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One of most important challenges in plant breeding is im-
proving resistance to the plethora of pathogens that
threaten our crops. The ever-growing world population,
changing pathogen populations, and fungicide resistance
issues have increased the urgency of this task. In addition
to a vital inflow of novel resistance sources into breeding
programs, the functional characterization and deployment
of resistance also needs improvement. Therefore, plant
breeders need to adopt new strategies and techniques. In
modern resistance breeding, effectors are emerging as tools
to accelerate and improve the identification, functional
characterization, and deployment of resistance genes. Since
genome-wide catalogues of effectors have become available
for various pathogens, including biotrophs as well as ne-
crotrophs, effector-assisted breeding has been shown to be
successful for various crops. “Effectoromics” has contrib-
uted to classical resistance breeding as well as for genet-
ically modified approaches. Here, we present an overview
of how effector-assisted breeding and deployment is being
exploited for various pathosystems.

In the years since the conceptualization of the role of effec-
tors as an expression of the “extended phenotype”, a signifi-
cant body of knowledge has been generated about these patho-
gen molecules and their extended in host plants (Dawkins
1978; Hogenhout et al. 2009; Oliver and Solomon 2010). It is
not just basic research that has benefitted from increased
insight in the molecular plant-microbe interaction. Translational
research has embraced effectors for application purposes. In
this mini-review, we illustrate how effectors provide a tool in
disease resistance breeding, with examples from biotrophic and
hemibiotrophic oomycetes and from necrotrophic fungi.

We use a general definition of effectors as pathogen-produced
molecules that have a specific effect on one or more genotypes
of a host or nonhost plant. This definition stresses function, be-
cause it requires that the effector has been shown to induce or
suppress a response. It does not differentiate between intra-
and extracellular effectors or between effectors that have a
positive or negative effect on the outcome of the interaction.
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Thus, our use of the term effector extends to encompass patho-
gen-associated molecular patterns (PAMPs), microbe-associ-
ated molecular patterns, and other elicitors; effectors of bio-
trophic pathogens (including avirulence [Avr] gene products);
and effectors of necrotrophic pathogens (including host-specific
toxins).

Biotrophic versus necrotrophic plant pathogens.

Biotrophy is defined as growth and nutrition of the pathogen
on living plant tissue. Biotrophic pathogens colonize the host
plant in a mode that can be described as stealthy, and evade or
suppress defense responses. Hemibiotrophic pathogens first
establish a biotrophic interaction with the host plant but, at
later infection stages, switch to necrotrophy. Within the fila-
mentous plant pathogens, biotrophy and hemibiotrophy occurs
in various clades of fungi as well as oomycetes and are often
but not always associated with haustoria formation. Well-stud-
ied haustorial fungi include the Basidiomycete rusts that have
specialized on a diversity of host species. A beautiful example
of the complex perturbations that rust pathogens induce in
their host plants is illustrated by the pathogen-induced floral
mimicry by Puccinia monoica in Boechera stricta (Cano et al.
2013). Many other rust pathogens have major impacts on agri-
culture, such as the flax rust fungus Melampsora lini (Duplessis
et al. 2011; Ellis et al. 2007) or the wheat stem rust fungus P.
graminis tritici (Singh et al. 2011). The Ascomycete powdery
mildews are biotrophic fungal parasites on a wide range of
important crops, such as Blumeria graminis f. sp. hordei on
barley (Ridout et al. 2006).

The biotrophic tomato pathogen Cladosporium fulvum (syn.
Passalora fulva) does not form haustoria but remains in the
apoplast (de Wit et al. 2012). Also, the hemibiotrophic rice
blast fungus Magnaporthe oryzae and the maize smut fungus
Ustilago maydis do not establish prominent feeding structures;
however, they do establish extended interaction zones at sites
where intracellular hyphae invaginate the host plasma mem-
brane (Chen et al. 2012a; Djamei and Kahmann 2012).

Plant-pathogenic oomycetes include species with diverse
life styles. Downy mildews (Peronosporales) are biotrophic
pathogens. Albugo spp. are obligate biotrophs and, for exam-
ple, cause white rust on Arabidopsis (Links et al. 2011). The
biotrophic downy mildew pathogen Hyaloperonospora arabi-
dopsidis also infects Arabidopsis and this plant—-oomycete
interaction is well characterized (Anderson et al. 2012; Baxter
et al. 2010; Coates and Beynon 2010; Fabro et al. 2011). Eco-
nomically important downy mildews such as Plasmopara viti-



cola on grape (Yu et al. 2012) or Bremia lactuca on lettuce
(Farrara et al. 1987) also have a biotrophic life style. Phytoph-
thora spp. include mostly hemibiotrophic pathogens and cause
devastating diseases on a variety of staple crops, fruit, orna-
mentals, and trees (Erwin and Ribiero 1996). Pythium spp. in-
habit water and soil habitats and display saprotrophic growth.
On a broad range of plants, Pythium spp. can cause root rot
and damping off on seedlings.

Necrotrophy is defined as growth and nutrition of the patho-
gen on dead or dying plant material. In this mode of infection,
death of host plant cells precedes or accompanies colonization
of the pathogen. A concentration of necrotrophic pathogens
with narrow host-ranges appears in the order Pleosporales
(genera Parastagonospora [syn. Stagonospora, Phaeosphaerial],
Pyrenophora, Alternaria, Ascochyta, and Cochliobolus) but this
taxon also contains Leptosphaeria maculans, a pathogen with
an extended biotrophic or quiescent phase, reminiscent of the
Mycosphaerella group found in the related order Capnodiales,
which also includes C. fulvum. The wide-host-range necro-
trophs Botrytis and Sclerotinia form another taxonomic group
in the Leotiomycetes (interestingly, along with the archetypal
biotrophic powdery mildews), whereas the taxonomic place-
ment of the narrow-host-range barley scald pathogen Rhyncho-
sporium secalis remains obscure.

Effectors of biotrophic pathogens.

Effectors of biotrophic and hemibiotrophic pathogens typi-
cally include Avr proteins that are recognized by matching resis-
tance (R) proteins. In the absence of the R protein, the effectors
promote virulence by suppressing innate immune responses,
such as PAMP-triggered immunity, in a process termed effector-
triggered susceptibility (ETS), which allows the establishment
of a biotrophic interaction (Jones and Dangl 2006). ETS is par-
ticularly essential during the early infection phases and, in line
with this, expression of Avr genes typically peaks at these
early time points. Also, hemibiotrophic pathogens initially pro-
duce effectors to suppress cell death but, at later phases, these
are downregulated and other necrotrophic effectors are induced
and come to dominate the interaction. During early biotrophic
infection stages of Phytophthora infestans, AVR3a is secreted
from haustoria and translocated into the host cell (Whisson et
al. 2007). AVR3a stabilizes the plant E3 ligase CMPG1 to me-
diate suppression of the INF1 elicitin-induced death of host
cells at early biotrophic infection phases (Bos et al. 2010).

Table 1. Overview of effectors of necrotrophic fungi®

Recognition of AVR3a by the R3a protein results in the relo-
calization of each from the cytoplasm to vesicles in the endo-
cytic pathway. This relocalization is required for consequent
hypersensitive response (HR) signaling (Engelhardt et al.
2012). After the early biotrophic stage, AVR3a is downregu-
lated but other effectors, including INF1 and Nepl-like pro-
teins (Qutob et al. 2002), are induced, perhaps helping to pro-
mote a switch to necrotrophic infection (Kamoun et al. 1997,
Kanneganti et al. 2006).

Avr proteins of biotrophic oomycetes contain an RXLR mo-
tif, and the effectors traffic inside the host cells, where they
can manipulate plant immunity (Dou et al. 2008b). RXLR ef-
fectors are expected to be direct targets of evolutionary forces
that drive the antagonistic interplay between oomycete pathogen
and host plant (Jiang et al. 2008; Win et al. 2007). The genes
encoding RXLR effectors of P. infestans were found to reside
in gene-sparse and dynamic repeat-rich genome compartments
that exhibit accelerated gene evolution rates (Raffaele et al.
2010). This is an example of genomic tillage, a conglomerate
of hypermutagenizing processes that seems to be a common
feature of effector genes (Oliver 2012). This and various other
studies underpin the theory that host specificities of biotrophic
pathogens are determined by the effector repertoire that has
been shaped during a tight co-evolution with the host (Win et
al. 2007). It also explains why resistance genes against the
fast-evolving late blight pathogen are defeated so quickly (Fry
2008; Wastie 1991).

Effectors of necrotrophic pathogens.

Effectors of necrotrophic pathogens include some molecules
that were originally designated as host-specific or host-selective
toxins (HST). These necrotrophic effectors (NE) encompass an
extraordinary range of molecular forms. The Cochliobolus and
Alternaria genera produce both polyketide (PKS) and nonribo-
somal peptide (NRPS), small molecular weight molecules NE
(Baker et al. 2006; Walton 2006; Miyamoto et al. 2008, 2009).
In contrast, characterized effectors from Parastagonospora no-
dorum, Pyrenophora tritici-repentis, Rhyncosporium. secalis,
Botrytis cinerea, and L. maculans are proteins (Friesen et al.
2009; Liu et al. 2012; Oliver et al. 2012; Rohe et al. 1995;
Staats et al. 2007) (Table 1).

The mode of action of necrotrophic effectors involves inter-
action (not necessarily direct binding) with a dominant host
susceptibility gene. Indeed, the first disease resistance gene

Positive
Pathogen Effector Structure R gene Target selection? Reference
Cochliobolus heterostrophus T-toxin Polyketide ? T-Urf13 NA Wolpert et al. 2002
C. carbonum Tox1 NRPS Hm-1 Histones NA Walton 2006
C. victoriae Victorin NRPS Vb/Lovl  Glycine decarboxylase ~ NA Wolpert et al. 2002;
Navarre 1995
Alternaria alternata
Tomato AL Aminopentol ester ~ ? Asc NA Wolpert et al. 2002;
Tsuge et al. 2013
Apple AM Saito et al. 2001
Japanese pear AK Tanaka and Tsuge 2000
Strawberry AF
Tobacco AT
Citrus AC
Rhynchosporium secalis NIP1 Protein Rrsl PM ATPase Yes Schurch et al. 2004
Parastagonospora nodorum/  ToxA Protein Tsnl ToxABP Yes McDonald et al. 2013;
Pyrenophora tritici-repentis Oliver et al. 2012
P. tritici-repentis ToxB Protein Tsc2 No Ciuffetti et al. 2010
Parastagonospora nodorum Tox3 Protein Snn3 ? Not observed  Liu et al. 2009
P. nodorum Tox1 Protein Snnl ? Yes Liu et al. 2012
Botrytis cinerea NEPI-like Protein ? ? Yes Staats et al. 2007

2 R = resistance, NA = not available.
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that was cloned—Hmr—interacted with a necrotrophic effec-
tor (Walton 2006). Victorin is an NRPS produced by Cochli-
obolus victoriae, which causes disease-like symptoms in the
natural host oat by interacting with the glycine decarboxylase
complex but also in some Arabidopsis thaliana ecotypes that
express a gene called Lovl (Lorang et al. 2007; Sweat et al.
2008). Lov1 has a nucleotide-binding site leucine-rich repeat
structure typical of receptor-like disease resistance genes; this
is the ultimate confirmation of the parallel between the evolu-
tionary history of Avr genes and HST.

The downstream effects of the interaction between effectors
and receptors are diverse. T-toxin and victorin target the mito-
chondria and ToxA targets the chloroplast. Other targets are
unclear thus far but the net effect is induced death of the host
cell (Egusa et al. 2008, 2009; Hammond-Kosack and Rudd
2008; Harimoto et al. 2008; Keon et al. 2007; Manning et al.
2009; Rudd et al. 2010; Yakimova et al. 2009). It is conven-
tionally assumed that the role of NE is to induce host cell
death so that the pathogen has access to extra nutrients which
are used for growth; however, it is also possible that host cell
death serves to limit the production of antifungal radicals or
molecules or act as a signal for sporulation in the pathogen.

Discovery of effectors from biotrophic pathogens.
Knowledge on oomycetes, which had been chronically under-
studied at the molecular level until recent years (Kamoun 2003),
was significantly augmented by the genomic era. Large-scale
descriptive data emerged from sequencing expressed sequence
tags (Kamoun et al. 1999; Qutob et al. 2000; Randall et al.
2005), quickly followed by additional omics data sets such as
microarrays and RNA-seq (Haas et al. 2009; Judelson et al.
2008; Kunjeti et al. 2011; Levesque et al. 2010; Savory et al.

2012; Stassen et al. 2012; Ye et al. 2011) and genome se-
quences of Phytophthora sojae, P. ramorum (Tyler et al.
2006), P. infestans (Haas et al. 2009), P. lateralis (Quinn et al.
2013), Pythium ultimum (Levesque et al. 2010), Albugo can-
dida (Links et al. 2011), and H. arabidopsidis (Baxter et al.
2010). The oomycete research community started predicting
putative effectors from sequence data sets and, by using algo-
rithms to detect signal peptides, libraries of secreted proteins
were identified (Torto et al. 2003). The subsequent detection of
the RXLR motif in oomycetes boosted the detection of poten-
tial Avr genes in oomycete pathogens (Dou et al. 2008b;
Whisson et al. 2007), and catalogs of Avr genes of various oo-
mycete pathogens are being disclosed with unprecedented
efficiency (Bailey et al. 2011; Baxter et al. 2010; Fabro et al.
2011; Links et al. 2011; Goritschnig et al. 2012; Stassen et al.
2012, 2013; Vleeshouwers et al. 2011b) (Table 2). Oomycete
effectors display an extensive sequence divergence and most of
the identified Avr genes have no or very low similarity to other
proteins.

Although no universal host-translocation motif has been
identified in fungi to date, many effectors are being identified,
(e.g., from rust fungi) (Dodds et al. 2009; Ellis et al. 2009;
Saunders et al. 2012b). Hundreds of effector candidates have
been identified as generally small secreted proteins that are ex-
pressed in haustoria, which have no database relatives except
for some subfamilies (J. Ellis, personal communication). The
first milestone (the generation of comprehensive effector sets)
has been achieved for various plant pathogens, including eco-
nomically important crop pathogens such as some Phytoph-
thora spp. Follow-up studies on individual R—Avr pairs are un-
derway to disclose the mechanisms that the pathogen employs
to evade R protein recognition. These insights help to select

Table 2. Identified avirulence (Avr) genes of Phytophthora spp. on economically important food crops

Allelic variants in virulent strains®

Species, Avr gene Abs AA  Shift Silc Suppr Unk Host R gene References
Phytophthora infestans
Avrl X Potato RI Ballvora et al. 2002; Tyler 2009;
Govers lab unpublished
Avr2 X R2 Gilroy et al. 2011; Lokossou et al. 2009;
Saunders et al. 2012a
Avr3a X R3a Armstrong et al. 2005; Bos et al. 2010;
Engelhardt et al. 2012; Huang et al. 2005
Avr3b X X X X R3b Jiang et al. 2006; Li et al. 2011; Rietman 2011; van
der Lee et al. 2001; Vleeshouwers lab,
unpublished
Avrd X X R4* van Poppel et al. 2008
Avrblbl X X Rpi-blb1 Champouret et al. 2009; Chen et al. 2012b;
Song et al. 2003; van der Vossen et al. 2003;
Vleeshouwers et al. 2008
Avrblb2 X X Rpi-blb2 Bozkurt et al. 2011; Oh et al. 2009;
van der Vossen et al. 2005
Avrvntl X Rpi-vntl Foster et al. 2009; Pel 2010; Pel et al. 2009
AvrSmiral X X Rpi-Smiral* Rietman et al. 2012
AvrSmira2/ Avr8 X Rpi-Smira2/R8* Kwang-Ryong 2013; Kwang-Ryong et al. 2011;
Rietman et al. 2012
P. sojae
Avrla X X Soybean Rpsla* Qutob et al. 2009
Avrlb X X Rpslb* Cui et al. 2012; Dou et al. 2008a; Shan et al. 2004
Avrlc X X Rpsic* Gijzen lab unpublished
Avrld X Rpsld* Na et al. 2013; Yin et al. 2013
Avrlk X Rpsik* Gao and Bhattacharyya 2008; Song et al. 2013
Avr3a/5 X X Rps3a/5* Dong et al. 2009, 2011b; Qutob et al. 2009
Avr3b X X Rps3b* Dong et al. 2011a
Avr3c X Rps3c* Dong et al. 2009
Avrd/6 X Rps4/6* Dou et al. 2010; Sandhu et al. 2004

 Diverse characteristics that correlate with a gain-of-virulence, such as gene absence (Abs) (e.g., through deletion or absence of the locus), amino acid (AA)
mutation, frame shift (Shift), silencing (Silc), or suppression by another effector (Suppr), if known, are listed for each effector; Unk = under study or

unknown.
b Resistance (R) genes; * indicates R gene not cloned.
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those R genes that can resist the widest spectrum of the patho-
gen population, and that are potentially more durable (Table 2).

Discovery of effectors from necrotrophic pathogens.

Various effectors have been described from necrotrophic
fungi (Table 1). All the effectors mentioned in the table were
isolated and purified from culture filtrates. There was a clear
contrast here with Cladosporium fulvum whose effectors were
obscured or not produced at all in vitro (de Wit et al. 2009),
and obligate biotrophs whose effectors are produced mainly
from haustoria. PKS and NRPS effectors were structurally
characterized, and the genes encoding them were subsequently
discovered. Many such genes have been found on dispensable
chromosomes (Hatta et al. 2002; Johnson et al. 2001). Dispen-
sable (also known as accessory, supernumerary, or “B”) chro-
mosomes are defined as large genetic elements that are not
found in all strains of a species. They are typically highly vari-
able and rapidly mutating (Croll and McDonald 2012).

The genome sequence of Parastagonospora nodorum had a
direct and immediate impact on effector studies. The presence
of a gene very similar to PtrToxA in P. nodorum was readily
apparent, stimulating its functional characterization (Friesen et
al. 2006). The discovery of ToxI and Tox3 was directly facili-
tated by the genome sequence. The genome was scanned for
proteins that were small, secreted, cysteine rich, variable in
other strains, and had no homologues in other species. Thus
far, no more specific feature such as the RXLR motif in oomy-
cetes has emerged as a common feature of necrotrophic effec-
tors. It should also be noted that the ab initio annotation of the
P. nodorum genome failed to correctly predict the exon bound-
aries of ToxA, ToxI, and Tox3. It appears that necrotrophic ef-
fector genes have, thus far, been poorly predicted by existing
gene-finding programs.

Exploiting effectors in breeding
and R gene deployment against biotrophic pathogens.

“Effectoromics”, defined as a high-throughput, functional
genomics approach that uses effectors for probing plant
germplasm to detect R genes, has proven to be a potent con-
tributor to modern breeding. The strategy was pioneered for
Phytophthora infestans and potato and, in the past few years, a
catalog of R and Avr genes has become available (Hein et al.
2009; Vleeshouwers et al. 2011a and b). Knowledge of the
molecular interaction between R and Avr genes is being di-
rectly exploited by potato breeders. In addition to applying
molecular markers for marker-assisted selection, effectors are
now recognized as functional markers that accelerate and im-
prove disease resistance breeding (Table 3).

Below, we summarize how effectors are being applied in
breeding for resistance to P. infestans in potato. We mention
four aspects by which the knowledge of diversity and function

of effectors is being utilized to improve resistance to late
blight.

First, exploiting effectors provides a tool to accelerate R
gene cloning. Obviously, the time-consuming generation of
stable transformations can be by-passed by quick functional
assays based on transient complementation tests. Fortunately,
Agrobacterium-based methods such as agroinfiltration and Po-
tato virus X (PVX) agroinfection are effective in Solanum
plants (Du et al. 2013; Rietman et al. 2012).

Second, effectors are used to determine functional redun-
dancy. To get ahead in the “arms race” with the fast-evolving
P. infestans, potato breeders pursue a continuous inflow of new
R genes from wild germplasm (Jupe et al. 2012; Vleeshouwers
et al. 2011a). However, genetic crossing barriers remain a
problem in potato breeding and can delay R gene introgression
for decades (Hermsen and Ramanna 1973; Tiemens-Hulscher
et al. 2013). Effectoromics has accelerated this process. Func-
tional allele mining by PVX agroinfection with AVRblb1 was
performed to identify homologs of the broad-spectrum
RB/Rpi-blb1 gene, which originates from Solanum bulbocasta-
num that is not directly sexually compatible. Specific cell
death responses to AVRbIb1l were quickly detected in S. sto-
loniferum that is directly crossable with cultivated potato and
was found to carry Rpi-stol, a functional homolog of Rpi-blbi
(Vleeshouwers et al. 2008). Currently, the Rpi-stol gene is
efficiently used for the classic introgression into cultivated po-
tato-breeding material.

In addition, R genes can be classified based on responses to
effectors to avoid redundant breeding or cloning efforts. This
is particularly important for R genes that confer a broad-spec-
trum resistance and for which diagnostic pathogen races are
not available (Lokossou et al. 2010). Indeed, currently, potato
breeders apply functional effector assays (such as agroinfiltra-
tion) on their genitors, to guarantee that new sources that enter
the breeding pipeline confer additional, novel recognition spe-
cificities.

A third aspect is accurately detecting the diverse resistance
specificities in plant material. Natural stacks in wild germplasm
as well as pyramided R genes in potato cultivars are more
efficiently and precisely distinguished by individual effectors
than by differential sets of pathogen isolates. This was shown
for the “differential” potato lines MaR8, MaR9, and ‘Sarpo
Mira’, in which four, seven, and five individual R genes, respec-
tively, were detected by their matching effectors (Black et al.
1953; Kim et al. 2011; Rietman et al. 2012).

Effectors aid in “Mendelization” of field resistance. Field
resistance often confers weak phenotypes that cannot accu-
rately be determined in routine disease assays in the labora-
tory; therefore,, breeding for field resistance has remained a
challenge, especially for the highly heterozygous potato. How-
ever, functional assays with effectors have enabled specific de-

Table 3. Overview of aspects of effector-assisted breeding and deployment for biotrophic plant pathogens®

Effector-assisted breeding and

deployment Exploit effectors

Approach

Accelerate
Circumvent crossing barriers
Avoid redundant breeding efforts

R gene cloning
Distinguish functional redundancy

Detect specificity

Dissect natural stacks of R genes in breeding lines

Functional assay with Avr gene (co-infiltrations)

Functional allele-mining with Avr gene in resistant germplasm
Functional assay with Avr gene

Functional assay with Avr gene

Functional tests of individual R genes in genetically

modified stacks
Mendelize field resistance

Detect expanded recognition specificity of R genes

R gene deployment Targeted choice of R genes

Decision control measures

Functional assay with Avr gene
Functional assay with Avr gene

(effectors as functional markers during breeding)
Accurate detection of responses to allelic diversity of effectors
Spacio-temporal monitoring effectors in pathogen population
In-season monitoring effectors in local pathogen population

# R = resistance and Avr = avirulence genes.
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tection of a “field resistance gene”, Rpi-Smira2, in Sarpo Mira
(Rietman et al. 2012). This is a promising advance for classical
breeders, who now can accurately introgress partial resistance
genes or quantitative trait loci (QTL) in potato by using effec-
tors as functional markers.

An ultimate advance of effector-based breeding is expanding
the effector recognition specificity of a given R gene. R proteins
that recognize more, or ideally all, allelic forms of Avr genes are
expected to provide a broad spectrum of resistance, provided
that the effector is essential to pathogen fitness or virulence. For
such studies, basic knowledge of the effector is required. An
engineered R3a that recognizes both AVR3aK! as well as
AVR3a™ targets both allelic forms of Avr3a that are present in
the P. infestans population (Kamoun et al. 2012). Expanded
recognition specificity can be due to a single amino-acid change
in the R protein, and genome editing technologies are emerging,
such as application of transcription activator-like effectors (Boch
et al. 2009; Bogdanove and Voytas 2011) or CRISPr (Nekrasov
et al. 2013), which may allow single-nucleotide changes to an
endogenous gene and, thus, are anticipated to avoid current pol-
icy definitions of genetically modified organisms.

Fourth, effectors can assist in R gene deployment in agricul-
ture. Ideally, the choice of which R gene to deploy should be
based on properties of the effector. In contrast to dispensable
effectors such as Avr4 of P. infestans (van Poppel et al. 2008),
effectors that are essential for full virulence imply that corre-
sponding R genes are good targets for durable resistance breed-
ing. The spatio-temporal deployment of R genes can build on
information of the allelic diversity of effectors in pathogen
populations and help breeders to evaluate the potential of a
given R gene. Using sensitive modern techniques, it is possible
to rapidly profile the effector repertoires of epidemic P. infes-
tans genotypes. This effector profiling in pathogen populations
can assist in decision making for R-gene deployment and
chemical control measures in current and subsequent potato-
growing seasons. A successful experiment was performed in
potato field trials. In-season sampling of leaves that showed
late blight symptoms was followed by a high-throughput de-
tection of effectors by automated quantitative polymerase
chain reaction (G. Kessel, H. Schepers, and T. van der Lee;
personal communication). This information was fed into a
warning system for the presence of isolates with virulent al-
leles and a subsequent decision system to apply chemical con-
trol only when virulent alleles were detected. With the proof-
of-principle for effective effector monitoring delivered in this
experiment, such strategies can now be further optimized for
practical use.

In current breeding programs for late blight resistance in the
Netherlands, various companies are making use of effectors
for diagnostic purposes. In the R gene identification pipeline,
programs are also targeted to identify and study the matching
Avr for genetic diversity and expression during infection. Such
knowledge is used as a prediction criterion of whether an R
gene will be effective in the field and useful for breeding. A
consortium of potato companies have agreed to commercialize
new R genes; not as single genes, but released in packages of
multiple, broad-spectrum R genes, as stacked trans- or prefera-
bly as cis-genes (Schouten et al. 2006). Transient expression of
effectors in these genetically modified plants (e.g., by agroin-
filtration) then provides functional verification of whether all
components of the stack are functioning.

Exploitation of necrotrophic effectors

to improve crop protection against necrotrophic pathogens.
The role of necrotrophic effectors in promoting virulence

can also be directly exploited to select quantitatively more

resistant germplasm. The precondition for the simple applica-
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tion of effectors to disease resistance breeding is that crop va-
rieties differ in their response to effectors and that insensitive
cultivars are more resistant to the disease. Effector assays avoid,
or at least reduce, the need for infection assays and field trials.
It is also an example of the direct application of pathogen ge-
nomics in crop protection.

The Southern corn leaf blight epidemic destroyed approxi-
mately 12% of the corn crop in the United States in 1970. Up
to that point, Cochliobolus heterostrophus had been regarded
as a pathogen of minor economic impact (Tatum 1971). The epi-
demic was caused by a new race of the pathogen called race T
which produced a necrotrophic effector called T-toxin. Exploi-
tation of the finding was rapid and decisive. It was clear from
the outset that only corn carrying the cytoplasmic male steril-
ity T (cms-T) locus was susceptible to the pathogen. It was
subsequently shown to be sensitive to T-toxin (Gengenbach et
al. 1977; Yoder 1980). The target of T-toxin was later shown to
be a mitochondrial protein called t-URF13. Hybrid corn pro-
duction used a number of CMS loci to facilitate seed produc-
tion. Therefore, it was a simple matter to apply, taking only two
seasons to completely eliminate cms-T lines from the seed pro-
duction systems. In this way, the status quo was restored and
Southern corn leaf blight has remained at a low level ever since.

Other species in the Cochliobolus genus (previously called
Helminthosporium) were found to produce small molecular
weight effectors. These include HC toxin produced by C. car-
bonum, the causal agent of Northern corn leaf blight. HC toxin
is a cyclic tetrapetide and insensitivity is encoded by the first
cloned disease resistance gene, HmI (Johal and Briggs 1992).

C. victoriae, causal agent of oat Victoria blight, produces
victorin. Resistance to Victoria blight at the Vb locus was asso-
ciated with insensitivity to victorin but also susceptibility to
the crown rust disease. Effector sensitivity was used to screen
tissue culture explants of oat (Rines and Luke 1985). Plants
that were insensitive were all found to be susceptible to the
rust. There is no record that these lines were used to breed re-
leased cultivars. Indeed, to our knowledge, none of the Cochli-
obolus effectors have been needed by breeders in breeding
programs. It is likely that insensitive germplasm was abundant
and suitable for immediate use (J. D. Walton, personal com-
munication).

Alternaria alternata has been extensively studied and shown
to produce a series of specific necrotrophic effectors (Tsuge et
al. 2013). The AK effector produced by the Japanese pear
black spot pathogen was used to select insensitive mutants de-
rived from a long-term radiation mutation program (Masuda et
al. 1997). Although the lines were relatively resistant to the
disease, they have not been used directly in breeding. The AM
effector produced by the apple pathogen has been used to se-
lect mutants produced by in vitro culture of apples (Saito et al.
2001). Again, it appears that such explants have not been used
to generate new cultivars.

One of the first proteinaceous necrotrophic effectors to be
fully characterized is NIP1, produced by the barley scald
pathogen R. secalis (Avrova and Knogge 2012). NIP1 induces
necrosis in barley lines carrying the Rrs gene and, thus, pre-
dicts resistance to some races of the pathogen (Rohe et al.
1995). Once again, there is no evidence that breeders used the
effector. The explanation was that RRs/ resistance was already
broken by different races of the pathogen and, therefore, re-
sistance was not regarded as a useful breeding target.

The wheat tan spot disease caused by Pyrenophora tritici-
repentis has two well-characterized proteinaceous effectors
(ToxA and ToxB) and one less-well-characterized non-protein
effector (ToxC) (Effertz et al. 2002). Both ToxA and ToxB
have been expressed from microbial systems and studied in
great detail (Ciuffetti et al. 2010). ToxA is present as a single



copy in approximately 80% of the world’s isolates, though
prevalence is thought to vary around the world. ToxB is gener-
ally rare and appears to be absent from isolates in Australia
(Antoni et al. 2010).

ToxA is recognized by the product of the gene Tsn/, located
on chromosome 5BL (Faris et al. 2010). Susceptibility to tan
spot has consistently been linked to the T'sn/ locus in several
wheat-mapping populations (Faris et al. 2013; Friesen et al.
2002, 2003), including those from Australia (Cheong et al.
2004). A convenient semidominant marker had been made
available to breeders. However, neither the marker nor the ef-
fector was exploited by breeders before 2009.

Research into necrotrophic effectors in Parastagonospora
nodorum began with the discovery of secreted proteins that
differentially induced necrotic reactions in wheat cultivars that
identified sensitivity loci in wheat that co-located with disease
susceptibility. Sensitive cultivars were found to be more sus-
ceptible to the disease. Genetic mapping of the effector sensi-
tivity co-localized with QTL for susceptibility. The first such
recognized effector to be purified was Tox1 (Liu et al. 2004).
The genome sequence had not yet been obtained; therefore,
identification of the gene was delayed. The release of the ge-
nome sequence in 2005 (Hane et al. 2007) revealed a gene
very similar to the already cloned Pyrenophora tritici-repentis
ToxA gene (Friesen et al. 2006). This was unexpected because
Tox1 had properties incompatible with the structure of ToxA.
The availability of functional genomic tools allowed the appro-
priate experiments to be done that showed that the ToxA-Tsnl
interaction was also important in the Parastagonospora no-
dorum pathosystem (Liu et al. 2006). Subsequent experiments
fully characterized the ToxA, Tox1, and Tox3 interactions (Liu
et al. 2009, 2012; Oliver et al. 2012).

Delivery of ToxA to Australian wheat breeders began in
2009. Semipurified ToxA derived from an Escherichia coli ex-
pression system was made and, by 2012, enough ToxA to test
30,000 was being dispatched annually, together with approxi-
mately 6,000 doses of Toxl and Tox3. Why were Australian
breeders willing to invest so many resources in the use of these
effectors? Why did they prefer to use the effectors when diag-
nostic DNA markers were available? How much impact has it
had?

The answers to these questions have a variety of origins. Tan
spot affects wheat throughout the Australian wheat belt and a
report released in 2009 indicated that annual losses of $212
million were occurring (Murray and Brennan 2009). In addi-
tion, losses to P. nodorum amounted to $108 million, despite
the disease being apparently limited to Western Australia.
These losses greatly exceeded the losses to all three rust dis-
eases, all other pathogens, and many abiotic stresses. Tan spot
and P. nodorum were major issues that needed urgent attention.

The existing system of cultivar characterization classified
tan spot resistance in the field on a 10-point scale, although
there were no cultivars rated as 8, 9, or 10 (resistant). It was a
simple matter to test the ToxA sensitivity of samples of each
cultivar. This showed that susceptibility was strongly corre-
lated with effector sensitivity; sensitive cultivars have been
found to be consistently in the range of 1 to 4 and insensitive
cultivars 5 to 7, with just one or two exceptions. These are ex-
pected to be due to the presence of other effectors (Faris et al.
2013). Breeders took notice and quickly adopted the test be-
cause this promised to reduce or eliminate the need for field
trials for tan spot. The elimination of Tsn/ from current culti-
vars promises to bring tan spot down to the level of a moder-
ate, if still economically significant, disease.

The situation for P. nodorum was less clear-cut. Testing of
all three effectors in current cultivars indicates that sensitivity
to just one effector is sufficient to induce significant disease

susceptibility. Hence, the task for the breeder is to eliminate
sensitive alleles for all three effectors. This is a simpler task
than applying markers to weak disease QTLs and promises to
incrementally improve disease resistance. In effect, breeders
are cooperating in a test to determine whether effector-assisted
breeding is the best way to reduce disease susceptibility.

Breeders responded more positively to the effector assays
than to the functionally equivalent molecular markers. The ef-
fector assays could be carried out on seedlings and adult plants
up to approximately 6 weeks old and could be conducted in
glasshouses or in field plots. Several thousand individual plants
could be tested by a single operator in a single day. The results
were visible and clear within a week. Breeders could decide to
eliminate sensitive plants immediately, thus saving time and
resources later on. In comparison, marker assays require DNA
to be prepared and costly assays performed in a remote labora-
tory weeks or months later. Incorporation of the results can
only take place after harvest. Critically, no markers for P. nod-
orum derived from disease QTL have been validated suffi-
ciently for adoption by the breeders.

The impact of the use of the ToxA, ToxA-1, and ToxA-3 can
be estimated by comparing the area of wheat grown to effec-
tor-sensitive wheat. The area sown to ToxA-sensitive wheat in
Western Australia fell from 30.4% in 2009-2010 to 16.9% in
2012-2013. This equates to a reduction of approximately
700,000 hectare. Susceptible wheat typically has a 0.3 tons per
hectare reduction in yield, or 200,000 tons. Average wheat
prices are approximately $250 per ton; therefore, the saving is
$50 million. A similar scale reduction can be expected else-
where in Australia. A large part of this reduction in area can be
ascribed to the increased attention growers have paid to the
losses caused by tan spot. Therefore, they have chosen to use
more resistant cultivars. Much greater reductions in losses can
be expected when breeders release varieties bred with the help
of the effectors. This reduction should be a large fraction of
the approximately $300 million ascribed to these diseases in
2008.

Perspectives.

There are basically three requirements for further expanding
the application of effectors in breeding for resistance to the
various types of plant pathogens.

First, genomics pipelines are needed to generate a sequence
database of pathogens and expand the repertoire of known ef-
fectors (Pais et al. 2013). In addition to genome-wide effector
repertoires, expression data provide major contributions to
specifically reveal those effectors that are upregulated during
interaction.

Second, from the wealth of effectors, educated choices can
be made. “Achilles heel” effectors (Laugé et al. 1998), core ef-
fectors that are conserved between different epidemic strains
(Cooke et al. 2012), or effectors that are demonstrated to be
important for virulence provide useful knowledge for breeders
and provide ideal targets for potentially broad-spectrum and
more durable R genes. To gain deeper insights, the modes of
action of individual effectors and their interactions with effec-
tor targets and matching immune receptors should be studied
(van der Hoorn and Kamoun 2008). For example, in some
cases, distantly-related immune receptors interact with the
same matching effector, and virulence targets can then provide
information on whether the immune receptors are prone to the
same vulnerabilities (P. Birch, personal communication). In-
sights into the evolution or co-evolution of immune receptors
and effectors can explain the observed redundancy of R genes
within certain R families and the redundancy of recognition of
effector targets (I. Hein, personal communication). Also, the
behavior of certain R proteins, such as the relocalizations of
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R3a following perception of AVR3a from Phytophthora in-
festans (Engelhardt et al. 2012), needs further study to deter-
mine whether this phenomenon is related to the R protein fam-
ily, the effector family, or both. Such depth of mechanistic
insights will ultimately help to provide the most promising im-
mune receptors to the community. In addition, apoplastic
effectors that interact with pathogen recognition receptors at
the first layer of immunity can be sourced across families
(Lacombe et al. 2010), and such immune receptors can add a
new dimension in breeding. Ultimately, plant breeders can
combine immunity layers that are populated with potentially
durable immune receptors.

The third challenge is to optimize functional assays for host
plants. For solanaceous hosts, transient assays based on Agro-
bacterium have been quite effective; however, for many crops,
functional assays can be limiting. On soybean, the leaves are
not amenable to transient Agrobacterium-based assays, and
this is also the case on monocot hosts. This issue has been a
major limitation for exploiting effectors for various pathogens.
Alternative bacterial systems for transient expression and viral-
based systems are being developed to overcome this problem.
The bacterial type III secretion system (T3SS) can be used to
translocate effectors from various pathogens (Rentel et al.
2008; Sohn et al. 2007), and an effector detector vector system
that is based on T3SS was used to successfully translocate ef-
fectors of M. oryzae into rice cytoplasm (Sharma et al. 2013).
Using the T3SS-based effector-to-host analyzer system, an
effector candidate caused HR on wheat carrying the Sr22 gene
(Thomas et al. 2009; Upadhyaya et al. 2014). The system has
also been optimized for soybean and related legumes, and can-
didate R genes against essential effectors from the rot patho-
gen P. sojae have been identified (J. M. McDowell, K.
Fedkenheuer, and M. Fedkenheuer personal communication).

Altogether, new advances are emerging and promise to facil-
itate the incorporation of effectoromics and other pathogen-
informed strategies in a broad range of host plants (Dangl et al.
2013).
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