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Abstract We investigated the association between late
blight resistance and foliage maturity type in potato by
means of molecular markers. Two QTLs were detected
for foliage resistance against Phytophthora infestans (on
chromosomes 3 and 5) and one for foliage maturity type
(on chromosome 5). The QTL for resistance to late
blight and the QTL for foliage maturity type on chromo-
some 5 appeared to be mapped on indistinguishable posi-
tions. We were interested whether this genetic linkage
was due to closely linked but different genes, or due to
one (or more) gene(s) with pleiotropic effects. We there-
fore developed an approach to detect QTLs, in which re-
sistance to late blight was adjusted for foliage maturity
type. This analysis revealed the same two QTLs for re-
sistance against P. infestans, but the effect of the locus
on chromosome 5 was reduced to only half the original
effect. This is a strong indication that the two indistin-
guishable QTLs for foliage maturity type and for late
blight resistance on chromosome 5 may actually be one
gene with a pleiotropic effect on both traits. However,
there was still a significant effect on resistance against P,
infestans on the locus on chromosome 5 after adjusting
for foliage maturity type. Therefore we cannot rule out
the presence of two closely linked QTLs on chromosome
5: one with a pleiotropic effect on both late blight resis-
tance and foliage maturity type, and another with merely
an effect on resistance. In addition, the two QTLs for re-
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sistance to late blight showed an important epistatic in-
teraction, suggesting that QTLs for resistance affect each
other’s expression.
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Introduction

Late blight, caused by Phytophthora infestans, is the
most devastating potato (Solanum tuberosum) disease
worldwide. Late blight epidemics may cause serious
losses and resistance is essential to allow potato produc-
tion in low external input agriculture. Large amounts of
fungicides are applied to avert late blight epidemics in
high external input agriculture, which is environmentally
unfriendly, time-consuming and costly, and durable re-
sistance against P. infestans would be a welcome alterna-
tive (Ghislain et al. 1997).

Eleven different resistance genes have been identified
in Solanum demissum and several have been introduced
into modern potato varieties (Ross 1986). Compatible
races of P. infestans have already arisen for all these R
genes and the abundance of (highly) complex races of
the pathogen (Turkensteen et al. 1996) has diminished
the value of these 11 R genes for resistance breeding.
Therefore, potato breeders presently focus on race-non-
specific resistance against P. infestans that is not based
on one of the 11 known R genes and is expected to be
more durable (Wastie 1991; Vleeshouwers 2000).

Recently, resistance breeding faces an additional new
challenge: the old population of P. infestans (the US-1
clonal lineage with only the Al mating type) has been
replaced by a new population (a mixture of clonal lin-
eages with both A1 and A2 mating types) in most potato-
growing areas of the world (Spielman et al. 1991; Fry et
al. 1993). This current population of the pathogen is
more aggressive and genetically more variable, and is
challenging the established concept of durability (Flier
2001).
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Besides the difficulty of dealing with a highly versa-
tile and aggressive polycyclic leaf pathogen, breeding
for durable resistance against P. infestans is also compli-
cated by the strong association between race-non-specif-
ic resistance and late foliage maturity. Toxopeus already
described this association in 1958 (Toxopeus 1958), and
numerous authors have confirmed this first report (e.g.
Umaerus et al. 1983; Swiezynski 1990). So far, potato
breeders have not been successful in combining durable
resistance against P. infestans with early maturing fo-
liage (Anonymous 2001). These observations suggest
that late blight resistance and foliage maturity type are
either controlled by closely linked genes or that the loss
of resistance during foliage maturation is due to the
physiological process of ageing, presumably controlled
by the same (pleiotropic) gene(s) (Colon et al. 1995).
The hypothesis of the role of physiological changes dur-
ing foliage maturation is supported by the influence of
photoperiod on resistance to late blight: resistance is lost
when short days induce early maturity (Colon 1994).

In the last decade, molecular marker technology has
served as a valuable tool to study the genetic background
of the association of late blight resistance with late fo-
liage maturity in more detail. A range of QTLs for race-
non-specific resistance against P. infestans has been
found in several diploid potato populations (Leonards-
Schippers et al. 1994; Van Eck and Jacobsen 1996; Collins
et al. 1999; Oberhagemann et al. 1999; Ewing et al.
2000; Sandbrink et al. 2000; Ghislain et al. 2001) and
one tetraploid population (Meyer et al. 1998). The dip-
loid populations originated from crosses between S. fu-
berosum and different wild Solanum species (Solanum
berthaultii, Solanum kurtzianum, Solanum microdontum,
Solanum phureja, Solanum spegazzinii, Solanum ste-
notomum, Solanum tarijense, Solanum vernei). All pota-
to chromosomes appear to harbour loci that can contrib-
ute to race-non-specific resistance against P. infestans
(Gebhardt and Valkonen 2001), but common to most
populations is the major QTL on chromosome 5 near
marker GP21 (Leonards-Schippers et al. 1994; Van Eck
and Jacobsen 1996; Collins et al. 1999; Oberhagemann
et al. 1999).

Some potato populations were also investigated for
QTLs for foliage maturity type. Whereas QTLs for fo-
liage maturity type were less frequent, all of them coin-
cided with QTLs for resistance to late blight (Van Eck
and Jacobsen 1996; Collins et al. 1999; Oberhagemann
et al. 1999; Ewing et al. 2000). Indeed, common in most
populations is the major QTL for foliage maturity type
on chromosome 5 near marker GP21 (Van Eck and
Jacobsen 1996; Collins et al. 1999; Oberhagemann et al.
1999).

The concurrence of QTLs for late blight resistance
and foliage maturity type supports the previous sugges-
tion that these traits are genetically linked. A detailed
analysis of these loci in which both traits are considered
simultaneously might reveal whether this linkage is due
to closely linked but different genes, or due to one (or
more) gene(s) with pleiotropic effects. Elucidation of the

nature of the relationship between late blight resistance
and foliage maturity type will be of great value for future
resistance breeding in early maturing potatoes.

This paper describes the detailed analysis of QTLs for
race-non-specific resistance against P. infestans and for
foliage maturity type in a diploid potato population de-
rived from crosses between S. tuberosum and wild rela-
tives. The analysis focuses on the locus on chromosome
5, since previous research suggested that this locus is the
most important for both late blight resistance and foliage
maturity type (Van Eck and Jacobsen 1996; Collins et al.
1999; Oberhagemann et al. 1999).

Materials and methods

Plant material

The potato population consisted of 67 genotypes derived from
a cross between two diploid clones: USW5337.3 (coded C:
S. phureja x S. tuberosum) (Hanneman and Peloquin 1967) and
77.2102.37 [coded E: USW5337.3 x (S. vernei x S. tuberosum)]
(Jacobsen 1980). Clone C is late maturing and susceptible to late
blight, clone E is mid-early and moderately susceptible to late
blight. This population was also used in previous genetic studies
(e.g. Jacobs et al. 1995; Van Eck 1995).

Evaluations of late blight resistance and foliage maturity type

Resistance against P. infestans and foliage maturity type were
evaluated in separate field trials. No fungicides were applied to the
crops for assessments of late blight resistance, whereas those for
foliage maturity type assessments were fungicide protected.

Field-tests for late blight resistance

The population was evaluated for foliage resistance to late blight
in field trials in 3 consecutive years: 1995, 1996 and 1997. In
1995 only 35 individuals of the population were evaluated, where-
as all 67 individuals were tested in the 2 successive years. The tri-
als were located on sandy soil near Wageningen (the Netherlands)
and consisted of three randomized complete blocks. Each geno-
type was present in a plot of two plants in each block; these
two-plant plots were treated as single experimental units. Inoc-
ulations were performed with a spore suspension of race
1.2.3.4.5.6.7.10.11 of P. infestans (IPO82001); the composition of
this complex race of the pathogen was confirmed by an R gene
differential-set of potato varieties that was part of the field trial in
1996. Plants were inoculated approximately 8 weeks after emer-
gence, plants and soil were thoroughly wetted prior to inoculation
and the spore suspension was applied late in the evening using a
tractor-driven sprayer. Subsequently, overhead irrigation was ap-
plied to sustain the development of the epidemic (for details see
Colon and Budding 1988). Disease assessments were made at
weekly intervals over a period of 5 weeks after inoculation. The
data collected were used to calculate the normalized or relative ar-
ea under the disease progress curve (AUDPC) (Shaner and Finney
1977; Fry 1987). Normalized AUDPC-values range between 0 and
1 and reflect both disease development and disease severity, re-
sulting in high values for susceptible genotypes and low values for
resistant genotypes.

Field-tests for foliage maturity type

All 67 individuals of the population were evaluated for foliage
maturity type in field trials in the years 1991 and 1994. The trials



were located on clay soil in Wageningen (the Netherlands) and
both consisted of three randomized complete blocks. Each geno-
type was present in a plot of four plants in each block; these four-
hill plots were treated as single experimental units. Assessments
of foliage maturity type were based on visual classification of se-
nescence of the foliage, using an ordinal scale ranging from 2 (late
maturing) to 9 (early maturing) (Anonymous 2001). Evaluations
were performed once each year, at the stage when the standard va-
riety Bintje (mid-early; score 6.5) was just starting to senesce (for
details see Van Eck 1995).

Data analysis

Averages for AUDPC and foliage maturity type were estimated
with the residual maximum-likelihood (REML) method (Patterson
and Thompson 1971) of GenStat 5 (GenStat 2000). Averages per
year were calculated with the factors year, year x replication, gen-
otype and year x genotype as fixed, and the factor year x replica-
tion x genotype as random. Multiple year averages were calculat-
ed with the factors year, year x replication and genotype as fixed,
and the factors year x genotype and year x replication x genotype
as random.

The frequency distribution of phenotypic classes of foliage re-
sistance to late blight was tested for skewness according to Sokal
and Rohlf (1969).

To estimate the genetic part of the total observed phenotypic
variation, broad-sense heritabilities of late blight resistance and
foliage maturity type were calculated: the respective genotype
variance component was divided by the respective sum of all vari-
ance components (Hanson 1963). Variance components were esti-
mated with REML in GenStat 5, using the factors year and year x
replication as fixed, and the factors genotype, year x genotype and
year x replication x genotype as random.

Construction of genetic maps

The initial genetic map of the population consisted of RFLP, iso-
zyme and morphological markers (Jacobs et al. 1995) and was ex-
panded with AFLP markers (Van Eck et al. 1995). Improvement of
this map was necessary to perform a reliable QTL analysis with
the Interval/MQM-mapping procedure. Interval/MQM-mapping
considers flanking markers when estimating QTL effects on a giv-
en map position (Lander and Botstein 1989) and consequently re-
lies on the quality of the genetic map: estimations are biased when
the considered flanking markers are not the right ones.

Two separate maps were made: one for the female parent (C)
and one for the male parent (E). Optimization was done mainly by
removing markers and individuals with many missing values (Jan-
sen et al. 2001). Linkage analysis for the construction of the maps
was performed with JoinMap 3.0 (Van Ooijen and Voorrips 2001).

QTL analysis

QTLs for resistance against P. infestans and for foliage maturity
type were identified using three different methods. In Method 1,
the significance of individual markers for each trait was tested by
analysis of variance (ANOVA) in GenStat 5. In Method 2, the
analysis was done with the Kruskall-Wallis procedure of MapQTL
4.0 (Van Ooijen et al. 2000). Methods 1 and 2 do not take the
map-position of the individual markers into account and are thus
insensitive to map quality. In Method 3, the Interval/MQM-map-
ping procedure of MapQTL 4.0 was used, which does consider the
position of the markers on the genetic map (Lander and Botstein
1989) and also includes the presence of other QTLs for the same
trait (Jansen 1994). This Interval/MQM-mapping procedure is the
most powerful, but also the most sensitive to error, since it de-
pends on a good marker order. Therefore, Methods 1 and 2 were
used to verify the Interval/MQM-mapping results.

The presence of interaction between two QTLs for the same
trait was estimated with REML in GenStat 5. Calculations were
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made with the fixed factors QTL/marker 1, QTL/marker 2 and
QTL/marker 1 x QTL/marker 2.

The percentages of variation accounted for, as provided by
MapQTL 4.0, could not be used due to the presence of interaction
between QTLs for the same trait. The MapQTL 4.0 estimations of
variation accounted for are based on a simple, additive genetic
model and thus not valid when epistatic effects are involved.
Therefore, the percentage of variation that could be accounted for
by a single locus or by an interaction was based on variance com-
ponents that were estimated with REML in GenStat 5, using all
factors [QTL/marker(s), interaction(s)] as random (Alonso-Blanco
et al. 1998). The experimental design enabled data analyses which
ensured that the total amount of variation that could be accounted
for was mostly genetic. Because of missing values the data were
not orthogonal and consequently the percentages of variation ac-
counted for do not add up. However, these approximate estima-
tions are relevant for comparison with other results.

QTL analysis of associated traits

The effect of the association between late blight resistance and fo-
liage maturity type on the detection of QTLs for these two traits
was studied in more detail. This detailed QTL analysis was per-
formed with three different tests to correct resistance to late blight
for foliage maturity type (estimated multiple year average).

In Test 1, foliage maturity type was added as a covariate to
ANOVA in GenStat 5; the significance of individual markers for
late blight resistance was therefore directly adjusted for foliage
maturity type. This was different from Tests 2 and 3 in which the
phenotypes for resistance against P. infestans (AUDPC-values)
were first corrected for foliage maturity type, and then new QTL-
analyses were performed. AUDPC-values were re-calculated with
foliage maturity type added as a covariate to REML in GenStat 5,
and then used as new input for the QTL analyses with both the
Kruskall-Wallis (Test 2) and the Interval/MQM-mapping (Test 3)
procedures of MapQTL 4.0.

Results
Phenotypes
Foliage resistance to late blight

The C x E population displayed a rather normal distribu-
tion for late blight resistance (slightly, but significantly
skewed to the left; p < 0.0005) and transgressive segre-
gation (Fig. 1). Resistance to late blight was not caused
by one of the 11 known R genes: guaranteed by the use
of a complex race of the pathogen and the presence of
symptoms on all 67 individuals, excluding absolute re-
sistance due to R8 or R9 (inoculum not virulent to RS
and R9). The 3 year average AUDPC was 0.55 for the
susceptible female parent (C) and 0.50 for the moderate-
ly susceptible male parent (E). Even though differences
between years were significant, this did not result in the
detection of dissimilar QTLs in different years.

Broad-sense heritability for late blight resistance was
estimated at 0.54, indicating that about half of the ob-
served variation was genetic and thus selectable.
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Fig. 1 Frequency distribution of phenotypic classes of foliage re-
sistance to late blight. Data of population C x E (USW5337.3 x
77.2102.37), collected in 3 years (1995: 35 individuals, 1996
and 1997: 67 individuals) and expressed in normalized AUDPC-
values. Presented are the data of each year separately, the estimated
3 year average, and the parental values (indicated by “C” and “E”)

Foliage maturity type

The C x E population displayed a bimodal distribution for
foliage maturity type with peaks near each of the parental
values (Fig. 2), suggesting the presence of a major gene or
major QTL for foliage maturity type. The 2 year average
for foliage maturity type was 3.9 for the late female parent
(C) and 7.0 for the mid-early male parent (E). Differences
between years were significant but this did not result in
the detection of dissimilar QTLs in different years.

Broad-sense heritability for foliage maturity type was
estimated at 0.79, indicating that most of the observed
variation was genetic and thus selectable.

Genetic map

Two separate maps were made: one for the female parent
(C) and one for the male parent (E). This study concen-
trated on chromosome 5 of the male parent, for which
the map was composed of 13 markers and had a length
of 36 cM (see Fig. 6).

The initial map of chromosome 5 of parent E was
71 cM (Van Eck et al. 1995), the reduction in map length
(of 35 cM) was mainly caused by discarding markers
with many missing values that originally led to problem-
atic map construction and overestimated genetic distanc-
es. The map of the remaining 13 markers was very simi-
lar to the analogous part of the original map, with only
minor changes in marker order and map distances.

QTL detection

Differences in late blight resistance and in foliage matu-
rity type segregated with alleles from both parents, but

40

late carly

B1991
M 1994

M Average

No. of individuals

>8-10

02 >2-4 >4-6 >6-8

Foliage maturity type

Fig. 2 Frequency distribution of phenotypic classes of foliage ma-
turity type. Data of population C x E (USW5337.3 x 77.2102.37),
collected in 2 years (1991 and 1994: 67 individuals). Presented are
data of each year separately, the estimated 2 year average,
and the parental values (indicated by “C” and “E”)

the contrasts between the alleles of the female parent (C)
were negligible compared to the contrasts between the
alleles of the male parent (E). Therefore, only results of
parent E are presented.

The results of the two single-marker analyses (Meth-
ods 1 and 2) confirmed the results of the Interval/MQM-
mapping procedure (Method 3), which proved that the
genetic map was of good quality and that the use of In-
terval/MQM-mapping was warranted. Only the results of
the Interval/MQM analysis are presented, since this
method is the most powerful.

QTLs for foliage resistance to late blight

QTL analyses were performed for all four data sets of fo-
liage resistance to late blight: i.e. for three individual
years (1995, 1996 and 1997) and the estimated multiple
year average. Although the phenotypic differences be-
tween years were significant, the QTL analyses for all
four data sets yielded very similar results and therefore
only the results of the multiple year average data are pre-
sented. The significance threshold was empirically deter-
mined at Lod 2.7 (p < 0.01; 10,000 permutations) with
the permutation test of MapQTL.

The analysis revealed two QTLs for resistance against
P. infestans: one on chromosome 3 (lod-value: 7.6), and
one on chromosome 5 (lod-value: 11.1). The first locus
accounted for about 25%, and the second locus for about
41% of the total variation for late blight resistance in this
population. For the locus on chromosome 3, individuals
with the Y-allele for the nearest marker (ATG/CTA-178)
were more resistant to late blight than individuals with
the X-allele: the presence of the Y-allele caused an aver-
age reduction in the normalized AUDPC-value of 0.043
(p < 0.001). For the locus on chromosome 5, individuals
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Fig. 3 Distribution of the two alleles (A and B) of marker GP21
on chromosome 5 of parent E, overlaying the frequency distribu-
tion of phenotypic classes of foliage resistance to late blight. Mul-
tiple year average data of population C x E (USW5337.3 x
77.2102.37), expressed in normalized AUDPC-values

with the B-allele for the nearest marker (GP21) were
more resistant to late blight than individuals with the A-
allele: the presence of the B-allele caused an average
reduction in the normalized AUDPC-value of 0.061
(p <0.001). This is illustrated for RFLP marker GP21 on
chromosome 5 that had the strongest linkage with resis-
tance against P. infestans (Fig. 3). All (but one) individu-
als that were susceptible in spite of the presence of the
favourable B-allele for marker GP21 on chromosome 5
had the unfavourable X-allele for marker ATG/CTA-178
on chromosome 3 (see Fig. 4).

There was a significant interaction between the two
QTLs for resistance to late blight: the presence of both
the Y-allele on chromosome 3 and the B-allele on chro-
mosome 5 caused an additional reduction in the normal-
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ized AUDPC-value of 0.083 (p = 0.002). The result of
this interaction is illustrated in Fig. 4 and Table 1: the
combined effect of both alleles is far more than the sum
of the effects of the two individual alleles. The interac-
tion accounted approximately for another 15% of the to-
tal variation for late blight resistance in this population.

QTL for foliage maturity type

QTL analyses were performed for all three data sets of
foliage maturity type: namely, two individual years
(1991 and 1994) and the estimated multiple year aver-
age. Although the phenotypic differences between years
were significant, the QTL analyses for all three data sets
yielded very similar results and therefore only the results
of the multiple year average data are presented. The sig-
nificance threshold was determined at Lod 2.3 (p < 0.01;
10,000 permutations).

The analysis revealed only one QTL for foliage matu-
rity type, which was located near RFLP marker GP21 on
chromosome 5 (lod-value: 17.9). This locus accounted
for about 84% of the total variation for foliage maturity
type in this population. Individuals with the B-allele for
marker GP21 matured later than individuals with the
A-allele for this marker: the presence of the B-allele
caused an average reduction in foliage maturity type of
4 (p <0.001) (Fig. 5).

Detailed analysis of linked QTLs for late blight
resistance and foliage maturity type on chromosome 5

The most important QTL for resistance against P. infest-
ans was found on chromosome 5 and could not be distin-
guished from the (only) major QTL for foliage maturity
type: both QTLs were most closely linked to the same

Fig. 4 Phenotypic correlation 0.7
between late blight resistance
and foliage maturity type, com-
bined with genotypes of marker
loci near QTLs involved in
these traits. X/Y indicate alleles
of marker ATG/CTA-178

on chromosome 3 and A/B in-
dicate alleles of marker GP21
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Table 1 Average reduction of normalized AUDPC-values in rela-
tion to the allele combinations of marker ATG/CTA-178 (X/Y)
on chromosome 3, and marker GP21 (A/B) on chromosome 5. Es-
timations based on multiple year average data of population C x E
(USW5337.3 x 77.2102.37)

GP21 (chromosome 5) ATG/CTA-178 (chromosome 3)

Allele X Y
A 0 0.043
B 0.061 0.187
20
late 1 carly

0O A-allele
M B-allele

No. of individuals
S

v

0 .

0-2 >2-4 >4-6 >6-8

>8-10

Foliage maturity type

Fig. 5 Distribution of the two alleles (A and B) of marker GP21
on chromosome 5 of parent E, overlaying the frequency distribu-
tion of phenotypic classes of foliage maturity type. Multiple year
average data of population C x E (USW5337.3 x 77.2102.37)

genetic marker GP21. These results confirmed our previ-
ous assumption of genetic linkage of late blight resis-
tance and foliage maturity type on chromosome 5 and
justified our attempt to study this linkage in more detail
in this population.

The results of all three tests of QTL analysis of asso-
ciated traits were very similar and therefore only the re-
sults of the Interval/MQM analysis are presented. De-
tailed QTL analyses were performed for all four data sets
of foliage resistance to late blight: namely, 3 individual
years (1995, 1996 and 1997) and the estimated multiple
year average; multiple year average data of foliage matu-
rity type were used as a covariate. The QTL analyses for
all four data sets yielded very similar results and there-
fore only the results of the multiple year average data are
presented.

The analysis revealed two QTLs for resistance against
P. infestans, both on the same positions as in the previous
analysis in which foliage maturity type was not used as a
covariate: one on chromosome 3 and one on chromosome
5. The significance and the effect of the locus on chromo-
some 3 were almost identical to what resulted from the
analysis without foliage maturity type as a covariate: the
presence of the Y-allele for marker ATG/CTA-178 (lod-
value: 8.1) caused an average reduction in the normalized

Chromosome 5

0.0 7~ AAC/CAG-424.3

6.0 ——— GP21
7.6 1 ACA/CAC-189

15.1 AAC/CAG-231.8
16.6\ E39/M60-10

\, ACA/CAC-142
16.7 ~L1ACA/CAC-317

M\ ' TDs436B

16.9/7 E32/M59-440
17.8/ TDs416
19.0 Ssp88s

-~ Pj
-°- Pi_c

——————

34.0— AAC/CAC-278
35.8—— AAC/CAC-548.3

Fig. 6 Lod-values for foliage maturity type (Mat), late blight re-
sistance (Pi) and late blight resistance corrected for foliage maturi-
ty type (Pi_c) plotted on the map of chromosome 5 of the male
parent (E) of population C x E (USW5337.3 x 77.2102.37). Lod-
values are estimated with the MQM procedure of MapQTL
and based on multiple year average data for both traits

AUDPC-value of 0.046 (p < 0.001). However, the signifi-
cance and the effect of the locus on chromosome 5 were
only half of what was found in the analysis without fo-
liage maturity type as a covariate: the presence of the B-
allele for marker GP21 (lod-value: 7.4) caused an aver-
age reduction in the normalized AUDPC-value of 0.031
(p < 0.001). Figure 6 illustrates the reduction in signifi-
cance of the QTL for late blight resistance on chromo-
some 5 that is caused by the use of foliage maturity type
as a covariate in the analysis.

The interaction between the two QTLs for resistance
against P. infestans had the same effect and significance
as in the previous analysis in which foliage maturity type
was not used as a covariate: the presence of both the Y-
allele on chromosome 3 and the B-allele on chromosome
5 caused an additional reduction in the normalized
AUDPC-value of 0.084 (p = 0.002).

Discussion

Van Eck and Jacobsen (1996) were the first to detect the
close linkage of a QTL for late blight resistance and a
QTL for foliage maturity type on potato chromosome 5;
they hypothesized that a single gene with a pleiotropic
effect might be involved. To test their hypothesis, we
used the same diploid potato population and extended
the phenotypic data, improved the genetic map, and
made use of more powerful statistical tools to detect
QTLs.

Our enhanced analyses confirmed the position of the
two QTLs on chromosome 5: the QTL for resistance to
late blight could not be distinguished from the QTL for



foliage maturity type (only 1 cM apart). These results
imply that, in spite of the improvements, we were still
unable to separate the QTLs for the two traits and thus
that these analyses were insufficient to reject the hypoth-
esis of a single gene with a pleiotropic effect on both late
blight resistance and foliage maturity type.

We then developed a new approach to detect QTLs, in
which both late blight resistance and foliage maturity
type were considered simultaneously. This test examined
whether there was still variation left that could be ac-
counted for by a QTL for resistance against P. infestans,
after the variation for foliage maturity type had already
been accounted for. This approach was implemented in a
QTL analysis for late blight resistance in which foliage
maturity type was used as a covariate.

Resistance to late blight

We detected two QTLs for foliage resistance to late
blight: one on chromosome 3 and another on chromo-
some 5. The location of these QTLs was in accordance
with previous research in other populations (Leonards-
Schippers et al. 1994; Collins et al. 1999; Oberhagemann
et al. 1999; Ghislain et al. 2001), although one popula-
tion had only the QTL on chromosome 3 in common
(Ewing et al. 2000). The interval near marker GP21 on
chromosome 5 is also known to harbour the (recently
cloned) R1 gene for race-specific resistance against P. in-
festans (Leonards-Schippers et al. 1992; Ballvora et al.
2002). The QTL for late blight resistance that we detect-
ed on chromosome 5 was not race-specific (the disease
test with a complex race of P. infestans, virulence for
R1I was included) but is most likely part of the cluster of
genes involved in resistance, which is present on
chromosome 5 linked to marker GP21 (Gebhardt and
Valkonen 2001).

Both QTLs for resistance against P. infestans were
highly significant (p < 0.001) and their additive effect
accounted for about 66% of the total variation for late
blight resistance; an additional (approximately) 15% of
variation was accounted for by the epistatic interaction
of these two loci (p = 0.002). The total of about 81% of
the variation accounted for in race-non-specific resis-
tance against P. infestans is rather high, but not uncom-
mon for disease resistance (Young 1996). The locus that
we detected on chromosome 3 accounted for about 25%
of the total variation for resistance against P. infestans,
which is similar to what was found by Ewing and co-
workers for the same locus (Ewing et al. 2000). The lo-
cus that we found on chromosome 5 accounted for about
41% of the total variation for late blight resistance,
which is similar to the results of Collins and co-workers
for this locus (Collins et al. 1999).

The total of only two QTLs that we detected for late
blight resistance was fairly low, but not unusual (Meyer
et al. 1998; Ewing et al. 2000; Sandbrink et al. 2000).
The two loci accounted for a rather large proportion of
variation for resistance against P. infestans (approxi-
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mately 81%), which implies that very likely other loci
were not heterozygous in the parents of this population.

The frequency distribution of phenotypic classes of
foliage resistance to late blight was slightly, but signifi-
cantly, skewed towards resistance. This was not the re-
sult of our method of evaluation, since the residuals were
distributed normally (data not shown) and therefore the
data did not require transformation. Skewness caused by
distorted segregation due to gamete or zygote selection
(Kreike and Stiekema 1997) was not supported by the
segregation of molecular markers near the two QTLs for
resistance against P. infestans that we detected on chro-
mosomes 3 and 5. Distorted segregation of molecular
markers was found in other populations near these loci
on chromosome 3 (Leonards-Schippers et al. 1994) and
chromosome 5 (Collins et al. 1999). A more plausible
explanation for the skewness in our population appears
to be the epistatic effect of the two QTLs for resistance
to late blight: all individuals in the left tail of the distri-
bution have both the favourable Y-allele for the locus on
chromosome 3 and the favourable B-allele for the locus
on chromosome 5 (Fig. 4) and are thus more resistant
than expected based on additive effects only (Table 1).
Epistasis of QTLs for late blight resistance was also
found by Ewing and co-workers, which also resulted in a
higher level of resistance (Ewing et al. 2000).

Foliage maturity type

We detected only one major QTL for foliage maturity
type in this population. This QTL was located on chro-
mosome 5, it was highly significant (p < 0.001) and ac-
counted for about 84% of the total variation for foliage
maturity type in this population.

The QTL for foliage maturity type was previously
identified as the EI locus by Van Eck (1995). The loca-
tion and the magnitude of the effect of the QTL for fo-
liage maturity type are also in accordance with previous
results from other populations. These other populations
had more than one QTL for foliage maturity type, but the
locus on chromosome 5 was clearly the most important
one (Collins et al. 1999; Oberhagemann et al. 1999).

Genetic linkage of late blight resistance and foliage
maturity type on chromosome 5

The most important QTL for resistance against P. infest-
ans was located very close to the QTL for foliage matu-
rity type on chromosome 5 (their respective highest lod-
values were only 1 cM apart; Fig. 6). Both traits had the
strongest linkage with the same genetic marker GP21.
Resistance to late blight was in coupling phase with
marker GP21, while early foliage maturity was in repul-
sion phase. This implies a negative association between
the two traits, as the B-allele for marker GP21 favours
resistance to late blight whereas the A-allele for GP21
favours early foliage maturity.



324

This outcome confirmed the results of previous re-
search (Van Eck and Jacobsen 1996; Collins et al. 1999;
Oberhagemann et al. 1999) that late blight resistance and
foliage maturity type are genetically linked on chromo-
some 5. The results also explain the virtual non-exis-
tence of potato varieties that are both early maturing and
resistant against P. infestans (Anonymous 2001). The
combination of a major QTL effect (approximately 84%
of variation accounted for) and a high heritability (0.79)
for foliage maturity type enables simple phenotypic se-
lection for favourable early genotypes. Because of the
strong genetic linkage of late blight resistance and fo-
liage maturity type on chromosome 5, this selection for
early foliage maturity will inevitably result in selection
against resistance to late blight. The negative association
between late blight resistance and early foliage maturity
is not only restricted to the locus on chromosome 5: all
QTLs for foliage maturity type that were found in other
populations were, without exception, associated with lo-
ci for late blight resistance. This association always re-
sulted in a loss of resistance to late blight when foliage
maturity became earlier (Collins et al. 1999; Oberhage-
mann et al. 1999; Ewing et al. 2000). As a consequence,
the resistance against P. infestans in early maturing ge-
notypes can only result from QTLs for resistance that are
not linked with QTLs for foliage maturity type, like the
one on chromosome 3 in this research.

Resistance against P. infestans in early maturing ge-
notypes is also hampered by the epistatic interaction of
the two QTLs for late blight resistance in this popula-
tion. All early maturing individuals have the A-allele for
marker GP21 on chromosome 5 and are susceptible to
late blight; the role of the locus on chromosome 3 is con-
sistent, but completely subordinate. Only for the late ma-
turing individuals that all have the B-allele for GP21 on
chromosome 5, the effect of the locus on chromosome 3
becomes relevant (Fig. 4). Apparently, the locus on chro-
mosome 5 influences the expression of the other QTL
for resistance to late blight in this population. Conse-
quently, early foliage maturity not only has a direct nega-
tive association with late blight resistance on chromo-
some 35, but also an indirect negative association with re-
sistance on chromosome 3. This phenomenon has not
been reported before for late blight resistance and foliage
maturity type in potato, but might generally play an im-
portant role in the association of the two traits. We will
check the relevance of this new phenomenon in differ-
ent, larger potato populations of other genetic constitu-
tions, to estimate the impact on resistance breeding in
early maturing potatoes.

Detailed analysis of linked QTLs for late blight
resistance and foliage maturity type on chromosome 5

The detailed analysis of the locus on chromosome 5 re-
vealed the same loci for resistance to late blight as in the
analysis in which foliage maturity type was not used as a
covariate. However, the effect on late blight resistance of

the locus on chromosome 5 was only half of that found
in the analysis without the correction for foliage maturity
type (-0.031 instead of —0.061, p < 0.001); the effects of
the locus on chromosome 3 and of the interaction had
not changed considerably. Obviously, the correction for
foliage maturity type only affects the QTL for late blight
resistance that is closely linked to the QTL for foliage
maturity type. The decrease in significance of the locus
on chromosome 5, which is caused by the use of foliage
maturity type as a covariate, illustrates that we were able
to use foliage maturity type to account for part of the
variation for resistance to late blight on this locus. This
is a strong indication that the two indistinguishable
QTLs for foliage maturity type and for resistance against
P. infestans on chromosome 5 are actually just one gene
with a pleiotropic effect on both traits.

However, there is still a significant effect on late
blight resistance of the locus on chromosome 5 after the
correction for foliage maturity type. This effect may be
due to our rather straightforward approach, or because
there is actually still variation left for resistance to late
blight after correction for foliage maturity type. We can-
not rule out the presence of two closely linked QTLs on
chromosome 5: one with a pleiotropic effect on both late
blight resistance and foliage maturity type, and another
with an effect on resistance against P. infestans only.
This hypothesis of two QTLs on chromosome 5 is not
unlikely, considering the cluster of resistance genes in
this region (Gebhardt and Valkonen 2001), and we will
verify this by using new potato populations with more
individuals derived from different parents.
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