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ABSTRACT

Many gram-negative pathogenic bacteria directly translocate effector proteins into eukaryotic host cells
via type III delivery systems. Type III effector proteins are determinants of virulence on susceptible plant
hosts; they are also the proteins that trigger specific disease resistance in resistant plant hosts. Evolution
of type III effectors is dominated by competing forces: the likely requirement for conservation of virulence
function, the avoidance of host defenses, and possible adaptation to new hosts. To understand the evolution-
ary history of type III effectors in Pseudomonas syringae, we searched for homologs to 44 known or candidate
P. syringae type 111 effectors and two effector chaperones. We examined 24 gene families for distribution
among bacterial species, amino acid sequence diversity, and features indicative of horizontal transfer. We
assessed the role of diversifying and purifying selection in the evolution of these gene families. While
some P. syringae type III effectors were acquired recently, others have evolved predominantly by descent.
The majority of codons in most of these genes were subjected to purifying selection, suggesting selective
pressure to maintain presumed virulence function. However, members of 7 families had domains subject

to diversifying selection.

EUDOMONAS syringaeis associated with numerous
important plant diseases including bacterial speck
of tomato and halo blight of beans. The species is sub-
divided into ~50 pathogenic varieties [pathovars (pv.) ]
on the basis of the original plant host of isolation
(RuporrH 1995). The evolutionarily conserved type 111
secretion system was acquired by P. syringae prior to
pathovar differentiation and represents a common strat-
egy of infection for all the bacterial species that utilize
it (SAwADA et al. 1999; FouTs et al. 2003; JIN et al. 2003).
The type III pilus is a conduit for delivery of type III
effector proteins into the plant intercellular space (the
apoplast; HE ¢t al. 1993; ALraNo and COLLMER 1997;
Jin and HE 2001). Inactivation of the type III secretion
system in P. syringaeresults in a total loss of pathogenesis
(LINDGREN et al. 1986, 1988). This indicates that the
proteins secreted by the system are required for bacte-
rial virulence.

Recent attempts to identify type III effector genes in
P. syringae used newly available genome sequences (P.
syringae pv. tomato DC3000, P. syringae pv. syringae B728a,
and P. syringae pv. phaseolicola race 6), in vivo and in
vitro expression assays, and secretion assays (BocH et al.
2002; GUuTTMAN el al. 2002; PETNICKI-OCWIEJA el al.
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2002; ZWIESLER-VOLLICK ¢t al. 2002; FouTs et al. 2003).
According to these studies, P. syringae pv. tomato DC3000
(Pst DC3000) may secrete as many as 50 effectors through
its type III secretion system (for review, see COLLMER ef
al. 2002; GREENBERG and VINATZER 2003). Homologs
of many of these type III effectors are distributed across
P. syringae pathovars, suggesting that divergent strains
carry at least an overlapping set of type III effectors that
might provide a common core of virulence functions.
Some P. syringae type Il effectors are also shared with
other phytopathogenic species (COLLMER el al. 2002;
GUTTMAN et al. 2002; GREENBERG and VINATZER 2003),
which may indicate similar infection strategies. Many
type III effector genes are located in pathogenicity is-
lands or are associated with remnants of mobile ele-
ments (KiM et al. 1998). Their distribution among strains
of P. syringae is highly variable (GUTTMAN et al. 2002;
D. S. GurTMAN, unpublished data). These data support
an important role for horizontal gene transfer in the
evolution of type III effectors and pathogenesis.

A limited number of type III effectors from plant
pathogenic bacteria have been assigned proven or prob-
able biochemical functions (NIMCHUK et al. 2001; CoLL-
MER ¢t al. 2002; CHANG et al. 2004). For example, AvrBs2
is similar to phosphodiesterases, while AvrPpiG1, AvrRxv,
AvrBst, and AvrXv4 and AvrRpt2 share key residues with
cysteine proteases (OrTH 2002). Functions inside the host
cell of some plant pathogen type III effectors have been
elucidated. AvrBs3 family members alter plant gene ex-
pression (YANG et al. 2000a; SZUREK et al. 2001; MAROIS
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et al. 2002). AvrRpm1 (P. syringae pv. maculicola), AvrB (P.
syringaepv. glycinea) , and AviRpt2 (P. syringaepv. tomato) all
target the Arabidopsis RIN4 protein (MACKEY et al. 2002,
2003; AXTELL and Staskawicz 2003). In Erwinia amylo-
vora, DspA, a member of the P. syringae AvrE family,
triggers the release of reactive oxygen species by the host
(pear) cell, which is necessary for the colonization by the
pathogen (VENISSE et al. 2003).

To defend themselves against pathogen attack, plants
have evolved a surveillance system to detect bacterial
invasion. The surveillance proteins in plants are en-
coded by disease resistance (R) genes. These are be-
lieved to “guard” host targets against virulence proteins
delivered into the plant cell by the bacteria (DANGL and
JonEs 2001; SCHNEIDER 2002). According to the guard
hypothesis, the host defense response is triggered when
the R protein detects the action of a virulence factor.
In one example from tomato, the direct recognition of
the P. syringae AvrPto virulence protein by the plant Pto
resistance protein (SHAN et al. 2000) leads to subsequent
signaling through the R protein Prf. In other cases, the
virulence factor alters the activity of its host target, and
this change triggers R protein action. The R protein
RPS2, for example, triggers defense reactions in response
to the disappearance of the AvrRtp2-mediated disap-
pearance of RIN4 protein (AXTELL and STASKAWICZ
2003; MACKEY et al. 2003), and activation of the RPSH
R protein by AvrPphB requires cleavage of the host PBSI
kinase by that type III effector cysteine protease (SHAO
et al. 2003).

There is a never-ending battle between bacterial viru-
lence systems and plant surveillance and resistance sys-
tems. The pathogen is under strong selection to avoid
or suppress recognition by the host. Virulence proteins
that trigger the plant defense response will be strongly
selected against and will therefore either be lost or di-
verge in sequence so that they are no longer recognized
by their host. This is potentially problematic for the
pathogen, if the biochemical function of the virulence
factor required for its activity is the same as that sensed
by the host to trigger a successful host defense response
(SHAO et al. 2003). As a possible consequence, many
virulence type III effectors may act to suppress the host
defense response (STaskawicz et al. 2001; OrRTH 2002).
Plants can recognize conserved molecular features of
plant pathogens, leading to induction of a basal defense
response. The suite of type III effectors carried by a
given bacterial pathogen acts, at least in part, to block
or dampen this defense response (JAKOBEK et al. 1993;
Hauck et al. 2003). The type III effectors, AvrPphC and
AvrPphF in P. syringae pv. phaseolicola (JACKSON et al. 1999;
Ts1amis et al. 2000) and AvrPtoB in P. syringae pv. tomato
(ABRAMOVITCH et al. 2003), are believed to play this role.
Some evidence suggests that these virulence-associated
proteins have been acquired through horizontal trans-
fer (JACKSON et al. 1999, 2002). Thus, to counteract the
plant surveillance system without sacrificing a poten-

tially useful virulence strategy, these bacteria appear to
have acquired new virulence factors that inhibit or delay
host defense response. In reaction, some genotypes of
the host have evolved R genes that in fact can detect
these “defense inhibiting” virulence factors, thus trig-
gering the defense response. It is likely that host interac-
tions with pathogens drive the diversification of plant R
genes, to detect the action of new or divergent virulence
factors on their nominal host targets (OnTA 1991; APAN-
1Us el al. 1997; MicHELMORE and MEYERS 1998; YEAGER
and HuGHES 1999; DANGL and JoNEs 2001).

The number of available sequences for confirmed or
suspected type III effectors from P. syringaehas increased
dramatically. These data provided us with the opportu-
nity to investigate the evolutionary history of type III
effectors in P. syringae and the role played in this evolu-
tion by interaction with the host. Using 46 type III ef-
fector proteins as query sequences, we identified 24
families of type III effector genes on the basis of similar-
ity. We analyzed the genes from these families for their
distribution and relatedness and for features indicating
horizontal transfer. We also assessed the role played by
diversifying and purifying selection in the evolution of
these type III effector gene families.

MATERIALS AND METHODS

Database mining: The National Center for Biotechnology
Information (NCBI) databases were explored using BLASTP
(ALTSCHUL et al. 1990). Additional sequences were retrieved from
the unfinished genome of P. syringae pv. syringae B728a, se-
quenced at a coverage of approximately eight times (http:/www.
jgi.doe.gov/JGI_microbial /html/pseudomonas_syr/pseudo_syr._
homepage.html), and from the then-unfinished genome of
P. syringae pv. tomato DC3000 (http:/www.tigr.org/tdb/mdb/
mdbinprogress.html). The maximum threshold of BLASTP
expected (E) values was 0.005. For phylogenetic analyses, the
similarities of the sequence groups were examined by global
alignment (NEEDLEMAN and WunscH 1970), using the pro-
gram “Needle” from the EMBOSS package. Homologous se-
quences were selected if they had a similarity (bit) score larger
than a quarter of the score resulting from the comparison of
the type III effector sequence to itself (ENDO el al. 1996).

Phylogenetic analyses: Protein alignments were generated
using ClustalW (TroMPsoN et al. 1994). The alignments were
used to generate phylogenetic neighborjoining trees using
the Poisson correction for multiple substitution events with
MEGA v2.0 (KUMAR et al. 2001). Bootstrap confidence levels
were determined by randomly resampling of the sequence
data 1000 times. Phylogenetic analyses were also performed
using PHYLIP. The program Prodist was used to calculate
protein distances, using the Dayhoff PAM substitution model,
and neighborjoining trees were constructed with the program
Neighbor. DNA sequences were aligned using DIALIGN2
(MORGENSTERN 1999). Some sequences were trimmed at the
5" or the 3’ end when the alignments in these regions were
not reliable. The distance between sequences was assessed
with the software Dnadist of the Phylip package based on
the Kimura two-parameter model (Kimura 1980). Neighbor-
joining phylogenetic trees were then built with the software
Neighbor, on the basis of these distances.

GC content and codon usage: The overall CG content and
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the GC content at the third codon position (GC3) of type
IIT effector genes was analyzed using a custom PERL script.
Additionally, the open reading frames (ORFs) of available
genomes were retrieved from TIGR (http:/www.tigr.org/ tigr-
scripts/ CMR2/batch_download.dbi) and were used to calcu-
late the GC content and the GC3 content of the ORFs in these
genomes. These organisms are: Xanthomonas campestris pv.
campestris, X. axonopodis pv. citri, Ralstonia solanacearum, Bacillus
subltilis, P. syringae pv. tomato DC3000, and Streptomyces coelicor.
Since the GC content of closely related organisms is very simi-
lar, we used the value for P. syringae pv. tomato DC3000 (58.4%
G + C) to represent all P. syringae strains (LAWRENCE and
OcHMAN 1997; note that the GC content of P. syringae pv.
syringae B782a is 59.2%).

To assess whether type III effector gene GC and GC3 con-
tents match the GC and GC3 content of their respective ge-
nomes, we compared the content of type III effector genes
to the average content of the genome’s ORFs. We excluded
from this analysis disrupted ORFs. The cutoff (two standard
deviations) is based on the assumption that the distribution
of the ORF GC and GC3 content in a genome is normal. This
assumption is supported by the result of normal quantile plots:
most of the GC and GC3 values for each genome lie close
to a straight line, indicating that a normal model fits well.
According to the standard normal distribution, if the GC con-
tent of a gene is below or above this cutoff (twofold the stan-
dard deviation above or below the mean), this value is different
from the rest of the genome with a probability of 97.7%. The
overall GC content of E. carotovora pv. atroseptica (~50%)
is from http:/bitrws400.scri.sari.ac.uk/TiPP/Erwinia.htm, of
P. aeruginosa (66.6%) is from STOVER et al. (2000), and of
P. fluorescens (60.6%) is from http:/www.jgi.doe.gov/JGI_
microbial/html/pseudomonas/pseudo_homepage.html.

Codon usage was assessed for organisms from which the
ORFs were available using the program CodonW (downloaded
from http: /www.molbiol.ox.ac.uk/cu/) to calculate the codon
adaptation index (CAL SHARP and L1 1987). To calculate CAI
for the ORFs of these organisms (including the type Il effector
homologs we analyzed), we used as a reference pool every
OREF identified in the genomes, since it is impossible for us
to determine which genes are highly expressed.

It was not possible to obtain the complete set of predicted
OREF sequences for all relevant genomes and hence not possi-
ble to compare the average GC3, GC content, and CAI for
these genomes to their respective type III effector genes. In
these cases, we compared the overall GCvalue of the organism,
as given by the sources in MATERIALS AND METHODS, to the
overall GC content of the respective effector genes. The cutoff
used in these cases is two standard deviations calculated for
Pst DC3000.

Positive selection assessment: Nucleotide alignments were
made with DIALIGN2 on the basis of the translation of nucleo-
tide diagonals into peptide diagonals. The alignments and de-
rived phylogenetic trees were used in the program CODEML
from the PAML package (YANG 1997) to calculate the w-ratio
(of nonsynonymous to synonymous changes; dy/ds) for each
site. Different evolutionary models were tested (YANG et al.
2000b): model MO assumed a constant w-ratio; models M1
and M7 assumed that amino acid sites substitutions are either
neutral (o ~ 1) or conservative (o ~ 0); and models M3 and
M8 allow the occurrence of positively selected sites (0 > 1).
M7 and M8 assume a B-distribution for the w-value between
0 and 1. For each codon, the probability of observing conserva-
tive, neutral, or positive selection was computed using the
proportion of sites belonging to these categories. The log
likelihood is the sum of these probabilities over all codons in
the sequence. The likelihood ratio of two models is compared
(M3 vs. M1 or MO and M8 vs. M7) to test which model fits the

data significantly better: twice the difference in log likelihood
between the two models is compared with a chi-square distribu-
tion with n d.f., n being the difference between the numbers
of parameters of the two models. The cutoff chosen was P =
0.1, which is acceptable because this likelihood ratio test is very
conservative (ANISIMOVA el al. 2001). An empirical Bayesian
approach implemented in CODEML was used to infer to which
category (defined by a w-ratio estimated by the program) each
amino acid most likely belongs.

RESULTS

Distribution of type III effector homologs among bac-
teria: Forty-four known and predicted P. syringae type 111
effectors (see supplemental Table 1 at http://www.genetics.
org/supplemental/) retrieved from the NCBI databases
were used to search the same databases for homologs
using the BlastP algorithm (ALTscHUL et al. 1990). Two
suspected chaperones (AvrF and AvrPphF-ORF1) were
also considered, since they are associated in operons
with specific type III effectors. Ancient homologs de-
tected using BlastP (see supplemental Table 1 at http://
www.genetics.org/supplemental /) were not considered
later in this study, since phylogenetic analyses have little
power when performed on highly divergent sequences
(see MATERIALS AND METHODS). High rates of gene ac-
quisition and loss and horizontal gene transfer make
the discrimination between orthologs and paralogs ex-
tremely difficult in this data set. Technically, many of
these sequences are more accurately described as xeno-
logs, which is a homology relationship brought about
by horizontal transfer. We largely avoid the issue by
simply referring to all related sequences as homologs,
without making further distinctions.

Eleven effectors had no homologs in the databases
(see supplemental Table 1 at http:/www.genetics.org/
supplemental/). Eight of these (HolPtoS, HolPtoT, Hol-
PtoU, HolPtoU2, HolPtoV, HolPtoY, HolPtoZ, and Hop-
PtoB) are confirmed or predicted type III effectors in
P. syringaepv. tomato DC3000 (PstDC3000). Eleven other
type III effectors had only one homolog; six of these
were found in one of the two sequenced genomes, Pst
DC3000 and P. syringae pv. syringae B728a (Psy B728a).
The other five were found in only one of these two se-
quenced genomes, so they were either acquired through
horizontal transfer in the respective strains or deleted
from one strain following divergence. These 22 genes
were not considered further in this study.

Twenty-four of the 46 type III effectors and chaper-
ones originally selected had three or more homologs
(see supplemental Table 1 at http:/www.genetics.org/
supplemental /). The number of protein sequences in
the families ranged from 3 to 16. Seventeen of these 24
families contained a sequence from Ps¢tDC3000, 14 from
Psy B728a, and 9 from P.s. pv. maculicola ES4326 (Pma
ES4326). In contrast, 4 of the families were absent from
the two sequenced strains, including AvrA, isolated from
P. 5. pv. glycinea, and AvrPpiGl, isolated from P. s. pv.
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pisi, HopPmaB from Pma ES4326, and AvrD (present
in many P. syringae strains). These four genes may have
been acquired through horizontal transfer after strain
divergence. BLAST results comparing the two sequenced
P. syringae genomes indicated that some effectors are
unique to one or the other genome. Homologs to AvrB
and AvrPpiAl were found only in the PsyB728a, whereas
homologs of AvrPphD and AvrPpiB were found only in
Pst DC3000. Additionally, homologs of the putative type
III effectors HolPtoQ, HolPtoR, and HolPtoW identified
in Pst DC3000 were not detected in Psy B728a.

Eighteen of the 24 type III gene families have homo-
logs in distantly related phytopathogenic species. Twelve
families contain one to four homologs from Xanthomo-
nas species and 10 families contain one homolog from
R. solanacearum. In addition, 6 of 24 effector families
have homologs found in nonphytopathogenic species
such as P. aeruginosa or P. fluorescens (see supplemental
Table 1 at http:/www.genetics.org/supplemental/). This
suggests that at least a set of P. syringae type I1I effector
genes that occur throughout the species is also dispersed
broadly beyond it (see supplemental Table 2 at http://
www.genetics.org/supplemental /).

Phylogenetic relationships among homologs from
type III effector gene families: We used the amino acid
sequences for phylogenetic analyses of the 24 type III
effector families that contained three of more homo-
logs. These sequences were aligned using ClustalW (see
MATERIALS AND METHODS; THOMPSON et al. 1994) and
analyzed by neighbor-joining trees using 1000 bootstrap-
ping replicates (Figure 1). The topologies of the type
III effector trees were compared to the topologies of 16S
rDNA species trees or intraspecific data from multiple
housekeeping genes (E1sEN 1995; SAwADA et al. 1999;
DALE et al. 2002; D. S. GuTrTMAN, unpublished data).
Topological comparisons were based on the presence of
common, well-supported clades (bootstrap scores >70).
Topologies of only 3 of 24 trees (AvrB, AvrPpiG, and
HopPmaG) were clearly incongruent with the topolo-
gies of species or subspecies trees (Figure 1). Interest-
ingly, AvrB and AvrPpiG are both encoded by genes
that appear to be frequently transferred horizontally,
on the basis of GC composition and the presence of
mobile elements (Table 1). The incongruence of the
tree supports the idea of a recent acquisition of these
two genes (DAUBIN et al. 2003b). HopPmaG, on the other
hand, is nearly ubiquitous among P. syringae strains and
in many other bacterial species. Given the extensive
similarity between HopPmaG from Psy B728A and its
homolog from P. aeruginosa and the dissimilarity among
P. syringae HopPmaG sequences, it appears that this
locus has moved into P. syringae multiple times.

There are a number of other cases of probable hori-
zontal transfer between P. syringae strains. Unfortunately,
the current sampling of effector sequences makes it impos-
sible to rule out alternative scenarios such as phylogenetic

incongruence due to extensive gene duplication and loss
during the course of strain diversification.

Evidence of horizontal transfer: Most genes in a given
genome have a similar GC content. Deviations from
these values suggest a recent acquisition in the genome,
most probably via a mobile element (GALTIER and LOBRY
1997; HACKER and KAPER 1999). Thus, the GC content
of a particular gene can be compared to that of the
genome to determine whether it was likely acquired
through horizontal transfer. Eventually, the GC content
of an acquired gene may coalesce with the host genome
(LAwRENCE and OcHMAN 1997), and the sequences nec-
essary for its mobilization may be eliminated (HACKER
and Kaper 2000). The time necessary for sequence ho-
mogenization to the GC content of the genome is un-
known and probably depends on how different these
features were at the time of transfer, as well as the weak
selective pressure imposed by the transcriptional and
replication apparatus of the new host.

Genomic GC content influences the frequency of al-
ternative synonymous codons. Synonymous codons dif-
fer from each other largely at the third base. Hence,
the GC3 content is less likely to be influenced by selec-
tion and represents a more objective measurement of
a genome’s GC content than its overall GC content
(LAwWRENCE and OcHMAN 1997). We measured GC3 for
the type III effector genes in the 24 families (MATERIALS
AND METHODS). These values were graphed atop the
distribution of GC3 contents from the respective ge-
nomes or closely related genomes where possible (Fig-
ure 2; see MATERIALS AND METHODS). We also used the
overall GC content, as well as the codon usage (CAl value),
for similar comparisons (Figure 2). The overall GC con-
tent and CAI comparisons were very similar to the GC3
analysis, as observed for other bacterial species (BELL-
GARD and GoOJoBoORI 1999). Additionally, we searched
20 kb surrounding each type III gene in our study,
where the DNA sequences were available, for mobile
elements or remnants of such. Their presence could
indicate whether the region where the type III effector
resides is likely to have transferred recently.

Type III effector genes with values that deviate from
the genome values tend to be located either on plasmids
or near mobile elements and remnants thereof, while
type III effector genes with values close to the respective
genome mean do not. Consistently deviant GC3, GC,
and CAI values, the presence of mobile elements in the
surrounding sequences, and the phylogenetic analysis
(Figure 1) suggest that a fraction of type III effector
genes have been recently acquired by the genomes in
which they reside, whereas others have been in the ge-
nome long enough to express the GC content and co-
don usage of that genome and to have been selected
for the elimination of the surrounding mobile element
sequences.

Recently acquired gene families define the “variable”
type III effector suite: In P. syringae genomes, we identi-
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(percentage) obtained for 1000 repetitions.
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FiGure 2.—Inference of P. syringae type III effector horizontal transfer. (A) GC3 content for P. syringae type III effector and
chaperone xenologs (grouped into families) compared to the average GC3 content of the P. syringae pv. tomato DC3000 ORFs
(left). Each diamond indicates a value for a specific type III effector gene. The purple horizontal line indicates the mean GC3
content of Pst DC3000 (70.25%) and the mean GC3 content of X. campestris pv. campestris (Xcc, 76.81%), respectively. The shaded
box indicates two standard deviations from either side of the mean for Pio DC3000 (*16.29 from the mean) and Xcc (+20.09),
respectively. Among the other complete genome sequences available, only the xenologs found in Xcec showed significantly different
values compared to the average GC3 content of ORFs in the genome (right). (B) GC content for P. syringae type III effector
and chaperone xenologs (grouped into families) compared to the average GC content of the P. syringae pv. tomato DC3000 ORFs
(left) and GC content for Xcc xenologs compared to the average GC content of the Xcc ORFs (right). Each diamond indicates
a value for a specific type III effector gene. The purple horizontal line indicates the mean GC content of Pst DC3000 (58.72%)
and the mean GC content of Xcc (65.27%), respectively. The shaded box indicates two standard deviations from either side of
the mean for Plo DC3000 (=16.57) and Xcc (£8.27), respectively. (C) Codon usage represented by the CAI for P. syringae type
IIT effector and chaperone xenologs compared to the average CAI of the P. syringae pv. tomato DC3000 ORFs (left) and CAI of
the Xcc xenologs compared to the average CAI of the Xcc ORFs (right). Each diamond indicates a value for a specific type III
effector gene. The purple horizontal line indicates the mean CAI of Pst DC3000 (0.512) and the mean CAI of Xcc (0.48),
respectively. The shaded box within the graph indicates two standard deviations from either side of the mean for Pto DC3000
(%£0.203) and Xcc (£0.31), respectively.
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fied nine families of genes where all members were
probably acquired recently (awrA, avrB, avrD, avrPpiAl,
avrPpiB, avrPpiG1, holPtoN, holPtoQ, and holPtoW). Each
of these families exhibits corroborative evidence of re-
cent transfer, including association with a plasmid or
remnants of mobile elements (Table 1). For example,
the auvrD family is a large family, with homologs in 26
P. syringae strains from 12 pathovars (YUCEL el al. 1994).
Homologs are also found in R. solanacearum and S. coeli-
cor. Every member of this family, except the member
from R. solanacearum, is carried on a plasmid and there-
fore likely to be horizontally transferred (HANEKAMP el
al. 1997).

Interestingly, three of these nine type I1I effector gene
families contain some members recently acquired by P.
syringae, but other members that seem ancient in other
plant pathogen genomes. Xenologs to holPtoQand holPloW
are found in both R. solanacearum and Xanthomonas
species, where they were characterized as ancient genes
(Table 1). It is, however, impossible to determine the
source from which P. syringae obtained these genes. Simi-
larly, avrPpiGI appears to have been acquired recently
in the genome of P. syringae pv. pisi. In contrast, two of
four avrPpiGI xenologs found in Xanthomonas seem
to be ancient while the other two seem to have been
acquired recently, in their respective genomes. Thus,
the avrPpiGI family consists of members that were ac-
quired at different stages of Xanthomonas evolution.

The members of avrPphl and hopPmal. type III ef-
fector families also seem to match this evolutionary pro-
file in P. syringae. Only 5 of 14 avrPphl family genes
show all the features associated with horizontal transfer,
whereas the 9 other genes in this family do not (Table 1;
Figure 2; also see supplemental Table 2 at http:/www.
genetics.org/supplemental/). For hopPmal, two genes
were discovered in P. syringae pv. phaseolicola. These arose
either from gene duplication or via separate horizontal
transfers. If these genes arose through gene duplication,
the high level of nucleotide diversity (data not shown)
between the two sequences would imply very rapid evo-
lution. These data indicate that the members of the
avrPphEand hpPmal. gene families have different origins
and could have been acquired at different steps in the
evolution of these strains.

A suite of “core” type II effector gene families: The
type III effector gene families exhibiting no difference
in GC3, GC, or CAI values from the rest of the genome
(in any phytopathogenic species or genera) are avrk,
avrl, avrPphD, holPtoR, hopPmaB, hopPmaD, hopPmaG,
hopPmaH, hopPmal, hopPma], hopPtoA, hrpW, and hrpZ
(Table 1). These are likely to represent the ancient type
III effector gene core set, acquired by P. syringae before
diversification of the various pathovars.

The hrp/hrc pathogenicity island (PAI) exhibits an
overall GC content of 58.7% in Pt DC3000 and Psy
B278a, consistent with the average for those two ge-
nomes (58.4% for the whole genome of Plo DC3000

and an estimated 59.2% from the published draft of
the genome of Psy B278a) and suggesting that it has not
been recently acquired (SAwADA et al. 1999). There are
two PAIs that flank the Arp/hrc cluster and that can con-
tain type III effector genes (ALFANO et al. 2000). From
our data, we suggest that at least some of the type III
effector genes from these Arp/hrc linked families have
not experienced recent horizontal gene transfer, but
have probably been stable and evolved along with their
respective genome. Some, like avrF; hipW, and hrpZ, are
linked to the Arp/hrc PAI, which encodes the structural
and regulatory factors for the type III secretion pilus.
Similarly, hopPtoAl family members are also Arp/hrc
linked, except for the hopPloA2 homolog, found un-
linked to hopPtoAl in the Pst DC3000 genome. Consis-
tent with our proposal, no linkage to mobile elements
could be detected for the members of the families of
hopPmal and hopPmaj. These conclusions are also sup-
ported by DNA blot analyses showing that hopPmal, hopP-
maf, hopPmaG, and hrpW are found almost universally
among P. syringae strains (D. S. GUTTMAN, unpublished
data).

Two families (hopPmaB and hopPmaG) contain mem-
bers associated with a plasmid (avrXacE3 and mlt of X.
axonopodis pv. citri 306, homologous to hopPmaB and
hopPmaG, respectively). AvrXacl3 and avrXacEl in X.
axonopodis pv. citri 306 are homologous and appear to
have arisen by duplication. The presence of avrXack3
on a plasmid could facilitate the spread of this gene to
other species, including P. syringae.

To summarize, the type III effector gene families ana-
lyzed can be classified into three distinct groups on
the basis of their phylogeny, GC content, and genomic
location (Figures 1 and 2; Table 1). The first group
includes xenolog families in which all genes show evi-
dence of horizontal transfer within P. syringae (avrA,
avrB, avrD, avrPpiAl, avrPpiB, avrPpiGl, holPtoN, holPtoQ,
and holPtoW) and between P. syringae and other species
(avrA, avrB, and avrPpiGI xenologs). The second group
contains type III effector gene families in which some
members have probably been horizontally transferred,
but at different times in the evolution of the species
(avrPphl and hopPmal). The last group contains the
families that apparently have constituted an ancient or
stable suite of virulence factors in P. syringae and, in
some cases, other phytopathogenic bacteria (avrk, avrf;,
avrPphD, holPtoR, hopPmaB, hopPmaD, hopPmaG, hopPmaH,
hopPmal, hopPma], hopPtoA, hrpW, and hrpZ).

A role for diversifying selection in the evolution of
some type III effector families: The interaction between
P. syringae pathovars and their plant hosts is strongly
influenced by the evolution of both type III effector
genes and the corresponding plant R genes that might
detect their presence in the host. The extent of diversify-
ing selection acting on type III effector genes might be
constrained by a requirement to maintain their viru-
lence function. If, as the “guard hypothesis” suggests,
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the virulence function of a given type III effector initi-
ates plant R action, then this constraint may be quite
difficult to overcome. This perhaps explains the com-
mon, but counterintuitive, finding that type III effectors
can be found as presence/absence alleles within a pa-
thovar. Diversifying selection may, then, act on type III
effector genes to facilitate (1) escape from host recogni-
tion, (2) adaptation to new alleles of their original host
target (in their role as virulence factors), or (3) adapta-
tion to additional host targets while maintaining their
core virulence function.

To test the influence of diversifying selection on the
evolution of type Il effector genes, we used the program
CODEML from the PAML package (YANG 1997). This
program uses maximum likelihood to estimate the ratio
(w) of nonsynonymous (dy) to synonymous (ds) substitu-
tion rates for each codon position of a nucleotide align-
ment. It automatically performs corrections for multiple
substitutions, which are likely in distantly related se-
quences (as illustrated by the tree lengths in Figure 1 and
Table 2).

Using the MO model of this program (YANG 1997; see
MATERIALS AND METHODS), the w-value is constrained
to be constant at each codon position, as if there were
no variation in the selection acting across the sequence.
With the M1 model, the program considers that some
positions are under strong purifying selection (w close
to 0) and the others are evolving neutrally (w close to
1). With models M3, M7, and M8, the program calcu-
lates the w-ratio for each codon and assigns the codons
to a “site class,” for which it estimates a w-ratio. Three
discrete site classes (w0, w1, and w2 as represented in
Table 2) were considered for the M3 model, and 10
classes were considered for the M7 and M8 models.
Models M7 and M8 use a B-distribution for the w-values.
The 10 classes approximate as closely as possible the
B-distribution of the w-values ranging between 0 and 1
(represented as parameters p and ¢ in Table 2 for the
M8 model; YANG et al. 2000b). M3 and M8 models also
allow w-values above 1 (indicative of positive selection),
while M7 does not. Since many of these tests are nested,
it is possible to identify which model best fits the data
using a likelihood ratio test (LRT), comparing one
model against another and indicating the probability
that one model fits the data better than the other.

We first compared the results obtained from the M3
and MO models, using an LRT (AN1sIMOVA et al. 2001).
If the M3 model fits the data set better than the MO
model, then evolutionary pressures are not equal for
all codons. The next comparison, between models M1
and M3, indicates whether the evolution of the gene is
neutral or if there are any positively selected sites (w >
1). The last comparison, between models M7 and M8,
tests a model allowing positive selection againsta neutral
model. The comparison between M7 and M8 is more
conservative than the comparison between M1 and M3
and may miss some genes undergoing weak positive

selection (ANISIMOVA et al. 2002). However, with our
data set, the two models consistently suggested positive
selection for the same gene families. The results for
these tests are presented in Table 2. They suggest posi-
tive selection (o > 1) during the evolution of 7/19
analyzed type III effector gene families (avrD, holPtoN,
holPtoQ, hopPmaB, hopPmal, hopPmal, and hrpW). For the
12 other families, the models allowing positive selection
(M3 and M8) did not detect any codon with w > 1.

Among the seven families potentially subjected to pos-
itive selection, four (holPtoN, holPtoQ, hopPmal., and hrpW)
have LRT P < 0.1 (Table 2 and MATERIALS AND METH-
ops). In three cases (avrD, hopPmaB, and hopPmal), the
overall LRT P values are not significant, even though
the M3 and M8 models suggest amino acid sites with
® > 1. The MO model has the best overall fit to the
data for the avrD family (w = 0.5905). This could be
due to the majority of the protein undergoing constant
purifying selection, while a few sites undergo positive
selection (ANISIMOVA et al. 2001). Second, in the hopPmaB
family, the strength of support for model M8 is not
significantly better than that for the M7 model (Table
2). This could be due to the large number of sites (20%)
that belong to classes with 0.9 < w < 1, indicative of
neutral evolution. For this data set, the LRT lacks power
to differentiate between the M7 and M8 models (ANISI-
MOVA et al. 2001). Third, the hopPmal family contains
three moderately divergent genes (the tree length is
2.33). The M3 model fits the data set significantly better
than the M1 and M0 models do. The M3 model predicts
that 8.5% of sites are under positive selection (w = 2.2).
The more conservative model M8 also suggests that 5%
of sites are under diversifying selection (v = 2.5). The
hopPmaf and avrPphE gene families show w, > 1 for the
M3 model. However, none of the sites in the genes fell
into the class w, according to this model. Additionally,
the w, values were close to one, suggesting neutral,
rather than positive, selection.

Analysis of positively selected sites in type III effector
gene families: We sought to identify which sites in partic-
ular type III effector genes were subjected to positive
selection for members of the avrD, holPtoN, holPloQ,
hopPmaB, hopPmal, hopPmal, and hrpW type 111 effector
gene families. We employed the Bayesian calculation of
posterior probabilities to identify which sites may be
under positive selection, according to the site class to
which they belong (NIELSEN and YANG 1998; YANG et
al. 2000b). The probability for each site belonging to the
class of positively selected sites is represented in Figure 3.
We next correlated the location of these sites with puta-
tive functional domains assigned to the proteins from
the following five families (for which information was
available), on the basis of homologies or experimental
data.

The holPtoQ family members were detected by bioin-
formatic analyses as putative type III effectors (GUTTMAN
et al. 2002). We used the protein consensus sequence of
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TABLE 2
(Continued)

Proportion of sites

In L for
the

Model

under positive
selection detected

No. of
sequences

Parameters in the w-distribution

model
fitting
the best

best

Pvalue Pvalue  With M3 With M8 fitting
the data

Pvalue

Tree length
(CODEML)

Average
dy/ ds
0.2105

in the
analysis

M8 model

M3 model

M8:M7 (%) (%)

M3:M1

M3:MO

Family
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0.30370
99.00000

q = 84.99636
(p1 = 0.69630)
o = 0.06776

o
P

0.49306

pl = 0.20477
(2 = 0.30217)

00 = 0.06795
ol = 0.06796

w2 = 0.53965

P

1.1F19 4.2FE01 NP NP M3 —3538.67

6.9F-09

2.87881

11

hrpZ

NP, no positive selection could be detected using this test; NA, the Pvalue could not be calculated.

the HolPtoQ) homologs to search for domain homology.
Positions 55-282 of the consensus are homologous to
the inosine-uridine nucleoside N-ribohydrolase domain
(URH1, Evalue = 2¢4, alignment of 70% of the se-
quence) from the Conserved Domain Database (CDD;
MARCHLER-BAUER et al. 2002, 2003) and the Structural
Classification Of Proteins database (SCOP; Cambridge,
UK). Catalytic residues of some hydrolases from Trypan-
osoma brucei brucei and Crithidia fasciculata have been
identified by directed mutagenesis (DEGANO et al. 1996;
GorAUL et al. 1996; PELLE et al. 1998). Oddly, these were
not the same in both species, and thus it is perhaps
unsurprising that none of them were conserved in the
HolPtoQ) proteins. However, other domains highly con-
served between every purine hydrolase (Kurtz et al.
2002) are also conserved in the HolPtoQ) proteins (Fig-
ure 3). The domain from codon 59 to 68, identified in
some purine hydrolases and in HolPtoQ) proteins, is
part of ametal ligand-binding pocket (PELLE et al. 1998).
While no diversification was detected in this motif, posi-
tive selection was detected in the substrate-binding
pocket domain encoded by codons 190-236 (PELLE et al.
1998). If these putative type III effectors have a virulence
function, then variation in the substrate pocket could
be driven by the necessity to adapt to new substrates
while escaping the host surveillance system or to expand
the range of possible virulence targets. Additional resi-
dues carrying signs of potential positive selection are
located on the probable exposed surface of the protein
(PELLE et al. 1998), the most significant being codons
4,7,9, 27, 317, and 320. These may also be important
in evasion of host recognition.

Genes in the hopPmaB family contain at least three
positions that are subjected to diversifying selection: at
codons 23, 141, and 193. It is possible that codons 27
and 60 are diversifying as well; they were detected using
model M3, but not detected when using model M8. These
proteins are putative cysteine proteases, characterized
by a catalytic triad, involving a cysteine, a histidine, and
a glutamic acid or aspartic acid (positions 164, 47, and
120 in the consensus protein sequence). The N terminus
of the consensus sequence is homologous to PD563556
of the PRODOM database, which is found in peptidase
C55. Two HopPmaB domains were identified as being part
of the catalytic domain. The domain GAGNCDXNAAI
(positions 160-171) contains the cysteine residue of the
catalytic triad and was detected in the CDD by PSI-
blast. The positively selected codon 141 is 23 residues
upstream of the cysteine residue. The Prositescan search
program detected the PS00639 domain in the consensus
HopPmaB family sequence (positions 45-57), con-
taining the histidine residue of the catalytic triad,
SIHGLXALGsXX. Position 56 may be positively selected
in the family (P = 0.596, w = 1.53). The histidine residue
from the consensus has been replaced in HopPmaB by a
glutamine residue. The last active residue of the triad is
likely an aspartic acid in the domain NVDSDLRLSNG
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(positions 116-127). This aspartic acid is conservatively
substituted with a glutamic acid in HopPmaB. This re-
gion is under strong purifying selection (P > 0.95),
suggesting the importance of this domain for the func-
tion of the protein. Overall, the catalytic triad is strictly
conserved in the Xanthomonas species, but not in Pma
ES4326. Furthermore, diversifying selection near con-
served domains was detected, suggesting that despite
the conservation of the function in the Xanthomonas
species, the activity or substrate preference of these pro-
teins could vary.

The proteins encoded by the genes of the hopPmal
family contain a J domain near their deduced carboxyl
terminus. This domain is involved in protein-protein
interactions. It is found in cochaperones in eukaryotes
and prokaryotes (for review see KeLLEY 1998). Most
proteins containing the J domain are involved in signal-
ing pathways, such as those required for apoptosis (plant
and human viruses; SULLIVAN and Prpas 2002) and heat
shock. In Hsp40, a cochaperone of Hsp70, the ] domain
orchestrates interaction with the DnaK ATPase domain.
The Hsp40 cochaperones specifically help stimulate
ATP hydrolysis and deliver substrates to Hsp70. Active
residues of this domain were found by directed muta-
genesis and the structure of the J domain of Hsp40
(GENEVAUX et al. 2002). The hopPmal codons subjected
to positive selection are directly next to the sites de-
termining J-domain activity (positions 445-463). The
positively selected site 450 is next to the conserved do-
main HPDKN in the ] domain (445-449). The positively
selected site 462 is very near the conserved phenylala-
nine 460. The positively selected site 438 corresponds
to the site 26 of Hsp40. Mutation of K26 in Hsp40
reduces its activity (GENEVAUX ef al. 2002). As the puta-
tive function of J domain is to bridge proteins and sub-
strates, a diversification in this domain near key posi-
tions could preserve the activity of the protein but allow
diversification of host target binding. A region matching
a proline-rich domain is detected from positions 282 to
335. This domain may be involved in protein-protein
interaction. Several serines are conserved in this region.
Three sites putatively subjected to diversifying selection
are also detected in this region, at positions 305, 317,
and 331.

The genes in the ArpWfamily encode pectate-binding

proteins (CHARKOWSKI et al. 1998; Kim and BEER 1998).
The N terminus of HrpW from Pst DC3000 and E. amylo-
vora Ea321 is sufficient to trigger the hypersensitive re-
sponse (HR) on nonhost plants, while the C terminus
of the protein is not involved in this process (CHARKOW-
SKI et al. 1998; Kim and Berr 1998). This correlates
with our finding that the N terminus is highly variable
between these genes and contains many amino acid
insertions and deletions. The putatively positively se-
lected sites are concentrated in the region that triggers
the host defense response. According to model M3,
three sites are positively selected with a P> 95%, residue
8 (w = 1.4), residue 151 (v = 1.4), and residue 282
(w = 1.36). The C-terminal domain, starting at codon
position 350 in the consensus sequence, encodes the
pectate lyase activity (pfam03211.5, pectate_lyase). The
3" end is highly conserved, with particularly low w-values.
According to M3, M7, and M8, 75% of all sites in this
domain are subjected to strong purifying selection.
These results strongly suggest that either host recogni-
tion or adaptation to a new virulence target drove the
evolution of the 5" end of these genes. The 3’ end of the
gene is strongly conserved, indicative of conservation of
pectate lyase function. This result further suggests that
pectate lyase function is not selected against during the
interaction with the host.

Virulence functions for members of the HopPmalL
family (VirPphAs;,, VirPphAy,,, VirPphAy,,, and AvrPtoB)
were recently described (JACKSON et al. 2002; ABRAMO-
VITCH et al. 2003), and these proteins can complement
each other’s function (JAckson et al. 2002). An HR
defense response in tomato is triggered by the direct
recognition of the AvrPtoB N terminus by the host Pto
protein (Kim et al. 2002). However, the C terminus of
AvrPtoB can inhibit the HR triggered by recognition
of other type III effectors (ABRAMOVITCH et al. 2003).
Positive selection is acting on AvrPtoB codons 16 and
295, in the region involved in recognition. Interestingly,
when we restricted our alignment to only the family
members experimentally proven to encode type III ef-
fectors (VirPphAyp,,, VirPphAg,, VirPphAp,, HopPmal,
and AvrPtoB), the number of positively selected sites
and the probabilities for positive selection were in-
creased. Additional positively selected sites, with P >
95%, were found at codons 65, 70, 237, 357, 411, and

»

»

F1GURE 3.—Positive selection of P. syringae type 111 effectors revealed by PAML. For each of the type III effector gene families,
the posterior probabilities of the positively selected class (w > 1, o = dy/ds) are plotted for all codon positions of the alignment
(A-G). Bars in yellow represent the probabilities calculated with model M3, which assumes 3 classes of sites (2 classes with 0 =
o = 1; 1 class with w > 1). Bars in violet represent the probabilities calculated with model M8, which assumes 10 classes of sites
(all but 1 class 0 = w = 1). The green area represents the degree of similarity between sequences in the alignment for each
position measured by the program plotcon from the EMBOSS package (the maximum for this similarity is 1). Below the plot,
a schematic of the proteins encoded by the gene family depicts domains identified for each of them. More detailed analyses of
active sites for HolPtoQ and HopPmal are shown in H. The residues in blue are conserved among proteins containing this
domain. The residues in red are potentially positively selected. The residues in green (for HolPtoQ)) are the catalytic domain
identified in the hydrolase of T. brucei brucei. The position of the conserved residues of the DNA-J domain is indicated by a line

and the x above the sequence and on the graph (E).
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412. These residues are located in the region containing
the Pto-binding domain. Positive selection was also seen
acting on codon 510, for which no function is defined.
This result might signify that evolution in the AvrPtoB
gene family is ongoing and leading to functional diver-
gence at the margins of the family. The three homologs
left out of the more restricted analysis may be degenerat-
ing and no longer subjected to positive selection.

DISCUSSION

Xenologs were identified for 36 putative type III ef-
fectors or chaperones among 46 genes used to search
the databases using BlastP. A large majority of the identi-
fied xenologs were found in other plant pathogen ge-
nomes, although many more animal bacterial pathogen
genome sequences have been published. This may be
explained by the fact that the plant pathogenic bacteria
share the same niche, which favors horizontal transfer
between them. Additionally, virulence factors identified
in phytopathogens may target factors specific to plant
cells. The type III secretion system in plant pathogenic
bacteria for instance is different from its animal patho-
gen counterparts since it must cross the thick plant cell
wall.

We provide evidence for recent horizontal acquisition
by P. syringae in 11/24 type III effector gene families
(nine “recent” and two “intermediate” families). We
corroborated probable horizontal transfer of type III
effector genes through phylogenetic incongruence, atypi-
cal GC3 and GC content and genomic location. The
variable distribution of many of these genes among P.
syringae pathovars also suggests their recent acquisition
(D. S. GurTMAN, unpublished data; J. H. CHANG, un-
published data). This confirms what had been pre-
viously suggested for several known type III effector
genes (HANERAMP el al. 1997; KM et al. 1998; VIVIAN et
al. 2001), on the basis of only their physical linkage to
remnants of transposons. Our data, however, are based
on several independent criteria collectively associated
with horizontal transfer.

These 11 families can be further subdivided into those
in which all members showed evidence for recent hori-
zontal transfer and those in which only some members
were found to be recently acquired. It is interesting that
in at least three cases (avrPpiGl1, holPtoQ, and holPtoW),
type III effector genes seem to have been acquired re-
cently in the genome of P. syringae, but not in the ge-
nome of other phytopathogenic species, such as Xan-
thomonas and Ralstonia. We cannot, however, postulate
a source species for these genes. A low GC content, for
example, does not mean that it was transferred from
an organism exhibiting a low GC content (DAUBIN et
al. 2003a). In addition, we identified a third class of P.
syringae type III effector/chaperone families with an-
cient genes that show no evidence for recent horizontal
transfer.

Our analysis of the distribution of type III effector
gene families has established that virulence factors are
exchanged not only between pathovars of the same spe-
cies, but also sometimes between different phytopatho-
genic species. For example, members of the hopPmaB
family may have been transferred from Xanthomonas
to P. syringae. Some P. syringae type 11l effectors can be
secreted through type III secretion systems of other
pathogens, such as E. amylovora, Xanthomonas, or Yer-
sinia pestis, demonstrating the conservation of the mech-
anism of secretion between bacteria genera (Ham et al.
1998; ANDERSON et al. 1999; CorNELIS and VAN GijJ-
SEGEM 2000). This is consistent with data suggesting
that the first ~50-75 amino acids of type III effector
proteins may encode an amphipathic NH, terminus po-
tentially required for delivery through the type III secre-
tion system (MUDGETT and Staskawicz 1999; LLoyp
et al. 2001; GUTTMAN el al. 2002). Since type III effector
proteins can be secreted by heterologous type III sys-
tems, the transfer of these genes might allow for rapid
movement of strains into new and perhaps unexplored
niches. However, the actual situation is certain to be
complicated by different regulatory controls operating
between different bacterial species.

The acquisition of type III effector/chaperone genes
occurred in different temporal frames: some were pres-
ent in a strain ancestral to all the pathovars analyzed,
while others were acquired after pathovar differentia-
tion. The ancient genes, present in nearly all P. syringae
strains analyzed to date, could provide virulence func-
tions of broad utility and may encode proteins whose
host targets are not monitored by the plant surveillance
system. More recently acquired type III effector genes
could contribute to strategies specific to particular patho-
gen-host interactions. The evolution of type III effector
genes is driven largely by the necessity to escape recogni-
tion by host surveillance proteins and probably modu-
lated by evolving host virulence targets. This type of
evolutionary change is influenced predominantly by
positive evolution, in which strains that carry beneficial
alleles increase in frequency in the population.

Numerous virulence genes in pathogenic bacteria
and viruses have been shown to be under positive selec-
tion (McGRAW et al. 1999; REID ef al. 1999, 2000; MOURY
et al. 2002; TARR and WHiTTAM 2002). We were inter-
ested in understanding the selective pressures that act
on P. syringae type III effector genes and whether there
was an obvious difference between the pressures that
acton ancient vs. recent genes. We believed that ancient
type III effector genes would diversify to adapt to specific
host targets or to avoid host-plant recognition. It was
less apparent whether recently acquired type III effector
genes would be under positive selection. Some of these
may have been passively transferred to new strains, while
others may be sweeping through a local population due
to a transient selective advantage.

We identified 13 probable ancient type III effector/

¥202 Iudy 0z uo 1senb Ag L990G09/L 1€ L/S/L9L/e101e/sonausb/woo dnoolwspeoe//:sdpy woly papeojumoq



Evolution of Type III Effector Proteins 13857

chaperones gene families in this study (auvrE, avrl, avrPphD,
holPtoR, hopPmaB, hopPmaD, hopPmaG, hopPmaH, hopPmal,
hopPmaf, hopPtoA, hrpW, and hrpZ). We were able to
identify clear evidence of positive selection in only 3 of
them (hopPmaB, hopPmal, and hrpW). Why do we not
see positive selection in a larger number of these gene
families? The answer may be that the functions of these
genes are so important that purifying selection domi-
nates their evolution. If this were the case, then the
products of these highly constrained genes would be
ideal targets for pathogen surveillance systems and we
would expect to find that many of these effector proteins
are recognized by host resistance proteins. Contrary to
this argument, very few of these type III effector genes
correspond to defined host disease resistance genes. A
possible explanation is that our sampling may be simply
not deep enough to identify positive selection when it
is occurring, given the small size and extensive diversity
found in some of these families. Alternatively, P. syringae
may use additional type III effector genes to suppress
the HR-type resistance triggered by the effector recogni-
tion in the host cell, such as AvrPphC suppressing the
response triggered by the recognition of AvrPphF from
P. syringae pv. phaseolicola (Tsiamis et al. 2000).

Positive selection is also found in type III effector
genes that have undergone recent horizontal transfer
(avrD, hopPmal., holPtoN, and holPtoQ), although it is not
clear whether the selection occurred prior to or after
their transfer. Additionally, it is equally unclear whether
diversification of these type III effector genes led to
changes in host specificity or diversification of function.
For HolPtoQ), the presence of positively selected sites
in the probable substrate-binding pocket suggests that
the substrate may vary between the homologs, perhaps
because of variation in the target sequence between
host plants. Alternatively, the genes of one type III ef-
fector family might be used by different pathovars for
slightly different functions on different host targets. It
has already been shown that similar genes can accom-
plish different virulence functions. In X. oryzae pv. oryzae
strain PXO86, seven genes of the avrBs3 family encode
putative transcriptional regulators (Bar et al. 2000). Six
of them contribute to pathogenicity. They do not com-
plement each other, showing that they evolved different
functions that are all more or less important for the
virulence strategy (BAr et al. 2000).

We can also partition the set of positively selected
type III effector genes into those in which the positive
selection is acting on the probable host recognition
domain and those in which the selection is acting on
the putative virulence domain. HrpW and hopPmal. are
in the former group and appear under selection to avoid
host recognition. HolPtoQ, hopPmaB, and hopPmal are
in the latter group and are presumably tracking host
virulence targets. It is possible that the recent acquisi-
tion and positive selection on holPtoQ enables strains to
change host specificity or adapt to new host targets. In

sum, our data suggest that these cases of positive selec-
tion are most consistent with a model in which type III
effectors evolve to maintain a core virulence function
while potentially expanding the repertoire of host tar-
gets they can manipulate.

A better understanding of the acquisition of type III
effector genes will provide insight into how any given
type III effector fits into the overall virulence strategy
of a pathogen. Tracking selectively diversified or con-
strained regions will help identify domains important
for the type III effector gene’s function or its interaction
with the host recognition machinery. The ongoing
search for type III effector genes in a variety of P. syringae
pathovars and further elucidation of the forces driving
their evolution will shed light on the critical and central
role these proteins play in pathogen-host interactions.

The temporary sequence for the genome of P. syringae
pV- phaseolicola generated by random shotgun sequenc-
ing was made available in February 2004 by TIGR (http://
tigrblast.tigr.org/ufmg/), during the process of editing
this article, although the sequence contains gaps and no
ORFs have been predicted. This sequence was searched
for homologs with the TBLASTN algorithm. The query
sequences were the protein sequences we used for the
original search that gave rise to xenolog families in this
article (see supplemental Table 1 at http:/www.genetics.
org/supplemental/). The results of the search are shown
in supplemental Table 3 at http:/www.genetics.org/
supplemental/. Briefly, of 13 families of ancient genes,
11 were detected in the genome of P. syringaepv. phaseoli-
cola. Ancient genes that are present are located on the
chromosome except for avrPphD. The two xenologs that
were not detected are hopPmaB and hopPmaD. These
two genes were labeled as ancient. At present, it is not
possible for us to determine whether the missing genes
are present in the genome but not in the unfinished
sequence released by TIGR, whether the genes have
been deleted from the genome throughout evolution
of the strain due to selective pressures, or whether the
genes are not ancient, as we assumed on the basis of
sequence analysis. As expected, only five of nine genes
labeled as recent were found in the genome of P. s. pv.
phaseolicola: avrB, avrD, and holPtoQ on a plasmid and
holPtoN and holPtoWon the chromosome. These prelimi-
nary results corroborate, for the most part, our predic-
tion of chronology for the acquisition of putative type
III effectors or chaperones in P. syringae.
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