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Abstract: The genetic basis for the interaction(s) between plants and pathogens has been classically illustrated as a gene-for-gene relationship,
through which a single gene product from the pathogen interacts within a single gene product found within the plant. In the simplest terms, it is
the outcome of these interactions that underpin resistance and/or susceptibility signalling processes. While this basic concept shapes our
understanding of many of the molecular-genetic mechanisms controlling immune signalling in plants, current research has revealed that the
timing and ultimate outcome of these interactions are far more complex, and are typically regulated in a genome-by-genome manner. As a
central theme for this review, we will focus on recent discoveries in the ﬁeld of plant-oomycete interactions, primarily on the downy mildews,
an important group of obligate oomycete pathogens of plants. Recent transcriptome-based studies have shown that survival, adaptation and
virulence rely on complex, bi-directional interactions between the host and pathogen genomes. Taking advantage of the obligate nature of the
downy mildews, insight into the transcriptional plasticity of these genomes has revealed a remarkable ability to adapt to host and environmental stressors. Herein, we will highlight a recent body of research using the Pseudoperonospora cubensis – Cucumis sativus interaction,
which has identiﬁed a suite of alternative splicing and sRNA-based regulatory signals that are induced in a temporal and host-speciﬁc manner.
In combination with recent studies in other plant-oomycete pathosystems, a comprehensive transcriptional proﬁle of resistance and susceptibility within the host and pathogen illustrates the remarkable ability of this group of pathogens to adapt to host and environment to infect and
cause disease in a diverse array of agriculturally important crops.
Keywords: cucumber, downy mildew, genomics, host–pathogen interactions, oomycetes, RNA-Seq, transcriptome
Résumé: La base génétique des interactions qui existent entre les plantes et les agents pathogènes a été généralement illustrée par la relation
gène pour gène au cours de laquelle un seul produit génique de l’agent pathogène interagit avec un seul produit génique de la plante. En termes
simples, ce sont les résultats de ces interactions qui sont à la base de la résistance ou des processus de la signalisation de la sensibilité. Tandis
que ce concept fondamental contribue à façonner notre compréhension de nombreux mécanismes moléculaires et génétiques régulant la
signalisation de l’immunité chez les plantes, des recherches récentes ont démontré que le déroulement de ces interactions et le résultat ﬁnal
sont beaucoup plus complexes et qu’ils sont généralement régulés, en quelque sorte, de génome à génome. En tant que thème central de ce
compte rendu, nous mettrons l’accent sur les récentes découvertes dans le domaine des interactions plantes-oomycètes, principalement des
mildious, un groupe important d’oomycètes pathogènes obligatoires des plantes. Des études récentes basées sur le transcriptome ont montré
que la survie, l’adaptation et la virulence dépendent d’interactions bidirectionnelles complexes entre les génomes de l’hôte et de l’agent
pathogène. Tirant parti de la nature obligatoire des mildious, un aperçu de la plasticité transcriptionnelle de ces génomes a révélé chez eux une
capacité remarquable à s’adapter à l’hôte et aux stresseurs environnementaux. En cela, nous soulignerons plusieurs recherches qui ont porté sur
l’interaction Pseudoperonospora cubensis-Cucumis sativus, ce qui a permis de caractériser une suite d’épissages alternatifs et de signaux de

Correspondence to: B. Day. E-mail: bday@msu.edu
This paper was a contribution to the symposium entitled ‘Basic and applied approaches to improve disease resistance in plants’ held during the Canadian
Phytopathological Society Annual Meeting in Edmonton, Alberta, July 2015.
© 2016 The Canadian Phytopathological Society

A. Burkhardt and B. Day

32

régulation basés sur l’ARN soluble qui sont induits temporellement et spéciﬁquement. Parallèlement aux études récentes menées sur d’autres
pathosystèmes plantes-oomycètes, un proﬁl transcriptionnel détaillé de la résistance et de la sensibilité chez l’hôte et l’agent pathogène illustre
la remarquable capacité de ce groupe d’agents à s’adapter à l’hôte et à l’environnement dans le but d’infecter une grande variété de cultures
importantes sur le plan agricole et de causer des maladies chez ces dernières.
Mots clés: concombre, génomique, interactions hôte-agent pathogène, mildiou, oomycètes, transcriptome, séquençage à ARN

Introduction
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From gene-for-gene, to genome-for-genome
Over the past decade, the application of whole genomebased sequencing approaches has facilitated numerous
advances towards a fundamental understanding of the
biochemical, cellular and genetic mechanisms that underpin the interaction between plants, pathogens and the
environment. As a foundation for much of the research
in this area, early research typically focused on the identiﬁcation and characterization of single genes, or in some
cases, single gene pair interactions, between the host and
microbe. Importantly, these initial studies provided – and
still serve as – a point of reference to guide current,
ongoing, whole-genome interaction studies. Historically,
and in what is viewed as the foundation for much of the
current research in the ﬁeld of molecular plant pathology,
Flor (1955) deﬁned the genetic basis underpinning pathogen recognition and the elicitation of resistance and susceptibility through what is known as the ‘Gene-for-Gene’
hypothesis. In brief, this interaction posits that resistance
(R) genes in the plant and avirulence genes (Avr) genes in
the pathogen interact – directly and/or indirectly – in a
highly speciﬁc pairwise manner to initiate immune signalling. Since this early discovery, subsequent research
has expanded our understanding of these processes to
yield the deﬁnition of multiple additional ‘layers’ of
resistance signalling, including the convergent function
and regulation of each of these pathways (Macho &
Zipfel 2015). From these studies, our understanding of
immune signalling in plants has further expanded to
include the description of a highly speciﬁc pathogen
associated molecular pattern (PAMP)-triggered immune
(PTI) node, as well an extension of Flor’s early research
to yield what is now known as the ‘Guard Hypothesis’,
broadly referred to as effector-triggered immunity (ETI)
(Dangl & Jones 2001; Chisholm et al. 2006; Jones &
Dangl 2006; Dangl et al. 2013).
As an extension of these initial studies, recent research
has taken a broader approach to identify quantitative
mechanisms of resistance, which has deﬁned broad quantitative trait loci (QTL) that specify resistance to pathogens in a non-gene-for-gene associated manner (i.e. nonR-mediated; Lapin et al. 2012; Boer den et al. 2013;

Simko et al. 2013; Zhang et al. 2013; Yoshioka et al.
2014). Using this concept to highlight the importance for
future research in this area, we will use the ‘genome-forgenome hypothesis’ (Krasileva et al. 2011) to guide our
discussion of the regulation and speciﬁcity underpinning
the interactions between host, pathogen and environment.
In brief, this concept has been used to describe the
molecular-genetic interactions between a fast-evolving,
highly destructive class of plant pathogens and their
hosts, and herein, we will further illustrate how genomewide approaches are used to deﬁne how pathogens evolve
mechanisms to regulate gene expression and how plants
resist pathogens. Herein, we will primarily focus on
recent advances using obligate parasitism of plants as a
paradigm to deﬁne the complex interactions between host
and pathogen. Our aim is to provide an overview of
genome-scale methods that have enabled the discovery
of the processes required for plant resistance and pathogen adaptation.

Sequencing advances enable genome-scale studies
Over the last several years, sequencing technology has
greatly improved; the quality and quantity of reads has
increased, while in parallel, the cost of sequencing has
decreased (van Dijk et al. 2014). During this time, the
standard for sequencing has shifted from Sanger sequencing to next-generation technologies such as Roche 454
or Illumina, which incorporate sequencing by synthesis
with the use of pyrosequencing and immersed beads
(454) or reversible terminator, ﬂuorescently tagged
nucleotides and bridge ampliﬁcation (Illumina) (van
Dijk et al. 2014). For genome assembly projects in
which long reads are preferred, new technologies – third
generation
sequencing
platforms
like
Paciﬁc
Biosciences – now allow for the sequencing of a single
molecule in real time with > 10 kb read length (Buermans
& Dunnen den 2014). In parallel, the methods used to
analyse the next-generation sequencing data for this purpose are also rapidly advancing (Wang et al. 2009;
Buermans & Dunnen den 2014; Love et al. 2014), and
in total, these technologies have enabled rapid, whole
genome, transcriptome, and small RNA (sRNA) sequencing to become accessible to researchers working on any
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organism. As a result, it is now possible to examine the
genomes and transcriptomes of non-model systems and to
use corresponding advances in bioinformatics to analyse
systems-level data, including the parallel analysis of complex plant, microbial and environmental data.
Not surprisingly, the application of advanced genome
sequencing technologies has enabled broader, deeper
investigations towards deﬁning the biotic and abiotic
interactions and associations of plants with a multitude
of beneﬁcial and pathogenic microorganisms (reviewed in
Guttman et al. 2014). In total, this body of research has
revealed how plants respond to changes in environment
and associated microbial populations; in parallel, they
have also shed light on how plant pathogens adapt to
changes in host and environment. At a fundamental level,
a basic understanding of many of the processes governing
the associations between plants, microbes, and the environment was gleaned through early metagenomic studies,
through which genome proﬁling provided clues into the
structure of microbial communities, and moreover, the
composition and function of plant-associated community
structure on basic plant physiology (i.e. the phytobiome;
Hale et al. 2014). In total, further studies in this area have
the potential to not only broaden our understanding of the
phytobiome, but will also likely serve as a key area of
focus to deﬁne the mechanisms at the intersection of
ecology, microbiology and plant pathology.
The host–pathogen interaction as a paradigm for
genome-scale analysis of coordinated plant and
pathogen gene regulation during infection
Currently, draft genome sequences have been assembled
for more than 20 plant pathogenic oomycetes (Judelson
2012), illustrating the signiﬁcance of this important class
of plant pathogens that are fungus-like in their nutrition
and hyphal growth, yet differ in their evolutionary history
and structural composition. While many of these studies
have focused on the characterization of highly conserved
pathogenic features (i.e. effector proteins), a number of
these have revealed additional signiﬁcant features of plant
pathogenic oomycetes; these include, for example, the
relationship(s) between genome size and host range
(Pais et al. 2013), pathogen life cycle and the inheritance
of virulence (Raffaele et al. 2010), and the relationship(s)
amongst host range, virulence and geographic distribution
(Ojiambo et al. 2015). Among these studies, many have
focused on an important group of obligate plant pathogens, the downy mildews (DM). As a function of genome
architecture, obligate parasites like DMs have also been
shown to possess fewer genes associated with the induction of host cell death, as compared with other
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oomycetes, a function attributed to its requirement for
living host tissue for survival (Baxter et al. 2010).
As a group, DMs represent some of the most agriculturally important pathogens of plants, capable not only of
causing signiﬁcant crop losses in a relatively short period
of time, but also in terms of their expansive host range(s)
and broad geographic distribution(s) (Ojiambo et al.
2015). As a foundation for much of the advances in the
study of the DM pathogens of crop species, the
molecular-genetic basis of resistance and virulence has
been best characterized through the study of Arabidopsis
thaliana and Hyaloperonospora arabidopsidis, an obligate pathosystem through which the genetic diversity of
host and pathogen has revealed a complex interaction of
several host resistance (R) genes and race-speciﬁc effectors from H. arabidopsidis (Coates & Beynon 2010;
Mohr et al. 2010; Nemri et al. 2010; Krasileva et al.
2011). In addition, parallel research has characterized
the contribution of broad-spectrum resistance, collectively deﬁning the relationship(s) and genetic interactions
between quantitative and qualitative trait loci within the
host (Lapin et al. 2012; Gao et al. 2014). For example,
research in this area has identiﬁed speciﬁc classes of
transcription factors – notably, VvWRKY33 and
VvWKRY1 – which are required for resistance to grapevine downy mildew (i.e. Plasmopara) (Marchive et al.
2013; Merz et al. 2014). Further examples of
transcription-based resistance have also been identiﬁed
against Pseudoperonospora cubensis in cucurbits, by
which constitutive overexpression of glyoxylate aminotransferases (At1 and At2) results in resistant melons
(Taler et al. 2004). In addition to host genes that contribute to resistance signalling, additional genes have
been associated with susceptibility, such as those from
Arabidopsis mutant screens that have been shown to be
required for response to H. arabidopsidis. Among these
are 2-oxoglutarate (2OG)-Fe(II) oxygenase; DMR6 (van
Damme et al. 2008, 2009), the malectin-like receptor
kinase IOS1 (Hok et al. 2011, 2014), and the negative
regulator of plant defence response GSL5/PMR4
(Wawrzynska et al. 2010). Collectively, these studies
have demonstrated the importance of transcriptional regulation of defence and susceptibility during
host–oomycete interactions.
As illustrated above, resistance signalling in plants in
response to DM infection shows marked variability from
host to host, and recent research suggests that the classical gene-for-gene signalling model may not fully explain,
nor account for, host resistance to this important class of
pathogens. For example, research using Bremia lactucae,
the casual agent of lettuce downy mildew, has shown that
resistance is mediated by a combination of R-gene
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mediated pathways and the activity of host QTLs
(Wroblewski et al. 2007; Boer den et al. 2013, 2014).
Similarly, research using the P. viticola–grape pathosystem has shown that host resistance to infection involves a
multitude of regulatory steps and complex associations,
including the activity of WRKY transcription factors
(Marchive et al. 2013; Merz et al. 2014) and the production of phenolic compounds (Boubakri et al. 2013), both
of which point to the coordinated expression of multiple
genes and processes to yield full resistance.
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The Pseudoperonospora cubensis–cucumis sativus
pathosystem
Pseudoperonospora cubensis is an obligate biotrophic
oomycete pathogen, which causes cucurbit downy mildew, a foliar disease that is characterized by the development of angular lesions on the leaf surface, and by the
production of sporangiophores on the abaxial surface of
the leaf (Savory et al. 2010; Lebeda & Cohen 2011). First
identiﬁed by Berkeley & Curtis (1868) from herbarium
specimens originating in Cuba (hence, cubensis),
P. cubensis was not identiﬁed on live plants until the
early 1900s in Moscow by Rostovzev (Lebeda & Cohen
2011). While the taxonomy of this pathogen has varied, it
is currently classiﬁed in the Kingdom Stramenopila,
Phylum
Oomycota,
Class
Oomycetes,
Order
Peronosporales, Family Peronosporaceae, Genus
Pseudoperonospora, Species cubensis (Göker et al.
2007; Savory et al. 2010). Like other oomycetes,
P. cubensis forms haustoria and requires a living host
for survival (obligate biotrophy) (Göker et al. 2007).
In 2004, P. cubensis overcame host resistance in the
USA (Holmes et al. 2006) and since its re-emergence,
a substantial effort has been placed on the development of genetic and genomic resources (Tian et al.
2011; Adhikari et al. 2012; Savory et al. 2012a,
2012b; Burkhardt et al. 2015). Coupled with breeding
and cultivar screening to deﬁne new sources of resistance (Call et al. 2012a, 2012b), signiﬁcant progress
has been made towards understanding the geographic
and genetic diversity of this pathogen. However, while
resistant cucumber lines have been identiﬁed, a full
understanding of inheritance patterns still remains
unclear, and the speciﬁc genes and pathways involved
in cucumber resistance to P. cubensis have not been
identiﬁed. Aiding in this research is the recent advent
of next-generation sequencing, which has enabled
genome, transcriptome and small RNA sequencing of
several non-model hosts and pathogens, including the
genomes and transcriptomes Cucumis sativus (cucumber) and P. cubensis.
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In support of deﬁning the basis of DM resistance in
cucumber, two advances have signiﬁcantly enhanced our
understanding of the complex traits associated with
cucumber DM resistance/susceptibility: the sequencing
of the cucumber genome in 2009 (Huang et al. 2009),
and the sequencing of the P. cubensis genome (Tian et al.
2011; Savory et al. 2012a). In the case of the former, the
availability of plant genetic resources has enabled numerous transcriptome and SNP-based discoveries, including
an analysis of the relationship between genetic variation
and resistance (Huang et al. 2009). As a function of
pathogen virulence and adaptation, recent studies have
used a variety of genome-enabled technologies to deﬁne
how the pathogen survives, and spreads, over diverse
geographic regions (reviewed in Ojiambo et al. 2015).
In total, these studies suggest that the pathogen spreads
via wind currents from warm areas in the southern USA
to northern areas during the summer months (Cohen et al.
2015), and that this movement is inﬂuenced by a suite of
abiotic (e.g. solar radiation; Kanetis et al. 2010), and host
factors (e.g. leaf temperature and wetness), both of which
affect P. cubensis sporangia germination and symptom
development (Neufeld & Ojiambo 2012).
The plant–pathogen transcriptome
Studies examining the induced changes in gene transcription during pathogen infection have provided a wealth of
information towards deﬁning the cellular processes associated with resistance and susceptibility. Indeed, the
recent explosion in the availability of genome technologies has led to an exponential growth in the availability of
plant and pathogen genome sequences, which has effectively reshaped the landscape of molecular plant pathology. In short, these advances have transformed previously
inaccessible non-model systems into genetically tractable
paradigms for the analysis of host–pathogen studies. In
this vein, one of the next major hurdles is to deﬁne how
transcriptomes are regulated, and moreover, how this
regulation inﬂuences pathogen virulence, as well as host
resistance and susceptibility. Numerous recent studies
have investigated transcriptional changes during oomycete pathogen infection of plants using RNA-Seq-based
approaches (Kunjeti et al. 2012; Chen et al. 2013;
Burkhardt et al. 2015; Derevnina et al. 2015; Burkhardt
& Day 2016).
Transcriptome proﬁling during resistance and
susceptibility
As noted above, the elucidation of the temporal changes
in gene expression from both plant and pathogen is an
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effective ﬁrst step in assigning function to the multitude
of cellular processes associated with host resistance and
pathogen virulence. In parallel, transcriptome-based studies have provided insight into the expressed genome of
an organism, not only highlighting the precise changes in
gene expression as a function of virulence, susceptibility
and disease, but also assisting in the annotation of the
genes themselves. Initial studies investigating
transcriptome-wide changes in gene expression during
pathogen infection utilized a variety of ‘ﬁrst generation’
approaches, including large-scale sequencing of
expressed sequence tags (ESTs), as was the case with
the analysis of extracellular effectors from Phytophthora
infestans (Mont. de Bary) (Torto et al. 2003). Similarly,
the use of serial analysis of gene expression (SAGE)based approaches has shed light on the expression of
the potato transcriptome during P. infestans infection
(Gyetvai et al. 2012). Likewise, the H. arabidopsidis
transcriptome has been sequenced using a combination
of whole-genome-based approaches, an early analysis of
ESTs expression during Arabidopsis infection (Cabral
et al. 2011), and more recently, a RNA-Seq transcriptome
analysis aimed at deﬁning the transcriptional changes
during compatible or incompatible infection of an
Arabidopsis host (Asai et al. 2014). In the case of the
latter, the authors were able to identify a mechanism by
which H. arabidopsidis suppresses SA-induced gene
expression through the expression of a highly induced
effector. This ﬁnding is exciting, as it illustrates the power
of whole-transcriptome guided approaches to address
fundamental questions related to the mechanisms that
drive pathogen compatibility, and moreover, how resistance/susceptibility is governed in the absence of an
R-gene mediated defence response (Asai et al. 2014).
In 2012, the ﬁrst comprehensive studies to investigate
the transcriptome-wide changes during an oomycete
infection of a plant were published (Adhikari et al.
2012; Savory et al. 2012b). Taking advantage of the
obligate nature of the host–pathogen interaction, an analysis of the simultaneous changes in cucumber tissues and
P. cubensis described the stepwise expression of host and
pathogen genes over a time-course of infection, beginning with sporangia and continuing through the onset of
disease symptoms in a susceptible host. Because the
sequenced samples represented a mixed population (i.e.
plant + pathogen), this study permitted a stepwise evaluation of the relationship between differentially expressed
genes not only at a given point in time during the infection process, but with respect to changes in the host
transcriptome relative to simultaneous changes in the
pathogen transcriptome. From these studies, it was
demonstrated that pathogen gene expression at discrete
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stages of infection correlated with the expression of
orthologous genes in another previously characterized
plant-oomycete
pathosystem
(i.e.
potato
and
P. infestans; Haas et al. 2009). For example, the expression of genes related to virulence and pathogenicity (e.g.
proteases and lipases) in P. cubensis correlated with previously described expression patterns in other
host–pathogen interactions (Zuluaga et al. 2016). In addition, the expression of effector genes in P. cubensis were
shown to have a similar expression pattern in cucumber
tissues (i.e. peak c. 4 days post inoculation (dpi)) as those
previously described from P. infestans (Baxter et al. 2010;
Stassen & Van den Ackerveken 2011).
As a follow-up to the initial transcriptome analysis of
the P. cubensis–cucumber interaction, a recent comparative analysis of a time-course of infection between a
susceptible cultivar (i.e. ‘Vlaspik’) and resistant genotype
(i.e. plant introduction (PI) 197088) interaction was conducted to identify genome-wide patterns of coordinately
regulated host genes during resistance and susceptibility
(Burkhardt & Day 2016). In brief, using DESeq and
weighted genome correlation network analysis
(WGCNA), it was shown that a resistant cucumber line
had an earlier response to the pathogen, with initial transcriptional changes in signalling defence hormone
responses (e.g. salicylic acid and jasmonic acid) being
the most identiﬁable. Additionally, using a comparative
approach to previous studies from other plant–oomycete
interactions, a suite of differentially expressed transcription factors were identiﬁed; interestingly, at least one of
these was located within a QTL that is involved in downy
mildew resistance (Gao et al. 2014; Yoshioka et al. 2014).
Genome plasticity: alternative splicing
Given that many sequenced transcriptomes now exist for
oomycete associations with their host plants, one of the
next steps forward in this area is to elucidate how changes
in the transcriptome are regulated, and moreover, what
are the implications of these changes on pathogen adaptation and virulence. One example of a regulatory mechanism controlling gene expression that can now be analysed
on a genome-wide scale is that of alternative splicing, a
largely understudied process in host–pathogen interactions, especially in non-model systems. As a key regulatory process underpinning both genome plasticity and the
regulation of gene expression, alternative splicing is a
process in which pre-mRNA transcripts, typically transcribed from DNA by RNA polymerase II, are processed
into multiple isoforms to include different combinations
of introns and exons via a mechanism mediated by a
complex of proteins and RNAs called the spliceosome
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(Nilsen & Graveley 2010; Kelemen et al. 2013). In short,
this form of transcript processing can lead to an expansion in diversity in the transcriptome, and potentially the
proteome, using four main splicing mechanisms: (1)
intron retention, (2) exon skipping, (3) alternative 3′
splice site selection, and (4) alternative 5′ splice site
selection (Nilsen & Graveley 2010). Best characterized
in humans, alternative splicing has been observed in
transcripts across all kingdoms, including animals,
fungi, protists and plants (McGuire et al. 2008). In general, fungi and protists (including the oomycetes
P. infestans and P. sojae) were far more likely to use
intron retention as an alternative splicing mechanism
compared with other types of splicing mechanisms
(McGuire et al. 2008).
To date, few comprehensive surveys have investigated
the breadth, type and/or impact of alternative splicing on
the secretome of plant pathogenic oomycetes.
Additionally, and as a function of pathogen virulence,
none have speciﬁcally investigated the activity and consequences of alternative splicing of pathogen effector
genes, nor the role of this process on the pathogen association with its host. The ﬁrst discovery of alternative
splicing in a plant pathogenic oomycete was reported
for a family of 5-endoglucanases in the genus
Phytophthora (Costanzo et al. 2007). Subsequent
research, using a genome-wide survey of alternative splicing based on EST data from P. infestans and P. sojae,
identiﬁed 4762 and 2125 spliced transcripts, respectively,
with a majority of the splice variants being retained
introns (McGuire et al. 2008). A subsequent paper by
Shen and colleagues, focusing on P. sojae transcription
via ESTs, identiﬁed 4013 introns in the genome sequence,
identifying 122 genes that were alternatively spliced
(Shen et al. 2011). As a mechanism for regulating gene
expression in downy mildews, alternative splicing was
ﬁrst fortuitously identiﬁed in P. cubensis following
sequencing of its transcriptome (Savory et al. 2012b).
As an initial investigation to survey the pathogen secretome, including putative effector genes, this research
classiﬁed the constellation of secreted effector proteins
based on their temporal patterns of expression during
discrete stages of infection. Of particular interest was
the observation that a full-length gene predicted to be a
non-effector multi-drug transporter could be alternatively
spliced (e.g. intron retention) to yield a functional effector
whose expression pattern correlated with pathogen infection and the onset of disease in the host. Using this as a
foundation, more recent research has examined alternative splicing in P. cubensis using a transcriptome-wide
approach, ultimately deﬁning how splicing within the
pathogen genome changes over the course of infection
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(Burkhardt et al. 2015). Through this analysis, the
P. cubensis genome was also reannotated, and approximately 4000 additional genes were predicted. Alternative
splicing on a transcriptome-wide scale was shown to be
more prevalent than previously thought. In total, approximately 24% of the expressed genome and 55% of introncontaining genes had evidence for alternative splicing,
which is in contrast to previous research in oomycetes,
yet is consistent with more recent research using RNASeq (McGuire et al. 2008; Shen et al. 2011; Burkhardt
et al. 2015). In addition, the most frequent mechanism of
alternative splicing was intron retention, which is consistent with previous research in oomycetes and plants
(McGuire et al. 2008; Burkhardt et al. 2015), with the
mechanisms and frequency of alternative splicing in
P. cubensis being more similar to that found in plants.
This is consistent with the placement of oomycetes closer
to plants than to fungi on the evolutionary tree (Simpson
& Roger 2004; Burki et al. 2012; Burkhardt et al. 2015).

The role of miRNAs during oomycete–plant interactions
As a ﬁnal illustration of the regulatory changes in the
host and pathogen transcriptomes during infection, two
recent studies have re-shaped our understanding of how
plant pathogens manipulate their host to cause disease,
effectively raising the bar on mainstream transcriptomebased approaches aimed at deﬁning how plants and
pathogens interact. In short, these studies have demonstrated that small RNAs (sRNAs) play a key role in
simultaneously regulating the host and pathogen transcriptomes during infection (Qiao et al. 2013; Weiberg
et al. 2013), and moreover, serve as an example of a
novel virulence mechanism. At a fundamental level,
these studies have demonstrated that the sRNA regulatory network represents an essential component of plant
defence signalling – one that is actively targeted by
pathogens during infection. Weiberg et al. showed that
the plant fungal pathogen Botrytis cinerea delivers
sRNAs into the host, where they function to silence
host defence-associated transcripts during infection
(Weiberg et al. 2013). In a second study, it was demonstrated that oomycete pathogens – speciﬁcally,
P. infestans – have evolved secreted effectors that are
delivered into the host where they silence sRNA biogenesis, resulting in the onset of increased susceptibility and
disease (Qiao et al. 2013). As a catalyst for further
research in this area, a number of questions remain:
How are sRNAs moved between the host and pathogen?
What is the role of host sRNAs in modulating the timing
and amplitude of the defence response?
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To speciﬁcally address these questions, and moreover, to deﬁne the role of sRNA signalling during
plant–oomycete interactions, there have been several
recent studies describing the identiﬁcation of sRNAs
during oomycete infection of plants. In crop species,
several studies have identiﬁed and characterized
sRNAs, yet none have done so in the presence of a
pathogen during a resistant interaction. Among these
studies, Martínez et al. (2011) identiﬁed 19 conserved
families of micro RNAs (miRNAs) in cucumber and
identiﬁed seven new miRNAs. In a novel approach,
Mao et al. (2012) combined small RNA sequencing
with degradome sequencing in cucumber tissues to
identify a total of 64 miRNA and to validate 21 of
their targets, which included genes involved in plant
growth and development, signal transduction, and
transcriptional regulation. In a study among ﬁve different species of cucurbit, Hu et al. (2014) identiﬁed
220 predicted miRNA among all the Cucurbitaceae
species studied and identiﬁed 41 within C. sativus.
A grafting-based study identiﬁed 48 new miRNA in
pumpkin (Cucurbita moschata) and cucumber and
identiﬁed their targets (Li et al. 2014). Interestingly,
they also determined that a miRNA could silence
genes in tissue that was grafted onto the tissue expressing the miRNA, which could lead to potential applications in silencing cucumber genes for genetic
studies.
An additional layer of transcript expression/availability
regulation during the interaction between plants and
pathogens occurs at the miRNA level, through which
miRNAs target mRNAs within the same, or perhaps
opposing, organism (Axtell 2013; Weiberg et al. 2013).
Within cucumber tissues, several studies have previously
identiﬁed miRNA and their corresponding targets when
plants were not under biotic stress conditions (Martínez
et al. 2011; Mao et al. 2012; Li et al. 2014). In a recent
study, miRNAs expressed during P. cubensis infection
were identiﬁed, with a few targets conﬁrmed that are
uniquely regulated during biotic stress (Jin & Wu
2015). In parallel to the recent RNA-Seq analysis of a
resistant and susceptible interaction between cucumber
and P. cubensis (Burkhardt & Day 2016), inoculated
samples from susceptible (‘Vlaspik’) and resistant (PI
197088) cucumber leaves were sequenced for the identiﬁcation and prediction of novel cucumber and P. cubensis
miRNAs. In total, this recent study represents the deepest
sequencing of cucumber and/or P. cubensis sRNAs to
date, and has led to the prediction that both cucumber
and P. cubensis miRNAs have targets within the host
genome.
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Beyond the genome: new frontiers employing
proteomics and metabolomics
The next decade of research in the ﬁeld of
plant–pathogen interactions offers much, not only in
terms of further deﬁning the processes underpinning
resistance and susceptibility, but also in terms of the
potential to harness these processes to generate crops
that are resistant to a suite of biotic and abiotic pressures. In addition to the wealth of existing transcriptome data describing the transcriptional changes
occurring during pathogen infection of plants, a relatively untapped area is deﬁning the relationship(s)
between these changes and the function and activity
of the plant–pathogen proteome and metabolome
(Feussner & Polle 2015). We posit that insight into
these relationships will likely indicate the outcome of
transcriptional changes, providing an understanding of
the cellular environment within which plants and
pathogens interact. Indeed, recent research using a
compatible and an incompatible interaction between
P. infestans and potato showed that approximately
half of the differentially abundant apoplastic proteins
had a corresponding change in transcript levels, providing supporting evidence for the hypothesis that additional factors, other than transcript levels, affect protein
accumulation (Ali et al. 2014). In addition, proteomicsbased approaches will also shed light on the functionality of the proteome through an analysis of the role,
and activity, of post-translational modiﬁcations (MeloBraga et al. 2012; Hemsley et al. 2013). Additionally,
proteomics-based approaches will also enable an understanding of the spatial dynamics during host–pathogen
interactions, such as by identiﬁcation and quantiﬁcation
of proteins from unique locations within the plant, like
those in the apoplast, an interaction interface between
fungal and oomycete effectors and the plant defence
system (Delaunois et al. 2014).
In parallel to proteome-based approaches, an analysis of the plant metabolome will also serve to deﬁne
the complexity and regulation of the processes
underlying plant–pathogen interactions. For example,
early research in this area has led to an understanding
of the metabolic processes that are uniquely or differentially induced during host resistance, as well as
those produced by pathogens to facilitate nutrient
acquisition during susceptibility (Sumner et al.
2003). More recent research, coupling transcriptomic
and metabolomic approaches has illuminated our
understanding of the mechanisms shaping the immune
response in wheat to the hemibiotrophic fungal pathogen Zymoseptoria tritici (Rudd et al. 2015). Similar
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approaches have also been employed to identify possible mechanisms of resistance in wheat during
Fusarium graminearum infection (Gunnaiah &
Kushalappa 2014), and resistance signalling in
response to Verticillium longisporum infection in
Arabidopsis (König et al. 2014). In the future, metabolomics could focus on identifying changes in phytoalexins and uncovering a more precise role of these
secondary metabolites during pathogen infection
(reviewed in Hammerschmidt 1999).
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Prospects for the future: from lab to ﬁeld
Over the past decade, much progress has been made
towards deﬁning the regulation and function of the host
and pathogen processes that determine how plants and
pathogens interact. In large part, these advances have
been made through the application of next-generation
sequencing technologies, which have effectively transformed most, if not all, pathosystems into model systems. As an example of this, the re-emergence of
cucumber DM in the USA has been met with signiﬁcant progress, focused both on identifying sources of
host resistance through breeding, as well on the development of genomic and transcriptomic datasets that can
be used to identify potential mechanisms of resistance
and pathogen virulence. Additional studies on existing
and re-emerging diseases of plants – worldwide – will
likely serve to not only address the biological processes
underpinning these interactions, but will also drive new
discoveries in genome-related areas, including technology and data analysis development. These can lead to a
better understanding and development of pathogenresistant cultivars to major diseases of economic
importance.
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