Theor Appl Genet (2000) 101:1122-1130

© Springer-Verlag 2000

J. Rouppevan der Voort - E. van der Vossen
E. Bakker - H. Overmars - P. van Zandvoort
R. Hutten - R. Klein Lankhorst - J. Bakker

Two additive QTLs conferring broad-spectrum resistance in potato
to Globodera pallida are localized on resistance gene clusters

Received: 10 January 2000 / Accepted: 31 January 2000

Abstract Broad-spectrum resistance in potato to the pota-
to cyst nematode (PCN) is commonly regarded as a com-
plex inherited trait. Yet, in this paper we show that, by use
of a selected set of PCN test populations, broad-spectrum
resistance to the species Globodera pallida can be fully
ascribed to the action of two loci: Gpa5 and Gpa6. These
loci were readily mapped by means of a strategy based on
two steps. Firstly, the chromosomal localization of both
loci was assessed by use of an online catalogue of AFLP
markers covering a substantial part of the potato genome
(http://www.spg.wau.nl/pv/aflp/catalog.htm). Subsequent-
ly the chromosomal regions of both loci were identified
by means of CAPS markers based on RFLP insert se-
guences. Locus Gpa5 explains at least 61% of the genetic
variation. This locus maps to chromosome 5 on a region
which has previously been shown to harbor resistance fac-
tors to viral (Nb, Rx2), fungal (R1) and nematoda (Gpa,
Grpl) pathogens. The Gpa6 locus exhibits a minor effect
on the resistance (24%) and acts additively to Gpab. Inter-
estingly, the Gpa6 locus maps to a region on chromosome
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9 where, in the homoeologous tomato genome, the virus
resistance gene Sa-5 resides as part of a resistance gene
cluster. In potato, resistance to potato virus X has been re-
ported in the vicinity of this region. The map location of
Gpa6 indicates the presence of a resistance gene cluster at
the end of the long arm of chromosome 9 of potato.

Key words AFLP - CAPS - G. rostochiensis - Solanum
tuberosum - QTL mapping

Introduction

Quantitative resistance calls up the image of complex,
polygenic inheritance patterns with multiple genes hav-
ing small additive effects on the resistant phenotypes.
According to Van der Plank (1982) these minor genes
may be equally effective to different pathogen isolates
(pathotypes) and may be relatively durable in the field.
However, quantitative resistance based on several minor
genes is less desirable for breeding purposes given its
complexity to introgress this type of resistance in exist-
ing cultivars. Breeders rely therefore on major genes for
resistance. Monogenic resistance is usually referred to
as resistance which complies with a gene-for-gene inter-
action. It contrasts to quantitative resistance by its
pathotype specificity; for each major gene in the plant
host there exists an avirulence gene in the pathogen
(Flor 1956, 1971). Major resistance (R-) genes are often
clustered in the genome and molecular analyses have
shown that the gene-for-gene model holds true for sev-
eral plant-pathogen systems (reviewed in Hammond-
Kosack and Jones 1997). In these systems, the cloned R-
genes are thought to encode receptor molecules which
perceive a pathogen (avirulence) signal, whereupon a
resistance response is triggered (Baker et al. 1997). Asa
result of the strong selective force of monogenic field
resistance, the site of recognition in the pathogen may
be altered in a short time span. Qualitative resistance is
therefore considered to be less-durable than quantitative
resistance.



The image of multiple minor genes underlying quanti-
tative resistance is inconsistent with the present outcomes
of most quantitative trait locus (QTL) mapping studiesin
different plant-pathogen combinations. Although some
examples exist where quantitative resistance is explained
by more than five QTLs (Geiger and Heun 1989; Bubeck
et a. 1993; Leonards-Schippers et a. 1994; Wang et al.
1994; Qi et al. 1998) it is more common to find two to
five loci (summarized in Young et a. 1996) underlying
complex disease resistance. In these cases, quantitative
resistance is polygenic in the sense that a few genes have
large effects on the phenotype. Evidence is accumulating
that a wide variety of molecular and genetic mechanisms
may underly quantitative resistance. For example, insect
resistance in potato is mediated by the glandular secre-
tions of two types of leaf trichromes. QTLs associated
with the resistance are co-localized with loci linked with
phenol oxidase, trichrome density and sucrose ester pro-
duction (Bonierbale et al. 1994). The expression of a re-
sistance phenotype may also be developmentally regulat-
ed; e.g. while a single gene was found to control resis-
tance to the spot blotch pathogen in the seedling stage,
two QTLs were detected for resistance in the adult plant
stage (Steffenson et al. 1996). Quantitative resistance
may also fit in a classical gene-for-gene relationship. A
major R-gene which triggers a specific HR response upon
recognition of the appropriate avirulence gene product
(Baker et a. 1997) may have areduced effect once a mu-
tated version of this avirulence gene product is encoun-
tered. This phenomenon has been observed for the rice
resistance gene Xa4 which acts as a QTL against a viru-
lent strain of the fungus Xanthomonas oryzae pv oryzae
(Li et al. 1999).

In the present study, quantitative resistance in potato
to the potato cyst nematode Globodera pallida can be
fully ascribed to two additive QTLs, which are likely to
be explained by a gene-for-gene mechanism in which
two distinct avirulence determinants in the nematode
population interact with two R-genes. The potato cyst
nematodes (PCN) Globodera rostochiensis and G. palli-
da are serious pests in potato and especially G. pallida
is a threat for West-European potato culture. Broad-
spectrum monogenic resistance to this species is not
available and the supposed heterogeneity of the species
would obstruct resistance breeding efforts (Schnick et al.
1990; Folkertsma et al. 1996a, b). By use of a selected
set of PCN test populations (Folkertsma 1997), in the
present study quantitative resistance to G. pallida is dis-
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sected into the resistance loci Gpa5 and Gpa6. These re-
sistance loci map to two R-gene clusters in potato and
one of these clusters appears to be novel for the potato
genome. Although it is likely that these R loci act in a
pathotype-specific way, it is argued that, as a result of
the population genetics of potato cyst nematodes, the
combination of Gpa5 and Gpa6 may confer durable re-
sistance to G. pallida.

Materials and methods

Plant material

The broadness of PCN resistance was tested in potato clones
AM78-3704, 3704-76 and 3704-27. The tetraploid clone AM 78—
3704 contains resistance to both PCN species and is an interspe-
cific hybrid between Solanum tuberosum and several wild potato
species including Solanum vernei 24/20, S. vernei ssp. ballsii 2/1,
S vernel LGU 8, Solanum oplocense EBS 1786, S. tuberosum
ssp. andigena CPC 1673 and Solanum spegazzinii 440. Clones
3704-76 and 370427 are di-haploids (2n = 2x = 24) produced by
prickle-pollination of clone AM78-3704 with haploid inducer So-
lanum phureja clones (Hutten et al. 1994).

A mapping population of diploid potato was obtained from a
cross between the clones 3704-76xRH89-039-16. Clone 3704-76
is the resistant parent in our population and is referred to as JP.
The susceptible male parent, clone RH89-039-16, will be referred
to as RH. The mapping population F;JP x RH consisted of 103
vigorous F; genotypes. Leaf material for DNA isolation was col-
lected in the greenhouse at the seedling stage. Tubers for nema-
tode tests were produced by first year clones on the field.

The origin of the resistance segregating from genotype JP was
compared with the resistance segregating from genotype 3778-16.
With the exception of S. spegazzinii 440, genotype 3778-16 has a
similar wild-species background. Locus Grpl conferring resis-
tance to G. rostochiensis and G. pallida has been identified by an-
alysing a population derived from a cross between clones 3778-16
and RH (Rouppe van der Voort et al. 1998b).

Nematodes

The nematode populations used in this study are listed in Table 1.
G. rostochiensis and G. pallida populations are indicated by a
“Ro” and “Pa’ prefix respectively, followed by the pathotype
designation and the code of the population. Resistance screening
of the segregating potato population was carried out by use
of the populations ““Pa,-D383" and *‘Rookmaker”. Population
Pa,-D383 is unrelated to population Rookmaker (which is referred
to as population Pag-Rook). Population Pag-Rook is selected out of
aset of 226 G. pallida populations found in the Netherlands as be-
ing a representative test population for the majority of these popu-
lations (Bakker et al. 1992; Folkertsma et al. 19963, b). This popu-
lation appeared to contain the highest number of virulent geno-
types when tested with arange of resistant clones and cultivars.

Table 1 Level of PCN resistance in the tetraploid genotype AM78-3704 and the AM78-3704 derived di-haploid clones. Presented are

average numbers of cysts recovered from closed container tests

Potato clone Ro1-19 Ro5-22 Pa2-D383 Pa2-D350 Pa2-HPL1 Pa3-1097 Pa2-Rook Pa3-74.768.20
AM78—3704 1 86 0 1 0 2 4 2
3704-76 6 42 0 2 0 1 2 2
3704-27 n.d.a n.d. 8 4 3 130 109 52
RH89-039-16 189 98 101 132 146 240 153 166

an.d.: not determined
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Resistance testing and data collection

Preparation of the PCN inoculum was as described by Rouppe
van der Voort et al. (1997a). The resistance spectrum assay was
performed in a closed-container test (Phillips et a. 1980) using
125 cc plastic beakers filled with silver sand using one tuber per
assay and inoculated with nematodes to a fina density of five
eggs/J, per g of soil. The containers were maintained in the dark at
approximately 20°C for at least 3 months.

The inheritance of the resistance to populations Pa,-D383
and Pa;-Rook was analysed in mapping population F,JP x RH in
three replications. Resistant standards were cv Multa (resistant to
Pa,-D383), S vernei hybrid cv Nika (resistant to Pa,-D383) and
cvs Florijn and Seresta (resistant to Pa,-D383 and Pa;-Rook). As a
susceptible standard cv Eigenheimer was used. Plant growth con-
ditions and the design of the experiment were as in Rouppe van
der Voort et al. (1997a). Resistance data were only recorded when
at least three well-rooted plants of a single plant genotype were
available.

DNA-marker analysis and linkage-map construction

The isolation of genomic DNA, the generation of AFLP markers
and data analysis were done as described previously (Van Eck
et al. 1995; Vos et a. 1995). A genetic map was constructed only
from the resistant genotype JP. This map was constructed on the
basis of segregating AFLP markers which were generated by use
of the AFLP primer combinations E+AAA/M+ACG, E+AAC/M+
CAC, E+AAC/M+CAG, E+ACA/M+CAC, E+AGA/M+CAT and
E+ATG/M+CTA (the restriction enzymes EcoRI and Msel, abbre-
viated “'E” and ““M"" in the primer designation were used for tem-
plate preparation). These primer combinations have previously
been used to build up a catalogue of chromosome-specific AFLP
markers for a set of different potato genotypes (Rouppe van der
Voort et a. 1997b, 1998a). Alignment of the JP map was achieved
by the identification of common AFLP markers between any of
the potato genotypes included in the catalogue. The genetic re-
ference maps are available from URL: http://www.spg.wau.nl/
pv/aflp/catalog.htm.

CAPS markers (cleaved amplified polymorphic sequences,
Konieczny and Ausubel 1993) for potato RFLP loci GP21 and
GP179 (Meksem et al. 1995), GP186 and TG432 (De Jong et al.
1997), and CT220 (Ganal et al. 1998) were applied to determine
the chromosomal regions of the QTLs. Segregating JP alleles were
detected after digestion of the amplification products using the re-
striction endonucleases Dral for marker GP21, Rsal for marker
GP179 and Ncil for GP186 and TG432. The primer sequences for
locus CT220 were derived from Folkertsma et al. (1999) and were
designed from the published tomato cDNA sequence of tomato
RFLP probe CT220 [Ganal et al. 1998; sequences can be retrieved
via the Solgenes database (Paul et al. 1994) which can be accessed
via http://probe.nal usda.gov:8300/cgi-bin/browse/solgenes]|. Prim-
ers CT220F (AAGCGAATTATCTGTCAAC) and CT220R (GTT-
CCTGACCATTACAAAAGTAC) were used to amplify a genomic
DNA fragment of approximately 220 bp from potato DNA by
applying the following temperature cycle file: 3 min 93°C fol-
lowed by 30 s 93°C, 45 s 60°C, 90 s 72°C for 35 cycles and fin-
ished by 10-min elongation at 72°C. The amplification product
was digested with Msel for identification of a segregating JP allele

The grouping of markers and the determination of marker or-
ders were calculated using the software package JoinMap 1.4
(Stam 1993). Maps were drawn by means of the graphical package
Drawmap (Van Ooijen 1994).

Statistical analysis

Analysis of variance (ANOVA) were carried out on log!o(x+1)-
transformed average cyst counts per plant genotype according to
the model: 02,=02,4,+0%¢,- The phenotypic variance (02), the
genetic variance among the plant genotypes (02,,,) and the envi-

ronmental variance among replications (02,,) were estimated us-
ing Genstat 5 release 3.2 (Payne et al. 1987), and the broad-sense
heritabilities were estimated based on the appropriate mean squar-
es from the ANOVA. QTL analyses were performed by using the
program MapQTL (Van Ooijen and Maliepaard 1996a, b). Both
the non-parametric rank-sum test of Kruskal-Wallis (see e.g. Sokal
and Rohlf 1995) and two parametric methods, interval mapping
(Lander and Botstein 1989) and multiple-QTL mapping (MQM)
(Jansen 1993; Jansen and Stam 1994) were applied. These proce-
dures are implemented in the MapQTL software. Threshold values
for assigning a QTL to a map position are P <0.001 for the
Kruska Wallis test and a LOD score of 3.0 for interval and MQM
mapping. The percentage of the total variance explained by a
marker genotype (R?) was calculated by (02,-02 .)/02, where
02, represents the variance between the two marker-genotype
classes (i.e. presence or absence of a particular marker) and 02,
the residual variance.

Results
Broadness of PCN resistance from AM78-3704

The level of PCN resistance present in the tetraploid
genotype AM78-3704 and two AM78-3704 derived di-
haploid clones 3704—76 and 370427 was assessed by a
resistance screen with a diverse set of PCN populations.
These PCN populations are known to harbour differ-
ences in molecular as well as virulence characteristics
(Folkertsma et al. 1996b; Folkertsma 1997). Comparison
of the tetraploid genotype with the di-haploid clones
showed that resistance against G. pallida has been re-
tained in clone 3704-76 (Table 1). However, loss of re-
sistance to the Pa; populations was observed in clone
3704-27. No resistance to G. rostochiensis Ros-22 was
found. The diploid clone RH89-039-16 was susceptible
to al populations tested. From these data it was decided
to analyse a segregating population derived from the
cross 3704-76 x RH89-039-16 (F,JP x RH). Since large
differences exist in the molecular and virulence charac-
teristics of G. pallida populations Pa,-D383 and Pas-
Rook, these populations were used for further resistance
testing.

Inheritance of resistance

The average numbers of cysts developed on the parental
genotypes as assessed in pot tests for G. pallida popula-
tions Pa,-D383 and Pag-Rook are shown in Table 2. The
average number of newly developed cysts in the progeny
ranged from O to 1361 for population Pa,-D383 and from
9 to 1047 for population Pas-Rook. For population Pa2-
D383 susceptible plants could be clearly distinguished
from plants assigned to the resistant class. The numbers
of cysts developed on resistant plants varied from 0 to
42, whereas these numbers ranged from 202 to 1361 on
the susceptible plants.

The Pas-Rook cyst numbers showed a continuous dis-
tribution among the plant genotypes; no clear distinction
between a resistant and susceptible class could be made.
Analysis of variance on normalized cyst counts showed



Table 2 Results of the quantitative analysis of PCN resistance as
measured by counted cyst numbers of the respective PCN popula-
tions. Presented are the heritability, the most flanking marker to
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the resistance loci, the test values indicating the appropriate map
position, and the R2 at the QTL position

Trait #Cysts? # Cysts h2b Markerc Chrom. P valuee R LOD¢
JP RH locationd
Pa2-D383 1 856 - TG432 Chr. 5 < 0.0001 - 21
Pa3-Rook 23 635 0.91 TG432 Chr.5 < 0.0001 61% 12
CT220 Chr. 9 < 0.001 24% 3

af Cysts: average number of cysts,

bh2: heritability,

cMarker : nearest marker to resistance locus,

d Chrom. location: chromosomal |ocalization of resistance locus,
eP value of the nearest marker in aKruskal Wallis test,

significant differences in the level of resistance among
the plant genotypes (0.001 < P < 0.0001). No significant
differences in cyst numbers were found among the
blocks of replicates. The broad-sense heritability, listed
in Table 2, indicated that the variation in the numbers
of cysts developed was genetically determined. Skew-
ness and kurtosis values were — 0.68 and 0.07 respective-
ly showing that the assumption on normally distribu-
ted loglo(x+1)-transformed cyst numbers was justified
(Snedecor and Cochran 1967).

AFLP mapping

A genetic map of genotype JP was produced in order to the
find the association between molecular markers and the re-
sistance trait(s). The AFLP map of genotype JP consisted of
149 AFLP markers and spanned a total map length of 603
cM. The sizes of the linkage groups varied between 13 cM
(for chromosome 4) and 69 cM (for chromosome 5). Com-
parison of the positions of common AFLP markers present
on the JP map and the maps of five other potato genotypes
revealed that parts of the maps of chromosomes 1, 4, 8, 10
and 11 were not fully covered with AFLP markers. It was
therefore anticipated that QTLs may be unresolved as are-
sult of the relative incompleteness of the JP map.

Mapping of Pa,-D383 resistance

Linkage analysis showed a significant association be-
tween the resistance to Pa,-D383 and AFLP markers
which were localized at the top of chromosome 5. This
map position iswell known for its presence of a complex
R-gene cluster in potato harboring resistance to different
pathogen species (summarized in Leister et al. 1996).
Therefore CAPS markers GP186, GP21, TG432 and
GP179, residing on the short arm of potato chromosome
5, were tested in population F;JPXRH for a more precise
mapping of thislocus. Three (GP186, GP21 and TG432)
of the four markers segregated in F;JPXRH. Marker
TG432 showed the highest linkage with the resistance
locus (recombination fraction=3/102; LOD=21). As two
different resistance loci to G. pallida have previously

f R2 : percentage of the total variance explained by the marker ge-
notypes,

9LOD: logarithm of odds score which indicates the likelihood that
two loci are linked (Lander and Botstein 1989)

been assigned to this map position (Gpa, Kreike et al.
1994 and Grpl, Rouppe van der Voort et a. 1998b) the
origin of the resistance was further investigated.

Mapping of Pas-Rook resistance

The presence of the TG432 marker allele in the plant ge-
notypes also appeared to be associated with a reduced
number of Pas-Rook cysts. A total of 32 out of 42 plant
genotypes which harbored the TG432 allele contained
<100 cysts, whereas among the remaining 61 genotypes
(without the TG432 alele) 58 genotypes were found
which contained >100 cysts (Fig. 1). Subsequent analy-
sis using MapQTL software revealed a significant effect
of marker TG432 on the resistance, both in the Kruskal
Wallis test and by interval mapping; the highest signi-
ficance levels were found a marker locus TG432
(Table 2, Fig. 2). This QTL explained about 61% of the
total variance which isin the same order of magnitude as
the amount of variation in Pa;-Rook resistance explained
by locus Grpl (Rouppe van der Voort et a. 1998b). In-
terestingly, the LOD profiles for Pag-Rook resistance of
Grpl and the present QTL coincide, indicating that a
similar gene(s) underlies G. pallida resistance in geno-
types 3778-16 and JP. However, Grpl differs from the
JP QTL at chromosome 5 as it confers resistance to both
species of the potato cyst nematode. By analogy with the
nomenclature of other G. pallida resistance loci in potato
(Kreike et a. 1994; Rouppe van der Voort et a. 1997a)
we propose to name the QTL on chromosome 5, Gpab.

An additional effect on Pa;-Rook resistance was
found at AFLP markers on the long arm of chromosome
9. The position of this locus could be more precisely de-
fined by application of the most-distal RFLP marker
CT220 at this chromosomal region as a CAPS marker.
Locus CT220 yielded the highest significance level for
Pas-Rook resistance (Fig. 3). Since CT220 is localized at
the end of a linkage group only one neighboring marker
was used in the interval mapping. The addition of more
neighboring markers (to a maximum of 5) in the analysis
showed an increase in the LOD score to a maximum of
9.1 at this end of chromosome 9 but resulted in a less-
precise localization of the QTL.
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Fig. 1 Resistance to Pag-Rook is conferred by the combined ac-
tion of Gpab and Gpa6. Shown is the distribution of the number of
G. pallida Pag-Rook cysts recovered within the TG432/CT220 off-
spring classes TG432/CT220 (presence of both marker aleles),
TG432/- (presence of the TG432 alele, absence of the CT220
dlele), -/CT220 (absence of the TG432 allele, presence of the
CT220 dlele) and -/- (absence of both marker alleles). The geno-
type indicated by an arrow most likely harbours a recombination
event between TG432 and Gpab as this genotype lacks all subse-
quent distal marker alelesin coupling with the TG432 alele
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Fig. 2 LOD plots for G. pallida Pa;-Rook resistance on chromo-
some 5 in genotypes JP and 3778-16 which show that the effect
on Pas-Rook resistance is localized on the same map region. The
Pa;-Rook resistance locus on chromosome 5 segregating from
clone JP is referred to as Gpa5 (see text). The PCN resistance in
3778-16 is ascribed to the action of locus Grpl. For reasons of
simplicity, only schematic maps are drawn. More details on the
AFLP markers mapped on chromosome 5 are presented in Fig. 4
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Fig. 3 LOD plot for G. pallida Pag;-Rook resistance on chromo-
some 9. Thisresistance locus s referred to as Gpab6 (see text)

The QTL at chromosome 9 explained 24% of the total
variance (Table 2) and acts addititively with Gpab. The
additive effect of the chromosome-5 and chromosome-9
loci is shown in Fig. 1. A significant reduction in the
numbers of Pa;-Rook cysts was observed in the class of
plants harboring the TG432 and CT220 alleles as com-
pared to the three other marker genotype classes. In the
TG432/CT220 class, one plant genotype was found with
an average number of 550 cysts. This plant most-likely
lacks Gpa5 as a result of a recombination event in the
TG432 — E+tAAA/M+ACG-244.0 region. The respective
plant genotype contains all JP marker aleles in the
GP186 — TG432 region and lacks all subsequent JP al-
leles onwards which are in coupling with Gpa5 resis-
tance. Since no resistance specificity to PCN species has
been assigned to chromosome 9, we propose to name the
QTL at chromosome 9 Gpa6.

Gpab may be part of the Grpl resistance locus

To address the question whether the same gene(s) underlies
the G. pallida resistance conferred by Gpa5 and Grpl, we
compared the occurrence of common marker aleles linked
in coupling with the QTLs at chromosome 5 of clones JP
and 3778-16. The result of this analysisis shown in Fig. 4.
At the short arm of chromosome 5, identical marker alleles
were identified for CAPS loci GP186, GP21 and TG432,
and AFLP loci E+ATG/M+CTA-350, E+AGA/M+CAT-
88.9. This similarity is lost from marker GP179 onwards.
Marker GP179 and al subsequent AFLP markers which
were identified in clone 3778-16 were either absent in JP or
present in repulsion with Gpab. The occurrence of two sets
of common marker aleles (intervals GP21 —-TG432 and
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maps of the two homologous
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tive analysisis exemplified by
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18 —H— EoANC/MCAG4243

28 ~1— E+AM/M+ACG-244.0

loaded. Markers GP186, GP21 3y || / EsACA/MCAC-R20 <

and TG432 show the similar o e <
. TG/MeCTA-265.0 €

profilesof clones3778-16 and 1o 3K earcpucia <

JP. For marker GP179 (shown 40 EsAAC/MCAG-172.9 €

isthe profile which contains 0 E+AAC/MeCAC-250.1 €

the mapped 3778-16 allele 42 E+ATG/MeCTA-173

which isidentified after Rsal
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alleleisidentified even after 82 1~ EMAANRACG-600

the use of a series of 20 restric-
tion enzymes. The correspond-
ing map position of locus
GP179 on the potato map isin-
dicated by adashed line. The
numbers to the right indicate
the molecular weights (in bp)
of the segregating alleles

63 —H1— EsAAA/MACG-208.5

68 —H- ...

E+ACA/M+CAC-320 — E+AAC/M+CAC-250.1) indicate
the presence of similar introgression segments in clones JP
and 3778-16. Within these intervals, the DNA segquences
between both clones may be highly similar. Since G. palli-
da resistance has been an important trait for selection to
generate both breeding lines, we argue that the same
gene(s) underlies the G. pallida resistance. However, the
linkage between TG432 and GP179 and al subsequent
marker aleles on the 3778-16 chromosome harboring Grpl
may have been lost during the course of the breeding pro-
cess of clone JP. We therefore hypothesize that the recombi-
nation between loci TG432 and GP179 in a progenitor of
clone JP has been associated with loss of G. rostochiensis
resistancein clone JP.

Discussion

This study has shown that the map position of the two
resistance loci Gpa5 and Gpa6 coincides with two resis-
tance gene clusters in potato. Gpab maps close to marker
TG432 in a region where resistance to potato virus X
(Rx2, Ritter et al. 1991; Nb, De Jong et a. 1997) and
to the fungus Phytophthora infestans (R1; Leonards-
Schippers et a. 1992; Pi-QTL Leonards-Schippers et al.
1994) have been mapped. In addition, two resistance loci
to PCN are located in this region. Gpa which acts against
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G. pallida (Kreike et al. 1994), and Grpl which confers
resistance to both PCN species (Rouppe van der Voort
et a. 1998b), reside within the GP21 — GP179 marker in-
terval. This prompted us to the question whether the re-
sistance mapped in clone JP could be ascribed to either
of these loci. However, combining various data revealed
that Gpab is different from Gpa and Grpl. Locus Gpa
has been mapped in an intraspecific population of the
wild potato species S. spegazzinni, and this wild species
is not included in the pedigree of the resistant genotype
JP. Moreover, the specificity of Gpa extends to that of
Gpab; Gpa confers compl ete resistance to the population
Pas-Rook (Wolters, personal communication) whereas
61% of the Pas;-Rook resistance is explained by Gpab.
Locus Gpa5 can aso be distinguished from Grpl as it
confers only partial resistance to G. pallida. Since the
level of resistance of both loci is in the same order of
magnitude, it may be possible that the G. pallida resis-
tance is mediated by the same gene(s). This hypothesisis
corroborated by the fact that the pedigrees of the parental
clones JP and 3778-16 share the major part of the pro-
genitors which have been used to introgress wild species
resistance. In addition, it has previously been argued that
Grpl is a compound locus since G. rostochiensis and G.
pallida diverged millions of years ago (Bakker et al.
1992) and the multiple specificity of Grpl is unlikely to
be the result of the action of a single gene (Rouppe
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van der Voort et al. 1998b). Circumstantial evidence for
the occurrence of Gpa5 in the genome of 3778-16 was
found by a comparative analysis of the maps of both ge-
notypes. On the basis of common marker alleles within
a 5-cM interval on the short arm of chromosome 5
(Fig. 4), it can be argued that the same gene(s) underlies
the G. pallida resistance. Recombination in the TG432 —
GP179 interval during the process of generating clone JP
may thus be associated with loss of G. rostochiensis re-
sistancein clone JP.

Locus Gpab6 explains only a minor part of the genetic
variation of the resistance to population Pag-Rook. How-
ever, the finding of Gpa6 is significant because the com-
bined action of Gpa5 and Gpab results in the same level
of resistance as has been transmitted by clone JP to
the progeny. Gpa6 is not able to resist the population Pa,-
D383, which indicates that the resistance at Gpa6 actsin a
pathotype-specific way. The pathotype specificity of Gpa6
indeed suggests that a major gene(s) underlies the resis-
tance of Gpa6. The involvement of a major gene(s) in
Gpab resistance is further corroborated by the map loca-
tion of this locus. Gpa6 maps close to marker CT220,
an RFLP marker locus which targets a resistance-gene
cluster in tomato containing the Swn-5 resistance gene
(Brommonschenkel and Tanksley 1997; Folkertsma et .
1999). The Sw-5 gene confers broad-spectrum resistance
to tomato spotted wilt virus and belongs to the class of re-
sistance genes which encodes a putative gene-product har-
boring a leucine zipper (LZ), a nucleotide binding site
(NBS) and a leucine-rich region (LRR) (Brommonschen-
kel et a. 1998; Folkertsma et a. 1999). The gene cluster
to which the Sw-5 gene belongs is composed of at least
five resistance gene analogues (Folkertsma et a. 1999;
Folkertsma and Prins, personal communication) and the
location of Gpab suggests the presence of asimilar cluster
on the homoeol ogous potato genome.

On the potato genome, no additional resistance speci-
ficities have been mapped in the vicinity of marker
CT220. The closest resistance locus to marker CT220 is
the Nx,,, locus which confers resistance to potato virus
X (Tommiska et al. 1999). This locus maps at 11 cM
from marker CT220 and the map positions of these loci
should therefore be considered different. The question of
whether any molecular relationship exists between
Gpab, Nxg,, and Sw-5 can only be resolved when
more information is available on the genes which under-
ly Gpa6 and Nx,, resistance.

The partial resistance phenotype of Gpa5 and Gpa6
does not conflict with the hypothesis that major genes
are responsible for both resistance specificities, consid-
ering that the G. pallida test population Pag-Rook is
likely to be heterogeneous at the respective (a)virulence
loci. In case avirulence alleles are not fixed in a popula-
tion, a single R gene which operates on the basis of a
gene-for-gene relationship, will confer partial resistance
against the population as a whole whereas, at the level
of the individual, the R gene will confer absolute resis-
tance against the matching avirulent genotype. The po-
tato cyst nematode is an obligate outbreeding species

and field populations, such as Pa;-Rook, are often com-
posed of a mixture of virulent and avirulent genotypes
(Bakker et al. 1993). Formal proof for the occurrence of
a gene-for-gene relationship has so far only been dem-
onstrated for the interaction between G. rostochiensis
and the H1 gene from S tuberosum ssp. andigena
CPC1673 (Janssen et al. 1991), but evidence is accumu-
lating that various other PCN resistance genes operate
on the same basis. For example, the Gpa2 gene which is
part of a resistance gene cluster on chromosome 12 of
potato (Kanyuka et al. 1999), and which encodes a
LZ-NBS-LRR type of protein (Van der Vossen et al.
1999), confers specific resistance against population
Pa,-D383. At the molecular level this population is
clearly separated from all other G. pallida populations
which are found in the Netherlands (Folkertsma et al.
1996b). Also the H2 gene (Dunnet 1961), whose map
location is presently unknown, confers resistance
against a set of G. pallida populations pathotyped
“Pa;” which are well-defined at the molecular level
(Blok et al. 1997; Folkertsma 1997).

The availability of broad-spectrum resistance against
G. pallida is of practical importance. For example, com-
bining Gpa6 with Grpl brings complete resistance
against both PCN species into focus. Compared to major
gene resistance against various other pathogen species, it
is expected that resistance against potato cyst nematodes
may be relatively durable. PCN species are endemic in
the Andean region of South-America and are thought to
have been introduced into Europe last century. Only a
limited part of the genetic variation (and thus the varia-
tion at virulence loci also) present in their centre of origin
has been introduced. Because the multiplication rate of
PCN islow, their active spread is limited and the time be-
tween generations is often 2—4 years in a normal crop ro-
tation, it seems highly unlikely that the broad-spectrum
resistance obtained by combining Gpa5 and Grpl is bro-
ken down rapidly.

In summary, this study reports on the QTL mapping
of the resistance loci Gpa5 and Gpab6 in potato. These
QTLs coincide with the map location of other resistance
factors which are known to be involved in gene-for-
gene relationships. On the basis of the occurrence of
common motifs in previously cloned R-genes, it is hy-
pothesized that R-genes are evolutionary related compo-
nents of a recognition system and that the mechanisms
generating variation are entailed with a clustered distri-
bution on the genome (Baker et al. 1997). Recent ad-
vances in the identification and cloning of resistance-
gene candidates (RGCs) has shown that these types of
sequences occur abundantly in plant genomes (Botella
et al. 1997; Shen et al. 1998). With the aid of an increas-
ing amount of sequence information, different RGCs in
the genome will be discriminated and resistance speci-
ficities will be assigned to the genes. This may eventu-
aly lead to a detailed dissection of the resistance gene
clusters harbouring Gpa5 and Gpa6 and may confirm
our hypothesis that these two additive QTLs operate on
the basis of a classical gene-for-gene relationship.



Acknowledgements This research was financialy supported by
the Netherlands Technology Foundation (STW) and EC-grant
FAIR5-PL97-3565. We thank B. Heilersig for her assistance
and R. Folkertsma and M. Prins (department of Virology, Wage-
ningen Agricultural University) for aid in the mapping of Gpa6.
Images of AFLP fingerprints, combined with detailed information
on the positions of all AFLP markers mapped in our laboratory,
are available from the internet: http://www.spg.wau.nl/pv/aflp/
catalog.htm. Information on the EU project can be found at
http://www.spg.wau.nl/nema/uhd/index.html. All experiments com-
ply with the current laws of The Netherlands, the country in
which the experiments are performed.

References

Baker B, Zambryski P, Staskawicz B, Dinesh-Kumar SP (1997)
Signaling in plant-microbe interactions. Science 276:726—733

Bakker J, Bouwman-Smits L, Gommers FJ (1992) Genetic rela
tionships between Globodera pallida pathotypes in Europe as-
sessed by using two-dimensional gel electrophoresis of pro-
teins. Fundam Appl Nematol 15:481-490

Bakker J, Folkertsma RT, Rouppe van der Voort, INAM, De Boer
J and Gommers FJ (1993) Changing concepts and molecular
approaches in the management of virulence genes in potato
cyst nematodes. Annu Rev Phytopathol 31:169-190

Bonierbale MW, Plaisted RL, Pineda O, Tanksley SD (1994) QTL
analysis of trichome-mediated insect resistance in potato.
Theor Appl Genet 87:973-987

Botella MA, Coleman MJ, Hughes DE, Nishimura MT, Jones-
Jonathan DG, Somerville SS (1997) Map positions of 47
Arabidopsis sequences with sequence similarity to disease re-
sistance genes. Plant J12:1197-1211

Blok VC, Phillips MS, Harrower BE (1997) Comparison of Brit-
ish populations of potato cyst nematodes with populations
from continental Europe and South America using RAPDs.
Genome 40: 286-293

Brommonschenkel SH, Tanksley SD (1997) Map-based cloning of
the tomato genomic region that spans the Sw-5 tospovirus re-
sistance gene in tomato. Mol Gen Genet 256:121-126

Brommonschenkel S, Tanksley SD, Frary A, Otoni WC, Cheaveg-
atti A (1998) Positional cloning, molecular characterization
and heterologous expression of the tospovirus resistance gene
Sw-5. 7th Int Congr Plant Pathol, Edinburg, UK, 9-16 August
1998, Abstract 5.4.7.

Bubeck DM, Goodman MM, Beavis WD, Grant D (1993) Quanti-
tative trait loci controlling resistance to gray leaf spot in
maize. Crop Sci 33:838-847

De Jong W, Forsyth A, Leister D, Gebhardt C, Baulcombe DC
(1997) A potato hypersensitive resistance gene against potato
virus X maps to a resistance gene cluster on chromosome 5.
Theor Appl Genet 95:246-252

Dunnet JM (1961) Inheritance of resistance to potato root-eelworm
in breeding lines stemming from Solanum multidissectum
Hawkes. Annu Rep Scottish Pl Breed Stain 1961: 39-46

Flor (1956) The complementary genetic systems in flax and flax
rust. Adv Genet 8: 29-54

Flor (1971) Current status of the gene-for-gene concept. Annu Rev
Phytopathol 9: 275—296

Folkertsma RT (1997) The genetic variation of potato cyst nema-
todes in the Netherlands. PhD thesis, Wageningen Agricultural
University, The Netherlands

Folkertsma RT, Rouppe van der Voort INAM, De Groot KE, Van
Zandvoort PM, Schots A, Gommers FJ, Helder J, Bakker J
(1996a) Gene pool similarities of potato cyst nematode popu-
lations assessed by AFLP analysis. Mol Plant-Microbe Inter-
act 9:47-54

Folkertsma RT, De Groot KE, Van-Koert PHG, Van Gent-Pelzer
MPE, Rouppe van der Voort JNAM, Schots A, Bakker J,
Gommers FJ, Helder J (1996b) Cluster analysis of 36 Globo-
dera pallida field populations using two sets of molecular
markers. Eur J Plant Pathol 102:577-584

1129

Folkertsma RT, Spassova M, Prins M, Stevens MR, Hille J, Gold-
bach RW (1999) Construction of a bacteria artificial chromo-
some (BAC) library of Lycopersicon esculentum cv Stevens
and its application to physicaly map the Sw-5 locus. Mol
Breed 5:197-207

Ganal MW, Czihal R, Hannappel U, Kloos DU, Polley A, Ling
HQ (1998) Sequencing of cDNA clones from the genetic map
of tomato (Lycopersicon esculentum). Genome Res 8:842-847

Geiger HH, Heun M (1989) Genetics of quantitative resistance to
fungal diseases. Annu Rev Phytopathol 27: 317-341

Hammond-Kosack KE, Jones JDG (1997) Plant disease resistance
genes. Annu Rev Plant Physiol Plant Mol Biol 48: 575-607

Hutten RCB, Scholberg EJIM, Huigen DJ, Hermsen JGTh,
Jacobsen E. (1994) Analysis of di-haploid induction and pro-
duction ability and seed parent x pollinator interaction in pota-
to. Euphytica 72: 61-64

Jansen RC (1993) Interval mapping of multiple quantitative trait
loci. Genetics 135:205-211

Jansen RC, Stam P (1994) High resolution of quantitative traits into
multipleloci viainterval mapping. Genetics 136: 1447-1455

Janssen R, Bakker J, Gommers FJ (1991) Mendelian proof for a
gene-for-gene relationship between the virulence of Globo-
dera rostochiensis and the H1 resistance gene in Solanum tu-
berosum ssp. andigena CPC 1673. Rev Nematol 14:213-219

Kanyuka K, Bendahmane A, Rouppe van der Voort INAM, Van
der Vossen E, Baulcombe DC (1999) Mapping of intra-locus
duplications and introgressed DNA: aids to map-based cloning
of genes from complex genomes illustrated by physical analy-
sis of the Rx locus in tetraploid potato. Theor Appl Genet 98:
679-689

Konieczny A, Ausubel FM (1993) A procedure for mapping
Arabidopsis mutations using co-dominant ecotype-specific
PCR-based markers. Plant J 4:403-407

Kreike CM, De Koning JRA, Vinke H, Van Oaijen J, Stiekema
WJ (1994) Quantitatively inherited resistance to Globodera
pallida is dominated by one major locus in Solanum
spegazzinii. Theor Appl Genet 88:764—769

Lander ES, Botstein D (1989) Mapping Mendelian factors under-
lying quantitative traits using RFLP linkage maps. Genetics
121:185-199

Li ZK, Luo LJ, Nei HW, Paterson AH, Zhao XH, Zhong DB,
Wang YP, Yu XQ, Zhu L, Tabien R, Stansel JW, Ying CS
(1999) A ‘“‘defeated” rice resistance gene acts as a QTL
against a virulent strain of Xanthomonas oryzae pv oryzae.
Mol Gen Genet 261: 58-63

Leister D, Balvora A, Salamini F, Gebhardt C (1996) A PCR-
based approach for isolating pathogen resistance genes from
potato with potential for wide application in plants. Nature
Genet 14:421-429

Leonards-Schippers C, Gieffers W, Salamini F, Gebhardt C (1992)
The R1 gene conferring race-specific resistance to Phytoph-
thora infestans in potato is located on potato chromosome V.
Mol Gen Genet 233:278-283

Leonards-Schippers C, Gieffers W, Schaefer PR, Ritter E, Knapp
SJ, Salamini F, Gebhardt C (1994) Quantitative resistance to
Phytophthora infestans in potato: a case study for QTL map-
ping in an allogamous plant species. Genetics 137:68—77

Meksem K, Leister D, Peleman J, Zabeau M, Salamini F, Geb-
hardt C (1995) A high-resolution map of the vicinity of the R1
locus on chromosome V of potato based on RFLP and AFLP
markers. Mol Gen Genet 249:74-81

Paul E, Goto M, Tanksley SD (1994) SolGenes:. a Solanaceae dat-
abase. Euphytica 79:181-186

Payne RW, Lande PW, Ainsley AE, Bicknell KE, Digby PGN
et a. (1987) Genstat 5 Reference Manual. Clarendon Press,
Oxford, UK

Phillips MS, Forrest IMS, Wilson LA (1980) Screening for resis-
tance to the potato cyst nematode using closed containers. Ann
Appl Biol 96:317-322

Qi X, Niks RE, Stam P, Lindhout P (1998) Identification of QTLS
for partial resistance to leaf rust (Puccinia hordei) in barley.
Theor Appl Genet 96:1205-1215



1130

Ritter E, Debener T, Barone A, Salamini F, Gebhardt C (1991)
RFLP mapping on potato chromosomes of two genes control-
ling extreme resistance to potato virus X (PVX). Mol Gen
Genet 227:81-85

Rouppe van der Voort J, Wolters P, Folkertsma R, Hutten R, van
Zandvoort P, Vinke H, Kanyuka K, Bendahmane A, Jacobsen
E, Janssen R, Bakker J (1997a) Mapping of the cyst nematode
resistance locus Gpa2 in potato using a strategy based on co-
migrating AFLP markers. Theor Appl Genet 95: 874-880

Rouppe van der Voort INAM, Van Zandvoort P, Eck HJ van,
Folkertsma, FT, Hutten, RCB, Draaistra J, Gommers FJ,
Jacobsen E, Helder J, Bakker J (1997b) Allele specificity of
comigrating AFLP markers used to align genetic maps from
different potato genotypes. Mol Gen Genet 255: 438-447

Rouppe van der Voort J, Van Eck HJ, Draaistra J, Van Zandvoort
P, Jacobsen E, Bakker J (1998a) An online catalogue of AFLP
markers covering the potato genome. Mol Breed 4: 73-77

Rouppe van der Voort, Lindeman W, Folkertsma R, Hutten R,
Overmars H, Van der Vossen E, Jacobsen E, Bakker J (1998b)
A QTL for broad-spectrum resistance to cyst nematode species
(Globodera spp.) maps to a resistance gene cluster in potato.
Theor Appl Genet 96:654—661

Schnick D, Rumpenhorst HJ, Burgermeister W (1990) Differentia-
tion of closely related Globodera pallida (Stone) populations
by means of DNA restriction fragment length polymorphisms
(RFLPs). J. of Phytopath 130:127-136

Shen KA, Meyers BC, Islam-Faridi MN, Chin DB, Stelly DM,
Michelmore RW (1998) Resistance gene candidates identified
by PCR with degenerate oligonucleotide primers map to clus-
ters of resistance genes in lettuce. Mol Plant-Microbe Interact
11:815-823

Snedecor GW, Cochran WG (1967) Statistical methods, 6th edn.
The lowa State University Press, Ames, lowa

Sokal RR, Rohlf RF (1995) Biometry, 3rd edn. W.H. Freeman and
company, New York

Steffenson BJ, Hayes PM, Kleinhofs A (1996) Genetics of seed-
ling and adult plant resistance to net blotch (Pyrenophora teres
f. teres) and spot blotch (Cochliobolus sativus) in barley.
Theor Appl Genet 92:552-558

Stam P (1993) Construction of integrated genetic linkage maps by
means of anew computer package: JoinMap. Plant J 3:739-744

Tommiska TJ, Hamalanen JH, Watanabe KN, Valkonen JPT
(1998) Mapping of the gene NXphu that controls hypersensi-
tive resistance to potato virus X in Solanum phuregja IvP35.
Theor Appl Genet 96:840-843

Van der Plank JE (1982) Disease resistance in plants, 2nd edn.
Academic Press, New York, USA

Van der Vossen E, Rouppe van der Voort J, Kanyuka K,
Bendahmane A, Stiekema W, Bakker J, Klein Lankhorst R
(1999) Positional cloning of the potato cyst nematode resis-
tance gene Gpa2: indications for a common signa transduc-
tion pathway in nematode and virus resistance. (Abstract
#324) Keystone Symposium, La Coeur d’Alene, Idaho, USA,
8-14 February 1999

Van Eck HJ, Rouppe van der Voort J, Draaistra J, van Zandvoort P,
van Enckevort E, Segers B, Peleman J, Jacobsen E, Helder J,
Bakker J (1995) The inheritance and chromosomal |ocalisation
of AFLP markersin a non-inbred potato offspring. Mol Breed
1:397-410

Van Ooijen J (1994) DrawMap: a computer program for drawing
genetic linkage maps. J Hered 85:66

Van Ooijen JW, Maliepaard C (1996a) MAPQTL version 3.0: soft-
ware for the calculation of QTL positions on genetic maps.
CPRO-DLO, Wageningen, The Netherlands

Van Ooijen JW, Maliepaard C (1996b) MAPQTL version 3.0:
software for the calculation of QTL positions on genetic maps.
Plant Genome IV Abstracts; http://probe.nalusda.gov:8000/
otherdocs/pg/pg4/abstracts/p316.html

Vos P, Hogers R, Bleeker M, Reijans M, Van de Lee T, Hornes M,
Frijters A, Pot J, Peleman J, Kuiper M, Zabeau M (1995)
AFLP: a new technique for DNA fingerprinting. Nucleic
Acids Res 23:4407-4414

Wang G, Mackill DJ, Bonman M, McCouch SR, Champoux MC,
Nelson R (1994) RFLP mapping of genes conferring complete
and partial resistance to blast in a durably resistant rice culti-
var. Genetics 136: 1421-1434

Young N (1996) QTL mapping and quantitative disease resistance
in plants. Annu Rev Phytopathol 34: 479—501



