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Abstract. The gene-for-gene relationship of host–pathogen interaction explained by H. H. Flor in mid of the 20th century set a milestone
in understanding the biochemical and genetic basis of plant diseases and several components involved in plant–pathogen interactions. It
highlighted the importance of accomplishing differential sets and understanding the pathogen population structure, it further led to the
identiﬁcation and cloning of several resistance (R) genes in plants. These R genes have been deployed and altered for ﬁghting against
diseases in a large number of crops using various conventional approaches and biotechnological tools. Identiﬁcation of R genes and their
corresponding Avr genes in many cases played a signiﬁcant role in understanding of R-Avr gene interactions. Rapid cloning of R genes and
editing of susceptible R genes are the other avenues that have broadened the horizon of utilizing R genes in crop improvement programmes.
Further, combining R genes with quantitative disease resistance genes has paved the way to develop durable resistance in cultivars. The
recent advances in genetics, genomics, bioinformatics and other OMICS tools are now providing greater prospects for deeper understanding
of host–pathogen interaction.
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Historical background
Any scientiﬁc deduction is a result of stepwise studies. A
few years after the acceptance of Mendelian principles,
Biffen (1905) was the ﬁrst to report that disease resistance in
plants is controlled by recessive genes. He published his
work on the applicability of Mendelian laws for different
traits in the crosses obtained from contemporary wheat
varieties such as Rivet, Square Head, etc. In a cross between
Red King (yellow rust susceptible) and Rivet (yellow rust
resistant), the F2 population segregated into 64 resistant and
195 susceptible plants, hence in 1:3 ratio for resistance and
susceptibility indicating monogenic recessive control of rust
resistance in Rivet (Biffen 1905).
Until 1931, a lot of exciting work related to fungi reproduction had been already done. In 1928, Craige demonstrated sex in Puccinia graminis and in 1930 scientists at
Winnipeg and St Paul published results of selﬁng cultures of
this fungus. As Flor started his work in the early 1930s, he
had knowledge of these discoveries and surely must have
thought about the chances that the principles were the same
for Melampsora lini at which he did his primary research.

Later, within a few years, he had established the necessary
methods for producing and germinating M. lini spores, creating selﬁngs and crosses of cultures of M. lini, preserving
spore cultures and inoculum, and creating selfs and crosses
of ﬂax lines (Loegering and Ellingboe 1987).

Flor’s work and deduction of gene-for-gene relationship
for host–pathogen interaction

Flor contributed 40 years of his life for exploring more about
ﬂax diseases. He primarily started working on ﬂax rust in
North Dakota Agricultural College, Fargo. Generally, the
rust fungi are an obligate parasite (Flor 1956). He was the
ﬁrst to develop differentials which are sets of plant varieties
used to deﬁne strains of plant pathogens based on susceptible and resistant reactions.
To understand the genetics of the host–pathogen relationship, the ﬁrst prerequisite is to obtain the purity of
samples in the study and Flor meticulously puriﬁed all the
samples. The next important prerequisite was to obtain a set
of differentials. The differentials are set of lines which are
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used to distinguish different strains and races of pathogen
based on known susceptible and resistant reactions. To
obtain differentials, Flor noted the reaction of around 200
geographically diverse cultivars of ﬂax to rust collections.
The rust reaction was not pure for most of these cultivars;
however, the reaction of many single plants was pure. Cultivars, that could differentiate the races based on
pathogenicity reaction were puriﬁed by line selection to
develop the set of differentials. This differential set along
with puriﬁed races of rust pathogen was the foundation
material for elucidation of gene-for-gene hypothesis. The
differential set has greater utility in disease resistance
breeding to know effectiveness of different genes/sources
against different races of pathogen. Near isogenic lines
(NILs) could be the best set of differentials which also
eliminate the confounding effect of modiﬁers acting on
resistance in host backgrounds.
To develop different inoculums of the pathogen, six
physiologic races of ﬂax rust were selfed and noted that
races were giving heterozygous and homozygous reactions
for pathogenicity on the 11 ﬂax cultivars taken as differentials (Flor 1942a, 1955). Based on the detection of the ratio
of avirulent to virulent cultures, Flor observed that the
heterozygosity of each race was due to a single gene
imparting pathogenicity on the cultivar to which the selfed
culture segregated. From the ratios, it was also found that
avirulence was dominant and the ratio of avirulent to virulent
cultures indicated the number of genes controlling
pathogenicity. The pathogenicity caused by 133 F2 cultures
(race 22 x race 24) and 98 F2 cultures (race 6 x race 22) on
16 differentials for ﬂax rust was determined. All these F2
cultures segregated into nearly the same ratio of 3:1 (resistant: susceptible) for pathogenicity. The ratio suggested that
virulence was imparted by the same number of genes in the
pathogen and the host for resistance against the avirulent
parental race. The complementary nature of the host resistance genes and rust pathogenicity genes was lucidly
depicted by differences in the segregation ratios of the two
crosses on a few differentials (Flor 1946).
The gene-for-gene relationship between pathogenicity
gene in ﬂax rust and resistance gene in the host (Flor 1942b)
revealed that for each gene imparting resistance in the host,
there is a speciﬁc gene imparting virulence in the pathogen.
Further ﬁndings substantiated this hypothesis and showed
the relationship to be of a perfectly speciﬁc complementarity
(Flor 1942a, 1946, 1955). The inheritance of pathogenicity
in a speciﬁc cross (race 6 and race 24) was found to be
recessive (Flor 1942a). Also, pathogenicity was imparted by
single genes (table 1) in some varieties whereas by two
genes (table 2) in some other.
Flor determined the pathogenicity of many F2 cultures of
ﬂax rust differentiating varieties. F2 cultures segregated for
pathogenicity into approximately the same ratio on most of
the differential varieties. Virulence was recessive and
imparted by as many genes in the rust as there were genes in

Table 1. Monogenic inheritance of rust reaction deduced from
Flor’s work (1947).
Monogenic complementarity
F2 Plants of Ottawa 770 x Bison
LL or LL9

Pathogen
Race16 (ALALaL9aL9)
Observed ratio
Expected ratio (3:1)

L9L9

Resistant
95
96

Susceptible
33
32

Table 2. Digenic inheritance of rust reaction deduced from Flor’s
work (1952).
Di-genic complementarity
F2 Plants of Bison x Williston Golden
Pathogen

L5_M1_

L5_mm

l5l5M1_

l5l5m1m1

Race7
(AL5AL5VM1VM1)
Observed ratio
Expected ratio (9:3:3:1)

Resistant

Resistant

Resistant

Susceptible

92
88

26
29

28
29

10
10

the host for resistance to the avirulent pathogen race (Flor
1946). Hence it is obvious that there are two methods to
determine the number of genes for rust reaction in a variety.
One involves studying the segregation in the host (ratio of
resistant to susceptible F2) and the second involves the
segregation in the pathogen (ratio of virulent to avirulent F2
cultures).
Further in 1960, Doubly, Flor and Clagett studied the
relation of antigens of M. lini and Linum usitatissimnm (ﬂax)
for resistance and susceptibility. A particular antigen was
present in four rust-differentiating cultivars of ﬂax and each
of the four races of M. lini. Virulence and avirulence were
related to susceptibility and resistance through the particular
rust antigens (Doubly et al. 1960). A race was virulent to
cultivars containing its particular rust antigen and avirulent
to cultivars devoid of that antigen, however any such correlation was absent in ﬂax antigens. In 1972, Flor and
Comstock suggested how to identify rust-conditioning genes
in new cultivars and foreign introductions (Flor and Comstock 1972).
Flor’s studies showed the path to plant pathologists and
breeders to ﬁght against plant diseases by highlighting the
way to understand the host and pathogen relationship in
imparting resistance and susceptibility reactions. In addition, he also enlightened the importance of differentials,
its importance in identiﬁcation of different resistant
sources/genes and their utilization against different
pathogen races.

Gene-for-gene relationship and its applications

The basis of gene-for-gene relationship
The gene-for-gene interaction for resistance (R) gene in the
host and avirulence (Avr) gene in the pathogen theoretically
matches the antigen–antibody interaction in the vertebrates
(Vander Biezen and Jones 1998). R-protein mediated
recognition of Avr products causes activation of host defence
mechanisms. Based on an understanding of several R and
Avr genes in different crop plants, several models have been
provided to explain the biochemical and molecular basis of
the gene-for-gene relationship.
Biochemical basis for gene-for-gene relationship

Various models explaining the biochemical basis for genefor-gene relationship have been suggested. These models
include elicitor-receptor model (Keen and Bruegger 1977)
dimer model (Ellingboe 1982) and ion channel defense
model (Gabriel et al. 1988). The elicitor-receptor model
states that elicitor protein encoded by avirulence gene (Avr)
of a plant pathogen interacts with the receptor molecule
encoded by the complementary resistance (R) gene of the
host plant (Agrios 1969; Vander Biezen and Jones 1998).
The direct interaction of elicitor produced by Avr gene of
pathogen and receptor produced by R gene of host is shown
in ﬁgure 1. Elicitors encoded by Avr genes can be general
and race-speciﬁc elicitors. The general elicitors induce
defense both in the host and nonhost plants whereas the racespeciﬁc elicitors are able to trigger defense response only in
speciﬁc host cultivars which lead to disease resistance in
them. Different types of elicitors have been characterized,
including carbohydrate polymers, lipids, glycopeptides, and
glycoproteins, Flagellin etc. (Agrios 1969; Bent and Mackey
2007). In viral pathogens, replicase, capsid and various other
proteins act as speciﬁc elicitors. The Avr proteins can
directly act as elicitors if secreted externally. If they are
restricted in the pathogen cytoplasm, it could act enzymatically to produce an elicitor molecule that is conveyed freely
via bacterial type 3 secretory system.
The elicitor/Avr gene product reacts directly or indirectly
with the molecule produced by the matching plant resistance
R gene (Agrios 1969). There are several examples where RAvr genes interact directly. To instantiate, the Pto gene in
tomato confers resistance against races of Pseudomonas
syringae pv. tomato that carries the avirulence gene avrPto
(Martin et al. 1993) and rice resistance protein pair RGA4/
RGA5 recognize the Magnaporthe oryzae effectors AVR-Pia
and AVR1-CO39 (Cesari et al. 2013). Wheeler (1975)
advocated that gene-for-gene relationship can be established
in two ways which are as follows.
Incompatible relationship: The alleles for resistance (R) in the

host and those for avirulence (Avr) in the pathogen produce
molecules, which speciﬁcally recognize each other and
produce resistance response in the host. M. lini causing ﬂax
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rust in ﬂax, wheat rusts, downy mildews in all crops and
diseases caused by majority of obligate parasites are a few
examples deﬁning this kind of relationship.
Compatible relationship: The susceptibility alleles (r) in the

host and the virulence alleles (Avr) in the pathogen produce
speciﬁc molecules, which interact with each other to produce
a susceptible response. Helminthosporium victoriae in oats
causing victoria blight, Cochliobolus leaf blight of sugarcane
and maize, and diseases caused by majority of facultative
parasites come under this category.
Although, the characterization of many R-Avr gene pairs
evidently supports the gene-for-gene hypothesis, yet the
underlying perception mechanism(s) has been subject to discussion for years. However, it has also been observed that R and
Avr genes many times do not interact directly but indirectly.

When there is no elicitor–receptor interaction

The direct binding of a few R–Avr combinations was
observed for many instances and is consistent with an elicitor–receptor model. However, direct interactions have not
been detected for a large number of R–Avr pairs and in those
cases, perception is opined to be indirect (Van der Hoorn and
Kamoun 2008). The following models explain the indirect
interaction of R–Avr genes.
The guard model: This model (Vander Biezen and Jones

1998) suggests that the R proteins are present in association
with a protein known as the guardee. When the effector/Avr
gene product interferes with the guardee protein, it activates
resistance. Sometimes, the R-gene may not be in association
with a guardee until effector binding. Then recruitment of
R gene to the effector/target complex would activate the Rgene. Also, a single R protein perceives multiple effectors
and enables a comparatively small R gene repertory to aim
the wider diversity of plant pathogens (Van der Hoorn and
Kamoun 2008). This model was proposed initially to illustrate the role of Prf and Pto (tomato proteins) in AvrPto
(Pseudomonas syringe) Pto signalling and was later generalized. In support of the guard model, there are several
classical examples accumulated over a decade and some of
them are RIN4 and PBS1 in Arabidopsis and RCR3 and Pto
in tomato (Jones and Dangl 2006).
The decoy model: ‘Decoy’ is a host protein which helps the R
protein in perception of the effector and it does not contribute to pathogen ﬁtness in the absence of its cognate R
protein. Whereas the guardee molecule contributes to
pathogen ﬁtness in the absence of cognate R protein. Basically, decoy is evolved guardee (Van der Hoorn and Kamoun
2008). The decoy proteins can be engineered to bring disease resistance in plants. In Arabidopsis thaliana, a resistance protein RPS5 is generally activated when PBS1 (a
second host protein) gets sliced by the protease AvrPphB
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Figure 1. Direct interactions between host resistance (R)/susceptibility (r) alleles and pathogen avirulence (A)/virulence (a) alleles.

secreted by the pathogen. However, any substitution in the
AvrPphB cleavage location for other pathogen secreted
proteases empowers RPS5 to get triggered by these proteases, consequently confers resistance to different pathogens (Kim et al. 2016). It was also indicated that the
identiﬁcation of integrated decoy domains such as BED
domains can act as an extremely powerful way of identifying
new actors in plant immunity (Kroj et al. 2016).

Molecular basis for gene-for-gene relationship

Each gene in the pathogen can be recognized solely by its
complement gene in the host and vice versa. It is mandatory
to know that the protein product of the avirulence gene is
elicitor which is recognized by protein product of resistance
gene, i.e. receptor. The event of recognition or more precisely binding of elicitor-receptor protein is a key step in
making the host resistant or susceptible. There are basically
four combinations of Avr and R genes. Genetically these
combinations come out with disease resistance and
susceptibility.
In the ﬁrst gene combination (AR), the R gene-encoded
host receptor identiﬁes the elicitor molecules encoded by the
pathogen Avr gene and activates defence reaction, rendering
the host resistant. Further, in the second gene combination
(Ar), the host lacks receptors for elicitor. The pathogen

produces elicitor but no receptor is present in the host, hence
no defence reaction is triggered which makes the host susceptible. In the third gene combination (aR), R gene coded
receptor ﬁnds no elicitor to recognize, so no defence reaction
triggered and virulence gene operates (host susceptible). In
the fourth gene combination (ar), nonhost defense reaction is
triggered making host susceptible as neither the pathogen
elicitor is created nor the host receptor exists.
To explain the coevolution of both the R and Avr genes
genetically, the four steps model named ‘Central Dogma of
Plant Pathology’ has been proposed (explained in detail in
ﬁgure 2). Primarily, a speciﬁc host is recognized by a
pathogen, in response to which the host senses various
molecules or structures which are either part or product of
pathogen body such as ﬂagellin, chitin etc. referred as
pathogen associated molecular patterns (PAMPs) and trigger
defence mechanism. The defence reaction generated in
response to the sensing of PAMPs is called PAMP triggered
immunity (PTI) and this reaction constitutes the ﬁrst step of
this model. However, as the basal resistance has once been
exhibited by the host, some bacteria evolved their type 3
secretion system (TTSS) to deliver proteins and suppress the
PTI. These bacteria have evolved itself to become a pathogen of another speciﬁc host by suppressing its basal
immunity, i.e. PTI. In the third step, the host evolves the
R gene which encodes the proteins recognizing one of the
effector activities and restores the resistance by effector-
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Figure 2. Proposed model for evolution of bacterial resistance in plants, (1) Recognition of PAMPs (such as bacterial ﬂagellin) by
extracellular RLKs (receptor-like kinases) triggers inherent immunity through MAP kinase cascades and transcriptional reprogramming
mediated by plant WRKY transcription factors. (2) Pathogenic bacteria use the TTSS to convey multiple effector proteins that target host
proteins and suppress basal immune responses, permitting potential accumulation of bacteria in the plant apoplast. (3) Plant resistance
proteins (R gene products, such as a TIR-NB-LRR protein) identify effector activity and restore resistance through effector-triggered
immunity. (4) Pathogen avoids R gene-mediated defense by altering or eliminating the effector(s) that triggers those defences. Similar
models can be proposed for other plant pathogens. Figure redrawn from (Bent and Mackey 2007).

triggered immunity (or ETI). Now again, its turn of the
pathogen to evolve after all it is the question of survival!
Thus pathogen ignores R gene-mediated defence by modifying or eliminating the effectors that trigger those responses
(Bent and Mackey 2007).

Understanding pathogen population structure

Understanding diversity in pathogen population is the key
observation highlighted with elucidation of gene-for-gene
hypothesis. Various evolutionary forces such as mutation,
random genetic drift, mating systems and genotype ﬂow
alter pathogen population. The higher chances of resistance
breakdown prevail for the pathogens which possess high
mutation rates, multiple reproduction methods, large effective population sizes and a high potential for genotype ﬂow.
The lowest risk pathogens are those with stringent asexual

reproduction, low mutation rates, small population sizes and
less potential for gene ﬂow. It was also hypothesized that
majorly the durability of R genes is not dependent on the
nature of the R gene but it depends on the structure of the
pathogen population (McDonald and Linde 2002). Moreover, it is tempting to say that there is actually coevolution in
natural systems between plants and pathogen (Wolfe and
McDermott, 1994) as explained by ‘Central Dogma of Plant
Pathology’. Coevolution between hosts and pathogens is
opined to be driven at the molecular level by interactions
between pathogen virulence and host resistance loci (Croll
and Laine 2016).
For studying the genetic diversity and inheritance pattern
of plant–pathogen populations, various kinds of markers
including spore colour, resistance against fungicides, virulence on host plants and isozymes have been used (Ennos
and McConnell 1995). DNA based molecular markers being
abundant in nature added preciseness in studying pathogen
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population structure, genetic diversity and evolution in
pathogens. The genetic markers monitor the frequency of
individuals relating to each of the genetic clusters within a
diverse population to record the interpretations about selective variations among the clusters (Ennos and McConnell
1995).
Using SSR, RAPD, RFLP markers, the pathogen population structure of fungi Colletotrichum fructicola and Colletotrichum gloeosporioides causing anthracnose in fruits
and crops, respectively (Li et al. 2016; Moges et al. 2016),
Didymella pisi causing Aschochyta blight in pea (Owati
et al. 2019), Lasiodiplodia theobromae causing rotting and
die back in fruits (Rêgo et al. 2019), Macrophomina
phaseolina causing charcoal root rot (Jana et al. 2005),
Plasmopara viticola causing downy mildew in grapes (Yin
et al. 2014; Gobbin et al. 2006) have been studied. Similarly
there are documented studies on analysing population
structure of Claviceps purpurea causing ergot in cereals
(JungehÜLsing and Tudzynski 1997), Magnaporthe grisea
causing rice blast (Maciel et al. 2014; Onaga et al. 2015),
Mycosphuerellu graminicola causing septoria leaf blotch in
wheat (Chen et al. 1994), Puccinia triticina causing leaf rust
(Dadrezaie et al. 2013) and Puccinia striiformis f.sp. tritici
causing yellow rust in wheat (Ali et al. 2014) Rhizoctonia
oryzae sativae causing sheath blight disease of rice (Chaijuckam et al. 2010) and Ustilago maydis causing corn smut
(Jiménez-Becerril et al. 2018). Apart from these, sequence
related ampliﬁed polymorphism (SRAP) markers have been
used for genetic diversity analysis of Claviceps purpurea
causing the ergot––a serious disease of rye and Bajra
(Irzykowska et al. 2012). For Magnaporthe grisea, Magnaporthe grisea genome-speciﬁc microsatellite markers
(MGM) were used (Mohan et al. 2012). Similar studies have
been performed for Xanthomonas fragariae (causing angular
leaf spots on strawberry plants) population where high-resolution molecular typing tools such as (CRISPRs) and a
variable number of tandem repeats (VNTRs) were identiﬁed
and employed to study population genetics (Gétaz et al.
2018).
The tools to study population genetics not only results in
the elucidation of the life histories of important plant
pathogens but also address the basic questions about the
biology of these organisms. Enhanced knowledge of the
population biology of pathogens is supposed to lead to
improved management practices of diseases in agricultural
ecosystems (McDonald 1997).

pathogen have been explained for a plethora of plant–
pathogen pairs. Gene-for-gene hypothesis helped in identiﬁcation of several R genes in host and their corresponding
Avr genes in the pathogen. Further, cloning of plant R genes
and understanding their mechanism has played a great role
in understanding these R-Avr gene interactions (Van der
Hoorn and Kamoun 2008).
Hm1 from maize (Zea mays) is the ﬁrst cloned R gene that
encodes an enzyme to detoxify the Helminthosporium carbonum toxin produced by the fungal pathogen Cochliobolus
carbonum (Johal and Briggs 1992). The cloning of the Hm1
gene was preceded by several other genes such as cloning of
Pto effective against Pseudomonas syringae pv. tomato to
control bacterial speck disease and Cf-9 from tomato to prevent resistance against Cladosporium fulvum causing tomato
leaf mold in 1993 and 1994, respectively (Martin et al.1993;
Jones et al. 1994). Further, the genes N from tobacco against
tobacco mosaic virus (Center 1994) and RPS2 from A. thaliana against P. syringae pv. maculicola which causes bacterial
leafy spots (Mindrinos et al. 1994; Bent et al. 1994) were
cloned. R genes have been classiﬁed into nine different categories (ﬁgure 3) based on the mechanisms with which these
may enhance or induce disease resistance.

Class 1: Perception at the cell surface

Most of the PAMPs such as bacterial ﬂagellin, EF-Tu, chitin,
lipopolysaccharide, peptidoglycan, bacterial RNA and other
components of the bacterial cell wall are perceived directly
at the cell surface by receptor like proteins (RLPs) and
receptor like kinases (RLKs). The most studied PAMP in
plants (bacterial ﬂagellin) (Felix et al. 1999) is perceived by
the RLK FLS2 (FLAGELLIN-SENSITIVE2) in Arabidopsis
(Gómez-Gómez and Boller 2000). A direct interaction also
has been conﬁrmed for the tomato RLP LeEIX2 to perceive
the fungal EIX (ethylene-inducing xylanase) effector (Rotblat et al. 2002). Moreover, a direct interaction is also found
for the RaxX effector in Xanthomonas oryzae, which is
perceived by the RLK encoded by the rice R gene Xa21
(Pruitt 2015). These instances indicate that both the effectors
at the cell surface and direct perception of PAMPs are
common strategies inducing the full or partial disease
resistance provided by R genes.

Class 2: Extracellular effector perception

Applications of gene-for-gene hypothesis
R Gene cloning and their classiﬁcation

Gene-for-gene relationship, for which plant disease resistance is controlled by a single resistance (R) gene in the plant
that responds particularly to a single avirulence gene in the

Pathogen perception at the cell surface can also occur indirectly through the recognition of altered host factor. For
instance, fungal pathogen Cladosporium fulvum is recognized by the tomato R gene product Cf-2, a RLP which has
been introgressed into cultivated tomato from Solanum
pimpinellifolium (Dixon et al. 1996). Untill now, Avr2/
GrVap1 perception by Rcr3 and Cf-2 is the only example of

Gene-for-gene relationship and its applications
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Figure 3. (1) Nine mechanisms of R genes which involves direct and (2) indirect identiﬁcation at the cell surface. (3–6) Various
extracellular perception mechanisms. (7–9) loss of susceptibility mechanisms along with the deﬁnition example and reference drawn using
information from Kourelis and Hoorn (2018).

indirect perception of effectors in the apoplast. Also, no
direct interaction of C. fulvum effector Avr9 with the tomato
RLP Cf-9 was found (Luderer, 2001), and Avr9 perception
appears to involve an extra Solanaceae-speciﬁc factor
(Kooman-Gersmann et al. 1996).

Class 3: Direct intracellular effector recognition (triggerNLRs)

Beside the extracellular perception of pathogens, plants are
capable of recognizing effectors inside the cell. Most of the

cloned R genes perceive effectors either directly (class 3) or
indirectly (class 4) through encoded nucleotide-binding
domain and leucine rich repeats (NLRs) whereas some
R genes encode NLRs comprising additional integrated
domains (NLR-IDs) necessary for effector recognition (class
5) (Sarris et al. 2016). Direct perception of effectors is not
constrained to the cell surface only, but many effectors have
been demonstrated to directly interact with NLRs to impart
immune responses. To epitomize, ARABIDOPSIS THALIANA RECOGNIZED1 (ATR1) is an effector from the
Hyaloperonospora arabidopsidis, and it interacts directly
with the Arabidopsis NLR RECOGNITION OF
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PERONOSPORA PARASITICA1 (RPP1), leading to its
recognition (Krasileva et al. 2010). Interestingly, effector
perception is also affected by cooperative polymorphisms in
other domains of the NLR besides the LRR (Ravensdale
et al. 2012). In various cases, mutations in regions other than
the NLR are sufﬁcient to modify speciﬁcity (Giannakopoulou et al. 2015), while in other cases the speciﬁcitydetermining segment in the NLR is in the C-terminal LRR
segment (Shen et al. 2003). However, the precise molecular
mechanism by which sequence-unrelated effectors from
various pathogens could be perceived by highly similar
NLRs directly is unidentiﬁed.

Class 4: Intracellular recognition through decoys
and guardees

A number of effectors are perceived indirectly by NLRs. It
may be either through their interaction with additional host
constituents or enzymatic modiﬁcation of host components.
These additional host proteins are also called as decoys or
guardees to suggest that they mimic the effector targets or
they are effector targets, respectively. Few of the examples
of indirect detection via enzymatic host alteration are the
perception of the Xanthomonas campestris type-III effector
AvrAC (Wang et al. 2015a) and the P. syringae type-III
effectors HopF2a (Seto et al. 2017) and HopZ1a (Lewis
et al. 2010), by the functionally conserved NLR ZAR1
(Lewis et al. 2010). A different functionally conserved NLR
that indirectly perceives multiple effectors is tomato Prf, it
interacts with several RLCK VII family members, including
Pto and Fen (Salmeron et al. 1996). On contrary, RPM1
INTERACTING PROTEIN4 (RIN4) is a host protein that
interacts with several NLRs.
Class 5: NLR-IDs (sensors embedded within receptors)

Some NLRs contain integrated domains (NLR-IDs) thought
to be required for effector recognition (Kroj et al. 2016). As
these extra domains appear to be integrated repeatedly and
frequently, it is likely they still possess their novel activity,
unlike a decoy, in the absence of the recognized effector
(Sarris et al. 2016). The three NLR-IDs studied in detail are
Arabidopsis RRS1 and rice RGA5 and Pik. Unusually, these
NLR-IDs are coexpressed from the same promoter in
opposite orientation with a NLR missing the ID, and heterodimerization of these coupled, coexpressed NLR proteins is
needed for signal transduction.
Class 6: Executor gene (promoter traps for TAL effectors)

Executor genes are nothing but R genes that are transcriptionally activated by TALEs (transcription activator-like
effectors) produced by Xanthomonas species and confer

immunity to the Xanthomonas strains carrying these TALEs.
TALEs act by attaching to particular DNA sequences,
modifying host transcription of major susceptibility factors.
Executor genes act as a promoter trap for the TALEs,
compelling them to promote transcription of genes responsible for immunity. Till now, six executor genes have been
cloned in rice, Xa27 (Gu et al. 2005), Xa10 (Tian et al.
2014), Xa23 (Wang et al. 2015b) and pepper, Bs3/Bs3-E
(Römer et al. 2007) and Bs4C-R (Strauss 2012).
Class 7: Active loss of susceptibility (blocking key pathogen
strategies)

R genes not only encode proteins involved in perception but
also rely on loss of susceptibility, known as susceptibility
genes (van Schie and Takken 2014). Active loss of susceptibility mechanisms are variable and can function broadly
against various pathogens or be speciﬁc to a few. Some
R genes act by encoding host proteins that directly disarms
the pathogen by actively disturbing a major pathogen process. For instance, HC toxin is produced by C. carbonum
race 1 (CCR1), the cause of ear mold and leaf blight in Zea
mays. Various active loss of susceptibility mechanisms of
resistance work against viruses. As an example, the tomato
Tm-1 gene product that imparts resistance to tomato mosaic
virus (TMV) hinders the replication of TMV RNA getting
attached to replication proteins (Ishibashi et al. 2014).
Class 8: Passive loss of susceptibility (losing communication
with key host targets)

Loss of contact of a major plant susceptibility factor with a
pathogen effector is a primary mechanism supporting
recessive R genes. Actually, half of the known R genes
against viruses include such a loss of interaction (Truniger
and Aranda 2009). Moreover, one third of the R genes
against X. oryzae, causing bacterial blight of rice, are
inherited recessively (Liu et al. 2011), and the mechanisms
frequently involve loss of interaction with major host targets.

Class 9: Passive loss of susceptibility (host reprogramming)

Host reprogramming through mutations in constituents of
cellular pathways is a common technique causing durable
resistance in broad category of pathogens. The genes of this
category are usually known as adult plant resistance (APR)
genes as these impart resistance in later stages of plant life
only (Ellis et al. 2014). The key example is the senescence
associated loss of susceptibility mechanism which is facilitated by recessive loss of function Mildew Locus O (mlo)
alleles in both monocots and dicots (Hückelhoven and
Panstruga 2011). MLO basically encodes a particular integral membrane protein that acts as a negative regulator of
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cell death in response to both abiotic and biotic stresses in
plants (Piffanelli et al. 2002).
Today, after 25 years of ﬁrst R gene cloning, *314 useful
R genes have been identiﬁed and characterized. A total of
61% of the total cloned R genes encode NLRs (191/314), but
for most of the NLRs encoding genes, either the perceived
component is unknown (98/191) or the perception mechanism is not lucid (45/191). The other important group of
R genes (60/314, 19%), encode RLKs/RLPs, that can recognize pathogen-derived attachments directly (24/60) or
indirectly (2/60). However, many cloned R genes function
through the loss of susceptibility (48/314) or are executor
genes (6/314) (see Kourelis and Hoorn 2018 for review).
Fascinatingly, except for the executor genes, the mechanisms
are not deﬁned particularly for resistance against certain
types of pathogens or merely used by speciﬁc taxonomic
groups or plant species. The R mechanisms have been
unleashed in viruses, bacteria, oomycetes, plants, fungi,
nematodes and insects. There are many plant genus where
the R genes have been exploited such as six R genes in
Arabidopsis, 12 in Fabaceae, 17 in ﬂax, six in melon, two in
lettuce, two in sugarbeet, seven in Nicotiana, 17 in Pepper,
20 in potato, 44 in tomato, 26 in barley, 50 in maize, 27 in
rice and 13 in some other genus (Kourelis and Hoorn 2018).

Deploying and altering R genes for durable resistance

With the elucidation of gene for gene hypothesis, R genes
have been identiﬁed in all major economic plant species and
have been transferred into a plethora of elite cultivars. This
intensive effort in the discovery and utilization of plant
R genes signiﬁcantly stabilized food production throughout
the world and stands as one of the vital achievements of
modern agriculture (Martin 1996). Prior to discussing R gene
deployment, it is essential to mention that the resistance
mechanisms are of two types based on the number of genes
controlling the reaction. Van der Plank (1968) differentiated
these as horizontal resistance and vertical resistance. The
ﬁrst is race-speciﬁc or qualitative resistance, where the
infection (resistance or susceptibility) results due to interaction between the R gene in the host plant and a corresponding Avr gene in the pathogen (Ansan-Melayah et al.
1998). In contrast, race nonspeciﬁc resistance or quantitative
resistance results from the absence of an interactive pair of
particular genes in host and pathogen, hence does not follow
gene-for-gene relationship.
Resistance due to an R gene is nondurable which can be
explained by the phenomenon of boom and bust cycle and
vertifolia effect. These effects explain that when a new cultivar
is introgressed with the R gene, it becomes popular and the
area under this cultivar increases. However, at the emergence
of a new race of pathogen, the cultivar becomes susceptible
creating the epidemic like conditions, the variety loses its fame
and the area under it falls down (Adugna 2004). But there are
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various approaches for deploying the identiﬁed or cloned
R genes for imparting durable resistance against pathogens in
crop plants (ﬁgure 4).
Conventional approaches: The backcross breeding has been an

effective method to transfer one or a few genes controlling a
particular trait from one line to another. Convergent backcrossing has been extensively used for transferring resistance
to desirable agronomic backgrounds or elite breeding lines.
The number of backcrosses needed to achieve agronomically
similar derivatives depends on the donor genotype, hence
this method may consume a lot of time and resources
(Bariana 2003). The single R gene deployment exerts strong
selection pressure in crops to match virulence within the
pathogen population. As a result, the corresponding virulence allele, within the pathogen population, evolves, thus
rendering the deployed R gene ineffective (Pink and Puddephat 1999). There are several alternative conventional
strategies for breeding resistant varieties such as gene
pyramiding, multiline, cultivar mixtures.
Multilines and mixtures: Wild plants seem to use a scheme of
heterogeneity for R genes for dodging disease epidemics.
Following the same idea for ﬁeld crops, multilines and
mixtures are also good sources for generating heterogeneity
of R gene in them. Mixtures and multilines can be differentiated by the composition of their constituents. In mixtures, the constituents can be distantly related or unrelated
whereas the components of multilines are usually closely
related (Bevan et al. 1993; Pink and Hand 2003). Multilines are fundamentally a mixture of purelines. To produce
these lines, Borlaug proposed a minimum of 8 to 10 lines,
hence we require 8 to10 backcrossing programmes as well
as screening for race speciﬁc resistant genes that make this
procedure very expensive (Adugna 2004). These provide a
mechanism to synthesize instant, horizontally resistant,
well-buffered cultivars which, unlike pure line cultivars,
can utilize without any difﬁculty many resistance genes at
the same locus or resistance genes that appear to be linked
in the repulsion phase (Browning and Frey1969). Mixtures
act as a practical alternative to multilines and there are
various cases that illustrate their utility (Pink and Hand
2003). In the case of mixtures, statistical approaches for
selecting mixture components based on ﬁeld analysis of
two-way combinations of varieties and the local pathogen
population have been suggested. Further, molecular analyses of pathogen population structure and individual avirulence genes may suggest further insights into the most
desirable resistance genes to deploy in cultivar mixtures to
maximize resistance durability (Mundt 2002). The above
approaches make part of the gene deployment at a spatial
level however the management can be at a temporal level.
The latter one includes the consecutive release of resistance
genes where each variety is used until the breakdown level
is reached followed by immediate replacement with another
variety (Adugna 2004). Although many advantages but
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Figure 4. Various conventional and modern approaches to enhance plant resistance.

introgression of R genes into elite cultivars by conventional
breeding is actually a lengthy process (McDowell and
Woffenden 2003) and it involves almost more than 10
years for the release of a commercial variety. Besides,
difﬁculty in seed production of multilines made it an
ineffective commercial product.
Gene pyramiding: Gene pyramiding is combining of two or

more R genes into an adapted cultivar having its maximum
genetic background (Pink and Hand 2003). Since prevalence
of single R gene may not provide durable resistance due to
chances of breakdown of resistance, pyramiding of R genes
has been identiﬁed as an important approach for attaining
durable resistance in crop plants. Identiﬁcation and cloning
of novel R genes has further facilitated marker based gene
pyramiding of R genes in crop plants. However an important
consideration in gene pyramiding is to choose the combination of genes based on different molecular mechanisms,
which enhances the durability of resistance. One of the
model example is available in rice, where three different
genes (xa5, xa13 and Xa21) for resistance to bacterial blight
has been pyramided, enhancing the level and spectrum of
resistance to various pathotypes (Huang et al. 1997; Sanchez
et al. 2000; Singh et al. 2001). These three genes are governed by different molecular mechanisms. As many as ﬁve
genes for resistance to BB have been pyramided and combined, and a number of BB resistant varieties have been
released in rice-growing countries including India, China,
Philippines, Thailand and Indonesia. Further, R gene

pyramiding has successfully inculcated durable resistance
against economically important diseases such as the blast
caused by Magnaporthe oryzae (Kumari et al. 2017; Wu
et al. 2019). In fact, Bacterial Blight R gene has been
pyramided with the lines containing other abiotic or biotic
stress tolerant genes or quality genes such as submergence
tolerance and aromatic fragrance (Luo et al. 2016), deep
water tolerance (Pradhan et al. 2015) and photo/temperature
genetic male sterility (Mi et al. 2018). Xiao et al. (2019)
developed seven improved lines against rice blast, comprising three monogenic lines, three two-gene pyramids and
one three-gene pyramid, by transferring R gene(s) into a
common genetic background using marker-assisted backcross breeding (MABB). Conclusively, the improved lines
possessed comparable agronomic traits to the recurrent
parent, but the three-gene pyramid exhibited reduced grain
productivity per plant. Hence, the rational use of R genes is
suggested to control the disease. In addition to rice, there are
several studies in wheat, potato, oilseeds and other crops
where R gene pyramiding has imparted the durable resistance, e.g. in potato, R genes against Phytophthora infestans
has been pyramided (Tan et al. 2010), in barley against stem
rust resistance (Sharma Poudel et al. 2018) and in Brassica
against beet cyst nematode (Zhong et al. 2019).
Biotechnological approaches: Integration of tools and tech-

niques of biotechnology has further strengthened decoding
of plant–pathogen interactions at the molecular level (Sundar
et al. 2015). For instance, earlier breeders could not
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potentially utilize the B. oleracea gene pool due to the need
for a lengthy backcross breeding programme for transferring
a single R gene from one crop type to another. But now
transformation platforms have abolished this prerequisite
and availed the entire gene pool for exploration. For
instance, particle bombardment technology can deliver large
number of genes into plant cells in a single step. However,
the fragmentation of plasmids and the integration of multiple
copies intricate the practical use of this technology. Transformation via Agrobacterium tumefaciens is only effective
for the delivery of up to 25-kb DNA sequences. To deliver
DNA sequences up to 150 kb, binary bacterial artiﬁcial
chromosome (BAC) vector along with enhanced virulence
functions of Agrobacterium has been proved to be suitable for delivering gene groups into crop plants (Pink and
Puddephat 1999).
Apart from the plant transformation, where the plant
genome is incorporated with foreign gene(s), genome editing
permits alterations to the endogenous DNA of the plant, such
as replacements, deletions and insertions of DNA of different lengths at selected targets. Enhanced knowledge related
to the molecular mechanism beneath plant–pathogen interactions and advents of new biotechnological techniques has
given new prospects for engineering resistance against
microbial pathogens in a plant. These techniques include
CRISPR-Cas genome editing, RNAi-based strategies for
antiviral resistance and resistance gene enrichment
sequencing (RenSeq) (Dong and Ronald 2019).
CRISPR-Cas has been used to engineer resistance to RNA
viruses, which constituents the most serious viral plant
pathogens. Also, EvolvR, a CRISPR-based mutagenesis
platform, was developed for the guided evolution of an
accurately deﬁned window of genomic DNA in vivo (Halperin et al. 2018; Sadanand 2018) Transgenic overexpression of genes encoding viral RNAs triggers RNAi resulting
in the silencing of the viral RNAs (Galvez et al. 2014). This
process, often known as cosuppression RenSeq, is a comparative genomics tool used to identify nucleotide-binding
leucine-rich repeats (NLR) gene family members that play a
role in disease resistance (Jupe et al. 2013, 2014).
Altering susceptibility (S) genes to reduce pathogenicity

All plant genes that support compatibility and facilitate
infection can be considered susceptibility genes. Three major
mechanisms, as in ﬁgure 4, are exhibited by which S genes
support susceptibility and condition infection on the basis of
the different phases of the host–pathogen interaction processes (Van Schie and Takken 2014).
Firstly, there are genes that permit basic compatibility
(prepenetration) and facilitate host recognition and penetration. To instantiate, mildew resistance locus O (mlo) in
Arabidopsis, pepper, pea, strawberry, tomato and wheat
facilitates penetration of plant-microbe in host epidermal
cells and mlo mutants exhibit loss of susceptibility
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approximating nonhost resistance (Ravensdale et al. 2012).
Secondly, negative regulators of immunity can be deemed
as S genes because their activity enhances susceptibility.
To exemplify, salicylic acid (SA) plays a vital role in
plant defence mechanisms. SA catabolism, a signiﬁcant
control mechanism, is illustrated by a number of diverse
enzymes (Vlot et al. 2009). SA 3-hydroxylase (s3h), in
Arabidopsis, alters SA to 2, 3-DHBA, was recently
characterized (Zhang et al. 2013). Interestingly, the s3h
mutant was less susceptible to Pseudomonas syringae,
indicating that SA hydroxylation contributes to susceptibility. The third type of S genes permits sustained compatibility, fulﬁlls metabolic requirements and allows the
pathogen to proliferate. For instance, the SWEET family
genes encode sugar transporters across-membrane, majority of them are exploited by plant pathogens for virulence
(Chen et al. 2010; Streubel et al. 2013) because with the
activation of these SWEET genes, more sugar is transported outside of the cell which facilitates the growth of
bacteria. These genes can be knocked down using
CRISPR-Cas (Jiang et al. 2013) as reported in crops like
Arabidopsis, pea, tomato, pepper, wheat, and strawberry
(Consonni et al. 2006; Bai et al. 2008; Humphry et al.
2011; Pavan et al. 2011; Varallyay et al. 2012; Jiwan
et al. 2013; Zheng et al. 2013).
A few genes conferring disease susceptibility have been
identiﬁed. For instance, Cochliobolus victoriae in Arabidopsis thaliana has supported cloning of LOV1, a disease
susceptibility gene that encodes NBS-LRR resistance genes.
LOV1 facilitates responses associated with defence, but
mutations in defence response pathways do not prevent
susceptibility to C. victoriae. Thus, NBS-LRR genes can
impart disease susceptibility and resistance. This may have
some implications for R gene deployment (Lorang et al.
2007). Hindering virulence strategies of pathogens by
altering susceptibility genes owe great potential in plant
protection (Dong and Ronald 2019).

Future perspectives
The past few decades have witnessed several advances in the
ﬁeld of genetics and genomics that has potential to enhance
understanding of R-Avr gene interactions in gene-for-gene
relationship. These strategies along with several OMICs
techniques should be prioritized to take further the R gene
research to the next level.

Rapid cloning of R genes

Identiﬁcation and cloning of durable resistance genes or
QTLs from nonhost or wild species or the diverse panels and
their deployment is an exciting research area, which has
received recent attention to improve resistance in plants
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(Arora et al. 2019). The existing R gene cloning method
requires development and screening of segregating or mutant
progenies which are difﬁcult to develop with many wild
relatives with poor agronomic background and also takes
many generations to achieve it. However the combination of
association genetics with R gene enrichment sequencing
(AgRenSeq) would enable the discovery and cloning of
R genes in a plant diversity panel without crossing or
mutagenesis in a short period of time. AgRenSeq has been
used to exploit pan-genome variation in wild diploid wheat
using k-mer based association analysis to rapidly clone four
stem rust resistance genes (Arora et al. 2019). The identiﬁcation and cloning of multiple R genes using this strategy
can be used to breed for broad spectrum resistance in plants
using MAS or targeted engineering of multiple genes.
However the AgRenSeq has the limitations due to biasness
introduced by only nucleotide binding leucine rich repeats
(NLR) captures which impedes the identiﬁcation of other
typical R genes. Further, MutRenSeq is an R gene cloning
pipeline, which combines sequence capture aiming R genes
related to the NB-LRR structural class of genes and mutational genomics (Steuernagel et al. 2017). Isolation and rapid
cloning of R genes is better than the MABC scheme due to
two reasons. First, the isolation of genes might permit
checking for eventual suppression and compatibility effects.
Second, allele/gene-speciﬁc markers are highly diagnostic
and can be used in any genetic background (Miedaner and
Korzun 2012).
R gene editing

The genome editing with zinc ﬁnger nucleases (ZFN),
transcription activator-like effector nucleases (TALENs) and
clustered regularly interspaced palindromic repeats/CRISPR
associated (CRISPR/Cas9) have emerged as revolutionary
technologies paving the way for precision crop trait
improvement (Voytas and Gao 2014). Particularly CRISPR/
Cas9 based genome editing is much dynamic in nature and
evolved with huge modiﬁcation since its demonstration in
crop plants. This technique seems to be the most promising
strategy to improve crop cultivars without introducing foreign genes, and the United States Department of Agriculture
(USDA) has stated that CRISPR/Cas9-edited crops possess
the potential to be called nonGMO, can be cultivated and
sold without regulatory monitoring (Wolt et al. 2016; Waltz
2018). One good example of R gene editing for developing
resistance to pathogen exists in rice where promoters of S
gene (SWEET genes) have been edited for developing
resistance against bacterial blight of rice. SWEET genes, the
sucrose transporter genes of the host are hijacked by Xathomonas oryzeae pv. oryzeae (Xoo) (pathogen causing bacterial blight in rice) upon infection by producing effector
molecules called as transcription activator-like effectors
(TALes). The Xoo pathogen inject TALes into the host’s
cells via a type-III protein secretion system. The typical

TALe possesses a central repetitive domain, a nuclear
localization signal domain, and a transcription activation
domain. The repetitive domain is responsible for binding of
the TALe to a sequence motif called the effector binding
element (EBE), which is commonly located in the promoter
region of the respective SWEET gene. Upon binding of
TALe to the EBE, SWEET gene expression is elevated for
sugar transport to the Xoo, thus enhancing its virulence and
in turn causing rice susceptibility to bacterial blight. Genome
editing technologies here offer potential opportunities to
engineer resistance against Xoo by modifying EBEs. Genome editing technologies such as TALENs have been used to
edit EBEs of SWEET genes, OsSWEET14 for building
resistance against bacterial blight of rice (Li et al. 2012;
Blanvillain-Baufumé et al. 2017). Jiang et al. (2013)
reported that CRISPR/Cas9 could be an effective strategy for
inducing mutation in SWEET genes, OsSWEET14 and
OsSWEET11 for developing resistance against the bacterial
blight of rice. It was further demonstrated by Oliva et al.
(2019) who developed robust and broad spectrum resistance
against bacterial blight by CRISPR/Cas9 based genome
editing of promoters of three SWEET genes, OsSWEET11,
OsSWEET13 and OsSWEET14 of the rice line Kitaake and
the elite mega varieties IR64 and Ciherang-Sub1in rice.
They targeted speciﬁc effector binding elements (EBEs),
which are located in promoter regions of SWEET genes, by
gaining knowledge from sequence level characterization of
transcription activator-like effectors (TALes) in 63 Xanthomonas oryzeae strains and the mutations in the EBEs of
targeted SWEET gene promoters so that no TALE from the
prevalent variants of the pathogen could bind and activate a
SWEET gene. In hexaploid wheat, three homeoalleles of
mildew reistance locus (MLO) were edited simultaneously
to generate disease resistance against downy mildew
pathogen (Wang et al. 2014). Similarly, editing of both
alleles of canker susceptibility lateral organ boundaries
(CsLOB) developed citrus varieties resistant to canker disease (Jia et al. 2016). These studies suggest the immense
future perspectives of this technology for enhancing the level
of resistance in crop plants against diseases and insect pests.
Integrated OMICs analysis

OMICs analysis such as genomics, transcriptomics, proteomics, metabolomics have been instrumental in unrevealing different aspects of host and pathogen biology
comprising putative virulence gene identiﬁcation, gene
annotation and the modulation of response after the infection
(Gomez-Casati et al. 2016; Prasad et al. 2020). OMICs
techniques allow us to learn about biological cycle of
pathogens in addition to explore novel virulence factors in
pathogens and associated hosts. Both of these aspects are
vital for decoding the mechanism underlying pathogen
attacks and developing schemes for improving disease
resistance in plants (Gomez-Casati et al. 2016). Next
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generation sequencing based genomic analysis of virulence
diversity in different pathogen races and resistant genes in
the host plants can help to establish pathotype–gene relationship. Transcriptomics technologies such as microarrays
or RNA-Seq could be useful to obtain gene expression
proﬁles from the hosts (plants) or the gene expression
changes of host-associated pathogen for a comprehensive
view of a plant’s response to pathogen attack and to provide
new insights into biological processes. There are innumerable examples of transcriptomics techniques understanding
host–pathogen relationship, for instance, identiﬁcation of
genes involved in speciﬁc immune responses to Pseudomonas syringae in tomato plants using RNA-Seq technology (Pombo et al. 2014), virus induced gene silencing
(VIGS) using the tobacco rattle virus (TRV) in Nicotiana
benthamiana to generate resistance through understanding
the expression of peptides with antimicrobial properties such
as antibacterial or antifungal genes (Ceasar and Ignacimuthu
2012) etc. In addition, proteomics has also substantially
contributed to the large-scale functional assignment of candidate proteins and, by using this approach, various
antimicrobial proteins expressed during phytopathogenic
interactions have also been identiﬁed mainly by high resolution of two-dimensional polyacrylamide gel electrophoresis coupled with mass spectrometry (Gomez-Casati et al.
2016). Metabolomics of healthy, diseased and resistant
plants have the potential to unreveal signalling pathways
having key roles in determining the outcome of a host–
pathogen interaction. However, application of this omic tool
is lagging in plant pathology studies relative to genomic and
transcriptomic methods. In addition, research on effectoromics is desired to be framed to recognize pathogen Avr
genes and the corresponding R genes in the plants to upgrade
the understanding of the host–pathogen relationships. Further, the applications of epigenomics tools are also needed
for evaluation of roles of noncoding RNAs (e.g. miRNAs,
lncRNAs) and to elaborately understand the role of epigenetics in host resistance and susceptibility (Panwar et al.
2013a, b; Prasad et al. 2020). The proteomic approaches can
also be used to recognize the tripartite interactions between
plant–Trichoderma–pathogen. This may investigate the
potential for efﬁcient biological control, hence, improvement
in control of disease (Keswani et al. 2016). Although these
OMICs techniques are still assessed individually but should
rather focus on interdisciplinary data integration strategies to
generate better understanding of R-Avr gene interactions and
adding enhanced knowledge to develop durable resistance.
Combining resistance QTLs and R genes for durable
resistance

Quantitative resistance controlled by QTLs is race nonspeciﬁc and effective against all races of pathogen. However,
since it does not provide complete resistance against
pathogen, the presence of more inoculum of different races
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of pathogens may render it ineffective. Vertical resistance or
R gene mediated resistance is race speciﬁc, provide complete
resistance but can overcome by emergence of new race of
pathogen. In this scenario, combining R gene-mediated
resistance with known QTLs meditated resistance can provide more effective and durable resistance across a range of
environments. The increased durability could be due to
combination of different resistance-associated mechanisms,
which together are more difﬁcult to overcome, and combination of resistance mechanisms acting successively at different times in the pathogen life cycle or throughout plant
development. In a study, blast resistance QTLs and genes
have been successfully pyramided in the commercial varieties by using conventional plant breeding techniques and
marker assisted backcross breeding (Sharma et al. 2012).
Further, Zhang et al. (2017) showed that quantitative resistance along with R gene-mediated resistance is proving to be
more durable against Leptosphaeria maculans in Brassica
napus in different environments. The study highlights the
importance of identiﬁcation of potential QTLs governing
resistance and utilizing them in combination with R genes.
The identiﬁcation of novel effective QTLs for different
diseases will improve understanding of the genetic mechanisms that contribute resistance and will intensify MAS
breeding.

Conclusion
In nearly 80 years, the Flor’s gene-for-gene relationship has
led to the wider understanding of biochemical and molecular
basis of interaction between R gene in the host and Avr gene in
the pathogen. This has also led to identiﬁcation and cloning of
several R genes in different crop plants and their corresponding Avr genes. Based on R gene cloning and characterization, R genes have been classiﬁed into nine different
mechanisms. Further identiﬁcation and cloning of several RR
genes have facilitated their deployment and alteration into
crop plants using conventional, molecular marker based and/
or biotechnological approaches for developing durable resistance to pathogens. The recent advances in OMICS technologies such as genomics, trancriptomics, metabolomics has
potential to rapidly identify R/Avr genes and upgrade the
understanding of the host–pathogen relationships. As an
example AgRenSeq and MutRenseq approaches can be used
to rapidly clone R genes in wild species and diverse crop
panels. In addition, identiﬁcation and altering of susceptibility
genes in crop plants using genome editing technologies could
be promising approach for building resistance in plants against
variety of pathogens. It has been well demonstrated by altering
three SWEET genes in rice for developing durable resistance
in plants. Quantitative resistance controlled by QTLs is race
nonspeciﬁc and can be combined with R gene-mediated race
speciﬁc resistance to provide more effective and durable
resistance across a range of environments. The greater
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understanding of gene-for-gene relationship will not only
unravel mechanism of interactions between wide range of host
and pathogen, but also help to develop durable resistance in
crop plants.
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González Prieto J. M. 2018 Analysis of mitochondrial genetic
diversity of Ustilago maydis in Mexico. Mitochondrial DNA
Part A 29, 1–8.
Jiwan D., Roalson E. H., Main D. and Dhingra A. 2013 Antisense
expression of peach mildew resistance locus O PpMlo1 gene
confers cross-species resistance to powdery mildew in Fragaria x
ananassa. Transgenic Res. 22, 1119–1131.
Johal G. S. and Briggs S. P. 1992 Reductase activity encoded by the
HM1 disease resistance gene in maize. Science 258, 985–987.
Jones J. D. and Dangl J. L. 2006 The plant immune system. Nature
444, 323–329.
Jones D. A., Thomas C. M., Hammond-Kosack K. E., Balint-Kurti
P. J. and Jones J. D. 1994 Isolation of the tomato Cf-9 gene for
resistance to Cladosporium fulvum by transposon tagging.
Science 266, 789–793.
JungehÜLsing U. and Tudzynski P. 1997 Analysis of genetic
diversity in Claviceps purpurea by RAPD markers. Mycol. Res.
101, 1–6.

Page 15 of 17

50
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