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Table 6. 7 Summary of heat susceptibility index (HSI) QTLs detected in the Drysdale x Waagan DH population.
Linkage group, position of each QTL, experiment (Exp) that the QTL was detected, closest marker(s), LOD
score, percentage of explained variation (R?), additive effect, and high value allele (Drysdale, D; Waagan, W)
are presented. Red highlights indicate QTLs detected for response of grain weight (GWS and SGW), and QTLs
for responses of other traits that co-localized with them. Hgws, HSI of grain weight spike™; Hgns, HSI of grain
number spike™; Hsgw, HSI of single grain weight; Hgfd, HSI of grain-filling duration; Hdtm, HSI of days from
sowing to maturity; Hchlc13, HSI of chlorophyll content 13 days after anthesis; Hchlc27, HSI of chlorophyll
content 27 days after anthesis; Hausc, HSI of area under SPAD curve; Hchirl3, HSI of linear rate of chlorophyll
loss between SPAD 10 and 13 DAA points; Hchlr27, HSI of linear rate of chlorophyll loss considering all of the
three SPAD measurements (10, 13 and 27 DAA); Hflse, HSI of days from anthesis to 95% flag leaf senescence;
Hshw, HSI of shoot dry weight; Hhi, HSI of harvest iNdeX.........cccocviieiiiiiii i 129
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Figure 5. 3 Fluorescence data for a Ppd-D1 KASP marker scored on Drysdale and Waagan single plant
selections. Primers specific for the insensitive and sensitive alleles were labelled with FAM (fluorescence peak
at wavelength 465-510 nm, blue) and VIC (fluorescence peak at wavelength 533-580 nm, green), respectively.
Each dot represents a single plant and each single plant selection was tested 1-2 times (on separate plants). All
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single plant selections. Primers specific for the wild type and mutant (dwarf) alleles were labelled with FAM
(fluorescence peak at wavelength 465-510 nm, blue) and VIC (fluorescence peak at wavelength 533-580 nm,
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Figure 5. 11 Plot of number of typed doubled-haploid (DH) lines for each marker. Markers below the red line
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Figure 5. 13 Heatplot indicating recombination fractions (upper-left half of figure) and LOD scores for linkage
(lower-right half of figure) for all pairs of markers. Markers are arranged in numbered linkage groups from the
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Figure 5. 14 Figure 5.14 Heatplot indicating the recombination fractions (upper-left half of figure) and LOD
scores for linkage (lower-right half of figure) for all pairs of markers after the markers had been ordered. LOD
score increases and recombination fraction decreases with progression through the colour series blue-green-
yellow-red. Alignment of the red signals along the diagonal indicates that the marker orders are largely correct.

Figure 5. 15 Marker scores for 3 doubled-haploid (DH) lines on linkage group 1 with potential erroneous marker
scores flagged by red squares. White and black circles correspond to AA and BB marker scores, respectively.
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right half of figure) for all pairs of genetically non-redundant markers. Markers are arranged in order and by
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heterogeneous within a parent variety. Markers that showed a significant (*, ** and *** indicate p < 0.05, p <
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Figure 5. 19 Summary of segregation distortion across the Drysdale/\Waagan molecular marker genetic map. a) —
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Figure 6. 1 Schematic of relative chlorophyll (SPAD) readings taken from the flag leaf of one hypothetical plant
over time using a SPAD chlorophyll meter, defining chlorophyll loss/retention parameters. The red bar
represents the period of heat treatment, and the black circles indicate the SPAD readings taken 10, 13 and 27
DAA. The slopes of the black dashed and solid lines represent chlorophyll loss rates between 10 and 13 DAA,
and between 10 and 27 DAA (linear regression of the three points), respectively. The grey shaded area represents
the area under the SPAD progress curve (AUSC), which is an estimate of absolute chlorophyll content
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Figure 6. 2 Molecular marker linkage map and QTL detected for HSIs and absolute trait values in the Drysdale
x Waagan DH population. The numbers to the left of each linkage group indicate cM distances from the top.
QTL are presented as 1.5 LOD intervals. Blue: QTL for HSIs; black: QTL for DTA and PH; green, red, and
brown: QTL detected for the absolute trait values under control, heat, and both control and heat conditions,
respectively. Solid and hashed bars indicate QTL detected in both experiments or in one experiment only,
respectively. QTL at wsnp_Ku_c40759 48907151(R) on chromosome 1A, QHchlr27.aww-3B, QChlr27.aww-
3B, QHi.aww-3B, and QShw.aww-3Blon chromosome 3B, and QFl.aww-7B1 on chromosome 7B were
expressed in one experiment, but could not be presented with hashed bars due to the small size of the bars. Other
QTL details are presented in Tables 7 and 8. Dta, days from sowing to anthesis; Gws, grain weight spike™; Gns,
grain number spike™; Sgw, single grain weight; Gfd, grain-filling duration; Dtm, days from sowing to maturity;
Chlc10, chlorophyll content 10 days after anthesis; Chlc13, chlorophyll content 13 days after anthesis; Chlc27,
chlorophyll content 27 days after anthesis; Ausc, area under SPAD curve; Chir13, linear rate of chlorophyll loss
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Abstract
High temperature is one of the major environmental constraints for wheat production
globally. It puts significant pressure on the wheat industry around the world, compromising
both the quantity and quality of wheat grain produced. The current study focussed on the
impact of brief episodes of very high temperatures during vegetative and grain-filling stages
of wheat development using a combined approach of plant physiology and quantitative trait
loci (QTL) mapping.

At grain-filling stage, wheat plants were exposed to a brief heat stress (3 days, 37/27 °C)
10 days after anthesis and the plants evaluated for a number of morphological and
physiological traits (Chapters 3, 4, and 6). At the vegetative stage (~ 4 weeks after sowing)
plants were challenged with a brief heat treatment (2 days, 40/30 °C), and growth and
senescence related characters were monitored using automated imaging facilities and a SPAD

chlorophyll meter (Chapter 7).

In total, 37 bread wheat genotypes were evaluated for different heat responses during the
grain-filling stage. Genetic variation was observed among wheat genotypes for various heat
responses, particularly for single grain weight, chlorophyll retention, rate and duration of
grain-filling, and water soluble carbohydrate content and mobilization (Chapters 3 and 4).
Overall, the findings suggested that more than one adaptation process contributed to
tolerance. Generally, genotypes with more stable grain weight under heat tended to have
particular traits under stress, including the ability to maintain chlorophyll content and rate and
duration of grain-filling, and stronger water soluble carbohydrate mobilization efficiency
(Chapters 3 and 4). Therefore, these traits may provide appropriate selection criteria for

improving heat tolerance in wheat.

A genetic linkage map of a Drysdale/Waagan population was constructed using a 9K SNP
array (Chapter 5) and used for QTL analysis (Chapter 6) of heat responses (evaluated using
heat susceptibility index) at the grain-filling stage. A region on chromosome 3BS strongly
affected heat responses of grain weight, stay-green related traits, grain-filling duration, shoot
dry weight and harvest index, explaining 10 to 40% of the phenotypic variation, with Waagan
contributing the tolerance allele. Most notably, the results indicated a strong genetic link
between stay-green and grain weight maintenance under brief episodes of terminal high
temperatures but a lack of a significant association between the Rht-B1 and Rht-D1 dwarfing

loci and heat tolerance.

Using high-throughput automated imaging facilities in The Plant Accelerator, considerable

variation among 77 bread wheat genotypes was observed for growth rate and senescence
XXi



responses to a brief heat stress at the vegetative stage (Chapter 7). A subset of 32 genotypes
was also screened at the grain-filling stage (Chapter 3) which allowed a comparison of heat
responses at these two developmental stages. Growth rate and senescence responses at the
vegetative stage showed significant associations with grain weight maintenance and
senescence responses at the grain-filling stage. These results suggested a
physiological/genetic link between heat responses at the different growth stages, with

implications for developing more efficient heat tolerance screening methods.

The present work contributes to the understanding of physiological mechanisms of heat
tolerance and its genetic basis in hexaploid wheat, and identifies assays with potential to assist

heat tolerance studies and in breeding programs.
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Chapter 1: General introduction

Wheat (Triticum aestivum L.) plays a critical role in the world’s food security and
economy. Rapid growth of the world’s population, shortage of land and water resources along
with biotic and abiotic stresses put significant pressure on wheat production. To increase
wheat production at the same pace as the worlds’ growing demand, under the aforementioned

limitations, increased yield per unit of area will be required.

High temperature is one of the major environmental constraints for wheat production in
many wheat growing regions worldwide, compromising both the quantity and quality of
wheat grain produced (Cossani and Reynolds 2012; Farooq et al. 2011; Kumar et al. 2013).
Although wheat is grown as a winter season crop in Australia, heat stress (>34°C) is
frequently experienced during the growing season, and particularly at the grain-filling stage
(occurs mainly in the spring), across the Australian wheat belt (Asseng et al. 2011,
Blumenthal et al. 1991; Stone and Nicolas 1994; Wardlaw and Wrigley 1994). Higher
temperatures that are predicted with climate change are likely to worsen the situation (Hansen
et al. 2012; IPCC 2007; Ortiz et al. 2008). Two principal approaches to adapt to these
conditions include management strategies (e.g. moving forward the sowing date) and
development of genetically superior genotypes (Farooq et al. 2011). The latter may be more
helpful, since shifting forward the sowing date increases the risk of frost damage;
paradoxically, the frequency of frosts are increasing with climate change in south-eastern

parts of the Australian wheat belt (Zheng et al. 2012; http://www.managingclimate.gov.au/).

However, breeding for new superior heat tolerant genotypes has been challenging due to the
unpredictable nature of heat stress (timing, magnitude, and duration), its co-occurrence with
other stresses (e.g. drought), and growth-stage-specific effects (Wardlaw and Wrigley 1994).
Therefore, determining mechanisms related to heat tolerance and identifying tolerant sources

and reliable screening tools are essential for developing new heat tolerant wheat genotypes.

As heat stress at grain-filling stage is of prime importance to the Australian wheat industry
and short episodes of severe heat stress are frequently experienced by the majority of wheat
crops in the Australian wheat belt (Asseng et al. 2011; Stone and Nicolas 1994; Wardlaw and
Wrigley 1994), the main focus of this study is on a brief episode of heat stress at early grain-
filling stage (10 days after anthesis), while the possible utility of the automated plant
phenomics facilities (The Plant Accelerator) in heat tolerance studies on earlier stages of
wheat growth was also investigated as part of this thesis. Varietal variation for heat tolerance,
effects of a brief heat stress on different responses, associations between these responses
within/between vegetative and grain-filling stages of wheat development, as well as genetics
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of heat tolerance at the grain-filling stage, are presented. Chapter 2 will review the literature.
Chapter 3 will report on screening 36 wheat (Triticum aestivum L.) genotypes which are
mostly parents of available mapping populations, to identify a mapping population suitable
for studying the genetics of heat tolerance. Chapter 4 will report on a detailed study of two
pairs of parents contrasting for heat tolerance (ability to maintain single grain weight upon
heat exposure at the early grain-filling stage) and 6 other genotypes. In these genotypes,
responses of grain growth parameters, chlorophyll loss and water soluble carbohydrates are
examined and related to the grain weight response. Chapter 5 will report on the construction
of a molecular marker linkage map which is a prerequisite for quantitative trait loci (QTL)
analysis, including development of a pipeline for processing data generated using the wheat
9K SNP marker array. Chapter 6 will report on QTL mapping of heat responses and other
heat related traits in the Drysdale/Waagan doubled haploid mapping population after it was
exposed to heat stress at grain-filling. Chapter 7 will examine the utility of high throughput
automated phenotyping facilities for heat tolerance evaluation in young wheat plants. Genetic
variation for heat responses expressed at this stage, and its correlation with heat tolerance at
grain-filling, are reported. The thesis will conclude in Chapter 8, which includes a general
discussion, conclusions, summary of contributions to the knowledge, and consideration of

future directions.



Chapter 2: Literature review

2.1 Wheat as an important crop

Wheat is one of the most important crops worldwide (http://www.fao.org), and provides

the staple food and an abundant source of energy and protein for millions of people (Patnaik
and Khurana 2001). In 2012, about 215.5 million ha were devoted to wheat cultivation, and
about 670.9 million tons of wheat produced (FAOSTAT 2012). It is the second largest crop in
terms of value behind rice (FAOSTAT 2012), and it provides 21% of the world’s food
(http://www.fao.org). Wheat is also one of the main grain crops in Australia and plays an

important role in its economy. About 13.9 million hectares sown to wheat and about 29.9
million tonnes harvested in Australia in 2012 (Australian Bureau of Statistics 2014). This
contributed AUD 7 billion to the country’s economy in 2012, second only to the beef industry
(AUD 7.7 billion) among agricultural commodities (Australian Bureau of Statistics 2014).
These statistics show the crucial role of wheat in food security and economy of the world and

Australia.

2.2 Impact of heat on the wheat industry

Heat stress occurs when the temperature rises beyond that which is optimal for plant
growth and development (Wahid et al. 2007). Global warming due to the increase of
greenhouse gases is likely to increase the frequency of heat stress in wheat crops. Over the
last four decades, the average daily maximum temperature in Australia has increased steadily,
by 0.3 °C every 10 year (Australian Bureau of Meteorology 2014). The number of days over
34°C during the grain-filling period has also increased in Australia’s wheat growing regions
and other wheat major growing regions (Asseng et al. 2011). Moreover, it has been estimated
that by 2050 some of the current favourable wheat producing regions will be reclassified as
heat-stressed growing regions - for example, more than 50% of Indo-Gangetic Plains where
15% of wheat grain is produced (Ortiz et al. 2008).

Heat stress seriously reduces wheat production, not only in Australia, but also in other
areas. Based on field and controlled environment data, it has been estimated that high
temperature causes an average of 10 to 15% yield reduction in wheat in Australia and the
USA annually (Wardlaw and Wrigley 1994) which equates to ~AUD 400m loss to the
Australian economy. In addition, according to a media report (Dowler 2004), in an individual
high temperature occasion on 12" of October 2004 in South Australia, a third of the SA wheat
production was lost due to severe heat stress. A study on the effect of heat stress on wheat
yield in Australia and other major wheat growing regions estimated an average of 5%

reduction in grain yield for each day above 34 °C during the grain-filling stage (Asseng et al.
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2011). These reports show the significant effect of heat stress in wheat production, and the
urgent need for heat tolerant wheat varieties.

In Australian wheat growing regions, the grain-filling stage (October-November) coincides
with rising temperature, and temperatures above the optimum (15 °C) are frequent (Wardlaw
and Wrigley 1994). Most wheat crops experience an average of 4 days above 34 °C (Stone
and Nicolas 1994) and on occasions temperatures can reach 40 °C (Wardlaw and Wrigley
1994). McDonald et al. (1983) found a 4% reduction in the single kernel mass for each degree
above the optimum temperature. Heat stress can also affect grain quality (Blumenthal et al.
1995; Ciaffi et al. 1996; Corbellini et al. 1998; Stone and Nicolas 1996). Specifically, heat
stress weakens the dough (Blumenthal et al. 1995; Wrigley 2007). The same situation exists
in other major wheat growing areas such as the USA, the Mediterranean region (Graybosch et
al. 1995; Mason et al. 2010) and India (Rane and Nagarajan 2004). Where the stress occurs
frequently, selection for tolerance to stress could be a worthwhile strategy to increase yield
(Rosielle and Hamblin 1981). Thus, selection for heat tolerance may be useful to increase

yield under Australian and similar wheat growing environments.

Heat stress at earlier growth stages is a problem for wheat cultivation in other parts of the
world such as Pakistan. High temperatures (>35 °C) occur at wheat seedling emergence in
Pakistan which causes early seedling mortality, slows down plant growth, and finally reduces
the yield (Mufti 2005). The coleoptile length decreases 1 cm for every 2.6 °C above 15 °C
(Radford 1987). There is a positive correlation between the duration of the vegetative phase
and spikelet number (Rahman and Wilson 1978). High temperatures can shorten the
vegetative phase which leads to a smaller number of spikelets per spike (Barnabés et al. 2008;
Rahman et al. 1977). Moreover, pre-anthesis reserve pools of photosynthate in vegetative
tissues such as stems and sheaths contribute up to 40% of final kernel weight of wheat (Yang
and Zhang 2006), and increased temperatures during the 30 days before anthesis can cause a
4% reduction in wheat yield per °C increase (>15 °C) by shortening the period of assimilate
accumulation (Fischer 1985a). Such evidence clearly indicates an important effect of heat

stress during vegetative stages of wheat development.

Generally speaking, heat stress can affect all stages of wheat development in different
ways from germination to maturity (seed to seed). Nonetheless, the focus of this study will be
on (a) the effects of a short duration of heat stress (a few days) on grain size during grain-
filling, which is of great importance for the Australian wheat industry and relatively less
studied compared to chronic heat stress, and (b) the growth inhibition effects after high

temperature in the vegetative stage of wheat development, which has not been studied using



non-destructive, real-time monitoring facilities before. Thus, the following review will focus

on these two aspects of heat stress.

2.3 Mechanisms of growth rate responses

High temperatures affect the plant growth rate at all developmental stages. Rising
temperatures up to an optimum temperature, which can differ from plant to plant species,
increase the rate of physiological processes such as leaf elongation rate, cell division, net
photosynthetic rate, etc. Beyond these optima, increasing temperatures negatively impact on
these processes (Parent et al. 2010; Parent and Tardieu 2012). The growth-rate-enhancing
properties of temperature can be at least partly explained by a general phenomenon of
chemical reactions — with high temperatures, molecules in solution have greater Kinetic
energy, which results in more frequent collisions of molecules with sufficient activation
energy. For example, high temperatures have been shown to increase the rate of reactions

catalysed by sucrose synthase and acid invertase (Parent et al. 2010).

Negative effects at higher temperature could be caused by various factors. Increased
evapotranspiration under high temperatures can lead to water stress, decrease in leaf water
potential and perturbation in root hydraulic conductivity, with resulting disturbance of
physiological processes (Wahid et al. 2007). The fluidity and permeability of cell membranes
increase under high temperatures as a result of increased concentrations of unsaturated fatty
acids or protein denaturation (Savchenko et al. 2002). This affects the membrane-based
processes photosynthesis and respiration (Barnabas et al. 2008). Thylakoid membranes and
photosystem Il (PS Il) are very sensitive to high temperatures, and their destruction under
high temperatures can limit photosynthesis (Ristic et al. 2007). Degradation of chlorophyll a
and b, separation of light harvesting complex Il from PS Il, dissociation of oxygen evolving
complex (OEC) from PS II, reduction of photosynthetic pigments, and reduction in RuBisCO
activity, and other changes in photosynthesis machinery due to heat stress, can reduce
photosynthetic rate (Wahid et al. 2007). Moreover, high temperatures can adversely affect the
mitochondrial electron transport chain by damaging the mitochondrial membrane.

An additional mechanism could be alteration of plant hormone content. It has been shown
that the application of gibberellic acid to seeds of a heat tolerant barley can lead to loss of
tolerance later in development (Vettakkorumakankav et al. 1999). Exogenous application of
cytokinin can increase the number of endosperm cells, grain weight and grain-filling duration
under normal temperatures (Alizadeh et al. 2010). On the other hand, reduction in cytokinin
(50-80%) due to high temperature (7 days at 35/25 °C) was accompanied by reduced mature

grain mass, in wheat (Banowetz et al. 1999). This suggests that cytokinin might have a role in
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the heat tolerance response. Transcriptome analysis of heat tolerant and susceptible wheat
genotypes following heat treatment suggested that genes for heat shock proteins, transcription
factors, calcium signalling and metabolism pathways, and other factors, are involved in
responses to heat (Qin et al. 2008). The heat sensitivity of soluble starch synthase (SSS) plays
a key role in kernel weight reduction at the grain-filling stage of wheat (Jenner 1994).
Therefore, heat sensitivity of SSS in vegetative tissues and/or certain other enzymes may also
be heat sensitive and play a crucial role in reducing growth rate at earlier stages in wheat

development.

2.4 Mechanism of grain size reduction

High temperature at grain-filling accelerates the grain-filling rate, but also causes
truncation of the grain-filling period; the former typically may not be enough to compensate
for the latter, depending on genotype, explaining why the overall effect is a reduction of grain
size (Jenner 1994). More than two-thirds of the dry grain mass consists of starch. A short
period of heat stress affects starch deposition more than it does protein content, so the
reduction of grain size due to heat stress mostly comes from reduced starch deposition (Jenner
1994). Thus, understanding the effect of high temperatures on the starch synthesis process is
important for development of new heat tolerant varieties. Two hypotheses have been
examined as the reason behind the reduced starch deposition under high temperatures: (a)
reduction in assimilate supply to the developing grain as the result of accelerated senescence
(b) the sensitivity of starch synthesis in the grain.

Manipulating source strength by either reducing assimilate supply to kernels through
shading or defoliation, or increasing it by removing all but the assayed tiller, revealed that
source-sink balance plays a role; however, this phenomenon seems to have a relatively minor
impact in determining sensitivity of grain-filling to heat (Jenner 1994; Wardlaw et al. 1980;
Wardlaw and Wrigley 1994). This conclusion receives further support from studies that used
sucrose levels as an indicator of the assimilate availability in the grain. When excess sucrose
was supplied to the detached head or endosperm cells of wheat, it did not overcome the
negative effect of heat stress (Bhullar and Jenner 1983; Jenner 1991a).

As already mentioned there is a body of literature which points to processes within the
grain being important in terms of the response of wheat to heat stress (Bhullar and Jenner
1983; Jenner 1991a; Jenner 1994; Wardlaw et al. 1980; Wardlaw and Wrigley 1994). High
temperatures can affect the activity of several enzymes involved in converting sucrose to
starch in wheat grains, such as sucrose synthase, ADP-glucose pyrophosphorylase, UDP-
glucose pyrophosphorylase and soluble starch synthase (SSS) (Hawker and Jenner 1993).
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However, of the enzyme activities known to be involved in the conversion of sugar to starch
in the wheat grain, there is an overwhelming body of evidence that SSS is the one that is both
rate-limiting and the most heat sensitive (Hawker and Jenner 1993; Jenner 1994; Keeling et
al. 1993; Keeling et al. 1994; Zahedi et al. 2003). It has been shown that the activity of SSS is
reduced by more than 50% within the first hours of heat stress (Hawker and Jenner 1993;
Jenner 1994). Five classes of starch synthase have been discovered in cereals including
granule bound starch synthase (GBSS), and 4 isoforms of soluble starch synthase (SSI, SSll,
SSIII, and SSIV) (Keeling and Myers 2010; Zeeman et al. 2010). Four of these have been
identified in wheat endosperm, GBSS, SSI, SSII and SSIII (Li et al. 2000; Hurkman et al.
2003).

The activity of GSS is not significantly affected by heat stress, whereas SSS enzymes’
activities are highly reduced (>60%) under high temperatures (Keeling et al. 1994). Heat
stress (37 °C) also reduces the mMRNA levels for SSS more than it reduces the mRNA for the
other enzymes in the starch synthesis pathway, and shortens the time to reach the maximum
expression levels of the transcripts of starch biosynthetic enzymes (Hurkman et al. 2003).
Starch is composed of two types of glucose polymers - amylose (20-30%; linear form with
few branches; made by GBSS which is relatively heat tolerant, therefore amylase content is
not affected much by heat) and amylopectin (70-80%; highly branched form) (Keeling and
Myers 2010). It deposits in three different types of granules, A (large type), B (small), and C
(very small), during grain development (Hurkman et al. 2003). The ratio of large and small
starch granules changes under heat stress. Heat stress significantly reduces the proportion of B
type granules in certain genotypes, whereas other genotypes show no significant reduction or
even a slight increase in the proportion of small granules (Blumenthal et al. 1995). The
relative size of these granules also changes under heat stress. The size of large granules
increases by 25-80%, and the size of small granules decreases by 20-70%, in comparison with

regular conditions (Hurkman et al. 2003).

2.5 Mechanisms of dough quality effects

High temperatures (>35 °C) at the grain-filling stage causes a weakening of the dough and
consequently a loss of grain quality for bread making (Blumenthal et al. 1991; Blumenthal et
al. 1995; Corbellini et al. 1998). Dough strength is regarded as an important component of
grain end-use quality. When dough mixes in a mixograph, it gradually strengthens to reach a
point of maximum resistance (Rmax), after which it becomes weaker. Strong dough has a
longer development time and breaks down slower than weak dough. All of these parameters

are affected by heat stress. Temperatures above 35 °C, for as few as 3 days, can cause more



than 50% loss in the Rmax and accelerated breakdown (Blumenthal et al. 1995; Wrigley
2007).

Glutenin and gliadin are the main storage proteins in the wheat grain (Payne 1987). The
unique ability of bread wheat (Triticum aestivum L.) to produce light and spongy bread comes
from glutenins. Glutenins link via disulphide bonds to form high molecular weight polymers
which confer the elasticity to dough (Ali et al. 2010; Shewry et al. 2000). Gliadins do not
form disulphide linkages. The dough strength reducing effect of heat does appear to derive
from a reduction in the disulphide cross linking, and biochemically this is manifested by

reduction in the proportion of protein present as high molecular weight glutenin complexes.

There are a number of potential causes for the reduction of glutenin crosslinking in kernels
of heat-stressed plants which leads to the weakening of dough.

(@) An increase in the ratio of gliadin to glutenin has been observed after exposure to high
temperatures (Blumenthal et al. 1993; Blumenthal et al. 1994). Heat-inducible elements are
present in the promoters of gliadin genes, and these are believed to give a greater relative rate
of expression of gliadin genes during heat stress (Blumenthal et al. 1993). This may reduce

the rate of disulphide bond formation by diluting glutenin.

(b) It is possible that protein disulphide isomerase, an enzyme which catalyses disulphide

bond formation, may be heat sensitive (Blumenthal et al. 1998).

(c) A shorter grain-filling period after heat stress may lead to reduced disulphide bound

formation due to shortening of the disulphide bond formation process.

(d) Heat-shock proteins (HSP) might have a negative or a positive effect on dough quality.
The increase of heat-shock proteins in the heat-stressed wheat grains might be able to change
the structure of dough (Bernardin et al. 1994 cited in Blumenthal et al. 1998). HSP and
chaperones might also have a role in disaggregating and hydrolysing malformed gluten
proteins under heat stress conditions (Blumenthal et al. 1998). Heat-shock proteins (HSP)
might have also a positive effect on dough quality by stabilizing the enzymes involved in

synthesis or crosslinking of glutenins.

A number of studies have found a relationship between alleles of the Glu-D1 locus, which
encode high molecular weight glutenins, and the stability of dough physical properties after
exposure to heat stress (Blumenthal et al. 1991; Stone and Nicolas 1996; Wardlaw et al.
2002). Lines having the Glu-D1d allele (5 + 10) are more tolerant than lines carrying the Glu-
D1la allele (2 + 12) (Wrigley 2007). This has been attributed to earlier polymerization of the
protein encoded by the Glu-D1d allele than that which is encoded by the Glu-Dla allele



(Irmak et al. 2008). Therefore, the Glu-D1d allele is able to achieve a higher amount of
polymerization before grainfill is terminated.

Moderately high temperatures (< 30 °C) during grain filling can lead to an increase in
dough strength (Randall and Moss 1990; Corbellini et al. 1998; Uhlen et al. 1998). High
temperatures increase the protein content of wheat grains, as a result of starch reduction, and
this in turn may have the effect of concentrating the glutenins, favouring faster and more
complete crosslinking (Blumenthal et al. 1995).

2.6 Mechanisms of fertility effects

Heat stress at around meiosis leads to floret sterility while heat within the first three days
after pollination can lead to early abortion of grain growth (Saini and Aspinall 1982b; Saini et
al. 1983; Tashiro and Wardlaw 1990a; Wardlaw et al. 1989b). Saini and colleagues showed
that heat stress can affect both male and female organs in wheat (Saini and Aspinall 1982a;
Saini et al. 1983). This was demonstrated by exposing wheat plants during pollen mother cell
meiosis to high temperature (30 °C) followed by reciprocal pollinations with unstressed plants
(Saini et al. 1983). However, male sterility due to heat stress is greater than female sterility
because male reproduction in plants is more highly sensitive to heat stress (Endo et al. 2009).
Starch reserves in pollen grains serve as the energy source for pollen germination and pollen
tube growth (Dorion et al. 1996). Heat stress can repress starch accumulation in pollen grains
(Dorion et al. 1996; Saini et al. 1984). Adverse effect of heat stress on pollen tube growth has
also been reported to be associated with callose plugs (B-1,3-glucan cell wall components)
deposition which blocks pollen tubes (Saini et al. 1983). Recently, positive association has
been observed between water soluble carbohydrates content/metabolism and floret fertility

and grain set in wheat under high temperature conditions (Dreccer et al. 2014).

2.7 Traits and parameters for evaluation of heat tolerance

Various traits have been used for heat tolerance evaluation in wheat. Yield and its
components are probably the most important traits, and their improvement is the main goal in
every breeding program. Therefore, they have been widely used as heat tolerance indicators in
many studies (Bennett et al. 2012; Mason et al. 2013; Pinto et al. 2010; Reynolds et al. 1994;
Wardlaw et al. 1989b), but evaluation of these traits is costly in terms of both time and
resources. In addition to yield and its components, a range of morpho-physiological traits
including cell membrane thermal stability (Blum and Ebercon 1981; Fokar et al. 1998;
Reynolds et al. 1994; Saadalla et al. 1990b; Saadalla et al. 1990a), stay-green (Kumari et al.
2007; Lopes and Reynolds 2012; Reynolds et al. 2001), stomatal conductance (Reynolds et al.

1994), photosynthetic rate (Al-Khatib and Paulsen 1989; Al-Khatib and Paulsen 1990;
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Reynolds et al. 2000), chlorophyll fluorescence (Peck and McDonald 2010; Sharma et al.
2012), canopy temperature (Amani et al. 1996; Kumari et al. 2007; Reynolds et al. 1994;
Reynolds et al. 1998), epicuticular wax (Mason et al. 2010), stem carbohydrate reserves
(Blum et al. 1994; Blum 1998; Talukder et al. 2013; Yang et al. 2002a) and grain-filling rate
and duration (Stone and Nicolas 1995a; Talukder et al. 2013; Zahedi and Jenner 2003), which
are believed to contribute toward heat tolerance in wheat, has been used to discriminate
between tolerant and susceptible genotypes. Heat susceptibility index (HSI), which is an
estimate of genotypic performance under heat-stress relative to non-stress conditions, adjusted
for stress intensity in the particular trial (Fischer and Maurer 1978), has been also calculated
for some of the aforementioned traits and was used to define heat tolerance in wheat in some
of the previous works (Mason et al. 2010; Mason et al. 2011; Mason et al. 2013; Mohammadi
et al. 2008b; Paliwal et al. 2012; Tiwari et al. 2013).

2.8 Stay-green and stress tolerance

Stay-green or delayed senescence can be defined as the ability to maintain green leaf area
during grain-filling. Stay-green may be particularly important under stress conditions such as
heat and drought (Distelfeld et al. 2014; Thomas and Ougham 2014). Early senescence in
response to external environmental factors (e.g. heat, drought, and disease) affects
photosynthetic competence and assimilate supply and consequently can negatively impact
grain growth and yield. Senescence reduces chlorophyll which in turn affects photosynthesis
and photo-assimilate supply. Stay-green prolongs the period that leaves are green and
photosynthesizing, and delays senescence. Positive associations have been reported between
stay-green and grain yield in sorghum (Borrell et al. 1999; Borrell et al. 2000; Borrell et al.
2014a; Borrell et al. 2014b), maize (Ceppi et al. 1987), soybean (Phillips et al. 1984),
sunflower (Cukadar-Olmedo and Miller 1997), and wheat (Kumari et al. 2013; Lopes and
Reynolds 2012; Reynolds et al. 1994; Reynolds et al. 1998).

Potential physiological mechanisms of stay-green are manyfold. Stay-green under drought
stress in sorghum is associated with increased xylem pressure potential, delayed loss of
photosynthetic competence, modification of canopy development, leaf anatomy, root growth,
water uptake, and enhanced N uptake (Borrell et al. 2014a; Borrell et al. 2014b; Tuinstra et al.
1998; Vadez et al. 2013). In wheat, stay-green related traits have been found to be highly
positively correlated with photosynthesis under high temperature conditions (Al-Khatib and
Paulsen 1984; Gutiérrez-Rodriguez et al. 2000; Reynolds et al. 2000) and also to a root
architecture that allows water to be extracted from deep in the soil profile post-anthesis under

field conditions (Christopher et al. 2008). A positive association between stay-green and high
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water use efficiency during grain-filling has been reported in wheat (Gorny and Garczynski
2002). Increased leaf area and grain-filling rate and duration have been observed in a stay-
green durum wheat mutant (Spano et al. 2003). In another study, high expression of Rubisco
activase, soluble starch synthase and glycine decarboxylase were seen for a longer time in a
stay-green durum wheat mutant in comparison with the non-stay-green parent line, which
further suggest a positive effect of stay-green in prolonging photosynthesis and grain-filling
(Rampino et al. 2006). These studies may suggest that higher yield performance of stay-green
genotypes might be due to higher photosynthetic rate, longer photosynthetic competence as
well as better overall plant health and prolonged plant canopy survival in particular under

stress conditions.

While stay-green could be an advantage under stress conditions there are some reports that
it may negatively impact yield under regular conditions (Derkx et al. 2012; Kichey et al.
2007; Kipp et al. 2014; Naruoka et al. 2012). The latter might be because stay-green hampers
remobilization of assimilate reserves to grains, resulting in more of the non-structural
carbohydrates remaining in the straw (Yang et al. 2000). An alternative explanation for
adverse effects of stay-green is prolonged consumption of glucose for continued nitrogen
assimilation and protein synthesis by green leaves, which can deprive the grains of assimilate
for grain-filling (starch synthesis) (De Vries et al. 1974; Hirel et al. 2007; Kipp et al. 2014).

Although stay-green is an important trait in heat tolerance, it has not been fully exploited in
wheat (Kumar et al. 2013). Silva et al. (2001) reported control of stay-green by a single gene
with high heritability and partial dominance among crosses of four contrasting genotypes for
stay-green. Joshi et al. (2007) found stay-green to be controlled by around four additive
genes. They also found that the stay-green trait to be positively associated with spot blotch
resistance in two mapping populations made by crossing contrasting spring wheat genotypes,
Chirya 3 x Sonalika and Chirya 7 x Sonalika. Kumar et al. (2010) and Vijayalakshmi et al.
(2010) observed polygenic inheritance affecting stay-green trait in recombinant inbred lines
(RILs) populations under field and controlled environment high temperature conditions.

Chlorosis is the most visible manifestation of senescence. Evaluation of chlorosis in the
whole plant is not straightforward due to heterogeneous expression of chlorosis in
aboveground organs (Cossani and Reynolds 2012). The flag leaf, which contributes
substantially to nitrogen uptake and carbon assimilation and remains green for longer than
other leaves, has been suggested to be a good target for senescence investigations (Kipp et al.
2014). There are different methods for monitoring chlorosis including visual scoring
(Vijayalakshmi et al. 2010), measuring normalized difference vegetation index (NDVI) with a

GreenSeeker sensor (Lopes and Reynolds 2012), and estimating chlorophyll content with a
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portable SPAD chlorophyll meter (Vijayalakshmi et al. 2010; Lopes and Reynolds 2012).
Indirect measurement of chlorophyll content of the flag leaf with a portable SPAD
chlorophyll meter provides a fast, non-invasive, easy, and inexpensive way to monitor
senescence over time on a single plant, and an indirect way to assess photosynthesis in wheat,
which may also be applied to breeding programs. The SPAD chlorophyll meter measures
transmittance of the leaf in the red (650 nm) and infrared (940 nm) wavelengths and uses that
to calculate a relative SPAD value which is proportional to the sample’s chlorophyll content
(Minolta 1989). A strong relationship exist between SPAD readings and chlorophyll
concentration in wheat leaves (Uddling et al. 2007), and the SPAD chlorophyll meter has
been used in various studies to evaluate heat tolerance in wheat. SPAD readings have been
correlated positively with maximum net photosynthetic rate (Gutiérrez-Rodriguez et al. 2000),
chlorophyll a florescence which is an indicator of heat damage to thylakoid membranes and
the functionality of photosystem II (PS Il) (Ristic et al. 2007; Ristic et al. 2008), and grain
yield under high temperature conditions (Kumari et al. 2013; Lopes and Reynolds 2012;
Reynolds et al. 1994; Reynolds et al. 1998). Therefore, chlorophyll content of the flag leaf
(determined either by a SPAD chlorophyll meter or by destructive measurement) is used as a

convenient indicator of senescence and its acceleration by a brief heat treatment in this study.

2.9 Quantitative trait loci (QTL) mapping

Many important traits such as yield and tolerance to stresses (e.g. heat and drought) exhibit
quantitative variation. Variation in these traits may be influenced by multiple genetic loci, the
interaction between these loci and their interactions with the environment. ldentification of
these loci and their effects can lead to development of markers which can be used for
selection of tolerant lines in breeding, or for cloning of the affecting gene(s). Characterization
of the cloned genes is likely to shed light on the molecular mechanisms controlling such traits.

QTL mapping tests the association between phenotypic and genotypic variation to identify
QTL controlling the target trait(s) (Semagn et al. 2010). A QTL study consists several steps
including (1) screening germplasm collections to identify genotypes that contrast for the
target trait(s), (2) development of mapping populations such as doubled haploids or
recombinant inbred lines from crosses between contrasting genotypes, (3) phenotyping the
mapping population for the trait(s) of interest and genotyping the population with molecular
markers to construct a genetic linkage map, and (4) associating phenotypic with genotypic

data to detect chromosomal regions controlling the trait(s).
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2.10 Non-destructive imaging methods for phenotyping

Evaluation of phenotypic performance of individuals is required for mining variation and
QTL mapping of target trait(s). Remarkable advances have been made in plant genomics and
genetics in recent years. In comparison, the ability to gather phenotypic information has
accelerated at a much slower pace, which prevents researchers and breeders from taking full
advantage of the available genomic information. Thus, a lack of high-throughput plant
phenomics (high-throughput physiology and phenotyping) methods and equipment has
become a new bottleneck in genetic studies and breeding (Furbank and Tester 2011). Recently
methods for high-throughput phenotyping such as non-destructive, real-time imaging and
spectroscopy have been used in plants (Berger et al. 2010; Berger et al. 2012; Furbank and
Tester 2011; Golzarian et al. 2011). In Australia an Australian Plant Phenomics Facility

(www.plantphenomics.org.au) has been created (Furbank and Tester 2011) and now a High

Resolution Plant Phenomics Centre in Canberra and The Plant Accelerator in Adelaide are

available to scientists for high-throughput phenotyping (www.plantphenomics.org.au). These

platforms provide fully automated facilities in greenhouses/growth chambers with robotics
and remote imaging/sensing techniques to assess plant performance (growth/health) non-
destructively over time. Similar efforts are underway worldwide in the International Plant

Phenomics Initiative (www.plantphenomics.com). In addition to facilities for monitoring

plants under control conditions, various field-based approaches have also been developed for
in situ monitoring crop performance. These ground-based and aerial high-throughput
phenotyping platforms use vehicles with a global positioning system (GPS) device and
cameras/sensors (e.g. RGB/CIR cameras and thermal-imaging sensor) such as phenomobiles,
phenotowers, and unmanned aerial vehicles (e.g. polycopters and airplanes) which allows
rapid accurate characterisation of many plots in the field (Araus and Cairns 2014; White et al.

2012; www.plantphenomics.org.au). Moreover, different approaches such as laser imaging

detection and ranging (LIiDAR, an active remote sensing tool which uses a laser
scanner/LiDAR sensor to measure the 3D canopy cover/structure) are beginning to be adapted
for high-throughput field phenotyping (Araus and Cairns 2014; Hosoi and Omasa 2009;
Weiss and Biber 2011).

Currently, most of the field and controlled environment trials for heat tolerance evaluation
are costly, labour-intensive and time consuming. No effort has been made to test the value of
the new state-of-art high-throughput phenotyping facilities in wheat heat tolerance studies for
accelerating genetic mapping and positional cloning of heat tolerance genes. Therefore, as a
part of this thesis, the potential utility of an automated high-throughput plant imaging
platform (The Plant Accelerator) in wheat heat tolerance studies was investigated.
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2.11 Mapping populations

Populations derived from bi-parental crosses are widely used in QTL mapping studies in
particular doubled-haploids (DHs) and recombinant inbred lines (RILs) populations which
provide immortal resources (Collard et al. 2005). In these populations allelic variation is
limited to the two parental lines; therefore, two alleles at a time can be studied at any given
locus (Cavanagh et al. 2008; McMullen et al. 2009). Recently, types of populations have been
used, including Multi-parent Advanced Generation Inter-cross (MAGIC) populations which
involves crossing multiple parents (Cavanagh et al. 2008) and Nested Association Mapping
(NAM) populations which involves crossing a reference line with multiple parental lines
(McMullen et al. 2009), to overcome the aforementioned limitations. Other types of
populations are natural or breeding populations which are used for genome wide association

mapping (Semagn et al. 2010).

2.12 Molecular markers

Molecular markers provide assays for detection of polymorphism at particular genomic
locations. They can be used to detect genetic differences between lines or varieties, and can be
classified as dominant or co-dominant (discriminating homozygotes from heterozygotes).
Various types of molecular markers have been used in wheat, including restriction fragment
length polymorphisms (RFLPs) (Botstein et al. 1980), random amplified polymorphic DNA
(RAPD) (Williams et al. 1990), simple sequence repeats (SSRs or microsatellites), amplified
fragment length polymorphisms (AFLPs) (Vos et al. 1995), and diversity arrays technology
markers (DArTs) (Akbari et al. 2006; Semagn et al. 2006; Mantovani et al. 2008; Peleg et al.
2008). Recently, advances in DNA sequencing technologies have facilitated the discovery of
large numbers of single nucleotide polymorphisms (SNPs, which provide the most abundant
form of DNA sequence variation) (Cavanagh et al. 2013) and have made genotyping-by-
sequencing (GBS) feasible in wheat (Poland et al. 2012). Therefore, large amounts of accurate
molecular data can now be generated rapidly and at low cost for genetic studies in wheat.
Through the efforts of the International Wheat SNP  Working  Group
(http://wheatgenomics.plantpath.ksu.edu), marker arrays containing 9,000 (Cavanagh et al.

2013), and 90,000 features (Wang et al. 2014), scorable using the iSelect technology are
available for wheat. Other available SNP platforms can be found at

http://www.cerealsdb.uk.net/cerealgenomics/CerealsDB.

2.13 Methods for QTL analysis

Several methods are available for QTL detection (associating genotypic variation with

phenotypic variation). Some of the most frequently used methods include single marker
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analysis (Edwards et al. 1987) which is a regression based method that evaluates the
association of a phenotype at each locus, interval mapping (Lander and Botstein 1989) which
uses the genetic linkage map as a framework and evaluates the marker intervals to detect QTL
between neighbouring markers considering one marker interval at a time, composite interval
mapping (Zeng 1994) which evaluates marker intervals while considering the background
effect (variation in other regions), multiple interval mapping (Kao et al. 1999), which assesses
multiple marker intervals and associated epistatic effects simultaneously, whole genome
average interval mapping (WGAIM) (Verbyla et al. 2007) which considers all intervals on a
linkage map simultaneously. Genome wide association mapping has also been used to
investigate the association between phenotypic variation and genetic polymorphism in
germplasm collections (Flint-Garcia et al. 2003). There are also various pieces of software
available for QTL analysis such as GenStat (Payne 2009), R/qtl (Broman et al. 2003), QTL
cartographer (Wang et al. 2012b), MapManager (Manly et al. 2001), QTLNetwork (Yang et
al. 2008) and QGENE (Nelson 1997).

2.14 Genetics of heat tolerance/responses in wheat

Genetic variation exists among wheat genotypes for the grain size response to high
temperature during grain-filling. A wide range of responses among Australian and exotic
cultivars, from 10% to more than 60% reduction in individual grain mass, have been reported
(Hawker and Jenner 1993; Randall and Moss 1990; Stone and Nicolas 1994; Wardlaw et al.
1989b). This variation has been attributed to differences in grain-filling duration and grain-
filling rate (Hunt et al. 1991; Zahedi and Jenner 2003); however, the variation among wheat
cultivars for the former has been reported to be much less than for the latter, at least in small
samples of wheat genotypes (Hunt et al. 1991; Zahedi and Jenner 2003). Moreover,
Australian and exotic wheat varieties show responses ranging from a dramatic reduction in
the percentage of starch granules that are of the B-type, to no change in this proportion at all,
under high temperature conditions (Blumenthal et al. 1995). Despite this wide variation, the
lack of robust selection methods, the unpredictable nature of heat stress in the field, and the
quantitative nature of heat tolerance make the breeding of heat tolerant wheat varieties
difficult. Additionally, the genetic mechanism of heat tolerance is poorly understood and no
wheat heat tolerance gene has been cloned. High resolution mapping of wheat heat tolerance
loci can help to provide reliable markers for heat tolerance selection, and to enable the
positional cloning of heat tolerance genes. The former would be invaluable for breeding
programs, while the latter would improve our knowledge about the molecular mechanism of
heat tolerance, and could also give us the opportunity to improve susceptible varieties via

gene transformation.
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Some studies have mapped chromosomal regions associated with heat tolerance at grain-
filling in wheat. Yang et al. (2002b) reported two quantitative trait loci (QTL), associated
with grain-filling duration under long-term heat stress (30 °C), on chromosomes 1B and 5A.
Kuchel et al. (2007) studied the effect of 11 climatic variables on a doubled haploid mapping
population, in 17 environments. The number of days above 30 °C during June to November
had the largest impact on mean grain yield among their studied variables, and a strong
interaction was observed at the QTL locus QGyld.agt-1B between yield and the number of
days above 30 °C. Mohammadi et al. (2008 a and b) reported QTL for grain-filling duration
(GFD) under field high temperature conditions on chromosome 2D and for heat susceptibility
index (HSI) of grain weight on chromosomes 1B, 5B, and 7B in response to a brief severe
heat stress (3 days of 35/30 °C applied 7 days after anthesis, DAA) under controlled
conditions. Mason et al. (2010) mapped QTL for heat susceptibility index (HSI) of main
spike yield components (grain number, grain weight, and single grain weight) and grain-
filling duration, in response to a short-term severe heat stress (3 days of 38/18 °C applied 10
DAA), on chromosomes 1A, 1B, 1D, 2A, 2B, 3B, 4A, 5A, 5B, 6D, and 7A. Mason et al.
(2011) detected 14 QTL for organ temperature depression (spike and flag leaf) and HSIs of
main spike yield components on 9 chromosomes (1B, 2D, 3B, 4A, 5A, 5B, 6D, 7A, and 7B)
in response to 3 days of 38/18 °C (10 DAA). At 7 of these loci, QTL for organ temperature
depression co-localized with HSI QTL, with lower spike/flag leaf temperatures associated
with higher tolerance (lower HSI). Seven QTL regions (on chromosomes 1B, 3B, 4A, 5A, 5B,
and 6D) in their study were common with those reported by Mason et al (2010). The source of
tolerance was similar (Halberd) but the susceptible parent differed (Cutter in Mason et al.
2010 and Karl 92 in Mason et al. 2011). Kumar et al. (2010) reported three QTL for stay-
green under field high temperature conditions, on chromosomes 1AS, 3BS, 7DS.
Vijayalakshmi et al (2010) found nine QTL for senescence related traits (time to 75, 50, 25%
greenness, maximum rate of senescence, time to maximum rate of senescence, percent
greenness at maximum senescence, and Fv/Fm) under heat stress, on chromosomes 2A, 3A,
3B, 6A, 6B, and 7A. Naruoka et al. (2012) found QTL associated with longevity of leaf
greenness on chromosomes 1B, 2D, 3A, 3B, 4A, 5B, and 7B. At the QTL on chromosome
4A, longer green leaf area duration was associated with higher xylem exudation under hot,
dry conditions in several field trials. Paliwal et a. (2012) detected QTL for canopy
temperature depression and HSIs of yield, thousand grain weight and grain-filling duration
under field conditions, on chromosomes 2B, 7B, and 7D. Higher thousand grain weight heat
tolerance was associated with stronger canopy temperature depression on chromosome 2B
and 7B in their study. Tiwari et al. (2013) found QTL on chromosome 1B, 1D, 2D, 6B, and
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7A for HSIs of grain yield, thousand grain weight, grain-filling duration, and canopy
temperature, 7 of which (on chromosomes 1D, 2D, 6B, and 7A) were stable across different
trials. They observed co-localization of HSI QTL for thousand grain weight and canopy
temperature on chromosome 1D, and co-localization of QTL for thousand grain weight
potential (under normal conditions) and HSI of thousand grain weight on chromosome 6B.
Mason et al. (2013) reported QTL for yield and its components, HSI of yield and also canopy
temperature depression under field high temperature conditions, on 9 wheat chromosomes
(2D, 3B, 3D, 4B, 5A, 5B, 5D, 7A, and 7D). They also observed co-localization of QTL for

grain yield and canopy temperature depression (on chromosomes 3BL and 5DL.).

These studies indicate that heat tolerance in wheat is under the control of multiple loci,
located on almost all of the wheat chromosomes, although most of these QTL/genes have
been located to the B genome. The studies quoted in the previous paragraph represent a
significant advance; however, the numbers of molecular markers (59 to 260) and/or sizes of
the population (e.g. 64 in Mason et al. 2010) were too small to allow mapping to a resolution
required for identification of potential controlling genes. With few exceptions (Naruoka et al.
2012) studies have only separately looked at mapping stay-green (Kumar et al. 2010;
Vijayalakshmi et al. 2010) or grain weight responses (Mason et al. 2010; Mason et al. 2011;
Mason et al. 2013; Paliwal et al. 2012; Tiwari et al. 2013) under high temperature conditions.

Wheat genotypes also differ in their degree of responses to high temperatures at earlier
stages of development i.e. sowing to emergence, vegetative, spikelet initiation, and stem
elongation phases (Slafer and Rawson 1994). However, the genotypic variation seems more
evident at the vegetative and stem elongation phases than at the other stages (Slafer and
Rawson 1994). Variation has been reported among wheat genotypes for growth rate and
recovery of seedlings in response to a severe heat stress (46 °C) applied after a few hours of
acclimation under moderate heat (>30 °C) (Senthil-Kumar et al. 2007). According to these
pieces of evidence, growth rate and recovery of wheat genotypes after a severe heat stress
(with or without an acclimation step), applied at a suitable early developmental stage, can be

used to identify genetic variation for heat tolerance.

2.15 Aims of the thesis

High temperature is one of the major environmental factors constraining wheat production
(both quantity and quality) in most of the world’s wheat growing regions. The main aims of
this study were to characterize effects of brief episodes of heat stress applied at vegetative
(~4-week-old plants) and grain-filling (10 DAA) stages of wheat development, and to
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examine the genetic basis for heat tolerance at the grain-filling stage. Therefore, a number of

experiments were conducted with the following objectives:

1. To investigate genetic variation for heat tolerance at the grain-filling stage,
mainly among parents of available mapping populations, and to identify a suitable
mapping population for genetic analysis of heat tolerance at grain-filling stage. Also,
to investigate the relationships between different heat responses and heat related traits,
and to identify appropriate traits to be targeted for genetic analysis.

2. To undertake detailed analysis of 9 contrasting genotypes for heat tolerance,
including two pairs of parents of available mapping populations contrasting for
tolerance to heat at the grain-filling stage.

3. To identify chromosomal regions (QTL) affecting heat tolerance and traits
related to higher performance, under high temperatures at the grain-filling stage.

4. To investigate associations between grain weight maintenance and stay-green
related traits at the genetic level (QTL analysis and varietal comparisons).

5. To investigate whether there is any link between major semi-dwarf loci (Rht-
B1 and Rht-D1) and heat tolerance/sensitivity at the grain-filling stage.

6. To investigate genetic variation for heat tolerance at the vegetative stage using
of state-of-art automated plant imaging facilities, and to test whether tolerance at

vegetative and grain-filling stages are correlated.
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Chapter 3: Genetic variation for grain-filling response to a brief post-anthesis heat
stress in wheat (Triticum aestivum L.): Relationships to flag leaf senescence, plant

architecture, and development

3.1 Introduction

Terminal heat stress is a limiting factor in many wheat growing regions including Australia
(Asseng et al. 2011; McDonald et al. 1983; Wardlaw and Wrigley 1994). An average of 10 to
15% vyield reduction per annum due to high temperatures has been estimated for Australia and
USA according to field and controlled environment trials (Wardlaw and Wrigley 1994). This
situation is likely to worsen if current trends in climate change continue (Hansen et al. 2012;
IPCC 2007; Ortiz et al. 2008) which highlights the importance of breeding new heat tolerant
wheat varieties. However, breeding for heat tolerance is challenging due to the unpredictable
nature of heat stress (timing, magnitude, and duration), its co-occurrence with drought stress,
growth-stage-specific effects, and lack of reliable genetic markers for tolerance genes
(Wardlaw and Wrigley 1994). Moreover, many of the physiological and morphological traits
believed to be related to heat tolerance are yet to be fully exploited in wheat breeding, and
efficient phenotyping assays for them are needed (Kumar et al. 2010; Lopes and Reynolds
2012).

High temperature can affect wheat in various ways, depending on timing during
development. It can reduce the number of productive tillers plant® (Rahman et al. 2009),
spikelets spike™ and grain spike™, and can lower single grain weight (SGW) (Farooq et al.
2011). Early stages of wheat development generally occur under cooler conditions while grain
fill coincides with rising temperatures. Temperatures above the maximum grain growth
optimum temperature (15 °C) (Chowdhury and Wardlaw 1978) are frequent (Wardlaw and
Wrigley 1994), and most of the wheat crops experience a few days (2-5 days) of temperatures
above 34°C during grain fill (Asseng et al. 2011; Stone and Nicolas 1994). Pot experiments
and simulation modelling suggest that a considerable proportion of wheat yield loss can be
attributed to the latter (Asseng et al. 2011; Stone and Nicolas 1994).

A number of physiological and biochemical factors are believed to contribute to grain fill
response under high temperatures including accelerated development and senescence,
increased respiration, reduced photosynthesis, and decreased starch deposition in developing
grains (Bhullar and Jenner 1985; Jenner 1994; Maphosa et al. 2014). Temperatures above 30
oC reduce grain fill rate and grain fill duration in wheat (Tashiro and Wardlaw 1989; Zahedi
and Jenner 2003). The reduced grain fill rate is mainly due to the decreased starch deposition

which has been attributed to the adverse effect of high temperatures on the activity of several
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enzymes in starch biosynthesis pathway in developing grains (Hawker and Jenner 1993). In
particular the soluble starch synthase activity is highly susceptible to high temperatures
(Jenner and Hawker 1993; Keeling et al. 1993). This idea gains further support from in vivo
and in vitro studies on source-sink balance which concluded that the high temperature effects
on grain fill is likely to be a direct one on the grain itself (sink strength) (Bhullar and Jenner
1983; Bhullar and Jenner 1986; Jenner 1991a; Jenner 1994; Wardlaw et al. 1980). Grain
growth also depends on assimilate supply which is provided by photosynthesis during this
period as well as accumulated stem carbohydrate reserves (Blum et al. 1994; Yang et al.
2002a). Heat stress limits photosynthetic capacity by altering chloroplast ultrastructure (Peck
and McDonald 2010), damaging thylakoid membranes, causing photosystem Il destruction,
inactivating some of the photosynthetic enzymes such as RuBisCO and RuBisCO activase,
and by reducing chlorophyll content (Farooq et al. 2011; Ristic et al. 2007; Wahid et al.
2007). It has been shown that photosynthetic rate (Al-Khatib and Paulsen 1990) and some of
the photosynthesis related traits such as chlorophyll fluorescence (Moffatt et al. 1990),
stomatal conductance (Reynolds et al. 1994), and stay-green (delayed leaf senescence)
(Kumari et al. 2007; Lopes and Reynolds 2012) are positively correlated with a better
performance under high temperature conditions. Under optimum conditions, stem reserves
contribute less to grain growth compared to the current photosynthesis, while under heat
stress conditions when current photosynthetic source is inhibited it can contribute more to
grain growth, depending on the genotype (Blum 1998; Yang et al. 2002a). These works

suggest that source activity may also play a role in tolerance under heat-stressed conditions.

SGW reduction in response to terminal heat stress which can lead to a significant yield loss
Is important for the wheat industry in Australia and elsewhere. Testing for associations of the
grain fill response with senescence and with plant architectural and developmental traits could
shed further light on the biological processes impacting heat tolerance. Accordingly, the
present study has been conducted to investigate the responses of 36 spring bread wheat
genotypes to a brief period of heat stress at 10 days after anthesis (DAA), and the association
of grain fill response to various senescence-related, plant architecture and developmental
traits. The observed variation in heat-stress responses among the genotypes can form the basis
of future physiological and biochemical studies. Moreover, most of the genotypes presented
in this work are parents of available mapping populations, and variation here was hoped to

provide basis for follow up genetic analysis.
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3.2 Materials and Methods

3.2.1 Plant materials

Thirty six spring bread wheat genotypes (Triticum aestivum L.; Table 3.1) were used. The
majority were selected because they were parents of available mapping populations (the list of
parents is presented in Appendix 1). Lyallpur-73 was selected because it had been reported to
be heat susceptible (Mufti 2005; Wardlaw et al. 1989a; Wardlaw et al. 2002). A preference
was also given to Australian varieties, and genotypes that were not late flowering. Seeds were
obtained from Michael Francki (Department of Agriculture & Food of Western Australia,
DAFWA), Dion Bennett (Australian Grain Technologies, AGT), Dan Mullan (Intergrain),
Bertus Jacobs (LongReach), Hugh Wallwork (South Australian Research and Development
Institute, SARDI), the Australian Winter Cereals Collection and from collections at the
Australian Centre for Plant Functional Genomics (ACPFG) and New South Wales
Department of Primary Industries (NSW-DPI) Wagga Wagga. Table 1 lists the genotypes

together with their countries of origin and years of release.

Table 3. 1 Details of wheat genotypes.

Genotype (origin, year of release)

Axe (Australia, 2007) EGA Bonnie Rock (Australia, 2002) Kukri (Australia, 1999) Sunstar (Australia, 1983)

Berkut (Mexico, 2002) Egret (Australia, 1973) Lincoln (Australia, 2007) Tammarin Rock (Australia, 2004)
Cadoux (Australia, 1992) Frame (Australia, 1994) Lyallpur-73 (Pakistan, 1973) Tasman (Australia, 1993)

CD87 (Australia, 1989) Halberd (Australia, 1969) Millewa (Australia, 1979) Trident (Australia, 1993)

Correll (Australia, 2006) Hartog (Australia, 1982) Molineux (Australia, 1988) W?7985 Synthetic”

Cranbrook (Australia, 1984) Janz (Australia, 1989) Opata 85 (Mexico, 1993) Waagan (Australia, 2009)
Crusader (Australia, 2008) Katepwa (Canada, 1981) Reeves (Australia, 1989) Westonia (Australia, 1997)
Drysdale (Australia, 2002) King Rock (Australia, 2009) Sokoll (Mexico, 2002) Woyalkatchem (Australia, 2001)
EGA Blanco (Australia, 2004) Krichauff (Australia, 1997) Sunco (Australia, 1986) Young (Australia, 2005)

A synthetic hexaploid wheat line containing A and B genomes from the durum wheat (T. turgidum L.) cultivar
Altar 84 and the D genome from an accession of Aegilops tauschii Coss. (Nelson et al. 2006).

3.2.2 Experimental design, plant growth and heat stress conditions

Pots (8 x 8 cm, 18 cm depth) were filled with a steam-sterilized mixture of 2:1 of coco
peat:Waikerie sand (pH 6.0-6.5) containing the following nutrients (mg pot™): dolomite lime,
202; agricultural lime, 561; hydrated lime, 131; gypsum, 202; superphosphate, 202; iron
sulphate, 505; iron chelate, 33.7; trace elements (Micromax), 202; calcium nitrate, 505, and
slow-release fertilizer pellets (Mini Osmocote), 2022. Three seeds per pot were sown on 23"-
26" of May 2011, and seven days after sowing, plants were thinned to one healthy seedling
per pot. The experiment employed a split-plot design with a randomized complete block
design of 9 blocks being used to assign two treatments (control vs. heat) to the 2 main plots in

each block. Each main plot was split into 36 subplots to which were assigned 36 genotypes.
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Plants were initially grown in two adjacent naturally lit greenhouse compartments (The
Australian Plant Accelerator, University of Adelaide, Waite Campus, Adelaide). Measured
greenhouse conditions are reported in Table 3.2, and averaged 20/16 °C day/night. Plants
were watered from above every 2 days. As in some previous heat tolerance studies (Tashiro
and Wardlaw 1990b; Wardlaw et al. 1989b), plants were pruned back to the single main culm
by removing tillers (by cutting them 1 cm above the soil surface with a pair of scissors) as
they appeared to enable easier management and better light penetration. A liquid fertilizer was
applied to the soil (Thrive all-purpose soluble fertilizer, containing: nitrogen, phosphorus,
potassium, sulfur, magnesium, manganese, copper, iron, zinc, boron and molybdenum)
fortnightly at the recommended rate from one month after sowing to plant maturity. The
anthesis date of each plant was recorded. Each plant that was destined for heat treatment in
the experimental design, was transferred to a growth chamber (BDW120, Conviron) at 10
days after anthesis (days after anthesis, DAA), where heat treatment (37/27 °C day/night
temperature) was applied for 3 days, before being returned to the greenhouse. The maximum
temperature (37 °C) of the growth chamber was held for 8 hours each day, with 3 hours
transition periods used either side to linearly ramp the temperature up and down. Lighting (a
mixture of metal halide and tungsten incandescent) was at a maximum of 630 uM m?s™ at
spike height for 10 hours each day, with a 2 hours transition period used either side to step the
intensity at 460 uM m2s™. Average day/night relative humidity in the chamber was measured
at about 60/80%. Pots were placed in trays of water to ~ 2-cm depth while in the chamber to
minimize drought stress. Leaf water potential of plants in the chamber, measured using a
Scholander pressure chamber, decreased to between -11 and -15 bar by the middle of the day,
indicating that there was some foliar dehydration. Turgor then recovered completely during
the night.

Table 3. 2 Measured temperatures (°C) in the greenhouse. Anthesis and physiological maturity were reached
during July-August and September-October, respectively.

tempe rature tempe rature
May 19.1 16.3 15.8 22.7 15.0 245 0
June 18.8 16.0 15.5 225 14.5 245 0
July 18.3 15.4 14.7 22.5 13.2 24.8 0
August 19.4 16.0 15.2 24.0 141 26.2 0
September 20.2 16.2 15.4 25.2 135 25.0 0
October 21.8 17.8 16.9 26.3 14.6 30.3 1

3.2.3 Data collection
Relative chlorophyll content of the flag leaves was monitored from about 7 to 50 days after
anthesis using a portable SPAD chlorophyll meter (SPAD-502; Minolta Co. Ltd., Japan).
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Each value was the average of 10 measurements taken along the left hand side of the leaf
between the mid-rib and leaf margin.

Details of the traits measured on individual plants are as follows. The same measurements
were made at corresponding developmental stages on both control and heat treated plants.

Days to anthesis (DTA): Days from sowing to the day that exerted anthers first became

visible.

Chlorophyll content just before the heat treatment, in SPAD units (ChlC7-10DAA):
Because SPAD readings were taken on only two days per week, the exact DAA of each

measurement (ranging from 7 to 10 DAA) depended on the anthesis date of the plant.

Normalized chlorophyll content just after the treatment period, in SPAD units (ChlC13-
16DAA): This value was normalized to the ChlC7-10DAA reading taken on the same plant,
to account for variation in starting chlorophyll content between plants and genotypes.

Area under the normalized SPAD progress curve (AUSC): For each plant, SPAD readings
continued to be taken after the heat treatment, 2 times per week, for up to ~ 50 DAA, and
these values were normalized to the 7-10 DAA value. AUSC for each plant was calculated
using the following equation, where X; is the chlorophyll content (normalized SPAD units) on
the i"" date, t; is the date on which the chlorophyll content was measured, and n is the number
of dates on which chlorophyll content was recorded (t=~7 to 50 DAA).

AUSC :ni[(m) X (tgiv1) — ti)]
- 2

Days from anthesis to complete flag leaf senescence (FLSe): Flag leaves were daily
checked after anthesis and recorded as fully senesced when they appeared completely yellow.
Days from anthesis to the aforementioned stage (FLSe) was considered as an indicator of

stay-green duration.

Grain-filling duration (GFD); time from anthesis to maturity in days: Plants were defined
as mature when spikes became ~ 95% senesced and seeds became firm. Time from anthesis to

the aforementioned stage was considered as an indication of GFD.

Culm length (CL): Measured at maturity, from the soil surface to 1 cm below the collar.
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Shoot weight (Shw): At physiological maturity, each plant was cut off at the soil surface
and the shoot (stem + leaves) separated from the spike. Shoots were oven dried at 60 °C for 3

days before being weighed.

Spikelet number spike™ (SpNS), grain weight spike™ (GWS), grain number spike™ (GNS),
grain number spikelet™ (GNSp) and single grain weight (SGW): After counting all spikelets,
the spike was threshed, and the grain left in the laboratory at room temperature for ~4 weeks
to reach a stable moisture content before being weighed. Grains of all sizes were manually
counted. GNSp was determined by dividing GNS by SpNS and SGW was determined by
dividing GWS by GNS. Grains from floret positions 1 + 2 (the two most basal positions) and
floret positions >2, were initially counted and weighed separately, to check for potential
differences in grain set and size between different positions on the spikelets. Basal spikelets
that were underdeveloped (small spikelets without grain) were ignored.

Harvest index (HI): Determined for each plant (main tiller) by dividing GWS by above
ground biomass (GWS + ShWw).

3.2.4 DNA extraction

DNA was extracted from a segment of approximately ~50 mm long sections of leaf,
collected from 2 week old seedlings, using the method of Rogowsky et al. (1991), with some
modifications (Pallotta et al. 2000). DNA concentrations were determined by absorbance at
260 nm, using a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies).

3.2.5 Markers for Rht-B1 and Rht-D1 loci (previously known as Rhtl and Rht2)

Competitive  allele-specific PCR (KASP; LGC Genomics, London, UK;
www.lgcgenomics.com) markers were used to assay SNPs that were diagnostic of wild type
and dwarfing alleles of the Rht-B1 and Rht-D1 genes, described by Ellis et al. (2002).
Sequences of primers developed by an international consortium (Susanne Dreisigacker,
CIMMYT; Gina Brown-Guedira, USDA,; Peter Sharp, University of Sydney; Keith Edwards,

University of Bristol; Simon Griffiths, Dave Laurie, Cristobal Uauy, JIC; unpublished) were

obtained from CIMMYT (Susanne Dreisigacker). In each case, a point mutation changes a
CAG codon to a TAG stop codon shortly after the start of translation. Genotyping reactions
were performed using 34 cycles in a MJ Research Thermocycler (Waltham MA, USA),
followed by 9 cycles in a LightCycler®480Real-Time PCR System for fluorescence detection

of the products (Roche Applied Science; www.roche-applied-science.com). Reactions were

assembled in a final volume of ~6 pl containing 3 pl of 2x KASP Reaction Mix (LGC
Genomics), 0.17 uM of each of two allele-specific competitive forward primers, 0.42 uM of

the common reverse primer and 50 ng genomic DNA. The following cycling conditions were
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used for the 34 initial cycles: an initial denaturing step for 15 min at 94 °C, 9 cycles of 20 s at
61 °C (decreasing by 0.6 °C every cycle), then 25 cycles of 10 s at 94 °C and 1 min at 55 °C,
and a final incubation step of 2 min at 25 °C. The additional 9 cycles in the LightCycler®480
Real-Time PCR System was performed using 10 s at 94 °C and 1 min at 55 °C per cycle. Data
were analysed using the LightCycler® 480 Software, Version 1.5 (Roche Applied Science;

www.roche-applied-science.com).

The marker scores were cross checked against information received from other researchers,
where available (Karen Cane, DPI-Vic Horsham, Howard Eagles, The University of
Adelaide, and Melissa Garcia, ACPFG, The University of Adelaide).

3.2.6 Data analysis

DTA, GWS, SGW, GNS, GNSp, SpNS, CL, ShW and HI were recorded for each plant,
while the other traits were measured just on all plants in just four blocks. The R programming
language was used for statistical analyses and to prepare figures (R Development Core Team
2014). Predicted means were obtained using a linear mixed model with ASReml-R software
(Butler et al. 2009). Least significant difference (LSD) values were used for mean
comparisons. Pairwise Pearson correlation tests and principal component analyses (PCA)
were done to study relationships between traits measured under control or heat conditions,
and between response ratios of different traits (Ryc = Mean trait valuepeat treatment / Mean trait
valuecontro). Pearson correlation tests and PCAs were performed using Psych (Revelle 2011)

and FactoMineR (L& et al. 2008) packages, respectively.

3.3 Results

There was a strong significant treatment (control vs. heat) effect for most of the traits
(Table 3.3), and a (highly significant genotypic effect for all the traits (Table 3.3). Moreover,
significant genotype-by-treatment interactions were observed for GWS, SGW, ChIC13-
16DAA, AUSC, FLSe, and HI which indicated genotypic variation for the responses of these
traits to heat treatment (Table 3.3).
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Table 3. 3 P-values for genotype (G), treatment (T) and genotype x treatment (G x T) effects in the linear mixed
model analysis.

Trait G T GxT
Days to anthesis (DTA) <0.0001 NA" NA
Grain weight spike™ (GWS) <0.0001 0.0260 <0.0001
Single grain weight (SGW) <0.0001 <0.0001 <0.0001
Grain number spike™ (GNS) <0.0001 0.6663 0.3146
Grain number spikelet® (GNSp) <0.0001 0.9480 0.2960
Spikelet number spike™ (SpNS) <0.0001 0.1915 0.0303
Grain-filling duration (GFD) <0.0001 0.0003 0.4392
Chlorophyll content 7-10 days after anthesis (ChIC7-10DAA) <0.0001 NA NA
Chlorophyll content 13-16 days after anthesis (ChIC13-16DAA) <0.0001 0.0006 <0.0001
Area under SPAD’s progress curve (AUSC) <0.0001 0.0620 <0.0001
Time from anthesis to 95% flag leaf senescence (FLSe) < 0.0001 <0.0001 0.0124
Culm length (CL) <0.0001 0.4050 0.6850
Shoot weight (Shw) <0.0001 0.0300 0.0580
Harvest index (HI) <0.0001 0.0001 0.0374

NA, not applicable; trait measured before heat treatment.

3.4.1 Anthesis date
Days from sowing to anthesis (DTA) varied significantly between genotypes, and ranged
from ~63 days (Krichauff and Axe) to ~90 days (Egret and W7985 Synthetic) (Figure 3.1).
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Figure 3. 1 Means for days from sowing to anthesis (DTA). The vertical bar indicates the LSD value (o = 0.05)
for mean comparisons.

3.3.2 Grain weight spike™ and single grain weight

Single grain weight (SGW) was reduced in the heat-treated plants relative to the control
plants, and the effect was significant in 23 of the genotypes (Figure 3.2a). Overall, heat
reduced SGW by an average of 14.0%. Genotypes Young, Sunco, Waagan, and EGA-Blanco
showed the least response (less than 3.0%) and were therefore the most tolerant of the
varieties, while genotypes Reeves, Cadoux, and Crusader showed the greatest responses and
were therefore the most intolerant (more than 25.0% reduction in heat-treated plants relative
to control; Figure 3.2a). W7985 Synthetic had the largest SGW under both control and heat
conditions (69.9 and 54.6 mg, respectively), while Millewa and Katepwa had the smallest
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SGW under control and heat conditions, respectively (36.8 and 31.7 mg, respectively). Grains
in different floret positions in the spikelets (two most basal positions vs. remainder) showed
very similar trends in responses across the genotypes (Figure 3.3). Therefore, the results were
described for means over all floret positions together. The trend in response of grain weight
spike™ (GWS) across the genotypes was also very similar to that of SGW, which was
expected because there was no detectable effect of heat treatment on grain number (Figures
3.2a and b). Sokoll and Egret appeared to have the largest GWS under control and heat
conditions, respectively (4.5 and 3.5 g, respectively), while Katepwa showed the smallest
GWS under both conditions (0.9 and 0.7, respectively).
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Figure 3. 2 Single grain weight (SGW, a) and grain weight spike™ (GWS, b) in control and heat-treated plants.
The vertical bars indicate the LSD values (o = 0.05) for within genotype mean comparisons between control and
heat-treated plants (black bar), and for mean comparisons between genotypes within control (green bar) or heat
(red bar) treatment.
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Figure 3. 3 Association between single grain weight (SGW) responses of florets in different positions within the
spikelets (basal two florets versus others). Each point represents a genotype.

3.3.3 Spikelet and grain number

A significant genotype-by-treatment interaction was observed for SpNS (Table 3.3; Figure
3.4a), although this seems likely due to chance differences between control and heat-treated
plants, since the trait (SpNS) would have been set prior to anthesis. It is noteworthy that there
was no significant difference between controlled and heat-treated plants for the number of
undeveloped spikelet per spike (data not shown). This further suggests that these results are
unlikely to be derived from the heat effect on spikelet development. There was no significant
difference between control and heat-treated plants for overall means of grain number spike™
and grain number spikelet™ (Table 3.3, and Figure 3.4b and c). The absence of a heat effect on
grain number spikelet™ also held true at different floret positions within the spikelets (two
most basal positions vs. remainder; data not shown). These results indicate that the heat

treatment at 10 days after anthesis did not affect the frequency of grain set.
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Figure 3. 4 a) Means of each genotype for control and heat-treated plants for spikelet number spike™ (SpNS; a).
Genotype-by-treatment interaction was significant for this trait; the vertical bars indicate the LSD values (o =
0.05) for within genotype mean comparisons between control and heat-treated plants (black bar), and for mean
comparisons between genotypes within control (green bar) or heat (red bar) treatment. b and ¢) Means for grain
number spike™® (GNS; b) and grain number spikelet™ (GNSp: c). These traits were not significantly affected by
heat, so the combined means of control and heat-treated plants are shown; the vertical bars indicate the LSD
values (a = 0.05) for mean comparisons.

3.3.4 Chlorophyll responses

Significant variation was observed for chlorophyll content among genotypes before the
treatment, with genotypes varying by up to seven SPAD units (Figure 3.5a). The heat
treatment accelerated the rate of chlorophyll loss in the flag leaves beyond the rate observed
in the control plants undergoing natural senescence. Most of the genotypes showed a two-
phase response of chlorophyll loss to heat, as illustrated by the examples shown in Figure 3.6a
and b (for all of the genotypes, see Appendix 3.1). Chlorophyll content (SPAD units)
decreased rapidly during the treatment. Then after the treatment, it decreased at a slower rate,
although generally more rapidly than in the control plants at the corresponding developmental
stage, indicating that some of the effect of heat persisted after the stress was relieved. The trait
‘ChlC13-16DAA’ represents the first phase of the response, and is the proportion of
chlorophyll retained during the treatment period relative to just before the treatment. It was

reduced in the heat-treated plants relative to control in 17 genotypes (Figure 3.5b). Losses
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ranged from 0.24% (Egret) to 62.63% (Reeves). Across all genotypes, heat reduced ChIC13-
16DAA by an average of 17.88%. The trait AUSC captured both phases of the response, and
summarized the amount of chlorophyll retained during the treatment period plus the time up
to ~40 days after the end of the treatment. AUSC was decreased by heat in all genotypes, and
the effect was significant in 17 genotypes (Figure 3.5¢). On average, heat decreased AUSC by
23.09%. The period from anthesis to complete flag leaf senescence (FLSe) was also shortened
by heat, by an average of 13.57 days, consistent with a phenomenon of heat-accelerated
chlorophyll loss. A shortening of this interval under heat conditions was observed in all

varieties except Egret, and the reduction was significant for 12 of the genotypes (Figure 3.5d).
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Figure 3. 5 Means for chlorophyll content 7-10 days after anthesis (ChIC7-10DAA,; a). The trait was measured
before heat treatment, so the combined means of control and heat-treated plants are shown; the vertical bar
indicate the LSD value (o = 0.05) for mean comparisons. Means for control and heat-treated plants for
chlorophyll content 13-16 days after anthesis (ChIC13-16DAA,; b), area under SPAD curve (AUSC; c), and days
from anthesis to 95% flag leaf senescence (FLSe; d). ChlC13-16DAA, AUSC, and FLSe showed significant
genotype-by-treatment effects. Bars indicate the LSD values (o = 0.05) for within genotype mean comparisons
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between control and heat-treated plants (black bar), and for mean comparisons between genotypes within control
(green bar) or heat (red bar) treatment (b, ¢, and d).
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Figure 3. 6 Relative chlorophyll content of flag leaves (means and 95% confidence intervals of SPAD readings;
n=4) in heat-treated and control plants, before the period of brief heat treatment (represented by the horizontal
red bar) and thereafter, in a representative tolerant variety a) Young and intolerant variety b) Reeves.

3.3.5 Grain-filling duration

Overall, heat significantly shortened grain-filling duration (GFD), and the average
reduction was 13.0%. However, GFD showed no genotype-by-treatment interaction,
indicating that genotypes did not vary significantly in this heat response. Under control
conditions Krichauff and W7985 Synthetic had the longest and the shortest grain-filling
duration, while under heat-stress conditions Janz and Lyallpur-73 appeared to have the

longest and the shortest grain-filling duration, respectively (Figure 3.7).
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Figure 3. 7 Means for grain-filling duration (GFD) in control and heat-treated plants. Bars indicate LSDs (o =
0.05) for mean comparisons between genotypes within control (green) or heat (red) treatment.

3.3.6 Culm length, shoots weight, and harvest index
There was no significant effect of heat treatment on culm length (CL) (Table 3.3; Figure
3.8a). However, shoot weight (ShW) was significantly reduced by the treatment (by an
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average of 4.81%; Table 3.3). Shw showed no genotype-by-treatment interaction, indicating
the ranking of genotypes held very similar under both control and heat conditions for this
trait. Egret and Krichauff had the largest and the smallest ShW, respectively, under both
control and heat conditions (Fig. 3.8b). Overall, heat stress significantly reduced harvest index
(HI) (by 3.83%; Table 3.3) - a result of heat causing a greater reduction in grain weight than
in shoot weight (13.5 vs. 4.8% overall reduction). Thirty genotypes showed a reduction in Hl
while 6 genotypes showed an increase. The effect was significant in 7 genotypes (Figure 3.8c;

one genotype increased).
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Figure 3. 8 Means for culm length (CL; a). CL was not significantly affected by the heat treatment, so the
combined means of control and heat treated plants are shown; the vertical bar represents LSD (o = 0.05) for
mean comparisons. Means for shoot dry weight (ShW; b) and harvest index (HI; ¢). For ShW, G and T but not
genotype-by-treatment effects were significant and LSDs (a = 0.05) are shown for mean comparison between
genotypes within control (green vertical bar) or heat treatment (red vertical bar). HI showed a significant
genotype-by-treatment interaction and therefore the LSD (vertical bar; a = 0.05) is shown for within genotype
mean comparisons between control and heat-treated plants (black bar), and for mean comparisons between
genotypes within control (green bar) or heat (red bar) treatment.

3.3.7 Associations of traits within each treatment
To explore relationships between the traits within each treatment, principal component

analysis (PCA) and pairwise correlation tests were performed (Table 3.1; Figure 3.9a and b).
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The first and second principal components (PCs) together explained 68% of the total variance
under control conditions and 65% of the variance under heat conditions (Figures 3.9a and b).

Under either condition (control or heat), the duration from sowing to anthesis (DTA) was
positively associated with all grain and vegetative productivity components except GNSp
(i.e., GWS, SGW, GNS, CL, and ShW) but tended to be negatively associated with grain-
filling duration (GFD) and indicators of flag leaf chlorophyll retention (i.e., ChIC13-16DAA,
AUSC and FLSe), although the association with ChlC13-16DAA and AUSC was not
significant under heat (Figure 3.9a and b; Table 3.4). Therefore, later flowering was
associated with greater vegetative and grain biomass including a greater single grain weight,
but was (perhaps unexpectedly) associated with faster flag leaf senescence and a shorter
grain-filling period. In line with these relationships to DTA, grain/vegetative productivity
components showed positive relationships to each another, as did senescence and grain-filling
duration indicators to each another (Figure 3.9a and b; Table 3.4). Conversely, where there
were significant relationships between the traits across the two different classes, these
relationships were almost always negative (the exception being ChlC13-16DAA vs. GNSp
under control conditions, which showed a significant positive correlation) (Table 3.4).

Under either condition, harvest index (HI) was correlated positively with GWS but showed
no significant correlation with ShW, indicating that variation in HI was driven mainly by

variation in GWS.

With the exception of a positive correlation with SGW in control plants (Table 3.4), the
amount of flag leaf chlorophyll just before the treatment (ChlC7-10 DAA) showed no

significant correlations with any other trait.
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Table 3. 4 Genotypic means correlation between traits in control plants (above diagonal) and heat-treated plants (below diagonal). DTA, days from sowing to anthesis; GWS, grain weight
spike; SGW, single grain weight; GNS, grain number spike™; GNSp, grain number spikelet™; SpNS, spikelet number spike™; GFD, grain-filling duration; ChIC7-10DAA, chlorophyll
content 7-10 days after anthesis (corresponding to the measurement before treatment in heat treated plants); ChIC13-16DAA, chlorophyll content 13-16 days after anthesis (corresponding
to first measurement after treatment in heat treated plants; normalized for the 1* SPAD measurement); AUSC, area under SPAD curve (SPAD data were normalized for the first
measurement); FLSe, days from anthesis to 95% flag leaf senescence; CL, culm length; ShW, shoot dry weight; HI, harvest index.

ChIC7- ChIC13-

Traits DTA GWS SGW GNS GNSp  SpNS GFD 10DAA  16DAA  AUSC  FLse cL Shw HI
DTA . 05777 06277 040 0.08 0667  -0547 015 -0.417 0567 <0727 0577 0797 -0.12
GWS 052" . 065" 0907 0697 0807  -043" 027 -0.02 -0.41° 056" 0637 083 057
SGW 0.49™ 0647 | 0.29 0.19 042" -0.49” 043"  -0.10 0477 -0.48" 0597 0747 014
GNS 038" 092" 031 ] 079™ 0827  -0.26 0.14 0.10 -0.2 -0.42° 0.48™ 064" 068"
GNSp -0.02 0617 017 071" . 0.36" -0.04 0.16 0.46™ 0.02 -0.17 0.27 0.347 0.76™"
SPNS 064" 085 039 085" 0.29 . -0.41° 0.19 -0.17 -0.27 -0.517 0.53" 082" 031
GFD 0437 -0.12 -0.03 -0.13 0.01 -0.21 . -0.26 0.27 0.48™ 066"  -0577 -0567 011
ChiC7-10DAA 015 021 0.29 0.15 0.16 0.15 -0.31 ) 0.04 -0.21 -0.24 0.25 0.26 0.14
Chic13-16DAA  -0-21 0.23 0.27 0.16 0.32 0.00 0.49™ 0.02 . 0647 032 -0.22 -0.18 0.45™
AUSC -0.26 0.16 0.28 0.06 0.19 -0.03 057" -0.06 0947 072" 056"  -041° 0.12
FLSe 0547 -0.12 -0.01 -0.11 0.19 -0.28 0717 -02 056" 0677 | 0657  -0667 0.6
cL 053" 048" 040 039" 0.22 042" 0497 024 -0.10 -0.24 -0.617 067" 0.09
Shw 076" 084 0717 068" 036 079" 03 031 0.10 0.04 -0.33 065" . 0.07
HI -0.3 046" 0.4 054™ 059" 023 038" -0.08 043" 0.40" 050"  -0.23 -0.04

Values are Pearson correlation coefficients among genotype means, with asterisks showing significance levels: " p < 0.05,  p <0.01,and ~ p < 0.001.
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Figure 3. 9 Projection of trait variables in principal component analysis (PCA), showing traits in control plants
(a), traits in heat-treated plants (b) and heat/control ratios of traits (c). DTA, days from sowing to anthesis; GWS,
grain weight spike™; SGW, single grain weight; GNS, grain number spike™; GNSp, grain number spikelet™;
SpNSS, spikelet number spike™; GFD, grain-filling duration; ChIC7-10DAA, chlorophyll content 7-10 days after
anthesis (corresponding to the measurement before treatment in heat treated plants); ChIC13-16DAA,
chlorophyll content 13-16 days after anthesis (corresponding to first measurement after treatment in heat treated
plants; normalized for the 1% SPAD measurement); AUSC, area under SPAD curve (SPAD data were normalized
for the first measurement); FLSe, days from anthesis to 95% flag leaf senescence; CL, culm length; Shw, shoot
dry weight; HI, harvest index.
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Table 3. 5 Variables’ loadings for the first three principal components of the principal component analyses
(PCA) under control and heat stress conditions, and for heat-treated/control trait ratios. Values in parenthesis are
the percentages of the variation explained by the corresponding principal component. DTA, days from sowing to
anthesis; GWS, grain weight spike™; SGW, single grain weight; GNS, grain number spike™; GNSp, grain
number spikelet™; SpNS, spikelet number spike™; GFD, grain-filling duration; ChIC7-10DAA, chlorophyll
content 7-10 days after anthesis (corresponding to the measurement before treatment in heat treated plants);
ChIC13-16DAA, chlorophyll content 13-16 days after anthesis (corresponding to first measurement after
treatment in heat treated plants; normalized for the 1% SPAD measurement); AUSC, area under SPAD curve
(SPAD data were normalized for the first measurement); FLSe, days from anthesis to 95% flag leaf senescence;
CL, culm length; ShW, shoot dry weight; HI, harvest index.

PC1 PC2 PC3
Variable Control Heat Ruic Control Heat Ruic Control Heat Ruie
(46.81) (37.67) (53.59) (21.52) (27.74) (17.73)  (8.08) (10.51) (15.59)
DTA 031 0.32 - -0.20  -0.18 - 014 022
GWS 0.36 0.40 0.37 0.21 0.18 0.47 -0.06 -0.08 -0.01
SGW 0.29 0.27 0.37 -0.07 0.12 0.36 0.39 0.45 -0.02
GNS 0.29 0.36 - 0.32 0.18 - -0.26 -0.34
GNSp 0.18 0.21 - 0.45 0.26 - 0.00 -0.37
SpNS 0.32 0.37 - 0.09 0.05 - -0.27 -0.11
GFD -0.26 -0.18 0.32 0.20 0.35 -0.46 -0.16 0.11 0.24
ChIC7-10DAA 0.14 0.15 - 0.01 -0.05 - 0.74 0.16
ChIC13-16DAA -0.09 0.01 0.43 0.43 0.42 -0.18 0.30 0.31 -0.10
AUSC -0.24 -0.04 0.45 0.30 0.42 -0.19 0.02 0.37 -0.07
FLSe -0.31 -0.19 0.34 0.19 0.40 -0.40 0.02 0.05 0.16
cL 0.31 0.31 - -0.08 -0.16 - 0.08 011
Shw 0.36 0.41 0.27 -0.03 0.01 0.18 -0.03 0.21 -0.68
HI 0.11 0.06 0.21 0.49 0.39 0.42 0.02 -0.38 0.66

3.3.8 Associations between heat responses of traits

To examine the relationships between the heat responses of different traits, PCA and
pairwise correlation tests were performed for those traits that showed significant Tor G x T
effects (Table 3.6; Figure 3.9c). In the PCA, the first and second principal components (PCs)
explained 71% of the total variance. PC1 was mainly explained by responses for SGW,
ChIC13-16DAA, and AUSC, while PC2 was mainly explained by responses for GWS, GFD,
and FLSe (Figure 3.9c; Table 3.5). Shw and HI mainly contributed to PC3, which explained
16% of the total variance. Heat responses of indicators of flag leaf chlorophyll retention
(ChIC13-16 DAA, AUSC and FLSe) showed strong positive correlations with one another
(Table 3.6; Figure 3.9c), indicating that the patterns of these heat responses across the
genotypes tended to be similar. Heat responses of GWS and SGW were also positively
correlated with the responses of these flag leaf chlorophyll retention traits. In other words, the

more tolerant genotypes which were better able to maintain single grain weight under heat
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(relative to control) also tended to maintain flag leaf chlorophyll content under heat. This
relationship in response ratios also reflects the fact that GWS and SGW per se were
negatively associated with ChlC13-16 DAA, AUSC and FLSe under control conditions, and

that these traits were not associated under heat conditions (Table 3.4).

Table 3. 6 Genotypic correlations between response ratios of traits (Mean trait valuenes treatmen/Mean trait
valueconror) that showed significant treatment or genotype-by-treatment effects. Spikelet number spike™ (SpNS)
showed a significant genotype-by-treatment effect but was not included since this trait is determined pre-
anthesis, before the treatment period. GWS, grain weight spike™; SGW, single grain weight; GFD, grain-filling
duration; ChIC13-16DAA, chlorophyll content 13-16 days after anthesis (corresponding to first measurement
after treatment in heat treated plants; normalized for the 1% SPAD measurement); AUSC, area under SPAD curve
(SPAD data were normalized for the first measurement); FLSe, days from anthesis to 95% flag leaf senescence;
ShW, shoot dry weight; HI, harvest index.

Trait GWS sew GFD e ausc FLse Shw HI
GWS

SGW 0.71™

GFD 0.22 0.28

ChIC13-16DAA 051" 0.63™" 0.59™

AUSC 0.57™ 0.60™ 067" 0.94™

FLSe 035" 0.27 0.67"" 0.65™ 0.68™"

Shw 0.62™" 0.48™ 0.10 047" 0.49™ 0.21

HI 0.63™ 0.48™ 0.20 0.19 0.24 0.22 -0.20

Values are Pearson correlation coefficients, with significance levels indicated by asterisks: ~ p < 0.05, " p < 0.01
and ™" p < 0.001.

3.3.9 Relationships between trait potentials and heat responses of traits

Correlations between the potentials of traits (under control conditions) and the heat
responses of traits were also examined (Table 3.7). GWS and SGW responses showed
significant negative correlations with the values of the same traits under control conditions
(Table 3.3). In other words, genotypes with larger grains under non-stress conditions tended
to lose a greater proportion of their grain weight due to heat stress. Heat responses of ChlC13-
16DAA and AUSC were positively correlated with their trait potentials, indicating that
genotypes that normally had a smaller senescence rates also lost their chlorophyll more
slowly upon heat exposure. GWS and SGW responses tended to show positive associations
with ChlC13-16DAA, AUSC, FLSe and GFD but negative associations with CL, Shw and
DTA (Table 3.7). That is, the heat tolerant genotypes (smaller SGW and GWS responses)
tended in the absence of heat stress to have slower senescence rates, be shorter and have less

vegetative biomass and to flower earlier, than the less tolerant genotypes.
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Table 3. 7 Association between trait potentials (value under control conditions) and response ratios of traits (Mean trait Valuepest yreatment/ Mean trait valueconyo). Trait potentials and response
ratios are listed on horizontal and vertical axes, respectively. DTA, days from sowing to anthesis; GWS, grain weight spike™; SGW, single grain weight; GNS, grain number spike™; GNSp,
grain number spikelet; GFD, grain-filling duration; ChIC7-10DAA, chlorophyll content 7-10 days after anthesis (corresponding to the measurement before treatment in heat treated
plants); ChIC13-16DAA, chlorophyll content 13-16 days after anthesis (corresponding to first measurement after treatment in heat treated plants; normalized for the 1% SPAD
measurement); AUSC, area under SPAD curve (SPAD data were normalized for the first measurement); FLSe, days from anthesis to 95% flag leaf senescence; CL, culm length; Shw,
shoot dry weight; HI, harvest index.

ChIC7-  ChIC13-

Trait DTA GWS SGW GNS GNSp GFD 10DAA  16DAA AUSC  FLSe CL shw HI

GWS -0.34" -0.35" -0.40" -0.19 -0.16 0.25 -0.09 0.28 0.48™ 0.25 051" -0.32 -0.01
SGW -0.35" -0.26 -0.55™  -0.01 0.06 0.39 -0.28 0.34" 052~ 0.33" -0.40" -0.33" 0.13
GFD 0.06 0.21 0.17 0.17 0.12 -0.07 -0.16 0.20 0.16 0.05 -0.04 0.22 0.19
ChIC13-16DAA  -0.16 0.03 -0.14 0.14 0.23 0.16 0.02 0.40" 0.42 0.14 -0.16 -0.05 0.29
AUSC -0.12 0.01 -0.04 0.07 0.12 0.14 0.00 0.33" 0.34" 0.16 -0.17 -0.02 0.21
FLSe 0.09 0.29 0.20 0.29 037" -0.01 0.00 052~ 0.26 -0.05 -0.04 0.27 0.34"
Shw 0.11 0.02 -0.08 0.09 0.17 0.10 0.21 0.12 0.14 0.00 -0.03 -0.13 0.32
HI -0.33" -0.41" 044" 026 -0.25 0.25 -0.37" 0.27 0.46™ 0.34" -0.63™  -0.28 -0.25

Values are Pearson correlation coefficients, with significance levels indicated by asterisks: ~ p < 0.05,  p <0.01,and "~ p < 0.001.

3.3.10 Relationship to Rht genes (Rht-B1 and Rht-D1)

Initially, we noticed that the tall varieties Cadoux and Reeves (lacking a GA-insensitive mutation at either Rht-B1 or Rht-D1) were particularly susceptible
to heat-induced chlorophyll loss and SGW reduction. Similarly, the tall genotypes W7985 Synthetic, Sokoll and Lyallpur-73 were also among the most
intolerant for SGW reduction. To explore the relationship between Rht genes and heat susceptibility further, we scored all genotypes with Rht-B1 and Rht-D1
diagnostic markers (Table 3.8). All of the genotypes were semi-dwarfs (mutation in either Rht-B1 or Rht-D1), except Cadoux, Halberd, Katepwa and Reeves,

which were tall genotypes having wild-type versions of both Rht-B1 and Rht-D1.
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Table 3. 8 Rht-B1 and Rht-D1 alleles carried by genotypes according to analysis with diagnostic KASP markers
and information obtained from other researchers (Karen Cane, DPI-Vic Horsham, Howard Eagles, The
University of Adelaide, and Melissa Garcia, ACPFG, The University of Adelaide).

Genotype Rht-B1 Rht-D1 Comment

Axe a’ b*

Berkut a/b bla mixture at both loci™
Cadoux a a

CcD87 b a

Correll a b

Cranbrook b a

Crusader b a

Drysdale a b

EGA Blanco b a

EGA Bonnie Rock b a

Egret b a

Frame a b

Halberd a a

Hartog a b

Janz b a

Katepwa a a

King Rock b a

Krichauff b a

Kukri a b

Lincoln a b

Lyallpur-73 a b

Millewa b a

Molineux a/b bla mixture at both loci
Opata 85 b a

Reeves a a

Sokoll b a

Sunco b a

Sunstar b a

Tammarin Rock b a

Tasman alb bla mixture at both loci
Trident a/b bla mixture at both loci
W?7985 Synthetic b a

Waagan b a

Westonia a b

Whyalkatchem a b

Young b a

“aand b represent the wild type and dwarfing alleles, respectively.
¥ individual plants were either aabb or bbaa genotype.

3.4 Discussion

In the present study, genotypes varied from showing no response to losing more than 27
and 60% of their SGW and chlorophyll content in response to a brief episode of heat stress,
respectively. These results suggest a marked effect of brief episodes of high temperatures on

wheat performance and also a considerable scope for yield improvement under high
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temperature conditions, which is in accordance with earlier studies (Stone and Nicolas 1994;
Stone and Nicolas 1995b; Wardlaw et al. 1989b).

Pruning plants back to the single main culm was a procedure used in some previous heat
tolerance studies (Tashiro and Wardlaw 1990b; Wardlaw et al. 1989b). This approach helps to
avoid water stress and reduces variation in light penetration to the lower leaves (Tashiro and
Wardlaw 1990b; Wardlaw et al. 1989b), along with enabling easier management of the
experiment (e.g. disease and pest management). Moreover, in an experiment with and without
pruning in our laboratory (data not shown) pruned and non-pruned plants showed similar
genotype rankings for tolerance in the main tiller. Therefore, in the current study and the other
experiments at the grain-filling stage that reported in following chapters, plants were pruned

back to main culm.

Heat stress at around meiosis leads to floret sterility while heat within the first three days
after pollination can lead to early abortion of grain growth (Saini and Aspinall 1982b; Saini et
al. 1983; Tashiro and Wardlaw 1990a; Wardlaw et al. 1989b). Florets on the wheat spike
develop asynchronously, with development proceeding from the base upwards on each
spikelet, and from the middle outwards on each spike (Percival 1921). Genotypes with larger
spikes (i.e. more spikelets and grains spikelet™) may be expected to have less synchronous
floret development and hence, with the heat treatment applied at 10 days after the appearance
of the first extruded anthers, may be expected to have more florets that were heat-treated
much earlier than 10 DAA, compared to genotypes with smaller spikes. However, there was
no significant relationship between SGW response and GNS or GNSp potentials (traits value
under control conditions; Table 3.7), nor were there any significant overall effects of the heat
treatment on GNS and GNSp (Table 3.3), indicating that anthesis, fertilization and
establishment of grain growth was completed in all or the vast majority of the florets of the
assayed spikes by the time of the heat treatment. This is also in accordance with the findings
of other studies where heat was applied at 210 DAA (Bhullar and Jenner 1985; Stone and
Nicolas 1995b; Tashiro and Wardlaw 1990a; Tashiro and Wardlaw 1990b).

High temperatures during grain-filling affect both rate (may increase or decrease) and
duration (decrease) of grain-filling, depending on stress intensity and genotype, resulting in a
net decrease in final SGW (Hunt et al. 1991; Sofield et al. 1977; Stone and Nicolas 1995a;
Zahedi and Jenner 2003). Genetic variation has been reported for both grain-filling rate and
duration among wheat genotypes in response to elevated temperatures. Several studies
reported that genotypic differences for grain weight response under high temperatures during
grain-filling (30 °C) were largely explained by difference in grain-filling rate rather than
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grain-filling duration (Hunt et al. 1991; Sofield et al. 1977; Wardlaw and Moncur 1995;
Zahedi and Jenner 2003; Zahedi et al. 2003). However, Stone and Nicolas (1995a) observed a
significant difference between two genotypes differing in heat tolerance, for both grain-filling
rate and duration in response to a brief severe heat stress (40 °C for 5 days at different stages
of grain-filling) and a stronger association of tolerance with response of grain-filling duration
than response of grain-filling rate. Recently, Talukder et al. (2013) found a significant
difference among bread wheat genotypes for grain growth rate response to a single day of
severe heat stress (35 °C, at 7-10 DAA) in both field and control environments. As done by
others (Mason et al. 2010; Stone and Nicolas 1995b; Yang et al. 2002b), we defined the end
of grainfill as the point at which the spike became ~ 95% senesced and seeds became hard.
The times from anthesis to this point (GFD trait) were shortened by the heat treatment by an
average of 13%, but this response did not show any significant G x T interaction or a
significant association with SGW or GWS responses. This could mean that differences in
tolerance (SGW response) were driven primarily by differences in the responsiveness of
grainfill rate, rather than duration. On the other hand, it may also reflect the difficulty of
measuring grainfill duration accurately by this subjective method. Establishing which factor is
the more important in determining tolerance variation will require destructive sampling of
grains over time for dry weight determination, in a selection of tolerant and intolerant

genotypes.

Senescence is a genetically determined phenomenon which interacts with environmental
factors such as biotic and abiotic stresses and results in chlorophyll loss, reduced
photosynthesis, and remobilization of reserves to younger or reproductive parts of the plant
(Vijayalakshmi et al. 2010). Assimilates derived from current photosynthesis and mobilized
stem reserves both contribute to grain growth, but their relative contribution depends on the
environment (Blum 1997; Hossain et al. 1990). Although stem reserves contribute less under
non-stressed conditions to the grain growth, under stressed conditions it can make a major

contribution to grain growth, depending on the genotype (Blum 1998; Yang et al. 2002a).

Delayed senescence can reduce yield, by hindering remobilization of stored reserves to the
reproductive parts of the plant. Heavy application of nitrogen fertilizer can be one cause of
delayed senescence associated with reduced mobilization to the grain and reduced yield
(Yang et al. 2000; Yang and Zhang 2006). An alternative explanation for adverse effects of
stay-green is prolonged consumption of glucose for continued nitrogen assimilation and
protein synthesis by green leaves and grains, which can deprive the grains of assimilate for
grain-filling (starch synthesis) (De Vries et al. 1974; Hirel et al. 2007; Kipp et al. 2014). In
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control plants in the current study, FLSe and AUSC showed significant negative relationships
with GWS and SGW (Table 3.1), indicating there may have been a yield penalty for stay-
green genotypes. The control plants were well watered and fertilized and not subjected to heat
stress — conditions that may have resulted in slower than optimal rate of senescence (for grain

yield) in some of the genotypes.

Accelerated senescence caused by biotic or abiotic stress can have both positive and
negative consequences for crop yield. It can help yield by increasing remobilization of stem
reserves to the grain during late grain-filling, but it can also reduce the capacity for late
generation of assimilates that normally contribute significantly to grain yield particularly in
wheat (Lopes and Reynolds 2012; Rosyara et al. 2010a; Yang et al. 2000; Yang and Zhang
2006). It is reasonable to use chlorophyll content (SPAD readings) to infer declining
photosynthetic capacity under terminal stress because a strong association has been observed
between SPAD readings and PS Il efficiency and maximum net photosynthetic rate under
high temperature conditions (Gutiérrez-Rodriguez et al. 2000; Ristic et al. 2007; Ristic et al.
2008). In the current study, stay-green (SPAD based traits) was positively associated with
grain yield (GWS and SGW) under heat conditions (Table 3.4). Moreover, chlorophyll
content responses to heat during grain-filling were significantly positively associated with the
GWS and SGW responses (Table 3.6) — suggesting that under these conditions, genotypes
that responded with less chlorophyll loss under heat were also better able to maintain grain
weight. Those genotypes were likely to have been able to better maintain photosynthetic
competence under heat, which could have contributed positively to grain-filling. An
advantage of stay-green in wheat under biotic and abiotic stress conditions has been reported
in earlier studies (Lopes and Reynolds 2012; Reynolds et al. 1994; Reynolds et al. 2000;
Rosyara et al. 2009; Rosyara et al. 2010b). Alternatively, stay-green and grain-filling may
have been independently affected by heat stress, rather than being directly related by cause-
effect. Nevertheless, this information suggests that a portable SPAD chlorophyll meter may
provide an easy and inexpensive tool to indirectly select stress tolerant varieties and stay-

green trait may relate to a better performance under heat stress conditions.

A few of the genotypes did not conform well to the overall relationship between stay-green
and heat tolerance for grain weight, suggesting that there may have been other factors at play.
For example, Axe and W7985-Synthetic were relatively heat tolerant for chlorophyll retention
but heat susceptible for SGW. Such genotypes may represent cases of ‘cosmetic’ stay-green,
where photosynthetically inactivated chlorophyll is allowed to be retained, due to damaged

chlorophyll catabolism (Kumar et al. 2010; Thomas and Howarth 2000). High temperatures
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can also restrict sucrose conversion to starch in the developing wheat grain by affecting
several enzyme activities of the starch synthesis pathway (Hawker and Jenner 1993),
particularly soluble starch synthase (SSS) (Hawker and Jenner 1993; Jenner and Hawker
1993; Jenner 1994). The adverse effect of high temperature on SSS can continue for some
time after temperatures are returned to normal (Jenner 1991b). Thus, Axe and W7985-
Synthetic may have had forms of SSS that were particularly heat-sensitive, less abundant, or
less able to recover, preventing these genotypes from being able to convert carbohydrates
afforded by the stay-green trait from being efficiently converted to grain mass (starch

synthesis).

King Rock, Millewa, and Sunco were relatively poor for stay-green but good for SGW
maintenance under heat. It is possible that these genotypes had particularly high levels of
stem reserves and efficient mechanisms of carbon remobilization, which buffered them
against the disadvantage afforded by their low stay-green. Verifying stay-green-independent
mechanisms of heat tolerance in these ‘outlying’ genotypes will require genetic mapping of

stay-green and tolerance traits in populations derived from these parents.

There were correlations between some of the trait responses and trait potentials (absolute
trait values under control conditions; Table 3.7). Genotypes with larger GWS and SGW in the
control showed stronger responses of these traits to the heat treatment, i.e. less tolerance. In
another experiment performed in our laboratory using a larger wheat genotype panel (60
genotypes; data not shown) the same trend was observed. Yang et al. (2002a) also reported a
positive association between heat susceptibility index and yield potential which indicated a
stronger response for genotypes with larger yield potential. Grain number per unit area as well
as SGW contributes to yield, so larger grained varieties do not always yield more than smaller
grained varieties. However, larger SGW generally contributes positively to processing
quality, as it is correlated with lower % screenings and higher % flour extraction (milling
yield). Whether selection of small grains provides a sensible strategy for increasing heat
tolerance would therefore depend on the frequency of shock events in the target environment,
whether its effect on yield could be compensated for by increased grain number, and whether
the minimum required quality attributes (for low % screenings and high flour extraction)

could still be met, under stress and/or non-stress conditions.

DTA also positively correlated with GWS and SGW under non-stressed conditions, and
therefore negatively correlated with tolerance (smaller SGW and GWS responses). In contrast
to grain weight effects, chlorophyll loss during heat treatment (ChlC13-16DAA response),

and AUSC response to heat were positively correlated with their potentials (p < 0.05),
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indicating that genotypes with higher senescence rate potential tended to experience higher
acceleration of senescence in response to heat (Table 3.7). This tends to suggests that heat
mainly affected senescence by accelerating senescence processes that occurred under non-
stress conditions, rather than by causing damage that was heat-specific in nature. Importantly,
starting chlorophyll content was not related to the rate of chlorophyll loss under control or
heat (Table 3.4 and 3.7), indicating that processes determining chlorophyll per se at this
developmental stage were independent to those determining rate of chlorophyll loss under
control or heat. As expected from the aforementioned relationships, tolerance (smaller SGW
response) was also positively correlated with smaller senescence rate potential (higher AUSC
under control conditions). Curiously, under control conditions, SGW was negatively
correlated with GFD, which implies that shorter GFD was associated with (and over-ridden
by) higher grain-filling rate. On the other hand, SGW response (tolerance) was positively
associated with GFD response and GFD potential (GFD under control conditions; Tables 3.6
and 3.7). Genotypes with a shorter GFD and higher grain-filling rate under control conditions

therefore tended to respond more to heat.

Tolerance (smaller SGW response) was also negatively associated with potential plant size
(CL and ShW under control conditions; p < 0.05). That is, smaller genotypes (with shorter CL
and smaller ShwW) tended to be more tolerant. Rht-B1 and Rht-D1 are the main loci affecting
plant height and size in wheat and the wild-type (tall) alleles act via gibberellic acid (GA)
signalling (Blum and Sullivan 1997; Gale et al. 1985). According to our marker analysis and
cross checks with information from other researchers (Table 3.8) Cadoux, Halberd, Katepwa
and Reeves were the only ‘double tall’ genotypes in this study (carrying Rht-Bla and Rht-Dl1a
wild-type alleles; Table 3.8). On average, these ‘double tall” genotypes showed 11 and 35%
larger SGW and AUSC response than the semi-dwarfs. W7985-Synthetic, Sokoll and
Lyallpur-73 were the tallest, although they each contained an Rht dwarfing allele, and they
were also among the most intolerant for grainfill. This may suggest that intolerance was
favoured by a tall stature and/or greater vegetative mass, rather than by GA-insensitive Rht
alleles per se. However, these ideas should be treated with caution. The pedigrees of the four
double-tall varieties include some common varieties and Cadoux and Reeves are particularly
closely related (not shown), increasing the chances that separate genes for dwarfing and heat
susceptibility occurred together in the sampled genotypes. Some of the semi-dwarf genotypes

such as Crusader, Cranbrook, Frame and Lyallpur-73 were also quite susceptible.

There are contradictory reports linking GA-insensitive dwarfing alleles to reduced abiotic

stress tolerance. Law et al. (1981) and Law and Worland (1985) observed a marked sensitivity
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to heat and/or drought stress at booting stage in genotypes carrying GA-insensitive alleles
(Rht-B1b, Rht-D1b and Rht-B1c). Smaller plants (carrying dwarfing allele Rht-B1b, Rht-D1b
or Rht-B1c) appeared to be more tolerant to top-root drying in terms of reduction in tillering,
plant height, shoot and root biomass (Blum and Sullivan 1997). Plants with smaller size
(carrying dwarfing gene/s) and smaller growth rate potentials showed higher tolerance to
water deficit and heat and lower response to ABA, measured as the plant growth rate response
in seedlings (Blum et al. 1997). Alghabari et al. (2014) concluded that GA-insensitivity does
not necessarily confer higher sensitivity to heat and/or drought stress at booting and anthesis
developmental stages. Butler et al. (2005) reported a grain yield and grain weight advantage
of tall lines, in comparison with semi-dwarf lines, under stress conditions. Yield benefits
associated with dwarfing genes can be affected by various factors such as growth habit
(spring vs. winter), genetic background, environmental factors, etc (Alghabari et al. 2014;
Bush and Evans 1988) which may at least partly explain the conflict between the findings of

the aforementioned studies, and between some of these and the current study.

Overall, the association of tolerance (smaller SGW response) with slower rates of
senescence and grain-filling and smaller plant size (shorter CL and smaller ShW) suggests a
penalty for genotypes with higher trait potentials and bigger plant size. This may indicate a
hindrance for breeding varieties that will be high yielding in both non-stressed and heat-
stressed environments. The observed associations between traits such as plant size, flowering
time, grain yield spike™, SGW, flag leaf senescence, and tolerance (smaller SGW response)
might be due to control of these traits by common gene(s). On the other hand, some of these
associations could have merely reflected chance association of genes within the small sample
of genotypes. Distinguishing these possibilities will require QTL mapping of the traits and

responses.

Among 18 pairs of parents of mapping populations Young and Wyalkatchem, Janz and
Frame, Sunco and Tasman, Drysdale and Waagan, and Sokoll and Krichauff showed the
highest level of contrast (ranging from ~11 to 19%) for SGW response (Appendix 3.2a).
These pairs of parents also showed a considerable level of contrast for stay-green (except
Sokoll and Krichauff; Appendix 3.2b). These populations may be suitable for genetic analysis
of heat tolerance/susceptibility. In subsequent chapters of this thesis, the Drysdale/Waagan
population was chosen for genetic study of heat tolerance, for a number of additional reasons
which are listed in Chapter 5. Targeted crosses could be attempted between some of the most
tolerant and the most intolerant genotypes (Appendix 3.2) to produce new populations for
heat tolerance studies.
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3.5 Concluding remarks

The present work demonstrates significant variation among wheat genotypes for stay-green
(maintenance of source activity) under a brief episode of severe high temperatures and a
positive association between chlorophyll loss response and both SGW and GWS under these
conditions. Although SGW response should be considered to be the key element in wheat
breeding programs for heat tolerance after anthesis, the stay-green trait might provide a useful
way of indirectly selecting tolerance. Moreover, a portable SPAD chlorophyll meter provides
an easy, inexpensive, and effective way to evaluate stay-green in wheat. It is not immediately
apparent whether low trait potentials and early flowering are necessary for tolerance to brief
episodes of heat stress. However, results of this study suggest that more than one adaptation
process may be required for environments with terminal heat stress, and that there may be a
conflict in breeding for yield under non-stressed and heat-stressed environments. QTL
mapping of the traits and responses will help to distinguish these possibilities. The
Drysdale/Waagan mapping population, studied in subsequent chapters, may provide a means
of addressing some of these issues.

46



Chapter 4: Effects of a brief episode of post-anthesis heat stress on grain growth,
chlorophyll loss and stem water soluble carbohydrates in wheat (Triticum aestivum L.)

4.1 Introduction

Brief episodes of heat during grain-filling are common in many wheat growing regions
(Asseng et al. 2011). In Australia, most of the wheat crops experience a few very hot days (24
days of >34 °C) during grain-filling (Stone and Nicolas 1994; Wardlaw and Wrigley 1994).
The frequency of such events is likely to increase as a consequence of climate change (Pittock
2003). As wheat has a low optimum temperature (15 °C) for maximum grain growth
(Chowdhury and Wardlaw 1978), temperatures above 34 °C can significantly reduce its yield
as demonstrated in previous studies using controlled environment experiments (Stone and
Nicolas 1994; Stone and Nicolas 1995b), field trials (Talukder et al. 2013) and simulation
modelling (Asseng et al. 2011).

Grain yield reduction in response to heat stress >10 days after anthesis (DAA) mainly
derives from single grain weight reduction (Bhullar and Jenner 1985; Stone and Nicolas
1995a; Tashiro and Wardlaw 1990b; Wardlaw and Wrigley 1994) rather than grain set
reduction (Tashiro and Wardlaw 1990a). Grain growth has two components, namely grain-
filling rate and duration, in which both are independently affected by high temperature
(Jenner 1994; Zahedi and Jenner 2003). High temperature during grain-filling accelerates the
grain-filling rate, but also truncates the grain-filling period (Stone and Nicolas 1995a; Tashiro
and Wardlaw 1989; Zahedi and Jenner 2003). The latter shortens the assimilate utilization
time for yield formation. The former (rate) may not increase enough to fully compensate for
the latter (duration), explaining why the overall effect is a reduction of grain weight (Jenner,
1994). It has been shown that even a short period (1-7 days) of high temperature (35 °C) can
significantly reduce grain growth (Jenner 1991a; Jenner 1991b; Jenner 1994; Talukder et al.
2013) likely due to its adverse effect on several enzymes in the starch synthesis pathway, in
particular soluble starch synthase, which leads to a reduced starch accumulation rate (Bhullar
and Jenner 1985). Genetic variation among wheat genotypes has been reported for the high
temperature responses of both grain-filling rate and duration (Hunt et al. 1991; Sofield et al.
1977; Stone and Nicolas 1995a; Talukder et al. 2013; Wardlaw and Moncur 1995; Zahedi and
Jenner 2003; Zahedi et al. 2003).

Studying grain growth characteristics is not straightforward since there is no non-invasive
method available for its evaluation. Grain sampling over time and application of various

mathematical models such as linear regression, logistic, Gompertz and polynomial curves
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have been used to evaluate grain growth characteristics in wheat (Bruckner and Frohberg
1987; Darroch and Baker 1990; Gebeyehou et al. 1982; Loss et al. 1989; Zahedi and Jenner
2003). Grain-filling data analysis using mathematical growth models can shed further light in
understanding high temperature effects on grain growth dynamics and the relative
contribution of responses of different grain growth parameters to heat tolerance in wheat.
Here, an ordinary logistic model and linear regression, described in previous works (Loss et
al. 1989; Zahedi and Jenner 2003), were used to study grain growth.

Grain-filling relies on two major carbon sources - assimilate supplied by photosynthesis,
from leaves and to a lesser extent from spikes, and mobilization of water-soluble
carbohydrates previously stored in leaves, spike and stem tissue (Blum et al. 1994). However,
the relative contribution of these sources of carbon to final grain mass can change depending
on environment and genotype. Under high temperature, demands for assimilates increase as
the result of accelerated grain growth and increased respiration. However, under these
conditions, photosynthesis declines due to the adverse effects of high temperature on various
aspects of the photosynthesis machinery (Farooq et al. 2011; Peck and McDonald 2010; Ristic
et al. 2007; Wahid et al. 2007). Thus, disturbed photosynthesis may not be able to fully meet
the demands of increased rates of grain growth and respiration. However, variation among
wheat genotypes has been reported for photosynthesis and photosynthesis related traits (e.g.
chlorophyll content and chlorophyll fluorescence) under high temperature conditions (Al-
Khatib and Paulsen 1990; Kumari et al. 2007; Lopes and Reynolds 2012; Moffatt et al. 1990;
Reynolds et al. 1994; Sharma et al. 2012). WSC reserves can play an important role in
supporting grain growth under stress conditions when the availability of the current
photoassimilates declines as a result of disturbed photosynthesis (Blum et al. 1994; Yang et
al. 2002a). WSCs in wheat mainly consist of fructan (fructosyl-oligosaccharides) and to a
lesser extent sucrose, glucose and fructose (Wardlaw and Willenbrink 1994). Under optimum
conditions WSCs have been estimated to contribute to between 10 to 20% of final grain
weight (Austin et al. 1977; Borrell et al. 1993; Wardlaw and Porter 1967), while under stress
conditions (e.g. low light, heat and drought) its contribution to grain growth may reach 100%
depending on the genotype and the stress magnitude, which can significantly buffer grain
growth against stress (Blum 1998 and references cited therein). Thus, genotypes with high
levels of WSCs and the ability to utilize that are expected to better withstand the stress and

maintain grain weight.

In Chapter 3, 36 bread wheat genotypes were screened for their responses to a brief

episode of heat stress at an early grain-filling stage. Genotypes varied significantly for single
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grain weight (SGW) and chlorophyll loss responses. In that experiment, samples were
collected at maturity and flag leaf chlorophyll content was monitored using a SPAD
chlorophyll meter, so the effect of heat on grain growth components and different types of
chlorophyll could not be quantified. Moreover, a general correlation between stay-green in the
flag leaf and the ability to maintain SGW was observed among the 36 studied genotypes, but
there were some genotypes that diverged from this general trend. For instance, Millewa and
Sunco showed a considerable response in chlorophyll content but not in SGW. The ability of
these genotypes to maintain SGW despite a considerable chlorophyll loss might be due to
larger WSC mobilisation efficiency under stress conditions. In general, effects of brief
episodes of very high temperatures have not been studied as much as those caused by chronic
heat (Talukder et al. 2013). Therefore, the present study was conducted to investigate the
effects of a brief episode of very high temperatures (37 °C, 3days), at early stage of grain-
filling (10 days after anthesis), on grain growth components, chlorophyll a and b, chlorophyll
fluorescence and stem water-soluble carbohydrates, and to quantify correlations between heat
responses of these traits and the final grain weight response, in Millewa, Sunco, and seven
other genotypes. This was intended to give further insights into the physiological bases of
tolerance of grain-filling to brief episodes of very high temperatures in various genotypes, and
to identify traits that may be useful for selecting heat tolerance in breeding programs and for

conducting genetic studies of heat tolerance.

4.2 Materials and methods

Two experiments were conducted concurrently in the same environment to study effects of
a brief heat stress at grain-filling stage on grain growth, chlorophyll loss, chlorophyll
fluorescence and stem water-soluble carbohydrates. In the first experiment, chlorophyll
fluorescence was measured non-destructively during and shortly after the heat treatment and
plants were harvested at maturity. In the second experiment, grain growth, chlorophyll a and
b, total chlorophyll content, and water-soluble carbohydrates were measured using destructive

methods starting 10 DAA and concluding 58 DAA as described in following sections.

4.2.1 Plant material

Nine bread wheat varieties (Drysdale, Frame, Gladius, Lyallpur-73, Millewa, Reeves,
Sunco, Waagan, and Young) were used. These varieties differed in their responses (single
grain weight and chlorophyll loss) to a brief heat stress at grain-filling stage in other
experiments (Chapter 3 and Appendix 6.1). Gladius, Millewa, Sunco, Waagan and Young
were relatively heat tolerant while Drysdale, Frame, Lyallpur-73 and Reeves were heat

susceptible. Lyallpur-73 has been also reported to be heat susceptible in other studies
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(Wardlaw et al. 1989a; Wardlaw et al. 2002). Drysdale & Waagan, and Gladius & Drysdale
are pairs of parents of available mapping populations and were included to evaluate potential
of those populations for genetic studies of heat tolerance related traits. Seeds were obtained

from various sources as described in Chapter 3.

4.2.2 Experimental design, plant growth and heat stress conditions

The experiments were set up in a split-plot (Experiment 1, 6 blocks) and split-split-plot
(Experiment 2, 4 blocks) designs. In Experiment 1 each block was split into 9 main plots
(genotypes) and 2 sub-plots (control vs. heat) and in Experiment 2 each block was split into 7
main plots (Time of sampling), 9 sub-plots (genotypes) and 2 sub-sub-plots (control vs. heat).
The first sampling time in Experiment 2 (10 DAA) was before the treatment, and the same set
of plants (four plants per genotype) was used to define ‘control’ and ‘heat’ values at this time-
point. Plant growth and heat stress conditions were similar to those described in Chapter 3. In
brief, seed were sown early August 2013 and plants grown in a naturally lit greenhouse (The
Australian Plant Accelerator, University of Adelaide, Waite Campus, Adelaide). Plants were
pruned back to the single main culm by removing tillers as they appeared. Measured
greenhouse conditions were approximately 20/17 °C, 14/10 h day/night (Table 4.1). For each
plant, anthesis date was recorded, and each plant destined for heat treatment in the
experimental design, was transferred to a growth chamber (BDW120, Conviron) at 10 days
after its anthesis date (days after anthesis, DAA), where they were exposed to a brief heat
stress (37/27 °C day/night temperature for 3 days), before being returned to the greenhouse.
Pots were placed in trays of water to ~ 2-cm depth while in the chamber to minimize drought
stress.

Table 4. 1 Measured temperatures (°C) in the greenhouse. Anthesis and maturity occurred during October and
November-December, respectively.

Conditions/Month August September October November December
Average day temperature 213 20 19.7 20.1 21.2
Average night temperature 17.9 16.5 16.1 16.4 16.9
Average minimum temperature 16.9 15.6 15.2 15.3 15.8
Average maximum temperature 234 22.7 22.3 22.6 23.9
Minimum temperature 14.7 14.8 14.5 14.7 14.4
Maximum temperature 25.1 27.8 28.1 25.7 29.7
Days > 30°C 00.0 00.0 00.0 00.0 00.0

4.2.3 Data collection

Chlorophyll fluorescence: The maximum quantum efficiency of photosystem 1l (PSII;
Fv/Fm) was monitored using a portable chlorophyll fluorometer MINI-PAM (Walz,
Effeltrich, Germany). Measurements were taken on the left hand side of the flag leaves
between the mid-rib and leaf margin, halfway between the base and the tip, after dark-

adapting of the sampled leaf segment for 30 minutes. Measurements were taken at around
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midday, on a daily basis, from 10 to 15 DAA. This trait was not measured in the variety
Frame because it was the latest flowering variety, and the MINI-PAM was not available at the

right time.

Chlorophyll a, b (Chla and Chlb) and total chlorophyll content (TotChl): Total chlorophyll
pigments were extracted using the dimethyl sulfoxide (DMSQO) method described by Hiscox
& Israelstam (Hiscox and Israelstam 1979). This method was chosen mainly because of its
speed (no grinding and centrifuge steps are required) and the higher stability of chlorophyll
pigments in DMSO compare to other solvents such as acetone and ethanol (Richardson et al.
2002). In brief, leaf samples (~100 mg FW) were collected from the flag leaves at 10, 13, 23,
33, 43 and 53 DAA, from the same plants as were used in the grain growth study. The
collected samples were transferred to the lab and placed in glass centrifuge vials containing 7
ml DMSO. Then, samples were heated at 65 °C for ~1 h in a water bath to extract the total
chlorophyll pigments. Samples were then removed from the water bath and the content of
each vial topped up to 10 ml with DMSO. Samples were left at room temperature to cool
down. Then 1 ml of each extract was transferred to a disposable polystyrene cuvette and the
absorbance of each sample measured at 645 and 663 nm using a Shimadzu UV-VIS
spectrophotometer (model UV-160A). The concentrations of chlorophyll a, b and total
chlorophyll content was estimated from these absorbances according to Arnon’s equations
(Arnon 1949). The concentrations of Chla, Chlb and TotChl was presented over time and also

as an average across all harvest times (Chlaay.,, Chlb,, and TotChl,,).

Grain growth: Grain samples were collected at 10 DAA (corresponding to directly before
treatment), 13 DAA (corresponding to directly after treatment), and at 5-day intervals
thereafter up to 58 DAA. At each date, 10 grains spike™ were collected from the two basal
floret positions of spikelets located in the middle of the spike to minimize variation due to
floret position. At 10, 13, and 58 DAA each plant was sampled at only one time point, taking
5 grains from each side of the spike from the central spikelets. For 18 to 53 DAA, individual
plants were used for consecutive pairs of sampling time points due to limitations of growth
space (i.e. samplings at 18 & 23, 28 & 33, 38 & 43, and 48 & 53 DAA), taking 10 grains from
one and then the other side of the spike at the first and the second time point, respectively.

The collected grains were oven-dried for 3 days at 85 °C before being weighed.

Measurements of grain biomass over time were subjected to the following logistic
equation, to estimate grain growth characteristics, where W(t) is single grain weight (mg) at
time t (day) after anthesis, ¢ estimates the theoretical final single grain weight (FGW; mg), b

is the slope parameter which controls the steepness of the curve, m (day) is the time from
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anthesis to the inflection point (point of maximum grain growth rate, MGR), and e is Napier's
number (mathematical constant with an approximate value of 2.718281828).

c
1+e(=b(t-m))

W(t) =
MGR and grain-filling duration (GFD) was obtained using the following equations, as
described by Zahedi et al. (2003).

MGR (mg day™) = %

bm+2.944

GFD (days) = >

To estimate sustained grain growth rate (SGR), data during the linear phase of grain
growth was subjected to linear regression analysis as described in previous studies (Loss et al.
1989; Zahedi and Jenner 2003).

Water soluble carbohydrates (WSC) measurements: Stem samples (including leaf sheaths),
were collected at 10, 13, 23, 33, 43 and 53 DAA, from the same plants as were used in the
grain growth study. At each date, stems were cut at the soil surface, the leaf blades and the
spike removed, and the stem divided into three segments: peduncle (the first internode below
the spike), penultimate internode (the internode below the peduncle) and the lower internodes
(remaining portion). Samples were then snap frozen in liquid nitrogen and freeze-dried for ~
20 h. Each segment was then weighed, chopped into ~5 mm segments, placed in a 10 ml
Falcon tube containing two 5 mm ball bearings and reduced to a fine powder using a
Geno/Grinder® high-throughput plant & tissue homogenizer (SPEX SamplePrep, New
Jersey, USA). Then samples were scanned using a platinum diamond attenuated total
reflectance (ATR) single reflection sampling module cell mounted in a Bruker Alpha
instrument (Bruker Optics GmbH, Ettlingen, Germany), using air for normalization. The
attenuated total reflectance mid infrared (ATR-MIR) spectra were recorded on OPUS
software version 7.0 provided by Bruker Optics and then exported to Unscrambler X software
(version 10.1, CAMO ASA, Oslo, Norway) for analysis.

Spectra were recorded for all harvested stem samples. WSC was measured directly in a
subset of 125 samples using the anthrone method (see below), and the spectra/values from
this subset used to derive a calibration model for predicting WSC quantities in all of the
samples. Firstly, the 125 samples for developing the model were chosen on the basis that they
represented the maximum spectral variability. This was done using principal component

analysis (PCA), with the Mahalanobis distance (H) being applied as a measure of variability.
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WSC were then measured in the 125 samples by extraction in 80% ethanol solution and then
100% water (Van Herwaarden et al. 1998b), followed by quantification using the anthrone
method (Yemm and Willis 1954), using absorbance at 620 nm on a Shimadzu UV-VIS
spectrophotometer (model UV-160A) and fructose as the standard. Some of the samples had
to be re-measured because they did not fit within the linear part of the relationship between
absorbance and concentrations as based on the standards. In other words, for the samples
with the absorbance values < 0.2 or >1.83, WSC of the samples were extracted in a smaller
volume or diluted by 3x before re-measuring, respectively. The spectra and WSC
measurements were then used to develop the model by partial least squares (PLS) regression
with full cross validation. The optimum number of terms in the PLS calibration models was
defined as the lowest number of factors that gave the minimum value of the prediction
residual error sum of squares (PRESS) in cross validation, in order to avoid over fitting. The
resulting calibration equations were evaluated using the coefficient of determination in
calibration (R?) and the standard error in cross validation (SECV). The ratio of standard
deviation (SD) to SECV, which is called the residual predictive deviation (RPD), was used to
test the accuracy of the calibration models. RPD demonstrates how well the calibration
models perform in predicting the reference data, with values >3 considered adequate for
analytical purposes in most ATR-MIR applications (Dr. Daniel Cozzolino, personal
communication). The RPD value for the calibration model in this study was 4. The developed
calibration model was then used to predict WSC values for all of the samples. A comparison
of the WSC concentration (mg g™* dry weight) determined by the anthrone method and ATR-
MIR predicted data in the subset of 125 samples is shown in Appendix 4.1.

Water soluble carbohydrate concentration (WSCconc, Mg g™ dry weight) was presented
over time for each stem segment. WSC content (WSCcont, mg) was calculated as WSCconc.
multiplied by stem dry weight for each stem segment. Average WSC,qn:. across all harvest
times was also calculated (WSCcontav., mg). Maximum WSC content (WSCpax, Mg) was
defined as the highest value of the WSC:. among the harvest times for each stem segment.
The amount of mobilized WSC (MWSC) in each stem segment (peduncle, penultimate and
lower internodes) was calculated as the difference between maximum and minimum WSC
content of the segment. WSC mobilization efficiency (WSCME) for each stem segment was

calculated as the proportion (%) of the maximum WSC content of the segment that was

MWSC
WSCmax

mobilized [WSCME (%) = x 100]. Dry weight of each stem segment over time

(DW) and on average across all of the harvest times (DW,,.) were also presented.
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Grain number spike™ (GNS) and single grain weight (SGW) at maturity: The collected
spikes were oven-dried for 3 days at 85 °C. Then, the spikes were threshed and grains of all

sizes were manually counted and weighed. SGW was calculated as GWS/GNS.

4.2.4 Data analysis
Analysis of variance (ANOVA) was carried out for each studied trait using GenStat 16

(http://www.vsni.co.uk/genstat). LSD tests (a = 0.05) were used for mean comparisons. R

language (R Development Core Team, 2012) was used for model regressions, pairwise
Pearson correlation tests and to prepare figures. In Experiment 2, data for the sampling time

10 DAA (before treatment) was collected on a common set of plants for both control and heat.
4.3 Results

4.3.1 Grain number spike™ (GNS) and grain number spikelet (GNSp) at maturity
There was no significant difference between unheated control and heat-treated plants for grain
number spike™ (GNS, p=0.054) and grain number spikelet® (GNSp, p=0.556) which is in
accordance with the results presented in Chapter 3. This suggests that the heat treatment at 10
days after anthesis did not affect the frequency of grain set. The effect of genotype was
significant for both GNS and GNSp (p<0.001). Frame and Sunco showed the largest and
smallest GNS, respectively (Figure 4.1A). Millewa and Reeves showed the largest GNSp
while Sunco had the smallest value for the same trait (Figure 4.1B).
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Figure 4. 1 Grain number spike™ (GNS; A), and grain number spikelet™ (GNSp; B;) at maturity in 9 bread wheat
genotypes. Bars indicate mean + S.E. Means with the same letter were not significantly different at p > 0.05
(LSD test).

4.3.2 Single grain weight at maturity (SGW)

The effects of genotype and treatment, and genotype-by-treatment interaction were all
highly significant (p<0.001) for SGW measured at maturity. SGW was reduced in the heat-
treated plants relative to the controls in all genotypes (except Millewa; Figure 4.2). Gladius,
Millewa, Sunco, Waagan and Young showed the least response (~ +1 to -8%) and were
therefore relatively tolerant, while Drysdale, Frame, Lyallpur-73 and Reeves showed the
highest sensitivity (~ -14 to -28%; Figure 4.2). SGW responses of these genotypes were
similar to those observed in the Chapter 3 experiment (r=0.87; p=0.002).
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Figure 4. 2 Single grain weight (SGW) of control and heat-treated plants of nine wheat varieties at maturity.
Bars indicate mean + S.E.. Means with the same letter were not significantly different at p > 0.05 (LSD test).

4.3.3 Grain growth attributes
Grain dry weights observed over time and the fitted logistic models for each genotype, for

both control and heat-treated plants, are illustrated in Figure 4.3. Sunco showed no detectable
change, while Frame, Lyallpur-73 and Reeves showed the greatest reduction in grain weight
in response to the heat treatment. Generally, single grain weight was larger in heat-treated
plants than control plants directly after treatment, indicating that grain-filling rate was

enhanced during heat exposure.
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Figure 4. 3 Time courses of single grain weight (SGW) of control (green circles) and heat-treated plants (red
triangles) of 9 bread wheat genotypes (mean + S.E.). Asterisks indicate a significant difference between
treatments at p < 0.05. Lines represent logistic regressions with 3 parameters (c, b, m) on control (green) and
heat-treated plants (red). The red bar on the x axis represents the period of heat treatment.

There was a significant genotypic effect on the absolute values of all of the attributes
estimated using the logistic models (p<0.001 for theoretical final single grain weight, FGW,
maximum growth rate, MGR, and time to inflection point, TIP, and p<0.004 in the case of
grain-filling duration, GFD) and linear models (p<0.001 for sustained grain growth rate,
SGR). The effect of heat treatment was also significant for FGW, TIP and GFD (p<0.001)
while it was insignificant in the case of SGR (p=0.235) and MGR (p=0.057). Moreover, the
genotype-by-treatment interactions was significant for FGW, SGR, TIP (p<0.001) and GFD
(p<0.019).

Grain growth characteristics of control and heat-treated plants are summarised in Figure
4.4. SGR was significantly increased by heat in Drysdale, Gladius, and Millewa and
significantly reduced in Lyallpur-73, Reeves and Waagan. Sunco, Young and Frame showed
an insignificant increase/decrease for the same trait. Lyallpur-73 and Millewa showed the
largest heat effect for SGR, -17 and +18%, respectively. MGR was larger in heat-stressed
plants of Drysdale, Gladius, Millewa and Sunco but smaller in heat-stressed plants of Frame,
Lyallpur-73, Reeves, Waagan and Young. The effect was only significant in Waagan (-16%)
in an LSD test. Gladius and Millewa showed the smallest (1%) and the largest (9%) MGR

increase in response to heat stress, respectively. Time from anthesis to the MGR (time to the
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inflection point, TIP) was decreased in heat-treated plants of all of the genotypes. On average,
heat shortened TIP by 16%. The reduction in TIP was significant in all but Sunco. Drysdale,
Frame and Lyallpur-73 showed the largest TIP response (> -21%) while Sunco had the
smallest response (-6%). Grain-filling duration (GFD) was also shortened in all of the
genotypes in response to heat stress and the reduction was significant in Drysdale, Frame,
Gladius, Lyallpur-73, Millewa and Reeves. Drysdale, Frame and Lyallpur-73 showed the
highest GFD response (> -21%) while Waagan showed the smallest response (-2%).

Theoretical final single grain weight (FGW), estimated by the logistic model, was strongly
correlated (r=0.84; p<0.01) with SGW measured at maturity which indicates a good
estimation of the FGW at maturity by the fitted logistic model. Sunco showed the smallest
FGW reduction (~-2.5) while Lyallpur-73 and Frame showed the highest (> -28%). In Frame,
Lyallpur-73, and Reeves the observed large FGW reduction was caused by the large negative
impact of heat stress on both grain growth rate and duration. In Drysdale, heat stress increased
grain growth rate; however, this did not compensate for the reduced grain-filling duration in
this genotype, which led to a large significant reduction in the FGW. In Gladius, Millewa and
Sunco the increased grain-filling rate in response to the heat treatment did compensate for the
reduced GFD and FGW of these genotypes was not significantly affected by heat treatment.
In Young, heat stress did not have any detectable effect on grain growth rate during the linear
phase (SGR) and had a low impact on grain-filling duration, leading to an insignificant FGW
reduction in this genotype. Waagan behaved differently from the rest of genotypes. In this
genotype, FGW was only moderately affected by heat treatment; it showed a large reduction

in grain growth rate but a small decrease in GFD.
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Figure 4. 4 Grain growth characteristics of control and heat-treated plants of nine wheat varieties. Sustained
grain growth rate (SGR; A), maximum growth rate (MGR; B), time to inflection point (TIP; C), grain-filling
duration (GFD; D), and final grain weight (FGW,; E). SGR was estimated using linear regression while the other
parameters were estimated using a logistic model. Bars indicate mean + S.E. Means with the same letter were
not significantly different at p > 0.05 (LSD test).

4.3.4 Chlorophyll fluorescence
A significant genotype, treatment, and genotype-by-treatment effect (p<0.001) was
observed for chlorophyll fluorescence in a combined ANOVA across all measurements at 10-

15 DAA. Prior to exposure to heat stress, there was no significant difference in Fv/Fm ratio
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between control plants and those assigned for later heat treatment. The varieties showed a
roughly similar value prior to heat stress except Millewa which was noticeably lower than the
rest (Figure 4.5). Upon heat exposure, the Fv/Fm ratio significantly and immediately
decreased in all varieties except Sunco, which showed a non-significant decrease within the
first day of heat stress. Further into the heat treatment, there was a further decline, or no more
reduction in the case of Drysdale, Gladius and Waagan. Lyallpur-73 and Reeves showed the
largest reduction while Gladius, Sunco and Waagan showed the least (Figure 4.5). By the
time of the first measurement after relief of heat stress, the Fv/Fm ratio recovered in all of the
varieties, but to different extents. In Gladius, Sunco, Waagan and Young the Fv/Fm ratio
recovered to levels statistically indistinguishable to those seen in control plants. Millewa also
recovered completely, but only by the second time point after relief from stress. By contrast,
the Fv/Fm ratio in Drysdale, Lyallpur-73, Millewa and Reeves recovered poorly and remained
significantly lower than the control plants for both time points after relief from stress (Figure
4.5).
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Figure 4. 5 Chlorophyll fluorescence ratio (Fv/Fm) of flag leaves (mean + S.E.) in heat-treated (red triangles)
and control plants (green circles), before, during and after a period of brief heat treatment (red bar), in 8 bread
wheat genotypes. Asterisks indicate a significant difference between treatments at p < 0.05.

4.3.5 Chlorophyll content

Significant genotype and treatment effects (p<0.001) were observed for total chlorophyll
content. However, the genotype-by-treatment effect was insignificant (p=0.281) and the
ranking of genotypes was the same for both treatments (Figure 4.6). In other words,
genotypes with larger chlorophyll content under control conditions also tended to maintain
larger chlorophyll content under heat conditions. Young, Sunco and Gladius showed the

largest total chlorophyll content while Frame and Lyallpur-73 had the lowest (Figure 4.6).
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The magnitude of the response ranged from less than 12% decrease (Gladius, Waagan and
Young) to greater than 32% decrease (Frame and Lyallpur-73).

g 3.5 m Control

® Heai-treated

Genotype

Figure 4. 6 Total chlorophyll content (TotChl,,, mg g *FW) averaged over all time points in control and heat-
treated plants of 9 bread wheat genotypes. Bars indicate mean + S.E.

Time courses of flag leaf total chlorophyll content (mg g*FW; chlorophyll a + b) in
control and heat-treated plants are illustrated in Figure 4.7. Similar to Fv/Fm, the extent of the
chlorophyll loss and its pattern over time differed between genotypes. Drysdale, Frame,
Lyallpur-73, Millewa and Reeves showed a large immediate decline in chlorophyll during the
treatment, while Gladius, Sunco, Waagan and Young showed either no response or a smaller
response during the treatment. After heat treatment, control and heat-treated plants of a given
variety tended to gain/lose chlorophyll similarly. For instance, directly after the period of heat
treatment, chlorophyll increased in both control and heat-treated plants of Drysdale and
Reeves. In Lyallpur-73, chlorophyll loss of heat-treated plants continued at a larger rate than
in other varieties after heat treatment, and control plants of this variety also tended to senesce
at a larger rate than the other varieties. However in Frame, enhanced chlorophyll loss due to
heat stress was evident after the treatment, up to 23 DAA. In general, the difference between
sensitive and tolerant varieties was most evident from directly after treatment up to 33 DAA.
This period roughly coincides with the log phase of grain growth before grain-filling begins to
decelerate in control plants. In other words, heat-treated plants of susceptible varieties
suffered the biggest losses in chlorophyll content, and most probably photosynthesis (as
showed by a significantly lower Fv/Fm in heat-treated plants of the susceptible genotypes
shortly after treatment), when there was normally greatest photo-assimilate demand for grain-

filling.
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Figure 4. 7 Time courses of total chlorophyll content (TotChl, mg g_l FW) of control (green circles) and heat-
treated plants (red triangles) of 9 bread wheat genotypes (mean * S.E.). Asterisks indicate a significant
difference between treatments at p < 0.05. The red bar on the x axis represents the period of brief heat treatment.

Significant genotype and treatment effects (p<0.001) and an insignificant genotype-by-
treatment effect (p=0.260 and 0.673 for chlorophyll a and b, respectively) were observed for
both chlorophyll @ and b content. The ranking of genotypes was the same for both treatments
in both types of chlorophyll (Figure 4.8A and B). Heat responses of chlorophyll a and b were
also largely similar. In other words, genotypes with higher loss in chlorophyll a content also
showed higher loss in chlorophyll b content (Figure 4.8A and B). On average across all time
points and all genotypes, heat reduced chlorophyll a and b by 18 and 25%, respectively. On
average across all time points, chlorophyll 4 (ranged from -12%, in Gladius and Waagan, to -
42% in Lyallpur-73) showed higher response in comparison to chlorophyll a (ranged from -

7%, in Gladius, to -31% in Frame and Lyallpur-73) in all genotypes (Figure 4.8A and B).
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Figure 4. 8 Flag leaf chlorophyll a and b content averaged over all time points (Chla,,, mg g *FW, A; Chib,,,
mg g*FW, B) in control and heat-treated plants of 9 bread wheat genotypes. Bars indicate mean + S.E.

On average across all genotypes over time, heat-induced reduction in total chlorophyll
content was explained by reductions in both chlorophyll a and b (Figure 4.9); however, the
pattern of heat responses of chlorophyll a and b differed over time. Heat stress had a larger
negative impact on chlorophyll b (ranged from 23 to 38%) than chlorophyll @ (ranged from 9
to 27%) from directly after treatment to 33 DAA, and thereafter it showed a proportionately
higher adverse effect on chlorophyll a (37 and 67% at 43 and 53 DAA, respectively) than on
chlorophyll b (36 and 54% at 43 and 53 DAA, respectively; Figure 4.9). Generally, this trend
held true across the studied genotypes (Figures 4.10 and 4.11).
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Figure 4. 9 Time courses of total chlorophyll (A), chlorophyll a (B) and b (C) content (mg g™ FW) of control
(green circles) and heat-treated plants (red triangles) averaged across all genotypes within each time point (mean
+ S.E.). The red bar on the x axis represents the period of brief heat treatment.
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Figure 4. 10 Time courses of flag leaf chlorophyll a content (Chla) of control (green circles) and heat-treated
plants (red triangles) of 9 bread wheat genotypes (mean + S.E.). Asterisks indicate a significant difference
between treatments at p < 0.05. The red bar on the x axis represents the period of brief heat treatment.
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Figure 4. 11 Time courses of flag leaf chlorophyll b content (Chlb) of control (green circles) and heat-treated
plants (red triangles) of 9 bread wheat genotypes (mean + S.E.). Asterisks indicate a significant difference
between treatments at p < 0.05. The red bar on the x axis represents the period of brief heat treatment.

4.3.6 Stem water soluble carbohydrate (WSC) content

Significant genotype and treatment effects (p<0.001) were observed for WSC content in all
stem segments. The genotype-by-treatment effect was significant only for peduncle (p=0.007,
0.300 and 0.179 for peduncle, penultimate and lower internodes, respectively). On average
across all genotypes, heat stress reduced WSC content averaged over all measured time points
(WSCecontav.) in peduncle by 17% and in penultimate and lower internodes by 25%. In heat-
treated peduncle, WSCcontav. Was 27-30% lower than in controls in Frame and Lyallpur-73,
while in Gladius and Waagan it was 1-3% higher than in controls (Figure 4.12). Young and
Lyallpur-73 showed the largest WSCcont.av. reduction in both penultimate and lower internodes
in response to heat stress (31-41%), while Millewa and Drysdale showed the smallest
reduction in WSCeontav. In penultimate and lower internodes, respectively (10 and 6%; Figure

4.12).

On average across all genotypes and under either control or heat conditions, WSCcontav. In
the lower internodes (206 and 155 mg, respectively) was higher than WSCeonay. In the
penultimate internode (control 164 and heat 123 mg) or peduncle (control 86 and heat 71 mg).

65



All stem segments showed differences in WSC¢on:, (and WSCeonc) dynamics between
genotypes (Figure 4.13 and 4.2). In both control and heat-treated plants WSC,,n:. increased
after 10 DAA, reached a maximum between 13 to 43 DAA depending on genotype, treatment
and the stem segment, then decreased to very little by 53 DAA (Figure 4.13).

Generally, weight of the other stem components (total dry weight minus WSC) remained
relatively constant over the time period of the experiment, and was not affected by heat
(Appendix 4.3). Therefore, WSCeonc. (Mg WSC g™ dry stem weight; Appendix 4.2) showed
the same general patterns as the values of absolute WSCeon:. (Figure 4.13) and total stem dry
weight (Appendix 4.4).
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Figure 4. 12 Water soluble carbohydrate content averaged over all harvest times (WSContav. MQ; harvest times:
10 to 53 DAA), in peduncle and in penultimate and lower internodes of the main culm of 9 bread wheat varieties
under control and heat conditions. Bars indicate mean + S.E.
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Figure 4. 13 Time courses of water soluble carbohydrate content (WSC,« mg) of peduncle and penultimate and
lower internodes of the main stem from control (green circles) and heat-treated plants (red triangles) of 9 bread
wheat genotypes (mean + S.E.). Asterisks indicate a significant difference between treatments at p < 0.05. The
red bar on the x axis represents the period of brief heat treatment.
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4.3.7 Maximum and minimum water soluble carbohydrate content (WSC,.x and
WSCin), WSC mobilization (MWSC) and WSC mobilization efficiency (WSCME)

Significant genotypic variation (p<0.001) was observed for WSCnax in all stem segments.
Heat treatment did not show a significant effect on WSCax in any stem segment (p=0.506,
0.083 and 0.460 for peduncle, penultimate and lower internodes, respectively). Nevertheless,
on average across all genotypes, heat-treated plants had smaller WSCax than in controls (by
9, 20 and 11%, in the peduncle, penultimate and lower internodes, respectively) suggesting
that heat may have reduced WSCnax. On average across all stem segments, WSCnax Showed
the greatest differences between heat-treated plants relative to controls in Frame, Reeves and
Millewa (-30, -19 and +22% respectively; Figure 4.14A).

Significant genotypic variation was observed for WSC, in all stem segments (p=0.014,
0.001 and 0.004 for peduncle, penultimate and lower internodes). Heat treatment significantly
(p<0.001) reduced WSCh, in penultimate and lower internodes, by 57 and 60% respectively,
while it showed no significant impact on WSCh,, of peduncle (p=0.085; however heat-treated
plants had 24% lower WSCri, than controls). The genotype-by-treatment effect was
insignificant in all stem segments (p=0.675, 0.216 and 0.064 for peduncle, penultimate and
lower internodes). Averaged across all of the stem segments, WSCi, showed the greatest
differences between heat-treated plants relative to controls in Frame, Millewa and Sunco (-60
to -75%; Figure 4.13B), and the smallest differences relative to control in Young (+7%;
Figure 4.14B).

On average, heat stress increased mobilised WSC (MWSC, calculated as the difference
between maximum and minimum WSC content) in the peduncle and lower internodes, by 3
and 13%, respectively. By contrast, heat stress reduced (by an average of 6%) MWSC in the
penultimate internode. Genotypes differed in their patterns of MWSC heat responses across
stem segments (Figure 4.14C). In the peduncle, MWSC was greater in heat-stressed plants
than in control plants in all of the genotypes except Frame and Reeves where the reverse was
true (Figure 4.14C). In the penultimate internode, MWSC was greater under heat conditions
than in control plants in Drysdale, Millewa and Reeves, whereas the reverse was true in other
genotypes (Figure 4.14C). In the lower internodes, MWSC was larger in heat-stressed plants
than in controls plants of Drysdale, Gladius, Millewa, Sunco and Waagan, whereas the

reverse was true for the other genotypes (Figure 4.14C).

On average, heat stress improved WSC mobilization efficiency (WSCME, calculated as
the proportion of the maximum WSC content that was mobilized), by 12, 16 and 31% in

peduncle, penultimate, and lower internodes, respectively. The exceptions to this trend were
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the peduncles of Gladius and Reeves and penultimate and lower internodes of Young which
showed a decrease in WSCME in the heat treated plants (of 1% in Gladius, 21% in Reeves,
and 4-10% in Young; Figure 4.14D). Genotypes differed in their heat response of WSCME
(Figure 4.14D). On average over all stem segments, heat response of WSCME was greatest in
Millewa and Sunco (+104 and + 37%, respectively) and the least in Young (+3%).
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Figure 4. 14 Maximum water soluble carbohydrate content (WSCpax, mMg; A), minimum water soluble
carbohydrate content (WSC,i,, mg; B), Mobilized WSC (MWSC, mg; C) and WSC mobilization efficiency
(WSCME, %; D) of different segments of main culm (peduncle, penultimate and lower internodes) of 9 bread
wheat varieties in control and heat-treated (3 days at 37/27 °C at 10 DAA) plants. Bars indicate mean + S.E.

4.3.8 Associations between heat responses of traits
To examine the relationships between the heat responses of traits, pairwise correlation tests
were performed (Table 4.2). FGW response more or less positively associated with responses

of all grain growth components. FGW response showed a strong significant association with
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TIP and GFD responses, while its association with MGR and SGR responses was moderate
and insignificant. The associations of TIP responses with GFD responses, and of MGR

responses with SGR responses, were also highly significant.

Heat responses of chlorophyll a and b (and total chlorophyll) in the flag leaf showed strong
positive correlations with one another (Table 4.2), indicating that the heat responses of the
two chlorophyll types tended to be similar across the genotypes. Heat responses of the flag
leaf chlorophylls showed strong positive and significant associations with responses of FGW,
GFD and TIP. This indicated that genotypes with the ability to retain flag leaf chlorophyll
better under heat (stay-green), and by inference photosynthetic rate, tended to have a more

stable grainfill duration (and TIP) and grain weight under heat.

Heat responses of WSC related traits were more or less positively correlated with one
another across different stem segments (Table 4.2), suggesting there was some degree of
common control of WSC accumulation and WSC remobilization between different stem
segments under heat stress conditions. WSCcontav. in the peduncle was the only WSC related
trait whose response was significantly correlated to that of FGW. In the peduncle, DW,,
response also showed significant correlations with responses of FGW, GFD, TIP and
WSCeontav.,, reflecting the fact that WSC content influences DW,,. MWSC and WSCME
responses of both peduncle and lower internodes showed a moderate positive (but
insignificant) association with FGW response indicating that genotypes with higher
remobilization of the reserves in response to heat stress tended to be better able to maintain
grain weight. Heat responses of WSCax and WSChri,. showed moderate to strong positive
and negative correlations, respectively, with those of MWSC and WSCME, reflecting the fact
that MWSC and WSCME parameters are calculated from WSCnax. and WSChin.. WSCrax.,
WSCeontav., MWSC and WSCME responses in lower internodes showed significant positive
associations with grain growth rate responses (MGR and SGR). Hence, responses of WSCs
from upper and lower stem segments tended to relate to heat responses of different aspects of

grain growth (relating to grain-filling duration and rate, respectively).

In line with the aforementioned correlations, heat responses of flag leaf chlorophylls and of
WSC concentration (WSCcontav.) and DW,,, in the peduncle were positively and significantly
associated with one another, i.e., genotypes with stay-green in the flag leaf tended to retain
more WSC in the peduncle (as well as grain weight) under heat.

4.3.9 Relationships between trait potentials and heat responses of traits
Correlations between the potentials of traits (under control conditions) and the heat

responses of traits were also examined (Appendix 4.5). FGW, MGR, SGR, WSCn. and
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DW,,. in peduncle, WSCME in penultimate and lower internodes, and DW,,. in penultimate
internodes showed significant negative correlations with the values of the same traits under
control conditions (Appendix 4.5). In other words, genotypes with larger single grain weight,
grain growth rate, maximum peduncle WSC, WSC mobilization efficiency, and larger stem
dry weight under non-stress conditions tended to show larger reduction for these traits in
response to a brief heat stress. Heat responses of chlorophyll retention related traits were
positively correlated with their trait potentials, indicating that genotypes that normally had a

slower senescence rates also tended to lose their chlorophyll more slowly upon heat exposure.
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Table 4. 2 Genotypic correlations between response ratios of traits (Mean trait valuerea reament/ Mean trait valueconror). FGW, final grain weight; GFD, grain-filling duration; TIP, time to inflection point; MGR, maximum growth rate;
SGR, sustained grain growth rate; TotChl,, total chlorophyll content averaged over all time points; Chla,,. and Chlb,, chlorophyll a and b content averaged over all time points; WSCiax, maximum water soluble carbohydrate content;
WSCiin, minimum water soluble carbohydrate content; WSCeontav., Water soluble carbohydrate content averaged over all harvest times; MWSC, mobilized WSC; WSCME, WSC mobilization efficiency; DW,,,, stem dry weight averaged
over all harvest times.

Stem

segment Peduncle Penultimate internode Lower internodes
4 3 2 e 5 o 9 £ £ g 2 3 g 3 2 g 8 9 4 3 $ g g 8 g 3 £
Trait i [} E S I I (&} 5] = = = S = o) = = = S = o) = = = S = [a)
FGW -
GFD 087" -
TIP 0.95™ 095”7 -
MGR 0.35 -0.15 0.13 -
SGR 0.49 0.01 0.24 095 -
TotChl,, 0.93™  0.86™ 085" 017 0.39 -
Chlag,, 0.94™ 085" 085" 019 0.41 0.99™ -
Chiby, 0.90™  0.86™ 0.83"  0.09 0.31 0.98™ 096" -
WSCnax 0.24 0.22 0.26 0.04 0.05 0.30 0.33 0.23 -

° WSCin -0.12 -0.03 010  -0.23 024 001 0.05 006 023 -

S WSCeontav 0.71" 0.64 0.61 0.09 0.24 0.82" 0.80" 081" 044 0.24 -

3 MWSC 0.52 0.33 0.47 0.47 0.49 0.39 0.42 0.34 0.56 -0.56 0.24 -

& WSCME 0.48 0.26 0.41 0.54 0.56 0.30 0.31 0.27 0.05 -0.82™ 0.02 086" -
DW,,, 0.77" 081" 078  -001 0.13 0.80” 083" 073" 055 0.32 079" 037 0.10 -
WSCnax -0.16 -0.41 034 043 0.37 -0.23 -0.21 030 -0.09 -0.13 0.05 0.20 0.27 006 -

Lo WSCrin 0.20 0.27 0.19 -0.08 0.07 0.31 0.37 0.21 -0.05 040 003  -0.12 011 029 -0.26 -

,g§ WSCeonay,  0.31 -0.04 0.06 0.62 0.65 0.28 0.27 0.23 0.01 -0.06 0.52 0.24 0.26 0.26 0.78" 029 -

gg MWSC -0.08 -0.39 026 056 0.46 -0.21 -0.20 026  -0.04  -0.31 0.07 0.33 0.40 0.1 095"  -048 0817 -

&= WSCME -0.03 -0.34 -0.16 0.58 0.46 -0.21 -0.23 -0.22 -0.03 -0.44 0.04 0.35 0.43 -0.17 0.74 073" 073" 0.91™ -
DW,, 0.53 0.30 0.43 0.45 0.48 0.50 0.52 0.43 078" 013 0.69° 059 0.22 0677 024 023 056 0.35 0.4 -
WSCrnax 0.36 0.01 0.17 0.70" 076" 0.30 0.33 0.22 0.46 -0.36 0.27 0.80” 067" 029 0.54 011 063 0.63 0.58 070" -

" WSCin 0.09 0.23 0.16 -0.23 012 021 0.27 0.12 0.36 0.45 -0.07 003 -0.18 031 -0.46 0.86" -0.54  -0.63 -0.817 -0.06  -0.1 -

gg WSCeonav,  0.29 -0.09 0.10 0.72" 074" 023 0.21 0.21 0.24 -0.17 0.27 0.35 0.28 0.12 0.27 036 064 0.45 0.63 0.66 0.71" -0.39 -

Sg MWSC 0.31 -0.07 0.12 0.75" 0.71" 0.16 0.18 0.11 0.19 -0.52 0.24 0.74" 0.76" 0.10 0.72" -0.35 0.73" 0.83™ 0.78" 0.53 0.85™ -0.43 0.53 -

- WSCME 0.29 -0.08 0.11 0.74" 067" 011 0.11 0.08 0.03 -0.54 0.22 0.62 072" 0.00 0.70" -0.44 073 084" 082" 0.42 0.69 -057 047 0.97™ -
DW,,, 0.46 0.21 0.40 0.53 0.53 0.36 0.35 0.34 0.44 0.00 0.41 0.37 0.18 0.39 0.00 036 045 0.21 0.46 079" 054 -0.27 088" 0.34 0.28 -

Values are Pearson correlation coefficients, with significance levels indicated by asterisks: “p < 0.05, " p <0.01and ™ p < 0.001.
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4.4 Discussion

Heat stress can adversely affect yield by influencing either source or sink related processes.
Photosynthetic rate, stay-green, and assimilates available for remobilization (mainly stem
reserves) are traits related to source activity/availability, while grain number, grain size, grain-
filling rate and duration are mainly associated with sink capacity. This study attempted to
quantify the relative importance of these traits in determining grain weight, for a range of
bread wheat varieties subjected to a brief episode of severe terminal heat stress. Genotypic
variation for grain weight maintenance and chlorophyll loss after a brief heat stress at early
grain-filling stage (10 DAA) for the genotypes used in this study was presented in Chapter 3.
Here, their analysis was extended to various grain growth parameters (i.e. SGR, MGR, TIP,
and GFD), chlorophyll a and b content, and stem water soluble carbohydrate (WSC).

4.4.1 Grain number

Heat treatment had no significant effect on GNS and GNSp, reflecting the likelihood that
these characters were determined prior to heat exposure (10DAA). Therefore, these traits had
no significant contribution to heat responses of sink capacity in this study. No effect on grain
number was reported in Chapter 3 or in other authors studies’ (Bhullar and Jenner 1985;
Stone and Nicolas 1995a; Tashiro and Wardlaw 1990a; Tashiro and Wardlaw 1990b;
Wardlaw and Wrigley 1994) in which a similar/same short heat treatment in early grainfill

was applied.

4.4.2 Grain growth and development
By contrast, the heat treatment reduced final grain size and several characteristics of
individual grain growth.

Genotypes varied significantly for heat responses of both grain-filling rate and duration
(Figure 4.4A, B, and D). However, the strong positive correlation between responses of FGW
with response of GFD (r=0.87), but not with responses of SGR and MGR (r=0.49 and r=0.35,
respectively) suggest that the GFD effects were more influential than grain-filling rate effects
in determining the level of tolerance among the studied genotypes and under these conditions.
This is similar to the results of a study of two wheat genotypes contrasting for heat tolerance
by Stone and Nicholas (1995a) which indicated that the effect of heat stress on grain weight
was mainly exerted through a reduction in GFD rather than change in grain-filling rate. By
contrast, several authors reported a stronger correlation between heat response of grain-filling
rate with that of grain weight and concluded that response of grain-filling rate influenced heat
tolerance more than that of grain-filling duration (Hunt et al. 1991; Sofield et al. 1977;
Wardlaw and Moncur 1995; Zahedi and Jenner 2003; Zahedi et al. 2003). In these studies, the
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genotypes that were the most heat-tolerant showed the largest increase in grain-filling rate in
response to heat stress. These conflicting results may be at least partly explained by the
intensity (moderate vs. severe) and duration (brief vs. long-term) of the heat treatments used,
as well as the choice of genotypes. The current study and that of Stone and Nicholas (1995)
used a brief severe heat stress (37/27 °C and 40/19 °C day/night, respectively, for 3-5 days at
early grain-filling), while the others used prolonged moderately high temperatures (30/25 °C
day/night during the whole grain-filling period). This may suggest that different mechanisms
(i.e., grain-filling rate vs. duration related) may predominate in determining maintenance of

grain weight, depending on the intensity and duration of the heat stress.

Abiotic stresses during grain-filling enhance ethylene production which may cause the
reduction in grain-filling period that is observed under such conditions (Beltrano et al. 1999;
Hays et al. 2007). A brief heat stress (1-2 days at 38/25 °C) at 10 days after anthesis enhanced
ethylene concentration in developing grains and flag leaf 6 to 12 fold in a heat sensitive
variety, but did not change it in a heat tolerant variety (Hays et al. 2007). Ethylene is known
to regulate growth and development and to trigger senescence and maturation in plants
including wheat (Beltrano et al. 1994; Khan 2006; Pratt and Goeschl 1969; Schaller 2012).
The enhanced ethylene accumulation upon heat exposure has been suggested to act as a
timing signal to arrest development, trigger senescence, and shorten grain-filling duration
(Hays et al. 2007). Thus, the observed adverse heat effect on grain-filling duration and
variation between the genotypes for this trait (and also flag leaf senescence) may be related to

differences in the levels of heat-induced ethylene production among the studied genotypes.

In contrast to the results of this study, no significant correlation was observed between
GFD (as measured by spike yellowness) and grain weight response in Chapter 3, which may
reflect the difficulty of measuring grainfill duration accurately by the subjective methods used
in Chapter 3. Alternatively, this might have been because different sets of genotypes were
used; the genotypes that were used here were biased towards some of the more contrasting
types identified from Chapter 3.

Changes (reductions) in time to the inflection point (TIP) in response to the heat treatment
showed the strongest positive association with FGW response (r=0.95; p<0.001) which
identified this as the best of the studied traits for predicting FGW response. GFD and TIP
responses were highly correlated to one another (r=0.95, p<0.0001), and are clearly both
related to duration of synthetic processes. However, TIP also represents a shift between the
balance between processes relating to dry matter synthesis and assimilate entry into the grain

vs. senescence (Zahedi and Jenner 2003). The strong association between the responses of
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FGW and TIP tends to suggest that prolonging the relative time spent in synthetic vs.
senescence processes in the grain will have a greater impact on final grain weight than the
duration of grain-filling per se. Interestingly, Zahedi and Jenner (2003) also reported FGW
maintenance to be more strongly associated with TIP response than with grain-filling rate or
duration responses, under conditions of long-term moderately high temperatures. Therefore,
TIP might be useful indicator of heat tolerance in wheat under a range of heat stress

conditions.

During the short treatment interval, the rate of dry matter accumulation in the developing
grains generally increased in heat-treated plants compared with controls (Figure 4.3). In
accordance to this study, Jenner (1991a) observed that a heat treatment enhanced grain-filling
rate during and shortly after heat treatment. It has been shown that the rates of various
developmental processes (e.g. leaf expansion or elongation) follow similar response curves
over a range of temperatures (Parent et al. 2010; Parent and Tardieu 2012). The enhanced rate
of dry matter accumulation during heat treatment can be at least partly explained by a general
phenomenon of chemical reactions — with high temperatures, rates of chemical reactions
increase because molecules (e.g., enzymes and substrates) have greater kinetic energy at
higher temperatures and collide more frequently. Furthermore, when Hurkman et al. (2003)
looked at MRNA expression of genes encoding some key enzymes in the starch biosynthesis
pathway in the developing wheat grains they found that the peak in expression was earlier
under high temperatures. It has also been shown that high temperatures increase the rate of
import of photosynthate to the developing grains (Wardlaw et al. 1980). Therefore, the
enhanced rate of dry matter accumulation during the treatment may be at least partly due to
increased photosynthate movement into developing grains and/or enhanced conversion of
sugars to starch resulting from earlier peak in expression or increased activity of starch

biosynthetic enzymes.

Maximum growth rate (MGR) may reflect the maximum capacities of the synthetic
activities in the grain and/or the upper limit to the import of nutrients into developing grains
(Zahedi and Jenner 2003). Experiments with illuminance/shading linked the rate of dry matter
accumulation in the grain with rates of photosynthate supply (Sofield et al. 1977; Wardlaw et
al. 1980) suggesting grain growth rate could be affected by either current photosynthesis
efficiency or amount of stem WSC mobilized. Although MGR showed some differences
between control and heat-treated plants these differences were not significant (with the
exception of Waagan whose MGR was significantly decreased by heat; Figure 4.4B).

Therefore, on the whole, there were no significant lasting effects of heat stress on growth rate
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once the stress was relieved. Potentially, effects on MGR manifested after relief from heat
stress could derive from irreversible damage to the enzymes that convert sucrose to starch in
the grain (Hawker and Jenner 1993), in particular soluble starch synthase which is very heat
sensitive (Hawker and Jenner 1993; Jenner and Hawker 1993; Jenner 1994), from changes in
MRNA expression of genes encoding enzymes for starch biosynthesis which can be brought
about by heat stress (Hurkman et al. 2003), or from senescence related processes.

While there was no significant overall correlation between sustained grainfill rate (SGR)
response and tolerance (smaller FGW response), genotypic differences for grain weight
maintenance in this study may be at least partially explained by SGR responses to the heat
treatment. Sustained grain growth rate (SGR, which is a product of both during and after
treatment effects and measured during the log phase of grain growth) was reduced in the most
susceptible genotypes (i.e., Frame, Lyallpur-73 and Reeves), while it was increased in most of
the tolerant genotypes (i.e., Gladius, Millewa, and Sunco; Figure 4.4A). These three tolerant
varieties had a relatively stable FGW, despite having considerably truncated GFD, by virtue
of the fact that their SGR was increased by the treatment (Figure 4.4A and D). In Drysdale,
SGR was increased by heat, yet the variety was not very tolerant, because its grain-filling
period was significantly truncated (Figure 4.4A and D). Conversely, Waagan was relatively
tolerant although its SGR was decreased by heat because this effect was offset by its stable
grain-filling duration (Figure 4.4A and D). These results also suggest that heat responses of
grain-filling rate and duration are under independent genetic control, as concluded in earlier
studies (Jenner 1994; Zahedi and Jenner 2003). The lack of correlation between grain-filling

duration and growth rate responses (Table 4.2) provides further support for this idea.

4.4.3 Photosynthesis and stay-green

Heat stress adversely affects photosynthetic competence by affecting both light (e.g. PSII)
and dark (e.g. rubisco activase) dependent photosynthetic reactions (Haque et al. 2014). PSII
has been considered as the most heat sensitive component of the electron transport chain
(Ristic et al. 2007 and references cited therein). The Fv/Fm ratio (Fm is the maximum
fluorescence upon exposure to a saturated flash of light and Fv is the difference between the
fluorescence at ground state and Fm) is used to evaluate photosynthetic efficiency of the
plants indirectly by measuring the maximum photochemical efficiency of PSII (Schreiber et
al. 1995). The Fv/Fm ratio was considerably decreased in response to the heat treatment, and
the maximum decrease in Fv/Fm values, occurring at 13 DAA, ranged from approximately
3.5% (in Sunco and Waagan) to 10.0% (in Lyallpur and Reeves; Figure 4.5). Generally,

genotypes with better heat tolerance (smaller grain weight reduction) showed less reduction in
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Fv/Fm under heat and had a larger rate of recovery in Fv/Fm ratio, once the heat stress was
relieved (Figure 4.5). Tolerant genotypes with smaller response and faster/larger recovery of
Fv/Fm may have greater thylakoid membrane thermo-stability, leading to less PSII inhibition
than in sensitive genotypes as suggested in previous reports (Haque et al. 2014). Genotypic
differences for thermo-stability of thylakoid membranes may relate to the differences in
membrane lipid composition. For instance, Arabidopsis mutants deficient in the amount of
digalactosyl-diacylglycerol, a component of thylakoid membranes, have been reported to be
more susceptible to heat stress, showing greater damage to the photosynthetic apparatus and a

more drastic decline in Fv/Fm ratio (Essemine et al. 2012).

The maximum Fv/Fm response during treatment and the Fv/Fm recovery response were
both highly correlated with chlorophyll content responses directly after treatment (r=0.91 and
0.96, p<0.01 and p<0.001 respectively) and total chlorophyll content during grain-filling
(TotChly,; r=0.82 and 0.91, p<0.01 respectively). Furthermore, there was a positive
significant correlation between heat responses of Fv/Fm and that of chlorophyll content
directly after treatment and TotChl,,. This suggests that the chlorophyll retained in heat
tolerant varieties (with the stay-green trait) was photosynthetically-competent. These findings
are in accordance with earlier reports that showed a strong correlation between photosynthetic
rate (measured by leaf gas exchange) or Fv/Fm ratio with chlorophyll content under high
temperature conditions (Reynolds et al. 2000; Ristic et al. 2007; Ristic et al. 2008).

In accordance with the results in Chapter 3, chlorophyll content responses to heat during
grain-filling were significantly positively associated with grain weight responses (Table 4.1)
indicating that genotypes with better chlorophyll retention (stay-green), and by inference
photosynthetic rate, under heat were also better able to maintain grain weight. The
chlorophyll content responses during grain-filling in heat-treated plants were largely governed
by the drastic loss of chlorophyll observed during the treatment period (chlorophyll content
13DAA; Figure 4.7). Regarding the average chlorophyll content averaged across all time
points, chlorophyll content under control conditions was positively correlated with
chlorophyll content under heat conditions (r=0.97, p<0.0001) and chlorophyll content heat
responses (r=0.85, p<0.01; Appendix 4.6) indicating that genotypes with larger rates of
natural senescence tended to experience larger acceleration of senescence in response to heat
stress. This may suggests that heat also affected senescence by accelerating senescence
processes that occur under non-stress conditions. Therefore, large total chlorophyll loss in
heat sensitive genotypes seems to be the consequence of both large immediate heat damage

during treatment (direct effect) and also the acceleration of natural senescence processes (after
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effect). Overall these results agree with those presented in Chapter 3 and supports the notion
that stay-green in flag leaves indicates/influences heat tolerance.

Chlorophyll retention response (stay-green) was highly significantly correlated with TIP
and GFD. This suggests that the ability to retain chlorophyll for longer under heat (stay-
green) may contribute to extended TIP and GFD. High expression of rubisco activase, soluble
starch synthase and glycine decarboxylase were seen for a longer time in a stay-green durum
wheat mutant in comparison with its non-stay-green parent line, which supports the idea that
stay-green prolongs photosynthesis and grainfill duration (Rampino et al. 2006).
Alternatively, the correlations between the flag leaf chlorophyll loss and truncation of TIP and
GFD may have arisen because these processes in the upper part of the plant were
synchronized under a common senescence signal, rather than being directly related by cause-
effect. There was also a strong positive correlation between flag leaf chlorophyll retention and
peduncle WSContav. Stability (Table 4.1), suggesting a degree of common genetic control of
chlorophyll and peduncle WSC content (the same trends, albeit insignificant, were observed

in the other internodes).

In general, the mechanism of heat-induced chlorophyll loss and physiological mechanisms
of a stay-green phenotype are unclear (Ristic et al. 2007; Vadez et al. 2011). Previous studies
suggest that heat stress impairs chlorophyll biosynthesis and hastens chlorophyll breakdown.
High temperatures inhibit the activity of prophobilinogen deaminase (an enzymes involved in
the chlorophyll biosynthetic pathway) and reduce protochlorophyllide (precursor of
chlorophyll a) synthesis in wheat (Tewari and Tripathy 1998). In wheat responding to heat
stress, acceleration of senescence and chlorophyll loss has been shown to be accompanied by
increased activity of proteolytic enzymes (Al-Khatib and Paulsen 1984). Thylakoid
membranes harbor chlorophyll so chlorophyll loss might be a consequence of heat damage to

these cell structures (Ristic et al. 2007).

Abiotic stresses such as heat and drought may differentially affect synthesis/breakdown of
different types of chlorophyll (change the chlorophyll a/b ratio) (Al-Khatib and Paulsen 1984;
Almeselmani et al. 2012; Ashraf and Karim 1991; Ashraf and Mehmood 1990; Camejo et al.
2005; Wahid and Ghazanfar 2006). Here, chlorophyll a/b ratio generally increased due to the
heat treatment from 13 to 33 DAA, which suggests a faster breakdown or decreased synthesis
of chlorophyll b compared with chlorophyll a during and shortly after treatment (Appendix
4.6; Figures 4.10 and 4.11). Furthermore, the chlorophyll a/b ratio rose more in the sensitive
genotypes than in the tolerant ones (Appendix 4.7), suggesting that chlorophyll b determines

most of the difference in responses of total chlorophyll content between tolerant and
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intolerant genotypes. Almeselmani et al. (2012) observed a similar change in chlorophyll a/b
ratio in response to high temperatures in two wheat genotypes of contrasting heat tolerance.
This could be explained by the fact that PSI is more heat stable than PSII (Georgieva 1999)
and that chlorophyll b is less abundant in PSI than in PSII (Almeselmani et al. 2012). Perhaps
the smaller increase in chlorophyll a/b ratio in heat tolerant genotypes derives from a more
heat-stable PSII in these genotypes.

4.4.4 Water soluble carbohydrates (WSC)

WSC stored in stems has been suggested to contribute to yield formation under stresses
such as heat and drought (Blum 1998; Talukder et al. 2013; VVan Herwaarden et al. 1998a). In
this study, a brief episode of heat stress significantly reduced the WSCentay. in Various stem
segments. In general, heat stress also increased WSC mobilization efficiency (Figure 4.14D).
Similar effects under heat or drought stress conditions have been previously reported (Ehdaie
et al. 2006; Talukder et al. 2013; Wang et al. 2012). There was also a general consistency in
ranking of the genotypes for WSC concentration (average of all harvest times; data not
shown) in different stem segments and in control and heat stress conditions. In other studies,
wheat genotypes have been found to rank similarly for WSC concentration across various

environmental conditions (Foulkes et al. 2002; Ruuska et al. 2006).

Genotypic variation was observed in the pattern of accumulation and depletion of WSC in
different stem segments. Maximum WSC content was mainly reached 13 to 33 DAA
depending on genotype, treatment and stem segment (Figure 4.13). Others have reported
various patterns of WSC accumulation and depletion. Some observed peak WSC at anthesis
(Shakiba et al. 1996), while others observed it as late as 22 DAA (Ehdaie et al. 2006;
Talukder et al. 2013). These differences may relate to the different growth conditions and/or
genotypes used. Averaged across all genotypes, WSC peaked in all stem segments at 23 and
13 DAA in control and heat-treated plants, respectively, then declined (Appendix 4.8), which
is in agreement with patterns reported by Ehdaie et al. (2008) under well-watered or
droughted field conditions. The earlier peak of WSC content in heat-treated plants may have
stemmed from earlier WSC mobilization in response to the heat treatment and/or heat damage

to the ability to accumulate WSC in stems.

The response of WSC content in the peduncle (WSCcontav.; determined by averaging over
all time points) was the only WSC related trait that was significantly associated with FGW
response. Heat responses of WSCont.av. alSO showed a strong positive correlation with those of
chlorophyll content which may suggest that stay-green allowed a better accumulation of

reserves in peduncle under heat stress conditions. In other words, a large decline in
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photosynthetic capacity, due to heat injury to the photosynthetic apparatus (shown by large
decline in Fv/Fm ratio) and accelerated senescence (shown by chlorophyll loss) in intolerant
genotypes, may have impaired the ability to accumulate stem WSC. As already mentioned,
experiments with illuminance/shading have linked the rate of dry matter accumulation in the
grain with rates of photosynthate supply (Sofield et al. 1977; Wardlaw et al. 1980). Grain
growth rate could be affected by either current photosynthesis efficiency and/or amount of
stem WSC mobilized. However, grain-filling rate did not show a significant correlation with
either peduncle WSC or flag leaf senescence related traits, perhaps suggesting that neither
contributed directly to FGW stability by supplying photosynthate to the grains. Instead, the
correlations between loss of flag leaf chlorophyll, peduncle WSC and grain-filling duration
may have arisen because these processes in the upper part of the plant were synchronized
under a common senescence signal, rather than being directly related by any cause-effect
relationship. It is also possible that peduncle senescence (as indicated by a reduction in WSC
contained and mobilized) correlated with grain-filling duration effects because it blocked
transport of photosynthates from lower sections of the plant up to the grain.

By comparison, in the lower internodes, responses of MWSC and WSCME were
significantly correlated with those of grain growth rate (MGR and SGR) (Table 4.1). While
the associations of these traits with FGW were moderate and insignificant, these observations
nonetheless raise the possibility that they weakly contributed to FGW under heat stress
through their effects on grain growth rate. In addition, WSC.x response (only in lower
internodes) showed a significant positive correlation with that of grain-filling rate, suggesting
that stability of WSCnax under heat was a positive trait for tolerance. Overall, these findings
suggest that heat stress affected the ability to accumulate WSC in the lower internodes by
damaging the WSC synthetic or photosynthetic machineries, and that this in turn affected the
amount of WSC that could be remobilized into grain to effect grain growth rate. Thus, the
ability to accumulate and then mobilize WSC in the lower stem internodes under heat may
contribute to heat tolerance by supplying additional photosynthates to the developing grain.
One reason why the lower internodes might have contributed most to grain growth rate effects
was because in absolute terms, they generally contained and mobilized more WSCs than

either the peduncle or penultimate internodes (Figure 4.12 and 4.14A-D).

Overall these results suggest a model for heat tolerance which is summarised in Figure
4.15.
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Figure 4. 15 Conceptual model of heat tolerance mechanisms in plants exposed to a 3-day heat stress at 37/27
°C day/night in a growth chamber, 10 days after anthesis. For description refer to text. WSC, water soluble
carbohydrates.

4.5 Concluding remarks

Peduncle senescence (and its WSC mobilization) is associated with flag leaf senescence,
and also grain-filling duration effects, WSC in lower internodes does not correlate with grain-
filling duration effects, perhaps because the senescence of this part of the plant is not well
synchronized with that of the top of the plant. Measuring chlorophyll content also on the
lower leaves and recording senescence of different stem segments would help to confirm that
in the future. Moreover, it is possible that part (or all) of the correlations observed between
FGW with peduncle WSC and flag leaf chlorophyll retention were not derived by peduncle
WSC and flag leaf greenness directly contributing to grain growth (via supplied
photosynthates), but merely from control of these traits by common senescence-related genes

active in all of these organs, possibly acting via a systemic hormone signal.

The findings suggest that stable grain-filling duration (and TIP) correlated with stay-green
(current source activity) may be more influential in determining heat tolerance than stability
of grain-filling rate relating to WSC content and mobilisation in the lower internodes.
However, the latter mechanism may be able to confer significant tolerance in certain varieties,

e.g., Millewa and Sunco. It should be emphasised that the correlations between traits found
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here are based on observations of only 9 genotypes. Therefore, they need to be validated
across a wider wheat germplasm set and/or by observing whether QTL for stability of grain
growth parameters, stay-green, and WSC mobilisation efficiency co-segregate with those for
FGW maintenance in segregating populations. It seems likely that selection for both larger
grain growth rate and longer grain-filling duration under heat will be needed to achieve the
best level of heat tolerance, as they are independent traits. Apart from assaying grain growth
directly, stability of flag leaf stay-green and WSC in the lower internodes may provide useful
selection criteria to select for these traits. Monitoring flag leaf chlorophyll loss with SPAD
chlorophyll meter may be useful for estimating grain-filling duration components (including

TIP) of heat tolerance.
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Chapter 5: The Drysdale/Waagan molecular marker genetic map

5.1 Introduction

To maximize the chance of discovering QTL for heat tolerance, parents contrasting for the
trait should be used to construct the mapping population. In Chapter 3, parents of available
mapping populations were characterized for their heat tolerance at the grain-filling stage
(ability to maintain grain weight under heat) under controlled conditions. A few pairs showed
a significant contrast for the single grain weight response, including Drysdale x Waagan,
which showed an 11% difference. Therefore, the population derived by crossing these
varieties was chosen for the genetic study of heat tolerance, described in Chapter 6. The
Drysdale x Waagan mapping population consisted of 184 Fi-derived doubled haploid (DH)
lines, and was originally made by NSW-DPI Wagga Wagga for mapping drought tolerance

derived from Waagan, using a grant from the NSW BioFirst scheme.

Both parents are elite Australian bread wheat varieties. Drysdale (Hartog*3/Quarrion) was
released by GrainGene (AWB Limited, GRDC, Syngenta and CSIRO) in 2002. It was the first
variety to be bred for increased water use efficiency by selecting the carbon isotope
discrimination trait (Rebetzke et al. 2002; Richards 2006). It is best adapted to low/medium
rainfall areas of Southern New South Wales and has also performed well in Victoria and
South Australia (http://www.awb.com.au/; http://www.csiro.au/). Waagan (Janz/241BWSN-
244; 241BWSN-244 being a CIMMYT line) was released by the NSW Department of Primary
Industries in 2007. Waagan was reported to be one of the best performing varieties in NSW,

particularly in the north of the state, where it ranked second only behind Suntop for yield in
main-season sown (after 14 May) trials from 2008 to 2012 (Matthews et al. 2013; Matthews
et al. 2015).

In addition to the contrast observed between Drysdale and Waagan for the single grain
weight response to heat, the Drysdale x Waagan population has at least four other features
which make it attractive for genetic studies of heat tolerance. First, as part of the NSW
BioFirst funded project (Dr. Livinus Emebiri), the population plus two plants of each parent
variety had been scored for a 9K iSelect SNP array (Cavanagh et al. 2013), which provided an
opportunity to construct a high density molecular marker genetic map. Second, the
transcriptomes of the parent varieties had been subjected to next-generation sequencing at the
ACPFG, and these data are likely to help in generating additional markers, if they are required
in the future, as well as in identifying candidate genes. Third, 3,000 RILs from the same cross

had been made at NSW-DPI, and recombinants could be selected from among these lines to
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provide additional genetic resolution for any tolerance QTL identified. Fourth, based on
diagnostic molecular markers, the parent varieties were known to be closely matched for
alleles at major flowering time loci (Howard Eagles and Karen Cane, personal
communication; this study), suggesting that individuals from the population will have a
narrow range of flowering times. The population segregated for major dwarfing loci (Rht-B1
and Rht-D1) which provided the opportunity to test whether the observed association of the
plant height and grain weight maintenance under heat conditions in Chapter 3 occurred by
chance or due to a real genetic link between these traits. There are contradictory reports
linking GA-insensitive dwarfing alleles (i.e. Rht-B1 and Rht-D1) to reduced abiotic stress
tolerance (Alghabari et al. 2014; Blum et al. 1997; Butler et al. 2005; Law and Worland 1985)
and segregation of these loci in the Drysdale x Waagan population provided the opportunity

to further test the association of this particular type of height variation with heat tolerance.

Construction of molecular marker maps in wheat has previously been laborious and
difficult, owing to the large and polyploid nature of the wheat genome, the low frequency of
DNA sequence polymorphism (Gupta et al. 2008), and the need to screen markers
individually (e.g., using restriction fragment length polymorphism markers or RFLPs, or
simple sequence repeat markers or SSRs). Most recently, advances made in DNA sequencing
technologies have facilitated the discovery of large numbers of single nucleotide
polymorphisms (SNPs) in wheat. These represent the most abundant form of DNA sequence
variation, are relatively evenly distribution throughout the genome and are amenable to high
throughput array-based detection (Berkman et al. 2012). Through the efforts of the
International Wheat SNP Working Group (http://wheatgenomics.plantpath.ksu.edu), SNPs

were discovered and then used to construct a marker array containing almost 9,000 features
(Cavanagh et al. 2013), and then a subsequent version containing 90,000 features (Wang et al.
2014), scorable using the iSelect technology. In allowing such a large number of markers to
be scored in parallel, with a high degree of accuracy and at relatively little cost, arrays such as
these have enhanced our capability for genetic analysis in new wheat populations. This new
technology therefore provides the opportunity to conduct genetic studies of heat tolerance in a
new wheat population of choice (Drysdale x Waagan), without the need for a laborious and
time consuming step of generating data for individual molecular markers. Nonetheless, the
volume of data generated by the 9K array presents particular data management and
computational challenges, requiring use of mapping software that can handle such a volume

of data (e.g. R/qtl), and an efficient data processing pipeline.
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For the aforementioned reasons, the Drysdale x Waagan population was chosen for the
greenhouse-based study on the genetics of heat tolerance at the grain-filling stage described in
Chapter 6. The current chapter describes the construction of the Drysdale xWaagan molecular
marker genetic map using the 9K iSelect SNP data — a prerequisite for the genetic analysis. At
least one of the parent varieties was found to be heterogeneous for particular chromosome

regions, requiring a strategy to be developed to account for this in map construction.
5.2 Materials and Methods

5.2.1 Plant material (parents and DH population)

The Drysdale x Waagan mapping population of 184 F;-derived doubled haploid (DH) lines
was provided by Livinus Emebiri and Peter Martin, NSW-DPI. There were 13 subpopulations
(H,F,K,R,B, C, G,J,D, A M,L,and P), each derived from a separate F; plant. These had
31, 29, 24, 18, 13, 11, 11, 11, 9, 8, 8, 6 and 5 individuals, respectively. In each cross,
Drysdale was used as the female parent and Waagan as the male. Self-seed had been
harvested separately from all six female (Drysdale) plants used in crossing, although which of
these plants corresponded to each F; was not recorded. Seed had also been collected from 10
Waagan plants. These were not necessarily the plants used as male parents, although these
plants and the male parents had all been grown from the same seed packet.

5.2.2 DNA extraction
Extraction of the DNA for the SNP analysis was done at NSW-DPI using an unknown
protocol. DNA for assaying parents and DH lines for phenology and height loci was extracted

at the ACPFG, using a protocol similar to that described in Chapter 3.
5.2.3 Markers for flowering time and height loci

5.2.3.1Vrn-Al

The primer pair BT468/BT486 described by Eagles et al. (2010) was used to assay
variation in the promoter region of Vrn-Al gene. It gives a product of ~ 400 bp from the most
common spring allele (spring allele; Vrn-Ala) which contains a promoter duplication, a ~ 200
bp product from the Vrn-Alv winter allele, and a ~ 180 bp product from the other spring allele
Vrn-Alb (Eagles et al. 2010). PCR reactions were performed in a volume of 15 pl in a MJ
Research Thermocycler (Waltham MA, USA). The reaction mixture contained 100 ng
template DNA, 1x New England BiolLabs ThermoPol Reaction Buffer, 0.2 mM of each
dNTP, 5% dimethyl sulfoxide, 0.25 uM of each primer and 0.5U Tag DNA Polymerase
(produced by Mamoru Okamoto in ACPFG). The following cycling conditions were used: an
initial denaturing step of 3 min at 94 °C, 40 cycles of 10 s at 94 °C, 10 s at 65 °C and 1 min at
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72 °C, and a final extension step of 10 min at 72 °C. The PCR products were separated on 3%
agarose gels. Gels contained Invitrogen SYBR® Safe stain to visualize DNA over a UV

transilluminator.

5.2.3.2Vrn-Bl

A mixture of the three primers Intrl/B/F, Intrl/B/R3 and Intrl/B/R4 were used in one
reaction to detect variation in intron-1 of the Vrn-B1l gene (Fu et al. 2005). This primer
mixture gives a product of 709 bp from the spring allele (containing a deletion) and a product
of 1,149 bp from the winter allele (without the deletion) (Fu et al. 2005). The following
cycling conditions were used: an initial denaturing step for 3 min at 94 °C, 40 cycles of 10 s at
94 °C, 10 s at 55 °C and 2 min at 68 °C, and a final extension step of 10 min at 68 °C. The
PCR products were separated on 1.5% agarose gels. Other details were the same as those
described for the Vrn-Al marker.

5.2.3.3Vrn-D1

A mixture of the three primers Intrl/D/F, Intrl/D//R3 and Intrl/D/R4 were used in one
reaction to detect variation in intron-1 of the Vrn-D1 gene (Fu et al. 2005). This primer
mixture gives a product of 1,671 bp from the spring allele (containing a deletion) and a
product of 997 bp from the winter allele (without the deletion) (Fu et al. 2005). Cycling
conditions were similar to those described for Vrn-B1 except that 60 °C was used for
annealing, and the extension time was for 2.30 min. The PCR products were separated on

1.5% agarose gels. Other details were the same as those described for the Vrn-Al marker.

5.2.3.4 Ppd-B1

At least five Ppd-B1 alleles have been defined, namely Ppd-Bla, Ppd-B1b, Ppd-Blc, and
Ppd-B1d, which have three, two, four, and one copies of the gene, respectively, and Ppd-Ble,
which is a null allele (Diaz et al. 2012; Cane et al. 2013). According to Cane et al. (2013),
Drysdale carries Ppd-B1b and Waagan carries Ppd-B1c. Across a broad set of wheat varieties
they calculated that, relative to the Ppd-B1b allele, the average effect of the Ppd-Blc allele
was to shorten the time to heading by 1.3 days. In the current study, a SNP in exon 3 was
assayed. This SNP was found by Beales et al. (2007) to distinguish Ppd-Blc from other
alleles (nucleotide A in Ppd-Blc vs. G in others). KASP primers used to assay this SNP had
been developed by an international consortium (Susanne Dreisigacker, CIMMYT; Gina
Brown-Guedira, USDA,; Peter Sharp, University of Sydney; Keith Edwards, University of
Bristol; Simon Griffiths, Dave Laurie, Cristobal Uauy, JIC; unpublished) and their sequences
were obtained from CIMMYT (Susanne Dreisigacker). Other details for the Ppd-B1 marker
were the same as those described for the Rht-B1 and Rht-D1 markers in Chapter 3.
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5.2.3.5 Ppd-D1

A KASP marker (sequences of primers developed by the aforementioned international
consortium) was used to check for the presence of an insertion/deletion polymorphism in the
Ppd-D1 gene. The deletion of 2,089 bp, located upstream of the coding region, is diagnostic
of one type of mutation that produces a photoperiod insensitive allele (‘Ciano 67 allele type)
(Beales et al. 2007). Other details for the Ppd-D1 marker were the same as those described for
the Rht-B1 and Rht-D1 markers in Chapter 3.

5.2.3.6 Rht-B1 and Rht-D1 (previously known as Rhtl and Rht2)
Sequences of primers and other details were the same as those described for the Rht-B1
and Rht-D1 markers in Chapter 3.

5.2.3.7 Rht8-linked gwm261 microsatellite marker

Primers for the Rht8-linked gwm261 microsatellite marker (Roder et al. 1998) were used to
infer which alleles were present at the Rht8 locus. The 192 bp fragment size is most often
associated with the dwarfing allele at Rht8 (Korzun et al. 1998; Worland et al. 1998), but not
always (Ellis et al. 2007). Conditions were similar to those described for Vrn-Al except that

55 °C was used for the annealing step.

5.2.3.8 SNP data

Two plants of each parent variety (Drysdale, represented by DNA samples
WSNP9K.091.08648 and WSNP9K.091.08660; Waagan: represented by DNA samples
WSNP9K.091.08672 and WSNP9K.091.08684) and all of the DH lines were typed for the 9K
SNP array. The SNP assay (9K iSelect SNP assay) was performed by Matthew Hayden
(Department of Primary Industries, Victorian AgriBiosciences Centre).

5.2.4 Map construction

Initial data processing and map construction was performed using R/qtl software (Broman
et al. 2003) and the WGAIM package (Taylor et al. 2012), using the steps outlined in the
Results and Discussion section. Chromosomes corresponding to each linkage group (and
chromosome orientation) were identified using SNP consensus map (Cavanagh et al. 2013).
Plots and the map graphic were drawn using software R/qtl (Broman et al. 2003; Broman
2010) and MapChart 2.1 (Voorrips 2002), respectively.

5.3 Results and Discussion

5.3.1 Markers in flowering time and dwarfing genes
All tested single plant selections of Drysdale and Waagan carried a winter allele at Vrn-Al

(Tablel, Figure 5.1), a spring allele at Vrn-B1 (Tablel, Figure 5.2), a photoperiod insensitive
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allele at Ppd-D1 (Table 5.1, Figure 5.3), and a gwm261 microsatellite marker allele that is
associated with Rht8 non-dwarfing alleles (Table 5.1, Figure 5.4). By contrast, polymorphism
was observed between the parents for Vrn-D1, Ppd-B1, Rht-B1, and Rht-D1 genes (Table 5.1,
Figures 5.5, 5.6a, and 5.7a and b). The population consisted of 37 double-dwarves, 68 semi-

dwarves and 39 double-talls.
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Figure 5. 1 A 3% agarose gel showing Vrn-Al PCR marker fragments from single plant selections of Drysdale
and Waagan. Expected fragment sizes were ~400 bp (spring allele) or ~200 bp (winter allele). All of the
Drysdale and Waagan selections carried the winter allele. —ve indicates the negative control (contains ultrapure
water instead of template DNA), and CM18 (winter allele) and Janz (spring allele) were used as controls. The
size marker lanes contain the 100 bp ladder HyperLadder 11 DNA size marker from Bioline.
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Figure 5. 2 A 1.5% agarose gel showing Vrn-B1 PCR marker fragments from single plant selections of Drysdale
and Waagan. Expected fragment sizes were 709 bp (spring allele) or 1,149 bp (winter allele). All of the Drysdale
and Waagan selections showed the spring allele. —ve indicates the negative control (contains ultrapure water
instead of template DNA), and Sokoll (spring allele) and CM18 (winter allele) were used as controls. The size
marker lanes contain the 1kb HyperLadder | DNA size marker from Bioline.

89



Fluorescence (533-580nm)
g

2,000 3.000 4,000

Fluorescence (465-510nm)

Figure 5. 3 Fluorescence data for a Ppd-D1 KASP marker scored on Drysdale and Waagan single plant
selections. Primers specific for the insensitive and sensitive alleles were labelled with FAM (fluorescence peak
at wavelength 465-510 nm, blue) and VIC (fluorescence peak at wavelength 533-580 nm, green), respectively.
Each dot represents a single plant and each single plant selection was tested 1-2 times (on separate plants). All
tested single plant selections of Drysdale and Waagan carried an insensitive allele at Ppd-D1.
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Figure 5. 4 A 3% agarose gel showing PCR marker fragments of the gwm261 microsatellite marker, amplified
from single plant selections of Drysdale and Waagan. CM18 has been reported to contain the Rht8 dwarfing
allele and to give the 192 bp gwm261 fragment which is associated with Rht8 dwarfing allele (Ellis et al. 2007).
Chara and Halberd were also included as controls that give previously reported gwm261 fragment sizes of 165
and 174 bp, respectively (Ellis et al. 2007). All of the Drysdale and Waagan selections showed a ~165 bp
fragment, suggesting that they carried non-dwarfing Rht8 alleles. In Chapter 5, no QTL for plant height mapped
to this position on chromosome 2D, confirming lack of segregation for this gene in the DH population. The size
marker lanes contain the 100 bp ladder HyperLadder II DNA size marker from Bioline.

At Vrn-D1, all of the Drysdale selections carried a spring allele, while the Waagan
selections were heterogeneous (Table 5.1 and Figure 5.5). Waagan 1, 3, 5, 6, 7, and 9 had a
winter Vrn-D1 allele while Waagan 2, 4, 8, and 10 had a spring allele. When the whole
population was scored for the Vrn-D1 marker, all of the DH lines were seen to have a spring
allele (data not shown). This indicates that only Waagan plants carrying a spring Vrn-D1
allele contributed as parents to the population, or that such plants were used as parents but the
winter Vrn-D1 allele was not carried through to any mapping lines due to chance (e.g. in some
of the smaller sub-populations).
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Figure 5.5 A 1.5% agarose gel showing Vrn-D1 PCR marker fragments from single plant selections of Drysdale
and Waagan. Expected fragment sizes were 997 bp (winter allele) or 1,671 bp (spring allele). The Drysdale
selections carried the spring allele while the Waagan selections were heterogeneous for winter/spring alleles at
Vrn-D1. —ve control (contains ultrapure water instead of template DNA), and Janz (winter allele) and Sokoll
(spring allele) were used as controls. The size marker lanes contain the 1kb HyperLadder | DNA size marker
from Bioline.

At Ppd-B1, all of the Drysdale selections except Drysdale 1 carried Ppd-B1b allele (Table
5.1). Drysdale 1 appeared to be heterogeneous for this locus. One plant carried Ppd-B1b allele
while the other plant carried Ppd-Blc allele type. All of the Waagan plants except Waagan 5
carried Ppd-Blc allele (Table 5.1). Waagan 5 appeared to be heterogeneous for this locus.
One plant carried Ppd-B1c allele type while the other plant carried an unknown allele (Table
5.1, Figure 5.6). In the population, the markers for Ppd-B1 segregated in a manner that
significantly deviated from the expected 1:1 ratio (p<0.05) and skewed in favour of the
Drysdale parent. In Chapter 5, no QTL for flowering time associated with the Ppd-B1 marker
position which may suggest there was no functional polymorphism for Ppd-Blsegregating in

this population.
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Figure 5. 6 Fluorescence data for a Ppd-B1 KASP marker scored on Drysdale and Waagan single plant
selections (a) and the DH population (b). Primers specific for the Ppd-Blc vs. other alleles were labelled with
FAM (fluorescence peak at wavelength 465-510 nm, blue) and VIC (fluorescence peak at wavelength 533-580
nm, green), respectively. Each dot represents a single plant and each single plant selection was tested 2 times (on
separate plants). All Drysdale selections, except Drysdale 1 which was heterogeneous for this locus, carried Ppd-
B1b allele (green triangles) while all Waagan selections, except Waagan 5 which was heterogeneous for this
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locus, carried a Ppd-Blc allele (blue triangles). Each DH line was scored only once. Lines were assigned as
having the Ppd-B1c allele (blue; b) or Ppd-B1b/unknown allele (green; b).

The Drysdale selections carried a wild type allele at Rht-B1 and a dwarfing allele at Rht-
D1, while the reverse was the case for the Waagan selections (Table 5.1). In the population,
the markers for Rht-B1 and Rht-Dleach segregated in a manner that was not inconsistent with
an expected 1:1 ratio (p = 0.39 and p = 0.49, respectively). In Chapter 6, QTL for plant height
mapped to the Rht-B1 and Rht-D1 marker positions, confirming that this population

segregated for semi-dwarf alleles at these two loci.
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Figure 5. 7 Fluorescence data for Rht-B1 (a) and Rht-D1 (b) KASP markers scored on Drysdale and Waagan
single plant selections. Primers specific for the wild type and mutant (dwarf) alleles were labelled with FAM
(fluorescence peak at wavelength 465-510 nm, blue) and VIC (fluorescence peak at wavelength 533-580 nm,
green), respectively. Each dot represents a single plant and each single plant selection was tested 2 to 3 times (on
separate plants). Designations shown by blue or green were assigned based on the fluorescence intensities of the
signal in the two wavelength ranges and the clustering patterns. The Drysdale selections carried the wild type
allele for Rht-B1 (blue triangles, a) and dwarfing allele for the Rht-D1 (green triangles, b), while the reverse was
true for the Waagan selections (green and blue triangles in a and b, respectively).
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Figure 5. 8 Fluorescence data for Rht-B1 (a) and Rht-D1 (b) KASP markers scored on the DH lines of the
mapping population. Each line was scored only once. Lines were assigned as having the wild-type allele (blue)
or mutant dwarf allele (green). Other details are the same as in Figure 5. n = 183.

Table 5. 1 Alleles carried by single plant selections of Drysdale and Waagan for phenology loci, determined
using diagnostic molecular markers at Vrn-Al, Vrn-B1, Vrn-D1, Ppd-B1, Ppd-D1, Rht-B1 and Rht-D1 loci or
inferred using a marker linked to Rht8.

Selection Vrn-Al Vrn-B1 Vrn-D1 Ppd-B1 Ppd-D1 Rht-B1 Rht-D1 gwmz261
Drysdale 1 v a a c/b a a b a
Drysdale 2 v a a b a a b a
Drysdale 3 v a a b a a b a
Drysdale 4 v a a b a a b a
Drysdale 5 v a a b a a b a
Drysdale 6 v a a b a a b a
Waagan 1 v a Y c a b a a
Waagan 2 v a a c a b a a
Waagan 3 v a Y c a b a a
Waagan 4 v a a c a b a a
Waagan 5 v a Y c/unknown  a b a a
Waagan 6 v a Y c a b a a
Waagan 7 v a Y c a b a a
Waagan 8 v a a c a b a a
Waagan 9 v a Y c a b a a
Waagan 10 v a a c a b a a

For Vrn loci, a and v represent the spring and winter alleles, respectively. For Rht genes, a and b represent the
wild type and dwarfing alleles, respectively (or in the case of Rht8, the gwm261 microsatellite allele that is most
often associated with the tall or dwarfing allele, respectively). For the Ppd-D1 gene, a represents the photoperiod
insensitive allele. For Ppd-B1 gene b and c represent Ppd-B1b and Ppd-B1lc, respectively. c/b indicates that the
selection was heterogeneous for the scored gene.

¥ This line was heterogeneous for Ppd-B1. One selection of this line carried Ppd-Blc while another selection
carried another allele that could not be distinguished from the results of this study.
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5.3.2 Initial 9K SNPs data processing
Although it has been estimated that ~96% SNPs (8,632 markers) from the 9K array can give
useful data (Cavanagh et al. 2013), in the present work only 7,759 markers had scores
supplied. Some markers were omitted due to the detection of multiple-sequence variants or

poor data quality.
The following were the steps used in initial processing of the data:

1. Markers that were monomorphic across all the lines (4,701 markers) were excluded.

2. Markers that had a different allele score in only 4 or fewer lines relative to the rest of
the population were most likely inaccurately scored and were also excluded. The remaining
2,797 (~36%) SNPs were classified as polymorphic.

3. Following the convention, marker alleles from the maternal variety (Drysdale) were
designated A, while those from the paternal variety (Waagan) were designated B. This
included markers with presence/absence (AA or BB vs. Null) type scores (68 markers). The
parental origin of each marker allele was determined by comparing to the scores for the two
SNP-genotyped Waagan plants and two SNP-genotyped Drysdale plants.

4.  All of the heterozygous (AB) marker calls were converted to missing data.

5. For 78 of the markers, the parental origins were not clear because they were
monomorphic among the parental plants but polymorphic in the population, or were
heterogeneous within both of the parental varieties. The markers were processed the same as
the others until Step 2 of ‘Map Construction” where their phases were assigned.

6. Duplicated lines were identified by comparing the scores for all possible pairs of DH
lines. There were 33 groups (made from a total of 73 individuals), each containing two to four
lines (Table 5.2). In each group, the members were identical for an unexpectedly large
proportion (> 98%) of the polymorphic markers (represented by the outliers pairs circled in
Figure 5.9. One line from each of the groups of identical or nearly identical lines was used for
mapping molecular markers and the rest (40 lines) omitted, leaving 144 unique lines. The line

with the least amount of missing data was chosen to represent each group.
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Table 5. 2 Groups of highly similar DH lines. Each group contains lines which were identical for >98% of the
polymorphic markers. In each group, the individual listed first is the one that was kept for map construction.

Group DH line ID

1 WWw28436 WW28433 WW28434  WW28440
2 WWw28383 WW28385  WW28390

3 Ww28424  WW28429  WW28415

4 WW28442  WW28435  WW28437

5 WWw28448 WW28457  WW28506

6 WWwW28546  WW28540 WW28542

7  WWwW28368 WW28367

8 Ww28427 WW28418

9 WWw28378 WW28377

10 Ww28391  WWw28394
11 Ww28444  WW28445
12 WWw28412  WW28426
13 Ww28443  WW28453
14 WW28416 WW28430
15 Ww28363 WW28365
16 Ww28381 WW28384
17 WW28464  WW28452
18  WW28447  WW28458
19 wwz8514  WW28515
20 WW28531 WW28533
21 WW28507  WW28500
22 WW28467  WW28460
23 WW28483  WW28484
24  WW28465 WW28461
25 WW28488  WW28485
26 WW28509  WW28494
27  WW28472  WW28470
28  WW28508 WW28503
29  WW28526 ~ WW28528
30 WW28548  WW28545
31 WW28473  WW28471
32 WW28495  WW28487
33 WW28522  WW28521
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Figure 5. 9 Frequency histogram showing numbers of pairwise combinations of DH lines showing certain
proportions of shared marker scores. The red circle indicates the DH line pairs that had identical allele scores for
>98% of markers.
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7. Three lines had a large proportion of missing data and were omitted from the analysis

(Ww28450, ww28454, ww28510; Figure 5.10).
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Figure 5. 10 Plot of missing scores. Black dots indicate missing scores. The three doubled-haploid (DH) lines
indicated by red arrows were eliminated from the analysis.

8. Markers with large numbers of missing data points were also omitted. These were
defined as markers that were genotyped for fewer than 135 DH lines (11 markers in total;

Figure 5.11).
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Figure 5. 11 Plot of number of typed doubled-haploid (DH) lines for each marker. Markers below the red line
were omitted from the analysis. Number of DH lines = 141; 3 lines having large number of missing data were

eliminated in the previous step.

5.3.3 Parent Heterogeneity

The two SNP-typed Waagan plants (represented by DNA samples WSNP9K.091.08672
and WSNP9K.091.08684) differed at only 26 (0.3%) of the total scored markers, while the
two SNP-typed Drysdale plants (represented by DNA samples WSNP9K.091.08648 and
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WSNP9K.091.08660) differed at 1,387 (~18%) of the scored markers. The first and second
Drysdale plants differed from the Drysdale plant represented in the 9K SNP database
(Cavanagh et al. 2013)_at 20 and 8.3% of the markers, respectively, while there were no 9K
SNP data available on this site for Waagan. This indicated a significant degree of
heterogeneity in the Drysdale variety, but not in Waagan. However, given the small sample of
2 plants from Waagan, the presence of heterogeneity in Waagan cannot be ruled out. Indeed,
analysis using the phenology markers showed this variety was heterogeneous at the Vrn-D1
locus (Table 5.1). The observed heterogeneity within these varieties is not entirely surprising,
since according to the Australian Plant Breeders Rights (PBR) regulations, a registered
variety does not need to be 100% homozygous to be released, and many Australian wheat
varieties are known to be heterogeneous at glutenin loci (Whiting 2004).

Also consistent with parental heterogeneity was the fact that some markers segregated in
only a few sub-populations (70 of the 2,797 polymorphic markers segregated in only 1 to 4
sub-populations; Table 5.3). The majority of these markers clustered on specific intervals on
chromosomes 1A, 2A, and 6B (positions inferred from the consensus map; Table 5.3),
suggesting that these intervals were heterogeneous in one or each of the parental varieties,
among the individual plants crossed to derive the population. Markers from the heterogeneous
segments would be expected to lead to erroneous genetic distances and marker orders. Hence,

the 70 markers segregating in only 1 to 4 sub-populations were eliminated from the analysis.

A further 199 markers segregated in only 5 to 11 of the 13 subpopulations and the majority
of these markers belonged to specific intervals on chromosomes 1A, 2A, 3A, 4A, 4B, 5B, and
6B (Table 5.4). Non-segregation of these markers in two or more of the sub-populations may
have been due to either parent heterogeneity or chance. Hence, these markers were kept in the
analysis, but their scores in the monomorphic subpopulations were converted to missing data

while their scores in the segregating subpopulations were retained.

The subsequently constructed map (see below), including the positions of markers affected
by parent heterogeneity, was judged to be largely correct, based on a comparison to the
consensus map (Cavanagh et al. 2013)(not shown). Hence, the aforementioned procedures
largely succeeded in avoiding the potential errors of map construction caused by parent
heterogeneity. The high fidelity and dense coverage provided by the 9K SNP markers allowed
this issue to be recognized and dealt with to some extent; the procedure used here to avoid
disruption to the map by these types of markers could be recommended in other similar
situations. However, it is still possible that some errors remained, and the procedure may have

led to deletion of some markers for the wrong reason; the impact of heterogeneity in the
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parents cannot be traced with certainty as DNA/seeds of the parent plants of each sub-
population were not collected. Doing so for future populations would be preferable, as it
would make the map construction procedure simpler, and could reduce error further. Each
SNP marker is only bi-allelic. Use of other marker types allowing detection of >2 alleles (e.g.,
SSRs) could have helped reveal the number of unique haplotypes contributed to the
population by the heterogeneous parents, at any given chromosome position.

Table 5. 3 Summary of markers that segregated in only 1 to 4 subpopulations. Marker positions are according to

the consensus map deposited on the website of The Australian Wheat & Barley Molecular Markers Program
(www.markers.net.au).

Chromosome Position (cM) Number of markers Number of segregating subpopulations
1A 37-57 17 1-2
1B 20.7 1 1
1D 27.16 1 1
2A 365-375 11 2
3A 6.46 and 30.82 2 1
3B 19.67 and 56.02 2 1-2
4A 192.35, 207.89, 238.39 and 238.58 4 34
4B 20.64, 126.06 and 129.48 3 2-3
6B 48-245 27 3-4
Non-designated - 2 1-4
Total 70

Table 5. 4 Summary of markers that segregated in only 5 to 11 subpopulations. Marker positions are according
to the consensus map.

Chromosome Position (cM) Number of markers Number of segregating subpopulations
1A 1.19,16-19, and 174-190 24 9-11
1B 132.02 1 11
2A 305-375 19 5-11
2B 368.17 and 369.6 2 5-11
2D 64.89, 133.82 and 159.87 5 9-11
3A 43.48, 57.57 and 208-227 12 7-9
3B 88.96, 101.23 and 239.53 5 7-8
4A 5.72,6.29, 15.87, 115.03 and 211-221 10 8-11
4B 5-81 23 5-11
5A 187.62 1 9
5B 180-186 9 11
6A 1.11and 121.06 2 6
6B 48-57 and 133-243 83 5-10
A 192.87 and 268.03 2 7-10
Non-designated - 1 9
Total 199
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5.3.4 Markers with segregation distortion and genotype frequencies

Out of 2,716 remaining markers, 6 were highly significantly distorted (p<1e™) and 2 were
suspected of having genotyping errors, so they were eliminated from the analysis. According
to the consensus map, these markers occurred on chromosomes 1B, 2A, 2B, 6A and 7A and
those on the same chromosomes were not closely linked. The most likely explanation for the
distorted segregation of these markers are inaccurate scoring of these markers or detection of
multiple loci by individual markers. For the remaining markers AA or BB scores occurred at
frequencies of between 0.2 and 0.8 (Figure 5.12). On average, maternal Drysdale alleles (A)
occurred at a frequency of 50.8%, while paternal Waagan alleles (B) occurred at a frequency
of 49.2%.

AA BB
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Genotype frequency

0 20 40 60 80 100 120 140 0 20 40 0 80 100 120 140

DH line No

Figure 5. 12 Genotype frequencies by individual. The frequency of BB is simply 1 minus the frequency of AA.
DH, doubled-haploid.

5.3.5 Map construction
After processing the data in the aforementioned ways, the following steps were taken to

construct the map:

1. Markers with identical scores (including missing scores in the same line) were
identified using the “findDupMarkers” function in R/qtl with setting “exact.only = TRUE”.
This identified 923 non-redundant groups. One marker from each of these groups was used
for map construction.

2. Markers were grouped into linkage groups using a minimum LOD (logarithm of odds)
of 5 for linkage, and a maximum recombination frequency of 0.4. Some pairs of linkage
groups were found to be associated with one another by a high LOD score but a
recombination frequency greater than 0.5, indicating that the markers from these linkage
groups were scored in opposite phase. Within each such pair, the linkage group in the wrong
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phase was identified as the one composed mostly of markers whose phase was originally
uncertain based on the parental genotypes (see point 8 of section Initial 9K SNPs data
processing). The phase of the markers from those linkage groups (total 26 markers) was
corrected and the linkage groups re-formed, making 39 linkage groups. A heatplot showing
LOD scores for linkage and recombination fractions for pairs of markers (Figure 5.13)

indicated that the allele phases at that point were largely correct.

Markers

200

200 400 600 800
Markers

Figure 5. 13 Heatplot indicating recombination fractions (upper-left half of figure) and LOD scores for linkage
(lower-right half of figure) for all pairs of markers. Markers are arranged in numbered linkage groups from the
largest to the smallest linkage group. Markers are located randomly within the linkage groups, as they have not
been ordered at this stage. LOD score increases and recombination fraction decreases with progression through
the colour series blue-green-yellow-red. The lack of green, yellow or red signals in the lower-right half of the
figure (lower-right triangle) shows that the allele phase of the markers is largely correct.

3. Markers were ordered within linkage groups using the “orderMarkers” and “Ripple”
functions in the R/qtl software. The former establishes a rough order and the latter explores
alternate orders to improve the marker order. According to Figure 5.14, markers seemed to be

largely in the right order and in the right phase.
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Figure 5. 14 Figure 5.14 Heatplot indicating the recombination fractions (upper-left half of figure) and LOD
scores for linkage (lower-right half of figure) for all pairs of markers after the markers had been ordered. LOD
score increases and recombination fraction decreases with progression through the colour series blue-green-
yellow-red. Alignment of the red signals along the diagonal indicates that the marker orders are largely correct.

4. The “calc.errorlod” function in R/qtl was applied to identify ‘singleton’ scores
resulting from highly improbable double crossovers (error LOD > 4). These scores have a
high chance of being errors and were therefore converted to missing data. Figure 5.15

illustrates an example of three such scores on linkage group 1, which were subsequently

eliminated.
O L
I T T T T 1]

74. 24 198.31
Marker location (cM)

Figure 5. 15 Marker scores for 3 doubled-haploid (DH) lines on linkage group 1 with potential erroneous marker
scores flagged by red squares. White and black circles correspond to AA and BB marker scores, respectively.
The absence of a circle at a marker position indicates a missing score.

5. There were two DH lines showing more than 40 crossovers (WW28380 and

WW?28535), while the remaining individuals showed only 10-35 crossovers (Figure 5.16).
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The former were considered likely to contain a large number of false scores (e.g. due to poor

DNA quality) and were therefore omitted.
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Figure 5. 16 Number of observed crossovers in each doubled-haploid (DH) line. DH lines with more than 40
crossovers (above the red line) were omitted.

6. After eliminating unlikely double crossovers and the two DH lines showing large
numbers of crossovers, the markers were reordered. This helped to improve the map position
of a few of the markers, as judged by comparison to the consensus map.

7. Linkage groups were oriented by aligning markers to the consensus map. The linkage
groups were oriented so the short arm was at the top and began at the zero cM position. The
marker orders were also compared with those of the consensus maps. In most cases the
marker orders corresponded with those in the consensus map (not shown).

8. Recombination fractions were converted to cM distances using the Kosambi mapping
function.

9. Many markers mapped to the same position, indicating that they differed only for the
pattern of missing scores. The “findDupMarkers” function was therefore applied again, this
time choosing the “exact.only = FALSE” option, which finds the markers that have no
differences in their available marker scores. This reduced the number of non-redundant
markers from 923 to 548. To utilize all available scores, consensus scores were determined
for each group of co-localizing markers using the “fix.map” function of the WGAIM package
(Taylor et al. 2012; Taylor 2013). These scores were then used to form the new map of 548

non-redundant loci (Figure 5.17).
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Figure 5. 17 Heatplot indicating the recombination fractions (upper-left half of figure) and LOD scores (lower-
right half of figure) for all pairs of genetically non-redundant markers. Markers are arranged in order and by
chromosome or chromosome fragment, from chromosome 1A (left) to 7D (right). LOD score increases and
recombination fraction decreases with progression through the colour series blue-green-yellow-red. The irregular
pattern on chromosome 6B probably reflects the large amount of parent heterogeneity (Table 4) and resulting
missing data on this chromosome.

5.3.6 Mapping of markers for Ppd-B1, Rht-B1 and Rht-D1

After SNP map construction, the Ppd-B1, Rht-B1 and Rht-D1 marker data were added to
the SNP data. When the linkage groups were reformed, using a minimum LOD for linkage of
5 and a maximum recombination frequency of 0.4, the Ppd-B1, Rht-B1 and Rht-D1 markers
located to the expected chromosomes (2B, 4B and 4D respectively; they added to the number
of non-redundant loci). The markers were then reordered just on chromosomes 2B, 4B and
4D, and recombination fractions converted to cM, to establish the locations of Ppd-B1, Rht-
B1 and Rht-D1 on the maps (Figure 5.18).

5.3.7 The map

The map has a total length of 2,447.4 ¢cM and an average spacing of 4.4 cM between
neighbouring markers, and all 21 chromosomes were represented (Table 5.5). Markers were
well distributed across all chromosomes except chromosome 3D which only had 3 loci
covering 3 cM. Chromosomes 1A, 2B, 2D, 3A, 3B, 4A, 5A, 5B, 5D, 6B, 6D, 7A, and 7D

were fragmented into multiple linkage groups, with chromosome 2D represented by the most
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linkage groups (four). Large gaps (30.8 to 37.8 cM) within linkage groups were also found on
chromosomes 2A, 2B, 3B, 5A, 6A, and 7B (Table 5.5). Chromosome 1A had the most
mapped loci (77 unique markers) and the chromosome 5A map was the longest (224.4 cM).
The A and B genomes were represented by 252 and 221 unique loci, and total lengths of
998.0 and 1085.2 cM, respectively. The D genome was represented by 78 unique loci and a
total length of 364 cM (Table 5.6). The average lengths of intervals between markers on the
A, B, and D genomes were 4.0, 4.9 and 4.7 cM, respectively (Table 5.6). Marker distribution
among the homoeologous groups varied from 10 to 18% of the unique mapped loci.
Homoeologous chromosome groups 2 and 5 had the largest number of unique loci and
greatest coverage (100 markers and 425.0 cM, and 91 markers and 445.0 cM, respectively).
Homoeologous chromosome group 4 had the fewest unique loci and shortest total length (56
markers; 280.2 cM; Table 5.6).

Linkage groups were most fragmented on the D genome. In general, this is the genome
with the most sequence conservation among wheat genotypes, and its low level of
polymorphism makes it hardest to map (Langridge et al. 2001). The results obtained here are
in accordance with the earlier published maps in which the D genome was only partially
covered (Akbari et al. 2006; Cadalen et al. 1997; Chalmers et al. 2001; Paillard et al. 2003;
Semagn et al. 2006).

Large gaps (30.8 to 37.8 cM) were also observed in the map on the A and B genomes.
These gaps reflect lack of polymorphism between the parents in these regions; based on the
consensus map, markers in those intervals were available on the 9K SNP array. The absence
of polymorphism in those regions might be because those segments in the parents were

identical due to descent from a common ancestor.

Many molecular marker linkage maps have been published in  wheat
(http://wheat.pw.usda.gov/ggpages/map_summary.html). The Drysdale x Waagan map covers
2,447.4 cM which is similar to the consensus maps of Somers et al. (2004) (2,569 cM), and
Semagn et al. (2006) (2,595.5 cM). However, it is significantly shorter than other maps, of
2,937 to 4,110 cM (Akbari et al. 2006; Chalmers et al. 2001; Paillard et al. 2003; Quarrie et
al. 2005), and the ITMI population map of 5,256 cM (reviewed by Langridge et al. 2001),

which has been regarded as the most comprehensive map in wheat in terms of genome
coverage. However, a longer map does not necessarily mean a better quality map, because a

longer map may arise from more scoring errors.
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wsnp_JD_c7522_8606553
wsnp_BE586140A_Ta_2_1
wsnp_Ex_c31983_40710608(R)
wsnp_Ex_c200_391493(R)
wsnp_Ex_c534_1058778(R)
wshp_Ku_c23926_33870364(R)
Ir wsnp_Ex_c21336_30465618(R)
wsnp_Ex_rep_c105443_89868548(R)
wsnp_Ex_c7447_12752449
Ir wsnp_Ra_c33025_41968284(R)
Iir wsnp_Ex_c3293_6072122
/- wsnp_Ku_c10292_17066821(R)
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wsnp_Ex_c13186_20822127(R)
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)\ wsnp_Ex_c3749_6828492(R)
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wsnp_Ra_c2227_4304970
wsnp_Ku_c14496_22838796
wsnp_Ex_c271_521429
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wsnp_Ex_rep_c66872_65273203(R)
wsnp_Ex_c15377_23637176(R)
wsnp_Ex_c6476_11246531(R)
wsnp_Ex_c1255_2411977(R)
wsnp_Ex_c52086_55808126(R)
wsnp_Ex_c2918_5381441(R)

0.0 —5&— wsnp_Ku_c40759_48907151(R)

2A 2B
0.0 wsnp_Ex_c2772_5130007*
15 wsnp_Ex_c11560_18632777(R)*
23 wsnp_Ex_c11560_18632698(R)**
3.0 wsnp_Ex_c322_624793(R)
3.7 wsnp_Ra_c8771_14786376
15.1 wsnp_CAP11_c1604_886894(R)
45.9 - wsnp_Ex_c30481_39394826
46.6 wsnp_Ex_c35331_43499339(R)
49.6 wsnp_Ex_c866_1684236
60.1 wsnp_BQ168780B_Ta_2_1
62.3 wsnp_Ku_c15567_24223777(R)
70.5 wsnp_CAP12_c1269_649827
713 wsnp_Ex_c4847_8646784(R)
72.0 Ir wsnp_Ex_c41913_48628356(R)
735 wsnp_Ku_rep_c102140_89178814(R)
74.2 - wsnp_CAP11_c905_550912(R)
75.0 lIr wsnp_Ex_c42720_49228237(R)
78.0 /- wsnp_Ex_rep_c102538_87682273(R)
79.4 wsnp_Ex_c2337_4379619
80.9 wsnp_Ra_c4503_8155485
88.4 wsnp_Ex_c5984_10493714(R)
92.8 wsnp_Ex_c21409_30544027

wsnp_Ex_rep_c105158_89662129

95.1 wsnp_Ex_rep_c66465_64708722(R)

96.5 \- wsnp_Ku_c8927_15048149(R)
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Figure 5. 18 The genetic linkage map made from 139 Drysdale/Waagan DH lines and 550 genetically non-
redundant markers. An R in parenthesis after the marker name indicates that the marker is the representative of a
group of genetically redundant markers. Linkage groups were ordered and oriented along each chromosome by
aligning to the wheat consensus SNP map, so that the end of the short arm was at the top. The numbers to the left
of each linkage group indicate cM distances from the top of each linkage group. Markers in Bold were
segregating in only 5 to 11 subpopulations and may therefore identify chromosome segments that were
heterogeneous within a parent variety. Markers that showed a significant (*, ** and *** indicate p < 0.05, p <
0.01 and p < 0.001, respectively) segregation distortion are in blue or red to indicate an excess of Drysdale or

Waagan alleles, respectively.
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wsnp_Ex_c24376_33619527(R) 4.3 wsnp_Ex_c10571_17258682

wsnp_CAP12_c3056_1439567
wsnp_Ex_c6514_11307200
wsnp_Ex_rep_c69123_68034403(R)
//r wsnp_Ex_c13248_20898211
wsnp_Ku_c139_ 279238
wsnp_Ex_c2268_4251636(R)
wsnp_Ex_c40247_47349166(R)
wshp_EX_c41050_47971100(R)*
wsnp_Ex_c25025_34285478(R)
Il wsnp_Ex_c10094_16590615(R)
/- wsnp_Ra_c18364_27416387(R)
wsnp_Ex_c2277_4267788(R)
wsnp_Ku_c4591_8286583(R)

N\ wsnp_Ex_c1482_2834254(R)

\ wsnp_Ex_c19582_28564743
wsnp_Ex_c38326_45883440(R)
wsnp_CAP7_c949_486600(R)
wsnp_Ku_c2990_5622678(R)
wsnp_Ex_c12102_19361467(R)
wsnp_Ku_c21665_31431143
wsnp_Ku_c19251_28705893

N\ wsnp_Ex_c17899_26666328
wsnp_RFL_Contig2136_1423367
wsnp_Ex_c3188_5889767(R)

\ \" wsnp_Ex_c6354_11053460(R)
\' wsnp_Ex_c22547_31738007(R)
wsnp_Ex_c24796_34049469
wsnp_Ra_c7112_12318340(R)
wsnp_Ku_c28104_38042857(R)

wsnp_Ra_c1654_3265291(R)

wsnp_Ex_rep_c68815_67687712(R) 0.0 wsnp_Ra_c2930_5550811(R)*
)y wsnp_Ex_c17882_26646153(R) 5.1 wsnp_Ku_c27286_37236472(R)
wsnp_Ex_c461_907742 19.1 wsnp_Ex_rep_c68671_67525179(R)
wsnp_BF200891B_Ta_2_1(R) 19.8 wsnp_CAP11_c176_177381(R)
wsnp_CAP7_c90_52035(R) 205 wsnp_Ex_c17914_26681837*
wsnp_CAP8_c3593_1773371(R) 23.4 wsnp_Ex_c145_285194*
wsnp_Ex_c11860_19030807

\* wsnp_bf474966B_Ta_2_1(R)

wsnp_Ku_c21752_31528824

wsnp_BF293181B_Ta_2_1

wsnp_Ex_c3974_7194320(R)

\\" wsnp_JD_c2701_3626787

\ wsnp_Ex_c15021_23187360

(\' wsnp_Ex_c10550_17231658(R)

wsnp_Ex_c45195_51056617(R)

' wsnp_Ex_c10193_16730126(R)

wsnp_Ex_c22955_32173776

wsnp_CAP11_rep_c4076_1926235(R)

wsnp_RFL_Contig3817_4141066

wsnp_Ex_c5653_9937062(R)

\\' wsnp_BM137749D_Ta_2_1(R)

wsnp_Ex_c10014_16477392(R)

wsnp_Ex_c64848_63486322(R)

wsnp_CAP7_c4346_1985593(R)

Figure 5.18 Continued

Table 5. 5 Summary of the map by chromosome

Cromosome bt Nmbrofal gy ML i g
1A 50 182 135.70 2.71 29.60
1B 35 127 144.60 4.13 25.60
1D 13 75 95.30 7.33 25.00
2A 45 267 198.30 4.41 30.80
2B 36 178 144.70 4.01 30.80
2D 19 56 82.00 4.32 20.40
3A 26 147 84.40 3.25 20.00
3B 37 183 212.90 5.75 35.10
3D 3 12 3.00 1.00 2.20
4A 23 129 72.70 3.16 20.00
4B 20 55 158.40 7.92 26.60
4D 13 18 49.10 3.78 22.40
5A 46 195 224.40 4.88 34.90
5B 36 160 150.30 418 25.90
5D 9 26 70.30 7.81 22.00
6A 30 230 135.10 4,50 31.70
6B 29 283 109.00 3.76 22.50
6D 10 27 36.60 3.66 20.30
A 32 159 147.40 461 28.20
B 28 163 165.30 5.90 37.80
7D 11 39 27.70 2.52 14.00
Overall 551 2711 2447.40 4.44 37.80

“Not including the gap between linkage groups, when chromosomes were mapped as multiple linkage groups
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Table 5. 6 Summary of the map by genome and homoeologous chromosome groups

Genome/ Number of non- Number_of all Length (cM) Marker density”

Chromosome group redundant loci loci (cM/non-redundant locus)

A genome 252 1309 998.00 3.96

B genome 221 1149 1085.20 491

D genome 78 253 364.00 4.67
Group 1 98 384 375.60 3.83
Group 2 100 501 425.00 4.25
Group 3 66 342 300.30 4.55
Group 4 56 202 280.20 5.00
Group 5 91 381 445.00 4.89
Group 6 69 540 280.70 4.07
Group 7 71 361 340.40 4.79

Overall 551 2711 2447.40 4.44

“Not including the gap between linkage groups, when chromosomes were mapped as multiple linkage groups

5.3.8 Segregation distortion

Skewed segregation has been reported in many previous studies (Akbari et al. 2006;
Cadalen et al. 1997; Cavanagh et al. 2013; Chalmers et al. 2001; Francki et al. 2009;
Kammholz et al. 2001; Paillard et al. 2003; Peleg et al. 2008; Semagn et al. 2006). Significant
segregation distortion was observed for 12.7% of loci (70 out of 551; Figure 5.19) in this
study. Loci showing significant segregation distortion in favour of Drysdale alleles (50 loci)
were more frequent than those in favour of Waagan alleles (20 loci). The majority of
significantly distorted loci were clustered to intervals on chromosomes 2B, 3B, 5A and 6B
(Figures 5.18 and 5.19). Chromosomes 2A, 3A, 3D, 7A and 7D had few distorted markers.

Segregation distortion can occur due to several reasons such as parent heterogeneity,
selection associated with the doubled haploid production procedure, outcrossing, genotyping
errors, introgressed alien chromatin segments, gametophytic competition, and also random
chance (Francki et al. 2009; Kammholz et al. 2001; Paillard et al. 2003; Peleg et al. 2008;
Singh et al. 2007; Xu et al. 1997). Parental heterogeneity and genotyping errors have been
accounted for here to some degree, as outlined in the previous sections. A combination of the
aforementioned factors may lead to segregation distortion in the Drysdale x Waagan
population. Here, the largest level of segregation distortion was observed on chromosome 2B.
Segregation distortion on chromosome 2B has been reported in various studies (Cadalen et al.
1997; Cavanagh et al. 2013; Campbell et al. 1999; Chalmers et al. 2001; Kammholz et al.
2001; Paillard et al. 2003) and has been attributed to the introgression of Sr36 locus from
Triticum timopheevii (Cavanagh et al. 2013; Huang et al. 2012). Loci affecting gametophyte
competition and gamete vigour which result in segregation distortion have been reported on
homoeologous group 5 chromosomes (5A, 5B, and 5D) in wheat and its relatives (Faris et al.
1998; Peng et al. 2000; Kumar et al. 2007). In the present study chromosome 5A showed the
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second largest level of segregation distortion. Other possible causes for the observed
segregation distortion in the Drysdale x Waagan mapping population could be the
heterogeneity within one or both parents, and selection associated with doubled haploid
production in the wheat x maize method. In general, it has been suggested that the segregation
distortion may have a negligible impact on marker order and map length (Hackett and
Broadfoot 2003), and thus may not be an issue in this work.
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Figure 5. 19 Summary of segregation distortion across the Drysdale/Waagan molecular marker genetic map. a) —
logyo P-values from test of 1:1 segregation at each marker. Dashed horizontal lines represent significance at
levels p < 0.05, p < 0.01, and p < 0.001 from the bottom to the top, respectively. b) Genotype frequency at each
marker. Blue and red lines indicate AA and BB genotypes frequencies, respectively.

5.4 Concluding remarks

A 9K SNP array was used to construct a molecular marker genetic map for a new mapping
population derived from crosses between two Australian bread wheat varieties
(Drysdale/Waagan). The constructed map is believed to be highly accurate, based on the
evidence outlined, and provides a valuable resource for wheat genetic studies. The map will
be used to map QTL for heat tolerance and related heat responses (Chapter 6) and could also
be used for mapping other agronomically important traits (e.g. drought tolerance and disease
resistance), and to support map-based cloning of the gene(s) controlling the target trait(s) in

the future.
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Chapter 6: QTL mapping of heat tolerance in wheat (Triticum aestivum L.) under a brief
episode of heat stress at grain-filling

6.1 Introduction

Terminal heat stress, which mostly refers to rising temperature during grain-filling, is one
of the major constraints for wheat production and affects 40% of wheat growing regions
worldwide (Reynolds et al. 2001). Moreover, the proportion of wheat growing environments
that are heat-stressed is likely to increase with the current trend of climate change (Ortiz et al.
2008). Therefore, breeding for heat tolerance is one of the main priorities of wheat breeding
programs, to help cope with climate change and the growing global demand for grain (Kumar
etal. 2013).

Wheat has the optimum temperature of 15 °C for achieving maximum grain mass and 3-
4% vyield reduction has been estimated to result from each 1°C above this optimum
(Chowdhury and Wardlaw 1978; McDonald et al. 1983; Wardlaw et al. 1989a). Yield loss
resulting from high temperatures after anthesis is mainly due to grain weight reduction rather
than changes in grain number (Tashiro and Wardlaw 1990a; Wardlaw et al. 1989a; Wardlaw
et al. 1989b). A range of physiological and biochemical processes are adversely affected by
high temperatures in wheat including development and senescence, respiration,
photosynthesis, and starch deposition in developing grains (Al-Khatib and Paulsen 1984;
Almeselmani et al. 2012; Bhullar and Jenner 1985; Jenner 1994; Zahedi and Jenner 2003).
Variation in a range of physiological and structural traits, such as cell membrane thermal
stability (Blum and Ebercon 1981; Fokar et al. 1998), stay-green (Kumari et al. 2007; Lopes
and Reynolds 2012; Reynolds et al. 2001), stomatal conductance (Reynolds et al. 1994),
photosynthetic rate (Al-Khatib and Paulsen 1989; Al-Khatib and Paulsen 1990; Reynolds et
al. 2000), chlorophyll fluorescence (Peck and McDonald 2010; Sharma et al. 2012), canopy
temperature (Amani et al. 1996; Kumari et al. 2007; Reynolds et al. 1994; Reynolds et al.
1998), epicuticular wax (Mason et al. 2010), stem carbohydrate reserves (Blum et al. 1994;
Blum 1998; Talukder et al. 2013; Yang et al. 2002a) and grain-filling rate and duration (Stone
and Nicolas 1995a; Talukder et al. 2013; Zahedi and Jenner 2003), are believed to contribute
to the variation among wheat genotypes for heat tolerance. A few of these traits such as
canopy temperature depression, yield and its components have been used to screen for heat
tolerance in wheat (Reynolds et al. 2001; Reynolds et al. 1994). However, evaluation of these
traits is expensive, time consuming and laborious in large-scale breeding programs. The
unpredictable nature of heat stress (timing, magnitude, and duration), its frequent co-

occurrence with other stresses (e.g. drought), and growth-stage-specific effects make

111



screening for heat tolerance challenging. This may explain the limited progress of breeding
programs for heat tolerance (Kumar et al. 2013) despite the reported variation for heat
tolerance related traits among wheat genotypes (Reynolds et al. 1994; Stone and Nicolas
1995b; Wardlaw et al. 1989a).

QTL mapping is a useful method for understanding the genetic control of complex traits
(e.g. heat and drought tolerance) (Mason et al. 2013). Mapping loci affecting variation in heat
tolerance could potentially lead to the development of markers for breeding heat tolerance and
eventual isolation of heat tolerance genes. The markers could be used to select for heat
tolerance in breeding programs, avoiding the aforementioned difficulties in selecting for heat
tolerance directly in the field. However, the genetic basis of heat tolerance in wheat is still
poorly understood (Kumar et al. 2013). Chromosomal regions have been reported for better
performance under heat conditions in wheat based on various agronomical and physiological
traits including yield and its components (Mason et al. 2013; Mohammadi et al. 2008b;
Paliwal et al. 2012; Tiwari et al. 2013), grain-filling duration (Mason et al. 2010; Mohammadi
et al. 2008a; Yang et al. 2002b), senescence related traits (Kumar et al. 2010; Vijayalakshmi
et al. 2010), and canopy temperature depression (Mason et al. 2011; Paliwal et al. 2012;
Tiwari et al. 2013). Also, some efforts have been made to map loci affecting heat
susceptibility indices, an estimate of genotypic performance under stress relative to non-stress
conditions, adjusted for stress intensity in the particular experiment (Fischer and Maurer
1978), for yield and its components, grain-filling duration, and temperature depression
(Mason et al. 2010; Mason et al. 2011; Mason et al. 2013; Mohammadi et al. 2008b; Paliwal
et al. 2012; Tiwari et al. 2013). These studies suggest that genes on almost all of the wheat
chromosomes can contribute to heat tolerance, although most of these QTL have been located
to the B genome (Kumar et al. 2013). While the aforementioned studies represent a significant
advance, so far there is no marker linked to genetic effect on heat tolerance that has been
proven yield benefit under field conditions, and a heat tolerance gene has not been isolated
from wheat (Cossani and Reynolds 2012).

Genetic mapping of variation for heat responses can shed light on the genetic and
physiological basis of heat tolerance and make progress towards identifying marker(s) linked
to heat tolerance and the cloning of heat tolerance genes. This can help wheat breeding
programs and improve our understanding of heat tolerance mechanisms. To help address
these needs in the current study, a doubled-haploid wheat mapping population derived from
two Australian elite bread wheat varieties was evaluated for tolerance to a brief episode of

heat stress imposed in a growth chamber to identify QTL for heat susceptibility indices, as
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well as absolute values, for grain number and size, grain-filling duration, flag leaf chlorophyll
retention related traits, and plant architectural traits.

6.2 Materials and methods

The doubled haploid population and its parents were assayed for heat tolerance under
controlled conditions in two experiments in 2012. Seeds were sown on 16™ and 17" of March

and 21% and 22" of July in the first and second trial, respectively.

6.2.1 Plant material

An Fi-derived doubled haploid population (DH) of 144 lines, made by crossing the two
Australian wheat varieties, Drysdale (Hartog*3/Quarrion; female; relatively heat susceptible)
and Waagan (Janz/241BWSN-244; 241BWSN-244 is a CIMMYT line; male; relatively heat
tolerant), and their parents (6 and 10 single plant selections of Drysdale and Waagan,

respectively) were used in the present study.

6.2.2 Plant growth, heat stress conditions and phenotype data collection
Plant growth and heat stress conditions were similar to those described in Chapter 3. Briefly,
plants were initially grown under control conditions in a naturally lit greenhouse (The
Australian Plant Accelerator, University of Adelaide, Waite Campus, Adelaide). They were
pruned back to the single main culm by removing tillers as they appeared, similar to previous
heat tolerance studies, to allow better light penetration into the plant canopy (Tashiro and
Wardlaw 1990b; Wardlaw et al. 1989b). Measured greenhouse conditions were approximately
23/19 °C, 14/10 h day/night (Table 6.1). Plants were well watered and fertilized fortnightly
with a commercial plant fertilizer (Thrive all-purpose soluble fertilizer) from one month after
sowing to maturity to avoid drought and nutrition stress. For each plant, anthesis date was
recorded. Each plant destined for heat treatment was transferred to a growth chamber
(BDW120, Conviron) at 10 days after its anthesis date (days after anthesis, DAA), to be
exposed to a brief heat stress (37/27°C day/night temperature for 3 days), before being
returned to the greenhouse. Pots were placed in trays of water to ~2-cm depth while in the
chamber to minimize drought stress. Each plant was evaluated for several traits during growth

and at maturity, as summarized in Table 6.2.
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Table 6. 1 Measured temperatures (°C) across the growing periods in greenhouses in Experiments 1 and 2.
Anthesis and maturity occurred May-June and July-August in the first trial and in September-October and
November-December in the second trial, respectively.

temperature temperature
Experiment 1
March 24.1 19.9 185 28.8 177 335 2
April 234 193 181 26.6 165 20.8 0
May 223 18.8 17.7 25.0 163 26.8 0
June 22 18.8 17.7 247 167 25.4 0
July 223 18.7 17.7 25.1 175 295 0
August 22 186 175 25.0 173 25.9 0
Experiment 2
July 223 186 176 26.1 175 207 0
August 22 186 175 25.0 172 25.8 0
ggftem 228 18.8 17.6 26.0 17.0 29.9 0
October 232 183 169 28.6 147 33.2 9
eNrO"emb 24.7 19.2 17.7 294 14.9 33.0 11
Decemb 23.3 20.9 195 26.6 171 31.0 2

er
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Table 6. 2 Traits evaluated in the Drysdale x Waagan DH population and its parents.

Trait

Abbreviation

Measurement method

Days to anthesis

Grain weight spike™(g)

Grain number spike™

Single grain weight (mg)
Grain-filling duration (days)
Days to maturity (days)

Chlorophyll contentat10, 13
and 27 DAA” (SPAD units)

Area under SPAD curve

Chlorophyll loss rate 10 to
13DAA (SPAD units day™)
Chlorophyll loss rate 10 to 27
DAA (SPAD units day™)

Flag leaf senescence (days)

Shoot weight (g)

Plant height (cm)
Harvest index (%)

Flag leaf length (cm)

Flag leaf width (cm)

Heat susceptibility index

DTA

GWS

GNS

SGW

GFD

DTM
ChIC10DAA

ChIC13DAA
ChIC27DAA

AUscY

ChlR13

Chir27

FLSe

Shw

PH
HI

FL

FW

HSI¥

Days from sowing to the day that exerted anthers first became visible

Total grain weight of spike at maturity, measured after grain weight stabilized at
room temperature for ~4 weeks

Total grain number of spike at maturity

GWS/GNS

Days from anthesis to 95% senescence of spike, visually scored

Days from sowing to 95% senescence of spike, visually scored

Relative chlorophyll content of the flag leaf measured using a portable SPAD
chlorophyll meter (SPAD-502; Minolta Co. Ltd., Japan) at 10, 13 and 27 DAA,
corresponding to directly before and after treatment and 14 days after treatment

(Figure 6.1)

AUSC provides an indication of absolute chlorophyll content in heat-treated and
control plants from 10 to 27 DAA (Figure 6.1)

Linear rate of chlorophyll loss between SPAD 10 and 13 DAA points, representing
the loss during the treatment time interval; Figure 6.1

Chlorophyll loss rate determined by a linear regression of the three SPAD
measurements; incorporates losses during and after the treatment time interval;
Figure 6.1

Days from anthesis to 95% senescence of the flag leaf, visually scored

Above-ground biomass (stem + leaves; excluding spike) at maturity, measured after
oven drying at 85°C for 3days

Plant height from the soil surface to tip of the spike, excluding awns, at maturity
(GWS / (GWS + ShW)) x 100

The length of the flag leaf from base of the blade to the leaf tip, measured at 10
DAA

The length of the widest section of the flag leaf blade, measured at 10 DAA

Calculated for yield components and heat tolerance related traits

“Days after anthesis

-1y %
YAUSC = XX@DY 5 (0,049 — t;), Where X; is the relative chlorophyll content (SPAD units) on the i™
i=1

date, t; is the date on which the chlorophyll content was measured, and n is the number of dates on which
chlorophyll content was recorded.

¥YHSI = (1 = Yyear/Yeontrot) /(1 = Xueat/Xcontror) (Fischer and Maurer, 1978), where Y ieq and Y congor are the
means for each genotype under heat-treatment and control environments, and Xpes and Xconwrol are means of all
lines under heat-treatment and control conditions, respectively. The denominator indicates stress intensity.
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Figure 6. 1 Schematic of relative chlorophyll (SPAD) readings taken from the flag leaf of one hypothetical plant
over time using a SPAD chlorophyll meter, defining chlorophyll loss/retention parameters. The red bar
represents the period of heat treatment, and the black circles indicate the SPAD readings taken 10, 13 and 27
DAA. The slopes of the black dashed and solid lines represent chlorophyll loss rates between 10 and 13 DAA,
and between 10 and 27 DAA (linear regression of the three points), respectively. The grey shaded area represents
the area under the SPAD progress curve (AUSC), which is an estimate of absolute chlorophyll content
considering all 3 measurements together.

6.2.3 Molecular marker analysis

The details of molecular marker analysis were presented in Chapter 5. In brief, the DH
lines were typed for the 9K iSelect array developed by the International Wheat SNP Working
Group (Cavanagh et al. 2013). They were also typed for SNP polymorphisms within the Ppd-
B1 photoperiod response gene and the Rht-B1 and Rht-D1 semi-dwarfing genes, using
competitive allele-specific PCR (KASP) assays (LGC Genomics, London, UK;

www.lgcgenomics.com).

6.2.4 Construction of the molecular marker map

A genetic linkage map was generated from 548 genetically non-redundant SNP markers
plus markers for the Ppd-B1, Rht-B1 and Rht-D1 genes, using R/gtl software. Linkage groups
were formed using a logarithm of odds (LOD) threshold of 5 and a maximum recombination
frequency threshold of 0.4. Then, markers were ordered within linkage groups.
Recombination fractions were converted to cM distances using the Kosambi mapping
function (Kosambi 1943). Linkage groups were assigned to chromosomes and oriented
according to the SNP consensus wheat genetic map (Cavanagh et al. 2013) (for more details
see Chapter 5). The map graphic was drawn using MapChart 2.1 (Voorrips 2002).
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6.2.5 Experimental design and statistical analysis

The experiments were designed as a randomized block split-plot with genotype (parents
and DH lines) and temperature treatments (control vs. heat) as main plots and subplots
respectively. Thus, for any given genotype, the control plant and the plant assigned to the heat
treatment were neighbours within each main plot replicate. Two replicates of the DH
population were intended in each experiment, but some lines were subsequently found to be
highly genetically similar and assumed to be identical (see Chapter 5) providing up to 8

replicates of some lines. Parent varieties were replicated 6 to 8 times.

Each trait within an experiment was analysed separately using a linear mixed model that
accounted for genetic and non-genetic sources of variation. For the vector of trait

observations, y = (y4, ..., Yn) the linear mixed model was defined as:
y=Xt+Zu+Z;,g+e

where t, is a vector of fixed effects and u and g are vectors of non-genetic and genetic
random effects, respectively. X, Z and Z, are design matrices which associate the trait
observation with the appropriate combination of fixed and random effects. The genetic effects
were assumed to have distribution g ~ N (0,X, ® I,) where X, is a 2 X 2 matrix with
diagonal elements (57,8Z,) representing the genetic variance for the control and heat
treatments and I4is the identity matrix. The residual error was assumed to be distributed
as e ~ N (0,5%R(p,,p.)) Where §% is the residual variance and R(p,, p.) is a correlation
matrix containing a separable AR1 x AR1 autoregressive process with parameters p, and p,
representing the correlation along the rows and columns of the experimental layout. For each
of the traits within each experiment a generalized heritability (H?), which is an estimate of the
broad-sense heritability, developed by Cullis et al. (2006) and Oakey et al. (2006) was

calculated for each treatment using:

262

where E is the average pairwise prediction error variance of the best linear unbiased
predictors (BLUPs) and &7 is the genetic variance for the treatment. All models were fitted
using the flexible linear mixed modelling software ASRemlI-R (Butler et al. 2009) available in

the R statistical computing environment (R Development Core Team 2014).

BLUPs derived from the linear mixed model were used for QTL analysis. QTL analysis
was performed separately for traits under either control or heat conditions, and for trait HSIs,

for each experiment, using GenStat 16 (http://www.vsni.co.uk/genstat). Initially, linkage

117


http://www.vsni.co.uk/genstat

analysis was performed using simple interval mapping, then the selected candidate QTL were
used as co-factors for composite interval mapping (CIM), setting the minimum co-factor
proximity to 30 cM. For CIM, a 10 cM maximum step size and a genome wide significance
level of a = 0.05 was chosen. Map diagrams were drawn using MapChart 2.1 (Voorrips
2002).

Pairwise Pearson correlation tests were done to study relationships between heat
susceptibility indices (HSIs) of traits with their potentials (mean value of control plants) and
between HSIs of different traits. Pearson correlation tests were performed using Psych
package (Revelle 2011).

6.2.6 Comparing physical location of 3BS QTLs from this and previous studies

Locations of QTL for heat tolerance related traits mapped to 3BS in this and previous
studies were compared by determining locations of markers on the wheat 3B reference
sequence, by wusing BLAST searches at the URGI website (http://wheat-

urgi.versailles.inra.fr/). Map diagram was drawn using MapChart 2.1 (Voorrips 2002).

6.3 Results
6.3.1 Phenotypic analysis

6.3.1.1 Parental lines

Means + standard errors (SES) of traits for the Drysdale x Waagan DH population and the
parent varieties are presented in Table 6.3. Heat treatment did not have any significant overall
effect on GWS, GNS, and SGW in either parent in Experiment 1, while it significantly
reduced GWS and SGW of both parents in Experiment 2. Percent change of yield components
due to heat ranged from 0.6 to 2.7% in Experiment 1 and from 2.0 to 11.0% in Experiment 2.
Compared to earlier experiments (Chapters 3 and 4) where the parents showed a difference of
11% for SGW response, they differed less in the two current experiments (4.5 and 0.6%
contrast in Experiments 1 and 2, respectively) — a contrast which may have been derived from
within-genotype variation or differences in growth conditions. GFD and DTM of both parents
decreased in response to the heat treatment (ranged from 1.9 to 6.0% in Experiment 1 and
from 3.5 to 8.3% in Experiment 2), with Drysdale responding more than Waagan. Heat
treatment impacted flag leaf chlorophyll retention related traits in Drysdale (by 4.9 to 945.5%
in Experiment 1 and 3.3 to 572.7% in Experiment 2) more than in Waagan (1.1 to 600.0% in
Experiment 1 and 1.2 to 91.7% in Experiment 2). In both experiments and for all chlorophyll

retention related traits, the heat effects were significant in Drysdale (except ChIR27 in
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Experiment 2) but non-significant in Waagan. There was no significant difference between
control and heat-treated plants for ShW and HI in Experiment 1, while heat stress
significantly reduced ShW in Waagan and HI in both parents in Experiment 2. On average,

Drysdale flowered 12-15 days earlier and was 8-9 cm taller than Waagan.

6.3.1.2 DH lines

In the DHSs, overall mean values for almost all of the measured traits (except GNS in both
experiments, HI in Experiment 1 and ShW in Experiment 2) were significantly affected by the
brief heat treatment (Table 6.3). For all traits, the range of HSIs and absolute trait values was
larger in DHSs than in the parents (Table 6.3). Heat treatment reduced the overall mean values
across DH lines for GWS by 4.6%, and for SGW by 4.1% in Experiment 1, and for both traits
by ~ 11.0% in Experiment 2. Heat stress reduced GFD by 8.6 and 7.3%, and DTM by 4.4 and
3.1%, in Experiment 1 and 2, respectively, indicating that the brief heat treatment accelerated
development by ~ 5 days in both experiments. As expected, there was no significant
difference for chlorophyll content before heat exposure (ChIC10DAA) between the two
treatments. Heat stress showed a very similar impact on chlorophyll content measured directly
after treatment (ChIC13DAA) between two experiments, reducing the mean value in the DH
lines by ~ 4.0%. During the heat treatment period, chlorophyll loss rate was greater in heat-
treated plants relative to the control plants (ChIR13 trait; by 636.4% in Experiment 1 and by
725.0% in Experiment 2). Mean chlorophyll content of DH lines measured two weeks after
heat treatment (ChIC27DAA) was 5.1 and 7.6% lower in heat-treated plants than in unheated
control plants in Experiment 1 and 2, respectively. The area under the SPAD progress curve
(AUSC) was reduced by heat by 3.4% in Experiment 1 and by 4.9% in Experiment 2.
Chlorophyll loss rate from 10 to 27 DAA (ChIR27) was higher in the heat treated plants, by
5.0% in Experiment 1 and by 62.5% in Experiment 2, which suggests there was a difference
between experiments for chlorophyll gain/loss after treatment. The time from anthesis to the
date that flag leaf became ~95% senesced (FLSe; visually scored) was reduced by heat stress
in both experiments (12.5 and ~ 4.0% in Experiment 1 and 2, respectively). Shoot dry weight
at maturity (ShW) and harvest index (HI) were both reduced by the heat treatment, by 2.9 and
0.9% in Experiment 1, and by 1.5 and ~4.0% in Experiment 2, respectively. The overall mean
values for days from sowing to anthesis, plant height, flag leaf length and width of the DH

lines was very similar for heat-treated and unheated control plants in both experiments.
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Table 6. 3 Means + S.E. for traits measured in the two experiments of the Drysdale x Waagan population and its parents. DTA, days from sowing to anthesis; GWS, grain weight spike™ (g); GNS, grain number spike™; SGW, single
grain weight (mg); GFD, grain-filling duration (days from anthesis to 95% senescence of spike); DTM, days to maturity (days from sowing to 95% senescence of spike); ChICLODAA, chlorophyll content 10 days after anthesis
(corresponding to the measurement before treatment in heat-treated plants; SPAD units); ChIC13DAA, chlorophyll content 13 days after anthesis (corresponding to first measurement after treatment in heat-treated plants; SPAD units);
AUSC, area under SPAD curve; ChIR13, linear rate of chlorophyll loss between SPAD at 10 and 13 DAA (SPAD units day™), representing the loss during the treatment time interval; ChIR27, linear rate of chlorophyll loss considering
all of the three SPAD measurements (10, 13 and 27 DAA; SPAD units day™) which incorporates losses during and after the treatment time interval; FLSe, days from anthesis to 95% flag leaf senescence; ShW, shoot dry weight (g); PH,
plant height (cm); HI, harvest index (%); FL, flag leaf length (cm) and FW, flag leaf width (cm).

Experiment/Traits Drysdale Waagan DH mean DH Range (Minimum, Maximum)

Control Heat Control Heat Control Heat Control Heat HSI?

Experiment 1
DTA 56.98 + 0.55 57.29 + 0.54™ 68.74 + 1.03 69.27 +1.03™ 58.70 + 0.25 58.74 + 0.25™ 49.00, 73.00 49.00, 72.00 -
GWS 1.72 £0.05 1.73 £ 0.05™ 1.55 £ 0.04 1.58 £ 0.04™ 1.53 £0.02 1.46 £0.02™ 0.54,2.72 0.47,2.83 1.00
GNS 40.21+1.11 41.29 +1.13™ 44.66 + 1.00 44.40 + 1.05™ 41.55 + 0.47 41.36 + 0.47™ 23.00, 73.00 14.00, 68.00 0.37
SGW 43.02 £ 0.65 42.13£0.72" 34.92 £ 0.51 35.79 + 0.43™ 36.83 £ 0.34 35.33+0.35"" 17.66, 54.40 17.48, 52.22 0.97
GFD 62.07 +0.48 58.36 + 0.49™" 56.41 + 0.29 53.11+0.33™ 60.03 +0.17 54.83 +0.19™" 47.00, 68.00 44.00, 64.00 1.00
DTM 119.02 + 0.67 115.64 +0.69" 124.80 + 1.00 122.39 £ 0.91" 118.71 £ 0.31 113.53 £ 0.30™" 103.00, 136.00 97.00, 130.00 0.99
ChIC10DAA 49.34 +0.24 49.54 + 023" 47.45 +0.22 47.27 +0.23" 47.65 + 0.16 47.71+0.15™ 35.90, 54.80 39.10, 55.00 -
ChIC13DAA 49.67 £ 0.25 46.75 £ 0.35™" 47.74 £ 0.24 47.16 £ 0.26™ 47.99 £ 0.15 45.95 + 0.22"" 36.10, 55.30 31.60, 54.10 1.01
ChIC27DAA 49.42 +0.25 47.01 +0.39™ 47.77 £ 0.23 48.29 + 0.23" 48.73 +0.19 46.24 +0.28™" 8.20, 55.30 11.90, 54.40 1.01
AUSC 842.16 + 4.10 800.81 £5.74™ 811.33+3.86 809.80 + 4.07™ 814.17 £ 2.62 785.85 + 3.87"" 526.15, 939.35 445.70, 920.85 1.01
ChIR13 0.11 +£0.03 -0.93+0.09™ 0.10 £0.02 -0.04 £0.03™ 0.11 £0.01 -0.59+£0.04™ -0.57,1.13 -5.30, 0.83 1.00
ChirR27 0.00 £ 0.01 -0.10 £0.02™ 0.01+0.01 0.07 £0.01"™ 0.00 £ 0.01 -0.05+0.01™" -2.44,0.18 -1.76,0.19 1.58
FLSe 68.90 + 1.08 63.33+£0.94™ 63.61 % 0.70 62.09 £ 0.77™ 65.74 + 0.54 5751+ 051" 31.00, 99.00 31.00, 91.00 0.96
Shw 1.48 £ 0.04 1.51+0.03" 1.45 £ 0.03 1.51+0.03™ 1.39 £0.02 1.35£0.02" 0.52,2.84 0.59, 2.99 1.04
PH 85.47 +1.09 86.98 + 0.65™ 77.39 + 0.56 77.38 +0.65™ 78.86 + 1.00 78.81 + 1.00™ 41.70, 124.50 40.00, 122.70 -
HI 47.04 £ 0.56 46.77 £ 0.47"™ 45.16 + 0.46 44.82 + 0.46™ 45.8 +0.16 45.39 £ 0.18"™ 35.37, 56.61 33.85, 58.33 1.00
FL 24.18 +0.48 24.73 +0.35™ 24.04 + 0.48 23.97 +0.48™ 23.37 +0.18 2337 £0.17™ 11.90, 35.30 15.70, 34.50 -
FW 1.56 + 0.03 1.58 + 0.02" 1.55 £ 0.02 1.54 +0.01"™ 1.54 £ 0.01 1.53 +0.01" 1.05, 2.00 0.90, 2.20 -
Experiment 2

DTA 68.24 + 0.24 68.34 + 0.25™ 83.90 + 0.98 82.11 +0.90™ 70.82 £ 0.25 70.85 + 0.25™ 57.00, 95.00 59.00, 84.00 -
GWS 3.61+0.08 3.21+0.08™ 3.85+0.07 3.44+0.077 3.02+0.05 2.69 +£0.04™ 0.99, 6.34 0.97,5.28 0.97
GNS 64.74 £ 1.54 62.93 + 1.74™ 77.54 £ 1.45 75.97 £1.71™ 60.35 £ 0.82 60.72 +0.81™ 24.00, 107.00 22.00, 112.00 -2.20
SGW 55.90 + 0.43 51.31+0.42"" 49.81 +0.33 45.43+0.31™" 49.75 + 0.26 44.22 + 0277 32.70, 62.91 28.33, 56.88 1.00
GFD 57.19 £ 0.35 52.44 +0.34™" 47.35 + 0.48 44.43+0.35™ 53.14 £ 0.19 49.26 + 0.19™" 44.00, 78.00 28.00, 60.00 1.00
DTM 125.43 +0.39 120.78 + 0.37"" 131.17 + 0.84 126.54 +0.72"" 123.95 +0.27 120.13+0.25™ 109.00,145.00  107.00,132.00  0.99
ChIC10DAA 48.43 £ 0.28 48.20 + 0.28™ 48.36 + 0.22 48.65 + 0.24"™ 47.79 £ 0.16 47.64 £ 0.17"™ 33.20, 55.90 32.10, 55.20 -
ChIC13DAA 48.76 + 0.27 46.63+0.35™" 48.01 + 0.24 48.60 + 0.30™ 4755 +0.17 45,66 + 0.29™" 32.40, 55.80 16.70, 54.30 1.02
ChIC27DAA 44.77 £ 0.56 43.28 + 057" 44.00 £ 0.98 45.71 £ 0.57™ 44.07 £ 0.26 40.69 £ 0.44™" 27.80, 55.60 4.80, 53.10 1.02
AUSC 800.46 + 5.77 771.64 £ 677 775.66 + 8.27 804.43 + 6.15™ 782.84 +3.23 743.61 +5.49™ 552.00,947.35  291.20,914.45  1.02
ChIR13 0.11+0.03 -0.52+0.10™" -0.12+0.03 -0.01 +0.05™ -0.08 +£0.01 -0.66 +0.06™" -1.27,0.67 -9.80, 1.03 1.00
ChIrR27 -0.24 +0.03 -0.27 £0.03™ -0.38 £0.06 -0.20 +0.03™ -0.24 +0.01 -0.39 £0.02"™" -1.50, 0.15 -2.47,0.15 0.93
FLSe 58.00 + 0.53 54.29 +1.05" 43.04 +0.98 44.28 +0.75™ 54.92 + 0.38 52.79+0.50™" 32.00, 78.00 9.00, 87.00 1.00
Shw 2.14 +0.03 2.09 +0.03™ 2.37+0.05 2.20 +0.04 1.94 +0.03 1.91 + 0.03™ 0.75, 4.64 0.72,4.75 0.78
PH 89.53 + 0.60 89.6 +0.73™ 81.11 +0.37 81.17 +0.45™ 81.72 +1.02 82.11 + 1.02" 47.00, 132.10 47.80, 138.30 -
HI 54.59 + 0.45 5249 + 0.56™" 53.60 + 0.27 52,58 +0.30" 53.05 + 0.25 50.93 +0.23™" 32.09, 65.85 31.55, 61.52 0.98
FL 31.53 +0.36 31.79 +0.45™ 25.02 + 0.43 25.95 + 0.50™ 29.00 £ 0.17 29.12 +0.18™ 17.30, 39.00 19.70, 39.80 -
FW 1.83 +0.02 1.86 + 0.02™ 1.89 £ 0.02 1.86 + 0.02™ 1.82 +0.01 1.82 +0.01™ 1.20, 2.30 1.20, 2.30 -

2Average HIS calculated across all DH lines
"Non-significant difference between control and heat-treated plants

-

, ™, and ™ indicate significant difference between control and heat-treated plants at p < 0.05, p < 0.01, and p < 0.001, respectively.
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6.3.2 Heritability

Heritability (H?) for each trait/treatment/experiment is presented in Table 6.4. DTA showed
heritabilities ranging from 0.59 to 0.68. Estimated heritability for yield components (GWS,
GNS and SGW) were high under both control and heat stress conditions, ranging from 0.64 to
0.85 (Table 6.4). GWS and SGW had higher heritability than GNS. Moreover, SGW showed
a slightly higher heritability under heat stress conditions than under control conditions. GFD
and DTM appeared to have high heritability under both conditions. However, GFD showed
higher heritability under heat stress conditions, whereas the reverse held true for DTM.
Heritability for flag leaf chlorophyll retention, chlorophyll loss rate and FLSe were high under
heat stress conditions (0.71-0.87), while they ranged from 0.00 to 0.77 under control
conditions. The large difference in heritability of chlorophyll loss rate from 10 to 13 DAA
(ChIR13) between control and heat-treated plants (0.00 vs. 0.87 in control and heat-treated
plants, respectively) reflects lack of detectable difference between lines for change in
chlorophyll content from 10 to 13 DAA and a large difference between lines for chlorophyll
retention during heat treatment (10 to 13 DAA) in heat-treated plants. PH had the highest
heritability among the measured traits (0.96), followed by Shw (0.86-0.91) which is highly
associated with PH. HI showed a low heritability in first experiment (0.30-0.44) while it had a
high heritability in the second (0.76-0.78). FL showed a moderate heritability (0.45-0.50),
while FW appeared to have high heritability (0.60-0.71).

121



Table 6. 4 Heritability (H?) of the traits for each treatment/experiment. DTA, days from sowing to anthesis;
GWS, grain weight spike™; GNS, grain number spike™; SGW, single grain weight; GFD, grain-filling duration;
DTM, days to maturity; ChICLODAA, chlorophyll content 10 days after anthesis; ChIC13DAA, chlorophyll
content 13 days after anthesis; AUSC, area under SPAD curve; ChlIR13, linear rate of chlorophyll loss between
SPAD at 10 and 13 DAA; ChIR27, linear rate of chlorophyll loss considering all of the three SPAD
measurements (10, 13 and 27 DAA); FLSe, days from anthesis to 95% flag leaf senescence; Shw, shoot dry
weight; PH, plant height; HI, harvest index; FL, flag leaf length and FW, flag leaf width.

Trait H?
Treatment Control Heat
Experiment  Experiment 1 Experiment2  Experiment1  Experiment 2

DTA 0.61 0.66 0.59 0.68
GWS 0.83 0.85 0.85 0.80
GNS 0.64 0.76 0.64 0.74
SGW 0.79 0.80 0.81 0.82
GFD 0.65 0.72 0.71 0.79
DTM 0.60 0.67 0.55 0.63
ChIC10DAA 0.76 0.72 0.75 0.73
ChIC13DAA 0.65 0.61 0.84 0.84
ChIC27DAA 0.65 0.39 0.87 0.82
AUSC 0.71 0.50 0.87 0.82
ChIR13 0.00 0.00 0.87 0.87
ChIR27 0.25 0.33 0.84 0.81
FLSe 0.77 0.60 0.71 0.74
Shw 0.86 0.91 0.88 0.91
PH 0.96 0.96 0.96 0.96
HI 0.30 0.78 0.44 0.76
FL 0.49 0.50 0.45 0.50
FW 0.60 0.71 0.60 0.68

6.3.3 Correlations

Summaries of correlations between HSIs for different traits, and between HSIs and trait
potentials (trait value under control conditions), are given in Tables 6.5 and 6.6, respectively.
Low to strong correlations were observed among HSIs of the different traits (Tables 6.5).
HSIs of main-spike yield components were moderately to highly correlated. HSI of GWS
showed a strong positive correlation with HSIs of GNS and SGW in both experiments, while
HSI of SGW and GNS showed a moderately significant negative correlation in Experiment 1,
which tends to suggest a trade-off between heat responses of grain size and number. HSI of
GWS and SGW showed positive correlations with other traits in both Experiments. These
correlations were particularly strong and significant for most of the flag leaf chlorophyll
retention related traits, i.e. genotypes able to better maintain SGW and GWS under heat
conditions (tolerant) also tended to maintain flag leaf chlorophyll content and to have slower
chlorophyll loss rate in response to heat stress. This suggested a functional relationship
between stay-green and heat tolerance. The HSI of ShW also showed positive and significant
associations with the HSIs of yield components and most of the flag leaf chlorophyll retention
related traits, suggesting that under heat, the ability to maintain grain mass and chlorophyll
was also functionally related to the ability to maintain shoot mass.
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Correlations were observed between HSIs and potentials (trait in control plants) for some
traits. Positive associations indicate a greater response of the lines with higher potential for
the trait, while the negative associations suggest a weaker response for plants with higher trait
potential values. There was no significant correlation between potentials of PH, FL, and FW
with HSIs of yield components (GWS, GNS and SGW) in either experiment (Table 6.6).
DTA showed low to moderate correlation with HSIs of GFD, DTM, and FLSe in Experiment
1, and with HSIs of all yield components, as well as with HSIs of ChIC27DAA, and ChIR27,
in Experiment 2. Late flowering genotypes tended to have a greater response (more
susceptibility) for the developmental (GFD and DTM) and some stay-green related traits
(ChIR27 and FLSe). A positive correlation was observed between HSIs of GNS, SGW, DTM,
FLSe and HI and the potentials of these same traits, in one or both experiments. By contrast,
negative correlations were found between HSIs of ChIC13DAA, ChIC27DAA, AUSC,
ChIR13 and ChIR27 and their potentials in both experiments, although the magnitude of the
correlations differed between experiments (Table 6.6). i.e., genotypes with higher absolute
value for yield components (GNS and SGW), DTM, FLSe, and HI also tended to show higher
response to the heat treatment, while for most stay-green related traits, genotypes with slower
natural senescence (higher chlorophyll content per se and slower chlorophyll loss rate) also

showed lower response upon heat exposure.
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Table 6. 5 Genotypic correlations between heat susceptibility indices (HSIs) of traits in Experiment 1 (below diagonal) and Experiment 2 (above diagonal). GWS, grain weight spike™;
GNS, grain number spike™; SGW, single grain weight; GFD, grain-filling duration; DTM, days to maturity; ChIC13DAA, chlorophyll content 13 days after anthesis; AUSC, area under
SPAD curve; ChlR13, linear rate of chlorophyll loss between SPAD at 10 and 13 DAA; ChIR27, linear rate of chlorophyll loss considering all of the three SPAD measurements (10, 13 and
27 DAA); FLSe, days from anthesis to 95% flag leaf senescence; ShW, shoot dry weight; HI, harvest index.

ChiC13 chic27
Trait GWS GNS SGW GFD DTM DAA DAA AUSC ChIR13 ChIR27 FISe Shw HI
GWS - 0.83™ 0.47"" 0.25™ 0.29™ 0.32"" 0.42"" 0.36™" 0.38™ 0.43™" 0.00 0.56™" 0.70™
GNS 0.62"" - -0.04 0.11 0.22" 0.08 0.12 0.06 0.13 0.22" -0.07 0.50™" 0.54™"
SGW 0.56™" -0.26™ - 0.22™ 0.12 0.52™" 0.63™" 0.59™ 0.55™" 0.42"" 0.13 0.28"™ 0.40"
GFD 0.24™ -0.11 0.43™ - 0.43™ 0.18" 0.46™" 0.34™ 0.24™ 0.43™ 0.54™ -0.08 035"
DTM 0.25" -0.04 0.35™" 067" - 0.12 0.21" 0.16" 0.15 0.21" 0.11 0.20" 0.25"
ChIC13DAA 0.40™" 0.14 0.35™ 0.15 0.14 - 0.72"" 0.89™ 0.85"" 0.39™" 0.08 0.23" 0.23"
ChIC27DAA 0.43™" 0.04 0.49™" 0.38™" 0.23" 0.77"" - 0.93™" 0.70™" 0.68™" 0.48™" 0.14 0.37™"
AUSC 0.44™ 0.11 0.46™" 0.27" 0.17" 0.91™" 0.93™ - 0.78"™" 0.56™" 0.327 0.16 0.29™
ChIR13 0.33™ 0.02 0.41™" 0.19" 0.14 0.86™" 0.66™" 0.77"" - 0.56™" 0.12 0.24"™ 0.27™"
ChIR27 0.14 0.08 0.07 -0.06 -0.01 0.15 0.18" 0.19 0.13 - 0.35™ 0.14 0.3™
FISe 0.22" -0.06 0.36™" 0.65™" 0.38™" 0.15 0.37™" 0.27"" 0.22" -0.01 - -0.21" 0.13
Shw 0.64™" 0.39™ 0.42"" 0.27" 0.16 0.44™" 0.48™" 0.48™" 0.37 0.02 0.26™ - -0.04
HI 0.51"" 0.30"" 0.24" -0.01 0.13 0.07 0.08 0.09 0.02 0.12 0.07 -0.217 -

Values are Pearson correlation coefficients, with significance levels indicated by asterisks: ~ p < 0.05, p<0.01and ~ p < 0.001.
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Table 6. 6 Correlations between trait potentials (mean value in control plants; for those that were measured before treatment including ChIC10 DAA, FL and FW also just the value in
control plants was used for the correlation analysis) and heat susceptibility indices (HSIs) in the two experiments. DTA, days from sowing to anthesis; GWS, grain weight spike™; GNS,
grain number spike™; SGW, single grain weight; GFD, grain-filling duration; DTM, days to maturity; ChICI0DAA, chlorophyll content 10 days after anthesis; ChIC13DAA, chlorophyll
content 13 days after anthesis; AUSC, area under SPAD curve; ChIR13, linear rate of chlorophyll loss between SPAD at 10 and 13 DAA; ChIR27, linear rate of chlorophyll loss
considering all of the three SPAD measurements (10, 13 and 27 DAA); FLSe, days from anthesis to 95% flag leaf senescence; ShW, shoot dry weight; PH, plant height; HI, harvest index;
FL, flag leaf length and FW, flag leaf width.

Trait potentials

Chic10 ChiC13 Chic27

Experiment/Trait  DTA  GWS GNS SGW GFD DTM DAA DAA DAA AUSC ChIR13  ChIR27  FLSe Shw PH HI FL FW
Experiment 1
GWS 0.09 0.00 -0.01 0.02 -0.01 0.14 -0.06 -0.10 -0.06 -0.07 -0.18" -0.06 0.02 -0.07 -0.05 0.32™" 0.06 0.08
GNS 0.00 0.20" 0.33™ -0.06 -0.08 -0.03 0.12 0.09 0.11 0.11 -0.09 0.02 -0.01 0.14 0.07 0.15 0.11 0.08
SGW 0.13 -0.14 -0.29™ 013 0.11 0.23" -0.14 -0.17" -0.14 -0.15 -0.15 -0.08 0.06 -0.18" -0.08 0.23" 0.02 0.02
GFD 0.19" -0.26"  -0.20" -0.20" 031" 0.34™ -0.13 -0.18" -0.12 -0.16 -0.25™ -0.07 0.35™" -0.34™ 031" 017" 0.12 0.28™"
DTM 0.17" 0.17" -0.14 -0.12 0.33™  0.53™ 0.17" -0.20" -0.13 -0.17" -0.10 0.05 0.26™ -0.20" -0.18" 0.08 0.04 0.23"
ChIC13DAA -0.11 -0.13 -0.14 0.01 0.05 0.02 -0.32™ 035" 033" -035™  -0.08 0.02 0.03 -0.11 0.01 0.00 0.04 -0.05
ChIC27DAA -0.07 -0.24" 023" -0.08 0.13 0.06 -0.24™ 028" -0.15 0.2 -0.07 0.04 0.12 -0.26" -0.11 0.11 0.02 -0.07
AUSC -0.13 -0.18 0.17" -0.05 0.09 0.03 -0.25" -0.307  -0.21 -0.25"  -0.06 0.05 0.06 -0.19" -0.05 0.07 0.00 -0.05
ChIR13 -0.04  -0.08 -0.15 0.08 0.05 0.10 -0.37" -0.427" 039" 0427 04T 0.00 0.02 -0.07 0.08 0.01 0.09 -0.11
ChIR27 -0.07 -0.01 -0.05 0.06 -0.03 -0.02 0.07 0.05 0.03 0.05 -0.10 -0.10 -0.07 -0.01 0.15 0.01 011 -0.19
FISe 027"  -025"  -0.13 -0.27" 030" 035 -0.16" -0.22" -0.15 -0.20" -0.25™ 0.01 0.60™" 0327 031" 0227 022" 033"
Shw 0.10 -0.07 0.00 -0.11 -0.04 0.06 -0.05 -0.09 -0.06 -0.07 -0.15 0.01 0.03 -0.05 -0.11 0.00 -0.03  0.06
2 | H 0.07 0.03 -0.07 0.12 0.11 0.16 -0.05 -0.05 -0.04 -0.04 -0.06 -0.06 0.09 0.04 0.07 0.14 0.10 0.08
= Experiment 2
GWS 031"  046™  0.49™ 0.15 -0.04 0.26™ -0.13 -0.18" 038"  -0.30™  -0.21" 047 0257 0.23" 0.13 0.32™" -0.04 012
GNS 021" 033" 0437 -0.04 -0.05 0.17" -0.05 -0.07 -0.21" -0.16 -0.09 -0.20" -0.13 0.14 0.06 0.25" -0.04  0.08
SGW 023" 014 0.10 0.19" 0.03 0.20" -0.26™ 0317 0417 -040™ -0.26" 057" -0.16 0.07 0.03 0.19" -0.01 003
GFD 0.15 0.33™  0.33™ 0.14 -0.04 0.29™" 0.03 -0.02 -0.24™ -0.15 -0.21" -0.53™  -0.22" 0.3¢™ 0.30™" 0.02 -0.05  -0.01
DTM 0.17" 0.17" 0.18" 0.05 0.05 0.49™" -0.12 -0.12 -0.19" -0.18" -0.07 -0.24™ -0.05 0.16 0.13 0.04 -0.04  -0.02
ChIC13DAA -0.10 0.01 -0.03 0.13 0.11 -0.06 -0.32™ 0327 0307 -034™ 011 -0.49™  0.05 -0.01 0.13 0.04 0.13 -0.19"
ChIC27DAA 0.18" 027" 023" 0.23" -0.08 0.16 -0.25" 0317 037" 038" 0307 -08"" -019" 0.20" 0.22" 0.10 0.12 -0.07
AUSC 0.06 0.17" 0.13 0.19" 0.00 0.07 -0.29™ 033" 0307 -034"  -021" 071" -0.08 0.11 0.18 0.07 0.14 -0.11
ChIR13 0.05 0.12 0.10 0.14 0.03 0.08 -0.36™" 038" 0427 0447 -0.247 -0.60™"  -0.07 0.05 0.15 0.11 0.11 -0.09
ChIR27 042"  049™ 048 0.29™" -0.24" 033 -0.08 -0.19" 054 04 043  -084™ 041" 0367 031" 0.19" 0.07 0.03
FISe 0.05 0.19" 0.18" 0.06 -0.08 0.1 0.16 0.12 0.02 0.08 -0.14 -0.49™  0.02 0.15 0.1 0.03 0.05 0.14
Shw 0.13 0.10 0.11 0.07 -0.02 0.08 0.11 -0.12 -0.21" -0.18" -0.06 -0.15 -0.13 0.11 0.05 -0.02 015  -0.02
HI 0.11 0.30™"  0.32" 0.07 0.15 0.23" -0.17" -0.21" -0.27" -0.26""  -0.18" -0.36™"  -0.02 0.05 0.00 0.47"" -0.03  0.18"

Values are Pearson correlation coefficients, and significance level indicated by p < 0.05, "p <0.01, and ~ p < 0.001.
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6.3.4 The molecular marker map

The molecular marker genetic map made from a set of 551 genetically non-redundant

markers was described in Chapter 5.

6.3.5 HSI QTL (heat responses of the traits)

Ten QTL were detected for heat susceptibility indices (HSIs), on 7 of the 21 wheat
chromosomes, namely 1A, 3B, 4A, 4B, 5A, 6B, and 7B, with individual QTL explaining
between ~6 to 40% of the phenotypic variance (Table 6.7; Figure 6.2). Both parents
contributed favourable alleles for heat tolerance. In some cases, HSI QTL co-located with
QTL for absolute trait values under control and/or heat conditions. QTL for absolute trait

values are summarized in Table 6.8 and illustrated in Figure 2.

The QTL region on the short arm of chromosome 3B was the only HSI QTL region
detected in both experiments and appeared to have pleiotropic effects (influencing the HSI of
several traits). In both experiments, a QTL was detected in this interval (0-11 cM with QTL
peak occurring at the 0-3.15 c¢M interval in most of the cases) for HSI of each of the traits:
GWS, SGW, indicators of chlorophyll content (ChIC13DAA, ChlC27DAA, and AUSC), and
for chlorophyll loss rate during the treatment (ChIR13). In all cases, Waagan contributed the
heat tolerance allele (smaller HSI). The QTLs explained ~15 to 22% of the phenotypic
variance for GWS, ~11 to 20% of the variance for SGW and ~13 to 40% of the variance for
the flag leaf chlorophyll retention related traits. QTL were also detected in this interval for
HSIs of GFD, FLSe, ShW in Experiment 1, and for chlorophyll loss rate between 10 to 27
DAA (ChIR27), and for HI, in Experiment 2. The QTLs explained between 10 and ~ 22% of
the variance for these traits. Waagan also contributed the alleles for stability of these traits
under heat stress (smaller HSI). These response QTLs on 3BS co-localized with QTLs for
trait values under either control or heat conditions, for GWS, SGW, chlorophyll content
(ChIC10DAA, ChIC13DAA, ChIC27DAA and AUSC), chlorophyll loss rate (ChIR13 and
ChlIR27), GFD, FLSe, ShW and HI, with Waagan contributing the allele for the larger values

of traits, except for HI, for which Drysdale contributed the positive allele.

Several HSI QTLs were detected in just one experiment. Chromosomes 4A and 4B had the
highest number of HSI QTLs after chromosome 3BS. Two QTL regions were associated with
HSIs on chromosome 4A. The first controlled HSI for ChIC27DAA and AUSC in Experiment
1, with the Waagan allele conferring tolerance. It was in the wsnp_Ex c11474 18507872/
wsnp_Ex_¢33012_41567026 marker interval and explained ~6 to 7% of the phenotypic
variance. This QTL co-localized with a QTL for the absolute trait value under control

conditions for GFD (QGfd.aww-4A1) which had Drysdale contributing longer GFD. The
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second region on 4A had a QTL for HSI of GFD, closely associated with marker
wsnp_RFL_Contig25 2082245(R), in Experiment 2. This locus had Drysdale contributing the
allele for stable GFD and explained ~8% of the phenotypic variance. This region co-localized
with QTLs for absolute trait values under heat conditions for GFD (QGfd.aww-4A2) and for
PH under both control and heat conditions (QPh.aww-4A), with Drysdale and Waagan alleles
contributing longer GFD and greater PH, respectively.

On chromosome 4B, HSI QTL were detected for GFD (QHgfd.aww-4B), FLSe
(QHflse.aww-4B; Experiment 1), and ChIR27 (QHchlr27.aww-4B; Experiment 2), and these
explained ~8 to 18% of the phenotypic variances for the respective traits. For each QTL, the
Drysdale allele was associated with heat tolerance. QHgfd.aww-4B and QHflse.aww-4B were
in the same marker interval,
wsnp_CAP12 rep c4278 1949864(R)/wsnp_Ex_c39876 47057394, and co-localized with a
series of overlapping QTLs for absolute values of several traits (GFD, DTM, GNS, FW, and
FL) across a large proportion of the chromosome. The QTL for HSI of ChIR27
(QHchlr27.aww-4B) co-localized with QTLs for flowering time (QDta.aww-4B), and
absolute trait values of GWS and FLSe (both expressed under both control and heat

conditions).

On chromosome 5A, HSI QTL were detected for DTM (QHdtm.aww-5A; Experiment 1)
and GFD (QHgfd.aww-5A; Experiment 2), and these explained 10 to 12% of the phenotypic
variances. Favourable alleles (trait stability under heat) were contributed by Waagan and
Drysdale, respectively. QHgfd.aww-5A co-localized with QTL for control plant SGW, GFD,
HI, and FW, with the Waagan allele conditioning longer GFD and wider FW, and the
Drysdale allele conditioning larger SGW and HI.

On chromosome 6B, HSI QTL were detected in the marker interval
wsnp_Ex_c9038_15058444/wsnp_Ex c11573 18650189(R) for SGW and ChIR13 in
Experiment 2. These explained ~12 and 9% of phenotypic variance, respectively, and the
Drysdale allele was associated with stability of both traits under heat stress (smaller HSI).
This interval also contained QTL for absolute values in heat-treated plants for AUSC and
ChIR13, with the Drysdale allele being favourable for both traits.

HSI QTL were detected for ChIR27 (QHchlr27.aww-1A; Experiment 2) and FLSe
(QHflse.aww-7B; Experiment 1) on chromosome 1A and 7B, respectively. These explained
~7.5 to 11% of the phenotypic variances and in both cases the Waagan allele contributed to
heat tolerance. The QTL for HSI of ChlIR27 on chromosome 1A, at the
wsnp_Ku_c40759_48907151(R) locus, co-localized with QTL for absolute trait values of
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GWS, GNS, ChIC10DAA, and ChIR27. At this locus, Drysdale contributed larger GWS and
GNS in Experiment 1 and larger ChIC10DAA in Experiment 2 in control plants, and Waagan
contributed slower ChIR27 in control and heat-treated plants in Experiment 2. The QTL on
7B, QHflse.aww-7B, co-localized with QTL for absolute trait values for flowering time
(QDta.aww-7B), FLSe, GFD, DTM and FL, with Drysdale contributing the larger trait values.
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Table 6. 7 Summary of heat susceptibility index (HSI) QTLs detected in the Drysdale x Waagan DH population.
Linkage group, position of each QTL, experiment (Exp) that the QTL was detected, closest marker(s), LOD
score, percentage of explained variation (R?), additive effect, and high value allele (Drysdale, D; Waagan, W)
are presented. Red highlights indicate QTLs detected for response of grain weight (GWS and SGW), and QTLs
for responses of other traits that co-localized with them. Hgws, HSI of grain weight spike™; Hgns, HSI of grain
number spike™; Hsgw, HSI of single grain weight; Hgfd, HSI of grain-filling duration; Hdtm, HSI of days from
sowing to maturity; Hchlc13, HSI of chlorophyll content 13 days after anthesis; Hchlc27, HSI of chlorophyll
content 27 days after anthesis; Hausc, HSI of area under SPAD curve; Hchirl3, HSI of linear rate of chlorophyll
loss between SPAD 10 and 13 DAA points; Hchlr27, HSI of linear rate of chlorophyll loss considering all of the
three SPAD measurements (10, 13 and 27 DAA); Hflse, HSI of days from anthesis to 95% flag leaf senescence;
Hshw, HSI of shoot dry weight; Hhi, HSI of harvest index.

Linkage

Trait/QTL group Position  Exp Marker(s) LOD R? Additive® Allele®
GWS
QHgws.aww-3B 3B1 0.00 E2 wsnp_Ra_c41135_48426638(R) 591 14.97 0.377 D
3B1 3.15 E1 wsnp_BE497169B_Ta 2 1(R) 879 21.64 1.160 D
SGW
QHsgw.aww-3B 3B1 1.44 E2 wsnp_Ex_c12875_20407926(R) 473 10.82 0.160 D
3B1 3.15 E1 wsnp_BE497169B_Ta_2 1(R) 8.08 20.11 0.921 D
QHsgw.aww-6B 6B3 9.06 E2 wsnp_Ex_c9038_15058444/ 3.78 12.07 0.169 w
wsnp_Ex_c11573_18650189(R)
GFD
QHgfd.aww-3B 3B1 3.15 = wsnp_BE497169B_Ta_2_1(R) 436 10.00 0.118 D
4A2
QHgfd.aww-4A 42.27 E2 wsnp_RFL_Contig25_2082245(R) 3.78 839 0.120 w
4B
QHgfd.aww-4B 99.47 El wsnp_CAP12_rep_c4278_194986 554 12.39 0.132 w
4R)
QHgfd.aww-5A 5A2 13408  E2 wsnp_Ex_rep_c68829_67704044 478 1158 0.140 D
DTM
QHdtm.aww-5A 5A2 21616  E1 wsnp_Ex_c905_1748920 405 10.29 0.161 w
ChIC13DAA
QHchlc13.aww-3B 3B1 0.00 E2 wsnp_Ra_c41135_48426638(R) 9.97 23.89 0.806 D
3B1 1.44 E1 wsnp_Ex_c12875_20407926(R) 1658 35.74 0.670 D
ChIC27DAA
QHchlc27.aww-3B 3B1 0.00 E2 wsnp_Ra_c41135_48426638(R) 526 13.37 0.616 D
3B1 1.44 E1 wsnp_Ex_c12875_20407926(R) 2125 38.60 1.282 D
QHchlc27.aww-4A 4A1 0.00 E1 wsnp_Ex_c11474 18507872 465  7.39 0.561 D
AUSC
QHausc.aww-3B 3B1 0.00 E2 wsnp_Ra_c41135_48426638(R) 7.34 1832 0.669 D
3B1 1.44 E1 wsnp_Ex_c12875_20407926(R) 20.47  38.29 0.913 D
QHausc.aww-4A 4A1 0.00 E1 wsnp_Ex_c11474 18507872 383  6.09 0.364 D
ChIR13
QHchlr13.aww-3B 3B1 0.00 E1 wsnp_Ra_c41135_48426638(R) 16.27  39.68 0.554 D
3B1 E2 1321 2721 0.795 D
QHchir13.aww-6B 6B3 18.11 E2 wsnp_Ex_c11573_18650189(R) 479 894 0.456
chirR27
QHchlr27.aww-1A 1A2 0.00 E2 wsnp_Ku_c40759_48907151(R) 59 11.00 0.302 D
QHchlr27.aww-3B 3B1 0.00 E2 wsnp_Ra_c41135_48426638(R) 9.33 19.35 0.400 D
QHchlr27.aww-4B 4B 13547  E2 wsnp_Ex_c4148_7495656 465 844 0.264
FLSe
QHflse.aww-3B 3B1 1.44 E1 wsnp_Ex_c12875_20407926(R) 6.70 14.42 0.271 D
QHflse.aww-4B 4B 11719 E1 wsnp_Ex_c39876_47057394 6.53 17.68 0.300
QHflse.aww-7B 7B 45.80 E1 wsnp_Ex_rep_c68815_67687712( 392 747 0.195 D
R)
shw
QHshw.aww-3B 3B1 3.15 E1l wsnp_BE497169B_Ta_2_1(R) 931 2275 1.620 D
HI
QHhi.aww-3B 3B1 0.00 E2 wsnp_Ra_c41135_48426638(R) 406 10.30 0.291 D

*E1l and E2 indicate Experiment 1 and 2, respectively.

®Indicate the additive effect

°D and W indicate Drysdale or Waagan allele increased the value of HSI (contributed to higher susceptibility)
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6.3.6 QTL for absolute trait values

In addition to HSIs (heat responses of the traits), QTL were also detected for performance
per se (absolute trait values) of the traits under control and heat conditions. QTL were
detected on 16 of the 21 wheat chromosomes for the absolute trait values under control and/or
heat-treated plants, with individual QTL explaining ~1 to 56% of the phenotypic variances in
the four experiments/treatments and with some chromosomal regions being pleiotropic, i.e.,
affecting several traits (Table 6.8; Figure 6.2). Both parents contributed favorable alleles for

the studied traits. In the D genome, 2D was the only chromosome to show any QTL.

6.3.6.1 DTA and PH

There was no major flowering time effect segregating in the DH population. Three minor
QTL were detected for flowering time, on chromosome 2B, 4B, and 7B (Table 6.8; Figure
6.2). The QTL on chromosome 4B showed the highest LOD score and was the only one
detected in both experiments, but it determined differences in time to anthesis of only 1.5-1.6
d. It explained 36-37% of the phenotypic variance, with the Waagan allele delaying
flowering. The QTL on chromosomes 2B and 7B were expressed just in one experiment each
and in both cases the Drysdale allele delayed anthesis (by only 0.7-0.9 d). They explained 7-
14% of the phenotypic variance for that trait. A SNP in the flowering time gene Ppd-B1 was
mapped in the population. However, it was located ~10 cM from the weak flowering time
QTL identified on chromosome 2B and the assayed SNP is not documented to alter gene

function.

Several QTL were detected for PH (Table 6.8; Figure 6.2). QTL on chromosomes 4B and
4D corresponded to Rht-B1 and Rht-D1 loci, consistent with the fact that the parents differed
for the known functional SNPs in these genes (Chapter 5). Together, these two loci explained
88.5-93.5% (added across loci) of the total phenotypic variance in all four
experiments/treatments. QTLs on chromosome 3A and 4A were also detected in all four
experiments/treatments, but explained only 1-2% of the phenotypic variance. QTL on
chromosomes 1A and 2A were each just detected in one experiment/treatment, and explained
1-2% of the phenotypic variance. Rht-B1 and Rht-D1had the strongest additive effects on PH
(11 and 14 cm, respectively), followed by the QTL on chromosome 4A (~2.5-3 cm).

6.3.6.2 Yield components (GNS, GWS and SGW)

QTL for yield related traits including GNS, GWS, and SGW were detected on 11
chromosomes with some chromosome regions affecting several traits (Table 6.8). Two QTL

were detected on chromosome 1A for yield components expressed under control conditions.
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At the first locus, at marker wsnp_Ex c200 391493(R), the Waagan allele was associated
with larger SGW (Experiment 1), and at the second locus, at marker
wsnp_Ku_c40759 48907151(R), the Drysdale allele was associated with both larger GWS
and GNS (Experiment 2). A heat specific QTL for SGW was detected on chromosome 1B in
Experiment 2 explaining 6.75% of phenotypic variance. At this locus the Waagan allele
increased SGW by an average of 0.97 mg. QTL were detected in the chromosome 2D interval
(wsnp_Ku_c30494 40319867(R)/wsnp_RFL_Contig2659_2346243) for GWS and SGW, in
Experiment 1 and 2, respectively. The QTL was expressed under both control and heat
conditions but had a stronger additive effect under heat conditions. The QTL explained ~6-
8% of phenotypic variances, depending on the experiment/treatment, and in all cases Drysdale
contributed the favorable allele. Two heat specific QTL were detected on chromosome 3B for
grain weight (either SGW or both SGW and GWS) with Waagan contributing the favorable
allele, in both experiments. On group-4 chromosomes, QTL were detected for all three yield
components on chromosomes 4B and 4D. These QTL were co-located at/near loci controlling
PH (Rht-B1 and Rht-D1 loci) and DTA (at the wsnp_Ex_c4148_7495656 marker). At Rht-B1,
the tall (Drysdale) allele was associated with larger GWS and SGW. At or near to
wsnp_Ex_c4148 7495656 the Waagan allele for late flowering was associated with both
larger GWS and GNS, with the effect being dependent on the experiment and treatment
(larger effect in Experiment 2 and under control conditions). At Rht-D1, the tall (Waagan)
allele was associated with both larger GWS and SGW. On group-5 chromosomes, QTL were
detected on chromosome 5A and 5B for SGW under control and under both treatments,
respectively. Both QTL on group-5 were detected in Experiment 2 with Drysdale contributing
favourable alleles. On group-6, QTL were detected on chromosomes 6A and 6B. A QTL on
chromosome 6A was detected for SGW under control conditions in both experiments and
under heat conditions in Experiment 2, with the Drysdale allele increasing SGW. This QTL
had a stronger effect and explained more phenotypic variance under control conditions. The
6B QTL interval appeared to be pleiotropic, affecting GWS (in Experiment 2) and GNS (in

Experiment 1) in heat-stressed plants with the Drysdale allele increasing values of both traits.

6.3.6.3 GFD and DTM

QTL were detected for GFD and DTM on 9 chromosomes (1A, 2A, 3B, 4A, 4B, 4D, 5A,
6A and 7B) with some regions affecting both traits.

Individual QTL explained from ~4 to 21% of the phenotypic variances for GFD. QTL on
chromosomes 3B, 4B, 4D and 7B had the largest additive effects on GFD. The QTL on
chromosomes 4B and 4D were detected at/near loci affecting PH (Rht-Bland Rht-D1 loci) or
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DTA (at marker wsnp_Ex_c4148 7495656). At Rht-B1, the dwarfing (Waagan) allele was
associated with longer GFD. At or near to wsnp_Ex c4148 7495656 and at Rht-D1, the
Drysdale alleles for early flowering and dwarfing were both associated with longer GFD. The
QTL on chromosome 7B was detected in both Experiments (at least for heat conditions) while

the remaining GFD QTL were detected in one experiment/treatment only.

Individual QTL explained ~6 to 30% of the phenotypic variance for DTM, with QTL on
chromosomes 4B and 7B having the largest additive effects. At/near
wsnp_Ex_c4148 7495656 on chromosome 4B, the Waagan allele for late flowering was
associated with greater DTM and that was consistent between both experiments/treatments.
QTL on chromosome 7B at wsnp_CAP8_c334 304253 were detected in both experiments
under heat, and under control conditions in Experiment 2, and another QTL on the same
chromosome was detected at wsnp Ex c24376 33619527 for control conditions in
Experiment 1. In each case the Drysdale allele increased DTM. QTL were detected for DTM
under heat conditions in Experiment 2 at Rht-B1 and Rht-D1 loci. At both loci the dwarfing
alleles were associated with increased DTM.

6.3.6.4 Flag leaf chlorophyll retention related traits (ChIC, ChIR, and FLSe)

QTL for flag leaf chlorophyll retention related traits were detected on 10 chromosomes
(1A, 2A, 2B, 2D, 3B, 4B, 4D, 5A, 6B and 7B) (Table 8) with individual QTL explaining ~4
to 54% of the phenotypic variance.

The QTL interval on 3BS was the main one for chlorophyll content effects measured at
different time points (10, 13, and 27 DAA) and for AUSC, and these were detected in all four
treatments/experiments. The QTLs showed much larger effects in heat-treated plants than in
controls for ChIC13DAA, ChIC27DAA and AUSC. The QTL on 3BS was also the dominant
QTL interval for chlorophyll loss rate under heat-stress conditions: ChIR13 in both
experiments and for ChlR27 in Experiment 1. The QTL was also detected for FLSe in
Experiment 1. The QTL explained up to 23 and 54% of phenotypic variance in control and
heat-treated plants, respectively. At this locus the Waagan allele was always associated with
larger chlorophyll content, slower chlorophyll loss rate, and longer time from anthesis to 95%

flag leaf senescence (FLSe).

Other QTLs were expressed just in one treatment/experiment combination, with the
exception of QChlc27.aww-2A, QAusc.aww-2A, and QFlse.aww-4B1 which were expressed
in control plants in both experiments and QFlse.aww-4D which was expressed in control
plants in both experiments and in heat-treated plants in Experiment 2. QFlse.aww-4B1 and

QFlse.aww-4D coincided with Rht-B1 and Rht-D1 and in both cases the dwarfing alleles were
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associated with longer time from anthesis to 95% flag leaf senescence (FLSe, visually
scored). Other notable QTL were QAusc.aww-5A, QAusc.aww-6B, and QChlr10-13.aww-6B
that were heat specific, and QChlcl3.aww-2D, QChlc27.aww-2D, QAusc.aww-2D,
QChlc13.aww-5A, QChlr27.aww-1A and QFlse.aww-4B2 (at/near QTL affecting flowering
time, with the Drysdale allele associated with earlier flowering and increased FLSe) that were
large-effect QTLs expressed in both heat-treated and control plants but having larger effect in
heat-treated plants. Except QChlr27.aww-1A, for which the Waagan allele conditioned the
slower chlorophyll loss rate, favorable alleles were contributed by Drysdale (larger
chlorophyll content, slower chlorophyll loss rate, and longer FLSe). These QTLs explained 5
to 28% of phenotypic variance depending on trait/treatment/experiment.

6.3.6.5 ShwW and HI

QTL affecting Shw and HI were distributed on 9 (1A, 2D, 3A, 3B, 4A, 4B, 4D, 6B and
7B) and 6 (3B, 4B, 4D, 5A, 7A, and 7B) chromosomes, respectively.

Not unexpectedly, Rht-B1 and Rht-D1 loci had the largest effect on Shw (explaining 19 to
49% of the phenotypic variance), in all experiments/treatments, with the tall alleles being
associated with larger ShW. At Rht-B1 the additive effect was stronger under heat conditions,
while the reverse held true at Rht-D1 in both experiments. At a QTL at
wsnp_Ex_c4148 7495656, the Waagan allele (also conditioning late flowering) was
associated with larger ShW. This locus explained 5 to 10% of the phenotypic variance and
was expressed in both experiments/treatments. QTLs were also detected on chromosome 2D,
explaining 3 to 6% of phenotypic variance, with Drysdale contributing favourable alleles.
QTL on chromosomes 1A, 3A, 3B, 4A and 6B were detected just under heat conditions, in
one experiment each. Except QTLs on chromosome 3B (QShw.aww-3B1 and QShw.aww-
3B2) which accounted for ~3 to 14% of the phenotypic variance for Shw, other loci detected
for the same trait explained less than 2% of the phenotypic variance. These loci, except
QShw.aww-3A, were not associated with PH effects. Favourable alleles were contributed by
Drysdale at loci on chromosomes 3A and 6B and by Waagan at other loci. A minor QTL was
also detected on chromosome 7B in Experiment 1 under both control and heat conditions,

accounting for ~3% of the variation.

None of the detected QTLs for HI were consistent between experiments/treatments, and
most of them were detected in Experiment 2. QTL at/near Rht-B1 and Rht-D1 were detected
in Experiment 2, and those QTL accounted for the greatest phenotypic variance (11-25%),
LOD scores and additive effects. The additive effect was larger in controls than heat-stress

conditions at Rht-B1, while the reverse was true at Rht-D1. At both loci the dwarfing alleles
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were associated with larger HI. Further QTL were detected on chromosomes 3B, 5A and 7A
in control conditions in Experiment 2, and on 5A and 7B in heat conditions in Experiment 1.
No HI QTL was detected in control conditions in Experiment 1. The Drysdale alleles at loci
on chromosomes 3B and 5A increased HI, while the Waagan alleles at loci on group-7

chromosomes were associated with larger HlI.

6.3.6.6 FL and FW

Five and six QTL were detected for flag leaf length (FL) and width (FW), respectively
(Table 8). QTL were located on chromosomes 2A, 2B, 3A, 4A, 4B, 5A, 5B and 7B. A QTL
on chromosome 2B was detected for FL in both experiments and explained 13.5-14% of the
phenotypic variance. For FW, QTL were detected on chromosomes 4B and 5B in both
experiments and together accounted for 28-42% of the variance. Other QTL were detected in
one experiment. Waagan and Drysdale both contributed favorable alleles for each trait,
depending on the locus. However, favorable alleles were mainly contributed by Drysdale for
FL and by Waagan for FW.
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Table 6. 8 Summary of QTLs detected in the Drysdale x Waagan DH population for absolute trait values, in control (C) or
heat-treated (H) plants. Linkage group, position of each QTL, experiment (Exp) that the QTL was detected, closest marker(s),
their LOD score, percentage of explained variation (R?), additive effect, and high value allele (Drysdale, D; Waagan, W) are
presented. For DTA, ChIC10DAA, FL, and FW the pooled mean of control and heat-treated plants was used for QTL
analysis since the measurement was taken before the heat treatment. Red highlights indicate QTL co-localized with QTL for
HSIs for grain weight (GWS or SGW). Dta, days from sowing to anthesis; Gws, grain weight spike; Gns, grain number
spike’!; Sgw, single grain weight; Gfd, grain-filling duration; Dtm, days from sowing to maturity; Chlc10, chlorophyll
content 10 days after anthesis; Chlc13, chlorophyll content 13 days after anthesis; Chlc27, chlorophyll content 27 days after
anthesis; Ausc, area under SPAD curve; Chlrl3, linear rate of chlorophyll loss between SPAD 10 and 13 DAA points;
Chlr27, chlorophyll loss rate determined by a linear regression of the three SPAD measurements (10, 13 and 27 DAA); Flse,
days from anthesis to 95% flag leaf senescence; Shw, shoot dry weight; Ph, Plant height; Hi, harvest index; Fl, flag leaf
length and Fw, flag leaf width.

Linkage
Traits/QTL group Position  Exp? Marker(s) LOD R? Additive®  Allele®
DTA (day)
QDta.aww-2B 2B1 5.36 E2 wsnp_Ra_c14112_22155451/ 3.80 6.91 0.722 D
wsnp_Ex_c1358_2601510(R)
QDta.aww-4B 4B 135.47 El wshp_Ex_c4148_7495656 2169 37.11 1.480 w
E2 2050 35.91 1.645 w
QDta.aww-7B 7B 34.87 El wsnp_Ex_c24376_33619527 6.11 1445 0.924 D
GWS (9)
QGws.aww-1A 1A2 0.00 E2-C wsnp_Ku_c40759_48907151(R) 3.91 6.66 0.170 D
QGws.aww-2D 2D4 25.64 E1-C wsnp_Ku_c30494_40319867(R) 5.35 7.85 0.086 D
2D4 E1-H 5.53 7.76 0.093 D
QGws.aww-3B 3B1 11.02 E1-H  wsnp_BE497169B_Ta_2_1(R) 708 1122 0112 w
QGws.aww-4B1 4B 83.90 E1-C Rht-B1 1199 15.23 0.119 D
4B E1-H 12.48  15.08 0.129 D
4B E2-H 3.80 5.67 0.123 D
QGws.aww-4B2 4B 135.47 E1-C wsnp_Ex_c4148_ 7495656 7.78 9.47 0.094 W
4B E1-H 4.05 4.41 0.070 W
4B E2-C 7.12 12.46  0.232 W
4B 14985  E2-H  wsnp_BE403378B_Ta_2 1/ 7.05 1556  0.203 w
wsnp_CAP7_c5487_2464794
QGws.aww-4D 4D 0.00 E1-C Rht-D1 29.62 3695 0.186 W
4D E1-H 23.79 28.71 0.179 w
4D E2-C 8.39 1537  0.258 W
4D E2-H 12.44  23.05 0.248 W
QGws.aww-6B 6B2 27.34 E2-H  wsnp_Ex_c42372_48966781(R) 366 874 0152 D
GNS
QGns.aww-1A 1A2 0.00 E2-C wsnhp_Ku_c40759_48907151(R) 467  7.88 2.734 D
QGns.aww-4B 4B 135.47 E1-C wshp_Ex_c4148_7495656 5.53 10.34 1.478 w
4B E1-H 3.90 4.68 0.984 W
4B E2-C 8.96 15.45 3.829 w
4B E2-H 9.57 17.49 3.711 w
QGns.aww-4D 4D 0.00 E1-C Rht-D1 10.72  21.38 2.125 w
4D E2-C 7.51 13.13 3.530 w
4D E2-H 10.25 18.88 3.855 w
4D 7.95 E1-H  wsnp_Ex_rep_c107564 91144523 816 1646 1845 w
QGns.aww-6B 6B2 27.34 E1-H  wsnp_Ex_c42372_48966781(R) 448 472 0.988 D
SGW(mg)
QSgw.aww-1A 1A1 36.53 E1-C  wsnhp_Ex_c200_391493(R) 433 562 1.071 w
QSgw.aww-1B 1B 83.44 E2-H wsnp_Ku_c18227_27490539 4.32 6.75 0.968 w
QSgw.aww-2D 2D4 32.43 E2-C wsnp_RFL_Contig2659_2346243 3.53 6.08 0.858 D
2D4 E2-H 3.53 7.46 1.018 D
QSgw.aww-3B1 3B1 11.02 El-H  wsnp_BE497169B Ta 2 1(R) 6.97 1147 1653 w
QSgw.aww-3B2 3B2 54.90 E2-H wsnp_Ex_c1097_2105209(R) 3.80 5.91 0.906 w
QSgw.aww-4A 4A2 0.00 E1-H wshp_Ex_c41074_47987860 4.66 5.14 1.106 w
QSgw.aww-4B1 1B 83.90 E1-C Rht-B1 1417 2148 2.094 D
4B E2-C 1045 15.76 1.381 D
1B E2-H 6.09 10.22 1.191 D
4B 86.26 E1-H wsnp_RFL_Contigd151_4728831 2596  33.04 2.806 D
QSgw.aww-4D 4D 0.00 E1-C Rht-D1 1430 20.52 2.047 w
4D E1-H 1559 19.27 2.143 w
4D E2-C 9.08 12.94 1.252 w
4D E2-H 5.84 9.45 1.145 w
QSgw.aww-5A 5A2 116.62  E2-C  wsnp_Ku_c14139 22353229(R) 408  7.90 0.978 D
QSgw.aww-5B 5B2 20.84 E2-C wsnp_Ku_c10296_17072695(R) 5.67 7.91 0.979 D
5B2 E2-H 4.36 7.08 0.991 D
QSgw.aww-6A 6A 66.03 E1-C  wsnhp_Ex_c1104 2118684(R) 424 546 1.055 D
6A E2-C 7.09 9.79 1.089 D
6A E2-H 3.32 4.95 0.829 D

2Experiment (Exp) indicated by E and the treatment indicated by C (control) and H (heat)
PIndicates the additive effect
°D and W indicate Drysdale or Waagan allele increased the trait value, respectively
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Linkage
Traits/QTL group Position  Exp Marker(s) LOD R? Additive Allele
GFD (day)
QGfd.aww-1A 1A1 59.67 E2-C  wsnp_Ex_c1997_3756118(R) 6.32 7.33 0.517 D
QGfd.aww-3B 3B1 1.44 E1-H  wshp_Ex_c12875_20407926(R) 6.37 13.07  0.758 w
QGfd.aww-4A1 4A1 0.00 E1-C  wsnp_Ex_cl11474 18507872 4.66 9.43 0.528 D
QGfd.aww-4A2 4A2 42.27 E2-H  wsnp_RFL_Contig25_2082245(R) 461 421 0.494 D
QGfd.aww-4B1 4B 83.90 E2-H Rht-B1 11.05 21.24 1.109 w
4B 86.26 E2-C wsnp_RFL_Contigd151_ 4728831 14.87 17.14 0.790 w
QGfd.aww-4B2 4B 108.33 E1-H  wsnp_CAP12_rep_c4278_1949864(R) 7.50 19.78  0.932 D
QGfd.aww-4B3 4B 127.49  E2-H  wsnp_Ku_c11570_18860306(R) 5.42 1292 0.865 D
4B 135.47 E2-C wsnp_Ex_c4148_7495656 9.40 8.74 0.565 D
QGfd.aww-4D 4D 0.00 E2-C Rht-D1 10.80 12.05 0.663 D
4D E2-H 10.12 1470  0.923 D
QGfd.aww-5A 5A2 137.80  E1-C  wsnp_Ex_rep c101757 87064771 5.31 1051  0.557 w
QGfd.aww-6A 6A 70.74 E2-C wsnp_JD_rep_c62949_40140212 6.99 6.86 0.500 D
QGfd.aww-7B1 7B 0.00 E1-H  wsnp_CAP8_c334_ 304253 5.86 1129  0.704 D
B E2-C 18.01 1821  0.815 D
B E2-H 5.98 8.20 0.689 D
QGfd.aww-7B2 B 34.87 E1-C  wsnhp_Ex_c24376_33619527 6.04 18.03  0.730 D
DTM (day)
QDtm.aww-2A 2A 88.38 E1-H  wshp_Ex_c5984_10493714(R) 3.80 7.12 0.687 W
QDtm.aww-4B1 4B 29.55 E1-C  wshp_Ex_c17561_26284693(R) 5.00 10.74  0.964 W
QDtm.aww-4B2 4B 83.90 E2-H Rht-B1 3.82 5.92 0.622 w
QDtm.aww-4B3 4B 135.47 E1-C wsnp_Ex_c4148_7495656 4.59 7.87 0.825 w
4B E2-C 8.80 19.18  1.252 w
4B E2-H 12.76 22.18 1.205 w
4B 14125  E1-H  wsnp_BE403378B_Ta 2_1 7.06 1401 0.965 w
QDtm.aww-4D 4D 0.00 E2-H Rht-D1 5.36 8.19 0.732 D
QDtm.aww-7B1 B 0.00 E1-H  wsnp_CAP8_c334_304253 6.31 12,71 0.919 D
B E2-C 3.99 8.17 0.817 D
B E2-H 5.19 8.07 0.727 D
QDtm.aww-7B2 B 34.87 E1-C  wsnp_Ex_c24376_33619527 1063 2955  1.598 D
ChIC10DAA (SPAD units)
QChlc10.aww-1A 1A2 0.00 El wsnp_Ku_c40759_48907151(R) 3.78 4.08 0.341 D
QChlc10.aww-2A1 2A 74.99 El wsnp_Ex_c42720_49228237 4.03 4.08 0.340 w
QChlc10.aww-2A2 2A 108.44 E2 wsnp_Ex_c3808_6924802 4.28 8.68 0.467 w
QChlc10.aww-2D 2D3 0.00 El wshp_Ex_c2258_4232538 8.32 14.02 0.631 D
QChlc10.aww-3B 3B1 1.44 El wsnp_Ex_c12875_20407926(R) 10.68  17.92  0.714 w
3B1 E2 7.36 16.75  0.649 w
QChlc10.aww-5A 5A2 3.76 El wsnp_Ex_c1481_2831499 6.31 12.12 0.587 D
ChIC13DAA (SPAD units)
QChlc13.aww-2A 2A 77.95 E2-C wsnp_Ex_rep_c102538_87682273 5.09 10.02 0.485 W
QChlc13.aww-2D 2D3 0.00 E1-C wshp_Ex_c2258_4232538 8.31 12.69 0.549 D
2D3 5.76 E1-H  wsnp_Ex_c7260_12463738(R) 6.14 8.50 0.906 D
QChlc13.aww-3B 3B1 0.00 E2-H  wsnhp_Ra_c41135_48426638(R) 15.95 3434  1.952 w
3B1 1.44 E1-C  wsnp_Ex_c12875_20407926(R) 7.67 1464  0.590 w
3B1 E1-H 26.02 4197  2.013 w
3B1 E2-C 8.85 19.36  0.674 w
QChlc13.aww-5A 5A2 1.50 E1-H  wsnp_JD_c43389_30288993(R) 4.56 6.25 0.777 D
5A2 11.86 E1-C  wsnp_Ex_c1481_2831499 6.73 8.63 0.453 D
ChIC27DAA (SPAD units)
QChlc27.aww-2A 2A 74.99 E1-C wshp_Ex_c42720_49228237 4.95 8.97 0.481 w
2A 80.92 E2-C wsnp_Ra_c4503_8155485 5.22 9.16 0.430 w
QChlc27.aww-2B 2B1 0.00 E2-C wsnp_Ra_c14112_22155451 5.97 11.53 0.482 w
QChlc27.aww-2D 2D3 0.00 E1-C wshp_Ex_c2258_4232538 6.41 11.63 0.547 D
2D3 5.04 E1-H  wsnp_Ex_c20011_ 29041563 5.38 6.65 0.870 D
QChlc27.aww-3B 3B1 0.00 E1-C wsnp_Ra_c41135_48426638(R) 8.59 17.10 0.664 w
3B1 E2-C 11.47 22.98 0.681 W
3B1 E2-H 8.04 19.86 2.550 w
3B1 1.44 El-H  wsnp_Ex_c12875_20407926(R) 36.30 5438 2486 w
QChlc27.aww-4D 4D 2.90 E2-C  wsnp CAP11 c356 280910 3.67 6.30 0.357 D

136



Table 6.8 Continued.

Linkage
Traits/QTL group Position Exp Marker(s) LOD R? Additive Allele
AUSC
QAusCc.aww-2A 2A 74.99 E1-C wsnp_Ex_c42720_49228237 4.45 8.10 7.881 w
2A 80.92 E2-C wsnp_Ra_c4503_8155485 5.94 10.47 7.858 w
QAusc.aww-2B 2B1 0.00 E2-C wsnp_Ra_c14112_22155451 4.27 7.92 6.834 w
QAusc.aww-2D 2D3 0.00 E1-C wsnp_Ex_c2258 4232538 7.11 13.29 10.094 D
2D3 5.76 E1-H wsnp_Ex_c7260_12463738(R) 6.43 8.06 15.041 D
QAusc.aww-3B 3B1 0.00 E1-C wsnp_Ra_c41135_48426638(R) 7.54 15.16  10.779 w
3B1 E2-H 13.26 27.95 34.311 W
3B1 1.44 E1-H wsnp_Ex_c12875_20407926(R) 33.19 4863  36.941 w
3B1 E2-C 1048 2042  10.976 w
QAUSC.aWW-5A 5A2 1.50 E1-H wsnp_JD_c43389_30288993(R) 4.38 5.37 12.281 D
QAusc.aww-6B 6B3 9.06 E2-H wsnp_Ex_c9038_15058444(R)/ 3.71 9.06 19.530 D
wsnp_Ex_c11573_18650189(R)
ChIR13
QChlr13.aww-3B 3B1 0.00 E1-H wsnp_Ra_c41135_48426638(R) 19.68  39.63  0.372 w
3B1 E2-H 1321 2721  0.368 w
QChlr13.aww-6B 6B3 18.11 E2-H wsnp_Ex_c11573_18650189(R) 479 8.94 0.211 D
ChIrR27
QChIr27.aww-1A 1A2 0.00 E2-C wsnp_Ku_c40759_48907151(R) 459 11.25  0.035 W
1A2 E2-H 4.36 10.68  0.096 w
QChlr27.aww-3B 3B1 0.00 E1-H wsnp_Ra_c41135_48426638(R) 29.49 50.42 0.071 w
FLSe (day)
QFlse.aww-1A 1A1 56.07 E2-C wsnp_Ku_c10292_17066821(R) 3.84 5.35 0.887 D
QFlse.aww-3B 3B1 3.15 E1-H wsnp_BE497169B_Ta_2_1(R) 5.54 1418 2.056 w
QFlse.aww-4B1 4B 83.90 E1-C Rht-B1 6.64 1224  2.398 w
4B 86.26 E2-C wsnp_RFL_Contig4151_ 4728831 7.44 11.92 1.324 w
QFlse.aww-4B2 4B 135.47 E2-C wsnp_Ex_c4148_7495656 16.43  27.88  2.024 D
wsnp_BE403378B_Ta_2_1/
4B 149.85 E2-H wsnp_CAP7_c5487_2464794 5.68 14.84 2.151 D
QFlse.aww-4D 4D 0.00 E1-C Rht-D1 6.19 11.29  2.303 D
4D E2-C 12.49 19.09 1.675 D
4D E2-H 5.54 11.60 1.902 D
wsnp_JD_c1285_1848292/
QFlse.aww-7B 7B 25.43 E1-C wsnp_Ex_c24376_33619527 8.10 26.45 3.526 D
Shw (g)
QShw.aww-1A 1A1 48.15 E2-H wsnp_Ku_c23926_33870364(R) 4.93 1.98 0.076 w
QShw.aww-2D1 2D3 3.60 E2-H wsnp_JD_c5919_7081809 4.64 3.21 0.097 D
QShw.aww-2D2 2D4 18.84 E2-C wsnp_Ku_c30494_40319867(R) 4.00 2.83 0.090 D
2D4 25.64 E1-C wsnp_Ku_c30494_40319867(R) 4.03 5.62 0.078 D
2D4 E1-H 5.42 4.29 0.074 D
QShw.aww-3A 3A2 15.26 El1-H wsnp_Ex_c4069_7354375 3.86 1.96 0.050 D
QShw.aww-3B1 3B1 11.02 E1-H  wsnp_BE497169B Ta 2 1(R) 17.89 1424 0135 w
QShw.aww-3B2 3B1 40.49 E2-H wsnp_Ku_c3817_7009093/ 5.80 3.53 0.102 w
wsnp_Ex_c44375_50444756(R)
QShw.aww-4A 4A2 0.00 E1-H wsnp_Ex_c41074_47987860 3.77 1.41 0.043 w
QShw.aww-4B1 4B 83.90 E1-C Rht-B1 16.78 18.64 0.142 D
4B E1-H 34.23 23.13 0.173 D
4B E2-C 19.62 20.69 0.243 D
4B E2-H 32.64 26.48 0.278 D
QShw.aww-4B2 4B 135.47 E1-C wsnp_Ex_c4148 7495656 4.44 5.10 0.074 w
4B El1-H 5.01 2.64 0.058 w
4B E2-C 11.14 9.75 0.167 w
4B E2-H 12.66 10.30 0.174 w
QShw.aww-4D 4D 0.00 E1-C Rht-D1 39.92 47.26 0.227 w
4D E1-H 58.90 37.88 0.221 w
4D E2-C 50.45 48.65 0.373 w
4D E2-H 55.04 42.51 0.353 w
QShw.aww-6B 6B2 27.34 E2-H wsnp_Ex_c42372_48966781(R) 6.02 4.45 0.114 D
QShw.aww-7B B 0.00 E1-C wsnp_CAP8_c334_304253 4.07 2.94 0.057 D
7B E1-H 4.03 2.62 0.058 D

137



Table 6.8 Continued.

Linkage
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Plant height (cm)
QPh.aww-1A 1A1 66.15 E2-C wsnp_BE517729A Ta_2_1 4.21 1.07 1.943 w
1A1 67.59 E2-H wshp_Ex_c5060_8985678 4.90 1.48 2.309 w
QPh.aww-2A 2A 60.09 E1-H wsnp_BQ168780B_Ta_2_1 4.30 1.28 2.084 D
QPh.aww-3A 3A2 15.26 E2-C wshp_Ex_c4069_7354375 7.12 1.45 2.265 D
3A2 E2-H 6.58 2.10 2.754 D
3A2 23.95 E1-H wshp_Ex_c1141_2191485 3.90 1.10 1.937 D
QPh.aww-4A 4A2 41.55 E1-C wsnp_Ex_rep_c68569_67411985(R) 5.55 2.20 2.738 w
4A2 E1-H 5.96 1.79 2.469 w
4A2 42.27 E2-C wsnp_RFL_Contig25_2082245(R) 8.99 1.79 2.515 w
4A2 E2-H 7.34 2.33 2.901 w
QPh.aww-4B 4B 83.9 E1-C Rht-B1 37.60 32.87 10.576 D
4B E1-H 46.25 36.78  11.185 D
4B E2-C 83.90 37.11 11444 D
4B E2-H 44.92 35.88  11.379 D
QPh.aww-4D 4D 0 E1-C Rht-D1 49.99 56.49  13.865 w
4D E1-H 56.50 56.43  13.855 w
4D E2-C 62.34 56.39  14.107 w
4D E2-H 54.00 52.64  13.784 w
HI (%)
QHi.aww-3B 3B1 0.00 E2-C wsnp_Ra_c41135_48426638(R) 8.67 1153  0.940 D
QHi.aww-4B 4B 71.72 E2-C wshp_Ex_c18433_27269748/ Rht-B1 15.79 23.79  1.350 w
4B E2-H 11.99 2536  1.218 w
QHi.aww-4D 4D 0.00 E2-C Rht-D1 8.37 10.58  0.900 D
4D E2-H 10.82 1943  1.066 D
QHi.aww-5A1 5A2 0.00 E1-H wsnp_CAP11_c923_558715(R) 4.05 9.16 0.310 D
QHi.aww-5A2 5A2 126.88 E2-C wsnp_Ex_c3838_6981043 5.42 6.71 0.717 D
QHi.aww-7A TA2 33.74 E2-C wsnp_Ex_c2268_4251636 3.62 5.47 0.648 W
QHi.aww-7B ] 6.53 E1-H wsnp_JD_c1285_1848292 4.36 9.88 0.321 w
Flag leaf length (cm)
QFlLaww-2A 2A 0.00 El wsnp_Ex_c2772_5130007 3.88 7.57 0.301 w
QFl.aww-2B 2B1 126.34 E2 wsnp_JD_c6010_7167159 6.18 1345  0.433 D
2B1 133.11 El wsnp_RFL_Contig1892_1042675(R) 6.37 13.89  0.407 D
QFl.aww-4B 4B 126.05 E2 wshp_Ex_c39876_47057394 6.92 13.61  0.436 D
QFlLaww-7B1 7B 0.00 E2 wsnp_CAP8_c334_304253 4.53 8.64 0.347 D
QFl.aww-7B2 B 34.87 El wshp_Ex_c24376_33619527 5.32 16.87  0.449 D
Flag leaf width (cm)
QFw.aww-2A 2A 109.92 E2 wshp_Ex_c59095_60108185(R) 5.42 6.76 0.026 w
QFw.aww-3A 3A2 30.42 E2 wsnp_Ex_c25668_34932304 5.43 5.96 0.024 D
QFw.aww-4A 4A2 47.31 E2 wshp_Ex_c55245_57821389 4.74 5.99 0.024 D
QFw.aww-4B 4B 108.33 El wsnp_CAP12_rep_c4278_1949864(R) 10.06 20.44  0.033 w
4B 117.19 E2 wshp_Ex_c39876_47057394 16.87 31.20  0.056 w
QFw.aww-5A 5A2 131.2 E2 wsnp_Ku_c23772_33711538 5.71 9.13 0.030 w
QFw.aww-5B 5B2 62.54 El wshp_BE499835B_Ta_2_5(R) 4.58 7.16 0.020 D
5B2 E2 6.87 11.26  0.033 D
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Figure 6. 2 Molecular marker linkage map and QTL detected for HSIs and absolute trait values in the Drysdale x Waagan DH population. The numbers to the left of each linkage group
indicate cM distances from the top. QTL are presented as 1.5 LOD intervals. Blue: QTL for HSIs; black: QTL for DTA and PH; green, red, and brown: QTL detected for the absolute trait
values under control, heat, and both control and heat conditions, respectively. Solid and hashed bars indicate QTL detected in both experiments or in one experiment only, respectively.
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QTL at wsnp_Ku_c40759_48907151(R) on chromosome 1A, QHchlr27.aww-3B, QChlr27.aww-3B, QHi.aww-3B, and QShw.aww-3Blon chromosome 3B, and QFlaww-7B1 on
chromosome 7B were expressed in one experiment, but could not be presented with hashed bars due to the small size of the bars. Other QTL details are presented in Tables 7 and 8. Dta,
days from sowing to anthesis; Gws, grain weight spike™; Gns, grain number spike™; Sgw, single grain weight; Gfd, grain-filling duration; Dtm, days from sowing to maturity; Chlc10,
chlorophyll content 10 days after anthesis; Chlcl13, chlorophyll content 13 days after anthesis; Chlc27, chlorophyll content 27 days after anthesis; Ausc, area under SPAD curve; Chirl3,
linear rate of chlorophyll loss between SPAD 10 and 13 DAA points; Chlr27, chlorophyll loss rate determined by a linear regression of the three SPAD measurements (10, 13 and 27 DAA);
Flse, days from anthesis to 95% flag leaf senescence; Shw, shoot dry weight; Ph, Plant height; Hi, harvest index; Fl, flag leaf length and Fw, flag leaf width; Hgws, HSI of grain weight
spike™; Hgns, HSI of grain number spike™; Hsgw, HSI of single grain weight; Hgfd, HSI of grain-filling duration; Hdtm, HSI of days from sowing to maturity; Hchlc13, HSI of chlorophyll
content 13 days after anthesis; Hchlc27, HSI of chlorophyll content 27 days after anthesis; Hausc, HSI of area under SPAD curve; Hchlrl3, HSI of linear rate of chlorophyll loss between
SPAD 10 and 13 DAA points; Hchlr27, HSI of linear rate of chlorophyll loss considering all of the three SPAD measurements (10, 13 and 27 DAA); Hflse, HSI of days from anthesis to
95% flag leaf senescence; Hshw, HSI of shoot dry weight; Hhi, HSI of harvest index.
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6.4 Discussion

The Waagan and Drysdale parents showed some levels of contrast for SGW maintenance
in response to a brief heat treatment in experiments presented in Chapters 3 and 4, while their
contrast for this trait was relatively low in the first experiment and negligible in the second
experiment in the current study. The reason for these conflicting results might be due to
within-variety genetic variation in these parental lines (seed sources of the screening
experiments, Chapters 3 and 4, differed from those of the current study) as presented in
Chapter 5, and different growing conditions. Consistent with this idea in a separate
experiment conducted under the same conditions as Experiment 1, but with the same seed
source as the experiments described in Chapters 3 and 4, considerable contrast was observed
between Drysdale and Waagan varieties (19.4 and 6.4% contrast for SGW and AUSC
responses, respectively; Appendix 6.1a and b). Nevertheless, the heat-treatment significantly
affected most of the studied traits in the Drysdale x Waagan DH population, including SGW

in both experiments, allowing identification of QTL for heat responses (HSIs).

6.4.1 QTL mapping

HSIs and absolute trait values under control and heat conditions were both QTL-mapped.
This can help us to understand tolerance mechanisms and have practical implications in
breeding. In other words, if the lowest yielding lines under normal conditions are the most
tolerant, it will create a problem for breeding, whereas a positive relationship between the
tolerance and trait potential would make breeding simpler (indirect selection for tolerance
through selecting genotypes with larger trait values, and varieties that perform well under
both conditions). Flowering time and plant height were mapped since these traits have been
reported to associate with yield components. Flag leaf length and width were also mapped
since it has been previously suggested that they may influence plant productivity under heat

stress conditions (Mason et al. 2010).

The population did not segregate for any known major locus for vernalisation or
photoperiod response. Three minor QTL were detected for flowering time, on chromosomes
2B, 4B, and 7B, determining differences in time to anthesis of only 0.7 to 1.6 d. Loci
affecting flowering time on these chromosomes have been previously reported or predicted.
Ppd-B1 (Beales et al. 2007) and loci affecting earliness per se have been reported on
chromosome 2B (Kuchel et al. 2006; Shindo et al. 2003). Wheat chromosome arm 4BL
corresponds to parts of barley chromosome 4H that contain flowering time loci Vrn-H2 and
Eps-4HL (Snape et al. 2001). Also, Vrn3 (FT) and VRT2 flowering time loci/genes were

mapped on wheat group-7 chromosomes (Bonnin et al. 2008; Kane et al. 2005; Kane et al.
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2007; Yan et al. 2006) and QTL affecting heading date and earliness per se have been
reported on chromosome 7B (Hanocq et al. 2007; Kuchel et al. 2006) in a similar region to
Vrn3 (Bonnin et al. 2008). The detected QTL for flowering time in this study may represent

allelic variation in the same or orthologous genes in wheat.

None of the QTL for HSI of grain weight (GWS and SGW) co-located with loci affecting
DTA; QHchlr27.aww-4B and QHflse.aww-7B were the only HSI loci that co-located with
DTA loci. A lack of correspondence of grain weight HSI loci with flowering time loci was
not unexpected, since tillers were heat treated at the same tiller developmental stage (10
DAA), and there were also no major flowering time loci segregating in the population.
Therefore, this study does not shed any light on whether phenology could affect heat

tolerance.

Larger spikes with more spikelets and grains per spikelet might be expected to have less
synchronous floret pollination, resulting in some florets being heat stressed much sooner after
anthesis than 10 days, or even before anthesis. Exposure to heat stress at around meiosis to
early grain development (< 10 DAA) can result in floret sterility/abortion (Saini and Aspinall
1982b; Tashiro and Wardlaw 1990a). A QTL for GNS under both control and heat conditions
was detected on chromosome 4B (QGns.aww-4B; also co-locating with QDta.aww-4B).
While there was no significant HSI QTL for GNS at this location, this QTL for GNS per se
did show a weaker effect on average under heat conditions, consistent with the idea that the
large GNS allele may have resulted in some floret sterility under heat. Overall, heat treatment
did not have any significant impact on GNS, and there were no significant GNS HSI QTL
detected, indicating that grain number had been set in all or the vast majority of florets at the
time of heat treatment. Yield reduction in this experiment was therefore just a result of a
reduction in SGW, which is in accordance with outcomes of previous heat experiments in
which stress was applied 210 DAA (Bhullar and Jenner 1985; Stone and Nicolas 1995b;
Tashiro and Wardlaw 1990a; Tashiro and Wardlaw 1990b). In this study, plants were heat-

treated at such a late stage that it sheds no light on heat effects on floret fertility.

There were 11 QTL for heat tolerance (HSI; 5 and 6 QTL in Experiment 1 and 2,
respectively). These QTL explained ~6 to 40% of the phenotypic variance depending on the
trait and experiment. These results are in accordance with previous reports of heat tolerance in
wheat being under control of multiple QTL/genes (Mason et al. 2010; Mason et al. 2011;
Mason et al. 2013; Paliwal et al. 2012; Tiwari et al. 2013; Yang et al. 2002b). The only stably
expressed HSI QTL region was on chromosome 3BS. The two experiments differed for
temperature and day length conditions in the greenhouse which may have contributed to a

scarcity of stable QTL across experiments. Furthermore, the non-stable HSI QTL were
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relatively weak, giving a greater chance of not being significant, just due to chance. Both
parents contributed to heat tolerance, which is not unexpected considering the quantitative
nature of heat tolerance. However, favourable alleles for the stable 3BS QTL region were

provided only by Waagan.

Three QTL were detected for grain weight response (QHgws.aww-3B, QHsgw.aww-3B
and QHsgw.aww-6B). The SGW and GWS response QTL on 3BS had greater effects in
Experiment 1 than in Experiment 2. This may have been due to several hot days which
occurred in the greenhouse during the flowering/grain-filling period in Experiment 2 (Table

6.1), which may have reduced the contrast between the control and heat-treated plants.

QTL affecting grain weight in both control and heat conditions, but having a higher
average additive effect under heat, were also detected on chromosomes 2D, 4B (at Rht-B1)
and 5B. Also, QTL for grain weight per se under just heat (but not control) were located on
chromosomes 1B, 3B (QSgw.aww-3B2), 4A, and 6B (QGws.aww-6B). While the
heat/control differences at these loci were not strong enough to produce significant HSI QTL,
these loci may represent weak tolerance loci that may still be of potential use to breeders in

improving grain weight under heat-stress conditions.

In cases where HSI associates with higher performance per se of traits, it might provide the
opportunity to improve both trait stability and performance per se simultaneously in breeding.
The QTL region on 3BS has this potential. This region controls HSIs of GWS (QHgws.aww-
3B) and SGW (QHsgw.aww-3B) as well as GWS and SGW per se only under high
temperature conditions (QGws.aww-3B and QSgw.aww-3B1, respectively), with the

favourable effects provided by Waagan.

Leaf senescence is a process which naturally accelerates during the final stage of
development to translocate nutrients into growing grains. Leaf senescence can be hastened by
environmental factors (e.g. heat and drought), resulting in enhanced loss of chlorophyll and
photosynthetic capacity (Vijayalakshmi et al. 2010). Current photosynthesis and post-anthesis
accumulation and remobilization of assimilates contribute a large proportion of final grain
yield in wheat (Al-Khatib and Paulsen 1989; Evans 1975). Thus, a reduction in
photosynthetic capacity due to accelerated senescence at early grain-filling, triggered by
biotic and abiotic stresses, can deprive the grains of assimilates and cause a significant yield
reduction (Lopes and Reynolds 2012; Reynolds et al. 1994; Reynolds et al. 2000; Rosyara et
al. 2009; Rosyara et al. 2010b). In the present study, the brief heat treatment accelerated flag
leaf senescence as reported in some other works (Al-Khatib and Paulsen 1984; Lopes and
Reynolds 2012; Reynolds et al. 1994; Reynolds et al. 2000). QTL were detected for HSIs and
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absolute values of stay-green related traits on chromosomes 1A, 2A, 2B, 2D, 3B, 4A, 4B, 4D,
5A, 6B, and 7B. Among these QTL, those on 3BS and 6BL had the largest effects on
chlorophyll content per se and chlorophyll loss rate in particular in heat-treated plants. These
two QTL co-localized with HSI QTL for grain weight (QHgws.aww-3B, QHsgw.aww-3B and
QHsgw.aww-6B) with the stay-green allele (i.e., for delayed senescence and ability to
maintain green leaf area during grain-filling, as indicated by larger chlorophyll content,
slower chlorophyll loss rate, and longer FLSe) being the one that also maintained grain
weight under heat conditions, indicating a genetic (and possible functional) link between
grain weight responses and stay-green under heat. With few exceptions (Naruoka et al. 2012),
individual studies have only looked at mapping stay-green (Kumar et al. 2010; Vijayalakshmi
et al. 2010) or grain weight responses (Mason et al. 2010; Mason et al. 2011; Mason et al.
2013; Paliwal et al. 2012; Tiwari et al. 2013) under high temperature conditions, rather than
both at once. The current study looked at both of these traits and showed a strong genetic link
between heat stability of grain weight and stay-green related traits in response to a brief heat
stress.

Only a little is known about the physiological mechanisms linking stay-green with better
performance (e.g. yield) under stress conditions (Thomas and Ougham 2014). Stay-green
under drought stress in sorghum is associated with increased xylem pressure potential,
delayed loss of photosynthetic competence, and enhanced N uptake (Tuinstra et al. 1998;
Vadez et al. 2013). In wheat, stay-green related traits have been found to be highly positively
correlated with photosynthesis under high temperature conditions (Al-Khatib and Paulsen
1984; Gutiérrez-Rodriguez et al. 2000; Reynolds et al. 2000) and also to a root architecture
which allows better extraction of water from deep in the profile post-anthesis under field
conditions (Christopher et al. 2008). The QTL on 3BS also co-localized with QTL for heat
stability of ShW, HI, and GFD, with alleles having effects in the same direction to stay-green
related traits, indicating a possible functional link between these traits. The larger grain
weight, Shw, HI, and GFD maintenance (smaller HSI) in stay-green lines in this study might
be an indicator of their higher photosynthetic rate, longer photosynthetic competence as well
as better overall plant health and plant canopy survival under heat conditions. The QTL on
chromosomes 1A, 4A, 4B, and 7B for HSIs of stay-green related traits had weaker effects
than those on 3BS and 6BL, and were unstable across experiments. As stated earlier, those on
4B (QHchlr27.aww-4B) and 7B (QHflse.aww-7B) co-localized with QTL affecting flowering
time, where late flowering was associated with weaker stay-green. Such a relationship has
been also reported in some previous studies (Blake et al. 2009; Tewolde et al. 2006), and

suggests a functional link between flowering time and stay-green.
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Several QTL were detected for performance per se of stay-green related traits, under just
control conditions (1A at wsnp_Ku_c10292_17066821(R), 2A, 2B, and 4B at Rht-B1) or heat
conditions (6B). However, for most QTL, including the strongest (1A, 2D, 3B, 4B, 4D, and
5A), the effect was associated with performance per se under both control and heat
conditions, and a higher additive effect was observed under heat, although (except for 1A and
3B loci), the differences between control and heat was not strong enough to manifest as HSI
QTL. Stay-green QTL expressed under both control and heat conditions suggests a genetic
tendency to senesce faster under heat may at least partly derive from an acceleration of
senescence processes that normally occur, rather than the occurrence of a heat specific type of
damage. By contrast, Vijayalakshmi et al. (2010) detected different chromosomal regions
affecting senescence under different conditions (optimum vs. heat stress conditions) and
concluded involvement of different sets of genes under these different conditions. The
conflict between results of the current study and those of Vijayalakshmi et al. (2010) might
result from the difference in magnitude and duration of heat treatment, choice of mapping
population or the method used to quantify flag leaf senescence.

Although the superiority of semi-dwarf wheat genotypes under optimal growing conditions
is widely accepted, their yield benefit in low yielding environments has been questioned.
Nizam Uddin and Marshall (1989) and Kuchel et al. (2007) reported a better grain yield
performance of semi-dwarfs than tall genotypes under both stress and non-stress conditions.
Alghabari et al. (2014) tested tall and semi-dwarf near isogenic lines under heat and drought
stress at booting/anthesis stage and detected no difference in their stress sensitivity. Law et al.
(1981) and Law and Worland (1985) observed that Rht dwarfing alleles (Rht-B1b, Rht-D1b,
and Rht-B1c) conferred higher levels of sterility caused by high temperatures during booting.
Butler et al. (2005) reported a grain yield and grain weight advantage of tall lines, in
comparison with semi-dwarf lines, under stress conditions. Semi-dwarfing may influence heat
tolerance of wheat by affecting assimilate availability under stress conditions (Alghabari et al.
2014). Owing to differences in stem length, tall genotypes have larger stem reserves than
semi-dwarfs; the dwarfing alleles at Rht-B1 and Rht-D1 have been estimated to decrease stem
reserve storage by 35 and 39%, respectively (Borrell et al. 1993). In general, shoot weight has
been shown to correlate positively with levels of water soluble carbohydrates (Blum et al.
1994; Ehdaie et al. 2008; Talukder et al. 2013). Under optimum conditions, pre- and post-
anthesis stored assimilates in the wheat stem have been estimated to contribute to around 10
to 20% of the final grain yield (Austin et al. 1977; Borrell et al. 1993; Wardlaw and Porter
1967). However, several studies have shown that, under stress conditions that disturb
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photosynthesis, there is a large increase in relative contribution of stem reserves to the final
grain weight, ranging from 6 to 100% (Blum 1998 and references cited therein).

The current population segregated for both major semi-dwarf genes Rht-B1 and Rht-D1,
providing an opportunity to investigate the relationship between PH, ShwW and HI variation on
grain weight maintenance under heat. These two loci controlled up to 93.5% of the variation
for PH. The non-dwarfing allele at each locus was associated with larger absolute GWS
(QGws.aww-4B1 and QGws.aww-4D), SGW (QSgw.aww-4Band QSgw.aww-4D), and ShW
(QShW.aww-4B1 and QShW.aww-4D) in both control and heat-treated plants and in both
experiments. QTL for HI were also detected at both dwarfing loci in both treatments, but just
in Experiment 2, with dwarfing alleles associated with larger HI. The non-dwarfing allele of
Rht-D1 was also associated with larger GNS (QGns.aww-4D) in all four
treatments/experiments. On average, tall genotypes showed better SGW maintenance (smaller
HSI; 0.66 and 0.93 for SGW in Experiments 1 and 2, respectively) than semi-dwarfs (larger
HSI; 0.78 and 1.02 for SGW in Experiments 1 and 2, respectively) or ‘double-dwarfs’
carrying both dwarfing genes (1.57 and 0.99 for SGW in Experiments 1 and 2, respectively).
However, the difference in effect was not great enough to manifest as a HSI QTL for SGW or
GWS at either locus. Also, none of the other (minor) PH QTL coincided with any HSI QTL
for SGW or GWS. While these results are indicative that increased stem carbohydrate stores
provided by tall Rht alleles (and/or other associated traits) may allow better grain weight
maintenance under heat, the effect is small compared to other genetic effects (e.g., associated
with stay-green), at least under the current experimental conditions and in this population.
Yield benefits associated with dwarfing genes can be affected by various factors including
growth habit (spring vs. winter), genetic background, and environmental factors (Alghabari et
al. 2014; Bush and Evans 1988). Stem reserves may also not be an advantage unless plants
can efficiently mobilize the carbohydrate reserves to the growing grains or convert delivered
sugars to starch in the grain (e.g. as a result of heat stable soluble starch synthase activity)
(Blum 1998).

The only ShW HSI QTL was detected on chromosome 3BS and it co-localised with stay-
green related traits and grain weight (GWS and SGW) HSI QTL. ShW at this locus was
controlled in the same direction as HSIs of stay-green related traits and grain weight (i.e.
tolerant lines tended to maintain both better chlorophyll and Shw). This indicates that the
heat stability of stay-green related traits and consequently photosynthesis possibly may have
allowed better supply of assimilates to support growth not only of the grain but also of the
vegetative parts, under heat stress conditions. The data provided no evidence for differences
in mobilization efficiency affecting tolerance, as could be concluded if the allele conferring
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better SGW maintenance instead lowered ShW at maturity. In addition to co-control of
responses (HSIs) and performance per se of ShW and grain weight on 3BS, QTL for
performance per se of these traits under heat co-localized, on chromosomes 4A and 6B, and
were independent of plant height QTL, which further indicates a genetic/functional link
between larger stem weight per se and grain weight per se under high temperature conditions.
At both loci, larger ShW was associated with larger grain weight under heat conditions. This
relationship suggests that either greater ShW contributes to grain weight maintenance under

heat or that similar processes control both traits.

In both experiments, HI response showed a strong positive association with GWS, while it
was not associated, or showed relatively a weak negative association, with ShW response in
Experiment 1 and Experiment 2, respectively (Table 5). The only QTL detected for HSI of HI
was detected on 3BS in Experiment 2. This effect mainly derived from the response of GWS
and SGW, since no QTL was detected for ShW response in Experiment 2 in this region
(althoughQShw.aww-3B2 for larger ShW per se under heat conditions was detected close to
this region in Experiment 2). Other notable QTL for HI were those on 5A and 7B. On 5A,
larger HI per se under heat conditions co-localized with larger chlorophyll content per se
which suggests a beneficial effect of stay-green on HI under heat conditions. On 7B, HI per se
under heat conditions was negatively associated with Shw, GFD and DTM, and FL. As
already discussed, larger ShW and more stem reserves are not necessarily beneficial unless
plants have additional genetic factors to utilise the reserves. Therefore, the reverse association

of these traits might be due to a lack of an ability to utilise the reserves.

It has been previously pointed out that the flag leaf dimensions (length and width) may
also play a role in plant productivity under heat stress conditions (Mason et al. 2010). In the
current study, none of the QTL for flag leaf dimensions co-localised with QTL for grain
weight maintenance (HSI). However, QTL affecting heat stability (HSI) of either GFD or flag
leaf stay-green related traits (or both) on 4B, 5A, and 7B co-localized with flag-leaf
dimension QTL. On 4B, flag leaf dimensions also co-localized with performance per se of a
number of other traits (GNS, DTM, GWS, DTA) under both control and heat conditions. This
may suggest a contribution of these phenotypic characters to higher performance per se

(absolute trait values), or control by common genes and processes.

6.4.2 Co-localisation with previously reported QTL

The 3BS QTL region showing strong and consistent control of heat tolerance was
compared to the position of QTL for heat tolerance and/or heat related traits identified by

others, by linking marker sequences to the chromosome 3B reference sequence (http://wheat-
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urgi.versailles.inra.fr/; Figure 6.3). This exercise was limited by a lack of available sequence

for some of the markers. Maccaferri et al. (2008) reported a major QTL on distal end of
chromosome 3BS (Xbarc133/Xgwm493) affecting both grain yield and plant height in various
environments (including stressed environments) in a durum wheat RIL population (Kofa x
Svevo). Mason et al. (2010) detected a QTL on chromosome 3BS (barc75/Xgwm493)
affecting heat tolerance (indicated by HSI) of grain number spike™ and grain weight spike™ in
response to a brief heat stress (at 10 DAA), and flag leaf length per se, under controlled
conditions, in a spring x winter wheat cross (Halberd x Cutter). Kumar et al. (2010) mapped a
major QTL affecting stay-green (visually scored) in this region (associated with Xgwm533) in
a bread wheat RIL population (Chirya3 x Sonalika) under high temperature field conditions.
Wang et al. (2009) detected QTL on the distal end of 3BS (associated with Xgwm533)
affecting maximum grain-filling rate, grain-filling duration, thousand grain weight, and
flowering time in a winter bread wheat RIL population (HSM x Y8679) under field
conditions. Bennett et al. (2012) detected QTL for several traits including yield, thousand
grain weight, grains m, normalized difference vegetation index (NDVI), chlorophyll content
(measured by SPAD chlorophyll meter), and canopy temperature on chromosome 3BS in a
spring bread wheat DH population (RAC875 x Kukri) in various field environments including
drought and heat-stressed environments (SPAD and canopy temperature QTL were associated
with barc75). Sharma (2013) found that short arm of chromosome 3B to be important
genomic region associated with Fv/Fm parameter under heat stress conditions. As illustrated
in Figure 6.3, the aforementioned regions overlapped with the QTL detected in this study,
consistent with a hypothesis in which the same underlying gene(s) are responsible for the
different reported QTL. The QTL peak region (0 to 3.15 cM, illustrated in Figure 6.3)
represents ~1.5% of the total genetic length of chromosome 3B (not including the gap
between linkage groups) in the current study, and ~5% of total physical (bp) length of
chromosome 3B according to wheat 3B reference sequence.

The control of heat/drought tolerance by this region in independent studies and in different
genetic backgrounds, and the pleiotropic nature of this locus affecting several heat tolerance
related traits, suggests this region contains potentially useful and interesting genes that may be
worthy of use in marker assisted selection, or as targets for positional cloning. For the
Drysdale x Waagan population, the 3BS QTL should be tested in the field to determine its
usefulness in breeding, as many factors are different in greenhouse vs. field (e.g. absence of
any drought stress, wind, etc. under controlled conditions). This could be done by trialling the
whole population using an early vs. late sowing approach or by trialling it at low vs. high

temperature sites. Alternatively, homozygous nearly-isogenic lines for the QTL could be
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selected from progeny of 3BS-heterozygous RILs (a Drysdale x Waagan RIL population of
3,000 lines has already been made) and the lines evaluated using the aforementioned field

approaches.
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Figure 6. 3 Physical position of markers from the current study (black) and from previous studies (red) on the
chromosome 3B reference sequence. Bars indicate QTL positions described for heat tolerance related traits in
this and previous studies. The numbers to the left indicates Mbp distances from the top of the chromosome. For
QTL detected by Wang et al. (2009), Kumar et al. (2010), and Bennett et al. (2012) flanking marker sequences
were not available, and hence the most closely associated markers (in which the markers sequence were
available) were examined.

Some of the other chromosome regions to which HSI QTL were located in this study have
previously been reported to affect heat related traits. QTL for HSI of SGW and grain-filling
rate under high temperature in the field were reported on 6B (Barakat et al. 2011; Tiwari et al.
2013), in a region showing QTL for HSIs and performance per se under heat conditions in the
current study. There were QTL on chromosome 5AL for heat stability of GFD and DTM in
the current study, and QTL affecting heat tolerance (HSI) and heat related traits have been
previously mapped to the same chromosome arm. QTL for GFD, grain protein content,
temperature depression of flag leaf and main spike, heat stability of GWS, GNS, and SGW
and also visual wax score under high temperature conditions have been mapped on 5AL
(Groos et al. 2003; Mason et al. 2010; Mason et al. 2011; Yang et al. 2002b). While the distal
region of long arm of chromosome 5A carries the major vernalisation response gene Vrn-Al,
which could potentially confer heat avoidance through its effect on flowering time, this
cannot be the basis for the 5AL QTL in the current study, because the Drysdale x Waagan

population does not segregate for functional variation at Vrn-Al.
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Other heat tolerance QTL were mapped in the current study on chromosomes 1A
(QHchlr27.aww-1A), 4A (QHgfd.aww-4A, QHchlc27.aww-4A, and QHausc.aww-4A), 4B
(QHgfd.aww-4B, QHchlr27.aww-4B, and QHflse.aww-4B), and 7B (QHflse.aww-7B). QTL
affecting heat tolerance have been reported on these chromosomes in earlier studies for
various traits including HSIs of GNS (1A, 4A, and 4B), SGW (1A, 4A, and 7B) and yield
(4A, 4B, 7B), and grain hardness (4B), canopy temperature depression (1A, 4A, 4B, and 7B),
stay-green (1A), and NDVI (4A, 4B, and 7B) under high temperature conditions in field trials
or controlled environments (Mason et al. 2010; Mason et al. 2011; Mason et al. 2013;
Mohammadi et al. 2008b; Paliwal et al. 2012; Pinto et al. 2010). A lack of common markers
between studies, and in some cases low marker density, would make comparison of these
QTL locations difficult.

6.5.3 Comparison to results of screening 36 wheat genotypes for heat tolerance during

grain-filling

A significant negative association was observed between grain weight (GWS and SGW)
responses and flowering time in Chapter 3. In the current study flowering time also showed
significant correlation with HSIs of several traits (Table 6.6). However, the Drysdale x
Waagan population did not allow an effective test of these associations at genomic level,
since it showed no major QTL for flowering time. A significant negative association was also
observed between grain weight potential and grain weight response in Chapter 3 (i.e. larger-
grained varieties tended to lose a greater proportion of grain weight under heat). However,
none of the grain weight HSI QTL co-localized with QTL for grain weight per se under
control conditions. Therefore, the grain weight potential vs. response association observed in
Chapter 3 may have been due to chance co-occurrence of genes for the two traits in some of

the sampled varieties.

A significant negative association was observed between plant height and grain weight
response in Chapter 3, i.e., the taller genotypes tended to be more intolerant. However,
dwarfing alleles at the Rht-B1 and Rht-D1 loci showed no significant association with single
grain weight maintenance under heat in the Drysdale x Waagan population, and in fact, the
trend was for the tall genotypes to be more tolerant. Thus, the negative association between
plant height and grain weight response observed in Chapter 3 may have been due (as above)
to chance co-occurrence of genes for the two traits in some of the varieties. Consistent with
this idea, the highly susceptible and tall varieties Cadoux and Reeves were shown to be highly

related in a similarity tree constructed using molecular marker data (data not shown).
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A highly significant association was observed between chlorophyll retention and grain
weight responses in Chapter 3. Moreover, a positive association was observed between
responses of stay-green related traits and their potentials in Chapter 3, indicating a stronger
response for genotypes with larger rate of natural senescence. Co-localization of QTL for the
stay-green related traits and grain weight response provided strong evidence that these traits
are indeed controlled by common gene(s) and physiological mechanisms. Likewise, the
tendency of naturally faster senescing lines to lose chlorophyll faster in response to heat also
seems to be due to common genetic control, since QTL alleles were found that conferred
chlorophyll retention under both control and heat-stressed conditions and slower chlorophyll
loss rates under heat. This supports the idea that natural senescence and accelerated
senescence in response to the heat treatment were functionally related. However, QTL
specific to either control or heat conditions were also detected which suggest some specific

mechanisms under certain conditions.

6.5 Concluding remarks

Several QTL were detected for heat tolerance (HSI) and heat tolerance related traits.
However, only reproducible effects may have value in plant breeding programs. The QTL on
3BS was detected in both experiments and this chromosome region has been reported to affect
stress tolerance or heat tolerance related traits in several crosses in independent studies. This
QTL may provide an appropriate target for fine mapping and marker assisted selection for
improving heat tolerance in wheat, if it can be validated more widely in the field (and for this
population). The pleiotropic nature of this locus provides an opportunity to simultaneously
improve several traits which are related to larger yield performance under high temperature
conditions. Chlorophyll content and chlorophyll loss rate showed high heritability under high
temperature conditions (Table 6.4), and these traits can be scored easily (i.e. using SPAD
chlorophyll meter). Consequently, these traits may provide an effective and early way to
indirectly select tolerance (SGW stability under heat) in plants prior to maturity.
Measurements at only two time points - before (10 DAA in this study) and after heat stress
(13 DAA) - provided good discrimination between tolerant and intolerant genotypes, and
could be sufficient. The measurement before the heat treatment can be used as a control value
since there was not much change in chlorophyll content of control plants in a short period of
time (10 to 13 DAA). Thus, control plants could be dispensed with. This could also be
practical in the field where plants could be measured before a forecasted heat wave, and then
after it. Based on the QTL analysis reported here, the association between stay-green related
traits and tolerance across 36 bread wheat genotypes that was previously reported in Chapter

3 seems likely to be due to control by common gene(s) and physiological mechanisms. While
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the Rht-B1 and Rht-D1 dwarfing loci influenced yield spike™ and grain number and size, they
did not affect the stability of these traits under heat, at least in Drysdale x Waagan population

and under these conditions.
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Chapter 7: Development of automated plant imaging and SPAD measurements for heat
tolerance screening at the vegetative stage of wheat development

7.1 Introduction

In most regions wheat is grown outside of its optimal temperature for various
developmental stages, and the situation will become more acute with climate change (Asseng
et al. 2011; Shpiler and Blum 1986; Wollenweber et al. 2003). High temperatures at flowering
and grain-filling are major concerns in many wheat growing regions (Asseng et al. 2011),
while heat stress at the vegetative stage also constrains wheat production in some semi-
tropical and tropical regions (Fischer and Maurer 1976; Fischer 1985b). High temperatures
can adversely affect both vegetative (Shpiler and Blum 1986) and reproductive growth (Stone
and Nicolas 1994; Wardlaw et al. 1989b). Yield impacts of high temperatures at flowering
and grain-filling have been well documented (Dawson and Wardlaw 1989; McDonald et al.
1983; Saini and Aspinall 1982b; Saini et al. 1983; Stone and Nicolas 1995b; Wardlaw et al.
1989a). It has been estimated that each 1 °C increase in temperature in the range 14-27 °C in
the 30 days before anthesis decreases wheat yields by 4%, presumably due to accelerated
development and reduced photo-assimilate accumulation (Acevedo 1991; Fischer 1985a;
Fischer and Maurer 1976). Photo-assimilates present in the stems and sheaths of wheat before
anthesis contributes 10-40% of the final grain weight (Yang & Zhang 2006 and references
cited therein). Decreased total leaf area in response to pre-anthesis drought stress has been
correlated with reduced grain number in wheat (Frederick and Camberato 1995). Therefore
high temperatures at the vegetative stage can compromise wheat grain yield production.

Tolerance at the reproductive stage has been the focus of the majority of work on heat
tolerance in wheat, due to its well established relevance to the industry. However, assessments
at this stage tend to be time consuming and costly, due to the need to grow plants to maturity.
Techniques which are rapid and easy are desirable for identifying superior heat tolerant
genotypes in breeding programs and for accelerating genetic studies of tolerance. Therefore,
some efforts have been made to explore heat tolerance assays at the vegetative stage. For
instance, several researchers measured cell membrane thermostability (CMS) and/or cell
viability using a triphenyltetrazolium chloride assay on leaf tissue (Balota et al. 1993; Fokar
et al. 1998; Saadalla et al. 1990a; Saadalla et al. 1990b; Reynolds et al. 1994) and found a
significant positive correlation in these traits (i.e., CMS and cell viability) between the
seedling and flowering developmental stages. Significant positive associations have been
found between CMS and yield (Fokar et al. 1998; Reynolds et al. 1994; Saadalla et al. 1990a).

Chlorophyll fluorescence has also been used to detect genotypic differences for heat tolerance
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at various developmental stages, including during early growth (Al-Khatib and Paulsen 1990;
Moffatt et al. 1990; Ristic et al. 2007; Sharma et al. 2012). While these traits show promise
for tolerance selection, they are likely to reflect the effects of heat on only a few
cellular/physiological process. By comparison, vegetative growth may provide a more
comprehensive measure of heat tolerance, since it is expected to integrate the effects of heat
on many molecular and physiological processes (e.g. enzyme kinetics, protein denaturation,
membrane integrity, oxidative damage, net photosynthetic rate, cell division and hormone and

water relations, etc.).

Recently, methods for high-throughput phenotyping such as non-destructive imaging and
spectroscopy have been developed (Berger et al. 2010; Berger et al. 2012; Furbank and Tester
2011; Golzarian et al. 2011). In Australia, the Australian Plant Phenomics Facility

(www.plantphenomics.org.au) (Furbank and Tester 2011), including the High Resolution

Plant Phenomics Centre in Canberra and The Plant Accelerator in Adelaide, are now available

to scientists for phenotyping (www.plantphenomics.org.au). Plant imaging has been used to

investigate changes in growth dynamics and to discriminate genotypes for response to various
abiotic stresses (e.g. salinity, drought, boron toxicity, and low irradiance) in several plant
species including wheat (Berger et al. 2010; Hayes et al. 2013; Honsdorf et al. 2014; Pengelly
et al. 2010; Rajendran et al. 2009). However, use of these techniques to assess heat tolerance
in wheat has not been reported. Accordingly in this study, the potential to use automated plant
imaging in The Plant Accelerator in wheat heat tolerance studies was investigated. More
specific aims were to see whether genetic variability in heat tolerance could be detected with
this system and to investigate the level of correlation between such variation and responses to
heat at grain-filling.

7.2 Materials and Methods

Seven experiments were conducted to investigate the effects of a brief heat stress on
growth and chlorophyll traits of spring bread wheat genotypes at the vegetative stage (~ 4
week old plants). The first experiment was used to determine heat treatment conditions and
time points suitable for discriminating tolerant and intolerant genotypes. Using conditions
chosen from the Experiment 1, 77 genotypes were then screened for heat tolerance in
Experiments 2 and 3. In Experiment 4 and 5, three genotypes were characterised in more
detail for a number of additional traits including leaf relative water content, leaf water
potential, stomatal conductance, and water use efficiency. In Experiments 6 and 7, a sub set of
15 genotypes which were largely common between experiments 2, 3, and 4 were re-assayed at
different times of the year to explore effects of pre-/post-treatment growing conditions on heat

responses. Genotypes in common with the study of Chapter 3, in which a brief heat stress was
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applied at 10 days after anthesis, were used to look for correlations between heat responses
measured at vegetative and grain-filling stages of development.

7.2.1 Plant material

Seventy-seven spring bread wheat genotypes (Triticum aestivum L.) were used. These
included cultivated varieties, synthetic derived lines, breeding lines, experimental lines and
landraces. The majority of these genotypes were selected because they were parents of
available mapping populations (listed in Appendix 1). Lyallpur-73 was selected because it
was reported to be heat susceptible (Mufti 2005; Wardlaw et al. 1989a; Wardlaw et al. 2002).
Seeds were obtained from Michael Francki (DAFWA), Dion Bennett (AGT), Dan Mullan
(Intergrain), Bertus Jacobs (Longreach), Hugh Wallwork (SARDI), the Australian Winter
Cereals Collection and local collections at the ACPFG or NSW-DPI Wagga Wagga. A list of
the genotypes, their origin and the year of release (where applicable) is presented in Table 7.1.

Table 7. 1 List of genotypes used.

Genotype (origin, year of release)

AUS1408 (South Africa, 1987)
AUS1490 (unknown)

Avocet (Australia, 1979)
Avocet-S (Australia)*

Babax (Mexico, 1992)

Batavia (Australia, 1991)
Berkut (Mexico, 2002)
Cadoux (Australia, 1992)
Calingiri (Australia, 1997)
Cappelle Desprez (France, 1992)
Cascades (Australia, 1994)
CD87 (Australia, 1989)

Chara (Australia, 1998)

CM18 (China 1965)

Cook (Australia, 1977)

Correll (Australia, 2006)
CP1133814¥

CPI133872"

CPI33842*

CPI133859*

Cranbrook (Australia, 1984)
Crusader (Australia, 2008)
Currawong (Australia, 1994)
Diamondbird (Australia, 1997)
Drysdale (Australia, 2002)
EGA Blanco (Australia, 2004)
Egret (Australia, 1973)

Ernie (USA, 1994)

Excalibur (Australia, 1990)
Frame (Australia, 1994)
Gladius (Australia, 2007)
Halberd (Australia, 1969)
Hartog (Australia, 1982)
Hereward (England, 1989)
Indis (South Africa, 1990)
Iraq 43 (Iraq)

Janz (Australia, 1989)
Katepwa (Canada, 1981)
Krichauff (Australia, 1997)
Kukri (Australia, 1999)

Lyallpur-73 (Pakistan, 1973)
Maringa (Rht1) (Brazil)*
Maringa (Rht2) (Brazil)*
Matong (Australia, 1982)
Millewa (Australia, 1979)
Molineaux (Australia, 1988)
Morocco 426 (unknown)
Opata 85 (Mexico, 1993)
Peake (Australia, 2007)
P1624933-1°

P1625123-3

P1625983-1°

P1626580-4

QT7475 (Australia, 2006) *
RACB875 (Australia)”
Reeves (Australia, 1989)
Roblin (Canada, 1986)
Rosella (Australia, 1985)
Seri M82 (Mexico, 1982)
Sokoll (Mexico, 2002)

Spica (Australia, 1952)
SUN325B*

Sunco (Australia, 1986)
Sunstar (Australia, 1983)
Tammarin Rock (Australia, 2004)
Tammin (Australia, 1994)
Tasman (Australia, 1993)
Trident (Australia, 1993)
Vigour18 (Australia)”

W7985 Synthetic¥

Waagan (Australia, 2009)
Westonia (Australia, 1997)
Whistler (Australia, 1998)
WW1842 (Australia)”
WW2449(Australia)”
Wyalkatchem (Australia, 2001)
Young (Australia, 2005)

*Near isogenic line (NIL) for rust resistance, in Avocet background

¥Synthetic hexaploid

Rht NIL in Maringa background

fLandrace from Iran

1AUS1408-derived breeding line

“Breeding line

7.2.2 Plant establishment

In Experiment 1, pots were 8 x 18 cm with drain holes and contained 1 kg of the soil mix
described in Chapter 3. In the other experiments, pots were 15 x 19 cm with drain holes, and
contained 2 kg soil. Three seeds were sown per pot and seven days after sowing plants were
thinned to one healthy seedling per pot, except in Experiment 5 where two seedlings were

retained per pot.
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7.2.3 Subsequent plant growth

7.2.3.1 Experiment 1

Two spring bread wheat cultivars with contrasting heat tolerance, namely Excalibur
(tolerant; Bukovnik et al. 2009) and Lyallpur-73 (susceptible; Mufti, 2005, Wardlaw et al.
1989), were used to identify a high temperature regime and time points that would reveal
genotypic differences in heat responses with minimal tissue death. Plants were grown in a
naturally lit greenhouse (South Australian Research and Development Institute, University of
Adelaide, Waite Campus, Adelaide) during July-September 2011 at approximately 24/18°C,
8/16 h day/night, and watered every 2 days. At 29 days after sowing, one half of the plants
were transferred to a growth chamber, 2 hours before the start of the day cycle of the
chamber, to apply heat treatments. BioChambers GC-20 Bigfoot and Conviron BDW120
chambers were used to apply different heat regimes in Experiment 1, while for all other
experiments only the BDW120 was used. Plants assigned to heat treatment were exposed to
day/night temperatures of either 40/30 or 44/30°C, either for 6 hours or 2 days, before
returning the plants to the greenhouse. The maximum temperature of the growth chamber was
held for 8 h each day, with 2 h transition periods used either side to linearly ramp the
temperature up and down. Lighting was at a maximum of 350-420 pM m™s™ at pot level for
8 h each day. Average day/night relative humidity in the chamber was measured at 70/80%.
Pots were placed in trays of water to ~ 2 cm while in the chamber to minimize drought stress.
Plants were imaged with a LemnaTec 3D Scanalyzer stand-alone unit (LemnaTec, Wirselen,

Germany; http://www.lemnatec.de), located at the same greenhouse, starting from 27 days

after sowing (before the heat treatment) and continuing after heat treatment every 2 days for
up to 51 days after sowing. Relative chlorophyll content also was monitored using a portable
SPAD chlorophyll meter (SPAD-502; Minolta Camera Co. Ltd., Japan) on the same days that

images were taken.

7.2.3.2 Experiments 2 and 3

Experiments 2 and 3 were conducted during February-March and August-September 2012,
respectively. These experiments used 77 genotypes: 35 and 52 in Experiments 2 and 3,
respectively (10 genotypes in common). Heat treatments were the same in the two
experiments. Plants were grown in a naturally lit greenhouse (The Australian Plant
Accelerator, University of Adelaide, Waite Campus, Adelaide) at approximately 24/18 °C
(Table 7.2 shows measured conditions), 14/10 h day/night, and watered every 2 days (Figure
7.1a). At 21 days after sowing (DAS), plants were loaded onto the conveyor system of the

fully-automated ‘Smarthouse’ plant imaging facility in The Plant Accelerator, University of
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Adelaide, and imaged daily with a LemnaTec 3D Scanalyzer for up to 25 DAS (Figure 7.1b).
Pots in the Smarthouse were watered automatically (pots sat on trays to allow uptake of
drained water) to a pre-determined weight (35% w/w) to maintain 100% field capacity. At 25
DAS and after initial imaging, half of the plants were transferred to the growth chamber
(BDW120, Conviron) at 26 DAS, 2 h before commencement of the day cycle, where they
received a 2 d heat treatment (Figure 7.1c). Heat treatment was at 40/30 °C for 2 days as
described in Experiment 1, except that the maximum temperature of the growth chamber was
held for 7 h each day, and the lighting (mixture of metal halide and tungsten incandescent)
was at a maximum of 600 uM m™ s at plant height for 7 h each day, with a 2 h transition
period used either side to step the intensity at 460 pM m™ s™. After heat treatment, plants
were returned to the Smarthouse where they were further imaged along with the control plants
(Figure 7.1), every one to two days, for up to 39 DAS. SPAD measurements were taken in
Experiment 2 only, on the third fully expanded leaf, at 25 and 28 DAA (either side of heat
treatment) and at 39 DAS.

Table 7. 2 Measured temperatures (°C) during the growing period in the greenhouse/Smarthouse in Experiments
2,3,4,5,6,and 7. For Experiment 1 the greenhouse set temperatures are presented. The set temperature in the
greenhouse/Smarthouse in other experiments was also 24/18°C day/night temperature.

. . Average day Average Average Average Minimum Maximum Days
Experiment Location Month temperature night minimum maximum temperature temperature >30°C
temperature temperature temperature
Experiment 1 Greenhouse July-September 24.0 18.0 -
Experiment 2 Greenhouse February 239 20.2 19.3 26.6 18.6 29.7 0
March 227 19.1 181 249 17.5 26.0 0
Smarthouse March 25.0 19.9 186 305 18.0 33.3 12
Experiment 3 Greenhouse August 23.0 19.0 176 25.6 17.3 26.3 0
Smarthouse August 225 19.2 176 25.2 174 26.4 0
September 24.1 20.3 18.7 28.2 175 333 4
s:gesriment 4 Greenhouse August 231 191 174 26.1 17.6 25.6 0
September 233 19.1 176 26.0 17.3 26.9 0
Smarthouse September 26.7 20.7 191 324 17.3 36.3 6
Experiment 6 Greenhouse February 23.0 179 17.0 21.7 16.0 314 1
March 22.6 18.0 17.0 27.2 153 29.9 0
Smarthouse March 24.8 20.2 19.1 29.5 17.8 36.0 7
Experiment 7 Greenhouse September 23.6 19.6 18.0 27.0 15.9 313 2
October 215 17.0 15.9 24.9 13.7 29.3 0
Smarthouse October 25.2 18.6 174 29.3 13.7 319 10
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Figure 7. 1 Plants in the greenhouse (a), the Smarthouse (b) and a growth chamber under heat stress (c). For
further explanation refer to Materials and Methods.

7.2.3.3 Experiments 4 and 5

Experiments 4 and 5 were conducted during August-September 2012 using the varieties
Drysdale, Gladius and Waagan. The same procedures as in Experiments 2 and 3 were used,
except plants were imaged once before treatment and for a shorter period after treatment (1
week) to reduce unnecessary cost. The method of watering also differed: Up to 25 DAS the
pots were watered every 2 days, and from 25 DAS the pots were watered to weight to
maintain field capacity (35% w/w), three times a day while being heat treated and once a day
after the treatment. In Experiment 4, plants were imaged once before the treatment and 7
times after the treatment on a daily basis, and SPAD measurements were taken on the 3" fully
expanded leaf of each plant at 25, 28, and 34 DAS. Furthermore, in both heated and control
plants, stomatal conductance was measured on the 3" leaf. Plants in Experiment 5 were not
imaged and were instead used to obtain destructive measurements of leaf relative water
content and leaf water potential during the heat treatment. Pots were watered to field capacity
as described above. On each of the two days of heat treatment, the 3™ fully expanded leaf
from one of the two plants in each pot was taken to measure leaf relative water content. The
4™ fully expanded leaf from the same plant was used to measure leaf water potential at the
same time. Stomatal conductance, leaf relative water content, and leaf water potential
measurements were performed during the middle of the first and second day of heat

treatment.

7.2.3.4 Experiments 6 and 7

Experiments 6 and 7 were conducted during February-March and September-October
2013, respectively. The procedures were the same as in Experiments 2 and 3, except that
SPAD measurements were not taken.
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7.2.4 Measurements

7.2.4.1 Growth

The LemnaTec 3D Scanalyser used two cameras to obtain a top view image and two side
views (90° rotated) per imaging session. Images were used to estimate plant size using an
automated analysis algorithm (‘grid’) customized to the experiment, in the Scanalyser
software. The algorithm was firstly used to analyse the complete set of images, to separate
plant from non-plant pixels and to give a two-dimensional plant area for each image. At each
time point, relative shoot area estimates were then derived by summing the pixels of the plant

images taken for each plant from all three directions.

Growth data from Experiment 1 were compared to multiple mathematical models, but a
single equation with a good fit to all the data could not be found, due to the different growth
dynamics of control and heat-treated plants (data not shown). Therefore, the following

equation was used to quantify instantaneous growth rate for specific time intervals:
Instantaneous growth rate = P2-P1/t2-t1

P1 and P2 is the projected shoot areas at time 1 and 2 expressed in pixels, and t1 and t2 are

times 1 and 2 expressed in days, respectively.

In Experiments 2, 3, 6, and 7, relative growth rate (RGR) was calculated for each plant, for
21 or 22 to 25 DAS, 25-28 DAS and 28-39 DAS, corresponding to before, during and after
heat treatment periods. In Experiment 4, RGR was only calculated for 25-28 DAS (during
treatment) and for 28-34 DAS (after treatment). RGR was obtained using an exponential
model fitted to plant shoot area data for the described time intervals:

y = aeP

Where y is the projected shoot area (pixels) of the plant at time t, a is the initial projected
shoot area (the first measurement for each time interval described above), e is the Napier's
number (mathematical constant with an approximate value of 2.718281828) and b is a rate
constant (for each plant at each time interval) that determines the steepness of the curve (i.e.
RGR).

7.2.4.2 Proportion of senescent area (PSA)
Pixels on the plant image were categorized as healthy (green) or senescent (yellow or
brown) according to a subjective RGB range set for each of the two categories. PSA was

defined as the ratio of senescent area to total plant area.
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7.2.4.3 Relative chlorophyll content

Relative chlorophyll content of the 3™ fully expanded leaf was monitored using a portable
SPAD chlorophyll meter (SPAD-502; Minolta Co. Ltd., Japan). Each value was the average
of 10 measurements taken along the left hand side of the leaf between the mid-rib and leaf
margin. SPAD values were normalized to the reading taken on the same plant at the first time
point (measurement prior to heat treatment), to allow for variation in starting chlorophyli

content between plants and genotypes.

AUSC (area under the normalized SPAD progress curve): This was calculated for each
plant using the following equation, where X; is the chlorophyll content (normalized SPAD
units) on the i™ date, t; determines date on which the chlorophyll content was measured, and n
is the number of dates on which chlorophyll content was recorded.

n-1
X' + X '+1
AUSC = Z[(%) X (v — t)]
=1

7.2.4.4 Stomatal conductance

Stomatal conductance was measured on the adaxial surface of the 3" fully expanded leaf,
half way between base and tip of the leaf, between the mid-rib and leaf margin, using a
portable dynamic diffusion porometer (Delta-T AP4, Delta-T Devices Ltd, UK) at midday.
The porometer was calibrated on each day of measurement as described in the porometer

manual.

7.2.4.5 Water use efficiency (WUE)
WUE was defined as the ratio of projected shoot area produced over a particular time
interval (in pixels) to total water transpired over that time (in mL) calculated using all of the

pot weight measurements.

7.2.4.6 Leaf water potential (LWP)

LWP was measured using a Scholander pressure chamber (Model 3000, Soil moisture
Equipment Corp, Santa Barbara, CA). For each measurement, the 4" fully expanded leaf was
cut off with a razor blade at the base and immediately clamped in the pressure chamber with
the cut surface protruding from the chamber. Leaf water potential was defined as being equal
in magnitude, and negative, to the minimum air pressure in the chamber that was required to

force sap out of the cut surface (Boyer 1967; Turner 1988).
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7.2.4.7 Relative water content (RWC)

Leaf sections (250 mm?) were collected from the middle of the 3" fully expanded leaf at
midday and the fresh mass (FM) immediately recorded. Samples were then immersed in 10
ml distilled water at 4 °C for 24 h to completely hydrate, then weighed to determine the turgid
mass (TM). Leaf samples were then oven-dried for at 65 °C for 24 h and weighed to
determine dry mass (DM). RWC was calculated using the equation:

RWC (%) = 100 x ((FM —DM)/(TM — DM))

7.2.5 Experimental design and data analysis

Each experiment used a completely randomised block split-plot design. There were 5
replications in Experiment 3, 12 in Experiment 4, and 6 in the others. Each replicate was split
into 2 plots. Genotype was considered as the main-plot (one for each genotype) and treatment
as the 2 sub-plots (control vs. heat). In the other words, control and heat-treated plants of each
genotype were physically neighboured in each replicate in both the greenhouse and
Smarthouse. Consequently, they were imaged at around the same time (within ~1 min). Each
replicate was kept intact between the greenhouse and Smarthouse, although the positions of
the replicates were re-randomised in the Smarthouse. Experiments 1, 4 and 5 were analysed
by ANOVA in GenStat 16 (http://www.vsni.co.uk/genstat). Other experiments were analysed

using a linear mixed model using ASReml-R software (Butler et al. 2009) available in the R
statistical computing environment (R Development Core Team 2014). Statistical differences
between means were tested using LSDs. Pairwise Pearson correlation tests was used to study
relationships between traits measured under control or heat conditions, and between response
ratios of various traits (Ry,c = Mean trait valuepeat treatment / Mean trait valuecontror). Principal
component analysis (PCA) was used to compare behaviours of plants across the four large
experiments (Experiments 2, 3, 6, and 7). R language was used for correlation and PCA

analyses, and for figure preparation (R Development Core Team 2014).
7.3 Results

7.3.1 Experiment 1

The 6 h heat treatment at 40 °C did not significantly impact the measured traits in either
genotype (Figures 7.2a and b, 3a and b, 4a and b, 5a and b), the only exception being that
absolute growth rate in Lyallpur-73 was significantly larger at 49 DAS in heat-treated plants
than in the unheated control plants (Figure 7.2b).

Two days at 40/30 °C day/night had no significant impact on Excalibur for any of the
measured traits, except instantaneous growth rate at 35 and 45 DAS and chlorophyll content
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of the 3" fully expanded leaf at 43 and 45 DAS which both showed significantly smaller
values in heat-treated plants than control plants (Figures 7.2c, 7.3a, 7.4a, and 7.5a). By
contrast, the same treatment significantly affected most of the traits at most of the time points
in Lyallpur-73. In this genotype, it significantly reduced instantaneous growth rate at 33 to 47
DAS, projected shoot area at 37 to 49 DAS and the proportion of senescent area at 31 to 49
DAS (Figures 7.2d, 7.3b, and 7.4b). The chlorophyll content of the 3™ fully expanded leaf of
Lyallpur-73 plants was significantly reduced by the heat treatment just at 33 DAS (Figure
7.5h).

Instantaneous growth rate, projected shoot area, and proportion of senescent area were
significantly changed by treatments of either duration at 44/30 °C day/night treatment in both
genotypes and at most of the time points, with the longer treatment having a larger impact and
Lyallpur-73 showing a greater response than Excalibur (Figures 7.2e-h, 7.3a and b and 7.4a
and b). For chlorophyll content of the 3" fully expanded leaf, Excalibur was not significantly
affected by heat treatment at 44/30 °C day/night for 6 h while Lyallpur-73 was only
significantly affected by this treatment at 31 and 33 DAS (Figure 7.5a and b). The longer
duration (2 days) at 44/30 °C day/night significantly reduced the chlorophyll content of the
3rd fully expanded leaf of both genotypes by 31 and 33 DAS. Thereafter, Excalibur showed
no effect of the heat treatment, while Lyallpur-73 showed significantly smaller chlorophyll

content up to 39 DAS, relative to control (Figure 7.5a and b).

In general, the dynamics of the 44/30 °C day/night treatment differed from that observed
for the 40/30 °C day/night treatment. At 44 °C for either duration, there was a drastic
immediate reduction in ‘growth rate’ in both genotypes, which was largely due to wilting and
tissue death leading to a large reduction in plant size. This indicates that plants suffered from
foliar dehydration despite good soil water availability and high humidity in the growth
chamber during the heat treatment. After treatment, the growth rate recovered in both
genotypes but remained generally smaller than in control plants (Figures 7.2e-h). The 44/30
°C day/night treatments for both durations delayed the time from sowing to maximum growth
rate ~ one week in both genotypes. The longer duration of 44/30 °C day/night treatment
drastically enhanced the responses, particularly in Lyallpur-73.

In summary, the two days heat treatment at 40/30 °C day/night was the condition that best
discriminated the tolerant (Excalibur) genotype from the intolerant (Lyallpur-73) one while
avoiding drastic wilting and tissue death. Therefore, this condition (40/30 °C day/night for 2

days) was used to apply heat stress in the subsequent experiments. Subsequently, stress was
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also applied at 25 DAS instead of 29 DAS, so that growth rate measurements could be taken
more in the log growth phase.
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Figure 7. 2 Instantaneous growth rate of Excalibur (a, ¢, e and g) and Lyallpur-73 (b, d, f and h) plants grown
under control conditions or with brief heat treatments: a, b) 40/30°C day/night for 6 hours, ¢, d) 40/30 °C
day/night for 2 days, e, f) 44/30 °C day/night for 6 hours, and g, h) 44/30 °C day/night for 2 days. Horizontal red
bars on x-axes represent the periods of high temperature treatment. Error bars represent S.E. (n=5 to 6).
Asterisks indicate a significant difference between treatments at p < 0.05.
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Figure 7. 3 Growth of Excalibur (a) and Lyallpur-73 (b) plants grown under control conditions (green circles),
and exposed to heat treatments of 40/30°C day/night for 6 hours (blue triangles), 40/30 °C day/night for 2 days
(orange squares), 44/30 °C day/night for 6 hours (inverted navy-blue triangles) and 44/30 °C day/night for 2 days
(red diamonds). Bars represent LSD (a = 0.05). n=5 to 6 plants per gentype/treatment. Horizontal bars on the x-
axes represent the periods of high temperature treatment.
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Figure 7. 4 Proportion of senescent area in Excalibur (a) and Lyallpur-73 (b) plants grown under control
conditions (green circles) and exposed to heat treatments of 40/30°C day/night for 6 hours (blue triangles), 40/30
°C day/night for 2 days (orange squares), 44/30 °C day/night for 6 hours (inverted navy-blue triangles) and 44/30
°C day/night for 2 days (red diamonds). Bars represent LSD (a = 0.05). n=5 to 6 plants per gentype/treatment.
Horizontal bars on the x-axes represent the periods of high temperature treatment.
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Figure 7. 5 Chlorophyll content of 3" fully expanded leaf of Excalibur (a) and Lyallpur-73 (b) plants grown
under control conditions (green circles) or exposed to heat treatments 40/30°C day/night for 6 hours (blue
triangles), 40/30 °C day/night for 2 days (orange squares), 44/30 °C day/night for 6 hours (inverted navy-blue
triangles) and 44/30 °C day/night for 2 days (red diamonds). Bars represent LSD (a = 0.05). n=5 to 6 plants per
gentype/treatment. Horizontal bars on the x-axes represent the periods of high temperature treatment.

7.3.2 Experiments 2 and 3

In these two experiments, 77 spring bread wheat genotypes were evaluated for heat
tolerance. The means for control and heat-treated plants of each genotype are presented in
Tables 7.3, 7.4, and 7.5. A significant genotype effect was observed for all of the measured
traits in both experiments (p=0.01 for ChC28DAS, p=0.02 for AUSC, and p<0.001 for other
traits). Control plants and those assigned to the heat treatment showed no significant
differences prior to heat exposure (Tables 7.3, 7.4, and 7.5) for any of the traits in either

experiment.
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The number of tillers on the plants at the time of heat treatment varied among the
genotypes (p<0.001). In Experiment 2, genotypes had between 3 to 9 tillers, with the majority
having 5 to 7 (Table 7.3). In Experiment 3, most of the genotypes had 2 tillers while a few
had 1 or 3 (Table 7.4). Therefore at the time of heat treatment, plants were at a more advanced

growth stage in Experiment 2 than in Experiment 3, due to seasonal effects.

Figure 7.6 illustrates an example of the change in plant size (projected shoot area) over
time and fitted growth model before and after treatment in two contrasting varieties under
control and heat conditions. During-treatment growth rates were calculated using the
projected shoot areas measured directly before and after treatment (i.e. 25 and 28DAS).
Genotypes varied for RGR before the treatment (at 22-25DAS; RGRBT) (p<0.001 in both
experiments), showing values from 0.16 to 0.22 pixel pixel™ day™ in Experiment 2 and from
0.10 to 0.17 pixel pixel™® day™ in Experiment 3. Overall mean RGRBT in Experiment 2 was
26% higher than in Experiment 3 due to the more advanced developmental stage of the plants
in the former experiment. Heat exposure reduced overall mean values of RGR during
treatment (at 25-28 DAS; RGRDT) by ~20% and 2% relative to controls in Experiments 2
and 3, respectively. The heat effect was significant for RGRDT in Experiment 2 (p<0.001),
but a lack of a significant genotype-by-treatment interaction in this experiment (p=0.880)
indicated that the genotypes responded similarly. Nevertheless, the magnitude of differences
(relative to control) ranged from ~-7 to -40%. The heat effect on RGRDT was insignificant
(p=0.099) in Experiment 3 although there was a significant genotype-by-treatment interaction
(p=0.008). Genotypes varied from showing 22% increase to 25% decrease in RGRDT, and 23
genotypes showed an increase while 30 genotypes showed a decrease, but the effect was
significant in only four genotypes. Heat treatment significantly (p<0.001) reduced the overall
mean of RGR at 28-39 DAS (RGRAT) by 4 and 3% in Experiments 1 and 2, respectively.
The significant genotype-by-treatment interaction in both Experiments (p=0.006 and 0.042 in
Experiments 2 and 3, respectively) for this trait may suggest a significant difference between
genotypes for magnitude and direction of RGR response after heat treatment. Genotypes
varied from showing 4 to -16% change in RGRAT in Experiments 2 and 7 to -12% in
Experiment 3. The effect was significant in 7 and 10 genotypes in Experiments 2 and 3,

respectively.
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Figure 7. 6 Growth of a tolerant (Young; a) and an intolerant (Reeves; b) variety grown under control conditions
(green circles), and with heat treatments of 40/30°C day/night for 2 days (red triangles) in Experiment 2. Error
bars represent S.E.. Lines represent fitted growth models on control (green) and heat-treated plants (red).
Horizontal bars on the x-axes represent the periods of high temperature treatment.

Due to different patterns of change in proportion of senescent area (PSA) among genotypes,
no attempt was made to model PSA. Instead, values at 25, 28 and 39 DAS (corresponding to
directly before and after treatment and at the end of the Experiments) were used to investigate
the heat effect on senescent area. In Experiment 2, heat stress significantly (p<0.001)
increased the overall mean proportion of senescent area just after treatment (PSA28DAS), by
22%, and the genotype-by-treatment interaction was significant (p = 0.003). Genotypes
increased in PSA28DAS (betweem 3 and 133%), with the exception of EGA-Blanco for
which heated plants had 15% smaller PSA28DAS compared to controls. An insignificant
(p=0.411) difference was observed between heated and unheated plants for the same trait in
Experiment 3. Overall means of PSA39DAS were 1.4 and 2.3% larger in heated plants than in
controls in Experiments 2 and 3, respectively. However in both experiments, the heat effect
and genotype-by-treatment interaction were insignificant (p=0.393 and 0.121 in Experiment
2, and p = 0.173 and 0.962 in Experiment 3, for the heat effect and genotype-by-treatment
effect, respectively). Compared to controls, PSA39DAS was larger in heat-treated plants in 16
and 30 genotypes, smaller in 15 and 14 genotypes and indistinguishable in 4 and 8 genotypes,
in Experiments 2 and 3, respectively.
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Table 7. 3 Means and LSDs for mean comparisons for relative growth rate before treatment (RGRBT), during
treatment (RGRDT), and after treatment (RGRAT), proportion of senescent area before treatment (PSA25DAS),
after treatment (PSA28DAS) and at the end of the experiments (PSA39DAS), tillers number (Tiller No) and
Zadoks’ growth stage (ZGS) estimated using tiller number at the time of heat treatment, in Experiment 2.

Genotype RGRBT RGRDT RGRAT PZSSA PSA28DAS PSA39DAS T'i\::fr ZGS
DAS
C H Mean C H Mean C H Mean C H Mean

Berkut 0.173 0.194 0.147 0.171 0.119 0.117 0.118 0.031 0.027 0.034 0.031 0.032 0.03 0.031 7.309 z27
Cadoux 0.161 0.156 0.113 0.135 0.131 0.118 0.125 0.034 0.027 0.063 0.045 0.027 0.041 0.034 3.801 Z24
cD87 0.17 0151 0132 0142  0.105 0.1 0.103  0.028  0.035 0.04 0.038 0.03 0.026  0.028 6.513 226
Correll 0.178 0.201 0.17 0.186 0128 0.123 0126 0.025  0.022 0027 0025 0027 0024 0.026 5.842 226
Cranbrook 0.189 0.184 0.154 0.169 0.126 0.124 0.125 0.031 0.032 0.033 0.033 0.029 0.032 0.031 5.731 726
Crusader 0.168 0.175 0.138 0.157 0.126 0.121 0.124 0.028 0.025 0.028 0.027 0.027 0.03 0.029 4.854 z25
Drysdale 0.183 0.188 0148 0168 0123  0.116 0.12 0.028  0.028 0035 0032 0028 0028 0.028 5.898 226
EGA-Blanco 0.173 0.174  0.145 0.16 0121 0117 0119 0023  0.026 0022 0024 0024 0022 0.023 5.708 226
Egret 0.188 0.185 0.146 0.166 0.125 0.124 0.125 0.028 0.026 0.03 0.028 0.028 0.029 0.029 6.864 z27
Excalibur 0.206 0.184 0.147 0.166 0.119 0.118 0.119 0.030 0.030 0.035 0.033 0.029 0.030 0.030 9.288 z29
Frame 0.181 0192 0154 0173 0.13 0128 0129 0027  0.027 0036 0032 0027 0026 0.027 5.669 226
Gladius 0.171 0.176  0.164 0.17 0.114 0103  0.109 0.02 0.021 0.023  0.022 0.02 0.02 0.02 4,943 225
Halberd 0.188 0.191 0.137 0.164 0.135 0.133 0.134 0.03 0.03 0.035 0.033 0.032 0.029 0.031 5.323 z25
Hartog 0.188 0.179 0.14 0.16 0.121 0.113 0.117 0.035 0.031 0.039 0.035 0.036 0.033 0.035 6.559 z27
Janz 0.188 0175 0151 0163 0124 0118 0.121 0.03 0.029 0032 0031 0.028 0.03 0.029 6.085 226
Katepwa 0.202 0182 0144 0163 0136 0134 0135 0.039  0.037 0.042 0.04 0.042  0.036  0.039 7.057 z27
Krichauff 0.188 0.18 0.154 0.167 0.112 0.105 0.109 0.027 0.024 0.028 0.026 0.027 0.026 0.027 7.235 z27
Kukri 0.173 0.188 0.153 0.171 0.12 0.114 0.117 0.027 0.023 0.03 0.027 0.028 0.027 0.028 6.622 z27
Lyallpur-73 0.199 0.184 0151 0168  0.121 0.12 0121  0.028  0.027 0029 0028 0029 0027 0.028 10.809 Z29
Millewa 0.196 0.182 0165 0174 0124 0113 0119 0.026  0.024 0.03 0.027 0025 0.026 0.026 6.195 226
Molineaux 0.2 0.199 0.157 0.178 0.134 0.127 0.131 0.027 0.026 0.031 0.029 0.027 0.027 0.027 6.328 z26
Opata 85 0.192 0.205 0.142 0.174 0.117 0.12 0.119 0.027 0.025 0.027 0.026 0.026 0.027 0.027 7.177 z27
RAC875 0.176 0.163 0121 0142 0.112 0.11 0.111  0.023 0.02 0025 0023 0022 0024 0.023 5.592 226
Reeves 0.163 0169 0102 0136 0123 0107 0115 0.039  0.038 0.065 0.052  0.038 0.04 0.039 5.259 225
Sokoll 0.197 0.182 0.139 0.161 0.129 0.128 0.129 0.026 0.024 0.034 0.029 0.026 0.025 0.026 5.418 z25
Sunco 0.219 0.176 0.131 0.154 0.13 0.124 0.127 0.039 0.035 0.04 0.038 0.038 0.041 0.04 7.746 z28
Sunstar 0.167 0178  0.142 0.16 0113 0115 0114 0025  0.029 0.03 0.03 0026  0.023  0.025 8.228 728
Tamarin Rock 0.174 0172 0138 0155 0119 0109 0.114 0.042 0.035 0.038  0.037 0.04 0.044  0.042 5.215 225
Tasman 0.178 0.18 0157 0169 0115 0113 0114 0.025  0.028 0033 0031 0025 0026 0.026 7.349 z27
Trident 0.173 0.165 0145 0.155 0.125 0119 0122 0.025  0.023 0025 0024 0026 0025 0.026 5.108 725
W7985 Synthetic 0.171 0152 0111 0132 0.13 0.127  0.129 0.03 0.023 0028 0026 0027  0.033 0.03 3.462 723
Waagan 0.174 0.187 0.15 0.169 0121 0126 0124 0.029  0.027 0.033 0.03 0.027 0.03 0.029 6.064 726
Westonia 0.183 0.184 0151 0168 0.113 0105 0109 0.025  0.024 0028 0026 0025 0025 0.025 6.144 726
Wyalkatchem 0.191 0.182  0.137 0.16 0113 0095 0104 0.029  0.031 0.045 0038 0028  0.032 0.03 8.487 728
Young 0.178 0.168  0.154 0161 0115 0117 0.116 0.03 0.028 0030 0029 0033 0029 0.031 5.285 225
Mean 0.183 0179  0.143 0121  0.117 0.029  0.028 0.033 0.029  0.029 6.319

LSD (0.05)

Genotype (G)  0.026 0.022 0.006 0.006 0.007 0.013 0.91
Treatment (T)  ns. 0.005 0.002 ns. 0.002 ns. ns.
GxT n.s. ns. 0.008 ns. 0.011 ns. ns.
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Table 7. 4 Means and LSDs for mean comparisons for relative growth rate before treatment (RGRBT), during
treatment (RGRDT), and after treatment (RGRAT) and relative senescent area before (PSA25DAS), after
(PSA28DAS) and end of the experiments (PSA39DAS), tillers number (Tiller No), and estimated Zadoks’
growth stage (ZGS) estimated using tiller number at the time of heat treatment, in Experiment 3.

PSA i
Genotype RGRBT RGRDT RGRAT 25 PSA28DAS PSA39DAS T;\:Er ZGS
DAS
C H Mean C H Mean C H Mean C H Mean

AUS1408 0.135 0.179 0.177 0.178 0.137 0.134 0.136 0.034 0.035 0.030 0.033 0.044 0.045 0.045 1.842 z21
AUS1490 0.135 0.164 0.181 0.173 0.123 0.123 0.123 0.043 0.031 0.031 0.031 0.044 0.037 0.041 1.709 z21
Avocet 0.132 0.158 0.161 0.160 0.134 0125 0130 0031 0.025 0.020 0.023 0.034 0.027 0.031 1593 721
Avocet S 0.143 0.160 0.164 0162 0.122 0120 0121 0.029 0.024 0.021 0.023 0.033 0.035 0.034 2109 721
Babax 0.123 0.176 0.150 0.163 0.125 0.120 0.123 0.030 0.030 0.028 0.029 0.040 0.038 0.039 1.667 z21
Batavia 0.152 0.177 0.161 0.169 0.129 0.124 0.127 0.031 0.024 0.032 0.028 0.039 0.032 0.036 1.767 z21
Calingiri 0.122 0.160 0.164 0162 0.112 0104 0108 0029 0.019 0.019 0019 0.032 0.033 0.033 1.693 721
CappelleDesprez 0.133 0.174 0163 0169 0.121 0128 0125 0.043 0.048 0.020 0.034 0.065 0.062 0.064  2.009 721
Cascades 0.139 0.165 0.160 0.163 0.121 0.121 0.121 0.031 0.027 0.026 0.027 0.038 0.038 0.038 2.567 z21
CD87 0.121 0.160 0.175 0.168 0.113 0.104 0.109 0.022 0.021 0.019 0.020 0.036 0.046 0.041 2.093 z21
Chara 0.114 0.155 0173 0164 0.122 0107 0115 0034 0.031 0.031 0031 0.030 0.032 0.031 1559 721
CM18 0.118 0173 0139 015 0.114 0114 0114 0025 0.025 0.023 0.024 0.025 0.029 0.027 1167 720
Cook 0.132 0.175 0.173 0.174 0.129 0.119 0.124 0.035 0.041 0.036 0.039 0.042 0.051 0.047 2.359 z21
Correll 0.129 0.155 0.178 0.167 0.125 0.112 0.119 0.027 0.023 0.022 0.023 0.027 0.025 0.026 1.409 z21
CP1133814 0.129 0.162 0.144 0153 0.129 0128 0129 0046 0.024 0.035 0.030 0.050 0.050 0.050 2.042 721
CP1133872 0.108 0.115 0.093 0104 0109 0105 0107 0039 0.030 0.030 0.030 0.036 0.035 0.036 1.059 720
CP133842 0.116 0.134 0.101 0.118 0.121 0.117 0.119 0.041 0.031 0.029 0.030 0.028 0.031 0.030 1.193 Z20
CP133859 0.105 0.130 0.110 0.120 0.117 0.113 0.115 0.046 0.031 0.042 0.037 0.050 0.052 0.051 0.930 Z20
Currawong 0.137 0.163 0172 0168 0.127 0129 0128 0027 0.021 0.022 0.022 0.034 0.036 0.035 1.609 721
Diamondbird 0.136 0.145 0.164 0155 0.112 0110 0111 0031 0.029 0.029 0.029 0.043 0.042 0.043 1793 721
Ernie 0.142 0.178 0.155 0.167 0.120 0.122 0.121 0.052 0.040 0.041 0.041 0.054 0.054 0.054 2.559 z23
Excalibur 0.148 0.174 0.155 0.165 0.132 0.128 0.130 0.035 0.040 0.024 0.032 0.035 0.035 0.035 2.230 722
Hartog 0.144 0171 0151 0161 0125 0120 0123 0036 0.035 0.032 0.034 0.041 0.044 0.043 1942 721
Hereward 0.141 0.154 0.138 0146 0.119 0115 0117 0042 0.042 0.030 0.036 0.050 0.050 0.050 2.367 721
Indis 0.147 0.171 0.150 0.161 0.121 0.117 0.119 0.028 0.026 0.026 0.026 0.030 0.031 0.031 1.942 z21
Iraq 43 0.118 0.180 0.155 0.168 0.134 0.144 0.139 0.042 0.043 0.029 0.036 0.039 0.031 0.035 1.867 z21
Janz 0.132 0.135 0.165 0150 0.119 0115 0117 0030 0.029 0.030 0.030 0.032 0.033 0.033 1.609 721
Krichauff 0.128 0.153 0.185 0.169 0.116 0109 0113 0032 0.026 0.027 0.027 0.033 0.034 0.034 1742 721
Lyallpur-73 0.135 0.166 0.153 0.160 0.122 0.114 0.118 0.035 0.034 0.032 0.033 0.036 0.041 0.039 2.230 z21
Maringa (Rht1) 0.131 0.157 0.167 0.162 0.122 0.117 0.120 0.030 0.028 0.029 0.029 0.032 0.032 0.032 1.630 z21
Maringa (Rht2) 0.155 0.164 0.180 0172 0122 0116 0119 0019 0.024 0.029 0.027 0.032 0.032 0.032 1.959 721
Matong 0.142 0.183 0162 0173 0.128 0126 0127 0032 0.029 0.029 0.029 0.034 0.039 0.037 1.830 721
Morocco 426 0.175 0.209 0.187 0.198 0.140 0.137 0.139 0.028 0.028 0.025 0.027 0.046 0.047 0.047 1.393 z21
Peake 0.124 0.153 0.171 0.162 0.122 0.117 0.120 0.027 0.030 0.035 0.033 0.031 0.031 0.031 1.559 z21
P1624933-1 0.139 0.162 0.157 0.160 0.141 0138 0140 0033 0.041 0.030 0.036 0.050 0.051 0.051 2.230 721
P1625123-3 0.149 0.181 0.165 0173 0.133 0137 0135 0032 0.026 0.026 0.026 0.040 0.038 0.039  2.109 721
P1625983-1 0.139 0.187 0.166 0.177 0.134 0.133 0.134 0.031 0.036 0.032 0.034 0.048 0.057 0.053 2.559 722
P1626580-4 0.141 0.166 0.175 0.171 0.118 0.119 0.119 0.024 0.020 0.021 0.021 0.027 0.025 0.026 1.409 z21
QT7475 0.136 0.142 0166 0154 0.123 0113 0118 0029 0.024 0.030 0.027 0.034 0.040 0.037 1730 721
Roblin 0.133 0.158  0.159 0159 0.126 0113 0120 0035 0.034 0.029 0.032 0.038 0.040 0.039 1742 721
Rosella 0.135 0.161 0.160 0.161 0.123 0.124 0.124 0.024 0.029 0.020 0.025 0.035 0.033 0.034 1.742 z21
Seri M82 0.130 0.168 0178 0173 0.118 0109 0114 0025 0.028 0.029 0029 0.031 0.036 0.034 1730 721
Spica 0.128 0.166 0.152 0159 0.129 0130 0130 0034 0.034 0.033 0.034 0.039 0.042 0.041 1.630 721
SUN325B 0.136 0.166 0.162 0164 0.122 0113 0118 0028 0.023 0.028 0.026 0.032 0.027 0.030  1.659 721
sunco 0.150 0.164 0.168 0.166 0.128 0113 0121 0033 0.028 0.025 0.027 0.035 0.042 0.039 2530 721
Tammin 0.132 0159 0164 0162 0116 0116 0116 0023 0.026 0.034 0030 0.031 0.032 0032 1.867 721
Vigourl8 0.127 0.156  0.148 0152 0.111 0108 0110 0038 0.023 0.029 0.026 0.041 0.042 0.042 1493 721
Whistler 0.146 0.153 0.128 0141 0111 0115 0113 0023 0.020 0.026 0.023 0.032 0.027 0.030 1.942 721
Ww1842 0.132 0.163 0156 0160 0.111 0109 0110 0032 0.034 0.032 0033 0.037 0.039 0038 1.842 721
WWwW2449 0.145 0155 0159 0157 0.132 0133 0133 0026 0.018 0.028 0.023 0.033 0.035 0.034 1.667 721
Wyalkatchem 0.139 0.144 0163 0154 0.114 0102 0108 0024 0.020 0.028 0.024 0.029 0.031 0.030  1.993 721
Young 0.145 0.163 0.168 0.166 0.128 0121 0125 0032 0.024 0.027 0.026 0.037 0.042 0.040 1442 721
Mean 0.135 0.162  0.159 0.123  0.119 0.032  0.029  0.028 0.037  0.038 1.814

LSD (0.05)

Genotype (G)  0.017 0.019 0.006 0.010 0.009 0.006 0.963
Treatment (T) ns. ns. 0.001 ns. ns. ns. ns.
GxT n.s. 0.027 0.009 ns. n.s. n.s. n.s.

Chlorophyll content of the 3™ fully expanded leaf was measured only in Experiment 2
(Table 7.5). Prior to heat treatment, control plants showed no significant differences in this
trait relative to the plants destined for heat treatment (ChC25DAS; p = 0.682). A significant
genotype and heat treatment effect (p<0.001 in both cases) was observed for both ChC28DAS
and AUSC, while the genotype-by-treatment effect was insignificant in both cases (p=0.133
and 0.260 for ChC28DAS and AUSC, respectively). ChC28DAS was reduced by an average
of 3.1% in the heat-treated plants relative to controls. ChC28DAS was smaller in heat-treated
plants than controls for the majority of genotypes (32 genotypes; varied from -0.4 to -8.3%),

but in 3 genotypes the value in heat-treated plants was larger (by 0.6 to 2.5%). The AUSC (an
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indication of chlorophyll content from 25 to 39 DAS in this experiment) for heat-treated
plants was 2.9% smaller than for controls. Genotypes had between 0.7 and 8.9% smaller
AUSC in heat-treated plants compared with controls, with the exception of 3 genotypes in
which heat-treated plants had a larger AUSC than controls (by 0.3 to 3.4%). Overall this tends
to indicate a significant heat-induced chlorophyll loss in heat-treated plants in the majority of
genotypes.

Table 7. 5 Mean values and LSDs for mean comparisons for chlorophyll content of 3 fully expanded leaf at 25
(ChC 25 DAS) and 28 (ChC 28 DAS) days after sowing, and area under SPAD curve (AUSC), in Experiment 2.

Genotype ChC25DAS ChC28DAS AUSC

C H Mean C H Mean
Berkut 493 1.034 1.006 1.02 14.285 13.979 14.132
Cadoux 53.7 1.019 0.934 0.977 14.176 12.917 13.547
CD87 50.0 1.023 0.989 1.006 14.318 13.644 13.981
Correll 54.0 1.007 0.964 0.986 13.987 13.463 13.725
Cranbrook 477 1.048 1.006 1.027 14.346 13.86 14.103
Crusader 50.0 1.03 0.981 1.006 14.537 13.533 14.035
Drysdale 49.4 1.037 1.015 1.026 14.444 14.138 14.291
EGA-Blanco 49.9 1.016 1.012 1.014 14.044 13.782 13.913
Egret 48.6 1.056 0.999 1.028 14.392 13.803 14.098
Excalibur 494 1.009 1.002 1.006 13.945 13.794 13.87
Frame 54.1 0.969 0.983 0.976 13.48 13.941 13.711
Gladius 53.1 1.016 0.989 1.003 14.058 13.769 13.914
Halberd 46.9 1.011 0.969 0.99 13.951 13.499 13.725
Hartog 48.6 1.035 1.003 1.019 13.904 13.55 13.727
Janz 47.2 1.034 0.98 1.007 14.454 13.775 14.115
Katepwa 47.4 1.055 1.003 1.029 14.627 14.131 14.379
Krichauff 52.7 1.004 0.988 0.996 14.008 13.761 13.885
Kukri 50.1 1.001 0.982 0.992 13.669 13.552 13.611
Lyallpur-73 50.0 1.022 0.984 1.003 14.102 13.67 13.886
Millewa 48.1 1.012 0.955 0.984 13.918 13.27 13.594
Molineaux 50.3 1.031 0.948 0.99 14.203 13.269 13.736
Opata 85 51.1 1.044 1.018 1.031 14.256 14.161 14.209
RAC875 53.9 1.019 0.964 0.992 14.25 13.551 13.901
Reeves 47.2 1.038 0.969 1.004 14.329 13.176 13.753
Sokoll 52.4 1.029 1.012 1.021 14.224 14.102 14.163
Sunco 475 1.028 1.004 1.016 14.311 13.884 14.098
Sunstar 49.1 1.011 0.977 0.994 14.013 13.791 13.902
Tamarin Rock 46.7 1.005 0.983 0.994 13.913 13.461 13.687
Tasman 48.4 1.007 1.013 1.01 13.994 14.026 14.01
Trident 54.2 1.028 1.016 1.022 14.191 14.056 14.124
g‘;;?ﬁ;ic 59.4 1.031 1.012 1.022 14.397 14.107 14.252
Waagan 48.0 1.012 1.037 1.025  14.308 14516  14.412
Westonia 50.8 1.011 0.986 0.999 14.038 13.672 13.855
Wyalkatchem 48.0 1.03 0.978 1.004 14.121 13.666 13.894
Young 49.8 1.008 0.993 1.001 14.159 13.898 14.029
Mean 50.2 1.022 0.990 14.153 13.747
LSD (0.05)

Genotype (G) 1.9 0.033 0.459
Treatment (T) ns. 0.008 0.110
GxT ns. ns. ns.

7.3.3 Experiments 4 and 5
In these experiments the varieties Gladius, Drysdale and Waagan were used. These

varieties were chosen for further analysis because they were parents of available mapping
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populations (Gladius/Drysdale and Drysdale/Waagan) and because they contrasted for RGR

responses either during or after treatment in Experiment 2.

In Experiment 4, heat treatment significantly reduced RGR during and after treatment in all
three genotypes, but unfortunately there was no significant difference between Gladius and
Drysdale, or between Drysdale and Waagan for absolute RGR values (Figure 7.7A and B). In
general, the levels of contrast between genotypes for the aforementioned traits were
considerably different from those seen in Experiment 2, possibly due to the different sowing
time and developmental stage at the time of treatment relative to Experiment 2 (it being
earlier for Experiment 4). Drysdale vs. Waagan differed by 3.57 and 0.77%, and Gladius vs.
Drysdale by 2.2 and 0.66%, for RGRDT and RGRAT responses, respectively (while in
Experiment 2 Drysdale vs. Waagan showed 1.3 and 10% contrast, and Gladius vs. Drysdale
showed 14.4 and 3.3% differences for RGRDT and RGRAT responses, respectively).
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Figure 7. 7 Relative growth rate (RGR) of control and heat-treated plants of three wheat genotypes during
treatment (RGRDT; A) and after treatment (RGRAT; B) in Experiment 4. Error bars show S.E. (n =11 to12).
Means with the same letter were not significantly different (p > 0.05) in LSD tests.

Under control conditions, Gladius and Waagan showed significantly smaller ChC28DAS
and AUSC than Drysdale (Figure 7.8A and B). However, under heat conditions, there was no
significant difference between genotypes for ChC28DAS, but the heat response was larger in
Drysdale compared with the others. Under heat, AUSC in Drysdale was significantly larger

than in Gladius while there was no significant difference between Drysdale and Waagan.
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Nevertheless, the mean heat response of Drysdale was larger than that of the two other
genotypes. Heat stress produced an insignificant effect on proportion of senescent area (PSA)
measured at 28 and 34 DAS (Figure 7.8C and D). Drysdale showed a larger value for both
PSA28DAS and PSA34DAS compared with two other genotypes, under either control or heat
conditions. None of the differences between Drysdale and Waagan were significant while
Gladius and Drysdale differed significantly for RSA28DAS under control conditions and for
PSA34DAS under both conditions.
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Figure 7. 8 Chlorophyll content of the 3" fully expanded leaf at 28 days after sowing (ChC28DAS; A), area
under SPAD curve (AUSC, B), proportion of senescent area (PSA) at 28 DAS (PSA28DAS; C) and 34 DAS
(PSA34DAS; D) in heat-treated and control plants of three wheat genotypes. Error bars show S.E. (n =11 to 12
plants). Means with the same letter were not significantly different (p > 0.05) in LSD tests.

On the first day of heat exposure, heat treatment had decreased relative water content
(RWC) and leaf water potential (LWP) and increased stomatal conductance (gs) in all three
genotypes (Figure 7.9A, C and E). The effect was significant for LWP and g in all genotypes.
Compared with the other varieties, Drysdale showed the biggest reduction in RWC and LWP,
and smallest increase in gs. Measurements taken on the second day of treatment (Figure 7.9B,
D and F) showed the same features, except there was also a significant effect of heat on

RWC.
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Figure 7. 9 Leaf relative water content (RWC; A and B), leaf water potential (LWP; C and D) and stomatal
conductance (gs; E and F) in Drysdale, Waagan, and Gladius wheat varieties at first (A, C, E) and second day (B,
D, F) of the heat treatment. Error bars show S.E. (n = 6 to 12). Means with the same letter were not significantly
different (p > 0.05) in LSD tests.

In all genotypes, the treatment decreased water use efficiency as measured during the
treatment (WUE) (Figure 7.10A). Heat treated plants also showed smaller WUE than controls
after the treatment; however, the differences were not significant (Figure 7.10B). In both
cases, responses of WUE to the heat treatment were the smallest in Waagan and greatest in
Gladius.
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Figure 7. 10 Water use efficiency (WUE, pixels/mlw, ml of water) during treatment (A) and after treatment (B)
in Drysdale, Waagan, and Gladius wheat varieties. Error bars show S.E. (n =11 to 12). Means with the same
letter were not significantly different (p > 0.05) in LSD tests.

7.3.4 Experiments 6 and 7

Due to the inconsistency of heat responses of the 10 genotypes common to Experiments 2
and 3, and of Drysdale, Gladius and Waagan in Experiments 2 and 4, a subset of 15 genotypes
were re-tested in Experiments 6 and 7 to investigate the influence of pre-/post- treatment
conditions on the heat responses. All of the 15 genotypes were present in Experiment 2 and
10 of them were in Experiment 3. These experiments were performed (in different years) on
dates coinciding as close as possible to those used for Experiments 2 and 3. Experiment 6 was
done on exactly the same dates as Experiment 2 while Experiment 7 was ~ 40 days later than
Experiment 3 due to limitations of Smarthouse availability. A significant genotypic effect was
observed for all of the traits measured in both experiments (p<0.001). There were also
significant heat effects on RGRDT, RGRAT and PSA39DAS in both experiments, and a
significant genotype-by-treatment interaction was observed for RGRDT and RSA39DAS in
Experiment 6 and for all of the traits measured after heat application in Experiment 7. Heat
treatment had a similar effect on the overall means of RGRDT and RGRAT. It significantly
reduced overall means of RGRDT by ~14% and of RGRAT by 3%, in both experiments
(Table 7.6). Response of RGRDT to heat in genotypes ranged from -5 to -40%, and 9 to -
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30%, in Experiments 6 and 7, respectively, and the effect of the heat treatment was significant
in 10 genotypes in each experiment (Table 7.6). However, the RGRDT responses were not
consistent between the experiments, since some genotypes appeared to show a significant
response to the heat treatment in one experiment and an insignificant response in the other
experiment (Table 7.6). RGRAT responses to heat in the genotypes varied from 11 to -11%,
and from 19 to -14%, in Experiments 6 and 7, respectively. The effect was significant in 6
genotypes in Experiment 7 (Table 7.6). The overall heat effect was not significant for
PSA28DAS in either experiment, however, genotypes varied from showing 33 to -23% and
49 to -37% change in PSA28DAS in Experiments 6 and 7, respectively. The effect was
significant just in 2 genotypes in Experiment 7 (Table 7.6). Genotypes varied from showing
59 to -6% and 110 to -22% changes in PSA39DAS in response to the heat treatment with the
majority of the genotypes showing an increase in the trait values in both experiments. The

effect was significant in 3 and 2 genotypes in Experiments 6 and 7, respectively (Table 7.6).
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Table 7. 6 Means and LSDs for mean comparisons for relative growth rate before treatment (RGRBT), during treatment (RGRDT), and after treatment (RGRAT) and for relative senescent
area before (RSA28DAS), after (RSA28DAS) treatment, and at the end of the experiments (RSA39DAS), tillers number (Tiller No), and estimated Zadoks’ growth stage (ZGS) estimated
using tiller number at the time of heat treatment.

PSA .
Genotype RGRBT RGRDT RGRAT 25 PSA28DAS PSA39DAS T,'\:I:r ZGS
DAS

Experiment 6 Control Heat Mean Control Heat Mean Control Heat Mean Control Heat Mean
Cadoux 0.169 0.183 0.109 0.146 0.146 0.139 0.143 0.02 0.017 0.019 0.018 0.022 0.035 0.029 - -
CcD87 0.176 0.148 0.141 0.145 0.113 0.106 0.110 0.021 0.024 0.025 0.025 0.032 0.040 0.036 - -
Correll 0.186 0.186 0.162 0.174 0.130 0.128 0.129 0.015 0.017 0.013 0.015 0.017 0.019 0.018 - -
Drysdale 0.191 0.171 0.141 0.156 0.123 0.117 0.120 0.018 0.019 0.018 0.019 0.021 0.024 0.023 - -
Excalibur 0.200 0.178 0.155 0.167 0.125 0.125 0.125 0.021 0.021 0.021 0.021 0.022 0.026 0.024 - -
Gladius 0.182 0.165 0.155 0.160 0.123 0.116 0.120 0.017 0.018 0.015 0.017 0.018 0.020 0.019 - -
Hartog 0.183 0.178 0.150 0.164 0.124 0.120 0.122 0.019 0.019 0.017 0.018 0.024 0.029 0.027 - -
Janz 0.179 0.172 0.161 0.167 0.123 0.121 0.122 0.021 0.018 0.020 0.019 0.022 0.023 0.023 - -
Krichauff 0.174 0.183 0.162 0.173 0.124 0.118 0.121 0.017 0.019 0.016 0.018 0.024 0.024 0.024 - -
Lyallpur-73 0.196 0.169 0.160 0.165 0.099 0.110 0.105 0.019 0.021 0.017 0.019 0.023 0.022 0.023 - -
Reeves 0.161 0.161 0.128 0.145 0.128 0.125 0.127 0.028 0.021 0.028 0.025 0.022 0.027 0.025 - -
Sunco 0.184 0.183 0.167 0.175 0.136 0.126 0.131 0.029 0.026 0.029 0.028 0.029 0.027 0.028 - -
Waagan 0.194 0.188 0.151 0.170 0.121 0.121 0.121 0.022 0.022 0.018 0.020 0.020 0.026 0.023 - -
Wyalkatchem 0.169 0.172 0.151 0.162 0.110 0.108 0.109 0.016 0.025 0.021 0.023 0.024 0.024 0.024 - -
Young 0.193 0.181 0.154 0.168 0.142 0.127 0.135 0.021 0.02 0.017 0.019 0.021 0.025 0.023 - -
Mean 0.182 0.175 0.150 0.124 0.120 0.02 0.020 0.023 0.026 - -
LSD (0.05)

Genotype (G) 0.011 0.013 0.007 0.005 0.004 0.004

Treatment (T) ns. 0.005 0.003 ns. ns. 0.001

GxT n.s. 0.018 n.s. n.s. n.s. 0.005

Experiment 7
Cadoux 0.203 0.176 0.124 0.150 0.129 0.123 0.126 0.010 0.016 0.016 0.016 0.012 0.013 0.012 2.083 721
cD87 0.175 0.177 0.163  0.170 0.120 0.108  0.114 0.006 0.012 0.008 0.010 0.011 0.022  0.017 3.879 723
Correll 0.194 0.172 0.148 0.160 0.111 0.122 0.116 0.005 0.011 0.008 0.009 0.011 0.008 0.010 3.179 722
Drysdale 0.184 0.166 0.138 0.152 0.118 0.108 0.113 0.008 0.012 0.011 0.012 0.012 0.010 0.011 3.022 722
Excalibur 0.199 0.167 0.133 0.150 0.089 0.106 0.098 0.012 0.015 0.014 0.014 0.014 0.015 0.015 4.579 z24
Gladius 0.205 0.167 0.151 0.159 0.120 0.109 0.115 0.005 0.009 0.010 0.010 0.007 0.009 0.008 2.826 722
Hartog 0.196 0.175 0.151 0.163 0.118 0.114 0.116 0.011 0.015 0.015 0.015 0.011 0.018 0.015 3.267 722
Janz 0.182 0.164 0.138 0.151 0.112 0.109 0.110 0.011 0.017 0.015 0.016 0.011 0.011 0.011 3.256 722
Krichauff 0.187 0.171 0.153 0.162 0.119 0.116 0.118 0.006 0.009 0.008 0.008 0.008 0.009 0.008 3.921 723
Lyallpur-73 0.184 0.189 0.150 0.170 0.103 0.107 0.105 0.009 0.016 0.014 0.015 0.014 0.013 0.014 4.758 724
Reeves 0.204 0.170 0.134 0.152 0.116 0.111 0.113 0.012 0.017 0.026 0.021 0.014 0.017 0.016 2.987 722
Sunco 0.186 0.182 0.139 0.160 0.130 0.129 0.129 0.012 0.020 0.013 0.016 0.015 0.014 0.014 4.260 723
Waagan 0.180 0.170 0.155 0.163 0.112 0.110 0.111 0.010 0.014 0.014 0.014 0.010 0.012 0.011 2.953 722
Wyalkatchem 0.179 0.176 0.138 0.157 0.102 0.098 0.100 0.008 0.013 0.013 0.013 0.011 0.011 0.011 4.554 z24
Young 0.191 0.181 0.198 0.190 0.136 0.117 0.126 0.007 0.010 0.011 0.011 0.011 0.012 0.012 2.925 722
Mean 0.190 0.174 0.148 0.116 0.112 0.014 0.013 0.012 0.013
LSD (0.05)

Genotype (G) 0.013 0.017 0.006 0.002 0.003 0.002 0.355

Treatment (T) ns. 0.006 0.002 ns. ns. 0.001 ns.

GxT n.s. 0.024 0.008 n.s. 0.004 0.003 n.s.
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7.3.5 Associations between heat responses of traits within each experiment

To explore the relationships between heat responses of the traits in Experiments 2, 3, 6,
and 7, pairwise correlation tests were performed (Table 7.7). Generally, RGR response was
negatively associated with the proportion of senescent area, indicating that genotypes that
suffered a greater reduction in RGR also tended lose more green area in response to the heat
treatment. Similarly, chlorophyll loss response measured using a SPAD chlorophyll meter in
Experiment 2 was positively correlated with relative growth rate response. Accordingly,
chlorophyll loss measured using a SPAD chlorophyll meter was also negatively associated
with the proportion of senescent area, suggesting that heat-induced chlorophyll loss and tissue
death may be controlled by common processes/genes. This relationship also demonstrates a
correlation between the different methods used to measure senescence (SPAD chlorophyll

meter vs. imaging).

Pairs of experiments performed at the same/similar time of the year (Experiments 2 & 6
and Experiments 3 & 7; Table 7.7) showed some similar patterns of correlation between heat
responses (within each experiment). For instance, in Experiments 2 and 6 which were both
conducted in late summer/early autumn, RGRDT was not correlated with RGRAT and tended
to be negatively correlated with PSA28DAS and PSA39DAS. By contrast, in Experiments 3
and 7 which were performed in late winter/early spring, RGRDT tended to be negatively
correlated with RGRAT and showed weak positive correlations to PSA28DAS and
PSA39DAS.
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Table 7. 7 Correlations between heat responses among studied traits in Experiments 2, 3, 6, and 7. RGRDT,
relative growth rate during treatment; RGRAT, relative growth rate after treatment; RSA28DAS, relative
senescent area after treatment; RSA39DAS, relative senescent area at the end of the experiments; ChC 28 DAS,
chlorophyll content of 3™ fully expanded leaf at 28 days after sowing; AUSC, area under SPAD curve.

Experiment/Trait RGRDT RGRAT PSA28DAS  PSA39DAS  ChC28DAS  AUSC
Experiment 2

RGRDT

RGRAT  0.09

RSA28DAS  -0.47"" -0.46™

RSA39DAS  -0.34" -0.33 0.65

ChC28DAS  0.30 0.46™ -0.42™ -0.29

AUSC  0.28 0.50™" -0.43™ -0.38" 0.917"
Experiment 3

RGRDT

RGRAT  -0.43™

RSA28DAS  0.18 -0.14

RSA39DAS  0.08 -0.38™ 0.01
Experiment 6

RGRDT

RGRAT  0.17

RSA28DAS  -0.29 -0.20

RSA39DAS  -0.81"" -0.23 0.28
Experiment 7

RGRDT

RGRAT  -0.45

RSA28DAS  0.08 -0.21

RSA39DAS  0.29 -0.34 -0.04

Values are Pearson correlation coefficients, with asterisks showing significance levels: “ p < 0.05, ™ p < 0.01,
and " p <0.001.

7.3.6 Associations between Experiments 2, 3, 6, and 7

To compare the results of the 4 large experiments (2, 3, 6, and 7), traits common between
the experiments, and their heat responses, were subjected to principal component analysis
(PCA). The percentage variance explained by the first 3 principal components (PCs) and the
variables’ loadings are shown in Table 7.8. The first and second principal components
together explained 51.49% of the total variance. The bi-plot of individuals using the first 2
PCs showed a separation of the 4 experiments which suggests a large impact of the pre-/post-
stress conditions on the trait values and responses of genotypes (Figure 7.11). Experiments 2
and 6, which were conducted in similar environments (same season, but different years), were
grouped relatively close to one another. PC1 was mainly explained by senescence related
traits, while PC2 was mainly explained by RGR from 25 to 28 DAS in heat-treated plants
(RGRDT.H), RGR during treatment response (RGRDT.R), PSA28DAS under heat conditions
(PSA28DAS.H) and tiller number at the time of treatment (TN; Figure 7.12). Thus, PC2 was
mainly explained by the effect of heat during the treatment (direct effects) and TN, indicating
that plants of a more advanced growth stage tended to suffer greater direct effects of heat on
RGR (RGRDT.H and RGRDT.R).
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Table 7. 8 Variables’ loadings for the first three principal components (PCs) of the principal component analysis
(PCA) performed on data for common traits and responses, from Experiments 2, 3, 6, and 7. Percentages of
variation explained by the corresponding principal components are shown in parentheses. RGRBT, relative
growth rate before treatment; RGRDT, relative growth rate during treatment; RGRAT, relative growth rate after
treatment; RSA25DAS, relative senescent area 25 days after sowing (before treatment); RSA28DAS, relative
senescent area after treatment; RSA39DAS, relative senescent area at the end of the experiments and TN, tillers
number. C, H or R following trait names indicate traits measured in control or heated plants, or trait responses,
respectively.

Variable PC1 (32.09%) PC2 (19.40%) PC3 (14.75%)
RGRBT -0.33 0.31 0.11
RGRDT.C -0.14 0.31 0.40
RGRAT.C 0.15 0.15 0.41
RSA25DAS 0.42 0.15 -0.06
RSA28DAS.C 0.38 0.17 0.03
RSA39DAS.C 0.43 0.04 0.05
TN -0.17 0.43 -0.04
RGRDT.H 0.05 -0.32 0.32
RGRAT.H 0.14 0.16 0.54
RSA28DAS.H 0.29 0.33 -0.26
RSA39DAS.H 0.42 0.03 0.01
RGRDT.R 0.14 -0.48 0.02
RGRAT.R -0.02 0.03 0.24
RSA28DAS.R 0.02 0.27 -0.37
RSA39DAS.R -0.09 -0.03 -0.08
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Figure 7. 11 Principal component analysis plot of genotypes in Experiments 2, 3, 6 and 7 based on the traits
common between experiments. The first 2 principal components, which accounted for the highest proportion of
variation (51.49%), are presented.
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Figure 7. 12 Projection of trait variables from principal component analysis (PCA), using traits in control plants
(C suffix), traits in heat-treated plants (H suffix), and heat/control ratios of traits (R suffix). RGRBT, relative
growth rate before treatment; RGRDT, relative growth rate during treatment; RGRAT, relative growth rate after
treatment; RSA25DAS, relative senescent area 25 days after sowing (before treatment); RSA28DAS, relative

senescent area after treatment; RSA39DAS, relative senescent area at the end of the experiments and TN, tillers
number.

7.3.7 Association of traits and trait responses in genotypes common between
Experiments 2, 3, 6 and 7

Correlations between traits in control and heat-treated plants as well as heat responses, for
genotypes common between Experiments 2, 3, 6, and 7, are presented in Table 7.9 (response
ratios in the experiments are presented in Appendix 7.1). Tiller number was positively and
significantly associated between experiments, reflecting genetic control of tillering.
Significant correlations were observed between Experiments 2 and 6 for direct (RGRDT and
PSA28DAS) and after (RGRAT) effects of heat treatment which suggests some level of
reproducibility at least in experiments performed at the same time of year. Of all responses,
that of RGRDT showed the highest reproducibility, being significantly correlated between
Experiments 2 and 6 and between Experiments 2 and 7, i.e. the tolerance rankings of the
genotypes showed some consistency for this trait (Appendix 7.2).
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Table 7. 9 Correlations between studied traits in control and heat-treated plants and heat responses among
genotypes common between Experiments (Exp.) 2, 3, 6, and 7. RGRBT, relative growth rate before treatment;
RGRDT, relative growth rate during treatment; RGRAT, relative growth rate after treatment; RSA25DAS,
relative senescent area 25 days after sowing (before treatment); RSA28DAS, relative senescent area after
treatment; RSA39DAS, relative senescent area at the end of the experiments and TN, tillers number.

Condition/Response i Control i Heat i Response
] T T
Trait  Experiment : Exp. 2 Exp. 3 Exp. 6 Exp. 7 : Exp. 2 Exp. 3 Exp. 6 Exp. 7 : Exp. 2 Exp. 3 Exp. 6 Exp. 7
1 T T
1 1 1
Experiment 2 I I I
b Experiment 3 I 0.69" I I
% Xperiment : . : :
x Experiment 6 I 046 0.48 = =
1 1 1
Experiment 7 1 -0.28 0.57 -0.17 1 1
i i i
Experiment 2 : - : - : -
= 1 1 1
@ Experiment 3 : -0.02 : 0.28 : 0.34
9 1 1 1
x Experiment 6 I 0.50 0.08 I 0.73™ 0.17 I 0.53" 0.24
1 1 1
Experiment 7 1 -0.20 0.43 -0.01 1 0.42 0.24 0.33 1 0.70" 0.15 0.33
i i i
Experiment 2 : : - : -
= 1 1 1
g Experiment 3 | 062 | 065 | o4
Q 1 1 1
x Experiment 6 0.48 0.58 - 0.58" 0.67" - 0.15 0.14
Experiment 7 0.11 0.00 0.64™ - 0.54" 0.19 0.71" - 0.22 0.13 0.57
Experiment 2
1]
g .
2 Experiment 3 0.44
< . ek
14 Experiment 6 0.79 0.29
Experiment 7 ; 0.827" 0.60 070" - H H
1 1 1
Experiment 2
2
% Experiment 3 0.02 - -0.09 - 0.50
<
K Experiment 6 0.66™ -0.23 - 0.61" -0.32 - 0.48 -0.36
1 1 1
Experiment 7 1 0.65™ 0.50 0.36 1 072" 073 0.48 1 039 0.40 0.26
1 1 1
i [ [ [
o Experiment 2 H H H
< 1 1 1
Q Experiment 3 : 0.67 : 0.33 : -0.16
5]
< 1 1 ]
9 Experiment 6 | o047 0.40 | 042 0.72" | 0s5* 0.05
1 1 1
Experiment 7 1 067" 0.23 0.27 1 032 0.79™ 0.78"" 1 -0.24 0.58 0.32
i i i
Experiment 2 I - I I
> Experiment 3 I 0.70" I I
= 1 1 1
Experiment 6 : NAY NA : :
1 1 1
Experiment 7 ! 095 0.79” NA - ! !
- - . - - - - - e * EX3
Values are Pearson correlation coefficients, with asterisks showing significance levels: ~ p < 0.05,  p < 0.01,
*kk
and  p<0.001.

¥Not available

7.3.8 Associations of heat responses between vegetative and grain-filling stages of
development

Correlations between heat responses at grain-filling and vegetative stages of development
were investigated to see if there was evidence for common genetic/physiological control of
tolerance at the different growth stages (Table 7.10). Grain weight spike™ (GWS) and single
grain weight (SGW) each showed a highly significant positive association with response of
RGRDT and a significant negative association with response of PSA28DAS (Table 7.10). In

other words genotypes that showed higher tolerance (smaller GWS and SGW reduction) in
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response to brief heat treatment at grain-filling also tended to show smaller growth rate
reduction and produce less senescent area under heat treatment at the vegetative stage. A
significant positive association was also observed between responses of RGRDT and harvest
index (HI; Table 7.10). Chlorophyll content response of the flag leaf measured shortly after
treatment (ChlC13-16DAA) at the grain-filling stage showed a significant positive association
with the responses of chlorophyll content measured on the 3™ fully expanded leaf
(ChC28DAS and AUSC) at the vegetative stage (Table 7.10), which indicates a possible link
between chlorophyll responses to heat stress across these developmental stages. Responses of
ChIC13-16DAA and AUSC measured at the grain-filling stage were both negatively
associated with response of PSA28DAS (Table 7.10). In other words, genotypes that showed
larger heat-induced chlorophyll loss at the grain-filling stage also tended to develop a larger
proportion of senescent area in response to heat at the vegetative stage.

Table 7. 10 Genotypic correlations between response ratios of traits (Ry,c = Mean trait valueneat treatment/ Mean
trait valueconro) Measured at grain-filling (listed on x axis) and at the vegetative stage of development (listed on
y axis). Trait responses of 32 genotypes that were common to the grain-filling experiment (Chapter 3) and
vegetative stage analyses (current Chapter) were used to perform the correlation test. For genotypes that were
evaluated at the vegetative stage across several experiments, the analysis was based on average values over the
experiments. GWS, grain weight spike™; SGW, single grain weight; GFD, grain-filling duration; ChC13-
16DAA, chlorophyll content before treatment at grain-filling stage; AUSC, area under SPAD curve; FISe, days
from anthesis to 95% flag leaf senescence; ShW, shoot dry weight of plants heated at grain-filling stage; HI,
harvest index; RGRBT, relative growth rate before treatment; RGRDT, relative growth rate during treatment;
RGRAT, relative growth rate after treatment; RSA25DAS, relative senescent area 25 days after sowing (before

treatment); RSA28DAS, relative senescent area after treatment; RSA39DAS, relative senescent area at the end
of the experiments; ChC28DAS, chlorophyll content of 3rd fully expanded leaf at 28 days after sowing.

ChIC13-

Trait GWS SGW  GFD 16DAA  AUSC FISe  Shw  HI
RGRDT 0.50" 054" 019 0.32 0.31 019 028 0.36"
RGRAT -0.30 -0.24 0.06 0.02 -0.08 -006 -0.07 -0.33
PSA28DAS  -0.41" -0.50"  -0.13 -0.47" -0.40°  -015 -029  -0.24
PSA39DAS  0.03 -0.18  -0.09 -0.14 -0.14 0.08 -0.03 008
ChIC28DAS  0.19 0.33 0.20 0.42" 0.29 005 022 001
AUSC 0.10 0.28 0.25 0.38" 0.28 0.05 019  -0.10

Values are Pearson correlation coefficients, with asterisks showing significance levels: “p < 0.05and = p < 0.01.

7.4 Discussion

High temperatures adversely affect wheat growth, development, and ultimately yield. So
far, a lack of rapid, easy and high-throughput screening methods has limited the potential to
identify heat tolerant genotypes and desirable recombinants in segregating populations that
can be used for genetic improvement. Heat tolerance is usually measured at maturity by
evaluating yield and its components (Bennett et al. 2012; Mason et al. 2013; Pinto et al. 2010;
Reynolds et al. 1994; Stone and Nicolas 1995b; Wardlaw et al. 1989b). This approach is time
consuming, laborious and costly. Therefore, alternative approaches for heat tolerance
evaluation were explored by screening 77 bread wheat genotypes were screened for growth
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rate and senescence responses at the vegetative stage (~4 week old plants) using The Plant
Accelerator automated plant imaging platform. The brief episode of very high temperature
had large impacts on growth and senescence. There was also considerable variation for these
heat responses among wheat genotypes (Appendix 7.3). Furthermore, the observed variation
for growth and senescence responses measured directly after treatment significantly correlated
with the variation observed for grain weight and chlorophyll content heat responses at the
reproductive stage (Chapter 3). Overall, the findings demonstrated this straightforward
automated plant imaging assay for young wheat plants could be used for obtaining an early
indication of tolerance that would be expressed at a later (reproductive) stage. This could be
useful in heat tolerance research or in reducing numbers of lines in an early-generation of a

heat tolerance breeding program.

Although some genotypes responded similarly in different experiments (e.g., Cadoux and
Reeves performed poorly for all of the traits under heat stress in all experiments; Appendices
5 and 6), the overall correlation of heat responses of genotypes common between experiments
(Table 7.9; Appendix 7.1) and ranking of genotypes in different experiments (Appendix 7.2)
indicated discrepancies for heat responses from experiment to experiment. Therefore the
results of this study should be used with caution. Discrepancies between heat responses in
different experiments could stem from various factors such as differences in growth stage and
physiological status of the plants at the time of treatment and variable pre-/post-treatment
growing conditions (i.e. seasonal and across-year light and temperature differences in the
greenhouse and Smarthouse) which could affect plant growth and development and
consequently the heat responses. Consistent with this idea, Experiments 2 and 6, which were
conducted in similar environments (same time of year in different years), were grouped
relatively close to one another in a PCA analysis considering all of the studied traits (Figure
7.11). Overall, these results indicate that precise control over growing conditions before and
after heat treatment is critical for consistent performance of this assay. Currently, the
temperature in the Smarthouse is somewhat uneven and uncontrolled - the evaporative
cooling system can control temperature only to some extent, and the room is large (230 square
meters and 4.5 meters height), providing opportunity for spatial variation in temperature.
Often the choice where to put an experiment on the conveyor system is limited, due to the
existence of other experiments in the Smarthouse. Improvements in Smarthouse and
greenhouse temperature control, by introducing refrigerative cooling and better air circulation,
and/or use of growth chambers for pre-/post- heat-treatment growth of plants, could

potentially improve the performance of the assay.
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Of all heat responses, that of RGRDT showed highest reproducibility (Table 7.9;
Appendices 7.4 and 7.5) and also significantly correlated with grain weight heat responses at
reproductive stage (Table 7.10). Measuring this trait is relatively easy, as it relies on only two
measurements i.e., directly before and after treatment. Relationships among the studied traits
revealed by the PCA analysis suggested that variability in RGRDT response between the
experiments might be due to differences in RGR before the treatment (RGRBT) and
developmental stage of the plants at the time of heat treatment (Figure 7.12). The strong
negative association of TN and RGRBT with absolute value and response of RGR during
treatment (RGRDT.H and RGRDT.R; Figure 7.12, note the opposite direction of TN and
RGRBT relative to RGRDT.H and RGRDT.R) indicates that plants with a more advanced
growth stage at the time of heat treatment and having larger RGRBT (i.e. being in a more
active stage of growth) showed greater reductions in RGRDT than those that were in an
earlier developmental stage. Before treatment, plants in Experiments 2, 6 and 7 experienced
longer photoperiod and higher temperatures than those in Experiment 3. This resulted in a
more advanced growth stage by the time of heat treatment in Experiments 2, 6 and 7,
producing more comparable RGRDT heat responses between these experiments (at least in
the case of Experiment 2 vs. Experiment 6 and Experiment 2 vs. Experiment 7 the correlation
was significant). Overall, these results indicate that to increase data reproducibility and
genotypic discrimination for growth rate heat response during treatment, timing of the heat
stress should not be based on Julian days (time after sowing) but rather on a developmental
stage, namely late tillering (e.g. Zadoks stage 25 to 27) (Zadoks et al. 1974). Late tillering has
previously been reported to be a wheat developmental stage that is highly heat sensitive, as
evidenced by heat-induced reductions in dry matter accumulation (Fischer and Maurer 1976).

After exposure to 40 °C for 2 days, plants of all genotypes were able to recover their RGR
when they were returned to regular conditions (compare RGDT to RGRAT in Appendix 7.3),
which held true in all of the experiments. This suggests that the effects of brief exposure to 40
°C were largely reversible and that plants may have effective mechanisms to repair damage
caused by such a heat treatment. By contrast, exposure to 44 °C (for 6 h or 2 d) produced
more lasting effects, including a reduced growth rate, increased proportion of senescent area
(tissue death) and a developmental delay (increased time from sowing to maximum growth
rate by ~7 days; Figure 7.2). This level of stress that was greater than what the plants had the

ability to completely recover from.

Results presented here indicate that there may be different genes controlling during and

after treatment growth rate responses. In general, genotypes may be classified into four
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groups according to their RGR responses during and after treatment (Appendix 7.3): 1) those
that showed strong heat tolerance both during and after treatment (e.g. AUS1490 and
Currawong), 2) those that showed high heat sensitivity during and after treatment (e.g.
Cadoux and Reeves), 3) those that were highly affected during heat treatment but which
largely recovered after heat treatment (e.g. Opata 85 and Sunstar) and 4) those that showed
weak response during heat treatment but a considerable response after heat treatment (e.g.
Chara and QT7475). Further research is required to confirm these differences and to identify

mechanisms underlying this variation.

Turgor is required for plant growth (e.g. cell expansion) (Reynolds et al. 2012); therefore,
studying various water related traits such as leaf water potential and leaf relative water
content may help us understand the effect of a stress on growth and performance. Heat stress
increases evaporative demand and transpiration. Increased transpiration can help to lower
plant temperature relative to air temperature (evaporative cooling) and thus helps the plant
cope better with high air temperatures. However, if the demand for water exceeds the supply,
dehydration can result. In this study, heat stress increased evaporative demand and
consequently transpiration as shown by the significant increase in stomatal conductance
(Figure 7.9E and F) during heat treatment. Heat stress also considerably reduced leaf relative
water content (RWC; Figure 7.9A and B) and leaf water potential (LWP; Figure 7.9C and D)
which indicates a negative impact of heat stress on plant water status. Although this study was
conducted under high relative humidity and soil moisture, the impaired water status of the
leaves under heat suggests that the hydraulic conductivity of the soil, roots and/or vascular
system were unable to match the higher evaporative demand. Similarly, in other plant species
such as sugarcane (Wahid 2007; Wahid and Close 2007) and tomato (Morales et al. 2003),
high temperatures combined with high soil moisture and relative humidity were reported to
lower leaf water and osmotic potentials, leaf relative water content, and root hydraulic
conductance. Heat induced alterations in plant water status may disturb cellular and

physiological processes, leading to growth suppression.

Water use efficiency was smaller in the heat-treated plants during and after treatment,
although the latter effect was not statistically significant (Figure 7.10a and b). A decline in
growth and increase in water use resulted in a large reduction in water use efficiency during
treatment, while the reduced water use efficiency after treatment derived from the heat-
derived reduction in growth (Appendix 7.4a-d). In general, heat-treated plants were unable to
take advantage of the available water to produce biomass, perhaps due to heat damage to

various physiological processes as described below.
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Heat stress during either the vegetative or reproductive developmental stages can
negatively affect different aspects of the photosynthetic machinery, reducing photosynthetic
capacity of the whole plant (Al-Khatib and Paulsen 1990; Bird et al. 1977; Todd 1982). At the
seedling stage, variation among wheat genotypes for heat stress effects on photosynthetic rate
was closely correlated with biomass production responses (Al-Khatib and Paulsen 1990). In
the current study, heat stress significantly reduced chlorophyll content (measured by a SPAD
chlorophyll meter in Experiments 1, 2 and 4) and viable leaf area (proportion of non-
senescent area based on colour coding of images). These are changes that were likely to
reflect a smaller photosynthetic capacity. Generally, the correlation between heat responses of
senescence related traits and growth rate (Table 7.7) indicated that genotypes with increased
chlorophyll loss and proportion of senescent area under heat conditions suffered more growth

rate reduction.

Stomatal closure usually occurs during water stress conditions which in turn can adversely
affect CO; acquisition and limit photosynthesis (Prasad et al. 2008; Shah and Paulsen 2003).
Although plants in this study also experienced some level of water stress while being heat-
treated, as evidenced by their decreased LWP and RWC, their stomata were open during this
time as shown by their increased stomatal conductance relative to control plants. This
suggests that under these conditions of good soil moisture supply, heat impacted on
photosynthesis not by limiting CO, supply but by injuring the photosynthetic apparatus (e.g.
photosystem 11, and by causing chlorophyll loss). Heat and water stress have also been shown
to impair photosynthetic metabolic activities. For instance, they both impair rubisco and

rubisco-activase activities required for photosynthesis (reviewed by Prasad et al. 2008).

By contrast, high temperatures generally increase respiration rate (Almeselmani et al.
2012; Prasad et al. 2008; Wahid et al. 2007). Thus, under high temperature, increased
respiration, and possibly also increased energy expended on protective mechanisms (e.g.
production of heat shock proteins), could reduce photosynthate available for growth,

contributing to growth reductions observed under heat.

There is variation among wheat genotypes relating to many of the aforementioned
processes (i.e. thermo-stability of photosynthetic apparatus, photosynthetic rate, change in
respiration, etc.) under high temperatures condition (Al-Khatib and Paulsen 1989; Al-Khatib
and Paulsen 1990; Al-Khatib and Paulsen 1999; Almeselmani et al. 2012). Such variation

could have contributed to differences in heat responses of growth rate observed in this study.

Apart from the effects of heat stress on water and energy balance, other mechanisms could

be involved in the growth rate responses. Cell division and expansion are components of plant
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growth (Prasad et al. 2008) and have both been shown to be adversely affected by various
stresses such as drought (Alves and Setter 2004; Tardieu et al. 2000) and salinity (Munns and
Tester 2008). By contrast, rates of cell division and expansion and developmental processes
such as leaf initiation rate have a temperature optimum, which varies according to the species;
the optimum is around 28 °C in wheat (Parent and Tardieu 2012). The stress temperatures
used in this study (40/30 °C and 44/30 °C day/night) were well above this optimum, consistent

with the reduced growth rates observed.

In sugarcane sprouts, changes in levels of primary (free proline, glycinebetaine and soluble
sugars) and secondary metabolites (anthocyanin, carotenoids and soluble phenolics) were
shown to relate to net assimilation capacity and the heat stress responses of various growth
attributes such as relative shoot growth rate, relative leaf expansion rate and shoot dry weight
(Wahid 2007). Ashraf and Hafeez (2004) found differences between maize and pearl millet
for shoot dry weight, relative growth rate and net assimilation rate responses under very high
temperatures at the vegetative stage, with pearl millet being more tolerant for the
aforementioned traits. The observed differences in heat responses of maize and pearl millet
were attributed to their differences in nutrient uptake patterns under heat stress conditions
(Ashraf and Hafeez 2004). In pearl millet, high temperature caused a significant increase in
uptake of N, P, and K, and had no effect on the uptake of Ca?*, Mg®*, Na* and S. By contrast,
high temperature reduced uptake of N, S, Mg®* and Na*, and increased uptake of K* and Ca?*
in maize (Ashraf and Hafeez 2004). An additional mechanism controlling heat responses
could be alterations in content of hormones such as abscisic acid and ethylene (Wahid et al.
2007). Transcriptome analysis of heat tolerant and susceptible wheat genotypes following
heat treatment at the seedling stage suggested that genes for heat shock proteins, transcription
factors, calcium signalling and metabolism pathways, and other factors, were involved in
responses to heat (Qin et al. 2008). Eventual cloning of loci determining varietal differences
in heat responses of growth rate in wheat should help elucidate which if any of the

aforementioned physiological/molecular processes are involved in controlling this variation.

An overall significant association was observed between the responses of growth and
senescence at the vegetative stage with those of grain weight and senescence at the
reproductive stage. This may indicate some physiological/genetic link between heat responses
at the different developmental stages. Several other researchers of wheat and other species
had similar findings. For instance, Al-Khatib and Paulsen (1990) found a positive association
between heat responses of photosynthetic rate at vegetative and reproductive stages of wheat
development. Senthil-Kumar et al. (2003) found some associations between thermo-tolerance

189



at the seedling and mature plant stages in sunflower hybrids. In wheat, cell membrane
thermostability (CMS) at the seedling stage was significantly correlated with either CMS at
flowering time and/or with yield under high temperature conditions (Balota et al. 1993; Fokar
et al. 1998; Saadalla et al. 1990a; Saadalla et al. 1990b; Reynolds et al. 1994). There are also
suggestions that developmental stages differ in heat tolerance. For instance, several
Arabidopsis hot mutants were only defective in thermo-tolerance when assayed as 2.5-day-old
seedlings and not as more advanced plants (Hong et al. 2003). By contrast, npr1 mutants and
NahG transgenic plants were more heat-tolerant as 2.5-day-old seedlings but heat-susceptible
as 10-day-old seedlings (Clarke et al. 2004). Schapendonk et al. (2007) found no association
between photosynthesis measured at vegetative (end of tillering) and grain-filling (10-14
DAA) stages among three wheat genotypes contrasting for heat tolerance, growing under high
temperature conditions. In the current study, some genotypes behaved differently at the two
stages, consistent with the idea that some tolerance genes could be stage-specific. A
possibility could be genes for enzymes that synthesize starch in the developing grains, that
can only express during grain-filling (Hawker and Jenner 1993; Jenner 1994; Keeling et al.
1993; Keeling et al. 1994; Zahedi et al. 2003).

In total, 56 pairs of parents of existing mapping populations were assayed for vegetative
heat tolerance. These varied from showing no contrast to showing 31 (Sunco/QT7475), 14
(Chara/WW2449), 56 (Chara/WW2449), and 52% (CD87/Katepwa) contrast for responses of
RGRDT, RGRAT, PSA28DAS, and PSA39DAS, respectively (Appendix 7.5). However, due
to inconsistencies observed between the experiments (Appendices 7.1 and 7.2), re-evaluation
of selected contrasting parents for heat tolerance is desirable. Drysdale/Waagan and
Gladius/Drysdale pairs showed some consistency among the experiments for their contrast in
RGR response (Appendix 7.2) and therefore look most promising for genetic studies.
Gladius/Drysdale contrasted for during treatment response but showed lower contrast for after
treatment response, while the reverse held true for Drysdale/Waagan (Appendices 7.1 and
7.2). Use of the two corresponding mapping populations may therefore reveal loci, genes and
mechanisms controlling variation in RGR responses during the heat treatment and for

recovery of RGR after heat treatment relief.

There are possible additional issues, related to the roots, that may have confound the
results here and in experiments conducted at grain-filling stages in Chapters 3, 4 and 6. As in
many studies of heat tolerance by other researchers, pots were placed in trays of shallow
water (~ 2-cm depth) for the brief heat treatment in the chamber to minimize drought stress

(exceptions being pots in Experiments 4 and 5 in this chapter, which were watered to field
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capacity while they were under heat treatment). This raises the concern that plant performance
was affected by water logging. Water logging can reduce root and shoot biomass,
photosynthesis, chlorophyll content and yield (Ballesteros et al. 2014; Collaku and Harrison
2002; Huang et al. 1994; Lee et al. 2007; Malik et al. 2001). Therefore, experiments
combining different watering methods with heat and control temperature treatments are
needed to check whether waterlogging was confounding these experiments. In addition,
similar to most of the previous studies related to heat stress, root temperature was not
controlled or monitored. Soil in pots is more prone to over-heating than soil in the field, and
water and nutrient uptake by roots is known to be sensitive to heat stress (Farooq et al. 2011;
Martinez-Ballesta et al. 2009). Further experiments would also be needed to determine
whether root heating was also a factor contributing to the observed responses. See Passioura
(2006) for other complications related to pot experiments that may worth considering in

future works.

7.5 Concluding remarks

Heat stress can adversely impact wheat plants at different growth stages. Results showed
that a brief episode of severe high temperatures can considerably affect growth and
senescence of young wheat plants and that these responses show genetic variation. However,
more work is required to find procedures that will result in greater reproducibility. Further
work is also required to identify the physiological/molecular processes and genetic loci
controlling the variation in heat responses at the vegetative stage. Overall, the significant
association of heat responses during treatment at the vegetative stage with responses of grain
weight and chlorophyll at the grain-filling stage may suggest a possible physiological/genetic
link between heat responses at different developmental stages, with implications for
developing more efficient heat tolerance screening methods. Such methods may assist

breeding for heat tolerance and identification of heat tolerance genes.
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Chapter 8: Conclusions, contribution to knowledge, and future work

Heat stress is a major constraint for wheat production worldwide and with current climate
change trends the situation is predicted to worsen (IPCC 2007; Ortiz et al. 2008; Hansen et al.
2012). To increase wheat production under such conditions to meet the worlds’ growing
demand, new superior heat tolerant wheat varieties will be required. To breed these,
knowledge of heat tolerance mechanisms, identification of tolerance sources and development
of reliable screening tools will all be essential. To this end, the present work contributes to the
understanding of physiological mechanisms of heat tolerance and its genetic basis in
hexaploid wheat, and identifies assays with potential to assist heat tolerance studies and in
breeding programs. This chapter summarizes the major findings of this project and discusses
possibilities for further research.

This study provides information on variability for heat tolerance traits among a small
sample of Australian and exotic genotypes in the greenhouse/chamber (Chapters 3, 4 and 7).
Some of the identified tolerant genotypes might be useful as sources of heat tolerance in
breeding. However, field validation of the heat tolerance sources would be required.
Genotypes of contrasting tolerance identified here could also be used as the basis for further

research into genetic, physiological, and biochemical aspects of heat tolerance.

The Drysdale x Waagan population was chosen for genetic analysis of heat tolerance in the
current study because the parent varieties were found to contrast for tolerance. Parents of
other existing populations were also found to contrast for heat tolerance (SGW response), i.e.,
Young vs. Wyalkatchem, Janz vs. Frame, Sunco vs. Tasman, and Sokoll vs. Krichauff
(Appendix 3.2a). Therefore, these populations might be useful in discovering new heat
tolerance QTL. Crosses could also be made between the most tolerant and intolerant

genotypes to produce new populations for genetic studies.

In the Drysdale x Waagan population, QTL for stay-green and grain weight maintenance
under brief episodes of high temperature coincided on chromosome arms 3BS and 6BL
(Chapter 6). Moreover, these traits were significantly associated in the study of 36 bread
wheat genotypes (Chapter 3), indicating the possibility that stay-green may be dominant in
determining wheat productivity (grain weight maintenance) in heat-stressed environments in
the broader germplasm. Currently there is no consensus in the literature about the role of
photosynthate source activity/availability in maintaining grain weight after heat stress at
grain-filling (Al-Khatib and Paulsen 1984; Al-Khatib and Paulsen 1990; Bhullar and Jenner
1983; Jenner 1991a; Jenner 1994; Nicolas et al. 1984; Reynolds et al. 2000; Shah and Paulsen
2003; Wardlaw et al. 1980; Wardlaw and Wrigley 1994). The correlations and QTL results
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presented here support the hypothesis that common gene(s) and therefore molecular
mechanisms can determine those traits. The ability to maintain carbohydrate supply by the
vegetative tissues may contribute to grain weight maintenance under heat stress conditions, or
alternatively it may make no contribution (as findings in Chapter 4 seem to suggest), with the
correlation simply reflecting common genetic control of senescence in the leaves and grain.
Therefore, selection for stay-green related traits, which were also highly heritable under high
temperature (H®> = 0.81-0.87; Chapter 6), may offer a means of selecting for high wheat

productivity (high grain yield) in terminal heat stress environments.

Of the various methods used to define stay-green, flag leaf chlorophyll content measured
directly before and after heat stress (normalised difference between control and heat-treated
plants for chlorophyll content per se) using a portable SPAD chlorophyll meter showed the
most promise as an easy selection procedure for heat tolerance and provided good
discrimination between tolerant and intolerant genotypes (Chapters 3 and 6). This method
represents an inexpensive and simple way to indirectly select heat tolerance (grain weight
maintenance), that can be done earlier in the plant’s development (10 to 13 DAA) than direct
assessment of grain weight at maturity (~ 50 DAA). In the field, plants could be measured just
before a forecasted heat wave, and then just after it. Generally, chlorophyll content hardly
changed from 10 to about 30 DAA in control plants (Appendix 3.1), although it varied
according to genotype. Therefore, the measurement before the heat treatment or heat wave,
within this developmental window, could serve as the ‘control’ value and obviate the need for
a comparison to non-stressed plants. This is important, since non-stressed control plants
would be difficult to obtain in the field at the same time as stressed plants. The QTL on
chromosome 3BS stably influenced chlorophyll content per se in non-stressed plants in
addition to heat tolerance (HSIs) of several traits, with the Waagan allele conferring both
larger chlorophyll content per se and higher heat tolerance (smaller HSIs). This suggested that
use of a SPAD chlorophyll meter to select for larger chlorophyll content at a single time point
(e.g., 10, 13 or 27 DAA as used in this study) in non-stressed plants could also be used to
indirectly select for heat tolerance, at least in relation to effects controlled by the 3BS locus.

Results of this study also provided evidence of tolerance mechanisms independent of stay-
green (Chapters 3 and 4). For instance, Millewa and Sunco which both appeared to be heat
tolerant for grain weight maintenance but relatively prone to chlorophyll loss under heat
conditions (Chapter 3), both showed large WSC mobilization efficiency under heat conditions
(Chapter 4). Populations derived by crossing these varieties with other varieties could be used

to seek QTL for tolerance that is independent of stay-green. Furthermore, the populations
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could be used to determine what physiological traits are associated with such tolerance QTL

(e.g., mobilization of stem carbohydrate reserves).

A molecular genetic map was constructed for the Drysdale x Waagan DH population
(Chapter 5). The map could be used for mapping other agronomically important traits (e.g.
floret sterility effects of heat, drought tolerance, etc.), and to support map-based cloning of the
gene(s) controlling the target trait(s). The map construction work described in this study
highlighted the importance of tracking which lines are derived from different individual
parent plants. The study described a method to avoid disruption to the map caused by parent
heterogeneity, which could be applied in similar situations. Large gaps (30.8 to 37.8 cM) were
observed in the map in some regions, and some chromosomes had few markers (e.g.
chromosome 3D). A targeted approach may not help to fill at least some of the gaps, if those
regions in the parents were identical by common descent. The marker density and genome
coverage of the Drysdale x Waagan genetic map could be further improved by applying other
tools to the population, such as a 90K SNP array (Wang et al. 2014) or genotyping-by-
sequencing (Poland et al. 2012).

The instability of most of the detected heat tolerance QTL suggested that there may be a
genotype by environment interaction for heat tolerance. Some of the QTL may have been
inconsistently detected simply because they had smaller effects. However, the 3BS QTL
showed a strong and consistent effect on heat tolerance for various traits. Its location
corresponded with some QTL reported to affect stress or heat tolerance related traits in
several other crosses (Bennett et al. 2012; Kumar et al. 2010; Maccaferri et al. 2008; Mason et
al. 2010; Wang et al. 2009), suggesting the same heat/stress tolerance gene(s) on 3B may be
found in multiple varieties. Although the QTL analysis of this study improved our
understanding of the genetic basis of heat tolerance and highlighted the potential importance
of the 3BS locus in affecting heat tolerance in wheat, the conclusions are currently restricted
to the studied conditions (two experiments under controlled conditions; Chapter 6) which
differ in many ways from those encountered in the field. Therefore as a follow up study, the
Drysdale x Waagan mapping population could be tested in the field using an early vs. late
sowing approach, or by trialling it at various low and high temperature sites, to test if the
effect of the 3BS QTL is manifested under hot field conditions. Alternatively, homozygous
nearly-isogenic lines for the QTL could be selected from progeny of 3BS-heterozygous
Drysdale x Waagan RIL plants and tested under the aforementioned field conditions. The
usefulness of the 3BS QTL effect could be further explored by seeing if it expresses when

crossed into a range of heat-intolerant backgrounds. If this QTL could be validated in the field
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and in different genetic backgrounds it could be considered worthy of marker assisted
selection in  breeding, i.e., by converting the closest identified SNPs,
wsnp_Ra_c41135 48426638(R), wsnp_Ex_c12875 20407926(R) and
wsnp_BE497169B_Ta 2 1(R), to high-throughput single marker assays such as competitive
allele-specific PCR (KASP; LGC Genomics, London, UK; www.lgcgenomics.com) or high-
resolution melting (HRM) (Liew et al. 2004; Wittwer et al. 2003) assays.

Cloning of the gene(s) underlying the 3BS QTL could provide the opportunity to transform
(genetically modify) current varieties with the favourable allele(s) to make them more heat
tolerant, when conditions for the deployment of such technologies in wheat become more
commercially practical. The 3BS region was associated with heat stability and absolute values
for several traits. It is not clear at this stage whether this association is due to pleiotropy of the
same gene or the effects of distinct but closely linked genes. Fine mapping or cloning of the
responsible gene(s) would allow this question to be addressed. The cloned gene(s) could also
provide a tool to investigate the molecular mechanisms controlling heat tolerance (e.g. using
reverse genetic approaches). The availability of the sequence of chromosome 3B (Choulet et
al. 2014, Mayer et al. 2014; http://wheat-urgi.versailles.inra.fr/) could help facilitate fine

mapping and isolation of the tolerance gene(s) on 3BS. SPAD measurements could provide a
rapid means of phenotyping large mapping populations used in fine mapping, at least for the

stay-green effect.

There is also a large contrast (~ 60%) between Drysdale and Waagan parents for floret
fertility response to a brief heat stress at meiosis/booting with Drysdale and Waagan being
intolerant and tolerant, respectively (Dr. Nick Collins, personal communication). Recently,
the Drysdale x Waagan DH population was scored for floret sterility induced by a brief heat
stress at meiosis/booting and QTL analysis is underway (Dr. Nick Collins, personal
communication). This will allow comparison of the grain-filling and fertility responses to heat
at the genetic level. For example, it would be interesting to see if the 3BS QTL also affects
tolerance to heat induced floret sterility. If this is the case, it would imply a common
mechanism for heat tolerance at the different developmental stages, and would make this
region useful for selecting heat tolerance at both developmental stages. Positive associations
have been reported between stem water soluble carbohydrate content/metabolism and
maintenance of both floret fertility/grain set and grain weight under high temperature
(Dreccer et al. 2014; Talukder et al. 2013), providing evidence that there may indeed be

common mechanisms involved in tolerance at the two stages.
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The loci on chromosomes 3BS and 6BL explained a considerable proportion of the
variation for grain weight HSI (11 to 21%; Chapter 6) in the Drysdale x Waagan DH
population but additional work would be required to quantify their contribution to heat
tolerance within wheat in general. The SNPs directly around each of these two loci could be
converted to KASP or HRM assays which could then be used to determine which wheat
genotypes have the tolerant ‘Waagan’ haplotype (marker-allele combination) for the
chromosome segment, and by inference, the tolerance allele. Correlation between this
haplotype (or others at the loci) and heat tolerance could then be used to estimate the
contribution of each locus to heat tolerance in the wider germplasm. Suitable material for use
in such a study could be 307 genotypes, including 140 elite hexaploids and 128 landraces,
which have been subjected to heat tolerance screening in the field using irrigated normal vs.
late sowings in central NSW in an ACPFG/NSW-DPI collaboration (Dr. Nick Collins,

personal communication).

Recently, genome-wide association mapping has been used to map traits in wheat and
barley (Breseghello and Sorrells 2006; Crossa et al. 2007; Emebiri et al. 2010; Neumann et al.
2011). This approach could provide a broader picture of heat tolerance loci present in wheat,
by exploiting collections of wild accessions, landraces, breeding populations or varieties to
discover other loci. In addition to potentially detecting higher number of positive alleles per
locus, it does not require specific crosses and population development (saving time and
resources) and potentially also provides higher mapping resolution (Cavanagh et al. 2008;
Gupta et al. 2005; Soto-Cerda and Cloutier 2012; Zhu et al. 2008). However, there are also
some limitations using this approach, e.g., low power to detect effects of rare alleles,
increased rate of false positives when there is genetic structure in the population that is not
dealt with appropriately (Cavanagh et al. 2008; Gupta et al. 2005; Soto-Cerda and Cloutier
2012; Zhu et al. 2008). Other mapping population types such as Nested Association Mapping
(McMullen et al. 2009; Yu et al. 2008) and Multi-parent Advanced Generation Inter-cross
(Cavanagh et al. 2008) could also be considered for use in wheat heat tolerance studies. These
populations utilise multiple parents and complex crossing strategies, combining the
advantages of both linkage and association mapping methodologies, while avoiding
difficulties associated with uncontrolled genetic structure (Cavanagh et al. 2008).
Nevertheless, large amounts of resources and time are required to phenotype these

populations due to their large size.

There are contradictory reports linking GA-insensitive dwarfing alleles to abiotic stress
tolerance (Alghabari et al. 2014; Blum et al. 1997; Butler et al. 2005; Law et al. 1981; Law
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and Worland 1985). Results of this study showed no effect of the major dwarfing loci (Rht-B1
and Rht-D1) on the single grain weight response to a brief episode of severe heat at grainfill,
in the Drysdale x Waagan population, under controlled conditions (Chapter 6). The situation
may be different in the field. Nonetheless, this study found no evidence of there being an

advantage in selecting for either type (tall or short) in breeding for heat tolerance.

Association was observed between heat responses at vegetative and grain-filling stages of
wheat development, suggesting a degree of common physiological/genetic links for heat
responses between these stages (Chapters 3 and 7). Therefore, automated plant imaging of
seedlings may have potential utility in heat tolerance studies in wheat to screen for heat
tolerance. As shown here, discriminating heat tolerant and intolerant genotypes for growth
rate response during heat treatment only needs plant size to be measured at two time points,
I.e., directly before and after treatment. The Plant Accelerator facility could be dispensed with
by instead taking destructive measurements of shoot weight at those time points. This
vegetative growth assay may have the potential help to facilitate breeding for heat tolerance or
mapping of heat tolerance loci. As a follow up, QTL analysis could be done in a single
mapping population to test for a genetic link between tolerance at the vegetative and grain-
filling stages of wheat development, as it could be argued that the observed associations
between vegetative and grain-filling stage could have merely occurred by chance in the small
sample of genotypes studied. Populations derived from parents contrasting for heat tolerance
at both developmental stages could be used for this purpose (e.g., Drysdale x Waagan and
Gladius x Drysdale mapping populations).

For heat tolerance at the vegetative stage, genotypes responded differently between
experiments (Chapter 7). It was likely this was due to differences in growth stage and/or
physiological status of the plants at the time of heat treatment, caused by seasonal and across-
year light and temperature differences in the greenhouse and Smarthouse. This highlights the
importance of the effect of growing environment (conditions pre-/post- heat treatment) on
reproducibility of heat responses. Interestingly, the same major tolerance locus on 3BS for
grain weight and chlorophyll was detected in two trials conducted at contrasting times of the
year (Chapter 6). Therefore, at least for the 3BS locus, experiments conducted at the
reproductive stage seem to give reproducible results regardless of the time of the year,
enabling screening to be undertaken continually throughout the year. To improve data
reproducibility at the vegetative stage, plants could be heat-treated according to their
developmental stage (preferably late tillering stage, i.e. Zadoks stage 25 to 27) (Zadoks et al.

1974) rather than according to the Julian days (time after sowing) as done in the current study.
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Currently, the temperature in the Smarthouse is somewhat uneven and uncontrolled, due to
the evaporative cooling system and the large size of the room (230 square meters and 4.5
meters height). Often the choice of where to put an experiment on the conveyor system is
limited due to the existence of other experiments in the Smarthouse. As precise control over
temperature is critical in heat tolerance evaluation, as illustrated by the results of this study,
this may limit the utility of The Plant Accelerator in vegetative heat tolerance studies, at least
for assays in which the plants are monitored for a long time (~ 2 weeks) after heat treatment

in the Smarthouse.

It may worth trying field-based high-throughput phenotying equipment such as
phenomobiles, phenotowers and polycopters equipped with a range of remote sensing

technologies (Araus and Cairns 2014; White et al. 2012; www.plantphenomics.org.au) for

monitoring crop performance at the vegetative and reproductive stages under heat stressed
field conditions. Relationships between vegetative growth and grain yield responses in the
field could then be examined, and results compared to those obtained using the
greenhouse/chamber assays. Currently, field assays for heat tolerance are very time
consuming, laborious, and expensive. The aforementioned high-throughput field-based
equipment may help to alleviate some of the difficulties of current field assays, if association
between traits (e.g. biomass) measured using these new technologies and grain yield could be

established under high temperature conditions.
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Appendices

Appendix 1 List of available mapping populations for the screened genotypes in this study (Identified by the
Australian Winter Cereals Pre-Breeding Alliance, and from the literature).

Pairs of parents

AUS1408/Cascades Morocco 426/Janz
Avocet/Cappelle Desprez P1624933-1 /Wyalkatchem
Avocet /Cook P1625123-3 /Calingiri
Batavia /Ernie P1625983-1 /Wyalkatchem
Berkut/Krichauff P1626580-4/Correll
Cadoux/Reeves Rosella/Matong
CD87/Katepwa Seri/Hartog
Chara/WW2449 Seri M82/Babax
CM18/Vigourl8 Sokoll/Krichauff
Cook/Avocet S Spica /Maringa (Rht1)
Correll/Frame Spica /Maringa (Rht2)
CPI1133814 /Janz SUN325B/QT7475
CPI1133872 lJanz Sunco/Batavia

CPI133842 /Janz Sunco/Tasman

CPI33859 /Janz Sunco/QT7475
Cranbrook/Halberd Sunco/SUN325B
Currawong/CD87 Sunco /Krichauff
Diamondbird/Janz Sunco /Indis

EGA Blanco/Millewa Synthetic W7985/Opata 85
Egret/Sunstar Tammin/Excalibur
Excalibur/Kukri Trident/Krichauff
Gladius/Drysdale Trident/Molineaux
Hereward/Avocet S Drysdale/Waagan

Iraq 43/Janz Westonia/Janz
Janz/Frame Whistler/WW1842
Janz/AUS1408 Young/Wyalkatchem
Janz/AUS1490

Krichauff/Roblin

Kukri/Janz

Kukri/RAC875
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Appendix 3. 1 Relative chlorophyll content of flag leaves (means + S.E.) in control (green circles) and heat-
treated plants (red triangles), before the period of brief heat treatment (represented by red horizontal bar on x
axes) and thereafter, in 36 bread wheat genotypes.
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Appendix 3. 2 Response ratio (+ S.E.) of single grain weight (SGW, a) and area under SPAD curve (AUSC, b)
of studied genotypes. Genotypes forming pairs of mapping parents are neighboured and sorted from pairs with
the highest contrast to the ones with the lowest contrast for SGW (the order of parents/genotypes for AUSC was
kept similar to SGW). Genotypes without pairs are listed at far end of the graphs.
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Appendix 4. 1 Water soluble carbohydrate concentration (WSConc, Mg g™ dry weight) in a chosen reference set
of 125 wheat stem samples determined using anthrone method, plotted against WSC content of the samples
predicted using attenuated total reflectance midinfrared spectroscopy. Dashed line represents the theoretical
regression line.
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Appendix 4. 2 Time courses of water soluble carbohydrates concentration (WSCeonc Mg g™ dry weight) of
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heat treatment.
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Appendix 4. 3 Time courses of subtracted stem dry weight from water soluble carbohydrates content (WSCqnt)
(DW — WSC,n, mg) of peduncle, penultimate and lower internodes of the main stem from control (green
circles) and heat-treated plants (red triangles) of 9 bread wheat genotypes (mean £ S.E.). The red bar on the x
axis represents the period of brief heat treatment.

218



Peduncle Penultimate internode Lower internodes

a[epsAic]

650553111..5%;;‘ §%§if

1050t 3% g : 3

e
[ B}
el

[e.a]

L

=]
snipelH

650 ." ‘ 2 .i’

e
[ ]
]
>
H
[ ]
L 2]
¢L-indjed

eI
adKjouan

—
s
Lh
(=)
P ——

1050 J i

8301 s

S9A20Y

[#s]

L

S
oaung

"e
ueseepn

4501 ¥ & 2 4, s * & g,

Sunox

650 LTy F a Y A

s & 3 1 Py ii % i x f
10 20 30 40 530 10 20 30 40 50 10 20 30 40 50
Time after anthesis (days)
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Appendix 4. 5 Association between trait potentials (value under control conditions) and response ratios of traits (Mean trait vValuepeg yreament/ Mean trait valueconyor). Trait potentials and response ratios are
listed on horizontal and vertical axes, respectively. FGW, final grain weight; GFD, grain-filling duration; TIP, time to inflection point; MGR, maximum growth rate; SGR, sustained grain growth rate;
TotChl,,, total chlorophyll content averaged over all time points; Chla,, and Chlb,,, chlorophyll a and b content averaged over all time points; WSC,,., maximum water soluble carbohydrate content; WSC .,
minimum water soluble carbohydrate content; WSC,.av., Water soluble carbohydrate content averaged over all harvest times; MWSC, mobilized WSC; WSCME, WSC mobilization efficiency; DW,,, stem dry
weight averaged over all harvest times.
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z o & x & 4 E & S S 2 3 : s ¢ S 2 3 s g S 3 3
Trait 2 & = g 2 g 5 5 2 4 2 = S 2 s 2 E < 2 z S 2 2 = 2 2
FGW 087" 018 043 083" -084" 089" 08" 079 068"  -0.38 068 076" 065 068" -0.62 039  -0.62 -0.62 0.11 -0.82" 091™ 043  -085" 087" -048 092"
GFD 071" -048 056 -0.49 -0.50 0.79" 0.63 0.89"  -0.63 051 -0.66 063 0.27 070" 059 064  -0.62 -0.48 0.30 0.74" -0.70" 064  -068° 057 -0.03 071"
TIP 079" -035 054 -0.66 -0.66 084" 076" 083" 072" 050 073 076 049 075 070" 060 -0.72°  -0.63 0.10 -0.86™ -0.86™ 063 -085" 075  -0.25 -0.86™
MGR 039 0.52 0.16 073 -073° 031 0.53 -0.09 0.20 0.18 0.14 035 083" -0.07 0.24 0.35 0.16 -0.45 -0.80™ -0.29 053 0.26 048 069" 087"  -0.53
SGR -0.50 0.53 0.20 083"  -0.8" 047 0.64 0.12 0.19 0.21 -0.13 0.34 083" 012 021 0.35 0.13 -0.42 -0.74" -0.34 -0.60 0.22 -0.50 075 085"  -0.63
TotChl,, 078"  -015 -0.30 071" -074° 085" 076 0.85"  -0.59 038 -0.60 063 045 -0.63 046 034 -0.49 -0.43 0.04 -0.69" 078" 040  -070° 074" -0.34 -0.82"
Chla,, 079" -013 0.29 073 077" 089" 079 0.88"  -0.62 041 -0.63 067 047 -0.65 051 038  -0.53 -0.48 0.04 072" 081" 043  -073° 077 -0.34 -0.83"
Chlby, 073 021 031 -0.62 -0.65 0.76" 0.65 0.80" 050 0.32 051 054 037 058 0.34 029  -0.40 031 0.08 -0.63 0.69" 037  -061 -0.65 0.29 077"
WSCax -0.24 0.01 -0.08 -0.22 0.25 0.25 0.15 0.36 070" -083" 071"  -0.60 0.18 080"  -057 058  -0.73"  -0.48 0.17 -0.64 -0.42 061  -0.49 -0.27 0.08 -0.40
WSCrin 0.37 0.30 0.35 0.26 0.21 0.11 0.12 0.08 0.25 -0.33 -0.24 -0.20 0.22 -0.02 -0.08 013 -0.04 -0.04 0.19 0.10 -0.04 003  -007 -0.03 0.17 0.12
§ WSCeontay,  -0.64 0.23 035 052 055 0.53 0.45 0.55 065 055 -0.66 065 0.25 -0.58 -0.40 024 -0.45 -0.40 -0.08 -0.54 059 014  -053 061 -0.40 -0.56
§ MWSC 073" -017 -0.42 070" -069" 041 0.37 0.40 -0.53 -0.40 -0.52 -0.56 -0.40 068" -0.62 -040  -0.69"  -0.61 -0.17 -0.74 -0.58 -044  -058 <051 -0.32 -0.62
WSCME 073" -0.20 -0.44 071" -067° 034 0.35 0.27 -0.20 0.04 -0.18 -0.29 -0.59 -0.32 -0.38 013  -0.37 -0.43 -0.30 -0.50 -0.44 017  -0.40 -0.44 043 -051
DW,, 068" -0.22 -0.36 -0.57 -0.58 0.79" 0.68" 0.84” 082" 072" -083" -081" -025 -0.82"  -079° -063 -076" -0.72° 010 -0.78" -0.77" -0.55 -0.74" -0.68" -0.12 -0.68"
WSCax 021 0.06 -0.09 031 0.25 0.20 -0.09 -0.34 0.05 0.18 0.10 0.01 031 0.23 -0.08 0.37 0.10 -0.26 -0.65 0.19 0.08 0.63 0.17 0.12 -0.49 0.22
§ s WSCrin -0.08 0.22 0.24 0.16 0.22 0.58 0.51 0.59 0.07 0.04 -0.05 0.10 0.15 -0.01 0.12 026  -0.03 -0.04 0.39 -0.06 0.24 027 018 0.8 0.20 017
£ § WSCeontay,  -0.46 0.20 -0.03 061 057 0.17 0.30 -0.06 017 0.09 -0.13 027 055 -0.03 017 0.44 -0.03 -0.40 -0.83" -0.11 032 0.54 -0.19 054 078" -0.26
SE MWSC 027 0.06 0.14 037 031 0.22 -0.08 -0.40 0.00 0.16 0.05 0.07 038 0.13 0.12 0.40 0.02 -0.32 077" 0.07 0.00 0.59 0.07 -0.20 -0.60 0.09
WSCME 021 0.09 0.12 033 0.25 027 -0.10 -0.47 0.01 0.15 0.04 -0.05 035 0.05 0.11 0.43 -0.03 -0.32 -0.84™ -0.03 -0.05 0.48 -0.01 021 -0.60 -0.03
DW,, -0.52 0.15 -0.10 -0.61 -0.61 0.43 0.45 0.33 -0.74 -0.64 -0.73" -0.74 -0.29 -0.76 -0.66 -0.25 -0.70" -0.72" -0.39 -0.72" -0.69 -0.28 -0.67 -0.68" -0.45 -0.64
WSCax -0.56 0.30 0.03 075 -072° 034 0.40 0.20 031 011 -0.27 037 047 -0.42 -0.44 0.07 -0.39 -0.58 -0.59 -0.48 -0.50 002 041 -0.56 053 051
WSCrin 0.05 0.17 0.23 0.01 -0.06 0.45 0.33 0.56 -0.24 -0.30 -0.24 -0.19 0.15 -0.27 0.23 053  -0.26 -0.07 0.62 -0.22 021 059  -0.24 -0.04 0.4 -0.16
5 % WSCeontav,  -0.21 0.61 0.38 052 -0.49 0.20 0.35 -0.07 -0.10 0.10 -0.07 -0.18 041 -0.23 -0.16 0.43 -0.13 -0.39 081" -0.31 043 0.15 035 053 059 050
3 é MWSC -0.63 0.00 -0.30 072" -068° 013 0.23 -0.05 0.28 -0.03 -0.23 036 061 -0.21 0.34 0.15 0.29 -0.49 067 -0.34 037 0.25 031 -0.50 074 -0.35
WSCME -0.60 -0.09 038 -0.66 -0.62 0.04 0.17 -0.16 0.23 0.04 -0.19 033 -0.66 -0.09 0.24 0.22 -0.20 -0.40 -0.69" -0.25 031 0.36 027 047 081" -0.30
DW,, 0.27 0.41 0.18 -0.49 -0.46 0.36 0.46 0.14 042 0.27 -0.42 -0.46 -0.34 055 045 0.06 -0.46 -0.59 -0.59 -0.59 -0.62 021  -061 -0.63 -0.45 -0.66
Values are Pearson correlation coefficients, with significance levels indicated by asterisks: ~ p < 0.05, = p<0.01,and ™ p<0.001.
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Appendix 4. 6 Time courses of flag leaf chlorophyll a/b ratio of all genotypes in control (green circles) and heat-
treated plants (red triangles) (mean + S.E.). The red bar on the x axis represents the period of brief heat
treatment.
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Appendix 4. 7 Time courses of flag leaf chlorophyll a/b ratio of control (green circles) and heat-treated plants
(red triangles) of 9 bread wheat genotypes (mean = S.E.). The red bar on the x axis represents the period of brief
heat treatment.
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Appendix 4. 8 Time courses of water soluble carbohydrates content (WSC.,., mg) in peduncle (A), penultimate
internode (B) and lower internodes (C) of control (green circles) and heat-treated plants (red triangles) averaged
across all genotypes within each time point (mean + S.E.). The red bar on the x axis represents the period of brief
heat treatment.
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Appendix 6. 1 Single grain weight (SGW, A) and area under SPAD curve (AUSC, B) in control and heat-treated
plants. AUSC measured on normalized SPAD readings at 10, 13, and 27 DAA, which appeared to be
informative according to the results presented in Chapter 3. Numbers under the dashed lines indicate contrast
percentage between pairs of parents (Gladius and Drysdale, and Drysdale and Waagan) for heat response of the
corresponding trait. Bars indicate mean + S.E. (n=12 per genotype/treatment). Means with the same letter were
not significantly different at p > 0.05 (LSD test).
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Appendix 7. 1 Response ratio (+ S.E.) of relative growth rate during treatment (from 25 to 28 days after sowing;
a), relative growth rate from 28 to 39 days after sowing (b), and proportion of senescent area at 28 (directly after
treatment, c) and 39 days after sowing (d), of genotypes common between Experiments 2, 3, 6, and 7. Cadoux,
Drysdale, Gladius, Reeves, and Waagan were not assayed in Experiment 3.
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Appendix 7. 2 Rank of the genotypes common between Experiments 2, 3, 6, and 7 for response ratios of relative
growth rate during treatment (from 25 to 28 days after sowing, RGRDT; a), relative growth rate from 28 to 39
days after sowing (RGRAT; b), proportion of senescent area at 28 (PSA28DAS; c¢) and 39 (PSA39DAS; d) days
after sowing. Cadoux, Drysdale, Gladius, Reeves and Waagan were not assayed in Experiment 3. Higher rank
(smaller number) indicates genotypes with greatest tolerance. Genotypes were ordered by average tolerance rank
across experiments for each trait.
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Appendix 7. 3 Response ratio (+ S.E.) of relative growth rate during treatment (from 25 to 28 days after
sowing, RGRDT,; a), relative growth rate from 28 to 39 days after sowing (RGRAT; b), proportion of
senescent area at 28 (PSA28DAS; c) and 39 days after sowing (PSA39DAS; d) of 77 genotypes. Where
genotypes were used in multiple experiments, the mean across experiments were used. Genotypes were sorted
from those showing the greatest positive response (increase) to the ones showing the greatest negative response
(decrease) for RGRDT.
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Appendix 7. 4 Water use (i.e., water transpired by plants; mg, a and b) and absolute growth (pixels, ¢ and d) of 3
wheat varieties from 25 to 28 (during treatment; a and c, respectively) and 28 to 34 (after treatment; b and d,

respectively) days after sowing. Bars indicate mean + S.E.
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Appendix 7. 5 Response ratio (+ S.E.) of relative growth rate during treatment (from 25 to 28 days after sowing,
RGRDT,; a), relative growth rate from 28 to 39 days after sowing (RGRAT; b), proportion of senescent area at 28
(PSA28DAS; c) and 39 (PSA39DAS; d) days after sowing. Mapping parents used to make a population are
paired, and pairs are ordered by highest to lowest contrast for RGRDT. Genotypes assayed in the absence of a
corresponding second parent are listed at the end of the graphs.
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