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Preface

Advances in plant transgenic technology in the twentieth century led to the first commer-
cially grown transgenic crop in 1996. In the creation of transgenic plants, the major hurdle
for transfer of genetic material between species was overcome. This not only enabled
fundamental insights into plant biology but also revolutionized commercial agriculture.
Adoption of transgenic plants in industrial agriculture has reduced pesticide use, improved
crop yields, and increased or preserved farm profitability. Targeted on meeting needs for
greater efficiency and wider application of transgenic technology in plants, continuous
technological advances over more than 30 years have paved the way for high-frequency
transformation, but still of only a very small number of plant species; the majority of plants
or their genotypes remain recalcitrant to transformation and regeneration. In addition,
producing the complex traits that provide broad spectrum insect control, herbicide toler-
ance, and other agronomic traits desired by modern agriculture requires precise genome
engineering. Recent developments in genome editing tools provide unique opportunities to
create precise on-demand transgenic plants to enhance crop productivity. Combining
genome engineering with new tools that overcome some of the limitations in plant trans-
formation, there is clearly significant opportunity yet to explore in the area of transgenic
plants.

We intend this book to provide thorough coverage of the topic of transgenic plants with
methods capturing the current status of plant transformation, including precise genome
engineering technology, biotechnological application of transgenic plants, and future devel-
opments needed to enable genome editing technology in crops. Grouped into sections
focused on transformation of model and crop plants, genome engineering, and transgenic
event characterization, the chapters primarily comprise detailed protocols as is typical in this
series. We also sought review-style chapters to broaden the utility for readers, provide
additional references for further understanding of this fascinating area of research, and
especially to present the technology’s potential for solving some of our most urgent global
challenges in food security.

Jobunston, IA Sandeep Kumar

Pieriuigi Bavone
Michelle Smith
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e Chapter 21

Overview of Biotechnology-Derived Herbicide Tolerance
and Insect Resistance Traits in Plant Agriculture

Tejinder Mall, Manju Gupta, Tarlochan Singh Dhadialla,
and Sarria Rodrigo

Abstract

Biotechnology has been central for the acceleration of crop improvement over the last two decades. Since
1994, when the first commercial biotechnology-derived tomato crop was commercialized, the cultivated
area for genetically modified crops has reached 185.1 million hactares worldwide. Both the number of crops
and the number of traits developed using biotechnology have accounted for this increase. Among the most
impactful biotechnology-derived traits are insect resistance and herbicide tolerance, which have greatly
contributed to the worldwide increase in agricultural productivity and stabilization of food security. In this
chapter, we provide an overview of the history of the biotechnology-derived input traits, the existing
genetically engineered commercial crop products carrying insect resistance and herbicide tolerance traits, as
well as a perspective on how new technologies could further impact the development of new traits in crops.
With the projection of the world population to increase to 9.8 billion by the year 2050 and reduction in
available farmland, one of the biggest challenges will be to provide sustainable nourishment to the projected
population. Biotechnology will continue to be the key enabler for development of insect resistance and
herbicide tolerance traits to overcome that imminent challenge.

Key words Biotechnology, Insect resistance, Herbicide tolerance, Molecular characterization

1 Introduction

Over the last two decades, genetically engineered (GE) crops have
been developed in multiple plant species (maize, soybean, cotton,
canola, eggplant, etc.) to safeguard against insect pests, disease,
weed, and abiotic stress damage to obtain higher yields. Up until
2016, these GE crops have been planted in 30 countries covering
about 457 million acres and adopted by ~18 million farmers
[1]. The numbers represent a very fast adoption of GE crops since
1996 when the crop acreages increased by more than 100-fold from
only 4.2 million acres.

Currently, the major countries growing GE crops are the USA,
Brazil, and Argentina. These crops have also been adopted in other

Sandeep Kumar et al. (eds.), Transgenic Plants: Methods and Protocols, Methods in Molecular Biology, vol. 1864,
https://doi.org/10.1007/978-1-4939-8778-8_21, © Springer Science+Business Media, LLC, part of Springer Nature 2019
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countries including other parts of North America, Latin America,
China, India, Australia, the Philippines, Myanmar, South Africa,
and Spain, and their adoption is expected to increase in additional
countries in the near future [2]. So far the major focus for the
development of GE crops has been in soybean, maize, canola,
cotton, and sugar beet. However, GE traits have been produced
and cultivated in other crops such as alfalfa, eggplant, papaya,
potato, pineapple, squash, apple, plum, eucalyptus, and poplar [3].

It is projected that by 2050, the world population will increase
to 9.8 billion [4] and this population growth is projected to out-
pace the current rate of crop yield increase (1.3% per year) due to
declining land resources for agriculture and global warming adding
to stressed environmental conditions for optimal crop productivity
[5]. Hence, there is an urgent need to develop crops for stressed
environments, e€.g., abiotic, insect pests, weeds, and crop disease,
that would also give higher crop yield in order to feed the ever-
growing population. The grain yield for corn increased by 0.8
bushels/acre /year from 1937 to 1955, due to adoption of hybrid
corn production. Subsequently, a second phase of yield increase of
1.9 bushels/acre /year occurred from 1955 until now due to con-
tinuous improvements in corn genetics, biotechnology-derived
traits, and better agronomic production practices [6]. A potential
third phase of yield increase is yet to come through the integration
of new technologies beyond those used in currently commercia-
lized GE crops.

In this chapter, we provide an overview of insect resistance
(IR) and herbicide tolerance (HT) GE crops, including historical
perspectives, commercialized crop products, and future perspec-
tives. For more in-depth knowledge of the topics covered in this
chapter, the reader is referred to excellent reviews by other authors
[7-16].

2 Historical Perspective on Input Trait Biotechnology

2.1 Herbicide An important breakthrough came around the year 1983 when
Tolerance deliberate efforts were made to transform genes into crop plants
[17-19]. It was not until over a decade later in 1996 that the first
commercial transgenic crop—“Flavr Savr” fresh tomatoes—was
marketed by Calgene (now Monsanto). These tomatoes were the
first example of the commercial value and impact biotechnology
could have in a wide variety of traits in plant agriculture. Biotech-
nology techniques were also used to introduce genes for herbicide
tolerance (HT) into soybean, cotton, corn, and canola crops
[20]. HT crops help farmers in reducing production costs and
environmental impact of using herbicides for weed control. Genet-
ically engineered HT crops also eliminate the need for manual
removal of weeds that compete with the crop of interest (COI)
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[21]and help to preserve topsoil microflora by encouraging the use
of non-tillage agricultural practices [22]. A variety of HT traits have
been developed for selective control of weeds using glyphosate,
glufosinate, 2,4-D, and other herbicides maintaining other agro-
nomic attributes of GE crops. A premise for the development of
HT traits is the availability and understanding of the herbicide
chemistry, their environmental impact, ease of use, cost-
effectiveness, and their mode of action. Furthermore, it is also
important to consider the type of trait stewardship program needed
after the trait is commercialized to minimize environmental impact,
achieve trait longevity, and avoid development of resistant weeds in
specific geographies where the technology is used. Without doubt,
the HT traits presently available provide farmers great convenience,
increase crop productivity and management efficiency, and also
provide environmental benefits that impact soil health and water
quality in their farms.

2.2 Insect To date most of the bioinsecticides and insecticidal proteins have
Resistance come from the soil bacterium Bacillus thuringiensis (Bt). The first
Bacillus bacterium (Bacillus sotto) was discovered and isolated from
silkworms in 1901, and subsequently Bz was isolated from Medi-
terranean flour moth caterpillars after the dead caterpillars were
found to be loaded with Bt spores and crystals. This observation
led to the conclusion that Bt spores and crystals had insecticidal
properties, which led Mattes [23] to isolate the strain for
subsequent use in field trials against the European corn borer,
Ostrinia nubilalis, with promising results. This work eventually
led to the development of Sporeine, a commercial Bz insecticide
for lepidopteran pest control, used initially in 1938 in France, and
registered for use in the USA in 1961. Since then, through strain
improvement and improved fermentation processes, a number of
Bacillus bioinsecticides have been commercialized for control of
lepidopteran (e.g., Biobit, Dipel, Thuricide, and Javelin), dipteran
(e.g., Tekar, Bactimos, Vectolex GC, and Acrobe), and coleopteran
(Novodor and Trident) pests [8]. The next stage in the evolution of
Bacillus bioinsecticides was the production of hybrid Bacillus
strains with increased toxicity and insecticidal specificity. This was
achieved by either conjugation of two different strains with difter-
ent insecticidal protein-encoding genes or direct transformation of
one strain with insecticidal genes from another Bacillus strain
[24, 25]. This practice would be equivalent to today’s “pyramid-
ing” of insecticidal genes for purposes of insect resistance manage-
ment and broader target insect pest specificity. An example of a
trans-conjugant commercial product included ‘Foil’; which was
based on a strain EG2424 created at Ecogen for activity against
lepidopteran and coleopteran insects and carried the crylAc gene
from Bt var. kurstaks (active against O. nubilalis) and the cry3A
gene from Bt var. temebrionis (active against Colorado potato
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beetle, Leptinotarsa decemlineata) [26]. An example of a recombi-
nant strain EG2348 commercialized under the name of Raven by
Ecogen for control of lepidopteran larvae expressed a combination
of'endogenous (cryl Ac) and transgenic (cry3A and cry3Bb) insecti-
cidal proteins from different Bacillus strains.

Use of Bacillus strains or their spores directly as sprays to
control certain insects was attractive in being specifically toxic to
host pests, nontoxic to humans and mammals, and biodegradable,
but had disadvantages too. Some of the major disadvantages were
that Bt strains or spores were susceptible to rapid inactivation with
UV light, heat, and extreme pH rendering them ineffective. Addi-
tionally, the Bt sprays were susceptible to protease inactivation by
host plant leaf exudates and were also easily washed away by wind
and rain. This meant that for effective control of target pests, B
sprays had to be applied and reapplied frequently, which resulted in
increased cost to control target insect pests. Additionally, the Bz
sprays were effective against specific chewing insects (Lepidoptera
or beetle larvae on plants) but not effective against sap-sucking
insect pest stages of hemipteran and homopteran orders like aphids,
whiteflies, and others [27].

A solution to circumvent the challenges for effective use of
insecticidal Bt strains or spores was to isolate genes encoding the
insecticidal proteins and express them directly within the COI
through genetic engineering techniques. Using this approach, the
insecticidal proteins would be expressed in the COI and be readily
available for intoxication of target insect pests for immediate con-
trol. However, technological hurdles were discovered in expressing
bacterial genes in plants. Bt or other insecticidal toxin-encoding
genes eventually required codon optimization and use of appropri-
ate promoters for effective in planta expression [28, 29] to deliver
the desired insect resistance. It was also discovered that the full-
length gene sequence of the insecticidal protein may not be
required for plant transformation as only the domains responsible
for insecticidal activity and protein expression stability may be
enough for in planta pest control efficacy for certain insecticidal
proteins. Hence, Hoffmann [30] genetically engineered tobacco
plants using a truncated gene encoding the N-terminal portion of a
crylA gene from Bt var. kurstaki HD-73 under the control of
cauliflower mosaic virus (CaMV) 35S promoter. The engineered
tobacco plants were protected from damage with infested Helicov-
erpa zea larvae. This demonstration of effective control of an insect
pest using transgenic tobacco, though never meant to be developed
tor commercialization, paved the way to develop other approaches
to create GE insect resistance traits in other COI. One of the first
crops targeted for commercial development and marketed was the
potato NewLeaf variety carrying the c»y3A from Bt var. tenebrios
developed by Monsanto in 1995 for the control of the Colorado
potato beetle. This potato variety received the first registration
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from the Environmental Protection Agency (EPA) for a crop resis-
tant to an insect pest. Subsequently a number of other transgenic
crops providing tolerance to specific insect pests have been devel-

oped (Table 1).

3 Important Technologies in Input Trait Development

3.1 Genetic Plant breeding had long been a method of crop improvement to

Engineering of Crops develop new varieties with improved characteristics. Use of tradi-
tional plant breeding approaches has led to tremendous success in
crop improvement. Major plant breeding achievements such as
introduction of hybrid corn and improved wheat and rice varieties
were among the most important advancements that resulted in
dramatic increases in crop productivity [31].

However, traditional plant breeding methods have limitations
in that genes can be transferred only within the same or closely
related species, and often can have significant yield drag from other
genes linked to a given trait. Moreover, as indicated above, in the
case of IR and HT traits, most of the more impactful genes have
originated from the non-plant sources, requiring the use of gene
transfer technologies to move genes across noncompatible species.
Therefore, the discovery, development, and use of Agrobacterinm-
and gene gun-mediated gene transfer methods delivered additional
tools and approaches for transfer of specific and desired segments of
DNA from any organism into a wide range of crop species. Later,
other methods of transformation were also discovered and overall
these methods can be grouped under two broad categories:
(1) indirect transformation methods (i.e., bacterium mediated)
and (2) direct transformation methods (i.e., nonorganismic
mediated by chemical and mechanical introduction of DNA into

cells). An overview of these methods is presented in another chapter
of this book (Chap. 1).

3.2 Molecular Molecular characterization of transgenic events (where an eventis a
Characterization plant that contains the transgene(s) and expresses the inserted gene
of Transgenic Events phenotype) is foundational to the advancement of high-quality

events in the commercial trait development process. Hundreds of
events are created in the beginning of the trait development process
using any of the plant transformation methods described above,
and eventually one event is selected for commercialization
[32]. Molecular characterization encompasses multiple parameters
for evaluation of transgenic events including identification of
inserted gene copy number, number of insertion sites, integrity
and location of inserts in the target genome, identification of
“junction” sequences at both termini of a transgene(s) cassette,
unintended DNA presence including transformation vector back-
bone, and stability of the insertions across generations [ 33]. All this
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information is used in determining proper trait functionality and
stability, and for safety assessment of the commercial event(s) for
regulatory approval [34, 35] leading to event deregulation. The
technologies used for the molecular characterization of transgenes
are discussed in another chapter in this book (Chap. 24).

3.3 Protein Detection =~ Gene expression analysis is a crucial component of trait product
and Quantitation development for selection of transgenic events that express genes at
desired levels, in specific tissues and temporally in the COI. The
first step of gene expression analysis can be performed at the mes-
senger RNA (mRNA) level. However, quantitative protein expres-
sion analysis is of utmost importance due to posttranscriptional and
posttranslational modifications that can affect the correlation of
mRNA levels with the final protein quantity and quality and the
resulting phenotypic expression. This is a key step in the evaluation
of gene expression for input traits. Immunoassays, e.g., western
blots and enzyme-linked immunosorbent assays (ELISA), have
been the primary analytical approaches for detection and quantita-
tion of proteins. However, these assays require the development of
antibodies that can take several months, may exhibit cross-reactivity
to other protein(s), and have high development cost for routine
use. More recently, significant progress has been made in the devel-
opment of liquid chromatography in conjunction with tandem
mass spectrometry (LC-MS/MS) as the next-generation protein
detection technology toward solving the challenges posed by
immunoassays [36]. The basis of the LC-MS/MS technology is
the detection of specific signature peptides as surrogates represent-
ing the target proteins. It has significant advantage over immunoas-
says in that assay development requires only a few days as compared
to multiple months needed for immunoassays. These technologies

are also reviewed in detail in another chapter in this book
(Chap. 25).

4 Currently Available Insect Resistance and Herbicide Tolerance Genes in GE Crops

4.1 Insect Although it was realized in the early 1900s that Bt strains have
Resistance Traits: insecticidal spores and crystals, it was not until 1986 when the first
Gene Sources Bt gene encoding a lepidopteran active insecticidal protein was
and Approaches isolated, cloned, and used to protect tobacco plants from damage

by Helicoverpa zea [30]. Since then a number of Bt genes, encoding
insecticidal proteins, have been isolated, cloned, and screened for
insecticidal properties against a range of pests. In addition to the
insecticidal proteins in Bt crystals produced from c¢ry (crystal)
genes, Bt also produce cytolytic (¢yz) insecticidal proteins and solu-
ble insecticidal proteins, which are produced during the vegetative
growth phases. Genes from Bt’s vegetative growth phase called vips
(vegetative insecticidal proteins), either alone or in combination

4.1.1 Bacillus
thuringiensis-Derived
Traits
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with ¢y or cyt genes, have been isolated and used to develop
transgenic crops with protection against insect damage.

Despite a wealth of knowledge of Bt insecticidal proteins and
their genes, reviewed by Crickmore et al. and Narva et al. [37, 38],
only a handful of the genes (crylA, cry2A, crylF, cry3A, cry3B,
cry34A, cry35A, and vip3A and their variants) have been used to
genetically engineer commercial crops for resistance to lepidop-
teran and coleopteran pests. Initially, GE crops were commercia-
lized using a single insect resistance (IR) gene products, although
in several instances IR traits were developed in combination with
the HT traits. Another approach has been to stack insecticidal
proteins with different modes of action targeting a specific order
of insect pests to delay or prevent the development of resistance in
the insects. Agricultural companies have mostly discovered homo-
logs of Bt cry genes, and in very few cases produced synthetic
variants of those Bt genes to create novel gene versions, like in the
case of the mutated mcry3A gene for resistance to coleopteran pests
and the synthetic chimeric gene, ecry3.1Ab, that also confers resis-
tance to coleopteran pests (Table 1). Transgenic insect control
traits have been widely beneficial and their commercial success is
demonstrated by their widespread use by farmers in many indus-
trialized and developing countries [39].

4.1.2  Non-Bacillus While Bacillus thuringiensis strains continue to provide a rich
thuringiensis-Derived source of insecticidal proteins, there is a need to look for alternative
Traits sources or approaches for developing crops for IR traits to broaden

the spectrum of modes of action available given the diverse pests
that threaten commercial crops. The need for this is not only to
increase the spectrum of activity to control primary and secondary
insect pests using multiple modes of action of the insecticidal
proteins, but also to delay the development of resistance by suscep-
tible insects. However, after 20 years of Bt crop products in the
market, there have been very few confirmed cases of insect pests
developing resistance to the Bt gene-carrying crops [40]. This is
mainly due to the implementation of strict insect resistance man-
agement strategies like inclusion of certain percentage of
non-transgenic seed (refuge plants) along with the trait-containing
transgenic seed provided. Also more recently, the industry has
moved to stacked insecticidal products with more than one mode
of action against key insect pests to help slow the development of
resistance. However, it is expected that insects will eventually
become resistant to the existing transgenic traits and in anticipation
of this there have been numerous reports of alternative approaches
being developed and insecticidal proteins being evaluated that are
not derived from Bt sources.
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4.1.2.1. Non-Bacillus Certain other bacteria have been the focus of extensive research as
thuringiensis Bacterial potential sources of insecticidal proteins. Such examples are the
Gene Sources insect pathogenic bacteria, Photorbabdus and Xenorbabdus species,

both of which are symbionts of the insect pathogenic nematode,
Heterorbabditis [41]. These bacteria are nonpathogenic to the
nematode itself. However, in insects, once the bacteria enter the
insect host blood system or hemocoel, it becomes very pathogenic
to the insect and rapidly overcomes the insect immune system
resulting in insect mortality. Extensive research has been carried
out to biochemically and molecularly characterize a complex (mul-
tiple proteins needed for insecticidal activity) of insecticidal Phozo-
rhabdus and Xenorbabdus toxin proteins, and attempts made to
produce transgenic crops using these insecticidal proteins.
Although much is known of the structure and function of the
toxin complex proteins [42], little progress has been made in
developing transgenic crops using genes encoding these proteins,
possibly due to host plant phytotoxicity issues. It is possible that
future research will allow the engineering of toxin complex genes
with high insect control efficacy. Alternatively, other bacterial
sources can be used to identify proteins with insecticidal activity.

4.1.2.2. Other Sources Production of proteases in the insect gut or in saliva is important for
for Enhancing Insect efficient protein digestion that sustains amino acid and metabolite
Resistance in Plants pools essential for insect growth and development. Herbivorous

insects feed either by chewing the plant tissues, as in the case of
Lepidoptera and Coleoptera, or by piercing or rasping and sucking
intra- or intercellular fluids from plants, as in the case of hemipteran
and thysanopteran insects, respectively. Although not always effec-
tive, plants use proteinase inhibitors (PIs) as a common defense
mechanism to defend from insect attack. When plant-produced PIs
are ingested in artificial diets or overexpressed in plants, increased
mortality and reduced growth and development have been
reported for lepidopteran, coleopteran, or orthopteran immature
stages [43—47].

Another approach explored for insect control is the expression
of proteins that inhibit function and stability of a-amylases. Insects
and other animals use a-amylases for digestion of starch ingested in
their diet. Proteins that inhibit a-amylases are found widely in the
plant kingdom. Such inhibitory proteins are directed specifically for
the inhibition of a-amylase activity from insects and microorgan-
isms without affecting the plant enzymes. Multiple examples of the
use of a-amylase inhibitors have been reported with mixed results.
The a-amylase inhibitor 1 gene from common bean (Phaseolus
vulgaris) was expressed in pea (Pisum sativum) plants and it
provided complete protection against the coleopteran pest, Bruchus
pisorwm L., commonly known as pea weevil. However, the
a-amylase inhibitor 2 when expressed in pea plants only resulted
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in delayed maturation of pea weevil larvae [48]. Some bifunctional
PIs have been identified that simultaneously inhibited both protei-
nases and a-amylases [49]. These bifunctional PIs offer the benefit
of controlling pests via two different modes of action, perhaps
enhancing their effectiveness against insect pests.

Other types of plant proteins have also been identified with
potential but with varying levels of efficacy for insect control.
Lectins are a class of multivalent carbohydrate-binding proteins
found in plants that have been tested against insects for growth
inhibition and mortality. In a study by Shukle and Murdock [50],
lectins from soybean seed were found to inhibit growth of tobacco
hornworm larvae. Similar results have been obtained using wheat
germ agglutinin and snowdrop lectin when tested against European
corn borer [51] and tomato pinworm, Lacanobia oleracen, respec-
tively [52]. Other non-plant proteins, chitinases, produced by
insects, have also been tested for insect control and results demon-
strated impact on insect growth inhibition by disruption of the
peritrophic membrane lining in the gut of Heliothis virescens [53].

Although enhanced protection of plants against lepidopteran
pests has been reported by expressing Pls, lectins, a-amylases, and
chitinases [9, 54], there has yet to be a commercial product using
PI-encoding genes in crops. Some of the challenges that may have
prevented this success could be related to either the potency of the
PI proteins expressed in planta, including their expression levels, or
the insect’s ability to use endogenous proteases that circumvent the
plant-expressed PIs. This highlights the need to understand the
physiology and temporal expression of proteases in the insect gut
and salivary glands in response to different PIs. Other approaches
may also be needed like the use of multiple and different PI genes in
transgenic plants or even chimeric genes encoding bifunctional
gene products, such as a-amylase /trypsin inhibitors [9], trypsin/
carboxypeptidase A inhibitors [55], and cystatin/serine PI [56].

Among other strategies that have been used to identify new
insecticidal toxins, the screening of small peptide toxins produced
in venoms of predatory spiders was investigated [57]. The venoms
of these predatory spiders contain a number of disulfide-rich small
(3—4 kDa in size) peptides that are selectively toxic to insects upon
injection into the insect hemocoel. However, one of the functional
challenges that need to be circumvented first is the fact that these
peptides are not very active when ingested orally. Promising results
have been obtained in several studies where expression of venom
proteins from the Australian funnel-web spider, Atrax robustus, in
tobacco [58, 59] and cotton [60] showed significantly increased
protection against Helicoverpa armigera. Results from these experi-
ments offer the possibility to engineer improvements of the pep-
tides for effective crop protection
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4.1.3 RNA-Mediated Double-stranded RNA (dsRNA) to interfere with specific gene
Technologies for Insect expression, also referred to as RNA interference (RNAI), has been
Control: dsRNA (RNAI) used extensively to suppress or knock out specific genes in eukary-

otic cells [61-63]. This approach takes advantage of a control
mechanism that occurs naturally in eukaryotic cells whereby short
stretches of diced mRNA or microRNA produced within a cell
direct the degradation of complementary endogenous mRNA to
suppress the expression of specific genes when required in that
cellular environment. Similar effects can be achieved by design
involving delivery and expression of an exogenous dsRNA mole-
cule against a target transcript in cells of an organism. Timmons and
Fire [64] and Timmons et al. [ 65] first demonstrated that ingestion
of'a dsRNA by the nematode, Caenorbabditis elegance, suppressed
expression of a target gene. This work and many other investiga-
tions with insects [66—-69] offered that a similar approach could be
used for insect pest control, provided that (1) target genes critical
for the survival or the growth and development of insects could be
identified and (2) an effective method for delivery of dsRNA could
be developed.

A number of insect target genes have been identified as critical
for either insect growth and development or survival. An example
of such genes is the vacuolar ATPase A subunit [62]. When a
dsRNA against the vacuolar ATPase A was ecither fed mixed in
artificial diet or injected into the hemocoel of coleopteran insect
pests like corn rootworm and others, it affected larval development
[70]. Baum et al. [67] also reported that western corn rootworm
(WCR) larvae which fed on corn transformed with a dsRNA hairpin
against the vacuolar ATPase A subunit gene, exhibited severe stunt-
ing of growth, and inhibited feeding damage to roots. Similarly,
Mao et al. [71] demonstrated that Arabidopsis plants transformed
with dsRNA hairpin that targets a cytochrome P450 monooxygen-
ase gene in cotton bollworm led to decreased bollworm tolerance
to the cotton sesquiterpene aldehyde, namely gossypol, thus
decreasing insect damage.

While there has been significant progress either to identify
target genes for dsSRNA or in the delivery methods (e.g., via injec-
tion, in artificial diet, or through transgenic crop tissues), different
levels of insect susceptibility to these approaches were observed.
For example, the coleopteran insects, corn rootworm, Colorado
potato beetle, and the canola flea beetle are sensitive to ingested
dsRNA (e.g., V-ATPase subunit) with LCg¢ values ranging from
1 to 10 ppb in both larval and adult stages [67, 72, 73]. Insects
outside of the order Coleoptera (like Diptera, Lepidoptera, and
Hemiptera) that have been tested with the V-ATPase subunit
dsRNA are almost a 1000-fold less sensitive (LC50>10 ppm).
Even within the order Coleoptera, not all coleopterans, like red
flour beetle, are as sensitive to dsRNA as corn rootworm or Color-
ado potato beetle [67, 74]. Of the 290 gene targets identified by
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Baum et al. [67], dsSRNA was effective for only about 40% of the
targets using a surface overlay diet bioassay with about 0.1 ppm for
each target dsRNA, causing rootworm mortality or growth stunt-
ing. At the same time, when H. armigera and Spodoptera exigun
larvae were fed transgenic crops expressing H. armigera ecdysone
receptor dsRNA, the phenotypic effects (e.g., elevated mortality,
growth inhibition, and suppression of ecdysone receptor transcripts
over controls) on the larvae were similar [75].

Despite the tremendous gain in the understanding of gene
targets that are are essential for development and survival of insects,
it has taken long to commercialize transgenic plants using the RNAi
approach. In insects that are much less susceptible to sub-ppm
dsRNA concentrations, the biggest barriers may be their gut anat-
omy that could hinder the effective delivery of dsRNA to target
tissues and cells outside midgut. Therefore, challenges may remain
in developing methods for improved delivery of dsRNA for effec-
tive adsorption in the insect gut of certain insects and delivery to
target tissues.

The durability of RNAi-based approaches remains uncertain,
mainly due to the lack of understanding of the mechanisms of
resistance, i.c., whether there is a common mechanism of inactiva-
tion of dsRNA or multiple mechanisms. A single mechanism of
resistance among target insect pests would severely reduce the
durability of RNAi-based crop products.

Finally, the reader is referred to the volume in Advances in
Insect Physiology [57], which covers many of the aspects discussed
above in greater depth. Some other suggested readings covering
the above topic extensively are [70, 76-81].

4.2 Herbicide Weed control practices used by early farmers included hand or
Tolerance Traits mechanical weed control, cultural practices like crop rotation, and
and Weed Control even mechanical means through plowing and cultivation. These

methods were often tedious and slow, and came with a high cost.
Therefore, better, more efficient, and easier weed control methods
were needed. The major breakthrough that came in the weed
management practices was the discovery of synthetic auxin herbi-
cides in 1940s which spawned an era of innovation yielding other
selective and some nonselective herbicides in the intervening dec-
ades. Some important nonselective herbicides were glyphosate and
glufosinate and selective herbicides including acetolactate synthase
(ALS), acetyl coenzyme A carboxylase (ACCase), hydroxyphenyl-
pyruvate dioxygenase (HPPD), phytoene desaturase (PDS), and
protoporphyrinogen oxidase (PPO). Today, more than 200
herbicide-active ingredients are available that are classified in 29 dif-
ferent modes of action categories of which six modes of action
cover more than 80% of the herbicide market [82].

Farmers that controlled weeds using selective herbicides
needed to have a good understanding of weed identification in
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order to choose appropriate herbicide applications and often mul-
tiple herbicides were required to control different categories of
weeds. In addition to crop-selective herbicide use, another break-
through in the field of weed control was the introduction of
herbicide-tolerant crops, with the first set of crops developed toler-
ant to glyphosate and glufosinate (Table 1). Prior to the availability
of HT crops, glyphosate was used to control weeds in non-crop
areas and its use against weeds closely associated with crops was not
possible due to its broad-spectrum activity which could damage the
crops. In 1996, glyphosate-tolerant crops were introduced making
weed control in crops much easier for the farmers, since a single
application of glyphosate killed all weeds in the field while having
no effect on the transgenic glyphosate-tolerant crops [83].

The glyphosate mode of action is based on its binding affinity
to the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)
enzyme, which is required for synthesis of essential aromatic
amino acids in plants, and blocking EPSPS activity results in plant
death [84]. In order to generate transgenic glyphosate-tolerant
crops, three strategies have been attempted: (1) overexpression of
the endogenous COI EPSPS enzyme to avoid glyphosate toxicity;
(2) introduction of genes that metabolize and detoxify glyphosate
in the COI; and (3) introduction of a glyphosate-insensitive form of
the EPSPS enzyme t [85]. The first strategy using overexpression of
the native EPSPS enzyme resulted in glyphosate tolerance of plant
cells in culture and transgenic Petunia plants [86]. However, over-
all the strategy has not been very successful since application of
glyphosate still affected the growth of the plants. Until now, no
transgenic plants overexpressing a native EPSPS enzyme have been
commercialized [85]. The second strategy for metabolic degrada-
tion of glyphosate has been in which glyphosate-metabolizing
enzymes, like GOX (glyphosate oxidoreductase) and GAT (glyph-
osate N-acetyl transferase), have been engineered to impart glyph-
osate tolerance to plants [87]. The third strategy of using a
glyphosate-insensitive form of the target enzyme and its variants
has been the most effective and successfully used for the production
of transgenic crops [82, 88]. Mutated forms of this enzyme, which
are resistant to the action of glyphosate, have been introduced into
crops resulting in commercial levels of tolerance in transgenic
plants [89].

Another weed control system that became widely used was the
production of genetically modified crops tolerant to glufosinate.
Glufosinate inhibits the glutamine synthetase enzyme leading to
accumulation of ammonia in the cells, which affects photosynthesis
and eventually leads to plant death. Glufosinate is another nonse-
lective herbicide but is faster acting than glyphosate. Glufosinate
has gained greater adoption to help manage weeds that have devel-
oped glyphosate resistance [90]. In contrast to glyphosate, which is
a systemic herbicide, glufosinate is a very effective contact
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herbicide. It needs to be applied when plants are smaller to have a
good leaf coverage. The gene that encodes the enzyme phosphino-
thricin acetyltransferase (PAT) detoxifies glufosinate by acetylation
of the amino group and hence makes plants tolerant to glufosinate
[91]. Using this technology, transgenic canola, corn, cotton, and
soybean herbicide-tolerant crops were introduced into the market
starting 1997 [92].

Glyphosate-tolerant soybean and canola were introduced and
deregulated for commercialization in 1996, followed by
glyphosate-tolerant cotton and maize in 1997 and 1998, respec-
tively [83]. Within 10 years of the introduction, the adoption rate
for these crops reached >90% in the USA [93]. Glyphosate- and
glufosinate-resistant crops were initially widely adopted crops by
farmers. First, the glyphosate- and glufosinate-resistant crops were
introduced as single-trait crops. However, later with the discovery
of insect-resistance traits, the herbicide-tolerance traits were
stacked with insect-resistant traits. Moreover, multiple modes of
action for insect resistance as well as genes imparting resistance to
different herbicides were stacked. In 2016, globally, 455 million
acres were planted with crops that include herbicide tolerance,
insect resistance, and stacked gene products. This includes 227.6
million acres under herbicide-tolerant crops only [2]. This broad
adoption of HT crops has resulted in increased value to farmers due
to reduced weed control costs and increased productivity, cuamula-
tively worth around $63 billion, over a period of 1996-2014 [94].

Another herbicide target is the enzyme acetohydroxyacid
synthase (AHAS), also called acetolactate synthase (ALS). This
enzyme is required for the synthesis of branched-chain amino
acids and inhibition of its activity results in plant death due to the
depletion of essential amino acids [95]. More than 50 ALS inhibi-
tors have been discovered that fall in five chemical classes: sulfonyl-
urea [SU], imidazolinones [IMI], triazolopyrimidines [TP],
pyrimidinylthiobenzoates [PTB ], and sulfonylamino-carbonyl-tria-
zolinones [96]. Different mutations in the ALS gene are known to
impart tolerance to some or all of the above herbicides. These
mutated forms of the enzyme have been used to develop crops
tolerant to specific herbicide chemical classes. Such crops have
been commercialized under the name Clearfield from 1992
onwards [97]. Largely, the Clearfield crops were developed using
non-GE plant breeding methods and were nontransgenic in nature.
However, recently BASF launched genetically modified soybean
with the trade name Cultivance in collaboration with Embrapa in
Brazil [98]. Following the introduction of Clearfield corn in 1992
by BASE, a large number of crops including rice, wheat, brassicas,
corn, soybean, lettuce, sunflower, etc. have been developed for
tolerance to ALS-inhibitory herbicides [97].

Because glyphosate herbicide-tolerant crops have been the
most widely adopted weed control system, the extensive use of
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glyphosate among the farmers and lack of integrated weed manage-
ment practices have led to the development of glyphosate resistance
in weeds. By mid-2017, around 37 glyphosate-resistant weed spe-
cies had been reported [93]. Therefore, new strategies have been
under development to control emerging glyphosate-resistant
weeds. This has stimulated the discovery of new trait genes encod-
ing new modes of action. The most prominent next-generation
weed control systems include Enlist and Roundup Ready Xtend in
corn, cotton, and soybean [99]. The Enlist technology includes the
use of 2,4-dichlorophenoxyacetic acid (2,4-D), which is a broad-
spectrum herbicide and controls more than 90 weed species includ-
ing glyphosate-resistant weeds such as horseweed and water hemp
[100]. The trait is encoded by the bacterial aryloxyalkanoate diox-
ygenase (AAD) gene product, which inactivates 2,4-D and provides
excellent tolerance to this chemical in plants [101]. Dow AgroS-
ciences, LLC, has used stacked HT-tolerant gene strategy to trans-
form soybean, corn, and cotton for tolerance to 2,4-D and other
herbicides, for effective weed control [102] and to allow imple-
mentation of this weed management system. Monsanto has also
developed a Roundup Ready Xtend Crop system that stacks
dicamba and glyphosate tolerance for weed control [102]. Dicamba
tolerance is provided by the bacterial dicamba monooxygenase
gene (DMO) that inactivates dicamba when sprayed on crop plants
[99]. Another category of  herbicides is the
4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors. HPPD
is a key enzyme required for the production of pigments and for the
development of chloroplasts. Inhibition of this enzyme affects
chloroplast biosynthesis, which leads to bleaching followed by
plant death. The overexpression of the resistant forms of HPPD,
that is less sensitive to HPPD inhibitors, is the strategy used to
impart tolerance to HPPD-inhibiting herbicides such as Balance
Flexx, Callisto, and Lumax [103-105]. Recently Bayer Crop
Sciences has developed transgenic soybean, Balance GT, that carries
a gene stack of both the glyphosate-tolerance trait combined with
tolerance to isoxaflutole-based HPPD-inhibiting herbicide
[106]. In general, the stacking of multiple modes of action for
herbicide tolerance will be more effective for weed control and is
expected to delay the development of resistance in weeds, thus
increasing the durability of the HT traits.

Other high-potential herbicides are PPO (protoporphyrinogen
oxidase) inhibitors and ACCase (acetyl coenzyme A carboxylase)
inhibitors. PPO is a gene product that acts in the chlorophyll /heme
biosynthetic pathway. Chlorophyll is an essential light-harvesting
pigment and heme is required as a cofactor in many enzymes.
Inhibiting the synthesis of this enzyme causes light-dependent
membrane damage resulting in burning, desiccation, and growth
inhibition of the plants [107]. Overexpression of naturally resistant
bacterial PPO genes results in resistance to PPO-inhibiting
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herbicides [ 108, 109]. Monsanto and Sumitomo have partnered to
develop the next generation of crops tolerant to PPO-inhibiting
herbicides [110]. Similarly, ACCase carries the first step in fatty acid
biosynthesis. Inhibiting the activity of ACCase results in cessation
of fatty acid biosynthesis that eventually leads to plant death. Point
mutations in this gene provide resistance to the application of
ACCase-inhibitory chemicals, like aryloxyphenoxypropionate class
of herbicides abbreviated as FOP herbicides [111]. Development of
herbicide-tolerant crops using these different modes of action will
diversify the weed control tool box and provide more effective weed
controls for a wide variety of weeds while reducing the probability
of developing herbicide resistance. Although multiple and diverse
HT modes of action are available for stacking, and despite the
challenges with glyphosate weed resistance, glyphosate is still
widely used and is a component of new HT stacks. Glyphosate is
expected to continue to be used in the near future in commercial
HT stack releases [82, 110].

Though multiple modes of action for herbicide tolerance are
available today, these are based on the existing herbicide chemis-
tries. The discovery of new herbicides is not being as actively
pursued as for insecticides and fungicides where the search for
novel chemistries and modes of action are areas of focus. The
1970s was the era when herbicides with new modes of action
were discovered every 2-3 years [93]. Today, the availability of a
good number of herbicide chemistries bearing different modes of
action has reduced the need to further discover and develop new
ones [82].

5 Next Generation of Insect Resistance and Herbicide-Tolerant Traits

Site-specific nucleases (SSNs) have emerged as a powerful technol-
ogy for genome engineering. Of the SSNs, the CRISPR-Cas system
is most easy to design, affordable, and versatile. Using SSNs, it is
possible to add, delete, and edit genes or modulate their expression
[112,113]. The add and delete functions permit transgene manip-
ulations including molecular stacking at preselected (“preferred”)
genomic locations in plants [ 114, 115]. As a result, the trait intro-
gression process is simplified, as multiple transgenes (traits) can be
managed or tracked as a single locus to ensure physical and expres-
sion stability of the transgenes and surrounding host genome
genes. SSN-based development of molecular stacks is an elegant
example of genome engineering that impacts superior organization
of transgenes relative to the native genes in the genomes of the
major crops.

The “edit” function of SSNs is aimed at introducing gene
modifications to create gene knockouts and expression modula-
tions, develop new alleles, or engineer genes that express new
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protein versions. Therefore, using the edit function, new alleles can
be added to the repertoire of the existing alleles to increase allelic
diversity. Learnings from the mutation technologies practiced in
the past few decades, e.g., T-DNA insertion [116], transposon
tagging [ 117], ethyl methane sulfonate (EMS)-induced mutations
screened with TILLING approach [118, 119], and fast neutron
(FN)-induced deletions [ 120], have illustrated the development of
a large number of new crop varieties worldwide by essentially
modifying genes or alleles to create new versions with new or
additional functions. At least 3270 new varieties were developed
from the mutation research alone [121].

6 Trait Reengineering

Another important application of the SSN technology is to mod-
ity /reengineer the existing transgene(s) already present in commer-
cial GE crops. This could be conceptually explained as the
generation of new allelic variants from the existing transgenes.
Many of the insect resistance genes currently present in commercial
products, as discussed earlier in this chapter, are continuously
challenged by insect pests trying to overcome their susceptibility
to IR traits. With the advances in protein engineering, reengineered
versions of the existing IR genes may become readily available in the
future, which when replacing the older version could quickly rees-
tablish protection in the COI, thus avoiding financial losses to the
farmers and the industry in general. This approach would bypass
the need for recreating a completely new stack, which is a process
that could take more than a decade before commercial release. The
same concept could apply to HT genes with the purpose to gener-
ate new transgene alleles that provide protection to active ingredi-
ent analogs for broader or more effective weed control spectrum.
Alternatively, and as mentioned for IR genes, HT trait genes can be
removed from commercial events and replaced with new /improved
genes in the stack.

There are immense opportunities that CRISPR-CAS, a simple
and precise genetic scissor, has to offer in crop improvement and its
potential impact on trait development and agriculture in general.

7 Future Perspectives

GE traits have been very impactful in crop production. These traits
have made possible the industrialization of several crops, contribut-
ing to food security worldwide. Traits for IR and HT are among the
most impactful and widely used in agriculture, thus improving land
management, reducing operational costs, and decreasing environ-
mental impact by minimizing the number of chemical applications
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of insecticides and herbicides, which in turn reduces the use of fossil
fuels. GE traits have also reduced the exposure of farmers to che-
micals by reducing the application of herbicides by 50%, thus
improving the quality of their lives [39]. However, despite all
those benefits and the great rate of adoption of these technologies,
greater adoption of GE crops is needed worldwide to increase
productivity in other parts of the world where these technologies
have not yet been adopted.

The development of GE traits is not possible without the
advancement and development of enabling technologies that
improve the ability to discover and develop new and better input
traits. Technologies like crop transformation and genome sequenc-
ing (like with next-generation sequencing (NGS)) play a key role in
the discovery, testing, and development of IR and HT GE crops.
Similarly, analytical technologies for molecular and biochemical
characterization make possible the analyses of transgenic events
and also allow for the generation of key information to assess
their safety and support deregulation of these traits. Last but not
least, further development of phenotyping technologies will con-
tinue to enhance the ability to make clearer determinations of the
efficacy of traits and also help assess agronomic performance.

To date GE IR traits commercially available have been mainly
derived from Bacillus thuringiensis genes. The development of IR
traits is very complex and has to meet the criteria not only for trait
efficacy, or insect control, but also for minimal to no impact on
nontarget organisms and agronomic performance of COI. Due to
these technical challenges, the current toolbox has relatively few
insecticidal genes with different modes of action available. To
increase the availability of genes encoding for insecticidal activity
and with a diversity of modes of action for managing insect resis-
tance and prolonged product life, gene discovery efforts have been
focused on non- Bz gene sources.

In the case of GE HT, stacked modes of action for HT are
becoming available to widen the spectrum of weeds that can be
controlled, improve weed control efficacy, and also extend trait
durability. In recent years, greater emphasis has been given to the
implementation of integrated weed management programs
whereby herbicides with different modes of action should be
applied in rotation or in combination to slow the development of
herbicide-resistant weeds.

To date IR and HT GE crops have been produced using
random gene insertions into the plant genome using primarily
Agrobacterium-based or biolistic-mediated transformation meth-
ods. However, technologies using SSNs are now available, which
allow delivery of transgenes to precise locations in the plant
genome. Furthermore, SSNs can be used to edit native genes and
create new and trait-specific allelic variants in the host genome. This
technology could also be used to reengineer traits developed by
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GE, or to create completely new genes with novel modes of action
or functions. Such approaches can play a key role in accelerating the
development and availability of IR or HT traits in the near future.

Further increases in crop yields will continue to be delivered
through greater adoption of GE crops, discovery and development
of new IR and HT trait genes, better integrated pest management
systems, improved cultural practices, and use of new and novel
technologies to enhance trait performance without negative agro-
nomic effects in the elite varieties of target crops. IR and HT crops
will continue to be, without a doubt, among the most impactful
traits to meet the challenge of feeding the world’s growing
population.
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