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1. Introduction

Coton, derived from the Arabic word ‘quotn’ [1], belongs to Gossypium genus, which was also
derived from the Arabic word ‘goz’, meaning a soft substance [2]. Coton is a unique natural
fber producing most common fber crop of the world, which provides humanity with cloth
and vegetable oil, medicinal compounds, meal and hull for livestock feed, energy sources,
organic mater to enrich soil, and industrial lubricants [3]. The genus Gossypium includes fve
52-chromosome species (2n=4x=52) that arose some 1-2 million years ago [4-6] through
allotetraploidization between the extinct representatives of A and D coton genomes. Current
representatives of putative ancestor-like A-genome species (2n=2x=26) are G. herbaceum (A,)
and G. arboretum (A,), referred as the Old World cotons, whereas a putative ancestor like ‘D-
genome’ species is G. raimondii (Ds) Ulbrich (2n=2x=26), referred as the New World cotons.
There are fve allotetraploids and 45 extant diploid coton species that are classifed into eight
genomic groups (A to G, and K) [4]. The two allotetraploid cultivated species include the G.
hirsutum [AD], and G. barbadense [AD],. The remaining three wild tetraploids, G. tomentosum
[AD];, G. mustelinum [AD],, and G. darwinii [AD]s, are endemic to the Hawaii, Brazil, and
Galapagos Islands, respectively.

Based on archeological evidence, humans utilized coton fber from at least more than four to
seven thousand years ago, and coton started to be grown as a fber crop around three thousand
years ago [1, 7]. Demands for natural fber and coton products had historically developed that
advanced coton research for the past century. Progressive scientifc advances on coton
biotechnology and decoding of coton genomes have resulted in the development of novel
coton cultivars with high yield, early maturity, improved resistance to pests, and superior
fber quality; however, a negative correlation between fber traits and yield components/
maturity as well as genetic “botlenecks” in cultivar germplasm still hinders to overcome
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conventionally longstanding problems of simultaneous yield and quality improvements in
coton [3, 8].

Coton is grown on around 32-36 million-hectares area of tropical and northernmost agricul-
tural latitudes in over 80 countries of the world [8, 9] to fulfll the current global needs of
humanity for the natural fber. For the past decade, however, global coton production, demand,
and market signifcantly Fuctuated that caused a pressure on farmers, consumers, and traders.
Area for coton farming decreased by 9% to 31.1 million hectares leading to a total annual
production of 21.74 million metric tons (MMTSs) in 2015/16 [10]. The world average yield was
699 kg per hectare in 2015/16 and also decreased by 9% compared to previous season although
the average yield is expected to increase to 735 kg/ha that would lead to increase a total world
production by ~5% to 22.7 million tons in 2016/17 [10]. Similarly, world coton consumption saw
its ‘ups’ and ‘downs’ from 2007 and has been on decline since 2011 (~23 MMT) [11]; it has been
23.7 million tons in 2015/16 [12] with a similar expected consumption of 23.7 million tons in
2016/17[10]. In other words, for the past two years world coton production did not match world
consumption of coton, making the defcit to be covered from coton stocks [13].

The signifcant fuctuations inworld coton production and consumption and decreasing yields
require world coton science to pursue new research directions and develop innovations to
substantially increase and stabilize coton production worldwide [14, 15]. In that, innovations
on increasing yield with the improvements of fber quality without afecting the maturity and
other key agronomic traits are the key challenges faced by the coton research community. In
parallel, due to global climate change, increased heat and drought stress and biosecurity issues,
it is demanded to improve drought, salt and heat tolerance traits as well as to increase the
resistance characteristics of coton cultivars to beter respond to existing and emerging bacterial,
fungal, and insect pest infestations [15, 16]. At the same time, increasing human population
highlights an urgent need for investigations on cotonseed feed and food product qualities as
well as cotonseed marketing, which moved coton research and its increased fnancing in this
direction for the past decade period [17]. Moreover, a continuous lower price of synthetic fbers
compared to coton prompts researchers to make coton competitive with manmade fbers
through improvements in quality, while being friendly to the environment [3, 15, 16].

2. Coton research updates and advances

Coton research has witnessed many progressive developments over the past half a century to
address the above-mentioned challenges and limitations, and coton researchers worldwide
have initiated and performed largely coordinated research projects in every aspects of coton
sciences. These eforts have greatly accelerated coton research worldwide and helped to
address the key issues of coton production and farming [7, 14].

Some of the best examples of these progressive developments of coton research can be
the worldwide collection, maintenance, and inventory eforts of 53,000 [18] to 63,946 [14,
19] world coton germplasm resources preserved in major coton-growing countries. Cot-
ton research community has extensively developed coton genetic mapping population re-
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sources, and characterized large sets of DNA-based molecular markers such as simple
sequence repeats (SSRs) and other restriction site-derived polymorphisms [20]. Research-
ers have widely and successfully applied molecular marker technology [21] to create
densely covered genetic linkage maps of coton genome(s) using various mapping popula-
tions. Scientists also succeeded to characterize coton germplasm resources using both tra-
ditional quantitative trait loci (QTL) and modern linkage disequilibrium (LD)-based
association mapping strategies [20-23]. Furthermore, coton researchers have successfully
developed a SNP marker system, and with the emergence and application of high-
throughput next generation sequencing (NGS) technologies, a large number of SNPs were
developed and made available for coton research and breeding [24-27]. These advances
provided an opportunity of shifting molecular marker applications from restriction en-
zyme or SSR-based characterizations toward SNP-based analyses and high-throughput
genotyping by sequencing (GBS)-based mapping methods [14, 24].

As a result of advances on molecular markers and genetic mapping of important coton traits,
coton breeding research has enriched with molecular breeding techniques and “breeding by
design” approaches such as modern marker assisted-selection and genomic selection. This has
not only accelerated the development of superior coton cultivars with reduced cost and time,
but it also helped in widening the “conventionally-narrow” genetic base of novel cultivars via
introducing ‘yet-unexploited’ genetic diversities from coton germplasm resources [8, 14, 20—
23, 28]. Further, molecular marker technology has helped to establish and genetically difer-
entiate 13 homeologous chromosome pairs accelerating coton cytogenetics and genetics
studies [29]. Detailed cytogenetic studies and the characterization of aneuploidy and translo-
cation lines identifed almost all 26 chromosomes of allotetraploid cotons and provided an
innovative way of replacing the G. hirsutum (referred to as Upland coton [8]) chromosome
pairs with corresponding chromosome pairs of other cultivated and wild allotetraploids
such as G. barbadense, G. mustelinum, and G. tomentosum. This efort created unique sets of
chromosome substitution backcross (CS-B) coton germplasm resources of Upland cotons that
are widely used as a novel direction in coton improvement, supplementing and enhancing
conventional coton breeding programs worldwide [30, 31].

Development of coton genetic engineering (GE) and somatic embryogenesis research have
further revolutionized coton science and production for the past 30-year period, resulting in
the development and commercialization of “biotech” coton varieties of insect-pest and
herbicide tolerance traits [7]. GE research with transgenic, cisgenic, and intergenic approaches
and its integration with traditional and modern breeding methods such as backcross, gene
staking, and forward breeding [32] have helped and carry a great promise to boost the yield and
quality of coton, which undoubtedly opened a new era for coton production worldwide [3, 7].

Most revolutionizing efortsand achievements of coton research for the past 10 years, however,
were the successful completion and assembly of whole genomes of the two diploids (D5 and
A, genomes) [33-35] and two widely cultivated Upland (G. hirsutum) [36, 37] and Sea Island
allotetraploid coton genomes (G. barbadense) [38]. These achievements have greatly accelerated
current coton research programs and undoubtedly will foster the exploitation of genetic
signatures behind the key coton traits, helping to overcome the above-mentioned negative
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correlation and narrow diversity obstacles through a ‘skilled’ utilization and introduction of
the complex efect genetic signatures. For example, due to understanding coton genomes and
genetic signatures, coton researchers have discovered the key genes conditioning major fber
quality traits of coton, where the improvement of key characteristics of fber quality is the most
priority task of coton biotechnology worldwide [15, 20]. As an example, these fndings include
but not limited to the characterization and biotechnological utilization of (1) GhMYB2A and
GhMYB2D genes and its trans-acting regulatory miR828 and miR858 signatures in trichome
and fber development [39]; (2) coton phytochrome gene family and its RNA interference
(RNAI) in simultaneous improvement of major fber characteristics and several important
agronomic traits of Upland coton [40]; and (3) phytosulfokine-a (PSK-a) signaling genes,
afecting coton fber development through the regulation of the respiratory electron-transport
chain and reactive oxygen species [41]. These advances, with many other seminal discoveries
[7]that could not be covered in this shortintroduction chapter, provided novel biotechnological
strategies to improve complex coton fber quality traits and paved the ways and opportunities
to compete with man-made fbers.

The characterization of small RNA and microRNA world of coton, including long noncoding
natural antisense transcript (IncNAT) and long noncoding RNA (IncRNA) loci in Gossypium
spp [15] and their functional associations with the genetic and epigenetic regulation of many
complex traits of coton were the other seminal achievements of coton research in the past
decade. “All of these natural miRNAs, IncRNA, and IncNAT are the key candidate loci to
elucidate many challenging functional questions in coton that will serve as a base for designing
novel RNAI approaches and studies in the near future” [15]. These innovative developments
in coton research have provided “golden” opportunities for improving fber quality param-
eters, oil and seed quality traits, coton fertility and embryogenesis, pests, viral, bacterial, and
fungal disease, and abiotic stresses through application of novel transgenomics (e.g., antisense
and RNAI) [9, 15, 42] and genome editing tools (e.g., CRISPR/Cas) for coton [43].

Coton research advances for the past decade period include also the development of coton
bioinformatics research and resources to analyze and utilize a large volume of “gossypomics”
data [44, 45] in the plant genomics and postgenomics era. This opened a new paradigm for the
development of fne-tuned innovations for coton breeding and farming with the integration
of knowledge gained from “omics” sciences, system biology, and chemical genomics as well
as from the translation of the concept of “personalized agriculture” [28], which should increase
coton production worldwide [14].

Similarly, progressive advances were made to understand coton crop physiology in acomplex
view from seed germination to maturation stages under diferent temperatures, water, light,
and nutrient applications, as well as in the event of global climate change scenarios [46, 47],
which afects coton yield and quality [16]. Coton farming and management practices, the
utilization of new generation of chemical and biological fertilizers and their assessment tools,
including modern conservation tillage, winter cover cropping, site-specifc nutrient applica-
tions [48], and remote sensing technologies [49], as well as integrated pest and disease
management programs [50] have greatly accelerated and improved coton production
worldwide.
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Coton research community has also witnessed the advancements of coton harvesting mecha-
nizations and machinery [51], modifcations in coton ginning equipment and approaches [52],
improvements in coton fber quality testing methodology and instrumentation such as high
volume instrumentations (HVIs) and advanced fber information system (AFIS) and coton
classifcation. All these along with developments in coton combing, spinning, fabric manufac-
turing as well as Fber and yarn fnishing technologies [53] have not only helped to grow the
cotonindustry, and increase the satisfaction and demand of consumers for natural fber butalso
equipped coton genetics/breeding programs with in-depth-trait-analysis tools to breed
superior quality varieties of coton and consumers demand.

At the same time, the above-highlighted past-decade scientifc and technological advances;
current challenges and demand of coton production, market fuctuations; global climate
change and increased biosecurity issues due to adapted and emerging pests and diseases; and
globalfood security policies, as mentioned above, emphasize an urgent need to determine future
new research directions, priority tasks and updated approaches and view for coton research,
which recently is well highlighted by world coton research community under the leadership
of International Coton Advisory Commitee (ICAC) [54]. This document highlights many new
coton research directions and grand tasks ahead requiring global collaborations, preparation
of new generation of coton scientists, large investments, and funding. In this context, to timely
update, enhance, coordinate, and initiate largely integrated collaborative research and
educational programs, discussions, and conferences on global coton science, cotonresearchers
have recently established a new international organization, International Coton Researchers
Association (ICRA) [55], that together with ICAC and its member governments, International
Coton Genome Initiative (ICGI), universities and research institutions, is trusted to be a key
player for the development and address new directions of coton research in future.

3. Highlights of chapters

The book aimed to collect the latest research results of to cover some of the past decade
achievements and updates on coton research. Topics are generally divided in fve sections
including (1) coton research structure and institutions, coton agronomy, physiology and crop
management, (2) coton genetics, breeding and biotechnology, and (3) coton-based products
and textile research.

In particular, among many other proposed chapters from Iran and Uzbekistan, the Frst section
incorporated a chapter from Venugopalan and his colleagues of the Central Institute for Coton
Research, India on coton research structure and institutions in India, the largest coton
growing country in the world with about 12 million-hectares production area in 2016/17 [10].
Venugopalan and his colleagues successfully traced historical evolution of coton research of
the country with current research directions, developments, achievements, and “institutional
mechanism responsible for varietal release, seed production and transfer of technology”. The
chapter has also discussed future challenges and solutions of the coton sector in the country
and beyond.
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In the coton agronomy, physiology and crop management topic, Yali Zhang and his colleagues
from the Shihezi University of Chinaand Australian National University of Australia reviewed
the mechanisms of coton photoprotection during the leaf movement and drought conditions
in nonfoliar organs, its impact on photosynthetic capacity and enzymes infuencing the coton
yield. A multi-institutional joint chapter authored by Ademar Pereira Serra and his colleagues
from Brazil and Tunisia presented a methodology chapter on the use of compositional nutrient
diagnosis (CND) to beter and eFciently assess the status, dynamics, interactions, and demand
of nutrients in coton that have advantages over the traditional methods of fertilizer manage-
ment. Coton research advances in farming and cultivation of coton are well discussed by
Jianlong Dai and Hezhong Dong from Shandong Academy of Agricultural Science, China. In
a Chinese example, authors reviewed “the achievements, challenges, countermeasures and
prospects for intensive coton cultivation” highlighting a need to apply the light and simplifed
farming and cultural system for future sustainable coton production in China. Further, Price
and his colleagues from USDA-ARS, USA have presented a research study on the use of winter
cover crops in a corn and coton plantings. Results have shown an importance of early cover
plant planting and its late termination that leaded to increased biomass accumulation, helping
to suppress early-season weeds in coton and corn plantations. Researchers have suggested
optimal schemes for winter cover crops using crimson clover or rye crops.

The coton genetics, breeding and biotechnology section has included four chapters. The frst
chapter of Yuksel Bolek and his collegues from Kahramanmaras Sutcu Imam University and
Agriculture University Faisalabad of Pakistan has been devoted to review the achievements
and perspectives of molecular breeding of coton. The chapter has described the development
and types of DNA markers, genetic mapping approaches and mapping population resources,
breeding challenges for polygenic traits and schemes for molecular breeding, including
marker-assisted backcrossing, pedigree selection, gene pyramiding, and marker-assisted
recurrent selection as well as database resources in coton. Authors also reviewed the eforts
on some advanced approaches and technologies such as NGS, GBS, association mapping, and
‘targeting induced local lesions in genomes (TILLING)’. The review demonstrated signifcant
advances made on molecular breeding and genomics of coton for the past decade and
highlighted future perspectives. Multi-institutional collaborative chapter of Marina Sanamyan
and her colleagues from Uzbekistan and the USA has described advances made on the
molecular and cytogenetic characterization of “yet-unexplored” coton cytogenetic collection
of Uzbekistan. Using microsatellite markers and a well-defned tester set of translocation lines,
authors succeeded to detect the chromosome identity of “unknown” monosomic lines from
the collection, which will be useful for coton genetics and improvement programs. In a
continuation of highlighting the coton genetics and breeding advances of coton research
community, Seloame Nyaku and his colleagues from research institutes of Ghana and the USA
reviewed the achievements of world laboratories on the identifcation of tolerance and
resistance mechanisms, and evaluation, introgression and functional analysis of reniform
nematode resistance genes in coton. It is noteworthy to mention that reniform nematode is
one of the most devastating diseases causing approximately $130 million loss every year in the
U.S. coton belt [56]. Authors provided a positive conclusion on great perspectives of current
omics-derived results to solve reniform resistance problems in coton.
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A book chapter on coton biotechnology has incorporated the chapter by Abdul Qayyum Rao
and his colleagues from the University of the Punjab and the University of Central Punjab,
which reviewed the advances made on plant transformation techniques, and its application
and suitability for tissue culture of coton. Authors have described plant regeneration, embryo
formation, and genetic vector constructions used in coton transformation, largely concentrat-
ing on all major transformation techniques and methods used in plant transformation, their
advantages and disadvantages, and suitability for coton transformation.

The last section of the book consists of three chapters on coton-based products and textile
research eforts. Multi-institutional group of H.-B. Yue and his colleagues presented their
research results on the utilization of glandless coton seed four to produce environmen-
tally nonhazardous bioplastic fIms. Authors have investigated optimum synthesis condi-
tions and various chemical modifcations with the analysis and characterization of
structure, stability, and biodegradability of obtained bioplastics in diferent thermal and
water treatment conditions. This chapter concluded the usefulness of these cotonseed-de-
rived bioplastics, and among other important points in this direction, highlighted that the
coton seed-derived bioplastics can be signifcantly improved through the genetic modif-
cations of amino acid compositions of specifc coton seed proteins. The two other chap-
ters are related to modern approaches for textile fnishing of coton fbers. In particular,
Franco Ferro and his colleagues from Italy have presented a chapter on UV-assisted difer-
ential coton fber dyeing using direct and reactive dyes that yields various chromatic ef-
fects. This chapter highlighted UV-aided surface modifcations of coton fabrics to
improve oil and water repellency, and the use of UV grafting based chitosan fnishing to
obtain washing resistant antimicrobial coton fabrics. Similarly, Issa M. El Nahal and his
colleagues from Al-Azhar and Islamic Universities of Gaza, Palestine, investigated difer-
ent methods of synthesis of metal oxide nanoparticles and their deposition onto coton
fbers that resulted in enhancement of antimicrobial activity of coton fabrics. Authors’
contributions exemplifed the advances made on application of modern nanotechnologies
for coton textile research.

4. Conclusions

The coton research has signifcantly progressed in the last 30 years that resulted in many
seminal and historic discoveries in many aspects of coton science. Coton research community
decoded whole genome of important coton species, and thus opened a new era for more
“targeted” research than ever. Highlighting some updates, all 12 chapters compiled in this
book cover a wide range of coton research topics and describe the latest developments in
coton science and research from both developed and developing country perspectives. The
editor of this book is sure that the chapter materials will enrich data, results, and opinions on
the progress of worldwide coton research that should be useful for readers interested with
this unique and the most important fber crop of our planet.
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Table 1. Analyses of studies on biosafety of insect-resistant GM plants.

editing

No. | Main method of insect resistant Assessed References
GM plant creation parameter
Toxicity Li and Romeis (2010)
Wang et al. (2013)
Li et al. (2014)
Baktavachalam et al.
(2015)
Guo et al. (2015)
Mezzomo et al. (2016)
Allergenicity Creighton et al. (1993)
Bucchini and Goldman
(2002)
Traditional transgenesis using of Randhawa et al. (2011)
1 several genes with insecticidal Hammond and Jez (2011)
properties Baktavachalam et al.
(2015)
Rubio-Infante and
Moreno-Fierros (2016)
Unintended Baktavachalam et al.
effects of genetic | (2015)
modification
Horizontal Kleter et al. (2005)
gene transfer Baktavachalam et al.
probability (2015)
Koch et al. (2015)
2 RNA interference Non-target Espinoza et al. (2013)
genes Petrick et al. (2013)
suppression Telem et al. (2013)
Casacuberta et al. (2014)
Ramon et al. (2014)
Roberts et al. (2015)
Xiong et al. (2015)
Perkin et al. (2016)
3 Genome editing technologies Non-target Mussolino et al. (2011)
(TALEN, CRISPR) effects in gene Gaj et al. (2013)

Graham and Root (2015)
Sprink et al. (2016)
Hartley et al. (2016)
Perkin et al. (2016)

in the original non-modified food/feed products, as well as a nutritional
value of food products (Kohl et al. 2015).

Further, a comparative analysis between GM IR organisms and their
original (unmodified) counterparts is conducted. Agronomic features,
inserted gene products, a composition of the key chemical components
(including nutritional and anti-nutritional), a profile of major metabolites,
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and effects of feedstock processing are compared for the safety and
assessment the possible risks (FAO/WHO 2000, 2001a; Hong et al. 2014).

According to the analysis results received within a substantial
equivalence study, the novel product could be (FAO/WHO 2000, 2001a;
Hong et al. 2014): (1) equivalent to the non-modified analog by the selected
essential characteristics; (2) equivalent to the non-modified analog
except one (or several) substantial(s), or well-defined feature(s); (3) non-
equivalent to the non-modified analog by the essential features. In the first
case, if a new product is a substantially equivalent by composition and
nutritional value compared to existing analogs with a safe usage history,
then, it is considered as safe and does not require a thorough safety
assessment (OECD 1993; FDA 1992; Kuiper et al. 2001; Maryanski 1995).
The other two cases, however, require a careful assessment of the safety
of the cis- and transgenic organisms (Roberts et al. 2015; FAO 2000, 2001a,
2001b; Royal Society 2002).

To illustrate the differences in the strategy of risk assessment for the
cis and transgenic organisms, it’s worth considering the assessments in
terms of the new generation of genome modification tools such as RNAi.

Risks Associated with Transgenic Insect Resistant Crops

Despite the existence of different strategies for the engineering of insect-
resistant (IR) transgenic crops (utilizing several genes with insecticidal
properties such as inhibitors of insect digestive proteases, a-amylase,
lectin and others), a high percentage of the transgenic IR crops in
cultivation worldwide are based on the insertion of cry genes encoding
Bacillus thuringiensis (or Bt) toxin in genome of host plant (Fontes et al.
2002). According to the International Service for the Acquisition of Agri-
biotech Applications (ISAAA) data at the end of 2014, an estimated 27.4
million hectares of land were planted with crops containing the Bt gene
(http:/ /www.isaaa.org/kc).

The global commercial use of Bt-crops is based on its specific mode
of action involving the Bt (or Cry) toxins’ specific activities against insect
species of the orders Lepidoptera (moths and butterflies), Diptera (flies
and mosquitoes), Coleoptera (beetles), Hymenoptera (wasps, bees, ants and
sawflies) and nematodes (Bravo et al. 2007; Palma et al. 2014). Despite the
fact that Bt toxins have seen extensive commercial usage, the specificity of
their mode of action are still controversial (Tabashnik et al. 2015). The toxic
effect of Bt-protein involves a multi-stage process consisting the following
phases: ingestion by susceptible insects, solubilizing, and the activation of
protoxin to toxin in the insect nymph digestive fluid. The toxin enters the
peritrophic matrix and binds to cadherins (specific receptors on the gut
cells membrane). Further events can be depicted through two different
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scenarios. According to the first scenario, the binding of toxin to cadherin
activates cell death pathway (Tabashnik et al. 2015). The second scenario
suggests the formation of toxin oligomers that bind to GPI-anchored
proteins, which get concentrated on regions of the cell membrane called
lipid rafts. Accumulation of toxin oligomers results in toxin insertion in
the membrane, pore formation, osmotic cell shock, and ultimate insect
death (Bravo et al. 2007; Palma et al. 2014; Koch et al. 2015; Tabashnik
etal. 2015).

It has been shown that CRY proteins are safe for vertebrates (Siegel
2001; Federici and Siegel 2008; Gatehouse et al. 2011). However, despite
the fact that there is no evidence for Bt-protein toxicity on mammalian
systems (US EPA 2001), all Bt-based crops like other transgenic GM must
be subjected to the risk assessment procedures.

The first step in testing of substantial equivalence of a Bt transgenic
organism is to identify the differences between the novel transgenic
cultivar and its analogue CRY proteins that are expressed. The subsequent
parameters that are evaluated when the Bt transgenic cultivar goes
through the complete procedure of safety assessment (Wang et al. 2015)
include: potential toxicity, potential allergenicity, the possibility of transfer
of antibiotic resistance genes to microorganisms of the digestive tract,
the probability of a potential deterioration of the nutritional value and
nutrients assimilation (OECD; FAO 2015).

Toxicily Assessment

A common strategy for the evaluation of the potential toxicity of new IR
trangenic crops (FAO 2003, 2015) first ensures that the introduced and
expressed transgenic product test results do not differ from a known
component of plant foods that have a long history of safe use. In such cases,
the related toxicity studies of new products are not conducted further.
In other cases, the following analyses is mandated (FAO 2003, 2015):
(1) determination of potential toxins concentration in the edible parts of
plants; (2) an establishment of specific weight of the transgenic product
in the diet of certain identified population groups; (3) a comparison of
amino acid sequences (of the expressed transgenic proteins) with known
toxins and food antagonists by electronic databases; (4) a stability analysis
of the new substances towards heat treatment; (5) a determination of the
destruction rate of potential toxins in the gastrointestinal tract (in model
systems); (6) an analysis of the toxicity level of new substances in model
systems (cell culture in vitro); and (7) toxicity analysis in experiments based
on the forced feeding of the laboratory or pet food mixed with transgenic
products for extended time periods (chronic experiment) or for monitored
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short times using high concentrations of the transgenic products (acute
experiment) (WHO 1995, 2000). Further, an analysis of toxicity level
in vitro is carried out, if preliminary tests revealed that: (1) product level of
evaluated proteins in GM IR crops is significantly higher than the product
level of similar natural proteins; (2) modified protein showed toxicity and
if they are natural agents with antibiological functions; (3) new protein
had no history of safe use as food; and (4) new protein has a high level of
the novel proteins stability to physical and chemical degradation (WHO
1995, 2000).

Further toxicity research should be conducted individually
depending on the specific properties of modified protein. The general
in vivo tests include: toxicity determination in acute, subchronic, and
chronic experiments by feeding the purified protein to laboratory animals
with the definition of the common indicators such as half lethal dose (LD, ),
acceptable daily intake (ADI), and the no-observed-adverse-effect-level
(NOAEL) (FAO 2015). It should be noted that chronic tests are rarely used
because the known toxic proteins usually act via acute mechanisms at low
doses, and chronic toxicity of any protein are not proved (Maryanski 1995).

The toxic effects of Bt-proteins are determined by various factors in
in vivo experiments such as mortality level, the dynamics of body weight
gain, weight change of individual organs, as well as measuring other,
more specific parameters (e.g., the level of cell proliferation of certain
tissues, level of immune protection, etc.). Furthermore, the food safety
assessments also used a number of other narrowly focused tests such
as the analysis of assessed binding protein with cells receptors of the
mammalian gastrointestinal tract, analysis of the hemolytic potential and
immunotoxicity of the transgenic products (Kuiper et al. 2001).

It should be noted here that the risk assessment of Bt-based transgenic
crops, carried out within the framework of a scientific process-based
integrated approach, thus far has provided solid evidence that diverse
GM plants engineered with Bt-proteins are completely safe for human
consumption and animal health (US EPA 2001; Li and Romeis 2010;
Li et al. 2014; Baktavachalam et al. 2015). Specifically, all studies on risk
assessment of Bt-based GM crops using animal models reported that in
mouse acute oral feeding studies (in which doses of Cry-proteins as high
as 5,000 mg/kg body weight are used), no biohazardous or any kind of
adverse effects were observed (Sjoblad 1992; US EPA 2001; Baktavachalam
et al. 2015; Mezzomo et al. 2016). Further, investigations of long term
toxicity of Bt-based GM crops (such as maize and rice) also reported that
such cultivars are completely non-toxic towards model animals and have
no negative influence on the main organ systems of mammalian species
(Betz et al. 2000; Wang et al. 2013; Guo et al. 2015; Baktavachalam et al. 2015).
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Allergenicity Assessment

There exist general procedures (set protocols and sequences of analytical
experiments) developed by World Health Organization (WHO) and Food
and Agriculture organization (FAO) experts to assess allergenic potential
of diverse GM crops including insect-resistant transgenic plants (FAO
2001b, 2015). A procedure of risk assessment of allergenicity of GM plants
and novel GM foods, including Cry-based crops, is based on tested and
reliable protocols set forth by diverse safety agencies (FAO 2001, 2015;
Bucchini and Goldman 2002; Baktavachalam et al. 2015). Firstly, the fact
thatexpressed transgenic proteins may be completely foreign to the original
organism proteome, they should be evaluated in terms of their potential
allergenicity as related to human consumption. The expressed transgenic
protein can be similar to any protein with known allergenic potential, and /
or proteins that previously were not used in food with unknown allergenic
characteristics. Secondly, the necessity of risk assessment stems from the
potential of the increase of host organism allergenicity due to unintended
effects of genetic modifications. Thirdly, it comes from the fact that there
is no single universal reliable test for assessment of the general antigen-
allergenicity level (Bernstein et al. 2003). Therefore, every risk assessment
procedure should provide an integrated, consistent approach, while
considering the specifics of every case separately. The final investigation
of the risk assessment should answer the following questions: is the newly
synthesized protein an allergen, and has it changed the allergenic potential
of the GMOs and related products due to unintentional modification
effects? (Goodman 2013; FAO 2015).

The literature review for the characteristics of currently grown GM
plants, including Bt-based transgenic crops, revealed that among the
expressed gene products that are integrated in the original genome, there
are practically no proteins and metabolites that would have the potential
toxicity or allergenicity in relation to endothermic organisms (Rubio-
Infante and Moreno-Fierros 2016). This is due to the fact that so far only
the genes encoding the formation of enzymes, that are similar between
plants and microorganisms, are included in engineering of transgenic
organisms (Batista 2005; Randhawa et al. 2011).

Among all transgenic cultivars developed, a very limited number
of transgenic plants were developed as a result of genetic modification
with new compounds not typical to the genome of conventional varieties
of species, and Bt-transgenic cultivars belong to this category of GM
crops. However, it should be noted that such atypical substances are
thoroughly tested. In allergenicity testing, as illustrated by Cry-proteins,
the following physicochemical and biological characteristics should be
considered (FAO 2001, 2015): (1) they are unstable compounds, easily



Overview of the Biosafety and Risk Assessment Steps for Insect-resistant Biotech Crops 185

denatured even at relatively low temperatures and pH medium changes;
(2) they are rapidly cleaved under the proteases action into amino acids
(not toxic and/or allergic normally) in gastrointestinal tract and that, (3)
their content is very low in plant tissues (Bucchini and Goldman 2002;
Bernstein et al. 2003; Baktavachalam et al. 2015). All these factors have
suggested a low probability for Cry-proteins to cause allergic reactions
because most of the known allergenic proteins are stable to digestion in
the gastrointestinal tract and to various types of processing (including
thermal stability). A molecular weight of 10-70 kDa, and a quantity of
more than 1% food content are crucial characteristics for substances to be
classified as allergens (Yerger et al. 1990; Creighton 1993).

Despite the absence of a single universal test for an accurate estimation
of allergenicity level risk, every developed protocol begins with a
description of the allergic potential of transgenic source, specifically,
the potential allergenicity of the donor (FAO 2001; Bernstein et al. 2003).
Such a description could establish that the genetically engineered protein
(transgene product) may not cause allergic reactions at a consumption level
and with a high probability will not be the cause of any allergic reaction at
the expression level in a transgenic organism. Another possibility may be
that an expression of the transgenic protein in the donor organism genome
could likely increase the allergenic potential of consumer (Nordlee et al.
1996). Based on these hypotheses, the first stage of risk assessment seeks to
establish whether the transgene source is recognized as a major or minor
allergen, or if it is not a known allergen. If the transgene source belongs to a
major or minor allergenic sources, the final GM crops and its food products
are recognized as allergenic unless otherwise proven (FAO 2015).

After allergenic potential of donor GM organism has been established,
the next step of the adopted procedure is the comparison of amino acid
sequence of the novel protein with the amino acid sequence of known
allergens, present in the special bioinformatics computer databases (e.g.,
Swiss Prot, TrEMBL, GenBank, PIR) (Randhawa et al. 2011). The purpose of
comparing the amino acid sequence is to establish the structural similarity
of newly synthesized protein to known allergens. A structural similarity
for establishing allergenicity potential is a minimum of 35% of identified
sequences of random fragments of at least 80 amino acids detected or
the full identity of six contiguous amino acids in the compared proteins
(probable minimum linear epitope) (FAO 2001). Besides the comparative
analysis of the amino acid sequence, a physicochemical test towards
protein stability to gastrointestinal tract proteases is conducted at the early
stages of research (FAO 2001).

The above mentioned preliminary indirect allergenicity tests
aggregately allow evaluating a certain probability towards establishing
whether the estimated protein is an allergen. A positive result indicates
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a high probability that the tested proteins may have allergenic potential.
A negative result of indirect tests, however, can still not be an absolute
proof that the tested proteins have no allergenic potential. Therefore, after
characteristics of preliminary structural and physicochemical features
of the studied proteins, a risk assessment procedure usually continues
towards additional steps (FAO 2015).

The subsequent steps provide the process of conducting specific
immunological studies that seek to conclusively establish whether the
tested proteins are allergens or not. For proteins that originated from
known allergenic sources or those with structural homology of known
allergens, the risk assessment procedure recommends conducting the
so-called specific serum screening. Radioallergosorbent test (RAST)
and enzyme-linked immunosorbent assay (ELISA) are solid-phase
quantitative immunoassays that are the most commonly used diagnostic
tests, applied for in vitro immunological studies (IFIC 2001). A positive
result of target serum screening indicates that the transgenic protein
is most likely an allergen. A negative result combined with a protease-
resistance absence and a lack of homology with known allergens indicates
that the tested protein is not likely an allergen. It should be noted here that
the result of in vitro immunological test might be sufficient to conclude the
absence of allergenic potential in the transgene product. However, under
special circumstances, there exists a mandate for conducting additional
immunological studies in vivo in animal models or in clinical trials. In
the clinical analysis, in vivo skin test (SPT—skin prick test) is commonly
used (OECD 1997) for allergenicity test of the transgenic proteins. Double-
blind placebo-controlled food challenge (DBPCFC) is a more sensitive
immunological test that is the most accurate method to confirm the
substance allergenicity and can be applied at the final stages of the risk
assessment (IFIC 2001).

The risk assessment should also consider the possibility that the
genetic modification may increase the allergenic potential of the original
host organism as a result of unintentional (pleiotropic) effects (Cellini et al.
2004; Ladics et al. 2015). A preliminary analysis of substantial equivalence is
crucial at risk assessment in such cases. Allergenicity assessment methods,
adequate for detecting unintended effects of genetic modification (UEGM),
should be applied in case of non-equivalence of GMO to its analog based on
essential features. UEGM makes it possible to identify allergenic potential
using in vitro solid-phase immunological assays and DBPCFC. Thus, for
measuring changes in allergenic potential, an assessment of consumer
organism for the allergic immunological reaction is measured in response
to the proteins mixture rather than an individual transgene product (Cellini
et al. 2004; Ladics et al. 2015; Koch et al. 2015).
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Reports based on studies of Creighton et al. (1993), Randhawa et al.
(2011), Hammond and Jez (2011), Baktavachalam et al. (2015), and others
revealed that due to instability by heating and pH changes, Cry proteins
cannot pose a serious allergen problem in humans. This fact is confirmed
by Creighton et al. (1993) who showed that there exists no significant
alignment and similarity of Cry proteins at the domain level with any of
the known allergens that also reveals that there exists no potential risk of
allergenic cross-reactivity. In addition, Baktavachalam et al. (2015) have
shown that the product of Cry-genes used for engineering resistance to
herbivores in crops has no history of causing allergy and due to absence
of any amino acid sequence similarity with known allergenic proteins,
denaturation on heating, readily digestible by pepsin, there is also a lower
probability they would cause adverse health effects.

Assessment of Potential Nutritional Value Deterioration due to
Unintended Effects

In the ideal scenario, plant genetic modification with linear event sequence
initiated by transformation does not affect the activity of other genes, and
the specific GM crops differs from its counterpart simply by expression
of engineered transgene products (Rischer and Oksman-Caldentey
2006; Herman and Price 2013). In this regard, a possible risk assessment
is focused only on the novel artificially modified gene(s). However, in
practice, the linear model of genetic modification does not always describe
the real processes occurring in living cells including complex interactions
between its molecular and genetic components.

Due to the presence of such scientific uncertainty on a possible non-
linearity of genetic modification, an additional feature that may occur is
the manifestation of target features (intended effect) or a modification of
pre-existing features (unintended effect) (Cellini et al. 2004). UEGM can
manifest as suppression or changing of expression level of previously
active genes or an expression activation of previously “silent” genes due to
random insertion of DNA sequences into the plant genome. However, some
parts UEGM might be partially predicted, while others are unpredictable
and associated with a scientific uncertainty (Nakayachi 2013).

By a degree of impact, UEGM can be harmful, beneficial and neutral
in regards to both the modified organism and human health or non-target
organisms (NTOs). Safety analysis of transgenic organisms and new food
products is aimed to minimize any unintended harmful effects due to
genetic modification (Herman and Price 2013). Considering the nature of
UEGM, the most predictable consequence is qualitative and /or quantitative
change in IR GM crops composition compared to its counterpart wild-type.
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Therefore, UEGM is identified as a crucial feature within the establishment
of GM Bt-cultivars’ substantial equivalence and not modified analogs by
conducting a wide range of comparative biochemical studies (FAO 2001,
2001a, 2001b; Cellini et al. 2004; Ladics 2015).

The various strategic approaches that are applied for UEGM
identification include both target and non-target approaches (Kuiper et al.
2001; Cellini et al. 2004; Ladics 2015). In the case of a targeted approach,
a limited number of key chemical components of IR GM plants and new
food products essential for human health could be studied, and whether
the contents could be changed unintentionally as a result of genetic
modification. The more the components (such as enzymes, metabolites)
analyzed, the greater probability to find the unpredictable UEGM (Kuiper
etal. 2001; Cellini et al. 2004). Such an approach is the most commonly used
and is proved to be the most effective research method to analyze UEGM.
The targeted UEGM analysis strategy is however, limited by possible
appearance in the modified organism unknown toxic components or food
antagonists that have no human consumption history, therefore cannot be
subject to a target identification (Ladics 2015).

An alternative approach to UEGM determination is the so-called
non-targeted approach. It uses specialized analytical methods that allow
determining the gene expression status and detecting qualitative and
quantitative changes in composition of numerous chemical compounds
at the intracellular level. The order of gene expression in cells is assessed
at transcript, proteome and metabolite levels (Ladics 2015). In this case,
a profile analysis (finger-printing) can detect a full spectrum of certain
classes of chemical compounds in cells and tissues, regardless of their
biological function, and thereby, it gives individual characteristics of the
studied genotype (Kok et al. 1998; Noteborn et al. 1998). This approach is
quite time-consuming and rarely used, but in the long term, it effectively
identifies many UEGM manifestations.

UEGM fingerprinting is carried out to analyze quantitative signs.
Compared samples, grown under the same environmental conditions are
exposed to assessment (Kok et al. 1998; Rischer and Oksman-Caldentey
2006). In this manner, an assessment generally involves simultaneous
study of GMOs and their counterparts testing in different geographical and
climatic conditions. In such comparative studies, the differences of GMO
and its non-modified analogue in the key component molecular content and
metabolites are authentically determined. Conventional statistical methods
are used for data analysis and determining the difference and similarity of
comparison groups at the required significance level (Kok et al. 1998).

Additionally, in the case of UEGM identification, further risk analysis is
conducted to allow the assessment of damage probability to human health
or NTOs as result of the manifestation of the identified UEGM. In such
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investigations, the possibility of toxic and/or increase of allergenic potential
as well as a modification ability of their nutritional value are taken into
account. The assessment of toxic and/or allergenic potential is conducted
according the methodology proposed by WHO and FAO experts (FAO
2001, 2015). At the same time, a careful analysis of the potential UEGM is the
most important steps for organism types that can be potentially hazardous
for human health and NTOs. These include, potatoes and tomatoes (due to
toxic glycoalkaloids synthesis), cotton (due to synthesis of gossypol) and
other important crops (Herman and Price 2013).

Thus, it should be noted that in the current research involving the
risk assessment of existing and novel Bt-based GM crops, the significant
differences in the key components composition (caused by UEGM) are
not accounted for (Baktavachalam et al. 2015). Searches in the PubMed
database also revealed the absence of research publications that have any
mention of whether the insertion of cry genes in plant genome deteriorates
their nutritional value due to the unintended effects of the genetic
modification. However, for reasons explained in this section, a complete
exclusion of the possibility of harmful effects, as a result of UEGM seems
impossible and further research should be encouraged (Chassy 2002).

Assessment of Horizontal Gene Transfer Probability

A crucial factor that should be considered as the cause for potential
adverse effects of all types of GM cultivars to human health, NTOs and
environment is a horizontal transfer of antibiotic resistance genes from
GMO to digestive tract microflora (Keese 2008). The composition of any
transgenic constructs (including those containing cry genes) includes
together with a transgene and its regulatory elements, a marker gene,
needed for the selection of transformed cells. Antibiotic resistance genes
(e.g., kanamycin, ampicillin, streptomycin) are commonly used as marker
genes. It is worth noting here that the use of these antibiotics in medical
practice is now debated due to widespread resistance being developed by
the microorganisms (Keese 2008).

Consequently, the expression of antibiotics resistance genes in GMOs
cause serious concern and has been a subject of serious discussion
(Ho 2014). The risk of these genes is associated primarily with the
potential horizontal transfer of antibiotics resistance marker genes from
GMO to human intestinal microflora (Keese 2008; Ho 2014). If horizontal
gene transfer (HGT) occurs with relatively high frequency, it can have a
negative impact on the effectiveness of conventional antibiotic therapy.
A risk assessment of horizontal transfer marker genes on human health
can certainly be carried within the framework of GMO risk assessment.
The given requirement and the appropriate risk assessment criteria are
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included in the internationally accepted safety assessment process of
GMOs and novel food products (EU 2001; Royal Society 2002).

The risk assessment of HGT is based on the following factors such
as (1) the nature of microflora in the human gastrointestinal tract;
(2) the potential toxicity and allergenicity of the marker gene products;
and (3) the potential adverse effects caused by horizontal transfer of
marker genes (Townsend et al. 2012; Nielsen et al. 2014).

Several mechanisms of horizontal gene transfer are known in nature,
which can provide manifestations of novel traits in the recipient organism
(Smalla et al. 2000; DeVries et al. 2001; Moens and Collard 2002; Keese 2008;
Ruzzini and Clardy 2016). Among the known mechanisms, the processes
of conjugation and transduction play a significant role in the exchange of
genetic information between prokaryotes. A conjugative gene transfer
in vivo (along with a transduction) is carried out at both intraspecies and
interspecies levels. However, another genetic transformation mechanism,
the so-called natural transformation, is more important for HGT risk
assessment by higher GMO consuming, wherein an active transport
of free extracellular DNA in the cytoplasm of bacterial cells is possible
(Nielsen et al. 1998; Smalla et al. 2000; Keese 2008). Single-stranded DNA
fragment capturing by bacterial cell that can theoretically be integrated into
the bacterial genome as a result of homologous recombination, or by the
formation of autonomous replication element has been discussed (Keese
2008; Townsend et al. 2012; Nielsen et al. 2014). The potential of natural
transformation and insertion in the bacteria genome in case of the antibiotic
resistance genes has led to the study of this process in terms of GM plant
risk assessment. A number of international meetings submitted the results
of these studies and recommendations to the appropriate risk assessment
procedure (Townsend et al. 2012; Rizzi et al. 2012; Nielsen et al. 2014).

However, the result of a thorough expert study at the level of biosafety
problems concluded that horizontal transfer of antibiotic resistance genes
from GM crops and/or food to bacteria of the human intestinal microflora
is an unlikely process (Kleter et al. 2005). Data obtained by diverse studies
(Kleter et al. 2005; Baktavachalam et al. 2015; Koch et al. 2015) and others
suggest that transfer of a gene from GE plants to intestinal microflora is
improbable. Plant DNA traversing the gastrointestinal tract and tolerating
digestive enzymes, while maintaining the original coding information, is
a highly unlikely event. Further, even in a rare occurrence, HGT of cry
genes from GE crops to microbes is unlikely to cause pathogenicity in
receiving microbes residing in humans and animals. All the above facts
indicate that horizontal transfer of relevant marker genes, widely used
in creating GMOs is negligible. However, this risk is necessarily assessed
by the GMO release, the character of required relevant information is
provided, in particular, in Annex III of Directive 2001/18/EC (EU 2001).
It can no longer be ignored that the potential HGT long-term effects and
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HGT stability effects to novel, intensive usage of medical drugs. Therefore,
the FAO/WHO experts suggest the avoidance of the use of those marker
genes during process of GM crop engineering.

Research is now focused on methods of plant genetic modification
without including the antibiotic resistance genes in transgenic constructs.
An alternative to antibiotic resistance marker genes usage existed in the
form of genes responsible for the synthesis of tryptophan decarboxylase,
B-glucuronidase and several other enzymes (Kuiper et al. 2001). As a
marker gene, a gene responsible for the synthesis of green fluorescent
protein (GFP) was also used (Stewart et al. 2000). In addition, the methods
of genetic transformation that allow to exclude the marker genes from
the GMO at the stage after transformant selection are also in practice
(Xiong et al. 2015). Furthermore, to reduce the risk of antibiotic markers,
the methods of the removal of selective genes in transformants were
optimized after selection procedures or obtaining of markerless transgenic
lines using co-transformation, followed negative selection by selective
genes in backcross generation (Breyer et al. 2014; Woo et al. 2015). Other
possible methods of target removing of undesirable marker genes utilize
the modern next generation technology of genome editing—CRISPR/
Cas9, TALENS, and Zinc finger nucleases (Xiong et al. 2015; Khatodjia et al.
2016; Luo et al. 2016; Puchta 2016). All these methodological approaches
allow researchers to eliminate the risk of horizontal transfer of antibiotic
resistance genes, however unlikely.

Thus, summarizing the analyzed information above, it can be
concluded that, although the genes, not specific to a species, are inserted
into the recipient organism genome during the development of transgenic
organisms, the resulting GM crops (including insect-resistant transgenics)
and their products do not have any specific radically novel risks to
human health, NTOs and environment. The above described possible
risks associated with genetic modification, are not typical for all newly
created GM cultivars including insect-resistant varieties. As practice
shows, deviation from the norm or from “expected” phenotype were very
rare. These abnormalities can be detected visually more often and culled
at the earliest testing steps. It can be concluded that the use of diverse
procedures of risk assessment as applications of basic biosafety principles
in practice can be viewed as effective precautionary measures.

Risk Assessment for GMOs Obtained using new
Generation Genome Modification and Editing Tools

Current insect-resistant genetically modified (GM) crops are well adapted
for modern crop production. However, these technologies are up against
a crucial challenge to accommodate the enhancing demands on increased
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crop production. Additional pest management tools need to keep up with
future agricultural demands, and RNA interference (RNAi)-based insect-
resistant GM crops was one significantly effective response to this problem
(Baum et al. 2007; Mao et al. 2011; Zha et al. 2011; Abdurakhmonov 2016).

RNAI is being widely used for insect control, both as a complementary
practice to traditionally applied insecticidal application as well as
production of GM plants (Abdurakhmonov 2016). RNAi corn plants
with resistance to the western corn rootworm (Diabrotica virgifera;
Coleoptera: Chrysomelidae) were developed by Baum et al. (2007). The
resultant plants increased pest mortality and larval stunting by reducing
translation of vacuolar H*-ATPase subunit A (v-ATPase A) in the pest and
further, plants suffered less root damage. Zha et al. (2011) transformed
rice by RNAi constructs of several genes of Nilaparvata lugens (Hemiptera:
Delphacidae). Although gene expression was suppressed, the insects
were not killed by feeding on the GM rice. In a different approach to pest
management, Mao et al. (2011) transformed cotton using RNAi of the P450
gene CYP6AE14 in cotton bollworms (Helicoverpa armigera; Lepidoptera:
Noctuidae). As a result, GM cotton suffered less damage and the larvae
had reduced growth (Lundgren and Duan 2013).

Risk Assessment Steps for RNAi

The examples mentioned earlier illustrate that RNAi is one of the most
advanced and safe biotechnological approaches which can be used for
creation of new crops including insect-resistant transgenics. Although
European Food Safety Association (EFSA) confirmed that RNAi crops are
safe for human health and recognized the technology as a safer approach
comparable to traditional breeding (EFSA 2012a, 2012b), currently RNAi
insect-resistant crops (along with transgenic) are regarded as other genetic
engineering products that mandate risk assessment. This is due to the
fact that RNAi constructs can affect not only the targeted genes but also
the native genes with significant homology to the RNAi fragments. This
results in non-targeted gene suppression with possible harmful effects
on human and animal health or on the environment, including NTOs
(Casacuberta et al. 2014; Ramon et al. 2014; Roberts et al. 2015). This risk
factor was shown to apply in diverse RNAi-based insect-resistant GM
crops (Espinoza et al. 2013; Petrick et al. 2013; Telem et al. 2013; Roberts
et al. 2015; Xiong et al. 2015). The non-target gene suppression can occur
with genes that have a high degree of sequence similarity with presumed
target gene, especially between a “seed region” of small interfering RNA
(siRNA) (2-8 nucleotides thread guide), and a 3’ untranslated region of
non-target gene (Jackson 2006).
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However, in case of RNAi-based insect-resistant GM crops, in
assessing substantial equivalence, the differences between the novel
genetically modified organism and its analog is rarely detected (EFSA
2014). The risks related to toxicity, allergenicity and pleiotropic effect
of genes are characteristic of IR GMOs to a lesser extent than risks of
non-targeted effects and horizontal transfer of marker genes (Petrick
et al. 2013; EFSA 2014; Ramon et al. 2014). Therefore, after substantial
equivalence assessment of RNAi organisms, the probability of non-target
effects of introduced RNAi construct using bioinformatic approaches was
assessed (Roberts et al. 2015). A risk assessment, occurring as a result of
horizontal marker-genes transfer is similar to the procedure, stipulated for
transgenic organisms and discussed in detail in the previous section. In
this section, we describe in detail the risk assessment of non-target impact
introduced constructs in other organisms that could potentially lead to the
suppressing of non-target genes.

To identify areas where more investigations may be useful to inform
future risk assessments of RNAi-based insect-resistant GM crops, we first
need to see beyond the possible negative impacts where the non-target
organisms may be exposed to double-stranded RNA (dsRNA) from the
RNAi-based crops, leading to adverse effects on humans (Raybould
2006; Wolt et al. 2010; Gray 2012; Roberts et al. 2015). The pathways of
negative influence explain how RNAi-based IR GM crops could lead to
adverse effects on NTOs through a chain of events with regard to both
risk and impact. In addition, to conceptualize the relationship between
the plant and NTOs, it is also useful to determine which steps can be most
easily understood by testing. Firstly, it should be ensured that the plants
must express a dsRNA. Subsequently, the NTOs must be affected by that
dsRNA. After consumption, dsRNA should be resistant to degradation
in the intestines. NTOs should assimilate sufficient amounts of dsRNA
to activate endogenous RNAi mechanism. This may occur either locally
at the point of capture (e.g., in cells lining the intestine), or systemically if
NTOs are capable of causing systemic RNAi (Smagghe and Swevers 2014;
Ivashutaetal. 2015). After activation, endogenous RN Ai mechanism should
lead to the degradation or silencing of a corresponding mRNA (Whyard
et al. 2009; Zotti and Smagghe 2015). Finally, the loss of the transcript
should have adverse effects on NTOs (Bachman et al. 2013). If any of these
steps are deemed unlikely or impossible, the risk of non-targeted effects
of RNAi-based insect-resistant GM crops may be considered negligible.

The assessment of possible risks of RNAi-based IR cultivars are
challenged by the phenomena of pre- and post-RNAi development. In the
preliminary development of RNAi-based IR crops, an important step is
to design a dsRNA fragment for insertion into a hairpin structure. For
this purpose, it is necessary to carry out a careful in silico analysis for
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detection of all possible types small interfering RNA (siRNA), and also
their estimated targets in genomes of key recipients with use of target
retrieval algorithms from available genomic databases. Despite existence
of some restrictions connected with lack of the genomic sequences for off-
target organisms (Casacuberta et al. 2014), this step can help to identify
the first degree of risks which can be caused by the unintended functions
of possible dsRNA from the gene of interest. If such unintended influence
or highly specific off-target compliance of a consumer genome is revealed,
then it is necessary to stop development of RNAi or change and optimize
dsRNA for elimination of unintended effects. If dSRNA influences only the
required function, then the subsequent step consists of the development of
RNAi-based insect-resistant crops and the beginning of post-RNAI testing
(Abdurakhmonov et al. 2016).

According to the scheme offered by Heinemann et al. (2013), the
strategy includes the following steps of risks assessment: (1) assessment of
RNAi-based insect-resistant varieties on manifestation of a required trait;
(2) experimental quantitative determination of addressing the suppression
at the gene expression level; and (3) a comparative sequencing of siRNA
profile before and after a RNA interference. Although, at present, (4) there
is no established regulatory base for food safety assessment, comparative
research proteomic and metabolomic profiles of RNA-based insect-resistant
varieties/product can be conducted (Ricroch et al. 2011; Clarke et al. 2013;
Simé et al. 2014; Wang et al. 2015), and finally, (5) there is a need to carry out
studies in cell/tissue culture and model animals to determine the safety of
RNAi-based crops in vivo. These steps will allow determining and assessing
the possible biological risks of RNAi-based crops.

Risk Assessment for new Generation Genome Editing Technologies

The generation of GM plants, including insect-resistant transgenics,
using time-tested methods of genetic engineering is always followed by
a combative debate connected with problems of their biosafety. The main
claims of opponents of GM plants are associated with alien genes used
during the genetic engineering process.

A similar process had to be in place in the analysis of genome editing
technologies that requires the visualization of the operable gene expression
and work of regulatory elements that help in expression of alien genes. The
modern technologies of genome editing include ZFN systems (Zinc-finger
nucleases), TALEN (Transcription Activator-Like Effector Nucleases) and
CRISPR (Clustered Regulatory Interspaced Short Palindromic Repeats)/
Cas9. These systems which were developed relatively recently are already
proving to be effective and reliable tools of genomic engineering.
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Therootsof these technologiesdateback to 1996, whenithasbeenshown
that the protein “domain zinc fingers”, connected to Fokl-endonuclease
domain, acts as the site-specific nuclease, cutting DNA in specific sites
in vitro (Kim and Pabo 1998). Such a chimeric protein has modular structure
as each domain “zinc fingers” affects one triplet of nucleotides (ZFN). This
method has become a basis of editing the cultivated cells, including model
plants (Townsend et al. 2009; Zhang et al. 2010). However, the technology
based on ZFN has a number of limitations, including complexity and
high cost of designing of protein domains for each specific genome locus,
the probability of inexact cutting of target DNA due to one-nucleotide
replacements or the wrong interaction between domains.

Therefore, an active search for newer methods of editing a genome
were continued, and in recent years the search has led to creation of new
technologies of editing genomes—the TALEN and CRISPR/cas systems
(Xiong et al. 2015; Khatodia et al. 2016). These systems are unique in
relative simplicity of design coupled with an outstanding performance in
human, animal and plant cells. Such systems which are actively applied
to various manipulations with genomes allow to solve complex problems,
including those of mutant and transgene plants (Barrangou and Doudna
2016). Besides, chimeric proteins based on DNA-binding TALE domains
and cas9 are widely used in experiments on regulation of transcription
of genes, to study epigenetics and behavior of chromosomal loci in a
cellular cycle (Xiong et al. 2015; Khatodia et al. 2016). Also, recently
these technologies of genome editing were used in creation of new plant
varieties with improved nutritious properties (Khatodia et al. 2016) and
resistance to abiotic and biotic stresses (Khatodia et al. 2016; Lowder et al.
2016), including resistance to insects (Bachman et al. 2013; Shan et al. 2013;
Champer et al. 2016; Perkin et al. 2016).

However, it should be noted that application of these technologies
in generating insect-resistant crops also have their share of potential
problems related to their biosafety (Sprink et al. 2016). As in the case of
RNAIi technology, the main challenge is the non-target effects in gene
editing (Hartley et al. 2016; Perkin et al. 2016). Off-target effects in TALENs
chimeric proteins system arise for several reasons: (1) it may be associated
with difference in efficiency of binding of rVD and specific nucleotides.
HD and nn monomers have strong hydrogen binding with nucleotides
while nG and nl have weak binding. It determines possible binding
of DNA-learning domain to the sites differing from target on several
nucleotides. (2) There is also the possibility of interaction between nG and
A due to degeneracy of a code. (3) Dimerization of Fokl domains of two
nucleases with the identical DNA-binding domains is possible. This issue
was resolved in a series of experiments that involved receiving of TALENs
which contain the Fokl domains working as obligate heterodimers.
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(4) Possible unintentional off-target effects can result from the fact that
the size of spacer DNA between the sites of nucleases recognition is not
fixed. This property results in a possible introduction of two-chained
gaps during binding of nucleases with the non-target sites located at the
distance sufficient for dimerization of Fokl domains (Mussolino et al. 2011;
Gaj et al. 2013). (5) Finally, non-target effects can result from similarity of
the sequences between species of insects which haven’t been determined
using bioinformatics methods and/or single nucleotide polymorphisms
(SNPs) (Perkin et al. 2016).

A majority of non-target effects are mitigated by careful planning that
involves choosing guides with excellent on-target estimates, applying
modified endonucleases with two guides, and also to enter changes
into original CRISPR methods, that will allow designing specific gene
cartridges specific to certain insect species (Graham and Root 2015; Perkin
et al. 2016). In addition, an important experimental feature is a careful
selection of sites for specific introduction of a two-chained gap. Selection
of the required sites needs to avoid sites of repetitive sequences, as well as
sites having a high degree of homology with other regions of the genome
(Perkin et al. 2016).

Conclusion

In summary, both transgenic and RNAi-based insect-resistant crops and
their products have no fundamental risks to human health. The potential
risks as outlined in this chapter associated with genetic modification,
are typical for most of the novel GM cultivars. As research studies have
always shown, the rare deviations from the norm and from “expected”
phenotype could be easily visualized and discarded at the earliest testing
stages of all types of IR GM crops.

Presently, the GMOs (including insect-resistant crops) risk assessment
system on human health and/or environment is strictly based on sound
theoretical and experimental data. An ideal system of IR GM crop risk
assessment includes the several stages and begins with the information
analysis of organism’s biological characteristics, which has been used for
the generation of all types of IR GM cultivars (including the specifics of host
organism, recipient organism, donor organism, parental organism). The
obtained information is a basis for the modified organism’s comparison
with existing varieties and allows to determine the initial risk level. The
next steps involve the analysis of the genetic modification protocol in
detail that include the transgenic and/or RNAi/genome edited organism
genetic engineering method; the transgenic construct features and vector
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source; an accurate description of recipient DNA fragment integrated
into the genome; and insertion stability definition. The data obtained
by analysis allows tracking exactly which genes are transferred to the
original organism and determining the presence or absence of genes,
causing the increased risk, such as antibiotic resistance marker genes,
and the genes for the anti-nutritional substances synthesis. Such rigorous
analysis reduces the level of scientific uncertainty related with potential
unintended modification effects. For example, the inserted region and
transgenes stability information are used to assess the likelihood of
possible gene activity changes in the recipient-organism and the modified
pleiotropic effects. Information on regulatory elements of transferred
molecular structure permits judging of the expected expression level of
target gene and its tissue specificity.

The next stage of risk assessment is to provide the biological
characteristics of modified organism. The detailed description of the
IR GM cultivars genotype and phenotype is conducted at this stage.
It focuses on the features and characteristics that appear and /or disappear
compared to the original wild-type organism. In addition, the genetic
stability and the transgene expression level (including marker) in the
IR GM plant genome data are considered. Information of the synthesis
of transgene-encoded products and tissue specificity of this synthesis
is taken into account. The obtained information, in a certain degree of
probability, allows comparing the risk of the IR GM plant consumption
with the existing risks of “traditional” organisms’ (analogs) consumption.
For example, changes in the toxicity potential and/or the allergenicity
compared to the original wild-type analog, and allergens in the edible
and inedible GM plants parts could be detected based on the toxins level
of the transgene-encoded product and anti-nutritional substances. At the
potential detection of toxic and/or allergenic properties manifestations,
the detailed toxicological and allergological examination of the obtained
transgene is carried out using methodological approach recommended by
FAO/WHO.

In the final stage, the overall risk assessment caused by IR GM plants
is conducted based on the likelihood of risk emergence and the identified
adverse consequences, and if such adverse effects actually take place. The
recommendations as to whether the risks are acceptable or controlled,
including the strategies for identification of risk regulation are submitted
for accurate reports. Implementation of the proposed approach(es) to the
potential risks assessment of insect-resistant GM plants can eliminate or
at least minimize any potential adverse effects of GMOs on human health
and/or environment.
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