GM CROPS & FOOD
2020, VOL. 12, NO. 1, 125-144
https://doi.org/10.1080/21645698.2020.1831729

Taylor & Francis
Taylor &Francis Group

REVIEW

8 OPEN ACCESS ’ W) Check for updates

Engineering disease resistant plants through CRISPR-Cas9 technology
Swati Tyagi?, Robin Kumar®<, Vivak Kumar<, So Youn Won?, and Pratyoosh Shukla®
2Genomic Division, National Institute of Agriculture Science, Rural Development Administration, Jeonju, Republic of Korea; ®Department of Soil

Science and Agricultural Chemistry, Acharya Narendra Dev University of Agriculture and Technology, Kumarganj, Ayodhya, India; “Department
of Agriculture Engineering, Sardar Vallabhbhai Patel University of Agriculture and Technology, Meerut, India; “Enzyme Technology and Protein

Bioinformatics Laboratory, Department of Microbiology, Maharshi Dayanand University, Rohtak, India

ABSTRACT

Plants are susceptible to phytopathogens, including bacteria, fungi, and viruses, which cause
colossal financial shortfalls (pre- and post-harvest) and threaten global food safety. To combat
with these phytopathogens, plant possesses two-layer of defense in the form of PAMP-triggered
immunity (PTI), or Effectors-triggered immunity (ETI). The understanding of plant-molecular inter-
actions and revolution of high-throughput molecular techniques have opened the door for innova-
tions in developing pathogen-resistant plants. In this context, Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)-CRISPR-associated protein 9 (Cas9) has transformed genome editing
(GE) technology and being harnessed for altering the traits. Here we have summarized the complex-
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ities of plant immune system and the use of CRISPR-Cas9 to edit the various components of plant stress
immune system to acquire long-lasting resistance in plants against phytopathogens. This review
also sheds the light on the limitations of CRISPR-Cas9 system, regulation of CRISPR-Cas9 edited

crops and future prospective of this technology.

Introduction

In nature, plants and microorganisms exist and
evolve together.' This interaction between plant
and microbes is an integral part of their life, and
based on the effect on the host, especially plants,
this interaction (plant-microbe interaction) is
defined either beneficial or harmful." Plants are
susceptible to the number of plant pathogens,
including bacteria, fungi, as well as viruses, which
brings colossal financial shortfalls (pre- and post-
harvest) to the farmers.” In plants, biotic stress can
impose more than 40% yield loss accounting for
a total of 15% global food production drop.”*
Furthermore, this yield loss put the most significant
challenge against the world to feed its continually
growing population, which is expected to be double
by 2050.>*

In past years, several chemicals in the form of
insecticides, pesticides, or fertilizers have been used
to minimize the yield loss and improve the plant
health as well as develop resistance against
pathogens.>® These chemical-based products can
contaminate soil, water bodies, vegetation and

impose risk to the host (consumer) as well as
other organisms such as birds, fish, beneficial
insects, and non-target plants.”® However, increas-
ing awareness about the negative impact of chemi-
cal agents and development of rapid pathogen
resistance pushed researchers to adopt the alterna-
tive techniques to combat it. New genomic
approaches, such as new breeding techniques
(NBT) and genetic engineering (GE) can alter the
composition of plants and also boost resistance
against microbial pathogens.” GE, which is
a biotechnological approach, can create stable, per-
manent, and heritable changes to the genetic code
and can achieve specific potential goals, has several
advantages over conventional breeding methods.®
For example, modification of plant traits such as
yield, growth improvement, and to develop resis-
tance against abiotic/biotic stresses via introducing,
removing, or modifying the specific gene(s) is more
straightforward and less laborious. It can be
obtained in fewer generations using genetic engi-
approaches than the traditional
approaches.” Another advantage of genetic
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engineering is the possibility of the interchange of
the gene(s) among species and makes it a valuable
tool to develop disease-resistant plants to meet the
increasing food demand.’

More recently, CRISPR-Cas9 (clustered regularly
interspaced short palindromic repeats)-Cas9
(CRISPR-associated protein) based tools have
transformed agricultural science by showing its
potential to edit the genome of plant species and
providing new possibilities™'*'!. CRISPR-Cas9 is
approach is cost effective and user-friendly and
thus becomes a trendy technique when compared
with other GE techniques such as zinc-finger
nucleases (ZFNs) and transcription activator-like
effector nuclease (TALEN).!>™* A new protein is
required every time following by its validation
whenever there is a need to perform an experiment
using ZFNs and TALEN and thus make it difficult
as well as expensive to be used. However, CRISPR-
Cas9, on the other hand, is relatively cheap and easy
to be employed.”> CRISPR-Cas9 technology has
been adopted widely to edit the genome of (more
than 20 crops) plants for modifying several traits
such as yield, growth improvement,”> and to
develop  resistance  against  abiotic/biotic
stresses'®'” Here in this review, we will be discuss-
ing the use of CRISPR technology to develop resis-
tance against a different class of pathogens by
targeting the potential biomolecules involved in
plant defense and develop disease-resistant plants.

Mechanism of Plant Defense System

In plants, the defense system starts with the cell to
cell communication between a pathogen (or its
component) and host plant (Fig. 1). During the
plant-pathogen interaction, a complex series of
events take place where several molecules from
plant and pathogens are exchanged or interact.'®
The type of biomolecules to be employed for
defense is mostly depends upon the kind of inter-
acting pathogen (bacteria, fungi, or viruses).'® For
example, bacteria secrets virulence-related biomo-
lecules through type II, III, and IV secretion
systems'’; and interact with host plants. On the
other hand, fungi discharge several biomolecules
(cell wall-degrading enzymes) to breach the first
line of defense. These infectious biomolecules
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Figure 1. Graphical repersentation of plant defense system. The
schematic figure illustrates the intricate relations between plant
innate immunity (PTI, ETI), ETS-related resistance response and
the regulation of the genes involved in plant-pathogen interac-
tions. On pthogen attack, plasma membrane-localized receptors
(PRR) based on apthogen type such as bacteria, fungi or virus
recognize the presence of PAMP’s or effectors in the extracellular
environment and induce PAMPs Triggered Immunity (PTI),
Effector Triggered immunity (ETI). Effector are any regulatory
molecules secreted by pathogens which modifies the host pro-
tein to establish their growth and initiate Effecctor triggred
susceptibility (ETS). R- ressistance proteins.

further initiate the infection or develop
haustorium®® and affect the plant's health nega-
tively. Contrary to it, viruses enter directly into
the host through a mechanical injury or biological
vector, and inject their genetic material and capsid
proteins within the host and initiate infection.'®
In general, plants possess a set of receptors
called as trans-membrane protein recognition
receptors (PRRs or wall-associated kinases abbre-
viated as WAKs).?' These receptors recognize the
pathogen-associated or microbes—associated mole-
cular patterns (PAMPs or MAMPs) and initiate
a specific defense response known as PAMP-
triggered immunity (PTI) to fight with the infec-
tious pathogen.>”>*’ In response to this defense
system, some pathogen secretes effectors to com-
bat plant immunity, and suppress PTI by activat-
ing susceptibility (S) proteins and progress
infection. This process is called as effectors-



triggered susceptibility (ETS).>' Consequently, to
battle with effectors, plants initiate the second line
of defense employing resistance (R) genes, which
are activated by recognizing the signals from effec-
tors or avirulence (avr) proteins resulting in effec-
tors-triggered immunity (ETI) . In general, PTT is
a nonspecific form of immunity that is conserved
across a class of pathogens and activated through
the detection of PAMPs. Contrary to it, ETT is
a highly specific type of immunity that is activated
by the recognition of pathogen effectors and
involves programmed cell death through hyper-
sensitive response (HR) and checks pathogen
growth at the infection site.”* PTI and ETI upon
pathogen attack induce the expression of patho-
genesis-related genes, alter a different kind of
kinases such as mitogen-activated protein kinase
(MAPKs) modify plant hormones, or transcrip-
tion factors. It further affects the downstream
events such as HR, reactive oxygen species (ROS)
generation, cell-wall modification, stomata clo-
sure, or secretion of anti-microbial proteins and
compounds, e.g., chitinases, protease inhibitors,
defensins, and phytoalexins.”'®** Along with PTI
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Figure 2. Graphical repersentation how CRISPR-Cas9 system
work as bacterial immune system. Infection. After infection,
virus injedct its genome into the host, Adaptaion viral genome
is acquired by CRISPR array (colored boxes; spacers and repeats)
using Cas proteins; <rRNA biogenesis Pre- Pre-
crRNA is transcribed from the leader region by RNA polymerase
and further cleaved into smaller crRNAs that contain a single
spacer and a partial repeat by Cas proteins. Interference. crRNA
containing a spacer that has a strong match to attacking virus
genome initiates a cleavage event using Cas proteins are
required for this process and interferes with virus replication.
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Figure 3. General work-flow of developing disease ressistance
crops using CRISPR-Cas9 system. Plant genome editing typically
follow these steps: Finding a target gene and construction of
artifical sgRNA, Vector construction follwoed by plant transfor-
mation. After transformation, sgRNA directs the Cas9 protein to
bind target sequence and induce DSB. This DSB causes random
mutations is repaired by error-

prone HDR pathway based on the experimental objective. Plants
with altered genome (with induced or deleted genes) is further
screened and analysezed for desired trait. CRISPR, clustered
regularly interspaced short palindromic repeat; Cas, CRISPR-
associated; DSB, double-strand break; HDR, homology-directed
repair; NHEJ, non-homologous end-joining; sgRNA, singleguide
RNA.

and ETI, RNA interference (RNAi) is one another
approach used by plants to detect and eradicate
mugging viral pathogens.”?”

Complexities of Disease Resistance in Plants

In nature, plants (as defending hosts) and patho-
gens (attacking parasite) have the constant race of
arms to protect or kill each other. Thus, plants must
adopt several defensive strategies against attacking
pathogens (bacteria, fungi, and viruses) and vice
versa. During evolution through selection pressure,
plants come up with varied defense patterns and
pathogens with elitist evasion abilities, as defined by
Prichard and birch®® in the zig-zag model. For
example, beside the physical barriers (which pre-
vent the entry on pathogen within the cell), plants
also use plasma membrane and inter/intracellular
receptors that initiate safeguard strategies (as dis-
cussed above) once there is the perception of the
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pathogen itself or pathogen-derived modifications
in host cells.”> Plants secrete some antimicrobial
products that can recognize the pathogens or
pathogen-derived compounds and can destroy it
either by detoxification or inhibiting its virulence.*
Similarly, pathogens also have been evolved to
overcome plant defense strategies and take over
the plant system to initiate and spread infection.
For example, several bacterial/fungal secrete cell-
wall-degrading enzymes such as cellulase, xylanase,
etc., that can breach the plant cell membrane pro-
tection and enable them to invade within the host.””
Some pathogens secret effector molecules that
silence the host defense system and contribute to
disease progression.”>*® Understandings of these
molecular dialogs between plant and pathogens
have provided an opportunity for genetic engineer-
ing researchers to develop disease-resistant or less
susceptible plant varieties for crop development
and sustainable agriculture.”

Advances in molecular biology techniques made
it easier to modify the genome of a host either by
introducing some genes those can breakdown the
toxins, abolish the activity of cell wall-degrading
enzyme and excrete antimicrobial compounds or
deleting the genes those are susceptible to pathogen
attack.’® The development of high-throughput
molecular technologies made it easier to under-
stand the mechanism of infection or immunity in
plants or pathogens and providing opportunities to
edit their genomes for developing resistance against
plant pathogens. In this context, CRISPR based GE
techniques are being utilized to alter the plant traits
and improve pathogen resistance.

CRISPR-Cas9 System as Bacterial Imnmune
System and Magnificent Tool for Plant Editing

The CRISPR-Cas9 system is a RNA-mediated
sequence-specific adaptive immune system of the
prokaryotes, which provide protection against bac-
teriophages and viruses.”’ This system has two arms:
CRISPR array and Cas9 nucleases. CRISPR array is
a sequence that comprises ~ 50 bp repeats separated
by unique spacers of similar length. On the other
hand, Cas9 is a CRISPR-associated nuclease protein
which assists the foreign DNA degrading events.”>>
On pathogen attack, foreign (viral) genetic material
is discovered, administered, and integrated into

CRISPR array (Fig. 2). This episode leads to develop
a kind of memory to the bacterial genome.
Subsequently, CRISPR array is transcribed to form
mature crRNA. This event is called as crRNA bio-
genesis. This crRNA further recognizes and degrade
the viral DNA sequence harboring sequence com-
plementary to the crRNA.'®*>** This DNA degra-
dation event is assisted by Cas9 nuclease, encoded
by Cas genes flanking the CRISPR array.”*>> The
ability of CRISPR-Cas9 system to generate double-
strand break (DSB) in the genome, made it
a wonderful tool to be applied as genomic scissors
for genome editing.*® And, the execution of it in the
laboratory does not require any debonair machinery
except (i) a 18-22 bp long guide RNA sequence
which is complementary to the target sequence (ii)
and Cas9 nuclease to induce a DSB after protospacer
adjacent motif (PAM) sequence.3 These CRISPR-
originated DSB is repaired either by a low fidelity
non-homologs end joining (NHE]) process or
a more specific Homology-directed repair (HDR)
system.3 7 The error prone nature of NHE]J can incise
the target sequence either by adding insertion or
deletion (InDels) which result in loss of function
and produce genetically modified crops (Fig. 3).
After gRNA synthesis and PAM sequence identifi-
cation, next is to clone the gRNA into desired vec-
tor, followed by transformation, screening, and
validation.”®® Till date, CRISPR-Cas9 has been
used to manipulate the genome of almost every
living system and being successfully exploited to
edit the genome of several plants species stretching
from monocot to dicots. The genome of model
plants such as Arabidopsis thaliana and Nicotiana
benthamiana as well as cash crops viz., rice, wheat,
maize, barley, tomato, potato, cotton, soybean,
citrus, grape, etc., have been modified despite their
genome complexity in term of ploidy level.'®*~*

Fungal Resistance by Editing Host Susceptible
Genes

Complicated lifestyle, genetic flexibility, and the
ability to invade host easily make fungal plant
pathogens a significant threat to agriculture.*’
Several plant diseases such as rot, smut, rust, mil-
dew, etc., are caused by fungal plant pathogens
worldwide, which results in severe yield losses in
pre-harvest and post-harvest crops.””*” Along with
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the diseases, some fungal pathogens also produce
secondary metabolites such as mycotoxins and epi-
tomize serious health issues in animals as well as
humans, which can be deadly sometimes.*” In
plant-fungal interaction, ETI response is usually
triggered by the interaction of pathogen effectors
with plant R protein, which in turn activates the
plant defense system. Traditionally, the introduc-
tion of the R gene into the plants was the most
accessible and most promising approach to acquire
resistance®® however, it did not prove durable due
to species-specific nature of the pathogen.
Moreover, the genetic flexibility of the fungi also
enables them to disrupt the resistance (R- gene-
mediated) by mutating the corresponding avr
gene, which produces resistant pathogens and
poses a significant challenge to control them.***°
Thus, the resistance conferred by R gene is not
long-lasting and can be breached easily. However,
the modification of susceptible host genes (target
genes, receptors involved in disease development)
can be a practical and alternative approach to
improve resistance. Also, loss of function mutation
in S gene does not impact the overall plant health
and developmental process. So, resistance against
several fungal pathogens was developed by target-
ing the host susceptibility genes using CRISPR-
Cas9 tools (Table 1).

Fungi secrete cell wall-degrading enzymes to
initiate the infection process, which loosens or
degrades the plant cell wall and enables the patho-
gen to enter within the host. In response to this
invasion by fungal pathogens, plants secrete inhi-
bitors of these enzymes and add an extra layer of
defense by other mechanisms e.g., by producing
callose to strengthen the cell wall.®> The inhibitors
of cell wall-degrading enzymes or genes involved in
callose deposition can be a potent target for GE to
develop resistance against fungi. The Powdery
Mildew Resistance 4 (PMR4) gene ortholog
SIPMR4, which is involved in callose deposition
(PRR gene), was targeted using CRISPR-Cas9 to
genetically engineer the plants and improve resis-
tance against powdery mildew pathogen Oidium
neolycopersici.®> Interestingly, the loss of function
of PMR4 gene was due to inversion mutation,
which improved the salicylic acid level and acti-
vated the HR response in plant upon pathogen
challenge and conferred resistance. Thus,

genetically engineered plants with inhibitors of cell-
wall degrading enzymes, overexpressing PRR, or
with impaired S genes can provide sustainable and
improved resistance against pathogens.

The mildew resistance locus O (MLO) is a well-
known host S gene in plant defense system. This
gene encodes for a transmembrane protein (PRR)
and studies conducted in the past and present with
MLO editing confirm its role and ability to confer
resistance as well as to exploitation in future.®
MLO gene was modified in three different crops
viz. tomato, wheat, and grapevine using CRISPR-
Cas9 to develop resistance against the powdery
mildew  disease caused by fungi and
oomycetes.”>>>” Homo-alleles of MLO in wheat
plants -TaMLO-A1, TaMLO-B1, TaMLO-D1 were
mutagenized by CRISPR-Cas9 and interestingly, it
was noted that TaMLO-AI mutated plants have
developed resistance to Blumeria graminis f. sp.
tritici, which cause powdery mildew disease.”
Similarly, grapevine gene VVvMLO7 was also
mutated in protoplast culture using ribonucleopro-
tein (RNP)/CRISPR-Cas9 complex. However, the
authors did not report the regeneration of plants
using this CRISPR-Cas9 edited protoplasts but
reported the improved fungal resistances in proto-
plast culture.> Likewise, the SIMIo1 gene in tomato
was also truncated with CRISPR-Cas9 to generate
resistant plants that were further self-pollinated to
achieve CRISPR-Cas9-free plants without harming
plant development and growth. The newly devel-
oped non-transgenic plant variety was named
“Tomelo” by the authors and conferred complete
resistance to Oidium neolycopersici causing
Powdery mildew in tomato plants.”® Additionally,
there was no report of “off-target” mutation after
whole-genome Illumina sequencing outside the tar-
get region.59

Other susceptibility genes such as rice Ethylene
Response Factor 922 (ERF922) and enhanced disease
resistance 1 (EDR1I), which are involved in ethylene
signaling and pathogen resistance, respectively, was
also targeted to genetically engineer the plants and
improve their traits.”” Rice OsERF922, OsSEC3A
was modulated with CRISPR-Cas9 and resulted in
complete resistance against blast pathogen
M. oryzae without disturbing the typical growth
pattern of the plant.'"*® In another study, the null
mutants of Ossec3a were found to have improved



levels of salicylic acid (SA) along with the up-
regulation of pathogenesis and SA signaling related
genes. Though this genetic alteration resulted in
dwarf plants when compared with wild type
mutants; but showed resistance to the fungal
pathogen.68 Mutation of one another host suscep-
tible gene- Taedrl (an ortholog of EDR) in wheat
resulted in improved resistance against Erysiphe
cichoracearum powdery mildew pathogen. Genetic
modification of this gene slightly influenced the
plant growth but was found to have a broad range
of resistance against bacteria, oomycetes, and other
pathogens.”* Similarly, WRKY transcription factors
that contribute to PTI and ETT actively and regulate
defense response also another essential target gene
to achieve resistance. The editing of the WRKY
transcription factor in grapevine VvWRKY52 also
showed resistance to Botrytis cinerea. In this study,
the transgenic plants carried mono and bi-allelic
mutation and showed no remarkable difference in
plant phenotype when compared with wild type
plants.”® This study further showed the ability of
CRISPR-Cas9-based tools to alter the genome of
wood plants. In one another study, plant
(Theobroma cacao) resistant to Phytophthora tropi-
calis' was developed by transient leaf
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transformation. In this study, the potentiality of
CRISPR-Cas9 was tested by pointing the Non-
Expressor of Pathogenesis-Related 3 (NPR3) gene
and transgenic embryo further used to regenerate
the plants which conferred resistance against
Phytophthora tropicalis.”®

Conclusively studies discussed here show the
potential of the S gene in developing resistance
against a broad range of pathogens. Generally,
S genes are conserved in nature, and the discovery
of one gene can enable the detection of more genes
among or within the plant’s species. Resistance
acquired by modification of susceptibility offers
enormous opportunities in crop safety since
a particular allele that confers susceptibility to one
pathogen may confer resistance to another patho-
gen als0.”””° Collectively, these studies showed the
potential of host S genes over R genes for develop-
ing pathogen resistance and pushed the necessities
to find new S genes that can be exploited in future.
However, side effects that appeared by editing/
mutating the S gene should be considered. As stated
above, S gene(s) is tightly linked with the plant
growth and development and can cause pleiotropic
effects.®® Hence these issues also should be taken
into consideration while performing such gene(s)

Table 2. Plants edited to develop resistance against bacterial pathogens.

Target
Plant Gene Target gene Method
species Bacterial Pathogen Disease  Target gene  location function Achievement used  Reference
Golden Erwinia amylovora ~ Fire DIPM-1, Host S gene Interact with RNP based system to enhanced Knockout >°
delicious Blight DIPM-2, pathogen disease resistance
DIPM-4 effectors
Oryza sativa  Xanthomonas Bacterial OsSWEET14, OsSWEETT1 Host S gene Sucrose
oryzae pv. blight
?rrgﬁ%orter Demonstration Knockout 75
gene successful
editing of
S genes
Burkholderia Bacterial blight OsMPK5  Host S gene  Help in pathogen Showed potential of CRSIPR editing  Knockout *'
glumae infection to improve disease resistance
Solanum lycopersicum Xanthomonas spp Bacterial blight SIDMR6-1 Host
Regulation of PR Showed resistance  Knockout ' S gene
genes against
bacterial,
fungal
pathogens
Pseudomonas Bacterial  SIDMRé6-1 Host S gene Regulation of PR Showed resistance against bacterial, Knockout ©'
syringae pv. blight genes fungal pathogens
tomato
Pseudomonas Bacterial SUAZ2 Host S gene Coronatine Improved resistance against bacterial Knockout 76
syringae pv. Speck production speck disease
tomato
Citrus spp. ~ Xanthomonas citri ~ Citrus CsLOB1 Host S gene Help in pathogen Resistance to canker disease Knockout 77
subsp.citri canker infection
Xanthomonas citri ~ Citrus CsLOB1 Host S gene Help in pathogen Resistance to canker disease Knockout 78
subsp.citri canker infection
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editing events in plants. Though few laboratory
studies reported that genetic manipulation of
these genes does not have any negative impact on
plant growth and development,”*”"”? but durabil-
ity and applicability of these plants at the field level
is still needed to be determined.

Bacterial Resistance by Editing Host Susceptible
Genes

Bacteria are diverse, omnipresence, proliferate, and
play a vital role (beneficial or harmful) in the living
system.”  Phytopathogenic ~ bacteria  impose
a significant threat to agriculture, cause several dis-
eases such as spots, mosaics, rots and are hard to
control, which result in severe yield loss.”>”*
Borrelli et al.*® classified phytopathogenic bacteria
as 1) crop-specific 2) polyphagous specific and 3)
kingdom crosser. Specific bacteria produce specific
disease symptoms in the specific host (for example,
Clavibacter michiganensis cause bacterial ring rot
disease in tomato) known as crop specific. In con-
trast, polyphagous-specific bacteria such as
Ralstonia solanacearum produce multiple disease
symptoms and have a broad host range and includ-
ing monocot and dicots.®® On the other hand, king-
dom crosser like Dickeya dadantii are those who
are opportunistic pathogens and can cause several
disease in different kingdoms also such as animals
and plants.®® The pathogen of different categories
imparts different responses in the host and thus put
a great challenge to develop resistance. Constant
evolving nature and horizontal gene transfer help
bacteria to develop resistance against antibacterial
products and spread infection.

In general, bacteria enter the cell either through
natural means through plant openings such as sto-
mata, stigma, etc., or mechanical wounds or by
secreting bioactive molecules.”* The plant defense
system recognizes these signals and responds
appropriately to eliminate the pathogen (Fig. 1).
However, successful pathogens use a complex sig-
nal cascade, and many host plant genes, including
some S genes, also contribute to this, which helps
pathogens to conquer the plant immunity and initi-
ate infection.”®*’ As discussed above, that achieved
by the S gene may be more durable, so these genes
are the potential targets to attain bacterial disease
resistance via genome editing. However, there is

not much improvement in the development of bac-
terial disease-resistant varieties. The reason seems
that the genetic complexity of plants and the con-
tinuous evolution of bacteria in terms of bypassing
the plant defense mechanisms. Still, there are fewer
studies that have been conducted consuming
CRISPR-Cas9 system to develop transgenic plants
against bacterial pathogen than fungal and viral
(Table 2).

Xanthomonas citri is the causal agent of citrus
canker disease in citrus plants and an economically
important bacterial pathogen which causes severe
yield losses.”® CRISPR-Cas9 system was used to
achieve resistance against X. citri by modulating
one of the target genes involved in ETI. The pro-
moter (the effectors binding element (EBE) PthA4,)
of CsLOBI (lateral organ boundaries 1) gene which
was involved in host susceptibility, was mutated
which in turn lost the ability to recognize and
respond to bacterial effectors and hence showed
increased resistance against infection.”” First Jia et -
al.”’ edited the EBEPthA4 element located in the
promoter region of CsLOBI. They reported that the
disease symptoms were reduced without affecting
the plant phenotypes and did not produce any off-
target mutation. Further this work was extended by
Peng et al.’”® who established the relationship
between CsLOBI promoter and disease develop-
ment in orange plants and confirmed that removal
of EBEPthA4 improved the resistance against
Xanthomonas citri with no phenotypic changes.
Similarly, tomato plants that are attacked by bac-
terial plant pathogens such as Pseudomonas syrin-
gae, Xanthomonas spp., and drop tomato
production causing severe economic damage’’;
was also editing by CRISPR-Cas9 tools. It was
noticed that infection with P. syringae pv. tomato
improved the expression of DMR6 (downy mildew
resistance 6), act as a negative regulator to plant
immunity and help to spread the infection.?*®'
However, the deletion of SIDMR6-1 (tomato ortho-
logue) with CRISPR-Cas9 improved the resistance
of tomato plants against a range of pathogens such
as P. syringae pv. tomato and Phytophthora capsici
and left no negative impact on plant health.®’
Similar results were recorded when DMR6 gene
was mutated using CRISPR-Cas9 in A. thaliana
plants; it not only improved the level of SA -
a plant hormone involved in plant immunity but
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also provided resistance against a broad range of
plant pathogens.®' Results obtained from such stu-
dies strengthen the idea of using genetic engineer-
ing to knockout or in a specific gene(s) and develop
resistance against a broad range of plant pathogens.
In another study, resistance against bacterial blight
pathogen Xanthomonas oryzae pv. oryzae was
attained by mutating the OsSWEETI3 -
a susceptible host gene that is involved in sucrose
transportation during pathogenesis, using CRISPR-
Cas9.*” Expression of OsSWEETI3 is induced by
the X. oryzae effector protein i.e., PthXo2, and thus
boost the host susceptibility.®’ Zhou et al.*’
knocked out this OsSWEET13 gene in rice and
created that null mutant, which showed improved
resistance against X. oryzae.

Similarly, Jasmonate ZIM-domain-2 ortholog in
tomato (SIJAZ2) was mutated by CRISPR-Cas9 to
produce resistant plants against bacterial speck dis-
ease pathogen named P. syringae pv. tomato.”®
After encountering the host plant, P. syringae
secretes coronatine (COR), which is perceived by
co-receptor AtJAZ2, and ultimately results in the
stomatal opening, enabling bacteria to invade
inside the plant and initiate infection. Mutation in
JAZ2 checks the stomata opening and provides
resistance against bacterial speck disease.”
Generally, resistance against biotrophic pathogens
brings susceptibility to necrotrophic pathogens and
vice versa.** Interestingly, in this case, the signals
related to the jasmonic acid (JA) defense system
remained out of stomata, so it did not have any
effect on the SA defense system. Thus, Sljaz21jas
mutant plants also remained unaffected to necro-
trophic pathogen Botrytis cinerea, which causes
tomato gray mold disease.** This study thus pro-
vides a successful model of extrication of both (JA
and SA) defense systems and gives an idea to target
the host genome in such a way where it can provide
resistance to a broad range of pathogens. Likewise,
Erwinia amylovora produce a pathogen effector
protein named as DspE. This dspE protein interact
with DspE-interacting proteins of Malus (DIPM)
genes- DIPM 1, 2, 3, 4 and contribute to plant
susceptibility for fire blight disease.””** These
DIPM genes were truncated in apple protoplast
using CRISPR-Cas9 to confer resistance against
fire blight disease.” Results from studies suggested
that using CRISPR-Cas9 and S gene editing not
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only useful for developing resistance in crops with
short life cycles but also very much useful in trees
with longer life span. Furthermore, EvolvR- an
advanced and modified form of CRISPR-Cas9 was
used to create novel alleles in rice that can detect
the full range of Xanthomonas strains and their
ligands.®” Transgenic crops with novel alleles and
resistant to broad pathogen range may prove
a practical approach for sustainable agriculture.
The future development of more specific tools
that can easily and quickly identify the different
pathogens and develop resistance in plants would
extend its application and evolution of disease
resistance in plants.

Viral Resistance by Editing Host Susceptible
Genes

Obligate parasitic nature, rapidly evolving genome,
and high level of infectivity make plant viruses pose
a serious threat to crop plants and drop the yield
significantly.*” Based on genome type, the virus is
classified as DNA viruses and RNA viruses. DNA
viruses further divided into double-stranded DNA
(dsDNA) and single-stranded (ssDNA) while RNA
viruses have four more classes viz.- double-
stranded (dsRNA) viruses, negative strand single-
strand RNA (-ssRNA), positive-strand single-
strand RNA (+ssRNA), and retroviruses. Among
all these viruses, DNA viruses (family
Geminiviridae) contain ssDNA, hijacks plant
machinery, and replicate via rolling circle method,
cause severe yield loss to several economically
important crops such as cucumbers, tomato,
potato, wheat, barley, etc. Viruses do not own
translational machinery, so they take over the
plant’s system, such as transcription/translational
factors, and use it for their replication. Therefore,
the active resistance against viruses (DNA or RNA
viruses) can be achieved either by targeting the
pathogenicity-related genes or by modifying the
host susceptibility genes (Table 3).

In recent years, different CRISPR-Cas9-based
tools that employ Cas9 or Casl3a nucleases have
been used to engineer the plants genetically and
develop  resistance  against plant DNA
viruses.”””*® First report of using CRISPR-Cas9
based tools to develop resistance against DNA
viruses came in 2015 from three different research
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groups. These groups developed resistance against
geminiviruses such as Beet severe curly top virus
(BSCTV), tomato leaf curl virus (TYLCV), bean
yellow drawf virus (BeYDV) in model crops, e.g.,
Arabidopsis thaliana, Nicotiana
benthamiana.””®"*® Coding and non-coding parts
of the viral genome such as capsid protein, replica-
tion protein was targeted with artificially created
guide RNA (gRNA)/Cas9 nuclease proteins, which
in turn resulted in fewer symptoms and improved
viral resistance.”’” Similarly, Ali et al.”> mutated the
non-coding region of Merremia mosaic virus
(MeMV), Tomato yellow leaf curl virus (TYLCV),
Cotton leaf curl Kokhran virus (CLCuKoV) and beet
curly top virus (BCTV) genome. The authors ver-
ified that the CRISPR tool is sufficient to induce
targeted mutation, which makes virus frail to repli-
cate and improve resistance in plants. This study
revealed that the non-coding region of the viral
genome resulted in the more resilient resistance
than the coding sequences. The reason behind this
observation was the quickly evolving nature of the
virus by modifying the coding sequences quickly to
adopt challenged rather than non-coding regions.
Further, Igbal et al.”” used CRISPR-Cas9 system
to control the begomoviruses, which is
a heterogeneous group of virus system. This virus
family includes the Cotton leaf curl Rajasthan virus
(CLCuRaV), Cotton leaf curl Alabad Virus
(CLCuAlV), Cotton leaf curl Kokhran virus
(CLCuKoV), Cotton leaf curl Multan virus
(CLCuMuV), and Cotton leaf curl Bangalore virus
(CLCuBaV). Synergistically, group of these viruses

Figure 4. Regulatory approaches around the globe* over CRISPR
edited crops and other GMOs. Few countries such as USA,
Canada, Aregentina, Australia are having clear and flexible gide-
lines over the CRISPR edited crops and other GMOs while others
such as countries in europe (EU) have more strict move toward it.
Some countries like India, China etc., are still in a process to
revise the current regulatory guidelines and yet to come over a
decision. (*Maps- Not to scale).

causes cotton leaf curl disease in cotton plants and
possesses a higher risk to yield loss. In this study,
the authors proposed that a multiplex type sgRNA
that simultaneously might able to edit the genome
of the viral complex along with their DNA - satel-
lites to develop resistant cotton plants.”* In another
study, the genome of Wheat dwarf virus (WDV)
was harshened at four different sites by accessing
the activity of four artificially created sgRNA/Cas9
construct and results confirmed that plants were
resistant to viral infection, did not show viral symp-
toms and lost viral activity. Similarly, endogenous
banana streak virus (eBSV) which causes infection
in banana plants was inactivated by CRISPR system
targeting viral sequences.”> The mutation in viral
genome led to inactivation of transcriptional/tran-
sitional machinery preventing the replication of
functional viral proteins thus providing resistance
against banana streak disease. These results are of
great importance for future research, demonstrat-
ing that resistance in plants can be developed by
expressing the genes or activating the genes that
recognize and target the viral genome and result in
viral resistance.

As discussed above, virus relay on plant machin-
ery to imitate the infection, and several receptors in
plants serve as S genes that are used by viruses to
replicate themselves. Modification/deletion or
mutation is S genes is another approach to confer
resistance against viruses. However, targeting RNA
virus was initially found to be difficult due to the
incompatibility of Cas9 (derived from Streptococcus
pyogenes) to recognize and cut the genome of RNA
viruses.*” This challenge later led the discovery of
new types of Cas nucleases such as FnCas9 and
LwaCas13a derived from Francisella novicida and
Leptotrichia wadei, respectively, and was able to
trace and bind to viral RNA genome.*®'*
Following this discovery, resistance against cucum-
ber mosaic virus (CMV) and tobacco mosaic virus
(TMV) in model plants, i.e.,, N. benthamiana and
A. thaliana, was developed using RNA targeting
sgRNA/Cas protein complex. It was found that
the resulted transgenic plants have a less viral load
(~80%) than the wild type and control plants and
the mutation generated using this system were dur-
able to pass up to T generation.”®'*” The eukar-
yotic translation initiation factors such as
eukaryotic translation initiation factordE (eifde)



and its isoform play an essential role in the plant’s
translational course and a decisive susceptible ele-
ment for viral infection. The study has revealed that
loss of function mutation elF(iso)4E gene resulted
in Turnip mosaic virus (TuMV) resistance without
affecting the plant phenotype and overall health.

Further, resistance in crop plants such as cucum-
ber was developed against Zucchini yellow mosaic
virus (ZYMV), Papaya ringspot mosaic virus
(PRSMYV), and Cucumber vein yellowing virus
(CVYV) belonging to potyvirus and ipomovirus
family, respectively. Gomez et al.”® targeted the
eife isoforms (novel cap-binding protein-1 and 2,
which are associated with viral genome proteins)
using CRISPR-Cas9 system and found that muta-
tion in these isoforms reduced the disease symp-
toms of Cassava brown streak virus (CBSV).
Besides, a mutation in the translation initiation
factor 4 gamma gene (eIF4G) of rice also improved
the resistance against Rice tungro spherical virus
(RTSV) and Rice tungro bacilliform virus (RTBV).
These two viruses are the causal agent of Rice
tungro disease (RTD) and cause severe economic
losses.”” More recently, the elF4E1 gene was tar-
geted using CRISPR-Cas9 and resistance against
the Clover yellow vein virus (CIYVV) was developed
in A. thaliana."®' The authors of this study reported
that a few mutations in elF4E were enough to
develop resistance against CIYVV without hamper-
ing the plant vigor. In other crops such as tomato,
melon, strawberry cucumber, etc., also these
S genes found to display resistance and hence
used as an important target gene to develop resis-
tance in host plants.'®

Limitation in Developing Resistance in Plants

In past decade, several studies have shown the
potential of CRISPR system in editing the genome
of broad range of plant species including monocots,
dicots, and increased resistance against number of
plant pathogens.'®> Nevertheless, two-fold limita-
tions are lying there. First is the continually evol-
ving nature of pathogens, which try to modify its
genome to break the already available resistance.
Also, there is a continuous trade off among plant
genes where editing of S gene might cost the plant
fitness. The second major limitation is the con-
straint from CRISPR-Cas9 tools in the form of
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“off target mutation”. We will be discussing these
aspects one by one.

Though knock out a susceptible gene from the
host is easy and can be achieved by introducing one
or two mutations. Also these mutations are durable
also than the R gene mutation because to combat
with plant defense system, the pathogen may
undertake low selective pressure.”” But there is
a possibility that this type of loss of mutation in
S gene(s) might affect the plant health, growth, and
developmental process and help the pathogen to
induce infection. Though these mutations might
not be lethal but can cause pleiotropic effects such
as dwarfness, nutrient deficiency, and suppression
of genes involved in replication processes.'®”* To
address these challenges, it is required to design
new S variants'®' and insert them into the plants,
or use of base editing technique or targeting the
specific promoter of desired genes/alleles.'**
However, several studies indicated that even after
the deletion or mutation in the translational initia-
tion factor, the plant growth was not affected®*®’
yet it further needs more experimental pieces of
evidence to confirm it.

Off-target mutation is another major limita-
tion of CRISPR-Cas9 system that caught scien-
tist’s attention about its applicability. An off
target mutation is an undesired or nonspecific
change that occurred in genome in form of
point mutation, insertion, and translocations
after GE.*»** These undesired mutations can
influence the competence of the system or can
alter the gene function, structure and may per-
suade toward cell based on the nature of muta-
tion. However, the off-target mutation in the
planta system did not tempt scientist’s attention,
considering the thoughts that it can be reversed
or removed by backcrosses.*>** Though, it is an
issue of concern in reverse genetic studies as
well as the generation of some unwanted outputs
in the form of superweeds, etc. In recent days,
scientists tried to issue the off-target issue either
by wusing computational tools or by re-
engineering the CRISPR components such as
Cas proteins, gRNA etc. Several bioinformatic
tools such as CasOFFinder and CCTop, Guide-
seq, HTGTS, BLESS, Digenome-seq and
DISCOVER (discussed in,'®) are used to reduce
the risk on off-target mutation. In addition to it,
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researchers are now using machine learning
models such as Bowtie or Elevation, linear
regression model, Random Forrest Model to
minimize the off-target mutation and improve
the efficiency of CRISPR system. Though these
models proved effective in several cases but it
was found that they work efficiently only with
the specific target which was used to create it.
So, it is require to develop an advanced model
that can work efficiently with border target range
for the successful application of the CRISPR-
Cas9 system.'” More recently, EvolvR-
a modified CRISPR-Cas9 tool with an error-
prone DNA polymerase system has been devel-
oped to modify or introduce nucleotide
sequences at specific regions of the genome by
gRNAs.'%*'% On other hand, researchers re-
engineered the Cas9 proteins to minimize the
off-target mutations. Several Cas9 variants such
as eSpCas9, HF-Cas9, HyperCas, and SniperCas9
(details can be found in the article by'®) were
engineered to improve the efficiency and speci-
ficity of these proteins. Several other Cas pro-
teins such as NmCas9 (Neisseria meningitidis),m8

SaCas9  (Staphylococcus — aureus),'”  StCas9
(Streptococcus thermophilus),""° FnCas9
(Francisella novicida),”® and CjCas9

(Campylobacter jejuni)''' etc., also have been

identified and found to be smaller in size than
SpCas9. These proteins give advantage as for
gene delivery and more specific gene
targeting.''> Also, the gRNA engineering or
CRISPR-Cas9 complex with RNPs was con-
structed. RNPs are small ribonuclear proteins
that have shorter life span and can disintegrate
after expressing in the target system. Thus
reduce the risk of off-target mutation in the
system.*>** Several studies reported the success-
ful application of CRISPR-Cas9/RNP complex.
For example, Malnoy et al.””> targeted the
DIPM genes in apple protoplast using RNP:
Cas9 complex and reported that mutation in
these genes leads the resistance against fire blight
disease. However, plants were not generated
from these edited protoplasts. Similarly, rice
and Arabidopsis mutants were generated by sin-
gle and multiplex genome targeting approach
and next generation techniques was used to
identify the off-target mutation sites and

numbers after genome editing. It was noted
that this approach is comparatively more specific
and produced fewer mutation.'"

Ethical Issues with CRISPR-Edited Crops

Many studies have reported the efficiency of
CRISPR-Cas9 system to the development of dis-
ease-resistant transgenic plants. Recently, there
was a report of CRISPR-edited tomato plants,
which was created using consistently expressing
cas9, which targets the viral coat protein and repli-
case genes.”®”’ These transgenic plants had
a remarkably low viral load and were stable up to
3rd generation. However, the application of such
constantly expressing nuclease crops comes under
the category of genetically modified organisms
(GMO); which has to undergo the GMO regulatory
measures and not accepted in several countries as
well as have a high possibility of off-target muta-
tion. So, it is desirable to develop transgene-free
procedures that can employ several pathogen effec-
tors and resistant genes simultaneously, as well as
can generate foreign crops that escape the GMO
regulations. It is expected that using DNA-free
CRISPR-Cas9 systems such as RNP (discussed
above) can overcome this limitation and would be
helpful in the future. Around the globe, there are
different regulatory measures, cultural perceptions,
and diverse oversight of CRISPR-edited crops and
their acceptance (Fig. 4). National governments
worldwide represent different responses to the pub-
lic opinion and the scientific community and poli-
cies made also reflect diverse cultures,
environmental conditions, political pressure and
interests of farmers, agro-industrial, environmental
activists, or agencies. For more details, authors are
advised to read the detailed articles over CRISPR
policies and regulations written by Globus and
Qimron''%; Friedrichs et al.,'’>; Kawall et al.,''®
Though CRISPR modified crops with improved
phenotypes are being cultivated and sold in a few
countries like USA, Canada, still world is fighting to
find out if CRISPR crops should be regulated (as
GMO) or not. Recently, USA, Canada exempted
CRISPR from falling under the definition of
a GMO under regulatory regimes and allowed its
cultivation and sell without GMO tag. GMO reg-
ulation and testing is a tricky process that cost



millions of dollars (for field test, data collection,
analysis) to release a GMO crop. It also removes
the uncertainty of consuming GMO crops among
the public. As per the regulations of the United
States Department of Agriculture (USDA),
CRISPR-Cas9 edited crops can be cultivated and
sold free from regulatory monitoring.""” To date,
CRISPR-Cas9 edited crops have been exempted
from GMO regulations; 1. A white button mush-
room in which the polyphenol oxidase (PPO) gene
is knocked out to develop resistance to browning; 2.
Waxy corn in which the wxI gene responsible for
waxy appearance is inactivated; 3. green bristle
grass with delayed flowering time; 4. camelina for
improved oil content and; 5. Soybean was tolerant
to drought stress.'"'"”

Conclusion and Future Perspectives

Studies discussed here to show the potential of
S genes and CRISPR-Cas9 system in developing
resistance against several bacterial, fungal, and
viral pathogens. CRISPR-Cas9 system is multidi-
mensional, expanded our horizons in the field of
genome engineering and enabled us to uncover the
exceptional and sophisticated molecular secrets lie
within the living system. Still, challenges are there
that need to be addressed. But developing resis-
tance against plant pathogens using GE by
CRISPR could prove a promising approach to con-
quer the breeding barriers. Different ‘Omics’
approaches, such as transcriptomics, proteomics,
and metabolomics must be utilized to explore the
plant defense mechanisms in plant-pathogen inter-
actions studies''® The outcome of these studies
might provide a border range of cellular targets
that can help to generate more resistant plant culti-
vars. More recently, researchers combined the
metabolomics with other “omics” approaches to
obtain comprehensive overview of cellular pro-
cesses in a physiological context.'"” For example,
metabolomics analysis of Soybean hypocotyls, mul-
berry fruit was performed in response to
Phtyophthora sojae and Ciboria shiraiana infection,
respectively '**'*! and paves the way for future
research of critical metabolic determinants in
plant-pathogen studies. It is expected that in the
future CRISPR system coupled with other techni-
ques (GE/omics) will emerge to create disease-
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resistant plant varieties that can withstand the
environmental, biotic stresses and provide ade-
quate supply of food to the society. The CRISPR-
edited crops those are already developed and await-
ing to cross the regulatory barriers might also get
acceptance and other crops with more desired traits
such as improved yield, medicinal properties (in
form of edible vaccine) can be developed.

In the end, as a powerful yet versatile gene edit-
ing and regulation tool; CRISPR-Cas9 technology is
already accelerating each area of science and
become the source of sustainable agriculture. We
believe its broad applications in plant and microbial
biology research will significantly advance our
knowledge of both basic biology and disease resis-
tance in the years to come.

Acknowledgments

We thank Rural development Administration for financial
assistance.

Disclosure Of Potential Conflicts Of Interest

Authors do not have any conflict of interest.

Author Contribution

Swati Tyagi conceived the concept, wrote the manuscript,
draws figures. Robin Kumar and Vivek Kumar helped in
formatting and refining the contents. Pratyoosh Shukla and
So Youn Won, checked, edited, and finalized the manuscript.

References

1. Shelake RM, Pramanik D, Kim J-Y. Exploration of
plant-microbe interactions for sustainable agriculture
in CRISPR era. Microorganisms. 2019;7(8):269.

2. Wiesner-Hanks T, Nelson R. Multiple disease resistance
in plants. Annu Rev Phytopathol. 2016;54(1):229-52.
doi:10.1146/annurev-phyto-080615-100037.

3. Chen K, Wang Y, Zhang R, Zhang H, Gao C. CRISPR/
cas genome editing and precision plant breeding in
agriculture. Annu Rev Plant Biol. 2019;70(1):667-97.
doi:10.1146/annurev-arplant-050718-100049.

4. Mushtaq M, Sakina A, Wani SH, Shikari AB, Tripathi P,
Zaid A, Galla A, Abdelrahman M, Sharma M, Singh AK,
et al. Harnessing genome editing techniques to engineer
disease resistance in plants. Front Plant Sci.
2019;10:550. doi:10.3389/£pls.2019.00550.


https://doi.org/10.1146/annurev-phyto-080615-100037
https://doi.org/10.1146/annurev-arplant-050718-100049
https://doi.org/10.3389/fpls.2019.00550

140 (&) S.TYAGIETAL.

5.

10.

11.

12.

13.

14.

15.

16.

17.

Tyagi S, Mulla SI, Lee K-J, Chae J-C, Shukla P. VOCs-
mediated hormonal signaling and crosstalk with plant
growth promoting microbes. Crit Rev Biotechnol.
2018;38(8):1277-96. doi:10.1080/
07388551.2018.1472551.

. Vannier N, Agler M, Hacquard S. Microbiota-mediated

disease resistance in plants. PLoS Pathog. 2019;15(6):
€1007740-e1007740. doi:10.1371/journal.ppat.1007740.

. Dong OX, Ronald PC. Genetic engineering for disease

resistance in plants: recent progress and future
perspectives. Plant Physiol. 2019;180:26-38.

. Dominguez AA, Lim WA, Qi LS. Beyond editing: repur-

posing CRISPR-Cas9 for precision genome regulation
and interrogation. Nat Rev Mol Cell Biol. 2016;17:5-15.

. Yin K, Qiu JL. Genome editing for plant disease resis-

tance: applications and perspectives. Philos Trans R Soc
Lond B Biol Sci. 2019;374(1767):20180322. d0i:10.1098/
rstb.2018.0322.

Shapiro R, Chavez A, Porter CB, Hamblin M, Kaas CS,
DiCarlo JE, Zeng G, Xu X, Revtovich AV, Kirienko NV,
Wang Y. A CRISPR-Cas9-based gene drive platform for
genetic interaction analysis in Candida albicans. Nat
Microbiol. 2018;3:73-82.

Wang F, Wang C, Liu P, Lei C, Hao W, Gao Y, Liu Y-G,
Zhao K. Enhanced rice blast resistance by CRISPR/
Cas9-targeted mutagenesis of the ERF transcription
factor gene OsERF922. PLoS One. 2016;11(4):
€0154027. doi:10.1371/journal.pone.0154027.

Bedell VM, Wang Y, Campbell JM, Poshusta TL,
Starker CG, Krug II RG, Tan W, Penheiter SG,
Ma AC, Leung AYH, et al. In vivo genome editing
using a high-efficiency TALEN system. Nature.
2012;491(7422):114-18. doi:10.1038/naturel1537.

Gao W, Long L, Tian X, Xu F, Liu J, Singh PK,
Botella JR, Song C. Genome editing in cotton with the
CRISPR/Cas9 system. Front Plant Sci. 2017;8:1364.
doi:10.3389/fpls.2017.01364.

Shukla VK, Doyon Y, Miller JC, DeKelver RC,
Moehle EA, Worden SE, Mitchell JC, Arnold NL,
Gopalan S, Meng X, et al. Precise genome modification
in the crop species Zea mays using zinc-finger
nucleases. Nature. 2009;459(7245):437-41.
doi:10.1038/nature07992.

Fiaz S, Ahmad S, Noor M, Wang X, Younas A, Riaz A,
Riaz A, Ali F. Applications of the CRISPR/Cas9 system
for rice grain quality improvement: perspectives and
opportunities. Int J Mol Sci. 2019;20(4):888.
doi:10.3390/ijms20040888.

Ahmad S, Wei X, Sheng Z, Hu P, Tang S. CRISPR/Cas9
for development of disease resistance in plants: recent
progress, limitations and future prospects. Brief Funct
Genomics. 2020;19(1):26-39.

Zafar S, Zaidi SS, Gaba Y, Singla-Pareek SL,
Dhankher OP, Li X, Mansoor S, Pareek A.
Engineering abiotic stress tolerance via CRISPR-Cas
mediated genome editing. ] Exp Bot. 2019;71:470-479.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Silva MS, Arraes FBM, Campos MDA, Grossi-de-Sa M,
Fernandez D, C4ndido EDS, Cardoso MH, Franco OL,
Grossi-de-Sa MF. Review: potential biotechnological
assets related to plant immunity modulation applicable
in engineering disease-resistant crops. Plant Sci.
2018;270:72-84. doi:10.1016/j.plantsci.2018.02.013.
Kamber T, Pothier JF, Pelludat C, Rezzonico F, Dufty B,
Smits THM. Role of the type VI secretion systems dur-
ing disease interactions of Erwinia amylovora with its
plant host. BMC Genomics. 2017;18(1). doi:10.1186/
s12864-017-4010-1.

Kamoun S. A catalogue of the effector secretome of
plant pathogenic oomycetes. Annu Rev Phytopathol.
2006;44(1):41-60. doi:10.1146/annurev.
phyto.44.070505.143436.

Kachroo A, Vincelli P, Kachroo P. Signaling mechan-
isms underlying resistance responses: what have we
learned, and how is it being applied? Phytopathology.
2017;107(12):1452-61. doi:10.1094/PHYTO-04-17-
0130-RVW.

Andersen EJ, Ali S, Byamukama E, Yen Y, Nepal MP.
Disease resistance mechanisms in plants. Genes. 2018;9
(7):339.

Boutrot F, Zipfel C. Function, discovery, and exploita-
tion of plant pattern recognition receptors for
broad-spectrum  disease resistance. Annu Rev
Phytopathol. 2017;55:257-86. doi:10.1146/annurev-
phyto-080614-120106.

Musidlak O, Buchwald W, Nawrot R. Plant defense
responses against viral and bacterial pathogen infec-
tions. Focus on RNA-binding proteins (RBPs). Herba
Polonica. 2014;60:60-73.

Rosa E, Woestmann L, Biere A, Saastamoinen M.
A plant pathogen modulates the effects of secondary
metabolites on the performance and immune function
of an insect herbivore. Oikos. 2018;127(10):1539-49.
doi:10.1111/0ik.05437.

Pritchard L, Birch PR. The zigzag model of
plant-microbe interactions: is it time to move on? Mol

Plant  Pathol.  2014;15(9):865-70.  doi:10.1111/
mpp.12210.
Kubicek CP, Starr TL, Glass NL. Plant cell

wall-degrading enzymes and their secretion in
plant-pathogenic fungi. Annu Rev Phytopathol.
2014;52:427-51.  doi:10.1146/annurev-phyto-102313-
045831.

Aman R, Ali Z, Butt H, Mahas A, Aljedaani F,
Khan MZ, Ding S, Mahfouz M. RNA virus interference
via CRISPR/Casl3a system in plants. Genome Biol.
2018;19(1):1. doi:10.1186/513059-017-1381-1.

Kumar M, Jaiswal S, Sodhi KK, Shree P, Singh DK,
Agrawal PK, Shukla P. Antibiotics bioremediation: per-
spectives on its ecotoxicity and resistance. Environ Int.
2019;124:448-61. doi:10.1016/j.envint.2018.12.065.
Kumar Singh P, Shukla P. Systems biology as an
approach for deciphering microbial interactions. Brief


https://doi.org/10.1080/07388551.2018.1472551
https://doi.org/10.1080/07388551.2018.1472551
https://doi.org/10.1371/journal.ppat.1007740
https://doi.org/10.1098/rstb.2018.0322
https://doi.org/10.1098/rstb.2018.0322
https://doi.org/10.1371/journal.pone.0154027
https://doi.org/10.1038/nature11537
https://doi.org/10.3389/fpls.2017.01364
https://doi.org/10.1038/nature07992
https://doi.org/10.3390/ijms20040888
https://doi.org/10.1016/j.plantsci.2018.02.013
https://doi.org/10.1186/s12864-017-4010-1
https://doi.org/10.1186/s12864-017-4010-1
https://doi.org/10.1146/annurev.phyto.44.070505.143436
https://doi.org/10.1146/annurev.phyto.44.070505.143436
https://doi.org/10.1094/PHYTO-04-17-0130-RVW
https://doi.org/10.1094/PHYTO-04-17-0130-RVW
https://doi.org/10.1146/annurev-phyto-080614-120106
https://doi.org/10.1146/annurev-phyto-080614-120106
https://doi.org/10.1111/oik.05437
https://doi.org/10.1111/mpp.12210
https://doi.org/10.1111/mpp.12210
https://doi.org/10.1146/annurev-phyto-102313-045831
https://doi.org/10.1146/annurev-phyto-102313-045831
https://doi.org/10.1186/s13059-017-1381-1
https://doi.org/10.1016/j.envint.2018.12.065

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Funct Genomics. 2015;14(2):166-68. doi:10.1093/bfgp/
elu023.

Hu N, Xian Z, Li N, Liu Y, Huang W, Yan F, Su D,
Chen J, Li Z. Rapid and user-friendly open-source
CRISPR/Cas9 system for single- or multi-site editing
of tomato genome. Horticul Res. 2019;6(1):7.
doi:10.1038/s41438-018-0082-6.

Makarova KS, Wolf YI, Alkhnbashi OS, Costa F,
Shah SA, Saunders SJ, Barrangou R, Brouns §J,
Charpentier E, Haft DH, Horvath P. An updated evolu-
tionary classification of CRISPR-Cas systems. Nat Rev
Microbiol. 2015;13(11):722-36.

Ricroch A, Clairand P, Harwood W. Use of CRISPR
systems in plant genome editing: toward new opportu-
nities in agriculture. Emerg Top Life Sci. 2017;1:169-82.
Bhaya D, Davison M, Barrangou R. CRISPR-Cas sys-
tems in bacteria and archaea: versatile small RNAs for
adaptive defense and regulation. Annu Rev Genet.
2011;45(1):273-97. doi:10.1146/annurev-genet-110410-
132430.

Liu D, Hu R, Palla KJ, Tuskan GA, Yang X. Advances
and perspectives on the use of CRISPR/Cas9 systems in
plant genomics research. Curr Opin Plant Biol.
2016;30:70-77. doi:10.1016/j.pbi.2016.01.007.

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

Liu M, Rehman S, Tang X, Gu K, Fan Q, Chen D,
Ma W. Methodologies for improving HDR efficiency.
Front Genet. 2019;9:691. doi:10.3389/fgene.2018.00691.
Lone B, Karna SKL, Ahmad F, Shahi N, Pokharel YR.
CRISPR/Cas9 system: a bacterial tailor for genomic
engineering. Genet Res Int. 2018;2018:1-17.
doi:10.1155/2018/3797214.

Pickar-Oliver A, Gersbach CA. The next generation of
CRISPR-Cas technologies and applications. Nat Rev
Mol Cell Biol. 2019;20:490-507.

Brooks C, Nekrasov V, Lippman ZB, Van Eck J.
Efficient gene editing in tomato in the first generation
using the clustered regularly interspaced short palin-
dromic repeats/CRISPR-associated9 system. Plant
Physiol. 2014;166(3):1292-97. doi:10.1104/
pp.114.247577.

Fan D, Liu T, Li C, Jiao B, Li S, Hou Y, Luo K. Efficient
CRISPR/Cas9-mediated targeted mutagenesis in popu-
lus in the first generation. Sci Rep. 2015;5(1):12217.
doi:10.1038/srep12217.

Fauser F, Schiml S, Puchta H. Both CRISPR/Cas-based
nucleases and nickases can be used efficiently for gen-
ome engineering in Arabidopsis thaliana. Plant J.
2014;79(2):348-59. doi:10.1111/tpj.12554.

Liang Y, Han Y, Wang C, Jiang C, Xu J-R. Targeted
deletion of the USTA and UvSLT2 genes efficiently in
ustilaginoidea virens with the CRISPR-Cas9 system.
Front Plant Sci. 2018;9:699-699. doi:10.3389/
{pls.2018.00699.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

GM CROPS & FOOD 141

Liang Z, Chen K, Li T, Zhang Y, Wang Y, Zhao Q, Liu J,
Zhang H, Liu C, Ran Y, et al. Efficient DNA-free gen-
ome editing of bread wheat using CRISPR/Cas9 ribo-
nucleoprotein complexes. Nat Commun. 2017;8
(1):14261. doi:10.1038/ncomms14261.

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(8):691-93.
Shan Q, Wang Y, Li J, Gao C. Genome editing in rice
and wheat using the CRISPR/Cas system. Nat Protoc.
2014;9(10):2395-410. doi:10.1038/nprot.2014.157.

Das A, Sharma N, Prasad M. CRISPR/Cas9: a novel
weapon in the arsenal to combat plant diseases. Front
Plant Sci. 2018;9:2008. doi:10.3389/fpls.2018.02008.
Idnurm A, Urquhart AS, Vummadi DR, Chang S, Van
de Wouw AP, Loépez-Ruiz FJ. Spontaneous and
CRISPR/Cas9-induced mutation of the osmosensor his-
tidine kinase of the canola pathogen Leptosphaeria
maculans. Fungal Biolo Biotechnol. 2017;4(1):12-12.
doi:10.1186/540694-017-0043-0.

Joshi R, Nayak S. Gene pyramiding-A broad spectrum
technique for developing durable stress resistance in
crops. Biotechnol Mol Biol Rev. 2010;5:51-60.
Mansfield JW. From bacterial avirulence genes to effec-
tor functions via the hrp delivery system: an overview of
25 years of progress in our understanding of plant
innate immunity. Mol Plant Pathol. 2009;10
(6):721-34. doi:10.1111/j.1364-3703.2009.00576.x.

Xie K, Yang Y. RNA-guided genome editing in plants
using a CRISPR-Cas system. Mol Plant. 2013;6
(6):1975-83. d0i:10.1093/mp/sst119.

Foster AJ, Martin-Urdiroz M, Yan X, Wright HS,
Soanes DM, Talbot NJ. CRISPR-Cas9
ribonucleoprotein-mediated co-editing and counterse-
lection in the rice blast fungus. Sci Rep. 2018;8(1):14355.
doi:10.1038/s41598-018-32702-w.

Wang Y, Cheng X, Shan Q, Zhang Y, Liu J, Gao C,
Qiu J-L. Simultaneous editing of three homoeoalleles in
hexaploid bread wheat confers heritable resistance to
powdery mildew. Nat Biotechnol. 2014;32(9):947-51.
doi:10.1038/nbt.2969.

Zhang Y, Bai Y, Wu G, Zou S, Chen Y, Gao C, Tang D.
Simultaneous modification of three homoeologs of
TaEDRI by genome editing enhances powdery mildew
resistance in wheat. Plant J. 2017;91(4):714-24.
doi:10.1111/tpj.13599.

Malnoy M, Viola R, Jung M-H, Koo O-J, Kim §,
Kim J-S, Velasco R, Nagamangala Kanchiswamy C.
DNA-free genetically edited grapevine and apple proto-
plast using CRISPR/Cas9 ribonucleoproteins. Front
Plant Sci. 2016;7:1904-1904. doi:10.3389/
fpls.2016.01904.

Wang X, Tu M, Wang D, Liu J, Li Y, Li Z, Wang Y,
Wang X. CRISPR/Cas9-mediated efficient targeted
mutagenesis in grape in the first generation. Plant
Biotechnol J. 2018;16(4):844-55. doi:10.1111/pbi.12832.


https://doi.org/10.1093/bfgp/elu023
https://doi.org/10.1093/bfgp/elu023
https://doi.org/10.1038/s41438-018-0082-6
https://doi.org/10.1146/annurev-genet-110410-132430
https://doi.org/10.1146/annurev-genet-110410-132430
https://doi.org/10.1016/j.pbi.2016.01.007
https://doi.org/10.3389/fgene.2018.00691
https://doi.org/10.1155/2018/3797214
https://doi.org/10.1104/pp.114.247577
https://doi.org/10.1104/pp.114.247577
https://doi.org/10.1038/srep12217
https://doi.org/10.1111/tpj.12554
https://doi.org/10.3389/fpls.2018.00699
https://doi.org/10.3389/fpls.2018.00699
https://doi.org/10.1038/ncomms14261
https://doi.org/10.1038/nprot.2014.157
https://doi.org/10.3389/fpls.2018.02008
https://doi.org/10.1186/s40694-017-0043-0
https://doi.org/10.1111/j.1364-3703.2009.00576.x
https://doi.org/10.1093/mp/sst119
https://doi.org/10.1038/s41598-018-32702-w
https://doi.org/10.1038/nbt.2969
https://doi.org/10.1111/tpj.13599
https://doi.org/10.3389/fpls.2016.01904
https://doi.org/10.3389/fpls.2016.01904
https://doi.org/10.1111/pbi.12832

142 (&) S.TYAGIETAL.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Schuster M, Schweizer G, Reissmann S, Kahmann R.
Genome editing in Ustilago maydis using the
CRISPR-Cas system. Fungal Genet Biol. 2015;89:3-9.
Fister AS, Landherr L, Maximova SN, Guiltinan M]J.
Transient expression of CRISPR/Cas9 machinery tar-
geting TcNPR3 Enhances defense response in theo-
broma cacao. Front Plant Sci. 2018;9:268. doi:10.3389/
fpls.2018.00268.

Nekrasov V, Wang C, Win J, Lanz C, Weigel D,
Kamoun S. Rapid generation of a transgene-free pow-
dery mildew resistant tomato by genome deletion
OPEN. Sci Rep. 2017;7. doi:10.1038/s41598-017-
00578-x.

Wang Q, Cobine PA, Coleman JJ. Efficient genome
editing in Fusarium oxysporum based on CRISPR/
Cas9 ribonucleoprotein complexes. Fungal Genet Biol.
2018;117:21-29. doi:10.1016/j.fgb.2018.05.003.
Thomazella DPDT, Brail Q, Dahlbeck D, Staskawicz B.
CRISPR-Cas9 mediated mutagenesis of a DMR6 ortho-
log in tomato confers broad-spectrum disease
resistance. 2016.

Prihatna C, Barbetti MJ, Barker SJ. A novel tomato
fusarium wilt tolerance gene. Front Microbiol.
2018;9:1226-1226. d0i:10.3389/fmicb.2018.01226.
Zhang S, Wang L, Zhao R, Yu W, Li R, Li Y, Sheng J,
Shen L. Knockout of SIMAPK3 reduced disease resis-
tance to botrytis cinerea in tomato plants. ] Agric Food
Chem. 2018;66(34):8949-56. doi:10.1021/acs.
jafc.8b02191.

Fang Y, Tyler BM. Efficient disruption and replacement
of an effector gene in the oomycete Phytophthora sojae
using CRISPR/Cas9. Mol Plant Pathol. 2016;17
(1):127-39. doi:10.1111/mpp.12318.

Imam J, Singh PK, Shukla P. Plant microbe interactions
in post genomic era: perspectives and applications.
Front Microbiol. 2016;7:1488.

Borrelli VMG, Brambilla V, Rogowsky P, Marocco A,
Lanubile A. The enhancement of plant disease resis-
tance using CRISPR/Cas9 technology. Front Plant Sci.
2018;9:1245-1245. doi:10.3389/fpls.2018.01245.
Huibers RP, Loonen AEHM, Gao D, Van den
Ackerveken G, Visser RGF, Bai Y. Powdery mildew
resistance in tomato by impairment of SIPMR4 and
SIDMRI1. PloS One. 2013;8(6):67467-e67467.
doi:10.1371/journal.pone.0067467.

Ma], Chen ], Wang M, Ren Y, Wang S, Lei C, Cheng Z.
Disruption of OsSEC3A increases the content of sal-
icylic acid and induces plant defense responses in rice.
] Exp Bot. 2018;69(5):1051-64. doi:10.1093/jxb/erx458.
Lorang J, Kidarsa T, Bradford CS, Gilbert B, Curtis M,
Tzeng S-C, Maier CS, Wolpert TJ. Tricking the guard:
exploiting plant defense for disease susceptibility.
Science (New York, N Y). 2012;338(6107):659-62.
doi:10.1126/science.1226743.

McGrann GR, Stavrinides A, Russell J, Corbitt MM,
Booth A, Chartrain L, Thomas WTB, Brown JKM.
A trade off between mlo resistance to powdery mildew

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

and increased susceptibility of barley to a newly impor-
tant disease, Ramularia leaf spot. ] Exp Bot. 2014;65
(4):1025-37. doi:10.1093/jxb/ert452.

Bai Y, Pavan S, Zheng Z, Zappel NF, Reinstadler A,
Lotti C, De Giovanni C, Ricciardi L, Lindhout P,
Visser R, et al. Naturally occurring broad-spectrum
powdery mildew resistance in a Central American
Tomato accession is caused by loss of mlo function.
Mol Plant Microbe Interact. 2008;21(1):30-39.
doi:10.1094/MPMI-21-1-0030.

Pavan S, Jacobsen E, Visser RGF, Bai Y. Loss of suscept-
ibility as a novel breeding strategy for durable and
broad-spectrum resistance. Mol Breed. 2010;25
(1):1-12. doi:10.1007/s11032-009-9323-6.

Vale FXRD, Parlevliet JE, Zambolim L. Concepts in
plant disease resistance. ] Fitopatologia Brasileira.
2001;26:577-89.

Zeng W, Melotto M, He SY. Plant stomata: a checkpoint
of host immunity and pathogen virulence. Curr Opin
Biotechnol. 2010;21(5):599-603. doi:10.1016/j.
copbio.2010.05.006.

Jiang W, Zhou H, Bi H, Fromm M, Yang B, Weeks DP.
Demonstration of CRISPR/Cas9/sgRNA-mediated tar-
geted gene modification in Arabidopsis, tobacco, sor-
ghum and rice. Nucleic Acids Res. 2013;41(20):e188.
doi:10.1093/nar/gkt780.

Ortigosa A, Gimenez-Ibanez S, Leonhardt N, Solano R.
Design of a bacterial speck resistant tomato by CRISPR/
Cas9-mediated editing of SIJAZ2. Plant Biotechnol J.
2019;17(3):665-73. doi:10.1111/pbi.13006.

Jia H, Orbovic V, Jones JB, Wang N. Modification of the
PthA4 effector binding elements in Type I CsLOBI1
promoter using Cas9/sgRNA to produce transgenic
Duncan grapefruit alleviating XccApthA4:
dCsLOBI1.3infection. Plant Biotechnol J. 2016;14
(5):1291-301. doi:10.1111/pbi.12495.

Peng A, Chen S, Lei T, Xu L, He Y, Wu L, Yao L, Zou X.
Engineering canker-resistant plants through CRISPR/
Cas9-targeted editing of the susceptibility gene
CsLOB1 promoter in citrus. Plant Biotechnol J.
2017;15(12):1509-19. doi:10.1111/pbi.12733.

Schwartz AR, Potnis N, Timilsina S, Wilson M,
PatanA© ], Martins J, Minsavage GV, Dahlbeck D,
Akhunova A, Almeida N, et al. Phylogenomics of
Xanthomonas field strains infecting pepper and tomato
reveals diversity in effector repertoires and identifies
determinants of host specificity. Front Microbiol.
2015;6:535. d0i:10.3389/fmicb.2015.00535.

Langner T, Kamoun S, Belhaj K. CRISPR crops: plant
genome editing toward disease resistance. Annu Rev
Phytopathol. 2018;56:479-512. doi:10.1146/annurev-
phyto-080417-050158.

Zeilmaker T, Ludwig NR, Elberse ], Seidl MF, Berke L,
Van Doorn A, Schuurink RC, Snel B, Van den
Ackerveken G. DOWNY MILDEW RESISTANT 6
and DMR6-LIKE OXYGENASE 1 are partially redun-

dant but distinct suppressors of immunity in


https://doi.org/10.3389/fpls.2018.00268
https://doi.org/10.3389/fpls.2018.00268
https://doi.org/10.1038/s41598-017-00578-x
https://doi.org/10.1038/s41598-017-00578-x
https://doi.org/10.1016/j.fgb.2018.05.003
https://doi.org/10.3389/fmicb.2018.01226
https://doi.org/10.1021/acs.jafc.8b02191
https://doi.org/10.1021/acs.jafc.8b02191
https://doi.org/10.1111/mpp.12318
https://doi.org/10.3389/fpls.2018.01245
https://doi.org/10.1371/journal.pone.0067467
https://doi.org/10.1093/jxb/erx458
https://doi.org/10.1126/science.1226743
https://doi.org/10.1093/jxb/ert452
https://doi.org/10.1094/MPMI-21-1-0030
https://doi.org/10.1007/s11032-009-9323-6
https://doi.org/10.1016/j.copbio.2010.05.006
https://doi.org/10.1016/j.copbio.2010.05.006
https://doi.org/10.1093/nar/gkt780
https://doi.org/10.1111/pbi.13006
https://doi.org/10.1111/pbi.12495
https://doi.org/10.1111/pbi.12733
https://doi.org/10.3389/fmicb.2015.00535
https://doi.org/10.1146/annurev-phyto-080417-050158
https://doi.org/10.1146/annurev-phyto-080417-050158

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Arabidopsis. Plant J. 2015;81(2):210-22. doi:10.1111/
tpj.12719.

Zhou H, Liu B, Weeks DP, Spalding MH, Yang B. Large
chromosomal deletions and heritable small genetic
changes induced by CRISPR/Cas9 in rice. Nucleic
Acids Res. 2014;42(17):10903-14. doi:10.1093/nar/
gku806.

Zhou ], Peng Z, Long J, Sosso D, Liu B, Eom J-S,
Huang S, Liu S, Vera Cruz C, Frommer WB, et al.
Gene targeting by the TAL effector PthXo2 reveals
cryptic resistance gene for bacterial blight of rice.
Plant J. 2015;82(4):632-43. doi:10.1111/tpj.12838.
Gimenez-Ibanez S, Boter M, Ortigosa A,
Garcia-Casado G, Chini A, Lewsey MG, Ecker JR,
Ntoukakis V, Solano R. JAZ2 controls stomata
dynamics during bacterial invasion. New Phytol.
2017;213(3):1378-92. d0i:10.1111/nph.14354.

Luu DD, Joe A, Chen Y, Parys K, Bahar O, Pruitt R,
Chan LJG, Petzold CJ, Long K, Adamchak C, et al.
Biosynthesis and secretion of the microbial sulfated
peptide RaxX and binding to the rice XA21 immune
receptor. Proc Nat Acad Sci. 2019;116(17):8525.
doi:10.1073/pnas.1818275116.

Pyott DE, Sheehan E, Molnar A. Engineering of
CRISPR/Cas9-mediated ~ potyvirus
transgene-free Arabidopsis plants. Mol Plant Pathol.
2016;17(8):1276-88. doi:10.1111/mpp.12417.

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
(10):15144. doi:10.1038/nplants.2015.144.

Zhang T, Zheng Q, Yi X, An H, Zhao Y, Ma S, Zhou G.
Establishing RNA virus resistance in plants by harnes-
sing CRISPR immune system. Plant Biotechnol J.
2018;16(8):1415-23. doi:10.1111/pbi.12881.

Bastet A, Zafirov D, Giovinazzo N, Guyon-Debast A,
Nogué F, Robaglia C, Gallois J-L. Mimicking natural poly-
morphism in eIF4E by CRISPR-Cas9 base editing is asso-
ciated with resistance to potyviruses. Plant Biotechnol J.
2019;17(9):1736-50. doi:10.1111/pbi.13096.

Ali Z, Abulfaraj A, Idris A, Ali S, Tashkandi M,
Mahfouz MM. CRISPR/Cas9-mediated viral interfer-
ence in plants. Genome Biol. 2015;16(1):238.
doi:10.1186/513059-015-0799-6.

Baltes N, Hummel AW, Konecna E, Cegan R,
Bruns AN, Bisaro DM, Voytas DF. Conferring resis-
tance to geminiviruses with the CRISPR-Cas prokaryo-
tic immune system. Nat Plants. 2015;1(10):15145.
doi:10.1038/nplants.2015.145.

Ali Z, Ali S, Tashkandi M, Zaidi SSEA, Mahfouz MM.
CRISPR/Cas9-Mediated Immunity to Geminiviruses:
differential Interference and Evasion. Sci Rep. 201656
(1):26912. doi:10.1038/srep26912.

Gomez MA, Lin ZD, Moll T, Chauhan RD, Hayden L,
Renninger K, Beyene G, Taylor NJ, Carrington JC,
Staskawicz BJ, Bart RS. Simultaneous CRISPR/
Cas9-mediated editing of cassava eIF4E isoforms

resistance  in

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

GM CROPS & FOOD 143

nCBP-1 and nCBP-2 reduces cassava brown streak dis-
ease symptom severity and incidence. Plant Biotechnol
J. 2019;17(2):421-34. doi:10.1111/pbi.12987.

Kis A, Hamar E, Tholt G, Bdn R, Havelda Z. Creating
highly efficient resistance against wheat dwarf virus in
barley by employing CRISPR /Cas9 system. Plant
Biotechnol J.  2019;17(6):1004-06.  doi:10.1111/
pbi.13077.

Tripathi JN, Ntui VO, Ron M, Muiruri SK, Britt A,
Tripathi L. CRISPR/Cas9 editing of endogenous
banana streak virus in the B genome of Musa spp.
overcomes a major challenge in banana breeding.
Commun Biol. 2019;2(1):46. doi:10.1038/s42003-
019-0288-7.

Chandrasekaran J, Brumin M, Wolf D, Leibman D,
Klap C, Pearlsman M, Sherman A, Arazi T, Gal-On A.
Development of broad virus resistance in
non-transgenic ~ cucumber  using  CRISPR/Cas9
technology. Mol Plant Pathol. 2016;17(7):1140-53.
doi:10.1111/mpp.12375.

Macovei A, Sevilla NR, Cantos C, Jonson GB, Slamet-
Loedin I, Cermdk T, Voytas DF, Choi IR, Chadha-
Mohanty P. Novel alleles of rice eIF4G generated by
CRISPR/Cas9-targeted mutagenesis confer resistance to
Rice tungro spherical virus. Plant Biotechnol J. 2018;16
(11):1918-27.

Hirano H, Gootenberg ], Horii T, Abudayyeh O,
Kimura M, Hsu P, Nakane T, Ishitani R, Hatada I,
Zhang F, et al. Structure and engineering of Francisella
novicida Cas9. Cell. 2016;164(5):950-61. doi:10.1016/j.
cell.2016.01.039.

Igbal Z, Sattar MN, Shafig M. CRISPR/Cas9: a tool to
circumscribe cotton leaf curl disease. Front Plant Sci.
2016;7:475. do0i:10.3389/fpls.2016.00475.

Zhang YZ, Shi M, Holmes EC. Using metagenomics to
characterize an expanding virosphere. Cell. 2018;172
(6):1168-72. doi:10.1016/j.cell.2018.02.043.

Bastet A, Lederer B, Giovinazzo N, Arnoux X, German-
Retana S, Reinbold C, Brault V, Garcia D, Djennane S,
Gersch S, et al. Trans-species synthetic gene design
allows resistance pyramiding and broad-spectrum engi-
neering of virus resistance in plants. Plant Biotechnol J.
2018;16(9):1569-81. doi:10.1111/pbi.12896.

Wang T, Zhang H, Zhu H. CRISPR technology is revo-
lutionizing the improvement of tomato and other fruit
crops. Horticul Res. 2019;6:77.

Liu L, Li X, Wang J, Wang M, Chen P, Yin M, Li J,
Sheng G, Wang Y. Two distant catalytic sites are
responsible for C2c2 RNase activities. Cell. 2017;168
(1-2):121-134.e12. doi:10.1016/j.cell.2016.12.031.
Rodriguez-Leal D, Lemmon ZH, Man J, Bartlett ME,
Lippman ZB. Engineering quantitative trait variation
for crop improvement by genome editing. Cell.
2017;171(2):470-480.e8. d0i:10.1016/j.cell.2017.08.030.
Hahn F, Nekrasov V. CRISPR/Cas precision: do we need to
worry about off-targeting in plants? Plant Cell Rep. 2019;38
(4):437-41. doi:10.1007/s00299-018-2355-9.


https://doi.org/10.1111/tpj.12719
https://doi.org/10.1111/tpj.12719
https://doi.org/10.1093/nar/gku806
https://doi.org/10.1093/nar/gku806
https://doi.org/10.1111/tpj.12838
https://doi.org/10.1111/nph.14354
https://doi.org/10.1073/pnas.1818275116
https://doi.org/10.1111/mpp.12417
https://doi.org/10.1038/nplants.2015.144
https://doi.org/10.1111/pbi.12881
https://doi.org/10.1111/pbi.13096
https://doi.org/10.1186/s13059-015-0799-6
https://doi.org/10.1038/nplants.2015.145
https://doi.org/10.1038/srep26912
https://doi.org/10.1111/pbi.12987
https://doi.org/10.1111/pbi.13077
https://doi.org/10.1111/pbi.13077
https://doi.org/10.1038/s42003-019-0288-7
https://doi.org/10.1038/s42003-019-0288-7
https://doi.org/10.1111/mpp.12375
https://doi.org/10.1016/j.cell.2016.01.039
https://doi.org/10.1016/j.cell.2016.01.039
https://doi.org/10.3389/fpls.2016.00475
https://doi.org/10.1016/j.cell.2018.02.043
https://doi.org/10.1111/pbi.12896
https://doi.org/10.1016/j.cell.2016.12.031
https://doi.org/10.1016/j.cell.2017.08.030
https://doi.org/10.1007/s00299-018-2355-9

144 (&) S.TYAGIETAL.

106.

107.

108.

109.

110.

111.

112.

113.

Halperin S, Tou CJ, Wong EB, Modavi C, Schaffer DV,
Dueber JE. CRISPR-guided DNA polymerases enable diver-
sification of all nucleotides in a tunable window. Nature.
2018;560(7717):248-52. doi:10.1038/s41586-018-0384-8.
Sadanand S. EvolvR-ing to targeted mutagenesis. Nat
Biotechnol. 2018;36(9):819. do0i:10.1038/nbt.4247.
Hou Z, Zhang Y, Propson NE, Howden SE, Chu LF,
Sontheimer EJ, Thomson JA. Efficient genome engi-
neering in human pluripotent stem cells using Cas9
from Neisseria meningitidis. Proc Nat Acad Sci.
2013;110(39):15644.

Ran FA, Cong L, Yan WX, Scott DA, Gootenberg JS,
Kriz AJ, Zetsche B, Shalem O, Wu X, Makarova KS,
et al. In vivo genome editing using Staphylococcus
aureus  Cas9.  Nature.  2015;520(7546):186-91.
doi:10.1038/nature14299.

Miiller M, Lee CM, Gasiunas G, Davis TH, Cradick T7J,
Siksnys V, Bao G, Cathomen T, Mussolino C.
Streptococcus thermophilus CRISPR-Cas9  systems
enable specific editing of the human genome. Mol
Ther. 2016;24(3):636-44. doi:10.1038/mt.2015.218.
Kim E, Koo T, Park SW, Kim D, Kim K, Cho H-Y,
Song DW, Lee KJ, Jung MH, Kim S, et al. In vivo
genome editing with a small Cas9 orthologue derived
from Campylobacter jejuni. Nat Commun. 2017;8
(1):14500. doi:10.1038/ncomms14500.

Wada N, Ueta R, Osakabe Y, Osakabe K. Precision
genome editing in plants: state-of-the-art in CRISPR/
Cas9-based genome engineering. BMC Plant Biol.
2020;20(1):234. doi:10.1186/s12870-020-02385-5.
Peterson BA, Haak DC, Nishimura MT, Teixeira PJPL,
James SR, Dangl JL, Nimchuk ZL. Genome-wide assess-
ment of efficiency and specificity in CRISPR/Cas9

114.

115.

116.

117.

118

119

120

121

mediated multiple site targeting in arabidopsis. PloS
One. 2016;11(9):0162169-e0162169. doi:10.1371/jour-
nal.pone.0162169.

Globus R, Qimron U. A technological and regulatory
outlook on CRISPR crop editing. J Cell Biochem.
2018;119(2):1291-98. doi:10.1002/jcb.26303.

Friedrichs S, Takasu Y, Kearns P, Dagallier B,
Oshima R, Schofield J, Moreddu C. An overview of
regulatory approaches to genome editing in
agriculture. Biotechnol Res Innov. 2019;3(2):208-20.
Kawall K, Cotter J, Then C. Broadening the GMO risk
assessment in the EU for genome editing technologies
in agriculture. Environ Sci Eur. 2020;32:1-24.

Waltz E. With a free pass, CRISPR-edited plants reach
market in record time. Nat Biotechnol. 2018;36(1):6-7.
doi:10.1038/nbt0118-6b.

Patterson EL, Saski C, Kipper A, Beffa R, Todd A.
Gaines Omics Potential in Herbicide-Resistant Weed
Management. Plants. 2019;8(12):607

Bao L, Gao H, Zheng Z, Zhao X, Zhang M, Jiao F, Su C,
Qian Y. Integrated Transcriptomic and Un-Targeted
Metabolomics Analysis Reveals Mulberry Fruit (Morus
atropurpurea) in Response to Sclerotiniose Pathogen
Ciboria shiraiana Infection. Int. J. Mol. Sci. 2020;21
(5):1789 doi:10.3390/ijms21051789

Zhu L, Zhou Y, Li X, Zhao J, Guo N, Han Xing H.
Metabolomics Analysis of Soybean Hypocotyls in
Response to Phytophthora sojae Infection. Front. Plant
Sci. 23 October 2018. doi: 10.3389/fpls.2018.01530
Castro-Moretti FR, Gentzel IN, Mackey D, Alonso AP.
Metabolomics as an Emerging Tool for the Study of
Plant-Pathogen Interactions. Metabolites 2020;10
(2):52.


https://doi.org/10.1038/s41586-018-0384-8
https://doi.org/10.1038/nbt.4247
https://doi.org/10.1038/nature14299
https://doi.org/10.1038/mt.2015.218
https://doi.org/10.1038/ncomms14500
https://doi.org/10.1186/s12870-020-02385-5
https://doi.org/10.1371/journal.pone.0162169
https://doi.org/10.1371/journal.pone.0162169
https://doi.org/10.1002/jcb.26303
https://doi.org/10.1038/nbt0118-6b
https://doi.org/10.3390/ijms21051789
https://doi.org/doi: 10.3389/fpls.2018.01530

	Abstract
	Introduction
	Mechanism of Plant Defense System
	Complexities of Disease Resistance in Plants
	CRISPR-Cas9 System as Bacterial Immune System and Magnificent Tool for Plant Editing
	Fungal Resistance by Editing Host Susceptible Genes
	Bacterial Resistance by Editing Host Susceptible Genes
	Viral Resistance by Editing Host Susceptible Genes
	Limitation in Developing Resistance in Plants
	Ethical Issues with CRISPR-Edited Crops
	Conclusion and Future Perspectives
	Acknowledgments
	Disclosure Of Potential Conflicts Of Interest
	Author Contribution
	References

