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Abstract

Genome editing is considered as the most widely used approach of the present
era. It had become a basic need of the current micro and molecular biological
experiments. Gene engineering finds its widespread applications in medical,
industry and agricultural sector. Unlike previous genetic engineering practic-
es to insert or delete a part of genetic material at random place, genome edit-
ing allows the precise manipulation of DNA at a specific location. Zinc Finger
Nucleases (ZFNs), Transcription Activator like Effector Nucleases (TALENSs),
Clustered Regularly Interspresed Short Palindromic repeats (CRISPR/Cas sys-
tem) and meganucleases (recombinases) are the prime tools for editing an
organism’s genome. Genome editing tools have an advantage to selectively
delete or to integrate specific genes at specific loci. Use of recombinases for
specifying site has further reduced time to integrate genes site specifically. Site
specific gene stacking by the use of recombinases coupled with ZFNs, TA-
LENs, or CRISPR/Cas genes have paved new pathways to target genes site
specifically and to improve germplasm in lesser time than conventional breed-
ing approaches.
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1. Introduction

A latest trend towards cultivation of genetically modified crops is the develop-
ment of stacked characters. Plants with random stacked traits were previously
made through conventional breeding. Stacking can be done by crossing trans-
genic plants carrying multiple transgenes. Some companies working with bio-
tech crops are developing stacked-trait varieties with increased resistance to in-

sects, herbicides and to some extent, weeds. New technologies for pyramiding
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different characters at a single transgene position, have been developed [1].

Engineered chromosomes with stable mitosis and meiosis can stack multiple
traits [2]. Key steps for engineering chromosomes, including chromosomal
ending by T-DNA, mediated telomere seeding and the formation of novel cen-
tromeres using fusion protein cenH3, have been accomplished. These steps help
generate vigorous protocols for biotechnological applications by using site-specific
recombination for targeted genome engineering to enhance production, al-
though this technology is still in its infancy. The assortment of independent loci
can be employed to conjoin transgenes into the genome. This is a conventional
breeding technique that has long been used for various transgenic traits. As the
loci of interest proliferate, a larger population is required to discover individuals
with the preferred assortment of genetically modified or non-transgenic elite al-
leles [3].

Incorporating a modified gene into a commercial variety circumvents the
need to introgress the engineered traits, but separate transformations with cha-
racterization of regulatory events are required. The difficulty of segregating ge-
netically modified loci can be decreased by introducing multiple traits at the
same time. Adding a new trait to a preexisting locus is a better strategy, if reen-
gineering of previously introduced traits is not required. This is done by aiming
a novel gene segment at a known genomic target using homology-directed re-
pairing, host DNA sequence-based processes, or a site-specific recombination sys-
tem. Gene pyramiding through site-specific recombination is a better option for
introducing new DNA sequences [4].

Emerging technologies allow targeted genome editing in diverse systems
through accurate manipulation of the genome in its natural context and gene
addition at specific loci. It is achieved by combining specific protein domains,
including ZFs and TALEs. Current improvements in these technologies have in-
creased nuclease performance and allowed cost-effective genome editing. The
technology is being exploited for pre-clinical and clinical gene therapies for
many diseases [5].

Targeted genome engineering is an emerging field of research to improve re-
sistance in crop plants [6]. Unlike conventional plant breeding and transgenic
procedures, this technology offers new tools to engineer the genome at a specific
target location [6]. Targeted genome engineering was first used in tobacco—five
years after transgenic plants were achieved. Targeted genome engineering
through homologous recombination was rate-compared to random insertion of
the transgene, due to perception that targeted genome engineering was not
achievable in higher plants. It took 25 years to develop the knowledge and tech-
niques to perform targeted genome engineering in higher plants. The problem
was resolved with the discovery of restriction endonucleases causing double-strand
breaks at a specific site on DNA. This allowed gene targeting of higher plants,
particularly after the introduction of zinc finger nucleases (ZFNs) in 2005. ZFNs
provided tools for targeted genome engineering, including Transcription Acti-

vator-Like Effector Nucleases (TALENs), meganucleases and the Cluster Regu-
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larly Interspresed Short Palindromic Repeats (CRISPR/Cas) system [7].

In conjunction with conventional breeding, new biotechnological techniques
provide an opportunity to improve agronomic traits in crops. Genome-editing
tools like recombinases, ZFNs, TALENs and CRISPR/Cas9 could markedly im-
prove crop biotechnology. Gene pyramiding at a specific location helps prolong
resistance to various diseases. A brief overview of these approaches is given be-

low.

2. Recombinases

Genome engineering with the help of recombinases is no longer a new approach.
This technique is now at its third decade and recombinases can work in hetero-
logous systems [8]. Site-specific recombinase technology studies the structure
and function of genes. These recombinases bind DNA at a specific target site.

An early site-specific recombinase system is Cre/lox [9]. Cre recombinase re-
quires two loxP DNA recognition sites to bind. As Cre recombinase is a form of
type 1 topoisomerase, no cofactor is needed for its optimal functioning. The loxP
recognition site has a specific sequence recognized by Cre recombinase only.
When a cell expresses Cre recombinase with its specific loxP sites, recombina-
tion occurs. Cre recombinase cuts both DNA strands at a specific site defined by
the orientation of LoxP site sequence. The relative alignment of the DNA recog-
nition site controls the action of Cre recombinase. 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 pro-
moter can be crossed to excise the gene present between two loxP sites. Targeted
excision deletes the function of genes within specific tissues. Deletion of genes by
site-specific recombinase technology is a particularly advantageous method of
gene excision. Inversion phenomenon occurs due to the presence of LoxP sites
in reverse orientation. When Cre recombinase causes recombination of invertly
oriented LoxP site; it causes the inversion of the sequence flanked between two
LoxP sites to 180°. Integration strategy is slightly different and is caused by most
of the serine recombinases. Most serine recombinases work with att sites (attP:
attachment site for phage and attB: attachment site for bacteria) present on two
different DNA sequences. A serine recombinase causes recombination between
its specific attP site and attB site and induces the integration of DNA sequence
[9] (Figure 1).

The coded serine integrase Phageen combines DNA invertases and transposon
resolvases that work on the specific DNA recognition sites attP and attB. High-order
DNA coiling or accessory proteins are not required for proper function. Synapsis
is required for correct pairing of DNA substrates [10]. Bxb1 specifically binds to
attP and attB to produce the irreversible hybrid sites attL and attR. The structur-
al domain of Bxbl integrase, the uncommon ability of integrase to specifically
bind DNA and protein analysis with transformed site-specificity depend on the
altered DNA-integrase complex [10].
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Figure 1. Recombinases in action.

Bxbl integrase is an enzyme from the mycobacteriophage Mycobacterium
smegmatis genome that inserts its DNA at the attB recognition site [11]. It uses a
phage-encoded integrase and a phage attachment site (attP) to produce recom-
binant recognition sites attL and attR. It is a serine recombinase family member
that accomplishes recombination with a short 50-bp sequence. It causes ex-
change of strands without high-molecular-weight substrates. A recombinase di-
rectionality factor (RDF) expedites excision and integration of recombinase. The
RDF of Bxbl is an uncommon recombinase directionality factor that performs a
double function by using discrete systems of integration and being conserved in
the mycobacteriophage. It functions exclusively through direct interaction with
complexes of integrase and DNA, it doesn’t bind solely to DNA. This interaction
depends on the target sequence having attP or attB DNA recognition sites [11].

PhiC31 integrase is an efficient recombinase for gene therapy that integrates
novel genes at target sites in the mammalian genome with prolonged stability of
the integrated transgene. The specific att integration site in mammalian cells is
determined by the PhiC31 integrase. /n vivo and in vitro recombinase activity
has been observed in mammalian liver, muscle, eye, joint, skin keratinocyte,
muscle precursor cell and T cell lines [12].

A dual function gene for site-specific recombination was made by fusing the
coding regions of Cre and FLP recombinases [13]. Transgenic maize plants with
fused Cre and FLP expression vectors were crossed with plants with the corres-
ponding loxP or FRT sites. The plants of the first and second filial generations
showed accurate excision of a gene flanked between the loxP and FRT sites. Re-
combination occurred in the F2 generation between non-recombined parts of
FRT and Cre found during the F1 generation. A recombination product was
found in the F3 generation, when the recombined product of F2 was crossed
back to plants with FLP. Cre-mediated excision was analyzed using the fusion
protein of FLP and Cre [13]. This recombination strategy could be helpful in
genetic engineering of crop plants using FLP-FRT and Cre-loxP systems.

Site-specific recombination has been used in organisms like mouse. The utility
of the Cre, Flp, Dre and phiC31 recombinases to introduce site-specific recom-
bination was reviewed [14]. Precision engineering of the mouse genome used
Flp-excision (FLEx) and recombinase-mediated cassette exchange (RMCE). A

complete workflow technique following site-specific recombinase was described
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to generate a model mouse with specific characters, aiding cellular-level genome
analysis [14].

Transgenic embryos of Xenopus laevis were made using phiC31 integrase
[15]. The integrase helped bacteriophage phiC31 insert its whole genome into
the host organism by catalyzing a recombination reaction between the attP at-
tachment site on the phage and the attB attachment site on the bacterium. Inte-
grase does not require sequence fidelity to recognize its target site and recombi-
nation reactions across attachment sites have high proficiency with no accessory
factor required. Transgenes can be inserted between attachment sites or pseudo
attachment sites in a range of organisms [15].

The two site-specific recombination systems FLP/FRT and Cre/loxP were stu-
died in a hybrid clone of aspen [16]. A heat-inducible soybean promoter, Gmhsp
17.5-E. was excised using Cre and FLP recombination. Results were promising
for the transfer of a specific gene to a specific target [16].

Site-specific recombination allows insertion of multiple transgenes into a sin-
gle locus, removal of undesirable DNA and accurate insertion of a DNA sequence to
a target site. Recombinases can also effectively insert DNA into non-nuclear targets
such as plastids or mitochondria [17].

Cre recombinase was used for site-specific integration of DNA sequences into
embryonic mouse stem cells [18]. Mutation events in the left and right elements
(LE/RE) of lox-P sites enhanced integration, forming wild type and double-mutant
sites. Double-mutant sites reduced the affinity of Cre recombinase for its at-
tachment sites, leading to stable integration at recombination sites lox71 and
lox66. High efficiency of mutant loxP sites was also observed in Escherichia coli.
To estimate recombination efficiency, six right-element lox sites were compared
with lox71 in embryonic stem cells with no significant difference in transforma-
tion efficiency among sites. The recombined product was stable in ES cells. More
stable left and right elements of double mutant lox sites were produced from
loxJTZ17 and loxKR3 than double mutant lox66/71. The integration and inver-
sion reaction in embryonic stem cells resulted in much more stable mutant lox
sites loxJTZ17 and lox KR33 [18].

Recombinase family is shown in Figure 2. Recombineering is an emerging
term for site-specific genome engineering with recombinases [19]. A phage-derived,
homology-directed repair pathway is used to recombine a donor DNA strand in
the bacterial host’s homologous sequence. With ~4500 bp homologous flanking
regions, a RecA/Rad51-mediated homologous recombination pathway can insert
a desired genome sequence into the genome of almost any cell type, although the
lesser efficacy of native homologous recombination machinery limits the use of
this technique without an efficient selection and DNA delivery method [19]. For
now, it is an improved technique for targeted genome engineering [20] [21] [22].

The importance of editing intricate characters was studied by inserting new
genes into plants transformed with more than one gene [23]. Gene pyramiding

streamlines plant breeding strategies. Marker gene recycling and gene integration
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Figure 2. Recombinase family. (Source: Wang et al, 2011).

at a specified site are important parameters for site-specific gene stacking.
Double-strand breaks induced by restriction endonucleases make targeted gene
insertions more difficult. Targeted gene integration can be accomplished profi-
ciently using the Cre-loxP recombination system. However, using the Cre-loxP
recombination system in gene stacking is complicated by two loxP sites at the cis
position, which can reverse recombination efficiency. The efficiency of Cre-loxP
recombination could be increased by placing one of the cis-positioned loxP sites

in the marker gene [23].

3. Zinc Finger Nucleases (ZFNs)

ZFNs target specific DNA sequences within the genome of many organisms. An
engineered DNA-binding domain and Fokl type II restriction endonuclease
cleavage domain combine to form a ZFN (Figure 3). At the cleavage site of the
nuclease domain, dimerization of the restriction endonuclease domain leaves a
spacer sequence of five to six base pairs.

1) DNA-Binding Domain

The DNA-binding domain of a single ZFN is composed of three to six individual
repeats of zinc fingers. Each zinc finger repeat recognizes a three base pairs DNA

Figure 3. Zinc finger nucleases.
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sequence. A combination of three to four zinc fingers can perfectly recognize a
nine to 12 base pairs DNA sequence. Zinc finger arrays can be designed to target
specific DNA sequences. Yeast one and two hybrid systems, bacterial one and
two hybrid systems, phage display or mammalian cells are used to select specific
proteins among a pool of zinc finger arrays that bind the target DNA sequence.
A recent method for selecting ZFN arrays using a bacterial two-hybrid system is
called “OPEN” Oligomerized Pool Engineering [24]. In OPEN, each zinc finger
is pre-selected to bind a specific DNA triplet. A second selection step identifies a
combination of three zinc fingers binding to a nine base pairs sequence. This of-
fers an alternative to commercial purchase of engineered nucleases for designing
ZFN arrays [25] (Figure 4(a)).

2) DNA-Cleavage Domain

FokI type IIs restriction endonuclease is used for the cleavage domain of ZFNs
[26]. These cleavage domains work in tandem to cleave the site defined by the
DNA binding domain [27]. The FokI cleavage domain is attached to the
C-terminus of the DNA binding domain to form a ZFN. The two ZFNs bind to
two DNA strands in opposite orientations to cleave the spacer region defined by
the DNA binding domain. The 5’ edge of the DNA binding site defines a five to
seven base pair spacer region between the DNA binding and cleavage domains
[28] (Figure 4(b)).

ZFN technology as an emerging gene-targeting procedure could be used to
engineer specific loci of many organisms [29]. The applications of ZFNs for ge-
nome engineering emerged as DNA scissors [30]. These engineered DNA scis-
sors have precisely manipulated genetic information in several plant and animal
species. ZFN technology is an emerging approach for genome engineering in the
context of ever-expanding genetic information from different organisms [30]
(Table 1).

DNA (b)
Zinc :
Finger N terminus \/’
a Helix
B-Plated
sheet

B-Plated sheet
a- Recognition
helix

\ M C terminus
Cys side chain
His side chain

Zincion

Figure 4. Zinc finger nucleases. (a) DNA binding domain; (b) DNA cleavage domain.
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Table 1. Applications of ZFNs.

Organism Gene(s) Editing Reference
Zebrafish  —eeeee Targeted knockout [29]
Mammals Stem cells Gene therapy [56]
Maize IPK1 Insertional disruption [57]
Tobacco Endochitinase Integration [58]
Tobacco SurA & SurB Gene targeting [59]
Rat M (IGM) & Rab38 Targeted mutagenesis [60]
Sea Urchin HepHesC Deletion & insertion [61]
Silkworm BmBLOS2 Targeted mutagenesis [62]
Arabidopsis ADHI1 & TT4 ZEN Targeted mutagenesis [35]
Arabidopsis ABI4 Site directed mutagenesis [63]
Mice H3.3 Endogenous tagging [64]
Soybean DCL4a & DCL4b Targeted mutagenesis [65]
Frog Noggin Targeted mutagenesis [66]
Rabbit M (IGM) locus with exon 1 & 2 Targeted replacement [67]
Pigs GGTA1 Biallelic knockout [68]
Mouse F9 In vivo gene editing [69]
Cattle BLG Gene modification [70]
Fruit fly ben-1 Targeted mutagenesis [71]
Human CCR5 Gene editing [72]

Cys,-His, zinc-finger protein domains are among the most important DNA
binding domains in eukaryotes and the second-most repeated encoded protein
domains in humans [31]. Each zinc finger is composed of ~30 amino acids with
a conserved Sfa configuration. Amino acids on the surface of the a-helix occa-
sionally bind to three base pairs of the major groove of DNA with high selectivi-
ty [31]. More than three zinc finger domain arrays are required to specifically
recognize a target DNA sequence, leading to conserved structures that recognize
DNA sequences of ~9 - 18 base pairs. This technique enabled targeting of the
human genome for the first time, a controversial technology [26] for construct-
ing ZFNs that recognize a specific DNA sequence in complex genomes [32].

ZFNs were artificially constructed for strong DNA-binding affinities against
single-stranded DNA viruses. Artificial zinc fingers effectively degrade a target
host DNA sequence and inhibit replication of several Begomoviruses, fostering
resistance in the host plant [33]. Several methods for constructing ZFNs with
specific DNA-binding sites have been developed, including construction of se-
quence-specific ZFNs by modular assembly [34] and oligomerised pool engi-
neering (OPEN) [35].

4. Transcription Activator-Like Effector Nucleases (TALENSs)

TALENs emerged as a precise tool in genome engineering in 2011 due to the
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ease of designing its domain (Table 2). As molecular scissors, TALENSs cause
double-strand breaks followed by DNA repair pathways like NHE] and HDR
and lead to deletions, insertions, inversions or rearrangements of chromosomes.
The direction of repair can be diverted toward homologous recombination by
inserting a template DNA. In plants, they are combined with sequence-specific
nuclease (SSN) techniques [36]. Custom-designed TALE arrays are also available
commercially.

TALEs are natural proteins of plant pathogenic Xanthomonas bacteria [31].
TALE proteins contain DNA-binding domains composed of an array of 33 to 35
amino acids long repeat domains that each recognizes a single base pair at the
target site. Its specificity is determined by highly variable amino acids called re-
peat variable di-residues (RVDs) [37].

TALEs act as an alternative to ZFNs [38]. Chimeric TALE recombinases are
fusions between a hyper-activated catalytic domain from DNA invertase and a
specific TALE geometry. A TALE library is used to identify variants that modify
a genome with more specificity and proficiency than ZFNs. TALERs also re-
combine in mammalian cells. The TALER geometry provides a platform for tar-
geted TALE domain insertion, with applications in agricultural and health bio-
technology [38]. TALENS are difficult to use as compared to ZFNs due to their
complicated assembly and larger repeat regions [19].

TALENs consist of a nonspecific DNA-cleavage domain and a specific
DNA-binding domain (Figure 5). They are readily engineered to target specific
sequences. Quick engineering of TALENs has aided research into therapeutic

treatment of genetic disorders [39].

Table 2. Applications of TALENS.

Organism Gene(s) Editing Reference
Human hESC & iPSC Targeted genome engineering [73]
Rat IgM Gene knock out [74]
Zebrafish pthA Gene targeting [75]
Zebrafish hey2 Gene disruption [76]
Mouse Zic2 Site specific mutation [77]
Tobacco ALS (SurA & SurB) Genome engineering [78]
Human XPC locus Targeted gene therapy [79]
Soybean FAD2-1A & FAD2-1B Targeted mutagenesis [80]
Rat GRdim Gene knock-in [81]
Pl;;izgjf,?:;m UDP glucose phosphorylase gene Targeted mutagenesis [82]
Human (HPFH)-175T > C Point mutation [83]
Cattle SP110 Gene knock-in [84]
Human TRAC/dCK TALEN mediated gene processing [85]
Human TCR & CD52 Multiplex genome editing [86]
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Figure 5. TALEN and TALEN arrays.

DNA methylation patterns for specific cell types aid gene expression analysis
for complete genomes of diseased and normally-developing individuals. As tar-
geted genome engineering does not remove such methylation events, their de-
fining significance remains obscure. By fusing TALE repeats and TET1 catalytic
domains, targeted demethylation of CpG islands can be done in humans. Fusing
TALENs and TET1 hydroxylase domains enhance expression of endogenous
genes in humans. These experiments indicate the significance of CpG methyla-
tion patterns for endogenous genes and their applications in research and medi-
cine [24].

5. CRISPR/Cas System

The CRISPR/Cas system is an adapted immune system of prokaryotes [40].
CRISPR/Cas targets and degrades viral DNA or RNA sequences. This system works
on the principal of incorporating short segments of foreign genetic material as
spacers in CRISPR loci. Following transcription of the CRISPR loci, crRNA, guided
RNA and Cas proteins work together to degrade foreign virus particles [40].
CRISPR is a defense system in bacteria and Archaea [41]. It consists of an ar-
ray of simple sequence repeats separated by same-sized spacer regions. CRISPR
arrays and their specific proteins cause resistance to viruses and plasmids
through a RNA interference (RNAi) like mechanism. Acquired immunity in
bacteria and archaea is achieved through CRISPR at specific loci that specifically
target viruses and invading nucleic acids [42]. Genetic material of invading
nucleic acids is taken up by hypervariable loci to immunize against future inva-
sion. Mutational strategies adapted by viruses bypass the CRISPR/Cas system.

CRISPR is involved in epidemiological revisions, typing resolutions, host virus
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Table 3. Applications of CRISPR/Cas system.

Organism Gene(s) Editing Reference
Mouse ASXL1 Non sense point mutation [87]
Mice Human ICC/HCC Multiplex mutagenesis [88]
Human CFTR Homozygous deletion of F508 [89]
Mouse Crygc Correction of genetic disease [90]
Mice Dystrophin gene (Dmd) DeStr;}:l};icI;;‘:rladt;iil}ilenne [91]
Human Cas9 nuclease and nickase ~ Fanconi anemia gene correction [92]
Mouse AAV9 Postnatal genome editing [93]
Mouse Fah In vivo therapies [94]
Mouse PCSK9 Mouse hepatocyte editing [95]

Mammalian brain CHDS8 Autism spectrum disorder [96] [97]
Wild mice PTEN & TP53 Tumor suppressor genes [9[8 110[09]9]

Human HIV-I virus [101]-[107]
Human Burkitt’s Lymphoma cells Latent Herpesviridae [108]
Human HPV16-E7 Papillomavirus [109]
Humans HBV cccDNA Hepatitis-B [110]

Human CXCR4 & CCR5 AIDS [10[7 1]1[11]08]
Pig PERVs Viral disruption [112]
Human Pig Alb locus Human Albumin production [112]
Corn LIG1, Ms26 and Ms45, Ta'rgeted I'nutage?esis, Pre.cise gfne (113]

ALS1 and 2 editing, Site specific gene insertion

Soybean DD20 and DD43 Genome editing [111]
Nicotiana benthamiana ~  ---------- Tomato Yellow Leaf Curl Virus [114]
Mushrooms ~ cemeeeeeee CRISPR Edited Mushrooms [115]

interactions, developing immunity against invading organisms and promoting
viral resistance in housetrained microbes [42].

As a foreign virus or plasmid DNA invades bacteria, CRISPR-associating
complex recognises invading DNA and adds unique spacer regions at the leader
end of a CRISPR (Figure 6). A pre-CRISPR RNA is transcribed from the CRISPR
repeat spacer array. Mature-crRNA are formed from pre-crRNA and used to guide
CRISPR-associating complex to restrict analogous invading nucleic acids [42].

CRISPR/Cas machinery was used to cleave genomic DNA, resulting in mod-
ified, specific DNA sequences, either by non-homologous end joining or by ho-
mology-directed repair [6]. Three distinct stages of virus resistance through the
prokaryotic CRISPR/Cas mechanism were identified [43]. First, parts of the in-

vading DNA sequence are inserted as new spacers in the CRISPR/Cas locus.
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Figure 6. CRISPR/Cas mechanism in action.

Next, new spacer regions are transcribed and subsequently cleaved by Cas pro-
teins, forming short crisper RNAs with spacer elements within them. Finally,
crRNA guides Cas machinery to complimentary invading DNA or RNA, causing
degradation of viruses [43].

Multiplex and homologous recombination-mediated genome engineering us-
ing CRISPR/Cas-9 and guided RNA was studied in Arabidopsis and Nicotiana
banthamiana [44]. Seven target sequences in five specified genes were tested for
targeted mutagenesis. Differences in mutagenesis among distinct genes may be
due to different binding strength of sgRNA to individual chromatin structures
and epigenetic phenomena at the targeted loci. Targeted genome editing of
sgRNA and pcoCas-9 can be studied efficiently in plant protoplasts. The foreign
gene knockout rate is increased by targeting the Arabidopsis genome with multiple
sgRNAs. Highly efficient, homology-directed repair in Nicotiana benthamiana
was observed due to sgRNA and pcoCas-9. This technology promises accurate,
marker-free genome engineering of plants [44].

The CRISPR/Cas9 system for targeted genome engineering has high compe-
tence, but several therapeutic approaches result from off-target activity of the
Cas9 gene, causing safety concerns [45]. CRISPR/Cas knocks out the Tafazzin
gene in pluripotent human stem cells with 54% efficiency. Whole sequencing
and deep-targeted sequencing were combined to distinguish the editing effects
of Cas9 on non-translating regions. HiPSC clones were modified by sequencing
the complete Cas-9 genome, which didn’t detect genome alterations and muta-
tion rates. One off-target site was obtained by a single nucleotide variant (SNV)

of the germline. Generation of off-target sites in the human genome by SNVs
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using an in-silico method had productivity of 1.5% to 8.5%. Precise clonal ex vi-
vo editing of genes through CRISPR/Cas9 emphasized the high value of se-
quencing the complete genome [45].

Targeted genome engineering of living organisms at specific sites opened di-
verse approaches to agricultural and medical research [46]. This technique com-
bined with elementary molecular research has opened a vibrant field. Cell phe-
notype was accurately controlled by epigenetic marks and the epigenome corre-
lated with the central dogma [47]. An actyltransferase was constructed based on
CRISPR/Cas-9 composed of human acetyltransferase p300 bonded with nuc-
lease-null dCas-9 domain. Acetylation of histone H3 lysine at position 27 was
catalyzed by a fusion protein, enhancing transcription of the target gene from
promoters and enhancers at both proximal and distal ends. Highly specific gene
activation by targeted acetyltransferase was seen in the entire genome. Genes
from enhancer regions and from individually guided RNA were better activated
by the targeted acetyltranferase than by nuclease-null, dCas9 based activators.
The nuclease core of human acetyltransferase p300 was fused to programmable
regions of DNA-binding proteins. Enhanced transcriptional activation lead to
targeted acetylation of histone proteins and pronounced gene regulation [47].

Transgene-free genome editing in Arabidopsis, lettuce, tobacco and rice using
prearranged CRISPR/Cas9 ribonucleoproteins was the next step in targeted ge-
nome engineering. RNA-guided endonuclease ribonuceoproteins (RGEN RNPs)
were delivered to plant protoplasts. Two guided RNAs in Arabidopsis whose
target sites were 201 base pairs from the Brassinosteroid Insensitive 1 (BRI1)
gene were transformed. Transforming RNA-guided restriction endonuclease ri-
bonucleoproteins to target Brassinosteroid Insensitive 2 (BIN2) gene in lettuce
was successful. All transfected genes induced off-target mutations in homolo-
gues of corresponding genes. Targeted genome modification was achieved with
RGEN RNPs and these targeted mutations were stably inherited after protoplast
regeneration. About 46% targeted mutagenesis was achieved through Cas9 and
gRNA transfection in all four plant species. RNA-guided gene targeting exempts
plants from GMO regulations because no recombinant DNA is present in the
final plant [48].

An efficient, selection-free transformation protocol for tetraploid durum
wheat and hexaploid bread wheat was developed [49]. Wheat is recalcitrant to
transformation, but wheat callus cells transiently expressing DNA or RNA forms
of CRISPR/Cas9 were regenerated. Highly efficient, marker-free, homozygous
mutant wheat lines with undetectable transgenes were produced as a T, genera-
tion through transiently expressing CRISPR/Cas9. Selection-free transformation

methods will be useful in other recalcitrant crop species [49] (Table 3).

6. Gene Stacking: A Step Forward from Gene Editing

Gene stacking emerged as a favorable insight for providing organisms with mul-

tiple characters. Previously, stacked products were developed by random gene
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insertions at multiple locations within organism’s genome. Stacked products
proved to be constructive but were producing off target effects. Pyramiding two
or more genes at a precise location not only reduced the effects of off target gene
activity but it provided a mechanism of removal of the whole gene cassette when
the constructed stack is no longer working in future. Gene stacking strategy be-
came more favorable by introducing molecular scissors with the addition of or-
ganism’s health beneficial gene. The stacked products will be able to combat
multiple diseases with additional benefit of promoting health of the organisms.

Recombinase-mediated gene stacking (RMCE) is a new transformation opera-
tion in which site-specific gene integration events can co-occur with randomly
integrated transgenes (Figure 7).

Site-specific recombination systems for eukaryotic genome engineering are
equally beneficial for plants and animals, but the technology is used more in
plants than animals due to consumer dislike of genetically modified crops. The
objective was to produce marker-free transgenic plants and to clear a genetic
burden that is useless to the plant. Site-specific gene engineering also reduced
ambiguous position effects. Crops are improved through addition, deletion or

inversion site-specifically, without disrupting other loci [50].
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Figure 7. Gene stsacking strategy.
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Site specific gene stacking means accumulating different trait genes in a single
plant and at a single locus [51]. Only a handful of commercial stacked products with
pyramided traits were available in 2005 [52]. By 2010, many biotech companies had
developed stacked trait products with pronounced insect and herbicide tolerance
[1]. A new method for combining transgenes into a single genome used specific
independent loci for recombinase-mediated deletion, insertion and inversion of
transgenes [4]. Recombinase-mediated cassette exchange also helped increase
gene stacking in crop plants [4].

Genome engineering uses nucleases to induce double-strand breaks at precise
positions on a chromosome. A meganuclease was introduced at an endogenous
specific locus contiguous to a transgenic locus of insect control region in cotton
[53]. Targeted insertion of a transgene into cotton is made practical by a DNA
cleavage and repair pathway. About 2% of successfully transformed embryonic
calli were recovered as precise insertion events, making multi gene stacking eas-
ier by demonstrating successful single gene integration [53].

A commercial stacked maize hybrid was confirmed by transcript analysis of
the transgene together with proteomic profiling [54]. The maize hybrid was
more insect- and herbicide-tolerant than a single-event hybrid with same genetic
background. The stacked hybrid was already genetically diverse before trans-
formation. Protein enrichment analysis showed alteration in two major path-
ways: energy/carbohydrate and detoxification metabolism. A 34% reduction in
transcription of the stacked transgene was found below single-event hybrid ge-
notypes. These scientists concluded that expression of endogenous genes is af-
fected by stacking of two or more genes in genetically modified maize. Signifi-
cant alterations in protein expression change energy/carbohydrate metabolism
in stacked trait products. The new world of “omics” could provide insight on
security evaluation of stacked-trait products [54].

Most commercial operations use classical breeding to introgress transgenes
from a laboratory cultivar into commercial varieties suitable for different grow-
ing regions. Prior to vegetative cloning, genetic crosses were performed for va-
rietal selection even in vegetatively propagated crops. In a diploid species, if
(1/4) (x) is the probability that “x” transgenic loci will assort into a genome and
“y” is the number of non-transgenic loci that breeders need to accumulate in the
same genome, the probability of a getting both into a breeding stack is (1/4) (x +
). Site-specific integration of new transgenes at a preexisting locus is required to
add new DNA sequences into transgenic varieties without generating a new segre-
gating locus. Recombinase-mediated gene stacking and Bxbl integrase from my-
cobacteriophage for site-specific integration between attP and attB recognition sites
was used for gene stacking of tobacco [55]. A frequency of about 10% site-specific
integration events was observed, with one recognition site spared for the second
round of integration. Gene silencing was observed in a third site-specific integrant.
About 3% of the transformed clones showed accurate structure and reproducible

expression of three consecutive gene-stacking events [55].
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7. Conclusion

This review condenses the usefulness of genome editing technology to sustain
health and agriculture sector of the world. Genome editing enables the clean
gene technology to safely remove markers used during testing and transforma-
tions to render plants clean of any waste genetic material. This technology may
eliminate the threat of plants produced with selectable markers/antibiotic resis-
tance genes. Genome editing technology further offers a speed up process of pro-
ducing genetically manipulated plants as compared to the ones produced with
breeding procedures; by benefiting both the seed industry and the commercial
growers. By taking into account the applications of genome editing; the types
and number of available tools with advanced approaches being established offer
a significant number of applications for genome editing; with high throughput
single copy transgene insertions to site specific gene pyramiding, to targeted
marker gene deletion. Gene stacking has now become a routine part of genome
engineering projects with the purpose of developing genetically efficient plants.
This may imply the growers to lessen the use of pesticides/fertilizers and pro-
duce high yielding plants to strengthen the economy. Gene stacking strategy and
the general availability of genome editing tools offer additional commercial ap-
plications to industry, health and agriculture. By producing healthy food, the
world’s food deficit and hunger problem can be resolved. Conclusively, regula-
tory and public concerns to accept the use of genetically modified crops may be
addressed with genome editing and clean gene technologies to foster the accep-

tance of genetically engineered crops worldwide.
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