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Abstract Two independent F
2

populations of ¸yco-
persicon esculentum]¸. pennellii which have pre-
viously been investigated in RFLP mapping studies
were used for construction of a highly saturated integ-
rated AFLP map. This map spanned 1482 cM and
contained 67 RFLP markers, 1078 AFLP markers ob-
tained with 22 EcoRI#MseI primer combinations
and 97 AFLP markers obtained with "ve PstI#MseI
primer combinations, 231 AFLP markers being com-
mon to both populations. The EcoRI#MseI AFLP
markers were not evenly distributed over the chromo-
somes. Around the centromeric region, 848 EcoRI#
MseI AFLP markers were clustered and covered a gen-
etic distance of 199 cM, corresponding to one EcoRI#
MseI AFLP marker per 0.23 cM; on the distal parts
1283 cM were covered by 230 EcoRI#MseI AFLP

markers, corresponding to one marker per 5.6 cM. The
PstI/MseI AFLP markers showed a more even distri-
bution with 16 PstI/MseI AFLP markers covering
a genetic distance of 199 cM around the centromeric
regions and 81 PstI/MseI AFLP markers covering
a genetic distance of 1283 cM on the more distal parts,
corresponding to one marker per 12 and 16 cM respec-
tively. In both populations a large number of loci
showed a signi"cant skewed segregation, but only
chromosome 10 loci showed skewness that was similar
for both populations. This ultra-dense molecular-
marker map provides good perspectives for genetic and
breeding purposes and map-based cloning.
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Introduction

The development of molecular linkage maps for most
cultivated crop species has made possible the applica-
tion of a variety of new techniques in plant breeding; for
example QTL mapping (reviewed by Young 1996),
marker-assisted breeding (Tanksley et al. 1996) and
map-based cloning (reviewed by Young 1995). Most of
these linkage maps were generated using restriction
fragment length polymorphisms (RFLPs) (Tanksley
et al. 1992; Hauge et al. 1993; Kleinhofs et al. 1993).
RFLP markers are locus-speci"c and co-dominant
and, therefore, very informative. However, generating
RFLP data is time- and labour-consuming and re-
quires a relatively large amount of DNA. In addition,
random ampli"ed polymorphic DNA (RAPD) markers
have also been used to construct genetic linkage maps
(Giese et al. 1994; Upho! and Wricke 1995). This PCR-
based technique is fast, easy to perform and requires
only small amounts of DNA. The disadvantages of



RAPDs are poor reproducibility (Penner et al. 1993),
dominant inheritance and population speci"city. Most
other marker techniques (microsatellite, CAPS) make
use of PCR with speci"c primers that are designed from
known sequences. The advantage is the ease of this
technique; however, sequence information is required
to design the speci"c primers, which limits the useful-
ness of its application.

A relatively new technique, that does not require
a priori sequence information, is the AFLP technique,
which is very e$cient and combines the advantages of
PCR with high reproducibility and locus speci"city
among populations of RFLP markers (Zabeau and Vos
1993; Vos et al. 1995; Qi et al. 1998). AFLP maps have
been constructed for potato (Van Eck et al. 1995), bar-
ley (Becker et al. 1995; Waugh et al. 1997; Qi et al.
1998), sugar beet (Schondelmaier et al. 1996), soybean
(Keim et al. 1997), petunia (Gerats et al. 1995) and rice
(Maheswaran et al. 1997), enabling the mapping of
QTLs in these crops. For tomato (¸ycopersicon es-
culentum), several inter- and intra-speci"c maps have
been generated using RFLP markers (Paterson et al.
1991; Lindhout et al. 1994; Van Ooijen et al. 1994;
Goldman et al. 1995; Maliepaard et al. 1995), which
were originally mapped on an F

2
population of a cross

between ¸. esculentum and ¸ycopersicon pennellii
(Tanksley et al. 1992). The aim of the present study is
the integration of AFLP markers in the RFLP map of
tomato. To this end two populations were used. One
population consisted of 67 F

2
plants from the inter-

speci"c cross ¸. esculentum cv VF36-¹m2a]¸. pennel-
lii LA716. This population has been used to construct a
map containing 1030 RFLP markers (Tanksley et al.
1992). The resulting map has been employed for several
mapping studies (Paterson et al. 1988; Mutschler et al.
1996) as well as for the construction of a backcross inbred
line (BIL) population (Eshed and Zamir 1994; Paran
et al. 1995). The second population was an F

2
of the

same interspeci"c cross ¸. esculentum cv Allround]¸.
pennellii LA716 (Odinot et al. 1992) that has also pre-
viously been used in several mapping studies (Van der
Beek et al. 1994; Arens et al. 1995; Van Tuinen et al.
1997). This map consists of 65 RFLP markers, which
were selected by the criterion of even distribution over
the tomato genome at an average distance of 25 cM,
based on the "rst map (Tanksley et al. 1992).

Here, we describe the generation of an integrated
genetic map containing 1175 AFLP markers by em-
ploying two independent F

2
populations of ¸. esculen-

tum]¸. pennellii.

Materials and methods

Plant material and DNA isolation

One population of 67 F
2

plants (the &Cornell population') was
derived from a cross between ¸. esculentum cv VF36-Tm2a and ¸.

pennellii LA716 (Tanksley et al. 1992). The DNA isolation procedure
has also been described by Tanksley et al. (1992). For the AFLP
analysis, which was carried out at Keygene, DNA was available for
42 plants. Another F

2
population of 84 plants (the &CPRO popula-

tion') was derived from a cross between ¸. esculentum cv Allround
and¸. pennellii LA716 (Odinot et al. 1992). DNA was extracted from
frozen leaves according to the method developed by the group of
S.D. Tanksley with some minor modi"cations as described by Van
der Beek et al. (1992). DNA of 80 plants was available for AFLP
analysis, which was carried out at the Department of Plant Breeding
of the Wageningen Agricultural University.

RFLP analysis and mapping

RFLP analysis and mapping on the Cornell population has been
previously reported (Tanksley et al. 1992). RFLP analysis of the
CPRO population was carried out as described by Van der Beek
et al. (1992) using the RFLP probes developed and mapped by
Tanksley et al. (1992).

Mapping of RFLP markers was performed using the computer
program JoinMap (Stam 1993) and the resulting map has been
described by Arens et al. (1995). The present map contains 13 more
RFLP markers.

The AFLP protocol

The AFLP procedure as described by Vos et al. (1995) was applied
to the Cornell population, except for the EcoRI adapter, which was
used without the biotin label. Restriction enzymes, adapters and
primers are listed in Table 1. The following primer combinations
were employed: E32#M47, E32#M48, E32#M49, E32#M50,
E32#M59, E32#M60, E32#M61, E32#M62, E33#M47,
E33#M49, E35#M47, E35#M48, E35#M49, E35#M50,
E35#M59, E35#M60, E35#M61, E35#M62, E38#M61,
E38#M62 and E39#M50.

For the AFLP analysis of the CPRO population, we used the
protocol described by Qi and Lindhout (1997). The restriction en-
zymes, adapters and primers are listed in Table 1. The following
primer combinations were employed: E32#M47, E32#M48,
E32#M49, E32#M50, E32#M61, E35#M47, E35#M48,
E35#M50, E35#M58, E35#M59, E35#M62, E39#M50,
P11#M50, P11#M54, P14#M49, P14#M50, and P14#M60.
Primer combinations were selected as most informative from a pre-
vious study by Vos et al. (data not shown).

AFLP data analysis

Segregating AFLP markers in the mapping population were desig-
nated according to the primer combination employed, the parent
species from which they were derived and the estimated fragment
size (see Fig. 1).

Images of AFLP markers of the Cornell population were analysed
and co-dominantly scored using the AFLP Image Analysis
Software, which has been developed for internal use by Keygene
N.V. For the CPRO population, markers were scored visually and
co-dominantly. For both populations, bands occurring with an
ambiguous intensity were scored as dominant. The frequency of
dominant scored bands was higher in the CPRO population than in
the Cornell population.

Map construction

For both the Cornell population and the CPRO population, the
computer program JoinMap 2.0 (Stam 1993; Stam and Van Ooijen
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Table 1 List of primers and adapters

Primers/adapters Sequences!

MseI adapter 5@-GACGATGAGTCCTGAG-3@
3@-TACTCAGGACTCAT-5@

M00 (universal primer) GATGAGTCCTGAGTAA
MseI#1-primer M02 M00#C
MseI#3-primers M47 M00#CAA

M48 M00#CAC
M49 M00#CAG
M50 M00#CAT
M54 M00#CCT
M58 M00#CGT
M59 M00#CTA
M60 M00#CTC
M61 M00#CTG
M62 M00#CTT

EcoRI adapter 5@-CTCGTAGACTGCGTACC-3@
3@-CTGACGCATGGTTAA-5@

E00 (universal primer) GACTGCGTACCAATTC
EcoRI#1-primer E01 E00#A
EcoRI#3-primers E32 E00#AAC

E33 E00#AAG
E35 E00#ACA
E38 E00#ACT
E39 E00#AGA

PstI adapter 5@-CTCGTAGACTGCGTACATGCA-3@
3@-CATCTGACGCATGT-5@

P00 (universal primer) GACTGCGTACATGCAG
PstI#2-primers P11 P00#AA

P14 P00#AT

!DNA sequences are always from a 5@ to 3@ orientation unless
otherwise indicated

Table 2 Number of ampli"cation products and polymorphisms for
ten of the 21 primer combinations used for the Cornell population

Primer Total d d ¸. esc. Polym. d Polym.
combin. bands speci"c rate (%) scored

E32#M47 141 45 67 36
E32#M48 98 30 67 28
E32#M49 90 28 70 36
E32#M61 93 27 70 27
E35#M47 173 53 66 35
E35#M48 118 47 81 54
E35#M50 131 42 63 36
E35#M59 133 47 77 47
E35#M62 136 50 77 45
E39#M50 136 57 79 56

Average 125 43 71 40

1996) was used to construct an RFLP-AFLP map. For the CPRO
population, "xed-order "les consisting of RFLP markers ordered
according to the map described by Tanksley et al. (1992) were used.
Fixed "les consisting of AFLP markers common to both popula-
tions and at distances of about 15 cM were used to construct the
integrated map of both populations. For calculating map distances,
Kosambi's mapping function was employed (Kosambi 1944) to-
gether with a recombination threshold value of 0.49. The LOD
threshold value for the CPRO map construction was 0.01 and for
the Cornell map construction 0.1. For the integrated map the LOD
threshold value for mapping was also set at 0.01.

Distorted segregation

The datasets of both populations were analysed for the occurrence of
distorted segregation. Theoretically, in both F

2
populations the

segregation of a marker into the three possible genotype classes
ee, ep and pp (homozygous ¸. esculentum, heterozygous and
homozygous ¸. pennellii respectively) should equal 1 : 2 : 1. The mod-
ule JMSLA32 of JoinMap 2.0 (Stam 1993; Stam and Van Ooijen
1996) was used to test this hypothesis. This module calculates the
probability that the observed ratio di!ers from the expected 1 : 2 : 1
ratio. Since dominant scoring results in a 3 : 1 segregation, which is
less informative, only markers which were predominantly scored as
co-dominant were employed for this analysis.

Results

AFLP markers in two ¸. esculentum]¸. pennellii
F
2

populations

In order to construct a reliable AFLP map, AFLP
markers were evaluated in two independent ¸. esculen-
tum]¸. pennellii F

2
populations, which have pre-

viously been used in RFLP mapping studies. Tanksley
et al. (1992) have mapped over 1000 RFLP markers in
the Cornell population. By analysing 21 EcoRI#MseI
primer combinations in this population, 909 AFLP
markers were scored, of which 433 were ¸. esculentum-
speci"c and 476 ¸. pennellii-speci"c (Table 2). The
average number of informative markers per primer
combination was 43, ranging from 27 (E32#M61) to
61 (E32#M59).

As a skeleton map for the CPRO population, 65
RFLP markers were analysed at intervals of 25 cM,
based on the map of Tanksley et al. (1992). By using
12 EcoRI#MseI primer combinations and "ve
PstI#MseI primer combinations, 642 AFLP markers
were scored in the CPRO population, of which 303
were ¸. esculentum-speci"c and 339 ¸. pennellii-speci"c
(Table 3). The actual number of polymorphic bands on
a gel was higher; however, close migration of bands of
nearly identical size prevented a reliable scoring of the
bands. The average number of informative markers per
EcoRI#MseI primer combination was 42, ranging
from 25 (E32#M48) to 60 (E32#M50), compared
to 27 markers identi"ed per PstI#MseI primer com-
bination which ranged from 23 (P11#M50) to 36
(P14#M50).

The average total number of bands per EcoRI#
MseI primer combination was 111, compared to 93 per
PstI#MseI primer combination. The EcoRI#MseI
primer combinations had an average polymorphism
rate of 77% compared to 63% for the PstI#MseI
primer combinations, which is signi"cantly lower
(P(0.01).
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Table 3 Number of ampli"cation products and polymorphisms per
primer combination used for the CPRO population

Primer Total d d ¸. esc. Polym. d Polym.
combin. bands speci"c rate (%) scored

E32#M47 130 42 68 49
E32#M48 103 34 77 25
E32#M49 83 27 76 33
E32#M50 136 37 70 60
E32#M61 78 31 77 44
E35#M47 155 52 77 39
E35#M48 100 36 82 40
E35#M50 132 51 75 34
E35#M58 86 33 79 33
E35#M59 119 41 78 56
E35#M62 106 42 84 39
E39#M50 110 45 82 53

Average 112 39 77 42

P11#M50 91 27 65 23
P11#M54 95 25 65 27
P14#M49 79 18 51 25
P14#M50 110 37 72 36
P14#M60 90 21 57 25

Average 93 26 63 27

Most AFLP markers were identical in both popula-
tions. However, because not all AFLP markers were
evaluated in both populations, a total of 228 AFLP
markers were common to both populations.

Map construction

After scoring the AFLP markers, separate maps of both
populations were constructed. To assign markers to
chromosomes, RFLP markers were used at an average
distance of 25 cM, based on the RFLP map construc-
ted by Tanksley et al. (1992). Markers were placed in
one linkage group if they were at least linked to another
marker in this group with a LOD value of 2.5}3.5. For
map construction of the CPRO population, AFLP
markers were selected with the following quality
criterion: if a marker shows linkage to other markers
with less than 5, 10 or 20% recombination the corre-
sponding LOD values for linkage should be greater
than 10, 5 and 1, respectively. If this criterion was not
met for three or more times, such a marker was con-
sidered as not accurately scored and hence removed
from the dataset. In addition, of marker groups that
showed identical segregation, only one of these markers
was taken as representative and the other markers were
not used in further analysis. However, these markers
were later positioned on the same locus as the represen-
tative marker.

The maps of both populations showed a high sim-
ilarity (data not shown). Map positions of markers were
generally similar and only three AFLP markers map-
ped on di!erent chromosomes (indicated in Fig. 1).
Consequently, an integrated map could be generated
using a "xed order consisting of skeleton AFLP

markers at strategic chromosome loci based on the
most unambiguously mapped markers in both popula-
tions (Fig. 1). The resulting total map length was
1482 cM, with no gaps bigger than 21 cM.

Clustering of EcoRI#MseI AFLP markers

Preferably, to obtain a genetic map with the smallest
possible intervals between markers, these markers
should be evenly distributed over the genome. How-
ever, often the distribution is not random and markers
are clustered in certain regions on the chromosome
(Tanksley et al. 1992). A very clear clustering of
EcoRI#MseI AFLP markers was observed on all
chromosomes (Fig. 1). The vast majority of the
EcoRI#MseI markers (848) mapped in clusters (repre-
sented by closed bars on the chromosomes in Fig. 1)
which together cover 199 cM, while 230 EcoRI#MseI
markers were distributed over the remaining 1283 cM.
The positions of these clusters, as determined by
using RFLP markers with known map position as
landmarks, were in the centromere regions (Tanksley
et al. 1992). A similar clustering was not observed for
the PstI#MseI AFLP markers.

Distorted segregation

In F
2

populations, segregation of a single co-dominant
locus should result in a 1 : 2 : 1 ratio of the three possible
genotypes ee : ep : pp (homozygous ¸. esculentum, het-
erozygous and homozygous ¸. pennellii respectively).
However, in both populations several chromosome
regions showed distorted segregation, although the
location of the distorted segregation could di!er
(Fig. 2 A, B). For the Cornell population skewness was
observed in regions of chromosomes 2, 4, 7, 8, 10, 11
and 12, while the CPRO population showed skewness
for regions of chromosomes 9, 10 and 12. This distorted
segregation was observed for both RFLP and AFLP
markers. For most of the markers that showed
a skewed distribution, the ¸. pennellii allele was over-
represented. The most-skewed marker of the CPRO
population was TG230 on chromosome 10. None of
the plants was ee for this marker locus and the allele
frequencies of e and p were 28% and 72%, respectively.
This region on chromosome 10 was also the most
distorted in the Cornell population with allele frequen-
cies of 23% (e) and 77% (p) for TG230 (Fig. 2 B).

Discussion

Map construction

Using a limited number of only 27 primer combina-
tions, we were able to construct highly saturated AFLP
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Fig. 1 See page 269 for legend

maps of two interspeci"c populations. Both individual
maps were very similar in marker order as well as in
map distances, facilitating the integration of both maps.
Clearly, this indicates that AFLP markers are reliable,

reproducible and locus-speci"c. Waugh et al. (1997)
showed that 78 out of 81 co-migrating AFLP markers
segregating in more than one population, mapped to
similar loci in three di!erent barley populations, while
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Fig. 1 See page 269 for legend
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Fig. 1 See page 269 for legend

Qi et al. (1998) found that all 38 co-migrating AFLP
markers, mapped to the same position on two barley
maps.

The integrated map presented in this paper was
1482 cM in length, which is considerably longer than
the map of 1276 cM presented by Tanksley et al. (1992).
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Fig. 1 See page 269 for legend

261



Fig. 1 See page 269 for legend

A major reason for this increase is due to more distal
markers, adding approximately 110 cM to the total
map length. Furthermore, chromosomes 5 and 10 were
each 30 cM longer at the most distal RFLP markers on
both chromosome ends, compared to the map present-

ed by Tanksley et al. (1992). Part of the increase in map
length may be due to errors in the scoring of markers.
Lincoln and Lander (1992) described that an error rate
of 1% increases the map length by a factor of two for
markers with low average spacing (1 cM). Since the
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Fig. 1 See page 269 for legend

majority of the markers in the present map are clus-
tered with an average spacing of less than 1 cM, it is
remarkable that the total map length did not increase
by several hundred cM. This suggests that most
markers were accurately positioned.

Clustering of markers

By constructing an AFLP map, it was found that the
vast majority of EcoRI#MseI markers occurred in
clusters. The positions of the clusters in the present map
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Fig. 1 See page 269 for legend

are presumably the heterochromatic regions around
the centromeres (Tanksley et al. 1992). A similar strong
clustering of EcoRI#MseI markers around the puta-
tive centromeres has also been reported in barley (Qi
et al. 1998) and maize (Vuylsteke et al. 1997). In addi-

tion, in soybean, sugar beet and potato, a clustering of
EcoRI#MseI AFLP markers has also been observed,
although it was not known whether the clusters were in
the centromeric regions (Keim et al. 1997; Schondel-
maier et al. 1996; Van Eck et al. 1995). By determining
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Fig. 1 See page 269 for legend

the frequency and distribution of recombination nod-
ules on tomato synaptonemal complexes, Sherman and
Stack (1995) observed a much lower frequency of re-
combination nodules in heterochromatin compared to
euchromatin. We found 848 of the 1078 EcoRI#MseI

AFLP markers in clusters, which equals 78.7% of the
mapped markers. This corresponds remarkably well
with the percentage of DNA present in the heterochro-
matic regions, which is 77% according to Peterson
et al. (1996) who studied the pachytene chromosomes
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Fig. 1 See page 269 for legend
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Fig. 1 See page 269 for legend

of ¸. esculentum. This suggests that the clustering of
EcoRI#MseI markers is due to a suppression of re-
combination in the heterochromatic regions near the
centromeres rather than to a non-random distribution
of markers on the chromosomes.

It was expected that the methylation-sensitive
restriction enzyme PstI would recognise restriction

sites in non-methylated euchromatin but not in the
methylated heterochromatin (Gruenbaum et al. 1981).
Consequently, fewer PstI#MseI markers should be
obtained, but these markers should be located in the
more distal parts of the chromosomes. To avoid the
reduction in the number of markers, only two selective
bases were used at the 3@ end of the PstI primer. Indeed,
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Fig. 1 See page 269 for legend

PstI#MseI markers were not clustered like EcoRI#
MseI markers; only 16 PstI#MseI AFLP markers
mapped in the clusters, which span 199 cM, while 81
PstI#MseI AFLP markers mapped to the remaining
1283 cM. In agreement, using only PstI# MseI AFLP
markers in a doubled-haploid rice population, Mahes-
waran et al. (1997) showed a random distribution of

AFLP markers on the genetic map. These di!erences
between EcoRI#MseI and PstI#MseI AFLP
markers have implications for the choice of restriction
enzymes in di!erent studies. In most genetic studies,
especially QTL mapping, it is desirable to have
markers evenly distributed over the genetic map.
Consequently, PstI#MseI AFLP markers are more
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Fig. 1 An integrated map based on two interspeci"c ¸. esculen-
tum]¸. pennellii F

2
populations. Markers that were scored in both

populations are printed boldface in italics. ;nderlined markers rep-
resent markers of the CPRO population with no recombination
with other markers of the CPRO population. Markers that were
scored but not mapped in the CPRO population and were mapped
in the Cornell population are printed boldface in italics and under-

lined. Three markers were scored in both populations but were
mapped in di!erent linkage groups. These markers are indicated
with ' , * and **. The solid bars within the chromosomes represent
the clusters. When six or more markers mapped to identical loci,
these loci where chosen as part of a cluster. If marker loci were
separated by 2.5 cM or more, the cluster ceased
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Fig. 2A, B The frequency of alleles originating from ¸. esculentum
per marker locus of the Cornell population (}r}), and the CPRO
population (}s }). Panel A refers to chromosome 9 and panel B to
chromosome 10 respectively. For the Cornell population, values
between 0.39 and 0.61 (as indicated by the horizontal lines) do not
di!er signi"cantly from 0.5 (P(0.05). For the CPRO population,
values between 0.42 and 0.58 (as indicated by the dashed horizontal
lines) do not di!er signi"cantly from 0.5 (P(0.05)

suitable for these purposes. However, it has to be stated
that methylation varies between genotypes and during
plant development, and this can in#uence marker anal-
ysis and the predictive value of such markers within the
germplasm. For map-based cloning, the choice of
AFLP markers is dependent upon the position of the
gene of interest. For example, the tomato gene Cf-9,
conferring resistance to Cladosporium fulvum, is located
in the euchromatin and consequently PstI#MseI
AFLP markers were preferred to "ne-position this gene
(Thomas et al. 1995). On the other hand, the tomato Mi
gene, conferring resistance to Meloidogyne incognita, is
located in the heterochromatin and EcoRI#MseI
markers were preferred to clone this gene (Kaloshian
et al. 1998).

Distorted segregation

Distorted segregation has been observed in both popu-
lations. However, it is remarkable that not all regions
that were skewed showed this distorted segregation in
both populations, since both are derived from similar
crosses. For most of the skewed markers, prevalence for
the ¸. pennellii allele was found, although some regions
with minor distortion towards the ¸. esculentum allele
were also found. A similar distortion in favour of ¸.

pennellii alleles has been observed before by DeVicente
and Tanksley (1993). The most skewed region in both
populations was around the RFLP marker TG230 on
chromosome 10. There are two likely hypotheses to
explain this skewness. The "rst hypothesis is selection
against zygotes of the ee genotype, resulting in an
expected 0 : 2 : 1 segregation of ee : ep : pp. The second
model is selection against pollen with an e allele, which
would result in a 0 : 1 : 1 segregation of ee : ep : pp. The
ee : ep : pp ratio for the most extreme marker TG230 of
2 : 25 : 35 for the Cornell population and 0 : 44 : 34 for
the CPRO population better resembles a 0 : 1 : 1 rather
than a 0 : 2 : 1 segregation, which indicates that pollen
selection is more likely than zygote abortion of the
homozygous ¸. esculentum genotype.

In conclusion, AFLP provides a rapid way to con-
struct reliable integrated genetic linkage maps. Espe-
cially when special considerations with respect to the
choice of restriction enzymes are made, this technique
enables both researchers and breeders to use AFLP
markers for a variety of purposes, such as gene and
QTL mapping, map-based cloning and marker-assisted
breeding.

Acknowledgements We thank Dr. Anne Frary for editorial assist-
ance. J. Haanstra was "nancially supported by the Ministry of
Economic A!airs, the Ministry of Education, Culture and Science,
and the Ministry of Agriculture, Nature Management and Fishery,
in the framework of an industrial relevant research programme of
the Association of Biotechnology Centres in the Netherlands
(ABON). S. Tanksley was supported by the USDA Plant Genome
Competitive Grants and Binational Agricultural Research and
Development Fund (BARD).

References

Arens P, Odinot P, Van Heusden AW, Lindhout P, Vosman B
(1995) GATA- and GACA-repeats are not evenly distributed
throughout the tomato genome. Genome 38 : 84}90

Becker J, Vos P, Kuiper M, Salamini F, Heun M (1995) Combined
mapping of AFLP and RFLP markers in barley. Mol Gen Genet
249 : 65}73

De Vicente MC, Tanksley SD (1993) QTL analysis of transgressive
segregation in an interspeci"c tomato cross. Genetics 134 :
585}596

Eshed Y, Zamir D (1994) A genomic library of ¸ycopersicon pennellii
in ¸. esculentum: a tool for "ne mapping of genes. Euphytica
79 : 175}179

Gerats T, De Keukeleire P, Deblaere R, Van Montagu M, Zethof
J (1995) Ampli"ed fragment length polymorphism (AFLP) map-
ping in Petunia: a fast and reliable method for obtaining a genetic
map. Acta Hort 420 : 58}61

Giese H, Holm-Jensen AG, Mathiassen H, Kjaer B, Rasmussen SK,
Bay H, Jensen J (1994) Distribution of RAPD markers on a link-
age map of barley. Hereditas 120 : 267}273

Goldman IL, Paran I, Zamir D (1995) Quantitative trait locus
analysis of a recombinant inbred line population derived from
a ¸ycopersicon esculentum]¸ycopersicon cheesmanii cross.
Theor Appl Genet 90 : 925}932

Gruenbaum Y, Naveh-Many T, Cedar H, Razin A (1981) Sequence
speci"city of methylation in higher-plant DNA. Nature 292 :
860}862

270



Hauge BM, Hanley SM, Cartinhour S, Cherry JM, Goodman HM,
Koornneef M, Stam P, Chang C, Kempin S, Medrano L,
Meyerowitz EM (1993) An integrated genetic/RFLP map of the
Arabidopsis thaliana genome. Plant J 3 : 745}754

Kaloshian I, Yaghoobi J, Liharska T, Hontelez J, Hanson D, Hogan
P, Jesse T, Wijbrandi J, Simons G, Vos P, Zabel P, Williamson
VM (1998) Genetic and physical localization of the root-knot
nematode resistance locus Mi in tomato. Mol Gen Genet
257 : 376}385

Keim P, Schupp JM, Travis SE, Clayton K, Zhu T, Shi L, Ferreira
A, Webb DM (1997) A high-density soybean genetic map based
on AFLP markers. Crop Sci 37 : 537}543

Kleinhofs A, Kilian A, Saghai-Maroof MA, Biyashev RM, Hayes
PM, Chen FQ, Lapitan NLV, Fenwick A, Blake TK, Kanazin V,
Ananie A, Dahleen L, Kudrna D, Bollinger J, Knapp SJ, Liu B,
Sorrels ME, Heun M, Franckowiak JD, Ho!man D, Skadsen R,
Ste!ens BJ (1993) A molecular, isozyme and morphological map
of the barley (Hordeum vulgare) genome. Theor Appl Genet
86 : 705}712

Kosambi DD (1944) The estimation of map distance from recombi-
nation values. Ann Eugen 12 : 172}175

Lincoln SE, Lander ES (1992) Systematic detection of errors in
genetic linkage data. Genomics 14 : 604}610

Lindhout P, Van Heusden S, Pet G, Van Ooijen JW, Sandbrink H,
Verkerk R, Vrielink R, Zabel P (1994) Perspectives of molecular
marker-assisted breeding for earliness in tomato. Euphytica
79 : 279}286

Maheswaran M, Subudhi PK, Nandi S, Xu JC, Parco A, Yang DC,
Huang N (1997) Polymorphism, distribution, and segregation of
AFLP markers in a doubled-haploid rice population. Theor
Appl Genet 94 : 39}45

Maliepaard C, Bas N, Van Heusden S, Kos J, Pet G, Verkerk R,
Vrielink R, Zabel P, Lindhout P (1995) Mapping of QTLs for
glandular trichome densities and ¹rialeurodes vaporariorum
(greenhouse white#y) resistance in an F

2
from ¸ycopersicon

esculentum]¸ycopersicon hirsutum f. glabratum. Heredity 75 :
425}433

Mutschler MA, Doerge RW, Liu SC, Kuai JP, Liedl BE, Shapiro JA
(1996) QTL analysis of pest resistance in the wild tomato
¸ycopersicon pennellii: QTLs controlling acylsugar level and
composition. Theor Appl Genet 92 : 709}718

Odinot P, Pet G, Lindhout P (1992) An F
2

between ¸ycopersicon
esculentum cv Allround and ¸. pennellii for mapping studies.
Tomato Genet Coop Rep 42 : 27}29

Paran I, Goldman I, Tanksley SD, Zamir D (1995) Recombinant
inbred lines for genetic mapping in tomato. Theor Appl Genet
90 : 542}548

Paterson AH, Lander ES, Hewitt JD, Peterson S, Lincoln SE,
Tanksley SD (1988) Resolution of quantitative traits into Men-
delian factors by using a complete linkage map of restriction
fragment length polymorphisms. Nature 335 : 721}726

Paterson AH, Damon S, Hewitt JD, Zamir D, Rabinowitch HD,
Lincoln SE, Lander ES, Tanksley SD (1991) Mendelian factors
underlying quantitative traits in tomato: comparison across spe-
cies, generations, and environments. Genetics 127 : 181}197

Penner GA, Bush A, Wise R, Kim W, Domier L, Kasha K, Laroche
A, Scoles G, Molnar SJ, Fedak G (1993) Reproducibility of
random ampli"ed polymorphic DNA (RAPD) analysis among
laboratories. PCR Methods Appl 2 : 341}345

Peterson DG, Price HJ, Johnston JS, Stack SM (1996) DNA content
of heterochromatin and euchromatin in tomato (¸ycopersicon
esculentum) pachytene chromosomes. Genome 39 : 77}82

Schondelmaier J, SteinruK cken G, Jung C (1996) Integration of AFLP
markers into a linkage map of sugar beet (Beta vulgaris L.). Plant
Breed 115 : 231}237

Sherman JD, Stack SM (1995) Two-dimensional spreads of synap-
tonemal complexes from solanaceous plants. VI. High-resolution
recombination nodule map for tomato (¸ycopersicon esculen-
tum). Genetics 141 : 683}708

Stam P (1993) Construction of integrated genetic linkage maps
by means of a new computer package: JoinMap. Plant Jour
3 : 739}744

Stam P, Van Ooijen JW (1996) JoinMap(TM) version 2.0: software for
the calculation of genetic linkage maps. CPRO-DLO, Wagenin-
gen

Tanksley SD, Ganal MW, Prince JP, de Vicente MC, Bonierbale
MW, Broun P, Fulton TM, Giovannoni JJ, Grandillo S, Martin
GB, Messeguer R, Miller JC, Miller L, Paterson AH, Pineda O,
RoK der MS, Wing RA, Wu W, Young ND (1992) High-density
molecular linkage maps of the tomato and potato genomes.
Genetics 132 : 1141}1160

Tanksley SD, Grandillo S, Fulton TM, Zamir D, Eshed Y, Petiard
V, Lopez J, Beck-Bunn, T (1996) Advanced backcross QTL
analysis in a cross between an elite processing line of tomato and
its wild relative ¸. pimpinellifolium. Theor Appl Genet 92 :
213}224

Thomas CM, Vos P, Zabeau M, Jones DA, Norcott KA, Chadwick
BP, Jones JDG (1995) Identi"cation of ampli"ed restriction
fragment polymorphism (AFLP) markers tightly linked to the
tomato Cf-9 gene for resistance to Cladosporium fulvum. Plant
Jour 8 : 785}794

Qi X, Lindhout P (1997) Development of AFLP markers in barley.
Mol Gen Genet 254 : 330}336

Qi X, Stam P, Lindhout P (1998) Use of locus-speci"c AFLP
markers to construct a high-density molecular map in barley.
Theor Appl Genet 96 : 376}384

Upho! H, Wricke G (1995) A genetic map of sugar beet (Beta
vulgaris) based on RAPD markers. Plant Breed 114 : 355}357

Van Eck HJ, Rouppe van der Voort J, Draaistra J, Van Zandvoort
P, Van Enckevort E, Segers B, Peleman J, Jacobsen E, Helder J,
Bakker J (1995) The inheritance and chromosomal localization
of AFLP markers in a non-inbred potato o!spring. Mol Breed
1 : 397}410

Van der Beek JG, Verkerk R, Zabel P, Lindhout P (1992) Mapping
strategy for resistance genes in tomato based on RFLPs between
cultivars: Cf 9 (resistance to Cladosporium fulvum) on chromo-
some 1. Theor Appl Genet 84 : 106}112

Van der Beek JG, Pet G, Lindhout P (1994) Resistance to powdery
mildew (Oidium lycopersicum) in ¸ycopersicon hirsutum is con-
trolled by an incompletely dominant gene Ol-1 on chromosome
6. Theor Appl Genet 89 : 467}473

Van Ooijen JW, Sandbrink JM, Vrielink M, Verkerk R, Zabel P,
Lindhout P (1994) An RFLP linkage map of ¸ycopersicon peru-
vianum. Theor Appl Genet 89 : 1007}1013

Van Tuinen A, Cordonnier-Pratt MM, Pratt LH, Verkerk R, Zabel
P, Koornneef M (1997) The mapping of phytochrome genes and
photomorphogenic mutants of tomato. Theor Appl Genet 94 :
115}122

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

Vuylsteke M, Antonise R, Bastiaans E, Lynn Senior M, Stuber CW,
Kuiper M (1997) A high density AFLP linkage map of Zea mays
L. Plant and Animal Genome V, poster abstract P206

Waugh R, Bonar N, Baird E, Thomas B, Graner A, Hayes P, Powell
W (1997) Homology of AFLP products in three mapping popu-
lations of barley. Mol Gen Genet 255 : 311}321

Young ND (1995) Isolation and cloning of plant disease resistance
genes. In: Singh RP, Singh US (eds) Molecular methods in plant
pathology. Lewis, Boca Raton, USA, pp 221}234

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

Zabeau M, Vos P (1993) Selective restriction fragment ampli"-
cation: a general method for DNA "ngerprinting. European
Patent Application number: 92402629.7, Publication number
0 534 858 A1

271


