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Genetic dissection of grain yield in bread wheat. I. QTL analysis
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Abstract Grain yield forms one of the key economic
drivers behind a successful wheat (Triticum aestivum L.)
cropping enterprise and is consequently a major target for
wheat breeding programmes. However, due to its complex
nature, little is known regarding the genetic control of grain
yield. A doubled-haploid population, comprising 182 indi-
viduals, produced from a cross between two cultivars
“Trident’ and ‘Molineux’, was used to construct a linkage
map based largely on microsatellite molecular makers.
‘Trident’ represents a lineage of wheat varieties from
southern Australia that has achieved consistently high rela-
tive grain yield across a range of environments. In
comparison, ‘Molineux’ would be rated as a variety with low
to moderate grain yield. The doubled-haploid population
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was grown from 2002 to 2005 in replicated field experiments
at a range of environments across the southern Australian
wheat belt. In total, grain yield data were recorded for the
population at 18 site-year combinations. Grain yield com-
ponents were also measured at three of these environments.
Many loci previously found to be involved in the control of
plant height, rust resistance and ear-emergence were found to
influence grain yield and grain yield components in this
population. An additional nine QTL, apparently unrelated to
these traits, were also associated with grain yield. A QTL
associated with grain yield on chromosome 1B, with no
significant relationship with plant height, ear-emergence or
rust resistance, was detected (LOD 22) at eight of the 18
environments. The mean yield, across 18 environments, of
individuals carrying the ‘Molineux’ allele at the 1B locus
was 4.8% higher than the mean grain yield of those lines
carrying the ‘Trident’ allele at this locus. Another QTL
identified on chromosome 4D was also associated with
overall gain yield at six of the 18 environments. Of the nine
grain yield QTL not shown to be associated with plant height,
phenology or rust resistance, two were located near QTL
associated with grain yield components. A third QTL,
associated with grain yield components at each of the envi-
ronments used for testing, was located on chromosome 7D.
However, this QTL was not associated with grain yield at any
of the environments. The implications of these findings on
marker-assisted selection for grain yield are discussed.

Keywords Bread wheat - Grain size - Grain yield -
Grain yield components - Quantitative trait locus -
Triticum aestivum

Abbreviations

DH Doubled-haploid
G.M™?  Grains per square metre
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G.H™'  Grains per head

H.P™'  Heads per plant

MAS  Marker assisted selection
MET  Multiple environment trial
QTL Quantitative trait locus
TGW  Thousand grain weight
/™M Trident/molineux
Introduction

Improved grain yield has been a major focus of most wheat
breeding programmes around the world. As a key compo-
nent of farm profitability, genetic advancement in grain
yield has helped to maintain the viability of agricultural
systems both in developed and developing countries. In
Australia, the production of early maturing, photoperiod-
insensitive varieties allowed significant expansion away
from the fringes of the environmentally favourable eastern
coast. Similar examples of changes in adaptation through
the introduction of photoperiod insensitivity have been
described for other countries (Law and Worland 1997). In
the middle of the twentieth century, major genes conferring
reduced plant height were introduced to the global wheat
industry. These substantially improved grain yield through
increased harvest index and straw strength (Borlaug 1968).
Beyond these, and similar examples of major shifts in plant
phenology and morphology, most improvements in grain
yield have arisen through incremental genetic advances.
Breeders have often developed cultivars with superior
adaptation to their target environment without a detailed
knowledge of the underlying physiological mechanisms.
Unfortunately, field measurements and particularly those
for grain yield, are subject to significant extraneous error,
which in turn reduces the effectiveness of phenotypic
selection. In addition, the major stresses present in a par-
ticular year, and at any particular site, may not provide the
optimum environment for selecting long-term, overall,
genetic performance. With the advent of molecular genet-
ics, it has become possible to select genes for grain yield
with molecular markers [marker-assisted selection (MAS)]
at any stage in the breeding process. Not limited by seed
quantity, nor influenced by the environment, breeders have
been able to use MAS to rapidly and efficiently select for
other valuable traits on a genetic, rather than phenotypic
basis (Yu et al. 2000; Yousef and Juvik 2001; Jefferies
et al. 2003; Zhou et al. 2003).

Until recently, genetic studies for grain yield have lar-
gely focussed on specific chromosomes through the use of
substitution lines, or the use of near isogenic lines for the
characterisation of the effects of genes known to be
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involved in the control of important physiological traits
(such as plant height reduction and flowering time) (Flin-
tham and Gale 1983; Richards 1992; Worland 1996;
Worland et al. 1998; Rebetzke and Richards 2000; Butler
et al. 2005; Dyck et al. 2004). The advent of QTL mapping
has allowed more complex traits, such as grain yield, to be
dissected. QTL apparently unrelated to these physiological
traits have been identified on chromosomes covering most
of the wheat genome. However, QTL shown to be asso-
ciated with grain yield across multiple sites/years are less
common (Borner et al. 2002; Groos et al. 2003; Huang
et al. 2004; McCartney et al. 2005; Marza et al. 2006).

The grain yield of wheat can also be dissected into its
components, including the number of plants per unit area,
number of spikes per plant, number of spikelets per spike,
number of fertile florets per spikelet and grain weight.
More generally, grain yield is considered the combination
of grain number and grain weight. Not only is grain weight
one of the key grain yield components, grain weight is
often used as a grain receival and marketing standard.
Should the genetic basis of grain yield components be
dissected, MAS may be used to improve both grain yield
and its individual components much earlier in the breeding
process. Genetic dissection of grain yield components may
also help to elucidate the physiological route from gene-to-
phenotype for grain yield. Several genetic associations with
grain yield components have been reported previously. In
studies based on just four populations (Borner et al. 2002;
Groos et al. 2003; Quarrie et al. 2005; Marza et al. 2006),
regions on almost every wheat chromosome were shown to
be associated with either thousand grain weight (TGW) or
the number of grains per head (G.H™).

The aim of this study was to utilise the “Trident’ by
‘Molineux’ doubled-haploid population (Ranjbar 1997) to
determine the genetic basis of grain yield in two southern
Australian cultivars. More specifically, this study attempts
to; (1) characterise the impacts of previously identified
genes/QTL related to plant height, phenology and disease
resistance on grain yield and grain yield components and
(2) identify additional chromosomal associations with
grain yield that have not been linked to other agronomi-
cally important traits in this population.

Materials and methods
Genetic resources

A doubled-haploid population (T/M DH) consisting of 182
individuals (Ranjbar 1997) produced from a cross between
“Trident” (VPM1/5*%Cook//4*Spear, released in 1993 by
the University of Adelaide) and ‘Molineux’ (Pitic 62/Fes-
tiguay//Warigal, released in 1988 by the University of
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Adelaide) was used as the basis for this study. A genetic
linkage map was produced using 260 microsatellite and
protein markers (Williams et al. 2006).

Grain yield analysis

Each of the T/M DH lines (as well as the parents and other
control varieties) was grown in grain yield field experi-
ments during the years 2002-2005. A total of 18-year-site
combinations (environments) were utilised to assess the
performance of the population (Table 1). Grain yield
component measurements were recorded at three of these
environments. Grain yield field plots constituted either five
or six rows and were 1.3 m wide and 5 m long. These were
then reduced to 3.2 m in length prior to anthesis by her-
bicide application. Seed was sown on a volume basis,
aiming for an average 200 seeds per square metre. Fertil-
iser application and management regime for each site
followed local practice. Grain was harvested and then the
total plot weight was recorded and converted to the units
kg ha™'. Two replications (three for RS04 and RS05) of
each line were arranged in a randomised (nearest neighbour
design) rectangular array 12 plots deep.

At RS04 the grain yield components heads per plant
(H.P*l), G.H™, grains per square metre (G.Mfz) and TGW
were measured to partition the genetic variance for grain
yield into its various constituents. The number of plants
growing in a subsection, two rows, 1 m long, of each plot
in the RS04 field experiment were counted, and before
harvest, the number of heads in this same plot subsection
were counted and from this, the number of H.P~! deter-
mined. Field plots were machine harvested, chaff was
removed from each grain sample, and the total plot weight
and TGW recorded. From this, the number of G.M*Z, and
consequently the number of G.H™' were calculated. TGW
and G.M? were measured in the same way on samples
from CNO4 and PNO4 (Table 1).

Statistical analysis

Best linear unbiased predictors (BLUPs) for grain yield and
grain yield components for each of the DH lines, parent
and other control varieties were determined for each
environment where data was recorded, using the REML
directive within GENSTAT 8 (Payne et al. 2002). A spatial
model incorporating row and column effects was fitted to
the data along with any other significant (P < 0.05) spatial
terms, such as seeding or harvest direction (Gilmour et al.
1997). Grain yield data from the 18 environments were
combined and analysed as a multiple-environment trial
(MET). As with the single environment experiments,

REML analysis was used to determine the MET BLUP for
each line. The environment (site-year combination) was
fitted as a random effect and the interaction between spatial
error terms and environments were included as fixed and
random effects as appropriate. DH line and DH line-by-
environment interactions were fitted as random effects. The
VFUNCTION procedure of GENSTAT was used to cal-
culate broad sense heritabilities on a line mean basis
(Nyquist 1991).

Genotypic data from markers (Ellis et al. 2002) perfectly
linked to the two height reducing genes Rht-Bl1b and Rht-
DIb were available for this population (Williams et al.
2006). Where the effects of the height loci were signifi-
cantly associated with the grain yield and grain yield
components, adjusted means were subsequently used in an
attempt to identify genetic associations beyond those pre-
viously shown to be involved in the control of plant height.
For these analyses, DH lines were classified as either dwarf
(carrying both dwarfing genes), semi-dwarf (carrying one
dwarfing gene) or tall (carrying neither of the dwarf genes).
Similarly, the effects on grain yield and grain yield com-
ponents of the allele specific marker (Seah et al. 2001) for
the “VPM1’ derived rust resistance locus Lr37/Sr38/Yr17
(Bariana and MclIntosh 1993), and the predicted alleles
(Whittaker et al. 1996) for QTL associated with ear-
emergence (Kuchel et al. 2006) were determined by gen-
eral linear regression in GENSTAT. The predicted alleles
for ear-emergence QTL were determined from flanking
markers where necessary, or where a single marker was
located near the peak of the QTL, data from the single
marker was used. Single marker data were used for the ear-
emergence QTL detected on chromosomes 2AL (Xbarc)),
2AS (Xbarc220) and SAL (Xgwm271), whereas flanking
markers were used to predict QTL alleles for the loci on
chromosomes 1AL (Xgwm497-35.5 cM—Xbarcl58), 2BS
(Xgwm614-35.5 cM—-Xbarc200), 6DS (Xgdmli41-
17.3 ctM—Xbarc27), TAS (Xbarc108-23.4 cM—Xbarcl54)
and 7BS (Xwmc46-12.2 cM-Xwmcl82). These analyses
were performed using genotypic data coded between 0
(‘Trident’ allele) and 1 (‘Molineux’ allele). The mean grain
yield data were then arithmetically adjusted using the
regression coefficients from the general linear regression to
remove any significant (P < 0.05) effects of the plant
height loci, “VPM’ rust resistance locus and ear-emergence
loci. The adjusted data is identified using the suffix ‘-adj’.

QTL were identified using composite interval mapping
(Jansen and Stam 1994) provided by MAP MANAGER
QTX (Manly and Olson 1999). A QTL with a LOD
between two and three was considered suggestive, while a
QTL with a LOD greater than three was considered sig-
nificant. The genome wide significance (P < 0.05) level, as
calculated by permutation test within MAP MANAGER
QTX, was 3.02. The confidence interval of each QTL was
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Table 1 A summary of the environments used to assess grain yield and grain yield components thousand grain weight (TGW), grains per square
metre (G.M~ 2), grains per head (G.H ! ) and heads per plant (H.P” ) for the T/M DH population (2002-2005)

Environment Site* Year Traits recorded

BLO05 Booleroo, SA 2005 Grain yield

CMO04 Coomalbidgup, WA 2004 Grain yield

CNO04 Coonalpyn, SA 2004 Grain yield, TGW, G.M™>
CNO5 Coonalpyn, SA 2005 Grain yield

HRO3 Horsham, Vic 2003 Grain yield

KPO03 Kapunda, SA 2003 Grain yield

KP04 Kapunda, SA 2004 Grain yield

MLO03 Melrose, SA 2003 Grain yield

MNO3 Minnipa, SA 2003 Grain yield

MNO5 Minnipa, SA 2005 Grain yield

PNO4 Pinnaroo, SA 2004 Grain yield, TGW, G.M™2
PNO5 Pinnaroo, SA 2005 Grain yield

RS02 Roseworthy, SA 2002 Grain yield

RSO3 Roseworthy, SA 2003 Grain yield

RS04 Roseworthy, SA 2004 Grain yield, TGW, GM™2, G.H™!, HP'
RS05 Roseworthy, SA 2005 Grain yield

TCO04 Tuckey, SA 2004 Grain yield

WTO03 Winulta, SA 2003 Grain yield

% The closest urban centre to the field trial environment is used as the site code. The Australian state is also indicated for each environment (WA

Western Australia, Vic Victoria and SA South Australia)

determined using the bootstrapping option within MAP
MANAGER QTX. For comparison with the gene effects
estimated by REML analysis for height, rust and phenology
loci, gene effects (twice the additive allele effect) are
presented for each QTL.

Results
Data summary

Mean grain yield for each environment ranged from 491 to
3,035 kg ha™' (Table 2) with the average grain yield across
the all environments being 2,051 kg ha™'. The genotype-by-
environment variance for the MET was 5,209, or 12.1% of
the sum of genotype and genotype-by-environment vari-
ance. Genotypic correlations between the grain yields
achieved at each of the environments ranged from low and
statistically not significant (r = —0.07) through to high and
statistically significant (r = 0.87). No significant negative
correlations were observed, while each environment
showed a significant association with the MET (data not
shown). ‘Trident’ was higher yielding (P < 0.05), or did not
significantly differ from ‘Molineux’ at each of the envi-
ronments used for grain yield assessment, and often
achieved grain yields near the high extreme of the popula-
tion (Table 2). A histogram of the MET grain yields (Fig. 1)
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also showed clustering of DH progeny towards the grain
yield level of ‘Molineux’. Of the grain yield components,
TGW was most heritable, but the strongest relationship with
grain yield was observed for G.M ™. At all three locations,
TGW and G.M~2 were negatively correlated (Table 3).

The association between height reducing genes
and grain yield and grain yield components

The Rht-Bl and Rht-D1 alleles carried by the parents of
this population differed (Trident = Rht-Bla/Rht-DI1b and
Molineux = Rht-B1b/Rht-D1a) and consequently explained
60.2% of the phenotypic variation in mean plant height
across seven environments (H. Kuchel, unpublished data).
When fitted individually, the Rh#-BI and Rht-D1 alleles
accounted for 27.9 and 26.8% of the phenotypic variation in
plant height, respectively. Semi-dwarf DH lines (Rht-B1b/
Rht-Dla or Rht-Bla/Rht-D1b) achieved mean MET grain
yields 144 kg ha™' higher (P < 0.001) than those lines with
both dwarfing alleles (dwarf) and 150 kg ha™' higher than
lines with both non-dwarfing alleles (tall). The grain yield
of the two semi-dwarf genotypes did not significantly differ
at any of the environments and are consequently presented
as a single, semi-dwarf genotypic class (Table 4). The semi-
dwarf class was significantly higher yielding than the dwarf
class in 12 environments, and significantly higher yielding
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Table 2 A summary of the

range and heritability of grain Environment ‘Trident’ ‘Molineux’ Mean grain B Heritability Range (min-max)

yield (kg ha™") observed in the yield (kg ha™)

Tg\gn‘;‘;ﬁ(ﬁggio“ across the gy o5 1,720 1,522 1,599 0.34 1,402-1,780
CM04 3,359 2,620 2,856 0.84 1,974-3,574
CNO04 2,101 1,924 1,914 0.82 1,477-2,340
CNO5 2,624 2,550 2,468 0.60 1,343-3,030
HRO3 2,534 1,751 1,980 0.95 1,089-2,727
KP03 2,597 2,367 2,307 0.87 1,758-2,782
KP04 3,369 2,960 2,879 0.55 2,336-3,567
MLO03 1,199 1,313 1,272 0.52 974-1,516
MNO03 7,47 762 748 0.87 554-865
MNO5 2,106 1,931 1,955 0.53 1,709-2,125
PNO4 2,100 1,772 1,903 0.61 1,332-2,326
PNO5 2,561 1,354 1,825 0.85 801-2,734
RS02 2,706 2,474 2,436 0.79 1,754-2,904
RSO3 3,465 2,691 2,784 0.91 1,083-3,707
RS04 2,906 2,904 2,645 0.86 1,815-3,201
RS05 4,616 2,112 3,035 0.97 1,038-5,095
TCO04 612 418 491 0.90 68-752
WTO03 1,817 1,415 1,480 0.79 993-1,932
MET 2,455 1,946 2,051 0.86 1,605-2,640

than the tall class in 13 environments. The height reducing
genes were significantly associated with the components of
grain yield at the three environments tested, RS04, CN04
and PNO4 (Table 4). As with grain yield, the two semi-
dwarf genotypes did not differ in their effects on grain yield
components and were consequently pooled to form a single
semi-dwarf genotypic class. The DH lines with a tall
genotype produced a lower number (P < 0.001) of G.M™>
and higher TGW (P < 0.001) than the semi-dwarf and
dwarf genotypes. Likewise, progeny with the tall genotype
had 16% fewer (P < 0.001) G.H™! than the dwarf and semi-
dwarf genotypes at RS04 where complete yield component

Fig. 1 Grain yield distribution
of the T/M DH population
across the 18 sites
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analysis was performed. However, the effects of the three
height genotypes on the number of H.P™' at RS04 did not
differ significantly.

The association between the ‘VPM1’ derived
Lr37/Yr17/5r38 rust resistance locus and grain
yield and grain yield components

A diagnostic marker for Lr37/Yr17/Sr38 (Seah et al. 2001)
showed association (P < 0.05) with grain yield at CNO4,
CNOS5, HRO3, ML03, KP04, PN0O4, PNO5, RS03, RS05 and

Molineux
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Table 3 The heritabilities of the grain yield components thousand
grain weight (TGW), grains per square metre (G.M 3, grains per head
(G.H’]), and heads per plant (H.P™") measured at CNO4, PN04 and
RS04, along with their phenotypic correlations with grain yield and
the other grain yield components at the same environments

Environment Trait  Heritability Grain TGW GM? GH'

yield
CN04 TGW  0.80 0.32
GM™ 0.36 0.85 -0.19
PNO4 TGW 0.71 0.34
GM™2 0.56 0.71 -0.32
RS04 TGW  0.96 -0.19
GM™2 0.80 0.79 -0.71
GH' 049 0.63 -049 0.75
HP' 071 030 -0.21 032  0.03 ns

Results are significant (P < 0.05) unless otherwise stated (ns)

with the MET BLUP (Table 4). Stripe rust (causal organ-
ism Puccinia striiformis Westend. F. sp. tritici) was
observed at CN04, CNO5, HRO03, KP04, PN04, PNOS5,
RSO3 and RSO5 and at each of these environments the
grain yield of lines carrying the ‘Trident’ allele (resistant)
were significantly higher than the lines carrying the ‘Mo-
lineux’ allele (susceptible). In contrast, the Lr37/Yr17/Sr38
rust resistance allele was associated with a slight reduction
in grain yield at MLO3 (P = 0.032) where no rust was
observed. At the remainder of environments not exposed to
rust, the Lr37/Yrl17/5r38 locus was not associated with
grain yield. The molecular marker for the Lr37/Yr17/5r38
rust resistance locus only showed association (P < 0.01)
with grain yield components at PNO4. Lines with the
resistant (‘Trident’) allele produced 3.5% higher G.M™>
and 2.9% greater TGW than lines carrying the susceptible
(‘Molineux’) allele.

The association of chromosome regions carrying QTL
for heading date with grain yield and grain yield
components

Eight independent genetic associations with the timing of
ear-emergence in the T/M DH population have been
reported (Kuchel et al. 2006). All the QTL for time to ear-
emergence reported previously showed association with
grain yield at one or more environments (Table 4). Of
these QTL, chromosomes 1AL, 2AS, 6DS and 7AS showed
the highest degree of association with grain yield. The ear-
emergence QTL on chromosome 1AL was associated with
grain yield at seven of the 18 environments while the 2AS
QTL was associated with grain yield at six, the 6DS QTL
was found to be associated at ten environments, and the
7AS QTL was associated with grain yield at eight
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environments. In addition, the 1AL (P < 0.05), 2AS
(P < 0.01) and 6DS (P < 0.01) QTL were also associated
with the overall MET grain yield. For all except the
chromosome 2BS photoperiod responsive ear-emergence
locus (Kuchel et al. 2006), the alleles associated with
earlier emergence were also associated with higher grain
yield. In the case of Ppd-Bl, the earlier maturing ‘Moli-
neux’ allele was associated with higher grain yield at
MNO3, but lower grain yield at MLO3.

The phenological loci (Kuchel et al. 2006) also exerted
significant influence over the grain yield components
(Table 4). Although only two weak associations were
observed between grain yield and the Ppd-Bl locus, the
photoperiod-sensitive allele inherited from ‘Trident’ was
associated with an increase (2.2 g) in TGW at RS04
(P < 0.001). Like the Ppd-BI locus, the photoperiod-sensi-
tive alleles at the 1A and 7A loci were associated with a
higher TGW at RS04. A corresponding drop in G.M 2 was
also associated with the photoperiod-sensitive alleles at these
two loci. The earliness per se QTL on 6DS was found to be
associated with TGW at PN0O4 and CNO4. In both cases, the
early allele from Trident was associated with heavier grain.

Novel genetic associations with the expression
of grain yield and grain yield components

In total, nine different chromosomal regions showed an
association with grain yield-adj (grain yield adjusted for
genetic loci involved in the control of plant height, phe-
nology and rust resistance) at one or more environments
(Table 5). Three of these associations (4A, 5B and 7B)
were only suggestive, failing to meet the significance cri-
teria (LOD 3) at any of the environments. However the
genetic relationship between chromosome 4A and grain
yield-adj was still identified at two environments. QTL
significantly associated with grain yield-adj were identified
on chromosomes 1B, 2D, 3D, 4D, 6A and 6D at one or
more environments. For all but the chromosome 4D locus,
the same allele was favourable at all environments and
‘Trident” was the donor of the high grain yield allele for all
but the 1B locus. The genetic association with grain yield-
adj detected on chromosome 1B (QGyld.agt-1B) showed
the highest level of stability and was one of three QTL (1B,
3D and 4D) found to be associated with MET grain yield-
adj. Although being the lower yielding parent, the ‘Moli-
neux’ allele at QGyld.agt-1B was associated with higher
grain yield. Across the 18 environments (MET) used for
grain yield assessment, DH lines possessing the ‘Molineux’
genotype at QGyld.agt-1B achieved grain yields 99.0 kg
ha™' in excess of those with the ‘Trident’ genotype (LOD
4). Expressed as a percentage of MET grain yield, the
Molineux QGyld.agt-1B allele was associated with 4.8%
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higher grain yield. Although not reaching significance at as
many environments (six), the ‘Trident’ allele at QGyld.agt-
4D was still associated with higher (5.1%) MET grain
yield.

Three chromosome regions were shown to be associated
with the grain yield components (Table 5). Significant
relationships were observed between a region on chromo-
some 7D (QTgw.agt-7D) and the grain yield components at
all three environments. In each case, the ‘Molineux’ allele
was associated with higher TGW-adj. At RS04 and PN04,
this same allele reduced the number of G.M_Z—adj, but had
no significant effects on any of the other grain yield
components. A LOD of 1.9 was observed for a non-sig-
nificant association between this chromosomal region and
the number of G.H '-adj at RS04 (not presented). A second
QTL located at QGyld.agt-6A, was found to be associated
with TGW-adj at CNO4 and PNO4. A third QTL, on
chromosome 5B, was associated with tillering (H.P~'-adj)
at RS04 and with G.M*-adj at CN04.

Discussion
Statistical considerations

Extraneous and systematic field variation in southern
Australia has a large effect on the accuracy of grain yield
measurements and will therefore impact on the power of
QTL detection. Consequently, this study employed mixed
model based data analysis (Gilmour et al. 1997), as used in
local breeding programmes, to produce predicted means for
grain yield prior to genetic analysis. Using this analysis
type, either estimates or predictions of the true DH line
performance can be produced, depending on whether DH
line is fitted as a fixed or random effect. Here, we have
chosen to use BLUPs for genetic analysis. One may argue
that the use of BLUPs of line means as input will result in
estimates of gene effects that are underestimated due to
‘shrinkage’ of means towards zero. However, rather than
posing a problem for QTL detection, the more conservative
nature of BLUP line effects may act to balance against the
well documented over estimation of QTL effects that often
occurs within relatively small mapping populations (Ber-
nardo 2002). In either case, QTL analysis was also
performed on best linear unbiased estimates (BLUEs) from
a subset of the environments to test that no substantial
differences in QTL detection would arise from the analysis
employed (data not shown). As expected, environments
with a lower heritability showed larger gene/QTL effects
when estimated on BLUESs rather than BLUPs. However,
the set of QTL detected were almost identical with the two
analysis methods and very similar significance levels were
achieved.

@ Springer

The association of loci involved in the control of plant
height, rust resistance, and phenology with grain yield
and grain yield components

The grain yield superiority of semi-dwarf wheat varieties
under favourable growing conditions is well documented
(Borlaug 1968; Nizam Uddin and Marshall 1989). The
shorter stature of wheat plants has provided resistance to
lodging, high-harvest index and has also been shown to be
related to high numbers of fertile florets (Syme 1970).
However, the grain yield benefit of the height reduction
conferred by the Rht-Blb and Rht-D1b alleles in lower
yielding environments, such as those experienced in Aus-
tralia, has been questioned (Richards 1992). Although the
semi-dwarf genotype has generally led to greater
improvements in grain yield at high yield potential envi-
ronments, the results presented here suggest that even at
environments with mean grain yields less that 2,000 kg ha™",
semi-dwarf lines achieve grain yields equal to or higher
than tall lines. This result is in contrast to the study of
Butler et al. (2005) in the USA who reported an increase in
grain yield of the semi-dwarf class over tall lines only
under full irrigation. In Australia, Nizam Uddin and
Marshall (1989) concluded that semi-dwarf genotypes were
superior to tall genotypes under both irrigated and dry land
conditions, although the tall lines did not suffer the same
relative drop in grain yield at environments of lower water
availability. The results presented here also confirm the rise
in spikelet fertility that is coupled with the introduction of
these gibberellic acid-insensitive dwarfing alleles (Flin-
tham et al. 1997). For the three environments where G.M
and TGW were recorded, the dwarf and semi-dwarf
genotypes achieved a higher number of G.M~? than the tall
genotypes, but did not significantly differ from one
another. However, in the case of the dwarf lines, the higher
GM 2 was associated with small grain size suggesting the
dwarf genotypes were not able to provide adequate sub-
strate to fill the greater number of grains, leading to lower
overall grain yield. In contrast, the semi-dwarf class was
capable of maintaining a TGW equal to that of the tall lines
at CNO4 and PNO4. At RS04, the grain yield of the semi-
dwarf class was not adversely affected by lower TGW due
to the large number of grains filled. These results suggest
that the semi-dwarf genotypic class achieves higher rela-
tive grain yield in southern Australia through increases in
grain set and little compensatory loss in grain weight.
The introgression of genes for rust resistance into wheat
from related species has afforded effective protection
against potential grain yield losses across the world for
many decades. However, either through pleitropy or link-
age drag, these genes from wild relatives have sometimes
been associated with reductions in grain yield (The et al.
1988). The ‘VPM’ derived compound rust resistance locus,
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Table 5 The chromosome location and significance of QTL for grain yield-adj and grain yield components-adj at each of the environments used
for grain yield assessment as determined by interval mapping

Environment Chromosome— 1B 2D 3D 4A 4D
QTL— QGyld.agt-1B QGyld.agt-2D QGyld.agt-3D QGyld.agt-4A QGyld.agt-4D
Closest marker—  Xgwml1 Xgwm311 Xgwm314 Xgwm397 Xgwm194
Location"— 26.7-54.1-85.6  161.2-175.0-183.4  141.1-142.9-167.7  14.9-25.3-41.1  28.7-63.5-75.9
Trait LOD  Eff LOD Eff LOD Eff LOD  Eff LOD  Eff
BLOS Grain yield 2.7 38.2 2.6 —41.8
CM04 Grain yield
CNO4 Grain yield 22 70.6 3.7 -97.2
CNO5 Grain yield 3.1 -133.2 23 -116.8
HRO3 Grain yield 2.0 -176.6
KP0O3 Grain yield 49 120.2 22 -87.8 23 -84.6
KP04 Grain yield 4.1 142.4
MLO3 Grain yield 3.4 55.6
MNO3 Grain yield
MNO5 Grain yield 2 352
PNO4 Grain yield 23 -83.2
PNO5 Grain yield 32 —248.2
RS02 Grain yield
RS03 Grain yield 4.1 2046 25 -170.4
RS04 Grain yield
RS05 Grain yield 33 —-556.2
TCO04 Grain yield 2.1 —446 22 47.8
WTO03 Grain yield 33 94.4
MET Grain yield 4.0 99.0 22 -70.2 33 -104.2
CNO04 TGW
PNO4 TGW
RS04 TGW
CNO04 GM?
PNO4 GM?
RS04 GM?
RS04 GH'
RS04 HP'
Environment Chromosome— 5B 5B 6A 6D 7B 7D
QOTL— QGno.agt-5B QGyld.agt-5B 0Gyld.agt-6A 0Gyld.agt-6D 0Gyld.agt-7B ~ QTgw.agt-7D
Closest marker— Xbarc004 Xgwm371 Xwmcl63 Xbarc204 Xbarc279 Xbarcl72
Location"— 0.0-15.1-35.3  36-89.7-118.0  58.0-67.5-75.7 37.5.0-43.0-91.6 0.0-0.0-12.3  63.9-91.5-99.1
Trait LOD Eff LOD  Eff LOD  Eff LOD  Eff LOD Eff LOD Eff
BLO5 Grain yield 32 —60.0
CM04 Grain yield 22 -167.0
CNO4 Grain yield
CNO5 Grain yield 2.3 -172.2
HRO3 Grain yield
KPO3 Grain yield 2.4 -83.0
KP04 Grain yield
MLO03 Grain yield
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Table 5 continued

Environment Chromosome— 5B 5B 6D 7B 7D
QTL— QGno.agt-5B QGyld.agt-5B 0Gyld.agt-6A QGyld.agt-6D Q0Gyld.agt-7B QTgw.agt-7D
Closest marker— Xbarc004 Xgwm371 Xwmcl63 Xbarc204 Xbarc279 Xbarcl72
Location®— 0.0-15.1-35.3 36-89.7-118.0  58.0-67.5-75.7 37.5.0-43.0-91.6 0.0-0.0-12.3  63.9-91.5-99.1
Trait LOD Eff LOD  Eff LOD  Eff LOD  Eff LOD Eff LOD Eff

MNO3 Grain yield

MNO5 Grain yield

PNO4 Grain yield

PNO5 Grain yield

RS02 Grain yield

RSO3 Grain yield

RS04 Grain yield 3.1 -137.0

RS05 Grain yield

TC04 Grain yield

WTO03 Grain yield

MET Grain yield

CNO04 TGW -1.5 4.0 1.38

PNO4 TGW -1.4 33 2.3

RS04 TGW 2.1 22

CNO4 GM™ 2.8 2466

PNO4 GM™ 22 2013

RS04 GM™ 20 4716

RS04 GH™

RS04 H.p™ 25 -2

The LOD is presented for any associations that achieved a value of two or greater. The closest marker to the peak of the QTL and the confidence
interval for each QTL is displayed for positional reference and an increase in grain yield is indicated by a positive gene effect (Eff) if inherited

from ‘Molineux’ and negative if inherited from ‘Trident’

# The position and confidence interval (QTL left margin—QTL peak—QTL right margin) of each QTL on the TMDH population linkage map
(Williams et al. 2006) are presented for the environment showing the strongest association

Lr37/Yr17/5r38 (derived from Triticum ventricosum), has
been successfully deployed in several Australian cultivars
and helps to form the basis of genetic resistance to some
rust races in Australia. At environments where stripe rust
was present, the Lr37/Yr17/5r38 locus was associated with
substantially higher grain yield. This was most evident at
RSO05 where lines carrying the resistance allele (‘Trident’)
achieved 50% higher grain yield than their susceptible
counterparts. Perhaps, more important than the confirma-
tion of the effectiveness of this locus at protecting wheat
against grain yield losses caused by rust, the ‘VPM’
derived resistance locus was not associated with consistent
grain yield losses in the absence of disease. Beyond the
effects on grain yield due to protection against stripe rust
infection, the ‘VPM’ derived resistance locus did not
appear to confer any adaptive function. In general, this
resistance locus can apparently be utilised by breeders
without concern for any undesirable change in grain yield
or grain yield components in the absence of rust, or if the
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genes on the ‘“VPM’ derived resistance locus are ineffective
against an alternative race of rust.

The introduction to Australia of the key adaptive trait,
earliness, through the selection of photoperiod insensitivity
had a major role in the expansion of the local wheat
industry (Law and Worland 1997). This is particularly the
case in southern Australian where the end of the growing
season is erratically punctuated by high temperatures and a
rapid progression towards water shortage. It is perhaps not
surprising then, that for all but one of the 41 associations
between ear-emergence QTL and grain yield at individual
environments in southern Australia, the early allele led to
an increase in grain yield. Interestingly, although having a
large impact on phenology, the two well characterised ear-
emergence loci on chromosomes 5A (Vrn-Al) and 2B
(Ppd-B1) did not appear to be as strongly associated with
grain yield as many other phenological loci. The two
putatively photoperiod-sensitive loci QPpd.agt-1A and
QPpd.agt-7A were both shown in this study to exert
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significant control over grain yield in southern Australia. In
a study of the Ppd-BI and Ppd-DI loci in Europe, Worland
et al. (1998) concluded that, although there was large
variation from year-to-year, photoperiod sensitivity tended
to be desirable under the cool climates of higher European
latitudes and insensitivity was favoured in the southern
latitudes. Likewise, in the higher latitudes of North
America, Dyck et al. (2004) showed that lines carrying the
photoperiod-sensitive allele at Ppd-DI achieved higher
grain yield than their insensitive counterparts. In contrast,
this study has demonstrated an increase in grain yield
associated with photoperiod insensitivity conferred by
QPpd.agt-1A and QPpd.agt-7A. Although having a similar
influence on the timing of ear-emergence, the Ppd-B1 locus
was not consistently associated with grain yield. The
unique cross-over gene-by-environment interaction effects
observed at MLO3 and MNO3 for this locus, may indicate
additional linked genes that are obscuring the effects of
Ppd-Bl on grain yield. However, given its small and
infrequent association with grain yield, shown in this study,
this cross over interaction would not appear likely to pose
problems in breeding for wide adaptation to the southern
Australian environment.

Although the inheritance of photoperiod-sensitive alleles
at OPpd.agt-1A, Ppd-Bl and QPpd.agt-7A was generally
associated with lower grain yield, the later flowering alleles
were also associated with larger grain at RS04. This is in
agreement with the results of Worland et al. (1998) who
showed an increase in TGW in the favourable climate of
England for near isogenic lines possessing the photoperiod-
sensitive Ppd-Bl allele. However, the association of the
photoperiod-sensitive alleles at QPpd.agt-1A, Ppd-B1 and
QPpd.agt-7A with grain size and grain yield components is
counter intuitive for the southern Australian environment.
In the sharp finishing seasons experienced in southern
Australia, one would expect drought avoidance conferred
by photoperiod insensitivity to result in larger grain.
However, it may be possible that delayed flowering is
related to deeper rooting and consequently greater soil-
water extraction during grain fill, as considered by Foulkes
et al. (2004). Alternatively, the later flowering phenotype
may have been favoured by some specific environmental
stress. In this case, field plots at RS04 were subjected to a
sudden rise in daily temperature (42.5; 17°C above the
previous week’s average maximum) accompanied by strong
winds for a 2-day period during the middle of anthesis.
However, this does not explain the lack of association
observed at CNO4 and PNO4, where similar heat stress was
experienced on the same days.

From a breeding perspective, the considerable impact of
the regions associated with earliness per se on grain yield is
intriguing. Particularly the two QTL associated with time
to ear-emergence on chromosomes 2A and 6D, which

showed strong and consistent association with grain yield,
and were related to 3.2 and 4.2% higher MET grain yield,
respectively. Although these QTL were strongly associated
with grain yield, their effects on time to ear-emergence
were only minor, and certainly less than that observed for
the photoperiod and vernalisation-sensitive loci (Kuchel
et al. 2006). This may indicate that their primary influence
on grain yield was not mediated through earliness but
rather through some alternative pleiotropic effects on grain
yield. The results from this study suggest that further
research on the role of genes for earliness per se on
adaptation is warranted.

The influence of chromosomal regions, not shown
to be associated with plant height, rust resistance
and phenology, on grain yield and grain yield
components

Similar to the studies of Borner et al. (2002), Groos et al.
(2003), Huang et al. (2004), McCartney et al. (2005) and
Marza et al. (2006), a large number (nine) of genetic
associations with grain yield were observed in the T/M DH
population in this study. However, only half the QTL were
detected at more than two environments. Although this
may be partly due to variations in QTL detection power at
the various environments, it may also support the generally
accepted belief that genotype-by-environment interaction
dictates that breeding for wide adaptation requires testing
and selection across multiple sites and years (Basford and
Cooper 1998). Interestingly, only one crossover gene-by-
environment interaction was observed for the loci associ-
ated with grain yield when adjusted for the effects of loci
controlling plant height, rust resistance and phenology. The
QTL on chromosome 1B (QYid.agt-1B) that was also sig-
nificantly associated with MET grain yield showed a
consistent, stable association with grain yield, but variation
for the magnitude of its effects. On the other hand, the QTL
on chromosome 4D (QYld.agt-4D) showed a small degree
of crossover genotype-by-environment interaction. The
‘Trident’ allele was superior to the ‘Molineux’ allele at all
sites showing association with QYld.agt-4D, except at
TCO04 where lines with the ‘Molineux’ allele achieved
higher grain yields. Quarrie et al. (2005) also reported a
QTL for grain yield on chromosome 1B near the Glu-BI
locus and, although the QTL reported here was mapped
closer to the centromere, it is possible they are equivalent.
The same authors also reported QTL associated with grain
yield on chromosomes 3D, 5B and 7B that may coincide
with those presented here. Likewise, in the study of Mc-
Cartney et al. (2005), QTL for grain yield were detected in
a similar position to the QTL presented in this report on
chromosome 4A. Groos et al. (2003) reported a QTL on
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chromosome 5B that was associated with grain yield as
well as grain size and protein content. However, the
breadth of that QTL makes assessment of coincidence with
the QTL identified in this study difficult. It is interesting to
note that a QTL not too distant from this region was
associated with some grain yield components in this study.
At CNO4 and RS04, the higher yielding allele (‘Trident’)
was associated with a larger number of G.M2 and H.Pﬁl,
perhaps suggesting that this QTL mediates its effects on
grain yield through the control of tillering. Although
QYld.agt-6A was only associated with grain yield at BLOS,
coincident chromosomal associations were detected at
CNO04 and PNO4 with grain weight. The ‘Trident’ allele,
which conferred higher relative grain yield, was also
associated with larger grain.

One locus (QTgw.agt-7D) showed a stable association
with grain yield components across environments, with the
‘Molineux’ allele strongly related to low G.M~ and high
TGW. Unlike the effects of the ear-emergence QTL, the
effects of this locus on grain yield components were con-
sistent, showing little gene-by-environment interaction.
Previous reports exist for association between chromosome
7D and both TGW (Borner et al. 2002) and test weight
(McCartney et al. 2005). However, McCartney et al. (2005)
did not identify any association between this chromosome
and TGW. The detection of association between QTgw.agt-
7D and grain yield component traits at the three environ-
ments used in this study, and its likely coincidence with
previously mapped QTL for related traits, makes this a
candidate for further investigation. Although influencing
both the number of G.M™2 and TGW, no association
between this region and grain yield was detected. Conse-
quently, MAS at this locus may make it possible to
manipulate TGW without substantial affects on grain yield,
although this will require further investigation.

Ideally, further research would be undertaken to dissect
the mode of action of QYid.agt-1B and QYid.agt-4D on
grain yield and any environmental interactions they may
possess. Unfortunately, these QTL were only associated
with grain yield at one environment used for grain yield
component analysis, making it difficult to determine the
route through which high-grain yield is conferred. The
strong and generally consistent effects of these loci on
grain yield in southern Australia reported in this study
suggest that, despite the lack of knowledge regarding their
mode of action on grain yield, MAS for these loci would be
valuable for breeding programmes.

Conclusions

In this study the genetic foundation of grain yield in a
population generated from a cross between two Australian
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cultivars was partially deciphered. The large number of
site-year combinations used for grain yield assessment
allowed the contribution of genes for plant height, phe-
nology and rust resistance to be dissected. Genes involved
in the control of these traits were strongly associated with
grain yield and grain yield components, and lines carrying
alleles conferring semi-dwarf stature, rust resistance and
early ear-emergence achieved the highest grain yield. Two
additional genomic regions were associated with grain
yield at several environments as well as with MET grain
yield, while a third region was strongly associated with
grain yield components, but not grain yield. These genomic
regions (QYld.agt-1B, QYld.agt-4D and QTgw.agt-7D) not
only provide potential targets for future MAS, but the
information regarding the chromosome location of these
important QTL can also be used tactically by breeders for
cross design and development of selection methodology.

Acknowledgements The authors would like to thank the staff at
AGT for their assistance collecting phenotypic data and the staff at
the SARDI molecular genetic laboratory for the production of the
genetic linkage map used in this study. We would also like to thank
Mr. P. Eckermann for his help calculating predicted QTL genotypes,
and a reviewer of an earlier version of this paper for their helpful
suggestions. Our appreciation is extended to the Molecular Plant
Breeding Cooperative Research Centre and the Grains Research and
Development Corporation for their financial assistance.

References

Bariana HS, Mclntosh RA (1993) Cytogenetic studies in wheat XV.
Location of rust resistance genes in VPMI1 and their genetic
linkage with other disease resistance genes in chromosome 2A.
Genome 36:476-482

Basford KE, Cooper M (1998) Genotype x environment interaction
and some consideration of their implication for wheat breeding
in Australia. Aust J Agric Res 49:153-174

Bernardo R (2002) Breeding for quantitative traits in plants. Stemma
Press, Woodbury, USA

Borlaug NE (1968) Wheat breeding and its impact on world food
supply. In: Finlay KW, Shepherd KW (eds) International wheat
genetics symposium, 1st edn. Butterworths, Canberra, Australia,
pp 1-36

Borner A, Schumann E, Furste A, Coster H, Leithold B, Roder MS,
Weber WE (2002) Mapping of quantitative trait loci determining
agronomic important characters in hexaploid wheat (Triticum
aestivum L.). Theor Appl Genet 105:921-936

Butler JD, Byrne PF, Mohammadi V, Chapman PL, Haley SD (2005)
Agronomic performace of Rht Alleles in a spring wheat popula-
tion across a range of moisture levels. Crop Sci 45:939-947

Dyck JA, Matus-Cadiz MA, Hucl P, Talbert L, Hunt T, Dubuc JP,
Nass H, Clayton G, Dobb J, Quick J (2004) Agronomic
performance of hard red spring wheat isolines sensitive and
insensitive to photoperiod. Crop Sci 44:1976-1981

Ellis MH, Speilmeyer W, Gale KR, Rebetzke GJ, Richards RA (2002)
“Perfect” markers for the Rht-BI1b and Rht-DI1b dwarfing genes
in wheat. Theor Appl Genet 105:1038-1042

Flintham JE, Boerner A, Worland AJ, Gale MD (1997) Optimizing
wheat grain yield: effects of Rht (gibberellin-insensitive)
dwarfing genes. J Agric Sci 128:11-25



Theor Appl Genet (2007) 115:1029-1041

1041

Flintham JE, Gale MD (1983) The tom thumb dwarfing gene RA?3 in
wheat. Theor Appl Genet 66:249-256

Foulkes MJ, Sylvester-Bradley R, Worland AJ, Snape JW (2004)
Effects of a photoperiod-response gene Ppd-DI on yield
potential and drought resistance in UK winter wheat. Euphytica
135:63-73

Gilmour AF, Cullis BR, Verbyla A (1997) Accounting for natural and
extraneous variation in the analysis of field experiments. J Agric
Biol Environ St 2:269-293

Groos C, Robert N, Bervas E, Charmet G (2003) Genetic analysis of
grain protein-content, grain yield and thousand-kernel weight in
bread wheat. Theor Appl Genet 106:1032-1040

Huang XQ, Kempf H, Ganal MW, Roder MS (2004) Advanced
backcross QTL analysis in progenies derived from a cross
between a German elite winter wheat variety and a synthetic
wheat (Triticum aestivum L.). Theor Appl Genet 109:933-943

Jansen RC, Stam P (1994) High resolution of quantitative traits into
multiple loci via interval mapping. Genetics 136:1447-1455

Jefferies SP, King BJ, Barr AR, Warner P, Logue SJ, Langridge P
(2003) Marker-assisted backcross introgression of the Yd2 gene
conferring resistance to barley yellow dwarf virus in barley.
Plant Breed 122:52-56

Kuchel H, Hollamby GJ, Langridge P, Williams KJ, Jefferies SP
(2006) Identification of genetic loci associated with ear-emer-
gence in bread wheat. Theor Appl Genet 113:1103-1112

Law CN, Worland AJ (1997) Genetic analysis of some flowering time
and adaptive traits in wheat. New Phytol 137:19-28

Manly KF, Olson JM (1999) Overview of QTL mapping software and
introduction to MAP MANAGER QT. Mamm Genome 10:327-
334

Marza F, Bai G-H, Carver BF, Zhou W-C (2006) Quantitative trait
loci for yield and related traits in the wheat population Nin7840
X Clark. Theor Appl Genet 112:688-698

McCartney CA, Somers DJ, Humphreys DG, Lukow O, Ames N, Noll
J, Cloutier S, McCallum BD (2005) Mapping quantitative trait
loci controlling agronomic traits in the spring wheat cross
RL4452 x ‘AC Domain’. Genome 48:870-883

Nizam Uddin M, Marshall DR (1989) Effects of dwarfing genes on
yield and yield components under irrigated and rainfed condi-
tions in wheat (Triticum aestivum L.). Euphytica 42:127-134

Nyquist WE (1991) Estimation of heritability and prediction of
selection response in plant populations. Crit Rev Plant Sci
10:235-322

Payne RW, Baird DB, Cherry M, Gilmour AR, Harding SA, Kane
AK, Lane PW, Murray DA, Soutar DM, Thompson R, Todd AD,
Tunnicliffe Wilson G, Webster R, Welham SJ (2002) GenStat
Rlease 6.1 reference manual. VSN International, Oxford, UK

Quarrie SA, Steed A, Calestani C, Semikbodskii A, Lebreton C,
Chinoy C, Steele N, Pljevlajakusic D, Habash DZ, Farmer P,
Saker L, Clarkson DT, Abugalieva A, Yessimbekova M,

Turuspekov Y, Abugalieva S, Tuberosa R, Sanguineti M-C,
Hollington PA, Aragues R, Royo A, Dodig D (2005) A high-
density genetic map of hexaploid wheat (Triticum aestivum L.)
from the cross Chinese Spring x SQI and its use to compare
QTLs for grain yield across a range of environments. Theor Appl
Genet 110:865-880

Ranjbar GA (1997) Production and utilisation of doubled haploid
lines in wheat breeding programmes. Plant science. University of
Adelaide, Adelaide

Rebetzke GJ, Richards RA (2000) Gibberellic acid-sensitive dwarfing
genes reduce plant height to increase kernel number and grain
yield of wheat. Aust J Agric Res 51:235-245

Richards RA (1992) The effect of dwarfing genes in spring wheat in
dry environments. I. Agronomic characteristics. Aust J Agric
Res 43:517-527

Seah S, Bariana H, Jahier J, Sivasithamparam K, Lagudah ES (2001)
The introgressed segment carrying rust resistance genes Yrl7,
Lr37 and Sr38 in wheat can be assayed by a cloned disease
resistance gene-like sequence. Theor Appl Genet 102:600-605

Syme JR (1970) A high-yielding Mexican semi-dwarf wheat and the
relationship of yield to harvest index and other varietal
characteristics. Aust J Exp Agric Anim Husb 10:350-353

The TT, Latter BDH, McIntosh RA, Ellison FW, Brennan PS, Fisher
J, Hollamby GJ, Rathjen AJ, Wilson RE (1988) Grain yields of
near-isogenic lines with added genes for stem rust resistance. In:
Miller TE, Koebner RMD (eds) Seventh international wheat
genetics symposium. Bath Press, Cambridge, England, pp 901—
906

Whittaker JC, Thompson R, Visscher PM (1996) On the mapping of
QTL by regression on marker-type. Heredity 77:23-32

Williams KJ, Willsmore KJ, Olson S, Matic M, Kuchel H (2006)
Mapping of a novel QTL for resistance to cereal cyst nematode
in wheat. Theor Appl Genet 112:1480-1486

Worland AJ (1996) The influence of flowering time genes on
environmental adaptability in European wheats. Euphytica
89:49-57

Worland AJ, Borner A, Korzun V, Li WM, Petrovic S, Sayers EJ
(1998) The influence of photoperiod genes on the adaptability of
European winter wheats. Euphytica 100:385-394

Yousef GG, Juvik JA (2001) Comparison of phenotypic and marker-
assisted Selection for quantitative traits in sweet corn. Crop Sci
41:645-655

Yu K, Park SJ, Poysa V (2000) Marker-assisted selection of common
beans for resistance to common bacterial blight: efficacy and
economics. Plant Breed 119:411-415

Zhou W-C, Kolb FL, Bai G-H, Dolmier LL, Boze LK, Smith NJ
(2003) Validation of a major QTL for scab resistance with SSR
markers and use of marker-assisted selection in wheat. Plant
Breed 122:40-46

@ Springer



	Genetic dissection of grain yield in bread wheat. I. QTL analysis
	Abstract
	Introduction
	Materials and methods
	Genetic resources
	Grain yield analysis

	Statistical analysis
	Results
	Data summary
	The association between height reducing genes �and grain yield and grain yield components
	The association between the &lsquo;VPM1&rsquo; derived �Lr37/Yr17/Sr38 rust resistance locus and grain �yield and grain yield components
	The association of chromosome regions carrying QTL for heading date with grain yield and grain yield components
	Novel genetic associations with the expression �of grain yield and grain yield components

	Discussion
	Statistical considerations
	The association of loci involved in the control of plant height, rust resistance, and phenology with grain yield and grain yield components
	The influence of chromosomal regions, not shown �to be associated with plant height, rust resistance �and phenology, on grain yield and grain yield �components

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


