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SUMMARY

 

RPP13

 

, a member of the cytoplasmic class of disease resistance
genes, encodes one of the most variable Arabidopsis proteins so
far identified. This variability is matched in ATR13, the protein
from the oomycete downy mildew pathogen 

 

Hyaloperonospora
parasitica

 

 recognized by RPP13, suggesting that these proteins
are involved in tight reciprocal coevolution. ATR13 exhibits five
domains: an N-terminal signal peptide, an RXLR motif, a heptad
leucine/isoleucine repeat, an 11-amino-acid repeated sequence
and a C-terminal domain. We show that the conserved RXLR-
containing domain is dispensable for ATR13-mediated recognition,
consistent with its role in transport into the plant cytoplasm.
Sequencing 

 

ATR13

 

 from 16 isolates of 

 

H

 

.

 

 parasitica

 

 revealed high
levels of amino acid diversity across the entire protein. The leucines/
isoleucines of the heptad leucine repeat were conserved, and
mutation of particular leucine or isoleucine residues altered
recognition by RPP13. Natural variation has not exploited this route
to detection avoidance, suggesting a key role of this domain in
pathogenicity. The extensive variation in the 11-amino-acid repeat units
did not affect RPP13 recognition. Domain swap analysis showed
that recognition specificity lay in the C-terminal domain of ATR13.
Variation analyses combined with functional assays allowed the
identification of four amino acid positions that may play a role in
recognition specificity. Site-directed mutagenesis confirmed that
a threonine residue is absolutely required for RPP13 recognition
and that recognition can be modulated by the presence of either
an arginine or glutamic acid at other sites. Mutations in these
three amino acids had no effect on the interaction of ATR13 with
a resistance gene unlinked to 

 

RPP13

 

, consistent with their critical

 

role in determining RPP13-Nd recognition specificity.

 

INTRODUCTION

 

Downy mildews are among the most important diseases of crop
plants worldwide. In the UK they cause losses to commercially
grown onions, leeks, brassicas, sugar beet and lettuces. They
belong to the oomycete group within the kingdom Stramenopiles
and, as such, are distinct from true fungi being more closely
related to brown algae. One species in this kingdom is the obligate
biotrophic oomycete 

 

Hyaloperonospora parasitica

 

, which can
infect the model plant Arabidopsis. This interaction has been
studied extensively (Holub 

 

et al

 

., 1994; McDowell 

 

et al

 

., 2000;
Parker 

 

et al

 

., 1996) and has played a significant role in contributing
to our understanding of the host genes involved in disease
resistance responses. Resistance of Arabidopsis to this pathogen
most often follows a ‘gene for gene’ model postulated by Flor
(1971), whereby a plant resistance gene product (R) recognizes a
product produced by a gene carried by the invading pathogen,
the avirulence product (Avr). A hypersensitive response, manifest
as localized cell death at the infection site, is mounted leading to
the curtailment of pathogen growth. Plant 

 

R

 

 gene products have
a conserved structure despite being active against a wide range
of pathogens, including viruses, bacteria, fungi, oomycetes,
nematodes and insects (Dangl and Jones, 2001). Nearly all 

 

R

 

genes encode a leucine-rich repeat domain, which can be extra-
cellular but anchored in the plant membrane or be part of entirely
cytoplasmically located proteins. The cytoplasmic class often
contain a nucleotide-binding site (NBS), which is preceded at
the N-terminus by either a coiled coil or TIR (Toll interleukin-like)
domain (Dangl and Jones, 2001). In contrast, avirulence gene
products cloned from bacterial and fungal pathogens show few
common features (Dodds 

 

et al

 

., 2004; Joosten 

 

et al

 

., 1994; van
Kan 

 

et al

 

., 1991; Luderer 

 

et al

 

., 2002; Orbach 

 

et al

 

., 2000). Given
that these pathogen products probably play a role in pathogenicity
and all face the same host target, these ‘effectors’ may have
evolved independently. Furthermore, pathogens expressing effector
molecules that interact directly with R proteins to mediate
defence will be exposed to strong diversifying selection, whereby
alternative forms that fail to trigger defence will be favoured.
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Little is known of the molecular processes involved in suppres-
sion of host defence mechanisms by the pathogen and the role
of pathogen proteins in the host (Abramovitch and Martin, 2004;
Jones and Dangl, 2006). Such pathogen effector molecules are
believed to be involved in pathogenicity, via modulation of host
metabolism and physiological processes, as well as suppression
of host defence mechanisms. For example, the 

 

Pseudomonas
syringae

 

 effector protein AvrRPM1 phosphorylates the Arabidop-
sis RIN4 protein, which is likely to play a role in innate immunity
(Kim 

 

et al

 

., 2005). The RPM1 and RPS2 host resistance proteins
detect the interaction of the AvrRPM1and AvrRpt2 effector pro-
teins, respectively, with RIN4 (Mackey 

 

et al

 

., 2002, 2003). Hence,
the pathogen has developed two effector proteins targeted to
RIN4, an important defence protein. This fascinating story is an
example of many potential complex interactions between
Arabidopsis and its pathogens. Therefore, such pathogen effec-
tors are vulnerable to detection by host 

 

R

 

 gene-dependent recog-
nition and resistance systems.

The presence of leucine-rich repeat (LRR) domains, which are
implicated in protein–protein interactions, in R proteins suggests
that R proteins would directly interact with the Avr targets.
However, this has been demonstrated in only a few instances:
AvrPto from 

 

P. syringae 

 

pv tomato was the first Avr protein
shown to interact directly with a resistance gene product, namely
Pto (Scofield 

 

et al

 

., 1996; Tang 

 

et al

 

., 1996), a cytoplasmically
located protein kinase, not a member of the LRR-containing class.
Avr-Pita from 

 

Magnaportha grisea

 

 and Pita, a cytoplasmically
located NBS-LRR R protein from rice, have also been shown to
interact directly in yeast and 

 

in vitro

 

 (Jia 

 

et al

 

., 2000). Avr-Pita is
predicted to be a zinc metalloprotease and a mutation in the
protease motif caused loss of resistance and failure to interact
with Pita. The flax rust avirulence protein AvrL567 has been
shown to interact directly with the R protein, L, (in the NBS-LRR
class of R proteins) from flax in a yeast two-hybrid system (Dodds

 

et al

 

., 2006). Naturally occurring variants of the AvrL567 genes
exist and some escape recognition, but maintain structure and
stability, indicating that they may overcome resistance by sequence
diversity, not through loss of function.

This lack of ability to show direct interaction of Avr and R gene
products in the majority of systems investigated has led to the
formulation of the ‘Guard Hypothesis’ (van der Biezen and Jones,
1998) for 

 

R

 

 gene function, whereby the R gene product monitors
the binding to or modification of other plant proteins by the Avr
gene product. R proteins become activated through the indirect
detection of the Avr molecule in plant cells, as exemplified by the
RPM1 and Rps2 interaction with RIN4 (Mackey 

 

et al

 

., 2002, 2003).
Subsequently, the plant mounts a defence response. However,
the failure to demonstrate an interaction may simply be due to
limitations of currently available assay techniques.

Several avirulence genes have recently been cloned from the
distinct group of oomycete organisms (Allen 

 

et al

 

., 2004;

Armstrong 

 

et al

 

., 2005; Rehmany 

 

et al

 

., 2005; Shan 

 

et al

 

., 2004).
These genes do not share homology either with fungal avirulence
genes or with each other. However, all of these avirulence genes
encode small, secreted proteins, which can be recognized intrac-
ellularly. Many secreted proteins from oomycetes possess a motif,
RXLR, which occurs within 32 amino acids from the N terminal
signal peptide (Rehmany 

 

et al

 

., 2005). It has been shown that a
similar motif can direct the delivery of 

 

Plasmodium

 

 proteins to
erythrocytes (Hiller 

 

et al

 

., 2004; Marti 

 

et al

 

., 2004) and Whisson

 

et al

 

. (2007) have demonstrated that the RXLR motif is involved
in the translocation of oomycete effectors into plant host cells.

The resistance gene 

 

RPP13

 

 has been shown to be one of the
most variable genes so far cloned from Arabidopsis (Bakker 

 

et al

 

.,
2006; Rose 

 

et al

 

., 2004). This hypervariability, which resided
within the LRR motifs, suggested that selective pressures were
causing rapid evolution of novel forms of the RPP13 protein.
The avirulence gene 

 

ATR13

 

 from 

 

Hyaloperonospora parasitica,

 

which triggers RPP13-mediated resistance, also showed hyper-
variability between alleles (Allen 

 

et al

 

., 2004). One explanation of
such diversity is diversifying selection on 

 

ATR13

 

 driven by coevo-
lution with the 

 

RPP13

 

 gene from Arabidopsis. Based on sequence
comparisons of alleles that differed in their ability to trigger an
RPP13-dependent response, we were able to localize a major
determinant of this recognition by RPP13 to the C-terminal
domain of ATR13. Here we used domain swap experiments to
confirm the role of the C-terminal domain in specifying RPP13-
dependent recognition. Analysis of natural variation amongst 15
variants of ATR13 allowed us to define key amino acid residues
that are functionally important for this interaction. Using site-
directed mutagenesis within the hyper-variable C-terminal domain
we defined one amino acid essential for triggering 

 

RPP13-

 

mediated
resistance and two amino acids that modulate the response.

 

RESULTS

 

Natural selection on ATR13 genes

 

To access sufficient natural variation to identify amino acids
involved in RPP13

 

-

 

Nd recognition, 

 

ATR13 

 

alleles were cloned
and sequenced from 16 isolates of 

 

H. parasitica

 

 and their pre-
dicted proteins were compared (Fig. 1). There were 15 protein
variants. All alleles (except 

 

ATR13

 

-Goco1-B) were tested in the
biolistic assay, which has been described previously (Allen 

 

et al

 

.,
2004), for their ability to be recognized by the resistance gene

 

RPP13

 

-Nd. In addition to the alleles previously described as being
recognized, namely 

 

ATR13

 

-Maks9, 

 

ATR13

 

-Aswa1, 

 

ATR13

 

-Goco1-A
and 

 

ATR13

 

-Emco5, another allele, 

 

ATR13

 

-Bico1, was also recognized.

 

ATR13

 

 genes from the 11 other isolates were not recognized by

 

RPP13-Nd

 

.
We evaluated the levels of non-synonymous and synonymous

polymorphism at the 

 

ATR13

 

 locus and the 

 

Ppat5

 

 locus. 

 

Ppat5
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encodes a dnaK-type molecular chaperone (Bittner-Eddy 

 

et al

 

.,
2003), which would not be expected to be under the same
selective pressure as 

 

ATR13

 

, and served as a reference gene in
these analyses

 

. ATR13

 

 showed higher levels of polymorphism
overall (

 

π

 

total

 

 = 0.042) compared with 

 

Ppat5

 

 (

 

π

 

total

 

 = 0.002)
(Table 1a). From three individuals, isolates Emwa1, Goco1 and
Cand5, we amplified two variants of 

 

ATR13

 

, demonstrating that
they were heterozygous at the 

 

ATR13

 

 locus or a duplication of

 

ATR13

 

 had occurred, while the rest were homozygous at 

 

ATR13

 

.
Proteins encoded by the two 

 

ATR13

 

-Emwa1 alleles differ by one
amino acid. The polymorphism between the Goco1 alleles does
not alter the predicted protein. Only one of the Cand5 alleles was
cloned and used in the analysis. In the collection of 18 

 

ATR13

 

 gene
sequences from 16 isolates, 15 allelic forms were detected. 

 

ATR13

 

-
Hind2 showed considerable divergence in the C-terminal domain
of the predicted protein and contributed 28 non-synonymous differ-
ences to the dataset in this. Therefore, all analyses were conducted
including and excluding this allele, to evaluate whether this single,
highly divergent allele accounted for our statistically significant results.

The vast majority of the nucleotide polymorphisms in 

 

ATR13

 

would result in an amino acid variation: in this sample of 15

 

ATR13

 

 alleles, 84 out of 91 nucleotide polymorphisms resulted in
an amino acid variation between encoded proteins. This level of
non-synonymous polymorphism is significantly greater than
expected under neutrality, Ka » Ks (Table 1B). When the 

 

ATR13

 

-
Hind2 allele is excluded, this result is still significant, indicating
that the level of non-synonymous variation at this locus is signifi-
cantly greater than synonymous variation and not simply due to
the inclusion of one highly divergent allele.

In contrast, the 

 

Ppat5

 

 locus showed the opposite pattern, i.e.
12 out of 13 of the observed nucleotide polymorphisms were

synonymous and only one polymorphism resulted in an amino
acid difference between encoded proteins (supplementary Table S1).
As with the 

 

ATR13

 

 analysis, a chi-squared test of independence
was used to determine whether the proportion of synonymous
and non-synonymous variation was consistent with neutral
evolution at this locus (Table 1b). Here, too, we were able to
reject the hypothesis of neutrality; however, rather than observing
too many non-synonymous changes, we observed too many
synonymous changes at this locus indicating the action of purifying
selection operating at 

 

Ppat5

 

.
Codon usage analysis provided an independent assessment of

the action of natural selection at these loci. For each amino acid,
a certain synonymous codon may be preferred or used more fre-
quently than others, resulting in codon usage bias. Betancourt
and Presgraves (2002) observed a negative correlation between
the frequency of optimal (preferred) codon usage and the rate of
non-synonymous evolution. They hypothesized that interference
between selection acting on codon usage bias and amino acid
substitutions caused the decline of optimal codon usage with
increasing rate of non-synonymous evolution. Subsequently,
theoretical simulations showed that, for reasonable parameter
estimates, the level of codon bias declines with an increasing
rate of substitution at the strongly selected locus (Kim, 2004).
We used the effective number of codons (ENC) as a measure of
codon usage bias at these two loci. At 

 

ATR13

 

, ENC was 59.23
(out of a possible total of 61), indicating that codon usage bias
is negligible at this locus (because nearly all possible codons are
used). At 

 

Ppat5

 

, ENC was 37.51, indicating a large codon usage
bias. These results corroborate the inference that strong positive
selection may be acting at 

 

ATR13

 

, resulting in the maintenance
of amino acid polymorphism, and a relaxation of codon usage bias.

Table 1 Polymorphism at ATR13 and Ppat5.
(a) Average pairwise differences per site (π)

(b) Chi-squared test comparing observed and expected polymorphism at ATR13 and Ppat5

Gene Isolates No. of alleles π total π syn* π non†

ATR13 18 15 0.042 0.015 0.05
ATR13‡ 17 14 0.033 0.014 0.039
Ppat5 16 11 0.002 0.010 0.00008

Gene Total no. of sites Syn. obs.§ Syn. exp.¶ Non-obs.§ Non-exp.¶ χ2 P-value

ATR13 528 7 21 84 70 12.04 0.0005 Ka >> Ks
ATR13‡ 531 7 14 55 48 4.80 0.0285 Ka > Ks
Ppat5 1983 12 3 1 10 4.80 0.0285 Ka > Ks

*Pairwise differences at synonymous sites.
†Pairwise differences at non-synonymous sites.
‡Excluding Hind2 allele.
§Number of polymorphisms observed at synonymous (or non-synonymous) sites.
¶Expected number of polymorphisms at synonymous (or non-synonymous) sites assuming neutral evolution.



 

514

 

R. L. ALLEN 

 

et al .

 

  

 

MOLECULAR PLANT PATHOLOGY

 

 (2008)  

 

9

 

(4 ) , 511–523 © 2008 BLACKWELL  PUBL ISH ING LTD

 

Distribution of variation across the protein

 

All alleles encode a signal peptide that is remarkably conserved
between them with only a single position, F15, being replaced by

M or L in nine alleles. All alleles recognized by RPP13

 

-

 

Nd contain
the phenylalanine residue at this polymorphic position. The RXLR
motif region (comprising 30 amino acids) is completely conserved
with the exception of three polymorphisms: H28 to Y encoded by

   
 

 

 

 

 

 

 
 
 

 
 
 
 
 
 
 

 
 

  
 

 

 
 

 
 

 

 
 
 
 

 

 

 

 

 

 

 

 
  

 

 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1 Amino acid alignment and domains of 
ATR13 proteins encoded by 18 alleles from 16 
isolates of Hyaloperonospora parasitica. Dots 
indicate synonymous amino acids to ATR13-
Maks9. Dashes indicate amino acids not present in 
variant form. The RXLR motif is underlined. 
Leucines/isoleucines in heptad repeat region are 
indicated by asterisks. Alleles whose encoded 
protein is above the black line are recognized by 
RPP13-Nd in the biolistic assay and those below 
the line are not (# ATR13-Goco1-B is identical to 
ATR13-Goco1-A with one synonymous difference 
between ATR13-Goco alleles, but not tested in the 
biolistic assay). In the C-terminal region amino 
acids indicated by asterisks are those predicted to 
be key in the recognition response by RPP13-Nd.
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seven alleles, and A42 to V (ATR13-Waco5) and V47 to D (ATR13-
Hind2) transitions encoded by single alleles.

In contrast to the preceding domains, the leucine heptad
repeat region contains five protein variants with 12 amino acid
polymorphisms. Three of the different variants were recognized
by RPP13-Nd, suggesting that alteration of the amino acid
sequence in this region is tolerated. Leucine heptad repeats are
a feature of coiled coils where the leucines are embedded in an
alpha helical region. The existence of a leucine/isoleucine heptad
repeat in this region suggested the presence of a coiled coil.
Secondary structure prediction (SSP program) of ATR13 revealed
that this protein is predicted to be highly alpha helical, suggest-
ing a globular, tightly folded structure. In the region of the leucine
heptad repeat, only one small stretch of alpha helix is predicted,
spanning the central leucine, suggesting the absence of a coiled
coil. However, only one of the isoleucine residues (I71), among the
18 sequences, is substituted (a conservative substitution with leucine),
perhaps due to strong selective constraint in this region. Conserva-
tion of the protein sequence in this region may indicate an important
role of these residues in the function of this effector protein.

All protein variants contain at least one 11-amino-acid direct
repeat region. A single repeat unit is found in ATR13-Aswa1,
ATR13

 

-Emco5, ATR13-Goco1-A and ATR13-Goco1-B (ATR13-Hind2
has one repeat unit followed by an additional 3 amino acids)
whereas three units are present in ATR13-Bico1, ATR13-Waco5
and ATR13-Wela3, and four units are present in ATR13-Maks9,
ATR13-Hiks1, ATR13-Cala2, ATR13-Cand5, ATR13-Hind4, ATR13-
Emwa1-A, ATR13-Emwa1-B, ATR13-Emoy2, ATR13-Noks1 and
ATR13-Ahnd1. In addition there are 14 polymorphic positions,
resulting in a total of seven variant forms within this domain. No
association between the number or sequence identity of these
repeats and recognition by RPP13-Nd could be detected.

The C-terminus of the predicted protein is the most highly var-
iable domain between variants with 62% of polymorphic sites
(49 out of 79) in the protein residing in this domain, which itself
constitutes 27% of the protein. ATR13-Maks9, which is recognized
by RPP13-Nd, and ATR13-Emoy2, which is not recognised by
RPP13-Nd, exhibit 11 amino acid differences between them and
all these lie in the C-terminus and are due to only 12 nucleotide
polymorphisms (two being present in one codon). This suggests

  
  

 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

 
 

 
    

 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

 
Fig. 1 Continued
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that specificity for the recognition by RPP13-Nd lies in this C
terminal domain.

Importance of the heptad repeat region in the 
recognition response

The leucine/isoleucines of the heptad repeat are highly conserved,
with a single conservative amino acid substitution in one allele, in
all 15 protein variants of ATR13 (Fig. 1), which suggests that they
may be required for structure or function. We mutated these amino
acids to determine whether they play a role in the recognition of
ATR13-Maks9 by RPP13-Nd (supplementary Table S2). Mutations
L50G, L57G or I71G did not affect recognition. Mutation I78G
resulted in a distinctly different recognition response, which we
term intermediate (see Fig. 2 for an example and definition of this
phenotype). The biological relevance of this phenotype is unknown
but is consistent in all experiments. Mutation L64G abolished recog-
nition. We considered whether this change in phenotype was due
to lack of protein stability of the mutant ATR13 proteins. We expressed
ATR13-Maks9 and the mutants L64G and I78G in an Escherichia
coli expression system and found that they were produced in com-
parable amounts to the wild-type protein (data not shown).

Heptad leucine repeats are components of coiled coils, which
mediate protein–protein interactions. This region of ATR13 is not
predicted to be a coiled coil as the leucine repeats are not embed-
ded in an alpha helical region. However, there is a short stretch
of alpha helix in this region, which spans L64. The L64G mutation,
which would disrupt the alpha helix, caused a loss of recognition
of ATR13-Maks9 by RPP13-Nd. However, a further mutation,
L64A, which would retain the alpha helix, also resulted in a loss
of recognition by RPP13-Nd. A mutation, K66G, made between
the conserved leucines or isoleucines, which would also disrupt
the alpha helix, had no effect on the recognition response in the
biolistic assay. These results suggest that L64 is absolutely
required for the resistance response, but the presence of an alpha
helix in this region is dispensable.

C-terminal domain can be subdivided in terms of 
RPP13-Nd recognition

As the avirulence allele ATR13-Maks9 and the virulence allele
ATR13-Emoy2 only encode differences in the C-terminal domain
(in 11 amino acids), we constructed domain swaps within this
region to delineate further the positions involved in recognition.

Fig. 2 ATR13 domain swap constructs and their recognition response by RPP13-Nd in the biolistic assay. Region A and Region B are the two domains of the C-terminal 
region and amino acids shown are the 11 amino acids that differ between ATR13-Maks9 and ATR13-Emoy2. Photographs (representative images) show the three 
distinct recognition response phenotypes in Col-5 and Col-5::RPP13-Nd; no response results in 300–1000 blue-stained cells per leaf, a full response results in fewer 
than ten per leaf and an intermediate response results in 50–150 per leaf.
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The domain could be divided into two regions: with six amino
acid differences between these variants in Region A (positions
146, 147, 152, 156, 157 and 166) and five amino acids differences
in Region B (181, 182, 184, 185 and 186) (Fig. 2). Domain swaps
between these were made producing an Emoy/Maks (Region A
Emoy2, Region B Maks9) domain swap and a Maks/Emoy (Region
A Maks9, Region B Emoy2) domain swap. These domain swaps
were identical apart from the C-terminus. The Emoy/Maks
domain swap was not recognized by RPP13-Nd in the biolistic
assay, but the corresponding Maks/Emoy domain swap was
recognized, but resulted in an intermediate response (Fig. 2).
These results show that one or more of the amino acids in Region
A are required for recognition and one or more in Region B are
required to elicit a full recognition phenotype.

Site-directed mutagenesis of key amino acids in the 
C-terminal domain

Of the 11 amino acid polymorphisms in the C terminus, variants
at positions 146, 157, 182, 185 and 186 were not associated with
recognition by RPP13-Nd. This allowed us to narrow down the
possible candidates that affect isolate-specific recognition by
RPP13-Nd to six positions (147, 152, 156, 166, 181 and 184). Having
determined that the C-terminal domain plays a key role in RPP13
recognition we carried out site-directed mutagenesis of these six
amino acids. As both regions of the domain swap clones initiated
different recognition responses, we mutated these regions inde-
pendently. Mutation of the clone carrying Emoy2 Region A and
Maks9 Region B at the four amino acids putatively involved in
RPP13-mediated recognition, in Region A (clones Emoy/Maks.1
to Emoy/Maks.4), revealed that a threonine at position 152 was
absolutely required and that these other amino acid positions
had no effect on recognition (Fig. 3). To test if T152 was required
for protein stability, a T152I ATR13-Maks9 mutation was made
and expressed in an E. coli expression system. The encoded protein
was expressed at similar levels to that of ATR13-Maks9 wild-type
(data not shown). Mutation of the two candidate amino acids in
the B region of ATR13-Maks9 revealed that L184V had no effect

on recognition whereas R181Q clearly demonstrated that even
with T152, lack of an arginine at position 181 results in an inter-
mediate recognition phenotype seen in the original domain swap
experiment (Fig. 2). Hence, T152 is absolutely required for RPP13-
Nd recognition and this phenotype is modulated by R181.

Mutation of ATR13-Emoy2 to gain of recognition

The results from site-directed mutagenesis suggested that
ATR13-Emoy2 is not recognized by RPP13-Nd because it has I152
and Q181 rather than T152 and R181. We tested whether the
substitutions of I152T and Q181R would convert a non-recognised
variant into a recognised variant. When the I152T substitution
was introduced into the ATR13-Emoy2 protein, this mutant showed
intermediate recognition by RPP13-Nd (Fig. 4), as expected
based on the domain swap experiments and confirmed our find-
ing that a threonine at position 152 is critical for recognition.
When the Q181R substitution was introduced into the ATR13-
Emoy2 protein no recognition was observed in the biolistic assay,
as the clone lacked T152. However, surprisingly, when these
mutations were combined, the construct resulted in only an inter-
mediate recognition phenotype. This implies that the context of
the amino acids, which are involved in recognition, affects recog-
nition and that another amino acid position (or positions) may
contribute to recognition.

Mutation of ATR13-Wela3 confirms role of C-terminal 
domain in RPP13-Nd recognition

The ATR13-Wela3 variant is not recognized by RPP13-Nd and
exhibits polymorphisms in all the domains when compared with
ATR13-Maks9. We reasoned therefore that if the structure of the
C-terminal domain was key to RPP13-Nd-mediated recognition
then only polymorphisms within this domain in ATR13-Wela3
would be significant in the interaction. There are six amino acid
differences between the recognized ATR13-Maks9 variant and
that of ATR13-Wela3 within the C-terminus in addition to differences
outside of the C-terminus (Fig. 4). Four of these polymorphisms

 

Fig. 3 C-terminal regions of Emoy/Maks and 
Maks/Emoy domain swaps and mutants of domain 
swaps and their recognition responses by 
RPP13-Nd in the biolistic assay. Grey shaded 
boxes indicate sequence from the ATR13-Emoy2 
allele; unshaded boxes indicate sequence from the 
ATR13-Maks9 allele.
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(D157, T182, A185, S186) are present in variants, which are
recognized by RPP13-Nd (Fig. 1). ATR13-Wela3 has an isoleucine at
position 152 rather than the essential threonine and K147
instead of E147 which is present in all variants recognized by
RPP13-Nd. In common with ATR13-Maks9, ATR13-Wela3 has
R181. Therefore, we predicted that to convert ATR13-Wela3 from
an unrecognized to a recognized form would require the two
substitutions I152T and K147E. These two substitutions inde-
pendently did not result in recognition by RPP13-Nd (clones
ATR13-Wela3.1 and ATR-Wela3.2), but a combination of the two
substitutions, K147E and I152T (clone ATR13-Wela3.3) resulted
in full recognition (Fig. 4). This demonstrates the importance of
E147 and T152 and confirms that the polymorphisms outside the
C-terminal domain were not significant to the absence of recog-
nition of ATR13-Wela3 by RPP13-Nd.

To test that the proteins encoded by the ATR13-Wela3 mutants
were produced in a functional form in the biolistic assay we
assessed their recognition capability on Arabdiopsis accessions
UKID71. We will show in other work in preparation that accession
UKID71 shows a resistance response in the biolistic assay to
wild-type ATR13-Wela3 and that this interaction is not mediated
via RPP13 but by an unlinked Arabidopsis resistance gene.
Therefore, we hypothesized that if the proteins were produced
in planta in the biolistic assay and the mutations were specific to
the RPP13 interaction then all of the variant forms would be
recognized by UKID71. Hence, we tested the response of this
accession to ATR13-Wela3 and to the K147E, I152T and K147E
I152T mutants of ATR13-Wela3. We found that all of the mutants
were recognized by UKID71 in the same manner as ATR13-Wela3
(Fig. 5). A control variant, ATR13-Waco5, showed no recognition
by this accession as expected. This shows that these mutant
protein variants must be stably produced in the detached leaves
of the assay and that the mutations did not affect recognition by
the R gene unlinked to RPP13.

DISCUSSION

ATR13 is a hyper-variable gene from the oomycete pathogen
H. parasitica that can be recognized by the Arabidopsis surveil-
lance protein RPP13-Nd (Allen et al., 2004). This recognition triggers
localized cell death, and prevents further growth and reproduc-
tion of the pathogen. Here we carried out an in-depth study of
natural variation and evaluated the relationship between the
observed amino acid polymorphism and protein function of
ATR13. The high level of diversity and the distribution of the
variation allowed us to identify specific amino acid positions that
are associated with recognition by RPP13-Nd. We tested the
functional importance of these positions by generating novel
variants through domain swaps and site-directed mutagenesis
and expressing these in planta.

In this extended dataset, we found additional evidence for an
elevated rate of protein evolution, corroborating our previous
evolutionary studies of ATR13. Remarkably, none of the alleles
are predicted to encode truncated proteins, implying that an
intact ATR13 protein may be important for host infection. In con-
trast to Ppat5 (a reference gene), ATR13 has a greatly expanded
codon usage profile, utilizing 59.2 out of 61 possible codons. The
lack of codon bias and the excess of non-synonymous polymor-
phism at ATR13 is consistent with interference between natural
selection for optimal codon usage and the maintenance of a large
repertoire of different ATR variants within this species.

The Hind2 allele of ATR13 shows a large number of non-
synonymous differences (an extra 28 compared with all other
variants) and most of these are present within the C-terminal
region. This level of divergence may have resulted from recombi-
nation with another gene or an indel (insertion or deletion)
leading to a frame-shift mutation. However, in the C-terminal
region, ATR13-Hind2 shares several polymorphisms with other
variants, especially with ATR13-Ahnd1. The divergent positions

Fig. 4 (A) C-terminal region of mutant forms of 
ATR13-Emoy2 and their recognition response by 
RPP13-Nd in the biolistic assay. (B) C-terminal 
region of ATR13-Maks9, ATR13-Wela3 and 
mutants of ATR13-Wela3 and their recognition 
response by RPP13-Nd. All differing amino acids 
between ATR13-Maks9 and ATR13-Wela3 are 
shown in the wild-type constructs. Grey shaded 
boxes indicate sequence from ATR13-Wela3; 
unshaded boxes indicate sequence from the 
ATR13-Maks9 allele.
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within ATR13-Hind2 are intercalated into a well-conserved
in-frame backbone sequence. Isolates Hind2, Hind4 and Hiks1
were all isolated from Hilliers Arboretum, Romsey, UK, and while
ATR13-Hiks1 and ATR13-Hind4 only differ from each other in the
signal peptide and RXLR domains, ATR13-Hind2 shows differences
throughout the protein. The diversity uncovered thus far from this
local population suggests additional collections from this popu-
lation may reveal even more diversity.

The signal peptide and RXLR region showed the greatest
sequence conservation. The amino acid at position 15 is variant

between ATR13 alleles, resulting in three different forms of the
signal peptide. The variant containing phenylalanine (F) at posi-
tion 15 is encoded by alleles that trigger a resistance response.
However, a functional association with RPP13-Nd-dependent
recognition is unlikely as this domain will be lost on secretion
from the pathogen. The RXLR region reveals only three amino
acid polymorphisms resulting in four variant types. All protein
variants recognized by RPP13-Nd share a common form but this
is also present in several unrecognized alleles, suggesting no
association with recognition by the R protein. All variants that

Fig. 5 Recognition response of ATR13-Wela3 
mutants by UKID71 and Col-5 in the biolistic 
assay.
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contain an M15 also contain Y28, suggesting an historical link-
age between the signal peptide and RXLR domain. The signal
peptide is likely to be involved in effector secretion and the RXLR
domain is involved in uptake into the host cytoplasm (Whisson
et al., 2007) and may be under strong selective constraint, result-
ing in the lower rate of protein evolution in these regions as pro-
posed by Win et al. (2007). Consistent with this, deletion of these
domains in ATR13 has no effect on RPP13-mediated recognition
(data not shown), which has also been reported by Bos et al.
(2006) in the interaction between the Phytophthora infestans
AVR3a effector and potato R3a resistance protein.

In the leucine heptad repeat region of ATR13 the leucines/
isoleucines that define the repeat are conserved amongst the pro-
teins encoded by all the alleles. Variation exists within the heptad
repeat region, but this is not associated with differential recogni-
tion specificity by RPP13-Nd. Many ATR13 variants that do not
trigger the resistance response are identical in this region to the
ATR13-Maks9 variant that does trigger recognition. Also,
there are three variant forms of ATR13 in this region that do trig-
ger RPP13-Nd-dependent recognition. We mutated each of the
leucines and isoleucines forming the heptad repeat structure in
turn. Mutation of L64 led to a loss of recognition by RPP13-Nd and
mutation of I78 resulted in an intermediate recognition phenotype.
No other mutation affected the recognition response. Therefore,
conservation of these amino acids is essential to RPP13-Nd
recognition; however, the specificity of the interaction is not deter-
mined strictly by this region. The conservation of the leucines/
isoleucines within the leucine heptad repeat may imply a key role
in the primary function of this protein. One possibility is that this
region is involved in the interaction with a host component that
is the target of the virulence function of ATR13 and that this inter-
action is a prerequi-site for RPP13-Nd recognition of ATR13. A
mutation of L64 or I78 may prevent interaction of ATR13 with its
host target and, hence, ATR13 is not perceived by RPP13.

In the direct repeat region three variant forms containing
either one, three or four direct repeat units are able to trigger
RPP13-Nd-dependent recognition. Eight variants that fail to
trigger resistance are sequence identical within this region to that
of ATR13-Maks9, which induces RPP13-Nd-dependent recogni-
tion. Therefore, despite variation in repeat number and protein
sequence no association with RPP13-Nd recognition was detected.
This is in stark contrast to the situation in the avirulence protein
AvrBs3 from Xanthomonas campestris where the number and
nature of the repeats determines resistance specificity (van den
Ackerveken et al., 1996). In the case of AvrBs3, altered repeat
structures changed the recognition profile of the AVRBs3 protein
by the Bs3 resistance protein and led to novel recognition by
different plant proteins. Diversity in the repeat region of ATR13
may be maintained due to recognition by another resistance gene
not yet identified, as our results indicate that this variation is not
associated with RPP13.

Two observations suggest that the C-terminal region plays a
key role in RPP13-Nd-dependent recognition; the large amount of
non-synonymous polymorphism in this region suggests it is
experiencing diversifying selection and ATR13-Maks9 (recognized)
and ATR13-Emoy2 (not recognized) are sequence identical
throughout the protein except for 11 amino acid polymorphisms
in the C-terminal domain. Therefore, amino acid changes in this
region affect RPP13-Nd recognition. Our integrated evaluation of
protein variation and recognition specificity allowed us to identify
six candidate amino acids (E147, T152, P156, E166, R181, L184)
that were potentially associated with recognition specificity. Using
domain swap and site-directed mutagenesis we demonstrated
that T152 was absolutely required for RPP13-Nd-dependent
recognition and that R181 modulated this response as an R181Q
mutation caused an intermediate recognition phenotype. To test
our predictions functionally, we attempted to mutate the un-
recognized ATR13-Emoy2 allele to a form that could be recognized.
Mutation I152T resulted in intermediate recognition. Likewise,
the substitution of Q181R did not result in recognition due to the
absence of T152. Unexpectedly, a combination of both I152T and
Q181R resulted in only an intermediate resistance response,
implicating further amino acids involved in triggering RPP13-Nd
recognition. Analysis of the unrecognized ATR13-Wela3 allele
showed that it lacked the essential T152 and suggested that posi-
tion 147 may also play a significant role. Therefore, the substitu-
tions I152T and K147E were made individually in ATR13-Wela3
and, as predicted, neither produced an allele capable of inducing
an RPP13-Nd resistance response. When these substitutions were
combined, however, the resulting protein was recognized.
Interestingly all the mutations that alter recognition results in a
change in physical property of the amino acids involved: I152T
changes from hydrophobic to hydrophilic; K147E changes from
basic to acidic; and Q181R changes from basic to uncharged.
Therefore, we conclude that specific recognition of RPP13-Nd is
dependent on the structure of the C-terminal region and a
recognized ATR13 variant requires E147, T152 and R181.
Similarly, Wang et al. (2007) report that specific amino acids
can affect the interaction of the AVRL567 avirulence proteins
with L5 and L6 resistance proteins in flax. As in the AVRL567/L
interactions the context of the key amino acids in ATR13 altered
the specific interactions.

The functional analyses of ATR13 reported here are based
on the interaction with RPP13-Nd and the mutations we
describe altered recognition by that protein. However, the
extensive amino acid variation seen amongst ATR13 alleles
suggests interaction with more than one resistance protein.
Consistent with that model, we demonstrate that recognition of
ATR13-Wela3 by an Arabidopsis resistance gene unlinked to
RPP13 is not affected by mutations that alter recognition by
RPP13-Nd. ATR13-Wela3 has amino acid variation throughout
the protein, when compared with ATR13-Maks9 and it will be
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interesting to determine where specificity for this novel interac-
tion lies.

This survey of ATR13 alleles has allowed us to use natural
variation to predict key amino acids required for the recognition
response by RPP13-Nd. Using domain swap and site-directed
mutagenesis we confirmed those predictions and showed
that three specific amino acids in the C-terminus, E147, T152 and
R181, play a key role. No other natural variation could be
associated with recognition by RPP13-Nd. Altering these amino
acids did not affect recognition by a resistance gene unlinked to
RPP13, raising the intriguing possibility that the extended
variation in ATR13 is due to interaction with other resistance
genes not yet identified.

EXPERIMENTAL PROCEDURES

H. parasitica isolates and Arabidopsis thaliana 
accessions

All H. parasitica isolates used in this study were collected from
naturally infected Arabidopsis populations within the UK. The
location of these populations was described in Bittner-Eddy et al.
(1999) and Holub et al. (1994). The Col-5::RPP13-Nd transgenic
line was described in Bittner-Eddy et al. (2000).

Cloning the ATR13 alleles

Genomic DNA preparations from Arabidopsis infected with
H. parasitica were generated as described in Allen et al. (2004).
As the recognition response of ATR13 by RPP13-Nd was shown
to be unaffected by the presence or absence of the signal peptide
the alleles were cloned in their native form (with the signal
peptide) using Gateway recombination technology (Invitrogen,
Carlsbad, CA). Cloning of ATR13-Aswa1, ATR13-Emco5, ATR13-
Goco1 and ATR13-Hind4 has been previously described in Allen
et al. (2004). ATR13-Maks9, ATR13-Emoy2, ATR13-Wela3, ATR13-
Cala2, ATR13-Noks1, ATR13-Hiks1, ATR13-Hind2, ATR13-Emwa1,
ATR13-Ahnd1, ATR13-Bico1 and ATR13-Waco5 were cloned
with ATR13-7F as a 5′ primer and the 3′ primers: ATR13-8R for
ATR13-Cand5, ATR13-Emwa1 and ATR13-Noks1; ATR13-7R for
ATR13-Maks9 and ATR13-Waco5; ATR13-13R for ATR13-Hind2;
and ATR13-14R for ATR13-Wela3. These primers contained half
the Gateway recombination sites attB1 (for 5′ primer) and attB2
(for 3′ primer) followed by the ATR13-specific sequence. The
products of these primary amplifications were used in a second-
ary PCR reaction using the Gateway full-length attB1 (Invitrogen)
and attB2 (Invitrogen) primers. The PCR products were recombined
with the entry vector pDONR221 (Invitrogen) and the inserted
DNA was transferred to the Gateway destination vector pK2GW7
(Plant Systems Biology, University of Ghent, Belgium) by LR
recombination and the sequence verified.

Analysis of ATR13 alleles

The DNA sequences from 16 isolates of H. parasitica were
analysed using the DnaSP program (v. 4.0, Rozas and Rozas)
(Fig. 1). These sequences were aligned using ClustalX (v. 1.81)
and phylogenetic analyses were performed using PAUP (v. 4.0 b10).
The sequence evolution at ATR13 was compared with that of the
Ppat5 locus, a reference gene sequenced from these same isolates.
A chi-squared test of independence was used to evaluate if the
ratio of non-synonymous polymorphism per non-synonymous sites
to synonymous polymorphism per synonymous site was significantly
different from unity, i.e. the expectation under neutrality. The
numbers of non-synonymous and synonymous sites were calculated
using the SITES program (Hey and Wakeley, 1997). We analysed
codon usage at these genes using the program codonW
(http://bioweb.pasteur.fr/seqanal/interfaces/codonw.html). Prediction
of alpha helix was by the SSP program (http://softberry.com/berry.
phtml?topic=ssp&group=programs&subgroup=propt).

Sequence data from this article have been deposited with the
EMBL/Genbank data libraries under accession numbers EU549820,
EU549821, EU549822, EU549823, EU549824, EU549825, EU549826,
EU549827, EU549828, EU549829 and EU549830.

Generation of reporter gene construct

The GUS expression clone used as a reporter was constructed by
amplifying the 35S promoter from the plasmid pHellsgate
(Helliwell et al., 2002) using primers 35SHells1F and 35SHells1R.
The PCR product was re-amplified with 5′ and 3′ primers contain-
ing half of the Gateway recombination sites attB1 and atttB2,
respectively, and the 35S-specific sequences, 35SHells1Fgate and
35SHells1Rgate. This PCR product was re-amplified using full-length
attB1 and attB2 primers. The 35S promoter entry clone was cre-
ated using BP recombination of this PCR product with pDONR207
(Invitrogen) and the 35S promoter was transferred to the promot-
erless GUS destination vectors pKGWS7 and pBGWFS7 (Plant
Systems Biology, University of Ghent, Belgium) by LR recombina-
tion. Primer sequences are given in supplementary Table S3.

Biolistic analysis

Biolistic assays were carried out as described by Allen et al.
(2004). Assays were repeated several times and at least four
replicate shots per construct per experiment were carried out.
Leaves were incubated for 16 h before staining for β-glucuronidase.

Generation of domain swap clones

As the six amino acids in Region B could be straddled by a single
primer, the domain swap clones could be generated using a 3′
primer designed to incorporate portions of these different ATR13

http://bioweb.pasteur.fr/seqanal/interfaces/codonw.html
http://softberry.com/berry.phtml?topic=ssp&group=programs&subgroup=propt
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genes from different isolates using a single round of PCR. For
instance, to swap the Emoy2 ATR13 Region B into the ATR13-
Maks9, a 3′ primer designed to the Emoy2 sequence of this region
was used to amplify from Maks9 DNA. These domain swapped
alleles were cloned without the signal peptide and incorporated the
Kozak consensus translational start sequence (Kozak, 1987) and
a half Gateway recombination site attB1 at the 5′ end by using a
primer ATR13-11F together with the 3′ primer ATR13-12R designed
for generating the Maks9/Emoy2 domain swap product. The primary
amplifications were carried out with an annealing temperature of
45 °C to allow for the reduced specificity of the 3′ primer. A sec-
ondary amplification was carried out using the full-length attB1
and attB2 primers and these PCR products were cloned by Gate-
way recombination via entry vector pDONR221 into the vector
pK2GW7 (Plant Systems Biology, University of Ghent, Belgium).
Similarly the primer ATR13-11F was used together with ATR13-11R
for generating the Emoy2/Maks9 domain swap product and this
was cloned by Gateway recombination into the vector pK2GW7.
Primer sequences are given in supplementary Table S3. The
sequence of all clones was confirmed by cycle sequencing using
ABI Big Dye Technology (ABI, Applied Biosystems, Foster City, CA).

Site-directed mutagenesis

Site-directed mutagenesis of Gateway entry clones was carried
out using the Quik-change mutagenesis kit by Stratagene (La Jolla,
CA), as directed by the manufacturer. Primers for site-directed
mutagenesis were synthesized by Invitrogen (Carlsbad, CA) and
HPLC-purified. Entry clones were mutated and the mutated
inserted DNA was transferred to the destination vector pK2GW7
by LR recombination.

Expression of ATR13 mutants in E.coli

The mutant clones were transferred to the E. coli expression
vector, pDest17 (Invitrogen) by Gateway technology and E. coli
BL21(DE3) were transformed with them. The resulting transformants
were grown at 30 °C for 18 h in Luria broth supplemented with
0.2% L-arabinose to induce protein expression. The cell pellets
were re-suspended in 2 mL buffer containing 500 mM NaCl; 50 mM

NaH2PO4, pH 8.0. The cell pellets were sonicated on ice at 22 μ peak
to peak for five 30-s bursts with 30-s intervals. Insoluble material
was removed by centrifugation. Expression was analysed by
SDS-PAGE, staining with Coomassie Brilliant Blue R (Sigma) and
de-staining with 40% (v/v) methanol, 10% (v/v) acetic acid.
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