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Abstract

The increasing global population requires an equivalent increase in food
production to meet the global food demand. Crop production is challenged
by various biotic and abiotic stresses, which decrease crop yield and pro-
duction. Thus, proper disease management for crops ensures global food
security. Various chemical, physical, and biological disease control methods
have been devised and used for plant protection. However, due to the low
efficiency of these methods, modern research has shifted to genetic engi-
neering approaches. The recent advances in molecular techniques have
revealed the molecular mechanisms controlling the plant’s innate immune
system and plant-pathogen interactions. Earlier studies revealed that the
pathogens utilize the susceptibility (S) genes in hosts for their sustainability
and disease development. The resistance achieved by suppressing the S
genes expression provides resistance against pathogens. Exploiting S genes
for imparting/enhancing disease resistance would offer a more durable and
effective alternative to conventional disease control methods. Therefore,
the present review highlights the potential of this novel tool for inducing
disease resistance in plants.
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Introduction

The global population is growing alarmingly, and improved crop varieties
are required to ensure the increasing food demand. The efforts to increase
crop production are often limited by various biotic and abiotic stresses (1,
2). Biotic stress due to microbial pathogens, insects, and weeds can de-
crease crop production by up to 40%, out of which about 15% of yield loss is
caused only due to diseases (3, 4). Thus, proper disease management for
crop protection is important for ensuring global food security.

Various physical, chemical, and biological disease control methods
have been devised and used for plant protection. Crop rotation and the use
of pesticides are the most common methods for disease management, but
their efficacy is accompanied by undesired side effects, rendering their use
(5, 6). These conventional methods are inefficient and are not eco-friendly.
Moreover, traditional breeding approaches for developing resistant varie-
ties are tedious and time-consuming. Therefore, researchers are trying to
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develop alternative strategies using modern genetic engi-
neering tools to induce resistance against diseases (7-9).
These approaches enable the manipulation of the gene(s)
of interest without affecting the rest of the genome in a
short period. These approaches allow interspecific gene
transfer and are also applicable to the crops that are multi-
plied vegetatively (10, 11). However, the knowledge of can-
didate gene(s) in hosts, and pathogens is the prerequisite
for proper disease management using genetic engineering
-based approaches.

Recently the research on plant-pathogen interac-
tions revealed how host plants and pathogens co-exist
through evolution. The host plant has a defense system to
protect it against the pathogen, and the pathogen devel-
ops a counterattack to overcome the defense barrier. The
knowledge about the defense pathway and pathogen’s
counterattack will help in the development of durable re-
sistance (5, 12). Different pathogens (viruses, bacteria,
nematodes, or filamentous microbes) interact in different
ways with the host plant. Viruses enter plant cells mechan-
ically or through a vector such as an insect, nematode, or
fungus. Bacteria produce virulence biomolecules through
type II, I, and IV secretion systems which interact with the
host plant (13, 14). Filamentous pathogens release biomol-
ecules into the plant apoplast and cytosol. Plants, when
infected, can resist the pathogen through pathogen-
associated molecular patterns (PAMPs) detected by pat-
tern recognition receptors (PRRs), leading to PAMP-
triggered immunity (PTI), which acts as the first line of de-
fense. After a pathogen attack, the plant generates endog-
enous signals called damage-associated molecular pat-
terns (DAMPs) to activate PTI. The pathogen develops its
counterattack system and produces effector molecules to
overcome the host immune system and induce effector-
triggered susceptibility (ETS). These effectors activate the
second line of defense in the host, which is referred to as
effector-triggered immunity (ETI). Thus, it can be conclud-
ed that PTI, ETS, and ETI form the layers of the plant’s in-
nate immune system against pathogens (15-17). This
knowledge of the plant-pathogen molecular interactions
in disease protection and development can help in the
production of resistant/less susceptible crops.

Susceptibility (S) genes present in plants are re-
sponsible for the susceptibility of plants to the pathogen.
Pathogens took advantage of these susceptibility genes for
their sustainability and disease development. However,
with the advent of modern genetic engineering and ge-
nome editing technologies, these susceptibility genes
could pave the way toward the development of multiple
disease-resistant crop varieties by knocking out these S
genes (18-20). The suppression of S genes can help in in-
ducing resistance in plants against pathogens. For exam-
ple, suppressing the powdery mildew resistance 6 (PMR6)
gene restricted the development of powdery mildew in
wheat (21). The functional knockouts of StDND1, StCHL1,
and StDMR6 showed enhanced resistance against late
blight in potatoes (19). The resistance achieved by sup-
pressing the expression of S-gene(s) would provide dura-
ble resistance compared to R genes, as the former involves

an important constituent required by the pathogen, which
is less likely to change (20). The suppression or silencing of
S-gene can be achieved through RNA-interference (RNAI)
technique due to its greater and more diverse mode of
action. It is a post-transcriptional regulation of genes
through interception and degradation of mRNA. Using this
strategy, it is possible to alter the susceptible gene(s) to
induce enhanced expression of the defense pathway (22).
Therefore, the present review highlights this novel tool for
inducing disease resistance in plants, which can act as a
boon for sustainable agriculture.

RNAi

RNA silencing is a conserved regulatory mechanism of
gene expression. In fungi, it is called gene quelling, and in
animals, it is referred to as RNA interference (RNAI). It
takes place at the nucleotide level, in which a sequence-
specific process accounts for the mRNA degradation or
causes post-transcriptional gene silencing (PTGS) or inter-
ference at the transcriptional level via RNA-directed DNA
methylation (RADM). PTGS involves the inhibition of trans-
lation at the post-transcriptional level, and RdDM refers to
the epigenetic modification achieved via methylation. It
can inhibit the expression of candidate genes responsible
for biotic and abiotic stresses (23, 24).

Various parts of basic RNA silencing machinery in-
clude a dsRNA, Dicer, or a Dicer-like (DCL) protein; small
RNAs (21-24 nucleotides); an RNA-induced silencing com-
plex (RISC). The dsRNA triggers the pathway, which is pro-
cessed by DCL to give small RNAs. Double-stranded siRNAs
get incorporated in the RNA-induced silencing complex
(RISC). RISC complex consists of Dicer, ARGONAUTE, RNA
binding protein (PDR), and transacting RNA-binding pro-
tein (TRBP). The siRNA duplex constitutes the guide strand
and passenger strand. One out of two strands is removed
while the other remains bound to the RISC (guide) and
activates the complex (25, 26). The strand with weak inter-
action with the complementary strand remains attached
while the strongly bonded strand is degraded. Activation
of RISC is associated with an energy-consuming (ATP-
dependent) unwinding of siRNA, which results in the for-
mation of a guide strand. This guide strand is antisense in
direction, then complementary base pairs with the mRNA
sense strand and causes mRNA degradation (Fig. 1). Tar-
geted mRNA degradation inhibits protein synthesis, there-
by silencing the target gene.

The insight into RNA-mediated gene silencing led to
the development of transgenic plants by exploiting the
genome of the pathogen or host for disease management.
Transgenic plants with improved traits can be produced by
RNAi-based techniques such as virus-induced gene silenc-
ing (VIGS), host-induced gene silencing (HIGS), and RNAI
hairpin construct. VIGS provides a rapid tool for validating
gene functionality by silencing of the target gene (27, 28).
HIGS is used for inducing resistance in plants by employing
the pathogen gene (Avirulence) involved in disease estab-
lishment. Hairpin construct development for genes re-
sponsible for plant susceptibility or virulence in pathogens
provides a tool for disease control.
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RNAi has become a useful tool for studying gene
function and has potential applications for treating plant
diseases, including those related to susceptibility genes.
Susceptibility genes make individuals more likely to devel-
op certain diseases or conditions. RNAi can be used to
study the function of susceptibility genes by knocking
down their expression and observing the effects on cellular
processes and disease development. For example, plants
are susceptible to different viruses, which can cause signif-
icant damage to crops and reduce yields. RNAi has been
used as a potential tool for developing resistant plants by
targeting the viral genes or host susceptibility genes in-
volved in the viral infection (29). In Arabidopsis thaliana,
gene PENETRATION3 (PEN3) is involved in the susceptibil-
ity of plants to the bacterial pathogen Pseudomonas syrin-
gae (30). In this case, knocking down the expression of the
PEN3 gene could make the plant more resistant to the
pathogen. One study used RNAi to knock down the expres-
sion of the PEN3 gene and found that it reduced the plant's
susceptibility to P. syringae. The researchers introduced
double-stranded RNA (dsRNA) targeting the PEN3 gene
into the plant cells, which triggered the RNAi pathway and
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Fig. 1. Mechanism of RNAi mediated silencing

led to the degradation of PEN3 mRNA. The resulting knock-
down of PEN3 expression led to a decrease in bacterial
growth and an increase in plant resistance to infection
(30). Overall, these studies demonstrated the potential for
RNAi to be used to knock down susceptibility genes in
plants and improve their resistance to diseases (29, 30).

Concept of resistance in plants

Plants can resist pathogen infection both extracellularly
and intracellularly. Extracellular detection of pathogens is
achieved through PAMPs such as bacterial flagellin and
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fungal chitin, which are conserved microbial elicitors. The
receptor proteins in the plant plasma membrane that rec-
ognize PAMPs are called pattern recognition receptors
(PRRs). This interaction of PAMPs with PRRs lead to re-
sistance in host plants through PAMP-triggered immunity
(PTI) (Fig. 2). PTl is related to the activation of various oth-
er pathways such as mitogen-activated protein kinase
(MAPK) cascade, calcium influx, an oxidative burst, etc.
(16, 31). However, the pathogens are also evolving them-
selves to surpass the extracellular detection by the host
plants. Pathogens release effector molecules to suppress
their detection and cause disease. This type of susceptibil-
ity in the host plant is called effector-triggered susceptibil-
ity (ETS). Effector molecules are the pathogen virulence
molecules. The plant defense machinery is continuously
co-evolving with the pathogen’s attack. To protect the
plants through ETS, plants develop intracellular receptors
such as NLRs to detect effectors, leading to resistance
through ETI. The ETI appears as a hypersensitive response
(HR) associated with apoptosis at the infected site repre-
senting an enlarged version of the PTI response (32).

Recognition of the pathogen can induce defense
responses like enhanced reactive oxygen species (ROS)
and nitric oxide (NO) production through the activation of
(Ca?*), which acts as a secondary messenger. External stim-
ulus like the production of H,0, and effectors during stress
in plant increases the Ca?" concentration, which is detect-
ed by Ca* sensors and leads to phenomena such as hyper-
sensitive response, production of H,0,and NO. Thus, Ca*
signaling plays an important role in PTI/ETI perception
(33). Thus, the plant’s innate immune system collectively
includes PTI, ETS, and ETI to induce the disease resistance
in plants. Susceptibility genes can be involved in either the
PTI or ETI pathway, and their function can be targeted to
improve plant resistance against pathogens. Knocking
down susceptibility genes can enhance PTI or ETI respons-
es, increasing resistance to pathogens (34).

Type of resistances

Disease resistance in plants can be categorized as qualita-
tive and quantitative. Qualitative resistance is offered by R
genes that utilize genes with large effects and are discon-
tinuous in nature making them less durable and specific
(35). This resistance conferred by the dominant genes is
also referred to as prevalent resistance.

The resistance offered by the loss of S-genes is
quantitative resistance, including genes with minor addi-
tive effects. Quantitative resistance is durable, polygenic,
and horizontal (36, 37). The horizontal resistance being
non-specific owes to its broad range of applicability (38).
The S-gene(s) mediated resistance is also called recessive
resistance. The pathogen requires host susceptibility fac-
tors for its establishment in the host (20, 39). When the
interaction between susceptibility factors and the patho-
gen is incompatible, it leads to resistance in plants. As the
susceptibility factors are dominant, the S-gene-mediated
resistance, through its suppression/loss of function, needs
all gene copies in a recessive state. Therefore, this type of
resistance achieved by recessive genes is called recessive
resistance (20, 33).
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S-genes and their role in plant immunity

S genes have been classified into three categories based
on the point at which they act. First-class of S-genes in-
cludes the genes involved in the early stages of infection
and help in pathogen establishment. The second class
consists of the genes which alter the host defense nega-
tively. The third class includes genes that help to sustain
the pathogen in the host (40) (Fig. 3).

S-genes and their role in plant immunity

This class of genes required by the pathogen for its estab-
lishment in the host belongs to the first-class S-genes.
These genes are active during early infection stages, i.e.,
pre-penetration (40). The penetration of pathogens inside
the host plant varies with different pathogens. Bacteria
enter through stomata or lesions and utilize type IIl and
type IV secretion systems for injecting effectors inside the
host cell, which help in surpassing the plant immune sys-
tem. Fungi and oomycetes penetrate through hyphae gen-
erated from spores. A developed haustorium can assist in
feeding and transporting the effector for pathogen estab-
lishment (41). Various first-class S-genes involved in help-
ing pathogens and establishing infection through various
entry points have been studied and discussed as follows.

Entry through cuticle and cell wall structure

The plant leaf surface is waxy and consists of the cuticle,
which constitutes cutin, wax, polysaccharides, and com-
pounds such as flavonoids (42). The mutant glossyl1l gene
in corn showed decreased susceptibility to powdery mil-
dew due to poor germination of spores as the amount of
very-long-chain aldehyde levels reduced in leaf cuticles
(43). Similarly, a Medicago mutant- ram2 with changed
cutin composition resulted in decreased susceptibility to
Phytophthora palmivora (44). An alteration with the wax
composition in Medicago irgl caused reduced susceptibility
to fungal rust and Phakopsora pachyrhizi, Puccinia emacu-
lata, and Colletotrichum trifolii (45). The altered cuticle in
Arabidopsis provided resistance to Botrytis and Sclerotinia.
The inactivation of enzymes such as fatty acid oxidase,
fatty acid hydroxylase, and long-chain acyl CoA synthetase
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Fig 2. PAMP-triggered immunity

makes the cuticle more permeable, which enables the per-
ception of elicitors to induce plant defense (46).

The plant cell wall and its composition help in the
determination of plant-pathogen compatibility. Expansin
present in the plant cell is responsible for the flexibility

and growth of the cell wall. Expansin EXLA2 helps in the
entry of pathogens and is important for susceptibility to
Botrytis and Alternaria (47). Cell walls contain cellulose as
the major structural component, and it was found that the
Agrobacterium infection requires the cellulose synthase-
like gene CSLA9 (rat4) for susceptibility. Alteration of csla9/
rat4 showed reduced attachment of Agrobacterium to the
root surface (48, 49).

Entry through stomata

Bacterial pathogens enter the host plant through wounds
or natural openings, such as stomata or hydathodes, due
to their inability to break the cell wall. The stomata close
on the encounter of the pathogen to prevent the plant
from infection and open afterward for the exchange of gas.
The S-genes involved in stomatal closing (LecRK, AHAL,
RIN4) are associated with increased susceptibility, and
their suppression makes the entry of pathogens difficult,
thereby decreasing susceptibility. Filamentous pathogens
penetrate the cell wall to form specialized structures,
which later help in providing nutrition. MLO (mildew re-
sistance locus O) is the best-known susceptibility gene
responsible for penetration in powdery mildew. MLO was
first identified in barley and characterized as a membrane-
anchored protein. Powdery mildew susceptibility owing to
MLO has been reported in Arabidopsis, pea, tomato, pep-
per, wheat, and strawberry (40). A protein BAX inhibitor-1
(BI-1) with a similar potential for PM penetration in Barley
has been reported (50, 51). Bl-1 proteins belong to Life-
guard (LFG) proteins family (52). Other five LFG proteins
identified in Arabidopsis and barley have also been report-
ed for susceptibility. Studies have suggested the role of
these proteins in suppressing defense responses or facili-
tating nutrient transfer (53). Cytoskeleton elements such
as small G proteins (Rho-GTPases, or RAC/ROP) and
GTPase activating proteins (GAP) have also been reported
for pathogen susceptibility (54). HVRACB, HvVRACL,
HVRAC3, and HVROPS6 increase disease susceptibility (55,
56). It was observed that HvVRAC1 provided resistance
against Magnaporthe oryzae, indicating that the fate of
genes is not fixed and depends on the pathogen (57). Sus-
ceptibility to M. oryzae in rice includes OsRAC4, OsRACS,
and OsRACB genes (58, 59). ARF-GAP protein (AGD5) of Ara-
bidopsis thaliana acts as a susceptibility factor in Hy-
aloperonospora arabidopsidis infection (60). It can be con-
cluded that these host S genes involved in (pre)
penetration decide the aptness of the host plant, and
therefore, the resistance provided by their suppression
would induce a non-host type of resistance (40).

S-genes altering host defences

This type of S-genes codes for the genes which negatively
regulate the plant defense system by interfering with de-
fense responses such as PTI, salicylic acid signalling, and/
or systemic acquired resistance (SAR). Examples are U-box
E3 ubiquitin ligases (PUB22/23/24), enhanced disease re-
sistance 2 (EDR2), and suppressor of nprl-1 inducible 1
(SNI1) (40). The plant defense system induces callose pro-
duction when attacked by the pathogen, limiting the pene-
tration by providing a physical barrier to entry. It was
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proved that the overexpression of S-gene PMR4 led to cal-
lose accumulation and provided resistance against Blume-
ria graminis in A. thaliana. Pathogen counter-attacks the
plant immunity and establishes infection by altering PTI or
a component of a defense mechanism. PMR4 silenced mu-
tant also provided resistance to B. graminis, and H. ara-
bidopsidis. This indicates the susceptibility provided by
PMR4 depends on some other factor that changes the ex-
pression of S-gene. In this case, the suppression of salicylic
acid (SA) signaling led to an increase in the expression of
the defense gene (61). A similar response was observed in
I0S1 (impaired oomycete susceptibility) mutants where
induction of PTl-responsive genes was delayed when in-
fected by H. arabidopsidis, but an increase in their expres-
sion suggested its negative role in the activation of PTI
through involvement in FLS2/BAK1 protein complex for-
mation (62).
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Fig 3. Type of S-genes involved in plant disease development

The mitogen-activated protein kinase 4 (MPK4)
gene also has been reported to induce susceptibility. Loss
of function mutant of Glycine max (soybean) MPK4
(GmMPK4) provided enhanced resistance to Peronospora
manshurica (63). The silencing led to increased lignin bio-
synthesis, which helped to create a physical barrier and
avoid penetration into the mesophyll.

Pathogen sustenance

The third class of S-genes includes genes that help in post-
penetration sustenance of the pathogen by providing
nourishment and synthesizing metabolites. Downy mildew
resistant 1 (DMR1) gene encoding homoserine kinase
(HSK), which catalyzes the biosynthesis of Met, Thr, and
Ile; when mutated, provided resistance to Hyaloperono-
spora parasitica (64, 65), H. arabidopsidis, Fusarium gra-
minearum and F. culmorum (66). These S-genes help by
stopping the biosynthesis of amino acids (Met, Thr, and
Ile), which produce substances toxic to the pathogen and
hinder its presence. The genes encoding for SWEET pro-
teins provide a carbon source and help in its sustainability
(58, 67).

In rice, Xanthomonas oryzae use the SWEET S gene
(OsSWEET14) through a transcription activator-like (TAL)
effector protein AvrXa7 that binds at the promoter region
of the S-gene and provides nutrition to bacterial cells (68).
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When the promoter region of this gene was edited using
GE tools, its inability to bind with AvrXa7 led to reduced
susceptibility and decreased expression of S-gene (69, 70).

The pathogen produces an effector that attacks
specific targets in plants and induces susceptibility. Some
plant translation factors are used by potyviruses for repli-
cation in plants. Mutant recessive S genes 4E and 4G
(elF4E/elF4G) provided enhanced resistance against Po-
tyviridae viruses (40). Mutated elF4 gene in A. thaliana re-
stricted viral movement within the plant and showed de-
creased susceptibility against cucumber mosaic virus
(CMV) and turnip crinkle virus (TCV) (71).

The recent developments have led to new findings
regarding S-genes and their role in disease development.
Four new S-genes, including genes (WRKY transcription
factor 6, Catalase protein, Shaggy-like protein kinase NtK-1
and OTU like cysteine protease), were identified in potato
late blight disease (72).

S-gene mediated resistance in plants

Bacterial disease establishment depends on the interac-
tion between type Il effector genes and S-genes. The ex-
pression of S-gene Os8N3 in rice during infection with Xan-
thomonas oryzae pv. oryzae strain PXO99A was studied.
Os8N3is a member of the MtN3 gene family and depends
on the effector gene pthXol. Silencing of Os8N3 produced
resistance to the PXO99A strain causing bacterial blight in
rice (73).

Suppression or knockdown of S-genes can help in
activating plant immune response and reduce suscepti-
bility. The PAP2 gene encoding phosphatidic acid phos-
phatase was identified as an S-gee in  N. benthamiana
infected by Ralstonia solanacearum. Silencing of PAP2 re-
duced the susceptibility and increased the resistance to R.
solanacearum. The silenced plants, when infected with the
bacteria, led to over-accumulation of reactive oxygen spe-
cies (ROS) and increased PR-4 expression, indicating a re-
lation to the activation of plant defense (74).

In Arabidopsis, Defense No Death 1 (DND1) is an S-
gene, and its mutant provides broad resistance against
various fungi, bacteria, and viruses. Various S-genes initial-
ly identified in Arabidopsis have also been reported as
functionally conserved in other plants. A study to validate
its role in the late blight susceptibility of tomato and pota-
to using RNAi was carried out. The suppression of DND1 in
potatoes and tomatoes provided broad-spectrum re-
sistance to late blight (Phytophthora infestans) and PM
(Oidium neolycopersici and Golovinomyces orontii), show-
ing the conserved nature of DND1 in tomato and potato. In
a study, 11 S-genes from A. thaliana were selected, and
orthologous genes were silenced in a highly susceptible
late blight potato cultivar (Desiree). Silencing of five genes
provided resistance to the P. infestans isolate Pic99189,
while that of the sixth S-gene reduced susceptibility (75).

A set of the ortholog of the Arabidopsis S gene
(DND1, DMR6, DMR1, and PMR4) was selected and studied
in potatoes and tomatoes for their role in B. cinerea infec-
tion. DND1 helps in conidial germination and attachment
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of pathogens. Silencing of DND1 in both plants showed
reduced lesions compared to control plants as the afore-
mentioned processes are hindered. Silencing of DMR6 in
potato plants also showed reduced lesion size. Silencing of
DMR1 and PMR4 in potato transformants did not show any
change as compared to control plants. These results sug-
gest the efficacy of S genes in resistance breeding (76).

The role of StVIK (S. tuberosum Vascular HIGHWAY1
[VH1]-INTERACTING KINASE [VIK]) encoding a MAP3K in P.
infestans colonization in N. benthamiana was analyzed
using VIGS. The silencing led to decreased colonization,
indicating the potency of StVIK as a susceptibility factor.
Thus, StVIK is exploited by P. infestans as a susceptibility
factor to promote late blight disease (77).

The intricate relationship between the effector and
S-gene/factor for pathogen establishment and coloniza-
tion has been studied in P. infestans effector (Pi02860) and
S factor (NRL1). NRL1 inhibits the expression of INF1-
triggered cell death (ICD), helping in pathogen infection.
NRL1 interacts with SWAP70, which helps in providing im-
munity in the plant. The silencing of SWAP70 in N. ben-
thamiana through VIGS enhanced colonization and dis-
ease susceptibility. Thus, surpassing the defense respons-
es with the help of NLR1 through the degradation of
SWAP70 would aid pathogen colonization (78). This type of
study of S-gene interaction would help in mining the other
S and R genes involved in plant disease and open new ave-
nues for plant disease management.

Pleiotropic effects

The efforts for S-gene-mediated resistance are limited due
to the cost the plant has to pay for it. The alteration in the
S gene is sometimes accompanied by a few side effects
referred to as pleiotropic effects. These effects include
dwarfing, decreased yield and fertility, early senescence,
and increased susceptibility to other stress. Many S-genes
and their pleiotropic effects have been studied (Table 1).
Minimization of pleiotropic effects would ensure efficient

Table 1. List of few S-gene and their pleiotropic effects

use of S-genes. The use of native promoters would help in
reducing the negative effects (75). Recently, a new gene-
editing technology named CRISPR for improving agro-
nomic traits in plants has been introduced. It has been
used in various plant species, for instance, rice, wheat, and
maize. Employing S-genes for introducing resistance in
plants using CRISPR provides durable resistance and has
been practiced in controlling many plant diseases.

Transgenic PM-tolerant wheat was produced by
disrupting TaMLO-Al, TaMLO-B1, and TaMLO-D1 (79). PM-
resistant wheat was developed by targeting TaEDR1 (three
homologs) (80). Vegetative crops like tomato disruption of
DMRG6 provided resistance to Pseudomonas syringae, Phy-
tophthora capsici, and Xanthomonas spp. (81). Almost
complete canker disease resistance was observed in the
case of Citrus after the degradation of promoter CsLOB1
(82). Transgene-free plants with improved quality/traits
have also been developed using CRISPR and are commer-
cially available in the USA, such as mushrooms, maize,
soybean, and bristlegrass (83). Few other examples of
transgene-free crops developed have been discussed. In
the case of tomato, PM resistant crop was obtained by de-
grading S-gene SIMlol (84). In Arabidopsis, disruption of
elF4E provided resistance to TuMV (85). The degradation of
elF4E provided resistance to various viruses, including
CVYV (ipomovirus), ZYMV, and PRSMV (potyvirus) (86).

Targeting promoters through CRISPR can help in
reducing the chances of pleiotropic effects such as SWEET
genes (40). Creating similar S-gene variants and introduc-
ing them in host rather than S-gene knockout presents
another useful approach to surpass the pleiotropic effects.
This approach has been used, and no pleiotropic effects
were reported. Editing the S-gene allele at the single-
nucleotide level (SNP) can also help in inducing resistance
by introducing a variant of S-gene. These systems were
shown to display no detectable off-target effects. A
toolbox of a CRISPR vector system that can utilize patho-
gen-inducible promoters is still needed (87). Thus, the

Sl. No S-gene Crop Pleiotropic effect Function of S gene Reference
MPK4 (Mitogen- activated protein . . i . . .
1 ki ) Arabidopsis thaliana  Dwarfism and lesions Negative regulator of SAR 88
inase
. Arabidopsis thali- Mild developmental Regulates DNA endoreduplication/
2 MYB3R-4 (Myb-related protein 3R-4) 89
ana defects hypertrophy
3 FERONIA Arabidopsis thaliana  Developmental defects Control of host cell entry 60
. . . Regulation of autophagy and SA-
4 ATG2 (autophagy-related 2) Arabidopsis thaliana  Early senescence 90
dependent defence
PAPP2C (phytochrome-activated pro- . . i Negative regulation of SA-dependent
5 . Arabidopsis thaliana  Developmental defects 44
tein phosphatase 2C) defence and RPW8.2
Enhances susceptibility
6 MLO (Mildew resistance locus) Barley towards necrotrophic Resistance against powdery mildew 63
fungi
7 RACB (Rho-related protein racB) Barley Developmental defects Helps in accommodating in haustorium 56,91
Enhanced Susceptibility Suppression of penetration resistance
8 BI-1 (BAX inhibitor-1) Barley 51,92

to necrotrophs

and cell death
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9 SLN (Slender) Barley Developmental defects Cell death regulation 93
Susceptibility to other . .

10 CMPG1 Potato Basal immunity 94
pathogens

11 DMR1 (Downy Mildew Resistant 1) Potato Dwarfing and color loss Negative regulator of defense genes 95
Dwarfing, autonecrosis

12 DND1 (Defense No Death 1) Potato . Regulates the SA levels 95
and chlorosis

i X § i Resistance to Cucumber mosaic virus
13 CMRL1 (Cucumber mosaic resistance 1) Potato Dwarfing and chlorosis . 95
isolate PO
. Reduced tolerance to Regulate expression of PR (Pathogenesis
14 MAPKS5 Rice 96

abiotic stress

related) genes

probable effect that will be caused due to the alteration in
S-gene function should be studied and anticipated to en-
sure the full potential of S-gene resistance.

Conclusion

Exploiting S genes for imparting/enhancing disease re-
sistance provides an alternative disease control method
that is more durable and effective. Although this S-gene-
mediated disease resistance should not be at the cost of
the plant’s loss, therefore, the various important aspects
called pleiotropic effects, such as plant dwarfing, level of
resistance achieved, and feasibility of targeting multiple
genes, should be considered beforehand. Therefore,
efforts are required to eliminate the pleiotropic effects
associated with and avail the full potential of S-gene. The
need for the future is to identify more S-genes and unveil
their role in S-gene-mediated resistance. This will help in
better understanding the defense signalling pathways and
unravelling the reason behind the durability offered by S-
gene resistance. These findings will enrich our knowledge
and help in future resistance breeding.

Acknowledgements

We gratefully acknowledge Lovely Professional University
for providing immense support and encouragement for
this work.

Authors contributions

KT and UG designed the manuscript. KT, NS, SK, and UG
revised susceptibility genes, pleiotropic effects, types of
resistance and BS and VB revised the role of susceptibility
genes. All the authors have contributed significantly.

Compliance with ethical standards

Conflict of interest: Authors do not have any conflict of
interests to declare.

Ethical issues: None.

References

1. Dormatey R, Sun C, Ali K, Coulter JA, Bi Z, Bai J. Gene pyramid-
ing for sustainable crop improvement against biotic and abiotic

10.

11.

12.

13.

stresses. Agronomy.
agronomy10091255

2020;9:1255.  https://doi.org/10.3390/

Guzman GM, Cellini F, Fotopoulos V, Balestrini R, Arbona V. New
approaches to improve crop tolerance to biotic and abiotic
stresses. Physiologia Plantarum. 2022;174:e13547. https://
doi.org/10.1111/ppl.13547

Savary S, Ficke A, Aubertot JN, Hollier C. Crop losses due to
diseases and their implications for global food production loss-
es and food security. Food Security. 2012;4:519-37. https://
doi.org/10.1007/s12571-012-0200-5

Oerke EC, Dehne HW. Safeguarding production: Losses in major
crops and the role of crop protection. Crop Protection.
2004;23:275-85. https://doi.org/10.1016/j.cropro.2003.10.001

Engelhardt S, Stam R, Hiickelhoven R. Good riddance? Breaking
disease susceptibility in the era of new breeding technologies.
Agronomy. 2018;114:1-16. https://doi.org/10.3390/
agronomy8070114

Serrdo JE, Plata-Rueda A, Martinez LC, Zanuncio JC. Side-effects
of pesticides on non-target insects in agriculture: a mini-review.
The Science of Nature. 2022;109:1-11. https://doi.org/10.1007/
s00114-022-01788-8

Jamaloddin M, Mahender A, Gokulan CG, Balachiranjeevi C,
Maliha A, Patel HK, Ali J. Molecular approaches for disease re-
sistance in rice. In rice improvement. Springer, Cham. 2021;315-
78. https://doi.org/10.1007/978-3-030-66530-2_10

Bigini V, Camerlengo F, Botticella E, Sestili F, Savatin DV. Bio-
technological resources to increase disease-resistance by im-
proving plant immunity: A sustainable approach to save cereal
crop production. Plants. 2021;10:1146. https://doi.org/10.3390/
plants10061146

Wani SH, Samantara K, Razzaq A, Kakani G, Kumar P. Back to
the wild: mining maize (Zea mays L.) disease resistance using
advanced breeding tools. Molecular Biology Reports. 2022;1-17.
https://doi.org/10.1007/s11033-021-06815-x

ValkonenJPT. Elucidation of virus-host interactions to enhance
resistance breeding for control of virus diseases in potato.
Breeding Science. 2015;65:69-76. https://doi.org/10.1270/
jsbbs.65.69

Ozyigit Il. Gene transfer to plants by electroporation: methods
and applications. Molecular Biology Reports. 2020;47:3195-210.
https://doi.org/10.1007/s11033-020-05343-4

Boccardo NA, Segretin ME, Hernandez I, Mirkin FG, Chacén O,
Lopez Y, Borras-Hidalgo O, Bravo-Almonacid FF. Expression of
pathogenesis-related proteins in transplastomic tobacco plants
confers resistance to filamentous pathogens under field trials.
Scientific Reports. 2019;9:1-13. https://doi.org/10.1038/s41598-
019-39568-6

Kamber T, Pothier JF, Pelludat C, Rezzonico F, Duffy B, Smits
THM. Role of the type VI secretion systems during disease inter-
actions of Erwinia amylovora with its plant host. BMC Genomics.
2017;18:628. https://doi.org/10.1186/s12864-017-4010-1

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.3390/agronomy10091255
https://doi.org/10.3390/agronomy10091255
https://doi.org/10.1111/ppl.13547
https://doi.org/10.1111/ppl.13547
https://doi.org/10.1007/s12571-012-0200-5
https://doi.org/10.1007/s12571-012-0200-5
https://doi.org/10.1016/j.cropro.2003.10.001
https://doi.org/10.3390/agronomy8070114
https://doi.org/10.3390/agronomy8070114
https://doi.org/10.1007/s00114-022-01788-8
https://doi.org/10.1007/s00114-022-01788-8
https://doi.org/10.1007/978-3-030-66530-2_10
https://doi.org/10.3390/plants10061146
https://doi.org/10.3390/plants10061146
https://doi.org/10.1007/s11033-021-06815-x
https://www.ncbi.nlm.nih.gov/pubmed/?term=Valkonen%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=25931981
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4374565/
https://doi.org/10.1270/jsbbs.65.69
https://doi.org/10.1270/jsbbs.65.69
https://doi.org/10.1007/s11033-020-05343-4
https://doi.org/10.1038/s41598-019-39568-6
https://doi.org/10.1038/s41598-019-39568-6
https://doi.org/10.1186/s12864-017-4010-1

53 KAJALETAL

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Tyagi S, Kumar R, Kumar V, Won SY, Shukla P. Engineering dis-
ease resistant plants through CRISPR-Cas9 technology. GM
Crops and Food. 2021;12:125-44. https://
doi.org/10.1080/21645698.2020.1831729

Silva MS, Arraesa FBM, Campos MA, Grossi-de-Sa M, Fernandez
D, Candido ES, Cardoso MH, Franco OL, Grossi-de-Sa MF. Re-
view: Potential biotechnological assets related to plant immuni-
ty modulation applicable in engineering disease-resistant crops.
Plant  Science.  2018;270:72-84.  https://doi.org/10.1016/
j.plantsci.2018.02.013

Yuan M, Ngou BPM, Ding P, Xin XF. PTI-ETI crosstalk: An integra-
tive view of plant immunity. Current Opinion in Plant Biology.
2021;62:102030. https://doi.org/10.1016/j.pbi.2021.102030

Shamrai SM. Recognition of pathogen attacks by plant immune
sensors and induction of plant immune response. Cytology and
Genetics. 2022;56:46-58. https://doi.org/10.3103/
S0095452722010108

Tao H, Shi X, He F, Wang D, Xiao N, Fang H, Wang R, Zhang F,
Wang M, Li A, Liu X. Engineering broad-spectrum disease-
resistant rice by editing multiple susceptibility genes. Journal of
Integrative  Plant  Biology.  2021;63:1639-48.  https://
doi.org/10.1111/jipb.13145

Kieu NP, Lenman M, Wang ES, Petersen BL, Andreasson E. Muta-
tions introduced in susceptibility genes through CRISPR/Cas9
genome editing confer increased late blight resistance in pota-
toes. Scientific Reports. 2021;11:1-12. https://doi.org/10.1038/
$41598-021-83972-w

Garcia-Ruiz H, Szurek B, Van den Ackerveken G. Stop helping
pathogens: engineering plant susceptibility genes for durable
resistance. Current Opinion in Biotechnology. 2021;70:187-95.
https://doi.org/10.1016/j.copbio.2021.05.005

Vogel JP, Raab TK, Schiff C, Somerville SC. PMR6, a pectate lyase
-like gene required for powdery mildew susceptibility in Ara-
bidopsis. Plant Cell. 2002;14:2095-106. https://doi.org/10.1105/
tpc.003509

Marciano D, Ricciardi V, Fassolo EM, Passera A, Bianco PA, Failla
0, Casati P, Maddalena G, De Lorenzis G, Toffolatti SL. RNAi of a
putative grapevine susceptibility gene as a possible downy mil-
dew control strategy. Frontiers in Plant Science. 2021;12.
https://doi.org/10.3389/fpls.2021.667319

Lata H, Sharma A, Chadha S, Kaur M, Kumar P. RNA interference
(RNAi) mechanism and application in vegetable crops. The Jour-
nal of Horticultural Science and Biotechnology. 2021;1-11.
https://doi.org/10.1080/14620316.2021.1988729

Hung YH, Slotkin RK. The initiation of RNA interference (RNAi) in
plants. Current Opinion in Plant Biology. 2021;61:102014.
https://doi.org/10.1016/j.pbi.2021.102014

Bushra T, Zunaira S, Muhammad T, Anwar K, Naila S, Muham-
mad B, Memoona R, Muhammad SI, Idrees AN, Tayyab H. Over-
view of acquired virus resistance in transgenic plants. Experi-
mental Agriculture and Horticulture. 2013;2:12-28.

Iwakawa HO, Tomari V. Life of RISC: Formation, action and deg-
radation of RNA-induced silencing complex. Molecular Cell.
2022;82:30-43. https://doi.org/10.1016/j.molcel.2021.11.026

Singh B, Kukreja S, Salaria N, Thakur K, Gautam S, Taunk J,
Goutam U. VIGS: a flexible tool for the study of functional ge-
nomics of plants under abiotic stresses. Journal of Crop Im-
provement. 2019;33:567-604. https://
doi.org/10.1080/15427528.2019.1640821

Tomar M, Singh B, Bhardwaj V, Sood S, Singh B, Salaria N,
Thakur K, Kumar A, Sharma N, Goutam U. Validation of molecu-
lar response of tuberization in response to elevated tempera-
ture by using a transient Virus Induced Gene Silencing (VIGS) in
potato. Functional and Integrative Genomics. 2021;21:215-29.
https://doi.org/10.1007/s10142-021-00771-2

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Akbar S, Wei Y, Zhang MQ. RNA interference: promising ap-
proach to combat plant viruses. International Journal of Molec-
ularSciences. 2;23(10):5312. https://doi.org/10.3390/
ijms23105312

Stein M, Dittgen J, Sanchez-Rodriguez C, Hou BH, Molina A,
Schulze-Lefert P, Lipka V. Arabidopsis PEN3/PDRS8, an ATP bind-
ing cassette transporter, contributes to nonhost resistance to
inappropriate pathogens that enter by direct penetration. The
Plant  Cell. 2006;18(3):731-46. https://doi.org/10.1105/
tpc.105.038372

Nicaise V, Roux M, Zipfel C. Recent advances in PAMP-triggered
immunity against bacteria: pattern recognition receptors watch
over and raise the alarm. Plant Physiology. 2009;150:1638-47.
https://doi.org/10.1104/pp.109.139709

Pelgrom, Alexandra JE, Van den Ackerveken Guido. Microbial
pathogen effectors in plant disease. In: eLS. John Wiley and
Sons, Ltd: Chichester. 2016;1-10. https://
doi.org/10.1002/9780470015902.20023724

Ronde D, Butterbach P, Kormelink R. Dominant resistance
against plant viruses. Front Plant Science. 2014;5:307. https://
doi.org/10.3389/fpls.2014.00307

Jones JDG, Dangl JL. The plant immune system. Nature.
2006;444(7117):323-29. https://doi.org/10.1038/nature05286

Ribeiro do Vale FX, Parlevliet JE, Zambolim L. Concepts in plant
disease resistance. Fitopatologia Brasiliera. 2001;26:577-89.
https://doi.org/10.1590/S0100-41582001000300001

Pavan S, Jacobsen E, Visser RF, Bai Y. Loss of susceptibility as a
novel breeding strategy for durable and broad-spectrum re-
sistance.  Molecular  Breeding.  2010;25:1-12.  https://
doi.org/10.1007/s11032-009-9323-6

Cowger C, Brown JK. Durability of quantitative resistance in
crops: greater than we know? Annual Review of Phytopatholo-
gy. 2019;57:253-77. https://doi.org/10.1146/annurev-phyto-
082718-100016

Senthil-Kumar M, Mysore KK. Non-host resistance against bacte-
rial pathogens: Retrospectives and prospects. Annual Review of
Phytopathology.  2013;51:407-27.  https://doi.org/10.1146/
annurev-phyto-082712-102319

Truniger V, Aranda MA. Recessive resistance to plant viruses.
Advances in Virus Research. 2009;75:119-59. https://
doi.org/10.1016/S0065-3527(09)07504-6

van Schie CN, Takken FLW. Susceptibility genes 101: How to be
a good host. Annual Review of Phytopathology. 2014;52:551-81.
https://doi.org/10.1146/annurev-phyto-102313-045854

Yi M, Valent B. Communication between filamentous pathogens
and plants at the biotrophic interface. Annual Review of Phyto-
pathology. 2013;51:587-611. https://doi.org/10.1146/annurev-
phyto-081211-172916

Bhanot V, Fadanavis SV, Panwar J. Revisiting the architecture,
biosynthesis and functional aspects of the plant cuticle: There is
more scope. Environmental and Experimental Botany.
2021;183:104364.
https://doi.org/10.1016/j.envexpbot.2020.104364

Hansjakob A, Riederer M, Hildebrandt U. Wax matters: absence
of very-long-chain aldehydes from the leaf cuticular wax of the
glossyll mutant of maize compromises the prepenetration
processes of Blumeria graminis. Plant Pathology. 2011;60:1151-
61. https://doi.org/10.1111/j.1365-3059.2011.02467.x

Wang E, Schornack S, Marsh JF, Gobbato E, Schwessinger B,
Eastmond P, Schultze M, Kamoun S, Oldroyd GE. A common
signaling process that promotes mycorrhizal and oomycete
colonization of plants. Current Biology. 2012;22:2242-46.
https://doi.org/10.1016/j.cub.2012.09.043

Uppalapati SR, Ishiga Y, Doraiswamy V, Bedair M, Mittal S, Chen
J, Nakashima J, Tang Y, Tadege M, Ratet P, Chen R, Schultheiss

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1080/21645698.2020.1831729
https://doi.org/10.1080/21645698.2020.1831729
https://doi.org/10.1016/j.plantsci.2018.02.013
https://doi.org/10.1016/j.plantsci.2018.02.013
https://doi.org/10.1016/j.pbi.2021.102030
https://doi.org/10.3103/S0095452722010108
https://doi.org/10.3103/S0095452722010108
https://doi.org/10.1111/jipb.13145
https://doi.org/10.1111/jipb.13145
https://doi.org/10.1038/s41598-021-83972-w
https://doi.org/10.1038/s41598-021-83972-w
https://doi.org/10.1016/j.copbio.2021.05.005
https://doi.org/10.1105/tpc.003509
https://doi.org/10.1105/tpc.003509
https://doi.org/10.3389/fpls.2021.667319
https://doi.org/10.1080/14620316.2021.1988729
https://doi.org/10.1016/j.pbi.2021.102014
https://doi.org/10.1016/j.molcel.2021.11.026
https://doi.org/10.1080/15427528.2019.1640821
https://doi.org/10.1080/15427528.2019.1640821
https://doi.org/10.1007/s10142-021-00771-2
https://doi.org/10.3390/ijms23105312
https://doi.org/10.3390/ijms23105312
https://doi.org/10.1105/tpc.105.038372
https://doi.org/10.1105/tpc.105.038372
https://doi.org/10.1104/pp.109.139709
https://doi.org/10.1002/9780470015902.a0023724
https://doi.org/10.1002/9780470015902.a0023724
https://doi.org/10.3389/fpls.2014.00307
https://doi.org/10.3389/fpls.2014.00307
https://doi.org/10.1038/nature05286
https://doi.org/10.1590/S0100-41582001000300001
https://doi.org/10.1007/s11032-009-9323-6
https://doi.org/10.1007/s11032-009-9323-6
https://doi.org/10.1146/annurev-phyto-082718-100016
https://doi.org/10.1146/annurev-phyto-082718-100016
https://doi.org/10.1146/annurev-phyto-082712-102319
https://doi.org/10.1146/annurev-phyto-082712-102319
https://doi.org/10.1016/S0065-3527(09)07504-6
https://doi.org/10.1016/S0065-3527(09)07504-6
https://doi.org/10.1146/annurev-phyto-102313-045854
https://doi.org/10.1146/annurev-phyto-081211-172916
https://doi.org/10.1146/annurev-phyto-081211-172916
https://doi.org/10.1016/j.envexpbot.2020.104364
https://doi.org/10.1111/j.1365-3059.2011.02467.x
https://doi.org/10.1016/j.cub.2012.09.043

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

H, Mysore KS. Loss of abaxial leaf epicuticular wax in Medicago
truncatula irgl/palml mutants results in reduced spore differ-
entiation of anthracnose and nonhost rust pathogens. Plant
Cell. 2012;24:353-70. https://doi.org/10.1105/tpc.111.093104

Chassot C, Nawrath C, Metraux JP. The cuticle: not only a barrier
for plant defence: a novel defence syndrome in plants with cu-
ticular defects. Plant Signaling andBehavior. 2008;3:142-44.
https://doi.org/10.4161/psb.3.2.5071

Abugamar S, Ajeb S, Sham A, Enan MR, Iratni R. A mutation in
the expansin-like A2 gene enhances resistance to necrotrophic
fungi and hypersensitivity to abiotic stress in Arabidopsis thali-
ana. Molecular Plant Pathology. 2013;14:813-27. https://
doi.org/10.1111/mpp.12049

Zhu Y, Nam J, Carpita NC, Matthysse AG, Gelvin SB. Agrobacte-
rium-mediated root transformation is inhibited by mutation of
an Arabidopsis cellulose synthase-like gene. Plant Physiology.
2003a;133:1000-10. https://doi.org/10.1104/pp.103.030726

Zhu Y, Nam J, Humara JM, Mysore KS et al. Identification of
Arabidopsis rat mutants. Plant Physiology. 2003b;132:494-505.
https://doi.org/10.1104/pp.103.020420

Eichmann R, Schultheiss H, Kogel KH, Huckelhoven R. The bar-
ley apoptosis suppressor homologue BAX inhibitor-1 compro-
mises nonhost penetration resistance of barley to the inappro-
priate pathogen Blumeria graminis f. sp tritici. Molecular Plant-
Microbe Interactions. 2004;17:484-90. https://doi.org/10.1094/
MPMI.2004.17.5.484

Eichmann R, Bischof M, Weis C, Shaw J, Lacomme C, Schweizer
P, Duchkov D, Hensel G, Kumlehn J, Hiickelhoven R. BAX INHIBI-
TOR-1 is required for full susceptibility of barley to powdery
mildew. Molecular Plant-Microbe Interactions. 2010;23:1217-27.
https://doi.org/10.1094/MPMI-23-9-1217

Hu L, Smith TF, Goldberger G. LFG: a candidate apoptosis regu-
latory gene family. Apoptosis. 2009;14:1255-65. https://
doi.org/10.1007/s10495-009-0402-2

Weis C, Hueckelhoven R, Eichmann R. LIFEGUARD proteins sup-
port plant colonization by biotrophic powdery mildew fungi.
Journal of Experimental Botany. 2013;64:3855-67. https://
doi.org/10.1093/jxb/ert217

Mucha E, Fricke I, Schaefer A, Wittinghofer A, Berken A. Rho
proteins of plants: functional cycle and regulation of cytoskele-
tal dynamics. European Journal of Cell Biology. 2011;90:934-43.
https://doi.org/10.1016/j.ejcb.2010.11.009

Schultheiss H, Dechert C, Kogel KH, Huckelhoven R. A small GTP
-binding host protein is required for entry of powdery mildew
fungus into epidermal cells of barley. Plant Physiology.
2002;128:1447-54. https://doi.org/10.1104/pp.010805

Schultheiss H, Dechert C, Kogel KH, Huckelhoven R. Functional
analysis of barley RAC/ROP G-protein family members in sus-
ceptibility to the powdery mildew fungus. Plant Journal.
2003;36:589-601.
https://doi.org/10.1046/j.1365-313X.2003.01905.x

Pathuri IP, Zellerhoff N, Schaffrath U, Hensel G, Kumlehn J, Ko-
gel KH, Eichmann R, Hickelhoven R. Constitutively activated
barley ROPs modulate epidermal cell size, defense reactions
and interactions with fungal leaf pathogens. Plant CellReports.
2008;27:1877-87. https://doi.org/10.1007/500299-008-0607-9

Chen L, Shiotani K, Togashi T, Miki D, Aoyama M, Wong HL, Ka-
wasaki T, Shimamoto K. Analysis of the Rac/Rop small GTPase
family in rice: expression, subcellular localization and role in
disease resistance. Plant Cell Physiology. 2010;51:585-95.
https://doi.org/10.1093/pcp/pcq024

Jung YH, Agrawal GK, Rakwal R, Kim JA, Lee MO, Choi PG, Kim
YJ, Kim MJ, Shibato J, Kim SH, Iwahashi H, Jwa NS. Functional
characterization of OsRacB GTPase: a potentially negative regu-
lator of basal disease resistance in rice. Plant Physiology and

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

T1.

72.

73.

74.

54

Biochemistry.  2006;  44:68-77.

j-plaphy.2005.12.001

https://doi.org/10.1016/

Kessler SA, Shimosato-Asano H, Keinath NF, Wuest SE, Ingram
G, Panstruga R, Grossniklaus U. Conserved molecular compo-
nents for pollen tube reception and fungal invasion. Science.
2010;330:968-71. https://doi.org/10.1126/science.1195211

Kim DS, Hwang BK. The pepper MLO gene, CaMLO2, is involved
in the susceptibility cell-death response and bacterial and oo-
mycete proliferation. Plant Journal. 2012;72:843-55. https://
doi.org/10.1111/tpj.12003

Konig S, Feussner K, SchwarzM, Kaever A, lven T, Landesfeind M,
Ternes P, Karlovsky P, Lipka V, Feussner I. Arabidopsis mutants
of sphingolipid fatty acid a-hydroxylases accumulate ceramides
and salicylates. New Phytologist. 2012;196:1086-97. https://
doi.org/10.1111/j.1469-8137.2012.04351.x

Kumar J, Huckelhoven R, Beckhove U, Nagarajan S, Kogel KH. A
compromised Mlo pathway affects the response of barley to the
necrotrophic fungus Bipolaris sorokiniana (teleomorph: Cochli-
obolus sativus) and its toxins. Phytopathology. 2001;91:127-33.
https://doi.org/10.1094/PHYT0.2001.91.2.127

Huibers RP, Loonen AE, Gao D, Van den Ackerveken G, Visser RG,
Bai Y. Powdery mildew resistance in tomato by impairment of
SIPMR4 and SIDMR1. PLoS ONE. 2013;8:e67467. https://
doi.org/10.1371/journal.pone.0067467

van Damme M, Zeilmaker T, Elberse J, Andel A, de Sain-van der
Velden M, van den Ackerveken G. Downy mildew resistance in
Arabidopsis by mutation of HOMOSERINE KINASE. Plant Cell.
2009;21:2179-89. https://doi.org/10.1105/tpc.109.066811

Brewer HC, Hawkins ND, Hammond-Kosack KE. Mutations in the
Arabidopsis homoserine kinase gene DMRI1 confer enhanced
resistance to Fusarium culmorum and F. graminearum. BMC
Plant Biology. 2014;14:1-15. https://doi.org/10.1186/s12870-014
-0317-0

Yuan M, Chu Z, Li X, Xu C, Wang S. The bacterial pathogen Xan-
thomonas oryzae overcomes rice defenses by regulating host
copper redistribution. Plant Cell. 2010;22:3164-76. https://
doi.org/10.1105/tpc.110.078022

Yuan M, Wang S. Rice MtN3/saliva/SWEET family genes and their
homologs in cellular organisms.Molecular Plant. 2013;6:665-74.
https://doi.org/10.1093/mp/sst035

Bosch J, Scholze H, Schornack S, Landgraf A, Hahn S, Kay S,
Lahaye T, Nickstadt A, Bonas U. Breaking the code of DNA bind-
ing specificity of TAL-type Il effectors. Science. 2009;326:1509-
12. https://doi.org/10.1126/science.1178811

Li T, Liu B, Spalding MH, Weeks DP, Yang B. High-efficiency
TALEN-based gene editing produces disease-resistant rice. Na-
tional Biotechnology. 2012;30:390-92. https://doi.org/10.1038/
nbt.2199

Callot C, Gallo JL. Pyramiding resistances based on translation
initiation factors in Arabidopsis is impaired by male gameto-
phyte lethality.Plant Signalling and Behavior. 2014;9:e27940.
https://doi.org/10.4161/psb.27940

Sahu TK, Rao AR, Dora S, Gupta S, Rai A. In silico identification of
late blight susceptibility genes in Solanum tuberosum. Indian
Journal of Genetics. 2014;74:229-37. https://
doi.org/10.5958/0975-6906.2014.00160.6

Yang H, Li Y, Hua J. The C2 domain protein BAP1 negatively
regulates defense responses in Arabidopsis. Plant Journal.
2006;48:238-48. https://doi.org/10.1111/j.1365-
313X.2006.02869.x

Nakano M, Nishihara M, Oshioka HY, Takahashi H, Sawasaki T,
Ohnishi K, Hikichi Y, Kiba A. Suppression of DS1 phosphatidic
acid phosphatase confirms resistance to Ralstonia solanacea-
rum in Nicotiana benthamiana. PLoS ONE. 2013;8:e75124.

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1105/tpc.111.093104
https://doi.org/10.4161/psb.3.2.5071
https://doi.org/10.1111/mpp.12049
https://doi.org/10.1111/mpp.12049
https://doi.org/10.1104/pp.103.030726
https://doi.org/10.1104/pp.103.020420
https://doi.org/10.1094/MPMI.2004.17.5.484
https://doi.org/10.1094/MPMI.2004.17.5.484
https://doi.org/10.1094/MPMI-23-9-1217
https://doi.org/10.1007/s10495-009-0402-2
https://doi.org/10.1007/s10495-009-0402-2
https://doi.org/10.1093/jxb/ert217
https://doi.org/10.1093/jxb/ert217
https://doi.org/10.1016/j.ejcb.2010.11.009
https://doi.org/10.1104/pp.010805
https://doi.org/10.1046/j.1365-313X.2003.01905.x
https://doi.org/10.1007/s00299-008-0607-
https://doi.org/10.1093/pcp/pcq024
https://doi.org/10.1016/j.plaphy.2005.12.001
https://doi.org/10.1016/j.plaphy.2005.12.001
https://doi.org/10.1126/science.1195211
https://doi.org/10.1111/tpj.12003
https://doi.org/10.1111/tpj.12003
https://doi.org/10.1111/j.1469-8137.2012.04351.x
https://doi.org/10.1111/j.1469-8137.2012.04351.x
https://doi.org/10.1094/PHYTO.2001.91.2.127
https://doi.org/10.1371/journal.pone.0067467
https://doi.org/10.1371/journal.pone.0067467
https://doi.org/10.1105/tpc.109.066811
https://doi.org/10.1186/s12870-014-0317-0
https://doi.org/10.1186/s12870-014-0317-0
https://doi.org/10.1105/tpc.110.078022
https://doi.org/10.1105/tpc.110.078022
https://doi.org/10.1093/mp/sst035
https://doi.org/10.1126/science.1178811
https://doi.org/10.1038/nbt.2199
https://doi.org/10.1038/nbt.2199
https://doi.org/10.4161/psb.27940
https://doi.org/10.5958/0975-6906.2014.00160.6
https://doi.org/10.5958/0975-6906.2014.00160.6
https://doi.org/10.1111/j.1365-313X.2006.02869.x
https://doi.org/10.1111/j.1365-313X.2006.02869.x

55 KAJALETAL

75.

76.

T7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

https://doi.org/10.1371/journal.pone.0075124

Sun K, Wolters AM, Vossen JH, Rouwet ME, Loonen AE, Jacobsen
E, Visser RG, Bai Y. Silencing of six susceptibility genes results in
potato late blight resistance. Transgenic Res. 2016;25:731-42.
https://doi.org/10.1007/s11248-016-9964-2

Sun K, van Tuinen A, van Kan JAL, Wolters AA, Jacobsen E, Visser
RGF, Bai Y. Silencing of DND1 in potato and tomato impedes
conidial germination, attachment and hyphal growth of Botrytis
cinerea. BMC Plant Biology. 2017;17:1-12.  https://
doi.org/10.1186/512870-017-1184-2

Murphy F, He Q, Armstrong Miles, Giuliani LM, Boevink PC,
Zhang W, Tian Z, Paul R, Birch J, Gilroy EM. The potato MAP3K
StVIK is required for the Phytophthora infestans RXLR effector
Pil7316 to promote disease. Plant Physiology. 2018;177:398-
410. https://doi.org/10.1104/pp.18.00028

He Q, Naqvi S, McLellana H, Boevink PC, Champouret N, Heina I,
Paul RJB. Plant pathogen effector utilizes host susceptibility
factor NRL1 to degrade the immune regulator SWAP70. The
Proceedings of the National Academy of Sciences.
2018;115:E7834-E7843. https://doi.org/10.1073/
pnas.1808585115

Wang Y, Cheng X, Shan Q, Zhang Y, Liu J, Gao C, Qiu J. Simulta-
neous editing of three homoeoalleles in hexaploid bread wheat
confers heritable resistance to powdery mildew. National Bio-
technology. 2014;32:947-51. https://doi.org/10.1038/nbt.2969

Zhang Y, Bai Y, Wu G, Zou S, Chen Y, Gao C, Tang D. Simultane-
ous modification of three homoeologs of TaEDR1 by genome
editing enhances powdery mildew resistance in wheat. Plant
Journal. 2017;91:714-24. https://doi.org/10.1111/tpj.13599

Thomazella DP, Brail Q, Dahlbeck D, Staskawicz B. CRISPR-Cas9
mediated mutagenesis of a DMR6 ortholog in tomato confers
broad-spectrum disease resistance. Proceedings of the National
Academy of Sciences. 2016; https://doi.org/10.1101/064824

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 Bio-
technology Journal. 2017;15:1509-19. https://doi.org/10.1111/
pbi.12733

Waltz E. With a free pass, CRISPR-edited plants reach market in
record time. National Biotechnology. 2018;36:6-7. https://
doi.org/10.1038/nbt0118-6b

Nekrasov V, Wang C, Win J, Lanz C, Weigel D, Kamoun S. Rapid
generation of a transgene-free powdery mildew resistant toma-
to by genome deletion. Scientific Reports. 2017;7:482. https://
doi.org/10.1038/541598-017-00578-x

Pyott DE, Sheehan E, Molnar A. Engineering of CRISPR/Cas9-
mediated potyvirus resistance in transgene-free Arabidopsis
plants. Molecular Plant Pathology. 2016;17:1276-88. https://
doi.org/10.1111/mpp.12417

Chandrasekaran J, Brumin M, Wolf D, Leibman D, Klap C, Pearls-
man M, Sherman A, Arazi T, Gal-On A. Development of broad
virus resistance in non-transgenic cucumber using CRISPR/Cas9
technology. Molecular Plant Pathology. 2016;17:1140-53.
https://doi.org/10.1111/mpp.12375

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Zaidi SS, Mukhtar MS, Mansoor S. Genome editing: Targeting
susceptibility genes for plant disease resistance. Trends in Bio-
technology. 2018;36:898-906. https://doi.org/10.1016/
j.tibtech.2018.04.005

Petersen M, Brodersen P, Naested H et al.Arabidopsis MAP ki-
nase 4 negatively regulates systemic acquired resistance. Cell.
2000;103:1111-120. https://doi.org/10.1016/S0092-8674(00)
00213-0

Chandran D, Inada N, Hather G, Kleindt CK, Wildermuth MC.
Laser microdissection of Arabidopsis cells at the powdery mil-
dew infection sites reveal site-specific processes and regulators.
Proceedings of National Academy of Sciences USA.
2010;107:460-65. https://doi.org/10.1073/pnas.0912492107

Wang Y, Nishimura MT, Zhao T, Tang D. ATG2, an autophagy-
related protein, negatively affects the powdery mildew re-
sistance and mildew-induced cell death in Arabidopsis. The
Plant Journal. 2011;68:74-87. https://doi.org/10.1111/j.1365-
313X.2011.04669.x

Hoefle C, Huesmann C, Schultheiss H, Boernke F, Hensel G,
Kumlehn J, Huckelhoven R. A barley ROP GTPase ACTIVATING
PROTEIN associates with microtubules and regulates entry of
barley powdery mildew fungus into leaf epidermal cells. The
Plant cell. 2011;23:2422-39. https://doi.org/10.1105/
tpc.110.082131

Babaeizad V, Imani J, Kogel KH, Eichmann R, Huckelhoven R.
Over-expression of the cell death regulator BAX inhibitor-1 in
barley confers reduced or enhanced susceptibility to distinct
fungal pathogens. Theoretical Applied Genetics. 2009;118:455-
63. https://doi.org/10.1007/s00122-008-0912-2

Saville RJ, Gosman N, Burt CJ et al. The ‘Green Revolution’
dwarfing genes play a role in disease resistance in Triticum aes-
tivum and Hordeum vulgare. Journal of Experimental Botany.
2012;63:1271-83. https://doi.org/10.1093/jxb/err350

Gilroy EM, Taylor RM, Hein I, Boevink P, Sadanandom A, Birch
PR. CMPG1-dependent cell death follows perception of diverse
pathogen elicitors at the host plasma membrane and is sup-
pressed by Phytophthora infestans RXLR effector AVR3a. New
Phytologist. 2011;190:653-66. https://doi.org/10.1111/j.1469-
8137.2011.03643.x

Sun K, Wolters AA, Loonen AEHM, Huibers RP, van der Vlugt R,
Goverse A, Jacobsen E, Visser RGF, Bai Y. Down-regulation of
Arabidopsis DND1 orthologs in potato and tomato leads to
broad-spectrum resistance to late blight and powdery mildew.
Transgenic Research. 2016;25:123-38. https://doi.org/10.1007/
$11248-015-9921-5

Xiong L, Yang Y. Disease resistance and abiotic stress tolerance
in rice are inversely modulated by an abscisic acid-inducible
mitogen-activated protein kinase. Plant Cell. 2003;15:745-59.
https://doi.org/10.1105/tpc.008714

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1371/journal.pone.0075124
https://doi.org/10.1007/s11248-016-9964-2
https://doi.org/10.1186/s12870-017-1184-2
https://doi.org/10.1186/s12870-017-1184-2
https://doi.org/10.1104/pp.18.00028
https://doi.org/10.1073/pnas.1808585115
https://doi.org/10.1073/pnas.1808585115
https://doi.org/10.1038/nbt.2969
https://doi.org/10.1111/tpj.13599
https://doi.org/10.1101/064824
https://doi.org/10.1111/pbi.12733
https://doi.org/10.1111/pbi.12733
https://doi.org/10.1038/nbt0118-6b
https://doi.org/10.1038/nbt0118-6b
https://doi.org/10.1038/s41598-017-00578-x
https://doi.org/10.1038/s41598-017-00578-x
https://doi.org/10.1111/mpp.12417
https://doi.org/10.1111/mpp.12417
https://doi.org/10.1111/mpp.12375
https://doi.org/10.1016/j.tibtech.2018.04.005
https://doi.org/10.1016/j.tibtech.2018.04.005
https://doi.org/10.1016/S0092-8674(00)00213-0
https://doi.org/10.1016/S0092-8674(00)00213-0
https://doi.org/10.1073/pnas.0912492107
https://doi.org/10.1111/j.1365-313X.2011.04669.x
https://doi.org/10.1111/j.1365-313X.2011.04669.x
https://doi.org/10.1105/tpc.110.082131
https://doi.org/10.1105/tpc.110.082131
https://doi.org/10.1007/s00122-008-0912-2
https://doi.org/10.1093/jxb/err350
https://doi.org/10.1111/j.1469-8137.2011.03643.x
https://doi.org/10.1111/j.1469-8137.2011.03643.x
https://doi.org/10.1007/s11248-015-9921-5
https://doi.org/10.1007/s11248-015-9921-5
https://doi.org/10.1105/tpc.008714

