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Abstract.

Multiple resistances to bacterial and fungal pathogens due to Pfo-type serine/threonine kinase (STK) has made

this protein a promising candidate for resistance breeding and provided motivation to identify functional Pto-type genes
from other plant species. In our present paper, eight classes of STKs were isolated from the cucumber (Cucumis sativus L.)
introgressed line 52118 that shows downy mildew resistance. Phylogenetic analysis revealed six classes of cucumber
Pto-type resistance gene analogues (RGAs). Multiple sequence alignment of deduced amino acid sequences from these
Pto-type RGAs and Pfo showed the typical structure of a Pfo protein. Non-synonymous to synonymous nucleotide
substitution (K, : K) ratios for these Pto-type RGAs were less than 1, indicating that purifying selection played an important
role in the evolutionary process. The Pfo-type RGAs identified in this study will permit further genetic characterisation
that may lead to the development of specific or even broad-spectrum pathogen resistance in 52118S.

Additional keywords: non-synonymous nucleotide substitution, Pto-RGA, synonymous nucleotide substitution.

Introduction

Over 40 plant disease resistance genes, often members of
closely linked multigene families, have now been isolated from
a wide variety of plant species by map-based cloning or
transposon tagging. These proteins provide resistance to diverse
pathogens such as insects, nematodes, fungi, oomycetes,
bacteria and viruses (Xu et al. 2005). However, the required
infrastructure for using these cloning techniques is not available
for many crop plants. In this context, resistance gene analogues
(RGAs) can now be easily identified by sequence similarity
because certain functional domains are highly conserved, even
among distantly related resistance genes. The occurrence of
conserved structural features in plant disease resistance genes
provides great potential for the isolation of novel sequences
analogous to disease resistance genes. Therefore, RGAs can be
cloned by PCR-based approaches in plants in which insufficient
understanding of genetic information prevents the use of
conventional molecular techniques (McDowell and Woffenden
2003).

Compared with nucleotide binding site-type RGAs (the
largest class of disease resistance genes with a nucleotide
binding site and a leucine-rich repeat region), very few Pro-type
RGAs have been isolated from crops. Pfo homologues have
only been analysed from the Solanum genus (Vleeshouwers
et al. 2001), common bean (Phaseolus vulgaris L.; Vallad et al.
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2001), Citrus sp. (Deng and Gmitter 2003), grapevine (Vitis
vinifera L.; Di Gaspero and Cipriani 2003), banana (Musa
acuminate Colla; Peraza-Echeverria et al. 2007) and strawberry
(Fragaria ananassa Duch.; Martinez Zamora et al. 2008). The
Pto resistance gene was the first plant resistance (R) gene cloned
that functions in a gene-for-gene manner (Martin et al. 1993). Pto
resistance involves recognition of the bacterial protein AvrPto
by two host proteins, Pfo and Prf. The Pto gene encodes a
serine/threonine kinase (STK) that interacts physically with the
avirulence proteins AvrPto and AvrPtoB from Psedomonas
syringae pv tomato, conferring hypersensitive response (HR)-
mediated resistance. The STK can also interact with and
phosphorylate a second STK, Ptil, and can bind to defence-
related transcription factors Pti4, Pti5 and Pti6 (Cohn et al.
2001). Plants overexpressing Pto show resistance not only to
P. syringae but also to Xanthomonas campestris pv vesicatoria
and to the fungal pathogen Cladosporium fulvum (Tang et al.
1999). These findings make Pro an interesting candidate for
engineering broad-spectrum pathogen resistance in agriculture
and encourage the search for functional Pro-type genes in other
plant species.

Despite tremendous advances in the structural molecular
genetics of R genes, the evolution of R gene specificities
remains poorly understood. Clarifying the evolutionary history
of R genes is crucial for understanding how plants maintain and
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adapt their defences to pathogens. Generally, gene duplication,
which may occur through unequal recombination, and
subsequent diversification are the usual mechanisms in plant
R gene evolution (Richter and Ronald 2000). In tomato
(Lycopersicon esculentum Mill.), the Pfo gene belongs to
a small gene family, consisting of six members (Pto and five
Pto paralogues) (Martin et al. 1993). Pto paralogues share
78-91% nucleotide identity with Pro, and although most of
these paralogues are functional protein kinases (PKs), none of
them encode for recognition of AvrPto and AvrPtoB (Chang
et al. 2002; Kim et al. 2002). It is presumed that duplication
and diversification of the Pfo gene family have led to the
generation of alternative recognition specificities. The Fen
gene, one of these five Pro paralogues, is 87% identical to Pro
and participates in the same signal transduction pathway
leading to HR, but is activated by a different signal (Martin
et al. 1994; Loh and Martin 1995).

On the other hand, characterising nucleotide substitution
patterns can provide insight into the evolution of resistance
gene families. In most protein-coding genes, the K, : Ky ratio
(w) is less than 1; this observation is consistent with a functional
constraint against amino acid replacements. Diversifying
selection plays an important role in R gene evolution.
Conversely, if o is greater than 1, this indicates that adaptive
selection events have fuelled divergence between genes (Richter
and Ronald 2000).

Evidence for adaptive selection is rare, but it appears to be
most commonly found in gene regions that function in host and
pathogen recognition. Previous researchers studied sequence
variation among the Pro alleles of seven species of wild
tomatoes (Lycopersicon spp.). In comparison to the variation
observed at 14 non-R gene loci, higher levels of non-synonymous
and similar levels of synonymous polymorphisms have been
found (Rose et al. 2007). These changes are thought to be
subject to strong adaptive selection. A larger proportion of the
Pto protein can tolerate more amino acid variation than the non-R
genes, which shows that diversity is possibly neutral to Pro
protein function. This also suggests that both purifying and
balancing selection have influenced the evolution of the Pro
locus (Rose et al. 2007).

We have been focusing on interspecific hybridisation
between Cucumis hystrix Chakr. and C. sativus L. (Chen et al.
1997). Our objective is to improve current cucumber (C. sativiis)
varieties using the excellent characteristics of its wild relative,
C. hystrix. At present, massive interspecific hybridisation
introgressed lines (Zhou et al. 2009) and some special germplasm
resources, such as allotetraploid (Chen and Kirkbride 2000),
allotriploid (Chen et al. 2003) and monosomic alien addition
lines (Chen et al. 2004), have been obtained by back- and
self-crossing between interspecific hybrids and cultivated
cucumbers whose phenotypic traits showed extensive
segregation. Recently, we also identified an introgressed line
(2n=14) from the progenies of interspecific hybridisation of
the Cucumis species that shows resistance to downy mildew
(H. Wan and J. Chen, unpubl. data).

The objective of the present study was to isolate putative
Pto-type sequences from the introgressed line 5211S and to
study their molecular features, phylogenetic characteristics and
evolutionary relationships.
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Materials and methods
Plant material and DNA extraction

To identify Pfo-type RGAs in cucumber, a downy mildew
resistant cucumber introgressed line, 5211S, derived from
interspecific hybridisation between C. hystrix and C. sativus,
was used as the template for PCR amplification. Young leaves
from 52118 were harvested for nucleic acid extraction. Genomic
DNA was isolated using a commercial plant DNA extraction kit
(Bioteke, Beijing, China).

PCR amplification

To amplify the region between subdomain I and IX of STKs in
52118, a pair of degenerate primers designed by Vallad et al.
(2001), which were based on conserved regions of amino acid
identity between the STKs Pto, Fen and Ptil from tomato, and
MHK and APK1 from Arabidopsis thaliana L., were selected.
Primer sequences were P3 (subdomain I): 5-TNGGNSANG
GNGKNTTYGG-3' and P2R (subdomain IX): 5'-ACNCCR
AANGARTANACRTC-3'. A 50ul PCR reaction contained
2U Taq DNA polymerase (TaKaRa, Kyoto, Japan), 1x PCR
buffer, 1.5mM MgCl,, 0.5uM each of forward and reverse
primers, 0.4mM dNTP, and 100ng of template DNA. PCR
was carried out in a PTC-200 thermal cycler (MJ Research,
Inc., Waltham, MA, USA) programmed for an initial
denaturation at 94°C for 3 min, followed by 40 cycles at 94°C
for30s,50°C for45 s, 72°C for 1 min and a final extension step of
7 min at 72°C; the mixture was then held at 4°C.

Cloning and sequencing of PCR products

DNA fragments from PCR were separated on 1.0% agarose
gels. Fragments of the expected size were excised and
reclaimed from the gel and purified with a MinElute
purification kit (Qiagen, Hilden, Germany). The obtained
DNA fragments were cloned into a pGEM-T vector (Promega,
Madison, WI, USA). Blue versus white screening was employed
to select recombinant clones. All of the white colonies were
collected and subjected to re-amplification with M 13 universal
primers (Bioteke, Beijing, China). The inserts were selected for
sequencing with the ABI 3730 sequencer (Applied Biosystems,
Foster City, CA, USA).

Sequence and similarity analysis and multiple
sequence alignment

Each of the subclones was trimmed of vector sequence
contamination using VecScreen at NCBI (http://www.ncbi.nlm.
nih.gov/VecScreen/VecScreen.html, accessed 16 December
2008). The sequence data were subjected to GenBank searches
with BLASTX algorithm (Altschul et al. 1997). Searches for
open reading frames (ORF) were done using ORF Finder at
the NCBI server (http://www.ncbi.nlm.nih.gov/projects/gorf/,
accessed 16 December 2008). Assembly of DNA sequences
and translation to the predicted amino acid sequence were
carried outusingthe DNAMAN software (Version4.03). Multiple
alignments of amino acid sequences were performed using
the CLUSTAL_X program from BioEdit software (Thompson
et al. 1997).
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Phylogenetic and evolutionary analysis

A total of 18 Pro-type RGAs were used to construct
phylogenetic trees based on the bootstrap neighbour-joining
(NJ) method with a Kimura 2-parameter model by MEGA
v4.0 (Tamura et al. 2007). The stability of internal nodes was
assessed by bootstrap analysis with 1000 replicates. The number
of non-synonymous substitutions per non-synonymous site and
the number of synonymous substitutions per synonymous site
were denoted by K, and K, respectively. The ratios of non-
synonymous (K,) versus synonymous (Ky) substitution values
were calculated among the Pro-type RGAs of each of the
phylogenetic classes using the protocol of Nei and Gojobori
(Nei and Gojobori 1986) with the K-Estimator 6.0 software
package (Comeron 1995, 1999).

Results

Isolation of Pto-type resistance gene analogues
and other serine/threonine kinase-like sequences
in 52118

Four major DNA bands of ~450 bp, 550 bp, 650 bp and 950 bp
were observed after PCR amplification from 5211S with a pair
of degenerate primers, P3 and P2R, which were designed by
Vallad et al. (2001) (Fig. 1). Among these bands, only the band
of ~550bp corresponded to the expected size of the PCR
amplification product of the tomato Pfo resistance gene.
Therefore, only this 550 bp band was cloned for further analysis.

This 550bp band was recovered from the agarose gel,
purified and cloned. Seventy clones were selected for DNA
sequencing. Of these, 31 clones showed a high level of
identity to the corresponding STK gene sequences and Pro-
type RGAs from other species such as Brassica oleracea L.,
A. thaliana and Oryza sativa L. in GenBank. Sequence analysis
revealed the presence of stop codons or frame shift mutations
in 13 of the 31 RGA genomic clones. These 13 sequences
appeared to be non-functional genes or pseudogenes, and they
were excluded from further investigation. The remaining

52118 M

500 bp

Fig. 1. PCR amplification products generated by a pair of degenerate
primers (P3 and P2R) in 5211S. M: marker3000, 5211S: the introgressed
line of C. hystrix/C. sativus with high resistance to downy mildew.
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18 sequences (designated CSPTO1 to CSPTO18) contained
uninterrupted ORFs. BLASTX searches of 18 sequences
revealed the presence of the conserved subdomains I and IX
(FK/F/L/SVYK/RG, DY/IYSF/YG), which were used to
design degenerate primers for isolating Pfo-type RGAs from
other crops.

Phylogenetic analysis showed that 18 STK amino acid
sequences of 5211S separated into eight different groups.
(Fig. 2). Among these eight groups, six were designated as
cucumber Pto resistance gene analogues (Pto-RGAs) based on
their significant similarity with the disease resistance protein Pto
from tomato. The remaining two groups were designated as
cucumber STKs, since they showed significant similarity to
other types of STKs, including wall-associated receptor-like
kinase and hypothetical proteins (Table 1). Each group was
named after a single clone representative of the group and
used for further analysis in this study.

Genetic diversity analysis of Pto-type sequences
and serine/threonine kinases in 52115

The six classes of Pro-type RGAs were highly divergent.
Sequence similarity among the six classes ranged from 61.1%
(between CSPTO1 and CSPTO14) to 81.0% (between CSPTO3
and CSPTOS) at the nucleotide level and from 57.5% (between
CSPTOl and CSPTOS) to 86.7% (between CSPTO9 and
CSPTOS) at the amino acid level. Amino acid identity
between the predicted amino acid sequence of cucumber Pro-
RGAs and the tomato Pto protein ranged from 49.7% (CSPTO14)
to 58.8% (CSPTO2) (Table 2). The percent amino acid similarity
values between the classes were less than 85%, except for that
between CSPTO2 and CSPTO10, which shared more than
86.7% amino acid similarity (Table 2).

In addition, BLASTX searches revealed that other STK
sequences (non-Pto-type RGAs) in 5211S showed the highest
BLAST scores when compared with the STKs from other plant
species, as reported in Table 1. Additionally, BLASTX searches
also found that one Pro-type RGA in 5211S, CSPTO10, was
highly similar to Mangifera indica L. sequences present in the
GenBank database as accession number AAT94933 from
M. indica. They shared ~93% amino acid similarity and 92%
identity, whereas other sequence similarities ranged from 74%
to 96% and identities ranged from 66% to 92%.

Phylogenetic analysis of the serine/threonine kinase
family in 52118

A phylogenetic analysis was conducted to determine the
evolutionary relationships among eight classes of STK
sequences from 52118, the tomato Pfo R protein, and 38
STKs from A. thaliana (Hardie 1999; Hartwell et al. 1999)
(Fig. 3). Six classes of 5211S STKs (Ist—6th) that had
previously been identified as Pro-type RGAs and the Pfo R
protein from tomato were classified into one group based on
these sequence alignments, indicating that the 5211S STKs
have the greatest similarity to the disease resistance protein
Pto from tomato. This further supported the designation of
these sequences as Pro-type STKs. In contrast, the two
remaining ‘non-Pfo type RGAs’ revealed a high degree of
identity and similarity to  serine/threonine  kinases.
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Fig. 2. Neighbour-joining phylogenetic tree based on the CLUSTALX alignment of tomato Pfo R
protein and its paralogues (GenBank accession number AF220602), and the deduced amino acid
sequences of 5211S STKs (GenBank accession numbers GQ423631 to GQ423648). Amino acids
from the end of subdomain I to the start of subdomain IX of STKs were used for the analysis. Branches
corresponding to cucumber STK classes are labelled 1 to 8.

Table 1. Best BLASTX alignment hits among serine/threonine kinases (STKs) from 5211S and other species
STK-type sequences (CSPTO14, CSPTO8, CSPTOS, CSPTO10, CSPTO2, CSPTO11, CSPTO9 and CSPTO18) GenBank accession numbers GQ423644,
GQA423638, GQ423635, GQ423640, GQ423632, GQ423641, GQ423639 and GQ423648, respectively

STK-type GenBank accession Plant Similar to Length of Identity Similarity Expected
sequences number BLASTX alignment % % (E) value
(in amino acids)
CSPTO14 (555bp) ACAO05215 Fragaria ananassa  Pto-type serine/threonine kinase 185 78 86 3e-80
CSPTOB8 (546 bp) AAF81356 Arabidopsis thaliana Wall-associated receptor-like kinase 182 70 84 4e-71
CSPTOS (543 bp) ACA05210 Fragaria chiloensis  Pto-type serine/threonine kinase 181 66 74 8e-47
CSPTO10 (546 bp) AAT94933 Mangifera indica  Pto-type serine/threonine kinase 182 92 93 4e-80
CSPTO2 (546 bp) AAT28295 Rosa roxburghii  Pto-type serine/threonine kinase 182 91 96 1e-93
CSPTOL11 (546 bp) AAQ82660 Capsicum chinense  Pto-type serine/threonine kinase 182 82 91 5e-85
CSPTO9 (543 bp) AAT28293 Rosa roxburghii  Pto-type serine/threonine kinase 181 76 86 6e-75

CSPTOI18 (627bp)  YP_002275845 Vitis vinifera Hypothetical protein 209 70 79 le-50
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Table 2. Percent amino acid identity between the 5211S Pto-type RGAs and the tomato Pto disease resistance protein
Pto RGA™ CSPTO9 CSPTO10 CSPTOL11 CSPTO14 CSPTOS Pto
CSPTO2 72.5 77.6 74.3 71.0 67.4 58.8
CSPTO9 - 73.6 68.1 65.9 86.7 51.7
CSPTO10 - - 73.2 66.7 68.5 55.4
CSPTOI11 - - - 67.2 62.4 559
CSPTO14 - - - - 60.8 49.7
CSPTO5 - - - - - 51.4

AAmino acids from the end of subdomain I to the start of subdomain IX of STKs were used for the analysis.

Phylogenetic analysis also revealed that each of the six classes
of Pto-type RGAs contained between two and five subgroups,
with the exception of the fourth class, which included only one
member (Fig. 2).

The deduced amino acid sequences of the six Pfo-type RGAs
and the corresponding region of the disease resistance Pro gene
from tomato were aligned using CLUSTALX (version 1.83)
software. The alignment revealed that nine conserved
subdomains (class I to class IX) present in the disease
resistance Pfo protein from tomato were also highly conserved
in the 5211s Pto-type RGAs. The activation domain between
subdomains VII and VIII (the region between amino acids
182 and 211 of Pto) and its internal P+1 loop site were also
present in 52118 Pto-type RGAs (Fig. 4).

Multiple amino acid sequence alignment of Pto-type
sequences in 52115

In the Pfo-type sequences from 52118, 14 amino acid residues of
the protein kinase consensus were highly conserved, with the
exception of two variant amino acids distributed throughout
the sequences, such as K166 in CSPTO3 and 55S in CSPTO1
(Table 3). Furthermore, two amino acid deletions (T133 and
M134) and three amino acid insertions (positions 160 to 162)
were observed in the Pro-type sequences from 5211S
corresponding to the conserved region between subdomain I
and subdomain IX from the tomato disease resistance protein
Pto. Among these, ‘AQG’ was inserted in the third and fourth
Pto-type RGAs. ‘AGG’, ‘SSG’, ‘TKA’ and ‘NAT’ were inserted
in the first, second, fifth and sixth Pro-type RGAs. At the same
time, in this region, four of the five autophosphorylation sites
(T133, T190, T195, S198 and T199) present in the disease
resistance Pto protein from tomato were observed in the Pro-
type sequences from 5211S that were inside the activation
domain. Among the four autophosphorylation sites, T195 and
T199 were fully conserved. T190 was substituted for P190 in the
first, third, fourth and fifth class, and for S190 and A190 in the
second and sixth class of Pto-type RGAs. S198 was conserved
in the majority of cucumber Pro-type RGAs. The exception
was CSPTO7 from the sixth class, in which the serine was
replaced by asparagine.

Previous studies have shown that some amino acid residues
that proved to be involved in Pto—AvrPto recognition or binding
are essential for understanding Pfo function. For example,
residues S76 and G78 were important for the recognition
specificity (Bernal et al. 2005), but their degrees of
conservation were different. G78 was fully conserved, whereas
S76 showed various degrees of conservation. Similar results

were also observed for the 5211S Pro-type RGAs. Residues
V55 and H94, which are involved in the interaction with
AvrPto, were also conserved in 5211S Pro-type RGAs
(Scofield et al. 1996).

Five residues (K202, T204, L205, Y207 and D209) are
essential for Pto function (Frederick e al. 1998; Rathjen et al.
1999). In the present study, three of these residues, K202, Y207
and D209, which influence binding properties between Pto and
AvrPto in the P+1 loop, are highly fully conserved in all the Pro-
type RGAs. The residue T204, required for recognition
specificity, is conserved in two classes of Pfo-type RGAs (the
first and second), whereas in the remaining four classes (the third
to sixth), it is replaced by a serine. The Y205 residue, which plays
a subsidiary role in recognition, is replaced by a phenylalanine
in all the Pro-type RGAs, with the exception of the second class,
which contains an isoleucine at this site.

Evolutionary analysis of Pto-type sequences in 52115

The K, : K, ratio (®) is an indicator of evolutionary pressures
in resistance genes (Michelmore and Meyers 1998). ® <1 may
result from the elimination of most non-synonymous
substitutions through purifying selection. ®>1 indicates
diversifying selection, whereas mw=1 shows neutral selection
(Martin et al. 1993). In this study, frequencies of non-
synonymous (K,), synonymous (K;) nucleotide substitution
and ® were calculated among Pro-type RGAs within a
maximum nucleotide sequence identity of 99%, and between
members of clusters 1, 2, 3, 4, 5 and 6 that belonged to 52118
Pto-type RGAs (Table 4). All values of m were significantly less
than 1 within pairwise comparisons, suggesting that all the
nucleotide variations between Pto-type RGAs represented
synonymous substitutions. The ratios for all of the pairwise
comparisons were significantly <1, indicating that purifying
selection plays an important role in the evolutionary processes
of the Pro-type resistance gene.

Discussion

Eighteen 5211S STKs, clustered within eight classes, were
successfully isolated using a PCR cloning strategy with
degenerate primers P3 and P2R, which were designed based
on conserved regions of subdomain I and IX of the serine/
threonine domain of tomato and A. thaliana by Vallad et al.
(2001). Among these, six classes were Pto-type RGAs, whereas
the remaining two classes were other STK types (non-Pro type
RGAs), based on phylogenetic tree analysis. All six amplified
classes of Pfo-type RGAs showed nine fully conserved serine/
threonine kinase motifs and plant STK consensus sequences,
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Fig.4. CLUSTALX multiple-amino acid sequence alignment of 5211S Pro-like sequences with the corresponding region of the tomato R proteins Pfo and
Fen. Conserved subdomains (labelled with Roman numbers), the activation domain and the P+1 loop are indicated. Kinase consensus sequences in Pto at
positions 48, 50, 55, 69, 84, 164, 166, 169, 182, 184, 210, 211, 223 and 228 are indicated by ellipses. Pto autophosphorylation sites are indicated by filled

ellipses. Pto insertion and deletion sites are indicated by pentacles.

suggesting that the genes revealed here are likely to encode
active kinases and are members of a large family of Pro-type
kinases.

Sequence alignment showed that six classes of cucumber
Pto-type RGAs contained the same nine conserved domains
present in the disease resistance gene Pfo from tomato. In
addition, the region of subdomain IX was more highly
conserved than that of subdomain I, which was used to design
degenerate primers, suggesting that the extent of the different
conserved regions is distinct. Two amino acid deletions (position
133 and 134) and three amino acid insertions (positions 160,
161 and 162) were also observed in the corresponding region
of all 5211S Pto-type RGAs, the reason for this is unclear.
This phenomenon was also clearly observed in Pfo-type RGAs
from other species such as the monocot Musa acuminata
(GenBank accession number EF492528) and the dicot
A. thaliana (GenBank accession number NP197789).

However, three amino acid insertions were absent in Pfo-type
RGAs from the Solanaceae (Vleeshouwers et al. 2001).

The invariant kinase consensus positions in all Pfo-type RGAs
cloned from 5211S were also conserved through sequence
alignment, suggesting that these are likely to encode active
kinase. Additionally, in all 5211S Pro-type RGAs, the
autophosphorylation site T133 is absent, although in the Pro-
type RGAs from Solanum, the threonine 133 was often replaced
by a serine, thereby providing an alternative phosphorylation
site. The phosphorylation sites T195, S198 and T199 were
conserved, whereas T190 was variable in the Pfo-type RGAs
of 52118S. Therefore, it is conjectured that the ‘polymorphism’
of these phosphorylation sites probably occurred before the
divergence of solanaceous and other species.

The findings from Scofield et al. (1996) showed that
mutations at V55 and H94 positions disrupted the interaction
between Pto and AvrPto in yeast and abrogated Pto-mediated

Fig. 3. Plant protein kinase tree derived from comparing the deduced amino acid sequences of eight classes of 5211S STK sequences (CSPTO17,
CSPTO13, CSPTO9, CSPTO16, CSPTO15, CSPTO10, CSPTO2, and CSPTOI11; GenBank accession number GQ423647, GQ423643, GQ423639,
GQ423646, GQ423645, GQ423640, GQ423632, and GQ423641, respectively) and the other 10 classes of STKs protein kinase and serine/threonine
kinase from A. thaliana (Hardie 1999; Hartwell et al. 1999) by using CLUSTALX alignment. Pto-type sequences and the other STKs sequence of 5211S

(filled rhombus) are indicated.
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Table 4.
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K, : K, ratios for pairwise comparisons of Pfo-type RGAs from 5211S

Significantly different (P <0.05) from a ® value of 1

Pto-type pair® Degree of nucleotide Degree of amino acid K. K o® x© Probability
acid sequence identity sequence identity
CSPTO2/CSPTO6 98.7 99.4 0.00226 0.00987 0.229 0.050 0.82266
CSPTO3/CSPTO4 98.7 97.8 0.01008 0.02189 0.460 0.040 0.84123
CSPTO3/CSPTO7 98.4 97.8 0.00955 0.04308 0.221 0.062 0.80334
CSPTO3/CSPTO9 98.5 98.9 0.00451 0.04906 0.091 0.692 0.40541
CSPTO4/CSPTO7 98.5 97.8 0.01059 0.03234 0.327 0.00013 0.99085
CSPTO4/CSPTO9 98.3 98.9 0.00555 0.04978 0.111 0.490 0.48398
CSPTO7/CSPTO9 98.5 98.9 0.00501 0.05405 0.092 0.684 0.40809
CSPTO5/CSPTO16 81.0 97.2 0.06391 0.93330 0.068 1.150 0.28346
CSPTO1/CSPTOL!1 98.1 93.9 0.01267 0.01684 0.752 0.264 0.60770
CSPTO2/CSPTOL11 68.3 74.2 0.20136 2.09964 0.096 0.661 0.41615
CSPTO1/CSPTO2 67.8 68.8 0.21673 1.95046 0.111 0.500 0.47964
CSPTO14/CSPTO15 98.2 98.9 0.00487 0.06089 0.080 0.897 0.34364

Ao was calculated for Pro-type pairs with a maximum nucleotide sequence identity of 99% between members of clusters 1, 2, 3, 4, 5 and 6.

BRatio of non-synonymous to synonymous substitutions.

€x? values were calculated with Yates™ adjustment using a 2 x 2 contingency table. x> values: x2(0405‘ H=3.84, X2(0,01, 1)=6.63; *0.01 <P<0.05,

**#0.001 <P<0.01, ***P<0.001.

resistance, suggesting that these two residues played an
important role in the interaction of Pto and AvrPto in tomato.
In the present study, these two residues were highly conserved
in all of the 5211S Pto-type RGAs. Bernal et al. (2005)
identified two amino acid positions, S76 and G78, as critical
for recognition specificity and found, via PAML analysis of Pro
orthologues and paralogues, that the position S76 may have
been subject to significant divergent selection. In Pro-type
RGAs from 52118, residue G78 is highly conserved, whereas
the other residue, S76, is divergent, suggesting that these
residues may have similar roles to G78 and S76 in the Pfo
resistance gene from tomato.

To characterise the interrelation between cucumber
STKs (Pto-type RGAs and non-Pto type RGAs), the disease
resistance gene protein Pfo from tomato and STKs from other
species, a phylogenetic tree was constructed using CLUSTALX
software (version 1.83) based on amino acid alignment. All of
the Pfo-type RGAs and Pro from tomato clustered in one class,
suggesting these Pro-type RGAs and Pfo from tomato may
share a common evolutionary origin and are likely to have a
similar function in disease resistance. Furthermore, according
to Peraza-Echeverria’s preliminary inference principle (Peraza-
Echeverria et al. 2007), the six classes of 5211S Pto-type RGAs
clustered in this study represent a significant proportion of all
the Pto-type RGAs from a cucumber introgressed line with
resistance to downy mildew.

The percentage of identity of the Pro-type RGAs from 52118
with the disease resistance protein Pfo from tomato ranged
from 49.7% to 58.8% (Table 3), which is similar to that from
banana (Peraza-Echeverria et al. 2007), strawberry (Martinez
Zamora et al. 2008) and common bean (Vallad et al. 2001). In
addition, 18 Pro-type RGAs cloned from 52118 in this study
shared 62.8-98.7% identity at the nucleotide level, with the
highest value appearing for CSPTO1 and CSPTO11 (98.7%),
and the lowest value appearing for CSPTO1 and CSPTO14
(62.8%), suggesting that cucumber Pto-type RGAs are highly

divergent. An assumption can be made that CSPTOI and
CSPTOI11 might have arisen from a recent duplication of a
common ancestral gene, whereas CSPTO1 and CSPTOI14
represent divergent origins.

Published models for the evolution of resistance genes
propose recombination, gene conversion, point mutations and
unequal crossing over as the primary mechanisms (Michelmore
and Meyers 1998). Recombination between alleles and
paralogues could result in novel binding properties (Meyers
et al. 1998). At the same time, the importance of single base
changes in the evolution of plant disease resistance genes has also
been recognised (Parniske et al. 1997; Meyers et al. 1998;
Wang et al. 1998). The relative importance of recombination
versus single base changes depends on the rate at which
each of these events occurs. In this study, the high degree of
sequence diversity for cucumber Pfo-type RGAs indicated that
recombination and gene conversion had not homogenised these
sequences and therefore were infrequent events. Novel amino
acid substitutions may therefore be more important than
intergenic recombination and gene conversion in the rapid
evolution of novel specificities. Single nucleotide differences,
insertions and deletions were all found in Pto-type RGAs from
5211S.

Calculation of nucleotide base substitution (non-synonymous
and synonymous substitution) can be provided by ® analysis
(Bergelson et al. 2001). In this study, the average o in each class
of cucumber Pro-type RGA was significantly less than 1,
suggesting that purifying rather than diversifying selection
(Table 4) had occurred. However, since the full length of these
Pto-type RGAs has not been obtained, we cannot exclude the
possibility that positive selection might have occurred.

In summary, we have identified 18 Pfo-type RGAs from
52118 and have analysed their phylogenetic relationships with
known R genes. This enabled us to gain new insight into their
structure and evolution, and to lay the foundation for ultimately
isolating the functional R gene.
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