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Abstract

Conventional tools induce mutations randomly throughout the cotton genome—making
breeding difficult and challenging. During the last decade, progress has been made to
edit the gene of interest in a very precise manner. Targeted genome engineering with
engineered nucleases (ENs) specifically zinc-finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENSs), and clustered regularly interspaced short
palindromic repeat (CRISPR) RNA-guided nucleases (e.g., Cas9) has been described as
a “game-changing technology” for diverse fields as human genetics and plant biotech-
nology. In eukaryotic systems, ENs create double-strand breaks (DSBs) at the targeted
DNA sequence which are repaired by nonhomologous end joining (NHE]) or homology-
directed recombination (HDR) mechanisms. ENs have been used successfully for targeted
mutagenesis, gene knockout, and multisite genome editing (GenEd) in model plants and
crop plants such as cotton, rice, and wheat. Recently, cotton genome has also been edited
for targeted mutagenesis through CRISPR/Cas for improved lateral root formation. In
addition, an efficient and fast method has been developed to evaluate guide RNAs tran-
siently in cotton. The targeted disruption of undesirable genes or metabolic pathway
can be achieved to increase quality of cotton. Undesirable metabolites like gossypol in
cottonseed can be targeted efficiently using ENs for seed-specific low-gossypol cotton.
Moreover, ENs are also helpful in gene stacking for herbicide resistance, insect resistance,
and abiotic stress tolerance.

Keywords: TALENs, CRISPR/Cas, DSBs, NHE], HDR, cotton

1. Introduction

Cotton is an important source of natural fiber and has been playing a major role in economy
and social structure of several countries. In addition, cotton serves as cash crop for more than
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20 million farmers in Asia and Africa. Despite the availability of synthetic alternatives, cotton
remains an important source of fiber because of the advantages related to cost of production and
unique features offered by cotton lint. Consumption of cotton products in the world is increas-
ing day by day with a lot of paces, but world cotton production is stagnant because of biotic and
abiotic stresses. To meet the demands of the masses, production of cotton needs to be very high
with good quality. Cotton is also affected by diseases, causing significant losses to industry. The
most damaging diseases are Texas root rot, bacterial blight, blue disease, cotton leaf curl dis-
ease (CLCuD), and some strains of Verticillium and Fusarium wilt. Abiotic factors (heat, drought,
salinity, and waterlogging) affect cotton yield, especially during early stages of plant devel-
opment. Along with conventional breeding and genetic engineering, other novel techniques
such as GenEd could be helpful for resistance development in cotton against biotic and abiotic
stresses. GenEd tools have also been used for growth, quality, and yield enhancement in other
crop plants. So, translation of this marvelous technology for improvement of fiber, quality, and
yield of cotton would definitely have long-lasting benefits. In this chapter, we provide a picture
of the use of GenEd tools for genetic improvement of cotton and other crop plants.

2. GenEd tools for targeted genome modification

Mutagenesis at target sites was a long-standing goal in the field of genome engineering and
biotechnology. Along with chemical mutagens, transposons, recombinases, and TILLING
technologies have been used historically to mutate certain genes for functional genomics and
reverse genetic studies. The last decade has observed a revolution in the field of targeted
genome modifications. GenEd has been found successful with equal efficiency in both plants
and animals. Targeted genome modifications have modernized the field of genome engineer-
ing and biotechnology by GenEd from unicellular to multicellular and from prokaryotic to
eukaryotic organisms. A diversity of organisms from bacteria to humans such as Arabidopsis
thaliana [1], tobacco [2], rice [3], yeast (Saccharomyces cerevisiae) [4], fungi [5], zebrafish [6], rats
[7], sheep [8], Caenorhabditis elegans [9], human cell lines [10], Drosophila [11], viruses [12-14],
bacteria [15], mouse [16], insects [17], cattle [18], goat [19], pigs [20], tomato [21], grapes [22],
potato [23], soybean [24], maize [25], wheat [26], and cotton [27, 28] have been targeted suc-
cessfully with engineered proteins and nucleases.

GenEd tools like zinc-finger nucleases, transcription activator-like effectors, and CRISPR/Cas
have been used massively for targeted genome modification. These GenEd reagents have the
ability to search and bind specific DNA sequence and, hence, can be programmed to target
any DNA sequence of choice. All of the ENs mentioned above have a catalytic ability to create
double-strand breaks (DSBs) at the target DNA sequence. Zinc fingers and TALEs are fused
with FokI nuclease domain to induce DSBs on dimerization, while CRISPR/Cas9 has its own
catalytic activity with two nuclease domains: RuVC and HNH. DSBs at a predefined DNA
sequence can be utilized efficiently for targeted genome modifications. DSBs in the DNA are
repaired through cell endogenous repair systems: nonhomologous end joining (NHE]) and
homology-directed recombination. NHE] is an error-prone repair mechanism in which DSBs
are repaired with some insertions and/or deletions (Indels). On the provision of a homologous
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DNA template or donor DNA, the DSBs are repaired without errors in HDR fashion. HDR is
an efficient pathway to make targeted insertions and/or gene corrections.

Reprograming and redesigning of artificial DNA-binding proteins and ENs have made
GenEd quite an easy job. Most of the softwares are freely available online for the designing
and cloning of ENs. Apart from ZFNs, TALENs, and CRISPR, other ENs such as homing
endonucleases or meganucleases (DADGILAGLI) have also been used for targeted GenEd
[29], but their applicability is very low compared to the above-mentioned nucleases.

2.1. Zinc-finger nucleases

The first targeted induction of DSBs was achieved using the natural meganuclease I-Scel,
which has an 18-bp recognition site [30]. Experiments performed in tobacco using I-Scel
to introduce chromosome breaks at integrated, defective reporter genes which, upon cor-
rection by homologous recombination, confer a selectable phenotype [30, 31]. Zinc fingers
were fused with Fokl nuclease to create artificial endonuclease for targeting predeter-
mined DNA sites [32]. Zinc-finger nuclease-assisted gene targeting was first implemented
in animal systems [33]. In the late 1990, ZFNs were designed and used for the first time to
target genes of Drosophila melanogaster [34]. In case of ZFs, three DNA bases are targeted
with one monomer. ZF monomers have been deciphered, and a table was built with pos-
sible combinations of three DNA bases to design ZFs against a DNA sequence (Figure 1a).
Two efficient ZFN assembly platforms are available for successful designing and cloning
of ZFNs: oligomerized pool engineering (OPEN) [35] and context dependent assembly
(CoDA) [36]. Previously, modular assembly method was used to assemble multi-finger
ZEN arrays, but the efficiency was reported low owing to inefficiency for context-depen-
dent activity.

Using two ZFN monomers results in DSB formation by a functional nuclease dimer, as ini-
tially shown for Fokl endonuclease coupled to three ZFs636 recognizing 9-bp-binding sites
[32, 37]. Induction of ZFN expression in Arabidopsis by heat shock during seedling develop-
ment resulted in mutations at the ZFN recognition sequence. In 10% of induced individuals,
mutants were present in the subsequent generation, thus demonstrating efficient transmission
of the ZFN-induced mutations [38]. Homologous recombination was measured by restoring
function to a defective GUS:NPTII reporter gene, integrated at various chromosomal sites in
ten different transgenic tobacco lines [39]. ZFN-mediated gene targeting at endogenous plant
genes of tobacco acetolactate synthase genes (ALS SuRA and SuRB) was observed with high
frequency exceeding 2% of transformed cells. Targeting of SuR loci resulted in resistance to
imidazolinone and sulfonylurea herbicides with allelic mutations [40].

Co-expression of ZFNs with heterologous donor molecule led to precise targeted addition of
an herbicide tolerance gene at the intended locus in maize. Mutant maize plants also trans-
mitted genetic changes to further generation [41]. HDR-based gene replacement has been
achieved successfully by replacing a 7-kb fragment flanked by two ZFN cutting sites with
a 4-kb donor cassette, which integrates genes of kanamycin resistance and red fluorescent
protein (RFP) [42]. In the last decade, artificial zinc-finger proteins (AZPs) have been used
against begomoviruses (beet severe curly top virus (BSCTV) and tomato yellow leaf curl

13
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Figure 1. Genome editing tools: (a) a pair of ZFNs with zinc-finger monomers and a pair of Fokl nuclease to cut a
dsDNA, (b) a pair of TALENs with TALE-binding repeats and FokI nuclease domains, and (c) CRISPR/Cas9 targeting
dsDNA along with sgRNA and nuclease domains to create DSBs.

virus (TYLCV), respectively) [43, 44]. This strategy can be used for suppression of begomovi-
ruses infecting cotton plants [45]. Moreover, ZFNs and AZPs can be useful for gene insertion,
deletion, replacement, and functional genomics studies in cotton. Selected reports of ZFN-
mediated genome modification are given in Table 1.
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Sr. # Plant species Gene Gene modification Reference
1 Maize IPK1 NHE] [35]

2 Tobacco SuRA, SuRB NHE] [40]

3 Arabidopsis ADH1, TT4 NHE] [41]

4 Petunia mGUS NHE] [132]

5 Soybean DCL NHE] [24]

6 Tobacco Kan, RFP HDR [42]

Table 1. ZFN-mediated genome modifications in plants.

2.2. TALEs and TALENs

TALE proteins are bacterial proteins (plant pathogens: genus Xanthomonas) and produced
to bind DNA in the infected plant to hijack the expression system in a way that attenu-
ate the disease process. Natural TALEs have a binding domain and an effector domain
which binds DNA sequence and alter expression system of host, respectively. The binding
domain consists of variable number of amino acid repeats in which each repeat contains

Organism Gene Editing Reference
Arabidopsis ADH1 NHE] [1]
Tobacco EBE of Hax3 NHE] [2]
Rice EBE (AvrXa7 and PthXo3) NHE] [3]
Potato Vinv NHE] [23]
Wheat MLO NHE] [26]
N. benthamiana FucT, XylT NHE] [54]
Rice OsSD1, OsBADH?2 NHE] [139]
Brachypodium BdABA1, BdSPL NHE] [139]
Tobacco SuRA, SuRB NHE], HDR [140]
Barley PAPhy_A NHE] [141]
Brassica oleracea FRIGIDA NHE] [142]
Soybean FAD2-1A, FAD2-1B NHE] [109]
Barley PAPHY-A NHE] [143]
Rice OsMSTS8, OsMST7, OsEPSPS NHE] [144]
Maize Glossy2 locus NHE] [145]
Arabidopsis CLV3 NHE] [146]

Table 2. Genome editing in plants through TALEN technology.
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33-35 amino acids and recognizes a DNA base pair. The DNA recognition is specifically
modulated by two hypervariable amino acid residues (also called as repeat variable dir-
esidues (RVDs)) at positions 12 and 13 in each repeat. Therefore, TALE repeats can be
engineered by varying the RVDs to create a TALE protein that can bind a specific sequence
in the genome (Figure 1b).

In case of TALEs and TALENS, the designing and assembly can be done with more ease and
comfort. Owing to the single base-pair specificity of the TALE RVDs, modular assembly has
been used frequently. Golden gate assembly of Cermak et al. has advantage of being fast,
simple, and cost-effective [1]. Many free online softwares are available to design TALEs and
TALENSs [45]. The assembly of TALENs has also been offered on commercial basis by dif-
ferent companies, and many Kkits are available to construct TALENs against target sequence
[45]. These TALE domains can be linked with a designed effector domain (nuclease like Fok1,
repressor like KRAB, or activator like VP64) to create a chimeric protein capable of targeted
genome manipulation. Successful genome modifications have been achieved using TALENs
in different plant species (Table 2).

2.3. CRISPR/Cas RNA-guided system

CRISPR/Cas is an RNA-guided endonuclease (RGEN) system. RGENs are the easiest and
simplest to design and clone. Cas9-gRNA is based on simple Watson and Crick base pair-
ing of RNA-DNA, and 20-bp guide RNA is designed to target a DNA sequence of interest
(Figure 1c). The efficiency of RNA-guided Cas9 system is remarkable to rewrite genomic
sequence for genetic improvement of crops against different threats of multiple origins. Due
to the ease of designing, simplicity in cloning, and cost-effectiveness, CRISPR/Cas is the most
widely used EN.

CRISPR/Cas has emerged as a new tool for targeting DNA using single-guide RNA (sgRNA),
enabling genetic editing of any region in the genome [46, 47]. This single RN A-single protein
CRISPR system is derived from a natural microbial adaptive immune system that uses RNA-
guided nuclease to recognize and cleave foreign DNA elements. This system consists of two
components, a chimeric sgRNA and a CRISPR-associated protein (Cas9), which specifically
unwinds and cleaves the target DNA, with the cleavage site dictated solely by complemen-
tarity to the sgRNA [48]. The only restriction in this system to target a DNA sequence is the
presence of protospacer adjacent motif (PAM) region. CRISPR system has been proven to be
incredibly valuable for site-specific genome engineering. Recently, in bacterial and human cells,
nuclease’s deactivated version of Cas9 protein called as dCas9 was created for programmable
RNA-dependent DNA-binding protein [49]. Targeting nuclease-inactive Cas9 protein (dCas9)
to coding region of a gene can block the binding and elongation of RNA polymerase, leading to
dramatic suppression of transcription. Moreover, it has also been reported that dCas9 can also
be modulated to recruit different protein effectors (activators or repressors) to DNA in a highly
specific manner [50] to activate (CRISPRa) or suppress (CRISPRi) a gene. More recently, fusing
dCas9 with Kriippel-associated box (KRAB) repressor domain resulted in an efficient transcrip-
tional interference [50, 51]. In addition, CRISPRi was also used for multiplexed control of endog-
enous genes [52] and stable repression of genes with silencing efficiency typically achieved by
RNAIi while minimally impacting transcription of nontargeted genes. CRISPR/Cas9 has the
efficiency to target the green fluorescent protein (GFP) gene within the genome of transgenic
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Plant species Targeted gene Modification References
Arabidopsis PDS3, FLS2, RACK1b, RACKIc NHE] [66]
Barley, cabbage HvPM19, BoIC.GA4.a NHE] [147]
Camelina FAD2 NHE] [148, 149]
C. reinhardtii CpFTSY, ZEP NHE] [150]
Cotton GFP (transgene), CLA1, VP NHE] [28, 53]
Dandelion 1-FFT NHE] [151]
Flax EPSPS, BFP (transgene) NHE], HDR [152]
Grape IdnDH NHE] [22]
Lettuce, N. attenuata BIN2, AOC NHE] [128]
Liverwort ARF1 NHE] [153]
Lotus japonicus SYMRK, LjLb1, LjLb2, LjLb3 NHE] [154]
Maize IPK NHE] [25]

Table 3. Genome editing in plants through CRISPR/Cas9.

cotton line with single copy of GFP gene incorporated previously [53]. Multiplexing ability of
CRISPR/Cas system has given a distinction to this system. Multiplexed, targeted gene editing
has been achieved in Nicotiana benthamiana for glycol engineering and monoclonal antibody
production [54]. CRISPR/Cas system has been used efficiently for GenEd in plants (Table 3).

Specific DNA-binding proteins such as zinc fingers, TALEs, and dCas9 can be fused with
different effector domains like activators, repressors, and epigenome modifiers to modulate
gene expression (Figure 2). DSB created by ENs/RGEN can be used for different purposes
(Figure 3). Controlled and tuneable expression of genes can be tremendously used for genetic
improvement of plants. Modification of epigenetic marks can be further saved from regulation

Zinc Fingers

Figure 2. Functional domain engineering of zinc fingers, TALEs and dCAs9, for different purposes. ZFs/TALE/dCas9
proteins can be engineered and fused with different effector/functional domains for targeted genome modifications.
In this figure, different functional domains have been shown which can be fused with ZFs/TALE/dCas9 for creation
of DSBs, gene insertion, gene activation, gene mutation, gene repression, gene stacking, and epigenetic modifications.

17
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as GMOs. ZFNs, TALEs, and TALENs and Cas9, dCas9, and multiplexed Cas9 can be used
efficiently for genetic improvement of cotton through gene deletion, insertion, replacement,

correction, and modulation of expression.

3. Use of GenEd tools against abiotic stresses in cotton

Abiotic stress is a multigenic and complex trait. A substantial interaction between several
components of signaling, regulatory, and metabolic pathways leads to response/adaptation

Multiple gene disruption
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to abiotic stress [55-57]. In response to abiotic stress, sometimes, plants may undergo whole-
genome duplication events, and functional redundancy in multigene families may also be
observed. Single-gene knockout often produces undesirable results/phenotypes making dif-
ficult to unravel the exact function. A comprehensive understanding of molecular basis of
abiotic stresses (including drought, salinity, and heat) and their tolerance mechanisms have
been one of the major goals of plant researchers to engineer stress tolerance in plants.

A VIGS-mediated gene silencing of sucrose non-fermenting-1-related protein kinase 2
(GhSnRK2) mitigated drought tolerance in cotton plants, indicating that GhSnRPK2 posi-
tively conditions drought stress and low-temperature tolerance [58]. Moreover, RNAI of cot-
ton PHYA1 genes improved drought, salt, and heat tolerance in transgenic plants, due to
increased photosynthesis and better developed root systems [59]. This kind of genes can also
be targeted for deletion with pair of ENs or RGENs. Moreover, ZFs, TALEs, and dCas9 can be
used for suppression of such genes at the transcriptional level.

To increase the tolerance in cotton against drought stress, transcription factors are excel-
lent candidates for the plant scientists. Various transcription factors (such as MYB, WRKY,
ERF, NAC, bZIP) are involved in normal development as well as in drought stress response.
These transcription factors have been cloned and proven useful for stress tolerance in cot-
ton and/or in other plants. The genetic engineering of transcription factor genes could acti-
vate drought tolerance pathways and enhance drought tolerance in cotton. Recently, a bZIP
transcription factor gene, GhABF2, has been reported in the drought and salt tolerance in
Arabidopsis and cotton. The transcriptomic analysis revealed that GhABF2 regulates genes
related to ABA. Overexpressing GhABF2 in cotton increased SOD and CAT activities as com-
pared to wild-type plants. Moreover, overexpressed plants showed better results in the field,
and meanwhile its yield was recorded higher than wild-type plants [60]. Stacking of these
gene/transcription factors in best-growing cotton varieties with strong promoters could pro-
duce more resistant varieties. In another case, overexpressing GbMYB5 positively involved
in response to drought stress in cotton and tobacco by reduced water loss from stomata and
showed hypersensitivity to ABA [61].

Mitogen-activated protein kinases (MAPKSs) are important signaling molecules that respond
to drought stress. In a study, SIMAPK3 was induced by drought stress, and CRISPR/Cas9 sys-
tem was utilized to generate SIMAPK3 mutants [62]. Field tests of transgenic maize plants with
reduced ethylene biosynthesis by silencing 1-aminocyclopropane-1-carboxylic acid synthase
6 significantly improved grain yield under drought stress conditions [63]. Similarly, decreas-
ing the sensitivity of maize to ethylene also resulted in higher yield [64]. Overexpression of
ARGOS genes and negative regulators of the ethylene response enhances drought tolerance
in transgenic maize plants [64, 65].

Due to its simple design and efficient cloning of single or multiple gRNAs, CRISPR/Cas9
system using multiplex genome editing represents a promising and very powerful tool to
specifically modulate the expression and activity of genes involved in abiotic stress responses.
Multiplexing through CRISPR/Cas9 has been used successfully in model and crop plants [19,
66, 67]. Multiplex genome editing may also be useful for studying functions of gene families
as well as an interaction between multiple genes. Multiple genes involved in stress regulatory
network, signal transduction, and metabolite production may be simultaneously targeted
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via CRISPR/Cas9 technologies for engineering stress tolerance in crop plants. An additional
strategy could be pyramiding/stacking of multiple stress regulatory genes through HDR-
mediated gene targeting.

4. Use of GenEd tools against biotic stresses in cotton

Conventional methods have been used for integrated pest management (IPM). Physical,
chemical, and biological methods have been used for pest and disease management since
domestication of crops. For insect resistance, the most widely used technology is Bacillus
thuringiensis (Bt) technology. Through expression of Bt genes, Cry toxin, many insect-resistant
crops have been developed [68]. Bt crops helped in decreasing insect attack and the use of
pesticides and, hence, had done a good job for decreasing pollution as well. But unfortu-
nately, resistance against Bt has been observed in certain parts of the world like resistance in
pink bollworm in India. Apart from Bt technology, RNAi technology has also been used for
insect resistance in crop plants. The first report of RNAi technology for cotton bollworm resis-
tance was developed [69] by expression of dsDNA of insect-derived cytochrome 450 mono-
oxygenase gene (dsCYP6AE14). Stacking of dsCYP6AE14 and plant cysteine proteases, such
as GhCP1 from cotton (Gossypium hirsutum) and AtCP2 from Arabidopsis, can increase insect
resistance in plants against cotton bollworms. In addition, stacking of new genes with old
transgenic cotton varieties will further produce durable resistance against insects. Bt alternate
transgenic approaches have also been used at the laboratory scale to develop new strategies
of insect resistance in plants.

To counter the insect resistance against Bt crops, alternate strategies include expression of
other toxins [70], engineering with proteases [71], proteinase inhibitors [72], receptor proteins
[73, 74], and double-stranded RNA [75]. Among all these, dsSRNA has been proposed as a
method of choice and next-generation insecticide [75]. Moreover, expression of small dsRNA
of CYP450 genes in transgenic plants to target vital bollworm functions has been reported as
alternative to Bt applications [69]. Most recently, CRISPR/Cas9 was used to knock down a
male-determining factor gene, Nix, in Aedes aegypti mosquitoes, leading to partial sex-change
phenotypes [76]. The demonstration of using CRISPR/Cas for inhibition of mosquito-borne
disease suggests that GenEd tools can also be translated for inhibition of other insect-borne
diseases like whitefly that acts as vector for CLCV transmission to cause CLCuD.

Viral diseases are generally controlled by eliminating the vector population which trans-
mits them. Scientists have been using conventional breeding [77, 78], pathogen-derived
resistance [79-81], and nonpathogen-derived resistance [82, 83] to control the diseases.
Most efforts were focused on silencing gene(s) of helper virus, but genes on satellite mol-
ecules were ignored. Such efforts proved effective but for a short period of time, and then
virus relapsed because of multiple infections, synergistic effects, and evolution. A variety
of multiplex genome engineering models in plants and animals are available either with
expressing multiple gRNAs under single RNA Pol-III promoter [84, 85] or under different
promoters at the same time [86, 87]. The CRISPR/Cas9 system has been successfully used
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for controlling BeYDV [88], BSCTV [13], and TYLCV [12] with very few off-target activities,
and these successful reports highlight the enormous potential of CRISPR/Cas system against
geminiviruses. Due to inexpensive, simple, and rapid mechanism for triggering site-specific
genome modifications, the programmable Cas9-gRNA system is potentially transforming
next-generation genome-scale studies. The efficiency of RGEN system is remarkably high for
crop improvement against potential threats of multiple origins (viral and bacterial diseases)
especially CLCuD.

The strategy of targeting rep gene or rep protein-binding sites to occupy or disrupt the bind-
ing sites could be very fascinating using TALE and TALEN approach with high specificity.
Recently, it has been demonstrated [89] that artificial TALE proteins could be a platform for
broad-spectrum resistance against begomoviruses. Targeting viral DNA or host factors asso-
ciated with pathogenesis of viral disease for disruption could be the possible strategies for
virus suppression and disease resistance. There is a great possibility and progress in the idea
of using TALEN and TALE repressors for antiviral gene therapy as well, to suppress potent
viruses that cause global mortality and morbidity like HIV [90]. So far, different regions of
viral genomes have been targeted to inhibit replication and to suppress viruses. As a result,
decrease in titer of the virus by using ENs has been achieved by many researchers [13, 91].

5. GenEd tools for epigenetic modifications in cotton

DNA methylation is generally defined as an epigenetic mark of transcriptional gene silencing.
Epigenetic regulation is although mysterious but can be modulated for a desirable change in
the genome. Gene regulation without any change in DNA remained a challenge for years, but
now factors have been deciphered which are responsible for epigenetic suppression or acti-
vation of genes. So, it has become possible with the help of engineered proteins to modulate
gene expression of a gene epigenetically as well. So far, ZFs, TALEs, and CRISPR/Cas were
dominantly used for this purpose [92-95], but recently TALEs and dCas9 have become avail-
able for this purpose. These proteins fused with different effector domains like 10-11 translo-
cation methylcytosine dioxygenase 1 (TET1) [96], lysine-specific demethylase 1A (LSD1) [97],
and methyltransferase which have been used as potential epigenome editors. ZFs fused with
TET1 (ZF-TET1) were successfully used for demethylation purpose [96]. In addition, TET1
was used in demethylation of cytocine at CpG sites, and LSD1 has been used for demethyl-
ation of H3K4me1/2 and deacetylation of H3K27.

DNA methylation is a conserved epigenetic mark important for genome integrity, develop-
ment, and environmental responses in plants and mammals. Active DNA demethylation in
plants is initiated by a family of 5-mC DNA glycosylases/lyases (i.e., DNA demethylases).
Repeat regions, promoters, enhancers, and gene body are the main sites for DNA methylation
in the genome. Epigenetic regulation also contributes in splicing. Recent reports suggested a
role of active DNA demethylation in fruit ripening in tomato [98]. It was revealed that DNA
demethylation is required for tomato fruit ripening through both activation of induced genes
and inhibition of ripening-repressed genes. DNA methylation controls many aspects of plant
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growth and development. TALE-LSD1 was used to modify methylation pattern of different
sites, confirmed through chromatin immunoprecipitation [99]. Gao et al. have confirmed
that for epigenome modifications, TALEs are more effective than dCas9 in mammalian cells.
Moreover, they have evaluated TALE and dCas9, for gene activation and repression purpose,
and highlight the use of designed transcription factors for epigenome modifications.

Epigenetic modifications of chromatin at the DNA or histone level are considered to be one
of the major forces that influence gene expression [100, 101]. Genome-wide changes in meth-
ylation patterns have been linked with physiological and developmental responses. Genetic
imprinting in Arabidopsis endosperm and embryo was also driven by extensive demethylation
of whole genome coupled with hypermethylation of non-CG residues especially CHH sites on
transposable elements [102, 103]. In plants, genes, transposons, and repetitive sequences were
found to be methylated in different densities at various developmental stages, which sug-
gested that the transcription of certain genes is controlled epigenetically [104, 105]. Indeed,
promoter DNA hypermethylation was related to target gene repression in undifferentiated
Arabidopsis cells [106]. Jin et al. [107] reported that annual pattern of cytosine methylation
drives fiber growth in cotton and moreover also studied the degree of CHH DNA methylation
in the promoter regions of the growth-regulating genes SUR4, KCS13, and ERF6 on yearly
basis.

However, potential application of TALEs for targeting DNA or histone for epigenome editing
has been demonstrated, but more research is needed for development and validation of epige-
netically modified crops/organism (EMO). About 500 genes have been identified that are epi-
genetically modified between wild cotton varieties and domesticated cotton, some of which
are known to relate to agronomic and domestication traits. By selectively turning gene expres-
sion on and off, breeders could create new varieties of cotton without altering the genes.

6. Use of GenEd tools for growth, yield, fiber, and seed quality
enhancement

Accelerated breeding of plant species has the potential to help challenge environmental and
biochemical cues to support global crop security. Lengthy breeding cycles are one of major
limitations in the rapid genetic improvement and commercialization of woody plant spe-
cies. In recent years, limitation of T-DNA segregation after site-specific genome editing has
gained prominence with the widespread use of CRISPR/Cas technology in genetic engineer-
ing. CRISPR/Cas platform will help to strengthen molecular breeding and development of
resistance against biotic and abiotic stresses as well as yield and quality improvement in cot-
ton [108].

Jiang et al. [149] used CRISPR/Cas9 to target the FAD2 gene in Arabidopsis thaliana and in the
closely related emerging oilseed plant, Camelina sativa, with the goal of improving seed oil com-
position. C. sativa is allohexaploid, while cotton is allotetraploid and, so, can be targeted with ENs
to produce quality seeds. For quality improvement of soybean, TALENs were used to mutate
two fatty acid desaturase genes FAD2-1A and FAD2-1B [109]. The mutations also improved shelf
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life and oxidative stability along with decrease in polyunsaturated fats. RNAi-based silencing
of two key fatty acid desaturase genes, GhSAD-1 and GhFAD2-1, in cottonseeds significantly
increased stearic and oleic acid contents in transgenic lines. In addition, palmitic acid contents
were significantly low in both high-stearic and high-oleic transgenic cotton lines. These results
provide an opportunity for nutritional improvement of cottonseed oil through genetic engineer-
ing [110]. Engineering of cotton in same manner through CRISPR/Cas9 or TALENs will improve
cottonseeds valuable for farmers and oilseed industry.

Cottonseeds contain high-quality protein and oil so it is also an important source of nutri-
ent-rich food crop and edible oil. For every kilogram of fiber collected, about 1.65 kg of
seeds are produced. Therefore, cotton can potentially provide the protein requirements of
half a billion people if it could be used directly as food. However, cottonseeds are toxic
for humans and other monogastric animals because of the presence of gossypol in the
seed glands. Gossypol is a toxic terpenoid compound that causes heart and liver damage
in human beings. Gossypol-free cottonseed may enhance the overall value of cottonseed
and may generate a new market for cottonseed. Therefore, gossypol-free cottonseeds could
provide protein requirement to poultry, aquaculture, and millions of humans worldwide.
Gossypol is not only mainly localized in cottonseeds but also presents in other parts of cot-
ton plant. In leaves and reproductive tissues of plant, gossypol and other related terpenoids
play a protective role against insects, provoking infertility in insects. RNAi has been used
successfully to reduce gossypol contents in cottonseeds by silencing (+)-0-cadinene synthase
which catalyzes the very first reaction involving the cyclization of farnesyl diphosphate to
(+)-0-cadinene. However, RNAi has several disadvantages like off-targets and reproducibil-
ity [111]. Thus, the promise of cottonseed to ensure food security and protein requirement
of the developing countries like Pakistan remained unfulfilled. Recently, Ma et al. [112] have
mapped a gene (GoPGF), acting as a positive regulator of formation of pigment glandular
trichomes, storage organs of gossypol. Tissue-specific silencing of this gene will result in
gossypol-free seeds while maintaining the level of secondary metabolites in the other parts
of the plant [106]. Targeting dCas9 to regulatory region of a gene can block the binding and
elongation of RNA polymerase, leading to dramatic suppression of transcription. Moreover,
it has also been reported that dCas9 can also be modulated to recruit different protein effec-
tors (activators or repressors) to DNA in a highly specific manner [50] to activate (CRISPRa)
or suppress (CRISPRi) a gene. More recently, fusing TALEs and dCas9 with KRAB repres-
sor domain resulted in an efficient transcriptional interference [51, 113, 114]. In addition,
CRISPRi was also used for multiplexed control of endogenous genes [114] and stable repres-
sion of genes with silencing efficiency typically achieved by RNAi while minimally impact-
ing transcription of nontargeted genes.

Flowering is a very critical developmental stage in cotton. All of the production depends
on flowering. From emergence to drying up or falling off, it takes just 5-7 days. Flowering
depends largely on temperature, availability of water, and other environmental conditions.
Growth and development stages in cotton, from planting to emergence, from emergence
to square, from square to flowering, and from flowering to boll development, are water
sensitive. SELF-PRUNING 5G (SP5QG) is a repressor of flowering in tomato and drives loss
of day length sensitivity in flowering. CRISPR/Cas9-based mutation in SP5G resulted in
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compact growth of tomatoes with rapid flowering. Moreover, mutation also caused a quick
burst of flowering that resulted in early yield. Early and uniform flowering in cotton can
be used for ease in mechanized picking as well. Identification of FLOWERING LOCUS T
(FT) [115] gained prominence for its use in advanced breeding initiatives. FT is a small
globular protein that interacts with FT-INTERACTING PROTEIN 1 and moves to sieve
elements. From sieve elements FT is transported to shoot apical meristem and interact with
bZIP transcription factor FD and phospholipid phosphatidylcholine [116] for its nuclear
localization. Finally, FT activates LEAFY (LFY), APETALA1 (AP1), and SUPPRESSOR OF
OVEREXPRESSION OF CONSTANS 1 (SOC1) to start flowering development [117-119].
Overexpression of FT has been used in many plant species to induce advanced flower-
ing [120, 121], thus enabling a more rapid and refined approach to breeding. CRISPR/Cas
has also been used successfully to target dihydroflavonol-4-reductase-B (DFR-B), encoding
an anthocyanin biosynthesis enzyme that is responsible for the color of the plant’s stems,
leaves, and flowers [122]. Moreover, CRISPR/Cas9 system was employed to specifically
induce targeted mutagenesis of GmFT2a, an integrator in the photoperiod flowering path-
way in soybean [123].

Li et al. [108] proposed applications of CRISPR/Cas system for improvement in cotton growth
and development, seed quality, and flowering timing and control. They examined targeted
mutagenesis in allotetraploid genome of cotton, and no off-target mutations have been
observed by sequencing two putative off-target sites, which have three and one mismatched
nucleotides with GhMYB25-like sgRNA1 and GhMYB25-like sgRNA2, respectively.

Proper development of plant roots is critical for primary physiological functions, includ-
ing water and nutrient absorption and uptake, physical support, and carbohydrate storage.
Crop roots are the main organs that primarily sense and respond to the biotic as well as
abiotic stresses. Previous studies on crop root development have proven that increased lat-
eral root formation (LRF) has a positive effect on whole plant development as well as crop
yield. Functions of cotton root system are also strongly influenced by lateral roots. A high
number of lateral roots would increase the total root surface area of the plant that may poten-
tially improve the overall growth, fiber length, yield, and stress tolerance against severe
conditions. Therefore, engineering cotton plants for the increased number of lateral roots
will not only improve the yield and fiber contents but will also make cotton crop suitable
for salt, drought-affected, and low-fertility soils. Recent studies demonstrated that arginine
(ARG) is the precursor of nitric oxide (NO) in roots catalyzed by nitric oxide synthase (NOS)
[124], and NO plays a key role in the lateral root formation. In Arabidopsis reduced activ-
ity of arginase may increase NO contents in roots and therefore improved the lateral roots
in transgenic plants. Given that there are two, highly similar, orthologous, cotton arginase
genes (GhARG), Gh_A05G2143 and Gh_D05G2397, in the A and D chromosomes that were
mutated with CRISPR/Cas9 in upland cotton R18, a transgenic acceptor variety bred from the
Coker 312 cotton, which is, globally, a main transgenic acceptor germ line [62]. CRISPR/Cas
system was efficient in producing targeted mutations in the selected genes which improved
lateral root system under both high and low nitric conditions ensuing adaptation of cotton
on a variety of soils. Improved LRF will enhance plant growth and development as well.
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7. Use of GenEd tools for gene stacking

Genome engineering with the help of recombinases is no longer a new approach. Site-specific
recombinase technology is used to delete, insert, or invert a specific sequence at a target site.
A transgenic organism with Cre recombinase expressed by a tissue-specific promoter can be
crossed to excise the gene present between two loxP sites. Targeted excision deletes the func-
tion of genes within specific tissues. Deletion of genes by site-specific recombinase technology
is a particularly advantageous method of gene excision [125].

Site-specific recombinases are remarkable tools for insertion of multiple genes on single
locus or deletion of unwanted sequence from the genome. With discovery of ENs, sequence-
specific TALE proteins have been engineered with catalytic domains of DNA invertase Gin
to design new chimeric proteins called as TALE recombinases (TALERs). TALERs have
been successfully used in bacteria and mammalian cells and offer an alternate approach
to targeted GenEd [126]. DNA-binding domains (DBDs) of hyperactivated variants of the
resolvase/invertase family of serine recombinases can be replaced with engineered ZFs
to retarget them to sequence of interest in the genome. However, imperfect modularity
with particular domains, lack of high-affinity binding to all DNA triplets, and difficulty
in construction were major limitations in widespread usage of ZFPs for genome editing.
Mercer et al. [126] designed a TALE recombinase (TALER) through engineered fusion of a
hyperactivated catalytic domain from the DNA invertase Gin and an optimized TALE pro-
tein. The TALER architecture significantly increased the targeting capacity of engineered
recombinase as well as its potential applications in plant and animal biotechnology. In cot-
ton, meganucleases were also used for gene stacking based on homologous recombination
[37]. TALENS has been described as the most precise technique for targeted gene stacking
of economically important molecular traits in crop plants. Cotton genome has been modi-
fied efficiently using GenEd tools. Successful reports of GenEd in cotton have been given
in Table 4.

Genome editing tool Gene Gene modification Reference
Meganucleases HPPD, EPSPS HDR, gene stacking [27]
CRISPR/Cas9 GhCLA1 Multisite GenEd [62]
CRISPR/Cas9 GhARG NHE] [62]
CRISPR/Cas9 GhMYB25-like A and D NHE] [102]
CRISPR/Cas9 GhPDS, GhCLA1, GhEF1 GenEd [123]
CRISPR/Cas9 GhCLA1, GhVP NHE] [28]
CRISPR/Cas9 GFP NHE] [53]

Table 4. Genome editing in cotton.
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8. Targeted mutagenesis for functional genomics studies in cotton

GenEd tools are precise and highly specific. For reverse genetics and functional genomics,
these reagents are also advantageous over the existing approaches, TILLING. For targeting
gene families, TILLING is limited due to high specificity of the primers [127]. TILLING is dif-
ficult in polyploidy genomes; further, its low mutation rate and high screening cost make it
more limited compared to ENs. CRISPR/Cas9 can target multiple genes simultaneously with
multiple gRNAs. For functional genomics in cotton, ENs can be used with higher specificity
and low cost. RNAi has been previously used successfully for functional genomics in cotton
[128]. RNAi works at the posttranscriptional level and, hence, may lead to off-target, unreli-
able, and unpredictable results. Moreover, RNAi may also result in induction of unspecific
immune response and incompleteness of knockdowns. All these limitations can be overcome
using highly specific, more reliable, and less costly GenEd tools. Additionally, ENs work
at the transcriptional level; henceforth, are more predictable; and would result in complete
knockdown. Multiplexing has further made RGENs more fascinating than any other tech-
nique to study gene families and polygenic characters. Chen et al. [28] demonstrated CRISPR/
Cas9-based targeted mutagenesis of cotton cloroplastos alterados 1 (GhCLA1) and vacuolar
H+-pyrophosphatase (GhVP) genes and confirmed targeted/site-specific single nucleotide
insertion and substitution in GhCLA1 and one deletion in GhVP.

Multisite GenEd in cotton has also been reported earlier. Wang et al. [62] utilized a CRISPR/Cas9
system to conduct multisite GenEd in allotetraploid cotton. An exogenous gene DsRED2 and
an endogenous gene GhCLA1 were targeted with 66.7-100% efficiency. CRISPR is efficient in
multisite GenEd with high successful rate. For gene function studies in cotton, a highly efficient
platform has been developed using CRISPR/Cas9 [102]. They used GhMYB25-like gene to study
gene knockout mutants in cotton. Moreover, 1-7 nt deletions were observed with one sgRNA,
while deletion of 168-nt-long fragment was deleted using two sgRNAs. An efficient and fast
method was developed to validate sgRNAs in cotton plant through transient assay. Using this
robust method, activity of sgRNAs can be validated in 3 days which will be helpful in selection
of potential sgRINAs for stable transformation in cotton. Individual genes (GhPDS, GhCLA1, and
GhEF1) were targeted resulting in typical albino phenotypes by inducing mutation in GhCLA1,
simultaneous editing of homoeologous genes, and genomic fragment deletions [129]. This kind
of studies made a foundation stone for undertaking functional genomics studies in cotton.

9. Delivery of artificial DNA-binding proteins and ENs into plants

Sequence-specific nucleases enable facile editing of higher eukaryotic genomic DNA; how-
ever, targeted modification of plant genomes remains challenging due to ineffective meth-
ods for delivering reagents for genome engineering to plant cells. Method of delivery of ENs
is very important for appropriate expression and optimum results. In animals, delivery of
TALEs or TALENs was possible through nucleic acids, mRNA, as well protein [7, 130, 131].
TALEN activity mainly depends upon delivery method, choice of expression vector, and
method of transformation used. Conventional plasmids and viral vectors have been used for
expression of required proteins inside the cell. ZFNs were delivered using a novel tobacco
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rattle virus (TRV)-based expression system and produced non-transgenic mutant plants [132].
ZFNs were transiently expressed into a variety of tissues and cells of intact plants to produce
genetically modified plants. Geminivirus-based replicons have also been used for transient
expression of sequence-specific nucleases (ZFN, TALENs, and CRISPR/Cas) and delivery of
DNA repair templates [133]. In tobacco, the use of viral replicons enhanced gene targeting
efficiency by twofolds compared with conventional Agrobacterium tumefaciens T-DNA.

Transient expression of the CRISPR/Cas9 ribonucleoprotein complex in protoplasts can result
in the production of specifically targeted, transgene-free mutants in the T generation in sev-
eral plant species [134]. Highly efficient and specific transient expression-based genome-edit-
ing system was developed for producing transgene-free and homozygous wheat mutants in
the T, generation [135]. Genome-edited DNA-free bread wheat was produced using CRISPR/
Cas9 ribonucleoproteins (RNPs) [136]. RNPs were delivered into wheat immature embryos
through particle bombardment. Cas9 protein was expressed and purified from Escherichia coli
Rosetta strain, and the sgRNA was transcribed using HiScribe T7 In Vitro Transcription Kit
(New England Biolabs). CRISPR/Cas9 RNP-mediated GenEd eliminates the risks of transgene
integration into plant genome and further promises targeted gene mutations with no off-
targets. Moreover, it is fast and robust compared to other methods.

In case of TALENS, the use of mRNA is advantageous than permanent integration of T-DNA
in genome. Firstly, in pharmaceuticals viral vectors are perceived as gene-modified organ-
isms, while mRNA has superior regulatory viewpoints. Secondly, delivery of transient mRNA
reduces any risks of unwanted stable integration and mutations in the genome. Gallie [137]
introduced mRNA into plant protoplast efficiently using PEG-based transformation. So, the
TALEN mRNA delivery could be more attractive for transient expression in plants to avoid
undesirable results and to prompt regulatory process. Moreover, in case of nuclease, which
introduces double-strand breaks, the integration and continuous expression of the gene into
the host may lead to detrimental results. Synthetic mRNAs of TALENs for GenEds are avail-
able from different companies like TriLink BioTechnologies at request.

In biomedical industry, direct injection of CRISPR and TALEN proteins in living organisms is
very fascinating. Direct delivery of proteins may further reduce the limitations and concerns
of posttranscriptional and translational constraints associated with expression of plasmid and
mRNA. Direct delivery of purified nuclease proteins was reported in N. benthamiana protoplasts
using PEG and was claimed as non-transgenic GenEd approach [138]. Direct delivery of EN pro-
teins into plants would be proven as the most favorite approach for regulatory approval of edible
crop plants and cotton as well. On the basis of previous reports discussed above, the production
of non-transgenic cotton would be very helpful from regulatory and public acceptance viewpoint.

10. Comparison of ENs

All technologies have almost same mode of action and give same results, but these are differ-
ent from one another in terms of nature, components, target specificity, target requirements,
target limitations, modularity, and construction assembly methods. On these bases current
GenEd tools are compared in Table 5.
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Features ZF(N)s TALE(N)s CRISPR/Cas9
Origin Xenopus laevis Xanthomonas (similar proteins also Streptococcus pyogenes
reported in Ralstonia solanacearum and  (present in 40% bacteria
Burkholderia rhizoxinica) and 90% archaea)
Nature DNA-binding motifsin ~ Plant pathogenic protein Prokaryotic defense
eukaryotes protein
Function DNA binding as DNA binding and gene modulation Endonuclease that cuts
transcription factors of host plant (act like transcription DNA of infecting viruses
factors) and plasmids
Target binding Protein-DNA (one to Protein-DNA (one to one) RNA-DNA (one to one)
triplet)
Components DNA-binding domain DNA-binding domain Endonuclease
Effector domain (activator/repressor) ~ gRNA
Year of emergence 2000 2010 2012
as GenEd tools
Target length ~9-36 nt ~12-50 nt ~20-23 nt
Target limitations It binds to a triplet of Needs T base at 5’ Needs PAM region
DNA bases (5'NGG)
Modularity Low High High
Off-targeting Low Very few High
Size Small Relatively big (small in case of TALEs)  Big
Mode of action DNA binding and DSB. DNA binding, expression modulation/ DNA binding and DSB
(NHEJ/HR) DSB (NHEJ/HR) (NHEJ/HR)
Assembly Difficult Technical but easy Easy
Uses Gene disruption, gene Gene activation, gene repression, Gene disruption, gene

Epigenome editing
Delivery
Targeting efficiency

Delivery via viral
vector

Delivery as RNA
molecule

Delivery as protein

deletion, gene correction,
gene addition, tag
ligation, ObLiGaRe

Less reported
DNA, mRNA
Low and variable

Easy

Easy

Easy

gene disruption, gene deletion, gene
correction, gene addition, tag ligation,
ObLiGaRe

More reported (natural TFs)
DNA, mRNA, protein
High

Easy

Easy

Easy

deletion, gene correction,
gene addition

Less reported
DNA
High

Challenging

Challenging

Challenging

Table 5. Comparison of three popular engineered proteins/nucleases for DNA targeting.

11. Future perspectives

Genome engineering in cotton using ENs will open up new avenues for gene function

studies and understanding of complex polygenic metabolic pathways. Improvement in
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cotton growth and development with good quality of fiber and seeds can be achieved more
precisely using GenEd tools. Some of the reports of GenEd in cotton using ENs reviewed
above are enough to demonstrate success of targeted gene modifications in cotton.
Moreover, CRISPR/Cas nickases are used for gene replacement and correction, and the use
of this technology for replacement of endogenous promoter with exogenous constitutive,
inducible, or strong promoter can be helpful in regulation of expression of endogenous
gene. This approach could reduce the risks of foreign gene integration into the genome.
Furthermore, tuneable, special, and tissue-specific expression of the endogenous genes can
be achieved with the insertion of new promoters at place of indigenous promoters. The
risks associated with the development of resistance against Bt can be mitigated by gene
pyramiding/stacking through ENs. Modification of epigenome marks associated with cer-
tain crop parameters such as flowering, fiber quality, and stress resistance can be obtained
with fusion of epigenome modifiers with artificial DNA-binding proteins (ZFs, TALEs,
and dCas9). In conclusion, genetic improvement in cotton using GenEd toolbox would be
helpful in solving prevailing problems and constraints causing decrease in cotton growth,
yield, and fiber quality.

Author details

Zulqurnain Khan'? Sultan Habibullah Khan'?, Muhammad Salman Mubarik'? and
Aftab Ahmad'#*

*Address all correspondence to: aftab.ahmad@uaf.edu.pk

1 Center for Advanced Studies in Agriculture and Food Security (CAS-AFS), University of
Agriculture, Faisalabad, Pakistan

2 Department of Biochemistry, University of Agriculture, Faisalabad, Pakistan

References

[1] Cermak T, Doyle EL, Christian M, Wang L, Zhang Y, Schmidt C, et al. Efficient design
and assembly of custom TALEN and other TAL effector-based constructs for DNA tar-
geting. Nucleic Acids Research. 2011;39(12):e82

[2] Mahfouz MM, Li L, Shamimuzzaman M, Wibowo A, Fang X, Zhu J-K. De novo-engi-
neered transcription activator-like effector (TALE) hybrid nuclease with novel DNA
binding specificity creates double-strand breaks. Proceedings of the National Academy
of Sciences. 2011;108(6):2623-2628

[3] LiT,Liu B, Spalding MH, Weeks DP, Yang B. High-efficiency TALEN-based gene editing
produces disease-resistant rice. Nature Biotechnology. 2012;30(5):390-392

[4] LiT, Huang S, Zhao X, Wright DA, Carpenter S, Spalding MH, et al. Modularly assem-
bled designer TAL effector nucleases for targeted gene knockout and gene replacement
in eukaryotes. Nucleic Acids Research. 2011;39(14):6315-6325

29



30 Past,

[5]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Present and Future Trends in Cotton Breeding

Liu Q, Gao R, Li ], Lin L, Zhao J, Sun W, Tian C. Development of a genome-editing
CRISPR/Cas9 system in thermophilic fungal Myceliophthora species and its application
to hyper-cellulase production strain engineering. Biotechnology for Biofuels. 2017 Jan 3;
10(1):1

Huang P, Xiao A, Zhou M, Zhu Z, Lin S, Zhang B. Heritable gene targeting in zebrafish
using customized TALENSs. Nature Biotechnology. 2011;29(8):699-700

Tesson L, Usal C, Ménoret S, Leung E, Niles BJ, Remy S, et al. Knockout rats generated
by embryo microinjection of TALENSs. Nature Biotechnology. 2011;29(8):695-696

Zhao X, Ni W, Chen C, Sai W, Qiao ], Sheng J, et al. Targeted editing of myostatin gene
in sheep by transcription activator-like effector nucleases. Asian-Australasian Journal of
Animal Sciences. 2016;29(3):413

Cheng Z, Yi P, Wang X, Chai Y, Feng G, Yang Y, et al. Conditional targeted genome
editing using somatically expressed TALENs in C. elegans. Nature Biotechnology.
2013;31(10):934-937

Miller JC, Tan S, Qiao G, Barlow KA, Wang J, Xia DF, et al. A TALE nuclease architecture
for efficient genome editing. Nature Biotechnology. 2011;29(2):143-148

Gratz SJ, Cummings AM, Nguyen JN, Hamm DC, Donohue LK, Harrison MM,
Wildonger ], O’Connor-Giles KM. Genome engineering of drosophila with the CRISPR
RNA-guided Cas9 nuclease. Genetics. 2013;194(4):1029-1035

Ali Z, Abulfaraj A, Idris A, Ali S, Tashkandi M, Mahfouz MM. CRISPR/Cas9-mediated
viral interference in plants. Genome Biology. 2015;16(1):238

JiX, Zhang H, Zhang Y, Wang Y, Gao C. Establishing a CRISPR-Cas-like immune system
conferring DNA virus resistance in plants. Nature Plants. 2015;1:15144

Khan Z, Khan SH, Sadia B, Jamil A, Mansoor S. TALE-mediated inhibition of replication
of begomoviruses. International Journal of Agriculture and Biology. 2017;20:109-118

Jiang W, Bikard D, Cox D, Zhang F, Marraffini LA. RNA-guided editing of bacterial
genomes using CRISPR-Cas systems. Nature Biotechnology. 2013;31(3):233-239

Nelson CE, Hakim CH, Ousterout DG, Thakore PI, Moreb EA, Rivera RM, Madhavan S,
Pan X, Ran FA, Yan WX, Asokan A. In vivo genome editing improves muscle function in
a mouse model of Duchenne muscular dystrophy. Science. 2016;351(6271):403-407

Watanabe T, Ochiai H, Sakuma T, Horch HW, Hamaguchi N, Nakamura T, Bando T,
Ohuchi H, Yamamoto T, Noji S, Mito T. Non-transgenic genome modifications in a hemi-

metabolous insect using zinc-finger and TAL effector nucleases. Nature Communications.
2012;3:1017

Gao Y, Wu H, Wang Y, Liu X, Chen L, Li Q, Cui C, Liu X, Zhang J, Zhang Y. Single Cas9
nickase induced generation of NRAMP1 knockin cattle with reduced off-target effects.
Genome Biology. 2017;18(1):13



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Targeted Genome Editing for Cotton Improvement
http://dx.doi.org/10.5772/intechopen.73600

Zhou W, Wan Y, Guo R, Deng M, Deng K, Wang Z, Zhang Y, Wang F. Generation of
beta-lactoglobulin knock-out goats using CRISPR/Cas9. PLoS One. 2017;12(10):e0186056

Watanabe M, Nagashima H. Genome editing of pig. Methods in Molecular Biology
(Clifton, NJ). 2017;1630:121

Brooks C, Nekrasov V, Lippman ZB, Van Eck ]. Efficient gene editing in tomato in the
first generation using the clustered regularly interspaced short palindromic repeats/
CRISPR-associated9 system. Plant Physiology. 2014;166(3):1292-1297

Ren C, Liu X, Zhang Z, Wang Y, Duan W, Li S, Liang Z. CRISPR/Cas9-mediated effi-
cient targeted mutagenesis in chardonnay (Vitis vinifera L.). Scientific Reports. 2016;6:
srep32289

Clasen BM, Stoddard TJ, Luo S, Demorest ZL, Li ], Cedrone F, et al. Improving cold stor-
age and processing traits in potato through targeted gene knockout. Plant Biotechnology
Journal. 2016;14(1):169-176

Curtin SJ, Zhang F, Sander JD, Haun W], Starker C, Baltes NJ, et al. Targeted muta-
genesis of duplicated genes in soybean with zinc-finger nucleases. Plant Physiology.
2011;156(2):466-473

Liang Z, Zhang K, Chen K, Gao C. Targeted mutagenesis in Zea mays using TALENs and
the CRISPR/Cas system. Journal of Genetics and Genomics. 2014;41(2):63-68

Wang Y, Cheng X, Shan Q, Zhang Y, Liu J, Gao C, et al. Simultaneous editing of three
homoeoalleles in hexaploid bread wheat confers heritable resistance to powdery mil-
dew. Nature Biotechnology. 2014;32(9):947-951

D'Halluin K, Vanderstraeten C, Hulle J, Rosolowska J, Den Brande I, Pennewaert A, et al.
Targeted molecular trait stacking in cotton through targeted double-strand break induc-
tion. Plant Biotechnology Journal. 2013;11(8):933-941

Chen X, Lu X, Shu N, Wang S, Wang ], Wang D, et al. Targeted mutagenesis in cot-
ton (Gossypium hirsutum L.) using the CRISPR/Cas9 system. Scientific Reports. 2017;7:
srep44304

Roth N, Klimesch ], Dukowic-Schulze S, Pacher M, Mannuss A, Puchta H. The require-
ment for recombination factors differs considerably between different pathways of

homologous double-strand break repair in somatic plant cells. The Plant Journal.
2012;72(5):781-790

Puchta H, Dujon B, Hohn B. Two different but related mechanisms are used in plants for
the repair of genomic double-strand breaks by homologous recombination. Proceedings
of the National Academy of Sciences. 1996,93(10):5055-5060

Puchta H. Repair of genomic double-strand breaks in somatic plant cells by one-sided
invasion of homologous sequences. The Plant Journal. 1998;13(3):331-339

Kim YG, Cha J, Chandrasegaran S. Hybrid restriction enzymes: Zinc finger fusions to
FokI cleavage domain. Proceedings of the National Academy of Sciences. 1996;93(3):
1156-1160

31



32

Past, Present and Future Trends in Cotton Breeding

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Bibikova M, Carroll D, Segal DJ, Trautman JK, Smith J, Kim Y-G, et al. Stimulation of
homologous recombination through targeted cleavage by chimeric nucleases. Molecular
and Cellular Biology. 2001;21(1):289-297

Bibikova M, Beumer K, Trautman JK, Carroll D. Enhancing gene targeting with designed
zinc finger nucleases. Science. 2003;300(5620):764

ZhangF, Maeder ML, Unger-Wallace E, Hoshaw JP, Reyon D, Christian M, Li X, Pierick CJ,
Dobbs D, Peterson T, Joung JK. High frequency targeted mutagenesis in Arabidopsis
thaliana using zinc finger nucleases. Proceedings of the National Academy of Sciences.
2010;107(26):12028-12033

Sander JD, Maeder ML, Reyon D, Voytas DF, Joung JK, Dobbs D. ZiFiT (Zinc Finger
Targeter): An updated zinc finger engineering tool. Nucleic Acids Research. 2010;
38(suppl_2):W462-W468

Smith ], Bibikova M, Whitby FG, Reddy A, Chandrasegaran S, Carroll D. Requirements
for double-strand cleavage by chimeric restriction enzymes with zinc finger DNA-
recognition domains. Nucleic Acids Research. 2000;28(17):3361-3369

Lloyd A, Plaisier CL, Carroll D, Drews GN. Targeted mutagenesis using zinc-finger
nucleases in Arabidopsis. Proceedings of the National Academy of Sciences of the
United States of America. 2005;102(6):2232-2237

Wright DA, Townsend JA, Winfrey R], Irwin PA, Rajagopal J, Lonosky PM, et al. High-
frequency homologous recombination in plants mediated by zinc-finger nucleases. The
Plant Journal. 2005;44(4):693-705

Townsend JA, Wright DA, Winfrey R], Fu F, Maeder ML, Joung JK, Voytas DF. High-
frequency modification of plant genes using engineered zinc-finger nucleases. Nature.
2009;459(7245):442-445

Shukla VK, Doyon Y, Miller JC, DeKelver RC, Moehle EA, Worden SE, Mitchell ]JC,
Arnold NL, Gopalan S, Meng X, Choi VM. Precise genome modification in the crop spe-
cies Zea mays using zinc-finger nucleases. Nature. 2009;459(7245):437-441

Schneider K, Schiermeyer A, Dolls A, Koch N, Herwartz D, Kirchhoff ], et al. Targeted
gene exchange in plant cells mediated by a zinc finger nuclease double cut. Plant
Biotechnology Journal. 2016;14(4):1151-1160

Sera T. Inhibition of virus DNA replication by artificial zinc finger proteins. Journal of
virology. 2005;79(4):2614-2619

Takenaka K, Koshino-Kimura Y, Aoyama Y, Sera T. Inhibition of Tomato Yellow Leaf
Curl Virus Replication by Artificial Zinc-Finger Proteins. Nucleic Acids Symposium
Series. Oxford University Press; 2007

Khan Z, Khan SH, Mubarik MS, Sadia B, Ahmad A. Use of TALEs and TALEN technol-
ogy for genetic improvement of plants. Plant Molecular Biology Reporter. 2017;35(1):1-19



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Targeted Genome Editing for Cotton Improvement
http://dx.doi.org/10.5772/intechopen.73600

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex genome engineering
using CRISPR/Cas systems. Science. 2013;339(6121):819-823

Wang H, Yang H, Shivalila CS, Dawlaty MM, Cheng AW, Zhang F, et al. One-step gen-
eration of mice carrying mutations in multiple genes by CRISPR/Cas-mediated genome
engineering. Cell. 2013;153(4):910-918

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. A program-
mable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science.
2012;337(6096):816-821

Qi LS, Larson MH, Gilbert LA, Doudna JA, Weissman JS, Arkin AP, et al. Repurposing
CRISPR as an RNA-guided platform for sequence-specific control of gene expression.
Cell. 2013;152(5):1173-1183

Gilbert LA, Horlbeck MA, Adamson B, Villalta JE, Chen Y, Whitehead EH, et al. Genome-
scale CRISPR-mediated control of gene repression and activation. Cell. 2014;159(3):
647-661

Kearns NA, Genga RM, Enuameh MS, Garber M, Wolfe SA, Maehr R. Cas9 effector-
mediated regulation of transcription and differentiation in human pluripotent stem
cells. Development. 2014;141(1):219-223

Gilbert LA, Larson MH, Morsut L, Liu Z, Brar GA, Torres SE, et al. CRISPR-mediated
modular RNA-guided regulation of transcription in eukaryotes. Cell. 2013;154(2):442-451

Janga MR, Campbell LM, Rathore KS. CRISPR/Cas9-mediated targeted mutagenesis in
upland cotton (Gossypium hirsutum L.). Plant Molecular Biology. 2017;3:1-2

Li J, Stoddard TJ, Demorest ZL, Lavoie PO, Luo S, Clasen BM, et al. Multiplexed, tar-
geted gene editing in Nicotiana benthamiana for glyco-engineering and monoclonal anti-
body production. Plant Biotechnology Journal. 2016;14(2):533-542

Nakashima K, Ito Y, Yamaguchi-Shinozaki K. Transcriptional regulatory networks in
response to abiotic stresses in Arabidopsis and grasses. Plant Physiology. 2009;149(1):
88-95

Hirayama T, Shinozaki K. Research on plant abiotic stress responses in the post-genome
era: Past, present and future. The Plant Journal. 2010;61(6):1041-1052

Mickelbart MV, Hasegawa PM, Bailey-Serres J. Genetic mechanisms of abiotic stress tol-
erance that translate to crop yield stability. Nature Reviews Genetics. 2015;16(4):237-251

Bello B, Zhang X, Liu C, Yang Z, Yang Z, Wang Q, et al. Cloning of Gossypium hirsutum
sucrose non-fermenting 1-related protein kinase 2 gene (GhSnRK2) and its overexpres-
sion in transgenic Arabidopsis escalates drought and low temperature tolerance. PLoS
One. 2014;9(11):e112269

Abdurakhmonov 1Y, Buriev ZT, Saha S, Jenkins JN, Abdukarimov A, Pepper AE.
Phytochrome RNAi enhances major fibre quality and agronomic traits of the cotton
Gossypium hirsutum L. Nature Communications. 2014;5:3062

33



34

Past, Present and Future Trends in Cotton Breeding

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]
[72]

Liang C, Meng Z, Meng Z, Malik W, Yan R, Lwin KM, et al. GhABF2, a bZIP transcrip-
tion factor, confers drought and salinity tolerance in cotton (Gossypium hirsutum L.).
Scientific Reports. 2016;6:35040

Chen T, Li W, Hu X, Guo ], Liu A, Zhang B. A cotton MYB transcription factor, GbMYBS5,
is positively involved in plant adaptive response to drought stress. Plant and Cell
Physiology. 2015;56(5):917-929

Wang Y, Meng Z, Liang C, Meng Z, Wang Y, Sun G, et al. Increased lateral root forma-
tion by CRISPR/Cas9-mediated editing of arginase genes in cotton. Science China Life
Sciences. 2017;60(5):524-527

Habben JE, Bao X, Bate NJ, DeBruin JL, Dolan D, Hasegawa D, et al. Transgenic altera-
tion of ethylene biosynthesis increases grain yield in maize under field drought-stress
conditions. Plant Biotechnology Journal. 2014;12(6):685-693

Shi ], Habben JE, Archibald RL, Drummond BJ], Chamberlin MA, Williams RW,
et al. Overexpression of ARGOS genes modifies plant sensitivity to ethylene, lead-
ing to improved drought tolerance in both Arabidopsis and maize. Plant Physiology.
2015;169(1):266-282

Guo Z, Tan J, Zhuo C, Wang C, Xiang B, Wang Z. Abscisic acid, H,O, and nitric oxide
interactions mediated cold-induced S-adenosylmethionine synthetase in Medicago sativa
subsp. falcata that confers cold tolerance through up-regulating polyamine oxidation.
Plant Biotechnology Journal. 2014;12(5):601-612

LiJF, Norville JE, Aach ], McCormack M, Zhang D, Bush ], et al. Multiplex and homolo-
gous recombination-mediated genome editing in Arabidopsis and Nicotiana benthamiana
using guide RNA and Cas9. Nature Biotechnology. 2013;31(8):688-691

Mao Y, Zhang H, Xu N, Zhang B, Gou F, Zhu J-K. Application of the CRISPR—Cas system
for efficient genome engineering in plants. Molecular Plant. 2013;6(6):2008

Qiu L, Hou L, Zhang B, Liu L, Li B, Deng P, et al. Cadherin is involved in the action
of Bacillus thuringiensis toxins CrylAc and Cry2Aa in the beet armyworm, Spodoptera
exigua. Journal of Invertebrate Pathology. 2015;127:47-53

Mao YB, Cai W], Wang JW, Hong GJ, Tao XY, Wang L], et al. Silencing a cotton bollworm
P450 monooxygenase gene by plant-mediated RNAi impairs larval tolerance of gossy-
pol. Nature Biotechnology. 2007;25(11):1307-1313

Beattie SH, Williams AG. Detection of toxigenic strains of Bacillus cereus and other
Bacillus spp. with an improved cytotoxicity assay. Letters in Applied Microbiology.
1999;28(3):221-225

Harrison RL, Bonning BC. Proteases as insecticidal agents. Toxins. 2010;2(5):935-953

Haq SK, Atif SM, Khan RH. Protein proteinase inhibitor genes in combat against insects,
pests, and pathogens: Natural and engineered phytoprotection. Archives of Biochemistry
and Biophysics. 2004;431(1):145-159



[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

Targeted Genome Editing for Cotton Improvement
http://dx.doi.org/10.5772/intechopen.73600

Park SY, Fung P, Nishimura N, Jensen DR, Fujii H, Zhao Y, et al. Abscisic acid inhib-
its type 2C protein phosphatases via the PYR/PYL family of START proteins. Science.
2009;324(5930):1068-1071

Chen PJ, Senthilkumar R, Jane WN, He Y, Tian Z, Yeh KW. Transplastomic Nicotiana ben-
thamiana plants expressing multiple defence genes encoding protease inhibitors and chi-

tinase display broad-spectrum resistance against insects, pathogens and abiotic stresses.
Plant Biotechnology Journal. 2014;12(4):503-515

San Miguel K, Scott JG. The next generation of insecticides: dsRNA is stable as a foliar-
applied insecticide. Pest Management Science. 2016;72(4):801-809

Hall AB, Basu S, Jiang X, Qi Y, Timoshevskiy VA, Biedler JK, et al. A male-determining
factor in the mosquito Aedes aegypti. Science. 2015;348(6240):1268-1270

Siddig M. Breeding for leaf curl resistance in Sakel cotton. Cotton Growth in the Gezira
Environment. 1970:153-158

Ali M. Breeding of cotton varieties for resistance to cotton leaf curl virus. Pakistan Journal
of Phytopathology. 1997;9(1):1-7, 360-9

Amudha ], Balasubramani G, Malathi V, Monga D, Kranthi K. Cotton leaf curl virus
resistance transgenics with antisense coat protein gene (AV1). Current Science. 2011;101:
300-307

Mubin M, Hussain M, Briddon RW, Mansoor S. Selection of target sequences as well as
sequence identity determine the outcome of RN Ai approach for resistance against cotton
leaf curl geminivirus complex. Virology Journal. 2011;8(1):122

Ali I, Amin I, Briddon RW, Mansoor S. Artificial microRNA-mediated resistance
against the monopartite begomovirus cotton leaf curl Burewala virus. Virology Journal.
2013;10(1):231

Shepherd DN, Martin DP, Thomson JA. Transgenic strategies for developing crops resis-
tant to geminiviruses. Plant Science. 2009;176(1):1-11

Rana VS, Singh ST, Priya NG, Kumar ], Rajagopal R. Arsenophonus GroEL interacts
with CLCuV and is localized in midgut and salivary gland of whitefly B. tabaci. PLoS
One. 2012;7(8):e42168

Guo L, Xu K, Liu Z, Zhang C, Xin Y, Zhang Z. Assembling the Streptococcus thermophilus
clustered regularly interspaced short palindromic repeats (CRISPR) array for multiplex
DNA targeting. Analytical Biochemistry. 2015;478:131-133

Xie K, Minkenberg B, Yang Y. Boosting CRISPR/Cas9 multiplex editing capability with
the endogenous tRNA-processing system. Proceedings of the National Academy of
Sciences. 2015;112(11):3570-3575

Ma X, Zhang Q, Zhu Q, Liu W, Chen Y, Qiu R, et al. A robust CRISPR/Cas9 system
for convenient, high-efficiency multiplex genome editing in monocot and dicot plants.
Molecular Plant. 2015;8(8):1274-1284

35



36

Past,

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Present and Future Trends in Cotton Breeding

Xing HL, Dong L, Wang ZP, Zhang HY, Han CY, Liu B, et al. A CRISPR/Cas9 toolkit for
multiplex genome editing in plants. BMC Plant Biology. 2014;14(1):327

Baltes NJ, Hummel AW, Konecna E, Cegan R, Bruns AN, Bisaro DM, et al. Conferring
resistance to geminiviruses with the CRISPR-Cas prokaryotic immune system. Nature
Plants. 2015;1:15145

Cheng X, Li F, Cai J, Chen W, Zhao N, Sun Y, et al. Artificial TALE as a convenient
protein platform for engineering broad-spectrum resistance to begomoviruses. Virus.
2015;7(8):4772-4782

Bloom K, Mussolino C, Arbuthnot P. Transcription activator-like effector (TALE)
nucleases and repressor TALEs for antiviral gene therapy. Current Stem Cell Reports.
2015;1(1):1-8

AliZ, Ali S, Tashkandi M, Zaidi SS-e-A, Mahfouz MM. CRISPR/Cas9-mediated immunity
to geminiviruses: Differential interference and evasion. Scientific Reports. 2016;6:26912

Stolzenburg S. Epigenetic editing using programmable zinc ginger proteins: Inherited
silencing of endogenous gene expression by targeted DNA methylation [thesis].
University of Groningen; 2014

Gao X, Tsang JC, Gaba F, Wu D, Lu L, Liu P. Comparison of TALE designer transcription
factors and the CRISPR/dCas9 in regulation of gene expression by targeting enhancers.
Nucleic Acids Research. 2014;42(20):e155

Cho HS, Kang JG, Lee JH, Lee J], Jeon SK, Ko JH, et al. Direct regulation of E-cadherin
by targeted histone methylation of TALE-SET fusion protein in cancer cells. Oncotarget.
2015;6(27):23837

Hilton IB, D'ippolito AM, Vockley CM, Thakore PI, Crawford GE, Reddy TE, et al.
Epigenome editing by a CRISPR-Cas9-based acetyltransferase activates genes from pro-
moters and enhancers. Nature Biotechnology. 2015;33(5):510-517

Maeder ML, Angstman JF, Richardson ME, Linder SJ, Cascio VM, Tsai SQ, et al. Targeted
DNA demethylation and activation of endogenous genes using programmable TALE-
TETT1 fusion proteins. Nature Biotechnology. 2013;31(12):1137-1142

Joung JK, Mendenhall EM, Bernstein BE, Reyon D. Transcription activator-like effector
(tale)-lysine-specific demethylase 1 (1sd1) fusion proteins. Google Patents; 2013

Liu R, How-Kit A, Stammitti L, Teyssier E, Rolin D, Mortain-Bertrand A, et al. A
DEMETER-like DNA demethylase governs tomato fruit ripening. Proceedings of the
National Academy of Sciences. 2015;112(34):10804-10809

Mendenhall EM, Williamson KE, Reyon D, Zou JY, Ram O, Joung JK, et al. Locus-specific
editing of histone modifications at endogenous enhancers. Nature Biotechnology.
2013;31(12):1133-1136



[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

Targeted Genome Editing for Cotton Improvement
http://dx.doi.org/10.5772/intechopen.73600

Law JA, Jacobsen SE. Establishing, maintaining and modifying DNA methylation pat-
terns in plants and animals. Nature Reviews Genetics. 2010;11(3):204-220

Yan H, Kikuchi S, Neumann P, Zhang W, Wu Y, Chen F, et al. Genome-wide mapping
of cytosine methylation revealed dynamic DNA methylation patterns associated with
genes and centromeres in rice. The Plant Journal. 2010;63(3):353-365

Gehring M, Bubb KL, Henikoff S. Extensive demethylation of repetitive elements dur-
ing seed development underlies gene imprinting. Science. 2009;324(5933):1447-1451

Hsieh TF, Ibarra CA, Silva P, Zemach A, Eshed-Williams L, Fischer RL, et al. Genome-
wide demethylation of Arabidopsis endosperm. Science. 2009;324(5933):1451-1454

Rabinowicz PD, Citek R, Budiman MA, Nunberg A, Bedell JA, Lakey N, et al.
Differential methylation of genes and repeats in land plants. Genome Research.
2005;15(10):1431-1440

Hollister JD, Gaut BS. Epigenetic silencing of transposable elements: A trade-off
between reduced transposition and deleterious effects on neighboring gene expression.
Genome Research. 2009;19(8):1419-1428

Berdasco M, Alcazar R, Garcia-Ortiz MV, Ballestar E, Fernandez AF, Roldan-Arjona T, et al.
Promoter DNA hypermethylation and gene repression in undifferentiated Arabidopsis
cells. PLoS One. 2008;3(10):e3306

Jin X, Pang Y, Jia F, Xiao G, Li Q, Zhu Y. A potential role for CHH DNA methylation in
cotton fiber growth patterns. PLoS One. 2013;8(4):e60547

Li C, Unver T, Zhang B. A high-efficiency CRISPR/Cas9 system for targeted mutagen-
esis in cotton (Gossypium hirsutum L.). Scientific Reports. 2017;7:srep43902

Haun W, Coffman A, Clasen BM, Demorest ZL, Lowy A, Ray E, et al. Improved soy-
bean oil quality by targeted mutagenesis of the fatty acid desaturase 2 gene family.
Plant Biotechnology Journal. 2014;12(7):934-940

Liu Q, Singh S, Green A. Genetic modification of cotton seed oil using inverted-repeat
gene-silencing techniques. Biochemistry Society Transactions. 2000;28(6):927-929

Birmingham A, Anderson EM, Reynolds A, Ilsley-Tyree D, Leake D, Fedorov Y, et al.
3" UTR seed matches, but not overall identity, are associated with RNAi off-targets.
Nature Methods. 2006;3(3):199-204

Ma D, Hu Y, Yang C, Liu B, Fang L, Wan Q, et al. Genetic basis for glandular trichome
formation in cotton. Nature Communications. 2016;7:10456

Zhang Z, Wu E, Qian Z, Wu W-S. A multicolor panel of TALE-KRAB based tran-
scriptional repressor vectors enabling knockdown of multiple gene targets. Scientific
Reports. 2014;4:srep07338

37



38

Past, Present and Future Trends in Cotton Breeding

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

Larson MH, Gilbert LA, Wang X, Lim WA, Weissman JS, Qi LS. CRISPR interfer-
ence (CRISPRi) for sequence-specific control of gene expression. Nature Protocols.
2013;8(11):2180-2196

Corbesier L, Vincent C, Jang S, Fornara F, Fan Q, Searle I, et al. FT protein movement
contributes to long-distance signaling in floral induction of Arabidopsis. Science.
2007;316(5827):1030-1033

Nakamura Y, Andrés F, Kanehara K, Y-c L, Dérmann P, Coupland G. Arabidopsis flo-
rigen FT binds to diurnally oscillating phospholipids that accelerate flowering. Nature
Communications. 2014;5:3553

Abe M, Kobayashi Y, Yamamoto S, Daimon Y, Yamaguchi A, Ikeda Y, et al. FD, a bZIP
protein mediating signals from the floral pathway integrator FT at the shoot apex.
Science. 2005;309(5737):1052-1056

Wigge PA, Kim MC, Jaeger KE, Busch W, Schmid M, Lohmann JU, et al. Integration
of spatial and temporal information during floral induction in Arabidopsis. Science.
2005;309(5737):1056-1059

Andrés F, Coupland G. The genetic basis of flowering responses to seasonal cues.
Nature Reviews Genetics. 2012;13(9):627-639

Klocko AL, Ma C, Robertson S, Esfandiari E, Nilsson O, Strauss SHFT. Overexpression
induces precocious flowering and normal reproductive development in Eucalyptus.
Plant Biotechnology Journal. 2016;14(2):808-819

McGarry RC, Prewitt S, Ayre BG. Overexpression of FT in cotton affects architecture
but not floral organogenesis. Plant Signaling & Behavior. 2013;8(4):e23602

Watanabe K, Kobayashi A, Endo M, Sage-Ono K, Toki S, Ono M. CRISPR/Cas9-mediated
mutagenesis of the dihydroflavonol-4-reductase-B (DFR-B) locus in the Japanese morn-
ing glory Ipomoea (Pharbitis) nil. Scientific Reports. 2017;7(1):10028

CaiY, ChenL, Liu X, Guo C, Sun S, Wu C, et al. CRISPR/Cas9-mediated targeted muta-
genesis of GmFT2a delays flowering time in soybean. Plant Biotechnology Journal.
2017. DOI: 10.1111/pbi.12758

Correa-Aragunde N, Graziano M, Lamattina L. Nitric oxide plays a central role in
determining lateral root development in tomato. Planta. 2004;218(6):900-905

Bucholtz F. Principles of site-specific recombinase (SSR) technology. Journal of
Visualized Experiments: JoVE. 2008;15:e718

Mercer AC, Gaj T, Fuller RP, Barbas CF III. Chimeric TALE recombinases with pro-
grammable DNA sequence specificity. Nucleic Acids Research. 2012;40(21):11163-11172

Tadele Z. Mutagenesis and TILLING to dissect gene function in plants. Current
Genomics. 2016;17(6):499-508



[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

Targeted Genome Editing for Cotton Improvement
http://dx.doi.org/10.5772/intechopen.73600

Abdurakhmonov 1Y, Ayubov MS, Ubaydullaeva KA, Buriev ZT, Shermatov SE,
Ruziboev HS, Shapulatov UM, Saha S, Ulloa M, Yu JZ, Percy RG. RNA interference
for functional genomics and improvement of cotton (Gossypium sp.). Frontiers in Plant
Science. 2016;7:202. DOI: 10.3389/fpls.2016.00202

Gao W, Long L, Tian X, Xu F, Liu J, Singh PK, Botella JR, Song C. Genome editing in cot-
ton with the CRISPR/Cas9 system. Frontiers in Plant Science. 2017;8:1364. DOI: 10.3389/
fpls.2017.01364

Tong C, Huang G, Ashton C, Wu H, Yan H, Ying Q-L. Rapid and cost-effective gene
targeting in rat embryonic stem cells by TALENSs. Journal of Genetics and Genomics.
2012;39(6):275-280

Wefers B, Panda SK, Ortiz O, Brandl C, Hensler S, Hansen J, et al. Generation of tar-
geted mouse mutants by embryo microinjection of TALEN mRNA. Nature Protocols.
2013;8(12):2355-2379

Marton I, Zuker A, Shklarman E, Zeevi V, Tovkach A, Roffe S, et al. Nontransgenic
genome modification in plant cells. Plant Physiology. 2010;154(3):1079-1087

Baltes NJ, Gil-Humanes ], Cermak T, Atkins PA, Voytas DF. DNA replicons for plant
genome engineering. The Plant Cell. 2014;26(1):151-163

Woo JW, Kim J, Kwon SI, Corvaldn C, Cho SW, Kim H, et al. DN A-free genome editing
in plants with preassembled CRISPR-Cas9 ribonucleoproteins. Nature Biotechnology.
2015;33(11):1162-1164

Liang Z, Zong Y, Wang Y, Liu ], Chen K, et al. Efficient and transgene-free genome
editing in wheat through transient expression of CRISPR/Cas9 DNA or RNA. Nature
Communications. 2016;7:12617

Liang Z, Chen K, Li T, Zhang Y, Wang Y, Zhao Q, et al. Efficient DNA-free genome
editing of bread wheat using CRISPR/Cas9 ribonucleoprotein complexes. Nature
Communications. 2017;8:14261. DOI: 10.1038/ncomms14261

Gallie DR. Posttranscriptional regulation of gene expression in plants. Annual Review
of Plant Biology. 1993;44(1):77-105

Luo S, Li ], Stoddard TJ, Baltes NJ, Demorest ZL, Clasen BM, et al. Non-transgenic
plant genome editing using purified sequence-specific nucleases. Molecular Plant.
2015;8(9):1425-1427

Shan Q, Wang Y, Chen K, Liang Z, Li ], Zhang Y, et al. Rapid and efficient gene modifi-
cation in rice and Brachypodium using TALENs. Molecular Plant. 2013;6(4):1365-1368

Zhang Y, Zhang F, Li X, Baller JA, Qi Y, Starker CG, et al. Transcription activator-
like effector nucleases enable efficient plant genome engineering. Plant Physiology.
2013;161(1):20-27

39



40

Past, Present and Future Trends in Cotton Breeding

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

Wendt T, Holm PB, Starker CG, Christian M, Voytas DF, Brinch-Pedersen H, Holme IB.
TAL effector nucleases induce mutations at a pre-selected location in the genome of
primary barley transformants. Plant Molecular Biology. 2013;83(3):279-285

Sun Z, Li N, Huang G, Xu ], Pan Y, Wang Z, Tang Q, Song M, Wang X. Site-specific gene
targeting using transcription activator-like effector (TALE)-based nuclease in Brassica
oleracea. Journal of Integrative Plant Biology. 2013;55(11):1092-1103

Gurushidze M, Hensel G, Hiekel S, Schedel S, Valkov V, Kumlehn J. True-breeding
targeted gene knock-out in barley using designer TALE-nuclease in haploid cells. PLoS
One. 2014;9(3):€92046

Zhang H, Gou F, Zhang J, Liu W, Li Q, Mao Y, Botella JR, Zhu JK. TALEN-mediated
targeted mutagenesis produces a large variety of heritable mutations in rice. Plant
Biotechnology Journal. 2016;14(1):186-194

Char SN, Unger-Wallace E, Frame B, Briggs SA, Main M, Spalding MH, Vollbrecht
E, Wang K, Yang B. Heritable site-specific mutagenesis using TALENs in maize. Plant
Biotechnology Journal. 2015;13(7):1002-1010

Forner J, Pfeiffer A, Langenecker T, Manavella P, Lohmann JU. Germline-transmitted
genome editing in Arabidopsis thaliana using TAL-effector-nucleases. PLoS One.
2015;10(3):e0121056

Lawrenson T, Shorinola O, Stacey N, Li C, Ustergaard L, Patron N, Uauy C, Harwood
W. Induction of targeted, heritable mutations in barley and Brassica oleracea using RNA-
guided Cas9 nuclease. Genome Biology. 2015;16(1):258

Morineau C, Bellec Y, Tellier F, Gissot L, Kelemen Z, Nogué F, Faure JD. Selective
gene dosage by CRISPR-Cas9 genome editing in hexaploid Camelina sativa. Plant
Biotechnology Journal. 2017;15(6):729-739

Jiang WZ, Henry IM, Lynagh PG, Comai L, Cahoon EB, Weeks DP. Significant enhance-
ment of fatty acid composition in seeds of the allohexaploid, Camelina sativa, using
CRISPR/Cas9 gene editing. Plant Biotechnology Journal. 2017;15(5):648-657

Baek K, Kim DH, Jeong J, Sim S], Melis A, Kim JS, Jin E, Bae S. DNA-free two-gene
knockout in Chlamydomonas reinhardtii via CRISPR-Cas9 ribonucleoproteins. Scientific
Reports. 2016;6:30620

Iaffaldano B, Zhang Y, Cornish K. CRISPR/Cas9 genome editing of rubber producing
dandelion Taraxacum kok-saghyz using agrobacterium rhizogenes without selection.
Industrial Crops and Products. 2016;89:356-362

Sauer NJ, Narvaez-Vasquez ], Mozoruk J, Miller RB, Warburg ZJ, Woodward MJ,
Mihiret YA, Lincoln TA, Segami RE, Sanders SL, Walker KA. Oligonucleotide-mediated
genome editing provides precision and function to engineered nucleases and antibiot-
ics in plants. Plant Physiology. 2016;170(4):1917-1928



Targeted Genome Editing for Cotton Improvement 41
http://dx.doi.org/10.5772/intechopen.73600

[153] Sugano SS, Shirakawa M, Takagi ], Matsuda Y, Shimada T, Hara-Nishimura I, Kohchi T.
CRISPR/Cas9-mediated targeted mutagenesis in the liverwort Marchantia polymorpha L.
Plant and Cell Physiology. 2014;55(3):475-481

[154] Wang L, Wang L, Tan Q, Fan Q, Zhu H, Hong Z, Zhang Z, Duanmu D. Efficient inac-
tivation of symbiotic nitrogen fixation related genes in Lotus japonicus using CRISPR-
Cas9. Frontiers in Plant Science. 2016;7:1333



ntechOpen

ntechOpen



