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A diversity of plant-associated organisms secrete effectors—proteins and metabolites that
modulate plant physiology to favor host infection and colonization. However, effectors can also
activate plant immune receptors, notably nucleotide-binding domain and leucine-rich repeat-
containing (NLR) proteins, enabling plants to fight off invading organisms. This interplay between
effectors, their host targets, and the matching immune receptors is shaped by intricate molecular
mechanisms and exceptionally dynamic coevolution. In this article, we focus on three effectors,
AVR-Pik, AVR-Pia, and AVR-Pii, from the rice blast fungus Magnaporthe oryzae (syn. Pyricularia
oryzae), and their corresponding rice NLR immune receptors, Pik, Pia, and Pii, to highlight general
concepts of plant-microbe interactions. We draw 12 lessons in effector and NLR biology that have
emerged from studying these three little effectors and are broadly applicable to other plant-
microbe systems.

INTRODUCTION

In the last ~10 years, the field of effector biology has played a pivotal role in the study of plant-
microbe interactions. The current paradigm is that unravelling how plant pathogen effectors
function is critical for a mechanistic understanding of pathogenesis. This concept applies to
pathogens and pests as diverse as bacteria, fungi, oomycetes, nematodes and insects. In addition,
plant symbionts are also known to secrete effectors for optimal interactions with their hosts. Much
progress has been made in describing the diversity of effector genes from pathogen genomes,
understanding how effectors evolve and function, and applying this knowledge to real-world
problems to improve agriculture.

The field of effector biology is also intimately linked to the study of plant immunity. Plants are
generally effective at fighting off invading pathogens. They have evolved immune receptors that
detect pathogen effectors to activate effective defense responses (Cesari et al. 2014a; Dodds and
Rathjen 2010; Jones and Dangl 2006; Takken and Goverse 2012; Van Der Hoorn and Kamoun 2008;
Win et al. 2012a). Among these receptors are the nucleotide-binding, leucine-rich repeat proteins
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(NLR or NB-LRR), an ancient class of multi-domain receptors also known to confer innate immunity
in animals (Duxbury et al. 2016; Maekawa et al. 2011). More recently, a subset of NLR proteins were
discovered to carry extraneous domains that, in some cases, have evolved by duplication of an
effector target, followed by fusion into the NLR. This finding further cements the merger of two
major fields of plant-microbe interactions—effector biology and NLR biology—with important
fundamental and practical implications.

Plant diseases are a recurring threat to food production and a major constraint for achieving food
security (Bebber et al. 2014; Bebber and Gurr 2015; Fisher et al. 2012; Pennisi 2010). A prime case
is blast, a disease caused by the ascomycete fungus Magnaporthe oryzae (syn. Pyricularia oryzae),
which is best known as the most destructive disease of rice. In addition to rice, M. oryzae can infect
other cereal crops such as wheat, barley, oat and millet destroying food supply that could feed
hundreds of millions of people (Fisher et al. 2012; Liu et al. 2014; Pennisi 2010). Increased global
trade, climate change, and the propensity of this pathogen to occasionally jump from one grass host
to another, have resulted in increased incidence of blast diseases.

The completion of the genome sequence of the rice blast fungus M. oryzae, about 12 years ago,
ushered in an exciting era of genomics research for fungal and oomycete plant pathogens (Dean et
al. 2005; 2012; Dong et al. 2015). Through the following decade, plant pathogen genome sequences
became a unique resource for basic and applied research, enabling many creative approaches to
investigate both pathogen and plant biology (for examples, see Pais et al. 2013). In particular, a
number of M. oryzae effectors have been discovered and validated, primarily through their
avirulence (AVR) activity—the capacity to activate immunity in particular host genotypes. Among
these are the three effectors AVR-Pik, AVR-Pia, and AVR-Pii corresponding to three rice NLR pairs,
Pik, Pia, and Pii (Yoshida et al. 2009) (Fig. 1, Table 1). The objective of this article is to highlight
lessons drawn from knowledge of the structure, function and evolution of these three little effectors
of the rice blast fungus and their matching rice NLRs. In total, we list 12 lessons in effector and NLR
biology that are broadly applicable to other plant-microbe systems and could serve as a benchmark
for future conceptual developments in effector and plant immunity research.

Table 1. An overview of the rice blast effectors AVR-Pik, AVR-Pia and AVR-Pii and their matching NLRs.

Effector Accession Structure Matching Accession Integrated domain Mechanism
number NLR pair number
X-ray Pik-1 HMO035360 HMA*
AVR-Pik AB498875 crystallography (Magbool et al. 2015)  Cooperation
(Magbool et al. Pik-2 HMO035360 No
2015)
NMR Pia-1 (RGA4) AB604622 No
AVR-Pia AB498873  (de Guillen et Negative
al. 2016) Pia-2 (RGAS)  KC777364 HMA* regulation
(Cesari et al. 2013)
Pii-1 (Pi5-1) EU869185 No
AVR-Pii AB498874 Not available Not known

Pii2 (Pi5-2) EU869186  AvrRpt cleavage/NOI*
(Sarris et al. 2016)

*Heavy Metal Associated domain (HMA)
#Not validated experimentally
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Figure 1. Three little effectors and corresponding plant NLRs. (A) The alleles of the Magnaporthe
oryzae effectors AVR-Pik, AVR-Pia, and AVR-Pii showing the position of polymorphic residues. The
effector domain is shown in color, while the signal peptide is in grey. The conserved MAX fold in
AVR-Pik and AVR-Pia is displayed as an orange arrow. (B) Rice Pik, Pia (RGA5/ RGA4), and Pii NLRs
highlighting the position of integrated HMA (hexagon) and AvrRpt cleavage/NOI (diamond) domains
in the classical plant NLR architecture (CC, coiled coil; NB, Nucleotide-binding; LRR, leucine rich
repeat domain).

Lesson 1. The power of diversity: beyond reference genomes

Comparative genomics is a powerful tool that can be used to clone pathogen effector genes. Using
this approach, Yoshida et al. (2009) identified three novel M. oryzae effector genes with avirulence
(AVR) activity (AVR-Pik, AVR-Pia and AVR-Pii) matching three previously described rice resistance
genes (Pik, Pia, Pii) (Yoshida et al., 2009). Yoshida et al. (2009) first used genetic association, but
failed to identify the AVR effectors in the M. oryzae reference genome, 70-15 (Dean et al., 2005).
An assessment of the 70-15 strain revealed that it has weak virulence, causing intermediate
responses on the rice cultivars screened. In fact, 70-15 is a hybrid laboratory strain derived from a
cross between two blast fungus isolates; 104-3 isolated from rice (Oryza spp.) and AR4 isolated from
weeping lovegrass (Eragrostis curvula), with subsequent backcrosses to rice infecting isolate Guy11
(Chiapello et al. 2015). It is now established that 70-15 carries a hybrid genome, given that the
Eragrostis parent is not classified as M. oryzae per se (Chiapello et al. 2015). The 70-15 genome may,
therefore, lack some of the AVR effectors detected by rice resistance genes and the ambiguous
reactions observed on 70-15 infected rice cultivars hampered further genetic analyses (Yoshida et
al. 2009). To address this issue, Yoshida et al. (2009) sequenced the genome of Inal68, a M. oryzae
isolate from Japan, expected to carry nine AVR effector genes based on response to classic rice blast
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resistance genes. Association genetics of Inal68 with 21 additional strains, mainly from Japan, is
what ultimately led to the identification of the three AVR effectors discussed in this article.

Similar to many filamentous plant pathogens, M. oryzae has a dynamic genome and exhibits a high
degree of genetic diversity (Talbot et al. 2003; Raffaele and Kamoun, 2012). The Yoshida et al. (2009)
paper highlights the importance of looking beyond so-called “reference genomes” to consider the
wider genetic diversity of a given pathogen species. The capacity to generate robust phenotypic
data is also a critical component of genetic analysis and an essential complement to the genomic
data. Moreover, the strains selected for comparative genome analyses should be amenable to
phenotyping and must display distinct phenotypes, e.g. virulence. As the pathogenomics community
expands beyond reference genomes and simple comparative studies, it becomes critical to establish
robust phenotyping platforms and to select strains that can be processed through these pipelines.

Lesson 2. Missing in action: unstable genomes drive pathogen evolution

Filamentous pathogen genomes are often organized in a so-called “two-speed genome”
architectures in which effector genes occupy dynamic, repeat rich compartments that serve as
cradles for adaptive evolution (Croll and McDonald 2012; Dong et al. 2015; Faino et al. 2016; Haas
et al. 2009; Raffaele and Kamoun 2012; Yoshida et al. 2016). In M. oryzae, effector genes are often
located in telomeres and near repetitive sequences and transposable elements, all of which are
thought to be hot-spots for deletion, translocation, and duplication (Dong et al. 2015; Yoshida et al.
2016). Indeed, loss of AVR effector genes is a predominant mechanism for M. oryzae to evade rice
immunity, with AVR-Pik, AVR-Pia, and AVR-Pii all exhibiting notable levels of presence/absence
polymorphisms in M. oryzae field isolates (Huang et al. 2014; Yoshida et al. 2009). All three effector
genes are linked to genetic elements indicative of genomic instability: AVR-Pik is flanked by
repetitive sequences, AVR-Pia is linked to a transposable element, and AVR-Pii is located in a
telomeric region (Fig. 2) (Huang et al. 2014; Yoshida et al. 2009). Notably, AVR-Pia has translocated
to different M. oryzae chromosomes, suggesting that its associated locus is prone to chromosome
rearrangements (Sone et al. 2012; Yasuda et al. 2006). AVR-Pia may hitchhike with a neighboring
retrotransposon to move across the genome and laterally between strains as has been proposed
for another M. oryzae effector, AVR-Pita (Chuma et al. 2011). Such effectors have been coined
mobile effectors by Chuma et al. (2011) and may persist within an asexual pathogen population
despite recurrent adaptive deletions (Chuma et al. 2011; Raffaele and Kamoun 2012).

Deletions of AVR effectors in filamentous plant pathogens in response to host immunity provide
unambiguous examples of rapid evolutionary adaptations that arise over short evolutionary
timescales (Inoue et al. 2017). Beyond the instances described here, there are dozens of cases of
AVR effector gene deletions in fungal and oomycete plant pathogens (Dong et al. 2015; Raffaele et
al. 2010; Rouxel and Balesdent 2017; Sharma et al. 2014). In many cases, the effector genes occupy
unstable, repeat-rich regions of the genomes that exhibit higher rates of structural variation. The
capacity of the “two-speed genomes” of filamentous plant pathogen to accelerate evolution—and
thus the pathogen’s capacity to adapt to the host immune system—is now well established as a
fundamental concept in plant pathogenomics. However, the precise mechanisms by which genome
architecture favors the emergence of new pathogen races requires further investigation (Croll and
McDonald 2012; Dong et al. 2015; Faino et al. 2017; Raffaele and Kamoun, 2012).
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Lesson 3. The X Games: effector genes with extreme signatures of selection

In addition to presence/absence polymorphisms, many filamentous pathogen effectors show high
levels of non-synonymous (amino acid replacement) sequence substitutions relative to synonymous
changes (Allen et al. 2004; Dodds et al. 2004; Huang et al. 2014; Liu et al. 2005; Raffaele et al. 2010;
Yoshida et al. 2009). Such patterns of sequence polymorphisms are a hallmark of positive selection
and are thought to reflect the coevolutionary arms race of these effectors with host components.
In some cases, the signatures of positive selection observed in effector genes are extreme, with only
a few synonymous or no synonymous polymorphisms.

AVR-Pik is a striking example of an effector gene with an extreme signature of positive selection.
Allelic variants of AVR-Pik exhibit four amino acid replacements, but not a single synonymous
change (Huang et al. 2014; Yoshida et al. 2009) (Fig. 1A). Remarkably, all non-synonymous AVR-Pik
polymorphisms are presumably adaptive, since they map to regions in the protein structure that
interface with the Pik-1 immune receptor (Magbool et al. 2015). In some cases, AVR-PikD
polymorphisms have been shown to alter the binding affinity between the effector and the Pik-1
NLR protein, demonstrating the adaptive nature of these polymorphisms (Maqgbool et al. 2015).

The excess of non-synonymous substitutions observed in effectors can make the computational
identification of genes underlying adaptive evolution challenging, because similar patterns would
arise from relaxed selection or in populations with small effective size (Terauchi and Yoshida 2010;
Yoshida et al. 2016). This challenge is evident in M. oryzae, as about one third of candidate effector
genes show outlier ratios of non-synonymous to synonymous substitutions (Yoshida et al. 2016).
However, as the case of AVR-Pik clearly illustrates, many examples of extreme patterns of non-
synonymous substitutions in effector genes are probably adaptive, resulting from the stringent
selection pressure conferred by disease resistant hosts (Win et al. 2007; Yoshida et al. 2016).

Lesson 4. Appearances can be deceiving: sequence unrelated effectors share similar folds

Filamentous plant pathogen effectors are typically small secreted proteins that exhibit rapid levels
of sequence diversification. One of the hallmarks of effector proteins is that they tend to have
orphan sequences with little similarity to each other, or to known proteins. Interestingly, the three-
dimensional structures of effector proteins revealed unexpected similarities between unrelated
proteins. For example, three-dimensional structures of the M. oryzae effectors AVR-Pia, AVR1-
C039, AVR-PikD, and AvrPiz-t contain the same core fold, despite sharing no apparent sequence
similarity (de Guillen et al. 2015; Maqgbool et al. 2015; Ose et al. 2015; Zhang et al. 2013) (Fig. 3).
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Moreover, the host-selective toxin ToxB from Pyrenophora tritici-repentis, despite being derived
from a phylogenetically distant pathogen, also contains the same fold—a six-stranded B-sandwich,
comprised of two anti-parallel B-sheets (Nyarko et al. 2014). de Guillen et al. (2015) designated
effectors containing this conserved B-sandwich core as “MAX effectors” (for M. oryzae AVRs and
ToxB) and identified additional family members in various ascomycete fungi. MAX effectors have
particularly expanded in M. oryzae (5-10% of total effectors) and in the related species
Magnaporthe grisea (de Guillen et al. 2015). The distribution and diversity patterns of the MAX
effector family indicate that they expanded through diversifying rather than convergent evolution
(de Guillen et al. 2015).

Structural similarity between effectors, as with the M. oryzae MAX effectors, is not predictive of the
molecular function. For instance, whereas AVR-Pia and AVR-Pik bind heavy metal-associated (HMA)
domain-containing proteins, the MAX effector AvrPiz-t targets E3 ubiquitin ligases (Cesari et al.
2013; Park et al. 2012; Park et al. 2016; Wu et al. 2015). The MAX fold most likely provides a basic
structural scaffold that confers stability in the host, while providing a framework for sequence
diversification and terminal extensions that result in adaptive evolution and neofunctionalization of
the effectors (de Guillen et al. 2015; Yoshida et al. 2016). Beyond MAX effectors, there is emerging
evidence that other families of filamentous pathogen effectors have expanded from a common
ancestor by duplication and diversification (Franceschetti et al. 2017; Win et al. 2012b). Conserved
folds, such as the oomycete WY-fold, also serve as a chassis to support protein structural integrity,
while providing enough plasticity for the effectors to evolve unrelated activities inside host cells
(Boutemy et al. 2011).

AVR-PikD AVR-Pia
AVR-PikD ETGNKYIEKRAIDLSRERDPNFFDHPGIBVPECFWEMFKNNYRQDAG-TCYSSW---KMDMKVEPNHVHIKSDDNONE -~ - SEDFPBGREV LGKKRPGF
AVR-Pia =--======mmmmmmmmmommo o ABARFCVYY--DGHLPATRV LIMYVRIGTTAT I TARGHE EEVEAKDQNCKVI LTNGKQABDWLAAEPY -~~~
B1 B2 B3 B4 B5 B6

Figure 3. Sequence unrelated AVR-PikD and AVR-Pia share the same structural fold. (A) Schematic
representation of AVR-PikD (left), AVR-Pia (right) and their superposition (centre), showing the
conserved six strand -sandwich MAX fold as a cartoon. Cysteines forming disulphide bonds are
illustrated by yellow sticks, while flexible loops are in grey. Amino and carboxyl termini are labelled
N and C, respectively. (B) Amino acid sequence alignment of AVR-PikD and AVR-Pia, highlighting the
lack of conservation between the two effectors. Conserved amino acids are shaded in grey, amino
acids with similar properties in blue. The structural conserved B-strands (31 to 36) are depicted as
arrows (orange).
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Lesson 5. Many effectors, one target: pathogens hedging their bets

Different effectors can target the same host protein whether the effectors originate from a single
pathogen, i.e. functionally redundant effectors, or from phylogenetically unrelated pathogens
(Macho and Zipfel 2014; Mukhtar et al. 2011; Song et al. 2009) (Fig. 4A). In either case, the targets
of these effectors can be viewed as “hubs” —pathways that pathogens need to manipulate for
successful infection.

Examples of effectors that converge on related host proteins include M. oryzae AVR-Pik, AVR-Pia,
and AVR1-CO39. Each of these effectors bind rice proteins with HMA domains (Cesari et al. 2013;
Kanzaki et al. 2012; Magbool et al. 2015). Although the precise identity of the host targets of these
effectors is not yet clear, AVR-Pik, AVR-Pia and AVR1-CO39 are thought to bind HMA-containing
proteins in order to promote infection. Indeed, one such rice HMA-containing protein, Pi21, acts as
a host susceptibility (S-) gene during M. oryzae infection (Fukuoka et al. 2009). Pi21 harbors an N-
terminal HMA domain followed by a proline rich region and a C-terminal isoprenylation signal, and
deletions within the proline rich domain confer genetically recessive resistance to M. oryzae
(Fukuoka et al. 2009).

Why have effectors from the same species evolved to converge on the same host targets? One
possibility is that effector redundancy is a product of arms race coevolution between pathogens and
hosts. In biology, genetic redundancy contributes to robustness in the face of a changing
environment. Similarly, in an evolutionary strategy referred to as “bet-hedging”, plant pathogen
populations benefit from carrying a redundant reservoir of effectors to counteract host immunity
(Win et al. 2012b). This could also explain why most effector proteins are not essential for host
colonization, but rather have quantitative effects on pathogen virulence.

A B Figure 4. Pathogen effectors and their host
many effectors, many targets, targets. (A) Unrelated effector proteins can

one target one effector :
converge on the same plant target as illustrated
effector @) O @) in ‘many effectors, one target’ panel. (B) ‘Many
\ / targets, one effector’ shows that some effectors
/ 1 can associate with multiple members of the

effector target <:> <:><:><:> same protein family and discriminate between

closely related host proteins.

Lesson 6. Many targets, one effector: the discriminating power of effectors

Pathogen effectors that associate with related members of a host protein family have often evolved
the capacity to discriminate between closely related proteins (Fig. 4B). One example is the M. oryzae
effector AVR-Pii, which binds only two members of the large Exo70 protein family of rice, OsExo70F-
2 and OsExo70F-3 (Fujisaki et al. 2015). Exo70 is a subunit of the exocyst, an evolutionarily conserved
vesicle tethering complex that functions in the last stage of exocytosis (Heider and Munson 2012;
Zhang et al. 2010). In plants, Exo70 subunits have largely expanded, particularly in grasses, with 47
paralogs in rice (Cvrckova et al. 2012; Synek et al. 2006). Why AVR-Pii targets OsExo70F-2 and
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OsExo70F-3, and how these interactions affect pathogenesis, remains to be determined (Fujisaki et
al. 2015).

There are additional examples of effectors that can discriminate between related proteins.
PexRD54, an effector from the potato late blight pathogen Phytophthora infestans, discerns
between members of the ATG8 host protein family, ubiquitin-like proteins that modulate selective
autophagy networks (Dagdas et al. 2016). As with the Exo70 family, ATGS proteins have dramatically
expanded in plants (Kellner et al. 2017; Seo et al. 2016). Remarkably, PexRD54 binds one specific
member of potato ATG8 family, ATG8CL, with a 10-fold higher affinity than another member, ATGSIL
(Dagdas et al. 2016; Magbool et al. 2016). This enables the pathogen to hijack a specific selective
autophagy pathway in the host to promote colonization (Dagdas et al. 2017).

Lesson 7. Beyond gene-for-gene interactions: NLRs working together

Disease resistance genes in plants often encode immune receptors of the NLR class (Jacob et al.
2013; Jones et al. 2016). Although the majority of these genes are identified as single loci that follow
Flor’'s gene-for-gene postulate (Flor 1971), the underlying genetic architecture of disease resistance
is much more complex. NLR proteins are now known to function as pairs, or even to form intricate
genetic networks (Eitas and Dangl 2010; Wu et al. 2017). The prevailing model is that sensor NLRs,
which detect pathogen effectors, require helper NLRs to activate defense signaling (Bonardi et al.
2011; Cesari et al. 2014a; Eitas and Dangl 2010; Wu et al. 2016). The NLR proteins that detect AVR-
Pik, AVR-Pia and AVR-Pii represent three classic examples of NLR pairs (Fig. 1). These three NLR
pairs, i.e. Pik (Pik-1/Pik-2), Pia (RGA5/RGA4) and Pii (Pii-2/Pii-1), are genetically linked in head-to-
head orientation, and in each case the sensor partner has integrated a non-canonical domain that
mediates pathogen detection (Ashikawa et al. 2008; Lee et al. 2009; Okuyama et al. 2011) (Fig. 5).

K60/Tsuyuake

Pik-1 Pik-2

10 kb
Nipponbare
4+ ¢ = —) -
RGA4 RGA5
200kb

RIL260
—— 4 >-a+¢ —¢ CE— —- @)

Pii-1 Pii-2

10 kb

Figure 5. Pik, Pia and Pii NLR pairs are genetically linked. (Top) Genetic linkage of Pik-1 and Pik-2
genes (orange) in K60/Tsuyuake cultivar. (Middle) The Pia locus with RGA4 and RGA5 (pink) in head-
to-head orientation in Nipponbare cultivar. (Bottom) Pii-1 and Pii-2 genes (purple) in Pii locus, also
known as Pi5, of RIL260 rice cultivar. Other genes (grey) and transposon (black) mapped to
respective loci are illustrated by arrowheads representing the direction of coding strand. A gap in
the DNA sequence in RIL260 is indicated by dashed box.
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It may seem surprising that all three effectors identified by Yoshida et al. (2009) turned out to have
cognate NLR pairs, as they represent deviations from the classic gene-for-gene model. However,
there are now many examples of paired NLRs across plant species that detect an array of pathogens
(Cesari et al. 2014a; Jones and Dangl 2006). In one case, the RRS1/RPS4 NLR pair from Arabidopsis
thaliana contributes to resistance to both bacterial and fungal pathogens (Narusaka et al. 2009).
Remarkably, even classic NLRs that were long thought to function as singletons, such as the
Solanaceae NLRs Prf, Bs2, Rx, and Mi-1, turned out to require NLR mates (Wu et al. 2017). In this
case, these sensor NLRs belong to a large NLR network that confers immunity to oomycetes,
bacteria, viruses, nematodes, and insects (Wu et al. 2017). The network has emerged over 100 Mya
from a linked NLR pair that diversified into up to one-half of the NLRs of asterid plants (Wu et al.
2017).

Lesson 8. NLR unconventional domains: there is nothing stranger in a strange NLR protein than
the strange domain that's integrated in it

NLRs are modular proteins that contain three classical domains: an N-terminal coiled-coil CC or
TOLL/interleukin-1 receptor (TIR) domain, a central nucleotide binding pocket (NB), and a C-terminal
leucine rich repeat (LRR) domain (Dodds and Rathjen 2010; McHale et al. 2006; Takken and Goverse
2012). Although the majority of NLR receptors share this conserved domain architecture, anywhere
from 3 to 10% of plant NLRs turned out to include extraneous domains in addition to the classic NLR
architecture (Kroj et al. 2016; Sarris et al. 2016). These so-called “integrated domains” are thought
to have evolved from effector targets to mediate pathogen detection, either by binding effectors or
by serving as substrates for the effector’s enzymatic activity (Cesari et al. 2014a; Wu et al. 2015)
(Fig. 6). Remarkably, all three NLRs that detect the M. oryzae effectors AVR-Pik, AVR-Pia, and AVR-
Pii, contain integrated domains. Indeed, the integrated heavy metal-associated (HMA) domains of
both Pik-1 and RGAS receptors directly bind AVR-Pik and AVR-Pia/AVR1-CO39, respectively (Cesari
et al. 2013; Maqgbool et al. 2015; Ortiz et al. 2017). It’s notable that a single type of NLR-integrated
domain mediates perception of three evolutionarily unrelated effectors, suggesting that integration
of extraneous domains into immune receptors may increase robustness of the immune response
against promiscuous effectors.
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Figure 6. Evolution on an NLR-integrated domain. Some NLRs can carry integrated domains that
are thought to be derived from the operative targets of effectors. In this model, a host protein first
becomes an effector target. Subsequently, the target integrates into a host NLR where it becomes
a bait for effector recognition.
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The discovery that NLR proteins contain unconventional domains that have evolved by duplication
of an effector target, followed by fusion into the NLR, signals the merger of two fields—NLR biology
and effector biology. There are practical consequences of this conceptual development: integrated
domains could serve as a source for discovery of host factors that act as hubs for pathogen effectors.
Moreover, in many cases, the unintegrated paralogs of extraneous NLR-domains may encode
susceptibility genes, and thus serve as platforms for crop improvement (Kroj et al. 2016; Sarris et al.
2016).

Lesson 9. Mechanisms of immunity: NLRs dancing to different tunes

How do paired NLRs operate to activate immune signaling? A common model is that sensor NLRs
hold helper NLRs in an inactive complex, and pathogen effector activity triggers the release of this
negative regulation (Fig. 7A). One example of this model is the rice Pia pair. The helper NLR, RGA4,
is constitutively active and triggers spontaneous cell death when expressed in the absence of its
mate, RGAS (Cesari et al. 2014b). Binding of the M. oryzae effectors AVR-Pia or AVR1-CO39 to RGA5
results in the release of RGA4, which leads to immune signaling and disease resistance (Cesari et al.
2013; Cesari et al. 2014b).
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Figure 7. Paired NLRs can activate immunity through negative regulation or cooperation. (A) In the
negative regulation model, the sensor NLR represses the autoactivity of the helper NLR in the
absence of pathogen stimuli (red). Immunity is activated when the effector binds the
sensor NLR, releasing the suppression of the helper NLR activity (blue). (B) In the cooperation
model, sensor and helper NLRs work together to induce the immune response upon effector binding
(blue). Neither the helper nor the sensor NLRs can trigger immunity alone.

Interestingly, not all NLR pairs appear to function through negative regulation. In the rice Pik pair,
neither Pik-1 nor Pik-2 exhibit autoimmunity, and thus presumably operate through a different
mechanism. Although the precise mechanics of the activation of the Pik pair remains to be
elucidated, both NLRs are required to trigger an immune response following AVR-Pik binding to Pik-
1 (Maqgbool et al. 2015; Zhai et al. 2011). This suggests that the Pik pair may function through
cooperation between the NLR mates (Fig. 7B).

The mechanisms by which NLR pairs function is likely to impose different constraints on the

evolution of the corresponding NLR genes. NLRs that operate through negative regulation, such as
Pia, are likely to function as a single unit and remain genetically linked to ensure fine-tuned co-
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regulation and prevent the accumulation of deleterious effects. Conversely, positively regulated
NLR complexes may accommodate a certain degree of evolutionary plasticity, which in some cases
could lead to expansions beyond genetically linked genes. The recently described NLR network of
Wou et al. (2017) is an example of massive diversification of NLR genes that have probably originated
from a single NLR pair (Wu et al. 2017). In contrast, it is difficult to envisage how negatively regulated
NLR pairs could evolve into such a gene network without a significant fitness cost to the plant.

Lesson 10. NLR activation of immunity: effector binding ain’t enough

NLRs need to recognize a pathogen effector to activate immunity and confer disease resistance. The
current view is that NLR immune responses are the result of a two-part process: pathogen effector
recognition and subsequent activation of immune signaling by the receptor. In many cases,
recognition is achieved by direct binding of the NLR immune receptor to the effector. However, NLR
binding may not always be enough to activate an effective immune reaction. One well-studied
example of effector recognition is rice Pik-1, which forms a complex with the M. oryzae AVR-Pik
effector via the integrated HMA domain (Magbool et al. 2015). Although the HMA domain of Pik-1
can bind three different variants of AVR-Pik, only interaction with AVR-PikD results in disease
resistance (Kanzaki et al. 2012; Magbool et al. 2015). Interestingly, the binding affinity between
HMA and AVR-PikD is at least 10 times stronger than the interactions with the other effector
variants, indicating that the NLR-effector complex may need to reach a certain threshold of
conformational stability to activate an effective immune response.
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Figure 8. Strategies for improving NLR immune receptors. Sensitized NLR mutants are “trigger-
happy,” having a lower activation threshold, whereas mutants with altered effector binding respond
to a wider spectrum of effectors. We hypothesize that combining the two classes of mutants would
result in more effective levels of disease resistance (illustrated by the thickness of the arrow).

The finding that NLR binding to an AVR effector is not sufficient to activate disease resistance has
implications for engineering synthetic plant immune receptors with expanded recognition spectra.
Mutations across classical NLR domains, including the relatively conserved CC and NB domains, can
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yield sensitized “trigger-happy” receptors with markedly lower thresholds of activation (Chapman
et al. 2014; Farnham and Baulcombe 2006; Giannakopoulou et al. 2015; Harris et al. 2013; Segretin
et al. 2014; Stirnweis et al. 2014). However, such NLR mutants do not always translate into an
effective resistance response against virulent races of pathogens (Segretin et al. 2014). Thus, we
need to better understand the interplay between effector recognition and activation to achieve
rational design of improved plant immune receptors (Giannakopoulou et al. 2016; Kim et al. 2016).
Strategies for improving NLRs may need to combine different classes of mutations, e.g. mutations
that expand effector binding spectrum, with “trigger-happy” mutations that result in a lower
activation threshold (Fig. 8).

Lesson 11. Plant-pathogen arms race: NLR evolution on steroids

The coevolution of hosts and pathogens is driven by antagonistic molecular interactions in which
both pathogen and plant components are under selection to adapt. As a consequence, both effector
and immune receptor genes carry strong signatures of positive selection (see Lesson 3). The arms
race between M. oryzae effector AVR-Pik and its matching rice Pik NLR demonstrates the rapid
coevolution between a plant pathogen effector and an immune receptor (Fig. 9A). Patterns of Pik-1
allelic diversity among rice germplasm have been interpreted as evidence that this arms race has
accelerated following rice domestication (Costanzo and Jia 2010; Kanzaki et al. 2012). The most
polymorphic region of Pik-1 is the integrated HMA domain responsible for AVR-Pik recognition,
consistent with the view that Pik-1 is under strong diversifying selection imposed by the pathogen
(Costanzo and Jia 2010; Zhai et al. 2014) (Fig. 9B). Interestingly, the Pik-1 helper NLR, Pik-2, exhibits
lower polymorphism levels compared to Pik-1 (Kanzaki et al. 2012). The pattern of Pik-2 evolution
is consistent with its putative role in immune signalling that may impose higher evolutionary
constraints on the protein.

Lesson 12. Into the wild: drivers of pathogen specialization in the rice terraces of Yuanyang

We understand little about the dynamics of plant and pathogen populations in the field. The
Yuanyang terraces in Yunnan, China, offer an opportunity to study rice and blast fungus
coevolutionary interactions in a traditional agricultural system where japonica and indica rice have
been cultivated side-by-side for centuries (He et al. 2011). In Yuanyang, M. oryzae populations are
specialized on indica and japonica rice varieties. Moreover, the japonica and indica rice isolates of
M. oryzae differentially infected different hosts under controlled conditions, with reduced virulence
of indica isolates compared with japonica isolates on japonica rice and no observed infection of
japonica isolates on indica rice. The specificity of M. oryzae indica and japonica isolates could be
explained by the complex interplay between the pathogen effector complements and variation in
host immunity. Japonica-borne isolates carry larger numbers of avirulence effectors compared to
the indica-borne isolates. These differences in effector repertoires correlate with considerable
differences in immunity between indica and japonica rice varieties (Fig. 10). Japonica rice possess
high basal immunity, and a low complement of disease resistance genes (such as NLRs), whereas
indica rice has lower basal immunity and a higher complement of resistance genes. Thus, the
elevated number of effectors in M. oryzae japonica isolates may overcome the increased basal
immunity of japonica cultivars but carry a fitness cost on indica rice by triggering disease resistance.
One M. oryzae effector, AVR-Pia, follows this pattern. AVR-Pia was found in nearly all Yuanyang
japonica isolates but was absent in all indica isolates tested. In addition, AVR-Pia enhanced M.
oryzae infection of japonica rice under controlled conditions.
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Figure 9. The Magnaporthe oryzae effector AVR-Pik has evolved through an arms race with the
rice immune receptor Pik. (A) The ancestral allele of AVR-Pik effector, AVR-PikD, is recognised by
the Pikp immune receptor allele (blue). AVR-PikD evaded detection by Pikp through the introduction
of a non-synonymous nucleotide polymorphism, creating the AVR-PIkE allele. The subsequent
evolution of Pik (purple) and Pikm (yellow), which have expanded recognition spectrums, led to
further non-synonymous substitutions and the deployment of AVR-PikA and AVR-PikC alleles. The
nucleotide polymorphisms (bold) driven by the recognition specificity of the rice immune receptors,
ultimately led to the four present-day AVR-Pik alleles. (B) Genetic diversity of Pik-1 and Pik-2 alleles
illustrated by conservation plots of the CDS sequence alignment of 13 Pik-1 and Pik-2 alleles. The
panel has been adapted from Costanzo and Jia (2010).

The findings from the Yuanyang terrace ecosystems have interesting implications for the
management of agro-ecosystems. They demonstrate how variation in host basal- and effector-
triggered immunity in a crop can lead to pathogen specialization, which in turn may limit pathogen
spread on the crop and lessen destructive outbreaks. The use of mixed cropping techniques in
Yuanyang contrasts sharply with the emergence of wheat blast in Brazil in the mid-1980s, which
resulted from the widespread deployment of wheat varieties lacking the RWT3 disease resistance
gene and susceptible to M. oryzae isolates from Lolium spp. (Inoue et al. 2017). These rwt3 wheat
varieties served as a springboard, enabling M. oryzae to jump hosts to common wheat, ultimately
resulting in sustained losses on this crop in South America and more recently in Asia (Inoue et al.
2017; Islam et al. 2016). Better consideration of the ecological factors associated with agricultural
systems should help mitigate future outbreaks of M. oryzae, but also of other epidemic plant
pathogens.
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CONCLUSIONS

In 2009, Hogenhout et al. (2009) reviewed the effector biology field and highlighted some of the
common concepts that have stemmed from the study of plant pathogen effectors. The same year
also saw Yoshida et al. (2009) describe the three AVR effectors of the rice blast fungus that inspired
this article. Much has happened since. The majority of the 12 lessons we draw here describe novel
concepts and insights that have emerged since Hogenhout et al. (2009) to further shape our
fundamental understanding of plant-microbe interactions. Indeed, as our lessons illustrate, plant
pathogen systems are great models to study evolutionary adaptations and mechanisms not just
from the pathogen side but also on the plant side. Among the most dramatic conceptual
developments of recent years is a better appreciation of the complexity of NLR protein structure
and function. Throughout evolutionary time, NLRs have evolved to work in pairs and even networks
to counteract a diversity of rapidly evolving plant pathogens (Lesson 7), and have also acquired
unconventional domains to bait effectors (Lesson 8). Clearly, there are further integrated insights
into plant-microbe interactions to come from the convergence of the effector biology and plant
immunity fields.

We cannot underestimate the potential of translating fundamental knowledge, such as the concepts
discussed in this paper, into practical applications that can solve real-world agricultural problems
(Alfred et al. 2014; Kamoun 2014; Michelmore et al. 2017). There is a sense that as the science of
plant-microbe interactions continues to mature and coalesce around robust principles,
opportunities for practical applications are accelerating (see Supplementary Table S1 in Michelmore
et al. 2017). The blast fungus is a prime example. M. oryzae, despite its Linnean name, is a general
cereal killer that infects >50 species of grasses, including the cereal crops wheat, barley and rice
(Chiapello et al. 2015; Gladieux et al. 2017; Yoshida et al. 2016). The emergence of wheat blast as a
pandemic disease caused by M. oryzae reminds us of the importance of our science to society and
the propensity of highly-adaptable pathogens to create new problems in agriculture (Inoue et al.
2017; Islam et al 2016). But there is more. The majority of the lessons drawn here are applicable to
a wide-spectrum of plant-associated organisms, from symbiotic bacteria, fungi, and oomycetes to
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important plant pests such as insects and nematodes. Indeed, another remarkable development of
the last years is the spread of the effector concept to a wide range of plant-associated organisms
(Hogenhout et al. 2011; Presti et al. 2015).

To conclude, the story of these three little effectors is also a personal journey of collaboration,
friendship and discovery for several of the authors of this article. It highlights the benefits of
multicultural cooperation to advance science. It is gratifying that a paper published 8 years ago has
served as a foundation for so much research and discovery. As our respective laboratories are
nowadays fully immersed in blast fungus work, we are looking forward to many more years of
exciting research.
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