
Abstract Quantitative resistance that delays the epidem-
ic development of leaf rust in wheat is an important
source for durable resistance breeding. The Swiss winter
wheat variety ‘Forno’ shows a high level of quantitative
resistance against leaf rust. This resistance has been ef-
fective for more than 10 years and can therefore be con-
sidered to be durable. In order to map quantitative trait
loci (QTL) for durable leaf rust resistance we analysed
204 F5 recombinant inbred lines (RILs) of the cross be-
tween the winter wheat ‘Forno’ and the winter spelt
‘Oberkulmer’ for their level of leaf rust resistance (LR)
and leaf tip necrosis (LTN) in four different environ-
ments. Both traits showed a continuous distribution and
were significantly correlated (r=−0.5). Across environ-
ments we detected 8 QTL for leaf rust resistance (6 in-
herited from ‘Forno’) and 10 QTL for the quantitative
expression of LTN (6 inherited from ‘Forno’). Of the 6
QTL responsible for the durable leaf rust resistance of
‘Forno’, 1 major QTL coincided with a thaumatin locus
on 7BL explaining 35% of the phenotypic variance. Four
QTL for LR coincided with QTL for LTN. At these loci
the alleles of ‘Forno’ increased the level of resistance as
well as the extent of LTN, indicating pleiotropy.
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Introduction

Leaf rust caused by the pathogen Puccinia recondita
Roberge ex Desmaz. f. sp. tritici (Eriks. & E.Henn) is
world wide a major disease of wheat (Triticum aestivum
L.). Susceptible wheat varieties suffer regularly yield re-
ductions of 5–15% or greater depending on the stage of
crop development when the initial rust infection occurs
(Kolmer 1996). There are two main breeding strategies
to improve leaf rust resistance: pyramidization of the
major resistance genes (Lr genes) conferring complete
resistance and/or the accumulation of minor resistance
genes conferring quantitative resistance. Many efforts
have been undertaken to introgress Lr genes into wheat
breeding material (for review see McIntosh et al. 1995).
However, the resistance conferred by a single gene is
frequently overcome by the appearance of virulent races
in the pathogen population within a short period of time.
To obtain a more durable resistance, quantitative resis-
tance, so-called partial or slow rusting resistance, is pre-
ferred, in which the infection is not completely stopped
but the spread of the disease is delayed. In general, slow
rusting wheat has longer latent periods, fewer uredinia,
and smaller uredinia size at 10–14 days after inoculation
with leaf rust than susceptible wheat lines (Kolmer
1996).

Several genetic studies have been performed in order
to determine the inheritance of slow rusting in wheat (re-
viewed by Geiger and Heun 1989). In most of these
studies transgressive segregation for leaf rust resistance
was found as well as partial dominance for susceptibility.
The inheritance of resistance was attributed to only one
to three genes with predominantly additive gene action
and, in some crosses, also with significant epistatic ef-
fects (Geiger and Heun 1989). A genetic analysis for la-
tent period of Puccinia recondita in wheat performed by
Shaner et al. (1997) provided evidence that four genes
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with unequal and epistatic effects controlled the latent
period, whereas VanderGaag and Jacobs (1997) found at
least five genes to be involved in the prolongation of the
latent period. The leaf rust resistance conferred by the
adult-plant resistance gene Lr34, i.e., longer latent peri-
od, fewer uredinia and smaller uredinia size, matches the
description of slow rusting (Kolmer 1996). Since many
wheat lines characterized for slow rusting were derived
from sources of Lr34 containing lines it is very likely
that Lr34 was segregating together with other genes in
these studies (Kolmer 1996). The Lr34 gene is pleiotro-
pic or closely linked with leaf tip necrosis caused by the
major gene Ltn located on chromosome 7DS (Singh
1992) that was used for indirect selection of leaf rust re-
sistance. Singh et al. (1998) studied the inheritance of
adult plant resistance of the spring wheat variety ‘Pavon
76’ and found another gene involved in slow rusting re-
sistance, designated as Lr46, which was located on chro-
mosome 1B.

The dissection of quantitative traits into Mendelian
factors of inheritance, so-called quantitative trait loci
(QTL), provides a powerful tool for identifying genes
with minor effects and enables the identification of the
whole set of genes important for the resistance reaction
in a specific cross. William et al. (1997) developed
markers associated with QTL conferring durable leaf
rust resistance to the variety ‘Parula’, which contains the
Lr34 gene and at least two additional genes for slow
rusting (Singh and Rajaram 1992), and found three ran-
domly amplified polymorphic DNA (RAPD) markers as-
sociated with leaf rust resistance in the field: two were
located on chromosome 7BL and one hybridized to chro-
mosomes 1BS and 1DS. In addition, leaf tip necrosis as-
sessed as a monogenic trait could explain 20–25% of the
phenotypic variation for leaf rust resistance in this cross
over 2 years. Nelson et al. (1995b) analysed recombinant
inbred lines of a cross between synthetic wheat and ‘Op-
ata’ for leaf rust resistance in the field. They found two
restriction fragment length polymorphic (RFLP) marker
loci that were associated with leaf rust resistance in the
field: Xwg834 (positive allele from ‘Opata’, which con-
tains the Lr34 gene) located on chromosome 7DS and
Xbcd152 (positive allele from the synthetic wheat) locat-
ed on chromosome 2BS (Nelson et al. 1995a). Both loci
explained together 45% of the phenotypic variance
(Nelson et al. 1995b). This population was further analy-
sed by Nelson et al. (1997) in order to identify chromo-
somal regions conferring leaf rust resistance in seedling
and adult plant stages and to examine their interaction.
Several chromosomal regions were found to influence
adult plant resistance in four field experiments using dif-
ferent pathotypes, but the only consistent region was on
7DS carrying the Lr34 adult-plant resistance gene. Under
conditions of natural infection, Faris et al. (1999) report-
ed a strong association between leaf rust resistance and a
cluster of defense response genes located on 7BL.

Little is known about the genetic basis of quantitative
leaf rust resistance in the European winter wheat breed-
ing material. Winzeler et al. (1995) tested European

wheat lines for their adult plant leaf rust resistance in the
field and their seedling resistance in the growth chamber.
While 50% of the spring wheat lines with a high level of
field resistance also showed seedling resistance (indicat-
ing the presence of major genes), less than 20% of the
winter wheat lines with sufficient adult plant resistance
showed seedling resistance. The Swiss variety ‘Forno’
(pedigree: ‘NR72837×Kormoran’) has been grown in
Switzerland for more than 10 years (since 1986), and for
5 of these years on more than 5% of the wheat acreage,
without losing its high level of resistance against leaf
rust. Therefore, ‘Forno’ can be considered as being dura-
ble resistant according to the definition of Johnson
(1983). Moreover, the high level of adult plant resistance
shown by ‘Forno’ is effective across Europe: in the Eu-
ropean winter wheat nursery of COST 817 ‘Forno’ was
tested for more than 3 years in up to nine different Euro-
pean countries and only once did it show moderate sus-
ceptibility (Winzeler, unpublished data). Recently, a ge-
netic map containing 230 marker loci was constructed
for F5 recombinant inbred lines (RILs) of a cross be-
tween the Swiss winter wheat ‘Forno’ and the Swiss
winter spelt (Triticum spelta L.) ‘Oberkulmer’ (Messmer
et al. 1999). We have used this population to study the
genetic basis of leaf rust resistance in ‘Forno’ The objec-
tives of the study reported here were to identify and lo-
calize individual genes (QTL) responsible for the expres-
sion of resistance against leaf rust observed under field
conditions and to elucidate the genetic basis of leaf tip
necrosis in European winter wheat material and its phe-
notypic correlation to leaf rust resistance. The ultimate
goal of the QTL analysis is to develop tools that are use-
ful for marker-assisted selection (MAS) in practical
breeding programs towards more durable resistance.

Materials and methods

Plant materials

For the genetic analysis of leaf rust resistance we used a cross be-
tween the Swiss winter wheat (Triticum aestivum L.) var ‘Forno’
and the Swiss winter spelt (Triticum spelta L.) var ‘Oberkulmer’
(Messmer et al. 1999; Keller et al. 1999a,b). ‘Forno’ has a high
level of resistance against leaf rust and shows leaf tip necrosis,
whereas ‘Oberkulmer’ is medium susceptible to leaf rust and has
no leaf tip necrosis. Both parents are not known to carry any Lr
genes according to pedigree data.

Field trials

The 226 RILs of ‘Forno×Oberkulmer’ were cultivated in four dif-
ferent environments: in 1995 at Ruemlang (Ru95) and Reckenholz
(Sn95) and in 1996 at two locations in Reckenholz (Sn96 and
Re96). The 226 RILs were grown together with three replicated
entries of the parental lines ‘Forno’ and ‘Oberkulmer’, the F1
‘Forno×Oberkulmer’ (not included in Re96), and 17 standard vari-
eties in a rectangular lattice design with two replications and
10 genotypes per incomplete block. The material was sown as na-
ked kernels in 5-row plots (200 kernels per 2.5 m2) except for the
trial Re96, where the material was sown as a 6-row drill plot
(6 m2) with 350 naked seeds/m2. Lodging was prevented by
mounting a plastic net over the plots below the flag leaves in
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Ru95, Sn95, and Sn96. In Re96 we planted an isolation track of a
mixture of the Swiss winter wheat varieties ‘Arina’ and ‘Bernina’
between the experimental plots in order to prevent severe lodging.
These isolation tracks, but not the 250 genotypes, were treated
with 0.5 l/ha of the growth regulator Moddus (Novartis, Switzer-
land) at growth stage DC 33 (Zadoks et al. 1974). In all trials oat
slugworms were controlled by spraying 1.5 l/ha Zolone (Maag,
Switzerland) at growth stages 50–55. Foot rot diseases were pre-
vented by applying 1 l/ha of Tiptor (Maag, Switzerland) at DC 25
(6 weeks before booting) in Sn95 and Sn96 and 1 l/ha of Sportak
(Bayer, Germany) at DC 31 in Re96.

The field trial in Re96 was artificially inoculated with leaf rust,
whereas natural infection occurred at the other three locations. For
the artificial infection, seedlings of the highly leaf rust-susceptible
varieties ‘Arina’ and ‘Bernina’ were grown in Jiffy pots in the
green-house. When the first leaf was fully emerged and the second
leaf had appeared seedlings were sprayed with a mixture of talcum
and leaf rust urediospores from 16 selected isolates collected in
Switzerland. The infected seedlings were kept at high humidity
(mist) in the greenhouse. The isolates were selected for virulence
against known monogenic seedling resistance genes. The mixture
of isolates was virulent on Lr2a, Lr2b, Lr2c, Lr3a, Lr3b, Lr10,
Lr11, Lr14a, Lr14b, Lr15, Lr16, Lr17, Lr18, Lr20, Lr21 Lr23,
Lr26, Lr27+Lr31, Lr29, Lr30, Lr32, Lr33, Lr44, but avirulent on
Lr1, Lr9, Lr19, Lr24, Lr25, Lr28, and Lr38, because such isolates
occur only at low frequencies in Switzerland (Winzeler et al.
1995). After successful inoculation the seedlings were cultivated
outside the greenhouse and 3 weeks later planted in the field to
start leaf rust infection. To guarantee a regular infection with leaf
rust in the whole field, we planted the leaf rust-infected seedlings
in the isolation tracks of the ‘Arina’/‘Bernina’ mixture every 5 m
on both sides of the experimental plots in early May at growth
stage DC 32 ( Zadoks et al. 1974).

Phenotypic assessment of leaf rust and leaf-tip necrosis

Leaf rust resistance (LR) was recorded for the 226 RILs of
‘Forno×Oberkulmer’ and the parental lines on a scale from 1 (no
pustules=resistant) to 9 (leaf area totally covered with pus-
tules=highly susceptible) on a field plot basis. In the field trials
Ru95, Sn95, and Sn96 there was a medium to low pressure of leaf
rust due to natural infection. Therefore, the rating could only be
performed once during the grain filling period (9 July, 1 July,
6 July, respectively), with the occurrence of pustules on the flag
leaf being the primary factor considered. Due to the artificial inoc-
ulation in the trial Re96 the infection pressure was much higher,
and leaf rust resistance was recorded twice (27 June and 5 July),
considering the total leaf area. The mean of the two assessments
was taken for the leaf rust score of Re96. In all trials we assessed
days until ear emergence and flowering, culm length, and the oc-
currence of leaf tip necrosis. Presence or absence of leaf tip necro-
sis was recorded during anthesis in the trial Sn95 (28 May and 19
June), Sn96 (6 June), and Re96 (5 June). In addition, the extent of
leaf tip necrosis (LTN), measured in centimeters from the tip of
the leaf, was recorded in the trials Ru95 (2 July), Sn96 (26 June),
and Re96 (26 June).

Statistical analysis

Lattice analysis of single environments and analysis of variance
(ANOVA) across environments were performed with the computer
program PLABSTAT (Utz 1995). The adjusted entry means obtained
from the lattice analysis were used for a combined ANOVA over
environments in order to estimate the genotypic (σ2

G) and the gen-
otype×environment interaction (σ2

G×E) variance components. Her-
itability values (h2) were based on the variance components of the
ANOVA and calculated according to Hallauer and Mirando Fo
(1981). To determine the genetic correlation between LR and LTN
we performed a covariance analysis over three environments
(Ru95, Sn96, Re96) with the original data assuming a complete

block design. For the calculation of the F5 population mean and
the correlation between different traits and different environments,
the parental lines and standard lines were excluded, as well as
22 F5 RILs that had an increased level of heterogeneity/heterozy-
gosity (>10%) or an indication of outcrossing based on the mole-
cular data (Messmer et al. 1999). Adjusted mean values of the re-
maining 204 RILs of ‘Forno×Oberkulmer’ from single environ-
ments as well as the overall mean were used for QTL analysis.

QTL analysis was based on the genetic map constructed by
Messmer et al. (1999) spanning 2469 cM. The average marker
density for the QTL analysis was 13.6 cM with at least 2 marker
loci per chromosome. QTL analysis was performed with the com-
puter package PLABQTL (Utz and Melchinger 1996) based on com-
posite interval mapping (CIM) applying the additive model. Addi-
tive effects were negative if the allele of ‘Forno’ increased LR
score or LTN measurement and positive if the ‘Forno’ allele de-
creases the LR or LTN. For QTL detection, a LOD threshold of
3.0 was applied corresponding to an alpha level of 0.001 on a sin-
gle locus basis and an overall alpha of 0.159 for the 159 marker
intervals. The QTL position, given as centiMorgans from the top
of the chromosome, was determined when the LOD score reached
its maximum. A support interval with a LOD fall-off of 1.0 was
given for each QTL. QTL with a non-overlapping support interval
are assumed to be different. The percentage of phenotypic vari-
ance explained by a single QTL (R2) is based on the partial corre-
lation of a putative QTL with the observed data adjusted for the
selected cofactors. In the simultaneous fit, the cofactors are ig-
nored, and only the detected QTL and their estimated positions
were used for multiple regression to obtain the final estimate of
the additive effects (a) and total percentage of phenotypic varia-
tion that can be explained by the QTL. In the simultaneous fit we
also estimated the squared partial correlation coefficient (part. R2)
of individual QTL, which is obtained by keeping all other detected
QTL as fixed effects. The occurrence of QTL×QTL interactions
was tested for significance by adding digenic epistatic effects to
the additive effects in the model. The QTL×environment interac-
tion for leaf rust resistance was estimated by fitting a model to the
adjusted entry means of each environment which included all QTL
detected in the analysis across environments, as described by
Bohn et al. (1996).

Results

Phenotypic segregation

The natural infection of leaf rust started 3 weeks after
anthesis and resulted in medium infection pressure in
Ru95 (average LR score=3.0), Sn95 (average LR
score=2.6), and Sn96 (average LR score=2.8). With the
artificial inoculation, leaf rust infection started 1 week
after anthesis and caused higher levels of disease scores
(average LR score=4.5). In each environment the paren-
tal lines showed significant (P<0.05) differences in leaf
rust resistance. Leaf rust scores of replicated entries of
‘Forno’ varied from 1 to 2, i.e. ‘Forno’ showed in all
four experiments no or only few pustules with uredinia
spores. On the other hand, replicated entries of ‘Oberkul-
mer’ varied from 3 to 4 for leaf rust score in Ru95, and
from 5 to 8 in Sn96, but were consistently 4 and 5.5 in
Sn95 and Re96, respectively.

The qualitative assessment of leaf tip necrosis (as-
suming a monogenic trait) was difficult and very much
dependent on the time of assessment. Only 63% of the
genotypes were classified identical for the presence or
absence of leaf tip necrosis for the first and second rating
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in Sn95 and only 72% were classified identical when the
two replications were compared (r=0.54). Therefore, leaf
tip necrosis was assessed as a quantitative trait by mea-
suring the extent of leaf tip necrosis in centimeters. Both
the qualitative and the quantitative assessment of leaf tip
necrosis were significantly (P<0.01) correlated with
r=0.8 in the experiments Sn96 and Re96, but the quanti-
tative assessments resulted in a better correlation be-
tween replications (0.80<r>0.86). Because of the better
reproducibility all data presented here refer to leaf tip ne-
crosis measured in centimeters (LTN). The extent of
LTN differed strongly in different years. Replicated en-
tries of ‘Forno’ varied from 2 to 4 cm in 1995 (Ru95)
and from 5 to 8 cm in 1996 (Sn96, Re96), while ‘Ober-
kulmer’ showed a maximum of 1 cm of leaf tip necrosis
in the three experiments.

Across all experiments the parental lines ‘Forno’ and
‘Oberkulmer’ differed significantly (P<0.05) for LR (1.3
vs. 4.7) and LTN (5.5 vs. 0.1 cm). The F1 hybrid of
‘Forno×Oberkulmer’ had a significantly (P<0.05) lower
LR score (i.e., more resistant) than the mean of the pa-
rental lines, indicating the presence of dominance effects
for leaf rust resistance, whereas the amount of LTN did
not deviate significantly from the parental mean (Table
1).

Each field trial was analysed as a lattice design, re-
sulting in an improved efficiency of 103% (Ru95) to
124% (SN96) for LR and of 100% (Re96) to 123%
(Ru95) for LTN compared to analysis as a complete
block design (100%). Due to block effects the adjusted
entry mean of some genotypes became smaller than the
original scale for LR and LTN (Table 1). In each trial the
204 F5-RILs of ‘Forno×Oberkulmer’ showed transgress-
ive segregation for both traits (Table 1). Across all ex-
periments these ranged from a score of 1.1 to 6.1 for LR
(Fig. 1A) and from 0.0 to 7.1 cm for LTN (Fig. 1B). No
consistent deviation was found between the mean of the
204 RILs and the parental mean over all environments
for LR and LTN (Table 1). The adjusted entry means of
the 204 RILs were significantly (P<0.01) correlated be-
tween the different experiments for LR (0.72<r<0.80)
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Table 1 Leaf rust resistance score (LR 1–9) and leaf-tip necrosis
(LTN, cm) of the parental wheat line ‘Forno’, the spelt line ‘Ober-
kulmer’, the F1, and the 204 F5-RILs of ‘Forno×Oberkulmer’ for

the four environments (Ru95, Sn95, Sn96, Re96) based on adjust-
ed entry means (SD standard deviation)

Environ- Traits Forno Ober- Parental F1 F5-RILs F5-RILs F5-RILs
ments kulmer mean mean SD range

Ru95 LR: 1.46 3.78 2.62 1.98 3.03 0.91 0.9–6.0
LTN: 3.01 0.16 1.59 2.90 1.81 1.62 −0.5–8.2 

Sn95 LR: 1.06 4.12 2.59 2.01 2.61 1.27 0.8–7.2
LTN: – – – – – – –

Sn96 LR: 1.36 5.43 3.40 0.98 2.79 1.28 0.4–6.3
LTN: 6.63 0.00 3.32 4.08 2.68 2.66 −0.3–8.1

Re96 LR: 1.51 5.46 3.49 – 4.36 1.54 1.4–8.1
LTN: 6.84 0.17 3.51 – 2.14 1.08 −0.2–6.5

Average LR: 1.30 4.70 3.00 2.05 3.19 1.14 1.1–6.1
LTN: 5.49 0.10 2.80 3.47 2.21 1.92 0.0–7.1

Fig. 1A–C Phenotypic distribution of the 204 RILs from the cross
‘Forno×Oberkulmer’, their parental lines ‘Forno’ and ‘Oberkul-
mer’, and their F1 hybrid for leaf rust resistance (A) and leaf-tip
necrosis (B) across the different environments and their phenotyp-
ic correlation (C)
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Table 3 Identification of significant (LOD>3.0) QTL for leaf tip
necrosis (LTN), their chromosomal location, support interval,
flanking markers, and explained phenotypic variance (R2) based
on composite interval mapping of the adjusted means of 204 RILs

of ‘Forno×Oberkulmer’ for the three different environments. Par-
tial regression coefficients (part. R2) and additive effects (LTN in
cm) are obtained from the simultaneous fit of all putative QTL by
multiple regression
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QTL position for leaf tip necrosis Ru95 Sn96 Re96

Chr. Centi- Support Flanking markers R2 Part. Additive R2 Part. Additive R2 Part. Additive
Morgans interval R2 effect R2 effect R2 effect

(%) (%) (cm) (%) (%) (cm) (%) (%) (cm)

1A 94 88–94 Xpsr1201b − Xpsr941 7.2 2.7 +0.22
1BS 36 32–36 Xgwm18 − Xglk483 7.5 7.2 +0.45
2A 0 0–6 Xpsr958 − Xpsr566c 6.8 4.0 +0.32
2B 184 176–184 Xpsr956a − Xglk610a 7.1 4.6 +0.28
3A 10 0–24 Xpsr304 − Xpsr598 13.6 8.0 +0.47
3A 146;150 138–160 Xpsr936 − Xpsr1203a 9.4 4.3 −0.30 8.5 6.1 −0.41
3B 2 0–8 Lrk10b − Xpsr1196b 13.3 0.3 −0.08
3B 24 12–32 Xpsr907 − Xglk538 7.2 6.4 +0.47
4B 34 32–42 Xpsr921 − Xpsr953b 6.6 4.1 −0.28
4B 80 74–86 Xpsr593b − Xpsr1112 9.8 5.0 +0.31
4DL 106;112 98–114 Xglk302b − Xpsr1101a 27.2 26.3 −0.91 20.9 6.8 −0.86 13.1 13.5 −0.61
5A 0 0–4 Xpsr549 − Xglk163a 14.2 11.5 −0.43
5A 76 64–86 Xglk424 − Xpsr912 7.8 0.5 +0.22
5B 70 68–76 Xglk163b − Xpsr426 9.4 3.5 +0.25
5DL 14 0–36 Xpsr906a − Xpsr580a 7.7 5.6 +1.01
7B 142;146 138–164 Xglk750 − Xmwg710a 7.7 6.9 −0.36 6.8 5.3 −0.44
7S 74 70–76 Xglk658 − Xpsr938 7.6 7.3 +0.38

Phenotypic variance 48.4 10.3 33.3
explained simultanously (%)

and for LTN (0.79<r<0.90). For both traits we found a
highly significant (P<0.01) genotype×environment inter-
action, but the magnitude of the genotype×environment
variance components was small (σ2

G×E=0.18 for LR and
σ2

G×E=0.65 for LTN) compared to the highly significant
(P<0.01) genotypic variance components for LR
(σ2

G=1.32) and LTN (σ2
G=3.28). This resulted in high

heritability values of 0.94 for LR and 0.92 for LTN. Av-
eraged over all trials, the 204 RILs showed almost nor-
mal distribution for LR (right skewed and platykurtic
with P<0.10), while LTN showed a bimodal distribution
(Fig. 1B). Figure 1C illustrates the highly significant
(P<0.01) rank correlation of r=–0.53 between LR and
LTN. Genotypes with strong leaf tip necrosis (LTN >5
cm) were highly resistant (LR <3), whereas genotypes
with little expression of leaf tip necrosis showed a large
range of LR scores. The genotypic correlation based on
covariance analysis between LR and LTN was −0.49. Al-
though there was a large variation for culm length and
earliness (days until ear emergence and days till flower-
ing), no significant correlation was found between these
traits and LR or LTN.

QTL analysis for leaf rust resistance
in single environments

In each experiment the cofactors were selected indepen-
dently and varied from 14 to 17 selected markers for LR.
With composite interval mapping we revealed 5–6 sig-
nificant QTL for LR in the single experiments (Table 2)

and altogether 13 different genetic regions contributing
to leaf rust resistance. Positive additive effects indicate
that the LR score was higher for the parental allele of
‘Oberkulmer’, i.e., susceptibility is inherited by the
‘Oberkulmer’ allele and resistance (smaller LR score) by
the ‘Forno’ allele. In the experiment Re96 all positive al-
leles for leaf rust resistance were contributed by the
more resistant wheat parent ‘Forno’, whereas in the other
three experiments the more susceptible spelt parent
‘Oberkulmer’ also contributed one or two alleles for im-
proved resistance. The QTL on chromosome 1BS (32 cM)
and 3A were consistent across two environments, the
QTL on chromosomes 4B and 4DL across three, and the
QTL on 7BL (88–96 cM) was consistent across all four
environments. The percentage of phenotypic variance
(R2) explained by a single QTL ranged from 6.9% to
33.6% in the covariance analysis with cofactors. The to-
tal amount of phenotypic variation for LR explained by
all significant QTL in the simultaneous fit varied be-
tween 27.6% in Sn95 and 51.7% in Ru95. To illustrate
the importance of each QTL in the presence of the other
significant QTL (obtained by multiple regression without
cofactors) we provide the square of partial regression co-
efficient (part. R2) of each QTL and its additive effect in
Table 2. The most important QTL in each experiment
was found on 7B between 84 and 104 cM, with an partial
R2 of about 20% in each experiment. The additive effect
for leaf rust score of this QTL was smallest in Ru95
(+0.48) and highest in Re96 (+0.72), where we observed
the highest disease pressure.



Table 4 Identification of significant (LOD>3.0) QTL for leaf rust
resistance (LR) and leaf-tip necrosis (LTN), their chromosomal lo-
cation, support interval [], flanking markers, and explained pheno-
typic variance (R2) based on composite interval mapping of the ad-

justed means of 204 RILs of ‘Forno×Oberkulmer’ across the differ-
ent experiments. Partial regression coefficients (part. R2) and addi-
tive effects for LR score and LTN, respectively, are obtained from
the simultaneous fit of all putative QTL by multiple regression
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QTL position LR across four environments LTN across three environments

Chromo- CentiMorgans Flanking markers R2 Part. Additive R2 Part. Additive
some [support interval] R2 effect R2 effect

(%) (%) (score) (%) (%) (cm)

1BS 32 [30–34] Xpsr949 − Xgwm18 10.6 3.3 +0.16
36 [32–36] Xgwm18 − Xglk483 8.4 7.3 +0.46

2B 120 [112–126] Xprs924 − Xglk699a 7.2 3.6 −0.17
3A 64 [58–66] Xpsr570 − Xpsr543 13.5 7.0 +0.24 6.9 1.7 −0.22
4B 34 [22–50] Xpsr921 − Xpsr953b 6.8 3.1 −0.33

38 [32–54] 10.0 4.1 +0.22
4B 86 [78–88] Xpsr593b − Xpsr1112 6.8 3.2 +0.35
4DL 110;112; [100–114] Xglk302b − Xpsr1101a 18.0 10.5 −0.58

9.0 8.9 +0.27
5A 0 [0–4] Xpsr549 − Xglk163a 14.4 8.5 −0.48
5DL 16 [0–38] Xpsr906a − Xpsr580a 8.9 6.4 −0.38
6A 78 [62–80] Xpsr563a − Xpsr966 7.6 2.2 +0.27
7B 74 [66–82] Xpsr350 − pwir232b 7.6 5.6 +0.54
7B 92 [88–102] Xpsr593c − Xpsr129c 35.8 19.4 +0.47
7B 150 [140–162] Xglk750 − Xmwg710a 12.8 7.8 +0.34 15.2 13.0 −0.99
7DS 48 [36–64] Xpsr160a − Xgwm44 9.0 5.3 −0.58

Phenotypic variance 50.9 40.8
explained simultanously (%)

QTL analysis for leaf tip necrosis in single environments

The number and location of significant QTL detected for
LTN varied strongly between the three experiments
(Table 3). We found 12 different QTL in Ru95, 3 QTL in
Sn96, and 6 QTL in Re96 explaining in the simultaneous
fit 48.4%, 10.3%, and 33.3% of the phenotypic variance,
respectively. Although the spelt parent ‘Oberkulmer’
showed almost no leaf tip necrosis, half of the QTL detect-
ed in each experiment had a positive additive effect; i.e.,
the allele causing increased LTN was inherited from ‘Ober-
kulmer’. Summarizing the data from Table 3, we detected
1 QTL on chromosome 4DL in all three environments,
2 QTL on 3A (146–150 cM) and 7B (142–146 cM) in
Ru95 and Re96, and 14 genomic regions that influenced
LTN in just one environment. The QTL found on 4DL
(106–112 cM) explained most of the phenotypic variance
for LTN in each environment (13.1% <R2 >27.2%).

The support interval of this QTL overlapped with the
QTL found for LR with a positive additive effect in Sn96
and Re96 (Table 2). In this chromosomal region the al-
leles of ‘Forno’ increased both leaf tip necrosis and leaf
rust resistance. In addition, we discovered coincidences
of QTL for the two traits on chromosomes 7B (142 cM)
in Ru95, 5DL (2–14 cM) in Sn96, and 1BS (32–36 cM)
in Re97. While at the location on 7B the ‘Forno’ alleles
contributed to increased LTN and LR, the ‘Oberkulmer’
alleles on 5D enhanced LTN and resistance. In contrast,
we found that at the QTL on 1BS in Re96 the alleles of
‘Oberkulmer’ increased leaf tip necrosis but decreased
leaf rust resistance. 

QTL analysis across environments

In order to determine QTL that are important for the ex-
pression of the trait under different environmental condi-
tions, we performed QTL analysis on the basis of the
phenotypic values averaged over all environments. We
detected 8 putative QTL for LR and 10 QTL for LTN
across experiments explaining 51% and 41% of the phe-
notypic variance, respectively (Table 4). Five of the QTL
for LR had overlapping support intervals with QTL for
LTN (Fig. 2). At 4 genomic regions ‘Forno’ contributed
towards improved resistance associated with increased
leaf tip necrosis, while on 1BS (32–36 cM) the ‘Forno’
allele improved resistance but reduced the amount of leaf
tip necrosis. Although ‘Oberkulmer’ was more suscepti-
ble to leaf rust (LR=4.7) and had only a small amount of
leaf tip necrosis (LTN=0.1 cm), ‘Oberkulmer’ alleles
contributed towards increased resistance at 2 putative
QTL and towards an increased level of leaf tip necrosis
at 4 putative QTL. A summing up the additive effects of
the ‘Forno’ alleles at the 6 QTL for leaf rust resistance
indicated that they could reduce the LR score by 1.70,
whereas the ‘Oberkulmer’ alleles at the other 2 QTL
could reduce the LR score by 0.55. Accordingly, the
‘Forno’ alleles at 6 QTL for leaf tip necrosis could in-
crease LTN by 3.2 cm, whereas the ‘Oberkulmer’ alleles
at the other 4 QTL could increase LTN by 1.62 cm.

The percentage of phenotypic variance explained by a
single QTL (R2) ranged from 7.2% to 35.8% for LR and
from 6.8% to 18.0% for LTN. The QTL which explained
most of the phenotypic variation for LR was on the long
arm of chromosome 7B in the interval of 88–102 cM and
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did not overlap with the support interval of the 2 QTL for
LTN on 7B. At this QTL, one allele of ‘Forno’ contribut-
ed to a score reduction of 0.47; i.e., the homozygous
classes of ‘Forno’ and ‘Oberkulmer’ alleles differed in a
score of almost 1 for LR. The QTL with the greatest addi-
tive effect for LTN (–0.99 cm) was found on the same
chromosome but more telomeric (140–162 cM), and it
also had an effect on LR (+0.34 score); i.e., RILs homo-
zygous for the ‘Forno’ allele showed on average 2 cm
more LTN and 0.7 lower LR scores than those homozy-
gous for the ‘Oberkulmer’ allele. Another predominant
QTL for LTN (part. R2=10.5%) was detected on 4DL
(100–114 cM), which also coincided with a QTL for leaf
rust resistance (+0.27 LR score). Both QTL for LTN per-
formed in an additive manner. All of the RILs of
‘Forno×Oberkulmer’ that carry ‘Forno’ alleles at the
closest marker loci for these QTL for LTN (4D, 110 cM
and 7BL, 150 cM) clearly showed leaf tip necrosis of at
least 2 cm (Fig. 3, ‘Forno’-‘Forno’), whereas those RILs
that were homozygous for the ‘Oberkulmer’ alleles for at
least 1 QTL locus showed a range of 0 (no leaf tip necro-
sis) to 7 cm for LTN. The RILs of the marker class
‘Forno’-‘Forno’ had a mean of 4.0 cm for LTN, whereas
the RILs of the marker class ‘Oberkulmer’-‘Oberkulmer’
had on average only 1.2 cm LTN, with an average LR
score of 2.3 and 3.7, respectively. The other two marker
classes ‘Forno’-‘Oberkulmer’ and ‘Oberkulmer’-‘Forno’
showed intermediate values for LTN (1.9 and 1.8 cm) and
for LR (3.8 and 3.1, respectively).

All QTL detected across environments for LR were also
significant in at least one of the four experiments, whereas
4 QTL for LTN on 3A, 6A, 7B (66–82 cM), and 7DS were
significant across the three environments but not in the
analysis of single environments. Significant (P<0.01)
QTL×environment interactions were revealed for the puta-
tive QTL for LR on chromosomes 3A (58–66 cM) and
4DL (100–114 cM). The variance component of QTL×en-
vironment (0.03) was about 1/20 of the variance compo-
nent explained by the QTL (0.63) and even smaller than
the ratio between the genotype×environment interaction
variance component (σ2

G×E=0.18) and the genotypic vari-
ance component (σ2

G=1.32) obtained by the ANOVA of
the phenotypic data.

Epistatic effects between QTL for LR and LTN

For leaf rust resistance we found significant (P<0.01) di-
genic epistatic effects between the putative QTL on
chromosomes 1BS (30–34 cM) and 4B (32–54 cM) as
well as between the QTL on 4B (32–54 cM) and 5DL
(0–38 cM). If we include the digenic effects in the model
for the simultaneous fit, the amount of explained pheno-
typic variance could be increased fom 50.9% to 54.0%,
with a partial R2 for the epistatic effects of 2.5 and 3.2%,
respectively. The influence of QTL×QTL interaction on
the phenotypic expression of leaf rust resistance is dem-
onstrated for the QTL on 1BS and 4B. The RILs were di-
vided into four classes based on the allele constitution of
the closest marker loci for the 2 QTL. RILs that were ho-
mozygous for the ‘Oberkulmer’ allele at both QTL were
on average less resistant (LR=3.7), whereas RILs that
were homozygous for the ‘Forno’ alleles at the QTL on
1BS (LR=2.8) or at the QTL on 4B (LR=2.9) showed a
similar resistance as the RILs homozygous for the
‘Forno’ alleles at both QTL (LR=2.9), indicating dupli-
cate interaction between these QTL.

Digenic epistatic effects were also found between the
putative QTL for LTN on chromosomes 3A (58–66 cM)
and 7B (66–82 cM) (part. R2=1.6%) and between the
2 QTL on 7B (66–82 cM) and 7B (140–162 cM) (part.
R2=2.3%). The additive effects of the 10 QTL for LTN
together with their epistatic effects could explain 42.9%
of the phenotypic variance in the simultaneous fit com-
pared to 40.8% without epistatic effects.

Discussion

Genetic basis of durable leaf rust resistance

The objective of our study was to elucidate the genetic
basis of the quantitative resistance of the Swiss winter
wheat variety ‘Forno’. The leaf rust resistance of ‘Forno’
has been shown to be durable over a period of 10 years
of cultivation in Switzerland and, therefore, it is of great
interest to transfer this resistance into other breeding
lines. We found 8 genomic regions that were relevant for
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Fig. 2 Positions of significant (LOD>3.0) QTL for leaf rust resis-
tance and leaf tip necrosis on the genetic map of 204 RILs derived
from the cross ‘Forno×Oberkulmer’. QTL for leaf rust resistance
are indicated by triangles to the right of the chromosome and QTL
for leaf tip necrosis by triangles to the left of the chromosome.
The size of the triangle indicates the explained phenotypic vari-
ance (R2) of a single QTL. White and black triangles indicate that
the allele for improved leaf rust resistance or increased leaf-tip ne-
crosis was inherited by the parent ‘Forno’ and ‘Oberkulmer’, re-
spectively

Fig. 3 Phenotypic distribution of the RILs of the cross
‘Forno×Oberkulmer’ divided into marker classes on the basis of
their parental alleles at the marker interval Xpsr1101a and
Xpsr160b on chromosome 4DL and at the marker interval Xglk750
and Xmwg710a on chromosome 7BL, each containing a putative
QTL for leaf tip necrosis

▲



the expression of leaf rust resistance under field condi-
tions. ‘Forno’ alleles improve resistance at 6 of these
QTL. Thus, the durable resistance of ‘Forno’ is oligo-
genic. The detected QTL represent a minimum number
considering that we cover only about two-thirds of the
genome with our genetic map (Messmer et al. 1999).
The number of QTL for quantitative leaf rust resistance
found in our study is higher than the number of genes es-
timated by segregation analysis (Shaner et al. 1997;
VanderGaag and Jacobs 1997; Geiger and Heun 1989)
under the assumption of equal gene effects. According to
our data, this assumption is not met, since the additive
effects of individual QTL for LR differed considerably
(0.16–0.47). In a cross between the spring wheat ‘Parula’
and ‘Siete Cerros’, William et al. (1997) identified 2 ge-
nomic regions (1BS or 1DS and 7BL) conferring slow
rusting using 400 RAPD markers. Nelson et al. (1997)
detected 2 significant QTL on 7BL and 7DS for adult
plant resistance in the field in a cross between synthetic
wheat and the spring wheat ‘Opata’. In both of these
studies one of the parents contained the Lr34 gene as
well as other race-specific leaf rust resistance genes.
Therefore, it is possible that the effect of minor genes
was masked by these genes with major effects. Interest-
ingly, in both studies a QTL was detected on chromo-
some 7BL, where we found the QTL with the largest ef-
fect in our population for each environment. Besides the
8 QTL for LR found across environments, 5 additional
QTL (4 with ‘Forno’ alleles as the positive alleles) were
detected in just one of the four environments. Since sin-
gle environments differed in the time of plant develop-
ment when leaf rust infection started, in the infection
pressure, and most likely in the pathogen population, dif-
ferent genes might be relevant for resistance in different
environments. Surprisingly, the flanking marker loci of 3
QTL that were found in only one environment and not
over environments were revealed by the same probes as
the flanking marker loci of QTL detected over environ-
ments: Xpsr593a on 1BS and Xpsr593c on 7B,
Xpsr1101b on 3B and Xpsr1101a on 4DL and Xpsr580b
on 5B and Xpsr580a on 5DL. It is possible that these
QTL for leaf rust were duplicated or homoeologous loci.
McMullen and Simcox (1995) found 3 regions on maize
chromosomes 3, 5, and 8 with duplicated arrays of colin-
ear RFLP loci, each containing a QTL for resistance to
Northern corn leaf blight, which might represent duplica-
tions of the same gene or were derived from an ancient
gene cluster.

In our study both parents contributed positive alleles
for leaf rust resistance, thereby allowing transgression
breeding. Based on the QTL results and the fact that the
mean of the F5 RILs was not significantly different from
the parental mean, additive effects were the predominant
mode of inheritance for leaf rust resistance. However, we
found significant epistatic effects between 1 QTL on 4B
and the QTL on 1BS and 5DL for improved field resis-
tance. This is in agreement with Das et al. (1992), who
found predominantly additive genetic variance for partial
leaf rust resistance in advanced spring wheat populations

as well as additive×additive genetic variance. Since the
F1 hybrid of our cross ‘Forno×Oberkulmer’ showed par-
tial dominance for leaf rust resistance in field trials,
dominance variance might also play a role in the inherit-
ance of durable leaf rust resistance. Consequently, the se-
lection for durable leaf rust resistance in early genera-
tions might be less effective than in later generations.

Genetic basis of leaf tip necrosis

Since leaf tip necrosis has been reported to be a mono-
genic trait (Ltn) located on 7DS (Singh 1992; William et
al. 1997), we first started to assess it as a qualitative trait.
However, the results were not reproducible and depend-
ed on the time of the assessment. As the extent of leaf tip
necrosis varied continuously between genotypes, we
made a quantitative assessment. Afterwards, the geno-
types were divided into two distinct classes according to
the bimodal distribution (A ≥2 cm LTN, 0 cm ≤B ≤1 cm
LTN) and LTN was mapped as a monogenic trait. Since
we found no significant linkage to any marker loci on 7D
nor to any other of the 230 marker loci of the genetic
map, we concluded that the gene for LTN of ‘Forno’ is
either not located on 7D but on chromosomal regions not
covered by marker loci or that LTN of ‘Forno’ is not a
monogenic trait. Although we found a QTL for the quan-
titative assessment of LTN on 7DS (part. R2=5%) where
the Ltn gene was mapped (Singh 1992), the QTL ex-
plaining most of the phenotypic variation were on 7BL
(part. R2=13%), 4DL (part. R2=11%), and 5A (part.
R2=9%). The distribution of the ‘Forno×Oberkulmer’
population for LTN at the 2 major QTL revealed that at
least 2 genes with additive gene action are responsible
for the expression of leaf tip necrosis in the ‘Forno×
Oberkulmer’ population: all RILs with ‘Forno’ alleles at
both QTL on 7BL and 4DL showed leaf tip necrosis
(2–7cm). Therefore, the genetic basis of leaf tip necrosis
observed in the Swiss winter wheat ‘Forno’ is different
from the one reported for CIMMYT spring wheat (Singh
1992).

Pleiotropic effects of leaf rust resistance
and leaf tip necrosis

In the CIMMYT spring wheat material leaf tip necrosis
can be used as morphological marker for the presence of
the durable resistance gene Lr34 (Singh 1992). Although
different genes are involved in the expression of leaf tip
necrosis in ‘Forno’, 32% of the phenotypic variation of
leaf rust resistance could be explained by LTN. Since
half of the QTL for adult plant leaf rust resistance coin-
cided with QTL for LTN, the association of leaf rust re-
sistance with leaf tip necrosis is more likely due to pleio-
tropic effects than the close linkage of LR and LTN
genes on four different chromosomes. Singh and Huerta-
Espino (1997) hypothesized that resistance conferred by
Lr34 may involve the production of toxic metabolites,
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which may in turn induce leaf tip necrosis. Vice versa,
leaf tip necrosis may change the physiology of the flag
leaf, which could disturb the infection process and the
growth of the pathogen. Hu and Rijkenberg (1998) stud-
ied the infection process of Puccinia recondita in wheat
and argued that physical and chemical features of the
leaf surface like cuticular ridges, patterns of epicuticular
wax crystals, or pH gradients of the leaf surface might
affect the direction of pathogen growth.

Different physiological states (earlier senescence) of
the flag leaf might be less attractive or prosperous to the
pathogen and might explain the occurrence of associated
resistance genes against various pathogens. The adult
plant leaf rust resistance gene Lr34, which is closely
linked or pleiotropic to Ltn, is also associated with the
stripe rust resistance gene Yr18 and the bdv1 resistance
gene against the barley yellow dwarf virus (Singh 1993).
In our population, 4 of the 8 QTL for leaf rust resistance
(3A, 4DL, 7BL, 7BL) coincided with 4 of the 18 QTL
found for powdery mildew resistance (Keller et al.
1999a), and 3 of these genomic regions were also in-
volved in the expression of LTN. Coincidences of QTL
against different diseases have also been reported for
maize (McMullen and Simcox 1995). However, it will be
very difficult to determine if the resistance against vari-
ous diseases are due to the pleiotropic effects of 1 gene
or due to clusters of genes involved in plant defense
(Spielmeyer et al. 1998; Li et al. 1999). 

Thaumatin as a candidate gene for a QTL
for leaf rust resistance

One QTL for LR on 7BL (92 cM) had a large effect on
leaf rust resistance in each environment, explaining one-
quarter of the phenotypic variation. Therefore, we as-
sume that this QTL represents a major gene for adult
plant resistance. Strikingly, the support interval of this
QTL includes the pwir232b locus located 1 cM apart
from the most likely QTL position. This cDNA clone
was isolated from wheat infected by barley powdery mil-
dew (Erysiphe graminis) and encodes a pathogen-in-
duced thaumatin-like protein (Rebmann et al. 1991). It
belongs to the pathogenesis-related (PR)-5 proteins that
are induced by different phytopathogens in many plant
species and characterized by sequence similarity with
thaumatin (Lin et al. 1996; Hu and Reddy 1997). Puri-
fied PR-5 proteins from Arabidopsis (Hu and Reddy
1997), maize and other cereals (Lin et al. 1996) showed
antifungal activity. Therefore, pwir232b is a candidate
gene for leaf rust resistance. In the same genomic region
on 7BL we found as well a QTL for powdery mildew re-
sistance explaining 11% of the phenotypic variance
(Keller et al. 1999a). Recently, Li et al. (1999) located
62 candidate genes for defense response on the compre-
hensive genetic map of the synthetic wheat×‘Opata’
cross, which was used to identify quantitative disease re-
sistance genes (Nelson et al. 1997; Faris et al. 1999).
Since Faris et al. (1999) also found a strong association

between a cluster of defense resistance genes (catalase,
thaumatin, chitinase, ion channel regulator genes) on
7BL and resistance against leaf rust under natural infec-
tion pressure, Karnal bunt, and stem rust, the same can-
didate gene might be active in very different wheat lines
against various diseases. Whether the thaumatin gene of
‘Forno’ or one of the other defence genes is responsible
for the improved leaf rust resistance can only be proven
by transformation experiments.

Coincidence of QTL for leaf rust resistance
with major Lr genes

Robertson (1989) postulated that qualitative mutant phe-
notypes are extreme alleles at a QTL. Given this hypoth-
esis, we compared the genomic regions involved in the
quantitative expression of leaf rust resistance with the
map location of race-specific Lr genes (McIntosh et al.
1998). The QTL on chromosome 1B could correspond to
seedling resistance genes Lr2a,b,c, Lr26a (1B/1R trans-
location) or Lr44 (T. spelta; Dyck and Sykes 1994) or
the adult-plant gene Lr46 (Singh et al. 1998). The QTL
on 2BS is about 15 cM proximal to the centromere and,
therefore, could be allelic to the adult plant resistance
gene Lr13 mapped by Seyfarth et al. (1998). On the
same genomic region Nelson et al. (1995a,b) found a
QTL for leaf rust resistance which together with Lr34
explained 45% of the phenotypic variation. Lr23 is also
close to the centromere on 2BS (Hart et al. 1993; Nelson
et al. 1997). Several Lr genes are mapped on 4BS (Lr25,
Lr31) or located on chromosome 4B (Lr16, and adult
plant resistance gene Lr12) (McIntosh et al. 1998). Lr1
was mapped close to the telomere of 5DL (Feuillet et al.
1995) and, therefore, does not overlap with the QTL in-
terval on 5D (0–38 cM). The QTL on 7BL (150 cM)
might correspond to the Lr14a locus which was mapped
12 cM distal to the Pm5 gene (Hart et al. 1993). No Lr
genes are mapped on chromosome 3A and 4DL. Howev-
er, more work is needed to verify if the observed coinci-
dence of QTL and major genes is due to allelism or due
to close linkage.

Because of the occurrence of leaf tip necrosis in the
durable leaf rust resistant wheat parent ‘Forno’ we ex-
pected to find a QTL resembling the Lr34 adult plant re-
sistance gene. Since we could not detect a significant
QTL on 7DS, but only several genomic regions associ-
ated with LR and LTN, it is possible that ‘Forno’ carries
one or more homoeologous loci of Lr34 carrying differ-
ent alleles (e.g., PRS160, a flanking marker of the QTL
on 4DL, also hybridized to 7DS). Similarly, Dyck et al.
(1994) proved that two lines with the phenotype of Lr34
(improved leaf rust resistance associated with adult
plant stripe resistance and leaf tip necrosis) might have
the same gene or gene complex but at different chromo-
somal locations. Based on the presence of quadrivalents
in pollen mother cells they concluded that Lr34 might
be translocated onto another chromosome in their wheat
line.
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Breeding strategies for durable leaf rust resistance

The QTL analysis allowed the elucidation of inheritance
of the durable leaf rust resistance of the Swiss winter
wheat variety ‘Forno’ and the genetic association be-
tween leaf rust resistance and leaf tip necrosis. At least
6 genes are responsible for the high level of resistance in
‘Forno’, 4 of them are pleiotropic or closely linked with
leaf tip necrosis. Additive effects are of major impor-
tance, while epistatic effects seem to be of minor impor-
tance. Dominance effects for leaf rust resistance might
mask the genotypic value in early generations. Because
of the oligogenic inheritance it is rather difficult to intro-
gress the high level of resistance from ‘Forno’ into other
breeding material by phenotypic selection. Although we
could not identify the presence of the durable leaf rust
resistance gene Lr34, phenotypic selection for leaf tip
necrosis would improve the level of resistance in the
breeding material. However, breeders often select
against leaf tip necrosis because varieties with strong
leaf tip necrosis, like ‘Forno’, are not well accepted by
the farmers. With marker-assisted selection for the QTL
on 7B (92 cM) and 1BS (32 cM) the level of leaf rust
could be improved considerably without selection for
leaf tip necrosis. Moreover, QTL for partial resistance
can be combined with race-specific Lr genes by marker
assisted selection in order to breed varieties with a high
level of resistance that is effective over a long period of
time.
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