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Abstract A large proportion of the worlds’ wheat
growing regions suffers water and/or heat stress at some
stage during the crop growth cycle. With few exceptions,
there has been no utilisation of managed environments
to screen mapping populations under repeatable abiotic
stress conditions, such as the facilities developed by the
International Wheat and Maize Improvement Centre
(CIMMYT). Through careful management of irrigation and
sowing date over three consecutive seasons, repeatable
heat, drought and high yield potential conditions were
imposed on the RAC875/Kukri doubled haploid population
to identify genetic loci for grain yield, yield components
and key morpho-physiological traits under these condi-
tions. Two of the detected quantitative trait loci (QTL)
were located on chromosome 3B and had a large effect on
canopy temperature and grain yield, accounting for up
to 22 % of the variance for these traits. The locus on
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chromosome arm 3BL was detected under all three treat-
ments but had its largest effect under the heat stress con-
ditions, with the RACS875 allele increasing grain yield by
131 kg ha™' (or phenotypically, 7 % of treatment aver-
age). Only two of the eight yield QTL detected in the
current study (including linkage groups 3A, 3D, 4D 5B and
7A) were previously detected in the RAC875/Kukri dou-
bled haploid population; and there were also different yield
components driving grain yield. A number of discussion
points are raised to understand differences between the
Mexican and southern Australian production environments
and explain the lack of correlation between the datasets.
The two key QTL detected on chromosome 3B in the
present study are candidates for further genetic dissection
and development of molecular markers.

Introduction

Of the 12 CIMMYT mega-environments for wheat (7riti-
cum aestivum L.), half are classified as either drought and/or
heat stressed at some stage of crop production (Braun et al.
1996). Breeding for yield improvement in cereal crops,

Present Address:
D. Mullan
Intergrain, 19 Ambitious Link, Bibra Lake, Perth, WA, Australia

Present Address:

A. Izanloo

Department of Agronomy and Plant Breeding,

Faculty of Agriculture, University of Birjand, Birjand, Iran

Present Address:

T. Schnurbusch

Leibniz-Institute of Plant Genetics and Crop Plant Research
(IPK), Corrensstr. 3, 06466 Gatersleben, Germany

@ Springer


http://dx.doi.org/10.1007/s00122-012-1927-2

1474

Theor Appl Genet (2012) 125:1473-1485

notably bread wheat, for these regions has traditionally
relied upon empirical selection methods. An understanding
of major genes controlling phenology has facilitated the
fine-tuning of days to ear emergence. This has ensured that
crops achieve the optimum balance between vegetative and
reproductive growth, aiming to minimise the impact of
abiotic stress during crucial growth stages of flowering and
grain fill. However, more recently there has been an
increasing focus on morpho-physiological dissection of
grain yield, with the aim of improving grain production,
particularly under abiotic stresses such as drought and heat.
Rapid, integrative measurements, such as canopy tempera-
ture (CT) and Near Differential Vegetative Index (NDVI)
have been suggested as useful screening tools under these
conditions (Babar et al. 2006; Olivares-Villegas et al. 2007),
whilst other traits, such as water-soluble carbohydrates and
flag leaf glaucousness, have been proposed as key traits
supporting grain yield in stressed conditions (Blum et al.
1994; Rebetzke et al. 2008b; Richards et al. 1986).

With the exception of Pinto et al. (2010), there have
been relatively few instances where managed environments
have been used to screen segregating mapping populations
under defined abiotic stress conditions. The International
Centre for Wheat and Maize Improvement (CIMMYT) has
developed a number of controlled environments at its
Ciudad Obregon field station, in north-west Mexico, which
were described in full by Kirigwi et al. (2007). The drought
environment involves intermittent irrigation events using a
drip irrigation system, to create a cyclical drought envi-
ronment during vegetative growth and terminal drought
conditions during grain fill. This regime mimics rain-fed
production systems of many areas of the world. The heat
stress environment has been designed to mimic environ-
ments where high temperatures are experienced during
grain fill but water is not a limiting factor. By sowing later
than conventional practice, usually in mid-February,
experiments are naturally exposed to the high temperatures
of the Mexican summer and this environment has been
found to correlate well with some areas where heat stress
during grain fill is common (Lillemo et al. 2005). Finally,
growing experiments in a fully irrigated environment
allows the yield potential of the germplasm of interest to be
assessed. With water being a non-limiting factor and mild
temperatures experienced during key growth stages, high
yields can be achieved, which are directly comparable to
the drought and heat stress treatments, given they are sown
in close proximity, on similar soils and otherwise similar
climatic conditions.

QTL mapping has been increasingly utilised as a strat-
egy to identify genomic regions important for grain yield
and other genetically complex traits in cereal species
(Cuthbert et al. 2008; Rebetzke et al. 2008a). Development
of populations segregating for traits of interest can permit
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detection of key genomic regions. This can lead to
increases in genetic progress in breeding through strategies
such as marker-assisted selection (Collins et al. 2008).

The RAC875/Kukri doubled haploid (DH) population
has been extensively characterised for yield and key yield
components in its target population of environments of
southern Australia (Bennett et al. 2012a, b), particularly
under water-stressed conditions. It has also been charac-
terised for variation in maturity and flag leaf glaucousness,
with a wide range in maturity identified, which is not
desirable in a population aiming to detect QTL under
drought stress. However, Reynolds et al. (2009) and
Bennett et al. (2012a) suggested strategies to deal with this,
including reducing the population size by removing
extremes of maturity and adjusting phenotypic data for
maturity date; and a combination of these was successful in
removing these effects from yield mapping results (Bennett
et al. 2012b). This study aimed to (1) genetically dissect
grain yield under high yield potential, drought and heat
stressed managed environments; (2) identify key yield
components associated with grain yield in these environ-
ments; (3) identify key morpho-physiological traits related
to grain yield under each treatment and associated QTL;
and (4) compare detected QTL to those previously identi-
fied in the RAC875/Kukri DH population.

Methods
Plant material

A doubled haploid population, derived from a cross between
RACS875 and Kukri was sown in six experiments over three
field seasons. The population contained 368 individuals but
in the 2008 and 2009 seasons, a subset of 255 lines was sown
to minimise the confounding impact of phenology and
reduce resources required for phenotyping (Bennett et al.
2012a). Briefly, RAC875 is a breeders’ line that has previ-
ously shown relatively stable grain yield in water-limited
conditions in southern Australia, while Kukri is a variety that
suffers significantly reduced grain yield under the same
conditions. These two parents were described and physio-
logically investigated in more detail by Izanloo et al. (2008).

Field experiments and phenotypic measurements

Each field experiment was arranged in two blocks, com-
pletely randomised. The parents of the population and
three locally adapted, check lines contrasting for drought
tolerance were also sown (Sokoll, Weebil and Atil). Two
experiments were sown under terminal drought (Drt) in
2007 and 2009, with supplementary drip irrigation (as
discussed by Kirigwi et al. 2007). Two more experiments
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were sown later than conventional practice to expose the
plants to higher temperatures (2008, 2009), particularly
during grain fill, but with supplementary irrigation to
minimise the effect of water stress (heat; as discussed by
Lillemo et al. 2005). The final two experiments were at a
conventional sowing time in 2007 and 2008 and received
full irrigation (Irr). A summary of in-season irrigation and
temperature for all experiments are detailed in Tables 1
and 2. All experiments were sown in the Yaqui Valley,
Mexico, on CIMMYTs’ Obregon Experimental Station,
located in the state of Sonora (27°25'N 109°54'W, 38 m
above sea level). In 2007, plots consisted of twin two-row,
60 cm centre-to-centre raised beds, 6 m in length; whilst in
2008 and 2009, plots consisted of a single 2 m raised bed.

Early vigour, ear emergence time, anthesis date and
physiological maturity (Phys) were scored visually, pedun-
cle length, plant height and flag leaf width using a ruler in the
field (the average of five measurements per plot) and kernels
per square metre, derived by dividing plot grain weight by
1,000 kernel weight (Tkw). Grain yield was calculated from
harvested grain weight, Tkw was estimated by counting and
weighing 100 grains and water soluble carbohydrates mea-
sured using the same methodology described by Pinto et al.
(2010). Canopy temperature was measured twice a day as
climatic conditions permitted, using a handheld infrared
thermometer (Mikron M90 series, Santa Clara, CA, USA).
NDVI was measured using a GreenSeeker sensor (Optical
Sensor Unit, 2002 Ntech Industries Inc., Ukiah, CA, USA) at
25 days after emergence but not in the Irr treatments. SPAD
was measured using a portable meter (SPAD-502, Konica-
Minolta, Plainfield, IL, USA) but was not measured in the Irr
treatments and Wsc was not measured in the Drt treatments.
Trait abbreviations are listed in Table 3.

Statistical analysis and QTL mapping

The methods outlined by Gilmour et al. (1997) were fol-
lowed to minimise or remove spatial effects of field varia-
tion. For each trait in each experiment, linear mixed-model
analysis using the method of residual maximum likelihood
(REML) was performed in GenStat release 8.2 (Payne et al.
2005). Genotype was firstly fitted as a random effect to

Table 1 Summary of the experiment codes, treatments, years exper-
iment was conducted, irrigation received, grain yield of the parents of
the RAC875/Kukri doubled haploid population, average and range in

calculate broad sense heritability on an experimental basis,
and then the data were re-analysed with genotype as a fixed
effect, to produce the best linear unbiased estimates
(BLUEs). Ear emergence time was also fitted as a covariate
in the analysis for each trait in each experiment. When the
effect was not significant, it was excluded from the model.
Utilising the BLUEs and standard errors, genetic correla-
tions (r,) were generated during multi-environment analysis
following the methods of Mathews et al. (2008). Herita-
bilities were calculated on a single experiment basis and
presented as the lowest achieved for a given trait under a
given treatment. The weighted genotype mean for each
experiment was then averaged across each treatment and
this value used for QTL mapping of each trait. The QTL
analysis was performed by the mixed-model based com-
posite interval mapping (CIM) using QTLNetwork v2.0
(Yang et al. 2008), with a significance threshold of
P < 0.05. The linkage map for the population was pub-
lished by Bennett et al. (2012a) but briefly; contained 456
DAIT and SSR markers forming linkage groups represent-
ing all 21 chromosomes. Trait abbreviations and QTL
designations were defined adopting the nomenclature sug-
gested by the wheat catalogue of gene symbols (Mclntosh
et al. 2008) or those suggested by Pinto et al. (2010).

Results
Climatic and phenotypic summary

The late-sown heat experiments were the hottest in terms of
average minimum and maximum temperatures during
vegetative growth and grain fill, and had the highest number
of days with temperature >30 and 35 °C (Table 2). The
comparison between drought and irrigated environments
were performed side by side in 2007 but in different years
for the 2008 and 2009 experiments, potentially introducing
additional sources of variation. The use of smaller rows may
also have been conducive to increased error within experi-
ments, particularly under drought, where any edge effect
(i.e. increased water availability for plants at the ends of
plots) would have a proportionally larger effect than in a

grain yield of the population multi-environment trial average per
genotype and lowest broad sense heritability of grain yield achieved
under each treatment

Code Treatment (years) Irrigation received Grain yield (kg ha™")

Kukri RACS875 Population avg Range H?
Drt Drip irrigation (2007, 2009) 150 1,511 2,048 1,867 1,041-2,546 0.58
Heat Late sown (2008, 2009) 300 1,900 2,244 1,905 1,342-2,768 0.78
Irr Fully irrigated (2007, 2008) 500 5,658 5,933 5,380 3,716-6,797 0.74

@ Springer



1476

Theor Appl Genet (2012) 125:1473-1485

Table 2 Summary of the average grain yield (in kg ha™"), average minimum and maximum temperatures during vegetative growth, anthesis and
grain fill and the number of days below 10, >30 and >35 °C across the six experiments at Obregon, Mexico

Experiment® Average grain Temperature (°C)
yield (kg ha™") - - -

Vegetative Anthesis Grain fill Number of days

Min Max Min Max Min Max <10 °C >30 °C >35 °C
DRTO07 1,484 7.1 23.8 4.7 25.1 8.2 28.4 93 10 0
DRT09 2,248 8.9 26.0 7.1 23.7 9.0 26.6 81 12 0
HEATO8 1,532 8.6 29.9 10.6 33.6 14.5 35.6 50 71 25
HEATO09 2,281 9.7 274 9.0 30.6 14.7 35.0 46 54 22
IRRO7 5,642 6.5 23.7 7.7 29.5 9.7 29.2 96 19 0
IRRO8 5,124 6.8 25.1 9.3 29.5 8.2 29.3 106 23

* D indicates drought treatment, H heat treatment and I irrigated treatment, followed by the last two digits of the year that that experiment was

conducted

bigger size plot. The Drt environments (r, = 0.61) received
the lowest amount of irrigation (approximately 150 mm
average total), subsequently achieved the lowest yield
(average 1,867 kg ha') and also generally had the lowest
grain yield heritability (Table 1). The second lowest
yielding treatment was heat (r, = 0.54 between treatments,
average 1,905 kg ha™') and the Irr treatment yielded more
than double the other two environments on average
(rg = 0.71 between treatments, 5,658 kg ha~!, Table ).
RACRT7S yielded significantly (P < 0.05) more than Kukri
and the population average in all three environments.

Yield under the heat and Irr treatments were positively
correlated (r = 0.45, P < 0.01), as was yield under the Drt
and heat treatments (r = 0.38, P < 0.05) but there was no
significant correlation between the Irr and Drt treatments
(data not shown). In the heat and Drt treatments, Tkw was
positively correlated with yield (r = 0.28, P < 0.05 and
r =044, P <0.01, respectively), but only in the Drt
treatments was it correlated (r = —0.46, P < 0.01) with
Kpsm (Fig. 1). Flag leaf width (Flw) was positively cor-
related with grain yield in the Irr and heat treatments,
whilst canopy temperature-vegetative (CT-veg) and during
grain fill (CT-gf) was negatively associated with yield in
the same two treatments (Fig. 1), indicating genotypes with
cooler canopies were higher yielding. Kpsm was positively
associated with yield in each environment (P < 0.05) and
showed a highly significant correlation with yield in the
heat treatment (r = 0.79, P < 0.001). Phys was also posi-
tively correlated with yield under heat, as well as NDVI-gf,
with NDVI-gf also correlated with yield, Flw, Kpsm, Ht,
Pdl and CT-gf in this environment (Fig. 1).

Chromosomal regions associated with grain yield
and supporting traits

A total of 116 QTL were detected across the three treatments
and thirteen traits measured, with QTL detected on all
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linkage groups except for 7D (Supplementary Table 1). In
total, nine loci were associated with grain yield in at least
one of the three treatments (Fig. 2). Under the drought
treatment, all yield QTL accounted for 25 % of the genetic
variance, in the heat treatment, 44 % and in the irrigated
treatment, 30 %. The RACR875 allele was associated with
greater grain yield at five of these loci. This included the
QTL accounting for the largest percentage of genetic vari-
ance under the heat environment, which was located on the
long arm of chromosome 3B (Q.Yld.aww-3B-2, = 0.22);
it also accounted for a large portion of the genetic variance
for grain yield in the Irr and Drt environments (Supple-
mentary Table 1; 7% = 0.12). Furthermore, QTL for canopy
temperature during grain fill, again accounting for a large
percentage of genetic variance, were detected in the Irr
environment in the same region as Q.Yld.aww-3B-2 (¥ =
0.05)and particularly in the heat treatment (¥ = 0.21); as
was the case for Kpsm at this locus. Similarly, QTL were
also detected for Wsc, CT-veg in the Irr environment and
Flw and early vigour (EV) under heat at this locus. A QTL
for Pdl also mapped to this region, with the RACS875 allele
for all traits except for canopy temperature and Wsc,
resulting in a greater value relative to the Kukri allele.

A second QTL detected on the short arm of chromosome
3B (Q.Yld.aww-3B-1) also accounted for a large percentage
of the phenotypic variance for grain yield in the heat
environment but particularly in the Irr environment
(r* = 0.14), where the Kukri allele resulted in higher yield
(Fig. 2). The Kukri allele at this locus also resulted in a
cooler canopy temperature (2.4 °C cooler, r* = 0.02)
during grain fill and greater Kpsm in the Irr environment
and greater Tkw and NDVI in the heat environment. The
QTL detected on chromosome 5B (Q.Yld.aww-5B) was
also associated with canopy temperature during vegetative
growth, where the RAC875 allele was associated with a
cooler canopy and higher grain yield in the Irr environment
(for both traits, > = 0.04).
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Fig. 1 Heat maps illustrating the phenotypic correlation between all
traits measured in the RAC875/Kukri doubled haploid population
grown under a drought; b heat; and ¢ irrigated treatments at

Another grain yield QTL on 3A co-located with QTL for
Tkw under Drt, as well as Pdl and Wsc in the Irr and heat
environments. Here, the RAC875 allele resulted in a
greater Yld, Tkw and Wsc but a shorter Pdl. The Kukri
allele at Q.Yld.aww-3D resulted in higher grain yield (up to
65 kg ha™!, ¥* = 0.03) and Kpsm under Drt and heat but
was associated with lower early vigour (+* = 0.06). A yield
QTL detected in the Irr environment on linkage group 4A
appeared to be associated with lower NDVI and EV scores
in the Drt environment whilst the Kukri allele at
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CIMMYT, in north-west Mexico. Dendrograms on the left hand side
highlight the correlation between traits, with a more recent split
indicating greater correlation

Q.Yld.aww-4D was associated with greater grain yield
(r* = 0.04) and SPAD (+* = 0.10) in the heat environ-
ment. On linkage group 7A, a QTL on the short arm
(Q.Yld.aww-7A-1) did not appear to co-locate with any
other QTL and was distinct from a second QTL on the long
arm. The two loci had opposite allele effects and were
detected under different treatments. The RAC875 allele at
Q.Yld.aww-7A-2 resulted in greater grain yield (up to
74 kg ha™!, ¥ = 0.06), Tkw, glaucousness and fewer
Kpsm and days to ear emergence.
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Fig. 2 Linkage groups in the RACS875/Kukri-derived doubled
haploid population, showing quantitative trait loci for grain yield
and co-locating traits across drought, heat and fully irrigated
experiments grown at Obregon, Mexico. QTL detected in the drought
treatment (white bars), heat treatment (horizontal-lined bars),

irrigated environments (cross hatched) and QTL detected by the
mean across all environments (solid black bars), with the length of the
bar determined by a 95 % confidence threshold. The 7* of each QTL
is provided in parentheses after each QTL name
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Fig. 2 continued

QTL detected in the present study associated with QTL
previously identified in the RAC875/Kukri doubled
haploid population

Previous studies of the RAC875/Kukri doubled haploid
population have identified a number of key genomic
regions, where QTL were detected for grain yield, yield
components, Eet and glaucousness in southern Australia.
A comparison of co-locating QTL and their positive
allele effects are summarised in Table 4. Only two QTL
in the present study have been detected previously for
grain yield in this population (Bennett et al. 2012b).
While the effect of Q.Yld.aww-7A-2 was consistent
across studies, the allele effect of Q.Yld.aww-4D was
opposite in the current study. Interestingly, previously
identified QTL affecting grain yield on 2A, 2B, 2D and
6D were detected in the current study for a variety of
other morpho-physiological traits (Wsc, CT, NDVI and
SPAD), suggesting potential physiological roles for yield
determination under southern Australian conditions. QTL
detected on linkage group 3B for grain yield were of
large effect in the present study but only affected harvest
index (3BS) and grain screenings (3BL) in southern
Australian field experiments. Similarly, QTL detected on
7AS and 3A had a significant effect on grain yield in the
present study but failed to exert any influence on grain
yield in southern Australia. In the case of 3A, never-
theless, a significant positive effect on physical grain
quality had been identified in southern Australia (Bennett
et al. 2012b).
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Discussion
Phenotypic differences between experiments

The ability to manage water availability and sowing time
created three distinct environment treatments for the
RACR875/Kukri doubled haploid population. The pheno-
typic response to these environments within the population
has been genetically dissected by QTL analysis. The Drt
environment was the lowest yielding on average for the
population, although the heat experiments, despite receiv-
ing double the amount of irrigation, yielded a similar level.
The late sowing resulted in the shortest time to ear emer-
gence, which would most likely be due to both the long day
length and elevated temperatures, increasing the degree
days received by the experiment per calendar day. Due to
the longer growing season under fully irrigated conditions,
the grain filling period was actually warmer than that for
the drought treatment; although it was not as hot as the late
sowing. During the week around anthesis (based on pop-
ulation average), which is well documented as being sen-
sitive to abiotic stress such as high temperature (Dolferus
et al. 2011; Gibson and Paulsen 1999), the average daily
maximum in the fully irrigated experiment was not sig-
nificantly different to that of the heat experiment. The
drought experiments were climatically significantly cooler
during the same growth stage (although in the drought
treatment, plant temperatures, as measured by canopy
temperature, were warmer than air temperature) and should
have permitted us to genetically dissect the impact of
drought and heat stress as separate factors, although they
often occur together in the field.

QTL dissection of grain yield under well-watered,
late-sown/heat and drought treatments

Q.Yld.aww-3B-2 was one of nine QTL detected for yield,
but the only one to impart an effect on this trait in all three
contrasting treatments. The effect of the RAC875 allele
was very large, particularly in the heat environment,
accounting for 22 % of the genetic variance for grain yield.
This appears to be one of the largest QTL influencing grain
yield identified to date, apparently not related to maturity,
or plant height. The RACS875 allele also increased Flw,
Kpsm, Pdl and resulted in a cooler canopy temperature
during the vegetative and grain fill growth stages. Zhang
et al. (2010) identified a META-QTL for grain yield in this
region, of minor effect, whilst Pinto et al. (2010) also
detected a QTL of relatively large effect in a similar region
under similar heat stress conditions. The yield QTL
detected by Kumar et al. (2007) was in a very similar
region on 3BL to the QTL detected by Ma et al. (2012) for
Fusarium resistance, as well as QTL detected for root knot
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Table 4 Summary of QTL ] . ]

detected in the RACS75/Kukri Currer;lt st.udy (treatment in first Bennett et al. (2012b)

doubled haploid population in parenthesis)

QTL Source of Comparable QTL Source of
the present study to QTL ositive ositive
detected in similar regions Ellele E lléle
(within 10 ¢cM) in the same
population when grown in Q.Ndvi.aww-1B (Drt) (172) Kukri Q.Yld.aww-1B (165) RACS875
southern Australia . )

Q.W.aww-2A,Q.Phys.aww-2A (heat) (83) Kukri Q.Yld.aww-2A (94) Kukri

Q.Tkw.aww-2B, Q.Vig.aww-2B, RAC875 Q.Yld.aww-2B (62) RACS875

Q.Flw.aww-2B (heat, Drt) (76)
Q.Ndvi.aww-2B (heat) (131) RAC875 Q.Tkw.aww-2B-2 (139) RACS875
Q.Wsc.aww-2D, Q.Tkw.aww-2D, RAC875 Q.Yld.aww-2D-2 (79) Kukri
Q.Flw.aww-2B (Irr), Q.Vig.aww-2D
(heat, Drt) (70)
Q.Tkw.aww-3A, Q.Yld.aww-3A, RAC875 Q.Twtaww-3A, Q.Ht.aww-3A, RACS875
Q.Wsc.aww-3A (Drt) (60) Q.Wsc-c.aww-3A, Q.Wsc-a.aww-
3A, Q.Wsc-taww-3A (64)
Q.Pdl.aww-3A (ALL) (60) Kukri Q.Pdl.aww-3A, Q.Kps.aww-3A, Kukri
Q.Kpsm.aww-3A (60)
Q.Yld.aww-3B-1, Q.Kpsm.aww-3B-1, Kukri Q.Hi.aww-3B (84) Kukri
Q.Tkw.aww-3B, Q.Ndvi.aww-3B (Irr)
74
Q.Ctgf.aww-3B-1 (Irr) (74) RAC875
Q.Wsc.aww-3B, Q.Kpsm.aww-3B-2, RAC875
Q.Flw.aww-3B, Q.Kpsm.aww-3B,
Q.Pdl.aww-3B, Q.Vig.aww-3B,
Q.Yld.aww-3B-2 (Irr, Drt, heat) (190)
Q.Ctgf.aww-3B-2, Q.Ctveg.aww-3B-2 Kukri Q.Scr.aww-3B-2 (190) Kukri
(Irr, Drt, heat) (190)
Q.Yld.aww-4A (Irr) (0) RAC875 Q.Tn.aww-4A (15) RACS875
Q.Ndvi.aww-4A, Q.Vig.aww-4A (Drt) KUKRI Q.Twt.aww-4A, Q.Fll.aww-4A (15)  Kukri
(15)
Q.Spad.aww-4D (heat, Drt), Q.Yld.aww-  Kukri Q.Yld.aww-4D, Q.Scr.aww-4D, RACS875
4D (heat) (5) Q.Kpsm.aww-4D (6)
Q.Twt.aww-4D, Q.Hi.aww-4D (6) Kukri
Q.Spad.aww-6D (ALL), Q.Phys.aww-6D RAC875 Q.Yld.aww-6D, Q.Kpsm.aww-6D RACS875
(Irr) (90) (85)

Q.Yld.aww-7A-1 (heat) (0) Kukri Q.Kps.aww-7A (4) Kukri
Approximate position of QTL Q.Eet.aww-7A-2 (Irr, Drt, heat), Kukri Q.Scr.aww-7A (127) Kukri
peak (in cM) provided in Q.Kpsm.aww-7A (Irr) (110)
parentheses (second parentheses () yiq aww-7A-2 (Drt), Q. Tkw.aww-7A ~ RAC875  Q.Yld.aww-7A-1, Q.Ev.aww-7A RACS875

for current study) and trait
abbreviations in Table 3

(Irr), Q.W.aww-7A (ALL) (110)

(116)

nematode resistance (Coriton et al. 2009), aluminium tol-
erance (Navakode et al. 2010) and stem solidness
(Houshmand et al. 2007). However, after comparison with
the wheat consensus map (Somers et al. 2004), the region
of interest in those studies appeared to be approximately
15 cM distal to the locus detected in the present study.
Given the large phenotypic effect of this locus on yield,
particularly under heat stress, it should be given high pri-
ority for fine mapping and candidate gene identification, so
that diagnostic molecular markers can be developed and
deployed within breeding programs, particularly those
targeting heat prone regions.

On the short arm of linkage group 3B, previous studies
detected QTL for traits such as Tkw, plant height (Ht),
harvest index (HI) and carbon isotope discrimination but
none appeared to have detected QTL for grain yield
(Cuthbert et al. 2008; Kumar et al. 2007; Rebetzke et al.
2008a). Q.Yld.aww-3B-1 was detected with co-locating
QTL for canopy temperature during grain fill and Kpsm
under the fully irrigated treatment and Tkw and NDVI
under heat treatment. Interestingly, this locus not only
increased Kpsm but also Tkw, which was unexpected given
these two traits have previously shown an inverse rela-
tionship in this population (Bennett et al. 2012b). Further to
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these two loci, Q.Yld.aww-3A was only detected in the
drought environment and Q.Yld.aww-7A-1 only in the heat-
stressed environment. Q.Yld.aww-5B was only detected
under fully irrigated conditions and these three loci were
detected in regions where previous reports of loci affecting
grain yield are lacking. The locus on 3A is of particular
interest, where Cuthbert et al. (2008) reported a minor Eet
locus, although it did not appear that there was any such
effect in this population. However, the higher yielding
allele (from RAC875) was associated with a shorter
peduncle length and as previously detected, greater plant
height (Bennett et al. 2012b). In the previous study, the
RACS875 allele was also associated with greater Wsc, test
weight and Kpsm; although no yield effect. Griffiths et al.
(2012) detected QTL in this region for plant height, which
confirms that this is a height influencing region, with
positive pleiotropic effects on other traits and these effects
do not appear to have been identified previously.

Q.Yld.aww-3D was detected under both heat and
drought conditions and appears to be in a similar region to
the QTL reported by Naruoka et al. (2011), for tiller
number. The effect observed by these authors is probably
the same in the RAC875/Kukri population. Q.Kpsm.aww-
3D was detected in the present study, again under heat and
drought conditions, which is a trait that could be expected
to respond to an increase in tiller number. However,
characterisation of appropriately contrasting population
tails for tiller number (i.e. individuals with high and low
extremes for tiller number per plant) would be required to
confirm this relationship.

Q.Yld.aww-7A-2 was detected in most ENV clusters
identified by Bennett et al. (2012b), again with the
RACS875 allele resulting in a slightly later Eet but
accounting for a relatively large proportion of the genetic
variance for grain yield. The above study concluded that,
although the Eet effects at all other loci had been removed,
the same could be expected at this locus. However, the
large yield effect detected indicates the presence of either
another closely located locus or a pleiotropic effect not
accounted for by Eet. Interestingly, Kinoshita et al. (2011)
recently found that the Flowering Time (FT) locus in
Arabidopsis also affected stomatal aperture, keeping guard
cells turgid for longer. Bennett et al. (2012a) concluded
that the locus QFet.aww-7A-3, as well as QFet.aww-7B,
were in a similar deletion bin and location to the TaFT
series of genes (or VRN3) and this was potentially the gene
causing the later ear emergence time. In both of these
regions, we detected QTL for CT-veg in the heat treatment,
suggesting that this mechanism may be present in wheat.
Future work should aim to confirm whether the Eet loci
detected in the population are indeed TaFT through the use
of the published within-gene polymorphisms (Bonnin et al.
2008; Sun et al. 2008).
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To date, there are few examples where SPAD and NDVI
have been dissected by QTL analysis in bread wheat. Pinto
et al. (2010) mapped NDVI during both vegetative and
grain fill growth stages but the QTL detected during veg-
etative growth co-located with loci for height or ear
emergence/flowering time, as was the case with the single
locus detected for SPAD. More extensive genetic mapping
of SPAD has been carried out in rice (Oryza sativa L.)
(Fu et al. 2011) and maize (Zea Mays L.) (Nourse et al.
1999), where up to five loci were detected. In the present
study, ten QTL were detected for this trait, with one
instance where it co-located with yield (Q.Yld.aww-4D)
and three examples where it co-located with Flw (1A, 2B
and 6A). The latter relationship is interesting because the
allele increasing FLW was associated with a larger SPAD
score on 1A and 2B, but on 6A, where this locus is known
to increase grain size, among other traits, the allele effects
between Flw and SPAD score were opposite (Bennett et al.
2012b). QTL detected for SPAD on linkage groups 3BS
and 4B were located near loci for canopy temperature,
although a consistent relationship between the two traits is
not clear (and Q.Spad.aww-4B was located in a region
associated with Eet effects, Bennett et al. 2012a). The
remaining loci for SPAD were not co-located with known
QTL, which was also the case for NDVI loci on linkage
groups 1B, 2A, 2B, 2D and 3D. However, QTL for NDVI
detected on 3BS and 5B were positively associated with
yield, although on 4A an inverse relationship was found,
indicating that this trait may have some value in selecting
for grain yield. Olivares-Villegas et al. (2007) also reached
this conclusion, since they found small positive associa-
tions between grain yield and SPAD as well as NDVI, pre-
and post-anthesis, under drought conditions.

Knowledge of the genetic basis of canopy temperature is
also lacking, with only a couple of reports of QTL for this
trait in bread wheat. Whilst Pinto et al. (2010) detected up
to ten loci for this trait in their study, Mason et al. (2011)
detected eight loci for spike and leaf temperature depres-
sion and Diab et al. (2008) detected numerous loci in a
durum wheat population. The only other crop where this
trait appears to have been genetically dissected is rice
(Anitha et al. 2008; Liu et al. 2005). The canopy temper-
ature QTL detected in the present study were generally
independent of ear emergence time (except for Q.Ctve-
g.aww-2D and Q.Ctgf.aww-2D) and most have not been
previously reported. Q.Ctgf.aww-1B, Q.Ctgf.aww-3B-2 and
possibly Q.Ctveg.aww-7A were in similar locations to those
reported by Pinto et al. (2010), suggesting the detection of
robust, repeatable loci for this trait; with the locus on 3B
having a large effect on grain yield as discussed above.
With the exception of loci on chromosomes 3B and 5B,
most canopy temperature loci did not co-locate with any
other traits.
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Understanding the key differences
between the Mexican and southern Australian
production environments

As highlighted above, there were only two common QTL
detected between the present investigation and that of
Bennett et al. (2012b), with one of these having opposite
allele effects depending on the environment. There may be
arange of reasons for this result, starting with the pattern of
water availability. In the irrigated and heat-stressed
experiments, water was non-limiting and as such, would
have been unlike any of the ENV clusters identified by
Bennett et al. (2012b). In the drought environment, the
experiment was sown into a soil profile with 50 mm of
irrigation applied, with two subsequent irrigation events of
approximately 50 mm before the end of vegetative growth.
No further irrigation was applied, inducing terminal
drought from anthesis onwards, potentially rewarding those
individuals in the doubled haploid population with deep
rooting ability, that were able to follow moisture deep into
the soil profile. However, in southern Australia, soil pro-
files are shallow, often with hostile subsoils, which would
prevent such a deep rooting phenotype from being advan-
tageous. There is evidence that a shallow, fibrous root
system; better able to capture moisture from the small and
increasingly infrequent rainfall events post-anthesis is
evident in genotypes better adapted to this environment
(Manschadi et al. 2008). This observation may also explain
some of the difficulties in collecting meaningful canopy
temperature data on the population in southern Australia
(Bennett, unpublished data) and explain the lack of corre-
lation between grain yield and canopy temperature under
the drought treatment in the current study. Cloud cover and
greater average wind speeds, which were also observed by
Olivares-Villegas et al. (2007) as confounding effects,
indicate that accurate measurement of this trait may be
limited to specific environments.

Olivares-Villegas et al. (2007) studied Seri, Babax and a
population from a cross between the two lines under the
CIMMYT drought treatment and an experiment in southern
Australia. Not only did the two parents have an inverse
yield response to one another in the two environments, but
also there was a change in the relative proportion of grain
yield that these could account for under the two environ-
ments. In addition, these authors identified the longer
growing season of southern Australia and differences in
soil abiotic constraints as two key differences between the
environments, which was also noted by Mathews et al.
(2007) and Dreccer et al. (2007). The latter authors also
suggested that the average temperature during flowering
(see also Table 2 for a comparison of growing season
temperatures) and evaporative demand of the two envi-
ronments may further explain some of the difference in

adaptation. Mathews et al. (2007) found that germplasm
that performed well across southern Australia was the
germplasm more adapted to CIMMYTs’ Mega Environ-
ment (ME) 9, where facultative wheats are grown in semi-
arid conditions. This suggests that this environment is
poorly selected for, when utilising the CIMMYT managed
drought environment. Brennan and Fox (1998) identified
that South and Western Australian varieties had a lower
coefficient of parentage from CIMMYT-derived germ-
plasm, as well as relying on different CIMMYT parental
germplasm, suggesting that north-west Mexico has histor-
ically been a poor selection environment for adaptation to
southern Australia.

However, previous studies have found that CIMMYT-
derived germplasm is best adapted to eastern and in par-
ticular, north-eastern Australia (Brennan and Quade 2006;
Dreccer et al. 2007; Mathews et al. 2007), where crops are
grown on deep, fertile soil profiles, at times relying on
stored soil moisture for the majority of the growing season.
Whilst it may not be feasible to conduct further field trials
on the whole doubled haploid population, particularly
because it is now well characterised in the target environ-
ment, a series of trait ‘tails’ could be selected, as discussed
by Rebetzke et al. (2012), to validate the value of some of
the QTL detected in the present study in this environment.
Further validation could be through a backcrossing pro-
gram to incorporate key QTL into differing; but otherwise
well-adapted genetic backgrounds and develop pairs of
lines differing only in the chromosomal regions of interest.
This would provide breeders targeting the eastern Austra-
lian grain belt with confidence in the value and precise
effect that the QTL identified in the present study could
have in a marker-assisted selection program. Breeders in
countries where the CIMMYT late sowing treatment cor-
relates well (such as Iran, Iraq and regions of South Africa,
Syria and India; Lillemo et al. 2005) could deploy a similar
strategy to confirm the value of these loci.

Conclusion

We have genetically dissected yield performance under
distinct drought and heat stress treatments, through QTL
analysis and a number of morpho-physiological measure-
ments. Whilst the performance of the population was not
correlated with grain yield in the drought-stressed target
population environment (South Australia), the QTL
detected could have implications for breeders targeting
environments where CIMMYT-derived material has tradi-
tionally shown good adaptation, such as in the north-east-
ern grain belt of Australia. As identified by previous studies
in similar heat and drought-stressed environments, canopy
temperature was able to explain a significant proportion of
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variation in yield, particularly under the late sown heat
treatment. The RACS875 allele at Q.Yld.aww-3B-2
accounted for a very large proportion of the genetic vari-
ance for grain yield and was co-located with QTL for
Kpsm, canopy temperature, early vigour, flag leaf width
and peduncle length under heat stress and also had a
positive effect on grain yield under the other two treat-
ments. Priority should be given to fine mapping efforts, to
identify potential candidate genes underlying this locus,
with subsequent marker development giving breeders
another tool to maintain or improve grain yield in regions
around the world traditionally prone to heat stress. A sec-
ond yield QTL on chromosome arm 3BS, detected under
fully irrigated and heat stress conditions, again accounted
for a relatively large proportion of the genetic variance and
does not appear to have been previously reported. This
QTL and those detected on linkage groups 3A, 3D, 4D and
7A, which were also associated with yield under stress
conditions, warrant further physiological and genetic dis-
section to ultimately aid breeders’ efforts to improve yield
through marker-assisted selection.
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