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Abstract 

 

A genetic linkage map of mustard (Brassica juncea) was developed using two double haploid 

populations produced from crosses between a low erucic cultivar “ZEM1” and two moderate 

erucic acid lines “Vniimk351” and “Vniimk405” with the use of SSR and SRAP markers. The 

linkage map of the ZEM1xVniimk351 population included 13 linkage groups with an overall 

length of 791 cM with an average marker interval of 5.7 cM.  The linkage map of the 

ZEM1xVniimk405 population also contained 13 linkage groups with a distance of 623 cM and 

an average marker interval of 4.6 cM.   Using the linkage maps for the two populations, QTLs 

were detected for seed oil, protein and fatty acids.   QTL analysis for fatty acids indentified 

QTLs on LG1, 7 and 12 for the ZEM1xVniimk351 population and LG1, 3 and 4 for the 

ZEM1xVniimk405 population.  Analysis for the seed oil and protein content in the 

ZEM1xVniimk351 population identified 2 QTLs on LG1 and LG4 and 1 QTL on LG1 

respectively.  The QTL analysis ZEM1xVniimk405 of oil and protein content identified 1 QTL 

for oil and protein on LG1.  The variation of fatty acids was shown to be the result of monogenic 

inheritance of the FAE1 gene in both populations. 
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1.0 Introduction 

Brassica production in Western Canada is a significant part of farm gate sale for producer.  

Brassica napus production accounted for 7.5 million hectares of the cultivated land in Canada 

and is responsible for contributing $15.4 billion to the Canadian economy (Canola Council of 

Canada, 2011).  The demand for canola oil has increased steadily over the years due to the 

beneficial characteristics of the oil.  Recently there has been an increase in the requirement of the 

use of biodiesel as a supplement to the fossil fuel derived conventional diesel.  This growing 

demand for biodiesel as an alternative to fossil fuels results in a growing demand for oilseed 

production in Canada (Canola Council of Canada, 2007). 

The growing demand for Canola oil has initiated the investigation of options to increase the 

Canola production in Western Canada. The increase of production in Canada is limited to the 

amount of land that is suitable for B. napus production and the yield potential of the current 

hybrid cultivar.  As the demand is growing greater other strategies for increasing oil production 

are being studied.  Some options include 1) increasing the yield of conventionally grown canola 

(B. napus and B. rapa); 2) increase of the oil content produced as a percentage of the seed and 3) 

production of other Brassica species such as B. juncea which can be grown in marginal or 

uncultivated cropping regions.   

The accumulation of fatty acids in Brassica seeds is a complicated process controlled by an 

undetermined number of genes. As with other complicated traits such yield and maturity, oil 

content is quantitatively inherited and improvement through conventional breeding requires 

intense selection for the improvement of the trait.  The ability to use molecular breeding 

techniques to identify quantitative trait loci (QTL) for the increase of oil content and the 
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selection of oil quality characteristic would allow for the selection of desired genotypes for the 

improvement of these traits.  The identification of QTL would allow for an increase in the 

efficiency of breeding programs for the improvement of these traits. 

Brassica juncea offers an opportunity for the increase in oilseed production in Western Canada. 

Brassica juncea is grown world wide as an oilseed and for condiment mustard production.  B. 

juncea has shown greater heat and drought tolerance than is observed in Brassica napus and has 

similar oil content and oil profile to B. napus.  These characteristics make B. juncea a candidate 

to increase oilseed production by introducing oilseed production in regions of Canada where 

Canola production has been limited.  

1.1 Research objectives 

The long term goal of Brassica juncea research is the improvement of seed oil content and to 

improve the fatty acid profile to be similar to that of current B. napus cultivars.  This study was 

completed to improve the knowledge in B. juncea for improving the economically significant 

traits of seed oil and protein content and the fatty acid profile.  The studies involved the two 

steps: 

1. Development of linkage map using SSR and SRAP molecular markers. 

2. QTL analysis of two DH populations for oil and protein content and fatty acid profile. 

The use of molecular breeding using linkage maps and QTL can be used to accelerate the 

breeding efforts for the future improvement of these traits to meet this demand in the future. 
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2.0 Literature review  

2.1 History of Brassica juncea cultivation 

Brassica juncea is one of the earliest cultivated species of the Brassica family in agricultural 

history.   It was described in Sumerian and Sanskrit text dating back to 3000 BC (Hemingway, 

1995) as a commonly grown condiment. It is suggested (Gomez-Campo, 1999) that China and 

the Middle East most likely were the center of origin for B. juncea. In general, cultivation of   

Brassica as an oilseed crop dates back to 2000 BC in India (Pradash, 1980).   In Europe 

cultivation of Brassica became more prominent in the 13th century where the seed oil was 

primarily use as lamp oil (Snowdon et al., 2007).  The cultivation and production of Brassica 

also known as rapeseed was introduced in Canada during 1942 as a source of lubricant for war 

ships in World War II (Downey, 1989).  

2.2 Biology of Brassica species 

The cultivated oilseed Brassica family consists of three diploid species and where polyploidy 

species resulted from natural hybridization among the diploid species. The relationship among 

the six Brassica species is commonly described as Triangle of U (U, 1935) as shown in Figure 

2.1. The B. juncea emerged (Axelsson et al., 2000) with the spontaneous hybridization between 

Brassica rapa (“AA” genome) and Brassica nigra (“BB” genome).  Therefore, B. juncea can be 

considered as an amphidiploid species containing of two complete genomes (AABB).  The B. 

napus is also an amphidiploids species (“AACC”) sharing the “A” genome from B. rapa and 

containing the “C” genome from Brassica oleracea. The development of synthetic B. napus and 

B. juncea further supports the 3 genome model of Brassica crop species (Becker et al., 1995; 

Bhat and Sarla, 2004; Song et al., 1995; Srivastava et al., 2001) 
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Triangle of U 

 

Figure 2.1: Representation of the genome organization between the Brassica sp.  This shows the genome 
relationship between the amphidiploid species within the Brassica sp. (Adapted from the Wikimedia Commons 
file "Image:Triangle of U.png" http://en.wikipedia. org/w/index.php?title=File%3ATriangle_of_U_Simple1.PNG) 

Studies of the common origins of the Brassica species have revealed that there is significant 

homology between the “A”, “B” and “C” genomes. There is evidence that B. rapa and B. 

oleracea come from a similar linage whereas B. nigra originated differently (Warwick and 

Black, 1991). Further studies of the homologous regions within Brassica species suggest that 

“A”, “B” and “C” genomes originated from ancestral species containing 6 (n=6) chromosomes 

(Truco et al., 1996). Mapping studies of the homology of Arabidopsis and Brassica napus 

genome displayed a number of homologous regions between the two species (Parkin et al., 

2005).  In addition to the homology observed with between Arabidopsis and B. napus, 

similarities have been observed in the B. nigra and B. juncea genomes with respect to 

Arabidopsis (Lagercrantz, 1998; Panjabi et al., 2008b).   

There are similarities in the plant architecture of the Brassica species (Rakow and Woods., 

1987). Both B. juncea and B. napus initiate growth in a rosette from which a vertical stem 
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elongates containing the racemous floral structure.  Both species display showy yellow flower 

consisting of four petals and four alternating sepals.  The stigma is receptive for approximately 3 

days prior and after flower opening and this contributes to the high rate of self fertilization within 

each of the species.  The ovary of both species consists of two carpals that develop into an 

elongated bivalent silique prior to fertilization. 

The production of B. napus occurs in mild climates of Europe and Asia as a winter annual 

whereas spring annuals are more predominantly grown in the more moderate regions such as 

Northern Europe, Australia and Canada.  In contrast production of (B. juncea) for mustard oil as 

annual crop is dominated in drier regions of Southern Asian continent and Australia (Edwards et 

al., 2007).  Brassica juncea has a greater tolerance for heat and drought conditions and the 

mature siliques are less prone to shattering, reducing yield losses, making it well adapted for 

cultivation in these environments (Hemingway, 1995).   

2.3 Rapeseed oil profile and development 

The oil content of the seed is of significant value in Brassica oilseeds.  Mature seeds contain 

approximately 40% oil with triglycerides making up close to 90% of the oil in the seed 

(Uppstrom, 1995).  The oil profile has a high concentration of monounsaturated fatty acids and a 

low level of saturated fats (Uppstrom, 1995).  It has been shown that monounsaturated fatty acids 

decrease the low density lipoprotein (LDL) cholesterol which is the major contributor to 

coronary heart disease (Lecerf, 2009).  The byproduct of the oil extraction process produces a 

meal which has protein levels between 20-30% of the seed weight. The meal has significant 

commercial value and marketed as a supplement in animal feed. 
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Erucic acid is a significant component to the fatty acid profile of Brassica, with levels as high as 

40% to 50% observed in high erucic lines (Edwards et al., 2007; Snowdon et al., 2007).  Erucic 

acid produces a bitter taste to the oil and has been shown to have adverse health effects. Studies 

with rats have shown that the increased consumption of oils high in erucic acid resulted in 

increases in occurrence of cardiovascular disease (Beare, 1963; Gopalan, 1974; Hulan, 1977).  

The identification of germplasm with a zero erucic acid level (>2% of oil profile) in B. napus 

was identified in the late 1960 due to increased advances in high throughput screening of fatty 

acid profiles using gas chromatography (Downey and Harvey, 1963).  A similar discovery in B. 

juncea identified two zero erucic acid mustard cultivars (ZEM1 and ZEM2) in 1991(Kirk and 

Oram, 1981). These lines were made openly available to breeders around the world. 

 Brassica species have naturally high levels of glucosinolates which produce the sharp flavours 

in the end products such as meal for animal feed.  Glucosinolates are found in the meal 

byproducts of the oil extraction process which have anti-nutritional characteristics which reduce 

the palatability of the meal and the release of toxic by-products in the digestion of monogastrics 

which inhibits the use of the meal in animal feed (Bell, 1982; Bille et al., 1983). High levels of 

glucosinolates reduce the ability to market the feed meal as a supplement in animal feed rations. 

The first low glucosinolate B. napus lines were identified in a Polish spring rape Bronowski in 

1968 (Kondra and Stefansson, 1970) which was later shown to have recessive alleles at three loci 

contributing to the low aliphatic glucosinolate (>3 mg/g seed) level.  This led to the development 

of  the first double low spring rapeseed cultivar ‘Tower’ with zero erucic acid and low 

glucosinolate levels in 1974 (Stefansson and Kondra, 1975) .  This “double low” rapeseed was 

given the name Canadian oil l ow acid (Canola) which helped develop the edible oil market in 
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Canada.  Canola has now become the most economically significant crop grown in the western 

Canadian prairies.  

The first low glucosinolate mustard (B. juncea) line was identified in 1990 allowing for the 

development of double low or Canola quality mustard oil (Love et al., 1991). This line was 

stable for low glucosinolate levels but was later shown to be nullisomic (2n=34) (Cheng et al., 

2001).  Ongoing breeding efforts in Australia and Canada resulted in reduce glucosinolate levels 

to develop Canola quality breeding material of B. juncea (Burton et al., 2003). This allowed for 

the production of Canola quality mustard oilseeds in regions where B. napus production was 

limited due to environmental factors such as reduced rainfall and high temperatures.  In Canada 

the first double low B. juncea cultivars, Arid and Amulet, were released in 2002.  In Australia 

there is active breeding for canola quality B. juncea to improve the agronomic characteristics of 

the crop (Burton et al., 2008). 

2.4 Brassica production 

2.4.1 Economic significant of Brassica oilseed production 

Rapeseed oil production made up 13.6% of the total oilseed production in the world in 2010 

second to soybean production which made up approximately 59% of overall production (FAO, 

2010).  Demand for canola rapeseed oil in Canada has grown from 3.8 million tonnes in 2000 to 

7.3 million tonnes in 2010 fueled mainly by increased exports to Japan, China, Mexico and the 

United Arab Emirates (AAFC, 2010). Canada is the second largest Canola/Rapeseed producing 

country contributing 18.4% of the world’s production in 2010 (AAFC, 2010).  Canola acres have 

increased from 3.7 million acres in 2001 to 6.8 million ha in 2010 as the demand has increased 
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(StatCan, 2011).  Canadian oilseed production added $15.4 billion to the Canadian GDP in 2010 

making it a significant part of western Canadian economy (Canola Council of Canada, 2011). 

 Alternative uses for oilseeds as feedstock for fuel production thus reducing the reliance on 

nonrenewable fossil fuels, have resulted in an increase in demand for seed oil production. Canola 

oil can be used as a high quality source of oil for biodiesel production.  The Canadian 

government has put forward a mandate that will requires a minimum 5% biodiesel blend by 2015 

with a 2% biodiesel blend implemented by 2012 (Canola Council of Canada, 2007).  The 5% 

biodiesel blend demands 1.5 billion litres of biodiesel which will require an increase of 2.9 

million tonnes in oilseed production per year to meet current export and food uses (Canola 

Council of Canada, 2007).  

2.4.2 Brassica juncea production  

Brassica juncea cultivation in Western Canada is primarily for the purpose of condiment 

mustard production (oriental and brown mustard), and it goes along with the production of 

Sinapsis alba L. another species which produces the common yellow mustard (Skrypetz, 2003).  

Canada is the largest exporter and second largest producer of condiment mustard seed in the 

world, exporting nearly half of the global supply (AAFC, 2009).  The production fluctuates 

between B. juncea and Sinapsis alba depending on the market price but B. juncea production 

typically makes up half of all mustard production in western Canada (Skrypetz, 2003).  Mustard 

(B. juncea) production in 2009 totaled 515 thousand hectares in western Canada, with the 

majority of production located in Saskatchewan (Saskatchwan Agriculture, 2011). Oilseed 

mustard production in Canada is not significant as it competes directly with current canola 

production.  B. napus cultivars have greater yield potential and agronomic performance than 

current oilseed mustard varieties due to increased breeding efforts.   
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B. juncea is a significant proportion of the overall oilseed production in India, Bangladesh and 

Pakistan. However, production data from these countries does not separate rapeseed production 

from mustard oil production (Edwards et al., 2007).  Due to the drier conditions and cultural 

harvesting practices in India, B. juncea generally makes up 80% of the oilseed production 

(Edwards et al., 2007).  Oilseed mustard production in Australia occurs in the drier regions of the 

country where B. napus production is limited (Burton et al., 2003).  Similarly oilseed mustard 

production has been successfully introduced into semi-arid regions of western Canada where 

rapeseed production is limited. 

2.5 Breeding objectives in Brassica 

Breeding in Brassica has been used to improve agronomic and seed quality traits in the 

development of commercial cultivars.  The manipulation of fatty acids in oilseed Brassica has 

been the focus of breeding efforts in rapeseed since the early 1950’s with the goal of improving 

the oil profile (Uppstrom, 1995).   This initiated the identification of germplasm producing seed 

oil with low erucic acid and reduced alpha glucosinolate levels to develop the first double low 

rapeseed varieties (Stefansson and Kondra, 1975).  Further breeding efforts in Brassica napus 

were focused on the modification of oil quality in canola quality rapeseed.  This included the 

reduction of linolenic acid which reduces shelf life of oil due to oxidation, and lead to unwanted 

flavours (Uppstrom, 1995).  Linolenic acid made up between 8-12% of the oil profile of 

conventional canola lines.  The identification of mutants producing lower linolenic levels 

reduced seed concentrations to less than 3% of the overall oil content (Scarth et al., 1988).  

Manipulation of the linolenic acid levels in B. napus has helped the development of designer oils 

for industrial purposes.  Low linolenic acid levels have been shown to increase the stability of 

the oil under heat and reduce the oxidation (Warner et al., 1994). Mid oleic oil is currently 
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marketed in the food industry where the oleic acid content is 67-75% of the oil profile.  High 

oleic acid (>75%) is targeted for blending with other oils to increase oleic acid content or for 

industrial frying purposes (Scarth and McVetty, 1999).   

The increased demand for vegetable oil will require greater production of oilseeds in Canada.  

This can be achieved by increasing the overall hectares devoted to oilseed production, increasing 

seed yield or increasing total seed oil.  Focus on Brassica juncea has been on the condiment 

mustard production however there is promise that oilseed mustard can contribute to increase in 

overall production and help increase oil production within western Canada (Woods et al., 1991). 

The identification of genetic sources of low erucic and low glucosinolate mustard lines has 

allowed for the development of canola quality B. juncea cultivars (Kirk and Oram, 1981; Love et 

al., 1991).  Currently much of the breeding efforts for canola quality mustard oil have been 

focused in India and Australia where mustard oil production has already been established.  B. 

juncea breeding in Canada has produced canola quality mustard cultivars including Arid and 

Amulet released in 2002.  This has allowed for canola oil production within regions that 

currently cannot sustain B. napus cultivation This includes the drier regions of the Canadian 

prairies (Woods et al., 1991) and  has shown promise in similar regions of Australia (Burton et 

al., 2003). 

2.6 Fatty acid biosynthesis 

2.6.1 Fatty acid biosynthesis and storage in Brassica 

The process of fatty acid (FA) biosynthesis in plants has been studied extensively.  FA 

accumulation has been shown to be initiated in the chloroplast of leaves and protoplast of 

developing seeds (Baud et al., 2008; Ohlrogge and Browse, 1995).  The synthesis of methyl-CoA 
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by the carboxylation of acetyl-CoA provides the base from which the fatty acid chain is 

elongated.  Acetyl groups are added to the fatty acid chain to elongate the fatty acid to palmitic 

acid C16:0 (Konishi et al.,1996).  Palmitic acid undergoes further elongation and desaturation to 

produce stearic acid and oleic acid through the enzymatic action of Ketoacyl-ACP synthase 

(KAS) and stearoyl-ACP desaturase respectively (Ohlrogge and Jaworski, 1997; Pidkowich et 

al., 2007).  These end products are exported to the cytoplasm where further modifications of the 

fatty acids are completed.  This includes the further desaturation of oleic acid to produce linoleic 

and linolenic acid by the fatty acid desaturase enzymes FAD2 and FAD3 respectively (Ohlrogge 

and Browse, 1995).  
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Figure 2.2: Overview of the pathway for the synthesis of fatty acids in the plasmid of the plant cell.  Pyruvate 
produced during glycolysis becomes the substrate for Acetyl-CoA which is used in the formation of fatty acids.  
Acetyl CoA is converted to Malonyl-CoA by the enzyme ACCase.  Malonyl-CoA is transformed into Malonyl-ACP 
by Malonyl-CoA ACPase.  Acetyl CoA and Malonyl-ACP are elongated to produce 4:0-ACP by the enzyme 
KASIII.  The carbon chain undergoes multiple elongation reactions using the enzyme KASI enzyme which adds two 
carbon chains to the molecule.  This reaction is repeated to produce 16:0-ACP.  A final elongation of 16:0-ACP is 
completed with KASII to produce 18:0-ACP.  Further manipulation of the 18:0-ACP is desataturated to produce 
18:1-ACP with the enzyme Stearoyl-ACP Desaturase.  The elongated carbon chains are converted into fatty acid 
chains 16:0-CoA, 18:0-CoA and 18:1-CoA with the enzyme ACCsynthase and can then be transported into the 
cytoplasm.  Adapted from Baud et al. (2008), Weselake et al. (2009) and Li-Beisson et al. (2010). 
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Figure 2.3: Simplified scheme of fatty acid elongation and fatty acid desaturation of 18:1 fatty acids 
produced in plastids.  These fatty acids are elongated with the enzyme FAE to produce 20:1 and 20:2 fatty 
acid chains.  Desaturation to produce 18:2 is catalyzed with the desaturase enzyme FAD2 and further 
desaturation to produce 18:3 is completed with FAD3. Adapted from Baud et al. (2008)      

 

Fatty acids are stored in the plant cell as triacylglycerol (TAG) structure which contains 3 fatty 

acid chains that are bound to a glycerol backbone (Stymne and Stobart, 1993).  The structure is 

synthesized in the endoplasmic reticulum where the fatty acids are bound to a glycerol-3-

phosphate (Gly-3-P) molecule.  The TAGs produced are stored in oil bodies within a single 

phospholipid layer. These bodies are developed in the ER however the precise method is not 

fully understood.  It has been suggested that the TAG accumulate in the ER where they are 
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budded off surrounded by a mono-phospholipid layer that is thought to be derived from the ER 

phospholipid bilayer (Robenek et al., 2006).  These bodies are released into the cytosol where, 

during seed maturation, the water content of the cells decrease and result in the oil bodies 

converging together bound by oleosins which bind the oil bodies together during cytoplasmic 

compression (Murphy and Vance, 1999). 

 

Figure 2.4: Simplified diagram of triacylglycerol synthesis in plant cells.  Fatty acids synthesized in 
plasmids and modified in the cytoplasm are transported to the endoplasmic reticulum.  Hydroxyacetone 
phosphate (DHAP) originating in the cytoplasm is converted into the glycerol backbone for 
triacylglycerol molecule with the enzyme glycerol-3-phosphate dehydrogenase.  Kennedy pathway 
catalyzes the reactions which binds Acyl-CoA molecules to the Gly-3-P molecule to produce 
triacylglycerol molecule. Adapted from Baud (2008). 
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2.6.2 Genetic control of erucic acid accumulation 

Erucic acid (C22:1) is one on the products of very long fatty acid chain production in the 

endoplasmic reticulum.  Early studies in Arabidopsis identified FAE1 as being responsible for 

the accumulation of C20:1 and C22:1fatty acids (James et al., 1995).  In B. juncea a study 

identified FAE candidate genes similar to those found in B. napus to control the expression of 

erucic acid (Gupta et al., 2004).  The FAE1.1 and FAE1.2 loci were mapped to linkage groups 

LG3 and LG17 respectively.  Similar to B. napus the two loci are located on each of the diploid 

genomes AA and BB and control erucic acid in an additive manner.  Analysis of low erucic and 

high erucic lines in B. juncea uncovered 4 SNP in FAE1.1 and 3 SNP in FAE1.2 that contribute 

to the variation between high and low erucic acid (Gupta et al., 2004).   

The identification of the genes contributing to erucic acid accumulation has determined that the 

trait is controlled by 2 loci that contribute additively to the overall expression of erucic acid in 

the seed.  The loci of that control erucic acid have been identified as E1 on the A genome and E2 

on the B and C genome for both B. napus and B. juncea.  High erucic acid lines having erucic 

acid in the seed greater than 40% are homozygous dominant for all 4 alleles (E1E1E2E2).  

Conversely low erucic (>2%) are homozygous recessive for all four alleles (e1e1e2e2) (Barret et 

al., 1998; Gupta et al., 2004; Rahman et al., 2008).  There are intermediate levels of erucic acid 

which are determined by the relative contribution of dominant and recessive alleles. 

2.7 Genetic studies in Brassica 

2.7.1 Molecular biology techniques for genetic studies 

The detection and manipulation of genetic polymorphisms has played a key role in breeding for 

economically important crop traits. For decades plant breeders has used polymorphism for 



16 
 

morphological traits as markers to trace the desired traits by their linkage with detectable 

morphological traits or markers. However, the rapid development in the field of molecular 

biology has given plant breeders the power to use molecular markers (protein, DNA) for 

manipulation of crop traits.   Restriction fragment length polymorphisms (RFLP) were the first 

DNA- probe based genetic markers widely used to identify polymorphisms.  RFLPs had a high 

rate of reproducibility allowing them to be used to develop some of the first molecular linkage 

maps.  Additionally RFLPs produced co-dominant markers allowing for the identification of 

heterozygote genotypes. RFLPs however are very labour intensive, required some sequence 

knowledge to develop probes and required large amounts of high quality DNA for analysis.  This 

limited the ability for RFLPs to be used in high throughput screening.   

With the development of polymerase chain reaction (PCR) new marker techniques were 

developed which overcame the issue of sequence knowledge required by RFLPs. Random 

amplified polymorphism (RAPD) and amplified fragment length polymorphism (AFLP) were 

two of the first marker types developed using PCR technology to screen for polymorphisms.  

RAPD markers used a randomly developed oligonucliotide primer to amplify random fragments 

within the genome.  These markers were highly effective in identifying polymorphisms but due 

to the random binding of the single primer reproducibility was inconsistent.  This restricts the use 

of RAPD for marker assisted selection. AFLP were utilized to produce molecular linkage maps 

due to the high number of polymorphisms identified however this method required a number of 

steps to complete which reduced efficiency. Both RAPD and AFLP produced dominant markers 

which do not allow for the identification of heterozygote genotypes from homozygous dominant 

genotypes restricting the populations that could be analyzed. Other marker techniques that have 
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been developed that do not require sequence knowledge include sequence related amplified 

polymorphism (SRAP), and inter-simple sequence repeats (ISSR) markers. 

Marker technology has improved  to develop a number of other marker systems which require 

some sequence knowledge such as single nucleotide polymorphism (SNP) (Gupta et al., 2004), 

simple sequence repeats (SSR) (Uzunova and Ecke, 1999), sequence tagged site (STS) (Panjabi 

et al., 2008b) and sequence characterized amplified region (SCAR) markers (Rahman et al., 

2007).  These markers are more difficult to develop but produce more reproducible results due to 

the specificity of the primers that are developed. 

2.7.2 SSR markers 

Simple sequence repeat (SSR) markers identify difference in microsatellite regions within the 

genome.  Microsatellites are regions of tandem repeats of di, tri and tetra nucleotide regions that 

occur repeatedly throughout the genome (Hamada et al., 1982; Vergnaud et al., 1991).  These 

regions are non-coding and have been shown to occur frequently throughout the genomes in 

plants and animals (Innan et al., 1997; Morgante and Olivieri, 1993; Tautz, 1994; Weber and 

Wong, 1993).  Their function has not been clearly identified however variation in canine species 

and diseases in humans have been linked to microsatellite regions (Fondon and Garner, 2004; 

Pearson et al., 2005).  Microsatellites are the result of replication slippage during meiosis which 

causes mismatches between the DNA strands (Tautz, 1994). SSR are identified by probing BAC 

libraries (Lowe et al., 2004) or sequence data (Tang et al., 2008) to identify the microsatellite 

regions in DNA.  Unique oligonucliotide primers are designed flanking the tandem repeats and 

PCR is used to amplify this region.  Polymorphisms between the genotypes are reflected by the 

number of repeats that occur within the tandem repeat region. These are identified as DNA band 

size differences of the PCR products which can be as small as 2 base pairs (bp).  The small 
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differences in band size requires a high fidelity method of visualizing the band such as 

polyacrylamide gels (Morin and Smith, 1995) or tagged florescence capillary fragments analysis 

using instruments such as Applied Biosystems ABI PRISM® 3100 Genetic Analyzer (Oetting et 

al., 1995). 

2.7.3 SRAP markers 

Sequence related amplified polymorphisms (SRAP) are markers which have been used to 

identify high rates of polymorphism with no sequence information available.  The method uses 

two primers which have a specific motif.  The forward primer is 18 bp long consisting of an 11 

bp region of which the sequence of no specific consequence (Li and Quiros, 2001). This region is 

followed by an AATT region which is then followed by a random trinucleotide.  The reverse 

primer follows a similar structure to the forward primer however it is 17 bp long with a 10bp 

region followed by GGCC and another random trinucleotide region.  It has been identified that 

coding regions of genes in plants have a higher proportion of A and T and a high proportion of C 

and G nucleotides in the exon regions (Lin et al., 1999).  This favors the forward primer to 

anneal in coding regions of the genome and the reverse primer to favor annealing to non-coding 

region.  Initial studies showed a high proportion of markers that are amplifying in regions with a 

high concentration of coding genes (Li and Quiros, 2001).  Initial five cycles of the PCR have a 

lower annealing temperature which will allow for nonspecific binding of the primers.  The 

annealing temp is then raised for the remainder of the cycles to amplify specific regions 

amplified in the first five cycles.  

2.7.4 Genetic Maps using Molecular Markers 

Molecular markers have been used to produce genetic maps that represent the genome based on 

the recombination frequency of the polymorphic markers within a mapping population.  A large 
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number of genetic maps have been developed for oilseed rape and mustard using F2:F3, 

recombinant inbred, backcross and double haploid populations (Table 2.2).  Polymorphism 

identified between the parents using molecular markers are indications of genetic variation found 

within the genome. These maps can be used to locate the loci influencing or controlling the 

quantitative traits such as yield, seed quality, and disease resistance by the association of such 

quantitative trait loci (QTL) with molecular markers placed on a genetic linkage map.  Early 

genetic maps were constructed using primarily RFLP markers however more recently maps have 

been published using SSR, SRAP, STS, AFLP, SCAR and RAPD PCR based markers (Edwards 

et al., 2007; Snowdon et al., 2007).   

2.7.5 Computer software for developing genetic maps 

To develop high density linkage or genetic maps, computer programs are used to compute the 

distance among the markers and determine the order in which they are placed on genetic maps.  

Mapmaker was one of the first widely used programs used to develop high density linkage maps 

which operated on a MSDOS platform (Lincoln, 1993).  This program required a greater 

understanding of programming and was time consuming to develop maps with a greater number 

of markers without previous linked markers identified.  JoinMap is a Windows based program 

which identified linkage groups based on the logarithm of odds (LOD) to identify linkage groups 

(Van Ooijen, 2001).  This overcomes the need to identify anchored markers in the development 

of high density linkage maps. 

2.7.6 Molecular mapping in Brassica 

Linkage maps have been developed using RAPD, RFLP and AFLP markers for both B. napus 

(Cheung et al., 1997a; Ferreira et al., 1994; Foisset et al., 1996; Landry et al., 1991; Lombard 

and Delourme, 2001; Sharpe et al., 1995; Uzunova et al., 1995) and B. juncea (Aggarwal et al., 
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2003; Cheung et al., 1997b; Lionneton et al., 2002; Mahmood et al., 2003; Sharma et al., 2002a).  

More recently, maps using SSR markers have been developed in B. napus (Cheng et al., 2009; 

Lowe et al., 2004; Piquemal et al., 2005; Uzunova and Ecke, 1999) and B. juncea (Ramchiary et 

al., 2007b).  Mapping in B. juncea was completed using markers developed from EST sequences 

of Arabidopsis to develop oligonucliotide primers (Panjabi et al., 2008a).  These primers were 

designed to identify polymorphism within intron regions of single copy genes which were used 

to develop a linkage map of the B. juncea genome.  SNP and STS markers have been used in the 

development of linkage maps of B. napus (Qiu et al., 2006; Suwabe et al., 2008). A public source 

(www.Brassica.info) of SSR markers have been made available (Agarwal et al., 2008).  These 

markers have been contributed from a number of sources and made available for public use in 

Brassica genomic studies. 
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Table 2.1: Overview of the linkage maps and marker technologies developed in amphidiploids species of Brassica. 

Species Markers used Map 

length 

Number of 

Linkage groups 

Reference 

B. juncea RFLP 173.9 cM 6 Sharma et al., 1994 
B. juncea RFLP 243.3 cM 9 Upadhyay et al., 1996 
B. juncea RFLP 2073 cM 18 Cheung et al., 1997a 
B. juncea RFLP 1266 cM 18 Axelsson et al., 2000 
B. juncea RAPD 790.4 cM 21 Sharma et al., 2002a 
B. juncea AFLP, RAPD 1641 cM 18 Lionneton et al., 2002 
B. juncea RFLP 1564 cM 18 Mahmood et al., 2003 
B. juncea AFLP, RFLP 1629 cM 18 

Pradhan et al., 2003 
B. juncea RFLP, AFLP, SSR 1840 cM 18 Ramchiary et al., 2007b 
B. juncea STS 1922 cM 18 Panjabi et al., 2008b 
B. napus AFLP, RAPD, RFLP, 

SSR, SCAR 

1574 cM 19 

Lombard and Delourme, 2001 
B. napus AFLP, RAPD, RFLP, 

SCAR, SSR 

2023 cM 19 

Delourme et al., 2006 
B. napus RFLP, RAPD, SSR 1441 cM 19 Uzunova et al., 1995 
B. napus RFLP 1016 cM 22 

Ferreira et al., 1994 
B. napus RFLP 1656 cM 19 Sharpe et al., 1995 
B. napus SSR, SCAR 2619 cM 19 

Piquemal et al., 2005 
B. napus RFLP 1238 cM 18 Howell et al., 1996 
B. napus RFLP, AFLP, SNP, SSR 2031 cM 19 Cryer et al., 2005 
B. napus RFLP, AFLP, RAPD, 

SNP, SSR 

1792 cM 19 

Suwabe et al., 2008 
B. napus AFLP, RFLP, SSR, STS 1685 cM 19 Qiu et al., 2006 
B. napus RFLP 1968 cM 19 

Parkin et al., 2005 
B. napus SSR 1957 cM 19 Lowe et al., 2004 
B. napus RFLP 1656 cM 19 Parkin et al., 1995 
B. napus AFLP, RAPD, RFLP,  

SSR 

1912 cM 19 

Lombard and Delourme, 2001 
B. napus AFLP, RAPD, RFLP,  

SSR 

2023 cM 19 

Lombard and Delourme, 2001 
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2.8 QTL analysis in Brassica 

2.8.1 QTL analysis 

The identification of QTL based on a linkage map requires the analysis of the genotypic and 

phenotypic variation within the population that is being studied.  Phenotypic data collected from 

field trials is used to determine if there is a significant correlation between the genetic region 

determined by the marker segregation and the variation observed within the quantitative trait. 

Multiple techniques have been developed to predict these regions and to minimize statistical 

errors in the identification of QTL and their description follows. 

2.8.2 Single marker analysis 

Single marker analysis is the simplest method of detecting a QTL.  Statistical analysis such as 

Analysis Of Variance (ANOVA), t-test or linear regression can be used to determine the 

segregation of quantitative trait with the single marker. Linear regression is commonly used for 

single marker analysis as the coefficient of determination (R2) can be used to determine 

phenotypic variation that can be explained by the marker. There are however a number of 

downfalls to the use of single marker analysis for the identification of QTL.  The further the 

marker is away from the actual QTL reduces the ability to identify the correlation between the 

marker and the QTL. This is due to recombination that can occur between the marker and the 

QTL which effects the R2 estimation of the overall effects of the QTL. This can result in the miss 

calculation of the QTL, resulting in the underestimation of the overall effect (Tanksley, 1993).  

This can be overcome by using a larger number of markers covering the entire genome 

(Tanksley, 1993).  
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2.8.3 Interval mapping 

Simple interval mapping (SIM) was developed to identify QTL by regression analysis of 

adjacent markers along the linkage map.  This uses a linkage map covering the whole genome as 

the basis of the analysis tests for QTLs located in the intervals between markers on identified 

linkage groups.  This overcomes the limitations of single marker analysis by providing a larger 

number of markers that covers the whole genome. This reduces the effects of recombination of 

the marker and the QTL which results in a more effective estimation of the overall effect of the 

QTL on the trait making it a more powerful tool for marker assisted selection (Lander and 

Botstein, 1989; Liu, 1998). 

2.8.4 Composite Interval mapping 

To overcome the limitation of interval mapping composite interval mapping (CIM) was 

developed.  Using SIM analysis to identify QTL results in bias based on the markers due to their 

position on the linkage map and is effected by other QTL located on the same linkage group 

(Jansen, 1993; Zeng, 1993).  CIM overcomes this by combining SIM with linear regression in 

addition to the incorporation of additional markers in a statistical model (Jansen, 1993; Jansen, 

1994; Zeng, 1993; Zeng, 1994).  This method allows for more accurate identification of QTL and 

compared to the other methods described.   

2.9 Tools for QTL analysis 

2.9.1 Software for identification of QTL 

The identification of QTL requires the correlation of phenotypic data with the inheritance of 

genetic regions within a segregating population.  Single marker analysis of a population can be 

completed using ANOVA, t-test or linear regression to identify the significant correlation 
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between single marker and the trait(s) being studied.  This analysis can be completed using 

simple statistical software to identify QTL.  QTL analysis using SIM can be completed using the 

software programs Mapmaker/QTL (Lincoln, 1993) and QGene (Nelson, 1997).  Programs such 

as Win QTL Cartographer (Basten et al., 2001) and MapQTL (Van Ooien et al., 2002) use CIM 

to identify QTL. 

2.10 QTL in Brassica           

2.10.1 QTL analysis in Brassica 

The identification of significant QTL can be used as a tool to improve selection in breeding 

programs and the development of markers for marker assisted selection.  In oilseed rape (B. 

napus) there has been a significant amount of research in the area of QTL identification.  Studies 

to identify QTL in B. napus has been  completed in economically important traits such as, oil 

content (Burns et al., 2003; Delourme et al., 2006; Ecke et al., 1995; Qiu et al., 2006; Zhao et al., 

2005), fatty acid composition (Barker et al., 2007; Burns et al., 2003; Ecke et al., 1995; Qiu et 

al., 2006; Rajcan et al., 1999; Zhao et al., 2008) and yield (Chen et al., 2007; Gul, 2003; Quijada 

et al., 2006; Udall et al., 2006; Zhao et al., 2006).  As the demands on oilseeds increase there has 

been more research for improvement in Brassica species.  In responses there has been a number 

of studies completed looking to identify QTL to help improve the efficiency of breeding of 

successful cultivars. 

2.10.2 QTL for oil content in B. juncea 

There are limited reports on QTL analysis for oil content in B. juncea.  Analysis of a B. juncea 

population comprising recombinant inbred lines (RIL) and characterized for RAPD markers 

identified three QTL for oil content, each accounting for approximately a 6% increase in oil 
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accumulation (Sharma et al., 1999).  In another study  (Lionneton et al., 2002), an AFLP based 

genetic map developed from 131 DH lines was used to identify two QTL for increases in oil 

content, which were located on linkage groups LG 11 and LG 18 accounting for 17.1% and 9.2% 

of the variation observed, respectively.  These traits had opposite effects with the QTL on LG 11 

corresponding to an increase in oil content whereas the QTL on LG 18 resulted in a decrease in 

oil content. Unlike other studies, no correlation between fatty acid QTL and oil content was 

observed (Mahmood et al., 2006b). A double haploid B. juncea population containing 112 lines 

were used to develop a RFLP linkage map consisting of 300 linked loci and the map was used to 

detect QTL for oil content.  The analysis identified six QTL for oil content accounting for 65.3% 

of the observed variation in oil content in the population. Using a DH population of B. juncea 

containing 123 lines a linkage map was developed a map using AFLP, RFLP and SSR markers 

(Ramchiary et al., 2007).  From this map seven QTL for oil content were identified on the A 

genome and showed strong correlation between oil content and erucic acid levels.  

2.10.3 QTL analysis for Fatty Acids in B. juncea 

Oil quality is a major focus for breeders in Brassica breeding.  In the development of canola 

quality B. juncea it is necessary to reduce erucic acid (22:1) levels.  Additionally there is a focus 

on developing specialty oils in Brassica including high oleic and high erucic acid lines for 

specific markets.  All of the breeding objectives can benefit from marker assisted selection as 

they would allow for selection of alleles that produce the desired oil profile prior to field 

screening. 

In B. juncea there has been a number of studies identifying QTL for the major fatty acids.  QTL 

analysis for fatty acid in a DH population of B. juncea identified 2 QTL for erucic acid 

(Mahmood et al., 2003). This was confirmed in another experiment looking at another DH 
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population of B. juncea (Lionneton et al., 2004).  In both of these studies there was a correlation 

between QTL identified for erucic acid and oleic, linoleic and linolenic acid levels.  This 

corresponds to another work (Gupta et al., 2004) that has identified 2 FAE1 genes shown to act 

additively in determining erucic acid levels in B. juncea.  From these studies the negative 

relationship between oleic and erucic acid levels was confirmed. This was reinforced in a study 

that modified the expression of the FAE and FatB genes through transformation with showed a 

decrease in erucic acid and an increase in oleic, linoleic and linolenic fatty acid levels (Sinha et 

al., 2007).  Studies to identify QTL for oleic acid have repeatedly identified 2 QTL which 

generally correspond to QTL identified in erucic acid (Lionneton et al., 2002; Lionneton et al., 

2004; Mahmood et al., 2003; Sharma et al., 2002a).  Similarly, common QTL are shared between 

oleic acid and linoleic and linolenic as oleic acid is the primary substrate for these fatty acids 

(Lionneton et al., 2002; Lionneton et al., 2004; Mahmood et al., 2003). 

2.10.4 Agronomic improvement of Brassica juncea 

The development of crop cultivars requires the improvement of agronomic traits such as maturity 

and seed yield.  The inheritance of these agronomic traits is complex because they are highly 

influenced by environmental factors which make the selection of such traits more difficult for 

selection.  This requires multi-location testing to account for variation due to environmental 

factors and then isolate the genetic factors involved in the performance of these traits.   

The genetic control of yield requires multiple genes responding to sink and sources signals as 

well as environmental effects that contribute to the overall yield of a crop. In B. juncea the 

investigation of QTL for yield contributing characteristics and overall yield was studied looking 

at a DH population containing 112 individuals (Mahmood et al., 2005b).  In this study 32 QTL 

for five yield components in B. juncea including number of siliques, seeds per silique, silique 
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length, test weight and silique weight  were identified (Ramchiary et al., 2007b). Further 

investigation analyzed overall yield related to yield characteristics including pods per plant, 

silique length and seeds per silique. It was revealed that there was no significant yield QTL that 

could be identified and used as reliable method of selecting high yield varieties (Mahmood et al., 

2005b).  

Days to maturity in B. juncea is another important factor used for the selection of cultivars.  QTL 

analysis for maturity in B. juncea has not been heavily studied as the phenotypic evaluation for 

this trait is routinely collected during the field testing.  The analysis of a DH B. juncea 

population identified two QTL tightly linked to maturity which also correlated with QTL 

identified for days to flower and end of flowering. This shows a strong correlation between 

flowering and the determination of maturity in B. juncea (Mahmood et al., 2006a).  

2.10.5 QTL for days to flower in B. juncea 

The genetic factors that contribute to the days to flowering are also a quantitatively inherited.  

Days to flowering, days to end of flowering and flowering period are all components that are 

related to the maturity of oilseed mustard lines.  These traits are easily measured by observations 

made during the field trial season and are used in the selection of cultivars.  The investigation of 

F2 Brassica sp. identified three QTL in the diploid species B. rapa, B. nigra and B. oleracea 

which corresponded to six QTL identified B. juncea suggesting a common ancestrally inherited 

loci that related to flowering time (Axelsson et al., 2001).  A study using a RFLP map developed 

from a DH B. juncea population showed a four times greater genetic advance by the use of 

phenotypic and genotypic evaluation of lines which could be a strong tool for breeders for 

increasing the efficiency of the breeding program (Mahmood et al., 2006a). Another study 
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identified three QTL for days to flower which also showed a significant negative correlation 

between flowering and oil content in B. juncea (Lionneton et al., 2004).  
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3.0 Linkage map development in B. juncea using SSR and SRAP Markers 

3.1 Abstract 

A genetic linkage map of mustard (Brassica juncea) was developed using molecular markers. 

The map is based on two genetically diverse double haploid (DH) populations produced from 

crosses between a yellow seeded mustard cultivar “ZEM1” and two mustard lines “Vniimk351” 

and “Vniimk405”. The microspores from F1 hybrids of the crosses Zem1 X Vniimk351 and 

Zem1 X Vniimk405 were used to develop 106 and 57 DH lines, respectively. A parental 

screening for 363 SSR (simple sequence repeats) and SRAP (sequence related amplified 

polymorphisms) revealed that only 32% of the SSR markers were polymorphic. Both DH 

populations were then genotyped for the polymorphic SSR and SRAP markers to construct the 

linkage maps. The linkage map based on the ZEM1xVniimk351 population included 13 linkage 

groups housing 79 SSR and 61 SRAP markers. The map covered an overall length of 791 cM 

with an average interval of 5.7 cM between the markers.  The linkage map developed from the 

ZEM1xVniimk405 population also contained 13 linkage groups populated by 76 SSR and 62 

SRAP markers. The second linkage map spanned a distance of 623 cM overall with an average 

interval of 4.6 cM between the markers.  The maps developed for the two populations share 47 

common markers which are distributed throughout the linkage maps.  The development of the 

molecular maps for these two DH populations through the use of SSR and SRAP markers can be 

used for further studies of the B. juncea genome.   
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 3.2 Introduction   

As described in the Triangle of U (U, 1935) Brassica juncea is an amphidiploid species which 

originated by natural hybridization between B. rapa (A genome) and  B. nigra (B genome). 

Therefore, B. juncea is designated as having AB genome consisting of 18 chromosomes where 8 

chromosomes originated from B. nigra and the 10 chromosomes from the B. rapa. The 

approximate size of the B. juncea genome is estimated at 1105 Mbp and the 2C genome mass of 

2.29 pg/2C which is similar to the size of the B. napus genome which ranges from 1129-1235 

Mbp and a mass of 2.34-2.56 pg/2C (He et al., 2003).   

Several researchers in the recent past have developed the genetic linkage maps of B. juncea using 

various types of molecular markers such as  RFLP, RAPD (Sharma et al., 2002a),  AFLP 

(Lionneton et al., 2002; Pradhan et al., 2003; Ramchiary et al., 2007a) and  STS  (Panjabi et al., 

2008a).  The SSR markers have been used in the mapping of B. juncea for further saturation of 

an existing molecular map consisting of RFLP and AFLP markers (Ramchiary et al., 2007b).  

SRAP markers have been used in the comparative studies of the genetic diversity of B. juncea in 

the Asian and European continent (Wu et al., 2009). The linkage maps published by these 

researchers describe 18 linkage groups representing each of the 18 chromosomes of B.  juncea. 

The coverage in terms of genetic distance ranges between 1266 cM and 1933 cM  (Axelsson et 

al., 2000; Lionneton et al., 2002; Mahmood et al., 2003; Panjabi et al., 2008b; Pradhan et al., 

2003; Ramchiary et al., 2007b) with the exception of a RAPD based map which has been 

described containing  21 linkage groups covering 790 cM distance.  These linkage maps have 

been used for the identification of QTL for oil (Cheung et al., 1998; Mahmood et al., 2006b), 

fatty acid (Gupta et al., 2004; Jagannath et al., 2010; Lionneton et al., 2002; Mahmood et al., 
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2003), protein content (Mahmood et al., 2006b) and agronomic traits such as yield (Ramchiary et 

al., 2007b) and maturity (Mahmood et al., 2006a).  

The choice for the type of  molecular markers to be used for linkage mapping studies depends on 

many factors including their ability to detect polymorphism, ease of use, reproducibility and 

most importantly how effectively they can be used  in high throughput screening for genotypic 

selection (Agarwal et al., 2008; Varshney et al., 2005). RFLP markers have been shown to be 

highly reproducible however they require prior sequence information, require the use of 

radioactive isotopes, and protocols to use them are generally laborious. Similarly, AFLP require 

repeated steps which are time consuming for high throughput screening.  Microsatellite markers 

have been shown to have a high degree of polymorphism and are reproducible for the purpose of 

screening (Tautz, 1994).  The SRAP marker can be used to identify genomic regions of interest 

as the amplified regions can be used for obtaining sequence data (Li and Quiros, 2001).  The use 

of microsatellite and SRAP markers for the development of genetic maps in B. juncea has been 

limited.  Currently there are number of publicly available libraries of SSR and SRAP markers 

developed in B. napus, B. rapa and B. oleracea which can be investigated for use in the 

development of a linkage map of the B. juncea genome.   

The goal of this study was to develop linkage maps in two DH B. juncea populations developed 

from the cross of ZEM1/Vniimk351 and ZEM1/Vniimk405 using SSR and SRAP markers that 

have been effectively used in the development of linkage maps in B. napus. These genetic maps 

would be valuable to understand the genome organization of B. juncea and development of 

markers linked to economically important traits such as oil and yield.  
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3.3 Materials and methods 

3.3.1 Plant materials and DNA isolation 

The parental lines for the development of the two mapping populations used in this study 

originated from differing genetic backgrounds.  ZEM1 was identified in Australia where it was 

identified as being a natural mutation that had very low erucic acid expression (Kirk and Oram, 

1981).  Later studies identified polymorphisms in both the FAE1.1 and FAE1.2 genes that 

resulted in the zero erucic acid designation of the line (Gupta et al., 2004).  These lines were 

made publicly available for breeding and development of canola quality B. juncea (Burton et al., 

2003).  The Vniimk lines were obtained from public breeding programs in Russia.  Vniimk 351 

has been studied in plant regeneration studies as negative control similar to ZEM (Bonfils et al., 

1992).  Vniimk 405 has been used for the study of Albugo candiada (White rust) resistance and 

virulence of Albugo candiada races (Prabhu et al., 1998). Both Vniink351 and 405 are moderate 

erucic acid lines similar to native B. juncea species and have been developed for the condiment 

mustard market in Russia.  

Two DH populations of B. juncea were developed using microspore culture developed by Dow 

AgroSciences (DAS) Inc, Saskatoon, Saskatchewan.  The first population comprising 106 DH 

lines was developed from the F1 hybrid of the pure line of Zem1 and Vniimk 351. The second 

population was developed from the F1 of the cross of the pure lines of ZEM1 and Vniimk 405.  

This population included 56 DH lines. Both populations were developed using DH protocols 

proprietary to DAS.  The DH populations were genotyped for molecular markers at the 

department of Plant Science at the University of Manitoba, Winnipeg. Genomic DNA was 

isolated from young leaves at the two to three leaf stage for each of the 172 DH lines and the 

three parental lines using a modified 2X CTAB method.  Approximately 2 g of plant tissue was 
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macerated in liquid nitrogen for genomic DNA extraction.  The ground tissue was mixed with 20 

ml of 2x CTAB buffer (2% CTAB, 20mM EDTA, 100 mM Tris, 1.4 M NaCl, pH-7.5) into 50 ml 

tubes and incubated at 65 ºC for 90 min.  After incubation 20 ml of chloroform was added and 

vigorously mixed followed by separation in a centrifuge at 3200 rpm for 15 min to remove plant 

material and proteins.  The supernatant was extracted and placed in a new 50 ml tube.  Another 

chloroform treatment was repeated as described above using equal volume to supernatant.  

Following the centrifugation the supernatant was removed and placed in new 50 ml tube.  The 

genomic DNA was precipitated from 15 ml of supernatant using 0.5 volume of isopropanol, 

mixed and centrifuged at 3000 rpm for 2 min.  The supernatant was discarded and the DNA was 

washed with 70% ethanol and the pellet was air dried and dissolved in 2 ml of distilled water. 

3.3.2 Identification of polymorphisms and molecular mapping 

For polymorphism detection, the DNA extracted from the parental lines was used to amplify the 

fragments by PCR for 384 SSR markers.  The SSR primer sequences were obtained from the 

Brassica Microsatellite Exchange (Brassica.info).  All PCR reactions for SSR markers were 

performed in 10 µl volumes containing 4.6 µl of dH2O, 1 µl 10X PCR buffer (100mM Tris-HCl, 

500mM KCl, 0.1% Triton X-100, pH-9.3), 0.8 µl 25mM MgCl2, 0.04 µl 25mM dNTP, 0.3 µl 

(0.5U) Taq polymerase, 0.05 µl 10 pM forward primer, 0.15 µl 10 pM reverse primer, 0.05 µl 20 

pM M13 labeled primer, and 3 µl of template DNA standardized to 30 ug/ul. The PCR program 

was as follows: 94 ºC for 5 min; 5 cycles 94ºC for 50 sec, 56 ºC for 50 sec, 72 ºC for 1 min, with 

a 0.8 ºC decrease in annealing temperature at each cycle; then 25 cycles with 94 ºC for 50 sec, 51 

ºC for 50 sec, 72 ºC for 1 min followed by a final elongation at 72 ºC for 5 min. For each of the 

forward primers a 25 bp M13 sequence (5’-CACGACGTTGTAAAACGAC-3’) was added to 

the 5’ end to allow for separation of PCR products for fragment analysis using ABI 3100 Genetic 
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Analyzer (Applied Biosystem, CA, USA).  M13 primers labeled with four colors (VIC-green, 

NED-yellow, FAM-blue, PET-red) were added to the PCR products.   For the parental screening 

the VIC M13 primer was used to label all the PCR reactions. Data collected from the ABI was 

processed using GeneScan (Applied Biosystems, CA, USA) software and visualized using 

Genographer2.0  http://hordeum.oscs.montana.edu/software/genographer/ index.html) to detect 

polymorphism between the parental lines. Marker combinations that showed polymorphic band 

patterns were selected for characterization or genotyping of each of the two DH populations. For 

population screening the selected markers were amplified following the same PCR protocol as 

used for parental screening (described above).  Each PCR reaction was labeled with one of the 

four colored M13 markers to allow for multiplex screening of the DH population.  The PCR 

products from each marker were pooled in equal volumes for fragment analysis.  In a 384 well 

plate 2.5 µl of pooled produces are mixed with 7.5 µl of a 40ul 400-LIZ standard to 2mL 

formamide solution.  The mixture is denatured at 95 ºC for 5 min and immediately placed on ice. 

The denatured products were separated in the ABI 3100 Genetic Analyzer.  

The SRAP screening used 16 primer pairs which contained 4 different florescent labeled forward 

primers (VIC-green, NED-yellow, FAM-blue, PET-red) and an unlabeled reverse primers 

described in Sun et al. (2007).  All PCR reactions for SRAP markers were performed in 10 µl 

volumes containing 4.6 µl of dH2O, 1 µl 10X PCR buffer (100mM Tris-HCl, 500mM KCl, 0.1% 

Triton X-100, pH-9.3), 0.8 µl 25mM MgCl2, 0.04 µl 25mM dNTP, 0.3 µl (0.5U) Taq 

polymerase, 0.15 µl 10pM labeled forward primer, 0.15 µl 10pM reverse primer, and 3 µl of 

template DNA standardized to 30 µg/µl.  The PCR program was as follows: 94 ºC for 5 min; 5 

cycles 94 ºC for 50 sec, 35 ºC for 50 sec, 72 ºC for 1 min; then 25 cycles with 94 ºC for 50 sec, 

51 ºC for 50 sec, 72 ºC for 1 min followed by a final elongation at 72 ºC for 5 min.  The PCR 
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reaction followed the same protocol as described for the SSR marker screening.  Analysis of the 

amplified fragments was completed using 2.5 µl of multiplexed PCR products.  The fragments 

were denatured by adding 7.5 µl of formamide mixed with 500-LIZ standard and analyzed in 

ABI 3100 Genetic Analyzer as described in SSR procedure. 

The SSR and SRAP marker data collected from the ABI 3100 genetic analyzer were processed 

using GenScan (Applied Biosystems, CA, USA).  The ABI files were converted to a virtual gel-

like image and scored for all polymorphisms using the Genographer 2.0 software (Genographer, 

http://hordeum.oscs.montana.edu/software/genographer/index.html).  The SSR markers were 

scored as co-dominant and dominant markers and SRAP markers were scored as dominant 

markers.  The marker scoring data for both populations was recorded in a spreadsheet 

independently and the linkage analysis was completed using JoinMap® 3.0 mapping software 

(Van Ooijen, 2001).   
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3.4 Results 

3.4.1 Linkage map for ZEM1 x Vniimk351 DH population   

The genetic linkage map for the ZEM1 x Vniimk351 DH populations was constructed based on a 

total of 160 polymorphic loci as revealed by 89 SSR and 71 SRAP markers. A total of 10 SSR 

and 10 SRAP markers were not associated with any of the linkage groups in our constructed 

map.   Logarithm of odds (LOD) values ranging from 3 to 10 was used to select and identify 13 

linkage groups populated with 140 markers.  The total map coverage in length was 791 cM with 

an average of 5.6 cM distance between the markers.   This distance roughly translates to 1.39 

Mbp/cM based on the estimated 1105 Mbp that makes up the B. juncea genome (He et al., 2003). 

The SSR marker used in this study has also been reported in other Brassica mapping studies 

http://www.Brassica.info/resource/markers/ssr-exchange.php).  However, the SSR markers 

selected for such mapping studies have had limited use in the development of genetic maps of 

Brassica juncea inhibiting the ability to make comparisons with existing linkage maps (Koundal 

et al., 2008; Ramchiary et al., 2007b).  The map developed for the ZEM1 x Vniimk351 

population shared 11 markers with a recently published map of B. juncea (Ramchiary et al., 

2007b). The SRAP markers selected for this study were used in genetic studies in  Brassica rapa 

(Rahman et al., 2007) and were used to develop an ultra dense linkage map of B. napus (Sun et 

al., 2007).  There has been no current publications (to our knowledge) have reported the 

utilization of   SRAP markers used in this map for molecular screening of B. juncea.  
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Table 3.1: Outline of the marker distribution and map distance of the linkage groups identified for the ZEM1xVniimk351 
population. 

LG Number of 
Molecular Markers  

Length Average 
interval 

Number 
SSR 

Number 
SRAP 

1 37 119.9 cM 3.3 cM 21 16 
2 10 70.5 cM 7.8 cM 6 4 
3 9 68.3 cM 8.5 cM 6 3 
4 7 50.0 cM 8.3 cM 2 5 
5 12 61.8 cM 5.6 cM 6 6 
6 9 53.5 cM 6.7 cM 7 2 
7 7 58.1 cM 9.7 cM 4 3 
8 6 75.0 cM 15.0 cM 3 3 
9 5 60.9 cM 15.2 cM 0 5 
10 4 28.8 cM 9.6 cM 3 1 
11 17 62.4 cM 3.9 cM 10 7 
12 14 47.7 cM 3.7 cM 10 4 
13 3 34.2 cM 17.1 cM 1 2 
Total 140 791.1 cM 5.7 cM 79 61 
 

Segregation distortion was calculated for each of the markers tested used on the DH population.  

The expected 1:1 segregation ratio was tested and of the 140 tested 9 (6 SSR and 3 SRAP) were 

not found to follow the expected segregation.  Of those markers 4 showed significant distortion 

and the other 5 were missing loci due to poor image resolution.  The markers showing significant 

distortion were found on linkage groups (LG) 1, 4, 5, 10 and 13.   The missing loci were 

associated with markers found on LG 1, 4, 9, 10, and 12.
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Figure 3.1: 13 Linkage groups identified for the ZEM1xVniimk351 population.  Markers starting with Na, Ni, Ra, BNGMS, BRMS, 
CB, SR, MP, MD and BRAS identify the SSR markers.  All other notations indicate the SRAP markers associated with the linkage 
groups. 
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3.4.2 Genetic map of ZEM1 x Vniimk405 DH Population  

Using the same group of markers used in the previous linkage map described in section 3.4.1, 

162 polymorphic markers were used to develop a linkage map consisting of 94 SSR and 68 

SRAP markers for the ZEM1 x Vniimk405 population.  A total of 19 SSR and 6 SRAP markers 

were not associated with any of the identified linkage groups.  The final map contained 137 

markers distributed over 13 linkage groups based on remaining markers.   The map covers an 

overall length of 623 cM with an average distance between markers of 4.6 cM.  This distance 

roughly translates to 1.77 Mbp/cM based on the estimated 1105 Mbp that makes up the B. juncea 

genome (He et al., 2003). Similar to the observations made with the genetic map developed for 

the ZEM1 x Vniimk351 population, there was no correlation of markers observed with other 

published linkage maps of B. juncea.   

Table 3.2: Outline of the marker distribution and map distance of the linkage groups identified for the ZEM1xVniimk405 
population. 

LG # of Molecular Markers  Length Average interval Number SSR Number SRAP 
1 24 82.2 cM 3.6 cM 14 10 
2 18 67.9 cM 4.0 cM 7 11 
3 16 73.0 cM 4.9 cM 10 6 
4 14 60.0 cM 4.6 cM 10 4 
5 12 34.5 cM 3.1 cM 5 7 
6 11 81.0 cM 8.1 cM 6 5 
7 9 30.0 cM 3.8 cM 7 2 
8 8 28.6 cM 4.1 cM 5 3 
9 6 35.8 cM 7.2 cM 2 4 
10 6 48.8 cM 9.8 cM 2 4 
11 5 36.3 cM 9.1 cM 2 3 
12 4 21.9 cM 7.3 cM 2 2 
13 4 23.6 cM 7.8 cM 3 1 
Total 137 623.6 cM 4.6 cM 75 62 
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Figure 3.2: 13 Linkage groups identified for the ZEM1xVniimk351 population.  Markers starting with Na, Ni, Ra, BNGMS, BRMS, CB, SR, MP, MD and 
BRAS identify the SSR markers.  All other notations indicate the SRAP markers associated with the linkage groups 

SR0680

CB10501B11
SR06713
MR01318
SA7PM32-25619
BG23PM29-14920
PM88ODD13-27129
NA10A0930
Na14C12B36
CB10358A38
FADPM32-31839
Na14C1242
ODD3PM33-4545
EM1ODD13-48746
EM1PM113-35649
BG23BG45-37251
Na10C06B52
CB10373bA60
CB10373bB62
Na10C06A66
BG23PM29-45772
CB10504
CB1036475

ODD3PM33-42182

1

EM1BG45-3660
PM88FE8-26910
Ni2E05B
Ni2E05A
SA7PM32-51
BG23BG45-131
EM1ODD13-445
SA7PM32-120
BG23PM32-144

12

CB1035013
EM1PM113-46415
Ra2A11
NA10A1123

Na12F0345

FADPM32-29652

CB10092B66
ODD3PM33-379
EM1PM113-37968

2

Na10B110

SR0728
BRAS002aA13

ODD3PM33-17727
EM1ODD13-30332
CB10099B
Ra2E04B35

NA12H0937
Na10H0245
EM1BG45-5651
CB1041654
CB57857
SR02759
PM88ODD13-35861
EM1ODD13-8463

NA14C12C73

3

Ni4D120
EM1PM113-4594

CB10234b17
BRMS40
BG23PM29-141
BG23BG45-93

31

Na12A0233
MD05335
SR049A41
EM1BG45-51642
Ra2G0844
SR05547
CB1033648

SR08760

4

SA7PM32-2090
CB102771
PM88FE8-3933
BG23BG45-211
EM1ODD13-3797

BG23PM32-20311
BG23PM29-33312
SR051
SR094A14

PM88FE8-8416
SR07927
SR06535

5



42 
 

 

Ni3C05 0 

EM1PM113-171 18 

SR021 27 
ODD3PM33-322 32 

NA12D03 45 
Ni2D10 50 

EM1BG45-152 
ODD3PM33-390 70 
CB10099A 
Ra2E04A 76 
EM1BG45-500 81 

6

Ra2F11 0 
BRMS43 6 
NA10G10A 10 
BnGMS371 12 
SR075 14 
EM1BG45-289 16 
PROPM113-182 19 
CB10079 23 

BRAS029 30 

7

FADPM32-280 0 

Na12A01 
Ra2B07 8 

SR094B 21 
SR089B 
SR037 23 

ODD3PM33-213 
EM1PM113-200 29 

8

SA7PM32-109 0 
SR071 3 

BG23PM29-352 
EM1BG45-351 12 

CB10534 14 

EM1ODD13-347 36 

9 

ODD3PM33-218 0 

SA7PM32-137 11 

ODD3PM33-179 18 

Ni2A01 30 
NA10D09 34 

EM1BG45-240 49 

10 

Figure 3.2 continued 



43 
 

 

Figure 3.2 continued 
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3.4.3 Segregation distortion in linkage maps 

Segregation distortion was calculated for each of the markers tested used on the DH population.  

The expected 1:1 segregation ratio was tested and of the 137 tested 13 (9 SSR and 4 SRAP) 

markers showed significant distortion.  Of the 13 markers with significant distortion 1 marker on 

LG 7 was due to missing loci due to poor resolution during screening. There were 6 distorted 

markers on LG 8 with the segregation towards ZEM1.  On LG 7 there were 2 distorted markers 

with segregation towards Vniimk405.  Additionally 3 markers on LG 4 showed distortion, 2 

towards Vniimk405 and 1 towards ZEM1.  One marker on LG 6 had significant segregation 

distortion towards ZEM1. 

3.4.4 Marker consensus between linkage maps 

An analysis of the consensus between the two maps for both populations was conducted using 

JoinMap 3.0 to identify common markers. Little correlation was observed between the markers 

evaluated for the two populations.  The linkage maps developed for the two populations totaled 

230 markers of which 47 (8 SRAP and 39 SSR) markers were shared between both.  There is an 

observed correlation between a few markers on some of the linkage groups as seen in Table 3.3.  

Similarities were found between LG1 in the ZEM1/Vniimk351 map and LG1 in the 

ZEM1/Vniimk405 map with 6 markers common between the two maps.  However 6 markers 

were also shared with LG1 of ZEM1/Vniimk351 map and LG5 of ZEM1/Vniimk405 map.  

Other similarities included LG 13 and LG 14 in the ZEM1/Vniimk351 map with LG 3 and LG 4 

in the ZEM1/Vniimk405 map respectively. Both shared 6 common markers between the two 

linkage groups. 

The marker distribution varied between both genetic maps.  The genetic map for the 

ZEM1xVniimk351 has an average marker interval of 5.7 cM however this ranged between 3.6 
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and 15.1 cM in specific linkage groups.  This was reflective of the marker density with the 

genetic map.  In this map markers are most dense on LG1, LG11 and LG13.  The remainder of 

the linkage groups on this map had a wider distribution of markers and fewer markers per 

linkage groups with produced much of the variance in marker distribution.  There was also some 

clustering of markers observed in LG 2 and LG 7 with a wide gap between markers at both ends 

of the linkage group.   

In the map developed for the ZEM1/Vniimk405 population there is a total of 137 markers which 

was similar to the 140 markers found on the map for ZEM1/Vniimk351 however the overall 

distance of the map was almost 100 cM less.  This reflects the evenly distributed markers within 

the ZEM1xVniimk405 map within each of the linkage groups.  The average distance between 

markers in this map was 4.6 cM and a range between 3.1cM and 9.8 cM in the individual linkage 

groups.  Clustering of markers was observed in LG2 in ZEM1/Vniimk405 map.     

Table 3.3: List of common markers and their associated linkage groups identified in the linkage maps developed for the 
two DH B. juncea populations.  POP1 refers to the ZEM1xVniimk351 population and POP2 refers the ZEM1xVniimk405 
population. 

Marker 
LG in 
POP1 

LG in 
POP2 Marker 

LG in 
POP1 

LG in 
POP2 Marker 

LG in 
POP1 

LG in 
POP2 

CB10358A 1 1 EM1ODD13-151 2 12 BRAS002aA 13 3 
CB10504 1 1 SR068 5 1 EM1ODD13-84 13 3 

NA14C12C 1 1 Ni3C05 5 6 PM88ODD13-358 13 3 
Na14C12 1 1 NA12D03 5 6 Na10H02 13 3 

Na14C12B 1 1 Ni2D10 5 6 SR072 13 3 
MR013 1 1 SR089B 6 8 Ra2E04B 13 3 
SR049A 1 4 SR094B 6 8 SR051A 13 5 
SR087 1 4 SR089A 6 11 CB10099A 13 6 

CB10277 1 5 CB10092B 7 2 Ra2E04A 13 6 
BG23PM32-203 1 5 NA10A11 7 2 CB10336 14 4 

SR079 1 5 PM88FE8-269 7 2 BG23BG45-93 14 4 
SR051 1 5 NA12H09 8 3 BG23PM29-141 14 4 

SR094A 1 5 BRMS40 10 4 MD053 14 4 
SR051B 1 5 BRAS029 10 7 SR055 14 4 

BnGMS371 1 7 NA10G10A 10 7 Ra2G08 14 4 
CB10534 1 9       PROPM113-182 15 7 
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Figure 3.3: Location of the regions containing common markers identified between the two maps developed for the ZEM1xVniimk351 and Zem1x 
Vniimk405 populations.  The ZEM1xVniimk351 linkage groups are located on the left and the common markers are connected between the two linkage 
groups 
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Figure 3.3 continued 
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Figure 3.3 continued
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3.5 Discussion 

This study developed partial linkage maps of two DH B. juncea populations using SSR and 

SRAP molecular markers.  The DH populations used were developed using a cross of yellow 

seeded lines of B. juncea ZEM1 and Vniimk351 (POP1) and ZEM1 and Vniimk405 (POP2).  

From the ZEM1/Vniimk351 population, 107 DH lines were developed and used for the 

development of a linkage map.  A population of 57 DH lines was also developed from the cross 

between ZEM1/Vniimk405 and analyzed for linkage map development.  

Current molecular maps of the B. juncea genome have relied heavily on RFLP and AFLP 

markers for the development of linkage maps.   The only published map that has utilized SSR 

markers (Ramchiary et al., 2007b) contains 63 SSR markers within a dense map including 1297 

AFLP and 72 RFLP markers. Similarly the use of SRAP markers have been limited to the study 

of genetic diversity of B. juncea lines (Wu et al., 2009). The SRAP markers used originated from 

early Brassica napus studies and they showed good polymorphisms in B. juncea. The SRAP 

markers selected were not the same as in those used in previous mapping studies for the 

development of the two maps due to marker availability. Both SSR markers and SRAP markers 

have not been used to develop linkage maps for B. juncea. 

The genetic map developed from the ZEM1/Vniimk351 DH population was comprised of 13 

linkage groups with a total length of 791 cM and an average marker interval of 5.7 cM.  This 

map does not span the entire 18 linkage groups observed in other currently available maps.  The 

published linkage maps of B. juncea that cover the entire genome (Axelsson et al., 2001; Cheung 

et al., 1997b; Lionneton et al., 2002; Mahmood et al., 2003; Panjabi et al., 2008b; Pradhan et al., 

2003; Ramchiary et al., 2007b) have a length ranging from 1266 cM to 2073 cM with an average 

length of 1705 cM.  Similar results were found in the linkage map developed from the 
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ZEM1/Vniimk405 DH population.  This map covered 13 linkage groups with a total length of 

623 cM and an average marker interval of 4.6 cM.  As the maps for both populations covered 

only 13 of the 18 known linkage groups in B. juncea, this accounts for the reduced map distance 

in comparison to currently published linkage maps.  

A comparison of the linkage map distance as compared to the physical distance of the genome 

can show the relative differences between the currently published maps and the maps presented 

in this study.  As the B. juncea genome is estimated to contain approximately 1105 Mbp the 

distance represented in the ZEM1 x Vniimk351 and ZEM1 x Vniimk405 population covers a 

distance of 1.39 Mbp/cM and 1.77 Mbp/cM respectively.  The distance between each cM unit in 

the linkage maps developed in this study is significantly wider when compared to the relative 

distance of current linkage maps that cover a range from 1266 cM (0.87 Mbp/cM) to 2073 cM 

(0.57 Mbp/cM) with an average distance of 1705 cM (0.64Mbp/cM).  This suggests that the 

linkage maps developed in this study are covering approximately half of the physical distance of 

the genome as compare to other complete linkage maps for B. juncea as the number of base pairs 

per centiMorgan are approximately half of those observed in these other studies. 

As mentioned earlier the use of SSR markers in published B. juncea linkage maps has been 

limited.  In the screening of SSR markers used in the construction of the two maps 341 SSR 

markers were screened for the ZEM1/Vniimk351 and ZEM1/Vniimk405 populations and 79 and 

75 markers were identified as being polymorphic respectively.   A recently published map of B. 

juncea identified 63 polymorphic markers from 363 SSR markers that were obtained from the 

same public source used in this study (Ramchiary et al., 2007b).   These markers were developed 

from different Brassica species including B. oleracea, B. rapa and B. nigra and B. napus.   They 

were primarily used for the development of linkage maps for B. napus and B. rapa however they 
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had limited use in the other Brassica species mentioned.  This low rate of polymorphisms in the 

B. juncea populations suggests that these markers are preferentially weighted to the A genome 

and C genome that is common between B. napus, B. oleracea and B. rapa.   Studies suggest that 

Brassica genomes are derived from a hexaploid ancestry that resulted from the triplification of 

an unknown ancient diploid species (Truco et al., 1996).  This common ancestry results in a 

number of homologous regions identified within the A, B and C genome of Brassica sp.  

However studies looking at the inherent similarities of the three Brassica genomes shows that the 

B genome of B. nigra comes from a more distant descendant than that observed between the A 

and C genomes of B. rapa and B. oleracea respectively (Attia and RÖbbelen, 1986; Palmer et al., 

1983; Quiros et al., 1991; Song et al., 1988).  These studies suggest a high degree of homology 

with the C genome of B. oleracea and the A genome of B. rapa in comparison to the B genome 

of B. nigra.  Similar studies have shown a wide genetic distance between the A and C genome to 

that of the B genome and suggests that the A and C genome has a common ancestral lineage 

(Lagercrantz, 1998; Lagercrantz and Lydiate, 1996).   This suggests that the coverage of the B 

genome in both of the linkage maps developed for the ZEM1 x Vniimk351 and ZEM1 x 

Vniimk405 populations may be limited as the markers used were developed for screening the 

Brassica A and C genome   This genetic distance will result in fewer markers amplified within 

the B genome which could explain the limited amount of polymorphic markers identified by 

screening the B. rapa and B. napus derived SSR marker sequences in B. juncea.  Also the rate of 

polymorphisms identified in the amplified regions may be less in the B genome than is present in 

the A and C genome resulting in a lower rate of polymorphisms identified within other Brassica 

species. 
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This divergence has been illustrated in the development of euploid inter-genetic translocation 

lines developed between B. napus and B. nigra (Struss et al., 1995) where B genome traits such 

as erucic acid were observed but there was no inter-genomic chromosome pairing observed 

(Struss et al., 1991) such as observed in wheat rye introgression lines (Ren et al., 1990). 

However the 2 genes identified for erucic acid in B. carinata and B. juncea have been identified 

on the B genome of the amphidiploid species suggesting that there was an introgression of the 

erucic acid genes from the A and C genome of these species to result in the additional erucic acid 

gene appearing in the B genome of these two Brassica species (Struss et al., 1996).  The genetic 

variation between B genome and the A and C genome was illustrated using repetitive sequence 

probes which showed a wide variation between the sequences found between these three 

genomes (Somers and Demmon, 2002). Similar patterns of genome duplication were observed 

between the A and C genome in the B. napus genome which leads to the similarity of replication 

of markers within the napus genome (Parkin et al., 2003). 

The limited number of polymorphisms observed in the microsatellite screening was further 

observed with the relatively high degree of polymorphisms observed in the SRAP markers 

screened within the two populations.  A total of 15 marker pairs were screened for both 

populations.  This resulted in the identification of 71 polymorphic markers in the ZEM1 x 

Vnnimk351 and 68 polymorphic markers in the ZEM1xVniimk405. Due to the random binding 

of the SRAP markers there is an equal opportunity of amplification throughout the genome 

allowing for more amplification within the B specific region where the SSR markers may have 

been limited due to their focus on A and C specific genome amplification.   

Both maps contained markers that had shown significant marker segregation distortion. 

Homology between 2 linkage groups showed evidence of marker segregation which could be 
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explained by amplification of multiple linkage groups causing such distortion.  Studies have 

shown homologous regions between the A and B genome (Lagercrantz and Lydiate, 1996).  In 

the ZEM1/Vniimk405 linkage map significant marker segregation was observed in 3 linkage 

groups.  These linkage groups could share homology between the A and B genome which can 

result in a deviation within these regions due to amplification of multiple regions within the 

genome. 

Currently there are a limited number of published linkage maps for the Brassica juncea genome.  

As mentioned earlier, the available linkage maps are primarily developed using RFLP and AFLP 

marker technology.  A recent map (Ramchiary et al., 2007b) introduced 69 SSR marker to an 

existing map developed using RFLP and AFLP markers.  The maps developed using the 

population derived from ZEM1xVniimk351 and ZEM1xVniimk405 shared 11 SSR markers 

present in the linkage map developed by Ramchiary et al. (2005).  There was a correlation 

observed between LG 5 of ZEM1xVniimk351 and LG 6 of ZEM1XVniimk405 with 2 markers 

located on LG15 of the Ramchiary map.  Outside of this there were common markers found on 

LG 3, LG 6and LG 13 of the ZEM1xVniimk351 population which correlated with LG 17, LG 16 

and LG1 of the Ramchairy's map respectively.  For the linkage maps for the ZEM1xVniimk405 

population there were correlations between markers on LG 2, LG7, LG8, and LG10 which 

coincided with LG 9, LG 3, LG 12, and LG11 respectively.  Markers on LG4 and LG12 of the 

ZEM1xVniimk405 shared markers located on LG 18 of the Ramchiary maps.  As the LG12 of 

the map is a small linkage group it is possible that this could be an unlinked portion of the LG4.   

As use of SSR markers has been limited to one currently published B. juncea linkage map there 

was no way to confirm a significant correlation with other linkage maps of B. juncea populations 

with the maps developed for the ZEM1xVniimk351 and ZEM1xVniimk405 populations. 
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Additionally there has been no published maps developed using the SRAP primers utilized in the 

development of the linkage maps.  However, as these markers rely on a random binding for the 

primers to anneal therefore the reproducibility of these markers beyond the populations being 

studied are not a reliable source for determining correlations between existing linkage maps. 

Attempts have been made to correlate the A, B and C genomes with other linkage maps 

developed for B. rapa and B. napus.  Studies have repeatedly shown the similar lineage between 

A and C genomes in comparison to B genome using molecular markers to determine the degree 

of relativeness (Johnston et al., 2005; La Mura et al., 2010; Liu and Wang, 2006; Lysak, 2005; 

Lysak and Lexer, 2006). These studies have shown that there is greater genetic distance between 

the B genome that the A and C genome. This variation may relate to the increased selection for 

markers that amplify in A genome regions with markers that have been studied exclusively in B. 

napus.  This has been homology identified between B genome and B. napus has been displayed 

using STS markers (Plieske and Struss, 2001) however as recent research has shown there is still 

a significant degree of variation between these genomes which could cause the limited coverage 

of the B genome when markers are amplified. 
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3.6 Future Research   

The further development of the molecular maps using existing SSR and new molecular markers 

can help improve the understanding of the genomics of the B. juncea species.  Further screening 

using SSR and SCAR markers can be used to correlate the genetic regions of B. juncea with 

other highly studied species such as B. napus and B. rapa.  Additionally, anchoring the maps 

developed in this study with existing maps using RFLP and AFLP markers will aid in correlation 

within the currently published maps.  These linkage maps offer another tool to breeders and 

molecular biologists to further study the Brassica sp. and aid in the improvement of oil quality 

and agronomic performance to help improve oilseed production within Canada and elsewhere. 
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4.0 QTL Analysis for oil, protein and fatty acid profile of two DH Brassica 

juncea populations 

4.1 Abstract 

Quantitative trait loci were detected for seed oil, protein and fatty acids using molecular markers 

in two double haploid (DH) populations derived from the crosses between a low erucic variety 

ZEM1 and two moderate erucic acid linesVniink351 and Vniimk405.  In both populations the 

erucic and oleic acid content ranged between 0.17% to 31.0% and 15% to 49% respectively of 

the overall fatty acids contained in the seed oil. The differences observed in the erucic and oleic 

acid content corresponded to variations observed within other fatty acids including linoleic, 

eicosenoic and arachidic fatty acid.    A QTL analysis for fatty acids indentified QTLs on linkage 

groups 1, 7 and 12 for the ZEM1xVniimk351 population and on linkage groups 1, 3 and 4 for the 

ZEM1xVniimk405 population.  The deviation of fatty acids in both population show significant 

evidence for the monogenic inheritance of the FAE1 gene which results in the variation observed 

in the fatty acid profile of both populations.  The QTL analysis for the seed oil and protein 

content in the ZEM1xVniimk351 population identified 2 QTL on LG1 and 4 and 1 QTL on LG1 

respectively.  The QTL analysis ZEM1xVniimk405 of oil and protein content identified 1 QTL 

for oil and protein on LG1.  A significant positive correlation between erucic acid and seed oil 

content suggests that the variation in erucic acid content accounted for much of the differences 

observed in the seed oil content in both populations. 
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4.2 Introduction 

The primary use for oilseed Brassica crops in Canada is for the extraction of oil for use in the 

food industry while the meal obtained as the byproduct of the oil extraction process is used as a 

protein supplement in animal feed (StatCan, 2012).  A mandate by the Canadian government to 

increase the use of biodiesel will result in an increase demand for oilseeds of which canola in the 

major source in Canada (Canola Council of Canada, 2007).  This increase requires research to 

focus on the increase of oil production from current cultivated acres and the increase of overall 

oilseed production within Canada.  Brassica juncea offers the introduction of oilseed production 

in regions that are not suitable for to Brassica napus production (Woods et al., 1991).  

Brassica juncea has limited production within western Canada and is mainly localized to the 

southern regions of Saskatchewan and Alberta due to the hot and dry condition within these 

regions (Woods et al., 1991).  Compared to the traditionally grown B. napus, B. juncea has 

improved drought and heat tolerance allowing it to grow in regions not suited to current canola 

production (Burton et al., 2008; Kumar et al., 1984; Kumar et al., 1987; Kumar et al., 1994; 

Sakova et al., 1995; Wright et al., 1995).  The majority of the B. juncea currently grown in 

western Canada has been used for condiment mustard production which requires low seed oil 

content for processing coupled with moderate erucic acid and high glucosinolate levels which are 

undesirable traits for canola quality oil (Hemingway, 1995; Skrypetz, 2003).  High oil and low 

erucic acid lines of B. juncea have been used for the development of canola quality mustard 

which would allow the canola quality oil production to be introduced in regions which are more 

suitable for B. juncea production (Burton et al., 2004). 

The improvement of oil content and oil quality is a significant component of breeding oilseed 

Brassica juncea.  Selection requires the evaluation of phenotypic data collected through testing 
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in the field at a variety of locations to identify the desired qualities. QTL analysis can been used 

to understand the genetic regions that significantly contribute to the inheritance of oil content and 

help identify genetic regions that control desired oil quality traits.   Using molecular maps 

developed for B. juncea from RFLP, AFLP and SSR markers have been used for the 

investigation of quantitative traits such as oil, yield and oil quality traits (Aggarwal et al., 2003; 

Cheung et al., 1998; Lionneton et al., 2002; Mahmood et al., 2005a; Mahmood et al., 2006b; 

Sharma et al., 1999; Sharma et al., 2002a).  QTL analysis has helped identify the number of 

genes involved and aided in the isolation of genes involved in the inheritance of traits such as 

erucic, linolenic, oleic fatty acid expression in Brassica sp (Fourmann et al., 1998; Gupta et al., 

2004; Hu et al., 2006; Jourdren et al., 1996b; Lionneton et al., 2002). 

The goal of this study is to identify QTL for seed oil, protein and the fatty acid content of two 

DH Brassica juncea populations.  Using linkage maps developed for both populations, a QTL 

analysis was completed using data collected from individual lines to identify genetic regions 

involved in the inheritance of seed oil, protein and specific fatty acids within the oil. Genotypic 

screening of QTL can allow breeders to screen populations for desired phenotypes prior to field 

testing improving the efficiency of breeding programs.   
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4.3 Material and methods 

Two DH populations of B. juncea were developed by DOW AgroSciences Inc. using their 

proprietary microspore culture protocol.  The first population was developed using a yellow 

seeded, high glucosinolate, low erucic acid pure line of B. juncea (ZEM1) crossed to a yellow 

seeded high glucosinolate, moderate erucic acid B. juncea pure line (Vniimk351).  The F1 of this 

cross was used as a source of microspores to develop 106 DH lines.  Similarly the second 

population was developed using the same yellow seeded, high glucosinolate, low erucic acid 

pure line of B. juncea (ZEM1) crossed to another yellow seeded high glucosinolate, moderate 

erucic acid B. juncea pure line (Vniimk405).  The F1 of this cross was used as a source of 

microspores to develop 56 DH lines.  The DH lines were grown in the greenhouse and self 

pollinated to produce seed for field evaluation of DH lines. 

The DH populations were grown under field conditions in a replicated nursery format in Chile 

during the winter 2009. The same populations were also grown in the summer of 2010 at the 

University of Manitoba, Winnipeg and Carman, Manitoba.  The individual DH lines and parental 

lines were planted in single 2m rows and replicated 4 times at each location.  The Chile trials 

were completed by Dow AgroSciences at their winter nursery site. Seed harvested at all three 

trial locations was analyzed at the University of Manitoba seed quality lab to obtain the data on 

oil and protein content and fatty acid profile.   

For each of the DH lines in both populations the fatty acid profile was measured using Gas 

Chromatography in the quality lab at the University of Manitoba.  Samples of approximately 

30mg were collected from each line and placed into eppendorf vials where 0.5 ml of heptane was 

added.  The samples were crushed and let stand for approximately 12 hrs to extract the oil. The 

transesterification of the triglycerides into fatty acid methyl esters was completed by adding 100 
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µl solution of 0.5M sodium methoxide reagent (15.5g sodium methylate in 500 ml anhydrous 

methanol) to the sample (F.W. Hougen and Bodo, 1973; Liu, 1984). The vial was shaken 

vigorously for 20 seconds and left to stand for 20 minutes and repeated once again after the time 

had elapsed.  The solution then had 100 µl of acidified water (0.3% acetic acid) added to the vial 

and mixed gently to combine the two solutions.  The combined solution was left to stand at 4 

degrees C for 1-2 hours allowing the mixture to settle (Christie, 1989).  From the reaction 

mixture 250 µl was extracted and transferred to a 2 ml autosampler vile fitted with a 250 µl 

insert. The samples were analyzed using a Varian model 3900 Gas Chromatographer fitted with 

a CP-Wax52 CB capillary column and flame ionization detector.  The column was 15 m x 0.32 

mm fused with silica coated with a 0.025 micron polyethylene glycol phase (Varian, Walnut 

Creek, USA). Ultra high purity (UHP) helium was used as the inert carrier gas was set at a flow 

rate of 2.0 ml/min.  Varian model CP-1177 injectors were used in the Varian model CP-8400 

autosampler with an inlet liner which was a cup splitter with 10% OV-1 on Chromsorb-W HP.  

The injector operated at 250 degrees C with the column oven programmed between 190 to 240 

degrees C and the detector temperature at 280 degree C.  The peaks were detected using Varian 

Star Workstation software.  The unit was calibrated using a GLC #421 reference standard (Nu-

Check Prep, Elysain, Minnesota) to ensure proper GC operation.  

The total seed oil and protein content were measured using near infrared spectroscopy based on 

protocol developed at the University of Manitoba based on the algorithms developed from 

validated samples (Shenk and Westerhaus, 1991; Windham et al., 1989).  Samples were 

evaluated on a NIR system model 6500 Near Infrared Spectroscope (FOSS, North America).  

Results were collected using standard protocols in the quality lab at the University of Manitoba 

(Kim et al., 2007).  Analysis was conducted on 4 gram samples and the data was collected on 
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WinISI v.1.04a software. Oil and protein levels were expressed as the total of the overall seed 

content.   

Data was analyzed using Statistical Analysis System 9.2 (SAS Institute Inc. NC).  The analysis 

of variance for oil and protein content as well as the fatty acid profile were performed using 

PROC MIXED.  The variance between each line was analyzed as a complete randomized block 

design experiment with 4 replicates of each line.  The analysis was complete using the model 

Yijk = µ +Gi + Ej + GEij + Bjk + εijk where µ is the mean, Gi is the effect of the ith line, Ej is the 

effect of the jth environment, GEij is the interaction of the ith line with the jth environment, Bjk is 

the effect of the kth replicate in the jth environment, and εijk is the random error.   

QTL analysis for both populations was competed using WinQTL Cartographer v. 2.5 (Basten et 

al., 2001) using composite interval mapping.  The detection of the QTL was performed at 1 cM 

intervals using a 5 cM window size using backward/forward regression analysis.  The LOD 

values were determined by threshold values estimated by 1000 permutations of trait data across 

all genetic intervals.  The QTL analysis was done on oil content, protein content, palmitic, 

stearic, oleic linoleic, linolenic and eicosenoic and erucic acid levels. 
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4.4 Results 

4.4.1 Oil and protein content variation 

The oil content of the ZEM1xVniimk351 DH population ranged from 24-45% while it was 33-

45% for the ZEM1xVniimk405 DH population. The overall distribution of the oil percentage in 

the ZEM1xVniimk 351 population had a mean value of 38% and followed a normal distribution 

skewed towards the higher oil content. The ZEM1 parental line had an oil content of 39% as 

compared to the 46% observed in the Vniimk351 parental line.  The distribution of the 

ZEM1xVniimk405 population also showed a normal distribution across the population with a 

mean of 39% and is also skewed toward the higher oil content.  The overall oil content of the 

ZEM1 and Vniimk405 parental lines were observed as 39% and 46% respectively. 

This distribution of the protein levels in both populations followed the similar trends as observed 

for the oil content.  The protein content in the ZEM1xVniimk351 DH population followed 

normal distribution within a 21-39% range and a mean of 27%.  The distribution of the protein 

content was skewed toward a lower protein level contrasting the distribution observed for the oil 

content observed within this population.  The protein content in the ZEM1xVniimk405 DH 

population followed a normal distribution within a 21-33% range and a mean of 26%.  The 

parental lines contained a protein content of 26% in ZEM1, 22% in Vniimk351 and 23% in 

Vniimk405was observed in the ZEM1, Vniimk351 and Vniimk405 with values of 26%, 22% and 

23% respectively.   

The sum total of the oil and protein content within the seed within the ZEM1 X Vniimk351 

population followed a normal distribution with the data ranging from 62 to 73% with a mean of 

66%.  In the ZEM1xVniimk 405 the population followed a similar distribution within the range 
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of 62.5% to 72% with a mean of 66%. The overall sum of oil and protein of the ZEM1 parental 

line was 65% with the Vniimk351 and Vniimk405 populations having sum value of 68 and 69% 

respectively. 

Table 4.1: Statistical analysis of the percentage oil content, protein content and sum of oil and protein for the three 
parental lines used in the development of  both the ZEM1xVniimk351 and ZEM1xVniimk405 populations. 

Variable Line Mean 
SE 
Mean StDev  Minimum Maximum 

PROTEIN 

Vniimk351 22.527 0.258 1.484 20.453 25.304 

Vniimk405 23.601 0.216 1.479 21.316 27.971 

ZEM1 26.602 0.103 1.429 22.532 31.347 

OIL 

Vniimk351 46.013 0.399 2.292 42.16 49.905 

Vniimk405 46.063 0.416 2.851 38.468 52.088 

ZEM1 39.152 0.133 1.842 34.276 43.659 

SUM 

Vniimk351 68.479 0.282 1.623 65.361 73.228 

Vniimk405 69.664 0.246 1.684 65.689 73.404 

ZEM1 65.754 0.0849 1.173 63.211 68.502 
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Figure 4.1: Distribution of the percentage of oil, protein and the sum of oil and protein content in the 
ZEM1xVniimk351 population. 
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Figure 4.1: Distribution of the percentage of oil, protein and Sum of oil and protein content of the 
ZEM1xVniimk405 population. 
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following a Mendelian 1:1 segregation ratio observed with the inheritance of a single gene in a 

DH population.   

Using a chi-squared goodness of fitness test the segregation within the populations are evaluated 

to determine if they fall within the expected 1:1 segregation that would be expected in a DH 

population.  The erucic acid inheritance within both populations follows a distinct bimodal 

distribution.  Chi square tests on the segregation of the erucic acid within both populations show 

significant evidence that the population is distributed by a 1:1 ratio.  The low erucic acid was 

defined in both populations as having an erucic acid content >5% and high erucic acid was >5%. 

A bimodal distribution was observed in oleic acid also indicating a monogenic inherence.  The 

low oleic acid content was defined as being <25% oleic acid content for both populations and 

conversely the high oleic acid content was defined as having >25%.  A chi squared analysis of 

the distribution of high and low oleic content in both populations supported the expected 1:1 

segregation ratio in the DH populations.  

Like the distribution of erucic and oleic fatty acid distribution, bimodal distribution patterns were 

observed in the Linoleic, eicosenoic and arachidic fatty acids content.  Low level of linoleic fatty 

acid content was determined to be less than 30% of the overall oil content.  Low levels of 

eicosenoic and nervonic acid content in both populations were determined to be <5% and <1% 

respectively.  All were shown to follow the expected 1:1 segregation ratio as determined by chi 

square analysis.  Both were determined to be segregating at a 1:1 Mendelian segregation ratio as 

expected in a DH population 

The distribution of linolenic fatty acid within both the ZEM1 x Vniimk351 and 

ZEM1xVniimk405 populations follows a more normally distributed pattern than observed with 
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the other fatty acids observed in the population.  The distribution of linolenic acid ranged 

between 7% and 14% of the overall oil content in the ZEM1xVniimk351 population and 7% and 

16% of the oil contented in the ZEM1xVniimk405 population.  The parental variation within the 

population for linoleic acid was 11%, 9% and 10% for ZEM1, Vniimk351 and Vniimk405 

respectively.  

Table 4.2: Statistical analysis of the percentage of oil content, protein content and sum of oil and protein for the three 
parental lines used in the development of both the ZEM1xVniimk351 and ZEM1xVniimk405 populations. 

Variable Line Mean SE Mean StDev Minimum Maximum 

C16:0 
Vniimk351 2.7828 0.016 0.0531 2.7121 2.8781 
Vniimk405 2.2697 0.0228 0.0912 2.0968 2.401 

ZEM1 3.2935 0.0183 0.1185 3.0272 3.4973 

C18:0 
Vniimk351 1.1681 0.018 0.0596 1.1028 1.3088 
Vniimk405 0.9473 0.01 0.0401 0.8614 1.0103 

ZEM1 1.9734 0.024 0.1559 1.6016 2.2676 

C18:1 
Vniimk351 23.215 0.245 0.812 21.728 24.514 
Vniimk405 17.98 0.249 0.995 16.078 19.325 

ZEM1 43.148 0.436 2.825 36.489 47.349 

C18:2 
Vniimk351 23.727 0.159 0.529 22.787 24.353 
Vniimk405 20.923 0.326 1.305 18.606 22.73 

ZEM1 36.059 0.25 1.618 32.154 38.198 

C18:3 
Vniimk351 11.048 0.136 0.452 10.464 11.757 
Vniimk405 10.763 0.0817 0.327 10.004 11.163 

ZEM1 9.078 0.172 1.116 8.152 13.354 

C20:0 
Vniimk351 0.6956 0.0142 0.0472 0.6113 0.7575 
Vniimk405 0.64637 0.00812 0.03247 0.59384 0.70813 

ZEM1 0.55732 0.0062 0.0402 0.43633 0.66191 

C20:1 
Vniimk351 12.301 0.107 0.356 11.898 13.022 
Vniimk405 10.148 0.213 0.852 8.397 10.947 

ZEM1 2.47 0.148 0.959 1.33 4.422 

C22:0 
Vniimk351 0.3246 0.00842 0.02794 0.28214 0.36152 
Vniimk405 0.5217 0.0193 0.0771 0.4351 0.697 

ZEM1 0.25477 0.00475 0.0304 0.18588 0.32455 

C22:1 
Vniimk351 21.334 0.229 0.761 20.134 22.167 
Vniimk405 31.546 0.65 2.6 28.59 37.331 

ZEM1 2.239 0.277 1.751 0.334 7.098 

C24:1 
Vniimk351 1.3608 0.0131 0.0435 1.2982 1.4322 
Vniimk405 1.8051 0.0146 0.0584 1.7059 1.9092 

ZEM1 0.4849 0.0182 0.1139 0.3065 0.7255 
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Table 4.3: Statistical analysis of the saturated, monounsaturated and polyunsaturated fatty acids of the parental lines of 
the ZEM1xVniimk351 and ZEM1xVniimk405 populations. 

Variable Line Mean SE Mean StDev Minimum Maximum 

SFA 
Vniimk351 4.9711 0.0373 0.1237 4.7606 5.2276 
Vniimk405 4.3851 0.0225 0.0901 4.2363 4.523 

ZEM1 6.073 0.0347 0.2246 5.6242 6.516 

MUFA 
Vniimk351 58.723 0.254 0.842 57.173 59.843 
Vniimk405 61.68 0.383 1.532 59.695 64.296 

ZEM1 44.912 0.635 4.114 38.649 53.124 

PUFA 
Vniimk351 34.775 0.168 0.557 33.677 35.534 
Vniimk405 31.686 0.4 1.6 28.609 33.781 

ZEM1 45.137 0.221 1.429 40.778 48.112 
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Table 4.4: Analysis of the monogenic inheritance patterns of the fatty acid distribution within the tw o B. juncea DH populations.  Chi Square analysis of the 1:1 
phenotypic distribution of oleic, linoleic, eicosenoic, erucic and arachidic fatty acids. 

Population Oleic Acid Linoleic Acid Eicosenoic Erucic Arachidic 

ZEM1xVniimk351 
 

χ2 P χ2 P χ2 P χ2 P χ2 P 

 

Winnipeg 1.40291 0.0939 1.41177 0.2348 1.40291 0.0939 1.6408 0.2002 1.24742 0.26404 

Carman 0.94231 0.1698 1.385 0.2393 0.94231 0.1698 1.8846 0.1698 0.0989 0.75315 

Chile 0.96078 0.1657 0.03922 0.8430 0.96078 0.1657 3.1765 0.0747 2.80583 0.09392 

ZEM1xVniimk405 
  

 

Winnipeg 1.47273 0.2249 2.2 0.1380 1.47273 0.2249 0.8909 0.3452 0.69231 0.40537 

Carman 1.47273 0.2249 2.2 0.1380 1.47273 0.2249 0.8909 0.3452 1.2549 0.26261 

Chile 2.2 0.1380 3.07273 0.0796 2.2 0.1380 0.667 0.4142 2.61818 0.10564 
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Figure 4.2 Distribution of the monounsaturated fatty acids in the ZEM1xVniimk351 population 
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Figure 4.3: Distribution of saturated fatty acid in the ZEM1xVniimk351 population 

3.83.63.43.23.02.82.6

20

10

0

% C16:0

F
re

q
u

e
n

c
y

2.22.01.81.61.41.2

30

15

0

% C18:0

F
re

q
u

e
n

c
y

0.90.80.70.60.50.4

40

20

0

% C20:0

F
re

q
u

e
n

c
y

0.5250.4500.3750.3000.225

30

15

0

% C22:0

F
re

q
u

e
n

c
y

6.96.66.36.05.75.45.14.8

20

10

0

Total SFA

F
re

q
u

e
n

c
y

Histogram of the % of C16:0 in Overall Oil Content Histogram of the % of C18:0 in Overall Oil Content

Histogram of the % of C20:0 in Overall Oil Content Histogram of the % of C22:0 in Overall Oil Content

Histogram of Total SFA ZEM1 

ZEM

ZEM1 
ZEM

ZEM

Vniimk351 

Vniimk351 Vniimk351 

Vniimk351 Vniimk351 



72 
 

 

Figure 4.4: Distribution of Polyunsaturated fatty acid in the ZEM1xVniimk351 population 
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Figure 4.5: Histograms illustrating the distribution of saturated fatty acids within the ZEM1xVniimk405 population. 
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Figure 4.6: Histograms illustrating the distribution of the monounsaturated fatty acids within the ZEM1xVniimk405 
population. 
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Figure 4.7: Histogram illustrating the distribution of polyunsaturated fatty acids of the ZEM1xVniimk405. 
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acids stearic, oleic, linolenic and linoleic fatty acids confirms that the accumulation of erucic 

acid and eicosenoic acid are derived from other fatty acids accumulated during biosynthesis. 
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Table 4.5: Pearson Correlation of the oil, protein and fatty acid content of the ZEM1xVniimk351 DH population 

** p value <0.001,  * p value <0.05, >0.001 

 

 

 

  Protein Oil Sum C16:0 C18:0 C18:1 C18:2 C18:3 C20:0 C20:1 C22:0 C22:1 C24:1 SFA MUFA 

Oil -0.887**                            

Sum -0.404** 0.745**                          

C16:0 0.261** -0.449** -0.573**                        

C18:0 0.141** -0.259** -0.366** 0.839**                      

C18:1 0.097* -0.177** -0.251** 0.842** 0.853**                    

C18:2 0.294** -0.401** -0.428** 0.876** 0.81** 0.852**                  

C18:3 0.109* -0.149** -0.154** 0.501** 0.395** 0.476** 0.216**                

C20:0 -0.089* 0.141** 0.182** -0.776** -0.674** -0.913** -0.794** -0.519**              

C20:1 -0.207** 0.304** 0.353** -0.909** -0.863** -0.974** -0.899** -0.528** 0.908**            

C22:0 0.079 -0.025 0.079 -0.736** -0.722** -0.89** -0.754** -0.484** 0.911** 0.854**     

C22:1 -0.163** 0.258** 0.321** -0.898** -0.878** -0.984** -0.897** -0.527** 0.907** 0.986** 0.986**         

C24:1 -0.102* 0.219** 0.335** -0.885** -0.861** -0.979** -0.878** -0.507** 0.9** 0.979** 0.979** 0.981**       

SFA 0.239** -0.422** -0.557** 0.956** 0.939** 0.814** 0.847** 0.436** -0.659** -0.869** -0.788** -0.868** -0.852**     

MUFA -0.302** 0.32** 0.234** -0.589** -0.482** -0.519** -0.568** -0.441** 0.608** 0.581** 0.581** 0.57** 0.523** -0.521**   

PUFA 0.289** -0.394** -0.418** 0.931** 0.834** 0.901** 0.92** 0.582** -0.87** -0.961** -0.961** -0.959** -0.934** 0.881** -0.65** 
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Table 4.6: Pearson Correlation table for oil, protein and fatty acid content of the ZEM1xVniimk351 DH population. 

** p value <0.001,  * pvalue <0.05, >0.001 

 

 

  Protein Oil Sum C16:0 C18:0 C18:1 C18:2 C18:3 C20:0 C20:1 C22:0 C22:1 C24:1 SFA MUFA 

Oil -0.87                             

Sum -0.364** 0.775**                           

C16:0 0.272** -0.529** -0.216**                         

C18:0 0.015 -0.022 -0.001 0.134**                       

C18:1 0.092 -0.263** -0.125* 0.815** 0.147*                     

C18:2 0.248** -0.429** -0.149* 0.868** 0.142* 0.894**                   

C18:3 0.2** -0.229** -0.086 0.344** -0.017 0.432** 0.292**                 

C20:0 -0.065 0.154* 0.049 -0.639** -0.081 -0.813** -0.747** -0.564**               

C20:1 -0.2** 0.372** 0.137* -0.858** -0.126* -0.972** -0.937** -0.499** 0.832**             

C22:0 -0.039 0.154* 0.064 -0.679** -0.105 -0.824** -0.738** -0.444** 0.859** 0.8**           

C22:1 -0.165** 0.342** 0.146** -0.849** -0.14* -0.982** -0.933** -0.505** 0.825** 0.985** 0.819**         

C24:1 -0.102 0.303** 0.168* -0.841** -0.142* -0.971** -0.905** -0.45** 0.777** 0.959** 0.808** 0.976**       

SFA 0.073 -0.148* -0.061 0.344** 0.942** 0.263** 0.287** -0.009 -0.11* -0.257** -0.142* -0.261** -0.275**     

MUFA -0.301** 0.475** 0.166* -0.852** -0.107 -0.872** -0.935** -0.586** 0.788** 0.945** 0.736** 0.945** 0.903** -0.239**   

PUFA 0.279** -0.441** -0.155* 0.848** 0.112* 0.902** 0.941** 0.598** -0.826** -0.962** -0.775** -0.96** -0.918** 0.238** -0.99** 
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4.4.5 QTL analysis 

Using the data collected from field trials at all three locations a QTL analysis was completed on 

the two DH populations.  The analysis was completed independently using data from each 

location for the oil, protein and fatty acid traits.  This was due to significant location effects for 

the traits under study showing quantitative phenotypic distribution.  

4.4.6 ZEM1xVniimk351 Population QTL Analysis 

 Analysis of data collected from the trial in Carman identified a total of 10 QTLs for the 

ZEM1xVniimk351 population for oil, protein and oleic, linoleic, linolenic and arachidic fatty 

acid content.  As seen in Table 4.7, three QTL for protein were identified from the data collected 

in Carman found on LG 1, 7 and 12 which accounts for 20% of the variation in the population.  

The QTL region on LG 7 was associated with C16:0 and C18:2 levels in the populations.  An 

additional QTL for C18:2 levels were identified on LG6. Analysis of the sum of seed oil and 

protein content identified 2 QTL on LG 4 and LG 11 with an R2 value of 16%. QTL for C18:3 

and C20:0 were identified on LG 10 and LG12 respectively. 
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Table 4.7: QTL analysis for ZEM1xVniimk351 using data collected from Carman nursery trial.  QTL region identified by 
flanking markers and r2 value noted for overall QTL effect. 

Flanking Markers LG  Protein Sum C16:0 C18:2 C18:3 C20:0 

SA7PM32-167-

NA14C12A 1 0.13a           

BG23BG45-242-

FC1FE8-334 4   0.09a         

Na12D08-SR094a 6       0.11a     

BG23PM29-99-

NA10A11 7 0.03a   0.12a 0.13a     

BRMS40-Na10G10A 10           0 .08a 

SR027-CB10524C 11   0.07a         

CB10288-CB10524a 12 0.04a           

MD053-CB10288 12         0 .09a   
a R2 value explaining the phenotypic variation explained.  

QTL analysis for ZEM1xVniimk351 for the data collected from the trial conducted in Chile 

identified 14 QTL overall.  In Table 4.8 the QTL analysis of the protein content identified 5 QTL 

on 4 linkage groups (LG 3, LG 7, LG 11 and LG 12).  One of the two QTL on LG 3 correlated 

with a QTL identified for oil content.  An additional QTL for oil was identified on LG 4 with 

both QTL accounting for 18% of the variation observed in the population.  A single QTL for 

C16:0 FA content was identified on LG 11 with an R2 value of 0.11 accounting for 11% of the 

variation.  3 QTL for C18:3 were identified on LG 4, 7 and 11 which accounted for 47% of the 

variation within the population.  Finally 1 QTL for C20:0 and two QTL C22:0 was identified on 

LG 1 and LG 7. 
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Table 4.8: QTL analysis for ZEM1xVniimk351 using data collected from Chile nursery trial.  QTL region identified by 
flanking markers and r2 value noted for overall QTL effect. 

Flanking markers LG Protein Oil C16:0 C18:3 C20:0 C22:0 

SA7PM32-167-NA14C12A 1           0.14a 

FADPM32-176-

PM88ODD13-385 1         0.15a   

Na12H04A-BG23PM32-213 3 0.09a 0.04a         

Na10B07-CB10403a 3 0.11a           

BG23BG45-226-FADPM32-

60 4       0.10a     

BG23BG45-242-FC1FE8-

334 4   0.14a         

Na10A08A-BG23PM29 7           0.12a 

BG23PM29-99-NA10A11 7 0 .11a     0.22a     

CB10524C-PM88FE8-141 11     0.11a       

CB10099A-ODD3PM33-175 11 0.17a           

PM88FE8-141-Na10H02 11       0.15a     

PM88PM45-364-CB10524A 12 0.07a           
a R2 value explaining the phenotypic variation explained.  

Table 4.9 shows the results of the QTL analysis of the ZEM1xVniimk351 population identified a 

total of 10 QTL for the data collected in Winnipeg at the Point research station.  3 QTL were 

identified for protein on LG 1, 3 and 10 which accounts for 24% of the variation observed in the 

trial.  2 QTL for oil content were identified on LG 1 and LG 4.  The QTL on LG 1 correlated 

with one of 2 QTL for C20:0 with the second QTL being identified on LG 13.  The QTL on LG 

13 correlated with one of the 2 QTL for C18:3 with the other being located on LG 12.  The final 

QTL identified was found on LG7 for C18:2. 
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Table 4.9: QTL analysis for ZEM1xVniimk351 using data collected from Winnipeg nursery trial.  QTL region identified 
by flanking markers and r2 value noted for overall QTL effect. 

Flanking Markers LG  Protein Oil C18:2 C18:3 C20:0 

SR120-BG23PM32-102 1 0.10a 
    

SR044-CB10277 1 
 

0.08a 
  

0.15a 

Na10B07-CB10403a 3 0.06a 
    

BG23BG45-242-

FC1FE8-334 
4 

 
0.09a 

   

CB10092B-NA10A11 7 
  

0.19a 
  

BRAS029-NA10G10a 10 0.08a 
    

PM88PM45-364-

CB10524A 
12 

   
0.13a 

 

PROPM113-182-Na10B8 13 
   

0.16a 0.18a 
a R2 value explaining the phenotypic variation explained.  

A comparison of QTLs between the experiment locations identifies some common QTLs 

between locations. Similar QTL for protein content and oil content were identified on LG 3 and 

LG 4 respectively in the QTL analysis completed in Chile and Winnipeg. The QTL identified at 

both locations was correlated with a QTL for the sum of oil and protein content in the analysis 

completed using the data obtained from the Carman location.  QTLs for protein were identified 

on LG 7 in the QTL analysis completed on the data collected from Chile and Carman locations.  

This region also contains a QTL for linoleic acid content identified using the data collected from 

the Point research farm in Winnipeg.  Similar QTL identified for C22:0 and protein were 

identified on LG 1 from the analysis completed for Chile and Carman respectively.  Similar 

correlations between protein and C18:3 were identified on LG 12 between the data collected in 

Chile and Winnipeg respectively.  Additional similarities were identified on LG 7 with QTL 

identified for C18:2 and C22:0 between Carman and Winnipeg locations. 
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4.4.7 ZEM1xVniimk405 population QTL analysis 

Analysis of the ZEM1xVniimk405 population identified a total of 13 QTL as shown in Table 

4.10.   One QTL for protein was identified on LG 1 which accounts for 13% of the variation.  

One QTL for C16:0 levels where identified on LG 12 which accounted for 20% of the variation 

in the population.  This QTL region was shared with C18:0 and C18:1 levels which accounted 

for 28% and 24% of the variation respectively.  An additional QTL for C18:0 was identified on 

LG3 and LG 1 respectively.  2 QTLs for C18:2 were identified on LG 4 and LG 11 which 

accounts for 24% of the variation observed.  For C18:3 QTLs for on LG 1 and LG 3 which 

accounted for 28% of the variation observed in the population.  Two additional QTLs were 

identified on LG 3 and LG 9 for C22:0 which accounted for 18% of the variation.  Finally 1 QTL 

for C22:0 was identified on LG 1 sharing the region where the QTL for protein was identified. 

Table 4.10: QTL analysis for ZEM1xVniimk405 using data collected from Carman nursery trial.  QTL region identified 
by flanking markers and r2 value noted for overall QTL effect. 

Carman LG Protein C16:0 C18:0 C18:2 C18:3 C20:0 C22:0 

Na10C06B-- BG23PM29-

457 1             0.21a 

CB10373bA-- BG23PM29-

457 1 0.13a             

Na10C06A-- CB10504 1         0.16a     

EM1BG45-56-- CB578 3         0.12a     

SR072-- ODD3PM33-177 3     0.12a         

BG23BG45-93-- MD053 4        0.18a       

Ra2G08-- SR087 4           0.10a   

SR071-- CB10534 9           0.08a   

SA7PM32-56-- BRAS158 11       0.06a       

Ni3G05-- BG23PM32-275 12   0.27a 0.28a         
a R2 value explaining the phenotypic variation explained.  
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In Table 4.11 the QTL analysis of the ZEM1xVniimk405 population for the data collected for 

the trials conducted at the University of Manitoba research farm in Winnipeg identified shows 

total of 9 QTL.  One QTL was identified for oil and protein content on LG 1 and LG 3 

respectively.  One QTL for C16:0 was identified on LG1 which accounted for 26% of the overall 

variation observed.  This QTL region was correlated with a QTL identified for C18:2.  An 

additional QTL on LG 4 was identified for C18:2 with the two QTL accounting for 45% of the 

variation observed.  One QTL for the sum of oil and protein content was observed on LG 1 

which correlated with a QTL for C18:3.  An additional QTL for C18:3 were observed on LG 3 

which correlated with the QTL identified for protein. 

Table 4.11: QTL analysis for ZEM1xVniimk405 using data collected from Winnipeg nursery trial.  QTL region identified 
by flanking markers and r2 value noted for overall QTL effect. 

Point LG Protein Oil Sum C16:0 C18:2 C18:3 

SR068-- CB10501B 1       0.26a 0.21a   

CB10373bA-- 

BG23PM29-457 1   0.14a         

BG23PM29-457-- 

CB10504 1     0.06a     0.23a 

EM1ODD13-303-- 

NA12H09 3 0.10a         0.13a 

Ni4D12-- CB10234b 4             

Ra2G08-- SR087 4         0.24a   

CB10079-- BRAS029 7             
a R2 value explaining the phenotypic variation explained.  

For the ZEM1xVniimk405 population a total of 8 QTL were identified from the trial conducted 

in Chile as shown in Table 4.12.  One QTL for protein content was identified on LG 1 which 

accounted for 26% of the variation observed.  2 QTL for oil content were identified on LG 1 and 

LG 4 which covers 29% of the overall variation.  The QTL on LG 1 correlated with one of the 2 
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QTL identified for C16:0 with the other QTL identified on LG 9.  One QTL for sum of oil and 

protein was observed on LG6.  Finally one QTL for C18:3 were identified on LG2 which 

accounts for 17% of the variation observed. 

Table 4.12: QTL analysis for ZEM1xVniimk405 using data collected from Chile nursery trial.  QTL region identified by 
flanking markers and r2 value noted for overall QTL effect. 

Chile LG Protein Oil Sum C16:0 C18:3 

MR013-- PM88ODD13-271 1 0.26a         

ODD3PM33-45-- 

EM1PM113-356 1   0.18a   0 .08a   

FADPM32-296-- CB10092B 2         0.17a 

MD053-- Ra2G08 4           

MD053-- SR087 4   0.11a       

SR021-- NA12D03 6     0.19a     

SR071-- CB10534 9       0.05a   
a R2 value explaining the phenotypic variation explained.  

A comparison of the QTL analysis completed on the data collected at the three experiment 

locations identified similar regions where QTL were identified on LG 1, LG 4 and LG 9 for the 

ZEM1xVniimk405 population.  QTL were identified on LG 4 in both the Winnipeg and Carman 

location data for the C20:0 FA content. This region also contained a QTL identified for oil at the 

Chile location.  Similar regions were identified on LG1 between these two sites linked to protein 

and C22:0 in Carman and oil in Winnipeg.  Additional similar regions were identified between 

QTL for sum of oil at the Winnipeg location and C18:3 at the Carman location.  A QTL located 

on LG 9 in the Winnipeg and Chile analysis identified QTL for C20:0 and C16:0 respectively. 
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4.5 Discussion 

Upon initial inspection of the phenotypic data collected of the population the most significant 

variations were observed in the fatty acid profiles in each of the populations. Evaluation of the 

parental lines of each population showed a significant variation of the fatty acid profiles between 

each of the parental lines.  The ZEM1 parental lines were identified as a zero erucic acid line 

maintaining erucic acid levels less than 2% of the overall fatty acid profile (Kirk and Oram, 

1981).  The two Russian mustard lines Vniimk351 and Vniimk405 lines used to develop the 

separate DH populations observed mean erucic acid levels of 21.7% and 30.4% of the overall 

fatty acid profile respectively.  Although there were significant variations observed in the fatty 

acids between the parental lines in both populations, it appeared that the variation of the erucic 

acid content provided the most significant variation in fatty acid content.  This was observed in 

the variation between the erucic acid and oleic acid, which is the precursor in erucic acid 

synthesis.  

Previous studies completed on erucic acid inheritance within Brassica species has identified two 

alleles acting additively resulting in low, moderate and high erucic acid levels (Anand and 

Downey, 1981; Chen and Heneen, 1989; Chen et al., 1988; Dorrell and Downey, 1964; Harvey 

and Downey, 1964; Kondra and Stephansson, 1965).  The inheritance of erucic acid levels has 

shown that the zero erucic acid phenotype is due to homozygous recessive alleles of both genes 

in Brassica juncea (Bhat et al., 2002; Kirk and Oram, 1981; Kirk and Hurlstone, 1983; Labana et 

al., 1987). The two FAE genes that have been determined to result in the variation of erucic acid 

within B. juncea have been defined as FAE1.1 and FAE1.2 (Gupta et al., 2004; Xu et al., 2010).  

These genes produce a fatty acid elongase enzyme that has been shown to result in the elongation 

of oleic acid to produce eicosenoic (C20:1) and erucic acid (C22:1) in Brassica juncea (Gupta et 
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al., 2004; Kanrar et al., 2005).  The distribution of erucic acid phenotypes in both populations 

indicate a single dominate alleles segregating within each of the populations resulting in the 

expression of moderate and low erucic acid at a 1:1 segregation ratio. This was also observed in 

studies of erucic acid inheritance in B. juncea where a single dominant gene was found 

responsible for moderate erucic acid content within populations segregating for erucic acid (Bhat 

et al., 2002; Kirk and Hurlstone, 1983).  

This single gene inheritance was also observed in the expression of eicosenoic acid levels in the 

populations.  Moderate erucic acid levels correlated with higher concentrations of eicosenoic 

acid which is the precursor to erucic acid levels.  Conversely low erucic acid levels results in a 

decrease in the concentration of eicosenoic acid levels which was observed in both populations.  

This positive correlation supports early findings that showed similar response (Cheung et al., 

1998; Lionneton et al., 2002; Mahmood et al., 2006b). The segregation within the eicosenoic 

acid also follows a 1:1 segregation ratio indicating the effects of a single gene.    This suggests 

that the FAE1 gene in these populations was responsible for the elongation of oleic acid to 

eicosenoic then eicosenoic to erucic acid.  This is supported by the negative correlation observed 

in the oleic acid with both erucic and eicosenoic FA levels observed in both populations as it is 

the substrate for the synthesis of both fatty acids.  

Variations in both populations showed a significant negative correlation between oleic and erucic 

acid levels.  The negative correlation has been observed in a number of Brassica species looking 

at the association between these fatty acids (Alemayehu and Becker, 2001; Bhat et al., 2002; 

Burns et al., 2003; Ecke et al., 1995; Zhao et al., 2008).  The analysis of the distribution of the 

oleic acid in both populations showed that there was a 1:1 segregation ratio which correlates to 

the segregation of erucic acid and eicosenoic acid content. 
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The distribution of the fatty acid in the two DH populations shows that the linoleic fatty acids 

follow a similar monogenic inheritance patterns as observed in the erucic acid segregation 

whereas the linolenic acid followed a more normal distribution.  Studies in Brassica have shown 

that the FAD2 and FAD3 genes are involved in the desaturation of oleic acid with respect to 

these two fatty acids (Auld et al., 1992; Barret et al., 1999; Hu et al., 2006; Jourdren et al., 

1996a; Okuley et al., 1994).  The FAD2 gene has been associated with the desaturation of oleic 

acid to product linoleic acid (Okuley et al., 1994; Peng et al., 2010; Sivaraman et al., 2004).  

Similarly the FAD3 gene has been linked to the further desaturation of linoleic acid to produce 

linolenic acid (Barret et al., 1999; Jourdren et al., 1996a); an undesirable component that leads to 

reduced shelf life with the extracted oil (Scarth and McVetty, 1999; Uppstrom, 1995). The two 

genes required to produce linolenic acid result in the more normal distribution of the oil profile 

due to the interaction between the two genes required for the synthesis of linolenic acid.   

QTL analysis for the ZEM1xVniimk351 population identified 1 QTL for linoleic acid on LG 7 

through data analyzed from both the Carman and Winnipeg.  A single QTL on LG 7 for 

Linolenic acid was identified from the data collected from Chile.  These regions could be 

associated to the FAD2 or FAD3 which have been to increase both fatty acids.   An analysis of 

the data collected for linoleic acid levels in both populations follows a monogenic inheritance 

pattern indicating that a single gene accounts for the variation which falls within the range of the 

parental lines.  The data shows that the population is also segregating at a 1:1 ration supporting 

the single FAD2 gene responsible for the variation of linoleic acid in the population. For 

linolenic acid, 2 QTL were detected for both populations at all locations except for Carman for 

ZEM1xVniimk351 population and Chile for ZEM1xVniimk405 population.  These two QTL 
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may be linked to the FAD2 and FAD3 genes that produce the fatty acid desaturase enzymes that 

result in the synthesis of linolenic acid.   

Though observed in small quantities, the inheritance between the overall saturated fatty acids 

(SFA) in Vniimk405 population follows a more normal distribution than observed in the 

ZEM1xVniimk351 population which reflects the multiple genes involved in SFA biosynthesis 

(Baud et al., 2008; Ohlrogge and Jaworski, 1997).  The distribution of the palmitic (C16:0) and 

stearic acid (C18:0) content in the ZEM1xVniimk405 population showed no distinct distribution 

pattern however there appears be a monogenic pattern emerging from the C20:0 and C22:0 fatty 

acids.  This difference could be due to the small population size in the ZEM1xVniimk405 

population as compared to the ZEM1xVniimk351 population which has almost twice as many 

individuals in the population.  A distinct bimodal distribution was observed in the SFA in the 

ZEM1xVniimk351 population. QTLs for SFA were identified in both populations however little 

correlation between the Chile, Winnipeg and Carman field nursery sites was observed.   

Very little research has been conducted on SFA in B. juncea as it is not a significant component 

to the fatty acid profile only making up 5% to 6% of the overall fatty acids.  However there have 

been studies identifying  plant stearic acid as a healthy saturated fat showing little to no increase 

in plasma cholesterol levels (Grundy, 1994; Yu et al., 1995).  There has been development of 

high stearic acid lines in other oilseed crops (Graef et al.; Osorio et al.; Pérez-Vich et al., 2006) 

however there has been little success in developing conventional Brassica high stearic lines and 

only transgenic approaches had significant effects on the fatty acid content (Hawkins and Kridl, 

1998; Karim Zarhloul et al., 2006; Knutzon et al., 1992).  There is room for research in this area 

and may offer opportunities for future research on the area of fatty acid manipulation in the 

Brassica species.  QTL analysis completed on the two populations identified some correlations 
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between genes associated with fatty acid synthesis. A single QTL for palmitic acid (C16:0) was 

identified at each location with the exception of ZEM1xVniimk405 population data from Chile.  

This single QTL suggests a small number of genes responsible for the variation within the 

populations.  As palmitic acid is the precursor to stearic acid which is elongated by KASII gene 

within the cytoplasm, this QTL may be associated with this gene (Ohlrogge and Browse, 1995; 

Pidkowich et al., 2007).  A single QTL on LG7 was identified in the ZEM1xVniimk351 

population was observed at the Carman and Winnipeg for the locations which may be correlated 

with the FAD2 gene which is responsible for the desaturation of oleic acid to produce linoleic 

acid (Okuley et al., 1994). 

The populations used in this study were characterized for variation of oil and protein levels in the 

seed in addition to the fatty acids profile of each of the populations.  Analysis of other Brassica 

napus populations segregating for erucic acid have shown a strong correlation between fatty acid 

profile and oil and protein content (Burns et al., 2003; Ecke et al., 1995; Qiu et al., 2006) and 

similar results have been shown in Brassica juncea (Cheung et al., 1998; Mahmood et al., 2006b; 

Ramchiary et al., 2007b). Strong correlations ware observed between the monounsaturated and 

polyunsaturated fatty acid and the oil and protein content within both populations.  This 

correlation between fatty acid and oil content observed within the two populations could explain 

much of the variation of the oil content based on the observation of previous studies.  

Previous studies of oil content in B. juncea have identified 2 to 7 QTL within the populations 

studied (Lionneton et al., 2002; Mahmood et al., 2006b; Ramchiary et al., 2007b; Sharma et al., 

1999).  The QTL analysis completed on the two DH populations in this study identified a small 

number of QTL for oil content.  The data collected from the Winnipeg and Chile locations for 

the ZEM1xVniimk351 population identified 2 QTL for oil content.  For the ZEM1xVniimk405 
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population, one QTL was identified for oil content from the data collected in Winnipeg and 2 

QTL identified from the data collected in Chile.  The high correlation of fatty acid profile and oil 

content identified from previous studies in B. napus (Ecke et al., 1995), B. rapa (Tanhuanpaa et 

al., 1996) and B. juncea ((Cheung et al., 1998; Lionneton et al., 2002; Ramchiary et al., 2007b; 

Sharma et al., 2002b) suggests that these QTL may be linked to regions that control fatty acid 

content.  Similar observations were observed in the QTL analysis completed by Lionneton which 

identified only 2 QTL for oil in these populations. The DH population in Lionneton et al. (2002) 

study was developed from a cross between a moderate erucic acid and high erucic acid B. juncea 

lines which showed a monogenic segregation similar to those observed in the two DH 

populations in this study (Lionneton et al., 2002).  The other studies that identified a higher 

number of QTL for oil content have used populations that are segregating for high erucic acid 

and low erucic acid (Mahmood et al., 2006b; Ramchiary et al., 2007b). This added variation and 

the correlation with erucic acid in these populations could result in the identification of 

additional oil QTL.  

The analysis of the protein content data collected identified QTL for each of the locations it was 

tested in. The analysis of the ZEM1xVniimk351 population identified more QTL than the 

ZEM1xVniimk405 population with 3 QTL identified in the Carman and Winnipeg locations and 

5 QTL from the data collected in Chile.  A number of these QTL were related to QTL identified 

for fatty acids.  Additionally there is a significant negative correlation between protein and fatty 

acid content which would suggest that these QTL could be related to genes linked to fatty acid 

synthesis. This negative correlation was observed in a number of studies analyzing oil and 

protein content in B. juncea (Cheung et al., 1998; Mahmood et al., 2006b; Ramchiary et al., 

2007b).   In addition there is a significant environmental effect to the expression of oil content 
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observed in the Brassica sp. which makes it difficult to identify the regions which account for 

the accumulation of oil content (Chauhan et al., 2010; Chauhan et al., 2011; Gunasekera et al., 

2006; Pritchard et al., 2000; Si et al., 2003; Zhao et al., 2005).  Of the QTL identified in other 

studies of B. juncea their overall QTL affect observed was less than 12.5% which makes it 

difficult to identify minor effects with the significant effects of environmental factors. 

The molecular maps used in this study covered only 13 of the 18 linkage groups identified in B. 

juncea.  This limited coverage of these maps can limit the detection of significant QTL that are 

found on other parts of the genome (Jansen, 1993; Zeng, 1994).  The maps developed cover a 

distance of 791 cM in the ZEM1xVniimk351 population and 624 in the ZEM1xVniimk405 

population.  Current published maps covering the 18 linkage groups of the B. juncea genome 

have map distance ranging from 1564 cM to 1922 cM (Lionneton et al., 2002; Mahmood et al., 

2003; Panjabi et al., 2008a; Pradhan et al., 2003; Ramchiary et al., 2007b).  With these maps 

covering approximately 50% of the distance of other publish maps the ability to identify all QTL 

for these traits was limited.  
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4.6 Conclusion 

From this study we were able to characterize the inheritance of oil, protein and fatty acids within 

two B. juncea DH populations using linkage maps and QTL analysis.  The QTL analysis for seed 

oil content conducted on the two DH populations yielded little correlation between QTL 

identified between locations and populations.  This supports the significant effects of 

environment factors on the expression of seed oil. A similar effect was observed with seed 

protein content in both populations as there was no consistency in the region of which the QTL 

were identified between locations and populations.  Further analysis of the two populations 

identified multiple QTL for oleic, linoleic and linolenic fatty acid in both populations however, 

little correlation was observed between the locations or between the two populations. For both 

DH populations under study, pattern of monogenic inheritance in the erucic acid levels was 

evident. The segregation of erucic acid content within both of these populations lends further 

support to the inheritance of FAE1.1 and FAE1.2 genes that have been identified as being a key 

factor in the accumulation of erucic acid. These genes have been identified as showing the 

additive epistatic inheritance patterns which accounts for the variation in erucic acid as identified 

first in B. napus and later in B. juncea. The segregation of a single homozygous dominant gene 

inherited from the Vniimk (moderate erucic acid) parental lines and a homozygous recessive 

gene inherited from the ZEM1 (zero erucic acid) parent corresponds to the variation observed in 

both DH populations which correlates with previous studies. In addition, significant correlations 

observed between fatty acids and the accumulation of oil and protein was identified which 

suggests that erucic acid is responsible for the variation observed in seed oil and protein content 

within the two DH B. juncea populations. Further investigation to isolate and identify the FAE 

gene involved in the accumulation of erucic acid can be used to develop gene specific markers to 
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be incorporated into the linkage map developed for these DH populations.  This will help 

identify seed oil content QTL which are not linked to the FAE gene which can be used for the 

specific improvement of seed oil content within B. juncea. 
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5.0 General Discussion 

The increase of oilseed production in Canada requires additional options for producers to 

increase overall production and the improvement of oil content within Brassica species.  B. 

juncea offers an opportunity to improve production using both strategies.  Brassica juncea 

production in western Canada is primarily dedicated to condiment mustard and has been shown 

to grow successfully in the drier regions of Saskatchwan and Alberta where Canola production is 

limited (Skrypetz, 2003).  The introduction of oilseed B. juncea lines these regions provide 

opportunities to increase Brassica oilseed production in Canada to help meet the growing 

demand. 

Oil accumulation in Brassica has shown to be a complex inherited traits which involve multiple 

pathways (Baud et al., 2008).  Studies to identify specific genes that can increase the 

accumulation of fatty acids within the seed have identified a number of transcription factors that 

are thought to control fatty acid accumulation (Gutierrez et al., 2007; Mendoza et al., 2008; Mu 

et al., 2008; To et al., 2006).  Transgenic approaches have been used in Brassica napus which 

have shown an increase of oil accumulation through the over expression of genes involved in 

fatty acid synthesis (Thelen and Ohlrogge, 2002), genes involved in the acyltransferase genes in 

the Kennedy pathway (Jain et al., 2000; Jako et al., 2001; Taylor et al., 2002; Zou et al., 1997) 

and cytosolic gly3PDH (Vigeolas et al., 2007).  The use of transgenic approaches has allowed for 

the increase of oil content however the use of GMO technology has limited application for 

current cultivars due to the high cost of registration. 

Through the use of QTL analysis and MAS it is possible to select favorable genotypes that have 

an increase in fatty acid accumulation.  Screening for favorable genotypes can improve the 

efficiency of breeding.   By selecting the desired genotypes the number of lines can be reduced to 
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identify the desired phenotypes.  Molecular markers have been linked to a number of important 

traits such as disease resistance (Kole et al., 2002a; Pilet et al., 2001; Zhao and Meng, 2003), 

improvement of fatty acid content (Hu et al., 2006; Rahman et al., 2008) and abiotic stress 

tolerance (Kole et al., 2002b).  These can be developed to allow for the profiling of lines by 

selecting desired genotypes prior to phenotypic screening. 

In this study, the development of the molecular maps for the two DH populations demonstrated 

the effectiveness the use of SSR and SRAP markers for the genomic study of Brassica juncea.  

The majority of the published linkage maps of Brassica juncea has been developed using AFLP 

and RFLP markers with have limited application for high throughput screening for the use of 

MAS. The reproducibility and high rate of polymorphism makes SSR markers a good candidate 

for MAS and genetic studies.  Development of these maps offers opportunity to increase the 

opportunities to use SSR and SRAP markers for screening B. juncea population as their use has 

been limited to date. 

The linkage maps developed in this study provided a limited coverage of the entire B. juncea 

genome. In the case of both of the DH populations studied there linkage maps developed covered 

13 of the 18 linkage groups.   The use of Brassica napus derived SSR and SRAP markers may 

have contributed to the limited coverage of the genome.  The B. nigra derived B genome which 

contributes 8 chromosomes to B. juncea has been shown to have wide genetic distance that the A 

and B genomes of B. napus derived from B. rapa and B. oleracea respectively.  B. napus and B. 

juncea share the B. rapa derived A genome which suggests the markers used in this study may 

have favored this genome and resulted in the limited genome coverage.    Further marker 

screening would need to be completed to allow for the complete coverage of the B. juncea 

genome using these markers.  
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Through the phenotypic screening of the two populations the fatty acid profiles and oil and 

protein content of each of the lines was evaluated.  From these studies it was shown that both 

populations were segregating for erucic acid.  Early studies into the heritability of erucic acid 

have shown that the trait is controlled by two genes in B. juncea with additive effects resulting in 

high, moderate and low erucic phenotypic expression.  The analysis of the two populations 

developed from the cross between moderate erucic lines (Vniimk351 and Vniimk405) and the 

low (zero) erucic acid line ZEM1.  There resultant DH populations showed a distinct 1:1 

segregation of moderate and low erucic lines.  This suggests the segregation of a single dominant 

gene responsible for the moderate erucic acid phenotypes within both populations. 

Using phenotypic data collected from nursery trials at two site locations in Manitoba and one in 

Chile the oil and protein content were studied using QTL analysis. Using the linkage maps 

developed the analysis of the fatty acid profile and oil and protein content of each of the lines 

identified a number of QTL within both populations.  Little correlation was observed between 

the two populations despite sharing a common parental line.  Significant correlations between 

specific fatty acids and oil and protein accumulation were identified in the analysis of the lines 

within the two populations. This suggests that much of the variation within oil content is 

dependent of the fatty acids within the seed.  There has been evidence that supports the increase 

of erucic acid within the seed results in an increase in overall oil contents.  This correlation has 

been identified in other studies and supported with the significant positive correlation between 

erucic acid content and oil content within the seed.  Additionally there is a significant negative 

correlation between oil and protein content which supports previous studies related to Brassica 

oil and protein accumulation. 
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This studies shows that B. juncea can contribute to the increase in oilseed production within 

Canada.  Further research will be required to improve the availability of molecular markers 

available for the B genome to aid in the genetic studies of B. juncea.  This will help in the 

development of improved linkage maps coverage and marker density within the maps.  This will 

further the ability to screen B. juncea genotypes for desired alleles.  Further conclusions derived 

from this study suggest that populations derived from parental lines with varying fatty acid 

profiles reduces the identification of oil content QTL due to the significant correlations between 

fatty acids and overall oil accumulation.  This correlation causes a large amount of genetic 

“noise” in the QTL analysis inhibiting the ability to identify discrete regions responsible for the 

increase in overall fatty acid accumulation. 
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6.0 Appendix  

6.1 Appendix 1: Analysis of Variance (ANOVA) analysis of the combined data measured in 
field trial at two sites in Manitoba and one in Chile for ZEM1xVniimk351 DH population. 

Source of 
Variation 

DF Sum of 
Squares 

Mean 
Square 

Expected Mean Square F Value Pr > F 

Sum Oil and Protein (Sum) 

Line 107 3093.77173 28.913754 Var(Residual) + 
Q(Line,Location*Line) 

50.59 <.0001 

Location 2 1498.976887 749.48844
3 

Var(Residual) + 
Q(Location,Rep(Location),Lo
cation*Line) 

1311.3 <.0001 

Rep(Location) 9 136.928501 15.214278 Var(Residual) + 
Q(Rep(Location)) 

26.62 <.0001 

Location*Line 206 441.515208 2.143278 Var(Residual) + 
Q(Location*Line) 

3.75 <.0001 

Residual 1069 610.982343 0.571546 Var(Residual) . . 

Seed oil content (Oil) 

Line 107 14368 134.28356
3 

Var(Residual) + 
Q(Line,Location*Line) 

63.89 <.0001 

Location 2 2353.193417 1176.5967
09 

Var(Residual) + 
Q(Location,Rep(Location),Lo
cation*Line) 

559.77 <.0001 

Rep(Location) 9 144.794662 16.088296 Var(Residual) + 
Q(Rep(Location)) 

7.65 <.0001 

Location*Line 206 1153.319958 5.598641 Var(Residual) + 
Q(Location*Line) 

2.66 <.0001 

Residual 1069 2246.969668 2.101936 Var(Residual) . . 

Seed protein content (Protein) 

Line 107 6733.489888 62.929812 Var(Residual) + 
Q(Line,Location*Line) 

38.43 <.0001 

Location 2 164.686859 82.343429 Var(Residual) + 
Q(Location,Rep(Location),Lo
cation*Line) 

50.28 <.0001 

Rep(Location) 9 103.999057 11.555451 Var(Residual) + 
Q(Rep(Location)) 

7.06 <.0001 

Location*Line 206 685.35369 3.32696 Var(Residual) + 
Q(Location*Line) 

2.03 <.0001 

Residual 1069 1750.674471 1.637675 Var(Residual) . . 
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Linolenic acid content (C18:3) 

Line 107 2581.937432 24.130256 Var(Residual) + 
Q(Line,Location*Line) 

26.1 <.0001 

Location 2 108.109922 54.054961 Var(Residual) + 
Q(Location,Rep(Location),Lo
cation*Line) 

58.46 <.0001 

Rep(Location) 3 0.706002 0.235334 Var(Residual) + 
Q(Rep(Location)) 

0.25 0.858 

Location*Line 190 90.192259 0.474696 Var(Residual) + 
Q(Location*Line) 

0.51 1 

Residual 273 252.412315 0.924587 Var(Residual) . . 

Palmitic acid content (C16:0) 

Line 107 108.238122 1.011571 
Var(Residual) + 

Q(Line,Location*Line) 
81.62 <.0001 

Location 2 6.951068 3.475534 
Var(Residual) + 

Q(Location,Rep(Location),Lo
cation*Line) 

280.42 <.0001 

Rep(Location) 3 0.125809 0.041936 
Var(Residual) + 

Q(Rep(Location)) 
3.38 0.019 

Location*Line 190 4.035761 0.021241 Var(Residual) + 
Q(Location*Line) 

1.71 <.0001 

Residual 273 3.383551 0.012394 Var(Residual) . . 
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6.2 Appendix 1.1: Analysis of Variance (ANOVA) analysis of the combined data measured 
in field trial at two sites in Manitoba and one in Chile for ZEM1xVniimk405 DH population. 

Source of 
Variance 

DF Sum of 
Squares 

Mean 
Square 

Expected Mean Square F Value Pr > F 

Linolenic acid content (C18:3) 

Line 60 1489.564 24.82606 Var(Residual) + Q(Line,Location*Line) 22.73 <.0001 

Location 2 148.1014 74.05072 Var(Residual) + 
Q(Location,Rep(Location),Location*Li
ne) 

67.8 <.0001 

Rep(Location) 3 2.18236 0.727453 Var(Residual) + Q(Rep(Location)) 0.67 0.5738 

Location*Line 110 128.8157 1.171052 Var(Residual) + Q(Location*Line) 1.07 0.3304 

Residual 214 233.7315 1.092203 Var(Residual) . .  

Palmitic acid content (C16:0) 

Line 60 59.75777 0.995963 Var(Residual) + Q(Line,Location*Line) 36.49 <.0001 

Location 2 4.952907 2.476453 
Var(Residual) + 

Q(Location,Rep(Location),Location*Li
ne) 

90.73 <.0001 

Rep(Location) 3 0.114693 0.038231 Var(Residual) + Q(Rep(Location)) 1.4 0.2436 

Location*Line 110 3.898279 0.035439 Var(Residual) + Q(Location*Line) 1.3 0.0538 

Residual 214 5.841025 0.027295 Var(Residual) . . 

Sum Oil and Protein (Sum) 

Line 59 1381.552 23.41613 Var(Residual) + Q(Line,Location*Line) 24.25 <.0001 

Location 2 228.4646 114.2323 
Var(Residual) + 

Q(Location,Rep(Location),Location*Li
ne) 

118.32 <.0001 

Rep(Location) 9 16.67073 1.852303 Var(Residual) + Q(Rep(Location)) 1.92 0.0468 

Location*Line 112 264.3224 2.360022 Var(Residual) + Q(Location*Line) 2.44 <.0001 

Residual 616 594.7387 0.965485 Var(Residual) . . 

Seed oil content (Oil) 

Line 59 5059.108 85.74759 Var(Residual) + Q(Line,Location*Line) 31.13 <.0001 

Location 2 727.9726 363.9863 
Var(Residual) + 

Q(Location,Rep(Location),Location*Li
ne) 

132.15 <.0001 

Rep(Location) 9 29.47037 3.274485 Var(Residual) + Q(Rep(Location)) 1.19 0.2991 

Location*Line 112 875.8586 7.820166 Var(Residual) + Q(Location*Line) 2.84 <.0001 

Residual 616 1696.62 2.754253 Var(Residual) . . 
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Seed protein content (Protein) 

Line 59 1971.635 33.41755 Var(Residual) + Q(Line,Location*Line) 20.13 <.0001 

Location 2 142.094 71.04698 
Var(Residual) + 

Q(Location,Rep(Location),Location*Li
ne) 

42.81 <.0001 

Rep(Location) 9 45.86383 5.095981 Var(Residual) + Q(Rep(Location)) 3.07 0.0013 

Location*Line 112 448.7902 4.007055 Var(Residual) + Q(Location*Line) 2.41 <.0001 

Residual 616 1022.374 1.659699 Var(Residual) . . 
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6.3 Appendix 2.1: QTL locations on the 13 linkage groups of the linkage map developed 

using SSR and SRAP markers based on the ZEM1xVniimk351 DH population.  
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6.4 Appendix 2.2: QTL locations on the 13 linkage groups of the linkage map developed 
using SSR and SRAP markers based on the ZEM1xVniimk405 DH population.  
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