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Abstract We constructed a genetic linkage map based on
a cross between two Swiss winter wheat (Triticum
aestivum L.) varieties, Arina and Forno. Two-hundred
and forty Fs single-seed descent (SSD)-derived lines were
analysed with 112 restriction fragment length polymor-
phism (RFLP) anonymous probes, 18 wheat cDNA clones
coding for putative stress or defence-related proteins and
179 simple-sequence repeat (SSR) primer-pairs. The 309
markers revealed 396 segregating loci. Linkage analysis
defined 27 linkage groups that could all be assigned to
chromosomes or chromosome arms. The resulting genetic
map comprises 380 loci and spans 3,086 cM with
1,131 cM for the A genome, 920 cM for the B genome
and 1,036 cM for the D genome. Seventeen percent of the
loci showed a significant (P < 0.05) deviation from a 1:1
ratio, most of them in favour of the Arina alleles. This
map enabled the mapping of QTLs for resistance against
several fungal diseases such as Stagonospora glume
blotch, leaf rust and Fusarium head blight. It will also
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be very useful for wheat genetic mapping, as it combines
RFLP and SSR markers that were previously located on
separate maps.
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Introduction

Bread wheat (Triticum aestivum L. em. Thell.) has an
allohexaploid genome (AABBDD, 2n = 6x = 42) with
seven groups of homoeologous chromosomes. It is one of
the most important food crops and the development of
genetic maps is essential to better understand the genetics
of agronomically important traits in this species. So far,
maps of bread wheat were mainly developed from
interspecific or wide crosses (Chao et al. 1989; Liu and
Tsunewaki 1991; Gale et al. 1995; Messmer et al. 1999).
The low level of polymorphism revealed by RFLP
markers in wheat (Chao et al. 1989; Liu et al. 1990) has
often hampered the establishment of intervarietal genetic
linkage maps.

However, the development of such maps is a pre-
requisite for the dissection of complex agronomic traits
through QTL analysis and the use of these QTLs in plant
breeding via marker-assisted selection. The first interva-
rietal map of bread wheat, based on RFLP markers, was
published in 1997 (Cadalen et al. 1997). The mapping
population consisted of 106 DH lines derived from a cross
between Chinese Spring and the French semi-dwarf
winter wheat cultivar Courtot. This map contained 266
loci covering 1,772 cM (less than 50% of the genome). It
had a poor representation of the D genome and no marker
was assigned to chromosomes 2D, 4D and 5D. The recent
development and mapping of microsatellite markers in
wheat (Bryan et al. 1997; Roder et al. 1998; Gupta et al.
2002; Guyomarc’h et al. 2002), as well as the transfer of
microsatellites isolated from Aegilops tauschii to bread
wheat (Pestsova et al. 2000; Guyomarc’h et al. 2002),
facilitates the development and improvement of interva-
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rietal linkage maps in wheat. Microsatellite markers are
known to be highly polymorphic in wheat, even between
closely related lines (Plaschke et al. 1995). These PCR-
based markers are highly suitable for genetic mapping and
breeding purposes because they require a low amount of
DNA, can be easily automated and allow high-throughput
screening, can be exchanged between laboratories and are
highly transferable between populations. Using mi-
crosatellite markers, Sourdille et al. (2003) increased the
coverage of the Courtot x Chinese Spring genetic map up
to more than 90% (3,685 cM).

The objective of the present study was to construct a
genetic linkage map in a recombinant inbred-line popu-
lation obtained from a cross between two closely related
winter wheat varieties, Arina and Forno. This map
represents an important tool for QTL analysis of
agronomically important traits and has already success-
fully been used for the QTL mapping of genetic loci
involved in resistance against several diseases:
Stagonospora glume blotch (Schnurbusch et al. 2003),
leaf rust and Fusarium head blight (our unpublished
results).

Materials and methods
Plant material

The population used in this study consisted of 240 Fs recombinant
inbred lines (RILs) derived by single-seed descent from a cross
between Arina and Forno, two Swiss winter wheat varieties
originating from the breeding programs of the Swiss Federal
Research Station for Agroecology and Agriculture (FAL, Ziirich-
Reckenholz, Switzerland). These varieties were chosen because
they have been grown on a considerable acreage in Switzerland and
differ for many agronomically important traits as well as for baking
quality. Forno, which has been used for wheat production between
1986 and 1997, has a durable resistance against leaf rust, but is
highly susceptible to leaf and glume blotch caused by Stagonospora
nodorum as well as to Fusarium head blight. Arina has covered
more than 40% of the Swiss wheat acreage since 1985. This variety
has poor resistance against leaf rust but a high level of resistance
against S. nodorum and a good resistance to Fusarium head blight.

RFLP assay

RFLP analysis was performed with 479 probes and seven enzymes
as described by Messmer et al. (1999). When the information was
available, the expected chromosomal location of the polymorphic
bands was used as a criterion for the choice of the enzyme (RFLP
patterns of psr probes on nulli-tetrasomic lines of Chinese Spring
were kindly provided by Dr. M. Gale, John Innes Centre, Norwich,
UK).

Three hundred and ninety eight RFLP probes were used as
anonymous probes and corresponded to genomic DNA clones from
wheat (psr, ptag — Xglk loci-, ksu, wg, tam, fba, fbb, gbx, gbxG,
gbxR) and barley (mwg), as well as cDNA clones from barley (bcd)
and oat (cdo). They have been previously described by Chao et al.
(psr, 1989), Liu and Tsunewaki (ptag, 1991), Gill et al. (ksu, 1991),
Heun et al. (bed, cdo, wg, 1991), Devey and Hart (tam, 1993),
Graner et al. (mwg, 1991), Leroy (fba, fbb, 1995) and Mingeot and
Jacquemin (gbx, gbxg, gbxr, 1999). One hundred and ninety six
probes were polymorphic between the parents and 114 were used
for mapping.

Eighty one selected cDNA clones coding for proteins with
known or potential functions in stress or defence against pathogens
were also tested for polymorphisms between the parental lines.
Fifty five out of them corresponded to hexaploid wheat cDNAs,
whereas the others originated from barley (13), maize (6), rice (4),
sorghum (1), Triticum durum (1) and Triticum monococcum (1).
Eighteen polymorphic probes were used for mapping (Table 1).

Microsatellite assay

Three hundred and twenty nine simple sequence repeats (SSR)
were used to screen the parental lines: 188 gwm and 25 gdm
markers developed at IPK Gatersleben (Institute of Plant Genetics,
Germany, Roder et al. 1998; Pestsova et al. 2000), 70 cfd and
25 cfa markers developed at INRA Clermont-Ferrand (France,
Guyomarc’h et al. 2002; Sourdille et al. 2003), 21 wmc markers
from the Wheat Microsatellite Consortium (Gupta et al. 2002) and
one psp marker, psp2999, developed at John Innes Centre
(Norwich, UK). One hundred and seventy nine out of 186
polymorphic microsatellites were used for mapping. The polymer-
ase chain reactions (PCR) were performed in 10-ul aliquots in a
PTC-200 (MJ Research) Peltier 9600 thermal cycler and in a Bio-
Rad 9600 thermal cycler. The reaction buffer contained 16.25 ng of
template DNA, 0.125 mM of each deoxynucleotide, 10 nM Tris-
HCl (pH 8.3), 50 mM KCI, 1.5 mM MgCl,, 0.05 uM labelled
primer (IRD700 or 800), 0.2 uM unlabelled primer and 0.5 U of
Tag DNA polymerase (SIGMA). Twenty four to 35 cycles of 1 min
at 94 °C, 1 min between 50 to 63 °C depending on the primer
combination and 1 min at 72 °C were performed, followed by an
elongation step of 10 min at 72 °C. Fragment analysis was carried
out on a LI-COR 4200 DNA analyser. Five microliters of
formamide tracking-dye (Amersham) was added per PCR reaction
and the reaction was run on 8% acrylamide gels.

Nullisomic-tetrasomic analysis

A series of nullisomic-tetrasomic (nulli-tetra) lines of Chinese
Spring (CS) (Sears 1966) was used to confirm the chromosomal
location for 37 RFLP probes and 135 SSR primer pairs.

Data analysis and linkage mapping

The observed segregation ratios were tested by chi-square analyses
(1:1). A segregation distortion region (SDR) was defined by at least
three adjacent marker loci showing a significant segregation
distortion (P < 0.05). The linkage analysis was performed with
the computer program MAPMAKER (Lander et al. 1987) for selfed
recombinant inbred lines. Recombination frequencies were con-
verted to centiMorgans (cM) using Haldane’s mapping function
(Haldane 1919) because of the independent cross-over events in
different meiotic phases during the development of the population.
The linkage groups were constructed using the “two-point/group”
command with a LOD threshold of 4.0 and a maximum distance of
30 cM.

For each linkage group, the marker order was obtained in
several steps. First, a set of markers was selected using the
“informativeness criteria” and “suggest subset” commands. The
“maximum distance” and “minimum individuals” arguments were
respectively set to 4 ¢cM and 200 informative individuals. Markers
showing distorted segregations were discarded. The selected
markers were ordered using the “compare” command. Additional
markers were added afterwards on this frame using the “try”
command. Non-distorted markers that could be mapped with a
LOD threshold superior to 3.0 were integrated first, followed by
markers with a LOD below 3.0 or/and distorted segregation. The
final order was verified with the “ripple” command. The groups
identified from the same chromosome were linked if the distance
was less than 50 cM. The “compare” command was used to control
the marker order in the regions where the groups were merged, and



Table 1 Description of wheat cDNA clones coding for putative stress or defence-related proteins mapped in the Arina x Forno population
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the “ripple” command was used to verify again the order along the
whole chromosome. The “graphical genotype” concept (Young and
Tanksley 1989) was then used to control the accuracy of the marker
order and to identify potential errors. The corresponding data were
controlled on the original autoradiograms (RFLPs) or data (SSRs)
and corrected if necessary.

The genetic map was finally drawn using the computer program
Mapchart Version 2.1 (Voorips 2002). To compare the map with
other published maps (ITMI, Réder et al. 1998; Courtot x Chinese
Spring, Sourdille et al. 2003) correlations were calculated on the
distances of all common intervals using the SAS statistics package
(SAS Institute, Raleigh, N.C.).

Results

Parental screening using RFLP and microsatellite markers

Out of the 398 anonymous RFLP probes tested on the
parental lines Arina and Forno, 387 exhibited a clear
banding pattern and 196 (51%) were polymorphic with at
least one restriction enzyme. For the 81 probes related to
stress or defence response, the level of polymorphism was
much lower (27%). The clones derived from hexaploid
wheat revealed polymorphisms and gave clear patterns,
whereas clones originating from barley, maize, rice,
sorghum, 7. durum and T. monococcum showed a high
background or were monomorphic. SSR markers revealed
a higher level of polymorphism compared to the RFLP
probes: 305 out of the 329 primer pairs tested produced
amplification products and 186 (61%) of them were
polymorphic. Although microsatellites are supposed to be
locus specific, several primer pairs amplified more than
one fragment. Twenty nine (16%) of the 179 primer pairs
revealed two or three polymorphic loci. The maximal
number of polymorphic loci revealed by one marker was
six for RFLP probes and three for SSR markers.

Construction of the linkage map

One hundred and twelve RFLP probes with unknown
function, 18 wheat cDNA clones coding for putative
stress or defence-related proteins and 179 SSR primer
pairs, were used to screen the population. These 309
markers revealed 396 loci (188 RFLPs and 208 SSRs)
representing a mean of 1.28 loci per marker (1.43 and
1.16 for RFLP and SSR markers, respectively). Among
these loci, 105 showed dominant inheritance (26.5%)
including 54 RFLP loci (28.7%) and 51 SSR loci (24.5%).

After elimination of two extremely distorted loci, the
mapping of the 394 remaining loci resulted in 27 linkage
groups comprising 3 to 29 loci. Fourteen loci remained
unlinked. Each of the linkage groups could be assigned to
one of the 21 chromosomes based on analysis for nulli-
tetrasomic lines or information from previous mapping
studies. This resulted in a genetic map comprising 380
loci and spanning 3,086 cM, with 1,131 cM (37%) for the
A genome, 920 cM (30%) for the B genome and 1,036 cM
(33%) for the D genome (Fig. 1). The chromosome size
ranged from 17 cM for chromosome 4D to 243 cM for
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chromosome 7D with a mean of 147 cM/chromosome.
The number of loci per chromosome ranged from 6
(chromosome 4D) to 29 (chromosome 7A) with a mean of
18 loci per chromosome. Less loci were mapped on the D
genome (26%) compared to the A (36%) or B (38%)
genomes. The global map density was 1 locus/8.1 cM,
with 1 locus/8.2 cM for the A genome, 1 locus/6.4 cM for
the B genome and 1 locus/10.5 cM for the D genome.
Although markers were carefully chosen to avoid clus-
tering, nearly 20% of the distances were shorter or equal
to 1 cM, and 54% <5 c¢cM. More than 50% of the markers
mapped on the A (58%) and B (53%) genomes corre-
sponded to RFLP, whereas 79% of the markers mapped
on the D genome were microsatellites.

The 18 probes coding for putative stress or defence-
related proteins revealed 23 polymorphic loci on 13
chromosomes (Table 1, Fig. 1). Only one locus mapped to
the D genome (chromosome 2D), whereas 12 were
mapped to the A genome (all chromosomes) and 10 to the
B genome (1B, 2B, 6B and 7B).

Segregation distortion occurs in clusters

On average, the 240 RILs inherited 51% of their alleles
from the female parent Arina and 49% from the male
parent Forno. This result shows that the population was
skewed in favour of Arina (chi2 = 37.26, P < 0.001). Out
of the 396 markers, 67 (17%) showed distorted segrega-
tions with similar proportions for RFLP and SSR markers
(16% and 18%, respectively). Two marker loci (Xwg834a
and Xcdo545c¢) were highly distorted and removed from
the data set. Their integration in the map led to strong
artefactual increases of genetic distances. Dominant
marker loci showed a significantly higher proportion of
distortion (24.7%) than codominant marker loci (14.1%,
chi2 = 5.20, P < 0.05). Out of the 65 remaining distorted
markers, 63 were mapped and two were unlinked. Fifty
(79%) showed a segregation distortion in favour of Arina.
The marker loci with distorted segregation were not
randomly distributed. Thirty one were clustered in
distorted regions on chromosomes 1A, 1D, 2B, 3A, 5A
and 5B (Fig. 1). In these regions, except the one on 1D, all
the distorted marker loci showed an excess of alleles
inherited from Arina. Chromosome 2B was the most
affected by segregation distortion: the observed segrega-
tion distortion region (SDR) is spanning 58 cM and
covers nearly the whole long arm and a part of the short
arm.

Discussion

The genetic linkage map presented in this study is the first
published intervarietal map between two winter wheat
varieties. The Arina x Forno (ArFo) map spans more than
3,000 cM, each chromosome being identified by at least
one linkage group. Arina and Forno are two Swiss winter
wheat varieties derived from the same breeding program.

In a former study based on RFLP analyses, Siedler et al.
(1994) showed that, at the molecular level, Arina and
Forno were relatively similar when compared to other
European varieties. In our study, 48% of the loci were
found to be polymorphic. Cadalen et al. (1997) detected
58% of polymorphism between the French variety
Courtot and the variety Chinese Spring (derived from a
Chinese landrace) with RFLP markers. However, despite
the lower degree of polymorphism found between Arina
and Forno, it was possible to build a map with a very good
coverage of the genome.

In the ArFo map, similar proportions of RFLP and
microsatellite markers were mapped on the A (42%
RFLP) and B (47% RFLP) genomes. Due to the low level
of polymorphism on the D genome, only 22 RFLP marker
loci could be mapped on it. The low level of polymor-
phism in the D genome compared to the A and B genomes
is well-known and is in agreement with the hypothesis of
a recent, monophyletic introduction of the D genome in
bread wheat (Lagudah et al. 1991). The recent isolation of
microsatellite markers from Ae. tauschii (Pestsova et al.
2000; Guyomarc’h et al. 2002) has greatly facilitated the
construction of saturated maps in hexaploid bread wheat.

Although we generally had a very good coverage of
the map, six gaps on chromosomes 2D, 3A, 3B, 3D, 5B
and 5D remained, and some chromosome arms were not
or only partially covered (1AL, 4AS, 4BS, 4DL, 4DS,
6BL and 6DL). This can be explained by a lack of
available markers in the corresponding regions in the
reference maps (Roder et al. 1998; Messmer et al. 1999;
Pestsova et al. 2000; Gupta et al. 2002; Guyomarc’h et al.
2002; Sourdille et al. 2003). The short arms of chromo-
somes 4A, 4B and 4D are not covered and the long arm of
chromosome 4D is only 17 c¢cM long. In the maps
published by Cadalen et al. (1997), Chalmers et al.
(2001), Groos et al. (2002), Guyomarc’h et al. (2002) and
Sourdille et al. (2003), chromosome 4D is either missing
or only partially covered. A similar lack of coverage of
group-4 chromosomes was as well-observed in some of
the populations derived from intervarietal crosses.

The present map covers 3,086 cM, representing 93%
of the Synthetic W7984 x Opata 85 (ITMI) map
(3,331 cM, Roder et al. 1998) and 84% of the Courtot x
Chinese Spring (CtCs) intervarietal map (3,685 cM,
Sourdille et al. 2003). Common markers, mainly SSRs,
allowed the comparison of intervals between our map
(ArFo) and the ITMI or CtCs maps. We observed very
high colinearity on 58 interval comparisons with the [ITMI
map and 17 with the CtCs map. Only three significant
inversions were found: in the ITMI map Xgwm614-2A,
Xgwm?233-7A and Xgwm350-7D were distal to Xgwm497-
2A, Xgwm635-7A and Xgwm635-7D, respectively. Except
for these inversions, the interval distances of the ArFo
map were highly correlated (P < 0.0001) with the interval
distances of the ITMI (r = 0.80) and CtCs (r = 0.83) maps.
The 16 intervals common to ArFo and CtCs covered
488 cM in ArFo in comparison to 632 cM in CtCs.
Twelve intervals were shorter in ArFo than in CtCs. In
contrast, the comparison of ArFo and ITMI map-intervals



did not show differences, with a total of 1,958 ¢cM and
1,939 cM respectively for the 55 intervals considered.
Twenty nine intervals were shorter in the ArFo map than
in the ITMI map. These results show that our map is
consistent with other published maps.

The distortion found on chromosome 2B was observed
in many studies (Cadalen et al. 1997; Campbell et al.
1999; Kammbholz et al. 2001; Groos et al. 2002) and
corresponds to the same large region on CtCs. In the RIL
progeny, this distortion cannot be attributed to androgen-
esis ability as suggested for the doubled-haploid progeny
of Cadalen et al. (1997). The existence of markers or
chromosomic regions showing segregation distortions has
already been reported in other plant species (see
Jenczewski et al. 1997 and Xu et al. 1997 for reviews).
In rice and maize, some segregation distortion regions
(SDR) were detected close to the location of known
gametophytic factors (Xu et al. 1997; Lu et al. 2002). To
our knowledge, no study on gametophytic factors of
wheat has been published yet. The segregation distortion
found for chromosome 2B in different populations
suggests the involvement of a genetic factor (gameto-
phytic or else) and should be further investigated. In
addition to mapping discrepancies, distortion segregation
can also constitute a handicap by lowering the rate of
recombinants between loci of interest.

It is of high interest that for the ArFo map, RFLP and
microsatellite markers from more than ten different maps
(SSRs: Roder et al. 1998; Pestsova et al. 2000; Gupta et
al. 2002; Guyomarc’h et al. 2002; Sourdille et al. 2003;
RFLPs: Liu and Tsunewaki 1991; Mingeot and Jacque-
min 1999; ITMI maps on grain-genes database, http://
wheat.pw.usda.gov/index.shtml) have been integrated on
the same population and in the same laboratory. This will
facilitate future mapping studies. This map has already
enabled the QTL mapping of several disease resistance
genes: Stagonospora glume blotch (Schnurbusch et al.
2003), leaf rust and Fusarium head blight (our unpub-
lished results) and could be used for the study of other
disease resistances as well as quality traits.
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