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Plant pathogenic oomycetes secrete a diverse repertoire of

effector proteins that modulate host innate immunity and

enable parasitic infection. Understanding how effectors evolve,

translocate and traffic inside host cells, and perturb host

processes are major themes in the study of oomycete–plant

interactions. The last year has seen important progress in the

study of oomycete effectors with, notably, the elucidation of the

3D structures of five RXLR effectors, and novel insights into

how cytoplasmic effectors subvert host cells. In this review, we

discuss these and other recent advances and highlight the

most important open questions in oomycete effector biology.
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Introduction
In recent years, the field of plant–microbe interactions has

coalesced around a general model. All major classes of

molecular players both from plants (surface and intra-

cellular immune receptors) and microbes (pathogen

associated molecular patterns [PAMPs] and effectors)

have now been revealed [1,2]. Within the context of

host–pathogen interactions, ‘effectors’ are molecules,

typically proteins, secreted by pathogens that manipulate

host cell processes for their own benefit. In plants, effec-

tors can be targeted to the apoplast (the space outside

plant cell membranes) or translocated into the host cell

(cytoplasmic effectors). It is widely accepted that effec-

tors are deployed mainly to suppress host defences, but

they are also likely to have other, as yet ill-defined, roles

in remodelling processes such as host metabolism, that

could provide nutrients for pathogen growth. However,

on resistant plant genotypes, effectors can become a

liability for the pathogen. Plants monitor the presence
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of effectors using receptors encoded by disease resistance

(R) genes, which can activate plant immunity in response

to pathogens and restrict their growth [1,3,4]. The co-

evolutionary dynamics between pathogens and plants

have resulted in structurally and functionally diverse

families of effectors and immune receptors that are

encoded by rapidly evolving genes. Understanding the

mechanisms by which effectors perturb plant processes

and modulate immunity is central to the study of plant–
microbe interactions.

The oomycetes are an important class of filamentous

eukaryotic pathogens that secrete effectors to promote

infection and colonization of plant tissue. The availability

of genome sequences for some of the most important

plant pathogenic oomycetes, including Pythium [5], Phy-
tophthora [6–8], Albugo [9�,10], and Hyaloperonospora [11]

species have significantly advanced the field by enabling

the cataloguing of putative effectors. These genome-wide

repertoires revealed unexpectedly large and diverse

classes of effectors indicating that oomycetes have

evolved sophisticated pathogenicity mechanisms. Indivi-

dually, some of these pathogens are the causative agents

of devastating crop diseases of both historical and current

socio-economic importance (e.g. potato late blight and

the Irish potato famine, sudden oak death, soybean root

rot); many also cause disease on model plants such as

Nicotiana benthamiana or Arabidopsis thaliana, which

makes them tractable pathosystems for the study of

effectors in the laboratory.

In this review, we discuss some of the most recent

advances and highlight the most important open ques-

tions in oomycete effector biology. We also refer readers

to other recent reviews on the subject [12–15].

Effector repertoires: more and more
The first oomycete genome sequences determined

uncovered effector secretomes much more complex than

expected, with several hundred proteins presumably

dedicated to perturbing plant cell physiology [6,8].

Two large classes of cytoplasmic effectors, RXLR and

CRN proteins, could be reliably predicted by the occur-

rence of conserved motifs in an N-terminal region that

follows the signal peptide. However, these predictions

may have underestimated the diversity of the effector

secretome. The identification of new effector genes

revealed sequence variations on the RXLR consensus

in downy mildews. Hyaloperonospora arabidopsidis ATR5,

an effector that mediates avirulence on Arabidopsis plants
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with the RPP5 resistance protein, lacks the canonical

RXLR motif (RVRN instead of RVLR in related effec-

tors), although it shares overall similarity to typical RXLR

domains and still carries a conserved EER motif [16�].
Genome sequencing of the cucurbit downy mildew,

Pseudoperonospora cubensis, revealed secreted proteins

with similarity to typical RXLR effectors, such as

ATR1 and AVR3a, but with an R to Q substitution in

the first residue of the motif (QXLR) [17]. Overall, these

findings suggest that variants of the RXLR motif might be

frequent and that effector mining exercises should take

this new information into account.

The phylogenetic distribution of RXLR and CRN effec-

tors also revealed some surprises. New genome sequences

of pathogenic oomycete species did not simply reveal

additional members of the established classes but uncov-

ered new families of secreted proteins. The RXLR effec-

tors turned out to be restricted to the Peronosporales

clade, specifically Phytophthora and downy mildews.

RXLR effector genes are not overrepresented in the

genomes of Pythium ultimum and species outside the

Peronosporales, and are probably missing in these patho-

gens [5,9�,10,18]. By contrast, the host-translocated CRN

effectors are ubiquitous and have been detected in all

examined plant pathogenic oomycetes [18]. However, the

CRN family is dramatically expanded in Phytophthora
infestans (196 genes, 255 pseudogenes), whereas most

other oomycetes have relatively fewer CRN genes, with

P. ultimum having only 18 [5,6]. Unbiased computational

analyses of newly sequenced genomes revealed novel

families of secreted proteins to be enriched in P. ultimum,

Albugo laibachii and Albugo candida [5,9�,10]. These in-

clude secreted proteins with conserved N-terminal

sequences, namely the YxSL[RK] motif in P. ultimum
and CHXC in Albugo, that were proposed to function as

translocated effectors in these species [5,9�].

Host-translocation of oomycete effectors: the
plot thickens
One central question in oomycete research is how cyto-

plasmic effectors are delivered inside host cells. Following

secretion, cytoplasmic effectors need to cross the host cell

membrane, a process that is thought to require transloca-

tion domains defined by specific sequence motifs, such as

RXLR [19–21], LXLFLAK [6,18], and CHXC [9�]. The

mechanisms of translocation are best studied in the RXLR-

type effectors, which are thought to be predominantly

secreted via haustoria, specialized hyphal structures that

invaginate the host membrane [20]. RXLR effectors carry

an N-terminal motif that is similar in sequence, position,

and function to the host cell-targeting signal (PEXEL/HT

motif) required for translocation of proteins from animal

parasitic plasmodia into red blood cells [22,23]. In a noted

yet controversial paper, Kale et al. [24] proposed that the

RXLR domain functions in binding the phospholipid

phosphatidylinositol-3-phosphate (PI3P). This activity
Please cite this article in press as: Bozkurt TO, et al.. Oomycetes, effectors, and all that jazz, Cu

Current Opinion in Plant Biology 2012, 15:1–10 
was proposed to enable pathogen-independent entry of

RXLR effectors into plant cells via binding abundant outer

surface PI3Ps [24]. Kale et al. then extended this model to

effector proteins from diverse plant pathogenic fungi, such

as the rust fungi, which have been proposed to carry highly

degenerate RXLR-like motifs that also bind PI3Ps to

mediate host cell entry [24,25]. However, this model has

not been universally accepted by the oomycete and fungal

pathogen communities, due partly to lack of reproduci-

bility of the PI3P binding experiments [26,27,28��] (see

also review by P.N. Dodds in this issue). For instance Gan

et al. [26] could not demonstrate that the flax rust effectors

AvrM and AvrL567 require PI3P binding for cell entry.

Yaeno et al. [28��] were not able to reproduce the RXLR

leader to PI3P binding experiments using three RXLR

effectors AVR3a, AVR3a4, and AVR1b. Interestingly,

Yaeno et al. [28��] discovered that PIP binding was not a

property of the RXLR region, but rather of the C-terminal

effector domain. PIP binding is important for in planta
stability of AVR3a and as a consequence affects the viru-

lence activity of this effector. Given that host-translocation

activity has been ascribed to the N-terminal RXLR domain

[20,21], PIP binding to the AVR3a C-terminus should not

have any relevance to host-translocation.

The mechanisms of RXLR effector entry into plant cells

remain unclear and under debate. It is possible that

oomycetes have evolved multiple mechanisms to trans-

locate effector proteins inside host cells. Recently, Wawra

et al. [29�] showed that the oomycete fish pathogen

Saprolegnia parasitica translocates SpHtp1 via binding

tyrosine-O-sulphate displayed on the host cell surface.

SpHtp1 failed to bind phospholipids and the inhibitor

inositol-1,4-diphosphate did not prevent cell entry [29�].
Multiple mechanisms of host-cell targeting have also

been proposed for the malaria parasite Plasmodium falci-
parum. The PEXEL/HT motif is specifically cleaved

within the parasite endoplasmic reticulum (ER) and is

subsequently N-acetylated before secretion and targeting

into red blood cells via a specific pathogen-encoded

translocon [30,31]. Recently, this model was challenged

by the finding that the PEXEL motif mediates binding to

PI3Ps within the parasite ER, thereby enabling sorting of

host-translocated proteins [32]. Nonetheless, unlike what

has been suggested for oomycete RXLR effectors,

PEXEL/HT effectors are not known to be taken up in

the absence of the pathogen, and a pathogen-encoded

translocation machinery, whether PI3Ps, chaperones or

translocon proteins, appears to be essential for host cell

entry.

3D structures of RXLR effectors: take five
The last year has seen the publication of the first 3D

structures of oomycete RXLR effectors (Figure 1). To

date, five structures have been published: AVR3a4 and

AVR3a11 from Phytophthora capsici [28��,33��]; PexRD2

from Phytophthora infestans [33��]; and ATR1 and ATR13
rr Opin Plant Biol (2012), doi:10.1016/j.pbi.2012.03.008
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Figure 1
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Crystal structures of the C-terminal regions of RXLR-type oomycete effectors. Schematic representations showing the modularity and structures of (a)

AVR3a11 (AVR3a4 adopts essentially the same structure), (b) PexRD2 and (c) ATR1. The black bars represent the regions of the protein sequence that

were crystallized. The 3 a-helices of the WY domain in each structure are shown in red and labelled a2, a3 and a4; for AVR3a11 and ATR1 the N-

terminal helix that forms the 4-helix bundle is also shown in red (a1). For clarity, in (b), helices not part of the core WY domain are shown in yellow and

the second PexRD2 monomer of the homodimer is in grey. In (c), the second WY 4-helix repeat is shown in pink; helices preceding the WY regions,

and a linker helix, are shown in yellow.
from H. arabidopsidis [34��,35]. Each of the studies inves-

tigated structure/function relationships in the C-terminal

region of the effectors, the region associated with the

biochemical activity of the proteins inside plant cells [12].

The structure of the N-terminal region, which includes

the RXLR-dEER translocation domain, could not be

elucidated and in the case of AVR3a4 was shown to be

un-structured [28��]. In silico analyses of other RXLR

effectors suggest that the RXLR-dEER leader most

probably adopts a disordered conformation, possibly an

important molecular feature for function in host cell

translocation.
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A striking finding emerged from the structures of the

AVR3a homologues, PexRD2 and ATR1. These proteins

share a conserved alpha-helical protein fold, termed the

WY domain [33��,36], a composite of the previously

defined W and Y motifs [6,37]. This structural conserva-

tion could not be confidently predicted from sequence

comparisons. Further, the structure of ATR1 was shown

to contain two tandem WY domains, linked by an

additional helix [34��]. Some RXLR effectors are pre-

dicted to carry up to 11 tandemly-repeated WY domains

[33��]. Computational analyses suggest that at least 44%

of annotated Phytophthora RXLR effectors and 26% of
rr Opin Plant Biol (2012), doi:10.1016/j.pbi.2012.03.008
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annotated H. arabidopsidis RXLR effectors contain the

WY domain [33��]. The occurrence of the WY fold

appears to be linked to evolution of biotrophy and the

emergence of RXLR effectors in the Peronosporales

given that the WY domain signature could not be

detected outside this lineage [36]. It is important to note

that RXLR effectors show extensive sequence diversity

and not all of them are predicted to have WY domain

folds. One example is ATR13, which does not appear to

harbour the WY domain fold [35]. In summary, it appears

that the WY domain has evolved in a large number of

RXLR effectors to function as a conserved but adaptable

protein fold that supports diversification of effectors. This

in turn may support the gain of new effector functions and

evasion of host immunity pathways.

Structure and function of RXLR effectors:
poker face
Effectors with avirulence activities are under selective

pressure to evade recognition by immune receptors while

retaining their virulence activities. The 3D structures of

RXLR effectors revealed that functionally important and

polymorphic residues locate to the surface of the structures

[28��,33��,34��,35]. For instance, the structures allowed the

mapping of H. arabidopsidis ATR1 and ATR13 residues

involved in the recognition conferred by RPP1 [34��,38]

and RPP13 [35], the Arabidopsis resistance proteins that

sense these proteins. Interestingly, residues involved in

recognition of ATR1 (Emoy2, Maks9 and Cala2 alleles) by

RPP1-NdA and RPP1-WsB are different and are distrib-

uted across different protein surfaces, suggesting multiple

sites of interaction are important for activity [34��]. By

contrast, critical residues for recognition of ATR13 (Emoy2

and Emco5 alleles) by RPP13-Nd were co-localized in the

structure, pointing to a single region of the protein surface

that mediates avirulence activity [35].

Molecular models of P. infestans AVR3a, based on the

structures of its homologues AVR3a4 and AVR3a11

revealed that residues 80 and 103, which are crucial for

recognition by the potato immune receptor R3a [39], map

to the same face of the four-helix bundle [28��,33��]. In

addition, these structures identified a positively-charged

surface patch, largely formed from Lys residues of the N-

terminal a-helix [28��,33��]. Structure-informed mutagen-

esis of P. infestans AVR3a based on the AVR3a4 structure

revealed that this C-terminal region was sufficient for

AVR3a binding to PIPs [28��]. These mutants had reduced

stability in planta suggesting that phospholipid binding is

important for AVR3a accumulation inside host cells to

suppress immunity. By contrast, mutations affecting PIP

binding did not alter recognition by R3a [28��].

RXLR effectors dimers: two of a kind
Structure/function analysis of PexRD2 has shown that

this effector adopts a homodimer of WY domains in vitro,

and oligomerizes in planta [33��]. This suggests that
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oligomerization may provide an additional mechanism

for structural and functional diversification of RXLR

effectors. This finding raises intriguing questions about

the extent to which RXLR effectors form homo-oligo-

mers or hetero-oligomers once they are delivered inside

plant cells.

A Nudix hydrolase effector: lonely stranger
The majority of RXLR effectors, including the RXLR-

WY class, have little similarity, at the primary amino acid

sequence level, to known proteins and many are thought

to be too small to encode enzymatic activities. One

exception is the Phytophthora sojae RXLR effector

AVR3b, which carries a Nudix motif that mediates

ADP-ribose and NADH pyrophosphorylase activity

[40��]. Mutagenesis analyses revealed that the Nudix

motif is important for AVR3b virulence function but

not for the activation of the resistance protein Rps3b

[40��]. AVR3b might mimic plant Nudix hydrolases,

which are known to act as negative regulators of plant

immunity [40��].

Effectoromics screens: just can’t get enough
The sheer number of predicted effector genes in oomy-

cetes makes it challenging to assign them activities and

functions. The community’s answer to this daunting

challenge has been to establish high-throughput in planta
expression screens of candidate effectors, an approach

coined ‘effectoromics’ [41–43]. In a pioneering effectoro-

mics study, Vleeshouwers et al. screened an infection-

ready library of computationally predicted RXLR effec-

tors of P. infestans on late blight resistant Solanum geno-

types representing eight different species [41]. The

screen revealed AVRblb1, the RXLR effector that is

recognized by the Solanum resistance proteins Rpi-

blb1, Rpi-sto1, and Rpi-pta1. In a related study, the same

effector library was co-expressed with the cloned Solanum
bulbocastanum resistance protein Rpi-blb2 in N. benthami-
ana resulting in the identification of AVRblb2 [43]. More

recently, Rietman and colleagues expanded the P. infes-
tans RXLR effector library to 270 candidates (Rietman H,

thesis 2011). Extensive screening of wild potatoes (Sola-
num spp.) using Agrobacterium tumefaciens transient expres-

sion (agroinfiltration) revealed a total of 11 new putative

avirulence effectors (Rietman H, thesis 2011). A common

finding across these studies is that most effector-plant

interactions did not result in specific hypersensitive

response cell death. A similar result was obtained by

Fabro et al. with �60 H. arabidopsidis RXLR effectors

delivered to 12 ecotypes of Arabidopsis using the Type

III secretion system of the bacterial plant pathogen

Pseudomonas syringae [44]. Except for the previously

known ATR13, none of the tested H. arabidopsidis RXLR

effectors triggered macroscopic cell death indicating that

avirulence activity towards the examined set of Arabi-

dopsis ecotypes is relatively rare [44]. A similar finding

was obtained by Goritschnig et al. [45] who screened 83 A.
rr Opin Plant Biol (2012), doi:10.1016/j.pbi.2012.03.008
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thaliana ecotypes with 18 candidate RXLR effectors from

H. arabidopsidis only to discover a single new effector–R

protein interaction (ATR39–RPP39).

In contrast to effectoromics screens for activation of

immunity, screens for virulence activities yielded diver-

gent findings [43,44,46]. Screens for suppressors of the

cell death induced by the INF1 elicitin, a P. infestans
secreted protein with features of PAMPs, resulted in 3

positives out of 62 P. infestans RXLR effectors [43] versus

43 of 49 P. sojae RXLR effectors [46]. The difference

between the two studies is striking given that they both

used the same A. tumefaciens-mediated expression assay in

N. benthamiana [43,46]. Also, a rather high frequency (35

out of 62) of H. arabidopsidis RXLR effectors were found

to suppress callose deposition, a component of PAMP-

triggered immunity [44]. Such high frequencies of posi-

tives are intriguing in our view given that they imply

identical and redundant defence suppression activities for

most (70–88%) of the tested P. sojae and H. arabidopsidis
effectors. Future follow-up experiments will determine

how robust the reported activities are. As a word of

caution, such high frequencies of cell death suppression

resemble those obtained with screens for suppression of

the cell death induced by the mouse protein BAX [46].

However, suppression of BAX cell death is probably an

artefact of heterologous expression system given that

BAX-induced cell death can be readily suppressed fol-

lowing activation of the unfolded protein response (UPR)

[47]. UPR is frequently triggered by heterologous protein

expression in planta indicating that suppression of BAX

cell death is probably unrelated to immunity (S. Schor-

nack, unpublished).

Subcellular localization of effectors: where do
you think you’re going
Direct microscopic observations of oomycete effectors

inside pant cells have proven difficult to achieve, partly

because translocated effectors are probably rather dilute

in the plant cytoplasm. Whisson et al. [20] expressed a

fusion between the signal peptide and RXLR domain of

AVR3a to Escherichia coli b-glucuronidase (GUS) in P.
infestans, and detected GUS activity only in potato cells in

contact with haustoria. However, this experiment has not

been convincingly reproduced. In Magnaporthe oryzae–
rice interactions, such experiments are prone to false

positives due to breakage of the plant membrane and

resultant localization of proteins inside damaged host cells

[48,49]. Therefore, many in the oomycete community

investigate subcellular localization of effectors using heter-

ologous expression inside plant cells, particularly transient

expression in the model plant N. benthamiana
[18,50,51��,52��]. These experiments revealed that several

oomycete effectors target the host cell nucleus similar to

bacterial plant pathogen effectors [17,18,52��]. Remark-

ably, unrelated CRN proteins from different oomycete

species localize to the host cell nucleus, pointing to a
Please cite this article in press as: Bozkurt TO, et al.. Oomycetes, effectors, and all that jazz, Cu
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common but still unknown nuclear function of this class

of effectors [18]. In another study, Caillaud et al. [52��]
visualized 49 fluorescently tagged RXLR effectors of H.
arabidopsidis inside plant cells and discovered that one

third accumulate in the nucleus, while another third loca-

lize to the nucleus and cytoplasm [52��]. The remaining

proteins mainly targeted various host membranes, in-

cluding the endoplasmic reticulum. One RXLR effector,

HaRxL17, associates with the plant tonoplast (Figure 2)

and confers enhanced susceptibility to H. arabidopsidis
[52��]. Bozkurt et al. [51��] discovered that the P. infestans
RXLR effector AVRblb2, which enhances susceptibility,

targets the plant plasma membrane and that this localiz-

ation is essential for AVRblb2 virulence function (see

below and Figure 2). Overall, these studies indicate that

oomycete effectors have evolved to target a variety of

subcellular compartments inside plant cells.

Host targets of effectors: candy everybody
wants
The identification of effector host targets is crucial for

understanding how effectors enhance virulence and how

they are recognized by host immune receptors. It can also

lead to the discovery of novel components of plant

immunity. Until recently, our knowledge of the targets

of oomycete effectors was limited to apoplastic effectors.

Phytophthora species counteract secreted host hydrolytic

enzymes by deploying an arsenal of apoplastic effectors

with inhibitory activities against these enzymes [53–57].

P. infestans deploys Kazal-like and cystatin protease

inhibitors to target secreted host serine and cysteine

proteases, respectively [55–57]. Interestingly, the tomato

defence cysteine protease RCR3 is not only inhibited by

the P. infestans effectors EPIC1 and EPIC2B but also by

the effector AVR2 of the fungal plant pathogen Clados-
porium fulvum [56]. This study was a first indication that

phyolgenetically unrelated pathogens have evolved to

target common host defence components [56]. Recently,

a large-scale yeast two-hybrid (Y2H) screen for effector

targets of both H. arabidopsidis RXLR effectors and P.
syringae Type III effectors also highlighted a set of 18

common host target proteins [58]. However, in planta
validation of these interactions and detailed functional

studies to understand the biological relevance of the

candidate host targets remain to be performed.

The last two years have seen new insight into how

particular RXLR effectors target host proteins to suppress

plant immunity. The P. infestans RXLR effector AVR3a

binds a host E3 ubiquitin ligase CMPG1, a protein

previously shown to be required for the plant cell death

response induced by the PAMP-like secreted protein

INF1 elicitin [59]. Bos et al. found that wild-type AVR3a,

but not an inactive mutant, stabilizes CMPG1 in planta to

mediate suppression of INF1-induced plant cell death

[59]. Recently, the P. infestans RXLR effector AVRblb2

has been shown to interfere with focal plant immunity at
rr Opin Plant Biol (2012), doi:10.1016/j.pbi.2012.03.008
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Figure 2
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Membrane compartments in a haustorium-containing (haustoriated) plant cell. (a) Schematic representation of a haustoriated plant cell highlighting the

various membranes. (b–e) Localization of two RXLR effectors, H. arabidopsidis HaRXL17 [52��] and P. infestans AVRblb2 [51��], in haustoriated

Nicotiana benthamiana cells infected with P. infestans. In this system, GFP:HaRXL17 localizes to the tonoplast and plasma membrane but not to the

EHM (b). By contrast, RFP:AVRblb2 associates with the EHM (c). Both effectors have separate subcellular distribution maxima and highlight two

adjacent membranes (d, e). Hy, oomycete hypha; h, haustorium; n, nucleus; p, plastids; vac, vacuole; cy, cytoplasm; pm; plasma membrane; cw, cell

wall; EHMx, extrahaustorial matrix; EHM, extrahaustorial membrane, tono; tonoplast; and cc, callosic collar, bar = 5 mm.
the haustorial interface (see also below). Using an in
planta co-immunoprecipitation screen for targets of

RXLR effectors [60], AVRblb2 was found to associate

with the plant immune cysteine protease C14 [51��].
AVRblb2 contributes to pathogen virulence by prevent-

ing trafficking of C14 into the apoplast. Interestingly, C14

is also targeted by the P. infestans apoplastic effectors

EPIC1 and EPIC2 indicating that components of the

plant immune system can be targeted by distinct effectors

at different host subcellular compartments [51��,57].

Extrahaustorial membrane composition:
you’re so different
Over the course of an infection, biotrophic oomycetes

associate closely with plant cells. In the Peronosporales,

the haustoria are a key feature of biotrophy. These

spherical or digit-like hyphal protrusions penetrate host

cells, allowing a clear distinction between infected and

noninfected cells. In infected ‘haustoriated’ cells, the host

membrane remains intact but is invaginated by the invad-

ing hyphae and becomes the extrahaustorial membrane

(EHM) (Figure 2). Formation of the EHM requires bio-

genesis of novel host cell membrane material, a process
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that is poorly understood. Recently, Lu et al. [61�] found

that the EHM that surrounds P. infestans and H. arabidop-
sidis haustoria differs from the remaining plant plasma

membrane in lacking membrane proteins, such as aqua-

porin or a calcium transporter, a feature previously reported

for fungal haustoria [62,63]. EHM exclusion of plasma

membrane resident plant proteins appears to be a selective

process since pattern recognition receptors are selectively

absent depending on the oomycete species and host sys-

tem [61�]. Moreover, membrane-associated proteins that

do not carry hydrophobic transmembrane stretches, such as

a potato Remorin (StRem1.3) or Arabidopsis Synaptotag-

min 1 (SYT1), are not excluded from the EHM [61�]. It will

be interesting to determine the extent to which the exclu-

sion of membrane proteins from the EHM is driven by

pathogen effectors and whether oomycetes have evolved

to purge the EHM of particular membrane proteins as a

counter-defence strategy (Box 1).

Perihaustorial accumulation of effectors:
wrapped around your finger
Plant cells generally respond to mechanical penetration

with a spatially confined cell-autonomous response that
rr Opin Plant Biol (2012), doi:10.1016/j.pbi.2012.03.008
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Box 1 A common mechanism between animal and plant

parasites for exclusion of host proteins from parasite-induced

membranes?

Divergent eukaryotic pathogens have been proposed to share

common mechanisms of pathogenicity [68]. This might apply to the

exclusion of host proteins from parasite-induced membranes, such

as the parasitophorous vacuolar membrane that surround apicom-

plexan parasites and the oomycete-induced extrahaustorial mem-

brane (EHM). Apicomplexan mammalian parasites employ a set of

dedicated proteins to invade host cells. The apical Rhoptry

apparatus secretes RON proteins, some of which integrate into the

host envelope to anchor the parasite [69]. A ring-like moving junction

is formed between parasite and host plasma membranes while the

ampicomplexan is invaginating into the host cell and finally gets

accommodated inside a host derived parasitophorous vacuole (PV).

Remarkably, although the PV envelope originates from the host

plasma membrane it lacks several membrane-integral host proteins

whereas GPI-anchored host proteins are still detectable. It is

believed that pathogen mediated modulation of the host cytoskele-

ton might affect membrane protein anchoring. However, only a

significantly concentrated host cytoskeleton at penetration sites, but

no direct parasite protein–host actin interaction has been reported to

date.

Two recent studies described a similar phenomenon for the EHM

triggered by oomycete pathogens. Several plant transmembrane

domain containing proteins could not be detected in the extra-

haustorial membrane (EHM) that envelops oomycete haustoria

[52��,61�]. Interestingly, membrane proteins that associate or

integrate via anchors other than transmembrane domains, such as

remorins or synaptotagmin, could still be detected at the EHM.

Oomycete haustoria also display actin filament accumulation

[52��,64]. However, the mechanisms underlying this observation

remain unknown and pathogen-encoded host transmembrane

proteins that modulate the EHM composition have not been reported

from oomycetes. Future research will distinguish the extent to which

oomycete pathogens, and their effectors, inhibit lateral diffusion of

plasma membrane proteins or block secretory vesicles during EHM

biogenesis [61�].
includes focal accumulation of organelles and secretory

compartment for targeted deployment of defence

compounds [61,64–66]. Other host dynamic relocaliza-

tions might be promoted by the pathogen (see review by

Beck et al. in this issue). Recently, studies on oomycete

effectors started to shed light on the underlying molecular

mechanisms that define focal responses to pathogen

penetration in haustoriated cells. A technical break-

through has been the ability to perform live-cell imaging

of haustoriated plant cells that express fluorescent-tagged

effector proteins [51��,52��] (Figure 2). It was found that

effectors could be used as molecular probes to dissect

cellular dynamics at the haustorial interface. For instance,

the plasma membrane associated effector AVRblb2 of P.
infestans was shown to intensely accumulate around haus-

toria in penetrated plant cells, suggesting that it targets

processes affected by dynamic relocalization [51��]. The

tonoplast associated HaRxL17 effector of H. arabidopsidis
was also found to localize around haustoria in infected

Arabidopsis cells suggesting that the tonoplast membrane

associates closely with the EHM [52��] (Figure 2). Over-

all, these studies raise the exciting prospect of elucidating
Please cite this article in press as: Bozkurt TO, et al.. Oomycetes, effectors, and all that jazz, Cu
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how localized effector activity alters dynamic cellular

processes at the haustorial interface.

Outlook: the best is yet to come
As this article illustrates, research on oomycetes and their

effectors has come a long way in recent years. None-

theless, despite significant advances there are still import-

ant gaps in our knowledge of oomycete effectors and their

roles in host interactions. There are a number of critical

questions about effector function, trafficking and evol-

ution that need to be addressed. What are the spatial and

temporal aspects of effector deployment? Are the effec-

tors deployed in a regulated fashion from growing inter-

cellular hyphal tip or haustoria? What novel and exciting

insights can we learn from the 3D structures of different

classes of effectors such as CRNs? What types of host

macromolecules do effectors target and how do they

interact? How do effectors adapt to these host target

molecules? To what extent do oomycete pathogens remo-

del the EHM? How do oomycete effectors evolve new

functions? Can the effectors traffic from cell-to-cell?

Finally, there is an urgent need to shed some light on

the mechanisms of effector host-translocation and resolve

the conflicting models that have been put forward,

particularly with regards to the roles of phospholipid

and tyrosine-O-sulphate binding [27,29�].

To conclude, we acknowledge the remarkable progress of

the field and we hope that the basic knowledge amassed

on oomycete effector biology will lead to novel and

effective strategies for plant disease resistance as recently

discussed by Vleeshouwers et al. [42,67].
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