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ABSTRACT 

Brassica napus is an important cultivated oilseed crop famous for good 

quality oil (Canola oil) yet its production is insufficient to meet the domestic 

demands. Consequently huge foreign exchange is spent on the import of edible oil 

to meet domestic requirements. One of the problems due to which reduction in 

yield occurs, is pod shattering at maturity and during harvesting. Enhanced inherent 

shatter resistance is the best solution for this problem. The phenotypic variation of 

such complex trait can be studied through association mapping. The present study 

was based on (i) Diversity analysis of a large population set of Brassica napus, (ii) 

Delineation of marker-trait associations by using simple sequence repeats (SSRs) 

markers, (iii) Genome wide association studies for pod shatter using single 

nucleotide polymorphisms (SNPs) and (iv) Functional profiling of a candidate gene 

for pod shattering. Four experiments were conducted to achieve these objectives. 

In the first experiment, germplasm comprising 328 indigenous and exotic 

lines along with a high yielding check variety (Faisal canola) was evaluated for two 

consecutive seasons at two locations in Pakistan following augmented layout 

design in order to determine the magnitude of variation for various quantitative 

traits. The studied germplasm significantly differed for all the traits, hence useful 

variability exist which can be helpful in breeding new improved cultivars. 

Parameters like; number of days taken until flower initiation (DFI), no. of days 

until 50 % flowering (DF50 %), no. of days until flower completion (DFC), no. of 

days until 50 % maturity (DM50 %) and no. of days until 100 % maturity (DM100 

%) were the major factors that contributed towards diversity of the germplasm 

hence these traits may be utilized in selection of diverse lines. The genotypes; BN-
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303, BN-331, BN-574, BN-304, BN-309 BN-320, BN-306 and BN-310, averaged 

less than 5% pod shatter in both years. 

The second experiment was about estimation of population structure and 

linkage disequilibrium (LD) to determine marker-trait associations in Brassica 

napus. A collection of 75 randomly selected most diverse lines, based on the results 

of previous experiment, was genotyped using 55 polymorphic SSRs covering 

whole genomes. The genotype data were used to assess the population structure 

and LD through software STRUCTURE v 2.3.4, after removal of minor alleles 

with P > 0.01, marker trait associations were determined through TASSEL v 4.0. 

Minimum 1 and maximum 4 SSRs were found to be highly associated with each 

trait studied. Important marker-trait associations found were days to 100 percent 

maturity with “Ra2A11”, pod shatter percentage with “sNRA85”, plant height with 

“sR94102” seed yield per plant with “PBCESSRJU15” and thousand seed weight 

with “sNRB35”. These highly associated markers after careful validation may 

effectively be utilised for marker assisted breeding of Brassica napus.  

The third experiment was carried out in crop genetics department at John 

Innes Centre (JIC), Norwich, UK during 6 month research placement through 

IRSIP, HEC Pakistan. It involved genome wide association studies of Brassica 

napus for pod shatter using SNPs. A collection of 85 diverse Brassica napus 

genotypes maintained at JIC was used in this experiment. The genomic data were 

already available (Harper et al., 2012). After removal of minor alleles, 62980 SNPs 

were used for marker-trait association.  Phenotyping of the germplasm was done 

through random impact test (RIT). Prior to shaking the pod samples were calibrated 

to 50 % relative humidity at 23°C in order to eliminate the effect of differential 
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pods drying. After each interval of shaking for 8 seconds, broken and intact pods 

were counted enabling me to draw a decay curve thus half lives were calculated 

though software R. The genomic data and half life data for both years were then 

analysed through TASSEL v 4.0 and the results were plotted on a Manhattan plot. 

Out of 62,980 SNPs, a total of 154 were found to be highly associated with half 

lives of pods with P < 0.01. These 154 SNPs reside in 110 gene loci in a reference 

genome of Brassica napus (Harpar et al., 2012) rendering them as possible 

candidate genes for further studies. 

The fourth experiment was about profiling the functioning of PIF4-a 

candidate gene. The reason for considering it a candidate gene for pod shatter was 

previous study by de Lucas et al.(2008) in which they concluded that interaction 

between PIF4 transcription factor and DELLA proteins coordinate light and 

gibberellins responses and the GA/DELLA pathway is involved in controlling seed 

dispersal (Feng et al., 2008). Hence a number of tests were performed that include 

RIT of Arabidopsis pif4 mutants and wild types; transcriptome sequence alignment 

of PIF4 of strong and weak pods genotypes for possible SNPs difference; 

sequencing of PIF4 gene of weak and strong pods genotypes and biochemical 

analysis through tissue fixation of pods. The role of PIF4 in pod shattering has 

been confirmed through RIT of mutant and wild type Arabidopsis. The SNP 

difference found in the A3 copy of PIF4 may be used in marker assisted selection 

(MAS) for pod shattering in Brassica napus. In biochemical analysis, genotypes 

with strong pods have more lignin in their pods as compared to those having weak 

pods.  
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Brassica napus accessions identified as less prone to pod shattering may be 

tested in further yield and quality trials. The SSR markers, found highly associated 

to various traits, may be utilized in MAS of Brassica napus in breeding programs 

to reduce varietal development time whereas, a major SNP difference found for 

pod shatter resistance in the A3 copy of PIF4 is recommended for use in MAS of 

breeding pod shatter resistance lines. Pod lignin quantification of B. napus is 

recommended to differentiate between weak and strong pod genotypes, of Brassica 

napus. 
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Chapter 1 

INTRODUCTION 

Rapeseed (Brassica napus), an important cultivated oilseed crop, famous 

for good quality oil, belongs to oilseed rape of the brassica family. Oilseed rape, 

worldwide, was cultivated on an area of 33.74 million hectares, which produced 

66.85 million tons of seeds and 26.63 million tons of oil (USDA, 2016). In 

Pakistan, crop was planted on 0.23 million hectares and produced 0.9 million tons 

of rapeseed and 0.395 million tons of rapeseed oil (USDA, 2016). In Pakistan, 

demand of edible oil is very high owing to continually increasing population and 

improved living standards of masses. The country is facing acute shortage of edible 

oil. Every year a lot of valued foreign exchange is used up for edible oil import. 

During 2014-15, US $ 2.663 billion were spent for import of 2.967 million tons of 

edible oil (GoP, 2014-15). 

Brassica napus, being amphidiploid, have AACC genome with 2n 

Chromosome number =38, developed by natural hybridization of diploid species 

Brassica rapa having AA genome with 2n Chromosome number =20 and Brassica 

oleracea having CC genome with 2n Chromosome number =18 (Parakash and 

Hinata 1980). The oil extracted from its seed contains low amount of erucic acid 

(Aytac et al., 2006). It is an important crop of the Pothwar region of the country 

but faces heavy yield losses due to severe shattering at maturity and during 

harvesting. The dispersal of mature and dry fruit is an innate process by which 

various plant species spread their seed in order to continue to exist, but this 

phenomenon of pod dehiscence causes significant yield losses. According to a 

study the typical yield losses range from 10 % to 25 % (Price et al., 1996). 
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Moreover, these seed losses may become doubled (50 %) when harvesting is 

delayed (Child and Evans, 1989). Although some agronomic practices like 

windrowing and spraying of desiccants to reduce pod shatter and to attain evenly 

matured crop are being carried out, yet such practices may cause increase in the 

production cost and also reduce the flexibility and efficiency of normal farm 

operations (Kadkol, 2009).  

The solution lies in the enhanced innate shatter resistance that could endow 

with the option of delaying harvest which will allow more evenly mature seeds and 

also decrease the occurrence of chlorophyll contamination from unripe seeds in the 

oil extract (Morgan et al., 1998). Such successful efforts will boost up the local 

production of edible oil in the country. Various scientists have extensively used 

morphological traits in their studies to estimate genetic divergence in various crops 

(Maqbool et al., 2010, Naheed et al., 2016) and planned successful breeding 

programs. 

The phenotypic variation of various complex traits of agronomic 

importance is influenced by a number of quantitative trait loci (QTLs), the 

interaction among those QTLs, the environment and its interaction with QTLs. 

Linkage analysis (a traditional approach) and association mapping (a recent 

approach) are the two most frequently used methods for dissecting composite traits.  

In the traditional linkage analysis which is a family based approach, the 

precision of pin pointing any gene of interest depends on volume of the mapping 

population, diversity in the germplasm, and no. of markers used. When the locus of 

any complex parameter is identified and marked with markers, then that molecular 

marker can be utilised to help in the transfer of gene of importance from a 
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contributor genotype to a target line, usually regarded as molecular marker assisted 

breeding. Although, the traditional linkage analysis mapping is a popular method 

for gene delineation in plants yet this method have some drawbacks like low 

resolution, high cost, and it evaluates very few alleles concurrently in a 

comparatively longer time duration  as reviewed by various scientists (Flint-Garcia 

et al., 2003 and Ross-Ibarra et al., 2007). In the traditional linkage analysis 

approach there is a low resolution of gene/allele mapping. This is actually due to 

lesser events of meiotic divisions that have occurred in any biparental cross 

(Jannink and Walsh, 2002).  

According to Goldstein and Weale (2001), the gene mapping strategies 

have shifted from the more usual Linkage Analysis (LA) mapping to more recent 

and advanced Linkage Disequilibrium type of association mapping, which is a 

useful way to utilize the natural variations in form of germplasm resources. After 

its successful application in animal genetics for tagging and cloning genes that 

controls composite traits (Chapman et al., 2003; Taniguchi et al., 2006), According 

to Thomsberry et al., (2001) the utilisation of association mapping was extended to 

plants in 2001. The technique of Association Mapping (AM) is actually the linkage 

disequilibrium (LD) based survey of a natural population for determination of 

associations between molecular marker and the trait (Flint-Garcia et al., 2003), 

where LD basically refers to the lesser level of recombination of definite alleles at 

an assortment of genetic loci. Gupta et al. 2005 have explained that the level of LD 

extent can be calculated statistically. 

The utilization of naturally available genetic variations in AM provides 

broader allele coverage and also saves time and cost for establishing a tiresome and 
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costly biparental mapping population for an otherwise linkage based approach. 

Association mapping offers a higher resolution due to the use of relatively greater 

number of meiotic events that have occurred during the germplasm development 

history. According to Kraakman et al., (2006) AM may also facilitates to use the 

historically measured phenotypic data of crop plants. Moreover, studying the entire 

genome with adequate mapping resolution involve tens of hundreds of molecular 

markers, thus, the approach of dissecting linkage groups is being effectively 

adopted (Liu et al., 2010). 

 The methodology of association mapping involves collection of varied 

genotypes that may contain elite varieties, land races, wild relatives, indigenous 

and exotic genotypes of a crop plant, then a comprehensive phenotyping over 

various traits of interest of the selected genotypes. After that, the population is 

scanned with molecular markers and population structure (Q-matrix) and kinships 

(K) are estimated to avoid false positives (Type I error) followed by the 

quantification of LD extent. If there is a structured population i.e. if all the 

genotypes are much related to each other then there might be a very strong chance 

of false positive results of association mapping. Population structure usually is 

caused due to biased selection process and high levels of genetic admixture in a 

population. As a result it leads to exaggerated linkage disequilibrium between 

unlinked genetic markers (Cardon and Palmer, 2003).  

 Finally, the genotype and phenotypic data are correlated through suitable 

software that allows labeling of genetic markers situated in the close immediacy of 

gene(s) for a exact trait. As a result, the tagged gene(s) can be transferred among 

various genotypes.  
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The present study aimed at dissection of specific regions of the genome of 

Brassica napus that controls important and complex traits like shattering 

percentage, early maturity and yield parameters through a high resolution mapping 

technique of association mapping with enhanced yield and high level of shatter 

resistance. 

 Following studies were carried out in order to accomplish the task. 

1. Diversity analysis of a large population set of Brassica napus  

2. Delineation of marker-trait associations in Brassica napus genome with 

SSRs   

3. Determination of marker-trait association by employing high density 

approach 

4. Functional profiling of a candidate gene for Pod Shatter 
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Chapter 2 

REVIEW OF LITERATURE 

2.1 GENETIC DIVERGENCE 

Genetic divergence, as described by Singh (2001) is a sum total of inherited 

differences found in a species or population. Presence of inherited variation is a pre 

requisite in any breeding program. It is needed for the establishment of such 

cultivars that have a broad genetic base and thus can easily adapt itself in a wide 

spectrum of climates. Evaluation of germplasm is important step for identification 

and selection of suitable lines for their proper utilization in crop improvement 

program. A germplasm may include cultivars, wild species, and relatives of crop 

plants. 

Morphological markers are helpful to learn about the level of divergence in 

crop plants. The genetic divergence can be found at the specie, whole population of 

a crop plant or at an individual level (Lakshmikumaran, 2000). 

2.1.1 Morphological Evaluation 

Evaluation of genetic divergence based on morphological traits is valuable 

for efficient exploitation of germplasm for crop improvement. It helps recognize 

appropriate parents for hybridization. Various scientists have conducted 

experiments that involved agro-morphological evaluation of crop plants for genetic 

divergence and selection of appropriate parents. The details are described as 

follow.  

In a study conducted by Sana et al. in 2003, genetic difference was 

observed for various characters like no. of branches/plant, plant height, total seed 

yield, thousand seed weight and oil content of different rapeseed (Brassica napus 
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L.) genotypes. In another study conducted by Farhatullah and Ullah, in 2004, 

which involved evaluation of advanced lines of rapeseed for agronomic characters 

viz., no. of days until 50 % flowering, number of pods per plant, plant height, 

number of seeds per pod, 1000-seed weight, total seed yield and total oil content; 

genotypes (Hyola-308 and PC-89) were concluded to be of better-quality. Cultivars 

of rapeseed and mustard exhibited highly important differences for characters like 

plant height, no. of primary branches/plant and no. of secondary branches per plant, 

no. of pods/plant, number of seeds/pod and total seed yield (Anjum et al., 2005).  

Rapeseed cultivars differed significantly for no. of days to flower initiation, 

plant height and seed yield (Perveen et al., 2005). In a similar study (Tuncturk et 

al., 2005), rapeseed cultivars exhibited considerable variations for agronomic 

characters like plant height, number of branches per plant, number of pods per 

plant, number of seeds per pod, thousand seed weight and total seed yield.  

Environment may also affect the performance of any crop plant. Kumar and 

Mishra in 2006 conducted an experiment and concluded that genotype coefficient 

of variance (GCoV) was found lower than the phenotype coefficient of variance 

(PCoV) in mustard and toria (Brassica compestris) varieties thus revealed the 

influence of environment for a variety of plant characteristics. The agronomic 

characters viz., numbers of days to flower, secondary branches/plant, plant height 

and thousand seed weight were found to be maximum contributors towards 

inherited divergence in Brassica napus (rapeseed) and Brassica juncea (mustard) 

genotypes evaluated by Choudhary and Joshi in 2001.  

Principal component analysis, regression analysis and clustering analysis 

have been used to evaluate various crop germplasm based on the morphological 
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and agronomic traits. The cluster and principal component analyses of the data 

revealed multifarious relationships among the 9 mustard accessions and traits in a 

study performed by Alemayehu and Becker (2002). In another study (Jeena and 

Sheikh, 2003), the genetic divergence among rapeseed (Brassica napus) accessions 

was due to the no. of days until 50 percent flowering, no. of sec. branches/plant, 

1000-seed weight, total oil content, no. of pods/plant and total plant height. 

Whereas, a low magnitude of genetic divergence was observed due to the fact that 

germplasm collections were made in close areas (Rodriguez et al., 2005). Twenty 

three (23) yellow-seeded Brassica napus (Rapeseed) genotypes obtained from 

various countries like; Czech Republic, Poland and China were dissected into two 

Chinese, Poland and Czech groups using cluster and principal component analysis 

by Yu et al. (2006).  

According to results of a study performed by Zhong et al. (2011) the 

Principal component analysis reduced the complex interrelationships between all 

variables to six independent major factors in each treatment. The drought tolerance 

of Brassica napus L. during pre-flowering and post-flowering had a significant 

positive correlation (r=0.593**). Forty-nine genotypes were clustered into 3 

different levels of tolerance in each treatment. Three, 12 and 34 lines were 

classified as drought tolerant, medium tolerant and sensitive under drought stress 

during pre-flowering, respectively, however, 4, 29 and 16 under drought stress 

during post-flowering, respectively. They concluded that it is feasible to 

comprehensively evaluate the drought tolerance of Brassica napus L. at the stage 

of pre-flowering and post-flowering by principal component analysis, clustering 
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analysis and subordinate function analysis which could be used to screen 

germplasm lines of Brassica napus L. for drought tolerance. 

It can be deduced from that above review of literature that evaluation of 

germplasm through agro-morphological characters is still quite an efficient way to 

assess the level of genetic divergence for selection of suitable parents for further 

hybridization studies and also to identify such characters that contribute maximum 

to that level of divergence. 

2.2 ASSOCIATION MAPPING 

Association mapping (AM) seeks to discover specific alleles linked to 

phenotypic variations of any character in order to smooth the progress of 

identification of character that may cause polymorphisms. Association mapping 

also called “Association genetics”, “Association studies” or “Linkage 

disequilibrium mapping” has been defined by various scientists such as 

Chakraborty and Weiss (1988) along with Kruglyak (1999). They explain that 

association mapping involves use of a large and diverse population set that is 

characterised both for their phenotype and genotype, to detect high probable 

statistical associations between alleles and trait variations that are heritable. 

Thornsberry et al. in 2001 become pioneer to publish the first report of 

Association Mapping that involved the study of maize crop population structure.  

Later on, the technique of AM was extended to other plant species like 

Arabidopsis, barley, potato, rice and wheat. It can be deduced from the findings of 

previous studies that AM can also delineate specific regions of the genome of 

Brassica napus that controls the traits of economic importance and can help in 

selection of markers to speed up the breeding through Marker Assisted Selection. 
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In a study by Feng et al. (2016), the group of scientists concluded that plant 

architecture is an important determinant of its agro-morphological deliverance. The 

two traits such as, number of primary branches and plant height are main entities 

that can determine plant architecture of rapeseed (Brassica napus L.). The genome 

wide association study (GWAS) involves use of a very good and efficient tool that 

gives a high resolution identification of genetic loci that are responsible for any 

trait of interest. Feng et al. during 2016 studied variations in plant traits such as, 

number of primary branches and plant height in a germplasm of 472 rapeseed 

(Brassica napus L.) genotypes. Those accessions were initially genotyped with a 

60000 single nucleotide polymorphism (SNP) array. The data for number of 

primary branches and plant height were recorded for three seasons in consecutive 

years and averaged for genome wide association studies. Their results concluded 

with identification of eight QTLs located on chromosome numbers A-3, A-5, A-7 

and C-7 for plant height, and five QTLs were found to be located on chromosome 

numbers A-1, A3, A-7 and C-7 for number of primary branches.  

2.2.1 Linkage Disequilibrium and Population Structure 

The genetic linkage is the co-inheritance of two or more than two loci 

within a genomic region. The association of alleles at different locations in the 

genome can be explained via Linkage Equilibrium (LE) and Linkage 

Disequilibrium (LD). The difference between these two is that, the linkage 

equilibrium is when there is a haphazard assortment of alleles at different loci and 

where the experimental allele frequencies corresponds to the predicted allele 

frequencies in a certain population. On the other hand, the linkage disequilibrium 

involves a non-arbitrary association of alleles at different loci and describes 
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unequal frequencies of alleles in a certain population. Thus, linkage equilibrium 

(LE) can be best described as P A B = P A x P B and linkage disequilibrium (LD) as 

PA B ≠ P A x P B, where, A and B are alleles at dissimilar locus of parents, P A B is 

both alleles frequency at the two loci, P A and P B are the individual frequencies of 

allele A and allele B (Gupta et al., 2005).   

Jennings was the first to define linkage disequilibrium in 1917 and later on 

in 1964 LD was quantified by Lewtonin (Abdurakhmonov and Abdukarimov, 

2008). Expressions such as D, D', r2, D2, D*, F and δ are generally used linkage 

disequilibrium (LD) measures as explained by Gupta et al. (2005). Flint-Garcia et 

al. (2003) and Oraguzie et al. (2007) in their studies have already reviewed the 

details of their formulae. The objective of study determines the selection of suitable 

measure for determination of LD. Measures like, D' and r2 are the mostly 

recommended LD procedures by Oraguzie et al. (2007).  

It is because D' is useful for comparison across loci with different 

frequencies. For low allele frequencies r2 has more reliable sampling properties 

than D'. The measure r2 is in some ways complementary to D'. r2 is more 

informative measure as it measures the overall departure from complete 

independence between pairwise combinations of polymorphisms. D' may also have 

some utility, although this may be restricted to fine mapping once initial 

associations have been detected. As an initial indicator of LD r2 is the preferred 

initial proxy for assessing extent of LD for association mapping studies. 

Several factors are responsible to shape the allelic LD in a certain crop 

genome (Oraguzie et al., 2007) out of which the key factors are mutation and 

recombination that have major effect on LD. The success of association mapping 
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(AM) largely depends on LD due to hereditary linkage.  Nevertheless, noteworthy 

LD is often observed between far-flung loci, causing unauthentic associations in 

AM studies. Such spurious results are due to other factors (Stich et al., 2005; Stich 

et al., 2006). Those factors may include population structure, selection criterion, 

and/or epistasis (Cannon, 1963) during multiple traits breeding (Wang et al., 2002; 

Oraguzie et al., 2007). In order to mitigate this problem it is always recommended 

to select a diverse population. One should have representative sample from all 

related genotypes.  

After knowing about the factors that cause change in LD, an apparent 

question comes in mind, Is association mapping favored by an increase or a 

decrease level of linkage disequilibrium? The widespread level of LD decreases the 

number of molecular markers that may be required for marker-trait association 

studies but it also causes low resolution of mapping, i.e., gives a coarse mapping. 

On the contrary, less widespread LD or short lingering LD will require 

comparatively greater number of molecular markers to look for a genomic region 

but it may favour an increase in the resolution of marker-trait mapping. As a result, 

the selection of a population with linkage disequilibrium level either elevated or 

lesser depends on the aim of your study. 

Gupta et al., (2005) described that another reason that affects the LD is the 

“ascertainment biasness”. The minor alleles which are found in less than 10% of 

individuals in any population largely increase linkage disequilibrium values 

(Caldwell et al., 2006). Thus, various scientists such as Breseghello and Sorrels, 

(2006); Hamblin et al., (2004); Caldwell et al., (2006) and Kraakman et al., (2006) 

have suggested in their studies that while quantification of LD and AM studies, 
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such markers with minor allele frequency can be replaced with missing values, 

pooled into common allele class or removed before analysis.  

Wolfgang et al. (2010) investigated the linkage disequilibrium in winter 

type rapeseed crop in order to analyse the prediction for genome wide association 

studies. They used 845 amplified fragment length polymorphism (AFLP) markers 

for the investigation of LD in a germplasm set of 85 winter type rapeseed 

(Brassica napus L.) genotypes. Their results showed a lesser LD with a mean r2 

of 0.027 over all 356,590 possible marker pairs. These results demonstrated that 

the LD rapidly perished with distance between linked markers with high levels of 

LD extending only for about 2 cM.  

The important deductions from the research studies  performed by various 

scientists (Nordborg et al., 2005; Stich et al., 2005 and 2006; Bus et al., 2011) on 

quantification of linkage disequilibrium in plants are that it declines quickly in out 

crossing species like maize, consequently, facilitating a fine mapping of a trait of 

interest. Moreover, linkage disequilibrium also declines quickly in a group of 

completely distinct individuals even in highly self-pollinated crops like wheat, 

contrary to the mapping populations that are developed from bi-parental 

hybridization. Another conclusion is that the extent of linkage disequilibrium varies 

across genomic regions and populations and it also varies due to various kinds of 

molecular marker systems that capture different and significant variations in any 

genome due to different mutation rates. An average approximation of genome wide 

linkage disequilibrium level in gene pool may not correspond to linkage 

disequilibrium degree of definite genomic section or precise population. Another 

deduction from the above reports is that, linkage disequilibrium extent in any 
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germplasm with narrow base is longer when compared to broad-based germplasm. 

This suggests that, the population under study should be comprised of diverse and 

unrelated individuals for greater resolution (Stich et al., 2006).  

The effectiveness of association mapping can be enhanced by employing 

much better data recording techniques before analysing through any statistic 

algorithm. There are explicit statistical methods to determine the Type 1 error 

which is also called as false positives or false recovery rates (Churchill and Doerge, 

1994; Benjamini and Hochberg, 1995).  

Structured association basically utilises “Bayesian” approach (Marttinen 

and Corander, 2010) to look for groups in a population by using Q-matrix in order 

to evade false positives or Type I errors. The population structure (also called Q-

matrix) and kinship coefficient (also called K-matrix) can be projected in sub-

populations with the help of a software program “STRUCTURE” (Pritchard and 

Wen, 2004). Yu et al. in 2006 recognized another technique called as mixed linear 

model (MLM) to inter-join the Q-matrix and K-matrix in association mapping. 

This model (Q+K) performed even better when highly structured population of the 

model plant Arabidopsis was used (Zhao et al., 2007). 

The mixed linear model, a powerful model when compared to general linear 

model or any other model (P+K) devised so far. Since general linear model takes 

only population structure (Q) into account and mixed linear model takes both 

population structure (Q) and kinship (K) into account. This brings up more accurate 

marker traits associations.  

Sheng et al. during 2016 while performing whole genome association 

studies of total seed oil contents used 521 rapeseed (Brassica napus) genotypes 
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and performed a 60 K SNP array for genotyping. They identified 50 loci which 

were considerably linked with total oil contents of seed. They used three kinds of 

statistical models, viz., general linear model (GLM), mixed linear model (MLM) 

and Anderson–Darling test. Their results concluded that, the recognized loci give 

details to about 80 % of the whole phenotypic variations, and 29 of those 50 loci 

have not been reported previously. They also deduced that, there may be a novel 

locus on the chromosome number A-5 that could increase 1.5 to 1.7 % of seed oil 

content. This was validated in an independent bi-parental linkage population. The 

results provided important insights and worthy information for determining the 

genetic control of total seed oil content in rapeseed (Brassica napus) and may aid 

molecular marker-based breeding (also regarded as marker assisted breeding) for 

a greater total seed oil contents in this oil seed crop. 

2.3 HIGH DENSITY APPROACH 

High density genetic maps, which are usually built with the help of a highly 

polymorphic single nucleotide polymorphism (SNP) markers, are very useful for 

dissecting traits of agronomic importance. They also help in studying the genetics 

of various parameters along with genome organization.  

In a study by Régine and collegues during 2013, a genetic map for rapeseed 

was developed by utilizing a high throughput genotyping by utilizing SNPs of four 

segregating doubled haploid populations. They observed a very high level of co-

linearity among the four individual maps. Their defined integrated map comprised 

of total of 5764 SNPs and 1603 polymerase chain reaction (PCR) based markers. 

Their results further explained that with a genetic length of 2250 cM, the 

incorporated map contained a density of 3.27 markers (2.56 SNPs) per cM. Their 
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results also concluded that, genotyping of these mapped SNPs in rapeseed 

(Brassica napus) collections allowed polymorphism level and linkage 

disequilibrium to be studied across the different collections and along various 

linkage groups. The on the whole polymorphism level was greater and linkage 

disequilibrium decayed very fast in spring type than in double zero “00” winter 

type rapeseed. However, this was shown to vary greatly along various linkage 

groups. Such study provides an important resource for further genetic studies by 

utilising linkage disequilibrium mapping, genome wide association mapping, 

marker assisted breeding, Rapeseed (Brassica napus L.) sequence assembly and 

genome organization analyses. 

2.3.1 Simple Sequence Repeats (SSRs) 

 The molecular marker system which has sharp power is microsatellite also 

known as simple sequence repeats (SSRs). All other molecular marker systems 

used which includes the AFLPs (Amplified Fragment Length Polymorphisms), 

RFLPs (Restriction Fragment Length Polymorphisms) and RAPD (Randomly 

Amplified Polymorphic DNA) have low dissecting power when compared with 

microsatellites (Prasad et al., 2000).  

The polymorphism in SSR markers is brought about by the two possible 

ways. The first possible way is slippage of the DNA polymerase (DNA 

replication), while the other is unequal crossing-over (recombination) caused by 

miss pairing during DNA replication (Li et al., 2002). Insertion or deletion of one 

or more repeat motifs, potentially alter the length of microsatellite by each of these 

mechanisms (Kruglyak et al., 1998). Therefore length polymorphism is 

characteristic of SSR marker (Zane et al., 2002).   
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Due to high level of homoeology between A genome of B. rapa and C 

genome of B. oleracea, most of the SSR markers in B. napus display two or more 

loci (Li et al., 2011). SSR markers exhibit co-dominant manner of inheritance 

(Morgante and Olivieri, 1993). SSRs are abundant, highly polymorphic, co-

dominant and informative as compare to other molecular marker systems. When 

primer information is available SSRs are inexpensive to use. Technically SSRs are 

reproducible and simple. SSRs have potential to study allele-trait association in 

genome region containing quantitative trait loci (QTL) as this marker is found in 

gene-rich genome. Due to the high mutation rate and polymorphism the SSR 

markers are used for hybridization analysis and population genetics. 

2.3.2 Single Nucleotide Polymorphisms (SNPs) 

Single Nucleotide Polymorphisms or SNPs, as the name indicate, are single 

base differences found at the DNA sequence level in an individual of any specie. 

Brookes, (1999) explains that they are found as bi, tri or tetra allelic 

polymorphisms. They may be found in the genomic region of both; exons (the 

coding regions) and introns (the non-coding regions) of any organism (Lemieux, 

2000). SNPs are responsible for the allelic differences found between members of 

the same species. The polymorphisms caused by SNPs are very common. 

Approximately, every 300 – 1000 bp in genomic DNA there occurs an SNP (Gupta 

et al., 2001). Such kinds of polymorphism are related with changeover mutations of 

bases that are caused either through the phenomenon of transition or a transversion. 

In transition the bases like Adenine (A) changes to Guanine (G) or Cytocine (C) 

changes to Thiamine (T). In phenomenon of transversion, there are interchanges of 

purines and pyrimidines. Tranversions involves; change of Adenine (A) or Guanine 
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(G) to Cytocine (C) or Thiamine (T) and Cytocine (C) or Thiamine (T) to Adenine 

(A) or Guanine (G) as described by Jukes (1987).  

Contrary to humans, where a standard frequency of one (1) SNP for every 

1000 base pairs is present, plants are more abundant in SNPs (Gupta et al., 2001). 

In USA maize population, Bhattramakki et al. during 2002 reported rates of one 

SNP per 48 bp in non-coding (Introns) regions and one per 131 bp in coding region 

(exons). Various techniques such as CAPS (Cleaved Amplified Polymorphic 

Sequences) (Konieczny et al., 1993); oligo-nucleotide hybridization by using DNA 

chips and microarrays (Southern et al., 1996; Gupta et al., 1999); dHPLC 

(denaturing High Performance Liquid Chromatography) (Giordano et al., 1999); 

Taqman assays utilizing fluorescent dyes to differentiate between alleles differing 

for SNPs (Livak et al., 1995) and pyro-sequencing (Ronaghi, 2001) can be utilized 

for identification of single nucleotide polymorphisms. One more approach, called 

the Diversity Arrays Technology (DArT) (Wenzl et al., 2004), is a microarray 

based technique which detects polymorphism as the presence or absence of 

hybridization of restriction fragments. DArT has been successfully applied in 

model plant Arabidopsis as a high-throughput method for SNPs genotyping 

(Wittenberg et al., 2005).  

An assortment of various PCR (Polymerase Chain Reaction) based marker 

technologies have been developed to enable single nucleotide polymorphisms to be 

effectively genotyped such as ASA (Allele Specific Augmentation) which uses 

allele specific primers to identify variations between genotypes (Bundock et al., 

2006) and SSCP (Single Strand Confirmation Polymorphism) (Bertin et al., 2005). 
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Both techniques; ASA and SSCP have been utilized to genotyping and association 

mapping in various Brassica species (Qiu et al., 2006).  

The single nucleotide polymorphisms present a healthy, consistent and 

convenient source of molecular marker across various species. The high recurrence 

of SNPs can be found all through exon and intron areas of plant genetic material 

makes them a fantastic focus for populating hereditary linkage maps. Advanced, 

high-throughput and more automated technologies are now allowing fast and more 

informative genome analysis of larger germplasms. Next Generation Sequencing 

(NGS) is becoming an advanced approach for SNPs detection and genotyping for 

various crop species, including Brassica. Trick et al. (2009) have documented how 

Solexa transcriptome sequencing (Illumina), which is next generation sequencing, 

can be employed for SNP discovery in Brassica napus. The technology has been 

used to produce 20 million ESTs (Expressed Sequence Tags) in the varieties 

“Tapidor” and “Ningyou7” and has recognized about 30k single nucleotide 

polymorphisms between the two lines. Application of high throughput approaches 

such as this increase the effectiveness in producing intense genetic linkage maps 

appropriate for precise recognition of loci that may be strongly associated with 

desirable traits such as increased pod shatter resistance in Rapeseed (Brassica 

napus L.) and will likely affect greatly as the technology prospers. 

2.4 FUNCTIONAL PROFILING OF A CANDIDATE GENE 

After identification of genomic regions that are highly associated to trait of 

interest, one can then perform functional profiling of such candidate genes. In 

functional profiling various experiments can be designed to check the function of 

that specific gene. They may include transcriptome sequencing of that specific 
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gene and aligning the transcriptome for probable SNP difference. Study of mutant 

Arabidopsis plants for the specific candidate gene can also be performed. Moreover 

the mutant and wild type plants can be viewed for any differences via simulation 

electron microscopy (SEM).  

Parida et al. during 2012, in an experiment validated and genotyped 362 

SNPs out of 384 putative SNPs while working on rice genotypes. There results 

demonstrated that stress responsive genes when analysed, provided very useful 

clues for discovery and mapping of traits of interest which are connected to certain 

genomic regions. In a set of divergent drought tolerant (upland) and sensitive 

(lowland) rice accessions, after assessing the functionality and the adaptive 

significance of validated SNPs, which was performed by correlating their allelic 

distinction with alterations of amino acid sequence in catalytic domains and 3D 

secondary protein structure determined by stress-responsive genes, it was 

concluded a strong genetic association among SNPs in the nine stress-responsive 

genes with upland (drought tolerant) and lowland (drought sensitive) ecological 

adaptation. Higher nucleotide diversity was also observed in the indica genotypes 

when compared with other rice sub-populations based on different population 

genetic parameters.  

In another experiment by Bajaj et al. (2015) while working with chickpea 

genotypes, 82489 high-quality SNPs were discovered in 93 wild type and 

cultivated chickpea genotypes through an incorporated reference genome and 

genotype by sequencing assays. High intra and inter-specific polymorphic potential 

(66 to 85%) and broader natural allelic diversity (6 to 64%) was detected by 

genome-wide SNPs among genotypes indicate their effectiveness for monitoring 
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introgression and transferring trait of interest regulating specific regions of genome 

from wild type to cultivated chickpea gene pools for genetic improvement.  

Pandit et al. (2010) used a combination of genetic mapping and bulked 

transcriptome profiling to narrow down the number of differentially expressed 

salt-responsive genes in rice in order to identify functional polymorphism of 

genes underlying the quantitative trait loci.  They derived a population of 

recombinant inbred lines (RILs) from cross between salt-tolerant variety CSR 27 

and salt-sensitive variety MI 48. The transcriptome profiling of the seedlings of 

tolerant and sensitive parents grown under control and salt-stress conditions 

showed 798 and 2,407 differentially expressed gene probes, respectively. By 

analyzing pools of RNA extracted from ten each of extremely tolerant and 

extremely sensitive RILs to normalize the background noise, the number of 

differentially expressed genes under salt stress was drastically reduced to 30 only. 

Two of these genes, an integral trans membrane protein DUF6 and a cation 

chloride co transporter, were not only co-located in the QTL intervals but also 

showed the expected distortion of allele frequencies in the extreme tolerant and 

sensitive RILs, and therefore are suitable for future validation studies and 

development of functional markers for salt tolerance in rice to facilitate marker-

assisted breeding. 

Riedelsheimer et al. (2012) genotyped a set of 289 diverse maize inbred 

lines with 56,110 SNPs and assayed for 118 biochemical compounds in the leaves 

of young plants, as well as for agronomic traits of mature plants in field trials. They 

found that metabolite concentrations had on average a repeatability of 0.73 and 

showed a correlation pattern that largely reflected their functional grouping. 
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Further, a genome-wide association mapping with correction for population 

structure and cryptic relatedness identified for 26 distinct metabolites strong 

associations with SNPs, explaining up to 32.0% of the observed genetic variance. 

They detected 15 distinct SNP–metabolite associations on nine chromosomes, each 

of which explained more then 15% of the genetic variance. They also found strong 

associations (p values 2.7×10−10 to 3.9×10−18) for lignin precursors, including p-

coumaric acid and caffeic acid, on chromosome 9 harboring cinnamoyl-CoA 

reductase, a key enzyme in monolignol synthesis and a target for improving the 

quality of lignocellulosic biomass by genetic engineering approaches.  

 

 

 

  



73 
 

 
 

 

Chapter 3 

MATERIALS AND METHODS 

The following four experiments were conducted to achieve the objectives of this 

research project: 

3.1 Study of genetic divergence in Brassica napus germplasm.  

3.2 Estimation of Linkage Disequilibrium and Population Structure among 

Brassica napus genotypes for Association mapping.  

3.3 Genome wide association studies of Brassica napus lines for pod shatter 

using SNPs.  

3.4 Functional Profiling of PIF4- a candidate gene for rapeseed pod shatter. 

 

3.1 STUDY OF GENETIC DIVERGENCE IN BRASSICA NAPUS 

GERMPLASM  

3.1.1 Research Material  

The research material comprised of 328 diverse Brassica napus genotypes. 

To cover maximum available natural diversity, indigenously collected lines from 

various regions of Pakistan and exotic germplasm acquired from various countries 

including Australia, Canada, China and Europe was selected. A high yielding 

variety “Faisal canola” was used as check (Appendix I). The germplasm was 

acquired from the Gene Bank of Bio-resources Conservation Institute, National 

Agricultural Research Centre (NARC), Islamabad, Pakistan. Evaluation and 

characterization of genotypes for various agro-morphological traits was carried out 

in field using augmented design, with check “Faisal canola” during the growing 
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season 2013-14 and 2014-15 at National Agriculture Research Centre, Islamabad 

and University Research Farm, Chakwal Road, Rawalpindi. 

3.1.2 Agro-Morphological Characterization  

The germplasm was evaluated in field area at two locations, viz., National 

Agricultural Research Centre, at Islamabad (Latitude = 33⁰- 42’ N, Longitude 73⁰- 

10’ E and Altitude = 508 m) and Pir Mehr Ali Shah Arid Agriculture University 

Research Farm, Chakwal Road at Rawalpindi (Latitude = 33⁰-06’N and Longitude 

= 73⁰-00’E and Altitude = 502 m). The experiment of Agro-morphological 

characterization was conducted for two consecutive seasons of Rabi 2013-14 and 

2014-15, at both locations following augmented design with 328 entries and a 

check variety; Faisal Canola, repeated after every 20 entries. The plot size for each 

entry was two rows of 4 m length. Planting density was maintained such that in a 

row of 4 m length there were 40 to 50 plants. All the recommended practices were 

done during crop growing season.  

Practice of selfing at flowering time by using butter paper bags was done to 

get true to type seeds for next year sowing. The first year’s (2013-14) planting of 

the experimental material was done in 2nd week of October, 2013 and the second 

year’s (2014-15) planting was performed in 3rd week of October, 2014. Sowing 

was done with seed hand drill at a depth of 3-4 cm. An appropriate planting density 

of 50-60 plants m2 was maintained following the recommendations of Angadi et al. 

(2002). Manual thinning operations was performed to retain an optimum plant 

numbers in the experiments. Recommended practice of hand weeding was also 

done to control weeds.  

Data collection was done based on the characters explained as following  
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3.1.2.1 Number of days to flower initiation 

These are the numbers of days from sowing date until any of the plant of a 

specific genotype began or initiated to flower. Number of days since sowing date 

were counted and recorded.   

3.1.2.2 Number of days to 50 % flowering 

These are the no. of days from sowing date until half (50%) of the plants in 

a line of a genotype started to flower. The no. of days until 50 % flowering were 

recorded for all genotypes. 

3.1.2.3 Number of days to flower completion 

These are the no. of days from sowing date until all plants in a row of a 

genotype started to flower. The no. days to flower completion of all the genotypes 

were recorded when the lines were at full bloom. 

3.1.2.4 Number of days to 50 percent maturity 

No. of days from sowing till half of the plants in a row of a genotype 

reached physiological maturity. The physiological maturity in case of Brassica 

napus is when flowering is stopped and pods begins to lose green color and 

becomes yellow. 

3.1.2.5 Number of days to 100 percent maturity 

The no. of days from sowing till all plants of a genotype in a row reached 

physiological maturity. The physiological maturity of plants, is usually indicated 

by yellowing of pods. 

3.1.2.6 Plant height 

When all the genotypes of a line reached at 100 percent maturity, plant 

height of each genotype was noted in centimeters from the ground level to tallest 
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point of the plant. Plant height was measured from ten indiscriminately selected 

plants and average was calculated. 

3.1.2.7 No. of primary branches/plant 

This is the no. of branches of each genotype of Brassica napus that 

originated from main stem. Primary branches give rise to secondary branches that 

bears more pods. No. of primary branches/plant were counted from ten (10) 

indiscriminately chosen plants. In the end average was worked out and recorded. 

3.1.2.8 Main raceme length 

 This is the total length of superior most inflorescence that has budding from 

the main shoot towards top of the plant. The main raceme lengths for all genotypes 

of Brassica napus were measured in centimeters of ten (10) randomly selected 

plants of each genotype and averaged. 

3.1.2.9 Leaf length  

The length of largest leaf on main stem of each genotype was measured 

(cm) from its base to the apex of leaf blade excluding petiole at full bloom stage. 

Average leaf length was worked out for ten randomly selected plants of each 

genotype.  

3.1.2.10 Leaf width 

  Leaf width is the broadest part of leaf while at mature stage. Leaf widths 

of ten randomly selected Brassica napus genotype was calculated and averaged. 

3.1.2.11 Pods shattering percentage 

  Pods shattering data based on whole plant and it was observed visually at 

0, 7, 14 and 21 days of physiological maturity and data were recorded in estimated 

percentage following Josefsson (1968).  
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3.1.2.12 Pod length 

  Pod lengths of 15 pods, which were sampled randomly from each 

genotype were recorded in centimeters along their lengths, i.e., from base to the tip 

of pod and averaged. 

3.1.2.13 Pod width 

  Pod widths of 15 pods sampled randomly from each genotype were 

recorded in millimeters across the widest section of the same 15 pods used for 

recording pod lengths and averaged. 

3.1.2.14 Number of pods per main raceme 

  No. of pods on the central inflorescence of each genotype was recorded 

from the ten randomly selected plants used for recording no. of primary branches 

per plant and averaged. 

3.1.2.15 Number of seeds per pod 

  Seeds were counted from the sample of same 15 pods which were also 

used for measuring length and width of the pods for each genotype. In the end 

number of seeds was averaged.  

3.1.2.16 Stem thickness 

  The thickness of stem of Brassica napus lines was measured with the help 

of Vernier calipers. Readings were taken from near the base of 10 randomly 

selected plants of each genotype and in the end averaged. 

3.1.2.17 1000-seed weight 

  Thousand seeds of each genotype of Brassica napus were counted with 

help of a seed counter and their weights were determined from 10 samples of each 

genotype and averaged. 
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3.1.2.18 Seed yield/plant 

  The total seed yield of each genotype was recorded in grams after harvest 

and thrashing ten individual plants and then averaged to estimate total seed yield 

per plant. 

3.1.3 Statistical Analysis  

The recorded data of Brassica napus genotypes for all the above mentioned 

parameters were used for analysis of variance following Steel et al., (1997). 

Analysis of variance test was performed to evaluate the noteworthy variation for 

each parameter. After that multivariate technique of PCA (Principal Component 

Analysis) (Ogunbayo et al., 2005) was utilized to examine the contribution of the 

studied parameters towards genetic divergence and select diverse genotypes of 

Brassica napus for association mapping. The criterion of eigen value significance 

(Kaiser, 1960), was utilized to select statistically significant PCs (Principal 

Components). Finally, Scree plots and 2D ordination plots were generated using 

software program Statistica v.7. 

 

3.2  ESTIMATION OF LINKAGE DISEQUILIBRIUM AND 

POPULATION STRUCTURE AMONG BRASSICA NAPUS 

GENOTYPES FOR ASSOCIATION MAPPING 

The second experiment to meet the second objective the study was 

conducted in laboratories of the Department of Plant Breeding and Genetics at Pir 

Mehr Ali Shah Arid Agriculture University Rawalpindi, Pakistan and Germplasm 

evaluation laboratory of Bio-conservation Research Institute, National Agriculture 

Research Centre Islamabad, Pakistan. 
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3.2.1 Experimental Materials 

The experimental materials consist of 75 diverse accessions selected from 

multivariate analysis (Ilyas et al., 2018). These accessions are shown in Appendix 

II. To ensure maximum coverage of chromosomes, 55 polymorphic SSR markers 

that resided in both A and C genomes of Brassica napus were selected from 

www.brassicainfo.com (Appendix III).  

3.2.2 Genomic DNA Isolation 

The genomic DNA was extracted by using a protocol of Doyle and Doyle 

(1990) with little modifications. Young leaf tissue (approximately 200 mg) was 

taken in Eppendorf tubes (approximately 300 μl) and crushed after adding 500 μl 

of CTAB buffer solution that had 0.5 % β-merceptoethanol added just before use. 

The samples were incubated at 37 ºC for half an hour (30 minutes) after adding 1.5 

μl RNase A (10 mg/ml). Then Proteinase K (20 μl) was added and again incubated 

at 65 ºC for half an hour (30 minutes). After that the samples were cooled down to 

room temperature (20 ºC) and a mixture of Chloroform: isoamyl alcohol (24:1) was 

added in sample and left at room temperature (20 ºC) for about 10 minutes. After 

that, the mixture of Chloroform: isoamyl alcohol (24:1) and crushed sample in 

CTAB buffer was precipitated at 8000 RCM for 10 min in a centrifuge machine. 

The aqueous supernatant which was colorless and containing DNA was taken in 

fresh Eppendorf tubes. By adding 200 μl of chilled isopropanol, the DNA was 

precipitated. It was centrifuged at 8000 rcm for five (5) min. The DNA pellet was 

washed with 700 μl 95 % ethanol and vortexed for five (5) seconds. The 

supernatant was removed and DNA pellet was dried at room temperature and re-

suspended in 100 μl H2O. It was stored at – 20 °C.  

http://www.brassicainfo.com/
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3.2.3 Quantification of DNA 

Gel Electrophoresis was used for DNA quantification. One μl of 6X 

Bromophenol Blue Loading Dye was mixed with 5 μl of DNA. All the samples 

were loaded in separate wells on 1 % agarose gel.  

3.2.4 PCR Amplification 

 PCR was performed using DNA as template and SSR primers. PCR 

amplification was carried out in a reaction volume of 25 μl containing 1 μl of 

DNA, 1 μl of 10 μM each primer, 0.5 μl of 10 mM dNTPs, 2 μl of 10X Taq buffer, 

2 μl of 25 mM MgCl2, 0.5μl of Taq polymerase (2 U) and 16μl distilled water. PCR 

reactions was performed in Thermal Cycler involving a step of initial denaturation: 

5 min at  92 ºC then 30 cycles of involving each 1 min denaturation at 92 ºC, 30 sec 

for primers annealing (table: 3.3) and 1 min for extension at 72 ºC. In the end a 

final extension of 7 min was allowed at 72 ºC. The amplified product was then 

resolved for further analysis on 2% agarose gel. 

3.2.5 Gel Electrophoresis and Documentation 

The PCR products were separated and examined on 2 % agarose gel. The 

gel was run with 1X TBE buffer. A constant power of 100 V was applied for one 

hour. Gels were stained with Ethidium Bromide Then the result was visualized by 

Gel Documentation System. 

3.2.6 Band Scoring 

The Score able bands obtained on the photograph of the Gel Documentation 

system were considered as a single locus or allele. Bands were scored as bi variate 

(1-0) data matrix, where 1 designate the presence of band and 0 for the absence of a 

band.  
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3.2.7 Population Structure 

Population structure which is the level of genetic differentiation among 

groups within sampled population individuals was determined by using software 

STRUCTURE v 2.3.4 http://pritch.bsd.uchicago.edu/structure.html (Pritchard et 

al., 2000) by following the standard operating procedure described below: 

Steps in Procedure: 

3.2.7.1 Preparation of data files 

An input file with genotypic data beginning with a list of SSR marker 

names was prepared as tab-limited text file. This was followed by each individual 

accession name (with no spaces) followed by its genotype for each marker. The 

genotypic data were maintained in single number format, and missing data were 

represented as a “-9” symbol. 

3.2.7.2 Starting a new project 

After preparation of data files, the STRUCTURE v.2.3.4 was started and 

New Project in the File tab was selected. A box appeared asking to name the new 

project, a directory was selected where the project data and results were stored, and 

the location of input file.  

3.2.7.3 Setting up a new parameter set 

A new parameter was set up with a run length of 10000 burn-in period. This 

is the number of initialization steps before the program start collecting likelihood 

estimates. Then 10000 MCMC (Markov chain Monte Carlo). This is the number of 

random steps that STRUCTURE takes across the probability landscape. The length 

of the burn-in and MCMC of 10000 each was sufficient as suggested by Evano et 

al. (2005).  In the Ancestry Model tab, admixture model was selected because the 

http://pritch.bsd.uchicago.edu/structure.html
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accessions have probably interbred at some point in their history. In the Allele 

Frequencies Model tab, allele frequencies to be independent between populations 

(Pritchard et al., 2000) were selected. The project data including the input file 

location were saved with the name of the project as a .spj file in the directory. The 

number of subpopulations (K) was set from 1-10 based on admixture models 

(Evano et al., 2005). For each K, 3 numbers of iterations were performed 

separately. It is actually the number of times it tests K.  

3.2.7.4 Analyzing the data 

The Bayesian algorithm implemented in the software STRUCTURE allows 

the identification of population groups. Evano et al. (2005) tested the ability of 

Bayesian algorithm to detect the true number of clusters (K) in a sample of 

individuals when patterns of dispersal among populations are not homogeneous. 

They found that STRUCTURE accurately detects the uppermost hierarchical level 

of structure. Using simulation summary, one can analyse the data to select the 

value of K that best fits your data by using the method of Evanno et al., 2005. Once 

the best value of K have been identified [which is 2 in this case], one can use the 

“Inferred ancestry of individuals” from the appropriate results file as a K matrix for 

applications such as Mixed Linear Modeling using TASSEL.  

3.2.8 Linkage Disequilibrium 

Quantification of linkage disequilibrium (LD) extent was performed by 

using software package TASSEL v. 4 http://www.maizegenetics.net (Bradbury et 

al., 2007) and LD heat map was drawn LD heat map is basically used to produce a 

graphical representation, as a heat map, of pairwise LD measurements for 

molecular marker (SSRs or SNPs). 

http://www.maizegenetics.net/
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3.2.9 Association Mapping 

Association mapping which is based on correlation of phenotypic and 

genotypic data was determined with TASSEL v 4 http://www.maizegenetics.net 

(Bradbury et al., 2007) by following the procedure given below: 

3.2.9.1 Preparation of  data files 

Three input files are required, a molecular maker file, a trait file, and a Q 

matrix covariate file. These files should all be saved as tab-delimited text files. The 

molecular marker file should begin with “<Marker>” (this is so the program 

recognizes the data type), and then a list of marker names. This is followed by each 

individual accession name (with no spaces) followed by its genotype for each 

marker. The genotype data should be in single letter format (ambiguity codes are 

fine), and missing data should have a “?” symbol. 

The Trait file should start with “Trait” and then the name of your trait (no 

spaces) or traits. On the next line, there should be a table of accession names and 

their associated trait values. 

The Q matrix file (derived from STRUCTURE of a PCA analysis of 

population structure) should start with <Covariate> and then on the next line 

<Trait> followed by names for the population clusters (Q1, Q2 etc.). On the next 

line, there should be a table of accession names and their apportioning to each 

cluster. 

3.2.9.2 Loading data files 

In the user interface, the data files were loaded. If the program does not 

recognize a file or cannot open it, this could be due to poor formatting. One should 

check that there are no spaces in the accession or molecular marker names and that 

http://www.maizegenetics.net/
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there is data in every necessary position. Minor alleles are poor markers because 

statistical power is extremely low for rare SNPs (Turner et al., 2012) thus removed.  

3.2.9.3 Synonymising the data sets 

This is to match all of accession names in the datasets in case of 

typographical errors. For this select new reduced molecular marker data file and by 

holding Ctrl down also select the trait file.  

Then I clicked the “Synonymizer” button in the data tab, and hit OK when 

the box appeared. A new file appeared in the data window in the Synonymizer 

folder. I clicked on it and checked that all of the names have been matched together 

correctly. In some cases, there may be slight mismatches which will have a score of 

less than 1.0. One will need to correct the input files and start again.  

I then selected the synonymizer file and the trait file and clicked the 

“Synonymizer” button again, and then OK when the window appeared.  The 

accession names in the trait file now matched those in the molecular marker data 

file. I repeat this procedure by selecting the molecular marker data file and the Q 

matrix file as well. 

3.2.9.4 Filtering trait files 

This is to tell TASSEL which traits one wish to analyse. I select Trait file 

and hit “Traits” in the data tab. Next, I checked that traits are listed as “data” types, 

and checked the “include” box and hit ok. A new Filtered trait file appeared in the 

data window in the “Numerical” folder.  

Next, I selected Q matrix file and hit “Traits”. This time, I checked that the 

data is listed as “Covariate”. Due to a statistical quirk of linear modeling in 

TASSEL, exclude one of the covariates in the Q matrix to run the Mixed Linear 
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Model. I excluded the last covariate (i.e., Q2), and hit ok. A new Filtered Q matrix 

file appeared in the data window. 

3.2.9.5 Creating kinship matrix 

This is the option that allows to calculate how related each pair of 

accessions are to each other from their genotypes. I selected new molecular marker 

data file and click the “Analysis” tab, then the “Kinship” tab. A window popped up 

asking how you would like to model heterozygotes.  

If I had a standard diploid set of data, I would have selected “Related to 

homozygotes”, but if since I was modeling SSR markers from a polyploid 

(Brassica napus), thus I choose “Independent allele states” and clicked ok. A new 

Kinship Matrix (known as a K matrix) appeared in the data window in the matrix 

folder. When clicked, it shows a large square matrix of numbers. 

3.2.9.6 Joining datasets 

For joining the data sets I selected new molecular marker data file, filtered 

Trait file and filtered Q Matrix file and proceeded to click the “Data” tab and then 

the “Intersecting Join” tab; and clicked ok. This type of join only joined the 

accessions for which there was data in all three files, so if one only have trait data 

for some of the accessions, it will only combine the data for that subset.  

A new file appeared in the “Sequence” folder in the data window. If it is 

clicked, it will display a summary line for each accession that includes the trait, Q 

Matrix and genotype data.  

Sometimes, the genotype data will have symbols instead of letters. This is a 

quirk of the program when there is a lot of data to process, but it should still run 

normally. 
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3.2.9.7 Performing mixed linear modeling 

To perform a mixed linear modeling on the data I, selected the new 

Intersected joined file and the Kinship Matrix and clicked the “Analysis” tab and 

then the mixed linear model “MLM” tab. A list of options appeared, which I left on 

as the default and clicked ok. 

Next TASSEL allowed me to print to file. I checked the “write output to 

file” box, and selected a drive to save to and typed an identifier in “output base file 

name” box and clicked ok. The program took a while to run (a progress bar 

appeared in the bottom left window) depending on the number of molecular 

markers and the number of traits that I analyzed, and wrote the files automatically 

to the folder I selected. 

3.2.9.8 Viewing output files 

The TASSEL software has outputted three tab-delimited text files that 

could be opened in Microsoft Soft Excel. The first is a compression file. This 

contains details of a time-saving device in the program, whereby it compresses the 

Kinship matrix into groups of similarly related individuals. The second file is a list 

of Allele Effects.  

This tells how much of an effect, each allele for each marker has on each 

trait, and is displayed in the same units as the traits in Trait input file. When we 

know which markers are highly associated with the trait, we can search this file to 

see how large the effect is for the alleles of that marker. The third file is the Marker 

Statistics file. This contains p values, R2 values, F statistics, and variance estimates 

for every marker, for every trait tested.  
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3.3 GENOME WIDE ASSOCIATION STUDIES OF BRASSICA NAPUS 

LINES FOR POD SHATTER USING SNPs 

This experiment along with the next one was conducted at Crop Genetics 

Department of John Innes Centre, Norwich, United Kingdom during 6 months 

research placement by the Higher Education Commission of Pakistan. 

3.3.1 Materials and Methods 

A diverse germplasm set of 85 Brassica napus genotypes available in the 

Crop Genetics Department, John Innes Centre, Norwich Bioscience Institute, 

Norwich, United Kingdom (Table 3.1) were used in this experiment. These 

genotypes were already sequenced by Harper et al. in 2012 using their 

transcriptome which revealed more than 100K SNPs. After determination of LD 

pattern and removal of SNPs with minor allele frequency < 5%, about 62K SNPs 

were used in the analysis.  

3.3.2 Phenotyping 

The germplasm was phenotyped for pod shatter by using Random Impact 

Test (RIT) methodology. RIT basically involves automated shaking of pods in 

cylindrical container with eight metal ball bearings at a standard intensity. After 

each 8 seconds interval the percentage of broken pods is assessed allowing a 

“decay” curve to be plotted from which half life of the pods is calculated. Half life 

of pod is the time taken in seconds when 50% of the sampled pods were shattered.  

Samples of 20 pods were collected randomly from primary and secondary 

branches of each genotype for both years 2014 and 2015. Prior to shaking, the 

samples were placed in a calibration chamber at 23 C and 50% relative humidity to 

eliminate any interference from differential pod drying. Pods samples were then  
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Table 3.1 List of Brassica napus germplasm used in GWAS for Pod Shatter resistance 

Serial #  Genotype  Serial #  Genotype  Serial #  Genotype  Serial #  Genotype  

1 Chuanyou 2  11 Groene Groninger Snijmoes  21 N01D-1330  31 Sensation NZ  

2 Ningyou 7  12 Siberische Boerenkool  22 N02D-1952  32 Tina  

3 Shengliyoucai  13 Bronowski  23 Rapid Cycling 

Rape  

33 Wilhelmsburger; Reform  

4 Xiangyou_15  14 Ceska  24 Regent  34 York  

5 Zhongshuang_II  15 Drakkar  25 Stellar  35 Q100  

6 Moana, Moana Rape  16 Duplo  26 Topas  36 Palu  

7 Dwarf Essex  17 Erglu  27 Westar 10  37 Canard  

8 Couve nabica  18 Hanna  28 Altasweet  38 Abukuma Natane  

9 Ragged Jack  19 Karoo-057  29 Huguenot  39 ambxcom  

10 Brauner Schnittkohl  20 Monty-028  30 Jaune a Collet Vert  40 Apex  

Continued… 
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Serial #  Genotype  Serial #  Genotype  Serial #  Genotype  Serial #  Genotype  

41 ApexxGinyou-3 52 Catana  63 HuronxNavajo  74 Quinta  

42 Baltia 53 ColumbusxNickel  64 IncaxContact  75 Rafal  

43 Bienvenu 54 Coriander  65 Jet-neuf  76 Ramses  

44 Bolko 55 Darmor  66 Lembkes 

Malchower  

77 Rocket  

45 Bravour  56 Dimension  67 LicrownxExpress  78 RocketxLizard  

46 Cabernet  57 Dippes  68 MadrigalxRecital  79 Samourai  

47 Cabriolet  58 Eurol  69 Major  80 ShannonxWinner  

48 CanberraxCourage  59 Excalibur  70 Matador  81 Slapska Slapy  

49 Capitol  60 Expert  71 Norin  82 Slovenska Krajova  

50 CapitolxMohican  61 Flash  72 POH 285, Bolko  83 Taisetsu  

51 Castille  62 HansenxGaspard  73 Primor  84 Tapidor  
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shaken in the RIT equipment and the data were then analysed through a specific 

application developed in Software R by Dr Rachel Wells for pods half life 

determination. SNPs data, half life data and Q-matrix were then put through 

TASSEL v 4 and analysed by following the protocol given in previous experiment 

and the results of each year data were graphed separately. 

3.4 FUNCTIONAL PROFILING OF PIF4- A CANDIDATE GENE FOR 

RAPESEED POD SHATTER 

This experiment was performed with the objective to do functional profiling 

of a candidate gene for pod shatter. The transcription factor PIF4 that has been 

found to be highly associated with pod half life in both years was considered as a 

candidate gene for further study. PIF4 is a basic helix–loop–helix (bHLH) 

transcription factor belonging to group VII of classification by Heim et al., 2003. 

The reason for this consideration are previous studies of de Lucas et al and Feng et 

al in 2008 in which they demonstrated that interaction between PIF4 transcription 

factor and DELLA proteins coordinate light and gibberellins responses and 

GA/DELLA pathway is involved in controlling seed dispersal. 

3.4.1 Arabidopsis thaliana Pods Random Impact Test (ARIT) 

The seeds of Arabidopsis pif4 mutants and wild type (Col-0) were obtained 

from Dr. Vinod Kumar (A Project Leader at Cell and developmental biology 

department of John Innes Centre, Norwich Bioscience Institutes, Norwich, United 

Kingdom) and sown in trays and placed in cool chambers for stratification 

treatment. Later on after 3 days the trays were transferred to glass house and 

growth was allowed to happen at long day conditions (16-h light/8-h dark) at 22 

°C. The pods of both types were used in RIT at stage 17b. The RIT assays were 
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modified from previous reports (Arnaud et al., 2010). Pods of Arabidopsis were 

collected and placed in a container at 25 °C and 50 % relative humidity for 3 days.  

Twenty undamaged pods were placed in a 60-mm-diameter glass Petri dish 

together with 5 steel balls of 2-mm-diameter. Then, the petri dish was attached to 

an Eppendorf Thermomixer and was shaken at 1000 rpm for 5-sec intervals until 

all the pods have shattered. After each interval, pods were examined and those with 

at least one of the valves detached were considered broken. The percentage of 

broken pods was recorded each time, from which a curve was plotted, showing the 

time that 50 % of pods have shattered. 

3.4.1.1 Statistical analyses  

The recorded data was analyzed using Microsoft Excel 2007 utilizing 

simple T-test to identify potential significant differences 

3.4.2 PIF4 Transcriptome Sequence Alignment 

The available transcriptome sequences (Harper et al., 2012) of PIF4 

(BnaA03) for various genotypes having strong pods and genotypes having weak 

pods were used in sequence alignment tool Align X, for any SNP difference 

between such genotypes having different pods strengths. 

3.4.2.1 Primer designing and PCR 

New SSR primers were designed manually around SNP difference and used 

in PCR of genotypes having strong pods and genotypes having weak pods for the 

confirmation of nucleotide difference. The PCR conditions involved heated lid at 

110°C, initial denaturation at 94°C for 5 minutes then 15 cycles of touchdown from 

64°C to 49°C. Then 40 cycles that involved steps of denaturation at 94°C for 30 
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seconds, annealing at 57°C for 30 Seconds and extension at 72°C for 1 minute and 

in the end a final extension of 7 minutes at 72°C. 

3.4.2.2 Sequencing for SNP difference confirmation 

Sequencing of PCR product was done by utilising big dye terminator v 3.1 

protocol. Before that PCR product was cleaned via SAP clean protocol which 

involved 10µl of PCR product, 1µl shrimp alkaline and 0.5µl Exonuclease I for 

each sample. The SAP clean was then incubated in a thermo cycler with conditions 

involving a heated lid at 110°C, then initial incubation at 37°C for 30 minutes, then 

final incubation at 80°C for 10 minutes and finally stored at 10°C, infinitely. The 

cleaned PCR product was made ready by adding 1µ of big dye, 1µ of forward 

primer, 1.5µ of big dye buffer and 5.5µl of double distilled water and then sent to 

onsite sequencing facility at JIC. 

3.4.3 Tissue Fixation of Arabidopsis thaliana Pods 

Fully developed pods (stage 17b) from Arabidopsis thaliana wild type 

(Col-0) and pif4 mutant types were harvested (Smyth et al., 1990), and absorbed in 

3.7 % FAA (Formaldehyde Acetic Acid) solution. The immersed pods were 

vacuum-infiltrated for about 15 minutes and kept overnight on a shaker. The fixed 

pods were then exposed to a series of ethanol washes (50%, 75%, 80%, 90% and 

100%). Then the pods samples were cleared in a Histoclear, (National Diagnostics, 

Hull, U.K.) series (50/50 Ethanol/Histoclear, 25/75 Ethanol/Histoclear and 100% 

Histoclear) and finally embedded in wax. A number of sections (8-10 μm) were 

prepared by using a microtome and then mounted on slides before de-waxing in 

Histoclear. The slides were then stained in 0.1 % Alcian Blue / 0.05 % Safranin-O 
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for 30 minutes and then rinsed and mounted. The prepared slides were visualised 

and finally imaged under a dissecting microscope (Leica MZ16, USA). 

3.4.4 Scanning Electron Microscopy 

The help in procedures of Scanning electron microscopy came from Elaine 

Barclay, Research Assistant at Cell and Developmental Biology department and 

Nicola Stacey, Research Assistant at Crop Genetics department of JIC. Fruits of 

Arabidopsis wild type (Col-0) and pif4 mutant lines harvested at stage 17b (Smyth 

et al., 1990), were fixed in FAA (50 % ethanol, 5 % glacial acetic and 3.7 % 

formaldehyde) for 4 h at room temperature and overnight at 4 °C. Then the samples 

were dehydrated through an ethanol series (15 min each in 50 %, 60 %, 70 %, 80 

%, 90 %, 95 %, 100 %, and dry ethanol). After critical point drying, samples were 

coated with gold and examined under a Field Emission Scanning Electron 

Microscope (Zeiss Supra 55VP, UK). 

3.4.5 Tissue Fixation of Weak and Strong Pods Genotypes 

Seedlings of genotypes; Karoo and Xiangyou-15 were sown and germinated 

in soil mixture at glasshouse and allowed to grow until six leaf stage. The 

genotypes were given a six week vernalisation treatment at temperature of 5°C 

with reduced light. After vernalisation, the seedlings of both genotypes were 

shifted into pots (1 litre) in the greenhouse. The transplanted plants were then 

grown under sunlight. When plants started to flower, they were shaken briskly at 

daily intervals in order to promote self pollination. The randomly selected 

individual flowers were then marked at this stage of anthesis. Pods for sectioning 

or staining were then harvested at maturity and fixed in 3.7 % formaldehyde acetic 

acid (FAA) solution (3.7 % formaldehyde, 5 % acetic acid, 50 % ethanol in double 

distilled water).  
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3.4.5.1 Pod tissue fixation, clearing and staining  

Harvested pods from Karoo and Xiangyou-15 genotypes of Brassica napus 

were cut into three parts, apical, medial and basal sections with help of a sharp 

blade and then placed into 20 ml scintillation vials. These vials were containing 10 

ml of 3.7 % formaldehyde acetic acid solution (FAA). Vials were covered and then 

vacuum infiltrated for about 15 minutes, until all sections sank when vacuum was 

released. Pods samples of both genotypes were then left to fix overnight on a 

shaker. Next morning the pods samples were rinsed with 50 % ethanol and 

afterward taken through series of 50, 60, 70, 80 and 90 percent ethanol for 30 

minutes at each stage. This was followed by overnight incubation at temperature of 

4°C in 95 % ethanol with three washes in 100 % ethanol. Afterwards, Histoclear 

washes consisting of a series of 75 % ethanol / 25 % Histoclear, 50 % ethanol / 50 

% Histoclear, 25 % Ethanol / 75 % Histoclear and 100 % Histoclear were 

conducted at room temperature, with 30 min of incubation. This was then followed 

by an overnight incubation in Paraplast wax. Samples were then incubated over-

night at temperature of 60°C in hot air oven. Then six succeeding changes of wax 

were made. The changes were made with incubation at 60°C for four hours 

between each change. Finally, pods tissues of both genotypes (Karoo and 

Xiangyou-15) were embedded in wax within a plastic cassette for sectioning. The 

samples were then stored in the fridge at a temperature of 4°C for further procedure 

to be conducted later on.  

3.4.5.2 Sectioning 

Sectioning of Brassica napus pods tissue was done on a microtome (Leica, 

USA). Sections of size 12 µm were made from Karoo and Xiangyou-15 genotypes. 
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The wax ribbons made during sectioning were floated on a water droplet onto a 

polysine-coated glass slides with the help of a fine camel hair brush. The prepared 

slides were then dried overnight at 45°C on a slide warmer.  

3.4.5.3 Staining 

Slides were de-waxed by immersing two times for 10 minutes in 100 % 

Histoclear, and two times washing for two minutes in 100 % ethanol. Then, slides 

were air dried for half an hour. Brassica napus pods were then stained using a 0.1 

% Alcian Blue / 0.05 % Safranin-O dye solution (soluble in 0.1M Na-acetate buffer 

pH 5.0) for half and hour until colour was developed and finally washed in double 

distilled water. The prepared slides were then air dried for 60 minutes and finally 

set in Histomount before covering with a cover slip. Slides were then dried 

overnight at room temperature in the dark. Slides were observed under a dissecting 

microscope (Leica MZ16, USA). Imaging of samples of Karoo and Xiangyou-15 

pods sections was performed using the Leica MZ16 microscope followed by 

manual assessment. 
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Chapter 4 

RESULTS AND DISCUSSION 

 

4.1  STUDY OF GENETIC DIVERGENCE IN BRASSICA NAPUS 

GERMPLASM 

 Three hundred and twenty eight Brassica napus genotypes along with a 

high yielding check variety “Faisal canola” were studied for various agro-

morphological traits for two growing seasons 2013-14 and 2014-15 at two 

locations. The genotypes were evaluated at National Agriculture Research Centre, 

Islamabad Pakistan and University Research Farm, Chakwal Road, Rawalpindi 

Pakistan. 

4.1.1 Analysis of Variance (ANOVA) 

Result for analysis of variance exposed highly and noteworthy differences 

among all accessions and between the two locations for all traits, indicating that 

useful variability exists which may be exploited for improvement of rapeseed crop 

(Table 4.1 and 4.2). Various morphological methods are used to study the genetic 

divergence in different crop plants (Nasim et al., 2017; Jan et al., 2016; Khan et al., 

2016). Another observation made in the present study is that, although, the two 

locations were significantly different yet there was no significant interaction 

between location and accessions during both growing seasons of crop evaluation. 

Pertaining to this the locations data were combined before explaining the results of 

each cropping seasons. These findings also suggest that locations had no significant 

effect on the differences among accessions and they are independent from the 

effect of locations for both growing seasons i.e. 2013-14 & 2014-15. This may help 
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in the development of breeding population that have wider adaptability and can be 

grown over a broad spectrum of environment. 

4.1.2 Descriptive Statistics 

The range of each parameter gives an immediate extent of diversity among 

the populations. The extent of range, maximum and minimum along with standard 

deviations for the year 2013-14 and 2014-15 are depicted in Figure 1 and Figure 2, 

respectively. 

4.1.2.1 Days to flower initiation 

The extent of range for days to flower initiation during cropping season 

2013-14 was 42.5 days to 166.5 days. Similarly, during cropping season 2014-15 it 

was recorded as minimum 44.75 days and maximum 163.5 days. The accessions; 

BN-323, BN-328, BN-455, BN-463 and BN-487 took the shortest number of days 

to initiate flowering, whereas the largest number of days to initiate flowering was 

observed in accession BN-492, BN-493, BN-494, BN-605 and BN-608 during both 

cropping seasons. 

4.1.2.2 Days to 50 percent flowering 

Same trend of range for number of days to 50 % flowering was observed 

during both cropping seasons. The range during year 2013-14 was 47 days to 176 

days, whereas, it was 53.5 days to 177 days during year 2014-15. Minimum 

number of days when 50 percent of flowering was initiated, were recorded in 

accessions; BN-328, BN-323, BN-487, BN-463, BN-419 whereas, maximum 

number of days until 50 percent flowering were recorded in accessions; BN-510, 

BN-511, BN-492, BN-494, BN-493 during cropping seasons viz., 2013-14 and 

2014-15. 
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4.1.2.3 Days to flower completion 

Days to flower completion gives the idea of how much time does an 

accession takes to complete its reproductive phase. The range for days to flower 

completion recorded was from 52 days as minimum and 196.5 as maximum, during 

cropping season 2013-14, whereas, during 2014-15 it ranged from 65.4 days to 

191.6 days. Accession; BN-323, BN-455, BN-328, BN-466, BN-487 (2013-14); 

BN-328, BN-323, BN-466, BN-463, BN-455 (2014-15) took minimum days to 

complete flowering whereas; BN-605, BN-493, BN-492, BN-494, BN-511 (2013-

14); BN-509, BN-492, BN-511, BN-494, BN-493 (2014-15) took maximum 

number of days to complete its flowering phase. 

4.1.2.4 Days to 50 percent maturity 

During cropping season 2013-14, range for number of days to 50 % 

maturity was observed as 152.2 days to 214 days; whereas, during 2014-15, it 

ranged from 149.1 days to 210.2 days. The minimum days to 50 % maturity were 

observed in accession BN-331, BN-332, BN-323, BN-310, BN-621 (2013-14); 

BN-332, BN-331, BN-323, BN-310, BN-627 (2014-15) whereas; accession BN-

609, BN-492, BN-494, BN-511, BN-493 (2013-14); BN-509, BN-493, BN-492, 

BN-494, BN-511 (2014-15) took maximum number of days for 50 % maturity 

during both years. 

4.1.2.5 Days to 100 percent maturity 

During cropping season 2013-14, the range for number of days for 100 % 

maturity was 177 days to 247 days which is greater as compared to the range 

observed during 2014-15 i.e., 177.4 days to 223.2 days. During 2013-14, the 

accession BN-323, BN-621, BN-627, BN-331, BN-332 took minimum and BN-
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493, BN-492, BN-494, BN-511, BN-512 took maximum days to 100 % maturity, 

whereas, during 2014-15, BN-323, BN-621, BN-627, BN-331, BN-332 took 

minimum days and BN-509, BN-492, BN-493, BN-494, BN-511 took maximum 

number of days to attain 100 % maturity. 

4.1.2.6 Pod shattering percentage 

Pod shattering percentage was the main focus of this study. The germplasm 

demonstrated a great range of pod shattering percentage during both cropping 

seasons. During 2013-14 a minimum of 0.5 % to maximum of 94.5 % pod 

shattering was recorded, whereas during 2014-15 the range was 0.9 % to 92.1 %. 

The accessions BN-303, BN-331, BN-574, BN-304, and BN-309 were found to 

have a minimum percentage of pod shatter during 2013-14, whereas, during 2014-

15, accessions BN-320, BN-331, BN-574, BN-306, and BN-310 were found to 

have minimum pod shattering percentage. Accessions BN-546, BN-563, BN-545, 

BN-550, BN-551 were found as most prone to shattering during 2013-14 cropping 

season and during 2014-15, accessions BN-546, BN-550, BN-539, BN-563, BN-

545 were recorded as most shattering type. The accessions with lowest percentage 

of shattering may either be used to develop pod shatter resistant varieties after 

further evaluation in various trials or they may also be used in future breeding 

programs for further improvement of this crop. 

4.1.2.7 Leaf length (cm) 

The range of leaf lengths recorded during cropping season 2013-14 was 

14.82 cm to a maximum of 50.8 cm. A similar trend of range was also observed 

during cropping season 2014-15, where it ranged from 13.5 cm to 49.45 cm. 

Accessions BN-304, BN-303, BN-573, BN-331, BN-627 were observed to have 
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shortest leaves and BN-602, BN-608, BN-609, BN-308, BN-353 were found to 

have largest leaves during cropping season 2013-14. Similarly, during 2014-15 

again, accessions; BN-304, BN-303, BN-573, BN-331, BN-627 were recorded to 

have shortest leaves and BN-602, BN-608, BN-609, BN-308, BN-353 were found 

to have largest leaves. 

4.1.2.8 Leaf width (cm) 

Leaf widths showed a similar trend of ranges for both cropping seasons i.e. 

2013-14 and 2014-15.  During 2013-14, it ranged from 7.16 cm to 24.4 cm, 

whereas during 2014-15 the range for leaf width was 7.76 cm to 25 cm. During 

2013-14, accessions BN-303, BN-607, BN-616, BN-619, and BN-627 were found 

to have narrowest leaves and BN-531, BN-475, BN-308, BN-376, BN-385 were 

found to have broadest. During 2014-15, same accessions; BN-303, BN-607, BN-

616, BN-619, BN-627 were found to have narrowest leaves, whereas, accessions 

BN-531, BN-475, BN-308, BN-376, BN-385 were observed to have broadest 

leaves. 

4.1.2.9 Plant height (cm) 

A wide range of plant heights during both cropping seasons were observed 

in the germplasm, suggesting that useful variability exists that may be utilized for 

further improvement. Practically a moderate height is preferable as plants with 

greater heights are prone to lodge due to heavier canopy. This may reduction in 

seed yield. Shorter plants are also not required because they may not be harvested 

efficiently mechanically. The range of plant heights during 2013-14 was 138.1 cm 

to 262.9 cm and during 2014-15, it was recorded as 133.8 cm to 259.4 cm. The 

accessions attaining maximum height during 2013-14 were BN-395, BN-528, BN-
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396, BN-379, and BN-532 whereas; the accessions with minimum height were BN-

331, BN-323, BN-361, BN-618, and BN-364. During 2014-15, BN-395, BN-536, 

BN-566, BN-379, BN-532 were having maximum heights and BN-331, BN-361, 

BN-323, BN-364, BN-338 were recorded with minimum heights. 

4.1.2.10 Primary branches/plant 

The no. of primary branches/plant that develops other pod bearing branches 

known as secondary branches contributes toward the total yield per plant. Similar 

trends of range for primary branches per plant were observed during both cropping 

seasons. During cropping season 2013-14, it was averaged as 6.9 branches to a 

maximum of 31.2 branches. Similarly, during 2014-15, the primary branches per 

plant ranged from an average of 5.3 to 30.4 branches. During 2013-14, accessions 

BN-412, BN-365, BN-331, BN-373, BN-439 had a maximum number of primary 

branches, rendering it to be a dense plant type and contrary to this; accessions; BN-

623, BN-503, BN-546, BN-552, BN-603 were found to have minimum number of 

primary branches. During cropping season 2014-15, same accessions; BN-412, 

BN-365, BN-331, BN-373, BN-439 were recorded to have maximum number of 

primary branches and BN-623, BN-503, BN-546, BN-552, BN-603 were found to 

have lesser number of primary branches per plant. 

4.1.2.11 Main raceme length (cm) 

The lengths of main raceme of the inflorescence give an idea about seed 

yield per plant. Longer the main racemes more number of pods will it bear and thus 

ultimately increasing the seed yield. A wide range of raceme lengths were observed 

during both cropping seasons. During 2013-14, a minimum lengths of main raceme 

was 17.5 cm, whereas, 107.2 cm was the observed maximum main raceme length. 
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During cropping season 2014-15, almost a similar range of main raceme length was 

recorded with 15.1cm to 107.2 cm. During 2013-14, accessions BN-473, BN-421, 

BN-349, BN-352, and BN-430 were observed to have largest main racemes and 

BN-303, BN-507, BN-324, BN-514, BN-361 demonstrated shortest main raceme 

lengths. During 2014-15, similar accessions; BN-473, BN-421, BN-349, BN-352, 

BN-430 were found to have longest main racemes, whereas, BN-303, BN-507, BN-

324, BN-514, BN-361 were found to have shortest main racemes. 

4.1.2.12 Pods per main raceme  

Number of pods on main raceme of inflorescence may correlate with the 

total seed yield of the plant. The range for pods per main raceme during cropping 

season 2013-14 was averaged from a minimum of 20.5 to a maximum of 111.3 and 

during 2014-15, almost similar range of minimum 17.75 and maximum 111.1 pods 

per main raceme was observed. During 2013-14; accessions BN-480, BN-305, BN-

588, BN-509 and BN-465 were found to have most number of pods on main 

raceme as compared to BN-303, BN-331, BN-587, BN-583, and BN-361, which 

had lowest number of pods on their main racemes. During cropping season 2014-

15, similar accessions BN-303, BN-331, BN-587, BN-583, BN-361 were found to 

have minimum number of pods per main raceme, whereas, BN-480, BN-305, BN-

588, BN-509, BN-465 were recorded to have maximum number of pods per main 

raceme. 

4.1.2.13 Stem thickness (mm) 

The stem thickness determines the strength of a plant. Narrow stem plants 

are very prone to lodging, hence causes reduction of yield. Almost similar range of 

stem thickness was observed during both cropping seasons. During 2013-14, the 
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stem thickness ranged from 13 mm to 36.27 mm, whereas during 2014-15, it 

ranged from 11.3 mm to 36.8 mm. Accessions BN-573, BN-560, BN-304, BN-303, 

BN-423 were found to have thicker stems as compared to BN-316, BN-462, BN-

321, BN-359, BN-449 which had thinner stems as observed from the recorded data 

for cropping season 2013-14. During cropping season 2014-15; BN-560, BN-323, 

BN-304, BN-423, BN-303 were found to have thicker stems whereas, BN-511, 

BN-527, BN-620, BN-508, BN-449 were recorded to have thinner stems. 

4.1.2.14 Pod length (cm) 

A similar and wide range of pod lengths were recorded for both cropping 

seasons. During 2013-14, the extent of range for pod lengths was recorded from 

2.54 cm to 11.03 cm whereas; it was 2.49 cm to 10.7 cm during 2014-15. During 

2013-14, accessions; BN-438, BN-522, BN-423, BN-411, BN-571 were having 

longest pods and the shortest pods were observed in accessions BN-458, BN-340, 

BN-323, BN-331, BN-471 whereas, during 2014-15; similar accessions; BN-438, 

BN-522, BN-423, BN-411, BN-571 had longer pods and BN-458, BN-340, BN-

323, BN-331, BN-471 had  shorter pods as determined by the recorded data.  

4.1.2.15 Pod width (mm) 

The pod widths may determine the size of seed. Wider pods have larger and 

bold seeds as compared to narrow pods. The extent of range for pod widths was 

observed from 2.19 mm to 9.51 mm during cropping season 2013-14. During 

cropping season 2014-15, the range for pod width was recorded from a minimum 

of 2.27 mm to a maximum of 9.51 mm. During 2013-14; accessions with wider 

pods were found to be BN-375, BN-352, BN-456, BN-331, BN-336 however the 

accessions BN-500, BN-574, BN-575, BN-354, BN-608 were having narrow pods. 
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During 2014-15; similar accessions BN-375, BN-352, BN-456, BN-331, BN-336 

were having wider pods and BN-500, BN-574, BN-575, BN-354, BN-608 were 

having narrow pods. 

4.1.2.16 Number of seeds per pod 

A tremendous amount of variability was recorded in the number of seeds 

per pods. The ranges of seeds per pod during 2013-14 data were averaged as 6.75 

to 33.88. A similar range was also observed during 2014-15 data with a minimum 

of 6.55 to a maximum of 33.15 seeds per pod. The accessions; BN-383, BN-430, 

BN-372, BN-591, BN-331 were having maximum number of seeds per pod 

whereas, BN-338, BN-355, BN-427, BN-458, BN-323 had minimum number of 

seeds per pod during 2013-14. During 2014-15; similar accessions; BN-463, BN-

430, BN-591, BN-372, BN-331 were found to have maximum number of seeds per 

pod, whereas; BN-355, BN-427, BN-458, BN-338, BN-604 were found to have 

minimum number of seeds per pod. 

4.1.2.17 Seed yield per plant (g) 

The seed per plant determines the ultimate yield of a crop. During this 

study, range of seed yield per plant recorded was 1.39 g to 54.25 g during cropping 

season 2013-14. A similar trend of range was recorded during cropping season 

2014-15 for seed yield per plant with a minimum of 0.84 g to maximum of 53.95 g. 

During 2013-14, accessions with highest seed yield per plant were BN-405, BN-

353, BN-429, BN-447, BN-431 and the lowest seed yield per plant accessions 

recorded are BN-508, BN-610, BN-599, BN-539, BN-516. During cropping season 

2014-15, same accessions; BN-508, BN-610, BN-599, BN-539, BN-516 were 
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found to have minimum seed yield per plant, whereas, BN-405, BN-353, BN-429, 

BN-447, BN-431 were recorded to have maximum seed yield per plant. 

4.1.2.18 Thousand seed weight (g) 

Thousand seed weight is one of the important traits. The extent of range 

observed during cropping season 2013-14 was 2.01 g to 9.61 g. whereas; it ranged 

from 2.2 g to 10.1 g during cropping season 2014-15. Accessions BN-573, BN-

392, BN-456, BN-411, BN-384 were found to have greater thousand seed weight 

as compared to BN-491, BN-599, BN-548, BN-581, BN-608, which were having 

lower thousand seed weights during 2013-14. Accessions found to have lowered 

thousand seed weights were BN-491, BN-303, BN-306, BN-601, BN-302 and BN-

407, BN-392, BN-384, BN-411, BN-456 were observed to have greater seed 

weights. 

These results infer that the accessions behaved similar by depicting a 

similar range of variability for most of the traits studied during both years. This 

indicates that a good amount of stability exists in the germplasm that may be 

utilized for the improvement of this crop in future breeding programs. Table 4.3 

depicts some promising Brassica napus genotypes in respect to early maturity, 

shatter resistance, and other yield related traits identified based on the evaluation. 

The results of present studies were in conformity with the results obtained by 

various other scientists like Sana et al., 2003; Misra et al., 2004; Perveen et al., 

2005; Tuncturk et al., 2005 and Ortegon et al., 2006. 

4.1.3 Principal Component Analysis 

Standardized data of 18 quantitative traits of 329 Brassica napus accessions 

evaluated during 2013-14 and 2014-15 were used to perform principal component 
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analysis (PCA). During 2013-14 and 2014-15, eigenvalues of 18 principal 

components have been depicted in the scree plots (Fig. 3 & 4), which added for the 

entire (100%) variation among 329 Brassica napus accessions. The details of 

eigenvalues of four principal components are presented in Table 4.4. According to 

the scree plot of eigen values and Principal components (PC) based on correlation 

matrix for Year 2013-14 and 2014-15, major contribution towards diversity was 

due to no. of days until flower initiation, no. of days until 50 % flowering, no. of 

days until flower completion, no. of days until 50 % maturity and no. of days until 

100 % maturity with eigen values more than 1.0 (Fig. 3 & 4). The remaining 14 

principal components (PCs) showed non-significant variation and were not 

considered for interpretation. For year 2013-14 and 2014-15 the initial four 

principal components, viz., no. of days until flower initiation, no. of days until 50 

% flowering, no. of days until flower completion, no. of days until 50 % maturity 

accounted for 60.72 % and 58.50 % of the total variation, respectively in the whole 

set germplasm lines. The first principal component (DFI) showed 26.14 % 

variation, second (DF50 %) 18.30 %, third (DFC) 9.32 % and forth (DM50 %) 6.96 

% in the year 2013-14 (Fig. 3). For year 2014-15 the first PC i.e., DFI, accounted 

26.27 % of the total variance, second (DF50 %) 15.30 %, third (DFC) 9.56 % and 

forth (DM50 %) 7.37 % (Fig. 4).  

According to criterion developed for determination of importance of a trait 

coefficient for each significant PC by Johnson and Wichem (1988), the first PC 

was highly related to DFI, DF50 %, DFC, DM50 %, DM100 % and pod shatter % 

for both years. This suggests that the first PC is a weighted average of these four  
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Table 4.1 Mean squares for various traits during cropping season 2013-14 

SoV DF DFI DF50% DFC DM50% DM100% PodShtr LL LW PH 

Accessions 328 1020.9** 732.5** 658.1** 133.3** 110.1** 795.9** 41.7** 12.6** 1188.5** 

Locations 1 432.2 294.6 74.2 412.4 230.9 102.1 99.3 715 2116 

Error 329 1.956 0.532 1.143 0.049 18.39 8.11 1.98 0.052 2.23 

AccXLocs 328 1.944 0.505 1.131 0.040 16.69 6.01 1.65 0.032 1.97 

Total 657 511.32 366.421 329.254 67.2 63.7 400.522 21.827 7.42069 597.606 

SoV DF PB/P MRL P/MR ST PL PW S/P SY/P TSW 

Accessions 328 12.2** 291.7** 373.4** 26.5** 2.8** 1.07** 50.9** 180.5** 5.4** 

Locations 1 2.6 12.5 18.3 10.7 42.1 35.8 270.8 481.3 166.6 

Error 329 0.198 1.34 3.76 0.812 0.013 0.009 0.250 0.175 0.006 

AccXLocs 328 0.179 1.21 2.34 0.781 0.011 0.006 0.210 0.155 0.003 

Total 657 6.2244 146.263 187.832 13.6581 1.50922 0.59585 25.973 90.9364 2.97062 

**=highly significant, SoV= Source of Variation, DF= Degree of Freedom, DFI= No. of Days until Flower Initiation, DF50= No. of Days until 50% Flowering, DFC= No. of Days 

until Flower Completion, DM50= No. of Days until 50% maturity, DM100= No. of Days until 100% maturity, PodShtr= Pods shattering, LL= Leaf length, LW= Leaf width, PH= 

Plant Height, PB/P= Primary Branches per Plant, MRL= Main Raceme Length, P/MR= Pods per Main Raceme, ST= Stem Thickness, PL=Pod Length, PW= Pod Width, S/P= 

Seeds per Pod, SY/P= Seed Yield per Plant, TSW= 1000-Seed Weight.   
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Table 4.2 Mean squares for various traits during cropping season 2014-15 

SoV DF DFI DF50% DFC DM50% DM100% PodShtr LL LW PH 

Accessions 328 940.7** 727.9** 670.8** 105.2** 96.9** 741.6** 40.3** 13.03** 1181** 

Locations 1 895.2 1619.2 1421 3131.9 946.8 475.3 975.9 241 3355 

Error 329 0.181 0.183 0.018 0.280 0.226 0.101 0.142 0.0504 0.263 

AccXLocs 328 0.178 0.176 0.015 0.276 0.224 0.100 0.141 0.0499 0.251 

Total 657 471.133 365.992 3.37 57.471 49.96 371.03 21.67 6.901 595.06 

SoV DF PB/P MRL P/MR ST PL PW S/P SY/P TSW 

Accessions 328 13.68** 295.6** 391.1** 28.31** 2.77** 1.08** 51.05** 185.04** 5.6** 

Locations 1 736 1346 1180 359.2 108.4 27.6 1322 1169 22.27 

Error 329 0.199 0.248 0.0299 0.139 0.0425 0.0059 0.078 0.0348 0.0144 

AccXLocs 328 0.195 0.238 0.0296 0.133 0.0414 0.0052 0.073 0.0346 0.0137 

Total 657 8.0621 149.7604 1.97E+02 14.7534 1.57018 0.58477 27.558 94.1917 2.85804 

**=highly significant, SoV= Source of Variation, DF= Degree of Freedom, DFI= No. of Days until Flower Initiation, DF50= No. of Days until 50% Flowering, DFC= No. of Days 

until Flower Completion, DM50= No. of Days until 50% maturity, DM100= No. of Days until 100% maturity, PodShtr= Pods shattering, LL= Leaf length, LW= Leaf width, PH= 

Plant Height, PB/P= Primary Branches per Plant, MRL= Main Raceme Length, P/MR= Pods per Main Raceme, ST= Stem Thickness, PL=Pod Length, PW= Pod Width, S/P= 

Seeds per Pod, SY/P= Seed Yield per Plant, TSW= 1000-Seed Weight  
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Table 4.3: Promising Brassica napus genotypes in respect to early maturity, shatter resistance, and other yield related traits identified 

based on the evaluation 

Trait Selection Criterion No. Genotypes 

Days number until Flower 

Initiation 

< 50 days 5 BN-323, BN-328, BN-455, BN-463, BN-487 

Days number until Flower 

Completion 

< 90 days 6 BN-323, BN-455, BN-328, BN-466, BN-487 BN-463 

Days number until 100 % 

Maturity 

< 180 days 5 BN-323, BN-621, BN-627, BN-331, BN-332 

Pod shattering percentage < 5 % 8 BN-303, BN-331, BN-574, BN-304, BN-309 BN-320, BN-306, BN-310  

Primary Branches/Plant > 15 5 BN-412, BN-365, BN-331, BN-373, BN-439  

Pods/Main Raceme > 100 5 BN-480, BN-305, BN-588, BN-509, BN-465 

No. of Seeds per Pod > 30 6 BN-383, BN-430, BN-372, BN-591, BN-331, BN-463,  

Seed Yield per Plant (g) 40 – 55 5 BN-405, BN-353, BN-429, BN-447, BN-431 

Thousand Seed Weight (g) 8 – 10 6 BN-573, BN-392, BN-456, BN-411, BN-384, BN-407 
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traits. In the second PC the traits of significant importance were LW, LL, PH, 

MRL, P/MR and TSW for the year 2013-14 (Table 4.4). The important traits in the 

Principal Component 2 for the year 2014-15 were LL, LW, PB/P, MRL, P/MR and 

TSW (Table 4.4). The third PC was related to PL, PW and S/P and PC4 to Pod 

Shatter % and SY/P for the year 2013-14 (Table 4.4). The significant trait for year 

2014-15 in PC3 was PL, PW and S/P and significant traits in the forth PC were Pod 

Shatter % and SY/P (Table 4.4). 

PCA biplot (Fig. 5 & 6) explained the presence of diversity among accessions 

used for study. Based on 18 quantitative traits the 329 accessions can broadly be 

divided into two sub-populations, one which contains lines from Pakistan and the 

other which comprised of lines of Brassica napus from China, Australia and 

Canada. The projection of germplasm lines on PC1 and PC2 as shown in Figures 5 

and 6 was helpful to identify diverse lines for further studies. Accessions having 

common characteristics tended to cluster together while the out layers are the most 

diverse lines. The farther the lines apart from each other, more different they are. 

The following most diverse groups of lines were identified; BN-328, BN-419, BN-

455 and BN-457 were opposite to BN-492, BN-493, BN-494 and BN-511. Lines; 

BN-353 BN-371, BN-376 and BN-518 were opposite to BN-304, BN-618, BN-625 

and BN-627 for year 2013-14 (Fig 5).The lines BN-414, BN-324, BN-498, BN-

494, BN-328, BN-308 were found contrasted to BN-610, BN-606, BN-489, BN-

587 and BN-580 whereas, the lines BN-435, BN-368, BN-426, BN-380, BN-398, 

BN-371 and BN-373 had maximum diversity from BN-622, BN-626, BN-627, BN-

625, BN-628, BN-618 and BN-619 for year 2014-15 (Fig. 6).  

 



71 
 

 
 

 

 

Figure 1: Descriptive statistics of various traits for cropping season 2013-14. Where:  DFI= No. of Days until Flower Initiation, DF50= No. 
 of Days until 50% Flowering, DFC= No. of Days until Flower Completion, DM50= No. of Days until 50% maturity, DM100= No. of Days until 100% maturity, 
 PodShtr= Pods shattering, LL= Leaf length, LW= Leaf width, PH= Plant Height, PB/P= Primary Branches per Plant, MRL= Main Raceme Length, P/MR= Pods per 
 Main Raceme, ST= Stem Thickness, PL=Pod Length, PW= Pod Width, S/P= Seeds per Pod, SY/P= Seed Yield per Plant, TSW= 1000-Seed Weight. 

 

DFI 
DF50

% 
DFC 

DM50
% 

DM10
0% 

Pod 
Shtr 

LL LW PH PB/P MRL P/MR ST PL PW S/P  SY/P TSW  

Min 42.5 47 52 152.2 177 0.5 14.82 7.167 138.1 6.9 17.5 20.5 13 2.54 2.195 6.75 1.397 2.01

Mean 94.52 114.4 127 184.5 192.8 38.25 34.67 17.33 208.3 11.79 68.57 73.7 19.19 5.787 4.201 21.61 15.31 5.668

Max 166.5 176 196.5 214 247 94.5 50.8 24.4 262.9 31.2 107.2 111.3 36.27 11.03 9.51 33.88 54.25 9.61

SD 22.59 19.14 18.14 8.164 7.422 19.95 4.57 2.513 24.38 2.478 12.08 13.66 3.642 1.2 0.733 5.049 9.5 1.648

65 
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Figure 2: Descriptive statistics of various traits for cropping season 2014-15. Where; DFI= No. of Days until Flower Initiation, DF50= No. of 
 Days until 50% Flowering, DFC= No. of Days until Flower Completion, DM50= No. of Days until 50% maturity, DM100= No. of Days until 100% maturity, PodShtr= 
 Pods shattering, LL= Leaf length, LW= Leaf width, PH= Plant Height, PB/P= Primary Branches per Plant, MRL= Main Raceme Length, P/MR= Pods per Main Raceme, 
 ST= Stem Thickness, PL=Pod Length, PW= Pod Width, S/P= Seeds per Pod, SY/P= Seed Yield per Plant, TSW= 1000-Seed Weight. 

 

DFI 
DF50

% 
DFC 

DM50
% 

DM10
0% 

Pod 
Shtr 

LL LW PH PB/P MRL P/MR ST PL PW S/P  SY/P TSW  

Min 44.75 53.5 65.4 149.1 177.4 0.9 13.5 7.767 133.8 5.3 15.1 17.75 11.3 2.49 2.27 6.55 0.848 2.2

Mean 93.21 110.7 125.1 181.2 192.2 37.96 33.84 17.77 203.9 10.79 67.28 72.52 18.32 5.633 4.23 20.83 14.83 5.911

Max 163.5 177 191.6 210.2 223.2 92.1 49.45 25 259.4 30.4 107.2 111.1 36.8 10.7 9.51 33.15 53.95 10.1

SD 21.69 19.08 18.31 7.253 6.962 19.26 4.487 2.553 24.3 2.616 12.16 13.98 3.763 1.177 0.735 5.053 9.619 1.68
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Figure 3: Scree plot between eigenvalues
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Figure 4: Scree plot between eigenvalues and traits recorded for cropping season 2014
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: Scree plot between eigenvalues and traits recorded for cropping season 2014-15 
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Table 4.4 Eigen values for first four Principal Components during 2013-14 & 2014-15 

DFI= No. of Days until Flower Initiation, DF50= No. of Days until 50% Flowering, DFC= No. of Days until Flower 
Completion, DM50= No. of Days until 50% maturity, DM100= No. of Days until 100% maturity, PodShtr= Pods 
shattering, LL= Leaf length, LW= Leaf width, PH= Plant Height, PB/P= Primary Branches per Plant, MRL= Main 
Raceme Length, P/MR= Pods per Main Raceme, ST= Stem Thickness, PL=Pod Length, PW= Pod Width, S/P= Seeds 
per Pod, SY/P= Seed Yield per Plant, TSW= 1000-Seed Weight.  

Variables 

2013-14 2014-15 

Eigen values Eigen values 

PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4 

DFI 0.89 -0.06 -0.01 -0.08 0.89 -0.082 -0.001 -0.13 

DF50 0.93 -0.0007 0.01 -0.09 0.93 -0.009 -0.03 -0.13 

DFC 0.92 0.006 0.01 -0.11 0.92 0.013 -0.02 -0.16 

DM50 0.76 0.29 -0.14 -0.30 0.80 0.24 0.0004 -0.24 

DM100 0.78 0.19 -0.22 -0.32 0.81 0.21 -0.007 -0.24 

PodShtr 0.54 0.18 0.26 0.42 0.44 -0.23 -0.07 0.61 

LL 0.24 0.58 -0.08 0.24 0.40 0.52 0.18 0.23 

LW -0.09 0.74 0.04 0.12 -0.01 0.63 0.11 0.14 

PH 0.11 0.67 -0.09 0.21 0.25 0.42 0.05 0.27 

PB/P -0.31 0.42 -0.20 -0.36 -0.23 0.57 0.06 -0.26 

MRL -0.40 0.60 -0.25 0.08 -0.30 0.61 0.21 0.22 

P/MR 0.12 0.61 -0.46 0.26 0.24 0.60 0.26 0.35 

ST -0.13 -0.10 0.16 -0.41 -0.11 0.06 -0.02 -0.29 

PL 0.08 0.24 0.66 0.09 0.07 0.04 -0.75 0.20 

PW 0.03 0.38 0.55 -0.08 -0.01 0.26 -0.62 0.09 

S/P 0.05 0.38 0.57 -0.05 0.03 0.26 -0.69 0.04 

SY/P -0.39 0.46 -0.10 -0.43 -0.40 0.44 -0.01 -0.40 

TSW -0.32 0.51 0.23 -0.35 -0.28 0.54 -0.29 -0.23 
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Figure 5: 2D ordination of 329 lines of B. napus for cropping season 2013-14 
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Figure 6: 2D ordination of 329 lines of B. napus for cropping season 2014-15 
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Figure 7: 2D ordination of 18 traits for cropping season 2013-14 
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Figure 8: 2D ordination of 18 traits for cropping season 2014-15 
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The 2 dimensional ordination of traits in a plot for both year data revealed that 

traits residing in each quadrant are positively correlated to one another. The 

projection of parameters on the first and second PCs revealed that LW, MRL and 

TSW were positively related to seed yield per plant in both years where as DM50 

%, DM100 %, P/MR, LL and PH were positively related to pod shatter % in both 

years. Only the ST behaved conversely for all other parameters on PC1 in both 

years. Therefore, it had negative correlation with all other parameters Figures 7 and 

8. The projection of the parameters on PC1 and PC2 for both years depicted that 

main parameters that contribute to yield were leaf width, main raceme length and 

thousand seed weight, whereas the parameters responsible for pod shatter % were 

number of days until 50 % maturity, number of days until 100 percent maturity, no. 

of pods/main raceme, leaf length and plant height. 

In conclusion, the studied germplasm significantly differed for all the traits, 

hence useful variability exists which can be helpful in breeding new varieties. The 

main raceme length, leaf width and thousand seed weight were key parameters for 

the improvement of seed yield per plant whereas to control pod shatter percentage 

traits like DM50 % and DM100 %, P/MR, LL and PH were found more 

contributing.  

 

4.2  ESTIMATION OF LINKAGE DISEQUILIBRIUM AND 

POPULATION STRUCTURE AMONG BRASSICA NAPUS 

GENOTYPES FOR ASSOCIATION MAPPING 

In order to estimate linkage disequilibrium and population structure among 

rapeseed (Brassica napus L.) genotypes in order to have understanding of 
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association mapping, a total of 112 polymorphic loci from 55 SSR markers 

amplified 8400 scorable alleles among 75 diverse genotypes of Brassica napus 

which were selected based on their genetic divergence study (Ilyas et al., 2018). 

Knowledge of population structure and linkage disequilibrium is indispensible for 

applying association mapping and genomic selection for bringing improvement to 

the crop. The genotypes were subjected to population structure determination and 

linkage disequilibrium pattern was also determined. 

4.2.1 Population Structure 

By using software program STRUCTURE v.4, the admixture model-based 

analysis identified a most favorable number of sub-population when value of K 

was set at 2, because the likelihood peaked at K = 2 (Fig. 9) in the range of two to 

ten sub-populations (Fig. 10). This infers that there are two subpopulations based 

on the genomic data analysis. By further examining the two populations, it was 

revealed that population 1 contained genotypes belonging to exotic origin and 

population 2 was comprised of local lines. 

4.2.2 Linkage Disequilibrium 

Linkage Disequilibrium (LD) can be understood as the non-random 

association of alleles at different loci in a population. It is affected by a number of 

factors including physical separation and recombination frequency between loci, 

outcrossing, inbreeding, population size, historical subdivision and admixture of 

populations, genomic rearrangements, mutation rate and natural or artificial 

selection (Rafalski and Morgante, 2004). The LD distribution pattern based on R2 

values between SSR loci is shown in Figure 11. The loci that are in high level of 

linkage disequilibrium are shown in red having P value less than 0.0001. The green 
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dots depicts that their P value is less than 0.001 and blue dots having P values less 

than 0.01. Whereas, the loci with P value greater than 0.01 (minor alleles) were 

exempted from analysis. These results inferred a sufficient level of LD in the 

studied population and thus render it suitable for association mapping of various 

traits of economic importance. 

4.2.3 Marker-Trait Association 

A MLM (mixed linear model) method was used to determine the 

associations of marker-parameter for samples of 2 years data. The marker-trait 

associations found were depicted on a scattered plot based on the negative log of P 

values (Fig. 12). Higher the dot, more strong is the association. A threshold level of 

– log P10 = 1.5 was used to select the highly associated markers to various traits in 

the study. This was done to consequently select associated markers to all of the 

eighteen traits studied (Nakagawa, 2004). 

The linked markers with their P values are depicted in Table 4.5. A 

minimum of 1 and maximum 4 SSRs markers were found to be associated with 

each trait studied. The SSR markers found highly associated with traits like; no. of 

days until 50 percent flowering, number of days until flower initiation, number of 

days until flower completion, seed yield per plant, number of days until 50 percent 

maturity, Pod shatter percentage, no. of seeds/pod, leaf length and thousand seed 

weight are NA10B8, PBCESSRJU2, sNRA85 and sNRB35. These quantitative 

trait loci may be utilized as potential markers for marker assisted breeding 

programs after further validation. 



83 
 

 
 

4.3  GENOME WIDE ASSOCIATION STUDIES OF BRASSICA NAPUS 

LINES FOR POD SHATTER USING SINGLE NUCLEOTIDE 

POLYMORPHISM (SNPs) 

Since the genome wide association studies (GWAS) require sequencing of 

the population under study with large number of marker, thus it is not possible to 

have every population sequenced before putting it through association studies. In 

this experiment, a genome wide association studies of pods shatter resistance in 

Brassica. napus was performed exploiting the pseudomolecule developed by 

Harper et al. (2012) in a population of 85 Brassica napus lines. The procedure of 

random impact test (RIT) assay was used to determine the phenotype of Brassica 

napus pods which were collected over two years or seasons (2013-14 & 2014-15).  

Analysis of variance for pods half life showed that all the lines were significantly 

different. There was also a high level of significance observed in both seasons data 

for pods half life but the interaction between pods half life and years was observed 

to be non-significant (Table 4.7).  

 The summary statistics for pods half life data is depicted in the 

following table. The average half life recorded for season 2013-14 was 7.94 sec 

whereas it was 12.83 for season 2014-15. During season 2013-14 a maximum 

value for pods half life of 54.41 sec and minimum value for pods half life of 1.86 

sec were recorded with a standard deviation of 8.36 sec. On the other hand during 

season 2014-15 a minimum value for pods half life of 3.20 sec and maximum value 

for pods half life of 33.78 sec were recorded with a standard deviation of 6.86 sec. 

 The phenotype data were anaylsed and put through TASSEL v.4 for 

determining P values and plotted through software R. The SNPs which were  



 

 

 

 

 

 

 

Figure 9: Delta K graph showing peak at K=2 
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Figure 9: Delta K graph showing peak at K=2  
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Figure 10: Population structure representation based on 

genotype analysis data 



86 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: LD distribution pattern based on R2 values between SSR loci 
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Figure 12: Scatter plot of marker trait associations 
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Table 4.5 List of traits along with highly associated markers 

Sr. 
No.  

Trait  Markers  Neg Log [P]  Sr. 
No.  

Trait  Markers  Neg Log [P]  

1 
Days until 50 % 
Flowering  

NA10B8  1.715  

11 

Pod Length  BRMS019  2.444  
PBCESSRJU2  1.672  sNRA85  2.406  

2 
Days until Flower 
Completion  

PBCESSRJU2  1.832  NA10G10  1.733  

3 
Days until Flower 
Initiation  

NA10B8  1.516  Na12D04  1.616  

4 

Days to 100 % 
Maturity  

Ra2A11  2.189  
12 

Pods per main 
Raceme  

PBCESSRNA8  1.719  
Na10D03  1.508  Na14C12  1.688  

Ol09A05  1.506  13 Pod Shatter %  sNRA85  2.037  

5 
Days to 50 % Maturity  sNRA85  1.704  

14 

Pod Width  Na12A07  2.007  
Ra2A11  1.600  PBCESSRJU11  1.761  

6 
Leaf Length  sNRB35  1.928  

Ra2E03  1.658  
sNRA85  1.509  

7 

Leaf Width  Na12C07  1.630  
15 

Seeds per Plant  sNRA85  1.798  

Na12D04  1.606  BRMS019  1.690  
PBCGSSRBo7  1.553  

16 
Stem Thickness  BRMS042  2.271  

8 
Main Raceme Length  

Na14D07  1.757  
PBCESSRJU14  1.938  

17 

Seed Yield per 
Plant  

PBCESSRJU15  2.052  

9 

Primary Branches per 
Plant  

BRMS001  1.834  sNRA85  2.019  

Na14D07  1.643  
PBCGSSRBo6  1.662  

sNRB35  1.550  

10 
Plant Height  

sR94102  1.668  18 
Thousand Seed 
Weight  

sNRB35  1.591  
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Figure 13: Manhattan plot for half lives data of cropping season 2013-14 
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Figure 14: Manhattan plot for half lives data of cropping season 2014-15 
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Table 4.6 List of some common markers strongly associated with cropping seasons 2013-14 and 2014-15 data of half lives 

Sr. 

No. 
Marker 

Genome A 

Chromosome 

Genome C 

Chromosome 

Arabidopsis Genome 

Initiative Number 
Gene Names 

1 JCVI_37986:88  A1 C1 AT4G35760.1  LUMEN THIOL OXIDOREDUCTASE  

2 JCVI_36001:165  A1 C1 AT4G38460.1  GERANYLGERANYL REDUCTASE  

3 JCVI_13107:216  A3 C3 AT2G43010.1  PHYTOCHROME INTERACTING FACTOR 4  

4 ES909505:311  A4 C4 AT3G62930.1  GRXS6  

5 JCVI_8696:371  A6 C6 AT1G53210.1  NA+/CA2+ EXCHANGER  

6 JCVI_27307:275  A9 C8 AT3G62930.1  GRXS6  

7 JCVI_1656:67  A9 C8 AT1G11910.1   ASPARTIC PROTEINASE A1  

8 JCVI_27307:191  A9 C8 AT3G62930.1  GRXS6  
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Table 4.7: Analysis of variance for Brassica napus Pods half life data of Years 

2013-14 and 2014-15 

Source of 

Variance 
Df SS MS Fcal P 

Lines 85 5766.31 72.08 4.66 <0.001 

Years 1 966.93 966.93 62.48 <0.001 

Error 85 1238.06 15.48   

Line × Year 85 1238.06 15.48 1.00 0.500 

Total 166 7971.30 49.51   

 

 
 
 
 
Table 4.8: Summary statistic of Brassica napus Pods half life data of Years 2013-

14 and 2014-15 

Statistic 
Year 2013-14 Year 2014-15 

Average 7.94 12.83 

Maximum 54.41 33.78 

Minimum 1.86 3.20 

Standard Deviation 8.36 6.86 
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showing a significant association with pod shattering were identified. 

4.3.1 Manhattan Plot 

The results of association mapping for pod shatter in Brassica napus by 

using SNPs are depicted in the Manhattan plots for cropping season 2013-14 (Fig. 

13) and 2014-15 (Fig. 14). Manhattan plot is a type of scatter plot, usually used to 

display data with a large number of data-points in genome-wide association 

studies. Each dot represents each SNP. The red and black sections show each of the 

19 chromosome coverage of SNPs. The projections of dots are correlated with the 

– log 10 P. Higher the dot is, stronger will be the association between that SNP and 

half life of Brassica napus pods.  

Out of a total number of 62,980 SNPs used in the experiment, 154 were 

found to be highly associated with half life of pods with (P < 0.01). This means that 

those 154 SNPs may correspond to pod strengths in some way. These 154 SNPs 

reside in 110 gene loci in a reference genome of Brassica napus, thus rendering 

them as possible candidate genes for further studies. A thorough review and 

validation of these 154 identified SNPs will be needed in order to establish further 

results and insights. 

Table 4.6 shows a list of some common Single nucleotide polymorphisms 

(SNPs) that are found to be strongly associated with strengths of Brassica napus 

pods when results of the both cropping seasons or years i.e., 2013-14 and 2014-15 

data were compared. The strongly associated SNPs were annotated by exploiting 

the data available on the online databases EnsemblPlant 

(http://plants.ensembl.org/index.html) and The Arabidopsis Information Resource 

(TAIR) (https://www.arabidopsis.org/).  

http://plants.ensembl.org/index.html
https://www.arabidopsis.org/
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4.4  FUNCTIONAL PROFILING OF PIF4- A CANDIDATE GENE FOR 

RAPESEED POD SHATTER  

One of the highly associated genes found with pod strengths in the previous 

experiment was Phytochrome Interacting Factor 4 (PIF4). In this experiment 

functional profiling of PIF4 was performed. The results are explained as below. 

4.4.1  PIF4 Transcriptome Sequence Alignment 

The transcriptome sequences of PIF4 already available on the local 

database at Crop Genetics Department of John Innes Centre, Norwich of six strong 

and six weak pod genotypes as determined by the random impact test were aligned 

along with a publically available sequence of Arabidopsis PIF4 by the help of 

software alignX. It revealed a major SNP difference (Fig. 15). As the figure 

indicates, the weak pod genotypes were having cytocine instead of adenine, 

whereas, the strong pods genotypes were having adenine instead of cytocine.  

This change was in the central nucleotide base leading to a major amino 

acid change. The genotypes with weak pods were having proline in place of 

glutamine as in case of genotypes with strong pods. This major shift was 

discovered in the A3 copy of PIF4. This were to be confirmed further, so for 

further examination and confirmation of this change a set of primers were designed 

around this nucleotide change (Table 4.9).  

Those primers were then utilized in sequencing of weak pods genotypes and 

strong pods genotypes. This was done to confirm the phenotype of both types of 

genotypes. It is suggested that these primers may be utilized in marker assisted 

breeding for pod shatter resistance in Brassica napus genotpyes after further 

validation on a vast number of genotypes. 
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4.4.2  Scanning Electron Microscopy of Arabidopsis Wild and pif4 Mutant 

Pods 

In order to investigate and further study the potential role of PIF4 

transcription factor it was suggested to compare Arabidopsis wild type and pif4 

mutants. Thus a comparative scanning electron microscopy (SEM) of Arabidopsis 

wild type and pif4 mutant was performed.  

The SEM results showed that, the valve margins of wild type were more 

pronounced as compared to pods of pif4 mutants (Fig. 17), this may also infer to 

suggest that more production of PIF4 transcription factors may contribute to 

accelerated seeds dispersal.  

To further study and verification of this inference that pod shattering may 

be caused by the presence of PIF4, a random impact test (RIT) assays were 

performed (Arnaud et al., 2010) to quantify dehiscence resistance in the mature 

Arabidopsis thaliana fruits of both wild (col-0) and pif4 mutant types.  

4.4.3  Arabidopsis Random Impact Test 

Comparison of Arabidopsis pods of wild type (Col-0) and pif4 mutant 

through Random Impact Test (RIT) revealed that, both types differed significantly 

in their strengths. The pif4 mutant pods were having an average half life of 22.02 

seconds rendering them stronger, where as the wild type pods were having average 

half life of 19.23 seconds (Fig. 18).  

This suggests that PIF4 does play some role in pod strength. The results 

indicated that resistance to RIT was significantly lower for wild type Arabidopsis 

pods as compared to pif4 mutants (Table: 4.10), thus indicating that pod shattering 

in Arabidopsis is indeed accelerated by the presence of PIF4.   
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4.4.4  Tissue Fixation of Strong Pods and Weak Pods 

 The difference in strengths of pods might be due to the different amount of 

lignin and pectin deposition in the pods tissues. This is confirmed by the previous 

findings by Chhabra et al. in 1990. They concluded that the lignin and cellulose 

content in chickpea pods delay the separation of cells thus reducing pod damage. 

Variations in lignin or cellulose contents in pods of various Brassica napus 

genotypes can change the structure of the separation layer, and thus affect pod 

shattering.  

To further investigate this, pods of Karoo (weak pods genotype) and 

Xiangyou-15 (strong pods genotype) were examined via tissue fixation for 

difference in the pod lignin and pectin deposition. Pods of both the genotypes were 

harvested at 17b stage and fixed for visualization under a dissecting microscope 

(Leica MZ16). The pods basal sectioning (Fig. 15) clearly indicates that Xiangyou-

15 has more lignin rendering it to have strong pods whereas, Karoo, being a weak 

pod genotype, have lesser amount of lignin. Here, the red coloration is due to the 

presence of lignin and the blue color indicates presence of pectin.  

 

4.6 GENERAL DISCUSSION 

Principal component analysis is convenient technique to assess the genetic 

divergence thus allowing the breeder to design specific breeding program (Salimi 

et al., 2012). The traits; number of days until flower initiation, number of days until 

50 percent flowering, number of days until flower completion, Days to 50 % 

Maturity and Days to 100 % maturity were the major factors that contributed 

towards diversity of the germplasm hence these traits may be utilized in selection  
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Table 4.9: List of SSR markers designed and tested for SNP difference between 

strong and weak pods genotypes of Brassica napus 

 

 

 

Table: 4.10 Test statistic of pod shattering analysis of Arabidopsis pif4 and wild 

type (col-0) at 95% confidence interval. 

Variable Mean SE Lower Upper T-test DF P 

Half life of 

Pods 

20.63 0.912 18.29 22.98 22.62 5 0.000 

Replications 2.00 0.365 1.06 2.94 2.94 5 0.003 

 

 

 

Sr. #. Name Sequence 

1 PIF4_F_A3_648 GTTTTGAGGAGAATTACAATCTGTT 

2 PIF4_F_A3_980 TAGAGATCAAACTCAAGCTCAAGT 

3 PIF4_R_A3_1493 TTCTTTGTTGTTCTTGCCAAG 

4 PIF4_R_A3_1732 CTGATCGTTGGTTCGACTTGT 
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of diverse lines. Ali et al. (2015) found maximum contribution of first five PCs 

group in Indian mustard genotypes. According to them the first PC group 

contributed 22.21 % variation as compared to PC2 (14.65 %). Our study is also 

supported by Yu et al. (2007) who found that the first two PCs groups gave about 

60 % variability as compared to other three groups.  

 Khan et al. (2014) recorded maximum phenotypic variations among 211 B. 

napus genotypes. Among 21 quantitative traits tested, the pod shattering characters 

gave maximum variation followed by plant height. The similar findings were also 

reported by Neeru et al. (2015) for multiple important quantitative characters of B. 

juncea. They also found that first three PCs groups had maximum variability value 

(45.94 %).  

On an average the local genotypes showed lesser percentage of pod shatter % 

as compared to the exotic lines. Genotypes viz., BN-303, BN-331, BN-574, BN-

304, BN-309 BN-320, BN-306 and BN-310, averaged less than 5 % pod shatter in 

both years. The results obtained from this study may help in the development of 

potential high yielding oilseed rape breeding population 

The population-structure studies resolved Brassica napus types into two 

major groups based on molecular analysis data. One of which comprised of 

germplasm lines of indigenous origin while the other group contain genotypes that 

belong to exotic origin.  

The polymorphic SSRs used were valuable for evaluating population 

structure. SSRs have been used to accurately resolve population structure in many 

other crops (D’hoop et al., 2010; Jin et al., 2010; Robbins et al., 2011; Zhang et al., 

2011; Tomason et al., 2013). Microsatellite markers generally reveal higher power 
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than SNPs for resolving population structure (Emanuelli et al., 2013; Ohashi and 

Tokunaga, 2003). With SSRs used to resolve population structure, SNPs can be 

used for genome-wide association studies that would aid fine-scale mapping. 

The common markers for various traits identified are controlled by the same 

QTLs. These QTLs can be used as candidate genes for further insight. A unified, 

mixed-model approach for association mapping combined with population 

structure (Q) and relative kinship matrix (K) provides a dependable and robust 

system for identifying reliable QTL (Yu and Buckler, 2006; Zhao et al., 2007). 

This analysis will be of use for future association-mapping studies to identify 

markers for various complex traits in B. napus. Important marker-trait associations 

found (Table 4.5) may effectively be used in Marker assisted breeding of Brassica 

napus. 

Genome-wide association studies (GWAS) in various crop species have 

suggested the efficacy of such analyses for utilizing untapped variation to dissect 

causative genes or their variants for economically important traits (Cook et al., 

2012; Zhao et al., 2011). Current advances in genome sequencing technology have 

enabled the development of highly efficient assay for large numbers of single 

nucleotide polymorphism (SNPs) markers in Brassica napus (Trick et al., 2009 and 

Bancroft et al., 2011)  

Delourme et al. (2013) analyzed the genetic diversity and linkage 

disequilibrium of Brassica napus germplasm of 313 inbred lines from different 

geographical origins utilizing more than 4300 SNPs that were localized on an 

integrated map of Brassica napus.  
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The genomic research of Brassica genera has advanced rapidly in past few 

years. Due to the complexity of Brassica napus genome, complete sequencing has 

not yet been accomplished. Based on a high-density (∼21 K) SNP linkage map of 

B. napus (Trick et al., 2009), Harper et al. (2012) refined the order and orientation 

of the A and C genome sequence scaffolds, constructed pseudomolecules 

representative of the 19 chromosomes of B. napus and successfully carried out 

associative transcriptomics of glucosinolate and erucic acid content in a population 

of 53 B. napus lines.  

The eight common SNPs that were found highly associated with half life of 

Brassica napus pods in the present experiment need to be further studied via 

functional profiling techniques so that their roles in avoiding pod shattering may be 

determined. 

PIF4 is one of the basic Helix-Loop-Helix (bHLH) transcription factors 

which is inactivated when Gibberellic Acid (GA) levels are low. The inactivation 

of PIF4 is caused by binding of DELLAs proteins. A rise in GA levels, that is 

triggered by another protein INDEHISCENT causes DELLA degradation and 

release of PIF4. These findings which involved investigation of molecular 

mechanisms of seed dispersal via pod shattering in Arabidopsis has shown that the 

bHLH proteins INDEHISCENT and ALCATRAZ appear to regulate fruit 

patterning through GA-DELLA signaling, enlightening a central role for bHLH 

family members in GA response specificity (Arnaud et al., 2010).  

The SNP difference found in the A3 copy of PIF4 may be used in marker 

assisted selection for pod shattering in Brassica napus. Genotypes with strong pods 

have more lignin in their pods as compared to those having weak pods. PIF4 
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influences pod shattering in Arabidopsis. Since, Arabidopsis is closely related to 

Brassica napus where premature pod shattering in the field is a serious agricultural 

problem. Further extensive studies and experimentations involving role of PIF4 in 

pod strengths may reveal help to identify major contributions of this transcription 

factor in pod shattering of Brassica species. 

This research further recommends examination of PIF4 role in pod strength 

of Brassica napus. It is also suggested to have a further insight of pods strengths 

inflicted by presence or absence of lignin content in pods of Brassica napus 

genotypes and their possible relation to the associative SNPs found.    
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Figure 15: PIF4 Transcriptome sequence of various strong and weak pod genotypes along with reference sequences indicating a major 

SNP difference of glutamine for genotypes with strong pods and proline for genotypes with weak pods 
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Figure 16: Basal pod sections of Brassica napus genotypes, Left: Xiangyou-15 and Right: Karoo [Scale: 1000X] 

Where; LL: Layer with Lignin, SL: Separation Layer, R: Replum, V: Valve. 
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Figure 17: Scanning Electron Microscopy images of Arabidopsis pif4 mutant [Left] and wild type (Col-0) [Right] pods. Where, 

V: Valve, VM: Valve Margin, R: Replum. 
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Figure 18: Half lives of Arabidopsis wild type (Col-0) and mutant (pif4) 

pods as determined by random impact test 
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SUMMARY 

Pakistan is facing severe shortage of edible oil and every year billions of 

rupees are being spent on the import of edible oil to meet the ever increasing local 

demands. There is dire need to increase domestic edible production. The canola 

type of Brassica napus has good quality oil due to presence of greater percentage 

of omega-3 fatty acids as compared to other sources of edible oil. Moreover it also 

gives high percentage protein seedcake after oil extraction. Pakistan produces less 

than 0.9 million tonnes of rapeseed annually. One of the problems due to which 

reduction in yield occurs is pod shattering during and after harvesting. Enhanced 

inherent shatter resistance is the best solution for this problem. The phenotypic 

variation of such complex trait can be studied through association mapping. The 

present study is based on diversity analysis of a large population set of Brassica 

napus for selection of a diverse population to be used for delineation of marker-

trait associations by using simple sequence repeats (SSRs) markers. Then a high 

density approach of using single nucleotide polymorphisms (SNPs) for genome 

wide association studies (GWAS) was used and functional profiling of a candidate 

gene for pod shattering was done. To meet these objectives four experiments were 

designed. 

The first experiment was carried out, in view of the importance of genetic 

divergence for improvement of crop for better yields and more shatter resistance in 

Brassica napus. The germplasm comprising 328 indigenous and exotic lines along 

with a high yielding check variety (Faisal canola) was evaluated for two 

 



107 
 

 
 

consecutive seasons at two locations following augmented layout design in order to 

determine the magnitude of variation due to various quantitative traits. The studied 

germplasm significantly differed for all the traits, hence useful variability exists 

which can be helpful in breeding new varieties. Traits like; days until flower 

initiation (DFI), days until 50 % flowering (DF50 %), days until flower completion 

(DFC), days until 50 % maturity (DM50 %) and days until 100 % maturity 

(DM100 %) were the major factors that contributed towards diversity of the 

germplasm hence these traits may be utilized in selection of diverse lines. From the 

principal component analysis it is concluded that on an average the local genotypes 

showed lesser percentage of pod shatter as compared to the exotic lines. The 

genotypes; BN-303, BN-331, BN-574, BN-304, BN-309 BN-320, BN-306 and 

BN-310, averaged less than 5% pod shatter in both years. 

The second experiment was about estimation of population structure and 

linkage disequilibrium for determining marker-trait associations in Brassica napus. 

A collection 75 randomly selected most diverse lines based on the results of 

previous experiment were used to genotype by utilising 55 polymorphic SSRs 

covering whole genomes. The genotype data was used to access the population 

structure and linkage disequilibrium though software STRUCTURE v 2.3.4, after 

removal of minor alleles with p > 0.05, marker trait associations were determined 

through TASSEL v 4.0. Minimum 1 and Maximum 4 SSRs were found to be 

highly associated with each trait studied. Important Marker-trait Associations 

found includes days to 100 % maturity “Ra2A11”, pod shatter percentage 

“sNRA85”, plant height “sR94102” seed yield per plant “PBCESSRJU15” and 

thousand seed weight “sNRB35”. These highly associated markers after further 
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validation may effectively be utilized for molecular marker assisted breeding of 

Brassica napus.  

The third experiment was carried out in crop genetics department at John 

Innes centre, Norwich, UK. It involved genome wide association studies of 

Brassica napus for pod shatter using SNPs. A collection of 85 diverse Brassica 

napus genotypes maintained at John Innes Centre was used in this experiment. The 

genomic data was already available (Harper et al., 2012). After removal of minor 

alleles, 62980 SNPs were used for marker-trait association.  Phenotyping of the 

germplasm was done through random impact test (RIT) which involves automated 

shaking of pods in a cylindrical container along with metal ball bearings at a 

standard intensity. Prior to shaking the pod samples were calibrated to 50 % 

relative humidity at 23°C in order to eliminate the effect of differential pods 

drying. After each interval of shaking for 8 seconds, broken and intact pods were 

counted enabling us to draw a decay curve thus half lives were calculated though 

software R. The genomic data and half life data for both years was then analysed 

through TASSEL v 4.0 and the results were plotted on a Manhattan plot. Out of 

62,980 SNPs a total of 154 were found to be highly associated with half lives of 

pods with P<0.01. These 154 SNPs reside in 110 gene loci in a reference genome 

of Brassica napus (Harpar et al., 2012) rendering them as possible candidate genes 

for further studies. It is also deduced that since significant SNPs will be in LD with 

the causative gene, but for various reasons, there may not be significant SNPs 

actually within the causative gene. So, it is better to investigate all genes within the 

peak of high association as potential candidates, not just those with SNPs. 
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The forth experiment is about profiling the functioning of PIF4-a candidate 

gene. It is a basic helix–loop–helix (bHLH) transcription factor belonging to group 

VII, according to the classification given by Heim et al., (2003). The reason for 

considering it a candidate gene for pod shatter is the previous study by de Lucas et 

al. in 2008 in which they concluded that interaction between PIF4 transcription 

factor and DELLA proteins coordinate light and gibberellins responses and the 

GA/DELLA pathway is involved in controlling seed dispersal (Feng et al., 2008). 

Hence a number of tests were performed that includes RIT of Arabidopsis pif4 

mutants and wild types; transcriptome sequence alignment of PIF4 of strong and 

weak pods genotypes for possible SNPs difference; sequencing of PIF4 gene of 

weak and strong pods  genotypes and biochemical analysis through tissue fixation 

of pods. The role of PIF4 in pod shattering is confirmed through RIT of mutant and 

wild type Arabidopsis. The SNP difference found in the A3 copy of PIF4 may be 

used in Marker Assisted Selection (MAS) for pod shattering in Brassica napus. 

Genotypes with strong pods have more lignin in their pods as compared to those 

having weak pods.  

This study recommends that Brassica napus accessions identified as less 

prone to pod shattering may be tested for further yield and quality trials. The SSR 

markers found highly associated to various traits may be utilized in Marker 

Assisted Breeding of Brassica napus to reduce varietal development time whereas, 

a major SNP difference found in the A3 copy of PIF4 is recommended for use in 

Marker Assisted Selection of pod shatter resistance lines.  

  

 



110 
 

 
 

LITERATURE CITED 

Abdurakhmonov, A. Y. and A. Abdukarimov. 2008. Application of association 

mapping to understanding the genetic diversity of plant germplasm 

resources. International Journal of Plant Genomics, 574927: 1-18. 

Alemayehu, N. and H. Becker. 2002. Genotypic diversity and patterns of variation 

in a germplasm material of Ethiopian mustard (Brassica carinata A. 

Braun). Genetic Resources and Crop Evolution, 49:573-582. 

Ali, N., J. Bakht, K. Naveed, M. Liaquat, S. A. Khan, M. Saeed, S. Ali, I. Hussain, 

S. M. Khan and M. Salim. 2015. Heterosis studies for some fatty acids 

composition of indian mustard (Brassica juncea L.) The Journal of Animal 

& Plant Sciences, 25(3): 587-592. 

Angadi, S. V., H. W. Cutforth, B. G. McConkey and Y. Gan. 2002. Yield 

adjustment by canola grown at different plant populations under semiarid 

conditions. Crop Science, 43(4): 1358-1366. 

Anjum, R., M. Yousaf, M. Jahangir, M. Hussain, N. Nawaz and A. Ahmed. 2005. 

Adaptation and yield potential of different genotypes of rapeseed and 

mustard under agroclimatic conditions of Bahawalpur (Pakistan). 

International Journal of Agriculture and Biology, 7(4): 609-611. 

Arnaud, N., T. Girin, K. Sorefan, S. Fuentes, T. A. Wood, T. Lawrenson, R. 

Sablowski, and L. Ostergaard. 2010. Gibberellins control fruit patterning in 

Arabidopsis thaliana. Genes and Development, 24(19): 2127-2132. 

Aytaç, S., Ş. Gizlenci, M. Acar, and A. Üstün. 2006. Changes in erucic acid 

concentration of rape seeds in advanced generations. Journal of Biological 

Sciences, 6(2): 60-62. 

 

104 



111 
 

 
 

Bajaj, D., S. Das, S. Badoni, V. Kumar, M. Singh, K. C. Bansal, A. K. Tyagi and S. 

K. Paridaa. 2015. Genome-wide high-throughput SNP discovery and 

genotyping for understanding natural (functional) allelic diversity and 

domestication patterns in wild chickpea. Scientific Reports, 5:12468. 

Bancroft I, C. Morgan, F. Fraser, J. Higgins, R. Wells, L. Clissold, D. Baker, Y. 

Long, J. Meng, X Wang, S. Liu, and M. Trick. 2011. Dissecting the genome 

of the polyploid crop oilseed rape by transcriptome sequencing. Nature 

Biotechnology, 29: 762-766. 

Barnaud, A., T. Lacombe and A. Doligez. 2006. Linkage disequilibrium in 

cultivated grapevine, Vitis vinifera L. Theoretical and Applied Genetics, 

112(4): 708-716. 

Benjamini, Y. and Y. Hochberg. 1995. Controlling the false discovery rate: a 

practical and powerful approach to multiple testing. Journal of the Royal 

Statistical Society. Series B (Statistical Methodology), 57(1): 289-300. 

Bertin, I., J. H. Zhu, and M. D. Gale. 2005. SSCP-SNP in pearl millet-a new 

marker system for comparative genetics. Theoretical and Applied Genetics, 

110(8): 1467-1472. 

Bhattramakki, D., M. Dolan, M. Hanafey, R. Wineland, D. Vaske, J. C. Register, S. 

V. Tingey and A. Rafalski. 2002. Insertion-deletion polymorphisms in 3' 

regions of maize genes occur frequently and can be used as highly 

informative genetic markers. Plant Molecular Biology, 48(5-6): 539-547. 

Breseghello F. and M. E. Sorrells. 2006. Association mapping of kernel size and 

milling quality in wheat (Triticum aestivum L.) Cultivars. Genetics, 172(2): 

1165-1177. 



112 
 

 
 

Brookes, A. J. 1999. The essence of SNPs. Gene, 234(2): 177-186. 

Bundock, P. C., M. J. Cross, F. M. Shapter and R. J. Henry. 2006. Robust allele-

specific polymerase chain reaction markers developed for single nucleotide 

polymorphisms in expressed barley sequences. Theoretical and Applied 

Genetics, 112(2): 358-365. 

Bus, A., N. Korber, R. J. Snowdon and B. Stich. 2011. Patterns of molecular 

variation in a species-wide germplasm set of Brassica napus. Theoretical 

and Applied Genetics, 123(8): 1413-1423. 

Caldwell K. S., J. Russell, P. Langridge and W. Powell. 2006. Extreme population-

dependent linkage disequilibrium detected in an inbreeding plant species, 

Hordeum vulgare. Genetics, 172(1): 557-567. 

Cannon, G. B. 1963. The effects of heterozygosity and recombination on the 

relative fitness of experimental populations of Drosophila melanogaster. 

Genetics, 48(8): 919-942. 

Chakraborty, R. and K. M. Weiss. 1988. Admixture as a tool for finding linked 

genes and detecting that difference from allelic association between loci. 

Proceedings of National Academy Sciences of the United States of 

America, 85(23): 9119-9123. 

Chapman J. M., J. D. Cooper, J. A. Todd and D. G. Clayton. 2003. Detecting 

disease associations due to linkage disequilibrium using haplotype tags: a 

class of tests and the determinants of statistical power. Human Heredity, 

56(1-3): 18-31. 

Chhabra K. S, B. S. Kooner, A. K. Sharma, A. K. Saxena. 1990. Sources of 

resistance in chickpea, role of biochemical components of the incidence of 



113 
 

 
 

gram silique-borer Helicoverpa (Heliothis) armigera (Hubner). Indian 

Journal of Entomology, 52(3): 423- 430. 

Child, R. D., and D. E. Evans. 1989. Improvement of recoverable yields in oilseed 

rape (Brassica napus) with growth retardants. Aspects of Applied Biology, 

23(1): 135-144. 

Choudhry, B. R. and P. Joshi. 2001. Genetic diversity in advanced derivatives of 

Brassica interspecific hybrids. Euphytica, 121(1):1-7. 

Churchill, G. A. and R. W. Doerge. 1994. Empirical threshold values for 

quantitative trait mapping. Genetics, 138(3): 963-971. 

Cook P., M. D. McMullen, J. B. Holland, F. Tian, P. Bradbury, J. Ross-Ibarra, E. S. 

Buckler and S. A. Flint-Garcia. 2012. Genetic architecture of maize kernel 

composition in the nested association mapping and inbred association 

panels. Plant Physiology, 158(2): 824-834. 

D’hoop, B., M. J. Paulo, K. Kowitwanich, M. Sengers, R. F. Visser, H. Eck and F. 

Eeuwijk. 2010. Population structure and linkage dis-equilibrium unravelled 

in tetraploid potato. Theoretical and Applied Genetics, 121(6):1151-1170. 

de Lucas, M., J. M. Davière, M. Rodríguez-Falcón, M. Pontin, J. M. Iglesias-

Pedraz, S. Lorrain, C. Fankhauser, M. A. Blázquez, E. Titarenko and S. 

Prat. 2008. A molecular framework for light and gibberellin control of cell 

elongation. Nature, 451(7177): 480-484. 

Delourme, R., C. Falentin, B. F. Fomeju, M. Boillot, G. Lassalle, I. André, J. 

Duarte, V. Gauthier, N. Lucante, A. Marty, M. Pauchon, J. P. Pichon, N. 

Ribière, G. Trotoux, P. Blanchard, N. Rivière, J. P Martinant and J. 

Pauquet. 2013. High-density SNP-based genetic map development and 



114 
 

 
 

linkage disequilibrium assessment in Brassica napus L. BMC Genomics, 

14:120. 

Emanuelli, F., S. Lorenzi, L. Grzeskowiak, V. Catalano, M. Stefanini, M. Troggio, 

S. Myles, J. Martinez-Zapater, E. Zyprian, F. Moreira and M. Grando. 

2013. Genetic diversity and population structure assessed by SSR and SNP 

markers in a large germplasm collection of grape. BMC Plant Biology, 

13(1):1-17. 

Farhatullah, S. Ali. and F. Ullah. 2004. Comparative yield potential and other 

quality characteristics of advanced lines of rapeseed. International Journal 

of Agriculture and Biology, 6(1): 203-205. 

Feng, S., C. Martinez, G. Gusmaroli, Y. Wang, J. Zhou, F. Wang, L. Chen, L. Yu, 

J. M. Iglesias-Pedraz, S. Kircher, E. Schäfer, X. Fu, Liu-Min Fan and X. W. 

Deng. 2008. Coordinated regulation of Arabidopsis thaliana development 

by light and gibberellins. Nature, 451(7177): 475-479. 

Flint-Garcia, S. A., J. M. Thornsberry and E. S. Buckler. 2003. Structure of linkage 

disequilibrium in plants. Annual Review of Plant Biology, 54: 357-374. 

Giordano, M., P. J. Oefner, P. A. Underhill, L. L. Cavalli Sforza, R. Tosi. and P. 

M. Richiardi. 1999. Identification by denaturing high-performance liquid 

chromatography of numerous polymorphisms in a candidate region for 

multiple sclerosis susceptibility. Genomics, 56(3): 247-253. 

Goldstein, D. B. and M. E. Weale. 2001. Population genomics: linkage 

disequilibrium holds the key. Current Biology, 11(14): 576-579. 

Government of Pakistan. Agricultural statistics of Pakistan (2014-15). Ministry of 

Food, Agriculture and Livestock (Economic Wing), Government of 



115 
 

 
 

Pakistan, Islamabad. 

Gupta, P. K., J. K. Roy, and M. Prasad. 1999. DNA chips, microarrays and 

genomics. Current Science, 77(7): 875-884. 

Gupta, P. K., J. K. Roy, and M. Prasad. 2001. Single nucleotide polymorphisms: A 

new paradigm for molecular marker technology and DNA polymorphism 

detection with emphasis on their use in plants. Current Science, 80(4): 524-

535. 

Gupta, P. K., S. Rustgi, and P. L. Kulwal. 2005. Linkage disequilibrium and 

association studies in higher plants: present status and future prospects. 

Plant Molecular Biology, 57(4): 461-485. 

Hamblin, M. T., S. E. Mitchell, G. M. White, J. Gallego, R. Kukatla, R. A. Wing, 

A. H. Paterson and S. Kresovich. 2004. Comparative population genetics of 

the panicoid grasses: sequence polymorphism, linkage disequilibrium and 

selection in a diverse sample of Sorghum bicolor. Genetics, 167(1): 471-

483. 

Harper, A. L., M. Trick, J. Higgins, F. Fraser, L. Clissold, R. Wells, C. Hattori, P. 

Werner and I. Bancroft. 2012. Associative transcriptomics of traits in the 

polyloid crop species Brassica napus. Nature Biotechnology, 30: 798-802. 

Jan, S. A., Z. K. Shinwari, M. A. Rabbani, S. H. Shah, M. I. Ibrahim and M. Ilyas. 

2016. Optimization of an efficient SDS-PAGE protocol for protein analysis 

of Brassica rapa. Journal of Biodiversity and Environmental Sciences, 

9(2):17-24. 

Jannink, J. L. and B. Walsh. 2002. Association mapping in plant populations, in 

quantitative genetics, genomics and plant breeding, CAB International, 



116 
 

 
 

Oxford, UK, 59-68. 

Jin, L., Y. Lu, P. Xiao, M. Sun, H. Corke and J. Bao. 2010. Genetic diversity and 

population structure of a diverse set of rice germplasm for association 

mapping. Theoretical and Applied Genetics, 121(3):475-487. 

Johnson, R. A. and D. W. Wichern. 1988. Multivariate statistics, a practical 

approach, Chapman and Hall, London.  

Josefsson, E. 1968. Investigations on shattering resistance of Cruciferous oil crops. 

Zeitschrift fur Pflan-zenzuchtung, 46:384-396. 

Kadkol, G. 2009. Brassica shatter-resistance research update. In 16th Australian 

Research Assembly on Brassicas. Ballarat Victoria. 

Khan, A. H., M. A. Rabbani, M. Ilyas, A. Iqbal, I. Iqbal, Z. Ahmed and T. 

Shehzad. 2016. Study of genetic diversity in rapeseed (Brassica napus) by 

biochemical methods using SDS-PAGE analysis. International Journal of 

Agriculture and Applied Science, 8(1): 95-100. 

Khan, A. H., N. M. Minhas, M. J. Asad, A. Iqbal, M. Ilyas and R. T. Mahmood. 

2014. Estimation of protein, carbohydrates, starch and oil contents of 

indigenous maize (Zea mays L.) germplasm. European Academic Research, 

2(4): 5230-5240. 

Konieczny, A. and F. M. Ausubel, 1993. A procedure for mapping Arabidopsis 

mutations using codominant ecotype-specific PCR-based markers. Plant 

Journal, 4(2):403-410.  

Kraakman, A. T. W., F. Mart´ınez, B. Mussiraliev, F. A. van Eeuwijk and R. E. 

Niks. 2006. Linkage disequilibrium mapping of morphological, resistance, 

and other agronomically relevant traits in modern spring barley cultivars. 



117 
 

 
 

Molecular Breeding, 17(1): 41-58. 

Kruglyak, L. 1999. Prospects for whole-genome linkage disequilibrium mapping of 

common disease genes. Nature Genetics, 22(2): 139-144. 

Kumar, S. and M. N.  Mishra. 2006. Genetic variation and association analysis in 

Indian mustard [Brassica juncea (L.) Czern and Coss] and Brassica 

campestris L. variety toria. Crop Research Hisar, 31(3): 391-393. 

Lakshmikumaran, M. 2000.  Application of molecular markers for assessment of 

genetic diversity. In: Abstract & Souvenir, National Symposium on 

Prospects and Potentials of Plant Biotechnology in India in the 21st Century 

& 23rd Annual Meeting of PTCA(I), Oct. 18-21, 2000, Jodhpur, 188. 

Lemieux, B. 2000. High throughput single nucleotide polymorphism genotyping 

technology. Current Genomics, 1(4): 301-311. 

Liu, L., L. Wang, J. Yao, Y. Zheng and C. Zhao. 2010. Association mapping of six 

agronomic traits on chromosome 4A of wheat (Triticum aestivum L.). 

Molecular Plant Breeding, 1(5): 1-10. 

Livak, K. J., S. J. Flood, J. Marmaro, W. Giusti, and K. Deetz. 1995. 

Oligonucleotides with fluorescent dyes at opposite ends provide a quenched 

probe system useful for detecting PCR product and nucleic acid 

hybridization. PCR Methods Applications, 4(6): 357-362. 

Maqbool, R., M. Sajjad, I. Khaliq, Aziz-ur-Rehman, A. S. Khan and S. H. Khan. 

2010. Morphological diversity and traits association in bread wheat 

(Triticum aestivum.). American-Eurasian Journal of Agriculture and 

Environmental Science, 8(2): 216-224. 

Marttinen, P. and J. Corander. 2010. Efficient Bayesian approach for multilocus 



118 
 

 
 

association mapping including gene-gene interactions. BMC 

Bioinformatics, 11:443. 

Misra, A. K., S. Ratan and A. Kumar. 2004. Germplasm evaluation of Indian 

mustard, Brassica juncea (L.). Journal of Oilseeds Research, 21(2): 248-

251. 

Morgan C. L., D. M. Bruce, R. Child, Z. L. Ladbrooke and A. E. Arthur. 1998. 

Genetic variation for pod shatter resistance among lines of oilseed rape 

developed from synthetic B. napus. Field Crops Research, 58(2): 153-165. 

Naheed, H., F. Mohammad, Q. Sohail, S. Abid and N. Khan, 2016. Genetic 

diversity of bread wheat lines based on agro-morphological traits. 

International Journal of Agriculture and Biology, 18(5): 1049-1055. 

Nakagawa, S. 2004. A farewell to Bonferroni: the problems of low statistical power 

and publication bias. Behavioral Ecology, 15(6): 1044-1045. 

Nasim, S., G. Shabbir, M. Ilyas, N. M. Cheema and M. K. N. Shah. 2017. 

Contemplation of wheat genotypes for enhanced antioxidant enzyme 

activity. Pakistan Journal of Botany, 49(2): 647-653.  

Neeru, T. N. K., R. Avtar and A. Singh. 2015. Evaluation and classification of 

Indian mustard (Brassica juncea L.) genotypes using principal component 

analysis. Journal of Oilseed Brassica, 6(1): 167-174. 

Nordborg, M., T. T. Hu, Y. Ishino, J. Jhaveri, C. Toomajian, H. Zheng, E. Bakker, 

P. Calabrese, J. Gladstone, R. Goyal, M. Jakobsson, S. Kim, Y. Morozov, 

B. Padhukasahasram, V. Plagnol, N. Rosenberg, A. C. Shah, J. D. Wall, J. 

Wang, K. Zhao, T. Kalbfleisch, V. Schulz, M. Kreitman and J. Bergelson. 

2005. The pattern of polymorphism in Arabidopsis thaliana. PLoS Biology, 



119 
 

 
 

3(7): 1289-1299.  

Ohashi, J., and K. Tokunaga. 2003. Power of genome-wide linkage disequilibrium 

testing by using microsatellite markers. Journal of Human Genetics, 

48(9):487-491. 

Oraguzie, N. C., P. L. Wilcox, E. H. A. Rikkerink and H. N. de Silva. 2007. 

Linkage disequilibrium, in association mapping in plants, Springer, 11-39. 

Ortegon M. A. S, A. F. Diaz and D. L. A. Ramirez. 2006. Seed yield and quality of 

varieties and hybrids of canola in northern Tamaulipas, Mexico. Revista 

Fitotecnia-Mexicana, 29(2): 181-186. 

Pandit, A., V. Rai, S. Bal, S. Sinha, V. Kumar, M. Chauhan, R. K. Gautam, R. 

Singh, P. C. Sharma, A. K. Singh, K. Gaikwad, T. R. Sharma, T. 

Mohapatra and N. K. Singh. 2010. Combining QTL mapping and 

transcriptome profiling of bulked RILs for identification of functional 

polymorphism for salt tolerance genes in rice (Oryza sativa L.). Molecular 

Genetics and Genomics. 284(2): 121-136. 

Parida, S. K., M. Mukerji, A. K. Singh, N. K. Singh and T. Mohapatra. 2012. SNPs 

in stress-responsive rice genes: validation, genotyping, functional 

relevance and population structure. BMC Genomics, 426(13):1-17. 

Pearson, K., 1901. On Lines and Planes of Closest Fit to Systems of Points in 

Space. Philosophical Magazine, 2(11): 559-572. 

Perveen, L., M. Jamal, K. Nawab, M. S. S. Khan. 2005. Comparative performance 

of local and exotic Canola hybrids for grain yield and oil contents. Indus 

Journal of Biological Sciences, 2(4): 503-507. 

Prakash, S. and K. Hinata. 1980. Taxonomy, cytogenetics and origin of crop 



120 
 

 
 

Brassicas, a review. Opera Botanica, 55(1): 1-57. 

Price, J. S., R. N. Hobson, M. A. Neale, and D. M. Bruce. 1996. Seed losses in 

commercial harvesting of oilseed rape. Journal of Agricultural Engineering 

Research, 65, 183-191. 

Pritchard, J. K., M. Stephens and P. Donnelly. 2000. Inference of population 

structure using multi locus genotype data. Genetics, 155:945-959. 

Pritchard, K. J. and W. Wen. 2004. Documentation for Structure Software. The 

University of Chicago Press, Chicago, Ill, USA.  

Qiu, D., C. Morgan, J. Shi, Y. Long, J. Liu, R. Li, X. Zhuang, Y. Wang, X. Tan, E. 

Dietrich, T. Weihmann, C. Everett, S. Vanstraelen, P. Beckett, F. Fraser, M. 

Trick, S. Barnes, J. Wilmer, R. Schmidt, J. Li, D. Li, J. Meng, and I. 

Bancroft. 2006. A comparative linkage map of oilseed rape and its use for 

QTL analysis of seed oil and erucic acid content. Theoretical and Applied 

Genetics, 114(1): 67-80. 

Rafalski, A. and M. Morgante. 2004. Corn and humans: recombination and linkage 

disequilibrium in two genomes of similar size. Trends in Genetics, 20(1): 

103-111. 

Riedelsheimer, C., J. Lisec, A. Czedik-Eysenberg, R. Sulpice, A. Flis, C. Grieder, 

T. Altmann, M. Stitt, L. Willmitzer, and A. E. Melchinger. 2012. Genome-

wide association mapping of leaf metabolic profiles for dissecting complex 

traits in maize. PNAS, 109 (23): 8872-8877. 

Robbins, M. D., S. C. Sim, W. Yang, A. Van Deynze, E. van der Knaap, T. 

Joobeur, and D. M. Francis. 2011. Mapping and linkage disequilibrium 

analysis with a genome-wide collection of SNPs that detect polymorphism 



121 
 

 
 

in cultivated tomato. Journal of Experimental Botany, 62(6): 1831-1845. 

Rodriguez, V. M., M. E. Cartea, G. Padilla, P. Velasco and A. Ordas. 2005. The 

nabicol: a horticultural crop in northwestern Spain. Euphytica, 142(3): 237-

246. 

Ronaghi, M. 2001. Pyrosequencing sheds light on DNA sequencing. Genome 

Research, 11(1): 3-11. 

Ross-Ibarra, J., P. L. Morrell and B. S. Gaut, 2007. Plant domestication, a unique 

opportunity to identify the genetic basis of adaptation. Proceedings of 

National Academy of Science, 104(1): 8641-8648. 

Sachidanandam, R., D. Weissman, S. C. Schmidt, J. M. Kakol, L. D. Stein, G. 

Marth, S. Sherry, J. C. Mullikin, B. J. Mortimore, D. L. Willey, S. E. Hunt, 

C. G. Cole, P. C. Coggill, C. M. Rice, Z. Ning, J. Rogers, D. R. Bentley, P. 

Y. Kwok, E. R. Mardis, R. T. Yeh, B. Schultz, L. Cook, R. Davenport, M. 

Dante, L. Fulton, L. Hillier, R. H. Waterston, J. D. McPherson, B. Gilman, 

S. Schaffner, W. J. Van Etten, D. Reich, J. Higgins, M. J. Daly, B. 

Blumenstiel, J. Baldwin, N. Stange-Thomann, M. C. Zody, L. Linton, E. S. 

Lander, and D. Altshuler. 2001. A map of human genome sequence 

variation containing 1.42 million single nucleotide polymorphisms. Nature, 

409: 928-933. 

Salimi, S., H. S. Lahiji, G. M. Abadi, S. Salimi and S. Moradi. 2012. Genetic 

diversity in soybean genotypes under drought stress condition using factor 

analysis and cluster analysis. World Applied Sciences Journal, 16 (4): 474-

478. 

Sana, M., A. Ali, M. A. Malik, M. F. Saleem and M. Rafiq. 2003. Comparative 



122 
 

 
 

yield potential and oil contents of different canola cultivars (Brassica napus 

L.). Journal of Agronomy, 2(1): 1-7. 

Sheng L., C. Fan, J. Li, G. Cai, Q. Yang, J. Wu, X. Yi, C. Zhang and Y. Zhou. 

2016. A genome-wide association study reveals novel elite allelic variations 

in seed oil content of Brassica napus. Theoretical and Applied Genetics, 

129(6): 1203-1215. 

Singh, P. 2001. Essentials of plant breeding; 2nd ed. Kalyani Publishers, New 

Delhi, India. 

Smyth, D. R., J. L. Bowman and E. M. Meyerowitz. 1990. Early flower 

development in Arabidopsis. Plant Cell, 2(8):755-767. 

Southern, E. D. M. 1996. DNA chips: Analysing sequence by hybridization to 

oligonucleotides on a large scale. Trends in Genetics, 12(3): 110-115. 

Steel, R. G. D., J. H. Torrie and D. A. Dickey. 1997. Principles and procedures of 

statistics: a biometrical approach, 3rd edition. McGraw Hill Book Co., Inc., 

New York. 

Stich, B., A. E. Melchinger, M. Frisch, H. P. Maurer, M. Heckenberger and J. C. 

Reif. 2005. Linkage disequilibrium in European elite maize germplasm 

investigated with SSRs.  Theoretical and Applied Genetics, 111(4): 723-

730. 

Stich, B., H. P. Maurer, A. E. Melchinger, M. Frisch, M. Heckenberger, J. R. van 

der Voort, J. Peleman, A. P. Sørensen and J. C. Reif. 2006. Comparison of 

linkage disequilibrium in elite European maize inbred lines using AFLP and 

SSR markers. Molecular Breeding, 17(3): 217-226. 

Taniguchi, H., C. E. Lowe, J. D. Cooper, D. J. Smyth, R. Bailey, S. Nutland, B. C. 

http://www.springerlink.com/content/?Author=Matthias+Frisch
http://www.springerlink.com/content/?Author=Martin+Heckenberger
http://www.springerlink.com/content/?Author=Jeroen+Rouppe+van+der+Voort
http://www.springerlink.com/content/?Author=Jeroen+Rouppe+van+der+Voort
http://www.springerlink.com/content/?Author=Jeroen+Rouppe+van+der+Voort
http://www.springerlink.com/content/?Author=Johan+Peleman
http://www.springerlink.com/content/?Author=Anker+P.+S%c3%b8rensen
http://www.springerlink.com/content/?Author=Jochen+C.+Reif


123 
 

 
 

Healy, A. C. Lam, O. Burren, N. M. Walke, L. J. Smink, L. S. Wicker and 

J. A. Todd. 2006. Discovery, linkage disequilibrium and association 

analyses of polymorphisms of the immune complement inhibitor, decay 

accelerating factor gene (DAF/CD55) in type 1 diabetes. BMC Genetics, 

7(22): 1-9. 

Thornsberry, J. M., M. M. Goodman, J. Doebley, S. Kresovich, D. Nielsen and E. 

S. Buckler. 2001. Dwarf8 polymorphisms associate with variation in 

flowering time. Nature Genetics, 28(1): 286-289. 

Tomason, Y, P. Nimmakayala, A. Levi, and U. Reddy. 2013. Map-based molecular 

diversity, linkage disequilibrium and association mapping of fruit traits in 

melon. Molecular Breeding, 31(4): 829-841. 

Trick, M., Y. Long, J. Meng, and I. Bancroft. 2009. Single nucleotide 

polymorphism (SNP) discovery in the polyploid Brassica napus using 

Solexa transcriptome sequencing. Plant Biotechnology Journal, 7(4): 334-

346. 

Tuncturk, M., I. Ylmaz, M. Erman and R. Tuncturk. 2005. Comparison of summer 

rapeseed (Brassica napus subsp. oleifera L.) cultivars for yield and yield 

components under Van ecological conditions. Tarim-Bilimleri-Dergisi, 11 

(1): 78-85. 

Turner, S., L. L. Armstrong, Y. Bradford, C. S. Carlson, D. C. Crawford, A. T. 

Crenshaw, M. deAndrade, K. F. Doheny, J. L. Haines, G. Hayes, G. Jarvik, 

L. Jiang, I. J. Kullo, R. Li, H. Ling, T. A. Manolio, M. Matsumoto, C. A. 

McCarty, A. N. McDavid, D. B. Mirel, J. E. Paschall, E. W. Pugh, L. V. 

Rasmussen, R. A. Wilke, R. L. Zuvich and M. D. Ritchie. 2011. Quality 



124 
 

 
 

Control Procedures for Genome Wide Association Studies. Current 

Protocols in Human Genetics, Unit 1.19. 

USDA. 2016. World Agricultural Production, U.S. Department of Agriculture 

Foreign Agricultural Service / Office of Global Analysis International 

Production Assessment Division (IPAD), Washington, DC. 

Wang, W., K. Thornton, A. Berry and M. Long. 2002. Nucleotide variation along 

the Drosophila melanogaster fourth chromosome. Science, 295(5552): 134-

137. 

Wenzl, P., H. Li, J. Carling, M. Zhou, H. Raman, E. Paul, P. Hearnden, C. Maier, 

L. Xia, V. Caig, J. Ovesna´, M. Cakir, D. Poulsen, J. Wang, R. Raman, K. 

P. Smith, G. J. Muehlbauer, K. J. Chalmers, A. Kleinhofs, E. Huttner and 

A. Killian. 2006. A high-density consensus map of barley linking DArT 

markers to SSR, RFLP and STS loci and agricultural traits. BMC 

Genomics, 101(7): 206-238. 

Wittenberg, A. H., T. van der Lee, C. Cayla, A. Kilian, R. G. Visser, and H. J. 

Schouten. 2005. Validation of the high-throughput marker technology 

DArT using the model plant Arabidopsis thaliana. Molecular Genetics and 

Genomics, 274(2): 30-39. 

Wolfgang, E., R. Clemens, N. Honsdorf and H. C. Becker. 2010. Extent and 

structure of linkage disequilibrium in canola quality winter rapeseed 

(Brassica napus L.) Theoretical and Applied Genetics, 120(5): 921-931. 

Yao, J., L. Wang, L. Liu, C. Zhao and Y. Zheng. 2009. Association mapping of 

agronomic traits on chromosome 2A of wheat. Genetica, 137(2): 67-75. 

Yu, C., L. Leišová, V. Kučera, M. Vyvadilová, J. Ovesná, L. Dotlačil and S. Hu. 



125 
 

 
 

2007. Assessment of genetic diversity of yellow-seeded rapeseed (Brassica 

napus L.) accessions by AFLP markers. Czech Journal of Genetics and 

Plant Breeding, 43(3): 105-112. 

Yu, J., and E. S. Buckler. 2006. Genetic association mapping and genome 

organization of maize. Current Opinion in Biotechnology, 17(2):155-160. 

Yu, J., G. Pressoir, W. H. Briggs, I. V. Bi, M. Yamasaki, J. F. Doebley, M. D. 

McMullen, B. S. Gaut, D. M. Nielsen, J. B. Holland, S. Kresovich and E. S. 

Buckler. 2006. A unified mixed-model method for association mapping that 

accounts for multiple levels of relatedness. Nature Genetics, 38(2): 203-

208. 

Zhang, J., C. Hao, Q. Ren, X. Chang, G. Liu and R. Jing. 2011. Association 

mapping of dynamic developmental plant height in common wheat. Planta, 

234(5):891-902. 

Zhao, K., C. W. Tung, G. C. Eizenga, M. H. Wright, M. L. Ali, A. H. Price and S. 

R. McCouch. 2011. Genome-wide association mapping reveals a rich 

genetic architecture of complex traits in Oryza sativa. Nature 

Communication, 2: 467. 

Zhao, K., M. J. Aranzana, S. Kim, C. Lister, C. Shindo, C. Tang, C. Toomajian, H. 

Zheng, C. Dean, P. Marjoram and M. Nordborg, 2007. An Arabidopsis 

example of association mapping in structured samples. PLoS Genetics, 

3(1): 4-10. 

Zhong Y., W. Zheng and W. Zhang. 2011. Principal Component Analysis and 

Comprehensive Evaluation on Morphological and Agronomic Traits of 

Drought Tolerance in Rapeseed (Brassica napus L.) Chinese Journal of 



126 
 

 
 

Agricultural Sciences, 44(9): 1775-1787. 

  



127 
 

 
 

Appendix I:  List of Brassica napus Germplasm along with origin used in 

experiment 

Acc. # Origin Acc. # Origin Acc. # Origin Acc. # Origin 

BN-301 Pakistan BN-346 Pakistan BN-391 Pakistan BN-436 Pakistan 

BN-302 Pakistan BN-347 Pakistan BN-392 Pakistan BN-437 Pakistan 

BN-303 Pakistan BN-348 Pakistan BN-393 Pakistan BN-438 Pakistan 

BN-304 Pakistan BN-349 Pakistan BN-394 Pakistan BN-439 Pakistan 

BN-305 Pakistan BN-350 Pakistan BN-395 Pakistan BN-440 Pakistan 

BN-306 Pakistan BN-351 Pakistan BN-396 Pakistan BN-441 Pakistan 

BN-307 Pakistan BN-352 Pakistan BN-397 Pakistan BN-442 Pakistan 

BN-308 Pakistan BN-353 Pakistan BN-398 Pakistan BN-443 Pakistan 

BN-309 Pakistan BN-354 Pakistan BN-399 Pakistan BN-444 Pakistan 

BN-310 Pakistan BN-355 Pakistan BN-400 Pakistan BN-445 Pakistan 

BN-311 Pakistan BN-356 Pakistan BN-401 Pakistan BN-446 Pakistan 

BN-312 Pakistan BN-357 Pakistan BN-402 Pakistan BN-447 Pakistan 

BN-313 Pakistan BN-358 Pakistan BN-403 Pakistan BN-448 Pakistan 

BN-314 Pakistan BN-359 Pakistan BN-404 Pakistan BN-449 Pakistan 

BN-315 Pakistan BN-360 Pakistan BN-405 Pakistan BN-450 Pakistan 

BN-316 Pakistan BN-361 Pakistan BN-406 Pakistan BN-451 Pakistan 

BN-317 Pakistan BN-362 Pakistan BN-407 Pakistan BN-452 Pakistan 

BN-318 Pakistan BN-363 Pakistan BN-408 Pakistan BN-453 Pakistan 

BN-319 Pakistan BN-364 Pakistan BN-409 Pakistan BN-454 Pakistan 

BN-320 Pakistan BN-365 Pakistan BN-410 Pakistan BN-455 Pakistan 
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Acc. # Origin Acc. # Origin Acc. # Origin Acc. # Origin 

BN-321 Pakistan BN-366 Pakistan BN-411 Pakistan BN-456 Pakistan 

BN-322 Pakistan BN-367 Pakistan BN-412 Pakistan BN-457 Pakistan 

BN-323 Pakistan BN-368 Pakistan BN-413 Pakistan BN-458 Pakistan 

BN-324 Pakistan BN-369 Pakistan BN-414 Pakistan BN-459 Pakistan 

BN-325 Pakistan BN-370 Pakistan BN-415 Pakistan BN-460 Pakistan 

BN-326 Pakistan BN-371 Pakistan BN-416 Pakistan BN-461 Pakistan 

BN-327 Pakistan BN-372 Pakistan BN-417 Pakistan BN-462 Pakistan 

BN-328 Pakistan BN-373 Pakistan BN-418 Pakistan BN-463 Pakistan 

BN-329 Pakistan BN-374 Pakistan BN-419 Pakistan BN-464 Pakistan 

BN-330 Pakistan BN-375 Pakistan BN-420 Pakistan BN-465 Pakistan 

BN-331 Pakistan BN-376 Pakistan BN-421 Pakistan BN-466 Pakistan 

BN-332 Pakistan BN-377 Pakistan BN-422 Pakistan BN-467 Pakistan 

BN-333 Pakistan BN-378 Pakistan BN-423 Pakistan BN-468 Pakistan 

BN-334 Pakistan BN-379 Pakistan BN-424 Pakistan BN-469 Pakistan 

BN-335 Pakistan BN-380 Pakistan BN-425 Pakistan BN-470 Pakistan 

BN-336 Pakistan BN-381 Pakistan BN-426 Pakistan BN-471 Pakistan 

BN-337 Pakistan BN-382 Pakistan BN-427 Pakistan BN-472 Pakistan 

BN-338 Pakistan BN-383 Pakistan BN-428 Pakistan BN-473 Pakistan 

BN-339 Pakistan BN-384 Pakistan BN-429 Pakistan BN-474 Pakistan 

BN-340 Pakistan BN-385 Pakistan BN-430 Pakistan BN-475 Pakistan 

BN-341 Pakistan BN-386 Pakistan BN-431 Pakistan BN-476 Pakistan 

BN-342 Pakistan BN-387 Pakistan BN-432 Pakistan BN-477 Pakistan 
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Acc. # Origin Acc. # Origin Acc. # Origin Acc. # Origin 

BN-343 Pakistan BN-388 Pakistan BN-433 Pakistan BN-478 Pakistan 

BN-344 Pakistan BN-389 Pakistan BN-434 Pakistan BN-479 Pakistan 

BN-345 Pakistan BN-390 Pakistan BN-435 Pakistan BN-480 Pakistan 

BN-481 Pakistan BN-526 China BN-571 China BN-616 Canada 

BN-482 Pakistan BN-527 China BN-572 China BN-617 Canada 

BN-483 Pakistan BN-528 China BN-573 China BN-618 Canada 

BN-484 Pakistan BN-529 China BN-574 Australia BN-619 Canada 

BN-485 Pakistan BN-530 China BN-575 Australia BN-620 Canada 

BN-486 Pakistan BN-531 China BN-576 Australia BN-621 Canada 

BN-487 Pakistan BN-532 China BN-577 Australia BN-622 Canada 

BN-488 Pakistan BN-533 China BN-578 Australia BN-623 Canada 

BN-489 Pakistan BN-534 China BN-579 Australia BN-624 Canada 

BN-490 Pakistan BN-535 China BN-580 Australia BN-625 Canada 

BN-491 Pakistan BN-536 China BN-581 Australia BN-626 Canada 

BN-492 Netherland BN-537 China BN-582 Australia BN-627 Canada 

BN-493 Germany BN-538 China BN-583 Australia BN-628 Canada 

BN-494 Germany BN-539 China BN-584 Australia F.canola Pakistan 

BN-495 Sweden BN-540 China BN-585 Australia BN-520 China 

BN-496 Sweden BN-541 China BN-586 Australia BN-521 China 
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Acc. # Origin Acc. # Origin Acc. # Origin Acc. # Origin 

BN-497 Sweden BN-542 China BN-587 Australia BN-522 China 

BN-498 Pakistan BN-543 China BN-588 Pakistan BN-523 China 

BN-499 Pakistan BN-544 China BN-589 China BN-524 China 

BN-500 Pakistan BN-545 China BN-590 China BN-525 China 

BN-501 Pakistan BN-546 China BN-591 China BN-565 China 

BN-502 Pakistan BN-547 China BN-592 China BN-566 China 

BN-503 Pakistan BN-548 China BN-593 China BN-567 China 

BN-504 Australia BN-549 China BN-594 China BN-568 China 

BN-505 Australia BN-550 China BN-595 Canada BN-569 China 

BN-506 Sweden BN-551 China BN-596 Canada BN-570 China 

BN-507 Sweden BN-552 China BN-597 Canada BN-610 Canada 

BN-508 Canada BN-553 China BN-598 Canada BN-611 Canada 

BN-509 Czech BN-554 China BN-599 Canada BN-612 Canada 

BN-510 Germany BN-555 China BN-600 Canada BN-613 Canada 

BN-511 France BN-556 China BN-601 Canada BN-614 Canada 

BN-512 Germany BN-557 China BN-602 Canada BN-615 Canada 

BN-513 France BN-558 China BN-603 Canada BN-519 China 

BN-514 France BN-559 China BN-604 Canada BN-564 China 

BN-515 Australia BN-560 China BN-605 Canada BN-609 Canada 

BN-516 Denmark BN-561 China BN-606 Canada BN-518 China 

BN-517 Australia BN-562 China BN-607 Canada BN-563 China 
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Appendix II: List of selected Brassica napus germplasm used for genotyping 

Serial # Acc. # Serial # Acc. # Serial # Acc. # Serial # Acc. # 

1 BN-305  21 BN-418  41 BN-500  61 BN-598  

2 BN-306  22 BN-422  42 BN-502  62 BN-600  

3 BN-309  23 BN-423  43 BN-518  63 BN-602  

4 BN-312  24 BN-443  44 BN-520  64 BN-603  

5 BN-313  25 BN-446  45 BN-531  65 BN-605  

6 BN-316  26 BN-454  46 BN-532  66 BN-606  

7 BN-322  27 BN-455  47 BN-549  67 BN-609  

8 BN-324  28 BN-456  48 BN-550  68 BN-610  

9 BN-328  29 BN-459  49 BN-551  69 BN-612  

10 BN-341  30 BN-462  50 BN-553  70 BN-616  

11 BN-342  31 BN-464  51 BN-555  71 BN-618  

12 BN-352  32 BN-471  52 BN-557  72 BN-625  

13 BN-357  33 BN-473  53 BN-567  73 BN-627  

14 BN-361  34 BN-487  54 BN-568  74 BN-628  

15 BN-371  35 BN-490  55 BN-574  75 F-canola  

16 BN-374  36 BN-491  56 BN-577  

17 BN-383  37 BN-493  57 BN-581  

18 BN-386  38 BN-494  58 BN-583  

19 BN-405  39 BN-497  59 BN-592  

20 BN-412  40 BN-499  60 BN-593  
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Appendix III: List of SSR primers sequences, their Annealing temperatures and 

their locations 

S.  

# 

Name Primer Annealing 

Temp. (°C) 

Genome Chromosome 

1 BN83B1  5’-GCCTTTCTTCACAACTGATAGCTAA  

3’-TCAGGTGCCTCGTTGAGTTC 

56 C 9 

2 BRMS019  5’-CCCAAACGCTTTTGACACAT  

3’-GGCACAATCCACTCAGCTTT 

57 A 10 

3 BRMS020  5’-AACAAGAGAAGGAGAGCCACCG  

3’-CGCTTATAAAATGGCAGTCGCA 

57 A 9 

4 BRMS037  5’-CTGCTCGCATTTTTTATCATAC  

3’-TACGCTTGGGAGAGAAAACTAT 

57 A 1 

5 BRMS042  5’-GGATCAGTTATCTGCACCACAA  

3’-TCGGAATTGGATAAGAATTCAA 

57 Unknown Unknown 

6 Na10B08  5’-AGAGAAAAACACTTCCCGCC  

3’-GTGAGCTTTGCGAAACACG 

58 C 5 

7 Na10C06  5’-TGGATGAAAGCATCAACGAG  

3’-ATCAATCAACACAAGCTGCG 

58 C 6 

8 Na10D03  5’-ATGATTTGCCTTGAAATGCC  

3’-GATGAAACAATAACCTGAGACACAC 

58 A 3 

9 Na10D11  5’-GAGACATAGATGAGTGAATCTGGC  

3’-CATTAGTTGTGGACGGTCGG 

58 C 5 

10 Na10F06  5’-CTCTTCGGTTCGATCCTCG  

3’-TTTTTAACAGGAACGGTGGC 

58 A 3 

11 Na10G10  5’-TGGAAACATTGGTGTTAAGGC 

3’-CATAGATTCCATCTCAAATCCG  

58 A 3 

12 Na12A02  5’-AGCCTTGTTGCTTTTCAACG  

3’-AGTGAATCGATGATCTCGCC 

58 A 7 

13 Na12A07  5’-TCAAAGCCATAAAGCAGGTG  

3’-CATCTTCAACACGCATACCG 

58 Unknown Unknown 

14 Na12B09  5’-ACGGAAGATCAAACAGCTCC  

3’-TGAGCGACCCATTCTTTAGG 

58 C 3 

15 Na12C07  5’-ACTCAACCCCACAAACCTG  

3’-AGTTCCCCGGATCCGATTAG 

58 A 3 

16 Na12C08  5’-GCAAACGATTTGTTTACCCG  

3’-CGTGTAGGGTGATCTAGATGGG 

58 C 1 

17 Na12D04  5’-ACGGAGTGATGATGGGTCTC  

3’-CCTCAATGAAACTGAAATATGTGTG 

58 A 6 

18 Na12E02  5’-TTGAAGTAGTTGGAGTAATTGGAGG  

3’-CAGCAGCCACAACCTTACG 

58 Unknown Unknown 

19 Na12H02  5’-CTATGGTTCATCTTTCGCCG  

3’-GCTGCACATCCATCTCTCG 

58 Unknown Unknown 
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20 Na14C12  5’-CACATTTTGGTTCAATTCGG  

3’-TACGACGCTGGTTTCGATTC 

58 A 9 

21 Na14D07  5’-GCATAACGTCAGCGTCAAAC  

3’-CTGCGGGACACATAACTTTG 

58 A 1 

22 Ni2A12  5’-ACGATGGGTTCTTCTTGTCG  

3’-CAAGAAACTTTCGAGGAACCC 

57 Unknown Unknown 

23 Ni2C12  5’-ACATTCTTGGATCTTGATTCG  

3’-AAAGGTCAAGTCCTTCCTTCG 

57 C 2 

24 Ol09A06  5’-TGTGTGAAAGCTTGAAACAG  

3’-TAGGATTTTTTTGTTCACCG 

57 Unknown Unknown 

25 PBCESSRJU1  5’-GGTGAAAGAGGAAGATTGGT  

3’-AGGAGATACAGTTGAAGGGTC 

56 A 9 

26 PBCESSRJU2  5’-TTCACATCTTCTTCATCTTCC  

3’-TTGCTATTCGTTCTCAGTCTC 

56 Unknown Unknown 

27 PBCESSRJU3  5’-CCTCTTTTAATTCAAACAAGAAATC 

3’-TTCGGACAATGGCAGTGATA 

56 A 8 

28 PBCESSRJU5  5’-GGCACGTACATGGAGGATTC  

3’-TGTTGGTCGAGCTGTTTCAG 

56 C 7 

29 PBCESSRJU6  5’-TCTCTCACCTGCCTTGTCT  

3’-ACTCCTCGGTAATGCCTC 

56 Unknown Unknown 

30 PBCESSRJU7  5’-TACCACTCCCTAACCGCA  

3’-ATCACCTTGAGAGCGAAG 

56 Unknown Unknown 

31 PBCESSRJU9  5’-CCCTACCGCTGGCTAGACTT  

3’-GCATCATGACCAACTATCAACC 

56 C 3 

32 PBCESSRJU11  5’-CGGTGTTAAAAGGGTTATTTC  

3’-ATCTCCAATCAAAAAGCAAAC 

56 Unknown Unknown 

33 PBCESSRJU12  5’-AAGCTCAGATCGTTTGCG  

3’-AGATGAATGTGAAATAGGGGT 

56 C 9 

34 PBCESSRJU13  5’-TTGCTTTGACTGAGCCTG  

3’-CCATTCATGGAGCCTGTAG 

56 Unknown Unknown 

35 PBCESSRJU14  5’-GCGAAGCAGTCTGAAACC  

3’-GCGAATCCGGTGAGAAAC 

56 Unknown Unknown 

36 PBCESSRJU15  5’-GGATCTCATGTTCACTGCTG  

3’-TGATTACATACCAAATATGAG 

56 A 3 

37 PBCESSRJU16  5’-TCCTCACTTTCTTGGCATC  

3’-ACTGAAAAGACCACTACCACCA 

56 Unknown Unknown 

38 PBCESSRNA3  5’-ATCCCTTCTCACAGGTTTACT  

3’-GTCAAGTTTCTCTCCACACC 

56 Unknown Unknown 

39 PBCESSRNA6  5’-CTCGTCTTCTTCACCTACAAC  

3’-CTGACATCTTTCTCACCCAC 

56 Unknown Unknown 

40 PBCESSRNA8  5’-ACTGAGAGCAACAACAACAAC  

3’-GTAGAGACGGAACCCTGA 

56 C 7 

41 PBCESSRNA18  5’-TTAAAATGAAACCCACCCGA  56 A 10 
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3’-TGTTGGGCAACATCCATTTA 

42 PBCESSRNA26  5’-AAGAACGTGATCTCCATCGC  

3’-CGAGCTCCAAAGCAGATACC 

56 C 9 

43 PBCGSSRBo6  5’-TGAAGAGGAAGCACCAGACC  

3’-ATCCGAAACCAACACTCGTC 

56 Unknown Unknown 

44 PBCGSSRBo7  5’-TAGGCCCATGTTCTAGACGG  

3’-GAAGGTTCACGATCAAGGGA 

56 Unknown Unknown 

45 PBCGSSRBo21  5-AAGGAGGTTTGCGCTGTCTA  

3’-ACTTCACGTACCGCCTGTTC 

56 C 9 

46 Ra2A11  5-GACCTATTTTAATATGCTGTTTTACG  

3’-ACCTCACCGGAGAGAAATCC 

58 A 9 

47 Ra2E03  5-AGGTAGGCCCATCTCTCTCC  

3’-CCAAAACTTGCTCAAAACCC 

58 A 10 

48 Ra2F11  5-TGAAACTAGGGTTTCCAGCC  

3’-CTTCACCATGGTTTTGTCCC 

58 C 3 

49 Ra2G09  5-ACAGCAAGGATGTGTTGACG  

3’-GATGAGCCTCTGGTTCAAGC 

58 A 1 

50 Na10F06  5’-CTCTTCGGTTCGATCCTCG  

3’-TTTTTAACAGGAACGGTGGC 

57 A 3 

51 Na10G10  5-TGGAAACATTGGTGTTAAGGC  

3’-CATAGATTCCATCTCAAATCCG 

57 A 3 

52 Na10B08  5’-AGAGAAAAACACTTCCCGCC 

3’-GTGAGCTTTGCGAAACACG 

57 C 5 

53 sR94102  5’-ATCCCCAAACTACCCTCACC  

3’-AGGATGAGCAAAGGAAAGCA 

56 A 2 

54 sNRA85  5’-AATTCAGACCAATTAAGGCC  

3’-CCGAATTGGGCAAATTCAG 

56 Unknown Unknown 

55 sNRB35  5’-GCGCGGTTAACCAAATTGGC  

3’-CCGATAGACCTTGGAAGACTT 

56 A 3 

 

 


