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ABSTRACT 
 
Innovative plant breeding technology is an absolute necessity to enhance agriculture production in 
order to have an ambition of feeding nutritious food to the ever-increasing population. Current 
advances in CRISPR/Cas genome editing technology have led to effective targeted changes in most 
plants that promise to accelerate crop improvement. Here we discussed the discovery of 
CRISPR/Cas technology, associated manipulations for plant genome editing and its potential 
applications in the plant breeding. We emphasized mainly on the most essential applications of 
CRISPR/Cas genome editing in crop improvement, such as crop trait improvement (yield and 
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biotic/abiotic stress tolerance), developments in optimizing gene regulation, strategies for generating 
virus resistance in plants, and the use of high throughput mutant libraries. Finally, the challenges 
and opportunities for plant breeding in precision agriculture and its bright future discussed. 

 
 
Keywords: Genome editing; CRISPR/Cas; precision plant breeding; trait improvement; future plant 

breeding. 
 
1. INTRODUCTION 
 
In the early 1800s the population of the world 
was estimated to be around one billion. It grew to 
two billion in 1920’s and to 6 billion at the close 
of the last millennium. We are currently adding 
approximately 80 million more per year and, at 
this rate, the global population will increase from 
the current 7.5 billion to more than 10 billion by 
the 2030swith global demand for food rising by 
100 to 110 percent compared to 2005 [1]. These 
are the grand challenges of the 21

st
 century. This 

must be done in the face of changing 
consumption patterns, the impacts of climate 
change and the growing scarcity of water and 
land. Crop production methods will also have to 
sustain the environment, preserve natural 
resources and support livelihoods of farmers and 
rural populations around the world. There is a 
pressing need for the ‘sustainable intensification’ 
of global agriculture in which yields are increased 
without adverse environmental impact and within 
the land available for cultivation. Addressing the 
worldwide food security requires an urgent 
international effort with a clear sense of long-
term challenges and possibilities. 
 

If there is one feature that distinguishes plant 
from animal life on our planet, it is the reliance of 
plants on solar energy to generate molecules 
with energy-rich bonds, the fuel that will be used 
by almost the entire biosphere (including plants 
themselves) to build other organised molecules 
and drive the rest of the processes that we know 
as life. Food is the most important primary need 
in human life and agricultural crops are the main 
source of staple food. Crops provide food, feed, 
fuel and other consumer resources as well, to 
human life and thus make an enormous 
contribution to society. So, crowd innovation is 
urgently needed for breeding technologies to 
boost agricultural production, productivity and to 
speed up sustainable agricultural development in 
order to feed and feed a rapidly increasing 
population. The major crop improvement 
methods in modern agriculture are cross-
breeding, mutation breeding and transgenic 
breeding. Cross-breeding brings desirable alleles 
and increases variability through genetic 

recombination [2]. Because of different centuries 
of direct reproductive development, large parts of 
important crop genomes are fixed, and genetic 
variability has reduced substantially, which 
reduces the ability to increase many features. 
 
Insights in traditional plant breeding: Plant 
breeders have a variety of methods at their 
disposal; from selective cross-breeding to 
innovative genome editing methods. During the 
20th century new plant breeding techniques 
based on new scientific insights and 
technological developments were introduced. 
Genome editing is the latest addition to these 
breeding techniques. It is important to note the 
following; regardless of whether these methods 
have been developed recently or have existed for 
thousands of years, all plant-breeding techniques 
affect the plant’s DNA. Mutations are the source 
of genetic variation especially in DNA and typical 
traditional process involves waiting for 
spontaneous mutations followed by human 
selection. Until the beginning of the 20th century, 
plant breeding was mainly an empirical selection 
process in which seeds or tubers from the best-
adapted crops were stored for the following year. 
This selective crossbreeding was based on 
spontaneous DNA mutations that occur in nature. 
By introducing genetic mutations utilizing 
chemical mutagens or physical irradiation [3], 
mutation breeding has widened genetic variation. 
Processes are limited by their stochastic nature, 
and it is difficult to create and screen big 
numbers of mutants. Such time-consuming, 
laborious and unexpected Breeding programs 
cannot keep pace with rising crop manufacturing 
needs, even if marker-assisted breeding 
strategies are implemented to enhance selection 
effectiveness [2]. Transgenic breeding can break 
the roadblock of genetic segregation, which 
produces desired characteristics by transferring 
exogenous genes into elite background   
varieties. 
 
These mutations may be due to errors that occur 
during the replication of DNA that takes place 
during cell division or may arise under the 
influence of radiation from the sun. However, not 
every change to the DNA sequence leads to new 



traits. In most cases, mutations do not result in 
changes to the phenotypic characteristics of             
the plant. However, in certain situations, changes 
in a plant’s DNA can result in new beneficial or 
detrimental characteristics. These changes 
contribute to genetic variation. Switching off this 
gene in other plants also gives their flowers a 
cauliflower-like appearance [3]. 
 
Mutation-based plant breeding:
the genetic variation within a species, the more 
opportunities there are to find and combine 
desirable characteristics. In addition to 
spontaneous DNA mutations, plant breeders 
started to use mutation breeding in the 1930s to 
introduce additional variation and create new 
crop traits. This type of breeding uses radiation 
or chemicals to make changes to plant DNA at a 
high rate [4,5]. This increases the genetic 
variation available for plant breeding. The result 
of all this irradiation is a large collection of seeds 
with different random DNA mutations. These 
seeds are then used in breeding programs to get 
rid of the unwanted mutations and to identify 
plants with desirable, improved characteristics. 
Traditional mutation breeding has resulted in 
3,200 improved crop varieties in more than 175 
plant species, including rice, maize, wheat, 
banana, tomato, pumpkin and soya. The striking 
 

Fig. 1.Effectiveness of plant breeding, when complemented with genome editing compared to 
the traditional cross breeding method. Traditional cross breeding method requires a period of 
about 8-10 years for improving a trait (e.g., height) of an elite recipient 
This process requires multiple back crossing events with the recipient elite line for several 

generations to eliminate unexpected linked traits to introduce the desired trait from the donor 
line. In contrast, plant breeding by genom

to traditional cross breeding method. This involves improving a trait by precisely modifying 
the regulatory elements of a target genes or the target gene itself in elite recipient varieties
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started to use mutation breeding in the 1930s to 

nal variation and create new 
crop traits. This type of breeding uses radiation 
or chemicals to make changes to plant DNA at a 
high rate [4,5]. This increases the genetic 
variation available for plant breeding. The result 

collection of seeds 
with different random DNA mutations. These 
seeds are then used in breeding programs to get 
rid of the unwanted mutations and to identify 
plants with desirable, improved characteristics. 
Traditional mutation breeding has resulted in 

0 improved crop varieties in more than 175 
plant species, including rice, maize, wheat, 
banana, tomato, pumpkin and soya. The striking 

color of the flesh and the sweet taste of the pink 
grapefruit is a good example of a new crop 
characteristic created by this form of mutation 
breeding [2]. 
 

1.1 What are ZFNs, TALENs and 
CRISPR/Cas9 

 
Zinc-finger nucleases (ZFN’s) include fusion 
proteins with site-specific DNA binding domains 
attached to the bacteria's FokI restriction 
enzyme. Each of these domains can recogn
3-4 bp DNA sequence, and tandem domains can 
bind an expanded segment of DNA consisting of 
multiple sequences of 3 bp such as 9, 12, 15 or 
18 bp typical of a cell's genome. ZFNs are 
designed precisely as a pair to cut flanking 
regions on both sides of the targeted site. Similar 
to ZFNs, transcription activator
nucleases (TALENs) are fused artificially to the 
FokI cleavage domain with a customized                 
array of TALEs. The TALE repeat amino acid 
sequences are identical with the e
residues at positions 12 and 13, known as repeat 
variable di-residues (RVDs). In 2013, three 
autonomous organizations created a rice (
sativa), wheat (Triticum aestivum
benthamiana and Arabidopsis thaliana
[6,7,8]. 

 
1.Effectiveness of plant breeding, when complemented with genome editing compared to 

the traditional cross breeding method. Traditional cross breeding method requires a period of 
10 years for improving a trait (e.g., height) of an elite recipient line from a donor line. 

This process requires multiple back crossing events with the recipient elite line for several 
generations to eliminate unexpected linked traits to introduce the desired trait from the donor 
line. In contrast, plant breeding by genome editing takes only a half time (4-6 years) compared 

to traditional cross breeding method. This involves improving a trait by precisely modifying 
the regulatory elements of a target genes or the target gene itself in elite recipient varieties
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CRISPR (clustered regularly interspaced short 
palindromic repeats) system. Plant breeders, for 
the first moment in history, were able to regulate 
the particular implementation of targeted 
variation of sequence, which offers a resource to 
change rapidly for agricultural crop 
improvements. Continuous improvements have 
since rendered gene editing a widely accepted, 
cost-saving, easy-to-use targeted genetic 
manipulation tool for many plants in CRISPR/Cas 
systems such as CRISPres1 [9] and nuclear 
substitution instruments for basic editing [10]. 
The features changed by genome editing include 
output, quality and resistance to biotic and abiotic 
stress. This strategy also has improved hybrid 
breeding methods and the elimination of 
undesired characteristics or the addition of 
requisite characteristics to the elite species is 
now an easy method that can modify crops 
properly in just one generation. Therefore, 
CRISPR/Cas is able to improve global security of 
food and sustainable farming. CRISPR is a 
clustered family of short DNA repeats which is in 
fact is a part of aprokaryotic adaptive immune 
system (bacteria (40%) and archaea (90%) 
[11,12]. 
 

1.2 Discovery of CRISPER/Cas9  
 
The CRISPR/Cas9 system study started with 
repetitive DNA segment findings in E. coli in 
1987 [13], but Barrangou and colleagues 
confirmed their function later in 2007. They 
protect bacteria or archaea from invading viruses 
[14]. These segments correspond to the cellular 
mechanism of the unicellular bacteria or archaea 
in the bacteriophage [11,12]. It mainly comprises 
of two parts, first is regularly interspaced identical 
short DNA repeats (20-40 bp in length) and they 
are palindromic in nature. Second part is 
hypervariable spacer DNA and each segment of 
spacer DNA is unique and matches up perfectly 
with the viral DNA especially bacteriophages also 
called as protospacers [15]. There are also 
numbers of other associated genes with CRISPR 
[15] called as cas genes. cas genes will produce 
Cas proteins which are either helicases that 
unwinds DNA or nucleases that cleaves DNA 
[15]. Based on differences in their components 
they are of two major classes of crisper systems 
that is class 1 and class 2 systems. RNA guided 
target cleavage in class 1 systems (types I, III, 
and IV) requires a complex of several proteins, 
while in the class 2 systems (type II, V and VI), 
only one RNA-guided endonuclease (e.g., Cas9 
in type II) is required to mediate cleavage of 
invading genetic material [16]. 

When foreign DNA is recognized, the bacteria 
transcribe and translate proteins (Cas) and it also 
transcribes a repeat DNA to produce crisper-
RNA (crRNAs). At the 5’ end, the crRNA contains 
the spacer, a short segment of RNA that 
complements a sequence from a foreign genetic 
element, and the 3’ end contains a piece of the 
CRISPR repeat sequence. This crRNA then 
combines with Cas proteins which will then 
degrade the bacteriophage DNA upon 
hybridization with the crRNA. So, before the 
infection starts, the infection has essentially 
ended. crRNA with tracer RNA is responsible for 
recognizing the base sequence and its cleavage, 
while Cas leads to further cleavage. A defining 
feature of CRISPR/Cas systems is the assembly 
of mature crRNAs with Cas proteins into crRNA–
effector complexes to interrogate DNA targets 
and destroy matching sequences in foreign 
nucleic acids. Notably, a short-conserved 
sequence motif (2–5 bp) located in close 
proximity to the crRNA-targeted sequence on the 
invading DNA, known as the PAM, plays an 
essential role in target DNA selection and 
degradation in most CRISPR/Cas systems. In 
case where cell don’t have a spacer DNA that 
matches bacteriophage DNA, the cell produces a 
different class of Cas protein (class 1) which 
takes the DNA in, breaks it apart but more 
importantly it takes that DNA and insert a copy of 
it into the crisper system. So, spacer is actually a 
history of all old infections so that cell won’t be 
infected again [17-19]. 
 
1.3 Insight in CRISPER/Cas9 Technology 
 
The system includes CRISPR repeat-spacer 
arrays and Cas-proteins. CRISPR/Cas systems 
are classified into two classes, which have been 
further divided into six types based on their cas 
genes signature, based on their cas genes and 
the nature of their interference complex. The 
Class 1 system of CRISPR/Cas uses 
interference multi-cases of proteins, while the 
systems of Class 2 do interfere but with complex 
single-effector C protein. The CRISPR system for 
genome modification is based on RNA-led DNA 
interference [20]. Jennifer Doudna and 
Emmanuelle Charpentier used this mechanism to 
create current crisper system which is a powerful 
RNA-guided DNA targeting platform for genome 
editing. The Cas9 protein (endonuclease) of 
bacterial immune systems, is emerging as a 
powerful tool for engineering the genome in 
diverse organisms as Cas9 system (Type II of 
class 2 system) requires only one protein and it 
is easy to manipulate compared to the proteins 



(class 1 system) that requires multiple 
components to act. As an RNA
endonuclease, Cas9 can be easily programmed 
to target new sites by altering its guide RNA 
sequence, and its development as a tool has 
made sequence-specific gene editing easier. 
Basically, sgRNA comprises of tracrRNA (trans
activating crRNA) responsible for attaching to 
Cas9 and crRNA responsible for specific target 
binding [21-23]. 
 
Two steps are involved in the Cas9
genome editing process: first one is DNA 
cleavage which is followed by DNA repair. Cas9 
(in PAM’s presence), directed to a specific 
genomic locus under guide RNA (sg
direction creates a double stranded break which 
triggers cellular repair mechanisms like non
homologous end joining or homology
repair [25]. In non-homologous end joining, a 
random insertion or deletion mutation at the 
double strand break site may lead to gene 
knockout caused due to change in the reading 
 

Fig. 2. CRISPR/Cas9 system in bacteria:Insertion of viral DNA into the bacterial cell upon viral 
infection triggers the crisper/Cas9 system. Upon novel phage infection, a new spacer derived 
from the inserted genetic material is incorporated into the CRISPR array. Reinfection by same 

virus leads to transcription of spacers with repeats to produce crRNA. The tracrRNA is 
transcribed separately which then anneals to the crRNA to produce guide RNA. Role of 

tracrRNA is to hold crRNA in position in cas9 assembly where hybridization of target DNA with 
guide RNA especially crRNA then leads to conformational change in Cas9 which then cleaves 

the double stranded target DNA preceding the PAM sequence by its endonuclease activity. 
This immune system of bacteria has been modified by the scientist as a powerful RNA

DNA targeting platform for genome editing which can be used either to inactiv
embed a new gene into the bacterial, plant or animal cells. This technology allows one to 
precisely manipulate virtually any genomic sequence specified by a short stretch of guide 
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Cas9 and crRNA responsible for specific target 

Two steps are involved in the Cas9-mediated 
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direction creates a double stranded break which 
triggers cellular repair mechanisms like non-
homologous end joining or homology-directed 

homologous end joining, a 
random insertion or deletion mutation at the 

te may lead to gene 
knockout caused due to change in the reading 

frame of the gene or due to a mutation in the 
critical region of the encoded protein. While in 
case of homology-directed repair, it can be used 
to generate a desired sequence modification or 
sequence replacement at the double stranded 
break site through homologous recombination 
guided by a donor DNA template, causing 
targeted gene deletion, mutagenesis, insertion, 
or gene correction [26-28]. 
CRISPR/Cas9 system provides a powerful 
platform for sequence-specific genome editing, 
including gene knockout, gene knocking, and 
site-specific sequence mutagenesis and 
corrections. The first system showing a specific 
cleavage of DNA in vitro and in eukaryote [29
32], was Type II CRISPR / Cas9 from 
Streptococcus pyogenes. Type II CRISPR/Cas9 
system has been repurposed with two 
components: The Cas9 nuclease and one RNA 
guide (sgRNA), which comprises a crRNA fusion 
and a transactivating crRNA. The C
system now has two components and a single 
RNA guide. 

 
2. CRISPR/Cas9 system in bacteria:Insertion of viral DNA into the bacterial cell upon viral 

Cas9 system. Upon novel phage infection, a new spacer derived 
from the inserted genetic material is incorporated into the CRISPR array. Reinfection by same 

virus leads to transcription of spacers with repeats to produce crRNA. The tracrRNA is 
eparately which then anneals to the crRNA to produce guide RNA. Role of 

tracrRNA is to hold crRNA in position in cas9 assembly where hybridization of target DNA with 
guide RNA especially crRNA then leads to conformational change in Cas9 which then cleaves 

the double stranded target DNA preceding the PAM sequence by its endonuclease activity. 
This immune system of bacteria has been modified by the scientist as a powerful RNA

DNA targeting platform for genome editing which can be used either to inactivate a gene or 
embed a new gene into the bacterial, plant or animal cells. This technology allows one to 

precisely manipulate virtually any genomic sequence specified by a short stretch of guide 
RNA [24,132] 
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2. PLANT BREEDING APPLICATIONS OF 
CRISPR/Cas 

 
The breeding process is generally composed of 
six steps for CRISPR/Cas approach. Take, for 
instance, wheat. We are very vulnerable to 
mildew, a fungal disease, in wheat species that 
we grow today. CRISPR/Cas has now been used 
by the researchers to develop a type of mildew 
resistant wheat. The following 6 steps used in 
this approach are: A detailed genome study is 
always preceded by a successful result of 
CRISPR/Cas-based breeding. The crop feature 
you want to modify (in this example, mildew 
sensitivity) must first be thoroughly analyzed at 
the genetic and molecular level. Upon 
determining which changes in DNA are 
necessary to increase the fungal resistance of 
the plant, scientists design a CRISPR-RNA 
molecule. This RNA molecule determines the 
exact location, wherechanges in DNA sequence 
is required. In the plant cell, either by 
transforming agrobacterium, plant viruses, or 
directly as a protein RNA complex, DNA-cleaving 
enzymes and guiding molecules of CRISPR       
RNA should be introduced [30,31]. In these two 
cases, there is no genetic material integrated into 
the plant DNA. Casand CRISPR are 
spontaneously dis-assembled by the plant cell 
after their editing tasks are completed. The result 
is that the target gene(s) have the 
requiredmutation(s). This resulting plant cannot 
be distinguished from the one that spontaneously 
or through traditional mutation breeding has 
acquired mutations. The next step is to track the 
cells and/or tissue parts in which the desired 
change (or changes) are effected correctly by the 
CRISPR/Cas system. This is often done by using 
DNA sequencing to see if the approach 
succeeds. A complete plant is then grown             
from modified cells or plant tissue cultures. In    
the final stage, traditional methods of plant 
breeding incorporates the desired mutationin to 
the elite varieties. Genome editing in plants 
genome editing techniques like CRISPR/Cas            
has mainly been used in plants to induce               
highly controlled and accurate DNA mutations. 
We're talking about precision breeding',     
therefore a gene can be switched off or on in the 
plant by effectively achieving a targeted DNA 
change. This makes it possible for breeders to 
dampen and/or strengthen unwanted 
characteristics. These mutations may also occur 
in nature spontaneously. Genome editing                 
has the advantage that only desired mutations 
are produced without further unwanted 
mutations. 

2.1 Improvement of the Crop Trait 
 
The elimination of negative factors is an    
excellent genetic improvement strategy. The 
easiest and the most common application is 
CRISPR/Cas9 to knockout genes with unwanted 
characteristics (Fig. 3B). This approach also 
enhanced hybrid cultivation techniques and 
many other important aspects of crop productivity 
[32]. 
 
2.1.1 Crop yield improvement strategies 
 
Genetic modification is the principal aim of crop 
improvement, due to the need to improve food 
safety. Rendering is a complex characteristic 
based on numerous factors. The CRISPR/Cas9 
is shown to be an effective technology for the 
improvements of yield-related effects in plants 
with loss of function mutations, which results in 
negative regulators known to affect grain number 
(OsGn 1a) or the weight of kernel grain (OsGS3) 
(TaGW2, OsGW5, OsGLW2 or TaGASR7) as 
well as panicle size (OsDEP1, TaDEP1) and the 
number of tiller (OsAAASR7), pathogen 
resistance (OsRDR6), of plants. The quality 
characteristics revealed are different depending 
on the specific reproductive requirements. To 
date, improvements in quality through genome 
editing have affected the content of starch, 
fragrance, nutritional value and storage quality of 
crops. The knockout of Waxy through 
CRISPR/Cas9 [33,34] has generated rice with 
low amylose content and thus an improved diet 
and cooking quality. The CRISPR/Cas9 knockout 
waxy maize lines produced by DuPont Pioneer 
have high commercial use rates [35]. 
CRISPR/Cas9 has also been used to produce 
stubborn high amylose rice by mutating SBEIIb, 
the branching starch enzyme, which is supposed 
to benefit chronically related patients with high-
amylose food [36]. Fragrance is an important rice 
quality feature and has increased commercial 
value with desired aromas. A defect in betaine 
aldehyde dehydrogenase 2 gene in a 
biosynthesis of 2-acetyl-1-pyrroline (BADH2),is 
the major fragrant for fragrant rice. An aromatic 
rice line is established using TALEN-targeted 
OsBADH2disruption, which is similar to the 
natural mutant fragrant rice variety [37] with a 
similar level of 2-acetyl-1-pyrroline (0.35–0.75 
mg/kg). Gluten proteins from cereal crops trigger 
celiac disease in more than 7% of individuals in 
western countries. The α-gliadin gene family, the 
major gluten-encoding gene family in wheat, 
consists of nearly 100 genes or pseudogenes. 
CRISPR/Cas9 editing offers a new way to alter 



traits controlled by large gene families with 
redundant functions. Indeed, by simultaneously 
knocking out most conserved domains of α
gliadin family members, researchers have 
created low-gluten wheat [38].Other high
crops produced by CRISPR/Cas9 editing include 
seeds with high oleic acid oil in Camelina sativa
[39,40], and Brassica napus [41], tomatoes with 
a long shelf life [42,43], high-value tomato with 
enhanced lycopene [44]or γ-aminobutyric
content [45,46], and potato (hairy roots) with 
reduced levels of toxic steroidal glycoalkaloids 
[47]. 
 
2.1.2 Developing stress resistance in plants
 
The main factors that influence crop yield and 
quality are stresses. CRISPR/Cas9 knockout 
have been able to obtain many plants with 
increased biotic stress resistance, including 
fungal, bacterial,viral diseases and insects. 
Powdery mildew, for example, in crops is a 
devastating fungal disease. But with help of 
TALEN and CRISPR/Cas9, now plants with an 

Fig. 3. Potential applications of CRISPR/Cas
replacement and knock in gene insertion achieved either by non
by homology-directed repair can help in achieving gene stacking, gene editing for gain

function to obtained new traits in re
this technology can achieve indels, gene deletions, and multiplex gene knockout. (C) It can 

also be used to control the expression of the target gene by editing the regulatory sequences 
of that gene such as promoter or enhancer region. Abbreviations: CRE, cis

element; uORF, upstream open reading frame
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traits controlled by large gene families with 
redundant functions. Indeed, by simultaneously 
knocking out most conserved domains of α-
gliadin family members, researchers have 

gluten wheat [38].Other high-quality 
R/Cas9 editing include 

Camelina sativa 
[41], tomatoes with 
value tomato with 
aminobutyric acid 

content [45,46], and potato (hairy roots) with 
steroidal glycoalkaloids 

stress resistance in plants 

The main factors that influence crop yield and 
quality are stresses. CRISPR/Cas9 knockout 
have been able to obtain many plants with 
increased biotic stress resistance, including 

diseases and insects. 
Powdery mildew, for example, in crops is a 
devastating fungal disease. But with help of 
TALEN and CRISPR/Cas9, now plants with an 

increased powdery mildew resistance available 
[48]. Likewise, Nekrasov et al. [49] have shown 
that MLO mediated CRISPR/Cas9 confer 
resistance to powdery mildew in tomato. Another 
example of fungal destructive disease is the rice 
blast where the gene of ethylene
transcription factor (OsERF922
knocked out to confer resistance to rice. Wit
regard to viral diseases, CRISPR/Cas9 has also 
produced tungro disease-resistant rice [51], 
broad potyvirus-resistant cucumber and curling 
cotton leaf disease-resistant cotton [52]. Recent 
report shows the OsCYP71A1 
serotonin biosynthesis and significantly 
increased concentrations of salicylic acid 
conferred resistance to the two most destructive 
rice pests by crops and stem borers. 
Contamination of arable land among abiotic 
stresses has created the need to prevent crop 
toxic heavy metals from accumulating.
varieties with low concentration of cadmium, 
radiocesium, and arsenic have been developed 
by breeder OsARM1, OsNramp5 
[53-55]. 
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2.1.3 Plant breeding on fast tract 
 
Hybrid breeding is a powerful way to boost crop 
productivity. A male-sterile maternal line is a 
precondition for producing a high-quality hybrid 
variety. Superior advances have been made in 
the use of CRISPR/Cas-mediated gene knockout 
to produce male sterile lines in rice [56] and 
maize [57,58], male-sterile photosensitive genes 
in rice [59] and ms45 [60]. The main hindrance to 
the use of heterosis in breeding is Hybrid 
Sterility. SaF/SaM in the sterility locus Sa and 
OgTPR1 in the locus S1 [61], were disrupted in 
order to overcome the reproductive barriers in 
the japonica-indica hybrids. The knockout of one 
or other Shen et al. [62], found The knockout in 
the indica allele Sc-I of one or two copies of the 
Sc gene has found that it has, in Japanese-indica 
hybrids, also rescued the male fertility. Similarly, 
The increase in fertility of the Japonica-indica 
hybrids in the knockout of the ORF2 toxin genes, 
responsible for the newly found selfish-gene 
suicide mechanism in rice [63]. The asexual 
propagation lines were established, both through 
simultaneous activation of BBM1 in Egg cells 
[64,65] and through the knocking out of MTL [66], 
which allowed the heterozygosity of hybrids to be 
fixed by the propagation of seeds. Genome 
revision is also an effective approach that helps 
to increase the resistance of silicon shattering 
[66] and to overcome auto-incompatibility of 
diploid potato [67], for example by enhancing 
haploid breeding [68,69], reducing growth time 
[70], increasing siliconic shatter resistance. 
 

2.2 Crop Trait Improvement via 
Replacement and Knock-In Gene 

 
Many agronomic traits are conferred by single-
nucleotide substitutions, gene expression 
changes, or the addition of new gene functions. 
Precise gene modifications such as knock-ins 
and replacements facilitate breeding by 
introducing new alleles without linkage drag or 
generating allelic variants that do not exist 
naturally [71]. Moreover, knock-in can be used to 
alter multiple elite traits by stacking genes in a 
single variety. Therefore, knock-ins and 
replacements have great value for crop trait 
improvement (Fig. 3A). Unfortunately, because 
HDR is an infrequent DNA repair pathway, these 
techniques are far from routine, and their use in 
trait improvement has thus far been quite limited. 
Nevertheless, CRISPR/Cas9-mediated gene 
editing to improve drought tolerance in maize. 
The edited ARGOS8 variants had elevated 
ARGOS8 transcript levels and increased yields 

under drought stress [72]. Also a tomato line 
created with long shelf life by editing a T317A 
replacement into the ALC gene [73]. For HDR 
efficiency, a geminivirus-based DNA replicon has 
been used to increase the number of repair 
templates, which increased gene-targeting 
efficiency in potato [74], tomato [75-77], rice [77], 
wheat [78], and cassava [79]. For example, using 
geminivirus replicons, tenfold increase in the 
frequency of insertion of the cauliflower mosaic 
virus 35S promoter upstream of ANT1 in tomato; 
constitutive expression of ANT1 led to the 
generation of a purple tomato with increased 
anthocyanin content [80]. Substitution of key 
amino acids in the conserved domains of ALS 
and EPSPS can confer resistance to 
sulfonylurea-based herbicides or glyphosate. 
Sulfonylurea based herbicide-resistant soybean 
[81], maize [82,83], and rice [84-88], plants were 
generated through HDR-introduced nucleotide 
changes in ALS. Similarly, T112I/P116S (TIPS) 
and T102I/P106A double amino acid 
substitutions of EPSPS were introduced into flax 
(Linum usitatissimum) [88] and cassava [88] by 
selecting for HDR-generated glyphosate 
resistance. Owing to the low rate of HDR, efforts 
were made to create TIPS EPSPS glyphosate-
resistant rice via an intron-targeting strategy 
involving NHEJ-mediated gene replacement and 
insertion [89]. Although indels may arise at the 
junctions of the recombination sites of the 
targeted intron, the final gene transcript is not 
affected. This method represents a higher 
frequency alternative to HDR-mediated gene 
targeting in plants. 
 

2.3 Optimization of Gene Regulation in 
Plants  

 
In order to test genetic function and to greatly 
facilitate plant breeding, the modulation of gene 
expression is not just the formation of mutations 
in coding sequences. Gene expression can be 
affected at various levels, including transcription, 
mRNA and mRNA processing. These processes 
are controlled by a set of cis-regulatory elements 
that can be modified by modifying the genome 
(Fig. 3C). To date, the focus of plants genome 
editing is on promoters such as substitutes and 
the removal of cis-regulatory elements [98-102]. 
The quantitative characteristic region promoters 
of genes like SlCLV3, SlS and SlSP have been 
edited, creating a continuum of variations and 
selecting mutated allels with improving metrics. 
Translation upstream open reading frames 
(uORFs) may also be used for gene control, 
which are well-known cis elements 



Fig. 4. Few more potential applications of CRISPR/Cas technology in plant breeding.
editing can have many applications in crop trait improvement, like amino acid substitution, 

stop codon insertion in order to disrupt the gene function and gene regulation. (B) 
CRISPR/Cas technology can be used to create virus resistant plants by 

targeting DNA or RNA viruses into the plant genome. (C) CRISPR/Cas
screening, is a valuable technique for functional genomics and genetic improvement. 

Abbreviations: sgRNA, single guide RNA
 
that often have adverse effects on translation 
and mRNA decline that are unsensed. 
Bioinformatics analysis forecasts UORFs among 
plant mRNAs. Regulating DNAase 1 
hypersensitive web sites is also an efficient way 
of finding supposed enhancer elements
110], and this is a good means of identifying 
them. 
 

2.4 Applications of Base Editors in Plants
 
In either coding or non-coding regions, several 
agriculturally important characteristics are 
conferred by one-nucleotide polymorphisms. 
Base editing is very helpful for plant breeding 
and crop improvement.The conferment of 
herbicide resistance is an important use of basic 
editing in coding areas (Fig. 4A).
targeted at plant-cytidine base editor and 
haloxyfop-R-methyl rice was produced by 
targeting acetyl-coenzyme 
ACCase gene with a plant adenine base editor
[90]. The rice was created using a sulphonylurea 
or imidazolinone resistant rice [91], wheat
arabidopsis [93,94] and watermelon.
splicing is a regulatory process of gene 
expression that results in a single gene encoding 
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Applications of Base Editors in Plants 

coding regions, several 
agriculturally important characteristics are 

nucleotide polymorphisms. 
Base editing is very helpful for plant breeding 
and crop improvement.The conferment of 

ant use of basic 
4A). AALS was 

cytidine base editor and 
methyl rice was produced by 

coenzyme Acarboxylase 
gene with a plant adenine base editor 

[90]. The rice was created using a sulphonylurea 
[91], wheat [92], 

[93,94] and watermelon. Alternative 
splicing is a regulatory process of gene 
expression that results in a single gene encoding 

multiple proteins, which can greatly increase the 
diversity of proteins capable of producing new 
traits. Base editing is also used to regulate RNA 
splicing pathways. Base editing can generate 
point mutations at these conserved nucleotides, 
leading to the loss of particular splice forms or 
mis-splicing [95]. In addition, Li et al. [97] created 
mRNA mis-splicing-induced null mutants of 
AtMTA and double mutants of 
OsNAL1 in riceG to A in the splice donor site, 
resulting in the constitutive retention of an intron 
of AtHAB and hypersensitivity to abscisic acid
[96]. 

 

2.5 Plant Breeding Strategies for Antiviral 
Resistance 

 

Around half of all vegetable diseases are thought 
to be caused by viruses that lead to massive 
losses in worldwide agricultural production
Because the CRISPR/Cas system provides an 
archaea and bacteria-invading defense 
mechanism that cleaves plasmids, DNA viruses 
and RNA virus, it can also be used for plant viral 
resistance (Fig. 4B). Geminiviruses are DNA 
viruses on the single-stranded rotat
a dual-stranded intermediate. Stable Cas9 and 
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sgRNAs overexpressed specifically to the 
geminivirus genomes to prevent their replication 
were used for antiviral breeding in plants [113-
115]. However, NHEJ pathways indelsare 
developed at DSB sites to generate viruses that 
are capable of exempting from Cas9/gRNA 
cleavage [116]. As an intergenic stem-loop 
sequence is essential to the replication of 
geminiviruses and intergenic sequences where 
indel typically lose replication activity, these 
sequences are ideal targets for the development 
of geminivirus-resistant plants [117]. A drawback 
of the CRISPR/Cas system is that Cas9/sgRNA 
is a constituent expression that is suited to cause 
off target changes but can reduce off-target 
effects to an undetectable level using a virus 
promoter to drive Cas9 expression [118]. RNA 
viruses cause more losses in farm production 
compared to DNA viruses [119]. FnCas9 binds 
PAM-independently for the RNA, inhibiting 
hepatitis C virus in mammalian cells from 
translation and replication [111]. In addition, the 
replication of cucumber mosaic and the tobacco 
mosaic virus in plants is efficiently suppressed by 
FnCas9 [111]. C2c2 may split single-seam RNA 
(2) and interfere with plant replication of turnip 
mosaic viruses [112], in contrast to most Cas 
proteins. 
 

2.6 Plant Mutant Libraries 
 
Mutant libraries with whole-genome-scale are 
valuable tools for the improvement of genomic 
functions and genetics (Fig. 4C). Traditional 
mutant libraries are based on random mutations 
of substances such as irradiation, insertion of T-
DNA, mutagenesis and transposons of ethyl 
methanesulfonate (EMS). However, it takes a 
number of generations to stabilize mutant loss of 
function, and it takes a long time to determine the 
relationship between phenotype and genotype 
between mutants. Two large groups of the 
knockout mutant library generated by 
CRISPR/Cas9 covered most of the genes of rice 
[113,114]. Meng et al. targeted nearly 13,000 rice 
shooting genes, with more than 14,000 
independent T0 lines. Finally, a target of                
almost 13,000 genes highly expressed in base 
tissue rice-shooting and obtaining more than 
14,000 separate T0 lines Produced immunity-
associated mutant libraries of leucine-rich 
recurring genes in subfamily XII, including 54 
tomato members. The availability of high quality, 
uniformly distributed high-coverage knockout 
mutant libraries could help to develop innovative 
germplasm strategies and to improve crop 
features. 

3. FUTURE PROSPECTS 
 
Potential in Domestication of Wild Plants and 
Plant Synthetic Biology: For thousands of years, 
modern plants have been selectively produced 
and important properties have been introduced to 
enable mechanical harvesting of high-quality 
foodstuffs rich in nutrients. This process has 
however, led to a loss of diversity that, in certain 
environmental conditions, can affect fitness 
[116]. The main events for domestication are 
related to mutations in so-called domestication 
genes that have significant effects on major 
phenotypes such as the barley vrs1 that is 
responsible for naked-kernel spike number [117] 
of maize tga1; rice Sh4, Rc, PROG1 and LABA1 
for white pericarp, erect growth, and barbless 
awn [118]. Virus resitance can be develop 
against recetenly sequenced viruses of rice such 
as Rice Necrosis Mosaic Virus [119]. Given the 
growing number of sequenced plant species, 
genome editing provides an efficient approach to 
plant domestication, and thus to expand crop 
diversity and to increase agriculture 
sustainability. For example, CRISPR/Cas-
enabled domestication events could lead to the 
production of new plants and a variety of 
germplasms for breeding in wild or semi 
domesticated plants. This technology has so far 
been used to manipulate monogenes related to 
domestication in wild related plants with 
polygenic interest characteristics. The winter 
pennycress (Thlaspi arvense L., Brassicaceae) is 
the most attractive target for rapid domestication. 
Pennycress has a short season, extreme cool 
tolerance, high productivity of seed oil and 
distinct covers of crop attributes compared to 
many other olive plants and is related to other 
advanced moutar members [120]. The 
development of the elite domesticated 
pennycress varieties is greatly supported by 
gene editing technologies to modify genes that 
control seed dormancy (DOG1), olive quality 
(FAE1 and FAE2), glucosinolate accumulation 
(HAG1 and GTR2), and oil content (DGAT 
genes).Tomato is another instance of genome-
editing cultivation domestication. Intensive 
inbreeding cycles are the cause of an increasing 
amount of biotic and abiotic stress on modern 
tomato cultivars. Naturally stress-tolerant wild 
tomato plants can serve as the ideal material for 
de novo domestication through the precise 
development of domestication genes. This 
strategy to accelerate wild tomato domestications 
for habit, flora, and fruit production and nutritional 
characteristics has been implemented in two 
independent studies very recently, with no loss of 
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wild germplasm stress toling [121]. In fact, the 
strategy was implemented in only a few years. 
One group produced plants with higher yields 
and larger fruits [122]. A wild relative of the 
tomato was called "ground cherry." In future, new 
domesticated plants will support agricultural 
diversity and help resolve many of the challenges 
associated with sustainable agriculture, with 
greater tolerance of a wide range of challenging 
environments including deserts, maritime 
regions, low-nutrients soils and cold climates. 
Synthetic biology of plants is an emerging area 
combining plant biology with the principle of 
engineering to create new devices with 
predictable behaviors [123]. It will play an 
important role in the improvement of traditional 
crops and enable novel bio production processes 
to be developed [124]. Plants are the world's 
major sources of primary metabolites (i.e., 
proteins, fatty acids and carbonates) and 
produce a diverse range of valuable medicinal 
and industrial secondary metabolites. The first 
transgenic plant, which began the age of plants 
with new functions, was produced more than 30 
years ago. Marking the beginning of the age of 
designing plants with novel functions. The 
CRISPR/Cas system has great potential for 
improving plant design and synthetic biology. 
Artificial DNA sequences, such as promoters, 
genes, transcriptional regulatory elements and 
genome assemblies, can be inserted into plant 
genomes to modify the behavior of the cell or 
plant to create new features. Nitrogen is a key 
element for the development of crops. Most of 
(nif) genes were characterized by nitrogen 
fastening and relative level of expression [125]. 
The CRISPR/Cas system could be used to 
transfer from legumes to cereals like wheat the 
genetic elements on the Nod factor-signaling 
pathway to enable the cereal to re-fix 
atmospheric acid to reduce our dependence on 
inorganic fertilizers. Moreover, synthetic biology's 
main objective is to create regulative circuits for 
plant behavior, which produce new 
characteristics that enhance crop productivity 
[126]. The multiplexing of the gene, repression 
and editing of Cas9-mediated genes offers 
unparalleled opportunities for designing 
synthesized transcription factors that can be 
utilized to build increasingly complex, 
programmable and efficient gene circuits. 
Chloroplasts research is another ray of hope to 
feed this ever-increasing population. 
Chloroplasts, a semi-autonomous organelle is 
the site of a wonder process called 
photosynthesis. Much of the basic knowledge 
regarding the chloroplasts is still unclear and it 

need to be explored soon by considering the 
importance of chloroplast which feeds most of 
the living organisms on the earth by producing 
the food through photosynthesis. Many efforts 
are still ongoing in this regards in different 
corners of the world [127-130]. In the C4 rice 
project, for instance, C4 photosynthesis pathway 
is installed in the rice, difficulties are guaranteed 
to fix carbon efficiently; so fine tuning gene 
expression is required in a C4 pathway to 
optimize protein contents to improve carbon 
fixation efficiency [131] and we are certainely 
sure CRISPR/Cas will play an important role in 
this process in near future. 

 
4. CONCLUSION 
 
With the ambition of feeding ever increasing 
population in mind, very fast improvements in the 
agricultural productivity is an absolute necessity. 
It takes reasonable amount of time for doing this 
if one follows traditional ways of crop 
improvements. However, now with the invent of 
CRISR/Cas, genome editing becomes plug and 
play kind of approach for the researchers. 
CRISPR/Cas systems are easy, versatile and 
robust to create a powerful tool in genetic 
improvement through gene knocking-out, knock-
in, substitution, point mutations, gene control 
fineness and other modification at all gene loci. 
Considering together the recent advances in the 
genome editing technologies especially 
CRISR/Cas, next generation sequencing, 
developments in synthetic biology/systems and 
functional genomics, it will allow enhanced 
productivity both in terms of quality and quantity 
in most of the agricultural crops. Finally, only 
important thing, which need to be coordinated 
precisely, is the transfer of this technology from 
lab to the field that requires a quick discovery of 
important genetic foundations. 

 
ACKNOWLEDGEMENTS 
 
Authors of this publication would like to thanks 
Dr. Pallavi Kisan Patil, research associate, The 
University of Sheffield, Sheffield, United Kingdom 
for her thorough English corrections of this 
manuscript. We also would like to thanks to Dr. 
Sachin A. Bhor for critical comment on writing 
and checking overall manuscript. 

 
COMPETING INTERESTS 
 
Authors have declared that no competing 
interests exist. 



 
 
 
 

Wagh and Pohare; CJAST, 38(3): 1-17, 2019; Article no.CJAST.52144 
 
 

 
12 

 

REFERENCES 
 
1. Tilman D, Balzer C, Hill J, Befort BL. 

Global food demand and the sustainable 
intensification of agriculture. PNAS. 
2011;108:260-64. 

2. Scheben A, Wolter F, Batley J, Puchta H, 
Edwards D. Towards CRISPR/Cas crops—
bringing together genomics and genome 
editing. New Phytol. 2017;216:682-98. 

3. Pacher M, Puchta H. From classical 
mutagenesis to nuclease-based breeding-
directing natural DNA repair for a natural 
end-product. Plant J. 2017;90:819-33. 

4. Pohare MB, Rathod HP, Shahakar SB, 
Kelatkar SK, Suryawanshi PP. Effects of 
UV radiations on morphological characters 
in In vitro regenerated Polianthes tuberosa. 
Research Journal of Agricultural Sciences. 
2012;3:1307-1308. 

5. Pohare MB, Batule BS, Bhor SA, Shahakar 
SB, Kelatkar SK, Varandani SP. Effect of 
Gamma radiations on the morphological 
characters in in vitro regenerated 
Polianthes tuberosa. Indian Horticulture 
Journal. 2013;3:95-97. 

6. Li JF, Norville JE, Aach J, McCormack M, 
Zhang D, Bush J, et al. Multiplex and 
homologous recombination-mediated 
genome editing in Arabidopsis and 
Nicotiana benthamiana using guide RNA 
and Cas9. Nat. Biotechnol. 2013;31:688-
91. 

7. Nekrasov V, Staskawicz B, Weigel D, 
Jones JD, Kamoun S. Targeted 
mutagenesis in the model plant Nicotiana 
benthamiana using Cas9 RNA-guided 
endonuclease. Nat. Biotechnol. 2013;31: 
691-93.  

8. Shan Q, Wang Y, Li J, Zhang Y, Chen K, 
Liang Z, et al. Targeted genome 
modification of crop plants using a 
CRISPR/Cas system. Nat. Biotechnol. 
2013;31:686-88. 

9. Zetsche B, Gootenberg Jonathan S, 
Abudayyeh Omar O, Slaymaker Ian M, 
Makarova Kira S, Essletzbichler P, et al. 
Cpf1 is a single RNA-guided endonuclease 
of a class 2 CRISPR/Cas system. Cell. 
2015;163:759-71. 

10. Shimatani Z, Kashojiya S, Takayama M, 
Terada R, Arazoe T, Ishii H, et al. Targeted 
base editing in rice and tomato using a 
CRISPR/Cas9 cytidine deaminase fusion. 
Nat. Biotechnol. 2013;35:441-43. 

11. Makarova KS, Aravind L, Grishin NV, 
Rogozin IB, Koonin EV. A DNA repair 

system specific for thermophilic Archaea 
and bacteria predicted by genomic context 
analysis. Nucleic Acids Research. 
2002;30:482-496. 

12. Horvath P, Barrangou R. CRISPR/Cas, the 
immune system of bacteria and archaea. 
Science. 2010;327:167-170. 

13. Ishino Y, Shinagawa H, Makino K, 
Amemura M, Nakata A. Nucleotide 
sequence of the iap gene, responsible for 
alkaline phosphatase isozyme conversion 
in Escherichia coli and identification of the 
gene product. Journal of Bacteriology. 
1987;169:5429-5433. 

14. Gasiunas G, Barrangou R, Horvath P, 
Siksnys V. Cas9–crRNA ribonucleoprotein 
complex mediates specific DNA cleavage 
for adaptive immunity in bacteria. 
Proceedings of the National Academy of 
Sciences. 2012;109:E2579-E2586. 

15. Hsu PD, Lander ES, Zhang F. 
Development and applications of 
CRISPR/Cas9 for genome engineering. 
Cell. 2014;157(6):1262-1278. 

16. Brouns SJ, Jore MM, Lundgren M, Westra 
ER, Slijkhuis RJ, Snijders AP, et al. Small 
CRISPR RNAs guide antiviral defense in 
prokaryotes. Science. 2008;321:960-964. 

17. Deveau H, Barrangou R, Garneau JE, 
Labonté J, Fremaux C, Boyaval P, el al. 
Phage response to CRISPR-encoded 
resistance in Streptococcus thermophilus. 
Journal of Bacteriology. 2008;190:1390-
1400. 

18. Deveau H, Garneau JE, Moineau S. 
CRISPR/Cas system and its role in phage-
bacteria interactions. Annual Review of 
Microbiology. 2010;64:475-493. 

19. Bhaya D, Davison M, Barrangou R. 
CRISPR/Cas systems in bacteria and 
archaea: Versatile small RNAs for adaptive 
defense and regulation. Annual Review of 
Genetics. 2011;45:273-297. 

20. Koonin EV, Makarova KS, Zhang F. 
Diversity classification and evolution of 
CRISPR/Cas systems. Curr. Opin. 
Microbiol. 2017;37:67-78. 

21. Deltcheva E, Chylinski K, Sharma CM, 
Gonzales K, Chao Y, Pirzada ZA, el al. 
CRISPR RNA maturation by trans-
encoded small RNA and host factor RNase 
III. Nature. 2011;471:602-608. 

22. Jinek M, Chylinski K, Fonfara I, Hauer M, 
Doudna JA, Charpentier EA. 
Programmable dual-RNA–guided DNA 
endonuclease in adaptive bacterial 
immunity. Science. 2012;12:258-59. 



 
 
 
 

Wagh and Pohare; CJAST, 38(3): 1-17, 2019; Article no.CJAST.52144 
 
 

 
13 

 

23. Doudna JA, Charpentier E. The new 
frontier of genome engineering with 
CRISPR/Cas9. Science. 2014;346(6213): 
1258096. 

24. Jiang F, Doudna JA. CRISPR/Cas9 
structures and mechanisms. Annual 
Review of Biophysics. 2017;46:505-529. 

25. Chen H, Choi J, Bailey S. Cut site 
selection by the two nuclease domains of 
the Cas9 RNA-guided endonuclease. 
Journal of Biological Chemistry. 2014;jbc-
M113. 

26. Cristea S, Freyvert Y, Santiago Y, Holmes 
MC, Urnov FD, Gregory PD, el al. In vivo 
cleavage of transgene donors promotes 
nuclease mediated targeted integration. 
Biotechnology and Bioengineering. 
2013;110:871-880. 

27. Cristea S, Freyvert Y, Santiago Y, Holmes 
MC, Urnov FD, Gregory PD. In vivo 
cleavage of transgene donors promotes 
nuclease mediated targeted integration. 
Biotechnology and Bioengineering. 
2012;121:671-680. 

28. Maresca M, Lin VG, Guo N, Yang Y. 
Obligate ligation-gated recombination 
(ObLiGaRe): custom-designed nuclease-
mediated targeted integration through 
nonhomologous end joining. Genome 
Research. 2013;23:539-546. 

29. Cong L, Ran FA, Cox D, Lin S, Barretto R, 
Habib N. Multiplex genome engineering 
using CRISPR/Cas systems. Science. 
2013;339:819-23. 

30. Gasiunas G, Barrangou R, Horvath P, 
Siksnys V. Cas9-crRNA ribonucleoprotein 
complex mediates specific DNA cleavage 
for adaptive immunity in bacteria. PNAS. 
2012;109:E2579-86. 

31. Jinek M, Chylinski K, Fonfara I, Hauer M, 
Doudna JA, Charpentier E. A 
programmable dual-RNA-guided DNA 
endonuclease in adaptive bacterial 
immunity. Science. 2012;337:816-21. 

32. Mali P, Yang L, Esvelt KM, Aach J, Guell 
M, DiCarlo JE, et al. RNA-guided human 
genome engineering via Cas9. Science. 
2013;339:823-26. 

33. Wagh SG, Alam MM, Kobayashi K, Yaeno 
T, Yamaoka N, Toriba T, Hirano HY, 
Nishiguchi M. Analysis of rice RNA-
dependent RNA polymerase 6 (OsRDR6) 
gene in response to viral, bacterial and 
fungal pathogens. J Gen Plant Pathol. 
2016a;82:12-17.  

34. Zhang J, Zhang H, Botella JR, Zhu JK. 
Generation of new glutinous rice by 

CRISPR/Cas9- targeted mutagenesis of 
the Waxy gene in elite rice varieties. J. 
Integr. Plant Biol. 2018;60:369-75. 

35. Wang M, Lu Y, Botella JR, Mao Y, Hua K, 
Zhu JK. Gene targeting by homology-
directed repair in rice using a geminivirus-
based CRISPR/Cas9 system. Mol. Plant. 
2017;10:1007-10. 

36. Sun Y, Jiao G, Liu Z, Zhang X, Li J, Guo X, 
et al. Generation of high-amylose rice 
through CRISPR/Cas9- mediated targeted 
mutagenesis of starch branching enzymes. 
Front. Plant Sci. 2017;8:1298. 

37. Shan Q, Zhang Y, Chen K, Zhang K, Gao 
C. Creation of fragrant rice by targeted 
knockout of the OsBADH2 gene using 
TALEN technology. Plant Biotechnol. J. 
2015;13:791-800. 

38. Sanchez-Leon S, Gil-Humanes J, Ozuna 
CV, Gimenez MJ, Sousa C, Voytas DF, et 
al. Low-gluten, nontransgenic wheat 
engineered with CRISPR/Cas9. Plant 
Biotechnol. J. 2018;16:902-10. 

39. Jiang WZ, Henry IM, Lynagh PG, Comai L, 
Cahoon EB, Weeks DP. Significant 
enhancement of fatty acid composition in 
seeds of the allohexaploid, Camelina 
sativa, using CRISPR/Cas9 gene editing. 
Plant Biotechnol. J. 2017;15:648-57. 

40. Morineau C, Bellec Y, Tellier F, Gissot L, 
Kelemen Z, Nogué F, et al. Selective gene 
dosage by CRISPR/Cas9 genome editing 
in hexaploid Camelina sativa. Plant 
Biotechnol. J. 2017;15:729-39.  

41. Okuzaki A, Ogawa T, Koizuka C, Kaneko 
K, Inaba M, Imamura J, et al. 
CRISPR/Cas9-mediated genome editing of 
the fatty acid desaturase 2 gene in 
Brassica napus. Plant Physiol. Biochem. 
2018;131:63-69. 

42. Ito Y, Nishizawa-Yokoi A, Endo M, Mikami 
M, Toki S. CRISPR/Cas9-mediated 
mutagenesis of the RIN locus that 
regulates tomato fruit ripening. Biochem. 
Biophys. Res. Commun. 2015;467:76-82. 

43. Li R, Fu D, Zhu B, Luo Y, Zhu H. 
CRISPR/Cas9-mediated mutagenesis of 
lncRNA1459 alters tomato fruit ripening. 
Plant J. 2018;94:513-24. 

44. Li X, Wang Y, Chen S, Tian H, Fu D, Zhu 
B, et al. Lycopene is enriched in tomato 
fruit by CRISPR/Cas9- mediated multiplex 
genome editing. Front. Plant Sci. 2018;9: 
559. 

45. Li R, Li R, Li X, Fu D, Zhu B, Tian H,           
et al. Multiplexed CRISPR/Cas9-mediated 
metabolic engineering of γ-aminobutyric 



 
 
 
 

Wagh and Pohare; CJAST, 38(3): 1-17, 2019; Article no.CJAST.52144 
 
 

 
14 

 

acid levels in Solanumly copersicum. Plant 
Biotechnol. J. 2018;16:415-27. 

46. Nonaka S, Arai C, Takayama M, 
Matsukura C, Ezura H. Efficient increase of  
γ-aminobutyric acid (GABA) content in 
tomato fruits by targeted mutagenesis. Sci 
Rep. 2017;7:7057. 

47. Nakayasu M, Akiyama R, Lee HJ, 
Osakabe K, Osakabe Y, Watanabe B. 
Generation of α-solanine-free hairy roots of 
potato by CRISPR/Cas9 mediated genome 
editing of the St16DOX gene. Plant Physiol. 
Biochem. 2018;131:70-77.  

48. Wang Y, Cheng X, Shan Q, Zhang Y, Liu J, 
Guo C. Simultaneous editing of three 
homoeoalleles in hexaploid bread wheat 
confers heritable resistance to powdery 
mildew. Nat. Biotechnol. 2014;32:947-51.  

49. Nekrasov V, Wang C, Win J, Lanz C, 
Weigel D, Kamoun S. Rapid generation of 
a transgene-free powdery mildew resistant 
tomato by genome deletion. Sci. Rep. 
2017;7:482. 

50. Wang F, Wang C, Liu P, Lei C, Hao W, 
Gao Y, et al. Enhanced rice blast 
resistance by CRISPR/Cas9- targeted 
mutagenesis of the ERF transcription 
factor gene OsERF922. PLOS ONE. 
2016;11:e0154027.  

51. Macovei A, Sevilla NR, Cantos C, Jonson 
GB, Slamet-Loedin I, Čermák T, et al. 
Novel alleles of rice eIF4G generated by 
CRISPR/Cas9-targeted mutagenesis 
confer resistance to rice tungro spherical 
virus. Plant Biotechnol. J. 2018;16:1918-  
27. 

52. Iqbal Z, Sattar MN, Shafiq M. 
CRISPR/Cas9: A tool to circumscribe 
cotton leaf curl disease. Front. Plant Sci. 
2016;7:475.  

53. Lu HP, Luo T, Fu HW, Wang L, Tan YY, 
Huang JZ, et al. Resistance of rice to 
insect pests mediated by suppression of 
serotonin biosynthesis. Nat. Plants. 
2018;4:338-44. 

54. Nieves-Cordones M, Mohamed S, Tanoi K, 
Kobayashi NI, Takagi K, Vernet A, et al. 
Production of low- Cs+ rice plants by 
inactivation of the K+ transporter OsHAK1 
with the CRISPR/Cas system. Plant J. 
2017;92:43-56. 

55. Tang L, Mao B, Li Y, Lv Q, Zhang L, Chen 
C, et al. Knockout of OsNramp5 using the 
CRISPR/Cas9 system produces low Cd-
accumulating indica rice without 
compromising yield. Sci. Rep. 2017;7: 
14438. 

56. Wang FZ, Chen MX, Yu LJ, Xie LJ, Yuan 
LB, Qi H, et al. OsARM1, an R2R3 MYB 
transcription factor, is involved in 
regulation of the response to arsenic stress 
in rice. Front. Plant Sci. 2017;8:1868. 

57. Zhou H, He M, Li J, Chen L, Huang Z, 
Zheng S, et al. Development of 
commercial thermo-sensitive genic male 
sterile rice accelerates hybrid rice breeding 
using the CRISPR/Cas9-mediated TMS5 
editing system. Sci. Rep. 2016;6:37395.  

58. Li J, Zhang H, Si X, Tian Y, Chen K, Liu J, 
et al. Generation of thermosensitive male-
sterile maize by targeted knockout of the 
ZmTMS5 gene. J. Genet. Genom. 
2017;44:465-68.  

59. Li Q, Zhang D, Chen M, Liang W, Wei J, Qi 
Y, et al. Development of japonica photo-
sensitive genic male sterile rice lines by 
editing carbon starved anther using 
CRISPR/Cas9. J. Genet. Genom. 2016;43: 
415-19.  

60. Singh M, Kumar M, Albertsen MC, Young 
JK, Cigan AM. Concurrent modifications in 
the three homologs of Ms45 gene with 
CRISPR/Cas9 lead to rapid generation of 
male sterile bread wheat (Triticum 
aestivum L.). Plant Mol. Biol. 2018;97:371-
83.  

61. Xie Y, Niu B, Long Y, Li G, Tang J, Zhang 
Y, et al. Suppression or knockout of 
SaF/SaM overcomes the Sa-mediated 
hybrid male sterility in rice. J. Integr. Plant 
Biol. 2017;59:669-79. 

62. Xie Y, Xu P, Huang J, Ma S, Xie X, Tao D, 
et al. Interspecific hybrid sterility in rice is 
mediated by OgTPR1 at the S1 locus 
encoding a peptidase-like protein. Mol. 
Plant. 2017;10:1137-40. 

63. Shen R, Wang L, Liu X, Wu J, Jin W, et al. 
Genomic structural variation-mediated 
allelic suppression causes hybrid male 
sterility in rice. Nat. Commun. 2017;8:1310. 

64. Yu X, Zhao Z, Zheng X, Zhou J, Kong W, 
Zhao X, et al. A selfish genetic element 
confers Non-Mendelian inheritance in rice. 
Science. 2018;360:1130-32. 

65. Khanday I, Skinner D, Yang B, Mercier R, 
Sundaresan V. A male-expressed rice 
embryogenic trigger redirected for asexual 
propagation through seeds. Nature. 
2018;565:91-95. 

66. Wang C, Liu Q, Shen Y, Hua Y, Wang J, 
Lin J, et al. Clonal seeds from hybrid rice 
by simultaneous genome engineering of 
meiosis and fertilization genes. Nat. 
Biotechnol. (In Press) 



 
 
 
 

Wagh and Pohare; CJAST, 38(3): 1-17, 2019; Article no.CJAST.52144 
 
 

 
15 

 

Available:https://doi.org/10.1038/s41587-
018-0003-0 

67. Li X, Zhou W, Ren Y, Tian X, Lv T, Wang Z, 
et al. High-efficiency breeding of early-
maturing rice cultivars via CRISPR/Cas9-
mediated genome editing. J. Genet. 
Genom. 2017;44:175-78.  

68. Ye M, Peng Z, Tang D, Yang Z, Li D, et al. 
Generation of self-compatible diploid 
potato by knockout of S-R Nase. Nat. 
Plants. 2018;4:651-54. 

69. Dong L, Li L, Liu C, Liu C, Shuaifeng G, Li 
X, et al. Genome editing and double 
fluorescence proteins enable robust 
maternal haploid induction and 
identification in maize. Mol. Plant. 
2018;11:P1214-17.  

70. Yao L, Zhang Y, Liu C, Liu Y, Wang Y, 
Liang D, et al. Os MATL mutation induces 
haploid seed formation in indica rice. Nat. 
Plants. 2018;4:530-33. 

71. Luo M, Gilbert B, Ayliffe M. Applications of 
CRISPR/Cas9 technology for targeted 
mutagenesis, gene replacement and 
stacking of genes in higher plants. Plant 
Cell Rep. 2016;35:1439-50. 

72. Shi J, Gao H,Wang H, Lafitte HR, 
Archibald RL, Yang M, et al. ARGOS8 
variants generated by CRISPR/Cas9 
improve maize grain yield under field 
drought stress conditions. Plant Biotechnol. 
J. 2017;15:207-16.  

73. Yu QH, Wang B, Li N, Tang Y, Yang S, 
Yang T, et al. CRISPR/Cas9-induced 
targeted mutagenesis and gene 
replacement to generate long-shelf life 
tomato lines. Sci. Rep. 2017;7:11874.  

74. Butler NM, Baltes NJ, Voytas DF, Douches 
DS. Geminivirus-mediated genome editing 
in potato (Solanum tuberosum L.) using 
sequence-specific nucleases. Front. Plant 
Sci. 2016;7:1045. 

75. Cermák T, Baltes NJ, Cegan R, Zhang Y, 
Voytas DF. High-frequency, precise 
modification of the tomato genome. 
Genome Biol. 2015;16:232. 

76. Dahan-Meir T, Filler-Hayut S, Melamed-
Bessudo C, Bocobza S, Czosnek H, 
Aharoni A, et al. Efficient in planta gene 
targeting in tomato using geminiviral 
replicons and the CRISPR/Cas9 system. 
Plant J. 2018;95:5-16. 

77. Wang M, Lu Y, Botella JR, Mao Y, Hua K, 
Zhu JK. Gene targeting by homology-
directed repair in rice using a geminivirus-
based CRISPR/Cas9 system. Mol. Plant. 
2017;10:1007-10. 

78. Gil-Humanes J, Wang Y, Liang Z, Shan Q, 
Ozuna CV, Sánchez-León S, et al. High-
efficiency gene targeting in hexaploid 
wheat using DNA replicons and 
CRISPR/Cas9. Plant J. 2017;89:1251-62. 

79. Hummel AW, Chauhan RD, Cermak T, 
Mutka AM, Vijayaraghavan A, Boyher A, et 
al. Allele exchange at the EPSPS locus 
confers glyphosate tolerance in cassava. 
Plant Biotechnol. J. 2017;16:1275-82. 

80. Cermák T, Baltes NJ, Cegan R, Zhang Y, 
Voytas DF. High-frequency, precise 
modification of the tomato genome. 
Genome Biol. 2015;16:232. 

81. Li Z, Liu ZB, Xing A, Moon BP, Koellhoffer 
JP, Huang L, et al. Cas9-guide RNA 
directed genome editing in soybean. Plant 
Physiol. 2015;169:960-70. 

82. Svitashev S, Schwartz C, Lenderts B, 
Young JK, Mark Cigan A. Genome editing 
in maize directed by CRISPR/Cas9 
ribonucleoprotein complexes. Nat. 
Commun. 2016;7:13274. 

83. Svitashev S, Young JK, Schwartz C, Gao 
H, Falco SC, Cigan AM. Targeted 
mutagenesis, precise gene editing, and 
site-specific gene insertion in maize using 
Cas9 and guide RNA. Plant Physiol. 
2015;169:931-45. 

84. Butt H, Eid A, Ali Z, Atia MAM, Mokhtar 
MM, Hassan N, et al. Efficient 
CRISPR/Cas9-mediated genome editing 
using a chimeric single-guide RNA 
molecule. Front. Plant Sci. 2017;8:1441. 

85. Endo M, Mikami M, Toki S. Biallelic gene 
targeting in rice. Plant Physiol. 2016;170: 
667-77. 

86. Sun Y, Zhang X, Wu C, He Y, Ma Y, Hou 
H, et al. Engineering herbicide-resistant 
rice plants through CRISPR/Cas9-
mediated homologous recombination of 
Acetolactate synthase. Mol. Plant. 
2016;9:628-31. 

87. Sauer NJ, Narvaez-Vasquez J, Mozoruk J, 
Miller RB, Warburg ZJ, Gao C, et al. 
Oligonucleotide-mediated genome editing 
provides precision and function to 
engineered nucleases and antibiotics            
in plants. Plant Physiol. 2016;170:1917-  
28. 

88. Hummel AW, Chauhan RD, Cermak T, 
Mutka AM, Vijayaraghavan A, Boyher A, et 
al. Allele exchange at the EPSPS locus 
confers glyphosate tolerance in cassava. 
Plant Biotechnol. J. 2017;16:1275-82. 

89. Li J, Meng X, Zong Y, Chen K, Zhang H, Li 
J, et al. Gene replacements and insertions 



 
 
 
 

Wagh and Pohare; CJAST, 38(3): 1-17, 2019; Article no.CJAST.52144 
 
 

 
16 

 

in rice by intron targeting using 
CRISPR/Cas9. Nat. Plants. 2016;2:16139. 

90. Li C, Zong Y, Wang Y, Jin S, Zhang D, 
Gao S, et al. Expanded base editing in rice 
and wheat using a Cas9-adenosine 
deaminase fusion. Genome Biol. 
2018;19:59.  

91. Shimatani Z, Kashojiya S, Takayama M, 
Terada R, Arazoe T, Isshi H, et al. 
Targeted base editing in rice and tomato 
using a CRISPR/Cas9 cytidine deaminase 
fusion. Nat. Biotechnol. 2017;35:441-43. 

92. Zong Y, Song Q, Li C, Jin S, Zhang D, 
Wang Y, et al. Efficient C-to-T base editing 
in plants using a fusion of nCas9 and 
human APOBEC3A. Nat. Biotechnol. 
2018;36:950-53. 

93. Chen YY, Wang ZP, Ni HW, Xu Y, Chen 
QJ, Jiang LJ. CRISPR/Cas9-mediated 
base-editing system efficiently generates 
gain-of-function mutations in Arabidopsis. 
Sci. China Life Sci. 2017;60:520-23.  

94. Tian S, Jiang L, Cui X, Zhang J, Guo S, Li 
M, et al. Engineering herbicide-resistant 
watermelon variety through CRISPR/Cas9-
mediated base-editing. Plant Cell Rep. 
2018;37:1353-56.  

95. Kang BC, Yun JY, Kim ST, Shin Y, Ryu J, 
Choi M, et al. Precision genome 
engineering through adenine base    
editing in plants. Nat. Plants. 2018;4:427-
431. 

96. Xue C, Zhang H, Lin Q, Fan R, Gao C. 
Manipulating mRNA splicing by base 
editing in plants. Sci. China Life Sci. 
2018;61:1293-300.  

97. Li Z, Xiong X, Wang F, Li JF. Gene 
disruption through base-editing-induced 
mRNAmis-splicing in plants. New Phytol; 
2018. 
Available:https://doi.org/10.1111/nph.1564
7 

98. Peng A, Chen S, Lei T, Xu L, He Y, Wu L, 
et al. Engineering canker-resistant plants 
through CRISPR/Cas9-targeted editing of 
the susceptibility gene CsLOB1 promoter 
in citrus. Plant Biotechnol. J. 2017;15: 
1509-19. 

99. Piatek A, Ali Z, Baazim H, Li L, Abulfaraj A, 
Al-Shareef S, et al. RNA-guided 
transcriptional regulation in planta via 
synthetic dCas9-based transcription 
factors. Plant Biotechnol. J. 2015;13:578-
89. 

100. Rodríguez-Leal D, Lemmon ZH, Man J, 
Bartlett ME, Lippman ZB. Engineering 
quantitative trait variation for crop 

improvement by genome editing. Cell. 
2017;171:470-80. 

101. Von Arnim AG, Jia Q, Vaughn JN. 
Regulation of plant translation by upstream 
open reading frames. Plant Sci. 2014;214: 
1-12.  

102. Liang XH, Shen W, Sun H, Migawa MT, 
Vickers TA, Crooke ST. Translation 
efficiency of mRNAs is increased by 
antisense Oligonucleotides targeting 
upstream open reading frames. Nat. 
Biotechnol. 2016;34:875-80. 

103. Zhang H, Si X, Ji X, Fan R, Liu J, Chen K, 
et al. Genome editing of upstream open 
reading frames enables translational 
control in plants. Nat. Biotechnol. 2018;36: 
894-98.  

104. Zhu B, Zhang W, Zhang T, Liu B, Jiang J. 
Genome-wide prediction and validation of 
intergenic enhancers in Arabidopsis using 
open chromatin signatures. Plant Cell. 
2015;27:2415-26. 

105. Zaidi SS, Tashkandi M, Mansoor S, 
Mahfouz MM. Engineering plant immunity: 
Using CRISPR/Cas9 to generate virus 
resistance. Front. Plant Sci. 2016;7:1673. 

106. Ali Z, Abulfaraj A, Idris A, Ali S, Tashkandi 
M, Mahfouz M. CRISPR/Cas9-mediated 
viral interference in plants. Genome Biol. 
2015;16:238. 

107. Baltes NJ, Hummel AW, Konecna E, 
Cegan R, Bruns AN, Aaron N, et al. 
Conferring resistance to Gemini viruses 
with the CRISPR/Cas prokaryotic immune 
system. Nat. Plants. 2015;1:15145. 

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

109. Mehta D, Sturchler A, Hirsch-Hoffmann M, 
Gruissem W, Vanderschuren H. 
CRISPR/Cas9 interference in cassava 
linked to the evolution of editing-resistant 
geminiviruses. Bio Rxiv 314542.  
Available:https://doi.org/10.1101/314542  

110. Ji X, Si X, Zhang Y, Zhang H, Zhang F, 
Gao C. Conferring DNA virus resistance 
with high specificity in plants using a virus-
inducible genome editing system. Genome 
Biol. 2018;19:197.  

111. Zhang T, Zheng Q, Yi X, An H, Zhao Y, Ma 
S, et al. Establishing RNA virus resistance 
in plants by harnessing CRISPR immune 
system. Plant Biotechnol. J. 2018;16:1415-
23.  

112. Price AA, Sampson TR, Ratner HK, 
Grakoui A, Weiss DS. Cas9-mediated 



 
 
 
 

Wagh and Pohare; CJAST, 38(3): 1-17, 2019; Article no.CJAST.52144 
 
 

 
17 

 

targeting of viral RNA in eukaryotic cells. 
PNAS. 2015;112:6164-69.  

113. Nayak A, Tassetto M, Kunitomi M, Andino 
R. RNA interference-mediated intrinsic 
antiviral immunity in invertebrates. Curr. 
Top. Microbiol. Immunol. 2013;371:183-
200.  

114. Meng X, Yu H, Zhang Y, Zhuang F, Song 
X, Gao S, et al. Construction of a genome-
wide mutant library in rice using 
CRISPR/Cas9. Mol. Plant. 2017;10:1238-
41.  

115. Jacobs TB, Zhang N, Patel D, Martin GB. 
Generation of a collection of mutant tomato 
lines using pooled CRISPR libraries. Plant 
Physiol. 2017;174:2023. 

116. Osterberg JT, Xiang W, Olsen LI, 
Edenbrandt AK, Vedel SE, Christiansen A, 
et al. Accelerating the domestication of 
new crops: Feasibility and approaches. 
Trends Plant Sci. 2017;22:373-84. 

117. Wang H, Studer AJ, Zhao Q, Meeley R, 
Doebley JF. Evidence that the origin of 
naked kernels during maize domestication 
was caused by a single amino acid 
substitution in tga1. Genetics. 2015;200: 
965-74.  

118. Komatsuda T, Pourkheirandish M, He C, 
Azhaguvel P, Kanamori H, Perovic D, et al. 
Six-rowed barley originated from a 
mutation in a homeodomain-leucine zipper 
I-class homeobox gene. PNAS. 
2007;104:1424-29. 

119. Wagh SG, Kobayashi K, Yaeno T, 
Yamaoka N, Masuta C, Nishiguchi M. Rice 
necrosis mosaic virus, a fungal transmitted 
Bymovirus: Complete nucleotide sequence 
of the genomic RNAs and subgrouping of 
bymoviruses. J Gen Plant Pathol. 
2016b;82:38-43.  

120. Sedbrook JC, Phippen WB, Marks MD. 
New approaches to facilitate rapid 
domestication of a wild plant to an oilseed 
crop: Example pennycress (Thlaspi 
arvense L.). Plant Sci. 2014;227:122-32. 

121. Li T, Yang X, Yu Y, Si X, Zhai X, Zhang H, 
et al. Domestication of wild tomato is 
accelerated by genome editing. Nat. 
Biotechnol. 2018;36:1160-63. 

122. Zsogon A, Cermak T, Naves ER, Notini 
MM, Edel KH, Weinl S, et al. De novo 
domestication of wild tomato using 
genome editing. Nat. Biot. 2018;36;1211-
1216. 

123. Lemmon ZH, Reem NT, Dalrymple J, Soyk 
S, Swartwood KE, Weinl S, et al. Rapid 
improvement of domestication traits in an 
orphan crop by genome editing. Nat. 
Plants. 2018;4:766-70.  

124. Nemhauser JL, Torii KU. Plant synthetic 
biology for molecular engineering of 
signalling and development. Nat. Plants. 
2016;2:16010.  

125. Temme K, Zhao D, Voigt CA. Refactoring 
the nitrogen fixation gene cluster from 
Klebsiella oxytoca. PNAS. 2012;109:7085-
90.  

126. Jusiak B, Cleto S, Perez-Piñera P, Lu TK. 
Engineering synthetic gene circuits in living 
cells with CRISPR technology. Trends 
Biotechnol. 2016;34:535-47.  

127. Pohare MB, Akita M. Development of a 
precursor in a soluble form for protein 
import into chloroplasts. International 
Journal of Bio-Technology and Research. 
2016;6(5):918.  

128. Akita M, Pohare MB. Chloroplastic protein 
import characteristics of dihydrofolate 
reductase (DHFR) fused recombinant 
precursor protein in the presence of 
methotrexate. Biosci., Biotechnol. Res. 
Asia. 2016;13(4):2351-2358. 

129. Eberhard S, Finazzi G, Wollman FA. The 
dynamics of photosynthesis. Annu. Rev. 
Genet. 2008;42:463515. 

130. Waters MT, Langdale JA. The making           
of a chloroplast. EMBO J. 2009;28:2861-
73. 

131. Von Caemmerer S, Quick WP, Furbank 
RT. The development of C4 rice: Current 
progress and future challenges. Science. 
2012;336:1671. 

132. Pohare MB, Sharma M, Wagh SG. 
CRISPR/Cas9 genome editing and its 
medical potential. Advances in 
Biotechnology and Biosciences; 2019. (In 
Press)

_________________________________________________________________________________ 
© 2019 Wagh and Pohare; This is an Open Access article distributed under the terms of the Creative Commons Attribution 
License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any 
medium, provided the original work is properly cited. 

 

 

Peer-review history: 
The peer review history for this paper can be accessed here: 

http://www.sdiarticle4.com/review-history/52144 


