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The ‘zigzag’ model formulates some of the fundamental
principles underpinning the dynamic interactions between
pathogen effectors and plant immunity. As key virulence
factors, effectors often exhibit a pattern of rapid evolution,
presumably as a result of the host-pathogen arms race. Here,
we summarize the current knowledge of mechanisms that may
accelerate effector evolution in the highly successful
Phytophthora pathogens. Recent findings on epigenetic
regulation of effector genes that allows evasion of host
recognition and maintenance of cost/benefit balance, and a
conserved structural unit in effector proteins that may promote
the evolution of virulence activities are highlighted.
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Introduction

Diseases occur when microbial pathogens successfully
defeat the plant immune system, which is composed of
pattern-triggered immunity (P'TT) and effector-triggered
immunity (ETT) [1]. Although signaling pathways and
cellular processes in PTTand E'TT are highly intertwined,
they tend to depend on distinct immune receptors, that is,
membrane-bound pattern recognition receptors that are
usually receptor-like kinase or protein (RLK or RLP) for
PTTI [2,3] and the intracellular nucleotide binding-leu-
cine-rich repeat receptors (NLLR) for E'TT [4,5]. Activation
of RLK/RLP and NLR leads to responses that restrict
pathogen colonization, hence imposing a selective

Check for
updates

pressure on the pathogens for the evolution of counter-
defense strategies [6].

One of the central components in the zigzag model is
effector-triggered susceptibility (E'TS), which highlights
the key role played by effectors in counter-defense [1].
Selective pressures that drive effector evolution to gain
E'T'S are presumably from two aspects: 1) reversing resis-
tance to susceptibility in a host with established ETI
based on the recognition of specific effector(s) by NLR
(s); 2) gaining susceptibility in a plant that has an effective
PTT triggered by non-self molecular patterns (Figure 1).
In the first scenario, the pathogen population would be
under the selection to escape host recognition. In the
second scenario, evolution of novel virulence activities
would be selected to adapt to a new host. While these
concepts are readily conceivable, the underlying mecha-
nisms that promote the accelerated evolution of the effec-
tor repertoire in a pathogen are not well understood.

Filamentous pathogens in the Phytophthora genus offer
excellent opportunities to elucidate mechanistic insight
into effector evolution. Phytophthora are specialized into
more than 100 species, and collectively, causing diseases
in a wide range of plants including many economically
important crops and forest trees [7]. Each Phytophthora
species encodes hundreds to over 1000 effectors [8].
Similar to what has been observed in other microbial
pathogens, effector gene complements are highly diverse
between Phytophthora species [9,10], presumably shaped
by the complicated interactions with their specific plant
hosts in constant arms races. Among these effectors, the
best-studied family is called the ‘RXLR’. These effectors
contain a conserved N-terminal motif, the RXLR motif,
which is required for translocation from the pathogen to
the host cytosol [11]. Here, we focus on the RXLR
effectors to discuss recent findings on effector evolution
in Phytophthora.

Invisibility cloak — how to hide from
surveillance?

Effectors that activate E'TT are named ‘avirulence’ (Avr)
factors although they still maintain virulence activity in
hosts that do not encode the cognate NLRs [12].
Although the use of this term can be confusing from time
to time, it indicates the natural selection exerts on patho-
gen populations for individuals with changes in their
genome that lead to regained pathogenicity. In
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A conceptual model illustrating adaptive evolution of Phytophthora effectors.

Major mechanisms of effector gene evolution in Phytophthora corresponding to specific stages in the zigzag model are summarized. Adaptation of
effectors that defeats non-host immunity is referred to as effector-triggered susceptibility (ETS), whereas mechanisms that allow the escape of
host NLR-based immunity is referred to as effector-triggered immunity (ETI) evasion. In both cases, the pathogen gains pathogenicity in the plants.

Phytophthora, all currently characterized Avr genes encode
RXLR effectors [13].

There are many examples in which Avr genes are lost in
field isolates that have escaped the ETI conferred by
specific NLR(s) [14-16]. Resequencing of sister species
of Phytophthora revealed a range of mechanisms that
contribute to a high degree of effector polymorphism
including point mutation, recombination, gene duplica-
tion, deletion, and transposon activity [17-19]. Loss-of-
function mutagenesis in Avr genes through DNA
sequence changes has been well-documented in virulent
strains [16,20] (Figure 1). In some cases, loss-of-function
mutations of an Avr can be compensated by functional
redundancy amongst paralogous genes, or by unrelated
effectors impairing the same protein/hub/pathway, there-
fore the strains may not demonstrate significant reduction
in virulence [14,21°]. In other cases, however, a loss-of-
function mutation of Avr gene(s) could lead to compro-
mised virulence of the pathogen in compatible hosts [22].

As such, it would be beneficial for the pathogen species to
retain the Avr genes in the gene pool. Accumulating
evidence has suggested gene silencing as another strategy
utilized by Phytophthora pathogens to abrogate the nega-
tive impact of Avr genes in incompatible interactions.

Evading E'TI by silencing the corresponding Avr gene(s),
without changing the DNA sequences of the gene-coding
region, could be advantageous because this change is
casier to be reversed should a condition come up when
the cognate NLR is suppressed or lost in a plant host
population. The ability to retain virulence activities by
recycling Avr genes during the highly dynamic host-
pathogen co-evolution could be an important strategy
for the success of a pathogen. Indeed, transcriptional
silencing of Avr genes has been recurrently observed in
field strains that successfully evaded NLR-based disease
resistance [20,21°,23-25] and gene silencing could exert a
pervasive effect in shaping Phytophthora cffectoromes
[21°]. In some cases, not only the open reading frame
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of the effector genes but also their local flanking
sequences are identical with those in the ETT-activating
strains, indicating the involvement of epigenetic pro-
cesses [21°,26°°].

The silencing mechanisms deployed on Avrgenes are best
understood in the soybean root rot pathogen Phytophthora
sojae. One example is from PsAvr3a, whose silencing
enabled P. sgjae strains to regain pathogenicity on soybean
varieties carrying the NLR gene Rps3a. Virulence of these
ETT-evading strains can persist over several generations,
indicating that silencing of PsAvr3a is stable [27°]. Intrigu-
ingly, these virulent strains also show the accumulation of
25 nucleotides (nt) small RNAs (sRNAs), which are absent
from PsAvr3a un-silenced strains. Small RNAs are ubiqui-
tous regulators of gene expression in eukaryotes [28]. Phy-
fophthora produces two classes of SRNAs that are predomi-
nantly 21-nt and 25-nt in length respectively. The 21-nt
sRNAs tend to be spawned from the highly expressed gene
loci, whereas the 25-nt sSRNAs are mainly derived from
transposable elements (TE) and repeat-rich regions [29-
31]. The 21-nt and 25-nt SRNA populations also associate
with distinct ARGONAUTE proteins, the key component
of RNA-induced silencing complexes. Further investiga-
tions on the biological function of the 25-nt sSRNAs will
determine whether there is a direct link between the 25-nt
sRNA production and the silencing of PsAvr3a.

In addition to post-transcriptional gene silencing, sSRNAs
can also mediate transcriptional gene silencing by guiding
the establishment of heterochromatin through histone
and DNA modifications in a sequence-dependent manner
[32,33]. Recently, an increased level of histone H3
Lysine27 trimethylation (H3K27me3), a repressive gene
expression mark, was observed at the PsAvriblocus of a P.
sojae isolate, in which the effector was silenced [26°°].
Knocking down a core subunit of the H3K27me3 meth-
ylation complex resulted in the depletion of H3K27me3
at the PsAvrlb locus, which was concomitant with the de-
repression of PsAvrlb expression [26°°]. An independent
study of another PsAvrlb-silenced strain showed that 25-
nt SRNAs were accumulated from the PsAvr/4 locus, but
not from the corresponding loci in un-silenced strains
[34]. Whether there is a causal relationship between
H3K27 methylation and sRNA production remains to
be determined in Phytophthora. Nonetheless, these stud-
ies provide another example of epigenetic regulation of
Avr genes that involves histone modification and possibly
sRNAs (Figure 2a).

Mutability of genes is significantly influenced by genome
environment. In some Phyrophthora species, effector-
encoding genes tend to localize to repeat-rich and
hyper-methylated compartments [35,36]. A particularly
interesting question is whether the physical localization
of the effector genes in the genome promotes silencing
mediated by sRNAs. In addition to accelerating effector
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evolution by promoting recombination, residence in
repetitive genome regions could also allow heritable
but reversible epigenetic regulation of effector gene
expression, which presumably increases the adaptation
potential of Phytophthora.

Epigenetic regulation is widely employed in eukaryotes
to achieve precise and quantitative control of gene
expression in a temporal-spatial manner [37]. While an
expansion of effector repertoire could enhance pathogen
virulence, it inevitably increases the chance of being
recognized by immune receptors [38], which also undergo
rapid sequence diversification and possess a broad recog-
nition capacity [39]. Epigenetic regulation could be
advantageous in preserving the virulence activity in the
pathogen population while balancing this cost. An inter-
esting observation is that genetic crosses between
PsAvr3a-silenced and non-silenced P. sojae strains gener-
ate a F1 hybrid population with variable PsAvr3a expres-
sion levels [38,40]. Therefore, epigenetic control seems to
mediate effector expression plasticity, which could be a
robust strategy to enable adaptations to hosts in a short
evolutionary scale.

New kids in the block — where did they come
from?

A major unanswered question in pathology is how novel
virulence activities arise. Studies in apoplastic effectors,
which manipulate host cellular processes by functioning
in the extracellular space, uncovered mechanisms related
to point mutations (e.g. Phytophthora mirabilis PmEPIC1)
and gene duplication followed by functional diversifica-
tion (e.g. P. sojae XEG1/XLP1) [41,42]. Studies on Phy-
tophthora RXLR effectors revealed another mechanism
that potentially promotes neofunctionality through pro-
tein module shuffling.

Modularity is a feature shared by effectors in many
pathogens. In Gram-negative bacteria that utilize the
type III secretion system to inject effectors into the host
cytosol, the effectors carry the N-terminal ‘secretion and
translocation’ module and the C-terminal ‘effector’ mod-
ule. This modularity enables ‘terminal reassortment’ that
promotes the evolution of novel effectors with similar N-
terminal modules but distinct effector domains [43].
Another well-known bacterial effector family with mod-
ularity is the Transcription Activator-like (TAL) effectors
produced by Xanthomonas species, where combinations of
repeat units with different variant residues allow specific
binding of the effectors to host DNA with different
lengths and nucleotide sequences [44].

It has been observed that many RXLR effectors in
Phyrophthora also contain one or more L, W and Y motifs
[45°], named by the most conserved amino acid residue.
The W and Y motifs are almost always co-existing in an
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Two mechanisms that promote Phytophthora effector evolution highlighted in this review.

(a) Epigenetic gene silencing underpins ETI evasion. Deposition of histone H3K27me3 epigenetic marks or accumulation of endogenous small
RNA at Avr gene loci are associated with silencing of these effectors in hosts that encode the cognate NLR immune receptor(s). Phytophthora
strains carrying the epi-allele are able to evade ETI. (b) Modularity-driven effector evolution through the linear arrangement of the WY/LWY tandem
repeats. Extensive polymorphism resulted from module insertion/deletion, shuffling, and recruitment of additional functional domains potentially
promotes the evolution of new virulence functions by targeting novel host targets.

effector and each WY domain forms a highly similar three
or four a-helix bundle [46°,47-49]. In addition to Phy-
tophthora, WY domains are also enriched in effectors
produced by other oomycete pathogens [46°50].
Recently, the structure of an additional WY effector
PsPSR2 (P. sojae Phytophthora suppressor of RNA silenc-
ing 2) was solved, unearthing the contribution of a newly
defined L-WY motif to the evolvability of Phytophthora
effectors [51°°].

The entire effector domain of PsPSR2 consists of seven
tandem repeat units. Except for the first WY unit, the
following six units all have an L motif; and each of the
LWY units forms a highly similar five-helix fold despite
limited sequence similarity. Importantly, the L motif
acts as a hinge to stabilize the concatenation of indi-
vidual units, resulting in a highly organized, overall
linear structure of PsPSR2. The extended, non-globular
architecture leads to larger surface areas, presumably
promoting the interactions with (multiple) host mole-
cules and/or the formation of novel protein complexes
by simultaneous interacting with host proteins that
would otherwise not interact (Figure 2b). Indeed, the
first three repeat units in PsPSR2 is sufficient to medi-
ate the interaction with a host target protein Double
stranded RNA-binding protein 4 (DRB4) [52]. While
the function of the other four units remains unknown,

they may mediate interaction(s) with additional host
target(s), potentially facilitating the formation of larger
protein complexes. Interestingly, effectors with the
LWY units tend to have a higher number of repeats
compared to effectors that do not have the WY/LWY
repeats or only have the WY repeats, consistent with the
potential of an increased interaction capacity [51°°].

The LWY tandem repeats are found in numerous RXLR
effectors, which are widely present in Phytophthora species.
Sequence conservation of the LWY motifs is restricted to a
small number of buried residues that are essential to main-
tain the fold of individual units, and stabilize unit concate-
nation and the overall linear structure of the effectors. This
highlevel of sequence plasticity on the surface residues may
promote divergent evolution of the effectors and facilitate
functional differentiation. Many LWY effectors are chi-
meras of LWY units with diversified surface residues, add-
ing another layer of potentiality to evolve novel activities
[51°°]. Indeed, Phytophthora effectors with different
WY/LWY domain(s) or domain combinations demonstrate
distinct molecular functions in host plants [52-55]. More-
over, unrelated functional domain(s) can be recruited to
WY/LWY effectors outside the repeat region [56], further
expanding the diversity of effector function (Figure 2b).
These findings suggest a role of the WY/LWY motif in the
generation of a diverse effector repertoire in Phytophthora.
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Future perspectives — a race in the new era
Specific interactions of pathogen effectors and their host
targets or immune receptors determine whether disease
will occur. Although steady progress has been made in
understanding their virulence mechanisms, how effectors
rapidly evolve in the context of host-pathogen arms race
remain largely enigmatic. Recent findings in Phytophthora
RXIL.R effectors provide new opportunities to elucidate
mechanisms underlying effector evolution.

A budding area in effector biology is epigenetic regula-
tion. Although evasion of host recognition by Avr gene
silencing has been repeatedly observed, direct links
between histone modification, SRNA production, and
gene silencing have not been formed and factors that
modulate the epigenetic regulations yet to be identified.
Looking forward, large-scale, multi-dimensional analyses
of epigenome and transcriptome using cutting-edge tech-
nologies such as long-reads RNA sequencing, ATAC
(Assay for Transposase-Accessible Chromatin)-seq, and
probe-enriched effector sequencing (Penseq) [57] in field
isolates of Phytophthora, will provide key information that
facilitates an overall understanding of the expression
dynamics of effector genes during natural infection of
hosts encoding different NLRs. Results from these anal-
yses will then pave the foundation for in-depth genetic
studies to uncover the underlying mechanisms of effector
gene regulation. The establishment of CRISPR/Cas9-
based genome editing technology in some Phytophthora
species enhances the functional characterization of genes
with known or newly identified functions in epigenetic
regulation on modulating effector expression.

Tandem repeats are hot spots for recombination-based
gene evolution. Although modularity is widely present in
effectors, how recombination may accelerate the evolution
of novel virulence activities is largely unknown. The WY/
LWY effectors of Phytophthora and other oomycete patho-
gens offer a unique opportunity to elucidate repeat-driven
evolution in pathogenicity. In particular, the overall linear
structure of the LWY effectors makes it possible to assign
specific activities and host targets to distinct repeat units or
unit combinations using a systemic approach. The rich
resources of Phytophthora genome sequences and an accu-
mulating knowledge of the virulence activities of the WY/
LWY effectors will propel a fundamental understanding of
effector evolution through modularity-mediated neofunc-
tionalization and multifunctionalization.
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