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Abstract 

Given the roles of roots in water and nutrient uptake, anchorage, and storage of resources, 

root system architecture (RSA) can have a major impact on plant growth and development. The 

root systems of Brassica species, an important group that includes many field and horticultural 

crops, is complex. Comparative studies of RSA that combine morphological and genetic analyses 

are limited, particularly because the evaluation of root traits can be tedious and time-consuming. 

In this thesis, a semi-hydroponic system was optimized for phenotyping RSA traits in Brassica 

napus, and then utilized for the study of eight RSA traits in a collection of 379 Brassica accessions 

representing six species (B. napus, B. juncea, B. carinata, B. oleracea, B. nigra and B. rapa). The 

phenotypic data, assessed with an image analysis system, indicated that B. napus and B. oleracea 

have the most complex and largest root systems among the species evaluated, with relatively larger 

values for six of the eight traits measured. In contrast, B. nigra had the smallest root systems. The 

two species B. juncea and B. carinata shared comparable root system complexity and had thicker 

root systems compared with the other species. In addition, 313 of the Brassica accessions were 

genotyped using a 19K Brassica single nucleotide polymorphism (SNP) array. After removing 

monomorphic and low-coverage site markers, markers with a minor allele frequency (MAF) ≤ 

0.05, and those missing data for > 5% of the accessions, a total of 6,213 SNP markers, comprising 

5,103 markers on the A genome and 1,110 markers on the C genome, were selected for genome 

wide association studies (GWAS). These markers effectively covered genomic regions of 302.5 

Mb for the A-genome and 452.8 Mb for the C-genome. Four mixed linear models (MLM), and 

two general linear models (GLM) were tested to identify the genomic regions and SNPs associated 

with the RSA traits. The GWAS identified 79 significant SNP markers associated with the eight 

root-related traits under investigation. These markers were distributed across the 18 chromosomes 

of B. napus, excluding chromosome C06. Sixty-five markers were located on the A-genome, while 
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14 were found on the C-genome. Furthermore, three specific genomic regions located on 

chromosomes A02, A03, and A06 were identified as hotspots containing genes associated with 

root traits. This work paves the way for additional research and exploration of these regions, 

offering new opportunities to deepen understanding of RSA traits and their genetic basis in the 

Brassicas. 
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 Chapter 1: Introduction and Literature Review 

1.1 The Brassicas 

1.1.1 Introduction to the Genus Brassica 

Brassica is the most economically important genus of the Brassicaceae family and includes 

many major cash crops grown worldwide. This genus shows significant genetic diversity and 

species are grown for use in condiments (brown mustard, white mustard), as oilseeds (canola, 

rapeseed), vegetables (cabbage, kale, broccoli), and soil conditioners (composting crops, green 

manure). Brassica species are also regarded as functional foods, with a long history of use in the 

prevention and treatment of cardiovascular and cancer disorders (Dixon, 2006). Genetic resources 

associated with the Brassicas include novel genes for stress tolerance, traits of agronomic 

importance, high seed and oil quality, and male sterility, all of which are important for long-term 

crop improvement (Sharma et al., 2022). Many Brassica species and other members of the 

Brassicaceae, such as Arabidopsis thaliana (L.) Heynh., can serve as models for research into 

plant systems because of their rapid life cycles and straightforward cultivation under lab and 

greenhouse conditions (Williams and Hill, 1986). The genus Brassica includes 37 species, six of 

which are widely grown: B. napus L., B. rapa L., B. nigra (L.) Koch, B. oleracea L., B. juncea (L.) 

Czern & Coss, and B. carinata A. Braun (Branca and Cartea, 2011). These species originated from 

the Mediterranean region of Europe and Asia, with the ancient Greeks, Romans, Indians, and 

Chinese all placing a high value on Brassica crops (Dixon, 2006).  

1.1.2 Origin, Taxonomy and Growing Regions 

The Brassicaceae includes 3709 species and 338 genera with a broad variety of 

morphologies and uses (Sharma et al., 2022). Taxonomic studies of the genus Brassica were 

initiated around 1700 by Tournefort and have continued since then (Branca and Cartea, 2011). 
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Numerous cytogenetic studies have been conducted over the past century to identify the genomes 

and evolutionary relationships among B. napus, B. rapa, B. nigra, B. oleracea, B. juncea, and B. 

carinata (Sharma et al., 2022). These relationships are illustrated in the well-known “Triangle of 

U” (Figure 1.1), first published by the Korean-Japanese botanist U in 1935. This triangle shows 

how the amphidiploid species B. napus (AACC, n = 19), B. juncea (AABB, n = 18), and B. 

carinata (BBCC, n = 17) resulted from interspecific hybridizations between the diploid species B. 

rapa (AA, n = 10) and B. oleraea (CC, n = 9), B. rapa and B. nigra (BB, n = 8), and B. nigra and 

B. oleracea, respectively.  

Brassica rapa (A genome) originated in the Fertile Crescent in the high plateaus of the 

Middle East, where environmental conditions were hot and dry, resulting in fast growth and 

reproduction (Dixon, 2006). This species include numerous popular crops like turnips (mostly in 

Europe), Chinese cabbage (mostly in Asia), and some turnip rapes (oilseed crops in North America) 

(Branca and Cartea, 2011). In addition, B. rapa contains many weedy types, and hence is 

considered as a key candidate for studies to improve understanding of the basic genomics of weeds 

(Cardoza and Stewart, 2004).  

Brassica nigra (B genome), also known as black mustard, is commonly cultivated for 

condiment and rapeseed oil production. This species originated in Eurasia but is now grown 

globally (Obayuwana and Obayuwana, 2022). With the highest output-to-input ratio among the 

Brassicas, B. nigra has been shown to be an energy-efficient plant, increasing its importance as a 

crop in addition to its medicinal benefits (Davydenko et al., 2018). Due to its short life cycle and 

copious pollen production, B. nigra is also regarded as an excellent model plant for research on 

pollination (Davydenko et al., 2018).  

Brassica oleracea (C genome) includes a significant important group of extremely varied 

cash crops grown worldwide (Cardoza and Stewart, 2004). Wild B. oleracea was found in southern 
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and western Europe in the Middle Ages (Liu et al., 2014). Cultivated B. oleracea has diversified 

into 6 groups including B. oleracea var. capitata L. (cabbage), B. oleracea var. acephala L. (kale), 

B. oleracea var. botrytis L. (cauliflower), B. oleracea var. italica (broccoli), B. oleracea var. 

alboglabra L. (Chinese kale), B. oleracea var. gongylodes L. (kohlabi), and B. oleracea var. 

gemmifera (DC.) Zenker (Brussels sprouts) (Branca and Cartea, 2011). Its morphological diversity 

and ability to adapt to different environments contribute to the important role of B. oleracea in the 

human diet (Liu et al., 2014). The majority of B. oleracea crops also have significant protein and 

carotenoid content and produce a variety of glucosinolates (GSLs), which are phytochemicals 

involved in plant defence against bacterial and fungal diseases (Liu et al., 2014). This wide 

variation and high plasticity makes B. oleracea a good model for comparative genomics and 

evolutionary biology studies (Ayele et al., 2005; Wang et al., 2011; Yu et al., 2013).  

Brassica napus (AACC), commonly known as oilseed rape or canola is the third most 

important oilseed crop worldwide, after soybean (28%) and oil palm (35%), and accounts for 13% 

of global oil production.  Hu et al. (2021) estimated global yields of B. napus at approximately 75 

million tons, grown across 37.58 million ha worldwide. This species arose through the spontaneous 

hybridization of B. rapa and B. oleracea (Nesi et al., 2008).  The term “canola” is a trademark 

registered by the Canadian Canola Association in 1979, and refers to rapeseed cultivars producing 

seed oil with a low content of erucic acid (< 2%) and seed meal with a low concentration of 

aliphatic glucosinolates (< 30 µmol/g) (Raymer, 2002).  It was bred to be an edible oil and is a 

good source of heart-healthy unsaturated fats, making it a nutritious choice for cooking and baking. 

The canola meal left over after extraction of the oil from the seeds is widely used as animal feed 

because it is high in amino acids and fibre, with a low glucosinolate content (So and Duncan, 2021). 

Several centers of origin have been reported for B. napus, including northern Europe, the Iran-

Turanian region and the Mediterranean (Dixon, 2006).   
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The cultivation of B. napus started in Europe in the Middle Ages and spread globally 

(Chalhoub et al., 2014). Today, B. napus is an important cash crop cultivated across temperate and 

subtropical areas including Europe, China, South Asia, Australia and Canada (Neik et al., 2017). 

Depending on the need for vernalization, B. napus canola has three distinct growth types: spring, 

winter, and semi-winter (Ferreira et al., 1995; Rahman and McClean, 2013a; Arifuzzaman et al., 

2019). Spring and winter types of canola varieties are genetically distinct (Diers and Osborn, 1994; 

Becker et al., 1995; Kebede et al., 2010). Other physical traits that set spring and winter types apart 

from one another include their different flowering times (Arifuzzaman et al., 2019). In comparison 

to spring canola, winter-type canola has bigger leaves, wider stem diameters, greater plant heights, 

more robust root systems, and better yields (Rahman and McClean, 2013a; Arifuzzaman et al., 

2016, 2019; Arifuzzaman and Rahman, 2017). 

Brassica juncea (AABB), also known as Indian or Chinese mustard, is mostly cultivated 

in temperate regions, and in some tropical or subtropical climates (Shekhawat et al., 2012). It 

originated in northwest India, with supplementary centers of diversity in western and central China, 

Burma, eastern India, the Near East and southern Iran (Kumar et al., 2011).  This species is grown 

as an oilseed in India and as a leafy vegetable in China (Rakow, 2004). The seeds and vegetative 

tissue of Indian oilseed varieties contain 3-butenyl glucosinolate, whereas only trace levels of this 

compound and 2-propenyl (allyl) glucosinolate are present in the Chinese varieties (Rakow, 2004). 

In western nations, B. juncea is also cultivated for the production of condiment mustard (brown 

and oriental mustard), especially in western Canada (Rakow, 2004). It is also considered a weed 

in the United States, Fiji, Mexico, Australia and Argentina; in Canada, it is regarded as a potential 

weed (Kumar et al., 2011).  

Brassica carinata (BBCC) is a crop that originated and is primarily cultivated in the 

Ethiopian highlands. It is believed to have developed through hybridization between wild or 
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cultivated B. nigra and kale (B. oleracea Acephala Group), as described by Rakow (2004). This 

versatile crop is grown both for its leafy vegetables and oil, and has recently gained attention as a 

promising source for biodiesel (Cardone et al., 2003). Despite its slow growth, B. carinata has 

demonstrated strong agronomic performance under unfavorable conditions, which can be 

attributed to the beneficial traits inherited from its parental species B. nigra and B. oleracea 

(Cardone et al., 2003). 

1.2 Roots 

1.2.1 Introduction to the Root System and Root System Architecture (RSA) 

Roots are vital organs of vascular plants that grow underground and serve several critical 

functions, including water and nutrient uptake and anchorage. The root is composed of several 

distinct zones that each play a unique role in root growth and function. The root cap, located at the 

bottom of the root, serves two essential purposes: protecting the stem cell zone/meristems 

responsible for cell division and differentiation, and sensing environmental changes for soil 

penetration (Arnaud et al., 2010). The root apical meristem, where cell division takes place, is the 

source of undifferentiated cells that give rise to the adult root architecture, supporting continuous 

primary root growth and expansion (Perilli et al., 2012). In the elongation zone, cells that do not 

divide elongate rapidly, roughly ten-times faster than meristem cells (Baskin et al., 2020). The 

maturation zone is where cells undergo terminal differentiation and reach their full length (Cajero 

Sánchez et al., 2018).  

The root system is divided into different parts based on morphological traits and functions. 

In dicots, the primary root system consists of taproots and lateral roots, while in monocots, the root 

system includes seminal roots, nodal roots, and their lateral roots (de Dorlodot et al., 2007). As 

such, two types of root systems have been defined for angiosperms: the taproot system, mostly 

found in dicots, and the fibrous system/adventitious root system, mostly found in monocots (Ito, 
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1996). Root system architecture (RSA) refers to the spatial arrangement of a plant's root system 

and is regulated by both endogenous genetic programs and environmental factors (Hodge, 2004; 

Malamy, 2005). The development of crops with improved RSA traits to efficiently acquire and 

conserve resources is a critical strategy for reducing costs in the agricultural supply chain. The 

RSA is significant because essential nutrients are unevenly distributed in the soil, and the spatial 

arrangement of a plant's roots largely determines its ability to store and transfer nutrients (Lynch, 

1995; Robinson et al., 2018). Additionally, RSA plays a crucial role in supporting the shoot 

mechanically (Lynch, 1995). Individual plants generate different types of roots and RSA; the term 

heterorhizy is used to describe a plant producing roots that are morphologically distinct with 

different RSA traits (de Dorlodot et al., 2007). These morphological variations often correspond 

to physiological or functional variations, highlighting the importance of understanding RSA in 

improving crop yield and resource efficiency (de Dorlodot et al., 2007). 

1.2.1 Importance of the Root System and Root System Architecture 

The issue of global food security for a growing population is a mounting concern in the 

face of climate variability and global warming. Various unfavorable climatic factors such as 

excessive heat, salinity, acidity, drought, flooding, and frost, along with increased greenhouse gas 

levels and other mechanical impedances, negatively impact a plant's physiology and its 

quantitative and qualitative traits (Panjabi et al., 2019). Additionally, diseases and nutrient 

deficiencies can further impede a plant species' performance. RSA is influenced by various factors, 

including species, environmental cues such as nutrients, water, temperature, microbial activity, 

soil pH and chemicals, and pests, all of which can significantly affect the final RSA traits (Ingram 

and Malamy, 2010). A lack of resources in the soil area occupied by the root system is a significant 

barrier to plant productivity (Wang et al., 2017). Moreover, resources may exist in other parts of 

the soil that cannot be reached easily by some root systems, such as when nutrients leach beyond 
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the depth that roots can penetrate (Wang et al., 2017). Roots play a crucial role in water and nutrient 

uptake for plant growth, energy storage, and anchorage, making them an excellent model for 

studying developmental plasticity in plant responses to various environmental conditions (Ingram 

and Malamy, 2010; Paez-Garcia et al., 2015). 

1.2.2.1 General Functions of the Root System 

The primary functions of the root system are anchorage and resource uptake (Hodge et al., 

2009a). Plants require sufficient nutrients and water from the soil to grow and produce a crop, 

necessitating an extensive root system in close proximity to a substantial amount of soil (Bengough 

et al., 2016). The uptake of nutrients and water is regulated by the demand of the shoot system in 

coordination with the root system (Engels and Marschner, 1992). Root hair cells facilitate the 

uptake of water from the soil through osmosis, and the water then diffuses and flows into the root 

cortex. The uptake of nutrients occurs through three pathways: root interception, mass flow, and 

diffusion (Barber, 1995; Waisel et al., 2002; Wang et al., 2006). Root interception occurs when 

roots grow towards nutrient-rich areas in the soil, and the amount of nutrients absorbed by the 

growing root is proportional to the quantity of nutrients in a soil volume equivalent to the root 

volume (Wang et al., 2006). The transfer of nutrients from the bulk soil to the root surface involves 

both mass flow and diffusion (Wang et al., 2006). The water potential gradient generated by roots 

absorbing water from the soil drives mass flow, which is the convective transfer of dissolved 

nutrients from the soil towards the root (Barber, 1995; Waisel et al., 2002; Wang et al., 2006).  

Roots are vital for plant anchorage and growth, with the root hairs playing a particularly 

important role (Choi and Cho, 2019). Root hairs, which are outgrowths of the epidermal cells that 

increase the root surface area, absorb nutrients and water, penetrate soil particles, and interact with 

microbiomes (Grierson et al., 2014). Additionally, root hairs anchor individual root tips as they 

develop in soil pores, facilitating root penetration (Bengough et al., 2016). They also allow roots 
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to adhere to soil pore walls, reducing frictional resistance and axial cell wall tension, and enabling 

cavity expansion pressure (Bengough et al., 2016). Root hairs can increase the absorptive surface 

area of the root system by 2-3 fold, providing a high degree of developmental plasticity in response 

to drought and nutrient deficiency (Choi and Cho, 2019).  

In mature plants with fully developed secondary root systems, lateral roots are primarily 

responsible for mechanical support (Bailey et al., 2002). For trees and woody plants, anchorage is 

primarily for root support and development, rather than resource absorption and acquisition below 

ground, while anchorage is a secondary function for smaller plant species (Choi and Cho, 2019).  

1.2.2.2 Relationship between Root System Architecture and Abiotic Stress Tolerance 

The response of crop plants to abiotic stresses is strongly influenced by their RSA. Nutrient 

and water uptake from the soil is a complex process that involves several abiotic interactions, and 

RSA is modulated when the intrinsic root developmental program perceives changes in the plant's 

nutritional status and external nutrient and water supply over time (Khan et al., 2016). Modulation 

of the root growth program occurs through changes in carbon allocation from the root to the shoot 

and/or initiation of signaling cascades involving hormones, RNAs, and proteins, among others 

(Fritsche-Neto and Borém, 2015).  Certain RSA traits, such as longer primary roots (Wasson et al., 

2012), a larger root diameter (Uga et al., 2013), abundant and steeper lateral roots (Lynch, 2013), 

and larger root cortical aerenchyma (Comas et al., 2013), can contribute to a deeper and stronger 

root system, increasing the radial hydraulic conductivity at depth and decreasing metabolic costs 

for drought adaptation (Khan et al., 2016). Similarly, root systems with abundant lateral roots 

(Richardson et al., 2009), longer root hairs (Lynch and Brown, 2001), many adventitious roots 

(Gruber et al., 2013; Forde, 2014), more aerenchyma (Chalhoub et al., 2014), and a high efficiency 

in the exudation of organic anions (Lynch, 2015) will exhibit higher tolerance to nutrient 

deficiency (Khan et al., 2016). 
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Reducing elongation of the main root (Munns and Tester, 2008) to decrease the transport 

of sodium from roots to shoots (Rus et al., 2006; Katori et al., 2010) and compartmentalizing 

sodium ions into the root vacuoles and steles (Gupta and Huang, 2014) can enhance the efficiency 

of water extraction and ion exclusion for salinity tolerance (Khan et al., 2016). Plants respond to 

abiotic stresses in diverse ways, depending on the type of stress they encounter. A plant's ability 

to take up water and nutrients from the soil is largely dependent on the depth of its roots (Lynch 

and Wojciechowski, 2015; Khan et al., 2016). The distribution of water and nutrients in the soil 

affects the development of lateral roots, which are a key determinant of RSA (Deak and Malamy, 

2005; Postma and Lynch, 2011; Khan et al., 2016). For example, drought conditions can inhibit 

lateral root production in Arabidopsis by interacting with genes that regulate hormone signaling 

pathways (Deak and Malamy, 2005; Khan et al., 2016). In some root crops, such as sweet potato, 

the ability to produce lateral roots determines the yield of storage roots (Khan et al., 2016). 

Root hairs, which project from the root epidermis, also play an important role in nutrient 

uptake (Tanaka et al., 2014). Higher nutrient absorption is associated with higher densities of both 

root hairs and lateral roots, especially in the topsoil (Postma et al., 2014; Khan et al., 2016). 

However, an increase in root hairs and lateral roots comes with a higher metabolic cost (Zhan et 

al., 2015; Khan et al., 2016). 

Low levels of soil phosphate inhibit primary root growth but promote lateral root growth, 

resulting in a shallower root system (Khan et al., 2016). This can be detrimental under drought 

stress conditions, where deep roots are necessary to access water (Wasson et al., 2012; Khan et al., 

2016). Similarly, genotypes with fewer but longer lateral roots have deeper roots, longer axial 

roots, and better nitrogen uptake than those with more lateral roots (Zhan and Lynch, 2015; Khan 

et al., 2016). 
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It is important to note that there is no one-size-fits-all solution to adapt to abiotic stresses, 

as plants often experience multiple stresses simultaneously in the field (Khan et al., 2016). 

Therefore, it is essential to consider the specific circumstances of each stress when determining 

the best adaptation strategies for plants.  

1.2.2.3 Relationship between Root System Architecture and Biotic Stress Tolerance 

Most studies have focused primarily on exploring the relationship between RSA and 

abiotic stress tolerance, with relatively less emphasis on biotic stress tolerance. This is likely due 

to the fact that roots exhibit a high degree of flexibility in their responses to various environmental 

factors, making it particularly challenging to assess their unique characteristics and disease 

tolerance mechanisms in specific contexts (Snapp et al., 1995). Only a limited amount of research 

has been published on the relationship between RSA and disease resistance in crops, as noted by 

Desgroux et al. (2018). It is worth noting that there are variations in root branching and elongation 

rates between different plant genera, species, and cultivars within a species, as shown in several 

studies (Gabelman et al., 1986; Lynch and van Beem, 1993; Jackson, 1995; Leskovar and Stoffella, 

1995; Zobel, 1995; Gallardo et al., 1996; Bingham and Bengough, 2003; Vercambre et al., 2003; 

Desgroux et al., 2018). However, some studies have demonstrated the impact of RSA traits on 

disease severity caused by soil-borne pathogens (Desgroux et al., 2018). For instance, it has been 

shown that leguminous plants such as common bean and pea exhibit resistance to Fusarium root 

rot when they have a larger average root diameter, a higher number and volume of lateral roots, or 

a higher root dry weight  (Kraft and Boge, 2001; Snapp et al., 2003; Román-Avilés et al., 2004; 

Cichy et al., 2007; Hagerty et al., 2015; Desgroux et al., 2018). Pathogen infections can lead to a 

reduction in root density, potentially affecting the functional effectiveness of the remaining 

infected roots (Román-Avilés et al., 2004). In cases where the primary root dies because of 

infection, young roots emerging from the root-shoot transition zone may take on its role (Jackson, 
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1995). Promoting the growth of adventitious and lateral roots may also aid plant survival in roots 

infected by pathogens (Snapp et al., 2003). 

Plants subjected to elevated levels of stress, in conjunction with indigenous soil-borne 

pathogens and other soil microorganisms, frequently exhibit greater development of adventitious 

roots when contrasted with plants grown under less stressful conditions. (Román-Avilés et al., 

2004). Furthermore, many Brassica species are capable of producing chemical substances in their 

roots that can be toxic to soil-borne pathogens such as nematodes and fungi, as well as certain 

weeds (Admin, 2015). Therefore, having quantitative information on RSA linked to specific 

disease resistance could significantly enhance selection criteria in resistance-breeding programs. 

1.2.2.4 Root Architecture in the Brassicas  

Mustards such as B. juncea and B. nigra typically have fibrous roots (Admin, 2015), 

whereas crops such as B. napus (Arif et al., 2019), B. rapa (Admin, 2015), B. oleracea (Admin, 

2015), and B. carinata (Barro and Martín, 1999) have a large taproot system with a single main 

root axis and lateral roots. Winter-type Brassicas are well-suited for collecting soil nitrogen (N) 

after the previous crop’s harvest, given their rapid fall growth (Admin, 2015). In Brassica species, 

there is a negative correlation between phosphorus (P) concentration and total root length (Hunter 

et al., 2014). P starvation has been shown to result in shorter primary roots and increased number 

and length of lateral roots in B. napus (Shi et al., 2013) and B. oleracea (Hammond et al., 2009; 

Wang et al., 2017). In many Brassica species, increasing root architectural complexity is positively 

correlated with yield per unit P concentration in plant tissue (Hammond et al., 2004; Akhatar and 

Banga, 2015). However, within-species variation in B. napus suggests that the period of exposure 

to P deficiency is a factor influencing the yield, as this relationship was only observed in plants 

that had been exposed to P deficiency up until flowering (Marschner et al., 2007).  
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The primary root axes of oilseed rape often grow more centrally down biopores (voids 

formed by the activity of soil life) in the soil, relying on lateral roots to contact the biopore walls  

(Bengough et al., 2016). B. juncea is known for its ability to accumulate and withstand high 

concentrations of heavy metals in polluted soil due to up-regulation of proteins related to redox 

homeostasis, sulfur assimilation, and xenobiotic detoxification in the roots (Alvarez et al., 2009). 

Brassica species exhibit significant interspecific variation in salt tolerance, which can impair 

growth, seed yield, and oil production under salinity stress (Ashraf and McNeilly, 2004). Studies 

have shown that some Brassica crops exhibit reduced shoot/root ratios as an adaptation to salinity 

stress (Maggio et al., 2005; Arif et al., 2019). Many root architecture characteristics in Brassica 

are heritable, suggesting underlying genetic regulatory mechanisms that could be exploited in 

breeding programs (Shi et al., 2013). These features, however, are often under complex genetic 

regulation with significant environmental influences, despite their obvious phenotypic variation 

(Lynch, 2007). 

1.2.3 Phenotyping Root System Architectural Traits: Models, Technologies, and Challenges 

The breeding of plants with improved root traits has the potential to enhance stress 

tolerance and yields by facilitating their capacity to explore the soil and take up water and nutrients 

(Paez-Garcia et al., 2015). However, the subterranean nature of roots poses a challenge for breeders, 

as it is difficult to phenotype and select for specific root trait characteristics (Paez-Garcia et al., 

2015). The study of RSA also has been hampered by a lack of consistent terminology, which has 

made communication difficult between researchers and among workers focused on different 

species (Zobel and Waisel, 2010). Moreover, the diverse range of terminologies used to describe 

RSA in different plant species and communities has led to the use of a wide variety of models and 

technologies, making it challenging to conduct cross-species comparisons (Pagès et al., 2014). 

Furthermore, the specific requirements for RSA studies vary widely across plant species, growth 
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stages, soil systems, environmental conditions, and parameters considered in specific studies, 

complicating the development of models that can be applied to investigate RSA in a broad range 

of crops (Pagès et al., 2014). 

1.2.3.1 Overview of Models for Root System Architecture Phenotyping 

Three-dimensional (3D) root system models that include both RSA traits and root-

environment interactions are interesting because they provide information on the structural 

properties of the root system, location of roots underground, and various aspects of rhizosphere 

behavior and plant resource allocation. Unlike pure RSA models that focus only on RSA traits, 

such models provide a more comprehensive understanding of root system development. 

The first 3D model, called "ROOTMAP," was developed by Diggle (1988) to project the 

fibrous root system of wheat. This model created a representation of the root system by updating 

it at discrete time-points and storing the locations of all root tips and branches in 3D coordinates 

until the specific growing time was attained. Although this model displayed the root tip number 

profiles and root length in pictorial and graphic formats by root branching order classes, it had 

some drawbacks, such as its significant memory and processing time (about 40 min) requirements. 

Other models, such as "SimRoot" and "ArtRoot," were developed based on ROOTMAP. 

"SimRoot" differentiated itself from prior models by including a kinematic treatment of root axes 

and an explicit consideration of the spatial variability of physiological processes in the root system. 

In contrast, "ArtRoot" estimated and calculated the size of the entire root system by using data 

from the diameters of the roots connecting to shoots, the branching ratios, and the minimum branch 

diameters based on the "branching-rule" or "pipe-model." 

To address dynamic interactions with soil variables and architectural qualities on resource 

uptake and root growth dynamics, Pagès et al. (2004) proposed a generic model called "Root Typ" 

that quantifies and analyzes RSA in a more representative way. However, the modeling of root 
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flexibility in response to environmental growth conditions remains challenging. Recently, more 

advanced models have been developed using programming languages such as Turbo Pascal, C, 

C++, Fortran, Java, Matlab, and Python (Jakobsen and Dexter, 1987; Diggle, 1988; Pagès et al., 

2004; Le Bot et al., 2010; Schnepf et al., 2018).  For instance, "PlanNet Maize" was created for 

whole-plant architecture studies including root and water flow in the vascular tissues of plants, 

while "OpenSimRoot," based on "SimRoot," is a functional-structural model that combineds the 

soil system with root phenotypes to develop a mechanistic understanding at the whole-system scale. 

To make models more widely applicable, "ArchiSimple" was proposed by Pagès et al. 

(2014) as a relatively straightforward and simple approach that models the diversity in RSA 

resulting from different plant species interacting with diverse environmental factors. This dynamic 

functional and architectural model divided the root system into collections of tiny segments and 

meristems, and calibrated and validated the diversity of RSA and the potential influence of those 

root traits on plant behavior more comprehensively and easily. 

Although some models may be overly complex or specific to particular species or growing 

stages, root system models continue to evolve, providing greater insights into root system 

development, RSA traits, and interactions with the environment. 

1.2.3.2 Overview of Technologies for RSA Phenotyping 

 In 1966, Newman introduced the 'line intersect' method for estimating total root length by 

counting the number of root intercepts in a regular space with total length lines that are randomly 

placed and orientated (Tennant, 1975). This method enabled an accurate and comprehensive 

assessment of root length in a root sample (Bouma et al., 2000). After several generations of 

improvement, this method, known as Tennant's statistical method, is still used by agronomists for 

measuring rooting depth and root length density (Smith et al., 2020). However, this method can be 

time-consuming, tedious, labour-intensive, and sometimes inaccurate, especially with a large 
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amount of fine roots, and it cannot directly measure root length or reveal certain details about RSA 

traits such as lateral branching, diameter, tip count, or growth rate (Smith et al., 2020). In recent 

years, the automated phenotyping of RSA via computer hardware or software has been extensively 

advanced (Wang and Zhang, 2009). Several software programmes, such as RootScan (Burton et 

al., 2012), RootReader3D (Clark et al., 2011), RootReader (Clark et al., 2013), 

RootSystemAnalyzer (Leitner et al., 2014), RootNav (Pound et al., 2013), RooTrak (Mairhofer et 

al., 2012), DART (Le Bot et al., 2010), GiA Roots (Galkovskyi et al., 2012), and IJ_Rhizo (Pierret 

et al., 2013), have been created for photographing roots and extracting quantitative information 

from the photos. More information regarding these software tools and models can be found online 

(www.plant-image-analysis.org) (Paez-Garcia et al., 2015).  

When phenotyping a large amount of root material, choosing the most effective and 

economical approach is crucial (Pang et al., 2011). WinRHIZO (Régent Instruments Inc., Quebec, 

Canada) is a relatively efficient and cost-effective image tool for phenotyping and quantifying the 

root system of plants, which is widely used for root stress studies (Luc et al., 2006; Schwartz et al., 

2010; Pang et al., 2011). Paired with root scanning, it can provide rapid and relatively accurate 

assessment of RSA, including root length, volume, average diameter, surface area, number of tips, 

crossings, and color analyses (Régent Instruments Inc.). Unlike other image analysis tools, 

WinRHIZO provides diameter distributions of the whole root system by identifying areas of root 

overlap and correcting them through its overlap algorithm, which assigns root lengths to specified 

diameter classes, offering a more complete RSA assessment (Arsenault et al., 1995). The software 

determines average diameter by dividing the projected area of the photographed root sample by its 

total length, and it derives total root length from a one-pixel thinned image by multiplying the 

number of pixels by pixel size, while the surface area is calculated through root length and diameter 

http://www.plant-image-analysis.org/
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(Wang and Zhang, 2009). Additionally, WinRHIZO's automated threshold can be adjusted to 

account for image contrast, making it a beneficial tool for routine scanning. 

Selection of the best approach for culturing and phenotyping plants for quantification requires 

considering various parameters, including the specific root characteristics of interest (e.g., main 

roots vs. crown roots), preferred timescale for sampling (hours vs. days/months), infrastructure 

capability, and cost (Paez-Garcia et al., 2015). Nonetheless, the use of imaging software tools like 

WinRHIZO has revolutionized the study of root systems and enabled more comprehensive and 

accurate assessments of RSA traits. 

1.3 Marker-based Approaches for Identifying Genes Controlling Root Architectural Traits 

Knowledge of the molecular processes that drive root developmental flexibility is important 

for crop improvement (Hodge et al., 2009). Significant advances have been made in our 

understanding of the developmental mechanisms underlying root system architecture (RSA), along 

with the identification of several quantitative trait loci (QTLs) for root architectural features 

(Robinson et al., 2018). Plants have the ability to adjust the number of lateral root primordia they 

initiate and the rate at which their primary or lateral roots develop in response to environmental 

cues (Desgroux et al., 2018). RSA is therefore the result of several quantitative features that are 

regulated primarily by numerous loci (Desgroux et al., 2018; Hodge et al., 2009). To improve 

understanding of the interaction between genes and the environment, the RSA properties of a 

genotype can be examined in various controlled situations (Paez-Garcia et al., 2015) employing a 

variety of methods. 

1.3.1 Marker-Assisted Techniques for Identifying Genes of Interests 

Enhancement of Brassica germplasm requires the introduction of superior alleles related 

to disease resistance, oil content, and crop phenology, which would lead to improved agronomic 

performance and end-products (Akhatar and Banga, 2015). Research on natural plant populations 
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has made it possible to understand genetic exchange or gene flow within and across populations 

(Schaal et al., 1998; Yu et al., 2021). Marker-assisted studies of genetic diversity, including 

important quantitative features, offer a feasible way to establish the linkage between traits of 

interest and molecular markers (Akhatar and Banga, 2015). 

Marker-assisted selection (MAS) using DNA markers has the potential to increase the 

effectiveness and precision of conventional plant breeding. Many QTL mapping studies have been 

conducted for several crop species, resulting in an abundance of DNA marker-trait connections 

(Collard and Mackill, 2008). Various molecular markers, such as sequence characterized amplified 

region (SCAR), sequence-tagged sites (STS), random amplified polymorphic DNA (RAPD), 

amplified fragment length polymorphism (AFLP), cleaved amplified polymorphic sequences 

(CAPS), and restriction fragment length polymorphism (RFLP) markers, have been developed and 

widely used in crop improvement studies, usually in combination with gel electrophoresis for 

detection of the markers (Landry et al., 1992; Voorrips and Visser, 1993; Shan et al., 1999; 

Sanchez et al., 2000; Sharp et al., 2001; Piao et al., 2004; Saito et al., 2006; Suwabe et al., 2006; 

Collard and Mackill, 2008; Ueno et al., 2012; Zhang et al., 2014; Hasan and Rahman, 2016; Yu et 

al., 2021).  These types of markers, however, have been largely supplanted in recent years by 

simple sequence repeat (SSR) and single nucleotide polymorphism (SNP) markers; these markers 

are now widely used due to their prevalence and co-dominant nature (Yu et al., 2021).  

While SSRs are highly reliable, polymorphic, co-dominant, relatively cost-effective, and 

simple to use, they can produce sequence artifacts during PCR amplification due to errors 

associated with the formation of heteroduplexes and chimeric molecules and the activity of Taq 

DNA polymerase (Brakenhoff et al., 1991; Cline et al., 1996; Acinas et al., 2005; Yu et al., 2021). 

This can lead to difficulties in allele size calling and affect the quality of genotyping data (Kulibaba 
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and Liashenko, 2016; Yu et al., 2021). Moreover, SSRs can only provide information about a 

single locus per test and require polyacrylamide gel electrophoresis (Collard and Mackill, 2008). 

Compared with SSRs, SNPs have several advantages, including higher heritability and a 

biallelic nature, which increases genotyping accuracy; SNP arrays can also be used to screen a 

large number of markers quickly and have high reproducibility and stability (Clarke et al., 2016; 

Yu et al., 2021). Bio-chipped SNPs offer fine resolution and ultra-high throughput discovery and 

detection (Syvänen, 2001; Mason et al., 2017). However, SNP calling for polyploid species such 

as B. napus can be difficult (Clarke et al., 2016; Yu et al., 2021). To avoid selection bias, it is 

important to use neutral or non-coding SNPs for genetic diversity studies. SNP arrays may also 

have limitations, such as being constrained to the variations originally utilized for array 

construction, which can introduce bias and miss rare alleles (Ganal et al., 2012; Mason et al., 2017). 

Therefore, it is crucial to validate SNP arrays thoroughly to ensure their suitability for widespread 

application (Yu et al., 2021). 

1.3.2 Linkage Disequilibrium-based Association Mapping and Genome-Wide Association 

Studies 

 Association mapping (AM) is a reliable method for identifying marker-trait relationships 

based on linkage disequilibrium (LD). This approach takes advantage of the extensive historical 

recombination events in the evolutionary history of an association phylogenic panel, which 

provides a way for association studies of historically measured traits (Akhatar and Banga, 2015). 

AM is the only method that allows for broad sampling from a population of interest, involving a 

diverse group of unrelated individuals (Jannink et al., 2001). This makes it a powerful tool for 

assessing the associations between multi-allelic markers and quantitative traits (Akhatar and Banga, 

2015). 
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LD-based association mapping, such as genome-wide association studies (GWAS), offers 

significant advantages over conventional linkage-based association mapping (Gupta et al., 2014; 

Fredua-Agyeman et al., 2020). GWAS can be used to analyze genotypes from any crop species, 

without the need for ancestry or pedigree information for QTL mapping. Additionally, it captures 

higher allelic diversity, offers higher resolution, and can be used to analyze a variety of traits of 

interest. This approach is less costly and time-consuming than other methods, since it does not 

require the creation of a mapping population (Fredua-Agyeman et al., 2020). 

It should be noted that AM has higher type I and type II error rates than biparental QTL 

mapping (Zondervan and Cardon, 2004). However, these errors can be minimized by incorporating 

the population structure of the association panel in the analysis (Pritchard et al., 2000; Flint-Garcia 

et al., 2003; Akhatar and Banga, 2015). On the other hand, GWAS filters out SNPs with minor 

alleles (5-10%), which limits its ability to detect small alleles (Brachi et al., 2011; Fredua-

Agyeman et al., 2020). Overall, both AM and GWAS are useful methods for identifying marker-

trait relationships, and the choice of which one to use depends on the specific research objectives 

and available resources. 

1.3.3 Genetic Studies Associated with Root Architectural Traits in Brassica Crops 

Breeding and research efforts have long been focused on identifying agronomic traits that 

contribute to higher yield and stress tolerance in the Brassicas (Rahman and McClean, 2013). 

Among these traits, root system architecture (RSA) is particularly challenging to assess and breed 

for (Courtois et al., 2013). To overcome this challenge, indirect selection methods based on 

molecular markers linked to root traits have been suggested as a potential solution (Courtois et al., 

2013). Recent studies on specific QTL associated with RSA have deepened understanding of the 

physiology and evolution of root traits and functions, which are important for developing RSA 

adapted to specific conditions (Ibrahim et al., 2021). As QTL for root traits often overlap with 



 20 

those for productivity (water use, yield, or nutrient acquisition), the former may significantly affect 

the latter (Steele et al., 2006). 

Despite the potential significance of RSA traits in crop productivity, only a limited number 

of genetic studies have been conducted on RSA traits in Brassica crops.  These have been related 

mainly to the critical role of root traits in the uptake of nutrients such as boron, nitrogen, and 

phosphorus (Yang et al., 2010; Shi et al., 2013; Zhang et al., 2016; Ibrahim et al., 2021).  The 

Brassicas exhibit a high degree of genetic diversity, which, along with the phenotypic variation in 

their root systems, provides many opportunities for identifying genetic markers and loci associated 

with root system traits. The development of the Brassica 60-K Illumina SNP array has facilitated 

the genetic dissection of complex agronomic traits and greatly enabled the development of 

beneficial alleles in Brassica crops (Wang et al., 2019). In one of the first studies on canola, it was 

found that the root architecture of B. napus varies significantly depending on its developmental 

habits, with winter-type parents exhibiting a more vigorous root system controlled by three 

dominant genes. A strong positive correlation was also observed between root length and seed 

yield (Rahman and McClean, 2013). 

Arifuzzaman et al. (2016) found a QTL mapping for root vigor on chromosome A01 (24.7 

Mb) in rapeseed. The QTL region contained two candidate genes, G-box-binding factor Interacting 

Protein 1 (GIP1) and small auxin up-regulated RNA (SAUR)-like family proteins, associated with 

root growth and development in B. napus. Moreover, dynamic unconditional and conditional QTL 

mapping studies in rapeseed identified 28 stage-specific and 23 persistent QTL associated with 

root development, explaining from 5.1% to 36.2% of the genetic variation (Wang et al., 2019; 

Ibrahim et al., 2021). Despite the significant impact of root traits on productivity, only a limited 

number of genetic studies have focused on RSA traits in Brassica crops, especially the critical role 
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of root traits in nutrient uptake (Yang et al., 2010; Shi et al., 2013; Zhang et al., 2016; Ibrahim et 

al., 2021). 

Researchers have identified several genes involved in root development that are located 

close to genetic regions linked to root-related characteristics or nutrient consumption efficiency in 

rapeseed (Ibrahim et al., 2021). For instance, Alock et al. (2018) found that genes regulating root 

and root hair development are located near genetic regions on QTL A10 associated with leaf P 

concentration (Fletcher et al., 2016; Ibrahim et al., 2021). Additionally, BnNRT2.1, a protein 

predominantly expressed in roots, can be up-regulated under low-N stress (Tong et al., 2020; 

Ibrahim et al., 2021). QTL mapping of B. napus under low-P conditions has revealed three 

distinctive QTL, uq.A1, uq.C3a, and uq.C3b, which were low-P specific. uq.C3a and uq.C3b were 

discovered specifically for root characteristics and P absorption under low-P stress and may help 

B. napus adapt to P deprivation (Yang et al., 2010). The confidence intervals of uq.C3a and uq.C3b 

contained two functional markers, BnIPS2-C3 and BnGPT1-C3, respectively, generated from the 

Arabidopsis genes AtIPS2 and AtGPT1 (Yang et al., 2010). In a recombinant inbred line (RIL) 

population of A. thaliana grown under low-P conditions, the QTL LPR1 (Low Phosphate Root 1) 

has been located to a 36-kb area on chromosome 1 (Svistoonoff et al., 2007). 

Despite these findings, there is still a need for more in-depth genetic studies of RSA traits 

in the Brassicas. The identification of genes and QTL associated with root development and 

nutrient uptake efficiency in canola or rapeseed provides an opportunity to improve the RSA of 

this crop, potentially leading to increased yields and stress tolerance. 

1.4 Thesis Objectives 

The root system of Brassica crops is complex, and comparative studies that combine both 

morphological and genetic analyses of root architecture are limited. While previous work has 

highlighted the important role of root traits in nutrient uptake and the plasticity of RSA under stress, 
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only a few studies have focused on RSA in the Brassicas. Given the significance of the root system 

for plant growth and development, it is crucial to assess RSA traits thoroughly. The current study 

aims to increase knowledge of Brassica root systems by: (1) evaluating RSA traits of 379 Brassica 

accessions representing six species (B. napus, B. juncea, B. carinata, B. oleracea, B. nigra and B. 

rapa); and (2) identifying the genetic regions controlling RSA via a genome-wide association 

study (GWAS). The work presented in this thesis may contribute to the development of new and 

improved Brassica cultivars with improved root system architecture.  
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1.5 Figures  

  
Figure 1.1 The Triangle of U showing the evolution and genetic relationships among the six 
most important Brassica species. The A (red), B (blue), and C (green) genomes are indicated in 
different colours; n represents the chromosome number.  
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Chapter 2: Optimizing the Evaluation of Brassica Root System Architectural Traits: 

Determining the Ideal Timeframe 

2.1 Introduction 

Root system architecture (RSA) refers to the spatial structure of a root system, including 

its topology, distribution, and morphology in the growth medium (Lynch, 1995; Wang et al., 2019). 

Studies have shown that RSA traits such as surface area, root length, volume, and quantity of tips 

and forks play a crucial role in nutrient and water absorption (Zhao et al., 2004; Comas et al., 2013; 

Li et al., 2015; Gu et al., 2016; Wang et al., 2019). However, given the complexities involved in 

collecting undamaged roots and accurately phenotyping many samples, research on RSA traits is 

limited compared with other, aboveground agronomic traits (Meister et al., 2014). While several 

tools that combine photography and automated algorithms have been developed for RSA trait 

phenotyping in controlled environments (Armengaud et al., 2009; French et al., 2009; Clark et al., 

2011; Basu and Pal, 2012), many researchers continue to use manual techniques like hand 

measuring or tracing roots (Clark et al., 2013). To address these issues, novel approaches are being 

developed to collect and extract phenotypes from a broader range of root systems with higher 

throughput (French et al., 2009).  

Hydroponic systems are ideal for studying plant roots because they enable precise control 

over the growing conditions and allow for non-destructive sampling. These soilless systems are 

widely used in plant biology studies and for the commercial production of many high-value 

greenhouse crops (Nguyen et al., 2016). Different kinds of hydroponic or semi-hydroponic systems 

have been used to characterize RSA traits in several crop species, including maize (Zea mays L.) 

(Qiao et al., 2019), chickpea (Cicer arietinum L.) (Chen et al., 2017), narrow-leafed lupin (Lupinus 

angustifolius L.) (Chen et al., 2011, 2012, 2016), wheat (Triticum aestivum L.) (Chen et al., 2020; 
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Halder et al., 2021), barley (Hordeum vulgare L.) (Wang et al., 2021) and soybean (Glycine max L. 

Merr.) (Liu et al., 2021). The use of such systems, however, has been limited in studies with the 

Brassicas. The main objective of this study was to determine the optimal number of days required 

to measure RSA traits accurately in Brassica napus L. under semi-hydroponic conditions. To 

facilitate this objective, we also developed a modified semi-hydroponic system that is cost-

effective, high-throughput, and suitable for the phenotyping of RSA in this species. 

2.2 Materials and Methods 

2.2.1 Plant Materials 

A semi-hydroponic system was developed based on the ‘cigar roll’ system of Zhu et al. 

(2005).  Briefly, seeds of four B. napus cultivars ‘L255PC’, ‘Westar’, ‘L150’ and ‘Mendel’ were 

pre-germinated on moistened filter paper in Petri dishes for 7 days (Fig 2.1a) and transferred to 

moist germination paper (approximately 25.4 cm × 30.5 cm in size) (Anchor Paper Company, St. 

Paul, USA) (Fig 2.1b). Four pre-germinated seedlings of relatively similar vigour were placed 2 

cm from the edge of each piece of paper (Fig 2.1c) and the paper with the seeds was rolled up and 

secured with rubber bands (Fig 2.1d). Each experiment consisted of six germination paper rolls 

(i.e., 24 seedlings per cultivar) immersed in a 2 L beaker filled with 1 L of half-strength Hoagland’s 

No. 2 Basal Salt Mixture (Sigma-Aldrich Co., Ontario, Canada) solution (Fig 2.1e).  The beakers 

were placed in a growth chamber under a 16 h photoperiod at 20oC (day)/18oC (night) (Fig 2.1f). 

Every 5 days, the paper rolls were removed so that the beakers could be sterilized with a diluted 

(1% v/v) bleach solution to minimize bacterial and fungal contamination.  The beakers were then 

rinsed with sterile distilled water, refilled with fresh Hoagland’s solution, and the paper rolls 

placed back inside. The root systems were examined after 7, 14 and 21 days in the growth cabinet. 
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2.2.2 Scanning and Root Trait Measurement 

Prior to root scanning, the germination paper was unrolled, and 16 plants of each cultivar 

were selected randomly for analysis (Fig 2.1g). The plant roots were excised and placed on a 

scanning tray, then gently spread apart using forceps. Roots were scanned in a Perfection V800 

scanner (Epson, Markham, ON) using WinRHIZO (Regent Instruments Inc., Quebec, Canada) 

(Fig 2.1h). Software settings included “multi-thread”, “normal crossing detection and standard 

precision for root morphology measurements”, the “grey” channel and “Log” scale with 

“automatic” threshold for root and background detection. Eight basic parameters related to root 

architecture were quantified, including total root length (TRL/cm per plant), total root surface area 

(TRSA/cm2 per plant), average root diameter (RAD/mm per plant), number of tips (NTP per plant), 

total primary root length (TPRL/cm per plant), total lateral root length (TLRT/cm per plant), total 

tertiary root length (TTRL/cm per plant), and basal link length (BLL/cm per plant). WinRHIZO 

software can also generate output categorizing the root parameters into different root diameter 

classes (Gorim and Vandenberg, 2017). Here, TRL, TRSA and volume (cm3) data were classified 

into seven root diameter classes (0 – 0.5 mm, > 0.5 – 1.0 mm, > 1.0 – 1.5 mm, > 1.5 – 2.0 mm, > 

2.0 – 2.5 mm, > 2.5 – 3.0 mm, > 3.0 – 3.5 mm) and the percentage of the three root traits in each 

class was determined relative to the total TRL, TRSA and volume. 

2.3 Statistical Analyses 

Statistical analyses of the root trait data were conducted with R: A Language and 

Environment for Statistical Computing (R Foundation for Statistical Computing, Vienna, Austria). 

Duncan’s multiple test (Heinisch, 1962) was used to assess differences (P ≤ 0.05) among mean 

root trait values and to quantify these differences among the B. napus cultivars.  



 27 

2.4 Results and Discussion 

Root systems play a critical role in determining the growth and productivity of Brassicas 

and other plants (Lynch, 1995). Digital scanning of the roots can provide valuable insights into 

their architecture, but it is important to determine the ideal timeframe for this analysis to ensure its 

accuracy and relevance.  In this study, it was difficult to detect differences in the root morphology 

of the B. napus cultivars at 7 days of growth in the semi-hydroponic system, as the seedlings were 

still too small and undeveloped (Table 2.1; Fig. 2.2). By 14 days, however, the roots had undergone 

further growth, resulting in increased complexity and enabling clearer detection of differences 

among cultivars (Table 2.1; Fig. 2.2). Similarly, Li et al. (2020) found that while significant 

differences in root dry weight (g per plant) among different B. napus genotypes could be observed 

after 5 days of growth in a hydroponic system, more pronounced differences were detected after 

15 days. Although the root systems in the current study had developed further by day 21 (Table 

2.1; Fig. 2.1), extracting the roots without overlap proved difficult at this stage, due to the large 

amount of tissue. Moreover, despite regular replacement of the Hoagland’s solution and 

disinfection of the beakers with bleach, mold contamination of the seedlings and germination paper 

became more common after 14 days. 

As expected, TRL for all cultivars increased over time from 7 to 14 to 21 days (Table 2.1).  

While some differences could be detected among cultivars at all three time-points, most of the 

significant differences in TRL were observed at 21 days; at this time, ‘L255PC’ had the longest 

roots (355 cm), ‘L150’ and ‘Mendel’ had roots of intermediate length (333 and 246 cm, 

respectively), and ‘Westar’ had the shortest roots (221 cm). Similarly, in a comparison of the 

primary roots of 40 B. napus accessions, Dun et al. (2016) observed greater variation in primary 

root length at 10 and 18 days vs. 5 days under similar paper roll conditions. This suggests that 

differences in root length among genotypes become more pronounced over time. TPRL, TLRL 
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and TTRL also increased over the time-course, with the greatest differences among cultivars 

generally detected at 14 and/or 21 days (Table 2.1). Nonetheless, the relative ranking of each 

cultivar for some of these traits sometimes changed over time; for example, at 14 days, the longest 

TPRL was observed for ‘L150’, but by 21 days, TPRL for ‘L255PC’ and ‘Mendel’ was not 

significantly shorter (Table 2.1).  This likely reflects differential development in specific B. napus 

genotypes, which may exhibit varying growth rates over time  (Gabelman et al., 1986; Lynch and 

van Beem, 1993; Jackson, 1995; Leskovar and Stoffella, 1995; Zobel, 1995; Gallardo et al., 1996; 

Bingham and Bengough, 2003; Vercambre et al., 2003; Desgroux et al., 2018). 

Most crop species have root systems characterized by low tissue densities (Lynch, 2007) 

and extensively branched architectures (Lynch, 2007; White et al., 2013), increasing the root 

surface area for highly efficient nutrient uptake (White et al., 2013; Hunter et al., 2014). In this 

study, TRSA was consistently lowest for 'Westar', which may reflect its older, open-pollinated 

nature resulting in reduced root generation.  Indeed, ‘Westar’ showed the lowest values for many 

other traits as well (Table 2.1).  The relative ranking of the cultivars with respect to the number of 

root tips changed over time, although by 21 days it was lowest in the other open-pollinated cultivar, 

‘Mendel’.  In trees, root tip abundance was reported to change in response to environmental 

gradients (Wang et al. 2019), suggesting patterns of root tip adjustments with fine-root systems. 

Other studies have indicated that in winter oilseed rape (B. napus), root tip abundance, root length, 

root surface area, and volume per unit area decline after flowering (Li et al., 2017b). This decline 

may be attributed to the plant's allocation of resources primarily towards seed filling, a process 

that demands significant quantities of carbohydrates (Li et al., 2017b). Additionally, higher plant 

densities result in greater competition for resources, leading to a more rapid decline in root 

parameters (Li et al., 2017b). This suggests that root morphology is flexible and can adapt to 

changing environmental conditions and resource availability. In highly controlled semi-
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hydroponic systems such as the one utilized in this study, however, variation in root tips per plant 

may be indicative of inherent genetic disparities, a phenomenon well-established in rice through 

comprehensive genome-wide expression analysis (Abdirad et al., 2022).   

Basal roots originate from the base of the hypocotyl (Basu et al., 2007), establishing the 

foundational structure of the mature root system (Miguel et al., 2013; Rangarajan et al., 2018). The 

spatial distribution of basal roots plays a crucial role in determining their capacity to explore the 

soil and facilitate nutrient uptake (Basu et al., 2007; Miguel et al., 2013; Rangarajan et al., 2018). 

In this study, the length of the uppermost basal root was measured and recorded as the BLL. There 

were no significant differences in BLL among the cultivars at 7 days. At 14 days, no differences 

were detected between 'L150' (3.22 cm) and 'L255PC' (3.62 cm) or between 'Westar' (1.59 cm) 

and 'Mendel' (1.91 cm), but BLL was significantly shorter for the latter two cultivars. By 21 days, 

BLL in 'L255PC' (5.71 cm), 'L150' (5.31 cm) and 'Westar' (4.96 cm) was not significantly different, 

while it was shorter in 'Mendel' (3.54 cm). Similar results have been reported in common bean 

(Phaseolus vulgaris L.), wherein the basal roots emerged simultaneously in different genotypes 

but subsequent growth varied, resulting in variation in basal root lengths (Basu and Pal, 2011; 

Basu et al., 2011). 

A noticeable decline in the overall magnitude of root length, surface area, and volume was 

observed as root diameter increased. The highest proportion of TRL, TRSA, and volume occurred 

in the 0-2.0 mm diameter class for all cultivars, and there were no roots thicker than 2.5 mm (Table 

2.2). These findings indicate that most of the root system consisted of fine roots, increasing the 

efficiency of nutrient and water uptake (Liu et al., 2010). Gorim and Vandenberg (2017) 

documented similar findings when investigating the root morphology of five wild lentil species 

and Lens culinaris (Medik.) across three soil horizons. A larger proportion of root traits in lentil 

was observed within the smaller diameter classes, particularly those below 2.0 mm (Gorim and 
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Vandenberg, 2017).  Additionally, in the current study, the variability in TRL, TRSA, and volume 

diminished as the root diameter increased (Table 2.2). 

Classic hydroponic systems involve immersing the plant roots in a nutrient solution, which 

can either be continuously flowing or stationary and aerated with an air pump (Albery et al., 1985; 

Saraswathi et al., 2018).  In semi-hydroponic systems, plants are grown in a soilless medium where 

the plant is self-watered via a reservoir (Saraswathi et al., 2018).  In the semi-hydroponic system 

used in this study, based on the ‘cigar roll’ system of Zhu et al. (2005), plants were grown in paper 

rolls and absorbed the nutrient solution at the bottom of a beaker. The use of semi-hydroponic 

systems with paper rolls is highly advantageous when intact root systems need to be phenotyped; 

they provide more space for root development, while also safeguarding delicate root systems, 

particularly fine roots and root hairs, from damage. While the bottom of the germination paper 

rolls was soaked in Hoagland's solution, most of the rolls containing the roots were exposed to air, 

ensuring sufficient oxygen supply for the entire plant. In this study, the pre-germination of the 

seedlings in Petri dishes prior to transfer to the paper rolls ensured uniform germination and vigor, 

reducing artefacts associated with reduced viability or seedling growth. In addition, the semi-

hydroponic system in this study did not require any specialized equipment or complex setup, as 

the paper rolls in beakers could be maintained in a regular growth room. 

2.5 Conclusion 

The genetic dissection and enhancement of RSA is hindered by the difficulties involved in 

precise and efficient root phenotyping. In this study, a semi-hydroponic system was utilized to 

optimize the evaluation of B. napus RSA traits, with a particular focus on determining the ideal 

timeframe for assessments. By conducting a comprehensive evaluation of various RSA traits and 

taking into account factors such as the ability to discern varietal differences and minimize 
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microbial contamination, it appears that assessing the roots after 14 days in Hoagland's solution 

yields accurate results within a reasonable timeframe. 
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2.5 Tables 
 
Table 2.1 Values for a suite of root system architecture traits in the Brassica napus cultivars 
‘L255PC’, ‘Westar’, ‘L150’ and ‘Mendel’ as assessed with WinRHIZO software (Regent 
Instruments Inc., Quebec, Canada). 

Trait* 
7 days 14 days 21 days Optimum 

day(s) to 
scan** L255PC Westar L150 Mendel L255PC Westar L150 Mendel L255PC Westar L150 Mendel 

TRL 6.89b 10.1b 7.97b 16.77a 87.3b 68.8b 116.6a 63.6b 355a 221c 333ab 246bc 21  
TRSA 0.73b 0.9b 0.85b 1.85a 9.32ab 6.08b 12.25a 6.65b 35.3a 18.2b 33.9a 32.1a 14  
RAD 0.35a 0.31a 0.36a 0.37a 0.33ab 0.28b 0.33ab 0.35a 0.32b 0.29b 0.33b 0.42a 14  
NTP 8.69b 13.75ab 17.62ab 24.81a 108.6b 101.5b 163.4a 91.4b 379a 293ab 340ab 270b 7/21  

TPRL 4.45b 6.94a 5.03b 6.74a 12.8b 12.7b 19.3a 12.8b 39.5a 29.6b 35.9ab 34.0ab 21  
TLRL 2b 2b 2.23b 7.37a 56.2ab 45.9b 74.2a 38.9b 142a 117a 143a 116a 14  
TTRL 0b 0.04b 0.05b 0.66a 11.51a 6.20a 13.56a 6.36a 136.8a 32.5b 122.4a 82.7ab 21  
BLL 0.42a 0.59a 0.57a 0.53a 3.22a 1.59b 3.62a 1.91b 5.71a 4.96a 5.31a 3.54b 14/21  

*The estimated mean of each root architectural trait is indicated for each cultivar after 7, 14 and 
21 days growth in a semi-hydroponic system. The traits include total root length (TRL/cm), total 
root surface area (TRSA/cm2), average root diameter (RAD/mm), number of tips (NTP), total 
primary root length (TPRL/cm), total lateral root length (TLRT/cm), total tertiary root length 
(TTRL/cm), and basal link length (BLL/cm). Values denoted by a different letter were 
significantly different (P ≤ 0.05) between cultivars for a given time-point as determined by 
Duncan’s multiple range test.    
**The optimum day to scan for a particular trait was determined based on the time-point at which 
most of the significant differences could be detected for that trait (i.e., sufficient time allowed for 
the roots to develop so that the differences could most easily be detected); ND, no differences 
detected on any of the sampled days.  
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Table 2.2 Classification of the percentage of the total root length (% TRL), percentage total root 
surface area (% TRSA) and the percentage of the root volume (% Vol) falling into seven root 
diameter classes (0 – 0.5 mm, > 0.5 – 1.0 mm, > 1.0 – 1.5 mm, > 1.5 – 2.0 mm, > 2.0 – 2.5 mm, > 
2.5 – 3.0 mm, > 3.0 – 3.5 mm) as assessed with WinRHIZO software (Regent Instruments Inc., 
Quebec, Canada). 

*Four canola (Brassica napus) cultivars (‘L255PC’, ‘Westar’, ‘L150’ and ‘Mendel’) were assessed 
after 7, 14 and 21 days growth in a semi-hydroponic system. 
 
 

Trait 
7 days 14 days 21 days 

L255PC* Westar L150 Mendel L255PC Westar L150 Mendel L255PC Westar L150 Mendel 
% TRL 
0-0.5 88.4a 91.1a 88.5a 84.2a 91.6ab 96.7a 92.7ab 89.1b 88.8a 95.3a 87.7a 75.1b 

% TRL 
>0.5-1.0 10.5ab 7.87b 10.16ab 15.01a 8.18ab 2.95b 6.92ab 10.30a 10.9b 4.4b 12.1b 24.3a 

% TRL 
>1.0-1.5 1.08a 1.03a 1.26a 0.78a 0.18b 0.36ab 0.26ab 0.52a 0.25ab 0.27ab 0.18b 0.5a 

% TRL 
>1.5-2.0 0a 0a 0.04a 0.05a 0.01a 0.03a 0.07a 0.05a 0.06ab 0.02b 0.04ab 0.08a 

% TRL 
>2.0-2.5 0a 0a 0a 0a 0a 0a 0a 0a 0.0a 0a 0a 0.02a 

% TRL 
>2.5-3.0 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 

% TRL 
>3.0-3.5 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 

% TRSA 
0-0.5 75.8a 79.1a 77.0a 71.3a 85.9ab 91.9a 86.5ab 80.3b 78.3a 89.7a 77.8a 62.0b 

% TRSA 
>0.5-1.0 20.7a 17a 18.6a 25.8a 13.42ab 6.53b 12.04ab 17.55a 20.28b 8.89b 21.21b 36.17a 

% TRSA 
>1.0-1.5 3.53a 3.98a 4.22a 2.68a 0.65b 1.42ab 1.057ab 1.88a 1.03a 1.25a 0.7a 1.39a 

% TRSA 
>1.5-2.0 0a 0a 0.186a 0.23a 0.04a 0.12a 0.36a 0.24a 0.32a 0.15a 0.25a 0.32a 

% TRSA 
>2.0-2.5 0a 0a 0a 0a 0a 0a 0a 0a 0.02a 0.02a 0.06a 0.10a 

% TRSA 
>2.5-3.0 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 

% TRSA 
>3.0-3.5 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 

% Vol 
0-0.5 

57.4a 59.4a 59.1a 55.5a 77.5ab 80.5a 76.5ab 67.3b 64.3ab 79.2a 64.2ab 48.5b 

% Vol 
>0.5-1.0  

34.1a 29.1a 29.2a 36.5a 20.1a 14.3a 18.2a 25.8a 30.7b 15.2c 31.8ab 46.6a 

% Vol   
>1.0-1.5 

8.55a 11.36a 10.85a 7.26a 2.16b 4.74ab 3.59ab 5.77a 3.45a 4.65a 2.24a 3.32a 

% Vol 
>1.5-2.0 

0a 0a 0.56a 0.82a 0.16b 0.45ab 1.66a 1.09ab 1.41a 0.82a 1.33a 1.11a 

% Vol 
>2.0-2.5 

0a 0a 0a 0a 0a 0a 0a 0a 0.106a 0.13a 0.30a 0.42a 

% Vol 
>2.5-3.0 

0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 

% Vol 
>3.0-3.5 

0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 



 34 

2.7 Figures  

Fig 2.1 A semi-hydroponic system for evaluation of root system architecture in Brassica 
napus. (a, b) Seeds were pre-germinated on wet filter paper in Petri dishes for 7 days; (c) four 
pre-germinated seedlings of relatively similar vigour were placed 2 cm from the edge of each 
wet germination paper (approximately 25.4 cm × 30.5 cm in size); (d) the paper was rolled up 
and secured with rubber bands; (e) the rolls of paper were placed in a beaker containing 2 L of 
half-strength Hoagland's No. 2 Basal Salt Mixture solution (f) and maintained in a growth 
chamber under a 16 h photoperiod (20oC/18oC); (g) the paper was unrolled at the desired time-
points and plants were selected at random for root phenotyping; and (h) root architecture was 
phenotyped on a Perfection V800 (Epson) scanner with WinRHIZO software (Regent 
Instruments Inc., Quebec, Canada). 
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Fig 2.2 Representative roots of the Brassica napus cultivars ‘L255PC’, ‘Westar’, ‘L150’ and 
‘Mendel’ after 7, 14 and 21 days in Hoagland’s solution. Root architecture was phenotyped in 
a Perfection V800 (Epson) scanner with WinRHIZO software (Regent Instruments Inc., Quebec, 
Canada). 
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Chapter 3: Genome-wide Association Studies (GWAS) of Root Architectural Traits in A 

Large Collection of Brassica Genotypes 

3.1 Introduction 

Roots are a fundamental component of the plant vascular system, playing a pivotal role in 

the plant's growth, development, and overall survival. Their primary function lies in absorbing 

water and nutrients from the soil, but they also serve as an anchor, firmly securing the plant to the 

ground and ensuring stability and support. Additionally, roots store valuable resources, 

safeguarding them for future use. The development of a root system is an important quantitative 

characteristic that determines a plant's capacity to survive across different environments. Improved 

understanding of the behavior of roots within natural ecosystems is of significance for enhancing 

crop yields, developing more resilient plant varieties, and preserving biodiversity (Griffiths et al., 

2022).  

The genus Brassica consists of 37 species including the widely cultivated B. napus L. 

(AACC, n = 19), B. rapa L. (AA, n = 10), B. nigra (L.) Koch (BB, n = 8), B. oleracea L. (CC, n 

= 9), B. juncea (L.) Czern & Coss (AABB, n = 18), and B. carinata A. Braun (BBCC, n = 17) 

(Branca and Cartea, 2011). Most B. juncea and B. nigra genotypes have fibrous roots (Admin, 

2015), while B. napus (Arif et al., 2019), B. rapa (Admin, 2015), B. oleracea (Admin, 2015) and 

B. carinata (Barro and Martín, 1999) have a large taproot system with a single main root axis and 

hundreds of lateral roots. Several root system architecture (RSA) traits have been identified as 

having heritable characteristics in certain crops, suggesting the presence of genetic regulatory 

mechanisms that may be exploited in breeding programs (Shi et al., 2013). However, despite the 

apparent phenotypic differences that can make screening relatively straightforward, many of these 

features appear subject to complex genetic regulation with significant environmental influences 

(Lynch, 2007).  
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The use of root phenomics as a crop breeding technique is on the rise (Kuijken et al., 2015; 

Prince et al., 2019; Falk et al., 2020; Liu et al., 2021). Plant breeding programs that aim to alter 

root traits have the potential to generate Brassica crops with increased stress tolerance and yields, 

enhancing the ability of roots to explore the soil and acquire water and nutrients (Paez-Garcia et 

al., 2015). Despite the importance of roots, however, direct selection for optimal RSA traits has 

not been widely implemented (Zhu et al., 2011). The complexity of the root system has limited the 

scope of comparative studies that include morphological analyses of the root systems of Brassica 

crops (de Dorlodot et al., 2007; Meister et al., 2014; Ibrahim et al., 2021). By improving 

understanding of RSA and the underlying pathways that shape it, researchers can leverage diverse 

root features to help plants respond to climate change and enhance crop yields (Smith and De Smet, 

2012; Ibrahim et al., 2021). 

Genome-wide association mapping (GWAS) is a method that utilizes single nucleotide 

polymorphism (SNP) markers to analyze recombination events at the gene level in natural 

populations. It is based on the concept of linkage disequilibrium (LD). This approach offers 

notable advantages compared with traditional linkage-based association mapping (Gupta, 2016; 

Fredua-Agyeman et al., 2020). GWAS enables the exploration of a broader range of allelic 

diversity, providing enhanced resolution for analyzing various traits of interest. Moreover, it offers 

the opportunity to examine genotypes across different crop species, eliminating the need for 

ancestry or pedigree data typically required in quantitative trait locus (QTL) mapping (Fredua-

Agyeman et al., 2020). However, genetic studies focusing on RSA have been relatively scarce 

relative to research on aboveground traits (de Dorlodot et al., 2007; Meister et al., 2014; Ibrahim 

et al., 2021). Most studies conducted on Brassica crops have emphasized the significance of root 

traits in nutrient uptake (Yang et al., 2010; Shi et al., 2013; Zhang et al., 2016; Ibrahim et al., 2021). 

For instance, chromosomal regions associated with leaf phosphorus concentration have been 
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identified to harbor multiple genes that influence root and root hair development (Alcock et al., 

2018).  

Genetic variability in plants serves as a fundamental component of biodiversity and serves 

as the foundation for the creation of novel and enhanced cultivars with desirable traits (Govindaraj 

et al., 2015; Yu et al., 2021). Increasing the genetic diversity in Brassica genotypes is a crucial 

goal in plant breeding. Considering the critical roles of root systems in plant growth and 

development, it is important to evaluate RSA-related traits as well as to identify the genetic regions 

associated with these traits.  Accordingly, the objectives of this study were to (1) evaluate the RSA 

traits of a large collection of Brassica accessions representing B. napus, B. juncea, B. carinata, B. 

oleracea, B. nigra and B. rapa; and (2) identify the genomic regions controlling RSA via GWAS.  

3.2 Materials and Methods 

3.2.1. Plant Materials 

Three hundred and seventy-nine genotypes comprising 68 B. napus, 64 B. juncea, 60 B. 

rapa, 66 B. nigra, 55 B. olearacea and 28 B. carinata accessions obtained from the Leibniz 

Institute of Plant Genetics and Crop Plant Research (IPK), Gatersleben, Germany (Table A1a-

A1g), were included in the analysis. In addition, 25 Canadian canola (B. napus) cultivars and the 

13 hosts of the Canadian Clubroot Differential (CCD; Strelkov et al., 2018) set were also 

phenotyped for RSA-related traits. The IPK accessions were multiplied under greenhouse 

conditions at the Crop Diversification Centre North (CDCN), Alberta Agriculture and Irrigation, 

Edmonton, Canada.  

3.2.2. Growth Conditions and RSA Trait Phenotyping 

Seven-day-old seedlings, pre-germinated in Petri dishes, were transferred to a semi-

hydroponic system consisting of rolls of germination paper (Anchor Paper Company, St. Paul, 

USA) immersed in 2 L beakers filled with 1 L of half-strength Hoagland’s No. 2 Basal Salt Mixture 
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solution (Sigma-Aldrich Co., Ontario, Canada) as described in Chapter 2. The seedlings were 

maintained in a growth chamber under a 16 h photoperiod at 20oC (day)/18oC (night) and removed 

from the germination paper after 14-days to measure RSA related-traits. The roots of each plant 

were cut, placed on a scanning tray, and spread apart with forceps.  Root scanning were scanned 

with an EPSON Perfection V800 scanner (Epson, Markham, ON) and analyzed with WinRHIZO 

software (Regent Instruments Inc., Quebec, Canada) using the automatic global threshold for root 

and background detection method. Twenty-nine RSA-related traits were recorded per root scan, 

but only eight showed significant variation within and among species and hence were retained for 

GWAS. The eight traits included (1) total root length (TRL/cm), (2) total surface area of roots 

(TRSA/cm2), (3) average root diameter (RAD/cm), (4) number of tips (NTP), (5) total primary 

root length (TPRL/cm), (6) total lateral root length (TLRL/cm), (7) total tertiary root length 

(TTRL/cm) and (8) basal link length (BLL/cm) (Table 3.1). The experiment was repeated four 

times with four replicates per treatment. 

3.2.3. Statistical Analyses 

Analysis of the RSA trait data was conducted with R 4.0.2: A Language and Environment 

for Statistical Computing (R Foundation for Statistical Computing, Vienna, Austria). Because 

repetition × treatment was not significant, the data were pooled across the four repeats for the 

experiment. Duncan’s multiple range test (Duncan, 1955) and the bar plot of each trait were 

generated to test (P ≤ 0.05) for differences in the mean root trait values among the six Brassica 

species. The Anderson-Darling test was performed to test the normality of the eight traits. The 

Spearman rank-based variable correlation test was conducted using the cor function to determine 

the correlation between the eight traits (p < 0.05). Principal component analysis (PCA) was carried 

out using the prcomp function on the eight variables. As a normal distribution is not required for 

PCA, no transformation of the data was performed prior to analysis (Jolliffe, 1986). 



 40 

3.2.4. SNP Genotyping 

SNP genotyping was performed on 313 of the 379 Brassica accessions (except for the 66 

B. nigra accessions) using the Brassica 19K SNP array from TraitGenetics GmbH (Gatersleben, 

Germany) following the manufacturer’s instructions. This array comprised 9,310 SNP markers on 

the A-genome, 8,072 SNP markers on the C-genome and 1,154 SNP markers on scaffolds. None 

of SNP markers on the array was from the B-genome. Therefore, the B. nigra accessions were not 

genotyped. After discarding monomorphic, low coverage site markers, markers with MAF ≤ 0.05 

and those missing data for > 5% of the accessions, 6,213 SNP markers, comprising 5,103 A-

genome and 1,110 C-genome markers were used for GWAS analyses. The average inter-SNP 

marker distance was determined for each chromosome (Table 3.3). 

3.2.5. Linkage Disequilibrium Estimation 

The genetic basis of the diversity among the RSA related-traits detected as linkage 

disequilibrium (LD) between allelic values at two loci was estimated using Pearson’s squared 

correlation coefficient (r2) statistic with TASSEL 5 v5.2.2.5 (Bradbury et al., 2007). The decay 

and extent of LD was determined by calculating the Chi-square (χ2) statistic for each SNP pair 

following Fredua-Agyeman et al. (2020). In brief, the r2 -values of significant (p-value < 0.001) 

SNP marker pairs was plotted against the physical distance (in Mb) for each chromosome using 

the PROC GPLOT procedure in SAS v. 9.4 (SAS Institute, Cary NC, North Carolina, U.S.). The 

PROC TRANSREG function in SAS was then used to obtain a LD decay curve for each 

chromosome. Additionally, the intersection between the fitted curve and the r2 threshold line was 

determined and projected onto the physical distance axis to obtain the average extent of LD for 

each chromosome  (Breseghello and Sorrells, 2006; Bellucci et al., 2015) (Table 3.3, Figure A3).  
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3.2.6. Bayesian Population Structure Analysis 

Population structure (ϴ) was determined using the admixture and allele frequency 

correlated models and burn-in lengths from 5,000 to 100,000 iterations and Markov Chain Monte 

Carlo (MCMC) run lengths from 5,000 to 100,000 permutations using STRUCTURE v2.3.4 

(Pritchard et al., 2000). Runs for each cluster (K = 1-10) were replicated 10 times. The number of 

clusters was determined using the ΔK statistics of Evanno et al. (Evanno et al., 2005) and the 

MedMedK, MedMeaK, MaxMedK and MaxMeaK statistics of Puechmaille (Puechmaille, 2016) 

and Li and Liu (Li and Liu, 2018). The many STRUCTURE runs were required to reach the 

convergence necessary for accurate determination of the population structure in the GWAS.  

3.2.7. Genome-wide Association Studies 

Two general linear models (GLM) and four mixed linear models (MLM) implemented in 

TASSEL 5.0 (Bradbury et al., 2007) were tested in the marker-trait association studies using the 

6,213 SNP marker data and the mean ID values of each of the eight RSA related-traits. For each 

model, quality marker-RSA related-trait associations (Table 3.4) were determined only if the 

observed quantile-quantile (Q-Q) plot showed the least amount of deviation from the expected -

log10 P-value (Figure 3.7, Figure A1). Manhattan plots were generated to represent (MTAs) (Figure 

3.8, Figure A2). Significant SNP markers associated with the RSA related-traits were identified 

using the Bonferroni correction, i.e., p-value cut-off at 0.05/total number of markers (Benjamini 

and Hochberg, 1995). Stable MTAs detected by the different models and pleiotropic SNPs 

associated with the different RSA traits were considered credible.  

3.2.8. Identification of Candidate Genes 

To identify candidate genes associated with significant SNP markers, the SNP sequences 

were used in BLASTN searches of B. rapa (AA), B. oleracea (CC), B. napus (AACC), and 

Arabidopsis thaliana genome assemblies in the EnsemblPlants 
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(https://plants.ensembl.org/Multi/Tools/Blast) and National Centre for Biotechnology 

Information (https://blast.ncbi.nlm.nih.gov/Blast.cgi) databases. The physical locations of genes 

meeting an E-value ≤ 1e-20 and a percentage identity of ≥ 95% were mapped to the reference 

genomes. 

3.3 Results 

3.3.1 Phenotypic Variation for RSA Traits 

The phenotypic variation in the eight RSA-related traits is presented in Table 3.1. Based 

on the measurements, the eight RSA-related traits were significantly different (P < 0.05) among 

the Brassica genotypes tested. For example, TTRL ranged from 0.35 cm per plant for accession 

FG1063 (B. juncea) to 123.69 cm per plant for FG 643 (B. oleracea), while NTP ranged from 20 

per plant for accession FG1063 (B. juncea) to 2,753 per plant for L345PC (a commercial canola 

cultivar).  The coefficients of variation for TTRL, NTP, TRSA, TLRL, TRL, BLL, TPRL and 

RAD were 124.55%, 92.26%, 70.54%, 70.13%, 65.52%, 62.01%, 39.30% and 33.25%, 

respectively.  

The 379 Brassica genotypes in this study were divided into three groups based on their 

root sizes according to the criteria of Liu et al. (2021). Based on a median TRL value of 137.52 

cm per plant ± 2 standard errors (SE) of 7.53, genotypes with large-sized roots (TRL >130.52 cm) 

included 177 accessions, medium-sized root genotypes (TRL ranging from 115.45 to 130.52 cm) 

included 29 accessions, while small-sized root genotypes (TRL <115.45 cm) included 173 

genotypes (Table A1).  

3.3.2 Correlation Analysis Between Selected RSA Traits 

The Anderson-Darling test showed that all eight parameters were not normally distributed 

(P < 2.2e-16). A Spearman rank-based variable correlation test (Figure 3.1) indicated that TRL, 

https://plants.ensembl.org/Multi/Tools/Blast
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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TRSA and TLRL were highly and positively correlated with each other, with coefficient values 

ranging from 0.80 to 0.96 (P < 0.05). Relatively high positive correlations were also observed 

among TRL, TRSA, TLRL, TTRL and NTP, with coefficients ranging from 0.52 to 0.76 (P < 

0.05), while moderate positive correlations existed among TPRL, TTRL and NTP (coefficients = 

0.4 to 0.47, P < 0.05). 

3.3.3 Comparisons of RSA Traits Within and Among Species 

3.3.3.1 Comparisons Among the Six Brassica Species 

The PCA indicated that TRL, TRSA, TLRL and TPRL accounted for 70.5% (PC1 = 53.0% 

and PC2 = 17.5%) of total genotypic variation for all RSA-related traits (Figure 3.2). A biplot of 

the PCA indicated that TRL was the most important trait, followed by TRSA, TLRL and TPRL 

(Figure 3.3). 

The distribution of the six Brassica species based on the contribution coefficient of the 

eight traits is illustrated in the biplot of the PCA (Figure 3.4). B. oleracea showed the greatest 

variation in the eight RSA related-traits relative to the other species. As a result, the B. oleracea 

accessions were widely dispersed in the biplot of the PCA (Figure 3.4). Nonetheless, most of the 

B. oleracea accessions were located on the right side PCA biplot (Figure 3.4). Similarly, most of 

the B. napus accessions were located on the right side of the biplot, indicating large RSA-related 

trait variations comparable with those observed in the B. oleracea accessions (Figure 3.4). Most 

of the B. juncea, B. nigra, B. rapa and B. carinata accessions were located on the left side of the 

biplot of the PCA (Figure 3.4). This suggests that B. juncea, B. nigra, B. rapa and B. carinata have 

comparable RSA-related traits and complexity. Therefore, B. napus and B. oleracea possessed the 

largest and most complex root systems among the six Brassica species.  

Duncan's test of the eight RSA-related traits led to conclusions similar to the findings in 

the PCA biplot (Table 3.2 and Figure 3.4). B. napus and B. oleracea exhibited relatively greater 
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values of TRL, TRSA, NTP, TPRL, TLRL, and TTRL (Table 3.2, Figure 3.6), indicating they had 

larger and more complex root systems than the other species. Brassica juncea and B. carinata did 

not show significant differences for seven out of eight parameters (except for NTP). In addition, 

B. juncea and B. carinata had the largest RAD compared with the other species (Table 3.2, Figure 

3.6), indicating that their roots were thicker, possibly due to their lower numbers of fine roots (root 

diameter < 0.2 cm). Among all species, B. nigra had the lowest values for six of the eight RSA 

traits examined (the only exceptions being NTP and BLL), suggesting that it had the smallest root 

system. There were no significant differences observed for BLL in B. juncea, B. napus, B. rapa, 

B. carinata, or B. nigra, while this trait was lowest in B. oleracea (Table 3.2, Figure 3.6).  

3.3.3.2 Comparisons Within the Six Brassica Species 

Based on TRL, the root sizes of the six Brassica species were of the order: B. napus (87% 

large, 5% medium and 8% small) (Figure 3.5a) > B. oleracea (63% large, 9% medium and 28% 

small) (Figure 3.5e) > B. rapa (40% large, 11% medium and 49% small) (Figure 3.5c) > B. juncea 

(24% large, 6% medium and 70% small) (Figure 3.5b) > B. carinata (14% large, 14% medium 

and 72% small) (Figure 3.5f) > B. nigra (12% large, 6% medium and 82% small) (Figure 3.5d). 

These results were consistent with the PCA described above. 

3.3.4. SNP Genome Coverage and Marker Density 

The mean number of filtered SNP markers was 510.3 ± 152.5 (range of 359 to 808) on the 

A-genome and 123.3 ± 34.0 (range of 88 to 190) on the C-genome. The filtered set of 5,103 and 

1,110 markers covered 302.5 Mb and 452.8 Mb of the A- and C-genomes, respectively (Table 3.3). 

The mean inter-SNP marker distance or density for the A-genome was 62.9 ± 20.1 Kb (range of 

38.1 to 106.8), while for the C-genome it was 426.3 ± 106.9 Kb (range 324.4 to 663.5) (Table 3.3). 

Thus, the marker density on the A-genome was about 7× higher than on the C-genome.  
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3.3.5. Estimation of Linkage Disequilibrium 

The average values of r2 and the schematic representation of decay for all chromosomes 

are presented in Table 3.3. Significant variation in the LD among chromosomes and between the 

A- and C-genomes was observed. The mean r2 value was 0.1762 ± 0.0168 (range of 0.1456 to 

0.2002) for the A-genome and 0.2126 ± 0.0213 (range 0.1901 to 0.2461) for the C-genome (Table 

3.3). The average r2 for the entire genome was 0.1830. Similarly, the estimated mean LD decay 

for the A-genome was 691.4 ± 283.6 (range of 440 to 1,400), while for the C-genome it was 4,705.0 

± 2,331.8 (range of 2,500 to 9,100); the mean LD decay was 850 for the entire genome (Table 3.3). 

Thus, the LD decay for the A-genome was in the hundreds of kilobases, while it persisted for 

several thousands of kilobases for the C-genome.   

3.3.6 Population Structure 

STRUCTURE analyses were carried out to understand the population stratification for the 

GWAS study. The ΔK statistic values for STRUCTURE runs below 10,000 burn-in iterations and 

10,000 MCMC lengths suggested that the Brassica accessions could be grouped into three or six 

clusters, while the runs at 20,000, 50,000 and 100,000 burn-in iterations and MCMC lengths 

indicated three clusters. The population structure determined with the Puechmaille (2016) and Li 

and Liu (2018) alternative statistics (MedMedK, MedMeaK, MaxMedK and MaxMeaK) indicated 

three clusters for all STRUCTURE runs (Figure 3.9).  

3.3.7. Marker-RSA Trait Associations (MTA) 

Based on Manhattan plots of the six models (Supplementary Figure A2), 79 significant 

SNP markers were detected for the eight RSA-related traits. These comprised 6, 9, 26, 16,12 and 

6 SNP markers that were significantly associated with TRL, TRSA, RAD, TPRL, TTRL and BLL, 

respectively (Table 3.4). No SNP markers were associated with NTP or TLRL. The significant 
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MTA markers were distributed on all 19 chromosomes of B. napus. Sixty-nine of the MTA were 

located on the A-genome, while 16 were located on the C-genome. 

3.3.8. Functions of Proteins Encoded by Significant Sequences 

The identified sequences encoded proteins associated with functions in various cellular and 

biochemical processes, including ATP binding, lipid binding, ribosome binding, DNA binding, 

mRNA binding, RNA binding, metal ion binding, ATPase activity, ATP hydrolysis activity, kinase 

activity, lipase activity, transferase activity, transcription and translation factor activity, substrate 

selectivity, catalytic activity and carbohydrate metabolism (Table 3.4). More importantly, other 

proteins were involved in cell wall synthesis, cell growth, organ morphogenesis, transmembrane 

transporter activity, sugar-phosphatase activity and vesicle fusion, which are associated with basic 

biological and physiological process involved in root growth and development. Some other 

sequences encoded stress tolerance and disease resistance proteins, like NAC domain containing 

35, ARM repeat superfamily protein, DEA(D/H)-box RNA helicase family protein, LRR and NB-

ARC domains. Proteins of unknown molecular functions were also detected (Table 3.4). 

3.4 Discussion 

Root system architectural traits are critical to the plant's ability to absorb water and 

nutrients from the soil (Zobel et al., 2007; Lynch, 2019; Wen et al., 2019; Sun et al., 2021; Liu et 

al., 2021). The response of crops to abiotic stresses is influenced by their RSA. Since roots grow 

underground, they serve as the first line of defense in detecting stress signals and adapting their 

genetic program for post-embryonic growth to cope effectively with these challenges (Lynch, 

1995). Morphological variations often correspond to physiological or functional variations (de 

Dorlodot et al., 2007). In this study, a highly positive correlation was observed for seven of the 

eight RSA-related traits evaluated in 379 Brassica genotypes.  These parameters also showed a 
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positive correlation in an earlier study of 388 B. napus accessions conducted by Ibrahim et al. 

(2021).  

Individual root tips that develop in the soil provide strong anchorage, which facilitates 

deeper penetration of roots into the soil (Bengough et al., 2016). In this study, large NTP per plant 

could improve the anchorage of B. napus and B. oleracea in the soil. Longer primary roots 

(Wasson et al., 2012), a larger root diameter (Uga et al., 2013), and abundant and steeper lateral 

roots (Lynch, 2013) can lead to a deeper and more resilient root system with increased radial 

hydraulic conductivity at depth and decreased metabolic costs for drought adaptation (Khan et al., 

2016). The aforementioned root traits can also increase the efficiency of exudation of organic 

anions (Lynch, 2015) and enhance interactions with microbes (Walch-Liu et al., 2006), resulting 

in a high tolerance to deficiencies in nutrients such as nitrogen (N) and phosphate (P) (Khan et al., 

2016).  

Genotypes of B. napus and B. oleracea that were found to have relatively larger root 

systems with larger root surface areas, and longer and more vigorous roots, would be expected to 

provide good anchorage and penetration into the soil. This suggests high developmental plasticity 

in case of drought and nutrient deficiency (Choi and Cho, 2019). Akhatar and Banga (2015) 

reported a positive association between seed yield and root length in B. juncea under irrigated 

conditions, providing evidence that those B. juncea plants with longer TRL might attain higher 

yields. In addition, research has shown that genotypes of B. oleracea with high phosphorus 

absorption efficiency, characterized by more and longer lateral roots, have significantly increased 

yields, independent of external phosphorus concentrations (Hammond et al., 2009; Pongrac et al., 

2020). Thus, in this study, genotypes of B. oleracea with large TLRL and high P absorption 

efficiency likely have the potential for higher yields. However, the efficiency of nutrient use is 
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determined by physiological traits specific to each species or genotype (Pongrac et al., 2020), and 

further research is needed to explore this possibility more fully.  

Compared with other species, B. juncea and B. carinata, with the largest RAD, might be 

better at surviving in dry and compacted soil given their relatively thick and stronger roots. As for 

salinity, reducing main root elongation (Munns and Tester, 2008) to limit the transport of sodium 

ions from roots to shoots (Rus et al., 2006; Katori et al., 2010) and compartmentalizing sodium 

ions into root vacuoles and steles (Gupta and Huang, 2014) can increase the efficiency of water 

extraction and ion exclusion for salinity tolerance (Khan et al., 2016). As such, B. nigra and B. 

rapa, which had shorter primary roots (Table 3.2), might show greater tolerance to salinity. The 

mean BLL values were similar across all six species examined (Table 3.2), indicating that the 

potential growth of the roots of these species is quite similar. 

Infection by soilborne pathogens can destroy the roots, reduce root density and diminish 

the functional effectiveness of the surviving infected roots (Román-Avilés et al., 2004). Therefore, 

promoting the growth of adventitious and lateral roots could help plants survive when roots are 

infected by pathogens (Snapp et al., 2003). Additionally, most Brassica species can produce 

chemical substances from roots that might suppress soilborne pathogens and pests such as 

nematodes, fungi, and certain weeds (Admin, 2015).      

Root architectural traits below the ground can serve as a focal point for enhancement and 

optimization, tailored to meet the specific requirements dictated by the soil conditions 

(Arifuzzaman and Rahman, 2017). For example, Thomas et al. (Thomas et al., 2016) examined 

the root structure of various growth types of B. napus and determined that root morphology has 

the potential to enhance crop yield, provided that appropriate genetic markers associated with 

agronomic traits can be identified (Arifuzzaman and Rahman, 2017). The findings from this study 

revealed that root growth dynamics were significantly influenced by the genotype and species, 
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highlighting the significant role of genetic factors in this aspect, which can provide criteria for 

breeding selection. The presence of shared quantitative trait loci (QTL) between root 

characteristics and productivity measures such as yield, water usage, or nutrient acquisition 

suggests that the former contributes to determining the latter in numerous instances (Steele et al., 

2006; Ibrahim et al., 2021). One instance of this is the utilization of the QTL DRO1, which governs 

both root growth angle and root depth in rice, improving the root traits of an Indian upland rice 

variety through marker-assisted selection to enhance water efficiency (Steele et al., 2006; Ibrahim 

et al., 2021). In the case of Brassica crops, additional studies regarding the relationship between 

root-related traits and productivity or nutrient and water use efficiency are needed. 

In this GWAS, 6,213 SNP markers were used to measure RSA related-traits, including 

5,103 A-genome and 1,110 C-genome markers. Comparative genomic studies on Brassica 

genomes have reported that 1 cM on genetic maps corresponds to ~500 kb (Suwabe et al., 2006; 

Ecke et al., 2010; Delourme et al., 2013). Therefore, the 302.5 Mb marker coverage estimated in 

this study for the A-genome and 452.8 Mb for the C-genome corresponded to ~605 cM and ~905 

cM, respectively. As such, the 6,213 SNP markers covered a total of ~1510 cM, which is about 

60% of the estimated 2,500 cM B. napus genome. The determined genome coverage was 

comparable with the value of ~645 Mb obtained in studies that used the Brassica 60K array (Qian 

et al., 2014; Qu et al., 2017) and Specific-Locus Amplified Fragment Sequencing (SLAF) 

technology (Zhou et al., 2017). In comparison, the filtered set of 6,213 markers on the Brassica 

19K SNP array provided about 3× more coverage than the Brassica 13.2K SNP array from the 

same company used in a previous study (Fredua-Agyeman et al., 2020). 

In the current study, the mean marker density using the Brassica 19K SNP array was 62.9 

± 20.1 (8.43 SNP markers/cM) on the A-genome, 426.3 ± 106.9 (1.22 SNP markers/cM) on the C-

genome, and 235.0 ± 200.1 (4.1 SNP markers/cM) on the entire genome. In comparison, the mean 
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marker density using the Brassica 13.2K SNP array was 63.4 ± 21.9 (8.46 SNP markers/cM) for 

the A-genome, 15.0 ± 8.4 (44.3 SNP markers/cM) for the C-genome, and 40.5 ± 29.8 (11.8 SNP 

markers/cM) for the entire B. napus genome (Fredua-Agyeman et al., 2020). Thus, the marker 

density was the same for the A-genome but about 2-3× less on the C-genome when genotyping 

was conducted with the Brassica 19K vs. 13.2K SNP arrays. This was expected, because the 1,110 

filtered set of SNP markers on the C-genome was distributed over 302.5 Mb or 905.5 cM of the 

19K array, compared with 2,367 markers on the C-genome spread over 26.7 Mb or 53.4 cM on 

the 13.2K array.  

Linkage disequilibrium, which is the non-random association between alleles at different 

loci, determines the power and precision of association mapping studies using molecular markers 

and unobserved QTL (Goddard and Hayes, 2009; Qu et al., 2020). Determination of the extent of 

LD is essential for making of inferences about the genetic forces shaping a population (Qanbari, 

2019). The extent of LD reported by Fredua-Agyeman et al. (2020) using the Brassica 13.2K SNP 

array varied from 1,100 to 2,300 kb for the A-genome and from 200 to 1,500 kb for the C-genome. 

In this study, using the Brassica 19K SNP array, LD varied from 440 to 1,400 Kb for the A-

genome and 2,500 to 9,100 for the C-genome. The difference in LD values obtained with the two 

Brassica arrays could reflect the different marker densities. The low marker density on the C-

genome might be responsible for the extended ranges of the LD decay. However, the LD values 

for the A-genome and C-genome were consistent with those reported in other studies (Wu et al., 

2016; Qu et al., 2017; Zhou et al., 2017). Based on the minimum LD decay (440 Kb or 0.88 cM), 

a minimum of 3,200 markers was needed to perform the GWAS studies. Therefore, the 6,213 SNP 

markers used for this GWAS represented approximately twice the number needed to perform the 

analysis.  
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The current GWAS study identified three genomic regions on chromosomes A02, A03 and 

A06 that were associated with RSA-traits. In the case of the A02 chromosome, the SNP marker 

Bn_A02_p5571981 overlapped with a histone deacetylase HDT2-like protein. This protein 

negatively regulates GIBBERELLIN 2-OXIDASE2 (GA2oxs2) expression, which determines the 

cell number in the Arabidopsis root meristem and elongation zone  (Li et al., 2017a). The increased 

expression of GA2ox2 in HDT1/2 was reported to cause a decrease in GAs levels, leading to an 

earlier transition from cell division to the expansion phase of transit-amplifying cells (Li et al., 

2017a). On chromosome A03, a histidine kinase 2 (AHK2) encoded by genes that overlap SNP 

marker Bn_A03_p19974784 can positively regulate the level of cytokinin, which negatively 

regulates root development in Arabidopsis (Nishimura et al., 2004; Riefler et al., 2006). In 

Arabidopsis, histidine kinase homologs function as receptors for cytokinin and play an overlapping 

role in regulating the growth of shoots and roots (Nishimura et al., 2004). Root hair specific 17, 

encoded by genes associated with SNP marler Bn_A06_p26219274 on chromosome A06, is an 

expressed protein controlling root hair cell expression for regulating the root growth of 

Arabidopsis (Won et al., 2009).  

3.5 Conclusion 

The growth rate, spacing, and location of roots can be influenced by plant species and 

environmental cues such as nutrients, water, temperature, microbial activity, soil pH and the 

presence of specific chemicals or pests, all of which can dramatically influence the final RSA of 

plants (Ingram and Malamy, 2010). The results of this study showed that significant variation 

occurs in the root architectural traits of different Brassica species under controlled environmental 

conditions. The results also indicated correlations between specific RSA traits; genotypes with 

RSA traits (TRL, TRSA, TPRL, TLRL) showing strong correlations could be used for additional 

studies of stress tolerance in the field or under other adverse environmental conditions. Seventy-
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nine SNP markers associated with root traits and three candidate genes related to root growth on 

chromosomes A02, A03 and A06 were also identified.  Identification of the genomic regions and 

genetic mechanisms affecting RSA traits will be useful in Brassica breeding programs.  
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3.6 Tables 
 
Table 3.1 Summary and phenotypic variations of eight root system architectural traits in a collection of 379 Brassica genotypes 
representing B. napus, B. oleracea, B. rapa, B. nigra, B. carinata and B. juncea. 

RSA traits (per plant) Abbreviation/Unit Min Max Mean SD CV (%) p-value 

Total root length TRL/cm 18.46 414.51 137.51 90.10 65.52 <2e-16 *** 

Total surface area of roots TRSA/ cm2 2.32 60.11 16.86 11.89 70.54 <2e-16 *** 

Average root diameter RAD/cm 0.20 0.76 0.35 0.12 33.25 <2e-16 *** 

Number of tips NTP 20.00 2753.00 461.30 425.58 92.26 <2e-16 *** 

Total primary root length TPRL/cm 8.77 46.73 24.92 9.79 39.30 <2e-16 *** 

Total lateral root length TLRL/cm 9.34 249.93 83.40 58.49 70.13 <2e-16 *** 

Total tertiary root length TTRL/cm 0.35 123.69 25.24 31.44 124.55 <2e-16 *** 

Basal link length BLL/cm 0.66 4.35 1.71 1.06 62.01 4.7e-12 *** 

Probability values (p-values) were generated through an ANOVA test of the 379 Brassica genotypes.  
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Table 3.2 Least square means of eight root system architectural traits among six the Brassica species B. napus, B. oleracea, B. rapa, 
B. nigra, B. carinata and B. juncea based on Duncan’s test. Traits examined included total root length (TRL/cm), total surface area of 
roots (TRSA/cm2), average root diameter (RAD/cm), number of tips (NTP), total primary root length (TPRL/cm), total lateral root 
length (TLRL/cm), total tertiary root length (TTRL/cm) and basal link length (BLL/cm). 

Species TRL TRSA RAD NTP TPRL TLRL TTRL BLL 

B.juncea 99.58a 14.00a 0.41a 322.93a 23.45ad 63.57a 9.29a 1.85a 

B.napus 201.64b 21.80b 0.32b 596.84b 29.21b 113.81b 45.35b 1.76ab 

B.rapa 120.43c 15.79c 0.36c 378.51c 21.43c 77.92c 20.21c 1.69b 

B.carinata 95.07a 13.49a 0.41a 378.55c 24.30d 61.49a 9.29ae 1.75ab 

B.oleracea 167.93d 22.00b 0.36c 645.14b 25.83e 102.64d 37.82d 1.49c 

B.nigra 82.98e 9.99d 0.32b 340.12ac 22.45ac 53.45e 7.09e 1.69b 

Means followed by different letters in the same column are significantly different (p-value < 0.05) from each other. 
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Table 3.3 SNP marker density and extent of intra-chromosomal linkage disequilibrium in Brassica napus, B. rapa and B. juncea 
accessions used in genome-wide association studies for the determination of root architectural traits 

Linkage 
group  or 

Chromosome 

Total # of 
SNP 
markers 

# 
Filtered  SNP 
markers 

Length 
covered 
(kb) 

Average 
inter-SNP 
marker 
distance (kb) 

Pairwise 
comparisons of 
all linked SNP 
markers  

Number (%) of 
SNP pairs in 
significant LD ϕ 

Average r2 

value/ 
chromosome 

Estimated 
LD decay 
(Mb) ψ  

 
A01 800 379 29044.5 76.6 17675 8203 (46.4%) 0.1456 599  
A02 728 403 29846.5 74.1 18806 10438 (55.5%) 0.1712 920  
A03 1458 808 37644.0 46.6 38868 19811 (51.0%) 0.1597 440  
A04 909 498 22049.4 44.3 23394 12495 (53.4%) 0.1688 580  
A05 916 498 29217.3 58.7 23625 12540 (53.1%) 0.1801 725  
A06 1024 595 31714.7 53.3 28475 16609 (58.3%) 0.2002 600  
A07 1298 722 27503.6 38.1 34825 17494 (50.2%) 0.1738 450  
A08 633 359 21731.4 60.5 16675 9615 (57.7%) 0.1801 620  
A09 757 404 43128.3 106.8 18925 10092 (53.3%) 0.1986 1400  
A10 787 437 30624.6 70.1 20575 11452 (55.7%) 0.1876 580  
C01 797 108 43764.1 405.2 4125 2754 (66.8%) 0.2284 9100  
C02 820 113 54608.9 483.3 4375 2752 (62.9%) 0.2047 4000  
C03 1598 190 61643.2 324.4 7740 4945 (63.9%) 0.2155 3100  
C04 1224 168 55831.3 332.3 7125 4421 (62.0%) 0.1901 3160  
C05 591 96 45327.5 472.2 3345 2188 (65.4%) 0.1996 4600  
C06 874 103 44201.4 429.1 3601 2086 (57.9%) 0.1923 3185  
C07 904 116 38338.5 330.5 4400 2785 (63.3%) 0.1981 2500  
C08 755 128 50664.9 395.8 4668 3248 (69.6%) 0.2426 4600  
C09 518 88 58383.8 663.5 3123 2295 (73.5%) 0.2461 8100  
A-genome 9310 5103 302504.3 62.9 ±20.1 251738 134687 (53.5%) 0.1762 660  
C-genome 8072 1110 452763.7 426.3 ±106.9 45441 27474 (60.5%) 0.2126 4000  
AC-genome 17382 6213 755267.9 235.0±200.1 224259 169182 (75.4%) 0.1830 850 

* One thousand one hundred and fifty-four SNP markers located on scaffolds or which could not be located were excluded from the 
analysis. ϕ  The number and percentage of SNP pairs in significant LD were determined from Chi-squared tests at p-value < 0.001. 
ψ The extent of LD decay was estimated from the projection of the intersection between the fitted curve of the data points and the 95th 
percentile of unlinked r2 threshold line (background LD) onto the physical distance axis.  
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Table 3.4 SNP markers in the Brassica species B. napus, B. rapa and B. juncea, including their chromosomal location and linkage 
association with root architectural traits 

θModel Used Trait(s) αSNP Marker Marker Position βLinkage 
Group 

Description 
Start End 

PCA/Q+K/PCA+D/PCA+K TRSA Bn_scaff_17036_1_p157245 243316 243334 A01 AFG1-like ATPase family protein 
PCA/Q+K/PCA+D/PCA+K TRSA Bn_A03_p4123164 28467 28487 A03 ABC1 family protein 
PCA/Q+K/PCA+D/PCA+K TRSA Bn_A03_p9765420 55863 55931 A03 Eukaryotic translation initiation factor 2 subunit 

1 
PCA/Q+K/PCA+D/PCA+K TRSA Bn_A09_p30678275 28355 28373 A09 AGC kinase 1.7 
PCA/Q+K/PCA+D/PCA+K TRSA Bn_scaff_17566_1_p21523 541373 541673 C02 Calcium-dependent lipid-binding (CaLB 

domain) family protein 
PCA/Q+K/PCA+D/PCA+K TRSA Bn_scaff_16445_1_p82664 105905 106136 C08 D-ribose-binding periplasmic protein 
PCA/PCA+D/PCA+K TRSA Bn_A02_p5571981 1914669 1914789 A02 histone deacetylase HDT2-like 

(LOC103851751) 
PCA/Q/Q+K/PCA+K RAD Bn_A09_p1011107 2194 2259 C08 GDSL-like lipase/acylhydrolase superfamily 

protein 
PCA/Q/Q+K/PCA+D/PCA+K RAD Bn_Scaffold000164_p174512 82582 82882 A01 Tetratricopeptide repeat (TPR)-like superfamily 

protein 
PCA RAD Bn_A02_p5574727 1914669 1914789 A02 DNA repair protein Rad4 family 
PCA/Q/Q+D/Q+K/PCA+K RAD Bn_A03_p19973423 1051672 1051972 A03 zinc-dependent activator protein-1 
PCA/Q/Q+D RAD Bn_A06_p21098677 976034 976334 A06 40S ribosomal protein S27 
PCA/Q+D RAD Bn_A06_p26219274 4063 4263 A06 root hair specific 17 
PCA/Q+K/PCA+K RAD Bn_A07_p11698185 545848 546047 A07 Ribosomal protein L17 family protein 
PCA/PCA+D TPRL Bn_A03_p7058001 11959 11976 A03 GDSL-like Lipase/Acylhydrolase superfamily 

protein 
PCA/PCA+D/PCA+K TPRL Bn_A04_p7442353 327569 327586 A04 transferases, transferring acyl groups 
PCA/PCA+D/PCA+K TPRL Bn_A04_p7442886 1537209 1537329 A04 ransmembrane protein 
PCA/PCA+D/PCA+K TPRL Bn_A04_p7443395 1317835 1317852 A04 hydroxymethylglutaryl-CoA synthase / HMG-

CoA synthase 
PCA/PCA+D/PCA+K TPRL Bn_A05_p19554281 1256900 1257100 A05 tRNAse Z4 
PCA/Q+K/PCA+D/PCA+K TPRL Bn_A06_p2619089 972332 972452 A06 exocyst subunit exo70 family protein 
PCA/PCA+D/PCA+K TPRL Bn_A07_p3921656 174533 174552 A07 Nucleotide-sugar transporter family protein 
PCA/Q+K/PCA+D/PCA+K TPRL Bn_A09_p7560188 192457 192577 A09 exocyst complex component sec3A 
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Table 3.4 (continued) SNP markers in the Brassica species B. napus, B. rapa and B. juncea, including their chromosomal location and 
linkage association with root architectural traits. 

θModel Used Trait(s) αSNP Marker Marker Position βLinkage 
Group 

Description 
Start End 

PCA/PCA+D/PCA+K TPRL/TRL Bn_scaff_16414_1_p539478 559675 559847 C05 protein SULFUR DEFICIENCY-
INDUCED 2-like 

PCA/PCA+K TPRL/TRL Bn_scaff_16514_1_p41089 1732209 1732509 C07 serine/threonine-protein kinase STY13-
like 

PCA/Q+K/PCA+D/PCA+K TPRL Bn_scaff_17487_1_p1782181 305799 305999 C09 hydroxyproline-rich glycoprotein family 
protein 

Q/Q+D/Q+K/PCA+K RAD Bn_A04_p5183306 493479 493599 A04 Uncharacterized 
Q RAD Bn_A08_p20968239 565906 566106 A08 phospholipase A1-IIalpha 
Q+D/Q+K/PCA+K RAD Bn_A01_p6482543 947870 947909 A01 Homeodomain-like superfamily protein 
Q+D RAD Bn_A02_p5516551 260256 260376 A02 cytochrome P450, family 735, 

subfamily A, polypeptide 2 
Q+D RAD Bn_A02_p15693192 28725 28807 A02 Transducin/WD40 repeat-like 

superfamily protein 
Q+D RAD Bn_A06_p5280225 62713 62741 A04 phosphoglycolate phosphatase 
Q+D RAD Bn_scaff_23293_1_p25406 376195 376495 A09 NAC domain containing protein 35 
Q+D RAD Bn_A01_p7942548 394003 394162 C01 DNA repair protein Rad4 family 
Q+K TRSA Bn_A08_p12599446 55394 55594 A08 methylcrotonoyl-CoA carboxylase beta 

chain, mitochondrial  
Q+K TRSA Bn_Scaffold000172_p99636 93776 93813 A05 ARM repeat superfamily protein 
Q+K TPRL Bn_A02_p10126530 346076 346196 A02 Plant self-incompatibility protein S1 

family 
Q+K TPRL Bn_A09_p24564546 4286 4302 A09 Brassica napus genome assembly, 

chromosome: A09 
Q+K/PCA+K TTRL/TRL Bn_A03_p5039586 3568080 3568097 A03 temperature-induced lipocalin-1 
Q+K TTRL Bn_A03_p6744274 429097 429121 A03 putative defensin-like protein 225 
Q+K TTRL Bn_A03_p19974784 1053033 1053333 A03 histidine kinase 2 
Q+K/PCA+K TTRL/TRL Bn_A06_p17049401 43512 43640 A06 receptor-like kinase TMK2 
Q+K TTRL Bn_scaff_18100_1_p593993 299324 299431 A09 malate dehydrogenase 1, cytoplasmic 
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Table 3.4 (continued) SNP markers in the Brassica species B. napus, B. rapa and B. juncea, including their chromosomal location and 
linkage association with root architectural traits. 

θModel 
Used 

Trait(s) αSNP Marker Marker Position βLinkage 
Group 

Description 
Start End 

Q+K TTRL Bn_A09_p13729175 142766 142782 A09 disease resistance protein TAO1 
Q+K TTRL Bn_A09_p16833397 67051 67275 A09 protein ENHANCED DISEASE RESISTANCE 2-like 
Q+K TTRL Bn_A09_p19872952 41038 41054 A09 alcohol dehydrogenase-like 3 
Q+K TTRL Bn_A09_p19865476 743365 743382 A09 DEA(D/H)-box RNA helicase family protein 
Q+K TTRL Bn_A09_p33660289 7754 7954 A09 CDP-diacylglycerol--serine O-phosphatidyltransferase 1 
Q+K TTRL Bn_A10_p4624712 1352963 1353083 A10 equilibrative nucleoside transporter 7 
Q+K TTRL Bn_A10_p4622209 34449 34569 A10 S-adenosyl-L-methionine-dependent methyltransferases 

superfamily protein 
Q+K TTRL Bn_scaff_17440_1_p268977 101613 101813 C03 phosphatidylinositol 4-phosphate 5-kinase MSS4-like 

protein 
Q+K TTRL Bn_scaff_22481_1_p200007 624510 624630 C09 Haloacid dehalogenase-like hydrolase (HAD) superfamily 

protein 
PCA+D RAD Bn_A01_p5335218 66516 66534 A01 abscisic acid 8'-hydroxylase 1 
PCA+D RAD Bn_A01_p10945930 11035 11052 A01 LRR and NB-ARC domains-containing disease resistance 

protein 
PCA+D RAD Bn_A02_p10781906 44741 44765 A02 lariat debranching enzyme 
PCA+D RAD Bn_A02_p19704677 2839848 2839865 A02 U-box domain-containing protein 37 
PCA+D RAD Bn_A04_p16313477 354946 355064 A04 Ribosomal S17 family protein 
PCA+D RAD Bn_A04_p18562244 188942 189242 A04 4-hydroxy-tetrahydrodipicolinate synthase 2, chloroplastic 
PCA+D RAD Bn_A06_p24156940 360125 360145 A06 Disease resistance protein (TIR-NBS-LRR class) family 
PCA+D RAD Bn_A10_p12072657 43451 43632 A07 ubiquitin family protein 
PCA+D RAD Bn_A07_p6501207 9193 9381 A07 GDSL-like Lipase/Acylhydrolase superfamily protein 
PCA+D RAD Bn_A02_p709952 1015827 1015844 A07 Peroxidase superfamily protein 
PCA+D RAD Bn_A09_p14282683 37874 38166 A09 Uncharacterized 
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Table 3.4 (continued) SNP markers in the Brassica species B. napus, B. rapa and B. juncea, including their chromosomal location and 
linkage association with root architectural traits. 

θModel Used Trait(s) αSNP Marker Marker Position βLinkage 
Group 

Description 
Start End 

PCA+D TPRL Bn_A03_p7110332 1001573 1001590 A03 transducin family protein / WD-40 repeat family protein 
PCA+D TPRL Bn_A08_p20546110 342771 342891 A08 myosin-binding protein 1 
PCA+D TPRL Bn_scaff_17807_1_p98331 103262 103462 C02 LEAF RUST 10 DISEASE-RESISTANCE LOCUS 

RECEPTOR-LIKE PROTEIN KINASE-like 2.7  
PCA+D TPRL Bn_scaff_16759_1_p264813 1114468 1114528 C04 chloride channel D 
PCA+D TPRL Bn_C13729753_p243 858575 858775 C05 Integrase-type DNA-binding superfamily protein 
PCA+K TRL Bn_A06_p17452087 979492 979792 A06  Polynucleotidyl transferase 
PCA+K TRL Bn_A06_p17176086 709607 709869 A06 TCV-interacting protein 
PCA+K TRL Bn_A01_p22999151 637603 637625 A01 SsrA-binding protein 
PCA+K TRL Bn_scaff_17522_1_p1724143 2404 2524 A02 Tetratricopeptide repeat (TPR)-like superfamily protein 
PCA+K TRL Bn_scaff_21861_1_p33827 717915 718115 C02 cytochrome P450, family 72, subfamily A, polypeptide 11 
PCA+K TRL Bn_scaff_16445_1_p894350 245816 246116 C08 cytochrome P450, family 87, subfamily A, polypeptide 2 
PCA+K BLL Bn_A03_p7178917 1429677 1429797 A03 cysteine-rich RLK (RECEPTOR-like protein kinase) 27 
PCA+K BLL Bn_scaff_26139_1_p313572 539325 539438 A04 Inosine triphosphate pyrophosphatase family protein 
PCA+K BLL Bn_A06_p3839293 53144 53444 A06 phosphatidylinositol 4-phosphate 5-kinase 7 
PCA+K BLL Bn_scaff_17821_1_p119310 541935 542135 A08 V-type proton ATPase subunit c''2 
PCA+K BLL Bn_A08_p16632230 489602 489630 A08 Brassica napus genome assembly 
PCA+K BLL Bn_A09_p9101925 533420 533437 A09 SNARE associated Golgi protein family 
PCA+D RAD Bn_A07_p6501207 9193 9381 A07 GDSL-like Lipase/Acylhydrolase superfamily protein 
PCA+D RAD Bn_A02_p709952 1015827 1015844 A07 Peroxidase superfamily protein 
PCA+D RAD Bn_A09_p14282683 37874 38166 A09 Uncharacterized 

θMixed Linear Model (MLM) designations: PCA, principal component analysis; Q, population structure; K, Kinship. αSNP markers 
denoted with the same superscript letter mapped to multiple chromosomes on the reference genomes. The type of PCR-based markers 
showing trait association has been specified. βLinkage groups A1-A10 = Brassica rapa and C1-C9 = Brassica oleracea. UPutative 
functions are based on matching entries in the  EnsemblPlants and NCBI GenBank databases.
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3.7 Figures 

 

Figure 3.1 Correlation analysis between eight root system architecture (RSA) traits as 
determined by a Spearman rank-based variable correlation test. Total root length (TRL/cm), 
total surface area of roots (TRSA/cm2), average root diameter (RAD/cm), number of tips (NTP), 
total primary root length (TPRL/cm), total lateral root length (TLRL/cm), total tertiary root length 
(TTRL/cm) and basal link length (BLL/cm). ‘Corr’ showed the coefficient values of the correlation, 
and the strength of correlation is described with different colors. ‘0.0’ means no significant 
correlation (p-value >0.05).  
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Figure 3.2 Scree plot explaining cumulative variance of the principal components. PC 1 and PC 2 explained 53% and 17.5% of the 
cumulative variance in the dataset, respectively, which accounted for 70.5% of total genotypic variation among all root system 
architecture (RSA) traits. Traits include total root length (TRL/cm), total surface area of roots (TRSA/cm2), average root diameter 
(RAD/cm), number of tips (NTP), total primary root length (TPRL/cm), total lateral root length (TLRL/cm), total tertiary root length 
(TTRL/cm) and basal link length (BLL/cm). 
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Figure 3.3 Scree plot for all variables of principal components 1 and 2. The red line indicates the average contribution. Total surface 
area of roots (TRSA/cm2), total root length (TRL/cm), total lateral root length (TLRL/cm) and total primary root length (TPRL/cm) 
made the greatest contributions, followed by average root diameter (RAD/cm), number of tips (NTP), total tertiary root length (TTRL/cm) 
and basal link length (BLL/cm).    
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Figure 3.4 Principal components analysis (PCA) biplot among six Brassica species including B. napus, B. oleracea, B. rapa, B. 
nigra, B. carinata and B. juncea. Traits include total root length (TRL/cm), total surface area of roots (TRSA/cm2), average root 
diameter (RAD/cm), number of tips (NTP), total primary root length (TPRL/cm), total lateral root length (TLRL/cm), total tertiary root 
length (TTRL/cm) and basal link length (BLL/cm).The different species are indicated by different colors. With the increase of PC1, 
most of the values of the root system architecture (RSA) traits increased, except for RAD. With the increase of PC2, RAD, NTP and 
TRSA increased, while values of other traits decreased. Most of the B. juncea, B. nigra, B. rapa and B. carinata genotypes are located 
in a cloud on the left side of the biplot, while most B. napus and B. oleracea genotypes are located on the right side of the biplot with 
relatively larger values for the root traits. This suggests that B. napus and B. oleracea have relatively larger root systems.  
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(a)                                              (b)                                               (c) 

 

                            (d)                                                    (e)                                                (f) 

Figure 3.5 Percentage of genotypes with small, medium, or large sized root systems in six Brassica species – B. napus (a), B. 
juncea (b), B. rapa (c), B. nigra (d), B. oleracea (e) and B. carinata (f). Most B. napus and B. oleracea genotypes had larger-sized 
root systems, while most B. juncea, B. rapa, B. nigra and B. carinata genotypes had smaller-sized root systems. Genotypes with 
medium-sized root system represented the smallest percentage for all of the species. 
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Figure 3.6 Bar plot of eight root system architecture (RSA) traits among six Brassica species. 
B. napus and B. oleracea had a relatively greater total root length (TRL/cm), total surface area of 
roots (TRSA/cm2), number of tips (NTP), total primary root length (TPRL/cm), total lateral root 
length (TLRL/cm) and total tertiary root length (TTRL/cm). In general, values for six of the eight 
traits (with the exception of NTP and basal link length (BLL/cm)) were lowest in B. nigra.
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(a)                                                                (c)                                                              (e) 

 

                                 (b)                                                               (d)                                                              (f) 

Figure 3.7 Quantile-Quantile comparison of six GWAS models for identifying loci associated with root architecture (RSA) traits  
in 313 Brassica accessions representing five species, including B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. The two 
general linear models (GLM) tested comprised the principal coordinate analysis (PCA)-only (a) and the population structure (Q)-only 
(b). The four mixed linear models (MLM) tested comprised the Q + D (c), Q + K (d), PCA + D (e), PCA + K (f) models, where D and 
K are the Distance and Kinship Matrices, respectively.  The black line is the expected -log10 P distribution, while the colored lines are 
the observed -log10 P distribution for each of the eight RSA traits.  
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                                                    (a)                                                                                                   (b)                                                               

 
                                                    (c)                                                                                                   (d)                                                               

Figure 3.8  Manhattan plots of the PCA + K MLM models for identifying root system architecture (RSA) trait loci in 313 Brassica 
accessions representing five species, including B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. The dashed horizontal 
lines indicate the Bonferroni-adjusted significance threshold (“logarithm-of-odds” (LOD) score). The dots above the significance 
threshold indicate SNPs associated with each trait.
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                                                    (a)                                                                                                   (b)                                                               

  
                                                    (c)                                                                                                   (d)                                                               

Figure 3.8 (continued)  Manhattan plots of the PCA + K MLM models for identifying root system architecture (RSA) trait loci 
in 313 Brassica accessions representing five species, including B. napus, B. oleracea, B. rapa, B. carinata, and B. juncea. The 
dashed horizontal lines indicate the Bonferroni-adjusted significance threshold (“logarithm-of-odds” (LOD) score). The dots above the 
significance threshold indicate SNPs associated with each trait.
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                            (a)                                                      (b)                                                                           (c)                                                                        

Figure 3.9 Bayesian cluster analysis of 313 Brassica accessions representing five species, including B. napus, B. oleracea, B. rapa, 
B. carinata and B. juncea, estimated with STRUCTURE based on 6,213 SNP markers using 50,000 burn-in iterations and 
Markov Chain Monte Carlo (MCMC) lengths. The value of K, determined following Evanno et al. (2005), and the population 
structure determined with the Puechmaille (2016) and Li and Liu (2018) alternative, indicated three clusters for all runs (a & b). Detailed 
Bayesian clustering of the 313 accessions is shown in (c), with each colour represents one ancestry component. The simplified view 
suggests three ancestral populations. 
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Chapter 4: Conclusions 

4.1 Introduction 

The genus Brassica comprises many agriculturally important crops, including B. napus L., 

B. rapa L., B. nigra (L.) Koch, B. oleracea L., B. juncea (L.) Czern & Coss, and B. carinata A. 

Braun (Branca and Cartea, 2011).  Brassica species exhibit significant adaptability and resilience, 

and are able to grow under many conditions. Nonetheless, there is the potential for further 

improvement to enhance Brassica stress tolerance, traits of agronomic significance, and seed and 

oil quality (Sharma et al., 2022). One approach that can contribute to achieving these 

improvements is to target the root system architecture (RSA). The objectives of this thesis were to 

increase knowledge of Brassica root systems by evaluating RSA traits in a large collection of 

genotypes, and to identify genomic regions controlling these traits.   

4.2 Optimizing the Evaluation of Brassica Root System Architectural Traits 

In Chapter 2, a semi-hydroponic system was developed to determine the optimal timing for 

assessing root traits. Seedlings representing four B. napus genotypes were grown in rolls of 

germination paper in half-strength Hoagland’s No. 2 Basal Salt Mixture (Sigma-Aldrich Co., 

Ontario, Canada) solution, with a suite of RSA traits assessed after 7, 14, and 21 days using 

WinRHIZO (Régent Instruments Inc., Quebec, Canada). At the 7-day mark, there were no notable 

disparities in root morphology among the B. napus cultivars, as the seedlings were still in their 

early stages of growth and lacked significant development. However, by day 14, the root systems 

had undergone substantial growth, displaying enhanced complexity and thereby enabling better 

differentiation between cultivars. By day 21, the root systems had matured further, but extracting 

the roots without overlap posed a challenge due to the large amounts of tissue. Consequently, the 

assessment of roots after 14 days in the Hoagland's solution was deemed as a reliable approach 
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that yielded accurate results within a reasonable timeframe. This methodology served as the basis 

for phenotyping Brassica roots in Chapter 3. 

4.3 Evaluation of Root Architectural Traits in A Collection of Brassica Genotypes 

In Chapter 3, the RSA traits of 379 Brassica genotypes were examined, including 68 B. 

napus, 64 B. juncea, 60 B. rapa, 66 B. nigra, 57 B. oleracea, and 28 B. carinata accessions. In 

addition, 25 Canadian canola (B. napus) cultivars and 13 hosts of the Canadian Clubroot 

Differential set (Strelkov et al., 2018) were also compared. Eight fundamental parameters related 

to root architecture were quantified, including total root length (TRL/cm per plant), total root 

surface area (TRSA/cm² per plant), average root diameter (RAD/mm per plant), number of tips 

(NTP per plant), total primary root length (TPRL/cm per plant), total lateral root length (TLRT/cm 

per plant), total tertiary root length (TTRL/cm per plant), and basal link length (BLL/cm per plant). 

Analysis of the phenotypic data indicated that among the studied species, B. napus and B. oleracea 

developed the most intricate and expansive root systems, showing higher values for six of the eight 

measured traits. In contrast, B. nigra possessed the smallest root systems. The two species B. 

juncea and B. carinata shared comparable root system complexity and had the largest average root 

diameter (RAD) compared with the other Brassica species, indicating the presence of thicker root 

systems. This comprehensive examination improved understanding of the diversity within 

Brassica root systems and laid a foundation for conducting genome-wide association studies 

(GWAS).  

Single nucleotide polymorphism (SNP) genotyping was carried out on 313 of the Brassica 

accessions (the 66 B. nigra accessions were excluded, as explained in Chapter 3). After data 

filtering, a set of 6,213 SNP markers was employed to conduct the GWAS. This marker set 

encompassed 5,103 markers on the A-genome and 1,110 markers on the C-genome, effectively 
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covering a genomic region of 302.5 Mb for the A-genome and 452.8 Mb for the C-genome. The 

GWAS identified 79 significant SNP markers associated with the eight root-related traits under 

investigation. These markers were distributed across the 18 chromosomes of B. napus, excluding 

chromosome C06. Among these markers, 65 were located on the A-genome, while 14 were found 

on the C-genome. Six markers were related to TRL, 9 to TRSA, 26 to RAD, 16 to TPRL, 12 to 

TTRL, 6 to BLL, 2 to TPRL/TRL and 2 to TTRL/TRL. No markers were associated with the 

number of tips (NTP) or total lateral root length (TLRL).  

Further analysis indicated the presence of two pleiotropic SNP markers, 

Bn_scaff_1_p539478 and Bn_scaff_1_p41089, which exhibited associations with both TPRL and 

total root length (TRL), along with Bn_A03_p5039586 and Bn_A06_p17049401, which were 

linked to TTRL and TRL. The investigation of these SNP markers led to the identification of 

potential candidate genes, encompassing not only genes encoding proteins involved in plant root 

growth, such as cell wall synthesis, vesicle fusion, and cell growth, but also proteins associated 

with fundamental biological processes in plant development, including ATP binding, DNA 

binding, and mRNA binding. Furthermore, the analysis identified three genomic regions on 

chromosomes A03, A02, and A06 as hotspots harboring genes closely related to root traits, thereby 

opening up new avenues for further research and exploration. 

4.4 Future studies 

The findings derived from this research demonstrated significant variation in RSA traits 

among Brassica species, and enabled the detection of multiple markers associated with these traits.  

Nonetheless, these experiments were conducted under controlled conditions, which may not 

entirely reflect ‘real-world’ scenarios, and the SNP array utilized was limited to the A- and C-

genomes. Consequently, further investigations integrating both morphological and genetic 
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analyses of root architecture in the Brassicas, which incorporate their responses to diverse stress 

conditions, are necessary. These studies would contribute to establishing the fundamental 

principles governing root traits in specific Brassica subspecies or for cultivar development. Such 

invaluable insights would facilitate a more targeted breeding approach based on RSA traits, 

facilitating the development of improved Brassica cultivars and contributing to future food 

security. 
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Appendix 

Table A1. List of 379 genotypes of Brassica used in the root system architecture studies under 
semi-hydroponic system. Information about Brassica species, genotypes #, root traits including 
total root length (TRL/cm per plant), total surface area of roots (TRSA/cm2 per plant), average root 
diameter (RAD/cm per plant), number of tips (NTP per plant), total primary root length (TPRL/cm 
per plant), total lateral root length (TLRT/cm per plant), total tertiary root length (TTRL/cm per 
plant), basal link length (BLL/cm per plant) and root size of small, medium and large were 
provided. 
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Table A1a. Commercial lines 
Genotypes # TRL TRSA RAD NTP TPRL TLRL TTRL BLL Root Size 

5770 165.53 14.48 0.27 636.69 26.62 100.53 14.78 1.57 Large 
7454 280.4 33.61 0.37 1910.06 37.21 137.97 24.48 1.3 Large 

08N823R 81.76 6.24 0.25 173.25 18.18 53.63 6.32 1.16 Small 
45CM39 288.97 34.49 0.38 1682.5 27.61 141.05 46.37 1.37 Large 
45CS40 175.99 13.24 0.25 280.88 30.25 114.94 20.18 1.19 Large 
45H26 212.85 21.63 0.32 806.75 31.1 131.74 20.33 1.27 Large 
45H29 175.1 18.92 0.34 1166.44 20.62 75.51 25.8 1.32 Large 
45H31 183.89 17.42 0.29 517.63 27.48 115.5 22.3 1.59 Large 
45M35 296.5 39.44 0.42 1131.75 39.59 171.69 37.68 1.28 Large 
6207TF 126.84 8.79 0.22 197.56 27.27 92.84 6.61 1.56 Medium 
6056CR 190.34 14.03 0.23 384.38 31.24 124.84 23.53 1.4 Large 
7444BL 349.98 43.65 0.39 1529.88 38.27 228.04 22.55 1.48 Large 
9558C 206.9 26.49 0.4 868.06 32.27 122.62 21.15 1.75 Large 

Brevant3010 279.24 35.98 0.41 1295.25 33.37 154.5 30.77 1.86 Large 
Brutor 301.55 41.72 0.44 930.63 38.27 162.06 57.19 1.79 Large 

BY6204 253.26 17.98 0.23 428.69 36.69 162.75 41.71 1.37 Large 
CS2000 324.8 31.43 0.3 868.63 39.6 224.39 36.18 1.39 Large 
CS2600 252.57 29.86 0.38 1491.5 34.25 141.72 12 1.38 Large 
D3155C 242.63 26.1 0.32 1693.81 30.22 118.07 28.95 1.47 Large 

DKTF98CR 266.07 19.58 0.23 484.19 42.11 189.29 22.4 1.96 Large 
L150 192.27 22.43 0.37 1280.13 31.51 89.51 5.63 1.75 Large 

L234PC 148.98 18.41 0.39 929.94 23.3 76.91 7.94 1.39 Large 
L241 289.32 32.91 0.35 1202.69 37.18 167.02 39.67 1.89 Large 

L255PC 272.69 19.5 0.23 491.44 35.91 180.24 36.46 1.47 Large 
L343PC 224.92 15.16 0.21 525.75 37.14 152.95 22.05 1.65 Large 
L345PC 338.73 36.79 0.35 2753.19 36.9 159.49 16.5 2.11 Large 

Laurentian 170.28 10.94 0.2 628.25 30.99 104.21 22.34 1.2 Large 
Mendel 388.51 44.36 0.36 1622.38 42.4 249.93 30.95 1.76 Large 
P501L 414.51 52.98 0.41 1403.19 43.48 247.38 56.92 1.53 Large 

WESTAR 161.06 29.86 0.59 285.44 25 90.19 24.09 2.22 Large 
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Table A1b. Brassica napus 
Genotypes # TRL TRSA RAD NTP TPRL TLRL TTRL BLL Root Size 

ECD06 204.34 20.97 0.31 778.88 28.77 130.5 13.14 1.29 Large 
ECD08 242.64 23.96 0.3 1074.44 34.15 143.03 26.93 1.44 Large 
ECD09 186.3 12.88 0.22 399 34.64 135.9 7.73 1.61 Large 
ECD10 223.13 25.17 0.36 1578.56 33.08 107.93 11.48 1.82 Large 
FG001 131.86 12.67 0.29 164.38 22.52 77.33 32.01 2.71 Large 
FG002 310.25 28.53 0.28 419.88 36.85 169.8 103.6 1.81 Large 
FG004 266.6 23.98 0.26 403.81 38.28 151.1 77.21 1.85 Large 
FG005 180.68 17.37 0.28 233.81 27.39 104.69 48.6 2.12 Large 
FG007 284.23 27.62 0.28 971.13 46.73 152.63 84.87 2.08 Large 
FG008 173.7 17.01 0.28 522.81 32.9 97.05 43.76 2.93 Large 
FG009 47.98 10.58 0.56 246.31 12.05 29.27 6.66 1.47 Small 
FG010 161.1 14.39 0.28 215.81 28.62 94.14 38.34 2.33 Large 
FG011 141.59 15.11 0.3 248.06 20.19 82.13 39.27 2.45 Large 
FG012 161.13 15.61 0.29 470.69 26.94 90.2 43.98 2.2 Large 
FG013 159.33 14.22 0.25 308.69 27.93 93.17 38.23 1.81 Large 
FG014 153.67 14.52 0.28 250.38 25.4 89.56 38.71 2.6 Large 
FG015 223.39 21.92 0.32 487.25 25.07 143.4 54.93 2.21 Large 
FG019 156.35 14.72 0.27 378.13 26.82 90.21 39.32 2.19 Large 
FG022 103.71 10.35 0.28 447.06 16.5 58.03 29.19 2.06 Small 
FG025 164.63 17 0.3 339.88 26.56 125.97 12.11 2.82 Large 
FG026 158.62 32.55 0.57 418.56 27.66 116.55 14.41 1.9 Large 
FG027 53.28 13.44 0.54 453.38 19.2 31.41 2.67 1.48 Small 
FG029 222.22 44.42 0.58 321.88 37.74 167.08 17.39 3.07 Large 
FG031 134.66 12.66 0.28 283.69 20.67 80.41 33.58 1.89 Large 
FG033 147.46 22.31 0.39 468.19 27.66 80.94 38.86 1.73 Large 
FG034 100.38 22.4 0.65 236.25 18.71 73.52 8.16 2.43 Small 
FG035 96.01 9.72 0.3 191.06 15.57 64.57 15.87 1.62 Small 
FG037 96.78 10.1 0.31 183.69 18.97 57.33 20.47 1.99 Small 
FG038 61.31 6.04 0.31 94.25 13.02 36.99 11.3 1.39 Small 
FG040 135.85 12.33 0.28 237.19 23.29 81.95 30.61 2.17 Large 
FG041 116.1 13.85 0.34 447.88 19.64 79.24 17.23 2.11 Medium 
FG042 127.31 24.53 0.48 357.19 15.86 80.73 30.72 0.86 Medium 
FG665 178.79 17.9 0.31 282.56 20.54 75.36 82.89 1.5 Large 
FG666 224.02 22.39 0.28 598.69 35.68 102.94 85.4 1.64 Large 
FG667 191.03 20.04 0.31 469.5 23.73 92.2 75.1 1.45 Large 
FG668 177.86 23.55 0.41 306.25 24.11 88.6 65.15 1.38 Large 
FG670 276.35 24.48 0.26 308.31 36.58 143.35 96.42 1.8 Large 
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Genotypes # TRL TRSA RAD NTP TPRL TLRL TTRL BLL Root Size 
FG688 284.28 29.98 0.3 505.25 33.66 142.79 107.83 1.65 Large 
FG689 249.48 25.99 0.3 606.69 23.91 102.4 123.17 1.74 Large 
FG690 243.24 27.83 0.32 531.5 27.71 104.97 110.56 1.67 Large 
FG691 166.12 19.37 0.33 304.5 26.94 94.99 44.19 1.75 Large 
FG692 278.65 32.4 0.33 929.19 31.72 135.14 111.79 1.63 Large 
FG694 268.12 26.84 0.29 651.63 32.43 132.36 103.33 1.71 Large 
FG710 231.66 22.7 0.29 523.44 30.76 110.06 90.85 1.74 Large 
FG723 176.26 17.54 0.29 494.94 26.97 97.65 51.64 1.85 Large 
FG725 280.6 33.07 0.33 803.94 32.74 139.29 108.57 1.86 Large 
FG726 252.92 30.77 0.34 748.63 35.31 137.66 79.95 2.13 Large 
FG727 273 30.87 0.32 412.69 37.33 136.31 99.37 1.86 Large 
FG730 269.25 24.71 0.27 371.56 33.72 139.71 95.82 1.6 Large 
FG734 173.16 19.46 0.31 426.69 30.41 97.56 45.19 1.23 Large 
FG735 278.41 24.76 0.27 432.69 34.57 145.98 97.86 1.65 Large 
FG736 154.09 15.49 0.28 546.88 29.45 94.07 30.58 1.81 Large 
FG737 159.53 16.68 0.29 259.44 29.54 88.4 41.59 1.7 Large 
FG748 164.64 14.75 0.27 252.38 30.5 86.41 47.73 2.32 Large 
FG750 177.34 16.43 0.26 448.69 31.39 94.04 51.91 2.33 Large 
FG756 150.77 15.04 0.28 492.63 20.27 82.44 48.06 1.98 Large 
FG767 201.13 19.23 0.29 380.44 28.22 109.94 62.98 1.8 Large 
FG768 233.09 21.24 0.27 203.44 30.61 122.96 79.53 1.7 Large 
FG769 182.09 18.46 0.28 379.44 26.56 94.82 60.71 2.08 Large 
FG771 159.76 25.76 0.41 489.88 23.9 81.4 54.47 1.45 Large 
FG782 129.84 13.93 0.31 462.75 25.78 63.65 40.41 1.84 Medium 
FG783 187.66 19.74 0.29 390.5 29.25 94.98 63.44 1.76 Large 
FG784 164.57 15.24 0.28 294.19 29.75 85.32 49.51 1.53 Large 
FG818 182.81 18.4 0.29 300.31 33.38 94.58 54.85 1.71 Large 
FG819 131.47 13.87 0.31 390 25.89 72.02 33.55 1.41 Large 
FG820 125.24 13.28 0.31 369.63 21.78 66.43 37.03 1.29 Medium 
FG821 198.5 19.93 0.29 575.69 25.19 103.51 69.8 1.7 Large 
FG822 209.74 21.12 0.3 385.13 27.32 117.39 65.02 1.51 Large 
FG823 185.22 21.9 0.34 265.24 29.04 106.48 49.7 1.93 Large 
FG825 200.94 22.03 0.32 227.6 32.38 110.28 58.28 1.92 Large 
FG826 211.97 21.81 0.32 476.63 26.47 110.86 74.65 1.8 Large 
FG828 201.7 23.46 0.33 342.63 28.19 111 62.5 1.66 Large 
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Table A1c. Brassica rapa 
Genotypes # TRL TRSA RAD NTP TPRL TLRL TTRL BLL Root Size 

ECD02 174.92 20.7 0.38 1097 27.52 97.55 6.17 1.7 Large 
ECD05 147.98 9.97 0.21 405.94 27.06 96.48 14.43 1.64 Large 
FG043 113.87 9.72 0.25 252.44 19.65 82.21 12.01 1.94 Small 
FG044 166.5 15.3 0.26 442.06 22.52 106.54 37.45 1.36 Large 
FG052 75.45 15.64 0.61 147 14.98 53.26 7.2 1.79 Small 
FG053 88.03 8.31 0.29 260.38 13.68 65.6 8.76 2.44 Small 
FG054 94.52 16.01 0.48 325.38 17.79 63.16 13.57 2.59 Small 
FG056 205.9 44.49 0.55 759.19 31.62 109.91 64.37 1.6 Large 
FG058 151.86 32.93 0.58 461.19 23.57 101.99 26.29 2.16 Large 
FG060 72.82 6.3 0.25 234.56 15.77 52.67 4.37 1.56 Small 
FG061 143.48 15.29 0.28 557.56 20.88 80.11 42.5 1.18 Large 
FG062 83.92 7.29 0.26 193.25 15.69 60.74 7.48 1.81 Small 
FG063 110.87 23.69 0.58 316.38 19.73 71.47 19.66 1.37 Small 
FG066 118.03 10.11 0.24 269.56 20.99 86.41 10.63 2.14 Medium 
FG072 139.42 12.18 0.26 342.94 25.39 101.72 12.31 1.96 Large 
FG073 109.64 11.61 0.29 419.81 24.38 76.53 8.73 1.71 Small 
FG080 115.55 20.74 0.48 649.44 20.36 77.11 18.08 2.01 Medium 
FG082 105.39 12.44 0.34 287.88 17.31 55.36 32.72 1.13 Small 
FG084 66.91 5.02 0.22 186 13.35 43.64 9.93 1.55 Small 
FG085 104.04 8.93 0.26 365.5 17.11 71.8 15.13 1.66 Small 
FG088 138.54 13.39 0.28 343.63 23.45 95.9 19.19 2.08 Large 
FG091 89.96 17.36 0.57 186.56 22.76 61.81 5.4 1.76 Small 
FG092 157.98 31.27 0.51 722 26.76 82.61 48.61 1.18 Large 
FG094 109.56 17.33 0.45 223.25 25.24 73.82 10.5 1.94 Small 
FG095 92.76 9.27 0.29 331.44 21.25 61.8 9.71 1.47 Small 
FG096 203.71 20.53 0.26 840.31 25.12 111.09 67.51 1.64 Large 
FG097 121.22 11.3 0.27 335.81 18.99 80.11 22.12 1.46 Medium 
FG101 129.21 11.33 0.26 403.44 16.87 87.91 24.43 1.62 Medium 
FG102 109.04 14.46 0.41 275.75 20.59 68.79 19.66 1.46 Small 
FG106 164.41 12.02 0.26 339.56 21.55 118.94 23.92 1.49 Large 
FG109 128.25 11.69 0.26 278.69 23.03 93.22 11.99 1.74 Medium 
FG112 103.9 13.74 0.35 147.13 19.29 64.45 20.16 1.54 Small 
FG113 67.59 10.51 0.4 247.56 17.91 39.86 9.82 1.54 Small 
FG114 153.37 15.67 0.29 405.94 25.85 90.88 36.65 1.81 Large 
FG119 86.01 6.32 0.23 160.5 16.37 58.19 11.45 1.32 Small 
FG120 161.78 16.37 0.29 289.5 32.1 119.65 10.03 1.7 Large 
FG121 149.89 12.28 0.23 367.38 23.97 103.84 22.08 1.55 Large 
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Genotypes # TRL TRSA RAD NTP TPRL TLRL TTRL BLL Root Size 
FG123 63.78 14.48 0.58 309.63 18.35 40.72 4.72 2.35 Small 
FG124 118.27 30.03 0.55 817.69 26.84 81.1 10.33 2.01 Medium 
FG125 85.49 9.11 0.3 362.13 22.37 55.76 7.36 1.61 Small 
FG126 147.77 12.28 0.25 327.63 27 105.48 15.28 2.06 Large 
FG129 125.27 27.7 0.58 418.25 23.8 68.81 32.66 1.53 Medium 
FG133 51.39 5.03 0.28 210.13 12.63 34.64 4.13 2.11 Small 
FG136 75.44 7.08 0.28 187.44 16.75 53.81 4.88 1.69 Small 
FG137 87.33 13.89 0.42 276 18.42 54.43 14.49 1.43 Small 
FG138 158.21 17.2 0.32 459.31 27.07 107.23 23.92 2.18 Large 
FG142 79.64 13.31 0.41 452.31 14.59 49.48 15.57 1.1 Small 
FG153 56.62 13.05 0.61 202.94 16.29 31.57 8.76 1.89 Small 
FG158 85.38 8.35 0.27 396.44 20.64 57.56 7.18 1.28 Small 
FG166 98.67 9.63 0.25 554 20.81 62.59 15.28 1.3 Small 
FG167 108.01 10.95 0.28 302.06 16.17 79.98 11.86 1.89 Small 
FG183 158.16 33.32 0.57 480.88 28.15 98.18 31.83 1.9 Large 
FG184 108.66 22.76 0.59 226.75 20.06 65.4 23.2 1.22 Small 
FG191 144.75 14.08 0.27 493.25 23.07 93.21 28.48 1.41 Large 
FG194 130.88 12.85 0.28 460.25 22.5 87.28 21.1 1.88 Large 
FG196 144.51 18.39 0.33 386 18.05 94.05 32.4 1.81 Large 
FG201 175.72 22.76 0.33 782.88 29.34 105.04 41.33 1.29 Large 
FG203 66.23 6.46 0.3 184.88 15.01 40.99 10.23 1.31 Small 
FG211 214.14 46.48 0.63 366.19 28.23 126.37 59.54 2.08 Large 
FG212 138.76 14.51 0.31 412.75 17.68 99.78 21.31 2.13 Large 
FG215 139.6 30.51 0.63 250.81 28.46 78.83 32.31 1.43 Large 
FG219 147.57 13.13 0.27 274.94 25.86 91.62 30.09 1.38 Large 
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Table A1d. Brassica juncea 
Genotypes # TRL TRSA RAD NTP TPRL TLRL TTRL BLL Root Size 

FG402 174.76 18.63 0.3 714 27.66 126.23 20.86 2.63 Large 
FG403 198.41 21.12 0.29 775.13 34.91 148.31 15.19 3.48 Large 
FG404 58.61 8.15 0.38 68.19 19.87 35.91 2.83 2.29 Small 
FG405 76.41 10.75 0.4 78.63 23.69 47.44 5.28 1.54 Small 
FG406 233.97 24.38 0.31 768.31 33.62 176.7 23.66 2.56 Large 
FG412 170.35 23.16 0.39 154.75 39.47 117.94 12.93 2.52 Large 
FG429 106.15 15.68 0.42 114.94 22.9 74 9.26 2.23 Small 
FG430 71.05 9.16 0.38 210.63 15.85 29.81 25.38 1.65 Small 
FG431 103.13 13.66 0.35 586.94 22.12 43.05 37.96 2.49 Small 
FG432 57.74 7.22 0.32 258.06 20.37 26.75 10.62 0.99 Small 
FG443 44.11 6.38 0.33 278.19 18.7 18.56 6.85 1.15 Small 
FG444 99.48 10.76 0.32 199.94 27.67 45.15 26.66 1.19 Small 
FG449 122.98 14.02 0.33 226.38 26.08 55.45 41.45 1.88 Medium 
FG450 136.92 15.37 0.31 357.75 30.11 61.41 45.4 2.11 Large 
FG454 178.07 17.59 0.32 299.69 28.06 78.87 71.13 2.04 Large 
FG460 147.49 17.06 0.34 232.19 31.54 72.65 43.3 1.77 Large 
FG995 127.34 13.62 0.34 294 26.48 92.83 8.03 2.04 Medium 
FG1003 234.13 23.53 0.3 674 39.3 178.21 16.63 2.61 Large 
FG1005 107.87 12.15 0.33 414.63 22.14 74.43 11.3 1.8 Small 
FG1006 49.69 5.55 0.32 219.94 14.17 31.82 3.7 2.41 Small 
FG1007 99.57 10.39 0.31 432.81 22.05 71.14 6.39 1.92 Small 
FG1023 92.31 21.02 0.55 447.25 18.73 66.12 7.46 2.52 Small 
FG1036 35.07 4.43 0.39 19.94 12.89 21.54 0.63 1.5 Small 
FG1037 35.35 4.49 0.37 38.13 15.67 18.07 1.62 1.2 Small 
FG1039 98.08 10.06 0.28 474.75 22.69 69.41 5.99 1.4 Small 
FG1040 86.48 20.74 0.58 464.81 19.73 53.28 13.48 2.28 Small 
FG1041 53.47 12.37 0.65 136.06 21.58 30.89 1 1.66 Small 
FG1042 40.67 3.7 0.27 99.44 14.66 25.1 0.9 1.89 Small 
FG1043 110.83 10.55 0.29 241.44 25.34 82.1 3.38 2 Small 
FG1049 52.21 7.04 0.34 380.63 15.03 28.61 8.57 0.98 Small 
FG1050 59.21 14.28 0.59 362.56 16.98 34.2 8.03 1.21 Small 
FG1051 65.16 7.46 0.32 280.06 21.34 37.01 6.81 1.54 Small 
FG1053 50.01 5.12 0.33 115.38 14.7 28.58 6.72 0.99 Small 
FG1054 50.28 12.8 0.65 252.25 17.36 26.96 5.96 1.14 Small 
FG1055 76.63 19.07 0.75 121.38 28.59 40.38 7.67 1.04 Small 
FG1056 42.9 11.34 0.57 325.56 15.25 21.98 5.66 1.17 Small 
FG1057 139.24 15.87 0.33 470.69 26.61 81.05 31.58 1.22 Large 
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Genotypes # TRL TRSA RAD NTP TPRL TLRL TTRL BLL Root Size 
FG1058 83.9 19.67 0.65 178.88 20.34 48.66 14.9 1.2 Small 
FG1060 52.09 12.79 0.59 272.06 16.92 29.01 6.15 1.46 Small 
FG1061 41.95 4.58 0.33 106.25 12.06 24.35 5.54 1.28 Small 
FG1063 18.46 4.98 0.57 190.63 8.77 9.34 0.35 1.22 Small 
FG1065 81.13 7.61 0.28 218.13 22.58 54.97 3.58 1.9 Small 
FG1066 139.11 18.13 0.37 289.88 33.46 94.18 11.47 1.96 Large 
FG1070 70.23 10.08 0.36 528.5 21.84 38.44 9.94 1.09 Small 
FG1071 82.79 9.2 0.34 183.63 20 58.67 4.12 1.92 Small 
FG1072 189.26 38.61 0.59 310.69 39.99 140.62 8.65 2.81 Large 
FG1077 103.74 11.06 0.3 445.25 25.75 73.48 4.51 1.9 Small 
FG1081 168.53 22.89 0.4 139.56 37.43 116.29 14.81 2.66 Large 
FG1082 94.7 10.58 0.3 524.94 26.76 63.75 4.18 1.9 Small 
FG1083 244 29.1 0.33 475.56 39.06 168.58 36.37 3.41 Large 
FG1084 103.07 11.25 0.31 438.38 28.92 67.71 6.44 2.58 Small 
FG1085 161.21 17.29 0.31 420.94 31.86 107.52 21.82 1.91 Large 
FG1088 120.88 27.11 0.58 435.13 29.16 84.32 7.4 2.36 Medium 
FG1090 49.43 7.14 0.33 653.38 16.02 27.21 6.21 1.21 Small 
FG1100 120.13 13.33 0.33 359.44 27.44 82.02 10.68 2.67 Medium 
FG1101 77.83 18.02 0.63 191.44 21.92 53.08 2.83 2.11 Small 
FG1102 82.97 19.55 0.6 409.31 18.91 58.54 5.52 1.98 Small 
FG1103 91.02 12.25 0.32 233.38 19.14 58.51 13.36 1.64 Small 
FG1104 38.91 5.56 0.39 136.13 14.07 21.49 3.34 1.43 Small 
FG1105 51.41 5.36 0.31 193 18.61 29.77 3.03 1.13 Small 
FG1108 83.04 18.66 0.55 422.56 20.26 54.83 7.95 2.17 Small 
FG1111 90.81 22.08 0.61 402.38 24.33 59.96 6.52 1.75 Small 
FG1112 114.61 11.97 0.3 390 24.97 83.65 5.99 1.92 Small 
FG1113 131.72 28.37 0.58 528.63 26.24 87.85 17.63 1.63 Large 
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Table A1e. Brassica oleracea 
Genotypes # TRL TRSA RAD NTP TPRL TLRL TTRL BLL Root Size 

ECD11 261.81 31.23 0.38 1924.56 30.47 126.53 16.08 1.43 Large 
ECD13 155.96 11.37 0.23 243.13 32.8 113.07 4.98 1.38 Large 
FG467 97.17 10.04 0.32 150.19 19.88 45.15 32.14 1.31 Small 
FG485 139.19 13.19 0.29 287.69 29.59 69.69 39.91 1.55 Large 
FG503 161.55 31.05 0.45 1321.13 29.31 96.33 35.91 1.19 Large 
FG505 87.44 9.17 0.29 314.69 14.98 57.08 15.37 1.2 Small 
FG510 128.72 13.98 0.29 639.25 20.19 82.06 26.48 1.17 Medium 
FG514 161.81 16.47 0.28 287.19 29.79 74.51 57.52 1.79 Large 
FG518 88.03 10.29 0.32 333.63 19.43 53.03 15.57 1.98 Small 
FG533 174.92 17.4 0.28 286.38 27.8 86.72 60.4 1.82 Large 
FG534 162.36 16.62 0.31 400.69 23.53 58.59 80.25 1.54 Large 
FG535 150.33 13.01 0.26 298.5 25.78 72.63 51.93 1.45 Large 
FG536 187.59 17.12 0.28 258.63 22.18 77.24 88.16 1.92 Large 
FG538 197.75 17.25 0.27 323.56 30.76 94.58 72.4 2.38 Large 
FG539 165.34 35.2 0.45 1748.5 25.14 100.46 39.75 1.5 Large 
FG557 93.06 15.6 0.41 578.13 17.65 64.26 11.14 1.84 Small 
FG562 201.29 36.63 0.47 1032.25 29.5 137.66 34.13 2.12 Large 
FG565 161.56 26.77 0.41 948.88 29.32 108.56 23.68 1.72 Large 
FG570 201.34 18.29 0.28 257.69 32.78 146.91 21.64 1.66 Large 
FG577 170.14 15.11 0.26 460.63 28.05 115.04 27.06 1.81 Large 
FG582 360.36 60.11 0.47 1038.31 37.64 242.91 79.81 1.23 Large 
FG590 276.4 24.43 0.26 560.5 33.57 188.02 54.81 1.81 Large 
FG595 124.38 13.11 0.3 274.56 25.6 49.69 49.09 2.03 Medium 
FG597 149.62 16.99 0.32 258.06 25.08 65.14 59.4 1.1 Large 
FG598 176.9 33.77 0.43 1448.63 32.48 120.31 24.1 1.34 Large 
FG599 118.7 23.51 0.48 785.44 23.34 83.31 12.06 1.22 Medium 
FG614 317.2 24.35 0.29 474.81 25.44 228.72 63.04 1.56 Large 
FG616 235.26 43.35 0.43 1592.88 36.03 152.06 47.17 1.14 Large 
FG621 251.29 22.04 0.27 292.31 35.66 188.02 27.61 1.58 Large 
FG622 91.96 10.01 0.34 152.81 17.52 49.69 24.75 1.59 Small 
FG626 270.38 47.93 0.51 898.94 35.13 175.1 60.15 1.07 Large 
FG628 290.16 29.02 0.3 527.31 30.48 185.8 73.88 1.33 Large 
FG633 199.33 25.66 0.42 388.44 33.58 84.36 81.39 1.44 Large 
FG634 121.89 23.97 0.46 937.13 22.17 75.75 23.96 1.14 Medium 
FG635 172.58 18.12 0.32 388.25 27.13 79.7 65.74 1.79 Large 
FG636 105.04 18.52 0.41 1016.63 20.73 63.33 20.98 1.88 Small 
FG637 63.04 6.76 0.34 149.88 10.51 40 12.53 1.2 Small 
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Genotypes # TRL TRSA RAD NTP TPRL TLRL TTRL BLL Root Size 
FG640 69.4 14.97 0.41 1005.56 16.16 38.83 14.42 1.03 Small 
FG643 378.32 35.79 0.28 684.19 29.06 225.57 123.69 1.95 Large 
FG646 245.05 44.8 0.47 1201.75 34.88 169.45 40.71 1.68 Large 
FG647 282.41 48.92 0.45 1310.69 35.73 178.7 67.98 1.44 Large 
FG649 154.49 19.72 0.34 302.63 21.39 72.71 60.39 1.33 Large 
FG650 250.08 41.29 0.39 1475.44 33.95 156.44 59.69 1.3 Large 
FG651 139.76 13.69 0.28 229.31 27.85 68.43 43.48 1.63 Large 
FG653 72.1 14.16 0.49 575.44 16.3 46.33 9.46 1.14 Small 
FG654 112.78 9.94 0.27 229.38 25.1 75.03 12.65 1.78 Small 
FG655 173.22 16.86 0.3 265.19 20.04 118.54 34.63 1.83 Large 
FG656 59.85 8.74 0.34 453.5 16.66 37.88 5.32 1.32 Small 
FG657 100.78 16.86 0.43 648.69 16.74 78.48 5.56 0.66 Small 
FG658 81.29 17.6 0.44 866.69 19.16 53.61 8.53 1.36 Small 
FG659 176.74 32.04 0.41 1411.63 30.34 125 21.39 1.27 Large 
FG660 117.92 10.53 0.28 235.38 18.49 82.41 17.02 1.55 Medium 
FG661 97.11 19.55 0.5 562.19 20.7 62.98 13.42 1.38 Small 
FG662 178.99 16.31 0.28 402 27.44 122.97 28.59 1.47 Large 
FG663 96.14 18.8 0.52 540.63 15.92 65.62 14.6 0.94 Small 
FG679 225.89 22.9 0.29 321.56 34.94 165.43 25.52 1.45 Large 
FG851 87.94 12.85 0.32 771.06 20.5 53.86 13.59 1.27 Small 
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Table A1f. Brassica carinata 
Genotypes # TRL TRSA RAD NTP TPRL TLRL TTRL BLL Root Size 

FG349 102.55 14.39 0.4 91.31 28.33 66.3 8.19 4.35 Small 
FG350 56.48 7.33 0.36 283.63 17.94 32.47 6.08 1.21 Small 
FG351 93.96 11.77 0.39 240.06 24.84 54.46 14.67 1.81 Small 
FG352 91 10.55 0.34 303.38 24.52 56.07 10.41 1.72 Small 
FG354 139.06 14.15 0.3 234.56 31.01 96.52 11.53 2.36 Large 
FG355 118.83 13.09 0.34 246.69 30.91 80.01 7.92 2.17 Medium 
FG357 56.95 14.98 0.58 383.13 21.48 28.92 6.55 1.57 Small 
FG358 86.1 16.17 0.47 455.19 24.97 50.95 10.19 1.47 Small 
FG360 64.87 9.05 0.4 268.63 18.01 37.67 9.19 0.82 Small 
FG361 48.37 13.26 0.76 147.69 12.48 27.37 8.51 0.96 Small 
FG364 54.01 15.21 0.67 315.5 18.04 29.94 6.03 2.16 Small 
FG366 163.6 15.62 0.3 308 33.5 117.07 13.03 1.23 Large 
FG368 51.92 6.84 0.36 144.13 17.78 30.76 3.38 1.56 Small 
FG371 123.13 13.33 0.32 424.94 28.44 85.22 9.47 2.4 Medium 
FG372 95.11 11.62 0.35 215.75 25.03 62.87 7.22 1.76 Small 
FG373 108.88 12.04 0.34 196.19 27.52 75.68 5.68 2.33 Small 
FG374 113.88 11.71 0.31 236.69 22.41 85.6 5.87 1.56 Small 
FG379 71.46 16.57 0.49 805.63 18.62 44.72 8.12 1.32 Small 
FG382 69.15 8.19 0.35 272.13 21.63 40.38 7.14 1.44 Small 
FG383 58.41 8.12 0.4 251.69 18.39 32.07 7.95 1.12 Small 
FG386 115.79 22.53 0.4 1189.81 30.35 74.15 11.28 1.99 Medium 
FG388 74.13 19.16 0.45 1128.56 23.86 40.8 9.46 1.16 Small 
FG390 68.18 16.96 0.55 486.63 20 39.05 9.13 1.21 Small 
FG391 162.63 14.43 0.27 392.63 34.34 111.39 16.9 1.85 Large 
FG393 64.13 15.22 0.53 523.94 22.66 36.08 5.4 1.09 Small 
FG394 49.67 7.39 0.4 334.06 17.04 27.68 4.95 1.1 Small 
FG395 115.85 13.65 0.35 356.19 25.6 76.76 13.5 2.54 Medium 
FG398 243.89 24.36 0.3 362.75 40.72 180.75 22.42 2.72 Large 
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Table A1g. Brassica nigra 
Genotypes # TRL TRSA RAD NTP TPRL TLRL TTRL BLL Root Size 

FG224 121.66 19.62 0.43 275.06 19.91 80.04 21.72 1.79 Medium 
FG225 59.84 5.93 0.27 355.81 16.13 35.17 8.54 1.6 Small 
FG227 104.73 10.73 0.29 249.13 20.71 59.82 24.19 1.22 Small 
FG228 66.12 8.89 0.31 190.38 16.95 38.38 10.79 1.72 Small 
FG229 122.95 13.53 0.32 354.31 18.48 87.57 16.9 1.53 Medium 
FG230 153.48 23.39 0.36 831.56 28.48 111.73 13.28 1.75 Large 
FG231 115.13 12.3 0.33 366.56 21.65 75.87 17.6 1.22 Small 
FG234 112.63 17.64 0.35 560.88 23.09 72.87 16.68 1.48 Small 
FG240 92.23 9.04 0.28 255.56 21.82 55.53 14.88 1.3 Small 
FG241 71.41 7.7 0.28 340.69 19.91 43.87 7.64 1.48 Small 
FG242 43.3 5.93 0.31 210 13.72 24.84 4.74 1.91 Small 
FG243 54.13 5.62 0.28 419.31 19.42 30.63 4.08 1.64 Small 
FG245 54.13 5.62 0.28 419.31 19.42 30.63 4.08 1.64 Small 
FG246 73.82 6.64 0.28 258.94 25.63 43.95 4.24 1.33 Small 
FG247 60.18 7.37 0.35 143.81 16.66 38.72 4.8 1.57 Small 
FG248 54.48 11.23 0.49 306.75 14.94 32.56 6.98 0.88 Small 
FG249 61.83 6.16 0.3 276.19 21.74 34.4 5.68 1 Small 
FG250 55.4 4.97 0.26 257.44 16.22 34.84 4.34 0.87 Small 
FG251 62.46 6.93 0.32 119.13 25.58 33.72 3.16 1.99 Small 
FG252 63.84 6.13 0.27 299.19 23.81 35.64 4.39 1.8 Small 
FG253 60.47 5.53 0.25 480.94 19.53 34.92 6.02 1.68 Small 
FG262 53.45 5.37 0.27 250.38 20.49 29.73 3.23 2.12 Small 
FG263 72.82 11.39 0.48 180.06 18.51 47.11 7.2 1.39 Small 
FG265 108.08 13.25 0.32 602.25 31.03 69.65 7.4 1.43 Small 
FG269 121.05 10.63 0.27 243.44 34.85 82.18 4.02 1.48 Medium 
FG271 139.38 24.2 0.45 793.63 31.63 97.02 10.72 1.04 Large 
FG274 77 16.47 0.39 1143.13 30.81 41.87 4.33 1.03 Small 
FG276 85.62 9.39 0.31 272.88 21.07 57.44 7.11 1.21 Small 
FG281 86.7 6.68 0.24 212.25 25.4 58.47 2.83 1.25 Small 
FG285 186.46 18.15 0.3 369.63 33.2 138.62 14.64 2.49 Large 
FG286 31.86 3.23 0.26 285.19 14.78 15.59 1.5 1.38 Small 
FG287 46.58 10.82 0.59 217.5 16.41 27.77 2.4 1.58 Small 
FG289 42.35 4.65 0.31 110.38 15.02 22.13 5.19 1.97 Small 
FG291 97.47 19.18 0.38 1240.44 30.5 58.75 8.21 1.05 Small 
FG292 75.94 7.24 0.28 174.31 17.53 51.4 7.01 1.78 Small 
FG293 92.01 9.06 0.29 181.06 21.68 63.82 6.51 2.5 Small 
FG294 73.15 7.67 0.3 308.56 17.36 46.05 9.73 1.94 Small 
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Genotypes # TRL TRSA RAD NTP TPRL TLRL TTRL BLL Root Size 
FG295 59.89 6.56 0.31 135.31 15.16 40.18 4.55 1.74 Small 
FG297 52.9 5.74 0.29 133.06 16.33 33.22 3.36 2.3 Small 
FG298 29.77 2.98 0.29 119.44 12.07 14.02 3.67 1.75 Small 
FG299 68.04 6.22 0.26 198 16.25 44.27 7.51 1.55 Small 
FG302 39.89 4.27 0.33 109.44 10.93 26.29 2.66 1.54 Small 
FG305 64.33 6.05 0.26 283.94 15.69 42 6.63 2.08 Small 
FG309 75.51 14.98 0.38 1051.25 29.32 42.11 4.08 0.86 Small 
FG312 141.05 13.22 0.28 186.88 28.91 98.44 13.7 3.43 Large 
FG316 127.58 11.88 0.28 273.75 32.77 89.82 4.99 2.71 Medium 
FG317 85.2 8.72 0.31 223.94 23.31 55.64 6.24 1.75 Small 
FG319 87.8 10.55 0.33 306.5 26.68 55.92 5.2 2.97 Small 
FG321 167.18 18.7 0.34 367.94 30.37 125.96 10.86 1.66 Large 
FG325 45.58 4.08 0.27 127.94 19.32 22.53 3.74 1.07 Small 
FG331 82.58 8.56 0.28 214.38 25.73 52.11 4.75 2.78 Small 
FG332 64.8 6.37 0.29 240 18.84 42.08 3.88 1.74 Small 
FG333 59.32 5.27 0.25 149.44 19.04 37.65 2.62 1.29 Small 
FG334 72.29 6.52 0.26 298.25 20.83 46.52 4.94 1.59 Small 
FG336 27.79 2.32 0.24 100.13 10.55 16.54 0.7 0.78 Small 
FG338 106.19 8.93 0.27 214.31 28.22 71.47 6.49 2.68 Small 
FG339 154.75 20.62 0.37 134.88 35.74 108.17 10.85 2.21 Large 
FG340 74.05 6.9 0.29 211.19 26.78 43.28 3.99 1.52 Small 
FG341 149.18 25.5 0.4 1114.75 35.46 105.79 7.92 1.71 Large 
FG342 53.36 4.79 0.27 109.69 16.58 32.4 4.38 2.03 Small 
FG343 74.1 7.9 0.31 135.38 19.19 46.66 8.25 1.89 Small 
FG344 70.36 7.01 0.27 288.25 27.49 38.81 4.05 1.43 Small 
FG345 85.55 7.35 0.26 183.69 27.31 54.35 3.89 2.44 Small 
FG346 79.92 11.98 0.37 117.13 28.44 48.07 3.41 2.34 Small 
FG347 140.09 24.61 0.41 1184 32.44 100.01 7.64 1.48 Large 
FG348 83.7 12.19 0.32 679.13 27.97 49.89 5.83 0.98 Small 
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                                                    (a)                                                                                                   (b)                                                               

   
                                                    (c)                                                                                                   (d)                                                               
Figure A1a. Quantile-Quantile comparison of GWAS model PCA + K for identifying loci associated with eight root architectural 
traits in 313 Brassica accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea except B. nigra. 
Traits include  (a) total root length (TRL/cm), (b) total surface area of roots (TRSA/cm2), (c) average root diameter (RAD/cm), (d) number 
of tips (NTP), (e) total primary root length (TPRL/cm), (f) total lateral root length (TLRL/cm), (g) total tertiary root length (TTRL/cm) and 
(h) basal link length (BLL/cm). The black line is the expected -log10 P distribution while colored lines are the observed -log10 P distribution 
for each of the eight root architectural traits.  
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                                                    (e)                                                                                                   (f)                                                               

   
                                                    (g)                                                                                                   (h)                                                               
Figure A1a (continued). Quantile-Quantile comparison of GWAS model PCA + K for identifying loci associated with eight root 
architectural traits in 313 Brassica accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. 
Traits include  (a) total root length (TRL/cm), (b) total surface area of roots (TRSA/cm2), (c) average root diameter (RAD/cm), (d) number 
of tips (NTP), (e) total primary root length (TPRL/cm), (f) total lateral root length (TLRL/cm), (g) total tertiary root length (TTRL/cm) and 
(h) basal link length (BLL/cm). The black line is the expected -log10 P distribution while colored lines are the observed -log10 P distribution 
for each of the eight root architectural traits. 



 109 

  
                                                    (a)                                                                                                   (b)                                                               

   
                                                    (c)                                                                                                   (d)                                                              
Figure A1b. Quantile-Quantile comparison of GWAS model PCA + D for identifying loci associated with eight root architectural 
traits in 313 Brassica accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. Traits include  (a) 
total root length (TRL/cm), (b) total surface area of roots (TRSA/cm2), (c) average root diameter (RAD/cm), (d) number of tips (NTP), (e) 
total primary root length (TPRL/cm), (f) total lateral root length (TLRL/cm), (g) total tertiary root length (TTRL/cm) and (h) basal link 
length (BLL/cm). The black line is the expected -log10 P distribution while colored lines are the observed -log10 P distribution for each of 
the eight root architectural traits. 
  



 110 

   
                                                    (e)                                                                                                   (f)                                                               

   
                                                    (g)                                                                                                   (h)                                                               
Figure A1b (continued). Quantile-Quantile comparison of GWAS model PCA + D for identifying loci associated with eight root 
architectural traits in 313 Brassica accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. 
Traits include  (a) total root length (TRL/cm), (b) total surface area of roots (TRSA/cm2), (c) average root diameter (RAD/cm), (d) number 
of tips (NTP), (e) total primary root length (TPRL/cm), (f) total lateral root length (TLRL/cm), (g) total tertiary root length (TTRL/cm) and 
(h) basal link length (BLL/cm). The black line is the expected -log10 P distribution while colored lines are the observed -log10 P distribution 
for each of the eight root architectural traits. 
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                                                    (a)                                                                                                   (b)                                                               

   
                                                    (c)                                                                                                   (d)                                                               
Figure A1c. Quantile-Quantile comparison of GWAS model Q + D for identifying loci associated with eight root architectural traits 
in 313 Brassica accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. Traits include  (a) total 
root length (TRL/cm), (b) total surface area of roots (TRSA/cm2), (c) average root diameter (RAD/cm), (d) number of tips (NTP), (e) total 
primary root length (TPRL/cm), (f) total lateral root length (TLRL/cm), (g) total tertiary root length (TTRL/cm) and (h) basal link length 
(BLL/cm). The black line is the expected -log10 P distribution while colored lines are the observed -log10 P distribution for each of the eight 
root architectural traits. 
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                                                    (e)                                                                                                   (f)                                                               

   
                                                    (g)                                                                                                   (h)                                                               
Figure A1c (continued). Quantile-Quantile comparison of GWAS model Q + D for identifying loci associated with eight root 
architectural traits in 313 Brassica accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. 
Traits include  (a) total root length (TRL/cm), (b) total surface area of roots (TRSA/cm2), (c) average root diameter (RAD/cm), (d) number 
of tips (NTP), (e) total primary root length (TPRL/cm), (f) total lateral root length (TLRL/cm), (g) total tertiary root length (TTRL/cm) and 
(h) basal link length (BLL/cm). The black line is the expected -log10 P distribution while colored lines are the observed -log10 P distribution 
for each of the eight root architectural traits. 
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                                                    (a)                                                                                                   (b)                                                               

   
                                                    (c)                                                                                                   (d)                                                               
Figure A1d. Quantile-Quantile comparison of GWAS model Q + K for identifying loci associated with eight root architectural 
traits in 313 Brassica accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. Traits include  (a) 
total root length (TRL/cm), (b) total surface area of roots (TRSA/cm2), (c) average root diameter (RAD/cm), (d) number of tips (NTP), (e) 
total primary root length (TPRL/cm), (f) total lateral root length (TLRL/cm), (g) total tertiary root length (TTRL/cm) and (h) basal link 
length (BLL/cm). The black line is the expected -log10 P distribution while colored lines are the observed -log10 P distribution for each of 
the eight root architectural traits. 
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                                                    (e)                                                                                                   (f)                                                               

   
                                                    (g)                                                                                                   (h)                                                               
Figure A1d (continued). Quantile-Quantile comparison of GWAS model Q + K for identifying loci associated with eight root 
architectural traits in 313 Brassica accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. 
Traits include  (a) total root length (TRL/cm), (b) total surface area of roots (TRSA/cm2), (c) average root diameter (RAD/cm), (d) number 
of tips (NTP), (e) total primary root length (TPRL/cm), (f) total lateral root length (TLRL/cm), (g) total tertiary root length (TTRL/cm) and 
(h) basal link length (BLL/cm). The black line is the expected -log10 P distribution while colored lines are the observed -log10 P distribution 
for each of the eight root architectural traits. 
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                                                    (a)                                                                                                   (b)                                                               

   
                                                    (c)                                                                                                   (d)                                                               
Figure A1e. Quantile-Quantile comparison of GWAS model PCA-only for identifying loci associated with eight root architectural 
traits in 313 Brassica accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. Traits include  (a) 
total root length (TRL/cm), (b) total surface area of roots (TRSA/cm2), (c) average root diameter (RAD/cm), (d) number of tips (NTP), (e) 
total primary root length (TPRL/cm), (f) total lateral root length (TLRL/cm), (g) total tertiary root length (TTRL/cm) and (h) basal link 
length (BLL/cm). The black line is the expected -log10 P distribution while colored lines are the observed -log10 P distribution for each of 
the eight root architectural traits.  
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                                                    (e)                                                                                                   (f)                                                               

   
                                                    (g)                                                                                                   (h)                                                               
Figure A1e (continued). Quantile-Quantile comparison of GWAS model PCA-only for identifying loci associated with eight root 
architectural traits in 313 Brassica accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. 
Traits include  (a) total root length (TRL/cm), (b) total surface area of roots (TRSA/cm2), (c) average root diameter (RAD/cm), (d) number 
of tips (NTP), (e) total primary root length (TPRL/cm), (f) total lateral root length (TLRL/cm), (g) total tertiary root length (TTRL/cm) and 
(h) basal link length (BLL/cm). The black line is the expected -log10 P distribution while colored lines are the observed -log10 P distribution 
for each of the eight root architectural traits. 
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                                                    (a)                                                                                                   (b)                                                               

    
                                                    (c)                                                                                                   (d)                                                               
Figure A1f. Quantile-Quantile comparison of GWAS model Q-only for identifying loci associated with eight root architectural 
traits in 313 Brassica accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. Traits include  (a) 
total root length (TRL/cm), (b) total surface area of roots (TRSA/cm2), (c) average root diameter (RAD/cm), (d) number of tips (NTP), (e) 
total primary root length (TPRL/cm), (f) total lateral root length (TLRL/cm), (g) total tertiary root length (TTRL/cm) and (h) basal link 
length (BLL/cm). The black line is the expected -log10 P distribution while colored lines are the observed -log10 P distribution for each of 
the eight root architectural traits.  
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                                                    (e)                                                                                                   (f)                                                               

    
                                                    (g)                                                                                                   (h)                                                               
Figure A1f (continued) Quantile-Quantile comparison of GWAS model Q-only for identifying loci associated with eight root 
architectural traits in 313 Brassica accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. 
Traits include  (a) total root length (TRL/cm), (b) total surface area of roots (TRSA/cm2), (c) average root diameter (RAD/cm), (d) number 
of tips (NTP), (e) total primary root length (TPRL/cm), (f) total lateral root length (TLRL/cm), (g) total tertiary root length (TTRL/cm) and 
(h) basal link length (BLL/cm). The black line is the expected -log10 P distribution while colored lines are the observed -log10 P distribution 
for each of the eight root architectural traits. 
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                                                    (a)                                                                                                   (b)                                                               

   
                                                    (c)                                                                                                   (d)                                                               
Figure A2a. Manhattan plots of the PCA + D MLM models for identifying root architecture traits loci in 313 Brassica accessions 
representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. The dashed horizontal lines indicate the Bonferroni-
adjusted significance threshold known as “logarithm-of-odds” (LOD score). The dots above the significance threshold indicate SNPs 
associated with resistance to each trait. 
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                                                    (e)                                                                                                   (f)                                                               

   
                                                    (g)                                                                                                   (h)                                                               
Figure A2a (continued). Manhattan plots of the PCA + D MLM models for identifying root architecture traits loci in 313 Brassica 
accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. The dashed horizontal lines indicate the 
Bonferroni-adjusted significance threshold known as “logarithm-of-odds” (LOD score). The dots above the significance threshold indicate 
SNPs associated with resistance to each trait. 
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                                                    (a)                                                                                                   (b)                                                               

   
                                                    (c)                                                                                                   (d)                                                               
Figure A2b. Manhattan plots of the Q + D MLM models for identifying root architecture traits loci in 313 Brassica accessions 
representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. The dashed horizontal lines indicate the Bonferroni-
adjusted significance threshold known as “logarithm-of-odds” (LOD score). The dots above the significance threshold indicate SNPs 
associated with resistance to each trait. 
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                                                    (e)                                                                                                   (f)                                                               

   
                                                    (g)                                                                                                   (h)                                                               
Figure A2b (continued). Manhattan plots of the Q + D MLM models for identifying root architecture traits loci in 313 Brassica 
accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. The dashed horizontal lines indicate the 
Bonferroni-adjusted significance threshold known as “logarithm-of-odds” (LOD score). The dots above the significance threshold indicate 
SNPs associated with resistance to each trait. 
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                                                    (a)                                                                                                   (b)                                                               

   
                                                    (c)                                                                                                   (d)                                                               
Figure A2c. Manhattan plots of the Q + K MLM models for identifying root architecture traits loci in 313 Brassica accessions 
representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. The dashed horizontal lines indicate the Bonferroni-
adjusted significance threshold known as “logarithm-of-odds” (LOD score). The dots above the significance threshold indicate SNPs 
associated with resistance to each trait. 
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                                                    (e)                                                                                                   (f)                                                               

   
                                                    (g)                                                                                                   (h)                                                               
Figure A2c (continued). Manhattan plots of the Q + K MLM models for identifying root architecture traits loci in 313 Brassica 
accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. The dashed horizontal lines indicate the 
Bonferroni-adjusted significance threshold known as “logarithm-of-odds” (LOD score). The dots above the significance threshold indicate 
SNPs associated with resistance to each trait. 
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                                                    (a)                                                                                                   (b)                                                               

   
                                                    (c)                                                                                                   (d)                                                               
Figure A2d. Manhattan plots of the PCA-only GLM models for identifying root architecture traits loci in 313 Brassica accessions 
representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. The dashed horizontal lines indicate the Bonferroni-
adjusted significance threshold known as “logarithm-of-odds” (LOD score). The dots above the significance threshold indicate SNPs 
associated with resistance to each trait. 
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                                                    (e)                                                                                                   (f)                                                               

    
                                                    (g)                                                                                                   (h)                                                               
Figure A2d (continued). Manhattan plots of the PCA-only GLM models for identifying root architecture traits loci in 313 
Brassica accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. The dashed horizontal lines 
indicate the Bonferroni-adjusted significance threshold known as “logarithm-of-odds” (LOD score). The dots above the significance 
threshold indicate SNPs associated with resistance to each trait. 
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                                                    (a)                                                                                                   (b)                                                               

   
                                                    (c)                                                                                                   (d)                                                               
Figure A2e. Manhattan plots of the Q-only GLM models for identifying root architecture traits loci in 313 Brassica accessions 
representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. The dashed horizontal lines indicate the Bonferroni-
adjusted significance threshold known as “logarithm-of-odds” (LOD score). The dots above the significance threshold indicate SNPs 
associated with resistance to each trait. 
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                                                    (e)                                                                                                   (f)                                                               

    
                                                    (g)                                                                                                   (h)                                                               
Figure A2e (continued). Manhattan plots of the Q-only GLM models for identifying root architecture traits loci in 313 Brassica 
accessions representing five species B. napus, B. oleracea, B. rapa, B. carinata and B. juncea. The dashed horizontal lines indicate the 
Bonferroni-adjusted significance threshold known as “logarithm-of-odds” (LOD score). The dots above the significance threshold indicate 
SNPs associated with resistance to each trait. 
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                                 (a)                                                                       (b)                                                                   (c) 

 

                                 (d)                                                                         (e)                                                                   (f) 

Figure A3. Plots of correlation coefficient (r2) and physical distance (in Mb) for SNP markers on chromosomes A01 – A10 (a-j) and 
chromosomes C01 – C09 (k-s). The red curves represent the fitted plots of the data points, while the yellow line represents the background 
linkage disequilibrium (BLD) or threshold line. The decay of linkage disequilibrium was determined by projecting the intersection of the 
curves and the BLD line onto the physical distance axis. 
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                                 (g)                                                                         (h)                                                                   (i) 

 

 

                                 (j)                                                                        (k)                                                                    (l) 

Figure A3 (continued). Plots of correlation coefficient (r2) and physical distance (in Mb) for SNP markers on chromosomes A01 – 
A10 (a-j) and chromosomes C01 – C09 (k-s). The red curves represent the fitted plots of the data points, while the yellow line represents 
the background linkage disequilibrium (BLD) or threshold line. The decay of linkage disequilibrium was determined by projecting the 
intersection of the curves and the BLD line onto the physical distance axis.  
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                                 (m)                                                                (n)                                                                       (o) 

 

                                 (p)                                                                (q)                                                                       (r) 

Figure A3 (continued). Plots of correlation coefficient (r2) and physical distance (in Mb) for SNP markers on chromosomes A01 – 
A10 (a-j) and chromosomes C01 – C09 (k-s). The red curves represent the fitted plots of the data points, while the yellow line represents 
the background linkage disequilibrium (BLD) or threshold line. The decay of linkage disequilibrium was determined by projecting the 
intersection of the curves and the BLD line onto the physical distance axis.  
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                                 (s)                                                                 
Figure A3 (continued). Plots of correlation coefficient (r2) and physical distance (in Mb) for SNP markers on chromosomes A01 – 
A10 (a-j) and chromosomes C01 – C09 (k-s). The red curves represent the fitted plots of the data points, while the yellow line represents 
the background linkage disequilibrium (BLD) or threshold line. The decay of linkage disequilibrium was determined by projecting the 
intersection of the curves and the BLD line onto the physical distance axis.  
 

 

 


