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Abstract We constructed a genetic map of a cross
between the Swiss winter wheat (¹riticum aestivum L.)
variety Forno and the Swiss winter spelt (¹riticum
spelta L.) variety Oberkulmer. For the linkage analy-
sis,176 polymorphic RFLP probes and nine microsatel-
lites were tested on 204 F

5
recombinant inbred lines

(RILs) of Forno]Oberkulmer revealing 242 segregat-
ing marker loci. Thirty "ve percent of these loci showed
signi"cant (P'0.05) deviation from a 1 : 1 segregation,
and the percentage of Forno alleles ranged from 21%
to 83% for individual marker loci. Linkage analysis
was performed with the program MAPMAKER using
the Haldane mapping function. Using a LOD thre-
shold of 10, we obtained 37 linkage groups. After "nd-
ing the best order of marker loci within linkage groups
by multi-point analysis we assembled the linkage
groups into 23 larger units by lowering the LOD thre-
shold. All except one of the 23 new linkage groups
could be assigned to physical chromosomes or chromo-
some arms according to hybridisation patterns of nulli-
tetrasomic lines of Chinese Spring and published wheat
maps. This resulted in a genetic map comprising 230
marker loci and spanning 2469 cM. Since the analysed
population is segregating for a wide range of agronomi-

cally important traits, this genetic map is an ideal basis
for the identi"cation of quantitative trait loci (QTLs)
for these traits.
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Introduction

Genetic markers o!er the possibility to analyze the
inheritance of parental alleles at a single locus. RFLP
and PCR-based markers were successfully used to
identify monogenically inherited traits as well as for the
dissection of quantitative traits into Mendelian factors
of inheritance, so called quantitative trait loci (QTLs)
(Michelmore 1995). A pre-requisite for QTL analysis is
the construction of genetic maps that cover most of the
genome. To achieve a good coverage of the wheat
genome with molecular markers is more di$cult than
in other crops because of its hexaploid structure, the
low degree of polymorphism at the DNA level (Liu
and Tsunewaki 1991) and the huge genome size
(1.45]1010 bp per haploid nucleus, Bennet et al. 1982).
For these reasons, the "rst QTL studies in wheat were
conducted on partial-genome assays. QTLs for ear
emergence time, plant height, tiller weight, yield and
50-grain weight were analysed by Hyne et al. (1994)
concentrating on chromosomes 6B, 7A, 7B, and 7D.
Single-chromosome substitution lines for 5A have been
used to locate genes for drought-induced abscisic acid
production (Quarrie et al. 1994), vernalization require-
ment and frost resistance of wheat (Galiba et al. 1995).
Anderson et al. (1993) analysed two populations of
recombinant inbred lines for QTLs involved in pre-
harvest sprouting with 37 and 27 polymorphic RFLP
markers, respectively.

Since these initial studies, genetic maps of wheat
have been consistently improved by using wide crosses



to increase the level of polymorphism and also by the
development of additional markers (RFLP probes,
wheat microsatellites, AFLPs) to obtain a better
marker density. Liu and Tsunewaki (1991) used 66
F
2

progeny from a cross between wheat (variety
Chinese Spring) and spelt (var. duhamelianum) to con-
struct a genetic map of about 1800 cM covering all 21
chromosomes with 185 RFLP marker loci, whereas
Gale et al. (1995) analysed 120 F

2
progeny of an inter-

speci"c cross between the spring wheat variety Chinese
Spring and synthetic wheat (the amphiploid of ¹riticum
turgidum]¹riticum tauschii) covering about 2600 cM
with RFLP markers. Another RFLP map of wheat
with about 3500 cM was based on 114 F

7
lines of

a cross between synthetic wheat and the spring wheat
variety Opata (Nelson et al. 1995 a,b,c; Van Deynze
et al. 1995; Marino et al. 1996). In contrast, Cadalen
et al. (1997) analysed an intervarietal cross, which is of
special interest for QTL mapping and marker-assisted
selection. Their genetic map, with a length of about
1800 cM, was based on 106 androgenically derived
double-haploid lines obtained from F

1
s between mono-

somics of the two wheat varieties Chinese Spring and
Courtot.

For our mapping population we used a cross be-
tween winter wheat (¹riticum aestivum L.) and winter
spelt (¹riticum spelta L.), both originating from Swit-
zerland. Spelt was chosen as a crossing parent because
of the higher level of genetic diversity expected between
wheat and spelt than within wheat itself (Liu et al. 1990;
Siedler et al. 1994) and because of our interest in
spelt-speci"c traits for breeding purposes. Wheat and
spelt are both hexaploid species with three genomes
(AABBDD) and seven homoeologous chromosome
groups. Both crops are autogamous but can be crossed
with each other. In comparison with wheat, spelt is
taller (150 up to 200 cm), has long lax ears (15}20 cm),
a brittle rachis, tight glumes and a better tillering capa-
city (Winzeler et al. 1994). In addition, spelt varieties
have less kernels per ear but a higher thousand-kernel
weight (47}52 g) and very di!erent rheological proper-
ties (Ranhotra et al. 1995). Spelt has been a major
crop in Switzerland since the beginning of this century
(Winzeler and RuK egger 1990) but was then replaced by
wheat, which out-yielded spelt by 10}20% under high-
input conditions. However, in marginal growing
regions with heavy soils, high precipitation
(600}1200 mm), a cold winter and high altitudes (up to
1000 m), spelt showed a higher yield stability than
wheat and remained in this niche (Winzeler 1988). To-
day, spelt is grown on about 2000 ha in Switzerland
and mainly used for human consumption as bread and
speciality bakery. Wheat]spelt crosses are commonly
made in spelt breeding programs to increase the genetic
diversity for lodging resistance and disease resistance
(Schmid and Winzeler 1990; Schmid et al. 1994).

The aim of the present project was to construct
a genetic map of the hexaploid wheat and spelt

genomes as a prerequisite for QTL mapping. Linkage
analysis resulted in a genetic map of 2469 cM covering
all 21 chromosomes. This map has been used for the
QTL mapping of disease resistance genes (manuscript
in preparation), lodging resistance genes (Keller et al.
1999) and genes responsible for rheological character-
istics (manuscript in preparation).

Materials and methods

Plant material

For the construction of the genetic map we used a cross between the
winter wheat variety Forno and the winter spelt variety Oberkulmer
Rotkorn, both originating from the breeding programs of the Swiss
Federal Research Station for Agroecology and Agriculture (FAL,
ZuK rich-Reckenholz, Switzerland). These parents were chosen be-
cause both have been grown on a considerable acreage in Switzer-
land and, besides the distinctive morphological and rheological
characteristics of wheat and spelt, di!er for many agronomically
important traits. The wheat parent Forno has proven durable dis-
ease resistance against leaf rust, shows medium resistance against
powdery mildew but is highly susceptible to leaf and glume blotch
caused by Septoria nodorum. The spelt parent Oberkulmer has
poor resistance against leaf rust and powdery mildew but a high
level of resistance against S. nodorum. The progeny of the cross
Forno]Oberkulmer was propagated as a bulk until the F

5
genera-

tion, from which 226 single plants were randomly chosen. Three ears
of each F

5
plant were harvested in 1993 and threshed by hand. The

226 F
5

recombinant inbred lines (RILs) were propagated as a one-
row plot in the "eld in 1994 and threshed and de-hulled for further
experiments. Twenty kernels of each RIL were grown in the green-
house to produce the plant material for DNA extraction and genetic
mapping. The remaining seed was used as stock for QTL analysis in
"eld trials.

Parental screening for polymorphism with RFLP markers

Genomic DNA was extracted from 0.5 g of freeze-dried leaf material.
DNA isolation, restriction enzyme digestion, agarose-gel electro-
phoresis, alkaline Southern blotting to nylon membranes, and
hybridisation methods were all performed as described by Graner
et al. (1990). RFLP probes were labelled with [32P]dCTP using the
random primer labelling method (Feinberg and Vogelstein 1983).
Non-incorporated nucleotides were removed by "ltration through
Sephadex G-50 columns. Most of the RFLP probes were genomic
DNA clones. The wheat clones PSR were kindly provided by Dr.
M. Gale (John Innes Centre, Norwich, England) and Dr. P. Gay
(Ciba Seeds, Basel, Switzerland). The wheat clones pTAG (Xglk
locus) from Dr. K. Tsunewaki and Dr. Y.G. Liu, Kyoto, Japan (Liu
and Tsunewaki 1991), were provided by the Australian Triticeae
Mapping Initiative (ATMI). The barley clones MWG were provided
by Dr. A. Graner (BBA, GruK nbach, Gatersleben, Germany). The rice
clone C970 was provided by Dr. T. Sasaki (Rice Genome Research
Program, Kannondai, Japan). The pWIR232 clone coding for
a wheat thaumatin (Rebmann et al. 1991) was provided by Dr. R.
Dudler (University of ZuK rich, Switzerland). The Lrk10 clone, pro-
vided by Dr. C. Feuillet (University of ZuK rich) codes for a wheat
protein kinase (Feuillet et al. 1997) and the PL

}
AP clone, provided

by Dr. A. Penger (University of ZuK rich), encodes a P-loop protein in
wheat (personal communication). The genomic DNA of the parental
lines Forno and Oberkulmer was digested with seven restriction
enzymes (EcoRI, HindIII, EcoRV, XbaI, DraI, BamHI, BglII) and
tested for polymorphism with 310 DNA probes (191 PSR clones,
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95 pTAG clones, 19 WG clones, one KSU clone, three a-amylase
clones, one PWIR clone). The autoradiographies of the RFLP
analysis were visually scored on a light box.

Parental screening for polymorphism
with wheat microsatellite markers

The same DNA source as for RFLP analysis was used for wheat
microsatellite analysis. We tested 24 GWM wheat microsatellites
(Plaschke et al. 1995; RoK der et al. 1995), two wheat microsatellites in
the coding region of the low-molecular-weight glutenin (P1P2) on
1AS and of a c-gliadin pseudogene (R1F2) on 1BS (Devos et al.
1995 a), as well as three microsatellites (AC22, AC29, AG10) de-
scribed by Ma et al. (1996). PCR-ampli"cations of microsatellites
were performed as described by RoK der et al. (1995) and Ma et al.
(1996) with minor modi"cations. The gels were re-used up to four
times. Fragment sizes were calculated using the computer program
AlleleLinksTM 1.0 (Pharmacia Biotech) by comparison with inter-
nal size standards. The resolution was 1}2 bp.

Genotypic assessment of the RILs of Forno]Oberkulmer
with molecular markers

One hundred and seventy six of the polymorphic RFLP probes and
nine microsatellites were tested on the 226 RILs of Forno]Ober-
kulmer using the same methods as described for the parental screen-
ing. Whenever possible, dominant RFLP loci were scored as co-
dominant markers based on di!erences in band intensity. For each
of 226 RILs of Forno]Oberkulmer the percentage of heterozygous
marker loci, the percentage of marker bands deviating from the
parents, as well as the percentage of the two parental genomes, was
determined based on the total of 242 polymorphic marker loci.
Twenty two RILs were discarded because of the high degree of
heterozygous bands ('10%) or because of the detection of bands
('1%) that were not present in the parental lines. The remaining
204 RILs were used for linkage analysis. The individual marker loci
were tested for distorted segregation using the sequential rejective
Bonferoni procedure (Holm 1979).

Linkage analysis

Linkage analysis of the 242 marker loci was performed with the
computer program MAPMAKER (Lander et al. 1987) for selfed
recombinant inbred lines. As a control we also used the program
JoinMap (Stam and Van Ooijen 1995) which takes the sel"ng
generation into account and allows for the calculation of hetero-
zygous loci. The results obtained were similar (data not shown). The
linkage analysis was performed as an iterative procedure, consider-
ing "rst only the undistorted marker loci and adding the distorted
markers in a second step. This should help to detect artefactual
linkage groups caused by strong distortion. In the "rst step linkage
groups were determined with a likelihood odds (LOD) ratio of 10 as
a threshold. We used the mapping function of Haldane (1919)
because of the independent cross-over events in di!erent meiotic
phases during the development from the F

1
to the F

5
generation.

Two-point, three-point and multi-point analyses were used in order
to determine the best order of marker loci within the linkage groups.
The relatively small linkage groups were assigned to the 21 wheat
chromosomes according to published wheat and spelt maps
(McGuire and Qualset 1997) and RFLP patterns of nulli-tetrasomic
lines of Chinese Spring kindly provided by Dr. M. Gale (John Innes
Centre, Norwich, England). Marker loci and linkage groups that
were more than 20 cM apart were not signi"cantly linked. In order
to join the linkage groups and to add unlinked markers to these
linkage groups the LOD threshold was lowered (3.0(LOD'10.0)

and all possible combinations were tested. In case of more than one
possible arrangement of linkage groups within homoeologous chro-
mosome groups we chose the one with the smallest genetic distance
between the adjacent marker loci of the linkage groups to construct
the genetic map. For the drawing of the map we used the computer
program DrawMap Version 1.1 developed by J. Van Ooijen (Centre
for Plant Breeding and Reproduction Research CPRO-DLO,
Wageningen, The Netherlands).

Results

Parental screening

Out of the 310 RFLP probes tested for polymorphism
on the parental lines 26 showed no clear hybridisation
pattern. Of the remaining probes, 183 (64%) were poly-
morphic between Forno and Oberkulmer with at least
one restriction enzyme. Most probes produced RFLP
patterns with three, six or even nine bands per geno-
type. However, for most probes only one of these bands
showed a polymorphism between the parental lines.
Five of twenty nine tested microsatellites showed no
clear bands, "ve were monomorphic, and 19 showed
polymorphic ampli"cation products between Forno
and Oberkulmer di!ering in only a few (2}10) base
pairs. Although wheat microsatellite markers are in
general genome-speci"c, the primer pairs GWM6 and
GWM111 ampli"ed two and three polymorphic bands,
respectively.

Segregation of marker loci

The polymorphic marker loci detected by the 176
RFLP probes and nine microsatellites were analysed
on the 226 RILs resulting in 230 and 12 segregating
loci, respectively, with an average of 1.3 polymorphic
loci per probe or microsatellite. In cases where more
than one locus was detected per probe or microsatellite,
the di!erent loci were indicated by small letters at the
end of the clone name (a,b,c,d). Of the 242 segregating
loci 168 (70%) showed co-dominant inheritance, while
43 were dominant for the Forno band and 30 for the
Oberkulmer band. Averaged over all loci and all 226
RILs of Forno]Oberkulmer the level of heterozygos-
ity was 5.2%, which is very close to the expected 6.25%
in an F

5
generation. However, 13 genotypes had an

extremely high level of heterozygosity (11}35%), indic-
ating a mixture of seed, and nine genotypes showed
1}12% bands that did not occur in the pattern of the
parental lines, indicating outcrossing events during line
development. Therefore, these lines were excluded from
further analysis to avoid errors due to heterogeneous
material. On average the 204 RILs inherited 49.2% of
their marker alleles from the female wheat parent
Forno, with a range of 31}67% for individual RILs.
For an individual locus the percentage of Forno alleles
ranged from 21% (Xglk165) to 83% (Xglk317d ).
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Fig. 1 Linkage map of 230 marker loci analysed on the 204 RILs of
the cross Forno]Oberkulmer using the mapping function of
Haldane. Marker loci with a star indicate a di!erent RFLP pattern
than that indicated by the provider of this probe. Marker loci ending
with

}}
F and

}}
O indicate that the polymorphism was based on

a locus present in Forno but absent in Oberkulmer and vice versa.
Marker loci in solid and dashed boxes indicate a signi"cantly
(P(0.05) distorted segregation in favour of the Forno alleles and
Oberkulmer alleles, respectively. The approximate position of the
centromeres, indicated by arrowheads, were deduced from published
wheat maps (McGuire and Qualset 1997)

Altogether 84 (35%) of the marker loci showed signi"-
cantly (P(0.05) distorted segregation favouring either
the marker alleles of Forno (31) or Oberkulmer (53).

Genetic map

For the mapping of the 242 marker loci into linkage
groups we tried several LOD thresholds. Starting from
a LOD of 3.0, which is usually applied for linkage
analysis, one large linkage group containing almost
all marker loci was obtained. Linkage analysis with
a LOD of 5.0 and 8.0 still resulted in large linkage
groups, consisting of up to 199 and 50 loci, respectively.
This was also the case if we used only the subset of 158
undistorted marker loci. We gradually increased the
LOD threshold for signi"cant linkage until no more
Xpsr loci, which belong to di!erent physical chromo-
somes according to the RFLP patterns of nulli-tet-
rasomic lines of Chinese Spring provided by M. Gale
(personal communication) were linked together. Only
at a LOD of 10.0 were linkage groups obtained which
in all cases were in agreement with nulli-tetrasomic
data. However, markers with a genetic distance of more
than 20 cM were no longer signi"cantly linked at this
threshold. The mapping of the 242 marker loci with
a LOD of 10.0 resulted in 37 distinct linkage groups
consisting of 2}28 loci and 20 unlinked loci. After
"nding the best order of markers within these linkage
groups, we assembled them into larger units by lower-
ing the threshold. This resulted in a genetic map with
23 linkage groups comprising 230 loci and spanning
2469 cM (Fig. 1). These linkage groups could be as-
signed to the 21 wheat chromosomes based on pub-
lished maps and the available nulli-tetrasomic data,
except for one linkage group which belongs to ho-
moeologous chromosome group 7 but could not be
assigned to the A, B, or D genome. Some RFLP probes
showed di!erent hybridisation patterns from those in-
dicated by the provider of the probes. These might be
di!erent from the original probe and map to a di!erent
chromosome location. Such probes are marked by stars
in Fig. 1. The 84 marker loci with distorted segregation
were not randomly distributed, but clustered on certain
chromosome regions, i.e. chromosome segments of 3A,
5B, and 7A showed an excess of Forno alleles (solid
boxes in Fig. 1), while Oberkulmer alleles were more
frequent (dashed boxes) on chromosomes 1BS, 3B,
3DS, 4A, 4B, 7A, and 7B. The distorted segregation of
the marker loci was not correlated with the mode of
inheritance (co-dominant vs dominant). An accumula-
tion of dominant marker loci was observed for chromo-
somes 4A, 4DL, 7B, 7D and 7S, where about half of the
loci showed dominant inheritance in the Forno]Ober-
kulmer cross. For none of the linkage groups did we
observe exclusively dominant markers. However, for
chromosomes 5A and 7S all the dominant loci were
inherited from the female wheat parent Forno, whereas

for chromosome 7D all the dominant loci were inherit-
ed from the male spelt parent Oberkulmer (Fig. 1). For
the 44 probes and two microsatellites with more than
one polymorphic fragment, the respective loci were in
26 cases located on homoeologous chromosomes (e.g.
Xpsr566a on 2DS; Xpsr566b on 2BS; Xpsr566c on 2AS),
whereas in 17 cases these loci belong to non-ho-
moeologous chromosomes (e.g. Xpsr593a on 1BS,
Xpsr593b on 4BS; Xpsr593c on 7BL) and in three
cases di!erent loci of the same marker were located
on the same chromosome arm (Xglk278a/b on 2AS;
Xglk610a/b on 2BL; Xglk184a/b on 7DS). The average
marker density of our map was 10.7 cM. However, the
marker loci were not evenly distributed across the
genome but were clustered at certain chromosomal
regions (Fig. 1). As a consequence the coverage with
markers varied considerably within and between chro-
mosomes, with a minimum of two marker loci per
chromosome.

Discussion

Polymorphism between wheat and spelt

Since wheat is one of the most important crops world-
wide, the identi"cation of agronomically important
genes in wheat and related species is of great interest to
breeders. Although genetic maps of a few mapping
populations of wheat are available (McGuire and
Qualset 1997) breeders are primarily interested in the
genetic characterisation of their own breeding material.
For QTL mapping we decided to use a wheat]spelt
mapping population because of the higher degree of
polymorphism we found between Forno and Oberkul-
mer (64%) as compared to 48% of polymorphic loci
between the two Swiss winter wheat varieties Arina and
Forno. The level of polymorphism between wheat and
spelt was also higher than the one (28%) found by Liu
et al. (1990). This can be explained by the fact that we
tested each RFLP probe with seven, instead of four,
di!erent restriction enzymes and mainly used probes
that had already been mapped in wide crosses
(PSR clones: Gale et al. 1995; pTAG clones: Liu and
Tsunewaki 1991). Cadalen et al. (1997) employed an
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inter-varietal cross between the French variety Courtot
and the variety Chinese Spring (derived from a Chinese
land race) and found 58% polymorphism between the
parental lines that were tested with 391 RFLP clones
and seven di!erent restriction enzymes. These results
are in agreement with the hypothesis that the genetic
distance between Swiss wheat and spelt germplasm is
greater than within the wheat germplasm, and that
wheat germplasm derived from di!erent origins yields
a higher level of polymorphism than varieties derived
from the same breeding program.

Coverage of the genome

The 242 polymorphic marker loci analysed did not
cover the whole genome because of clustering of the
marker loci, especially on chromosomes 1BS, 2A, 2D
and 3B. Clustering of marker loci in centromeric re-
gions is a common phenomenon in wheat linkage maps
(Gale et al. 1995; Cadalen et al. 1997). To obtain an
improved coverage of the telomeric regions of all chro-
mosomes a large number of additional markers would
be needed. According to extended linkage map data
from integrated genetic maps of wheat (McGuire and
Qualset 1997) the average chromosome length varied
between 150 and 200 cM, which would result in a total
genome length of 3200 to 4200 cM. This corresponds to
the three-fold genome length of an integrated genetic
map of diploid barley (1060 cM; Qi et al. 1996). With
our map spanning 2469 cM, we probably cover 2/3 of
the whole genome of wheat and spelt. The distribution
of marker loci across the 21 chromosomes was very
similar to the wheat]spelt linkage map of Liu and
Tsunewaki (1991) with a good coverage of chromo-
somes 2A, 2B, 4A, 5A, 5B, 7B but a generally low
marker density on the D genome. This lack of polymor-
phism found for the D genome was also evident in the
inter-varietal marker map of Cadalen et al. (1997) and
is therefore not speci"c for wheat]spelt crosses. Des-
pite the low marker-density on certain chromosomes,
our map contributes towards a more comprehensive
integration of the genetic maps of wheat collected and
published by the International Triticeae Mapping Initi-
ative (McGuire and Qualset 1997) since both Xpsr and
Xglk marker loci were mapped in one population.

Chromosomal assignment

The genetic map was not readily obtained by standard
software but the most likely assignment of the 37 link-
age groups to the 21 physical chromosomes was
achieved by an iterative process considering all possible
alignments and the known map positions of some
probes. One reason for the di$culty in obtaining larger
linkage groups was the use of recombinant inbred lines
(RILs) as a mapping population instead of F

2
plants or

doubled-haploid (DH) lines. Since e!ective recombina-
tion events can occur in every meiotic phase until the
plants are completely homozygous, the recombination
frequencies between two markers are largely increased
during line development from the F

1
to the F

5
genera-

tion compared to F
2

or DH populations. However,
genetic distances are given in cM considering the cross-
over events per single meiotic phase. For example,
markers with an exchange rate of 20% at the F

2
level

would show an exchange rate of about 40% at the
homozygous level of the RILs, both corresponding to
a map distance of 20 cM. Therefore, we could not
assign markers or whole linkage groups with more than
a 20 cM distance without the help of nulli-tetrasomic
data of Chinese Spring and published maps.

Another peculiarity of our wheat]spelt population
was the high percentage of dominant marker loci
(30%), which was almost twice as large as for diploid
cereals (e.g. ¹. tauschii: 16%, Gill et al. 1991; barley:
14%, Graner et al. 1991; rye: 24%, Loarce et al. 1996).
Liu and Tsunewaki (1991) in their wheat]spelt
F
2

population also found 37% dominant RFLP
marker loci, which are indicative of loci with null alleles
in one of the parental lines. Such null alleles may result
from insertion/deletion events or chromosome re-
arrangements. In an earlier study on di!erent wheat
accessions, Liu et al. (1990) reported a larger number of
RFLP bands in the wheat variety Chinese Spring (66
bands) than in the spelt var. duhamelianum (62 bands).
In our population we obtained the same ratio of poly-
morphic bands for the wheat variety Forno (212 bands)
versus the spelt variety Oberkulmer (199 bands). If
large chromosome insertions/deletions or transloca-
tions occurred between wheat and spelt one would
expect the dominant marker loci to be clustered
together. A continuous accumulation of dominant
marker loci could only be observed for the telomers of
chromosome 7DS (dominant for Oberkulmer) and for
the linkage group 7S (dominant for Forno), while on all
other chromosomes the dominant bands for Forno or
Oberkulmer were randomly distributed and alternated
with co-dominant marker loci (Fig. 1). This supports
the hypothesis of several independent and small inser-
tion/deletion events in wheat and spelt. Since an
equally high degree of dominant RFLP marker loci
(27%) was found in a wheat]wheat cross (Cadalen
et al. 1997), one might conclude that hexaploid species
in general can tolerate more chromosomal rearrange-
ments than diploid species.

An additional problem in the assignment of linkage
groups to physical chromosomes was the high propor-
tion (37%) of heterologous marker loci, i.e. markers
detecting 2}4 polymorphic loci, which do not map
to the corresponding chromosomes of the A, B or
D genomes, but map to di!erent chromosome groups.
Heterologous marker loci provide evidence for chro-
mosomal rearrangements between the A, B or D
genomes in wheat and/or spelt. While most of the
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homoeologous marker loci (which mapped according
to expectation to the homoeologous chromosomes of
the A, B, or D genomes) belong to chromosome groups
2, 3 and 5, several heterologous marker loci map to
groups 4 and 7 (Xmwg710a/b; Xpsr593b/c; Xpsr160a/b;
Xgwm111a/b/c) or to groups 1 and 5 (Xpsr1201a/b;
Xglk317a/c; Xglk558a/b). As a consequence, the assign-
ment of the linkage groups to these chromosomes (1A,
4A, 4D, 5A and 7) was rather di$cult. Strikingly, the
same chromosomes also showed a large proportion of
dominant markers (Fig. 1). Chromosome rearrange-
ments in modern wheat have been studied in detail by
Devos et al. (1995 b). They analyzed the collinearity
between the wheat chromosomes 4A, 5A, and 7B and
concluded that chromosome 4A of ¹. aestivum has
evolved by a 4AL/5AL reciprocal translocation, fol-
lowed by a 4A pericentric inversion and a 4AL/7BS
reciprocal translocation and another 4AL paracentric
inversion. While the 4AL/5AL translocation break-
point was found in a range of ¹riticeae species, the
other rearrangements were not found in ¹riticum
monococcum, and probably arose in the tetraploid pro-
genitor of wheat because no di!erent arrangements
were found between Chinese Spring and the synthetic
wheat (Devos et al. 1995b). These chromosomal re-
arrangements among homoeologous groups 4, 5 and
7 were con"rmed by the mapping data of F

7
lines in

a cross between synthetic wheat and variety Opata
(Nelson et al. 1995 c). However, di!erent chromosome
rearrangements in the spelt parent Oberkulmer com-
pared to the wheat parent Forno can not be excluded
and might disturb the construction of the genetic map.

Genetic basis for QTL mapping

The primary goal of our mapping e!orts was the con-
struction of a genetic map that is useful to identify
QTLs for disease resistance genes that are present
in the Swiss wheat and spelt breeding material. Since
the mapping population originates from the relevant
breeding material, many positive alleles were accu-
mulated in the parental lines that will allow the
identi"cation of QTLs for a wide range of agronomically
important traits. Such QTLs can be directly exploited
in practical breeding programs by marker-assisted se-
lection. The detection of QTLs in genomic regions with
a high marker density opens up the possibility of the
map-based cloning of genes for quantitative resistance.
On the other hand, this map is of great value for the
localisation of isolated candidate resistance genes, like
the lrk10 (Gallego et al. 1998), or the pwir232 gene
coding for a thaumatin-like protein (Rebmann et al.
1991), in order to check coincidences with detected
QTLs.
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