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Abstract We have constructed a partial linkage map in
tetraploid potato which integrates simplex, duplex and
double-simplex AFLP markers. The map consists of 231
maternal and 106 paternal markers with total map
lengths of 990.9 cM and 484.6 cM. The longer of the
two cumulative map lengths represents approximately
25% coverage of the genome. In tetraploids, much of the
polymorphism between parental clones is masked by
`dosage' which signi®cantly reduces the number of in-
dividual markers that can be scored in a population.
Consequently, the major advantage of using AFLPs ±
their high multiplex ratio ± is reduced to the point where
the use of alternative multi-allelic marker types would be
signi®cantly more e�cient. The segregation data and
map information have been used in a QTL analysis of
late blight resistance, and a multi-allelic locus at the
proximal end of chromosome VIII has been identi®ed
which contributes signi®cantly to the expression of re-
sistance. No late blight resistance genes or QTLs have
previously been mapped to this location.
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Introduction

The European cultivated potato (Solanum tuberosum
ssp. tuberosum) is a highly heterozygous autotetraploid
with four homologous sets of twelve chromosomes
(2n � 4x � 48). Studies using contemporary genetic
approaches have focused on diploid accessions to avoid

the problems of interpretation associated with working
at higher ploidy levels. Using diploids, linkage maps
based on RFLP, RAPD, and AFLP markers have been
constructed (Bonierbale et al. 1988; Gebhardt et al.
1991; Jacobs et al. 1995), and these have been used to
map major genes (Ritter et al. 1991, Van Eck et al. 1993)
and the genetic components of polygenic characters
(Bonierbale et al. 1994; Leonards-Schippers et al. 1994).
Molecular markers have also been used to identify and
select speci®c genotypes for genetic studies (Meyer et al.
1993), and for genotyping diploid and tetraploid clones
(Gorg et al. 1992; Demecke et al. 1993).

Most traditional potato breeding takes place at the
tetraploid level, where a major objective is the combi-
nation of durable resistance to Phytophthora infestans
(Mont.) de Bary, the cause of late blight (LB), and to the
white potato cyst nematode Globodera pallida (Stone)
Behrens (PCN). These resistance `traits' display contin-
uous variation in segregating populations and are as-
sumed to be controlled by several genetic loci which act
collectively on the expression of resistance. The com-
ponent loci cannot be recognised by simple Mendelian
analysis because discrete phenotypic classes cannot be
identi®ed. Although quantitative traits are very di�cult
to manipulate at a practical level, the genetic loci con-
trolling quantitative traits (QTLs) can be identi®ed
through linkage to genetic markers (Paterson et al.
1988).

Tetrasomic inheritance implies the random pairing of
four homologous chromosomes at meiosis, and in a
highly heterozygous outbreeding species results in a
large number of possible allelic combinations at a single
locus. In the most extreme case, eight di�erent alleles
could segregate independently in a population, resulting
in 36 possible genotypic classes in the progeny. The
implications of this for the study of quantitative traits
are particularly signi®cant, as these di�erent allelic
combinations could result in the phenotypic transfor-
mation of an essentially Mendelian character into a
`trait' which exhibits continuous variation. Approaches
to the study of genetic linkage in polyploids have been
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proposed (Wu et al. 1992). In the main, these are based
on the use of simplex (or single-dose) markers that are
derived from only one parent and segregate in a 1:1 ratio
in the progeny. These methods have been used exten-
sively in octoploid sugarcane (Sobral and Honeycutt
1993). To identify and merge homologous co-segrega-
tion groups, duplex (or double-dose) and triplex (or
triple-dose) markers have also been exploited in sug-
arcane (Da Silva 1993; Da Silva et al. 1995) and alfalfa
(Yu and Pauls 1993). Hackett et al. (1998) have pre-
sented a simulation study on the use of simplex and
duplex markers to assemble a linkage map in an auto-
tetraploid species.

Here, we have applied molecular marker analysis to a
tetraploid F1 population developed within a potato
breeding programme. Our objectives were to explore the
feasibility of performing linkage analysis, and to exam-
ine the behaviour of quantitative traits, in tetraploid
potatoes. Based on results from a previous study (Mil-
bourne et al. 1997) AFLPs were chosen as the primary
marker system. AFLPs are dominant and are based on
the selective PCR ampli®cation of small restriction
fragments (80±400 bp) of genomic DNA. They allow a
large number of segregating markers to be followed in a
single experiment and have been used for the construc-
tion of high-density linkage maps (Van Eck et al. 1995)
and for saturation mapping (Ballvora et al. 1995) in
diploid potato. Here we describe the results of this tet-
raploid potato experiment and discuss the implications
of these results for marker-assisted selection in a prac-
tical potato improvement programme.

Materials and methods

Plant materials and DNA extraction

A population resulting from a cross between the cultivar Stirling
(male parent) and the advanced SCRI breeding line 12601ab1 (fe-
male parent) was used (Bradshaw et al. 1995). The parents express
complementary quantitative resistances to late blight (Stirling) and
the white potato cyst nematode (12601ab1). The mapping popu-
lation consisted of a subset of 94 randomly chosen F1 plants. The
plants were grown in the greenhouse and 5±10 g of young, fully
expanded leaves were harvested and freeze-dried. Total genomic
DNA was extracted from freeze-dried leaf material using the cetyl
trimethyl ammonium bromide (CTAB) method according to Sag-
hai-Maroof et al. (1984). The quality and quantity of the DNA
were evaluated under UV illumination after ethidium-bromide
staining of 0.8% agarose gels.

A diploid reference population (Gebhardt et al. 1991) was used
to assign sequence-tagged-site (STS) markers to speci®c chromo-
somal locations (Milbourne et al. 1998).

Resistance screens and QTL analysis

Two complex races of Phytophthora infestans were chosen for the
late blight test. These were [1, 2, 3, 4, 7] and [1, 3, 4, 7, 10, 11],
which are virulent on plants bearing the corresponding major re-
sistance genes. Six plants of each parent were inoculated with each
race. No di�erence in response was observed for the same parent
inoculated with di�erent races (data not shown). Testing proceeded
using an inoculum of race [1, 2, 3, 4, 7] at 5 ´ 104 zoospores/ml on
219 out of 262 F1 clones and the two parental lines, planted in two

randomised blocks. There were four plants of each parent in each
block and one of each F1. For inoculation and testing the protocol
of Stewart et al. (1983) was followed. Malcomson's 1±9 scale of
increasing resistance (Cruickshank et al. 1982) was used to score
the level of blight infection.

Associations between markers and resistance scores were tested
using the non-parametric Mann-Whitney U-test (Mann and
Whitney 1947). A signi®cant di�erence between the median blight
scores of marker classes (presence or absence of marker) was in-
terpreted as indicating the presence of a QTL. This ®rst round of
analysis was veri®ed by a permutation test using 1000 repeats, as
described by Churchill and Doerge (1994). The signi®cance level
chosen was 5%.

AFLP assays

AFLP assays were carried out using a modi®cation of the protocol
described in Vos et al. (1995) EcoRI and PstI were obtained from
Boehringer Mannheim, MseI from New England Biolabs, and T4
DNA ligase and T4 polynucleotide kinase from GIBCO BRL.
AmpliTaq, AmpliTaq LD and PCR bu�ers were purchased from
Perkin Elmer and nucleotide triphosphates from Pharmacia. AFLP
primers and adapters were obtained from Genset, Paris, France.
The exact protocol followed is described in Milbourne et al. (1997).
We used 22 EcoRI/MseI combinations, and 17 PstI/MseI combi-
nations. The primer nomenclature of Keygene is used throughout
and the primer sequences can be deduced from the marker desig-
nations. Full information on primers used is available on request
from the authors. Autoradiograms were scored manually and in-
dependently by two people. Each band was treated as a locus with a
dominant (presence � A) versus a recessive (absence � O) allele.
Intensity di�erences in segregating bands were observed but visual
interpretation was not considered reliable enough to assign allelic
dosage to a given individual in this population.

Identi®cation of segregation type

Markers were divided into three groups depending on their pres-
ence or absence in each parent (i.e. present in female parent only,
present in male parent only or present in both parents). Markers
present in just one parent are expected to segregate in a 1:1 ratio if
present in single dose (simplex) or a 5:1 ratio if present in a double
dose (duplex), in the absence of double reduction. Markers were
accepted as 1:1 or 5:1 if their observed segregation ratio was not
signi®cantly di�erent from that expected, as tested by a v2 good-
ness-of-®t test with a signi®cance level of 1%. Markers present in
both parents are expected to segregate with a 3:1 ratio if both
parents have a simplex con®guration (double-simplex); this was
again tested using a v2 test. In this case the 5% level had to be
applied to avoid overlap with the 11:1 segregation class (du-
plex ´ simplex). Markers that showed segregation ratios signi®-
cantly di�erent from those expected were omitted from the linkage
analysis.

Calculation of recombination fractions (r)

Recombination fractions were estimated between all pairs of
markers, assuming random pairing of homologous chromosomes,
and absence of double reduction. Table 1 lists the con®gurations
and terminology used in this study. General formulae for the re-
combination fractions are given for simplex markers by Wu et al.
(1992). Da Silva (1993) and Da Silva et al. (1995) give phenotypic
frequencies for octoploids. Hackett et al. (1998) present formulae
for the standard errors of the estimates of the recombination
fractions for autotetraploids. None of these authors gives estimates
for double-simplex markers, which are included in the present
study. As an example the estimation of recombination fractions for
simplex/double-simplex coupling linkage is detailed below. In this
situation, the parental con®gurations are assumed to be AB/OO/
OO/OO ´ AO/OO/OO/OO. In the female parent, the AB chro-
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mosome will pair with one carrying neither marker, and every
gamete will carry information about whether a cross-over has oc-
curred between A and B. The gametes will therefore have the
probabilities: AB/OO: (1±r)/2; AO/OO: r/2; OB/OO: r/2; and OO/
OO: (1±r)/2, where r is the recombination fraction. The male parent
will be expected to produce gametes of types AO/OO and OO/OO
in equal proportions. The log-likelihood can be written as

L � a log((2±r)/4)+ b log((1+r)/4)
+ c log(r/4) + d log((1±r)/4)

The maximum likelihood equation is a cubic function of r, and
so r is best estimated by maximising the log-likelihood numerically.
Table 2 gives expected genotype frequencies for various con®gu-
rations of pairs of double-simplex and simplex markers. The as-
ymptotic variances of the estimates of r in each case may be
calculated as )1/E(d2L/dr2), where L is the log-likelihood and E
denotes the expected value.

Figure 1 shows the asymptotic standard errors associated with
various marker con®gurations. Linkages between double-simplex
and duplex pairs had very large standard errors, even in the cou-
pling phase, and were omitted from the analysis. The con®gura-
tions with smallest standard error are simplex/simplex coupling,
double-simplex/double-simplex coupling, duplex/duplex coupling,
simplex/double-simplex coupling and duplex/simplex (both cou-
pling and repulsion). As discussed by Hackett et al. (1998), the
duplex/duplex repulsion and the duplex/duplex mixed con®gura-

tion cannot be distinguished. These, and all con®gurations in-
volving a double-simplex marker in a repulsion phase, were
excluded from further analysis. Simplex/simplex repulsion linkages
were included, taking into consideration the size of the standard
errors.

Recombination fractions were estimated by an analytical ex-
pression where possible, or by maximising the log-likelihood nu-
merically. LOD scores were calculated for each pair as
log10(likelihood for r � r̂) ± log10(likelihood for r � 0.5). These
calculations were carried out using the statistical package Genstat
(Payne et al. 1993). Such pairwise estimates and LOD scores are
suitable for input to the linkage analysis package JoinMap 2.0
(Stam and van Ooijen 1995).

STS development

Selected AFLP fragments were cloned into pGEM-T Easy (Stra-
tagene) and transformed into E. coli DH5aMAX (GIBCO BRL),
following the suppliers' instructions. Clones were sequenced on an
ABI 377 automated sequencer using the Dye Terminator Cycle
sequencing kit from Perkin Elmer. STS PCR primer pairs were
designed using the PRIMER0.5 package (Lincoln et al. 1991). STS
PCR comprised a denaturing step at 94°C for 5 min, ®ve cycles of
denaturation at 94°C for 30 s, annealing at 65±60°C (with a 1°C
decrease each cycle) for 30 s, elongation at 72°C for 30 s, followed

Table 1 Marker pair con®gurations and terminology used in this study

Allele dosage OOOO AOOO AAOO AAAO AAAA

Designation Nulliplex Simplex Duplex Triplex Quadruplex

Marker pair con®gurationa Linkage phase designation

AB/OO/OO/OO ´ OO/OO/OO/OO Simplex/simplex coupling
AO/OB/OO/OO ´ OO/OO/OO/OO Simplex/simplex repulsion
AB/AO/OO/OO ´ OO/OO/OO/OO Simplex/duplex coupling
AO/AO/OB/OO ´ OO/OO/OO/OO Simplex/duplex repulsion
AB/AB/OO/OO ´ OO/OO/OO/OO Duplex/duplex coupling
AB/AO/OB/OO ´ OO/OO/OO/OO Duplex/duplex mixed
AO/AO/OB/OB ´ OO/OO/OO/OO Duplex/duplex repulsion
AB/OO/OO/OO ´ AO/OO/OO/OO Simplex/double-simplex coupling
AO/OB/OO/OO ´ AO/OO/OO/OO Simplex/double-simplex repulsion
AB/OO/OO/OO ´ AB/OO/OO/OO Double-simplex/double-simplex coupling
AB/OO/OO/OO ´ AO/OB/OO/OO Double-simplex/double-simplex mixed
AO/OB/OO/OO ´ AO/OB/OO/OO Double-simplex/double-simplex repulsion

Table 2 Expected phenotype
frequencies for various con®g-
urations of pairs of simplex and
double-simplex markers

Marker pair con®guration AB AO OB OO

Simplex/double-simplex
Coupling 2ÿr

4
1�r
4

r
4

1ÿr
4

AB/OO/OO/OO ´ AO/OO/OO/OO
Simplex / double-simplex
Repulsion 4�r

12
5ÿr
12

2ÿr
12

1�r
12

AO/OB/OO/OO ´ AO/OO/OO/OO
Double simplex / double-simplex
Coupling 3ÿ2r�r2

4
r�2ÿr�

4
r�2ÿr�

4
�1ÿr�2

4
AB/OO/OO/OO ´ AB/OO/OO/OO
Double simplex / double-simplex
Mixed 7ÿr2

12
2�r2
12

2�r2
12

1ÿr2
12

AB/OO/OO/OO ´ AO/OB/OO/OO
Double-simplex / double-simplex
Repulsion 19�2r�r2

36
8ÿ2rÿr2

36
8ÿ2rÿr2

36
1�2r�r2

36
AO/OB/OO/OO ´ AO/OB/OO/OO

aThe marker pair con®guration shows the distribution of the alleles
of two loci on the four homologous chromosomes (separated by/in
the Table) in a tetraploid cross. Each chromosome is represented

by its con®guration for the two loci. A: presence of band at locus A,
B: presence of band at locus B, O: absence of band
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by 30 cycles of denaturation at 94°C for 30 s, annealing at 60°C
for 30 s, elongation at 72°C for 30 s, and ®nally elongation at
72°C for 5 min. The products were separated on 1% agarose gels
in 0.5 ´ TBE bu�er (1 ´ TBE is 90 mM TRIS-borate pH 8.3), or in
6% denaturing polyacrylamide gels. Mapping of STS in the tetra-
ploid population was achieved using the sequence-speci®c ampli®-
cation polymorphisms (S-SAP) procedure described by Waugh
et al. (1997) using a single STS primer.

Results

Marker analysis

Thirty-nine AFLP primer combinations were used to
obtain segregation data for linkage analysis. Of the 3173
loci surveyed, 1066 markers segregated in the popula-
tion, and 573 of these were considered scorable with the
required accuracy. The percentages of informative loci
obtained with the EcoRI/MseI and the PstI/MseI tem-
plates were not signi®cantly di�erent. However, the PstI
autoradiograms were much clearer and easier to score
than the EcoRI gels, due to a reduced number of bands
per gel. Because a large percentage of markers did not ®t
clearly into an expected segregation class, all clones in
the F1 were checked for possible sel®ng of 12601ab1 or
the use of mixed pollen. All F1 plants were found to
contain AFLP alleles derived from the paternal clone
and no non-parental bands were observed in the popu-
lation. Analysis of the segregating simplex and duplex

markers originating from Stirling highlighted a group of
16 lines that had an unusually low number of paternal
products. We have no experimental or genetical expla-
nation for this group. The 16 anomalous genotypes were
omitted from subsequent linkage analysis, leaving 78
lines. Exclusion of the 16 genotypes decreased the pro-
portion of markers that exhibited unclassi®ed segrega-
tion ratios from 24% to 17%, and increased the
percentage of simplex and duplex markers from 39% to
45% and 19% to 22%, respectively, whereas the pro-
portion of double-simplex markers decreased slightly
from 6.6% to 5.6%.

Map construction

The map was constructed by entering the pairwise dis-
tances and LOD scores of 249 simplex markers (162
maternal, 87 paternal), 32 double-simplex markers and
117 duplex markers (72 maternal, 45 paternal) into
JoinMap 2.0, then using standard JoinMap procedures
to obtain both parental maps (Fig. 2). Figure 3 illus-
trates the use of duplex markers to assemble homolo-

Fig. 1 Distribution of standard errors for the estimate of the
recombination fraction for various linkage phases in a population
of size 78

Fig. 2A, B Maternal 12601ab1map (A) and paternal Stirling map (B).
The tetraploid potato linkage map assembles 346 markers (68
unlinked) distributed over 56 linkage groups. Numbers to the left of
linkage groups are map distances in centiMorgans calculated using the
Haldane function. Locus names appear to the right of linkage groups
() simplex markers, � duplex markers, * double simplex markers). X
indicates the maternal map, s indicates the paternal map. Roman
numerals in parentheses give the designation of the corresponding
diploid chromosome, where known

c
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gous co-segregation groups, identi®ed by simplex
markers in coupling, into a single linkage group by ex-
ploiting the equally informative coupling and repulsion
linkages between duplex and simplex markers. The re-
sulting linkage group X8 is shown in Figure 2A. The
®nal map of the maternal parent 12601ab1 comprises
fourteen major groups (Nos. x1, x2, x4, x5, x8, x9, x10,
x11, x12, x13, x14, x15, x17, x18), and sixteen groups
each containing less than ®ve markers, with 35 (13%) of
the maternal markers remaining unlinked. Overall, 154
(95%) and 62 (86%), respectively, of the simplex and
duplex markers, but only 15 (47%) of the double-sim-
plex markers, could be placed on the map. The largest
linkage group is 96.6 cM long, and the cumulative
length of the maternal map is 990.9 cM. The markers
from the paternal parent Stirling assemble into eight
major groups (Nos. s1, s3, s7, s8, s9, s10, s11, s12) and
eighteen groups of less than ®ve markers. Forty-eight
(29%) of the paternal markers remain unlinked. In total,
75 (86%) of the simplex, 25 (58%) of the duplex and 16
(50%) of the double-simplex markers could be placed on
the map. The paternal groups are up to 73.0 cM long,
and the cumulative length is 484.6 cM. The parental
maps contain seven bridging (3:1) markers, which al-
lowed us to identify 14 linkage groups as homologous
maternal and paternal chromosomes (linkage groups
1±7 in both maps in Fig. 2).

QTL analysis of the LB response

The distribution of the LB resistance scores in 219 clones
of the F1 population is shown in Fig. 4. In this experi-
ment, Stirling was resistant, but the female parent
12601ab1 showed a higher score than the 4.0±4.5 ex-

pected from previous glasshouse and ®eld results (H.
Stewart, personal communication). As the scores do not
follow a normal distribution, the non-parametric Mann-
Whitney test (Mann and Whitney 1947) was chosen for
analysis. A total of 21 associations between components
of blight response and AFLP markers were signi®cant at
the 5% level (Table 3). The magnitude of the di�erence
between median presence and median absence depends
on the distance of the QTL from the marker, the marker
segregation type, and the alleles present at the QTL. We
have included the percentage of variation explained by

Simplex/
duplex repulsion linkage

Duplex marker

Fig. 3 Homologous co-segre-
gation groups of 12601ab1
linkage group X8
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linear regression at the trait on each marker as an in-
dication of their importance for breeding, although,
strictly speaking, it is not valid because the data are not
normally distributed. The empirical permutation test of
Churchill and Doerge (1994) makes adjustments for
multiple marker testing, resulting in more stringent 5%
threshold values, and only one signi®cant association
involving duplex marker p75m48� 5 from Stirling could

be declared. Regression on this marker accounts for
31.6% of the phenotypic variation. Marker p75m48� 5
is located on Stirling linkage group s8, together with
four other markers indicated as associated with LB re-
sponse by the Mann-Whitney test. Figure 5 shows how
these markers are distributed among the homologous
co-segregation groups, and reveals that all three markers
associated with resistance are linked in coupling and that
these three markers are also linked in repulsion to
markers associated with susceptibility.

STS development

The AFLP fragment corresponding to the duplex marker
p75m48� 5 was cloned and sequenced. Two pairs of STS
primers were designed to the nucleotide sequence
excluding ¯anking AFLP adapters (StS01.1: 50-CACA-
TTCATATGGAATCCGTCA-30, StS01.2: 50-CTGAG-
GCCATGAGTGCAAC-30; StS02.1: 50-TGACATTCC-
GTTATTTTTGGAA-30, StS02.2: 50-GAGGCCATGA-
GTGCAACAA-30). PCR fragments of the expected size
were obtained with DNA from the plasmid containing
the cloned fragment and with DNA of the resistant
parent Stirling. PCRs using all combinations of these
primers generated a monomorphic product in the par-
ents and F1 individuals of the tetraploid population, and
could not be used directly to con®rm that they amplify
the same locus as p75m48� 5. This was however
achieved by both StS02.1- and StS02.2-driven S-SAPs.
As neither chromosomal designations nor polarity could

Table 3 Association of mar-
kers with QTLs for late blight
resistance

Marker Median
presence

Median
absence

Signi®cance
level

Percent
phenotypic
variation
explained

Sign Group

A Association of Stirling markers with components of late blight resistance

e35m61-8 7.0 7.5 0.03 1.4 ) s1
e34m61-29 7.0 7.5 0.03 0.9 ) s6
p75m48-7 7.0 7.5 0.04 0.9 ) s6
p75m48=5 7.5 4.5 0.00 31.6 + s8
e39m61-21 7.5 7.0 0.01 7.8 + s8
p55m61-7 7.0 7.5 0.00 10.0 ) s8
p71m34-10 7.0 7.5 0.01 3.4 ) s8
e34m61-5 7.0 7.5 0.01 9.6 ) s10
p61m47-2 7.0 7.5 0.03 4.6 ) s10
e37m39-14 7.0 7.5 0.03 1.5 ) s21
e39m42=14 7.5 6.3 0.02 3.3 + ±

B Association of 12601ab1 markers with components of late blight resistance

p61m34-19 7.0 7.5 0.02 1.2 ) X4
e44m42-13 7.5 7.0 0.03 3.8 + X8
p61m47-19 7.0 7.5 0.01 4.9 ) X8
p88m35-6 6.9 7.5 0.00 12.1 ) X8
e38m39=2 7.0 7.5 0.05 4.4 ) X8
e45m42=1 7.0 7.8 0.01 6.1 ) X8
p37m50-4 7.0 7.5 0.00 5.9 ) ±
e39m42=6 7.5 6.3 0.01 2.9 + ±

C Association of shared markers with components of late blight resistance

p75m48*11 7.5 6.0 0.00 9.3 + s8
e35m121*9 7.5 6.4 0.01 2.8 + s3/X3

Simplex/duplex repulsion linkage
Duplex marker
Marker associated with QTL for LB resistance (+)
Marker associated with QTL for LB susceptibility (-)

s8a s8b s8c s8d

p75m48=5

p55m61–7

p75m48=5

p75m48*11

e39m61–21

e39m61–3

p61m47–14

p71m34–10

Fig. 5 Location of LB QTL alleles for LB resistance on Stirling
linkage group s8
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be assigned to the tetraploid linkage groups because of a
lack of markers common to previously mapped popu-
lations, a diploid reference population (Gebhardt et al.
1991) was examined with StS01 and StS02. Primer pair
StS01 revealed a length polymorphism between the pa-
rental clones, and StS02 a dominant/null polymorphism.
The segregation of StS01 and StS02 was then followed in
the entire population and the data entered alongside the
existing RFLP data. This allowed us to locate StS01 and
StS02 at the proximal end of the diploid reference
chromosome VIII, opposite to the Waxy locus. No LB
QTLs have previously been identi®ed at this chromo-
somal location.

Discussion

The mapping population consisted of 94 randomly
chosen F1 plants from a total of 262 available lines. The
decision to use 94 lines was based on practical consid-
erations but we also determined that doubling the pop-
ulation size would still not enable us to distinguish
unequivocally the expected segregation ratio of 11:1 for
a marker in the duplex ´ simplex con®guration from the
duplex ´ duplex (35:1) class at the 95% con®dence level
(Bradshaw et al. 1998). Using these data and the linkage
phase relationships with the lowest associated standard
errors (Hackett et al. 1998), a partial linkage map has
been constructed. The map consists of 231 maternal and
115 paternal markers with total map lengths of
990.9 cM and 484.6 cM, respectively. Given a total
diploid potato map length of about 1000 cM (Jacobs
et al. 1995), the cumulative length of a tetraploid map
based on coupling-phase simplex markers would be ex-
pected to be four times that length (assuming similar
recombination frequencies in diploid and tetraploid
crosses). The longer of the two cumulative map lengths,
990.9 cM for 12601ab1, therefore represents approxi-
mately 25% coverage of the genome. It should be noted
however, that the tetraploid map length determined on a
population of this size is likely to be an underestimate
(Hackett et al. 1998).

v2 analysis revealed that the proportion (17%) of
markers exhibiting distorted segregation ratios was
lower than the 27% observed in diploids. Gebhardt et al.
(1991) attributed part of the distortion they observed to
the self-incompatibility locus on chromosome I and to
the presence of non-tuberosum genetic material in one of
their diploid parents. Polyploidy disables the gameto-
phytic self-incompatibility system of diploid potato, and
so could result in a lower percentage of distorted seg-
regation ratios. In contemporary cultivars and breeding
lines, the presence of segments of non-tuberosumDNA is
common due to the widespread use of other cultivated
and wild species in modern improvement programs.
Stirling and 12601ab1 have Solanum demissum in their
pedigrees, and 12601ab1 contains Solanum tuberosum
ssp. andigena (CPC2775 and CPC2802). As proposed by
Gebhardt et al. (1991), the genomic regions containing

the non-tuberosummaterial are likely to deviate from the
expected segregation patterns.

The derived linkage map has not yet been resolved
into the expected 2 ´ 12 parental linkage groups, and
additional markers will be required to cover the entire
genome and facilitate the merging of homologous co-
segregation groups. With the population size of 78 used
in this study, linkage between simplex markers in cou-
pling with recombination frequencies of up to 25% are
unlikely to be spurious (Hackett et al. 1998) and they
have been used to identify the core homologous groups.
Based on this grouping, incorporation of the duplex
markers enabled eight sets (six maternal, two paternal)
of linkage groups with two to four homologous co-seg-
regation groups each, to be identi®ed. The double-sim-
plex markers identi®ed seven associations between the
two parental maps, although more bridging markers are
necessary to con®rm the homology of these seven pairs
of parental linkage groups. More markers will be
grouped as more data become available, and more loci
fall within the threshold distance. However, the ordering
of closely linked markers depends on the small number
of individuals in the whole population which show re-
combination. A more representative map will require
not only additional markers but ± equally important ± a
larger mapping population (Hackett et al. 1998).

A comprehensive map cannot be constructed e�ec-
tively with dominant markers alone. Although there are
documented examples of the use of AFLPs as co-dom-
inant markers based on band intensity di�erences
(Rouppe van der Voort et al. 1997), we had insu�cient
con®dence in our ability to assign a speci®c class to all
individuals in our population to use this approach in
tetraploids. In diploid potato six AFLP primer combi-
nations generated a total of 264 markers and gave good
overall genome coverage (Van Eck et al. 1995). In tet-
raploids, much of the polymorphism between parental
clones is masked by marker `dosage', which signi®cantly
reduces the number of individual AFLP alleles that can
be scored in a population. Thus, only about 10% of the
total markers generated in this study were submitted to
linkage analysis, compared to around 50% reported for
diploids (Rouppe van der Voort et al. 1997). Combined
with the requirement to map all four homologous co-
segregation groups in each parental clone, this repre-
sents a relative drop in e�ciency to only 5% of that
observed in diploids. In addition, the outcome of even a
comprehensive mapping exercise would be a collection
of co-segregation groups (with or without bridging loci
linking homologous groups), to which neither a chro-
mosomal designation nor polarity could be assigned. At
this point, the original advantage of using AFLPs be-
cause of its high multiplex ratio (Powell et al. 1996) is so
small that alternative marker types such as SSRs would
be signi®cantly more e�cient. These results have
prompted us to abandon any further attempts to map
tetraploid potato populations with AFLPs alone in fa-
vour of the use of highly polymorphic SSR-based
markers. These are currently being developed for potato
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(Milbourne et al. 1998). In preliminary experiments,
mapped SSRs in potato genes STIIKA (M15186),
STPOACUTR (X55748) and STGLGPB (L13771) have
allowed us to assign diploid chromosome designations
to tetraploid linkage groups x19, x23 and s21 (III), s12
(V), and s13 and s24 (IX) (data not shown).

The marker segregation data were used to perform a
QTL analysis of LB response by means of a non-para-
metric analysis of variance. Although some of the
marker/QTL associations could have arisen by chance,
as shown by the permutation test (Churchill and Doerge
1994), given the additional map information, we expect
that the linkages between QTL and AFLP markers on
Stirling group s8 are genuine. We believe, however, that
simple tests based on presence/absence of a band are
insu�ciently powerful for QTL mapping in outbreeding
polyploids, and that a more powerful QTL model needs
to be developed. We need an identi®able marker allele
which is closely linked in coupling to the QTL resistance
allele for an e�ective MAS potato breeding program.
De®ning the composition of a locus in the parental
material (mono- or multi-allelic, monomorphic or
polymorphic) will provide valuable information about
the predicted allelic con®gurations in the progeny, and
this will in turn advance the interpretation of all the
other assembled linkage data. Furthermore, the associ-
ation of speci®c marker alleles with di�erent QTL alleles
will allow a breeder to select in the progeny for combi-
nations of desirable alleles from both parents. Although
the SSR located in the actin gene on chromosome V is in
a region which has been previously identi®ed as linked to
late blight resistance, we could not detect a QTL in a
comparable location on linkage group s12 in our study.
In the absence of previously mapped markers, the AFLP
product p75m48� 5, which is strongly associated with
quantitative resistance to LB from Stirling (accounting
for 31.6% of the phenotypic variation), was developed
into an STS marker for both the tetraploid and diploid
mapping population. This allowed us to assign the
Stirling linkage group s8 to chromosome VIII of the
diploid reference map, identifying a multi-allelic LB lo-
cus at the proximal end. Although no LB resistance
genes or QTL have been mapped to this area, it is in-
teresting that Leister et al. (1996) mapped a single re-
sistance gene analogue to this same region in a diploid
population.

In conclusion, this study presents the ®rst linkage
map of tetraploid potato. Further work is currently
under way to align this map with existing diploid linkage
maps, using SSR markers. This is necessary to compare
the location of QTLs for LB resistance and assess the
transferability of markers and QTLs not only between
populations, but also between ploidy levels.
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