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Abstract  

 

As the global climate changes and temperatures increase in coming decades, crop yields 

are likely to be threatened. This includes in the UK, where warmer winters and summer 

heatwaves are expected to become more common. To ensure food production remains 

stable, it will be necessary to breed crops which can withstand these changing 

temperatures. 

In Brassica napus, seed properties including seed size, the number of seeds produced, 

and percentage of seed oil are all factors contributing to the yield. It is known that yield 

stability in Brassica napus is impacted by temperature during seed development and 

vernalisati on. The effects of temperature on seed properties have been seen in 

Arabidopsis thaliana . Studies in Brassica napus have examined the genetic basis of 

yield separately to investigating how yield changes under different temperatures. 

However, the genetic basis of differences in how yield is affected by temperature has not 

yet been explored in-depth in Brassica napus.  

This thesis uses phenotypic approaches, transcriptome profiling and associative 

transcriptomics to describe the effect of vernalisation temper ature, as well as 

temperature during seed set and seed maturation, on seed traits and gene expression in 

Brassica napus. This work reports a decrease in seed weight and seed number per pod 

associated with increasing seed maturation temperature from 18°C to 24°C, as well as 

with increasing vernalisation temperature from 5°C to 15°C. These results indicate that 

warmer temperatures lead to reductions in yield -related traits, particularly in Winter 

OSR. The decrease in mature seed size of Winter OSR resulting from an increased 

vernalisation temperature of 15°C were found to arise during a developmental window 

between 14 and 21 days after pollination. Associated changes in gene expression were 

described, including reduced expression of FLC genes in seeds produced by plants 

vernalised at 15°C compared to 5°C. 
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Chapter 1  - Introduction  

 

1.1 General Introductio n  

 

1.1.1 Effects of climate change on crop yields  

Increasing global temperatures, predicted over the next 50 years, create a high risk for 

decreases in food production (IPCC, 2014). The average global temperature today has 

already risen by at least 1°C compared to 1850-1900, and all areas of the UK are 

expected to be warmer by the end of the 21st century (Morice et al, 2020). In a high 

emissions scenario (represented by the UN IPCC RCP8.5 scenario), winter temperatures 

in central England could be up to 4.2°C warmer by the 2070s (UKCP18 Land Report). 

 

In areas important for crop growth, predicted temperature changes will have an impact 

on production of crops. In the UK, changes in temperature are expected to disrupt 

patterns and timing of growth in wheat and negatively impact yield due to the risk of 

increased temperatures during flowering (Semenov, 2008). Climate estimates during 

the growing seasons of maize, wheat, rice, and soybeans in major regions for crop 

growth indicate an increase in temperature since 1980, having particularly negative 

impacts on the yield of maize and wheat (Lobell et al, 2011).  

 

Changes in temperature have already been shown to have an impact on how and where 

farmers grow crops. In China, multiple cropping areas for maize, wheat and rice are 

moving northwards (Yang et al, 2015). In Europe, farmers are attempting to mitigate 

the effects of the changing climate on crop yield by changing the timing and variety of 

crops they grow (Olesen et al, 2011).  

 

Without such adaptations, it has been suggested that production of wheat, rice and 

maize in temperate and tropical regions will be negatively affected by increases of 
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temperature of 2°C (Challinor et al, 2014). Climate change is also expected to reduce the 

range of areas suitable for cultivating winter annual crops, such as oilseed rape in 

Western Europe (Jaime et al, 2018). 

 

Further warming is indicated to have a global negative impact on the yields of major 

crops (Rosenzweig et al, 2014; Zhao et al, 2017).  

 

1.1.2 Abiotic stress and crop y ield  

Plants must develop physiological and genetic strategies for dealing with abiotic stresses 

such as high temperatures and drought. Understanding how plants respond to stresses 

and withstand them is a useful source of information for crop breeding, as i t can enable 

plant breeders to create more resilient crops. It is vital to create crops which are able to 

withstand high temperatures in light of expected temperature increases due to climate 

change. 

  

 Crop yields are negatively impacted by abiotic stresses, including exposure to high 

temperatures. Multiple stresses can occur at the same time, such as heat and drought, 

leading to further negative yield impacts (Mittler, 2006). High temperatures are known 

to affect yields across a range of crops (Moriondo et al, 2011; Deryng et al, 2014). 

Specifically in oilseed rape high temperature stress is known to cause reductions in yield 

(Morrison and Stewart, 2002; Rashid et al, 2018; Huang et al, 2019). There is a need to 

adapt growth strategies for Brassica napus in order for yield to withstand the effe cts of 

climate change (reviewed in Ahmad et al, 2021). 

 

Drought stress is another abiotic stress which can reduce crop yield. Drought stress is 

known to affect overall yield in OSR, with water shortages leading to a reduction in crop 

growth and yield (Wan et al, 2009; Khan et al, 2019). Establishment rates of oilseed 

rape in the field are important for subsequent plant growth and final yield (Finch -

Savage and Bassel, 2016).  In oilseed rape, high levels of drought are associated with 

reduced seedling establishment and survival as well as impacting rate of germination 
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(Yang et al, 2007). Reduced germination and vigour can also be seen when the seed 

matures under high temperatures (Chen et al, 2021). 

 

Temperature stress can affect yield, as extreme heat scenarios decrease yield; these 

scenarios may become more common in crop growth regions due to the effects of 

climate change. However, temperature increases below the level of stressing the plant 

can still have an impact on yield. Reduced yields in Brassica napus can be associated 

with changes in temperature during winter (Brown et al, 2019; He et al., 2017). Small 

changes in overnight temperature can cause yield losses in rice and winter wheat (Peng 

et al, 2004; Shibo et al, 2010). Even when plants are grown below the threshold for 

extreme temperature stress caused by events such as heatwaves, changes in temperature 

within normal growth ranges can be associated with yield loss. 

 

1.1.3 Brassica napus as a crop species  

Brassica napus is an allotetraploid crop, arising from a hybridization of Brassica 

oleracea and Brassica rapa  (Østergaard and King, 2008; Nagaharu, 1935). It has been 

cultivated and bred to grow with different life histories and under differen t climates. 

The Brassica napus crop has been cultivated into several crop types: winter oilseed rape 

(OSR) has an obligate vernalisation  requirement and is sown in autumn  prior to  growth 

over winter before flowering in spring; spring OSR varieties have fun ctionally no 

vernalisation requirement and can be sown and harvested in a single season; semi-

winter OSR has a low vernalisation  requirement and can be grown in climates with mild 

winters (Akter  et al, 2021; Calderwood et al, 2021; Qiu et al, 2006; Ferreira et al, 1995).  

 

Different varieties of Brassica napus are grown for different purposes, such as growing 

kale varieties for leaves or swede varieties for the tuberous vegetable. Alongside food 

production, the crop can also be grown as animal fodder. As most Brassica napus is 

grown as oilseed rape, there is a focus on seeds as a determinant of yield in order to 

produce rapeseed oil (Allender and King, 2010). The oil produced from rapeseed is also 

an important source of biodiesel for transportation fuel ( Buġiĺ et al, ʱʯʰʷ). 
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Although it is an important crop in the UK, there are a number of issues with growing 

Brassica napus. There have been recent decreases in how much oilseed rape is grown 

along with a decreasing contribution to the UK economy because of these issues 

(DEFRA, 2021). The issues affecting oilseed rape growth include pests such as cabbage 

stem flea beetle, cabbage stem weevils, aphids, and pollen beetles (Dewar et al, 2016). 

Banning of neonicotinoid pesticides has led to increased pest burden on the crop 

(Nicholls, 2016). The inability to use neonicotinoids to treat OSR has also led to 

increased incidence of yellow turnip virus, which negatively affects OSR yield (Stevens 

et al, 2008; Hackenburg et al, 2020). 

 

Alongside these biotic stresses, oilseed rape already has issues with yield reliability. 

Yield reliability is primarily caused through temperature. It has been found that cold 

temperatures during a specific window in winter (November 27 ï Dec 21) are highly 

correlated with increased yield, such that an increase of 1°C can lead to a 113 kg/hectare 

yield loss (Brown et al, 2019). 

 

 

1.2 Seed development  

 

1.2.1 The stages of seed development in angiosperms  

Brassica species are angiosperms. Angiosperms undergo double fertilization which 

leads to the development of a dipl oid zygote and a triploid endosperm (Chaudhury et al, 

2001). The diploid zygote is formed when a sperm cell fuses with the egg cell. The 

resulting zygote goes on to establish the basic pattern of the embryo, which consists of a 

shoot meristem, cotyledons, the hypocotyl, roots, and root meristem (Li and Li, 2015).  

The embryo develops through several stages, from the early globular stage through 

heart, torpedo, bent cotyledon and finally the mature green embryo stage, before the 

seed matures and the embryo enters dormancy until germination.  

 

A second sperm cell forms the triploid endosperm by fertilizing the diploid central cell 

(Berger, 1999). The endosperm starts off in a syncytial stage, undergoing growth by 
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many nuclear divisions before cellularizatio n occurs (Olsen, 2004; Sundaresan et al, 

2005). This is eventually followed by differentiation and death (Berger, 1999; Li and Li, 

2015). In dicots, such as Arabidopsi s thaliana and Brassica napus, endosperm growth 

is initially rapid before being consumed to allow growth of the embryo which then 

makes up the majority of the mature seed mass (Chaudhury et al, 2001; Li and Li, 

2015). Growth of the endosperm syncytium has a significant impact on the final size of 

the seed (Boisnard-Lorig et al, 2001; Ohto et al, 2009) and so the syncytial growth phase 

is important in seed development and determining yield. Paternal dosage effects have 

been shown to impact seed size based on the timing of endosperm cellularization. 

Excess maternal contribution leads to earlier cellularization and smaller seeds (Scott et 

al, 1998). 

 

The seed coat is formed from the maternal integuments, which surround the endosperm 

and embryo during seed development (Chaudhury et al, 2001; Sundaresan et al, 2005). 

The integuments initially consist  of five cell layers, which follow specific fates including 

tannin synthesis by the endothelial  layer and formation of the columella (Haughn and 

Chaudhury, 2005). Tannins in the seed coat have also been shown to be related to seed 

dormancy: more tannin accumul ation is associated with increased seed dormancy 

(MacGregor et al, 2015). As the maternal integuments surround the rest of the seed and 

eventually form the seed coat, they provide a cavity for growth of the embryo and 

endosperm (Li and Li, 2016).  

 

 

1.2 .2 Genetic control of seed development   

Genes controlling seed development are key to seed size, and a number of seed size 

pathways which act to control the timing of seed development as well as cell expansion 

and proliferation are known. These varied modes of seed size control include ubiquitin  

signalling, responses to phytohormones, parental effects, G-protein signalling,  and the 

roles of transcription factors (reviewed in Li et al, 2015; Le et al, 2010).  
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DA1 is a gene which acts as part of the ubiquitin pathway to limit seed size. This gene 

acts maternally alongside ARF2 to control seed size by restricting cell proliferation in 

the maternal integuments (Fang et al, 2012). DAR1 (DA1-RELATED PROTEIN 1) also 

acts redundantly with DA1 to restrict seed and organ growth (Li and Li, 2015). DA1 is 

induced in response to ABA, and da1-1 mutants have been shown to be resistant to 

developmental inhibition by ABA (Li et al, 2008). As ABA is involved in a wide variety of 

responses to abiotic stress in plants, this suggests that DA1 and related genes could 

regulate cell proliferation to impact seed size in response to environmental perturbation 

through the ABA response (Finkelstein et al, 2002; Li et al, 2008). 

 

ARF2/MNT  is a transcription factor which responds to auxin and so regulates gene 

expression of some genes containing an auxin response element in the promoter in an 

auxin-responsive manner (Li and Li, 2015). This transcription factor regulates seed size 

by restricting cell proliferation in the maternal integuments  (Schruff et al, 2006). It has 

also been linked to regulation of ANT expression (Li and Li, 2015). ANT encodes an 

AP2-like transcription factor which promotes cell proliferation and regulates 

integument growth (Elliot t et al, 1996; Klucher et al, 1996).  

 

APETALA2 (AP2) is a transcription factor which acts to control seed size (Jofuku et al, 

1994). In Arabidopsis, ap2 mutants have increased seed mass due to enhanced 

endosperm proliferation and delayed endosperm cellularization, highl ighting the role of 

AP2 in negatively regulating cell expansion in maternal tissues (Jofuku et al, 2005; Ohto 

et al, 2005; Ingram, 2010). RNA -induced silencing of a Brassica napus homologue of 

AP2 results in similar increases in seed size as well as alterations to seed and floral 

development (Yan et al, 2012). Analysis of seed development in ap2 mutants (Ohto et al, 

2009) reveals a number of phenotypes including larger seeds, later cellularization of the 

embryo, elongated integument cells and a greater size and number of cells in the mature 

embryo. This suggests that AP2 restricts seed size by inhibiting growth of the seed by 

these means.  

 

AP2 is also involved in floral organ development and the floral transition (Yant et al, 

2010) and has been shown to prevent flowering before vernali sation in the Arabidopsis  
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perennial relative Arabis alpina (Bergonzi et al, 2013).This involvement in vernali sation 

and flowering pathways may suggest that control of seed properties by AP2 and other 

AP2/ERF transcription factors is sensitive to vern alisation and environmental 

perturbation.  

 

Another transcription factor wh ich works to control seed size in Arabidopsis is 

TRANSPARENT TESTA GLABRA 2 (TTG2). The TTG2 gene encodes a WRKY family 

transcription factor (Johnson et al, 2002) which upregulates cell expansion in maternal 

tissues, contributing to increased seed size. In  Arabidopsis, the ttg2  mutation impacts 

the seed coat and restricts the growth of the endosperm, and hence limits seed growth 

by preventing cell elongation in the integuments (Garcia  et al, 2005). It is also possible 

that reduced growth in the integuments acts an indirect physical restrictor of 

endosperm growth (Li and Li, 2015). The action of TTG2 also integrates with the 

HAIKU pathway as the iku2 ttg2  double mutant shows further red uced seed size 

compared to single mutants. The seed phenotype resulting from the two mutations can 

be attributed to the addition of the maternal effect of ttg2  to the zygotic effect of iku2  

(Garcia et al, 2005).  

 

The HAIKU pathway has three main components which are expressed in the endosperm 

and contribute to its development (Garcia et al, 2003; Luo et al, 2005; Wang et al, 

2010). IKU1  is a VQ motif protein expressed in the endosperm during early seed 

development, where it regulates endosperm growth. Seeds of homozygous iku1  mutants 

are small and show reduced endosperm growth (Wang et al, 2010).  IKU2  is a leucine-

rich repeat kinase which alongside IKU1  has been identified as a gene contributing to 

seed size, with iku2  mutan ts producing small seeds in Arabidopsis (Garcia et al, 2003). 

The endosperm of iku1 and iku2  mutants has been found to cellularize early and show 

reduced cell proliferation, as well as showing reduced cell proliferation in the embryo 

(Garcia et al, 2003; Luo et al, 2005). 

 

MINI3 , also known as WRKY10, is a WRKY class transcription factor which is also 

expressed in the endosperm at an early stage of seed development. Its expression forms 

a gradient where it is highly expressed at the micropylar endosperm and expression 
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reduced towards the chalazal endosperm. MINI3  expression is affected by the inverse 

gradient of MPK10 across the endosperm. MINI3  and MPK10  work to control seed size, 

with MPK10 acting negatively and MINI3 acting positively to control seed size (Xi et al, 

2021). Homolo gues of TTG2 and MINI3  have been associated with seed weight QTLs in 

Brassica napus (Fan et al, 2010). 

 

IKU2  and MINI3  can be activated by SHORT HYPOCOTYL UNDER BLUE 1 (SHB1). 

Overexpression of AtSHB1 in Brassica napus leads to increased expression of the 

Brassica napus ortholog of IKU2 , and production of larger seeds. It was additionally 

shown that expression of this IKU2  ortholog from Brassica napus can rescue the small 

seed phenotype of iku2  mutants in Arabidopsis  thaliana , suggesting that comparisons 

can be drawn between their functi on (Xiao et al, 2016). 

 

Changes in the growth of the integument may act as a physical method of constraining 

seed growth. A gene which negatively regulates plant growth and seed size, EPA1, 

increases tensile stress in the integuments (Creff et al, 2015; Zhang et al, 2011). In an 

opposing mechanism, endosperm turgor related to movement of sugars into the 

endosperm is a key feature of seed growth and turgor pressure from the endosperm has 

been shown to drive seed expansion (Beauzamy et al, 2016). Additionally , this mode of 

seed growth is impacted in Arabidopsis prc2  mutants, suggesting a role of genetic 

imprinting as PRC2 is a regulatory complex in plants which contributes to regulation of 

genomic imprinting (Raissig et al, 2013) . The effect of endosperm turgor is also 

impacted in iku2  mutants, contributing to their reduced seed size. This is linked to a 

constant turgor pressure in iku2  mutants compared to wild -type Arabidopsis seeds, 

where the pressure decreases after the early rapid growth of the embryo (Creff et al, 

2021).  

 

The MINI3  cascade also relates to the function of AN3 (ANGUSTIFOLIA3 ). It has been 

shown that in Arabidopsis, AN3 represses MINI3  to control seed size through regulation 

of seed expansion (Meng et al, 2016). AN3 also functions in a cascade with YDA, 

influencing seed size through sugar accumulation. When AN3 function is lost, control of 

seed expansion through MINI3  is impacted and seeds are able to grow to a larger size. 
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Arabidopsis mutants in AN3 with increased seed size were also found to have a reduced 

seed number per silique (Meng et al., 2016). There is a known inverse correlation 

between seed size and number (Alonso-Blanco et al, 1999). However, this study 

suggested that the majority of the seed size increase in AN3 mutants is due to the 

function of AN3 rather than solely due to compensating for the reduced fertility of the 

mutants.  

 

AN3, alternatively known as GIF1, is part of the GIF family of transcriptional co -

activators (Kim and Kende, 2004). This family of  genes is required for normal 

development of reproductive organs in Arabidopsis  thaliana , including the carpel 

margin meristem. As a result, mutants in AN3 have abnormal development of the ovule 

and gynoecium (Lee et al, 2014). A lower number of fertile ovules, as well as reduced 

numbers of ovules per ovary, have been linked to decreased numbers of seed per pod, a 

measure of seed yield, in Brassica napus (Bouttier & Morgan, 1992).  

 

 

1.2.3 Genetic background of seed maturation processes  

Seed maturation occurs once the seed has developed and accumulated storage reserves, 

and the embryo has reached the mature green stage. This involves a number of 

processes including the development of desiccation tolerance and seed dormancy 

(Angelovici et al,2010). 

 

LEC1, LEC2, FUS3 and ABI3  are key transcriptional regulators of seed maturation. 

LEC1 encodes a HAP3 subunit of the CCAATbinding transcription factor (CBF/NF -Y). 

The activity of LEC1 during embryogenesis is key for activating the transcription of 

developmental genes (Lotan et al, 1998; Holdsworth et al, 2008). LEC2 is a master 

regulator of genes involved in seed maturation, with targets including DOG1 and FUS3 

(Kroj et al, 2003; Holdsworth et al, 2008). DOG1 is a gene required for the 

establishment of seed dormancy (Bentsink et al, 2006).  
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These genes are involved in initiating and maintaining the seed maturation stage of seed 

development. This has been shown through plants mutated in these genes, which do not 

undergo normal maturation processes (Santos-Mendoza et al, 2008). All four abi3 , lec1, 

lec2 and fus3 mutants  are severely affected in seed maturation and share some common 

phenotypes related to seed quality, including decreased dormancy at maturation (Raz et 

al, 2001). Additionally, mutants ec2, fus3, and abi3  display similar alterations of the 

maturation process, alongside additive double mutant phenotypes. This suggests these 

genes function in several overlapping regulatory pathways (Santos-Mendoza et al, 

2008). As LEC1 is also required for FLC resetting, there is evidence that seed 

maturation and vernalisation  requirement are controlled by a common process. 

 

 

1.3 Temperature and plant development  

 

1.3.1 Vernali sation  

Vernalisation is the process by which overwintering plants use an epigenetic memory of 

the temperatures they have experienced in order to correctly time flowering in spring.  

 

The appropriate timing of developmental transitions requires accurate sensing of 

seasonal cues (Auge et al, 2017). A requirement for vernalisation confers the winter 

annual habit by delaying flowering until after prolonged cold during winter. 

Vernali sation is distinct from the mechanism by which the plant responds to cold 

through stress pathways such as freezing tolerance and cold acclimation (Thomashow, 

1999; Gendall et al, 2001).  

 

In the Brassicaceae family, FLC is the major determinant of flowering time in response 

to vernali sation (Sheldon et al, 2000).  FLC encodes a MADS-box transcription factor 

which acts to repress flowering (Michaels and Amasino, 1999). In response to the 

extended period of cold experienced during vernali sation, expression levels of FLC drop. 

This allows plants to gain the competency to flower in response to environmental signals 

and upregulation of floral activators.  



 

11 

 

 

FLC is silenced by methylation using H3K27me3 histone marks. These methylation 

marks are then reset during seed development, allowing the next generation of plants to 

experience vernalisation . Prolonged periods of cold promote the expression of 

COOLAIR, the antisense FLC transcript. Prolo nged cold also leads to FLC repression via 

the PRC2 complex and H3K27me3 marks (Swiezewski et al, 2009; Csorba et al, 2014). 

 

Importantly, it has been shown that vernali sation of the maternal rosette  before 

reproductive development of the seed occurs can influ ence the germination response of 

the seed, showing that vernalisation has a trans-generational impact on development 

(Auge et al, 2017). The vernalisation state is maintained through mitotic divisions but is 

reset in the next generation. As vernalisation epigenetically silences FLC, FLC 

expression must be reactivated during seed development. This ensures the next 

generation of plants also has a vernalisation requirement (Finnegan et al, 2000; Sheldon 

et al., 2008; Crevillén et al, 2014). The regulation of FLC and its ability to control 

flowering time is the result of a number of pathways (Figure 1.1, from Whittaker and 

Dean, 2017). The activity of the autonomous pathway occurs independently of 

temperature (Koorneef  et al, 1998). 
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Figure 1.1: Role of FLC and other floral pathway integrators in promotion of flowering. From Whittaker and Dean, 

2017. 

 

FLC is also regulated by a number of cold-responsive genes. VRN1 and VRN2 have roles 

in vernali sation, as vrn -famil y mutants cannot reduce FLC levels in response to 

vernalisation (Sheldon et al, 2000). VRN2 encodes for a zinc finger protein which is 

involved in the maintenance of FLC downregulation needed to induce flowering as a 

result of vernalisation . Expression levels of VRN2 are not altered by vernalisation and 

VRN2 is not required to establish FLC repression. The function of VRN2 is instead to 

maintain the repression and so retain the memory of cold experienced by the plant 

through reduced FLC expression (Gendall et al, 2001).  

 

Levels of VIN3  mRNA increase over periods of prolonged cold, leading to repression of 

FLC (Sung and Amasino, 2004; De Lucia et al, 2008; Finnegan et al, 2011). For VIN3  to 

be consistently upregulated in response to temperature, constant low temperatures 

which do not rise above a 15°C warm threshold are required, as VIN3  is rapidl y 

downregulated in warm temperatures (Hepworth et al, 2018).  
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FLC activity is also regulated through the FRIGIDA  pathway. FRI promotes FLC 

expression and contributes to flowering time through the formation of a FRI-C 

transcription activator complex (Johan son et al, 2000; Choi et al, 2011). FLC expression 

is also upregulated by other transcriptional activators, such as the PAF1 complex (He et 

al, 2004) and ATX1 (Pien et al, 2008). 

The impact of FLC can be seen through its effects on downstream genes, such as SOC1 

and FT.  FLC represses flowering through the repression of floral activators, including 

FT through the formation of a heterodimer with SVP which acts to repress FT (Mateos 

et al, 2015). Both FT and SOC1 can be repressed through the action of the PRC2 

complex (Del Olmo et al, 2016). In seed dormancy however, FT suppresses FLC mRNA 

expression through the activation of COOLAIR transcription, and so in this con text FLC 

acts downstream of FT (Chen and Penfield, 2018).  

Variation in growth environments impact the genetic control of vernalisation  (Hepworth 

et al, 2020; Zhao et al, 2021). In Arabidopsis, vernalisation  responses differ in efficiency 

across different opti mal temperature ranges, based on underlying FLC variation 

between accessions (Duncan et al, 2015).  Plants show a graded response to cold at 

intermediate temperatures, with vernalisation  occurring more weakly as temperatures 

approach the threshold for vernalisation  (Wollenberg and Amasino, 2012). The VIN3 -

independent pathway represses FLC at low temperatures, with lower temperatures 

resulting in more repression (Hepworth et al, 2018; Antoniou -Kourounioti et al, 2018). 

VIN3 -dependent regulation of FLC in  response to temperature occurs over long-term, 

short-term,  and immediate timescales, allowing the integration of a range of different 

temperature signals (Antoniou -Kourounioti et al, 2018). Differences in autumn 

temperatures affect the timing of VIN3  activity  as well as the rate of VIN3 -independent 

FLC silencing, with warmer autumn temperatu res delaying the upregulation of VIN3 

and slowing the initial downregulation of FLC (Hepworth et al, 2018) . 

 

1.3.2 FLC genes in Brassica napus  

Much of our knowledge about FLC comes from research carried out in Arabidopsis 

thaliana , a relative of Brassica napus. However, there has also been research into FLC 

in crop species of the Brassicaceae family, where FLC behaves as a flowering regulator 
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analogous to its function in  Arabidopsis (Tadege et al, 2001). Brassica napus is an 

allotetraploid, with an A -genome derived from Brassica rapa  and a C-genome derived 

from Brassica oleracea. Whole genome duplication has given rise to multiple copies of 

FLC within the Brassica napus genome; additionally, BnaFLC.A03b, BnaFLC.C03b, 

and BnaFLC.C09a are believed to have been generated by smaller duplication events 

(Calderwood et al, 2021; Cai et al, 2014). The Brassica napus genome contains up to 

nine copies of FLC in total (Zou et al, 2012).  

 

Variations in FLC genes have been identified in different crop types of Brassica napus 

with different vernalisation  requirements (Hou et al, 2012; Wu et al, 2019). Total FLC 

dynamics, rather than the dynamics of individual copies of FLC, are most related to the 

difference in vernalisation  requirement and flowering habits between crop types of 

Brassica napus (Calderwood et al, 2021). Spring OSR shows little to no cold 

requirement, and levels of FLC are low from early in development. Semi-winter OSR 

varieti es have been bred for mild winters and display a low vernalisation  requirement 

with FLC levels decreasing rapidly following cold exposure. Winter OSR varieties 

generally have the strongest vernalisation  requirement and require a long peri od of cold 

to vernalize, as FLC levels drop slowly. 

 

Polyploidy in Brassica napus has led to gene duplication, causing loss of function or 

sub-functionalization in some genes through mechanisms such as changes in gene 

regulation or protein function (Osborn  et al, 2003). This is seen in Brassica napus 

flowering time genes including TFL1 (Jones et al, 2018) and FLC (Zou et al, 2012). 

 

Not all FLC copies present in Brassica napus have the same functions or response to 

low temperatures (Schiessel, 2020). BnaFLC.A10 is strongly associated with the 

vernalisation  requirement in Brassica napus (Tadege et al, 2001; Hou et al, 2012). 

BnaFLC.C03b is a pseudogene which is non-functional du e to the presence of stop 

codons (Zou et al, 2012). A lack of cold response is seen in three Brassica napus FLC 

genes: BnaFLC.C09a, BnaFLC.C09b, BnaFLC.C03a (Schiessel et al, 2019). 
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1.3.3.  FLC  in seeds  

As the process of vernalisation  epigenetically silences FLC through H3K27 

tri methylation, FLC expression must be reactivated during seed development to ensure 

the next generation of plants also has a vernalisation  requirement.  A variety of genes 

and gene complexes have been shown to impact FLC reactivation. It has been shown 

that for the full reactivation of FLC to occur during embryogenesis, a protein complex 

containing FRIGIDA  (FRI) is required, as well as the ELF7 and VIP4 genes which are 

homologs of members of the yeast Paf1 complex (Yun et al, 2011). Reducing the activity 

of ELF6, a gene which functions as a H3K27me3 demethylase, impairs the reactivation 

of FLC in seeds. ELF6 activity was also found to increase FLC expression through the 

progression of embryo development (Crevillén et al, 2014). 

The parental vernalised state at FLC is reset by several proteins in addition to  ELF6. 

LEC1 is a seed-specific NF -YB transcription factor which has a role in reversing FLC 

silencing that is inherited from gametes. LEC1 acts to establish an active FLC chromatin 

state in the seed (Tao et al, 2017). LEC1 has been found to directly re-activate FLC 

expression in early embryogenesis, within 1 day after pollination (Tao et al, 2017).  

Resetting of FLC occurs differently in the  male and female germlines. FLC is not 

expressed in gametophytes and is reactivated after fertilization in the embryo but not 

the endosperm (Sheldon et al, 2008; Choi et al, 2009). It has been shown that although 

both the maternal and paternal copies of FLC are reset in the new generation, the 

paternal copy of FLC is reactivated in the fertilized embryo while the maternal FLC copy 

is reactivated later, in the early-globular stage of the embryo (Sheldon et al, 2008). FLC 

is silenced by DNA methylation using H3K27me3 markers. DNA methylation markers 

are not globally erased from DNA in the sperm of flowering plants (Calarco et al, 2012). 

In Arabid opsis, sperm chromatin contains a sperm-specific histone variant H3.10 which 

is not compatible with K27 methylation (Ingouff et al, 2010; Borg et al, 2015; Borg et al, 

2020). Its incorporation in sperm would therefore cause a loss of H2K27me3 markers. 

This contributes to resetting of methylation in the male germline. FLC in the male 

germline was found to be primed with H3K4me3 markers which encourages 

transcription in early embryogenesis (Borg et al, 2020).  
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This system of gene resetting in the paternal germlin e is in contrast to the maternal 

germline, where PRC2 is expressed in the central cell and so maintains H3K27me3 

markers (Grossniklaus and Paro, 2014). FLC remains maternally repressed through 

fertilization; resetting of methylation at maternal copies of FLC instead occurs later in 

embryo development, with longer developmental time required to reset FLC expression 

in plants which were more strongly vernalised (Luo et al, 2020). As the vernalisation  

state in early embryo development is inherited maternal ly and not paternally, these 

differences in regulation can explain the maternal FLC effect seen in Arabidopsis. 

The downstream targets of FLC include SOC1 and AP1; in addition to their role in 

flowering time, these genes contribute to the regulation of seed germination by FLC 

through downstream integration with ABA and GA (Chiang et al, 2009). High FLC 

expression during seed maturation influences gene expression in germinating seeds and 

is associated with increased germination at cooler temperatures (Chiang et al, 2009). 

FLC has also been implicated in variation in germination and seedling vigour in 

Brassica rapa  (Basnet et al, 2015). 

 

1.3.4 Temperature effects on seeds  

In a variety of plant species, temperature during the vegetative stage of maternal 

development, before seeds are produced, has been shown to impact seed development 

(Roach and Wulff, 1987; Kegode and Pearse, 1998; Andalo et al, 1999; Donohue, 2009).  

A number of studies have focused on how maternal environment impacts seed 

germination and dor mancy. Seed dormancy refers to the state in which the seed will not 

germinate in conditions which are favourable for germination (Bewley, 1997).   

 

Low temperatures experienced by the mother plant have been shown to result in 

increased levels of dormancy in Ara bidopsis mature seeds (Kendall et al, 2011), and 

further research has shown that imprinting is used as a mechanism for the maternal 

inheritance  of seed dormancy (Piskurewicz et al, 2016). This process involved the 

preferential expression of maternal al leles in the endosperm for genes which could be 

associated with seed dormancy after imbibition (including CYP1, CYSTEINE 
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PROTEASE 1) allowing the m aternal genotype to be reflected in seed dormancy levels. 

In Wahlenbergia tumidifructa , seed longevity was also found to be affected by the pre-

zygotic growth environment, with cooler temperatures resulting in a greater variation in 

seed longevity (Kochanek et al, 2010). In Arabidopsis thaliana , seed production at high 

temperatures was found to be improved through three generations produced from 

plants which had experienced heat treatments (Whittle et al, 2009).  

 

The temperature experienced by the plant during the processes of seed development and 

seed maturation is also known to affect seed traits (Fenner, 1991). The maturation 

temperature seeds are exposed to is associated with variability in seed performance (He 

et al, 2014). In Arabidopsis, the seed maturation temperature has been shown to have a 

strong effect on seed performance, with low temperatures reducing seed longevity (He et 

al, 2016). 

 

Seed dormancy in Arabidopsis is also sensitive to environmental effects including 

temperature during the seed maturation stage (reviewed in Penfield and MacGregor, 

2017). Low seed maturation temperatures in Arabidopsis lead to deep primary 

dormancy, which is induced via mechanisms relying on DOG1 and gibberellin and 

abscisic acid signalling  (He et al, 2016; Kendall et al, 2011). In contrast, higher seed 

maturation temperatures lead to shallower dormancy (MacGregor et al, 2015; Chiang et 

al, 2011; Kendall et al, 2011). Seed dormancy is controlled via a range of systems, with 

effects on fruit development, the endosperm and the seed coat having effects on the final 

dormancy level of the seed (Penfield and MacGregor, 2017; Bethke et al, 2007; 

MacGregor et al, 2015). Effects of temperature on any of these processes could go on to 

impact seed dormancy. 

 

 

1.4 Temperature impacts on crop development  

 

1.4.1 Impact of vernalisation  temperature on crops  
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A general plant response to vernalisation occurs at temperatures below 17°C and at 

temperatures higher than this many plants, including oilseed rape, will no longer be able 

to vernalise conditions (Tommey and Evans; 1991; Porter and Gawaith, 1999; Penfield, 

2008; Duncan et al, 2015; Penfield et al, 2021). The environment experienced by the 

parent plant before seed set has occurred has been shown to affect the seed in a number 

of crop species, including wheat and Brassica rapa  (Sanhewe et al, 1996; Sinniah et al, 

1998). 

 

Previous work (OôNeil l et al, 2019) has shown that winter OSR varieties of Brassica 

napus complete vernalisation  during October and undergo the floral transition shortly 

after in November. The subsequent floral primordia are therefore exposed to cooler 

win ter temperatures. As winter temperature has an effect on the final overall crop yield 

(Brown et al, 2019), this suggests there may be a mechanism whereby the winter 

temperature experienced by the floral meristem has effects later in development. In the 

field warming trial described in OôNeill et al (ʱʯʰʸ), warming the plots delayed the floral 

transition, although this did not delay final flowering time. This suggests that 

vernalisation  temperature is having an effect on the timing of the floral transition, which 

in turn del ays development of the floral primordia.  

 

Previous work in the Penfield group (Figure 1.2, unpublished data) has also shown that 

vernalisation  has an effect on Brassica napus seed size in a Winter x Semi-winter OSR 

DH population, created by crossing the Winter OSR variety Tapidor with the Semi-

winter  OSR variety Ningyou. The lines produced from this cross showed range of 

responses to temperature. Notably, plants which were vernalised in the lab before being 

transplanted to the field produc ed seeds which were always equal to or larger in size 

than seeds produced by plants which did not undergo a vernalisation  treatment.  
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Figure 1.2: TGW ratio of a Tapidor x Ningyou  population, vernali sed/unvernali sed treatments. Ratios of greater 

than 1 (grey dashed line) indicate seeds were larger in plants given a vernalisation  treatment.  

 

1.4.2 Impact of seed maturation temperature on crops  

 

Seed properties are not only affected by vernalisation ; other environmental factors  such 

as photoperiod, light and nutrient levels impact the quality of seeds (Fenner, 1991; 

Imaizumi et al, 2017). In Brassica napus, increased temperatures throughout 

development have been shown to negatively affect reproductive development. These 

temperature effects impact a range of processes throughout development required for 

the plant to produce high -quality seeds. For example, high temperatures can perturb 

ovule development and microsporogenesis; the resulting abnormal development of 

floral organs leads to the production of sterile flowers and a loss of yield (Polowick and 

Sawhney, 1988). Alongside floral sterility, high levels of heat stress during flowering can 

impact the number and size of seeds produced (Morrison and Stewart, 2002).  

 

Crops are affected by high temperatures during seed development. For example, heat 

stress reduces seed size in rice by a PRC2 based mechanism (called FIE1 in rice) 

(Folsom et al, 2014). Heat stress early in seed maturation has been shown to negatively 

reduce Brassica napus seed quality (Magno Massuia de Almeida et al, 2021), as well as 

reducing seed weight when heat stress occurs during seed filling (Rashid et al, 2018).  

 

High temperatures during seed development and maturation also affect dormancy and 

germinability in seeds: lower seed maturation temperatures generally increasing seed 
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dormancy (Fenner, 1991). In Arabidopsis , increasing temperature during seed set by 

1°C from 14°C to 15°C significantly impacted seed dormancy. Specifically, seeds which 

developed at a higher temperature were shown to germinate more readily (Springthorpe 

and Penfield, 2015). The effect of increased temperatures on promoting seed 

germination appears to be regulated within the endosperm (Chen et al, 2021).  

 

 

1.4.3 Impacts of temperature on se ed s ize and development  

Auxin is a key phytohormone that determines seed size and weight. It is involved in 

development of the embryo, endosperm, and seed coat (reviewed in Cao et al, 2020). 

Several genes have been identified which affect seed size in response to auxin. In 

Arabidopsis, the seed size regulator gene LEC2 influences embryo development by 

regulating the supply of auxin to the embryo (Stone et al, 2008; Wójcikowska et al, 

2013). In Brassica napus, the gene CYP78A9, which  encodes a cytochrome P450 

enzyme, contributes to seed size by influencing auxin metabolism (Shi et al, 2019). In 

Arabidopsis seeds, auxin accumulates from the heart embryo stage through to the 

development of cotyledons (Ni et al, 2001). 

 

Auxin contributes to various developmenta l processes related to seed size, across a 

range of species. Auxin is involved in the regulation of endosperm development in maize 

(Lur et al, 1993), and is required for normal seed development in peas (McAdam et al, 

2017). Auxin signalling and seed size are also related in rice, where a loss of function in 

rice cytochrome P450 gene leads to lower IAA levels and increased embryo size (Chen et 

al, 2015). Auxin production also affects endosperm development in Arabidopsis: 

increased auxin levels are linked to endosperm cellularization defects (Batista et al, 

2019). 

 

Auxin signalling pathways can be affected by temperature. Growth at high temperatures 

leads to increased levels of auxin (Gray et al, 1998; Sun et al, 2012). High temperatures 

influence auxin signalling  in determination of microspore polarity and resulting embryo 
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development (Dubas et al, 2014). As such, auxin signalling  pathways could be a linking 

mechanism between temperature responses and resulting effects on seed size. 

 

Abscisic acid (ABA) is important for seed development. ABA regulates seed traits, 

including lipid synthesis and seed dormancy (reviewed in Finkelstein  et al, 2002). Levels 

of ABA in early seed development contribute to seed size; Arabidopsis mutants with 

lower ABA levels show delayed endosperm cellularization and increased seed size 

(Cheng et al, 2014). 

 

ABA is also well known to have a role in seed maturation and the development of 

dormancy (Kanno et al, 2010). Loss of seed desiccation tolerance and premature seed 

germination can be observed in a range of Arabidopsis mutants with both ABA-

dependent and ABA-independent responses. This includes abi3  mutants, which have 

reduced ABA sensitivity in the seeds (Koornneef et al, 1984; Nambara et al, 2000; To et 

al, 2006). Plants with reduced ABA signalling  have early germinating phenotypes and 

strongly reduced requirement for seed dormancy. High levels of ABA are associated with 

strong dormancy in seeds and repression of germination (Koornneef et al, 1984; Bewley, 

1997; Graeber et al, 2012). 

 

Previous studies have also shown that ABA signalling  pathways are responsive to 

environmental stresses, including temperature (Daie and Campbell, 1981; Walker-

Simmons, 1988; Larkindale and Knight, 2002; Lim et al, 2013; Chiu et al, 2016). As 

ABA levels are responsive to temperature and involved in control of seed development, 

ABA pathways could form part of a link between temperature response and seed traits. 

The effect of maturation temperature on ABA in seeds has been shown; low seed 

maturation temperat ures lead to increased levels of ABA in the endosperm in Brassica 

oleracea and warm maturation temperatures lead to highe r germination (Chen et al, 

2021). The effect of seed maturation temperature on germinability is a feature of plant 

development seen in a wide range of species (Penfield, 2017) including Arabidopsis 

(Chen et al, 2014; Springthorpe and Penfield, 2015), lettuce (Gray et al, 1998), soybean 

(Egli et al, 2005) and pea (Lamichaney et al, 2021).  

 



 

22 

 

1.5 Overall Aims  

The overall aim of the PhD project presented in this thesis is to learn more about how 

temperature during development impacts seeds in Brassica napus, with a view to 

improving OSR yield, and finding out what genetic pathways are involved in 

temperature responses as well as the mechanism by which vernalisation affects seed 

size. 

 

This has been done by growing and phenotyping a range of Brassica napus varieties and 

using this phenotyping data as a basis for identifying genetic differences underlying 

temperature responses. This was to test the hypothesis that temperature during 

vernalisation  and maturation would have impacts of seed properties which contribute to 

overall yield. Results will be described from studying the properties of the seeds such as 

seed size, seed number, oil content and germination. The results of analysing genetic 

differences between varieties with contrasting phenotypes will be described, exploring 

the hypothesis that specific genes and genetic pathways which may underlie 

temperature effects on seeds in Brassica napus can be identified using this dataset. 

 

Some varieties of Brassica napus have also been tested for differences in gene 

expression resulting from changes in vernalisation  temperature, exploring the 

hypothesis that vernalisation  temperature will affect gene expression patterns 

throughout development and in the seed. Combining phenotyping and transcriptomics 

with a range of environmental conditions is intended to reveal more about how Brassica 

napus responds to different temperatu res on a gene expression level. Exploring these 

factors can lead to a greater understanding of how developmental pathways in the seed 

respond to temperature and affect seed traits. These results will be considered to test the 

hypothesis that gene expression changes can be linked to identified phenotypes in the 

seed. 
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Chapter 2  - Exploring the effect of temperature on 
Brassica napus  yield  

 

2.1 Introduction  

 

As previously described in the introduction, Brassica napus is grown as an oilseed crop 

with seed yield being a vital factor in overall crop yield. Two major contributing factors 

to overall seed yield are the number of seeds produced by each pod (seeds per pod, or 

SPP) and the seed size, measured by thousand grain weight (TGW). As temperature has 

been correlated with yield in Brassica napus under fi eld growth conditions (Brown et al, 

2019), this chapter explores the effect of temperature on these two yield parameters.  

 

When phenotyping accessions of Brassica napus in  this project, a core set of 96 

accessions from the Diversity Fixed Foundation Set (DFFS) was used (listed in Appendix 

A). The DFFS was developed as part of the OReGIN project (Harpet et al, 2012). This set 

contained a number of different crop types, including Winter OSR, Spring OSR and 

Semi-winter OSR varieties alongside swedes, kales, exotics and fodder crops. As 

Brassica napus crop types have different vernalisation  requirements, this population 

enables us to investigate the impact of variation in vernalisation requirement on seed 

development. 

 

When studying crops in the field, it c an be difficult to separate the knock-on effect of the 

timing of developmental transitions from the direct  effects of temperature on specific 

growth stages. For example, a warm vernalisation  temperature can delay flowering, 

which may then cause seed development to occur later during the growing season. At 

this point it can become difficult to tell if effects on seed development were caused 

directly by a warm vernalisation  temperature, by a difference in seed maturation 



 

24 

 

temperature or if changes in yield were due to other confounding factors between 

growing seasons. When designing phenotyping experiments to explore temperature 

effects on yield, it was important to be able to separate the effects of vernalisation  

temperature and seed maturation temperature in a way that may be obscured when 

growing plants in field conditions.  

 

 

2.2 Hypotheses & Aims  

 

As winter temperature has been previously correlated with yield (Brown et al, 2019), the 

first hypothesis was that the temperature during vernalisation  treatment i s correlated 

with seed yield parameters (SPP and TGW). 

 

As vernalisation  is a response to extended periods of cold, length of vernalisation  

treatment was also considered. The second hypothesis was that the duration of 

vernalisation  is correlated with seed yield parameters (SPP and TGW). 

 

Maturation temperature has also been shown to be important for seed development and 

yield (Rashid et al, 2018), so the third hypothesis tested in this chapter is that 

maturation temperature is correlated with seed yield par ameters (SPP and TGW). 

 

As crop type is a factor contributing to adaptation of Brassica napus to different 

environments, the fourth hypothesis explored in this chapter is that temperature 

responses would vary between crop types.  
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After completing the larg e phenotyping experiment, this chapter addresses the aim to 

find out if the results are sufficiently robust that a subset the results can be replicated for 

continued experiments.  

 

2.3 Results  

 

2.3.1 Experimental design of large phenotyping experiment  

 

For this phenotyping experiment, 96 accessions of Brassica napus from the Diversity 

Fixed Foundation Set (DFFS) were included (Harper et al, 2012).   

 

In total, twelve different temperature treatments were selected for the large phenotyping 

experiment (summari zed in Figure 2.1) . Plants would undergo one combination of:  

vernalisation  at either 5°C, 10°C, or 15°C; for either 6 weeks or 12 weeks; and then seed 

maturation at either 18°C or 24°C. The timing of sowing was staggered so that plants 

which underwent 6 weeks of vernalisation  were sown later and all plants would be 

removed from the vernalisation  treatment at the same time, to ensure growth conditions 

were consistent between treatments. 
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Figure 2.1: Experimen tal design of phenotyping experiment to test effect of temperature on seeds. 

 

Experimental groups consisted of differences in treatment based on vernalisation  

temperature, vernalisation  duration and maturation temperature. Each of the twelve 

experimental groups contained 288 plants consisting of three biological replicates of 

each of the 96 lines included in the experiment. To reduce the confounding effects of 

factors contributing to dif ferences in growth, all plants were grown in the same soil type 

and size of pot. The plants were all transferred to larger growth pots at the same 

timepoint, after being removed from the vernalisation  treatment. Watering was carried 

out using an automated irrigation system to ensure consistent watering across all 

treatments. To control for variation across the experiment, an alpha randomized 

blocking design was used with replicates for vernalisation  temperature split across 

blocks (detailed further in secti on 2.3.4.1). 

 

2.3.1.2 Overview of flowering time data  

To understand effects of vernalisation on seed traits it was necessary to understand the 

variety flowering time responses to the six different vernalisation treatments. Flowering 
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time was examined in the plants from this phenotyping experiment by the BRAVO  team 

at John Inn es Centre in 2019. The effect of different vernalisation  temperatures on each 

crop type is seen in Figure 2 (from Rachel Wells and Steve Penfield, unpublished data).  

 

Plants vernalised for 12 weeks had a longer mean day number to flowering compared to 

plants vernalised for 6 weeks (Figure 2.2a). This effect was least pronounced in Semi-

winter and Spring OSR varieties, which were the fastest flowering. Swede and Winter 

OSR varieties showed a larger effect, with some swede varieties vernalised for 12 weeks 

not flowering.  Plants vernalised at 15°C had the highest mean days to flowering. 

Particularly in Winter OSR and swede varieties, increased vernalisation  temperature 

was associated with taking a longer time to flower, with many swedes not flowering after 

a vernalisation  treatment above 5°C (Figure 2.2b). In Semi-winter and Spring OSR 

varieties, there was little difference in time taken to flower between vernalisation  

treatments. These varieties also flowered most quickly. 

 

This data shows that swede varieties took longer than other crop types to flower under 

similar conditions, while Spring and Semi -winter OSR had the fastest time to flowering 

after being removed from vernalisation  and showed only small decreases in flowering 

time when given stronger vernalisation  treatments. 
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Figure 2.2: Flowering time for each crop type by (a) vernalisation  duration (b) vernalisation  temperature. DNF = 

did not flower.  Data provided by Steven Penfield.  

 

 



 

29 

 

2.3.2 Comparison of see d tr ait data before and after cleaning  

 

Seed size was measured from 20 pods collected from the main raceme. The phenotyping 

experiment was originally designed to have three replicates from each accession for each 

of the temperature treatments. However, not all harvested plants produced usable 

results which necessitated data cleaning before the full analysis could be carried out. 

This was due to a combination of failure to flower, failure to produce  enough seed pods, 

disease, pre-harvest sprouting or limite d fruit development (see Table 2.1). 

Table 2.1: Number of samples remaining in each temperature treatment after data cleaning. The final number of 

plants used in the analysis was 2596 (75% of total possible samples). 

Temperature Treatment  

Samples 

remaining after 

data cleaning  

5°C , 6 weeks vernalisation , 18°C maturation  258 

5°C , 12 weeks vernalisation , 18°C maturation  261 

5°C , 6 weeks vernalisation , 24°C maturation  232 

5°C , 12 weeks vernalisation , 24°C maturation 244 

10°C , 6 weeks vernalisation , 18°C maturation  245 

10°C , 12 weeks vernalisation , 18°C maturation  263 

10°C , 6 weeks vernalisation , 24°C maturation  221 

10°C , 12 weeks vernalisation , 24°C maturation  240 

15°C , 6 weeks vernalisation , 18°C maturation  127 

15°C , 12 weeks vernalisation , 18°C maturation  211 

15°C , 6 weeks vernalisation , 24°C maturation  134 

15°C , 12 weeks vernalisation , 24°C maturation  160 

 

Firstly, if any variety had less than two replicates for a given temperature treatment, 

that treatment was removed from the analysis for that variety . The experiment also 

aimed to compare the effect of temperature on seed yield parameters for seeds which 

had properly developed; however, some plants did not set sufficient numbers of seeds to 

provide reliable information. Any samples which had a TGW of less than 1.5 g were 

removed from the analysis as previous work had shown that seed lots with low TGW 
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contained high numbers of aberrant seeds. Additionally, plants  where 18 or less pods 

had been harvested were removed from the analysis to ensure that results were taken 

from healthy plants which consistently produced seeds.  

 

The difference in data distribution can be seen in Figure 2.3. Before data cleaning, for 

SPP (Figure 2.3a) and TGW (Figure 2.3b) the lowest bins have a higher frequency when 

compared to the same traits after cleaning (Figure 2.3c and 2.3d). The overall impact of 

the data cleaning is that major outliers towards the lower end are removed. For TGW, as 

the data was filtered directly on this parameter it can be seen that the small number of 

samples where TGW was below 1.5 g are removed (Figure 2.3d). For SPP, as the results 

were filtered on the overall number of pods harvested and not directly on SPP itself, the 

range of bins remains the same although those bins containing extremely few seeds have 

a reduced frequency after cleaning the data (Figure 2.3c). 
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Figure 2.3: Histograms showing the distribution of data from the phenotyping experiment, before and after data 

cleaning. (a) Raw data for SPP. (b) Raw data for TGW. (c) Cleaned data for SPP (Pod number < 19). (d) Clean ed 

data for TGW (TGW < 1.5).  

 

As can be seen in Table 2.1, the two temperature treatments with the fewest samples 

remaining for reliable analysis were the combination of 15°C vernalisation  for 6 weeks 

with both 18°C and 24°C maturation temperature. This suggests that this vernalisation  

treatment (6 weeks at 15°C) was the least favourable for producing high-yielding plants. 

Conversely, the temperature treatments with the most remaining samples were plants 

which were vernalised at either 5°C or 10°C for 12 weeks and then matured at 18°C.  
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2.3.3 Preliminary overvi ew of effects of temperature treatments 

on cleaned seed tra it d ata  

 

2.3.3.1 Effect of Vernalisation  Temperature on TGW and SPP  

 

Figure 2.4: Histograms showing the distribution of TGW (a - c) and SPP (d - f) over three different vernalisation  

temperatures with increm ental bin values of 0.5 for TGW and 5 for SPP. 

 

In Figure 2.4 the distributions of TGW and SPP from the cleaned data across the three 

vernalisation  temperatures can be seen. Figure 2.4a shows that TGW at 5°C from the 

cleaned data extended to a maximum of 8.5 ï 9.0 g, with the greatest frequency in the 

3.5 ï 4.0 g.0 g range. Figure 2.4b shows that TGW at 10°C had a maximum range of 7.5 
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- 8.0 g, with the greatest frequency in the 3.5 ï 4.0 g range. Figure 2.4c shows that TGW 

at 15°C had a maximum range of 7.5 ï 8.0 g, with the greatest frequency in the 4.0 ï 4.5 

g range. At 5°C and 10°C, the maximum frequency for a given range approaches 200, 

while at 15°C the maximum frequency is below 150. 

Figure 2.4d shows that SPP at 5°C from the cleaned data extended to a maximum of 40 

ï 45 seeds, with the greatest frequency in the range 15 ï 20 seeds. Figure 2.4e shows 

that SPP at 10°C had a maximum range of 35 ï 40 seeds, with the greatest frequency in 

the range 15 ï 20 seeds. Figure 2.4f shows that SPP at 15°C had a maximum  range of 30 

ï 35 seeds, with the greatest frequency in the range 20 ï 25 seeds. At 5°C, the maximum 

frequency for a given range approaches 250, and at 10°C the maximum frequency 

exceeds 250, while at 15°C the maximum frequency is below 200. 

 

Mean TGW and SPP across the treatments, calculated from the raw data, indicates that 

the highest values for both TGW and SPP were found in plants vernalised at 5°C, while 

the lowest values for TGW and SPP were found in plants vernalised at 15°C (Table 2.2). 

However, the difference in SPP across vernalisation treatments was minimal.  

 

Table 2.2: Mean TGW and SPP calculated from the cleaned data. 

 Mean TGW (g)  Mean SPP (g)  

Vernalisation  Temperature  

5°C 4.197 18.589 

10°C  4.102 18.230 

15°C  3.987 18.107 

Vernalisation  Duration  

6 weeks  4.123 18.233 

12 weeks  4.100 18.429 

Maturation Temperature  

18°C  4.324 19.880 

24°C  3.875 16.627 
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2.3.3.2 Effect of vernalisation  duration on TGW and SPP  

 

Figure 2.5: Histograms showing the distribution of TGW (a, b) and SPP (c, d) over two different vernalisation  

lengths. 

 

In Figure 2.5 the distributions of TGW and SPP from the cleaned data across the two 

vernalisation  durations can be seen. Figure 2.5a shows that TGW at 6 weeks from the 

cleaned data extended to a maximum of 8.0 ï 8.5 g, with the greatest frequency in the 

3.5 ï 4.0 g range. Figure 2.5b shows that TGW at 12 weeks had a maximum range of 8.5 

ï 9.0 g, with the greatest frequency in t he 4.0 ï 4.5 g range.  
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Figure 2.5c shows that SPP at 6 weeks from the cleaned data extended to a maximum 

range of 35 - 40 seeds, with the greatest frequency in the range 15 - 20 seeds. Figure 

2.5d shows that SPP at 12 weeks had a maximum range of 40 - 45 seeds, with the 

greatest frequency in the range 20 - 25 seeds. At 6 weeks, the maximum frequency for a 

given range is just over 300, while at 12 weeks the maximum frequency approaches 400. 

 

Mean TGW and SPP across the treatments, calculated from the raw data, indicates that 

the highest values for TGW were found in plants vernalised for 6 weeks, while the 

highest values for SPP were found in plants vernalised for 12 weeks (Table 2.2).  

  

2.3.3.3 Effect of Maturation Temperature on TGW and SPP  

In Figure 2.6 the distrib utions of TGW and SPP from the cleaned data across the three 

vernalisation  temperatures can be seen. Figure 2.6a shows that TGW at 18°C from the 

cleaned data extended to a maximum range of 8.5 ï 9.0 g, with the greatest frequency in 

the 4.0 ï 4.5 g range. Figure 2.6b shows that TGW at 24°C had a maximum range of 7.5 

ï 8.0 g, with the greatest frequency in the 3.5 ï 4.0 g range. At 18°C, the maximum 

frequency for a given range exceeds 250, while at 24°C the maximum frequency is below 

250. 

 

Figure 2.6c shows that SPP at 18°C from the cleaned data extended to a maximum range 

of 35 - 40 seeds, with the greatest frequency in the range 20 - 25 seeds. Figure 2.6d 

shows that SPP at 24°C had a maximum range of 40 - 45 seeds, with the greatest 

frequency in t he range 15-20 seeds. At 18°C, the maximum frequency for a given range 

exceeds 400, while at 24°C the maximum frequency is below 350. 

 

Mean TGW and SPP across the treatments, calculated from the raw data, indicates that 

the highest values for both TGW and SPP were found in plants grown at 18°C, while the 

lowest values for TGW and SPP were found in plants grown at 24°C (Table 2.2).  
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Figure 2.6: Histograms comparing the distribution of TGW (a,b) and SPP (c,d) over two different seed maturation 

temperatures.  

 

Figure 2.7 shows histograms of TGW for each individual treatment. Comparing these 

graphs to the histograms for combined treatments can begin to indicate in greater detail 

how the combination of treatm ents affects TGW. For example, looking at TGW across all 

18°C matured plants (Figure 2.6a) the maximum range is 8.5 ï 9.0 g. Looking at the 

individual treatments matured at 18°C, it can be seen that TGW of 8.5 ï 9.0 g is seen 

only in plants vernalised at 5°C, for either 6 or 12 weeks. Similarly, the maximum range 
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of TGW across all plants matured at 24°C was 7.5 ï 8.0 g (Figure 2.6b). Plants 

contributing to this maximum range were only found in the treatments 5°C, 6 weeks, 

24°C and 10°C, 12 weeks, 24°C. From Figure 2.7, the reduced number of plants which 

produced seeds in some treatments can be seen from the low total frequency, such as in 

the 15°C, 6 weeks, 24°C treatment. 

Figure 2.8 shows histograms of SPP for each individual treatments. Comparing these 

graphs to the histograms for combined treatments can begin to indicate in greater detail 

how the combination of treatments affects SPP. When looking at all plants matured at 

24°C, SPP at 24°C had a maximum range of 40 - 45 seeds (Figure 2.6d). From Figure 

2.8, it  can be seen that this range was only seen in plants grown at the 5°C, 12 weeks, 

24°C treatment; for all treatments, the maximum range was 30 ï 35 seeds.  

 

In both Figures 2.7 and 2.8, the combination of vernalisation  at 15°C  (for either 6 or 12 

weeks) and seed maturation at 24°C displayed the lowest range for most common 

frequency, with a TGW of 3.0 ï 3.5 g and SPP of 10 ï 15 seeds. This may be an indicator 

that combinations of higher temperatures throughout development are detrimental to 

traits contr ibut ing to increased yield. However, a more robust analysis is required to 

fully understand the temperature effects.  



 

38 

 

 

Figure 2.7: Histograms comparing TGW across all 12 temperature treatments used in the phe noty ping experiment.  
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Figure 2.8: Histograms comparing SPP across all 12 temperature treatments used in the phenotyping experiment.  
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2.3.4 Linear modelling analysis of phenotyping results  

In order to fully  understand the interplay of vernalisation  temperature, vernalisation  

duration  and seed maturation temperature on seed yield parameters, a mixed linear 

model was used to estimate the overall impact of temperature. 

 

2.3.4.1 Effect of blocking in phenotyping  exp eriment  

 

During this experiment plants were grown in an alpha -randomized incomplete block 

design. Statistical analysis was first used to examine the effect of block on TGW and 

SPP. 

 

Figure 2.9: Blocking layout of glasshouse phenotype experiment. 

The blocking pattern used in this experiment consisted of 12 blocks in total, with six in 

the 18°C glasshouse and six in the 24°C glasshouse (Figure 2.9). As a result of this, each 

block contained only a single maturation temperature. Plants were also split between 

blocks by vernalisation  duration, with blocks 1, 3 and 5 containing plants vernalised for 

six weeks and blocks 2, 4 and 6 containing plants vernalised for twelve weeks. Each 

block then contained one of the three replicate plants from all 96 varie ties from each of 
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the three vernalisation  temperatures to a total of 288 plants per block, and the location 

of each plant was randomized within the block. 

 

The effect of block on TGW can be seen in Figure 2.9a and 2.9b. The effect of block was 

considered using ANOVA. This ANOVA model estimated TGW or SPP (with trait 

referring to either TGW or SPP separately) in block (B) i, with the residual term ei: 

ὝὶὥὭὸ ‘  ὄ  Ὡ 

 

This analysis showed that block location had no impact on TGW at 18°C (Figure 2.10a) 

but did have an impact on TGW at 24°C, where it can be seen that Block 2 has the lowest 

mean TGW while Block 3 has the highest (Figure 2.10b). To account for this effect of 

location, block was included in further models for estimating TGW. There was no effect 

of block on SPP at either temperature (Figure 2.10c and 2.10d), so block was not 

included in further models estimating SPP.  
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Figure 2.10: Effect of block on (a) TGW at 18°C (b) TGW at 24°C (c) SPP at 18°C (d) SPP at 24°C. Significance 

produced by ANOVA with Tukey post -hoc test, alpha = 0.05. In (a) and (c), C1-Cʵ indicates ñcool glasshouseò blocks 

at 18°C; i n (b) and (d), H1 -Hʵ indicates ñhot glasshouseò blocks at ʱʳÁC. 

  

2.3.4.2 Optimizing the linear model  

Linear modelling was carried out to test the effects of each factor in the treatments used 

in the phenotyping experiment on TGW  and SPP. The linear models included 

maturation temperature, vernalisation  temperature and vernalisation  duration as fixed 

effects, as these were the factors being tested in the phenotyping experiment. In order to 

assess the effects of these treatments as accurately as possible, the linear models used to 

estimate TGW and SPP for each treatment were optimized.  

 

2.3.4.2.1 Optimizing fixed effects terms used to estimate TGW and SPP  

 

The formula for the mixed linear model used to estimate TGW was: 
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ὝὋὡ  ‘  ὓὝ  ὠὝ ὠὈ ὄ ὺ  Ὡ  

 

This model predicts the TGW of variety (v)  i in maturation temperature ( MT)  j in 

vernalisation  temperature (VT) k and vernalisation  duration ( VD) l and block (B) m, 

where ei jklm is the residual term. In this model the fixed terms are MT , VT, and VD, with 

B as a random variable  and v as a random factor. 

 

The formula for the mixed linear model used to estimate SPP was: 

 

Ὓὖὖ  ‘  ὓὝ  ὠὝ ὠὈ ὺ  Ὡ  

 

This model predicts the SPP of variety (v) i in maturation temperature ( MT)  j in 

vernalisation  temperature (VT) k and vernalisation  duration ( VD) l, where eijkl is the 

residual term. In this model the fixed terms are MT , VT, and VD, with v as a random 

factor. 

 

Table 2.3: Results of linear model estimating TGW showing effects of each treatment. DF = degrees of freedom.  

DenDF = denominator degrees of freedom.  Results displayed using Type III ANO VA with Satterthwaiteôs method. 

 
Sum 

Sq 

Mean 

Sq 
DF  DenDF  F value  Pr(>F)  

Maturation 

Temperature  

10.32

8 

10.327

5 
1 8.99 20.4423 0.001447 

Vernalisation  

Temperature  

41.62

4 

20.811

9 
2 2489.18 41.195 < 2.2e-16 

Vernalisation  

Duration  
0.09 0.0897 1 8.99 0.1776 0.6833 
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The results of the linear model detailed in Table 2.3 show that TGW across the diversity 

set is affected by vernalisation  temperature (p < 2.2E-16). TGW is also affected by seed 

maturation temperature (p = 0.001447). However, vernalisation  duration was not found 

to have a significant effect on TGW (p = 0.6833). 

 

Table 2.4: Results of linear model estimating SPP showing effects of each treatment. DF = degrees of freedom. 

DenDF = denominator degrees of freedom. Results displayed using Type III ANOVA with Satterthwaiteôs method. 

 Sum Sq  Mean Sq  DF  DenDF  F value  Pr(>F)  

Maturation 

Temperature  
9389.8 9389.8 1 2500.8 536.9984 < 2.2e-16 

Vernalisation  

Temperature  
615.7 307.8 2 2501.2 17.605 2.56E-08 

Vern alisation  

Duration  
38.5 38.5 1 2500.8 2.2018 0.138 

 

 

The results of the linear model detailed in Table 2.4 show that SPP across the diversity 

set is affected by vernalisation  temperature (p = 2.56E-8). TGW is also affected by seed 

maturation temperature ( p < 2.2E-16). However, vernalisation  duration was not found 

to have a significant effect on TGW (p = 0.138). As vernalisation  duration was found to 

have no impact on TGW or SPP, it was removed from the models before further analysis. 

 

 

2.3.4.2.2 Interactio n effects when estimating TGW  

Interactions between the fixed effects of the model estimating TGW were examined. 

This was done using the model:  

 

ὝὋὡ  ‘  ὓὝ  ὠὝ ὺ ὄ  Ὡ  
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This model predicts the TGW of variety (v)  i in maturation temperature ( MT)  j in 

vernalisation  temperature (VT) k and block (B) l, where eijkl is the residual term. In this 

model the fixed terms are v, MT,  and VT, with B as a random variable and includes 

interactions between v, MT,  and VD. 

 

The results of this analysis showed that the fixed effects had significant interactions 

(Table 2.5). These interactions exist between maturation temperature and variety, 

vernalisation  temperature ad variety, and maturation temperature and vernalisation  

temperature. A significant three -way interaction term was also identified between 

variety, maturation temperature and vernalisation  temperature. As these interaction 

effects were identified as significant, they were included in the model for further 

analysis. 

 

Table 2.5: Linear model output testing interactions between fixed effects when estimating TGW . DenDF = 

denominator degrees of freedom.   

 Sum 

Sq 

Mean 

Sq 

DF  DenDF  F 

value  

Pr(>F)  

Variety x MT  215.51 2.2685 95 2050.7 5.9743 

< 2.2e-

16 

Variety x VT  152.08 0.8544 178 2050.62 2.25 

< 2.2e-

16 

MT x VT  2.93 1.467 2 2053.29 3.8635 0.021147 

MT x VT x Varie ty  100.22 0.6303 159 2050.59 1.6599 1.21E-06 

 

 

2.3.4.2.3 Interaction effects when estimating SPP  

Interactions between the fixed effects of the model estimating SPP were examined. This 

was done using the model:  



 

46 

 

 

Ὓὖὖ  ‘  ὓὝ  ὠὝ ὺ  Ὡ  

 

This model predicts the TGW of variety (v) i in maturation temperature ( MT ) j in 

vernalisation temperature (VT) k, where eijk is the residual term. In this model all terms 

are fixed and includes interactions between MT  and VT. 

 

The results of this analysis (Table 2.6) showed significant interactions between 

maturation temperature and variety  as well as between vernalisation  temperature and 

variety. No significant interaction was identified between maturation temperature and 

vernalisation  temperature. Interactions identified as significant were included in model 

for further analysis.  

 

Table 2.6: Linear model output testing interactions between fixed effects when estimating SPP. DF = degree s of 

freedom. Results displayed using Type III ANOVA with Satterthwaiteôs method. 

 Df  Sum Sq  Mean Sq  F value  Pr(>F)  

Variety  95 65348 687.9 46.1525 < 2.2e-16 

Maturation 

Temperature (MT)  1 9401 9401 630.751 < 2.2e-16 

Vernalisation  

Temperature (VT)  2 611 305.6 20.5065 1.52E-09 

Variety x MT  95 5622 59.2 3.9702 < 2.2e-16 

Variety x VT  178 4594 25.8 1.7317 3.33E-08 

MT x VT  2 16 8.1 0.5437 0.5807 

Variety x MT x VT  159 2703 17 1.1407 0.1179 

Residuals  2063 30748 14.9   

 

2.3.4.2.4 Assessing optimized models u sed to estimate TGW and SPP  

The optimized formula for the mixed linear model used to estimate TGW was: 
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ὝὋὡ  ‘  ὓὝ  ὠὝ ὺ ὓὝ ὠὝ ὓὝ ὺ   ὠὝ ὺ

ὓὝ  ὠὝ ὺ ὄ  Ὡ  

This model predicts the TGW of variety (v) i in maturation temperature ( MT ) j in 

vernalisation  temperature (VT) k and block (B) l, where eijkl is the residual term. In this 

model the fixed terms are v, MT,  and VT, with B as a random variable. Interactions are 

included between MT  and VT, MT  and v, and VT and v, as well as between MT, VT, and 

v. 

 

The results of the updated linear model detailed in Table 2.7 show that TGW across the 

diversity set is affected by vernalisation  temperatur e (p < 2.2E-16). TGW is also affected 

by seed maturation temperature (p = 0.000843). Using the Nakagawa and Schielzeth 

method (2013) of calculating R-squared statistics for mixed linear models suggested 

that this model explains 71.6% of variation in TGW. F igure 2.11 shows a scatterplot of 

the values for TGW predicted by the linear model against the actual TGW values 

measured. The model-predicted values align generally with the observed values, 

although at higher values the model more often underestimates TGW.  

 

Table 2.7: Results of updated linear model estimating TGW showing effects of each factor. DF = degrees of freedom. 

DenDF = denominator degrees of freedom.  Results displayed using Type III ANOVA with Satt erthwait eôs method. 

 Sum Sq Mean 

Sq 

DF DenDF F value Pr(>F) 

Variety 

1494.57 15.7323 95 2050.73 41.4315 

< 2.2e-

16 

Maturation Temperature 

(MT)  9.3 9.3009 1 10.63 24.4942 0.000483 

Vernalisation Temperature 

(VT) 29.98 14.9922 2 2053.17 39.4824 

< 2.2e-

16 

Variety x MT 215.51 2.2685 95 2050.7 5.9743 

< 2.2e-

16 

Variety x VT 152.08 0.8544 178 2050.62 2.25 < 2.2e-
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16 

MT x VT 2.93 1.467 2 2053.29 3.8635 0.021147 

MT x VT x Variety 100.22 0.6303 159 2050.59 1.6599 1.21E-06 

 

 

Figure 2.11: Predicted vs actual values for the updated linear model used to predict TGW.  

 

The optimized formula for the general linear model used to estimate SPP was: 

 

Ὓὖὖ  ‘  ὓὝ  ὠὝ ὺ ὓὝ ὺ ὠὝ ὺ  Ὡ  

 

This model predicts the SPP of variety (v) i in maturation temperature ( MT ) j in 

vernalisation  temperature (VT) k where eijk is  the residual term.  In this model all terms 

are fixed and includes interactions between MT  and v, and VT and v. 
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Table 2.8: Results of updated linear model estimating SPP showing effects of each factor. DF = degrees of freedom. 

Results displayed using Type III ANOVA with Satterthwaiteôs method 

 Df  Sum Sq  M ean Sq  F value  Pr(>F)  

Variety  95 65348 687.9 45.7113 < 2.2e-16 

Maturation 

Temperature  1 9401 9401 624.7211 < 2.2e-16 

Vernalisation  

Temperature  2 611 305.6 20.3104 1.82E-09 

Variety x MT  95 5622 59.2 3.9323 < 2.2e-16 

Variety x VT  178 4594 25.8 1.7151 5.17E-08 

Residuals  2224 33467 15   

 

 

The results of the updated linear model detailed in Table 2.8 show that SPP across the 

diversity set is affected by vernalisation  temperature (p = 2.92E-08). SPP is also affected 

by seed maturation temperature (p <2.2E-16). Using the Nakagawa and Schielzeth 

method (2013) of calculating R-squared statistics for mixed linear models suggested 

that this model explains 68.7% of variation  in SPP. Figure 2.12 shows a scatterplot of 

the values for SPP predicted by the linear model against the actual SPP values 

measured. The model-predicted values align generally with the observed values, 

although the values have a wider spread at lower ranges of SPP, with the model 

overestimating some SPP values which were found to be low in actual measurements.  

 

These models show that on average for the 96 lines included in the study, both TGW and 

SPP were found to be affected by seed maturation temperature and vernalisation  

temperature; however, vernalisation  duration was not found to have an effect. These 

predictions made by the models for TGW and SPP will be explored in further sections. 
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Figure 2.12: Predicted vs actual values from the updated linear model used to predict SPP.  

 

2.3.4.3 Durat ion of vernalisation  treatment does not affect seed traits  

 

To test if vernalisation  duration has an impact on yield components, two vernalisation  

treatments were compared between 6 weeks and 12 weeks. When considering the effects 

of vernalisation  temperature and maturation temperature using a mixed linear model, 

vernalisation  length had no significant effect on TGW or SPP across the diversity set 

(Figure 2.13).   

 

In Table 2.9, it can be seen that the mean values for SPP and TGW were extremely 

similar and had no statistically significant difference between six and twelve weeks of 
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vernalisation.  As vernalisation  duration had no significant effect on yield components it 

was removed from the models.  

 

 

Figure 2.13: Estimated means from linear model of(a) TGW and (b) SPP, by vernalisation  length. Error bars show 

SE and annotations show significant differences and p -values producing using Welchôs t-test; ns = not significant.  

 

Table 2.9: Details of estimated means for TGW and SPP from linear model. All values shown to 3 significant figures. 

Data for TGW is measured in g. Data for SPP is count data. SE = standard error. df = degrees of freedom. CL = 95% 

confidence limit . 

 SPP TGW 

Vernalisation  

Duration  
Mean  SE df  

Lower 

CL 

Upper 

CL 
Mean SE df  

Lower  

CL 

Upper  

CL 

6 weeks 17.3 0.551 101 16.2 18.4 4.02 0.11 56.5 3.8 4.24 

12 weeks 17.6 0.548 99 16.5 18.7 3.98 0.11 57.4 3.76 4.2 
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2.3.4 Impact of vernalisation  temperature on seeds  

 

Three vernalisation  temperatures were used in this experiment to explore the impact of 

vernalisation  temperature on seed yield parameters. Using a mixed linear model, it was 

possible to see the effect of each of these vernalisation  temperatures on yield parameters 

across the 96 Brassica napus accessions studied, independently of the other features of 

the treatment undergone by specific plants. The estimated mean TGW for each 

vernalisation temperature  is shown in Figure 2.14 and Table 2.10. 

 

 

Figure 2.14: Estimated means from linear model for  (a) TGW and (b) man SPP, by vernalisation  temperature. 

Error bars show SE and annotations show significant differences and p -values calculated using Welchôs t-test.  
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Table 2.10: Details of linear model output for TGW and SPP. All values shown to 3 s ignificant figures. Data for 

TGW is measured in g. Data for SPP is count data. SE = standard error. df = degrees of fr eedom. CL = 95% 

confidence limit.  

 SPP TGW 

Vernalisation  

Temperature  
Mean SE df  

Lower 

CL 

Upper 

CL 
Mean SE df  

Lower  

CL 

Upper  

CL 

5°C 18.1 0.543 102 17 19.2 4.15 0.101 97.7 3.95 4.35 

10°C 17.8 0.544 103 16.7 18.9 4.04 0.101 98.1 3.84 4.24 

15°C 16.8 0.555 111 15.8 17.9 3.82 0.103 105.1 3.61 4.02 

 

As can be seen in Table 2.10, increasing vernalisation  temperature from 5°C to 15°C was 

associated with a reduction in TGW of 0.34g (8.2%) and 1.3 fewer seeds per pod (7.2%). 

Higher temperatures during vernalisati on led to smaller seeds in terms of TGW (Figure 

14a) and fewer seeds per pod (Figure 14b). Although the overall effect is significant, the 

effect size across the diversity set is small. The effect of increasing temperature from 5°C 

to 10°C is extremely limited, with SPP falling by 0.3 (1.7%) and TGW falling by 0.11g 

(2.7%). The negative impact becomes greater when vernalisation  temperature is 

increased above 10°C. When vernalisation  temperature was increased from 10°C to 

15°C, plants produced seeds which were 0.23g smaller (5.7%) and pods had 1 seed less 

on average (5.6%). As a result, I concluded that plants which experienced cooler 

temperatures produced both more seeds per pod and seeds with a greater TGW, and 

that the negative effect of warmer vernalisati on is increased at temperatures above 

10°C. 

 

2.3.4.1 Effects of vernalisation  temperature for individual varieties  

 

As well as estimating the effect size across the full Brassica napus population used in 

this phenotyping experiment, the differences in est imated values for TGW and SPP 

between vernalisation  temperatures can be considered for individual varieties. Although 

the overall effect size of vernalisation  temperature on TGW and SPP was small, the 

impact varied between individual varieties. Some variet ies experienced little or no 
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effects, while others showed much larger effects than the overall estimate. While the 

overall trend across the diversity set suggests that vernalizing Brassica napus at 5°C 

compared to 15°C results in plants producing on average 1 more seed per pod and that 

seeds are 0.23g larger, some lines showed little to no differences between vernalisation  

temperature while other showed much greater differences, or produced more or larger 

seeds at 15°C compared to 5°C. 
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Figure 2.15: Estimated mean TGW from linear model for each variety at 18°C maturation temperature, comparing vernalisation  

treatments at 5°C and 15°C. Error bars show standard error.  
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Figure 2.16: Estimated mean TGW fr om linear model for each variety at 24°C maturation temperature, comparing vernalisation  treatments at 5°C 

and 15°C. Error bars show standard error.  
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Due to missing data, means could not be estimated for every variety under all treatment 

conditions examined here. While these varieties are still included in the graphical 

summary, they were not considered when identifying varieties with the greatest 

differences between treatments. 

 

Figures 2.15 and 12.6 show the range of TGW across all 96 varieties as estimated by the 

linear model, compared between vernalisation  temperatures, for plants grown in both 

maturation temperature treatments. At 18°C, there are some lines which have larger 

seeds when vernalised at 15°C such as the exotic variety Brauner Schnittkohl, which 

showed the largest increase at the warmer vernalisation  temperature being 0.84g. 

Comparatively at 24°C, lines such as the Semi-winter  OSR variety Xiangyou 15 showed 

a larger increase when vernalised at 15°C, with a 2.18g increase over the 5°C 

vernalisation  treatment. A number of lines showed very small differences in TGW 

between vernalisation  temperatures, including a number of Spring OSR varieties such as 

Bronowski and Mazowiecki. At 24°C, the winter variety Rock et was also not strongly 

affected by vernalisation  temperature, indicating that there is variation in the effect of 

vernalisation  on TGW within crop types.  

 

Figures 2.17 and 2.18 show the range of SPP across all 96 varieties as estimated by the 

linear model, compared between vernalisation  temperatures, for plants grown in both 

maturation temperature treatments. The varieties with the largest increase in SPP at 

15°C vernalisation  compared to 15°C were the Spring OSR N02D-1952 and the Semi-

winter  OSR Xiangyou 15, with an estimated increase of 4 ï 5 seeds per pod. The effect 

size was greater when considering the variety with the largest increase associated with 

5°C vernalisation  was the Winter OSR variety Samourai, with an expected increase of 9 

seeds per pod. 

 

These results indicate that while there was an overall small effect of vernalisation  

temperature on TGW and SPP, the response of individual varieties varied. Particularly 
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for TGW these effects varied based on seed maturation temperature due to the 

interaction of vernalisation  and maturation temperature, suggesting that seed weight is 

sensitive to temperatures throughout development. This suggests that the genetic 

diversity within the DFFS set used here represents a range of temperature responses 

which can be further explored.  
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Figure 2.17: Estimated mean SPP from linear model for each variety at 18°C maturation temperature, comparing 

vernalisation  treatments at 5°C and 15°C. Error bars show standard error.  
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Figure 2.18: Estimated mean SPP from linear model for each variety at 24°C maturation temperature, comparing 

vernalisation  treatments at 5°C and 15°C. Error bars show standard error.  
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2.3.5 Impact of maturatio n temperature on seeds  

 

Two seed maturation temperatures were compared in this experiment ï a cooler 

temperature of 18°C and a warm temperature of 24°C. The effects of seed maturation 

temperature were explored independently of vernalisation  treatment by using a mixed 

linear model.  Seed maturation temperature here refers to the temperature plants were 

moved to after the vernalisation treatment was completed, and so also refers to 

temperature during seed set. 

 

Considering the estimated means, increasing seed maturation temperature fr om 18°C to 

24°C caused a drop in TGW of 0.41g (10%) and was associated with an average of 3.9 

(20%) fewer seeds per pod (Table 2.11). Higher temperatures during seed maturation 

were associated with a reduction in both yield parameters studied in this phenotyping 

experiment (Figure 2.19). 

 

Figure 2.19: Estimated means of (a) TGW and (b) SPP, by seed maturation temperature. Error bars show SE and 

annotations show significant differences  and p-values as calculated using Welchôs t-test. 
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Table 2.11:  Details of estimated means for TGW and SPP from linear model. All values shown to 3 significant 

figures. Data for TGW is measured in g. Data for SPP is count data. SE = standard error. df = degrees of freedom. 

95% CL = 95% confidence limit. 

 SPP TGW 

Maturation 

Temperature  
Mean  SE df 

Lower 

CL 

Upper 

CL 
Mean SE df 

Lower  

CL 

Upper  

CL 

18°C 19.5 0.539 99.4 18.4 20.6 4.21 0.108 65 3.99 4.42 

24°C 15.6 0.541 
100.

7 
14.6 16.7 3.8 0.108 65.6 3.58 4.01 

 

2.3.4.1 Effects of maturation temperature for individual varieties  

As well as estimating the effect size across the full Brassica napus population used in 

this phenotyping experiment, the differences in esti mated values for TGW and SPP 

between maturation temperatures can be considered for individual varieties. Due to 

limitations of the model in in accounting for data which could not be co llected from the 

phenotyping experiment, means could not be estimated for every variety under all 

treatment conditions examined. As a result, these varieties were not considered when 

identifying varieties with the greatest differences between treatments. When evaluating 

the effects of maturation temperature on TGW and SPP, the effect size was larger than 

that seen by changing vernalisation  temperature.  

 

The general estimate across the diversity set indicated that a Brassica napus plant 

grown at 18°C would have on average 3.9 more seeds per pod and that those seeds 

would be 0.41g heavier.  However, the effects varied between individual varieties, with 

some experiencing only small effects and some varieties experiencing much larger 

effects than the overall estimate. Additionally, some varieties were estimated to produce 

more seeds per pod or heavier seeds at 24°C compared to 18°C in contrast to the overall 

trend.  
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Figures 2.20 - 2.22 show the range of TGW across all 96 varieties for each maturation 

temperature, for plants grown in all three vernalisation  temperature treatments.  

 

While the overall model predicted that TGW would be greater in plants matured at 

18°C, across all vernalisation  temperatures some varieties such as Apex X Ginyou, Apex, 

Coriander and Hansen X Gaspard ï all Winter OSR varieties ï were estimated to 

produce heavier seeds at 24°C. Varieties with the greatest estimated increase in seed 

weight at the lower maturation temperature of 18°C included Winter and Semi-winter  

OSR varieties such as Shengliyoucai, Xiangyou 15, Samourai and Excalibur. These 

results indicate a large degree of phenotypic diversity even within the crop types 

assessed in this experiment, as well as across the diversity set. 

 

Figures 2.23 - 2.25 show the range of SPP across all 96 varieties as estimated by the 

linear model, compared between maturation temperatures, for plants grown in all three 

vernalisation  temperature treatments.  

 

Spring OSR variety Monty was estimated to produce 3 ï 4 additional seeds per pod at 

24°C compared to 18°C. In contrast, the Semi-winter varieties SWU Chinese 1 and SWU 

Chinese 2 were strongly affected by maturation temperature, being estimated to produce 

10 ï 12 more seeds when matured at 18°C compared to 24°C.  
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Figure 2.20: Estimated mean TGW from linear model for e ach variety at 5°C vernalisation  temperature, 

comparing maturation treatments at 18°C and 24°C. Error bars show standard error.  
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Figure 2.21: Estimated mean TGW from linear model for each variety at 10°C vernalisation  temperature, 

comparing maturation treatments at 18°C and 24°C. Error bars show standard error.  
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Figure 2.22: Estimated mean TGW from linear model for each variety at 15°C vernalisation  temperature , 

comparing maturation treatments at 18°C and 24°C. Error bars show standard error.  
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Figure 2.23: Estimated mean SPP from linear model for each variety at 5°C vernalisation  temperature, comparing 

maturation treatments at 18°C and 24°C. Error bars show standard error.  
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Figure 2.24: Estimated mean SPP from linear model for each variety at 10°C vernalisation  temperature, 

comparing maturation treatments at 18°C and  24°C. Error bars show standard error.  
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Figure 2.25: Estimated mean SPP from linear model for each variety at 15°C vernalisation  temperature, 

comparing maturation treatments at 18°C and 24°C. Error bars show  standard error.  
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2.3.6 Impact of temperature treatment on seed yield  

 

Although total plant yield was not directly measured in this experiment, TGW and SPP 

can be used as indicators of the overall yield of the plant by computing mean seed 

weight per pod:  

 

ὣὭὩὰὨ
ὝὋὡ

ρπππ
Ὓὖὖ 

 

This new estimation of yield was then used with mixed linear model to produce an 

estimation of yield for each temperature treatment.  

 

2.3.6.1 Optim izing a linear model to estimate yield  

When estimating TGW, there was found to be a block effect which impacted TGW. As 

TGW was part of the input used to estimate yield, it was important to first check if block 

was also affecting the yield estimate. The effect of block on yield was explored using 

ANOVA to estimate yield (Y) in block (B) i, with the residual term ei: 

 

ὣ  ‘  ὄ  Ὡ 

 

This determined that there was an effect of block on yield which needed to be accounted 

for (Table 2.12). 

Table 2.12: ANOVA results indicating effect of block on yield.  

 Df Sum Sq Mean Sq F value Pr(>F) 

Block 11 0.3241 0.02946 36.36 <2e-16 

Residuals 2581 2.0912 0.00081   
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The twelve treatments used in the phenotyping experiment consisted of variations in 

vernalisation  temperature, vernalisation  duration and maturation temperat ure. These 

three components were included in the linear model to assess their effects on yield: 

 

ὣ  ‘  ὓὝ  ὠὝ ὠὈ ὄ ὺ  Ὡ  

 

This model estimates yield Y of variety (v)  i in  maturation temperature ( MT ) j, 

vernalisation  temperature (VT) k, vernalisation  duration ( VD) l and block (B) m with the  

residual term eijklm . This is a mixed linear model with MT, VT and VD as fixed effects 

and v and B as random effects. 

 

Table 2.13: Linear model results of treatment effects on yield.  DenDF = denominator degre es of freedom.  Results 

displayed using Type III ANOVA with Satterthwaiteôs method. 

 Sum Sq  Mean Sq  DF  DenDF  F value  Pr(>F)  

Maturation 

temperature  0.043004 0.043004 1 9.01 107.3371 2.64E-06 

Vernalisation  

Temperature  0.051152 0.025576 2 2490.86 63.8378 < 2.2e-16 

Vernalisation  

duration  0.000323 0.000323 1 9.01 0.8062 0.3926 

 

As previously found with TGW and SPP, the duration of the vernalisation  treatment was 

not found to have a significant effect on yield across the diversity set used in the 

experiment (Table 2.13).  

 

Interactions in this model between the fixed effects terms MT, VT and VD were also 

explored. While the duration of vernalisation  was not found to have an effect on yield 
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individually, it was found to have a signi ficant interaction with vernalisation  

temperature (Table 2.14). 

 

 

Table 2.14: Interactions of fixed terms in linear model estimating yield.  DenDF = denominator degrees of freedom.   

Results displayed using Type III ANOVA with Satterthwait eôs method. 

 Sum Sq  Mean Sq  DF  DenDF  F value  Pr(>F)  

Maturation 

Temperature 

(MT)  

0.045916 0.045916 1 8.15 115.2471 4.34E-06 

Vernalisation  

Temperature 

(VT)  

0.046012 0.023006 2 2484.28 57.744 < 2.2e-16 

Vernalisation  

Duration (VD)  
0.00014 0.00014 1 8.13 0.3519 0.569204 

MT : V T 0.000861 0.000431 2 2479.84 1.0811 0.339382 

MT : V D 0.00069 0.00069 1 8.1 1.7314 0.224251 

VT : V D 0.006931 0.003465 2 2479.94 8.6983 0.000172 

MT : V T: V D 0.000065 0.000032 2 2480.07 0.0815 0.921725 

 

2.3.6.2 Differences in estimate d yield across treatments  

 

To assess how estimated yield changes across the 12 treatments, the linear model was 

used: 

ὣ  ‘  ὓὝ  ὠὝ ὠὈ ὄ ὺ  Ὡ  

 

This model estimates yield (Y) of variety (v) i  in maturation temperature ( MT ) j, 

vernalisation  temperature (VT) k, vernalisation  duration ( VD) l and block (B) m with t he 

residual term eijklm . This is a mixed linear model with MT, VT and VD as fixed effects, v 
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and B as random effects and an interaction term between VT and VD. Using the 

Nakagawa and Schielzeth method (2013) of calculating R-squared statistics for mixed 

li near models suggested that this model explains 61% of variation in TGW. 

 

 

Figure 2.26:   Estimated yield as seed weight per pod for each overall temperature treatment. Error bars show SE . 

 

Table 2.15: Details of linear model estimated mean for yield, calculated as seed weight per pod. All values shown to 

3 significant figures. SE = standard error. df = degrees of freedom. CL = 95% confidence limit.  

Treatment  
Mean  Yield 

Estimate  
SE df  

Lower 

CL 

Upper 

CL 

5°C 12wks 18°C 0.0882 0.00299 44 0.0822 0.0943 

5°C 6wks 18°C 0.083 0.003 44.2 0.0769 0.089 

10°C 12wks 18°C 0.0831 0.00299 44 0.0771 0.0892 

10°C 6wks 18°C 0.0811 0.00301 44.8 0.075 0.0872 

15°C 12wks 18°C 0.0726 0.00304 47.1 0.0665 0.0788 

15°C 6wks 18°C 0.076 0.00313 52.8 0.0697 0.0823 

5°C 12wks 24°C 0.0649 0.003 44.3 0.0589 0.071 

5°C 6wks 24°C 0.0597 0.00301 44.7 0.0536 0.0657 
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10°C 12wks 24°C 0.0598 0.003 44.3 0.0538 0.0659 

10°C 6wks 24°C 0.0578 0.00302 45.3 0.0517 0.0639 

15°C 12wks 24°C 0.0493 0.00306 48.1 0.0432 0.0555 

15°C 6wks 24°C 0.0527 0.00313 52.7 0.0464 0.0589 

 

From the estimated means produced by the model, it can be seen that higher 

temperatures lead to an overall reduction in estimated yield (Fi gure 2.26). The highest 

yielding temperature treatment was an 18°C seed maturation temperature combined 

with a 5°C vernalisation  treatment for twelve weeks; this was 0.0389g larger than the 

mean yield estimate for the lowest yielding treatment, 24°C seed maturation 

temperature combined with a 15°C vernalisation  treatment for twelve weeks (Table 

2.15). 

 

2.3.7 Effect of crop type on temperature responses  

 

Within the 96 -accession diversity set studied in this phenotyping experiment, the 

accessions have been grouped into a variety of crop types including Winter OSR, Spring 

OSR, Semi-winter OSR, swedes and an exotic grouping which contains varieties such as 

Siberian kales. To fully understand the interactions between crop type and temperature 

treatments, linear m odelling was used to compare TGW and SPP between different 

treatments. 

 

2.3.7.1 Optimizing model for estimating TGW by crop type  

 

Linear modelling was carried out using the lmerTest package in R. The formula for the 

general linear model used to estimate TGW was: 

 

ὝὋὡ  ‘  ὓὝ  ὠὝ  ὧ ὄ   Ὡ  
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This model predicts the TGW of crop type (c) i in maturation temperature ( MT ) j in 

vernalisation  temperature (VT) k and block (B) m, where eijklm is the residual term. Block 

was included due to the previously identified effect of block on TGW. Interactions 

between maturation temperature, vernalisation  temperature and crop type were 

included in the model to assess which of these interactions were significant.  

 

Table 2.16: Linear model output for estimating TGW by crop type. DenDF = denominator degrees of f reedom.  

Results displayed using Type III Analysis of Variance Table with Satterthwaite's method.  

 

Sum 

Sq 

Mean 

Sq DF  DenDF  

F 

value  Pr(>F)  

Crop Type  515.66 85.944 6 2544.66 98.1751 < 2.2e-16 

Maturation 

Temperature (MT)  5.42 5.423 1 45.12 6.1947 0.01657 

Vernalisation  

Temperature (VT)  1.49 0.746 2 2544.84 0.8522 0.42658 

Crop Type x MT  36.85 6.142 6 2544.69 7.0166 2.03E-07 

Crop Type x VT  18.56 1.547 12 2543.18 1.7671 0.0481 

MT x VT  1.09 0.543 2 2545.24 0.6204 0.53783 

Crop Type x MT x VT  9.05 0.823 11 2543.27 0.9396 0.50069 

 

This model (Table 2.16) confirms that there is an interaction between crop type and 

maturation t emperature, as well as between crop type and vernalisation  temperature. 

These terms were included as interaction terms for further assessment of TGW. This 

model also suggests that vernalisation  temperature did not individually have an effect 

on TGW, but rather that its effect was due to interactions with crop type. Vernalisation  

temperature was included in further models in order to assess how crop type interacts 

with vernalisation  temperature in regard to estimating TGW.  

 

The optimized model for estimating  TGW by crop type was: 
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ὝὋὡ  ‘  ὓὝ  ὠὝ  ὧ ὓὝ ὧ ὠὝ ὧ ὄ   Ὡ  

 

This model predicts the TGW of crop type (c) i in maturation temperature ( MT ) j in 

vernalisation  temperature (VT) k and block (B) m, where eijklm is the residual term. In 

this model, MT, VT, and c are fixed effects while B is a random effect. Block was 

included due to the previously identified effect of block on TGW. Interactions between 

maturation temperature a nd crop type as well as between vernalisation  temperature and 

crop type were included (Table 2.17).  

Table 2.17: Linear model results of optimized model for estimating TGW by crop type. Results displayed using  Type 

III Analysis of Variance Table with Satterthwaite's method. DenDF = denominator degrees of freedom.  DF = 

degrees of freedom. 

 

Sum 

Sq 

Mean 

Sq DF  DenDF  F value  Pr(>F)  

Crop Type  568.92 94.821 6 2557.68 108.3638 

< 2.2e-

16 

Maturation Temperature 

(MT)  4.37 4.368 1 34.59 4.9922 0.03203 

Vernalisation  

Temperature (VT)  1.13 0.566 2 2557.32 0.6469 0.52377 

Crop Type x MT  43.12 7.187 6 2557.3 8.214 

7.98E-

09 

Crop Type x VT  17.96 1.497 12 2556.12 1.7108 0.0584 

 

2.3.7.2 Optimizing model used for estimated SPP by crop type  

 

The formula for the general linear model used to estimate SPP was: 

 

Ὓὖὖ  ‘  ὓὝ  ὠὝ ὧ  Ὡ  
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This model predicts the SPP of crop type (c) i in maturation temperature ( MT ) j in 

vernalisation  temperatur e (VT) k where eijk is  the residual term. Interactions between 

maturation temperature, vernalisation  temperature and crop type were included in the 

model to assess which of these interactions were significant.  

This model (shown in Table 2.18) identifies significant interactions between maturation 

temperature and crop type and vernalisation  temperature and crop type. These 

interactions terms were included i n further models for estimating SPP. 

 

Table 2.18: Model  output for estimating SPP and crop type. Results displayed using Type III Analysis of Variance 

Table with Satterthwaite's method. DF = degrees of freedom. 

 DF  
Sum 

Sq 

Mean 

Sq 
F value  Pr(>F)  

Crop Type  6 10451 1741.9 45.0449 < 2e-16 

Maturation Temperature 

(MT)  
1 7795 7795.2 201.5871 < 2e-16 

Vernalisation  

Temperature (VT)  
2 271 135.5 3.5037 0.03023 

Crop Type x MT  6 630 105 2.7147 0.01248 

Crop Type x VT  12 859 71.6 1.8519 0.03565 

MT x VT  2 4 2.1 0.0542 0.94725 

Crop Type x MT x VT  11 233 21.2 0.5476 0.87155 

Residuals  2555 98800 38.7   

 

 

The optimized model for estimating SPP by crop type was: 

 

Ὓὖὖ  ‘  ὓὝ  ὠὝ ὧ ὓὝ ὧ ὠὝ ὧ  Ὡ  
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This model predicts the SPP of crop type (c) i in maturat ion temperature ( MT ) j in 

vernalisation  temperature (VT) k where eijk is  the residual term. The model also contains 

interaction terms for maturation temperature and cro p type as well as vernalisation  

temperature and crop type. 

 

 

 

 

Table 2.19: Optimized general linear model output for estimating SPP by crop type. Results displayed using Type 

III Analysis of Variance Table with Satterthwaite's method. DF = degrees of freedom.  

 DF  Sum Sq  Mean Sq  F value  Pr(>F)  

Cr op Type  6 10451 1741.9 45.1657 < 2e-16 

Maturation Temperature 

(MT)  
1 7795 7795.2 202.1277 < 2e-16 

Vernalisation  

Temperature (VT)  
2 271 135.5 3.5131 0.02995 

Crop Type x MT  6 630 105 2.722 0.01227 

Crop Type x VT  12 859 71.6 1.8569 0.03502 

Residuals  2568 99037 38.6   

 

 

2.3.7.3 Effects of vernalisation  on seed traits in different crop types  

Various crop types respond differently to vernalisation  temperature (Figure 2.27).  As 

was the case across the diversity set as a whole, Winter OSR accessions are clearly 

affected by increasing vernalisation  temperature (Figure 2.27a). In Winter OSR, 

increasing vernalisation  temperature causes a reduction in TGW and SPP. Increasing 

vernalisation  temperature from 5°C to 15°C caused a drop in TGW of 0.38g and a 

reduction in SPP of 1.9 (Table 2.20).   
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In spring OSR, the impact of vernalisation  on yield parameters was only seen at 15°C 

vernalisation  temperature. There was no significant difference between vernalisation  

temperatures of 5°C and 10°C; increasing vernalisation  temperature from 10°C to 15°C 

caused a decrease in TGW of 0.23g, with no significant effect on the number seeds per 

pod.  

 

Semi-winter  OSR accessions had no significant response to vernalisation  temperature, 

with no significant change in TGW or SPP between vernalisation  temperatures. Swede 

varieties also displayed no significant effect on either TGW or SPP. Although the 

estimated mean SPP for swedes at 15°C was 5.8 lower than at 10°C, this result was not 

found here to be statistically significant (p = 0.07) , likely due to a low number of swedes 

producing seeds at this vernalisation  temperature (Figure 2.27b). 

These results show that Semi-winter  OSR varieties produce a lesser number of larger 

seeds, the size and number of which are unaffected by vernalisation  temperature. Spring 

OSR varieties produce a larger number of smaller seeds, with seed size being slightly 

affected by vernalisation  temperature. In Winter OSR, seed size and seed number are 

both negatively affected by increasing vernalisation  temperature, with a 15°C 

vernalisation  treatment associated with both smaller and fewer seeds produced. 
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Figure 2.27: Model -predicted mean values for (a) SPP and (b) TGW by crop type and vernalisation temperature. 
Error bars show SE and asterisks indicate p values w here: p < 0.05 = *; p < 0.01 = **; p < 0.001 = ***.  
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Table 2.20: Details of linear model output for TGW and SPP by crop type and vernalisation  temperature, as 

generated by lmerTest package in R. Data for TGW is measured in g. Data for SPP is count data. SE = standard 

error. df = degrees of freedom. CL = confidence limit.  

Crop Type 
Vernalisation  
Temperature  

Estimated 
Mean 

SE df  Lower CL  Upper CL 

 
SPP 

Semi-winter  5°C 13.8 0.729 2568 12.42 15.3 

Semi-winter  10°C 14.1 0.708 2568 12.67 15.4 

Semi-winter  15°C 13.8 0.718 2568 12.39 15.2 

Spring OSR 5°C 20.4 0.401 2568 19.61 21.2 

Spring OSR 10°C 20.3 0.403 2568 19.54 21.1 

Spring OSR 15°C 21.2 0.433 2568 20.3 22 

Winter OSR  5°C 19.4 0.294 2568 18.8 19.9 

Winter OSR  10°C 18.9 0.298 2568 18.34 19.5 

Winter OSR  15°C 17.5 0.376 2568 16.78 18.3 

Swede 5°C 17.5 0.777 2568 15.98 19 

Swede 10°C 16.4 0.802 2568 14.86 18 

Swede 15°C 11.7 2.013 2568 7.74 15.6 

Exotics 5°C 16 0.577 2568 14.88 17.1 

Exotics 10°C 15.2 0.598 2568 13.98 16.3 

Exotics 15°C 15.8 0.841 2568 14.13 17.4 

 
TGW 

Semi-winter  5°C 5 0.1173 408.3 4.77 5.23 

Semi-winter  10°C 4.99 0.1143 374.2 4.76 5.21 

Semi-winter  15°C 5.14 0.1157 390.1 4.91 5.36 

Spring OSR 5°C 3.65 0.073 68.8 3.5 3.8 

Spring OSR 10°C 3.65 0.0732 69.5 3.5 3.79 

Spring OSR 15°C 3.42 0.077 84.9 3.27 3.58 

Winter OSR  5°C 4.49 0.0604 32.6 4.37 4.62 

Winter OSR  10°C 4.27 0.0607 33.2 4.15 4.4 

Winter OSR  15°C 4.11 0.07 58.1 3.97 4.25 

Swede 5°C 2.92 0.1241 494.3 2.67 3.16 

Swede 10°C 2.85 0.1277 541.2 2.6 3.1 

Swede 15°C 2.98 0.3065 2360.2 2.38 3.58 

Exotics 5°C 4.51 0.0961 198.8 4.32 4.7 

Exotics 10°C 4.57 0.099 222 4.38 4.77 

Exotics 15°C 4.09 0.1333 619.7 3.83 4.35 
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Ratios of TGW and SPP between vernalisation  temperatures of 5°C and 15°C were generated 

from the  raw data from the phenotyping experiment (Figure 2.28). A TGW ratio of greater 

than 1 indicates that TGW was increased at 5°C compared to 15°C, while a SPP ratio of 

greater than 1 indicated that SPP was increased at 5°C compared to 15°C.  

 

Figure 2.28: Scatter graph  graph showing  ratios of TGW and SPP by vernalisatio n temperature (5 °C/15°C) using 
raw data from phenotyping . Crop types with less than three repeats were not included in the graph and var ieties 
missing data for  at least one temperature were excluded as ratio could not be calculated. Exotics (n = 7), Semi-
winter OSR (n = 8), Spring OSR (n = 22), Swede (n = 3), Winter OSR (n = 41).  

The graph indicates that TGW was increased at 5°C maturation temperatures for most lines 

while SPP was less strongly affected by changes in vernalisation temperature. Most Winter 

OSR variet ies cluster in the top right quadrant  of the graph, indicating that TGW and SPP is 

improved in these varieties at lower vernalisation temperatures.  Spring and Semi-winter 

OSR varieties cluster closer to the centre-right of the graph, ind icating a reduced effect of 

vernalisation  temperature particularly with regards to SPP. From this graph it can be seen 

that the raw data generally corresponds to the predictions of the model regarding 

vernalisation temperature effects on different crop types. 
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2.3.7.4 Effects of maturation temperature on seed traits in different crop 

types  

 

 

Figure 2.29: Model-predicted mean values for (a) TGW and (b) SPP by crop type and maturation temperature. 
Error bars show SE and asterisks indicate p values where: p < 0.05 = *; p < 0.01 = **; p < 0.001 = ***.  
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Table 2.21: Details of estimated means from linear model  for TGW and SPP by crop type and maturation 

temperature . Data for TGW is measured in g. Data for SPP is count data. SE = standard error. df = degrees of 

freedom. CL = confidence limit.  

Crop Type 
Maturation 

Temperature  

Estimated 

Mean 
SE df  

Lower 

CL 

Upper 

CL 

 

SPP 

Semi-winter  18°C 16.6 0.537 2568 15.54 17.6 

Semi-winter  24°C 11.2 0.645 2568 9.95 12.5 

Spring OSR 18°C 21.8 0.339 2568 21.09 22.4 

Spring OSR 24°C 19.5 0.333 2568 18.84 20.1 

Winter OSR  18°C 20.4 0.254 2568 19.94 20.9 

Winter OSR  24°C 16.8 0.27 2568 16.25 17.3 

Swede 18°C 17.6 0.849 2568 15.96 19.3 

Swede 24°C 12.8 1.034 2568 10.77 14.8 

Exotics 18°C 17.4 0.517 2568 16.34 18.4 

Exotics 24°C 13.9 0.569 2568 12.83 15.1 

 

TGW 

Semi-winter  18°C 5.62 0.0996 59.6 5.42 5.82 

Semi-winter  24°C 4.46 0.1131 98.4 4.24 4.69 

Spri ng OSR 18°C 3.8 0.0773 21.9 3.64 3.96 

Spring OSR 24°C 3.35 0.0767 21.1 3.19 3.5 

Winter OSR  18°C 4.47 0.0695 14.3 4.32 4.62 

Winter OSR  24°C 4.11 0.0708 15.4 3.96 4.27 

Swede 18°C 3.01 0.1407 224.7 2.74 3.29 

Swede 24°C 2.82 0.1664 411.2 2.49 3.15 

Exotics 18°C 4.45 0.0971 54 4.25 4.64 

Exotics 24°C 4.33 0.1036 69.7 4.12 4.54 

 

 

Across different crop types, TGW was affected differently by maturation temperature 

(Figure 2.29a). An increased maturation temperature caused a significant decrease in 
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TGW in Semi-winter OSR, Spring OSR and Winter OSR. In Semi-winter OSR, TGW fell 

by 1.16g at 24°C compared to 18°C (Table 2.21). In Spring OSR, TGW fell by 0.5 while 

Winter OSR showed an estimated mean decrease of 0.36g.  

 

When considering SPP, all crop types in this experiment were affected by maturation 

temperature, with increased maturatio n temperature being associated with significant 

reductions in SPP (Figure 2.29b). This effect was largest in Semi-winter OSR, with an 

estimated mean decrease of 5.39 seeds per pod, while the effect was smallest in Spring 

OSR which showed an estimated mean decrease of 2.26 seeds per pod at 24°C (Table 

2.21). 

 

These results show that Semi-winter OSR was the crop type most affected by increased 

maturation temperature, with the largest decreases in TGW and SPP. Varieties in the 

Exotics grouping were least affected by the increase in maturation temperature.  

Ratios of TGW and SPP between maturation  temperatures of 18°C and 24°C were 

generated from the raw data from the phenotyping experime nt (Figure 2.30). A TGW 

ratio of greater than 1 ind icates that TGW was increased at 18°C compared to 24°C, 

while a SPP ratio of greater than 1 indicated that SPP was increased at 18°C compared 

to 24°C.  

The majority of varieties lie within the top right qu adrant of the graph, indicating that 

18°C temperatures were particularly favourable for both TGW  and SPP across the 

varieties studied. A strong effect of maturation temperature can be  seen in the large 

ratios of Semi-winter OSR in particular . 

From Figure 2.30 it can be seen that the raw data generally corresponds to the 

predictions made by the model on the responses of different crop types under different  

maturation temperature s. 
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Figure 2.30: Scatter graph showing  ratios of TGW and SPP by maturation  temperature (5 °C/15°C) using raw data 
from phenotyping . Crop types with less than three repeats were not included in the graph and two  outlier varieties  
removed for readability ( Chuanyou2:  TGW Ratio = 8.0, SPP Ratio = 1.1; and SWU Chinese 1: TGW Ratio 4.0, SPP 
Ratio  1.3). Exotics (n = 11), Semi-winter OSR (n = 6), Spring OSR (n = 22), Swede (n = 8), Winter OSR (n = 41). 

 

2.3.8 Reproducibility of results from the glasshouse for CER 

experiments  

 

The results of the large phenotyping experiment provided a wealth of information on 

how Brassica napus responds to temperature. However, an experiment of this scale 

could not be easily repeated. A smaller scale experiment was planned to test if the TGW 

results from the larger experiment, carried out in a glasshouse, could be robustly 

reproduced in a controlled environment room (CER). Replicating the previously seen 

results of the effect of temperature in a different growth environment would be an 

indication  that the effect seen in the glasshouse phenotyping experiment is robust.  
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To this end, four lines with contrasting temperature responses were selected from the 

results of the large phenotyping experiment: Palmedor, Castille, Catana, and Expert.  

Selecting four lines with different temperature responses meant the experimental design 

should confirm if all responses could be accurately repeated. Comparing TGW between 

the 5°C and 15°C vernalisation  temperatures used in the original phenotyping 

experiment showed that in Catana and Palmedor, TGW was significantly lower in plants 

vernalised at 15°C with no vernalisation -associated change in TGW seen in Castille or 

Expert (Figure 2.31a). Comparing TGW between the 18°C and 24°C vernalisation  

temperatures used in the original phenotyping experiment showed that in Castille and 

Catana, TGW was significantly lower in plants matured at 24°C with no vernalisation -

associated change in TGW seen in Palmedor or Expert (Figure 2.31b). 
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Figure 2.31: TGW for four selected lines compared between (a) vernalisation  temperature; ( b) maturation 
temperature.  Asterisks used to indicate significance, where p Ò ʯ.ʯʴ is *, p < ʯ.ʯʰ is ** and p< ʯ.ʯʯʰ is ***, 
calculated using Studentôs t-test. Unmarked pairs of bars showed no significant difference.  Error bars show SE.  

 

These four lines were then grown under a smaller version of the original phenotyping 

experiment (see Figure 2.32 for experimental design). As I found  no impact of 

vernalisation  duration across the diversity set, all lines were vernalised for 6 weeks. 

Vernalisation  was carried out either at 5°C or 15°C, as comparing these temperature 

treatments gave the greatest contrast in responses. 
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Figure 2.32: Experimental design of the repeat phenotyping experiment. Plants were given one of 4 temperature 
treatments.  

 

When this experiment was completed and seeds were harvested, it was apparent that 

pre-harvest sprouting was extremely pronounced in plants grown at 24°C; some plants 

which were vernalised at 15°C also failed to flower. This resulted in a more limited scope 

for the analysis of this experiment, as not all accessions included in the experiment 

underwent sufficient seed development for a reliable analysis.  

 

When considering the complete set of results, there were some notable differences when 

compared the original data seen in Figure 2.29. While a response to maturation 

temperature was previously only seen in Catana and Castille, all four lines now show a 

response (Figure 2.33). Additio nally, responses to vernalisation  were originally seen 

only in Catana and Palmedor; in this repeated experiment, Catana and Expert now show 

a vernalisation  response while Palmedor does not. However, it is important to note that 

data is incomplete for several lines and the results from plants grown at 24°C may be 

unreliable due to pre-harvest sprouting. 
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Figure 2.33: TGW for four s elected lines compared between (a) vernalisation  temperature; (b) maturation 
temperature. Asterisks used to indicate significance, where p Ò ʯ.ʯʴ is *, p < ʯ.ʯʰ is ** and p< ʯ.ʯʯʰ is ***, 
calculated using Studentôs t-test. Unmarked pairs of bars showed no significant difference.  Error bars show SE.  

 

For the results to be more reliable, TGW was compared between the two vernalisation  

temperatures but only for a maturation temperature of 18°C (Figure 2.34). As in the 

original experiment, Expert shows no signif icant response to vernalisation  temperature. 

Palmedor and Catana retain a significant effect of vernalisation  temperature on TGW, 

and TGW in Castille was also affected by vernalisation . From these results I concluded 
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that the results from the glasshouse phenotyping experiment were robust and 

repeatable for some lines. The effect of vernalisation  was similar in Palmedor, Catana 

and Expert across both experiments for a maturation temperature of 18°C.  

 

Figure 2.34: Boxplot displaying the results of TGW from the repeated phenotyping experiment by vernalisation  
temperature, only for plants matured at 18°C. Asterisks used to indicate significance, where p Ò ʯ.ʯʴ is *, p < ʯ.ʯʰ is 
** and p< ʯ.ʯʯʰ is ***, calculated using Studentôs t-test. 

 

2.4 Conclusions & Discu ssion  

 

The experiments described in this chapter aimed to clarify the effects of temperature on 

yield components in Brassica napus, using thousand grain weight (TGW) and number 

of seeds per pod (SPP) as a representation of total yield.  

 

Results from the large phenotyping experiment showed that vernalisation  temperature 

and seed maturation temperature had a significant effect on seed yield parameters 

across the Brassica napus diversity set of 96 accessions studied. Higher vernalisation  
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temperatures were associated with reduced TGW and SPP, particular at temperatures 

above 10°C. Two seed maturation temperatures were used in this experiment, with the 

warmer 24°C treatment being associated with lower TGW, and fewer SPP. Vernalisation  

length was not found to have an impact on TGW or SPP across the diversity set as a 

whole. Within the diversity set, different crop type s were found to respond to 

temperature in different ways. Winter OSR varieties were affected strongly by 

vernalisation  temperature and seed maturation temperature; however, spring and semi-

winter OSR varieties displayed a reduced or absent effect of vernalisation temperature. 

 

No effect of vernalisation  length could be seen across the dataset, suggesting that effects 

of vernalisation  treatment on overall seed yield are instead due to temperature. Within 

the diversity set, the recommended vernalisation  length varies between accessions ï for 

example, many will not require 6 weeks while some will need 12 weeks. Despite this, 

vernalisation  length was not found to have a significant effect on TGW or SPP in any of 

the crop types. This may suggest that even if the vernalisation  is not favourable, six 

weeks may be sufficient for complete reproductive development, at least in the 

accessions which were included in the analysis. 

 

Plants which failed to flower or produced very few seed pods were not included in the 

analysis ï hence it is possible that the effect of too little vernalisation  had an impact on 

yield by impacting the ability of the plant to reproduce suc cessfully.  However, as this 

work focused on the effect of temperature on development, plants which failed to go 

through sufficient development were not included in order to ensure reliable results. It 

is possible that future studies could quantify the imp act of vernalisation  duration on 

overall quality of growth, including analyses of plants which produced litt le to no seed. 

 

Across the entire dataset studied in this experiment, vernalisation  temperatures above 

10°C were particularly associated with reduced yield. However, this did not hold true for 

all crop types, as Semi-winter OSR accessions in particular were unaffected by 
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vernalisation  temperature. The fact that vernalisation  temperature has an effect on seed 

yield parameters, and that this differs bet ween crop types which are known to have 

variation in FLC dynamics (Schiessl et al, 2019), suggests that it is possible the 

mechanism by which vernalisation  temperature and yield are linked is through FLC 

gene expression and its downstream target genes.  

 

In the field, it has been described that vernalisation  in winter oilseed rape tends to occur 

through October when the temperature is approximately 10°C, with the floral meristem 

then exposed to lower temperatures (OôNeill et al, ʱʯʰʸ). UKCPʰʷ climate projections 

have suggested that the effects of climate change are likely to cause milder temperatures 

during autum n and winter in the UK. Warmer temperatures during a critical period of 

vernalisation  for oilseed rape could negatively affect yield unless Brassica napus crops 

are bred to adapt to changing temperatures. 

 

Seed maturation temperature was also found to affect TGW and SPP as studied in this 

experiment, an impact that was consistent across all crop types. As previously discussed 

in the introduction to th is thesis, heat stress during seed development is known to have 

a negative impact on yield parameters such as seed weight (Rashid et al, 2018; Magno 

Massuia de Almeida et al, 2021). Previous work on this topic focused on high levels of 

heat stress; the results of this experiment indicate that the effects of high temperature 

are still significant when they occur over the full course of development even at 24°C. As 

temperatures are predicted to increase in many crop-growing regions (Rosenzweig et al, 

2014), it is important for reliable crop yield in the future to produce Brassica napus 

varieties which can deliver reliable yield at higher temperatures. 

 

The Winter OSR crop type contains lines with a strong vernalisation  requirement and  

was the crop type found here to be most affected by vernalisation  temperature. Both SPP 

and TGW were reduced more than the mean reduction across the diversity set predicted 

by mixed linear modelling.  For spring varieties, vernalisation  temperature had an effect 
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on TGW but not SPP; the reduction in TGW at higher vernalisation temperatures was 

also only seen at 15°C vernalisation . Spring OSR generally has no or a low vernalisation  

requirement and has low FLC levels before vernalisation  occurs (Hou et al, 2012; 

Calderwood et al, 2021). In Semi-winter varieties, vernalisati on temperature had no 

significant effect on either SPP or TGW. Although not significant, the mean TGW of 

Semi-winter OSR was higher for 15°C vernalised plants compared to 5°C. In Semi-

winter OSR, warmer temperatures can be sufficient to pass the comparatively low 

threshold for vernalisation ; higher temperatures may then encourage greater plant 

growth.  

 

From this crop type analysis, there is also an implication of FLC dynamics being related 

to seed size. In spring OSR, which only has a low vernalisation  requirement, TGW was 

affected by vernalisation  temperature, but SPP was not. This suggests that TGW may be 

more sensitive to the effects of vernalisation  temperature than seed number.  

 

When considering the effects of increased vernalisation  temperature and in creased seed 

maturation temperature across the phenotyping experimen t, one feature of note is that 

both TGW and SPP were found to decrease overall. In general, TGW and SPP tend to 

have an inverse relationship i.e., plants which produce smaller seeds will then produce a 

larger number of seeds (Cai et al, 2014). This could mean that even in plants where seed 

development is affected, overall yield may be stabilized by this compensation 

mechanism. In contrast to this idea , the results of this experiment indicat e that if yield is 

considered as a result of TGW and SPP combined, overall yield is decreased at higher 

temperatures due to a decrease in both yield parameters. These results likely suggest 

that TGW and SPP are both affected by increased temperatures but respond through 

separate mechanisms. 

 

When checking the reproducibili ty of the results from the large glasshouse phenotyping 

experiment in CER conditions, the final analysis had a limited scope due to the loss of 
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some treatments to high levels of pre-harvest sprouting in plants matured at 24°C. In 

the original glasshouse phenotyping experiment, pre-harvest sprouting was also more 

pronounced in plants matured at 24°C. This made it difficult to confirm the results at 

24°C. When comparing vernalisation  temperatures with a maturation temperature of 

18°C, the effect of vernalisation temperature was confirmed to be reproducible in three 

of the four lines. As a result of this experiment, Catana was selected for further 

experiments to explore the impacts of vernalisation  temperature. In the original 

phenotyping experiment, Catana responded to both maturation and vernalisation  

temperature, and these results were consistent when the experiment was repeated.  

 

Previous work has shown that FLC is expressed in seeds and affects seed dormancy 

(Chiang et al, 2009). The effects of vernalisati on temperature on seed yield components 

seen in this experiment suggests that the effects of FLC on seeds may also impact seed 

development and regulation of seed size. Vernalisation  temperature also had an impact 

on the number of seeds per pod. It is possible that the results of this experiment indicate 

a link between FLC and mechanisms of fertility such as development of pollen and 

ovules, or by otherwise affecting the rate of fertilizatio n in the plant.  

 

Some anther-specific reactivation of FLC has been seen in Arabidopsis (Sheldon et al, 

2008; Choi et al, 2009). Sheldon (2008) reports that FLC is reactivated in the pollen 

mother cells and somatic tissues of the developing anther before being repressed again 

in the mature anther; Choi (2009) reported FLC reactivation in somatic tissues of pollen 

sacs. The expression of FLC in pollen has also been studied in one of the parent species 

which give rise to Brassica napus. Brassica rapa  contains three FLC genes. The 

promoter of one of these FLC genes was found to drive gene expression in pollen (Hong 

et al, 2011). Additionally in  Brassica oleracea, BoFLC4 was found to be expressed in 

pollen grains and pollen tubes (Lin et al, 2005). 
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Although the effect of FLC expression on pollen development in Brassica napus is not 

known, it is possible that differences in vernalisation  state could affect pollen 

development via FLC re-activation in the male germline before fertilization has 

occurred. Changes in pollen development associated with vernalisation  and FLC could 

explain the reduced number of seeds per pod produced at higher vernalisati on 

temperatures seen in this experiment, in particular in Winter OSR.  

The number of seeds per pod could also be affected by mechanisms acting on ovule 

development, such as changes in FLC level impacting the number of ovules or their 

growth. It has been previously shown that the vernalisation  state of the maternal plant 

has important effects on reactivation of FLC in the embryo (Luo et al, 2020), meaning 

that FLC expression in maternal tissues could be important for later differences in the 

seed caused by vernalisation . In Nicotiana tabacum , a group of MADS-box 

transcription factors whi ch were identified as being similar to FLC were found to be 

expressed in a number of reproductive tissues including the stigma, style and ovary (Bai 

et al, 2019). Expression of FLC has also been linked to ovary development in hazel 

(Corylus spp.) due to the expression of FLC and other vernalisation -related genes in the 

developing ovary (Cheng et al, 2018).  

 

In Arabidopsis, FLC was not found to be expressed in the ovary of vernalised plants, 

although plants which had not been vernalised showed FLC expression in the 

integuments (Sheldon et al, 2008). The results of this study indicate an effect of the 

vernalisation state of FLC in the ovule. Another study in Arabidopsis found that reduced 

function mutants of BRR2a cannot splice FLC transcripts correctly, lead ing to low 

expression levels of correctly spliced FLC. These mutants show an early flowering time 

phenotype, and also have reduced seed set, less efficient ovule fertilization and defective 

development of the female gametophytes (Mahrez et al, 2016). The BRR2A protein is 

part of the spliceosome which is involved in processing the transcripts of flowering time 

genes; while its effects are not specific to FLC, the results of this study provide an 

interesting additional link between FLC expression and fertilit y which could be studied 

further.  
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 In Brassica rapa, FLC promoters drive gene expression in the stigma for three FLC 

genes. In another Brassica species, Brassica campestris , an FLC related gene identified 

as BcFLC1 was found to cause reduced fertility when expressed in Arabidopsis (Liu et al, 

2012), through both shortening of anther filaments and the reduced exp ression of SEP3, 

a MADS-box transcription factor gene involved in the development of ovules (Favaro et 

al, 2003; Kaufmann et al, 2009). Although the  effect of changes in FLC expression on 

ovule development and female fertility in Brassica napus are not known, future studies 

which examine this relationship could provide further insights into the link between 

vernalisation  temperature and reduced seed number per pod.  
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Chapter  3  - Environmental  effects  on  germination  
and  vigour  

 

3.1 Introduction  

Seed vigour is a complex trait which is an important contributor to crop performance. 

Rather than being a single measurable trait, seed vigour is determined by a number of 

factors including seed germinability and early seedling growth which contribute to 

agricultural perform ance. Seedling vigour is generally accepted to describe the 

properties of the seed that determine how well the seed performs during germination as 

well as the rate of uniformity of seedling behaviour during emergence and early growth. 

Seedling vigour is fu rther understood to determine not only how the seeds perform to 

these measures under laboratory conditions, but also under conditions of environment al 

stress and after time spent in storage before sowing (Finch-Savage and Bassel, 2016). 

Effective testing of seedling vigour is carried out using a low-temperature stress test 

(Filho, 2015).  

 

Temperature during seed maturation has been previously shown to impact seed 

dormancy and rate of germination. Increased maturation temperature in Arabidopsis  is 

associated with a decrease in seed dormancy, with seeds produced at a higher 

temperature germinating at a greater rate compared to those produced at cooler 

temperatures (Springthorpe and Penfield, 2015). High temperatures during seed 

development have been shown to affect germination and vigour in Brassica (Chen et al, 

2021) as well as in most other plant species (Penfield, 2017). 

Drought resistance is also an important trait for crop performance in Brassica napus. 

Oilseed rape crops are sensitive to drought, with low water conditions and dry weather 

associated with reduced overall yield (Wan et al, 2009). Drought stress affects both 

germination and the early growth of the seedling, with lower soil water content 

negatively affecting growth (Khan et al, 2019). The crop is sown in late August to early 

September; dry soil may increasingly become an issue due to the likelihood of droughts 

occurring for longer and more  intense periods (Trenberth et al, 2014), and predicted 
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decreases in rainfall in the East of England under high emissions climate scenarios 

(Semenov, 2007). 

The ability of the crop to successfully establish and grow in the field is key for the overall 

growth and final yield (Finch -Savage and Bassel, 2016). The speed of germination at 

sub-optimal temperatures  is closely related to vigour (Bradford et al 1993; Reed et al, 

2022), meaning this is an important trait for a ssessing how a crop may perform.  

3.2 Aim s & Hypothesis  

As seed maturation temperature is known to affect seed properties, the first hypothesis 

of this chapter is that seed maturation temperature affects the time taken for seeds to 

germinate. 

The environment of the germinating seed is impacted by the water content of the soil, 

and so the second hypothesis tested here is that soil water content affects the time taken 

for seeds to germinate. 

Seedling vigour and emergence is also important for overall plant growth, so the t hird 

hypothesis tested was that seed maturation temperature affects early seedling growth. 

As drought can impact crop growth, the fourt h hypothesis tested was that in different 

varieties of Brassica napus, soil water content affects seedling growth differently.  

Different crop types of Brassica napus have been bred for adaptation to different 

environments, so the fifth hypothesis tested here was that crop type affects seedling 

vigour, as well as variation in response to seed maturation temperature and drought. 

Following previous experiments on seed size in this project, the sixth hypothesis tested 

in this chapter is that there is a relation ship between seed size and seedling size. 

 

3.3 Results  

 

3.3.1 Experimental design  
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This seed germination experiment was carried out at the Institute of Biological, 

Environmental & Rural Sciences (IBERS) in Aberystwyth, Wales. Seeds used for 

germination were  those produced in the large glasshouse phenotyping experiment 

details in Chapter 2.  For the germination experiment, f our seeds per pot were sown and 

randomized by seed lot within trays in the germination glasshouse; watering samples 

were paired and placed together to minimize environmental variation between 

treatments. Two runs were used to germinate the full collection of varieties and 

treatments, and two replicates pots of each combination of variety, watering treatment 

and maturation temperature were germinated on each belt run for a total of four 

replicates. The experiment included replicate seed lots produced from the original 

phenotyping experiment as biological replicates, and replicate pots of each seed lot as 

technical replicates. 

The seed lots selected for this experiment were all vernalised for 12 weeks at 10°C, as 

this treatment produced the greatest number of seed lots with sufficient replicates for 

use in the germination experiment. Any lines which did not have at least two replicates 

for both  maturation temperature treatments were not included in the experiment. This 

left 84 lines used to assess germination and seedling emergence. 

 

3.3.2 . Impact of maturation temperature and soil water content 

on germination  

Days to germination was scored manually at IBERS using hypocotyl unfurling as a 

benchmark for germination . A mixed linear model was used to estimate the effects of 

seed maturation temperature on time taken for seeds to germinate.  

The formula for the general linear model used was: 

 

Ὀ  ‘  ὓὝ  ὡ ὺ  Ὡ  
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This model estimates the days to germination (D) of variety (v) i in maturation 

temperature (MT) j with watering treatment ( W) k and eijklm is the residual term. In this 

model, v was a random effect while v, MT and W were fixed effects.   

Figure 3.1a shows that there is a statistically significant effect of maturation 

temperature on time taken for seeds to germinate, although this is effect is extremely 

small with seeds produced at both temperatures taking approximately 4 days to 

germinate. Similarl y in Figure 3.1b the effect of watering treatment on the time taken 

for seeds to germinate is statistically significant but small. Table 3.1 details the overall 

differences in these effects. The time taken for seeds produced at 24°C is 0.07 days 

faster compared to at 18°C, equating to a difference of less than two hours between the 

temperatures. The effect of watering treatment is slightly larger, with a difference of 

0.15 days between the two treatments and plants germinating at a 65% soil water 

content germinating faster than at 35% SWC.  

 

Figure 3.1:  Linear  model output of estimated mean days to germination, by (a) maturation temperature, (b) soil 

water content. Error bars show SE and annotations show p -values calculated using Welch's t-test.  
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Table 3.1: Detai ls of linear model output of estimated mean days to germination. All values shown to 3 significant 

figures. SE = standard error. df = degrees of freedom. CF = 95% confidence limit.  

 

Estimated 

Mean Days to 

Germination  

SE df  
Lower 

CL 

Upper 

CL 

 Maturation Te mperature  

18°C  4.20 0.0244 115 4.16 4.25 

24°C  4.13 0.0266 146 4.08 4.18 

 Watering Treatment  

35%  4.24 0.0255 131 4.19 4.29 

65%  4.09 0.0251 126 4.04 4.14 

 

 

3.3.3. Creating a linear model to estimate environmental effects 

on seedling vigour  

One of the factors used to evaluate seed vigour is early seedling growth and seedling 

establishment, with more vi gourous seedlings showing faster growth in early 

development and increased rates of establishment. Seedlings with faster early growth 

rates, particularly i n the 12-day timespan studied in this experiment, would reach a 

plant area of 1000mm2 in a shorter ti meframe. In this analysis, the time in days taken 

for a seedling to reach an area of 1000mm2 was used to measure a threshold of seedling 

size as a proxy to estimate seedling vigour; as the experiments were not carried out at a 

low temperature, seedling emergence rather than seedling vigour was tested. 

 

3.3.3.1. Effects of experimental factors on early seedling growth  

To determine if blocking factors needed to be included in the linear model, ANOVA was 

used as the basis of exploratory analysis of experimental factors. 
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Seedlings were split across two experimental runs, due to size limitations on the belt. 

The effect of experimental run was examined using ANOVA to see if T1000 differed 

significantly between the two runs.  

This ANOVA model estimated time taken for a seedling to reach 1000mm2 (T1000) in 

experimental run ( R) i, with the residual term ei: 

Ὕρπππ ‘  Ὑ  Ὡ 

The results of this ANOVA, shown in Table 3.2, show that seedling emergence was 

significantly different between the t wo experimental runs. As a result, experimental run 

was included as a factor in the overall linear model to estimate T1000. 

Table 3.2: ANOVA statistical results table for the effect of experimental run on T1000. 

 Df  
Sum 

Squares  

Mean 

Squares  
F value  Pr(>F)  

Experimental Run  1 712 712.4 209.6 < 2E-16 

Residuals  3028 10293 3.4 
  

 

Seedlings were imaged across the course of a full day, and so images were taken at 

different times. As plants were imaged in the order they were located on the belt, it is 

possible that any impact of location within the glasshouse would be reflected in tim e of 

day. To check if measurements were affected by the timing of imaging, the effect of hour 

of day was examined using ANOVA: 

Ὕρπππ ‘  Ὄ  Ὡ 

This ANOVA model estimated time taken for a seedling to reach 1000mm2 (T1000) at 

hour of day (H) i, with the residual term ei. The results of this ANOVA, shown in Table 

3.3, show that time of day had a significant effect on T1000 measurements and so this 

was included in the model. 
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Table 3.3: ANOVA statistical results table for effect of hour on T1000.  

 Df  
Sum 

Squares  

Mean 

Squares  
F value  Pr(>F)  

Hour  10 739 73.91 21.74 <2e-16 

Residuals  3019 10266 3.4   

 

3.3.3.2 Optimizing linear model for estimat ing  T1000  

A general linear model was used to account for significant variables in the experiment 

and produce estimated values for time taken to reach 1000mm2 (T1000) for each line. 

The formula used for the model was: 

Ὕ  ‘  ὓὝ ὡ ὺ Ὑ Ὄ   Ὡ  

This model estimates the days to 1000mm2 of variety (v) i in maturation temperature 

(MT ) j with watering treatment ( W) k during experimental run ( R) l and at hour of day 

(H) m, where eijklm is the residual term. In this model, experimental run and hour of day 

were included as random effects, while variety, maturation temperature and watering 

treatment were fixed effects. To optimise the model, interaction effects between variety, 

maturation temperature and watering were included.  

From the results of the linear model (Table 3.4), it is apparent that variety, watering 

treatment and seed maturation temperature are all significant factors when considering 

time taken to reach 1000mm2, with watering treatments having a greater effect than 

maturatio n temperature. No significant interaction was found between the soil water 

content and seed maturation temperature, suggesting that any effects these treatments 

had were additive. Significant interaction effects were found between variety and 

maturation te mperature, and variety and soil water content. Responses to these 

treatments therefore differed between varieties. 

 

Table 3.4: Statistical results table for preliminary model estimating T1000. DenDF = denominator degre es of 

freedom.  Results produced using Type III Analysis of Variance Table with Satterthwaite's method.  

 Sum Mean DF  DenDF  F Pr(>F)  
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Sq Sq value  

Variety  2139.96 25.78 83 2693.1 18.9257 < 2.2e-16 

Maturation 

Temperature (MT)  16.45 16.45 1 2692.7 12.0752 0.00052 

Soil Water Content 

(SWC)  2893.34 2893.34 1 2693.6 2123.85 < 2.2e-16 

Variety x MT  418.13 5.5 76 2693.1 4.0385 < 2.2e-16 

Variety x SWC  194.28 2.34 83 2693 1.7182 7.37E-05 

MT x SWC  1 1 1 2692.5 0.7362 0.39097 

Variety x MT x SWC  116.39 1.53 76 2693.1 1.1241 0.21887 

 

3.3.3.3 Defining the optimized mixed linear model used to estimate T1000  

After evaluating the significant parameters affecting T1000, a general linear model was 

created to account for significant variables in the experiment and produce estimated 

values for time taken to reach 1000mm2 (T1000) for each line. The formula used for the 

model was: 

Ὕ  ‘  ὓὝ ὡ ὺ ὺ ὓὝ ὺ ὡ Ὑ Ὄ   Ὡ  

This model estimates the days to 1000mm2 of variety (v) i in maturation temperature 

(MT ) j with watering treatment ( W) k during experimen tal run ( R) l and at hour of day 

(H) m, where eijklm is the residual term. In this model, experimental run and hour of day 

were included as random effects, while variety, maturation temperature and watering 

treatment were fixed effects. Interaction terms b etween variety and maturation 

temperature as well as between variety and watering treatment were included.  

Table 3.5: Statistical results table for optimized model estimating T1000.  DenDF = denominator degrees of 

freedom.   Results produced using Type III Analysis of Variance Table with Satterthwaite's method.  

 
Sum 

Sq 

Mean 

Sq 
DF  DenDF  

F 

value  
Pr(>F)  

Variety  2162.43 26.05 83 2770.2 19.0675 < 2.2e-16 

Maturation 

Temperature (MT)  
18.24 18.24 1 2770 13.3463 0.00026 
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Soil Water Content 

(SWC)  
3066.36 3066.36 1 2770.6 2244.16 < 2.2e-16 

Variety x MT  433.08 5.7 76 2770.2 4.1705 < 2.2e-16 

Variety x SWC  184.05 2.22 83 2770.2 1.6229 0.00038 

 

The results of the model show that all variety, maturation temperature and soil  water 

content all significantly affected T1000, with soil water content having the largest effect. 

The interactions between variety and maturation temperature and variety and s oil water 

content are also significant, indicating that responses to the treatments used in the 

experiment differ between varieties.  

 

3.3.4 Impact of maturation temperature on early seedling 

growth  

To examine the effect of seed maturation temperature on seedling emergence and early 

growth , the estimated means for days to reach 1000mm2 produced from the linear 

model detailed above was compared between seeds produced by each variety at 18°C 

and at 24°C. The results of this model are shown in Figure 3.2. 

The effect of maturation temperature on seedling emergence across the diversity set was 

statistically significant, as shown by the significant effect of maturation temperature 

overall and of the significant interaction between maturation temperature and varie ty 

(Table 3.5, above). In seven varieties, T1000 could not be estimated at 24°C. Of the 

remaining 77 varieties, there was an equal split in which seed maturation temperature 

produced seedlings reaching 1000mm2 more quickly; 38 varieties reached 1000mm2 

more quickly after maturation at 18°C.  

The largest difference was seen in the variety Shannon X Winner, which reached 

1000mm 2 an estimated 3.07 days more slowly when seeds were matured at 24°C. The 

majority of varieties showed only a small difference, with 6 8 of 84 varieties 

(approximately 80%) tested predicted to have a difference of less than 1 day between the 

two maturation temperatures. Although the effect of maturation temperature is 
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statistically significant, the effect size is extremely small. The diff erence in plant 

behaviour would make no real difference in a crop growth situati on. 
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Figure 3.2: Estimated mean days to 1000mm 2 (T1000) by variety, as produced by mixed linear model. Error bars 

show standard error. Legend colour indicates seed maturation temperature.  

3.3.5 Impact of so il water content on early seedling growth  

To examine the effect of soil water content (SWC) on T1000, the estimated means for 

days to reach 1000mm2 produced from the linear model detailed above was compared 

between seedlings from each variety grown at 35% SWC and 65% SWC. The results of 

this model are shown in Figure 3. Seven varieties did not have sufficient data to estimate 

T1000 and these were not included in the graphical output. 

All varieties reach 1000mm2 faster at 65% SWC compared to 35% SWC. The variety 

with the smallest difference was Moana Moana Rape, reaching 1000mm2 0.98 days 

faster at 65% SWC than at 35%. The largest difference was seen in the variety Westar 

DH, reaching 1000mm 2 an estimated 3.09 days faster at 65% SWC compared to 35%. 

Differen ces in the extent of the response between varieties indicate that some varieties 

may be more drought resistant than others. However, across the diversity set reduced 

soil water content was always associated with slower seedling growth. 
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Figure 3.3: Estimated mean days to 1000mm 2 (T1000) by variety, as produced by general linear model. Error bars 

show standard error. Legend colour indicates soil water content.  

3.3.6 Impact of crop type on early seedlin g growth  

As there were significant differences in seedling emergence between Brassica napus 

varieties, this could be related to crop type. To test this seedling emergence was 

compared between different crop types. ANOVA suggests significant differences in seed 

vigour between crop types (Table 3.6). The ANOVA used to discover if T1000 differed 

between crop type was: 

 

Ὕ  ὅὝ ὓὝ ὡ Ὡ  

 

This ANOVA model estimated days taken to reach 1000mm2 (T) for crop type (CT) i at 

maturation tem perature (MT ) j and watering treatment ( W) k, with a residual term eijk . 

The results of this ANOVA are described in Table 3.6. 

 

Table 3.6: ANOVA table of statistical results for crop type effect on days to rea ch 1000mm2. df = degrees of 

freedom. 

 Df  
Sum 

Squares  

Mean 

Squares  
F value  Pr(>F)  

Crop Type  5 343 69 28.326 < 2E-16 

Watering  1 3280 3280 1353.088 < 2E-16 

Temperature  1 26 26 10.808 0.001 

Crop Type : Watering  5 15 3 1.212 0.3006 

Crop Type : 

Temperature  
5 47 9 3.883 0.0016 

Watering : 

Temperature  
1 1 1 0.302 0.5829 

Crop Type : Watering : 5 8 2 0.622 0.6833 
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Temperature  

 

As the ANOVA suggested differences in T1000 between crop types, the mean time taken 

to reach 1000mm2 was calculated using the results of the ANOVA and Tukey post-hoc 

testing (p = 0.05).  This confirmed differences in T1000 between crop types (Figure 3.4). 

Swedes take the longest time to reach 1000mm2, while Semi-winter  OSR reaches 

1000mm 2 in the shortest time (Figure 3.4). This suggests that Semi-winter  OSR 

varieties have the fastest early growth rate of seedlings, while swede varieties grow the 

most slowly.  

 

Figure 3.4: Estimated mean days to 1000mm 2 by crop type estimated using ANOVA. Erro r bars show standard 

error. Significance groups calculated using Tukey's post -hoc test, p = 0.05. 

 

The results of the ANOVA also suggested interactions between crop type and maturation 

temperature. To further explore the effects of maturation temperature o n T1000, a 

linear model was created. ANOVA results from Table 3.6 were used to identify 

interaction  terms to include in the model. Experimental factors of belt run and hour 
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were previously identified as affecting T1000 so were included. The model used to 

estimate T1000 based on crop type was: 

 

Ὕ  ‘  ὓὝ ὡ ὅὝ ὺ ὓὝ Ὑ Ὄ   Ὡ  

 

This model estimates the days to 1000mm2 of crop type (CT) i in maturation 

temperature (MT ) j with watering treatment ( W) k during experimental run ( R) l and at 

hour of day (H) m, where eijklm is the residual term. In this model, experiment al run and 

hour of day were included as random effects, while variety, maturation temperature and 

watering treatment were fixed effects. Interaction between variety and  maturation 

temperature was included. 

The results of this model (Figure 3.5) indicate th at crop types have different responses 

to seed maturation temperature.  
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Figure 3.5: Estimated mean days to reach 1000m m2 (T1000) by crop type at two seed maturation temperatures. 

Error bars show standard error. Legend colours indicate seed maturation temperature. Paired bars with no p -

value marked were not significantly different. P -values calculated using Welchôs t-test. 

 

The only crop type with a statistically significant effect of seed maturati on temperature 

on T1000 was Winter OSR, with the difference in Semi-winter  OSR approaching the 

threshold for statistical significance (Figure 3.5). However, even in Winter OSR the 

difference in time taken to reach 1000mm 2 was 0.28 days, equating to a real time 

difference of 6 ï 7 hours. As seen when comparing individual varieties, although the 

effect of maturation temperature on T1000 was significant, the effect size was small with 

only extremely minor real -world impacts.  

No interaction was identified betwe en crop type and watering treatment, suggesting that 

all crop types respond similarly to drought as tested by the two watering treatments 

(Figure 3.6). 

Across all crop types, seedlings took an estimated 2 days longer to reach 1000m2 at 35% 

SWC compared to 65% SWC. This further confirms the strong negative effect of drought 
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on early seedling growth seen across all varieties. Although there were differences 

between the responses of individual varieties to reduced soil water content, these 

differences were not statistically significant when considered at the level of crop type. 

 

 

Figure 3.6: Estimated mean time to reach 1000mm 2 (T1000) by watering treatment across all crop types, as 

estimated using mixed linear model. Error bars show standard error. P -values calculated using Welch's t-test. 

 

3.3.7 Relationship between seedling emergence  and TGW  

The line with the fastest T1000 in th is experiment, Xiangyou 15, was also found to be 

the line with the highest overall thousand -grain weight in the large glasshouse 

phenotyping experiment. Swedes were the crop type found to have the slowest T1000. 

As swedes have not been bred as an oilseed crop, they have low TGW. This suggested 

there was a possible relationship between TGW and T1000. Exploratory correlation 

analysis was carried out to test this hypothesis. 
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Figure 3.7: Scatterplot of TGW and T1000 by variety. Line of best fit shown in dark blue fitted using linear model 

method, formula T1000 = 9.87 ï 0.695(TGW). Grey area around line of best fit indicates 95% confidence level.  

 

Table 3.7: Results of correlation analysis between mean T1000 and TGW for each line to 3 significant figures.  

Correlation test  Value  p-value  

Spearmanôs rho -0.723 < 2 x10-16 

Pearson correlation  -0.673 < 2 x10-16 

R2 0.453  

 

The relationship between TGW and time taken to reach 1000mm2 can be seen in Figure 

3.7, where lines with a higher mean TGW have a shorter time taken to reach 1000mm2. 

Table 3.7 also shows the results of the statistical correlation analysis. The results of 

Spearman and Pearson correlation tests indicate a strong correlation between the two 

factors, while the R-squared value of 0.453 indicates a moderate correlation. 
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From these results I can conclude that TGW is strongly negatively correlated with time 

taken to reach 1000mm2, suggesting that larger seeds take less time to reach 1000mm 2. 

These results suggest that TGW is an important contributor to early seedling growth. In 

future it would be interesting to expand this model to include TGW . This would be an 

interesting further analysis to fully understand the contri bution of TGW to early 

seedling vigour in light of other factors such seed maturation temperature and soil water 

content. 

 

3.4 Conclusions & Discussion  

 

The results described in this chapter aimed to describe the effects of plant environment 

on germination  and seedling growth. The environmental effects studied were the water 

content of the soil to explore the effects of drought on germinating seeds, as well as the 

seed maturation temperature experienced by the seeds prior to harvesting. Seed 

maturation temp erature was studied due to its effects on seeds previously detailed in 

Chapter 2 of this thesis, as well as its known role in affecting seed germination (Fenner, 

1991; Penfield and Springthorpe, 2015). Soil water content (SWC) was also studied as 

the abili ty of a Brassica crop germinate and grow well in dry soils is of particular 

importance to farmers and breeders. It is known that drought conditions can affect 

germination and crop growth and so varieties of Brassica napus which can withstand 

low water conditions would be valuable (Nelson et al., 2022). Preliminar y experiments 

carried out at IBERS showed that 65% SWC was sufficient for Brassica napus seeds to 

germinate reliably, while 35% SWC was a condition of relative drought. 

The initial experiments on germination show that the rate of germination across the 

dataset was not strongly affected by either seed maturation temperature or by soil water 

content. Seeds germinated slightly faster after maturation at 24°C compared to 18°C, 

which is similar to the eff ect of increasing maturation temperature seen in Arabidopsis 

(Springthorpe and Penfield, 2015). Germination rate - defined in this experiment as the 

time taken for the hypocotyl hook to unfurl - was also slightly faster in seeds germinated 
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at 65% SWC compared to 35% SWC, which corresponds to previous studies indicating 

that drought has a negative impact on germination (Zhang et al, 2014). Although there 

was a statistical significance, the effect size for both sets of treatments was extremely 

small and so improving the germination rate is not a likely target for improving 

tolerance to high seed development temperatures or for improving drought tolerance.  

Early seedling growth was also studied, using the time taken to reach 1000mm2 as a 

measure of early plant growth, and as such a proxy for seedling emergence. Similar to 

the effect of maturation temperature on germination rate, the impact of  maturation 

temperature on seedling vigour was statistically significant but extremely small. 

Although there was variation between lines, this variation was only a minor effect. This 

shows that in the Brassica napus DFFS, the maturation temperature experienced by the 

seed does not have a major impact on early seedling growth. These results contrast the 

effect of maturation t emperature seen in Brassica oleracea, where higher seed 

maturation temperature was found to increase the speed of seedling establishment, 

suggested to be due to differences in ABA regulation in the endosperm (Chen et al, 

2021). However, it should be noted that the experiment for seedling emergence was 

stopped after 12 days. Further differences in seedling growth between maturation 

temperatur es may have become apparent with a longer timeframe for measurements. It 

may also be the case that Brassica napus seedling vigour is controlled by different 

mechanisms to those identified in Brassica oleracea. 

Soil water content had a strong impact on early seedling growth, with seedlings growing 

at 35% SWC taking more time to reach 1000mm2 compared to seedlings at 65% SWC, 

suggesting a slower rate of growth during early seedling growth. This was true for all 

varieties; although variation in the scale of response to drought was identified between 

varieties, seedlings grown in drier conditions took 1 ï 3 days longer to reach 1000mm 2. 

These results suggest that drought conditions always have a negative impact on early 

growth in Brassica napus. No variety could be identified as resistant to drought from 

the results of this experiment. This supports previous assessments of drought effects on 

seedling establishment (Batool et al, 2022). It is possible that further genome 

association analysis could identify genes of interest in the differences in these responses, 

although this did not form part of this project.  
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The effect of crop type was also found to have a significant impact on seedling 

emergence, which varied depending on maturation temperature. Only Winter OSR was 

significantly affected by maturation temperature. When considering responses of 

different crop types to drought th ere was no significant variation, with all crop types 

negatively affected by lower soil water content. No crop type was found to have a 

significant ly improved tolerance to drought. In the oilseed crop Camelina sativa , 

spring-type crops were found to have improved germination performance compared to 

winter -type and crop type was also identified as a factor contributing to drought 

tolerance (Ļanak et al, 2020). This could suggest that some feature of winter oilseed 

crops in contrast to spring types may be related to later seed performance. 

These results highlight the important of using irrigation or timing sowing appropriately 

for Brassica napus, as it is clear that dry soil provides adverse conditions for young 

seedling vigour, which is important for overall crop establishment and the ability to 

withstand further stresses from biotic and abiotic sources.  

The results of these experiments also indicated that larger seeds produced seedlings 

which reached 1000mm2 more quickly. The crop type with the highest seedling vigour 

was also Semi-winter  OSR, which is also the crop type which generally produces the 

largest seeds. Additionally, seeds which were produced at 18°C were larger compared to 

those produced at 24°C; a seed maturation temperature of 18°C was also associated 

with improved seedling vigour, suggesting this effect may be related to a difference in 

seed size. Seed weight has been previously noted to impact seedling growth 

characteristics in Brassica oleracea (Bettey et al, 2000). Larger seeds are likely to 

contain larger embryos, as by the final stage of seed development the embryo makes up 

the majority of the internal seed structure. Additi onally, seeds produced under heat 

stress may be smaller and have defective embryo development (Mácová et al, 2022); this 

may further relate reduced seed growth to seedling vigour.  It is possible that improved 

seedling vigour is related to favourable development of the embryo prior to germination 

and emergence. 
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Chapter 4  - Using associative transcriptomics to 
identify the genetic basis of temperature 

responses in Brassica napus  
 

4.1 Introduction  

Previous experiments in this thesis have shown that yield parameters (TGW and SPP) 

are affected by temperature during vernalisation  and during seed maturation. However, 

these effects varied by both variety and crop type, suggesting a range of diversity in 

Brassica napus. The question that arises from these results is then: what causes the 

difference between these varieties?  

Different crop types and varieties of Brassica napus have been bred for adaptation to 

different environments, and select ion for different phenotypes has results in genetic 

differentiation of the genes controlling these phenotypes. Using GWAS can then reveal 

what the underlying genetic differences may be between lines with contrasting 

responses to temperature, and so improve our knowledge of the genetic basis of 

temperature responses in Brassica napus. Additionally, identifying genes which confer 

resistance to high seed maturation temperature or low vernalisation temperature, and 

are associated with reliable yield, could be valuable information for future breeding 

strategies to produce climate-change resilient crops. 

Past studies have been carried out in Brassica napus to identify genes of interest for 

control of seed size and seed number per pod, as well as for a range of other yield-

related and agronomic traits. Many studies have been based on identifying QTLs for 

yield-related traits (Shi et al, 2009; Basunanda et al, 2010; Fan et al, 2010; Ding et al, 

2012; Yang et al, 2012; Zhang et al, 2012). While this can provide a general location for 

a candidate gene, it is unlikely to be specific enough to identify a single gene. 

Additionally, the genetic variation in a QTL mapping experiment is generally based only 

on the genetic differences between the parents, which may not represent the breadth of 

variety seen across a population. 
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Studies have also been carried out using GWAS to identify candidate genes controlling 

yield-related traits in Brassica napus (Li et al, 2014; Körber et al, 2016; Dong et al, 

2018; Khan et al, 2019; Pal et al, 2021). A common feature of these studies is that they 

use phenotyping data obtained from field studies carried out across a number of 

growing seasons. This provides data which is relevant to how Brassica napus grows in 

the field but has the additional  element that growing conditions are uncontrolled. 

Analyses may have to account for environmental factors (Pal et al, 2021), such as 

differences in rainfall, soil types and disease in the plants.  Other recent studies have 

explored the effect of temperature on reproductive development in Brassica napus 

without using genetic approaches to identify specific candidate genes responsible for 

these effects (Magno Massuia de Almeida et al, 2021; Mácová et al, 2022). 

Previous studies have varied in how many SNPs are used for identifying differences in 

Brassica napus with SNP density ranging from 6,000 to upwards of 600,000 SNPs 

across the genome (Körber et al, 2016; Dong et al, 2018). The number of varieties 

included in these analyses also ranges from 157 to several hundreds of varieties.  An 

increased number of varieties provides a wider range of information on how genetic 

background is linked to phenotype.  

The analysis detailed in this chapter uses a GWAS approach with a dataset of 350k SNPs 

produced from RNAseq analysis (Harper et al, 2012). This SNP array provides more 

coverage than many studies carried out elsewhere and has also been used to successfully 

identify sources of genetic variation in previous studies, including variation linked to 

seed size (Miller et al, 2019). The data for this analysis was gathered from the previous 

phenotyping experiment, which used CERs and temperature-controlled glasshouses to 

ensure consistent growth temperatures across 12 different temperature treatments.  

The use of consistent growth temperatures also allowed for clear comparisons between 

temperatures, allowing the effects of individual treatments for both vernalisation and 

seed maturation to be explored. Additionally, all plants in the phenotyping were grown 

under controlled conditions, meaning that all plants received the same watering regime 

and were grown in the same soil. Growth in controlled conditions rather the field 

enabled the impacts of disease to be limited using preventative and treatment measures.   
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GWAS uses the combination of phenotypic measurement data, transcriptome 

sequencing and kinship analysis to identify genes which are likely to be associated with 

changes in phenotype within a population (Korte and Farlow, 2013). Linkage 

disequilibrium mapping uses the non -random association of genes at different mapping 

to locate markers associated with a particular phenotype, such as yield resistance to 

temperature stress (Atwell et al, 2011; Bac-Molenaar et al, 2015; Wei et al, 2021). 

GWAS requires diverse germplasm and a large number of varieties, so that sufficient 

genetic variation is present to yield useful results. Transcriptome data from RNAseq is 

here used to provide sequence data; this allows the genetic variation associated with 

phenotypic differences to be identified.  

The overall hypothesis being tested in this chapter is that there are genes responsible for 

the temperature responses discovered so far in Brassica napus, and that these genes can 

be identified using GWAS. Once these genes have been identified, this chapter aims to 

characterize the impact of SNPs found in the GWAS analysis and produce candidate 

genes for further study.  

 

4.2 Results  

The results from the phenotyping experiment, described in Chapter 2, were used as the 

basis for the GWAS analysis described in this chapter. As plants were grown under 12 

different temperature treatmen ts, 12 separate GWAS analyses were run for both SPP 

and TGW. This enabled the identification of associations which may have been 

significant in some treatments. Once all of these individual analyses were run, all 12 

treatments were combined to carry out a meta-analysis of TGW and SPP data. Datasets 

to compare the effects of temperature by using ratios were also produced and run as 

individual GWAS analyses. The full list of GWAS analyses run are listed in Table 4.1. 

Table 4.1: Datasets used to run GWAS analyses. The first numbers indicate vernalisation  temperature; the seconds 

numbers indicate weeks of vernalisation ; the third number indicates maturation temperature. Where "vs" is used, 

this indicates a ratio of the trait value (either TGW or SPP) between treatments.  

Original Treatments  Comparative 
Treatments  
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5°C 6 wks 18°C 5°C vs 15°C 6 wks 18°C 

5°C 6 wks 24°C 5°C vs 15°C 6 wks 24°C 

5°C 12 wks 18°C 5°C vs 15°C 12 wks 18°C 

5°C 12 wks 24°C 5°C vs 15°C 12 wks 24°C 

10°C 6 wks 18°C 5°C 6 wks 18°C vs 24°C 

10°C 6 wks 24°C 5°C 12 wks 18°C vs 24°C 

10°C 12 wks 18°C 10°C 6 wks 18°C vs 24°C 

10°C 12 wks 24°C 10°C 12 wks 18°C vs 
24°C 

15°C 6 wks 18°C 15°C 6 wks 18°C vs 24°C 

15°C 6 wks 24°C 15°C 12 wks 18°C vs 
24°C 

15°C 12 wks 18°C Meta -analysis  

15°C 12 wks 24°C All original treatments 
combined 

 

Due to the large amount of analysis used to identify genetic associations with TGW and 

SPP, this chapter will detail for one treatment how the analysis was carried out. After 

this, summary tables will be used, and the data presented to identify significant  SNPs 

will be identified from across the breadth of GWAS analyses. 

 

4.2.1 Example GWAS  

A GWAS analysis was run on TGW data for the temperature treatment 5°C vernalisation 

for  6 weeks and maturation temperature 18°C, using TASSEL software (Bradbury et al, 

2007). The dataset used for this experiment contained 355,536 SNPs from leaf 

transcriptome data across the DFFS. Minor allele frequency was set to 5% to remove any 

rare variant SNPs which may cause false positives. This left 177,725 SNPs across the 

dataset. 

GWAS was performed using a general linear model:  

Trait = ȉ + Qʰ + Qʱ + Qʲ + marker 

In this model, Q1, Q2 and Q3 are measures of kinship used to account for relatedness. 

This kinship matrix was produced using STRUCTURE (matrix created by Guangyuan 
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Lu, unpublished data; Pritchard et al, 2000). The number of groups in the population, k, 

was tested from ʰ to ʸ with the highest ǧK value found at k = ʳ. 

A mixed linear model was also run to compare how effectively the models could fit the 

data. 

Trait = ȉ + Qʰ + Q2 + Q3 + marker + k 

Where k is the kinship adjustment run as a random effect and Q1 + Q2 + Q3 are part of 

the fixed effect Q matrix to adjust for relatedness. 

Goodness of fit describes how well the model produced fits the observations expected 

from the population. In order to check the goodness of fit of the two models run in 

TASSEL, quantile-quantile plots (Q -Q plots) showing observed quantile distributions 

from the model against expected quantile distributions can be examined. From the Q-Q 

plots, it can be seen that using a general linear model to run GWAS results in some 

under-correction of the model, increasing the risk of false positives (Figure 4.1). In 

contrast, using a mixed linear model to run GWAS (Figure 4.2) results in over-

correction of the associations. This increases the likelihood of false negative results, 

meaning that actual associations can be missed. To ensure that existing associations 

were able to be identified, the GLM approach was used for all analyses. 
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Figure 4.1: Q-Q plot for TGW at 5°C 6 weeks vernalisation, 18°C maturation temperature. Statistics produced by 

GLM. 

 

 

Figure 4.2: Q-Q plot for TGW at 5°C 6 weeks vernalisation, 18°C maturation temperature. Statistics produced by 

MLM.  
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Figure 4.3: Manhattan plot  for A and C genomes of Brassica napus produced fro m GLM of TGW for plants grown 

at 5°C vernalisation  for 6 weeks and matured at 18°C. 

 

The results of the GLM run on TGW data for this treatment were visualized using a 

Manhattan plot (Figure 4.3). The p-value was adjusted using the Bonferroni method: 

‌  ‌Ⱦά 

Where Ŭ is the original p-value cut-off of ʯ.ʯʴ, ŬB is the adjusted p-value and m is the 

number of markers (177,725). The calculated Bonferroni adjusted p -value is 2.813 x 10-

7, which results in a significant -log(p) value of 6.55. Using this cut-off, only a single SNP 

marker has a high enough value to be significant (Table 4.2), even when using a slightly 

under-correcting GLM.  

Table 4.2: Significant SNP markers identified using Bonferroni -adjusted p-value (2.813E-07), from GLM of TGW at 

5°C 6wks 18°C. 

Marker  Chr  Position  p 

Cab045199.1:468:G A04 21589385 2.14E-07 

 

As the Bonferroni adjusted p-values were too stringent to produce candidate genes, 

associations were instead identified manually (Figure 4.4) to locate areas of interest 

within the genome. Figure 4.4a shows the distribution of TGW of seeds produced from 

plants vernalised at 5°C for 6 weeks and matured at 18°C. The group with the greatest 

frequency is 3.5 ï 4.0 g, with TGW spanning a range of 2.0 ï 8.5 g showing variation 

across the group. Using this method, three regions of interest were identified on 
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chromosomes A03, A04 and A07 (Table 4.2). The Manhattan plots used to identify these 

regions are shown in Figure 4.4b ï d, with the region s of interest highlighted in blue. 

These regions were selected due to the appearance of increased probability of closely 

clustered genetic associations with TGW compared against the background level of noise 

in the plot.  

 

Figure 4.4: (a) Distribution of TGW for seeds produced following 5°C 6wks vernalisation treatment and 18°C 

maturation temperature treatment. (b) -(d) shows Manhattan plots of selected associations, located on 

chromosome: (b) A03; (c) A04; (d)  A07. 

 

The SNP with the most significant p-value in the region identified on chromosome A03 

(p = 1.05E-06) was found in the gene BnaA03g15800D. The SNP with the most 

significant p -value in the region identified on chromosome A04 (p = 2.14E-07) was 

found in  the gene BnaA04g25390D. The SNP with the most significant p-value in the 
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region identified on chromosome A07 (p = 3.60E-06) was found in the gene 

BnaA07g28280D. This is an orthologue of Arabidopsis gene AT1G66580. 

 

 

Table 4.3: SNP markers manually identified as possible associations of interest, from GLM of TGW at 5°C 6wks 

18°C. 

Marker  Chr Position  p Minor Allele  

Frequency 

Cab002689.1:2435:C A03 8737064 1.05E-06 26 

Cab002689.1:2446:A A03 8737064 1.68E-06 33 

Cab002689.1:3435:A A03 8737064 4.58E-05 26 

Cab002693.1:93:C A03 8754976 8.37E-05 23 

Cab002695.1:129:C A03 8765839 7.87E-05 22 

Cab002695.1:198:C A03 8765839 8.29E-05 18 

Cab045199.1:468:G A04 21589385 2.14E-07 7 

Cab045199.1:142:C A04 21589385 6.82E-05 8 

Cab021443.1:186:A A07 24170412 3.60E-06 5 

Cab021443.1:273:T A07 24170412 5.81E-05 9 

Cab021443.1:276:T A07 24170412 5.81E-05 9 

 

GWAS was run in this manner for all temperature treatments, for both TGW and SPP. 

As well as running GWAS on TGW across the treatments, GWAS was also carried out 

using comparative datasets. For these, the difference in SPP and TGW was calculated 

between vernalisation temperatures of 5°C and 15°C, and between 18°C and 24°C 

maturation temperatures. This led to a total of 22 GWAS analyses for each trait.  

The data produced by the GWAS allowed for identification of which Brassica napus 

gene the associated SNP marker was present in. However, more precise information 

which would have enabled analysis of how each SNP affected the function of the gene or 

protein was not available without further sequencin g. As a result of this the following 
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analyses can assess the relationship between the SNP present and the phenotype but 

cannot examine the impact of the SNP on the activity or function of the gene. 

 

4.2.2 Identification of associations of interest for TGW  

As shown in the example in section 4.2.1, associations discovered in GWAS results were 

manually assessed to identify SNPs of interest. As using the Bonferroni-adjusted p-value 

for most treatments produced no significant results, the associations were also assessed 

using ad hoc p-values across all GWAS analyses. Here the significance threshold was 

adjusted manually to identify genes which could plausibly be associated with differences 

in TGW but did not pass the Bonferroni -adjusted significance threshold.  A p-value of 

0.0001 equates to a -log(p) of 4, which in these Manhattan plots filters out the majority 

of noise. The associations identified for TGW are summarized in Table 4.3. 

Table 4.4: Summary of GWAS association locations for TGW, with region located indicated by Mb on the 

chromosome as described in the pangenome (He et al, 2015). Totals columns show the number of treatments which 

produced SNPs in each region below the significance threshold indicated in th e column header. 

Chr  
Location 

(Mb)  

Total < 

0.001  

Total < 

0.0001  

Total < 2.81E -

07  

A01 25.9 - 26.1 3 1 0 

A03 8.7 - 8.8 6 3 0 

A03 14.8 - 14.9 3 1 0 

A03 16.2 - 16.4 4 2 0 

A04 21.5 - 21.7 10 5 1 

A06 26.5 - 26.8 4 2 0 

A07 24.1 - 24.2 9 5 0 

A08 17.8 - 18 4 1 0 

C06 36.8 - 37.7 13 5 0 

C08 25.3 - 25.9 5 1 0 

 

For TGW, eight associations were identified on the A genome and two on the C genome. 

Full details can be found in Appendix B, Table B8.10. Only one of these associations on 

chromosome A04 passed the Bonferroni threshold for significance. Additional lower 
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thresholds were used to identify which associations might be found across a range of 

treatments, comprised of data from the 12 temperature treatments used in the 

glasshouse phenotyping experiment as well as an additional 10 datasets created by 

comparing the trait values between contrasting temperatures.  

 

4. 2.2.1 Meta -analysis of GWAS results for TGW  

Genomic associations with TGW and SPP were also explored using a METAL meta-

analysis (Willer et al, 2010) combining data from all 12 of the temperature treatments 

used in the glasshouse phenotyping experiment. Meta-analysis allows the association p-

values produced from separate GWAS analyses to be combined, allowing for a more 

robust evaluation of the effect of associations found across multiple studies. The 

distribution of TGW across all of the 12 temperature treatments combined in this meta -

analysis can be seen in Figure 4.5, indicating t he spread of TGW values assessed in this 

analysis.  

 

Figure 4.5: Distribution of TGW across all 12 treatments used in meta -analysis.  
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Figure 4.6: Manhattan pl ot output from METAL meta -analysis across all 12 treatments for TGW.  

 

Four main associations were identified on chromosomes A01, A07, C02 and C06 (Figure 

4.6) for TGW using the meta-analysis method. Associations were identified using the 

most significant p -values with consistent associations at a single location. 

The details of the associations identified from the meta-analysis for TGW are described 

in Table 4.5.  

 

 

Table 4.5: SNP associations found using METAL  meta-analysis across 12 treatments for traits TGW. Peak location 

range is in Mb from beginning of the indicated chromosome. p -values are the most significant in the given range.  

Chromosome  Peak Location Range  p-value  

A01 2.0 - 2.7 1.69E-22 

A07 24.1 - 24.2 5.49E-28 

C02 6.9 - 7.0 7.84E-24 

C06 37.6 - 37.7 3.54E-27 

 

4.2.3 Identification of loci of interest for seed weight  

All associations identified from individual GWAS treatments and meta -analysis were 

further explored to identify possible candidate genes for control of seed size. Where 

these associations have been identified, it is possible that they are affecting seed weight 
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in general, or specifically the effect of temperature on seed weight. To identify which 

gene was most likely to be responsible for the association between the SNP and TGW, 

nearby SNP markers were correlated with which genes were nearby. The SNP markers 

are produced from the SNP array (Harper et al, 2012). These were then linked to their 

orthologues in Arabidopsis thaliana  using the Brassica napus pangenome (He et al, 

2015). Previously, a distance of 150kb has been used to account for linkage 

disequilib rium in Brassica napus (Pan et al, 2021), so genes 150kb upstream or 

downstream of the most significant SNP were considered. 

 

4.2.3.1 Association with TGW on Chromosome A01 identified in the gene 

BnaA01g25880D  

An association was identified with TGW at 25.9Mb on Chromosome A01. Preliminary 

analysis identified a SNP in this region (Figure 4.7), where the SNP was a change 

between a C and T. This SNP was identified in the gene BnaA01g25950D, which codes 

for a protein of unknown function and has been identified as an orthologue of 

AT3G19680. Genes within 150kb of this SNP are listed in Table B1 (Appendix B). From 

the genes in this region of interest, the most likely gene to be related to changes in seed 

size was identified as an orthologue of AT3G19700 (IKU2 ), notated in Brassica napus 

as BnaA01g25940D. BnaA01g25950D, the gene in which this SNP was identified, is 

1.1kb away from BnaA01.IKU2.  
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Figure 4.7: (a) Preliminary Manhattan plot of chromosome A01 (15°C 6wks 24°C) (b) SNP marker and candidate 

gene locations from chromosome A01. Gene containing the SNP is highlighted in green; BnaA01.IKU2 is un derlined 

in green. 

 

Table 4.6: Two -way ANOVA results for Gene x Environment interaction. Genotype is indicated by the SNP present 

in BnaA01g25950D affecting TGW. The environment is either vernalisation  tempera ture or maturation 

temperature. Df = degrees of freedom  

 Df  
Sum 

Squares  

Mean 

Squares  

F 

value  
P value  

Vernalisation  Temperature  

SNP Call  3 274.7 91.56 79.622 < 2e-16 

Vernalisation  

Temperature (VT)  
2 13.5 6.76 5.881 0.00283 

SNP Call x VT  6 6.9 1.15 1.003 0.42142 

Residuals  2551 2933.4 1.15   

Maturation Temperature  

SNP Call  3 274.7 91.56 83.457 < 2e-16 

Maturation Temperature 

(MT)  1 119.2 119.21 108.665 < 2e-16 

SNP Call x MT  
3 31.6 10.55 9.613 

2.61E-

06 

Residuals  2555 2803 1.1     
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Two-way ANOVA results indicate that for vernalisation  temperature, the SNP present at 

this location did not affect the response of TGW to temperature, as there was no 

significant interaction between vernalisation  temperature and SNP (Table 4.6); this can 

also be seen in Figure 4.8a where no significant difference was identified.  

 

Figure 4.8: Boxplot showing differences in TGW at two alleles at this location by vernalisation temperature. (b) 

Boxplot showing differences in TGW at  two alleles at BnaA01g25950D by maturation temperature. Asterisks used 

to indicate significance, where p Ò ʯ.ʯʴ is *, p<0.01 is **  and p< 0.001 is ***. For varieties per allele, n = 57 for C 

and n = 30 for T.  

 

For maturation temperature, ANOVA identified a significant interaction between SNP 

call and maturation temperature (Table 4.6), suggesting that this SNP had a significant 

effect on changes in TGW in responses to temperature. Varieties which contained a C 

SNP call within BnaA01g25950D had larger seeds and were less strongly affected by 

temperature when compared to varieties containing a T SNP call (Figure 4.8b). This 

suggests that varieties containing the T allele produce smaller seeds and are more 

sensitive to temperature.  

When further analysis of thi s region of chromosome A01 was completed, the most 

significant SNP associated with TGW was found within BnaA01g25880D (Figure 4.9). 
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This has been identified as an orthologue of AT3G19820. The gene in which the most 

significant SNP was identified was 48kb from BnaA01g25940D.  

 

Figure 4.9: (a) Manhattan plot of chromosome A01 plants grown under 15°C 6wks vernalisation  and matured at 

24°C) (b) SNP marker and candidate gene locations from chromosome A01. Gene containing the SNP is highlighted 

in green; BnaA01.IKU2 is underlined in green.  

 

Table 4.7: Two -way ANOVA results for  Gene x Environment interaction. Genotype is indicated by the SNP present 

in BnaA01g25880D  affecting TGW. Df = degrees of freedom.  

 Df 
Sum 

Squares 
Mean Squares F value P value 

Vernalisation Temperature 

SNP Call 4 240.4 60.1 53.096 < 2e-16 

Vernalisation Temperature (VT) 2 14.4 7.21 6.366 0.00175 

SNP Call x VT 7 15.3 2.18 1.93 0.06105 

Residuals 2533 2867 1.13   

Maturation Temperature 

SNP Call 4 240.4 60.1 55.73 < 2e-16 

Maturation Temperature (MT) 1 119.4 119.45 110.764 < 2e-16 

SNP Call x MT 
4 41.4 10.36 9.606 

1.04E-

07 

Residuals 2537 2735.9 1.08   
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The SNP call used to identify this association was in the gene BnaA01g25880D. The SNP 

present at this location was a change between an A and a G. Using data from the 

phenotyping experiment, mean TGW for each treatment was compared between lines 

containing both SNP calls. A two-way ANOVA was also used to assess the effect of 

genotype and environment on TGW. 

 

ANOVA results indicate that for vernalisation  temperature, the SNP present at this 

location was not associated with the response of TGW to vernalisation  temperature, as 

there was no significant interaction between vernalisation  temperature and SNP (Table 

4.7). As seen in Figure 4.10a, TGW was not significantly different across vernalisation  

temperatures. 

 

 

Figure 4.10: (a) Boxplot showing difference s in TGW in varieties containing two alleles of BnaA01g25880D by 

vernalisation temperature. (b) Boxplot showing differences in TGW in varieties containing two alleles of 

BnaA01g25880D by matur ation temperature. Asterisks  used to indicate  significance,  wher e p Ò 0.05 is *, p<0.01 is 

**  and p< 0.001 is ***. For varieties per allele, n = 27 for A and n = 55 for G.  
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As seen in Figure 4.10b, comparing TGW between lines with different SNP calls 

indicates that the difference between maturation temperatures for the A a llele is 0.62g, 

while for the G allele the difference between maturation temperatures is 0.19g. Two-way 

ANOVA results (Table 4.7) also indicate a significant interaction between this SNP call 

and maturation temperature. This suggests that varieties with th e A allele are more 

strongly affected by increased maturation temperature. Additionally, TGW is higher in 

varieties containin g the G allele compared to A. Alongside the difference in TGW 

between alleles, IKU2  was considered a possible candidate gene due to its known role in 

seed size control and expression in the endosperm (Luo et al, 2005). 

In summary, t wo different SNPs were identified in the region containing BnaA01.IKU2. 

Varieties which contained these SNPs were compared to see if these SNPs were in 

lin kage disequilibrium . As shown in Table 4.8, varieties which contained a G SNP call in 

BnaA01g25880D most commonly contained a C SNP call in BnaA01g25950D while 

varieties which contained an A SNP call at BnaA01g25880D also most commonly 

contained a T SNP call in BnaA01g25950D. These two combinations were present in 72 

out of the 94 varieties for which SNP information was availabl e. The separate analysis of 

these SNPs suggested that both the G and C SNP calls were associated with varieties 

with larger seeds, where TGW was less affected by temperature (Figures 4.8 and 4.10). 

Although not perfectly correlated, this could indicate tha t both of these SNP calls are 

linked to a region which impacts TGW, with both the G and C SNP calls linked to an 

allele associated with larger seed size which is less impacted by seed maturation 

temperature. As the BnaA01.IKU2  gene is found between these two genes this 

supported further analysis into the role of IKU2 in controlling seed size in response to 

temperature. 

 

 

Table 4.8: Number of varieties which contain particular SNP calls in two genes on A01 associated with TGW. R, Y 

and N denote ambiguous SNP calls. 

BnaA01g25880D 

SNP Call  

BnaA01g25950D 

SNP Call  

No. of 

Varieties  
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G C 52 

A T 20 

A C 4 

G T 3 

R/N  C 1 

R/N  T 7 

G Y/N  1 

A Y/N  3 

R Y 3 

 

4.2.3.2 Association with TGW on Chromosome A03 identified in the gene 

BnaA03g26160D  

For the association identified at 14.8Mb in Chromosome A03, the most significant  SNP 

was found within BnaA03g26160D (Figure 4.11). This has been identified as an 

orthologue of Arabidopsis gene AT4G02480. This gene is 34kb from BnaA03g26120D 

(AXR6 / CULLIN1 ).  

 

Figure 4.11: AXR6 (a) Manhattan plot of chromosome A03 ( 18v24 10°C 6wks). (b) SNP marker and candidate gene 

locations from chromosome A03. Gene containing the SNP is highlighted in green; BnaA03.AXR6 is underlined in 

green. 

 

The SNP call used to identify this association was in the gene BnaA03g261260D.  The 

SNP present at this location was a change between a C and a T.  Using data from the 

original phenotyping exper iment, mean TGW for each treatment was compared between 
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varieties containing both SNPs. A two-way ANOVA was also used to assess the effect of 

gene and environment on TGW. 

There were no differences in TGW across vernalisation temperature for either allele; 

however, varieties with the T allele had smaller seeds across all three vernalisation 

temperatures (Figure 4.12a). The effect of vernalisation temperature on TGW was found 

to be significant (Table 4.9). No significant interaction was found between vernalisation 

temperature and the SNP present (Table 4.9), indicating that the response of TGW to 

vernalisation temperature was not affected by the SNP.  

 

 

Table 4.9: Two -way ANOVA results for Gene x Environment interaction. Genotype is indicated by the SNP present 

in BnaA03g261260D affecting TGW. The environment is either vernalisation  temperature or maturation 

temperature. Df = degrees of freedom. 

 Df  
Sum 

Squares  

Mean 

Squares  

F 

value  
P value  

Vernalisation  Temperature  

SNP Call  3 344.4 114.8 102.038 < 2e-16 

Vernalisation  

Temperature (VT)  2 10.6 5.3 4.714 0.00905 

SNP Call x VT  6 3.6 0.6 0.533 0.78365 

Residuals  2551 2869.9 1.13     

Maturation Temperature  

SNP Call  3 344.4 114.8 106.453 < 2e-16 

Maturation Temperature 

(MT)  1 109.8 109.76 101.781 < 2e-16 

SNP Call x MT  3 19.2 6.39 5.924 0.000504 

Residuals  2555 2755.2 1.08     
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As seen in Figure 4.12b, comparing TGW between varieties with different SNP calls 

indicates that the difference between maturation temperatures for the C allele is 0.50g, 

while for the T allele there is no significant difference between the means for each 

treatment. This suggests that TGW was affected by temperature in varieties containing 

the C allele, while TGW in plants containing the T allele was not affected by seed 

maturation temperature. The effect of this SNP on TGW response to maturation 

temperature was found to be significant by t wo-way ANOVA (Table 4.7). TGW was 

lower in all treatments in plants containing the T allele compared to the C allele, 

suggesting that the C allele may be associated with increased seed size.  

 

 

Figure 4.12: (a) Boxplot showing differences in TGW for varieties with two alleles of BnaA03g261260D by 

vernalisation temperature. (b) Boxplot showing differences in for varieties with two alleles of BnaA03g261260D by 

maturation temper ature. Asterisks used to indicate significant, where p Ò 0.05 is *, p<0.01 is **  and p< 0.001 is ***. 

For varieties per allele, n = 49 for C and n = 27 for T.  

 

AXR6 (AUXIN RESISTANT 6 , also known as CULLIN1 ) is known to be expressed in the 

embryo in Arabidopsis  (Shen et al, 2002), supporting that it may have a role in 

temperature responses during seed development. AXR6 has been identified as having an 
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involvement in auxin responses throughout development, in cluding in the embryo 

(Hobbie et al, 2000) and some mutations in AXR6 have been identified as temperature 

sensitive (Quint et al, 2005).  

 

4.2.3.3 Association with TGW on Chromosome A03 identified in the gene 

BnaA03g28950D  

For the association identified at  16.2Mb in Chromosome A03 (Figures 4.13a,b), the 

specific SNP was found within BnaA03g28950D. This has been identified as an 

orthologue of AT3G05100.  

The Brassica napus genome in this region shows close synteny with a region of 

Arabidopsis chromosome 3 which also contains the gibberellin receptor GID1A . 

Homologs of genes found either side of GID1A (AT35G5120) in Arabidopsis (Figure 

4.13c), namely AT35G5100 and AT35G5140 (RBK2), are found in this area of the 

Brassica napus genome (Figure 4.13d). Although GID1A is not known to be present in 

this location in the Brassica napus Darmor reference genome, the C05 chromosome 

does contain an annotated copy of GID1A  (BnaC05g46680D). As such, it is possible that 

some Brassica napus varieties also contain a GID1A  gene on chromosome A05 in the 

region implicated by the GWAS. This suggests that, although unconfirmed, a homolog of 

GID1A  may be present at this location in the genome in Brassica napus and may be 

behind this association. 

 

 

 

Table 4.10: Two -way ANOVA results for Gene x Enviro nment interaction. Genotype is indicated by  the SNP present 

in BnaA03g28950D affecting TGW. The environment is either vernalisation  temperature or maturation 

temperature. Df = degrees of freedom.  

 Df  
Sum 

Squares  

Mean 

Squares  

F 

value  
P value  

Vernalisation  Temperature  

SNP Call  3 84.1 28.018 22.913 1.24E-
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14 

Vernalisation  

Temperature (VT)  2 13.8 6.878 5.624 0.00365 

SNP Call x VT  6 11.3 1.884 1.541 0.16083 

Residuals  2551 3119.4 1.223     

Maturation Temperature  

SNP Call  
3 84.1 28.02 23.9 

2.98E-

15 

Maturation Temperature 

(MT)  1 120.2 120.22 102.552 < 2e-16 

SNP Call x MT  
3 29 9.66 8.238 

1.87E-

05 

Residuals  2555 2995.3 1.17     

 



 

143 

 

 

Figure 4.13: Manhattan plots showing association on chromosome A03, produced using GLM from (a) 5°C 12wks 

vernalisation  and 18°C maturation treatment (b) preliminary analysis of the difference in TGW between 18°C and 

24°C maturation temperatures after 5°C 12wks verna lisation treatment. Indication of gene locations of GID1A and 

SNP markers in (c) Arabidopsis (d) Brassica napus, from Ensembl plants. BnaA03g28960D (SNP containing gene 

and Arabidopsis orthologue are highlighted in green) is a homolog of AT3G05100. BnaA03g 28950D is a homolog of 

RBK2 (gene and orthologue underlined in green).  

The SNP call used to identify this association was in the gene BnaA03g28950D. The SNP 

present at this location was a change between an A and a G. Using data from the 

phenotyping experiment, mean TGW for each treatment was compared between lines 

containing the identified SNP against the SNP present in the majority of varieties. A 

two-way ANOVA was also used to assess the effect of gene and environment interaction 

associated with the SNP in BnaA03g28950D. 
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Figure 4.14: (a) Boxplot showing differences in TGW for varieties containing two alleles of BnaA03g28950D by 

vernalisation temperature. (b) Boxplot showing differences in TGW for varieties containing two alleles of 

BnaA03g28950D by maturation temperature. Asterisks used to indicate  significance,  wher e p Ò 0.05 is *, p<0.01 is 

**  and p< 0.001 is ***. For varieties per allele, n = 53 for A and n = 25 for G.  

 

Varieties which contained the A SNP showed no difference across the vernalisation 

temperatures; in varieties containing the G allele, TGW was 0.26g lower at 15°C 

compared to 5°C (Figure 4.14a). However, two-way ANOVA showed no significant 

interaction between SNP call and vernalisation  temperature (Table 4.10), indicating that 

the difference in response is not due to the presence of this SNP. As seen in Figure 

4.14b, comparing TGW between lines with different SNP calls indicates that the 

difference between maturation temperatures for the A allele is 0.53g, while for the G 

allele there is no significant difference between the temperatures. Two-way ANOVA 

showed a significant interaction between SNP and maturation temperature (Table 4.10), 

suggesting that the SNP present in this location had an impact on the TGW response to 

maturation temperature. This suggests that varieties containing the A allele are sensitive 

to seed maturation temperature, while varieties with the G allele are not. Additionally, at 

18°C TGW is higher in varieties containing the A allele compared to G. GID1A encodes a 

gibberellin receptor; gibberellin is important for development of the  integuments in the 
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seed (Kim et al, 2005). The degree of integument growth determines the size of the final 

cavity which the embryo can grow to fill  and is therefore an important  determinant  of 

seed size (Garcia et al, 2005). GID1A  is expressed in the Ara bidopsis seed (Griffiths et 

al, 2006; Voegele et al, 2011; Gallego-Giraldo, 2014), suggesting this process could be 

involved in seed size and temperature responses. However, the presence of an 

orthologue of GID1A  at this location in Brassica napus could not be confirmed. 

 

4.2.3.4. Association with TGW on Chromosome A08 identified in the gene 

BnaA08g17820D  

For the association identified at 17.8Mb in Chromosome A08, the specific SNP was 

found within BnaA08g17820D (Figure 4.15). This has been identified as an orthologue 

of AT1G29670. This SNP was located in a Brassica napus orthologue of the Arabidopsis 

GDSL-motif containing lipase gene GDSL1.  

 

Figure 4.15: Manhattan plot of chromosome A08 showing associations f or TGW from plants vernalised at 15°C for 

12 weeks, comparing between 18°C and 24°C maturation temperature. Left panel shows preliminary analysis 

while right panel shows final analysis.  

Using data from the original phenotyping experiment, mean TGW for each  treatment 

was compared between varieties containing the differences at this SNP location. Two-

way ANOVA was also used to identify interactions between the SNP call and the 

environment.  
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The SNP present at this location was a change between an A and a G. There were no 

differences in TGW between varieties containing either of these alleles at any of the 

vernalisation temperatures studied (Figure 4.16a). Two-way ANOVA showed no 

significant interaction between vernalisation temperature and SNP (Table 4.11), 

indicating that this SNP did not affect the response of TGW to vernalisation 

temperature.  

 

Table 4.11: Two -way ANOVA results for Gene x Environment interaction. Genotype is indicated by the SNP present 

in BnaA08g17820D affecting TGW. The environment is either vernalisation  temperature or maturation 

temperature. Df = degrees of freedom.  

 Df  
Sum 

Squares  

Mea n 

Squares  

F 

value  
P value  

Vernalisation  Temperature  

SNP Call  2 15 7.395 5.929 0.002697 

Vernalisation  

Tempe rature (VT)  2 18 8.84 7.088 0.000852 

SNP Call x VT  4 11 2.675 2.145 0.07288 

Residuals  2554 3185 1.247     

Maturation Temperature  

SNP Call  2 14.8 7.4 6.182 0.0021 

Maturation Temperature 

(MT)  1 131.9 131.86 110.224 < 2e-16 

SNP Call x MT  2 23.1 11.53 9.634 6.78E-05 

Residuals  2557 3058.8 1.2     
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Figure 4.16: (a) Boxplot showing differences in TGW for varieties containing two allel es of BnaA08g17820D by 

vernalisation temperature. (b) Boxplot showing diff erences in TGW for varieties containing two allel es of 

BnaA08g17820D  by maturation temperature. Asterisks used to indicate  signif icance, where p Ò 0.05 is *, p<0.01 is 

**  and p< 0.001 is ***. For varieties per allele, n = 33 for A and n = 59 for G.  

 

As seen in Figure 4.16b, comparing TGW between lines with different SNP calls 

indicates that the difference between maturation temperatures for the A a llele is 0.65g, 

while for the G allele there is no significant difference between means at each 

temperature treatment. The in teraction between maturation temperature and SNP call 

was found by two-way ANOVA to be significant (Table 4.11). This suggests that TGW in 

plants containing the A allele of GDSL1 is temperature sensitive, while TGW in plants 

containing the G allele is not affected by seed maturation temperature. As the SNP call 

from the GWAS was directly located on the gene GDSL1, it was considered a likely 

candidate for the gene responsible for the association due to the role of GDSL family 

genes in lipid metabolism in seeds (Dong et al, 2016). GDSL1 has also been found to be 

expressed in the developing seed (Ding et al, 2019a). 
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4.2.3.5 Association w ith TGW on Chromosome A06 identified in the gene 

BnaA06g31400D  

 

For the association identified at 26.5Mb in Chromosome A06, the specific SNP was 

found within BnaA06g31400D (Figure 4.17). This has been identified as an orthologue 

of AT2G02560. This SNP was located within a Brassica napus orthologue of the 

Arabidopsis gene CAND1.  

 

 

Figure 4.17: Manhattan plot showing associations with TGW on Chromosome A06 from the temperature 

treatments 15°C 12wk vernalisatio n and comparison between maturation temperature 18°C against 24°C.  

The SNP present at this location within the Brassica napus CAND1 orthologue was a 

change between a T and a G. Using data from the original phenotyping experiment, 

mean TGW for each treatment was compared between varieties containing these two 

SNP calls. Two-way ANOVA was also used to assess the effect of the interaction between 

genotype and environment. 
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Figure 4.18: (a) Boxplot showing diffe rences in TGW for varieties containing two alleles of BnaA06g31400D by 

vernalisation temperature. (b) Boxplot showing differences in for varieties containing two alleles of 

BnaA06g31400D by maturation temperature. asterisks used to indicate  significance,  where p Ò 0.05 is *, p<0.01 is 

**  and p< 0.001 is ***. For varieties per allele, n = 9 for T and n = 32 for G.  

 

As seen in Figure 4.18a, TGW was not significantly different across vernalisation  

temperatures for either allele. Table 4.12 also shows no significant interaction between 

vernalisation temperature and SNP call. The SNP present in this gene does not affect 

how TGW changes in response to vernalisation  temperature.  

As seen in Figure 4.18b, comparing TGW between lines with different SNP calls 

indicates that the difference between maturation temperatures for the T allele is 0.77g, 

while for the G allele the dif ference between maturation temperatures is 0.28g. Two-way 

ANOVA results show that there is a significant interaction between maturation 

temperature and SNP call. This suggests that in varieties with the T allele, TGW is more 

strongly affected by increasing seed maturation temperature than varieties with the G 

allele. Maturation temperature and SNP call both show significant effects on TGW 

individua lly (Table 4.12). 
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Table 4.12: Two -way ANOVA results for Gene x Environment interaction. Genotype is indicated by the SNP present 

in BnaA06g31400D affecting TGW. The environment is either vernalisation  temperat ure or maturation 

temperature. Df = degrees of freedom.  

 Df  
Sum 

Squares  

Mea n 

Squares  

F 

value  
P value  

Vernalisation  Temperature  

SNP Call  3 38 12.804 10.319 9.47E-07 

Vernalisation  

Temperature (VT)  2 17 8.26 6.657 0.00131 

SNP Call x VT  6 8 1.405 1.132 0.34067 

Residuals  2551 3165 1.241     

Maturation Temperature  

SNP Call  3 38.4 12.8 10.745 5.13E-07 

Maturation Temperature 

(MT)  1 125 125.04 104.93 < 2e-16 

SNP Call x MT  3 20.5 6.85 5.748 0.000646 

Residuals  2555 3044.5 1.19     

 

CAND1 is expressed throughout the plant, including in seeds (Cheng et al, 2004) and so 

is a possible candidate for direct functions impacting seed size. Additionally, CAND1 

interacts with AXR6, described above (Zheng et al, 2002). 

 

4.2.3.6 Association with TGW on Chromosome C02 id entified in an 

orthologue of AT5G60710  

For the association identified at 6.9Mb in Chromosome C02, the specific SNP was found 

within the gene model Bo2g024660. This SNP was found within an orthologue of 

AT5G60710 (REVOLUTA) (Figure 4.19), although the specific gene name in Brassica 

napus could not be identified. The list of nearby genes (found in Table B6, in Appendix 

B) contained another gene of possible interest, an orthologue of the LEA family gene 

AT5G22870. However, little information was available abou t the gene, which was 115kb 
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away from the SNP. As the SNP was identified within a Brassica napus orthologue of 

REVOLUTA (REV), this gene was explored further. 

Using data from the original phenotyping experiment detailed in Chapter 2, mean TGW 

for each treatment was compared between lines containing the two major SNP variants. 

Two-way ANOVA was also used to identify interactions between genotype and 

environment.  

 

 

Figure 4.19: Manhattan plot showing associati ons with TGW on Chromosome C02, identified using meta -analysis.  

 

The SNP present at this location was a change between an A and a T. As seen in Figure 

4.20a, TGW was not significantly different across vernalisation  temperatures for 

varieties containing the T allele. Increasing the vernalisation  temperature from 5°C to 

15°C caused a 0.88g decrease in TGW for varieties containing the A allele.  While both 

SNP call and vernalisation temperature were found to affect TGW individually, no 

significant interaction was found between genotype and vernalisation environment, 

suggesting that this SNP does not affect how TGW changes in response to maturation 

temperature. 
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Figure 4.20: (a) Boxplot showing differences in TGW  for varieties with two alleles at Bo2g 024660 by vernalisation 

temperature. (b) Boxplot showing differences in TGW between varieties with different SNP calls in Bo2g024660 by 

maturation temperature. Asterisks used to indicate  significance,  where p Ò 0.05 is *, p<0.01 is **  and p< 0.001 is ***. 

For varieties per allele, n = 38 for T and n = 7 for A.  

 

As seen in Figure 4.20b, comparing TGW between lines with different SNP calls 

indicates that the difference between maturation temperatures for the T allele is 0.53g, 

while for the A allele there is no significant difference between the maturation 

temperatures. Two-way ANOVA showed a significant interaction between SNP call and 

maturation temperature (Table 4.13), indicating that the SNP affected the change in 

TGW in response to maturation temperature. This suggests that varieties with the T 

allele are sensitive to seed maturation temperature, while varieties with the G allele are 

not. 

 

REV is expressed in seeds throughout seed development as well as in female 

reproductive tissues (Sieber et al, 2004; Le et al, 2010), which may suggest a possible 
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link of maternal effects on seed size. REV is involved in development of the maternal 

integuments (Kelley et al, 2009; Hashimoto et al, 2018) and mutants in REV show 

increased seed size in Arabidopsis (Talbert et al, 1995).  

Table 4.13: Two-way ANOVA results for Gene x Environment interaction. Genotype is indicated by the SNP present 

in Bo2g024660 on Chromosome C06 affecting TGW. The environment is either vernalisation  temperature or 

maturation temperature. Df = degrees of freedom.  

 Df  
Sum 

Squares  

Mean 

Squares  

F 

value  
P value  

Vernalisation  Temperature  

SNP Call  3 304.7 101.55 89.475 < 2e-16 

Vernalisation  

Temperature (VT)  2 17.5 8.75 7.707 0.00046 

SNP Call x VT  6 11 1.84 1.62 0.1375 

Residuals  2551 2895.3 1.13     

Maturation Temperature  

SNP Call  3 304.7 101.55 94.137 < 2e-16 

Maturation Temperature 

(MT)  1 135.7 135.7 125.792 < 2e-16 

SNP Call x MT  
3 31.9 10.63 9.849 

1.86E-

06 

Residuals  2555 2756.3 1.08     

 

 

4.2.3.7 Association with TGW on Chromosome C06 identified in the gene 

BnaC06g31160D  

For the association identified at 37.6Mb in Chromosome C06, the specific SNP was 

found within BnaC06g31160D (Figure 4.21). This has been identified as an orthologue 

of AT1G75820. This SNP was located within a Brassica napus orthologue of the 

Arabidopsis gene CLV1. CLV1 is expressed in the seed and embryo in Arabidopsis  (Le et 

al, 2010) and functions in control of cell proliferation (Fletcher  et al, 1999). 
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Nearby genes included two members of the GDSL-like lipase/acylhydrolase superfamily 

(Table B7, in Appendix B). However, the SNP present within the Brassica napus CLV1 

orthologue was most significant, and due to the role of CLV1 in cell proli feration this 

gene was followed up for further analysis.  

 

Figure 4.21: Manhattan plot indicating SNP associations associated with TGW in chromosome C06, identified using 

meta-analysis.  

The SNP present at this location was a change between an A and a C. Using data from 

the original phenotyping  experiment, mean TGW for each treatment was compared 

between varieties containing these two SNPs, and two-way ANOVA was used to explore 

the interaction between genotype and environment.  



 

155 

 

 

Figure 4.22: (a) Boxplot showing differences in TGW for varieties with two different SNP calls in BnaC0631160D 

by vernalisation temperature. (b) Boxplot showing differences in for varietie s with two different SNP calls in 

BnaC0631160D by maturation temperature. Asterisks used to indicate  significance,  where p Ò 0.05 is *, p<0.01 is **  

and p< 0.001 is ***. For varieties per allele, n = 63 for A and n = 21 for C.  

Table 4.14: Two -way ANOVA results for Gene x Environment interaction. Genotype is indicated by the SNP pr esent 

in BnaC06g31160D affecting TGW. The environment is either vernalisation  temperature or maturation 

temperature. Df = degrees of freedom.  

 Df 
Sum 

Squares 
Mean Squares F value P value 

Vernalisation Temperature 

SNP Call 3 229.8 76.61 65.935 < 2e-16 

Vernalisation Temperature (VT) 
2 26.5 13.27 11.419 

1.16E-

05 

SNP Call x VT 6 8.3 1.39 1.192 0.307 

Residuals 2551 2963.9 1.16     

Maturation Temperature 

SNP Call 3 229.8 76.61 68.346 <2e-16 

Maturation Temperature (MT) 1 132.7 132.74 118.425 <2e-16 

SNP Call x MT 3 2.2 0.73 0.648 0.584 

Residuals 2555 2863.8 1.12     
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TGW was not significantly different across the range of vernalisation temperatures 

studied for varieties containing either of these SNPs (Figure 4.2a). As two-way ANOVA 

testing did not find a significant association between vernalisation  temperature and SNP 

call (Table 4.14), this SNP is unlikely to have any effect on TGW responses to 

vernalisation  temperature. As seen in Figure 4.22b, comparing TGW between lines with 

different SNP calls indi cates that the difference between maturation temperatures for 

the A allele is 0.43g, while for the C allele this difference is 0.37g. Two-way ANOVA did 

not show a significant interaction between SNP call and maturation temperature. This 

suggests that varieties with both alleles are affected by seed maturation temperature, 

without an effect of SNP on how TGW is affected. The results of the two-way ANOVA 

indicated a significant effect of SNP on TGW individually. At both temperatures, 

varieties containing the A allele have larger seeds, suggesting that the A allele may be 

associated with increased seed size. This could possibly be related to the cell 

proliferation function of CLV1. 

 

4.2.3.8 Summary of regions of interest for genetic associations with TGW  

The SNPs described in the above section were those which were associated with TGW 

and where genes could be identified which appeared likely to have roles in determining 

seed size. For all other associations produced from the GWAS results, no clear candidate 

genes were identified within 150kb of the most significant SNP.  

It is possible that these regions contained genes with previously unknown roles in seed 

size determination, or that genes controlling seed size were not annotated in these 

regions. However, associations with clear candidate genes were prioritized for further 

study (Table 4.15). 
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Table 4.15: Summary of TGW SNP associations and candidate genes identified, if any.  

Chromosome  
Peak 

Location  

Candidate 

Gene  

Arabidopsis 

orthologue  
Reference  

A01 25.9 - 26.1 BnaA01g25940D 
AT3G19700 

(HAIKU2)  

Luo et al, 

2005 

A01 2.6 - 2.7 N/A  N/A   

A03 8.7 - 8.8 N/A  N/A   

A03 14.8 - 14.9 BnaA03g26120D 
AT4G02570 

(AXR6/CULLIN1)  

Shen et al, 

2002 

A03 16.2 - 16.4 
Hypothetical 

BnaA03.GID1A  
AT3G5120 (GID1A)  

Griffiths et 

al, 2006 

A04 21.5 - 21.7 N/A  N/A   

A06 26.5 - 26.8 BnaA06g31400D AT2G02560 (CAND1) 
Zheng et al, 

2002 

A07 24.1 - 24.2 N/A  N/A   

A08 17.8 - 18 BnaA08g17820D AT1G29670 (GDSL1) 
Ding et al, 

2019 

C02 6.9 - 7.0 
Orthologue of 

Bo2g024660 

AT5G60710 

(REVOLUTA) 

Talbert et al, 

1995 

C06 37.6 - 37.7 BnaC0631160D 
AT1G75850 

(CLAVATA1) 

Fletcher et al, 

1999; Leyser 

and Furner, 

1992 

C06 36.8 - 37.7 N/A  N/A   

C08 25.3 - 25.9 N/A  N/A   

 

4.2.4 Identification of associations of interest for  seed number  

per pod  

As shown in the example in section 4.2.1, associations identified from GWAS results 

were narrowed down. As using the Bonferroni-adjusted p-value for most treatments 

produced no significant results, the associations were also assessed using ad hoc 

thresholds for p-values across all GWAS analyses. In this case, the significance threshold 
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was adjusted manually to identify genes which could plausibly be associated with 

differences in SPP but did not meet the Bonferroni-adjusted significance threshold.   A 

p-value of 0.0001 equates to a -log(p) of 4, which in these Manhattan plots filters out the 

majority of noise. The associations identified for SPP are summarized in Table 4.16. Full 

details can be found in Appendix B, Table B8.11. 

 

Table 4.16: Summary of GWAS association locations for SPP, with region located indicated by Mb on the 

chromosome as described in the pangenome (He et al, 2015). Totals columns show the number of treatments which 

produ ced SNPs in each region below the significance threshold indicated in the column header.  

Chr  Location (Mb)  Total < 0.001  
Total < 

0.0001  

Total < 

2.81E -07  

A02 34.6 - 34.7 5 2 0 

A05 1.5 - 1.6 3 1 0 

A08 15.4 - 16 11 6 0 

C01 38.6 - 39.1 11 6 0 

C04 35.1 - 35.2 2 0 0 

C07 43.6 - 43.7 2 0 0 

C06 16.7 - 16.9 4 0 0 

C09 2.7 - 2.9 10 5 0 

 

Associations for SPP were identified in the same manner and summarised in Table 16. 

For SPP, three associations were identified on the A genome and five on the C genome. 

None of these manually identified associations passed the Bonferroni threshold for 

significance. Additional lower cut -off points using ad hoc p-values were used to identify 

which associations were likely to be found across a range of treatments, comprised of 

data from the 12 temperature treatments used in the glasshouse phenotyping 

experiment as well as an additional 10 datasets created by comparing the trait values 

between contrasting temperatures.  
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Figure 4.23:   Distribution of SPP across all 12 treatments used in meta-analysis.  

 

Figure 4.24: Manhattan plot showing associations with SPP from METAL.  

 

The distribution of SPP across all 12 temperature treatments combined in this meta -

analysis can be seen in Figure 4.23. Four main associations were identified on 

chromosomes A06, A09, C01 and C09 for SPP using the meta-analysis method (Figure 

4.24). 

The details of the associations identified from the meta-analysis for SPP are described in 

Table 4.17. These associations were then considered further alongside those identified 



 

160 

 

using GWAS analyses for individual temperature treatments. The aim was to identify 

possible candidate genes which could be causing them. 

 

Table 4.17: SNP associations found using METAL meta -analysis across 12 treatments for SPP. Peak location range 

is in Mb from beginning of the indicated chromosome. p -values are the most significant in the given range.  

Chromosome  
Peak L ocation Range 

(Mb)  
p-value  

A06 15.7 - 17.9 2.18E-22 

A09 2.0 - 2.5 3.48E-21 

C01 37.8 - 38.8 1.33E-25 

C09 1.9 - 2.1 1.56E-27 

 

 

4.2.4.1 Association with SPP on Chromosome C09 in BnaC09g02780D  

For the association identified at 2.8Mb in Chro mosome C09, the specific SNP was found 

within BnaC09g02780D, a gene which has been identified as an orthologue of 

AT5G58750 (Figure 4.25). This gene is 8kb from BnaC09g02740D, an orthologue of 

AN3/GIF1  (full d etails of nearby genes within 150kb of the SNP in Table B8, Appendix 

B). Mutations in AN3 have been previously shown to have an impact on seed size as well 

as seed number and the gene is expressed in seeds and reproductive tissues in 

Arabidopsis (Meng et al, 2016). 

 

Figure 4.25: (a) Manhattan plot of chromosome C09 (b) SNP marker and candidate gene locations from 

chromosome C09 from GWAS analysis of vernalisation  at 10°C for 6 weeks, comparing maturation temperature 
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between 18°C and 24°C. Gene in which SNP was identified is high lighted in green; the location of BnaC09.AN3 is 

underlined in green.  

 

The SNP call used to identify this location was in the gene BnaC09g02780D, with the 

difference associated with TGW being a change between an A and a G. Using data from 

the original phenotyping experiment detailed in Chapter 2, mean SPP for each 

treatment was compared between lines containing these two SNPs. Two-way ANOVA 

was used to assess the interaction between genotype and environment. 

 

Figure 4.26: (a) Boxplot showing differences in TGW for varieties containing two alleles of BnaC09g02780D by 

vernalisation temperature. (b) Boxplot showing differences in TGW in varieties containing two of BnaC09g02780D 

by maturatio n temperat ure. Asterisks used to indicate  significance,  where p Ò 0.05 is *, p<0.01 is **  and p< 0.001 is 

***. For varieties per allele, n = 12 for A ; n = 49 for G.  

 

SPP was not significantly different across the vernalisation temperatures studied in 

varieties containing either allele (Figure 4.26a). Results from two-way ANOVA (Table 

4.18) indicate no significant interaction between SNP call and vernalisation  

temperature, suggesting the SNP present at this location does not affect changes in SPP 

resulting from vernalisation  temperature responses. As seen in Figure 4.26b, comparing 
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SPP between lines with different SNP calls indicates that the difference in mean SPP 

between maturation temperatures for the A allele is 5.6, while for the G allele this 

difference was 3.5. Two-way ANOVA identified a significant interaction between SNP 

call and the maturation temperature that plants were exposed to post-vernalisation 

(Table 4.18). This suggests that plants containing the G allele were less sensitive to 

temperature. Additionally, plants with the G allele have a higher number of SPP 

produced at all temperatures compared to the A allele, suggesting there may be a link 

between the G allele and increased seed production.  

 

 

Table 4.18: Two -way ANOVA results for Gene x Environment interaction. Genotype is i ndicated by the SNP present 

in BnaC09g02810D affecting SPP. The environment is either vernalisation  temperature or maturation 

temperature. Df = degrees of freedom.  

 Df  
Sum 

Squares  

Mean 

Squares  

F 

value  
P value  

Vernalisation  Temperature  

SNP Call  3 10432 3477 82.623 <2e-16 

Vernalisation  

Temperature (VT)  2 229 114 2.717 0.0663 

SNP Call x VT  6 354 59 1.401 0.2103 

Residuals  2551 107364 42     

Maturation Temperature  

SNP Call  3 10432 3477 88.499 <2e-16 

Maturation Temperature 

(MT)  1 7213 7213 183.567 <2e-16 

SNP Call x MT  3 341 114 2.892 0.0341 

Residuals  2555 100392 39     

 

4.2.4.2 Association with SPP on Chromosome C01 identified in the gene 

BnaC01g36120D  
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For the association identified at 38.7Mb in Chromosome C01, the specific SNP, a change 

between an A and a G, was found within BnaC01g36120D (Figure 4.27a), identified 

using the gene marker Bo1g134770. This has been identified as an orthologue of 

AT3G13920. This SNP is 41kb from the gene marker Bo1g134790 (Figure 4.27b), which 

corresponds to an orthologue of MYB26 (BnaC01g37360D). 

 

Figure 4.27: (a) Manhattan plot of chromosome C01 showing associations with SPP (b) SNP marker locations from 

chromosome C01. The gene in which the SNP was identified in highlighted in green, while the gene marker 

corresponding to BnaC01.MYB26 is underlined in green.  

The gene MYB26 was identified as a candidate gene on chromosome C01 affecting seed 

number per pod. In Arabidopsis thaliana,  the MYB26 gene is also known as MALE 

STERILE 35 (MS35) and plays a vital role in anther development (Yang et al, 2007). 

Mutants in this gene are male-sterile as the anthers do not dehisce and so do not 

produce seeds (Dawson et al, 1999; Steiner-Lange et al, 2003). In Brassica rapa , 

reduced expression levels of MYB26 have been shown to cause male sterility (Liu et al, 

2016). 

A two-way ANOVA was used to examine the effects of this SNP on seed number per pod 

(Table 4.19). The SNP call itself has a significant effect on SPP. However, vernalisation  

temperature was not found by two-way ANOVA to have a significant effect on SPP (p = 

0.292). While no significant difference was found between vernalisation  temperatures, 

varieties containing the A allele showed a larger number of seed per pod across all 

vernalisation  temperatures (Figure 4.28a). There was no significant interaction between 




































































































































































































































































