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Preface

Transgenic crops are referred to as genetically engineered crops. Traits, otherwise impossi‐
ble to introduce by conventional breeding techniques, are tailored using genetic manipula‐
tion and transformation approaches. While developing transgenics, biotechnologists have
paid much attention to improving crops to withstand the devastating effects of biotic and
abiotic stresses, including insects, pathogens, weeds, salinity, and drought. Advancement in
recombinant technology augurs well in the development of transgenics expressing nutra‐
ceuticals, pharmaceuticals, and antigenic proteins (vaccines) for humans and livestock.
Henceforth, this book discusses the state-of-the-art advances in this rapidly developing area
of transgenic technology, a technology for the food and health security of mainly poor peo‐
ple in developing countries where populations and urbanization are rapidly increasing.

Transgenic Crops - Emerging Trends and Future Perspectives consists of seven chapters. The
flow of chapters in the book is strategically organized to allow for easy reading. It begins
with Chapter 1 in which Drs. Muhammad Sarwar Khan and Kauser Abdulla Malik demon‐
strate comprehensively how novel molecular biology approaches could be used to develop
transgenic crops for agronomic and medicinal traits. In Chapter 2, Dr. Mangena explains the
factors affecting efficient regeneration of transgenic plants developed through an Agrobacte‐
rium-mediated method of genome engineering. Dr. Ricaño-Rodríguez and his team in Chap‐
ter 3 propose the use of CRISPR/Cas9 technology that has allowed the generation of diverse
molecular methodologies to constitute significant advances in the genome edition and its
subsequent exploitation for agricultural and medicinal purposes. In Chapter 4, Dr. Khan
and his team discuss the emerging trends in chloroplast biotechnology, and highlight the
use of the technology in the sustainable production of food and expensive molecules. Drs.
Muhammad Sayyar Khan and Mudassar Nawaz Khan suggest in Chapter 5 how develop‐
ments in -omics approaches have revolutionized the biotechnology field for crop improve‐
ment against drought and salinity stresses. Drs. Mousavi and Fard very comprehensively
highlight genetic improvement of commercially important tropical and subtropical fruit
trees, including banana, date palm, citrus, mango, olive, and pineapple in Chapter 6. Drs.
Matsaunyane and Dubery discuss the pros and cons of developing transgenic plants in
Chapter 7, and suggest that the unattended effects of gene insertions into the genomes be
brought about while analyzing the transgenic plants for differential gene expression profil‐
ing, keeping in view safety assessment guidelines and requirements.

Muhammad Sarwar Khan, PhD
Professor and Director

Center of Agricultural Biochemistry and Biotechnology
University of Agriculture, Faisalabad, Pakistan

Kauser Abdulla Malik, PhD
Professor and Dean

Forman Christian College (A Chartered University), Lahore, Pakistan
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Introductory Chapter: Transgenics—Crops Tailored for 
Novel Traits
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and Kauser Abdulla Malik

Additional information is available at the end of the chapter

1. Introduction

Transgenic crops are referred to as the genetically engineered crops. Traits, otherwise impos-
sible to introduce by conventional approaches, are tailored using genetic manipulations and 
transformation approaches. Among traits is the introduction of agronomic, pathological, ento-
mological, nutritional, therapeutic-, and vaccine-related characters in plants. The chapter covers 
state-of-the-art advancements in this rapidly developing area of transgenic technology and the 
technology for the food and health security mainly of poor populace in the developing countries.

This era has seen an explosive growth in population and urbanization, leading to an immense 
loss of agricultural land; therefore, the food security, especially which of poor populace, is of 
foremost importance. According to an estimate, this requires approximately 70% increment 
in food production by 2050. Since the 1990s, the introduction of insect resistance and herbi-
cide tolerance into transgenic crops has increased the yield tremendously, benefiting farmers 
worldwide. Though production is increased by addressing problems of yield losses using 
transgenic technology, malnutrition is still one of the biggest challenges, demanding fortifica-
tion of grains. Since nutrition is one of the main factors in maintaining a healthy lifestyle 
and meeting requirements of food security, several national nutrition surveys conducted in 
various countries have provided an avenue for governments to assess malnutrition problems 
across populations. Micronutrient deficiencies have been termed as the cause of “hidden 
hunger.” Iron-fortified products are the prime examples of it. Pyramiding genes that encode 
provitamin A, transgenically or naturally, in crops like rice [1], potatoes [2], and maize [3, 4] 
have made these crops a rich source of provitamin A. In addition to adding nutritional ele-
ments in crops, the transgenic technology has led the scientists to tailor medicinal traits, for 
example, therapeutic [5, 6] and antigen proteins [7].

© 2018 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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Transgenic crops are developed in routine to express agricultural and medicinal traits, but 
it is very important to discuss the technologies used to develop them. Nuclear transforma-
tion is more successful in tailoring agricultural traits in crops (Figure 1), though it remained 
unfruitful in few genotypes like upland cotton in the Indo-Pak subcontinent, the reason being 
these genotypes are recalcitrant to regeneration from single cell, despite several crosses were 
made between genotypes to improve the regeneration potential, while chloroplast trans-
formation is distinctly effective to tailor medicinal traits (Figure 2) [5, 6], the reason being 
nutraceutical, pharmaceutical, and antigenic proteins are required to be accumulated in 
exceptionally high amounts with bona fide structures. Chloroplasts are polyploid at organel-
lar and genome levels and provide natural gene containment [8]; hence, they are preferred 

Figure 1. Transgenics predominantly for agronomic traits. Panel A explains the transformation steps involved in the 
development of transgenics. Panel B shows integration of transgene into the nuclear genome of crops via Agrobacterium-
mediated or ballistic transformation approaches where transformation vector is either bombarded or cloned between left 
and right borders of a plasmid vector and multiplication using suitable Agrobacterium strain.

Transgenic Crops - Emerging Trends and Future Perspectives2

to express health-related traits rather agricultural. Plastid transformation though is achieved 
in wheat [9], rice [10], and sugarcane, but it is reproducible only in rice [11], yet transgenic 
plants remain heteroplasmic.

Figure 2. Transgenics predominantly for health-related traits. Panel A explains main steps involved in the development 
of transgenic chloroplasts to express transgenes that encode novel proteins to be used as nutraceuticals, therapeutics or 
vaccines. Panel B explains how a transgene from a transformation vector is integrated into the plastome via homologous 
recombination events to accumulate proteins to high levels with bona fide structures.
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2. Developing transgenics: state-of-the-art strategies

A plant cell is blessed with three major organelles with their own genomes, namely, nucleus, 
chloroplast, and mitochondria. Of these three, two genomes are routinely manipulated to 
incorporate new traits in cultivated plants. There are a number of approaches to transfer and 
introduce genes into the plant genome, depending upon the choice of explant to be used in 
transformation experiments, for example, Agrobacterium-mediated gene transfer, gene gun, 
agro-infiltration, sonication, and polyethylene glycol treatment. Of these, Agrobacterium-
mediated and gene gun methods are most commonly used approaches to develop transgenic 
plants. For nuclear transformation, Agrobacterium method is more successful than particle 
bombardment as a more number of transformed shoots can be recovered from the same num-
ber of explant.

Genetic transformation process involves a number of steps, including selection of a gene that 
confers resistance to a particular antibiotic for selection and screening purposes, isolation of a 
trait-encoding gene, choice of promoters and terminating sequences to control the expression 
of the gene or genes, choice of explant, and an artificial medium to support explant to regen-
erate into a complete shoot. For selection and screening, usually two types of markers are 
used: (1) selectable marker and (2) visual marker [10, 12–14]. Selectable marker could be lethal 
or nonlethal in nature. Nuclear genome transformation is carried out using lethal markers. 
Regenerated shoots are normally hemi- or heterozygous and need either further purification 
of transgenome using selection medium or through selfing depending upon the crop used.

The second genome is the chloroplast genome, the plastome that has been modified in 
a number of plant species, including model, crop, and tree plants. Plastome is a double-
stranded DNA molecule of 152 (Cinnamomum campohra) – 218 kb (Pelargonium) size [15, 16]. 
Approximately, 120 genes in various plant species are encoded by the plastome [17]. It looks 
like that most of the ancestral genes have either been lost during evolution or transferred to 
the nucleus. A mature mesophyll cell contains up to 100 chloroplasts, and each chloroplast 
contains 100 plastome copies; therefore, the ploidy number of plastome per cell reaches up 
to 10,000 copies. Furthermore, this number is doubled for genes that are located in inverted 
repeat regions of the plastome [17].

When transforming a chloroplast, a universal antibiotic cannot be used given that different 
plants have variable sensitivity to selective agents; therefore, recovery of the transplastomic 
shoots is dependent on two things: (1) choice of the selective agent to be used and (2) the 
concentration of the selective agent that allows regeneration and development of shoots from 
the transformed cells while killing the non-transformed cells. For example, spectinomycin is 
used to select transformed cells on selection medium from tobacco, lettuce, tomato, potato, 
cabbage, oil rape seed, and carrot. However, several monocots, including rice and sugarcane, 
are naturally resistant to spectinomycin; therefore, streptomycin-containing medium was 
used for carrying out selection for transplastomic lines.

Initially, only few copies of the plastid genome are transformed and maintained under con-
tinuous selection pressure. However, stable lines with uniformly transformed genome cop-
ies are recovered on selection medium through a repeated cycle of regeneration [6]. During 
the period, the wild-type and the transgenic plastids and their genomes gradually sort out; 
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thereby, chimeric sectors, carrying wild-type or transgenic plastids, appear in leaves of regen-
erated shoots. Due to phenotypic masking by the transformed cells, both transgenic and wild-
type cells in a chimeric shoot look green in color [6], indicating that antibiotic resistance is not 
cell autonomous. However, both wild-type and transformed sectors are identifiable using 
green fluorescent protein (GFP). This visual marker allows visual detection of the fluoresc-
ing transproteins because they produce green fluorescence upon illumination with blue or 
ultraviolet (UV) light [18, 6].

3. Transgenics for agricultural traits

3.1. Transgenics to improve crop production

Plants on earth synthesize their food by themselves, owing to harbor solar energy conversion 
and several other chemical reactions in their cells. One of the reactions carried out in plants 
is carbon fixation during a process, namely, photosynthesis. During photosynthesis Rubisco 
catalyzes the inefficient carbon fixation, reviewed extensively elsewhere [19, 20]. This raises 
a question why carbon fixation during photosynthesis is rate limiting. Major reasons are as 
follows: first, Rubisco’s rate of catalysis is much low, and, second, it has to compete with 
a nonproductive reaction, oxygenation [21], depending upon the relative concentration of 
carbon dioxide and oxygen, as well as on temperature. Carboxylation results in CO2 fixation. 
Therefore, plant growth and yield can be improved by two ways: (1) by increasing photosyn-
thesis and (2) by reducing photorespiration.

A number of examples are available in the literature, reporting different versions of Rubisco 
that would improve photosynthesis [22], but considerable success has not been achieved yet. 
Introducing C4 pathway in C3 plants appears to be more promising, but due to the leakage 
of gases, the advantages of concentrating carbon dioxide in the chloroplasts of C3 plants are 
objectionable [23]. Glycolate catabolic pathway was introduced in chloroplasts for allevia-
tion of photorespiratory losses in Arabidopsis thaliana. Photosynthesis is markedly increased 
in this engineered pathway, thereby widening the applicability of the technique to cereals, for 
example, wheat and rice, described in detail elsewhere [24].

Developing chlorophyll in the dark, and chloroplasts that are competent for photosynthesis 
upon exposure to light, is another promising technique that can be implied to improve the 
photosynthesis in plants [25, 26]. In a study, chlB gene from Pinus thunbergii was introduced 
into the plastome of Nicotiana tabacum [27]. Transgenic plants when shifted to light from dark 
in early development of chlorophyll pigments were observed in leaves of transgenic com-
pared to wild-type plants. This helps us to understand the molecular biology of transgenic 
angiosperms. Another effort is underway to introduce C4 pathway in rice, a C3 plant [28], 
using various techniques.

3.2. Transgenics for weed management

Weeds compete with crops for food, thereby lowering the crop yield and affecting farmers. 
There are two types of herbicides, (1) selective in nature and (2) used before and after emer-
gence of plants from seeds, and are specific to leaf morphology.
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2. Developing transgenics: state-of-the-art strategies
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Introducing C4 pathway in C3 plants appears to be more promising, but due to the leakage 
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angiosperms. Another effort is underway to introduce C4 pathway in rice, a C3 plant [28], 
using various techniques.

3.2. Transgenics for weed management

Weeds compete with crops for food, thereby lowering the crop yield and affecting farmers. 
There are two types of herbicides, (1) selective in nature and (2) used before and after emer-
gence of plants from seeds, and are specific to leaf morphology.

Introductory Chapter: Transgenics—Crops Tailored for Novel Traits
http://dx.doi.org/10.5772/intechopen.81372

5



A pioneering concept to engineer a crop for herbicide tolerance was developed in the 1980s 
[29] when it was observed that few herbicides kill plants by blocking photosynthetic elec-
tron transport. For example, triazine herbicides bind to a photosystem-II protein (D1) in the 
chloroplasts that appeared to be the first molecular target to develop a commercial herbicide 
[30]. However, tolerance to herbicides in transgenic plants is considered the best approach 
in weed control in crops. Glyphosate is a nonselective broad-spectrum herbicide that kills 
narrow-leaf grasses and broad-leaf weeds. Glyphosate competitively inhibits 5-enol-pyruvyl 
shikimate-3-phosphate synthase (EPSP) in the amino acid biosynthetic pathway. This proves 
to be a standard strategy to overcome the problem of herbicide selectivity. Yet, this strategy 
raises the concern of gene transfer to other plants or weeds.

An antibiotic bialaphos inhibits glutamine synthetase (GS) upon removal of alanine residues 
in the nitrogen assimilation pathway; resultantly, accumulation of toxic levels of ammonia in 
both bacteria and plant cells occurs. This antibiotic was used as an herbicide that appeared to 
be nonselective in nature. In two different studies, transgenic tobacco plants exhibited field-
level tolerance to phosphinothricin (PPT) when bar was expressing from chloroplast genome 
[31, 32]. Further, development of glufosinate-resistant traits has been reported worldwide in 
corn, soybean, and cotton until now. The trait has also been developed by Khan and his team 
in sugarcane, and the transgenic plants were tolerant to BASTA [33]. The extensive and con-
tinuous use of a single herbicide should be avoided to exclude the possibilities of resistance 
development in plants, and precautionary measures should be taken to safeguard human 
health.

3.3. Transgenics for insect resistance

Engineering plant genomes for useful traits leads toward sustainable agriculture. Among use-
ful traits, resistance against insects is developed by using Cry proteins from Bacillus thuringi-
ensis (Bt). Bacillus thuringiensis is a soilborne bacterium, having crystal (Cry) proteins in the 
cytoplasm of the cells at sporulating stage. These proteins are toxic to some chewing and 
sucking insects.

Genes encoding Cry proteins have been expressed in a number of crops worldwide to con-
trol major pests. This has reduced the pesticide usage and has lowered the production costs 
of crops. First, transgenic crops developed were corn and cotton that expressed cry1Ab and 
cry1Ac genes, respectively [34]. Afterward, other crops including soybean, maize, cotton, 
canola, squash, papaya, tomato, sugar beet, and sugarcane were transformed using Bt genes 
to control insects. Almost all global biotech crop area is because of soybean, corn, cotton, and 
canola crops [35]. Since the first commercial cultivation of GM crops in 1996, farmers (16.7 
million) from 29 countries cultivated 160 million hectares of biotech crops in 2011. Out of this 
number, about 90% were small and resource poor farmers belonging to developing countries. 
The United States and Brazil were major producers who adopted GM crops.

In Pakistan, first indigenously developed transgenic crop was sugarcane, carrying cry1Ab 
gene that was approved by the Technical Advisory and National Biosafety Committees after 
the approval of biosafety rules and guidelines in 2005. Developed sugarcane plants carry 
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Bt toxin only in green tops with no residues in the juice [36]. Lately, a different version of 
the cry1Ab gene was again used to develop transgenic sugarcane, and similar results were 
obtained.

3.4. Transgenics for pathogen resistance

Plant pathogens are damaging plants and causing yield losses exceptionally; it is therefore 
highly desirable to develop transgenics that would be resistant to pathogenic bacteria and 
fungi. There are a number of examples available in literature where pathogens have been 
targeted to control diseases in plants. Arrieta and colleagues in 1996 reported co-expression 
of genes encoding glucanase- and thaumitin-like proteins, and a low level of fungal infec-
tion was observed [37]. In other studies when snakin-1 gene was overexpressed trans-
genically, an enhanced resistance to Rhizoctonia solani and Erwinia carotovora was observed. 
Similarly, chitinase gene from Streptomyces griseus showed resistance against Alternaria solani, 
while expression of mycoparasitic chitinase and glucanase enzymes developed improved 
resistance to Rhizoctonia solani. Five novel thionin genes were isolated from plants belong-
ing to the Brassicaceae family, and when expressed transgenically in potato, a high-degree 
resistance to gray mold (Botrytis cinerea) was observed [38]. Literature review suggests that 
 broad- spectrum resistance could be attained in valuable plant species through transgenic 
technology. Mycoparasites can be controlled using glucanases, chitinases, proteases, cellu-
lases, kinases, and certain antibiotics.

Amphipathic peptides such as magainin are known to control microbe infections; Daniell and 
his colleagues expressed MSI-99 in chloroplasts of tobacco and reported a varied degree resis-
tance to microbes [39] with no changes in growth and development of the transgenic plants 
compared to wild-type plants. But using such genes in crops warrants extensive biosafety 
studies.

4. Transgenics for medicinal traits

4.1. Transgenics for nutraceuticals

One of the items on the wish list of biotechnologists is to engineer genomes of plants to tailor 
high-value traits other than agronomic, pathological, and entomological in nature. Among 
high-value traits are the introduction of nutrition and related characters. “Nutraceuticals” is 
a portmanteau of “nutrition” and “pharmaceuticals”; hence, the word implies that nutraceu-
ticals are products regulated as medicine, food ingredients, and dietary supplements. These 
products not only provide protection against various diseases caused due to the deficiency 
of the nutrients but also have physiological benefits. Traditionally, nutraceuticals have been 
employed in the form of medicinal plants, etc., but in this modern era, nutraceuticals are 
being used in a variety of perspectives, such as nutrition and medicine. Iron-fortified products 
are the prime examples of it. Addition of iron-containing compounds during the grinding 
of wheat, otherwise deficient in iron, protects the wheat-dependant populace from diseases 
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to be a standard strategy to overcome the problem of herbicide selectivity. Yet, this strategy 
raises the concern of gene transfer to other plants or weeds.
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both bacteria and plant cells occurs. This antibiotic was used as an herbicide that appeared to 
be nonselective in nature. In two different studies, transgenic tobacco plants exhibited field-
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[31, 32]. Further, development of glufosinate-resistant traits has been reported worldwide in 
corn, soybean, and cotton until now. The trait has also been developed by Khan and his team 
in sugarcane, and the transgenic plants were tolerant to BASTA [33]. The extensive and con-
tinuous use of a single herbicide should be avoided to exclude the possibilities of resistance 
development in plants, and precautionary measures should be taken to safeguard human 
health.

3.3. Transgenics for insect resistance

Engineering plant genomes for useful traits leads toward sustainable agriculture. Among use-
ful traits, resistance against insects is developed by using Cry proteins from Bacillus thuringi-
ensis (Bt). Bacillus thuringiensis is a soilborne bacterium, having crystal (Cry) proteins in the 
cytoplasm of the cells at sporulating stage. These proteins are toxic to some chewing and 
sucking insects.

Genes encoding Cry proteins have been expressed in a number of crops worldwide to con-
trol major pests. This has reduced the pesticide usage and has lowered the production costs 
of crops. First, transgenic crops developed were corn and cotton that expressed cry1Ab and 
cry1Ac genes, respectively [34]. Afterward, other crops including soybean, maize, cotton, 
canola, squash, papaya, tomato, sugar beet, and sugarcane were transformed using Bt genes 
to control insects. Almost all global biotech crop area is because of soybean, corn, cotton, and 
canola crops [35]. Since the first commercial cultivation of GM crops in 1996, farmers (16.7 
million) from 29 countries cultivated 160 million hectares of biotech crops in 2011. Out of this 
number, about 90% were small and resource poor farmers belonging to developing countries. 
The United States and Brazil were major producers who adopted GM crops.

In Pakistan, first indigenously developed transgenic crop was sugarcane, carrying cry1Ab 
gene that was approved by the Technical Advisory and National Biosafety Committees after 
the approval of biosafety rules and guidelines in 2005. Developed sugarcane plants carry 
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Bt toxin only in green tops with no residues in the juice [36]. Lately, a different version of 
the cry1Ab gene was again used to develop transgenic sugarcane, and similar results were 
obtained.

3.4. Transgenics for pathogen resistance

Plant pathogens are damaging plants and causing yield losses exceptionally; it is therefore 
highly desirable to develop transgenics that would be resistant to pathogenic bacteria and 
fungi. There are a number of examples available in literature where pathogens have been 
targeted to control diseases in plants. Arrieta and colleagues in 1996 reported co-expression 
of genes encoding glucanase- and thaumitin-like proteins, and a low level of fungal infec-
tion was observed [37]. In other studies when snakin-1 gene was overexpressed trans-
genically, an enhanced resistance to Rhizoctonia solani and Erwinia carotovora was observed. 
Similarly, chitinase gene from Streptomyces griseus showed resistance against Alternaria solani, 
while expression of mycoparasitic chitinase and glucanase enzymes developed improved 
resistance to Rhizoctonia solani. Five novel thionin genes were isolated from plants belong-
ing to the Brassicaceae family, and when expressed transgenically in potato, a high-degree 
resistance to gray mold (Botrytis cinerea) was observed [38]. Literature review suggests that 
 broad- spectrum resistance could be attained in valuable plant species through transgenic 
technology. Mycoparasites can be controlled using glucanases, chitinases, proteases, cellu-
lases, kinases, and certain antibiotics.

Amphipathic peptides such as magainin are known to control microbe infections; Daniell and 
his colleagues expressed MSI-99 in chloroplasts of tobacco and reported a varied degree resis-
tance to microbes [39] with no changes in growth and development of the transgenic plants 
compared to wild-type plants. But using such genes in crops warrants extensive biosafety 
studies.

4. Transgenics for medicinal traits

4.1. Transgenics for nutraceuticals

One of the items on the wish list of biotechnologists is to engineer genomes of plants to tailor 
high-value traits other than agronomic, pathological, and entomological in nature. Among 
high-value traits are the introduction of nutrition and related characters. “Nutraceuticals” is 
a portmanteau of “nutrition” and “pharmaceuticals”; hence, the word implies that nutraceu-
ticals are products regulated as medicine, food ingredients, and dietary supplements. These 
products not only provide protection against various diseases caused due to the deficiency 
of the nutrients but also have physiological benefits. Traditionally, nutraceuticals have been 
employed in the form of medicinal plants, etc., but in this modern era, nutraceuticals are 
being used in a variety of perspectives, such as nutrition and medicine. Iron-fortified products 
are the prime examples of it. Addition of iron-containing compounds during the grinding 
of wheat, otherwise deficient in iron, protects the wheat-dependant populace from diseases 
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caused by deficiency such as iron-deficiency anemias, etc. Iron fortification of wheat has 
been proven transgenically by expressing phytase gene (phyA) from Aspergillus japonicas [40]. 
In situ degradation of phytates in the seed endosperm is considered desirable in order to 
increase bioavailability of micronutrients [40].

Golden rice and provitamin A-fortified maize are crops that have caught interest of nutri-
tionists globally. Provitamin A deficiency that results in night blindness in masses may be 
addressed through genetic improvement of crops like maize. In a study where single-cross 
maize yellow hybrids were evaluated for carotenoid contents [3] since biofortification of 
maize, endosperm is found to be the most convenient solution addressing its deficiency. 
Hence, improved contents of provitamin A carotenoids in maize may help Pakistani populace 
to alleviate the subclinical symptoms of vitamin A deficiency [4].

Perhaps, the most researched aspects of nutraceuticals are their use in medicine, to cure a 
variety of diseases such as cancer, osteoarthritis, cardiovascular disorders, etc. Over the years, 
several plants have been shown to contain compounds which, if incorporated into lifestyle 
early on, reduce the risk of cancer by as much as 33%. For example, blue maize has been found 
to be an effective nutraceutical in prevention of several types of cancers, such as colon cancer, 
etc. [41].

This era of rapid urbanization has seen an emerging trend of expressing many medicinal 
and nutritional traits into other food crops transgenically. Although several people have 
shown their concerns as to its biosafety, such drawbacks have not been reported to this date. 
Chloroplast transformation addresses biosafety issues as chloroplasts are not transmitted 
through pollens in most cultivated plants. Hence, the transgenics are a promising way for-
ward to develop cost-effective nutraceuticals.

4.1.1. Transgenics for therapeutics

A number of pharmaceutical proteins have been synthesized exploiting plant genetic systems 
with overriding impact on conventional approaches used to manufacture pharmaceuticals. 
Some advantages of using plant system are low cost of production of pharmaceuticals and 
their processing. Commercial-scale production in bringing therapeutics to the clinic has 
been observed in the last 6–7 years. Manufacturing facilities of different capacities have been 
constructed in addition to the development of plant-made pharmaceuticals to meet current 
manufacturing standards [42]. Large Scale Biology Corporation (LSBC) in Owensboro, KY, 
USA, has designed the first manufacturing facility that plant virus transient expression sys-
tem was developed to meet the current good manufacturing practice [43, 44].

However, synthesizing pharmaceuticals in plants by engineering the chloroplast genome is 
more advantageous as explained elsewhere in this chapter; therefore, attempts have been 
made to express different pharmaceuticals proteins. For example, interferons α2 and 5 were 
expressed from tobacco chloroplasts [5, 6]. In these studies the interferon α2 and 5 genes were 
synthesized and expressed. It was observed that fully expanded mature leaves contained 
high levels of interferon hen compared to young and senescence leaves; however, expression 
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levels were very low because of a mutation in the critical region of the promoter during 
synthesis. Other examples of therapeutic expression are human serum albumin (HSA) that 
was expressed between 0.02 and 11.1%, depending upon the regulatory sequences used [45], 
oral and injectable insulin [46], HIV inhibitor cyanovirin [47], TGFb3 [48], and thioredoxins 
from plastids as modulators of recombinant therapeutic protein production [49]. Recently, 
different companies and foundations like the Bill and Melinda Gates Foundation or Juvenile 
Diabetes Research Foundation are undertaking well to advance such developments from labs 
to the clinics.

4.2. Transgenics for antigenic proteins (vaccines)

Vaccination is an efficient strategy to control viral infections in both human and animal spe-
cies. Different expression systems, having their own merits and demerits, are being used to 
produce recombinant vaccines. An ideal system would be that allows producing the desired 
functional product cost-effectively. Plant-based expression strategies encouraged biotech-
nologists to use this system to produce vaccines for both humans and animals. Moreover, 
plant system-derived subunit vaccines are heat stable, bio-encapsulated, and easy to scale up.

Oral vaccine term was introduced and extensively pursued after the successful expression 
of HBsAg in plants and recovery of the antigen as viruslike particles [50]. Interestingly, the 
antigen has the same properties as produced in yeast. Later on, the binding subunit of E. coli 
enterotoxin (LTB) and the capsid protein of norovirus genotype, which formed viruslike par-
ticles (NV-VLP), was expressed in plants that triggered mucosal immunization response in 
animals, hence, based on the data on approval clinical trials was obtained [7]. Diverse antigenic 
proteins were expressed in vegetable and fruit crops, and animal trials were successfully con-
ducted. Plant species used are alfalfa, carrot, lettuce, tomato, potato, maize, soya bean, rice, 
and banana [51].

Development of an efficient plant-based system to express human antigenic proteins suc-
cessfully has prompted its application to vaccinate livestock. Different attempts have been 
made by different research groups to address various diseases of livestock caused by viruses 
to increase the production in a cost-effective manner. Some of the examples are foot-and-
mouth disease virus (FMDV), bovine rotavirus, bovine viral diarrhea virus, bluetongue virus, 
and bovine papillomavirus. Of these viruses, foot-and-mouth disease virus (FMDV) has been 
addressed majorly as livestock is an inevitable part of the economy. Livestock productivity 
is compromised due to frequent occurrence of foot-and-mouth disease (FMD). Vaccination 
is one of the main strategies to control foot-and-mouth disease. Yet, lack of high-quality and 
effective vaccine in Pakistan warrants the development of genotype-matched vaccines. One 
of the approaches to develop such vaccines is reverse genetics that is very costly and labori-
ous. This demands exploring other alternative approaches. Of the alternative approaches, 
engineering edible plants with the pathogenicity-causing genes is more promising.

An oral vaccine against FMDV was developed by expressing structural protein VP1 in trans-
genic Stylosanthes guianensis [52]. In these experiments, the level of recombinant protein was 
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In situ degradation of phytates in the seed endosperm is considered desirable in order to 
increase bioavailability of micronutrients [40].

Golden rice and provitamin A-fortified maize are crops that have caught interest of nutri-
tionists globally. Provitamin A deficiency that results in night blindness in masses may be 
addressed through genetic improvement of crops like maize. In a study where single-cross 
maize yellow hybrids were evaluated for carotenoid contents [3] since biofortification of 
maize, endosperm is found to be the most convenient solution addressing its deficiency. 
Hence, improved contents of provitamin A carotenoids in maize may help Pakistani populace 
to alleviate the subclinical symptoms of vitamin A deficiency [4].

Perhaps, the most researched aspects of nutraceuticals are their use in medicine, to cure a 
variety of diseases such as cancer, osteoarthritis, cardiovascular disorders, etc. Over the years, 
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early on, reduce the risk of cancer by as much as 33%. For example, blue maize has been found 
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with overriding impact on conventional approaches used to manufacture pharmaceuticals. 
Some advantages of using plant system are low cost of production of pharmaceuticals and 
their processing. Commercial-scale production in bringing therapeutics to the clinic has 
been observed in the last 6–7 years. Manufacturing facilities of different capacities have been 
constructed in addition to the development of plant-made pharmaceuticals to meet current 
manufacturing standards [42]. Large Scale Biology Corporation (LSBC) in Owensboro, KY, 
USA, has designed the first manufacturing facility that plant virus transient expression sys-
tem was developed to meet the current good manufacturing practice [43, 44].

However, synthesizing pharmaceuticals in plants by engineering the chloroplast genome is 
more advantageous as explained elsewhere in this chapter; therefore, attempts have been 
made to express different pharmaceuticals proteins. For example, interferons α2 and 5 were 
expressed from tobacco chloroplasts [5, 6]. In these studies the interferon α2 and 5 genes were 
synthesized and expressed. It was observed that fully expanded mature leaves contained 
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oral and injectable insulin [46], HIV inhibitor cyanovirin [47], TGFb3 [48], and thioredoxins 
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produce recombinant vaccines. An ideal system would be that allows producing the desired 
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antigen has the same properties as produced in yeast. Later on, the binding subunit of E. coli 
enterotoxin (LTB) and the capsid protein of norovirus genotype, which formed viruslike par-
ticles (NV-VLP), was expressed in plants that triggered mucosal immunization response in 
animals, hence, based on the data on approval clinical trials was obtained [7]. Diverse antigenic 
proteins were expressed in vegetable and fruit crops, and animal trials were successfully con-
ducted. Plant species used are alfalfa, carrot, lettuce, tomato, potato, maize, soya bean, rice, 
and banana [51].

Development of an efficient plant-based system to express human antigenic proteins suc-
cessfully has prompted its application to vaccinate livestock. Different attempts have been 
made by different research groups to address various diseases of livestock caused by viruses 
to increase the production in a cost-effective manner. Some of the examples are foot-and-
mouth disease virus (FMDV), bovine rotavirus, bovine viral diarrhea virus, bluetongue virus, 
and bovine papillomavirus. Of these viruses, foot-and-mouth disease virus (FMDV) has been 
addressed majorly as livestock is an inevitable part of the economy. Livestock productivity 
is compromised due to frequent occurrence of foot-and-mouth disease (FMD). Vaccination 
is one of the main strategies to control foot-and-mouth disease. Yet, lack of high-quality and 
effective vaccine in Pakistan warrants the development of genotype-matched vaccines. One 
of the approaches to develop such vaccines is reverse genetics that is very costly and labori-
ous. This demands exploring other alternative approaches. Of the alternative approaches, 
engineering edible plants with the pathogenicity-causing genes is more promising.

An oral vaccine against FMDV was developed by expressing structural protein VP1 in trans-
genic Stylosanthes guianensis [52]. In these experiments, the level of recombinant protein was 
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varied from 0.1 to 0.5% of total soluble protein. These levels were enough to induce a protec-
tive systemic antibody response in mice. In another attempt, capsid precursor polypeptide 
(P1) was expressed in rice, and 0.6–1.3 mg/g of TSP was observed that induced a protective 
immune response in mice [53]. Further, in mice when vaccinated orally, FMDV-specific muco-
sal immune responses were detected. However, partial virus clearance after challenge was 
observed. To address these low-expression problems, chloroplast transformation approach 
can be used. In a study, VP1 was expressed in tobacco chloroplasts and 2–3% values were 
recorded [54]. In another study, epitopes (B cell) of structural proteins VP1 and VP4 and of 
nonstructural proteins 2C and 3D (T cell) were produced in N. benthamiana plants using a 
plant virus expression system [55]. More recently, tandem-linked VP1 proteins of two sero-
types, A and O, are expressed in forage crop Crotalaria juncea and fed to guinea pigs that 
produced humoral as well as cell-mediated immune responses [56]. From all these studies 
and experiments being carried out in the laboratory of the author of this chapter demonstrate 
that plant-based overexpression of antigenic proteins to control FMDV is an effective way but 
needs further experimentation to improve efficacy of edible vaccines by engineering epitopic 
proteins with different adjuvants (Khan MS, unpublished).

5. Conclusions

Nuclear transformation, achieved using microprojectile bombardment or Agrobacterium 
strains, is predominantly carried out to tailor agronomic traits in crops. However, this technol-
ogy is not successful to transform upland cotton where cells are recalcitrant to regeneration, 
despite genome mixing through crosses between different genotypes. Biotechnologists rely on 
this technology though genes escape and pollinate other related crops or weeds, developing 
weeds or super weeds, respectively. An alternate strategy to develop transgenics is the chloro-
plast transformation technology since this technology offers natural gene containment, high-
level transgene expression with bona fide structures of proteins, and allows all transformation 
events to be uniform as far as gene integration into the plastome is concerned. High-level 
gene expression is due to the polyploid nature of chloroplasts in a cell and of plastomes in 
each chloroplast, biologically active proteins are due to the presence of chaperon proteins, and 
uniform integration of transgenes into the plastome is due to the homologous recombination. 
Hence, chloroplast transformation is more suitable for expression of health-related traits in 
plants rather agronomic in crops. In either case, transgenics should be grown in the field fol-
lowing approved biosafety guidelines and strict stewardship.
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Abstract

An efficient and reproducible plant regeneration protocol is essential for genetic manipu-
lation of important crops in vitro through Agrobacterium-mediated genetic transformation. 
However, the establishment of such a procedure for recalcitrant legumes like soybean 
is still a major challenge. Genotype specificity, culture conditions and inefficient recov-
ery of transgenic microshoots are some of the most important factors which requires 
optimisation before an efficient system of regeneration can be developed. The purpose 
of this chapter was to provide a review, and report on the varied responses obtained 
during the assessment of factors that cause recalcitrance during genetic transformation 
of soybean. Agrobacterium infected double cotyledonary-node explants were tested on 
MS basal culture medium containing combinations of cytokinins-auxins, as well the dif-
ferent concentrations of antibiotics for callus and shoot proliferation. The study showed 
that, the efficiency of microshoots and callus induction varied widely between cultures 
and among the genotypes. About 1.0–20.0 and 5.0–20.0% of callus and shoot induction 
frequency were obtained on cotyledonary explants transformed with Agrobacterium 
compared to more than 60% efficiency obtained in the controls, respectively. This study 
revealed that, there are some neglected factors playing a crucial role in genetic manipula-
tion, which require optimisation before genetic transformation and in vitro regeneration 
of transgenic plants could be achieved.

Keywords: Agrobacterium, callus, double cotyledonary-node explants, genotype, in vitro 
regeneration, shoots, soybean
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1. Introduction

Soybean (Glycine max L.) is an important leguminous pulse crop grown for the production 
of oils and proteins. The legumes include cowpea, lentils, peas, peanuts and other pod 
producing plants that are cultivated commercially or privately for nutritional, pharmaceuti-
cal or industrial purposes. These plants have played a crucial role in the traditional diets 
of many countries including Brazil, China, India and regions in the Middle East and South 
America [1]. In contrast, many African and European countries do not fully benefit from 
the subsistent and commercial cultivation of soybean. The less significant role of soybean 
in these regions may be due to the poor growth conditions. The growth and productivity 
of this crop has been adversely affected by the biotic and abiotic stress factors [2]. Even 
though it has the potential to become a major crop in less cultivated regions (Africa and 
Europe) because of its many uses (as feed, food, etc.), plant modifications to increase yields 
are highly required [3].

The genetic modification techniques such as the Agrobacterium-mediated genetic transforma-
tion, electro and chemical cell surface poration or direct protoplast-mediated DNA transfer 
need to be used to improve the agro-economic traits of this crop in those regions. Agrobacterium 
tumefaciens is a gram-negative soil borne bacterium, which infect dicotyledonous plants, caus-
ing a crown gall disease. The crown gall tumour is formed around the wound sites, creating a 
reservoir for its infestation [4]. The procedure for plant transformation takes advantage of this 
natural infecting ability to transfer the tumour-inducing plasmid (Ti-plasmid) into hosts. The 
plasmid DNA is naturally found within the bacterium, and is exploited for transformation 
with foreign DNA segments of interest obtained from different sources. The genes of interest 
could be introduced into the host plant’s genome during bacterial infection. This phenom-
enon is known as genetic transformation, whereby the Ti-plasmid expression and integration 
of the transfer DNA (cloned segment of DNA transferred into hosts) within the host plant 
genome can also be inherited by the offspring of the host [5].

The first tissue culture based in vitro genetic transformation using this approach was 
reported by Hinchee et al. [6]. Subsequently, numerous reports emerged including those 
of Chee et al. [7], Yan et al. [8], Shi-Yun [9], Olhoft et al. [10] and Homrich et al. [11] on 
the use of A. tumefaciens to introduce agro-economic traits such as the resistance to pests 
(Bt crops), enhanced protein quality and drought stress tolerance in soybean. This chapter 
provides a review on the factors affecting Agrobacterium-mediated transformation, and 
gives an account on the outcomes obtained during the valuation of factors that cause recal-
citrance during genetic transformation of soybean. The study provides a thorough analysis 
of the organogenic and phenotypic responses that occur due to the tissue culture conditions 
and the amenability of genotypes to Agrobacterium infection. The application of antimicro-
bials, plant growth regulators, culture media, bacterial density and the type of explants 
used influence the transformation efficiency of soybean. Optimised routine strategies in 
the transformation of soybean are still a prerequisite, since this crop is highly considered 
recalcitrant.

Transgenic Crops - Emerging Trends and Future Perspectives18

2. Importance of soybean

Soybean plays a critical role in world agriculture, providing about 40% proteins, 20% oil and 
30% carbohydrates contained within the seeds. This crop serves as the cheapest and profitable 
form of oilseed worldwide for many producers, especially small holder poultry farmers [5]. 
The industrial processing of this crop to manufacture high protein rich feeds for livestock, pigs 
and fish farms is growing immensely. The use of soybean in the production of edible oil and 
biodiesel as a green alternative fuel is also expanding [6]. In human nutrition and health, soy-
bean meals have proved to reduce the cause of several acute and chronic conditions. Messina 
[1] reported the improvement of body calcium retention lowering urinary calcium excretion 
after the use of soy-proteins compared to consumption of a mixture of animal proteins. Table 1 
provides information regarding the estimated amount of seed yields used for industrial pro-
cessing, meal manufacturing and some of the pharmaceutical products derived from soybeans.

Following the drought because of El Nino-related conditions in the sub-Saharan Africa, soy-
bean yield prospects for 2017/2018 have deteriorated, including productions in South America 
and Southeast Asia. The lowering projections will influence manufacturing and processing of 
soybean products for many industries and human consumption. Soybeans were also found 
to contain low fats (approximately 5%), easily modulated trypsin inhibitors and other com-
pounds considered as non-nutritive components. Some of these compounds like phytate were 
considered to reduce mineral bioavailability of beans but, it has been postulated that phytic 
acid also lowers the risk of colon and breast cancer [7]. Soybean is considered an excellent 
source of iron, zinc and folate which serve as essential nutrients and reduce the risk of neural 
tube defects in humans and promote efficient uptake of vitamin C [8, 9].

Among all the legumes, soybeans are unique because they are a concentrated source of iso-
flavones that naturally reduce the risk of cancer and heart disease [1]. In addition, soybeans 
also contain cysteine proteases protein enzymes. These are one of the group of proteolytic 
enzymes that catalyse the hydrolysis of various polypeptide substrates for the production 

Table 1. Soybean producing areas, yield estimates and consumption/processing on industrial scale.
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and assembly of proteins that get remobilised or degraded [10]. Proteases are well known for 
their key role in biochemical processes, implicated for the development and continuation of 
several diseases. Their role in disease formation, especially during programmed cell death 
(PCD) involves dismantling of organelles and the different macro molecules required for plant 
growth and development. They are largely involved in translation and folding of storage pro-
teins, protein remobilisation, signalling controls and at lesser extent for morphogenesis [11].

3. The transformation process

As already indicated, Agrobacterium-mediated genetic transformation relies on the natural 
genetic transfer process causing crown gall disease in plants. This biological method had led 
to the modification of genomes or addition of genes in various crop plants like maize, cowpea, 
sunflower, canola and rice [12–16]. The manipulation of Agrobacterium by scientists allowed 
for the transfer of T-DNA without causing tumours in transformed plants. This was achieved 
by silencing the tumour-inducing genes found on the extrachromosomal plasmid [17]. The 
transgenes introduced are specifically defined and precisely transformed in the laboratory 
before being delivered in targeted host plant tissues.

The delivery protocols differ according to species and the purpose of transformation. Thus, 
the methods for DNA transfer and expression in various plant species are quite varied and 
their applications in different genotypes always require optimization. This implies that, a 
tremendous effort still need to be placed on developing more efficient and reproducible 
transformation procedures. According to Finer and Dhillon [18], Agrobacterium is one of the 
main methods routinely used by many laboratories for plant transformation. This method is 
considered rapid, most efficient and cheaper for the transformation of many crop plants com-
pared to other techniques. Other methods used for genetic transformation, their advantages 
and setbacks are discussed below.

3.1. Other methods of genetic manipulation

One of the most interesting techniques for DNA transfer is Agroinfiltration. In agroinfiltration, 
Agrobacterium is infiltrated or injected into plant cells (leaves) of a suitable host. This method 
induces transient expression of genes in a plant by forcing Agrobacterium suspension into the 
internal leaf tissues using a syringe [19]. Zhao et al. [20] reported transformation of Nicotiana 
benthamiana using this method with Agrobacterium strain harbouring pCAMBIA1301. The 
β-glucuronidase (GUS) expression and GUS activity showed increased transgene expression 
more than 6-fold for agroinfiltration suspension containing 20 μM 5-azacytidine, 0.56 mM 
ascorbic acid and 0.03% Tween-20. The floral dip method of Agrobacterium-mediated transfor-
mation also have been developed. The flowers of plants to be transformed are immersed in a 
suspension of Agrobacterium containing wetting agent, for example; Tween-20 or Silwet to allow 
bacterial access to pores or cracks on the flower. This method was reported by Finer and Dhillon 
[18] to be designed specifically for Arabidopsis, and there is no other plant that, currently respond 
positively like Arabidopsis. In contrast, Verma et al. [21] reported more than 1% transformation 
efficiency in Brassica napus cv. Elect and Brassica carinata cv. Pusa Gaurav using this method. 
However, various attempts in many plant species to develop floral dip transformation protocols 
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have been met with very limited transformation efficiencies [21]. Another method is particle 
bombardment invented by John Sanford [22]. This microprojectile or biolistic bombardment 
employs particle acceleration coated DNA into the target plant tissues. Once in the cells, the 
DNA becomes permanently integrated into the chromosomes of the host plant genome [20]. 
Although, there are numerous techniques used for transformation, all methods face the same 
challenges of inefficiency, lack of a routinely used protocol and the genotype specificity problem.

3.2. Challenges faced during genetic transformation

There are several challenges faced during the process of delivering segments of oncogenic 
DNA to susceptible plant cells. The limitations are mostly associated with in vitro culture con-
ditions than the genetic transfer and expression. Plant regeneration in vitro can be efficiently 
and rapidly achieved for plantlets micropropagation. Soybean has been successfully regen-
erated through adventitious/axillary/meristem shoot organogenesis and direct or indirect 
somatic embryogenesis using different types of mature and immature explants. But, coupling 
in vitro plant tissue culture with transformation to improve production of transgenic plants 
presents its own challenges. To produce transformants, especially in soybeans, in vitro cultur-
ing strategies that are highly efficient are required. Soybean is still considered a recalcitrant 
crop, and the nature of culture media and susceptibility of selected explants to Agrobacterium 
influences transgenic plant regeneration efficiency.

Constraining factors such as; genotype specificity, antibiotics toxicity, selection pressure, 
explant type and age, Agrobacterium overgrowth and contaminations are still being neglected. 
Zia [23] indicated that, these abovementioned factors play a key developmental role in in 
vitro manipulation of plants. Failure of many tissue culture based in vitro transformations 
is mainly due to these factors. In addition, other forms of transformation like electropora-
tion, particle bombardment and protoplast-mediated transformation pose more challenges 
than Agrobacterium-mediated genetic transformation under in vitro culture conditions. These 
techniques are expensive to carry-out, are labour intensive with prolonged steps of transfor-
mation, cause unstable transgene expression particularly due to gene silencing [24], produce 
multiple transgene copy number [12] and cause gene rearrangement within inserts and insta-
bility over the generation of transgenic plants [25].

4. Role of genetic transformation in soybean improvement

Plant transformation has become the most important and reliable technology for the improve-
ment of many crop cultivars, as well as for studying gene functions in plants. In soybean, 
the technique has already been used to produce genetically modified plants. The genetically 
modified soybeans range from metabolically engineered plants such as those exhibiting 
increased oleic acid as well as the herbicide-tolerant (HT) cultivars [26, 27]. Soybean trans-
formation led to production of elite cultivars, increased gene pool, plants with improved 
secondary metabolites and production of disease free plants, especially regenerated under 
aseptic culture conditions [2, 28]. As the attempts in soybean transformation progresses, 
procedures must focus on transgenic plant production exhibiting tolerance to abiotic stress 
factors. This is so, because soybean growth and productivity is severely hampered by abiotic 
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stress, particularly drought. Drought refers to the absence of rainfall or irrigation for a period 
sufficient to deplete soil moisture to a level not sustaining plant growth [29]. The decrease 
in water content completely arrest cell functioning, including the support to plant cell and 
tissue metabolism, meiotic/mitotic division and differentiation. Some of the reports that have 
assessed the severity of drought on soybean growth include those of Heatherly [30], Desclaux 
et al. [31] and Brown et al. [32]. Studies continue to show that the GM soybean varieties have 
important applications, including the use in biodiesel production. Increased yield emanat-
ing from genetic improvement is required for the production of more soybean oil used for 
manufacturing of biodiesel. Besides the utilisation of soybean oil as a major feedstock for 
biodiesel production [33], the hull can be used to manufacture ethanol from the significant 
amount of carbohydrates it contains [34]. All these reports clearly indicate the importance 
of transformation in increasing yield quantity of high quality. According to Zia [23] and Yu 
et al. [35] transgenic soybean cultivars account for more than 85% of cultivars cultivated for 
commercial production worldwide, and the cultivars used still require traits improvements.

5. Tissue culture-based transformation

The success of Agrobacterium-mediated genetic transformation is largely due to the correct 
optimisation of culture conditions, each manipulated by media modification and environ-
mental control. Four (4) main factors were recognised in this study for the improvement of 
genetic transformation under in vitro plant tissue culture. The specific factors are:

• Culture medium conditions

• Plant genotype

• Type of explant

• Agrobacterium strain and density

The establishment of aseptic in vitro culture conditions usually includes the culture medium 
with basal inorganic nutrient elements (both micro- and macro- elements), organic energy 
source (primarily sucrose) and the vitamins. Culture media are furthermore, semi-solidified 
with agar or other commercially available gelling agents, like the gelrite [36]. Precisely defined 
in vitro culture media and other conditions are required for exploitation in the initiation and 
induction of different cultures from genetically engineered tissues. In this study, defined media 
compositions were designed to assess the effects of media and Agrobacterium suspension on 
the regeneration of transformed soybean plantlets (Table 2). This was done for the seed cul-
tures used to establish seedlings, to develop the double cotyledonary-node explants, infection 
of explants with Agrobacterium, co-culturing medium and regeneration of multiple adventi-
tious shoots. Procedures used for the preparation of Agrobacterium tumefaciens inoculum and 
co-cultivation of explants was conducted as described by Paz et al. [37] with modifications.

Culture modifications included, reduced infection period (15 min immersion of explants in 
the infection medium), increased amounts of antibiotics used for washing of infected double 
coty-node explants following co-cultivation with Agrobacterium (200 mgL−1 cefotaxime and 
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200 mgL−1 vancomycin), reduced co-cultivation period of 3-days and high concentrations of 
DTT and L-cysteine in the co-cultivation medium. These factors were modified to improve 
the transformation efficiency, particularly using aseptic culture conditions to stimulate pro-
liferative capacity of explants and influence the explant viability. Given the current figure 
of less than 10% transformation efficiency so far achieved, there is no doubt that established 
protocols still need to be improved.

5.1. Double cotyledonary-nodes preparation and co-cultivation

The use of double cotyledonary-node explants derived from seedlings germinated on MS 
medium for in vitro regeneration and transformation of soybeans have been previously 
reported [38]. In this study, the coty-node explants were also prepared from 10-day old soy-
bean seedlings developed from MS basal culture medium supplemented with 4.0 mgL−1 6-BA 
as indicated on Table 2. Seedlings of soybean cultivar Dundee, LS 677, LS 678, TGx 1740-2F, 
TGx 1835-10E and Peking were transversely cut on the hypocotyl segments, 5–8 mm beneath 
cotyledons and their epicotyls excised from the base, at cotyledonary junctions to produce 
double cotyledonary-node explants. The explants comprised of the embryonic axis, section of 
the hypocotyl and two cotyledons. All coty-nodes were placed with their abaxial side down 

Table 2. Modified Gamborg’s B5 and MS basal culture media used for in vitro Agrobacterium-mediated genetic 
transformation of soybean using double cotyledonary-node explants derived from 10-day old seedlings.
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on the culture media and used for establishment of callus and shoots cultures. A total of 60 
double cotyledonary-node explants were prepared for each set of replicates, and the proce-
dure was repeated four times for all transformation cultures.

5.2. Callus induction

A full-strength MS culture media containing macronutrients, micronutrients and vitamins, 
3% sucrose, as well as 0.25% gelrite were used in this study. The different concentrations and 
combinations of PGRs were added into the media from prepared stock solutions made by 
dissolving analytical reagent grade hormones with few drops of 1 N sodium hydroxide and 
making-up the final volume with distilled water. The medium used to test for the efficiency 
of callus initiation on double coty-nodes infected with A. tumefaciens containing the oc-1 gene 
on pTF101.1 vector contained 0.70 mgL−1 kinetin (KI), 2.70 mgL−1 indole-3-butyric acid (IBA) 
and 3.20 mgL−1 α-naphthalene acetic acid (NAA). Another medium was supplemented with 
0.50 mgL−1 KI, 1.20 mgL−1 IBA and 1.20 mgL−1 NAA. The media and hormonal compositions 
selected and reported in this chapter induced the best callus initiation and development, and 
were selected from findings made during preliminary studies.

A. tumefaciens strain EHA 101 constituting vector construct pTF101.1 used for transforma-
tion of cotyledonary explants was re-initiated, centrifuged and pelleted (OD650 = 0.6–0.8) as 
described by Paz et al. [37]. The bacterium was resuspended in liquid infection medium pre-
pared as indicated on Table 2. Prepared soybean explants were then added into the infection 
medium and incubated at room temperature for 15-min with gentle shaking on an orbital 
shaker (Orbishake-Labotec). After infection, the explants were briefly rinsed and then placed 
on co-cultivation medium containing B5 chemicals (major salts, minor salts, vitamins and iron 
source), 30 gL−1 sucrose, 3.9 gL−1 MES, 4.25 gL−1 agar, at pH 5.4. Filter sterilised 0.25 mgL−1 GA3, 
400 mgL−1 cysteine, 200 mgL−1 dithiothreitol (DTT) and 50 mgL−1 acetosyringone were added 
into the medium after autoclaving. Co-cultivation of explants was carried-out by incubation 
in a culture room for 3-days at 24 ± 2°C under 50–60 μmolm−2 s−2 light intensity with 16-h 
photoperiod. Later, these Agrobacterium infected explants were cultured on callus induction 
medium supplemented with different concentrations of growth regulators as indicated above.

5.2.1. Effect of culture media, explant infection and genotypes on callus induction

The results obtained in this study indicated that aseptically developed seedlings were necessary 
for callus initiation. Seed germination as measured by protrusion of the root radicle was achiev-
able from the 3rd day of incubation. Seed cultures were maintained in the culture room for 
10-days to achieve more than 75% seed germination. Variations in the percentage germination 
were also observed, with cultivar LS 678 recording 98% germination followed by TGx 1835-10E, 
LS 677, Dundee, TGx 1740-2F and Peking with 95, 84, 80, 82 and 78% germination respectively. 
Successful seed germination has proved essential for many in vitro culture developments. This 
initial step has been reported by El-Kaaby et al. [39] and Bahry et al. [40] as a good indicator 
of seed viability and therefore, a determinant of the success to be achieved in plant tissue cul-
ture. According to the prescriptions by the International Seed Testing Association (ISTA), seeds 
should prove to be viable by ultimately achieving more than 60% overall germination percent-
age. This study, including other previous studies indicated that, reduced seed viability nega-
tively affects seedling vigour required for successful initiation of shoots and callus cultures.
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Given the good and viable explants used in this study, the results obtained during callus 
cultures showed that, callus induction was achievable using the chosen MS medium and 
the different kinds of plant growth regulators (KI, IBA and NAA) used. However, the MS 
medium, together with the hormonal combinations resulted in significant amounts of callus 
cells in the controls than on explants infected with Agrobacterium. Variations in the amount/
size of the callus and calli phenotypes were also observed. Generally, very little callus cells 
were observed from cotyledonary nodes transformed with Agrobacterium. But, more compact, 
embryogenic and friable callus cells were observed from culture medium supplemented with 
different combinations of KI, IBA and NAA without explant co-cultivation with the bacte-
rium. The infection of explants influenced explant survival and responsiveness in addition to 
the callus induction capacity as illustrated in Table 3. The results indicated that, MS media 
containing antibiotics also delayed callus initiation. This was confirmed when un-transformed 
explants were subcultured on a media containing antibiotics. Callus initiation was arrested 
for more than 3 weeks of culture. But later, swelling and traces of slightly white-yellow friable 
callus was observed on the explants. The few small masses of callus rapidly turned brownish 
to ultimately black in colour (Figure 1). Zhang et al. [41] made similar observations when 
investigating the effect of kanamycin in tissue culture and induction of somatic embryos in 
cotton. This direct organogenesis of callus reported reduction of callus initiation and growth 
on medium supplemented with 10 mgL−1 of kanamycin. The study furthermore, reported 
complete inhibition of callus formation in medium supplemented with 60 mgL−1 concentra-
tion of kanamycin.

Paz et al. [37] reported prophylactic and proliferative effects in soybean culture using 100 mgL−1 
cefotaxime and 50 mgL−1 vancomycin. Even though, Grzebelus and Skop [42] shared similar 
sentiments to Paz et al. [37] when investigating the effect of β-lactams antimicrobials on in vitro 
carrot protoplast culture, the formation of callus on medium amended with these antibiotics 
was negatively affected. They evaluated three types of β-lactams (cefotaxime, carbenicillin 
and timentin) at five different concentrations (100, 200, 300 or 500 mgL−1), which were higher 
than what was used in this study. The low levels of callus and poor explant competency 
observed in this study, on infected and un-infected explants, can be largely attributed to the 
presence of antibiotics in the medium used (Figure 2). However, a dual negative effect was 
exerted on the cultures by both Agrobacterium infection and media composition, particularly 
on the proliferation from cotyledonary-node explants. The level of explant competency on 
these cultures appeared profoundly negatively affected compared to nearly 100% callus 
induction efficiencies obtained in all genotypes for both proembryonic masses and large size 
formations in the controls (Table 3). According to Figure 2, the media, PGRs concentration 
selected and explants were successful in inducing callus as supported by Barwale et al. [43] 
and Franklin and Dixon [44].

The media compositions directed the development of plant cells in the cultures by essentially 
influencing the plasticity and totipotency of the plant tissues used as explants. This observa-
tion is in line with many studies, especially demonstrating the synergic effects of auxin (IBA, 
NAA) and cytokinin (KI) combination used in this study. All cultivars produced some callus 
on MS medium containing 0.7 mgL−1 KI, 2.7 mgL−1 IBA and 3.2 mgL−1 NAA as indicated in 
Table 3, in relation to Table 2. The results observed on MS-A and MS-B culture medium 
formulations could also be linked to the soybean cultivars used. Plant tissue swelling and 
initiation of calli was observed within a week of culture in more than 50% replicates of all 
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genotypes. The induced callus culture grew into significantly large amount of callus, particu-
larly in the controls, while maintaining their morphological potential. Callus initiation and 
cell multiplication for example; in soybean cultivar LS 678 and Peking responded rapidly 

Figure 1. Double cotyledonary-nodes showing callus induction on infected and un-infected explants. (a, d) Failure 
of callus formation on a coty-node infected with A. tumefaciens. (b) White-yellow and brownish callus induced on 
MS medium containing antibiotics using un-infected explants. (c) Callus and shoot formed on un-infected explant 
subcultured on MS medium containing KI (0.70 mgL−1), IBA (2.70 mgL−1) and NAA (3.20 mgL−1). (e, f) Callus formation 
on un-infected explants subcultured on MS medium containing KI (0.50 mgL−1), IBA (1.20 mgL−1) and NAA (1.20 mgL−1).

Table 3. The response of un-infected coty-node explants and Agrobacterium tumefaciens infected double cotyledonary-
node explants on callus induction in soybean.
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to the culture conditions than any other genotypes. Furthermore, MS-A induced the largest 
amount of callus in cultivar LS 677, LS 678, Dundee, TGx 1740-2F, TGx 1835-10E and Peking 
consecutively than MS-B culture medium.

TGx 1835-10E produced the largest amount of chlorophyll callus and exhibited considerably 
high frequency of shoot and root organogenesis than TGx 1740-2F. Cultivar Peking on the 
other hand, produced clumps of callus cells on the cotyledon margins, junction and exhibited 
some browning of the cells at the bases of the hypocotyls as indicated in Figure 3.

The cotyledonary-node explants exhibited progressive chlorosis and necrosis after 3 weeks 
of culture for both MS medium A and B. Generally, inhibitory effects on explant swelling for 
formation of plant callus tissues was more pronounced on infected tissues and explants sub-
cultured on media containing antibiotics. These results clearly demonstrated the effects that 
all factors examined have on callus initiation and development, as well as morphogenesis, 
including potential organogenesis in in vitro culture of soybean.

Figure 2. Callus induction capacity on double cotyledonary-node explants on MS medium A (KI- 0.70 mgL-1, IBA-2.70 
mgL-1 and NAA-3.20 mgL-1) and MS medium B (KI-0.50 mgL-1, IBA-1.20 mgL-1 and NAA-1.20 mgL-1). (a) callus induction 
on un-infected explants subcultured on MS-A (black bar) and MS-B (grey bar) containing antibiotics. (b) callus induction 
on infected explants subcultured on MS-A (grey bar) and MS-B (black bar) containing antibiotics.
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amount of callus in cultivar LS 677, LS 678, Dundee, TGx 1740-2F, TGx 1835-10E and Peking 
consecutively than MS-B culture medium.

TGx 1835-10E produced the largest amount of chlorophyll callus and exhibited considerably 
high frequency of shoot and root organogenesis than TGx 1740-2F. Cultivar Peking on the 
other hand, produced clumps of callus cells on the cotyledon margins, junction and exhibited 
some browning of the cells at the bases of the hypocotyls as indicated in Figure 3.

The cotyledonary-node explants exhibited progressive chlorosis and necrosis after 3 weeks 
of culture for both MS medium A and B. Generally, inhibitory effects on explant swelling for 
formation of plant callus tissues was more pronounced on infected tissues and explants sub-
cultured on media containing antibiotics. These results clearly demonstrated the effects that 
all factors examined have on callus initiation and development, as well as morphogenesis, 
including potential organogenesis in in vitro culture of soybean.

Figure 2. Callus induction capacity on double cotyledonary-node explants on MS medium A (KI- 0.70 mgL-1, IBA-2.70 
mgL-1 and NAA-3.20 mgL-1) and MS medium B (KI-0.50 mgL-1, IBA-1.20 mgL-1 and NAA-1.20 mgL-1). (a) callus induction 
on un-infected explants subcultured on MS-A (black bar) and MS-B (grey bar) containing antibiotics. (b) callus induction 
on infected explants subcultured on MS-A (grey bar) and MS-B (black bar) containing antibiotics.
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5.3. Shoot multiplication

The development of an efficient protocol for Agrobacterium-mediated genetic transformation 
in soybean is important for improving the genetic pool of this crop. Soybean is considered 
recalcitrant to genetic manipulation, and its in vitro based protocols are faced with many chal-
lenges. The following results summarises the influence that factors such as; the genotype, 
explant type, culture media and Agrobacterium infection have on the optimisation of efficient 
shoot induction during in vitro transformation procedures.

5.3.1. Response of explants to culture medium and Agrobacterium infection

Shoot induction was achievable on the MS media compositions used in this study. More than 
60% of the coty-node explants proliferated adventitious shoots within 2-weeks of culture on MS 
medium supplemented with 2.0 mgL−1 6-BA. According to the results, the highest number of 
shoots was obtained on all MS media containing 2.0 mgL−1 of 6-BA and un-infected explants used 
as a control. MS medium further supplemented with cefotaxime and vancomycin (Table 2) also 
successfully induced a significant number of multiple shoots. Generally, sufficient shoot induc-
tion was achievable using cotyledonary nodes without co-cultivation with Agrobacterium on MS 
medium supplemented either with antibiotics or without antibiotics (Table 4). Shoot forma-
tion on transformed explants was highly reduced (Table 4), probably because of the combined 
inhibitory effects of bacterial infection and antibiotics as described during callus induction.

A small number of shoots on un-infected explants was induced on medium containing antibi-
otics compared to the MS medium without antibiotics. Most of these explants initiated highly 
reduced shoots and multiple buds without promotion to further growth. In contrast, intact and 
elongated multiple shoots were observed, ranging between 3 and 5 shoots on average for MS 

Figure 3. Examples of root and shoot organogenesis and swollen nodes, on explants subcultured for callus induction 
using MS-B. (a) Rooting and shoot initiation occurring during callus culture. (b) Induced friable callus. (c) Swollen 
cotyledons. (d) Swelling on hypocotyl segments.
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medium without antibiotics (Table 4). The suppression of shoot initiation and growth clearly 
appears to be instigated by the presence of antibiotics in the medium than the genotype factor. 
These observations confirmed the findings made in the previous section on callus induction. 
The initiation and proliferation of callus evidently relied upon the presence of antibiotics in 
the culture medium. Similar results were obtained by Yu et al. [45], when assessing the effects 
of carbenicillin and cefotaxime on callus and somatic embryogenesis from adventitious roots 
of papaya, as previously indicated. The report indicated extreme inhibitory effect of these 
antibiotics on callus growth, and reported abnormalities on somatic embryos generated on 
culture medium supplemented with 250–500 mgL−1 carbenicillin and cefotaxime.

The cotyledonary-nodes subcultured on MS basal medium with only 2.0 mgL−1 6-BA, without 
antibiotics induced the highest significant number of shoots within 2 weeks of culture (Table 4). 
Vigorous shoot growth, as indicated in Figure 4a and b, was obtained on this medium and the ini-
tiated microshoots reached elongation, rooting and acclimatisation stages successfully. Generally, 
variations in culture were observed among the basal media and infected cultures in the percent-
age of explants forming shoots and mean number of shoots induced per explant. Shoot induction 
dynamics similar to this observation were reported by El-Siddig et al. [46] and Yan et al. [47]. The 
transformation trials in these studies revealed great differences in the regeneration frequency, 
which mostly depended on the explant type and the culture conditions, particularly the culture 
media compositions. In this study, the results showed that morphogenetic processes are strongly 
influenced by the culture media, predominantly the presence of antibiotics in the medium.

The requirement of suitable explants for soybean regeneration in vitro is one of the main goals 
leading to efficacious genetic transformation. The use of double cotyledonary-nodes still shows 
superiority, with greater potential on the development of a simple and effective genetic manipu-
lation protocol. These explants withstood the culture conditions used and provided a feasible 
mean of culture establishment. The double coty-node explants in addition, offer prolonged 

Table 4. Comparison of the effect of MS basal culture media with or without antibiotics and Agrobacterium infection of 
double cotyledonary-node explants on average number of shoots induced per explant after 30 days of culture.
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successfully induced a significant number of multiple shoots. Generally, sufficient shoot induc-
tion was achievable using cotyledonary nodes without co-cultivation with Agrobacterium on MS 
medium supplemented either with antibiotics or without antibiotics (Table 4). Shoot forma-
tion on transformed explants was highly reduced (Table 4), probably because of the combined 
inhibitory effects of bacterial infection and antibiotics as described during callus induction.

A small number of shoots on un-infected explants was induced on medium containing antibi-
otics compared to the MS medium without antibiotics. Most of these explants initiated highly 
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medium without antibiotics (Table 4). The suppression of shoot initiation and growth clearly 
appears to be instigated by the presence of antibiotics in the medium than the genotype factor. 
These observations confirmed the findings made in the previous section on callus induction. 
The initiation and proliferation of callus evidently relied upon the presence of antibiotics in 
the culture medium. Similar results were obtained by Yu et al. [45], when assessing the effects 
of carbenicillin and cefotaxime on callus and somatic embryogenesis from adventitious roots 
of papaya, as previously indicated. The report indicated extreme inhibitory effect of these 
antibiotics on callus growth, and reported abnormalities on somatic embryos generated on 
culture medium supplemented with 250–500 mgL−1 carbenicillin and cefotaxime.

The cotyledonary-nodes subcultured on MS basal medium with only 2.0 mgL−1 6-BA, without 
antibiotics induced the highest significant number of shoots within 2 weeks of culture (Table 4). 
Vigorous shoot growth, as indicated in Figure 4a and b, was obtained on this medium and the ini-
tiated microshoots reached elongation, rooting and acclimatisation stages successfully. Generally, 
variations in culture were observed among the basal media and infected cultures in the percent-
age of explants forming shoots and mean number of shoots induced per explant. Shoot induction 
dynamics similar to this observation were reported by El-Siddig et al. [46] and Yan et al. [47]. The 
transformation trials in these studies revealed great differences in the regeneration frequency, 
which mostly depended on the explant type and the culture conditions, particularly the culture 
media compositions. In this study, the results showed that morphogenetic processes are strongly 
influenced by the culture media, predominantly the presence of antibiotics in the medium.

The requirement of suitable explants for soybean regeneration in vitro is one of the main goals 
leading to efficacious genetic transformation. The use of double cotyledonary-nodes still shows 
superiority, with greater potential on the development of a simple and effective genetic manipu-
lation protocol. These explants withstood the culture conditions used and provided a feasible 
mean of culture establishment. The double coty-node explants in addition, offer prolonged 

Table 4. Comparison of the effect of MS basal culture media with or without antibiotics and Agrobacterium infection of 
double cotyledonary-node explants on average number of shoots induced per explant after 30 days of culture.
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support to shoots and buds initiated on the cotyledonary junction and exhibit minimal deficiency 
symptoms on their cotyledons. Even though, these explants show little sensitivity to culture con-
ditions compared to the hypocotyl segments or immature cotyledons as indicated by Zhang et al. 
[41], their response was much better, especially subsequent Agrobacterium infection. The shoots 
and buds appeared to be well and effectively supported by these explants. Double cotyledonary-
node explants produced better responses than the use of single coty-node explants. These single 
coty-nodes are prepared by longitudinally splitting the double coty-nodes at the cotyledonary 
junction into two single nodes [38]. Even if high proliferation of shoots can be achieved on other 
types of explants by directly stimulating pre-existing axillary meristems and induce rapid cell 
division because of severe wounding, tissue senescence due to bacterium overgrowth and callus 
formation instead of shoots still make double coty-nodes preferable than single coty-nodes.

6. In vitro regeneration of transgenic shoots

Transgenic shoot proliferation and multiplication are not easily achieved from the meriste-
matic regions of the Agrobacterium infected double cotyledonary-node explants. This is the 
case, even if shoot development may be stimulated by the removal of the epicotyls during 
explant preparation and incisions on pre-determined axillary meristematic cells found on the 
cotyledonary junctions. In this study, tissue browning caused by oxidation and accumulation 
of phenolic compounds affected shoot initiation (Figures 1d and 4c and d). More than 50% 

Figure 4. Shoot induction from double-cotyledonary node explants on MS culture medium supplemented with 
2.0 mgL−1 6-BA. (a, b) Shoot multiplication on un-infected coty-node explants cultured on MS medium used as control 
without antibiotics. (c) Callus formation and senescence from cotyledonary-nodes cultured on MS medium containing 
cefotaxime and vancomycin antibiotics. (d) Shoot buds initiated on explants infected with Agrobacterium. (e) Shoots 
initiated with on explants cultured on medium containing antibiotics without Agrobacterium infection.
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of explants exhibiting shoot growth inhibition due to oxidative browning induced compact 
callus. This had negative effects on the rate of shoot and thus, the regeneration of transformed 
microshoots was dramatically decreased in all cultures tested for Agrobacterium-mediated 
genetic transformation. All soybean genotypes used in this study had been affected by oxida-
tive browning, despite modifying the medium according prescriptions made in the literature. 
Several approaches have been reported, such as; the addition of dithiothreitol, polyvinylpyr-
rolidone (PVP), activated charcoal and other antioxidant mixtures like ascorbic acid. Jones 
and Saxena [48] report a novel approach of introducing PAL inhibitor, inhibiting the activity 
of phenyl-alanine ammonia lysate (PAL) enzyme. This enzyme catalyses the formation of phe-
nolic compounds through phenylpropanoid metabolic pathway. However, shoot induction 
frequency of all cultivars ranged between 0.0 and 20% as indicated in Table 5. Only 0.31% 
regeneration frequency was obtained in LS 677 (Table 5). The detrimental effect of oxidative 
stress on the number of shoots induced per explants, induced shoots growth and transforma-
tion efficiency was also reported by Li et al. [49]. This problem has been correspondingly 
reported to have affected the efficiency of many cultures in plant tissue organogenesis and 
embryogenesis. For example; Hartmann et al. [50] reported failure to achieve in vitro plantlets 
regeneration during mass propagation of non-transgenic plants.

Table 5. The response of soybeans to modified MS culture media and infection with Agrobacterium tumefaciens constituting 
a pTF101.1 vector.
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of explants exhibiting shoot growth inhibition due to oxidative browning induced compact 
callus. This had negative effects on the rate of shoot and thus, the regeneration of transformed 
microshoots was dramatically decreased in all cultures tested for Agrobacterium-mediated 
genetic transformation. All soybean genotypes used in this study had been affected by oxida-
tive browning, despite modifying the medium according prescriptions made in the literature. 
Several approaches have been reported, such as; the addition of dithiothreitol, polyvinylpyr-
rolidone (PVP), activated charcoal and other antioxidant mixtures like ascorbic acid. Jones 
and Saxena [48] report a novel approach of introducing PAL inhibitor, inhibiting the activity 
of phenyl-alanine ammonia lysate (PAL) enzyme. This enzyme catalyses the formation of phe-
nolic compounds through phenylpropanoid metabolic pathway. However, shoot induction 
frequency of all cultivars ranged between 0.0 and 20% as indicated in Table 5. Only 0.31% 
regeneration frequency was obtained in LS 677 (Table 5). The detrimental effect of oxidative 
stress on the number of shoots induced per explants, induced shoots growth and transforma-
tion efficiency was also reported by Li et al. [49]. This problem has been correspondingly 
reported to have affected the efficiency of many cultures in plant tissue organogenesis and 
embryogenesis. For example; Hartmann et al. [50] reported failure to achieve in vitro plantlets 
regeneration during mass propagation of non-transgenic plants.
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7. The role of genotype in soybean transformation

Several studies including those of Zhang et al. [51], Yan et al. [47], Paz et al. [52] and Li et al. [49] 
have showed that genetic transformation in soybean is highly genotype specific. According to 
the results in Tables 4 and 5, cultivar TGx 1740-2F and TGx 1835-10E were highly recalcitrant. 
These cultivars showed consistent difficulties for callus and shoot proliferation under used 
culture conditions. Consecutively, the highest number of shoots were induced in soybean 
cv. Peking, LS 677 and LS 678. This was followed by cultivar Dundee and lastly, the two TGx 
varieties. These soybeans gave the same morphogenic trend when cultured for in vitro regen-
eration in the controls. The reports cited above support this study by concurring with the 
findings made in this study. The generation of reactive oxygen species upon Agro-infection 
of explants leading to oxidative browning and subsequent tissue browning was also more 
prevalent in Dundee, TGx 1740-2F and TGx 1835-10E genotypes. The intensity of explant tis-
sue browning and necrosis is a key indicator of explant proliferative or totipotency potential. 
However, the continued testing of different types and concentrations of antioxidants such 
as DTT may minimise cell necrosis and improve the transformation frequencies in soybean.

The ability of genotypes to resist the influence of modified culture conditions aimed at regen-
erating new plants have been widely reported. Thirty-eight cultivars of Gossypium showed 
high, moderated, low and non-somatic embryogenic response under different regime of plant 
growth regulators. The level of responses did not change and genotypic variation for embryo-
genesis was found to exist as indicated by Trolinder and Xhixian [53]. Relatively low breeding 
progress, high self-incompatibility and inbreeding depression may be some of the factors 
encouraging genotype specificity and recalcitrance in many crops. Evidence of these effects 
were reported by Gawali et al. [54], Targonska et al. [55], Nguyen et al. [56] and Wang et al. 
[57] in Cajanus cajan, Secale cereale L., Zea mays L. and Triticum aestivum.

8. Efficacy of soybean genetic manipulation

It has been more than two decades, since the introduction of genetically modified plants 
established through in vitro Agrobacterium-mediated transformation. In soybean, the first suc-
cessful transformation was reported by Hinchee et al. [58], using cotyledonary explants with 
Agrobacterium pTiT37-SE harbouring pMON9749 for herbicide glyphosate tolerance. The success 
in this method depended upon several factors; which included tissue culture conditions, strains 
of Agrobacterium used and the selected host plant genotypes aimed at receiving the transgenes. 
To date, this technique has succeeded in the production of high yielding transgenic plants, par-
ticularly for corn, chickpea, rice, cowpea, as well as a few new soybean cultivars [59–62].

Genetic transformation is now considered the most economic and highly effective method of 
genetic engineering that has been reported so far. The method holds the potential and promise 
to efficiently regenerate transgenic plants, especially for recalcitrant legume crops. Legumes 
like soybeans are some of the most important pulse crops and a good source of high quality 
proteins and oils, required for human consumption, health benefits and industrial processing. 
However, the vegetative and reproductive stages of soybean continuously show high sensitivity 
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to biotic and abiotic stress constraints. Yield quality and quantity of this crop is severely affected 
by high temperatures, chilling, waterlogging and water deficit stress [2]. Furthermore, tools 
such as genetic engineering, aimed at improving the growth characteristics of this crop are 
also negatively influenced by several factors like genotype specificity and co-cultivation chal-
lenges discussed in the above sections. To circumvent challenges posed by all stress factors; 
an efficient and rapid system of transformation that develops non-chimeric transgenic plants 
with resistance to these conditions must be advanced. A genetic transformation that eliminates 
the problem of genotype specificity in many established protocols must be established. This 
generally implies that, a protocol developed for one cultivar must be efficiently used for the 
genetic transformation of other varieties, including species closely related to the same genera.

9. Final considerations and benefits for developing countries

The findings presented in this study clearly indicate that, the induction of transformed cal-
lus tissues and regeneration of transgenic plantlets through cotyledonary node method of 
soybean transformation in tissue culture still present serious challenges. The study further 
highlighted poor plant tissue culture reproducibility, less culture efficiency and genotype 
specificity as some of the major obstacles. The lack of a stably routine transformation protocol 
for genetic manipulation of soybean will encourage transformation rates to remain at less 
than 10% efficiency. The lower transformation rates affect distribution of better transgenic 
cultivars availability for farmers, encourage the continued losses in yields and the deteriora-
tion of soy-products quality. This has a direct negative impact on the growth and well-being 
of many human lives, animals and countries’ economy. Soybean could be a driving force 
behind the development of many economies, particularly in Africa. Country’s growth and 
stability, food security and other United Nation related strategic goals will be achieved, if 
there is full commercial exploitation of benefits offered by important agro-economic crops 
such as soybean.

Genetic transformation is a tool that could guarantee continuous productivity of crops 
even under severe climatic conditions. Floods, chilling and drought are major causes of 
yield losses in many regions, particularly in developing countries. Crops like soybean, are 
considered major rainy season pulses [63] and their growth is highly sensitive to water-
deficit stress. Introduction of soybean cultivars with improved traits will immensely ben-
efit farmers, enhancing cropping intensity and increased profitability per unit land area 
as discussed by Agarwal et al. [63]. Soybean will continue to remain a major oilseed crop. 
Its potential use in industrial production of biodiesel, current pharmaceutical and nutri-
tional uses still encourages improvement of modern and conventional breeding systems. 
The systems need to be improved in order to develop novel varieties that meet the current 
environmental challenges, raise yields to unprecedented levels and feed the world-wide 
increasing populations. Finally, the success in the development of new varieties will allow 
for the incorporation of soybeans in daily diet. In developing countries for example; South 
Africa, soybean is used mainly for the manufacturing of animal feeds and vegetable oil. 
Direct human consumption of soybean makes a very smaller portion of the population’s 
diet as indicated by Dlamini et al. [64].
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established through in vitro Agrobacterium-mediated transformation. In soybean, the first suc-
cessful transformation was reported by Hinchee et al. [58], using cotyledonary explants with 
Agrobacterium pTiT37-SE harbouring pMON9749 for herbicide glyphosate tolerance. The success 
in this method depended upon several factors; which included tissue culture conditions, strains 
of Agrobacterium used and the selected host plant genotypes aimed at receiving the transgenes. 
To date, this technique has succeeded in the production of high yielding transgenic plants, par-
ticularly for corn, chickpea, rice, cowpea, as well as a few new soybean cultivars [59–62].

Genetic transformation is now considered the most economic and highly effective method of 
genetic engineering that has been reported so far. The method holds the potential and promise 
to efficiently regenerate transgenic plants, especially for recalcitrant legume crops. Legumes 
like soybeans are some of the most important pulse crops and a good source of high quality 
proteins and oils, required for human consumption, health benefits and industrial processing. 
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to biotic and abiotic stress constraints. Yield quality and quantity of this crop is severely affected 
by high temperatures, chilling, waterlogging and water deficit stress [2]. Furthermore, tools 
such as genetic engineering, aimed at improving the growth characteristics of this crop are 
also negatively influenced by several factors like genotype specificity and co-cultivation chal-
lenges discussed in the above sections. To circumvent challenges posed by all stress factors; 
an efficient and rapid system of transformation that develops non-chimeric transgenic plants 
with resistance to these conditions must be advanced. A genetic transformation that eliminates 
the problem of genotype specificity in many established protocols must be established. This 
generally implies that, a protocol developed for one cultivar must be efficiently used for the 
genetic transformation of other varieties, including species closely related to the same genera.

9. Final considerations and benefits for developing countries

The findings presented in this study clearly indicate that, the induction of transformed cal-
lus tissues and regeneration of transgenic plantlets through cotyledonary node method of 
soybean transformation in tissue culture still present serious challenges. The study further 
highlighted poor plant tissue culture reproducibility, less culture efficiency and genotype 
specificity as some of the major obstacles. The lack of a stably routine transformation protocol 
for genetic manipulation of soybean will encourage transformation rates to remain at less 
than 10% efficiency. The lower transformation rates affect distribution of better transgenic 
cultivars availability for farmers, encourage the continued losses in yields and the deteriora-
tion of soy-products quality. This has a direct negative impact on the growth and well-being 
of many human lives, animals and countries’ economy. Soybean could be a driving force 
behind the development of many economies, particularly in Africa. Country’s growth and 
stability, food security and other United Nation related strategic goals will be achieved, if 
there is full commercial exploitation of benefits offered by important agro-economic crops 
such as soybean.

Genetic transformation is a tool that could guarantee continuous productivity of crops 
even under severe climatic conditions. Floods, chilling and drought are major causes of 
yield losses in many regions, particularly in developing countries. Crops like soybean, are 
considered major rainy season pulses [63] and their growth is highly sensitive to water-
deficit stress. Introduction of soybean cultivars with improved traits will immensely ben-
efit farmers, enhancing cropping intensity and increased profitability per unit land area 
as discussed by Agarwal et al. [63]. Soybean will continue to remain a major oilseed crop. 
Its potential use in industrial production of biodiesel, current pharmaceutical and nutri-
tional uses still encourages improvement of modern and conventional breeding systems. 
The systems need to be improved in order to develop novel varieties that meet the current 
environmental challenges, raise yields to unprecedented levels and feed the world-wide 
increasing populations. Finally, the success in the development of new varieties will allow 
for the incorporation of soybeans in daily diet. In developing countries for example; South 
Africa, soybean is used mainly for the manufacturing of animal feeds and vegetable oil. 
Direct human consumption of soybean makes a very smaller portion of the population’s 
diet as indicated by Dlamini et al. [64].
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10. Recommended strategies for improvements

There is adequate evidence gathered in this study indicating that, the soybean genotypes 
used will variably express and transmit the transgenes if any event of transformation is to 
take place. This was clearly demonstrated by the varied responses formed in plant cell initia-
tion and microshoots formation during callus induction and shoot multiplication. Moreover, 
the varied intensities in oxidative browning of tissues, chlorosis and subsequent wounded 
tissue necrosis exhibited by explant from different genotypes, indicated the extend of the 
problems associated with Agrobacterium-mediated genetic transformation of legumes. For 
the successful optimisation of protocol routinely used for transformation of a wide range of 
soybean varieties, this tool requires the following amendments:

1. Thorough screening and selection of genotypes such as Peking that showed moderate level 
of resistance to production of phenolics and subsequent oxidation of tissues.

2. Re-evaluation of culture condition, particularly the amount and type of antibiotics used in 
the culture medium. Mangena [29] reported successful induction of multiple shoots from 
cotyledonary-node explants infected with Agrobacterium tumefaciens containing ΩPKY vec-
tor construct on MS medium containing aminoglycoside antibiotics. This study reported 
effective Agrobacterium overgrowth control, low explant toxicity, lower levels of explant 
decay and better shoot proliferation under aminoglycosides compared to the β-lactam 
antibiotics at a range between 50 and 500 mgL−1.

3. Continued and effective use of additives. Culture agents that inhibit tissue senescence 
which include, but not limited to cysteine, dithiothreitol, ascorbate and sodium thiosulfate 
are highly recommended. The effectively optimised use of these antioxidants may have 
given positive results in cultivars like Peking than in any of the cultivars used.

4. Agrobacterium tumefaciens density must be thoroughly adjusted and optimised to avoid 
tissue senescence. Explant infection by this bacterium on the cotyledonary junctions and 
bases of explants causes tissue decay in culture. This effect occurs even though contamina-
tion as a result of Agrobacterium overgrowth is efficiently controlled.

Other affordable method such as in-planta Agro-injection must be considered by laboratories 
to generate new genetically improved soybean plants. This technique was introduced by 
Chee et al. [65] in genetic transformation of soybean and kidney bean by Agro-injecting seeds 
with a suspension of Agrobacterium strain EHA101 with pIG121 vector plasmid containing 
genes for neomycin phosphotransferase (NPTII), hygromycin phosphotransferase (HPT) and 
β-glucuronidase (GUS). The soybean and kidney bean seeds were surface sterilised using 
0.6% sodium hypochlorite and germinated on moistened sterile paper towels at 25°C for 24 h 
in darkness. Agro-infection yielded 12% transgenic soybeans and 24% of transgenic kidney 
beans identified using NPTII amplified by polymerase chain reaction (PCR). Generally, 
there are difficulties in the in vitro regeneration and selection of transgenic plants during 
Agrobacterium-mediated genetic transformation. But, this technique is undoubtedly the best 
tool available for the transfer and expression of transfer DNA in host plant cells.
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11. Conclusions

The use of double cotyledonary-node explants still remain superior for establishment of soy-
bean cultures–callus and shoot proliferation. This is so, because the efficiency of the cultures 
established relied primarily on the explant type, as one of the culture factors. Explant amena-
bility to Agrobacterium infection, antibiotics and growth regulator regimes impacted highly on 
the culture successes observed. A successful shoot and callus induction in the control media 
was illustrated. The negative impacts of Agrobacterium infection and effect of antibiotics on the 
culture was also observed. However, these findings clearly demonstrate that, more work still 
need to done, focusing on the optimisation of tissue culture conditions and bacterial cultures. 
For the main purpose of developing a high frequency, genotype independent and efficient 
protocol for use in Agrobacterium-mediated genetic transformation of soybean.
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genetic records provided by infectious external agents, and in this sense, a high interfer-
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ago, efforts to understand this peculiar mechanism and the possibility of being used in
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transformable vegetal specimens by inducing selective mutations into a reading frame
that may be translated in a given moment (i.e., ORF; open reading frame). In light of the
consideration that one common use of ORFs is to assist gene prediction processes, palin-
dromic repeats are mostly based on the directed mutations via nonhomologous end
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1. Introduction

Sustainable agriculture is considered to be the key for improving plant crops through genetic
engineering, since random mutagenesis processes are part of conventional biotechnology
techniques used for most researchers in this field [1]. CRISPR/Cas9 systems (clustered regu-
larly interspaced short palindromic repeats-CRISPR associated) are related to a well-known
CRISPR array defined by series of 20–50 bp genomic locus (i.e., unique spacers separated by
direct repeats).

On the other hand, these unique spacers usually have similar length with preceded AT-rich
fragments [2]. CRISPR loci were identified for the first time about two decades ago when they
found a series of short genomic sequences (i.e., spacers) in Escherichia coli originated by viral
genomes and probably due to the presence of conjugative plasmids, and in this sense, the
foreign genetic material allowed the bacteria to record a kind of memory (e.g., immune
system) to counteract future infections. When foreign DNA sequences match these unique
spacers, they are commonly known as “photospacers” [1, 3]. Thereby, the corresponding
immunization is against a foreign phage (e.g.), and when a new infection of this nature takes
place in the future, the array expansion of the CRISPR is unchained and in consequence, new
spacers originate from the genetic material of the phage.

According to some authors [4–6], this interesting immune system (to call it that) may be
divided into three metabolic stages: adaptation, crRNA (CRISPR-RNAs) biogenesis, and inter-
ference. When a foreign DNA introduction happens, there is a selective process through the
machinery that selects protospacers, which will be inserted into the CRISPR locus (insertion
takes place into the leader end of the system). In the first stage of crRNA biogenesis, a
transcription of CRISPR locus is observed followed by a direct processing of sequence ele-
ments (pre-crRNAs–crRNAs), all of them with the corresponding single spacer. After this
stage, Cas proteins interact the crRNAs by assembling an effector complex (Figure 1A) [4].
This is very important since these components are intermediary elements of the interference
stage where recognition of foreign DNA happens upon future infections and consequently, its
degradation. It is very important to mention that a spacer acquisition creates genetic records of
previous infections; as mentioned above, CRISPR immunity happens when there is an immi-
nent detection of strange nucleic acids and consequently, the integration of foreign genetic
material into the host’s cells (the DNA integration occurs in the chromosome).

CRISPR systems are highly complex and diverse, and nowadays, efforts have been made to
classify them into six interesting types: Type I (eight different Cas representative operons);
Type II (tracrRNA; trans-activating crRNA and four Cas); Type III (eight Cas and Csm/Cmr);
Type IV (four DinG/Csf); Type V (four Cas/Cpf2); and Type VI (three Cas/C2c2). In this case,
operon type IV shows an extensive presence in the lack of CRISPR loci (Figure 1B) [4].

Due to the endless background that precede the functionality and applications of CRISPR
systems in the field of genetic engineering, it has been shown that this metabolic phenomenon
is extremely attractive for the molecularly directed crop improvement as well as plant genomic
research. In general, the efforts that outline research for CRISPR systems within the agronomic
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sciences field have been mainly focused on plant domestication with economic and social
interest. Thus, interspaced short palindromic repeats constantly open the doors to the genera-
tion and knowledge application in the area of functional genomics that jointly guide
researchers toward the implementation of theoretical and applied biostrategies [7].

2. CRISPR/Cas9 mechanism: brief overview of its nature

The action mode of CRISPR/Cas9 biological system is basically based on the participation of
two distinct elements: the Cas9 protein (CRISPR-associated protein 9; RNA-guided DNA
endonuclease enzyme associated with CRISPR) and sgRNA (single guide RNA) [8]. Nowa-
days, Cas9 proteins are found mainly in different bacteria species such as Brevibacillus
laterosporus [9], Staphylococcus aureus [10], and other representative species within the genus
Streptococcus [11]. Cas9 proteins have shown two representative domains: the first one is
known as HNH (nuclease-associated proteins), which is responsible for cleaving and
regrouping the complementary strand of crRNA. On the other hand, the second domain
known as RuvC-like (nuclease domain that cleaves complementary DNA strands) has the
purpose of carrying out the cleavage of the complementary strand of dsDNA (double stranded

Figure 1. Functional and organizational system of the CRISPR/Cas9. (A) The process of induced immunity is carried out
in three stages consisting of an adaptation, crRNA biogenesis, and interference. In the first stage, the adaptive machinery
performs a selection of photospacers, and they are leader-end inserted into CRISPR locus that is subsequently transcribed
during crRNA biogenesis. In a complementary way, the pre-crRNA processing into crRNAs with simple spacers is
developed. Finally, the effector complex is originated through the assembly of crRNA with Cas proteins, which interacts
(interference stage) in a subsequent way to the infection, and consequent degradation of the foreign genetic material. (B)
Structurally, the CRISPR system is divided into six representative types (operons). Dashed outlines represent genes in
some subtypes. Pink sequences represent genes related to the interference process. Yellow sequences refer to crRNA
biogenesis, and the green color refers to adaptation genes. Subtypes IV are characterized by the absence of CRISPR loci.
Adapted from Wright et al. [4].
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DNA). The nature of the sgRNA is extremely curious, since this is a kind of synthetic RNA
with a length not greater than 100 bp and whose structure owns a 20 bp sequence coupled to
the 50-end that works as a guide allowing the identification of target sequences through
specific adjacent motifs (i.e., PAM sequences; protospacer adjacent motifs) [8].

It is important to mention that 30-end of the sgRNA resembles a loop structure that allows it to
develop a very precise linkage with the target sequence. This is the way to structure a new
complex that will be associated with Cas9 and in this sense, to perform the dsDNA cleavage
that will cause double-stranded breaks (DSBs) [12]. Generally, a DSB is the result of the
continuous DNA damage at chromosome level, although this is considered a completely
normal phenomenon within the cell. However, the resulting by-products generated by the
cellular metabolism itself such as reactive oxygen species (ROS) may interfere in the replication
process due to the damage caused in the DNA. Also, environmental selective pressures as
different chemical agents or UV light itself are considered other important factors involved in
this process [13, 14].

When the above phenomenon has been carried out within the cell, the presence of DSBs
activates the repair mechanism of damaged DNA through nonhomologous end joining
(NHEJ) or homology-directed repair (HDR). In most cases, the repair of DBSs is carried out
by NHEJ although the main reason why this happens is because it is the best way to make
genetic insertions or deletions and consequently to give rise to a gene knockout (gene knockout
is a genetic phenomenon through which an organism’s gene becomes inoperative). In general,
HDR is originated by the presence of an oligo template, and it activates the elimination of specific
genes as well as foreign DNA (the mechanism involves the substitution of DNA sequences in a
specific locus, or well, fragment sequences not found within this locus) [8, 12–15]. In addition to
CRISPR, there are other methods currently used for genome editing which include the participa-
tion of peculiar endonucleases such as transcription activator-link effectors (TALEN) and zinc
fingers. Through these mechanisms, a fusion between DNA-binding domains of transcription
factors and the nuclease domain FokI (restriction enzyme) takes place. Beyond the application of
CRISPR systems in genome editing and their regulation processes, these types of endonucleases
may be used to be fused with fluorescent proteins in order to allow more specific loci location
within the living cells [16, 17].

3. Cas9 enzyme: multifunctional DNA endonuclease

The Cas9 enzyme has a very peculiar structure since it consists of two distinct nodes
complemented each other: an alpha-helical recognition site (REC) and an endonuclease struc-
ture (NUC) containing HNH proteins. On the other hand, Cas9 structure has RuvC-like and C-
terminal domains with variable structures [18]. Both nodes are linked through anchoring-like
structures mostly conformed by arginine-rich bridges and other less complex structures gener-
ally observed between residues 712–720. In this sense, there are three very important domains
with alpha-helical structure that integrate the REC node (Hel-I, II, and III) and as an interesting
fact; Hel domains show no structural similarity with some other known proteins to date [19].
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Several studies have shown that Cas9/RuvC domains have very similar structures to retroviral
integrases (virally encoded; specialized recombinases capable of catalyzing the recombination
of viral DNA particles into the genome’s host cell). In contrast to the above, the HNH nuclease
domains show a fold-type ββα structure linked to a metallic cofactor that in the same way, it is
linked to another HNH domain from a different endonuclease that allows the recognition
through metallic ions in order to locate cleavage sites on the target DNA sequence [18].
Metallic ion-dependent restriction enzymes show highly conserved structures formed by
aspartate residues and in less quantity by histidine [20].

In basal conditions, the nature of Cas9 enables the enzyme to be inactive and when a
recombination between sgRNA and the corresponding REC lobe is observed, it is precisely
that this natural state changes. Thus, the previous complex performs a specific search for
PAMs (trinucleotide NGG) in order to identify target sequences into the double DNA
strand. When a linkage has happened within the respective PAMPS, a cleavage of the
hybrid DNA-RNA complex takes place thanks to HNH domain and, jointly, RuvC assists
the structuring of dsSDBs (double-stranded SDBs) by cleaving the corresponding comple-
mentary sequence [21]. It is important to mention that both eukaryotic and prokaryotic cells
show NHEJ and HDR mechanisms capable of repairing DSBs through the intervention of
DNA ligase IV, whose nature helps regroup damaged nucleotide ends (Indels; introduction
or deletion of mutations) as well as the use of complementary homologous DNA templates,
respectively [21, 22].

Within the group of Cas9 proteins, there are repression effectors that are fused with a
transcription activation system called dCas9 (CRISPR tool based on a modified version of
the Cas9 protein). The dCas9 systems are usually combined with effector protein domains
that regroup functional peptides that will target specific regions of genome loci. Thus, the
resulting complex performs activation and shutdown mechanisms of gene repression,
thereby; it is considered an efficient regulator of genetic information flow. This is why
CRISPR/dCas9 system may be a modular platform in several cellular processes to control
transcription [21, 23]. Another important fact about the dCas9 complexes is that they are
able to combine with different epigenetic nature molecules, such as methylation and histone
peptides [24].

On the other hand, specificity is a considerable element in genome editing tools. In the case
of Cas9/gRNA (guide RNA) complexes, they have an extremely precise capacity to develop
cleavages in DNA sequences, even when small mismatches may be observed into the guide
template [25]. When this type of phenomenon happens, nonspecific cleavages are mostly
tolerated at the 50-ends or at a greater distance from the corresponding MAMP sequences. It
has been noticed that short gRNAs (a.c. 20 bp) confer better specificity to Cas9 proteins at
the target cleavage sites within the genetic editing processes [26]. Likewise, when the
inactivation of Cas9 conserved domains is observed, a specific break occurs in one of the
DNA strands (nickase), which leads to a splitting and loss of its double-stranded native
structure [27]. In general, this type of nicks usually causes no mutations since they can be
repaired in a very simple way by eliminating damaged bases through a specific repair
metabolic pathway.
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DNA). The nature of the sgRNA is extremely curious, since this is a kind of synthetic RNA
with a length not greater than 100 bp and whose structure owns a 20 bp sequence coupled to
the 50-end that works as a guide allowing the identification of target sequences through
specific adjacent motifs (i.e., PAM sequences; protospacer adjacent motifs) [8].

It is important to mention that 30-end of the sgRNA resembles a loop structure that allows it to
develop a very precise linkage with the target sequence. This is the way to structure a new
complex that will be associated with Cas9 and in this sense, to perform the dsDNA cleavage
that will cause double-stranded breaks (DSBs) [12]. Generally, a DSB is the result of the
continuous DNA damage at chromosome level, although this is considered a completely
normal phenomenon within the cell. However, the resulting by-products generated by the
cellular metabolism itself such as reactive oxygen species (ROS) may interfere in the replication
process due to the damage caused in the DNA. Also, environmental selective pressures as
different chemical agents or UV light itself are considered other important factors involved in
this process [13, 14].

When the above phenomenon has been carried out within the cell, the presence of DSBs
activates the repair mechanism of damaged DNA through nonhomologous end joining
(NHEJ) or homology-directed repair (HDR). In most cases, the repair of DBSs is carried out
by NHEJ although the main reason why this happens is because it is the best way to make
genetic insertions or deletions and consequently to give rise to a gene knockout (gene knockout
is a genetic phenomenon through which an organism’s gene becomes inoperative). In general,
HDR is originated by the presence of an oligo template, and it activates the elimination of specific
genes as well as foreign DNA (the mechanism involves the substitution of DNA sequences in a
specific locus, or well, fragment sequences not found within this locus) [8, 12–15]. In addition to
CRISPR, there are other methods currently used for genome editing which include the participa-
tion of peculiar endonucleases such as transcription activator-link effectors (TALEN) and zinc
fingers. Through these mechanisms, a fusion between DNA-binding domains of transcription
factors and the nuclease domain FokI (restriction enzyme) takes place. Beyond the application of
CRISPR systems in genome editing and their regulation processes, these types of endonucleases
may be used to be fused with fluorescent proteins in order to allow more specific loci location
within the living cells [16, 17].

3. Cas9 enzyme: multifunctional DNA endonuclease

The Cas9 enzyme has a very peculiar structure since it consists of two distinct nodes
complemented each other: an alpha-helical recognition site (REC) and an endonuclease struc-
ture (NUC) containing HNH proteins. On the other hand, Cas9 structure has RuvC-like and C-
terminal domains with variable structures [18]. Both nodes are linked through anchoring-like
structures mostly conformed by arginine-rich bridges and other less complex structures gener-
ally observed between residues 712–720. In this sense, there are three very important domains
with alpha-helical structure that integrate the REC node (Hel-I, II, and III) and as an interesting
fact; Hel domains show no structural similarity with some other known proteins to date [19].
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Several studies have shown that Cas9/RuvC domains have very similar structures to retroviral
integrases (virally encoded; specialized recombinases capable of catalyzing the recombination
of viral DNA particles into the genome’s host cell). In contrast to the above, the HNH nuclease
domains show a fold-type ββα structure linked to a metallic cofactor that in the same way, it is
linked to another HNH domain from a different endonuclease that allows the recognition
through metallic ions in order to locate cleavage sites on the target DNA sequence [18].
Metallic ion-dependent restriction enzymes show highly conserved structures formed by
aspartate residues and in less quantity by histidine [20].

In basal conditions, the nature of Cas9 enables the enzyme to be inactive and when a
recombination between sgRNA and the corresponding REC lobe is observed, it is precisely
that this natural state changes. Thus, the previous complex performs a specific search for
PAMs (trinucleotide NGG) in order to identify target sequences into the double DNA
strand. When a linkage has happened within the respective PAMPS, a cleavage of the
hybrid DNA-RNA complex takes place thanks to HNH domain and, jointly, RuvC assists
the structuring of dsSDBs (double-stranded SDBs) by cleaving the corresponding comple-
mentary sequence [21]. It is important to mention that both eukaryotic and prokaryotic cells
show NHEJ and HDR mechanisms capable of repairing DSBs through the intervention of
DNA ligase IV, whose nature helps regroup damaged nucleotide ends (Indels; introduction
or deletion of mutations) as well as the use of complementary homologous DNA templates,
respectively [21, 22].

Within the group of Cas9 proteins, there are repression effectors that are fused with a
transcription activation system called dCas9 (CRISPR tool based on a modified version of
the Cas9 protein). The dCas9 systems are usually combined with effector protein domains
that regroup functional peptides that will target specific regions of genome loci. Thus, the
resulting complex performs activation and shutdown mechanisms of gene repression,
thereby; it is considered an efficient regulator of genetic information flow. This is why
CRISPR/dCas9 system may be a modular platform in several cellular processes to control
transcription [21, 23]. Another important fact about the dCas9 complexes is that they are
able to combine with different epigenetic nature molecules, such as methylation and histone
peptides [24].

On the other hand, specificity is a considerable element in genome editing tools. In the case
of Cas9/gRNA (guide RNA) complexes, they have an extremely precise capacity to develop
cleavages in DNA sequences, even when small mismatches may be observed into the guide
template [25]. When this type of phenomenon happens, nonspecific cleavages are mostly
tolerated at the 50-ends or at a greater distance from the corresponding MAMP sequences. It
has been noticed that short gRNAs (a.c. 20 bp) confer better specificity to Cas9 proteins at
the target cleavage sites within the genetic editing processes [26]. Likewise, when the
inactivation of Cas9 conserved domains is observed, a specific break occurs in one of the
DNA strands (nickase), which leads to a splitting and loss of its double-stranded native
structure [27]. In general, this type of nicks usually causes no mutations since they can be
repaired in a very simple way by eliminating damaged bases through a specific repair
metabolic pathway.
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4. CRISPR/Cas9: a close relationship with TALENs and ZFNs

As previously mentioned, CRISPR/Cas9 system is conformed by a single monomeric protein
as well as a complex RNA rearrangement. The Cas9 protein is responsible for carrying out the
cleavage process, and a 20-nt fragment corresponding to gRNA is responsible for identifying
target sequences [28]. Notwithstanding, the nature of TALENs and ZFNs (zinc finger nucle-
ases) allows them to function as dimers; consequently, protein components are just required to
develop the corresponding catalysis processes. A specific domain of the FokI endonuclease
performs the cleavage of target sequences. On the other hand, domains corresponding to DNA
binding that may be found in different polypeptides are those that confer the sequence speci-
ficity [29].

Because ZFNs show a necessary interaction with zinc fingers, it is considered that this process
is experimentally complicated, and therefore, its application is usually limited within a bio-
technological context, especially considering the need for nucleotide sequence specificity.
However, TALENs and ZFNs are easy to design, and they are commercially available in most
cases at an affordable cost [30]. TALENs can promote homologous recombination at cellular
level through repetitive sequences compared to gRNA that is based on a Watson-Crick base-
paring principle using target DNA sequences [28, 30]. On the other hand, TALENs and ZFNs
are capable of generating DSBs through the restriction of FokI catalytic domains of different
overlap sizes that may vary depending on their binding capacity. In comparison, Cas9 has two
cleavage domains as previously discussed (i.e., RuvC and HNH). While it is true that ZFNs
could target any sequence of interest, this process is subject to the availability of assembly
platforms. Today, available molecular libraries can hold up to 100 bp sequences that serve as
platforms for functional ZFNs. Thereby, TALEN’s targets require thymidine residues to show
an efficient functionality, which could limit their application [31].

TALEN protein arrays are exclusive for the group of plant pathogenic bacteria. The repeated
sequences comprise 10–20 residue agglomerates that recognize specific DNA molecules. Each
repeat has a maximum of 35 amino acids in length, and it is complemented by two adjacent
amino acids (RVD, repeat-variable-di-residue) which have the function of conferring specific-
ity to the four nucleotides that structure the DNA strands. In this way, a direct link between
repeated sequences and target DNA is observed. Both TALENs and ZFNs are capable of
generating DSBs in a specific region of the genome, and as previously discussed, this phenom-
enon is commonly used to generate gene knock out. RVD codes are used to generate TALEN
repeating arrays, and therefore, an affinity of up to 96% can be observed respect to target
sequences of interest [31, 32]. It is worth mentioning that TALENs show advantages over
ZFNs, for example, TALENs can be extended over any sequence length that is necessary, and
for the case of ZFNs, they can only be extended in a range of 9–18 bp, although it is considered
that TALENs show less specificity [33].

A disadvantage of TALENs over ZFNs is their considerable size, since the extension of a cDNA
sequence encoded by TALENs can be up to 3 kb, while the size per every ZFN is only 1 kb. The
considerable size of TALENs could hinder the recombination process at cellular level, and
therefore, these arrangements tend to be less attractive for biotechnological processes, mainly in

Transgenic Crops - Emerging Trends and Future Perspectives46

therapeutic applications. On the other hand, since TALENs show repetitive nature, it is usually
more complicated to pack and move the molecules into the host cell using viral vectors [31].

In the case of ZFNs, it is important to highlight that in recent years, their use has increased
considerably in both industrial and basic research, mainly for the generation of therapeutic
adjuvants in both animal and human models. ZFNs comprise arrays of protein fusions with
specific binding domains adapted to transcription factors that contain zinc finger comple-
ments. In a complementary way, its structure is also conformed by a FokI restriction domain.
The zinc finger domains are able to recognize 3–4 bp sequences in the target DNA molecule.
Tandem domains (tandem repeats; occurring in the DNA through the repetition of patterns of
one or more nucleotides and the position of these is completely adjacent) tend to interlace with
nucleotide sequences between 3, 9, and 18 bp length, and this process is repetitive throughout

Species Cas9 codon Trans method Target sequence Promoter Mutation
rate

Detection
method

Ref

Arabidopsis
thaliana

Arabidopsis
(intron)

PEG protoplast PDS3, FLS2 CaMV35SPDK,
AtU6

1.1–5.6% PCR
sequencing

[36]

A. thaliana Arabidopsis
(intron)

PEG protoplast RACK1b,
RACK1c

CaMV35SPDK,
AtU6

2.5–2.7% PCR
sequencing

[36]

Nicotiana
benthamiana

Arabidopsis
(intron)

PEG protoplast PDS3 CaMV35SPDK,
AtU6

37.7–
38.5%

PCR
sequencing

[36]

N.
benthamiana

Chlamydomonas
reinhardtii

Leaf
agroinfiltration

Co-transfect GFP CaMV35S,
AtU6

n.a. Pre-
digested
PCR

[37,
38]

N.
benthamiana

Human Leaf
agroinfiltration

PDS CaMV35S,
CaMV35S

12.7–
13.8%

n.a. [39]

Oryza sativa Rice PEG protoplast PDS, BADH2,
MPK2,
Os02g2382

2xCaMV35S,
OsU3

14.5–38% PCR [40]

O. sativa Human PEG protoplast MPK5 CaMV35S,
OsU3 or OsU6

3–8% qPCR and
T7E1 assay

[14]

O. sativa Rice PEG protoplast SWEET14 CaMV35S,
OsU6

n.a. Pre-
digested
PCR

[37,
38]

Triticum
aestivum

Rice PEG protoplast MLO 2xCaMV35S,
TaU6

28.5% PCR + RE [40]

T. aestivum Human Agro-transfect
embryo immature
cell

PDS, INOX CaMV35S 18–22% PCR
sequencing

[39]

Zea mays Rice PEG protoplast IPK 2xCaMV35S,
ZmU3

16.4–
19.1%

n.a. [41]

Citrus
sinensis

Human Leaf agro-
infiltration

PDS CaMv35S,
CaMV35S

3.2–3.9% PCR + RE [42]

Table 1. Examples of plant transient transfection based on CRISPR/Cas9-mediated NHEJ.
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4. CRISPR/Cas9: a close relationship with TALENs and ZFNs

As previously mentioned, CRISPR/Cas9 system is conformed by a single monomeric protein
as well as a complex RNA rearrangement. The Cas9 protein is responsible for carrying out the
cleavage process, and a 20-nt fragment corresponding to gRNA is responsible for identifying
target sequences [28]. Notwithstanding, the nature of TALENs and ZFNs (zinc finger nucle-
ases) allows them to function as dimers; consequently, protein components are just required to
develop the corresponding catalysis processes. A specific domain of the FokI endonuclease
performs the cleavage of target sequences. On the other hand, domains corresponding to DNA
binding that may be found in different polypeptides are those that confer the sequence speci-
ficity [29].

Because ZFNs show a necessary interaction with zinc fingers, it is considered that this process
is experimentally complicated, and therefore, its application is usually limited within a bio-
technological context, especially considering the need for nucleotide sequence specificity.
However, TALENs and ZFNs are easy to design, and they are commercially available in most
cases at an affordable cost [30]. TALENs can promote homologous recombination at cellular
level through repetitive sequences compared to gRNA that is based on a Watson-Crick base-
paring principle using target DNA sequences [28, 30]. On the other hand, TALENs and ZFNs
are capable of generating DSBs through the restriction of FokI catalytic domains of different
overlap sizes that may vary depending on their binding capacity. In comparison, Cas9 has two
cleavage domains as previously discussed (i.e., RuvC and HNH). While it is true that ZFNs
could target any sequence of interest, this process is subject to the availability of assembly
platforms. Today, available molecular libraries can hold up to 100 bp sequences that serve as
platforms for functional ZFNs. Thereby, TALEN’s targets require thymidine residues to show
an efficient functionality, which could limit their application [31].

TALEN protein arrays are exclusive for the group of plant pathogenic bacteria. The repeated
sequences comprise 10–20 residue agglomerates that recognize specific DNA molecules. Each
repeat has a maximum of 35 amino acids in length, and it is complemented by two adjacent
amino acids (RVD, repeat-variable-di-residue) which have the function of conferring specific-
ity to the four nucleotides that structure the DNA strands. In this way, a direct link between
repeated sequences and target DNA is observed. Both TALENs and ZFNs are capable of
generating DSBs in a specific region of the genome, and as previously discussed, this phenom-
enon is commonly used to generate gene knock out. RVD codes are used to generate TALEN
repeating arrays, and therefore, an affinity of up to 96% can be observed respect to target
sequences of interest [31, 32]. It is worth mentioning that TALENs show advantages over
ZFNs, for example, TALENs can be extended over any sequence length that is necessary, and
for the case of ZFNs, they can only be extended in a range of 9–18 bp, although it is considered
that TALENs show less specificity [33].

A disadvantage of TALENs over ZFNs is their considerable size, since the extension of a cDNA
sequence encoded by TALENs can be up to 3 kb, while the size per every ZFN is only 1 kb. The
considerable size of TALENs could hinder the recombination process at cellular level, and
therefore, these arrangements tend to be less attractive for biotechnological processes, mainly in
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therapeutic applications. On the other hand, since TALENs show repetitive nature, it is usually
more complicated to pack and move the molecules into the host cell using viral vectors [31].

In the case of ZFNs, it is important to highlight that in recent years, their use has increased
considerably in both industrial and basic research, mainly for the generation of therapeutic
adjuvants in both animal and human models. ZFNs comprise arrays of protein fusions with
specific binding domains adapted to transcription factors that contain zinc finger comple-
ments. In a complementary way, its structure is also conformed by a FokI restriction domain.
The zinc finger domains are able to recognize 3–4 bp sequences in the target DNA molecule.
Tandem domains (tandem repeats; occurring in the DNA through the repetition of patterns of
one or more nucleotides and the position of these is completely adjacent) tend to interlace with
nucleotide sequences between 3, 9, and 18 bp length, and this process is repetitive throughout

Species Cas9 codon Trans method Target sequence Promoter Mutation
rate

Detection
method

Ref

Arabidopsis
thaliana

Arabidopsis
(intron)

PEG protoplast PDS3, FLS2 CaMV35SPDK,
AtU6

1.1–5.6% PCR
sequencing

[36]

A. thaliana Arabidopsis
(intron)

PEG protoplast RACK1b,
RACK1c

CaMV35SPDK,
AtU6

2.5–2.7% PCR
sequencing

[36]

Nicotiana
benthamiana

Arabidopsis
(intron)

PEG protoplast PDS3 CaMV35SPDK,
AtU6

37.7–
38.5%

PCR
sequencing

[36]

N.
benthamiana

Chlamydomonas
reinhardtii

Leaf
agroinfiltration

Co-transfect GFP CaMV35S,
AtU6

n.a. Pre-
digested
PCR

[37,
38]

N.
benthamiana

Human Leaf
agroinfiltration

PDS CaMV35S,
CaMV35S

12.7–
13.8%

n.a. [39]

Oryza sativa Rice PEG protoplast PDS, BADH2,
MPK2,
Os02g2382

2xCaMV35S,
OsU3

14.5–38% PCR [40]

O. sativa Human PEG protoplast MPK5 CaMV35S,
OsU3 or OsU6

3–8% qPCR and
T7E1 assay

[14]

O. sativa Rice PEG protoplast SWEET14 CaMV35S,
OsU6

n.a. Pre-
digested
PCR

[37,
38]

Triticum
aestivum

Rice PEG protoplast MLO 2xCaMV35S,
TaU6

28.5% PCR + RE [40]

T. aestivum Human Agro-transfect
embryo immature
cell

PDS, INOX CaMV35S 18–22% PCR
sequencing

[39]

Zea mays Rice PEG protoplast IPK 2xCaMV35S,
ZmU3

16.4–
19.1%

n.a. [41]

Citrus
sinensis

Human Leaf agro-
infiltration

PDS CaMv35S,
CaMV35S

3.2–3.9% PCR + RE [42]

Table 1. Examples of plant transient transfection based on CRISPR/Cas9-mediated NHEJ.
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the entire genome in question. ZFNs act at two sites of the DNA sequence at the cellular level,
on the forward and reverse strand, respectively. Since cleavages of specific regions within the
genome can be observed, ZFNs are capable to recognize two adjacent sequences, and once the
corresponding cleavage occurs, the FokI restriction enzyme domains produce a dimerization
prior to the cleavage of the corresponding DNA loci. Thus, DSBs with 50-extensions originate
[31, 34, 35]. As listed in Table 1, some examples of experiments related to transient transfection
based on CRISPR/Cas9-mediated NHEJ may be cited.

5. CRISPR/Cas9 applications in crop genetic improvement: brief overview

The relevance of agriculture for human survival is hard to underestimate. Crops provide food,
fiber, and raw materials for a growing human population that faces an increasing amount of
challenges, including loss and degradation of arable land as well as climate change. In this
context, the rational use of all the available biotechnological tools is of paramount importance
to attain a worthy life quality both in developed countries and the third world. Crop genome
editing is among the most promising techniques to cope with the aforementioned agricultural
challenges. However, it is worth noting that the development of those methodologies is useful
not only for genetic improvement of agricultural crops but also to functional characterization
of specific plant genes for basic research purposes [43].

Three short reports, published in 2013, demonstrated the feasibility of CRISPR/Cas9 system for
genetic engineering of crops, based on the pioneer works of Li et al. (using A. thaliana),
Nekrasov et al. (with N. benthamiana), and Shan et al. (O. sativa and T. aestivum), respectively
[36, 40, 44]. After that, a plethora of research on crop genome editing has been published. The
works listed below include some of the most representative studies on the matter, according to
our best knowledge. However, the amazing dynamism of the field makes the presumption of
exhaustiveness unattainable.

Given its undeniable worldwide relevance as a staple food, it is not surprising that rice has been
one of the most studied crops in terms of CRISPR/Cas9 mediated genetic edition [14, 38, 45–48].
Among the main modifications proposed to this crop, it can be found herbicide resistance [49,
50], improved nitrogen use efficiency [51], and resistance against the rice blast disease [52].

Wheat (both durum and bread wheat) has also been subjected to extensive research in order to
optimize the effectiveness of the genome editing process [53–55] as well as the acquisition of
novel attributes including heritable broad-spectrum resistance to powdery mildew and other
plant diseases [56].

Other crops widely used for the validation of technical improvements in CRISPR/Cas9 system
are soybean [12, 57, 58] and maize [59, 60]. The latter cereal has also been modified in order to
exhibit advantageous traits. For instance, this technology has generated novel variants of the
ARGOS8 gene on maize. The ARGOS8 edited variants significantly increased grain yield
under drought stress conditions, compared to wild-type maize, and had no yield loss under
normal conditions [61].
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The CRISPR/Cas9 system was also used to investigate the influence of specific genes on the
phenotype development in tomato plants [51, 62, 63], as well as to achieve features of agro-
nomic importance, such as delayed ripening of tomato fruit [64] or parthenocarpy [65]. Other
members of the Solanaceae family reported to have undergone genetic editing via CRISPR/
Cas9, include tobacco (Nicotiana tabacum) [38, 66], potato (Solanum tuberosum) [67], and petunia
(Petunia hybrida) [68].

The CRISPR/Cas9 technology has also been used to confer molecular immunity against tomato
yellow leaf curl virus (TYLCV), using N. benthamiana as host [69], as well as inducing complete
resistance to Turnip mosaic virus (TuMV) [70], and improve the stress response in the model
plant A. thaliana [71].

In the case of the emerging oil seed plant, Camelina sativa, the CRISPR/Cas9-targeted genetic
edition has improved its fatty acid composition, obtaining a seed oil of superior quality on
multiple levels, which besides being healthier, was more stable to oxidation and better suited
for biofuel production [72, 73].

In addition to that, this technology has been used to obtain a nontransgenic cucumber strain
(Cucumis sativus L.), resistant to cucumber vein yellowing disease, papaya ringspot mosaic
virus-W, and zucchini yellow mosaic virus [74], as well as to successfully induce targeted
mutagenesis in the Chardonnay grape cultivar that enhanced its endurance to powdery mil-
dew, and to increase the golden delicious apple cultivar resistance to fire blight disease [75].

Besides the aforementioned, other crops in which the CRISPR/Cas9 technology has been
optimized include barley (Hordeum vulgare) and Brassica oleracea [76], watermelon (Citrullus
lanatus) [77], as well as the nonherbaceous sweet orange (C. sinensis cultivar Valencia) [42] and
poplar (Populus tomentosa) [78].

Finally, we would like to stress that there is no scientific evidence whatsoever to assume that
genetic modifications produced by modern biotechnological tools, such as CRISPR/Cas9,
represent a higher health or environmental risk than conventional breeding techniques. How-
ever, public distrust caused by genetically modified crops has led to many countries to imple-
ment highly strict and costly regulations that make very difficult to successfully commercialize
such products. Interestingly, since CRISPR/Cas9 genetic editing does not necessarily implies
the incorporation of foreign DNA, according to some interpretations, the existing legislation
might not be applicable to this technology. Therefore, the scientifically informed public discus-
sion of such legal framework is imperative [43, 75, 79].

6. Conclusions and final considerations

In recent years, the progress in the development of new tools for molecular genetic research
has been evident since their application by simple, versatile, and efficient experimental tech-
niques. From all the genome edition systems based on the nucleases application, CRISPR/Cas9
is the most friendly and simple method. It is now clear that the utility of this technology for the
modification of specific loci is limited only by the interest of the researcher. In coming years,
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the entire genome in question. ZFNs act at two sites of the DNA sequence at the cellular level,
on the forward and reverse strand, respectively. Since cleavages of specific regions within the
genome can be observed, ZFNs are capable to recognize two adjacent sequences, and once the
corresponding cleavage occurs, the FokI restriction enzyme domains produce a dimerization
prior to the cleavage of the corresponding DNA loci. Thus, DSBs with 50-extensions originate
[31, 34, 35]. As listed in Table 1, some examples of experiments related to transient transfection
based on CRISPR/Cas9-mediated NHEJ may be cited.

5. CRISPR/Cas9 applications in crop genetic improvement: brief overview

The relevance of agriculture for human survival is hard to underestimate. Crops provide food,
fiber, and raw materials for a growing human population that faces an increasing amount of
challenges, including loss and degradation of arable land as well as climate change. In this
context, the rational use of all the available biotechnological tools is of paramount importance
to attain a worthy life quality both in developed countries and the third world. Crop genome
editing is among the most promising techniques to cope with the aforementioned agricultural
challenges. However, it is worth noting that the development of those methodologies is useful
not only for genetic improvement of agricultural crops but also to functional characterization
of specific plant genes for basic research purposes [43].

Three short reports, published in 2013, demonstrated the feasibility of CRISPR/Cas9 system for
genetic engineering of crops, based on the pioneer works of Li et al. (using A. thaliana),
Nekrasov et al. (with N. benthamiana), and Shan et al. (O. sativa and T. aestivum), respectively
[36, 40, 44]. After that, a plethora of research on crop genome editing has been published. The
works listed below include some of the most representative studies on the matter, according to
our best knowledge. However, the amazing dynamism of the field makes the presumption of
exhaustiveness unattainable.

Given its undeniable worldwide relevance as a staple food, it is not surprising that rice has been
one of the most studied crops in terms of CRISPR/Cas9 mediated genetic edition [14, 38, 45–48].
Among the main modifications proposed to this crop, it can be found herbicide resistance [49,
50], improved nitrogen use efficiency [51], and resistance against the rice blast disease [52].

Wheat (both durum and bread wheat) has also been subjected to extensive research in order to
optimize the effectiveness of the genome editing process [53–55] as well as the acquisition of
novel attributes including heritable broad-spectrum resistance to powdery mildew and other
plant diseases [56].

Other crops widely used for the validation of technical improvements in CRISPR/Cas9 system
are soybean [12, 57, 58] and maize [59, 60]. The latter cereal has also been modified in order to
exhibit advantageous traits. For instance, this technology has generated novel variants of the
ARGOS8 gene on maize. The ARGOS8 edited variants significantly increased grain yield
under drought stress conditions, compared to wild-type maize, and had no yield loss under
normal conditions [61].
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The CRISPR/Cas9 system was also used to investigate the influence of specific genes on the
phenotype development in tomato plants [51, 62, 63], as well as to achieve features of agro-
nomic importance, such as delayed ripening of tomato fruit [64] or parthenocarpy [65]. Other
members of the Solanaceae family reported to have undergone genetic editing via CRISPR/
Cas9, include tobacco (Nicotiana tabacum) [38, 66], potato (Solanum tuberosum) [67], and petunia
(Petunia hybrida) [68].

The CRISPR/Cas9 technology has also been used to confer molecular immunity against tomato
yellow leaf curl virus (TYLCV), using N. benthamiana as host [69], as well as inducing complete
resistance to Turnip mosaic virus (TuMV) [70], and improve the stress response in the model
plant A. thaliana [71].

In the case of the emerging oil seed plant, Camelina sativa, the CRISPR/Cas9-targeted genetic
edition has improved its fatty acid composition, obtaining a seed oil of superior quality on
multiple levels, which besides being healthier, was more stable to oxidation and better suited
for biofuel production [72, 73].

In addition to that, this technology has been used to obtain a nontransgenic cucumber strain
(Cucumis sativus L.), resistant to cucumber vein yellowing disease, papaya ringspot mosaic
virus-W, and zucchini yellow mosaic virus [74], as well as to successfully induce targeted
mutagenesis in the Chardonnay grape cultivar that enhanced its endurance to powdery mil-
dew, and to increase the golden delicious apple cultivar resistance to fire blight disease [75].

Besides the aforementioned, other crops in which the CRISPR/Cas9 technology has been
optimized include barley (Hordeum vulgare) and Brassica oleracea [76], watermelon (Citrullus
lanatus) [77], as well as the nonherbaceous sweet orange (C. sinensis cultivar Valencia) [42] and
poplar (Populus tomentosa) [78].

Finally, we would like to stress that there is no scientific evidence whatsoever to assume that
genetic modifications produced by modern biotechnological tools, such as CRISPR/Cas9,
represent a higher health or environmental risk than conventional breeding techniques. How-
ever, public distrust caused by genetically modified crops has led to many countries to imple-
ment highly strict and costly regulations that make very difficult to successfully commercialize
such products. Interestingly, since CRISPR/Cas9 genetic editing does not necessarily implies
the incorporation of foreign DNA, according to some interpretations, the existing legislation
might not be applicable to this technology. Therefore, the scientifically informed public discus-
sion of such legal framework is imperative [43, 75, 79].

6. Conclusions and final considerations

In recent years, the progress in the development of new tools for molecular genetic research
has been evident since their application by simple, versatile, and efficient experimental tech-
niques. From all the genome edition systems based on the nucleases application, CRISPR/Cas9
is the most friendly and simple method. It is now clear that the utility of this technology for the
modification of specific loci is limited only by the interest of the researcher. In coming years,
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debates are expected about the best use of organic and conventional agriculture, sustainable
farming, and all that coming from biotechnology. Thus, CRISPR/Cas9 technology has changed
the way we see the future of agriculture. On the other hand, the implementation and easy
accessibility to the CRISPR/Cas9 technology has allowed the generation of diverse molecular
methodologies that constitute significant advances in the genome edition and its subsequent
exploitation for agrarian and health purposes. Therefore, this technique is considered a revo-
lutionary tool.

The major challenges for CRISPR/Cas9 technology will focus on two underlying aspects. First,
the corresponding ethical or bioethical discussion, in order to demarcate what should or
should not be done with this tool considering the risks that we could face by using promising
technology, an even more when this is accessible and cheap. On the other hand, the legal
consequences in terms of intellectual property that today literally generate wars between law
firms and universities for the patents generated by thousands of investigations must be con-
sidered. Although many scientists consider CRISPR/Cas9 system as a “Holy Grail of genetic
engineering,” we must not lose sight of the objectivity and rationality when interpreting the
consequences of its use. Additionally, demanding compliance with all the necessary safety
steps before this technology becomes a trivial routine, especially if this tool is used for genome
editing, and the genetic improvement of living beings must be imperative.

The features of the CRISPR/Cas9 system have allowed opening the possibility of using it to
perform gene and cell therapy, in addition to its application in plant genetic improvement. In
general, this technology has been used as a tool to perform point mutations, homologous
recombination by HDR, and silencing and activation or repression of gene transcription.
Thanks to these properties, its application has been possible for genetic monitoring, analysis
of metabolic pathways, functional genomic research, generation of animal models, discovery
of possible targets for disease treatments, and, even, correction of phenotypes. Another appli-
cation of great importance that should continue to be developed is the generation of more
precise and representative plant lines for the study of phytopathogenic diseases. Knockdown,
knockout, and knocking models show the advantage of being able to be quickly and efficiently
generated with this system. Also, CRISPR/Cas9 is considered a great biotechnological tool in
the field of human therapies since its capacity to perform genetic level corrections/deletions,
which is traduced in the possibility of regulating transcription or translation pathways.

In relation to the introduction of CRISPR/Cas9 in agricultural and environmental sciences,
several studies recognize the possibilities of this technique to improve crop varieties [25, 80].
Uncertainty about safety and efficacy of genome editing requires evaluating its potential and
utility by applying the precautionary principle. Research on this technology also unchains
important legal and social debates among genetic engineering and genomic editing, in order
to establish whether new mechanisms are needed to regulate research, confined use, voluntary
release and if it is necessary to evaluate the possible impact on the environment just like in
consumers’ health, among other aspects. The application of the precautionary principle in any
case must be done considering the available scientific evidence and raising the necessary social
and economic considerations, in order to avoid a dogmatic interpretation that could under-
mine or stop scientific progress.
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Nevertheless, despite the great potential of the CRISPR/Cas9 technique, it is also common
to find evident limitations, since other alternatives have been proposed to improve genome
editing with biotechnological processes [81]. Molecularly, the components of the CRISPR/
Cas9 system are too large to be introduced into a viral genome (e.g.), and thus, they are
most commonly used in gene therapy to transport foreign genetic material into human and
plant cells. One solution for this problem is to use a smaller type of a Cas9 enzyme,
obtained from S. aureus [82]. This enzyme is small enough to fit in the virus. The mini-
Cas9 complex has been used in mice to correct the gene responsible for Duchenne muscular
dystrophy [83].

The Cas9 enzyme not always cleavages where it is intended within the genome (a certain DNA
sequence must be nearby for that to happen). This is easily accomplished in many genomes,
but it may be a limitation in some experiments. Researchers are constantly looking for
microbes to obtain enzymes with different genome characteristics to expand the number of
sequences that can be modified. One of these enzymes is called Cpf1, and it can be an
interesting alternative, since it is smaller than Cas9 and has different characteristics in its
sequence that make it highly specific [84, 85]. Another enzyme called C2c2 is able to target
RNA instead of DNA, which is why it has a great potential to study RNA and to fight plant
viruses with this type of genomes [86].

Several laboratories apply CRISPR/Cas9 technology in order to eliminate specific regions in a
gene sequence, thus repressing its function. Those who want to exchange a sequence for
another face a more difficult task. When Cas9 cleavages the DNA, the cell makes mistakes by
regrouping the loose ends, thus obtaining desired deletions. Researchers who want to rewrite a
DNA sequence rely on different repair pathways that can insert new sequences (a process that
occurs at a much lower frequency). Cas9 directs the sequence dictated by its guiding RNA, but
does not cut it; instead, the bound enzyme changes the letters of DNA, ultimately producing a
Twhere once there was a C [87].

In contrast to the above, recent new gene editing systems have been released using a protein
called NgAgo to cleavage DNA at a predetermined site without the need for an RNA guide or
a genome-specific neighbor sequence. Instead, the protein (of bacterial origin) is programmed
using a short DNA sequence corresponding to the target sequence. However, laboratories have
failed to reproduce the results so far, so the effectiveness of this technique cannot be affirmed
[88]. There are also other genetic editing systems, some of which have existed for years. For
example, scientists rely heavily on a system called lambda Red, which can be programmed to
alter DNA sequences without the need for a RNA guide.

In light of the above considerations, we can finally conclude that the biotechnological tools that
belong to cas9 toolbox that in synergism with new bioinformatic algorithms increase their
potential in a specific and powerful way and help position this technology as a magnificent
last generation method for genomic edition, which is considered a revolutionary scientific
discovery for both basic and applied research including the field of plant biotechnology, even
when there are inconclusive details of its application in the laboratory and very probably a
gross ignorance of its nature, for now.
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Abstract

Chloroplasts are highly organized cellular organelles after master organelle nucleus. They 
not only play a central role in photosynthesis but are also involved in several crucial cellu-
lar activities. Advancements in molecular biology and transgenic technology have further 
groomed importance of the organelle, and they are the most ideal ones for the expression 
of transgene. No doubt, limitations are there, but still research is advancing to resolve 
those. Certain valuable traits have been engineered for improved agronomic performance 
of crop plants. Industrial enzymes and therapeutic proteins have been expressed using 
plastid transformation system. Synthetic biology has been explored to play a key role 
in engineering metabolic pathways. Further, producing dsRNA in a plant’s chloroplast 
rather than in its cellular cytoplasm is more effective way to address desired traits. In this 
chapter, we highlight technological advancements in chloroplast biotechnology and its 
implication to develop biosafe engineered plants.

Keywords: chloroplast biotechnology, value-added crops, RNAi, trouble-rescue 
organelles, plastid functional genomics

1. Introduction

Food security is a long-lasting challenge for the growing world and is becoming more alarm-
ing in the developing countries where one out of every nine people is malnourished. So-called 
processing (polishing, milling, and pearling) of the cereals makes them even poorer in micronu-
trients [1]. Climate change is another challenge that poses continuous stress on the crop produc-
tivity. Sharply decreasing arable soils and use of heavy inputs to get high crop yield are further 
deteriorating our environment and quality of available food. All this demands availability of 
improved crop cultivars having ability to perform in the changing climate scenario and even 

© 2019 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.



Chapter 4

Technical Advances in Chloroplast Biotechnology

Muhammad Sarwar Khan, Ghulam Mustafa and
Faiz Ahmad Joyia

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.81240

Provisional chapter

DOI: 10.5772/intechopen.81240

© 2016 The Author(s). Licensee InTech. 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. 

Technical Advances in Chloroplast Biotechnology

Muhammad Sarwar Khan, Ghulam Mustafa 
and Faiz Ahmad Joyia

Additional information is available at the end of the chapter

Abstract

Chloroplasts are highly organized cellular organelles after master organelle nucleus. They 
not only play a central role in photosynthesis but are also involved in several crucial cellu-
lar activities. Advancements in molecular biology and transgenic technology have further 
groomed importance of the organelle, and they are the most ideal ones for the expression 
of transgene. No doubt, limitations are there, but still research is advancing to resolve 
those. Certain valuable traits have been engineered for improved agronomic performance 
of crop plants. Industrial enzymes and therapeutic proteins have been expressed using 
plastid transformation system. Synthetic biology has been explored to play a key role 
in engineering metabolic pathways. Further, producing dsRNA in a plant’s chloroplast 
rather than in its cellular cytoplasm is more effective way to address desired traits. In this 
chapter, we highlight technological advancements in chloroplast biotechnology and its 
implication to develop biosafe engineered plants.

Keywords: chloroplast biotechnology, value-added crops, RNAi, trouble-rescue 
organelles, plastid functional genomics

1. Introduction

Food security is a long-lasting challenge for the growing world and is becoming more alarm-
ing in the developing countries where one out of every nine people is malnourished. So-called 
processing (polishing, milling, and pearling) of the cereals makes them even poorer in micronu-
trients [1]. Climate change is another challenge that poses continuous stress on the crop produc-
tivity. Sharply decreasing arable soils and use of heavy inputs to get high crop yield are further 
deteriorating our environment and quality of available food. All this demands availability of 
improved crop cultivars having ability to perform in the changing climate scenario and even 

© 2019 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.



with balanced dose of micronutrients. Gene revolution is the only hope for second green revo-
lution to attain these ideal crop cultivars [2]. Since the commercialization of transgenic crops 
in 1994, the area under GM crops is sharply increasing and has now increased to 180 million 
hectares. This includes crops for improved agronomic traits (herbicide tolerance and insect 
resistance, salinity and drought tolerance, and efficient nutrient utilization), enhanced level 
of micronutrients, and for the expression of therapeutic proteins and industrially important 
enzymes. At the same time, emotional or obsolete arguments are there to oppose the use of GM 
(genetically modified) products. Opponents of GM crops have straightforwardly rejected genet-
ically modified products and have produced questionable scientific data to ban their commer-
cialization. Plastid biotechnology has emerged as a competent field of research having potential 
to address all of the questions raised by the opponents of GM crops [3]. This chapter highlights 
significance of plastid transgenic technology to develop valuable crop plants. Further, techno-
logical advancements have been discussed to get an update about the recent research to resolve 
existing bottlenecks in the development and commercialization of transplastomic plants.

2. Chloroplast biotechnology—an overview

Transgenic technology is the technology of the day to develop crop plants with desired traits 
but crucial traits need to be engineered through plastid genome instead of nuclear genome 
[4]. It is an amazing organelle where more than 120 genes from various sources have been 
integrated and expressed. This organellar genome has well been explored for a wide variety of 
applications including crops with elevated level of resistance against biotic (insects, bacterial, 
viral, and fungal diseases) and abiotic stresses (salinity, drought, and cold); phytoremediation 
of toxic metals, cytoplasmic male sterility [5]; and production of biopharmaceuticals, vaccine 
antigens, industrial enzymes, biomaterials, and biofuel [6]. Hyperexpression of recombinant 
protein in plant expression system is only possible through plastid transformation. The high 
ploidy number of the plastid genome results in higher level of protein expression, and up to 
70% total soluble protein is reported to be produced in tobacco [7]. Moreover, hyperexpres-
sion of therapeutic proteins and vaccine antigens in chloroplasts (leaves), leucoplasts (roots), 
or chromoplasts (fruits) makes it ideal organelle for the oral delivery of vaccine antigens 
against tetanus, cholera, anthrax, canine parvovirus, and plague [8]. Other salient advantages 
include possibility of multigene engineering, absence of gene silencing, position effect, epi-
genetic, complete absence of pleiotropic effects due to subcellular compartmentalization, and 
transgene containment due to maternal inheritance of plastids in most of the crops [9].

Plastid transformation was first established in unicellular green algae (Chlamydomonas rein-
hardtii) followed by model tobacco plant. It has now been well established in economically 
valuable crops (rice, brassica, cotton, carrot, spinach, lettuce, etc.) and even in woody plant like 
popular. Small circular plastid genome (plastome) facilitates targeted engineering, which has 
been exploited not only for basic research but also for the applied research [10]. Most of the 
genes present in plastome have been characterized through functional genomics. Organellar 
transcription and translation have been thoroughly elucidated to understand transcriptional 
and translational machinery of the plastids. Even the proteins involved in cross-talk between 
chloroplast and nucleus have been worked out. Further, plastid transformation is the most ideal 
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technology to develop marker-free transgenic plants where antibiotic resistance genes, used for 
the selection of putative transformants, are not acceptable by the ultimate consumer. Different 
techniques have been developed to produce marker-free plants in order to facilitate the accep-
tance of transplastomic crops. In spite of so many advantages of plastid transformation technol-
ogy, there are still difficulties impeding expansion of this technology to economically valuable 
crops particularly monocots. These include lack of species-specific regulatory sequences, ineffi-
cient selection system, metabolic burden in case of hyperexpression and unavailability of green 
plastids in monocots.

3. Making better crops through chloroplast engineering

It is predicted that sharply increasing population necessitates an increase in crop yield at 
30% per annum. In this scenario, chloroplast biotechnology is the most ideal approach to 
develop crop plants with improved photosynthetic performance, enhanced nutritional value, 
improved agronomic traits, and producing valuable fatty acids. Plastid transformation was 
first established in flowering plants almost 30 years ago. Though it has been extended to other 
crop plants, most of the studies have been conducted in tobacco, which is nonfood nonfeed 
crop. This demands further efforts by the scientific community to engineer plastid genome 
of valuable crop plants for desired traits, leading to increased quality and quantity of food.

Most of the efforts to increase crop productivity had been made to improve photosynthetic 
performance of the plants. RuBisCO (the core enzyme of photosynthesis), large subunit, is 
encoded by chloroplasts, whereas small subunit is encoded by nuclease, which is then imported 
to chloroplast. Efforts have been made to engineer RuBisCO large subunit, small subunit, or 
both. Lin [11] attempted to express complete RuBisCO protein in tobacco from Synechococcus 
elongatus by disrupting the host native enzyme. CO2 fixation rate and carboxylase activity of 
the RuBisCO were increased, especially at higher concentrations of CO2. Hence, photosyn-
thetic performance can be improved by introducing more competent complete photosynthetic 
system into a plant. Raising concentration of CO2 in plastids is another possibility strategy, 
to improve photosynthetic carbon fixation and crop productivity. Cyanobacterial bicarbon-
ate transporter was expressed in tobacco plastid genome, but any considerable improvement 
in photosynthetic performance was not observed. Expression of fructose-1,6-sedoheptulose-
1,7-bisphosphatase in lettuce and tobacco chloroplasts appeared to increase productivity of 
engineered plants. Likewise, chloroplast-encoded chlB gene from Pinus thunbergii was found 
to promote root growth and early chlorophyll pigment development in tobacco [12]. Hence, 
research is in progress to engineer C3 plants to C4 by manipulating RuBisCO large subunit 
and photorespiratory pathway for enhanced biomass production [13].

Insect resistant crops had successfully been grown in the field since 1994. Resistance develop-
ment against Bt crops is an emerging concern, which needs to be addressed through high-dose 
strategy and gene pyramiding. Another possibility to develop insect-resistant transplastomic 
plants is the upregulation of their pathogen defense mechanisms. Expression of β-glucosidase 
in tobacco plastome showed not only growth of the plants but also more resistance against 
insect pests [14]. A novel non-Bt-type insect resistance strategy has been evaluated by 
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expressing dsRNA, targeting an essential insect gene in transplastomic plants. Disruption of 
target gene by RNA interference resulted in 100% mortality in adult beetles and in the larvae 
within 5 days of feeding [15]. Expression of agglutinin gene (pta) in leaf chloroplasts resulted in 
broad spectrum resistance against lepidopteran insects, aphids, and viral and bacterial patho-
gens [16]. A gene stack comprising CeCPI (sporamin, taro cystatin) gene from sweet potato and 
chitinase from Paecilomyces javanicus was introduced into tobacco, and resultant plants showed 
resistance not only against various pests and diseases but also against salinity, osmotic stress, 
and oxidative stress [17]. Expression of osmoprotectant (yeast trehalose phosphate synthase) 
in tobacco plastids resulted in 20-fold higher trehalose accumulation; as a result, plants were 
tolerant to drought and osmotic stress [18]. The overexpression of mdar transgene in tobacco 
plastids and the fusion of such chloroplasts to Petunia cells were suggested to possibly protect 
the plants against oxidative stress. Oxidative stress tolerance was also enhanced in transpla-
stomic tobacco plants expressing flavodoxin (fld) from cyanobacteria. Transplastomic plants 
overexpressing panD not only appeared to produce 30–40% higher biomass but also appeared 
to be more tolerant to increased heat stress. Similarly, expression of arabitol dehydrogenase 
(ArDH) in tobacco chloroplasts enabled them to survive even at 400 mM NaCl [19]. Chilling tol-
erance as well as growth was observed to be increased in tropical forage Stylosanthes guianensis 
expressing chloroplast protein 12 [20]. Recently, plastid transformation has been reported in 
a valuable vegetable Momordica charantia [21], marine microalga Nannochloropsis oceanica [22], 
and Cyanidioschyzon merolae [23], a red alga having ability to survive in high sulfur acidic hot 
spring environments. This may open new horizons in understanding stress adaptability and 
role of transplastomic technology in developing stress-tolerant plants.

4. Chloroplasts as trouble-rescue organelles

Chloroplasts not only are the central hubs for photosynthesis but also have evolved as funda-
mental trouble-rescue organelles. Recent studies have revealed that chloroplasts play a key 
role in switching plants from vegetative mode to defense mode. In addition to intraorganellar 
functions, they also play crucial role in the regulation of extraorganellar processes such as 
plant stress response, apoptosis, and immunity. Both of the cellular organelles (chloroplast 
and mitochondria) evoke their own particular Ca2+ signals [24], have their own Ca2+ bind-
ing proteins, and Ca2+ sensors, which are expected to play a significant role in Ca2+ signaling 
within the plant cell [25]. As a result, they have capacity to sequester and serve as sink for 
Ca2+, which plays a key role in physiological and environmental responses of eukaryotic cells.

Chloroplasts are important intracellular calcium (Ca2+) stores and may accumulate up to 
15 mM or even higher. Most of the plastidic Ca2+ resides within the stroma or thylakoid 
membranes through interaction with calcium-binding proteins [26]. The concentration of free 
calcium was found to be very low when determined by targeting apoaequorin to the stroma 
of tobacco chloroplasts [27]. Hence, stroma is not the major sequester of Ca2+ in chloroplasts. 
This helped to elucidate that chloroplasts have their own active transporters on the envelope 
membranes, which help them to accumulate high concentrations of Ca2+ within the thylakoid 
membranes or some other unidentified Ca2+ stores. Identification of CAS (high capacity Ca2+-
binding protein) in the thylakoid membranes of Arabidopsis thaliana revealed out that active 
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calcium uptake machinery is present on the membranes; so, the thylakoid membrane may be 
the major sequester of Ca2+ in chloroplasts [28]. It was further elucidated that activity of these 
transporters is regulated by light or photosynthesis, so chloroplasts take up calcium during 
the day and store it in the lumen or some identified sequestering sites. During the night, Ca2+ 
is released from the store houses for long-lasting, dark-induced Ca2+ signals; hence, sensing of 
photoperiod and light/dark transition seems to be regulated by Ca2+ signaling. In addition to 
light, Ca2+ signaling is also influenced by other abiotic stimuli (salinity, cold) and hence plays 
some crucial role in stress tolerance as well.

An active Ca2+ uptake machinery is present in chloroplast, which is regulated by transport-
ers. Much research has not been conducted on these transporters; as a result, only few are 
known, whereas others are still to be elucidated. Two potential membrane transporters 
(Ca2+-ATPase) in Arabidopsis are AtACA1 and AtHMA1. AtACA1 is an autoinhibited Ca2+ 
transporter, which is predicted to be targeted to the chloroplasts. It is specifically expressed 
in the root and is then localized to endoplasmic reticulum or tonoplast. AtHMA1 is a heavy 
metal P-type ATPase in the chloroplast envelope and plays an important role in calcium 
transportation [29]. Recently, another transporter AtGLR3.4 (glutamate receptor) has been 
explored to form Ca2+ permeable nonselective cation channels and is localized in the chlo-
roplasts [30]. In addition, two MscS homologs, localized in the chloroplast, have also been 
evaluated to be essential for plastidic osmoregulation [31]. Since these transporters play a 
key role in the sequestration of calcium ions into the thylakoid lumen, Ca2+/H+ antiporter also 
plays a significant role in Ca2+ uptake via thylakoid proton gradient. Pea thylakoid protein 
(PPF1) is another candidate calcium transporter at thylakoid membrane, which has been 
found to enhance Ca2+ currents when tested in human cultured cells. These findings dem-
onstrate that Ca2+-binding protein and Ca2+ transporters play a significant role in immune 
signal transduction pathway. Anyhow, most of the genes involved in these pathways are 
still to be elucidated.

5. Advances in plastid functional genomics

Plastids are known to get evolved from primitive cyanobacteria through a process known as 
endosymbiosis [32]. Although plastid genomes are much smaller as compared to their cyano-
bacterial progenitors, similarities in gene sequence as well as genome topology are evident. 
Just like cyanobacterial genome, plastid genomes are tightly packed with genes as a circu-
lar molecule [33]. In vivo genes of plastid may be present as a linear molecule or a complex 
branched form, and many copies of plastid genome can be harbor in each organelle. Size of 
plastid genomes varies from <100 to >1000 kbp (kilobase pair). The region of small single 
copy (SSC) and large single copy (LSC) are separated by two inverted repeats (IRs) present 
in the plastid genome (Figure 1). The thymine and adenine residues are often rich in plastid 
genome; a reductive evolution is also seen in those of mitochondrial genomes and bacte-
rial endosymbionts [34]. Noncoding DNAs are abundantly present in some plastid genomes, 
while the others have self-splicing introns. The genome of some dinoflagellates spreads across 
a sea of minicircles; recently, multiple linear chromosomes formed a hairpin structure, which 
have been found in the plastid genome of certain green algae [35].
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erance as well as growth was observed to be increased in tropical forage Stylosanthes guianensis 
expressing chloroplast protein 12 [20]. Recently, plastid transformation has been reported in 
a valuable vegetable Momordica charantia [21], marine microalga Nannochloropsis oceanica [22], 
and Cyanidioschyzon merolae [23], a red alga having ability to survive in high sulfur acidic hot 
spring environments. This may open new horizons in understanding stress adaptability and 
role of transplastomic technology in developing stress-tolerant plants.

4. Chloroplasts as trouble-rescue organelles

Chloroplasts not only are the central hubs for photosynthesis but also have evolved as funda-
mental trouble-rescue organelles. Recent studies have revealed that chloroplasts play a key 
role in switching plants from vegetative mode to defense mode. In addition to intraorganellar 
functions, they also play crucial role in the regulation of extraorganellar processes such as 
plant stress response, apoptosis, and immunity. Both of the cellular organelles (chloroplast 
and mitochondria) evoke their own particular Ca2+ signals [24], have their own Ca2+ bind-
ing proteins, and Ca2+ sensors, which are expected to play a significant role in Ca2+ signaling 
within the plant cell [25]. As a result, they have capacity to sequester and serve as sink for 
Ca2+, which plays a key role in physiological and environmental responses of eukaryotic cells.

Chloroplasts are important intracellular calcium (Ca2+) stores and may accumulate up to 
15 mM or even higher. Most of the plastidic Ca2+ resides within the stroma or thylakoid 
membranes through interaction with calcium-binding proteins [26]. The concentration of free 
calcium was found to be very low when determined by targeting apoaequorin to the stroma 
of tobacco chloroplasts [27]. Hence, stroma is not the major sequester of Ca2+ in chloroplasts. 
This helped to elucidate that chloroplasts have their own active transporters on the envelope 
membranes, which help them to accumulate high concentrations of Ca2+ within the thylakoid 
membranes or some other unidentified Ca2+ stores. Identification of CAS (high capacity Ca2+-
binding protein) in the thylakoid membranes of Arabidopsis thaliana revealed out that active 
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calcium uptake machinery is present on the membranes; so, the thylakoid membrane may be 
the major sequester of Ca2+ in chloroplasts [28]. It was further elucidated that activity of these 
transporters is regulated by light or photosynthesis, so chloroplasts take up calcium during 
the day and store it in the lumen or some identified sequestering sites. During the night, Ca2+ 
is released from the store houses for long-lasting, dark-induced Ca2+ signals; hence, sensing of 
photoperiod and light/dark transition seems to be regulated by Ca2+ signaling. In addition to 
light, Ca2+ signaling is also influenced by other abiotic stimuli (salinity, cold) and hence plays 
some crucial role in stress tolerance as well.

An active Ca2+ uptake machinery is present in chloroplast, which is regulated by transport-
ers. Much research has not been conducted on these transporters; as a result, only few are 
known, whereas others are still to be elucidated. Two potential membrane transporters 
(Ca2+-ATPase) in Arabidopsis are AtACA1 and AtHMA1. AtACA1 is an autoinhibited Ca2+ 
transporter, which is predicted to be targeted to the chloroplasts. It is specifically expressed 
in the root and is then localized to endoplasmic reticulum or tonoplast. AtHMA1 is a heavy 
metal P-type ATPase in the chloroplast envelope and plays an important role in calcium 
transportation [29]. Recently, another transporter AtGLR3.4 (glutamate receptor) has been 
explored to form Ca2+ permeable nonselective cation channels and is localized in the chlo-
roplasts [30]. In addition, two MscS homologs, localized in the chloroplast, have also been 
evaluated to be essential for plastidic osmoregulation [31]. Since these transporters play a 
key role in the sequestration of calcium ions into the thylakoid lumen, Ca2+/H+ antiporter also 
plays a significant role in Ca2+ uptake via thylakoid proton gradient. Pea thylakoid protein 
(PPF1) is another candidate calcium transporter at thylakoid membrane, which has been 
found to enhance Ca2+ currents when tested in human cultured cells. These findings dem-
onstrate that Ca2+-binding protein and Ca2+ transporters play a significant role in immune 
signal transduction pathway. Anyhow, most of the genes involved in these pathways are 
still to be elucidated.

5. Advances in plastid functional genomics

Plastids are known to get evolved from primitive cyanobacteria through a process known as 
endosymbiosis [32]. Although plastid genomes are much smaller as compared to their cyano-
bacterial progenitors, similarities in gene sequence as well as genome topology are evident. 
Just like cyanobacterial genome, plastid genomes are tightly packed with genes as a circu-
lar molecule [33]. In vivo genes of plastid may be present as a linear molecule or a complex 
branched form, and many copies of plastid genome can be harbor in each organelle. Size of 
plastid genomes varies from <100 to >1000 kbp (kilobase pair). The region of small single 
copy (SSC) and large single copy (LSC) are separated by two inverted repeats (IRs) present 
in the plastid genome (Figure 1). The thymine and adenine residues are often rich in plastid 
genome; a reductive evolution is also seen in those of mitochondrial genomes and bacte-
rial endosymbionts [34]. Noncoding DNAs are abundantly present in some plastid genomes, 
while the others have self-splicing introns. The genome of some dinoflagellates spreads across 
a sea of minicircles; recently, multiple linear chromosomes formed a hairpin structure, which 
have been found in the plastid genome of certain green algae [35].
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A huge portion of the cyanobacterium derivative genes required for plastid function now 
exist in the nucleus, having transferred through a process known as endosymbiotic gene 
transfer (EGT). Subsequently, most of the plastome proteins are introduced posttransla-
tionally. Nevertheless, genomes of plastid normally encode some of their own processing 
machinery, including ribosomal proteins, ribosomal RNAs, bacterial RNAs polymerase, 
and tRNAs—however, land plants also have nuclear-encoded plastid RNA polymerases. 
Remarkably, genome of plastid also encodes many photosynthesis components, such as pro-
teins of photosystem I and II (e.g., psbA gene of photosystem II coding for the D1 unit) as well 
as cytochrome b6f, which facilitates electron transfer between both photosystems I and II [36].

6. Role of synthetic biology in engineering plastid metabolic 
pathways

Though it is the beginning of plastid synthetic biology, advancements are being made to 
develop the essential tools regarding transgene expression control in chloroplast genome 
[37]. Currently, most recombinant expression in the plastids involves single-gene constructs 

Figure 1. Circular map of chloroplast genome showing one large single copy (LSC), one small single copy (SSC), and 
two inverted repeats (IRa and IRb).
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created using conventional restriction enzyme-based cloning approaches. This limits the 
rate at which new transplastomic lines can be produced and tested, and in particular, how 
many different permutations of constructs (different promoters, coding variants, regulatory 
elements, etc.) can be evaluated. Currently, various synthetic biology principles are being 
applied to plastome engineering with the adoption of assembly standards such as Golden 
Gate and the creation of libraries of validated DNA parts that allow rapid one-step assembly 
of all the parts [38–40]. More ambitious design strategies involving extensive redesign of the 
plastome in silico are expected to be optimized and validated. Some of the foreseen strategies 
include removal of large tracts of nonessential DNA [41], refactoration of numerous essential 
endogenous genes into functional clusters [42], and synchronized engineering of multiple 
transgenes into different loci. The assembly and delivery of such synthetic genomes is techni-
cally feasible, as shown by O’Neill et al. [37], who demonstrated that the entire C. reinhardtii 
plastome could be assembled in yeast and transformed into C. reinhardtii by microparticle 
bombardment. Plastidic intercistronic expression elements (IEEs) can be used for the expres-
sion of synthetic operons [43]. The challenge is to develop selection strategies that allow the 
clean replacement of the endogenous plastome with the synthetic version without undesir-
able recombination events between the two, resulting in the creation of chimeric plastomes.

Another challenge is to improve the product yield significantly through the use of synthetic 
cis elements to drive expression. Currently, the promoter and 5′ UTR used to express trans-
genes are derived from endogenous photosynthetic genes. In some cases, expression levels 
can be improved by using the stronger promoter from the gene for the 16S ribosomal RNA 
fused to the 5′ UTR of a photosynthetic gene [44]. However, more often it is the performance 
of the 5′ UTR that is the bottleneck [45], with the efficiency of translation constrained by either 
the same feedback regulation that prevents the overaccumulation of individual photosyn-
thetic subunits in the absence of their assembly partners (so-called “control by epistasy of 
synthesis”) or by competition with the corresponding endogenous gene transcript for trans-
acting factors that are required for transcript stability or translation but are present in limiting 
concentration in the chloroplast [46]. The strategies to overcome this involve either replace-
ment of the 5′ UTR of the endogenous gene with that from another photosynthetic gene [47] 
or, more elegantly, the development of synthetic variants of the 5′ UTR that are no longer 
subject to these limitations and therefore enable improved expression of the transgene [48]. 
Further studies into the design of synthetic promoters and UTRs, combined with improved 
knowledge of codon optimization rules, will advance the ability to engineer plastid metabolic 
pathways for customized functionalities and production efficiencies of commercial scale [49].

7. Regulation of RNA editing in chloroplasts

An important process of gene regulation is RNA editing. This occurs at posttranscriptional 
level through nucleotide modification for many functional genes. RNA editing restores the 
conserved amino acid residues for functional proteins in plants. Changes in RNA sequence of 
functional gene occurs during RNA editing, through the molecular mechanisms [50]. Cytidine-
to-uridine editing and adenosine-to-inosine editing are two types of RNA editing identified 
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created using conventional restriction enzyme-based cloning approaches. This limits the 
rate at which new transplastomic lines can be produced and tested, and in particular, how 
many different permutations of constructs (different promoters, coding variants, regulatory 
elements, etc.) can be evaluated. Currently, various synthetic biology principles are being 
applied to plastome engineering with the adoption of assembly standards such as Golden 
Gate and the creation of libraries of validated DNA parts that allow rapid one-step assembly 
of all the parts [38–40]. More ambitious design strategies involving extensive redesign of the 
plastome in silico are expected to be optimized and validated. Some of the foreseen strategies 
include removal of large tracts of nonessential DNA [41], refactoration of numerous essential 
endogenous genes into functional clusters [42], and synchronized engineering of multiple 
transgenes into different loci. The assembly and delivery of such synthetic genomes is techni-
cally feasible, as shown by O’Neill et al. [37], who demonstrated that the entire C. reinhardtii 
plastome could be assembled in yeast and transformed into C. reinhardtii by microparticle 
bombardment. Plastidic intercistronic expression elements (IEEs) can be used for the expres-
sion of synthetic operons [43]. The challenge is to develop selection strategies that allow the 
clean replacement of the endogenous plastome with the synthetic version without undesir-
able recombination events between the two, resulting in the creation of chimeric plastomes.

Another challenge is to improve the product yield significantly through the use of synthetic 
cis elements to drive expression. Currently, the promoter and 5′ UTR used to express trans-
genes are derived from endogenous photosynthetic genes. In some cases, expression levels 
can be improved by using the stronger promoter from the gene for the 16S ribosomal RNA 
fused to the 5′ UTR of a photosynthetic gene [44]. However, more often it is the performance 
of the 5′ UTR that is the bottleneck [45], with the efficiency of translation constrained by either 
the same feedback regulation that prevents the overaccumulation of individual photosyn-
thetic subunits in the absence of their assembly partners (so-called “control by epistasy of 
synthesis”) or by competition with the corresponding endogenous gene transcript for trans-
acting factors that are required for transcript stability or translation but are present in limiting 
concentration in the chloroplast [46]. The strategies to overcome this involve either replace-
ment of the 5′ UTR of the endogenous gene with that from another photosynthetic gene [47] 
or, more elegantly, the development of synthetic variants of the 5′ UTR that are no longer 
subject to these limitations and therefore enable improved expression of the transgene [48]. 
Further studies into the design of synthetic promoters and UTRs, combined with improved 
knowledge of codon optimization rules, will advance the ability to engineer plastid metabolic 
pathways for customized functionalities and production efficiencies of commercial scale [49].

7. Regulation of RNA editing in chloroplasts

An important process of gene regulation is RNA editing. This occurs at posttranscriptional 
level through nucleotide modification for many functional genes. RNA editing restores the 
conserved amino acid residues for functional proteins in plants. Changes in RNA sequence of 
functional gene occurs during RNA editing, through the molecular mechanisms [50]. Cytidine-
to-uridine editing and adenosine-to-inosine editing are two types of RNA editing identified 
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in Arabidopsis thaliana [51]. RNA editing is a rare process where RNA polymerase is involved 
in insertion, deletion, and base substitution of nucleotide within the transcript [52–55]. Many 
studies reported the evidence of RNA editing in tRNA, rRNA, and mRNA. However, RNA 
editing has also been reported in noncoding RNA, like microRNAs of eukaryotes. The RNA 
editing occurs in all DNA-containing organelles like nucleus, mitochondria, and plastids. In 
nucleus, chloroplast and mitochondria RNA editing occurs during the process of transcrip-
tion and posttranscriptional modifications [56, 57]. Caseinolytic protease complex component 
(CLPC1) plays a crucial role in RNA homeostasis [58]. Anyhow, discrete changes in RNA 
before its translation into protein occur by RNA editing. Besides this, RNA editing is also a 
vibrant mechanism to produce functional and molecular diversity [59].

In chloroplast gene expression system, RNA editing is an important posttranscriptional modi-
fication. The use of pentatricopeptide repeat (PPR) protein family for RNA editing in chloro-
plast has been reported [51]. Mostly genes in chloroplast are cotranscribed and arranged in 
clusters. To control gene expression, posttranscriptional RNA editing is an essential step, and 
this step is also required for gene function [52]. It has been studied that C-to-U editing is the 
major type of RNA editing in chloroplasts. In chloroplast, etioplast, and amyloplast of maize, 
expression of almost 15 different genes has been affected by 27 C-to-U RNA editing sites. In 
chloroplast, RNA editing plays an important role to correct harmful mutations instead of pro-
ducing protein diversity. Genomic DNA sequence is not changed by C-to-U editing because 
this editing changes the nucleotide sequence only within RNA molecule. RNA polymerase 
is used to produce RNA editing [60]. Insertion, deletion, and base substitution are events of 
RNA editing. That is why RNA editing can reverse harmful genomic mutations in consistent 
RNA transcript. In chloroplast, different sites are edited by C-to-U RNA editing enzymes as 
well [61]. Around 126 C-to-U editing events and 11 U-to-C editing events were identified in 
the chloroplast DNA of moth orchid (P. aphrodite subsp. Formosana). In leaf tissues, 110 edit-
ing events and in floral tissue, 106 editing events were identified. In non-protein-coding RNA 
such as introns, tRNA, and regulatory sequences, RNA editing occurred [62]. Besides C-to-U 
editing, which is mostly reported in chloroplast of plants, adenosine-to-inosine editing in 
plastid tRNA of Arabidopsis thaliana has also been characterized. Adenosine-to-inosine editing 
was recognized in the anticodon of the plastid tRNA-Arg (ACG). AtTadA gene expression is 
involved in adenosine-to-inosine editing in the chloroplast [51].

8. Conclusions and future directions

Chloroplasts are the most important solar-energy-capturing natural systems on earth. They not 
only capture it but also convert it into a form useful for all living organism on earth. Molecular 
oxygen is liberated as a by-product, which is a vital source for respiration of all aerobic organisms. 
Chloroplasts are believed to be evolved from prokaryotic ancestors through a process known as 
endosymbiosis. Chloroplast contains circular genome having compactly arranged genes, which 
are involved in not only photosynthesis but also many other vital biological processes. Keeping 
in view its utmost physiological importance, plant as well as algal plastome has been engineered 
for a number of agronomic as well as pharmaceutical traits [63, 64]. Advancements in molecular 
biology and transgenic technology have further groomed importance of the organelle, and they 
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are the most ideal ones for the expression of transgene. Resolving current limitations including 
vector design, gene regulation control and DNA delivery may further improve this important 
field of biotechnology [65]. Synthetic biology is being explored in this regard, which is expected 
to play a major role in enhancing contribution of chloroplasts not only for sustainable food 
production but also for other important molecules in future.
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Abstract

Global climatic changes and the temperature-associated fluctuations in drought, soil and
water salinization and flooding have resulted in huge pressure on crop plants for their
optimum yield potential. These challenges have to be met through innovative scientific
technologies. Recent advances in the “Omics” approaches such as transcriptomics, prote-
omics and metabolomics offer new dimensions for understanding plant responses to
drought and salt stresses and identification of major genes/QTLs for generation of resis-
tant germplasm. Most importantly, the proteomics coupled with bioinformatics tools have
accelerated the proteins characterization at the organ, tissue, organelle and membrane
levels. Here we present an update on the progress of “Omics” approaches to understand
plant responses to drought and salt stress particularly in the last decade. Future chal-
lenges and solution efforts are also discussed in the ways of omics approaches. The need
for research involving integrated omics technologies with advanced tools and to meet the
future challenges toward practical implementation of these technologies for crop improve-
ment against drought and salinity stresses is also discussed.

Keywords: abiotic stresses, omics, proteomics, transcriptomics, mutants,
map-based cloning

1. Introduction

Abiotic stresses, particularly drought, salt and low and high temperatures adversely affect
plant growth and productivity and collectively account for more than 50% yield losses in
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Abiotic stresses, particularly drought, salt and low and high temperatures adversely affect
plant growth and productivity and collectively account for more than 50% yield losses in
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important crop plants worldwide [1]. The resultant adverse changes in plant growth and
productivity are orchestrated at the morphological, molecular and physiological levels [2].
The physiological effects of these stress conditions on plant developmental processes are
mostly overlapping. Drought and salt stresses, in particular affect plants physiological and
developmental processes by imposing osmotic and oxidative stresses. In addition, salt stress
causes ionic stress and Na+ toxicity. These stress conditions, in turn, induce cellular damages
resulting in the disruption of ionic and osmotic [3]. In response to these stress conditions,
plants generate a set of events comprising perception and transduction of stress signals. These
changes ultimately result into expression of stress-related genes that induces alterations in
metabolic processes [3]. The abiotic stress responses are generally polygenic in nature and are
shared in multiple abiotic stresses [4].

Being a polygenic trait, achieving abiotic stress tolerance in crop plants through conventional
breeding is a tedious and time-consuming approach. In this respect, comparative genomics has
been utilized to explore candidate genes conferring tolerance to salt, drought and extreme tem-
perature stresses in several plants [5, 6]. In recent years, appreciable work has been conducted
to identify abiotic stress-related transcriptomes and proteomes in several plant species. The
availability of these information in plants have paved the way for dissecting abiotic stress
responses at the molecular level that provided a base for transgenic approaches against abiotic
stresses. These approaches were utilized to engineer several crop plants in order to enhance
their abiotic stress tolerance [4, 7]. However, taking into consideration the polygenic nature of
abiotic stress tolerance, detailed transcriptomic and proteomic studies are required across the
plant species to fully dissect the stress-response pathway. Such information will add to the
current efforts to find suitable genes for plant transformation against abiotic stresses. The current
review summarizes the recent findings on abiotic stress tolerance-related transcriptomic and
proteomic studies in plant species.

2. Progress in functional and molecular genomics toward understanding
stress perception

Abiotic stress tolerance is a polygenic trait that involves the expression of many sets of genes
working in different pathways [8]. Plants have a well-organized system of sensing the envi-
ronmental signals and responding to them in the form of gene expression [9]. The process of
stress perception is comprised of a set of events including stress signaling, stress transduction
and gene expression that result in accumulation of transcription factors, stress-related proteins,
enzymes and metabolites (Figure 1). In order to fully understand the plants abiotic stress
tolerance, and to modify it with the help of transgenic technologies, understanding the process
of stress perception at the molecular level is very important. The application of functional
genomics technologies has added new dimensions to our understanding of plant responses to
environmental stresses [10]. The progress of abiotic stress tolerance in plants through conven-
tional breeding programs has met with limited success, mainly because of the polygenic nature
of abiotic stress responses in plants. However, during the last decade, considerable progress
was made toward development of functional genomic tools that allowed the functional
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dissection of the genetic determinants associated with abiotic stress responses. Major break-
throughs included (1) development of molecular markers for gene mapping and the construc-
tion of associated maps, (2) the development of expressed sequence tags (ESTs) libraries, (3) the
complete sequencing of Arabidopsis, maize and rice genomes, (4) the development of T-DNA
tagged mutagenic populations of Arabidopsis and (5) the development of forward genetics tools
such as Targeting Induced Local Lesions in genomes (TILLING) technique to assess functional
analysis of genes [11].

3. Map-based cloning of abiotic stress-related genes

Exploring genome sequences of Arabidopsis and rice and progress toward development of
molecular markers and some new techniques has enabled positional cloning of mutated genes

Figure 1. The process of plant response to abiotic stresses. The plant abiotic stress response pathway involves stress
sensing, stress transduction and altered metabolism. Stress tolerance is achieved through expression of a large number of
genes that accumulate stress-related transcription factors, chaperon function proteins, ROS scavenging enzymes, primary
and secondary metabolites, osmoprotectants and cellular and vacuolar membrane antiporters.
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and natural alleles. A large number of molecular markers including single nucleotide poly-
morphisms (SNPs), simple sequence repeats (SSRs) and insertions/deletions (InDels) are avail-
able for Arabidopsis and rice plants. Map-based cloning approach that uses these various
molecular markers have been used to identify a large number of abiotic stress-related genes
such as the salt overly sensitive (SOS1, SOS2, SOS3, SOS4 and SOS5) genes, and other stress-
responsive genes [10]. For generation of mutant lines, ethyl methane sulfonate and irradiations
have been extensively used so far. In addition, the recent development of new techniques such
as stress-associated genes (SAGs) and TILLING have added new dimensions in identifying
mutations in stress-related genes and variant alleles [12]. In the near future, these techniques
will be available for a number of crop plants such as Arabidopsis, wheat, maize, rice and
brassica [13].

Map-based cloning strategy has also been exploited to unravel abiotic stress-related QTLs in
plants. As abiotic stress tolerance trait is polygenic in nature, the QTLs studies have received
immense importance in understanding stress responses [14]. Recently, using map-based clon-
ing, a large number of drought and salt stress-related QTLs have been reported in crop plants.
QTLs were mapped in Oryza sativa for abiotic stress tolerance [15, 16], Brassica napus for salt
tolerance [17], maize for salt tolerance [18], wheat for drought tolerance [19] and cotton for salt
tolerance [20]. Gene stacking approach through marker-assisted selection was successfully
used in an elite rice cultivar for stacked QTLs related to biotic and abiotic stresses (submer-
gence and salinity tolerance) [21, 22]. Two out of 10 pyramid lines showed adequate tolerance
to all tested stresses including abiotic stresses. Similar studies using abiotic stress tolerance
genes/QTLs need to be extended to other crop plants.

4. Development of mutant populations

The use of mutant populations of plants, developed through insertional mutagenesis is an
important tool to dissect the functions of abiotic stress-related genes [23]. Insertional mutagen-
esis is accomplished through T-DNA or transposable elements. Such mutant populations are
available for Arabidopsis and rice plants. These saturation mutant populations of Arabidopsis
and rice cover more than 90% of their genes that could be employed for characterization of
abiotic stress tolerance genes [24]. Development of high throughput genomic platforms such as
serial analysis of gene expression (SAGE), HRM (differential display, high resolution melt)
analysis, TILLING, microarray, etc. have made rapid analysis of these mutation events. A large
number of abiotic stress-related genes have been identified using Arabidopsis and rice knockout
populations. In a 250,000 independent T-DNA insertional Arabidopsis population, more than
200 mutants were found with altered stress responses. Some of these include mutations in
genes encoding transcription factors, ABA biosynthetic enzymes and sodium transporter high
affinity K+ transporter (HKT1) [25]. Recent progress on the generation of T-DNA insertion
lines have been reviewed in several articles [26, 27].

Along with T-DNA and transposable elements based mutant populations; the need for alter-
native means of studying gene function is growing day by day. This is mainly because of the
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low number of Arabidopsis and rice tagged genes that code for clear phenotypes [28]. Recently,
traps and activation tagging have been focused as the alternative means of gene tagging
[29, 30]. Trap and activation techniques have been widely used for generation of tagged popu-
lations of Arabidopsis and rice.

5. Transcriptomic analysis

Progress in transcriptomic analysis tools has revealed massive genomic sequence information
in many plants. Identification of the partial or complete cDNAs sequences provide a holistic
picture of the transcriptomes. The available ESTs are organized in three main databases, that is,
NCBI, TIGR and Sputnik, which organize these ESTs with fully characterized gene sequences.
Abiotic stress-related ESTs have contributed a great deal in exploring gene expression profiles
of stress tolerance-related traits in in Arabidopsis and rice [31].

In recent years, different functional and molecular tools were used to identify abiotic stress-
responsive genes in plants. These included genome wide physical and genetic mapping of
chromosomes, isolation and sequencing of genes, ESTs, proteomics techniques and cDNA
microarray analysis [32]. Particularly, the cDNA and microarrays were widely used to study
gene expression profiles in Arabidopsis, potato, rice, sorghum, maize and wheat under abiotic
stresses. The identified genes/proteins include late embryogenesis abundance (LEA) proteins,
compatible osmolytes, ROS scavengers and proteins involved in signal transduction.

The genomic approaches related to abiotic stress tolerance in plants are summarized (Table 1).
In one study, Oono et al. [33] used a full-length cDNA microarray containing 7000 Arabidopsis
full-length cDNAs and identified 152 rehydration-inducible genes. Among the 152 rehydra-
tion-inducible genes, 58 genes showed proline- and hypoosmolarity-inducible gene expres-
sion. Similar study was conducted in Arabidopsis under drought stress [34]. Transcriptomic
analysis of M. sativa and M. esculenta revealed expression of several genes responsive to salt
and drought, respectively [35, 36]. In rice plants, the pioneering work came from Rabbani et al.
[37]. They used cDNA and gel microarray analysis to identify cold, drought, salinity and ABA
inducible genes. They identified 73 stress inducible genes, among which 15 genes were highly
responsive to all four treatments. Lan et al. [38] determined and compared the drought and
wounding stress-related gene expression profiles. Drought stress regulated many of the polli-
nation/fertilization-related genes. Similarly, the drought stress-related transcriptomic analysis
was conducted in some other studies in rice [39]. Using a cDNAmicroarray, 486 salt responsive
ESTs were determined in shoots of rice plants under salt stress [40]. Moreover, Hmida-Sayari
et al. [41] used the cDNA amplified fragment length polymorphism (AFLP) technique to
investigate the expression profile of potato under salt stress. The expression profile showed
5000 bands, of which 154 were up-regulated, while 120 were down-regulated. Most of these
ESTs were found to have a role in biotic and abiotic stresses. Sequence comparison of some of
these fragments revealed close homologies with proteins, involved in cell wall structure, stress
proteins such as glyceraldehyde dehydrogenase and proteins related to hypersensitive response
to pathogens. Approximately 20,000 ESTs were generated from a cDNA library constructed
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Species Stress
type

Findings Reference

Arabidopsis
thaliana

Drought Total of 152 rehydration-inducible genes were identified. Oono et al. [33]

A. thaliana Drought Translational regulation of 2000 genes was evaluated Kawaguchi et al. [34]

Medicago
sativa

Salt Expression of large number of genes including 86 transcription
factors was altered significantly

Postnikova et al. [35]

Manihot
esculenta

Drought Up-regulation of 1300 drought-responsive genes Utsumi et al. [36]

Oryza
sativa

Salt,
drought

73 stress inducible genes were identified, among which 15 genes
were highly responsive to salt, drought and cold stresses

Rabbani et al. [37]

Oryza
sativa

Drought 53.8% and 21% of the pollination/fertilization-related genes
were regulated by dehydration and wounding, respectively

Lan et al. [38]

Oryza
sativa

Drought — —

Oryza
sativa

Drought 589 genes were found responsive to drought Gorantla et al. [14]

Oryza
sativa

Drought About 55% of genes differentially expressed in roots of rice under
drought stress

Moumeni et al. [39]

Oryza
sativa

Salt 486 salt responsive ESTs were determined in shoots Chao et al. [40]

Oryza
sativa

Drought,
salt

Differential expression of large number of genes encoding
transcription factors in stress sensitive and tolerant genotypes

Shankar et al. [47]

Solanum
tuberosum

Salt Six ADP-ribosylation factors like proteins were identified. Kim et al. [110]

Solanum
tuberosum

Salt Expression profile showed 5000 ESTs, of which 154 were
up-regulated, and 120 were down-regulated

Hmida-Sayari et al. [41]

Solanum
tuberosum

Salt, heat,
drought

1476 stress-related ESTs were found Rensink et al. [42]

Solanum
tuberosum

Salt, heat 3314 clones were identified as up- or down regulated Rensink et al. [43]

Sorghum
bicolor

Drought 333 genes responded to ABA, NaCl or osmotic stress —

S. bicolor Drought 775 genes were found differentially expressed in response to
drought stress

Pratt et al. [44]

S. bicolor Drought Differential expression of genes involved in photosynthesis,
carbon fixation, antioxidants in sensitive and tolerant genotypes

Fracasso et al. [49]

Triticum
aestivum

Salt Gene expression of 1811 genes was changed in response to salt stress —

Triticum
aestivum

Drought 3831 transcripts showed changes in expression in the
drought-tolerant genotype

Li et al. [45]

Triticum
aestivum

Drought Large number of genes including 309 differentially expressed
genes, responsive to drought stress were up-regulated

Ma et al. [48]

Zea mays Water
stress

79 genes in placenta and 56 genes in endosperm, were up- and
down regulated, simultaneously

—
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from potato leaves and roots, which were subjected to salt, heat, cold and drought stresses [42,
43]. Some of these ESTs were found to have sequence similarities with abiotic stress-responsive
genes in other plant species. Similar transcriptomic studies were conducted in some other plants
such as sorghum [44], wheat [45], and maize [46] subjected to drought and salt stresses.

Recently, transcriptomic analysis through RNA sequencing has been proved to be a powerful
tool for analysis of drought and salt stress-responsive genes. RNA-Seq uses next generation
sequencing to reveal quantities of RNA in a given sample in real time. Examples of
transcriptomic analysis through RNA-Seq have been reported in several crop plants subjected
to drought and salt stresses. Shankar et al. [47] studied comparative transcriptomic analysis in
drought sensitive and tolerant rice cultivars. A total of 801 and 507 transcripts were found
differentially expressed in drought-tolerant (N22) and salt-tolerant (Pokkali) rice cultivars,
respectively, under stress conditions. Overall, the study identified common and cultivar-
specific stress-responsive transcripts. Ma et al. [48] conducted RNA-Seq analysis in wheat to
study the drought-responsive transcriptomic changes during reproductive stages under field
conditions. A total of 115,656 genes were detected and among these, 309 genes were found
differentially expressed under drought at various developmental stages. Fracasso et al. [49]
conducted transcriptomic analysis to study responses of drought sensitive and tolerant sor-
ghum genotypes subjected to drought stress. Several genes such as those involved in photo-
synthesis, carbon fixation and antioxidants were found differentially expressed in the two
genotypes under drought stress. Correlation in maize flowering time and drought stress was
studied through RNA-seq and bioinformatics tools [50]. A total of 619 genes were identified,
among which the expression of 126 transcripts was altered by drought stress. Among drought-
responsive genes, the important transcripts included zinc finger and NAC domains. The study
also identified 20 genes such as transcription factor HY5, PRR37 and CONSTANS involved in
flowering times.

The above-mentioned transcriptomic studies revealed that RNA-Seq analysis could be used as
a very powerful tool not only to study stress-specific gene expression analysis but also to
explore differences between stress sensitive and tolerant genotypes of crop plants.

6. Proteomic analysis

The study and characterization of the complete set of proteins in a cell, organ or organism at a
given time is termed as proteomics [51]. Along transcriptomic studies, proteome analysis has

Species Stress
type

Findings Reference

Zea mays Drought Differential expression levels of cell-wall related and transporter
genes were found to contribute to drought tolerance

Zheng et al. [46]

Zea mays Drought A total of 619 genes and 126 transcripts were identified whose
expression was altered by drought stress

Song et al. [50]

Table 1. Drought and salinity stress-responsive transcriptomic studies in various plant species.
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from potato leaves and roots, which were subjected to salt, heat, cold and drought stresses [42,
43]. Some of these ESTs were found to have sequence similarities with abiotic stress-responsive
genes in other plant species. Similar transcriptomic studies were conducted in some other plants
such as sorghum [44], wheat [45], and maize [46] subjected to drought and salt stresses.

Recently, transcriptomic analysis through RNA sequencing has been proved to be a powerful
tool for analysis of drought and salt stress-responsive genes. RNA-Seq uses next generation
sequencing to reveal quantities of RNA in a given sample in real time. Examples of
transcriptomic analysis through RNA-Seq have been reported in several crop plants subjected
to drought and salt stresses. Shankar et al. [47] studied comparative transcriptomic analysis in
drought sensitive and tolerant rice cultivars. A total of 801 and 507 transcripts were found
differentially expressed in drought-tolerant (N22) and salt-tolerant (Pokkali) rice cultivars,
respectively, under stress conditions. Overall, the study identified common and cultivar-
specific stress-responsive transcripts. Ma et al. [48] conducted RNA-Seq analysis in wheat to
study the drought-responsive transcriptomic changes during reproductive stages under field
conditions. A total of 115,656 genes were detected and among these, 309 genes were found
differentially expressed under drought at various developmental stages. Fracasso et al. [49]
conducted transcriptomic analysis to study responses of drought sensitive and tolerant sor-
ghum genotypes subjected to drought stress. Several genes such as those involved in photo-
synthesis, carbon fixation and antioxidants were found differentially expressed in the two
genotypes under drought stress. Correlation in maize flowering time and drought stress was
studied through RNA-seq and bioinformatics tools [50]. A total of 619 genes were identified,
among which the expression of 126 transcripts was altered by drought stress. Among drought-
responsive genes, the important transcripts included zinc finger and NAC domains. The study
also identified 20 genes such as transcription factor HY5, PRR37 and CONSTANS involved in
flowering times.

The above-mentioned transcriptomic studies revealed that RNA-Seq analysis could be used as
a very powerful tool not only to study stress-specific gene expression analysis but also to
explore differences between stress sensitive and tolerant genotypes of crop plants.

6. Proteomic analysis

The study and characterization of the complete set of proteins in a cell, organ or organism at a
given time is termed as proteomics [51]. Along transcriptomic studies, proteome analysis has

Species Stress
type

Findings Reference

Zea mays Drought Differential expression levels of cell-wall related and transporter
genes were found to contribute to drought tolerance

Zheng et al. [46]

Zea mays Drought A total of 619 genes and 126 transcripts were identified whose
expression was altered by drought stress

Song et al. [50]

Table 1. Drought and salinity stress-responsive transcriptomic studies in various plant species.
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contributed much to our understanding of the expression of stress-related genes in plants
under abiotic stress. Proteomic studies on plant responses to salinity and drought stresses are
being explored at large scale. Proteomic approaches have been applied at whole plant, organ
and at subcellular levels to unravel the stress-response mechanism in plants. The prominent
proteomic studies in plant species facing drought and salinity stresses are summarized
(Table 2). Proteomic studies on sugar beet under drought stress identified that heat-shock
proteins, nucleoside diphosphate kinase, RuBisCO, Cu-Zn superoxide dismutase (SOD) and
2-Cys-peroxiredoxin were highly induced [52]. Kim et al. [53] conducted proteomic analysis of
maize subjected to drought stress and identified proteins involved in metabolism, photosyn-
thesis and stress responses. Proteomic analysis of Arabidopsis under drought stress revealed
that branched-chain amino acid amino transferase 3 protein and zinc finger transcription
factor oxidative stress 2 proteins had a significant role in drought stress responses in the plants
that over-expressed ethylene response factor AtERF019 [54].

Species Stress Proteomic changes Plant
organ/
organelle

Reference

Beta
Vulgaris

Drought 79 proteins showed significant changes under drought.
Important were RuBisCO and 11 others involved in
redox regulation, oxidative stress, signal transduction
and chaperone activities

Leaf Hajheidari et al. [52]

Oryza sativa Drought Out of 12 proteins, 10 were up-regulated and 2 were
down-regulated. These were mainly grouped as defense,
energy, metabolism, cell structure and signal
transduction proteins

Leaf sheath Ali and Komatsu [116]

Triticum
durum

Drought Out of 36 significantly changed proteins, 12 were
increased in abundance while 24 were decreased.
RuBisCO large subunit, triose phosphate isomerase,
thiol-specific antioxidant protein, phosphoglycerate
kinase were increased

Leaf Caruso et al. [58]

Helianthus
annuus

Drought Six proteins related to stress and carbon metabolism
were found significantly up-regulated in leaves of
drought stressed sunflower leaves.

Leaf —

Glycine max Drought 32 proteins changed in root. HSP 70, actin B and
methionine synthase were differentially changed in the 3
organs

Root
Hypocotyl
Leaf

Mohammadi et al. [59]

Brassica
napus

Drought 35 proteins in sensitive and 32 in tolerant line were
differentially expressed. Six proteins in F1 hybrid were
common to sensitive and tolerant lines

Root Mohammadi et al. [60]

Oryza sativa Drought Out of 900 identified proteins, 38% were changed in
abundance compared to non-treated. Pathogenesis-
related, chitinases and redox proteins were increased
while tubulins and transport-related proteins were
decreased.

Root Mirzaei et al. [61]

Vitis vinifera Drought Early responding proteins included photosynthesis,
glycolysis, translation, antioxidant defense, while late-
responding proteins included transport,
photorespiration, antioxidants, amino acid and
carbohydrate metabolism

Shoot Cramer et al. [117]
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Species Stress Proteomic changes Plant
organ/
organelle

Reference

Zea mays Drought Identified proteins were involved metabolism,
stress response, photosynthesis, and protein
modification

Leaves Kim et al. [15]

Glycine max Drought 643 proteins were significantly changed in soybean
seedlings recovering from drought stress. Majority of
these proteins belonged to stress, hormone metabolism,
glycolysis and redox categories.

Root
including
hypocotyl

Khan and Komatsu [64]

Zea mays Drought Abundance of 68 proteins was changed. Out of these,
46 proteins were increased while 22 were decreased.
Asparagine synthetase, alpha-galactosidase, fatty acid
desaturase and plastid proteins were among the highly
changed proteins

Leaf Zhao et al. [118]

Brassica
napus

Drought Abundance of 138 proteins was differentially changed.
Drought-responsive differentially abundant proteins
were involved in signal transduction, photosynthesis
and glutathione-ascorbate metabolism.

Leaf Wang et al. [67]

Solanum
lycopersicum

Drought A total of 31 proteins were differentially changed in
abundance under drought and 54 were changed during
recovery phase. ABA accumulation pointed activation of
chloroplast to nucleus signaling pathway

Leaf Tamburino et al. [65]

Phaseolus
vulgaris

Drought Abundance of HSP-70 protein was highly changed.
Protein synthesis, proteolysis and folding-related
proteins increased in abundance

Stem Zadražnik et al. [66]

Brassica
napus

Drought Among the 79 significant identified proteins, nitrogen
assimilation, and ATP and redox Homeostasis were
up-regulated in water savers cultivars; while
photosynthesis, carbohydrate, RNA processing and
stress related proteins were increased in water spender
cultivars during water stress

Leaf Urban et al. [68]

Glycine max Salt Under 100 mM salt stress, seven proteins were found to
be up- or down-regulated. LEA, b-conglycinin, elicitor
peptide three precursor, and basic/helix–loop–helix
protein were up-regulated. While protease inhibitor,
lectin, and stem 31-kDa glycoprotein precursor were
down-regulated

Root
Hypocotyl

Aghaei et al. [71]

Hordeum
vulgare

Salt ROS scavenging proteins were up-regulated in the
tolerant genotype, while iron uptake proteins were up-
regulated in the sensitive one

Root Witzel et al. [73]

Nicotiana
tabaccum

Salt Total 18 proteins were differentially expressed under salt
stress. Photosynthesis related proteins were up-
regulated while defense-related proteins were down-
regulated

Leaves —

Solanum
lycopersicum

Salt Total 23 salt stress-responsive proteins belonging to six
functional groups were identified

Root,
Hypocotyl

Chen et al. [119]

Glycine max Salt Metabolism-related proteins were found up- and
down-regulated in leaves, hypocotyls and roots under
salt stress

Root,
Hypocotyl

Sobhanian et al. [75]
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contributed much to our understanding of the expression of stress-related genes in plants
under abiotic stress. Proteomic studies on plant responses to salinity and drought stresses are
being explored at large scale. Proteomic approaches have been applied at whole plant, organ
and at subcellular levels to unravel the stress-response mechanism in plants. The prominent
proteomic studies in plant species facing drought and salinity stresses are summarized
(Table 2). Proteomic studies on sugar beet under drought stress identified that heat-shock
proteins, nucleoside diphosphate kinase, RuBisCO, Cu-Zn superoxide dismutase (SOD) and
2-Cys-peroxiredoxin were highly induced [52]. Kim et al. [53] conducted proteomic analysis of
maize subjected to drought stress and identified proteins involved in metabolism, photosyn-
thesis and stress responses. Proteomic analysis of Arabidopsis under drought stress revealed
that branched-chain amino acid amino transferase 3 protein and zinc finger transcription
factor oxidative stress 2 proteins had a significant role in drought stress responses in the plants
that over-expressed ethylene response factor AtERF019 [54].
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Important were RuBisCO and 11 others involved in
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and chaperone activities

Leaf Hajheidari et al. [52]
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down-regulated. These were mainly grouped as defense,
energy, metabolism, cell structure and signal
transduction proteins

Leaf sheath Ali and Komatsu [116]
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durum

Drought Out of 36 significantly changed proteins, 12 were
increased in abundance while 24 were decreased.
RuBisCO large subunit, triose phosphate isomerase,
thiol-specific antioxidant protein, phosphoglycerate
kinase were increased

Leaf Caruso et al. [58]

Helianthus
annuus

Drought Six proteins related to stress and carbon metabolism
were found significantly up-regulated in leaves of
drought stressed sunflower leaves.

Leaf —

Glycine max Drought 32 proteins changed in root. HSP 70, actin B and
methionine synthase were differentially changed in the 3
organs

Root
Hypocotyl
Leaf

Mohammadi et al. [59]

Brassica
napus

Drought 35 proteins in sensitive and 32 in tolerant line were
differentially expressed. Six proteins in F1 hybrid were
common to sensitive and tolerant lines

Root Mohammadi et al. [60]

Oryza sativa Drought Out of 900 identified proteins, 38% were changed in
abundance compared to non-treated. Pathogenesis-
related, chitinases and redox proteins were increased
while tubulins and transport-related proteins were
decreased.

Root Mirzaei et al. [61]

Vitis vinifera Drought Early responding proteins included photosynthesis,
glycolysis, translation, antioxidant defense, while late-
responding proteins included transport,
photorespiration, antioxidants, amino acid and
carbohydrate metabolism

Shoot Cramer et al. [117]
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Species Stress Proteomic changes Plant
organ/
organelle

Reference
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modification

Leaves Kim et al. [15]

Glycine max Drought 643 proteins were significantly changed in soybean
seedlings recovering from drought stress. Majority of
these proteins belonged to stress, hormone metabolism,
glycolysis and redox categories.

Root
including
hypocotyl

Khan and Komatsu [64]

Zea mays Drought Abundance of 68 proteins was changed. Out of these,
46 proteins were increased while 22 were decreased.
Asparagine synthetase, alpha-galactosidase, fatty acid
desaturase and plastid proteins were among the highly
changed proteins

Leaf Zhao et al. [118]

Brassica
napus

Drought Abundance of 138 proteins was differentially changed.
Drought-responsive differentially abundant proteins
were involved in signal transduction, photosynthesis
and glutathione-ascorbate metabolism.

Leaf Wang et al. [67]

Solanum
lycopersicum

Drought A total of 31 proteins were differentially changed in
abundance under drought and 54 were changed during
recovery phase. ABA accumulation pointed activation of
chloroplast to nucleus signaling pathway

Leaf Tamburino et al. [65]

Phaseolus
vulgaris

Drought Abundance of HSP-70 protein was highly changed.
Protein synthesis, proteolysis and folding-related
proteins increased in abundance

Stem Zadražnik et al. [66]

Brassica
napus

Drought Among the 79 significant identified proteins, nitrogen
assimilation, and ATP and redox Homeostasis were
up-regulated in water savers cultivars; while
photosynthesis, carbohydrate, RNA processing and
stress related proteins were increased in water spender
cultivars during water stress

Leaf Urban et al. [68]

Glycine max Salt Under 100 mM salt stress, seven proteins were found to
be up- or down-regulated. LEA, b-conglycinin, elicitor
peptide three precursor, and basic/helix–loop–helix
protein were up-regulated. While protease inhibitor,
lectin, and stem 31-kDa glycoprotein precursor were
down-regulated

Root
Hypocotyl

Aghaei et al. [71]

Hordeum
vulgare

Salt ROS scavenging proteins were up-regulated in the
tolerant genotype, while iron uptake proteins were up-
regulated in the sensitive one

Root Witzel et al. [73]

Nicotiana
tabaccum

Salt Total 18 proteins were differentially expressed under salt
stress. Photosynthesis related proteins were up-
regulated while defense-related proteins were down-
regulated

Leaves —

Solanum
lycopersicum

Salt Total 23 salt stress-responsive proteins belonging to six
functional groups were identified

Root,
Hypocotyl

Chen et al. [119]

Glycine max Salt Metabolism-related proteins were found up- and
down-regulated in leaves, hypocotyls and roots under
salt stress

Root,
Hypocotyl

Sobhanian et al. [75]
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In addition to the above-mentioned studies of proteomic analysis on the whole plant level,
some notable studies have also focused the impact of drought and salinity stresses on organ-
specific proteomic constituents. The metabolism-related proteins such as the isoflavone reduc-
tase, were observed as down-regulated which possibly played an important role in plant
defense against various stresses [55]. Leaf-specific protein analysis in other plants identified
drought-responsive proteins. These studies were conducted in rice [56], sunflower [57], wheat
[58] and soybean [59, 60]. Root-specific proteome analysis was conducted in a number of crops
under various drought stress, which identified a wide range of proteins including those
involved in pathogenesis, transport and oxidation-reduction reactions. Prominent studies were
conducted incanola (Brassica napus) [60], soybean [59] and rice [61]. Similar studies were
conducted in rice [62] and wheat [63] subjected to salt stress, which identified changes more
prominently in metabolism-related gene expression. Khan and Komatsu [64] performed pro-
teomic analysis of soybean root including hypocotyl during recovery from drought stress and
concluded that peroxidase and aldehyde dehydrogenase scavenge toxic reactive oxygen spe-
cies and reduce the load of harmful aldehydes for helping the plant to recover. In tomato
facing drought stress, chloroplast to nucleus signaling pathway in connection to abscisic acid
(ABA) signaling network was activated [65]. In common bean stem, heat-shock protein 70 was
highly increased in abundance suggesting its role in restoration of normal conformations of
proteins for cellular homeostasis [66]. Proteomic analysis of maize leaves under drought stress
revealed that ABA regulates the signaling pathways pertaining to oxidative phosphorylation,

Species Stress Proteomic changes Plant
organ/
organelle

Reference

Phoenix
dactylifera

Salt,
drought

The levels of ATP synthase alpha and beta subunits,
RuBisCO, photosynthesis and ROS-related proteins were
significantly changed under both stresses

Leaves El Rabey et al. [120]

Triticum
aestivum

Salt,
Drought

Of the total 124 stress responsive proteins, 26.61% were
induced by drought, included chaperonin,
cys-peroxiredoxin, ethylene response, and elongation
factor; while 23.38% were induced by salinity stress,
included bowman-birk type protease inhibitor, calcineurin
B-like protein, cyclophilin and RNA binding proteins

Seed Kamal et al. [121]

Oryza sativa Salt In the two different cultivars, 104 and 102 proteins were
significantly altered. Actin-7, tubulin alpha, V-type
proton ATPase, SOD and pyruvate decarboxylase were
among the observed salt-induced proteins

Root Damaris et al. [80]

Avena sativa Salt From 30 differential protein spots, protein related to
calvin cycle, adenosine-triphosphate regulation-related
and 50S ribosomal proteins decreased while antioxidant
enzymes abundance were increased.

Leaf Bai et al. [78]

Triticum
aestivum

Salt Out of total of 121 proteins, ubiquitination-related
proteins, transcription factors, pathogen-related proteins
and anti-oxidant enzymes were increased for
homeostasis

Root Jiang et al. [122]

Table 2. Drought and salinity stress-related proteomic studies in various plant species.
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photosynthesis and glutathione metabolism. Phosphorylation of β carbonic anhydrase 1
imparted adaptation to drought stress in Brassica napus [67]. Proteomic analysis of rapeseeds
under drought stress indicated that nitrogen assimilation, oxidative phosphorylation, redox
homeostasis, energy, photosynthesis and stress-related proteins were raised in abundance in
different cultivars [68].

Salinization of arable lands may result in up to 50% land loss by the year 2050 [69]. Proteomic
techniques have been employed for analyzing salt stress responses in plants. In salt-tolerant
and -sensitive potato cultivars, photosynthesis-related proteins were down-regulated; whereas
osmotin-like proteins, heat-shock proteins and protein inhibitors were up-regulated [70, 71]. In
soybean, β-conglycinin, elicitor peptide three precursor, late embryogenesis-abundant protein,
and basic/helix-loop-helix protein, were up-regulated, suggesting soybean adaptation to salt
stress; whereas protease inhibitor, lectin and stem, 31-kDa glycoprotein precursor were down-
regulated, suggesting the weakening of plant defense system under the salinity stress [72].
Differentiation of salt stress-related proteins was evaluated in tolerant and sensitive barley
genotypes [73]. Another study conducted on barley found expression of germin-like and
pathogenesis-related proteins important for salt stress responses [74]. ATP production-related
glyceraldehyde-3-phosphate was down-regulated in soybean under salt stress [75]. Cupin
domain protein 3.1 was revealed in enhancing seed germination in rice under salt stress [76].
In barley, salt stress increased the abundance of proteins related to anti-oxidation, signal
transduction, protein biosynthesis, ATP generation and photosynthesis [77]. Proteomic analy-
sis of oat leaves under salt stress indicated decrease in abundance of calvin cycle-related and
adenosine-triphosphate regulation-related proteins; whereas antioxidant enzymes level was
increased [78]. Alterations in proteomic profiles were recorded in wheat cultivars under salt
stress [63]. Kamal et al. [79] reported a decrease in ATP synthase and V-type proton ATPase
subunits; whereas cytochrome b6-f, germin-like-protein, glutamine synthetase, fructose-bis-
phosphatealdolase, S-adenosylmethionine synthase and carbonic anhydrase were gradually
increased. Damaris et al. [80] reported induction of actin-7, tubulin alpha, V-type proton
ATPase, SOD and pyruvate decarboxylase in salt-stressed wheat cultivars. Proteomic analysis
of wheat roots indicated differential expression of a number of proteins such as transcription
factors, proteins related to ubiquitination pathogenesis and antioxidant enzymes under salt
stress [81]. All the above discussed studies show the importance of proteomics in unraveling
the vital information about the plants responses to abiotic stresses such as drought and salinity
stress responses.

7. Metabolomic analysis

Metabolomics is one of the most important “Omics” technologies that can be applied to
different organisms with little or no modification. The term metabolomics was introduced by
Nicholson et al. [82], and since then it has been utilized extensively in agricultural research [83, 84].
The metabolite profiling provides valuable information on the stress tolerance mechanisms
and may be applied to bioengineer plants with improved stress tolerance. Metabolomics
studies reveal information about compounds involved in acclimation to the stress, those which
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In addition to the above-mentioned studies of proteomic analysis on the whole plant level,
some notable studies have also focused the impact of drought and salinity stresses on organ-
specific proteomic constituents. The metabolism-related proteins such as the isoflavone reduc-
tase, were observed as down-regulated which possibly played an important role in plant
defense against various stresses [55]. Leaf-specific protein analysis in other plants identified
drought-responsive proteins. These studies were conducted in rice [56], sunflower [57], wheat
[58] and soybean [59, 60]. Root-specific proteome analysis was conducted in a number of crops
under various drought stress, which identified a wide range of proteins including those
involved in pathogenesis, transport and oxidation-reduction reactions. Prominent studies were
conducted incanola (Brassica napus) [60], soybean [59] and rice [61]. Similar studies were
conducted in rice [62] and wheat [63] subjected to salt stress, which identified changes more
prominently in metabolism-related gene expression. Khan and Komatsu [64] performed pro-
teomic analysis of soybean root including hypocotyl during recovery from drought stress and
concluded that peroxidase and aldehyde dehydrogenase scavenge toxic reactive oxygen spe-
cies and reduce the load of harmful aldehydes for helping the plant to recover. In tomato
facing drought stress, chloroplast to nucleus signaling pathway in connection to abscisic acid
(ABA) signaling network was activated [65]. In common bean stem, heat-shock protein 70 was
highly increased in abundance suggesting its role in restoration of normal conformations of
proteins for cellular homeostasis [66]. Proteomic analysis of maize leaves under drought stress
revealed that ABA regulates the signaling pathways pertaining to oxidative phosphorylation,

Species Stress Proteomic changes Plant
organ/
organelle
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Phoenix
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Salt,
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The levels of ATP synthase alpha and beta subunits,
RuBisCO, photosynthesis and ROS-related proteins were
significantly changed under both stresses

Leaves El Rabey et al. [120]

Triticum
aestivum
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Of the total 124 stress responsive proteins, 26.61% were
induced by drought, included chaperonin,
cys-peroxiredoxin, ethylene response, and elongation
factor; while 23.38% were induced by salinity stress,
included bowman-birk type protease inhibitor, calcineurin
B-like protein, cyclophilin and RNA binding proteins

Seed Kamal et al. [121]

Oryza sativa Salt In the two different cultivars, 104 and 102 proteins were
significantly altered. Actin-7, tubulin alpha, V-type
proton ATPase, SOD and pyruvate decarboxylase were
among the observed salt-induced proteins

Root Damaris et al. [80]

Avena sativa Salt From 30 differential protein spots, protein related to
calvin cycle, adenosine-triphosphate regulation-related
and 50S ribosomal proteins decreased while antioxidant
enzymes abundance were increased.

Leaf Bai et al. [78]

Triticum
aestivum

Salt Out of total of 121 proteins, ubiquitination-related
proteins, transcription factors, pathogen-related proteins
and anti-oxidant enzymes were increased for
homeostasis

Root Jiang et al. [122]

Table 2. Drought and salinity stress-related proteomic studies in various plant species.
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photosynthesis and glutathione metabolism. Phosphorylation of β carbonic anhydrase 1
imparted adaptation to drought stress in Brassica napus [67]. Proteomic analysis of rapeseeds
under drought stress indicated that nitrogen assimilation, oxidative phosphorylation, redox
homeostasis, energy, photosynthesis and stress-related proteins were raised in abundance in
different cultivars [68].

Salinization of arable lands may result in up to 50% land loss by the year 2050 [69]. Proteomic
techniques have been employed for analyzing salt stress responses in plants. In salt-tolerant
and -sensitive potato cultivars, photosynthesis-related proteins were down-regulated; whereas
osmotin-like proteins, heat-shock proteins and protein inhibitors were up-regulated [70, 71]. In
soybean, β-conglycinin, elicitor peptide three precursor, late embryogenesis-abundant protein,
and basic/helix-loop-helix protein, were up-regulated, suggesting soybean adaptation to salt
stress; whereas protease inhibitor, lectin and stem, 31-kDa glycoprotein precursor were down-
regulated, suggesting the weakening of plant defense system under the salinity stress [72].
Differentiation of salt stress-related proteins was evaluated in tolerant and sensitive barley
genotypes [73]. Another study conducted on barley found expression of germin-like and
pathogenesis-related proteins important for salt stress responses [74]. ATP production-related
glyceraldehyde-3-phosphate was down-regulated in soybean under salt stress [75]. Cupin
domain protein 3.1 was revealed in enhancing seed germination in rice under salt stress [76].
In barley, salt stress increased the abundance of proteins related to anti-oxidation, signal
transduction, protein biosynthesis, ATP generation and photosynthesis [77]. Proteomic analy-
sis of oat leaves under salt stress indicated decrease in abundance of calvin cycle-related and
adenosine-triphosphate regulation-related proteins; whereas antioxidant enzymes level was
increased [78]. Alterations in proteomic profiles were recorded in wheat cultivars under salt
stress [63]. Kamal et al. [79] reported a decrease in ATP synthase and V-type proton ATPase
subunits; whereas cytochrome b6-f, germin-like-protein, glutamine synthetase, fructose-bis-
phosphatealdolase, S-adenosylmethionine synthase and carbonic anhydrase were gradually
increased. Damaris et al. [80] reported induction of actin-7, tubulin alpha, V-type proton
ATPase, SOD and pyruvate decarboxylase in salt-stressed wheat cultivars. Proteomic analysis
of wheat roots indicated differential expression of a number of proteins such as transcription
factors, proteins related to ubiquitination pathogenesis and antioxidant enzymes under salt
stress [81]. All the above discussed studies show the importance of proteomics in unraveling
the vital information about the plants responses to abiotic stresses such as drought and salinity
stress responses.

7. Metabolomic analysis

Metabolomics is one of the most important “Omics” technologies that can be applied to
different organisms with little or no modification. The term metabolomics was introduced by
Nicholson et al. [82], and since then it has been utilized extensively in agricultural research [83, 84].
The metabolite profiling provides valuable information on the stress tolerance mechanisms
and may be applied to bioengineer plants with improved stress tolerance. Metabolomics
studies reveal information about compounds involved in acclimation to the stress, those which
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are by-products as a result of disruption of normal homeostasis and those involved in signal
transduction in response to the stresses [85]. Due to involvement of metabolites in important
life processes, the field of metabolic profiling could contribute significantly to the study of
stress biology in plants. Both primary and secondary metabolites have been shown to play
important roles in responses of plants to drought and salinity stresses. Primary metabolites
such as sugars, amino acids and intermediates of Krebs cycle were found with important roles
in photosynthetic dysfunction and osmotic readjustment. While, the secondary metabolites
such as antioxidant scavengers, coenzymes and regulatory molecules responded to specific
stress conditions. Both qualitative and quantitative studies of metabolites in response to abiotic
stress are helpful in not only determining the phenotypic response of the plant and screening
for stress tolerant lines but also reveal the genetic and biochemical mechanisms underlying the
stress condition [86].

Drought and salt stresses affect the process of photosynthesis, affecting CO2 diffusion leading to
photorespiration and hydrogen peroxide production, causing cell damage [87]. Most recently,
Rabara et al. [88] analyzed the metabolomics profile of tobacco and soybean roots and leaves
facing dehydration stress. The study revealed highest tissue specific accumulation of 4-hydroxy-
2-oxoglutaric acid in tobacco roots and coumestrol in soybean roots; indicating 4-hydroxy-2-
oxoglutaric acid and coumestrol can be used as markers for drought stress. Metabolomic
analysis of intense drought-stressed grapevine leaves was conducted to reveal induction of
several metabolites [89]. Metabolomic profiling of Arabidopsis exposed to drought and heat
stresses in combination revealed accumulation of sucrose, maltose and glucose [90]. In tolerant
and sensitive thyme facing water stress, metabolomics analysis revealed differential changes in
carbohydrates, amino acids, fatty acids and organic acids profiles [91]. Metabolites related to the
mechanisms of osmotic adjustment, ROS scavenging, cellular components protection andmem-
brane lipid showed significant changes. Metabolomic and proteomic analysis of xylem sap in
maize under drought stress revealed a higher abundance of cationic peroxidases, which with
the increase in phenylpropanoids may lead to a reduction in lignin biosynthesis in the xylem
vessels and could induce cell wall stiffening [92]. Catola et al. [93] reported that trans-2-hexenal
showed a significant increase in water-stressed and recovered leaves respect to the well-watered
ones in pomegranate plants. This indicated a possible role of the oxylipin pathway in the
response to water stress. Metabolites changes in rice grains during water-stressed and recovery
indicated involvement in stress signaling pathways such as gamma-amino butyric acid (GABA)
biosynthesis, sucrose metabolism and antioxidant defense [94]. Zhang et al. [95] reported that
myo-inositol and proline had striking regulatory profiles inMedicago indicating involvement in
drought tolerance. Metabolite profiling of hybrid poplar genotypes revealed that amino acids,
the antioxidant phenolic compounds catechin and kaempferol, as well as the osmolytes raffi-
nose and galactinol exhibited increased abundance under drought stress, whereas metabolites
involved in photorespiration, redox regulation and carbon fixation showed decreased abun-
dance under drought stress [96]. Concentrations of flavonoids, glycosides of kaempferol, quer-
cetin and cyanidin were found in Arabidopsis during drought stress [97].

Salinity stress has been investigated at metabolite level to reveal the response mechanism. In
salinity-stressed barley plants, cell division and root elongation was found associated with
accumulation of amino acids, sugars and organic acids [98]. Chen and Hoehenwarter [99]
reported that sucrose, fructose, glycolysis intermediates and amino acids levels were altered
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in Arabidopsis under salinity stress. Further, metabolite changes were found positively corre-
lated with growth potential and salt tolerance in rice genotypes for allantoin and glutamine
[100]. Meulebroek et al. [101] carried out metabolomic profiling of tomato carotenoid content
under salt stress. The results revealed that metabolites had several roles at the fruit level in
salinity response; however, 46 metabolites had ascribed a noticeable role in carotenoid metab-
olism as well. In barley, concentrations of most amino acids such as 4-hydroxy-proline, argi-
nine, citrulline, glutamine, phenylalanine, proline and amines increased significantly in roots
facing salinity stress [102]. Behr et al. [103] carried out metabolomics analysis in Suaeda
maritima exposed to salinity stress. Results revealed increase in metabolites associated with
osmotic stress and photorespiration; furthermore, alanine fermentation was enhanced. Oxida-
tive stress produced by salinity in roots of Salicornia herbacea induced defense metabolites such
as shikimic acid, vitamin K1 and indole-3-carboxylic acid that are generated as a result of
defense mechanisms, to protect against ROS [104]. Metabolomic profiling studies revealed that
sugars, sugar alcohols, proline, TCA cycle intermediates, histidine, glutathione and GABA
were accumulated in Arabidopsis thaliana under salt stress [105, 106]. Production of signaling
molecules such as serotonin and gentisic acid increased in salt-tolerant varieties indicating
their importance as biomarker. Ferulic acid and vanillic acid were also produced in high levels.
In the salt sensitive varieties, elevated levels of 4-hydroxycinnamic acid and 4-hydroxybenzoic
acid were found in the leaves [19]. Epidermal bladder cells help in salt dumping, improved
potassium retention in leaf mesophyll and space provision for storage of metabolites [107]. The
above discussion revealed that metabolomics is very important tool in investigating abiotic
stress-response mechanisms such as those observed in drought and salt stresses.

8. The way forward

RNA-Seq and genome sequencing and proteomic techniques/technologies (2D, iTRAQ,
MALDI, gel-free, label-free, LC-MS/MS-based technologies) have widened the dimensions of
analyzing plant responses to abiotic stresses such as drought and salinity. Recent advances in
the omics technologies have contributed considerably to our understanding of the plant abiotic
stress-responsive mechanisms. In addition to advancing research in other related areas, empha-
sis has been on the proteomic analysis specific to whole plants, individual organs, tissues and
cells [55]. These technologies are helping to characterize individual proteins specific to different
organs, tissues and cells subjected to various abiotic stresses. Advanced proteomic information,
coupled with other omics approaches would further strengthen the efforts to develop breeding
programs based on identification of novel proteins/genes and their integration through
marker-assisted selection. However, further efforts are required to focus on individual target
points associated with “Omics” technologies and their application to dissect stress-responsive
mechanisms. Research needs to be focused on several fronts such as more studies that target
post translational modifications (PTMs), cell type-specific proteome analysis, advanced map-
ping populations in crop plants and comparative proteomic studies. PTMs of proteins may
change their stability, subcellular localization, interactions with other proteins and ultimately
proteins functioning. A number of studies revealed the important role of PTMs in protein
functioning. Studies have been conducted to analyses protein phosphorylation in maize
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sis has been on the proteomic analysis specific to whole plants, individual organs, tissues and
cells [55]. These technologies are helping to characterize individual proteins specific to different
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marker-assisted selection. However, further efforts are required to focus on individual target
points associated with “Omics” technologies and their application to dissect stress-responsive
mechanisms. Research needs to be focused on several fronts such as more studies that target
post translational modifications (PTMs), cell type-specific proteome analysis, advanced map-
ping populations in crop plants and comparative proteomic studies. PTMs of proteins may
change their stability, subcellular localization, interactions with other proteins and ultimately
proteins functioning. A number of studies revealed the important role of PTMs in protein
functioning. Studies have been conducted to analyses protein phosphorylation in maize
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[108, 109], phosphorylation and ubiquitination in Arabidopsis [110, 111] and glycosylation in
soybean [112] under various abiotic stresses. In addition to improved methodologies, identifi-
cation of more PTMs would unravel functional characterization of important proteins involved
in stress-responsive mechanisms and plant adaptation to various abiotic stresses.

Individual proteins characterization and quantification is essential to fully explore the stress-
responsive mechanisms in organs, tissues and cells. However, problems may arise due to the
conventional methodologies such as protein detection on 2-DE gels [55]. Improved extraction
methodologies may overcome such problems. Poor proteome coverage may be the result while
detecting leaf proteome with abundance of RuBisCO that constitutes almost half of the total
leaf proteins. However, proteome coverage may be improved with the recently adopted frac-
tionation of crude protein extract. Similarly, quantification of stress responsive low abundance
target proteins may be improved through selected reaction monitoring (SRM) technique
[113, 114]. Such improved techniques would also help unravel commonly expressed proteins
in different organs under multiple abiotic stresses. These advanced techniques coupled with
improved bioinformatics approaches may help shed further light on plant responses to abiotic
stresses. Recently, transgenic plants conferring abiotic stress tolerance have entered vigorous
evaluations under greenhouse and filed conditions. Comparative proteomic studies of these
transgenic plants may be helpful to characterize key stress-responsive factors among large
number of commonly expressed proteins. Identification of major stress-responsive proteins
coupled with advances in transcriptomics, metabolomics and bioinformatics tools would help
unravel the complex interactions among stress-responsive signaling pathways. Moreover, omics
approaches such as proteomics can be extremely helpful in analyzing post-stress recovery
responses in the plants, revealing the key proteins/genes involved in the recovery stage [115].

9. Conclusions

Different omics tools have been exploited to unravel plant responses to drought and salt
stresses. However, further studies should be conducted to integrate multiple omics approaches
including phenomics coupled with RNA-Seq and state-of-the-art proteomic technologies.
These future developments will provide further impetus to the ongoing efforts of developing
drought- and salt-tolerant plants with comparatively improved growth and yield potential
under realistic field conditions.
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Abstract

Biolistic is a special high-performance method for direct delivery of foreign DNA, RNA, 
or protein into plant cells. This method has less physiological risk on plant cell since there 
is no need for microbial intermediaries (Agrobacterium strains) and requires less addi-
tional DNA. Moreover, it can adapt for both monocotyledon and dicotyledonous plants. 
Recently, this method has also been successfully used to plant genome editing. Therefore, 
in this chapter, we discuss the application of this method for genetic improvement of 
some commercially important of tropical and subtropical fruit trees including banana, 
date palm, citrus, mango, olive, and pineapple. Also, we explain the details of biolistic 
protocols used for transient and stable gene expression in these fruit trees.

Keywords: gene gun, gene delivery, microprojectile bombardment, tropical fruits

1. Introduction

In the recent years, the scientists believe that the molecular methods have high potential for 
making gene delivery or genome editing possible in different plant species without altering 
their phenotypes. This capability is particularly valuable for fruit trees that have lengthy gen-
eration time and high levels of heterozygosity. In fact, the biotechnology methods now became 
as routine tools in biology research and plant transformation. So various methods had been 
introduced by the scientist for gene delivery to the plant cells (which may not be achievable 
by the traditional breeding methods), and subsequently they successfully regenerated without 
serious limitations [1–4]. Gene transferring to plant tissues can be achieved by two means: direct 
or indirect methods. In the direct methods, there is no need to Agrobacterium mediate, but the 
plasmids that are harboring desired DNA materials will deliver to the plant cells via physical or 
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chemical means [5]. However, indirect gene transformation to plant tissues is usually achieved 
by mediated Agrobacterium strains. At the present time, in the most laboratories, gene delivery 
to plant tissues is achieved by mainly two means including biolistic and Agrobacterium methods 
[2, 4]. However, most of the gene transformation studies on fruit trees have been mediated by 
Agrobacterium strains, and biolistic has been less frequently used [6]. Infection with Agrobacterium 
may potentially produce unpredictable effects on the plant cells when transformed with T-DNA 
[7, 8]. The biolistic is a more applicable method for gene transformation in a wide range of plant 
cells and tissues [9], even those that could not transform by other transformation methods. In this 
method the precipitated DNA on gold or tungsten particles is transferred directly into the plant 
cells and tissues. Therefore, it is possible to introduce new traits with lower risk of the GMO 
effect with high reproducibility and no significant damage or artifacts [8]. Further, this method 
can be more adapted for breeding of plant species with a high degree of heterozygosity [10].

The biolistic method was introduced for the first time by Sanford [11]. Optimization of the 
transformation condition is very critical for achievement of an efficient protocol with high 
transformation frequency [12]. This strongly depends on the construct and promoter type and 
optimization of the physical and biological parameters. In order to achieve the best results 
with the biolistic method, the following are needed:

1. Appropriate construct (the type of genes and promoter)

2. Proper tissue (eases to regeneration as well as pretreatment prior to bombardment)

3. Optimized bombardment condition (biological parameters, as well as physical parameters, 
should been optimized)

4. Detecting of the insertion (integrated to the genome)

The biolistic method has a potential use for breeding of several tropical and subtropical fruit 
trees so that different genes were transferred to these trees for different purposes. Most of 
these genes are selectable and scorable marker genes which were used for the establishment 
of the optimized transformation protocols and some other genes of interest (which are encod-
ing the economical traits).

One of the more permissible applications of the biolistic method is using it for genome editing 
or CRISPR in plants [13].

In this chapter, we explain the different gene transformation procedures introduced by scien-
tists for various economically important tropical and subtropical fruit trees by the use of the 
biolistic method.

2. Banana

Several limitations had been reported for the breeding of banana cultivars through traditional 
methods mainly including long regenerating time, polyploidy, and male sterility [14, 15]. The 
biolistic method was successfully used for banana transformation so that several genes were 
transferred to different banana tissues for different purposes. However, this method may be 
integrated with the Agrobacterium to increase the efficiency of the gene transformation.

Transgenic Crops - Emerging Trends and Future Perspectives100

Embryogenic cells initiated from different tissues including immature male flowers [16], 
immature embryos [17], male inflorescence, and buds [18] were reported with high potential 
to gene transformation in banana and plantain. A protocol optimized for transient and stable 
transformation of the uidA gene in banana cells using a special gene gun is illustrated by [14]. 
The tungsten particles coated with various plasmids harboring uidA gene including pEmuGN 
(with Emu promoter), pBI-364, pBI-426, pBI-505 (with 35S promoter), and pAHC27 (with 
Ubi promoter) were delivered into banana cells and then comprised among them based on 
the level of transient expression after assayed with X-Gluc and MUG. The highest transient 
transformation was obtained with the pAHC27 plasmid. Also, the stable transformation was 
achieved after the bombardment of banana cells with pWRG1515 plasmid harboring uidA 
gene along with hph as a selectable marker gene (conferring resistance to hygromycin) and 
cultured on the medium contain 50 mg/L hygromycin.

Stable transformation of the Cavendish banana (Musa spp. AAA group) cv. Grand Nain was 
also reported by [16], using uidA and potential virus-resistance (BBTV) genes along with nptII 
gene as selectable marker gene using various plasmids (Table 1).

In other experiment [18], researchers transferred to the Musa spp. (AAB group) cv. Maçã the 
three plasmid constructions harboring uidA gene including pBI426 (70S promoter), pFF19 
(70S promoter), and pCAMBIA1303 (35S promoter). The plasmids had been precipitated on 
the tungsten particles using 20 μL of spermidine and 50 μL of CaCl2 and then accelerated 
to penetrate callus tissue located at 9 cm from stopping screen using 1100 psi helium pres-
sure force. The transient expression was observed for all constructs, but the best result was 
obtained for pBI426 due to achievement of the highest regenerated plant after 3 months.

For obtaining a successful transformation through the biolistic method, it is important to 
reduce physical stress entered on target tissues promoted by bombardment shock waves. 
Bombarded tissues may reduce their regeneration potential especially in the case of embryo-
genic callus and immature tissues. Therefore, such sensitive tissues should bombard with 
lower helium pressures and target distance. In most studies on gene transformation of banana 
by biolistic methods, it had been found that best results were obtained in 1100–1350 psi helium 
pressure and 6–9 cm target distance (Table 1).

Another strategy for increasing the transformation frequency in biolistic method is the inte-
grating biolistic with Agrobacterium-mediated transformation especially with monocotyle-
dons plants. It has been found that the infection of the Gongjiao (Musa acuminata L. AA group, 
cv. Mas) floral apices with Agrobacterium tumefaciens (AGL1 contains pCAS04) suspension for 
30 min after bombardment thrice with pCAS04 plasmid coated on the 0.6 μm gold particles 
under 1300 psi helium pressure force was increased transformation frequency 1.6- and 3.3-
fold higher than that of gene gun and Agrobacterium methods, respectively [15].

2.1. Plant-based vaccine

Hepatitis B virus (HBV) is a worldwide disease causing chronic and acute infections in the 
human liver. Therefore, needful to produce a vaccine for this disease is very important. On 
the other hand, production of vaccines required a high cost whereas may not be possible to 
secure the large segment of the population in the world. An attempt was made by [19], to 
transfer the HBsAg gene, coding hepatitis B surface antigen to banana cv. Williams to make 
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2.1. Plant-based vaccine

Hepatitis B virus (HBV) is a worldwide disease causing chronic and acute infections in the 
human liver. Therefore, needful to produce a vaccine for this disease is very important. On 
the other hand, production of vaccines required a high cost whereas may not be possible to 
secure the large segment of the population in the world. An attempt was made by [19], to 
transfer the HBsAg gene, coding hepatitis B surface antigen to banana cv. Williams to make 
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an alternative plant-based oral vaccine. After the bombardment of the banana meristems with 
pBHsAg plasmid vector harboring bar gene (inactivates phosphinothricin) as a selectable 
marker and HBsAg gene, they had detected the expression of antigen in banana which may 
have a potential to use it for security against this disease.

2.2. Disease resistance

Fusarium wilt race 1 is one of the limitation factors in banana production, caused by Fusarium 
oxysporum cubense f. sp. Due to cell wall of these fungi mainly made from chitin and β-1, 
3-glucan, therefore, presence of chitinase and β-1,3-glucanase in banana tissues can increase 
the level of resistance to this disease. This was achieved by banana gene transformation with 
chitinase and β-1,3-glucanase genes using biolistic method [20]. They also transferred reporter 
genes gfp and uidA along with the chitinase and β-1,3-glucanase genes to detection of the 
transformation occurrence and subsequent expression in buds of Rastali cultivar (Musa spp. 
AAB group).

Black Leaf Streak Disease (BLSD) is another worldwide banana disease caused by 
Mycosphaerella fijiensis. The fungi induce streaks on the banana leaves which may lead to 
reduced fertility and may destroy the whole trees. On the other hand, infested plants usu-
ally produce a high level of free radicals, causing more challenges. In a research with goal 
to increase the level of banana tolerance to the BLSD reported by [21], they transferred two 
genes, including endochitinase (ThEn-42) and grape stilbene synthase (StSy) antifungal genes 
(with synergistic effect) together with chloroplastic (chl) Cu, Zn superoxide dismutase gene 
(Cu, Zu-SOD) (scavenging of free radical) to embryogenic callus of Cavendish banana (Musa 
spp. AAA group) cv. Grand Nain. After 4 years, the infection of the transgenic banana with 
these three genes was significantly reduced without any decrease in yield.

3. Citrus

The citrus breeding by traditional methods has some limitations including lengthy period 
of juvenility (8–10 years), polyembryony, incompatibility, parthenocarpy [22, 23], and high 
heterozygosity [24]. Molecular methods and gene transformation could be an alternative for 
breeding of the citruses and rapid regeneration with less time consumption. Currently, gene 
delivery into the epicotyl segments by Agrobacterium-mediated transformation is the most 
widely used method for gene transformation of the citruses. However, this approach has 
several drawbacks including the high number of chimeric or non-transformed plants due to 
the requirement for larger explant and gradient concentrations of the selective agent to the 
explant [24] and low regeneration frequency of stably transformed cells and recalcitrant of 
some citrus genotypes to Agrobacterium infection [23]. On the other hand, the biolistic method 
provides several advantages over Agrobacterium-mediated transformation such as high trans-
formation efficiency, simplicity of the plasmid constructs which allows for the integration of 
larger inserts, the co-transformation of more than one construct, and less biological damage 
to the explant [23–25].
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an alternative plant-based oral vaccine. After the bombardment of the banana meristems with 
pBHsAg plasmid vector harboring bar gene (inactivates phosphinothricin) as a selectable 
marker and HBsAg gene, they had detected the expression of antigen in banana which may 
have a potential to use it for security against this disease.

2.2. Disease resistance

Fusarium wilt race 1 is one of the limitation factors in banana production, caused by Fusarium 
oxysporum cubense f. sp. Due to cell wall of these fungi mainly made from chitin and β-1, 
3-glucan, therefore, presence of chitinase and β-1,3-glucanase in banana tissues can increase 
the level of resistance to this disease. This was achieved by banana gene transformation with 
chitinase and β-1,3-glucanase genes using biolistic method [20]. They also transferred reporter 
genes gfp and uidA along with the chitinase and β-1,3-glucanase genes to detection of the 
transformation occurrence and subsequent expression in buds of Rastali cultivar (Musa spp. 
AAB group).

Black Leaf Streak Disease (BLSD) is another worldwide banana disease caused by 
Mycosphaerella fijiensis. The fungi induce streaks on the banana leaves which may lead to 
reduced fertility and may destroy the whole trees. On the other hand, infested plants usu-
ally produce a high level of free radicals, causing more challenges. In a research with goal 
to increase the level of banana tolerance to the BLSD reported by [21], they transferred two 
genes, including endochitinase (ThEn-42) and grape stilbene synthase (StSy) antifungal genes 
(with synergistic effect) together with chloroplastic (chl) Cu, Zn superoxide dismutase gene 
(Cu, Zu-SOD) (scavenging of free radical) to embryogenic callus of Cavendish banana (Musa 
spp. AAA group) cv. Grand Nain. After 4 years, the infection of the transgenic banana with 
these three genes was significantly reduced without any decrease in yield.

3. Citrus

The citrus breeding by traditional methods has some limitations including lengthy period 
of juvenility (8–10 years), polyembryony, incompatibility, parthenocarpy [22, 23], and high 
heterozygosity [24]. Molecular methods and gene transformation could be an alternative for 
breeding of the citruses and rapid regeneration with less time consumption. Currently, gene 
delivery into the epicotyl segments by Agrobacterium-mediated transformation is the most 
widely used method for gene transformation of the citruses. However, this approach has 
several drawbacks including the high number of chimeric or non-transformed plants due to 
the requirement for larger explant and gradient concentrations of the selective agent to the 
explant [24] and low regeneration frequency of stably transformed cells and recalcitrant of 
some citrus genotypes to Agrobacterium infection [23]. On the other hand, the biolistic method 
provides several advantages over Agrobacterium-mediated transformation such as high trans-
formation efficiency, simplicity of the plasmid constructs which allows for the integration of 
larger inserts, the co-transformation of more than one construct, and less biological damage 
to the explant [23–25].

Genetic Improvement of Tropical and Subtropical Fruit Trees via Biolistic Methods
http://dx.doi.org/10.5772/intechopen.81373

105



Evaluating the transient expression of a gene can provide valuable information in association 
with various properties of its produced protein, such as subcellular localization and intra−/
intercellular trafficking, stability and degradation, expression levels, and interactions with 
other proteins [8]. In order to initiate a procedure for transient and stable transformation 
of the uidA/nptII genes to embryogenic cell suspension of citrus Tangelo (Citrus reticulata 
Blanco × C. paradisi Macf.) cultivar “Page,” the researchers [26] used biolistic transformation 
method (Table 1).

Also, in other research [24], the uidA/nptII genes to thin epicotyl sections of the Carrizo citrange 
(Citrus sinensis (L.) Osbeck × Poncirus trifoliata (L.) Raf.) and sweet orange (Citrus sinensis (L.) 
Osbeck) cv. Pera were successfully delivered (Table 1). Recently the Carrizo immature epi-
cotyl with another reporter gene gfp and also nptII gene as selectable marker through biolistic 
transformation are transferred [27].

Most reports on citrus gene transformation by biolistic were carried out on the transforma-
tion and expression detection of the selectable and scorable marker genes. However, result 
reported by [8] showed that the bombardment of the young leaves of the Citrus macrophylla 
(C-mac) with pSAT4-cEYFP-C1(B) harboring CPCTV-GFP using Bio-Rad Helios gene-gun 
could have been causing the express of CP in the cytoplasm and nuclei of the epidermal cells.

4. Pineapple

The first report on the using of the biolistic method for gene transformation of pineapple was 
published by [28]. They introduced an efficient system for transformation of protocorm-like 
bodies with gus/nptII genes and then confirmed the gene insertions at one to three loci by 
Southern hybridization. After that, the published results [29–31] indicated that the pineapple 
cv. Phuket to herbicide Basta® X (with glufosinate ammonium as the active component) can be 
resisted by transforming with bar gene using biolistic transformation method. The transgenic 
plants showed herbicide tolerance when they were sprayed with herbicide (with twice the 
routine dose which used in the field) and remained green and healthy after 7 months, whereas 
the non-transformed plants became necrotic and died after 21 days. The stable integration of 
the bar gene in to the genome of the transformed plants was confirmed with PCR, RT-PCR, 
and Southern analyses after 380 days.

One of the physiological disorders which limited the industry of the pineapple in different 
area productions in the world such as Australia is the internal browning or blackheart. This 
disorder causes severe loss when appearing at conditions with day/night temperatures below 
25/20°C with low light during fruit development and also during storage and shipment [32, 
33]. To control the internal browning by the molecular breeding methods, an effort was 
made by [32] in order to obtain a transgene resistant to blackheart through biolistic method. 
The leaf callus of Smooth Cayenne cultivar was bombarded with gold particles coated with 
pART7 plasmid harboring PINPPO1 gene (pineapple polyphenol oxidase gene) which could 
successfully attain resistant plants to blackheart with an efficiency of 0.21–1.5% based on the 
PCR and Southern blot analysis (Table 1). Recent studies demonstrated that low temperature 
(5°C) could reduce blackheart through upregulated AcGA2ox gene and reduce GA4 levels 
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compared to the higher temperature (20°C) [33]. Also, the Del Monte Foods company intro-
duces a red-fleshed pineapple “Rosé” by overexpression/suppression of some genes related 
to lycopene accumulation [34].

5. Date palm

One most important challenge face to genetical improvement of date palm through gene 
transformation and genome editing methods is difficult to regenerate in vitro due to lack 
of an efficient procedure for raped embryogenic callus induction. However, numerous suc-
cessful protocols have been developed for regeneration of palm dates in in vitro conditions 
[35]. At present, shoot tips and immature inflorescence are mostly used for callus induction; 
however, several months and high levels of auxins (such as 2,4-D with100 mg/L concentra-
tion) are necessary that may induce epigenetic variation. Among the different tissues of 
date palm, the embryogenic callus and somatic embryos had more competencies to gene 
transformation [36]. Fortunately, the first report on date palm gene transformation had been 
done with biolistic method [37]. In this study embryogenic callus and somatic embryos of 
Kabkab cultivar were bombarded with gold particle coated  with plasmid DNA construct 
carrying gus gene in different helium pressures (900, 1100, and 1350 psi) and target distances  
(6, 9, and 12 cm). The results indicated that highest gus expression in embryogenic callus was 
achieved when bombarded with 1100 psi/6 cm (helium pressures/target distance), whereas 
in somatic embryos, it was obtained in 1350 psi/9 cm. Date palm embryogenic callus exhibits 
the highest potential of transient expression (1383 gus blue spot per bombardment); however, 
somatic embryos present very lower potential of transient expression (9 ± 3 gus blue spot per 
bombardment). But they were more competent for attainment stable transformation [36, 38]. 
Unfortunately, the regeneration potential of embryogenic callus was dramatically decreased 
after bombardment due to shock wave. Recently, we introduce an efficient and optimized 
protocol for stable transformation of date palm Estamaran (Sayer) cultivar through biolistic 
transformation method [39]. Also, [40] developed a procedure for delivering the insecticidal 
cholesterol oxidase (ChoA) gene to embryogenic callus of Siwy cultivar through particle bom-
bardment (Table 1). They transferred ChoA gene along with gus marker gene under control 
of 35S promoter and confirmed the insertions by gus assay, ELISA, and PCR.

6. Olive

Gene transformation to olive cultivars is considered as a difficult task due to recalcitrant 
nature of their tissues to regeneration process in vitro condition; however, it stays the most 
promising technique in respect to conventional and unconventional and even some biotech-
nological methods such as protoplast and somaclonal variation techniques. Classical methods 
of the olive breeding are more time-consuming, with very low efficient, due to lengthy seed-
ling juvenile phase, alternation bearing, low fruitfulness, and low seed germinability [41–43].

The same as the other tropical fruit trees, the most of olive gene transformation studies were 
conducted using Agrobacterium-mediated transformation. However, there are few reports on 
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Evaluating the transient expression of a gene can provide valuable information in association 
with various properties of its produced protein, such as subcellular localization and intra−/
intercellular trafficking, stability and degradation, expression levels, and interactions with 
other proteins [8]. In order to initiate a procedure for transient and stable transformation 
of the uidA/nptII genes to embryogenic cell suspension of citrus Tangelo (Citrus reticulata 
Blanco × C. paradisi Macf.) cultivar “Page,” the researchers [26] used biolistic transformation 
method (Table 1).

Also, in other research [24], the uidA/nptII genes to thin epicotyl sections of the Carrizo citrange 
(Citrus sinensis (L.) Osbeck × Poncirus trifoliata (L.) Raf.) and sweet orange (Citrus sinensis (L.) 
Osbeck) cv. Pera were successfully delivered (Table 1). Recently the Carrizo immature epi-
cotyl with another reporter gene gfp and also nptII gene as selectable marker through biolistic 
transformation are transferred [27].

Most reports on citrus gene transformation by biolistic were carried out on the transforma-
tion and expression detection of the selectable and scorable marker genes. However, result 
reported by [8] showed that the bombardment of the young leaves of the Citrus macrophylla 
(C-mac) with pSAT4-cEYFP-C1(B) harboring CPCTV-GFP using Bio-Rad Helios gene-gun 
could have been causing the express of CP in the cytoplasm and nuclei of the epidermal cells.

4. Pineapple

The first report on the using of the biolistic method for gene transformation of pineapple was 
published by [28]. They introduced an efficient system for transformation of protocorm-like 
bodies with gus/nptII genes and then confirmed the gene insertions at one to three loci by 
Southern hybridization. After that, the published results [29–31] indicated that the pineapple 
cv. Phuket to herbicide Basta® X (with glufosinate ammonium as the active component) can be 
resisted by transforming with bar gene using biolistic transformation method. The transgenic 
plants showed herbicide tolerance when they were sprayed with herbicide (with twice the 
routine dose which used in the field) and remained green and healthy after 7 months, whereas 
the non-transformed plants became necrotic and died after 21 days. The stable integration of 
the bar gene in to the genome of the transformed plants was confirmed with PCR, RT-PCR, 
and Southern analyses after 380 days.

One of the physiological disorders which limited the industry of the pineapple in different 
area productions in the world such as Australia is the internal browning or blackheart. This 
disorder causes severe loss when appearing at conditions with day/night temperatures below 
25/20°C with low light during fruit development and also during storage and shipment [32, 
33]. To control the internal browning by the molecular breeding methods, an effort was 
made by [32] in order to obtain a transgene resistant to blackheart through biolistic method. 
The leaf callus of Smooth Cayenne cultivar was bombarded with gold particles coated with 
pART7 plasmid harboring PINPPO1 gene (pineapple polyphenol oxidase gene) which could 
successfully attain resistant plants to blackheart with an efficiency of 0.21–1.5% based on the 
PCR and Southern blot analysis (Table 1). Recent studies demonstrated that low temperature 
(5°C) could reduce blackheart through upregulated AcGA2ox gene and reduce GA4 levels 

Transgenic Crops - Emerging Trends and Future Perspectives106

compared to the higher temperature (20°C) [33]. Also, the Del Monte Foods company intro-
duces a red-fleshed pineapple “Rosé” by overexpression/suppression of some genes related 
to lycopene accumulation [34].

5. Date palm

One most important challenge face to genetical improvement of date palm through gene 
transformation and genome editing methods is difficult to regenerate in vitro due to lack 
of an efficient procedure for raped embryogenic callus induction. However, numerous suc-
cessful protocols have been developed for regeneration of palm dates in in vitro conditions 
[35]. At present, shoot tips and immature inflorescence are mostly used for callus induction; 
however, several months and high levels of auxins (such as 2,4-D with100 mg/L concentra-
tion) are necessary that may induce epigenetic variation. Among the different tissues of 
date palm, the embryogenic callus and somatic embryos had more competencies to gene 
transformation [36]. Fortunately, the first report on date palm gene transformation had been 
done with biolistic method [37]. In this study embryogenic callus and somatic embryos of 
Kabkab cultivar were bombarded with gold particle coated  with plasmid DNA construct 
carrying gus gene in different helium pressures (900, 1100, and 1350 psi) and target distances  
(6, 9, and 12 cm). The results indicated that highest gus expression in embryogenic callus was 
achieved when bombarded with 1100 psi/6 cm (helium pressures/target distance), whereas 
in somatic embryos, it was obtained in 1350 psi/9 cm. Date palm embryogenic callus exhibits 
the highest potential of transient expression (1383 gus blue spot per bombardment); however, 
somatic embryos present very lower potential of transient expression (9 ± 3 gus blue spot per 
bombardment). But they were more competent for attainment stable transformation [36, 38]. 
Unfortunately, the regeneration potential of embryogenic callus was dramatically decreased 
after bombardment due to shock wave. Recently, we introduce an efficient and optimized 
protocol for stable transformation of date palm Estamaran (Sayer) cultivar through biolistic 
transformation method [39]. Also, [40] developed a procedure for delivering the insecticidal 
cholesterol oxidase (ChoA) gene to embryogenic callus of Siwy cultivar through particle bom-
bardment (Table 1). They transferred ChoA gene along with gus marker gene under control 
of 35S promoter and confirmed the insertions by gus assay, ELISA, and PCR.

6. Olive

Gene transformation to olive cultivars is considered as a difficult task due to recalcitrant 
nature of their tissues to regeneration process in vitro condition; however, it stays the most 
promising technique in respect to conventional and unconventional and even some biotech-
nological methods such as protoplast and somaclonal variation techniques. Classical methods 
of the olive breeding are more time-consuming, with very low efficient, due to lengthy seed-
ling juvenile phase, alternation bearing, low fruitfulness, and low seed germinability [41–43].

The same as the other tropical fruit trees, the most of olive gene transformation studies were 
conducted using Agrobacterium-mediated transformation. However, there are few reports on 
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the gene transformation by means of biolistic method in which most of them were down to 
optimization of scorable and selectable marker genes. Successfully transferred gus gene under 
the control of sunflower ubiquitin promoter in to small somatic embryos of Canino olive 
cultivar by biolistic method was reported by [44]. Afterward [45] bombarded the embryogenic 
tissues of Picual cultivar with three different plasmid constructs harboring gus gene under 
control of 35S, 35S with enhancer and sunflower ubiquitin promoters, and found that the 
ubiquitin promoter could significantly enhance the gus gene expression in olive.

More recently, [41] introduced an optimized protocol for transformation of olive cv. Picual 
embryogenic callus with gus gene under the control of sunflower ubiquitin promoter and nptII 
selective gene (Table 1) and achieved 72.7% transformation efficiency for embryogenic calli.

7. Mango

The result of [46] study reported an optimized protocol for transient and stable transformation 
of mango “Carabao” and “Kensington Pride” by biolistic method. They successfully optimized 
different bombardment parameters (Table 1), whereas more than thousand foci were observed 
per each nucellar proembryonic masses bombarded with a μg plasmid DNA. Afterwards [47], 
genetically transformed somatic embryos of the three mango varieties Haden, Madame Francis, 
and Kent with pCAMBIA 3201 construct harboring gus and bar genes by particle bombard-
ment. After 3 months, only 4% embryos of Kent variety survived, while the other varieties did 
not survive. They confirmed integration of gus and bar genes by means of gus assay and PCR.

8. Conclusion

Gene transfer to tropical fruit trees via biolistic method can lower GMO risk. Therefore, it is 
recommended to use this method to gene transformation and particular genome editing via 
CRISPR technique. So plants can be genetically modified with low risk for humans and the 
environment.
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Abstract

The release of GM organisms into the environment and marketing of GM crops have
resulted in public debate in many parts of the world. This debate is likely to continue,
probably in the broader context of plant biotechnology and consequences for human
societies. The general issues under debate include cost–benefit analysis and safety issues,
but might exhibit regional differences and crop-specific nuances. This chapter addresses
an in-depth understanding of events involved in transgene insertion, but also the
unintended effects of transformation following the production of genetically enhanced
plants. In order to dissect this topic, a foundational overview is given on biolistic- and
Agrobacterium-based techniques. Background information of possible transformation-
induced unintended alterations to transgenic plant genomes is reviewed and aspects that
collectively constitute possible unintended transformation - and post-transformation
events are described. This is followed by an overview of molecular techniques to study
gene insertion and – expression with special focus on differential gene expression analysis
techniques to investigate unintended effects of genetic transformation. Historical and
current safety assessment guidelines and requirements are also briefly discussed.

Keywords: intended effects, molecular analysis, transgenic plants, substantial
equivalence, unintended effects

1. Introduction

The modern biotechnology era as applied to crop production was initiated by molecular
marker-assisted selection to select agriculturally important traits [1]. Other developments
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included recombinant DNA technology which helped breeders by providing a diverse gene
pool for trait selection, targeted deletion or insertions of genes into genomes, and site-directed
mutagenesis to modify gene functions [2]. GM crops have been developed over the years for
improvement of desired traits for enhanced agricultural production, as well as to facilitate
reduced use of agricultural pesticides [3]. The technology employed to produce GM crops has
been described as advantageous when compared to conventional plant breeding, since the
desired traits can be obtained in a relatively shorter period of time. In addition, the technology
may enable the introduction of desired characteristics that cannot be accomplished solely
through conventional plant breeding.

In view of the global population increases, factors that have been considered important to cope
with the increasing food demand include the development of crop varieties with improved
nutrition and high yield in different climatic conditions, development of varieties that require
the use of less water and fertilizers, and the production of varieties with enhanced resistance
against abiotic and biotic stresses [4]. Moreover, new varieties should exhibit high storage
quality and appropriate features for processing and market consumption. Specific traits that
have been used to improve crops include herbicide - and insect resistance, salt and drought
tolerance, increased yield, high protein content and vitamin A enrichment.

Pest-resistant and herbicide tolerant varieties were the first products of GM technologies and
they were commercialized in the mid-1990s. In general, farmers have widely accepted GM
technologies and the use of GM crops has expanded rapidly in developing countries [5]. The
expected expiration of patents on earlier varieties of GM crops will serve as an opportunity for
other companies to produce alternative varieties that may compete within the GMO market,
thus challenging existing GM varieties. In addition, it will elicit innovative competition in
terms of traits to be investigated which were previously not considered. It is therefore impor-
tant to ensure that existing and future GM crops and - products created through recombinant
DNA technology are assessed with regards to any potential risk they may have on human,
animal and environmental health.

2. Benefits and limitations of genetically modified crops

One of the highlighted advantages of GM crops, among others, is their ability of these to
enhance food security, particularly to small-scale and resource-poor farmers in developing
countries [6]. Some of the noted benefits include increased crop yield in a relatively shorter
period of time, reduction in the utilization and cost of plant protection chemicals, crops with
enhanced tolerance to environmental stresses, reduction in labor input, and production of
foods that are affordable with enhanced nutritional contents [6]. These benefits have been said
to, overall, improve agricultural production and plant breeding in developing countries.

However, the documented benefits have been countered by shortcomings and concerns. Some
of the issues brought forward include potential toxicity, the assumption that the products may
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contain allergens and the possible development of antibiotic resistance from the utilization of
GM products [7]. Genetically, concerns about GM crops include the possible unintended
transfer of genes from GM to non-GM crops or to their wild type relatives, the evolution of
GM crops into becoming weeds, the direct and indirect impact of GM crops on non-target
species, environmental risks associated with GM crops, and the impact of GM crops on genetic
diversity [8]. Directed at the small-scale and resource-poor farmers, the highlighted concerns
also include hindrances that may result in limited access to seeds created by patents on the GM
crops [9]. Furthermore, contrary to the highlighted benefits of GM crops, crops with enhanced
resistance have been viewed as having a one-sided benefit to commercial farmers that grow
the crops and companies that own the production technologies [8, 10].

3. Transformation techniques used for the production GM crops

Transgenic technology deals with the integration of exogenous DNA into the plant genome
using gene transfer technologies [11]. While newer methods such as nanoparticle-mediated
delivery are in development, two methods are predominantly used for exogenous DNA
transfer into plants; Agrobacterium-mediated transformation and particle bombardment. The
first is an indirect or vector-based transformation method, and utilizes the ability of
Agrobacterium tumefaciens bacteria to copy and transfer a specific portion of DNA (T-DNA)
present on a tumor-inducing (Ti) plasmid into the nucleus of the plant cell. This allows for the
integration of the DNA into chromosomes and subsequently leading to the integration of the
T-DNA into the plant genome. This type of transformation involves three stages [12]. The
initiation stage entails the insertion of the gene of interest into a suitable functional construct.
The construct includes the gene expression promoter, gene of interest, selectable marker as
well as codon modification. The initiation stage then continues to the insertion of the transgene
into the Ti-plasmid. The final step of the initiation stage involves the insertion of the T-DNA,
which contains the transgene, into Agrobacterium. The next stage is the bacterium-to-plant
transfer during which the transformed bacteria are mixed with plant cells to facilitate the
transfer of T-DNA into the plant genome. The final stage is nucleus targeting where the
transgene is randomly integrated into the plant chromosome. Following nucleus targeting,
non-homologous end-joining processes [13] enables the integration of T-DNA into the plant
genome in the absence of any homology between the T-DNA and plant DNA sequences [14].
The possible need for tissue culture steps on selective artificial media associated with
Agrobacterium transformation may lead to somoclonal variations, which in itself may lead to
genetic changes in the host genome.

In contrast, biolistic transformation is commonly used to transform plants that are not suscep-
tible to Agrobacterium transformation [15]. The integration of transgenes into a host plant
genome, following particle bombardment, generally occurs non-randomly at AT-rich regions
carrying nuclear matrix attachment region (MAR) motifs [16]. These elements have been
postulated to be target sites for transgene integration into the host plant genome [16, 17]. Their
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function has been explained as creating open chromatin to make the host plant genome
accessible to transgenes.

Both Agrobacterium and biolistic methodsmay be used for chloroplast/plastid transformation [18],
but is applicable to only a relatively small number of crops. Chloroplast transformation is attractive
because of its maternal inheritance, ensuring is a strong level of biological containment [18].

Newer techniques for genome editing include zinc finger nucleases (ZFNs), TAL effector
nucleases (TALENs), and very importantly, the CRISPR/Cas9 (Clustered Regularly Interspaced
Short Palindromic Repeats/CRISPR associated protein) system. The latter shows much prom-
ise for genetic modification and its versatility to modify the genome contributed to the current
genome editing revolution [19].

Transformation methodology that include viral delivery systems is consistently being improved
and recent advances in nanotechnology may overcome some of the limitations of the conven-
tional methods in regards to species-independent passive delivery of transgenes [20].

4. Integration of transgenes into plant genomes: Aspects of possible
unintended effects in transgenics

Single copy or repeated or multiple insertions of exogenous DNA may occur during genetic
engineering transformation [21]. In addition, multiple insertions can take place into linked or
unlinked sites [22, 23]. Moreover, following transformation, the transgene may be unstable
within the host genome, and the insertion site may also be unstable owing to the transgene
instability [24, 25].

Directed and inverted repeats are some of the complex integration patterns which have been
found to result from Agrobacterium-mediated transformation [26]. Inversion [23] and trans-
locations [27] have been found to be some of the types of chromosomal rearrangements linked
to T-DNA insertion occurring at the insertion site in the plant genome. Vector-based filler DNA
(non-T-DNA sequence from the transformation vector backbone) has also been observed
following the integration of exogenous DNA into the plant genome. Plant-based filler DNA
has been found between T-DNA repeats [25, 28], whereas vector-based filler DNA sequences
were found outside the left and right borders of the T-DNA [29]. The plant-based filler DNA is
regarded as an important facilitator of the integration of T-DNA into plant chromosomes [25].

Agrobacterium-based integration occasionally causes the recurrent integration of T-DNA vec-
tor backbone sequences into the transgenic plant genome [30]. It is possible to have vector
backbone flanking the right border (RB) integrated into the host plant genome following
transgene insertion [31]. This event has been hypothesized to be the result of T-DNA
processing that occurred where, instead of the insertion initiated at from the RB, this initiation
site is skipped and T-DNA insertion occurs from the LB.

Transformation methods directed at the chloroplast has the advantage of minimizing the inser-
tion of unnecessary DNA that may accompany nuclear genome transformation. Furthermore,
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gene insertion into the chloroplast genome is not associated with inadvertent inactivation of a
host gene due to transgene integration and, due to a less compact chromatin structure, does not
exhibit positional effects [18].

5. Distribution of transgene integration sites

Predictions into the fate and integration site of a transgene into the plant genome are not
possible, based on the genome’s nucleotide sequence of the host genome [32]. Several authors
have used various genetic mapping techniques to demonstrate that, in several plants species,
transgenes integrate throughout the entire plant genome without any preference for a specific
chromosome [33]. However, T-DNA containing transgenes have been found to show prefer-
ence toward gene-rich regions [22, 34]. This preference has been found to be responsible for
disruptions to endogenous gene functions.

Several cytological methods have been employed to detect transgene chromosomal location
and structure, and these include genomic in situ hybridization (GISH) and fluorescence in situ
hybridization (FISH) [35, 36]. These methods have assisted some researchers in identifying the
transgene integration site/s at the sub-telomeric and telomeric regions of individual chromo-
somes [37].

In addition to the cytological methods, identification of the transgene insertion site has been
done through direct sequencing of flanking DNA followed by the rescue of clones carrying
transgene/genomic DNA junctions [24, 33, 38]. A high correlation was found between complex
integration patterns and transgenic loci with unstable gene expression [23, 24, 39]. As a result,
it was concluded that the determining factors of the stability of an expressed gene are the site
as well as the structure of the integration site. In addition, it was found that the locus of
transgene integration and the regions surrounding the insertion site are crucial for the stable
expression of a transgene [15, 35].

Studies of transgenic tobacco indicated that chromosome telomeres are preferred by stable
inserts where no binary vector sequence is present [35]. On the other hand, the integration of
transgenes was found to have preference for the distal part of chromosome arms which are
gene-rich regions [34, 40]. This preferred integration was found to be true in monocot species
[37] and petunia [41].

During the integration of a transgene into the plant genome, a disruption may occur within the
DNA and it is important to establish whether the disruption is contrary to an event that may
occur during natural recombination mechanisms. Furthermore, the transgene site of integra-
tion must be clearly analyzed to investigate whether this site is not an active gene-rich region,
thus causing changes to biochemical pathways within the plant. Sequence data of the regions
flanking the transgene following the T-DNA insertion into the tobacco genome revealed the
frequent presence of motifs, and include microsatellite sequences, AT-rich sequences charac-
teristic of matrix-attached regions, retro-elements and tandem repeats [39]. MARs are impor-
tant for the expression of integrated reporter genes, the protection of transgenes from position
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effects, serve as the replication origin, as well as targeting transgene integration into the host
genome [13]. Several authors evaluated the junction regions in transgene loci and found
genomic sequences that contained AT-rich MARs elements [13].

In contrast to the random insertion of the Agrobacterium – and biolistic methods targeted at
the nuclear genome, chloroplast transformation involves homologous recombination with
sequences flanking the insertion site and transgene integration is therefore more specific and
predictable [18].

6. General views on the safety of GM crops

Some consumer concerns brought forward were regarding the safety of GM crops, food and
feed [42]. As a result, the production of GM crops led to increased investigations within
government regulatory boards in terms of research required to determine the safety of these
products [43]. Activists, particularly in Europe, have intensified their opposition to the intro-
duction and production of GM crops, food and feed [44]. To date, no international consensus
has been reached for evaluation of the safety of GM plants for consumption. Over the last
decade, the safety of GM crops has been routinely tested in some countries and protein- and
DNA-based methods have been developed for testing of GM crops. Worldwide, legislation
now faces questions on the use and labeling requirements of GM crops and their derivatives.
However, there are still concerns about the safety of GM crops [9, 45]. Also, GM crops could
contain toxic substances produced as by-products of the expression of the transgene. More-
over, the GM crops might not be substantially equivalent at the genome-, proteome- and
metabolome levels to traditional untransformed counterparts due to possible disruption of
the expression of endogenous genes.

Extensive safety assessments are an important component of the production of GM crops [46].
There are factors that are essential to interrogate to understand the impact of the expression of
the “foreign” transgene on the expression of endogenous genes and on the host plant as a
whole [32, 47].

7. Safety assessment of GM crops, food and feed

The current techniques utilized for the safety assessment of derivatives of genetically modified
crops, particularly food- and feed-based derivatives, evolved from collaborations between
international agencies, which include the United Nations’ World Health Organization (WHO)
and Food and Agricultural Organization [48] and the Organization for Economic Co-
ordination and Development [49]. The techniques entail a comparative assessment between
the characteristics of the modified crop and an existing crop, which is usually the parent crop
from which the genetic modification was developed.

Research conducted by the International Council for Science (ICSU) and the FAO, showed no
evidence of adverse effects of GM crops on the environment as well as no toxicity presented by
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the consumption of foods derived from GM crops [50, 51]. The results further showed that
gene transfer that occurred from GM crops to the wild-type relative was similar to the occur-
rence obtained from traditional crops. Further research conducted on the environmental
impact of GM crops found no evidence of negative effects [52].

Concerns that have been raised in terms of the safety of GM crops, environmental risks,
protection of biodiversity and impact on human and animal health have been investigated
through the Cartagena Protocol on Biosafety (Secretariat of the Convention on Biological
Diversity 2000). This protocol has been used by countries to develop national GMO regulatory
frameworks. Details required for application of the release of GMOs include a description of
the GM plant, the GM trait, as well as the country of origin of the GM plant. Furthermore,
requirements include general information on the release of the GM plant, description of GM-
derived products and uses, and description of field trials undertaken for the GM plant. In
addition, details required for the release of the GM plant include description of the pollen
spreading characteristics of the GM plant, handling of seeds and the vegetative reproduction
methods of the plant. Moreover, information is required on transgenes and their respective
products, which include information such as transgene expression levels, declaration on
whether the expression is constitutive or induced and expression site on the plant. Addition-
ally, information on the potential resistance to environmental or biological conditions, poten-
tial risks to human and animal health, potential long-term impact of the GM plant on biotic
and abiotic components of the environment, and socio-economic impact of the GM plant on
communities in the proposed release region. The release also requires information on how the
GM plant will be monitored, how possible pathogenic and ecologically disruptive impacts will
be evaluated, how unused parts of the GM plant will be disposed of and measures that will be
used for risk management [42].

8. Outcomes of safety assessment, substantial equivalence, intended and
unintended effects

As defined by the European Commission, three possible outcomes exist following safety
assessment studies. Firstly, the modified food can be similar to the traditional food or ingredi-
ent, thus eliminating the need for further testing. Secondly, the modified food can be homolo-
gous to the traditional food, with some distinctly characterized differences, in which case
safety assessments targeted at the differences must be performed. Thirdly, the modified food
can stand apart from the traditional counterpart in numerous and complicated aspects, or no
traditional counterpart is available. In this instance, the modified food will require a compre-
hensive assessment similar to that discussed by König et al. [47]. This may be due to the fact
that the endogenous genes and their functions will possibly be disrupted through the random
integration of the transgene in the plant DNA. These effects of transformation are termed
‘unintended’ or ‘non-target’ effects as they occur secondary to the primary aim of crop
improvement [46].

Prior to studying the possible unintended effects of recombinant DNA techniques, it is important
to understand the definitions of these effects. There are intended effects of genetic engineering
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effects, serve as the replication origin, as well as targeting transgene integration into the host
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evidence of adverse effects of GM crops on the environment as well as no toxicity presented by
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Concerns that have been raised in terms of the safety of GM crops, environmental risks,
protection of biodiversity and impact on human and animal health have been investigated
through the Cartagena Protocol on Biosafety (Secretariat of the Convention on Biological
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and abiotic components of the environment, and socio-economic impact of the GM plant on
communities in the proposed release region. The release also requires information on how the
GM plant will be monitored, how possible pathogenic and ecologically disruptive impacts will
be evaluated, how unused parts of the GM plant will be disposed of and measures that will be
used for risk management [42].

8. Outcomes of safety assessment, substantial equivalence, intended and
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As defined by the European Commission, three possible outcomes exist following safety
assessment studies. Firstly, the modified food can be similar to the traditional food or ingredi-
ent, thus eliminating the need for further testing. Secondly, the modified food can be homolo-
gous to the traditional food, with some distinctly characterized differences, in which case
safety assessments targeted at the differences must be performed. Thirdly, the modified food
can stand apart from the traditional counterpart in numerous and complicated aspects, or no
traditional counterpart is available. In this instance, the modified food will require a compre-
hensive assessment similar to that discussed by König et al. [47]. This may be due to the fact
that the endogenous genes and their functions will possibly be disrupted through the random
integration of the transgene in the plant DNA. These effects of transformation are termed
‘unintended’ or ‘non-target’ effects as they occur secondary to the primary aim of crop
improvement [46].

Prior to studying the possible unintended effects of recombinant DNA techniques, it is important
to understand the definitions of these effects. There are intended effects of genetic engineering
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and these are changes that occur following genetic modifications which are aimed to take place
as a result of the introduction of the transgene and will consequently result in the accomplish-
ment of the original objective of the genetic engineering process [32]. Unintended effects are
those changes that occur following genetic engineering where significant differences are found
in the response, phenotype and composition of the GM plant when compared with the tradi-
tional plant from which it is derived.

Unintended effects have further been divided into ‘predicable’ and ‘unpredictable’ unintended
effects [32]. Predictable unintended effects are changes that exceed the primary expected
effects of the introduction of the transgene, but are, however, applicable through the aid of
the current knowledge of plant biology and metabolic pathways. On the other hand,
unpredictable unintended effects are changes that are currently undefined and not clearly
understood. Methods that can be exploited to determine the presence of unintended outcomes
of transformation include, among others, determining the transgene integration site/s, the
events that occur during the integration of the transgene into the host plant, as well as gene
expression analysis of the transgenic genome compared to the traditional counterpart, thus
showing the impact of transformation on the expression of endogenous genes.

9. The need for molecular characterization of GM crops

Guidelines have been set for the molecular characterization of GM crops prior to market and
commercial release and these were placed in six categories [53]. These categories are (i)
description of the genetic material used for the transformation, including the origin of the
donor organism and how the gene was isolated, (ii) description of the transformation method,
(iii) description of the transgene loci, (iv) transcript and protein characterization, (v) inheri-
tance and stability of the transgene and (vi) detection and identification of the transgene.

The specified requirements under (i) include information on the plasmid used in the produc-
tion of the recombinant, detailing genetic elements such as the orientation and position of
the transgene expression cassette within the vector, the restriction endonuclease sites of the
transformation construct and clearly marked T-DNA borders and promoters. In order to
comply, the number of insertion events of the transgene must also be supplied, as well as
the transgene insertion site(s). Insertion site detection is expected to be presented as the
transgene sequence accompanied by approximately 500 bp of plant DNA in both flanking
regions. Possible novel chimeric open reading frames (ORF) should be described and their
functionality evaluated. If the flanking sequence contains part of the chimeric ORF, it is
expected that more sequencing must be performed beyond the 500 bp radius until a putative
ORF is obtained.

Requirements regarding the expression of the transgene entail, among others, details on the
translation of the transcript to protein, tissue specificity of the transcript and protein expres-
sion, as well as levels of expression. Furthermore, information on the biochemical, molecular
and physiological properties of the transgene product is required as well as the stability of the
protein(s) in the cell and in the surrounding environment.
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It is quite evident that extensive molecular analyses are required for safety assessments, the main
objective being the need to demonstrate that GM crops are equivalent to their traditional coun-
terparts, (i.e. substantial equivalence), and that there are no introductions of any additional or
new risks to consumer health [32]. These assessments are put in place to quantitatively detect or
identify the GM crops, food and feed that are being introduced into the market [54].

10. Molecular comparison of transgenic plants: Genome and
transcriptome approaches

Several molecular marker techniques that have successfully been used for various research
applications, such as cultivar identification, identification of genes for important agricultural
traits and marker-assisted selection, can also be applied toward transgenic crops [55]. Molecu-
lar marker technologies may therefore serve as rapid and cost-effective methods for genome
comparison and as such may be used as an initial screen of recombinant plants.

Simple Sequence Repeats (SSRs), also known as microsatellites, are tandem short oligonucleo-
tide repeat sequences flanked by conserved DNA sequences that can be used to obtain a DNA-
based fingerprint of the plant under investigation and are reliable and efficient [56, 57].
Microsatellites are regarded as advantageous as they are simple to perform, low amounts of
DNA are required, highly reproducible and the ability to detect high levels of polymorphism
[56]. A related marker technique that has been introduced in transgenic crop research is
retrotransposon-based markers. The novelty of this technique stems from its ability to reveal
extensive chromosomal distribution, as well as randomized genome distribution [58, 59].
Random Amplified Polymorphic DNA (RAPD) techniques are suitable for studies focused on
the identification of specific and desired traits and the identification of clonal variants [56],
while mutations, insertions and deletions to specific chromosomes or chromosomal regions
can be studied through the Restriction Fragment Length Polymorphism (RFLP) technique [60].
For the determination of the insertion site of a transgene and filler DNA, gene-walking
methods from known into unknown sequences can be applied [61].

An older technique for gene expression analysis was Northern (mRNA) blotting that only
allowed the analysis of a single gene per study. However, developments have facilitated
analysis of differential gene expression, or transcript profiling, where the expression of a
multitude of genes can be simultaneously analyzed. Differential gene expression has been
divided into two categories, namely closed and open architecture systems [62]. A closed
system is one where the genes of interest are known and the genome from which the genes
are derived has been well characterized [62]. On the other hand, open systems are those that
do not require prior knowledge of the transcriptome, as well as the genome of origin.

Several methods, alone or in combination, might be appropriate for optimal gene expression
profiling in transgenic plants. Some examples include (not exclusively): Serial Analysis of Gene
Expression (SAGE), a gene expression method which allows for quantification and analysis of
genes with unknown sequences [63]. This method employs two processes which entail the
production of short sequence tags (STTs) from cDNA followed by linking and cloning of these
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tance and stability of the transgene and (vi) detection and identification of the transgene.
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tion of the recombinant, detailing genetic elements such as the orientation and position of
the transgene expression cassette within the vector, the restriction endonuclease sites of the
transformation construct and clearly marked T-DNA borders and promoters. In order to
comply, the number of insertion events of the transgene must also be supplied, as well as
the transgene insertion site(s). Insertion site detection is expected to be presented as the
transgene sequence accompanied by approximately 500 bp of plant DNA in both flanking
regions. Possible novel chimeric open reading frames (ORF) should be described and their
functionality evaluated. If the flanking sequence contains part of the chimeric ORF, it is
expected that more sequencing must be performed beyond the 500 bp radius until a putative
ORF is obtained.

Requirements regarding the expression of the transgene entail, among others, details on the
translation of the transcript to protein, tissue specificity of the transcript and protein expres-
sion, as well as levels of expression. Furthermore, information on the biochemical, molecular
and physiological properties of the transgene product is required as well as the stability of the
protein(s) in the cell and in the surrounding environment.
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objective being the need to demonstrate that GM crops are equivalent to their traditional coun-
terparts, (i.e. substantial equivalence), and that there are no introductions of any additional or
new risks to consumer health [32]. These assessments are put in place to quantitatively detect or
identify the GM crops, food and feed that are being introduced into the market [54].

10. Molecular comparison of transgenic plants: Genome and
transcriptome approaches

Several molecular marker techniques that have successfully been used for various research
applications, such as cultivar identification, identification of genes for important agricultural
traits and marker-assisted selection, can also be applied toward transgenic crops [55]. Molecu-
lar marker technologies may therefore serve as rapid and cost-effective methods for genome
comparison and as such may be used as an initial screen of recombinant plants.

Simple Sequence Repeats (SSRs), also known as microsatellites, are tandem short oligonucleo-
tide repeat sequences flanked by conserved DNA sequences that can be used to obtain a DNA-
based fingerprint of the plant under investigation and are reliable and efficient [56, 57].
Microsatellites are regarded as advantageous as they are simple to perform, low amounts of
DNA are required, highly reproducible and the ability to detect high levels of polymorphism
[56]. A related marker technique that has been introduced in transgenic crop research is
retrotransposon-based markers. The novelty of this technique stems from its ability to reveal
extensive chromosomal distribution, as well as randomized genome distribution [58, 59].
Random Amplified Polymorphic DNA (RAPD) techniques are suitable for studies focused on
the identification of specific and desired traits and the identification of clonal variants [56],
while mutations, insertions and deletions to specific chromosomes or chromosomal regions
can be studied through the Restriction Fragment Length Polymorphism (RFLP) technique [60].
For the determination of the insertion site of a transgene and filler DNA, gene-walking
methods from known into unknown sequences can be applied [61].

An older technique for gene expression analysis was Northern (mRNA) blotting that only
allowed the analysis of a single gene per study. However, developments have facilitated
analysis of differential gene expression, or transcript profiling, where the expression of a
multitude of genes can be simultaneously analyzed. Differential gene expression has been
divided into two categories, namely closed and open architecture systems [62]. A closed
system is one where the genes of interest are known and the genome from which the genes
are derived has been well characterized [62]. On the other hand, open systems are those that
do not require prior knowledge of the transcriptome, as well as the genome of origin.

Several methods, alone or in combination, might be appropriate for optimal gene expression
profiling in transgenic plants. Some examples include (not exclusively): Serial Analysis of Gene
Expression (SAGE), a gene expression method which allows for quantification and analysis of
genes with unknown sequences [63]. This method employs two processes which entail the
production of short sequence tags (STTs) from cDNA followed by linking and cloning of these
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tags for sequencing. LongSAGE enables transcriptome analysis of increased lengths which in
turn improves the accuracy of annotating genes [64].

Microarrays provide a global view of gene expression and are found in two forms; DNA-
fragment-based and oligonucleotide-based microarrays [65] with the source of array frag-
ments being either anonymous genomic clones, EST clones or ORF amplified DNA fragments.
The advantage of this technique is that a range of both weak and strong signals can be
monitored on the same microarray, enabling the simultaneous analysis of a large number of
genes. In addition, the technique allows for a pair-wise comparison of samples [66]. However,
a major disadvantage of this technique is that an accurate sequence database must be available
to facilitate the construction of the microarrays, as well as a large amount of mRNA as starting
material to perform the gene expression analysis [65].

With the advent of next-generation sequencing, RNA sequencing (RNASeq or whole
transcriptome shotgun sequencing), was developed. RNA-Seq is used to analyze changes in
the different RNA species comprising the cellular transcriptome and can inform on the pres-
ence and quantity of RNAs in plant samples [67]. Specifically, RNA-Seq facilitates the ability to
look at genetic alterations, mutations and changes in gene expression, or differences in gene
expression in different groups or treatments such as transgenic – vs. conventional plants.

However, all of the above techniques require substantial amount of sequence information of
the genome under investigation. Moreover, availability of funding is another factor for consid-
eration. As a result, alternative gene expression techniques can also be investigated for suit-
ability of intended use [61]. These include mRNA Differential Display (DD), Representational
Difference Analysis (RDA), Amplified Fragment Length Polymorphism (AFLP) and quantita-
tive reverse transcriptase real time PCR (qRT-PCR).

Differential gene expression analysis was first performed using mRNA Differential Display
(DD) [68]. During DD, cDNA is synthesized from mRNA of each sample of interest, followed
by amplification using a combination of anchored oligo-dT and random oligonucleotides. The
obtained differentially amplified fragments each represent a transcript or an expressed
sequence tag (EST). The advantage of this technique is that it requires a small amount of
bioinformatics application during data analysis. Improvements of the technique generated
the second generation annealing control primer (ACP)-differential display RT-PCR [69]. Under
optimal conditions of use, mRNA DD is a relatively inexpensive but powerful tool, used to
identify and isolate differentially expressed transcripts, as well as for comparative studies
between several mRNA populations [70].

Subtractive hybridization of mRNA is another method that has been employed to differen-
tially identify mRNAs associated with a cell- or tissue type or cellular responses [71]. A
reduction in the number of genes in need of analysis in a comparative transgenic study is an
important advantage [72]. Another advantage of the technique is its ability to reveal lower
abundance transcripts [73], but the technique is also time consuming and labor intensive.

Representational Difference Analysis (RDA) is a subtractive DNA enrichment technique
designed to identify differences between two genomes without quantifying expression levels
[74]. The technique was later modified by using cDNA as template to facilitate the detection of
rare transcripts. cDNA-RDA utilizes subtractive DNA enrichment in association with PCR
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amplification, where two cDNA populations are hybridized to analyze genes that are differ-
entially expressed under set and differing conditions [61]. The obtained difference products are
sequenced and analyzed to determine the difference in gene expression levels between the two
genomes. A noted disadvantage of this technique is the high levels of labor it requires.

Amplified Fragment Length Polymorphism (AFLP) is a PCR-based technique that has been
widely used for its advantages since it utilizes PCR analysis on a small amount of DNA for the
identification of various polymorphisms [61]. Several applications have been reported for
AFLPs and these include identification of the relatedness of cultivars [56] and the relatedness
between transgenic offspring and parental plants [61]. Moreover, the use of mRNA expression
analysis through cDNA-AFLPs allows for the evaluation of a large pool of genes differentially
expressed between the transgenic and the traditional counterpart. Since it affords the
researcher the ability to target coding regions, it facilitates gene expression analysis that leads
to the identification of genes involved in different biological processes [61, 75].

Once candidate genes have been identified, qRT-PCR is generally used for quantitative gene
expression analysis [76]. This sensitive, highly specific and broad range technique offers
researchers the ability to investigate rare transcripts, as well as to analyze multigene families.
qRT-PCR is also the technique of choice to measure and quantify expression levels of the
inserted transgene(s). However, researchers can only benefit from the effectiveness of this
technique if proper internal controls are included. These controls, also known as reference
genes, normalize the expression analysis, since they are consistently expressed in tissues of
interest under varying experimental treatments [77].

11. Conclusion

Due to the non-selective nature of traditional methods of genetic modification, the possibility
exists that endogenous genes and their functions will be disrupted through the random
integration of the transgene into the plant genome. This phenomenon is linked to unintended
effects of genetic modification. Gene expression analysis is thus a crucial part of investigations
into the effect of transgene insertion on endogenous gene expression. An understanding of the
dynamics of the various available techniques is thus important in selecting the most appropri-
ate technique(s) for the realization of the set objectives. Each method described above has its
advantages and limitations. Furthermore, the choice of technique would depend on whether
prior knowledge of the host genome is available or not. Using more than one technique in
complement would ensure optimum results for investigating comparative / differential gene
expression analysis in transgenic crops.
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ments being either anonymous genomic clones, EST clones or ORF amplified DNA fragments.
The advantage of this technique is that a range of both weak and strong signals can be
monitored on the same microarray, enabling the simultaneous analysis of a large number of
genes. In addition, the technique allows for a pair-wise comparison of samples [66]. However,
a major disadvantage of this technique is that an accurate sequence database must be available
to facilitate the construction of the microarrays, as well as a large amount of mRNA as starting
material to perform the gene expression analysis [65].
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important advantage [72]. Another advantage of the technique is its ability to reveal lower
abundance transcripts [73], but the technique is also time consuming and labor intensive.

Representational Difference Analysis (RDA) is a subtractive DNA enrichment technique
designed to identify differences between two genomes without quantifying expression levels
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exists that endogenous genes and their functions will be disrupted through the random
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into the effect of transgene insertion on endogenous gene expression. An understanding of the
dynamics of the various available techniques is thus important in selecting the most appropri-
ate technique(s) for the realization of the set objectives. Each method described above has its
advantages and limitations. Furthermore, the choice of technique would depend on whether
prior knowledge of the host genome is available or not. Using more than one technique in
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