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Abstract

Phytopathogenic oomycetes are known to infect a host plant successfully due to
their ability to secrete a set of protein effectors. Of interest to many researchers are
effectors with the N-terminal RXLR motif (Arginine-any amino acid-Leucine-
Arginine). Owing to the genome sequencing, we can now comprehend the high level
of diversity among oomycete effectors, and similarly, their conservation within and
among species core RXLR effectors (CREs). Currently, there are a couple of putative
CREs that have been identified in oomycetes. Functional characterization of these
CREs propose their virulence role with the potential of targeting central cellular
processes that are conserved across diverse plant species. This could be harnessed

in engineering plants for broad-spectrum and durable resistance.
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Introduction

The oomycetes comprise of a group of successful filamentous microorganisms that
threaten not only the global food security but also the natural ecosystems (Thines &
Kamoun, 2010); (McGowan & Fitzpatrick, 2020). Most notorious among oomycete
species is the hemibitrophs Phytopthora, also known as “the plant destroyers” (Haas
et al., 2009; Hardham, 2005; Rizzo et al., 2005; Tyler, 2007). Another group of plant
devastating oomycete species is the obligate biotrophs including downy mildews,

Bremia lactucae and Plasmopara viticola (Dussert et al., 2019; Fletcher et al., 2019). The
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success of these pathogens is attributed to their ability to secrete an arsenal of
effectors with the RxLR motif of Arginine-any amino acid-Leucine-Arginine (Haas
et al., 2009; Jiang et al., 2008). It was previously postulated that RxLR-containing
effectors represent a rapidly evolving class of effectors that are associated with the
biotrophic phase of oomycetes infection (Schornack et al., 2010). This could be true
since most of these effectors have been shown to be highly expressed at the early
infection stage and are required for suppression of host immunity (Q. Wang et al.,
2011; Yin et al.,, 2017; Zheng et al.,, 2014). In addition, necrotrophic oomycetes,
precisely Pythium species, were previously thought to be lacking any RXLR-
encoding genes (Adhikari et al., 2013; Lévesque et al., 2010; Rujirawat et al., 2018).
Surprisingly,(Ai et al., 2020) predicted a total of 359 putative RXLR effectors from
nine Pythium species. Therefore, it is possible that RxLRs in oomycetes are a

superfamily which suggests that they could be sharing a common ancestor.

Owing to the tremendous advancements in next-generation sequencing
technologies, several genomes of phytopathogenic oomycetes have been sequenced
(McGowan & Fitzpatrick, 2020). This allows a detailed analysis of existing trench-
warfare scenario between pathogens and host plants accompanied by secretion of
RxLR effectors. To date, there are several reviews on the role of RxLRs in pathogen-
host interaction (Anderson et al., 2015; Birch et al.,, 2009; Boevink et al., 2020;
Chepsergon et al., 2020; Krishnan et al., 2019; J. Wang et al., 2019; Whisson et al.,
2016). Because of genome sequencing, we can now comprehend the high level of
diversity among oomycete effectors, and similarly, their conservation within and
among species also known as “core effectors”. The concept of core effectors has been
well documented in bacteria (Baltrus et al., 2011; Bart et al., 2012; Dangl et al., 2013)
and fungi (De Jonge et al., 2010; Hemetsberger et al., 2015; Marshall et al., 2011;
Mentlak et al., 2012; Saitoh et al., 2012). In oomycetes however, this concept is recent
and has not been precisely documented. Therefore, this review presents the concept

of conserved/core effectors in plant pathogens, identification of core RxLR effectors
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(CREs) in oomycetes, their role in virulence as well as their potential application in

breeding for durable resistance.

What are core effectors?

The success of most pathogens has been attributed to their ability to secrete effectors
that enhance the virulence of the pathogen as well as alter the physiology of the host
plant for enhanced disease development (Zhang & Coaker, 2017). Pathogens employ
effectors to escape plant immunity response and this explains why integrated

resistance in plants is short-lived.

Studies have revealed that pathogens can express an arsenal of effectors that are
diverse across the population of any pathogen species (Dangl et al., 2013; Raffaele et
al., 2010). This has been attributed to the physical location of these effectors which is
the gene-sparse, transposon-rich regions of the pathogen genome (Haas et al., 2009;
Raffaele & Kamoun, 2012). In addition, variation of effector genes has been
associated with either intragenic recombination or intergenic recombination (Yang
et al., 2018). Other than gene recombination, environmental factors such as
temperature have been shown to potentially affect the genetic variation of effector
pool (Matsuba et al.,, 2013; L. Yang et al., 2018). Also, since most effectors are
implicated in infection and precisely manipulating plant cellular processes for
disease development, therefore, effectors are expected to evolve differently due the

coevolution between the pathogen and host.

These variations in effector genes has led to the breakdown of main gene-facilitated
plant resistances (Cooke et al, 2012). In addition, effector variation within a
population means that these genes can be lost without substantial impact on the
pathogen’s virulence since they can act redundantly by altering the same host
signalling pathway (Zheng et al., 2014). This makes the effort to breed for durable

resistance in plants a tall order.
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Despite the spectacular diversity of effectors in plant pathogens, a subset of these
secreted proteins is reportedly conserved among pathogens and are commonly
referred to as core effectors. These are effectors that are widely distributed across the
population of a particular pathogen and contribute to the virulence of that
pathogen(Cooke et al., 2012; Dangl et al., 2013). Currently, the term “core effectors’
is inclusive of effectors not only conserved within strains of a species, but also across
diverse species also known as orthologous genes. As these effectors are critical in

virulence, the pathogen incurs a fitness cost in evolving them.

The foundation of core effectors was first laid when high-throughput genome
sequencing of 65 strains of Xanthomonas axonopodis pv.manihotis (Xam), a causal agent
of cassava bacterial blight, showed a total of nine effectors conserved across all those
strains (Bart et al., 2012). This set of core effectors now serves as targets to identify
cognate resistance (R) genes in wild species of Manihot and potentially other related
plants in the Euphorbiaceae (Bart et al., 2012; Dangl et al., 2013);. Since then, various
studies have been carried out to identify and characterize core effectors in other
plant pathogens (Table 1). We reason that since core effectors are authenticated
virulence players in various plant pathogens, it is probable that the virulence

strategy is shared by distinct plant pathogens.
Do oomycetes harbour core RxLR effectors (CREs)?

Over the last decade, the genomes of over 65 oomycete species have been sequenced
(Benson et al., 2012; McGowan & Fitzpatrick, 2020). Analyses of these genomes
revealed that the oomycete genome sizes vary from 32.1 to 295.3 Mb in Peronospora
effuse and Plasmopara obducens, respectively (Fletcher et al.,, 2019, McGowan &
Fitzpatrick, 2020). In addition, the RxLR secretomes of oomycetes vary significantly.
For instance, predictions of RxLRs in the genomes of P. multivora, P. infestans, P.
palmivora and P. megakarya encoded 84, 563, 991 and 1181 RxLRs, respectively (Ali et

al., 2017; Haas et al., 2009; Vetukuri et al., 2018). Effector variation even within a
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species is common. This effector content variation has been attributed to horizontal
gene acquisition (HGA) in most oomycete pathogens (Savory et al., 2015). Beside
HGA, oomycetes have been shown to lose genes that do not have targets in the new
host, leading to host jumps (Sharma et al., 2014; Thines, 2019). Also, since most
effectors including RxLRs are small, their rapid variation would result in a loss of
sequence similarity. Despite the gain and loss of RxLRs in oomycetes due to various
selection pressures from plant hosts as well as ecosystems, a small number of them
is conserved across the population of a particular species and/or the genus. The
availability of sequenced genomes for a variety of genotypes of the same species of
oomycetes has been a catalyst in identification of CREs. In addition, the presence of
N-terminal signature motifs mainly the RxXLR-ERR and signal peptide (Armenteros
et al., 2019) has enabled the identification of various CREs using in silico
bioinformatics-based approaches. These approaches allow large-scale identification
of oomycete RXLR effector arsenals. There is a growing evidence of CREs identified
in a large number of oomycetes using computational approaches (Armitage et al.,
2018; Dalio et al., 2018; Pecrix et al., 2019; Rojas-Estevez et al., 2020). A typical
pipeline used in mining CREs in oomycete species is illustrated in Figure 1 leading
to identification of putative CREs in some oomycete species (Figure 2). A general
approach of the pipeline begins with mining of the genome for effectors by
determining their ability to be secreted (presence of a signal peptide and lack of
transmembrane domains) and finally, authentication of these effectors through in

planta expression patterns as depicted in Figure 1.

Besides bioinformatics prediction of putative CREs, genome comparisons can be
employed to identify these effectors (Mestre et al., 2016). For instance, comparing
genomes of strains of a species can aid in the identification of sequence
polymorphism particularly single nucleotide polymorphisms (SNPs) in the protein-
coding regions of effectors (Anderson et al., 2012; Cooke et al., 2012). Ideally, CREs

are well-marked with a high ratio of substitutions that change amino acids (non-
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synonymous) to substitutions that do not change amino acids (synonymous)
coupled with significantly low or no copy number variation amongst the genes
while the opposite applies to non-conserved RxLRs (Cooke et al., 2012; Win et al.,
2007). These distinct variations could be attributed to the fact that conserved
effectors are believed to be ancestral and because of their obligate role in pathogen
virulence, they are subject to purifying selection (Lindeberg et al., 2012). Genomic
comparison of the potato late blight pathogen P. infestans recorded about 563 RxLRs
with 45 of these being shared among the three strains (06_3924A, NL07434, and T30-
4) and expressed in planta as CREs (Cooke et al., 2012). Among these 45 CREs, 5 Avr
genes (Avr2, Avr3a, Avrblbl, Avrblb2 and Avrvntl) are known gain-of-virulence
variants (Vleeshouwers & Oliver, 2014). It was further revealed that Avr2 and Avr3a
contain sequence polymorphisms that potentially enable them to evade recognition
by cognate R genes in plants. Likewise, CREs Avrblbl, Avrblb2 and Avrvntl have
intact coding sequences that are induced during infection (Cooke et al., 2012). These
three Avr effectors are therefore predicted to be recognized by their cognate
immunoreceptors. (Yin et al., 2017) employed next-generation transcriptome deep
sequencing strategy coupled with sequence polymorphisms to identify 18 candidate
CREs in P. infestans. For CRE candidate to be bona fide effectors, the following must
be taken into consideration; (1) conserved sequences among various strains in the
population, (2) high expression during infection and (3) potential essential functions
in pathogenesis (Cooke et al., 2012; Dangl et al., 2013; Yin et al., 2017). A recent study
on genome re-sequencing of P. sojae identified a set of 471 RXLR effectors across 26
genomes of the pathogen with 42 being conserved as well as expressed in planta.
Among the 42 core effectors, two RxLR effectors, PsAvh241 and PsAvh23 had been
demonstrated as essential for full virulence of P. sojae (Kong et al., 2017; Yu et al.,
2012)This insinuates that the remaining 40 effectors could be critical in the infection

process.
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At this point, it is evident that bioinformatics-based approaches have been
successfully used in CREs identification. However, in this success, therein lies a trap.
With this approach, effector proteins lacking a signal peptide (SP) are discarded.
However, these SP-lacking RXLR effector proteins have been shown to be secreted
unconventionally (Liu et al.,, 2014). Specifically, RXLR candidate effectors of P.
infestans were detected in the pellet samples of the culture filtrate, providing
compelling evidence that these effectors could be delivered using the extracellular
vesicles (EVs) (S. Wang et al., 2018). Therefore, most CREs could be overlooked when
using bioinformatics approaches only. Also, false positives may be reported using
these prediction approaches. It is unfortunate that to date, there is still no reliable
algorithms to predict unconventionally secreted proteins in filamentous plant
pathogens including oomycetes. Mass spectrometry is a powerful technique that can
be used to solve this problem. It has been previously employed in validating
computationally predicted RxLR effector proteins to be secreted as well as
identifying extracellular proteins that lack typical SP, which would then be
overlooked (McGowan et al., 2020; Meijer et al., 2014; Severino et al., 2014)

Taken together, coupling in silico-based approaches with experimental techniques
such as mass spectrometry could be the gold standard method for identifying CREs
and more so, novel CREs that have no matches in public databases. In addition, there
is need to verify whether indeed RXLR effectors form part o the cargo that is being
delivered to the extracellular of the pathogen using EVs. More importantly, the

association of RxLRs with EVs during their biogenesis is worth investigating.

Do Core RxLR effectors play a role in virulence?
The evolutionary arms race between plant hosts and pathogens has led to plants
developing a multi-layered immune response. This immune response is therefore

presented in the form of pathogen-associated molecular pattern (PAMP)-triggered
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immunity (PTI) and effector-triggered immunity (ETI) (Saijo & Loo, 2020). However,
CREs subdue host immune responses by targeting key components leading to
disease proliferation. In most cases, these targeted components are central cellular
processes/proteins that are conserved across diverse plant species. The first report
was recorded in 2014 demonstrating that P. sojae RXLR effector PsPSR2 that is
conserved among eight Phytophthora spp, suppresses RNA silencing activity, which
is conserved in various plants(Xiong et al., 2014). Since then, a few other studies on
CREs have been conducted to determine the role of oomycetes CREs in virulence.
For instance, P. sojae RXLR effector (PsAvh73) homologous to oomycete
Hyaloperonospora arabidopsidis effector (HaRxL23) was reported to suppress PTI

response in Nicotiana benthamiana and ETI in Glycine max (Deb et al., 2018).

Phytophthora brassicae effector, RxLR24, was showed to be highly conserved among
most successful species of Phytophthora such as P. infestans, P. sojae, and P. parasitica
var. nicotianae (Tomczynska et al., 2018). Further, characterization of this effector and
its close homolog in P. infestans, Pi RxXLR24 revealed that the two effectors localize to
the plasma and vesicular membranes, where they associate with members of the
RABA GTPase subfamily, hence interfering with vesicle tracking of the host plant
(Tomczynska et al., 2018). In a separate study, three core effectors of P. parasitica
PpRxLR2, PpRXLR3, and PpRxLR5 were highly expressed in N. benthamiana leaves
during infection (Dalio et al., 2018). Further analysis showed that effector PpRxLR2
enhanced the virulence of P. parasitica via complete suppression of the INF-linduced
PCD while effectors PpRxLR3 and PpRxLR5 suppressed host plant defenses
nonetheless, it was to a less significant extent when compared with PpRxLR2. Two
CREs, REX3 and REX2 of the broad host-range oomycete P. palmivora were
demonstrated to promote disease development upon expression, where effector
REX3 enhanced virulence of the pathogen by interfering with host secretion
pathways (Evangelisti et al.,, 2017). The well-studied oomycete P. infestans was

reported to harbour a total of 18 CREs that are not only expressed during the early
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phase of infection but also contribute to disease development by inhibiting plant

defence responses induced by both PTI and ETI (Yin et al., 2017).

Recently, CREs have been reported to target negative regulators of host immunity
called susceptibility factors (SFs). A good example is Avr3a-related RXLR effectors
that are distributed across diverse Phytophthora species. These effectors target the
family of cinnamyl alcohol dehydrogenase 7 (CAD7) leading to downstream
suppression of PTI (Li et al., 2019)

Although CREs are said to be highly conserved, their essentiality is not likely to be
retained through the conservation of overall proteins but through specific protein
domains. From the few existing studies on CREs of oomycetes, there is no specific
domain that has been implicated in effector virulence activity (Li et al., 2019;
Tomczynska et al., 2018; Xiong et al., 2014). Interestingly, alignment analyses of these
CREs reveal the presence of C-terminal W (Trp) and Y (Tyr) motifs. We therefore
hypothesize that these motifs could be crucial in virulence activity of CREs of
oomycetes. But again, studies have shown that approximately 44% of Phytophthora
RxLR effectors and 26% of Hyaloperonospora arabidopsidis possess a highly conserved
W and Y motif at the C-terminal (Boutemy et al., 2011; J. He et al., 2019). Structural
analyses of WY motif(s) have revealed the presence of more than one a-helix bundle
formed by each motif (Win et al., 2012). It is hypothesized that the a-helical-domain
which is the “WY-domain”, enhances effector adaptation through mutations, while
the hydrophobic core fold provides stability and flexibility therefore, implicated in
virulence activities of the effector (Boutemy et al., 2011). Following this hypothesis,
studies have reported that this hydrophobic core is crucial in effector-host target
protein interaction (Du et al., 2015; King et al., 2014; Qiao et al., 2015), cell-death
induction (Combier et al.,, 2019; Xiang et al., 2017) RNA silencing suppression
activity (Zhang et al., 2019) and suppression of PTI and ETI events (Deb et al., 2018;
Li et al., 2019)
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Although the WY motifs have been associated with effector virulence activity, P.
infestans RxLR effector PexRD54, was shown to have a total of five WY repeats but
surprisingly, the virulence activity of the effector was dependent on a C-terminal
ATGS-interaction motif (AIM) that binds proteins related to autophagy (ATGS)
(Dagdas et al., 2016; Magbool et al., 2016). Further analysis of PexRD54 revealed that
the AIM motif, at the C terminus of the effector, is linked to the last WY domain by
a short helix (Dagdas et al., 2016). Therefore, we can hypothesize that the main
function of WY motifs in RxLRs is to act as a “dais” to introduce functional motifs
or domains for interaction with host plant proteins. Recently, the highly conserved
Avr3a-like effectors from Phytophthora species showed a conserved function by
targeting plant cinnamyl alcohol dehydrogenase 7 (CAD?7) subfamily (Li et al., 2019).
Amazingly, this function was independent of a putative enzyme active site of these
effectors. Since the sequence conservation of these proteins revealed the presence of
conserved WY motif at the C-terminal, we can therefore propose that WY motif

could be responsible for Avr3a-like effectors-CAD?7 interaction.

Although it appears that W-Y motifs are crucial in virulence activity of most RxLR
effectors in oomyecetes, it is not crystal clear whether these motifs are key players in
CREs activity. Therefore, dissecting the structure of CREs using experimental and
computational approaches is encouraged. This will inform not only the functional
motifs or domains but also the host immune proteins or processes that these CREs

target.
Do CREs target core host proteins/processes?

Ideally, the ability of conserved effectors to target conserved plant proteins and
processes is a clever ploy since this provides not only flexibility in the increase of a
pathogen’s host range but also hastens evolutionary shifts to new hosts (Carella et
al., 2018). In addition, since these core effectors are maintained in effector repertories

over a long evolutionary time (Depotter & Doehlemann, 2020), they are likely to
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target conserved elements in the plant immune system or metabolism that facilitate
host colonization. It is also important to know that these targeted host proteins and
processes are “the candy liked by many” since they are crucial processes that cannot
be altered or eliminated without a complete damage to plant fitness. This core
effector for conserved host protein concept has been witnessed in plant fungal
effectors (Hemetsberger et al., 2015; Irieda et al., 2019) and also in effectors (AvrB,
AvrPto, HopAlIl) of bacteria such as Pseudomonas syringae (Alfano et al., 2000); (Badel
et al., 2006; DebRoy et al., 2004) In oomycetes, this concept has not been sufficiently
documented. Studies have demonstrated that evolutionarily conserved RxLR
effectors in oomycetes Hyaloperonospora arabidopsidis and P. sojae can suppress
immunity in plant species that are divergent from the source pathogen’s host
(Anderson et al., 2012; Deb et al., 2018)). In the same token, several conserved RxLR
effectors from oomycete Phytophthora agathidicida, a pathogen of gymnosperms, were
revealed to interact with the immune system of model angiosperm plants (Nicotiana
spp), in a similar way to that of angiosperm pathogens (Guo et al.,, 2020). These
findings provide a hint on possible interaction of conserved effectors with conserved
host targets. Recently, Avr3a-like conserved effectors from Phytophthora pathogens
were reported to target negative regulator of immunity, cinnamyl alcohol
dehydrogenase 7 (CAD7?) in both Arabidopsis thaliana and Nicotiana benthamiana
leading to disease development (Li et al., 2019). The notion of oomycetes” effectors
targeting negative regulators/susceptibility factors is currently a fertile ground as

reviewed by (Q. He et al., 2020)

At this point, we cannot confidently conclude that CREs of oomycetes target broadly
conserved plant proteins, nonetheless, the presence of core effectors in these
pathogens could explain the success of most broad host-range oomycetes notably
Phytophthora species. In order to fully understand core-core concept, functional
characterization of core effectors is key. This can be achieved through screening for

protein-protein interaction using yeast two-hybrid system (Y2H) (Boevink et al.,
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2016; Mukhtar et al., 2011), followed by validation of the interaction through co-
immunoprecipitation (Petre et al, 2015). Other validation methods include
Biotinylation (Roux et al.,, 2013) and bimolecular fluorescence complementation
(BiFC) (Graciet & Wellmer, 2010; Miller et al., 2015). Further, mutation analyses like
site-directed mutagenesis (Sang et al., 2020; Whigham et al., 2015)and virus induced
gene silencing, VIGs (Ren et al., 2019; L. Yang et al., 2016) can be performed to gain

more insight on effector-host protein interaction.
Can core effectors be useful in breeding for durable resistance?

Currently, there is a paradigm shift from conventional to breeding for durable
resistance. Effectoromics is a high-throughput functional genomics approach that
employs the use of effectors to probe plant germplasm (Pais et al., 2013;
Vleeshouwers et al., 2008). We reason that since core effectors are present in most
strains or species of a pathogen as well as playing an important role in virulence,
therefore, pathogen cannot easily lose them even after a new resistance gene is
deployed in the host. Consequently, R gene products that recognize such effectors
are anticipated to be more durable than resistance gene products that perceive non

conserved effectors.

The journey to durable resistance using core effectors starts with employing next-
generation sequencing technologies to sequence and assemble genomes of various
pathogens that are responsible for disease in different fields. Using computational
approaches, the most successful core effectors in these strains can be identified.
Successively, these core effectors can be employed as probes in screening for cognate
R proteins from wild germ-plasm using mainly transient co-expression assays
(Rietman et al., 2012) followed by either marker-assisted breeding or transgene
deployment (Dangl et al., 2013; Vleeshouwers et al., 2011; H. Yang et al., 2012).
Validation of these new R genes could be enhanced by new genome-editing methods

like clustered regulatory interspaced short palindromic repeat (CRISPR)
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technologies (W. Wang et al., 2018). Screening for potential R proteins that recognise
core effectors has been attempted in Ralstonia solanacearum, the causal agent of
bacterial wilt on numerous solanaceous species (Clarke et al., 2015). The study
reported that eight of core effectors of the pathogen, triggered a response in diverse
host plants (eggplant, tomato pepper and lettuce). This led to the conclusion that
these genotypes could be harbouring resistance genes that can be identified and

mapped, cloned, and expressed in host plant.

Although core effectors appear to be the perfect targets in breeding for durable
resistance, some studies have reported that due to long evolution of plant-pathogen
interaction, there is a possibility of complex mechanisms coming into place to shield
conserved effectors from recognition (Bourras et al., 2015, Kombrink & Thomma,
2013; Plissonneau et al., 2016). For instance, the virulence activity of the conserved
pathogen-secreted xyloglucan specific endoglucanase (PsXEG1) an apoplastic
effector of P. sojae was shown to be protected by its paralog that is enzymatically
inactive by binding more tightly to the host apoplastic glucanase inhibitor GmGIP1
than PsXEG1 (Ma et al., 2017). Whether this is also the case in extracellular effectors
like RxLRs needs to be investigated. Another hurdle to utilization of core effectors
for durable resistance has been encountered in the well-conserved P. infestans RxLR
effector Avr3a (Armstrong et al., 2005; Cardenas et al., 2011). This effector exists in
two alleles (Avr3aX! and Avr3atM), and this translates to a difference of two amino
acids in the mature protein where AVR3aKI is recognized by R3a while AVR3aEM
evades R3a recognition (Armstrong et al., 2005). Therefore, although Avr3a has been
marked as a potential candidate in breeding for durable resistance, the challenge
now is to produce potato plants with an enhanced resistance spectrum and
durability by integrating naturally occurring R genes or engineered, synthetic R
genes with extended pathogen recognition precisions that comprises Avr3at™

recognition.
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Another potential way of exploiting CREs for durable resistance breeding is
capitalizing on their ability to target susceptibility factors (SFs) (Li et al., 2019). This
can be attained by identifying susceptibility genes using protein-protein interaction
methods such as yeast-two hybrid screening (Boevink et al., 2016; Bos et al., 2010).
After the identification, inactivation of SF genes by mutations is done with an aim
of interfering with the ability of the effectors to associate with their host partners
(Gawehns et al., 2013; van Schie & Takken, 2014). For instance, potato plants showed
complete resistance to P. infestans pathogen after successful knockdown of six SF
genes (Sun et al.,, 2016). Although this might seem to be an avenue to breeding for
durable resistance using core effectors, there is a cause for alarm since mutations in
susceptibility genes have been linked to pleiotropic effects precisely dwarfism and
sensitivity to other stresses (Gawehns et al. 2013). This limits the utilization of these

genes in agriculture.
The future of CREs Research

There is a clear potential for core effectors to target conserved processes in diverse
host plants (Irieda et al., 2019). However, studies on the ability of CREs in oomycetes
to target conserved host processes/protein have not been fully explored. Therefore,
functional studies on these effectors are highly encouraged. The emerging reports
that oomycetes species harbour CREs shed light on important virulence roles played
by these effectors. However, some key questions remain to be answered: Why do
oomycetes conserve some RxLRs? Do these effectors play a conserved role in host
plants? Do these effectors act as probes in screening for cognate R genes in search
for durable resistance in plants? Providing answers to these questions can
potentially further advance the field. Further, studies should also combine
biochemical analyses with genetics and biophysical studies to address these
questions in order to gain a thorough understanding of the biology of core effectors

in oomycetes.
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Although less has been documented on core RxLR effectors in oomycetes, the few
existing studies have identified putative CREs through in silico prediction-based
approaches. The task now is to validate the expression of these effectors in planta. In
addition, functional characterization is worth doing to dissect these effectors and
hence identifying specific domains that are conserved as well as important in

virulence of the effector.

................................................................
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Figure 1: A schematic representation of in silico prediction and validation of putative

CREs in oomycetes. The secretome prediction pipeline begins with the removal of
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proteins without a signal peptide (SP) while retaining those with transmembrane
domain, by use of signalP tool and THMM, respectively. Effector proteins with a
transmembrane domain (TM) are discarded after signal peptide cleavage as these
proteins are not likely to be retained in the plasma membrane. This is followed by
removing effector proteins without the signature RxLR motif using HMMscan tool.
Orthology analysis is done to determine RxLRs that are conserved within strains or
within species of a pathogen (CREs) using orthologyanalysis tools like COG,
eggNOG or orthofinder tool. The final output is composed of putative secreted CREs
with SP, RxXLR motif and without the TM. This output is further authenticated
through in planta expression to ascertain their role in virulence for instance, their role
in enhancing/suppressing host immunity, where they localize in planta using
confocal microscopy as well as interacting proteins within host partners. Since these
authentic CREs lack the freedom to mutate, the host immunity response to them

effectively hence durable resistance.
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Figure 2: Mllustration of phytopathogenic oomycetes with their respective genome

sizes (Mb) on the first ring, with most of them being Phytophthora spp (P.). In terms
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of genome size, P. infestans and Pseudoperonospora humulis recorded the highest
(240Mb) and lowest (40.5Mb) genomes, respectively. The second ring is the total
number of predicted RxLRs ranging from 200 in P. cactorum to 563 in P. infestans. The
third ring is the total of putative CREs while the fourth ring is the total number of
authentic CREs with Plasmopara halstedii recording a total of 30 CREs. Insignificant
correlation between genome size and the number of predicted RxLRs in oomycetes

was recorded (b).

Table 1: Core effectors in different groups of plant pathogens
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Group Organism Identified Virulence role Reference
core effectors
Oomycete Plasmopara halstedii | 354 (30) Suppress pattern- | Pecrix et al., 2018
triggered immunity and
some induce
hypersensitive
responses
Hyaloperonospora 18 (4) RXLR29 was shown to | Cabral et al., 2011
arabidopsidis suppress pathogen-
induced callose
deposition
Bacteria Ralstonia 60-75 (32) - Peeters et al., 2013;
solanacearum Deslandes and
Genin, 2014; Clarke
etal,, 2015
Xanthomonas 57 (11) - Merda et al., 2017
arboricola
Fungi Ustilago. virens 193 (18) UV_1261 suppress host | (Zhang et al. 2014;
plant  hypersensitive | Fang et al. 2016; Fan
responses etal.,, 2019
Zymoseptoria tritici | 591(153) - Plissonneau et al,,
2018
U. maydis 467(202) Pepl inhibits ~ the | Hemetsberger et
activity of the apoplastic | al.,2012).
maize peroxidase | THemetsberger et
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POX12

Ccel hypothesized to
inhibit  early  plant
defense responses in the

apoplast

Rsp3 has a conserved
virulence role of
protecting the fungal
hyphae from  maize
antifungal proteins

activity.

Stal a novel core
effector with virulence
role through host cell-
wall modification for

disease progression

al.,, 2015;Lanver et
al., 2017;Schuster et
al.,, 2018;Seitner et

al., 2018

Ma et al., 2018

Tanaka et al., 2020

Colletotrichum

orbiculare

necrosis-inducing

secreted  protein 1

(NIS1), targets
conserved immune
kinases hence

interfering with PTI

signalling

Irieda et al., 2019

Figures in and outside the parenthesis are the core and potentially secreted effectors

respectively
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