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Abstract Field resistance to late blight — a fungal dis-
ease caused by Phytophthora infestans — has been genet-
ically characterized by analyzing trait-marker association
in a Solanum phureja (phu)xdihaploid Solanum tubero-
sum (dih-tbr) population. Trait data were developed at
three locations over a 3-year period under natural infec-
tion pressure. RAPD (random amplified polymorphic
DNA) and AFLP (amplified fragment length polymor-
phism) markers were used to develop anonymous genet-
ic linkage groups subsequently anchored to potato chro-
mosomes using mapped RFLP (restriction fragment
length polymorphism), SSR (single sequence repeats)
and AFLP markers. RFLP and SSR markers achieved the
most-accurate anchoring. Two genetic maps were ob-
tained, with 987.4 cM for phu and 773.7 cM for dih-tbr.
Trait-marker association was revealed by single-marker
and interval mapping analyses. Two important QTLsS
(quantitative trait loci) were detected on chromosomes
VIl and XII as a contribution from both parents, totalling
up to 16% and 43%, respectively, of the phenotypic vari-
ation (PH). One additional QTL was detected on chro-
mosome X| (up to 11% of the PH) as a contribution from
the phu parent, and three others were detected on chro-
mosome |11 (up to 13% of the PH), chromosome V (up
to 11% of the PH) and chromosome V111 (up to 11% of
the PH) as a contribution from the dih-tbr parent. Our re-
sults reveal new genetic loci of the potato genome that
contribute to resistance to late blight. We postulate that
some of these loci could be related to plant growth under
short-day conditions.
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Introduction

Resistance to late blight of potato has been an old breed-
ing objective since the 19th century: in the 1840 s the
disease caused tremendous damage to the potato crop in
Ireland, resulting in widespread famine and the emigra-
tion of about a million people. This disease is caused by
the oomycete Phytophthora infestans, and the only effec-
tive way to control the disease is by fungicide. Race-spe-
cific reactions to infection leading to resistance have
been characterized from Solanum demissum, a Mexican
wild potato, by 11 R genes that condition resistance with
different kinds of symptoms from invisible to large ne-
crotic areas. This resistance was introgressed into the
cultivated potato early last century. However, the oomy-
cete rapidly overcomes such resistance (often called ver-
tical resistance) and nowadays such gene-for-gene resis-
tance is abandoned. Race non-specific resistance to late
blight has also been found in potato, and breeding and
genetic studies have suggested that it is quantitatively in-
herited. These two criteria, race non-specificity and
polygenic inheritance, have given hope that such resis-
tance would be durable. Today, this idea still stands, as
several resistant potato varieties have now been around
for decades without their resistance breaking down
(Colon et a. 1995a).

Quantitative resistance to late blight was first ana-
lyzed by genetic linkage mapping in a cross be-
tween non-inbred Solanum tuberosum dihaploid parents
(Leonards-Schippers et al. 1994). Eleven quantitative
trait loci (QTLs) were identified on nine potato chromo-
some segments. Surprisingly, some of these QTLs were
found to be race-specific and in some cases were aso
located near known race-specific genes or defense
genes. This finding led to the hypothesis that race-spe-
cific resistance R genes might be extreme allelic vari-
ants of QTLs for quantitative resistance (Gebhardt
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1994). However, Leonards-Schippers et al. (1994) used
aleaf-disk assay of diseased leaves from greenhouse in-
oculations, which may not be representative of field in-
fections. Recently, three genetic analyses of field resis-
tance to late blight were conducted with artificial inocu-
lation (Collins et al. 1999; Oberhagemann et al. 1999;
Ewing et al. 2000). There is now solid evidence to sup-
port the contribution to field resistance of several QTLs
of these maps. The most-significant, in terms of effect
strength and frequency of detection across years and en-
vironments, are the one on chromosome V near the
RFLP probe GP179 and a QTL on chromosome Ill.
Other QTLs have been identified but with much less
contribution to field resistance and are less frequently
detected across trials. These studies have also revealed
that field resistance assessed as foliage resistance is cor-
related with late maturity and vigor. A marker-assisted
genetic approach has been proposed to determine
whether this correlation has a direct relationship with
resistance or is due to linkage drag.

Marker-assisted selection for quantitative resistance
to late blight needs additional genetic studies before it
can be a valid methodology in potato breeding. In partic-
ular, different sources of resistance, and other potato spe-
cies, need to be studied under different environmental
conditions. Our work has tackled this essential question.
Valuable sources of field resistance to late blight have
been characterized in several cultivated South American
potato species (Colon et al. 1995b; Trognitz et al. 1997).
Quantitative inheritance of this resistance and the high
load of unfavourable characteristics in wild and native
potatoes, however, slow down the wide use of this type
of resistance to develop new potato cultivars. In an at-
tempt to overcome these constraints, at least partially, a
molecular marker-based approach has been developed to
identify QTLs for selective introgression into cultivated
germplasm. We selected the native cultivated potato spe-
cies, Solanum phureja, for the genetic analysis of field
resistance to late blight under short-day conditions
(De Maine et al. 1993). Several reasons make this spe-
cies a particularly attractive source of resistance to late
blight. The inheritance of resistance to late blight is pre-
sumably quantitative — often thought to be highly poly-
genic — and no race-specific resistance genes, which
could mask the quantitative resistance, have been ob-
served in this species. Diploid S phureja gives fertile
hybrids when it is crossed as the seed parent with dihap-
loid (2n=2x=24) potato. Many of the hybrids have the
capacity to produce unreduced diploid pollen. Therefore,
these diploid tuberosumxphureja hybrids can be used in
crosses with tetraploid potato varieties to produce tetra-
ploids that carry the resistance genes of S phurgja. S.
phuregja is a cultivated potato that already possesses ad-
vanced agronomic properties and favorable tuber charac-
teristics, aswell as good culinary quality.

In this paper we report the genetic analysis of field
resistance to late blight based on segregation analysis
in hybrids between S. phurgja and S. tuberosum subsp.
tuberosum dihaploid.

Material and methods

PD population and field evaluations

The potato population comprising 246 individuals resulted from
a cross between the diploid S phurgja (P or phu) accession
CHS-625 (kindly provided by H. Andrade, Instituto Naciona
Auténome de Investigacion Agropecuaria) and the S. tuberosum
dihaploid (D or dih-tbr) clone PS-3 (Trognitz et a. 1997). The fe-
male parent CHS-625 was selected because of its high level of re-
sistance to late blight and its fertility (Cafiizares and Forbes,
1995). The male parent PS-3 is highly susceptible to potato late
blight but displays good agronomic performance. This population,
referred to as PD, was selected because it segregates for late blight
resistance in the field. Both parents are susceptible to avirulent
isolates of P. infestans (race zero) and thus do not express any R
genes conferring race-specificity. The direction of the cross (PxD)
was chosen to avoid hybrid male sterility because of incompatibil-
ity of the phu nuclear genes with tbr germplasm (Perez-Ugalde
et al. 1964).

The 246 PD progenies are maintained pathogen-free in vitro,
and plants or tubers used for disease evaluations were raised in the
greenhouse at the location where the evaluations were performed.
Foliage late blight resistance was evaluated in four field experi-
ments: at Quito, Ecuador, in 1997, at Huancayo, Peru, in 1997,
and at Comas (locality Mariscal Castilla), Peru, in 1998 and 1999.
A randomized complete block design was used and each clone
was represented by ten plants in a plot within each of four replica-
tions. The percent of diseased foliage per plot was evaluated at
weekly intervals for 6 or 8 weeks. The data were log(arcsin) trans-
formed to improve the normality of distribution, and an analysis of
variance (ANOVA) was carried out for each reading within each
experiment for the factor clones. Phenotypic variance based on the
plot mean of each clone was used to calculate broad-sense herita-
bility according to Nyquist (1991). The last four disease readings
within each experiment had the relative largest broad-sense herita-
bility (H2>0.50) and, therefore, the average disease for these four
readings was chosen as the phenotypic expression of the disease
level. The percent of diseased foliage was correlated with the area
under the disease progress curve (AUDPC) with r>0.97 and was
therefore used directly for further analyses.

DNA extractions and molecular-marker assays

All molecular methods have been recently compiled in a laborato-
ry manual available at the International Potato Center (CIP) or on
request by e-mail to mbl@cgiar.org (Ghislain et a. 1999). Only
protocols that have been modified from the original publications
are reported here.

Random amplified polymorphic DNA (RAPD)

Adapted from Williams et a. (1993), typically RAPD reactions
were conducted with 10 ng of DNA in a 1x PCR buffer (10 mM
Tris HCI, pH 8.3, 50 mM KCI, 1.5 mM MgCl,, 0.1% Triton-X),
0.2 mM of each dNTPR, 20 ng of RAPD primer and 0.5 U of Taq
polymerase. Reactions were set up in microplates and processed in
an MJ Research model PTC-100 PCR thermocycler with the fol-
lowing cycles: 1 cycle at 94°C for 3 min, 40 cycles at 94°C for
1 min plus 35°C for 1 min plus 72°C for 2 min, and 1 cycle at
72°C for 7 min. Reactions were then loaded onto standard 1.4%
agarose gels using Tris-borate buffer. Amplification products were
visualized using ethidium bromide fluorescence under UV light.

Amplified fragment length polymorphism (AFLP)
Adapted from Vos et al. (1995), high quality genomic DNA (1 pug)

was first restricted in a 3-h reaction at 37°C in 10 mM of Tris H
Acetate, pH 7.5, 10 mM of MgCl,, 50 mM potassium acetate,



5 mM of DTT, 5 pg of BSA using ten units of EcoRI and four
units of Msel. Complete restriction digestion was controlled
on 1% agarose-gel electrophoresis. ECOA and MseA adaptors
(0.2 mM and 1 mM respectively) were then ligated in a 3-h reac-
tion at 37°C in the same buffer used for the restriction digestion
plus 2 mM of ATP with 1 unit of T, DNA ligase. The reaction so-
lution was then diluted with T,,E;, (end volume 200 W) and
stored at —20°C. Then 5 pl were pre-amplified using EcoAl and
MseA1l (30 ng each) in 1xPCR buffer (10 mM Tris HCI, pH 8.3,
1.5 mM MgCI, 50 mM Kcl), 0.2 mM of each dNTP, and 0.4 units
of Taq polymerase. PCR amplifications were performed with 20
amplification cycles at 92°C for 60 s plus 60°C for 30 s plus 72°C
for 60 s. The pre-amplification reaction was diluted to 500 pl in
T10Eq, and stored at —20°C until use. Selective amplification of
restricted fragments was performed using selective primers. The
EcoRI primer (5 ng) was labeled using yP33 ATP (10 uCi/pl of
2,000 Ci/mmol) at 37°C for at least 30 min in 1xT, kinase buffer
(25 mM Tris HCI, pH 7.5, 10 mM MgCl,, 5 mM DTT, 10 mM
spermidine [3 HCI form], and 1 unit of T, kinase). The enzyme
was denatured at 70°C for 10 min. The labeled primer was added
to 5 pl of the pre-amplified reaction to proceed to the amplifica-
tion with the other selective Mse primer (30 ng). Reactions were
done in 1xPCR buffer, 0.2 of each dNTP, 0.4 units of Taq poly-
merase with: 1 cycle at 94°C for 30 s plus 65°C for 30 s plus 72°C
for 60 s; 12 cycles at 94°C for 30 s plus (65-0.7)°C in each cycle
for 30 s plus 72°C for 60 s, 22 cycles at 94°C for 30 s plus 56°C
for 30 s plus 72°C for 60 s. Amplification products were separated
using standard 6% denatured (7 M urea) polyacrylamide gel-elec-
trophoresis and detected using autoradiographic procedures. AFLP
adaptors and primers follow the authors’ codes.

Single sequence repeats (SSR) or microsatellites

Adapted from Provan et a. (1996), genomic DNA (10 ng) was
amplified using SSR primers (5 pmol each) in 1xreaction buffer
[90 mM Tris base, 20 mM (NH,),SO,, 2.5 mM MgCl,, adjust to
pH 9.0 with HCI], 0.2 mM of each dNTPR, and 1 unit of Taq poly-
merase. PCR (polymerase chain reaction) was conducted as fol-
lows: 1 cycle at 94°C for 3 min, 30 cycles at 94°C for 1 min
plus T,,, (determined for each primer pair) for 2 min plus 72°C
for 1.5 min, and 1 cycle at 72°C for 5 min. Amplification products
were detected using standard polyacrylamide denaturing gel-elec-
trophoresis and silver-stained.

Genetic linkage groups and maps construction

AFLP and RAPD markers, used to construct the PD genetic link-
age groups, are dominant markers. Polymorphic DNA markers de-
riving from each parent at heterozygous loci are expected to dis-
play a 1:1 segregation ratio of its marker alleles (presence of the
band versus absence of the band) in the PD population. Non-poly-
morphic bands, segregating in the progeny in a 3:1 ratio, were not
considered due to limitations of the software used for linkage
analysis. Deviation from the 1:1 expected ratio, referred to as
marker skewness, was measured using a goodness of fit x2 test
with one degree of freedom. Linkages between markers were ana-
lyzed separately for each parent. Dominant marker segregation in
the offspring of heterozygous parents was given an arbitrary code
(1 and 0). Linkage analysis was done using MAPMAKER/ExP v3.0b
software. MAPMAKER considers only coupling configurations for
calculating recombination frequencies. Hence, each marker was
encoded both 1:0 and 0:1. In this way it can be ensured that the
appropriate configuration is always found and two sets of identical
linkage groups with alternate configurations are obtained. This
program does not handle data corresponding to the F; segregation
of markers from heterozygous parents. However, the observed in-
heritance is analogous to the one corresponding to an F, backcross
if: (1) the presence of a band in an offspring is explained by the
occurrence of one locus producing the band and one producing a
null allele (no band), and (2) the absence of a band in an offspring
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is explained by two null alleles at the marker locus. Hence, the F,
backcross model of mMAPMAKER/ExP v3.0b is applicable using
marker data for each parent. Two genetic linkage maps were pro-
duced using a LOD threshold of 5 and a 30-cM recombination dis-
tance. Marker order was determined and tested using a LOD
threshold of 3 and tested by a permutation of marker order for the
five consecutive markers at LOD >3 (ripple 5, 3 command of MAP-
MAKER/EXP v3.0b).

Anonymous linkage groups were associated and oriented (an-
chored) to known potato chromosomes by using mapped AFLP,
SSR and RFLP markers. Eight AFLP primer combinations have
been used to generate AFL P markers anchored to the potato genet-
ic map (Van Eck et a. 1995; Rouppe van der Voort et al. 1997).
AFLP markers originating from the same primer combination and
with the same gel mobility were assumed to map to identical loci.
Comparison with the PD mapping population was done with DNA
from five parents of the mapping populations used to develop the
AFLP catadlog (Rouppe van der Voort et al. 1998). Sixty eight
primer pairs of microsatellites were used as anchors for the potato
maps (Provan et a. 1996; Milbourne et al. 1998). In addition, two
RFLP markers per chromosome were selected to anchor linkage
groups to the potato map (Gebhardt et al. 1991; Tanksley et al.
1992).

Analyses of trait-marker association

Trait-marker association was analyzed using the following statisti-
cal tests. Single-marker analysis was used to detect associations
between marker (genotypic) classes (presence or absence of the
band) and their respective phenotypic values (level of late blight
resistance). Significance of association was determined with a
two-sample Student’s t-test. This test detects whether the means of
the phenotypic values for two genotypic classes differ significant-
ly. The interval mapping method using LOD score (Lander and
Botstein 1989) was applied through the use of MAPMAKER/QTL
v1.1b software and Qgene software (Nelson 1997). The QTL al-
lele combination was tested by applying the 4-allele model of
Schéfer-Pregl et al. (1996).

Results
Phenotypic data of the PD population

The genetic mapping work was conducted on 92 proge-
nies selected at random from the 246 individuals of the
PD population. Field evaluations were devel oped at three
locations during 3 years. This generated four data sets
(Fig. 1 A). Good correlations (r=0.37 and 0.75: Fig. 1B)
were observed between data sets using transformed val-
ues. Each data set was analyzed separately in the QTL
anaysis.

Genetic linkage maps

RAPD and AFLP markers were scored on 92 hybrids se-
lected at random from the PD population to develop ge-
netic linkage groups for each parent. Severa markers
displayed a skewed segregation when tested by a X2 test
at P<0.01. These were predominantly derived from the
dih-tbr parent and were not included in the genetic maps.
Both female- and male-derived genetic maps have been
constructed (framework markers are shown on Fig. 2).
Linkage between markers was declared at a high confi-
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Fig. 1A, B Phenotypic classes
of field resistance to late
blight and correlation between
evauations. A frequency
distribution of transformed
percent of diseased foliage
for the 92 hybrids and parents
(P=phu and D=dih-tbr) for
four data sets (parents were
not evaluated in Quito 1997);
B correlation coefficients
between the four data sets
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dence level. Only one marker for each parental map
could not be linked significantly to one of the linkage
groups out of a total of 240 markers for the phu parent
and 386 markers for the dih-tbr parent. Markers were or-
dered at high confidence with the exception of one link-
age group (chromosome VII) which was ordered at
LOD>2.4 for the dih-tbr map.

The phu linkage map consists of 72 RAPD and 168
AFLP markers assembled into 12 linkage groups sum-
ming up 987.4 cM. The map length of the phu parent is
comparable in size with that of other potato maps (Tank-
dey et al. 1992, Jacobs et al. 1995). The dih-tbr map was
constructed from 98 RAPD and 288 AFLP markersin 12
linkage groups totaling 773.7 cM. This map is less com-
plete due in part to higher number of skewed markers,
which were not considered in map construction.

Each linkage group (12 for each parent) was anchored
with RFLP, SSR and AFLP mapped markers (Fig. 2).
This process resulted in the unambiguous identification
of all chromosomes and their alignment with respect to
the potato genetic map (Tanksley et al. 1992). We were
able to identify unambiguously 18 and 38 AFLP anchors
to the potato genetic map for the phu and dih-tbr maps,
respectively. These anchors represent 85 and 57% of
mapped AFLP markers. Microsatellites with known
position on the potato genetic map were used on 44 PD
genotypes selected randomly. This provided 12 and
21 SSR anchors for the potato genetic map and the phu
and dih-tbr maps respectively. These anchors represent
92 and 75% of the mapped SSR markers. Selected RFLP
were mapped on 51 genotypes selected randomly result-
ing in the identification of 18 and 21 anchors to the pota-
to genetic map for the phu and dih-tbr maps respectively.

These anchors represent 86 and 84% of the mapped
RFLP markers. Of the three classes of markers, AFLP
markers presented homoplasic bands (same primer com-
bination and gel mobility, but different loci) more fre-
guently. We found 15 and 18% homoplasic bands for the
phu and dih-tbor maps, respectively. SSR and RFLP
markers also revealed new genetic loci, three out of
41 SSRs and one out of 46 RFLPs. A total of 39 mapped
markers could not anchor the linkage groups derived
from the male parent because of the skewness and distal
position of these markers. Such an observation corrobo-
rates the difference in map length for the male-derived
map with the published potato maps.

Genetic analysis of field resistance

Analysis of trait-marker association was performed for
each genetic map independently for the four phenotypic
data sets of field resistance to late blight (Huancayo 97,
Quito 97; Comas 98; Comas 99) and is illustrated in
Fig. 3. Two methods were used in paralel: simple re-
gression for single markers using an F test (association
was rejected at P<0.05) and the interval mapping method
for both phu and dih-tbr maps (QTLs were not consid-
ered significant at LOD<2).

Noteworthy was the fact that simple regression anal-
ysis, performed with individual trait data, revealed only
three chromosomes (VI1, X1, XII) derived from the fe-
male parent bearing genetic components determining re-
sistance to late blight in at least one of the trait evalua-
tions (significance indicated for each marker in Fig. 3).
The interval mapping method (illustrated as a LOD
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Table 1 R2value (%) of QTLs for four sets of trait data using sin-
gle-marker analysis (SM) at P<0.01 and interval mapping (IM) at
LOD>2. The total represents the % of variance explained for the
model as obtained by multiple-regression analysis. Q represents
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the most-significant marker at a QTL locus from the phu (P) and
dih-tbr (D) parents, and the roman number indicates the chromo-
some assignation

Locus of Phu parent

R2 value (%) for different locations and methods

Huancayo 97 Quito 97 Comas 98 Comas 99
SM IM SM IM SM IM SM IM
Qpvii n.s.a n.s. n.s. n.s. n.s. n.s. 9.1 n.s.
x| n.s. n.s. 10.9 10.7 8.0 n.s. 9.9 n.s.
BX I 15.2 15.6 10.3 115 n.s. n.s. 8.4 n.s.
Qevit+xin 15.2 10.3 8.0 16.1
Qp Total 19.2 22.7 8.0 21.8
Locus of dih-thr parent
Qo n.s. n.s. 12.7 13.0 n.s. n.s. 9.9 10.1
DV 11.0 14.0 7.5 n.s. 8.5 n.s. 8.8 n.s.
Qo n.s. n.s. n.s. n.s. 16.4 17.6 23.2 23.2
VI 11.2 139 8.6 n.s. n.s. n.s. n.s. n.s.
oXII 17.0 25.1 18.0 26.5 8.2 n.s. 16.0 29.2
Qoviisxin 17.0 18.0 36.7 43.3
Qp Total 40.8 47.9 385 55.7

an.s., not significant

score plot in Fig. 3) detected only the QTLs on chromo-
somes XI| and XII repeatedly for two field evaluations.
Therefore, the effect on chromosome VII from the fe-
male parent remains to be confirmed by additional field-
testing.

Using the dihaploid genetic map, simple regression
analysis performed with individual trait data revealed at
least eight chromosome segments having a QTL effect
(1, 11, 1V, V, VI, VI, X and XI1) for at least one of the
trait evaluations, at significance levels ranging between
P<0.01 and P<0.0001. When the interval mapping meth-
od was applied, similar results were found with six chro-
mosome (I11, V, VII, VIII, X and XIl) having a signifi-
cant QTL effect on field resistance. As the QTL effects
on chromosomes |, 1V and X were observed only for one
set of trait evaluation data, we consider these QTLSs less-
reliable than the other five detected.

Variance explained by the QTL

Both types of analysis (single-marker and marker-inter-
vals) allow an estimation of the strength of each QTL by
the percentage of trait variation (see Table 1). However,

Fig. 3 QTL locations on the genetic linkage maps of the phu and
dih-tbr parent: QTLs are represented as LOD-score plots only for
chromosomes with an association with field resistance in at least
two or more data sets either by single-marker (P<0.01) or interval
mapping (LOD>2). The lowest P value among the four data setsis
indicated next to the markers associated with field resistance at a
minimum of P<0.05. Only bridging markers are repeated from
Fig. 2. Data sets are (——-) Huancayo 97, (— - —) Quito 97, (- )
Comas 98, (—) Comas 99

the interval mapping method provides a better estimate
as it considers the interval between markers rather than
the marker itself as the location of the QTL (Lander and
Botstein 1989). To estimate the effect of all detected
QTLs on phenotypic variance, a multiple regression
analysis was conducted considering all markers signifi-
cantly associated (P<0.01) with the trait in the single-
marker analysis (Qp or Qp, total in Table 1).

Both types of analyses, single-marker and interval
mapping, reveal a QTL model for field resistance to late
blight as follows:

(1) Three QTLs from the phu parent contribute up to
23% of the phenotypic variation of the field resis-
tance. The QTL with the largest effect is located on
chromosome X1 (Qpy,;)- The second most important
and reproducible is the one on chromosome XI
(Qpx1)- Note aso the small QTL on chromosome VI
(Qevi):

Five QTLs from the dih-tbr parent contribute togeth-
er up to 56% of the phenotypic variation for field re-
sistance. The QTL with the biggest effect is located
on chromosome XIl (Qpyx,,) followed closely by a
QTL on chromosome VIl (Qpyy,)- Three additional
QTLs, on chromosomes |11, V and VIII, are repeat-
edly found with moderate effects.

2

Two QTLs from both parents coincided in being present
on the same chromosome: one pair on chromosome VI
and one on chromosome XII. These account for up to
16 and 43% of the phenotypic variation for the phu and
dih-tbr parents respectively.

The interaction between alleles from both parents can-
not be assessed accurately using dominant markersin an
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Table 2 QTLs for field resistance to late blight detected using the four-allele model for the interval between markers S121 and

STMO0003 of chromosome X1

Tria location Nb pe Mean trait value2

Qpxit Qoxil Qpxit Goxil Aexit Qoxii Apxit Yoxin
Huancayo 97 74 0.00023 3.26557 3.31774 3.32518 3.67810
Quito 97 77 0.00062 3.75070 3.74997 3.77166 4.05171
Comas 98 75 0.049274 4.11390 4.25819 4.16901 4.38289
Comas 99 76 0.00080 3.48610 3.91191 3.69494 4.02050

a For each genotypic class, Q and q represent the QT alleles with
and without an effect

F, population because maps cannot be aligned and phases
are not known. However, co-dominant markers can serve
as bridges to allow lining up of both maternal and pater-
nal maps and testing alelic interaction at the marker lo-
cus. We performed such an analysis for chromosome XII,
which shows QTL effects from both parents and for
which three bridging markers were mapped using the
four-allele model of Schéfer-Pregl et al. (1996). QTL ef-
fects were detected in the interval between markers S121
and STMO0003 (Table 2). The means of the trait value for
each genotypic class vary in a consistent manner for the
four data sets. Indeed, QTLs from both parents contribute
positively to increase the field resistance.

Discussion

We have taken advantage of the non-inbred nature of
the potato by using its high heterozygosity to generate
genetic maps in the first hybrid generation (H,). The
hybrids fall into four genotypic classes at each locus
(Leonards-Schippers et a. 1994). These genotypic class-
es can be used to study phenotypic variation of the trait
if at least one of the parents is heterozygous at this locus.
RAPD and AFLP markers are dominant markers that
present three expected segregation ratios in an H;. A
monomorphic 1:0 segregation is indicative of a homozy-
gous locus and hence is not informative for map con-
struction. A 1:1 segregation corresponds to a polymor-
phic and heterozygous locus useful for map construction.
And a 3:1 segregation is indicative of a marker that isin
a heterozygous state in both parents, but in homozygous
and heterozygous states in the progeny which cannot be
distinguished for such a segregation ratio. Two genetic
maps were constructed, one for each parent, using these
anonymous markers, and AFLP, RFLP and SSR markers
previously mapped in other genetic mapping studies
were used to identify and orient each chromosome. Con-
sidering reproducibility, cost, and time, the present work
allows us to conclude that a combination of AFLP and
SSR markers is most appropriate for efficient genetic
map-construction in potato.

A significant correlation was observed among the
four data sets collected under three different environ-
ments for 3 consecutive years, which is indicative of

b Number of genotypes pertaining to each genotypic class
¢ Significance level at which H, (no QTL) isrejected

common genetic components acting in concert across en-
vironments.

An initial attempt to apply markers associated to late
blight resistance failed to detect associations with resis-
tance on a potato population (data not shown). The
markers tested were those flanking QTLs found in the
leaf-disk assay for plants grown under different condi-
tions (Castillo 1998). Only markers on chromosome V
were associated weakly, but significantly (P<0.05), with
resistance to late blight in the present PD mapping popu-
lation. Contrasting with this first disappointing genetic
analysis, the QTL analysis revealed three QTLs from the
phu parent and five from the dih-tbr parent. Two QTLs
are detected on the same chromosomes (VII and XI1),
possibly at an homologous location. The most important
QTL effect is on chromosome XII, with a large effect on
the variation of field resistance to late blight. Most of the
QTLs detected in the PD genetic maps locate at different
map positions to those found by other groups (L eonards-
Schippers et al. 1994; Meyer et al. 1998; Collins et al.
1999; Oberhagemann et al. 1999; Ewing et al. 2000).
The coincidence between the main QTL effect in a Sola-
num berthaultii and a dihaploid S. tuberosum population
(Ewing et al. 2000) and the QTL effect detected on chro-
mosome |11, are noteworthy. However, as a general over-
view of QTL-mediated resistance to late blight, the ge-
netic base of late blight field resistance in the PD popu-
lation differs in important respects from other genetic
studies according to published map locations. We have
used one species in common with other genetic mapping
(S. tuberosum subsp. tuberosum) and have generally not
found a similar genetic component associated with field
resistance. This result can have several interpretations. It
could simply be due to homozygosity at the respective
loci in genetic material used by the respective groups,
but it could also be due to a different response to the late
blight disease under different day length conditions. Be-
cause potato is a highly heterozygous crop, we feel that
the first interpretation is less likely than the second,
although we cannot at present rule out the first hypothe-
sis. Hence, we propose that day length difference is re-
sponsible for at least some of the genetic-analysis differ-
ences observed. Indeed, field resistance to late blight has
been recently suggested to be more a physiological re-
sponse than a strict plant response to a disease (Collins



et a. 1999; Oberhagemann et a. 1999). Earliness and
plant and foliage vigor were highly correlated with QTLs
for field resistance in this study. Additionally, quantita-
tive resistance to late blight and late maturity (dependent
on day length) have been generally observed to be corre-
lated (Colon et al. 1995a).

Another complication arises from the predominant
contribution to field resistance from the susceptible par-
ent. This observation is not uncommon in the case of
late blight, as has been aready reported by Leonards-
Schippers et a. (1994). The phu and dih-tbr QTL maps
coincide for four QTLs out of eight. This result highlights
the difference between potato species for QTL architec-
ture conferring field resistance to late blight. However, we
do not know if thisis also true for other potato species.

Future developments that will be needed before mark-
er assisted selection becomes areality in potato breeding
are the development of additional QTL maps from more-
diverse sources of germplasm field-tested in various en-
vironments. The application of QTL-associated markers
from the present study will aid in the selection of geno-
types with field resistance to late blight. The validation
of this selection process will also require a few rounds of
additional field testing.
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