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Pathogens secrete effector molecules that facilitate the infection of
their hosts. A number of effectors identified in plant pathogenic
Phytophthora species possess N-terminal motifs (RXLR-dEER) re-
quired for targeting these effectors into host cells. Here, we
bioinformatically identify >370 candidate effector genes in each of
the genomes of P. sojae and P. ramorum. A single superfamily,
termed avirulence homolog (Avh) genes, accounts for most of the
effectors. The Avh proteins show extensive sequence divergence
but are all related and likely evolved from a common ancestor by
rapid duplication and divergence. More than half of the Avh
proteins contain conserved C-terminal motifs (termed W, Y, and L)
that are usually arranged as a module that can be repeated up to
eight times. The Avh genes belong to the most rapidly evolving
part of the genome, and they are nearly always located at synteny
breakpoints. The superfamily includes all experimentally identified
oomycete effector and avirulence genes, and its rapid pace of
evolution is consistent with a role for Avh proteins in interaction
with plant hosts.

comparative genomics � gene family evolution � oomycete �
avirulence genes � pathogenicity

Large repertoires of molecules, termed ‘‘effectors,’’ are used by
microbial pathogens to promote effective colonization of their

hosts. In some pathogens, a common mechanism deploys hetero-
geneous effectors to their site of action. For example, many
bacterial effectors are delivered into host cells by a type III secretion
system (1). Similarly, the malarial parasite, Plasmodium falciparum,
translocates a set of heterogeneous effectors into human erythro-
cytes via a host targeting signal at the N termini of the effector
proteins (2, 3).

The genus Phytophthora includes many destructive plant patho-
gens (4). For example, P. sojae, the soybean root rot pathogen,
causes �$1–2 billion in losses per year worldwide. Another species,
P. ramorum, is responsible for Sudden Oak Death and has de-
stroyed many oak trees along the west coast of the United States (5).
Phytophthora species are oomycetes. They belong to the lineage
Stramenopiles that also includes diatoms and golden-brown algae
(6). The phytopathogenicity of oomycetes evolved independently
from pathogens in other lineages such as fungi, and Phytophthora
genomes likely encode unique reservoirs of effectors.

Phytophthora species secrete many proteins with demonstrated or
potential effector activity (7). Some effectors, called avirulence
(Avr) proteins, display specific gene-for-gene interactions with host
resistance proteins (8). Four oomycete Avr genes have been cloned,
two from Phytophthora species and two from Hyaloperonospora
parasitica (9–12). The encoded proteins share little sequence sim-
ilarity except for two conserved motifs (RXLR and dEER) at the
N terminus (10). These motifs have been shown to be required for
Avr proteins to enter the host cell (ref. 13; D. Dou, S. D. Kale, and
B.M.T., unpublished data). RXLR resembles the Pexel or VTF
motif of Plasmodium effectors that is required to carry those
effectors across the parasitiphorous vacuolar membrane into the
cytoplasm of erythrocytes, suggesting a common origin for these

effectors’ transport motifs (2, 3). The RXLR and dEER motifs
provide a powerful bioinformatics tool for identifying the effector
reservoirs of oomycete pathogens. In this study, we have used
recursive BLAST and Hidden Markov Model (HMM) searches to
define and characterize the reservoir of P. sojae and P. ramorum
RXLR-containing effectors from their genome sequences (14).

Results
P. sojae and P. ramorum Genomes Encode Large Numbers of Aviru-
lence Homolog (Avh) Proteins. Preliminary BLAST searches of the
genomes with the Avr1b-1 gene revealed a diverse family of Avh
genes with high levels of sequence divergence. No P. sojae Avh
protein showed �30–50% sequence similarity to the most similar
P. ramorum sequence, and this finding also was frequently true for
the most similar P. sojae paralog. Using recursive BLAST searches,
we discovered an initial 497 Avh sequences. HMM screens built on
the initial 497 sequences discovered 258 more Avh sequences
[supporting information (SI) Fig. 5]. The numbers must be regarded
as approximate because they depended on the cutoffs used. The 755
sequences included 370 Avh genes in P. ramorum (PrAvh) and 385
in P. sojae (PsAvh). The search also revealed 68 pseudogenes or
inactive alleles containing stop codons and frameshifts that were
named P. sojae RXLRdEER Fragment (PsRF) and P. ramorum
RXLRdEER Fragment (PrRF). In some cases, the distinction
between genes and pseudogenes was unclear, particularly when the
distance from the dEER motif to the C terminus was very short
(�10 not allowed) or the distance from the N terminus to the
RXLR motif was very long (�120 not allowed).

Of the Avh genes, 327 were missed from the automated genome
annotation. The coding potential of these genes ranged from �3.3
to 12.3, with 95% �0; a value �0 suggests that the sequence is part
of an authentic ORF (15). Nine sequences with a negative coding
potential were excluded from the list of 755, but 11 genes were
included because they had positive HMM scores in the RXLR-
dEER domain, as well as significant homology to Avh genes with
a positive coding potential. The P. sojae Avh genes had an average
coding potential of 8.3, whereas noncoding regions had an average
of �8.4 (SI Fig. 6). Because the Avh list was developed by using
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heuristic BLAST and HMM searches, the superfamily includes
members with C-terminal homology that do not have a conven-
tional RXLR string. Of the 755 Avh proteins, 552 have a perfect
RXLR string, but the others have strings such as KXLR, RXLG,
PXLR, and so on. Some of these variant RXLR sequences may still
be functional cell-targeting motifs (D. Dou, S. D. Kale, and B.M.T.,
unpublished data), but some may represent pseudogenes or inactive
alleles.

The Avh superfamily encompasses all 54 experimentally sup-
ported Phytophthora RXLR proteins and 30 close paralogs (13, 16).

Avh Proteins Dominate the RXLR Effector Reservoir in the Two
Phytophthora Species. To estimate the total number of RXLR
effectors independently of the BLAST approach, we first identified
all candidates (1,240) carrying the string RXLR in putative proteins
with an N-terminal signal peptide (SP) obtained by translating the
genome sequences in all reading frames. This number is similar to
that of Win et al. (16). The string RXLR was allowed to occur
between 30 and 60 amino acids after the SP cleavage site. We then
permuted all of the putative proteins and reperformed the search
to estimate the number of false positives. RXLR motifs were
detected in 639 of the permuted proteins, indicating that about half
of the 1,240 detected RXLR motifs could be expected by chance.
When a control search was carried out with the string GXLG, the
hits recovered from the permuted and nonpermuted proteins pool
were similar (SI Fig. 7). Therefore, the nonrandom RXLR reservoir
in the two species was estimated to be �600 proteins.

To identify the true RXLR effectors in the pool of 1,240, we
constructed an HMM from all of the sequences in the pool,
reasoning that the HMM would extract any signal present in the
true members. The HMM was constructed from the 10 and 5 amino
acid residues to the left and right of the string RXLR-(1–30aa)-
[E D]R, respectively. Our rationale was that sequences flanking the
RXLR string in known effectors are nonrandom (14) and, together
with the dEER motif, have been demonstrated experimentally to be
required for cell targeting in Phytophthora (D. Dou, S. D. Kale, and
B.M.T., unpublished data) and Plasmodium (17). By using a cutoff
score of 4.0, this HMM recovered 548 candidates from the unper-
muted pool of 1,240, which is comparable to the number of true
effectors estimated by permutation analysis. With a cutoff of 4.0,
only 30 false positives were recovered from the permuted pool.
Lowering the HMM cutoff to 3.0 retrieved 33 more hits from the
permuted pool, but only 6 more from the unpermuted pool. The
548 candidates from the unpermuted pool include 533 Avh pro-
teins. Because 30 of the 548 candidates are estimated to be false
positives based on the search of the permuted pool, the Avh
proteins could account for �100% of the true positives. These 533
Avh proteins account for 96.4% of the 552 Avh proteins that have
perfect RXLR strings. Among all of the Avh candidates identified
by the Blast and HMM searches, �5% contained RXLR after
permutation, consistent with a low false positive rate in this subset.

Our set of 755 Avh proteins and the string search dataset of
Bhattacharjee et al. (325 proteins) (17) have 227 proteins in
common, whereas the RXLR string search set of Win et al. (16) has
less than half overlapping with our set (SI Fig. 8). These two string
search datasets (16, 17) contain 775 unique non-Avh proteins. Of
these, 386 (50%) have low coding potential, whereas another 109
(14%) correspond to incorrect gene models in which the protein no
longer qualified as an RXLR effector after the model was cor-
rected. A further 269 (35%) scored negative with the HMM derived
from the pool of 1,240 (SI Table 1), leaving 11 that pass our
objective criteria. These 11 belong to the 15 non-Avh proteins
detected in our HMM screen of the pool of 1,240 (the remaining
4 are fragments or reside inside other gene models and were
discarded). The 11 were combined with our Avh list to create a
consensus RXLR effector pool. Closer examination revealed that
4 of the 11 had significant matches to Avh proteins and so were
reclassified as Avh. Four previously missed paralogs of the 11 also

were added to the list, 3 of which matched Avh proteins (SI Fig. 8).
The final RXLR-dEER effector consensus list is comprised of 770
proteins, 374 from P. ramorum and 396 from P. sojae. Of the 770,
762 are Avh proteins (370 PrAvh and 392 PsAvh) (SI Table 2).

Avh Proteins Are Related and Form a Superfamily. As expected,
because most Avh proteins were discovered by recurrent Blast
searches, �90% of the Avh proteins could be grouped into one
superfamily by the criteria that all members have at least one
significant BLAST hit (E value �1e-5, identity �30%) to another
Avh protein. Furthermore, the pairwise similarities among the
superfamily members form a fully connected network. If the Avh
sequences excluding the SP were permuted, �2% could be
grouped, indicating that the pairwise similarities did not arise by
chance. If the RXLR-dEER domains as well as the SPs were left
unpermuted, 10% could be grouped, indicating that similarities in
the RXLR-dEER region account for some of the family-wide
similarity, but that the majority of the similarities lie within the
C-terminal regions.

Based on shared sequence identity (proteins sharing BLASTP
hits of E value �1e-8, identity �30%) and neighbor joining analysis,
the Avh superfamily could be divided into 103 Avh groups (AGs),
ranging in size from 2 to 42 members and one large group of 109
members (SI Fig. 9). The latter could be divided into subgroups
based on higher sequence identity (sharing BLASTP hits of E value
�1e-30, identity �40%) (SI Table 3). There were 66 singletons that
did not belong to any of these groups, but were loosely associated
with the superfamily because of a significant BLAST hit (E value
�1e-2) to group members. They are unlikely to be spuriously
identified because their average coding potential is the same as that
of the superfamily.

The relatedness of the superfamily can be illustrated by the
pairwise similarity of the groups (Fig. 1A). By using the sequence
identity of the most similar pair of proteins from any two groups to
represent the similarity between the groups, every group was
related to several other groups with an identity of �30%. The set
of pairwise relationships defines a fully connected network, indi-
cating that all of the sequences form a single superfamily. In
contrast, when 1,000 random P. sojae proteins were grouped based
on identity �30%, only 17 groups consisting of three to four
members could be identified and only five pairwise similarities
(Fig. 1B).

One example of the extended network of similarities across the
superfamily is represented by the relationship between the P. sojae
Avr protein, Avr1b-1 (9), and the P. infestans protein, ipiO1 (18).
Both possess an RXLR-dEER domain, but exhibit �20% sequence
identity. However, it is possible to identify a chain of seven other
Avh proteins with pairwise relationships that connect Avr1b-1 and
ipiO1, with each protein showing �25% identity to its neighbors in
the chain (SI Fig. 10 and SI Table 4). A chain with slightly lower
overall similarity also can be assembled by using only P. sojae Avh
proteins (SI Fig. 11). When all of the Avh proteins were permuted
excluding the SP and RXLR-dEER domain, no such chain between
Avr1b-1 and ipiO1 could be assembled. Conversely, when the SP
and RXLR-dEER domains were removed, the same chain could
still be assembled, indicating that the similarities underlying the
chain are located in the C termini.

A similar chain relationship can be found to connect every group
containing more than three members (SI Fig. 12A), and all but six
Avh proteins could be connected. Even these six proteins can still
be connected, but at a lower threshold (E value �1). By contrast,
when Avh proteins are permuted, the connectivity is almost totally
lost (SI Fig. 12B). Furthermore, in 1,000 randomly selected P. sojae
proteins, only five groups showed connection with a maximum
three other groups (SI Fig. 12C).

To visualize the relationships within the Avh superfamily, simi-
larity trees were constructed by NJ analysis with the large AG�2 and
several smaller AGs (Fig. 1C). Because of the high sequence
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divergence, other methods like ML and Bayesian inference failed to
resolve most clades. Hence, the phylogram in Fig. 1C does not show
the true phylogenetic relationships, but rather represents the sim-
ilarity of Avh proteins and visualizes groups within the superfamily.
The four large AGs (2, 7, 3, and 11) are more closely related because
they form a clade supported by high bootstrap values. These AGs
contain members from both P. sojae and P. ramorum. However,
within each group, often the major clades are specific to one species.

Conserved Motifs in the C Termini. All members of the Avh super-
family lack significant sequence homology to known proteins in
GenBank other than previously identified Avr proteins. To identify
potential functional motifs in the Avh proteins, we used MEME to
screen the C-terminal regions downstream of the RXLR-dEER
motifs, where much of the sequence similarity of the superfamily
resides. We identified three motifs from 21–30 residues in length,
named the W, Y, and L motifs after highly conserved residues (Fig.
2 A and C and SI Fig. 13). The W motif occurs in 60% of all Avh
members, whereas 30% of the members have Y and L motifs. The
number of Y and L motifs is probably underestimated. For example,
a variant Y motif occurs in the C terminus of Avr1b. The Y and L
motifs occur after the W motif in 95% cases, forming a W–Y–L
module.

Thus, 30% of the family members possess two to eight W–Y–L
modules. The number of modules is correlated with the length of
the proteins (Fig. 2B). Avh proteins with W–Y–L modules show a
significantly higher coding potential value than members without
the motifs (SI Fig. 5). Members of large groups often contain
several modules. For example, AG�1�1 members typically have five
to seven W motifs. Most groups include proteins with modules and
proteins without detectable modules. However, some groups such
as AG�3 have no detectable modules.

The Avh Gene Family Is One of the Most Rapidly Evolving Parts of the
Genome. The Avh superfamily is highly divergent between P. sojae
and P. ramorum. Very few ortholog pairs can be found in the
superfamily. The whole genome analysis showed that �55% of
gene pairs in P. sojae and P. ramorum could be assigned as orthologs
based on bidirectional best BLAST hits (14). However, only 84 pairs
of Avh genes share bidirectional best BLAST hits, and only 34 pairs
are located within regions of conserved synteny based on the
Phylogenetically Inferred groups (PHIGs) analysis of the genome
sequences (14). Two such ortholog pairs are shown in SI Fig. 14.

On average, the identity of the most similar paralogs of any Avh
protein in the other species was only 31%. In contrast, the average
sequence identity of a set of 1,000 randomly selected P. sojae

Fig. 1. Relationship between Avh proteins. (A) Pairwise similarity of Avh groups (AGs). For every pair of groups, the two most similar Avh proteins were used for the
sequence similarity analysis. The AGs from left to right and from top to bottom are AG�1�1 to AG�1�9, AG�2 to AG�78, and AG�83. (B) Pairwise similarity of randomly
selected 1,000 P. sojae proteins. (C) Phylogram constructed with several AGs. The P. sojae Avh proteins are shaded in gray. The unrooted phylogram is based on NJ
analysis. All major clades (indicated by black dots) are consistent with similarity groupings. Confidence of groupings was estimated by using 1,000 bootstrap replicates;
numbers next to the branching point indicate the percentage of replicates supporting each branch. On the branch tip, the individual Avh proteins are indicated.
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proteins to the most similar P. ramorum protein was 70%. Fig. 3A
shows the divergence (100% identity) of all of the Avh proteins
plotted in comparison to the random subset. The vast majority
(92%) of the Avh superfamily showed sequence divergence of
�50%. The avirulence proteins Avr1b and Avr3a belong to the
small group AG�53; all four AG�53 members showed sequence
divergence of �70%.

Rapid gene sequence divergence between species can be
caused by various mechanisms, such as relaxation of selection,
frequent gene duplication, rapid gene loss, and/or positive
selection. Genes involved in an interaction between a host and
a pathogen often show positive selection (19). To test for
positive selection, Ka and Ks values were calculated (20, 21).
However, the 18 syntenic ortholog pairs of Avh genes show a
Ks value of �1, so their sequence divergence was too high to
allow a reliable test for positive selection. Therefore, we tested
for diversifying selection within 17 families of closely related
paralogs, defined by the criterion of sequence identity �90%
(SI Table 5). Positively selected residues were found in six
groups, most of them located in the C termini of the proteins.
One example is PrAvh302, which has four paralogs. All of the
positively selected residues are located in the C terminus (Fig.
3B), and most are located within the boundaries of W and Y
motifs. A second example is provided by the family formed by
four alleles of Avr1b and the close paralog of Avr1b, Avh1 (9).

This family showed an overall Ka/Ks value of 2.7, and there are
18 positively selected sites, most of them within the W and Y
motifs (Fig. 3B).

The Genome Locations of Avh Family Members Are Associated with
Frequent Genome Rearrangements. Despite the presence of very
large numbers of Avh genes in the two genomes, presumably as a
result of repeated gene duplications, there is only very limited
clustering of the genes in the respective genomes (22). In P. sojae,
the Avh genes are located on 107 scaffolds, whereas in P. ramorum,
the Avh genes are located on 150 scaffolds. Several regions of both
genomes show concentrations of Avh genes. However, the Avh
genes typically are from diverse similarity groups. For example, in
P. sojae, the largest Avh cluster spans one contig of 90 kb on scaffold
36; eight PsAvh genes belonging to six AGs are found in this contig.
In P. ramorum, the largest cluster spans a region of 46 kb on scaffold
50, containing nine PrAvh genes that belong to six AGs (Fig. 4A).
Conversely, Avh genes belonging to the same group do not form
clusters of more than four members at an intergenic distance of 50
kb or less. Some small paralog gene clusters are found in AG�52,
AG�44, and AG�22 (Fig. 4A). In contrast, some highly similar
paralogs are widely separated. For example, Avh1, which encodes
a protein 88% identical to Avr1b, is located 406 kb from Avr1b-1.

A comparison of the locations of Avh genes in the P. sojae and
P. ramorum genomes reveals extensive rearrangements at the
locations of these genes. In contrast to the majority of the genes in
the two genomes, only �10% (34 pairs) of Avh genes can be found
in regions showing synteny (SI Table 6 and SI Fig. 15) (14). Thus,
the majority of Avh genes are located at nonconserved genomic
locations (Fig. 4). Even for the 34 pairs with conserved locations,
reversals of gene orientation and local changes of gene order are
frequent (Fig. 4B).

Discussion
In this study, we have identified, by two independent methods, and
carefully curated, a very large superfamily of RXLR-dEER effec-
tors encoded in two sequenced Phytophthora genomes. These
effectors are highly diverse in their sequences; a single BLAST
search recovers only 5–10% of the superfamily members. However,
the extended relatedness of these diverse proteins can be demon-
strated by iterative sequence similarity searches and the identifica-
tion of a network of similarity relationships that spans 90% of the
superfamily members. This extended similarity suggests that a
single gene within a common ancestor of the two species has
spawned hundreds of highly divergent, fast-evolving genes within
each pathogen genome.

The Avh superfamily displays high sequence divergence, minimal
paralog clustering, and frequent rearrangements. One can specu-
late that the pressures molding this highly fluid effectome are
counteracting selections for increased gene number in the patho-
gens to promote virulence and, at the same time, the need to evade
host surveillance by resistance genes that may cause the pathogen
to become avirulent on particular hosts. Similar to our findings, Win
et al. (16) described the rapid divergence of C termini of closely
related paralogs of Phytophthora RXLR genes. Rapid coevolution
of pathogen-avirulence and host- resistance genes has been de-
scribed in the differential recognition of Hyaloperonospora para-
sitica ATR1NdWsB alleles by RPP1 genes in Arabidopsis (10) and in
the recognition of flax rust AvrL567 genes by alleles of the flax L
resistance gene (23). Rapid sequence divergence in newly formed
Avh genes would enable the number of effector genes in the
pathogen to increase while minimizing the likelihood of host
recognition. The Avh effectors presumably have a function that
contributes to virulence that is reflected in the W, Y, and L motifs
found in many of the Avh proteins; the presence of these motifs
likely results from some degree of purifying selection. Selection
within plant hosts has presumably favored resistance gene products
that can detect sequences within the more conserved W, Y, and L
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Fig. 2. Conserved C-terminal motifs. (A) Motifs in Avh proteins; 36% of
the Avh proteins have a combination of W, Y, and L motifs, 22% have only
W motifs, and the remaining 42% do not have identifiable W, Y, or L motifs.
SP, signal peptide. (B) The correlation between the number of W motifs and
the size of the protein. (C) The consensus sequence of W, Y, and L motifs.
The size of the histograms indicates the frequency of the occurrence of the
amino acid residue. The most abundant four residues are shown if their
frequencies are �2%. The most frequent amino acid at each position is
shaded if the frequency is �20%. The most abundant W, Y, and L residues
are shaded in black.
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motifs. Therefore, it is not surprising to find strong evidence for
host-driven positive selection within these motifs. Selection against
these motifs as a result of host recognition also would lead to loss
of recognizable W, Y, and L motifs, resulting in the population of
Avh genes lacking these motifs. Furthermore, as the number of Avh
genes becomes larger and the net contribution of each gene to
virulence becomes smaller, it is expected that the effect of purifying
selection on maintaining the motifs would become smaller, and
increasing numbers of Avh proteins would be lost from the func-
tional effectome because of mutations in the W, Y, and/or L motifs.
Consistent with this hypothesis, the average coding potential of the
non-W–Y–L Avh genes was found to be lower than that of the
W–Y–L-containing Avh genes. It also is possible that some
non-W–Y–L Avh genes have acquired new functions that do not
require W, Y, or L motifs; these genes would be retained in the
effectome by purifying selection, but would not retain recognizable
W, Y, or L motifs. Consistent with this hypothesis, there are many
non-W–Y–L Avh genes that show conservation between P. sojae
and P. ramorum.

Frequent duplications are presumably responsible for the expan-
sion of this family. Genes derived from recent local duplication
events as a result of illegitimate recombination are often physically
clustered (24). In the case of the Avh superfamily, however,
extensive clustering is not found, suggesting that newly formed
genes are rapidly dispersed to other loci in the genome. The
frequent genomic rearrangements associated with nearly all Avh
loci suggest that these genes are located within highly fluid regions
of the genome (25). In Phytophthora genomes, retrotransposons
flank Avh genes significantly more frequently than average genes
(R.H.Y.J. and M. C. Zody, unpublished data). The rapid dispersal
of new Avh genes would limit the homogenization that occurs
among tandemly arrayed genes as a result of gene conversion and

illegitimate recombination (26). This dispersal would facilitate
rapid divergence among the newly formed genes, driven by host-
imposed positive selection.

In the pathogenic bacterium Xanthomonas, the AvrBs3 effector
family consists of �40 highly similar proteins, which differ mainly
in an internal repeat domain (27). Recombination within the repeat
generates effectors with unique virulence specificities (28). In the
case of Phytophthora effectors, new specificities of effectors most
likely are generated via gene duplication and rapid divergence.
Considering that oomycetes have acquired pathogenicity indepen-
dently from fungi and bacteria, expansion of the Avh family
should have contributed greatly to the evolution of Phytophthora
pathogenicity.

Materials and Methods
Gene Mining and Motif Finding. For BLAST searches, we used the NCBI BLAST and
Standalone-BLAST Version 2.2.3 (29). The protein sequence Avr1b (AAR05402)
was used as the initial query to search the total predicted protein set of P. sojae
and P. ramorum (14) by BLASTP, as well as the genome scaffold sequences by
TBLASTN.Significanthits (Evalue�1e-5)weremanuallycheckedforthepresence
of an obvious RXLR-dEER domain and an N-terminal signal peptide. New Avh
proteins identifiedbytheBLASTsearcheswereusedtorepeat theprocessuntilno
new candidates could be discovered. By using the program HMMER 2.3.2 (http://
hmmer.janelia.org/) (15), two HMMs were built from the full set of candidates,
one using the RXLR motif and 10 amino acids on the left side and the other using
the complete RXLR-dEER domains, with the variable spacing arbitrarily placed in
between. The RXLR-dEER domain is defined as the occurrence of the string RXLR,
together with the trailing acidic motif (containing �10% D or E residues). To
increase the sensitivity of a database search, the model was calibrated by hm-
mcalibrate to give an empirical E value calculation according to the HMM model,
as suggested by the program instructions. The whole predicted protein set, as
well as all six-frame translations from the complete genome sequences of P. sojae
and P. ramorum (14), were used for screening. Proteins with a significant HMM
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Fig. 3. High level of sequence divergence and polymorphisms. (A) Sequence divergence of Avh proteins. Sequence divergence is defined as one sequence
identity. PsAvh and PrAvh proteins were compared against P. ramorum and P. sojae proteins, respectively. Each radius ranges from 0 (center) to 80 (outer circle)
representing 100–20% (or less) identity. The distribution along each circumference is random. A set of 1,000 randomly selected P. sojae proteins was compared
against P. ramorum. (B) Positively selected sites in Avh proteins. Codeml model 2a was used to detect positively selected sites (shaded in black). The motifs are
indicated by asterisks underneath. The analysis was performed on alleles of Avr1b (9) and close paralogs of PrAvh302.
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score (E value �0.05) were considered as candidates and were manually
examined.

To search for motifs, the program MEME (30, 31) was used to search the
C-terminal sequences of the collected Avh proteins, from the end of the dEER
motif to the C terminus of each protein. Limits on the allowed motif lengths were
a minimum of 6 amino acid residues and a maximum of 100 residues. The
resultant motifs were used to build a HMM model with HMMER 2.3.2 (15) that
was used to rescreen all of the Avh proteins. Avh proteins with a positive HMM
score were considered as motif-containing Avh sequences and were used to build

an updated HMM model. The process was repeated until no new motif-
containingAvhsequences couldbefound.WhentheC-terminal sequencesof the
Avh proteins were permuted (amino acid residue order was randomly shuffled),
the MEME search did not yield any conserved motifs. Furthermore, none of the
permuted sequences yielded a significant hit with any HMM models discovered
from the C termini of the nonpermuted Avh protein sequences.

Sequence Analysis of Avh Genes and Avh Proteins. Coding potential was
calculated (32) from the average value derived from a window of 300 bp sliding
1bpata timeusingthecodonusagefrequenciesderivedfromthetotalpredicted
gene sets of P. sojae and P. ramorum.

Tests for purifying or diversifying selection were performed with the codeml
program in the PAMLv3.14 package (20, 21). Models M0, M1a, M2a, M7, and M8
were used for the analysis. Positively selected amino acid sites were assigned
based on a probability �95% with Bayes empirical Bayes statistics (33) in
model M2a.

Syntenic regions between P. sojae and P. ramorum were found by using PHIGs
(14, 34). For the Avh gene ortholog assignment, genes sharing best bidirectional
BLAST hits were considered to be candidate ortholog pairs. If such gene pairs
were found to be located in regions showing conserved synteny, they were
confirmed as orthologs.

Phylogeny Reconstruction and Sequence Grouping. Multiple sequence align-
ment was performed by ClustalX 1.8 (35). Molecular Evolutionary Genetic Anal-
ysis 3 (36) was used for Neighbor-Joining (NJ) analysis. Poisson correction was
chosen as the distance parameter. The inferred phylogeny was tested by 1,000
bootstrap replicates.

Avh proteins were initially grouped based on BLASTP similarity. Proteins
having a BLASTP hit (E value �1e-8, sequence identity �30%) to any other Avh
proteins were grouped together. In AG�1, sequences sharing identity of �40% to
any other Avh protein within AG�1 were defined as subgroups. For several large
groups, NJ trees were constructed to check whether the grouping was consistent
with well supported phylogenetic clades (Fig. 1C ).
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Fig. 4. Synteny breakpoints at the locations of Avh genes. (A) Distribution of
Avh genes represented as indels. Six scaffolds containing more than two PsAvh
genes are shown. PsScaffold�36 and PrScaffold�50 contain the largest clusters of
Avh genes in P. sojae and P. ramorum, respectively. Paralogs belonging to the
same family are indicated by lines. (B) One deletion and one rearrangement of
PsAvh genes in the P. sojae scaffold�23. Orthologs are connected by thin lines.
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