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Late blight, caused by Phytophthora infestans, is one of the
most devastating diseases in cultivated potato. Breeding of
new potato cultivars with high levels of resistance to P. in-
festans is considered the most durable strategy for future
potato cultivation. In this study, we report the identifica-
tion of a new late-blight resistance (R) locus from the wild
potato species Solanum bulbocastanum. Using several dif-
ferent approaches, a high-resolution genetic map of the
new locus was generated, delimiting Rpi-blb3 to a 0.93 cM
interval on chromosome 4. One amplification fragment
length polymorphism marker was identified that cosegre-
gated in 1,396 progeny plants of an intraspecific mapping
population with Rpi-blb3. For comparative genomics pur-
poses, markers linked to Rpi-blb3 were tested in mapping
populations used to map the three other late-blight R loci
Rpi-abpt, R2, and R2-like also to chromosome 4. Marker
order and allelic conservation suggest that Rpi-blb3, Rpi-
abpt, R2, and R2-like reside in the same R gene cluster on
chromosome 4 and likely belong to the same gene family.
QOur findings provide novel insights in the evolution of R
gene clusters conferring late-blight resistance in Solanum

Spp.

Additional keywords: BAC library, bulked segregant analysis,
chromosome walking, synteny.

Late blight, caused by the oomycete Phytophthora infestans,
is one of the most serious diseases in worldwide potato pro-
duction. It was responsible for the Irish potato famine of the
mid-19th century, resulting in the death of one million people.
Although a lot of effort has been invested in controlling the
pathogen, chemical control of P. infestans is still the main crop
management strategy, but environmental safety is becoming
more important and the pathogen is sometimes able to evolve
chemical resistance (Goodwin et al. 1996). Therefore, intro-
duction of resistance into modern potato varieties is the most
durable strategy to control the disease.

In the last century, Solanum demissum, which is a hexaploid
Mexican species, was extensively used in breeding for late-
blight resistance in potato. Initially, a series of 11 R genes de-
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rived from S. demissum was described (Malcolmson and Black
1966; Mastenbroek 1953). Of these, RI, R2, R3a/b, R6, and R7
have been localized on the genetic maps of potato (El-Kharbotly
et al. 1994, 1996; Ewing et al. 2000; Huang et al. 2004;
Leonards-Schippers et al. 1992; Li et al. 1998). However, these
R genes confer race-specific resistance and those that were
introgressed into potato varieties, mainly R/, R2, R3, R4, and
RI10, were quickly overcome by the pathogen (Wastie 1991).
Hence, new sources for resistance are required, and currently,
several other wild Solanum species have been reported as be-
ing potential sources of resistance (Jansky 2000). Of these, S.
microdontum (Sandbrink et al. 2000) and S. phureja (Ghislain
et al. 2001), conferring quantitative resistance, and S. berthaul-
tii (Ewing et al. 2000) and S. pinnatisectum (Kuhl et al. 2001),
conferring monogenic resistance, have been genetically char-
acterized.

In addition, S. bulbocastanum, a self-incompatible diploid
species from Mexico, is thought to be one of the most promis-
ing sources for late-blight resistance (Niederhausen and Mills
1953), despite its sexual incompatibility with S. tuberosum
(Hermsen and De Boer 1971). Introduction of S. bulbocasta-
num-derived resistance has been achieved through interspecific
bridge crosses between S. bulbocastanum, S. acaule, S.
phureja, and S. tuberosum (Hermsen and Ramanna 1973), re-
sulting in so-called ABPT material that is widely used for
potato late-blight breeding. Additionally, Helgeson and asso-
ciates (1998) generated somatic hybrids between S. bulbocas-
tanum and cultivated potato. The somatic hybrids led to fertile
plants that retained resistance and could be used for breeding.
Molecular cloning of the genes responsible for resistance and
subsequent introduction of the genes into potato varieties is a
third method that circumvents many of the problems encoun-
tered in the previous two strategies.

To date, two R genes from S. bulbocastanum have been
cloned, the allelic genes RB and Rpi-blbl on chromosome 8
(Song et al. 2003; van der Vossen et al. 2003) and Rpi-blb2 on
chromosome 6 (E. van der Vossen, unpublished data). RB was
mapped using BC, populations derived from somatic hybrids
(Helgeson et al. 1998; Naess et al. 2000), whereas Rpi-blbl
was cloned using an intraspecific S. bulbocastanum F1 popula-
tion (van der Vossen et al. 2003). Rpi-blb2 was mapped both in
an intraspecific F1 population and in tetraploid BC, and BC;
populations derived from interspecific ABPT hybrids (E. van
der Vossen, unpublished data).



In this study, we have identified a third locus in S. bulbocas-
tanum. The Rpi-blb3 locus was mapped to an R gene hotspot
on chromosome 4 in an intraspecific S. bulbocastanum BC,
population. Furthermore, we show that a marker cosegregating
with Rpi-blb3 also cosegregates or is closely linked with late-
blight resistance in three other mapping populations harboring
the Rpi-abpt, R2-like and R2 loci (Li et al. 1998; Park et al.
2005a and b).

RESULTS

Linkage analysis.

Segregation of late-blight resistance was initially analyzed
in 40 BC, progeny plants derived from the S. bulbocastanum
intraspecific BC; mapping population B1b00-20, in detached
leaf assays with the complex P. infestans isolate IPO-655-

2A. A clear 1:1 segregation ratio for late-blight resistance
was observed, suggesting the presence of a dominant resis-
tance allele at a single locus. To localize the R locus, we se-
lected 10 clearly resistant and 10 clearly susceptible BC,
genotypes as a core population and tested randomly selected
markers of different chromosomes on these plants. The chro-
mosome 4 marker GP180 (Tanksley et al. 1992) was found to
be genetically linked to the resistance phenotype, indicating
that the R locus was different from Rpi-blbl or Rpi-blb2 (van
der Vossen et al. 2003; E. van der Vossen, unpublished data).
This novel locus was therefore designated Rpi-blb3. Further
marker development showed the GP180 flanking cleaved am-
plified polymorphic sequence (CAPS) marker TG506R and
the sequence-characterized amplified region (SCAR) marker
CT229 (Table 1) to be proximal and distal to the Rpi-blb3 lo-
cus, respectively (Fig. 1).

Table 1. Polymerase chain reaction (PCR)-based markers, primers, annealing temperature, and restriction enzymes used for the genetic mapping of Rpi-blb3

in this study

Marker Type PCR primer (5’ to 3') Tm? Enzyme"
Markers used for recombinant selection
CT229 SCAR F: TTGTGAGTGGTGAACTACGGGC 65 a.s.
R: CGGCAATGGTTATGGGAACG
TG506R CAPS F: ATGCCAGCAGTCCAGTTTCC 54 Hhal
R: TTCCTTCCTGAAGTCAACCC
Markers for high-resolution map
cLPT5B19 CAPS F: CCTTCATCAGATCTGGTCG 55 Alul
R: CAGCTGTCACAATTGCCAAC
AF411807L CAPS F: CGTTCCATGACATGTTCAAGC 56 Ddel
R: GCTCCAGAATCAATCTGAGG
RGH1 CAPS F: F: GGSAAGACCACTCTTGCAAG 50 HpyCHA4IV
R: GGTTTTTAAGCTGCTAATGTTG
RGH2 SCAR F: GGSAAGACCACTCTTGCAAG 50 a.s.
R: TGGTYATAATYACTCTGCTGC
RGH3 CAPS F: ATGRCTGATGCMTTTRTGTC 50 Haelll
R: CCYAAGTASAGAAAACACTGC
AF411807R CAPS F: GCTAAGTTGTCTGAGGTTAG 48 to 54 Alul &
R: TGTTCTGGCTCTTCACAATC Haelll
TG370F CAPS F: TCGAAGCTCTGTTTCTGCTC 59 Hpall
R: CCCATGTTATGCCATTCAGC
T1430 CAPS F: TCCTTTGTCATGGATATGCC 55 HpyCHA4IV
R: CTGTGTAAAAGTAGAGCCAC
T1261 CAPS F: CAATTCCCGTGAATCCTTCG 55 HpyCHA4IV
R: GTACCAATAGCCCAAACAGG
TG339R SCAR F: ACTCTTTCGGCCTACAAGTC 58 a.s.
R: ATCCTTGTAGGACTCCTCTC
P1433 CAPS F: CACAGAACCATCAATGGCG 56 Dpnll
R: ACCACTGAGAAATTGAGAGC
Markers for marker-saturated map
B57R CAPS F: CCGTTTATGGTTCTTACCGC 58 Alul
R: GTAGGGCATGAAGCATGATG
5418L CAPS F: GGTGTCTTGAGTATTGTCG 58 Tagl
R: CCACTTTTTCCTTTGCCTG
5418R CAPS F: GCTTCTTAATCTTAACAAAATA 52 Sau961
R: CATATACTGTTTTAAATGTCAC
139K15L CAPS F: GGTAAGAAAGAAGAGGAGAT 58 Ddel
R: CCTTTCCTACTGTCTTTCT
154D15R CAPS F: CGAGGACGAGTGACATTTT 58 Acil
R: CCATTTTGACCCATTTTCTC
BIOL CAPS F: TCAGAGGCATGACACCTGTG 58 Tagl
R: GTTGACCCAGTTGATTAAGTC
20D11R CAPS F: AGCATCCGGAGGCAAATC 56 Hinfl
R: TAGGCTTAACTGTCAAATGG
B175L CAPS F: GAAATGTGAACTACTCCAGG 57 Msel
R: TCATTTGCCAATCCCTCACC
281121 CAPS F: AGCATCCGGAGGCAAATC 56 HpyCHA4IV
R: TAGGCTTAACTGTCAAATGG
Marker cosegregating with Rpi-blb3
Th21 SCAR F: ATTCAAAATTCTAGTTCCGCC 56 a.s.

R: AACGGCAAAAAAGCACCAC

# Annealing temperature. In AF411807R, annealing temperature was 48°C for the first 7 cycles and 54°C for the last 30 cycles.

b Restriction enzymes that reveal polymorphism between resistant and susceptible linked alleles of the marker. a.s. means allele-specific marker showing

polymorphism without digestion.
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High-resolution mapping.

To be able to construct a high-resolution genetic map of the
Rpi-blb3 locus, the initial BIb00-20 mapping population was
extended to 1,400 genotypes and was screened with markers
CT229 and TG506R. A total of 334 CT229/TG506R recombi-
nants were identified and phenotyped for late-blight resistance,
resulting in 183 resistant and 133 susceptible recombinants.
The remaining 18 genotypes gave unclear phenotypes.

In an attempt to develop additional informative markers in
the Rpi-blb3 interval, several existing restriction fragment
length polymorphism (RFLP) markers from the CT229-
TGS506R interval in tomato were targeted for polymerase chain
reaction (PCR) marker development in the BIb00O-20 mapping
population (Table 1). Markers for which specific polymor-
phisms were identified between the parental genotypes of
BIb00-20 were tested on the set of CT229-TG506R recombi-
nants, delimiting the Rpi-blb3 locus to a 4.5 cM genetic inter-
val between markers TG370F and T1430 (Fig. 1). Interest-
ingly, markers AF411807L and AF411807R, which were based
on the bacterial artificial chromosome (BAC)-end sequences of
the tomato BAC clone AF411807L (van der Hoeven et al.
2002), harboring several R gene analogs (RGA), were mapped
distal to TG370F. In an attempt to identify RGA-specific
markers within the Rpi-blb3 interval, primers were designed
on conserved regions of the RGA sequences on the tomato
BAC and were used to develop RGA-specific CAPS markers

——cT229 ——cLPT5B19
0.6cM (8/1396)
4.7cM (66/1396)
—— AF411807L
5/1396
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0.6cM (8/13986)
—T Rpkblb3
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4.0cM (56/1396)
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Fig. 1. High-resolution genetic linkage map of the Rpi-blb3 locus on
chromosome 4. Genetic distances and marker names are indicated on the
left and right of the map, respectively. The number of recombinants is
shown in brackets. The magnification shows the map between cLPT5B19
and TG370F where bacterial artificial chromosome—end sequence markers
and resistance gene homolog markers from tomato were localized.
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in BIb00-20. Unfortunately, all the identified RGA markers
also mapped distal to TG370F (Fig. 1).

To estimate the cM/kb ratio within the Rpi-blb3 interval, the
S. bulbocastanum-derived BAC library BIb8005-8, which was
developed for the cloning of the Rpi-blbI gene (van der Vossen
et al. 2003), was screened with the two closest markers
TG370F and T1430. Both right and left end sequences of the
selected BAC clones were used to develop PCR markers and to
start a chromosome walk to the Rpi-blb3 locus (Table 1). In
this way the genetic interval harboring the Rpi-blb3 gene was
reduced to 2.6 cM (36 recombinants) between B10L and
B175L (Fig. 2). Interestingly, several of the BAC end sequences,
including B10L, were highly homologous to the RGA se-
quences present on the tomato BAC sequence AF411807 (van
der Hoeven et al. 2002), indicating that the RGA cluster that
was mapped distal to TG370F, extended into the Rpi-blb3
interval.

As the physical map extended towards the Rpi-blb3 locus,
the efficiency of the chromosome walk was reduced. In an
attempt to circumvent this problem, we decided to carry out a
bulked segregant analysis (BSA) (Michelmore et al. 1991), in
order to identify amplification fragment length polymorphism
(AFLP) markers that closely flanked or fully cosegregated
with resistance. Resistant and susceptible bulks were composed
according to the graphical genotypes depicted in Figure 3A.
Each bulk consisted of eight DNA samples derived from geno-
types that had a recombination event within the relevant inter-
val. In total, 256 Eco+3/Mse+3 and 256 Pst+2/Mse+3 primer
combinations were tested on the bulks, 80 of which produced
candidate markers putatively linked to resistance. Linkage to
Rpi-blb3 was confirmed by screening the individuals used to
compose the bulks (Fig. 3B). Subsequently, 36 primer combi-
nations were used to screen 63 recombinants from the TG370F

Number of recombinants
RS 8 33 1 23 21 39 1 711 2 43
1 -

TG370F I
0.57cM (8)
B57TR
TAFLP markera}\ 0.43cM (6)
5418L&
139K15L 0.07¢M (1)
154%11%? 0.36¢M (5)
20D11R
PAAMCCC_38 0.21cM(3)
PCAMAGA_26
0.86cM(12)
Rpi-blb3
EATAMACG_199
EAACMAAC_99 0.07cM (1)
1.29¢M (18)
PAGMCS??%SLSG 0140 (2)
28I12L}/
11 AFLP markers, 0.50cM (7)
T1430

Fig. 2. Graphical genotypes of recombinants that define the Rpi-blb3
interval. The presence and absence of the markers or resistance allele is
indicated by solid bars and lines, respectively. The numbers of recom-
binants belonging to certain classes are presented at the top, and markers
are shown on the left. Map distances between markers and the number of
recombinants (brackets) are shown on the right.



and T1430 region, resulting in the identification of 23 informa-
tive AFLP markers. One of these markers, EATAMACG_199,
fully cosegregated with resistance, and the interval harboring
Rpi-blb3 was reduced to 093 cM between markers
PCAMAGA_260 and EAACMAAC_99 (Fig. 2). The cosegre-
gating AFLP marker was successfully converted into SCAR
marker Th21 (Table 1; Fig. 4).

Comparative genomics at the Rpi-blb3 locus.

To study the syntenic relationship between the Rpi-blb3 lo-
cus and the three late-blight R loci Rpi-abpt (Park et al. 2005a),
R2 (Li et al. 1998), and R2-like (Park et al. 2005b) that were
mapped in different genetic backgrounds to the same genetic
interval on chromosome 4 (Fig. 5), we screened each mapping
population with the cosegregating AFLP markers developed in
the other mapping studies. Interestingly, several markers segre-
gated in more than one mapping population, facilitating the
alignment of the four genetic maps (Fig. 5). AFLP marker
EATA/MACG_199, which cosegregates with Rpi-blb3 in
1,396 BC, genotypes, also cosegregated with resistance in the
R2 and R2-like backgrounds and was separated from Rpi-abpt
by only one recombination event. These data suggest that Rpi-
blb3, Rpi-abpt, R2, and R2-like are members of the same R
gene cluster on chromosome 4 and may be allelic.

DISCUSSION

In this study, we have identified and genetically character-
ized a new late-blight R locus in S. bulbocastanum. Initially,
CAPS markers developed from chromosome-specific RFLP
markers (Meksem et al. 1995; Tanksley et al. 1992) were used
to determine the chromosomal position of a dominant late-
blight R locus that segregated in an intraspecific S. bulbocasta-
num BC; population. Linkage to the chromosome 4-specific
markers CT229 and TG506 indicated that the R locus was dif-
ferent from Rpi-blbl and Rpi-blb2, located on chromosomes 8
and 6, respectively (van der Vossen et al. 2003; E. van der
Vossen, unpublished data). This new locus was therefore des-
ignated Rpi-blb3. A recombinant analysis of 1,396 BC; prog-
eny plants with CT229 and TG506 identified a total of 334
recombinants, which were subsequently used to genetically
fine-map the Rpi-blb3 locus, a prerequisite for future positional
cloning of the gene.

Marker saturation of any genetic interval can be achieved by
several methods (Meksem et al. 1995), four of which were
used in this study in an attempt to saturate the Rpi-blb3 inter-
val: i) CAPS marker development from published RFLP mark-
ers (Table 1), ii) the RGA candidate gene approach (Table 1B),
iii) BAC chromosome walking (Table 1C), and iv) BSA. Ini-
tially, several PCR-based markers were successfully converted
from RFLP markers and were genetically mapped between
CT229 and TG506 (Fig. 1). The marker order was consistent
with that of previously published tomato and potato maps
(Tanksley et al. 1992).

The majority of R genes characterized to date belong to the
nucleotide binding site-leucine rich repeat (NBS-LRR) class
(Dangl and Jones 2001). This class of genes contains several
conserved motifs within the NBS that can be targeted for can-
didate gene marker development, resulting in the amplification
of RGA. As R genes are often part of complex loci (Hulbert et
al. 2001), RGA-specific marker strategies often lead to R gene
cluster landing. This approach has successfully been used in
wheat (Yan et al. 2003), barley (Madsen et al. 2003), and sugar
beet (Hunger et al. 2003), but also in potato (Leister et al.
1996; Paal et al. 2004). In this study, we specifically targeted
RGA sequences from the tomato BAC clone AF411807 (van
der Hoeven et al. 2002) for RGA-specific marker development

at the Rpi-blb3 locus. This BAC clone was identified through
BLAST analysis of a cloned AFLP fragment that was linked to
the syntenous late-blight R locus Rpi-abpt (Park et al. 2005a).
Unfortunately, this did not lead to the identification of a coseg-
regating RGA-specific marker, suggesting either that Rpi-blb3
does not belong to the same NBS-LRR gene family as the
RGAs on the tomato BAC or that the degree of RGA polymor-
phism at the Rpi-blb3 locus is reduced.

Subsequently, a transgenotype BAC chromosome walk was
initiated. The most closely linked CAPS markers were used to
screen an existing S. bulbocastanum-derived BAC library that
was previously used to clone Rpi-blbl (van der Vossen et al.
2003). Although this BAC library did not contain Rpi-blb3, we
expected the allelic variation within S. bulbocastanum to be
lower than that between S. bulbocastanum and S. tuberosum,
of which there are also BAC libraries available (Ballvora et al.
2002; Paal et al. 2004; Rouppe van der Voort et al. 1999). Sev-
eral positive BAC clones were indeed identified, the BAC end
sequences of which were used to develop markers more
closely linked to Rpi-blb3. However, progress was very slow,
mainly due to the fact that the level of polymorphism decreased
as we approached the Rpi-blb3 gene. In addition, the different
origin of the BAC library did not facilitate the mapping of
repetitive sequences. Although some BAC markers were poly-
morphic in the BC; mapping population, often we were unable
to verify the BAC origin of the polymorphic allele, as the
BAC-specific allele was not present in the parental genotypes
of the BC; mapping population.
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—t—

cLPT5B19
AF411807L

AF411807R
TG370F

B57R
54I18L&R

Rpiblb3

T1430

T1261

TG339R

S

BrBs . R S

N VW o

_.—"

Fig. 3. Bulked segregant analysis (BSA). A, Graphical genotypes of
individuals composing the resistant bulk (Br) or the susceptible bulk (Bs).
The presence and absence of marker alleles is indicated by solid bars and
lines, respectively. The number of different genotypes for each bulk is
shown at the top. B, Gel images of an example of an amplification
fragment length polymorphism marker identified by the BSA method.
Eight resistant genotypes (R) and eight susceptible genotypes (S) were
checked individually. The marker band is indicated by the arrow.
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BSA (Michelmore et al. 1991) in combination with the
AFLP technique (Vos et al. 1995) is a powerful tool for marker
enrichment in a given region of a plant genome (Ballvora et al.
1995; Meksem et al. 1995; Thomas et al. 1995). To make the
BSA more efficient and to focus on the Rpi-blb3 interval, we
designed the resistant and susceptible bulks based on informa-
tive recombinants from the Rpi-blb3 interval (Fig. 3). This re-
sulted in the identification of 28 AFLP markers within the
B57R-T1430 interval (Fig. 2) and the mapping of the Rpi-blb3
locus to a 0.93 cM interval that is flanked by the AFLP mark-
ers PCAMAGA_260 and EAACMAAC_99. In addition, AFLP
marker EATAMACG_199 was identified to cosegregate with
the Rpi-blb3 locus. Although AFLP analysis is a powerful
technique, the markers are costly and technologically demand-
ing. Conversion to simple PCR-based markers is, therefore, nec-
essary for use in genotype screening and progeny selection. In
this respect, we succeeded in converting the cosegregating

1kbPrPsBrBs R R S R RR RS R S R R S §

Fig. 4. Polymerase chain reaction marker (Th21) developed from the
sequence of the amplification fragment length polymorphism marker
(EATAMACG_199) cosegregating with the Rpi-blb3 locus. A marker-size
ladder (1 kb) is indicated. Pr, Ps, Br, Bs, R, and S indicate the resistant
parent, susceptible parent, resistant bulk, susceptible bulk, resistant
offspring, and susceptible offspring, respectively.
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AFLP marker EATAMACG_199 into SCAR marker Th21
(Table 1; Fig. 4), which can be used for breeding applications
and for BAC landing.

R genes and RGAs have been shown to be clustered in the
genomes of many different species (Meyers et al. 1998;
Michelmore and Meyers 1998), including members of the
family Solanaceae (Grube et al. 2000). At least five R genes
against diverse pathogens have been mapped in different ge-
netic backgrounds to the GP21-GP179 interval on chromo-
some 5: Gpa and Grpl conferring resistance to potato cyst
nematodes (Kreike et al. 1994; Rouppe van der Voort et al.
1998), Nb and Rx2 conferring resistance to Potato virus X (de
Jong et al. 1997; Ritter et al. 1991), and R/ conferring resis-
tance to P. infestans (Leonards-Schippers et al. 1992). Grol.3,
conferring resistance to cyst nematodes (Kreike at al. 1993),
and R3, R6, and R7, conferring resistance to P. infestans (El-
Kharbotly et al. 1994, 1996), cluster on the short arm of chro-
mosome 11. In the current study, we have identified a major
cluster on chromosome 4, to which several R genes conferring
resistance to P. infestans were mapped. Marker order and alle-
lic conservation were observed, facilitating the alignment of
the genetic maps of the different R genes, Rpi-blb3 (this
study), Rpi-abpt (Park et al. 2005a), R2-like (Park et al. 2005b),
and R2 (Li et al. 1998), with AFLP marker EATA/MACG_199
(Fig. 5). Clearly, the short arm of chromosome 4 is also a hot-
spot for resistance, harboring several distinct R gene clusters
with resistance specificities to different pathogens. The recently
cloned root knot nematode R gene Hero (Ganal et al. 1995) is
part of an extensive R gene cluster that is located distal to Rpi-
blb3. The cyst nematode R locus Gpa4 (Bradshaw et al. 1998),
the virus R locus Ny, (Celebi-Toprak et al. 2002), and quanti-
tative trait loci for resistance to late blight (Leonards-Schippers
et al. 1994; Oberhagemann et al. 1999; Sandbrink et al. 2000)
and Erwinia carotovora subsp. atroseptica (Zimnoch-Guzowska
et al. 2000) are also located on the short arm of chromosome 4.

R2-like
(RHAM026)
-EAGA/MCAT_170

R2
(EJ964602)

|
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-EATC/MCGA_186

FEACA/MCAC_105

0.2cM 4
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R2-like (1/86)
EAGA/MCAT_160
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Fig. 5. Integrated genetic linkage map of the different late-blight resistance loci Rpi-blb3, Rpi-abpt (Park et al. 2005a), R2-like (Park et al. 2005b), and R2 (Li et

al. 1998) on chromosome 4.
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Rpi-abpt and Rpi-blb3 confer resistance to P. infestans iso-
lates with complex race specificities (Park et al. 2005a). Al-
though Rpi-blb3 was tested with only two isolates, it displays a
different resistance reaction to one of the two tested isolates,
as compared with Rpi-abpt. Rpi-blb3 confers a partial resis-
tance to isolate IPO-82001 (data not shown), whereas Rpi-abpt
confers complete resistance to this isolate (Park et al. 2005a).
Also, the wild species accessions and the geographical regions
from which the above two genes originate are different from
each other. Rpi-blb3 is derived from S. bulbosatanum subsp.
dolichophyllum (CGN17688), whereas Rpi-abpt is derived
from S. bulbocastanum subsp. bulbocastanum (CGN17693 or
CGN21306). These findings suggest that they are distinct
genes. On the other hand, the R2-like locus displays the same
specificity as the R2 locus from S. demissum (Li et al. 1998).
The introgression fragment harboring the R2-like locus could
be derived from either S. edinense, S. tuberosum subsp. andi-
gena, or S. vernei, which are all present in the pedigree of the
mapping population (Park et al. 2005b). Interestingly, S.
edinense is a natural hybrid between S. tuberosum and S. de-
missum, suggesting that R2 and the R2-like loci may, in fact,
have originated from the same gene pool. Alternatively,
syntenic loci in different wild Solanum species may harbor
genes that display the same resistance specificity without shar-
ing a common origin.

Recently, comparative genomics between potato and tomato
facilitated the isolation of the late-blight R genes R3a and Rpi-
blb2 from potato, as these genes mapped to regions of the potato
genome that were syntenic to the /2 and Mi loci in tomato, re-
spectively (Huang et al. 2005; E. van der Vossen, unpublished
data). The synteny of markers and sequences at the late-blight R
gene hotspot on chromosome 4 will facilitate the cloning of the
genes Rpi-blb3, Rpi-abpt, R2, and R2-like. Recently, Huang
(2005) demonstrated that eight (R3, and R5 through RIJ) of the
eleven classical late-blight resistance specificities characterized
so far (Black et al. 1953) are either allelic versions or duplicated
members of the same R gene (super) cluster on the distal region
of the short arm of chromosome 11. Furthermore, it was demon-
strated that the R3 specificity is not based on a single R gene but
on the joint effect of two R genes, currently named R3a and R3b
(Huang et al. 2004). These findings provide novel insights in the
evolution of R gene clusters conferring late-blight resistance in
Solanum spp. The prevailing hypotheses on the evolution of R
gene clusters include unequal crossover, which can result in ex-
panding numbers of paralogs with novel specificities (Hulbert et
al. 2001). These observations are mainly based on studies in
selfing organisms (Anderson et al. 1997; Ellis et al. 1999; Parker
et al. 1997; Parniske et al. 1997). The genus Solanum harbors
both outbreeding and polyploid species. In the latter case, allelic
variation is higher. Not only can additional paralogs acquire
novel specificities, but also, the homeologous chromosomes of
the different genomes within the disomic pairing hexaploid
S. demissum or the heterozygosity in outbreeders can accommo-
date additional R gene-specificities. Our data and that of Huang
(2005) demonstrate that this, indeed, has occurred in Solanum
spp. in both the chromosome 4 and chromosome 11 R gene
clusters.

MATERIALS AND METHODS

Plant material.

The interspecific S. bulbocastanum mapping population
BIb00-20 was developed by crossing a P. infestans-resistant
clone B1b99-256-3 with the susceptible clone Blb48-5. The re-
sistant parental clone B1b99-256-3 was obtained from a cross
between a resistant clone from accession BGRC7999 and the
susceptible clone BIb48-5. The susceptible parental clone

BIb48-5 was derived from a cross between two susceptible
clones from the S. bulbocastanum accessions BGRC8005 and
BGRC8006.

Resistance assay.

Detached leaf assays were used to determine the resistance
phenotypes of BC; progeny plants. Two complex isolates,
IPO-655-2A (race 1.3.4.7.8.10.11) and IPO-82001 (race
1.2.4.5.10.11), which were provided by W. Flier of Plant Re-
search International, Wageningen, The Netherlands, were used
for the resistance assays. Both are A2 type, and they originate
from The Netherlands and Belgium, respectively. Inoculum
preparation and inoculation were performed as described by
Vleeshouwers and associates (1999). Six days after inocula-
tion, plant phenotypes were determined. Leaves showing no
symptoms or a localized necrosis at the point of inoculation
were scored as resistant and those with clear sporulating le-
sions as susceptible.

DNA isolation and marker development.

Genomic DNA was isolated from young leaf tissue accord-
ing to Bendahmane and associates (1997). PCR markers were
created using primers designed on specific tomato or potato
genomic DNA sequences, BAC end sequences, or cloned
AFLP fragments. An overview of the PCR-based markers used
to construct the high-resolution map is presented in Table 1.

AFLP analysis was performed as described by Vos and asso-
ciates (1995). Primary templates were prepared using the re-
striction enzyme EcoRI/Msel and Pstl/Msel combinations.
BSA (Michelmore et al. 1991) was carried out by performing
AFLP analysis on resistant and susceptible bulks comprising
secondary template of eight resistant and susceptible geno-
types. The bulks were screened with 256 Eco+3/Mse+3 and
256 Pst+2/Mse+3 primer combinations.

Marker names include original marker names from public
databases, the original accession number of a tomato BAC
clone followed by L (for left) or R (for right) and RGH (resis-
tance gene homolog). Microtiter plate, row, and column num-
bers of the potato BAC library 8005-8 (van der Vossen et al.
2003) were used for BAC end sequence markers. AFLP mark-
ers were named by acronyms of enzyme combinations
(EcoRI1/Msel and Pstl/Msel) used to prepare the template DNA
followed by three or two selective nucleotides and the size of
each marker, as described in reference autoradiograms created
by Keygene NV, Wageningen, The Netherlands.

Map construction.

Genetic linkage maps were constructed according to recom-
bination frequencies between marker loci and or the Rpi-blb3
locus. Joinmap software was used to determine linkage groups
and to select the Rpi-blb3-linked markers (Stam 1993). Map
distances were recalculated following marker order determina-
tion using Record (van Os et al. 2000).
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