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SUMMARY

Oomycete RXLR-dEER effector proteins are rapidly evolving pro-
teins with the selective pressure targeted predominantly at their
C-terminal ends. The majority of RXLR-dEER proteins have rec-
ognizable motifs of 21-30 amino acids in the C-terminal domain
that are named after conserved amino acid residues at fixed
positions within the respective motifs. In this article, it is reported
that the Phytophthora infestans RXLR-dEER protein Avrd con-
tains three W motifs and one Y motif in its C-terminal domain.
Agroinfection assays using constructs encoding modified forms
of PiAvrd have shown that the region containing the W2 motif,
in combination with either the W1 or W3 motif, triggers a
necrotic response in potato plants carrying the resistance gene
R4. By mining the superfamily of avirulence homologues (Avh)
deduced from three sequenced Phytophthora genomes, several
Avh proteins were identified as homologues of PiAvr4: six in
P. infestans, one in P. ramorum and seven in P. sojae. One very
close homologue of PiAvr4 was cloned from the sibling species,
P. mirabilis. This species is not pathogenic on potato but, similar
to PiAvrd, PmirAvh4 triggered a necrotic response on potato
clones carrying R4, but not on clones lacking R4. Genes encoding
RXLR-dEER effectors are often located in regions showing
genome rearrangements. Alignment of the genomic region har-
bouring PiAvr4 with syntenic regions in P. sojae and P. ramorum
revealed that PiAvr4 is located on a 100-kb indel block and is
surrounded by transposable elements.
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INTRODUCTION

Oomycete plant pathogens are responsible for a large number of
devastating diseases on many crop plants and ornamentals
(Bouwmeester et al., 2009). Like many other plant pathogens,
they secrete a range of effector proteins that facilitate the infec-
tion of host plants, for example by suppressing defence
responses. One class of secreted effectors comprises the RXLR-
dEER proteins that contain two conserved amino acid motifs in
the N-terminal region, RXLR and dEER. These motifs were first
found in a number of proteins encoded by oomycete avirulence
(Avr) genes that undergo ‘gene-for-gene” interactions with host
resistance (R) genes (Govers and Gijzen, 2006; van Poppel et al.,
2008; Rehmany et al., 2005). More recent studies have shown
that the domain carrying the RXLR and dEER motifs is required
for host cell targeting of effector proteins (Dou et al., 2008b;
Whisson et al., 2007). Genome mining has revealed that each of
the sequenced oomycete genomes contains hundreds of genes
encoding RXLR-dEER effectors (Jiang et al., 2008; Whisson et al.,
2007). The majority of RXLR-dEER genes seem to be derived
from a common ancestor and, because of their homology to
known Avr genes, they are also referred to as avirulence gene
homologues, or Avh genes (liang etal., 2008). The three
oomycete genomes that have been sequenced and annotated
(Phytophthora ramorum, Phytophthora sojae and Phytophthora
infestans) show a high degree of conserved synteny (Jiang et al.,
20063, b). Avh genes, however, are often located on indel blocks
and in regions showing genome rearrangements (Jiang et al.,
2006a, 2008). Typically, the Avh genes are flanked by
transposon-like sequences and this may explain the dispersal of
these genes throughout the genome (R.H.Y. Jiang and M. C.
Zody, Broad Institute, Cambridge, MA, USA, unpublished data).

As postulated in the zig-zag model (Jones and Dangl, 2006),
effectors can evolve to evade host resistance responses. Analyses
of the C-terminal domains of RXLR-dEER proteins have shown
that these effectors are indeed exposed to strong positive selec-
tion, leading to fast evolution and diversifying sequences (Jiang
et al., 2008; Win et al., 2007). In a recent study, the RXLR-dEER
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effector reservoir in two Phytophthora species was analysed and
Hidden Markov Model (HMM) searches were used to identify
conserved motifs in the C-terminal region (Jiang et al., 2008). The
motifs that were found in over one-half of all RXLR-dEER proteins
were named W, Y and L after a conserved amino acid residue at a
fixed position in the respective motifs. The W (tryptophan), Y
(tyrosine) and L (leucine) motifs are 21-30 amino acids in length
and can occur in modules in the order W—Y-L. The number of
modules and motifs varies in each RXLR-dEER protein. In P. sojae
and P. ramorum, 30% of the RXLR-dEER proteins possess two to
eight W=Y-L modules. Others lack recognizable motifs or have
only W motifs, or W and Y motifs. The number of modules
correlates with the length of the respective proteins. For example,
one RXLR-dEER protein in P. infestans carries 11 W-Y—L modules
on a total length of 989 amino acids (R. H. Y. Jiang, unpublished
data). Of the known oomycete Avr proteins, Avr1b from P. sojae
has one W and one Y motif, and an additional K motif with several
lysine residues (Dou etal., 2008a). Avr3a and IPI-O from
P. infestans each have a single W motif and no Y or L motifs. The
Avr proteins ATR1 and ATR13 from Hyaloperonospora parasitica
lack W, Y and L motifs, although ATR13 carries several repeats in
the C-terminal region (Allen et al., 2004). As shown by mutational
analyses, both the W and Y motifs in Avrlb are involved in
governing the avirulence of P. sojae towards soybean plants
carrying the resistance gene Rps1b, as well as in suppressing
BAX-mediated programmed cell death (PCD; Dou et al., 2008a).
The difference between the virulent and avirulent forms of the
P. infestans Avr3a effector is restricted to two amino acids in the
C-terminal region, one of which, at position 103, is located in
the W domain (Armstrong et al., 2005). The avirulent form has
K&'%, whereas the virulent form has E®M'3. The entire
75-amino-acid C-terminal region, including the W motif, is
required to elicit the R3a-dependent hypersensitive response (HR)
and to suppress INF1-triggered PCD; a K¥M'® variant, though, is
unable to suppress PCD but remains avirulent on R3a plants (Bos
et al., 2006). These results suggest a role in avirulence of the
sequences flanking the W motif in Avr3a.

Previously, we have identified PiAvr4, a P. infestans avirulence
gene that encodes an RXLR-dEER effector and has a gene-for-
gene interaction with the potato resistance gene R4 (van Poppel
et al., 2008). R4 originates from Solanum demissum and is one of
the 11 traditional late blight differentials (Black et al., 1953). All
identified late blight R genes encode nucleotide-binding site—
leucine-rich repeat (NBS-LRR) proteins and, on the genome, they
often co-localize with other R genes in so-called R gene clusters.
For R4, neither the molecular nature nor its position on the genetic
map is known. In this study, we investigated further the recogni-
tion of PiAvr4 by R4. We showed that PiAvr4 and its close
homologues carry W and Y motifs, and used deletion constructs to
investigate which part of the C-terminus of PiAvr4 and which of
the W and Y motifs are required for recognition by potato R4. We

also analysed the region in the P. infestans genome that harbours
PiAvr4, and demonstrated that, like many Avh genes, PiAvrd is
located at a synteny breakpoint.

RESULTS

Homologues of PiAvr4 in P. infestans and other
Phytophthora species

Previously, we have identified several allelic variants of PiAvr4 in
different P. infestans isolates and performed genomic Southern
blot analysis that suggested the presence of putative PiAvrd
homologues in P. infestans and in sibling species of P. infestans,
including Phytophthora phaseoli, Phytophthora andina, Phytoph-
thora mirabilis and Phytophthora ipomoeae (van Poppel et al.,
2008). To obtain a PiAvr4 homologue from P. mirabilis, we used
PiAvr4-specific primers for polymerase chain reaction (PCR)
amplification and cloned a homologue from strain PIC99111.
PmirAvh4 encodes a 290-amino-acid protein with high similarity
to PiAvrd (BLASTP E-value = 2e-137; sequence similarity, 89%)
and all the characteristics of an RXLR-dEER protein, including a
signal peptide (SP) and an RXLR-dEER domain. Compared with
PiAvrd, PmirAvh4 is three amino acids larger. This is the result of
an insertion of six amino acids and a deletion of three amino
acids between the RXLR and dEER motifs in PmirAvh4 (Fig. S1,
see Supporting Information).

BLASTN searches of public databases with the PiAvr4 sequence
resulted in a single hit to an expressed sequence tag (EST) of
P. sojae (AY183415; van Poppel et al., 2008; Qutob et al., 2002).
Moreover, 10 RXLR-dEER proteins, named PsAvh_110,
PsAvh_191, PsAvh_192, PsAvh_193, PsAvh_297, PsAvh_342,
PiAvh_38, PiAvh_131, PiAvh_190 and PrAvh_40, were identi-
fied in a BLASTP search (amino acid sequence identity >30%) of a
pool of Phytophthora Avh, of which PsAvh_110 is the protein
corresponding to the previously identified EST. The Avh pool was
created by gathering all predicted RXLR-dEER effectors from
three Phytophthora species: 385 in P. sojae, 370 in P. ramorum
(Jiang et al., 2008) and 562 in P. infestans (R.H.Y. Jiang and
B. Haas, Broad Institute, Cambridge, MA, USA, unpublished
data). From subsequent BLASTP searches using the 10 Avr4 homo-
logues, six additional Avr4 family members were identified
(Fig. 1 and Table S1, see Supporting Information). Using the
same search criteria, no homologues could be found in the
genomes of Phytophthora capsici and H. parasitica.

PiAvr4 in P. infestans is located on a 100-kb
indel block

Comparative analyses of sequenced Phytophthora genomes
revealed that the majority of the Avh genes are located on indel
blocks that interrupt regions of conserved synteny (Jiang et al.,
20064, 2008). To determine the genomic context of PiAvr4, we
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Fig. 1 Sequence similarities between PiAvr4 and its homologues. Each
protein was used for BLASTP searches against the entire set of Avh proteins
from Phytophthora infestans, P. sojae and P. ramorum. Proteins are
represented by circles and labelled next to the circle. Proteins with
sequence similarities above 90% are represented by one circle. Different
shading of circles and labels is used to distinguish effectors from the
different species. A line connecting two proteins represents a BLASTP hit

(E value < 1e-5). The broken line indicates a similarity that is restricted to
the N-terminus of the two connected proteins.

aligned the genomic region surrounding PiAvr4 to the genomic
sequences of P. sojae and P. ramorum. PiAvr4 is located on
supercontig 11 (size 3761 kb; P. infestans genome assembly
version 1.0) at position 359782-360645. Alignment of a 168-kb
region surrounding PiAvr4 with a 45-kb region on P. sojae scaf-
fold 39 (size 598 kb; genome assembly version 1.1) showed a
conserved order and the orientation of 12 gene models with the
exception of one inversion (Fig. 2; Table 1). Similarly, a 25-kb
region on P. ramorum scaffold 86 (size 203 kb; genome assem-
bly version 1.1) contains 11 of the gene models in the same
order. One gene model encoding an acyltransferase is duplicated
in P. sojae and P. infestans, but not in P. ramorum. The most
obvious difference between the three genomes is the presence
of a 100-kb indel block in P. infestans that breaks the conserved
synteny between the three species. This indel block carries three
gene models, one of which is Pidvr4, whereas the other two
encode transposons. Apart from these two transposon gene
models, the indel block consists almost entirely of transposon-
like sequences. Neither P. sojae nor P. ramorum carries a gene
model for a PiAvr4 homologue or any other Avh protein in the
syntenic regions on scaffolds 39 and 86, respectively. In P. sojae,
the closest PiAvr4 homologue (i.e. PsAvh_110) is located on
scaffold 102 and, in P. ramorum (i.e. PrAvh_40), on scaffold 100.
This analysis shows that PiAvr4 marks a synteny breakpoint in
P. infestans. The fact that PiAvr4 is flanked by many transposon-
like sequences suggests that transposons are involved in the
rearrangement of the genomic region carrying PiAvr4.
Downstream of PiAvr4 is a large gene cluster that is conserved
between the three species. The more than 30 genes in this cluster
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are highly similar (with a paralogue sequence identity of 85%),
but have no homology to known genes. In this gene cluster,
P. infestans has an indel block of 22 kb that carries four trans-
poson gene models, but no Avh genes. In P. infestans, the closest
PiAvr4 homologues are located on other scaffolds. PiAvh_38 and
PiAvh_190, sharing over 90% sequence similarity but with less
than 50% similarity to PiAvr4, are located on scaffolds 9 and 19,
respectively, and Pi_Avh131, with similarity restricted to the
N-terminus, is located on scaffold 1 (Table S1, see Supporting
Information). PiAvh_38 and PiAvh_190 are probably recently
duplicated paralogues, one of which is located on a segmental
duplication of 3 kb that settled elsewhere in the genome. Often
such closely related paralogues are found on the same scaffold,
as is the case for PiAvh_331 and PiAvh_313 which share 91%
protein sequence similarity and are 75 kb apart, and the nearly
identical genes PsAvh_192 and PsAvh_193 which are only 32 kb
apart. Remarkably, in addition, the less divergent PsAvh_110
and PsAvh_191, the two closest PiAvr4 homologues in P. sojae
and sharing 60% protein sequence similarity, are only 25 kb
apart. In contrast with the clustering of anciently duplicated
paralogues. such as elicitin genes (Jiang et al., 2006b) and sPLD-
like genes (Meijer and Govers, 2006), many of the more diver-
gent Avh genes are often scattered over the genome (Jiang
etal., 2008).

Conserved motifs in the C-terminus of PiAvr4

To find conserved W, Y and L motifs in the C-terminal domain of
PiAvrd, we used the HMMs developed by Jiang et al. (2008).
Three W motifs, named W1, W2 and W3, and a single Y motif
were identified, but no L motifs (Fig. 3a; Table 2). The HMM
scores of the W motifs in PiAvr4 vary. W2 and W3 have scores of
19.8 and 10.9, respectively, whereas the score of W1 is 0.6. For
this HMM, a score of >10 is considered as strong (liang et al.,
2008). In addition, the P. mirabilis Avr4 homologue PmirAvh4
carries three W motifs and a single Y motif with a low HMM
score for W1. The HMM score of the PmirAvh4 W2 motif is
highest, with a value of 20.3, whereas W3 has a value of only
6.7. PsAvh_110, the closest PiAvr4 homologue in P. sojae, has
two W motifs and a single Y motif (Jiang et al., 2008). Compared
with PiAvrd, the W1 motif appears to be absent in PsAvh_110.
Motifs W2, W3 and Y, and the inter-motif regions, are conserved
between PiAvr4 and PsAvh_110, although the similarity is low
(27% identity). Of the other Avr4 family members, three have no
recognizable motifs in the C-terminal domain, including that
which is selected on the basis of similarity in the N-terminus
(PiAvh_131); eight contain one W motif and no Y, and four
contain two W motifs with or without Y. Apart from PiAvr4, only
one family member contains three W motifs (Table S1, see Sup-
porting Information). The variable number of motifs among the
homologues suggests that dynamic deletion or duplication of
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Fig. 2 Schematic representation of the genomic region in Phytophthora infestans that carries PiAvr4 (gene model 07387) and regions with conserved synteny
in P. sojae and P. ramorum. The sizes of the aligned regions are indicated, as well as the orientation of the regions in the respective scaffolds or contig (+

or —). The orthologous gene models are aligned and the predicted function is indicated. Gene models with a high similarity to transposon sequences are
depicted in the inverted triangles, in which the number of transposon gene models is indicated. Of the gene clusters located downstream of PiAvr4, only five
of the more than 30 gene models are shown (shaded arrows). The spacing between the gene models is not to scale. Broken lines are used to connect gene
models, but do not represent the actual relative distance between gene models.

Table 1 Gene models surrounding the PiAvr4 gene in Phytophthora infestans.

Orthologue in Orthologue
Model Start Stop +-* Predicted protein P. ramorum in P. sojae
PITG_07379.1 259036 261015 - Unknown Pr83322 Ps135529
PITG_07380.1 261154 262848 - NADH-glutamate synthase Pr72102 Ps135530
small chain

PITG_07381.1 265234 267078 - Unknown Pr83320 Ps135531
PITG_07382.1 290966 292351 - Acyltransferase Pr83319 Ps135532
PITG_07383.1 293408 293362 - Acyltransferase Pr83319 Ps135533
PITG_07384.1 295171 295112 - GDSL-like lipase/acyl-hydrolase Prg3318 Ps135534
PITG_07385.1 295644 297048 + Major facilitator superfamily Pr83317 Ps135537
PITG_07386.1 298302 298113 - Transposon -t -
PITG_07387.1 359782 360645 + PiAvrd - Ps109418
PITG_07388.1 367654 368802 - Transposon - N/A
PITG_07389.1 396383 397687 - Unknown Pr83315 Ps135538
PITG_07390.1 398114 399417 - Unknown Pr83314 Ps135539
PITG_07391.1 400069 401375 - Unknown Pr83312 Ps135540
PITG_07392.1 402975 402920 - Unknown Pr83315 Ps135541
PITG_07393.1 404429 403757 - Transposon - -
PITG_07394.1 406403 408042 + Transposon - -
PITG_07395.1 408697 408282 - Transposon - -
PITG_07396.1 421229 422366 + Transposon - -
PITG_07397.1 425226 426428 + Unknown Prg3314 Ps135542
*Qrientation of the predicted open reading frame.
tNo orthologue present.
motifs plays a role in the diversification of the C-terminal dicted in the C-terminal region of PiAvrd (http://www.
domains of RXLR-dEER effectors. shg.bio.ic.ac.uk/phyre). Two of these are amphipathic o-helices

To further investigate the potential role of the W and Y motifs, with hydrophobic and hydrophilic residues clustered on opposite
we analysed the secondary structure of PiAvr4. In total, 12 sites; helix 5 ranges from residue 129 to 154 and covers parts of
a-helices, ranging in size from five to 41 amino acids, are pre- motifs W1 and W2, whereas helix 6 spans part of W2 and ranges
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Fig. 3 Oomycete Avh proteins have a modular
structure. (a) Avh shows the basic components of
an RXLR-dEER protein, with an N-terminal signal
peptide (SP), the RXLR-dEER domain and the
C-terminus with a variable number of modules
that consist of W, Y and L motifs. PiAvr4 carries
three W motifs and one Y motif. Avr3a, shown as
an example of another Phytophthora infestans
Avr protein, carries only a single W motif. (b) A
schematic representation of the relative positions
and sizes of the conserved motifs in PiAvr4 and
the building blocks that were used to generate
deletion constructs. Building block [SPRD] covers

RxLR-dEER | [IREe

Avrd RxLR-dEER | [RUTeLE
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1-11 repeated
domains

W-motif

Avr3a RxLR-dEER

W-motif W-motif Y-motif

the SP (hatched) and the RXLR and dEER motifs

B HEB | 1B

(black). [W1], [W2] and [W3Y] cover the W motifs

(dark grey) and the Y motif (light grey). [ SPRD I W1 I W2 Il W3y ]
Table 2 Hidden Markov Model (HMM) scores of the various domains and motifs in PiAvr4 and its closest homologues.
HMM
Region Effector Range Sequence score*
SPt PiAvrd 1-24 MRSEHTLLViaTASH TESAKA
PmirAvh4 1-24 MRSEHTLLVITASE
PsAVh_110 1-20 MRvss - Ry 1 ARGFIRRNS - -
RXLR-dEER PiAvr4 -5 - EKN- 12.8
PmirAvhd 42-58 EIRDCG - - [liEA e - - - e 18
PsAvh_110 39-55 BB TAALEIL - - RDIB - - - [ 21.0
w1 PiAvr4 115-138 [KYERMOWQK LINEGISTL TiIMRWGDR 0,6
PmirAvh4 118-141 NEEM 0.5
PsAvh_110 —t —
w2 PiAvrd 148-171 [OL L R/AOKKIzVIZ S VDD L O\7NGH| 19.8
PmirAvh4 151-174 QLLRWVAQK TV IBGF| 20.3
PsAvh_110 74-97 NLIYKTGESEARWAAKIMGIS SV 16.6
w3 PiAwrd 221-244 B! - GRS Vg1 NG 109
PmirAvh4 224-247 VMK@MNE 6.7
PsAvh_110 138-161 QMA KSEAWWAGKIMGMSML 3,9
Y PiAvr4 246-267 124
PmirAvh4 249-270 12.4
PsAvh_110 166187 MKVHRINFKARDL FIBQMOISGVAS No score

*HMM scores greater than 10 (italic) are considered as strong.

tSignal peptide probabilities for PiAvr4, PmirAvh1 and PsAvh_110 as determined by SignalP3.0 (http://www.cbs.dtu.dk/services/SignalP/) are 0.999, 1.000 and

1.000, respectively.
+W1 region is absent in PsAvh_110.

from residue 159 to 199 (Fig. S2, see Supporting Information). In
P. sojae Avrib, three such amphipathic helices are found, and
Dou et al. (2008a) showed that polymorphic residues are exclu-
sively located in the hydrophilic sites of two helices coinciding
with the W motif in Avr1h. Polymorphisms between PiAvr4 and
PmirAvh4 do not specifically localize to either hydrophobic or
hydrophilic sides of the helices and the secondary structure of
both proteins is well conserved. However, part of the amphip-
athic structure in helix 5 is disrupted by the polymorphisms,
resulting in a helix in PmirAvh4 that is 12 residues shorter. In

© 2009 THE AUTHORS

addition, the predicted structures in helices 6, 8 and 9 are slightly
different in PmirAvh4 compared with PiAvr4, but the amphip-
athic structures are not disrupted.

Elicitor activity is confined to restricted regions in
the C-terminus of PiAvr4

In a previous study (van Poppel et al., 2008), we expressed
PiAvr4 in R4 potato plants and determined that the RXLR-dEER
domain is not required for elicitor activity of PiAvr4. To determine
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Fig. 4 Agroinfection of potato line Cebeco44-31-5 (R4) and cultivar Bintje (r0) by toothpick inoculation with strains carrying pGR106 constructs as indicated.
Broken lines connect the building blocks that are included in the constructs. The signal peptide is marked as a hatched box, the RXLR-dEER motif in black and
the W and Y motifs in dark and light grey, respectively. The numbers show the ratio of hypersensitive responses and the total number of toothpick inoculations

in a typical experiment. Photographs were taken at 18 days post-inoculation.

whether changes in any of the 27 amino acids in the C-terminus
of PiAvr4 that differ from PmirAvh4 abolish elicitor activity on R4
plants, we performed an agroinfection assay and transiently
expressed PmirAvh4 in planta. R4 potato plants showed an HR at
the inoculation site but, on Bintje, the potato cultivar lacking any
known R gene, no response was observed (Fig. 4). Each of the
three W domains of PmirAvh4 differ in terms of four amino acids

compared with the corresponding W domain in PiAvr4 (Table 2),
but apparently these amino acids can be changed without losing
elicitor activity on R4 plants.

To investigate which part of the C-terminus of PiAvrd is
responsible for elicitor activity, we generated various deletion
constructs in a binary PVX vector for transient expression in
planta. For the design of the constructs, the C-terminal region of
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PiAvrd was divided into three parts, each covering one of the W
motifs. The constructs comprised the building blocks [SPRD],
[W1], [W2] and [W3Y] (Fig. 3b). The control construct, encoding
the full-length PiAvr4, is thus pGR106[SPRD-W1-W2-W3Y]
(Fig. 3b and Table S2, see Supporting Information). In previous
agroinfection assays, the full-length pGR106-Avr4'® construct,
but not the pGR106-Avr4?>=¥ construct, elicited a response on
R4 potato plants (van Poppel et al., 2008), and therefore the SP
sequence was included in all deletion constructs. In addition, we
prepared two deletion constructs without SP (pGR106[W2] and
pGR106[W3]). Despite several attempts, the cloning of both
pGR106[W1] and pGR106[SPRD-W1] was unsuccessful. As W1
has a low HMM score, no further attempts were made.
Toothpick inoculation with Agrobacterium tumefaciens
carrying pGR106[SPRD-W1-W2] and pGR106[SPRD-W2-W3Y]
resulted in an HR on R4 plants within 13 days post-inoculation
(dpi), whereas no response was visible on pGR106[SPRD-W1-
W3Y] or any of the constructs carrying a single [W2] or [W3Y]
building block (Fig. 4). None of the strains carrying the empty
vector pGR106 showed a necrotic response, and neither did
any of the inoculations on Bintje (r0). As positive controls, we
used A. tumefaciens strains carrying pGR106-CRN2; CRN2 is a
P. infestans elicitor that induces general necrosis (Torto et al.,
2003). If we assume that the proteins produced by the various
deletion constructs are stable, even the shorter ones, such as
[SPRD-W2] and [SPRD-W3Y], the results lead to the conclusion
that the region carrying the W2 domain is required, but not
sufficient, for the elicitation of HR on plants carrying R4.

DISCUSSION

A typical oomycete Avr protein consists of an SP, an RXLR-dEER
domain and a C-terminal region. The SP is removed when the
Avr protein is secreted by the pathogen and, as shown for
P. infestans Avr3a (Whisson et al., 2007) and P. sojae Avrlb
(Dou et al., 2008a), the RXLR-dEER domain plays a crucial role in
host cell targeting. The C-terminus is the region that determines
the avirulence or virulence function of the effector protein; it is
responsible for recognition by host R proteins but, in the absence
of the cognate R protein, it can often suppress cell death (Bos
et al., 2006; Dou et al., 2008a). It is therefore not surprising that
the C-terminal regions of RXLR-dEER effectors are under high
positive selection (Jiang et al., 2008; Win et al., 2007). Neverthe-
less, more than one-half of these C-terminal regions contain
conserved motifs, named W, Y and L (Jiang et al., 2008). The fact
that these motifs are retained suggests that they are important
for the function of RXLR-dEER effectors. When assuming that R
proteins recognize conserved regions in Avr proteins, the W, Y
and L motifs probably encounter a strong host-driven positive
selection. Indeed, most variation in the P. sojae effector Avrib
was found in the W and L motifs and in a so-called K motif.
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Moreover, mutations in conserved residues in these motifs abol-
ished elicitor activity, avirulence function and suppression of cell
death (Dou et al., 2008a).

In this article, we have shown that the P. infestans RXLR-dEER
effector PiAvr4 contains a C-terminal region with three W motifs
and one Y motif. In addition, most of the PiAvr4 homologues
contain W motifs, but usually less than three. The closest homo-
logue is PmirAvh4, obtained from the sibling species P. mirabilis.
PmirAvh4 has the same number of motifs and 89% similarity in
the C-terminal region. Sequences identical to PmirAvh4 were
found in two other sibling species, P. phaseoli and P. ipomoeae,
but not in P. infestans (R.H.Y. Jiang, unpublished data), thus
suggesting that PmirAvh4 is the ancestor of PiAvr4. Phytoph-
thora mirabilis is a pathogen of Mirabilis jalapa, the four o'clock
flower, and not pathogenic on potato (Griinwald and Flier, 2005).
To address the question of whether PmirAvh4 is recognized by
potato R4, we determined its effector activity by transient
expression in R4 plants. In a previous study, we have shown that
agroinfection with A. tumefaciens strains carrying a full-length
PiAvr4 construct in a binary PVX vector results in an HR on R4
plants (van Poppel et al., 2008), whereas constructs of PiAvr4
lacking the SP sequence do not elicit a response on R4 plants. In
agroinfiltration assays, the difference between constructs plus
and minus the SP sequence was less evident, but in all cases a
full-length PiAvr4 construct triggered necrotic responses specifi-
cally on R4 plants and not on cv. Bintje (r0). As deletion of the
RXLR-dEER domain did not change the response, we concluded
that the elicitor activity of PiAvrd is restricted to the C-terminal
region (van Poppel et al., 2008). In this study, we cloned the
full-length PmirAvh4 gene in the binary PVX vector and found
that, similar to PiAvr4, PmirAvh4 is recognized by R4. This shows
that potato R4 recognizes an ancestral RXLR-dEER effector
and that the 27 amino acids that have changed since the diver-
gence of P. infestans from its sibling species are not essential
determinants for recognition. Apparently, more substantial or
more specific mutations are required to evade recognition by
potato R4. The finding that all P. infestans isolates that are
virulent on potato R4 carry a frameshift mutation in PiAvr4
(van Poppel etal., 2008) suggests that P. infestans uses a
rather robust mechanism to remove PiAvrd activity. More
subtle mechanisms are specific point mutations, as found for
P. infestans Avr3a and the Cladosporium fulvum Avr4 gene. For
the latter, recognition by the tomato R protein Cf-4 is abolished
by a single amino acid change in Avr4 (Joosten et al., 1994). In
the case of Avr3a, isolates that are virulent on R3a plants have
an intact open reading frame (ORF) at the Avr3a locus. This ORF
encodes an effector that has two specific point mutations, but
lacks elicitor activity on R3a plants (Armstrong et al., 2005).
Similarly, ATR13 in H. parasitica has four amino acid residues
that determine RPP13-mediated resistance (Allen et al., 2008).
Mutations in these residues abolish elicitor activity.
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The frameshift mutations in PiAvr4 in virulent isolates
always occur at two fixed positions, and the proteins encoded
by the remaining ORF are either 17 or 92 amino acids in size
(van Poppel etal., 2008). The latter covers the RXLR-dEER
domain and a small part of the C-terminal domain, but this is
not sufficient to trigger HR. To determine which part of the
C-terminal domain has elicitor activity, we tested various dele-
tion constructs. The data show that the region containing the
W2 motif is essential, but not sufficient; flanking regions, either
upstream or downstream, are necessary to elicit an HR. As the
W1 and W3 motifs have lower HMM scores than W2, they may
be less important for the recognition itself. Possibly, the flank-
ing regions provide stability to the central region that com-
prises W2. Unfortunately, we did not incorporate tags into the
deletion constructs and therefore were unable to analyse
protein production and/or stability.

In their study on P. sojae Avrib, Dou et al. (2008a) demon-
strated that mutations in the W domain cause a loss of aviru-
lence function. Some of the field isolates virulent on Rps7b
soybean plants carry alleles with mutations at these positions in
the W domain, which explains their virulent phenotype. Similarly,
with the two naturally occurring alleles of P. infestans Avr3a, the
identity of two key amino acids as determinants of avirulence
was uncovered (Armstrong et al., 2005). In contrast, analysis of
P. infestans field isolates virulent on R4 plants has not revealed
which amino acids are the potential determinants of avirulence
function. We have found several point mutations in virulent
alleles but, as there is always a frameshift mutation in the 5’
region of the gene at a fixed position, we assume that these
point mutations were introduced after the frameshift muta-
tion and at random without any selection pressure (van Poppel
et al., 2008).

In the genomes of Phytophthora spp., Avh genes are mostly
located in regions that show genome rearrangements and mark
breakpoints of conserved synteny (liang et al., 2008). PiAvr4
follows this pattern; the genomic region comprising PiAvr4 has
conserved synteny with genomic regions in both P. sojae and
P. ramorum, but the conserved synteny is disrupted by PiAvr4.
The 45-kb region in P. sojae and the 25-kb region in P. ramorum,
which match 168 kb in P. infestans, lack Avh genes. The size
differences are a result of transposon-like sequences that are
more abundant in P. infestans and dispersed throughout this
region, and a 100-kb indel that carries PiAvr4 flanked by
transposon-derived sequences. In addition, P. sojae Avr1b-1 is
located on a 50-kb indel that is absent in the syntenic region in
P. ramorum (Jiang et al., 2006a). Overall, Avh genes in Phytoph-
thora are often associated with retroelements, such as trans-
posons. As observed with several of the PiAvr4 homologues, new
paralogues are often clustered, whereas other older paralogue
members are scattered around the genome. This scattering may
prevent homogenization via illegitimate recombination between

duplicated genes and may contribute to the rapid divergence of
the Avh gene family (Jiang et al., 2008).

EXPERIMENTAL PROCEDURES

Genomic sequences

The genomic sequences and gene models of P. sojae (version 1.1)
and P. ramorum (version 1.1) were retrieved from the website of
the DOE Joint Genome Institute (http://genome.jgi-psf.org/) and
of P. infestans (version 1.0) from the website of the Broad
Institute (http://www.broad.mit.edu/). The genomic sequences
of P. capsici and H. parasitica were accessed at http://
genomeportal.jgi-psf.org/PhycaF7 and http://vmd.vbi.vt.edu/,
respectively.

Identification of C-terminal motifs by HMMs

Using the program HMMER 2.3.2 (15) (http://hmmer.
janelia.org/), three HMMs were built from the RXLR-dEER effec-
tors that carry conserved C-terminal motifs (Jiang et al., 2008).
The sequences of the W, Y and L motifs that were used to build
the HMMs are available in Table S3 (see Supporting Informa-
tion). HMM scores of >10 were considered as strong. One HMM
was built from the RXLR-dEER motifs, with the variable spacing
arbitrarily placed in between. The RXLR-dEER motif is defined as
the occurrence of the string RXLR together with the trailing
acidic motif (containing more than 10% D or E residues). The
HMM building method is very similar to that described by Jiang
et al. (2008). To increase the sensitivity of a database search, the
model was calibrated by ‘hmmcalibrate’ to give an empirical £
value calculation according to the HMM as suggested by the
program instructions. Motif searches were performed with these
four HMMs on the total set of RXLR protein sequences from
P. infestans, P. sojae and P. ramorum.

Homologue search

The entire sets of RXLR-dEER effectors of P. infestans (562),
P. sojae (385) and P. ramorum (370) were gathered to make an
effector pool. PiAvr4 was used to perform BLASTP against the
effector pool and to identify direct homologues. Similar BLASTP
searches were performed with these direct homologues to dis-
cover more RXLR-dEER family members, and a few additional,
most similar homologues were included in the Avr4 family.

Orthologue search

The location of PiAvr4 was determined by a BLASTN search
against the complete P. infestans genomic sequence. Gene
models surrounding PiAvr4 were selected and used for a BLAST
search of the complete genomic sequences of P. sojae and
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P. ramorum. Gene models with the best reciprocal BLAST hit were
assigned as orthologues. Because transposon derived sequences
rarely have homologues in syntenic regions, and because of the
repetitive nature of transposon sequences, these gene models
were excluded from the analysis.

Binary PVX constructs and agroinfection

To express PiAvr4 in R4 and r0 potato plants, Cebeco44-31-5 and
cv. Bintje, respectively, binary PVX constructs were prepared in
the vector pGR106 (Jones et al., 1999). BAC subclone pSKA23
(van Poppel et al., 2008) was used as a template to amplify
specific parts of the PiAvr4 gene. Primers ClalAvr4F and
NotlAvr4R were used to amplify a PiAvr4 homologue from
P. mirabilis isolate PIC99111 (Flier et al., 2002), and designated
PmirAvh4. The primers used contained appropriate restriction
sites or sequences for overlap PCR (Table S4, see Supporting
Information). For cloning purposes, a Clal restriction site was
incorporated into the forward primer of the construct and a Notl
site into the reverse primer. The amplicons obtained were
digested by the appropriate enzymes and cloned into pGR106.
The binary PVX constructs were then transformed into A. tume-
faciens strain GV3101 for agroinfection and strain AGL1 for
agroinfiltration assays. The integrity of the constructs was
checked by sequencing. The DNA sequence of PmirAvh4 was
deposited in GENBANK (accession number FJ951909).

Agroinfection assays on potato were performed as described
previously (Vleeshouwers et al., 2006). Briefly, A. tumefaciens
strains containing the binary PVX constructs were grown for 2
days on LBman agar medium. Toothpicks were used to transfer
bacteria to the leaves and to pierce the leaf, creating wound
tissue. Responses were monitored for up to 4 weeks post-
inoculation.
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Fig. S1 Alignment of PiAvr4 and PmirAvr4.

Fig. S2 Predicted o-helices in PiAvr4 and helical wheel projec-
tions of the amphipathic helices.

Table S1 Sizes of PiAvr4 family members and occurrence of
motifs in their C-terminal domains.

Table S2 Constructs used in this study.

Table S3W,Y and L motifs used to build a Hidden Markov Model
(HMM) with HMMER 2.3.2.

Table S4 Polymerase chain reaction (PCR) primers used for
cloning.
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