breeding technology. This chapter gave brief information 
related to AMT mechanism, including the history of crown gall disease caused by A. 
tumefaciens, the natural pathogenesis of A. tumefaciens, and the general protocol of 
Agrobacterium-mediated transformation in plants.
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cases, the growth of A. tumefaciens in liquid culture before transformation is 
not necessary. On the other hand, the A. tumefaciens preparation and plasmid 
construction are able to follow the commercial plasmid and A. tumefaciens 
preparation.

2.3.2.2 Explant preparation, infection, and cocultivation with A. tumefaciens

The embryonic, immature embryo or callus is able to be used as the explants. 
The explant should be sterilized before the infection or transformation process. 
Both of the suspension of the embryos and bacteria are transferred to the new plate 
or empty petri dish. After wrapping the petri dish, the cocultivation step follows 
by incubating in the dark at 24–29°C for 2–7 days, depending on the species. The 
A. tumefaciens concentration and the infection time were found to be important 
factors in preventing explant turning necrosis and improving transformation 
efficiency. We can follow some recommendation from several protocols for specific 
species.

2.3.2.3 Selection

Selection is one of the critical factors in the success of transformation. The 
process of selection can be occurred after the stage of transformation, regeneration, 
or on T0 and T1 plant. Moreover, antibiotic selection is one of the methods to check 
the successful transformation. In addition to antibiotic selection, PCR should be 
used to confirm the presence of the targeted transgene in each transformant at each 
generation.

2.3.2.4 Regeneration

Regeneration of transformed plants occurred after the proliferation. The 
shoots grown out from the proliferation explants is pulled out and placed in a new 
medium. Generally, the regeneration stage is following the in vitro propagation 
methods which are divided into shoot regeneration and selection, cut and recut 
shoot regeneration, and root regeneration.

2.3.2.5 Acclimatization and molecular identification of T0

The acclimatization of T0 can occur after the roots grow strongly. The transgenic 
T0 plant can be grown directly in a soil or mixed media under the environmental 
controlled or green house.

2.3.2.6 Cultivation and self-crossing of T0

The primary transformant (T0) was obtained by A. tumefaciens transformation. 
After the study of transgene inheritance in successive generation, T1 seeds are pro-
duced by self-crossing pollination of the primary transformant (T0). The process of 
cultivation occurred in the greenhouse. The seed of primary transformant (T0) is 
harvested from T0 plant.

2.3.2.7 T1 plant analysis

T1 plant is the plant that obtained from the harvested seed of T0 plant. The 
analysis of T1 plant are referring to the morphological or physiological expression of 
the specific gene which is inserted.
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Chapter 2

Grapevine Improvement through 
Biotechnology
Devaiah Kambiranda, James Obuya and Janana Snowden

Abstract

Grapevine cultivation is increasing worldwide as people realize the benefits of 
grape and wine consumption. To improve yield and enhance the quality of grapes, 
biotechnology research plays an ever-increasing role. In recent years, the sequenc-
ing of multiple grape genomes has led to increased vibrant research initiatives on 
grape improvement. These novel approaches include those related to the applica-
tion of transgenic technology toward the improvement of grape varieties. These 
advancements include the development of molecular markers for valuable traits, 
improved plant transformation systems, genetic engineering to enhance disease 
tolerance in grape cultivars, and the identification of flavor and aroma components 
to improve the enological quality of grapes. Some of the results obtained by various 
researchers have direct application, whereas others are yet to gain direct application 
in grape quality improvement, although such techniques possess potential qualities, 
which can be exploited for genetic breeding of Vitis species. This chapter highlights 
selected advancements in grape biotechnology from recently reported research 
activities.

Keywords: grapevine, transgenic, biotechnology, Vitis spp., cultivars

1. Introduction

Worldwide, grapes are one of the most widely cultivated fruit crops, encompass-
ing 6.9 million hectares of arable land from which 74.3 million metric tons were 
produced in 2017 [1]. From the 2017 data, grapes ranked third among crops such as 
bananas, apples, and oranges that produced 113.9, 83.1, and 73.3 million metric tons, 
respectively. Since most of the harvested grapes are usually fermented into wine, it 
is suggested that its economic potential is greater than those of other comparative 
commodity crops. For example, wine sales from California alone in 2018 generated 
approximately $40 billion in sales [2]. According to 2015 statistics, the California 
wine industry contributed $57.6 and $114 billion to both the state and the US 
economies, respectively. The three major uses for grapes are winemaking, fresh fruit 
(table grapes), and dried fruit (raisins) production. The products derived from 
grapes or winemaking include grape juice, jelly products, ethanol, vinegar, grape 
seed oil, tartaric acid, and fertilizer.

Potential health benefits of certain grape-derived antioxidant compounds 
(polyphenols, resveratrol) have also contributed to increased research to investigate 
its compounds for their nutraceutical value. Grape extracts are used food additive, 
cosmetic, and pharmaceutical industries. Statistics from winemaking is steeped 
in history and tradition—perhaps more than any other food or beverage industry. 
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Abstract

Grapevine cultivation is increasing worldwide as people realize the benefits of 
grape and wine consumption. To improve yield and enhance the quality of grapes, 
biotechnology research plays an ever-increasing role. In recent years, the sequenc-
ing of multiple grape genomes has led to increased vibrant research initiatives on 
grape improvement. These novel approaches include those related to the applica-
tion of transgenic technology toward the improvement of grape varieties. These 
advancements include the development of molecular markers for valuable traits, 
improved plant transformation systems, genetic engineering to enhance disease 
tolerance in grape cultivars, and the identification of flavor and aroma components 
to improve the enological quality of grapes. Some of the results obtained by various 
researchers have direct application, whereas others are yet to gain direct application 
in grape quality improvement, although such techniques possess potential qualities, 
which can be exploited for genetic breeding of Vitis species. This chapter highlights 
selected advancements in grape biotechnology from recently reported research 
activities.

Keywords: grapevine, transgenic, biotechnology, Vitis spp., cultivars

1. Introduction

Worldwide, grapes are one of the most widely cultivated fruit crops, encompass-
ing 6.9 million hectares of arable land from which 74.3 million metric tons were 
produced in 2017 [1]. From the 2017 data, grapes ranked third among crops such as 
bananas, apples, and oranges that produced 113.9, 83.1, and 73.3 million metric tons, 
respectively. Since most of the harvested grapes are usually fermented into wine, it 
is suggested that its economic potential is greater than those of other comparative 
commodity crops. For example, wine sales from California alone in 2018 generated 
approximately $40 billion in sales [2]. According to 2015 statistics, the California 
wine industry contributed $57.6 and $114 billion to both the state and the US 
economies, respectively. The three major uses for grapes are winemaking, fresh fruit 
(table grapes), and dried fruit (raisins) production. The products derived from 
grapes or winemaking include grape juice, jelly products, ethanol, vinegar, grape 
seed oil, tartaric acid, and fertilizer.

Potential health benefits of certain grape-derived antioxidant compounds 
(polyphenols, resveratrol) have also contributed to increased research to investigate 
its compounds for their nutraceutical value. Grape extracts are used food additive, 
cosmetic, and pharmaceutical industries. Statistics from winemaking is steeped 
in history and tradition—perhaps more than any other food or beverage industry. 
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From the soil, climate, and harvesting of grapes to the crushing and aging pro-
cesses, painstaking attention to detail dictates the flavor, bouquet, and the overall 
sensory experience of the final product. Hence, it may not be a surprise to learn that 
the grape industry is increasingly looking toward biotechnology for new opportuni-
ties to improve strategies for combating crop diseases and lower production costs 
for producing healthier and more flavorful products.

1.1 Historical development of grape biotechnology research

Grape breeding started very early, first for wine grapes and, by the end of 
the nineteenth century, for table grapes. Breeding for rootstocks started toward 
the end of the nineteenth century after the era of Phylloxera devastations of 
European vineyards. During the twentieth century, active breeding programs 
for table grapes were initiated in the USA, both by the USDA and by various 
institutions, which resulted in many new cultivars with improved characteris-
tics. The original cultivars released in the USA led to the proliferation of table 
grape industry worldwide. Since then, several breeding programs have been 
established in Europe, South Africa, Israel, Argentina, Chile, and several other 
countries.

Globally, table grape production represents 27% of the 750,000 hectares planted 
with this species. Although table grape production in North and South America 
mainly represents c.a. 18% of the total world production, North America accounts 
for almost 50% of the global exports. Main exporters are Chile and Italy, followed 
by the USA, South Africa, and Mexico. Of the thousands of existing cultivars, only 
about 20 are grown for fresh consumption, with “Sultanina” (“Sultani,” “Sultana,” 
“Kishmish,” or “Thompson Seedless”) representing about 40% of the grapes grown 
for fresh consumption. This cultivar has been used extensively as a parental line 
for the development of new cultivars, such as “Flame Seedless” and “Crimson 
Seedless.” These varieties, together with “Red Globe” (an important seeded cultivar 
due to its excellent postharvest life, high productivity, and public acceptance), are 
some of the most cultivated worldwide. During the last decade, new biological 
and genetic information are available to plant breeders, particularly in the area of 
biotechnology.

Biotechnological tools have been incorporated into breeding programs focused 
on the improvement of genetic diversity [3, 4]; fingerprinting applications based 
on codominant markers; quantitative trait loci (QTL) mapping and identification 
of candidate genes linked to QTLs for quality traits; development of cDNA libraries 
designed for the identification of genes involved in plant and berry development 
and host-pathogen interactions; and finally, the establishment of a genetic trans-
formation platform available for the introduction of genes of interest as well as 
for the evaluation of gene function(s) using the grapevine as a model for woody 
plant species. The grape genome project was started in 2005 with collaborators 
in France and Italy within the framework of the International Grape Genome 
Project (IGGP).

The grape genome is attractive to genomic research due to its diploid chromo-
some with a small genome size of 475–500 Mb. The economic importance of the 
Vitis family worldwide informed the initiation of the genome project since its 
biology was poorly understood. Although for centuries, the industry contributed 
to the establishment of several wine production centers worldwide, little is known 
on how grapevines usually responded to and/or related with their surroundings, 
including their ability to cope under variable environmental stressors, such as pests 
and diseases, as well as the prevailing environmental conditions.
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2. Grapevine breeding

Most breeding programs initially were publicly funded, but nowadays many of 
them are privately owned. Mostly new cultivars are protected by intellectual prop-
erty rights, and, hence, growers need to pay royalties for their use or they may not 
gain access to some of the cultivars stored in closed commercialized “entities.” Due to 
this new scenario, many countries and companies started their own private breeding 
programs. In 1988, the Chilean Institute for Agricultural Research started a breeding 
program to develop new table grape cultivars with emphasis on seedless grapes, dis-
ease resistance, and postharvest life [5]. Since the production of seedless cultivars, 
crosses were made among the seedless cultivars followed by in vitro embryo rescue. 
Early in the program, researchers have realized that certain cultivars were more 
efficient for embryo rescue. For example, in “Ruby Seedless” and “Red Seedless,” 
68% and 40% of the embryos, respectively, could be rescued, but with “Superior 
Seedless” or “Black Seedless,” less than 30% of the embryos could be rescued [6].

As with other crops, plant breeders faced difficult task to develop high-vigor cul-
tivars that would combine high yield with good quality traits. Quality in table grapes 
is associated with genetic factors, but also with environmental factors, most of which 
can be managed by different agricultural practices which can influence yield. Quality 
traits in table grapes are also influenced by consumer preferences, an important 
factor to be considered by grape breeders. Good berry quality characteristics include 
seedlessness, berry size, skin thickness, uniformity, aroma, firmness, flavor, texture, 
etc. present during harvest and after prolonged storage [7, 8]. More recently, charac-
ters such as the presence of nutritional components and nutraceutical determinants 
have gained increased traction. Postharvest traits of importance include resistance to 
prolonged storage and transport, rachis tolerance to oxidation and dehydration, low 
susceptibility of the berries to browning and spotting, as well as resistance to decay.

2.1 Application of biotechnology research to grapevine breeding and genetics

Research in grapevine genetics is restrained by the lack of genetic stocks, high 
heterozygosity, inbreeding depression, large space requirements, and the relatively 
long juvenile period. In 1957, De Lattin [9] summarized his work on 53 genes 
identified in Vitis sp. Research on grapevine genetics has intensified since the late 
1950s, and yet until 1990 surprisingly only a few additional genes were located [10]. 
Molecular markers have facilitated research in Vitis genetics. It is now possible to 
map the grapevine genome and to create unique DNA profiles for each genotype. 
The first plant linkage maps were based on visually scored morphological markers. 
Later, isozymes—at least two enzymes with identical function but different struc-
ture- and DNA-based markers—which are virtually limited in number [11] were 
used to create densely saturated maps.

Genetic resources possessing genes for resistance to many fungal diseases were 
found within Vitis species, and, hence, the transfer of these genes to V. vinifera 
cultivars has been partially carried out [12]. However, the process takes many years, 
and it is rather difficult for breeding disease-resistant grapevines with commercial 
values from interspecific hybrids. Thus, genes that confer resistance to diseases are 
of special interest in improving and breeding grapevine cultivars.

2.2 Marker-assisted selection

Marker-assisted selection can be used for pyramiding genes for resistance. 
Genetic pyramiding is a process used for the development of new breeding lines 
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with homozygous resistance loci and consequently selecting new parental lines 
with the desired traits. To understand the potential value of molecular markers, it 
is imperative to identify the major markers. Isozymes have different electropho-
retic mobility and, hence, can be visualized following gel electrophoresis. Over 
20 polymorphic isozymes have been identified in grapes. Restriction fragment 
length polymorphisms (RFLPs) can be used for their rapid detection using restric-
tion enzymes and involves cutting genomic DNA molecules at unique nucleotide 
sequences (restriction sites) yielding DNA fragments with varied sizes. However, 
identification of RFLPs requires a high concentration of DNA and could be rela-
tively expensive to assay.

Polymerase chain reaction (PCR)-based assays are generally much less expensive 
and can reveal higher levels of polymorphism [11, 13]. The selection process of a 
DNA fragment for amplification involves “primer annealing” in which two primer 
pairs (5–30 bases long) complementarily bind onto genomic DNA strands in a 
reaction process. The primer-DNA complex is a critical step for the replication of 
adjacent DNA sequences by a thermostable polymerase supplied in the reaction 
mixture.

A commonly used PCR analysis is based on random amplified polymorphic 
DNA (RAPDs). These markers are based on the occurrence of an inverted pair of 
9–11 base repeats (occasionally longer or shorter, as well) as within between 200 
and 2000 base pairs. This is a single primer reaction that amplifies one-to-many 
segments of DNA through PCR. Amplified fragment length polymorphisms 
(AFLPs) are based on the selective amplification of restriction enzyme-digested 
DNA fragments. Multiple bands (50–100) are generated during each amplifica-
tion reaction resulting in random DNA markers. Neither RAPDs nor AFLPs are 
“anchored,” i.e., their primary use is within and not between crosses. On the other 
hand, several sequence-tagged site (STS) markers are useful as anchoring loci 
between crosses. The most important of these is a microsatellite, a simple sequence 
repeat (SSR) marker [11] based on the discovery of repeated sequences in the 
genome and usually 2–4 nucleotides in length (e.g., … (GCC)~17~ …). The bases 
flanking the repeat sequence are conserved, but the length of the repeat can vary 
greatly; SSR-specific primers can be readily designed. Each SSR is a single locus 
with multiple allele sizes.

2.2.1 RAPD markers

Genetic analyses have progressed rapidly since the discovery of polymorphic 
regions or loci with two or more alleles in genomic DNA [14]. Variation in location, 
copy number, length, and base pair sequence of these highly repetitive DNA regions 
provide a rich source of markers for unique identification. Random amplified 
polymorphic DNA analysis has been applied to several aspects of the winemaking 
process [15, 16]. Several investigators have attempted to discriminate between 
grape plant clones utilizing a variety of genetic typing techniques [17–23]. However, 
Regner et al. [24] utilized SSR, RAPD, and AFLP markers and were successful in 
detecting differences within clones of the Grüner, Veltliner, Pinot Blanc, Morillion, 
and Chardonnay varieties. Using RAPD markers, Moreno et al. [25] discriminated 
between clones of V. vinifera to a limited extent.

2.2.2 Microsatellites

Microsatellite genotyping requires the determination of the number of repeat 
units at a given locus in a given cultivar. This is achieved by electrophoretic sizing 
of the fragment containing the repeat region (the microsatellite allele), which was 
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amplified by PCR with primers situated upstream and downstream of the micro-
satellite DNA. The initial grapevine microsatellite study conducted by Thomas and 
Scott [26] at CSIRO Plant Industry, Australia, reportedly identified DNA isolated 
from 26 V. vinifera cultivars and 6 additional Vitis species as well as Muscadinia 
rotundifolia.

Since then researchers have accumulated microsatellite profiles of hundreds 
of grapevine cultivars from many different regions. The data is available in public 
databases (Table 1). Among the 19 chromosomes of grape genome from a homo-
zygous line, PN40024, about 10,948 contained trinucleotide repeats, 4386 had 
tetranucleotide repeats, and 3347 had penta-nucleotide repeats [27].

2.2.3 Single-nucleotide polymorphism (SNP)

Single-nucleotide polymorphism (SNP)-based genetic markers have attracted 
significant attention when researchers are creating dense genetic linkage maps. 
SNPs are the most abundant class of polymorphisms, and they provide gene-based 
markers that may prove useful when identifying candidate genes of interest to be 
associated with quantitative trait loci. V. vinifera utilizes many SNP-based genetic 
markers and maps to them a framework of loci defined by SSR markers in the 
Syrah 3 and Pinot Noir cross. The markers are derived from V. vinifera collections 
of expressed sequence tags (ESTs) and bacterial artificial chromosome (BAC) end 

Database name Physical address Internet address of 
public databases

Number of 
genotypes

European Vitis Database IRZ, Siebeldingen, 
Germany

http://www.genres.de/
eccdb/vitis/

In preparation

Grape Microsatellite 
Collection (GMC)

IASMA, San Michele, 
Italy

Not public

Grape SSR database Australian Wine 
Research Institute 

(AWRI)

Not public

International Vitis Variety 
Catalogue

IRZ, Siebeldingen, 
Germany

http://www.vivc.bafz.de/
index.php

46

SSR profiles (not 
searchable)

BOKU, Vienna, 
Austria

http://www.boku.ac.at/
zag/forsch/grapeSSR2.htm

162

The Bulgarian Plant 
Genomics Database

Agrobioinstitute, 
Sofia, Bulgaria

http://bulgenom.abi.bg/
AgroBioInstitute%20

Selected.htm

76

The Greek Vitis Database University of Crete, 
Heraklion, Greece

http://gvd.biology.uoc.gr/
gvd/index.htm

298

The Swiss Vitis 
Microsatellite Database

University of 
Neuchâtel, 

Switzerland

http://hydra.unine.ch/
svmd/

170

Ukrainian, Moldovan and 
Russian Vitis Database

Magarach Institute, 
Yalta, Ukraine

Not public 104

Vitis SSR database University of 
California, Davis, USA

Not public

Vitis SSR database INRA Montpellier, 
France

Not public

Table  1. 
Existing public and unpublished databases of grapevine SSR profiles [28].
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sequences available in the NCBI (with 149,691 EST sequences clustered into 15,194 
unigenes and 30,832 BESs (http://www.ncbi.nlm.nih.gov)). In addition, SSR and 
AFLP markers were employed to increase the number of bridges between genetic 
and physical map considering specific markers used by the international grapevine 
community.

In grapes, polymorphic DNA loci are relatively frequent. Salmaso et al. [28] 
found a single SNP in every 116 bp in the coding regions of 25 genes using EST-
derived primers in the analysis of seven V. vinifera cultivars. The high percentage 
of monomorphic regions (28% for EST, 19% for BES) is quite unexpected when 
compared with what has been reported in the literature on grape and can be 
explained in part by the preferential PCR amplification of one allele, which is due 
to mismatches between the PCR primer and the second allelic template [29]. On 
the other hand, coding sequences have a higher probability of being monomorphic 
due to a direct effect of selection in favor of sequence conservation. The addition 
of SNP-based markers can identify polymorphisms that are easy to locate from a 
database, which can be useful for evolutionary studies to significantly increase the 
density of the linkage map. This leads to an improved resource for high-quality 
mapping of quantitative trait loci, identification of candidate genes, and enhanced 
map-based gene isolation.

3. Grape genome sequence and its applications

The genome project was informed by the realization that the Vitis family is the 
most economically important crop worldwide due to its high value. However, its 
developmental biology is still poorly understood. Grape can be a potential model 
crop because it contains valuable genetic information that can be mined for the 
improvement of other fruit tree crops. As a result, an International Grape Genome 
Program (IGGP) was with the objective to sequence the grape genome. Research 
centers have been established globally in countries leading in grape production, 
such as France, Italy, Australia, Canada, Chile, Germany, South Africa, Spain, and 
the United States. Genetically, Vitis species have 38 chromosomes (n = 19) with 
fertile interspecies hybrids.

The first high-quality reference grape genome sequence was obtained from a 
Pinot Noir clone ENTAV 115, a variety grown in wide range of soil types to produce 
red and sparkling wines. The reference genome sequence information has been 
useful toward understanding its overall genetic organization, including the content 
of genes and the structural components of the DNA of the 19 linkage groups (LGs) 
of V. vinifera. A whole-genome shotgun sequencing and the Sanger sequencing 
method generated 12× coverage of the genome. This has been integrated with 
sequence reads generated by a scalable, highly parallel sequencing by synthesis 
(SBS) method with throughput significantly greater than capillary electropho-
resis. The assembly has been improved through the addition of 4.2× coverage, 
including the addition of bacterial artificial chromosome end sequences that have 
improved the scaffolding of the sequenced contigs. The 4.2× coverage provided by 
SBS was crucial in the identification of polymorphic sites and resulted in closing 
most of the gaps between DNA contigs. This is the first project that utilized both the 
longer Sanger and shotgun sequence-based methods to determine the sequence of a 
large eukaryotic genome.

The estimated genome size of V. vinifera Pinot Noir clone ENTAV 115 is at least 
500 Mb. Genomic sequences corresponding to 477.1 Mb were assembled in 2093 
metacontigs, and 435.1 Mb were anchored to the 19 linkage groups. The number 
of predicted genes and pseudogenes is 28,352 of which 96.1% were assigned to 
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LGs. The assembled grape genome has predicted candidate genes with implicated 
traits relevant to grapevine cultivation, such as those influencing wine quality via 
secondary metabolites and those associated with extreme susceptibility of grapes to 
pathogens.

The NCBI taxonomy web portal for V. vinifera contains a summarized data for 
one of the common species used for wine production. The Ensembl Plants has 
produced a Grape Gene Index by analyzing the nucleotide sequences deposited 
at NCBI, and Release 12× of the index lists 29,971 unique coding genes. The gene 
ontology and metabolic pathway information for many of these sequences are 
also available at the TIGR site (http://www.tigr.org/tigr-scripts/tgi/T_index.
cgi?Species=grape).

Genetic maps have been produced [33, 61–64], and physical maps are being pro-
duced in several laboratories [65] with a consensus map in progress. A grape BAC 
library is available from the French National Resources Center for Plant Genomics 
(CNRGV). Affymetrix (http://www.affymetrix.com/index.affx) released a grape 
array that represents 14,000 V. vinifera transcripts and 1700 transcripts from other 
Vitis species that can be useful for gene expression analysis.

Qiagen (http://www1.qiagen.com) also released a new grape (V. vinifera) 
array-ready oligo set contains 14,562 probes of 70-mers representing grape gene 
transcripts. Probe design for the grape oligo set is based on sequence information 
from TIGR’s Grape Gene Index (http://www.tigr.org/tdb/tgi).

4. Genetic transformation in grapevines

Genetic transformation offers new perspectives for introducing important traits 
like that of disease resistance into traditional V. vinifera cultivars. However, the most 
limiting factor for efficient transformation is the absence of high-yielding regen-
eration protocols. The regeneration of intact transgenic plants has been obtained 
for viticulturally important genotypes, such as Sultana, Shiraz, Dornfelder, 
Chardonnay, Merlot, and others [30–35]. Due to the high morphogenetic compe-
tence of embryogenic tissue, somatic embryos are often used as targets for trans-
formation studies. Different types of explants have been tested for their ability to 
produce somatic embryos under inducing conditions such as anthers [36] and leaf 
discs [37]. The first transformation experiments with leaf tissue of grapevine cvs. 
Thompson Seedless and French Colombard [38] or rootstock varieties resulted in 
transgenic calli, which failed to regenerate [39].

Leaf disc derived embryogenic callus for grapevine cv. Koshusanjaku by Hoshino 
et al. [40], who subsequently established an Agrobacterium-mediated transforma-
tion system as one of the successful methods for genetic transformation. These 
researchers were able to induce the calli to regenerate embryos and intact transgenic 
plants. This protocol was later used for callus culture development and transforma-
tion of four important Indian V. vinifera cultivars by Das et al. [41]. The successful 
transformation of grapevine has also been reported using the Agrobacterium-
mediated system by various researchers [42–44]. Genetic transformation of grape-
vine using direct DNA delivery via gene gun has also been reported [45].

4.1 Genomics and transgenic research

4.1.1 Flavor

In the past, various studies have been conducted on the origin and regulation of 
sugar and acid concentrations. Of these two processes, the regulation of acid levels 
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useful toward understanding its overall genetic organization, including the content 
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method generated 12× coverage of the genome. This has been integrated with 
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improved the scaffolding of the sequenced contigs. The 4.2× coverage provided by 
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longer Sanger and shotgun sequence-based methods to determine the sequence of a 
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The NCBI taxonomy web portal for V. vinifera contains a summarized data for 
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at NCBI, and Release 12× of the index lists 29,971 unique coding genes. The gene 
ontology and metabolic pathway information for many of these sequences are 
also available at the TIGR site (http://www.tigr.org/tigr-scripts/tgi/T_index.
cgi?Species=grape).

Genetic maps have been produced [33, 61–64], and physical maps are being pro-
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array-ready oligo set contains 14,562 probes of 70-mers representing grape gene 
transcripts. Probe design for the grape oligo set is based on sequence information 
from TIGR’s Grape Gene Index (http://www.tigr.org/tdb/tgi).
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like that of disease resistance into traditional V. vinifera cultivars. However, the most 
limiting factor for efficient transformation is the absence of high-yielding regen-
eration protocols. The regeneration of intact transgenic plants has been obtained 
for viticulturally important genotypes, such as Sultana, Shiraz, Dornfelder, 
Chardonnay, Merlot, and others [30–35]. Due to the high morphogenetic compe-
tence of embryogenic tissue, somatic embryos are often used as targets for trans-
formation studies. Different types of explants have been tested for their ability to 
produce somatic embryos under inducing conditions such as anthers [36] and leaf 
discs [37]. The first transformation experiments with leaf tissue of grapevine cvs. 
Thompson Seedless and French Colombard [38] or rootstock varieties resulted in 
transgenic calli, which failed to regenerate [39].

Leaf disc derived embryogenic callus for grapevine cv. Koshusanjaku by Hoshino 
et al. [40], who subsequently established an Agrobacterium-mediated transforma-
tion system as one of the successful methods for genetic transformation. These 
researchers were able to induce the calli to regenerate embryos and intact transgenic 
plants. This protocol was later used for callus culture development and transforma-
tion of four important Indian V. vinifera cultivars by Das et al. [41]. The successful 
transformation of grapevine has also been reported using the Agrobacterium-
mediated system by various researchers [42–44]. Genetic transformation of grape-
vine using direct DNA delivery via gene gun has also been reported [45].

4.1 Genomics and transgenic research

4.1.1 Flavor

In the past, various studies have been conducted on the origin and regulation of 
sugar and acid concentrations. Of these two processes, the regulation of acid levels 
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is probably well-understood. It is clear, for example, that the two most important 
acids, namely, tartaric acid and malic acid, have different origins. Tartaric acid is 
produced directly out of the sugar pool, while malic acid is probably formed by 
reactions of the Krebs cycle and phosphoenolpyruvate carboxylase (PEPcase) [46]. 
During ripening, malic acid is used for the synthesis of sugar and as a respiration 
substrate [47]. Less is known about the control of tartaric acid concentration, 
which is also far more slowly metabolized than malic acid. Recently researchers 
have identified two important wine quality genes in grapevine related to tannin 
synthesis. By looking at when and wherein the plant tannins are produced through-
out berry development and comparing similar genes in tobacco and the model 
plant Arabidopsis, researchers have been able to pinpoint the grape genes for tannin 
production. Two separate genes known as VvANR and VvLAR1 are responsible 
for the production of chemically different types of condensed tannins also known 
as proanthocyanidins (PAs) in grapes [48]. The discovery of these two genes has 
opened ways for modifying the content and composition of anthocyanins and 
tannins in grapes giving vine breeders the potential to control the levels of these 
important wine quality characteristics [48, 49].

4.1.2 Flavonoids

In grape, flavonoids are the major portion of soluble phenolics and represent the 
most concentrated natural antioxidants in the berry [50]. The predominant flavo-
noids occurring in grape berries and seeds belong to varied classes such as tannins, 
anthocyanins, flavan-3-ols, and flavonols [51]. These compounds in addition to 
phenolic acids (mainly benzoic and hydroxycinnamic acids) contribute in different 
ways and/or manner to organoleptic features of the wine and other by-products 
[52]. Flavonoids are synthesized along the general phenylpropanoid pathway by the 
activity of a cytosolic multienzyme complex loosely associated at the cytoplasmic 
surface of the endoplasmic reticulum. This pathway has largely been characterized 
in different plant species [53] but also in V. vinifera in which the expression of genes 
involved in flavonoid synthesis (particularly anthocyanins and proanthocyanidins 
(PAs)) has been well-characterized in berries and seeds of both red and white culti-
vars [54–56]. The patterns of gene expression show significant differences between 
organs and cultivars, especially for genes involved in anthocyanin synthesis. In red 
cultivars, all the genes are expressed in berry skin although with varied temporal 
patterns.

In berry pulp their expression is low, and phenylalanine ammonia-lyase 
(PAL) and UDP glucose: flavonoid 3-O-glucosyl transferase (UFGT) genes are 
not expressed [56]. These two genes code for enzymes involved in the first and 
in the last step of the anthocyanin pathway, respectively, whereas PAL allows the 
hydrolysis of ammonia from phenylalanine, and UFGT catalyzes the glycosylation 
of anthocyanidins to produce the anthocyanins (colored and stable products). The 
absence of UFGT has been reported in seeds [56]. On the contrary, studies concern-
ing the expression of genes involved in flavonoid synthesis in white cultivars were 
performed only from berry skin. It was demonstrated that UFGT was not detectable 
and the expression of other associated genes was low in the skin of red cultivars 
especially during the early stage of berry development.

Anthocyanins are responsible for the red and white color in grapes. Grapes are 
primarily distinguished based on the level of anthocyanin in berry skin. Geneticists 
discovered that the grape skin color is controlled by two MYB genes (VvMYBA1 and 
VvMYBA2). Although either can dictate the berry skin color, it was determined that 
mainly the VvMYBA1 gene can activate anthocyanin biosynthesis in red grapes. The 
MYB gene (VvMYBA2) allele, present in white berries, is a mutant of the latter and 
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contains two distinct amino acid substitutions. Sequence analyses of the VvMYBA2 
gene found 55 white grape varieties. All grape varieties contained the same double 
mutations, suggesting they originated from a single common grape ancestor. 
Vvmyb5a, a cDNA from grape cv. Cabernet Sauvignon encoding an R2R3-MYB 
protein, has been cloned. Phylogenetic analysis has shown that Vvmyb5a protein 
belongs to a different group from VlmybA2 protein. The expression of VlmybA has 
been detected mainly in berry skin and flesh at the late stage of berry development, 
whereas the expression of Vvmyb5a was detected in both vegetative and reproduc-
tive plant tissues [57].

Vvmyb5a was overexpressed in tobacco under the control of the CaMV 35S pro-
moter for use as a visual marker, an alternative to antibiotic markers in the screen-
ing of transgenic plants [58]. The overexpression of VlmybA2 in tobacco seems to 
be promising for the visual identification of transformants. A versatile gene for 
anthocyanin production could be a good candidate for a simple and nondestructive 
visual marker during plant transformation [59, 60] and may replace controversial 
antibiotic marker genes. As VlmybA2 shows higher potential than other antho-
cyanin regulatory genes previously tested, its potential should be exploited in the 
genetically modified plant production process starting from the efficient recovery 
of transformants during transformation up to the monitoring of transgenic plants at 
the field level for risk assessment [61].

Until now, the models of flavonoid transport have been mainly based on 
genetic approaches where this process has been correlated to the expression of 
several specific genes in reproductive organs during development or in response 
to environmental factors. Limited information is available for direct identification 
and characterization of proteins involved in the uptake and accumulation of these 
metabolites. Therefore, it is crucial that future research should be more focused 
on the understanding of the biochemical mechanisms responsible for flavonoid 
transport and regulation [62].

4.1.3 Nutraceutical value

Muscadine (Muscadinia rotundifolia) is a native crop across the southern United 
States; it has natural adaptability, including resistance to diseases and insect pests, 
and has long vine life. Generally, it is underutilized due to its potential as a local 
flavor; for example, muscadines have a characteristic aroma and sweetness that 
makes them acceptable as table wines. In addition, it has high levels of polyphenols 
with potential benefits to human health. Resveratrol (3, 4, 5-trihydroxystilbene) 
is one of the important phenolic compounds found in muscadine grapes. Most red 
wines contain measurable concentrations of resveratrol; however, their concen-
tration varies among the cultivars [63]. Resveratrol is considered a biochemical 
precursor of viniferin, a major stilbene phytoalexin [64]. Resveratrol is known to 
be synthesized by stilbene synthase (STS), a condensation enzyme with numerous 
biological properties in muscadines. The enzyme utilizes 4-coumaroyl-CoA (or 
another phenylpropanoid CoA-ester) and undergoes a three-step condensation 
process with malonyl-CoA, resulting in an enzyme-bound tetraketide intermediate 
during resveratrol synthesis.

Previous [65] study conducted at the Center for Viticulture and Small Fruit 
Research, Tallahassee, Florida, which involved the analysis of metabolites in local 
grape varieties with high-performance liquid chromatography (HPLC), determined 
a high phenolic content in muscadines as compared to bunch and Florida hybrid 
bunch grapes [65]. Grape seed extracts from some muscadine grape cultivars 
showed high anticancer activity. Characterization of these compounds confirmed 
the presence of resveratrol. One other advantage of resveratrol is its trans-isomer 



Genetic Transformation in Crops

22

is probably well-understood. It is clear, for example, that the two most important 
acids, namely, tartaric acid and malic acid, have different origins. Tartaric acid is 
produced directly out of the sugar pool, while malic acid is probably formed by 
reactions of the Krebs cycle and phosphoenolpyruvate carboxylase (PEPcase) [46]. 
During ripening, malic acid is used for the synthesis of sugar and as a respiration 
substrate [47]. Less is known about the control of tartaric acid concentration, 
which is also far more slowly metabolized than malic acid. Recently researchers 
have identified two important wine quality genes in grapevine related to tannin 
synthesis. By looking at when and wherein the plant tannins are produced through-
out berry development and comparing similar genes in tobacco and the model 
plant Arabidopsis, researchers have been able to pinpoint the grape genes for tannin 
production. Two separate genes known as VvANR and VvLAR1 are responsible 
for the production of chemically different types of condensed tannins also known 
as proanthocyanidins (PAs) in grapes [48]. The discovery of these two genes has 
opened ways for modifying the content and composition of anthocyanins and 
tannins in grapes giving vine breeders the potential to control the levels of these 
important wine quality characteristics [48, 49].

4.1.2 Flavonoids

In grape, flavonoids are the major portion of soluble phenolics and represent the 
most concentrated natural antioxidants in the berry [50]. The predominant flavo-
noids occurring in grape berries and seeds belong to varied classes such as tannins, 
anthocyanins, flavan-3-ols, and flavonols [51]. These compounds in addition to 
phenolic acids (mainly benzoic and hydroxycinnamic acids) contribute in different 
ways and/or manner to organoleptic features of the wine and other by-products 
[52]. Flavonoids are synthesized along the general phenylpropanoid pathway by the 
activity of a cytosolic multienzyme complex loosely associated at the cytoplasmic 
surface of the endoplasmic reticulum. This pathway has largely been characterized 
in different plant species [53] but also in V. vinifera in which the expression of genes 
involved in flavonoid synthesis (particularly anthocyanins and proanthocyanidins 
(PAs)) has been well-characterized in berries and seeds of both red and white culti-
vars [54–56]. The patterns of gene expression show significant differences between 
organs and cultivars, especially for genes involved in anthocyanin synthesis. In red 
cultivars, all the genes are expressed in berry skin although with varied temporal 
patterns.

In berry pulp their expression is low, and phenylalanine ammonia-lyase 
(PAL) and UDP glucose: flavonoid 3-O-glucosyl transferase (UFGT) genes are 
not expressed [56]. These two genes code for enzymes involved in the first and 
in the last step of the anthocyanin pathway, respectively, whereas PAL allows the 
hydrolysis of ammonia from phenylalanine, and UFGT catalyzes the glycosylation 
of anthocyanidins to produce the anthocyanins (colored and stable products). The 
absence of UFGT has been reported in seeds [56]. On the contrary, studies concern-
ing the expression of genes involved in flavonoid synthesis in white cultivars were 
performed only from berry skin. It was demonstrated that UFGT was not detectable 
and the expression of other associated genes was low in the skin of red cultivars 
especially during the early stage of berry development.

Anthocyanins are responsible for the red and white color in grapes. Grapes are 
primarily distinguished based on the level of anthocyanin in berry skin. Geneticists 
discovered that the grape skin color is controlled by two MYB genes (VvMYBA1 and 
VvMYBA2). Although either can dictate the berry skin color, it was determined that 
mainly the VvMYBA1 gene can activate anthocyanin biosynthesis in red grapes. The 
MYB gene (VvMYBA2) allele, present in white berries, is a mutant of the latter and 

23

Grapevine Improvement through Biotechnology
DOI: http://dx.doi.org/10.5772/intechopen.91851

contains two distinct amino acid substitutions. Sequence analyses of the VvMYBA2 
gene found 55 white grape varieties. All grape varieties contained the same double 
mutations, suggesting they originated from a single common grape ancestor. 
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Genetic Transformation in Crops

24

state in muscadines, which is considered the most active form. Six isoforms of the 
stilbene synthase gene have been isolated from the muscadine grape cv. “Regale.” 
Out of the six isoforms, four were found to be unique to muscadine, with more than 
40% sequence dissimilarity with Vitis STS. In silico analysis of one of the isoforms 
revealed that the deduced protein sequence has a signal peptide [66]. Further 
analysis using reverse transcription and quantitative real-time PCR determined that 
one (MS 1) of the four unique stilbene isoforms has expressed at high levels during 
the different stages of muscadine berry development. Further characterization of 
the gene encoding stilbene synthase will help determine fingerprints of muscadine 
cultivars with higher resveratrol content and will also help in the development of 
muscadine cultivars with high expression of resveratrol.

4.1.4 Disease control

Currently, Vitis vinifera is the major species cultivated due to its high quality for 
wine production. However, V. vinifera is susceptible to diseases and pests. Fungal 
infestation is a major problem in grapevine production worldwide. Two fungal patho-
gens, causing powdery and downy mildews, respectively, are a major threat in grape 
production. The fungal pathogens spread to Europe during the nineteenth century 
along with infested accessions of the American wild Vitis species in which they were 
endemic [67]. In general, fungal infestation leads to the decreased yield and impacts 
berry and wine quality through the reduction in plant vitality and productivity or 
by the direct infection of berries. Disease control can be achieved by the application 
of fungicides. However, the economic costs and negative environmental impacts 
associated with these applications have informed the impetus in current research for 
alternative strategies involving the understanding of how to manipulate host defense 
mechanisms. Grapevines with improved disease resistance would be welcomed, espe-
cially if other traits were not altered. The reduction of pesticide sprays by between 
one and two percent in a year would cut the cost of production and is also beneficial 
to the environment [68]. Major pathogens that infect grapevine are listed Table 2.

Causal agent Properties of 
pathogen

Disease Specific characters of disease

Uncinula 
necator

Obligate biotrophic 
fungus

Powdery mildew The most economically important 
disease of Vitis vinifera worldwide

Plasmopara 
viticola

Obligate biotrophic 
oomycete

Downy mildew Affects V. vinifera worldwide

Botrytis cinerea Necrotrophic 
fungus

Grey mold rot One of the most common and 
widely distributed grapevine 
diseases

Elsinoe 
ampelina

Non-obligate 
fungus

Anthracnose Affects V. vinifera and its hybrids in 
tropical and subtropical regions

Phomopsis 
viticola

Non-obligate 
fungus

Phomopsis cane 
blight and leaf spot

A wood disease

Fusicoccum 
aesculi

Non-obligate 
fungus

Excoriosis A wood disease

Ascomycete fungus Eutypa dieback A major grapevine disease in many 
countries that infects the vine stock; 
a wood disease

Table  2. 
The major widespread and economically important pathogens affecting grapevines worldwide [69].
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Knowledge and experience in the field of genetically engineered grapevines 
have increased enormously. Several ongoing projects are aimed at the improvement 
of transformation efficiency, allowing its use as a standard strategy for various 
purposes. The great interest in the transgenic approach is due to its capability to 
establish disease tolerance or resistance in both elite grapevine varieties and root-
stocks without changing their genotype-specific traits. Progress made in grapevine 
genomics along with the availability of reference genome sequence obtained from 
Pinot Noir [70] has made the transgenic approach attractive for both basic research 
and functional genomics. Included herein is a list of major transgenic disease-
tolerant plants, which are currently in field trials in the last 5 years for improved 
bacterial and fungal resistance (Table 3).

Institution Received Status Gene(s) Phenotype(s) Release 
location

Acreage

Cornell 
University

07/21/09 Issued Coat protein—
donor: Grapevine 

fan leaf virus 
resistant

Grapevine Fan 
leaf Nepovirus 

Resistant

CA, 
USA

4

University 
of Florida

09/27/07 Acknowledged Aequorea 
victoria/E. coli 
lytic peptide 

gene for bacterial 
resistance

Xylella 
fastidiosa 
Resistant

FL, USA 1.1

University 
of Florida

09/27/07 Acknowledged Lytic peptide 
gene for bacterial 
resistance E. coli 

Endogenous 
gene for fungal 

resistance

Powdery 
Mildew 

Resistant 
BR—X. 

fastidiosa 
Resistant

FL, USA 1.1

University 
of Florida

09/27/07 Acknowledged Endogenous 
gene for fungal 

resistance—grape 
lytic peptide 

gene for bacterial 
resistance

Powdery 
Mildew 

Resistant 
BR—X. 

fastidiosa 
Resistant

FL, USA 1.1

University 
of Florida

09/27/07 Acknowledged Lytic peptide 
gene for bacterial 
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X. fastidiosa 
Resistant

FL, USA 1.1

University 
of Florida

09/27/07 Acknowledged Lytic peptide 
gene for bacterial 

resistance

X. fastidiosa 
Resistant

FL, USA 1.1

University 
of Florida

09/13/06 Acknowledged Synthetic lytic 
peptide gene

Grape thaumatin-
like protein gene

Fungal 
Resistant, 
Bacteria 
Resistant

FL, USA

University 
of Florida

09/13/06 Acknowledged Neomycin 
phosphotransferase 
(NPTII)* Synthetic 

lytic peptide 
gene cercopin of 

Silkworm
Grape thaumatin-
like protein gene

Fungal 
Resistant, 

FR—Fungal 
Resistant, 
—Bacteria 
Resistant

FL, USA
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state in muscadines, which is considered the most active form. Six isoforms of the 
stilbene synthase gene have been isolated from the muscadine grape cv. “Regale.” 
Out of the six isoforms, four were found to be unique to muscadine, with more than 
40% sequence dissimilarity with Vitis STS. In silico analysis of one of the isoforms 
revealed that the deduced protein sequence has a signal peptide [66]. Further 
analysis using reverse transcription and quantitative real-time PCR determined that 
one (MS 1) of the four unique stilbene isoforms has expressed at high levels during 
the different stages of muscadine berry development. Further characterization of 
the gene encoding stilbene synthase will help determine fingerprints of muscadine 
cultivars with higher resveratrol content and will also help in the development of 
muscadine cultivars with high expression of resveratrol.

4.1.4 Disease control

Currently, Vitis vinifera is the major species cultivated due to its high quality for 
wine production. However, V. vinifera is susceptible to diseases and pests. Fungal 
infestation is a major problem in grapevine production worldwide. Two fungal patho-
gens, causing powdery and downy mildews, respectively, are a major threat in grape 
production. The fungal pathogens spread to Europe during the nineteenth century 
along with infested accessions of the American wild Vitis species in which they were 
endemic [67]. In general, fungal infestation leads to the decreased yield and impacts 
berry and wine quality through the reduction in plant vitality and productivity or 
by the direct infection of berries. Disease control can be achieved by the application 
of fungicides. However, the economic costs and negative environmental impacts 
associated with these applications have informed the impetus in current research for 
alternative strategies involving the understanding of how to manipulate host defense 
mechanisms. Grapevines with improved disease resistance would be welcomed, espe-
cially if other traits were not altered. The reduction of pesticide sprays by between 
one and two percent in a year would cut the cost of production and is also beneficial 
to the environment [68]. Major pathogens that infect grapevine are listed Table 2.

Causal agent Properties of 
pathogen

Disease Specific characters of disease
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necator

Obligate biotrophic 
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Fusicoccum 
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Non-obligate 
fungus

Excoriosis A wood disease

Ascomycete fungus Eutypa dieback A major grapevine disease in many 
countries that infects the vine stock; 
a wood disease
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Knowledge and experience in the field of genetically engineered grapevines 
have increased enormously. Several ongoing projects are aimed at the improvement 
of transformation efficiency, allowing its use as a standard strategy for various 
purposes. The great interest in the transgenic approach is due to its capability to 
establish disease tolerance or resistance in both elite grapevine varieties and root-
stocks without changing their genotype-specific traits. Progress made in grapevine 
genomics along with the availability of reference genome sequence obtained from 
Pinot Noir [70] has made the transgenic approach attractive for both basic research 
and functional genomics. Included herein is a list of major transgenic disease-
tolerant plants, which are currently in field trials in the last 5 years for improved 
bacterial and fungal resistance (Table 3).
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4.1.4.1 Downy mildew

Different strategies and genes have been used in genetic engineering to enhance 
resistance to major plant pathogens [71]. Expression of a fungal endochitinase gene 
in cv. “Chardonnay” led to reduced symptoms of powdery mildew and Botrytis 
bunch rot [72]. Another strategy, in this regard, involves the use of antimicrobial 
peptides (AMPs). These are natural defense compounds found in many organ-
isms ranging from bacteria to humans and plants, which protect the host from 
pathogens. Among these compounds include magainins [73] isolated from the 
skin of an African clawed frog, Xenopus laevis. Magainins and their analogs are 
small (c.a. 21–26 amino acids long) cationic peptides with α-helical structure with 
broad-spectrum antimicrobial activity, which was demonstrated in vitro and led to 
the inhibition of growth of bacteria and fungi [74, 75], including major grapevine 
pathogens such as A. tumefaciens [76]. Magainins have a strong affinity for micro-
bial membranes due to the high concentration of anionic phospholipids in the outer 
bilayer of their leaflet. They confer very low toxicity to animal and plant cells due to 
the presence of cholesterol or other sterols in the host membranes [74]. Magainins 
can disturb cell membrane function either by forming ion channels or by depolar-
izing the membrane leading to leakage of metabolites and cell death [77]. The selec-
tive activity of magainins and their synthetic derivatives on microbial membranes 
as well as their simple amino acid sequence enables them to be potential candidates 
for genetic engineering for disease-resistant plants [78]. Recently, transgenic plants 
with expressed high levels of magainin peptides exhibited significant resistance 
to a broad range of fungi and bacteria, including pathogens causing botrytis and 
powdery mildew diseases [79].

The expression of synthetic magainins, such as Myp30 [80] and MSI99 in 
transgenic plants via either the chloroplast genome [81] or in the nuclear genome 
[82], led to enhanced resistance against bacterial and fungal pathogens. The studies 

Institution Received Status Gene(s) Phenotype(s) Release 
location

Acreage

University 
of Florida

09/13/06 Acknowledged Synthetic lytic 
peptide gene 
cercopin of 
Silkworm

Grape thaumatin-
like protein gene

Bacteria 
Resistant, 

Fungal 
Resistant

FL, USA

State 
University 
of New York

08/02/06 Acknowledged Lignan biosynthesis 
protein from peas

Powdery 
Mildew 

Resistant

NY, USA 1

Cornell 
University

03/03/06 Acknowledged Antimicrobial 
peptide from 
Amaranthus 

caudatus
Magainin from 
Xanopus laevis 

NptII*

Pathogen 
resistant

TX, USA 0.1

State 
University 
of New York

04/11/05 Acknowledged Lignan biosynthesis 
protein

Powdery 
Mildew 

Resistant

NY, USA 1

*Source: http://www.isb.vt.edu/cfdocs/fieldtests2.cfm

Table  3. 
Transgenic grape plants in field trails resistance to major pathogens.
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in “Chardonnay” (V. vinifera) have shown stable transformation and expression 
of either the natural magainin-2 (mag2) or the synthetic derivative (MSI99) gene 
under the control of Arabidopsis ubiquitin-3 promoter. Some transgenic lines 
exhibited enhanced resistance to crown gall and powdery mildew diseases in the 
greenhouse. Data suggested that the expression of magainin-type genes can confer 
resistance to the bacterial disease, crown gall, and moderate symptom reduction in 
the fungal disease, caused by powdery mildew pathogen.

4.1.4.2 Pierce’s disease

The most devastating diseases in the southeastern United States include Pierce’s 
disease commonly present on bunch grapes and anthracnose that infects Florida 
hybrid bunch grapes (Figure 1) [83]. Pierce’s disease, caused by the bacterium 
Xylella fastidiosa, is a serious bacterial disease of grapevines. It is spread by certain 
types of xylem feeding leafhoppers (Cicadellidae) known as sharpshooters. The 
bacterium is an obligate pathogen that lives in the xylem tissue of a wide variety 
of plants. The bacteria, X. fastidiosa, are limited to the xylem or water-conducting 
vessels of plants. Symptoms begin to develop about midsummer as the bacteria 
block these vessels leading to dry or scorched leaves. Leaves become chlorotic along 
the outer edges or adjacent to the dead tissue. The drying or scorching of the leaf 
continues for a few days to weeks until the leaf eventually falls off, leaving only the 
petiole attached to the cane. Petioles gradually die back and fall. Maturing canes are 
tan in color with green islands along the infected sections. When new vegetative 
growths occur on infected canes, they are delayed and are usually stunted. Leaves 
on stunted shoots have a yellow mottling color between the major veins. Depending 
on the grape variety, death of the entire vine usually occurs in 1–5 years.

A study was conducted at the Center for Viticulture and Small Fruit Research, 
Tallahassee, Florida, USA, to understand the molecular basis of Pierce’s disease 
tolerance by employing subtractive hybridization (SH) and real-time PCR for the 
detection and characterization of transcripts, which are differentially expressed in 
the xylem tissue challenged by PD bacterium. Results obtained from the SH analysis 
of 300 partial cDNAs indicated high to moderate expression patterns in PD-tolerant 
cv. “Blanc du Bois” (Florida hybrid) and “Zinfandel” (bunch grape) subtracted with 
PD-susceptible bunch cv. “Pinot Noir.” The expression patterns of selected genes 
and their potential association with PD tolerance were analyzed using real-time 
PCR. Research showed that enolase expression, an enzyme that has been associated 
with bacterial activity, was high in PD-susceptible cultivar. The PD-susceptible 

Figure 1. 
Common diseases of grapes. Note: The picture of a downy mildew infection is from Ya Li Zhang, China 
Agricultural University, Beijing, China.
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4.1.4.1 Downy mildew

Different strategies and genes have been used in genetic engineering to enhance 
resistance to major plant pathogens [71]. Expression of a fungal endochitinase gene 
in cv. “Chardonnay” led to reduced symptoms of powdery mildew and Botrytis 
bunch rot [72]. Another strategy, in this regard, involves the use of antimicrobial 
peptides (AMPs). These are natural defense compounds found in many organ-
isms ranging from bacteria to humans and plants, which protect the host from 
pathogens. Among these compounds include magainins [73] isolated from the 
skin of an African clawed frog, Xenopus laevis. Magainins and their analogs are 
small (c.a. 21–26 amino acids long) cationic peptides with α-helical structure with 
broad-spectrum antimicrobial activity, which was demonstrated in vitro and led to 
the inhibition of growth of bacteria and fungi [74, 75], including major grapevine 
pathogens such as A. tumefaciens [76]. Magainins have a strong affinity for micro-
bial membranes due to the high concentration of anionic phospholipids in the outer 
bilayer of their leaflet. They confer very low toxicity to animal and plant cells due to 
the presence of cholesterol or other sterols in the host membranes [74]. Magainins 
can disturb cell membrane function either by forming ion channels or by depolar-
izing the membrane leading to leakage of metabolites and cell death [77]. The selec-
tive activity of magainins and their synthetic derivatives on microbial membranes 
as well as their simple amino acid sequence enables them to be potential candidates 
for genetic engineering for disease-resistant plants [78]. Recently, transgenic plants 
with expressed high levels of magainin peptides exhibited significant resistance 
to a broad range of fungi and bacteria, including pathogens causing botrytis and 
powdery mildew diseases [79].

The expression of synthetic magainins, such as Myp30 [80] and MSI99 in 
transgenic plants via either the chloroplast genome [81] or in the nuclear genome 
[82], led to enhanced resistance against bacterial and fungal pathogens. The studies 
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in “Chardonnay” (V. vinifera) have shown stable transformation and expression 
of either the natural magainin-2 (mag2) or the synthetic derivative (MSI99) gene 
under the control of Arabidopsis ubiquitin-3 promoter. Some transgenic lines 
exhibited enhanced resistance to crown gall and powdery mildew diseases in the 
greenhouse. Data suggested that the expression of magainin-type genes can confer 
resistance to the bacterial disease, crown gall, and moderate symptom reduction in 
the fungal disease, caused by powdery mildew pathogen.

4.1.4.2 Pierce’s disease

The most devastating diseases in the southeastern United States include Pierce’s 
disease commonly present on bunch grapes and anthracnose that infects Florida 
hybrid bunch grapes (Figure 1) [83]. Pierce’s disease, caused by the bacterium 
Xylella fastidiosa, is a serious bacterial disease of grapevines. It is spread by certain 
types of xylem feeding leafhoppers (Cicadellidae) known as sharpshooters. The 
bacterium is an obligate pathogen that lives in the xylem tissue of a wide variety 
of plants. The bacteria, X. fastidiosa, are limited to the xylem or water-conducting 
vessels of plants. Symptoms begin to develop about midsummer as the bacteria 
block these vessels leading to dry or scorched leaves. Leaves become chlorotic along 
the outer edges or adjacent to the dead tissue. The drying or scorching of the leaf 
continues for a few days to weeks until the leaf eventually falls off, leaving only the 
petiole attached to the cane. Petioles gradually die back and fall. Maturing canes are 
tan in color with green islands along the infected sections. When new vegetative 
growths occur on infected canes, they are delayed and are usually stunted. Leaves 
on stunted shoots have a yellow mottling color between the major veins. Depending 
on the grape variety, death of the entire vine usually occurs in 1–5 years.

A study was conducted at the Center for Viticulture and Small Fruit Research, 
Tallahassee, Florida, USA, to understand the molecular basis of Pierce’s disease 
tolerance by employing subtractive hybridization (SH) and real-time PCR for the 
detection and characterization of transcripts, which are differentially expressed in 
the xylem tissue challenged by PD bacterium. Results obtained from the SH analysis 
of 300 partial cDNAs indicated high to moderate expression patterns in PD-tolerant 
cv. “Blanc du Bois” (Florida hybrid) and “Zinfandel” (bunch grape) subtracted with 
PD-susceptible bunch cv. “Pinot Noir.” The expression patterns of selected genes 
and their potential association with PD tolerance were analyzed using real-time 
PCR. Research showed that enolase expression, an enzyme that has been associated 
with bacterial activity, was high in PD-susceptible cultivar. The PD-susceptible 

Figure 1. 
Common diseases of grapes. Note: The picture of a downy mildew infection is from Ya Li Zhang, China 
Agricultural University, Beijing, China.
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cultivar was severely infected by X. fastidiosa. The expression of defense-related 
enzymes, such as chalcone synthase, s-adenosyl-l-methionine synthase, chitinase, 
PR genes, adenosine kinase, quinine reductase, and translationally controlled tumor 
protein, was observed in PD-tolerant grape cultivars. Also, PD-tolerant cultivars 
showed high expression of protease inhibitor and stilbene synthase mRNA, which 
suggested that the presence of X. fastidiosa had influenced the expression levels of 
transcripts associated with signal transduction and host defense more significantly 
in PD-susceptible cultivars than in PD-tolerant cultivars. Early expression of these 
genes in PD-tolerant cultivars postinfection with X. fastidiosa may have modulated 
tolerance in the grape cultivars.

Transgenic Pierce’s disease-resistant plants have been developed using poly-
galacturonase-inhibiting proteins (PGIPs) and antimicrobial peptides. PGIPs are 
plant cell wall proteins that specifically inhibit fungal endo-polygalacturonases 
(PGs) that contribute to an aggressive decomposition of susceptible plant tissues. 
The inhibition of fungal PGs by PGIPs suggested that PGIPs have a role in plant 
tolerance to fungal infections, and this has been confirmed in transgenic plants 
expressing PGIPs. The bacterium, X. fastidiosa, the causal agent of Pierce’s disease 
(PD) in grapevines, contains genes encoding cell wall-degrading enzymes, 
including a putative PG enzyme. Research hypothesis suggested that PGIP 
expression can confer tolerance against both X. fastidiosa and Botrytis cinerea. 
This hypothesis was tested by transforming cvs. “Thompson Seedless” and 
“Chardonnay” with V. vinifera. The transformants had a pear fruit PGIP-encoding 
gene (pPGIP) under the control of the CaMV 35S promoter. Results determined 
substantial pear PGIP (pPGIP) activity in crude extracts of grape leaves and 
xylem exudates of transgenic lines obtained from independent transformation 
events but were not present in untransformed controls. Also, pPGIP activity was 
detected in the xylem exudate of untransformed scions grafted on to transgenic 
rootstocks expressing pPGIP [84].

AMPs are particularly effective against bacteria since they disrupt cell 
membranes. To date, transgenic plants with antimicrobial peptides have been 
generated. The plants included 76 “Chardonnay” lines and transformed with two 
magainin-type genes, mag2 and MSI99, as well as a PGL class gene. The primary 
objective of the research was to study the potential resistance to Pierce’s disease 
of magainin- and PGL-producing vines. A newly designed antimicrobial peptide 
was developed based on natural antibacterial toxins. For example, shiva-1 pep-
tide was designed with a significantly different sequence from natural cecropin 
B (46% homology) [85, 86]. A more advanced generation of lytic peptides was 
based on the synthesis of newly designed antimicrobial peptides instead of its 
natural antibacterial toxin [86]. The design of synthetic antimicrobial peptides 
with predetermined structures and properties led to improved stability of these 
gene products and enhanced their protection property against proteases in the 
transformed plants.

In another research with the objective to control Pierce’s disease, Aguero 
et al. [87] studied transgenic plants of grape cvs. “Chardonnay” and “Thompson 
Seedless” by expressing the pear polygalacturonase protein (pGIP). They reported 
a delayed development of Pierce’s disease in some of the transgenic lines. The lines 
had reduced leaf scorching, lower titers of X. fastidiosa, and better regrowth after 
pruning than untransformed control lines. Two US patents have been granted to 
Scorza and Gray [88, 89] for the method of production of transgenic grapevine cv. 
“Thompson Seedless” and expression of the lytic peptide cecropin B and shiva-1 
peptides that improved resistance to the bacterium X. fastidiosa. The authors sug-
gested that the expression of magainin-type antimicrobial peptides in grapevines 
was likely more effective toward the control of bacteria than fungi.
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4.1.4.3 Anthracnose

Genetic resources possessing genes for resistance to many fungal diseases have 
been found in Vitis species, and therefore, the transfer of these genes to suscep-
tible V. vinifera cultivars has been successfully carried out to a certain extent [12]. 
However, the process can take several years, and it is rather difficult to breed 
disease-resistant grapevines with the commercial value from such interspecific 
hybrids. It has been revealed that plants have innate defense mechanisms that 
involve pathogen-related proteins, e.g., chitinase [90, 91] and β-1,3-glucanase [92], 
to control pathogen infection. Genes encoding hydrolytic enzymes, such as chitin-
ase, which can degrade fungal cell wall components are potential candidates for the 
improvement of disease resistance. The rice chitinase RCC2 gene could be utilized 
as a genetic source for disease resistance, leading to breeding and improvement of 
resistance in grape species. Transgenic grapevines with the RCC2 gene were tested 
for resistance to the fungus, Elsinoe ampelina, which causes anthracnose disease. 
Fungal conidiophores were unable to germinate at the initial phase of infection, but 
transgenic plants exhibited severe symptoms during the later stages of incubation 
[93]. Conversely, rice chitinase RCC2 was unable to confer resistance to anthracnose 
disease.

Recently, researchers at the Center for Viticulture and Small Fruit Research, 
Tallahassee, Florida, USA, successfully identified genes/gene products from Florida 
hybrid grape that are uniquely expressed in response to anthracnose infestation 
postinoculation with pure cultures of E. ampelina isolated from field-grown grape 
plant cv. “Blanc du Bois.” Differential display RT-PCR analysis identified several 
unique genes induced upon Elsinoe infection in anthracnose-tolerant hybrid bunch 
grape. Sequencing and characterization of these genes revealed their similarity with 
chitinase III, PR 4 and 10, chalcone synthase, and stilbene synthase. Further, real-
time PCR analysis revealed that the expression patterns of gene-encoding enzymes, 
such as chitinase and stilbene synthase, were higher than that of other genes during 
E. ampelina infestation [94]. These genes are known to play an important role in 
plant defense against fungal pathogens. Expression of these genes was rapid in 
anthracnose-tolerant Florida hybrid bunch grape cultivars upon Elsinoe infection 
as compared to anthracnose-susceptible cultivars. Chitinase gene (antifungal) 
expression was completely absent in susceptible cultivars upon Elsinoe infection 
but showed a low-level expression level of the stilbene synthase gene. In contrast, 
the tolerant cultivars appeared to have maintained the expression of these defense-
related genes in order to overcome the adverse effects of infection. Further study 
of these uniquely expressed genes should inform the understanding of the basis 
of their specific role in anthracnose tolerance. A great deal of effort over the past 
several years has been made to understand the plant-pathogen interaction. This has 
provided an excellent framework for the identification of over 100 genes associated 
with disease resistance which has been incorporated in numerous ongoing trans-
genic research initiatives.

5. Conclusion

The grape industry must maintain and expand grape production despite increas-
ing constraints caused by pests, diseases, and abiotic stressors. Biotechnology 
represents one of the most promising approaches that can bridge the knowledge gap 
that exists since it is crucial for the introduction of single gene determinants with 
defined phenotypic traits. In addition to aiding the production of grapevine variet-
ies (disease-resistant and stress-tolerant), biotechnology has also contributed to the 
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cultivar was severely infected by X. fastidiosa. The expression of defense-related 
enzymes, such as chalcone synthase, s-adenosyl-l-methionine synthase, chitinase, 
PR genes, adenosine kinase, quinine reductase, and translationally controlled tumor 
protein, was observed in PD-tolerant grape cultivars. Also, PD-tolerant cultivars 
showed high expression of protease inhibitor and stilbene synthase mRNA, which 
suggested that the presence of X. fastidiosa had influenced the expression levels of 
transcripts associated with signal transduction and host defense more significantly 
in PD-susceptible cultivars than in PD-tolerant cultivars. Early expression of these 
genes in PD-tolerant cultivars postinfection with X. fastidiosa may have modulated 
tolerance in the grape cultivars.

Transgenic Pierce’s disease-resistant plants have been developed using poly-
galacturonase-inhibiting proteins (PGIPs) and antimicrobial peptides. PGIPs are 
plant cell wall proteins that specifically inhibit fungal endo-polygalacturonases 
(PGs) that contribute to an aggressive decomposition of susceptible plant tissues. 
The inhibition of fungal PGs by PGIPs suggested that PGIPs have a role in plant 
tolerance to fungal infections, and this has been confirmed in transgenic plants 
expressing PGIPs. The bacterium, X. fastidiosa, the causal agent of Pierce’s disease 
(PD) in grapevines, contains genes encoding cell wall-degrading enzymes, 
including a putative PG enzyme. Research hypothesis suggested that PGIP 
expression can confer tolerance against both X. fastidiosa and Botrytis cinerea. 
This hypothesis was tested by transforming cvs. “Thompson Seedless” and 
“Chardonnay” with V. vinifera. The transformants had a pear fruit PGIP-encoding 
gene (pPGIP) under the control of the CaMV 35S promoter. Results determined 
substantial pear PGIP (pPGIP) activity in crude extracts of grape leaves and 
xylem exudates of transgenic lines obtained from independent transformation 
events but were not present in untransformed controls. Also, pPGIP activity was 
detected in the xylem exudate of untransformed scions grafted on to transgenic 
rootstocks expressing pPGIP [84].

AMPs are particularly effective against bacteria since they disrupt cell 
membranes. To date, transgenic plants with antimicrobial peptides have been 
generated. The plants included 76 “Chardonnay” lines and transformed with two 
magainin-type genes, mag2 and MSI99, as well as a PGL class gene. The primary 
objective of the research was to study the potential resistance to Pierce’s disease 
of magainin- and PGL-producing vines. A newly designed antimicrobial peptide 
was developed based on natural antibacterial toxins. For example, shiva-1 pep-
tide was designed with a significantly different sequence from natural cecropin 
B (46% homology) [85, 86]. A more advanced generation of lytic peptides was 
based on the synthesis of newly designed antimicrobial peptides instead of its 
natural antibacterial toxin [86]. The design of synthetic antimicrobial peptides 
with predetermined structures and properties led to improved stability of these 
gene products and enhanced their protection property against proteases in the 
transformed plants.

In another research with the objective to control Pierce’s disease, Aguero 
et al. [87] studied transgenic plants of grape cvs. “Chardonnay” and “Thompson 
Seedless” by expressing the pear polygalacturonase protein (pGIP). They reported 
a delayed development of Pierce’s disease in some of the transgenic lines. The lines 
had reduced leaf scorching, lower titers of X. fastidiosa, and better regrowth after 
pruning than untransformed control lines. Two US patents have been granted to 
Scorza and Gray [88, 89] for the method of production of transgenic grapevine cv. 
“Thompson Seedless” and expression of the lytic peptide cecropin B and shiva-1 
peptides that improved resistance to the bacterium X. fastidiosa. The authors sug-
gested that the expression of magainin-type antimicrobial peptides in grapevines 
was likely more effective toward the control of bacteria than fungi.
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4.1.4.3 Anthracnose

Genetic resources possessing genes for resistance to many fungal diseases have 
been found in Vitis species, and therefore, the transfer of these genes to suscep-
tible V. vinifera cultivars has been successfully carried out to a certain extent [12]. 
However, the process can take several years, and it is rather difficult to breed 
disease-resistant grapevines with the commercial value from such interspecific 
hybrids. It has been revealed that plants have innate defense mechanisms that 
involve pathogen-related proteins, e.g., chitinase [90, 91] and β-1,3-glucanase [92], 
to control pathogen infection. Genes encoding hydrolytic enzymes, such as chitin-
ase, which can degrade fungal cell wall components are potential candidates for the 
improvement of disease resistance. The rice chitinase RCC2 gene could be utilized 
as a genetic source for disease resistance, leading to breeding and improvement of 
resistance in grape species. Transgenic grapevines with the RCC2 gene were tested 
for resistance to the fungus, Elsinoe ampelina, which causes anthracnose disease. 
Fungal conidiophores were unable to germinate at the initial phase of infection, but 
transgenic plants exhibited severe symptoms during the later stages of incubation 
[93]. Conversely, rice chitinase RCC2 was unable to confer resistance to anthracnose 
disease.

Recently, researchers at the Center for Viticulture and Small Fruit Research, 
Tallahassee, Florida, USA, successfully identified genes/gene products from Florida 
hybrid grape that are uniquely expressed in response to anthracnose infestation 
postinoculation with pure cultures of E. ampelina isolated from field-grown grape 
plant cv. “Blanc du Bois.” Differential display RT-PCR analysis identified several 
unique genes induced upon Elsinoe infection in anthracnose-tolerant hybrid bunch 
grape. Sequencing and characterization of these genes revealed their similarity with 
chitinase III, PR 4 and 10, chalcone synthase, and stilbene synthase. Further, real-
time PCR analysis revealed that the expression patterns of gene-encoding enzymes, 
such as chitinase and stilbene synthase, were higher than that of other genes during 
E. ampelina infestation [94]. These genes are known to play an important role in 
plant defense against fungal pathogens. Expression of these genes was rapid in 
anthracnose-tolerant Florida hybrid bunch grape cultivars upon Elsinoe infection 
as compared to anthracnose-susceptible cultivars. Chitinase gene (antifungal) 
expression was completely absent in susceptible cultivars upon Elsinoe infection 
but showed a low-level expression level of the stilbene synthase gene. In contrast, 
the tolerant cultivars appeared to have maintained the expression of these defense-
related genes in order to overcome the adverse effects of infection. Further study 
of these uniquely expressed genes should inform the understanding of the basis 
of their specific role in anthracnose tolerance. A great deal of effort over the past 
several years has been made to understand the plant-pathogen interaction. This has 
provided an excellent framework for the identification of over 100 genes associated 
with disease resistance which has been incorporated in numerous ongoing trans-
genic research initiatives.

5. Conclusion

The grape industry must maintain and expand grape production despite increas-
ing constraints caused by pests, diseases, and abiotic stressors. Biotechnology 
represents one of the most promising approaches that can bridge the knowledge gap 
that exists since it is crucial for the introduction of single gene determinants with 
defined phenotypic traits. In addition to aiding the production of grapevine variet-
ies (disease-resistant and stress-tolerant), biotechnology has also contributed to the 
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modification of numerous quality traits, such as color, flavor, ripening characteris-
tics, and modulation of specific metabolites with potential health benefits. Multiple 
genes for disease resistance and/or modification of quality traits should be inserted 
simultaneously into grape cultivars. However, researchers are still concerned that 
the product of a single gene could readily be overcome by virulent pathogens. New 
genes are being sought from grapevines and other close relatives with an attempt 
to create a comprehensive genetic gene pool for the improvement of grapevines. 
Genetically altered vines should be subjected to stringent field testing to assure the 
public that ultimately the technology will be safe and will not alter essential traits 
of both the vine and the fruit. These advantages can only be realized if concrete 
strategies are put in place to overcome potential technical hurdles. Strategies should 
be put in place that involve a comprehensive regulatory framework to improve the 
general public acceptance of such biotechnology-derived foods.
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Chapter 3

Brassica oleracea Transformation
Penny Hundleby and Monika Chhetry

Abstract

With easier access to genome sequences and genome editing technology over 
the last few years, transformation technologies are routinely being used now as 
a research tool for elucidating gene function. In this chapter, we outline a simple 
A. tumefaciens-mediated transformation method for the diploid brassica species 
B. oleracea, using a doubled haploid spring line called AG DH1012. This genotype 
has become our model genotype for training purposes and for most of our rou-
tine work, with a transformation efficiency of 25% (no. independent shoots/no. 
explants). This easy-to-follow protocol has made for a 100% technology transfer 
success rate to other researchers and laboratories around the globe. In this chapter, 
we detail our method using 4-day-old cotyledonary explants, with a step-by-step 
guide and supplemented with an online video to show the explant and subsequent 
shoot isolation stages. The video helps to remove any ambiguity that written 
protocols sometimes have. Primary transgenics ready for DNA extraction and early 
molecular analysis can be generated within 5–7 weeks from explant isolation.

Keywords: Brassica oleracea, Agrobacterium tumefaciens, cotyledon, transformation, 
CRISPR, gene function, AG DH 1012

1. Introduction

The genus Brassica is known not only for its agricultural oilseed crops but also for 
the diverse array of horticultural crops it has to offer. When GM plant technologies 
first emerged in the early 1980s, with the first publication being tobacco in 1983 [1], 
it was not long before the success followed in Brassica with reports by the late 1980s/
early 1990s for all six of the major economically important species; B. rapa [2],  
B. oleracea [3], B. nigra [4], B. napus [5], B. juncea [6] and B. carinata [7]. Yet despite 
the considerable advances in methodologies that followed over the years [8–11], the 
routine transformation of Brassica remains highly genotype dependent, with some 
genotypes simply remaining recalcitrant to transformation. Several key factors affect-
ing the Brassica transformation efficiency have been identified, including susceptibil-
ity to Agrobacterium [12] and in vitro tissue culture responses [13]. This has enabled us 
to screen large numbers of genotypes to identify the ones that fit our protocols, rather 
than tailoring methods for individual genotypes [14, 15]. For gene testing to become 
a routine procedure, it is important to identify the easy-to-transform genotypes, 
with reproducible transformation efficiencies, that respond well when handled by 
different users. This is especially important in the era of genome editing, which to 
date is still heavily reliant on the tissue culture transformation approaches in most 
cases. The frequency of genome edits is still relatively low in primary transgenics and 
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therefore requires the generation and screening of large numbers of primary trans-
genics, to maximise the potential of identifying edits within the primary generation. 
The transformation protocol described in the current chapter was used in the first 
published report of CRISPR genome editing in Brassica [16], and methods associated 
with screening for CRISPR/Cas9 edits in this genotype are detailed in [17]. Since 
2015, there has been a steady flow of publications using CRISPR in Brassica. The use 
of transformation/CRISPR as a tool for genetic improvement in Brassica has recently 
been reviewed [18]. The AG DH1012 B. oleracea spring genotype, detailed in this 
chapter, has a broccoli type phenotype and was recently used in a study to generate 
MYB28 knock outs, which were subsequently grown under field conditions and were 
the first CRISPR/Cas9 edited plants to enter field trials in the UK, regulated under the 
EU GMO Directive [19].

The current era of genome editing, and other new plant breeding technologies, to 
help address issues of climate change, sustainability and food security is an exciting 
time. For some countries simple edits, which result in a product indistinguishable to 
conventional mutagenesis, will see them freed from the regulatory burden associ-
ated with GMOs, and this will help to rapidly advance plant breeding. However, for 
Europe and other regions, the technology remains predominantly a research tool 
for helping to increase our understanding of gene function, as such easily assessable 
transformation methods and resources provide a valuable resource to researchers.

While access to written protocols is essential for the successful transfer of tech-
nology to different users, seeing the protocol in real time is invaluable as it removes 
a lot of the subjective interpretation of a written protocol. Within the methods 
section we provide a link to our YouTube video which shows the explant isolation 
and later shoot isolation steps of the protocol.

2. Transformation method

The protocol described below has been optimised for B. oleracea genotype AG 
DH1012 but has successfully been applied to many other B. oleracea genotypes and 
B. napus (using a slight higher BAP concentration for B. napus of 3.75 mg/L). This 
protocol is based on a previously reported method for B. napus transformation 
[5], using 4-day-old cotyledonary petioles as the explant choice. A link to a video 
showing aspects of the transformation procedure can be found here (https://www.
youtube.com/watch?v=cbtpCtc2lw0) or by Google search ‘Brassica Transformation’ 
YouTube John Innes Centre. Details of the stock solutions and media components 
used are detailed after the method, in Section 4.

2.1 Plant material

AG DH1012 is the B. oleracea genotype described in this chapter. AG DH1012 is a 
doubled haploid genotype from the Brassica oleracea ssp. alboglabra (A12DHd) crossed 
with B. oleracea ssp. italica (Green Duke GDDH33) mapping population [19]. AG 
DH1012 is a spring type and self-compatible. Seeds can be obtained from Dr Penny 
Hundleby from the Biotechnology Resources for Arable Crop Transformation group, at 
the John Innes Centre, UK. Cost recovery charges, for generating the seed, will apply.

2.2 Seed sterilisation and germination

In a flow bench, seeds are surface sterilised in 75% ethanol for 2 min followed 
by a 15% bleach sterilising solution (15 mL sodium hypochlorite [Sigma-Aldrich 
supplied at 10% RT] added to 85 mL distilled water with a drop (0.1%) of surfactant 
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Tween-20). Typically, 2 g of seed is used per transformation, and sterilised in a 
5-cm deep petri dish, or similar, and shaken on an orbital shaker for 15 min. Seeds 
are rinsed three times with sterile distilled water to ensure no bleach remains and 
allowed to air dry before sowing. Seeds are placed (not embedded) onto germina-
tion medium at a density of 20–25 seeds per 90 mm petri dish and sealed with a 
micropore tape. Plates are incubated at 22°C culture room under high intensity (full 
light) with a 16-h photoperiod length of 70 μmol/m2/s for 4 days (i.e. sow seed on a 
Monday to transform on a Friday).

2.3 Agrobacterium preparation and preparation of inoculum

• A. tumefaciens strains containing the appropriate plasmid(s) with the gene(s) 
of interest are streaked out onto the solid LB medium containing the appropri-
ate level of selection. Plates are incubated at 28°C for 48 h. We routinely use A. 
tumefaciens strain AGL1 [20], see also Note 1.

• A single colony is transferred to 10 mL of a liquid LB medium containing 
selection and transferred to a 28°C shaker at 200 rpm for 48 h. After this stage, 
standard inoculums can be prepared for later use or proceed as follows.

• A 50 μL aliquot of the resulting bacterial suspension is transferred to 10 mL of 
MGL liquid medium containing selection and grown over night in a 28°C shaker.

• Pellet the over-night cultures by centrifugation at approximately 3000 rpm 
for 5 min and resuspend the pellet in a liquid MS medium, dilute to an 
OD600 = 0.1–0.3.

• Alternatively, we make up ‘standard inoculums’ from the resulting LB cultures; 
using 2 mL of culture to 2 mL of 50% glycerol. Gently mix by inverting the 
tube upside down, several times, aliquot 200 μl in each 0.5 μl tubes and store at 
−80°C until required. To use, 50 μl of a standard inoculum is added to 10 mL of 
MGL media without selection and grown overnight in a 28°C shaker at 200 rpm.

• Dilute the overnight suspension with liquid MS media to an OD600 = 0.1–0.3. 
Typically, 1 mL of the overnight culture with 5 mL of MS liquid will give an 
OD within this range.

2.4 Explant isolation, inoculation and co-cultivation

Cotyledons are excised from 4-day-old seedlings by gently holding the base of 
the cotyledon with forceps (Dumont No 24/45) and slicing across the petiole just 
above the meristematic region using a sharp scalpel blade (surgical blades No. 11) 
aiming for a petiole length of approximately 1–2 mm, see Figure 1. Avoid taking 
any meristematic tissue as it does not transform easily and will regenerate ‘escape’ 
shoots rapidly on the selection medium.

Explants are immediately placed onto co-cultivation medium in petri dishes 
(20 × 90 mm) ensuring that at least 1–2 mm of the cut petiole is implanted into the 
agar. Place at a density of approximately 10 explants/plate. Once all explants have 
been isolated, explants are then removed from the media individually and dipped 
briefly into an Agrobacterium suspension, ensuring only the cut end of the petiole 
is immersed (see video). Two control plates are set up per experiment, each with 10 
explants. For one plate, explants are inoculated, and for the other plate, explants are 
not inoculated with A. tumefaciens.
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light) with a 16-h photoperiod length of 70 μmol/m2/s for 4 days (i.e. sow seed on a 
Monday to transform on a Friday).

2.3 Agrobacterium preparation and preparation of inoculum

• A. tumefaciens strains containing the appropriate plasmid(s) with the gene(s) 
of interest are streaked out onto the solid LB medium containing the appropri-
ate level of selection. Plates are incubated at 28°C for 48 h. We routinely use A. 
tumefaciens strain AGL1 [20], see also Note 1.

• A single colony is transferred to 10 mL of a liquid LB medium containing 
selection and transferred to a 28°C shaker at 200 rpm for 48 h. After this stage, 
standard inoculums can be prepared for later use or proceed as follows.

• A 50 μL aliquot of the resulting bacterial suspension is transferred to 10 mL of 
MGL liquid medium containing selection and grown over night in a 28°C shaker.

• Pellet the over-night cultures by centrifugation at approximately 3000 rpm 
for 5 min and resuspend the pellet in a liquid MS medium, dilute to an 
OD600 = 0.1–0.3.

• Alternatively, we make up ‘standard inoculums’ from the resulting LB cultures; 
using 2 mL of culture to 2 mL of 50% glycerol. Gently mix by inverting the 
tube upside down, several times, aliquot 200 μl in each 0.5 μl tubes and store at 
−80°C until required. To use, 50 μl of a standard inoculum is added to 10 mL of 
MGL media without selection and grown overnight in a 28°C shaker at 200 rpm.

• Dilute the overnight suspension with liquid MS media to an OD600 = 0.1–0.3. 
Typically, 1 mL of the overnight culture with 5 mL of MS liquid will give an 
OD within this range.

2.4 Explant isolation, inoculation and co-cultivation

Cotyledons are excised from 4-day-old seedlings by gently holding the base of 
the cotyledon with forceps (Dumont No 24/45) and slicing across the petiole just 
above the meristematic region using a sharp scalpel blade (surgical blades No. 11) 
aiming for a petiole length of approximately 1–2 mm, see Figure 1. Avoid taking 
any meristematic tissue as it does not transform easily and will regenerate ‘escape’ 
shoots rapidly on the selection medium.

Explants are immediately placed onto co-cultivation medium in petri dishes 
(20 × 90 mm) ensuring that at least 1–2 mm of the cut petiole is implanted into the 
agar. Place at a density of approximately 10 explants/plate. Once all explants have 
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is immersed (see video). Two control plates are set up per experiment, each with 10 
explants. For one plate, explants are inoculated, and for the other plate, explants are 
not inoculated with A. tumefaciens.
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All cotyledons are then returned to co-cultivation plates and sealed with micro-
pore tape and transferred to a 22°C culture room with a 16-h photoperiod of 40 
μmol/m2/s for 72 h.

2.5 Selection

• After co-cultivation, cotyledons are transferred to selection medium in 
deep petri dishes (20 × 90 mm). Plates are sealed with a micropore tape and 
returned to the culture room under scattered light.

• For each experiment, two control plates (as selection plates but with no kana-
mycin) are established; one contains 10 explants that have not been inoculated 
with Agrobacterium, and the other 10 explants that have been inoculated.

• Explants are transferred to fresh selection medium after 3 weeks. During this 
subculture, any white shoots (escapes) are removed.

2.6 Shoot isolation

• When using AG DH1012, the emergence of transgenic (green) shoots can be seen 
after just 3 weeks. After 3–5 weeks, transgenic shoots can be excised and trans-
ferred to 100 mL jars (75 × 50 mm), containing 25 mL of Gamborgs B5 medium, 
containing 25 mg/L kanamycin and 160 mg/L Timentin, and maintained at 22°C 
under 16-h day length of 40 μmol/m2/s. In some cases, further subculture maybe 
needed to ‘thin’ out multiple shoots to ensure a single-stemmed shoot is allowed 
to root. This will reduce the number of multi-stemmed plants transferred to the 

Figure 1. 
(a) Explant isolation from 4-day-old seedlings. Forceps are used to hold the seedling without pressure and used 
as a guide to run the scalpel blade down. (b) Cotyledons with approximately 1–2 mm of petiole are used as 
explants. The petiole base is later inoculated by dipping briefly in Agrobacterium. (c) Putative transgenic 
green shoot forming at approximately 4 weeks from a small callus at the petiole base; (d) shoots are isolated 
and transferred to rooting medium.
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glasshouse and the likelihood of escapes/chimeras going through. Such plants will 
complicate the molecular analysis of the primary transgenics.

• After root elongation (to approximately 20 mm in length), plantlets are 
transferred to sterile peat pods (Jiffy No. 7) in magentas (Stratlab Laboratories 
Supplies) SPL Life Sciences, (Cat no 451-AA-002/004) to allow further root 
growth (approx. 2 weeks) before being transferred to the glasshouse.

3. Transfer of plants to the glasshouse and seed generation

• Plants are transferred to soil and maintained under shade within a propaga-
tor for the first week. This ensures that plants gradually adjust to reduced 
humidity and increased light intensity. Glasshouse light conditions; day/night 
temperatures of 18/12 ± 2°C, 16 h day length, with supplementary lighting 
(high-pressure sodium lamps with an average bench reading of 200 μmol/
m2/s). Plants are fed weekly with a 2:1:1 NPK fertiliser.

• AG DH1012 is a rapid cycling genotype and should flower approximately 
6–8 weeks after transfer. This line is also highly self-compatible and readily sets 
seed (approximately 8–10 weeks after bud break) without the need for hand 
pollination (see Figure 2).

• When in bud, plants are covered with clear, perforated ‘bread’ bags (Cryovac 
(UK) Ltd), to prevent cross-pollination, and shaken daily once in flower to 
encourage the seed set. Pods are allowed to dry on the plant before being 
threshed. Seed yield is generally high (>4 g/plant for wild type plants, or 
subsequent transgenic plants sown from seed; however, seed yield can often be 
reduced in the primary transgenics to in the region of 0.5–4 g/plant).

4. Stock solutions and media

4.1 Antibiotic stock solutions

• Kanamycin monosulphate stock solution (Sigma K1377): 100 mg/mL (2.5 g 
dissolved in minimal 1 M NaOH and made up to 25 mL with sterile distilled water 
(SDW) filter-sterilise and store in 1 mL aliquots in sterile 1.5 mL tubes at −20°C).

Figure 2. 
Images show the phenotype of the Brassica oleracea genotype AG DH1012; (a) bud formation (broccoli type 
phenotype); (b) flowering; (c) bagged transgenics flowering in the glasshouse; (d) seed set—in this image pods 
are still green, when approximately half the pods start to brown watering is stopped.
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• Timentin stock solution [sold as Ticarcillin disodium/clavulanate potassium 
(Duchefa T0190)]: 160 mg/mL (2 g dissolved in 12.5 mL SDW) filter-sterilise 
and store in 1 mL aliquots in sterile 1.5 mL tubes at −20°C.

• Augmentin stock solution [sold as Amoxicillin sodium/clavulanate potassium 
(Duchefa A0189)]: 600 mg/ml and 300 mg/ml, filter-sterilise, store in 1 mL 
aliquots in sterile 1.5 mL tubes, and prepare just before use (see Note 2).

4.2 Plant culture media and components

• 6-Benzylaminopurine (BAP) stock solution: 4 mg/mL. We prepare by dis-
solving 0.1 g of powder in minimal drops of 1 M NaOH. Make to final volume 
of 25 mL with sterile distilled water (SDW). Store at 4°C.

• MS Basal medium + 2 mg/L BAP: 4.3 g/L Murashige and Skoog (MS) salts 
(Duchefa, M0221) supplied without vitamins, 30 g/L Sucrose, 2 mg/L BAP 
(add 500 μl of BAP 4 mg/L stock), 500 mg/L 2-(N-morpholino) ethanesul-
fonic acid (MES), pH 5.7, and 8 g/L phytagar (Duchefa P1003). Autoclave at 
120°C for 20 min (see Note 3).

• Vitamin stocks: prepare 10 mg/mL Thiamine HCL, 1 mg/mL Pyridoxine, 1 mg/
mL Nicotinic acid and 100 mg/mL myo-inositol in SDW, and filter-sterilise. Store 
individually at 4°C except myo-inositol, which is stored at room temperature.

• Germination medium: MS including vitamins (M0222, Duchefa) 4.41 g/L, 
Glucose 1 g/L, 500 mg/L MES, 10 g/L Difco Bacto Agar (214,030, Becton 
Dickinson, Thermofischer), adjust pH to 5.7, autoclave (see Note 4).

• Co-cultivation medium: To the MS basal medium + 2BAP detailed above: 
add 1 mL each of the four vitamin stocks. One litre makes around 40 petri 
dishes (90 mm single vent, Slaughter Ltd, R&L).

• Selection medium: add 160 mg/L Timentin (1 mL Timentin stock) and 15 mg/L 
Kanamycin (150 μL of 100 mg/mL kanamycin stock) to 1 L of co-cultivation 
media and pour in petri dishes (100 × 20 mm STD, Sarstedt Limited). Alternatively 
replace Timentin with Augmentin at 600 mg/ml dropping to 300 mg/ml at later 
subcultures. One litre is enough for 20 petri dishes. The two control plates can be 
poured from a 1L flask of media before the kanamycin is added.

• Rooting medium: (B5 + 1% Sucrose). 3.05 g/L Gamborg B5 salts (Duchefa, 
G0209), 10 g/L Sucrose and 8 g/L Phyto agar (Duchefa P1003). Adjust pH 
to 5.8 with 1 M KOH and autoclave. Prior to pouring add filter-sterilised 
160 mg/L Timentin and 25 mg/L Kanamycin. Raising the selection level from 
15 to 25 mg/L reduces further the number of escapes that occur.

All media detailed above can be allowed to set and microwaved to re-melt if not 
poured immediately.

4.3 Agrobacterium culture media

• LB solid medium: 5 g/L Yeast Extract, 10 g/L NaCl, 10 g/L Tryptone and 
15 g/L Bactoagar; autoclave at 120°C for 20 min.
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• LB liquid medium: 5 g/L Yeast Extract, 10 g/L NaCl, 10 g/L Tryptone and 
dispense into 10 mL aliquots. Autoclave at 120°C for 20 min.

• MGL liquid medium: 5 g/L Tryptone, 2.5 g/L Yeast, 100 mg/L NaCl, 5 g/L 
Mannitol, 1 g Glutamic acid, 250 mg/L KH2PO4, 100 mg/L MgSO4, 1 μg/L 
Biotin and pH 7.

• MS Liquid medium: 4.3 g/L Murashige and Skoog (MS) salts, 30 g/L Sucrose, 
and pH 5.7 dispense into 100 mL aliquots. Autoclave at 120°C for 20 min.

5. Notes

1. AGL1 is the Agrobacterium tumefaciens strain routinely used in our lab in con-
junction with the pBRACT series of vectors. LBA 4404, EHA101 and EHA105 
are also suitable Agrobacterium strains with other plasmids such as pCAM2200 
(from the pCAMBIA series) and the SLJ vectors SLJ1714 and SLJ1711.

2. Augmentin should preferably be made up fresh before use. However, it can be 
stored frozen and defrosted once. Prolonged storage will see a discoloration 
from pale yellow to dark brown.

3. MS salts with vitamins are available commercially in combination or separate. 
We prefer to use MS Salts without vitamins from Duchefa, and make up fresh 
Gamborg’s B5 vitamins to add prior to pouring. However, we have also used MS 
salts with MS vitamins (M0221) and understand that MS medium including 
Gamborg’s B5 vitamins (M0231) is also available. We believe adding vitamins 
after autoclaving maybe preferable, but we have not carried out enough direct 
comparisons to see if it significantly makes a difference.

4. Our in-house Arabidopsis germination media is used, for convenience, to 
germinate Brassica seeds. We have used a range of different germination media 
in the past successfully and believe it is the size of the seedling on the day of 
explant isolation that is most critical.

6. Conclusion

Access to easy-to-follow and reproducible transformation protocols is highly 
desirable. The authors aim is that the protocol described in this chapter, when read 
in conjunction with watching the video, will help to demystify those specialist skills 
often associated with tissue culture success.
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• 6-Benzylaminopurine (BAP) stock solution: 4 mg/mL. We prepare by dis-
solving 0.1 g of powder in minimal drops of 1 M NaOH. Make to final volume 
of 25 mL with sterile distilled water (SDW). Store at 4°C.

• MS Basal medium + 2 mg/L BAP: 4.3 g/L Murashige and Skoog (MS) salts 
(Duchefa, M0221) supplied without vitamins, 30 g/L Sucrose, 2 mg/L BAP 
(add 500 μl of BAP 4 mg/L stock), 500 mg/L 2-(N-morpholino) ethanesul-
fonic acid (MES), pH 5.7, and 8 g/L phytagar (Duchefa P1003). Autoclave at 
120°C for 20 min (see Note 3).

• Vitamin stocks: prepare 10 mg/mL Thiamine HCL, 1 mg/mL Pyridoxine, 1 mg/
mL Nicotinic acid and 100 mg/mL myo-inositol in SDW, and filter-sterilise. Store 
individually at 4°C except myo-inositol, which is stored at room temperature.

• Germination medium: MS including vitamins (M0222, Duchefa) 4.41 g/L, 
Glucose 1 g/L, 500 mg/L MES, 10 g/L Difco Bacto Agar (214,030, Becton 
Dickinson, Thermofischer), adjust pH to 5.7, autoclave (see Note 4).

• Co-cultivation medium: To the MS basal medium + 2BAP detailed above: 
add 1 mL each of the four vitamin stocks. One litre makes around 40 petri 
dishes (90 mm single vent, Slaughter Ltd, R&L).

• Selection medium: add 160 mg/L Timentin (1 mL Timentin stock) and 15 mg/L 
Kanamycin (150 μL of 100 mg/mL kanamycin stock) to 1 L of co-cultivation 
media and pour in petri dishes (100 × 20 mm STD, Sarstedt Limited). Alternatively 
replace Timentin with Augmentin at 600 mg/ml dropping to 300 mg/ml at later 
subcultures. One litre is enough for 20 petri dishes. The two control plates can be 
poured from a 1L flask of media before the kanamycin is added.

• Rooting medium: (B5 + 1% Sucrose). 3.05 g/L Gamborg B5 salts (Duchefa, 
G0209), 10 g/L Sucrose and 8 g/L Phyto agar (Duchefa P1003). Adjust pH 
to 5.8 with 1 M KOH and autoclave. Prior to pouring add filter-sterilised 
160 mg/L Timentin and 25 mg/L Kanamycin. Raising the selection level from 
15 to 25 mg/L reduces further the number of escapes that occur.

All media detailed above can be allowed to set and microwaved to re-melt if not 
poured immediately.

4.3 Agrobacterium culture media

• LB solid medium: 5 g/L Yeast Extract, 10 g/L NaCl, 10 g/L Tryptone and 
15 g/L Bactoagar; autoclave at 120°C for 20 min.
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• LB liquid medium: 5 g/L Yeast Extract, 10 g/L NaCl, 10 g/L Tryptone and 
dispense into 10 mL aliquots. Autoclave at 120°C for 20 min.

• MGL liquid medium: 5 g/L Tryptone, 2.5 g/L Yeast, 100 mg/L NaCl, 5 g/L 
Mannitol, 1 g Glutamic acid, 250 mg/L KH2PO4, 100 mg/L MgSO4, 1 μg/L 
Biotin and pH 7.

• MS Liquid medium: 4.3 g/L Murashige and Skoog (MS) salts, 30 g/L Sucrose, 
and pH 5.7 dispense into 100 mL aliquots. Autoclave at 120°C for 20 min.

5. Notes

1. AGL1 is the Agrobacterium tumefaciens strain routinely used in our lab in con-
junction with the pBRACT series of vectors. LBA 4404, EHA101 and EHA105 
are also suitable Agrobacterium strains with other plasmids such as pCAM2200 
(from the pCAMBIA series) and the SLJ vectors SLJ1714 and SLJ1711.

2. Augmentin should preferably be made up fresh before use. However, it can be 
stored frozen and defrosted once. Prolonged storage will see a discoloration 
from pale yellow to dark brown.

3. MS salts with vitamins are available commercially in combination or separate. 
We prefer to use MS Salts without vitamins from Duchefa, and make up fresh 
Gamborg’s B5 vitamins to add prior to pouring. However, we have also used MS 
salts with MS vitamins (M0221) and understand that MS medium including 
Gamborg’s B5 vitamins (M0231) is also available. We believe adding vitamins 
after autoclaving maybe preferable, but we have not carried out enough direct 
comparisons to see if it significantly makes a difference.

4. Our in-house Arabidopsis germination media is used, for convenience, to 
germinate Brassica seeds. We have used a range of different germination media 
in the past successfully and believe it is the size of the seedling on the day of 
explant isolation that is most critical.

6. Conclusion

Access to easy-to-follow and reproducible transformation protocols is highly 
desirable. The authors aim is that the protocol described in this chapter, when read 
in conjunction with watching the video, will help to demystify those specialist skills 
often associated with tissue culture success.
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Chapter 4

Construction and Evaluation of
Chloroplast Expression Vectors in
Higher Plants
Po-Yen Chen, Yung-Ting Tsai and Kin-Ying To

Abstract

Plastid transformation has a number of advantages in comparison with nuclear
transformation. Currently, only tobacco (Nicotiana tabacum) is routinely used
in plastid transformation. Here we constructed a series of chloroplast expression
vectors specific for spinach (pCEV1), tomato (pCEV2 and pCEV3), and
N. benthamiana (pCEV4). Selection marker aminoglycoside 30-adenyltransferase
(aadA) conferring spectinomycin resistance was used in pCEV1, pCEV2, and
pCEV4, while selection marker neomycin phosphotransferase II (nptII) was used in
pCEV3. The expression cassette in these vectors was integrated in the intergenic
spacer between trnI and trnA of plastid genome via homologous recombination.
Several transgenes, including a reporter gene encoding GFP:GUS fusion protein
and genes from tomato (lycopene b-cyclase, z-carotene desaturase) and bamboo
mosaic virus satellite RNA (encoding coat protein CP20), were independently
cloned into some of these vectors. Transient GUS expression was detected in
spinach leaves bombarded by pCEV1/GFP-GUS. Functional expression of
selection markers aadA and nptII was demonstrated for spinach, tomato, and
N. benthamiana. Seedling assay from T0 self-pollinated plant of transplastomic
N. benthamiana confirmed maternal inheritance of transgenes, and genomic PCR
analysis confirmed integration of transgenic expression cassette into the plastid
genome of N. benthamiana. Moreover, auxiliary vectors pECaad and pECnpt are
also reported.

Keywords: bombardment, chloroplast transformation, homologous recombination,
plastid transformation, transplastomic plant, vector construction

1. Introduction

Plastid transformation has a number of advantages in comparison with nuclear
transformation. It has high levels of transgene expression, position effect or gene
silencing is not found due to precise integration of the transgene into the host
plastid genome via homologous recombination, and further, gene flow through
pollen is not an issue due to maternal inheritance. Plastid transformation technol-
ogy is important for analyzing the functions of chloroplast genes and has also been
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pollen is not an issue due to maternal inheritance. Plastid transformation technol-
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widely used in mass production of foreign proteins for agronomic traits (such as
insect resistance, herbicide resistance, disease resistance, drought resistance, salt
resistance, phytoremediation, etc.), enzymes/biomaterials (such as cellulase,
endo-glucanase, monellin, polyhydroxybutyrate, xylanase, β-glucosidase, pectin
lyase, manganese peroxidase, superoxide dismutase, etc.), and pharmaceuticals/
vaccine antigens (such as interferon-γ, human serum albumin, human somatotro-
pin, insulin-like growth factor, thioredoxin 1, basic fibroblast growth factor,
aprotinin, cholera toxin, tetanus toxin, Canine parvovirus, anthrax protective anti-
gen, dengue virus, etc.) over the past few decades [1–6]. In most cases, only
tobacco (Nicotiana tabacum) is routinely chosen as a target plant in plastid trans-
formation [1]. Besides tobacco, a few studies using tomato, lettuce, oilseed rape,
potato, cabbage, cotton, carrot, N. benthamiana, etc., as target plants have also
been reported to produce foreign proteins by plastid transformation technology
[1–5, 7–10].

In nuclear transformation, one nuclear transformation vector can be applied to
multiple plants. For example, a nuclear transformation vector pCHS [carrying the
expression cassette for the selection marker neomycin phosphotransferase II (nptII)
driven by nopaline synthase (nos) promoter and Petunia chalcone synthase (chs)
driven by cauliflower mosaic virus 35S promoter] and an Agrobacterium tumefaciens-
mediated method were employed to a range of plant species including the high-
value medicinal plants Echinacea purpurea [11] and E. pallida [12], model plant
tobacco [13], medicinal herb Bidens pilosa [14], and the floricultural plant Cleome
spinosa [15]; the transfer DNA (T-DNA) containing the expression cassette in vec-
tor pCHS was integrated randomly in the nuclear chromosome of transgenic plants,
and the foreign Petunia chs and selection marker nptII were detected and expressed.
However, in plastid transformation, a plastid transformation vector has to be
constructed for each target plant which is quite a laborious work. A typical plastid
transformation vector consists of two components: (1) an expression cassette [a
gene of interest (GOI) which is inserted between the plastid promoter and the
plastid terminator, followed by a selection marker gene which is inserted between
the plastid promoter and the plastid terminator] and (2) a targeting sequence for
homologous recombination in the host plant plastid genome. The expression cas-
sette is located between the left targeting region (LTR) and the right targeting
region (RTR) in the vector, and this expression cassette is expected to integrate into
the plastid genome of the host plant through double homologous recombination
during plastid transformation [1, 3–5]. Thus, in comparison with random insertion
in nuclear transformation, the expression cassette is precisely inserted at the
predicted integration site of the plastid genome during plastid transformation. In
theory, any plastid DNA fragment within the plant plastid genome can serve as a
targeting region in plastid transformation, and the integration site for the foreign
expression cassette into the plant plastid genome can be anywhere within the
targeting region. In practice, only 10 or so plastid DNA sequences have been chosen
as targeting regions in plastid transformation [3]. Among them, the plastid trnI/
trnA sequence is the most frequently used as a targeting region, and the spacer
between trnI and trnA is the most frequently used as the integration site [1, 3]. In
addition, the selection marker aminoglycoside 30-adenyltransferase (aadA) confer-
ring resistance to spectinomycin or streptomycin is most frequently used in plastid
transformation, although other selection markers such as antibiotic resistance
(including nptII), herbicide resistance, photosynthesis, and metabolism have been
reported [16]. More recently, a new selection marker, namely, aminoglycoside
acetyltransferase/phosphotransferase, conferring tobramycin in tobacco plastid
transformation has been developed [17].
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Spinach (Spinacia oleracea), belonging to Chenopodiacea, is a leaf vegetable
which is an important source of vitamins and other essential nutrients in many
countries. Callus induction and plant regeneration from different explants including
leaves, cotyledons, and hypocotyls of several commercial spinach cultivars have
been reported [18, 19]. For nuclear transformation, an Agrobacterium-mediated
method was reported from leaf and hypocotyl explants of spinach cultivars Fall
Green and High Pack, and transgenic spinach plants expressing cucumber mosaic
virus coat protein were obtained [20]. In addition, Agrobacterium-mediated trans-
formation was also established from cotyledon explants of spinach cultivars
Longstanding Bloomsdale and Melody, and transgenic spinach plants expressing
reporter gene encoding green fluorescent protein (GFP) were regenerated [21].
However with regard to plastid transformation, although the complete chloroplast
genome of spinach has been published [22], plastid transformation in spinach has
not yet been reported. To initiate plastid transformation in spinach, we constructed
chloroplast expression vectors specific for spinach. During the construction, we
found that we can easily replace the host plant targeting sequence, which is crucial
for homologous recombination in plastid transformation, from spinach to other
plant species. Tomato (Solanum lycopersicum) was chosen as another target plant in
this study, since tomato is an important foodstuff worldwide. Although plastid
transformation was reported in tomato cultivar Santa Clara [7], we still wanted to
set up plastid transformation technology for tomato cultivar CL5915, a local Taiwan
cultivar. N. benthamiana was the third target plant in this study. Similar to the
widely used tobacco (N. tabacum), N. benthamiana has many advantages in cell
culture such as being easy to regenerate, short lifetime, and self-pollination. Two
more advantages in comparison with N. tabacum are the plant height and leaf size
which are much reduced in N. benthamiana, allowing it to serve as model plant for
fundamental research such as studies of host/virus interactions.

We want to set up chloroplast transformation technology in our laboratory. As a
first step in achieving the goal, we need to construct various chloroplast expression
vectors for different plant species. Here we describe the efficient construction of a
series of chloroplast expression vectors specific for spinach (pCEV1), tomato
(pCEV2 and pCEV3), and N. benthamiana (pCEV4). Selection marker aadA con-
ferring spectinomycin resistance was used in pCEV1, pCEV2, and pCEV4, while
selection marker nptII conferring kanamycin resistance was used in pCEV3. Subse-
quently, several transgenes, including reporter gene encoding GFP:GUS fusion
protein and genes from tomato [lycopene β-cyclase (LCY), ζ-carotene desaturase
(ZDS)] and bamboo mosaic virus satellite RNA (encoding coat protein CP20), were
independently cloned into some of these vectors. The reporter gene encoding GFP:
GUS fusion protein was inserted into all plastid vectors, so that the expression of the
transgene can be visualized by GFP fluorescence microscopy or GUS staining. LCY
and ZDS are key enzymes in the carotenoid biosynthesis pathway. Previously, a few
genes including LCY and ZDS have been cloned from tomato in our laboratory [23].
In this study, LCY and ZDS were selectively inserted into pCEV1 to investigate
whether we can engineer spinach by using plastid transformation technology.
CP20, encoded by bamboo mosaic virus satellite RNA, is the RNA-binding protein
essential for virus infection of the host plant [24]. Thus, the coding region of CP20
with or without untranslated regions was inserted into pCEV4 for N. benthamiana.
Accuracy of cloning GOI into these vectors has been demonstrated, and functional
expressions of reporter and selection marker genes have also been confirmed. In
addition, we further report two auxiliary vectors pECaad (carrying selection marker
aadA) and pECnpt (carrying selection marker nptII) which may facilitate vector
construction in other plant species.
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widely used in mass production of foreign proteins for agronomic traits (such as
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resistance, phytoremediation, etc.), enzymes/biomaterials (such as cellulase,
endo-glucanase, monellin, polyhydroxybutyrate, xylanase, β-glucosidase, pectin
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Spinach (Spinacia oleracea), belonging to Chenopodiacea, is a leaf vegetable
which is an important source of vitamins and other essential nutrients in many
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CP20, encoded by bamboo mosaic virus satellite RNA, is the RNA-binding protein
essential for virus infection of the host plant [24]. Thus, the coding region of CP20
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Accuracy of cloning GOI into these vectors has been demonstrated, and functional
expressions of reporter and selection marker genes have also been confirmed. In
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aadA) and pECnpt (carrying selection marker nptII) which may facilitate vector
construction in other plant species.
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2. Materials and methods

2.1 Plant material and culture conditions

Seeds of spinach (Spinacia oleracea), tomato (Solanum lycopersicum var.
CL5915), tobacco (Nicotiana tabacum var. W38), and N. benthamiana were indi-
vidually sterilized by sequential treatment with 70% ethanol for 0.5 min and 1%
sodium hypochlorite for 10 min, then washed thoroughly with sterile water, and
germinated on MS basal medium (MS salts [25]; 3% sucrose; 0.8% Bacto agar;
pH 5.7). The cultures were then incubated in a growth chamber at 22°C under a
photoperiod of 16 h illumination (100 μmol m�2 s�1) and 8 h darkness. In vitro
explants were used to establish the plant regeneration and plastid transformation.

2.2 Construction of chloroplast expression vector pCEV1

Schematic representation of the cloning procedure used to obtain a chloroplast
expression vector in this study is shown in Figure 1, and the list of the relevant
primers used in this study is shown in Table A1. Genomic DNA from green leaves
of the target plants was isolated by the cetyltrimethyammonium bromide (CTAB)
method [26]. DNA fragments of Prrn, TpsbA, PatpI, and Trps16 were amplified in
50 μl PCR mixture [1� PCR buffer; 200 μM dNPT; 0.5 μM each of gene-specific
forward and reverse primers; 500 ng tobacco (N. tabacum) genomic DNA; 2.5 U
FastTaq DNA polymerase]. The PCR mixture was denatured at 94°C for 5 min prior
to 35 amplification cycles (1 min at 94°C, 1 min at 55°C, 1 min at 72°C). Final
extension reaction was performed at 72°C for 10 min. Following amplification, PCR

Figure 1.
Schematic representation of the targeting region, integration site, and expression cassette in the chloroplast
expression vector. (a) Diagram showing chloroplast targeting sequence for homologous recombination. Left
targeting region (ca. 2 kb) was composed of partial 16S rRNA and trnI, while the right targeting region (ca.
2 kb) was composed of trnA and partial 23S rRNA. Integration site for expression cassette was designed at the
intergenic spacer between trnI and trnA. (b) Diagram showing the expression cassette between the left targeting
region and the right targeting region. The expression cassette was composed of the synthetic unique cloning sites
(NotI, SacII, AscI) which were inserted between atpI promoter and rps16 terminator, followed by selection
marker aadA which was inserted between rrn promoter and psbA terminator. Gene of interest (GOI) can be
inserted into the expression cassette at the cloning sites.
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products were analyzed on a 1% agarose gel, and PCR fragments were cut out of the
gel, purified by the Zymoclean gel DNA recovery kit (Zymo Research, Orange, CA,
USA), cloned into pGEM-T Easy vector (3015 bp; Promega), and then sequenced by
an automatic DNA sequencer (ABI PRISM 377 DNA Sequencer, PerkinElmer).
Stepwise protocols for cloning pCEV1 (Figure 2) were as follows.

2.2.1 Cloning of Prrn-aadA-TpsbA fragment into pUC19

a. TpsbA (222 bp) was inserted into pUC19: As mentioned above, PCR
amplification was carried out using TpsbA-F (containing XbaI site) and
TpsbA-R (containing PstI site) as primers and 500 ng tobacco genomic DNA
as template. After PCR amplification, PCR products were purified and cloned
into pGEM-T Easy vector. Plasmid carrying XbaI-TpsbA-PstI was isolated and
double digested by XbaI and PstI and then ligated with pUC19 (2686 bp; New
England Biolabs) which was double digested by XbaI and PstI, resulting in
pUC19/TpsbA.

b. Prrn (219 bp) was inserted into pUC19/TpsbA: PCR amplification was carried
out using Prrn-F (containing the KpnI site) and Prrn-R (containing the
BamHI site) as primers and 500 ng tobacco genomic DNA as template. After
PCR amplification, PCR products were purified and cloned into pGEM-T
Easy vector. Plasmid carrying KpnI-Prrn-BamHI was isolated and doubled
digested by KpnI and BamHI and then ligated with pUC19/TpsbA which was
double digested by KpnI and BamHI, resulting in pUC19/Prrn-TpsbA.

c. aadA (792 bp) was inserted between Prrn and TpsbA in pUC19: PCR
amplification was carried out using aadA-F (containing the BamHI site) and
aadA-R (containing the XbaI site) as primers and 500 ng plasmid DNA of

Figure 2.
Step-by-step cloning protocol.
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products were analyzed on a 1% agarose gel, and PCR fragments were cut out of the
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pCR8 (Invitrogen) as DNA template. After PCR amplification, PCR products
were purified and cloned into pGEM-T Easy vector. Plasmid carrying BamHI-
aadA-XbaI was isolated and double digested by BamHI and XbaI and then
ligated with pUC19/Prrn-TpsbA which was double digested by BamHI and
XbaI, resulting in pUC19/Prrn-aadA-TpsbA.

2.2.2 Cloning of spinach left targeting region (LTR; 2019 bp fragment containing partial
16S rRNA and full-length trnI in spinach chloroplast genome) into pUC19/Prrn-
aadA-TpsbA

PCR amplification was carried out using 16S/trnI-F (containing the SacI site)
and 16S/trnI-R (containing the kpnI site) as primers and 500 ng of spinach (S.
oleracea) genomic DNA as DNA template. After PCR amplification, PCR products
were purified and cloned into pGEM-T Easy vector. Plasmid carrying SacI-LTR-
KpnI was isolated and double digested by SacI and KpnI and then ligated with
pUC19/Prrn-aadA-TpsbA which was double digested by SacI and KpnI, resulting in
pUC19/LTR + (Prrn-aadA-TpsbA).

2.2.3 Cloning of spinach right targeting region (RTR; 2031 bp fragment containing full-
length trnA and partial 23S rRNA in spinach)

PCR amplification was carried out using trnA/23S-F (containing the PstI site)
and trnA/23S-R (containing the PstI site) as primers and 500 ng of spinach genomic
DNA as DNA template. After PCR amplification, PCR products were purified and
cloned into pGEM-T Easy vector. Plasmid carrying PstI-RTR-PstI was isolated and
digested by PstI and then ligated with pUC19/LTR + (Prrn-aadA-TpsbA) which was
digested by PstI, resulting in pUC19/LTR + (Prrn-aadA-TpsbA) + RTR.

2.2.4 Cloning of PatpI-(cloning sites)-Trps16 into pUC19/LTR + (Prrn-aadA-
TpsbA) + RTR

a. Preparation of PatpI (248 bp) fragment: PCR amplification was carried out
using PatpI-F (containing the KpnI site) and PatpI-R (containing the NotI and
SacII sites) as primers and 500 ng tobacco genomic DNA as template. After
PCR amplification, PCR products were purified and cloned into pGEM-T
Easy vector.

b. Preparation of Trps16 (169 bp) fragment: PCR amplification was carried out
using Trps16-F (containing the SacII and AscI sites) and Trps16-R (containing
the KpnI site) as primers and 500 ng tobacco genomic DNA as template. After
PCR amplification, PCR products were purified and cloned into pGEM-T
Easy vector.

c. Preparation of PatpI-(cloning sites)-Trps16 fragment in pGEM-T Easy vector:
pGEM-T Easy vector carrying PatpI was digested by SacII, a small 0.3 kb
fragment containing SacII-KpnI-PatpI-NotI-SacII (the 50 SacII-KpnI
sequence was derived from multiple cloning sites in pGEM-T Easy vector and
bold) and was isolated by gel electrophoresis and purified. Meanwhile,
pGEM-T Easy vector carrying Trps16 was digested by SacII, the large
fragment containing SacII-AscI-Trps16-KpnI and almost complete pGEM-T
Easy vector, was isolated by gel electrophoresis and purified, and then ligated
with SacII-KpnI-PatpI-NotI-SacII fragment. As a result, pGEM-T Easy vector
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carrying SacII-KpnI-PatpI-NotI-SacII-AscI-Trps16-KpnI fragment was
generated. The cloning site (NotI-SacII-AscI) is 16 bp in length.

d. Cloning of PatpI-Trps16 fragment into pUC19/LTR + (Prrn-aadA-
TpsbA) + RTR: The plasmid pGEM-T Easy vector carrying SacII-KpnI-PatpI-
NotI-SacII-AscI-Trps16-KpnI fragment was digested by KpnI; this PatpI-
Trps16 fragment was isolated and purified and then ligated with pUC19/
LTR + (Prrn-aadA-TpsbA) + RTR which was digested by KpnI. As a result,
pUC19 carrying LTR + (PatpI-cloning site-Trps16) + (Prrn-aadA-
TpsbA) + RTR was generated, and this chloroplast expression vector for
spinach was designated as pCEV1 (8375 bp; Figure 3a).

2.3 Cloning of GOI into pCEV1

PCR amplification was carried out using LCY-F (containing NotI site) and LCY-
R (containing AscI site) as primers and 500 ng plasmid DNA of our tomato cDNA
clone encoding lycopene β-cylase (LCY, 1503 bp; Accession no. EF650013) as DNA
template. After PCR amplification, PCR products were purified and cloned into
pGEM-T Easy vector. Plasmid carrying NotI-LCY-AscI was isolated and double
digested by NotI and AscI and then ligated with pCEV1 which was double digested
by NotI and AscI, resulting pCEV1/LCY (9878 bp; Figure 3b). Similarly, PCR
amplification was carried out using ZDS-F (containing NotI site) and ZDS-R
(containing AscI site) as primers and 500 ng plasmid DNA of our tomato cDNA

Figure 3.
Chloroplast expression vector pCEV1 and its derivatives specific for spinach. (a) pCEV1. Cloning sites (NotI,
SacII, AscI) were inserted between atpI promoter and rps16 terminator. (b) pCEV1/LCY. The cDNA
fragment (1503 bp) encoding lycopene β-cyclase (LCY) from tomato was cloned into pCEV1 which was double
digested with NotI and AscI, resulting in pCEV1/LCY. (c) pCEV1/ZDS. The cDNA fragment (1767 bp)
encoding ζ-carotene desaturase (ZDS) from tomato was cloned into pCEV1 which was double digested with
NotI and AscI, resulting in pCEV1/LCY. (d) pCEV1/GFP-GUS. The DNA fragment (2568 bp) encoding
mGFP5-GUSA fusion protein from plasmid pCAMBIA1304 was cloned into pCEV1 which was double
digested with NotI and AscI, resulting in pCEV1/GFP-GUS.
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template. After PCR amplification, PCR products were purified and cloned into
pGEM-T Easy vector. Plasmid carrying NotI-LCY-AscI was isolated and double
digested by NotI and AscI and then ligated with pCEV1 which was double digested
by NotI and AscI, resulting pCEV1/LCY (9878 bp; Figure 3b). Similarly, PCR
amplification was carried out using ZDS-F (containing NotI site) and ZDS-R
(containing AscI site) as primers and 500 ng plasmid DNA of our tomato cDNA

Figure 3.
Chloroplast expression vector pCEV1 and its derivatives specific for spinach. (a) pCEV1. Cloning sites (NotI,
SacII, AscI) were inserted between atpI promoter and rps16 terminator. (b) pCEV1/LCY. The cDNA
fragment (1503 bp) encoding lycopene β-cyclase (LCY) from tomato was cloned into pCEV1 which was double
digested with NotI and AscI, resulting in pCEV1/LCY. (c) pCEV1/ZDS. The cDNA fragment (1767 bp)
encoding ζ-carotene desaturase (ZDS) from tomato was cloned into pCEV1 which was double digested with
NotI and AscI, resulting in pCEV1/LCY. (d) pCEV1/GFP-GUS. The DNA fragment (2568 bp) encoding
mGFP5-GUSA fusion protein from plasmid pCAMBIA1304 was cloned into pCEV1 which was double
digested with NotI and AscI, resulting in pCEV1/GFP-GUS.
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clone encoding ζ-carotene desaturase (ZDS, 1767 bp; Accession no. EF650012) as
DNA template. After PCR amplification, PCR products were purified and cloned
into pGEM-T Easy vector. Plasmid carrying NotI-ZDS-AscI was isolated and double
digested by NotI and AscI and then ligated with pCEV1 which was double digested
by NotI and AscI, resulting in pCEV1/ZDS (10,142 bp; Figure 3c). For cloning the
gene (2568 bp) encoding mGFP5-GUSA fusion protein, PCR amplification was
carried out using mGPF5-F (containing NotI site) and GUSA-R (containing AscI
site) as primers and 500 ng plasmid DNA of pCAMBIA1304 (Center for the Appli-
cation of Molecular Biology to International Agriculture, Australia) as DNA tem-
plate. After PCR amplification, PCR products were purified and cloned into pGEM-
T Easy vector. Plasmid carrying NotI-GFP-GUS-AscI was isolated and double
digested by NotI and AscI and then ligated with pCEV1 which was double digested
by NotI and AscI, resulting in pCEV1/GFP-GUS (10,943 bp; Figure 3d).

2.4 Construction of chloroplast expression vectors pCEV2 and pCEV3 and
their derivatives

2.4.1 Cloning of expression cassette [(PatpI-Trps16) + (Prrn-aadA-TpsbA)] into pUC19

PCR amplification was carried out using SacI+PatpI-F (containing the SacI site)
and TpsbA+PstII-R (containing the PstII site) as primers and 500 ng pCEV1 plasmid
DNA as template. After PCR amplification, PCR products (1.7 kb) were purified
and double digested by SacI and PstII and then ligated with pUC19 (ampicillin
resistance marker; 2686 bp) which was doubled digested by SacI and PstII, resulting
in pUC19/(PatpI-Trps16) + (Prrn-aadA-TpsbA). As described in pCEV1, cloning
sites (NotI, SacII, AscI) for GOI are located between PatpI and Trps16. Thus, the
resulting plasmid carrying expression cassette for GOI and aadA selection marker
on pUC19 was designated as pECaad (4343 bp).

2.4.2 Cloning of tomato LTR (containing partial 16S rRNA and full-length trnI;
1994 bp) into pECaad

PCR amplification was carried out using SacI+16S/trnI-F (containing the SacI
site) and Le 16S/trnI+SacI-R (containing the SacI site) as primers and 500 ng
tomato (S. lycopersicum var. CL5915) genomic DNA as template. After PCR ampli-
fication, PCR products (2 kb) were isolated and cloned into pGEM-T Easy vector.
Plasmids carrying SacI-LTR-SacI were isolated and digested by SacI and then ligated
with pECaad which was digested by SacI, resulting in pUC19/LTR + (PatpI-
Trps16) + (Prrn-aadA-TpsbA).

2.4.3 Cloning of tomato RTR (containing full-length trnA and partial 23S rRNA;
2004 bp) into pUC19/LTR + (PatpI-Trps16) + (Prrn-aadA-TpsbA)

PCR amplification was carried out using Le PstI+trnA/23S-F (containing the PstI
site) and trnA/23S+PstI-R (containing the PstI site) as primers and tomato (S.
lycopersicum var. CL5915) genomic DNA as template. After PCR amplification, PCR
products (2 kb) were isolated and cloned into pGEM-T Easy vector. Plasmid carry-
ing PstI-LTR-PstI was isolated and digested by PstI and then ligated with pUC19/
LTR + (PatpI-Trps16) + (Prrn-aadA-TpsbA) which was digested by PstI. As a result,
pUC19 carrying LTR + (PatpI-Trps16) + (Prrn-aadA-TpsbA) + RTR was generated,
and this chloroplast expression vector for tomato was designated as pCEV2
(8353 bp).
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2.4.4 Cloning of GOI into pCEV2

As described in pCEV1, for cloning the gene (2568 bp) encoding GFP:GUS fusion
protein, PCR amplification was carried out using mGPF5-F (containingNotI site) and
GUSA-R (containing AscI site) as primers and 500 ng plasmid DNA of
pCAMBIA1304 as DNA template. After PCR amplification, PCR products were puri-
fied and cloned into pGEM-T Easy vector. Plasmid carrying NotI-GFP-GUS-AscI was
isolated and double digested byNotI andAscI and then ligated with pCEV2 which was
double digested by NotI and AscI, resulting in pCEV2/GFP-GUS (10,921 bp).

2.4.5 Construction of pCEV3 and pCEV3/GFP-GUS

To clone the nptII gene (795 bp), PCR amplification was carried out using
BamHI+NPTII-F (containing BamHI site) and XbaI+NPTII-R (containing XbaI site)
as primers and 500 ng pBI121 (GenBank Accession no. AF485783; [27]) plasmid
DNA as template. After PCR amplification, PCR products (0.8 kb) were purified
and double digested by BamHI and XbaI and then ligated with pECaad [i.e., pUC19/
(PatpI-Trps16) + (Prrn-aadA-TpsbA)] which was double digested by BamHI and
XbaI. Thus, the BamHI-aadA-XbaI fragment was replaced by the BamHI-nptII-XbaI
fragment. As a result, pUC19/(PatpI-Trps16) + (Prrn-nptII-TpsbA) was generated
and designated as pECnpt (4346 bp). Again, as described in pCEV1, cloning sites
(NotI, SacII, AscI) for GOI are located between PatpI and Trps16. The rest of the
protocol for cloning tomato LTR and RTR sequences was the same as described for
pCEV2. Finally, the new chloroplast expression vector, carrying nptII gene as selec-
tion marker for kanamycin resistance, for tomato was designated as pCEV3
(8356 bp). Using the same strategy, the gene encoding mGFP5-GUSA fusion protein
was inserted into pCEV3, resulting in pCEV3/GFP-GUS (10,924 bp).

2.5 Construction of chloroplast expression vector pCEV4 and its derivatives

Similar to pCEV2, N. benthamiana (Accession no. FJ217346) LTR (containing
partial 16S rRNA and full-length trnI; 1995 bp) was first cloned into pECaad [i.e.,
pUC19/(PatpI-Trps16) + (Prrn-aadA-TpsbA)] as follows: PCR amplification was
carried out using Nb-SacI+16S/trnI-F (containing the SacI site) and Nb-16S/trnI
+SacI-R (containing the SacI site) as primers and 500 ng N. benthamiana genomic
DNA as template. After PCR amplification, PCR products (2 kb) were isolated and
cloned into pGEM-T Easy vector. Plasmid carrying SacI-LTR-SacI was isolated and
digested by SacI and then ligated with pECaad which was digested by SacI, resulting
in pUC19/LTR + (PatpI-Trps16) + (Prrn-aadA-TpsbA). Then, cloning of N.
benthamiana RTR (containing full-length trnA and partial 23S rRNA; 1908 bp) into
the above plasmid pUC19/LTR + (PatpI-Trps16) + (Prrn-aadA-TpsbA) was
described as follows: PCR amplification was carried out using Nb-PstI+trnA/23S-F
(containing the PstI site) and Nb-trnA/23S + PstI-R (containing the PstI site) as
primers and 500 ng N. benthamiana genomic DNA as template. After PCR amplifi-
cation, PCR products (1.9 kb) were isolated and cloned into pGEM-T Easy vector.
Plasmid carrying PstI-RTR-PstI was isolated and digested by PstI and then ligated
with pUC19/LTR + (PatpI-Trps16) + (Prrn-aadA-TpsbA) which was digested by
PstI. As a result, pUC19 carrying LTR + (PatpI-Trps16) + (Prrn-aadA-TpsbA) + RTR
was generated, and this chloroplast expression vector for N. benthamiana was
designated as pCEV4 (8246 bp).

For cloning of GOI into pCEV4, PCR amplification was carried out using NotI-
BaMV_S-F (containing the NotI site) and BaMV_S_CP-AscI-R (containing the AscI
site) as primers and 500 ng plasmid pBS2–8 DNA carrying bamboo mosaic virus
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clone encoding ζ-carotene desaturase (ZDS, 1767 bp; Accession no. EF650012) as
DNA template. After PCR amplification, PCR products were purified and cloned
into pGEM-T Easy vector. Plasmid carrying NotI-ZDS-AscI was isolated and double
digested by NotI and AscI and then ligated with pCEV1 which was double digested
by NotI and AscI, resulting in pCEV1/ZDS (10,142 bp; Figure 3c). For cloning the
gene (2568 bp) encoding mGFP5-GUSA fusion protein, PCR amplification was
carried out using mGPF5-F (containing NotI site) and GUSA-R (containing AscI
site) as primers and 500 ng plasmid DNA of pCAMBIA1304 (Center for the Appli-
cation of Molecular Biology to International Agriculture, Australia) as DNA tem-
plate. After PCR amplification, PCR products were purified and cloned into pGEM-
T Easy vector. Plasmid carrying NotI-GFP-GUS-AscI was isolated and double
digested by NotI and AscI and then ligated with pCEV1 which was double digested
by NotI and AscI, resulting in pCEV1/GFP-GUS (10,943 bp; Figure 3d).

2.4 Construction of chloroplast expression vectors pCEV2 and pCEV3 and
their derivatives

2.4.1 Cloning of expression cassette [(PatpI-Trps16) + (Prrn-aadA-TpsbA)] into pUC19

PCR amplification was carried out using SacI+PatpI-F (containing the SacI site)
and TpsbA+PstII-R (containing the PstII site) as primers and 500 ng pCEV1 plasmid
DNA as template. After PCR amplification, PCR products (1.7 kb) were purified
and double digested by SacI and PstII and then ligated with pUC19 (ampicillin
resistance marker; 2686 bp) which was doubled digested by SacI and PstII, resulting
in pUC19/(PatpI-Trps16) + (Prrn-aadA-TpsbA). As described in pCEV1, cloning
sites (NotI, SacII, AscI) for GOI are located between PatpI and Trps16. Thus, the
resulting plasmid carrying expression cassette for GOI and aadA selection marker
on pUC19 was designated as pECaad (4343 bp).

2.4.2 Cloning of tomato LTR (containing partial 16S rRNA and full-length trnI;
1994 bp) into pECaad

PCR amplification was carried out using SacI+16S/trnI-F (containing the SacI
site) and Le 16S/trnI+SacI-R (containing the SacI site) as primers and 500 ng
tomato (S. lycopersicum var. CL5915) genomic DNA as template. After PCR ampli-
fication, PCR products (2 kb) were isolated and cloned into pGEM-T Easy vector.
Plasmids carrying SacI-LTR-SacI were isolated and digested by SacI and then ligated
with pECaad which was digested by SacI, resulting in pUC19/LTR + (PatpI-
Trps16) + (Prrn-aadA-TpsbA).

2.4.3 Cloning of tomato RTR (containing full-length trnA and partial 23S rRNA;
2004 bp) into pUC19/LTR + (PatpI-Trps16) + (Prrn-aadA-TpsbA)

PCR amplification was carried out using Le PstI+trnA/23S-F (containing the PstI
site) and trnA/23S+PstI-R (containing the PstI site) as primers and tomato (S.
lycopersicum var. CL5915) genomic DNA as template. After PCR amplification, PCR
products (2 kb) were isolated and cloned into pGEM-T Easy vector. Plasmid carry-
ing PstI-LTR-PstI was isolated and digested by PstI and then ligated with pUC19/
LTR + (PatpI-Trps16) + (Prrn-aadA-TpsbA) which was digested by PstI. As a result,
pUC19 carrying LTR + (PatpI-Trps16) + (Prrn-aadA-TpsbA) + RTR was generated,
and this chloroplast expression vector for tomato was designated as pCEV2
(8353 bp).
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2.4.4 Cloning of GOI into pCEV2

As described in pCEV1, for cloning the gene (2568 bp) encoding GFP:GUS fusion
protein, PCR amplification was carried out using mGPF5-F (containingNotI site) and
GUSA-R (containing AscI site) as primers and 500 ng plasmid DNA of
pCAMBIA1304 as DNA template. After PCR amplification, PCR products were puri-
fied and cloned into pGEM-T Easy vector. Plasmid carrying NotI-GFP-GUS-AscI was
isolated and double digested byNotI andAscI and then ligated with pCEV2 which was
double digested by NotI and AscI, resulting in pCEV2/GFP-GUS (10,921 bp).

2.4.5 Construction of pCEV3 and pCEV3/GFP-GUS

To clone the nptII gene (795 bp), PCR amplification was carried out using
BamHI+NPTII-F (containing BamHI site) and XbaI+NPTII-R (containing XbaI site)
as primers and 500 ng pBI121 (GenBank Accession no. AF485783; [27]) plasmid
DNA as template. After PCR amplification, PCR products (0.8 kb) were purified
and double digested by BamHI and XbaI and then ligated with pECaad [i.e., pUC19/
(PatpI-Trps16) + (Prrn-aadA-TpsbA)] which was double digested by BamHI and
XbaI. Thus, the BamHI-aadA-XbaI fragment was replaced by the BamHI-nptII-XbaI
fragment. As a result, pUC19/(PatpI-Trps16) + (Prrn-nptII-TpsbA) was generated
and designated as pECnpt (4346 bp). Again, as described in pCEV1, cloning sites
(NotI, SacII, AscI) for GOI are located between PatpI and Trps16. The rest of the
protocol for cloning tomato LTR and RTR sequences was the same as described for
pCEV2. Finally, the new chloroplast expression vector, carrying nptII gene as selec-
tion marker for kanamycin resistance, for tomato was designated as pCEV3
(8356 bp). Using the same strategy, the gene encoding mGFP5-GUSA fusion protein
was inserted into pCEV3, resulting in pCEV3/GFP-GUS (10,924 bp).

2.5 Construction of chloroplast expression vector pCEV4 and its derivatives

Similar to pCEV2, N. benthamiana (Accession no. FJ217346) LTR (containing
partial 16S rRNA and full-length trnI; 1995 bp) was first cloned into pECaad [i.e.,
pUC19/(PatpI-Trps16) + (Prrn-aadA-TpsbA)] as follows: PCR amplification was
carried out using Nb-SacI+16S/trnI-F (containing the SacI site) and Nb-16S/trnI
+SacI-R (containing the SacI site) as primers and 500 ng N. benthamiana genomic
DNA as template. After PCR amplification, PCR products (2 kb) were isolated and
cloned into pGEM-T Easy vector. Plasmid carrying SacI-LTR-SacI was isolated and
digested by SacI and then ligated with pECaad which was digested by SacI, resulting
in pUC19/LTR + (PatpI-Trps16) + (Prrn-aadA-TpsbA). Then, cloning of N.
benthamiana RTR (containing full-length trnA and partial 23S rRNA; 1908 bp) into
the above plasmid pUC19/LTR + (PatpI-Trps16) + (Prrn-aadA-TpsbA) was
described as follows: PCR amplification was carried out using Nb-PstI+trnA/23S-F
(containing the PstI site) and Nb-trnA/23S + PstI-R (containing the PstI site) as
primers and 500 ng N. benthamiana genomic DNA as template. After PCR amplifi-
cation, PCR products (1.9 kb) were isolated and cloned into pGEM-T Easy vector.
Plasmid carrying PstI-RTR-PstI was isolated and digested by PstI and then ligated
with pUC19/LTR + (PatpI-Trps16) + (Prrn-aadA-TpsbA) which was digested by
PstI. As a result, pUC19 carrying LTR + (PatpI-Trps16) + (Prrn-aadA-TpsbA) + RTR
was generated, and this chloroplast expression vector for N. benthamiana was
designated as pCEV4 (8246 bp).

For cloning of GOI into pCEV4, PCR amplification was carried out using NotI-
BaMV_S-F (containing the NotI site) and BaMV_S_CP-AscI-R (containing the AscI
site) as primers and 500 ng plasmid pBS2–8 DNA carrying bamboo mosaic virus
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strain S complete genome (6366 bp; GenBank Accession number AF018156) as
DNA template. After PCR amplification, PCR products (753 bp containing enzyme
cutting sites) for coding region of CP20 were purified and cloned into pGEM-T
Easy vector. Plasmid carrying NotI-BaMV_S_CP-AscI was isolated and double
digested by NotI and AscI and then ligated with pCEV4 which was double digested
by NotI and AscI, resulting in pCEV4/BaMV (8975 bp). In addition, PCR amplifica-
tion was carried out using NotI-BSL6-F (containing the NotI site) and BSL6-AscI-R
(containing the AscI site) as primers and 500 ng plasmid pBSL6 DNA [carrying 50-
untranslated region (50-UTR), coding region of CP20, and 30-UTR] as DNA tem-
plate. After PCR amplification, PCR products (861 bp containing enzyme cutting
sites) of BSL6 (i.e., CP20 containing 50-UTR and 30-UTR) were purified and cloned
into pGEM-T Easy vector. Plasmid carrying NotI-BSL6-AscI was isolated and double
digested by NotI and AscI and then ligated with pCEV4 which was double digested
by NotI and AscI, resulting in pCEV4/BSL6 (9083 bp). For cloning the gene
encoding mGFP5-GUSA fusion protein, the same strategy was used as for pCEV1.
In brief, PCR products of NotI-GFP-GUS-AscI were isolated and double digested by
NotI and AscI and then ligated with pCEV4 which was double digested by NotI and
AscI, resulting in pCEV4/GFP-GUS (10,814 bp).

2.6 Bombardment and transient GUS expression in spinach leaves

Spinach (S. oleracea cv. Green Giant; Known-You Seed Company, Taiwan)
young leaves were excised from in vitro-grown plantlets and inoculated on culture
medium [MS salts and vitamins (Duchefa Biochemie B.V., The Netherlands); 3%
sucrose; 0.4 mg l�1 NAA; 1.0 mg l�1 BA; 1.0 mg l�1 GA3; 0.8% Bacto agar, pH 5.8] in
the dark for 3 days. Then, leaves were bombarded by the biolistic bombardment
device (PDS-1000/He Particle Delivery System, Bio-Rad) with 1.25 mg of 0.6 μm
gold particles (Bio-Rad) coated with 5 μg of plasmid DNA (pCEV1/GFP-GUS or
pCAMBIA1305.1) using 1100 psi rupture disks (Bio-Rad). The distance from the
uncovered Petri dish containing the leaf sample to the top of the PDS chamber was
set to 9 cm, and the vacuum was set to 27 mm Hg. After bombardment, the samples
were kept in the dark for 1 day.

GUS activity in bombarded leaves was determined according to the histochem-
ical procedure [28]. Briefly, spinach leaves were stained in staining buffer [100 mM
phosphate buffer; pH 7.0; 0.5 mM ferrocyanide; 0.5 mM ferricyanide; 10 mM
EDTA, pH 8.0; 0.1% Triton X-100; 1 mM Gluc (5-bromo-4-chloro-3-indolyl-β-D-
glucuronic acid, USB)] and incubated overnight at 37°C. Chlorophylls from leaf
tissue were removed by soaking in 70% ethanol several times.

2.7 Plastid transformation in spinach and tomato

Leaf segments were cut from in vitro-grown plantlets of spinach and inoculated
on SO culture medium (MS salts and vitamins; 3% sucrose; 0.5 mg l�1 2,4-D;
2 mg l�1 kinetin; 0.8% Bacto agar; pH 5.8) for 1 day in a growth chamber with a
cycle of 8 h light at 22°C and 16 h dark at 20°C. Conditions for bombardment were
as described above, except that plasmid pCEV1/GFP-GUS, pCEV1/LCY, or pCEV1/
ZDS was used in each individual experiment. After bombardment, the sample was
cultured in the dark for 4 days. Then, the bombarded leaf segments were trimmed
into small pieces of 2–4 mm2, transferred onto SO selection medium (SO culture
medium supplemented with 300 mg l�1 spectinomycin), and cultured for 1 month
in a growth chamber with a cycle of 8 h light at 22°C and 16 h dark at 20°C. Survival
green calli were picked up and transferred onto fresh SO selection medium and
cultured for another 1 month in the same growth chamber.
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For plastid transformation in tomato, leaf segments were cut from plantlets of
tomato (S. lycopersicum cv. CL5915) grown in vitro and inoculated on SL culture
medium (MS salts and vitamins; 3% sucrose; 0.2 mg l�1 2,4-D; 0.1 mg l�1 kinetin;
0.8% Bacto agar; pH 5.8) for 1 day in a growth chamber with a cycle of 8 h light at
22°C and 16 h dark at 20°C. Conditions for bombardment were as described above,
except that plasmid pCEV2/GFP-GUS or pCEV3/GFP-GUS was used in each indi-
vidual experiment. After bombardment, the sample was cultured in the dark for
3 days. Then, the bombarded leaf segments were trimmed into small pieces of 2–
4 mm2, transferred onto SL selection medium (MS salts and vitamins; 3% sucrose;
1 mg l�1 NAA; 1 mg l�1 zeatin; 0.8% Bacto agar; pH 5.8), and supplemented with
300 mg l�1 spectinomycin (for pCEV2/GFP-GUS) or 50 mg l�1 kanamycin (for
pCEV3/GFP-GUS) for 1 month in the same growth chamber. Survival green calli
were picked up and transferred on fresh selection medium for another 1 month.

2.8 Plastid transformation and selection of transplastomic lines in N.
benthamiana

Leaf segments were cut from in vitro-grown plantlets of N. benthamiana and
inoculated on NB culture medium (MS salts and vitamins; 3% sucrose; 0.1 mg l�1

NAA; 1.0 mg l�1 BA; 0.8% Bacto agar; pH 5.8) for 1 day in a growth chamber with a
cycle of 8 h light at 22°C and 16 h dark at 20°C. Conditions for bombardment were
previously described, except that plasmid pCEV4/BaMV or pCEV4/BSL6 was used
in each individual experiment. After bombardment, the sample was cultured in the
dark for 3 days. Then, the bombarded leaf segments were trimmed into small pieces
of 2–4 mm2, transferred onto NB selection medium (NB culture medium
supplemented with 300 mg l�1 spectinomycin), and cultured for 1 month in a
growth chamber with a cycle of 8 h light at 22°C and 16 h dark at 20°C. Survival
green shoots were excised and transferred onto MS basal medium for rooting. The
rooted plantlets were transferred into pots and grown in a greenhouse.

2.9 Transplastomic plant verification by PCR analysis

Transplastomic plant verification was carried out with putative transformants
and wild-type N. benthamiana plants by PCR analysis. Total genomic DNA was
extracted from green leaves of putative transformants and wild-type plants using
the CTAB method [26]. PCR was carried out with the following sets of primers
(Table A1): BSL-F and BSL-R for amplification of 837-bp-long DNA fragment
corresponding to the 50 UTR coding region and 30 UTR of coat protein (CP20) in
BaMV strain S (GenBank Accession no. AF018156), BaMV-F and BaMV-R for
amplification of 729-bp-long DNA fragment corresponding to the coding region of
CP20 in BaMV strain S, TpsbA-F and trnI-trnA-r for amplification of 351-bp-long
DNA fragment corresponding to the truncated sequence composed of the trans-
genic TpsbA and partial RTR ofN. benthamiana chloroplast genome, and trnA-f and
23S-rRNA-r for amplification of 342-bp-long DNA fragment located within the RTR
of N. benthamiana chloroplast genome. PCR reactions were performed under the
following conditions: (a) denaturation for 5 min at 94°C; (b) 35 cycles of 1 min at
94°C, 1 min at 55°C, and 1 min at 72°C; and (c) extension for 10 min at 72°C.
Following amplification, PCR products were analyzed by electrophoresis.

2.10 Seedling assay for spectinomycin resistance

T1 seeds from a self-pollinated transplastomic plant were sterilized in 70%
ethanol for 0.5 min followed by 1% sodium hypochlorite for 10 min and washed
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strain S complete genome (6366 bp; GenBank Accession number AF018156) as
DNA template. After PCR amplification, PCR products (753 bp containing enzyme
cutting sites) for coding region of CP20 were purified and cloned into pGEM-T
Easy vector. Plasmid carrying NotI-BaMV_S_CP-AscI was isolated and double
digested by NotI and AscI and then ligated with pCEV4 which was double digested
by NotI and AscI, resulting in pCEV4/BaMV (8975 bp). In addition, PCR amplifica-
tion was carried out using NotI-BSL6-F (containing the NotI site) and BSL6-AscI-R
(containing the AscI site) as primers and 500 ng plasmid pBSL6 DNA [carrying 50-
untranslated region (50-UTR), coding region of CP20, and 30-UTR] as DNA tem-
plate. After PCR amplification, PCR products (861 bp containing enzyme cutting
sites) of BSL6 (i.e., CP20 containing 50-UTR and 30-UTR) were purified and cloned
into pGEM-T Easy vector. Plasmid carrying NotI-BSL6-AscI was isolated and double
digested by NotI and AscI and then ligated with pCEV4 which was double digested
by NotI and AscI, resulting in pCEV4/BSL6 (9083 bp). For cloning the gene
encoding mGFP5-GUSA fusion protein, the same strategy was used as for pCEV1.
In brief, PCR products of NotI-GFP-GUS-AscI were isolated and double digested by
NotI and AscI and then ligated with pCEV4 which was double digested by NotI and
AscI, resulting in pCEV4/GFP-GUS (10,814 bp).

2.6 Bombardment and transient GUS expression in spinach leaves

Spinach (S. oleracea cv. Green Giant; Known-You Seed Company, Taiwan)
young leaves were excised from in vitro-grown plantlets and inoculated on culture
medium [MS salts and vitamins (Duchefa Biochemie B.V., The Netherlands); 3%
sucrose; 0.4 mg l�1 NAA; 1.0 mg l�1 BA; 1.0 mg l�1 GA3; 0.8% Bacto agar, pH 5.8] in
the dark for 3 days. Then, leaves were bombarded by the biolistic bombardment
device (PDS-1000/He Particle Delivery System, Bio-Rad) with 1.25 mg of 0.6 μm
gold particles (Bio-Rad) coated with 5 μg of plasmid DNA (pCEV1/GFP-GUS or
pCAMBIA1305.1) using 1100 psi rupture disks (Bio-Rad). The distance from the
uncovered Petri dish containing the leaf sample to the top of the PDS chamber was
set to 9 cm, and the vacuum was set to 27 mm Hg. After bombardment, the samples
were kept in the dark for 1 day.

GUS activity in bombarded leaves was determined according to the histochem-
ical procedure [28]. Briefly, spinach leaves were stained in staining buffer [100 mM
phosphate buffer; pH 7.0; 0.5 mM ferrocyanide; 0.5 mM ferricyanide; 10 mM
EDTA, pH 8.0; 0.1% Triton X-100; 1 mM Gluc (5-bromo-4-chloro-3-indolyl-β-D-
glucuronic acid, USB)] and incubated overnight at 37°C. Chlorophylls from leaf
tissue were removed by soaking in 70% ethanol several times.

2.7 Plastid transformation in spinach and tomato

Leaf segments were cut from in vitro-grown plantlets of spinach and inoculated
on SO culture medium (MS salts and vitamins; 3% sucrose; 0.5 mg l�1 2,4-D;
2 mg l�1 kinetin; 0.8% Bacto agar; pH 5.8) for 1 day in a growth chamber with a
cycle of 8 h light at 22°C and 16 h dark at 20°C. Conditions for bombardment were
as described above, except that plasmid pCEV1/GFP-GUS, pCEV1/LCY, or pCEV1/
ZDS was used in each individual experiment. After bombardment, the sample was
cultured in the dark for 4 days. Then, the bombarded leaf segments were trimmed
into small pieces of 2–4 mm2, transferred onto SO selection medium (SO culture
medium supplemented with 300 mg l�1 spectinomycin), and cultured for 1 month
in a growth chamber with a cycle of 8 h light at 22°C and 16 h dark at 20°C. Survival
green calli were picked up and transferred onto fresh SO selection medium and
cultured for another 1 month in the same growth chamber.
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For plastid transformation in tomato, leaf segments were cut from plantlets of
tomato (S. lycopersicum cv. CL5915) grown in vitro and inoculated on SL culture
medium (MS salts and vitamins; 3% sucrose; 0.2 mg l�1 2,4-D; 0.1 mg l�1 kinetin;
0.8% Bacto agar; pH 5.8) for 1 day in a growth chamber with a cycle of 8 h light at
22°C and 16 h dark at 20°C. Conditions for bombardment were as described above,
except that plasmid pCEV2/GFP-GUS or pCEV3/GFP-GUS was used in each indi-
vidual experiment. After bombardment, the sample was cultured in the dark for
3 days. Then, the bombarded leaf segments were trimmed into small pieces of 2–
4 mm2, transferred onto SL selection medium (MS salts and vitamins; 3% sucrose;
1 mg l�1 NAA; 1 mg l�1 zeatin; 0.8% Bacto agar; pH 5.8), and supplemented with
300 mg l�1 spectinomycin (for pCEV2/GFP-GUS) or 50 mg l�1 kanamycin (for
pCEV3/GFP-GUS) for 1 month in the same growth chamber. Survival green calli
were picked up and transferred on fresh selection medium for another 1 month.

2.8 Plastid transformation and selection of transplastomic lines in N.
benthamiana

Leaf segments were cut from in vitro-grown plantlets of N. benthamiana and
inoculated on NB culture medium (MS salts and vitamins; 3% sucrose; 0.1 mg l�1

NAA; 1.0 mg l�1 BA; 0.8% Bacto agar; pH 5.8) for 1 day in a growth chamber with a
cycle of 8 h light at 22°C and 16 h dark at 20°C. Conditions for bombardment were
previously described, except that plasmid pCEV4/BaMV or pCEV4/BSL6 was used
in each individual experiment. After bombardment, the sample was cultured in the
dark for 3 days. Then, the bombarded leaf segments were trimmed into small pieces
of 2–4 mm2, transferred onto NB selection medium (NB culture medium
supplemented with 300 mg l�1 spectinomycin), and cultured for 1 month in a
growth chamber with a cycle of 8 h light at 22°C and 16 h dark at 20°C. Survival
green shoots were excised and transferred onto MS basal medium for rooting. The
rooted plantlets were transferred into pots and grown in a greenhouse.

2.9 Transplastomic plant verification by PCR analysis

Transplastomic plant verification was carried out with putative transformants
and wild-type N. benthamiana plants by PCR analysis. Total genomic DNA was
extracted from green leaves of putative transformants and wild-type plants using
the CTAB method [26]. PCR was carried out with the following sets of primers
(Table A1): BSL-F and BSL-R for amplification of 837-bp-long DNA fragment
corresponding to the 50 UTR coding region and 30 UTR of coat protein (CP20) in
BaMV strain S (GenBank Accession no. AF018156), BaMV-F and BaMV-R for
amplification of 729-bp-long DNA fragment corresponding to the coding region of
CP20 in BaMV strain S, TpsbA-F and trnI-trnA-r for amplification of 351-bp-long
DNA fragment corresponding to the truncated sequence composed of the trans-
genic TpsbA and partial RTR ofN. benthamiana chloroplast genome, and trnA-f and
23S-rRNA-r for amplification of 342-bp-long DNA fragment located within the RTR
of N. benthamiana chloroplast genome. PCR reactions were performed under the
following conditions: (a) denaturation for 5 min at 94°C; (b) 35 cycles of 1 min at
94°C, 1 min at 55°C, and 1 min at 72°C; and (c) extension for 10 min at 72°C.
Following amplification, PCR products were analyzed by electrophoresis.

2.10 Seedling assay for spectinomycin resistance

T1 seeds from a self-pollinated transplastomic plant were sterilized in 70%
ethanol for 0.5 min followed by 1% sodium hypochlorite for 10 min and washed
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thoroughly with sterile distilled water. The sterile seeds were germinated on a
medium containing MS basal medium supplemented with 300 mg l�1 spectinomy-
cin in a 25°C growth chamber under 16 h illumination for 4 weeks. Seedlings with
green cotyledons were considered to be resistant, while those with white cotyledons
were sensitive.

2.11 GenBank accession numbers

Nucleotide sequences in this study were submitted into GenBank with the fol-
lowing accession numbers: pCEV1, KY930497; pCEV2, KY930498; pCEV3,
KY930499; pCEV4, KY930500; pECaad, KY930501; pECnpt, KY930502; Nicotiana
benthamiana chloroplast DNA fragment containing partial 16S rRNA, trnI, trnA,
and partial 23S rRNA, KY930503.

3. Results and discussion

3.1 Construction of spinach chloroplast expression vectors

Although the complete chloroplast genome of spinach has been published [22],
plastid transformation in spinach has not yet been reported. As a first step in
achieving plastid transformation in spinach, spinach-specific chloroplast expression
vectors must be constructed. As shown in Figure 1, the integration site for the
expression cassette is designed at the spacer region between trnI and trnA. This
integration site at trnI/trnA has been commonly used in constructing chloroplast
expression vectors in different plants [1]. In addition, the trnI gene contains the
chloroplast replication origin which might promote replication of foreign vectors
within chloroplasts and enhance the transgene integration [1, 29]. Another feature
of our chloroplast expression vectors is the use of longer sequences for targeting via
homologous recombination: the left targeting region (ca. 2 kb) contains partial 16S
rRNA and full-length trnI, whereas the right targeting region (ca. 2 kb) contains
full-length trnA and partial 23S rRNA (Figure 1). Targeting sequences are usually
1 kb each in size and are located on both sides of the expression cassette [1].
However, a 4 kb DNA fragment containing 16S rRNA-trnI/trnA-23S rRNA (i.e.,
2 kb each on either side of the expression cassette), which is twice the size of the
flanking region commonly used in chloroplast transformation, was used in cotton
chloroplast transformation [9]. It has been reported that the frequency of homolo-
gous recombination is linearly reliant on the length of the homologous sequences
[30]. Thus, in this study, each of the left/right targeting sequences was increased to
2 kb (total 4 kb in length), similar in size to that described in cotton chloroplast
transformation [9].

Next, each DNA fragment including the left and right targeting regions, syn-
thetic unique cloning sites (NotI, SacII, AscI) flanked by atpI promoter and rps16
terminator, as well as aadA selection marker gene flanked by rrn promoter and psbA
terminator (Figure 1) were amplified by PCR and cloned and inserted into pUC19
according to a step-by-step protocol (Figure 2), and finally a chloroplast expression
vector for spinach (designated as pCEV1) was constructed (Figure 3a). Any GOI
may be cloned into pCEV1 by using the restriction enzyme NotI, SacII, or AscI.
However in this study, pCEV1 was double digested by NotI and AscI and ligated
with a PCR fragment of the GOI carrying NotI or AscI restriction site at each end. As
a result, pCEV1/LCY [carrying full-length cDNA (1503 bp) encoding LCY from
tomato], pCEV1/ZDS [carrying full-length cDNA (1767 bp) encoding ZDS from
tomato], and pCEV1/GFP-GUS [carrying mGFP5-GUSA fusion protein gene
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(2568 bp) from pCAMBIA1304] were constructed (Figure 3). To check the accu-
racy of the cloning sites, plasmid DNA was isolated from E. coli carrying pCEV1,
pCEV1/ZDS, pCEV1/LCY, or pCEV1/GFP-GUS and double digested with NotI and
AscI. As shown in Figure 4, only a large fragment (it should be 8367 bp) was
detected in pCEV1 after double digestion was carried out; the small fragment (it
should be 8 bp) was not observed. As predicted, the same size large fragment (it
should be 8367 bp) was detected in pCEV1/ZDS, pCEV1/LCY, or pCEV1/GFP-GUS;
however, different sizes of small fragment including coding regions of LCY
(1503 bp), ZDS (1767 bp), and GFP-GUS (2568 bp) were easy to detect and match
according to the prediction (Figure 4). Thus, we concluded that spinach chloroplast
expression vector pCEV1 and its derivatives were successfully constructed.

3.2 Transient GUS expression and development of plastid transformation in
spinach

To evaluate the functionality of the constructed vector, spinach chloroplast
expression vector pCEV1/GFP-GUS [carrying a mGFP5-GUSA fusion protein gene
driven by plastid atpI promoter (PatpI) from tobacco] (Figure 3d) or positive
nuclear control pCAMBIA1305.1 [carrying GUSPlus driven by cauliflower mosaic
virus (CaMV) 35S promoter] was used to independently bombard the spinach
leaves followed by GUS staining. As shown in Figure 5d, no blue spots were
detected in leaf samples without bombardment (negative control). Only one to two

Figure 4.
Restriction endonuclease analysis for the cloning sites in pCEV1 and its derivatives. Three milligrams of vector
DNA was double digested with NotI (10 U) and AscI (10 U) for 2 h at 37°C, and then the restriction
fragments were separated by 0.8% agarose gel electrophoresis in TAE buffer. After digestion, the expected
fragments (in bp) for each vector were as follows: pCEV1, 8367 and 8; pCEV1/LCY, 8367 and 1511; pCEV1/
ZDS, 8367 and 1775; and pCEV1/GFP-GUS, 8367 and 2576. The observed fragments in each digested vector
were the same sizes as predicted.
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KY930499; pCEV4, KY930500; pECaad, KY930501; pECnpt, KY930502; Nicotiana
benthamiana chloroplast DNA fragment containing partial 16S rRNA, trnI, trnA,
and partial 23S rRNA, KY930503.
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vectors must be constructed. As shown in Figure 1, the integration site for the
expression cassette is designed at the spacer region between trnI and trnA. This
integration site at trnI/trnA has been commonly used in constructing chloroplast
expression vectors in different plants [1]. In addition, the trnI gene contains the
chloroplast replication origin which might promote replication of foreign vectors
within chloroplasts and enhance the transgene integration [1, 29]. Another feature
of our chloroplast expression vectors is the use of longer sequences for targeting via
homologous recombination: the left targeting region (ca. 2 kb) contains partial 16S
rRNA and full-length trnI, whereas the right targeting region (ca. 2 kb) contains
full-length trnA and partial 23S rRNA (Figure 1). Targeting sequences are usually
1 kb each in size and are located on both sides of the expression cassette [1].
However, a 4 kb DNA fragment containing 16S rRNA-trnI/trnA-23S rRNA (i.e.,
2 kb each on either side of the expression cassette), which is twice the size of the
flanking region commonly used in chloroplast transformation, was used in cotton
chloroplast transformation [9]. It has been reported that the frequency of homolo-
gous recombination is linearly reliant on the length of the homologous sequences
[30]. Thus, in this study, each of the left/right targeting sequences was increased to
2 kb (total 4 kb in length), similar in size to that described in cotton chloroplast
transformation [9].

Next, each DNA fragment including the left and right targeting regions, syn-
thetic unique cloning sites (NotI, SacII, AscI) flanked by atpI promoter and rps16
terminator, as well as aadA selection marker gene flanked by rrn promoter and psbA
terminator (Figure 1) were amplified by PCR and cloned and inserted into pUC19
according to a step-by-step protocol (Figure 2), and finally a chloroplast expression
vector for spinach (designated as pCEV1) was constructed (Figure 3a). Any GOI
may be cloned into pCEV1 by using the restriction enzyme NotI, SacII, or AscI.
However in this study, pCEV1 was double digested by NotI and AscI and ligated
with a PCR fragment of the GOI carrying NotI or AscI restriction site at each end. As
a result, pCEV1/LCY [carrying full-length cDNA (1503 bp) encoding LCY from
tomato], pCEV1/ZDS [carrying full-length cDNA (1767 bp) encoding ZDS from
tomato], and pCEV1/GFP-GUS [carrying mGFP5-GUSA fusion protein gene
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(2568 bp) from pCAMBIA1304] were constructed (Figure 3). To check the accu-
racy of the cloning sites, plasmid DNA was isolated from E. coli carrying pCEV1,
pCEV1/ZDS, pCEV1/LCY, or pCEV1/GFP-GUS and double digested with NotI and
AscI. As shown in Figure 4, only a large fragment (it should be 8367 bp) was
detected in pCEV1 after double digestion was carried out; the small fragment (it
should be 8 bp) was not observed. As predicted, the same size large fragment (it
should be 8367 bp) was detected in pCEV1/ZDS, pCEV1/LCY, or pCEV1/GFP-GUS;
however, different sizes of small fragment including coding regions of LCY
(1503 bp), ZDS (1767 bp), and GFP-GUS (2568 bp) were easy to detect and match
according to the prediction (Figure 4). Thus, we concluded that spinach chloroplast
expression vector pCEV1 and its derivatives were successfully constructed.

3.2 Transient GUS expression and development of plastid transformation in
spinach

To evaluate the functionality of the constructed vector, spinach chloroplast
expression vector pCEV1/GFP-GUS [carrying a mGFP5-GUSA fusion protein gene
driven by plastid atpI promoter (PatpI) from tobacco] (Figure 3d) or positive
nuclear control pCAMBIA1305.1 [carrying GUSPlus driven by cauliflower mosaic
virus (CaMV) 35S promoter] was used to independently bombard the spinach
leaves followed by GUS staining. As shown in Figure 5d, no blue spots were
detected in leaf samples without bombardment (negative control). Only one to two

Figure 4.
Restriction endonuclease analysis for the cloning sites in pCEV1 and its derivatives. Three milligrams of vector
DNA was double digested with NotI (10 U) and AscI (10 U) for 2 h at 37°C, and then the restriction
fragments were separated by 0.8% agarose gel electrophoresis in TAE buffer. After digestion, the expected
fragments (in bp) for each vector were as follows: pCEV1, 8367 and 8; pCEV1/LCY, 8367 and 1511; pCEV1/
ZDS, 8367 and 1775; and pCEV1/GFP-GUS, 8367 and 2576. The observed fragments in each digested vector
were the same sizes as predicted.
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very small blue spots per leaf were detected in leaves bombarded with pCEV1/GFP-
GUS (Figure 5a and b). This is because to display blue spots, the golden particles
carrying pCEV1/GFP-GUS need to pass through the cell wall and then the cell
membrane and then the chloroplast membrane into the chloroplast of a cell, for
which the probability is small, so the tiny but condensed blue spots indicated that
GUS expression was indeed detected within chloroplasts. On the other hand, more
than 10 blue spots per leaf were detected when bombardment was carried out with
pCAMBIA1305.1, and the sizes of the blue spots were much larger than those blue
spots bombarded with pCEV1/GFP-GUS (Figure 5c). It is worth pointing out that
pCAMBIA1305.1 is a cloning vector for stable plant transformation. Just like other
pCAMBIA vectors, the T-DNA region (containing selection marker nptII gene,
expression cassette for GOI and reporter gene GUSPlus) in pCAMBIA1305.1 will
integrate into the plant nuclear genome via a stable transformation process. How-
ever in the bombardment experiment followed by transient GUS staining assay,
cytosolic GUS activity can also be detected when plant tissue is bombarded with
pCAMBIA series (such as pCAMBIA1305.1), since the gus gene in the transforma-
tion vector is driven by non-tissue specific and constitutive CaMV 35S promoter.
Particularly, CAMBIA’s GUSPlus is a patented reporter gene isolated from Staphy-
lococcus species with some properties that are superior to the conventional E. coli
gusA gene (http://www.cambia.org). Previously, Ye et al. [31] reported that a chlo-
roplast expression vector pHD203-GUS [carrying gus and chloramphenicol
acetyltransferase (cat) genes driven by a double chloroplast psbA promoter frag-
ment from pea (in opposite orientation)] and a positive nuclear control pBI505
(carrying a gus gene driven by a double CaMV 35S promoter plus a leader sequence

Figure 5.
Transient GUS expression. Spinach leaves were bombarded with golden particles coated with equal amounts
(5 mg) of plastid vector pCEV1/GFP-GUS (a, b) or nuclear vector pCAMBIA1305.1 (c). After
bombardment, samples were kept in the dark for 1 day, and then GUS staining was carried out. Spinach leaf
without bombardment was used as a negative control (d).

60

Genetic Transformation in Crops

from alfalfa mosaic virus) were separately bombarded into tobacco suspension cells,
followed by GUS staining, and examined by microscopy. Cells bombarded with
pBI505 showed high levels of GUS expression, as indicated by blue spots, and were
distributed evenly throughout the cytosol of the transformed cells, whereas
pHD203-GUS was expressed in chloroplasts. Chloroplast transient expression rates
appeared to be 40–50-fold or even 300–400-fold lower than nuclear transformation
rates [31]. Later, the same chloroplast expression vector pHD203-GUS together
with positive (pBI221) and negative (pUC18) controls was used to develop an
electroporation-mediated method for the study of foreign gene expression within
spinach chloroplasts, and this study found that both GUS and CAT activities were
detected in chloroplasts electroporated with pHD203-GUS but not with both con-
trols; the expression of GUS protein in pHD203-GUS-treated chloroplasts was fur-
ther confirmed by Western blot analysis [32]. Taken together, our observation in
transient GUS expression is consistent with what was previously described under
microscopy [31] and confirms that pCEV1/GFP-GUS is a functional vector.

Next, leaves from in vitro-grown plantlets of spinach (S. oleracea cv. Green Giant)
were excised and bombarded with pCEV1/LCY, pCEV1/ZDS, and pCEV1/GFP-GUS
individually. Almost all leaf segments became larger but turned brown in color after
incubation for 1 month in selective medium, suggesting that the screening medium is
effective (Figure A1b). Eventually, a few green calli were identified (small panel in
Figure A1b) from hundreds of explants after bombardment. Currently, plant regen-
eration from spectinomycin-resistant calli is in progress.

3.3 Construction of chloroplast expression vectors for tomato and
N. benthamiana

In order to rapidly construct other chloroplast expression vectors for other plant
species (i.e., tomato and N. benthamiana), a DNA fragment (1667 bp) containing
expression cassettes of atpI promoter and cloning sites for GOI and rps16 termina-
tor, followed by selection marker aadA gene, was amplified by a PCR strategy using
a pCEV1 as a DNA template. After double digestion with SacI and PstI, the PCR
product was ligated with pUC19 which was double digested with SacI and PstI,
resulting in a new auxiliary vector pECaad (Figure 6a). Accuracy of the inserted
DNA fragment has been confirmed by DNA sequencing. Thus, tomato LTR

Figure 6.
Schematic representation of the auxiliary vectors pECaad (a) and pECnpt (b). Selection marker
aminoglycoside 30-adenyltransferase (aadA; 792 bp) was used in pECaad (a), and selection marker neomycin
phosphotransferase (nptII; 795 bp) conferring kanamycin resistance was used in pECnpt (b). Besides the
selection marker genes, the other sequences in both vectors were the same. The left targeting region (LTR) from
the plastid genome of plant species can be inserted into these vectors at the SacI site, while the right targeting
region (RTR) can be inserted at PstI, SphI, or HindIII site which is a partial sequence of multiple cloning sites
from pUC19. Gene of interest (GOI) can be cloned into these vectors by using our cloning sites (NotI, SacII,
AscI).
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which the probability is small, so the tiny but condensed blue spots indicated that
GUS expression was indeed detected within chloroplasts. On the other hand, more
than 10 blue spots per leaf were detected when bombardment was carried out with
pCAMBIA1305.1, and the sizes of the blue spots were much larger than those blue
spots bombarded with pCEV1/GFP-GUS (Figure 5c). It is worth pointing out that
pCAMBIA1305.1 is a cloning vector for stable plant transformation. Just like other
pCAMBIA vectors, the T-DNA region (containing selection marker nptII gene,
expression cassette for GOI and reporter gene GUSPlus) in pCAMBIA1305.1 will
integrate into the plant nuclear genome via a stable transformation process. How-
ever in the bombardment experiment followed by transient GUS staining assay,
cytosolic GUS activity can also be detected when plant tissue is bombarded with
pCAMBIA series (such as pCAMBIA1305.1), since the gus gene in the transforma-
tion vector is driven by non-tissue specific and constitutive CaMV 35S promoter.
Particularly, CAMBIA’s GUSPlus is a patented reporter gene isolated from Staphy-
lococcus species with some properties that are superior to the conventional E. coli
gusA gene (http://www.cambia.org). Previously, Ye et al. [31] reported that a chlo-
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acetyltransferase (cat) genes driven by a double chloroplast psbA promoter frag-
ment from pea (in opposite orientation)] and a positive nuclear control pBI505
(carrying a gus gene driven by a double CaMV 35S promoter plus a leader sequence
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from alfalfa mosaic virus) were separately bombarded into tobacco suspension cells,
followed by GUS staining, and examined by microscopy. Cells bombarded with
pBI505 showed high levels of GUS expression, as indicated by blue spots, and were
distributed evenly throughout the cytosol of the transformed cells, whereas
pHD203-GUS was expressed in chloroplasts. Chloroplast transient expression rates
appeared to be 40–50-fold or even 300–400-fold lower than nuclear transformation
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with positive (pBI221) and negative (pUC18) controls was used to develop an
electroporation-mediated method for the study of foreign gene expression within
spinach chloroplasts, and this study found that both GUS and CAT activities were
detected in chloroplasts electroporated with pHD203-GUS but not with both con-
trols; the expression of GUS protein in pHD203-GUS-treated chloroplasts was fur-
ther confirmed by Western blot analysis [32]. Taken together, our observation in
transient GUS expression is consistent with what was previously described under
microscopy [31] and confirms that pCEV1/GFP-GUS is a functional vector.

Next, leaves from in vitro-grown plantlets of spinach (S. oleracea cv. Green Giant)
were excised and bombarded with pCEV1/LCY, pCEV1/ZDS, and pCEV1/GFP-GUS
individually. Almost all leaf segments became larger but turned brown in color after
incubation for 1 month in selective medium, suggesting that the screening medium is
effective (Figure A1b). Eventually, a few green calli were identified (small panel in
Figure A1b) from hundreds of explants after bombardment. Currently, plant regen-
eration from spectinomycin-resistant calli is in progress.

3.3 Construction of chloroplast expression vectors for tomato and
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In order to rapidly construct other chloroplast expression vectors for other plant
species (i.e., tomato and N. benthamiana), a DNA fragment (1667 bp) containing
expression cassettes of atpI promoter and cloning sites for GOI and rps16 termina-
tor, followed by selection marker aadA gene, was amplified by a PCR strategy using
a pCEV1 as a DNA template. After double digestion with SacI and PstI, the PCR
product was ligated with pUC19 which was double digested with SacI and PstI,
resulting in a new auxiliary vector pECaad (Figure 6a). Accuracy of the inserted
DNA fragment has been confirmed by DNA sequencing. Thus, tomato LTR
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region (RTR) can be inserted at PstI, SphI, or HindIII site which is a partial sequence of multiple cloning sites
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(containing partial 16S rRNA and trnI) can be inserted into the SacI site of the 50

terminus by using forward primer SacI+16S/trnI-F and reverse primer Le-16S/trnI
+SacI-R and tomato DNA as a DNA template for PCR amplification; and tomato
RTR (containing trnA and partial 23S rRNA) can be inserted into the PstI site of the
30 terminus by using forward primer Le-PstI+trnA/23S-F and reverse primer trnA/
23S+PstI-R and tomato DNA as a DNA template for PCR amplification. As a result,
chloroplast expression vector pCEV2 for tomato was constructed (Figure A2). To
clone the GOI into pCEV2, the PCR fragment, carrying GFP:GUS fusion protein
gene with NotI at one end and AscI at the other end, was inserted into pCEV2 which
was double digested with NotI and AscI, resulting in pCEV2/GFP-GUS (Figure A2).

Complete plastid genome sequences have been reported for tobacco (N.
tabacum; NC_001879), spinach (S. oleracea; NC_002202), and tomato (S.
lycopersicum; NC_007898) but not for N. benthamiana. However, partial chloroplast
sequence of N. benthamiana 16S-23S ribosomal RNA intergenic spacer including
trnI and trnA genes has been determined (1874 bp; FJ217346). In order to prepare a
longer targeting sequence (ca. 4 kb in total) in N. benthamiana, forward and reverse
primers were designed within 16S rRNA and 23S rRNA, respectively, according to
the plastid genome of N. tabacum, and total genomic DNA from N. benthamiana
was used as a DNA template for PCR amplification. The PCR product was cloned
and then sequenced. As expected, a longer targeting sequence (3893 bp) containing
partial 16S rRNA, trnI, trnA, and partial 23S rRNA in N. benthamiana was obtained.
As shown in Figure A3, 9 bp (GTTCGGCCT) insertion was conducted in N.
benthamiana as compared to N. tabacum plastid genome. The same 9 bp insertion,
located in the intron of trnI in N. benthamiana, has been reported [33]. In addition,
two more nucleotides, indicated by the first and second arrow in Figure A3, were
changed between N. tabacum and our N. benthamiana sequence. Moreover, five
unknown nucleotides (labeled as “N”) in the published N. benthamiana sequence
(FJ217346) were determined in our N. benthamiana sequence. These five nucleo-
tides in our N. benthamiana sequence were identical to N. tabacum (Figure A3).

Using the strategy in pCEV2, LTR and RTR from N. benthamiana were rapidly
amplified by PCR and then inserted into pECaad, resulting in chloroplast expression
vector pCEV4 for N. benthamiana (Figure A4). Similarly, GOI regarding gfp:gus,
coat protein CP20 gene with or without 50- and 30-untranslated region (UTR) from
BaMV satellite RNA was cloned separately into pCEV4 which was double digested
with NotI and AscI, resulting in pCEV4/GFP-GUS, pCEV4/BSL6 (CP20 containing
50- and 30-UTR) and pCEV4/BaMV (CP20 only), respectively (Figure A4). There-
fore, the GOI can be inserted into our chloroplast expression vectors pCEV1,
pCEV2, and pCEV4 specific for spinach, tomato, and N. benthamiana, respectively.
Moreover, although the trnI/trnA fragment (here we used the longer sequence of
partial 16S rRNA-trnI/trnA-partial 23S rRNA) is one of the most frequently used
targeting region in plastid transformation [3, 5], if a researcher wants to use another
targeting region, such as rbcL/accD, rpl32/trnL, petA/psbJ, trnfM/trnG, trnN/trnR,
atpB/rbcL, rps7/ndhB, or ycf3/trnS [5], such chloroplast targeting sequence can be
amplified and cloned into our auxiliary vector pECaad (Figure 6a) which carries
the expression cassette for the GOI and selection marker aadA on pUC19. We
believe that our auxiliary vector pECaad will be of benefit for constructing different
targeting regions for plastid transformation.

For selection in plastid transformation, aadA gene conferring spectinomycin
resistance is widely used and is the most efficient selective marker [2]; however,
nptII gene conferring kanamycin resistance has also been developed for tobacco
plastid transformation [34]. Thus, besides the selection marker aadA gene which
has been used in pCEV1, pCEV2, pCEV4, and their derivatives, we also constructed
nptII gene as a selection marker for tomato plastid transformation. In brief, PCR-
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amplified BamHI-nptII-XbaI fragment was subcloned and replaced the BamHI-
aadA-XbaI fragment in pECaad, generating another auxiliary vector pECnpt
(Figure 6b) which carries an expression cassette for GOI and nptII selection marker
on pUC19. Then, tomato LTR and RTR were sequentially cloned into pECnpt,
generating a new chloroplast expression vector pCEV3 for tomato plastid transfor-
mation by using selection marker nptII gene (Figure A2). Similarly in pCEV2, the
gene encoding GFP:GUS fusion protein was inserted into pCEV3 with double
digestion by NotI and AscI, resulting in pCEV3/GFP-GUS (Figure A2).

3.4 Bombardment, selection, and verification of transplastomic N.
benthamiana lines

To further evaluate the functional expression of our constructs, plasmids
pCEV4/BaMV and pCEV4/BSL6 were bombarded separately into N. benthamiana.
After bombardment, almost all leaf segments turned brown and finally died in NB
selection medium containing 300 mg l�1 spectinomycin for 1-month culture. From
a total of 344 leaf segments we used, only 1 shoot was regenerated using pCEV4/
BaMV as a transforming vector (Figure 7a), and also only 1 shoot was regenerated
from a total of 340 leaf segments examined using pCEV4/BSL6 as a transforming
vector (Figure 7b). These shoots were cut and transferred into MS basal medium
without spectinomycin for rooting. Finally, two putative transplastomic plantlets,
one from pCEV4/BaMV and another from pCEV4/BSL6, were obtained and trans-
ferred into a greenhouse. Thus, the transformation efficiency for both vectors
pCEV4/BaMV and pCEV4/BSL6 was 0.3%.

For the putative transgenic line transformed by pCEV4/BSL6, genomic DNAwas
isolated from leaves of the putative line and wild-typeN. benthamiana, and PCR
amplification was carried out. A unique band of 837 bp, representing CP20 coding
region flanked by 50-UTR and 30-UTR in the transforming vector pCEV4/BSL6, was
detected in samples from the transplastomic line BSL6 as well as the positive control
vector pCEV4/BSL6 (Figure 8b). No PCR product was detected in theWT plant
(Figure 8b). To demonstrate the quality of DNAwe isolated, a primer set amplifying a
342 bp fragment between trnA and 23S rRNA of plastid genome inN. benthamianawas

Figure 7.
Selection of transplastomicNicotiana benthamiana lines. Vector DNA of pCEV4/BaMV (a) or pCEV4/BSL6
(b) was used to bombard leaf segments ofN. benthamiana. After bombardment, leaf segments were trimmed into
small pieces and transferred onto NB selection medium containing 300 mg l�1 spectinomycin for 1 month. Green
shoots from selection medium were cut and transferred ontoMS basal medium (without spectinomycin) for rooting.
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(containing partial 16S rRNA and trnI) can be inserted into the SacI site of the 50

terminus by using forward primer SacI+16S/trnI-F and reverse primer Le-16S/trnI
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clone the GOI into pCEV2, the PCR fragment, carrying GFP:GUS fusion protein
gene with NotI at one end and AscI at the other end, was inserted into pCEV2 which
was double digested with NotI and AscI, resulting in pCEV2/GFP-GUS (Figure A2).

Complete plastid genome sequences have been reported for tobacco (N.
tabacum; NC_001879), spinach (S. oleracea; NC_002202), and tomato (S.
lycopersicum; NC_007898) but not for N. benthamiana. However, partial chloroplast
sequence of N. benthamiana 16S-23S ribosomal RNA intergenic spacer including
trnI and trnA genes has been determined (1874 bp; FJ217346). In order to prepare a
longer targeting sequence (ca. 4 kb in total) in N. benthamiana, forward and reverse
primers were designed within 16S rRNA and 23S rRNA, respectively, according to
the plastid genome of N. tabacum, and total genomic DNA from N. benthamiana
was used as a DNA template for PCR amplification. The PCR product was cloned
and then sequenced. As expected, a longer targeting sequence (3893 bp) containing
partial 16S rRNA, trnI, trnA, and partial 23S rRNA in N. benthamiana was obtained.
As shown in Figure A3, 9 bp (GTTCGGCCT) insertion was conducted in N.
benthamiana as compared to N. tabacum plastid genome. The same 9 bp insertion,
located in the intron of trnI in N. benthamiana, has been reported [33]. In addition,
two more nucleotides, indicated by the first and second arrow in Figure A3, were
changed between N. tabacum and our N. benthamiana sequence. Moreover, five
unknown nucleotides (labeled as “N”) in the published N. benthamiana sequence
(FJ217346) were determined in our N. benthamiana sequence. These five nucleo-
tides in our N. benthamiana sequence were identical to N. tabacum (Figure A3).

Using the strategy in pCEV2, LTR and RTR from N. benthamiana were rapidly
amplified by PCR and then inserted into pECaad, resulting in chloroplast expression
vector pCEV4 for N. benthamiana (Figure A4). Similarly, GOI regarding gfp:gus,
coat protein CP20 gene with or without 50- and 30-untranslated region (UTR) from
BaMV satellite RNA was cloned separately into pCEV4 which was double digested
with NotI and AscI, resulting in pCEV4/GFP-GUS, pCEV4/BSL6 (CP20 containing
50- and 30-UTR) and pCEV4/BaMV (CP20 only), respectively (Figure A4). There-
fore, the GOI can be inserted into our chloroplast expression vectors pCEV1,
pCEV2, and pCEV4 specific for spinach, tomato, and N. benthamiana, respectively.
Moreover, although the trnI/trnA fragment (here we used the longer sequence of
partial 16S rRNA-trnI/trnA-partial 23S rRNA) is one of the most frequently used
targeting region in plastid transformation [3, 5], if a researcher wants to use another
targeting region, such as rbcL/accD, rpl32/trnL, petA/psbJ, trnfM/trnG, trnN/trnR,
atpB/rbcL, rps7/ndhB, or ycf3/trnS [5], such chloroplast targeting sequence can be
amplified and cloned into our auxiliary vector pECaad (Figure 6a) which carries
the expression cassette for the GOI and selection marker aadA on pUC19. We
believe that our auxiliary vector pECaad will be of benefit for constructing different
targeting regions for plastid transformation.

For selection in plastid transformation, aadA gene conferring spectinomycin
resistance is widely used and is the most efficient selective marker [2]; however,
nptII gene conferring kanamycin resistance has also been developed for tobacco
plastid transformation [34]. Thus, besides the selection marker aadA gene which
has been used in pCEV1, pCEV2, pCEV4, and their derivatives, we also constructed
nptII gene as a selection marker for tomato plastid transformation. In brief, PCR-
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amplified BamHI-nptII-XbaI fragment was subcloned and replaced the BamHI-
aadA-XbaI fragment in pECaad, generating another auxiliary vector pECnpt
(Figure 6b) which carries an expression cassette for GOI and nptII selection marker
on pUC19. Then, tomato LTR and RTR were sequentially cloned into pECnpt,
generating a new chloroplast expression vector pCEV3 for tomato plastid transfor-
mation by using selection marker nptII gene (Figure A2). Similarly in pCEV2, the
gene encoding GFP:GUS fusion protein was inserted into pCEV3 with double
digestion by NotI and AscI, resulting in pCEV3/GFP-GUS (Figure A2).

3.4 Bombardment, selection, and verification of transplastomic N.
benthamiana lines

To further evaluate the functional expression of our constructs, plasmids
pCEV4/BaMV and pCEV4/BSL6 were bombarded separately into N. benthamiana.
After bombardment, almost all leaf segments turned brown and finally died in NB
selection medium containing 300 mg l�1 spectinomycin for 1-month culture. From
a total of 344 leaf segments we used, only 1 shoot was regenerated using pCEV4/
BaMV as a transforming vector (Figure 7a), and also only 1 shoot was regenerated
from a total of 340 leaf segments examined using pCEV4/BSL6 as a transforming
vector (Figure 7b). These shoots were cut and transferred into MS basal medium
without spectinomycin for rooting. Finally, two putative transplastomic plantlets,
one from pCEV4/BaMV and another from pCEV4/BSL6, were obtained and trans-
ferred into a greenhouse. Thus, the transformation efficiency for both vectors
pCEV4/BaMV and pCEV4/BSL6 was 0.3%.

For the putative transgenic line transformed by pCEV4/BSL6, genomic DNAwas
isolated from leaves of the putative line and wild-typeN. benthamiana, and PCR
amplification was carried out. A unique band of 837 bp, representing CP20 coding
region flanked by 50-UTR and 30-UTR in the transforming vector pCEV4/BSL6, was
detected in samples from the transplastomic line BSL6 as well as the positive control
vector pCEV4/BSL6 (Figure 8b). No PCR product was detected in theWT plant
(Figure 8b). To demonstrate the quality of DNAwe isolated, a primer set amplifying a
342 bp fragment between trnA and 23S rRNA of plastid genome inN. benthamianawas

Figure 7.
Selection of transplastomicNicotiana benthamiana lines. Vector DNA of pCEV4/BaMV (a) or pCEV4/BSL6
(b) was used to bombard leaf segments ofN. benthamiana. After bombardment, leaf segments were trimmed into
small pieces and transferred onto NB selection medium containing 300 mg l�1 spectinomycin for 1 month. Green
shoots from selection medium were cut and transferred ontoMS basal medium (without spectinomycin) for rooting.
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designed (Figure 8a). As expected, a unique band (ca. 0.3 kb) was detected in our
transplastomic plant BSL6, theWT and the positive control vector pCEV4/BSL6
(Figure 8c). To further confirm the integration site in the transplastomic line, forward
primer TpsbA-F was designed within the terminator region of psbA in the vector
pCEV4/BSL6, and reverse primer trnA-r was located at the trnA of the right targeting
region in the vector pCEV4/BSL6. As predicted, a unique band of 351 bp was detected
in transplastomic plant BSL6 but not in theWT (Figure 8d). In conclusion, the expres-
sion cassette carrying CP20 encoding gene (with 50- and 30-UTR) and aadA selection
marker gene flanked by LTR (i.e., Nb 16S rRNA/trnI) and RTR (i.e., Nb trnA/23S) was
indeed integrated into the trnI/trnA integration site by homologous recombination of
plastid genome in transplastomic line BSL6. Unfortunately, serious infection bymicro-
organisms occurred in this plant and it finally died.

For the putative transplastomic line which was transformed by pCEV4/BaMv,
self-pollinated seeds from the T0 transplastomic line BaMV as well as WT seeds
were sterilized and then germinated on MS basal medium supplemented with
300 mg l�1 for 4 weeks. As shown in Figure 9b, all T1 seedlings from the BaMV
plant examined were resistant to spectinomycin, confirming an important charac-
teristic of maternal inheritance in plastid transformation. By contrast, all seedlings
from the WT were sensitive to spectinomycin (Figure 9a). To further confirm the
transgene, three spectinomycin-resistant seedlings were randomly picked up from
the selection plate, transferred onto MS basal medium without spectinomycin, and
then grown in a greenhouse. Genomic DNA was isolated from these transplastomic
T1 as well as WT plants, and PCR analysis was then carried out (Figure 10).

Figure 8.
PCR analysis of T0 transplastomic Nicotiana benthamiana plant bombarded by pCEV4/BSL6. (a) Schematic
representation of pCEV4/BSL6. Sizes and locations of gene-specific PCR products were indicated. (b) PCR
analysis for transgene BSL6 (837 bp). The PCR product was only detected in the transplastomic line but not in
the WT plant. (c) PCR analysis of the internal trnA/23S rRNA region (342 bp). PCR products were detected
in both WT and transplastomic lines. (d) PCR analysis for the flanking region (351 bp). The PCR product was
only detected in the transplastomic line but not in the WT plant. “QH2O” in each panel represented the negative
control to which no DNA was added in the reaction mixture for PCR amplification.
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Figure 9.
Seedling assay of T0 transplastomic Nicotiana benthamiana plant bombarded by pCEV4/BaMV. Seeds from
the WT (a) and the transplastomic plant (b) were harvested, sterilized, and then sown on MS basal medium
containing 300 mg l�1 spectinomycin for 4 weeks. (a) All seedlings from the WT plant showed spectinomycin-
sensitive phenotype. (b) All seedlings from the transplastomic plant showed spectinomycin-resistant phenotype.

Figure 10.
PCR analysis of three random-selected T1 transplastomic Nicotiana benthamiana plants bombarded by
pCEV4/BaMV. (a) Schematic representation of pCEV4/BaMV. Sizes and locations of gene-specific PCR
products were indicated. (b) PCR analysis for transgene BaMV (729 bp). PCR products were only detected in
three transplastomic lines but not in the WT plant. (c) PCR analysis of the internal trnA/23S rRNA region
(342 bp). PCR products were detected in WT and three transplastomic lines. (d) PCR analysis of the flanking
region (351 bp). PCR products were detected in three transplastomic lines but not in the WT plant. “QH2O” in
each panel represented the negative control to which no DNA was added in the reaction mixture for PCR
amplification.
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designed (Figure 8a). As expected, a unique band (ca. 0.3 kb) was detected in our
transplastomic plant BSL6, theWT and the positive control vector pCEV4/BSL6
(Figure 8c). To further confirm the integration site in the transplastomic line, forward
primer TpsbA-F was designed within the terminator region of psbA in the vector
pCEV4/BSL6, and reverse primer trnA-r was located at the trnA of the right targeting
region in the vector pCEV4/BSL6. As predicted, a unique band of 351 bp was detected
in transplastomic plant BSL6 but not in theWT (Figure 8d). In conclusion, the expres-
sion cassette carrying CP20 encoding gene (with 50- and 30-UTR) and aadA selection
marker gene flanked by LTR (i.e., Nb 16S rRNA/trnI) and RTR (i.e., Nb trnA/23S) was
indeed integrated into the trnI/trnA integration site by homologous recombination of
plastid genome in transplastomic line BSL6. Unfortunately, serious infection bymicro-
organisms occurred in this plant and it finally died.

For the putative transplastomic line which was transformed by pCEV4/BaMv,
self-pollinated seeds from the T0 transplastomic line BaMV as well as WT seeds
were sterilized and then germinated on MS basal medium supplemented with
300 mg l�1 for 4 weeks. As shown in Figure 9b, all T1 seedlings from the BaMV
plant examined were resistant to spectinomycin, confirming an important charac-
teristic of maternal inheritance in plastid transformation. By contrast, all seedlings
from the WT were sensitive to spectinomycin (Figure 9a). To further confirm the
transgene, three spectinomycin-resistant seedlings were randomly picked up from
the selection plate, transferred onto MS basal medium without spectinomycin, and
then grown in a greenhouse. Genomic DNA was isolated from these transplastomic
T1 as well as WT plants, and PCR analysis was then carried out (Figure 10).

Figure 8.
PCR analysis of T0 transplastomic Nicotiana benthamiana plant bombarded by pCEV4/BSL6. (a) Schematic
representation of pCEV4/BSL6. Sizes and locations of gene-specific PCR products were indicated. (b) PCR
analysis for transgene BSL6 (837 bp). The PCR product was only detected in the transplastomic line but not in
the WT plant. (c) PCR analysis of the internal trnA/23S rRNA region (342 bp). PCR products were detected
in both WT and transplastomic lines. (d) PCR analysis for the flanking region (351 bp). The PCR product was
only detected in the transplastomic line but not in the WT plant. “QH2O” in each panel represented the negative
control to which no DNA was added in the reaction mixture for PCR amplification.

64

Genetic Transformation in Crops

Figure 9.
Seedling assay of T0 transplastomic Nicotiana benthamiana plant bombarded by pCEV4/BaMV. Seeds from
the WT (a) and the transplastomic plant (b) were harvested, sterilized, and then sown on MS basal medium
containing 300 mg l�1 spectinomycin for 4 weeks. (a) All seedlings from the WT plant showed spectinomycin-
sensitive phenotype. (b) All seedlings from the transplastomic plant showed spectinomycin-resistant phenotype.

Figure 10.
PCR analysis of three random-selected T1 transplastomic Nicotiana benthamiana plants bombarded by
pCEV4/BaMV. (a) Schematic representation of pCEV4/BaMV. Sizes and locations of gene-specific PCR
products were indicated. (b) PCR analysis for transgene BaMV (729 bp). PCR products were only detected in
three transplastomic lines but not in the WT plant. (c) PCR analysis of the internal trnA/23S rRNA region
(342 bp). PCR products were detected in WT and three transplastomic lines. (d) PCR analysis of the flanking
region (351 bp). PCR products were detected in three transplastomic lines but not in the WT plant. “QH2O” in
each panel represented the negative control to which no DNA was added in the reaction mixture for PCR
amplification.
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A unique band of 729 bp, which is the size of CP20 encoding gene (without 50-UTR
and 30-UTR) in the transforming vector pCEV4/BaMV, was detected in all T1

transplastomic lines BaMV#1, BaMV#2, and BaMV#3 but not in the WT plant
(Figure 10b). Again, the same PCR primer set was employed for the amplification
between trnA and 23S rRNA in the plastid genome of N. benthamiana. As expected,
a unique band of 0.3 kb was detected in all three transplastomic lines and the WT
plant (Figure 10c). A unique band of 351 bp, representing the flanking sequence
around the integration site at the RTR (i.e., Nb trnA/23S), was only detected in the
three transplastomic lines but not in the WT sample (Figure 10d). Here we clearly
demonstrated the expression cassette carrying CP20 encoding gene and aadA gene
was integrated into the trnI/trnA site of the plastid genome in N. benthamiana via
homologous recombination and the transgene was transmitted into progeny by
maternal inheritance.

3.5 Bombardment in tomato

After bombardment, almost all tomato leaf explants turned brown and finally died
in SL selection medium containing 300 mg l�1 spectinomycin (for pCEV2/GFP-GUS)
or 50 mg l�1 kanamycin (for pCEV3/GFP-GUS). Eventually, at least two green calli
were obtained for each construct (Figure A5) from hundreds of explants examined.
Currently, plant regeneration from spectinomycin-resistant calli is also in progress.

4. Conclusion

Here we constructed a series of chloroplast expression vectors specific for spin-
ach (pCEV1), tomato (pCEV2 and pCEV3), and N. benthamiana (pCEV4). Com-
mon features of these vectors are described as follows: (1) sequence of cloning sites
(NotI, SacII, AscI) for the GOI is located between plastid atpI promoter and plastid
rps16 terminator; (2) selection marker aadA or nptII is located between plastid rrn
promoter and plastid psbA terminator; (3) longer LTR (ca. 2 kb) contains partial 16S
rRNA and trnI in the plastid genome; (4) longer RTR (ca. 2 kb) contains trnA and
partial 23S rRNA in the plastid genome; (5) the integration site for the expression
cassette is located in the intergenic spacer between trnI and trnA; and (6) the
backbone plasmid is pUC19 (carrying ampicillin resistant marker gene).

Another feature of this study is the construction of the so-called “auxiliary
vector” pECaad (Figure 6a) and pECnpt (Figure 6b). Briefly, DNA fragment of
expression cassette, which consists of (1) GOI cloning sites (NotI, SacII, AscI)
flanked by atpI promoter and rps16 terminator and (2) selection marker gene aadA
or nptII flanked by rrn promoter and psbA terminator, was ligated with pUC19
(carrying ampicillin resistant marker gene), generating pECaad or pECnpt. LTR can
be inserted into the 50 terminus of the expression cassette, RTR can be inserted into
the 30 terminus of the expression cassette, and GOI can be cloned into the cloning
sites (NotI, SacII, AscI) within the expression cassette. Thus, a new vector suitable
for other new plant species can be rapidly and efficiently constructed. We believe
that our auxiliary vectors pECaad and pECnpt will aid the faster construction of
new chloroplast expression vectors for other plant species.
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Abbreviations

2,4-D 2,4-dichlorophenoxyacetic acid
aadA aminoglycoside 30-adenyltransferase
BA N6-benzyladenine
GA3 gibberellic acid
GFP green fluorescent protein
GOI gene of interest
GUS β-glucuronidase
LCY lycopene β-cylase
LTR left targeting region
MS Murashige and Skoog (1962)
NAA α-naphthaleneacetic acid
nptII neomycin phosphotransferase II
RTR right targeting region
ZDS ζ-carotene desaturase

Appendix

Name of primer Sequence (50!30) PCR
size
(bp)

Purpose

SacI+16S/trnI-F AAGAGCTCTACCAAGCTGGAGTACGG 2020 Cloning of
pCEV1 and
derivatives

16S/trnI+KpnI-R AAGGTACCTGGGCCATCCTGGACTTGAACCAG

PstI+trnA/23S-
F(PstI)

AACTGCAGCTGCGCCAGGGAAAAGAATAAGAA 2032

trnA/23S+PstI-R AACTGCAGACCGCTCTCGCGGCCCGCACCGAA

aadA-F1
(BamHI)

CGGGATCCATGAGGGAAGCGGTGATCCC 808

aadA-R1 (XbaI) GCTCTAGATTATTTGCCGACTACCTTGGTGAT

TpsbA-F (XbaI) GCTCTAGAGATCCTGGCCTAGTCTATAGG 238

TpsbA-R (PstI) AACTGCAGAAACAAATACAAAATCAAAAT

Prrn-F (KpnI) GGGGTACCATCAGTTCGAGCCTGATTATCCCTAAG 235

Prrn-R (BamHI) CGGGATCCGTAGACAAAGCGGATTCGGAA

PatpI-F (KpnI) AAGGTACCTCTAGCTATATAAGAAATCCTTG 268

PatpI-R (NotI,
SacII)

AACCGCGGCCGCTGCCTTGCCCTCTGAAAAAATTG

Trps16-F (SacII,
AscI)

AACCGCGGCGCGCCTCAACCGAAATTCAATTAAGGA 191

Trps16-R (KpnI) AAGGTACCGTTATAGAACACGGAATTCAATGG

NotI+LCY-F AAGCGGCCGCATGGATACTTTGTTGAAAACCCC 1523

LCY-AscI-R AAGGCGCGCCTCATTCTTTATCCTGTAACAAATTG
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A unique band of 729 bp, which is the size of CP20 encoding gene (without 50-UTR
and 30-UTR) in the transforming vector pCEV4/BaMV, was detected in all T1

transplastomic lines BaMV#1, BaMV#2, and BaMV#3 but not in the WT plant
(Figure 10b). Again, the same PCR primer set was employed for the amplification
between trnA and 23S rRNA in the plastid genome of N. benthamiana. As expected,
a unique band of 0.3 kb was detected in all three transplastomic lines and the WT
plant (Figure 10c). A unique band of 351 bp, representing the flanking sequence
around the integration site at the RTR (i.e., Nb trnA/23S), was only detected in the
three transplastomic lines but not in the WT sample (Figure 10d). Here we clearly
demonstrated the expression cassette carrying CP20 encoding gene and aadA gene
was integrated into the trnI/trnA site of the plastid genome in N. benthamiana via
homologous recombination and the transgene was transmitted into progeny by
maternal inheritance.

3.5 Bombardment in tomato

After bombardment, almost all tomato leaf explants turned brown and finally died
in SL selection medium containing 300 mg l�1 spectinomycin (for pCEV2/GFP-GUS)
or 50 mg l�1 kanamycin (for pCEV3/GFP-GUS). Eventually, at least two green calli
were obtained for each construct (Figure A5) from hundreds of explants examined.
Currently, plant regeneration from spectinomycin-resistant calli is also in progress.

4. Conclusion

Here we constructed a series of chloroplast expression vectors specific for spin-
ach (pCEV1), tomato (pCEV2 and pCEV3), and N. benthamiana (pCEV4). Com-
mon features of these vectors are described as follows: (1) sequence of cloning sites
(NotI, SacII, AscI) for the GOI is located between plastid atpI promoter and plastid
rps16 terminator; (2) selection marker aadA or nptII is located between plastid rrn
promoter and plastid psbA terminator; (3) longer LTR (ca. 2 kb) contains partial 16S
rRNA and trnI in the plastid genome; (4) longer RTR (ca. 2 kb) contains trnA and
partial 23S rRNA in the plastid genome; (5) the integration site for the expression
cassette is located in the intergenic spacer between trnI and trnA; and (6) the
backbone plasmid is pUC19 (carrying ampicillin resistant marker gene).

Another feature of this study is the construction of the so-called “auxiliary
vector” pECaad (Figure 6a) and pECnpt (Figure 6b). Briefly, DNA fragment of
expression cassette, which consists of (1) GOI cloning sites (NotI, SacII, AscI)
flanked by atpI promoter and rps16 terminator and (2) selection marker gene aadA
or nptII flanked by rrn promoter and psbA terminator, was ligated with pUC19
(carrying ampicillin resistant marker gene), generating pECaad or pECnpt. LTR can
be inserted into the 50 terminus of the expression cassette, RTR can be inserted into
the 30 terminus of the expression cassette, and GOI can be cloned into the cloning
sites (NotI, SacII, AscI) within the expression cassette. Thus, a new vector suitable
for other new plant species can be rapidly and efficiently constructed. We believe
that our auxiliary vectors pECaad and pECnpt will aid the faster construction of
new chloroplast expression vectors for other plant species.
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2,4-D 2,4-dichlorophenoxyacetic acid
aadA aminoglycoside 30-adenyltransferase
BA N6-benzyladenine
GA3 gibberellic acid
GFP green fluorescent protein
GOI gene of interest
GUS β-glucuronidase
LCY lycopene β-cylase
LTR left targeting region
MS Murashige and Skoog (1962)
NAA α-naphthaleneacetic acid
nptII neomycin phosphotransferase II
RTR right targeting region
ZDS ζ-carotene desaturase

Appendix

Name of primer Sequence (50!30) PCR
size
(bp)

Purpose

SacI+16S/trnI-F AAGAGCTCTACCAAGCTGGAGTACGG 2020 Cloning of
pCEV1 and
derivatives

16S/trnI+KpnI-R AAGGTACCTGGGCCATCCTGGACTTGAACCAG

PstI+trnA/23S-
F(PstI)

AACTGCAGCTGCGCCAGGGAAAAGAATAAGAA 2032

trnA/23S+PstI-R AACTGCAGACCGCTCTCGCGGCCCGCACCGAA

aadA-F1
(BamHI)

CGGGATCCATGAGGGAAGCGGTGATCCC 808

aadA-R1 (XbaI) GCTCTAGATTATTTGCCGACTACCTTGGTGAT

TpsbA-F (XbaI) GCTCTAGAGATCCTGGCCTAGTCTATAGG 238

TpsbA-R (PstI) AACTGCAGAAACAAATACAAAATCAAAAT

Prrn-F (KpnI) GGGGTACCATCAGTTCGAGCCTGATTATCCCTAAG 235

Prrn-R (BamHI) CGGGATCCGTAGACAAAGCGGATTCGGAA

PatpI-F (KpnI) AAGGTACCTCTAGCTATATAAGAAATCCTTG 268

PatpI-R (NotI,
SacII)

AACCGCGGCCGCTGCCTTGCCCTCTGAAAAAATTG

Trps16-F (SacII,
AscI)

AACCGCGGCGCGCCTCAACCGAAATTCAATTAAGGA 191

Trps16-R (KpnI) AAGGTACCGTTATAGAACACGGAATTCAATGG

NotI+LCY-F AAGCGGCCGCATGGATACTTTGTTGAAAACCCC 1523

LCY-AscI-R AAGGCGCGCCTCATTCTTTATCCTGTAACAAATTG
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Name of primer Sequence (50!30) PCR
size
(bp)

Purpose

NotI+ZDS-F AAGCGGCCGCATGGCTACTTCTTCAGCTTATCTT 1787

ZDS-AscI-R AAGGCGCGCCTCAGACAAGACTCAACTCATCAG

NotI-mGFP5-F GGTTGCGGCCGCATGGTAGATCTGACTAGTAAAGG 2592

GUSA-AscI-R GATAGGCGCGCCTCACACGTGGTGGTGGTGG

SacI+PatpI-F AAGAGCTCTCTAGCTATATAAGAAATCCT 1700 Cloning of pCEV2,
pCEV3, and
derivatives

TpsbA-PstI-R AACTGCAGAAACAAATACAAAATCAAAAT

SacI+16S/trnI-F AAGAGCTCTACCAAGCTGGAGTACGGTAGG 2010

Le-16S/trnI
+SacI-R

AAGAGCTCTGGGCCATCCTGGACTTGAAC

Le-PstI+trnA/
23S-F

AACTGCAGCTGCGCCAGGGAAAAGAATAG 2020

trnA/23S+PstI-R AACTGCAGACCGCTCTCGCGGCCCGCACCGAA

BamHI+NPTII-F AAGGATCCATGATTGAACAAGATGGATTG 811

XbaI+NPTII-R AATCTAGATCAGAAGAACTCGTCAAGAAG

Nb-SacI
+16S/trnI-F

AAGAGCTCTACCAAGCTGGAGTACGGTAGG 2005 Cloning of pCEV4
and derivatives

Nb-16S/trnI
+SacI-R

AAGAGCTCTGGGCCATCCTGGACTTGAACC

Nb-PstI+trnA/
23S-F

AACTGCAGCTGCGCCAGGGAAAAGAATAGA 1918

Nb-trnA/23S
+PstI-R

AACTGCAGACCGCTCTCGCGGCCCGCACCG

NotI-BaMV_S-F GGTTGCGGCCGCATGTCTGGAGCTGGAACGG 753

BaMV_S_CP-
AscI-R

GATAGGCGCGCCTTAGTCTGATGTTGGTTCGG

NotI-BSL6-F GGTTGCGGCCGCGAAAACTCACCGCAACGA 861

BSL6-AscI-R GATAGGCGCGCCCATCTTTTAACGTCTTTATTCGG

BSL6-F GAAAACTCACCGCAACGA 837 Transgenic plant
verification

BSL6-R CATCTTTTAACGTCTTTATTCGG

BaMV-F ATGTCTGGAGCTGGAACGG 729

BaMV-R TTAGTCTGATGTTGGTTCGGG

TpsbA-F GATCCTGGCCTAGTCTATAG 351

trnI-trnA-r ACCCGTAATCGCAACGAC

trnA-f GGATGTCAGCGGTTCGAGTC 342

23S rRNA-r CCTGCCCATGGATTCAGCAG

Table A1.
List of PCR primers for vector construction and transgenic plant verification.
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Figure A1.
Development of stable plastid transformation in spinach. Plastid vectors pCEV1/LCY, pCEV1/ZDS, and
pCEV1/GFP-GUS were delivered individually into spinach leaves by bombardment. (a) After bombardment,
leaf segments were cultured onto callus induction medium (MS salts and vitamins; 3% sucrose; 1 mg l�1 BA;
0.4 mg l�1 NAA; 0.8% Bacto agar; pH 5.8) supplemented with 300 mg l�1 spectinomycin. (b) After culturing
for 1 month, almost all the leaf pieces turned brown in color and finally died. Occasionally, green calli from a
few leaf pieces were observed after several bombardments and then picked up for plant regeneration, as
indicated in the small panel in (b).

Figure A2.
Construction of chloroplast expression vectors for tomato.
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Name of primer Sequence (50!30) PCR
size
(bp)

Purpose
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ZDS-AscI-R AAGGCGCGCCTCAGACAAGACTCAACTCATCAG
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GUSA-AscI-R GATAGGCGCGCCTCACACGTGGTGGTGGTGG
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pCEV3, and
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Le-16S/trnI
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XbaI+NPTII-R AATCTAGATCAGAAGAACTCGTCAAGAAG

Nb-SacI
+16S/trnI-F

AAGAGCTCTACCAAGCTGGAGTACGGTAGG 2005 Cloning of pCEV4
and derivatives

Nb-16S/trnI
+SacI-R

AAGAGCTCTGGGCCATCCTGGACTTGAACC

Nb-PstI+trnA/
23S-F

AACTGCAGCTGCGCCAGGGAAAAGAATAGA 1918

Nb-trnA/23S
+PstI-R

AACTGCAGACCGCTCTCGCGGCCCGCACCG

NotI-BaMV_S-F GGTTGCGGCCGCATGTCTGGAGCTGGAACGG 753

BaMV_S_CP-
AscI-R

GATAGGCGCGCCTTAGTCTGATGTTGGTTCGG

NotI-BSL6-F GGTTGCGGCCGCGAAAACTCACCGCAACGA 861

BSL6-AscI-R GATAGGCGCGCCCATCTTTTAACGTCTTTATTCGG

BSL6-F GAAAACTCACCGCAACGA 837 Transgenic plant
verification

BSL6-R CATCTTTTAACGTCTTTATTCGG

BaMV-F ATGTCTGGAGCTGGAACGG 729

BaMV-R TTAGTCTGATGTTGGTTCGGG

TpsbA-F GATCCTGGCCTAGTCTATAG 351

trnI-trnA-r ACCCGTAATCGCAACGAC

trnA-f GGATGTCAGCGGTTCGAGTC 342

23S rRNA-r CCTGCCCATGGATTCAGCAG

Table A1.
List of PCR primers for vector construction and transgenic plant verification.
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Figure A1.
Development of stable plastid transformation in spinach. Plastid vectors pCEV1/LCY, pCEV1/ZDS, and
pCEV1/GFP-GUS were delivered individually into spinach leaves by bombardment. (a) After bombardment,
leaf segments were cultured onto callus induction medium (MS salts and vitamins; 3% sucrose; 1 mg l�1 BA;
0.4 mg l�1 NAA; 0.8% Bacto agar; pH 5.8) supplemented with 300 mg l�1 spectinomycin. (b) After culturing
for 1 month, almost all the leaf pieces turned brown in color and finally died. Occasionally, green calli from a
few leaf pieces were observed after several bombardments and then picked up for plant regeneration, as
indicated in the small panel in (b).

Figure A2.
Construction of chloroplast expression vectors for tomato.
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Figure A3.
Sequence comparison for the targeting region (partial 16S rRNA, trnI, trnA, and partial 23S rRNA) between
N. tabacum and N. benthamiana. N. tabacum sequence was extracted from NCBI Accession no. NC_001879.
N. benthamiana sequence (3893 bp) was our PCR product. N. benthamiana* sequence (1874 bp) was the
partial sequence of 16S-23S ribosomal RNA intergenic spacer from NCBI with the Accession no. FJ217346. A
different nucleotide was indicated by red arrow and labeled with a red letter. Common region in these three
sequences was highlighted in yellow color.

Figure A4.
Construction of chloroplast expression vectors for Nicotiana benthamiana.
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Sequence comparison for the targeting region (partial 16S rRNA, trnI, trnA, and partial 23S rRNA) between
N. tabacum and N. benthamiana. N. tabacum sequence was extracted from NCBI Accession no. NC_001879.
N. benthamiana sequence (3893 bp) was our PCR product. N. benthamiana* sequence (1874 bp) was the
partial sequence of 16S-23S ribosomal RNA intergenic spacer from NCBI with the Accession no. FJ217346. A
different nucleotide was indicated by red arrow and labeled with a red letter. Common region in these three
sequences was highlighted in yellow color.

Figure A4.
Construction of chloroplast expression vectors for Nicotiana benthamiana.
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Figure A5.
Selection of survival calli in tomato plastid transformation. Plastid vector pCEV2/GFP-GUS (carrying
selection marker aadA) or pCEV3/GFP-GUS (carrying selection marker nptII) was bombarded into tomato
leaves. Leaf segments were cultured for 1 month on callus induction medium (MS salts and vitamins; 3%
sucrose; 1 mg l�1 NAA; 1 mg l�1 Zeatin; 0.8% Bacto agar; pH 5.8) supplemented with 300 mg l�1

spectinomycin (for pCEV2/GFP-GUS) or 50 mg l�1 kanamycin (for pCEV3/GFP-GUS). Most of the leaf
pieces turned brown and finally died. Several survival green calli (as indicated by red arrows) were observed
and then picked for shoot regeneration.
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Abstract

In the course of transgenic experiments on the nematode Caenorhabditis 
elegans, RNA interference, usually abbreviated as RNAi, was discovered first. It is 
a gene-silencing effect and is found to be widely distributed in eukaryotes. It was 
observed that control injections of sense RNA were just as effective as antisense 
RNA, directed at specifically inhibiting target genes in C. elegans by the injection 
of antisense RNA during an experiment causing the reduction or elimination of 
expression from the gene under investigation. Subsequently, by injecting double-
stranded RNA (dsRNA) corresponding to the target gene, it was discovered that the 
effect could be most potently elicited, and contamination of the single-stranded 
RNA (ssRNA; either sense or antisense) by traces of dsRNA could explain the 
earlier results. By post-transcriptional mechanism, substantial or complete inhibi-
tion of expression from any gene can be done using dsRNA corresponding to part or 
all of the mature mRNA from any given gene. An attempt was made here to describe 
the basic underlying molecular mechanism of RNAi, the methodology and various 
experimental requirements, and its advantages and disadvantages. In relation to 
CRISPR/Cas9 technology, the future prospects of virus-induced gene silencing 
(VIGS) are considered finally. For the cutting-edge CRISPR/Cas9 genome editing 
technology, VIGS has emerged as the preferred delivery system besides using it to 
overexpress or silence genes.

Keywords: RNAi, virus-induced gene silencing (VIGS), plant virus,  
CRISPR/Cas system

1. Introduction

A biological process where the expression of a particular gene is inhibited when 
specific mRNA molecules targeted and destructed by RNA molecule is known as 
RNA interference (RNAi). RNAi is otherwise called posttranscriptional gene silenc-
ing (PTGS), co-suppression, and quelling. The RNAi’s disclosure was absolutely good 
fortune. The concept of RNAi for the first time came into the existence while the 
study of transcriptional inhibition by antisense RNA expressed in transgenic Petunia 
plant [1]. Scientists were trying to introduce these plant additional copies of chalcone 
synthase gene responsible for darker pigmentation of flowers. White or less pig-
mented flowers were observed instead of darker flowers, indicating the suppressed/
decreased expression of endogenous chalcone synthase gene [1, 2] when intended 
to make more corresponding gene products. This suggests a downregulation of 
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endogenous gene by the event posttranscriptional inhibition due to their mRNA 
degradation [3, 4]. Just after the discovery of plant defense mechanism against 
virus, where it was believed that plant encodes short, noncoding region of viral RNA 
sequences, silencing of target genes by RNA interference technology came into the 
lime light, which after contamination perceives and debases viral mRNA. These 
short and noncoding RNA arrangements may be against viral DNA/RNA polymerase 
and other significant genes essential for viral contamination and multiplication. 
On the topic of the above idea, plant virologist brought short nucleotides sequence 
into the viruses, and expression of target genes in the infected plants was seen as 
suppressed [5, 6]. This most mainstream marvel is known as “virus-induced gene 
silencing” (VIGS) and gets a blast of the time of biotechnologists. Craig Mello and 
Andrew Fire, after a year later in 1998, worked in the laboratory to study the effect 
of RNAi in Caenorhabditis. The term RNAi was coined by these two scientists for the 
first time, and they were awarded the Nobel Prize in 2006 [7]. After this incredible 
disclosure of double-stranded RNA (dsRNA) as an amazingly strong trigger for gene 
silencing, it turned out to be sensible to unwind the component of RNAi activity 
in different biological systems [8, 9]. Protein apparatus important for gene silenc-
ing was found in C. elegans without precedent for 1999, and thorough examination 
shows that normal principal process must be worked all through the eukaryotes, for 
example, fungi, Drosophila, and plants [10]. Small RNA extending long from 21 to 
23 nucleotides created from dsRNA in cell separates and could behave as de novo 
silencing trigger for RNAi in cell extracts free of dsRNA treatments. They reasoned 
that short 21–23 nucleotide siRNA are the result of Dicer and RNA-induced silencing 
complex (RISC) [11–13].

The short RNA molecules, a key to RNA interference technology, are of two 
sorts: (I) microRNA (miRNA) and (II) small interfering RNA (siRNA). miRNAs 
are endogenous or intentionally expressed product (organism own genome 
product), though siRNAs are inferred result of exogenous cause, for example, 
virus and transposon. Both have distinctive forerunner, for instance, miRNA 
processed from stem-loop with partial complementary dsRNA though siRNA 
shows up from fully complementary dsRNA [14]. In spite of these differences, 
both short nucleotides are very much related in terms of their biogenesis and 
mode of action [15].

2. Basic components of RNAi

2.1 Dicer: a gateway into the RNA interference

Dicer, a member of RNase III family proteins with dsRNA-specific nuclease 
activity and it act as a primary candidate for biogenesis of siRNA during gene 
silencing. These enzymes have a few basic motifs spread all through the polypeptide 
affix from N-end to C-end, which is liable for their productive execution [15]. 
RNase III proteins are portrayed by the spaces all together from N- to C-end: a 
DEXD domain, a DUF283 domain, a Piwi/Argonaute/Zwille (PAZ) domain, two 
RNase III domains, and a dsRNA binding domain. Aside from ribonuclease explicit 
PAZ domain, Dicer do have helicase domain, and their capacity has been embroiled 
in preparing long dsRNA substrate [16]. Out of these five significant domains, PAZ 
and RNase III are basic for exact extraction of siRNA from dsRNA forerunner [17]. 
The duplex RNA ends with three nucleotides overhang, bringing about extending 
of two helical turns along the outside of the protein perceived by PAZ domain. This 
prompts the cleavage of each out of the two strands in turn by two diverse RNase III 
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domains independently. The last product after Dicer activity is 21–23-nt-long 
fragments with two nucleotides overhang at 3′ end, which currently go about as a 
substrate for RISC [14]. Current finding recommends that PAZ domain is fit for 
restricting the precisely two nucleotide 3′ overhang of dsRNA, while the RNase 
III catalytic domains structure a pseudo dimer around the dsRNA to start cleavage 
of the strands. This results in a functional shortening of the dsRNA strand. The 
separation between the PAZ and RNase III domains is controlled by the angle of 
the connector helix and impacts the length of the microRNA product [18]. In some 
of the organism, just one copy of Dicer is answerable for the processing of both 
miRNA and siRNA; however in Drosophila, Dicer 1 is exclusively dedicated for 
miRNA biogenesis, while Dicer 2 is utilized for siRNA track [14]. Other variants of 
Dicer are characterized by the absence of ATPase domain or PAZ domain or RNA 
binding domains. Although functional ATPase domain is not very necessary for 
the action of Dicer to the substrate molecules, studies also give a clue that ATPase 
domain is very critical for switching/movement of both RNase III domains, and 
biochemical studies indicate mutation in ATPase domain leads to the abolishment 
of siRNA procession [14].

2.2 RISC: at the center of RNA interference

RISC is a generic term for a family of heterogeneous molecular complexes that 
can be programmed to target almost any gene for silencing. In the cytoplasm of a 
eukaryotic cell, RISC programming is triggered by the appearance of dsRNA. RISC 
is a multiprotein complex composed of ribonucleoproteins (Argonaute protein), 
incorporating one strand of dsRNA fragments (siRNA, miRNA) to the target 
transcripts. Two proteins of ~100 kDa were also identified that corresponded  
to Argonaute 1 and Argonaute 2 (Ago1 and Ago2). A variety of different  
ribonucleoproteins, ranging from modest size (150 kDa) up to 3 MDa particle 
termed “holo-RISC,” have been revealed by the biochemical isolations of RISC, and 
many other intermediate sizes have also been observed [19–21]. A large number of 
RISC-associated proteins have been reported from recent research which mainly 
includes Argonaute proteins and RISC-loading complex. Both these components 
assembled together to perform its functions efficiently. RISC-loading complex 
is basically made up of Dicer, Argonaute, and TRBP (protein with three double-
stranded RNA binding domains) [22] that identified a 500 kDa insignificant RISC 
by portraying proteins that copurified with human Dicer. Two proteins were 
seen as related with Dicer, Ago2, and TRBP (the HIV trans-activating response 
RNA-binding protein) [22]. Paralelly, the minimal RISC, sufficient for target RNA 
recognition and cleavage efficiently, was demonstrated to be simply an Argonaute 
protein bound to a small RNA [23]. Argonaute proteins are universally found in 
plant, animal, many fungi, protista, and even in some archaea also. Albeit every 
AGO protein harbor PAZ, MID (middle), and PIWI domains, they are isolated 
into three groups based on both their phylogenetic connections and their ability to 
tie to small RNAs. Group 1 individuals are alluded to as AGO proteins which bind 
to miRNAs and siRNAs. Group 2 members are referred to as PIWI proteins which 
bind to PIWI-interacting RNAs (piRNAs). Group 3 individuals have been depicted 
uniquely in worms, where they tie to secondary siRNAs. AGOs are large proteins 
(ca 90–100 kDa) comprising one variable N-terminal area and rationed C-terminal 
PAZ, MID, and PIWI domains. Experiments with bacterial and animal AGO 
proteins have clarified the roles of these three domains in small RNA pathways. 
The MID domain ties to the 5′ phosphate of small RNAs, while the PAZ domain 
perceives the 3′ end of small RNAs. The PIWI domain adopts a collapsed structure 
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like that of RNaseH proteins and shows endonuclease action, which is done by a 
functioning site typically conveying an Asp-Asp-His (DDH) motif [24].

The presence of these proteins has also been reported in prokaryotes, but their 
function in lower organisms is still a mystery. Among eukaryotes, number of 
Argonaute gene ranging from a single copy to dozens of copies (even more than 
two dozens) is found to be observed. Multiple copies (paralogous proteins) of 
Argonaute proteins in C. elegans reflect their functional redundancy, and their 
evolutionary significance remains unknown. Studies suggest genes for Argonaute 
proteins are ample to recompense for one another [25]. In association with siRNA, 
the Argonaute binds to the 3′-untranslated area of mRNA which prevents the 
creation of proteins in a few different ways. The enrollment of Argonaute proteins 
to focused mRNA can induce mRNA degradation. The Argonaute-miRNA complex 
can likewise impact the development of functional ribosomes at the 5′ end of the 
mRNA. The complex contends with the translation initiation factors and/or poten-
tially repeals ribosome to get together. By recruiting cellular factors such as peptides 
or posttranslational modifying enzymes, the Argonaute-miRNA complex can adjust 
protein production, degrading the growth of polypeptides [26].

The Argonaute superfamily can be separately partitioned into three subgroups: 
the Piwi clade that ties to piRNAs, the Ago clade that associates with miRNAs and 
siRNAs, and a third clade that has just been found and portrayed in nematodes so 
far [27]. All gene regulatory phenomena including ∼20–30 nt RNAs are thought to 
require at least one Argonaute protein, and these proteins are the central, character-
izing segments of the different types of RISC. The double-stranded products of 
Dicer enters into a RISC assembly pathway that involves duplex unwinding, culmi-
nating in the stable association of only one of the two strands with the Ago effector 
protein [14, 15]. Thus, through Watson-Crick base pairing, one guide strand directs 
target recognition, while the other strand of the first little RNA duplex, known as 
the passenger strand, is disposed of. There are eight AGO relatives in human, some 
of which are examined seriously. Despite the fact that AGO1–AGO4 are equipped 
for stacking miRNA, endonuclease action and, however, RNAi subordinate gene 
silencing are solely found with AGO2. The uniqueness of AGO2 is presumed to arise 
from either the N-terminus or the spacing region linking PAZ and PIWI motifs, 
considering the sequence conservation of PAZ and PIWI domains across the family. 
In plants, a few AGO families additionally draw a tremendous effort of study. AGO1 
is unmistakably engaged with miRNA-related RNA degradation and assumes a 
central role in morphogenesis. In certain organisms, it is carefully required for epi-
genetic silencing. Strangely, it is managed by miRNA itself. AGO4 does not include 
in RNAi-coordinated RNA degradation, yet it includes in DNA methylation and 
other epigenetic regulation through small RNA (siRNA) pathway. AGO10 is associ-
ated with plant development. AGO7 has a distinct function from AGO1 to AGO10 
and is not included in gene silencing actuated by transgenes. Rather, it is identified 
with developmental timing in plants [15, 28]. At the cell level, Ago proteins dif-
fusely restrict in the cytoplasm and nucleus and sometimes, likewise at particular, 
foci which incorporate processing bodies (P-bodies) and stress granules. The 
subsequent clade, Piwi (named after the Drosophila protein PIWI, for P-component 
instigated weak testis), is communicated in germline cells most bounteously and 
has the capacity in the silencing of germline transposons. The means by which 
members acquire guide RNAs (gRNAs) is a major biochemical difference between 
Argonaute clades. In the cytoplasm, Ago guide RNAs are produced from dsRNA 
by a particular nuclease named Dicer. Individuals from the Piwi clade are thought 
to frame direct RNAs in a “ping-pong” component in which the objective RNA of 
one Piwi protein is severed and turns into the guide RNA of another Piwi protein. 
Maternally acquired guide piRNAs are accepted to start this gene-silencing cascade. 
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Class 3 Argonautes get direct RNAs by Dicer-interceded cleavage of exogenous and 
endogenous long dsRNAs [27, 29, 30].

The hall mark domains of Argonaute proteins are N-terminal PAZ (like Dicer 
enzymes and offer basic developmental cause), mid domain and C-terminal PIWI 
domain, an interesting to the Argonaute superfamily proteins. The PAZ domain is 
named after the revelation of proteins PIWI, AGO, and Zwille, whereby it is found 
to be conserved. The PAZ domain interacts with 3′ end of both siRNA and miRNA 
in a sequence-independent manner, and finally it hybridizes via base-pairing inter-
action with the target mRNA, leading to the cleavage or translation and inhibition 
[31]. PIWI domain has structural resemblance with RNaseH which is very essential 
for RNA backbone cleavage. The active site which coordinates with divalent metal 
ion and provides binding energy for catalysis is composed of triad amino acids, 
aspartate–aspartate–glutamate. PIWI domain participates in interaction with the 
Dicer via one of the RNase III domains in few Argonaute proteins [15]. A MC motif 
is available between the Mid and PIWI domain, which is believed to be engaged 
with collaboration sites for the 5′ cap of siRNA/miRNA and control their translation 
[26]. The general structure of Argonaute is bilobed, with one flap comprising the 
PAZ domain and the other projection comprising the PIWI domain which is flanked 
by N-terminal (N) and center (Mid) domains. The Argonaute PAZ domain has RNA 
3′ end binding activity and is used in guide strand binding revealed by the co-
crystal structures. The other end of the guide strand engages a 5′ phosphate binding 
pocket in the mid domain, and the remainder of the guide tracks along a positively 
charged surface to which each of the domains contributes. As expected for a protein 
that can accommodate a wide range of guide sequences, the protein-DNA contacts 
are dominated by sugar-phosphate backbone interactions. Guide strand that 
consists of 2–6 nucleotides which are important especially for target recognition is 
stacked with their exposed Watson-Crick faces and available for base pairing [32].

3. Working principle of RNAi

The RNAi pathway, ubiquitous to most of the eukaryotes consists of a short 
RNA molecule that binds to specific target mRNA to form a dsRNA hybrid and 
inactivates the mRNA by preventing it from producing a protein. It also influences 
the development of organisms, apart from their role in defense against viruses and 
protozoans. During RNAi, the dsRNA, introduced into cells by viral infection or 
artificial expression or formed in cells by DNA- or RNA-dependent synthesis of 
complementary strands, is processed to 20 bp double-stranded siRNAs containing 
2-nt 3′ overhangs [33]. The siRNAs are then incorporated into an RNA-induced 
silencing complex, recognize the sequences fully complementary to the siRNA, and 
mediate the degradation of mRNAs (Figure 1) [34].

3.1 Initiation: processing of precursor dsRNA

In the cytoplasm, RNAi pathway, an RNA-dependent pathway, can be initi-
ated by either exogenous or endogenous short dsRNA particles. The forerunner 
of siRNA, named as essential siRNA or pri-siRNA, creases back to frame a long 
stem circle structure (endogenous source dsRNA), at the cleavage site, leaving two 
3′ overhang nucleotide and 5′ phosphate group [35]. Inside the nucleus, Drosha 
and Pasha, in case of miRNA, are responsible for trimming the end of stem-loop 
like pri-miRNA, leading to the generation of pre-miRNA. Now, this pre-miRNA 
is transported to the cytoplasm with the help of Ran-GTP mediated exportin-5 
nuclear transporter, where Dicer chops the dsRNA into mature miRNA [36].
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Class 3 Argonautes get direct RNAs by Dicer-interceded cleavage of exogenous and 
endogenous long dsRNAs [27, 29, 30].
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domain, an interesting to the Argonaute superfamily proteins. The PAZ domain is 
named after the revelation of proteins PIWI, AGO, and Zwille, whereby it is found 
to be conserved. The PAZ domain interacts with 3′ end of both siRNA and miRNA 
in a sequence-independent manner, and finally it hybridizes via base-pairing inter-
action with the target mRNA, leading to the cleavage or translation and inhibition 
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3. Working principle of RNAi

The RNAi pathway, ubiquitous to most of the eukaryotes consists of a short 
RNA molecule that binds to specific target mRNA to form a dsRNA hybrid and 
inactivates the mRNA by preventing it from producing a protein. It also influences 
the development of organisms, apart from their role in defense against viruses and 
protozoans. During RNAi, the dsRNA, introduced into cells by viral infection or 
artificial expression or formed in cells by DNA- or RNA-dependent synthesis of 
complementary strands, is processed to 20 bp double-stranded siRNAs containing 
2-nt 3′ overhangs [33]. The siRNAs are then incorporated into an RNA-induced 
silencing complex, recognize the sequences fully complementary to the siRNA, and 
mediate the degradation of mRNAs (Figure 1) [34].

3.1 Initiation: processing of precursor dsRNA

In the cytoplasm, RNAi pathway, an RNA-dependent pathway, can be initi-
ated by either exogenous or endogenous short dsRNA particles. The forerunner 
of siRNA, named as essential siRNA or pri-siRNA, creases back to frame a long 
stem circle structure (endogenous source dsRNA), at the cleavage site, leaving two 
3′ overhang nucleotide and 5′ phosphate group [35]. Inside the nucleus, Drosha 
and Pasha, in case of miRNA, are responsible for trimming the end of stem-loop 
like pri-miRNA, leading to the generation of pre-miRNA. Now, this pre-miRNA 
is transported to the cytoplasm with the help of Ran-GTP mediated exportin-5 
nuclear transporter, where Dicer chops the dsRNA into mature miRNA [36].
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Processing of exogenous RNAs is cytoplasmic that leads to the biogenesis of 
siRNA only requires Dicer but not Drosha. Dicer contains two RNase III domains, 
one helicase domain, one dsRNA binding domain, and one Piwi/Argonaute/Zwille 
domain. The PAZ domain known to be very essential for RNAi is also found in 
Argonaute family proteins. The present finding proposes that the binding of Dicer 
as far as possible of dsRNA is unmistakably more impressive than inner binding. 
Dicer will connect with a current end of dsRNA and removes ~21 nucleotides from 
the end, shaping another end with two 3′ overhangs. A pool of 21-nt-long small 
RNA with two 3′ overhangs nucleotides will be generated from long dsRNAs, 
as a result of this stepwise cutting [37]. A few organisms contain more than one 
Dicer genes, with every Dicer specially processing dsRNAs from various sources. 
Arabidopsis thaliana has four Dicer-like proteins, out of which DCL-1 participates in 
microRNA development, DCL-2 especially processes dsRNA from plant virus and 
DCL-3 generates small RNAs from endogenous repeated sequences. Interestingly, 
only one Dicer gene is encoded by most of the mammals [38].

3.2 Selection of siRNA strand and assembly of RISC

The products of dsRNA and pre-siRNA processing by Dicer are 20 bp duplexes 
with 3′ overhangs. However, functional RISCs that consist of miRNAs and siRNAs 
must be single stranded for matching with the target RNA. How are the duplexes 
changed over to single-chain structures and how is a right (e.g., antisense or 

Figure 1. 
Viral RNA silencing in plant and its counter defense.
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“direct”) strand chosen for stacking onto the RISC? The later inquiry is of reason-
able significance in light of the fact that in order to knock down genes, artificial 
siRNAs can be directly used to trigger RNAi. Sequence analysis of the duplexes 
formed by pre-siRNA processing by Dicer and measurements of the potency of 
different double- and single-stranded siRNAs have demonstrated that the strand 
fused into the RISC is commonly the one whose 5′ end is the thermodynamically 
less steady end of the duplex [39]. Recent studies suggest that, in Drosophila, the 
Dcr-2–R2D2 heterodimer senses the differential stability of the duplex ends and 
decides which siRNA strand should get selected. Dicer binds to a less stable and 
R2D2 to a more stable siRNA end that is demonstrated by photocross-linking to 
siRNAs containing 5-iodouracils at different positions. Argonaute proteins are 
the most conserved members of RISC, which are essential most for RISC func-
tions. Argonaute proteins are highly rich in basic amino acids, and in plants, these 
residues are basically responsible for cross-linking with the guide RNA [40]. 
Argonaute proteins are characterized by the presence of two homology regions, the 
PAZ domain and the PIWI domain (RNase H like functional motif). PAZ domain 
specifically recognizes the unique structure of two 3′ nucleotides overhangs of 
siRNAs and also appears in Dicer proteins. In Argonaute proteins, PIWI domain 
recognizes 5′ phosphate group and therefore is required for siRNA to assembly into 
RISC. Endogenous kinase rapidly phosphorylates siRNA, lacking phosphate group 
in 5′ end [41]. Transfer of Dicer-processed dsRNA to RISC is mediated by several 
unknown proteins. RISC needs an ATP-dependent process for activation, which 
helps in loosening up siRNA duplex, leaving just single-stranded RNA joining the 
dynamic type of RISC. Near studies on solidness among functional and nonfunc-
tional siRNA demonstrate that the 5′ antisense regions of the practical siRNAs 
were less thermodynamically stable than the 5′ sense districts, giving a premise to 
their specific passage into the RISC. Through Watson-Crick base paring, the strand 
remained within the RISC function as a guide to locate target mRNA sequence, 
while during the loading process, the other strand of duplex siRNA is either cleaved 
or discarded. The only member of the Argonaute subfamily of proteins, the endo-
nuclease Argonaute 2 with observed catalytic activity in mammalian cells, is liable 
for this cutting action. Severed transcripts will experience resulting degradation by 
cell exonucleases. During this procedure, the guiding strand of siRNA duplex inside 
RISC will be unblemished and thusly catalytically permit RISC function. This 
strong cleavage pathway makes it an extremely appealing technique for decision for 
potential restorative utilizations of RNAi [42]. It is still a matter of debate, whether 
siRNA-mediated regulation has an impact on initiation, elongation, or termination 
or whether it acts co-translationally. For instance, human Ago2 ties to m7GTP and 
in this way can contend with eukaryotic translation initiation factor 4E (eIF4E) for 
binding to them the 7GTP-top structure of mRNA; the relationship of human Ago2 
with eIF6 and large ribosomal subunits additionally recommends an early advance 
of translation repressed by miRNAs. In any case, miRNAs and AGOs are found to 
be related with polysomes, proposing that at least in some cases, inhibition occurs 
after initiation [24].

The majority of the miRNAs hybridize to target mRNA with a near-perfect 
complementarity in plants and through a similar, if not identical, mechanism used 
by the siRNA pathway mediate an endonucleolytic cleavage. While in animal, 
miRNA interacts only with 3’UTR of mRNA (For ex; lin-4) and regulated expression 
of proteins negatively. The focal bungle between miRNA and mRNA hybridization is 
accepted to be answerable for the absence of RNAi-interceded mRNA cleavage occa-
sions (e.g., absence of RISC-intervened mRNA debasement). At long last, miRNA-
mRNA complex related with Ago proteins moves to processing body, where mRNA 
at long last is debased by RISC-free pathway [43, 44]. RNAi that interceded the 
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silencing of genes is not constrained to the posttranscriptional level as it was. SiRNA 
can also trigger de novo DNA methylation and transcriptional silencing; it has been 
shown in plants. Recent evidence suggests that in the genomes of certain species, 
siRNAs can inactivate transcription through direct DNA methylation and other types 
of covalent modification. Several studies also demonstrated that for the formation 
and maintenance of higher-order chromatin structure and function, RNAi machin-
ery present in the fission yeast S. pombe plays a critical role. It is hypothesized that 
expression of centromeric repeats results in the formation of a dsRNA that is cleaved 
by Dicer into siRNAs that direct DNA methylation of heterochromatic sites and 
regulate the expression of genes [45, 46]. Suppressors of posttranscriptional RNA 
silencing are encoded by many plant and some animal viruses that interfere with the 
accumulation or function of siRNAs. Recent crystallographic studies have revealed 
how the p19 suppressor protein of Tombusviridae elegantly and effectively sequesters 
siRNAs aimed at destroying viral RNA [47, 48].

In plant defense against pathogen invasion, RNA silencing functions as a 
natural immunity mechanism [49], and many viruses have evolved to express virus 
silencing repressor (VSR) proteins to counteract host antiviral RNA silencing. At 
molecular level, some of the virus-silencing repressors were studied, for example, 
2b of cucumber mosaic, P69 of the turnip yellow mosaic virus (TYMV), and 
HC-Pro of the turnip mosaic virus (TuMV), in Arabidopsis. Without a doubt, P19 
protein of tombusviruses, the most popular VSR up until this point, forestalls RNA 
silencing by siRNA sequestration through binding ds siRNA with a high affinity 
[50]. Crystallographic examines have uncovered that P19 structures are a tail-to-tail 
homodimer, which acts like a subatomic caliper, estimating the length of siRNA 
duplexes and restricting them in a sequence autonomous way, choosing for the 
19-bp-long dsRNA region of the common siRNA [48]. It is also confirmed through 
latest findings that the spread of the ds siRNA duplex hindered by P19 is recognized 
as the sign of RNA silencing [51].

Different VSRs, for example, the tomato aspermy cucumovirus 2b protein or B2 
of the insect-infecting Flock House infection, likewise tie ds siRNA in a size-explicit 
way; all things considered auxiliary examinations have demonstrated that their 
methods of binding siRNAs do not impart any closeness to P19 [52].

In agroinfiltration assays, two viral proteins that were recognized appeared to 
restrain the processing of dsRNA to siRNAs: P14 of Pothos latent aureusvirus and 
P38 of turnip crinkle virus (TCV). As of late, it was found that the activity of the 
P38 protein happens through AGO1 binding and that it meddles with the AGO1-
dependent homeostatic network, which prompts the hindrance of Arabidopsis 
DCLs [53]. The P6 VSR of the cauliflower mosaic virus (CaMV) studies has shown 
to interfere with vsiRNA processing, in addition to P14 and P38. Previously, P6 was 
portrayed as a viral translational trans-activator protein basic for virus biology. 
Critically, P6 has two importin-alpha-dependent nuclear localization signals, which 
are obligatory for CaMV infectivity. An ongoing disclosure demonstrated that one 
of the nuclear functions of P6 is to stifle RNA silencing by interacting with dsRNA-
restricting protein 4, which is required for the functioning of DCL-4.

4. Virus-induced gene silencing

Van Kammen termed “virus-induced gene silencing” first of all to describe the 
phenomenon of recovery from virus infection [54]. Though, the term has since 
been applied almost exclusively to the technique involving recombinant viruses to 
knock down the expression of endogenous genes [55, 56]. Around the world, RNA 
silencing has become a major focus of molecular biology and biomedical research. 
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Plant biologists have adopted numerous methods to engineer resistant plants that 
reduce the losses caused by plant pathogens. During the last two decades, RNA 
silencing-based resistance has been a powerful tool that has been used to engineer 
resistant crops, among them. In view of this system, various methodologies were 
created. Virus-induced gene silencing is a virus vector technology that uses an 
RNA-intervened antiviral defense mechanism. In plants, infected with unmodified 
viruses, the system is explicitly focused against the viral genome. However, with 
virus vectors carrying inserts derived from host genes the process can be addition-
ally targeted against the corresponding mRNAs. VIGS has been generally utilized in 
plants for investigation of gene function and has been adjusted for high-throughput 
functional genomics. Most uses of VIGS have been studied in Nicotiana benthami-
ana, up to this point. In any case, in other plants including Arabidopsis, new vector 
systems and methods are being developed that could be used. VIGS also helps in the 
identification of genes required for disease resistance in plants. When VIGS is used 
in the analysis of other aspects of plant biology, these methods and the underlying 
general principles are also applied.

When a plant virus infects a host cell, it activates an RNA-based defense that is 
targeted against the viral genome. In the virus-infected cells, dsRNA is thought to 
be the replication intermediate that causes the siRNA/RNase complex to target the 
viral single-stranded RNA. The viral ssRNA would not be a target of the siRNA/
RNase complex in the initially infected cell because this replication intermediate 
would not have accumulated to a high level. However, the viral dsRNA and siRNA 
would become more abundant, as the rate of viral RNA replication increases in the 
later stages of the infection. Eventually, the viral ssRNA would be targeted inten-
sively, and virus accumulation would slow down [57]. Many plant viruses encode 
proteins that are suppressors of this RNA silencing process. These suppressor pro-
teins would not cause complete suppression of the RNA-based defense mechanism 
as they would not be produced until the virus had started to replicate in the infected 
cell. Nonetheless, these proteins would impact the final steady-state level of virus 
accumulation. Strong suppressors would permit virus aggregation to be drawn out 
and at a significant level. Alternately, if a virus gathers at a low level, it could be 
because of the weak suppressor activity [58]. The dsRNA replication intermediate 
would be prepared with the goal that the siRNA in the infected cell would compare 
to parts of the viral vector genome, including any nonviral insert. Thus, the siRNAs 
would target the RNase complex to the corresponding host mRNA, if the insert is 
from a host gene and the symptoms in the infected plant would reflect the loss of 
the function in the encoded protein.

There are a few models that strongly support this way to deal with suppression 
of gene expression. In this manner, when tobacco mosaic virus (TMV) or potato 
virus X (PVX) vectors were adjusted to convey inserts from the plant phytoene 
desaturase gene, on the infected plant the photobleaching indications reflects the 
non-attendance of photoprotective carotenoid pigments that require phytoene 
desaturase. Thus, when the virus conveys additions of a chlorophyll biosynthetic 
enzyme, there were chlorotic side effects, and, with a cellulose synthase insert, the 
infected plant had modified cell walls [59]. Genes other than those encoding meta-
bolic catalysts can likewise be focused by VIGS. For instance, if the viral supplement 
related to genes is required for virus opposition, the plant showed upgraded patho-
gen weakness. In one such model, the supplement in a tobacco rattle virus (TRV) 
vector was from a gene (EDS1) that is required for N-intervened protection from 
TMV. The virus vector-tainted N-genotype plant showed mediated TMV obstruc-
tion. The manifestations of a TRV vector conveying a verdant supplement show 
how VIGS can be utilized to target gene that directs advancement. Leafy is a gene 
required for bloom advancement. Loss-of-function Leafy mutants produce changed 
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vector was from a gene (EDS1) that is required for N-intervened protection from 
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blossoms that are phenocopied in the TRV-leafy-infected plants. Correspondingly, 
the effects of tomato golden mosaic infection vectors carrying parts of the gene for 
a cofactor of DNA polymerase shows, how VIGS can be utilized to target essential 
genes. The plants infected with this geminivirus vector were suppressed for division 
development in and around meristematic zones of the shoot [60].

RNAi via siRNAs has generated a great deal of interest in both basic and applied 
biology to exploit the ability to knock down any gene of interest. There are an 
expanding number of large-scale RNAi screens that are intended to recognize the 
significant genes in different biological pathways. As the ailment forms addition-
ally rely upon the consolidated activity of different genes, it is normal that killing 
the action of a gene with explicit siRNA could deliver a restorative advantage to 
humanity. Based on the siRNA-mediated RNA silencing (RNAi) mechanism, 
several transgenic plants has been designed to trigger RNA silencing by targeting 
pathogen genomes. Based on the difference in precursor RNA, diverse targeting 
approaches have been developed for siRNA creation, including sense/antisense 
RNA, small/long hairpin RNA, and man-made miRNA antecedents. Numerous 
transgenic plants have been planned by virologists, expressing viral coat protein 
(CP), movement protein (MP), and replication-related proteins, demonstrating 
to be safe against contamination by the homologous virus. This sort of pathogen-
determined resistance (PDR) has been accounted for in different infections includ-
ing tobamovirus, potexvirus, cucumovirus, tobravirus, Carlavirus, potyvirus, and 
alfalfa mosaic virus bunches just as the luteovirus gathering [49, 61]. Transgene 
RNA silencing-intervened resistance is a procedure that is exceptionally connected 
with the amassing of viral transgene-inferred siRNAs. One of the disadvantages 
of the sense/antisense transgene approach is that the opposition is shaky and the 
component regularly brings about deferred obstruction or low adequacy/resistance. 
This might be because of the low collections of transgene-inferred siRNA in PTGS 
because of the defense system encoded by plants. Additionally, various infections, 
including potyviruses, cucumoviruses, and tobamoviruses, can check these systems 
by hindering this kind of PTGS. Thusly, the rich expression of the dsRNA to trigger 
productive RNA silencing gets significant for viable obstruction. To accomplish 
opposition, inverse repeat sequences from viral genomes were broadly used to 
frame hairpin dsRNA in vivo, including small hairpin RNA (shRNA), self-com-
plementary hpRNA, and intron-spliced hpRNA. Among these techniques, self-
complementary hairpin RNAs is isolated by an intron prone to evoke PTGS with the 
most elevated proficiency. The nearness of modified rehashes of dsRNA-induced 
PTGS (IR-PTGS) in plants likewise demonstrated high resistance against viruses. 
For the processing of primary siRNAs, IRP-TGS is not required for the formation 
of dsRNA; in any case, the plant RDRs are liable for the age of secondary siRNAs 
got from non-transgene viral genome, which further strengthens the adequacy of 
RNA silencing instigated by hpRNA, a procedure named RNA silencing transitivity. 
Among them, the most significant are sequence closeness between the transgene 
sequence and the difficult virus infection arrangement. Scientists have engineered 
several transgenic plants with multiple hpRNA constructs from different viral 
sources, or with a single hpRNA construct combining different viral sequence. At 
the same time, various viruses can be focused on, and the subsequent transgenic 
plants show a more extensive resistance with high viability. Notwithstanding the 
arrangement closeness, the length of the transgene sequence additionally adds to 
high resistance. As a rule, transgene sequence with a normal length of 100–800 nt 
gives viable obstruction [62, 63].

By mimicking the unblemished secondary structure or hairpin loop of endog-
enous miRNA antecedents, artificial miRNAs (amiRNAs) are planned and handled 
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in vivo to focus on the genes of intrigue. The technique of expressing amiRNAs was 
first adopted to knock down endogenous genes for functional analysis. The innova-
tion is generally utilized in building antiviral plants and animals. Conventional with 
regular RNAi methodologies, amiRNAs have numerous preferences:

1. Owing to the short sequence of amiRNAs, a long viral cDNA fragment is not 
required; therefore, the full degree of off-target impacts are avoided, and 
the biosafety of transgenic crops is expanded, contrasted with siRNAs from 
long clip RNA.

2. Tissue- or cell-explicit take-out/downs of genes of intrigue can be acknowl-
edged as a result of various tissue- or cell-explicit advertisers being utilized.

3. The casual interest on sequence length makes amiRNAs particularly valuable 
in focusing on a class of moderated genes with high succession likenesses, 
similar to a couple of exhibited genes, on the grounds that a short preserved 
grouping is all the more effectively found in these genes [64].

Viruses which have been altered and utilized for silencing the gene of intrigue 
are outlined in Table 1 [65–86]. Tobacco mosaic virus is one of the changed viruses 
which were utilized for compelling pds gene silencing in Nicotiana benthamiana 
plants. TMV is the main changed virus for use of VIGS techniques to plant. 
Potential of VIGS for analysis of gene function was easily recognized when the viral 
delivery leads to downregulation of transcript of target gene through its homology-
dependent degradation. Tobacco rattle virus was also modified to be a tool for gene 
silencing in plants. Using TRV vectors, VIGS has been effectively applied in N. 
benthamiana and in tomato. The critically preferred position of TRV-based VIGS in 
solanaceous species is the simplicity of presentation of the VIGS vector into plants. 
The VIGS vector is set between right border (RB) and left border (LB) locales of 
T-DNA and embedded into Agrobacterium tumefaciens [81, 82].

Another property of TRV is the more vivacious spreading everywhere through-
out the whole plant including meristem, and disease manifestations of TRV are 
gentle. Strong duplicate 35S promoter and a ribozyme at C-terminus make modified 
TRV vectors such as pYL156 and pYL279 more efficient and spread faster. These 
vectors are also able to infect other plant species. In tomato, TRV-based vector has 
been used [43] for gene silencing. Recently, Pflieger et al. have indicated that a viral 
vector got from turnip yellow mosaic virus (TYMV) can prompt VIGS in Arabidopsis 
thaliana. VIGS of N. benthamiana utilizing potato virus X (PVX) was likewise 
accomplished. PVX-based vectors have more limited host range (only three families 
of plants are susceptible to PVX) than TMV based vectors (nine plant families show 
susceptibility for TMV) but PVX-based vectors are more stable compared to TMV. 
For VIGS studies, geminivirus-inferred vectors can be utilized particularly to exam-
ine the capacity of genes associated with meristem function. Tomato golden mosaic 
virus (TGMV) was utilized to silence a meristematic gene, proliferating cell nuclear 
antigen (PCNA) in N. benthamiana. The TGMV-based silencing vector had been 
utilized for likewise silencing of non-meristematic gene silencing. In plants, only 
with the help of other helper viruses for efficient gene silencing, satellite virus-based 
vectors are also used. This two-component system is called satellite virus-induced 
silencing system (SVISS) [60, 87]. Previously, barley stripe mosaic virus (BSMV) 
was developed for efficient silencing of pds gene, in barley. Then, this system was 
used for silencing of wheat genes. BSMV is a positive-sense RNA virus containing 
a tripartite (α, β, γ) genome. The modified γ of BSMV genome was used for plant 
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Virus/type Group Natural hosts Silenced host 
species

Gene 
silenced

References

African 
cassava 
mosaic virus, 
DNA virus, 
bipartite

Begomovirus Manihot 
esculenta

N. benthamiana, 
M. esculenta

pds, su, 
cyp79d2

[65]

Apple latent 
spherical 
virus
RNA virus, 
bipartite

Cheravirus Apple N. tabacum,  
N. occidentalis, 
N. benthamiana, 
N. glutinosa, 
Solanum 
lycopersicon,  
A. thaliana
Cucurbit species, 
several legume 
species

pds, su, 
pcna

[66]

Barley stripe 
mosaic virus
RNA virus, 
tripartite

Hordeivirus Barley, wheat, 
oat, maize, 
spinach

Hordeum vulgare, 
Triticum aestivum

Pds, 
TaEra1

[67, 68]

Bean pod 
mottle virus
RNA virus, 
bipartite

Cucumovirus Phaseolus 
vulgaris, 
Glycine max

G. max Pds, 
GmRPA3

[69, 70]

Brome 
mosaic virus
RNA virus, 
tripartite

Bromovirus Barley Hordeum vulgare, 
Oryza sativa, and 
Zea mays

pds, actin 
1, rubisco 
activase

[71]

Cabbage leaf 
curl virus
DNA virus, 
bipartite

Begomovirus Cabbage, 
broccoli, 
cauliflower

A. thaliana gfp, 
CH42, 
pds

[72]

Cucumber 
mosaic virus
RNA virus, 
tripartite

Cucumovirus Cucurbits, S. 
lycopersicon, 
Spinacia 
oleracea

G. max chs, 
sf30h1

[73]

Pea early 
browning 
virus, 
RNA virus, 
Bipartite

Tobravirus Pisum sativum, 
Phaseolus 
vulgaris

P. sativum pds, uni, 
kor

[74]

Poplar 
mosaic virus
RNA virus, 
monopartite

Carlavirus Poplar N. benthamiana gfp [75]

Potato virus 
X
RNA virus, 
monopartite

Potexvirus Solanum 
tuberosum, 
Brassica 
campestris ssp. 
rapa

N. benthamiana, 
A. thaliana

gus, pds, 
DWARF, 
SSU, 
NFL, 
LFY

[76]

Satellite 
tobacco 
mosaic virus
RNA virus, 
satellite

RNA satellite 
virus

Nicotiana 
glauca

N. tabacum Several 
genes

[77]
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gene cloning replaced by DNA vector. For defect of viral coat protein production, β 
genome has been deleted. Every one of the altered DNAs is utilized to blend RNAs 
by in vitro transcription. As of late, Brome mosaic virus strain has been adjusted for 
VIGS of pds, actin, and rubisco activase. These genes were additionally silenced in 
significant model plants, for example, rice. Conventions for VIGS are as follows:

4.1 Target sequence determination

siRNA-Finder (si-Fi; http://labtools.ipk-gatersleben.de/) software that are 
predicted to produce high numbers of silencing effective siRNAs could be used to 
select 250–400 nt sequence regions. Whenever the situation allows, select at any 
rate two preferably non-overlapping regions of the gene of enthusiasm for VIGS 
investigations. Perception of a similar phenotype initiated by silencing utilizing 
every one of the at least two free VIGS constructs is a decent sign that the pheno-
type is because of explicit silencing of the expected target gene, in this manner 
permitting more noteworthy trust in the acquired outcomes. When endeavoring to 
silence, an individual from a gene family considers choosing the sequences from the 

Virus/type Group Natural hosts Silenced host 
species

Gene 
silenced

References

Tomato 
bushy stunt 
virus, RNA 
virus

Tombusvirus S. lycopersicon, 
N. benthamiana

N. benthamiana gfp [78]

Tobacco 
curly shoot 
virus, DNA 
satellite-like 
virus

DNA 
satellite-like 
virus

N. tabacum N. tabacum, 
Solanum 
lycopersicon, 
Petunia hybrida, 
N. benthamiana

gfp, su, 
chs, pcna

[79]

Tobacco 
mosaic virus
RNA virus, 
monopartite

Tobamovirus N. tabacum N. benthamiana, 
N. tabacum

pds, psy [80]

Tobacco 
rattle virus
RNA virus, 
bipartite

Tobravirus Wide host 
range

N. benthamiana, 
A. thaliana, S. 
lycopersicon

pds, rbcS, 
FLO/LFY 
(NFL) 
Sllea4

[81, 82, 83]

Tomato 
golden 
mosaic virus, 
DNA virus, 
bipartite

Begomovirus S. lycopersicon N. benthamiana su, luc [84]

Tomato 
yellow leaf 
curl China, 
DNA satellite

Begomovirus S. lycopersicon N. benthamiana, 
S. lycopersicon,  
N. glutinosa,  
N. tabacum

pcna, pds, 
su, gfp

[85]

Turnip 
yellow 
mosaic virus, 
RNA virus, 
monopartite

Tymovirus Brassicaceae A. thaliana pds, lfy [86]

Table 1. 
Plant viruses used as VIGS vectors, the nature of their genomes, and their important hosts.
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30 or 50 UTR regions, which are commonly more factor than the CDS. This ought 
to limit the danger of off-target silencing. Then again, in cases among different 
gene family members, when a great deal of functional redundancy is expected, it 
should be possible to design VIGS construct(s) from the conserved gene regions in 
order to target several or even all gene family members simultaneously. Regarding 
VIGS experimental design, VIGS construct containing a 250–400 nt fragment of 
a non-plant origin gene, such as the Aequorea victoria Green Fluorescent Protein 
gene or the Escherichia coli β-glucuronidase gene, should be included as at least one 
negative control.

4.2 VIGS construct formation

Clone the VIGS target sequences into the, for instance, BSMV RNAc vector 
pCa-cbLIC by means of ligation-independent cloning (LIC), in either sense or 
antisense direction. Antisense constructs might be progressively effective in initiat-
ing gene silencing. Changed sequence checked pCa-cbLIC VIGS construct into A. 
tumefaciens GV3101 by electroporation. For this, MicroPulser (Bio-Rad) electro-
porator, 0.1 cm gap electroporation cuvettes, and home-made electro-competent 
cells could be utilized. Agrobacterium cultures developed to a last OD600 of 1.2, 
and the cells will be pelleted by centrifugation and washed in ice-cold sterile 10% 
glycerol in complete multiple times. Electroporation should be possible, utilizing 
the producer’s pre-set conditions for Agrobacterium, for example, one 2.2 kV pulse. 
Plate an aliquot of the transformation mixture on LB agar enhanced with 25 μg/
ml gentamycin and 50 μg/ml kanamycin. As BSMV requires every one of the three 
genomic fragments, RNAa, RNAb, and RNAc, for effective infection, it is addition-
ally important to deliver A. tumefaciens GV3101 strains containing pCaBS-α (BSMV 
RNAα) and pCaBS-β (BSMV RNAβ).

4.3  Preparation of virus inoculum and infecting target plants with engineered 
virus

Engineered virus introduced into the leaf of dicot plants (for example well 
studied Nicotiana benthamiana) by means of agroinfiltration. For N. benthamiana 
agroinfiltration, grow 5 ml cultures (LB enhanced with 25 μg/ml gentamycin and 
50 μg/ml kanamycin) of A. tumefaciens strains conveying pCa-cbLIC VIGS con-
structs overnight at 28°C with steady shaking at 220 rpm. For each BSMV RNAc 
build, BSMV RNAα and RNAβ developed in 5 ml cultures will likewise be required. 
Pellet the A. tumefaciens cells at 2500 rcf for 20 min, resuspend it in infiltration buf-
fer [10 mM MgCl2, 10 mM 2-(N-morpholino)-ethanesulfonic acid (MES) pH 5.6, 
and 150 μM acetosyringone] to a last optical density at 600 nm (OD600), and 
incubate it at room temperature without shaking for 3 h or more. Blend A. tumefa-
ciens strains conveying BSMV RNAα, RNAβ, and RNAγ strains together in a 1:1:1 
proportion, and pressure infiltrate the bacteria into the abaxial side of completely 
extended leaves of roughly 25–30-day-old N. benthamiana plants utilizing a needle-
less 1 ml syringe. Utilize 0.5–1 ml of Agrobacterium suspension per leaf and mean to 
penetrate the entire zone of each leaf.

4.4 Assessment of virus-induced gene silencing

Quantitative reverse transcription PCR (qRT-PCR) is used for the assessment 
of successful silencing of the target gene in the VIGS construct-infected plants. 
The primers utilized for this reason should tie outside the region focused for 
silencing.
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4.5 Viral infection to the plant and disease evaluation

In the wake of affirming the killing of target gene, one needs to infect the host 
(plant) from the susceptible virus for the disease appraisal. Genes were focused on 
that delivered unmistakable phenotypes, for example, silencing of GFP in trans-
genic tobacco communicating GFP, the photobleaching of leaves brought about 
by lost carotenoid pigments when phytoene desaturase (pds) was disturbed [56]. 
Different models focused on the chlorophyll biosynthetic enzyme, bringing about 
plant chlorosis [59], and the cellulose synthase gene, bringing about a change of 
plant cell dividers. With the underlying accomplishment of VIGS, specialists started 
focusing on basic genes [60], for example, those engaged with plant resistance [60] 
encoding metabolic enzymes, expanding crop yield, or plant development and 
advancement. For instance, when a VIGS vector developed with tobacco rattle virus 
was adjusted with the EDS1 gene required for N-intervened resistance from TMV, 
the immunized plants had an improved susceptibility to TRV.

5. Next-generation VIGS with CRISPR/Cas system

In plant biology, virus-induced gene silencing has made a tremendous impact by 
silencing and then identifying endogenous genes. However, it is now possible for 
targeted genome editing and precise knocking out of entire genes with one of the 
most recent and promising genetic tools, the CRISPR/Cas DNA system. In ongoing 
investigations, CRISPR/Cas9 was utilized to alter plant genomes, for example, rice, 
N. benthamiana and Arabidopsis for heritable changes. The method is basic and 
requires just transgenic plants expressing cas9 and guide RNA. (The specialized 
terms are clarified beneath.) Moreover, the hereditary changes are available in ensu-
ing ages. The VIGS system, other than its capacity to silence genes, has discovered 
a significant application in the CRISPR/Cas altering system. It very well may be 
utilized as a vehicle to ship the CRISPR/Cas altering system into plant system.

In spite of the fact that this innovation is new, various evidence of idea concen-
trates in model plants have indicated its potential as a gene editing technology. The 
productivity, precision, and adaptability of the CRISPR/Cas9 genome engineering 
system have been exhibited in different eukaryotes, for example, yeast, zebrafish, 
and worms. The potential applications have been developing quickly which incor-
porate the forefront use of gene altering in the germlines of people and different life 
forms. This technique was as of late received in plant systems in different transient 
tests or in transgenic plants and is turning into the strategy for decision for plant 
researchers.

Like RNA interference, the CRISPR/Cas gene altering innovation was gotten 
from a normally happening plant protection mechanism. It gives a type of acquired 
immunity to the cleavage of DNA present in specific prokaryotes and gives obstruc-
tion against foreign hereditary components, for example, phages and plasmids. It 
depends on the type II clustered regulatory interspaced short palindromic repeats 
(CRISPR). CRISPR is a sequence of short, monotonous portions followed by a short 
fragment of spacer DNA. The spacer DNA could be from past exposures to a virus, 
plasmid, or bacterium. A proof that the wellspring of the spacers was a bacte-
rial genome was the principal trace of the CRISPR’s job in an adaptive immunity 
equivalent to RNA interference. It was before long recommended that the spacers 
recognized in bacterial genomes filled in as templates for RNA molecules that the 
bacteria transcribed following a presentation to an attacking phage. Further exami-
nations uncovered that a significant protein called Cas9 was included, together with 
the transcribed RNA, to perceive the attacking phage and cut the RNA into small 
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pieces (crRNA) in the CRISPR system. CRISPRs are found in practically 90% of the 
sequenced Archaea and up to 40% of bacterial genomes. Local bacterial CRISPR 
RNAs likewise can be adjusted into a single gene known as a single guide RNA 
(sgRNA). Utilizing sgRNA, the system has gotten increasingly adaptable, permit-
ting it to streamline genome altering by consolidating sgRNA and Cas9 out of a 
heterologous framework. In plants, the CRISPR/Cas9 system utilizes the two seg-
ments; the Cas9 compound catalyzes DNA cleavage and the sgRNA initiates Cas9 
to the objective site. This site is generally situated around 20 nucleotides before the 
protospacer theme and cuts the DNA. Plants utilize the natural mechanism, to reat-
tach the cleaved ends of DNA called nonhomologous end joining [37] and typically 
bring about a change either by frameshift, addition/erasure, or inclusion of a stop 
codon. Hence, by essentially designing a sgRNA with a corresponding sequence, for 
all intents and purposes, any gene can be altered with this heterologous system.
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Chapter 6

RNAi Induced Gene Silencing 
Journey from Simple dsRNA 
to High-Throughput Intron 
Hairpin RNA Construct in Crop 
Improvement
Jadhav Pritam Ramesh, Ekatpure Sachin Chandrakant  
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Abstract

RNA interference (RNAi) is the process in which short interfering RNA (siRNA) 
act to inactivate the expression of target genes. The tremendous work done by many 
research groups around the globe have contributed in deciphering the RNAi pathway. 
Understanding the role of siRNA and machinery involved in RNAi pathway led to 
application of this pathway as technique in therapeutic applications and crop improve-
ment. The specificity of siRNA in interacting the target sequence helped to understand 
the complex pathways and role of major genes involved. Here we have reviewed the 
journey involved in understanding RNAi pathway and in vitro use of dsRNA to induce 
RNAi machinery against the target gene. It explains the advances achieved in vector 
construction from simple RNA construct to high-throughput ihpRNA constructs for 
higher efficiency in target-specific gene silencing for crop improvement.
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1. Introduction

The introduction of recombinant DNA techniques and the progression in gene 
transfer technique and plant regeneration strategies in the 1980s empowered the 
trading of genes not only between plants of various species but also from viruses, 
bacteria, fungi, and animals into plants. This capacity to transform plants with 
transgenes gave unparalleled chances for crop improvement and also widened the 
scope for upgrading of strategies in genetic engineering. One such strategy devel-
oped was RNAi for gene silencing.

The RNAi pathway was first observed in the nematode in response to double-
stranded RNA (dsRNA) which resulted in sequence-specific gene silencing. It was then 
developed as weapon to fight an ongoing war between viruses and living organism 
from decades. Researchers have been constantly working toward combating virus 
invasion especially in crops. In this context in 1986, the American plant virologist 
Roger Beachy and his partners demonstrated an experiment against the tobacco 
mosaic virus (TMV) infection in tobacco plants. Using gene transformation technique, 



Genetic Transformation in Crops

98

[86] Pflieger S, Blanchet S, Camborde L, 
Drugeon G, Rousseau A, Noizet M, et al. 
Efficient virus-induced gene silencing 
in Arabidopsis using a ‘one-step’ TYMV-
derived vector. The Plant Journal. 
2008;56:678-690

[87] Tao X, Zhou X. A modified viral 
satellite DNA that suppresses gene 
expression in plants. The Plant Journal. 
2004;38(5):850-860

99

Chapter 6

RNAi Induced Gene Silencing 
Journey from Simple dsRNA 
to High-Throughput Intron 
Hairpin RNA Construct in Crop 
Improvement
Jadhav Pritam Ramesh, Ekatpure Sachin Chandrakant  
and Wagh Yogesh Sahebrao

Abstract

RNA interference (RNAi) is the process in which short interfering RNA (siRNA) 
act to inactivate the expression of target genes. The tremendous work done by many 
research groups around the globe have contributed in deciphering the RNAi pathway. 
Understanding the role of siRNA and machinery involved in RNAi pathway led to 
application of this pathway as technique in therapeutic applications and crop improve-
ment. The specificity of siRNA in interacting the target sequence helped to understand 
the complex pathways and role of major genes involved. Here we have reviewed the 
journey involved in understanding RNAi pathway and in vitro use of dsRNA to induce 
RNAi machinery against the target gene. It explains the advances achieved in vector 
construction from simple RNA construct to high-throughput ihpRNA constructs for 
higher efficiency in target-specific gene silencing for crop improvement.

Keywords: RNAi, crop improvement, vector construction, ihpRNA

1. Introduction

The introduction of recombinant DNA techniques and the progression in gene 
transfer technique and plant regeneration strategies in the 1980s empowered the 
trading of genes not only between plants of various species but also from viruses, 
bacteria, fungi, and animals into plants. This capacity to transform plants with 
transgenes gave unparalleled chances for crop improvement and also widened the 
scope for upgrading of strategies in genetic engineering. One such strategy devel-
oped was RNAi for gene silencing.

The RNAi pathway was first observed in the nematode in response to double-
stranded RNA (dsRNA) which resulted in sequence-specific gene silencing. It was then 
developed as weapon to fight an ongoing war between viruses and living organism 
from decades. Researchers have been constantly working toward combating virus 
invasion especially in crops. In this context in 1986, the American plant virologist 
Roger Beachy and his partners demonstrated an experiment against the tobacco 
mosaic virus (TMV) infection in tobacco plants. Using gene transformation technique, 



Genetic Transformation in Crops

100

they introduced a transgene derived from the coat protein gene of tobacco mosaic 
infection in tobacco plants. This virus-based transgene acted against the TMV and 
protected plant from infection [1]. This finding inspired significant research move-
ment around the globe and prompted numerous reports of protection against a range 
of viruses infecting plants. However, the underlying mechanism of resistance against 
viruses using pathogen-derived gene at the molecular level was not known at that time.

The study of Lindbo and Dougherty [2] gave an insight to the happenings at 
the molecular level. They show that transforming plants with transgenes that can 
express RNAs of viral origin, but which could not be translated into proteins, could 
initiate a mechanism that could degrade both the mRNA from the introduced 
transgene and the genomic RNA of the inoculated virus and lead to repression of 
the infection by the virus. They also found great similarities with a phenomenon 
called posttranscriptional gene silencing (PTGS)—which had been described using 
transgenes of nonviral origin.

Transgene-induced posttranscriptional gene silencing has been detected in 
plants [3] where it is called co-suppression and in fungi where it is called quelling 
[4]. In animals, PTGS can be induced by dsRNA in a process called RNA inter-
ference (RNAi) [5]. In plants, PTGS can also be induced by viruses expressing 
host genes in a process called virus-induced gene silencing (VIGS) [6]. Viruses 
themselves can be the targets of the PTGS machinery [6]. It was proposed that if a 
cell expresses molecules of the same RNA sequence at a level higher than a certain 
threshold, this induces a mechanism that specifically destroys that RNA [7]. This 
proposition led to changes in the way of construct designing and preparation, and 
the journey from dsRNA construct to high-throughput ihpRNA construct began.

2. Double-stranded RNA construct for gene silencing

Based on the Lindbo and Dougherty proposition [2], constructs were made with 
an aim to increase the copy number of virus-derived transgenes [8]. Constructs 
contained two sense copies or two antisense copies or contained both one sense 
and one antisense copy. The transgenic plants with these different constructs were 
analyzed for virus resistance. They observed that tobacco plants transformed with 
construct containing both sense and antisense copies showed higher protection 
against PVY virus. Based on the analysis, they concluded that the production of 
dsRNA was causing the silencing effect and not the number of gene copies.

Hence, the scientist thought of introducing dsRNA of the target RNA in plant to 
trigger the silencing mechanism. An experiment was conducted to induce immunity 
against potato virus Y (PVY) in tobacco plant [8]. Tobacco plants were transformed 
with gene constructs that encoded the Pro sequence in the sense or antisense orien-
tation or in both orientations and were challenged with PVY. Less than 15% of the 
Pro[s] or Pro[a] lines showed resistance to PVY, whereas the lines containing both 
sense and antisense genes showed 44–54% of resistance to PVY. This result sug-
gests that the sense and antisense mRNA in the same cell elicit the PVY resistance. 
Similar reports were obtained in rice cells transformed with a GUS-derived hairpin 
(hp) gene. The cells with the GUS gene alone gave a strong blue color, but those with 
both the GUS gene and the GUS-hp gene remained white [9].

3. Hairpin RNA construct

Further the construct was improved with a transgene expressing RNA that folds 
back and hybridizes with itself to form a structure like a hairpin, instead of making 
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two separate RNAs which hybridize into dsRNA [8–11]. With ongoing research and 
use of RNAi technique for gene silencing, it was observed that silencing efficiency 
of RNAi vectors can be increased if the factors like selection of target sequences, 
the inverted repeats, size of the repeats, vectors, use of spacers or introns in the 
RNAi cassette, promoters, etc. are efficiently worked upon in vector construction. 
Studies on these parameters were conducted for improvement of hpRNA construct 
to increase silencing efficiency.

4. Improvement of hpRNA construct

4.1 Selection of target sequence

Overall efficiency of RNAi is dependent on RNA-protein interactions during 
siRNARISC assembly and activation [12, 13]. Hence, a systematic analysis of 180 
siRNAs targeting the mRNA of two genes was done to identify siRNA-specific fea-
tures that are likely to contribute to efficient processing at each step of RNAi [14]. 
Based on the analysis, characters like low G/C content, a bias toward low internal 
stability at the sense strand 3′-terminus, lack of inverted repeats, sense strand base 
preferences (positions 3, 10, 13, and 19), etc. were found to be affecting siRNA 
functionality. An algorithm was designed to incorporate all the eight criteria for the 
selection of potent siRNA for facilitating the functional gene knockdown studies.

A similar study was conducted to decipher the relationship between short 
interfering RNA (siRNA) sequence and RNA interference in three mammalian and 
Drosophila cells by analyzing 62 targets of 4 exogenous and 2 endogenous genes [15]. 
Based on analysis certain rules were formulated for designing effective siRNAs capa-
ble of inducing highly effective gene silencing in mammalian cells. Rules included the 
sequence conditions, viz., the presence of A/U at the 5′ end of the antisense strand 
and G/C at the 5′ end of the sense strand, the presence of at least five A/U residues in 
one-third of the antisense strand toward 5′ end, and the absence of any GC stretch 
of more than 9 nt in length. These rules indicated that siRNAs which satisfy all these 
conditions will increase the gene silencing efficiency in mammalian cells.

The investigation was done on the use of RNA interference for obtaining resis-
tance against Cotton leaf curl Multan virus (CLCuMV) [16]. Three hairpin RNAi 
constructs were produced containing either complementary-sense genes essential for 
replication/pathogenicity or noncoding regulatory sequences of CLCuMV. All three 
RNAi constructs significantly reduced the replication of the virus in inoculated tis-
sues. However, the systemic movement of the virus was controlled by only one of the 
constructs (CLCRNAiRepTrAPREn/pFGC), possibly because it spanned three virus-
encoded genes: the replication-associated protein (Rep), the replication enhancer 
protein (Ren), and the transcriptional activator protein (TrAP). Also, the ability of 
virus to infect plant was compromised as the expression of TrAP was downregulated. 
TrAP is a transcription factor possibly involved in suppression of silencing machinery. 
Hence, both the target sequence and the levels of identity between the construct and 
target sequence determined the outcome of RNAi-based resistance against the virus.

On studying the effects of the structure, position, and sequence of a target RNA 
on RNAi using 47 constructs for inhibition of firefly luciferase activities by siRNAs 
targeted to TAR motif, it was observed that the efficacy of siRNAs depended mainly 
on the target sequence [17]. Statistical analysis of the data collected on the sequence 
preferences indicated that some nucleotides at specific positions are positively or 
negatively correlated with the efficiencies of siRNAs; for example, the siRNAs with 
an A residue at the 19th nucleotide position from the 5′ end of the sense strand 
showed relatively high suppressive activities, and siRNAs with a G residue at the 
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19th nucleotide in the sense strand tended to be less effective. Similar preference 
(A19 in siRNA; U1 in the miRNA) was observed for miRNA sequences [18]. This 
preference suggests the importance of the low internal stability of the 5′ terminus 
of the antisense strand and a possible functional contribution of a U at the 5′ end to 
the activities of both siRNA and miRNA [12, 13]. A significant negative correlation 
was also observed between the GC content of the 3′ half of siRNAs (in particular, 
from the 12th to the 19th nucleotide) and the activities of siRNAs. These tendencies 
can also be seen in another report [19].

The first commercialized transgenic papaya carrying the PRSV CP gene was 
introduced to Hawaii in 1998 to save the remains of the papaya industry [20]. 
However, transgenic papaya cultivars showed varying levels of resistance against 
PRSV isolates from other geographical regions. For example, isolates from the 
Bahamas, Florida, and Mexico have delayed, mild symptoms. Isolates from Brazil 
and Thailand also have delayed symptoms, but the virus eventually overcomes 
their resistance. The CP hemizygous line, “Rainbow,” is also susceptible to PRSV 
isolates from Taiwan [21]. Resistance levels therefore were found to be dependent 
on the variability among CP genes of the isolates [22–24]. The high levels of genetic 
divergence in PRSV isolates from Hainan caused the failure of transgenic papaya 
lines that targets specific viral CP gene [25]. CP-transgenic resistance of papaya is 
expressed in a nucleotide-sequence-homology-dependent manner [26, 27].

The proper selection of a target sequence for a given gene of interest remains 
one of the most critical components of successful gene knockdown regardless of the 
RNAi methodology.

4.2 Size of repeats

The silencing efficiency is reported to be proportional to the size of target 
sequence, and the terminal regions (5′ and 3′) were found to be unaffected by 
silencing mechanism [28]. This description was based on the experiment conducted 
to identify the target regions and relative efficiencies of various target regions for 
silencing of gn1 (β-1,3 glucanase) gene in transgenic tobacco line T17.

Similarly, the effect of length of inverted repeats in tobacco BY-2 cells was tested 
by co-transformation of a luciferase gene construct and a luciferase dsRNA expres-
sion plasmid [29]. The dsRNA expression plasmids targeted to the firefly luciferase 
gene were constructed with 500- and 300-bp inverted repeats. However, no signifi-
cant difference in silencing efficiency was observed, and the presence of 300-bp 
dsRNA was found to be sufficient to suppress the luciferase activity in cultured 
plant cells. A longer dsRNA did not show any enhancement in RNAi effect.

The less silencing frequency is reported when shorter fragments were used [30]. 
It was based on constructs with fragments of range 50 bp–1 kb targeted to silence 
two Arabidopsis genes, FLC (flowering locus C) and PDS (phytoene desaturase), 
successfully [30]. The use of fragments between 300 and 600 bp was recommended 
to achieve effective silencing.

Differences in silencing efficiency were also observed in Neurospora crassa upon 
introduction of varied size of inverted repeat constructs targeting the albino-1 gene 
[31]. Higher silencing frequencies were obtained when the length of the repeat for 
the target albino-1 gene in Neurospora crassa was kept above 200 and below 900 
nucleotides. A substantial decrease in the silencing efficiency was observed when 
the repeat size was reduced below 200 nucleotides.

The effect of size of granule-bound starch synthase (GBSSI) sequence in 
inverted repeat constructs was evaluated, and it was found that, for GBSSI, the 
small inverted repeat constructs were more efficient silencing inducers than the 
large inverted repeat constructs. The small inverted repeat constructs with a repeat 
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size of 500–600 bp and a spacer of about 150 bp were observed to be more efficient 
silencing inducers than the large inverted repeat constructs where the size of the 
repeat was 1.1 or 1.3 kb whilst the size of spacer was 1.3 or 1.1 kb [32].

Together, these reports suggest that 300–500 bp is the optimal size for inverted 
repeat for effective silencing mechanism.

4.3 Vectors

Construction of RNAi vectors takes considerable time and is a tedious task since 
it involves laborious conventional cloning technology that relies on restriction 
digestion and ligation of two fragments corresponding to the antisense and sense 
region of the stem and subcloning into a binary vector. Hence, there is demand for 
high-throughput plant RNAi vectors for a rapid and easy construction.

For instance, technique involving a single step for construction of an RNAi 
vector has been developed that facilitates fast and reliable DNA cloning. It is 
called as gateway cloning technique which is also available with compatibility for 
Agrobacterium sp. binary vector system. The backbone of all Gateway-compatible 
destination vectors is derived from the pCambia series of binary vectors for 
Agrobacterium sp.-mediated plant transformation. The Gateway recombination site 
for introduction of a DNA fragment of interest is placed toward the right border 
of the T-DNA in the pCambia vectors. Most of the T-DNA destination vectors 
described contain the hygromycin phosphotransferase plant-selectable marker 
gene. This selectable marker was chosen so that these vectors would be compatible 
with a large number of insertion lines that are kanamycin-resistant.

For the construction of RNAi vectors using Gateway recombination technology, 
the PCR products of the target gene are generated with primers flanking attB1 and 
attB2 sites for recombination with two cloning sites with attP1 and attP2 sequences 
using BP clonase. pHELLSGATE [30] and pANDA [30] are the vectors that allow 
the assembly of an inverted repeat structure by Gateway recombination technology 
[33]. Several pHELLSGATE-related RNAi vectors have been developed for RNAi 
in monocotyledonous plants and for inducible RNAi [34, 35]. For conventional 
cloning, pHANNIBAL [36], pKANNIBAL [37], pSAT [38], and pSH [39] are 
available. In these RNAi vectors, PCR fragments of the target gene are produced by 
using primers with restriction sites and cloned successively into both upstream and 
downstream regions of the spacer to become the two arms of the hairpin construct. 
Simultaneously work was done to enhance the efficiency in cloning inverted repeats 
for RNAi. An all-purpose vector, pGEMWIZ, for assembling the repeat for any 
Drosophila gene was developed [40]. The inverted repeats in pGEM-WIZ are stable 
in common E. coli strains and a fast selection method to correctly identify such 
clones with repeats is available.

For a simple and efficient construction of intron-containing hpRNA (ihpRNA) 
vectors, a novel restriction-ligation approach was developed. The system was 
designed based on the type IIs restriction enzyme BsaI and plant RNAi vector 
pRNAi-GG based on the Golden Gate (GG) cloning [41]. It required only a single 
PCR product of the gene of interest flanked with BsaI recognition sequence which 
can then be cloned into pRNAi-GG at both sense and antisense orientations simul-
taneously to form ihpRNA construct. The ihpRNA construction process could be 
completed in one tube with one restriction-ligation step.

4.4 Use of spacers or introns

The silencing efficiency of RNAi vectors was reportedly enhanced by the 
addition of an intron interposed between the inverted flanking target sequences in 
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available. In these RNAi vectors, PCR fragments of the target gene are produced by 
using primers with restriction sites and cloned successively into both upstream and 
downstream regions of the spacer to become the two arms of the hairpin construct. 
Simultaneously work was done to enhance the efficiency in cloning inverted repeats 
for RNAi. An all-purpose vector, pGEMWIZ, for assembling the repeat for any 
Drosophila gene was developed [40]. The inverted repeats in pGEM-WIZ are stable 
in common E. coli strains and a fast selection method to correctly identify such 
clones with repeats is available.

For a simple and efficient construction of intron-containing hpRNA (ihpRNA) 
vectors, a novel restriction-ligation approach was developed. The system was 
designed based on the type IIs restriction enzyme BsaI and plant RNAi vector 
pRNAi-GG based on the Golden Gate (GG) cloning [41]. It required only a single 
PCR product of the gene of interest flanked with BsaI recognition sequence which 
can then be cloned into pRNAi-GG at both sense and antisense orientations simul-
taneously to form ihpRNA construct. The ihpRNA construction process could be 
completed in one tube with one restriction-ligation step.

4.4 Use of spacers or introns

The silencing efficiency of RNAi vectors was reportedly enhanced by the 
addition of an intron interposed between the inverted flanking target sequences in 
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vector. The spacer fragment was observed to give the stability to the inverted repeat 
sequences. It did not play any role in PTGS and was spliced out during pre-mRNA 
processing. The process of intron excision from the construct by the spliceosome 
might help to align the complementary arms of the hairpin in an environment 
favoring RNA hybridization and promoting the formation of a duplex. Also, 
splicing may contribute to increase the amount of hairpin RNA by preventing the 
hairpin’s passage from the nucleus or by creating a smaller, less nuclease-sensitive 
loop [10].

Smith et al. [10] showed that transgene constructs encoding a splicable intron 
within a hairpin RNA structure can induce PTGS with almost 100% efficiency. 
The percentage of PVY-resistant tobacco plants obtained by targeting the nuclear 
inclusion a (NIa) protease gene of PVY with different constructs was 7% for the 
sense gene, 4% for the antisense gene, 58% for the hpRNA with a nonspliceable 
loop separating the sense and antisense arms, and 96% for the same hpRNA with 
a spliceable intron. The high efficiency of intron hpRNA constructs for inducing 
PTGS and generating virus-immune transgenic plants was confirmed for Cucumber 
mosaic virus (CMV) [42, 43].

The effect of spacer sequences on silencing potential of RNAi constructs was 
demonstrated [44]. It was tested by an in vivo assay of the α-linolenic acid con-
tent in hairy roots of tobacco with RNAi vectors against ω-3 fatty acid desaturase 
(NtFAD3) gene responsible for production of α-linolenic acid of root membrane 
lipids. The frequency of RNA silencing was observed to be more affected by spacer 
sequences than by spacer length (100–1800 bp). They concluded that it is possible 
to change the degree of silencing by replacing spacer sequences. They predicted 
the reason to be interaction of spacer sequences with stem sequences of the hpRNA 
which affect the formation of a hairpin structure.

4.5 Promoters

The degree of silencing is apparently proportional to the level of siRNAs, and 
the following “strong” promoters have been used in the construction of RNAi 
vectors: the cauliflower mosaic virus 35S promoter (p35S) [45–47], soybean lectin 
promoter [48], Arabidopsis rbcS promoter [49, 50], rice ubiquitin promoter [51, 52], 
and Chrysanthemum rbcS1 [53].

RNAi technique cannot be applied to genes whose silencing interferes with plant 
regeneration or causes embryo lethality or severe pleiotropic phenotypes. In such 
cases the inducible RNAi vectors are used which can confer transient and local 
silencing. Ethanol- or estrogen-inducible vectors were developed for transient RNAi 
expression. In the case of an ethanol-inducible vector, a transcriptional regulator, 
AlcR, is constitutively expressed, and the RNAi cassette is inserted behind the 
alcA promoter. After ethanol treatment, AlcR binds to the alcA promoter ,and 
transcription of the downstream RNAi sequences is activated [54]. Also, a Cre/
loxP-mediated recombination and a chemical inducing RNAi vector were developed 
for the stringent control of expression of an RNAi cassette. A chimeric transcrip-
tional factor, XVE, was constitutively expressed which when binds to estrogen 
induces the transcription of a Cre recombinase gene. The resulting Cre recombinase 
removes a fragment that blocks transcription of an RNAi cassette [55]. Similarly, 
for controlled expression, the pOp6 promoter was used which could allow the rapid 
induction of RNAi across the whole plant or in limited tissues under investigation. 
The induction was controlled by the expression of a synthetic transcription factor, 
LhGR, which can bind to pOp6 in the presence of dexamethasone and initiate the 
transcription of downstream RNAi cassette [56]. The pHELLSGATE vector-based 
inducible RNAi vector is also available [57].
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5. Gene silencing by intron-containing hairpin RNA construct

Improvement of hpRNA construct for efficient silencing led to the establish-
ment of ihpRNA construct. Using hpRNA constructs containing sense/antisense 
arms ranging from 300 to 500 nt gave efficient silencing in a wide range of 
plant species, and inclusion of an intron in these constructs had a consistently 
enhancing effect. An intron-spliced hpRNA construct gives a higher proportion 
of silenced transformants than intron-free hpRNA constructs. The process of 
intron-splicing aligns the arms of the hpRNA, facilitating their duplex formation 
in the spliceosome complex, whereas the arms of hpRNAs have to find their self-
complementarity by random tethered collisions. Intron-spliced hpRNA facilitates 
the more efficient and steady levels of duplex RNA formation that are sufficient 
for PTGS. Similarly, the tighter loop of ihpRNA gives more nuclease-stable and 
higher steady-state duplex RNA levels than the larger-looped hpRNA [36]. In 
plants, intron-containing hairpin RNA constructs with a spliceable intron as spacer 
sequence had the highest efficiency, with 80% to approximately 100% transfor-
mants showing silencing of target genes [10, 33, 36].

6. Conclusion

RNA interference has been used to develop efficient strategies to silence targeted 
genes in a wide range of species. Posttranscriptional silencing of plant genes using 
antisense or co-suppression constructs usually results in only a modest propor-
tion of silenced individuals. Recent work has demonstrated the potential of the 
constructs encoding intron-containing self-complementary “hairpin” RNA to 
efficiently silence genes. The degree of silencing with these constructs was much 
greater than that obtained using either co-suppression or antisense constructs. 
Currently, the ihpRNA technology has become one of the most powerful tools for 
gene discovery and gene engineering in plants.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 7

Biosafety Issues of Unintended 
Horizontal Transfer of 
Recombinant DNA
Getachew Alamnie and Berhanu Andualem

Abstract

Horizontal or lateral gene transfer is the transfer of genetic material from one 
organism to another organism associated with the unnatural way of reproduction. 
This way of genetic exchange happens by the stable transfer of genetic material 
from donor organisms, followed by heritable incorporation to the genome of the 
recipient organisms. The first explanation of a horizontal gene transfer (HGT) has 
been a major advance in molecular biology and genetics. Microorganisms like bac-
teria can acquire genetic material from a variety of sources. The most common DNA 
transfer mechanisms between microorganisms are conjugation, transformation, 
and transduction, but there are also other diverse mechanisms of genetic mate-
rial exchange occurring in nature. Genetically modified organisms (GMOs) often 
contain recombined genes acquired from different species to enable the expres-
sion of new traits in even unlikely or unrelated species. For this, the unintended 
HGT of rDNA to both prokaryotes and eukaryotes could raise biosafety issues to 
both human and animal health and the environment. From the current scientific 
perspective and evidence, the unintended HGT from GMOs to other organisms 
presents negligible risks to human health and safety or the environment due to the 
rarity of such events relative to those HGT events that occur in nature.

Keywords: antibiotic resistance, genetic exchange, genetically modified organisms, 
genomics, potential risks

1. Introduction

In natural way, DNA is usually transferred from parents to offspring over 
generations following the normal reproduction pathway of the organism 
involved, and this type of process is called vertical gene transfer; however, DNA 
can also more infrequently transfer to unrelated species through a process called 
horizontal gene transfer (HGT) or lateral gene transfer (LGT) [1]. For this, 
HGT refers to the stable transfer of genetic material from one organism to the 
other unrelated organism independent of natural reproduction [2–4]. This way 
of genetic exchange takes place mostly among prokaryotes. But, with very rare 
exceptions, HGT occurs much less frequently in eukaryotes. This way of genetic 
exchange between organisms plays a key role in the evolution of genomes and has 
been recognized within and between the archaea, bacteria, and eukarya domains 
as well as viruses [2, 3].
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HGT enables the exchange of genetic material even between distant species 
mediated usually by transduction, transformation, or conjugation. This process can 
be mediated by the integration of viruses (bacteriophages), transposable elements, 
or integrative plasmids, often via nonhomologous recombination [4].

More recently, concerns have been raised that HGT from genetically modified 
organisms (GMOs) have adverse effects [1]. Unintended HGT of an introduced 
gene in a GMO may confer a new trait in another related or unrelated organism, 
which could be a source of potential biosafety risk to the health of people and 
animals or the ecosystem. The studies of Xue et al. [5] and Soucy et al. [4] indicated 
that rDNA process may become an issue of public health concern due to the exis-
tence and spread of antibiotic resistant genes (ARGs) among pathogenic bacteria, 
and even the nonpathogenic becomes pathogenic due to the acquisition of resistant 
and virulent genes laterally and more recently with the commercial production 
of genetically modified crops. Similarly, the study conducted by Lu et al. [6] and 
Zhang et al. [7] discussed of HGT leading to acquisition or modification of traits 
as antibiotic resistance, virulence, and nitrogen fixation as a means of new charac-
teristics for the new gene acquired organisms. So the objective of this review is to 
explore the current understanding about unintended horizontal transfer of recom-
binant DNA in eukaryotes and prokaryotes and mainly the biosafety risks (human 
and animal health and environmental aspects) associated with unintentional rDNA 
introduction into the undesired organisms.

2. HGT and the nature of heredity

The first description of a HGT has been a major advance in advanced molecu-
lar biology and can even be seen as its founding experiment [4]. A pioneering 
experiment for the nature of genetic material by Griffith [8], who patented that 
nonvirulent pneumococcus bacterial strain becomes pathogenic simply by contact 
with virulent bacteria, even bacteria destroyed by heat, capable of modifying 
heredity by the process called transformation, revealed that the transforming 
principle can be even transferred from dead virulent bacteria to living nonviru-
lent bacteria. Following the interesting breakthrough of the transformation 
principle by Griffith, Avery et al. [9] demonstrated that the remarkable ability 
of pneumococci is to acquire DNA horizontally and suggested that the transform-
ing principle is DNA which is the hereditary material of most living cells, and 
then Hershey and Chase [10] explored that bacteriophage T2 injects its genetic 
material (DNA) but not its proteins upon the infection of host bacteria. Also, 
Watson and Crick [11] proposed that in the double-helical structure of DNA 
molecule, the genetic information would be contained in the specific sequences 
of nucleotides.

2.1 Mechanisms of HGT

Exchange of genetic material between bacterial species is mediated by the basic 
processes of conjugation, transduction, and transformation. The discovery of the 
various mechanisms of genetic exchange processes by which bacterial genomes 
recombine and the historical methods are interesting in themselves but also serve to 
introduce the diverse processes of recombination. In addition to the above well-rec-
ognized exchange mechanisms, there are other mechanisms also involved in genetic 
exchange mechanisms, and the extraordinary capacity of Agrobacterium in plants 
to transfer its genetic material to host cells makes it evolve from phytopathogen to a 
powerful transgenic vector [12].
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2.1.1 Transformation

Transformation is the mechanism of genetic exchange in which free DNA is 
derived from dead bacteria and is taken up into the cytoplasm of other bacteria. The 
transformation mechanism of prokaryotes involves integration of free extracellular 
DNA that becomes incorporated into the genome [13]. Prokaryotic genomes are highly 
dynamic; they are usually replete with HGT, undergoing continuous gains, often from 
outside the species, genus, or family, and losses through mutation (i.e., deletion) [14].

2.1.2 Conjugation

Conjugation is a one way transmission mechanism of DNA from one bacterium 
to another via a “sexual pilus” by which DNA is transported. There are interspecies 
and intergenus transfers of bacterial DNA by conjugation in food/feed and in the 
intestine. The transfer of genetic material in E. coli conjugation is not reciprocal 
and one cell, the donor, transfers part of its genome to the other cell, which acts as 
the recipient by the intermediate of mobile genetic elements, known as integrative 
and conjugative elements or conjugative transposons, and has been found in many 
bacterial genomes. Some reports have shown that conjugative transfer in food could 
have relevant safety consequences due to the mobilization of antibiotic resistance 
and toxin genes [15].

2.1.3 Transduction

Transduction is the bacteriophage-mediated transfer of host DNA between bac-
terial cells and occurs when newly forming phages acquire host genes and transfer 
them to other bacterial cells [16]. Occasionally, the newly forming phage particles 
mistakenly incorporate a piece of the bacterial genetic material into a phage head 
in place of phage DNA. This event is the origin of the transducing phage and the 
phage carrying bacterial DNA can infect another cell. That bacterial DNA can then 
be incorporated into the recipient cells chromosome by recombination. Studies of 
model phage host systems have revealed mechanisms of transduction and have led 
to the development of sophisticated genetic methods [17].

2.2 Detecting patterns of HGT

Microbes acquire DNA from a variety of sources. The development of genome 
sequencing has revealed that HGT has been a major evolutionary force that has 
constantly reshaped genomes throughout evolution [4].

3. Introduction to biosafety aspects of recombinant DNA

Theoretically, all genes including highly conserved genes such as ribosomal genes 
appear to be capable of HGT [18]. Environmental situations including soil, freshwa-
ter, seawater, wastes from industry and animals, plant surfaces, human and animal 
intestines and saliva, and food products may aid HGT. A study investigated by Xue 
et al. [5] indicated that the transfer of rDNA from GMOs such as transgenic plants 
to phytosphere bacteria may occur and thus contribute to the undesirable spread of 
antibiotic resistance determinants and leads to public and animal health risk.

GMOs often contain recombined genes acquired from different species to enable 
the expression of novel traits in the recipient organism, which leads to new feature 
and characteristics [7]. As outlined in Akbari et al. [19], some commonly occurring 



Genetic Transformation in Crops

112

HGT enables the exchange of genetic material even between distant species 
mediated usually by transduction, transformation, or conjugation. This process can 
be mediated by the integration of viruses (bacteriophages), transposable elements, 
or integrative plasmids, often via nonhomologous recombination [4].

More recently, concerns have been raised that HGT from genetically modified 
organisms (GMOs) have adverse effects [1]. Unintended HGT of an introduced 
gene in a GMO may confer a new trait in another related or unrelated organism, 
which could be a source of potential biosafety risk to the health of people and 
animals or the ecosystem. The studies of Xue et al. [5] and Soucy et al. [4] indicated 
that rDNA process may become an issue of public health concern due to the exis-
tence and spread of antibiotic resistant genes (ARGs) among pathogenic bacteria, 
and even the nonpathogenic becomes pathogenic due to the acquisition of resistant 
and virulent genes laterally and more recently with the commercial production 
of genetically modified crops. Similarly, the study conducted by Lu et al. [6] and 
Zhang et al. [7] discussed of HGT leading to acquisition or modification of traits 
as antibiotic resistance, virulence, and nitrogen fixation as a means of new charac-
teristics for the new gene acquired organisms. So the objective of this review is to 
explore the current understanding about unintended horizontal transfer of recom-
binant DNA in eukaryotes and prokaryotes and mainly the biosafety risks (human 
and animal health and environmental aspects) associated with unintentional rDNA 
introduction into the undesired organisms.

2. HGT and the nature of heredity

The first description of a HGT has been a major advance in advanced molecu-
lar biology and can even be seen as its founding experiment [4]. A pioneering 
experiment for the nature of genetic material by Griffith [8], who patented that 
nonvirulent pneumococcus bacterial strain becomes pathogenic simply by contact 
with virulent bacteria, even bacteria destroyed by heat, capable of modifying 
heredity by the process called transformation, revealed that the transforming 
principle can be even transferred from dead virulent bacteria to living nonviru-
lent bacteria. Following the interesting breakthrough of the transformation 
principle by Griffith, Avery et al. [9] demonstrated that the remarkable ability 
of pneumococci is to acquire DNA horizontally and suggested that the transform-
ing principle is DNA which is the hereditary material of most living cells, and 
then Hershey and Chase [10] explored that bacteriophage T2 injects its genetic 
material (DNA) but not its proteins upon the infection of host bacteria. Also, 
Watson and Crick [11] proposed that in the double-helical structure of DNA 
molecule, the genetic information would be contained in the specific sequences 
of nucleotides.

2.1 Mechanisms of HGT

Exchange of genetic material between bacterial species is mediated by the basic 
processes of conjugation, transduction, and transformation. The discovery of the 
various mechanisms of genetic exchange processes by which bacterial genomes 
recombine and the historical methods are interesting in themselves but also serve to 
introduce the diverse processes of recombination. In addition to the above well-rec-
ognized exchange mechanisms, there are other mechanisms also involved in genetic 
exchange mechanisms, and the extraordinary capacity of Agrobacterium in plants 
to transfer its genetic material to host cells makes it evolve from phytopathogen to a 
powerful transgenic vector [12].

113

Biosafety Issues of Unintended Horizontal Transfer of Recombinant DNA
DOI: http://dx.doi.org/10.5772/intechopen.93170

2.1.1 Transformation

Transformation is the mechanism of genetic exchange in which free DNA is 
derived from dead bacteria and is taken up into the cytoplasm of other bacteria. The 
transformation mechanism of prokaryotes involves integration of free extracellular 
DNA that becomes incorporated into the genome [13]. Prokaryotic genomes are highly 
dynamic; they are usually replete with HGT, undergoing continuous gains, often from 
outside the species, genus, or family, and losses through mutation (i.e., deletion) [14].

2.1.2 Conjugation

Conjugation is a one way transmission mechanism of DNA from one bacterium 
to another via a “sexual pilus” by which DNA is transported. There are interspecies 
and intergenus transfers of bacterial DNA by conjugation in food/feed and in the 
intestine. The transfer of genetic material in E. coli conjugation is not reciprocal 
and one cell, the donor, transfers part of its genome to the other cell, which acts as 
the recipient by the intermediate of mobile genetic elements, known as integrative 
and conjugative elements or conjugative transposons, and has been found in many 
bacterial genomes. Some reports have shown that conjugative transfer in food could 
have relevant safety consequences due to the mobilization of antibiotic resistance 
and toxin genes [15].

2.1.3 Transduction

Transduction is the bacteriophage-mediated transfer of host DNA between bac-
terial cells and occurs when newly forming phages acquire host genes and transfer 
them to other bacterial cells [16]. Occasionally, the newly forming phage particles 
mistakenly incorporate a piece of the bacterial genetic material into a phage head 
in place of phage DNA. This event is the origin of the transducing phage and the 
phage carrying bacterial DNA can infect another cell. That bacterial DNA can then 
be incorporated into the recipient cells chromosome by recombination. Studies of 
model phage host systems have revealed mechanisms of transduction and have led 
to the development of sophisticated genetic methods [17].

2.2 Detecting patterns of HGT

Microbes acquire DNA from a variety of sources. The development of genome 
sequencing has revealed that HGT has been a major evolutionary force that has 
constantly reshaped genomes throughout evolution [4].

3. Introduction to biosafety aspects of recombinant DNA

Theoretically, all genes including highly conserved genes such as ribosomal genes 
appear to be capable of HGT [18]. Environmental situations including soil, freshwa-
ter, seawater, wastes from industry and animals, plant surfaces, human and animal 
intestines and saliva, and food products may aid HGT. A study investigated by Xue 
et al. [5] indicated that the transfer of rDNA from GMOs such as transgenic plants 
to phytosphere bacteria may occur and thus contribute to the undesirable spread of 
antibiotic resistance determinants and leads to public and animal health risk.

GMOs often contain recombined genes acquired from different species to enable 
the expression of novel traits in the recipient organism, which leads to new feature 
and characteristics [7]. As outlined in Akbari et al. [19], some commonly occurring 



Genetic Transformation in Crops

114

new characteristics of rDNA in GMOs can make their transgenes more likely to be 
taken up and expressed in unintended host cell recipients, which poses biosafety 
issues of the ecosystem.

Nowadays, globally consumers are concerned about the health and environ-
mental consequences of GM foods. Attitudes toward GM foods and willingness to 
consume these products vary across countries and among consumer groups based 
on demographic, social, economic, psychological, or religious factors. While the 
public acceptance of transgenic foods in Japan and the European Union is low, the 
use of these products in the United States and in some developing countries is fairly 
high [20]. For instance, Prati et al. [21] found that Italian consumers have a weak 
intention to consume GM foods. However, Zhu et al. [22] showed that Chinese 
consumers are willing to consume GM foods and such willingness is affected by 
their knowledge of the product and risk perceptions.

3.1 Principles and methods of biosafety in HGT

Biosafety means the need to protect human and animal health and environment 
from the possible adverse effects of the procedures and products of modern biotech-
nology. For these, there are efforts to protect the environment, human and animal 
health from the possible adverse effects of the GMOs and products. Because the 
natures of risks are largely identical for GMOs and non-GMOs, containment measures 
to handle these risks are largely identical for both. Biosafety pronounces the proce-
dures and policies to be adopted to ensure the environmental and personal safety [23].

3.1.1 Safety and risk assessment of HGT

The risk analysis of genetic engineering reveals the nature and magnitude of risk 
involved, which in turn helps to decide the levels of biosafety practices. Each form of 
HGT involves different risk considerations; for genetic engineering, these risks are 
commonly addressed through legislation [18]. Evaluating threats of HGT of rDNA 
from GM crops involves estimating both the likelihood of transfer of DNA from GM 
crops to microorganisms or human cells and the impact of such a transfer event [18].

4. The potential impact of rDNA

The large-scale production of GM crops will necessarily lead to the release and 
persistence of rDNA in the natural environments [1]. For this, DNA is continually 
released from living organisms and therefore is not specific to GMOs and the effect 
thereof should be seen for other organisms present in the same natural system [24]. 
Foreign DNA from donor organism can take up and integrate into the genome of 
a recipient organism and will have a deleterious effect due to its interference with 
the host cell biology and genome structure. HGT processes resemble mutational 
processes which may occur by chance and repeatedly over time, but a very low pro-
portion of the HGT events will confer a benefit and be retained in the host over time 
[25]. As a result, unintended HGT of rDNA to both prokaryotes and eukaryotes 
could pose risks to the environment and human and animal health and these are the 
concerns of unintended horizontal transfer of rDNA [26].

4.1 Risks due to HGT

The science of rDNA has many potential applications in agriculture, health, 
environment, and industry. With these different applications, unintended HGT 
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has become a greater public concern and needs an amendment of procedures and 
practices regarding its scrutiny and regulation. In the history of organisms’ evolve-
ment, their genetic materials have a history of HGT and evolution. Based on the 
insight from this concept, a study by Soucy et al. [4], Xue et al. [5], Lu et al. [6], 
and Zhang et al. [7] discussed that the undesired genetic exchange between dif-
ferent organisms could confer novel traits to the recipient organisms, which may 
result in negative, neutral, or positive effects to the human and animal health and 
environment.

4.1.1 Gene flow

If there are different allele frequencies in the different populations of a species, 
then when individuals move to a new population, they will change the allele fre-
quencies in the new population. Environmental implications of gene flow are vari-
able but some of the effects of gene flow are development of superweeds, evolution 
of new viral pathogens, instability of transgenes in the environment, and creation 
of pests and pathogens having resistance to new compounds [27]. Concomitantly, 
secondary effects of gene flow also need to be addressed, including effects on 
nontarget species, biodiversity disturbance, species displacement and extinction, 
and disturbance in soil microenvironment and species of ecological concern [28].

4.1.2 Antibiotic resistance

The spread of antibiotic resistant bacteria (ARB) and ARG have become an emerg-
ing threat to the global health, which has been extensively found in various environ-
ments [1, 24]. By this, HGT which is regarded as one of the major pathways leads 
to the public health concern by exchanging genetic material that is expressed in the 
recipient organism [1]. The spread of bacterial antibiotic resistance mainly depends 
on gene transfer and spontaneous mutation. Mutagenic factors are thought to be the 
main reason for the induction of antibiotic resistance in the environment [29].

As an alternative, they get mobile genetic factors from other bacteria to obtain 
antibiotic resistance, which is called HGT. Due to the intensive application of 
antibiotics in different areas, abundant ARBs and ARGs are frequently detected 
in environments such as water, soil, and even air, thus posing a potentially health 
concern [30]. Antibiotics have received special attention due to their potential to 
promote and maintain bacterial resistance. Particularly, human pathogenic bacteria 
acquiring ARGs can have severe impacts on human health [31].

4.1.3 Superweediness

Recent studies support that domesticated crops could escape from cultivation 
(ferality) and become a potential weed. Traits like fast growth rate, self-compati-
bility (crop traits) could favor weediness [32]. A gain of herbicide-resistance gene 
through hybridization with GM plants could lead toward its persistence in the 
agricultural habitat [33]. There exists a contradiction among scientists about  
the establishment of transgene recipients as weeds in the environment. Based 
on the risk of increased fitness, certain traits are strong candidates which can 
enhance chances of competitiveness, such as tolerance to herbicides, resistance to 
various stress, pathogens and pests, and traits responsible for enhanced growth 
[34]. Plants can develop several herbicide-resistance mechanisms, such as herbi-
cide detoxification, changes in the intracellular compartmentation of herbicides, 
target site insensitivity, reduced herbicide entry, reduced herbicide translocation, 
and target site overproduction [33].
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ments [1, 24]. By this, HGT which is regarded as one of the major pathways leads 
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recipient organism [1]. The spread of bacterial antibiotic resistance mainly depends 
on gene transfer and spontaneous mutation. Mutagenic factors are thought to be the 
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As an alternative, they get mobile genetic factors from other bacteria to obtain 
antibiotic resistance, which is called HGT. Due to the intensive application of 
antibiotics in different areas, abundant ARBs and ARGs are frequently detected 
in environments such as water, soil, and even air, thus posing a potentially health 
concern [30]. Antibiotics have received special attention due to their potential to 
promote and maintain bacterial resistance. Particularly, human pathogenic bacteria 
acquiring ARGs can have severe impacts on human health [31].

4.1.3 Superweediness

Recent studies support that domesticated crops could escape from cultivation 
(ferality) and become a potential weed. Traits like fast growth rate, self-compati-
bility (crop traits) could favor weediness [32]. A gain of herbicide-resistance gene 
through hybridization with GM plants could lead toward its persistence in the 
agricultural habitat [33]. There exists a contradiction among scientists about  
the establishment of transgene recipients as weeds in the environment. Based 
on the risk of increased fitness, certain traits are strong candidates which can 
enhance chances of competitiveness, such as tolerance to herbicides, resistance to 
various stress, pathogens and pests, and traits responsible for enhanced growth 
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4.1.4 Gene escape and biodiversity loss

Genes can pass on to other members of the same species and possibly other spe-
cies at the gene, cell, organism, and ecosystem levels. Although research is incon-
clusive, there is scientific consensus that once widely released, recalling transgenes. 
The widespread commercial production of GM crops, especially herbicide tolerant 
crops, poses serious threats to the ecosystem complexity and reduction in biodiver-
sity. To a broader sense, it could be concluded that biodiversity is negatively affected 
by the cultivation of GM crops [35].

4.1.5 Evolution of herbicide-resistance weeds

In the large field of agriculture, there are many evolutionary events that could 
simultaneously interplay for the emergence of herbicide-resistance gene [36]. In 
tolerance development, various mechanisms could help the plant, such as target 
site overproduction, modification in intracellular herbicide compartmentation, 
minimal herbicide absorbance and translocation, herbicide detoxification, and 
insensitivity to target site [37].

4.1.6 Resistance to insecticide and pesticide

Controlling pests through conventional and chemical techniques have been 
proven to be challenging, as evolution of insecticide and pesticide resistance 
has been witnessed in many cases. More specifically, the possibility of evolu-
tion of Bt-resistant insect pests cannot be negated because of the constitutive 
expression of Bt toxins in all plant tissues that imparts higher selection pressure 
on target species. Use of Bt biopesticides by organic farmers lead to resistant 
diamondback moth populations in Central America, Florida, Japan, Philippines, 
Hawai, and China [38].

5. HGT of rDNA to eukaryotes

The uptake of food-derived DNA into host cells or tissues has been raised as a 
potential concern that is related to the introduction of GMO-based food sources 
[39, 40]. Among the concerns regarding GM foods are the possible consequences of 
HGT of recombinant dietary DNA to animal cells [40]. The exposure of the gas-
trointestinal tract (GIT) to dietary DNA is related to the extent of food processing, 
food composition, and the level of intake. A minor amount of fragmented dietary 
DNA may resist in the digestive process of animal feeding [40]. Feed-derived rDNA 
are taken up from the GIT and detected in the muscle, liver, spleen, and kidneys in 
chicken and cattle, and it has been estimated that approximately 0.1–1% of dietary 
DNA is absorbed from the gastrointestinal tract [41].

DNA is continually introduced into the GIT as a natural part of food. Whereas, 
the majority of feed-derived DNA is broken down during digestion, and several 
studies have now shown that minor proportions of feed-derived DNA survive 
immediate degradation and reach the bloodstream in various animals [42] or are 
detectable as minor fragments in feces. The fate of chromosomal DNA in the GITs 
of humans and animals has recently received increased attention due to the intro-
duction of novel ingredients derived from GMOs in the food chain. Biological risk 
assessment of GMOs has exposed knowledge gaps related to how DNA is degraded 
or survives degradation in various compartments of the GIT.
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5.1 The GIT of human

The human body is a complex ecosystem harboring trillions of bacteria in differ-
ent body habitats, and the GIT alone is inhabited by 1013–1014 bacteria [43]. Dysbiosis 
of the gut microbiota is concerned in a wide range of diseases such as inflammatory 
bowel disease, diabetes, and cardiovascular disease [44]. The dynamics of these bac-
terial communities is complex. However, one hallmark of these communities is that 
bacteria can share different phenotypic traits through a transfer of genetic material.

5.2 DNA in food

The broad application of sensitive polymerase chain reaction (PCR) technology 
has thus exemplified the widespread occurrence and persistence of DNA molecules 
in various food sources, including processed food such as corn chips and chocolate 
[45]. Thus, the overall concentration and distribution of DNA of a size that enables 
entire protein-coding genes to be horizontally acquired from various food sources 
by host cells or bacteria remains largely undetermined. Studies conducted by 
Duggan et al. [46] have demonstrated that the persistence of DNA in food revealed 
that processing often decreases the size of DNA, and such molecules can be unde-
tectable in extensively processed food.

5.2.1 DNA stability in the digestive tract

Most free digested DNA molecules entering the digestive system undergo substan-
tial degradation by enzymes attacking DNA, which are released from the pancreas 
and by the bacteria present in the intestine [47]. DNA fragments are excreted in 
the feces with variation in the degradation efficiency between mammals. For this, 
Chowdhury et al. [48] reported that maize DNA could be detected in pig feces. Most 
studies on DNA stability in the digestive systems of mammals have used purified DNA 
and may therefore not capture the impact of various food components, treatments, 
and locations on DNA degradation and stability. Although deoxyribonuclease I 
(DNase I) is detected in saliva, it is believed that DNA digestion starts in the stomach.

6. HGT of recombinant DNA to prokaryotic cells

HGT of transgenes into pathogenic beneficial or environmental microorganisms 
resulting in potential unanticipated fitness effects has been voiced as a poten-
tial biosafety issue. Microorganisms are responsible for the majority of organic 
matter decomposition; thus, microorganisms present in the human GIT and in 
agricultural environments experience continual exposure to DNA released from 
themselves and the organisms in their immediate surroundings [49]. However, in 
rare circumstances, foreign DNA may also be integrated into the bacterial genome. 
Experimental studies do not suggest bacteria integrating into foreign unrelated 
chromosomal DNA at measurable frequencies over the limited time span (hours 
to days) [50]. Thus, microbial communities are in some cases already exposed to 
naturally occurring counterparts to these protein encoding genes [50, 51].

7. Concluding remarks

From this scientific review, HGT from GMOs to other organisms presents 
negligible risks to human and animal health and safety or the environment due to 
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