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� Background Plants are constantly exposed to evolving pathogens and pests, with crop losses representing a con-
siderable threat to global food security. As pathogen evolution can overcome disease resistance that is conferred by
individual plant resistance genes, an enhanced understanding of the plant immune system is necessary for the long-
term development of effective disease management strategies. Current research is rapidly advancing our under-
standing of the plant innate immune system, with this multidisciplinary subject area reflected in the content of the
18 papers in this Special Issue.
� Scope Advances in specific areas of plant innate immunity are highlighted in this issue, with focus on molecular
interactions occurring between plant hosts and viruses, bacteria, phytoplasmas, oomycetes, fungi, nematodes and in-
sect pests. We provide a focus on research across multiple areas related to pathogen sensing and plant immune re-
sponse. Topics covered are categorized as follows: binding proteins in plant immunity; cytokinin phytohormones in
plant growth and immunity; plant–virus interactions; plant–phytoplasma interactions; plant–fungus interactions;
plant–nematode interactions; plant immunity in Citrus; plant peptides and volatiles; and assimilate dynamics in
source/sink metabolism.
� Conclusions Although knowledge of the plant immune system remains incomplete, the considerable ongoing sci-
entific progress into pathogen sensing and plant immune response mechanisms suggests far reaching implications
for the development of durable disease resistance against pathogens and pests.

Key words: PAMP-triggered immunity, effector-triggered immunity, NLRs, lectins, cytokinins, plant antiviral im-
munity, phytoplasma, fungi, nematodes, citrus, induced resistance, defensins, terpenoids, source/sink dynamics.

INTRODUCTION

Plants are exposed to a vast range of pathogens and pests. In
natural ecosystems, the coevolution during millions of years be-
tween genetically diverse plant and pathogen populations has
resulted in disease being relatively rare and geographically re-
stricted. In contrast, agricultural environments with monocul-
ture cropping systems often provide an environment for the
selection of virulent pathogen races, which can result in consid-
erable pre-harvest crop losses, threatening food security (Popp
et al., 2011; Boyd et al., 2012; Dangl et al., 2013). This occurs
despite the employment of agrochemicals, cultural practices
and planting of available commercial disease-resistant crop cul-
tivars. Although traditional crop breeding practices during the
last century have resulted in successful introgression of resis-
tance genes (R genes) from wild relatives into commercial crop
cultivars, the number of commercial cultivated species contain-
ing appropriate R genes remains limited. As pathogen evolution
may overcome resistance conferred by individual R genes, a
greater understanding of the plant immune system is fundamen-
tal for effective disease management. Plant immunity can be
defined simply as the capacity of a plant to prevent or withstand
biological attack by pathogens. Progress in our understanding
of the molecular complexity of this innate immune system in
plants has advanced considerably in recent decades. Plant sur-
veillance of pathogen presence is known to involve a large
number of receptor proteins, with signal perception occurring at

the plasma membrane or within the cytoplasm. In current con-
ceptual models, two key interconnected branches of the im-
mune system are recognized, which are defined principally
according to the pathogen molecules recognized by the host
plant.

One branch of this system, known as PAMP-triggered immu-
nity (PTI; Fig. 1), is based upon activation of host cell surface
transmembrane pattern recognition receptors (PRRs) (Dangl
and Jones, 2001; Shiu and Bleecker, 2001; Monaghan and
Zipfel, 2012) following recognition of conserved pathogen (or
microbial)-associated molecular patterns (PAMPs/MAMPs)
(Jones and Dangl, 2006), that are molecules essential for micro-
bial survival. Host molecules that are breakdown products of
wounding or infection, known as damage-associated molecular
patterns (DAMPs), can also induce PTI following interaction
with host PRRs (Yamaguchi et al., 2010). Plants typically show
similar responses to recognition of diverse PAMPs, with PRR
activation resulting in intracellular signalling and host gene ex-
pression modulation that can result in defence responses re-
stricting microbial movement in the host. PTI is considered to
be responsible for non-host-specific resistance, occurring at the
species level or above.

In a second branch of the plant immune system, originally
characterized genetically as the gene-for-gene model (Flor,
1971), pathogen avirulence (Avr) genes have evolved to code
for species-, race- or even strain-specific secreted effector pro-
teins (Avr proteins). Following translocation into the host cell,

VC The Author 2017. Published by Oxford University Press on behalf of the Annals of Botany Company.
All rights reserved. For Permissions, please email: journals.permissions@oup.com

Annals of Botany 119: 681–687, 2017

doi:10.1093/aob/mcw284, available online at www.aob.oxfordjournals.org



Terpenoids

DAMPs

NIK1

RPL10

pre-miRNA

small dsRNA

RNA and DNA virus silencing

Antiviral RNA silencingGene transcription

TF regulation
Virus

dsDNA

Lectins

ROS Cytokinin

Effectors

ETI

SA JA + ET
+

–

NLRs

HR

NO3
–

NPR1

COI1

PRs

EIN2

Polyamines

GABA

GlucoseFructose

NH4
+

SAR

AGO

NSP
(Effector)

UPS

Virus proteins
(ex: MP and CP)

PAMPs

PRR

Antimicrobial
compounds

PRRPTI

FIG. 1. A schematic summary of the innate immunity pathogen sensing and plant immune response mechanisms characterized across pathosystems. PTI, PAMP-trig-
gered immunity; PAMPs, pathogen-associated molecular patterns; PRRs, pattern recognition receptors; DAMPs, damage-associated molecular patterns; ROS,
reactive oxygen species; ETI, effector-triggered immunity; NLR, nucleotide-binding oligomerization domain-like receptor; HR, hypersensitive response; JA,
jasmonic acid; ET, ethylene; SA, salicylic acid; NPR1, non-expressor of pathogenesis-related genes1; PR, pathogenesis-related protein; COI1, coronatine insensitive
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these can suppress PTI signalling responses and disease results
due to this effector-triggered susceptibility (ETS) (Chisholm
et al., 2006; Jones and Dangl, 2006; Gohre and Robatzek,
2008). Plants, in response, have coevolved specific cytoplasmic
resistance (R) protein receptors to recognize specific pathogen
Avr effector proteins and activate effector-triggered immunity
(ETI; see Fig. 1) (Ellis et al., 2000; Jones and Dangl, 2006).
With greater amplitude than observed in PTI, ETI often leads
to defence responses that includes a hypersensitive response
and death of infected cells, limiting pathogen advance. In con-
trast to PTI, ETI operates at the intraspecific level, with resis-
tant host genotypes possessing the necessary polymorphism in
R gene resistance determinants (Xiao et al., 2008). A number of
distinct plant resistance gene families have now been recog-
nized as involved in ETI, based upon deduced protein domain
structure and biochemical function. The largest class encodes
polymorphic intracellular receptor proteins within a superfam-
ily containing nucleotide-binding (NB) and leucine-rich repeat
(LRR) domains, referred to as NLRs (Dangl and Jones, 2001;
Jones and Dangl, 2006). Secreted pathogen effector recognition
by such receptors occurs across bacteria, oomycetes, fungi,
nematodes and viruses.

Today plant immunity is a multidisciplinary subject area and
a rapidly advancing field. Current research activity can be mea-
sured by the number of recent publications and special focus
editions related to the themes of plant immunity, biotic interac-
tions and plant–microbe cell biology, as seen in recent years in
journals such as Current Opinion in Plant Biology (2012),
Frontiers in Plant Science (2014, 2015) and New Phytologist
(2015).

This issue

The papers collated here highlight advances in specific areas
of plant innate immunity, with focus on molecular interactions
occurring between plant hosts and viruses, bacteria, phyto-
plasmas, oomycetes, fungi, nematodes and insect pests. The is-
sue provides snapshots of research at the forefront of plant
sciences that embrace pathogen perception, disease develop-
ment and plant immune response, with topics presented either
as timely reviews or as primary research articles. Subjects range
from pathogen effector proteins, plant immune receptor signal-
ling in PTI and ETI, plant susceptibility genes, plant signalling
networks and phytohormones, downstream defence responses,
induced resistance mechanisms, to the role of sugars and nitro-
gen assimilation in plant defence (Fig. 1).

INNATE IMMUNITY SYSTEMS IN PLANTS

Binding proteins in plant immunity

Structure–function analyses of the domains of plant resistance
gene NLRs have so far been limited (Bonardi et al., 2012;
Takken and Goverse, 2012). Given that plant NLRs show con-
siderable structural and functional similarities to animal NLRs
that are involved in inflammatory and innate immune re-
sponses, knowledge of mechanisms involved in activation and
regulation of animal NLRs may advance understanding of the
action of plant NLRs. In their review, Bentham et al. (2017)

explore current understanding of the innate immune pathways
in plants and animals, focusing on similarities and differences
in structure and biochemistry for both plant and animal NLRs.
Important gaps in our knowledge between animal and plant sys-
tems are highlighted, with focus on the need for more structural
information for plant NLRs. Current knowledge of protein crys-
tal structures is limited to only N-terminal domains and an inte-
grated decoy domain. Similarities and differences between
plant and animal NLRs are used to derive a plausible model for
plant NLR activation, based on binding by an activating elicitor
and ATP. The resultant structural rearrangement of the NLR is
followed by signalling through a co-operative process with the
formation of a resistosome structure (Nishimura and Dangl,
2010). With current advances in methodologies in structural bi-
ology, determination of full-length structures of plant NLRs
will increase understanding of regulation and activation, and
enable design of NLRs with new specificities.

Plant lectins comprise proteins that specifically bind carbo-
hydrates during essential plant processes. Division into subfa-
milies can be made according to conserved carbohydrate
recognition domains (van Damme et al., 2008). The Nictaba-
like family groups proteins with a domain showing homology
to the Nicotiana tabacum agglutinin, or Nictaba. Nictaba-like
lectins appear to act as signalling molecules that alter gene ex-
pression in response to biotic stresses (Chen et al., 2002;
Vandenborre et al., 2009; Delporte et al., 2014). The research
conducted by Van Holle et al. (2017) focuses on the dynamic
evolution of Nictaba-related lectin genes in 15 crop species that
represent members of the Fabaceae, Poaceae, Solanaceae,
Musaceae, Arecaceae, Malvaceae and Rubiaceae. A bioinfor-
matics approach revealed a total of 360 putative Nictaba-like
lectin genes, with distinct domain architecture combinations
comprising Nictaba domains with a second Nictaba domain, an
F-box domain, a protein kinase domain, a Zeta toxin domain, a
TIR domain, a C1 domain, a methyltransferase domain, an NB-
ARC domain and/or LRRs. Nictaba-like genes are likely to
play diverse roles in plant development and defence.

Cytokinin phytohormones in plant growth and immunity

The cytokinins are N6-substituted adenine derivatives that
were first discovered to be involved in cell division regulation
in plants. These phytohormones were subsequently recognized
to be involved in plant stress tolerance (Argueso et al., 2009),
with defence responses to biotrophic pathogens involving hor-
monal cross-talk between salicylic acid (SA) and cytokinins.
While moderate levels of cytokinins have been shown to create
favourable physiological conditions for biotrophic pathogen de-
velopment (Argueso et al., 2012; Hann et al., 2014), higher
concentrations of the phytohormone activate plant immunity
primarily through SA-dependent processes (Choi et al., 2010;
Argueso et al., 2012). The review by Albrecht and Argueso
(2017) focuses on current research that highlights fitness costs
associated with plant defence activation against pathogens.
Cytokinin-regulated physiological and molecular processes are
associated with plant growth and response to pathogens, and in-
dicate a role for this class of phytohormone in regulation of
growth–defence trade-off in plants. Uncoupling of defence acti-
vation from growth reduction offers considerable potential for
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the development of engineered crops displaying broad-
spectrum, durable resistance to biotrophic pathogens, with re-
duced yield penalties.

Plant–pathogen interactions

Plant–virus interactions. Papers in this category focus on as-
pects of the multilayered plant antiviral immune system, with
emphasis on recent advances in understanding of antiviral in-
nate immunity, together with viral proteins that modulate anti-
viral defence mechanisms. In their review, Calil et al. (2017)
investigate the mechanisms adopted by plants to overcome vi-
ral infections in their continuous coevolution. The authors
highlight both the potential of the plant immune system for the
development of broad-spectrum tolerance to plant viruses
across distinct plant species, as well important gaps that remain
today in our understanding of plant–virus interaction dynam-
ics, from virus-derived PAMPs and effectors, to PTI and ETI
host receptors. Particular attention is given to recent break-
throughs in mechanisms of receptor signalling in antiviral im-
munity (NB-LRRs, LRR-RLKs, and NIK1), RNA silencing/
interference machinery for antiviral defence, hormone-
mediated antiviral pathways and protein degradation pathways
in plant defence. Integration of antiviral innate immunity, sys-
temic acquired resistance (SAR) and RNA interference
(RNAi) defence layers will enable development of durable de-
fence against plant viruses. Conti et al. (2017) examine the ef-
fects of Tobacco mosaic virus-encoded proteins on host plant
physiology, focusing on replicase, movement protein (MP) and
coat protein (CP). They discuss the effects of each viral com-
ponent on the modulation of host defence responses, through
mechanisms involving hormonal imbalance, innate immunity
modulation and antiviral RNA silencing. Individual and com-
bined effects of viral-encoded proteins contribute to viral repli-
cation and movement in the host plant.

Plant–phytoplasma interactions. Phytoplasmas are obligate bio-
trophic plant pathogenic bacteria that replicate intracellularly in
phloem sieve elements of infected plants. Infecting a diversity
of monocotyledonous and dicotyledonous wild, ornamental and
crop plant species, they cause significant crop yield losses
worldwide. Symptoms of phytoplasma-infected plants indicate
modulation of fundamental plant developmental processes,
which include flower development and fruit production. Whole-
genome sequences for phytoplasmas are fundamental for the
identification of pathogen genes responsible for developmental
changes and subsequent yield losses in affected host plants. In a
study by Orlovskis et al. (2017), symptom differences in maize
are correlated with gene sequence polymorphisms in isolates of
Maize bushy stunt phytoplasma (MBSP), which code for a
phase-variable lipoprotein candidate effector and an ATP-
dependent lipoprotein ABC export protein. In other pathosys-
tems, these proteins have been shown to activate host defence
responses, regulate pathogen attachment to host cells and acti-
vate effector secretion systems. Polymorphisms observed in the
lipoprotein and exporter genes in MBSP isolates are associated
with lateral branching organ proliferation symptoms in maize.

Plant–fungus interactions. In the study conducted by Powell and
colleagues (2017), next-generation sequencing approaches are

employed to assess global gene expression responses in wheat
genotypes moderately and highly susceptible to Fusarium pseu-
dograminearum, causal agent of Fusarium crown rot. Host re-
sponses related to pathogen perception, defence signalling,
transport, metabolism, and chemical and enzymatic defence are
observed, with potential roles in resistance and/or susceptibility
discussed in the context of development of durable disease re-
sistance in wheat. The fungal mycotoxin deoxynivalenol is also
shown to play an important role in virulence.

Sugarcane smut, caused by the facultative biotrophic patho-
gen Sporisorium scitamineum, is a disease in sugarcane, occur-
ring across all global production areas. In their study, Marques
et al. (2017) employ a combination of light and electron mi-
croscopy methods for advancing basic understanding of this
pathosystem, revealing processes involved in infection, host
tissue colonization, pathogen sporogenesis, whip-shaped sorus
ontogeny and host tissue structural responses to the pathogen
during infection. Induced resistance in plants is characterized
by a latent defence response which, following induction, is acti-
vated only at a later moment, upon attack by a pathogen or in-
sect herbivore (Kue, 1982; Pieterse et al., 2012). This induced
state of resistance is expressed systemically at the whole-plant
level, not only in plant tissues exposed to the inducer (Durrant
and Dong, 2004). Both biological and chemical agents have
been employed as inducers, as potential alternatives to agro-
chemicals. In the study conducted by Satkov�a et al. (2017),
the authors investigate the molecular mechanisms underlying
host responses in tomato to resistance inducers, identifying
modulated genes following treatment with the chemical agent
b-aminobutyric acid (BABA) and the pathogen-derived protein-
aceous elicitor oligandrin. Differential defence responses
against Oidium neolycopersici fungal infection are observed
in Solanum genotypes contrasting in resistance, with the
involvement of ethylene (ET)-dependent signalling pathways
suggested in the BABA-induced resistance.

Plant–nematode interactions. Papers in this category examine
the molecular components involved in complex compatible and
incompatible interaction between plants and nematode patho-
gens. Plant-parasitic nematodes (PPNs) are important pests of
many cultivated crop species, with global annual economic
losses estimated at over US$120 billion (Chitwood, 2003).
Root-knot nematodes (Meloidogyne spp.) attack >3000 plant
species and represent a threat to agricultural production world-
wide. As information is limited with regard to both host plant
resistance responses and root cell development modulation dur-
ing root knot nematode infection, particularly in the case of
monocotyledonous plants, the characterization of both defence
responses that may limit parasitism and the identification of po-
tential effector-targeted host genes will be far reaching in the
development of genetic improvement-based control measures
for such nematodes. Petitot et al. (2017) employ the rice–
Meloidogyne graminicola pathosystem as a model for plant–
nematode interactions, investigating cytological and molecular
mechanisms that underlie resistance to M. graminicola in an
African rice cultivar (Oryza glaberrima). Nematode penetration
and establishment of galls in root tissues is reduced in this spe-
cies when compared with observations in a susceptible Oryza
sativa cultivar. Catalogued changes in gene expression during
host–pathogen interactions reveal differential upregulation of
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candidate genes for nematode resistance in the resistant line
that include ETI NLRs, as well as genes involved in down-
stream defence responses, phenylpropanoid and phytohormone
biosynthetic pathways.

While there has been considerable focus on host mechanisms
that are activated during incompatible plant–nematode interac-
tions, our understanding of how root-knot nematodes induce or
suppress host genes during infection and giant cell development
in compatible interactions remains limited. In this context,
Casta~neda et al. (2017) examine the transcriptome of banana
root tissues in two root-knot nematode-susceptible Musa acumi-
nata genotypes during early stages of infection with
Meloidogyne incognita. Early host defence responses that ap-
pear to involve reactive oxygen species (ROS) and jasmonic
acid (JA)/ET signalling events are later suppressed, with con-
comitant auxin metabolism and cell wall modification processes
activated that are involved in root cell development and giant
cell formation (Fig. 2). These specialized feeding cells are the
exclusive nutritive source for all stages of the nematode life cy-
cle. Gillet and colleagues (2017) provide an overview of the mo-
lecular interplay in plant–nematode interactions, with particular
attention given to the early stages of infection and events that
occur prior to nematode establishment of successful infection.
The authors discuss how PPNs probably orchestrate cytoprotec-
tion to resist plant immune responses, focusing on the potential
roles played by PPN heterologues of Caenorhabditis elegans
dauer abnormal formation (DAF) and SKN transcription factors
in overcoming the oxidative stress conditions which are typi-
cally produced by the host plant during nematode invasion and
migration. As these transcription factor genes may play pivotal
roles during parasitism, the authors suggest strategies for control
of PPNs through RNAi approaches.

Plant immunity in Citrus

As perennial woody plants, Citrus sp. are vulnerable to dis-
eases caused by a diverse range of biotic factors, including vi-
ruses, bacteria, fungi, oomycetes and nematodes. In their

review, Dalio et al. (2017) provide an overview of current un-
derstanding of citrus plant immunity, discussing molecular
mechanisms involved in biotic interactions, in terms of recog-
nized and candidate host pathogen recognition receptors and R
proteins, together with microbial PAMPs and effectors.
Emphasis is given to the economically important diseases tris-
teza, psorosis, citrus variegated chlorosis, citrus canker, huan-
glongbing (HLB), brown spot, post-bloom, anthracnose,
gummosis and citrus root rot. Candidate host genes are recom-
mended for development of disease-resistant genotypes through
conventional breeding, biotechnology-based approaches for de-
velopment of transgenic or cisgenic citrus, and via genome edit-
ing and host-induced gene silencing.

Plant peptides and volatiles

Plant defensins are small basic cysteine-rich peptides that oc-
cur throughout the plant kingdom. In their study, Weiller et al.
(2017) provide evidence for a link between root border-like
cells and defensin peptide secretion in root tips in the
Brassicaceae species Heliophila coronopifolia, a South African
semi-desert flower. Border-like cells are thought to provide pro-
tection to root meristems in a similar manner to classical root
border cells. The authors propose that the presence of the Hc-
AFP3 defensin peptides in the border-like cells indicates a po-
tentially important role for these cells in root protection. Upon
biotic or abiotic stress challenge, plants can emit a blend of vo-
latile organic compounds. Terpenoid volatiles, which are low
molecular weight compounds derived from five-carbon build-
ing blocks of isopentenyl diphosphate (IPP), play important
roles in direct and indirect defences, priming responses within
the plant and to neighbouring plants. Plant symbiotic associa-
tions involving arbuscular mycorrhiza fungi can increase host
secondary metabolism and alter the concentration and composi-
tion of terpenoids. In this review, Sharma and colleagues
(2017) discuss the roles of terpernoids in plant defences, with
focus on defence against insect herbivores. The importance of
mycorrhizal plants in alteration of terpenoid production is high-
lighted, with prospects outlined for sustainable management of
pests in agricultural systems through bioengineering of
terpenoid-producing plants.

Assimilate dynamics in source/sink metabolism

Plant assimilates, that can be defined as organic carbon and
nitrogen, are of fundamental importance for plant development
and productivity (Ruan et al., 2010). Assimilate source/sink dy-
namics, as well as integral components of the life cycle in
plants, can also be affected during pathogen infection. Knowing
that cytokinins are widely recognized to be implicated in
source/sink dynamics during plant development, Dhandapani
and colleagues (2017) investigate the impact of both an epi-
phytic (avirulent) strain and a virulent strain of the cytokinin-
producing bacterium, Rhodococcus fascians, on source/sink ac-
tivity within pea cotyledons during and following germination.
Based on their findings, they observe re-greening and mainte-
nance of the cotyledon as a sink tissue during pathogen infec-
tion, and consider this to occur through redistribution of
sucrose that involves interaction between cytokinins and

50 µm

GC N

FIG. 2. UV fluorescence microscopy-based examination of root sections of Musa
acuminata infected with Meloidogyne incognita displaying adult female and gi-

ant cells in the central cylinder. GC, giant cell; N, nematode.

Miller et al. — The complexity of plant immune responses to biotic stresses 685



modulation of a set of PsCWINV and PsSWEETS genes. Plant
soluble sugars have been implicated in plant defence against
fungal pathogens. In this context, Lecompte et al. (2017) inves-
tigate the dynamics of soluble sugars in sink tissues of tomato
during the course of infection by the necrotrophic fungus
Botrytis cinerea. The results indicate distinct roles for host glu-
cose and fructose in defence response to infection by B. cinerea
and strongly suggest that adjustment of the relative fructose
content is required for enhanced plant defence. Plants require
nitrogen for growth, development and defence against abiotic
and biotic stresses. An extensive review is presented by Mur
and colleagues (2017) on the agricultural impact of nitrogen nu-
trition on disease development. Plant disease resistance based
upon PTI, ETI or the mobilization of nutrients away from sites
of infection is shown to be potentially compromised under dif-
ferent soil nitrogen availability. The authors highlight how ni-
trogen content and form also play essential roles in defensive
primary and secondary metabolism and nitric oxide-mediated
defence signalling events.

CONCLUSIONS AND PERSPECTIVES

Meeting the demands for food supply in the context of the cur-
rent rapid global population increase is a major challenge for
sustainable agriculture, with global losses across crop species
due to pre-harvest diseases today estimated at approx. 15 %.
While plants and their pathogens are continuously coevolving,
continuous monoculture planting of cultivars can favour the
emergence of virulent pathogen populations that can overcome
disease resistance. Agricultural practices can also facilitate
pathogen movement to new areas, exacerbated by human mi-
gration and movement of contaminated germplasm. The global
tendencies for reduction in dependency on pesticide regimes
for disease control mean that the development and deployment
of pest- and disease-resistant crop cultivars will probably play
an ever-increasingly important role in the intensification of sus-
tainable agriculture. As such, continued progress in plant im-
munity research has far-reaching implications for global
sustainable agriculture. This special issue showcases exciting
research across multiple areas related to pathogen sensing and
plant immune response, with molecules characterized across
numerous pathosystems. Furthering our understanding of the
plant immune system is fundamental for the development of
durable defence against plant pathogens and pests. Increasingly
accessible nucleic acid sequencing technologies, together with
genome editing and transgenic approaches, offer considerable
potential for durable, broad-spectrum disease resistance devel-
opment. Whole-genome and transcriptome analyses, as widely
employed in the presented papers, are advancing the characteri-
zation of genes and pathways involved in compatible and in-
compatible host–pathogen interactions, consolidating
knowledge on host receptors and pathogen recognition, signal-
ling and downstream defence molecules. As genome sequenc-
ing of pathogen isolates is becoming increasingly accessible,
greater understanding of genome adaptation will also probably
be achieved, facilitating control of emerging pathogens (Misra
and Chaturvedi, 2015). Integration of DNA and RNA ‘omics’
data with mass spectrometry high-throughput technologies for
metabolite and proteomic determination is also providing

opportunities for systems approaches to advance understanding
of plant pathogens and environmental conditions that result in
disease. Bioinformatics-based identification of core pathogen
effector-coding genes is also a promising route for identifying
cognate activated host R gene alleles in the plant genepool
(Dangl et al., 2013). Given the recently developed genome edit-
ing methods, such as clustered regulatory interspaced short pal-
indromic repeat (CRISPR) (Gaj et al., 2013), both validation of
function of candidate R gene alleles as well as editing of sus-
ceptibility alleles will also further advance non-conventional
crop improvement. Although breeding for disease resistance is
an important component of crop improvement programmes, a
number of restraints exist. Conventional breeding methods for
resistance introgression into commercial cultivars is typically
limited to those crop species with available R-genes in germ-
plasm material. Disease resistance may also be short-lived in
monoculture cropping systems that carry only single R genes,
with evolving pathogen populations often able to overcome
host resistance. As progress is made with R gene structure and
function determination, however, possibilities emerge for their
pyramiding in crops, potentially accelerating durable disease re-
sistance development (Huang et al., 2004; Steuernagel et al.,
2016; Bentham et al., 2017). In such strategies, several alleles
of an R-gene can be introgressed into a single crop cultivar,
such that pathogens must undergo multiple mutations or recom-
binations in Avr genes to overcome the disease resistance.
Spatio-temporal planting of different resistant cultivars can also
be appropriate where multiple resistance alleles would nega-
tively affect agronomic characteristics. In addition to biotic
stresses, abiotic stresses have a major negative influence on
global agricultural production. Drought conditions affect one-
third of the world’s agricultural land, with this stress today con-
sidered to be one of the greatest obstacles to increasing crop
production. Climate change and associated temperature rises
have also been shown to increase geographic distribution and
reproductive potential of pathogens. Much ongoing research on
individual stresses in plants is providing evidence for overlap in
receptors, signalling pathways and responses, not only between
different biotic stresses, but also between biotic and abiotic
stresses. The characterization of hub genes and common com-
ponents in multiple stress resistance offers considerable poten-
tial for the development of multiple stress-resistant crop
cultivars, appropriate for sustainable agricultural practices.
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