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Preface

As the global debate and controversy continue to rage around genetically modified 
crops (GM crops), and various reasons are proffered for public concerns about 
these crops, the science is stepping up to the plate to help address some of these 
concerns. The book contains nine chapters that speak to the development and utility 
of these crops. In particular, it discusses the root and tuber crops, cassava (Manihot 
esculenta Crantz), sweet potato (Ipomoer batatas), and yams (Dioscorea spp.), as well 
as ginger and oilseed crops including Jatropha.  The book also discusses in detail 
the use of plants to develop pharmaceuticals. Moreover, it examines the biosafety 
regulation of these crops, including regulatory frameworks form Australia and 
India, and differences in perceptions between the West and the rest of the world to  
strategies for removing selectable marker genes. 

Chapter 1 outlines the biology of candidate oilseed crops and the genetic modifica-
tion and genome editing approaches used for overall improvement of oils and their 
profiles. Furthermore, these approaches are geared towards addressing the ever-
growing demand for oil-based products in human diets as well as health, pharmaceu-
tical, and other industrial applications. The improved yields and healthier profiles 
also help address this growing demand without necessarily increasing the area/land 
under cultivation. This is a welcome development given that globally the amount 
of arable land is decreasing, while the demand to feed an ever-growing population 
is increasing. This demand also speaks to newer ways of farming with less water 
used per unit area. The chapter also refers to the utility of Jatropha as a resource for 
biofuels. Its diverse attributes make it an attractive crop for genetic improvement and 
industrial application as well. The range and choice of oilseed crops discussed in this 
chapter are representative of the desired product range and various applications. 

Chapter 2  speaks on the latest developments in molecular breeding and gene 
manipulation for the three species of cassava (Manihot esculenta Crantz), sweet potato 
(Ipomoer batatas), and yams (Dioscorea spp.). The authors also delve into the future 
prospects of increasing efficiencies and broadening the repertoire of new and existing 
selectable marker genes. The chapter also covers the applications and potential benefits 
of genetic modification in breeding selected outcrossing root and tuber crops, thus cir-
cumventing the challenges faced by breeders using conventional breeding approaches. 

Chapter 3 deals with the development of recombinant proteins in plants. This is a 
rapidly growing area recognized for its product safety, cost-effectiveness, scalabil-
ity, diversity, and numerous ways to rapidly produce recombinant proteins. Plant 
systems have significant advantages and out-compete both animal and yeast recom-
binant protein production systems. They are amenable to large-scale production of 
biomolecules such as antibodies and therapeutic proteins. Molecular pharming with 
transgenic plant systems has added advantages over other production systems that 
are fraught with contamination challenges. These systems are equally adept at post-
translational modifications such as glycosylation, and the product can be stored in 
user-friendly forms such as seeds and leaves, among other forms of tissue.

Chapter 4 is on generating cisgenic plants using original or sequences from related 
species to generate marker-free plants, which is fast becoming a reality. The chapter 
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also provides a rich background to the four mechanisms that govern site-specific 
recombination, the in vitro assays that are used for each, and the advantages and 
disadvantages of each approach. This chapter also serves as a quick reference guide 
for teachers, regulators, skeptics, and students alike. Whether these plants escape 
the rigorous regulatory assessment used on GM crops or whether they are also going 
to be subjected to stiff regulation remains to be seen. As more and more examples 
and case-by-case examples are generated, perhaps that dawn is nearer than cur-
rently envisaged. All sides continue to watch this space with bated breath. 

Chapter 5 is an exhaustive treatise on the topic of ginger, discussing breeding and 
genetics, crop selection, propagation, marketing, challenges, opportunities, and 
future prospects. Being fully aware of the criteria for breeding and crop selection 
as an initial step to rendering ginger amenable to genetic manipulation is a great 
achievement. This is a comprehensive reference guide for teachers, researchers, stu-
dents of ginger, farmers, and traders alike, which makes it a tremendous resource. 

Chapter 6 presents case studies of biotechnology applications and progress made 
in six countries in Sub-Saharan Africa including Burkina Faso, Ethiopia, Kenya, 
Malawi, Nigeria, Sudan, and Uganda to address biotic, abiotic constraints, and 
malnutrition that smallholder farmers face every day on the continent. The case 
examples are long-term studies of more than twenty years.

Chapter 7 is on the proposed revision of the national gene technology scheme 
(NGTS) for Australia, which includes the regulation of gene editing (GE) technolo-
gies. The chapter comes with a recommendation that an education campaign should 
be launched to ensure wider distribution and understanding by the general public, 
including school children.  Indeed, this call goes beyond the borders of Australia as 
other countries could learn from the Australian example and benefit from the les-
sons learned and key issues that must be considered when dealing with such matters.

Chapter 8 deals with the GM regulatory framework for India, including the devel-
opment, use, import, and export (transboundary movement) of such crops. The 
chapter outlines how the parent ministry, the Ministry of Environment & Forests, 
is involved in capacity building and supervision of the various committees under its 
purview, highlighting fruitful areas of engagement for other countries to glean from.

The final Chapter 9 deals with unpacking the trajectory of the controversy between 
perceptions held by people in the West and the rest of the world and the consequent 
knock-on effect it has on continents like Africa and the rest of the world.  Some of 
these perceptions arise from myths so rife that politicians, decision makers, and 
indeed citizens from these countries embrace them as fact.  The author provides an 
in-depth analysis of why these myths are taken as fact and concludes by highlighting 
the fact that these mistakes must be taken as lessons learnt in order to engage more 
fruitfully as countries begin to address newer technologies such as genome editing.

Idah Sithole Niang
Department of Biotechnology and Biochemistry,

University of Zimbabwe,
Harare, Zimbabwe
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Chapter 1

Genetic Engineering for Oil 
Modification
Muthulakshmi Chellamuthu, Kokiladevi Eswaran  
and Selvi Subramanian

Abstract

Genetic manipulation is a strong tool for modifying crops to produce a considerably 
wider range of valuable products which gratifies human health benefits and industrial 
needs. Oilseed crops can be modified both for improving the existing lipid products 
and engineering novel lipid products. Global demand for vegetable oils is rising as a 
result of rising per capita consumption of oil in our dietary habits and its use in biofu-
els. There are numerous potential markets for renewable, carbon-neutral, ‘eco-friendly’ 
oil-based compounds produced by crops as substitutes for non-renewable petroleum 
products. Existing oil crops, on the other hand, have limited fatty acid compositions, 
making them unsuitable for use as industrial feedstocks. As a result, increasing oil 
output is necessary to fulfill rising demand. Increasing the oil content of oilseed crops 
is one way to increase oil yield without expanding the area under cultivation. Besides, 
the pharmaceutical and nutraceutical values of oilseed crops are being improved by 
genetic engineering techniques. This chapter addresses the current state of the art 
gene manipulation strategies followed in oilseed crops for oil modification to fulfill the 
growing human needs.

Keywords: oil quality, yield, essential fatty acids

1. Introduction

During India’s green revolution in the mid-twentieth century, the use of 
agrochemicals and high-yielding crop types established through traditional 
plant breeding procedures resulted in a major increase in crop productivity [1]. 
Conventional plant breeding can no longer meet the ever-increasing global food 
demand. Food insecurity and malnutrition are two of the most major threats to 
human health today, claiming the lives of millions of people in poor countries. 
To stay healthy, we need to eat a range of meals that contain all of the needed 
nutrients, as well as those that provide health advantages beyond basic nutrition 
[2]. It is now way to encourage sustainable farming approaches for increasing crop 
output while preserving all natural resource to the greatest extent possible [3]. 
Agricultural biotechnology is proven to be a valuable addition to traditional ways 
for addressing the global need for high-quality food. We now have access to large 
gene pools that may be utilized to confer desirable characteristics in economi-
cally significant crops thanks to modern plant biotechnology technologies. Crop 
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varieties that are genetically modified (GM) can help us satisfy the demand for 
high-yielding, nutritionally balanced, biotic and abiotic stress tolerant crops [4]. 
Oilseed crop adoption has increased significantly in recent decades as a result of 
high demand for human consumption and industry interest. The composition of 
the seed oils, which are composed of a broad group of fatty acids with six predomi-
nant types and other unusual fatty acids produced by wild plant species with chain 
lengths ranging from 8 to 24 carbons, such as 16 or 18 carbon palmitic, stearic, 
oleic, linoleic, and linolenic acids, and 12 carbon lauric acid. In this study, a review 
of the major advances in genetic improvement of oilseed crops is provided, begin-
ning with omics to understand metabolic routes and identify key genes in seed oil 
production and progression to use modern biotechnology. Genetic engineering is a 
new breeding technique (NBT) that has enabled the functional study of genes with 
potential applications. The important advancements in plant genetic improvement 
using current biotechnology, with an emphasis on oilseed crops such as Sesamum 
indicum, Arachis hypogaea, Carthamus tinctorius and Jatropha curcas are discussed in 
the following sections.

2. Genetic modified crops vs conventional breeding

In several countries, GM crops created by adding genes for greater agronomic 
performance and/or enhanced nutrition are commercially grown. The source of 
the DNA utilized to develop the GM crop has a significant impact on the rigor of 
the food safety assessment. If the DNA comes from an edible plant, the regulatory 
process prior to commercialization will be streamlined, and customer acceptance 
will improve [5]. Crops that have been traditionally bred and those that have been 
genetically modified through various methods of gene transfer technologies are 
the results of genetic changes. Both conventional breeding and GM technologies 
have the potential to alter an organism’s genetic makeup in terms of DNA sequences 
and gene order. However, compared to traditional breeding, where thousands of 
uncharacterized genes of an organism may be involved, the quantity of genetic 
modifications brought about by GM technology is limited and clearly documented. 
Furthermore, GM crops are the result of very specific and targeted gene modifica-
tions, with well-defined end products like as proteins, metabolites, and pheno-
types [6].

3. Sesamum indicum

The genus of Sesamum belongs to the clade eudicots; order Lamiales and 
Pedaliaceae family and broadly grown species around the world [7]. The genus 
Sesamum contains 36 species including 22 species from African continent, seven 
is found commonly in Asia and Africa, five in Asia and one species in Brazil and 
Greek island. Most of the wild species of Sesamum originated in the African conti-
nent however the crop has been domesticated from its wild relative species  
S. malabaricum native to south Asia [8]. Sesame harbors a vast range of diversity 
and adaptation to various environments and it was recorded with long-term natural 
and artificial selections [9]. The percentage content of other fatty acids like oleic 
acid, linoleic acid, palmitic acid, erudic acid are 36%, 30%, 9%, 0.8% respectively. 
These are the major fatty acids present in sesame. Linolenic acid (omega 3 fatty 
acid) content is in very trace amounts in sesame seeds. The percentage content of 
poly unsaturated fatty acids ranges from 30.9 to 52.5%, it shows very large variation 
in their germplasm (Figure 1) [10].
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4. Nutritional value of sesame

Sesame not only contains protein, carbohydrates, poly unsaturated fatty acids, 
it also contains the lignans, phytosterols, phytates and tocopherols. They keep on 
maintaining the oil quality level in long shelf life time by preventing the oxidative 
rancidity [11]. The combination of these compounds is mainly responsible for the 
good oxidative stability of the sesame seed oil [12]. The antioxidant property of the 
oil aids in preventing the degenerative diseases like cancer, cardiovascular disease, 
atherosclerosis and the process of aging [13].

The major desmethylsterols present in sesame seed oil are β-sitosterol, campas-
terol, stigma sterol, Δ-5 and avenasterol [14]. Sesame oil also contain some enzymes 
such as Protex 7 L, Alcalase 2.4 L, Viscozyme L, Natuzyme and kemzyme. Among 
those enzymes Alcalase is found in large amounts in sesame [15]. These enzymes 
are mainly used for aqueous oil extraction process which is an alternative for solvent 
extraction. An Enzyme-assisted aqueous extraction (EAAE) process which is used 
to recover the high-quality protein for human consumption [16].

5. Sesame breeding

Plant breeding allows the successful management of existing genetic diversity 
as well as the development of new ones in order to achieve desired traits. There 

Figure 1. 
Future directions and strategies for enhancing sesame oil yield and improvement.
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is different type of breeding approaches which is employed for genetic improve-
ment of sesame varying from plant selection, hybrid development and molecular 
breeding. In conventional breeding the choice of parental lines and development 
of sesame types with desired characters is attained through pedigree selection 
from segregating generations [17]. Plant selection is vital for increasing seed 
yield and development of novel sesame varieties [18]. Several phenotypic traits 
are useful for determining selection criteria such as number of capsules, branch-
ing, biomass, harvest index which reveals positive correlation with sesame seed 
yield [19]. Hybridization is one of the frequently used techniques in conventional 
breeding technique. Combination of desired traits with different plant lines can be 
achieved through cross-pollination. Cytoplasmic male sterility lines in sesame were 
developed by hybridizing S. indicum with its wild relative S. malabaricum. Many 
hybrids exhibited high heterosis for oil content, seed yield and number of capsules 
per plant [20]. Mutation breeding involves induction of new genetic variability 
through spontaneous or artificial mutagens either chemical or physical. Sesame 
mutants have been developed for desirable traits for quality, seed color, higher yield, 
plant architecture and larger seed size [21]. The gamma ray induced mutants were 
developed with improved plant growth having determinate growth habit, resistance 
to Fusarium blight, improved oil quality with higher oleic acid and low linoleic acid 
content [22].

6. Genetic improvement of sesame

Sesame breeding uses a variety of novel ways, including genetic engineering, 
to overcome the disadvantages of traditional breeding. Sesame’s resistance to 
current biotechnology makes it difficult to use. Furthermore, various researchers 
have tried a variety of ways and media to create callus tissue [23]. Cotyledons, 
root, hypocotyl segments and sub apical hypocotyl of seedlings were all success-
ful in somatic embryogenesis [24]. In addition, the efficient micro propagation 
mechanism for sesame conservation and multiplication has been upgraded. This 
is useful for genetic transformation, reproductive growth, and other tissue cul-
ture research. The genetic transformation of sesame by Agrobacterium has been 
reported, however the transformation frequency is low. High-frequency sesame 
transformation techniques recently yielded high regeneration and transformation 
frequency of 57.33% and 42.66%, respectively, for sesame [25–28]. Current crop 
breeding approaches will not be sufficient to meet the ever-increasing population’s 
demands for food security and nutrition. To speed agricultural genetic improve-
ment, 5G breeding tactics such as genome assembly, germplasm characterization, 
gene function identification, genomic breeding methodologies, and gene editing 
technologies have been proposed [29]. Genomic tools and methodologies for 
phenotype discovery and molecular breeding are provided by genome assembly. 
A gene expression, proteome, metabolome, and epigenome maps are essential. 
Researchers from the Chinese Academy of Agricultural Science’s Oil Crops Research 
Institute and other institutions have successfully created a high-quality sesame 
genome. Two landraces (S. indicum cv. Baizhima and Mishuozhima) and three 
modern cultivars (S. indicum var. Zhongzhi 13, Yuzhi 11, and Swetha) have genome 
assembly presently available, providing a significant tool for comparative genomic 
analysis and gene identification [30]. In seeds of Nicotiana tabacum, expression of 
sesame plastidial FAD7 desaturase modified with endoplasmic reticulum targeting 
and retention signals increases a-linolenic acid accumulation. The expression of 
the modified sesame ω-3 desaturase raises the a-linolenic acid concentration in the 
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seeds of transgenic tobacco plants by 4.78–6.77%, while lowering the linoleic acid 
level. The findings suggested that the engineered plastidial ω-3 desaturase from 
sesame has the potential to influence the profile of a-linolenic acid in tobacco plants 
by shifting the carbon flux away from linoleic acid, and thus it could be used in a 
genetic engineering strategy to increase a-linolenic acid levels [31]. Increases in oil 
content and seed weight were seen when sesame DGAT1 was overexpressed in many 
lines of Arabidopsis thaliana ‘Col 0’ [32]. Through a genetic engineering technique, 
the Fusarium moniliforme 12/15 bifunctional desaturase gene was used to increase 
the omega 3 fatty acid content of sesame (Unpublished data). Yeast is a great model 
for studying lipid production. The oil accumulation and functional characterization 
of the sesame DGAT and PDAT genes were studied using a yeast H1246 oil synthesis 
defective mutant [33]. In order to improve the oil quality, another study examined 
the co-expression of DGAT1 and PDAT1 genes with omega 3 desaturase genes in a 
yeast expression system (Unpublished data). Sesame transformation research using 
Agrobacterium to assess the biodiesel potential of transgenic sesame plants showed 
an increased TAG content by 10% when PDAT1 and FAD3 were combined in a 
transgenic construct [34].

7.  CRISPR/Cas system for oil production and quality improvement  
in sesame

Although some of the candidates for oil characteristics are extremely suggestive, 
they are still suspected causal genes. The creation of several biparental popula-
tions from well-designed crosses will increase mapping resolution, allow epistatic 
interactions to be identified, and allow the development of new germplasm with 
improved phenotypic performance. To validate the impacts of these candidate genes 
and their functional variations for the connections underpinning oil characteristics, 
functional genomics approaches such as genetic transformation and genome-
editing technologies using the CRISPR/Cas system are needed. Sesame genes for oil 
production and quality are likely to play major roles in other closely related oilseed 
species (for example, sunflower), allowing researchers to search for genes with 
similar functions. This work in sesame may provide unique knowledge and guiding 
examples for continuing genetic investigations for oilseed crops with more compli-
cated genomes [35].

8. Arachis hypogaea

Groundnut (A. hypogaea), often known as peanut, is a major oil, food, and feed 
legume crop farmed in more than a hundred nations. Groundnut is prized for its 
high calories content, which comes from oil (48–50%) and protein (25–28%) in 
the kernels. From 100 g of kernels, they supply 564 kcal of energy. Furthermore, 
groundnut kernels are high in mono-unsaturated fatty acids and contain several 
health-promoting substances such as minerals, antioxidants, and vitamins. They 
include antioxidants such as p-coumaric acid and resveratrol, as well as Vitamin 
E and a variety of B-complex vitamins and minerals such as thiamin, pantothenic 
acid, vitamin B-6, folates, and niacin. Groundnut is a good source of bioactive 
polyphenols, flavonoids, and isoflavones in the diet. Groundnut and groundnut-
based products can be promoted as nutritional foods to combat energy, protein, 
and micronutrient deficiency among the poor due to their high nutritional 
value [36].
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9. Genetic manipulation in peanut

Genetic transformation can make it easier to introduce possible candidate genes 
into plants for controlling a variety of crop-improvement features. Transformation 
technology paved the way for key genes to be transferred into the peanut genome 
for improved resistance to fungal, viral, and other pests, drought, and salinity, as 
well as the silencing of undesired genes and improved nutrient uptake. Transgenic 
peanuts with the human Bcl-xL gene expressed in their genome demonstrated high 
tolerance to oxidative and salt stresses [37]. By compartmentalizing Na+ ions in the 
vacuoles, overexpression of the AtNHX1 gene in peanut (a vacuolar Na+/H+ anti-
portar) increased resistance to extreme salinity and water deprivation [38]. Under 
field settings, PDH45, a pea DNA helicase similar to eiF4A, displayed abiotic stress 
tolerance and increased peanut productivity at T3 generation [39]. In another study, 
transgenic peanuts expressing the AtNAC2 and MuNAC4 (NAM, ATAF, and CUC) 
transcription factors conferred drought, moisture stress, and salinity tolerance, as 
well as increased crop output [40, 41]. The list of genetically modified traits were 
shown in Table 1.

Trait Evaluation Reference

Abiotic stress tolerance

Empirical approach for drought tolerance [39]

Transpiration efficiency [40]

SPAD chlorophyll meter reading (SCMR), specific leaf area 
(SLA), carbon isotope discrimination [and thus water-use 
efficiency (WUE)]

[41, 42]

High temperature [43, 44]

Salinity [45, 46]

Aluminum toxicity [47, 48]

Biotic and abiotic stress [34]

Photosynthetic rate, stomata conductance and higher 
transpiration rate under limited water conditions

[49]

Resistant to higher salt and water [35]

Drought stress tolerance [50–52]

Salt and oxidative stress [53]

Improved water/drought stress tolerance [37]

Drought and salinity tolerance [38]

Water deficit stress [54]

Nitrogen fixation tolerant to soil drying [55]

Fungal resistant varieties

Resistance against C. personata [56]

Resistance against the late leaf spot disease [57]

Resistance against three fungal pathogens [58]

Late leaf spot disease [59]

Resistance towards C. arachidicola and A. flavus [60]

Virus resistant varieties

Resistance to TSV infection [61]
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10. Genome editing in peanut

The CRISPR/Cas9 system is based on the prokaryotic type II CRISPR system, 
which was derived from a gene editing mechanism in bacteria. It’s a relatively new 
technique that allows researchers to change the DNA of an organism for the sake 
of research. Breeders can use this technique to add, remove, or modify genetic 
materials at a precise point in the genome. In comparison to ZFNs and TALENs, the 
CRISPR/Cas9 system stands out for its ease of use, efficiency, and low cost, as well 
as its capacity to target multiple genes [77]. Gene-editing technology has a lot of 
potential for improving peanut oleic acid. The first gene editing in the model plants 
Arabidopsis thaliana and Nicotiana benthamina using CRISPR/Cas9 was reported 
in 2013 [71, 78]. Since then, it has been widely used in many plant species for gene 
function research, and its current widespread use in crop breeding shows promise 
for future breeding programmes. The limited specificity of sgRNA in CRISPR/Cas9 
may result in off-target DNA sequences. An unanticipated or undesirable mutation 
will occur in the organism’s genome as a result of this consequence. Despite the 
fact that cas9 nickase was developed to decrease the off-target effect, improvement 
is still required [79]. The use of gene editing techniques makes the creation of 
double-strand breaks in chromosomes much faster than using conventional breed-
ing techniques. Double stranded breaks (DSBs) can be utilized to deliver targeted 
disease resistance and genome alterations to improve agronomic parameters such as 

Trait Evaluation Reference

Resistance to PBNV [62]

Resistance to PStV [63]

Resistance to TSWV [64]

Insect/pest resistance varieties

Resistance against S. litura [65]

Insecticidal activity against H. parallela [66]

S.minor resistance [67, 68]

S. litura resistance [69]

Resistance against lepidopteron insect larvae of lesser crosstalk 
borer

[70]

Tomato spotted wilt virus (TSWV) [71]

Vaccine producing varieties

Edible vaccine against Helicobacter pylori [72]

Blue tongue outer coat protein that comprises the neutralizing the 
epitopes

[73]

Allergen silencing varieties

Produced hypo allergenic peanut by silencing Arah 2 and Arah 6 
genes

[34]

Alleviated peanut allergy [74]

Genome editing technology

CRISPR/Cas9 mutagenesis of FAD2 genes [75]

TALEN mutagenesis of fatty acid desaturase 2 [76]

Table 1. 
List of genetically modified peanut traits.
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yield and nutritional content by harnessing the natural cellular DNA repair process 
[80, 81]. To characterize the functions of peanut AhNFR1 and AhNFR5 genes in the 
nodulation symbiosis, researchers used hairy root-mediated CRISPR knockout. The 
findings not only confirmed that using CRISPR/Cas9 in combination with a hairy 
root transformation system is a quick way to characterize gene functions in roots, 
but they also improved our understanding of the role of the NFR genes in peanut 
nodulation [82].

11. Carthamus tinctorius

Safflower (C. tinctorius) is a versatile crop that can be grown in the tropics and 
subtropics in semi-arid climates [83]. Safflower seed cakes provide a high protein 
source, feed for animals and birds, and traditional medicine. Safflower oil is rich 
in oleic as well as linoleic acid [84]. In addition to these traditional applications, 
safflower is increasingly being used to synthesize transgenic goods, including 
pharmaceutical ginseng, human insulin, and apolipoprotein [85]. Safflower has 
evolved into a platform for industrial food production due to its low outcrossing rate 
and weediness, distinctive appearance from other oilseed crops, and excellent agro-
nomic characteristics, such as the taproot architecture that allows it to access subsoil 
water reserves [86]. It has been commercially successful to genetically modify 
safflower, but there is no detailed description of how to generate and analyze trans-
genic T1 plants in the public domain. The lack of reliable regeneration of transgenic 
T1 progeny in safflower has enormous implications for this economically-important 
plant’s capacity to be used as a high yielding industrial crop. Safflower is undoubt-
edly a challenging crop to genetically engineer, and there is substantial literature 
that describes limitations of tissue culture techniques for safflower [87, 88].

12. Crop improvement of safflower

Although safflowers produce some of the healthiest oils for human consump-
tion, their agronomical features of drought resistance and arid region adaptation 
prevent them from becoming a major crop. The lack of oil and yield is due to 
its low oil content and susceptibility to diseases and insect pests as compared to 
other oilseed crops like canola and cotton. Plant breeding has produced a range of 
cultivars that have different fatty acid profile oils, quantities, and quality, with the 
primary use being edible and industrial oils, along with a minor use as bird seed. 
This comprises specialized oils with high -linoleic acid (gamma-linoleic acid, GLA) 
and higher tocopherol content, which are thought to offer health benefits. Safflower 
oil offers potential in the biofuel industry as well as foundation for pharmaceutical 
manufacture in GM safflower seed [85, 89–91]. Current Australian varieties contain 
up to 42% oil whereas in United States have developed cultivars with oil content 
levels ranging from 45 to 55% [92]. In India, the most prevalent breeding approach 
for safflower cultivar production is choice from indigenous varieties, and multiple 
germplasm lines with required qualities have been created. Through selection and/
or hybridization with local lines, this material can then be used for breeding in 
other countries. Safflower cultivars were produced in the twentieth century in the 
United States, Canada, and Argentina, using material imported from India, Russia, 
and Turkey [93]. The most complicated variables in safflower are seed yield and 
oil content, and selection for these traits is impeded by substantial genetic-envi-
ronmental interactions. For the production of hybrid safflower plants, dominant 
and recessive genetic male sterility (GMS), cytoplasmic male sterility (CMS), and 
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temperature sensitive genetic male sterility (TGMS) systems have been established. 
In India, GMS safflower lines (including spiny and non-spiny flowered lines) with 
a 20–25% increase in seed and oil output are available. In India, CMS and TGMS 
lines are also commercially accessible. Despite the development of hybrid safflower 
production technologies and the testing of hybrids, practical production of hybrid 
safflower is still a long way off [94, 95].

13. Fatty acid modification in safflower

Oil seed crops like safflower are primarily grown for their high-quality edible 
oil. All safflower seeds contain fatty acids including linoleic acid, stearic acid, and 
palmitic acid. Safflower lines had improved fatty acid compositions comprising 
reduced palmitic acid, reduced stearic acid, and high to very high linoleic and oleic 
acids with reduced saturated fatty acids such as palmitic and stearic acids [96]. In 
research published by [97], the al allele has been linked to a defective fatty acid 
desaturase (FAD2-1) (fatty acid desaturase) enzyme in microsomes. These veg-
etable oils contain a higher level of oleic acid and are more nutritionally beneficial 
[98, 99]. Saffola 517, a high-oleic-oil type, and Saffola 555, a linoleic-oil variant, 
were both introduced to Australia from the United States. Traditional breeding 
and genetic modification were used to create HO cultivars. Biodiesel, lubricants, 
and hydraulic oils are all items that require strong oxidative stability; therefore HO 
vegetable oils with high oxidative stability have non-food applications or prospec-
tive industrial usage [100]. GLA is a crucial fatty acid needed by the body, derived 
from linoleic acid by means of delta-6-desaturase in the endoplasmic reticulum. 
The oil content, viability, or fitness of high GLA lines is invariable and heritable 
across generations. SonovaTM 400, a nutritional supplement containing GLA 
extracted from GM safflower, has received FDA approval for use. It has been shown 
in clinical trials that GLA can be useful to treat eczema and various types of cancer 
[85]. The high level of oleic acid (75–85%) found in some safflower cultivars is 
ideal for food use but not for industrial use due to the extremely high level of purity 
required. Potential industrial applications for high oxidative stability HO vegetable 
oils include biodiesel, lubricants, hydraulic oils, and oleo chemical applications. 
The oxidative stability of oil extracted from super high oleic (SHO) safflower was 
significantly improved when compared to the high oleic acid cultivar S317, which 
contained over 93% and 75.4% oleic acid, respectively. The seed-specific RNAi-
silencing of the FATB and FAD2.2 genes, which are responsible for the release of 
saturated medium-chain fatty acids and the desaturation of oleic acid to linoleic 
acid, respectively, was used to create the SHO safflower [101]. Bio fortification of 
safflower, an oil seed crop was genetically modified to improve the ALA content. 
In safflower, accumulation of Linoleic acid is higher which an immediate precursor 
of ALA. Hence, FAD3 isolated from A. thaliana driven under seed specific pro-
moter isolated from Glycine max is transformed through agrobacterium mediated 
transformation to increase the ALA content. The vector used for cloning is pCAM-
BIA2300. The transformed seeds contained about 1.34–18.2 mg of ALA per gram 
dry weight of the seeds. Thus, it proves that fatty acid desaturase can increase the 
accumulation of ALA content in plants [102].

14. Jatropha curcas

Jatropha is a second-generation biofuel resource that is prized for its high oil 
content, low seed cost, ease of land reclamation, and adaptability to a variety of 
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Figure 2. 
Future perspectives of Jatropha for oil improvement.

marginal and semi-marginal areas [103]. The extensive potential of this plant, as 
well as the many uses of different plant components, has made cultivation of this 
species highly profitable [104]. Because fossil fuels constitute a significant danger 
to energy security and have negative environmental consequences, efforts are 
underway to partially replace fossil fuels with biofuels. The high oil content of up 
to 50% of its seeds, which can be easily processed to partially or completely replace 
petroleum-based diesel fuel, has recently attracted interest [105, 106]. Jatropha is 
a non-food crop, which distinguishes it from the fuel vs. food debate. It has a flash 
point of 235°C and a calorific value of 39.63 MJ kg−1, making it appropriate for use as 
a biofuel. Jatropha oil has a similar composition as peanut, palm, and corn oil, with 
45.79% oleic acid (18:1), 32.27% linoleic acid (18:2), 13.37% palmitic acid (16:0), 
and 5.43% stearic acid (18:0). Jatropha is second only to oil palm in terms of oil 
production per hectare, which encourages its planting around the world. To mitigate 
financial risk, jatropha farmers have reportedly avoided cultivating the crop on mar-
ginal and ruinous lands, but this is no longer possible [107–109]. Because jatropha is 
widely available in India, it can be used as an alternative energy source to ensure the 
country’s energy security. By 2020, India plans to increase biodiesel production and 
replace 20% of diesel usage. Depending on the potential yield of the plant types and 
additional improvement projects, the area required to accomplish this substitution 
aim ranges from 4.24 to 66.98 million hectares (Mha). Because of the vast amount of 
open wastelands in India, this goal is achievable. The CSIR-CSMCRI is well-known 
around the world for its work on Jatropha elite accessions selection, cultivation, 
genetic enhancement, and biodiesel production (Figure 2) [110, 111].
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15. Targeting enhanced oil production in Jatropha curcus

Various plant breeding strategies are employed in the last few decades to 
increase oil yield and quality, as well as resistance to biotic and abiotic challenges 
in edible and non-edible oil plants. Marker-aided selection, next-generation 
sequencing, “omics” technologies, and genetic engineering are some of the new 
biotechnological methods that have sped up the breeding process for such features 
in these plants. The use of omics technologies to identify and isolate important 
genes involved in lipid biosynthesis pathways, as well as their transfer to edible 
and non-edible oil plants is predicted to result in cost-effective oil production as a 
feedstock for biodiesel generation [112]. Biodiesel production from non-edible oil 
plants would be far more realistic if new varieties/hybrids of oil plants could be 
developed that contain more oil, are resistant to biotic and abiotic challenges, and 
do not contain harmful proteins. Through various breeding techniques, oil plants 
that produce edible and non-edible oils have increased these properties over recent 
decades. In the field of plant breeding, development, selection, target trait evalua-
tion, multiplication, and distribution are the major objectives [113, 114]. Breeding 
targets for various crops have been rapidly accelerated by genetic and metabolic 
engineering techniques over the last few decades. Genetic engineering can be used 
to increase the amount of oil found in seeds of nonedible plants by engineering lipid 
biosynthesis pathways [115]. It is the simplest and most efficient way to increase 
oil yields in nonedible plants. Furthermore, the expression of genes encoding fatty 
acyl carrier thioesterase A (FatA), glycerol-3-phosphate dehydrogenase (GPD), and 
lysophosphatidyl-acyltransferases (LPAT) has enhanced the oil production pathway 
and therefore could be regarded as key genes to boost oil content in bioenergy 
plants [113, 116]. Engineering other genes involved in agronomical traits such as 
seed, fruit, and leaf size, plant growth and biomass, root architecture, and vegeta-
tive/reproductive transition, in addition to the genes involved in TAG biosynthesis. 

Trait evaluation Targeting gene Reference

Inhibition of TAG degradation Sugar-dependent protein 1 triacylglycerol lipase 
(SDP1) in Jatropha

[119]

Improving morphological and 
developmental traits

Auxin response factor 19 (JcARF19) in Jatropha [120]

Flowering locus T (JcFT) [121]

Increased oleic acid content Fatty acid desaturase (FAD2) in Jatropha [122]

Acyl-ACP thioesterase (FATB) [123]

Reduction of toxins and inhibitors Curcin precursor gene [124]

JcCASA: casbene synthase gene [125]

Drought tolerance PPAT; phosphopantetheine adenylyltransferase
NF-YB: The subunit of the NF-Y transcription 
factor
GSMT/DMT genes

[126]

Salinity tolerance sbNhx1: encoding vacuolar Na+/H+ antiporter 
(NHX1)

[127]

Pest resistance cry1Ab/1Ac: Bacillus thuringiensis dendotoxin [128]

Disease resistance Chitinase [129]

Hairpin dsRNA [130]

Table 2. 
Genetic manipulation strategies used to improve Jatropha.
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Genetic engineering for oil content has a significant impact on the potential of 
bioenergy plants as a source of biodiesel production. Because seed size plays such 
an essential role in Jatropha oil yield, it has been prioritized as a breeding target to 
improve oil yields. In Jatropha, a candidate gene (CYP78A98) with the potential 
to increase seed size has just been discovered [117, 118]. Improvement of Jatropha 
through genetic engineering was listed in Table 2. The growing demand for biofuels 
has prompted plant scientists to develop plant feedstocks specifically for biodiesel 
production, using either traditional or modern breeding techniques to develop oil-
seed varieties with higher oil content and optimal fatty acid composition. Biodiesel 
is a fuel made up of mono-alkyl esters of long-chain fatty acids derived from plant 
oils, with the majority of the fatty acids being triacylglycerols (TAGs) and short-
chain alcohols (>95%). Waste vegetable oils and non-edible crude vegetable oils 
are another source of biodiesel that reduces its price. Jatropha, castor bean, cotton, 
Pongamia, tobacco, mahua, neem, and Camelina are currently used as non-edible 
oil yielding plants for second-generation biodiesel production [131]. Gene editing 
techniques like CRISPR can be used in precision breeding to improve yield, disease 
resistance, herbicide resistance, induce haploids, fix hybrid vigor, solve self-incom-
patibility, and help de novo domesticate oil crops. While it will likely be a long time 
before genome-edited oil crops become commercially available, we anticipate that 
regulatory constraints on them will gradually be eased in the near future [132].
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Abstract

Cassava (Manihot esculenta Crantz), sweetpotato (Ipomoea batatas) and yams 
(Dioscorea spp.) are important root and tuber crops grown for food, feed and 
various industrial applications. However, their genetic gain potentials are limited 
by breeding and genetic bottlenecks for improvement of many desired traits. This 
book chapter covers the applications and potential benefits of genetic modification 
in breeding selected outcrossing root and tuber crops. It assesses how improvement 
of selected root and tuber crops through genetic modification overcomes both the 
high heterozygosity and serious trait separation that occurs in conventional breed-
ing, and contributes to timely achievement of improved target traits. It also assesses 
the ways genetic modification improves genetic gain in the root and tuber breeding 
programs, conclusions and perspectives. Conscious use of complementary tech-
niques such as genetic modification in the root and tuber breeding programs can 
increase the selection gain by reducing the long breeding cycle and cost, as well as 
reliable exploitation of the heritable variation in the desired direction.

Keywords: application, genetic modification, genetic gain, transgenic plants,  
roots and tubers

1. Introduction

Root and tuber crops including cassava (Manihot esculenta Crantz), sweetpotato 
(Ipomoea batatas) and yams (Dioscorea spp.) are important crops with increas-
ing food, feed and industrial applications in Sub-Saharan Africa and many other 
regions of the world [1–3]. These crops possess great potential to contribute to food, 
nutrition and income security of many livelihoods worldwide, but this potential is 
to be fully exploited. Variety development through breeding is among the activi-
ties targeted at unlocking the potential of these crops for food, feed and industrial 
applications [3].

Despite their importance, conventional breeding of root and tuber crops is 
limited by many challenges and heavily depends on the traditional techniques 
for exploitation of the existing variation. These challenges include high degree of 
genetic heterozygosity, genetic overloading, serious separation of progeny, few 
flowers, Irregularity in flowering time and flowering intensity, low pollen fertility, 
self-incompatibility, cross incompatibility, polyploidy, and low fruit set rate [3–6].
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Genetic modification technologies are among many advances made to tradi-
tional breeding practices in plants, animals, and microbes to increase productiv-
ity and enhance food quality. Plant genetic modification is the oldest technique 
utilized in simple selection, where plants that exhibit desired characteristics are 
selected for continued propagation [7]. The advent of modern technology and 
various molecular analytical tools has improved upon simple selection for detec-
tion of elite plants expressing desired traits. Genetic modification is an important 
alternative and complementary technique for the genetic improvement of crops 
including roots and tubers. It is a powerful tool that can be used to introduce a 
number of genes with important agronomic traits, such as disease resistance, 
insect resistance, and high yield and quality. Genetic modification shows great 
potential for the genetic improvement of crops including roots and tubers and 
can compensate for the limitations of conventional breeding. The application of 
transgenic methods to cassava, sweetpotato and yam improvement programs is 
particularly important due to the difficulties associated with conventional breed-
ing of these crops. However, an efficient plant regeneration system is imperative to 
achieve successful transformation [8].

Since the advent of genetic modification, rapid progress has been noted for 
cassava, sweetpotato and yam breeding programs through various of international 
non-profit organizations and scientists from developed countries. For instance, 
HarvestPlus and BioCassava Plus, have made remarkable achievements by trans-
forming conventional breeding into molecular breeding [9, 10]. This book chapter 
focuses on genetic modification in selected root and tuber crops, applications, 
potential and future prospects for the genetic improvement of these economically 
important crops.

1.1 Concepts of genetic and nongenetic modifications

Genetic modification or transformation is the directed desirable transfer of 
gene or insertion of DNA from one organism to another along with the subsequent 
stable integration and expression of a foreign gene in the genome [7]. It also refers 
to the targeted manipulation of genetic material, and nontargeted, nontransgenic 
methods such as chemical mutagenesis and breeding applied to alter the genetic 
composition of plants, animals, and microorganisms. Genetic engineering refers 
to recombinant deoxyribonucleic acid (rDNA) methods that permit a gene from 
any species to be inserted and subsequently expressed in a food crop or other food 
product [7]. Although the process involving rDNA technology is not inherently 
hazardous, the products of rDNA technology may only be hazardous if inserted 
genes result in the production of hazardous substances.

Nongenetic engineering techniques of genetic modification such as embryo 
rescue involves placing of plant or animal embryos produced from interspecies gene 
transfer, or crossing, in a tissue culture environment to complete development [7]. 
Somatic hybridization of nongenetic engineering technique involves removal of the 
cell walls of a plant, forceful hybridization of cells and induction of mutagenesis. 
Irradiation or chemical mutagenesis is useful for the induction of random mutations 
in DNA [7]. The development of genetic modification approaches has enhanced an 
array of techniques that could be exploited to advance food production.

2. Genetic modification technology

The acquisition of new genes that confer selective merits is a relevant factor in 
genome evolution. Significant proportions of prokaryotic and eukaryotic genomes 
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originated from the exchange of genetic material among related or unrelated spe-
cies through horizontal gene transfer (HGT). The HGT technique has been noted as 
one of the key sources of molecular variability and driver of evolution [11, 12]. This 
HGT often results in the occurrence of crown galls and the mechanism of HGT has 
been well understood and reported [12–14]. Moreover, Kyndt et al. [12] found that 
all the 291 tested accessions of cultivated sweetpotato contain one or more transfer 
DNA (T-DNA) sequences similar to the cultivated sweetpotato clone “Huachano”, 
suggesting that an Agrobacterium infection occurred in evolutionary times. This 
finding also depicts the importance of plant–microbe interactions, and given that 
this crop has been eaten for millennia, it might change the negative mindset and 
paradigm governing the “unnatural” status of transgenic crops. The plant regenera-
tion system of a typical root crop such as cassava was fully developed in the 1990s 
using somatic embryogenesis, shoot organogenesis from cotyledons of somatic 
embryos (somatic cotyledons), and friable embryogenic calli (FEC) (Figure 1). The 
key media components used for the establishment and optimization of the plant 
regeneration system have been well noted by Liu et al. [15]. The common transgenic 
techniques utilized for the genetic transformation of root and tuber crops are 
Agrobacterium-mediated gene delivery and particle bombardment. The explants 
used for transformation include somatic cotyledons and FEC.

2.1 Agrobacterium-mediated genetic modification method

Agrobacterium-mediated genetic modification has been the method of 
choice for the development of genetically modified crops. The major merits of 
Agrobacterium-mediated genetic modification are its high frequencies of single-
copy integration, high reproducibility, transformation efficiency, stable expres-
sion of transgenes, utilization of simple equipment, ease of accessibility, ability 
to transfer low copies of DNA fragments carrying the desirable genes at higher 
efficiencies with minimal cost and the transfer of very large DNA fragments with 
low rearrangement [17].

The first attempt to transform cotyledonous embryos of cassava MPer183 with 
Agrobacterium tumefaciens CIAT1182 started in 1993–1994, but the transgenic 

Figure 1. 
Illustration of an in vitro plant regeneration system of a typical root crop. Redrawn from Zhang [16].
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nature of regenerated plants could not be verified by Southern analysis [18]. The 
first successful Agrobacterium mediated cassava genetic transformation was 
done in Potrykus laboratory at ETH Zurich in 1996 [19]. Several Agrobacterium 
strains sheltering different binary vectors such as LBA4404 (pTOK233), LBA4404 
(pBin9GusInt), C58C1 (pIG121Hm), and EHA105 (pBin9GusInt) were used for 
the transformation of cassava somatic cotyledons. Gonzalez et al. [20] successfully 
transformed TMS60444 with the A. tumefaciens strain ABI using Agrobacterium-
mediated FEC transformation. The transgenic nature of the two plant lines resistant 
to paromomycin was confirmed by glucuronidation glycosidase (GUS) assay and 
Southern analysis. The embryogenic suspensions of TMS60444 were transformed 
with A. tumefaciens LBA4404 using negative- and positive-selection agents [21]. 
A total of 12 morphologically-normal transgenic lines have been developed, of 
which, are five are mannose selected and seven hygromycin resistant. Moreover, 
polymerase chain reaction (PCR) and Southern analysis confirmed the successful 
integration of the transgene into the genome. The confirmation of expression of the 
transgene in the regenerated plants was done using reverse transcription (RT)–PCR 
and Northern analyses. In 2000, Sarria et al. [22] successfully transformed a herbi-
cide (phosphinotricin, ppt)-resistance gene into the cotyledons of cassava MPer183 
by an Agrobacterium-mediated method and found stable transgenic plants resistant 
to Basta spray (at concentrations of 200 mg/L or more). An efficiently robust and 
reproducible transformation protocol for cassava embryogenic suspension culture 
with A. tumefaciens has also been reported [23]. Of the 31 GUS-active plants identi-
fied, 14 were found with 100% GUS activity, whilst the remaining lines had 72% 
GUS activity. The transgenic nature of these plants was detected using the southern 
blot analysis. Zhang et al. [24] successfully introduced a synthetic artificial stor-
age protein 1 (ASP1) gene encoding a storage protein rich in essential amino acids 
(80%) into embryogenic suspensions of cassava using Agrobacterium-mediated 
FEC transformation. The ASP1 tetramer was detected in the leaves and primary 
roots of transgenic cassava plants by Western analysis. Another achievement in 
the cassava genetic modification is the development of transgenic cassava with a 
lower cyanide content using MCol2215 cotyledon explants [25]. Jørgensen et al. [26] 
constructed several RNAi and antisense vectors to interfere with the expression 
of CYP79D1 and AYP79D2, and transformed the somatic cotyledons of cassava 
MCol22 using an Agrobacterium-mediated technique. In 2009, a multi-auto-
transformation (MAT) vector system of isopentenyl transferase (ipt) type was 
utilized for the production of marker-free transgenic cassava plants with conversion 
efficiency up to 19–21% via shoot organogenesis of KU50 somatic cotyledons [27]. 
Zhang et al. [28] developed transgenic cassava with senescence-inducible expression 
of the ipt using Agrobacterium-inoculated TMS60444 somatic cotyledons via shoot 
organogenesis. These achievements contributed to cassava transformation for the 
verification of a tissue-specific promoter [29, 30], the resistance to African cassava 
mosaic virus (ACMV) [31], increased protein content [32], and improved cassava 
brown streak virus resistance [33].

For sweetpotato, Kyndt et al. [12] reported that the Agrobacterium-mediated 
gene delivery system was utilized for T-DNA integration, the interruption of an 
F-box gene, and the subsequent insertion of foreign T-DNA into the sweetpotato 
genome. This is believed to have occurred during the evolution and domestication 
of this crop. White et al. [34] suggested that the identification of gene sequences in 
IbT-DNA1 and IbT-DNA2 imply that the transforming Agrobacterium was probably 
Agrobacterium rhizogenes, an ancestral form of A. rhizogenes or a closely related 
species (perhaps extinct) of A. rhizogenes. The IbT-DNA1 corresponds to TR-DNA 
(typically containing the auxin biosynthesis genes iaaM and iaaH), and IbT-DNA2 
corresponds to TL-DNA (harboring the Rol genes). The gene organization and DNA 



29

Genetic Modification and Application in Cassava, Sweetpotato and Yams
DOI: http://dx.doi.org/10.5772/intechopen.101037

sequences of the T-DNAs are similar to, but distinctly different from, the ORFs of 
the Ri and Ti-plasmids in well characterized Agrobacterium strains. The identified 
RolB/RolC region represents a new member of the RolB family indicating that, 
unlike the T-DNA found in Nicotiana spp. [35], the Agrobacterium strain (or species) 
that transferred its T-DNA into the sweetpotato genome is uncommon.

For yams, the Agrobacterium-mediated gene delivery system is the most pre-
ferred technique utilized for the genetic modification of the crop [14, 36]. Initial 
development of a transient genetic modification of Dioscorea rotundata using the 
Agrobacterium-mediated produced no transgenic plants [37]. However, the first 
fast, efficient and reproducible protocol for Agrobacterium-mediated transforma-
tion of D. rotundata resulted in the generation of stable transformations and the 
regeneration of complete transgenic yam plants [8]. This achievement laid the foun-
dation for the full implementation of genetic engineering and gene editing in yam. 
Based on the review, it is clear that Agrobacterium-mediated transformation system 
is the most prominent genetic modification technique due to the availability of a 
large number of transgenic plants. The transformation efficiency of this technique 
can be improved using a protocol based on somatic cotyledons as explants for the 
transformation of cassava, sweetpotato and yams. Thus, it is the most widely-used 
method for genetic engineering in the studied root and tuber crops.

2.2 Biolistic-mediated genetic modification method

Biolistic transformation or gene gun or particle bombardment technique is 
often utilized for plant transformation studies. The technique involves FEC induc-
tion, subculturing, somatic embryogenesis, and plant germination. The biolistic 
transformation technique involves series of protocols and stages [15]. These include 
the subculturing in SH liquid medium, followed by supplementation with 50 μM 
picloram, without selection for 2 weeks. The samples are further subjected to SH 
liquid medium with 25 μM paromomycin for 4–5 weeks, solid SH medium with 
25 μM paromomycin for 4 weeks, and Murashige and Skoog (MS) medium with 
5 μM picloram for embryogenesis. The next stage involves the development of 
transformed cell clusters into somatic embryoids in maturation media (MS medium 
supplemented with 0.5% activated charcoal). The final stage is the regeneration 
and verification of transgenic plants exhibiting GUS-positive and paromomycin 
resistance using Southern analysis [15]. This technique was successfully conducted 
on somatic cotyledons of cassava genotypes CMC40, MPer183, MCol22, and 
TMS60444 suspensions [21, 38]. Twenty transgenic plants of TMS60444 and 11 
transgenic lines of MCol22 were obtained. The GUS, Southern blot, and RT-PCR 
assays indicated the successful integration of the transgene into the plant genome. 
Transgenic cassava has also been produced from the plasmid constructs pHB1 and 
pJIT100 using FEC of TMS60444 and particle bombardment [39]. Of the dozens 
of transgenic plants produced using the pHB1 and pJIT100 constructs, some have 
been analyzed at the molecular level. Zhang and Puonti-Kaerlas [40] used particle 
bombardment to transfer the plasmid pHMG into TMS60444 embryogenic suspen-
sions. Selection from the dozens of transgenic cassava plants produced in less than 
15 weeks was based on either negative hygromycin or positive mannose. Zhang et al. 
[41] also utilized FEC and a particle bombardment technique to investigate ACMV 
resistance in cassava.

The success of this method depends on the high efficiency of the particle bom-
bardment and shoot organogenesis. The long time utilized for the FEC induction, 
subculturing, somatic embryogenesis, and plant germination causes a low effi-
ciency of plant regeneration and a high rate of somaclonal variation. This indicates 
low probability of success due to its complicated operation and its susceptibility to 
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many factors. Thus, the technique is infrequently used for genetic transformation in 
roots and tubers. This necessitates the establishment of a robust standard protocol 
for FEC-based transformation for each cultivar.

2.3 The friable embryogenic callus genetic modification method

The embryogenic callus tissue utilized in this genetic modification technique 
are friable as they tear, slough and bleed more easily when touched. For the cassava 
embryogenic callus genetic modification, the induction of primary somatic embryos 
on the embryogenesis induction medium of the immature young leaves and apical 
or axillary meristems are useful for the establishment of cyclic secondary somatic 
embryogenesis using the subculture of the induction medium [15]. However, 
continual subculturing of the secondary somatic embryos on Gresshoff and Doy 
(GD) medium, supplementation with 12 mg/L picloram results into production of 
FEC, formation of non-embryogenic calli and secondary somatic embryos [15]. 
Establishment of an embryogenic suspension for rapid multiplication in liquid 
Schenk and Hildebrandt (SH) medium containing 10–12 mg/L picloram requires 
appropriate selection of FEC and subculturing on the GD solid medium in the long-
term. Culturing of embryogenic suspension cells on MSN solid media with 1 mg/L 
naphthaleneacetic acid, produce somatic embryos and subsequently cotyledon-stage 
somatic embryos that germinate to plantlets [42, 43]. The FEC and embryogenic 
suspension cultures are susceptible to Agrobacterium infection, and favorable to 
particle bombardment, making the delivery of foreign genes easy. Cassava transfor-
mation is usually done using FEC and/or embryogenic suspensions by A. tumefaciens 
or particle bombardment.

2.4 Shoot organogenesis-based genetic modification method

This technique involves the induction of somatic embryogenesis from immature 
leaves and apical or axillary meristems using green cotyledons as explants and 
plant regeneration via shoot organogenesis to overcome genotype restrictions [44]. 
However, an efficient shoot organogenesis using mature green cotyledons has been 
developed from secondary somatic embryos in AgCOM medium supplemented 
with N6-benzylaminopurine and AgNO3 (an ethylene action inhibitor) [45]. The 
shoot organogenesis-based genetic modification method is most applicable and 
suitable for the biolistic or Agrobacterium-mediated genetic transformation since 
these techniques accommodate the initiation of shoot primordia from cut ends and 
epidermal cells as well as the regeneration of transgenic plants in a short cycle of 
3–4 months. Zhang et al. [21] established that subjection of transgenic shoots to 
rooting sensitivity tests could quickly eliminates false-positive transgenic plants, 
thereby preventing difficult and expensive molecular analyses. This is also a reliable 
method for screening transgenic cassava plants.

3. Novel genetic transformation technologies

3.1 Genetic transformation

Advances in transgenic technology has led to the development of different 
schemes for the delivery of target genes into plant cells [15]. Selectable-marker 
genes including herbicide- and antibiotic-resistance genes, and the reporter genes 
such as GUS, luc, chloramphenicol acetyltransferase, and green fluorescent protein. 
The selectable-marker and reporter genes are used for screening and monitoring 
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of putative transgenic plants. However, there are lots of public concern about the 
biosafety of using these marker genes are widely used for genetic transformation. 
This necessitates use of suitable alternatives as selectable markers. Roots and tubers 
are conventionally vegetatively propagated crops with the merit of reduced risk of 
horizontal gene transfer to relevant organisms and pathogens through pollen. This 
indicates the necessity of developing safe marker genes or marker-free technology 
in root and tuber crops.

3.2 Marker-free technology

Development of marker-free transgenic plants involves co-transformation, 
homologous recombination, site-specific recombination, and transposition systems 
[15]. These techniques have potential for application in cassava, sweetpotato and 
yams once the genetic transformation systems of the crops are further improved 
and optimized.

3.3 Co-transformation system

The co-transformation system involves the co-transformation of plant cells 
with a pair of plasmid vectors, each carrying a selectable-marker gene or a target 
gene. The selectable marker and target gene integrate into different loci on the 
chromosome at the same period. Since the two genes integrate at different loci, the 
selectable-marker gene segregates to produce marker-free transgenic plants. This 
procedure works for sexually producing crops [46]. For asexually reproducing 
crops, conventional breeding is utilized for development of new varieties. Thus, 
co-transformation via sexual hybridization technique is a useful means of produc-
ing marker-free cassava, sweetpotato and yam transgenic plants as an intermediate 
putative parental genotype. The major demerits of this method include its labor 
intensiveness and the long cycle for the occurrence of genetic transformation [15].

3.4 The recombination system

The site-specific recombination systems reported include Cre/loxP (Cre: causes 
recombination; loxP: locus of crossing X2 over in P1), R/RS (R: recombinase; RS: 
recognition site), Gin/gix (Gin: inversion of the G loop; gix: Gin-inversion complex 
sites), and FLP/FRT (FLP: flipping DNA; FRT: FLP recombination target), consist 
of a recombinase enzyme and corresponding specific recognition sequences [15]. 
The functions of the recombinase enzyme are to identify and mediate the recom-
bination of two specific recognition sequences in the same direction leading to the 
simultaneous and independent formation of the cyclic DNA and the chromosome 
[15]. This facilitates the elimination of the selective marker gene. Of the three 
recombination systems, Cre/loxP is the most widely used and studied system. 
Dale and Ow [47] first utilized the Cre/loxP system to develop transgenic tobacco. 
The application of site-specific recombination system is still in its infancy stage in 
root and tuber crops due to its lower transformation efficiency. Saelim et al. [27] 
reported marker-free transgenic KU50 cassava produced using the MAT vector 
system (containing the yeast site-specific recombination Rint/RS system mediated 
excision of DNA fragments and the ipt phenotypic marker gene from recombina-
tion sites) developed by Ebinuma et al. [48]. The development of excessive and 
overgrowth buds in transgenic plants is caused by isopentenyl transferase gene. 
Genetic recombination during subculture eliminates the expression of this gene to 
produce marker-free transgenic plants. The conversion efficiency and the propor-
tion of normal growing plants are 19–21% and 32–38%, respectively, indicating 
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feasibility of its use. Zuo et al. [49] developed the Cre-loxP-XVE system and could 
be worth testing in root and tuber transgenic program.

3.5 The transposon system

Transposable elements (TEs) or jumping genes or transposons are sequences 
of DNA that move from one site in the genome to another. The transposons take 
advantage of their characteristic conservative cut-paste mechanism to transfer 
genes from one site to another in the chromosome [15]. This attribute of transpo-
sons reduces the probability of genetic linkage at the new site even after occur-
rence of transposition to the new site. This peculiar attribute of TEs is useful for 
the removal of unwanted marker gene from the transgenic plants. The removal of 
the unwanted marker gene is accomplished in two ways: (i) the marker gene could 
be placed between the TEs and the repeat sequence Dissociator (Ds) element; or 
(ii) the target gene could be placed between the Ds sequences. During transposi-
tion, the marker gene maybe lost or separates from the target gene. The occurrence 
of the transposon is achieved by progeny segregation; therefore, its application in 
root and tuber crops is very difficult.

3.6 Non-antibiotic selection

In the non-antibiotic selection system, growth of transformed cells is favored 
by the development, promotion or additional metabolic activity, without affecting 
non-transformed cell growth by hormonal stimulation or inhibition by starvation 
from nonmetabolizable sugars, or death by antibiotics [15]. Unlike the conventional 
antibiotic-selection systems, the non-antibiotic techniques exhibit better accept-
ability by the public as they are considered to be safer than the antibiotic-selection 
systems. Selectable-marker genes from hormonal action Isopentenyl transferase 
(ipt) and indole-3-acetamide hydrolase (iaaH) are reportedly the most widely used 
hormone metabolism genes [15]. The Isopentenyl transferase gene was cloned from 
A. tumefaciens T-DNA and is related to cytokinin biosynthesis. The overexpression 
of ipt in transgenic plants has been observed to cause phenotypic variations in them 
[15]. This necessitates use of an inducible promoter to regulate its expression or 
the ipt gene should be applied in a site-specific recombination enzyme system or 
transposon system to build a highly-efficient marker-removal system. Saelim et al. 
[27] opined the usefulness of the Rint/RS system for excision of the ipt gene from 
transgenic cassava KU50. This technology is useful in the genetic transformation 
of crops with long cycle of breeding. The iaaH is also a safe selective-marker gene 
detected in the regulation of hormone metabolism. The overexpression of iaaH 
results in abnormal production of transgenic plants. However, the expressivity of 
iaaH can be modulated, inactivated or removed [15].

3.7 Selectable-marker genes based on sugar metabolism

The selectable genes consist of selectable markers utilized to facilitate the 
isolation of plasmid-containing transformants [15]. Selectable markers are useful 
for genetic transformation as they permit plant cells to grow under conditions that 
prevent the growth of untransformed tissue. Selectable-marker genes based on 
sugar metabolism comprise of the mannose phosphate isomerase (pmi) gene and 
the xylose isomerase (xylA) gene [50]. The pmi system is a positive selection system 
that uses d-mannose as a selection agent. The mechanism of the system is well 
reviewed by Liu et al. [15]. The pmi gene has been widely applied in the transforma-
tion systems of rice, corn, wheat, and sugar beet [51]. The pmi-mannose system has 
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also been used in cassava transformation system [40]. For validation of this tech-
nique, Zhang [16] constructed a pHMG binary vector that uses the visual marker 
GUS gene, independent expression cassettes of the pmi and hygromycin phos-
photransferase genes in its T-DNA region. They observed 82.6% Agrobacterium-
mediated transformation of embryogenic suspensions by the mannose selection 
system compared to 100% hygromycin selection system. Transgenic plants were 
also generated from application of the biolistic transformation of somatic cotyle-
dons as explants, and mannose as the selective agent [40].

Another selectable marker xylA gene, encodes xylA and catalyzes the conversion of 
d-xylose through d-xylulose tautomerism. The growth of transformed cells is pro-
moted in the medium containing a carbon source material such as d-xylose, whereas 
the growth of non-transformed cells is inhibited by the lack of a suitable carbon source 
[15]. Haldrup et al. [52] noted the production of transgenic plants using d-xylose as 
the carbon source. Application of this technique is yet to be fully exploited in root and 
tuber crops.

3.8 Tissue-specific promoter

Liu et al. [15] reported three types of promoters based on spatial and temporal 
expression patterns including inducible promoters, constitutive promoters, and 
tissue- or organ-specific promoters. For cassava genetic transformation, the CaMV 
35S promoter and methyl jasmonate and salicylic acid-induced nopaline synthase 
gene promoter are the widely used promoters. These promoters regulate genes of 
interest and selective marker gene or reporter gene. The gene expression level of 
CaMV 35S promoter in transgenic cassava leaves was noted to be higher relative to 
the storage roots indicating possible influence on the function of certain genes in 
cassava storage roots [29].

Further studies to increase the specific expression of a target gene in cassava 
organs and tissues led to the discovery of specific promoters in leaves or storage 
roots. Zhang et al. [29] detected two cassava promoters such as p15/1.5 of a cyto-
chrome P450 protein, and p54/1.0 of the cassava glutamic acid-rich protein, Pt2L4, 
from a cassava storage root cDNA library. The gene expression patterns of these 
promoters show close association with cassava vascular tissues and storage root 
development, especially in the starch-rich parenchyma cells of the storage root. 
Their activities are also stronger than those of CaMV 35S promoter. The function 
of the glutamic acid-rich protein promoter has been well articulated [30, 53–55]. 
Application of p54/1.0 promoter regulated the dsRNA expression for interference 
with the granule-bound starch synthase (GBSS)I expression producing amylose-
free transgenic cassava [56].

Tuber-specific class I patatin promoter was noted to regulate several gene 
expression. Ihemere et al. [57] reported its gene regulation activity in the expression 
of the Escherichia coli gene, glucose-1-phosphate adenylyltransferase (glgC) with 
insensitivity to the substrate, by site-directed mutation in cassava for increased 
starch content. Siritunga and Sayre [25] noted its regulation activity in CYP79D1 
and CYP79D2 antisense gene expression in cassava for decreased toxicity of cya-
nide. Abhary et al. [32] reported the role of the promoter in the expression of a 
zeolin fusion protein to increase protein content. A promoter regulating protein 
family AAI_LTSS of unknown function in cassava was found strongly expressed in 
the secondary xylem of the carrot [58].

Leaf senescence inducible promoter SAG12 was found to regulate the ipt gene 
that moderate extended leaf longevity and improved the drought resistance in 
transgenic [28]. Leaf specific cab1 promoter applied in transgenic cassava regulated 
transgene expression Siritunga and Sayre [25]. Based on existing information on 
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tissue-specific promoters, greater application of this technology is envisaged in 
future root and tuber breeding programs.

4.  Applications of genetic modification technology in cassava, 
sweetpotato and yam improvement programs

Application of functional genomics and genetic engineering has contributed 
to resolve the problems associated with the germplasm enhancement of root 
and tuber crops. For cassava, improved agronomic traits achieved by transgenic 
technology include virus resistance, improved nutritional quality, reduced cyanide 
content, improved biomass, and delayed post-harvest physiology deterioration in 
storage roots.

4.1 Resistance to pests and viral diseases

Pests and viral diseases are transmitted via infected stems, vines, tubers from 
generation to generation, subsequently causing yield losses. For instance, the cassava 
mosaic disease (CMD) accounts for about 20–95% yield reductions [59]. It is the 
major cassava disease in Africa and the Indian peninsula. The CMD is caused by 
several cassava geminiviruses and their satellite components, including the ACMV, 
Eastern ACMV, and Indian cassava mosaic virus [59, 60].

Transgenic technology has played an important role in obtaining virus resis-
tant cultivars [61]. Chellappan et al. [62] utilized pILTAB9001 and pILTAB9002 
harboring the wild-type and mutant AC1 genes of ACMV-Kenya. These wild-type 
and mutant AC1 genes regulate the cassava vein mosaic virus promoter and the 
pea Rubisco terminator, which enables the production of transgenic TMS60444 
plants with increased resistance to mosaic disease [62]. The initial inoculation assay 
detected transgenic plants resistant to several cassava geminivirus diseases from 
Africa. However, these transgenic plants were later susceptible to CMD infection 
in a closed-field trial in Kenya. With the aid of improved antisense RNA technol-
ogy, Zhang et al. [63] developed transgenic cassava plants with increased ACMV 
resistance targeting the viral mRNAs of Rep (AC1), TrAP (AC2), and REn (AC3). 
Several transgenic clones remained symptomless after biolistic inoculation of 
ACMV at infection pressure of 100 ng viral DNA plant−1. Decreased and attenu-
ated symptom development were also detected even at higher viral DNA doses. 
Significant reduction in viral DNA accumulation was observed in the leaves of 
transgenic ACMV-resistant plants. Application of RNAi-mediated gene-silencing 
approaches, siRNAs, homologous to either the common region or AC1 in trans-
genic cassava plants suppressed the replication of African mosaic virus, leading to 
recovery after infection with ACMV [64] or immunity to infection by the virus [31]. 
Bi et al. [65] screened cassava germplasms from using Agrobacterium-mediated 
inoculation in combination with CMD-resistant molecular markers RME1, SSRY28, 
and NS158. Findings showed that the cassava germplasms lacked CMD-resistant 
genes, suggesting the necessity of introducing and integrating disease-resistant 
cassava genotypes from Africa into the current breeding program, while developing 
CMD-resistant cassava using different transgenic approaches.

Cassava brown streak disease (CBSD) is another important viral disease of 
cassava in Africa. A sequence analysis of CBSD showed that the causative virus 
belongs to potato virus-Y of the ipomovirus family [66]. Two subspecies of CBSD 
are cassava brown streak virus (CBSV) and cassava brown streak Mozambique virus 
(CBSMV) [67]. Transgenic approach is noted to be more promising for develop-
ment of CBSD clones relative to the traditional cassava-breeding method. Resistant 
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cassava lines have been developed by transferring the virus coat protein gene or 
through RNA (siRNA) interference [33, 68]. Cassava bacterial blight (CBB) disease 
(gum disease), caused by Xanthomonas manihotis, mainly affects cassava leaves. 
Transcriptomic studies have shown a rapid change in cassava genes after infection 
by this disease [69]. The main insects that infest cassava are whiteflies, cassava 
mealybugs, cassava green mites, and stemborers, while root-knot nematodes are 
the most widely-reported parasitic nematodes on cassava. The cultivation of insect 
resistant cassava genotypes increases the yield and quality of the crop. Insecticide 
proteins including Bt Cry proteins, protease inhibitors, α-amylase inhibitor, and 
plant lectins, could aid insecticides, as a high expression of these products in 
transgenic cassava might facilitate increased insect resistance.

Targeted genome alteration technique is a promising tool for yam breeding. 
Successful application of the CRISPR/Cas9 technology resulted into inactivation 
of the endogenous banana streak virus by editing the virus sequences to develop 
resistant plantain [70]. Yam viruses have also been found to be integrated into the 
genome of yam and for the development of yam genotypes resistant to yam mosaic 
virus using CRISPR/Cas9 approach [71, 72]. The major challenge of the CRISPR/
Cas9 technology is that it may recognize sequences with up to five mismatched 
bases suggesting high rates of off-target effects [73]. However, techniques such as 
DNA-RNA chimeric guides, Cpf1, a single RNA endonuclease that employs a T-rich 
PAM on the 5′ side of the guide, and specific point mutations have been developed to 
mitigate this challenge [74, 75].

The recently established gene-editing technique, the clustered regularly 
interspaced short palindromic repeats (CRISPR/Cas9) system, resulting from 
the adaptive immune system of Streptococcus pyogenes, is a notably potent tool for 
targeted genome editing in many species [76]. Gene editing and genetic engineer-
ing technologies have been reported to facilitate improvement of the productivity 
and nutritional quality of yam. This was achieved through the Genome-Enabled 
Platforms for Yam Project launched in 2016 in collaboration between scientists at 
the International Institute of Tropical Agriculture (IITA) and Iowa State University 
(https://www.nsf.gov/awardsearch/showAward?AWD_ID=1543888). Moreover, 
a genome-editing tool for yam using phytoene desaturase (a key enzyme in the 
β-carotene biosynthesis pathway, which converts the colorless phytoene to colored 
carotenoids) as a marker is being developed [77]. Targeted traits such as resistance 
to yam mosaic virus and anthracnose diseases, herbicide tolerance and nematode 
resistance are being investigated using yam gene editing and genetic engineering 
technique.

Feng et al. [76] successfully applied the CRISPR/Cas9-mediated targeted 
mutagenesis in D. zingiberensis using an A. tumefaciens-mediated transformation 
method. Their study aimed at an essential gene involved in the synthesis of second-
ary metabolites, known as the farnesyl pyrophosphate synthase gene (Dzfps). They 
detected five types of mutations among the transformed plants at the predicted 
double-stranded break site. Feng et al. [76] also found that the transcript levels of 
Dzfps and the content of squalene in isolated mutants were drastically decreased 
relative to those in wild-type plants and concluded that CRISPR/Cas9 is a rapid and 
efficient method for targeted genome modification in D. zingiberensis.

4.2 Improved stress resistance

Cassava is susceptible to cold stress, resulting into decrease root yield and 
cumbersome maintenance of cassava stems. In southern China, winter, rain, snow, 
and freezing temperatures cause severe frostbite to cassava stems [15]. In 2008, 
damage of cassava stems caused by cold stress in Guangxi amounts to several billion 
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RMB. Thus, development of low temperature resistant cassava clones aids easier 
stem storage and increasing cultivation in temperate countries, thereby meeting 
the demand for raw cassava materials for the industries. High expression of the 
C-repeat/dehydration-responsive element-binding factor 3 gene regulated by a 
low temperature inducible or CaMV 35S promoter has been noted to significantly 
improve cold resistance in transgenic cassava [15]. The growth and yield of  
cassava are influenced by intermittent drought in tropical and subtropical regions. 
Application of leaf senescence induced promoter, SAG12, for expression of the ipt 
gene, transgenic cassava revealed prolonged leaf life, and improved resistance to 
drought stress [28]. This study demonstrates a useful strategy for the improvement 
of drought resistant and high yield cassava clones. Several authors have also noted 
a large number of genes associated with stress resistance using high-throughput 
genomic and transcriptomic analyses of cassava [78–80]. Functional verification 
of these genes is needed for better understanding of the molecular mechanisms of 
cassava resistance to different stresses and establishment of the theoretical basis for 
cassava genetic improvements.

4.3 Enhanced nutritional quality

Nutritional quality enhancement in roots and tubers can improve the dietary 
and nutritional balance of people who utilize them, particularly in central and west-
ern Africa. Zhang et al. [24] noted the production of transgenic cassava exhibiting 
an artificial storage protein enriched with essential amino acids, under the control 
of the CaMV 35S promoter. The transgenic plants were detected expressing ASP1 at 
both the RNA and protein levels. The leaves of transgenic plants had increased pro-
line and serine contents, while the amounts of aspartic acid, alanine, and methio-
nine were decreased compared to non-transgenic plants. Altered composition of 
amino acids and reduced cyanide content were also observed in transgenic plants 
[32]. Thus, cassava protein enhancement using transgenic approach is practically 
feasible and is a useful means of reducing protein deficiency in poverty-stricken 
regions [81].

The BioCassava Plus project team has developed transgenic cassava clones 
with value-added traits including virus resistance, improved protein content, and 
increased vitamin A, iron, and zinc contents [10]. The HarvestPlus project team has 
also developed β-carotene-rich cassava clones [82].

4.4 Reduced cyanide content

Siritunga and Sayra [25] utilized an Arabidopsis leaf-specific promoter to drive 
the antisense expression of cytochrome P450 genes (CYP79D1 and CYP79D2). In 
vitro tests of the linamarin content of the transgenic leaves revealed a decrease of 
60–94% compared to the control, while a 99% decrease was observed in the storage 
roots of cassava, suggesting the transport of linamarins from leaves to storage roots. 
White et al. [83] noted that at transcript level, the hydroxynitrile lyase content in 
cassava roots is only 6% of that in the leaves. The overexpression of hydroxynitrile 
lyase reduces the acetone cyanohydrin content of roots, thereby accelerating the 
detoxification process. The overexpression of hydroxynitrile lyase was achieved 
through the cloning of the cDNA of the gene encoding hydroxynitrile lyase between 
the CaMV 35S promoter and the pea ribulose bisphosphate carboxylase terminal 
sequence, and transformed into MCol2215 [84]. The authors found a 40–135% 
increase in the hydroxynitrile lyase activity in transgenic plants, compared to 
800–1300% found in the storage roots of cassava. However, no changes were 
detected in the total amount of linamarin and lotaustralin detected in the whole 



37

Genetic Modification and Application in Cassava, Sweetpotato and Yams
DOI: http://dx.doi.org/10.5772/intechopen.101037

plant [84]. After harvesting, the detoxification capacity of the root was greatly 
enhanced. Jørgensen et al. [26] conducted similar trial by RNAi and found a 92% 
decrease in the cyanogenic glucoside contents of cassava storage roots.

4.5 Improved starch content and quality

Starch quality is one of the key agronomic traits for selection of elite cassava 
genotypes. The ratio of amylose to amylopectin determines the property of starch 
granules, and influences the quality of various starch products utilized in the phar-
maceutical, chemical, and paper-making industries. Starch synthesis is regulated 
by AGPase, starch synthase (SS), and starch-branching enzyme (SBE). These three 
main enzymes have been successfully cloned from cassava [85–87]. The inhibition 
of AGPase activity results in partial or complete termination of starch synthesis. 
Thus, improvement of the AGPase activity contributes to the conversion of sugar to 
starch, which subsequently increases the starch quantity. The reduction of allosteric 
feedback regulation by fructose-1,6-bisphosphate was detected by genetic modi-
fication of the E. coli glgC gene (encoding AGPase) by site directed mutagenesis 
(G336D) [57]. Transgenic cassava plants expressing the mutant glgC gene showed a 
70% enhancement in AGPase activity, and up to a 2.6-fold increase in biomass. The 
quality of cassava starch depends on amylose and amylopectin content. Antisense 
RNA technology has been used to reduce GBSS expression in the potato resulting 
into decreased amylose content in potato tubers [88]. Using antisense GBSSI RNA 
under the control of the CaMV 35S promoter, waxy transgenic cassava plants were 
generated [89]. Waxy transgenic cassava clones have also been developed using the 
cassava vascular-specific p54/1.0 and CaMV 35S promoters to drive the expression 
of hairpin dsRNA homologous to cassava GBSSI. Starches from waxy transgenic 
plants revealed altered biological and physico-chemical properties [56]. Thus, the 
control of GBSS activity is an effective way to regulate amylose synthesis.

4.6 Delayed post-harvest physiological deterioration

Postharvest physiological deterioration (PPD) limits the storability and utiliza-
tion of cassava. The PPD is a physiological and biochemical decay process caused 
by an oxidative burst in storage root cells of cassava [90]. The PPD phenomenon 
has a close relationship with reactive oxygen species (ROS) [90]. Analysis of the 
proteins and enzymes influencing PPD using the cDNA-AFLP technique showed 
that most of the proteins and enzymes are involved in signal transduction, ROS, 
cell wall repair, programmed cell death, metabolite transport, signal transduction, 
and a series of biological processes [91]. The upregulation or downregulation of 
key enzymes or factors in the PPD pathway by the overexpression or RNAi might 
effectively slow or decrease the PPD activity [91]. Study of the temporal and spatial 
expressions of genes related to ROS production and scavenging in cassava PPD, and 
the functional verification of key genes, indicates the possibility of interference of 
the PPD process by the regulation of ROS-scavenging activities [15]. These genes 
are involved in the regulation of glutathione-peroxidase cycle, the ascorbate-
glutathione cycle, and the peroxidase-oxidoreductase cycle [15]. The genes also 
combine with superoxide dismutase to generate univalent, bivalent, and trivalent 
overexpression or RNAi vectors to transform cassava. Secondary metabolites of 
PPD such as scopoletin and diterpenoids, are synthesized in deteriorated roots [92]. 
The interference with the biosynthesis of the secondary metabolites might also 
influence PPD. Morante et al. [93] noted the discovery of germplasms of radiation 
mutants that suppress the occurrence of PPD. These results provide gene resources 
for the amelioration of PPD through traditional and molecular breeding techniques.
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5.  Future prospects of genetic modification for root  
and tuber improvement

Pests and diseases are among key factors affecting yield and quality of root and 
tuber crops. The progress made in genetic modification of these crops could open 
up many avenues to produce disease resistant varieties, through pathogen-derived 
resistance strategies, that would not be possible using conventional breeding 
approaches alone. In yams, host plant resistance to anthracnose has been suggested 
as a more viable alternative to control yam anthracnose disease (YAD) than use of 
chemical fungicides [94]. However, studies reveal lack of genotypes resistant to the 
disease [94]. Thus, the most efficient strategy for YAD control is possibly the devel-
opment of disease resistant plants using the transgenic approach. These approaches 
could include the expression of genes encoding elicitors of defense response [95], 
genes encoding plant, fungal or bacterial hydrolytic enzymes [96] and antimicro-
bial peptides (AMPs) [97]. Most AMPs are non-toxic to plant and mammalian cells, 
with a broad-spectrum antimicrobial activity against fungi and bacteria.

Use of nematode resistant yam varieties can be an effective strategy in controlling 
the disease, however, there are no resistant varieties to nematodes. The application of 
transgenic approach could serve as a viable alternative for improvement of the nema-
tode resistance of yam. Several transgenes have been noted to confer plant resistance 
to both tropical and temperate plant parasitic nematodes [98]. Cystatins inhibit 
nematode digestive cysteine proteinase activity, thereby suppressing the growth and 
multiplication of these pests [99]. Cystatin is one of the transgenes that has been 
successfully applied to control plant nematodes. The cystatins transgene confers 
improved resistance to a range of nematodes in different crops including potato, 
sweetpotato, rice, tomato, and plantain [100–105]. The transgene has displayed 
proven efficacy under field conditions [102]. Such an approach could be exploited for 
genetic enhancement of resistance of yam against nematodes in the near future.

In sweetpotato, genetic modification studies show that the suppression of 
βcarotene hydroxylase (CHY-β), which catalyzes the hydroxylation steps of both 
β-carotene into β-cryptoxanthin and β-cryptoxanthin into zeaxanthin, significantly 
increased the β-carotene and total carotenoid content in transgenic cultured cells 
[106]. Moreover, suppression of lycopene β-cyclase (LCY-β), which catalyzes the 
cyclization steps of lycopene to produce β-carotene, resulted in increased total carot-
enoid content [107]. Transgenic sweetpotato plants overexpressing an Or homolog, 
IbOr, showed increased carotenoid contents compared to non-transformed control 
plants [108]. These findings indicate that the CHY-β and LCY-β are key enzymes of 
carotenoid biosynthesis in sweetpotato that could be exploited as good targets for 
molecular breeding.

In many plants, transcription factors belonging to MYB-family are implicated 
in the control of a tissue-specific accumulation of anthocyanin. Mano et al. [109] 
investigated gene expression analysis using purple-fleshed clones and transformation 
using sweetpotato leaves and calli. Found that one of the MYB-type transcription 
factors in sweetpotato, IbMYB1, regulates anthocyanin accumulation in storage roots. 
The overexpression of this gene successfully induces anthocyanin accumulation in 
the storage roots of an orange-fleshed sweetpotato cultivar, resulting in higher radical 
scavenging activity [110]. Comparison of the structure of the IbMYB1 genes between 
high-anthocyanin content and non-anthocyanin cultivars revealed distinct IbMYB1 
copies of IbMYB1-2a and IbMYB1-2b, shared only in the high-anthocyanin cultivars 
and their common ancestor ‘Yamagawamurasaki’ [111]. The PCR fragment amplified 
from IbMYB1-2a and IbMYB1-2b cosegregated with the pigmentation of the storage 
roots in the F1 progenies of high-anthocyanin cultivars, suggesting the usefulness of 
the PCR fragment as a selection marker for high-anthocyanin lines [111].
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Transgenic sweetpotato plants overexpressing IbMYB1 were detected to exhibit 
an elevated total polyphenol level [110]. The gene expression of phenylalanine 
ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), and 4-hydroxycinnamoyl-
CoA ligase (4CL), involved in the early steps of both anthocyanin and caf-
feoylquinic acids (CQA) biosynthesis of the transgenic plants, was upregulated. 
Tanaka et al. [111] also noted a suppressed expression of these genes in a white-
fleshed mutant of ‘Ayamurasaki’. Padda and Picha [112] detected variations in 
the CQA content in the storage roots of non-purple fleshed cultivars, leading to 
the speculation that, in addition to a co-regulation of the anthocyanin content, a 
specific regulation mechanism of CQA content exists.

6. Conclusion

Successful genetic modification and application in complementarity with 
conventional population improvement techniques and advanced genomics and 
phenomics tools can contribute and accelerate the genetic gain in cassava, sweet-
potato and yams compared to using conventional technique only. Genetic modi-
fication technology in root and tuber crops is transitioning from development to 
application. This has great potential in promoting industrialization of these crops 
and their immense contribution to food security. Some of the successes of trans-
genic technology include virus resistance, improved nutritional quality, improved 
starch yield and quality, reduced cyanide content in cassava, improved biomass, 
and delayed post-harvest physiology deterioration in storage roots. Based on 
existing literature, genome editing should be incorporated into the root and tuber 
improvement programmes and targeted traits should be decided in consultation 
with breeders. The ethics and regulation of genetically modified and gene-edited 
crops should be seriously considered in the application of these technologies.
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Abstract

The number of approaches related to recombinant protein production in plants 
is increasing rapidly day by day. Plant-based expression offers a safe, cost-effective, 
scalable, and potentially limitless way to rapidly produce recombinant proteins. 
Plant systems, which have significant advantages over animal and yeast recom-
binant protein production systems, are particularly promising for the large-scale 
production of antibodies and therapeutic proteins. Molecular pharming with 
transgenic plant systems become prominent among other production systems with 
its low cost, absence of human or animal pathogen contaminants, and the ability to 
use post-translational modifications such as glycosylation. The ability to produce 
recombinant pharmaceutical proteins in plant seeds, plant cells and various plant 
tissues such as hairy roots and leaves, through the stable transformation of the 
nuclear genome or transient expression, allows for the establishment of different 
production strategies. In particular, the rapid production of candidate proteins by 
transient expression, which eliminates the need for lengthy transformation and 
regeneration procedures, has made plants an attractive bioreactor for the produc-
tion of pharmaceutical components. This chapter aimsto exhibit the current plant 
biotechnology applications and transgenic strategies used for the production of 
recombinant antibodies, antigens, therapeutic proteins and enzymes, which are 
used especially in the treatment of various diseases.

Keywords: molecular pharming, plant-derived pharmaceutical, therapeutic proteins, 
transient expression, recombinant proteins

1. Introduction

In the last couple of decades, many initiatives have been carried out in which 
different disciplines came together for sustainable farming in respect to the 
increasing food demands of the world population which is expected to reach 9 
billion thresholds in 2050. Conventional breeding, mutation breeding and espe-
cially transgenic technology have been frequently used to prevent yield losses 
which are caused by the decreasing amount of arable land due to various reasons 
such as urbanization, desertification and salinity and drought, various diseases, 
weeds and insects. With advances in modern biotechnology, many approaches 
have been used to improve crop varieties, from marker-assisted selection (MAS) to 
recently developed new plant breeding techniques (NPBTs). In particular, genetic 
modifications have significantly expanded the genetic pool that has been used by 
plant breeders since the mid-90s. Thus, the development of new plants with many 
different agricultural traits has gained great momentum.
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After the acceleration of commercialization of transgenic crops, which were 
initially developed for agronomic purposes such as insect and herbicide tolerance for 
only producers, especially stacked GM events, in which two or more characteristics 
are introduced together, emerged. Approximately 30 different transgenic plants with 
many different characteristics for both the producer and the consumer as disease 
resistance, abiotic stress tolerance, increase in nutrition and food quality, including 
fruits and vegetables as Phaseolus vulgaris (bean), Solanum melongen (eggplant), 
Cucumis melo (melon), Carica papaya (papaya), Prunus domestica (plum), Beta 
vulgaris (sugar beet), had been approved [1, 2]. Stacked GM crops have a combina-
tion of several traits and even four different traits (genetic modification) are possible 
to be located in one GM event, as in the Widestrike™ Roundup Ready Flex™ cotton 
and Herculex™ RW Roundup Ready™-2 maize samples [3]. Moreover, in the last 
decade, new genome editing techniques such as zinc finger nuclease (ZFN) technol-
ogy, clustered regularly interspaced short palindromic repeat (CRISPR)-associated 
nuclease systems and transcription activator-like effector nucleases (TALENs), 
which provides precise genome modifications, enabled the reproduction of plants 
which does not contain recombinant DNA. The recently adopted cisgenesis/intra-
genesis, RNA interference and new genome editing techniques have enabled the 
development of many genetically edited organisms (GEOs) as well.

Along with all these developments, it has been understood after the 2000s that 
GMOs, which have become increasingly dominant in the agricultural field, can also 
be utilized effectively in medicine and industrial fields. Especially, the increase in 
chronic and infectious diseases as a result of overpopulation, and the outbreak of 
epidemics and pandemics cause demands that exceed the production capacity of 
molecules used for diagnosis, treatment and prevention. To satisfy these demands, 
cost-effective systems that can produce high-quality products, and allow to take 
action quickly are developed. In addition, it is a fact that models that support small-
scale production will be needed in recent years, as is the case with personalized 
medicines. Especially in the last two decades, it has been possible to produce plant-
based pharmaceutical proteins that can be used in the diagnosis and treatment of 
many diseases with the developments in gene transfer and production strategies of 
recombinant proteins in plants.

Thanks to improvements in basic points such as new transformation strategies 
(stable or transient), transformation methods, appropriate promoter selection and 
codon optimization, high-scale and lower cost recombinant proteins in plants can 
be produced rapidly [4, 5]. Thus, the interest in producing recombinant proteins for 
direct use as a product without aiming for a specific change in phenotype or metab-
olism and obtaining them in purified form or crude plant extract has increased. 
This potential provided by the production of recombinant pharmaceutical proteins 
in plants for therapeutic applications was realized much later than in bacterial, 
yeast and animal systems. On the other hand, in the early periods, interest in the 
production of non-pharmaceutical products such as industrial enzymes, cosmetic 
ingredients, biosensors or biocatalysts, feed, biofuel in plants due to their short 
development times, low purification costs and less regulatory burdens was much 
higher than pharmaceutical products [6].

The first applications of molecular farming were come to fruition in the late 
1980s by producing various antibodies and human-specific proteins in transgenic 
plants. Among all expression systems, plant-based systems have started to be 
preferred as an attractive alternative with their advantages in low production cost, 
high level of transgene expression, rapid scalability, the riskless transmission of 
human and animal pathogens and production of proteins with secondary modifica-
tion (Table 1). It is also possible to produce recombinant proteins in dry tissues such 
as seeds or grains, which reduces storage and transportation costs and puts plant 
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systems one step ahead. While plants can produce complex proteins similar to other 
eukaryotic systems, they can modify these proteins post-translationally. However, 
plants can present enhanced post-translational glycosylation modifications, unlike 
yeast and insects, which have prokaryotic expression systems or very simple glyco-
sylation patterns. Plant cells have slight differences in their glycosylation patterns 
compared to mammalian cells, and these differences can be rearranged by genetic 
engineering [7]. Since different glycan structures affect the stability of glyco-
proteins, subcellular targeting, immunogenicity, pharmacokinetic behavior and 
biological activity, it is essential to produce the recombinant protein with the appro-
priate glycosylation pattern [8, 9]. One of the most significant strategies which 
are developed to control the glycosylation of recombinant proteins in plants is 
subcellular targeting that prevent the addition of undesired sugar residues. Another 
important strategy is glycoengineering that avoids the addition of plant glycans and 
even replaces them with human proteins [9]. In the following years, studies have 
accelerated and the term of molecular pharming has become prominent with the 
increasing demand for the production of recombinant pharmaceutical proteins in 
many different plant systems [9].

Following the enhanced knowledge of gene transfer to plants and finely-tuned 
gene transfer methods specific to many species such as Nicotiana tabacum and N. 
benthamiana (tobacco plant), Lactuca sativa (lettuce), Glycine max (soybean), Oryza 
sativa (rice), Solanum lycopersicum (tomato), Medicago sativa (alfalfa), Zea mays 
(maize), it is possible to produce many recombinant proteins including monoclonal 
antibodies, enzymes, growth factors, therapeutic proteins and vaccines in various 
plant tissues or cell. Recombinant protein production can be accomplished in the 
whole plant, as well as in certain parts such as seeds, leaves and fruits [10]. The 
selected production strategy must express the protein with high efficiency and fully 
come up with the requirements of the regulations in terms of safety and production 
quality. To produce a recombinant protein, optimization of the coding sequences 
of a gene that is desired to transfer, determination of the gene expression strategy 
as stable or transient, selection of convenient plants and cost-efficient methods for 
isolation and purification of target proteins are required. Stable gene transfer which 
is performed by introducing the target gene into the nuclear or plastid genome by 
Agrobacterium and particle bombardment respectively results in stable expression 
in plant tissues. Although the methods for plant transformation vary according to 
target species, the target genome (nuclear or plastid), the structure of the gene to be 
transferred, there are two common approaches: direct (e.g. biolistic or microparticle 
bombardment) or indirect (Agrobacterium tumefaciens or Agrobacterium rhizogenes). 
It is possible to obtain a whole transgenic plant by using plant tissue culture methods 
together with mentioned transformation methods [11]. Moreover, high-scale pro-
duction of recombinant proteins becomes possible for many different plant species 
by establishing various cultures (e.g., callus culture, hairy root culture or suspension 
culture) from transformed plant tissues or cells [12].

It is crucial to state that developing transgenic plants by stable transformation is 
more time-consuming by comparing to transient expression systems. In addition, 
stable transformation strategies need improvement to increase the level of trans-
gene expression. Especially, due to the random insertion of the transgene into the 
nuclear genome, the different profiles that emerge as a result of the positional effect 
should be followed meticulously. Unstable gene expression, as well as transgene-
induced gene silencing, may occur together with multiple insertions [4]. Unlike 
stable expression, when we focus on recombinant protein production strategies 
based on transient expression of transgenes carried by bacteria (A. tumefaciens) 
or viral vectors (tobacco mosaic virus (TMV), cauliflower mosaic virus (CMV), 
alfalfa mosaic virus (AVM)), it is seen obviously that stable integration of transgene 
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is not necessary. Thus, it becomes possible to produce recombinant protein rapidly 
by avoiding time-consuming transformation and regeneration procedures. With 
transient expression by Agrobacterium infiltration or viral vectors, it is possible to 
ensure rapid expression of the transgene even 3–4 hours after transformation and 
to produce recombinant protein by reaching the maximum expression level in the 
range of 18–48 hours [4]. Other important advantages of transient expression are 
that they can reach higher expression levels compared to stable transformation and 
maintain gene expression in the range of 10–14 days.

One of the important handicaps in recombinant protein production in plants is 
the lack of suitable, reliable and inexpensive purification methods for each plant. 
This deadlock becomes even more difficult when the purification of pharmaceu-
ticals must fulfill the stringent criteria mandated by the “good manufacturing 
practice (GMP)” standards. It is known that purification practices performed in 
accordance with legal standards comprise approximately 80% of the total costs 
[13]. Apart from purification by chromatography, membrane filtration and fusion 
of various polypeptides, there is a need to develop more efficient and cost-effective 
purification strategies. On the other hand, with the redesign of plant parts contain-
ing the target recombinant protein in a form suitable for an oral route such as edible 
vaccines, it is possible to get rid of the heavy financial burdens of purification 
strategies. One of the issues that need to be carefully considered regarding the 
production of pharmaceutical proteins in plants is regulation and biosafety issues. 
Especially, economic damages to farmers and the food industry as a result of the 
co-mingling of food and feed crops with plants designed for pharmaceutical pro-
duction, the spread of transgenes through pollen or seeds, undesirable exposure of 
non-target organisms such as insects, birds and horizontal gene transfer are among 
the emerging risks [14].

2. Transgenic plants in farming

Since the discovery of genetic mechanisms of reproduction and biodiversity, 
plant breeders methodically try to exploit agronomically desired traits for more 
profitable crop production in many aspects. In the last quarter of the twentieth cen-
tury, genome manipulation techniques known as genetic engineering were intro-
duced into various organisms. In the early years of this novel technology in plant 
science, desired traits were related to higher yield, resistance to various biotic and 
abiotic stress factors. Considerable success has been obtained in enhancing pho-
tosynthetic capacity, increasing root and leaf size, stimulating vegetative growth, 
improving biomass and more. Following transgenic approaches aimed nutritional 
quality through enhancing various biomolecule production and increased shelf life 
as well [15]. In recent days, transgenic technology may even offer some solutions 
to the global energy crisis through improvements in biofuel production. A total 
of 17 million farmers from 29 different countries surged in biotech crops in the 
period from 1996 to 2019 after the first successful commercialized release. During 
these 24 years, global biotech crop planting increased 112- fold from 1.7 million to 
190.4 hectares. In the second third of this period, trends in leading biotech crop-
producing countries started to change as well. Since 2011, 24 developing countries 
produced 56% of total biotech crops while 5 leading industrial countries share the 
rest of the 44%. This trend tends to accelerate as long as other developing countries 
realize the potential. A total of 19 countries among 29 are considered as “biotech 
mega” with at least 50,000 hectares planting. United States, Brazil, Argentina, 
Canada and India are the leading planters. Soybean, maize, cotton and canola are 
the most planted biotech crops worldwide (Figure 1). Plants as alfalfa, sugar beet, 
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potato, apples, squash, papaya and eggplant share only 1.8% of total production 
besides these four plants.

Biotech crops, which have reached 224.9 billion US dollar global value have 
also contributed to conserving biodiversity by preventing deforestation, reducing 
pesticide requirement, decreasing CO2 emissions in agricultural applications and 
alleviating socio-economic conditions of small farmers.

Transgenic plants are generally classified into three generations. First-generation 
GM crops were developed against various biotic and abiotic stress factors, while 
the second generation targeted better nutritional quality [15]. The remarkable 
amount of progress has been achieved in countless laboratory practices with many 
different plant species. On the other hand, commercial GM varieties are consider-
ably limited compared to these laboratory practices. As it can be seen in Table 2, 
all commercial GM traits belong to the first and second generations of transgenic 
approaches. In laboratory practices, abiotic stress tolerance is one of the key aspects 
of desired crops. However, abiotic stress tolerance mechanisms and pathways are 
extremely intricate. Defining a particular gene target for an abiotic stress factor and 
introducing it to a susceptible variety is usually an insufficient strategy due to these 
complex responses within and between species. Plants have developed stress signal 
perception and transduction pathways that regulate stress-inducible genes through 
transcription factors (NAC, WRKY, MYB, bZIP, DREB/CBF), kinases and phospha-
tases. Main stress-inducible genes are kinases, molecular chaperones, osmoprotec-
tants, transcription factors [17–20].

Many biomolecules are identified with their known protective roles against 
abiotic stresses. Therefore, these molecules are potential gene targets for transgenic 
abiotic stress tolerance approaches. Transgenic regulations of solutes such as glycine 
betaine, mannitol, trehalose and proline which acts as an osmoprotectant, metal 
chelator, antioxidative defense molecule and signal molecule have been used to 
enhance stress tolerance in many plants. For an instance, codA expressing GM 
indica rice plant which has enhanced glycine betaine production through increased 
choline oxidase activity, present induced water stress tolerance [21]. Abiotic stress 
factors usually cause misfolding and precipitation of crucial proteins. Heat shock 
proteins (HSPs) act as molecular chaperones and mediate folding, assembly, 
translocation and degradation of misfolded proteins. As a molecular chaperon, 

Figure 1. 
Worldwide biotech crop production [16].
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transgenic Trichoderma harzianum hsp70 is shown to increase heat and other 
abiotic stress resistance in Arabidopsis thaliana plants [22]. Also, late embryogenesis 
abundant (LEA) proteins, aquaporins and calcineurin B-like proteins with antioxi-
dant, membrane protection and ion binding functions are widely preferred targets 
[1]. Rab28 LEA gene over-expressing maize plants are reported to have improved 
desiccation tolerance under a constitutive maize promoter [23]. Likewise, trans-
genic expression of halophilic fungus Aspergillus glaucus AgGlpF gene encoding an 
aquaporin protein confers extreme salt tolerance in soybean [24].

Other commercially registered GM traits are altered insect and disease resis-
tance, growth/yield, herbicide tolerance, modified product quality and pollination 
control system. Insect and disease resistance is mainly obtained through introduc-
ing natural pest genes from insects, fungi and bacteria to target plants. The most 
known example of the application is δ-endotoxin insecticidal protein-expressing 
cry gene transfer from Bacillus thuringiensis (Bt) which is extremely effective 
against lepidopterans, dipterans and coleopterans. In recent days, there are several 
alternatives to Bt toxins including lectins, protease inhibitors, antibodies, peptide 
hormones [15]. In particular, protease inhibitors (PIs) have devastating effects on 
insect digestive systems since most insects facilitate serine-type proteinase enzymes 
in digestion. Serine-type mustard trypsin inhibitor −2 (MTI-2) expressing Brassica 
napus (L.) plant are proven to present insecticidal properties on Pterostichus madi-
dus beetle. It was also found effective on Plutella diamondback moth xylostella as 
the intermediary pest species [25]. As an alternative to Bt toxin alone, lectin genes 
were also introduced for insecticidal properties. Codon-optimized synthetic Bt 
Vip3Aa gene under CaMV35S promoter and Allium sativum leaf agglutinin gene 
under phloem-specific promoter transformation significantly improved Helicoverpa 
armigera resistance. As mentioned in environmental stress factors earlier, transcrip-
tion factors are known to play important roles in plant resistance to environmental 
stress factors. MYB4L transcription factors were shown to induce ethylene pathway 
and enhance tobacco mosaic virus (TMV) resistance in Nicotiana benthamiana. On 
the other hand, silencing the transcription factor intensified the susceptibility [26]. 
Similarly, the WRKY17 transcription factor was proven to both enhance artemisinin 
biosynthesis in a traditional Chinese medicinal plant Artemisia annua, and provide 
resistance against Pseudomonas syringae. Two defense marker genes, pathogenesis-
related 5 (PR5) and NDR1/HIN1-LIKE 10 (NHL10), were significantly increased 
in AaWRKY17-overexpressing transgenic A. annua plants as well as AaWRKY17 
directly bound to the promoter region of the artemisinin biosynthetic pathway gene 
amorpha-4,11-diene synthase (ADS) and promoted its expression.

Herbicide resistance can be maintained through two transgenic approaches. 
The first involves the modification of the target enzyme to overcome herbicide 
sensitivity. In the second approach herbicide, detoxifying pathways are introduced 
to the susceptible target plants. Glyphosate (N-phosphonomethylglycine) is a 
highly efficient, low-toxicity, broad-spectrum and nonselective herbicide that 
has been widely applied. Glyphosate specifically inhibits the activity of 5-enol-
pyruvylshikimate-3-phosphate synthase (EPSPS), a key enzyme in the shikimate 
pathway and prevents aromatic amino acid synthesis unselectively in any plants. 
Therefore, fortification of target enzymes in intended plants is crucial. Recently, co-
transformation of a codon-optimized glyphosate oxidase gene WBceGO-B3S1 from 
a variant BceGO-B3S1 and a glyphosate-tolerant gene I. variabilis-EPSPS from the 
bacterium Isoptericola variabilis into an O. sativa variety by Agrobacterium-mediated 
genetic transformation resulted in high glyphosate tolerance [27]. In the second 
approach, the herbicidal effects of glufosinate, which is a nonselective, glutamine 
synthetase (GS) inhibitor, are targeted. The GS enzyme produces glutamine amino 
acids from ammonia and glutamate. Glufosinate causes glutamine deficiency in 
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susceptible plants through ammonia and glyoxylate accumulation, inhibition of 
photosynthesis due to defected chloroplast structure. Transformation of the pat 
gene from Streptomyces viridochromogenes to susceptible plants leads to expression 
of phosphinothricin acetyltransferase (PAT) enzyme in plants which metabolize 
glufosinate into N-acetyl-L-glufosinate (NAG). This non-toxic compound does not 
inhibit GS enzymes [28].

The first two generations of transgenic plants in farming applications consis-
tently enhanced food supply and essential traits. Following the improvements 
within this technology, it became more friendly to the environment, less risky for 
human health, more profitable to small scale farmers and more regulated around 
the world. The third generation will be the era of recombinant pharmaceuticals 
as plant-based vaccines against pathogens in human health and beneficial health 
products as therapeutic proteins, monoclonal antibodies, hormones, enzymes along 
with transgenic bioenergy plants which are not going to be discussed in this chapter.

3. Transgenic plants in pharming

Excluding transgenic farming applications which were summarized in the 
previous section, the term of molecular farming through transgenic plants refers 
utilization of plants for recombinant protein production instead of microorgan-
isms and animal cell in fermenter systems. When we narrow this definition from 
recombinant proteins to pharmaceutical products still in plants basis, we define 
the alternative term “molecular pharming”. Before the revolutionary contribution 
of Stieger et al. [29] in which they presented the capability of plant cells to produce 
multimeric assembled mammalian antibodies in Acetabularia mediterranea, the 
general opinion was that functional full-length mammalian antibodies would not 
assemble in plants without mammalian chaperones. Before this accomplishment, 
there were various well-established production systems as Escherichia coli in pro-
karyotes, Saccharomyces cerevisiae in single-cell eukaryotes, Chinese Hamster Ovary 
(CHO) cells, non-secreting murine myeloma (NS0) cells, Sp2/0 HEK293 mamma-
lian cells for recombinant protein production in which there were boundaries of the 
expensive fermenter and good manufacturing practice (GMP) required for phar-
maceutical production. After successful production practices of mammalian IgG1 
antibody in tobacco [30] and human serum albumin (HSA) in transgenic potato 
and tobacco plants [31], the molecular pharming approach rapidly accelerated and 
production systems like tobacco, potato, tomato, alfalfa, safflower, carrot, lettuce, 
strawberry, moss, duckweed, maize, wheat and rice were emerged. Besides the 
plant species, there are various approaches differing in plant tissues (whole plant, 
hairy roots, cell suspension etc.), expression type (stable, transient, transplastomic, 
tissue-specific, inducible) and product targeting (post-translational modifications 
and accumulation targets) [4]. Today, there are thousands of different recombinant 
proteins produced in plant systems in which we can also include antibody, vaccine, 
hormone or enzyme type pharmaceuticals. There is also an increasing number of 
companies producing commercial plant-based therapeutics (Table 3). Along with 
the obvious advantage of pharming in scale-up production, this approach also has 
a downside on downstream processing (including maintaining product quality, 
extraction and purification) due to the wide range of plant metabolites.

3.1 Monoclonal antibodies, viral antigens and vaccines

Recombinant monoclonal antibody (mAbs) production in pharming applications 
has grown rapidly since the first reported IgG1 antibody in transgenic tobacco by 
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Company Name Product References

iBio, Inc IBIO-201
Prophylaxis of 
SARS-CoV-2
Spike Protein Fused 
Lichenase Protein / 
Nicotiana benthamiana

ACE2-FC
Prophylaxis of 
SARS-CoV-2
Human Angiotensin 
Converting Enzyme 
2 (ACE2) Fused 
To A Human 
Immunoglobulin G Fc 
fragment / Nicotiana 
benthamiana

IBIO-400
Prophylaxis of 
Classical Swine Fever 
(CSF)
CSFV E2 
Glycoprotein 
/ Nicotiana 
benthamiana

[32]

Medicago Inc. MT-7529
Prophylaxis of H7N9 
Influenza / Nicotiana 
benthamiana

MT-2355
Prophylaxis Of 
Pertussis, Diphtheria, 
Tetanus, Poliomyelitis 
and Prophylaxis 
of Hib Infection in 
Infants / Nicotiana 
benthamiana

MT-2271
Prophylaxis of 
Seasonal Influenza 
/ Nicotiana 
benthamiana

[33]

MT-5625
Prophylaxis 
of Rotavirus 
Gastroenteritis / 
Nicotiana benthamiana

MT-2766
Prophylaxis of SARS-
CoV-2 / Nicotiana 
benthamiana

MT-8972
Prophylaxis of H5N1 
Influenza / Nicotiana 
benthamiana

Icon Genetics ZMapp
Prophylaxis of Ebola 
virüs / Nicotiana 
benthamiana

Denka
Prophylaxis of 
Norovirus / Nicotiana 
benthamiana

- [34]

SemBioSys 
Genetics Inc.

Milano
Production of 
apolipoprotein AI / 
Carthamus tinctorius

SBS-1000
Plant-Produced 
Insülin / Carthamus 
tinctorius

-

Protailx Elelyso
Prophylaxis of type 
1 Gaucher’s disease / 
Daucus carota

PRX 102
Prophylaxis of Fabry 
disease / Daucus carota

PRX-105
Use in treatment of 
Organophosphorus 
poisoning / Daucus 
carota

[35]

Wuhan 
Healthgen 
Biotechnology 
Corp.

OsrhLF
Recombinant Human 
Lactoferrin / Oryza 
Sativa

OsrHSA
Human Serum 
Albumin / Oryza 
Sativa

OsrhEGF
Human Epidermal 
Growth Factor / 
Oryza Sativa

[36]

OsrhbFGF
Human Basic Fibroblast 
Growth Factor / Oryza 
Sativa

rhIGF-1 LR3
Human Insulin-like 
Growth Factor-1 LR3 / 
Oryza Sativa

OsrhVEGF
Human Vascular 
Endothelial Growth 
Factor / Oryza Sativa

OsrhKGF
Keratinocyte Growth 
Factor / Oryza Sativa

OsrhLF
Human Lactoferrin / 
Oryza Sativa

OsrhFN
Human Fibronectin / 
Oryza Sativa

OsrhLYZ
Human Lysozyme / 
Oryza Sativa

OsrhAAT
Human α-1 Antitrypsin 
/ Oryza Sativa

-

Planet 
Biotechnology 
Inc.

PBI-220
Immunoadhesin of 
anthrax / Nicotiana 
benthamiana

(DPP4-Fc)
Immunoadhesin 
of Middle East 
Respiratory Syndrome 
(MERS) / Nicotiana 
benthamiana

- [37]



Genetically Modified Plants and Beyond

60

Andrew Hiatt [30]. In the beginning, it was not an easy task due to the complicated 
nature of antibodies on basis of post-translational modifications, folding patterns 
and structural assembly. IgG is the simplest immunoglobulin structure, therefore 
only two plant genes are required to produce fully functional IgG in plant systems. 
On the other hand, IgA which has four heavy chains and four light chains requires 
the expression of four genes at the same time. Early antibody studies also considered 
producing antibody fragments, mini bodies, large single chains, single-chain variable 
fragments (scFvs), bispecific scFvs, diabodies and fusion proteins as well [47]. Some 

Company Name Product References

Merck KGaA L1294
Lactoferrin / Oryza 
Sativa

A9731
Albumin / Oryza 
Sativa

L9545
Leukemia Inhibitory 
Factor / Oryza Sativa

[38]

T3705
Transferrin / Oryza 
Sativa

L1667
Lysozyme / Oryza 
Sativa

616371
Aprotinin / Nicotiana 
tabacum

B0939
B Lymphocyte 
Activating Factor / 
Nicotiana tabacum

T3449
TrypZean® / Zea 
Mays

B0814
Bone Morphogenetic 
Protein 7 (BMP-7) / 
Nicotiana tabacum

Angıo-Proteomıe rAP-0487
Interleukin-12 p40 / 
Nicotiana benthamiana

rAP-2263
Growth Hormone / 
Nicotiana benthamiana

rAP-2375
Myostatin / Nicotiana 
benthamiana

[39]

Abbexa Ltd abx263080
Bone Morphogenetic 
protein-7

abx263465
Fibroblast Growth 
Factor

abx260381
B-Cell-Activating 
Factor

[40]

SoyMeds, Inc. soy-mSEB
Prophylaxis of 
Staphylococcal 
Enterotoxin B / Glycine 
max

- - [41]

G+FLAS Life 
Sciences

The RBD
Prophylaxis of SARS-
CoV-2 / Nicotiana 
benthamiana

- - [42]

Kentucky 
BioProcessing, 
Inc.

V-101
Prophylaxis of Seasonal 
Flu / Nicotiana 
benthamiana

V-201
Prophylaxis of SARS-
CoV-2 / Nicotiana 
benthamiana

- [43]

Ventria 
Bioscience

VEN100
Prophylaxis of 
Clostridium Difficile

VEN BETA
Prophylaxis of 
Enterotoxigenic E. coli 
(ETEC) / On Sale

- [44]

Thermo Fisher 
Scientific Inc.

A35934
Leukemia Inhibitory 
Factor / Hordeum 
vulgare

- - [45]

ORF Genetics ISOkine
Production of Human 
Growth Factors & 
Cytokınes / Hordeum 
vulgare

MESOkine
Production of 
Anima-Like Growth 
Factors & Cytokınes / 
Hordeum vulgare

DERMOkine
EGF (Epidermal 
Growth Factor) / 
Hordeum vulgare

[46]

Table 3. 
Plant-based therapeutic producing companies and commercial products.
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achievements on targeting the mAbs into different plant cell parts for accumulation 
followed in a short time. The first plant-derived IgM was produced in N. tabacum 
and targeted into chloroplasts. Constructed chimeric genes and the barley aleurone 
α-amylase signal peptide coding sequence which had already been used successfully 
to transport bacteriophage T4 lysozyme from transgenic tobacco cells to the intercel-
lular spaces was introduced to N. tabacum to initiate the secretory pathway of chime-
ric IgM in transgenic plants. Subcellular localization of IgM, presented the assembly 
of the antibody in the endoplasmic reticulum and the targeted accumulation in 
chloroplasts. Assembly and targeting of complex foreign protein in the transgenic 
plant were shown through fusing the individual chains to a plant signal peptide [48]. 
Secretory IgA was also expressed recombinantly. Four transgenic N. tabacum plants 
were generated that expressed a murine monoclonal antibody kappa chain, a hybrid 
immunoglobulin A-G heavy chain, a murine joining chain and a rabbit secretory 
component, respectively. Sexual crosses were achieved among the transgenic tobac-
cos resulting expression of all four protein chains simultaneously. These chains were 
assembled into a functional, high molecular weight secretory IgA which recognized 
the native streptococcal antigen I/II cell surface adhesion molecule. Transgenic 
plants were suggested as suitable systems for large-scale production of assembled 
recombinant secretory IgA for passive mucosal immunotherapy since plants require 
a single cell to assemble secretory antibodies while mammalian cells require two 
different cell types [49]. Transgenic plant-derived antibodies (plantibodies) are 
thought to be particularly effective in topical immunotherapies which are based on 
the antigenic competition by using immunomodulators to induce hypersensitivity. 
In recent days, mABs are designed for various purposes as chemotherapeutics for 
cancer, antibody-mediated passive immunization against highly contagious infec-
tious diseases as SARS and COVID-19, curing or slowing down disease progression, 
active immunization through antigens (Table 4).

mABs may aim cancer cells in different mechanisms. They can directly bind and 
flag cancer cells for immune cells prevent angiogenic properties, stimulate disrup-
tion of the cell membrane, block immune system inhibitors, retard cancer growth, 
act as chemotherapy or radiotherapy agent carrier. Targeted antigens are generally 
related to growth and differentiation including epidermal growth factor receptor 
(EGFR), carcinoembryonic antigen (CEA), human epidermal growth factor recep-
tor 2 (HER2), vascular endothelial growth factor (VEGF), VEGF receptor (VEGFR), 
fibroblast activation protein (FAP). mAbs are not native products of plant tissues. 
However, the transgenic plant approach provides the capacity to induce production 
and modification of mAbs through posttranslational modifications as glycosylation 
to enhance therapeutic efficacy. Pembrolizumab which is an anti-human PD-1 
monoclonal mAb has been produced in wild-type Nicotiana benthamiana through 
transient expression. 344.12 ± 98.23 μg/g fresh leaf weight Pembrolizumab accumu-
lation was obtained after 4 days of agroinfiltration. Molecular characterization of 
plant-based Pembrolizumab was compared to mammalian cell-based commercial 
counterpart Keytruda®. Physicochemical properties of plant-based Pembrolizumab 
were found comparable to Keytruda® with similar secondary and tertiary struc-
tures. Both products presented no aggregation differences and binding efficacy to 
PD-1 protein and inhibitory activity between programmed cell death 1 (PD-1) and 
programmed cell death ligand 1 (PD-L1) interaction. In this respect, researchers con-
cluded that plant-produced Pembrolizumab could induce IL-2 and IFN-γ production 
and plant-based production of functional Pembrolizumab can be utilized for immu-
notherapy purposes [50]. In another anticancer approach, heavy and light chains of 
mAb BR55-2 were expressed separately and assembled in plant cells of transgenic 
tobacco plants (N. tabacum cv. LAMD609). Production was as high as 30 mg/kg of 
fresh leaves in the first generation of plants. Like in mammalian counterpart, the Fc 
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domain of the plant mAbP presented a similar binding to FcγRI receptor (CD64) 
and bound to both SK-BR3 breast cancer cells and SW948 colorectal cancer cells, 
specifically. This plant-derived BR55-2 also inhibited SW948 tumor growth in nude 
mice, efficiently and was suggested as a possible immunotherapy option [65]. Both 
samples represent IgG-type plant-derived antibodies. However, more complex 
IgA-type plant-derived products are also presented with better efficacy, recently. 
The secretory component (SC) of immunoglobulin A (SIgA), which is an efficient 
therapeutic antibody against mucosal pathogens, was successfully expressed in A. 
thaliana. The expression level of SC was increased in the plant system through the 
insertion of endoplasmic reticulum retention signal peptide, KDEL (Lys-Asp-Glu-
Leu), into a binary vector with translational enhancer and an efficient terminator 
[66]. This approach was also reported as useful against food poisoning causing E. 
coli virulence factor Shiga toxin through recombinant IgA (S-hyIgA) produced in 
transgenic A. thaliana plants [67].

Plant-derived antibodies and viral antigens were also targeted for highly con-
tagious infectious diseases as SARS, Ebola, Zica, Hepatitis B, AIDS and even the 
most recent COVID-19 (Tables 5 and 6). SARS-CoV-2 is a single-stranded RNA-
enveloped virus, which has 29,881 bp genome encoding 9860 amino acids belonging 
to structural proteins, spike (S), envelope (E), membrane (M) and nucleocapsid 
(N) and 16 non-structural proteins (such as 3-chymotrypsin-like protease, papain-
like protease and RNA-dependent RNA polymerase) and 9 accessory proteins. N 
protein which is the most abundant viral protein shown to be highly conserved 
in CoV families. It is highly immunogenic during CoV infections. It is a major 
target for antibody responses and also contains T cell epitopes [82, 83]. Post-
transcriptional gene silencing suppressor p19 protein from tomato bushy stunt virus 
substantially demonstrated the transient expression of recombinant SARS-CoV 
nucleocapsid (rN) protein in Nicotiana benthamiana. The rN protein accumulated 
up to a concentration of 79 μg per g fresh leaf weight in the agrobacteria-infiltrated 
plant leaf after the third day of infiltration. BALB/c mice were intraperitoneally 
vaccinated with pre-treated plant extract emulsified in Freund’s adjuvant and plant-
expressed recombinant SARS-CoV N protein-induced strong humoral and cellular 
responses in mice [74]. Also, iBio company developed a plant-derived vaccine tar-
geting the N protein in their IBIO-202 program which is under pre-clinical trials. M 
and E proteins contribute very low on protection owing to their small ectodomains 
for immune cell recognition and small molecular sizes and poorly immunogenic for 
humoral responses. Glycosylated S proteins cover the SARS-CoV-2 surface and bind 
to the host cell receptor angiotensin-converting enzyme 2 (ACE2) during viral cell 
entry. Hence, S protein is the main viable vaccine target against the ongoing pan-
demic for the time being [84]. Rapid production of SARS-CoV-2 receptor-binding 
domain (RBD) and spike-specific monoclonal antibody CR3022 were achieved in 
Nicotiana benthamiana. Both RBD and mAb CR3022 were transiently produced with 
the highest expression level of 8 μg/g and 130 μg/g leaf fresh weight respectively 
at 3 days post-infiltration. The plant-produced RBD exhibited specific binding to 
the SARS-CoV-2 receptor, angiotensin-converting enzyme 2 (ACE2) [52]. In July 
2020, phase 1 study was initiated for a plant-derived virus-like particle (VLP) vac-
cine candidate called CoVLP which expresses the SARS-CoV-2 spike glycoprotein 
(CoVLP: NCT04450004). It has been evaluated through 21 days apart from two 
doses of 3.75 μg, 7.5 μg or 15 μg vaccine alone or with AS03 or CpG1018 adjuvants 
in healthy adults 18–55 years of age. Based on the available data two-dose schedule 
of CoVLP at 3.75 μg per dose adjuvanted with AS03 has been carried forward 
into ongoing phase 2/3 studies in Canada and the United States, with planned 
expansion to additional countries in Latin America and Europe [85]. In December 
2020, the Kentucky BioProcessing company announced its phase 1 plant-derived 
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cVLP vaccine. CPG adjuvant vaccine was administered in healthy adult subjects 
in two age groups, Part A (18–49 years) and Part B (50–85 years). The company 
also produces seasonal influenza vaccines through Nicotiana benthamiana plants 
[86]. BaiyaPharming™ produced a subunit-based plant-derived vaccine against 
SARS-CoV-2 in N. benthamiana. Baiya SARS-CoV-2 Vax 1 was chosen between 
six candidates which showed better immunogenicity in mice and monkeys. Baiya 
Phytopharm expects to initiate human trials by September 2021 [87]. Plant-derived 
vaccines for humans and animals stand out as a viable alternative that can be used 
to overcome the barriers of conventional vaccines. Within the scope of transgenic 
plants, it is possible to produce cost-effective, immunogenic and safer vaccines 
in plants with an enhanced amount, effective isolation and purification methods. 
Correct use of adjuvants along with the production of recombinant vaccine antigens 
also seems equally crucial for the future of this technology.

3.2 Replacement human proteins

Plants are usually referred to as molecular factories to provide humans with 
many useful molecules for many purposes. In the last decades, it has also become 
available to produce specific heterologous proteins as a replacement in humans. In 
this manner, the first plant-derived pharmaceutical was human growth hormone, 
which was expressed in transgenic tobacco as a fusion with Agrobacterium nopaline 
synthase enzyme in 1986 [88]. Today, recombinant human proteins are a consider-
able part of FDA-approved biotechnological drugs and recombinant plant-derived 
proteins are extended in many categories as industrial enzymes, research intended 
technical proteins, nutritional supplements and polymers as well as antibodies 
and vaccines which were mentioned in the previous section. Replacement human 
proteins include products as growth hormone, HSA, α-interferon, erythropoietin 
(EPO), human secreted alkaline phosphatase, aprotinin, collagen, α1-antitrypsin 
and more (Table 7).

Human growth hormone (hGH) has various biological functions on protein 
synthesis, cell proliferation and metabolism. After the first successful plant-
derived production, many different strategies were achieved. In a recent approach, 
a synthetic hGH gene (shGH) has been synthesized in a plant expression vector 
under the control of the rice amylase 3D (Ramy3D) promoter. The plant expression 
vector was introduced into rice calli (O. sativa L.) via the particle bombardment 
transformation method. The shGH protein expression was verified and quantified 
as 57 mg/L in the transgenic rice cell suspension medium. Biological activities of 
the shGH were found similar to the conventional E. coli-derived recombinant hGH. 
Likewise, many different plant tissues and expression systems are suggested as 
effective hGH production replacements [101].

Human serum albumin (HSA) is the most abundant protein in human blood 
plasma. HSA is a soluble, globular, unglycosylated, monomeric multidomain 
protein. The single polypeptide of HSA consists of 585 amino acids with a range 
of structural configurations that fold into three helical domains [104]. It is also 
the first full-size native human protein expressed in plants and there is more than 
500 tons annual demand. The transient expression level of the HSA gene in differ-
ent genotypes was achieved in many plants. Recently, the A. tumefaciens strains 
LB4404 and GV3101 containing pBI121-HSA binary vector were infiltered in 
Nicotiana benthamiana and N. tabacum varieties. The bioactive HAS expression in 
tobacco leaves through the expression of the HSA gene in the plant system is sug-
gested as the first transient expression success in literature [105].

α-interferon is the first human pharmaceutical protein produced in rice. 
The plasmid pIG3031 containing human α-interferon cDNA and the neomycin 
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phosphotransferase II coding sequence was introduced to Indica rice protoplasts 
via lipofection-mediated transformation. Transgenic plants were regenerated 
from transformed calli. Extracts of transgenic cell cultures and plants presented 
apparent interferon activity proven by the resistance of human amniotic cell lines 
to viral infection in the presence of plant extracts. This production encouraged 
many other strategies as human α-interferon cDNA was correctly expressed in 
rice cells [106].

Erythropoietin (EPO) is the first human replacement protein produced in 
tobacco suspension cells. EPO is a cytokine that regulates and maintains the physi-
ological level of circulating erythrocytes. The survival of erythroid precursor cells is 
also achieved through EPO. It stimulates the proliferation and differentiation of the 
precursor cells by plasma membrane EPO-receptor interactions. The first trans-
genic approach introduced human Epo cDNA via A. tumefaciens-mediated gene 
transfer to tobacco BY2 cells (N. tabacum L. cv. Bright Yellow 2). EPO is a heavily 
glycosylated protein, therefore glycosylation of tobacco-derived EPO by smaller 
oligosaccharides led the molecule to remain attached to the cell wall. However, it 
induced the differentiation and proliferation of erythroid cells in in vitro biologi-
cal activity trials [107]. Recently, mammalian cell-derived recombinant human 
erythropoietin (rhuEPOM) is a multimodal neuroprotectant in experimental stroke 
models. However, the rhuEPOM clinical trials were terminated due to the increased 
risk of thrombosis, largely ascribed to its erythropoietic function. A rhuEPO 
derivative without sialic acid residues was produced in a plant-based expression 
system which is lacking sialylation capacity to produce asialo-rhuEPOP. Repeated 
intravenous injection (44 μg/kg bw) in mice presented no increase in hemoglobin 
levels and red blood cells. Hence, Asialo-rhuEPOP that lacks erythropoietic activity 
and immunogenicity suggested as a great multimodal neuroprotectant for stroke 
treatment [108].

Pathogen contamination risk of animal-derived collagen initiated the need for 
safe recombinant production of this complex molecule. Collagen is the first human 
structural-protein polymer produced in a plant-derived system. The use of the 
tobacco plant as a novel expression system for the production of human homotri-
meric collagen I was achieved in 2000. cDNA encoding the human proalpha1(I) 
chain was introduced to tobacco. Expressed recombinant procollagen has been 
folded to stable homotrimeric triple helix-shaped collagen as in animal cells [109]. 
A. tumefaciens-mediated transient expression of the recombinant hydroxylated 
homotrimeric collagen in tobacco plants that are co-transformed with a human 
type I collagen and a chimeric proline-4-hydroxylase (P4H) improved the quality of 
collagen by enhancing thermostability to 37°C [110].

Human 1-antitrypsin (AAT) is a 394-amino-acid glycoprotein that inhibits 
the activity of the serine protease neutrophil elastase. Healthy individuals control 
elastase activity by producing sufficient quantities of AAT into the bloodstream. 
When the circulating concentration drops below 15%, various diseases as emphy-
sema, hepatitis and skin disorders occur. Various expression systems, cell types and 
tissues of plants were used for molecular pharming earlier. However, rice suspen-
sion cells were used for the molecular farming of recombinant human 1-antitrypsin 
(rAAT) in biologically active form for the first time in 1999. Transformation of rice 
callus tissues with a p3D-AAT expression vector containing the cDNA for mature 
human AAT protein was achieved. The promoter, signal peptide and terminator of 
a rice-amylase gene Amy3D, which tightly controls simple sugars such as sucrose, 
regulated expression and secretion of rAAT. Expression of the rAAT was initiated 
by removing sucrose from the cultured media or by allowing the rice suspension 
cells to deplete sucrose catabolically. For that time being, the rice cell culture system 
clearly contributed to the molecular pharming field.
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As a concluding summary, plants have various upsides against traditional micro-
bial and animal cell culture systems in respect to molecular pharming. Some of 
these include cost efficiency, easier up-scale production, absence of human patho-
gens and accurate maturation (folding and assembly) of proteins. The potential of 
molecular pharming in plants attracts more and more entrepreneurs following the 
numerous successful products and companies. Achieving secretory properties and 
targeting of plant products also surpass many other production systems. The use 
of plants as bioreactors is well known, and its applications are increasing for both 
recombinant protein expression and recombinant pharmaceutical production. This 
chapter showcases the various plant biotechnology application and strategies as 
applied in the production of recombinant antibodies, antigens, therapeutic proteins 
and enzymes, that are used in the treatment of various diseases. Now with the 
COVID-19 pandemic, more than ever this approach is taking center stage. This is so 
important as it will reveal the hidden treasure that transgenic plants already offered 
but mired in the genetically modified organism debate and therefore rejected before 
these other applications beyond food could be readily realized. Indeed, different 
systems exist within the system utilizing many different parts and tissues of the 
plant to produce products. Furthermore, this system is more advantageous in a 
eukaryotic system that performs post-translational modification as would animal 
and yeast cells thus yielding the final desired therapeutic product comparable to 
what is already produced by humans, for example.

© 2022 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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Abstract

The commercialization of transgenic plants almost three decades ago was 
accompanied by controversies that highlighted concerns that relate to human health 
and the environment. This has resulted in continued research efforts to further 
improve molecular genetic approaches to plant genetic engineering. One such 
approach involves the use of site-specific recombination mechanisms to produce 
cisgenic plants. This chapter describes the different methods for site-specific 
recombination and briefly comments on their potential for widespread adoption 
in the production of cisgenic plants. The chapter concludes by showcasing some 
cisgenic plants under development and highlights how cisgenic plants circumvent 
some concerns associated with first-generation transgenic plants.

Keywords: transgenic plants, cisgenic plants, site-specific recombination, 
genome-editing

1. Introduction

Transgenic plants have been around for some time and have become of age. 
Their strict regulation and public approval processes remain controversial with 
some people opposed to transgenic plants for reasons that can broadly be catego-
rized into real, perceived or imagined based on established scientific facts. During 
evaluations before releasing into the environment, the transgenic plants are evalu-
ated to confirm if they deliver the benefits they claim, and whether they are safe to 
human health and the environment [1]. Continued engagement with these concerns 
has led to the exploration of possible solutions that make the technology more 
efficient, safer, and more widely accepted.

Many of the concerns associated with genetically modified plants emanate from 
the use of reporter genes and selectable marker genes such as antibiotic or herbicide 
resistance genes in the process of genetic engineering [2, 3]. These genes, together 
with the transgene of interest, are usually part of a relatively large plasmid that 
has sequences that are not required in the genetically modified plant but become 
transferred to the plant and get integrated into the plant genome because of the 
general and non-specific nature of plant transformation methods. The reporter 
and selectable marker genes together with vector backbone sequences once present 
in the transgenic plant are of ecological concern because they may be passed on to 
other species in the environment, resulting in such characteristics as weediness and 
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invasiveness [1, 2]. The spread of antibiotic resistance genes is also of great concern 
to human health. The integration sites of these genes are random and may result in 
some ‘unintended effects’ such as inactivation of important genes and production 
of new toxins or allergens. All these factors are considered during evaluations for 
the release of genetically modified plants.

Over the years, the concept of cisgenic plants has emerged and is contrasted with 
transgenic plants by using DNA sequences from naturally crossable species and 
possibly avoiding the use of reporter and selectable marker genes as well as vector 
sequences [4, 5]. This chapter will explain how that is achieved, and why cisgenic 
plants might be more widely acceptable to regulators and consumers.

2. History and controversies of transgenics/GMOs

In 1994, the genetically modified Flavr Savr™ tomato was commercialized [6]. 
This was a great stride for both science and commerce, and the society’s response 
to this new type of product has helped determine how such new technologies are 
regulated. While some proponents of genetic engineering would have wished for no 
labelling and minimum statutory regulation of the development and environmental 
release of the GMOs, an antagonistic anti-GMO movement arose and advocated 
for a ‘ban’ on GMOs. This created a healthy, restrained environment in which real, 
potential and imagined dangers of the new technology could be objectively evalu-
ated. Processes for approval and release of GMOs were established, enabling society 
to have a say, whatever the nature of their reservations might be.

Singh et al. [1] lists five potential risks associated with the cultivation of transgenic 
crops. These are: (1) Introduction of allergenic or harmful proteins into the foods; 
(2) Detrimental effects on non-target species and the environment; (3) Increased 
invasiveness and weediness of crop plants; (4) Increase pest and disease resistance 
in response to intense selection pressure; and (5) Fear of biodiversity loss. These 
potential risks must be addressed before regulatory approval for the release of a trans-
genic plant is granted. Scientific research has therefore continued to look for ways to 
eliminate the sources of these concerns, where possible.

Many of the potential risks related to the presence of a reporter and selectable 
marker genes in the GMOs. Vector backbone sequences often get integrated into the 
plant genome as well [2]. The sites of integration of these DNA sequences are often 
random, possibly disrupting some essential gene functions, giving rise to toxic or 
allergenic products and some other non-intended effects [5]. Alternative methods 
of genetically engineering plants have been developed to better address some of 
these concerns.

Two main methods are used for plant transformation: Agrobacterium-mediated 
transformation and biolistics (bombardment) [2, 3]. The processes have been 
studied for a long time and there is some understanding of how transgenes enter 
the cell cytoplasm and nucleus in both cases, the mechanisms for transgene inte-
gration into the genome cannot be easily manipulated. The mechanisms of integra-
tion involve homologous or non-homologous recombination and are reviewed by 
Mundembe and Hwang et al. [7, 8].

It became apparent that the methods of plant transformation and mechanism of 
DNA integration were intricately linked to the concerns raised against transgenic 
plants [2]. The selectable marker such as herbicide resistance or antibiotic resistance 
gene is required as a mechanism to positively select for transformed plants over 
untransformed plants; untransformed plants will not survive in the presence of the 
herbicide or antibiotic [2]. The reporter gene gives a visual marker such as colour 
or fluorescence that enables the experimenter to tell the transformed nature of any 
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tissue easily. These marker genes are usually on the same piece of DNA as the gene 
of interest so that the presence of the marker genes can be taken as an indication 
of the presence of the gene of interest as well. The presence of these genes in the 
environment is a major concern. In addition, the site of integration of these genes 
is random.

Vector backbone sequences also often become integrated into the plant 
genome. Applicants for approval are required to demonstrate that vector backbone 
sequences are absent for approval to be granted. Plant transformation experiments 
are designed on the assumption that only the sequences between the left and right 
borders of a T-DNA will be transferred to the plant genome. Widespread reports of 
integration of vector sequences were cited by opponents of genetic engineering as 
evidence that the genetic engineering of plants was not sufficiently understood to 
be released into the environment. The perception of ‘randomness’ of transfer and 
integration made the public uneasy about GMOs.

Site-specific recombination promised to circumvent the concerns about 
the randomness of the site of integration. Site-specific recombination systems 
have been studied since the 1980s. These include Cre-lox P (‘causes/cyclization 
recombination/locus of crossing over, x, in P1’), FLP/FRP (flippase/flippase 
recognition target) and 𝛌𝛌 integrase [9]. Zinc finger nucleases (ZFN), transcription 
activator-like effector nucleases (TALENs) and clustered regularly interspaced 
short palindromic repeats- CRISPR-associated gene 9 (CRISPR-Cas9) is another 
group of nucleases that has been adapted for manipulation of DNA at specific 
sites [10].

3. Recombination

Recombination is defined as the production of new DNA molecule(s) from two 
parental DNA molecules or different segments of the same DNA molecule [11]. 
Recombination is essential for the success of all living organisms, to generate diver-
sity and to repair damage to DNA. The types of recombination include homologous 
(general) recombination, nonhomologous (illegitimate) recombination, replicative 
recombination (transposition) and site-specific recombination.

3.1 Homologous recombination

Homologous recombination occurs throughout genomes of diploid organ-
isms immediately before cell division in the late S or G2 phases of the cell cycle 
and is responsible for recombining large pieces of DNA that have a very similar 
sequences [12]. The mechanism of homologous recombination is complex and may 
involve many enzymes but is very accurate and tightly controlled. It can repair 
double-stranded breaks with either single or double ends, even those with cova-
lently attached proteins [13]. Holliday junctions are formed, and their resolution 
determines the outcome.

3.2 Nonhomologous recombination

Nonhomologous (illegitimate) recombination occurs in regions where no large-
scale sequence similarity is apparent and is responsible for translocations between 
nonhomologous chromosomes or deletions of several genes from a chromosome 
[13]. It is the main mechanism for DNA repair that takes place throughout the cell 
cycle, repairing DNA damage due to chemicals and UV light. It efficiently restores 
chromosomal integrity at the risk of introducing local sequence errors.
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The mechanisms of non-homologous recombination are nonhomologous 
end-joining (NHEJ) and alternative NHEJ (altNHEJ, also known as microhomol-
ogy-mediated end-joining, MMEJ). They involve the ligation of two double-
stranded breaks with little or no sequence homology, without the need for a 
repair template [13, 14].

3.3 Replicative recombination

This is a specialized type of recombination in which a segment of DNA is 
translocated from one location on a chromosome to another on the same or another 
chromosome in a process that involves the generation of a new copy of a segment of 
DNA [11]. Many transposable genetic elements use this process to generate a new 
copy of the transposable genetic element at a new location.

3.4 Site-specific recombination

Site-specific recombination (SSR) is widespread in prokaryotes, involves much 
shorter DNA segments and requires specific nucleotide sequences that are recog-
nized by specific proteins known as recombinases. The lambda integrase system 
for integration into E. coli genome was the first to be discovered, but many more 
systems have since been discovered and characterized. Site-specific recombination 
brings together two short DNA sequences on separate locations on the same or 
separate DNA molecules, with the cutting and re-joining of the DNA molecules in 
a recombination reaction catalyzed by specific SSR enzyme systems [10, 15]. The 
process is conservative since it does not involve DNA synthesis or degradation, or 
any high-energy cofactors such as ATP, and is thus distinct from homologous, non-
homologous and replicative recombination. The outcomes of SSR are integration/
excision, inversion or linear recombination depending on the initial orientation of 
the two target sites.

The conservative site-specific recombinases can be classified into two families: 
serine family recombinases (formerly known as invertase/resolvase) and tyrosine 
family recombinases (formerly known as integrase) based on the amino acid 
that acts as the active site nucleophile during DNA breakage [15]. An example 
of serine family recombinase is bacteriophage PhiC31 integrase. Examples of 
tyrosine family recombinases are Lambda integrase, Cre recombinase and Flp 
recombinase.

The serine family recombinases carry out DNA inversion or DNA resolution 
(excision) reactions. The mechanism involves staggered double-stranded breaks 
in two parallel dsDNA molecules participating in the exchange, followed by a 
180° rotation of the recombination complex (in a plane perpendicular to that 
of the DNA molecules), and then ligated. The tyrosine family recombinases 
carry out DNA integration reactions. The mechanism involves the formation of 
a Holliday junction because of initial cuts in only one (inner) strand of each of 
two dsDNA molecules positioned antiparallel to each other, and they are rejoin-
ing across the molecules. The Holliday junction is resolved when the outer DNA 
molecules are also cut and rejoined to result in recombinant DNA strands [15]. 
The reader is referred to Jayaram et al. [15] for more details of recombination 
geometries.

In-plant biotechnology, the cre-loxP system is a historically prominent SSR 
system and will be considered in more detail below. Recently, the CRISPR-Cas 9 
system and related nuclease variants have gained great prominence and will also be 
considered in detail.
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3.4.1 Cre-loxP recombination system

The Cre-loxP site-specific recombination system is based on a naturally occur-
ring Bacteriophage P1 system. The name ‘cre’ is derived from ‘causes/cyclization 
recombination’ while ‘loxP’ is derived from ‘locus of crossing over, x, in P1’. The loxP 
site is composed of 34 bp consensus sequence consisting of an 8 bp nonsymmetrical 
central region flanked by two 13 bp palindromic sequences. Cre recombinase is a 
38 kDa protein that catalyses the recombination of two loxP recognition sites on 
the same or different DNA strands using tyrosine 324 for the nucleophilic attack 
[9]. The recombination takes place via a Holliday junction intermediate formed by 
two antiparallel DNA molecules/segments to which a dimer of Cre recombinase 
subunits is bound to each loxP site. Two opposite active Cre recombinase subunits 
catalyse strand cleavage, exchange and ligation at the 8 bp nonsymmetric central 
region, thus resolving the Holliday junction intermediate. Excision of DNA flanking 
two loxP sequences occurs if the two have the same orientation; if their orientation 
is opposite, then inversion of the intervening sequence occurs. Strand exchange 
or translocation will occur if two loxP sites located on different DNA molecules 
recombine.

3.4.2 CRISPR/Cas9 and other variants

The CRISPR system was first reported in 1987 in E. coli where it functions as a 
form of adaptive immunity against invading nucleic acid [16] and has since been 
shown to be of ubiquitous occurrence [17]. Many variations have since been discov-
ered in nature, and modifications have also been introduced by genetic engineering 
for ease of use.

The CRISPR/Cas9 system currently used is composed of an RNA-dependent 
DNA endonuclease called Cas 9 protein, complexed with a guide RNA (gRNA). The 
gRNA is only 20 nucleotides long and is complementary to the target DNA to which 
it recruits the Cas9 protein [18]. The Cas9/gRNA then binds to a short but specific 
protospacer adjacent motif (PAM) sequence at the 3′ end of the target sequence. For 
Streptococcus pyogenes, the PAM sequence is 5’-NGG-3′. Cas9 protein then introduces 
a double-stranded break (DSB) on the target sequence. The DSB will be repaired by 
HR or NHEJ, resulting in insertion, deletion, or fragment replacement within the 
target site. Thus, recombination will be effected.

4. Cisgenics

Cisgenesis is defined as the genetic modification of a recipient plant with a 
natural gene (in the sense orientation, with its natural promoter, terminator and 
introns) from a sexually compatible plant [5]. A closely related concept is that of 
intragenesis, where an additional hybrid copy of a gene from the same or crossable 
species is introduced in sense or anti-sense orientation, combining promoter, cod-
ing region and terminator from different genes [19–22]. In intragenesis therefore, 
some changes or reshuffling of coding or control regions of the natural gene(s) 
will have occurred, unlike in cisgenesis. In addition, Rommens et al. [4] stipulates 
that for Agrobacterium-mediated transformation, border sequences derived from 
plants (P-DNA) should be used in place of T-DNA. Cisgenesis and intragenesis are 
contrasted with transgenesis, which is the genetic modification of a recipient plant 
with one or more genes from any non-plant organism, or from a donor plant that 
is sexually incompatible with the recipient plant. Holme et al. [21] discusses the 
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varying stringency with which the term ‘cisgenic’ has been used over the years. The 
strictest definitions of the terms are advocated for since technological advances 
now enable more precise genetic modification followed by more detailed sequence 
analysis of the resulting genetically modified plants. This would also facilitate the 
implementation of different regulatory regimes for cisgenic and transgenic plants.

Early definitions of cisgenesis emphasized the source of the gene of interest 
used in transformation and may not have insisted on the complete absence of other 
accompanying sequences. At that time, almost all transgenic plants were developed 
using Agrobacterium-mediated transformation or biolistics, with the gene of inter-
est being introduced as part of a binary plasmid with the reporter and selectable 
marker genes. The least stringent definition did not fully consider the possible 
presence of these extra genetic sequences, and the sites of insertion. Later reports of 
cisgenesis included procedures to remove extra sequences via traditional crossing or 
by site-specific recombination procedures.

The strictest definition of cisgenesis should apply only when the procedures 
through which the plant was modified do not involve any DNA sequences, however 
short or procedurally essential, from any non-plant organism or sexually incompat-
ible plant. This strict definition has recently become possible because of recently 
developed tools for site-specific recombination and genome editing. Some examples 
are considered below.

Many different strategies have been used to meet the marker-free status that 
is required for cisgenic plants. Where transformation efficiencies are high, plant 
transformation can be carried out using constructs that do not have selectable 
markers; transformed lines are identified by screening for the specific gene 
sequences that have been introduced. Biolistic transformation using appropriate 
minimal cassettes has also been suggested [7]. This requires analysis of many lines, 
which makes it time-consuming and expensive.

In an alternative strategy, constructs in which selectable markers are flanked by 
site-specific recombination sites have been used. The selectable markers are later 
deleted from transformed plants following induction of the site-specific recombina-
tion system. Examples, where this approach was used, are in intragenic strawberries 
[23] and in cisgenic and intragenic apples [24, 25]. In maize, a series of transgenic 
maize lines that express five different recombinases have been generated and can be 
used for selectable marker removal and transgene integration into specific loci [26].

Marker-free transformants may also be obtained through a co-transformation 
strategy, where the selectable marker and the transgene of interest are introduced 
on different vector constructs so that they integrate into different locations on 
the plant genome. The two genes may then segregate into different progeny in 
subsequent generations. Cisgenic durum wheat [27] and cisgenic barley [28] were 
generated using this strategy.

In all these strategies however the site of integration of the transgene is random, 
and there is always a chance that vector backbone sequences may also be integrated 
into the plant. Recent work with CRISPR-based strategies has attempted to address 
these shortcomings.

5. Genome-editing technologies and cisgenics

Genome editing is the addition, removal or alteration of genetic material (at 
particular locations) in the genome of an organism. Concurrent developments in 
site-specific recombination and genome sequencing technologies have made (preci-
sion) genome editing a reality. It is now possible to sequence the whole genome 
of an organism in a very short period and at a cost that is affordable to research 
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laboratories. Many site-specific recombination systems have been developed into 
technologies that can target specific sites in the genome at which specific, pre-
determined changes will be introduced. Re-sequencing of the genome will verify 
the specificity of the modifications.

To initiate genome-editing, double-stranded breaks are made in the target 
genome at the site to be edited. Many tools have been developed for precision 
targeting of these double-stranded breaks. These include meganucleases, zinc 
finger nucleases (ZFN), transcription activator-like effector nucleases (TALENS) 
and CRISPR/Cas. The requirements for recognition of specific DNA nucleotide 
sequence sites and mechanisms of cleavage for these nucleases are reviewed in 
detail elsewhere [10]. Once the double-stranded cuts have been made on a DNA 
molecule, endogenous cellular factors recognise and bind to these sites of discon-
tinuity and initiate repair by either HR or NHEJ mechanisms resulting in addition, 
removal or some other kind of alteration of the DNA nucleotide sequence following 
the design of the editing system used. In this paper, we will use the CRISPR/Cas 
system to further illustrate this, and show how cisgenic plants sensus stricto can be 
obtained.

Truly cisgenic plants should be a reporter- and selection marker-free, should 
not contain sequences from non-crossable species, and the editing must be done 
by a precise mechanism at a pre-determined genomic site. Most of the reports on 
genome editing do not result in cisgenic plants because they do not satisfy at least 
one of these requirements. Most reports use selection marker genes, DNA plasmids 
with sequences of bacterial or other origins, or the coding sequence or flanking 
sequences introduced have been modified from their native state in the crossable 
species where they are derived from.

Recent developments in the use of the CRISPR/Cas system in plant genome edit-
ing are reviewed by Wada et al., Metje-Sprink et al., Nadakuduti et al. [18, 29, 30]. 
A strategy that would inspire confidence in both consumers and regulators is one 
where the transformation method does not involve the use of DNA sequences at all. 
Thus, at least two DNA-free genome editing strategies have been reported. The first 
involves the use of viral RNA vectors. The second uses pre-assembled CRISPR/Cas, 
with only a short gRNA and no other nucleic acids.

An example of the first approach is presented by Ma et al. [31] who described an 
example of an RNA virus-vectored system. They engineered the negative-strand 
RNA virus, Sonchus yellow net rhabdovirus (SYNV) by inserting the CRISPR 
sequences for the guide RNA and Cas9 protein between the N and P genes of the 
virus. No selection marker was used. Infection was carried out by mechanical 
inoculation or by agroinfiltration of transformed Agrobacterium cells. Over 90% 
of plants regenerated from virus-infected tissue had the successful deletion of the 
target GFP gene used in the experiment [31]. The system must now be evaluated 
using an agriculturally important gene.

In the second approach, pre-assembled CRISPR/Cas9 ribonucleoproteins can 
be transfected into protoplasts or in vitro fertilized zygotes [32, 33]. This has been 
successfully done in rice zygotes [33]. However, the difficulty in the regeneration 
of whole plants from the protoplasts makes this method not applicable to many 
important species. The ribonucleoprotein or RNA may also be biolistically delivered 
into immature embryo cells or calli. This has been done with wheat [34, 35], maize 
[36] and rice [37]. However, the efficiency of editing is very low.

While there are thousands of CRISPR systems, most of the work has been done 
using the CRISPR/Cas9 system. However, the recently discovered system from 
Prevotella and Francisella (CRISPR/Cpf1, renamed CRISPR/Cas12) appears to be 
easier to adapt to DNA-free applications. This is mainly because the Cas 12a protein 
is smaller and will thus be easier to transfect into cells [29].
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6. Conclusion

The availability of rapid and affordable sequencing technology together with 
tools for site-specific recombination are plants has made it possible for genetic engi-
neers to design plant genetic engineering experiments with great precision. Cisgenic 
plants sensus stricto with agriculturally important traits will soon be a reality in the 
field. The first few varieties might have to go through the same regulatory processes 
as transgenic plants. Maybe the plants must go beyond the usual requirements and 
demonstrate their true equivalence to conventionally bred varieties. Beyond that, 
it is hoped that methodologies for cisgenesis will become standardized, and regula-
tory requirements of cisgenic plants will be equivalent to those of conventionally 
bred crops.
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Chapter 5

Genetic Conservation and 
Importance of Ginger in Ethiopia
Girma Hailemichael, Mohammedsani Zakir  
and Melaku Addisu

Abstract

Ethiopia has conducive agro-ecology and is capable to produce various spices, 
including ginger. Spices research in Ethiopia with various limitations did a lot 
on ginger technology development and achieved significant results. Acquiring 
significant number of ginger accessions from domestic and foreign source, variety 
development, pre and postharvest management practices including protection parts 
are available. Ethiopians have high spices consumption culture and significant  
volume of ginger used locally and this can be considered as one of the opportuni-
ties. In addition to this, there is significant export of ginger and generating 22.6 
million USD in 2008. Though there is such potential for production and export 
earnings, still there are lots of challenges that keep the performance of the com-
modity very low. The local grouping of the ginger materials, and the selection 
and release of two ginger cultivars from Jimma Agricultural Research center/Tepi 
Agricultural Research Sub Center, confirmed that the country has a high diversity 
of germplasm. This chapter reviews the ginger germplasm enhancement, conserva-
tion, variety development, status of ginger breeding, diversity of ginger, ginger 
tissue culture, ginger biotechnology.

Keywords: ginger, ginger breeding, varieties, diversity, invitro, Ethiopia

1. Introduction

Ginger (Zingiber officinale Rosc) is a monocotyledonous, herbaceous, and tropi-
cal plant belonging to the family, Zingiberaceae. It has a long and well-documented 
history of both culinary and medicinal use throughout the world history, especially 
in medical care in China, India, and Japan. Ginger is a self-incompatible plant 
that is characterized by high rates of infertility; thus, its genetic diversity occurs 
through processes of mutation and natural selection alone. Since ginger is one of 
the major spices, knowing the diversity in depth can contribute to conservation and 
its use in breeding programs [1]. In Ethiopia, ginger has been used as a fragrance, 
carminative, and stimulant and has become a major spice in both the local and 
export markets. Arabs brought ginger from India to East Africa in the thirteenth 
century [2], and ginger has since been known in Ethiopia and is cultivated primar-
ily in the humid regions of the Southern Nations (SNNPRS). To a lesser extent, 
ginger production has expanded to Western Oromia and in Amhara region chilga 
areas. Commercial production of ginger by smallholder farmers is practiced in 
South region Kambata-Tambaro, Wolaita, and Hadiya zones. According to statistics 
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from the Ministry of Agriculture and Rural Development, 99% of crop production 
occurred in the Southern Nations, Nationalities, and People’s States [3, 4].

Ginger prefers a warm and humid climate, and most soils have sufficient water 
retention and ventilation. It is cultivated in the tropics up to 1500 m above sea level, 
but partial shade also increases its yield. The base temperature requirement for 
ginger is 13°C and the upper limit is 32°C/27°C (day/night), whereas the favorable 
range is 19–28°C. The optimum soil temperature for germination is between 25 
and 26°C, and 27.5°C, which is required for growth. Ginger research has been done 
in Ethiopia for many years. Jimma Agricultural Research Center (JARC) under its 
sub-center (before), Tepi Agricultural Research Sub-center was responsible for 
improving ginger’s genetic resources and developing varieties. In this responsibility 
and action, JARC officially launched two ginger varieties called Yali and Boziab in 
2007. The varieties give high yield (200–250 Q/ha of fresh rhizome). Essential oil 
(1.8–2.5% v/w) and oleoresin (6.01–8.22% w/w) content from these varieties satisfy 
quality standards. Various technologies on agronomic production and seed rhizome 
and dried yield rhizome were generated.

Three types of the ginger product known as fresh rhizome, dried rhizome, and 
extracted rhizome are supplied to the market. Ethiopia used to export fresh ginger to 
Egypt, Saudi Arabia, and Yemen. Fresh Ethiopian ginger has been reported to be an 
excellent product with good color and quality and long shelf life [2]. Dried ginger is 
Ethiopia’s most popular ginger product and is mass exchanged by all market partici-
pants at various stages of marketing, from local assembly to the export market. The 
third type of ginger product on the market is extracted ginger products which include 
powdered ginger, essential oils, oleoresin, etc. [3].

Ginger production and productivity in Ethiopia was challenged by a number of 
factors; shortage of varieties with full production packages, postharvest practices, 
lack of value addition, and poor/limited large-scale investments. Demand for ginger 
increasing in the domestic and foreign market. Ethiopia’s diverse climate and soil 
types greatly contribute to ginger production and these all are good opportunities to 
conserve ginger genetic resources, improve production and productivity and bring 
significant income and hard currency for the country.

2. Breeding and genetics

2.1 Germplasm enhancement

The first step in doing good breeding research is to obtain a sufficient number 
of accessions in the relevant or target crop. To achieve this goal in the case of ginger, 
two key tactics were used: collecting from domestic sources and introduction from 
abroad. The spices research team started before four and half decades since the start 
of coffee research as diversification in Jimma Agricultural Research Center (JARC). 
A few years later, the introduction of ginger accessions began, and at the same 
time, collecting from several possible ginger-growing sites across the country was 
undertaken. The collection is always conducted in collaboration with the expertise 
from Institute of Biodiversity and Conservation (IBC). The significant number of 
ginger accessions was attained from this activity except that it has been challenged 
by bacterial wilt of ginger.

2.2 Conservation

Collected and introduced accessions of ginger were maintained in research plots 
of Jimma Research Center and mainly in Tepi Agricultural Research Sub-Center 
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before, currently upgraded to Tepi Agricultural Research Center. Despite the threat 
of the ginger bacterial wilt disease, which destroyed more of the collections, more 
than 90 accessions have been gathered and some introduced since the research 
began. Ginger germplasms that have been collected and introduced are evaluated 
using a variety of criteria. The table below (Table 1) displays a sample of the acces-
sions and their sources. We recently established 45 collections in the JARC research 
plot, which are being used for various research purposes related to ginger bacterial 
wilt management.

2.3 Variety development

Rigorous adaptation test of ginger accessions has been conducted in different 
agro-ecologies, suitable propagation parts, and status to sprouting and subsequent 
field performance and rhizome yield. Pest reactions and quality were some of the 
traits used in the evaluation. According to the results obtained [5, 6], the varieties 
were proved promising and widely employed by users and distributed throughout 
the potential producing areas. Further evaluation continued to achieve better 
varieties. Ginger bacteria diseases have been devastating to the materials. This 

No. Entry code Origin No. Entry code Origin

1 Ging.28/79 Mauritius 24 Ging.30/86 Collected

2 Ging.36/79 Australia 25 Ging.24/86 Collected

3 Ging.41/79 Riodjenero 26 Ging.85/86 Collected

4 Ging.316/73 Surinam 27 Ging.45/86 Collected

5 Ging.296/79 Rafinufa 28 Ging.75/00 Collected

6 Ging.305/73 Collected 29 Ging.61/00 Collected

7 Ging.25/86 Collected 30 Ging.307/72 Collected

8 Ging.28/86 Collected 31 Ging.087/00 Collected

9 Ging.61/86 Collected 32 Ging.15/79 Rafinufa

10 Ging.10/86 Collected 33 Ging.38/79 Australia

11 Ging.48/86 Collected 34 Ging.39/79 Australia

12 Ging.57/86 Collected 35 Ging.180/73 Collected

13 Ging.84/86 Collected 36 Ging.181/73 Collected

14 Ging.70/00 Collected 37 Ging.47/86 Collected

15 Ging.74/00 Collected 38 Ging.53/86 Collected

16 Ging.41/00 Collected 39 Ging.58/86 Collected

17 Ging.16/79 Rafinufa 40 Ging.59/86 Collected

18 Ging.37/79 Australia 41 Ging.56/86 Collected

19 Ging.40/79 Riodjenero 42 Ging.54/86 Collected

20 Ging.141/73 Australia 43 Ging.26/86 Collected

21 Ging.190/73 Collected 44 Ging.86/00 Collected

22 Ging.29/86 Collected 45 Ging.63/00 Collected

23 Ging.52/86 Collected

Sources: [4, 5].

Table 1. 
Germplasms and varieties of ginger in Ethiopia.
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time, more than 45 accessions of ginger are being maintained for future disease 
management research [7].

2.4 Status of ginger breeding

In Ethiopia, ginger breeding was started as a part of coffee diversification in 
JARC, since the inception of coffee research in 1969 [8]. Some preliminary research 
on local and introduced ginger germplasms indicated the existence of genetic vari-
ability in their morphological traits, rhizome yield, oil and oleoresin contents [9]. 
High variability was observed among ginger cultivars and/or accessions for plant 
height, rhizome yield, oil content, and oleoresin. According to Momina et al. [8] 
there was high genetic diversity in local ginger germplasms.

2.5 Diversity of ginger in Ethiopia

The introduction of ginger to Ethiopia for a long time (thirteenth century), 
made the country to have diverse genetic resources. Variability (in morphology and 
quality) was reported by Momina et al. [8]. Such status of diverse genetic resources 
is crucial for breeding purpose. Southern Nation and Nationalities regional state are 
often understood to be major areas of ginger germplasms. Indicating that there is 
high diversity of ginger in Southern Nation and Nationalities regional state Wolaita 
zone farmers group local varieties into Masculine and Feminine [3]. Also, farmers 
in Kambata-Tambaro recognized one local genotype called Hargema (Figure 1). 
There is some similarity among these materials.

Production of local ginger materials in Wolaita and Hadiya zones has been since 
time immemorial and various local landraces were common in different areas (Bilbo 
and Volvo (Figure 2) introduced to the area recently (in 1998). According to Geta 
and Kifle [3] seed transfer and distribution as informal ways (farmer-to-farmer) 
remained very common.

The local grouping of the ginger materials discussed here (Table 2), and the 
selection and release of two ginger cultivars from Jimma Agricultural Research cen-
ter/Tepi Agricultural Research Sub Center, confirmed that the country has a high 
diversity of the germplasm. This needs further research to exploit ginger genotypes 
with different quality parameters and special traits.

2.6 In vitro propagation for maintenance of ginger

Propagation of two ginger cultivars by tissue culture is one of the strategy to 
improve production and productivity by overcoming ginger bacterial wilt. The 
study was carried out with the objective of assessing the potential of axillary buds 
and shoot tips as explant sources and determination of suitable growth regulators 
for in vitro propagation. MS medium with four levels of benzyl adenine (BA) and 
kinetin was used for shoot multiplication in combination with two explant sources. 
Shoot tip explants on 2 mg l−1 BA and 1.2 mg l−1 kinetin was found to be better than 
other explant-media combinations. Consecutively, the plantlets developed an aver-
age of 8.75 roots within 4 weeks of the culture period and performed well in green-
house acclimatization and field operations. In vitro propagation of the Yali and 
Boziab was proved possible with this explant and media combinations. Parameters 
such as number of leaves and dry weight of plantlets regardless of the varietal dif-
ference in comparison to axillary bud was higher. Similarly, shoots cultured on MS 
medium with 1 mg l−1 NAA alone developed vigorous roots. Plantlets produced by 
this propagation protocol were successfully acclimatized within 4 weeks of harden-
ing. The acclimatization procedure has been supported with the application of 
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shade nets (at 30 and 70% shade level) and polythene under the greenhouse condi-
tion. Subsequently, the seedlings have survived well under field conditions [12].

2.6.1 Ginger tissue culture

In Ethiopia, infection with Ralstonia solanacearum has resulted in significant 
losses of ginger rhizomes. To have successful ginger cultivation, disease-free plant-
ing material generation is required and practiced. Plant tissue culture technology 
has proven to be effective in the commercial production of pathogen-free plants as 
well as the preservation of rare and endangered species’ genetics (Table 3). The ini-
tial surface sterilization experiment was effective when 0.7–1.5 cm shoot tips were 
treated with 70% ethanol for 5 min followed by double sterilization with 5% active 
chlorine concentration of local bleach (Clorox), for 15 min under aseptic condition. 
This treatment cleans bacterial contamination more than 95%. Also, antibiotics 

Figure 2. 
Subterranean parts of Bilbo with two taproots (left), Volvo with a single taproot (right). Source: [10].

Figure 1. 
Feminine Wolaita (left), Masculine Wolaita (right). Source: [3]
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(tetracycline and streptomycin) reduced the contaminants thereby increase the 
survival rate of the plantlets.

2.6.2 Ginger biotechnology

Consistent and increasing demand for clean planting material from improved 
cultivars of ginger is persistent. Providing the required through indigenous tech-
niques of propagation is incompetent owing to inefficient production and transmis-
sion of disease. In this regard, to evaluate the potential of shoot tips and axillary 
buds and to determine the appropriate growth regulators for propagation In vitro 
was attempted in two ginger cultivars [12]. From the study, it is reported that the 
better shoot multiplication of average for each explant was 7 shoots after culturing 
for 6 weeks attained on BA (2 mg/l) and kinetin (1 mg/l) with a huge significant 
difference in observation between explant source and growth regulator used. 
Successful root induction (8.75) in 4 weeks of culture and well acclimatization and 
field survival were noticed in the plantlets generated. Berihu [13] reported on dis-
infection of ginger sprout buds and disease screening with tests that have resulted 
in disease-free plantlets of ginger through mass propagation and commercialization 
to customers. A Series of washing steps with CuSO4 with Tween 20 with different 
time intervals and flashing with sterile water has resulted in effective disinfection. 
Biochemical examination and serological test via NCM-ELISA for cleaning of 
disease in vitro and mass propagation of ginger for samples tried and yielded suc-
cessful raising ginger sample. Another study on In vitro micropropagation of shoot 
tip explants by Selam et al. [14] using Ethiopian ginger cultivar to overcome the 

Antibiotics Antibiotics concentration (mg/l) Shoot number mean ± SD

Control 00 mg/l 8.00 ± 2.71abc

Ampicillin 130 mg/l 11.51 ± 1.29a

Ampicillin 160 mg/l 8.75 ± 1.70abc

Ampicillin 200 mg/l 6.74 ± 1.70bc

Ampicillin 250 mg/l 7.00 ± 1.40bc

Gentamaycine 130 mg/l 6.00 ± 1.40c

Gentamaycine 160 mg/l 5.70 ± 1.50c

Gentamaycine 200 mg/l 5.75 ± 1.70c

Gentamaycine 250 mg/l 6.75 ± 0.50bc

Streptomycin 130 mg/l 6.75 ± 1.25bc

Streptomycin 160 mg/l 7.00 ± 0.00bc

Streptomycin 200 mg/l 6.60 ± 0.57bc

Streptomycin 250 mg/l 6.50 ± 0.57bc

Tetracycline 130 mg/l 8.00 ± 1.5bc

Tetracycline 160 mg/l 7.70 ± 0.81bc

Tetracycline 200 mg/l 7.20 ± 0.50bc

Tetracycline 250 mg/l 6.00 ± 1.15c

Numbers are mean and SD of four replicates (four plant in each culture jars).
Means followed by the same letter within a column are not significantly different by Tukey’s test at α = 0.05%.
Source: [11].

Table 3. 
Antibiotics treatment of plant material results in shoots free from R. solanacearum.
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problem of unclean and unhealthy ginger planting material is published late. The 
wilt disease due to Ralstonia solanacearum Biovar 3 Race 4 has resulted in obtaining 
masses of profuse planting materials free from disease. The study aims at revealing 
the effect of three sterilization agents namely RBK (0.25% w/v), NaOCl (0.50% 
v/v) and ethanol (70% v/v) in mixture with HgCl2 (0.25%). Study of efficacy for 4 
antibiotics (broad-spectrum) in combination to control contaminants of bacteria 
with shoot tip explants of ginger and the effect of antibiotics performance on the 
shooting of explants of cultivar have been studied. Live explants (70%) with 80% 
free from contamination were obtained after 3 weeks of incubation from 20 min 
exposure to 0.50% v/v NaOCl continued by 0.25% HgCl2. Of all the combinations 
tried the highest (7.10 ± 0.36 and 7.51 ± 0.27, respectively) mean micro shoots per 
explant and mean length of shoot (4.2 and 3.56 cm) were obtained at cefotaxime 
(50 mg/l) and cefotaxime with streptomycin (25 mg/l). The results presented in this 
study could provide some basic foundation for optimizing protocols in sterilizing 
explants and can effectively control the bacterial contaminants in ginger cultivar for 
large-scale micropropagation [15].

3. Conclusion

There is attractive local and foreign market for different types of ginger 
products; dry, sliced, extracted oleoresin, and essential oil content. Government, 
research, NGOs, and private sectors need to work on the conservation and mainte-
nance of the ginger germplasms in Ethiopia.
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Abstract

The tools of genetic engineering and modern biotechnology offer great potential 
to enhance agricultural productivity, food and nutritional security, and livelihoods 
of millions of smallholder farmers in Africa. Large and long-term investments have 
been made in several countries in Africa to access, develop, and commercialize safe 
biotechnology crops derived through modern biotechnology. This chapter presents 
case studies of biotechnology applications and progresses achieved in six countries 
in Sub-Saharan Africa including Burkina Faso, Ethiopia, Kenya, Malawi, Nigeria, 
Sudan, and Uganda targeting to address biotic and abiotic constraints faced by 
smallholder farmers and malnutrition. Based on the past 20 years of experience, 
the chapter identifies constraints, challenges, and opportunities for taking safe 
biotechnology crops to smallholder farmers in Africa.

Keywords: biotechnology, biosafety, genetic engineering, GMOs, Burkina Faso, 
Ethiopia, Kenya, Malawi, Nigeria, Sudan, Uganda

1. Introduction

1.1 Smallholders’ agricultural production and productivity in Africa

In Africa, smallholder agriculture is predominant and agricultural growth 
and poverty reduction are subjects closely associated with growth in smallholder 
agriculture for some time to come. An estimated 41 million smallholders [1] are 
the major source of food for nearly all rural and most urban dwellers in Africa. In 
Sub-Saharan Africa (SSA), most smallholders own less than two hectares hold-
ing of cultivable land and are challenged by the low productivity and production 
constraints in the middle of the unprecedented rising need for more food, feed, 
and raw material for industry. The SSA region alone has a quarter of the world’s 
arable land endowment but produces only 10% of world agricultural output [2]. 
Unlike smallholders in Asia who dominantly grow few crops such as rice and wheat, 
African farmers experience diverse farming systems and grow very diverse crops 
that include maize (Zea mays), sorghum (Sorghum sp) millet (Penisetum sp), wheat 
(Triticum aestivum), and rice (Oryza sativa); pulses such as soybean (Glycine max), 
cowpea (Vigna unguiculata), beans (Phaseolus sp.), groundnut (Arachis hypogaea), 
and other crops such as cassava (Matnihot esculentus), sweet potato (Ipomoea 
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batatas), potato, (Solanum tuberosum), yam (Dioscorea sp), banana (Musa sp), cot-
ton (Gossypum sp), and sugarcane (Saccahrum officinarum) (Table 1) [3].

Crop productivity in Africa specifically in the SSA region is below the world 
average (Figure 1) and the region constitutes the highest number of food-insecure 
population (35.5% of its population) of whom 21.3% are severely insecure [4] 
rendering the region increasingly dependent on imported food. Due to this and 

Figure 1. 
Change (percent increase) of cereal yield and land used for cereal production. (Data source: Computed from 
Food and Agriculture Organization (FAO) of the United Nations. 2019 Report).

Farming systems % of region Principal livelihoods*

Land area Agric. population

Irrigated 1 2 Rice, cotton, vegetables, rain-fed crops, 
cattle, poultry

Tree Crop 3 6 Cocoa, coffee, oil palm, rubber, yams, maize

Forest-Based 11 7 Cassava, maize, beans, cocoyams

Rice-Tree Crop 1 2 Rice, banana, coffee, maize, cassava, 
legumes, livestock, off-farm work

Highland 
Perennial

1 8 Banana, plantain, enset, coffee, cassava, 
sweet potato, beans, cereals

Highland 
Temperate Mixed

2 7 Wheat barley, tef, peas, lentils, broad beans, 
rape, potatoes,

Root Crop 11 11 Yams, cassava, legumes, off-farm work

Cereal-Root Crop 
Mixed

13 16 Maize, sorghum, millet, cassava, yams, 
legumes, cattle

Maize Mixed 10 15 Maize, tobacco, cotton, cattle, goats, poultry,

Agro-Pastoral 
Millet/Sorghum

8 8 Sorghum, pearl millet, pulses. Sesame and 
livestock

Sparse (Arid) 17 1 Irrigated maize, vegetables, date palms, 
cattle

*Source: FAO and World Bank, Rome and Washington DC 2006. (Adapted to show more crop-based farming 
system).

Table 1. 
Major farming systems of sub-Saharan Africa.
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other factors about 39 countries of the SSA account for the largest number of 
food-insecure people: 424.5 million (40.5% of the region’s population) in the year 
2020 [5]. It can also be seen that during the period 1961–2018, cereal yield in Africa 
has grown only one fold compared to a 2.5 fold increase in Asia, which had only 
26.3% area increase compared to Africa with 1.2 fold increase (Figure 1). Therefore, 
whatever growth there has been in cereal production in Africa, it was largely due to 
land expansion in contrast to Asia. Food insecurity is forecasted to worsen due to 
climate change impacts and recurrent drought unless proper and quick measures 
are implemented [6]. The region will have a shortfall of nearly 90 million metric 
tons of cereals by the year 2025 if current agricultural practices remain unchanged. 
Productivity trends do not promise a better future for cereals and roots and tuber 
crops as can be seen from cereal performance during the period 1961–2018 average 
yield based on FAOSTAT data 2020 (Figure 2).

However, more factors are known to involve in constraining smallholder farm-
ers’ crops production and cause yield gaps. Low crop productivity is often related to 
biotic stresses such as those caused by insect pests, diseases, and weeds as well as the 
inherent low-yielding potential of varieties, and abiotic stresses caused by soil-related 
and climatic problems such as moisture stress and drought. The latter is a pronounced 
problem of vast marginal and drier agriculture areas of SSA. Crops grown in such 
marginal environments are exposed to frequent severe growing conditions. Each 
factor is responsible for substantial yield losses annually by smallholder farming. 
Furthermore, yield gains associated with high-yielding varieties if found much lower 
in SSA partly due to inadequate inputs, poor infrastructure, and market outlet includ-
ing weak extension services. Thus, poor availability of improved technology packages 
(improved seeds, irrigation, fertilizers, and pesticides) makes it hard for millions of 
smallholder farmers to produce surplus and escape the subsistence type of life.

Successful mitigation of these biotic and abiotic constraints and institutional 
limitations affecting agricultural growth is a task that not only requires political will 
and sustained commitment by country governments in Africa, but also a stronger 
global collaborative effort to realize enhanced applications of modern technologies 
to complement and transform the conventional interventions efforts underway. 
Increased investments in agricultural R&D and fast-tracking the use of innovative 
technologies such as conventional as well as modern biotechnology and proven 

Figure 2. 
Yield (t/ha) trends of cereal production in different regions of the world. (Data Source: Food and Agriculture 
Organization of the United Nations. 2019 Report).
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useful readily available biotechnology products is extremely needed to solve small-
holder farmers’ crop productivity problems. As such agricultural biotechnology 
offers enormous opportunities through innovative ideas, techniques, and processes 
to drive innovative solutions highly relevant for the needs of smallholder farmers in 
Africa [7]. Medium to long-term benefits of using advanced techniques of biotech-
nology that include tissue culture, micropropagation, gene, and marker discovery, 
genomics, genetic engineering, genome-editing, bioinformatics, and others through 
enhancing crop breeding including indigenous crop species cannot be overempha-
sized [8]. This chapter focuses on the deployment of modern biotechnology such as 
genetic engineering tools and products as well as challenges facing adopting coun-
tries in developing Africa. It also presents case studies of agricultural biotechnology 
uses and progresses in six countries in SSA focusing on the use of safe biotechnol-
ogy crops to solve key biotic and abiotic constraints faced by smallholder farmers in 
the respective countries.

1.2 Promises of biotechnology to smallholder farmers

The rapid advancements in the field of biotechnology offer promising 
alternatives to the approaches of crop improvement. Biotechnology complements 
and makes the conventional breeding efforts in crops efficient through precise 
identification and introgression of genes in a much shorter time period. The 
integration and development of biotechnology research in national research 
programs is now a prerequisite for current and most of the future science-based 
sustainable genetic improvement of crops for various purposes including, food and 
nutritional security, improving post-harvest and industrial qualities of cereals, 
horticultural and forage crops.

It is clear that smallholder farmers in African countries are currently not benefit-
ing enough from modern biotechnology, which can be applied to transform their 
crop production and productivity and bring about livelihood improvements. Most 
national research programs in Africa have not yet acquired research and regulatory 
capacity and skills to integrate advanced science and cutting-edge technologies in their 
research portfolio to solve farmers’ production problems. Although progress is reg-
istered in biotechnology capacity building in some countries, it is far from adequate. 
Governments’ investment in agricultural research and development is generally low 
[9]. Crop productivity problems under smallholder farmers’ conditions are often 
caused by low-level use of improved technologies and damage to crops caused by biotic 
and abiotic stresses as described earlier. The biotic and abiotic stresses challenging crop 
productivity are being tackled by biotechnology globally and several crop varieties 
with novel traits have been successfully developed and commercialized in more than 
25 countries around the world to solve particular production problems of farmers.

1.3 Crop improvement programs in Africa

Food security and prosperity in Africa depend much on its agricultural perfor-
mance. Ensuring sustainable development in agriculture is critically dependent 
on a sustainable technology supply and uptake. Despite the strong need for robust 
agricultural research, capable of tackling production constraints under challeng-
ing agricultural environments, African countries have not shown much progress 
in their national research capabilities to respond to food security issues and meet 
the overarching national strategic goals for sustainable development [9]. Strategic 
measures pursued to realize latecomer advantages in using modern biotechnology to 
enhance crop improvement and exploiting existing commercialized novel biotech-
nology products proven safe and impactful, is weak.
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Reports show declining government R&D spending in the agricultural sector 
recently from 0.59% in 2000 to 0.39% in 2016 in the SSA [10]. Thirty-three of the 
44 SSA countries have less than the minimum investment target of 1% AgGDP 
(Figure 3) recommended by the African Union and United Nations [11]. Thus, 
most national programs in Africa were not able to maintain up-to-date capacity in 
trained human resources and facilities to translate scientific research into useful 
products impacting agricultural growth. Conventional crop improvement programs 
are increasingly requiring support from biotechnology to effectively respond to 
changing market demands. Therefore, African government should play a key role to 
strengthen national programs and maintain strong regional and global collabora-
tive partnerships and expedite knowledge and technology transfer. Allowing more 
regional integration can help to ensure smoother collaboration, transfer of suitable 
technologies, data and information, and allows improved access to products at an 
affordable price and quality [12].

Most African countries have not created the necessary incentives for high-end 
modern biotechnologies to get well integrated in the research and development 
profile of national programs and create opportunities for new products to get to 
market. Instead, they depend on other countries that have decided to invest and 
strengthen their R&D. They are not taking advantage of this to enable national 
programs to expedite adoption and use of better and diverse technologies through 
quick testing and approval processes. Biotech products are rapidly expanding to 
include not only farmers’ interest but getting more diversified targeting the interest 
of industry and consumers [13]. Therefore, a further declining trend of invest-
ment in agricultural R&D over the past 15–20 years in the developing countries 
with few countries in exception is alarming [14]. In countries with advanced 
economies where public financial outlay for R&D has lagged, the private sector 
has been investing heavily in genomic sciences and techniques that enable faster 
and more efficient delivery of improved crops to farmers, the value chain, and 
consumers, targeting business opportunities and crops with the greatest returns 
to investment [7]. However, many ‘orphan’ or underutilized indigenous crops in 
developing countries have been forgotten and their diversity is threatened [7]. It 

Figure 3. 
Some SSA countries and their R&D investment share as a percent of AgGDP (except the top ranking the last three 
countries, all the others are selected only for representation of the rest). Source: Data sourced from ASTI [10].
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is highly challenging to rectify this imbalance between public and private research 
investment and ensure that crops including indigenous species are improved and 
conserved thus equally benefiting from modern biotechnology.

Against all odds and considerable skepticism in African countries even after 
three decades of the phenomenal growth of modern biotechnology and wider adop-
tion of safe biotechnology crops globally, some countries have moved forward and 
strengthened capacity in biotechnology and related fields of biosafety, food safety, 
and intellectual property (IP) management to reap the benefits of integrating the 
advanced sciences. The recent progress in approvals of several biotechnology crops 
in Africa can reverse the delay in the near future [15–18].

2. Role of agricultural biotechnology: narrowing yield gaps

Rapid advancement is made in the field of biotechnology since the discovery 
of DNA and during subsequent advancements in molecular techniques and other 
“omics” technologies. This has ushered agriculture into a new era of technological 
frontiers to tap the latent potential of its biological resources in an unprecedented 
way, showing a new horizon of opportunities emerge to develop and modernize 
agriculture. Today, modern agricultural biotechnology encompasses a range of tech-
nologies including molecular breeding, fingerprinting, genomics, proteomics, genetic 
engineering, genome-editing, tissue culture and micropropagation techniques, and 
other advanced applications. This has empowered scientists, provided unlimited 
potential, to develop new strategies to harness genetic potentials for solving current 
and emerging crop production challenges. Therefore, biotechnology has provided a 
unique capacity to successfully fighting back the continuing battle against diseases, 
pests, and environmental stresses that are global threats to the survival of mankind. 
Genetic engineering, a part of modern biotechnology, involves the manipulation of 
the gene(s) of crop species by introducing, eliminating, or editing specific gene(s) 
through modern molecular techniques.

During the 1970s and 1980s, the public sector began supporting biotech research 
with lots of anticipations to advance the use of genetic engineering in agriculture 
soon to be taken over by the private sector. The first genetically modified (GM) 
plants were successfully developed as early as 1983 using antibiotic-resistant 
tobacco and petunia. In 1990, China started to commercialize GM tobacco for virus 
resistance followed by the Flavr Savr tomato in the United States. By 1995 and 1996, 
several transgenic crops were approved for large-scale use. Since the first commer-
cial delivery in 1996, millions of smallholder farmers around the world have become 
beneficiaries of the multiple benefits from growing GM crops [19, 20].

Farmers are primary beneficiaries of the improved production and associated 
positive environmental, socio-economic, health impacts [21]. The rapid adoption 
and expansion of biotech crops reflect the substantial multiple benefits realized by 
farmers in industrial and developing countries. To date, of interest to farmers are 
several GM crops with enhanced input traits, such as disease (viral, fungal, bacte-
rial) and insect resistance, herbicide tolerance, and resistance to environmental 
stresses such as drought, improved processing quality, improved product shelf life, 
and nutrient-enhanced crops available for commercial production.

Recent data [19] shows global acreage of only four biotech crops, corn, soybean, 
cotton, and canola has reached 190.4 million hectares in 2019 from 1.7 million 
hectares in 1996, which is on average 7.9 million hectares growth per year impact-
ing crop production and productivity [22]. In recent years, the novel technique 
of genome-editing (GE) has been developed for targeted genome modification in 
plants with a high potential of increasing genetic diversity or correcting genetic 
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Country GE crops researched, under testing, under approval process 
and/or approved

Commercialization (year)

Burkina Faso Cowpea (insect resistance to Maruca pest); Bt cotton resistance to 
insect pest Bollworm)
Rice (Resistance to Xanthomonas oryza)

Cotton (2008) suspended 
from production in 2016*

Cameroon Cotton (stacked insect resistance and herbicide tolerance)

Egypt Wheat, Potato, Maize Commercial production 
suspended in 2012

Ethiopia Cotton (insect resistance); Enset (Xanthomonas wilt (BXW) 
resistance), Maize (insect resistance, drought tolerance)

Bt cotton (2018)

Ghana Rice (nitrogen use efficiency/water use efficiency and salt 
tolerance), cowpea (insect resistance to Maruca pod borer insect 
pest), Rice

Kenya Cotton (insect resistance), Maize (insect resistance, drought 
tolerance, and stack of insect resistance and drought tolerance), 
Cassava (brown streak disease-CBSD), Banana (Xanthomonas 
wilt (BXW) resistance), Sweet potato (resistance to sweet potato 
virus disease), Gypsophila flower, Sorghum (biofortification)

Bt cotton (2019); Cassava 
Brown Streak Disease 
(CBSD) resistant Cassava 
(2020); Import ban on GM 
since 2012

Malawi Banana plantain (bunchy top resistance), Banana (bunchy top 
disease resistance), Cowpea (insect resistance), Cotton (insect 
resistance);

Bt cotton (2018)

Mauritius Sugarcane

Mozambique Maize (and stack of insect resistance, drought tolerance), Cotton 
(insect resistance)

Nigeria Cotton (insect resistance), Maize (insect resistance, herbicide 
tolerance HT Soybeans, Cassava (delayed postharvest starch 
deterioration), Cassava (Tuber size increase)cowpea (insect 
resistance to Maruca pest), Sorghum (biofortification), Rice 
(nitrogen use, water efficiency, and salt tolerance -NEWEST) 
Insect resistance and drought tolerance(Maize)

Cotton (2018)
PBR Cowpea (2019)
Bt Maize (2021)

South Africa Cotton (insect resistance, herbicide tolerance multi-stack), 
Maize (insect resistance, drought tolerance, and stack of insect 
resistance and drought tolerance), Soybean (stacked trait with 
modified fatty acid composition); sugarcane (insect resistance); 
Wheat (insect resistance), Potato (insect resistance), Sugar beet, 
Tomato, Sweet potato, Cucurbits, Ornamental bulbs, Cassava; 
Apple, Strawberry, Apricot, Peach, Table grapes, Banana (data of 
traits for these crops has not been obtained).

Bt cotton (1997)
Bt- Maize (1998)
Bt- & Dt-Maize (2018?)
Soybean (2001)

Sudan Cotton (insect resistance) Bt cotton (2012)

eSwatini Cotton (insect resistance) Bt cotton (2019)

Tanzania Maize (drought tolerance; stacked for insect resistance and 
drought tolerance)

Uganda Banana (Xanthomonas wilt (BXW) resistance, Black Sigatoka 
resistance, Pro-vitamin A, Nematode and weevil resistance), 
Cassava (Cassava mosaic disease virus, Cassava whitefly 
resistance, Cassava mosaic disease virus, cassava brown streak 
disease virus resistance), Cotton (Bollworm resistance, herbicide 
tolerance), Maize (Insect resistance (stemborer), Drought 
tolerance, Drought tolerance and insect resistance (stacked 
genes), Rice (Nitrogen use efficiency, salt tolerance, water 
use efficiency), Sweet potato (Weevil resistance), Soyabean 
(Herbicide tolerance), Potato (Potato blight resistance).

Source: ISAAA (2018), ISAAA Biotech Updates (2020), ISAAA Biotech Update (2021).

Table 2. 
Genetically engineered (GE) crops researched, under testing, approval or commercialization in different 
countries of Africa.



Genetically Modified Plants and Beyond

114

defects. The simplicity and high efficiency of these tools have made it optimal for 
precise genome editing, heralding a new frontier in the—“Gene-revolution”—and 
in the development of modern biotechnology.

GM technology has been targeting some of the yield constraints and successful 
technologies have been commercialized in Africa for different crops such as insect 
resistance (maize, cotton, soybean, brinjal, cowpea), disease resistance (cassava, 
potato, sweet potato), better nutrition and quality (rice, potato, sorghum, banana). 
Some of these technologies are now successfully tested or grown in some countries 
of Africa (Table 2). Globally, by the end of 2019, a total of 71 countries (exclud-
ing EU countries) [19] issued regulatory approvals for GM crops, of these 11 were 
African countries. Total approval granted between 1992 and 2018 has reached 
4349 from 70 countries (28 countries from EU) for food (2063), feed (1461), and 
environmental release or commercial cultivation (825) of GM plants [23]. In 2020 
alone, 43 approvals were recorded for GM crops globally, involving 33 varieties 
from 12 countries, and eight of them are new varieties [22]. In 2019, four countries 
in Africa have given commercially approved for GM crops namely Ethiopia, (Bt 
cotton), Malawi (Bt cotton), Kenya (Bt cotton), and Nigeria (PBR cowpea) for the 
first time. Nigeria had additional approval for TELA maize in October 2021 and 
Kenya approved GM Cassava in June 2021. The TELA maize is built on the progress 
made from a decade of excellent breeding work under the WEMA project and work-
ing toward introducing the Bt- gene to WEMA, water-efficient varieties for drought 
tolerance [15, 16].

Despite several crops under testing for a long period, only a few have been 
commercialized in Africa (Table 2) [24]. In the SSA, South Africa has taken the 
lead with an estimated 2.7 million hectares covered with GM crops. It grows three 
commodities, namely cotton (100% cover), maize (85%), and soybeans (95%) of 
the total acreage [25]. Nigeria follows with three approvals (Bt cotton, PBR Cowpea, 
and TELA Maize) since 2018 [17], whereas Sudan stands second in acreage (about 
192,000 hectares) from Bt cotton production.

Yield and quality improvements and associated economic benefits of growing 
GM crops have been the driving factors for biotech crops’ rapid global expansion. 
A study conducted on GM crops and conventional hybrid (CH) maize yield dif-
ferences across 106 locations and over 28 years in South Africa has shown a mean 
yield increase for GM over CH maize of more than 0.42 MT per hectare in addition 
to reducing yield risks [26]. Others reported [27] that GM technology adoption has 
reduced chemical pesticide use on average by 37%, increased crop yields by 22%, and 
increased farmer profits by 68%. According to the report, yield gains and pesticide 
reductions are larger for insect-resistant crops than for herbicide-tolerant crops, and 
yield and profit gains are higher in developing than in developed countries.

3. Farmers access to new agricultural technologies

Since the first field trial of a GM product back in 1987, the world has seen mas-
sive progress in the adoption of biotechnology crops and products and an increasing 
number of laboratory and field trials for a variety of novel GM products. Of the 
total global acreage (190 million hectares) of GM crops in 2019, the share of African 
countries is close to 3.0 million hectares only with South Africa taking the lead with 
2.7 million hectares for HR-soybeans, IR/DT- maize and Bt cotton, followed by 
Sudan for 192,000 hectares of Bt- cotton [21, 28]. Currently, however, 13 biotech 
crops containing 13 traits in 13 countries are under different stages of research and 
evaluation in Africa [21]. Crops such as cotton, maize, cowpea, rice, sorghum, 
potato, sweet potato, cassava, banana, and sugarcane are either at the stage of 
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Confined Field Trials (CFT) or commercial production status [29]. Since 2018, four 
countries have entered commercial production for the first time in Africa namely, 
Nigeria (Bt cotton and PBR cowpea in 2018 and TELA maize in 2021), Kenya (Bt 
cotton in 2020 and virus resistant cassava in 2021), Ethiopia (Bt cotton in 2018), 
and Malawi (Bt cotton in 2018), after approval for the respective GM crops [19, 20]. 
Nigeria has made a move to become the first among African nations followed by 
Kenya that approved commercial use of GM food crops cowpea and maize.

Given global advancement in the use of GM crops, progress in Africa has been 
slower than expected [30, 31]. After three decades of global experience on the 
safety of GM crops and impressive impacts on the livelihood of millions of farmers, 
many countries still are postponing approvals of GM crops. Numerous health and 
environmental safety research reports have sufficiently confirmed the safety and 
desirable impacts of GM crops and their derived products [30–34]. Such scientific 
evidence have not challenged enough the lingering public perception and contro-
versies around the risks of GM crops [35]. Instead, the overwhelming challenges 
faced by farmers make it difficult to believe these technologies can positively 
affect the situation of smallholder farmers [31]. However, scientists believe genetic 
engineering and genome-editing technologies will continue to impact the global 
economy with new momentum for more innovative technologies. Countries such 
as Ghana, Tanzania, Ethiopia, Mozambique, Uganda, and Malawi are in process of 
working on clarifying the biosafety context and developing a guideline for promot-
ing genome-editing technologies in crop improvement [36].

3.1  Factors shaping access and availability of biotech products  
for smallholder farmers

The commercialization of already approved products is challenged by a wave of 
issues along the product commercialization chain. The national research capacity 
has been very critical to respond to farmers’ needs for new technologies through 
creating awareness to the public, advising policymakers, testing of technologies, 
approvals, and helping access to proven technologies by farmers. In the same way 
robust regulatory system is needed to respond to applications based on scientific 
and empirical evidence. Often this has been a challenge in most countries since 
sufficient safety data generated can only be accepted and reviewed again by the 
regulatory agency of adopting country. Private and public sector developers apply 
step-wise review and decision processes to critically monitor the development of 
new products and to ensure that only good events are commercialized. Therefore, 
the intellectual property, product stewardship, and commercialization strategy 
become key parts of the product life cycle.

The Excellence Through Stewardship (ETS) [37], a global industry coordinated 
organization, identifies the key steps in the biotechnology product life cycle which 
includes the following: (i) research and discovery; (ii) product development; 
(iii) seed or plant production; (iv) marketing and distribution; (v) crop produc-
tion; (vi) crop utilization; and (vii) product discontinuation (Figure 4). Product 
Stewardship and commercialization are key cross-cutting components along the 
product life cycle for the industry to remain innovative and viable. Successful 
commercialization of a GM crops, therefore, requires a well-planned strategy with 
sufficient information and expertise in a wide range of professions spanning from 
research and discovery to market and consumer interest.

In other words, success in commercialization also depends on downstream 
activities: functional seed systems and extension systems, strong technology 
demonstration, presence of reliable financial and marketing services, and the like. 
These are often weak in developing countries including most parts of Africa. The 
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blame on lack of political will, safety concern, or public acceptance for the delay 
in the adoption of deregulated products is often misleading. A recent assessment 
of stakeholders view on commercialization barriers of released biotech products 
shows socio-economic constraints, high cost of seed, weak certification of seed, 
weak private sector involvement, inadequate awareness of the technology, and best 
practices to be important [18, 24, 38, 39]. Thus, potentially a stronger public-private 
partnership in research, product development, and product commercialization in 
developing countries holds the key.

3.2 Challenges of scaling-up and utilization of biotech crops

Rigorous risk assessment studies take years to complete only to satisfy the 
benefit of the doubt. In Africa, many consider GM crops are intended for use in 
industrialized countries and are hence inappropriate for agriculture in Africa. 
There is a poor understanding of the use and potential impact of the technologies 
on improving productivity. In some countries, GM crops are considered a threat to 
biodiversity due to fear of replacing local or conventional varieties and indigenous 
crop species and thereby making farmers dependent on private seed companies. 
Limited research, regulatory and monitoring capacities, and anticipated loss of 
export markets with trade-sensitive countries also add up to the challenges against 
wider commercialization of the biotech crops [38]. In countries that have overcome 
hurdles of the regulatory system, rolling of GM crop commercialization and access 
by growers depend much on what happens downstream the pathway beyond 
product development, regulatory approval, and registration.

3.3 Enhancing regulatory decisions for improved access

Delayed decisions from regulatory agencies have a large, negative impact on the 
commercialization of new GM crop varieties around the world, but also in Africa 
[28]. While some delays can be sustained by some private sector developers, public 
sector developers are reliant on funding cycles and their projects are more quickly 
discontinued by indecision at regulatory agencies [40]. Regulators can strengthen 
decision-making by first reviewing the safety of new GM products and then linking 
the decision to national policy goals such as food security, sustainability, and the 
economic benefits to local farmers [41]. Linking regulatory decisions on GM plants 
to national policy goals, such as achieving the UN Sustainable Development Goals 

Figure 4. 
Biotechnology product life cycle (Excellence Through Stewardship, 2018). Source: Excellence through 
Stewardship (2018).
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(SDGs), will help to clarify which products benefit the community, the environ-
ment, and bring about economic growth [18].

3.4 Seed access

After going through national performance and verifications studies to satisfy 
national variety release and registration requirements [29], the product deployment 
is carried out by the technology owner, mostly a private company, through technol-
ogy demonstration and demand-based seed supply. In this process, roles and stake-
holder institutions change where the private sector, seed system, extension system, 
and other regulatory and financial institutions take over and function in subsequent 
steps. These transitions are not always clearly defined where the public sector is a 
major supplier of improved seed or where the seed sector is predominantly informal 
as in most African countries. Therefore, the commercialization of GM crops is 
overburdened with multiple issues of promoting new and approved products.

Weak seed systems and weak credit systems limit product access by farmers. A 
recent study on Bt-cotton hybrid seed access by farmers indicates that weak coordi-
nation among various stakeholders along the seed value chain is shown to exacerbate 
the problem of sustainable supply and wider utilization of the approved GM prod-
ucts [38, 39]. Lack of awareness of role players, inadequate demonstration of new 
technology to farmers as well as poor handling of the new technology by farmers, 
and poor extension schemes also contribute to the poor commercialization observed. 
Socio-economic constraints such as the high cost of hybrid seed, weak certification 
of seed, and inadequate awareness of technology and best practices (seed handling, 
agronomy, etc) can become important factors that can slow or block progress in 
some countries [38]. This also requires a stronger public-private partnership to 
advance the integration of modern biotechnology in the national R&D system.

4. Country case studies

4.1 Burkina Faso

4.1.1 Country progress

Burkina Faso has signed the Cartagena Protocol on Biosafety in 2003. It has an 
active and functional regulatory system hosted by the National Biosafety Agency 
(NBA) (Agence Nationale de Biosécurité, ANB) currently exercising Biosafety laws, 
regulations, policies, and guidelines in the country. In addition, at a regional level, 
the Economic Community of West African States (ECOWAS) has put regional 
framework and rules on biosafety. The NBA is hosted by the Minister of Higher 
Education but has consultative bodies such us National Scientific committee of 
Biosafety (comité scientifique national de Biosécurité = CSNB), Scientific and 
Technique Council, National observatory of Biosafety regrouping members from 
various ministries and non-governmental organizations.

4.1.2 Product development

The NBA has approved different research activities on GM crops. From 2006 
to 2015 about 32 permits for different GM cotton activities related to BollgardII, 
RRF (herbicide tolerance), and the stack of both were made for import, laboratory 
studies, CFT, commercialization, and seed production activities. From 2010 to 
2021, there were six permits given for Maruca Pod Borer resistant GM cowpea using 
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Cry1Ab or Cry2Ab genes for greenhouse and CFT. Other GM crop permits provided 
include for CFT on Bt Maize for insect resistance; greenhouse trial for vitamin and 
zinc-rich biofortified sorghum; greenhouse trials for leaf blight resistance in rice.

Only the Bt cotton Burkina Faso had reached the stage of commercialization 
and utilization. However, the Bt cotton cultivation was discontinued in 2016 due 
to cotton fiber length issues associated with the marketing of Bt cotton. Currently, 
most of the research activities are carried out in the greenhouses, cages, and CFTs. In 
Burkina Faso, stakeholders support the use of GMO as a solution to food security and 
for human disease control such as Malaria. The ANB has been undertaking sensi-
tization of various public entities and various stakeholders since 2009 on biosafety 
actions as described by the national legislation and the Cartagena Protocol.

4.2 Ethiopia

4.2.1 Country progress

Ethiopia signed the Convention on Biological Diversity (CBD) in 1993, Cartagena 
protocol in 2000 which was approved by Parliament in 2003. The country adopted 
a tighter regulatory framework based on the Precautionary Principle (equivalent 
to “No GMO”) ratified in 2009. The Biosafety bill was debated amended in 2016, 
known as ‘A Proclamation to Amend the Biosafety Proclamation 2009’. In 2017, the 
National Biosafety Advisory Committee was adopted and in 2018 the country issues 
its Biosafety Guidelines. The amended law permitted scientists and institutions to 
do research and education pertaining GMOs. This allowed to establish legal and 
regulatory systems and build technical capacity to support and manage GMO issues 
and approved after CFT of three Bt cotton varieties in 2016 under the procedure 
of “Special permit”, a provision in the Biosafety Law for research purposes. This 
was followed by 2 years of NPT across seven sites until 2018. The country approved 
two Bt cotton hybrids, JKCH-1050 and JKCH-1947 originally obtained from JK 
Agri Genetics Ltd., India for environmental release and variety registration. The 
accelerated commercial release demonstrated Ethiopia’s government commitment to 
support the cotton development to satisfy booming textile industries [29].

4.2.2 Product development

Ethiopia considered biotechnology as one of the priority areas in its National 
Science and Technology Policy formulated in 1993 [42]. Due to interest to tighten 
the non-GMO stand, the prohibitive regulatory system delayed its overall engage-
ment in modern biotechnology, postponed the use of available products, and 
hampered the development of the local capacity building. After approval of two 
Bt cotton Bollgard I type varieties in 2018, demand for Bt cotton seed for 2021/22 
estimated at 3250 kg was requested for 1300 hectares. Some level of cross-border 
Bt cotton seed also takes place with Sudan and around 3055 hectares around border 
areas are already covered with such imported Bt cotton seed.

In 2008, the Biosafety Authority and the NBAC granted a “Special Permit” 
approval for CFT of drought-tolerant (WEMA) and insect resistant (TELA) maize 
for testing from 2018 to 2023. The isogenic conventional lines were evaluated for 
2years in different locations before the CFT. The two-year CFT was started in 2019 
under a controlled drip irrigation system for drought-tolerant trait evaluation and 
has shown very promising results. The stacked maize environmental release for both 
insect resistance and drought tolerance is awaiting approval using existing provisions.

In 2013, Ethiopia deployed GM technology for its indigenous Enset crop (also 
called “false banana”) improvement in collaboration with the International Institute 
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of Tropical Agriculture (IITA) for developing varieties with resistance to the deadly 
bacterial wilt disease caused by Xanthomonas campestris [43]. The collaborative 
research work had begun at BecA, Nairobi at IITA laboratory and later moved to 
Holetta Agricultural Biotechnology Research Center (NABRC) in Ethiopia in 2018 
after approval was obtained for contained use (Contained Lab Permit). Approval 
for testing transgenic Enset under CFT is underway. Further to its endeavor in 
GM technologies, Ethiopia will soon engage in testing Late Blight Resistant (LBR) 
resistant cisgenic potatoes. Application submitted for CFT is awaiting approval.

4.2.3 Farmers access to new agricultural technologies

Approved Bt cotton hybrid seed demand is increasing but the hybrid Bt cotton 
seeds are not locally available and need to be imported from the technology 
supplier. But due to the decline in exports during the COVID-19 Pandemic, the 
Bt cotton seed supply system has suffered from foreign exchange restrictions to 
purchase seeds. The absence of local seed companies investing in Bt cotton seed has 
been one of the key challenges facing Bt cotton commercialization in Ethiopia.

Stakeholders across the cottonseed system must assess the most feasible pathway 
to ensure easy access to quality seeds at a reasonable cost, especially to smallholder 
farmers. Supporting cotton production with appropriate extension services and 
training of farmers and other relevant stakeholders for best practices is required to 
scaling-up the use of Bt cotton in the country. Developing innovative partnerships 
with technology developers to enable local Bt cotton hybrid seeds production will 
help to achieve affordable and sustainable access to GM technology.

4.2.4 Public perception and acceptance of GMOs

There is no clear data concerning the changes in the public acceptance of GM 
technologies in Ethiopia. However, the transition at policy and political levels is 
remarkable; from a stance of “GMO free” advocacy to one with pragmatic consid-
eration to taking advantage of changes and prospects at the global level. The public 
perception is expected to evolve considerably due to growing global biotechnology 
importance in promoting food security in the wake of climate change. However, 
the recent movement following a report by the USDA that recognizes Ethiopia’s 
commitment to implementing the amended protocol and embarking on some GM 
crops, has sparked severe criticisms against GMOs development in the country [44]. 
There has been a steep rise in anti-GMO comments following the USDA announce-
ment [45]. It requires to provide the right information to the public and creating the 
right and positive public perceptions to help the right policy measures and institu-
tional function with respect to biotechnology products.

4.3 Kenya

4.3.1 Country progress

Kenya is among the first African countries that signed the Cartagena Protocol on 
Biosafety in 2002. It also set up a national biosafety regulatory authority followed 
by a Biosafety policy signed into law in 2010 [46]. The exercise of dealing with GM 
products has seen many challenges such as the one when the government through 
the Ministry of Health instituted a Moratorium on the import and trade of GMOs 
on November 21, 2012, an embargo that remains in force to this day [47].

To date, two crops have been approved for commercialization use in Kenya and these 
are the Bt cotton hybrid, which was commercialized in 2020, and the improved cassava 
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variety for resistance to Cassava Brown Streak Disease (CBSD). The NBA approved the 
application for environmental release for GM cassava containing Event 4046 in 2021 
[48]. The GM cassava has increased root quality and higher yields [49]. Kenya is the first 
country globally to consider a request for environmental release involving GM cassava 
crops. Many other crops are now at different stages of regulatory approval. In the year 
2021, 36 applications have been submitted for various crops under review [48].

4.3.2 Farmers access to new agricultural technologies

Kenya’s GMO regulatory framework is robust and active. It is designed for 
regulating contained use, import, export and transit, environmental release, and 
labeling [46]. The emerging research area of gene-editing technologies in food and 
agriculture presents the newest frontier in the area of legislation and regulations 
in Kenya [46]. The NBA board has undergone timely training to equip them with 
knowledge on the understanding of the regulatory process of genome-edited organ-
isms and products in Kenya [46].

4.3.3 Challenges in product commercialization

A strict and arduous regulatory approval framework remains one of the most 
important challenges to GMO adoption in Kenya [50]. So far, Bt cotton has been 
commercialized and the status of Bt-maize is at the NPT stage. Access to Bt cotton 
hybrid seeds, access to credit to purchase Bt cotton seeds, and lack of adequate 
monitoring data for Bt cotton is the weak side of the commercialization process.

Among the public institutions, Government Counties can play a role by forming 
cotton-producing clusters to support access to Bt cotton hybrid seed and inputs 
and access to the cotton market to encourage cotton-producing smallholders. This 
exercise on Bt cotton can also be helpful for similar efforts in the future for other 
new technologies [51].

4.3.4 Public perception and acceptance of GMOs

Public perception of GMOs in Kenya has been mostly negative for a long time due 
to bad press and negative publicity about GM products [50]. Kenya had instituted a 
moratorium on GMO import and trade in 2012 based on a study by Séralini et al. [52] 
that has since been disapproved. The damage, however, had been done and slowed 
progress in GM acceptance and adoption in the country. For most of the public, 
GMOs were dangerous, and disposed the government to take a reactive action. The 
growing awareness on the benefits of GMO technology in the continent and in Kenya 
in particular, is seeing an upsurge in attitude change for the better [50].

4.4 Malawi

4.4.1 Country progress

Malawi has made significant progress in biotechnology and biosafety since 
the ratification of the Cartagena Protocol on Biosafety in 2009. The country has 
domesticated the protocol by developing a legal and institutional framework for 
biosafety. Malawi developed its Biosafety Act in 2002, Biosafety Regulations in 
2007, and enacted Biotechnology and Biosafety Policy in 2008. The CFT and NPT 
Guidelines, Trial Manager Handbook, and Inspectors Handbook were prepared in 
2007. Since 2009, three permits to conduct GM crop trials have been issued under 
the Biosafety Act and approved its first Bt cotton for commercialization in 2018. 
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Other GM crops initiatives were transgenic Banana and Bt Cowpea both of which 
were terminated in 2019 due to lack of finance to support the research.

4.4.2 Farmers access to new agricultural technologies

Malawi’s biosafety legal framework does not hinder the commercialization of 
approved technologies. Before varietal release of the Bt cotton hybrids, field dem-
onstrations across key cotton-growing districts were done to help farmers with the 
potential of the technology (Bollgard II) and hybrid cotton varieties to help farmers 
build a positive perception about the benefits. However, the cost of Bollgard II hybrid 
cotton seeds was US$30 (MK 25,000) in 2021 became a concern. This means that for 
a hectare, farmers spend US$ 123.5 at a seeds rate of 4 kg/ha compared to US$ 1.2/kg 
for OPVs. The Bt cotton seed grown in Malawi are supplied from India and transport/
import cost make seed prices higher and affects the adoption of the technology by 
smallholder farmers. Trainings on GM cotton seed multiplication for local farmers is 
underway to reduce cost on seed importation which is anticipated to result into afford-
able seed cost and improve its accessibility and adoption by smallholder farmers.

4.4.3 Public perception and acceptance of GMOs

In Malawi issues such as biosafety concerns, public acceptance, political will, 
and support influence the adoption of GM crops. Public opinion has not been 
contradicting to the introduction of GM cotton possibly due to the absence of 
known negative impacts on human health and good publicity during the field 
demonstration trials. There is high political will as government is working to restore 
the cotton industry in the country. Regulatory decisions have been science-based 
and risk assessment is done on case-by-case basis which has built level of trust for 
the technology among farmers and the public.

4.5 Nigeria

4.5.1 Country progress

Modern biotechnology regulation in Nigeria started in the early 1990s. The 
Convention on Biological Diversity (CBD), which Nigeria signed in 1992, identified 
GMOs or LMOs as a group of organisms produced by modern biotechnology that 
needed special attention because of their perceived adverse impacts on biodiversity 
and human health. Based on the Convention’s recommendation, Nigeria ratified its 
biosafety framework in 2002. Consequently, research practice began in modern bio-
technology, along with it the biosafety legal regime became apparent. Subsequently, 
Biosafety Law was put in place in April 2015 giving birth to the National Biosafety 
Management Agency (NBMA) for the implementation of the Act which also 
became amended in 2019.

4.5.2 Progress in product development

To keep abreast with advancements in modern biotechnology, Nigeria developed 
several guidelines including for GM Food, Feed Processing, GM Mosquito, GM 
Trees, Birds, Fish, and other animals. The country is the first in Africa to validate 
Genome editing guidelines during the last quarter of 2020. Several processing 
permits were granted for food and feed from GM maize, soybeans, and others.

Currently, Nigeria has several R&D activities at different levels: research, test-
ing, pipeline, and commercialization. To date, NBMA has approved CFTs for the 
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following crops: Bio-fortified cassava enhanced with pro-vitamin A, iron, and zinc; 
GM cassava resistant to cassava mosaic virus, Cassava brown streak disease virus, 
and enhanced with iron and zinc. Also, cassava was modified for higher starch; 
cowpea modified for resistance against maruca, HT soybeans; GM rice modified 
for nitrogen use efficiency, water use efficiency, and salt tolerance and GM maize 
for resistance to stem borer/fall armyworm and drought tolerance. The approval for 
commercial release has been for GM cotton (Bollgard II) to Bayer Agriculture Nig. 
Ltd./Mahyco Agriculture Private Ltd. in July 2018; cowpea modified for resistance to 
maruca insect pest and insect-resistant/drought-tolerant maize (TELA).

4.5.3 Farmers access to new agricultural technologies

The most important regulatory constraints are related to finance and laboratory 
facilities. The challenge in product commercialization of GM crops, as experienced 
in cowpea, is meeting the seed demands of farmers. Whereas in the case of cotton, 
the cost of seeds is not affordable by smallholder farmers, concerted efforts are being 
made by various platforms such as the open forum on agricultural biotechnology 
(OFAB), in Africa, Nigeria Chapter in collaboration with extension agents to let 
farmers get the right information and advisory services on biotechnology products. 
Nigeria’s Biosafety Law requires mandatory labeling of products containing GM prod-
ucts or ingredients exceeding 4%, which restricts market access for GM products.

4.5.4 Possible pathways for commercialization

Access to improved seed is realized when the farmers can buy the seeds when 
they need them at an affordable price. Trust building is critical so that farmers as 
pragmatic as they are, have a positive attitude toward GM technology despite anti-
GM campaigns and their misconceptions.

4.5.5 Perception and acceptance of GMOs

The Nigerian public has a mixed opinion about GM crops and their food prod-
ucts due to mixed information about the importance of biotech in promoting food 
security and the public concerns about its safety and health-related issues. A higher 
number of the public in Nigeria believe the country should domesticate the technol-
ogy and build local capacity to develop GM crops [53]. For example, policymakers’ 
and scientists’ perception on GM technology was examined in Ghana and Nigeria 
using semi-structured interviews [54]. Results showed most respondents including 
policymakers believe the technology has great potential to solve agricultural prob-
lems. However, lack of trained personnel and weak institutional capacities present 
significant challenges to its wider utilization.

4.6 Sudan

4.6.1 Country progress

Sudan is a member of the Cartagena Protocol on Biosafety (CPB) since 2005. In 
2010, a national biosafety law dealing with the application of modern biotechnol-
ogy was issued and in 2012, Biosafety Council was formed. However, biosafety 
measures are only partially in place for the implementation of the Cartagena 
Protocol [55]. Despite such efforts by the government to develop the biosafety 
regulatory system, much remain to be done for the effective implementation of 
the protocol on biosafety [56]. The national biosafety law was amended to become 
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“Miscellaneous Amendments Law” (Unification of Environment Councils) and 
officially gazetted in Sudan [57].

The first open-pollinated Bt cotton genotype (CN-C02) carrying Bt gene Cry 1A 
from which is a specific toxin against larvae of bollworm was introduced by China-aid 
Agricultural Technology Demonstration Center (CATDC) and released for commer-
cial production under the name Seeni1 in 2012. The Seeni1 variety was fast adopted 
at a commercial scale from 19,300 hectares in 2012 to 61,300 hectares in 2013 [58]. 
In 2016, the area almost doubled to 120,630 hectares. Seeni1 occupied about 25% of 
the country’s total cotton cultivation area in 2012 and 97% in 2014 [59]. After the 
successful adoption of the first Bt cotton variety, Seeni1, another open-pollinated Bt 
cotton genotype from China (SCRC37) carrying the same gene of Seeni1 was released 
for commercial production and named Seeni2 in 2015. In the same year, two Indian Bt 
cotton hybrids; JKCH1947 (Hindi1) and JKCH1050 (Hindi2) carrying JKAL X-gene 
(Cry1Ac), were also released for commercial production [60]. The area under Hindi2 
progressively increased from 7560 hectares to 33,600 hectares in 2021. The total Bt 
cotton cultivated area in Sudan since first commercial production in 2012 has grown 
to occupy about 98% of the total cotton area in 2021. In Sudan, cottonseeds represent a 
valuable oil and cake source. The major concern after the Bt cotton commercialization 
is the food safety of its byproducts; however, permissible levels for GMOs intended for 
direct use as food/feed needs approval from the national biosafety committee.

Recently transgenic cotton hybrid varieties carrying Cry1AC + Cry2A and 
glyphosate-tolerant trait (CP4 ESPS) were approved by the national biosafety 
technical committee in compliance with the national biosafety regulations for 
further testing. In Sudan, the establishment of national action plans for developing 
and promoting cotton exports and harmonizing its marketing policies are seen as 
crucial steps to restore Sudan’s position in the international cotton market.

4.6.2 Farmers access to new agricultural technologies

In Sudan, Bt cotton is the only GM crop under commercial production since 
2012. Additional new transgenic cotton varieties approved by the national biosafety 
committee are under testing and will enrich the Bt cotton variety options. The 
national seed industry of transgenic crops is not fully complying with the biosafety 
regulations due to the limited awareness of stakeholders involved in the seed 
industry. This has caused the sub-standard seed to be distributed by dealers.

Almost all Bt cotton seeds for open-pollinated variety are produced by the 
private seed sector under the governance of public institutions. The current 
situation of seed production could be improved with policy to guide and incentivize 
seed producers (public and private) for high-quality seed supply. The trend of 
seed demand growth in Sudan has been clear since Bt cotton adoption and requires 
comprehensive situation analysis to install a visionary seed production scheme.

On the other hand, not all smallholder farmers can access good quality seed 
because of limited financial support and a lack of farmers’ organizations to obtain 
agricultural credit. Enabling policies are required for smallholder cotton farmers to 
overcome this problem and related marketing challenges.

4.6.3 Public perception and acceptance of GMOs

Sudanese public participation in GMOs use debates and its general awareness 
is limited. Either lack of understanding or misperception of the technology 
predominates. Public-wide formal and informal education on safety concerns 
(biosafety and food safety) and GMO utilization need to be strengthened. More 
engagement and participation of stakeholders along the cotton value chain would 
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help to have a clear plan for promoting and sustainability utilizing the products of GM 
technology. Currently, the adoption of transgenic cotton in Sudan is farmer-driven 
and government intervention is highly beneficial to strengthen farmers’ associations 
for market access and improving the benefits of Bt cotton to local farmers.

4.7 Uganda

4.7.1 Country progress

For the past 15 years, Uganda has been steadily integrating biotechnology into 
national development processes and developing local capacity. The Uganda national 
biotechnology strategy identified biotechnology as a tool to address challenges in 
the agricultural sector [61, 62]. The government has been providing support to 
build human resources and research infrastructure capacity to strengthen research 
development and innovation in biotechnology and played a dominant role in 
Uganda. R&D using modern biotechnology tools in crop science was initiated in 
2003 at the National Agricultural Biotechnology Center. Other institutions like 
Makerere University and the National Agricultural Research Organization’s (NARO) 
followed suit to join the effort. Several international and regional organizations 
also have been supporting national crop biotechnology R&D including USAID, Bill 
and Melinda Gates Foundation, ASARECA, CIMMYT, and Rockefeller Foundation. 
Through support from the government and development agencies, more than 10 
research laboratories have been established for biotechnology research and devel-
opment. The scientific community in Uganda has embraced biotechnology and is 
actively engaged in R&D using modern biotechnology and genetic engineering 
tools. There has been a growing application of tissue culture, molecular diagnostic 
tools, and the development of genetically engineered transgenic crops.

4.7.2 Biosafety regulatory system

Uganda ratified the Cartagena Protocol on Biosafety in 2001 [63]. In 2008, the 
government of Uganda adopted the National Biotechnology and Biosafety Policy to 
provide a regulatory and institutional framework for the safe and sustainable appli-
cation of biotechnology for national development. Uganda’s biosafety institutional 
framework includes national competent authority, national focal point, the national 
biosafety committee, monitoring and compliance mechanisms, and institutional 
biosafety committees.

The Uganda National Council for Science and Technology (UNCST) serves as the 
national competent authority and provides regulatory oversight for GMO research 
and development programs through the National Biosafety Committee (NBC). To 
support the NBC, biotechnology research institutions have established Institutional 
Biosafety Committees (IBC) to provide research biosafety stewardship and serve as a 
link between the research scientists and NBC. To provide a comprehensive biosafety 
regulatory framework for commercialization of GM crops, the Parliament of Uganda 
introduced the Genetic Engineering Regulatory Bill in November 2018 to be assented 
into an act. The Bill was seconded through stakeholder policy consultations to ensure 
establishment of an enabling national biosafety legislation.

4.7.3 Country progress

The first field trial of GM crops was conducted in 2007 on genetically engi-
neered bananas for resistant to Black Sigatoka disease. To date, the NBC has 
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approved 17 field research trials involving several GM crops mentioned below for 
various crops and traits (Table 2) [64–66]. The detailed summary of GM crops and 
incorporated traits is also partly presented in Table 2.

Like other breeding product pipelines, GM products require on-farm agronomic 
and agroecological tests under the guidance of approved biosafety guidelines. In 
Uganda, scientists are unable to proceed with product testing on farmer’s fields to 
ascertain GM product performance due to a lack of national biosafety legislation 
and regulations. Crops such as banana (research, CFT and multilocation trials), 
Cassava (CFT, multi-locational trials), Cotton (CFT, multi-location trials), Maize 
(CFT and multi-location trials), Rice (CFT Research), Sweet potato (Greenhouse), 
Soybean (Greenhouse), Potato (CFT- Multilocation trials) have not been tested 
on farmers fields. Research on these crops has been conducted through joint 
collaborations involving local and international institutions such as NARO, IITA, 
AATF, Queensland University of Technology (QUT), Leeds University, Donald 
Danforth Plant Science Center (DDPSC), Bayer, International Potato Center (CIP), 
Makerere University, and Michigan State University.

5. Lessons learned and future prospects

Biotechnologies can help African country’s efforts toward achieving social and 
economic development and contributing to the United National (UN) Sustainable 
Development Goals (SDGs) through improving agricultural productivity and 
increasing resilience to climate change impacts. As highlighted in the six case 
studies, countries in Africa are at various stages of biotechnology R&D and 
regulatory capacities. With the recent positive decisions made by the governments 
of several countries in Africa, the future holds prospects for the commercialization 
of GM products. Research, regulatory, and outreach capacity in modern 
biotechnology is seen as fundamental to the promotion of advanced science and 
technology in research programs including GMO and genome-editing research and 
development.

Identifying policy and regulatory gaps and adjusting to meet current and future 
needs would always be required to promote agricultural biotechnology for sustain-
able development in biotech and non-biotech countries. Proactively working toward 
building awareness of stakeholders and right public perception and relentless effort 
to capacitate policymakers would help to maintain the current efforts in improving 
political dynamics toward modern biotechnology and avoid sliding back to the old 
rhetoric led by postmodernist anti-GMO and anti-technology activism.

Since it took several years of negative publicity to entrench distrust among the 
public, it can only be undone with unyielding and consistent communication and 
outreach espousing, especially positive benefits to smallholder farmers and con-
sumers and farmers as champions. Therefore, strong voices are necessary to cham-
pion the adoption of GMOs and genome-editing technologies in countries in Africa. 
Misinformation and disinformation, and competing interests inevitably complicate 
how modern biotechnology is viewed and its benefits are harnessed in Africa for 
smallholder farmers. The science communication should be amplified with mes-
saging centering around a farmer and consumer benefits and contributions to UN 
Sustainable Development Goals (SDGs).

The transitions from product development to deployment and commercializa-
tion are often difficult in developing countries. Multiple institutions from the 
public and private sector including the farming communities are involved to 
operate. This needs to be well aligned and coordinated institutional functions are 
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needed to ensure sustainable access and deployment of new technologies/products 
by smallholder farmers while keeping product integrity, quality, and excellence 
through stewardship. Experience shows the importance of careful handling and 
management of new technology with simultaneous preparation for the local seed 
systems to ensure that new products are consistently available and affordable by 
smallholder farmers. Alternative technologies are needed for widening the scope of 
adoption through a healthy market and avoiding negative perceptions to impinge on 
efficiency and competitiveness.

Farmers are willing to adopt impactful technologies that can enhance agricul-
tural productivity and their livelihoods. However, closer consultation and under-
standing of their challenges is critical to foster and sustain repeated adoption of GM 
crops by farmers to convey a realistic understanding of the production and market-
ing challenges and receive necessary policy support. A clear monitoring strategy is 
needed for field management of GM crops and their sustainable use and impacts as 
well as co-existence in the farming systems of adopting countries.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 7

Proposed Revision of the National 
Gene Technology Scheme for 
Australia
Robert Redden

Abstract

Plant breeding was provided access to wider genetic variation through genetic 
modification (GM) of crops in the 1980s. This involved transfer of DNA between 
species, and introduction of new traits into domestic crops. Concerns were raised 
for the outcomes in food health and in the environment with GM crops, with the 
spectre of ‘Frankenstien’ foods and fear of the unknown. This led to widespread 
adoption of GM regulations based on the ‘Precautionary principle’ of safeguard-
ing the risks to health and to the environment, even when scientific evidence was 
lacking to support these concerns. The Green lobby required GM foods to be safe 
for consumption, with no ill-effects over the long term and for many generations 
into the future. GM foods have proven safe for over two decades, and with benefits 
to crop productivity, pest and disease resistances, improved nutrition and toler-
ances of extreme climatic stresses. GM includes the new biotechnology of Genome 
Editing (GE), with targeted and precise changes to gene sites, and inter-specific 
transfer of genes from poorly accessible Crop Wild Relatives (CRW), for adapta-
tion of crops to climate change. Food and fibre crops need to be exempt from GM 
regulations.

Keywords: Regulation, genetic modification, genome editing, crops, climate change, 
crop wild relatives

1. Introduction

As outlined by Redden [1], Australia’s cultivation of GM crops in 2015 comprised 
herbicide-tolerant canola 444,000 ha, stacked GM (herbicide-tolerant plus pest 
resistant) cotton 253,000 ha, and herbicide tolerant only cotton 20,000 ha [2, 3].

With GM cotton pesticides have been substantially reduced, benefiting human 
safety, adjacent livestock enterprises and the environment, plus improving yields 
[4–6]. Herbicide resistant canola both controlled weeds and raised yields [5, 7]. 
These GM crops can be grown with minimum tillage, thereby conserving soil 
moisture for crop maturation in the low rainfall Southern cropping zone where 
every mm saved is 20 kg/ha or more grain [8]! Herbicide weed control allows earlier 
sowing to better match crop growth with seasonal winter rainfall.

South Australia (SA) was the last mainland state to have a moratoria on GM 
crops [1]), scheduled to 2025 but now lifted as recommended by Anderson [9]. 
The moratoria cost the canola industry $33 million over 2004–2018. Australian GM 
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canola with a 10% yield benefit, suffered no adverse international market advan-
tage compared with non-GM canola except for Japan, which paid an estimated price 
premium of $32/tonne (about 7%) for GM free (zero adventitious contamination) 
canola from Kangaroo Island (KI) in SA [9]. This entailed segregation of non-GM 
from GM canola in the delivery-chain with identity protocols and codes of practice. 
The moratoria was kept for KI crops, and the market chain for KI produce will 
remain segregated.

In Tasmania GM crops have been banned since 2001 [10]. This is supported by 
the horticulture and honey industries maintain Tasmania’s image for pure GM free 
produce.

2. Issues

2.1 Regulation of GM crops in Australia

The National Gene Technology Scheme (NGTS) in Australia was enabled by the 
Gene Technology Act 2000. Regulation is administered by the Office of the Gene 
Technology Regulator (OGTR), to apply a process based ‘Precautionary’ approach 
to any kind of directed genetic alteration [1, 11], specifically DNA transfer between 
species.

The object of the Act for all living organisms is: ‘To protect the health and safety of 
people, and to protect the environment, by identifying risks posed by gene technology, and 
by managing those risks through regulating ‘dealings’ with GMOs’.

OGTR authorises the release of GM crops in coordination with other agencies; 
Food Safety Australia and New Zealand (FSANZ), the Australian Pesticides and 
Veterinary Medicines Authority, Therapeutic Goods Administration, National 
Industrial Chemical Notification and Assessment Scheme, Department of 
Agriculture and Water Resources, and Department of the Environment and 
Energy [11, 12].

CRISPR Genome Editing (GE) is able to alter genetic expression without 
transfer of new genetic material with the SDN1 procedure, as a more advanced 
version of GM. OGTR has made a recent incremental change to a ‘Principles based’ 
flexible approach, with recognition of the SDN 1 with a product history of low 
risk [4, 11, 12]. However OGTR risk assessment and oversight remain, plus the 
regulations of complementary agencies.

SDN 1 genome editing is classified as GM/GE under ‘Notifiable Low Risk 
Dealings’ (NLRD) [11, 12]. NLRD products cannot be released to the environ-
ment without OGTR approval, and must be compliant with OGTR regulations for 
transport, storage and disposal, while GM field trials have to be registered and 
isolated [11]. NLRDs must be approved by the Institutional Biosafety Committee 
(IBC) and OGTR [11, 12]. Costs apply for administration, risk assessment and 
management.

OGTR requires that GM/GE crop development must undergo detailed case-by-
case assessment of risks to food safety and to the environment, with research and 
development conducted in contained facilities; this is expensive research [13, 14]. 
This is based on the ‘Precautionary’ principle, rather than ‘Outcome’ based with 
recognition of benefits to society and the environment.

The science of gene technology is poorly understood publicly, enabling the 
Green lobby to demonise GM for socio-economic reasons or to challenge details of 
a scientific study [15, 16], or now to raise fears that SDN 1 GE is GM in disguise, so 
allowing GM foods to be unlabelled and hidden from the public [17, 18].



135

Proposed Revision of the National Gene Technology Scheme for Australia
DOI: http://dx.doi.org/10.5772/intechopen.99966

The anti-GM lobby is well funded in USA through tax deductions to ‘organic’ 
and environmental groups [19, 20]. Anti-GM protesters have destroyed GM field 
trials in UK and Australia, and with non-scientific health and environmental claims 
supported risk regulation of GM crops and discouraged developing countries from 
approving GM crops [18, 19, 21, 22]. Organic certification demands no GM prod-
ucts, so that the organic industry has a large vested interest in denigrating GM.

Foods derived from GM crops pose no greater safety risk than from conven-
tional plant breeding [2, 4, 5, 23, 24]. GM food safety has been validated with 
over 25 years of research by the American Medical Association [25], World Health 
Organisation [26], The British Royal Society [27], and 500+ independent institu-
tions. GM crops benefit the environment primarily by substantially reducing the 
use of toxic pesticides/fungicides [28].

2.2 Genome editing (GE)

The new GE techniques such as CRISPR enable precise changes to the genome, 
with cutting of DNA at a specific location, and insertion, deletion, or modifica-
tion of nucleotides in a gene, and include gene silencing, gene enhancement, and 
synthetic genes (Figure 1) [4, 29, 30].

China has heavily invested in GE with the purchase of Syngenta [31]. Genome 
editing has been developed for tomato, potato, maize, rice, wheat, sorghum and 
citrus, and presents a major challenge to GM crop regulators [4]. GE dramati-
cally increases the number of traits which can be modified in crops, in a manner 
which is far quicker and cheaper than the original GM technology has been able to 
achieve [30, 32].

Base pair alteration (SDN 1) may be indistinguishable from either a random 
mutation or what may be achieved by conventional breeding, and is regarded as 
very low risk for health and the environment [4]. It is unlikely however to replace 
most uses of GM from before 2010 and already in farmers’ fields. The SDN 2 
CRISPR procedure involves larger DNA changes with a DNA repair template, while 

Figure 1. 
Image adapted from source U.S. Food and Drug Administration [29].
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SDN 3 enables targeted insertion of foreign DNA, both are still subject to full OGTR 
regulation.

The CRISPR-Cas9 DNA insertion is displayed in Figure 2 [29].
Occurrences of ‘off-target’ changes are very rare in plants and detectable by 

whole genome sequencing [4]. Mutation breeding has always been exempt from 
regulations, a precedent for SDN 1 GE.

2.3 GM regulation and GE

Policies on GM regulation are evolving with changes in biotechnology, but 
at different rates and to different extents in various countries. Genome edit-
ing targets the introduced traits themselves rather than the technology used 
to create them, in contrast to the traditional process-triggered GM regulatory 
system championed by Europeans [13, 33, 34]. EU does not exempt GE from 
GM regulations [4, 35].

In recent national responses to advances in GE [36]; USA, Norway, Australia, 
New Zealand, Japan, and Argentina either permit SDN 1 genetic changes, or are 
considering relaxation of regulation. Lassoued et al. [37] reviewed plant breeders 
on deregulation of GE, who noted increased ease of transformation, gain in preci-
sion, and improved opportunity to introduce novel traits from Crop Wild Relatives 
(CWR) through GE. Public education about GE was seen as necessary, plus oppor-
tunity for public participation in legislative processes to relax regulations [38]. New 
regulatory frameworks have been proposed [39–42], with the latter suggesting a 
product based approach for regulation of GE crops, especially now that genome 
sequencing is complete for over 200 plants and under development for over 10,000 
genome assemblies.

Agribio Victoria can process 50,000 SNPs at a time, and has sequencing 
capabilities for reliable detection of interactions between large numbers of dif-
ferent genes. These affect the majority of traits of agricultural interest, and can 
be a significant complement to the expression of major genes such as ‘blackleg’ 
resistance in canola [43]. The advances in sequencing and in GE together make 
possible the targeted transfer of complex abiotic stress tolerance traits from CWR 
to domestic crops.

Figure 2. 
A Schematic diagram of the Cas9 enzyme (yellow) and the guide RNA (gRNA) that directs the enzyme to 
cleave double-stranded DNA (dsDNA) at specific sites. Image adapted from source: Marus Walter,  
Attribution-share alike 4.0 International (CC BY-SA 4.0).
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However worldwide acceptance of revised regulations would be needed to 
achieve international consensus and removal of asynchronous trade barriers  
[44–46], which are significant barriers to international commercialisation of GM/
GE [47, 48].

Future challenges include a warmer more variable climate for which CRW can 
provide genes for abiotic and biotic stress tolerances [40, 41, 49]. In many cases 
biotechnology applications can assist introgression of these stress tolerant traits 
into crops [4]. This would help to address twin challenges to agriculture of climate 
change and food security for a predicted 10 billion people by 2060 [50].

2.4 Climate change and genetic adaptation

World food security has become severely threatened since the introduction of 
regulations on gene technology for crops over 20 years ago [1]. Gene technology 
regulation needs to recognise that crop environments are becoming more variable 
and challenging. There has been an unprecedented growth in world population by 
over three-fold in the last 100 years to 7.85 billion today [50], with an equally dra-
matic 60% rise in the greenhouse gases, especially CO2 mainly from coal, oil, gas 
and cement sources of pollution to over 400 ppm [51], resulting in a continual but 
fluctuating increase in global mean temperature towards 1.5°C above pre-industrial 
levels since 1900 [51]. On most scenarios this warming will rise above 2°C by 2100, 
with the lowest emission scenario very unlikely to eventuate, with increasing 
urbanisation and more energy intensive life styles. Certain trends such as polar 
warming can set up reinforcing feedback loops for warming: ice melts, permafrost 
thaws, and desertification. Spikes in high temperature will be from a higher base, 
and frosts and droughts will be more severe especially upon seed set. Food security 
will be under threat [30, 49].

Thus a climate crisis for agriculture has intensified since the 1990s, when genetic 
modification of food and fibre crops raised safety concerns. However GM crops 
have been shown to be beneficial with improvements in crop and food nutrition, 
disease and pest resistances, yield productivity, and tolerances of drought, high 
temperature, frost and salinity [4].

Now in the 2020s there is an urgent need to widen the genetic diversity of 
food and fibre crops to address the coming challenges of abiotic and biotic crop 
stresses with Climate Change [30, 41, 49]. GE provides the tools to exploit the 
largely untapped genetic diversity of CWR, the evolutionary ancestors of crops  
[17, 30], with precise introgression of genes for abiotic/biotic tolerances (heat, 
frost, and drought tolerances, salinity, pest and disease resistances). CWR 
have genetic diversity for adaptation to far more extreme environments than 
crops were exposed to during domestication over the past 12,000 years, and 
provide opportunities to transform crop adaptation to Climate Change [17, 52]. 
However it is an immense challenge to implement GE transformations across 
all crops; from vegetables, spices, cereals and legumes to root crops and fruits, 
before the world is stranded with agricultural systems un-adapted to changed 
environments.

There is a future opportunity cost in not recognising that climate change 
combined with an unprecedented growth in population creates an urgency to 
re-adjust GM regulation, to promotion and acceptance of new gene technologies, 
especially GE [16, 29, 45, 53–55]. NGTS can re-align towards an aspiration of crop 
adaptation (climate proofing) to climate change [24, 39]. Advances in cropping 
ingenuity and crop genetics will be essential to produce more food in more hostile 
environments.
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2.5 Proposal for a revised NGTS for food and fibre crops only, in Australia

An appropriate tiering of regulation for crops should recognise outcomes of prod-
uct benefits to farming and the environment, and a long established food safety record.

GM/GE food and fibre crops should be exempt from NGTS regulation [1]. The 
current NGTS/OGTR over-regulation stifles the opportunity to realise the benefits 
from CWR for adaptation to climate change, raises costs, and tends to exclude 
GM/GE research and development from small research organisations. The present 
costs to market for GM/GE crops are prohibitive [16]. The current NGTS/OGTR 
regulations are no longer fit for purpose, and NGTS could be changed to exempt 
food and fibre crops only, but not vaccine and pharmaceutical crops, micro-
organisms and animals [1, 11].

A Revised NGTS [1] for food and fibre crops would have a new aim: ‘Genetic 
improvement of food and fibre crops by application of gene technologies, with recognition 
of product outcomes of agricultural, health and environmental benefits’.

This Revised NGTS would greatly reduce operational costs of the plant-centric 
OGTR and better secure its funding sustainability, without the monitoring, surveil-
lance and compliance activities for GM/GE food and fibre crops.

A restructured OGTR could change from regulating GM food and fibre crops, to 
play a major role in educating the public on the benefits of new biotechnologies with 
publications, educational webinars and social media posts [1]. OGTR has the required 
expertise to explain and illustrate new developments in biotechnology [11, 12]. This 
could be supported with championing of a Revised NGTS for food security in a more 
populous world with a changing climate.

3. Summary of a proposed revision of NGTS for crops in Australia

OGTR regulations on GM food and fibre crops need to be removed for equiva-
lence with conventionally bred crops. The proposal is for an exemption of GM food 
and fibre crops from current NGTS regulation, and adoption of a Revised NGTS for 
sustainability of agriculture under climate change.

As proposed by Redden [1], a Revised NGTS would include:

• Regulations of relevant agencies such as OGTR, FSANZ, and APVMA, to be 
science based and supportive of GM products.

• Exemption of GM food and fibre crops from NGTS/OGTR legislation, yet still 
comply with FSANZ standards.

• Deployment of current and new gene technologies for world food security, 
even as cropping environments become less favourable.

• Research organisations to champion the introgression of genes from CWR into 
crops for improved productivity, food nutrition, and adaptation to abiotic and 
biotic stresses.

• An education campaign across primary to tertiary education levels, and 
social media.

• Risk objections to GM crops and derived foods to be science based, taking into 
account both medical expertise on health risks and social and environmental 
benefits.
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• Relaxation of regulations for crop GE would facilitate new market entrants for 
GM crops and broaden the scope of GE across more crops and key traits.

• Individual food choice is retained, but labelling requirements should not be 
burdensome on GM derived foods.

• International trade barriers to GE produce are removed as other countries also 
rollback GM regulations on food and fibre crops.

• Co-existence of GM and non-GM crops is manageable in Australia, given 
existing SA segregation protocols and stack management practices at grain 
reception points.

• GE also benefits the organics industry, both with genetic resistances to pests 
and diseases, and tolerances of abiotic stresses.

• Excluded from the proposed Revised NGTS are vaccine, and pharmaceutical 
crops, micro-organisms and domestic animals.

© 2021 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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Abstract

With the advancement in the field of agricultural biotechnology, many genetically 
modified crops like Bt- cotton, Bt- brinjal have been developed and commercialised to 
fulfil the need of the world population. Several biosafety concerns viz., risk to human 
health, risk to environment, ecological concern o has been raised after the rapid 
commercialization of GM crops every year across the world. As per Convention on bio-
diversity (CBD), Biosafety is a term used to describe efforts to reduce and eliminate the 
potential risk resulting from biotechnology and its product. Though many concerns 
being raised time to time, strict biosafety guideline must be followed before introduc-
ing a GM crop in public domain especially in resource poor developing countries.

Keywords: biosafety, GMO, Bt-cotton, CBD, health risk

1. Introduction

GM crops are one of the noble invention of 21st century that holds a good 
promise for better survival of humanity. These crops are developed through genetic 
engineering by altering the genetic make-up of the crops for enriching it with one or 
several economically important traits such as improved quality traits, reduction in 
anti-nutritional factors, herbicide tolerance, resistance to various biotic and abiotic 
stresses, etc. The GM crops have helped mankind to stand against various challenges 
arising out of high population growth, biodiversity loss and climate change but the 
process following which these crops have been developed may posed serious threat 
to the biodiversity which serve as the repository of raw materials for various biotech-
nological applications ranging from improved and processed foods, fibres and fuels, 
noble medicines and drugs, enzymes, etc. thus it is imperative that the biodiversity 
must be preserved satisfactorily to fully exploit the potential of this indispensable 
technology. In recent times, Biotechnological tool such as genetic engineering and 
recombinant DNA technology has proved its worth in achieving the sustainable 
development goals and enjoyed a great potential to mitigate the impact of climate 
change as well and opened new avenues for climate smart agriculture. However, 
while doing so we must take care of the ultimate stakeholder whether for the bio-
diversity or the technology i.e. the human beings and its environment. Fulfilling all 
these contradictory demands concurrently requires an elaborative and exhaustive 
framework involving robust protocols regarding safe designing, production, han-
dling and transfer of GM crops. Keeping this in view, a series of meeting were held 
internationally to discuss the possible innovation or strategies to reduce the ill-effects 
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of these technological interventions and to develop effective strategies for conserva-
tion and preservation of biological resources. One of the practical outcome of these 
discussion fruits in form of “The Cartagena Protocol on Biosafety, 2000” [1, 2].

2. The Cartagena protocol on biosafety

The Cartagena Protocol on Biosafety (CPB) was adopted on 29 January 2000 
in Montreal with the holistic approach to addresses the probable threats from 
the transfer, handling and use of living modified organisms (LMOs) under the 
umbrella of Convention on Biological Diversity, 1992 (Figure 1).

The term “Biosafety” describes the principles, procedures and policies to be 
adopted to ensure the environmental and personal safety. The convention directs its 
Contracting Party to take appropriate measures to regulate, manage or control the 
risks that may arise due to use and handling of LMOs that may pose some threats to 
biological and to ensure the safe handling, transport and use of LMOs. Recognising 
the need of biosafety in genetic engineering research, the Cartagena Protocol on 
Biosafety (CPB) was adopted with the following objectives:

1. To set up the procedures for safe trans-boundary movement of LMOs.

2. To harmonise principles and methodology for risk assessment and establish 
a mechanism for information sharing through the Biosafety Clearing House 
(BCH) [3, 4].

2.1 Guidelines of CPB

The CPB promotes biosafety through well-defined guidelines for the safe 
transfer, handling and use of LMOs or GMOs, with a specific focus on regulating 
transboundary movements of these organisms. These guidelines ensure compre-
hensive information to take decisions on scientifically sound risk assessments and 
on the precautionary approach in use of LMOs and/or GMOs.

2.2 India’s initiative on biosafety

In India, Ministry of Environment & Forests (MoEF) plays the role of the nodal 
ministry for implementation of Cartagena Protocol and undertakes several initiatives 
to meet its obligations to the Protocol. It also organised various capacity building 
programmes to strengthen of the regulatory framework, particularly on transbound-
ary movement of LMOs or genetically modified organisms, risk assessment and its 
management, training and human resource development and information sharing.

Figure 1. 
Timeline of “The Cartagena Protocol on Biosafety”. Key: COP: Conference of the parties; CPB: Cartagena 
protocol on biosafety; IGC: Intergovernmental committee.
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Authorities for implementation of regulations and guidelines in the country [5]

1. Recombinant DNA Advisory Committee (RDAC)

2. Review Committee of Genetic Manipulation (RCGM)

3. Genetic Engineering Approval Committee (GEAC)

4. Institutional Biosafety Committees (IBSC)

5. State Biosafety Coordination Committees (SBCC)

6. District Level Committees (DLC)

3. Risk assessment of GM crops

Risk assessment identifies potential hazards and/or adverse impacts of GM crops 
or derived product on non-target organisms and/or environment. This involves 
a number of coordinated steps like risk identification, risk characterisation and 
risk categorisation. The first and foremost practice i.e. risk identification involves 
identification of risk or possible hazard to the non-target species or the environ-
ment, if any, associated with release and use of transgenic or GM crops and associ-
ated products. This is followed by overall characterisation of risk i.e., whether its 
effect are direct or indirect, chronic or acute, immediate or delayed in action, etc. 
Finally, risk categorisation is done which involvves grouping of identified and well 
characterised risk under various categories viz., negative health effects on target 
population; adverse effect on non-target population, the evolution of resistance or 
resurgence in the targeted pest/pathogen population, flow of transgene to another 
species, etc. In the process of risk assessment if a potential risk is identified the 
appropriate measures are taken for its management .

3.1 Steps of risk assessment

4. Risk management in use of GM crops

Risk management involves strategic techniques to reduce the adverse effect of 
GM crops and associated products on non-target species or environment and also to 
reduce the chances of development of resistance in target pest population. Several 
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tactics viz. application of alternate or mix insecticides with different modes of 
action or use of refuge strategy could be effectively employed to minimise the risk 
of development of insecticidal resistance in insects. These techniques are also help-
ful in avoiding the problem of resurgence in insects. In Bt crops newer techniques 
viz. use of alternate or combined Bt toxin or refuge strategy are much rewarding in 
management of resistance. Similarly, weeds could develop resistance in them fol-
lowing various mechanism viz. modified site of action, detoxification and compart-
mentalisation. By doing so they rendered the herbicides or weedicides ineffective 
against them in long run. Thus, to minimise or to prevent the risk of development 
of herbicide resistant in weeds and evolution of super weed various techniques 
have been utilised. Rotation of herbicides or using them in combination effectively 
reduces chances of development of resistance against herbicides in weeds. Crop 
rotation is another technique that could be used to reduce this risk [6].

5. Conclusion

Modern advances in biotechnology has revolutionalised the way of living 
particularly in meeting the requirement of food, fodder, fibre and fuel by use of 
GM crops. However, a group of social activist and environmentalists are always in 
against of the use of GM crops because of its unprecedented effects on ecosystem 
and human health. Thus, a scientific debate has been continued for a long time in 
which the favouring statements are made based on risk assessment and its consecu-
tive management as per the norms and protocols. In addition to this a number of 
initiatives have already been taken by national as well as international agencies 
to ensure safety measures in use, handling and transfer of these GM crops. Thus, 
basically these crops can be commercialised in public domain with adequate care 
following the defined biosafety measures.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 9

GM Crops: The West versus the 
Rest
Jennifer Thomson

Abstract

This chapter will explore the reasons why some countries, broadly described as 
“developed,” do not allow their farmers to plant GM crops. It will then go on to dis-
cuss the effects that these attitudes held by “the West” have influenced the uptake 
of GM crops by Africa and “the Rest.” I will then investigate some of the myths 
that have been used to turn politicians, decision-makers, and inhabitants of such 
countries against GM crops, and to consider the importance of communication. As 
it is necessary to understand why and how certain countries “got it right” and are 
currently growing GM crops successfully, the last section deals with these issues. 
The conclusion points to the necessity for countries to learn from mistakes made in 
the past as we enter the era of new technologies such as genome editing.

Keywords: developed, developing, myths, regulations

1. Introduction

This chapter is based on a book I recently wrote, entitled: GM Crops and the 
Global Divide [1]. In the preface to that book, I talked about the need for the bridge 
across the agricultural genetic divide between African countries and those in the 
developed world to be crossed. This divide separates the use of genetically improved 
varieties available in the developed world from those being used by resource-poor 
farmers in Africa. Here, I consider how attitudes to GM crops found in countries 
in the “West,” especially in the European Union (EU), have had a negative effect 
on their uptake in Africa and other developing countries. As much of the West’s atti-
tude is based on myths and disinformation (when untruths are deliberately spread 
as opposed to misinformation, which could be based on ignorance of the truth), I 
have included a section on how important truthful communication is in this debate. 
I then go on to discuss the countries that “got it right” and how this came about. I 
sincerely hope that we can learn from such success stories and use them to guide 
regulations going forward into new technologies such as gene editing, which can 
be enormously helpful in bringing about improved food security in countries that 
sorely need this.

2. The West’s stand on GM crops

The global area where GM crops have been planted has grown from an initial 1.7 
million hectares from the time they were first commercialized in 1996 to over 190 
million in 2019. However, the current top 10 growers are the USA, Brazil, Argentina, 
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Canada, India, Paraguay, China, Pakistan, South Africa, and Bolivia. The only EU 
country to appear in the list of the top 21 is Spain, coming in at number 17 [2]. This 
is clearly a reflection of each country’s approach to regulations of GM crops. For 
instance, Canada’s regulations are based on a scientific analysis of the traits and 
whether they are beneficial. No attention is paid to the methods by which such 
traits had been achieved [3]. Many of the top growing countries took much the 
same approach as that taken by Canada. By contrast, in the EU, the traits themselves 
are of little consequence and the methods used in developing the GM crop are of 
paramount importance [3]. How did these differences in attitude come about?

The development of GM crops in Europe occurred at much the same time as 
initial steps were being taken to integrate national food safety systems into the 
European Food Safety Authority (EFSA). This was politically sensitive because 
individual countries in the EU were losing some of their influence over home-based 
regulations. In my book GM Crops and the Global Divide [1], I postulate that the US 
biotechnology industry blustered its way into the EU, hoping to sell their GM crops 
to European farmers in this already somewhat hostile regulatory environment. As 
pointed out by Wesseler and Kalaitzandonakes [4] “Never before has a new technol-
ogy in the field of agriculture been so emotionally debated among stakeholders.” 
I might add, however, that, according to the latest analysis carried out by the 
International Service for the Acquisition of Agribiotech Applications [2], GM crops 
have increased about 122-fold from 1996 to 2019 making biotechnology the fasted 
adopted crop technology in the world.

Many countries, including the EU, cite the precautionary principle as a reason 
for not allowing the cultivation of GM crops. This principle, in essence, states that if 
an action has a suspected risk of causing harm to the public or to the environment, 
the burden of proof (that it is or is not harmful) falls on those taking the action. A 
major problem with this is the difficulty of proving it negative, thus establishing 
evidence of the absence of danger is difficult. Indeed, on the basis of this principle 
why are cars allowed on the roads?

It should also be borne in mind that there is a great difference between the 
blanket statement of “risks of GM crops” and the specific statement of “risks of 
approved GM link MON810,” or “risks of insect resistant soybeans in Argentina.” 
In addition, should not there be an overriding proviso when benefit-risk ratios are 
taken into account, such as is obviously the case for cars? Here, again, the West 
might well say (as they often do): “We have enough food therefore we don’t need 
food derived from GM crops.” On the contrary, the Rest might answer (which I wish 
they would do more vociferously): “We need any technology that puts more food 
on our tables.” Perhaps decision-makers in the EU could benefit by spending time 
living in rural India, Paraguay, or Bolivia (numbers 5, 6, and 10 of ISAAA’s list [2]) 
before making up their minds on the usefulness or not of GM crops.

3. The West versus Africa

The only countries in Africa that are currently growing GM crops commercially 
are South Africa, Sudan, and very recently, Eswatini and Nigeria. On June 22, 2021, 
Kenya announced that it had approved the environmental release of GM cassava 
resistant to cassava brown streak disease, which had been developed by the Kenya 
Agricultural and Livestock Research Organization (KALRO). This paves the way for 
national performance trials before it can become commercialized.

Why is this and why are not more African countries growing GM Crops? It is 
not as if South African farmers have had bad experiences, especially when growing 
GM white maize which can be eaten by some citizens up to three times per day. In 
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a recent article entitled Economic and Ecosystem Impacts of GM Maize in South 
Africa [5], the authors state that the key benefits of growing GM white maize 
were estimated to amount to US$5 million from 2001 to 2018, with lower pesticide 
requirements compared to convention white maize. In 2017, South Africa produced 
approximately 1.1 million hectares of GM maize varieties for direct human con-
sumption, representing an 85% adoption rate. In light of food insecurity in African 
countries, which will only become worse with climate change, why do not grow 
more GM crops?

To understand the influence that Europe could be having in Africa, it is 
important to understand the role that Europe plays in both the economy and 
mindset of many African countries and their leaders. A statement by the European 
Commission reads: “in an ever-changing world, one thing is for sure: Africa and 
Europe will remain each other’s closest neighbours. Africa’s 54 countries and the 
European Union’s 28 Member States have a shared neighbourhood, history and 
future” [6].

Moreover, Africa’s farm exports to Europe are six times as large as exports to 
the United States, so it is European consumers’ taste and European regulatory 
systems that Africans most often must adjust to. In addition, Europe provides three 
times the funding for the United Nations Environmental Program (UNEP) which, 
together with the Global Environment Facility, provided assistance to African 
regulatory authorities. Therefore, Europe could influence organizations to adopt 
EU-style restrictions on GM crops, and the EU has been waging a war on GMO 
foods for decades [7].

What is Africa losing by not planting GM crops? Justus Wesseler, an agricultural 
economist from Wageningen University in the Netherlands, published an article 
in 2017 in which he and his colleagues considered the cost of not growing three 
GM crops. These were disease-resistant cooking bananas (plantains), and insect-
resistant maize and cowpea [8]. They estimated that in the past decade, between 
440 and 4000 lives could have been saved in Kenya, while in Uganda the potential 
estimate was between 500 and 5500.

Of course, Europe is not the only entity trying to stop Africa from growing GM 
crops. Western non-governmental organizations (NGOs), such as Greenpeace, 
Friends of the Earth, GeneWatch UK, ActionAid, and GM Freeze, are all cited in 
an article written in 2017 by Margaret Karembu, Director of the ISAAA AfriCenter, 
soon to become BioTrust AfriCenter [9]. The title of her article is “How European-
based NGOs block crop biotechnology adoption in Africa.” She grew up in rural 
Kenya when her family struggled to put food on the table. She now realizes that the 
subsistence farming practiced by her family is what the “greens” in Europe and else-
where in the West call “agro-ecology family farming.” Although farming practices in 
Africa are beginning to modernize, this is being undermined by such organizations. 
She gives the example of the adoption by the European Parliament in June 2016 of 
a report by the “New Alliance for Food Security and Nutrition,” which stated that 
any support to African agriculture should be confined to such “agro-ecology family 
farming level.” The report was passed by 577 to 24.

Africa is not the only continent that has been the object of the anti-GMO lobby. 
The next section will look at how other continents and countries have been affected.

4. The West versus the Rest

What effects have the West had on other “developing” countries? I used quota-
tion marks as one hopes that all countries are developing, although in the minds of 
most people, “developing” countries are those not as economically advanced as the 



Genetically Modified Plants and Beyond

154

“West”. Therefore, in this section, I will look at the effects that the West has had on 
eggplants (brinjals, aubergines, or talong) in the Philippines and Bangladesh, and 
on Golden Rice in Asia in general.

Eggplants (Solanum melongena L.) are among the most important, inexpen-
sive, and popular vegetables grown and consumed in Asia. In the Philippines, 
for instance, they account for more than 30% of the total volume of vegetables 
produced in the country [10]. The problem, however, is that they are susceptible 
to infestation by the eggplant fruit-and-shoot borer (EFSB; Leucinodes orbonalis 
Guenée), and farmers use chemical insecticides to control these pests. Indeed, 
farmers in the Philippines can apply these chemicals 20–72 times during the 5- to 
6-month-long cultivation season, often resulting in skin irritation, redness of eyes, 
muscle pains, and headaches in farmworkers [11]. As there are no convention-
ally bred-resistant varieties, the Maharashtra Hybrid Seeds (Mahyco) developed 
GM resistance that gave 98–99% damage loss [10]. At first, the Supreme Court 
of the Philippines placed a permanent injunction on field trials, but this was later 
overturned.

The situation in Bangladesh is very different. Mahyco, working with the 
Bangladesh Agricultural Research Institute, developed nine varieties of Bt eggplant 
that eliminated the need to spray for EFSB. Four of these varieties received regula-
tory approval in 2013 and were grown by 20 farmers in 2014. Today, more than 
27,000 farmers in Bangladesh grow Bt eggplant, and there are indications that more 
farmers are eager to reap the benefits of these improved varieties.

https://www.agrilinks.org/post/bt-eggplant-adds-revenue-safety-farmers- 
bangladesh.

In a recent article [12], the authors found that Bt eggplant varieties had a 19.6% 
higher average yield and 21.7% higher revenue. This amounted to $664 more 
income per hectare, a princely sum for resource-poor farmers in Bangladesh.

The study also found that Bt eggplant sold at the local markets, either to whole-
salers or direct to consumers, fetched a higher price than non-Bt eggplant. Some 
buyers were prepared to pay higher prices for Bt eggplant because the fruit was less 
damaged than non-Bt eggplant.

What were the reasons for this success in Bangladesh? One is probably the part-
nership between Mahyco, the United States Agency for International Development 
(USAID), the Indian-based Sathguru Management Consultants who helped with 
technology transfer and innovation advice, and Cornell University. The group is 
now called the South Asia Eggplant Improvement Partnership (SAEIP) and they 
designated the Bangladesh Agricultural Research Institute (BARI) as the lead 
organization in producing and distributing Bt eggplants to farmers [12].

Another important factor was that the four Bt eggplant lines released were not 
hybrids, so farmers could save seed. In addition, BARI provided farmer training, 
explaining the importance of planting refuge non-Bt eggplants around the Bt 
eggplant plots to prevent the build-up of weeds resistant to Bt. The satisfaction 
of the farmers with their crops prevented the anti-GMO lobby, which was very 
active in the early days of the rollout of the crop, from turning away government 
support.

As mentioned above, the other case I am going to look at is that of Golden Rice. 
In many parts of Asia, rice is eaten almost every day, in some countries accounting 
for 70–80% of an individual’s calorie intake [13]. Unfortunately, as rice is prepared 
by the removal of the husk and aleurone layer to prevent the grains from becoming 
rancid during storage, micronutrients, including vitamin A, are removed. This can 
lead to vitamin A deficiency (VAD), which has been estimated to kill approximately 
670,000 children under the age of 5 years every year [14]. In addition, VAD can 
cause an additional 500,000 cases of irreversible blindness [15].



155

GM Crops: The West versus the Rest
DOI: http://dx.doi.org/10.5772/intechopen.100198

To address this problem, in the early 1990s two scientists from the Swiss Federal 
Institute of Technology (ETH) in Zurich, Ingo Potrykus and Peter Beyer, began to 
develop a variety of rice that would contain vitamin A. They introduced two genes, 
one from maize and the other from a very commonly ingested soil bacterium, 
Erwinia uredovora, which together produced lycopene. The rice converts this to 
β-carotene, which gives the rice a golden color and is converted to vitamin A when 
ingested. Hence the name Golden Rice. https://archive.gramene.org/newsletters/
rice_genetics/rgn18/c41.html

This variety has been the subject of many attacks by anti-GMO activists, 
spearheaded by Greenpeace. Incensed by this opposition that has been ongoing 
for many years, some 150 Noble Laureates wrote an open letter to the leaders of 
Greenpeace, as well as to the United Nations and governments around the world 
urging “Greenpeace and its supporters to re-examine the experience of farmers 
and consumers worldwide with crops and foods improved through biotechnol-
ogy…. and abandon their campaign against GMOs in general and Golden Rice in 
particular” [16].

Although Golden Rice has been approved for use in Australia, New Zealand, 
Canada, and the United States, these are the countries that hardly need it. At last, 
in December 2019, the Philippines approved its use in food, feed, and for process-
ing [17], and finally, on July 28, 2021, Golden Rice was approved for commercial 
planting by the Philippine Department of Agriculture.

https://www.thepigsite.com/news/2021/07/philippine-department-of-ag-gives- 
nod-to-nutritious-gmo-golden-rice.

5. How to bust myths and the importance of communication

A number of myths have grown over the years regarding GMOs and GM crops. 
It is, of course, important to use scientific facts to correct these myths, but it is 
equally important to understand that many people who believe them may be doing 
so to reinforce some beliefs that they hold. Simply giving them the facts may not be 
enough to dispel such myths, hence it is important to understand what lies behind 
their adherence to them. For instance, if a person is against the role of multinational 
companies, which they believe are monopolizing the production of GM crops, it is 
essential to present the facts as they relate to this issue. Above all, it is necessary to 
gain the trust of such opponents of GM crops before you have any hope of convinc-
ing them otherwise.

People often tend to base their decisions on opinions and values and then look 
for facts that support these. To counter this, you will have to obtain their trust, 
and one way to do this is to state that there are aspects of GM crops that you find 
problematic. For instance, you can acknowledge that the overuse of a single her-
bicide such as Roundup can lead to the development of herbicide-resistant crops. 
However, you should point out that this is not the fault of the technology but the use 
of such technology. So, let us look at a number of these myths.

5.1 Superweeds

This term is an emotive one aimed at inspiring fear. However, “superweeds” 
are no different from the herbicide-resistant weeds found in fields of conventional 
crops, which farmers have been dealing with for many years. The term also implies 
that there is no herbicide that can kill such weeds, which is patently untrue. In 
contrast, the development of “super bugs,” referring to human bacterial infections 
that are resistant to many or even to all known antibiotics, are real threats. There 
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are, indeed, multidrug-resistant (MDR) and extremely drug-resistant (WDR) 
tuberculosis strains that are presenting formidable challenges to treatment [18].

That said, Roundup-resistant weeds are, indeed, a growing problem that needs 
to be addressed. However, to put it into perspective, by 2014, weeds have become 
resistant to 152 different herbicides, emphasizing the importance of managing 
weeds in a more integrated and sustainable manner [19]. Indeed, in the case of 
Roundup-resistant weeds, farmers are their own worst enemies—the more they 
continue to use this herbicide without rotation, the greater chance there will be for 
the development of resistant weeds.

Another common myth is that poor farmers in Africa have to buy maize seeds 
every year and cannot save seeds. However, since the advent of hybrid seeds in the 
1930s, farmers who plant them have to buy seeds every year. This is because of the 
way in which hybrids are bred. Specific male and female lines that have been bred so 
that their offspring (hybrids) have advantageous traits such as high yield. If farm-
ers plant their own seeds, the offspring will be a scramble of traits as their parental 
genes are randomly inherited, losing the “hybrid vigor.”

A complaint, not a myth, that is often used against GM crops, is that they are 
in the hands of the multinationals who, and this is a myth, are plotting to control 
the food supply of developing nations. Why do multinationals produce most of the 
world’s GM crops? This is, in fact, due to the anti-GMO lobby. They have stirred 
up such fears of harm to humans, animals, and the environment that regulations 
imposed by governments have become enormously expensive. As a result, only 
multinationals with deep pockets can afford to comply with these regulations.

I have seen this problem at first hand. Some years ago, colleagues and I devel-
oped GM maize resistant to the African endemic maize streak virus [20]. Our pri-
vate sector partner was the South African seed company, Pannar Seed, who simply 
could not afford the costs involved in carrying out field trials. Some years later, 
they were taken over by the multinational seed company, Pioneer, but they too were 
unable to undertake such trials. Their reason was that MSV-resistant maize would 
only benefit African farmers who were too poor to recoup the costs of field trials. 
The seeds remain in the freezers at the University of Cape Town and Pannar Seed.

6. Countries that got it right and why

What do I mean by a country that got it right? In a nutshell, such a country needs 
to have a government that is supportive of innovations and new technologies that 
can improve agricultural production and make the lives of farmers more profit-
able and less stressful. It should have a regulatory system in place that is flexible, 
operates on a case-by-case system, and whose decisions are based on science. It is 
extremely important that these regulations should not erect barriers to the develop-
ment and implementation of GM crops. The government should encourage private 
enterprises to develop and commercialize such crops, and should also support 
public enterprises such as universities, technical colleges, research institutes to 
conduct research that could be commercialized in public/private partnerships. I will 
now give some examples of countries that got it right and how they did this.

6.1 South Africa

Farmers in South Africa started to plant GM crops commercially as early as 
1998. In 2019, it was number 8 on the list of countries planting the highest number 
of GM crops with 2.7 million hectares of maize, soybeans, and cotton. Maize, at 
72%, accounts for the majority of these, with soybeans at 27% and cotton a mere 
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1%. Approximately 85% of white maize, used for human consumption, was GM. 
Indeed, white maize is often consumed three times a day by many inhabitants [2].

In a recent study of the economic and ecosystem impacts of GM maize in this 
country, the authors found that white maize food security was improved as, on 
average, 4.6 million additional rations were added annually. In addition, the envi-
ronmental impacts per hectare of GM versus non-GM maize were decreased by 
US$0.34 per hectare, or US$291,721 annually. Decreases in pesticides accounted for 
the majority of the estimated US$5 million benefits from 2001 to 2018. The authors 
speculate that “as we face a hotter and drier future, agricultural technologies such as 
GM may be one of the most salient ways to combat food insecurity while simultane-
ously reducing the environmental impact of agricultural production” [5].

6.2 Canada

Canada regulates products derived from biotechnology processes as part of its exist-
ing regulatory framework for “novel products.” The focus is on the traits expressed in the 
products and not on the method used to introduce those traits…Advertising or labeling the 
presence of GMOs in particular food is voluntary unless there is a health or safety concern.

Thus, reads the introduction to the Law Library of Congress’s [21] article 
entitled “Restrictions on Genetically Modified Organism Canada.” In keeping with 
this approach to GMOs, Canada, the world leader in canola production, was the first 
country to commercialize herbicide-tolerant (HT) varieties of this crop in 1996. By 
2019, 82% of its country’s soybeans were HT, 90% of its maize crop was either both 
HT and insect-resistant (IR) or either one, and 95% of its canola was HT [2].

While most countries growing GM crops concentrate on maize, soybeans, 
cotton, or canola, which are either HT or IR or both. However, Canada has recently 
commercialized three new crops. The first was HT low-lignin alfalfa, which makes 
it more digestible to livestock [22]. This also allows farmers to delay harvest by 
up to 10 days in order to obtain greater yields without losing quality [2]. This was 
developed by members of a partnership between Forage Genetics International, the 
Noble Foundation, the US Forage Research Centre, together with scientists from 
the universities of Wisconsin, Minnesota, and the University of California, Dave—a 
great example of public/private collaboration [23].

The second was the Innate® potato developed by the JR Simplot company. It 
has decreased levels of reducing sugars, reduced acrylamide potential (by reduc-
ing asparagine), and black spot bruising tolerance [24]. This crop has been further 
improved by protection against the late blight pathogen, which could result in up 
to a 50% reduction in fungicide application annually [2]. Reduced asparagine leads 
to lower levels of acrylamide (potentially carcinogenic) that can accumulate when 
potatoes are cooked at high temperatures, for instance over open flames.

The third new crop is the Arctic Apple produced by the Canadian firm 
Okanagan Specialty Fruits Inc. The development of these crops is a good example 
of how a country “got it right” as private companies, or public/private partnerships, 
are clearly encouraged by the fact that if their products are an improvement on what 
is currently available, Canada will allow their commercialization as long as there are 
no health or safety issues involved [2].

6.3 Argentina

GM crops are regulated in Argentina under the general Law on Seeds and 
Phytogenetic Creations. This law aims to promote the development and production 
of modern biotechnology as it grants tax incentives to research and production proj-
ects that meet safety and health standards. This forward-looking approach assures 
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farmers that the seed they acquire meets identity and quality standards, while the 
intellectual property of innovators is protected [25].

Argentina was among the first countries to plant GM crops commercially, with 
HT soybeans being introduced in 1996; in 2019, it was the third largest grower of 
such crops [2]. One of the major reasons for this uptake is that farmers can plant 
two crops per year, partly due to the reduced tilling required with HT crops as this 
reduces the production time. This is because the farmers grow conventional variet-
ies of these crops, they need to till the soil before planting in order to allow weeds to 
grow. These are then killed with herbicides, many of which are not biodegradable. 
Farmers must, therefore, wait until the herbicide has dissipated before the crop can 
be planted; otherwise, the residual herbicide remaining in the soil will kill the crop. 
During this time, much of the topsoil may be lost due to wind erosion. Argentinian 
farmers learned early on that they could spray the fields of HT soybeans with mini-
mal tilling and when it was convenient for them as only the weeds would be killed. 
They also noted that less topsoil was being lost. https://www.isaaa.org/resources/
publications/pocketk/57/default.asp.

One of the other things that Argentina “got right” was that its government recog-
nized that GM crops have the potential to increase agricultural output. In March 2017, 
the agriculture minister, Dr. Luis Miguel Etchevehere, said that the promotion of GM 
crops was designed to increase the “leadership of our country in the development of 
agricultural biotechnology” [26]. They also implemented regulatory measures aimed at 
speeding up the approval of new GM crops, resulting in the time taken for such assess-
ments dropping from 42 to 24 months [26]. This has resulted in the country approving 
HarvXtra® Alfalfa, which contains less lignin thus improving its digestibility for 
livestock. In addition, Argentina is the first country to approve drought-tolerant GM 
wheat [27]. Both crops were developed by BiOceres, a local agri-industrial company.

6.4 Brazil

In September 2003, Brazil decided to allow farmers to grow GM soybeans 
for a 1-year period. As Bob Callanan, head of the pro-GM American Soybean 
Association, said: “We have long been frustrated by Brazil growing illegal GM 
seeds” [28]. These seeds were being brought over the border by farmers seeing how 
much better off farmers were in Argentina due to their growing GM varieties. Far 
from limiting its planting of GM crops to a single year, Brazil’s farmers have grown 
them continuously and, in 2019, they were growing the second largest area of these 
crops, 52.8 million hectares, with the USA, at 71.5, growing the largest [2].

6.5 China

Since 1997, China has approved 64 GM crop events, including canola, cotton, 
maize, papaya, petunia, poplar, rice, soybeans, sugar beets, sweet pepper, and 
tomatoes [2]. This sounds impressive, so why then in 2019 is China planting only 
3.2 million hectares, the seventh in the list of countries planting the highest area to 
GM crops? [2] The answer may lie in the country’s regulators being risk-averse. As 
in many countries in the 1900s, Greenpeace was a major player in China and the 
specter of risk was high on its agenda. Thus, after its initial early entry into GM 
crops, China, hopefully for the moment, has dropped by the wayside [29].

6.6 Burkina Faso

In 2008, farmers in Burkina Faso, one of Africa’s largest cotton producers, began 
to plant IR cotton commercially. By 2014, about 74% of cotton grown in the country 
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was IR, grown by some 140,000 smallholder farmers. Advantages included a 20% 
yield increase, a reduction in insecticide use of about 67%, and an estimated profit 
increase of US$64 per hectare, despite the increase in the cost of seed [30].

However, although the farmers were happy, the cotton ginning companies were 
not. The cotton had shorter staples and lower lint quality undermined their profit. 
As a result, the cotton companies, which also control the provision of seed to the 
farmers, unilaterally phased out GM cotton [31]. This is an example of the impor-
tance of having all involved in the crop production and processing involved in the 
decisions taken as to which varieties of cotton should be converted into GM, in this 
case by inserting the Bt gene.

7. Conclusions

Why is it that people in the West, particularly those in the European Union but 
also in the Nordic countries and parts of the USA, are so against GM crops? Since 
1996 when such crops became available commercially, not a single proven case of ill 
health related to their consumption by either humans or animals is registered. Every 
major regulatory body in the world has concluded that GM crops are as safe for 
consumption as conventional crops, whether organic or not [3].

Is it possible that there are vested interests involved in this antagonism? One of 
the most prominent organizations lobbying against GM crops is Greenpeace, which 
receives funding from other anti-GMO bodies such as the Tides Foundation.  
https://www.tides.org/project/grantee/greenpeace-canada/.

Another organization working against GM crops is the Norwegian Institute of 
Gene Ecology (GenØk), which has been fiercely opposed to this technology since 
it was founded in 1998. Their staffs travel widely promoting perceived risks associ-
ated with this technology. They also hold conferences such as the one in 2003 with 
the inflammatory title: “Regulating a privatized genetic industry which has the 
potential to destroy the future.” [32].

http://fafdl.org/blog/2016/10/14/how-norway-became-an-anti-gmo- 
powerhouse/.

Looking to the future, will the public and regulators around the world accept the 
newer technology of gene editing? [33] The potential that this technology has for 
improving crops and food sustainability is enormous. Let us learn from the mistakes 
made over GM crops and not repeat them. In particular, let us be aware that deci-
sions made in the West can have a huge impact on the actions taken by the Rest.

© 2021 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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