
Theor Appl Genet (2004) 109: 933–943
DOI 10.1007/s00122-004-1708-7

ORIGINAL PAPER

X. Q. Huang . H. Kempf . M. W. Ganal . M. S. Röder

Advanced backcross QTL analysis in progenies derived

from a cross between a German elite winter wheat variety

and a synthetic wheat (Triticum aestivumL.)

Received: 4 February 2004 / Accepted: 14 April 2004 / Published online: 9 July 2004
# Springer-Verlag 2004

Abstract We report here the second advanced backcross
quantitative trait locus (AB-QTL) analysis carried out in
winter wheat. Seven agronomic traits were studied in a
BC2F1population derived from a cross between the
German winter wheat variety Flair and the synthetic
wheat line XX86 developed in Japan. We selected 111
BC2F1 lines and genotyped these with 197 microsatellite
markers. Field data for seven agronomic traits were
collected from corresponding BC2F3 families that were
grown at up to six locations in Germany. QTL analyses for
yield and yield components were performed using single-
marker regression and interval mapping. A total of 57
putative QTLs derived from XX86 were detected, of
which 24 (42.1%) were found to have a positive effect
from the synthetic wheat XX86. These favourable QTLs
were mainly associated with thousand-grain weight and
grain weight per ear. Many QTLs for correlated traits were

mapped in similar chromosomal regions. The AB-QTL
data obtained in the present study are discussed and
compared with results from previous QTL analyses.

Introduction

Bread wheat (Triticum aestivum L.) is a hexaploid (2n=6,
x=42) organism with three (A, B and D) genomes. It
originated from a series of natural hybridisations, the first
occurring between T. urartu Thum. ex Gandilyan (AA)
and an unknown species (BB) closely related to T.
speltoides (Tausch.) Gren. ex Richter (SS). The resulting
tetraploid wheat—T. turgidum L. (AABB)—then hybrid-
ised with T. tauschii (Coss.) Schmal (DD) to generate the
hexaploid wheat T. aestivum L. (AABBDD, Chapman et
al. 1976; Kihara 1944; Zohary et al. 1969). Feldman et al.
(1995) estimated that the latter hybridisation event
occurred approximately 8,000 years ago. This hybridisa-
tion event can be repeated today by crossing tetraploid
wheat (AABB) with T. tauschii (DD) to produce synthetic
hexaploid wheat. These synthetic hexaploids have been
used as an intermediate for transferring genes for biotic
stresses, such as diseases (Kerber 1987; Lutz et al. 1995;
Ma et al. 1995), and abiotic stresses, such as cold
hardiness and salinity (Gorham et al. 1987; Limin and
Fowler 1993), from wild progenitors to cultivated hexa-
ploid wheats.

Several attempts have been made for incorporating
quantitative complex traits, such as growth rate, grain
yield (YLD) and product quality, from the ancestral
species into crop species like oat (Lawrence and Frey
1975), sorghum (Cox et al. 1984) and pearl millet
(Bramel-Cox et al. 1986). In wheat, Cantrell and Joppa
(1991) found that some chromosomes from wild emmer
wheat T. dicoccoides Korn (AABB) had significant
positive effects on grain YLD and protein content. Cox
et al. (1995) evaluated the agronomic and quality traits of
many BC2F2 lines derived from direct hybrids between
wheat and T. tauschii and detected that T. tauschii
germplasm increased protein concentration but depressed
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grain YLD in comparison to the recurrent parents. Gororo
et al. (2002) reported that T. tauschii has an outstanding
potential for improving the yield of wheat in low-yielding
environments subject to drought stress, basing his
conclusions on an evaluation of the yield performance of
backcross populations from normal hexaploid with that
from synthetic hexaploid wheat. By using BC2F2 lines
derived from crosses between different synthetic hexa-
ploids and spring wheat cultivars, del Blanco et al. (2001)
reported that several synthetic-derived lines had signifi-
cantly higher grain YLD than the recurrent wheat parent
and that more than 80% of the lines were significantly
superior for kernel weight. However, the quantitative trait
loci (QTLs) involved in these synthetic hexaploids were
not identified using molecular markers.

Although there have been some reports on the transfer
of quantitative traits from unadapted wild relatives into
cultivated hexaploid wheat, this approach has not been
widely used in wheat improvement programmes. The
reason for this is that favourable attributes are often linked
to undesirable traits in unadapted wild relatives and are
difficult to separate from them, the so-called linkage drag
(Patterson et al. 1991; Stalker 1980). This problem can be
solved by the advanced backcross QTL (AB-QTL)
approach proposed by Tanksley and Nelson (1996). The
AB-QTL strategy can not only reduce linkage drag, but it
can also integrate the process of QTL identification and
variety improvement while exploiting the potential of the
genetic variation available in unadapted germplasm for the
improvement of quantitative traits. Beneficial alleles from
unadapted germplasm can be identified using molecular
markers. This strategy has been used in detecting and
transferring valuable QTLs from unadapted germplasm
into elite breeding lines in tomato (Bernacchi et al. 1998;
Fulton et al. 1997, 2000; Tanksley et al. 1996), rice
(Brondani et al. 2002; Moncada et al. 2001; Xiao et al.
1998) and barley (Pillen et al. 2003). Results from the first
AB-QTL analysis in winter wheat were published by
Huang et al. (2003a). We report here the second AB-QTL
analysis in winter wheat using the synthetic wheat XX86
as the donor parent and compare the QTLs detected with
those detected in the first AB-QTL analysis.

Materials and methods

Plant materials

The German winter wheat variety Flair and a synthetic
hexaploid wheat, XX86, were used as the recurrent and
donor parent in this study, respectively. XX86 was
provided by Dr. F.J. Zeller, Technical University Munich,
Freising-Weihenstephan, Germany and was developed
originally from the cross between emmer wheat (Triticum
dicoccum) line KU 124 and T. tauschii accession 2047 by
Dr. Ohta, Japan (F.J. Zeller, personal communication).

Population development

XX86 was crossed as the female parent to var. Flair to
produce 60 F1 seeds. The F1 plants were grown in the field
of Saatzucht H. Schweiger GbR, Moosburg, and the 14
most vigorous F1plants were backcrossed to Flair (as the
female). Seventy BC1F1 plants were obtained, which were
grown in the field. The best 29 individuals based on
phenotypic selection were backcrossed a second time to
Flair (as the female) to produce 498 BC2F1 seeds. These
were grown in the field and bulk-propagated to BC2F2 and
subsequently BC2F3 families. The best 111 BC2F3 families
were selected and used for measuring the agronomic traits.

Field trials and trait evaluation

The field trials were conducted at three different locations
dispersed over northern and southern Germany in 2002
and 2003: Feldkirchen (FE-02), Hadmersleben (HA-02),
Silstedt (SI-02), Böhnshausen (BÖ-03), Feldkirchen (FE-
03) and Wohlde (WO-03). A complete randomized block
design was used for the field trials. The 111 BC2F3
families were planted in two replications for each location.
Each family was grown in 10-m2 plots. In total, 170 kg
urea (nitrogen)/ha was applied at four different growth
stadiums. All trials were kept free of weeds and diseases
with two applications of broad-spectrum herbicides and
fungicides, respectively.

A total of seven agronomic traits were evaluated for
each plot in three or more locations. Grain YLD per plot
was evaluated based on the grain harvest from all plants in
each plot. Ear emergence time (EET) was evaluated based
on morphological characters in each plot. Plant height
(HT) was calculated as the average height of ten plants in
centimeters measured from the soil surface to the tip of the
spike (awns excluded). Tiller number per square meter
(TN) was calculated as the number of spikes per square
meter from each plot. Thousand-grain weight (TGW) was
measured in grams as the average weight of two indepen-
dent samples of 1,000 grains from each plot. Twenty-five
main spikes were cut from each of the 111 BC2F3 families
and evaluated for grain number per ear (GNE) and grain
weight per ear (GWE). GNE and GWE were measured as
the average number of the 25 spikes analysed.

Trait correlations and analysis of variance (ANOVA)

Pearson’s correlation coefficients between traits were
calculated for each location combination based on the
field data using the QGENE software (Nelson 1997). Using
the package SPSS for Windows, ANOVA-general linear
model (GLM) analysis was performed to determine the
significances of differences between the genotypes of the
population lines and between the locations (environ-
ments). Genotype-by-environment (G×E) interactions
were also analysed using ANOVA-GLM.
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Microsatellite marker analyses

DNA from the parents Flair and XX86 was used for
screening for polymorphism of the microsatellite markers.
The order and distribution of the microsatellite markers
were based on the ITMI population of wheat described by
Röder et al. (1998; unpublished data). Segregation ratios
of individual markers were statistically determined for
each marker locus, and deviations from the expected ratios
were determined using the chi-square (χ2) test. Six plants
from each of the 111 BC2F3 families were bulked for DNA
extraction. Total genomic DNAwas extracted from young
leaf tissue and frozen in liquid nitrogen as previously
described by Huang et al. (2000). PCR analyses of the
microsatellite markers were performed according to Röder
et al. (1998), and microsatellite fragments were detected
on an automated laser fluorescence (ALF) express
sequencer and analysed using the computer programme
FRAGMENT ANALYSER VER. 1.02 (Amersham Biosciences,
UK) by comparison with internal size standards (Huang et
al. 2002, 2003b).

QTL analysis

The software QGENE developed by Nelson (1997) was used
for QTL analysis. The association between phenotype and
marker genotype was investigated using single-marker
regression. The positions of identified QTLs were
determined using interval mapping. Each trait/location
combination was treated separately. According to Fulton et
al. (1997, 2000) and Tanksley et al. (1996), regions of the
genomes were identified as putatively containing a QTL if
the results met one or more of the following criteria: (1) a
significant effect was observed for a single-marker/trait
combination at a single location with P<0.001; (2)
significant effects were observed in the same direction
(i.e., either all positive effects or all negative effects) for a
single-marker/trait combination at two or more locations
with P<0.01; (3) significant effects were observed in the
same direction for a single-marker/trait combination at
three or more locations with P<0.1.

The percentage phenotypic variation (%PV) associated
with each significant QTL was calculated from the
regressions of each marker/phenotype combination. The
percentage phenotypic change (A%) of each significant

QTL, which is associated with the presence of the donor
allele at a given marker locus, was estimated to be A% =
100(AB−AA)/AA (Fulton et al. 1997, 2000; Huang et al.
2003a), where AA is the phenotypic mean for individuals
homozygous for Flair alleles at the specified marker(s)
and AB is the phenotypic mean for heterozygotes (Flair/
XX86).

Results

Correlations between traits and ANOVA for
genotypes, environments and their interactions

Figure 1 shows the correlation coefficients between the
seven traits measured in this study, calculated separately
for each location. As a result of bad weather and the
subsequent inavailability of data for some traits, the
correlations between the traits in Hadmersleben-2002 and
Silstedt-2002 were not included in the correlation matrix.

As in the first AB-QTL analysis in wheat, there was no
significant correlation between YLD and YLD compo-
nents at all four locations, indicating that YLD is a
complex trait (Huang et al. 2003a). YLD showed a
positive correlation with HT at the Feldkirchen location
during 2002 and 2003 but a negative correlation with HT
for the Böhnshausen location in 2003. In agreement with
the results of our previous study, TGW was correlated with
HT and EET (Huang et al. 2003a). A significant negative
correlation was found between TGW and GNE. GWE
showed a significantly positive correlation with TGW and
GNE.

The F-value of ANOVA for genotypes and environ-
ments as well as for their interactions is presented in
Table 1. Significant differences between genotypes were
found for all seven traits investigated. The F-value ranged
from 1.31 (P<0.05) for GWE to 5.83 (P<0.0001) for HT.
The environment had a large influence on all seven traits.
Significant G×E interaction was observed for YLD
(P<0.001) and GNE (P<0.05), but there were no signif-
icant interaction between other genotypes and environ-
ment.

Fig. 1 Pearson’s correlation coefficients between seven traits in the
BC2F3families from the cross Flair × XX86. Significance levels are:
*P<0.05, **P<0.01, ***P<0.001. BÖ Böhnshausen, FE Feldkirch-

en, WO Wohlde, Eet Ear emergence time, Gne grain number per ear,
Gwe grain weight per ear, Ht plant height, Tgw thousand-grain
weight, Tn Tiller number per square meter, Yld yield.− No data
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Table 1 F values of anova-GLM
for genotype and environment
as well as their interaction in the
BC2F3 families of the cross
Flair × XX86 (NS not signifi-
cant)

*, **, ***, ****Significant at
P<0.05, P<0.01, P<0.001 and
P<0.0001, respectively

Item Genotype (G) Environment (E) G × E interaction

df F df F df F

Total yield 110 2.50*** 3 676.36**** 330 1.84***
Ear emergence time 110 3.98**** 2 87.13**** 220 1.14 NS
Plant height 110 5.83**** 2 669.97**** 220 0.92 NS
Tiller number/m2 110 1.58** 2 170.35*** 220 0.70 NS
Thousand-grain weight 110 4.58**** 4 186.56**** 440 0.92 NS
Grain number/ear 110 3.15**** 3 317.55**** 330 1.20*
Grain weight/ear 110 1.31* 3 131.71**** 330 0.17 NS

Fig. 2 Linkage map of micro-
satellite markers used for BC2
QTL analysis. The marker order
and relative distances (in Ko-
sambi mapping units) are based
on the ITMI population. The
centromeres are indicated as a
solid black bar. Putative QTLs
are shown on the right. Under-
lined QTL represents an allele
from synthetic wheat XX86 that
is favourable for the traits
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Microsatellite polymorphism and marker segregation

We tested 404 microsatellite markers for polymorphisms
between the two parents Flair and XX86. Of these, 252
(62.4%) simple sequence repeat (SSR) markers were
polymorphic between the parents. Polymorphisms in the
A, B and D genomes were 57.66%, 60.83% and 69.35%,
respectively. Chromosomes 5A and 7B showed the least
polymorphism–40.91% and 42.86%, respectively—
whereas chromosome 7D showed the highest polymor-
phism—83.33%. A total of 197 marker loci were used for
genotyping the 111 BC2F1plants. The remaining polymor-
phic marker loci, which produced fragments only in the
recurrent parent Flair but not in the donor parent XX86,
were not used for AB-QTL analysis (Huang et al. 2003a).
The average marker distance was 15 cM. Large regions
(more than 45 cM) without polymorphic markers were

found on chromosomes 2B, 3B, 3D, 4D, 5A, 6A, 7A and
7B (Fig. 2).

On the basis of the 197 microsatellite markers, the
average number of heterozygotes per locus was 15.85%,
which was much lower than the expected average of 25%
heterozygotes in the BC2F1 population. The segregation
ratio at 89 loci (45.18%) deviated from the expected ratio
(χ2>3.84, P<0.05) with all of these loci skewed toward the
recurrent parent Flair. These observations can be ex-
plained by the selection that was applied in the BC1 and
BC2 generations during population development.

QTLs detection

Putative QTLs for each trait that were detected at least in
two locations are listed in Table 2 and their map positions

Fig. 2 (continued)
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are shown in Fig. 2. A total of 57 putative QTLs were
identified, ranging from two to 14 QTLs for each trait.

Total yield

Nine QTLs were detected for total YLD, explaining from
10.0% to 23.0% of the phenotypic variation with a LOD of
2.6–6.2. For all nine QTLs, the Flair allele increased total
YLD. No QTLs for total YLD were identified from the
donor synthetic line XX86 that produced a significant
increase of total YLD.

Ear emergence time

Five QTLs were detected with an effect on EET. Four
QTLs on chromosomes 2D, 3A, 4A and 7D explained
from 12.8% to 22.7% of the phenotypic variation for
reducing the number of days to ear emergence from the
XX86 alleles, whereas one QTL on chromosome 7A,
QEet.ipk-7A, explained 11.8% of the variance for increas-
ing number of days to ear emergence from the XX86
allele.

Fig. 2 (continued)
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Plant height

Fourteen QTLs were associated with HT. For the QTLs
that were located on chromosomes 1A, 1D, 3A, 3B, 4A,
4B, 5A, 5B, 6A, 6D, 7A and 7D, the XX86 allele
increased HT with a negative effect from an agronomic
perspective. The variation explained by these individual
QTLs ranged from 10.0% to 37.3%. All of these QTLs
were detected in all four locations investigated.

Tiller number per square meter

Tiller number per square meter was evaluated only at three
locations—FE-02, FE-03 and WO-03. Two putative QTLs
were detected for TN. These two QTLs explained 7.0%
and 13.9% of the phenotypic variation with a LOD of 1.8
and 3.6, respectively. For the QTL QTn.ipk-1B, the wild
allele decreased TN, whereas for the QTL QTn.ipk-7A, the
allele from XX86 increased TN by 7.5%.

Thousand-grain weight

Fourteen QTLs significantly influenced TGW and mapped
on 11 chromosomes, of which two QTLs each were
identified on chromosomes 3B, 6A and 7A. All QTLs
explained more than 8.0% of the phenotypic variation and
were identified in all of the locations investigated. For all
of the QTLs, the XX86 alleles increased TGW by 5.2–
8.0%.

Grain number per ear

Eight significant QTLs were identified for GNE. For all
these QTLs, the wild alleles caused a decrease in GNE
with a phenotypic effect of 5.7–8.4%. The phenotypic
variation explained by these individual QTLs was 8.2–
15.0%. No favourable effects of the XX86 alleles on GNE
were observed.

Grain weight per ear

Five genomic regions were associated with GWE. These
QTLs explained 8.0–12.2% of the phenotypic variation.
All of these QTLs showed the positive effect coming from
the wild alleles with an increase in GWE by 5.2%–8.1%.

Discussion

Distribution of the detected QTLs in the genomes and
chromosomes

Using single-marker analysis and interval mapping, we
detected 57 putative QTLs in the present study. The
highest number of QTLs was found in the A genome, with
27 QTLs (47.4%); 12 (21.1%) and 18 (31.6%) QTLs were
found in genomes B and D, respectively (Table 2, Fig. 2).
Similarly, the YLD-related QTLs were also predominant
in the A genome of wild emmer wheat T. dicoccoides
Korn (AABB; Peng et al. 2003). The number of QTLs
from homoeologous groups 1 to 7 were seven (12.28%),
four (7.0%), 11 (19.3%), five (8.8%), six (10.5%), 11
(19.3%) and 13 (22.8%), respectively. Except for

Fig. 2 (continued)
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Table 2 Putative QTLs detected in the BC2F1 population from the cross Flair × XX86. (FE = Feldkirschen, HA = Hadmersleben,
SI = Silstedt, BÖ = Böhnshausen, WO = Wohlde, NS = not significant, ND = no data)

Trait QTL Marker HA-02 SI-02 FE-02 FE-03 WO-03 BÖ-03 LODb Ac% %PVd

Total yield QYld.ipk-1A Xgwm1104 NS ND NS ***−e *− ****− 4.1 −7.2 15.8
QYld.ipk-3D Xgwm456 NS ND **** NS *− NS 6.2 −5.7 23.0
QYld.ipk-4D Xgwm1163 NS ND ****− NS *− NS 5.2 −5.7 19.3
QYld.ipk-5A.1 Xgwm304 *− ND NS ***− NS ****− 3.7 −6.8 14.2
QYld.ipk-5A.2 Xgwm156 *− ND NS ***− NS ****− 3.3 −7.9 12.7
QYld.ipk-5B Xgwm1257 *− ND NS NS *− ***− 2.6 −5.4 10.0
QYld.ipk-6B Xgdm113 NS ND *− **− *− ***− 2.7 −5.7 11.8
QYld.ipk-6D.1 Xgwm1241 NS ND NS ***− *− ****− 3.4 −7.2 13.0
QYld.ipk-6D.2 Xgdm98 **− ND ***− NS NS NS 2.9 −3.1 11.4

Ear emergence time QEet.ipk-2D Xgdm6 ND ND **+ *+ NS ****+ 3.4 3.4 16.7
QEet.ipk-3A Xgwm751 ND ND **+ **+ *+ ***+ 2.7 3.8 12.8
QEet.ipk-4A Xgwm1081 ND ND ****+ ****+ ****+ ****+ 6.2 4.3 22.7
QEet.ipk-7A Xgwm1066 ND ND ***− NS **− **− 3.0 −1.6 11.8
QEet.ipk-7D Xgwm1220 ND ND *+ ****+ ****+ ***+ 4.4 3.1 16.7

Plant height QHt.ipk-1A Xgwm1104 ND ND ****+ ****+ ****+ **+ 4.8 5.5 24.0
QHt.ipk-1D Xgwm848 ND ND *+ **+ *+ ****+ 3.3 3.8 15.9
QHt.ipk-3A Xgwm369 ND ND **+ **+ ***+ *+ 2.3 4.1 10.9
QHt.ipk-3B Xgwm108 ND ND **+ ****+ ***+ **+ 3.8 6.0 18.4
QHt.ipk-4A Xgwm781 ND ND **+ **+ ***+ **+ 2.5 5.2 11.8
QHt.ipk-4B Xgwm1167a ND ND ***+ ****+ ****+ ***+ 4.0 6.2 19.7
QHt.ipk-5A.1 Xgwm304 ND ND ****+ ****+ ****+ ****+ 5.8 6.5 29.7
QHt.ipk-5A.2 Xgwm156 ND ND ****+ ****+ ****+ ****+ 7.1 8.6 37.3
QHt.ipk-5B Xgwm1257 ND ND **+ **+ *+ ***+ 2.1 3.1 10.0
QHt.ipk-6A Xgwm786 ND ND ****+ ****+ ****+ ****+ 4.1 7.0 15.6
QHt.ipk-6D Xgwm1241 ND ND **+ ****+ ***+ **+ 3.9 5.4 19.0
QHt.ipk-7A.1 Xgwm1065 ND ND ***+ ***+ **+ **+ 2.9 4.1 13.9
QHt.ipk-7A.2 Xgwm942 ND ND **+ ***+ **+ NS 2.6 5.5 12.3
QHt.ipk-7D Xgwm1002 ND ND **+ ***+ ****+ **+ 4.0 7.3 19.6

Tiller number/m2 QTn.ipk-1B Xgwm1050 ND ND **− NS *− ND 1.8 −8.2 7.0
QTn.ipk-7A Xgwm1065 ND ND ****+ NS *+ ND 3.6 7.5 13.9

Thousand-grain weight QTgw.ipk-1B Xgwm1050 NS NS NS **+ **+ ****+ 3.3 7.8 12.6
QTgw.ipk-1D Xgwm1012 NS *+ NS ***+ **+ *+ 2.4 6.5 9.3
QTgw.ipk-2A Xgwm372 *+ ***+ *+ ***+ **+ *+ 2.6 5.4 10.3
QTgw.ipk-2D Xgdm6 **+ **+ NS ****+ ****+ ****+ 4.1 6.4 15.8
QTgw.ipk-3A Xgwm751 NS *+ **+ *+ **+ *+ 2.1 5.2 8.4
QTgw.ipk-3B.1 Xgwm685 *+ *+ NS ***+ **+ *+ 2.9 6.2 11.5
QTgw.ipk-3B.2 Xgwm299 *+ ***+ NS **+ **+ *+ 2.8 6.3 10.9
QTgw.ipk-3D Xgwm161 **+ **+ NS **+ **+ NS 2.3 6.1 9.2
QTgw.ipk-4B Xgwm107 **+ ***+ NS **+ ***+ *+ 3.2 7.0 12.3
QTgw.ipk-6A.1 Xgwm334a **+ ****+ NS **+ **+ *+ 3.9 6.9 15.8
QTgw.ipk-6A.2 Xgwm1150 *+ ***+ NS ****+ ***+ *+ 6.2 7.6 22.6
QTgw.ipk-7A.1 Xgwm834 *+ ***+ NS ****+ ***+ **+ 3.3 7.0 12.7
QTgw.ipk-7A.2 Xgwm282 *+ ***+ NS ****+ ****+ **+ 4.6 8.0 16.9
QTgw.ipk-7D Xgwm1220 **+ ****+ *+ ****+ ****+ ****+ 7.0 7.8 25.2

Grain number/ear QGne.ipk-1D Xgwm1012 NS NS ND **− **− ND 2.3 −8.0 9.3
QGne.ipk-2A Xgwm372 **− *− ND NS **− ND 2.4 −8.4 9.8
QGne.ipk-3D Xgwm161 **− NS ND ****− ***− ND 3.9 −6.8 15.0
QGne.ipk-6A.1 Xgwm1040 **− *− ND ***− ***− ND 3.0 −5.7 11.8
QGne.ipk-6A.2 Xgwm786 **− *− ND *− ***− ND 2.5 −7.4 9.9
QGne.ipk-7A.1 Xgwm834 *− NS ND ***− **− ND 2.9 −5.7 11.3
QGne.ipk-7A.2 Xgwm282 *− NS ND *− ***− ND 3.0 −7.9 11.6
QGne.ipk-7D Xgwm1220 NS NS ND *− **− ND 2.1 −6.0 8.2
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chromosomes 2B, 5D and 7B, these QTLs were
distributed on the other 18 chromosomes. The highest
number of QTLs—eight (14.0%)— was identified on
chromosome 7A. Of 57 QTLs, 24 (42.1%) were found to
have a positive effect from the synthetic wheat XX86.
Most of the favourable QTLs were located on
chromosomes 3B, 6B, 7A and 7D (four, three, three and
three, respectively), while no beneficial QTLs were
detected on chromosomes 1A, 4D, 5A, 5B and 6B.

In five cases, the QTLs for total YLD and HT mapped
to the same positions on chromosomes 1A, 5A (two
positions), 5B and 6D (Fig. 2). For these five genomic
regions, the alleles from XX86 increased HT but
decreased the total YLD, indicating that the total YLD is
negatively correlated with HT. This is consistent with the
negative correlation coefficient between total YLD and
HT observed in Böhnshausen 2003 (Fig. 1). EET showed a
positive correlation with TGW (Fig. 1). For three regions
on chromosomes 2D, 3A and 7D, the wild alleles reduced
number of days to ear emergence and increased TGW
(Fig. 2). There were significantly negative correlation
between TGW and GNE. This can be confirmed by the
results that six favourable QTLs for TGW and six
unfavourable QTLs for GNE were located in the same
positions on chromosomes 1B, 1D, 2A, 3D, 6A (two
positions) and 7D (Fig. 2). Three specific marker regions
associated with more than two traits were observed on
chromosomes 6A (two regions) and 7D. This is likely to
indicate either pleitropic or linkage effects. For example,
in the approximate 30-cM interval between Xgwm1220
and Xgwm1002 on the short arm of chromosome 7D, there
were five QTLs for GNE, GWE, EET, TGW and HT.

Comparison with AB-QTL and other QTL analyses in
wheat

The study of QTLs in wheat has a long history and is
based on the use of morphological markers with cytoge-
netically derived single chromosome substitution lines
(Berke et al. 1992; Law 1966, 1967; Law et al. 1978;

Snape et al. 1985). However, QTLs can only be located
onto individual chromosomes using this method, while the
employment of molecular markers enables the researcher
to map QTLs to specific chromosomal regions. Due to the
lack of sufficient polymorphic marker loci, there have
been fewer studies on QTLs for YLD and fewer YLD
components detected in the whole wheat genome. QTLs
for YLD and its components have been identified only on
chromosomes 3A (Shah et al. 1999), 4A (Araki et al.
1999) and 5A (Kato et al. 2000) of wheat using single
chromosome recombinant substitution lines in combina-
tion with restriction fragment length polymorphic (RFLP)
markers. Hyne et al. (1994) performed a partial genome
assay for QTLs in wheat, paying the most attention to the
short arms of chromosomes 6B, 7A, 7B and 7D. The high-
density RFLP map developed in the ITMI mapping
population enabled the identification of YLD-related
QTLs (Börner et al. 2002). Huang et al. (2003a) recently
reported an AB-QTL analysis in wheat using microsatel-
lite markers and a different population.

Of the seven traits evaluated in the present study, five
were also measured our previous AB-QTL analysis
(Huang et al. 2003a). For these traits, 88 QTLs were
detected, and only eight (9.1%) of them are potentially
orthologous between the two synthetic wheat lines—QHt.
ipk-4B, QYld.ipk-4D, QTgw.ipk-2D and QTgw.ipk-7D
(Huang et al. 2003a; Fig. 2). For the QTL QHt.ipk-4B
on chromosome 4B, the wild alleles from both synthetic
wheat lines increased HT with the negative effect. For the
QTLs QTgw.ipk-2D and QTgw.ipk-7D on
chromosomes 2D and 7D, both wild alleles had a positive
effect on increasing TGW. For the QTL QYld.ipk-4D
associated with microsatellite marker Xgwm1163 on
chromosome 4D, the alleles from two synthetic wheat
lines had a negative effect and total decreased LD. For
EET and TN, no common QTLs were identified. The few
common QTLs between the two synthetic wheat lines
could be explained by the fact that these synthetic wheat
lines might have very different genetic backgrounds, with
W-7984 developed from Mexico and XX86 from Japan.

Trait QTL Marker HA-02 SI-02 FE-02 FE-03 WO-03 BÖ-03 LODb Ac% %PVd

Grain weight/ear QGwe.ipk-3B.1 Xgwm685 NS *+ ND **+ NS ND 2.0 5.2 8.0
QGwe.ipk-3B.2 Xgwm980 *+ **+ ND NS NS ND 2.3 8.1 9.3
QGwe.ipk-6A Xgwm334a NS **+ ND NS *+ ND 2.2 8.1 8.6
QGwe.ipk-6D Xgwm732 NS *+ ND ***+ NS ND 2.6 6.3 10.2
QGwe.ipk-7D Xgwm1220 NS **+ ND ***+ NS ND 3.1 7.9 12.2

Significance levels: *P<0.1, **P<0.01, ***P<0.001, ***** P<0.0001
aLOD score from the location with the underline P-value
bA (%) = 100(AB−AA)/AA, where AA is the phenotypic mean for individual homozygous for Flair alleles at specified markers and AB is
the phenotypic mean for heterozygotes Flair/XX86
c%PV = phenotypic variance estimated from marker regression against phenotype
d+/– indicate positive or negative effect from XX86 allele
eUnderlined P-value indicates location for which A (%) and %PV were calculated

Table 2 (continued)
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We compared the AB-QTLs obtained in this study with
QTLs obtained from classical QTL analyses by comparing
the positions of QTLs and reference RFLP markers in the
microsatellite map of wheat (Röder et al. 1998, unpub-
lished data). A total of ten QTLs—two for HT on
chromosomes 1AS and 4BL, two for EET on
chromosomes 4AL and 7DS, four for TGW on
chromosomes 3AL, 3BL, 6AL and 7DS and one for
GNE on chromosome 7AL (Fig. 2)—were mapped in
similar positions to QTLs reported in the ITMI population
by Börner et al. (2002). For HT, six QTLs were common
to one population; two of these—QHt.ipk-1A and QHt.ipk-
4B—were identified in two other QTL studies (Börner et
al. 2002; Cadalen et al. 1998). QHt.ipk-3A on
chromosome 3AS in this study may be associated with
the earliness per se (Eps) locus that was identified by Shah
et al. (1999). Another common QTL, QHt.ipk-5A, is
probably a pleiotropic effect of the vernalisation response
gene Vrn-A1 on chromosome 5AL (Kato et al. 1999). The
same QTLs, QEet.ipk-4A and QEet.ipk-7D, were also
identified by Araki et al. (1999) and Hyne et al. (1994),
respectively. For total YLD, the QTL on
chromosome 5AL, QYld.ipk-5A.2, is in a similar position
to the one detected by Kato et al. (2000).

Although the favourable alleles for total YLD were not
identified from the synthetic wheat line, we found 14
significantly positive QTLs for TGW that were conserved
across different locations and years (Table 2). In particular,
two QTLs, QTgw.ipk-2D and QTgw.ipk-7D on
chromosomes 2D and 7D, respectively, were conserved
between the two different synthetic wheat lines (Fig. 2;
Huang et al. 2003a). In order to confirm their significant
effects, we are developing near-isogenic lines (NILs) for
single QTLs from BC4F1 plants. Once NILs for TGW-
QTLs are isolated, they can be inherited as single
Mendelian factors (Yamamoto et al. 1998) and transferred
into high-yielding wheat cultivars using the molecular
markers associated with these QTLs for improving the
YLD trait of the cultivated varieties of wheat.
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