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ABSTRACT 

The susceptibility of Brassica napus L. to increased temperatures within western Canada requires 

attention if we hope to minimize the negative impact of heat stress on this key commodity. The 

quickest route to increasing heat tolerance within B. napus is through discovery of heat tolerance 

variation within the primary gene pool. The objective of this research was to discover, access and 

determine methods to improve thermotolerance in B. napus. The first research project was 

constructed to assess if variation to heat stress exists within the primary B. napus gene pool. This 

was done using 10 B. napus inbreds which were grown in greenhouses and placed in growth 

chambers to simulate heat stress conditions during floral development and flowering.  Significant 

variation existed within the germplasm screened, with five inbreds classified as heat tolerant and 

four as heat susceptible. The second project investigated the effect of heterosis on heat stress in B. 

napus. Ten inbreds from the first project and 25 hybrids created from these inbreds were used to 

compare the response of the inbreds and hybrids to increased temperatures evaluated in field 

environments across four site years. The potential for heterosis to minimize the impact of the high 

temperature was apparent given the 25 % reduction in seed yield for the inbreds, while the hybrid 

seed yield was reduced by 20 % under heat stress. The final project utilized a doubled haploid 

population created from an F1 donor produced from a cross between heat tolerant and heat 

susceptible B. napus inbred parents. This population was evaluated in an average and high 

temperature field environment across three site years. Genotypic data were generated and used to 

create a linkage map for QTL analysis, and to assess the viability of using whole genome 

predictions to select for heat tolerance. There were 66 QTL identified for nine traits with a single 

putative QTL for yield discovered within the high temperature environment alone. The whole 

genome prediction accuracies ranged from 0.14 – 0.66 and differed across treatments. Research 
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findings provide evidence of variation to high temperature stress within B. napus and indicate 

continued screening of germplasm within high temperature environments will enable genetic gain 

for heat tolerance. 
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FOREWORD 

This thesis has been written in the manuscript style and follows the format outlined by the Faculty 

of Graduate Studies and the Department of Plant Science of the University of Manitoba. This thesis 

includes an introduction, literature review, three manuscripts, a general discussion and future 

recommendations. The first manuscript was submitted and accepted by Crop and Pasture Science 

in November 2017. The second manuscript was submitted to Field Crops Research and accepted 

in February 2018. The third manuscript was submitted to Crop Science in March, 2018.  
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1. GENERAL INTRODUCTION 

Brassica napus L. is the most important oilseed crop for Canadian agriculture, with over 8 million 

hectares planted in 2016 generating over $26.7 billion in economic value (Canola Council of 

Canada, 2016a; Statistics Canada, 2016). The sustainability of such an economically important 

commodity requires intensive research to ensure its long-term sustainability, growth and 

competitiveness. A recent report by the Intergovernmental Panel on Climate Change (2013) 

suggested continued warming trends within North America. This combined with increased 

variability in extreme heat waves becoming more common will place increased heat stress on crops 

(Mora et al., 2017). More recent evidence predicts global temperatures may increase by 1-4 °C by 

the year 2100 (Brown and Caldeira, 2017). The negative impact of high temperatures on B. napus 

are well documented (Kutcher et al., 2010). Increases of 1 °C in the mean temperature during the 

growing season are linked to a 75 kg ha-1 reduction in seed yield (Kutcher et al., 2010). The most 

sensitive growth stage of B. napus occur during flowering (Angadi et al., 2000) and gametogenesis  

(Young et al., 2004). Given the economic importance of B. napus, continued warming in North 

America, and the sensitivity of B. napus to high temperature stress, thermotolerance is a critically 

important area of research.  

While previous research on a small set of B. napus germplasm suggested differing genotypic 

responses to heat stress, the low number (four) of genotypes screened was not conclusive 

(Morrison and Stewart, 2002). Research in Brassica rapa L. has demonstrated genetic variation to 

heat stress within a set of global accessions (Annisa et al., 2013). Utilizing genetic variation to 

heat stress from B. rapa may be possible; however, the disruption of carefully selected haplotypes 
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makes this breeding strategy more challenging than utilizing variation within adapted, elite B. 

napus germplasm (Gilliham et al., 2017).  

Over 95 % of the 8 million hectares of B. napus grown in Canada in 2013 were hybrids (Morrison 

et al., 2016b). The rapid adoption of hybrids was due to the increased seed yield of 17 to 33 % 

over open pollinated cultivars (Karamanos et al., 2005). There was also a reduction in genotype-

by-environment interaction documented within B. napus hybrids compared to their respective 

parents, indicating increased yield stability (Brandle and McVetty, 1989). The ability of hybrids 

to better tolerate stress may be the reason for increased stability (Blum, 2013). While heterosis has 

been shown to reduce the impact of stress, research has demonstrated significant general 

combining ability by abiotic stress environment interaction. This suggests that the selection of 

inbreds for abiotic stress tolerance needs to be done with data collected from abiotic stress 

environments (Young and Virmani, 1990; Badu-Apraku et al., 2015). 

The increase in low-cost genomic information has enabled various molecular breeding methods to 

become mainstream, such as marker-assisted selection and more recently whole genome 

predictions (WGP) (Bernardo, 2016). A large number of linkage mapping studies have discovered 

many different quantitative trait loci (QTL) for heat tolerance (Jha et al., 2014). One of the more 

successful abiotic stress QTL discoveries was that of SUB1, a QTL that when present increased 

the ability of rice to withstand submergence stress (Septiningsih et al., 2009). This QTL alone 

significantly improved submergence tolerance across differing genetic backgrounds. There have 

been no indications to date of a heat tolerance QTL conferring similar stress tolerance to that of 

SUB1. A significant QTL conferring heat stress tolerance would be beneficial; however, due to the 

highly quantitative nature of abiotic stress, the use of WGP as a breeding strategy may be more 

appropriate for sustained genetic gain (Bita and Gerats, 2013). The benefit of WGP has been the 
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ability to utilize the entirety of the genomic information available, enabling the prediction of highly 

quantitative traits (Meuwissen et al., 2001; Jannink et al., 2010). The ability to predict genotypes 

that perform well within abiotic stress environments such as drought has been demonstrated in 

maize (Vivek et al., 2017). The ability to predict genotypic response to highly quantitative traits 

by leveraging previously acquired phenotypic data has the potential to reduce the need for 

phenotyping all potential genotypes (Heffner et al., 2010).  

The following three research projects focused on the analysis of the thermotolerance within B. 

napus. 

1) Assess the current variation within adapted spring B. napus genotypes to determine if 

sufficient variation to heat stress exists to enable selection. 

2) Measure the impact of heterosis on heat tolerance within spring B. napus and determine 

if selection within stressed environments is required to increase the response to 

selection for heat stress. 

3) Determine if quantitative trait loci exist within a B. napus population for heat tolerance 

and compare these results to the results of a whole genome prediction validation 

assessment.    
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2.0  LITERATURE REVIEW 

2.1 Brassica napus 

2.1.1 Brassica napus origins  

Brassica napus L. is an economically important crop belonging to the Cruciferae (Brassicaceae) 

family. Within the Brassicaceace family, the genus Brassica contains a highly diverse composite 

of crops, vegetables and spices, including Brassica rapa L., Brassica oleracea L., Brassica nigra 

L., Brassica carinata L., Brassica juncea L. and B. napus. Brassica rapa (genome AA n=10), B. 

oleracea (genome CC n= 9) and B. nigra (genome BB n=8) are the diploid progenitors of the 

allotetraploids B. juncea (genome AB n=17), B. carinata (genome BC n=18) and B. napus 

(genome AC n=19) as described by Nagaharu (1935). The center of origin for B. napus is still 

unclear with multiple theories including multiple origins or European origins close to the 

Mediterranean (Rakow, 2004). There are no known ‘wild’ B. napus populations, although there 

are many feral populations globally, covering Asia, Europe, North America and Australia 

(Bonnema, 2011). The relatively recent appearance of B. napus, ~500yrs of domestication, may 

be a reason for the minimal diversity within this species compared to its progenitors B. rapa and 

B. oleracea (Bonnema, 2011). Since the domestication of B. napus, three morphotypes have 

developed, B. napus L. ssp.  napobrassica (L.), B. napus L. ssp. napus (L.) and B. napus L. ssp. 

napus (L.) var. pabularia (Bonnema, 2011). The most widely grown morphotype is B. napus ssp. 

napus (L.) which is grown for the oil within the seed, while B. napus L. ssp. napobrassica (L.) is 

grown for the tuber and B. napus L. ssp. napus (L.) var. pabularia is utilized for human 

consumption of the vegetation (Diederichsen and McVetty, 2011).  The remainder of this research 

will focus on B. napus L. ssp. napus (L.) (B. napus). 
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2.1.2 Brassica napus market and uses 

Brassica napus is an indeterminate cool-season crop that is grown globally with the top producing 

countries including Canada, China, India, France, Germany and Australia (FAOSTAT, 2016). The 

global production of rapeseed which includes B. napus, B. rapa and B. juncea was 69.05M tonnes 

on 33.65M hectares in 2016/17 (United States Deptarment of Agriculture Foreign Agriculture 

Service, 2017). Brassica napus in Canada has proven to be a critical component within the 

agricultural industry with 18.4 million tonnes produced in 2015, having an economic impact of 

over $26 billion (Canola Council of Canada, 2016a). The first registered variety of B. napus 

rapeseed in Canada was ‘Golden’ released in 1954, followed by the low erucic acid variety ‘Oro’ 

in 1968, with the first “double low” canola  (low erucic acid and low glucosinolate content) 

‘Tower’, in 1974 (Stefansson, 1975; Slinkard and Knott, 1995; Przybylski and Eskin, 2011). 

Today, the majority of B. napus grown in Canada is referred to as canola which must contain less 

than 2% erucic acid and have a glucosinolate content no higher than 30 µm g-1 of air dried seed 

(Canola Council of Canada, 2018b). The reduction of erucic acid improves the dietary components 

of the oil, while the reduction of the glucosinolate content improves the palatability of the meal 

that is used as a feedstock for many types of livestock. Although the majority of the B. napus is 

canola quality , there is a small percentage of western Canadian hectares devoted to high erucic 

acid rapeseed (HEAR), to produce oil for industrial purposes (Lennox and Beckman, 2011). Oil 

and protein in B. napus have been reported within ranges of 40-50 %, but can fluctuate from year 

to year depending on environmental conditions, with increasing temperatures causing oil to 

decrease and protein to increase (Daun, 2007). Glucosinolate levels can fluctuate depending on 

environmental stress such as drought, which can cause levels to increase relative to more ideal 

growing conditions (Mailer and Cornish, 1987). Canola oil is considered to be low in saturated 
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fatty acids and has been marketed as a heart healthy oil and therefore the level of saturated fatty 

acids are monitored closely (Przybylski and Eskin, 2011). Designer oils have been developed 

recently, with fatty acid compositions containing high oleic acid and low linolenic acid to improve 

the stability of the oil at high temperatures (Przybylski et al., 1993; Deng and Scarth, 1998; Scarth 

and Tang, 2006). 

2.1.3 Brassica napus growth and production  

The growth habit of B. napus ranges from spring to winter morphotypes that vary in the amount 

of vernalization required to transition from vegetative to reproductive development (Diederichsen 

and McVetty, 2011). The majority of European production is winter B. napus (oilseed rape), which 

is planted in late August or early September, undergoes vernalization during winter, begins 

flowering in the spring and is harvested in July (Waalen et al., 2014). Producers in Canada and 

Australia plant spring morphotypes that do not require vernalization. Planting occurs in May, 

harvest occurs in September in Canada and in December in Australia. Brassica napus grown in 

Europe and Australia flowers during the spring while B. napus in western Canada flowers during 

the summer months which can coincide with the warmest temperatures of the year (Morrison et 

al., 2016b). Research in western Canada demonstrated that earlier seeding of B. napus results in 

increased yield (Degenhardt and Kondra, 1981; Kirkland and Johnson, 2000), although planting 

date is often dictated by snow melt and soil temperature. Soil temperature can play an important 

role in emergence with temperatures cooler than 5-10 °C causing delayed or reduced emergence 

(Blackshaw, 1991). Brassica napus in western Canada requires 90 to 120 days from the time of 

planting until physiological maturity depending on the maturity of the genotype, location and 

weather (Harker et al., 2012; Kutcher et al., 2013). 
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The indeterminate growth habit of B. napus enables yield compensation through increased 

branching and extended flowering duration within reduced plant stands if conditions are favorable 

(Kondra, 1975; Kutcher et al., 2013). Favorable conditions would include sufficient fertility and 

optimal moisture and temperature. Brassica napus develops more flowers than pods with only ~45 

% of the flowers developing into harvested pods, and of these pods 75 % are set within 14 days of 

the onset of flowering (Tayo and Morgan, 1975; Habekotté, 1993). Favorable conditions during 

reproduction are more often encountered with early planting. This leads to less pod abortion and 

higher yield due to the lower temperatures during reproduction (Richards and Thurling, 1979; 

McGregor, 1981). Biotic and abiotic stresses play an important role during the growing season in 

determining seed yield. Conflicting results from studies of plant density and row spacing 

underscore the need to minimize these stresses to achieve consistently high yield (Degenhardt and 

Kondra, 1981; Harker et al., 2012).  

Brassica napus seed yield can be calculated from the number of plants, pods, seeds per pod and 

the size of the seeds within a given area (Diepenbrock, 2000). Research has demonstrated that 

there are secondary traits that can be used as predictors of yield, such as shoot biomass, pods per 

plant and seeds per pod, although there are conflicting results within these datasets (Olsson, 1960; 

Campbell and Kondra, 1978; Svečnjak and Rengel, 2006; Koscielny and Gulden, 2012). Breeders 

continually try to maintain or increase genetic gain for traits related to yield and quality. The 

harvest index for open-pollinated B. napus (both spring and winter types) has been calculated to 

be ~0.25 but may be as high as 0.32 with spring B. napus hybrids, as calculated by dividing the 

seed yield by the total or shoot biomass (Campbell and Kondra, 1978; Diepenbrock, 2000). 

Average seed yield of B. napus has climbed steadily from a mean in 1992 of approximately 1.3 

tonne ha-1 rising to 2.2 tonne ha-1 in 2015 (Canola Council of Canada, 2016b). These gains can be 
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attributed to: improved genetics that have a higher genetic potential and increased resistance to 

biotic pests (Morrison et al., 2016b), improved agronomic practices (Liu et al., 2013), discovery 

and the adoption of cultivars that are tolerant to broad spectrum herbicides such as glyphosate and 

glufosinate (Harker et al., 2000) and the switch from open-pollinated genotypes to hybrids 

(Upadhyay et al., 2005; Brandt et al., 2007). Although there have been substantial yield gains, 

there is still considerable yield variation from year to year. For example the mean yield in 2012 of 

1.55 tonnes ha-1 was a 19.2 % decline from the average yield of 1.92 tonnes ha-1 in 2011 in western 

Canada (Rempel et al., 2014). This variation in yield underscores the need for continued research 

in the area of yield protection to minimize year-to-year variation.     

2.1.4 Brassica napus pollination control systems 

Brassica napus was first introduced to western Canada as an open-pollinated crop (Morrison et 

al., 2016b). The first hybrids were sold in western Canada in 1989 and currently over 95 % of the 

canola grown is a hybrid (Morrison et al., 2016b). The shift from open-pollinated to hybrid canola 

was predominantly driven by increased yield found within multiple studies demonstrating a 17-33 

% yield advantage of hybrids over open-pollinated genotypes (Van Deynze et al., 1992; 

Karamanos et al., 2005; Clayton et al., 2009). Heterosis not only impacted seed yield in B. napus, 

but positively impacted other traits such as plant height and seed oil content (Diers et al., 1996). 

Léon (1991) demonstrated that the yield of winter B. napus hybrids had greater yield stability than 

the mid-parentsuggesting that hybrids have the ability to better withstand abiotic stress.   

Brassica napus has a perfect flower that exhibits reverse herkogamy promoting self-fertilization 

with studies demonstrating approximately ~ 70 % autogamous and ~ 30 % allogamous fertilization 

(Becker et al., 1992). Due to the high rates of self-fertilization, a pollination control system was 

required to facilitate the cost effective production of large volumes of F1 seed for sale to growers. 



 

9 
 

Currently in western Canada, there are three different male sterility systems used to produce F1 

hybrids, Ogu-INRA cytoplasmic male sterility (CMS), nuclear male sterile Lembke (NMS) 

(Diederichsen and McVetty, 2011), and the “barnase/barstar” system (Mariani et al., 1992). The 

Ogu-INRA CMS system is utilized by a number of breeding companies due to its complete sterility 

in all environments (Renard et al., 1998) and not requiring a transgenic marker as the barnase 

NMS system (Denis et al., 1993). The CMS systems require three lines within the breeding system 

in order to achieve F1 hybrid production. These three lines include the maintainer line (male-

fertile), the CMS line (male-sterile) that has the same nuclear genome as the maintainer line, but a 

different mitochondrial genome, and a restorer line that contains a dominant nuclear gene that 

restores male fertility in the F1 seed (Primard-Brisset et al., 2005; Chen and Liu, 2014). 

Cytoplasmic male sterility occurs naturally in many plants and is maternally inherited as it is 

located in the genome of the mitochondria located in the cytoplasm (Bohra et al., 2016). The 

restorer gene used in the CMS system was discovered in Raphanus sativus L. and transferred to B. 

napus (Pellan-Delourme and Renard, 1988). Both the cytoplasm and the restorer gene from 

Raphanus sativa carried other undesirable traits or effects, that over time were removed or 

eliminated through extensive research and backcrossing (Pellan-Delourme and Renard, 1988; 

Delourme et al., 1998; Primard-Brisset et al., 2005; Chen et al., 2013).    

2.2 Heat stress 

2.2.1 Increasing global temperatures 

Climate change is something that humans will need to adapt to in the near to medium term 

(Intergovernmental Panel on Climate Change, 2013). The Intergovernmental Panel on Climate 

Change (IPCC) 2013 reported that the earth has been warming since the 1950’s. All models used 

in the IPCC report have the atmospheric temperatures rising by at least 1.5 °C by the end of the 
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21st century. Along with the rise in mean temperature, the IPCC report predicts that the occurrence 

of heat waves will increase in frequency and duration. Localized climate models suggest a 

continued increase in temperatures within western Canada with some models suggesting the 

number of days per year having a maximum temperature > 29.5 °C increasing from 14.2 to 73.7 

in Brandon, Manitoba (Qian et al., 2010, Qian et al., 2018).       

2.2.2 Heat stress impact on a macro scale 

The rate of climate change and the impact of that change on current food production practices 

requires research to ensure adaptation of major agricultural species and to minimize the potential 

irreversible long term impacts (Wheeler and von Braun, 2013). If heat waves increase in intensity 

and duration, it will be difficult to adapt or evolve to unpredictable transient events (Meehl and 

Tebaldi, 2004). Growers will not adopt a crop with greater requirements for growing degree days 

(GDD) if they are not confident the necessary frost-free days are available, or if the GDD only 

increase due to localized transient heat waves.   

There is a plethora of research on crops and the impact of climate change. Early research indicated 

that an increase in CO2 concentration could positively impact photosynthesis rates thereby 

increasing yield (Long et al., 2004). Unfortunately, rising CO2 levels are accompanied by increases 

in temperatures and increased temperatures have been shown to have negative impacts on yield in 

major crop species (Hall, 1992; Young et al., 2004; Pinto et al., 2010; Djanaguiraman et al., 2012; 

Souza et al., 2012; Ye et al., 2012; Cairns et al., 2013). The time from planting to harvest  is 

shortened in most crops if temperatures are increased, impacting the timing of sensitive stages 

such as reproduction as well as impacting the interaction of the plant with other organisms such as 

pollinators or herbivores (DeLucia et al., 2012). Changes in plant development and temperature 

need to be considered in the context of the entire environment in which the crops are grown. Lobell 
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et al. (2008) demonstrated that extreme heat days have little direct impact on corn yield, but does 

have a significant impact on the vapor pressure deficit that then affects the moisture requirements 

of the crop. This could then be misinterpreted as drought stress, when in fact it is the increase in 

temperature that is the indirect cause of the yield reduction. An increase in average global 

temperatures and an increase in the frequency and duration of heat waves have the potential to 

increase pressure on crop requirements for water and negatively impact overall yield.  

2.2.3 Timing, duration and intensity of heat stress 

Significant variation exists within plant and crop species in their response to abiotic stress 

depending on the timing, duration and intensity of the stress (Hall, 1992; Witcombe et al., 2008; 

Cairns et al., 2013). Due to these differential responses, the definition of the stress being studied 

or imposed must be carefully defined (Tardieu and Tuberosa, 2010). The impact of these 

considerations will be discussed. 

2.2.3.1 Timing of heat stress 

 The temporal nature of an abiotic stress can alter the crop response. Climate change reports 

(Intergovernmental Panel on Climate Change, 2013) indicate a slow and steady rise in mean 

temperatures will continue for the foreseeable future, as well as an increase in extreme transient 

weather events, such as heat waves. Breeding for a slow, steady, predictable increase in 

temperature can be accommodated within breeding programs. However, genetic gain will need to 

be greater than the negative impact of the stress (Atlin et al., 2017). Oury et al. (2012) 

demonstrated that in France, what appeared to be a stagnation or decline in wheat yield, was 

actually due to the change in climate factors that were not being accounted for within the breeding 

process. The increase in the frequency and severity of heat waves will need to be addressed to be 

sure that progress can be made in a predictable fashion. Predictive and steady gains for yield or 
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other important agronomic traits rely on the ability to generate predictive results from year to year. 

Without predictability, genetic gain for yield can become difficult. This was demonstrated by the 

lack of advancement in wheat yield gain in Australia, which was hypothesized to be due to the 

increasing frequency of drought (Hawkesford et al., 2013).  Morrison (1993) and Angadi et al. 

(2000) demonstrated that the most sensitive growth stage for canola is from late bud development 

to early seed formation, and in a subsequent study, found yield of canola in the field was negatively 

impacted at temperatures above 29.5 °C during flowering (Morrison and Stewart, 2002). The 

reproductive stage is sensitive to temperature and the negative yield response canola has to 

increased temperatures is similar to many other species including, i.e. Phaseolus vulgaris L. 

(Konsens et al., 1991), Lycopersicon esculentum L. Mill. (Peet et al., 1998), Vigna unguiculata L. 

Walp. (Patel and Hall, 1990) Capsicum annuum L. (Erickson and Markhart, 2002) and Triticum 

aestivum L. (Saini and Aspinall, 1982). Avoidance of heat stress can be attempted through early 

planting to shift the most sensitive reproductive stage to earlier in the growing season prior to 

higher temperatures (Degenhardt and Kondra, 1981; Kirkland and Johnson, 2000; Kutcher et al., 

2013). However, environmental events such as late snow melt, spring rain and frost events can 

limit the success of this strategy (Clayton et al., 2004).  

2.2.3.2 Duration of heat stress 

The length or duration of an abiotic stress such as heat can have a substantial impact on the 

response of the crop (Craufurd et al., 1998). The duration of stress can be important to ensure that 

research is aligned with the conditions a crop may face within the target growing environment 

(Witcombe et al., 2008). Research on B. napus has demonstrated that terminal as well as transient 

heat stress can negatively impact seed yield (Morrison, 1993; Young et al., 2004; Kutcher et al., 

2010). Temperature was shown to limit canola production in Saskatchewan where every day > 30 
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°C decreasing yield by 18.4 kg ha-1 (Kutcher et al., 2010). Morrison (1993) reported that B. napus 

grown in a growth chamber set at 27 °C during the entire life cycle was almost completely sterile, 

while a subsequent field study suggested 29.5 °C was the critical temperature in which yield was 

impacted (Morrison and Stewart, 2002). One of the factors that may have been responsible for 

these differences was the growth chamber study exposed the plants to 27 °C for the entire 16 hr 

light period during the growth, whereas in the field study, 29.5 °C was a transient heat stress for a 

shorter duration. When interpreting research data from heat stress experiments, duration of the 

imposed stress must be considered. Additionally, when methods are designed for heat stress 

experiments, researchers need to have an understanding of the target population environment 

(Passioura, 2010).   

2.2.3.3 Intensity of heat stress 

Intensity of an abiotic stress such as heat, is defined as the maximum amount of heat applied, or 

the rate at which the temperature is altered and both can influence plant response (Kacperska, 

2004; Mittler et al., 2012). It has been stated that in Zea mays L. (maize), the genetic response to 

drought stress does not become apparent until there is a 30–50 % decrease in yield (Campos et al., 

2004). Stress response depends on the crop and stress being studied. In an experiment conducted 

on a set of diverse B. rapa germplasm, some genotypes increased in yield within the heat treatment 

while others declined several fold (Annisa et al., 2013). These large genotypic differences within 

the experiment make it difficult to compare the genotypes as they are not adapted to similar 

environments (Annisa et al., 2013). Previous B. napus research, has used heat stress temperatures 

of 27–35 °C (Polowick and Sawhney, 1988; Morrison, 1993; Angadi et al., 2000; Young et al., 

2004), with the duration of the stress ranging from the duration of the plant’s life cycle to as short 

as seven days. This interaction of duration and intensity can make it challenging to compare the 
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outcomes of these studies. Alignment of timing with the most sensitive growth stage and setting 

the duration to realistically match what may be experienced in the target growing environment is 

important (Gilliham et al., 2017). The ability to achieve sufficient stress to detect differences 

between genotypes requires detailed knowledge of the crop’s physiology, knowledge of the target 

population environment, and patience (Hall, 1992). 

2.2.4 Molecular response to heat stress 

The ability to sense and respond to different temperatures is a critical response mechanism within 

plants and this environmental cue plays a key role in the developmental processes of the plant 

(Wigge, 2013). Plants first sense heat stress within the plasma membranes that can then cause an 

increase in cellular Ca2+, initiating downstream signal transduction via calmodulin, calcium-

dependent protein kinases, and mitogen-activated protein kinases (Larkindale and Knight, 2002; 

Sangwan et al., 2002). Through these signals, the phosphorylation of heat shock factors can take 

place (Liu et al., 2008). Another mechanism by which plants respond to heat stress is through the 

respiratory burst oxidase homolog (RBOH) (Larkindale et al., 2005; Suzuki et al., 2011). These 

proteins reside within the plasma membrane and are activated through the increase in cytosolic 

Ca2+ increasing the reactive oxygen species (ROS) within the cell, further enhancing the heat-stress 

response signal (Sun and Guo, 2016). Increasing temperatures are also sensed by phospholipids, 

specifically phospholipase D (PLD) and phosphatidylinositolphosphate kinase (PIPK) that lead to 

increased levels of phosphatidic acid (PA) and phosphatidylinositol 4,5-biphosphate (PIP2) 

(Mishkind et al., 2009), both of which have been associated with abiotic stress signaling (Testerink 

et al., 2011; van Leeuwen et al., 2007). High-temperature stress can cause an accumulation of 

unfolded proteins within the endoplasmic reticulum (ER) (Zhang et al., 2017). The unfolded 

protein response (UPR) has been shown to involve a highly conserved protein kinase and 
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ribonuclease IRE1 (Deng et al., 2013), which in Arabidopsis signals the translocation of bZIP 

transcription factors to the nucleus which are a pivotal part of the heat stress response (Che et al., 

2010). The ER unfolded protein response is not the only unfolded protein response as Aparicio et 

al. (2005) detected a response to unfolded proteins within the cytosol as well. This response has 

been shown to interact with heat shock proteins (HSPs), specifically HSP70 as well as heat shock 

factors (HSFs) (Aparicio et al., 2005; Sugio et al., 2009). Heat stress transcription factors (HSF) 

are a widely studied response to heat stress and have been identified in over 20 plant species with 

more than 20 HSFs identified (Guo et al., 2016). These HSF are not only responsive to heat stress, 

but have been shown to ameliorate the impact of many abiotic stresses (Ogawa et al., 2007; Liu et 

al., 2011). The number and complex function of HSF provide insight into the redundant and 

complex nature of not only the heat stress response, but the response to a number of abiotic 

stresses. Once HSF are activated, they lead to an increase in the production of heat shock proteins 

(HSP) (Banti et al., 2010). Heat shock proteins are chaperone molecules that have been widely 

studied and are found within most living organisms (Waters, 2014). These molecules interact with 

other proteins within the cell to minimize the aggregation of unfolded proteins (Jacob et al., 2017). 

Heat shock proteins play an important role during heat stress, but also in normal cellular activity 

as well as various other abiotic stresses (Waters, 2013; Zhang et al., 2016; Zhou et al., 2016). Heat 

shock protein transcripts have been measured within heat-stressed B. napus and found to increase 

within developing microspores, but not within mature pollen (Young et al., 2004). Although HSFs 

are important in the heat stress response they are not involved in all the heat stress responses such 

as the abiotic stress pathways involving salicylic acid and ethylene (Kaplan et al., 2004; Larkindale 

and Knight, 2002). Suzuki et al. (2008) discovered a multiprotein bridging factor 1 (MBF1) that 

controls the heat stress response pathways involving salicylic acid and ethylene.  
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Within the nucleus, a number of transcription factors (HSFs, WRKYs and DREBs) are involved 

in the heat stress response (von Koskull-Doring et al., 2007; Chen et al., 2012; Matsukura et al., 

2010). While the heat stress response involves many genes and transcription factors, it also 

involves epigenetic changes. Kumar and Wigge (2009) reported that the histone, H2A.Z 

occupancy within the nucleosome decreases with increasing temperatures in Arabidopsis. This 

epigenetic alteration is responsible for enabling a response to warming temperatures. Further 

exploration by Cortijo et al. (2017) reported that HSFA1 transcription factors are required for the 

removal of the H2A.Z histone and proposed that this eviction enables the continued heat stress 

response given the increased access to the DNA after the removal of H2A.Z.  

In summary, there are a number of overall heat stress responses including: 1) increased ROS 

scavenging, 2) increase protein chaperone activity, 3) cellular osmotic adjustment and 4) plasma 

membrane alterations (Grover et al., 2013). The complex nature of heat stress response has led 

many to suggest that the genetic engineering of a single gene will not be sufficient in improving 

heat stress response (Grover et al., 2013). A more robust, inclusive quantitative approach will be 

necessary and multiple genomic breeding strategies such as quantitative trait loci mapping (QTL) 

or whole genome prediction (WGP) need to be investigated (Varshney et al., 2011; Bita and 

Gerats, 2013).  
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Figure 1.1. This model illustrates the impact heat stress has within plants at a molecular level. The 

sensing mechanisms (orange) are the primary sensing mechanisms within the plasma membrane, 

endoplasmic reticulum and cytosol of the cell. The signaling mechanisms (blue) occur primarily 

within the cytosol with the exception of the IRE1 signal which occurs within the endoplasmic 

reticulum. The response (yellow) that occurs within the nucleus resulting in promoters increasing 

expression of heat responsive genes or epigenetically altering the DNA to enable the expression 

of heat responsive genes. The resulting adaptations and outcome (green) are a result of the heat 

stress response.   

2.3 Breeding for heat stress tolerance 

2.3.1 Genetic Gain  

The main goal in plant breeding of primary field crops such as maize, wheat and rice has been the 

genetic gain of seed yield. The genetic gain equation (ΔG),  ΔG = (h2 * σp * i) / L is a simple 

method to describe what parameters are needed and the direction in which they can influence 

genetic gain (Moose and Mumm, 2008). Heritability (h2) and phenotypic variation, denoted by the 

standard deviation (σp) are critical components of the genetic gain equation and as these 

components increase so can the potential genetic gain. Selection intensity (i) also influences 
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genetic gain, with higher selection intensities increasing genetic gain; however, maintenance of 

genetic variance and sustainable genetic gain must be kept in context when considering the 

stringency of the selection intensity. A high selection intensity which narrows the amount of 

genetic diversity within the germplasm used will limit the sustainability of the breeding program 

unless new diversity can be added (Cowling, 2012). The final component of the genetic gain 

formula is L, which is the length of the selection cycle, and a decrease in L will increase genetic 

gain. The use of doubled haploid technology, greenhouses and contra season seed production can 

all minimize the time it takes to generate homozygous genotypes available for phenotyping, 

thereby enabling an increase in genetic gain (Heffner et al., 2010). The addition of genetic variation 

from exotic germplasm to an elite population has the potential to increase heritability and 

phenotypic variation, but it can also result in the addition of genetics that have a negative effect on 

carefully selected traits (Rasmusson and Phillips, 1997). Time is required to remove the negative 

allelic combinations resulting from these disruption, and this time then decreases genetic gain. 

Selection for traits within elite germplasm through ‘mining’ of founder genotypes may be 

successful (Edmeades, 2013). This would occur using new selection methodologies to uncover 

existing phenotypic variation (Bolanos and Edmeades, 1996). Using new selection methodologies 

may offer an opportunity to make genetic gain for new traits (abiotic stress tolerance) with minimal 

disruption to previously constructed haplotypes (Cattivelli et al., 2008). This can decrease the time 

necessary to improve new traits, enabling an increase in genetic gain.  

2.3.2 Phenotypic variation for heat stress tolerance   

To improve a new trait target, the first significant hurdle to be overcome is the identification of 

genetic variation (Sleper and Poehlman, 2006). Once genetic variation has been identified, the 

ability to repeatedly and predictably phenotype a large number of genotypes is necessary (Richards 
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et al., 2010). Applying heat stress to plants in controlled environments provides a repeatable 

method; however, the ability to phenotype large numbers indoors can be cost prohibitive and it 

can be challenging to produce indoor results that translate well to the field (Mittler and Blumwald, 

2010). Field evaluation of heat stress can be challenging in that controlling the temperature in a 

field environment is not possible. Altering planting dates has been employed as a method to alter 

the growth and development of crops, shifting the reproductive period to a warmer environment 

to simulate a heat stress treatment (Krishnamurthy et al., 2011). This approach requires careful 

consideration of the impact on all other environmental variables. These variables must be assessed 

to ensure that heat is the main treatment and that shifts in light or moisture are not confounding 

the results (Sadras et al., 2015). Once accurate phenotypic information is collected, an assessment 

of the genotype by environment interaction needs to occur (van Eeuwijk et al., 2016). The ability 

to make gains through direct selection in which the stresses are applied must be compared to 

indirect selection in which top preforming genotypes are selected from within optimal 

environments (Atlin and Frey, 1989). If indirect selection enables gain, then the increase in 

complexity and expense of managed stress environments may not be required. Atlin et al. (2000) 

and de la Vega and Chapman (2006) describe a method by which breeders can determine if 

selection based on a specific environment provides an increase in response to selection. The 

concern when narrowing the number of environments is the amount of genetic variance declines 

as does the broad sense heritability leading to a lower response to selection (Atlin et al., 2000). 

However, if the environments are indeed distinct and the genotypes respond differently with 

crossover interactions between locations, the reduced number of locations will not have a negative 

impact and genetic gain within those environments will improve (Atlin et al., 2000; de la Vega 

and Chapman, 2006). Abiotic stress can decrease the already low heritability of yield and increase 
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variance attributed to error (Passioura, 2012). Therefore, researchers should carefully assess the 

impact of testing in stressful environments or sub regions on genetic variance and heritability while 

using carefully managed stress environments (Campos et al., 2004).  

2.3.3 Heterosis 

Heterosis is a broadly accepted phenomenon that occurs when two genetically distinct individuals 

are crossed and the resulting hybrid progeny exhibit a phenotype greater than those of the parents 

(Schnable and Springer, 2013). One of the earliest reports of heterosis in crops was in maize (Shull, 

1908) and since then, there have been numerous studies in diverse crops reporting a 15-50 % 

increase in seed yield (Fu et al., 2014). Brassica napus hybrids have been reported to exhibit seed 

yield increases of 17-33 % (Van Deynze et al., 1992; Karamanos et al., 2005). This has resulted 

in a shift in the canola seed market in western Canada to > 95 % hybrid seed used for planting 

(Morrison et al., 2016b). Tollenaar and Lee (2002) suggested that the increase in yield within 

maize was due to the improvement in stress tolerance and ability to minimize the genotype x 

environment fluctuations. The increased biomass of hybrids over their parents can lead to abiotic 

stress tolerance (Blum, 2013). Recent research on B. juncea has suggested that heterosis provided 

increased drought tolerance in hybrids when compared to their parents (Pandey et al., 2016). As 

researchers continue to investigate the effect of heterosis it will be important to investigate the 

impact within the context of abiotic stress environments.      

2.3.4 Molecular plant breeding strategies 

Molecular markers have been used, beginning with restricted fragment length polymorphisms 

(RFLP), in the 1980’s (Botstein et al., 1980). Since that time, a number of different molecular 

markers have been developed including, but not limited to amplified fragment length 

polymorphism (AFLP), simple sequence repeats (SSR), expressed sequence tags (ESTs), and 



 

21 
 

single nucleotide polymorphisms (SNPs). In a review by Semagn et al. (2006), the authors discuss 

a number of molecular markers used and since the time of this review, SNPs have become one of 

the predominant markers used due to their abundance, distribution, ease of use, ability to automate 

and codominant expression (Garrido-Cardenas et al., 2018). The decline in costs of genotyping 

has enabled breeding programs to exploit genomic information through various strategies 

(Thomson, 2014; Kang et al., 2016). Marker-assisted selection (MAS), genome wide association 

mapping (GWAS), and more recently whole genome prediction (WGP) are all strategies that the 

breeder may choose to employ when attempting to make genetic gain for a specific trait 

(Meuwissen et al., 2001; Collard et al., 2005; Huang and Han, 2014). The discovery of quantitative 

trait loci (QTL) through linkage mapping has been a popular method that explains statistically 

significant amount of phenotypic variation (Churchill and Doerge, 1994). A review by Collins et 

al. (2008) suggested that researchers would increasingly rely on QTL discovery in improving 

abiotic stress within crops; however, a more recent review by Driedonks et al. (2016) has suggested 

the quantitative nature of heat stress will challenge the ability to successfully deploy QTL that 

significantly improve the response to heat stress. Much of the research has detected the presence 

of other important covariates that may need to be utilized in further advancement of heat stress 

tolerance, such as flowering time or stay green traits (Gous et al., 2016; Kazan and Lyons, 2016). 

The influence of temperature on flowering time has been intensively studied in model crops and 

B. napus,  may provide researchers a secondary trait with which to place selection pressure to 

improve heat tolerance (Raman et al., 2013; Nelson et al., 2014; Schiessl et al., 2014; Kazan and 

Lyons, 2016; McClung et al., 2016). The use of MAS for quantitative traits has proven challenging 

due to the inability to move many QTL quickly without disrupting other important traits (Bernardo, 

2016). Additionally, minor effect QTL are often impacted by the environment and the genetic 
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background of the populations within which they reside (Collard et al., 2005). Interactions such as 

QTL by environment, and QTL by population, as well as the quantitative nature of heat stress and 

other abiotic stress responses have limited the ability to successfully utilize MAS for abiotic stress 

(Collins et al., 2008). The discovery of QTL and MAS for quantitative traits has proven 

challenging (Bernardo, 2014b). Discovery of significant QTL for traits that co-vary with abiotic 

stress response provide potential targets for MAS such as shifting the flowering time to avoid 

higher temperatures (Kazan and Lyons, 2016).  

Challenges in utilizing MAS with highly quantitative traits, along with the continued decline in 

genotyping costs has enabled the use of WGP (Crossa et al., 2017). Whole genome predictions 

can utilize all the genomic information and unlike MAS, does not require application of stringent 

minimum statistical thresholds (Meuwissen et al., 2001). Similar to linkage mapping, accurate 

phenotypic data collection is required and these data are then used to calculated individual marker 

effects. These marker effects can then be applied to a population that has been genotyped and 

shares similar alleles, but has not been phenotyped. These data can be used to predict the 

phenotypic performance of those individuals, thereby reducing the cost of phenotyping all 

individuals and minimizing the duration between selection cycles (Heffner et al., 2009). As there 

is no minimum threshold, many minor effects are utilized to aid in the accuracy of the prediction. 

This is essential when utilizing genomic information to aid in the selection of quantitative traits 

and is to MAS (Bernardo and Yu, 2007). The popularity and success of WGP continues to grow 

with publications of the potential for this breeding strategy to increase genetic gain in quantitative 

traits across crops such as maize, Triticum aestivum L. (wheat), Oryza sativa L. (rice) and canola 

(Heffner et al., 2011; Poland et al., 2012; Riedelsheimer et al., 2012; Spindel et al., 2015; Jan et 

al., 2016). Given the quantitative nature of abiotic stresses, researchers have started to explore the 
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ability to use WGP to increase the rate of genetic gain for these traits in staple crops such as maize 

(Vivek et al., 2017). Strategies employing genomic information will continue to grow in popularity 

as genomic information becomes readily available for more crops (Scheben et al., 2016). Breeders 

will need to utilize this information to accelerate genetic gain in a world in which the population 

is growing and the environment is changing more rapidly. 

2.3.5 Metabolomics  

Metabolomics attempts to better understand how an organism functions based on the status of it 

metabolites or metabolome (Kehr and Buhtz, 2012). Two different approaches to metabolomics 

can be taken, targeted analysis in which specific metabolites are targeted for analysis, or un-

targeted analysis in which researchers attempt to measure as many metabolites as possible within 

a given tissue at a given time. This can occur under specific environmental conditions in an attempt 

to discover novel compounds, or gain an understanding of an organisms’ response when exposed 

to a particular environment (Weckwerth, 2003). There have been a number of metabolomics 

studies to gain a better understanding of the changes within a plant across different environments 

and under temperature stress (Kaplan et al., 2004; Rizhsky et al., 2004; Asiago et al., 2012; 

Baniasadi et al., 2014; Tang et al., 2017). The aforementioned studies utilized gas chromatography 

mass spectrometry (GC-MS) to fingerprint the metabolome of the species of interest. The existence 

of high-throughput sensitivity and a large public library of metabolic compounds make the GC-

MS method amenable to fingerprinting many samples grown under differing conditions in an 

attempt to discover novel metabolites or a series of metabolites responsible for conferring stress 

tolerance (Shulaev, 2006). Heat stress causes an increase in soluble sugars as well as increases in 

the amount of amino acids present within the tissues measured (Kaplan et al., 2004; Rizhsky et 

al., 2004; Malmendal et al., 2013). Research has demonstrated that increased sucrose levels within 
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young Solanum lycopersicum L. (tomato) fruit contributes to increased heat tolerance (Li et al., 

2012). Further to this Kaushal et al. (2013), noted a reduced level of sucrose within heat sensitive 

Cicer arietinum compared to heat tolerant genotypes. These studies and the discovery of metabolic 

markers responsible for conferring heat stress show promise in enabling researchers to predict a 

phenotypic response. Metabolic markers have the potential to supplement phenotypic data to 

accurately characterize heat stress tolerance and provide valuable information for genetic gain 

(Peng et al., 2015).  

2.4 Patent information related to heat stress tolerance in Brassica napus 

Patent applications related to abiotic stress tolerance such as drought tolerance have been 

increasing in recent years (Nuccio et al., 2018). Patents covering genes and resulting transgenic 

plants can be identified within patent searches, but the ability to successfully commercialize a 

single transgenic crop can be time and cost prohibitive, with estimates of more than 16 years from 

gene discovery to commercial launch and costs in excess of $130 million (Prado et al., 2014). An 

example of one such patented gene would be the patent with the publication number US906819B2 

issued to Monsanto Technology LLC (St. Louis, MO, US) which claims introducing DNA 

expressing a cold shock protein increases stress tolerance. Plant patents also allow for the 

protection of specific crop cultivars in some jurisdictions, and therefore if specific genotypes are 

discovered to have significantly different levels of heat tolerance, these plants can be protected 

(Blakeney, 2012). The patent with publication number US9603328B2 has been issued to Pioneer 

Hi-Bred International Incorporated (Johnston, IA, US) and is an example of a canola hybrid that 

has been patented, listing abiotic stress tolerance in its title. A patent search using Derwent 

Innovation covering the United States, European Patent Office, World Intellectual Property 
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Organization, Canada, Australia, Japan and Korea found 183 patents for heat stress tolerance 

canola or similar terms such as stress resistance and Brassica napus.   

The objectives of the following 3 experiments were to access the current variation within adapted 

spring B. napus genotypes, measure the impact of heterosis on heat tolerance and the ability to 

phenotype within a field environment and finally compare the use of QTL mapping and whole 

genome prediction molecular breeding methodologies on breeding for heat tolerance.   
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3.1 Abstract 

Heat stress can frequently limit the yield of Brassica napus L. grown in Canada because of the 

often unavoidable concurrence of high temperatures and flowering. Ten B. napus inbred 

genotypes, an open-pollinated B. napus commercial cultivar and a B. juncea genotype were grown 

in a greenhouse and subjected to two temperature regimes in a growth chamber for 14 days during 

flowering: control 22 °C/10 °C and high 31 °C/14 °C (day/night). Floral buds were sampled at the 

end of the 14-day treatments, and an untargeted metabolomic assessment was completed using gas 

chromatography–mass spectrometry. Flower duration, number of flowers, number of pods, 

biomass, number of seeds and seed weight were recorded. Yield was reduced by 55 % in the heat 

treatment during winter and by 41 % during the subsequent fall experimental run. Of the 12 

genotypes, five were classified as heat-tolerant and four as heat-susceptible based on the calculated 

heat susceptibility index across two experiments. In total, 25 metabolic markers were identified 

that discriminated between the heat-tolerant and -susceptible genotypes exposed to the heat 

treatment. The variation identified within this set of germplasm has provided evidence that 

variation exists within B. napus to enable genetic gain for heat tolerance. 

3.2 Introduction 

Heat stress is an important global abiotic stress that limits the production of many crops (Hall, 

1992; Mittler et al., 2012; Bita and Gerats, 2013; Jha et al., 2014; Liu et al., 2015). Average 

temperatures have increased by 0.6 °C in the past 100 years (Root et al., 2003) and with a projected 

rate of increase of 0.5-2.8 °C  by the end of the 21st  century (Meehl et al., 2005; Van Vuuren et 

al., 2008), breeding for thermotolerance will be critical to maintaining or increasing genetic gain. 

Brassica napus L. is an economically critical oilseed grown globally (FAOSTAT, 2016). In 

Canada alone, it has been reported to contribute CAN $26.7 billion to the economy (Canola 
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Council of Canada, 2016a). Brassica napus is a cool-season allotetraploid (AACC, 2n = 38) 

originating from two progenitor species, B. rapa L. (AA = 2n = 20), and B. oleracea L. (CC 2n = 

18) (Nagaharu, 1935). Research suggests that the most sensitive growth stage of B. napus to heat 

stress is gametogenesis and reproduction (Morrison, 1993; Angadi et al., 2000; Young et al., 

2004). Various studies have indicated high temperature stress in B. napus can occur when 

temperatures exceed 25 °C and effects have been investigated with treatments as high as 35 °C 

(Gan et al., 2004) and with control temperatures (day/night) of 20/18 °C (Angadi et al., 2000) and 

23/18°C (Young et al., 2004). Flowering of B. napus in western Canada occurs approximately 40-

50 days after planting. Depending on planting date, the reproductive phase can align with the high 

temperatures in July, exacerbating the impact of heat (Kutcher et al., 2010). 

An essential requirement to enable genetic gain in thermotolerance within B. napus is the 

identification of genetic variation. Thermotolerance variation between Brassica species have been 

reported with B. rapa found to be the most sensitive followed by B. napus and B. juncea (Angadi 

et al., 2000). Annisa et al. (2013), reported genetic variation within a global set of B. rapa 

accessions. Although it may be possible to exploit the genetic variation for thermotolerance within 

other Brassica species and introgress heat tolerance to B. napus, this method could negatively 

affect favorable agronomic and quality traits required to meet canola quality classification. If 

genetic variation within the primary gene pool exists and it can be exploited, this would expedite 

the process of improving thermotolerance within B. napus.          

In attempting to discover variation within germplasm to a trait such as thermotolerance, it is 

important to remove underlying genetic effects that may not be related to the trait of interest. 

Fischer and Maurer (1978) developed a drought-susceptibility index that accounted for the genetic 

differences between wheat genotypes under control environments compared to water-limited 
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environments. This index has since been utilized to measure variation in response to different 

abiotic stresses including heat in various crops (Bayuelo-Jiménez et al., 2002; Pradhan and Prasad, 

2015; Trapp et al., 2016).  

Phenotyping abiotic stress traits can be resource intensive (Araus and Cairns, 2014). Because of 

high costs associated with phenotyping, breeders often attempt to discover secondary or 

supplementary traits (Campos et al., 2004; Passioura, 2012). Physiological traits such as carbon 

isotope discrimination (CID) have shown promise in the ability to screen wheat genotypes for 

water-use efficiency and yield simultaneously (Monneveux et al., 2006; Zhang et al., 2014). Under 

periods of heat stress, plants increase transpiration in an effort to maintain an optimum temperature 

(Crawford et al., 2012). Given the association between CID and stomatal conductance (Fischer et 

al., 1998), the relationship between heat stress and CID in B. napus should be explored. 

Abiotic stresses such as salt, low temperature, high temperature and drought have been shown to 

alter dramatically the metabolome of multiple species (Kaplan et al., 2004; Rizhsky et al., 2004; 

Almeselmani et al., 2006; Babu and Rangaiah, 2008; Guy et al., 2008). Untargeted metabolomic 

studies have shown promise in their ability to discover metabolic markers in response to heat stress 

in Agrostis (bentgrass) (Xu et al., 2013) and in rice (Li et al., 2015). Exploring this metabolic 

variation may identify metabolic markers which could then be utilized to increase the accuracy 

and/or capacity of phenotypic screening (Peng et al., 2015). In a review, Fernandez et al. (2016), 

lists the a number of metabolic markers from grain yield under drought stress in maize (Obata and 

Fernie, 2012) to chip quality in potatoes (Steinfath et al., 2010) that have the potential to enhance 

phenotypic data and enable earlier selection decisions.   
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We conducted a greenhouse and growth chamber study, with the aims of (i) determining whether 

genetic variation exists within spring B. napus in response to heat stress during reproduction, and 

(ii) identifying potential secondary or supplementary traits that could be used in a high-throughput 

manner to identify genotypes with increased thermotolerance. The phenotypic, physiological and 

metabolic measurements will provide a path forward for future thermotolerance research in B. 

napus. 

3.3 Materials and Methods  

3.3.1 Experimental material, design and treatments 

Twelve genotypes were used in the research: 11 spring B. napus genotypes comprising five Ogu-

INRA restorer lines (PM03, PM63, PM68, PM69, PM88), five maintainer lines (PB27, PB36, 

PB56, PB82, PB98) and one commercial open-pollinated cultivar (46A65); and a B. juncea 

genotype (45J10). The plants were sown in the greenhouse at the University of Manitoba, 

Winnipeg, MB, Canada, and the experimental treatments were conducted in a growth chamber 

(Econair GRC-10; BioChambers, Winnipeg, MB). 

A split-plot experimental design with five replicates and two temperature treatments was used for 

this controlled environment experiment. Temperature treatment was considered the main effect 

and genotype the subplot, with each plant treated as a replicate. Due to space constraints in the 

growth chamber (the same growth chamber was used in all cases), the treatments and experiments 

were planted sequentially in the greenhouse. Therefore, for the first (winter) experimental run, 

plants were planted on 6 January 2014 and the control plants on 24 January 2014. The second (fall) 

experimental run was planted during the subsequent fall, with the controls planted on 8 September 

2014 and the heat-treatment plants on 15 October 2014. Plants were transferred to the growth 

chamber for 14 days for treatments. 
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The two growth-chamber treatments were control 22 °C/10 °C and heat stress 31 °C/14 °C 

(day/night) (Figure 3.1), with a photoperiod of 16 h day/8 h night and a photosynthetic photon flux 

density ~432 µmol m–2 s–1. 

Greenhouse settings were photoperiod 16 h day/8 h night, with average temperatures of             

23 °C/20 °C and 22 °C/19 °C (day/night) for the winter and fall experiments, respectively. 

 

 

Figure 3.1. Diurnal temperatures during the two-week high temperature (square) and control 

(diamond) treatments within the growth chamber.  The 16hr light period began at 07:00 and 

ended at 22:00 for both treatments. 

 

3.3.2 Plant husbandry 

Genotypes were planted in a growth room into germinating mix (Sunshine Mix #4; Sun Gro 

Horticulture, Agawam, MA, USA), and at the two-leaf stage, five uniform plants of each genotype 

were transplanted into five 1.5-L pots and placed in a greenhouse. Each pot was filled with 2 : 2 : 1 

soil : sand : peat moss. A water solution (2.8 g L–1) of 20N-20P-20K-0S fertiliser (20% total N, 

20% available P2O5, 20% soluble K2O, 0% S) (Plant Products, Leamington, ON) was applied at 

the cotyledon stage, followed by 5.6 g L–1 of 10N-52P-10K-0S at transplanting, with a final 

application of 2.8 g L–1 of 20N-20P-20K-0S at the rosette stage. All fertiliser solutions were 
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applied until the soil reached field capacity. Intercept 60WP greenhouse insecticide (active 

ingredient 60% imidacloprid; Bayer Crop Science, Calgary, AB) was used to control 

piercing/sucking insects (application concentration 0.13 g L–1, 60 mL per pot). 

Plants were watered to field capacity every second day until the rosette stage, at which time they 

were watered daily. All plants were grown in the greenhouse until BBCH growth stage 53 (buds 

at the same height as the newest leaves) (Hess et al., 1997). When a plant had reached BBCH 53, 

it was transferred from the greenhouse to the growth chamber for 14 days; this ensured that all 

plants entered the growth chamber at the same growth stage. During the growth-chamber 

treatments, plants were watered in the morning and supplemental watering occurred in the 

afternoon to eliminate drought as a potential limiting factor. At the end of the 14-day treatment, 

plants were transferred back to the greenhouse. At physiological maturity (seeds on the main 

raceme starting to change colour), pots were watered every second day until all seeds had turned 

black, at which point watering ceased. 

3.3.3 Data collection 

Number of days to first flower was measured from planting date to first open flower, and number 

of days to last flower was recorded based on planting date until the last flower had opened. Based 

on this information, flower duration was calculated by subtracting the number of days to first 

flower from number of days to last flower. When plants were removed from the growth chamber, 

all racemes were tagged at the point in which the flowers were open. Flowers and pods that formed 

below those tags were labelled as growth chamber (GC) and flowers and pods that formed above 

the tags were labelled as greenhouse (GH). Number of flowers indicates all flowers that originated 

on the plant, including the developed pods. Siliques that contained at least one seed were counted 

as pods. Pod : flower ratios were calculated to give the proportion of flowers that successfully 



 

33 
 

produced seed. Pollen numbers were counted by collecting the anthers from five dehiscing flowers 

from each plant at the end of the 14-day growth-chamber treatment. These anthers were submerged 

in 1 mL distilled water in a 2-mL microtube and shaken to release pollen. Immediately following 

mixing, a 10-µL aliquot of solution was placed on a hemocytometer. Four counts were taken within 

the 4 × 4 grids in each corner by using an Olympus CH2 light microscope (Olympus, Tokyo), and 

the mean was recorded. Five unopened floral buds were sampled from the outer most portion of 

the bud cluster on each plant as they were removed from the 14-day treatment and placed into 

liquid nitrogen, stored at -80 °C and lyophilized in preparation for metabolomics extraction.   

Seed yield (g) was measured separately for the pods formed labelled as GC and GH, and the total 

seed yield was the combined weight. Seeds were also counted to determine the number of seeds 

for both the GC and GH portions of the plants.  

Number of seed per pod was calculated by dividing number of seeds by number of pods, and 1000-

kernel weight (g) was calculated by dividing the yield by number of seeds and multiplying by 

1000. Biomass (g) was measured by taking the weight of aboveground biomass after the plant had 

completely dried in the greenhouse; the seed weight was then subtracted from this value. Harvest 

index was calculated by dividing seed yield by biomass. 

3.3.4 Heat susceptibility and heat intensity indices 

Heat susceptibility index (HSI) and heat intensity index (HII) were calculated for seed yield and 

yield components conforming to the model outlined by Fischer and Maurer (1978). For HSI:   

HSI = (1 - Yh / Yc) / HII 
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where Yh is yield of the genotype when exposed to the high temperatures in the growth chamber 

and Yc is yield of the same genotype when exposed to the control temperatures in the growth 

chamber. For HII: 

HII = 1 - Xh / Xc 

where Xh is the average yield of all entries when exposed to high temperatures in the growth 

chamber and Xc is the average yield of all entries when exposed the control temperatures. If a 

genotype received an HSI > 1 then it was more sensitive to the heat treatment than the mean 

response of all entries. If the index was < 1 then the genotype was more tolerant than the mean 

response of all entries.  

3.3.5 Carbon isotope discrimination 

Carbon isotope composition (δ13C) for all genotypes and all treatments was measured on the stem 

tissue collected at harvest. Farquhar and Richards (1984) demonstrated that stem, leaf and seed 

samples while differing in δ13C concentration, were highly correlated to one another indicating 

that any plant tissue has the potential to be utilized in measuring δ13C. Samples were ground into 

a fine powder; 3.5 µg of sample was then encapsulated in a tin capsule and sent to the University 

of Saskatchewan where the δ13C was determined (Bichel, 2013). The carbon isotope composition 

on each sample (Rs) was calculated by comparing the 13C to 12C ratio to the Pee Dee Belemnite 

(PDB) international standard (RPDB) using the formula:  

δ13C = [(Rs - RPDB)/ Rs] X 1000 

CID was determined using the formula below and was the difference between the δ13C in the plant 

(δ13Cp) and the δ13C of the air (δ13Ca), with δ13Ca assumed to be -8% (Zhang et al., 2014).  
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CID = (δ13Ca - δ
13Cp)/(1 + δ13Cp) 

3.3.6 Metabolomics 

Metabolites were extracted from growing buds with dry weights of 1.86-16.81 mg (4.99 mg mean), 

with differences in weight mainly due to differential bud size. Metabolites were extracted and 

analyzed following an established protocol (Asiago et al., 2012) with minor deviations. Samples 

were analyzed with an 6890A gas chromatograph (Agilent, Palo Alto, CA, USA) coupled to a 

Pegasus HT time-of-flight mass spectrometer (LECO, St Joseph, MI, USA). The detector voltage 

was set at 1625-1675 V. Genotypes were distributed across analytical batches to ensure that 

genotype was not confounded with analytical batch (day of analysis). Raw Leco .peg data files 

were converted into .netcdf (Andi) formats by using the ChromaTof® software version 4.50.8.0 

(LECO) and were processed with Refiner MS™ software version 8.1 (Genedata, Basel, 

Switzerland) as described in Asiago et al. (2012). All peaks within the same retention index 

window (0.75 retention index units) that corresponded to the same compound were combined into 

a one group based on normalized Euclidean distance measurements between the individual 

intensity profiles across all samples. The resulting data matrices consisted of intensities for each 

of the 264 m/z value and retention index combinations (peak groups) for each sample. Subsequent 

data normalization and multivariate statistical analyses were performed with Genedata Analyst™ 

version 8.1, MATLAB version R2013a (MathWorks, Natick, MA, USA), and PLS Toolbox 

version 7.8.2 (Eigenvector Research, Wenatchee, WA, USA).  

3.3.7 Statistical analysis 

Homogeneity of variance and normality of distribution were tested using ASReml 3 (VSN 

International, Hemel Hempstead, UK) and entries were removed from the analysis if the total seed 

yield of an entry was >3 standard deviations from its mean with each entry having a minimum of 
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3 replicates remaining. Data was analysed by using ASReml 4 to calculate best linear unbiased 

predictions (BLUPs) with the following model: 

y = Xb + Zu + e 

where the data vector y represents the observed phenotype, b is the fixed terms for the matrix X, 

u is the random terms for matrix Z, with e representing the error matrix. Overall mean and 

treatments were fixed effects, while experimental run (winter, fall), genotype, experiment × 

treatment, treatment × genotype and experiment × treatment × genotype were treated as random 

effects along with replicate, which was nested within experiment and treatment. The selection of 

model terms was assessed using the Akaike information criterion. Microsoft Excel (Microsoft, 

Redmond, WA, USA) was used to calculate the Pearson r correlation between seed yield and yield 

components. Regressions were calculated using Microsoft Excel 2010 and R (R Foundation for 

Statistical computing, Vienna). 

3.4 Results 

3.4.1 Effect of treatment on yield and yield components 

The main treatment effect was not significant for seed yield when both experimental runs (winter, 

fall) were combined (Supplemental Table 3.1A); however, there was a significant experiment × 

treatment × genotype interaction (Supplemental Table 3.1B) when tested with a likelihood ratio 

test (21.2, P < 0.005). An assessment of the residuals v. the fitted values was homogenous across 

both experimental runs; therefore, the combined analysis was used to investigate further the two 

3-way interactions (Gilmour et al., 2009). When referring to the winter or fall experimental runs 

henceforth, it will be to refer to the treatment × genotype interactions within these experimental 

repetitions as determined by the combined analysis. 
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Within each 3-way interaction, all traits collected were significantly affected by the heat treatment, 

with the exception of flower duration and 1000-kernal weight in the fall experimental run (Table 

3.1). Trends across treatments were consistent for all traits except biomass. Flower duration was 

longer in the heat treatment for both experimental runs (by 4 days in winter and 1 day in fall), due 

to a greater number of flowers produced on the heat-treated plants (43 in winter and 25 in fall). 

However, this increased number of flowers did not translate into more pods, and there were fewer 

pods on the heat-treated plants (by 34 in winter and 22 in fall) and a lower pod : flower ratio 

(decrease of 0.25 in winter and 0.16 in fall). Pollen number declined significantly in the heat 

treatment for both experimental runs, dropping by 56 % in the winter experiment and 44 % in the 

fall experiment. Number of seeds per pod decreased in both experiments, by seven seeds per pod. 

Seed number declined in the heat treatment in both experimental runs, by 68 % (winter) and 53 % 

(fall). The 1000-kernal weight increased in the heat treatment, by 45 % in winter and 24 % in fall. 

Total seed yield declined by 55 % (winter) and 41 % (fall) for the heat-treated plants (Table 3.1). 

The yield from flowers that opened in the growth chamber contributed to 51 % and 52 % of the 

total yield for the control treatment in the winter and fall runs respectively, but only 37 % and 43 

% for the heat treatment. 

3.4.2 Yield component analysis 

Total yield had a significant positive relationship between the both treatments within the fall 

experimental run (Pearson r = 0.65). There was no significant relationship for total yield between 

treatments in the winter experimental run, indicating that genotypes were responding differently 

across treatments (Table 3.2). Total seed number and harvest index were related to total yield in 

all treatments and experimental runs.  



 

38 
 

Table 3.1.  Developmental and yield component characteristics per plant for Brassica grown under 

control and heat treatments in the greenhouse and growth chamber at the University of Manitoba 

in 2014, with significance across treatments tested using a paired t-test.  

    Winter  Fall 

Trait Control Heat % Change Control Heat % Change 

Days to Growth Stage 53 36 39* 8.3 39 43* 10.3 

Days to First Flower 39 42* 7.7 44 47* 6.8 

Days to Last Flower 62 69* 11.3 75 80* 6.7 

Flower Duration 23 27* 17.4 32 33 3.1 

Total Flower Number 180 223* 23.9 161 186* 15.5 

Total Pod Number 104 70* -32.7 85 63* -25.9 

Pod to Flower Ratio 0.59 0.34* -42.4 0.53 0.37* -30.2 

Shoot Biomass (g) 15.8 18.2* 15.2 12.6 10.9* -13.5 

Pollen Number 98 43* -56.1 93 52* -44.1 

Seed Number GC a 613 139* -77.3 545 196* -64.0 

Seed Number GH 648 277* -57.3 430 250* -41.9 

Total Seed Number 1280 412* -67.8 969 453* -53.3 

Total Seed per Pod 13 6* -53.8 14 7* -50.0 

Thousand Kernel Weight (g) 3.04 4.4* 44.7 2.39 2.96 23.8 

Yield GC (g) 1.91 0.62* -67.5 1.15 .56* -51.3 

Yield GH (g) 1.84 1.06* -42.4 1.09 0.73* -33.0 

Total Yield (g) 3.77 1.68* -55.4 2.2 1.30* -40.9 

Harvest Index  0.25 0.11*  -56.0 0.18 0.12*  -33.3 
 

  

a GC – Growth Chamber, GH Greenhouse    

* p < 0.05    
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Table 3.2.  Pearson correlation coefficients (n=10) between all traits collected for Brassica napus L. and B. juncea L. within and across control and 

heat treatments conducted in the greenhouse and growth chamber at the University of Manitoba in 2014. 

Winter Pol#_C Pd#_C Pd:Flw_C TSd#_C Sd/Pd_C TKW_C HI_C T_Yld_C TFlw#_H Pol#_H Pd#_H Pd:Flw_H TSd#_H Sd/Pd_H TKW_H HI_H T_Yld_H 

TFlw#_C -b 0.83***a - - - - - - - - 0.56* - - - - - - 

Pol#_C  - - 0.60** - - - - - 0.82*** 0.61** - 0.65** - - 0.56* 0.52* 

Pd#_C   - - -0.54* - - - - - 0.77*** - - -0.54* - - - 

Pd:Flw_C    - - - - - - - - - - - - - - 

TSd#_C     0.76*** -0.59** 0.77*** 0.83*** -0.59** 0.78*** - 0.59** 0.67** 0.63** - 0.79*** 0.63** 

Sd/Pd_C      - 0.75*** 0.72*** -0.64** - - - - 0.61** - 0.64** - 

TKW_C       - - 0.70** -0.64** 
-

0.74*** -0.80*** 0.72*** - 0.86*** - - 

HI_C        0.85*** - 0.58** - - 0.58** - - 0.77*** 0.57* 

T_Yld_C         - 0.55* - - - - - 0.61** - 

TFlw#_H          -0.56* - -0.77*** -0.70** -0.78*** - 
-

0.77*** -0.61** 

Pol#_H           0.66** 0.78*** 0.72*** - -0.50* 0.67** 0.54* 

Pd#_H            0.81*** 0.82*** 0.80*** -0.63** 0.81*** 0.65** 

Pd:Flw_H             0.91*** 0.62** -0.66** 0.72*** 0.70** 

TSd#_H              0.80*** -0.54* 0.81*** 0.88*** 

Sd/Pd_H               - 0.87*** 0.88*** 

TKW_H                - - 

HI_H                 0.91*** 

Fall Pol#_C Pd#_C Pd:Flw_C TSd#_C Sd/Pd_C TKW_C HI_C T_Yld_C TFlw#_H Pol#_H Pd#_H Pd:Flw_H TSd#_H Sd/Pd_H TKW_H HI_H T_Yld_H 

TFlw#_C - 0.83*** - - -0.60** - - - - - - - - - - - - 

Pol#_C  - - - 0.57* - - - - 0.91*** 0.75*** 0.72*** 0.66** - - - 0.56* 

Pd#_C   0.71*** - -0.68** - - - - - - - - - - - - 

Pd:Flw_C    - -0.66** - - - - - - - - - - - - 

TSd#_C     0.63** - 0.58** 0.77*** -0.54* - - - 0.60** - - 0.75*** 0.67** 

Sd/Pd_C      - - - - 0.59** - - 0.52* - - 0.53* - 

TKW_C       - - 0.52* - -0.59** -0.73*** - - 0.78*** - - 

HI_C        - -0.57* 0.50* - - 0.53* 0.69** - 0.56* 0.63** 

T_Yld_C         - - - - 0.52* - 0.53* 0.74*** 0.79*** 

TFlw#_H          - - -0.50* -0.53* -0.57* - -0.52* - 

Pol#_H           0.62** 0.70** 0.78*** - - 0.56* 0.69** 

Pd#_H            0.88*** 0.58** - - - - 

Pd:Flw_H             0.68** - -0.64** 0.50* - 
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TSd#_H              0.66** - 0.74*** 0.86*** 

Sd/Pd_H               - 0.55* 0.63** 

TKW_H                - - 

HI_H                                 0.75*** 

_C designates the control treatment and _H designates the heat treatment   

Flw# - flower number, Pol# - pollen number, Pd# - pod number, Pd:Flw – pod to flower ratio, Sd# -  seed number, Sd/Pd – average seeds per pod, 

TKW – thousand kernel weight, HI – harvest index, Yld – seed yield 

a Bolded values indicate significance across both experiments 

b - = not significant, p *< 0.01, ** < 0.05, *** < 0.001   
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Interestingly, pollen number from the control treatment was significantly related to total yield, pod 

number, pod : flower ratio and seed number within the heat treatment of both experimental runs, 

but not to the same traits within the control treatment with the exception of pod : flower ratio in 

the winter run.  

3.4.3 Heat susceptibility index 

The HII was 56 % for the winter experimental run and 41 % for fall. Total seed yield HSI values 

represent the impact of the heat stress treatment on seed yield within the context of the mean 

treatment effect on all genotypes (Figure 3.2). The relationship of HSI values across both 

experimental runs was r = 0.50 (p < 0.1) with entries 45J10, PB98, PB36, PM68 and PM88 all 

having HSI < 1 for total seed yield in both runs, indicating a greater thermotolerance than the 

mean of the population. Entries PB27, PB56, PM63 and PM69 all had HSI > 1 for total seed yield 

during both runs, indicating lower thermotolerance than the mean of the population. Three 

entries (PB82, PM03, 46A65) did not exhibit a consistent HSI across both experimental runs and 

they were therefore left unclassified. To compare the ability of genotypes to compensate, total 

seed yield HSI was plotted against GC seed yield HSI for both experimental runs (Figure 3.3). PB98 

and PM88 were located in the lower left quadrant for both winter (Figure 3.3A) and fall (Figure 

3.3B), which demonstrates their ability to set seed during the heat treatment and minimise the 

impact of the stress on total yield compared with the rest of the group. In both runs, PM68 had 

a GC HSI of 1.26 and 1.49, which made it the second-worst performing genotype in the group; 

however, its total HSI was 0.51 and 0.97 in winter and fall, respectively. 
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Figure 3.2. Seed yield heat susceptibility index (HSI) for the winter run (std err 0.06) and the fall 

run (std err 0.07) for the Brassica napus L. and B. juncea L. genotypes grown in the greenhouse 

and growth chamber at the University of Manitoba in 2014.  
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B. 

 

 

Figure 3.3. Total seed yield heat susceptibility index (HSI) plotted over growth chamber (GC) 

seed yield HSI for the winter run – A and fall run – B for Brassica napus L. and B. juncea L. 

genotypes grown in the greenhouse and growth chamber at the University of Manitoba in 2014.  
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This indicates that once the heat stress was removed, PM68 was able to compensate by setting 

seed in the glasshouse. PB56 and PM63 were in the upper right quadrant for both winter and fall, 

indicating that they were less able to set seed during the heat treatment and unable to compensate 

for this reduction in seed set when moved back to the glasshouse.  

In the fall run (Figure 3.3B), PB36 was able to set more seed during the heat stress treatment than 

during control treatment in the growth chamber, with an HSI of –0.18, and was classified as heat-

tolerant overall for both experimental runs. PM03 and PB82 showed the most dramatic differences 

between both runs, whereas PB98, PM88, PB56 and PM63 each remained within the same 

quadrant across both runs. Total HSI was used to apply a final classification to the genotypes. The 

abilities to tolerate the heat stress and/or compensate once the stress is removed are of value in 

dealing with transient heat stress. Entries 45J10, PB98, PB36, PM68 and PM88 were classified as 

heat-tolerant, and entries PB27, PB56, PM63 and PM69 were classified as heat-susceptible. These 

classifications were used for the subsequent metabolomic data analysis. 

3.4.4 Carbon isotope discrimination 

There was not a significant treatment effect for CID (Supplemental Table 3.2A), but the entry x 

experiment interaction was significant (p < 0.005) (Supplemental Table 3.2B), and the treatment 

x entry x year interaction was not significant (Supplemental Table 3.2C). The relationship of CID 

across the treatments in both years was significant, with Pearson r values of 0.99 and 0.98 

demonstrating consistency across treatments. All treatment combinations were reviewed to 

determine whether there were significant relationships between seed yield and CID within these 

genotypes, but none were found. Total seed number and 1000-kernel weight were significant 

across both experimental runs and treatments CID (Supplemental Table 3.3).  
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3.4.5 Floral bud metabolite content 

An unsupervised principal component analysis (PCA) with floral bud GC/MS metabolomics data 

was able to identify a significant treatment effect in both runs with 27.63 % of the total variation 

in the data (17.30 % PC1 and 10.33 % PC2) (Figure 3.4). There was little overlap in the scores 

plot between the control-treated plants of both runs; however, the heat treatment caused the 

metabolomic profile of entries from the two runs to converge (Figure 3.4).   

Principal component analysis using all metabolites failed to discriminate lines based on their heat 

tolerance classification in the winter run. However, PCA analysis gave a distinct grouping of the 

tolerant and susceptible genotypes within the heat treatment in the fall experimental run, although 

this classification was apparent only with higher principal components (PC4, 5.53 % and PC5, 

4.34 %) (data not shown). The top 24 loadings (metabolites) that were distinct between the tolerant 

and susceptible lines were identified (Table 3.3). These 24 metabolites alone were then used in a 

subsequent PCA for each run separately (heat treatment only) (Figure 3.5). In the fall experimental 

run, the tolerant and susceptible genotypes were distinguished with PC1 (27.04 %) and PC2 (16.87 

%), as expected. However, these top 24 loadings derived from the fall experimental run were also 

effective in separating the tolerant and susceptible genotypes in the winter experimental run by 

PC2 (16.99 %) and PC3 (10.94 %). These results depict a common association between heat 

tolerance and a limited set of metabolites, and may explain why PCA failed to distinguish heat-

tolerant from heat-susceptible genotypes when using all metabolomics data in the winter 

experimental run. The fold change in relative abundance of each of the 24 aforementioned 

metabolites between the heat-tolerant and het-susceptible genotypes is detailed in Table 3.3. Nine 

metabolites increased and fifteen decreased in the heat-tolerant genotypic class compared to the 

heat-susceptible genotypic class. 
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Figure 3.4. Principle component scores plot for metabolomics for all Brassica samples in the 

winter and fall experimental runs for both the control and heat treatments grown in the greenhouse 

and growth chamber at the University of Manitoba in 2014. 
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A.                                                                           B. 

  

Figure 3.5. Heat treatment principle component score plots for the winter run (A) and the fall run 

(B), showing the differentiation of metabolites between the heat-tolerant genotypes and the heat-

susceptible genotypes using only the metabolites identified through the principle component 

analysis of the heat treatment in the fall experiment conducted at the University of Manitoba in 

2014.   
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Table 3.3. Fold changes for the top loadings for discrimination between the four genotypes 

classified as heat-tolerant and four described as heat-susceptible for heat-treated plants grown in 

the greenhouse and growth chamber at the University of Manitoba in 2014.  

Metabolite Winter  Fall  

Pyruvic Acid 2.0 2.0 

Hexanoic acid 1.1 1.7 

2-Hydroxyglutaric acid  2.2 1.5 

Fructose  1.5 1.5 

Raffinose 2.1 1.4 

Sucrose 1.1 1.3 

Adenosine 1.1 1.3 

2,3-Dihydroxybutanedioic acid (putative)  1.5 1.3 

Unknown 2133-103 1.2 1.2 

   

Unknown -1.2 -1.0 

Sitosterol -1.0 -1.2 

Ethanolamine   -1.1 -1.3 

Serine -1.3 -1.3 

Unknown 2586-204 -1.1 -1.3 

Galactinol  -1.2 -1.4 

Pyroglutamic acid -1.7 -1.4 

myo-Inositol -1.5 -1.4 

Aspartic acid -1.4 -1.4 

Coumaric acid -1.2 -1.5 

Glutamine, partial derivative -1.7 -1.5 

Digalactosylglycerol 9putative -1.2 -1.5 

Unknown 2105-319 -1.3 -1.7 

Valine -1.1 -1.7 

Glutamine -2.0 -1.8 

Positive values indicate a fold increase in the metabolite amount in the heat-tolerant genotypes 

versus susceptible genotypes and negative values indicate a fold decrease in the metabolite amount 

in the heat-tolerant genotypes versus susceptible genotypes 

 

 

 

 

 



 

50 
 

Fold changes for each metabolite were consistent across experimental runs, with a maximum fold 

change difference of 0.7. These metabolites represent diverse pathways, strongly suggesting a 

broad differential metabolic response of the buds to heat stress between the two groups of plants. 

3.5 Discussion 

The overall effect of the high temperature treatment on the 12 genotypes was apparent in the yield 

reduction, with genotypic variability apparent for total seed yield HSI. The discovery of 

informative metabolic markers for heat stress tolerance shows promise and warrants further 

investigation. This information has the potential to expedite the development of increased heat 

tolerance within B. napus by allowing breeders to exploit this variation within the primary gene 

pool, thereby minimizing the disruption of carefully selected genetic structures. The metabolic 

markers provide the ability to enhance phenotypic information to improve overall selection for 

increased heat tolerance. 

The effect of experimental run was significant when the data were combined; however, 

homogeneity of the residuals versus fitted values allowed the data to be combined providing 

increased statistical power in detecting differences within the 3-way interaction (treatment x 

genotype x experiment). The consistency of trends across both experimental runs for phenotypic 

traits provided evidence that the impact of the heat treatment on all genotypes was similar in the 

winter and fall runs.   The consistent susceptible and tolerant classification of nine genotypes across 

the two experimental runs (winter and fall) demonstrates that the majority of the genotypes 

exhibited a consistent response to heat stress. 

When yield components were compared within and across treatments, seed number and harvest 

index were related to seed yield, which aligns with previous data within B. napus (Diepenbrock, 

2000). The increase in the number of days to flower ending and consequently flower duration is 
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contrary to some field studies (Jumrani and Bhatia, 2014), but aligns with indoor heat stress studies 

conducted on B. napus (Angadi et al., 2000; Ramsahoi, 2013). This increased flower duration is 

likely due to fewer seeds set, which minimized the sink strength during control growing conditions 

in the greenhouse. Numerous studies have indicated that high temperatures affect the pollen 

production in soybean and in rice (Prasad et al., 2006; Salem et al., 2007; Rang et al., 2011). The 

relationship between pollen number in the control treatment and the yield in the heat treatment, 

suggests that pollen number may be a limiting factor in heat-stressed B. napus. The lack of 

relationship between pollen number in the control treatment and control yield as well as pollen 

number in the heat treatment and yield in the heat treatment indicate that other limiting factors are 

playing a role in limiting yield. If an automated, high-throughput method could be utilized for 

increasing the rate of measuring pollen number (Costa and Yang, 2009), screening genotypes for 

pollen number may provide insight into their ability to withstand high temperatures. Because of 

the high degree of variability reported in the literature regarding pollen germination in B. napus, 

20 % (Morrison et al., 2016a), 37 % (Singh et al., 2008) and 59.2 % (Young et al., 2004), this trait 

was not explored.  

This is the first report of HSI within B. napus and it clearly demonstrates that genetic variation 

exists among B. napus genotypes. Brassica juncea had previously been reported as more heat-

tolerant than B. napus, and although the present data demonstrate this genotype to be better than 

the mean of the population, some B. napus genotypes showed similar or better heat tolerance 

(Woods et al., 1991). The use of HSI provided the ability to separate overall genetic potential from 

the response to heat stress by indicating the magnitude of the response to the treatment in relation 

to the overall population response. This collection of genotypes demonstrated that it is possible to 

apply selection pressure for heat tolerance, enabling breeders to make positive genetic gain.  
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Genotypic differences for CID have been reported in numerous species crop species including B. 

napus (Matus et al., 1995; Chen et al., 2011; Kottmann et al., 2014; Dhanapal et al., 2015; Mora 

et al., 2015). Easlon et al. (2013) demonstrated a relationship between CID and water-use 

efficiency in Arabidopsis; however, given the absence of any relationship between yield and CID 

in either the control or heat-stress treatment in this study, further exploration into the relationship 

of CID to heat stress appears unwarranted. Previous research in B. napus exploring the relationship 

between yield and CID was also unable to demonstrate any significant relationship (Matus et al., 

1995). 

The metabolome of heat-treated plants enabled classification of heat tolerance among the B. napus 

genotypes assayed and this classification of heat tolerance with selected metabolic markers was 

apparent in both experimental runs. The differential expression of each of these metabolites 

between susceptible and tolerant genotypes was remarkably similar in the two experimental runs. 

Together, these consistencies indicate the robustness of the response and potential utility during 

the selection of tolerant genotypes.   

Multiple chemical classes of metabolites were represented among the top loadings for heat 

tolerance within the heat treatment. Among the nine metabolites with higher abundances in tolerant 

genotypes were two simple sugars, fructose and sucrose along with raffinose, a common 

trisaccharide. Of the 15 metabolites with lower abundances with heat tolerance, seven were amino 

acids and two biosynthetic precursors of raffinose, myo-inositol and galactinol. Taken together, 

these results suggest that heat tolerance among these Brassica genotypes is associated with 

elevated simple sugar content rather than amino acid synthesis and/or protein breakdown. The 

ability of plants to alter their metabolome in response to different abiotic stresses has been reported 

in a number of species (Rizhsky et al., 2004; Wahid, 2007; Witt et al., 2012). Sun et al. (2016) 
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differentiated metabolic profiles in maize depending on the stress imposed. From multiple 

sampling time points, Sun et al. (2016) elucidated the most discriminatory sampling time for the 

stress imposed. The present work provides evidence that the metabolomic information collected 

from plants may provide the ability to determine not only differences among genotypes, but also 

more accurately define the severity and timing of the stress to aid in the interpretation of the 

phenotypic response. Of the elevated metabolites within our heat-tolerant genotypes, most have 

been previously reported. Fructose and sucrose have been shown to be involved in heat stress 

response within tomato (Sato et al., 2006) and chickpea (Kaushal et al., 2013) with each declining 

when plants were subjected to heat stress.  

Similar to our results on the floral buds, Firon et al. (2006) demonstrated that pollen collected from 

tomato plants under high temperatures exhibited different sugar concentrations depending upon 

the sensitivity to heat, with the more tolerant genotypes maintaining a higher sugar content within 

the anther wall than the susceptible genotypes. The decreased levels of sucrose within the floral 

buds of the heat-susceptible genotypes may be implicated in increased pollen abortion leading to 

increased heat susceptibility. Sucrose and raffinose have been reported to be involved in protecting 

plants against heat stress by minimizing oxidative damage (ElSayed et al., 2014, Keunen et al., 

2013, Nishizawa et al., 2008). The increase in these metabolites has the potential to minimize ROS 

damage and increasing thermotolerance. Heat stress is known to increase free amino acid content 

(Guy et al., 2008; Obata and Fernie, 2012); the fact that seven of the metabolites showing an 

increase in the susceptible genotypes were amino acids suggests that these susceptible genotypes 

experienced greater stress with the heat treatment imposed. The ability to accumulate or maintain 

osmoprotectants, such as sucrose and primary energy sources, while minimizing the breakdown of 

proteins to amino acids within the floral buds may demonstrate the metabolic response necessary 
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to maintain cellular homeostasis for heat-tolerant genotypes (Wahid et al., 2007). The 

aforementioned studies that differentiated the metabolome of genotypes or species based on their 

response to high temperatures screened single susceptible and tolerant lines. Even within a species, 

different genotypes under control conditions have been reported to show detectable differences 

within their respective metabolomes (Asiago et al., 2012; Smolikova et al., 2016). The present 

research was able to link a group of potential markers associated with heat tolerance by using five 

tolerant and four susceptible genotypes which further strengthens the potential use of these markers 

across a broader set of germplasm.    

3.6 Conclusion 

There was a clear trend among a subset of the genotypes across both experimental runs with regard 

to heat tolerance. This variation should be explored further and exploited before introgression of 

more exotic germplasm or consideration of transgenic approaches. Use of elite B. napus genotypes 

would avoid the pitfalls of inadvertent introgression of deleterious alleles or stringent regulatory 

implications. Further studies need to be conducted utilising the most tolerant and sensitive lines in 

this set of material to determine the main cause of the heat tolerance or susceptibility within B. 

napus. 

In exploiting the existing thermotolerance variation, the use of metabolic markers can be further 

explored to supplement phenotypic data and enhance genetic gain. The area of metabolic markers 

needs further examination by different analytical methods (i.e. liquid chromatography–MS) to 

capture information on an expanded group of metabolites, as well as searching for metabolite 

quantitative trait loci to increase predictive power and throughput while decreasing labour and 

costs. The metabolites were measured within the floral buds only and therefore through continued 

exploration of the metabolome using different methods and plant structures, we may be able to 
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identify metabolic markers present in stressed plants. Metabolomic data also offers the potential 

to define the level of stress and discover constitutive metabolic markers that predict performance 

of a genotype to an abiotic stress even when the stress is not imposed. 

The discovery of variation within B. napus inbreds was a critical component to enable genetic gain 

for heat tolerance. The ability to select superior genotypes will require the ability to accurately 

phenotype within the target population environment A thorough assessment of the ability to 

phenotype within the target population environment and the impact of heterosis on heat tolerance 

will be discussed in the following chapter. 
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4.1 Abstract 

Canola is an important commodity to the western Canadian economy. Annual or geographic 

fluctuations in yield due to heat stress can have a significant influence on total production. To 

increase the stability of canola yield, breeders need to select for increased heat tolerance in a 

reliable, repeatable, cost effective manner that represents commercial production conditions. Field 

experiments with 10 (five male-sterile and five restorer) inbreds and the 25 corresponding hybrids 

were conducted across two years with two locations per year. Each experiment had two planting 

dates (normal planting date and a late planting date). The experiments were designed to determine 

if: 1) planting date could be used as a proxy for heat stress; 2) heterosis can minimize the impact 

of heat stress; and 3) direct selection within a heat-stress environment improves genetic gain for 

heat-stress tolerance. Principal component analysis of the Tmax, Tmin, Tmean, soil moisture, daily 

light integral and yield were conducted. The resulting biplot analyses demonstrate that the 

temperature variables had a greater impact on yield than soil moisture or daily light integral. 

Planting date was identified as a successful proxy for heat stress. The heat-stress treatment caused 

a 23 % mean reduction in seed yield (20 % reduction within the hybrids and 25 % reduction within 

the inbreds) indicating that heterosis can reduce the impact of higher temperatures on canola yield. 

The mean heat susceptibility index was 0.94 and 1.20 for the hybrids and inbreds respectively; 

further demonstrating that the hybrids were more heat tolerant than the inbreds. Analyses of the 

GCA for the inbreds showed four cross-over interactions between the two temperature treatments 

indicating that direct selection for heat tolerance will be necessary to increase the response to 

selection for this trait. Overall canola breeders interested in increasing heat tolerance need to 

consider utilizing planting date as a high-temperature treatment and cannot rely on indirect 

selection from experiments under optimal conditions.      
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4.2 Introduction 

Canola (Brassica napus L.) is an important cash crop in western Canada grown on 8.32 million 

hectares and accounting for 23.5 % of total cash farm receipts in 2015 (Canola Council of Canada, 

2016a; Statistics Canada, 2016). Given the importance of canola, yield or quality losses caused by 

environmental stresses will negatively impact the economic return and the global supply of canola 

oilseed. 

The sensitivity of canola to heat stress has been well documented (Nuttall et al., 1992; Morrison 

and Stewart, 2002; Gan et al., 2004; Young et al., 2004). Canola is a cool-season crop and in 

western Canada it is normally planted in May and harvested from late August to late September. 

Given the phenology of canola in this geography, the flowering period can overlap with the 

warmest temperatures of the year. This concurrence of flowering with high temperature presents 

a challenge as canola has been shown to be most sensitive to increased temperatures during 

flowering (Angadi et al., 2000). Research indicates that early planting can increase seed yield 

(Degenhardt and Kondra, 1981; Johnson et al., 1995; Kirkland and Johnson, 2000); however early 

seeding can be limited by excess moisture or spring frosts. In a long term study, Kutcher et al. 

(2010) found that for every 1 °C increase in mean temperature, canola yields decline by 75 kg ha-

1, and 18.4 kg ha-1 were lost for every day the temperature exceeded 30 °C during the growing 

season. This clearly demonstrates that canola yield is limited by current temperatures even without 

the prospect of increasing temperatures as a result of climate change. The Intergovernmental Panel 

on Climate Change (2013) has indicated that a likely scenario for global warming includes both a 

gradual temperature increase, and an increase in the frequency and intensity of temperature 

extremes. Strategies in response to slow, gradual changes versus an increase in the frequency of 

extreme temperatures differ, and therefore clear targets and strategies need to be defined.  
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Timing, duration, and intensity of stress need to be carefully considered when investigating heat 

stress (Hatfield and Prueger, 2015; Driedonks et al., 2016). Studying the effect of increased 

temperatures in a field environment presents challenges, as there are few methods to control 

temperatures. Planting date has been used to align the phenology of the crop with periods of 

differing temperature (Devasirvatham et al., 2015). However, altering planting date can affect the 

availability of other resources, namely photosynthetically active radiation (PAR) and soil moisture. 

These variables need to be considered when utilizing planting date as a proxy for a temperature 

stress treatment. There have been planting date experiments conducted with open-pollinated 

canola, but the differences in yield were assigned to planting date with little investigation as to the 

impact of other environmental variables (Johnson et al., 1995; Kirkland and Johnson, 2000). Given 

the sensitivity of canola to heat stress during flowering (Morrison, 1993), altering planting dates 

to align this developmental stage with certain temperatures presents an opportunity to investigate 

the impact of this stress under field conditions.  

In 1989, canola hybrids were introduced into the market in western Canada and adoption by 

growers was rapid with hybrids accounting for > 95 % of the current canola grown by 2014 

(Morrison et al., 2016b). This adoption was driven by the higher seed yield of hybrids over open-

pollinated cultivars, reported to be between 17 and 33 % (Van Deynze et al., 1992; Karamanos et 

al., 2005). Canola and maize hybrids have also been more stable across environments than 

traditional cultivars, buffering the genotype x environment interaction (Shank and Adams, 1960; 

Brandle and McVetty, 1989). Currently there is limited research of the impact of increased 

temperatures on hybrids compared to open-pollinated cultivars in western Canada. 
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This research was designed to determine if: 1) late planting can be used as a proxy for heat stress; 

2) heterosis can minimize the impact of heat stress; and 3) direct selection within a heat-stress 

environment improves genetic gain for heat-stress tolerance.   

4.3 Methods and materials 

4.3.1 Experimental material, experimental maintenance, and treatments 

Twenty-five hybrids were created using 10 inbred lines (five male-sterile, five restorer) with every 

restorer as a male crossed to every male-sterile female using a North Carolina Design II. The 

inbreds used included a sampling of genotypes from the Pioneer Hi-Bred Production Company’s 

heterotic pools with the names coded to preserve confidentiality. The restorer inbreds use the prefix 

PM and the maintainer inbreds that were converted to male-sterile female genotypes for hybrid 

creation use the prefix PB with random number suffixes. The Ogu-INRA cytoplasmic male-

sterility pollination control system was used to create F1 hybrid seed (Pellan-Delourme and 

Renard, 1988). Within these inbreds, PB82 and PM03 were used to create a commercial hybrid 

named 46H02 (Pioneer Hi-Bred Production Company, 2002). The open-pollinated cultivar 46A65 

(Pioneer Hi-Bred Production Company, 1996) and hybrid Brassica juncea commercial cultivar, 

45J10 (Pioneer Hi-Bred Production Company, 2007) were included as checks. The experimental 

design was a split plot, nested randomized complete block design. The inbreds and hybrids were 

nested to minimize any competition effects between open-pollinated and hybrid genotypes, with 

each nest being bordered by its equivalent type between the nests and the edges of the experiment. 

The main plot factor was planting date with genotype type (hybrid or inbred) as the sub plot. Plots 

consisted of six rows with an area of 1.5 m x 6 m and a target planting rate of 140 seeds m-2. The 

experiment was planted at two locations in 2014, Rosebank, MB (49.34398, -98.12931) and 
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Carman, MB (49.52176, -97.95141), and two locations in 2015, Carman, MB (49.494578, -

97.93333) and Elora, ON (43.63370, -80.36995). 

The soil type at the Carman and Rosebank locations is a Gleyed Rego Chernozem with sandy loam 

texture and 2.2 and 3.6 % organic matter, respectively. The Elora soil type is a Grey-Brown 

Podzolic with a London loam texture and 4.1 % organic matter. Granualar fertilizer was banded at 

Carman and Rosebank locations at a rate of 98-27-0-27 kg ha-1 while the Elora location received 

92-42-32-17 kg ha-1 of nitrogen, phosphorus, potassium and sulphur prior to planting. Plot seeding 

and maintenance was conducted similar to methods described in Koscielny and Gulden (2012).  

Weather data was collected every 30 minutes with a 2000 Series Watchdog weather stations 

equipped with a LightScout quantum light sensor (Spectrum Technologies Incorporated, Aurora, 

IL) and included daily mean temperature (Tmean), daily maximum temperature (Tmax), daily 

minimum temperature (Tmin), rainfall (mm) and daily light integral (DLI) (moles/m2/d). Soil 

moisture (MST) was collected weekly to a depth of 18 cm using a TDR 100 Soil Moisture Meter 

(Spectrum Technologies Incorporated, Aurora, IL) within four randomly selected plots in each 

planting date from planting to maturity. The means for these environmental factors were collected 

and presented for each location and each planting date (Figure 4.1), along with the means for all 

locations during flowering (Table 4.1). 

4.3.2 Data collection 

The data collected for each experiment included; flower number (collected on three randomly 

selected plants with all floral initiations being counted), pod number (collected on the same three 

plants with any pod containing at least one seed being counted), days to first flower (recorded from 

the date of planting until the first flower opens), days to last flower (recorded when the last flowers  
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Figure 4.1. Planting dates (1 – first planting date and average maturity date, 2 – second planting 

date and average maturity date), DLI (moles/m2/d), daily temperatures (maximum, minimum and 

mean) and rainfall at all locations during the growing season at all locations (Car15 – Carman, 

2015, Elo15 – Elora, 2015, Car14 – Carman, 2014, Ros 14 – Rosebank 2014). 
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Table 4.1. Mean Tmean, Tmax, Tmin, DLI, and soil moisture for each treatment at all locations 

and the mean across all locations during flowering for the planting date treatments in 2014 and 

2015. 

Location 

 

Planting 

Date 

Tmeana  

(°C) 

Tmaxb  

(°C) 

Tminc 

(°C)  

DLId  

(moles/m2/d) 

Soil Moisture 

(%) 

Rosebank (2014) 10-May 19.3 25.4 13.3 44.5 52.5 

 06-Jun 20.2 27.2 13.5 47.4 43.5 

Carman (2014) 10-May 18.3 24.4 11.9 44.3 55.8 

 06-Jun 19.3 27.1 11.2 48.8 46.5 

Elora (2015) 08-May 17.9 23.4 11.8 46.4 33.0 

 29-May 19.7 26.5 12.2 54.5 31.0 

Carman (2015) 06-May 19.9 26.5 13.2 48.5 42.5 

 01-Jun 20.8 27.6 13.9 56.6 37.0 

Mean Date 1 18.9 24.9 12.5 45.9 45.9 

 Date 2 20.0 27.1 12.7 51.8 39.5 
a mean temperature, b maximum temperature, c minimum temperature, d daily light integral 
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are open), physiological maturity (days), seed yield (kg ha-1), thousand kernel weight (g), percent 

oil, saturate content, glucosinolate content, and percent protein. 

Days to physiological maturity were recorded for all genotypes with the genotype considered 

mature once the seeds in pods 1/3 from the proximal end of the main raceme started to turn from 

green to brown on all plants within the plot. Seed yield was collected by straight cutting the plots 

with a Kincaid XP8 combine (Kincaid Equipment Manufacturing, Haven, Kansas) and was 

calculated by using the weight adjusted to 8 % moisture. Thousand kernel weight was estimated 

by weighing 500 seeds from each plot and multiplying this by two. Oil, saturate, glucosinolate and 

protein content were all estimated by using a Foss NIRSsystem 6500 (Foss, Denmark). Oil and 

protein will be presented as percent by NIR at dry weight moisture. Saturates are the sum of C12:0, 

C14:0, C16:0, C18:0. C20:0, C22:0 and C24:0 and expressed as a percent of total fatty acids. 

Glucosinolates are presented as μmol gram-1 on a whole seed dry matter basis. 

4.3.3 Statistical analysis 

ASReml 4 (VSN International Limited, Hemel Hempstead, UK, 2014) was used to calculate the 

best linear unbiased predictions (BLUPs) for each genotype. The following model was used: 

Y = Xb + Zu + E 

where Y was the data vector (observed phenotype), b represents the fixed terms for the design 

matrix X, u represents the random terms for design matrix Z and E is the error matrix of form 

N(0,Σ) where Σ is an AR1 x AR1 structure (Gilmour et al., 1997). 

The single site analysis had overall mean and treatment as a fixed effect and genotype, row, 

column, treatment x genotype and treatment x replicate as random effects. The multi-location 

analysis had overall mean, location and treatment as fixed effects and genotype, row and column 



 

65 
 

at each location, treatment x genotype, location x treatment x replicate, location x genotype and 

location x treatment x genotype as random effects.  

To determine the extent to which environmental variables impacted the final yield of the 

genotypes, a multivariate analysis was conducted using seed yield and the environmental variables 

collected at each location during the flowering period of each genotype. R 3.3.1 (R Development 

Core Team, 2010) was used for principal component analysis (PCA) as well as to generate the 

biplots. To account for ontogenetic differences in days to flower beginning and days to flower 

ending, the mean for each environmental variable was calculated on a genotype by location basis.  

Significance tests between treatments were conducted using a paired t-test with a significance level 

of p < 0.05.  Pearson r correlation values were calculated using Microsoft Excel (Microsoft Office, 

2007). 

High parent heterosis (HPH) was calculated by subtracting the value of the hybrid BLUP from the 

high parent BLUP and then dividing by the high parent BLUP value and conversely the low parent 

heterosis (LPH) was calculated using the low parent. The heat susceptibility index (HSI) was 

calculated for the yield of each genotype (Pradhan and Prasad, 2015).  

HSI = (1 - Yh / Yc) / HII 

Variable Yh is the yield of the genotype in heat treatment while Yc is the yield of the same genotype 

in the control treatment. The Heat Intensity Index (HII) was calculated using the mean of the 

genotypes within the treatments.  

HII = 1 - Xh / Xc 
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With Xh representing the mean of the genotypes in the heat treatment and Xc representing the mean 

of the genotypes in the control treatment. The general combining ability (GCA) for an inbred was 

calculated by taking the mean of all hybrids which had a common inbred parent minus the mean 

of all hybrids within the experiment (Bernardo, 2014a). To determine if selection within the heat 

treatment could improve the response to selection, the ratio of the correlated response (CR) and 

direct response (DR) was calculated using the formula (Atlin et al., 2000): 

𝑪𝑹

𝑫𝑹
= 𝑟𝑔 √

𝐻𝐴

𝐻𝑇
 

with rg being the correlation between the genetic variance for all treatments (𝜎𝑔
2) and the heat 

treatment only (𝜎𝑔𝑇
2 ).  

𝑟𝑔 =  √𝜎𝑔
2/(𝜎𝑔

2 +  𝜎𝑔𝑇
2 )   

The heritability within the heat treatment HT and the heritability across treatments HA were 

calculated using the method described in Cullis et al. (2006):  

𝐻𝑇 =  1 −
𝑆𝐸𝐷𝑇

2

2(𝜎𝑔𝑇
2 )

 

𝐻𝐴 =  1 −
𝑆𝐸𝐷𝐴

2

2(𝜎𝑔
2)

 

4.4 Results 

A t-test on the trait BLUPs calculated from all four site years confirmed the effect of planting date 

was statistically significant on all traits collected with the exception of flower number and pod 

number (Table 4.2).  
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Table 4.2. Effect of planting date on all Brassica napus L. genotypes across all four site years for 

the mean of all agronomic and seed quality traits collected in 2014 and 2015. 

 Early Planting  Late Planting Difference 

Days to Flower Beginning 47 41 6* 

Days to Flower Ending 74 63 11* 

Flower Duration 27 22 5* 

Flower number 141 138 3ns 

Pod number 101 93 8ns 

Days to Maturity 97 87 10* 

Seed Yield (kg ha-1) 1951 1507 443* 

Thousand Kernel Weight (g) 3.14 2.92 0.22* 

% Oil 46.36 44.74 1.62* 

% Protein 25.64 26.93 -1.29* 

Glucosinolates (μmol gram-1) 14.64 16.11 -1.47* 

Saturates (% of total fatty acids) 6.57 6.75 -0.18* 

* p < 0.05, ns – not significant    
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The PCA and resulting biplot (Figure 4.2) depict the differences between the planting dates with 

the variables included that explain 74.3 % of the variation with the first two principal components 

(Supplementary Table 4.1). The temperature variable vectors are opposite of the yield vector 

indicating a negative relationship while soil moisture (MST) and DLI are nearly at right angles to 

yield indicating there is little relationship between these variables and yield. Soil moisture and DLI 

explain much of the planting date variation, but did not have a large impact on yield as compared 

to the temperature variables.  Univariate analysis was conducted with these same environmental 

variables and yield to complement the PCA analysis. The univariate analysis results align with the 

PCA. The Tmean and Tmax were the only two variables that had a significant relationship (p < 

0.05) to yield. Tmin was negatively correlated to yield, but this was not significant (data not 

shown). Given the prominent impact of temperature on the seed yield, Planting Date 1 will be 

referred to as the control treatment (CT) while Planting Date 2 will now be referred to as the high 

temperature treatment (HT). There was a 23 % reduction in overall mean yield between the two 

temperature treatments with hybrids declining 20 % (control to heat) and inbreds declining 25 %. 

The mean HPH for seed yield in the CT treatment and HT treatment was 13.6 % and 18.1 %, 

respectively, with the HPH significant for 22 of the 25 hybrid combinations in both treatments as 

determined by the paired t-test analysis (Table 4.3). The HT treatment had a significant detrimental 

impact on seed quality, decreasing oil and increasing protein, glucosinolate and saturate content 

(Table 4.4). Heterosis positively impacted seed quality across treatments by alleviating the 

reduction in oil content compared to the high parent and reducing the increase in protein content.  
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Figure 4.2. Principal component analysis of soil moisture (MST), mean minimum daily 

temperature (Tmin), mean maximum daily temperature (Tmax), mean daily temperature (Tmean), 

and mean daily light integral (DLI) for all genotypes at all locations during anthesis and final seed 

yield. Circles represent planting date 1 and triangles represent planting date 2.   
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Table 4.3. Seed yield (kg ha-1) of Brassica napus L. inbreds and hybrids along with high parent 

heterosis for temperature treatment experiments in 2014 and 2015. 

Control Temperature 

Inbred Name and Yield PM69 (a2003) PM68 (1301) PM63 (1814) PM03 (1788) PM88 (1779) Mean Hybrid Yield  

PB36 (1935) b2329 (c16.8%*) 2109 (9.0%*) 2148 (11.0%*) 2244 (16.0%*) 2324 (20.1%*) 2231 

PB27 (1934) 2183 (9.0%*) 1902 (-1.7%) 2127 (10.0%*) 2225 (15.0%*) 2203 (13.9%*) 2128 

PB56 (1850) 2376 (18.6%*) 2111 (14.1%*) 2235 (20.8%*) 2203 (19.1%*) 2317 (25.2%*) 2248 

PB82 (1909) 2269 (13.3%*) 1964 (2.9%) 2093 (9.6%*) 2155 (12.9%*) 2174 (13.9%*) 2131 

PB98 (1764) 2186 (9.1%*) 1756 (-0.5%) 2105 (16.0%*) 2158 (20.7%*) 2220 (24.8%*) 2085 

Mean Hybrid Yield 2269  1968  2141  2197 2248  
 

 

High Temperature 

Inbred Name and Yield PM69 (a1622) PM68 (831) PM63 (1385) PM03 (1322) PM88 (1389) Mean Hybrid Yield 

PB36 (1487)  b2002 (c25.6%*) 1696 (14.1%*) 1797 (20.8%*) 1880 (26.4%*) 1935 (30.1%*) 1862 

PB27 (1514) 1866 (16.1%*) 1517 (0.2%) 1622 (7.1%*) 1768 (16.8%*) 1802 (19.0%*) 1715 

PB56(1354) 1998 (23.2%*) 1606 (18.6%*) 1710 (23.5%*) 1790 (32.2%*) 1892 (36.2%*) 1799 

PB82 (1460) 1846 (15.3%*) 1502 (2.9%) 1602 (9.7%*) 1710 (17.1%*) 1698 (16.3%*) 1672 

PB98 (1206) 1809 (11.5%*) 1205 (-0.1%) 1623 (17.2%*) 1684 (27.4%*) 1741 (25.3%*) 1612 

Mean Hybrid Yield 1904 1505 1671 1766 1814  
 

 
 a- seed yield of inbreds in brackets beside the inbred name and b - seed yield of the corresponding 

hybrid combinations within the matrix with the c - high parent heterosis. * p < 0.05 



 

71 
 

Table 4.4. Brassica napus L. seed quality traits of hybrids and high parents for oil, protein and low parent for glucosinolates and 

saturates in the control and heat treatments from four field experiments conducted in 2014 and 2015. 

  Oil (%) Protein (%) Glucosinolates (μmol gram-1) Saturates (% of total fatty acids) 

Genotype Control Heat Control Heat Control Heat Control Heat 

Female Male Hybrid 

High 

Parent Hybrid 

High 

Parent Hybrid 

High 

Parent Hybrid 

High 

Parent Hybrid 

High 

Parent Hybrid 

Low 

Parent Hybrid 

Low 

Parent Hybrid 

Low 

Parent 

PB36 PM69 46.96 47.61 45.35 45.55 24.74* 26.34 26.19 26.66 13.01 13.78 14.74 15.26 6.52 6.47 6.66* 6.77 

PB27 PM69 46.78 47.05 45.32 45.25 24.93* 26.34 26.01* 26.69 14.76 14.63 16.11 15.93 6.55 6.62 6.68* 6.79 

PB56 PM69 45.51 45.07 43.71 43.87 25.58* 27.76 27.22* 28.46 15.78 16.56 17.41 17.93 6.64 6.63 6.69 6.79 

PB82 PM69 48.15* 45.07 46.30* 43.87 24.36* 26.34 25.8* 27.33 13.57 15.47 15.06 16.97 6.57 6.53 6.73 6.75 

PB98 PM69 46.68 45.96 45.03* 43.87 24.87* 26.34 26.19* 27.33 13.57 13.37 14.71 15.54 6.55 6.61 6.68* 6.79 

PB36 PM88 48.20 47.61 47.01* 45.55 25.14* 26.94 25.88* 27.80 12.16* 13.78 13.94* 15.87 6.40 6.47 6.61 6.65 

PB27 PM88 47.62 47.05 46.31* 45.25 25.05* 26.94 26.02* 27.80 12.79* 14.21 14.53* 15.93 6.54 6.52 6.66 6.65 

PB56 PM88 46.48 46.5 45.27 45.14 26.12* 27.76 26.86* 28.46 13.14 14.21 14.78* 17.93 6.52 6.52 6.66 6.65 

tPB82 PM88 48.16 47.77 46.91* 45.92 25.14* 26.94 25.55* 27.80 13.53 14.21 14.77* 16.97 6.55 6.52 6.68 6.65 

PB98 PM88 48.08* 45.96 46.35* 45.14 24.71* 26.94 25.75* 27.8 11.19 13.37 12.87* 15.87 6.64 6.52 6.69 6.65 

PB36 PM03 47.17 47.61 45.72 45.55 25.13* 27.23 26.39* 27.87 14.08 13.78 15.84 15.26 6.57 6.47 6.73 6.74 

PB27 PM03 46.85 47.05 45.20 45.25 25.46* 27.23 26.75* 27.87 14.09 14.63 15.7 15.93 6.55 6.62 6.68 6.74 

PB56 PM03 45.75 45.27 43.96 43.98 25.54* 27.76 27.11* 28.46 15.4 16.56 17.1 17.93 6.40 6.64 6.61* 6.74 

PB82 PM03 47.57 47.77 45.78 45.92 24.7* 27.23 26.06* 27.87 14.07* 15.47 15.85 16.97 6.54 6.53 6.66 6.74 

PB98 PM03 46.97* 45.96 45.26* 43.98 25.04* 27.23 26.23* 27.87 14.16 13.37 15.32 15.54 6.52 6.61 6.66 6.74 

PB36 PM63 47.82 47.61 46.28 45.55 24.86* 26.13 25.85* 26.97 12.68 13.46 14.71 15.14 6.55 6.47 6.68 6.67 

PB27 PM63 47.08 47.14 45.59 45.51 25.28* 26.13 26.28* 26.97 13.6 13.46 15.31 15.14 6.64 6.47 6.69 6.67 

PB56 PM63 46.09* 47.14 44.46* 45.51 26.05* 27.76 27.17* 28.46 13.39 13.46 15.26 15.14 6.57 6.47 6.73 6.67 

PB82 PM63 47.36 47.77 45.81 45.51 25.48* 26.13 26.00* 26.97 13.79 13.46 15.19 15.14 6.55 6.47 6.68 6.67 

PB98 PM63 47.68 47.14 45.94 45.51 24.78* 26.13 25.74* 27.17 11.77 13.37 13.17* 15.14 6.40 6.47 6.61 6.67 

PB36 PM68 48.27 47.61 46.52* 45.55 23.88* 26.72 25.31* 28.20 12.69 13.78 14.57 15.26 6.54 6.47 6.66* 6.77 

PB27 PM68 47.02 47.05 45.11 45.25 25.12* 26.72 26.50* 28.20 14.19 14.63 15.93 15.93 6.52* 6.62 6.66* 6.79 

PB56 PM68 46.16* 44.44 44.53* 42.78 25.78* 27.76 27.03* 28.46 14.16 16.56 15.76* 17.81 6.55* 6.68 6.68* 6.79 

PB82 PM68 48.13 47.77 46.18 45.92 24.54* 26.72 25.77* 28.20 13.91* 15.47 15.53* 16.97 6.64 6.53 6.69 6.75 

PB98 PM68 46.88* 45.96 44.91* 43.64 24.73* 26.72 26.37* 28.20 13.54 13.37 15.03 15.54 6.57 6.61 6.73 6.79 

Mean 47.17 46.76 45.55 44.99 25.08 26.89 26.24 27.75 13.56 14.33 15.17 16.12 6.54 6.54 6.73 6.79 
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CV 2.16 1.62 10.01 .03 

LSD 1.14  1.14  .83  .84  1.38  1.39  .09  .10  

* p < 0.05 
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Glucosinolates were 1.61 μmol gram-1 lower in the hybrids on average as compared to the low 

parent in the control treatment while this difference increased to 1.78 μmol gram-1 lower in the HT 

treatment. Saturates were 0.13 % lower in hybrids compared to the low parents in the CT treatment 

and this difference increased to 0.18 % in the HT treatment. This was reflected in the increased 

number of hybrid combinations exhibiting HPH in the HT treatment as compared to the CT 

treatment (Table 4.4).The location x treatment x genotype term was removed from the model and 

the likelihood ratio test calculated with a value of 58.1 demonstrating the significance (p < 0.05) 

of this interaction (Gilmour et al., 2009). The impact of treatment was significant at three of the 

four locations and the biological trend was similar across treatments for all four locations. Line 

charts for genotype yield between treatments were created for each individual location (Figure 4.3) 

and the mean across all locations for the inbreds (Figure 4.4A) and hybrids (Figure 4.4B). The 

location line charts illustrate the crossover interactions between genotypes as well as differences 

in the magnitude of the slopes at each location. The mean across all locations has a similar pattern 

to the individual location charts. Thus, all locations were used in a combined statistical analysis. 

The LSD for yield in the combined analysis was 189 kg ha-1 for CT and 180 kg ha-1 for HT. The 

CR/DR was calculated to be 0.72. De la Vega and Chapman (2006) stated that CR/DR values less 

than 1 indicate an improved response to selection within the environments of interest can be 

achieved by analyzing data from only those locations. Testing inbreds and hybrids within the same 

experiment has the potential to increase the H2 and the 𝜎𝑔
2 within the experiment and therefore the 

CR/DR was calculated for inbreds and hybrids separately with values of 0.74 and 0.71, 

respectively.  
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Figure 4.3. Line charts of the Brassica napus L. yield response for all genotypes between the 

control and high temperature treatment for Rosebank14 (A), Carman14 (B), Elora15 (C), and 

Carman15 (D). 
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Figure 4.4. Line charts of the Brassica napus L. yield response between the control and high 

temperature treatment for inbreds only (A) and hybrids only (B) averaged across all four locations 

in 2014 and 2015. 
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Table 4.5. Heat susceptibility index (HSI) of Brassica napus L. inbreds and hybrids in evaluated 

temperature experiments in 2014 and 2015. 

Inbred Name (aHSI) PM69 (0.89) PM68 (1.69) PM63 (1.10) PM03 (1.22) PM88 (1.02) Mean HSI of Hybrids 

PB36 (1.08) 0.66 0.91 0.76 0.76 0.78 0.77 

PB27 (1.01) 0.68 0.94 1.11 0.96 0.85 0.91 

PB56 (1.25) 0.74 1.12 1.10 0.87 0.86 0.94 

PB82 (1.10) 0.87 1.10 1.09 0.96 1.02 1.01 

PB98 (1.48) 0.80 1.46 1.07 1.03 1.01 1.07 

Mean HSI of Hybrids 0.75 1.11 1.03 0.92 0.90  
a - HSI of inbreds in brackets beside the inbred name and HSI of the corresponding hybrid combinations within the table. 
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To further investigate these interactions, the HSI was calculated on all genotypes using the yield 

BLUPs generated from the across location analysis and as hypothesized, the inbreds exhibited 

greater heat susceptibility with a mean HSI of 1.18, while the hybrids had a mean HSI of 0.94 

(Table 4.5). When the restorer and male-sterile parents with the highest HSI were crossed they 

produced the hybrid with the highest HSI (1.46). Similarly, when the two inbreds with lower HSI 

scores were crossed the resulting hybrid had the lowest HSI score (0.66). The relationship between 

the inbred HSI and the average HSI of an inbred resulting from its hybrids combinations was 

significant with an r value of 0.77. There was a greater degree of separation from the population 

mean for the inbreds then the hybrids (Table 4.5). When the inbred per se HSI was plotted with 

the mean inbred HSI calculated from the five hybrid combinations there was unequal separation 

of the female and male inbreds to their corresponding mean HSI (Figure 4.5). The yield GCAs 

were calculated for both CT and HT for all inbreds (Table 4.6). The values were then plotted in a 

line chart for the two treatments and there were four crossover interactions within the 10 inbreds 

(Figure 4.6).  

4.5 Discussion 

There was a similar biological trend across all locations between the treatments with Tmean and 

Tmax being the most significant influences on yield, therefore the use of planting date as a proxy 

for high temperature stress was successful. Hybrids under the heat treatment demonstrated 5% 

greater HPH. The hybrids also produced a lower HSI compared to the corresponding inbreds. This 

indicates heterosis minimized the impact of heat stress in canola. Given there were 4 crossover 

interactions for GCA between the two treatments, breeders should carefully assess the selected 

breeding strategies to enable genetic gain for heat stress.  
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Figure 4.5. Comparison of Brassica napus L. inbred heat susceptibility index for yield (HSI) value 

(x) to the mean HSI of the same inbred across its five hybrid combinations (+) evaluated in four 

temperature experiments in 2014 and 2015. 
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Table 4.6. Brassica napus L. inbred general combining ability (GCA) calculated using yield data 

from a multi-site analysis that included four-site years in 2014 and 2015. 

Inbred Control Yield GCA Heat Yield GCA 

PB36   66 130 

PB27 -37 -17 

PB56  84 67 

PB82 -34 -60 

PB98  -80 -120 

PM69 104 172 

PM68 -196 -227 

PM63 -23 -61 

PM03 32 34 

PM88 83 82 
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Figure 4.6. Line chart of Brassica napus L. inbred general combining ability (GCA) calculated 

using yield data between the control and high temperature treatments from experiments grown in 

2014 and 2015 with inbreds having a positive slope demonstrating increased heat tolerance. 
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Sadras et al. (2015) noted that although planting date has been used as a proxy for high-temperature 

stress in a number of high temperature stress field studies, little if any analysis has been conducted 

on how the environmental variables impact the traits of interest (Cairns et al., 2013; Singh et al., 

2013). In the current research, the first two principal components explained 74.3 % of the variation 

along with the angle of the biplot vectors. From this result, we can infer that the temperature 

variables were most related to seed yield, with increasing temperatures causing a reduction in 

yield. The amount of HPH for yield in this study confirms previous reports of hybrids yielding 

more than open-pollinated cultivars by 17-33 % (Van Deynze et al., 1992; Karamanos et al., 2005). 

However, the results for the current control treatment produced a slightly lower HPH at 13.6 %. 

Early assessment of heterosis in spring canola reported HPH for seed yield varying from -24 % to 

116 %; however, these studies were prior to any GCA screening or the development of heterotic 

pools (Grant and Beversdorf, 1985; Brandle and McVetty, 1989). The inbreds used in this study 

were assessed and originated from genetically distinct heterotic pools. There were only three 

hybrid combinations, all with the same male, that did not exhibit significant HPH. Heterosis did 

minimize the overall impact of the HT treatment on yield by 5% and the overall impact of HPH 

increased by 4.5 % when the HT treatment was applied. This demonstrates that heterosis can 

minimize the impact of HT stress. Previous research on heterosis in B. napus and B. carinata has 

shown negative heterosis effects for emergence, days to flowering and maturity (Teklewold and 

Becker, 2005; Nassimi et al., 2006). The data within this study aligned with these previous findings 

(data not shown) therefore heterosis may explain how hybrids are able to minimize the impact of 

higher summer temperatures. While there is minimal data on the impact of heterosis on heat 

tolerance, the ability of hybrids to better tolerate drought has been demonstrated in sorghum 

(Haussmann et al., 1998), faba bean (Abdelmula et al., 1999), pearl millet (Presterl and Weltzien, 
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2003) , B. juncea (Pandey et al., 2016) and rapeseed (B. napus) (Sabaghnia et al., 2011). Heterosis 

positively impacted biomass as well as seed yield in sorghum and pearl millet while earlier 

flowering in the B. juncea hybrids was suggested as potential mechanism by which heterosis was 

able to minimize drought stress. Continued research into the impact of heterosis on abiotic stress 

will provide insight into the value of hybridization of other crops species such as rice and wheat.  

Heterosis not only had a positive impact on seed yield, but also minimized the impact of the HT 

treatment on seed quality. Canola in western Canada must meet specific requirements for 

registration parameters such as high oil, low glucosinolate content, and low saturated fatty acid 

content. Increased temperature has been shown to decrease oil content, increase protein content 

and increase saturated fatty acids (Canvin, 1965; Pleines and Friedt, 1988; Aksouh-Harradj et al., 

2006). Heterosis under optimal conditions not only increased seed yield, but also decreased protein 

content (Grant and Beversdorf, 1985) and glucosinolate levels which is at odds with Rücker and 

Röbbelen (1994) who state that heterosis was not important when it comes to glucosinolate content 

in oilseed rape. Heterosis has been shown to increase oil content (Diers et al., 1996) and while 

only 6 of the hybrid combinations exhibited HPH for increased oil in the CT treatment on average, 

the hybrids contained 0.42% more oil than did the high parents. Similarly, four of the 25 hybrid 

combinations exhibited LPH for decreased saturate content and on average, the hybrids had 0.13 

% less saturated fatty acid than the parent with the lowest saturate content. When hybrids were 

subjected to heat stress, the oil content declined less than the inbreds, while protein and saturate 

levels did not increase at the same rate as the inbreds. These results depict the ability of hybrids to 

buffer the effect of heat stress on the seed quality traits that are important to processors and 

consumers. 
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In conjunction with heterosis minimizing the impact of heat stress, hybrids also had a lower HSI 

than the inbreds. Although the relationship between the inbreds per se and mean of the inbreds 

across all combinations was significant, there were specific hybrids that did deviate from the 

expected. Research on abiotic stresses such as heat and drought suggest the responses are highly 

quantitative in nature (Cattivelli et al., 2008; Liu et al., 2015). Given the separation in HSI values 

between the inbreds per se yield and the respective mean hybrid value for each heterotic group 

(restorers and male-sterile inbreds) are not equal, suggests there may be non-additive components 

influencing the response of the hybrids. These influences, if detectable, could be exploited through 

marker-assisted selection for major QTL influencing response to HT stress or alteration of 

expression of identified genes to improve the HT stress tolerance (Collins et al., 2008; Varshney 

et al., 2011). 

Hybrid breeding programs have made use of GCA to evaluate the potential of inbreds within a 

breeding program in a cost effective manner. During early inbred assessment, when there are large 

numbers of inbreds, breeders use a limited number of testers or known elite inbreds (testers) to 

assess the inbreds. Due to the large number of new hybrids, these testing locations are often limited 

in terms of the number of environments (Lee and Tollenaar, 2007). This early screening process 

requires a delicate balance between the numbers of genotypes screened with the number of 

environments. These testing environments are typically on uniform soil with optimal fertility, 

planted at optimal times, and maintained to maximize yield potential. The high yielding, stable 

nature of these environments limits the ability of breeders to identify genotypes that may have 

increased abiotic stress tolerance. As further testing occurs and these genotypes are exposed to 

more diverse environments, they may not have the stability under diverse environments that is a 

requirement of elite commercial hybrids. The current research indicates that there were four 
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crossover events between the CT and HT treatments that indicates that different selections would 

be made during inbred advancement or the selection of testers. These crossover events limit any 

indirect selection in optimal environments for heat tolerance (Sadras and Richards, 2014). The 

CR/DR ratio of less < 1 for this set of data demonstrated that screening genotypes directly in heat-

stress environments would improve the response to selection for genotypes for their ability to set 

seed under heat stress (de la Vega and Chapman, 2006).  

Due to the unpredictable nature of some abiotic stresses, managed-stress environments are often 

used to reliably and predictably assess performance (Campos et al., 2004). The cost of these 

managed environments can be high with limited capacity. To enable the assessment of large 

numbers of genotypes across a number of different environmental conditions, researchers have 

attempted to develop crop models to predict genotypic response to a specific set of environmental 

variables (Hammer et al., 2006; Lobell et al., 2013). To fully exploit these models, the data may 

be used in conjunction with whole genome prediction (WGP) (Technow et al., 2015). This allows 

breeders to select inbreds with the genetic structure to yield well in optimal and stressed 

environments. A requirement for accurate predictions across environments within crop models and 

WGP is a thorough understanding of the phenotypic response in both optimal and stressful 

environments. Genotypes may differ, but as long as the allelic structure within the phenotyped and 

predicted populations are similar, then the predictions have the potential to provide valuable data 

with minimal cost (Schopp et al., 2017). Based on the identification of crossover interactions in 

the HT treatments, breeders can utilize managed-stress environments to assess heat-stress effects 

and collect the necessary data to enhance crop models such as Agricultural Production Simulator 

(APSIM) (Anwar et al., 2015; Kirkegaard et al., 2016). Given that abiotic stressors, such as heat 

stress, have been found to be highly quantitative with many pleiotropic interactions, a WGP 
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approach combined with marker-assisted selection (MAS) for QTL of traits significant 

contribution will expedite the ability to improve heat stress tolerance moving forward. The 

combination of managed stress environments, crop modelling, MAS, and WGP will ensure 

breeders can increase genetic gain in a changing climate. 

4.6 Conclusions 

The data presented demonstrates that planting date can be used as a successful proxy for 

temperature stress in canola. Heterosis did minimize the negative impact of heat stress on 

important agronomic and seed quality traits. The HSI demonstrated that while overall inbreds are 

more susceptible to heat stress, when more tolerant inbreds are used to produce hybrids, the 

resulting hybrids are more tolerant. Inversely, when two susceptible inbreds are combined, the 

resulting hybrids are susceptible, suggesting an additive genetic effect. This indicates that breeders 

can screen inbreds for heat tolerance, which will provide increased phenotypic variation and 

predictive information for hybrid combinations. While the data indicate a strong additive genetic 

effect, the data also suggests that the differences are not completely additive and further 

investigation into the genetic control of heat stress response is warranted. 

Given the observed GCA crossover interactions between treatments, further use of managed-stress 

environments for heat stress would provide valuable phenotypic information for crop growth 

models that could then be utilized in conjunction with WGP to predict genotypic performance in 

heat stress environments. If the pace of climate change continues to accelerate, these models and 

prediction methodologies will be valuable tools in accelerating genetic gains within these changing 

environments.      
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The presence heat tolerance variation in B. napus germplasm and the ability to phenotype within 

the target population environment were required components to enable genetic gain. A final step 

is defining an appropriate breeding strategy to enable the greatest opportunity to make gains in 

heat tolerance. The variety of molecular breeding methods available require breeders to determine 

the best path forward for each trait of interest to maximize genetic gain. Two popular molecular 

breeding methods marker-assisted selection and whole genome prediction are evaluated in the 

following chapter to determine of the best strategy in improve thermotolerance within B. napus.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

87 
 

5.0 A COMPARISON OF LINKAGE MAPPING AND WHOLE GENOME 

PREDICTIONS WITHIN BRASSICA NAPUS L.  ACROSS CONTROL AND 

HIGH TEMPERATURE FIELD ENVIRONMENTS 

 

 

Chadwick B. KoscielnyA, Stuart W. GardnerB, Frank TechnowC, Robert W. DuncanD 

AChadwick B. Koscielny*; DuPont Pioneer, Plant Breeding Research & Development, Carman, 

Manitoba, R0G 0J0 

BStuart W. Gardner; DuPont Pioneer, Biostatistics, 8305 NW 62nd Avenue, Johnston, Iowa, 

50131-7060 

CFrank Technow, DuPont Pioneer, Breeding Technologies, 596779 Country Rd 59N, Tavistock, 

Ontario, N4S 7W1 

DRobert W. Duncan; Department of Plant Science, University of Manitoba, 222 Agriculture 

Building, Winnipeg, MB, R3T 2N2 

 

 

 

 

Article has been submitted to Crop Science.   

 

 

In this research paper Chad Koscielny contributed to the phenotyping, analysis of the data, data 

interpretation, writing and editing of the manuscript.  

 

 



 

88 
 

5.1 Abstract 

With over 8 M ha of canola (Brassica napus L.) grown in western Canada and given the crop’s 

sensitivity to heat stress, research on breeding methodologies to improve heat stress tolerance is 

warranted. This study utilized a doubled haploid population created from two parents (PB36 and 

PB56) that differed in their ability to set seed following growth at high temperatures. This 

experiment was designed to 1) identify potential QTL responsible for conferring heat tolerance 

and, 2) utilize this population as a test case for evaluating the use of whole genome prediction for 

heat tolerance. The population was phenotyped at three locations with two planting date 

treatments. The first planting date occurred during the normal planting period (control). The 

second planting date occurred later and experienced increased temperatures during the growing 

season and the critical reproductive period, simulating a high temperature environment. The high 

temperature treatment reduced yield by 16.7 % on average with significant differences across 

treatments for all traits collected. There were 66 QTL discovered across the nine traits collected 

with a putative QTL for seed yield found within the heat treatments, but not present within the 

control treatment. Given the quantitative nature for all the traits measured, the ability to use whole 

genome prediction was investigated. The prediction accuracies ranged from 0.14 (yield) to 0.66 

(thousand kernel weight). Prediction within the high temperature treatment had higher accuracy 

than within the control treatment for seven of the nine traits, demonstrating that phenotyping within 

a stress environment can provide valuable data for whole genome predictions.   

5.2 Introduction 

Breeding for heat stress tolerance within cool season crops such as canola (Brassica napus L.) is 

a necessity to ensure continued genetic gain in a warming environment. The impact of heat stress 

in canola was demonstrated through an analysis of growers’ canola yields over 34 years in 
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Saskatchewan, Canada. Kutcher et al. (2010), found that for every 1 °C increase in temperature 

yield declined by 75.5 kg ha-1. In 2016, and given that canola was planted on 8.12 M ha primarily 

in western Canada (Canola Council of Canada, 2016b), this could equate to greater than 0.5 million 

tons of lost production and at $500/ton this could result in $250 M in loss to producers in western 

Canada. Progress has been made in improving heat tolerance of crops such as broccoli (Brassica 

oleracea L.), cowpea (Vigna unguiculata (L.) Walp.) and potato (Solanum tuberosum L.) through 

conventional breeding and the increased use of genomic information has enabled breeders to 

decrease the time required to integrate new traits into their germplasm and varieties (Driedonks et 

al., 2016).  

Genetic linkage mapping when combined with phenotypic data enables the discovery of 

quantitative trait loci (QTL) (Xu, 2010). These QTL facilitate the implementation of marker 

assisted selection (MAS) or marker assisted backcrossing (MABC) breeding strategies to retain 

the trait of interest through generations without costly phenotypic screening (Collard et al., 2005).  

For QTL to be an effective proxy for phenotyping in breeding programs, they must explain a 

significant proportion of the variation, be stable across environments and across breeding 

populations. QTL discovery for abiotic stress traits such as waterlogging and drought have been 

mapped in B. napus  (Li et al., 2014), although the maximum amount of phenotypic variation 

explained by any one QTL was relatively low with a maximum of 12.56 %. A review of abiotic 

stress QTL by Collins et al. (2008) lists a multitude of QTL; however, attempting to utilize many 

QTL with minor effects to drive genetic gain for a single trait is inefficient and difficult to manage 

within a breeding program (Bernardo, 2016).    

A review by Jha et al. (2014), lists numerous QTL implicated in heat tolerance within many species 

(Arabidopsis thanliana L., Hordeum vulgare L., Zea mays L., Solanum tuberosum L., Oryza sativa 



 

90 
 

L. , Sorghum bicolor (L.) Moench, Lycopersicon esculentum Mill. and Triticum aestivum L.), 

thereby demonstrating the quantitative nature of heat stress response. With increased access to 

whole genome marker data, breeders are able to employ the use of whole genome predictions 

(WGP) for highly quantitative traits (Jannink et al., 2010). Unlike QTL discovery using linkage 

mapping, WGP models do not have stringent statistical significance limits and are therefore able 

to utilize all genetic signals detected through the analysis (Meuwissen et al., 2001). With the use 

of WGP, breeders are able to predict the performance of untested genotypes and therefore decrease 

the time necessary to identify favorable allelic combinations for highly quantitative traits within 

the germplasm (Heffner et al., 2010). In maize, WGP has been more effective for improving grain 

yield under drought stress than phenotypic selection alone (Vivek et al., 2017). Whole genome 

prediction has previously been applied to B. napus doubled haploid populations for yield and 

quality traits with varying degrees of success, depending on population structure, number of 

individuals within the population, marker density and trait heritability (Würschum et al., 2014; 

Zou et al., 2016). In respect to heat stress, Bita and Gerats (2013) discuss the difficulty in using 

low effect QTL for improving quantitative traits such as heat tolerance, and suggest WGP as a 

promising alternative.  

This research utilized a doubled haploid (DH) mapping population of 148 genotypes created from 

a cross of two canola inbreds that differed in their ability to set seed under heat stress as described 

in Chapter 3 (Koscielny et al., 2018b). These genotypes were phenotyped at three locations with 

two planting dates over two years and genotyped using a Douglas Array Tape with Taqman® 

markers for detection of 368 polymorphic SNPs. The objective of this research was to: 1) identify 

QTL responsible for conferring heat tolerance; and 2) utilize this population to assess the prospects 

of WGP for improving heat tolerance. Both MAS and WGP are useful breeding strategies, but 
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selecting the optimal strategy is imperative in a competitive research area such as plant breeding. 

This research applies both approaches across control and high temperature environments and 

discusses the strengths and challenges of each strategy.             

5.3 Materials and Methods 

5.3.1 Plant materials  

Micorspore culture was carried out on the F1 of a cross between two DH genotypes: PB36, heat 

tolerant and  PB56, heat susceptible as determined during a prior growth chamber experiment 

(Koscielny et al., 2018b). These 148 microspore derived genotypes (Chen et al., 1994) had a seed 

increase conducted in a greenhouse at Carman, MB, Canada to provide sufficient seed for field 

trials.     

5.3.2 Field trials and environmental data 

The field experiment was set up as a split plot randomized complete block design with two 

replications. The main effect was planting date with an early and late planting date designed to 

shift the reproductive period of the second planting to a later time period, in order to align with 

increased summer temperatures, and the sub-plot was genotype. The field experiments were 

conducted in Carman, Manitoba (49.4903, -98.0027) in 2015 and 2017 and in Viluco, Chile (-

33.7965, -70.8075) in 2015. Carman soil was a sandy loam texture and had 89-34-0-22 kg ha-1 of 

granular nitrogen, phosphorus, potassium and sulphur band applied prior to planting. Viluco soil 

texture was a loam texture and had 125-61-69-0 kg ha-1 of nitrogen, phosphorus, potassium and 

sulphur applied at 20 and 40 days after planting through the irrigation. The genotypes were seeded 

in a 3m row with a spacing of 0.5m between rows. The 2015 and 2017 Carman locations were rain 

fed with volumetric water content to a depth of 18 cm measured weekly using a TDR 100 Soil 
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Moisture Meter (Spectrum Technologies Incorporated, Aurora, IL), while the 2015 Viluco location 

was irrigated with drip tape irrigation with a total of 288 mm water applied plus an additional 

83.5mm and 6.2 mm of rainfall for the first and second planting dates respectively. Irrigation 

applications were made every five days to ensure no differences in treatment due to soil moisture. 

Temperatures data were collected every 30 minutes with a 2000 Series Watchdog weather station 

(Spectrum Technologies Incorporated, Aurora, IL). There were higher temperatures during the 

second planting date at all environments and therefore it will be referred to as the high temperature 

treatment (HT), with the first planting date being referred to as the control temperature (CT) (Table 

5.1). Days to flowering beginning (from planting date to date of first flower), days to flower ending 

(from planting date to date of last flower opening), physiological maturity (days from planting date 

until seed in a pod one third from the proximal end of the main raceme had turned brown), seed 

yield (collected on the center 1m of each plot) and thousand kernel weight (g) were collected on 

all plots. A Foss NIRSsystem 6500 (Foss, Denmark) was used to estimate seed quality parameters; 

oil and protein content are presented as a percent at dry weight (0% moisture), glucosinolate 

content (ųmole gram-1) and total saturates content (the sum of C12:0, C14:0, C16:0, C18:0. C20:0, 

C22:0 and C24:0) expressed as a percent of total fatty acids (Daun et al., 1994). 

5.3.3 Phenotypic analysis 

Statistical analysis of the phenotypic data was completed using AREML 4 (VSN International 

Limited, Hemel Hempstead, UK, 2014) to estimate the best linear unbiased predictions (BLUPs) 

for all entries. The model used was, y = Xb + Zu + e  where y was the observed phenotype, b the 

fixed terms for matrix X, u the random terms for matrix Z and e was the error matrix  N(0,Σ) where 

Σ was an AR1 x AR1 structure (Gilmour et al., 1997). For the single site analysis, an overall mean 

and treatment (CT, HT) were considered as fixed effects.  
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Table 5.1 Location planting dates with mean temperature and soil moisture variables during the 

entire growing season, flowering duration along with day length at the beginning of flowering.   

  Growing Season Flowering Duration   

Location 

 

Planting 

Date 

Tmeana 

(°C) 

Tmaxb 

(°C) 

Tminc 

(°C) 

Tmean 

(°C) 

Tmax 

(°C) 

Tmin 

(°C) 

Soil 

Moisture 

(%) 

Day 

Length 

(hrs) 

Carman, 2015 12-May 17.8 24.4 10.8 20.4 27.0 13.5 35.6 16:14 

 01-Jun 19.4 26.2 12.4 21.1 27.7 14.3 34.3 16:02 

Viluco, 2015 29-Sep 17.5 25.6 9.3 19.2 28.8 9.7 Irrigated 14:06 

 30-Oct 19.5 28.1 10.9 20.8 30.2 11.3 Irrigated 14:22 

Carman, 2017  10-May 17.5 24.0 10.6 18.7 24.9 11.7 31.2 16:14 

 05-Jun 18.7 25.5 11.6 20.1 27.0 12.4 37.0 15:59 
a

 mean temperature, bmaximum temperature, c minimum temperature 
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Random effects were row and column nested within treatment, entry and treatment x entry. The 

multi-location model had an overall mean, treatment, location and treatment x location as fixed 

effects. Random effects were row and column nested within location and treatment, entry, 

treatment x entry, location x entry, location x treatment x rep, and location x treatment x entry. 

The analysis to generate the BLUPs for the WGP was a multi-location analysis with the control 

and heat treatments being analyzed independently. Here, an overall mean and location was treated 

as a fixed effect. Random effects were row and column nested within location, entry and location 

x entry. The fitted WGP models are thus ‘treatment specific’. Broad sense heritability (H2) was 

calculated within treatment using the following model (Cullis et al., 2006): 

𝐻2  =  1 – 
(𝑆𝐸𝐷)2

(2 ∗  𝜎𝑔
2)

  

SED is the average standard error of the differences between entries, while 𝜎𝑔
2  is the sum of the 

genotypic and genotype x environment variance assuming a compound symmetry structure (Smith 

et al., 2005). R 3.3.1 (R Development Core Team, 2010) was used to calculate the Pearson 

correlation coefficients (r) and the T test for the trait relationship matrices.  

5.3.4 Genotypic analysis 

The two parents had previously been fingerprinted using > 1500 SNPs. This information was used 

to select 526 polymorphic Taqman® SNP markers for the DH population to be genotyped using an 

array tape (Douglas Scientific, Alexandria, MN). Once SNPs were assessed for missing data and 

segregation distortion a final 368 SNPs were used to create the final linkage map in MapDisto 1.7 

(Lorieux, 2012). The genetic map, along with the phenotypic BLUPs, were used to identify QTL 

through composite interval mapping using 1000 permutations at a p-value of 0.05 in Windows 

QTL Cartographer© V2.5_011 (WinQTL) (Wang et al., 2012) and only QTL having a significant 
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LOD score based on the permutation test reported. QTL present in all three locations were reported 

through a combined analysis and defined as ‘stable’ QTL, while QTL present in only one or two 

locations are reported on a location specific basis as ‘putative’ QTL. Genomic best linear unbiased 

prediction (GBLUP) was used as a WGP model (Meuwissen et al., 2001), fitted with the rrBLUP 

R package (Endelman, 2011) with  R 3.3.1 (R Development Core Team, 2010), using the same 

368 SNPs that were used for the QTL mapping. Prediction accuracy was evaluated in a random 

cross validation. The training set used for fitting the model comprised a random sample of 104 

genotypes (70%), with the remaining 44 genotypes (30%) used as  the validation set (Jan et al., 

2016). Two prediction scenarios were considered: prediction within a treatment (‘within’, e.g., 

using a HT training set to predict the performance of the validation lines under HT) and prediction 

across treatments (‘across’, e.g., using a HT training set to predict the performance of the validation 

lines under CT). The prediction accuracy (i.e., correlation between predicted and true genetic 

values) was calculated by dividing the Pearson correlation coefficient between predicted and 

observed trait values of the validation genotypes by the square root of the heritability estimated 

for the corresponding treatment (Legarra et al., 2008). The cross validation was replicated 500 

times and results summarized as the mean and standard deviation of the prediction accuracies.  

5.4 Results  

5.4.1 Phenotypic analysis 

There was a significant decline in seed yield in the HT at all locations ranging from 14.6 % to 18.2 

% with the combined analysis having a 16.7 % decline. All traits in both treatments at all locations 

had significant differences among genotypes within the population (Table 5.2). The DH population 

exhibited transgressive segregation for all traits, treatments and at all locations. 
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Table 5.2. Phenotypic data from each single site analysis and combine location analysis for the 

control and heat treatment, including the results for each parent (PB36 and PB56) and the 

minimum, mean and maximum of the 148 doubled haploids along with the least significant 

difference within the population.   

 Control Heat 

   

   DH population    DH population  

Carman15 PB36 PB56 Min Mean Max LSD PB36 PB56 Min Mean Max LSD 

DYSFLB^a 45 45 42 45 48 1.54 36 37 34 37 39 1.76 

FLWDUR^ 24 23 21 23 26 1.97 23 22 20 22 25 2.05 

MAT^ 92 91 89 92 95 1.76 83*b 81 80 82 85 1.66 

TKW^ (g) 3.73 3.59 3.17 3.73 4.66 0.16 3.23 3.07 2.63 3.23 4.06 0.27 

YIELD^ (g) 103.40 98.04 75.75 97.21 122.03 20.03 86.55 80.87 58.92 80.22 105 19.93 

OIL^ (%) 49.02 47.39 37.58 45.22 49.78 1.93 50.42* 48.13 39.35 45.95 49.87 1.92 

PRO (%) 22.71** 26.05 22.33 25.98 31.25 1.70 21.53** 24.87 21.67 25.36 29.42 1.63 

GLU (umol/g) 12.96* 15.81 9.1 15.11 25.97 2.31 13.06** 16.71 9.55 15.44 23.52 1.88 

SAT (%) 6.57 6.81 6.39 6.93 7.64 0.25 6.57* 6.79 6.36 6.98 7.60 0.23 

Viluco15             

DYSFLB^ 60** 54 51 58 68 2.31 53** 46 45 50 60 2.55 

FLWDUR^ 26 25 22 26 28 2.94 19 19 16 19 22 2.82 

MAT^ 105** 101 98 104 113 3.38 96* 93 90 95 103 3.63 

TKW (g) 3.49** 2.93 2.14 2.94 3.63 0.34 3.48 3.22 2.26 3.02 3.88 0.38 

YIELD^ (g) 152.68 142.39 125.01 146.13 171.91 37.02 134.46 113.62 101.17 124.80 176.98 35.93 

OIL^ (%) 46.33** 38.63 39.16 42.99 46.16 1.74 45.54** 38.71 38.08 42.43 45.51 1.99 

PRO^ (%) 27.94** 31.76 26.33 29.44 33.40 1.45 28.51** 32.19 26.86 29.97 33.84 1.48 

GLU^ (umol/g) 13.02** 17.68 9.49 13.74 19.25 1.98 14.34** 19.39 10.40 15.12 21.21 2.26 

SAT (%) 6.02** 6.43 5.66 6.40 7.05 0.30 5.87** 6.19 5.60 6.28 6.94 0.30 

Carman17             

DYSFLB^ 46 45 44 46 51 2.02 37* 38 35 38 42 1.43 

FLWDUR^ 25 26 23 25 28 1.98 20 21 19 20 22 1.94 

MAT^ 92** 94 90 93 98 2.21 86** 89 84 87 91 2.02 

TKW (g) 3.98** 4.68 3.47 4.16 5.2 0.41 3.44** 4.11 2.93 3.62 4.67 0.40 

YIELD^ (g) 186.47** 140.66 116.09 160.05 188.38 31.61 157.30** 111.49 86.91 130.88 159.21 31.61 

OIL^ (%) 50.56** 42.78 41.63 46.94 50.90 2.04 48.61** 40.84 39.69 45.00 48.96 2.04 

PRO^ (%) 22.77** 28.13 21.19 24.73 30.30 1.91 24.23** 29.46 22.64 26.26 31.87 1.84 

GLU^ (umol/g) 11.51** 15.29 7.16 12.24 20.57 2.18 12.91** 16.7 8.56 13.64 21.97 2.18 

SAT (%) 6.44** 6.83 6.38 6.76 7.25 0.22 6.42** 6.84 6.34 6.75 7.23 0.21 

Combined             

DYSFLB^ 50** 48 46 50 56 1.27 42* 41 38 42 47 1.22 

FLWDUR^ 24 25 23 25 27 1.48 20 21 19 21 23 1.48 

MAT^ 96 96 93 96 100 1.62 88 88 86 88 92 1.49 
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TKW^ (g) 3.77 3.94 2.95 3.61 4.43 0.22 3.4* 3.63 2.66 3.29 3.63 0.21 

Yield^ (g) 149.79** 125.32 106.11 134.43 150.54 17.90 127.95** 102.38 83.24 111.94 128.83 17.56 

OIL (%) 48.96** 42.26 40.09 45.07 48.96 1.22 48.51** 42.13 39.49 44.47 48.96 1.18 

PRO (%) 24.22** 28.99 23.54 26.70 30.57 1.04 24.58** 29.03 23.90 27.19 31.03 0.98 

GLU^ (umol/g) 12.38** 16.79 8.70 13.70 21.35 1.33 13.4** 17.74 9.87 14.73 22.32 1.21 

SAT (%) 6.31** 6.68 6.22 6.70 7.25 0.16 6.26** 6.63 6.16 6.67 7.21 0.14 

a - ^ p < 0.05 for the treatment effect as determined by Walds F test 
b - * p  < 0.1, ** p < 0.05 significance level as determined by a paired t test between PB36 and PB56 

DYSFLB – beginning of flowering (days), FLWDUR – flower duration (days), MAT – physiological 

maturity (days), TKW – thousand kernel weight, OIL – oil (0% moisture basis), PRO – protein (0% 

moisture basis), GLU – glucosinolate content, SAT – saturated fatty acid content   
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The number of days to flower initiation (DYSFLB), flower duration (FLWDUR), and maturity 

(MAT) all decreased within the HT at all locations, while glucosinolate (GLU) content increased 

within the HT (Table 5.2).  Within the combined analysis, the FLWDUR, TKW, percent protein 

(PRO) and GLU had a significant negative correlation with yield in both treatments, while percent 

oil (OIL) had significant positive correlation with yield (Figure 5.1). Maturity was negatively 

correlated with yield in the HT only, while the relationship was not significant in the CT, it was 

also negatively correlated.   

5.4.2 QTL mapping  

The linkage mapping analysis identified 66 total QTL across the nine traits and two treatments 

(Supplementary Table 5.1). Eight of these QTL were stable throughout the three environments and 

the combined analysis. The remaining 58 putative QTL were found in one or two of the locations. 

The maximum amount of variation explained with a single QTL was 45.2 % and 54.1 % in the CT 

and HT, respectively for DYSFLB (Table 5.3). This QTL was at the same location on linkage 

group A02 in both treatments, but only at a single location (Viluco, 2015) and no stable QTL were 

found within DYSFLB. The maximum amount of variation explained by a single stable QTL was 

for FLWDUR (17.7 %) within the HT. A QTL associated with yield was found within the HT at 

Viluco 2015 on linkage group A02 and explained 11.4 % of the variation. This QTL overlapped 

with FLWDUR and TKW QTL found within the Carman 2015 environment and a SAT QTL 

within the same environment. The seed quality traits accounted for 28 putative and 4 stable QTL 

across both treatments.  
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B.

 

Figure 5.1. Correlation matrix of the traits from the combined analysis including Carman, 2015, 

Viluco, 2015 and Carman, 2017 for the control treatment (A) and the high temperature treatment 

(B). The upper panel contains the correlations, the diagonal contains the histogram of the trait data 

and the lower panel contains the scatter plot of the trait comparisons with trait values listed on the 

border of the panels.  
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Table 5.3. A list of the number of QTL having a LOD score greater than the 0.05 significance as 

indicated by the permutation test for all traits and treatments (CT – control treatment, HT – high 

temperature) from individual location analyses. Inconsistent QTL that did not appear at all 

locations (Carman, 2015, Viluco, 2015 and Carman, 2017) are listed as putative while QTL that 

were significant within all environments are listed as stable with the corresponding range of 

phenotypic variance explained (R2 %).  

  Linkage Mapping  

Trait Treatment  

Number of 

Putative QTL 

R2 Range of 

Putative QTL  

Number of 

Stable QTL 

Maximum R2 

Stable QTL  

DYSFLB 
CT 2 8.6 - 45.2 0 NA 

HT 4 7.7 - 54.1 0 NA 

FLWDUR 
CT 6 7.7 - 21.5 0 NA 

HT 2 7.8 - 19.1 1 17.7 

MAT 
CT 3 9.0 - 13.0 1 10.2 

HT 4 9.5 - 18.6 0 NA 

TKW 
CT 5 7.0 - 13.5 1 16.9 

HT 5 7.3 - 13.1 1 16.8 

YIELD 
CT 1 12.1 0 NA 

HT 2 11.4 - 11.8 0 NA 

OIL 
CT 3 11.4 - 24.5 0 NA 

HT 1 12.7 1 15.7 

PRO 
CT 2 7.8 - 13.5 1 13.5 

HT 3 7.9 - 11.4 1 13.2 

GLU 
CT 4 11.1 - 17.3 0 NA 

HT 5 8.2 - 14.0 1 10 

SAT 
CT 3 8.0 - 24.4 0 NA 

HT 3 11.8 - 15.6 0 NA 
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OIL had a stable QTL within the HT as compared to the CT, while PRO had a single stable QTL 

present within both treatments. While OIL and PRO were highly correlated, the QTL did not 

overlap; however, they were adjacent to each other on linkage group A09. 

5.4.3 Whole Genome Prediction 

The broad sense heritability ranged from a low of 0.64 for yield in the CT to a high of 0.97 for 

GLU in the HT (Table 5.4). For the ‘within’ prediction scenario the average prediction accuracy 

ranged from 0.14 for yield within the HT to a high of 0.66 for TKW. In general, the ‘within’ 

prediction accuracy was higher within the HT than the CT for all traits except YIELD and SAT 

(Table 5.4). Using the HT training set to predict performance in CT, decreased the prediction 

accuracy for DYSFLB and YIELD, compared to when using a CT training set (i.e., ‘within’ CT) 

(Table 5.5). However, when the CT was used as a training set for predicting performance in the 

HT, the accuracies declined for all traits relative to the ‘within’ HT prediction, with the exception 

of YIELD. The traits related to plant development (DYSFLB, FLWDUR and MAT) showed the 

largest decrease in accuracy, with a drop of 0.20, 0.17 and 0.15, respectively. Only a minor 

decrease in accuracy from ‘within’ to ‘across’ was observed for TKW and the seed quality traits 

(OIL, PRO, GLU, SAT). 

5.5 Discussion  

Breeding is the genetic gain realized through selection, with breeders utilizing tools to increase the 

response to selection by increasing selection intensity and heritability, while minimizing the 

amount of time required to accurately describe a phenotype (Cooper et al., 2014).  
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Table 5.4. Summary of variance components (σ2
g – genotypic variance, σ2

gxe genotype x 

environment variance), heritability (H2) and the mean and standard deviation of whole genome 

prediction accuracies for the ‘within’ control (CT) and high-temperature (HT) treatment prediction 

scenario.  

Trait Treatment σ2
g σ2

g x e SED H2 Mean Stddev 

DYSFLB CT 2.39 0.66 0.77 0.90 0.37 0.11 

 HT 1.49 0.25 0.64 0.88 0.54 0.10 

FLWDUR CT 1.05 0.24 0.85 0.72 0.37 0.14 

 HT 0.85 0.50 0.83 0.75 0.53 0.12 

MAT CT 1.57 0.18 0.86 0.77 0.43 0.12 

 HT 1.76 0.33 0.77 0.86 0.58 0.10 

TKW CT 0.08 0.04 0.14 0.91 0.64 0.08 

 HT 0.07 0.02 0.13 0.90 0.66 0.08 

YIELD CT 49.48 166.82 10.81 0.73 0.35 0.11 

 HT 72.33 60.94 9.77 0.64 0.14 0.14 

OIL CT 2.18 1.41 0.77 0.92 0.38 0.10 

 HT 2.66 0.86 0.73 0.92 0.42 0.10 

PRO CT 1.75 0.91 0.68 0.91 0.47 0.10 

 HT 2.25 0.59 0.61 0.94 0.55 0.09 

GLU CT 5.55 1.57 0.85 0.95 0.55 0.09 

 HT 6.75 1.10 0.72 0.97 0.56 0.09 

SAT CT 0.04 0.02 0.10 0.92 0.48 0.10 

 HT 0.04 0.01 0.09 0.93 0.47 0.10 

DYSFLB – beginning of flowering, FLWDUR – flower duration, MAT – 

physiological maturity, TKW – thousand kernel weight, PRO – protein, GLU – 

glucosinolate content, SAT – saturated fatty acid content 
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Table 5.5. Mean and standard deviation of whole genome prediction accuracy for the ‘across’ 

control (CT) and high-temperature (HT) treatment prediction scenario. 

Trait Prediction set Training set Mean Stddev 

DYSFLB 
CT HT 0.35 0.12 

HT CT 0.34 0.12 

FLWDUR 
CT HT 0.42 0.14 

HT CT 0.36 0.13 

MAT 
CT HT 0.51 0.13 

HT CT 0.43 0.11 

TKW 
CT HT 0.64 0.10 

HT CT 0.65 0.08 

YIELD 
CT HT 0.21 0.15 

HT CT 0.17 0.19 

OIL 
CT HT 0.41 0.10 

HT CT 0.41 0.11 

PRO 
CT HT 0.50 0.10 

HT CT 0.51 0.09 

GLU 
CT HT 0.56 0.09 

HT CT 0.54 0.10 

SAT 
CT HT 0.48 0.10 

HT CT 0.44 0.11 

DYSFLB – beginning of flowering, FLWDUR – flower duration, MAT – 

physiological maturity, TKW – thousand kernel weight, PRO – protein, GLU 

– glucosinolate content, SAT – saturated fatty acid content 
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To be successful, breeders have to strategically allocate finite resources to maximize genetic gain. 

Marker assisted selection with QTL and WGP are tools that have shown promise in enabling 

increased genetic gain (Varshney et al., 2016). This research attempted to identify specific QTL 

responsible for conferring heat tolerance, and while there was a putative QTL discovered for 

YIELD within the HT that was absent from the CT, the instability across environments and low 

amount of variation explained limit the practical utility. Further investigation across populations 

and environments would be required prior to the implementation of a MAS strategy. The relatively 

high prediction accuracies found and the high number of putative QTL discovered suggest that a 

WGP breeding strategy would be more promising than developing a MAS or MABC program for 

the traits collected within this experiment. In this study, we evaluated the utility of a popular WGP 

strategy of using phenotypic data from a subset of a DH population to train WGP models for 

predicting untested lines. This strategy has the potential to increase the response to selection by 

utilizing larger populations, without the need for increased resources as the increased genotyping 

resource requirement could be offset by a reduction in phenotyping (Riedelsheimer and 

Melchinger, 2013).  

Days to flower beginning did not have any relationship with yield and while there were a number 

of QTL explaining a larger portion of the variation within specific environments, these QTL did 

not respond differently across treatments. The QTL that explained the most variation (45.3 % CT, 

54. % HT) at Viluco 2015 was located on linkage group A02, which aligns with the existing 

literature for DYSFLB within B. napus (Chen et al., 2010; Nelson et al., 2014; Javed et al., 2016). 

Given this QTL was found within the environment that had shorter days, it may be a candidate 

QTL if germplasm is being transferred from long day to short day environments. The time to 
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flower initiation in B. napus has been shown to be influenced by photoperiod and thermal time 

(Nelson et al., 2014). Although the difference in photoperiod was minor between these two 

treatments, this combined with the increased temperatures during the HT potentially strengthened 

the genetic signal and increased the amount of genetic variation explained by the QTL in the HT. 

In the absence of photoperiod differences or vernalization requirements, DYSFLB has been shown 

to be a quantitative trait (Javed et al., 2016). The results in the current study show that DYSFLB 

can be predicted accurately with WGP. This suggests that utilizing WGP to select for earlier 

flowering has the potential to minimize interaction of higher summer temperatures with the 

reproductive stage of B. napus, and improve the avoidance of heat stress (Jung and Müller, 2009; 

Franks, 2011). Previous research has shown that traits with few QTL that explain more variation 

can be used with higher prediction accuracy (Riedelsheimer et al., 2012). The higher DYSFLB 

accuracy within HT than CT may therefore be due to the increased amount of variance explained 

by the QTL found within this treatment.  

A stable QTL for FLWDUR within the HT, but not the CT needs to be further investigated as this 

QTL was stable across environments and explained 17.7 % of the phenotypic variation. The 

negative correlation between FLWDUR and YIELD (shorter flowering duration lead to higher 

yields) within this population suggests that the ability to develop a large sink strength earlier within 

the flowering period was linked to higher yields. The ability to predict FLWDUR using WGP with 

greater accuracy within the HT as compared to within the CT might again be because of the 

presence of a stable QTL with relatively large effect within the HT. There are numerous studies 

that have reported on days to the beginning of flowering, but none could be found reporting on the 

flowering duration within B. napus. The association of FLWDUR to YIELD, the stable QTL and 

WGP results warrant further investigation of the importance of FLWDUR.      
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The QTL mapping of MAT resulted in the discovery of a stable QTL with the CT. Similar to 

previous literature, there were a number of putative QTL demonstrating the quantitative nature of 

this trait (Shi et al., 2009). While the stable QTL was discovered only within CT, the highest WGP 

accuracy was found within HT. This might be because of the considerable increase in heritability, 

which is expected to increase accuracy (Daetwyler et al., 2010). The reduction in prediction 

accuracies of DYSFLB, FLWDUR and MAT for the HT when CT was used as the training set 

demonstrates the unique impact of the HT on these traits. These reductions are not unexpected 

given the influence of temperature on B. napus plant development (Koscielny et al., 2018a). 

The stable QTL on C03 within both treatments for TKW has the potential for use in breeding 

applications if it can be confirmed across additional populations. Previous QTL mapping of seed 

weight within B. napus has discovered a number of QTL, but there is no report of the C03 QTL 

that was discovered within the current DH population (Fan et al., 2010; Ding et al., 2012; Fu et 

al., 2015). Given the number of QTL discovered within this population, the previous literature and 

high prediction accuracy, future research may want to focus on using WGP when attempting to 

select for large seed size. The selection for large seed size will require careful assessment of yield 

as large seed can be negatively related to seed yield and therefore this covariance must be 

considered during selection. The heat treatment had little impact on QTL mapping and WGP 

enabling flexibility in phenotyping this trait.  

There was a single YIELD QTL found within a single environment across both treatments. There 

was a single YIELD QTL found within the heat environment, but given it was only present within 

a single environment it may not be useful within a breeding program. While it is already accepted 

that yield is a highly quantitative trait, research has also shown the quantitative impact of abiotic 

stresses such as heat and drought on yield (Pinto et al., 2010; Jha et al., 2014; Thudi et al., 2014). 
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No stable QTL were discovered within this population for YIELD within the HT, which makes 

WGP the only viable marker based approach for selecting for yield under heat stress. The discovery 

that prediction accuracy within the HT was considerably lower than within CT, may be due to a 

number of factors. Heritability is an important determinant of prediction accuracy (Daetwyler et 

al., 2010). Thus, the lower heritability in HT was likely responsible for the lower accuracy, at least 

in part. The lower heritability for YIELD within the stress treatment was not unexpected and has 

been reported in previous studies (Witcombe et al., 2008). Secondly, the quantitative nature of 

heat stress response and the absence of any major QTL, suggest that yield under heat stress has an 

even more complex genetic architecture than under CT, leading to a negative impact on prediction 

accuracy (Daetwyler et al., 2010). The decrease in the CT YIELD prediction accuracy when the 

HT was used as the training set and the increase in the HT prediction accuracy when CT was used 

as training set, is possibly a consequence of the previously discussed effects of heritability.  

The results demonstrating a lower OIL and increased PRO on average within the HT agrees with 

the findings of Daun (2007) in which significant variation across eight varieties in the relationship 

of annual temperatures and oil/protein content were found. There have been a number of reports 

of QTL for seed quality traits within B. napus and, given the number of QTL reported in the 

literature (Yan et al., 2009; Chen et al., 2010; Javed et al., 2016) and the large number of minor 

effect QTL discovered within this population, utilizing MAS for improving seed quality traits 

within well adapted inbreds would be challenging. The seed quality traits had high heritability and 

accuracies ranging from 0.38 to 0.56. These were lower than reported in previous research (Jan et 

al., 2016; Zou et al., 2016). However, this increase can be explained by the larger training 

population sizes utilized by these studies. Würschum et al. (2014) reported on prediction 

accuracies within DH families with few individuals and reported accuracies similar to or slightly 
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lower than the results reported here. Previous research into seed quality traits has reported both a 

significant genotype x environment effect (Shafii et al., 1992; Delourme et al., 2006) and a 

minimal impact of genotype x environment (Gunasekera et al., 2006; Aslam et al., 2009). The 

similarity of accuracy for ‘within’ and ‘across’ prediction reported in this study suggest minimal 

genotype by treatment interaction for the seed quality traits (OIL, PRO, GLU and SAT). Therefore, 

because of the high heritability and the seemingly low impact of environmental stresses such as 

high temperature, seed quality trait data could be collected from a limited set of environments, 

providing flexibility in the collection of these data and potentially offering the ability to reduce 

resources. 

5.6 Conclusion 

While QTL mapping has provided valuable insight into qualitative traits, its practical use in 

breeding for quantitative traits such as yield traits or abiotic stress tolerance in which many minor 

QTL effects are involved has proven impractical (Bita and Gerats, 2013). This research has shown 

that while it is possible to discover stable QTL that differ across treatments, this same set of data 

can be deployed using a WGP strategy. With the exception of yield, all traits had similar or higher 

prediction accuracies within the HT, suggesting that phenotyping within higher temperature 

environments enables the generation of phenotypic data that can be used for WGP, while providing 

the opportunity to screen for future warming environments. Further investigation into the ability 

to utilize WGP for making genetic gain in high temperature stress should be conducted to enable 

gain within this complex trait ensuring genetic gain can be maintained or increased in a warming 

climate.   
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6.0 GENERAL DISCUSSION 

The fact that canola contributes $26.7 billion to the Canadian economy and was grown on over 9 

million hectares in 2017 (Canola Council of Canada, 2018a) illustrates the importance of this crop 

within Canada. Continued research into the sustainability and growth of canola are required to 

ensure its continued success in a dynamic and changing environment. Qian et al. (2013), have 

predicted an increase of 3.0 to 3.5 °C in temperature within Canada within the next century. This 

information combined with past long-term research that the impact of a 1 °C increase in mean 

temperatures can result in decreased canola yields by 75 kg ha-1 (Kutcher et al., 2010), indicates 

continued research on high-temperature stress is of the utmost importance. Breeding for abiotic 

stress has become increasingly important, given the predicted climate changes to ensure seed yield 

is protected and genetic gain can continue (Gilliham et al., 2017).   

One of the first steps to enable genetic gain within a trait such as heat tolerance is the identification 

of or creation of genetic variation (Hall, 1992). This was the purpose of the first study conducted 

as part of this thesis. While genetic variation has been reported within Brassica rapa (Annisa et 

al., 2013) and suggested within canola (Morrison and Stewart, 2002), a detailed study of 10 inbreds 

was required to determine if variation existed within current elite adapted B. napus inbreds. By 

utilizing indoor phenotyping, we were able to demonstrate the existence of variation to heat stress 

within the 10 inbreds that were screened. Once these inbreds were classified as heat tolerant or 

heat susceptible, an untargeted assessment of their respective metabolomes was completed. 

Temperature has been shown to alter plant metabolomes (Kaplan et al., 2004; Guy et al., 2008), 

which was corroborated with the data within Chapter 3. Inbreds classified as heat tolerant had 

increased level of sugars such as sucrose, fructose and raffinose within the floral buds, as compared 

to the heat-susceptible genotypes. By contrast, the levels of free amino acids such as serine, valine 
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and glutamine decreased within the heat tolerant genotypes as compared to the heat susceptible 

genotypes within the heat treatment. Similar data collected from tomato suggests reproductive 

tissues that contained increased levels of sucrose were more heat tolerant (Firon et al., 2006). The 

decreased level of amino acids within the heat tolerant genotypes aligns with previous literature 

that has demonstrated  increases of free amino acids in response to heat stress (Obata and Fernie, 

2012). These data provide a framework for future research to conduct targeted metabolomics 

studies within heat-stressed B. napus. The ability to target specific genes or pathways will enable 

researchers to save time and expense by focusing on metabolites known to be involved in the heat 

stress response.  

With > 95 % of the canola grown in western Canada being hybrids (Morrison et al., 2016b), the 

ability to deliver traits to the market must be conducted within a hybrid-seed package. The impact 

of heterosis has been well demonstrated on various crops and traits, including the ability of B. 

napus to tolerate drought stress (Sabaghnia et al., 2011). The impact of heterosis on high 

temperature stress was conducted utilizing planting dates to alter the timing of reproduction to 

impose a high temperature treatment. Sadras et al. (2015), reported that careful assessment of 

planting date experiments are required to determine the key environmental influence driving the 

differences between the planting dates. A multivariate analysis of yield and environmental data 

collected within this study suggested the daily maximum and daily mean temperatures had the 

most significant impact on seed yield, while daily irradiance and soil moisture were not as 

influential. Heterosis did play a role in minimizing the impact of higher temperatures, with yield 

of the hybrids declining 20 %, while the inbreds declined 25 % within the high temperature 

environment. The general combining ability was calculated for each inbred from the hybrid 

performance; four crossover interactions occurred between the two temperature treatments. Thus, 
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in order to advance inbreds with the ability to maintain yield within high-temperature 

environments, they need to be assessed within high-temperature environments. Specially managed 

environments have been utilized to screen for drought tolerance in maize (Cooper et al., 2014) and 

similarly canola breeding programs may consider implementing similar managed screening for 

heat tolerance to enable genetic gain for the higher-temperature environments (Intergovernmental 

Panel on Climate Change, 2013). Alignment did not occur with the heat susceptibility index on all 

genotypes between Chapters 3and 4. However, this is not surprising, as there are often 

inconsistencies between indoor and field data (Frenkel et al., 2008; Passioura, 2012). Nonetheless, 

trends can be found within both datasets with PB36 demonstrating better heat tolerance than PB56 

across both experiments. Inbred PM68 switched from demonstrating tolerance within the indoor 

experiment to susceptible within the field experiments. Upon further inspection, PM68 was highly 

susceptible to the heat-stress treatment and was not able to set seed during the treatment, but 

compensated once removed from the stress. Given the indeterminate growth habit of canola 

(Franzaring et al., 2011), indoor experiments with constant temperature and lighting require further 

validation in field environments. The heat-susceptibility scores within Chapter 4 of the hybrids 

and corresponding inbreds suggested a highly additive genetic response to heat stress as the two 

most heat-susceptible inbreds produced the most heat-susceptible hybrid and the two most heat-

tolerant genotypes in the heterosis study resulted in the second most tolerant hybrid.  

To further investigate breeding strategies for increasing genetic gain for heat tolerance, a doubled 

haploid population was created from an F1 cross between heat the tolerant genotype PB36 and heat 

susceptible PB56. The phenotypic data collected from three field locations with two planting date 

treatments was used along with 368 SNP markers to conduct a linkage-mapping analysis as well 

as estimate the accuracy of a whole genome prediction approach. A review by Bita and Gerats 
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(2013) suggest a plant’s response to heat stress is highly quantitative. This would suggest that it 

would be difficult to find major QTL influencing heat tolerance (the ability to maintain seed yield 

within a heat stressed environment) within this population. While a minor putative QTL was 

discovered, no major QTL were found for seed yield within a heat-stressed environment. Whole 

genome prediction was developed to enable the prediction of untested phenotypes based on the 

shared genetic information with previously phenotyped individuals (Meuwissen et al., 2001). The 

accuracy of the whole genome predictions within the study suggests that, similar to Chapter 4, 

phenotypic information within the high-temperature environments was required to most accurately 

predict the response of the inbreds within the high temperature environment. Recent research has 

suggested that utilizing managed-stress environments to enhance or develop robust crop growth 

models these models (Hammer et al., 2006), along with whole genome predictions, will facilitate 

the advancement of genotypes which can perform well across many environments (Technow et 

al., 2015). This would alleviate the bottleneck of requiring every genotype to be tested in many 

environments to accurately estimate its true phenotype within widely varying climatic conditions 

(Messina et al., 2018). 

The identification of variation within current B. napus inbreds and the ability to utilize planting 

date as a method for imposing high-temperature stress will enable genetic improvement for heat 

tolerance for canola. The requirement of managed-stress environments to accurately phenotype for 

response to heat stress provide a path forward for future researchers. This information, along with 

the development of whole genome predictions, has the ability to develop canola genotypes with 

improved heat-stress tolerance in a warming climate.    
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7.0 FUTURE RESEARCH RECOMMENDATIONS 

The sensitivity of B. napus to increased temperatures during floral development has been 

previously demonstrated (Young et al., 2004). The susceptibility of microsporogenesis to high 

temperature requires further investigation to understand what is causing the decrease in seed set in 

heat-stressed plants. Time series studies of pollen development under stress as well as investigation 

of in vivo germination and pollen-tube growth may provide valuable information as to why there 

is a decrease in seed set in heat-stressed B. napus. Further development of high-throughput 

methods to assess pollen viability and vigor may enable screening of genotypes for the ability to 

withstand increased temperatures through increased ovule fertilization.  

Continued screening of germplasm within high temperature field environments will improve the 

ability to select genotypes with increased heat tolerance. Breeding is a cyclical process in which 

germplasm is utilized and new genetic variation is continually added to maintain variation; 

therefore, continued screening for traits such as heat tolerance will be required. Field screening is 

a stochastic process in which environmental variables change depending on location, year and 

management. Statistical analysis of environments has the ability to enable the opportunistic capture 

of valuable phenotypic data for abiotic stresses while minimizing the loss of accuracy through 

increased error.  

Finally, other doubled-haploid populations varying in heat-stress response need to be examined to 

further explore the existence of QTL for heat tolerance. This can be coupled with the use of whole 

genome prediction to enable selection of genotypes that have not been phenotyped within heat-

stress environments for increased heat tolerance. The recommendations will ensure the 

sustainability of B. napus in western Canada given the proposed increase in temperatures in the 

coming years.   
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8.2 Appendices 

8.2.1 List of Abbreviations 

BLUP  Best linear unbiased prediction 

CID  Carbon isotope discrimination 

CMS  Cytoplasmic male sterility 

CT  Control temperature 

DH  Doubled haploid 

DLI   Daily light integral 

DYSFLB Days to flower initiation 

FLWDUR Flower duration 

GCA  General combining ability 

GDD  Growing degree days 

GLU  Glucosinolate 

GWAS  Genome wide association mapping 

HEAR  High erucic acid 

HII  Heat intensity index 

HSF  Heat stress transcription factors 

HSI  Heat susceptibility index 

HSP  Heat shock protein 

HT  High temperature 

IPCC  Intergovernmental panel on climate change 

LPH  Low parent heterosis 

MAS  Marker-assisted selection 

MAT  Maturity 

NMS  Nuclear male sterile 
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PAR  Photosynthetically active radiation 

PCA  Principle component analysis 

PRO  Protein 

QTL  Quantitative trait loci 

SAT  Saturate 

SNP  Single nucleotide polymorphism 

WGP  Whole genome predictions 

δ13C  Carbone isotope composition 

 

Supplemental Table 3.1.  Analysis of total yield using data from the fall and winter experiments 

A - without the experiment x treatment x genotype interaction and B - with the experiment x 

treatment x genotype interaction included in the model statement.  

A 

Akaike Information Criterion 27.1    

LogL -3.5487    

     

Model_Term Levels Variance    Variance/SE  

Exp 2 0.257608 0.36  

Trt.Exp 4 0.381823 0.7  

Trt_Exp_1.Rep 5 1.04E-10 0  

Trt_Exp_2.Rep 5 1.04E-10 0  

Trt_Exp_3.Rep 5 1.04E-10 0  

Trt_Exp_4.Rep 5 1.04E-10 0  

Entry 12 9.48E-02 0.95  

Entry.Exp 24 0.127215 1.89  

Trt.Entry 24 8.08E-02 1.69  

     

   Wald F statistics 

Source of Variation NumDF DenDF F-inc P-inc 

mu 1 1.1 20.84 0.12 

Trt 1 1.1 5.53 0.243 
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B  

Akaike Information Criterion 7.9    

LogL 7.05    

     

Model_Term Levels Variance Variance/SE  

Exp 2 0.291663 0.4  

Trt.Exp 4 0.344447 0.67  

Trt_Exp_1.Rep 5 1.92E-10 0  

Trt_Exp_2.Rep 5 8.34E-11 0  

Trt_Exp_3.Rep 5 8.34E-11 0  

Trt_Exp_4.Rep 5 8.34E-11 0  

Entry 12 0.138725 1.45  

Entry.Exp 24 3.33E-02 0.46  

Trt.Entry 24 6.33E-11 0  

Trt.Entry.Exp 48 0.17948 2.59  

     

   Wald F statistics 

Source of Variation NumDF DenDF F-inc P-inc 

mu 1 1.1 20.07 0.123 

Trt 1 1 6.17 0.244 

 

Supplemental Table 3.2.  Analysis of CID using data from the fall and winter experiments A - 

without the genotype x experiment or treatment x genotype x experiment interaction, B - without 

the experiment x treatment x genotype interaction included and C - with all interactions including 

treatment x genotype x experiment in the model statement. 

A  

Akaike Information Criterion -1403.92    

LogL 710.962    

     

Model_Term Levels Variance Variance/SE  

Exp 2 1.16E-12 0  

Trt.Exp 4 2.26E-04 0.98  

Trt_Exp_1.Rep 5 8.22E-14 0  

Trt_Exp_2.Rep 5 6.58E-11 0  

Trt_Exp_3.Rep 5 3.08E-11 0  

Trt_Exp_4.Rep 5 8.22E-14 0  

Entry 12 2.01E-04 2.21  

Trt.Entry 24 3.62E-11 0  

     

  Wald F statistics   
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Source of Variation NumDF DenDF F-inc P-inc 

mu 1 3.3 1438.4 <.001 

Trt 1 2 0.08 0.808 

 

B  

Akaike Information Criterion -1467.09    

LogL 743.547    

     

Model_Term Levels Variance Variance/SE  

Exp 2 1.03E-11 0  

Trt.Exp 4 2.42E-04 0.95  

Trt_Exp_1.Rep 5 7.83E-13 0  

Trt_Exp_2.Rep 5 2.01E-06 0.22  

Trt_Exp_3.Rep 5 5.89E-07 0.06  

Trt_Exp_4.Rep 5 7.83E-13 0  

Entry 12 8.66E-05 1  

Entry.Exp 24 1.70E-04 2.15  

Trt.Entry 24 1.24E-06 0.16  

     

  Wald F statistics   

Source of Variation NumDF DenDF F-inc P-inc 

mu 1 2.8 1417.91 <.001 

Trt 1 1.9 0.04 0.864 

 

 

C  

Akaike Information Criterion -1465.69    

LogL 743.847    

     

Model_Term Levels Variance Variance/SE  

Exp 2 1.57E-10 0  

Trt.Exp 4 2.40E-04 0.95  

Trt_Exp_1.Rep 5 1.20E-11 0  

Trt_Exp_2.Rep 5 2.41E-06 0.26  

Trt_Exp_3.Rep 5 1.13E-06 0.11  

Trt_Exp_4.Rep 5 1.20E-11 0  

Entry 12 8.89E-05 1.02  

Entry.Exp 24 1.65E-04 2.1  

Trt.Entry 24 1.20E-11 0  
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Trt.Entry.Exp 48 8.07E-06 0.69  

     

                      Wald F statistics   

Source of Variation NumDF DenDF F-inc P-con 

mu 1 2.8 1426.05 <.001 

Trt 1 1.9 0.04 0.86 

 

Supplemental Table 3.3. Relationship between CID (carbon isotope discrimination) and the 

morphological traits collected for the thermotolerance experiment conducted at the University of 

Manitoba in the fall and winter of 2014.   

  Winter  Fall  

  ΔCID Control 
ΔCID 

Heat 
ΔCID Control 

ΔCID 

Heat 

Control     

Flower Number -a - - - 

Pollen Number 0.68** 0.68** - - 

Pod Number - - - - 

Pod to Flower Ratio - - - - 

Total Seed Number 0.65**b 0.63** 0.67** 0.67** 

Seeds per Pod - - 0.54* 0.52* 

 -0.74*** 0.75*** -0.61** -0.50* 

Harvest Index 0.54* 0.54* - - 

Yield (g) - - - - 

Heat     

Flower Number -0.65** -0.65** - - 

Pollen Number 0.67** 0.67** - - 

Pod Number 0.68* 0.71*** - - 

Pod to Flower Ratio 0.71*** 0.73*** - - 

Total Seed Number 0.68** 0.72*** - - 

Seeds per Pod - - - - 

Thousand Kernel 

Weight (g) 
-0.57* -0.56* - - 

Harvest Index 0.59** 0.62** - - 

Yield (g) 0.52 0.57* - - 

 

a - not significant, p * < 0.1, ** < 0.05, *** < 0.01 

b Bolded values indicate significance across both experiments 
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Supplementary Table 4.1. Principal component analysis of mean daily temperature (Tmean), 

mean maximum daily temperature (Tmax), mean minimum daily temperature (Tmin), mean daily 

light integral (DLI), soil moisture (MST), seed yield (Yield) for all genotypes at all locations.  

 PC1 PC2 

Tmean 0.55 0.17 

Tmax 0.52 0.14 

Tmin 0.33 0.39 

DLI 0.47 -0.43 

MST -0.24 0.70 

Yield -0.22 -0.34 

Stddev 1.75 1.18 

 

 

 

Supplementary Table 5.1. A list of the of QTL have a LOD score greater than 0.05 

significance within the permutation test results for all traits and treatments from individual 

location analyses. Stable QTL that appear at all locations (Carman, 2015, Viluco, 2015 and 

Carman, 2017) are in bold.  

 

Trait Treatment QTL 

Number 

of 

Locations 

Linkage 

Group 

Genetic Position 

(cM) LOD R2 Additive 

DYSFLB Control 
qCDFB_A02a 1 A02 26.83 20.53 45.27 2.67 

qCDFB_A07a 1 A07 40.55 5.4 8.60 -1.16 

DYSFLB Heat 

qHDFB_A02a 1 A02 26.83 22.9 54.10 2.69 

qHDFB_A03a 1 A03 20.21 4.22 9.67 0.36 

qHDFB_A07a 1 A07 65.45 4.48 7.74 -1.03 

qHDFB_A09b 2 A09 60.96, 55.27 4.29, 5.01 10.50, 12.10 -0.35, -0.47 

FLWDUR Control 

qCFDR_A02a 1 A02 34.98 5.46 11.49 -0.32 

qCFDR_A02b 1 A02 23.83 9.04 21.52 -0.53 

qCFDR_A05a 1 A05 16.57 8.03 16.79 -0.39 

qCFDR_A06a 1 A06 0.01 3.89 7.67 -0.32 

qCFDR_A09a 1 A09 50.34 3.77 8.57 -0.34 

qCFDR_C03a 1 C03 71.64 4.7 9.29 0.29 

FLWDUR Heat 

qHFDR_A02a 1 A02 23.83 8.04 19.10 -0.49 

qHFDR_A05a 3 A05 16.57 8.54 17.69 -0.38 

qHFDR_C03a 1 C03 73.03 9.95 7.83 0.27 

MAT Control 
qCMAT_A02a 1 A02 36.98 5.57 12.98 1.21 
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qCMAT_A03a 2 A03 30.36, 36.69 3.92, 3.49 9.19, 9.03 0.33, 1.04 

qCMAT_A05a 1 A05 30.78 4.92 11.41 -1.13 

qCMAT_C03a 3 C03 73.03 4.56 10.19 0.43 

MAT Heat 

qHMAT_A02a 1 A02 24.83 7.31 18.55 1.41 

qHMAT_A03a 1 A03 24.36 4.443 9.46 0.38 

qHMAT_A05a 1 A05 30.78 5.58 12.43 -1.15 

qHMAT_C03a 1 C03 48.32 7.83 17.37 0.49 

TKW Control 

qCTKW_A02a 1 A02 39.98 4.30 8.72 -0.09 

qCTKW_A02b 1 A02 26.83 4.72 9.46 -0.10 

qCTKW_A03a 1 A03 91.03 4.17 7.05 0.08 

qCTKW_C01a 1 C01 3.01 6.96 13.54 -0.12 

qCTKW_C01b 1 C01 16.06 5.97 11.69 -0.10 

qCTKW_C03a 3 C03 43.14 9.51 16.91 0.13 

TKW Heat 

qHTKW_A01a 1 A01 68.14 4.20 7.28 0.08 

qHTKW_A02a 1 A02 38.98 4.12 8.38 -0.08 

qHTKW_A02b 1 A02 26.83 4.70 9.45 -0.01 

qHTKW_C01a 1 C01 3.01 6.75 13.14 -0.12 

qHTKW_C01b 1 C01 17.06 5.46 10.39 -0.09 

qHTKW_C03a 3 C03 43.14 9.49 16.80 0.12 

YIELD Control 
qCYLD_A03a 1 A03 41.69 3.93 12.13 -4.39 

YIELD Heat 
qHYLD_A02a 1 A02 37.98 4.16 11.4 4.04 

qHYLD_A03a 1 A03 42.69 3.91 11.85 -4.33 

OIL Control 

qCOIL_A02a 1 A02 25.83 4.34 11.43 0.73 

qCOIL_A03a 1 A03 63.41 6.04 13.75 -0.50 

qCOIL_A09a 2 A09 101.32, 113.35 11.35, 5.31 24.48, 11.89 0.66, 0.61 

OIL Heat 
qHOIL_A03a 1 A03 63.41 5.61 12.70 -0.49 

qHOIL_A09a 3 A09 107.71 6.73 15.7 0.64 

PRO Control 

qCPRO_A03a 3 A03 60.41 5.53 13.47 0.54 

qCPRO_A06a 1 A06 0.01 4.21 7.79 -0.38 

qCPRO_A09a 1 A09 91.35 6.66 13.52 -0.49 

PRO Heat 

qHPRO_A03a 3 A03 59.41 5.32 13.21 0.55 

qHPRO_A06a 1 A06 0.01 4.20 7.86 -0.38 

qHPRO_A09a 2 A09 94.94, 90.35 3.96, 6.51 9.22, 13.36 -0.51, 0.49 

qHPRO_C03a 1 C03 95.95 4.51 11.35 -0.56 

GLU  Control 

qHGLU_A01a 1 A01 30.73 6.70 14.58 -1.19 

qHGLU_A02a 1 A02 65.44 4.60 11.09 0.94 

qHGLU_A09a 2 A09 103.71, 103.2 5.19, 4.56 11.18, 9.38 -0.69, -0.85 

qHGLU_C06a 1 C06 3.01 6.67 17.32 -1.43 
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GLU  Heat 

qHGLU_A01a 1 A01 33.85 4.94 10.17 -0.96 

qHGLU_A02a 1 A02 65.44 4.59 11.09 0.94 

qHGLU_A09a 3 A09 109.71 4.66 10.01 -0.83 

qHGLU_C02a 1 C02 32.2 3.978 8.249 -0.806 

qHGLU_C06a 1 C06 1.01 6.23 13.99 -1.29 

qHGLU_C08a 1 C08 77.19 4.21 9.23 0.86 

SAT  Control 

qHSAT_A02a 1 A02 39 11.02 24.39 -0.13 

qHSAT_A03a 1 A03 38.69 5.68 13.88 -0.10 

qHSAT_C07a 1 C07 22.93 3.91 8.03 0.08 

SAT  Heat 

qHSAT_A02a 1 A02 35.98 6.97 15.56 -0.09 

qHSAT_A03b 1 A03 40.69 5.41 13.12 -0.09 

qHSAT_A09a 1 A09 73.87 4.58 11.57 -0.09 

 


