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Abstract

A genetic linkage map of mustar@ssica juncea) was developed using two double haploid
populations produced from crosses between a lovicaultivar “ZEM1” and two moderate
erucic acid lines “Vniimk351” and “Vniimk405” witthe use of SSR and SRAP markers. The
linkage map of the ZEM1xVniimk351 population inceed13 linkage groups with an overall
length of 791 cM with an average marker intervabaf cM. The linkage map of the
ZEM1xVniimk405 population also contained 13 linkaggeups with a distance of 623 cM and
an average marker interval of 4.6 cM. Using thkdge maps for the two populations, QTLs
were detected for seed oil, protein and fatty aci@TL analysis for fatty acids indentified
QTLs on LG1, 7 and 12 for the ZEM1xVniimk351 pogdida and LG1, 3 and 4 for the
ZEM1xVniimk405 population. Analysis for the sedatland protein content in the
ZEM1xVniimk351 population identified 2 QTLs on L&Ghd LG4 and 1 QTL on LG1
respectively. The QTL analysis ZEM1xVniimk405 df and protein content identified 1 QTL
for oil and protein on LG1. The variation of fattgids was shown to be the result of monogenic

inheritance of th&AEL gene in both populations.
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1.0 Introduction

Brassica production in Western Canada is a significant pafarm gate sale for producer.

Brassica napus production accounted for 7.5 million hectareshaf tultivated land in Canada

and is responsible for contributing $15.4 billianthe Canadian economy (Canola Council of
Canada, 2011). The demand for canola oil hasaset steadily over the years due to the
beneficial characteristics of the oil. Recentlgrthhas been an increase in the requirement of the
use of biodiesel as a supplement to the fossildealed conventional diesel. This growing
demand for biodiesel as an alternative to fosglsuesults in a growing demand for oilseed

production in Canada (Canola Council of CanadayR00

The growing demand for Canola oil has initiatedithestigation of options to increase the
Canola production in Western Canada. The increbgmduction in Canada is limited to the
amount of land that is suitable Brnapus production and the yield potential of the current
hybrid cultivar. As the demand is growing great#rer strategies for increasing oil production
are being studied. Some options include 1) inangabe yield of conventionally grown canola
(B. napus andB. rapa); 2) increase of the oil content produced as ageage of the seed and 3)
production of other Brassica species sucB.gancea which can be grown in marginal or

uncultivated cropping regions.

The accumulation of fatty acids Brassica seeds is a complicated process controlled by an
undetermined number of genes. As with other corafgit traits such yield and maturity, oil
content is quantitatively inherited and improvemiiindugh conventional breeding requires
intense selection for the improvement of the trdite ability to use molecular breeding

techniques to identify quantitative trait loci (Q)Mor the increase of oil content and the



selection of oil quality characteristic would alldar the selection of desired genotypes for the
improvement of these traits. The identification@fL would allow for an increase in the

efficiency of breeding programs for the improvemeinthese traits.

Brassica juncea offers an opportunity for the increase in oilspeaduction in Western Canada.
Brassica juncea is grown world wide as an oilseed and for conditmeustard productionB.
juncea has shown greater heat and drought toleranceighaserved ifBrassica napus and has
similar oil content and oil profile tB. napus. These characteristics maBgjuncea a candidate
to increase oilseed production by introducing @tsproduction in regions of Canada where

Canola production has been limited.

1.1 Research objectives

The long term goal dBrassica juncea research is the improvement of seed oil contedttan
improve the fatty acid profile to be similar to tiwd currentB. napus cultivars. This study was
completed to improve the knowledgeBnjuncea for improving the economically significant
traits of seed oil and protein content and the/fatid profile. The studies involved the two

steps:

1. Development of linkage map using SSR and SRAP mtdecarkers.

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

The use of molecular breeding using linkage mapsQfL can be used to accelerate the

breeding efforts for the future improvement of ghéwits to meet this demand in the future.



2.0 Literature review

2.1 History of Brassica juncea cultivation

Brassica juncea is one of the earliest cultivated species ofBhassica family in agricultural
history. It was described in Sumerian and Sahsxt dating back to 3000 BC (Hemingway,
1995) as a commonly grown condiment. It is sugge&®mez-Campo, 1999) that China and
the Middle East most likely were the center of orifpr B. juncea. In general, cultivation of
Brassica as an oilseed crop dates back to 2000 BC in IfRtiadash, 1980). In Europe
cultivation ofBrassica became more prominent in the™@ntury where the seed oil was
primarily use as lamp oil (Snowdon et al., 200The cultivation and production &rassica
also known as rapeseed was introduced in Canadsydif®42 as a source of lubricant for war

ships in World War 1l (Downey, 1989).

2.2 Biology ofBrassica species

The cultivated oilseeBrassica family consists of three diploid species and whpakyploidy
species resulted from natural hybridization amdregdiploid species. The relationship among
the sixBrassica species is commonly described as Triangle of U1@35) as shown in Figure
2.1. TheB. juncea emerged (Axelsson et al., 2000) with the spontasdéxybridization between
Brassica rapa (“AA” genome) andBrassica nigra (“BB” genome). ThereforeB. juncea can be
considered as an amphidiploid species containirtgg@fcomplete genomes (AABB). Tige
napus is also an amphidiploids species (“AACC”) sharihg “A” genome fronB. rapa and
containing the “C” genome froMrassica oleracea. The development of synthetc napus and
B. juncea further supports the 3 genome modeBodissica crop species (Becker et al., 1995;

Bhat and Sarla, 2004; Song et al., 1995; Srivastaah, 2001)
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Figure 2.1: Representation of the genome organizatn between theBrassica sp. This shows the genome
relationship between the amphidiploid species withi 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_Simple1PNG)

Studies of the common origins of tBeassica species have revealed that there is significant
homology between the “A”, “B” and “C” genomes. Thes evidence th&. rapa andB.

oleracea come from a similar linage wheresnigra originated differently (Warwick and
Black, 1991). Further studies of the homologousoregywithinBrassica species suggest that
“A”, “B” and “C” genomes originated from ancestisdecies containing 6 (n=6) chromosomes
(Truco et al., 1996). Mapping studies of the horgglof Arabidopsis andBrassica napus
genome displayed a number of homologous regiomnvedeet the two species (Parkin et al.,
2005). In addition to the homology observed wigtmeenArabidopsis andB. napus,

similarities have been observed in Bhenigra andB. juncea genomes with respect to

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

There are similarities in the plant architectureéh&fBrassica species (Rakow and Woods.,

1987). BothB. juncea andB. napus initiate growth in a rosette from which a vertisegdm



elongates containing the racemous floral struct@eth species display showy yellow flower
consisting of four petals and four alternating $&pdhe stigma is receptive for approximately 3
days prior and after flower opening and this cdniies to the high rate of self fertilization within
each of the species. The ovary of both speciesistsrof two carpals that develop into an

elongated bivalent silique prior to fertilization.

The production oB. napus occurs in mild climates of Europe and Asia as rteviannual
whereas spring annuals are more predominantly gmowhe more moderate regions such as
Northern Europe, Australia and Canada. In conpesduction of B. juncea) for mustard oil as
annual crop is dominated in drier regions of Southesian continent and Australia (Edwards et
al., 2007).Brassica juncea has a greater tolerance for heat and drought tondiand the

mature siliques are less prone to shattering, radugeld 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 valu@rassica oilseeds. Mature seeds contain
approximately 40% oil with triglycerides making dlpse to 90% of the oil in the seed

(Uppstrom, 1995). The oil profile has a high cartcation of monounsaturated fatty acids and a
low level of saturated fats (Uppstrom, 1995). dslbeen shown that monounsaturated fatty acids
decrease the low density lipoprotein (LDL) cholesitavhich is the major contributor to

coronary heart disease (Lecerf, 2009). The byprodithe oil extraction process produces a
meal which has protein levels between 20-30% of&#exl weight. The meal has significant

commercial value and marketed as a supplementinmeafeed.



Erucic acid is a significant component to the faityd profile ofBrassica, with levels as high as
40% to 50% observed in high erucic lines (Edwatdd.e2007; Snowdon et al., 2007). Erucic
acid produces a bitter taste to the oil and has beewn to have adverse health effects. Studies
with rats have shown that the increased consumpfiaiis high in erucic acid resulted in
increases in occurrence of cardiovascular disdzsaré, 1963; Gopalan, 1974; Hulan, 1977).
The identification of germplasm with a zero erumiid level (>2% of oil profile) ifB. napus

was identified in the late 1960 due to increasegades in high throughput screening of fatty
acid profiles using gas chromatography (Downeyladrey, 1963). A similar discovery B
juncea identified two zero erucic acid mustard cultiveZ&M1 and ZEM2) in 1991(Kirk and

Oram, 1981). These lines were made openly avaitalibeeeders around the world.

Brassica species have naturally high levels of glucosiredathich produce the sharp flavours
in the end products such as meal for animal f&&ldicosinolates are found in the meal
byproducts of the oil extraction process which hawg-nutritional characteristics which reduce
the palatability of the meal and the release oictby-products in the digestion of monogastrics
which inhibits the use of the meal in animal feBél(, 1982; Bille et al., 1983). High levels of

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

The first low glucosinolat®. napus lines were identified in a Polish spring rape Braski in

1968 (Kondra and Stefansson, 1970) which was $dtewn to have recessive alleles at three loci
contributing to the low aliphatic glucosinolate (F®)/g seed) level. This led to the development
of the first double low spring rapeseed cultivBower’ with zero erucic acid and low
glucosinolate levels in 1974 (Stefansson and Kgri®@5) . This “double low” rapeseed was

given the name Cadlian_dl |ow acid (Canola) which helped develop the edible oifkeain



Canada. Canola has now become the most econoyrsagtiificant crop grown in the western

Canadian prairies.

The first low glucosinolate mustarB.(uncea) line was identified in 1990 allowing for the
development of double low or Canola quality mustrdLove et al., 1991). This line was

stable for low glucosinolate levels but was latevwn to be nullisomic (2n=34) (Cheng et al.,
2001). Ongoing breeding efforts in Australia arah&da resulted in reduce glucosinolate levels
to develop Canola quality breeding materiaBojuncea (Burton et al., 2003). This allowed for
the production of Canola quality mustard oilseedsegions wher®. napus production was
limited due to environmental factors such as redueefall and high temperatures. In Canada
the first double lowB. juncea cultivars, Arid and Amulet, were released in 2002 Australia

there is active breeding for canola quaBtyuncea to improve the agronomic characteristics of

the crop (Burton et al., 2008).

2.4Brassica production

2.4.1 Economic significant oBrassica oilseed production

Rapeseed oil production made up 13.6% of the tolsted production in the world in 2010
second to soybean production which made up appaigi;n59% of overall production (FAO,
2010). Demand for canola rapeseed oil in Canadaitavn from 3.8 million tonnes in 2000 to
7.3 million tonnes in 2010 fueled mainly by incred®xports to Japan, China, Mexico and the
United Arab Emirates (AAFC, 2010). Canada is theoed largest Canola/Rapeseed producing
country contributing 18.4% of the world’s productim 2010 (AAFC, 2010). Canola acres have

increased from 3.7 million acres in 2001 to 6.8ionlha in 2010 as the demand has increased



(StatCan, 2011). Canadian oilseed production agd&d! billion to the Canadian GDP in 2010

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

Alternative uses for oilseeds as feedstock for ueduction thus reducing the reliance on
nonrenewable fossil fuels, have resulted in are@®e in demand for seed oil production. Canola
oil can be used as a high quality source of oibiodiesel production. The Canadian
government has put forward a mandate that will iregua minimum 5% biodiesel blend by 2015
with a 2% biodiesel blend implemented by 2012 (Ca@ouncil of Canada, 2007). The 5%
biodiesel blend demands 1.5 billion litres of bes#l which will require an increase of 2.9

million tonnes in oilseed production per year tcetmaurrent export and food uses (Canola

Council of Canada, 200.7

2.4.2Brassica juncea production

Brassica juncea cultivation in Western Canada is primarily for fhepose of condiment
mustard production (oriental and brown mustardjl, iagoes along with the production of
Snapsisalba L. another species which produces the common yellastand (Skrypetz, 2003).
Canada is the largest exporter and second largedtiger of condiment mustard seed in the
world, exporting nearly half of the global suppAAFC, 2009). The production fluctuates
betweerB. juncea andSnapsis alba depending on the market price Bufjuncea production
typically makes up half of all mustard productionwestern Canada (Skrypetz, 2003). Mustard
(B. juncea) production in 2009 totaled 515 thousand hectsregestern Canada, with the
majority of production located in Saskatchewan k&edhwan Agriculture, 2011). Oilseed
mustard production in Canada is not significant aesmpetes directly with current canola
production. B. napus cultivars have greater yield potential and agroiegrerformance than

current oilseed mustard varieties due to increaseeding efforts.



B. juncea is a significant proportion of the overall oilsgg@duction in India, Bangladesh and
Pakistan. However, production data from these gc@mmtloes not separate rapeseed production
from mustard oil production (Edwards et al., 200Due to the drier conditions and cultural
harvesting practices in IndiB, juncea generally makes up 80% of the oilseed production
(Edwards et al., 2007). Oilseed mustard produdticdhustralia occurs in the drier regions of the
country whereB. napus production is limited (Burton et al., 2003). Siarly oilseed mustard
production has been successfully introduced inta-seid regions of western Canada where

rapeseed production is limited.

2.5 Breeding objectives irBrassica

Breeding inBrassica has been used to improve agronomic and seed yjtralifs in the
development of commercial cultivars. The manipataof fatty acids in oilseeBrassica has
been the focus of breeding efforts in rapeseeckgime early 1950’s with the goal of improving
the oil profile (Uppstrom, 1995). This initiatéeke identification of germplasm producing seed
oil with low erucic acid and reduced alpha glucosate levels to develop the first double low
rapeseed varieties (Stefansson and Kondra, 19&}her breeding efforts iBrassica napus

were focused on the modification of oil qualitydganola quality rapeseed. This included the
reduction of linolenic acid which reduces shek Idf oil due to oxidation, and lead to unwanted
flavours (Uppstrom, 1995). Linolenic acid madebgtween 8-12% of the oil profile of
conventional canola lines. The identification aftamnts producing lower linolenic levels

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

Manipulation of the linolenic acid levels B napus has helped the development of designer oils
for industrial purposes. Low linolenic acid levilsve been shown to increase the stability of
the oil under heat and reduce the oxidation (Waenhet., 1994). Mid oleic oil is currently
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marketed in the food industry where the oleic acdtent is 67-75% of the oil profile. High
oleic acid (>75%) is targeted for blending with etloils to increase oleic acid content or for

industrial frying purposes (Scarth and McVetty, 499

The increased demand for vegetable oil will reqgmeater production of oilseeds in Canada.
This can be achieved by increasing the overalldrestdevoted to oilseed production, increasing
seed yield or increasing total seed oil. FocuB@ssica juncea has been on the condiment
mustard production however there is promise tHaeed mustard can contribute to increase in

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

The identification of genetic sources of low eruai@ low glucosinolate mustard lines has
allowed for the development of canola quaBtyjuncea cultivars (Kirk and Oram, 1981, Love et
al., 1991). Currently much of the breeding efféaiscanola quality mustard oil have been
focused in India and Australia where mustard addoiction has already been establishBd.
juncea breeding in Canada has produced canola qualityartisultivars including Arid and
Amulet released in 2002. This has allowed for ¢taod production within regions that
currently cannot sustal. napus cultivation This includes the drier regions of tbanadian
prairies (Woods et al., 1991) and has shown p@misimilar regions of Australia (Burton et

al., 2003).

2.6 Fatty acid biosynthesis

2.6.1 Fatty acid biosynthesis and storage iBrassica
The process of fatty acid (FA) biosynthesis in [damas been studied extensively. FA
accumulation has been shown to be initiated irctheroplast of leaves and protoplast of

developing seeds (Baud et al., 2008; Ohlrogge and/&, 1995). The synthesis of methyl-CoA
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by the carboxylation of acetyl-CoA provides thedofrem which the fatty acid chain is
elongated. Acetyl groups are added to the fatity etzain to elongate the fatty acid to palmitic
acid C16:0 (Konishi et al.,1996). Palmitic aciddergoes further elongation and desaturation to
produce stearic acid and oleic acid through thgmatic action of Ketoacyl-ACP synthase
(KAS) and stearoyl-ACP desaturase respectivelyr@jge and Jaworski, 1997; Pidkowich et
al., 2007). These end products are exported toytoplasm where further modifications of the
fatty acids are completed. This includes the frrtfesaturation of oleic acid to produce linoleic
and linolenic acid by the fatty acid desaturaseyer®s FAD2 and FAD3 respectively (Ohlrogge

and Browse, 1995).
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Pyruvate Acetyl-CoA Malonyl-CoA
\ Malonyl-CoA
ACPase
KAS I . Malonyl-ACP
v
4:0-ACP

Stearyol-ACP

KAS |
Desaturase

\\ 16:0-ACP »18:0-ACP , 18:1-ACP /

ACC Synthase

v v v

16:0-CoA 18:0-CoA 18:1-CoA
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Figure 2.2: Overview of the pathway for the synthesis of faityds in the plasmid of the plant cell. Pyruvate
produced during glycolysis becomes the substrat@detyl-CoA which is used in the formation of fatcids.
Acetyl CoA is converted to Malonyl-CoA by the enzyrACCase. Malonyl-CoA is transformed into Malos@GP
by Malonyl-CoA ACPase. Acetyl CoA and Malonyl-AG@Pe elongated to produce 4:0-ACP by the enzyme
KASIII. The carbon chain undergoes multiple elaigareactions using the enzyme KASI enzyme whidtisawo
carbon chains to the molecule. This reactionpeated to produce 16:0-ACP. A final elongatiod®f0-ACP is
completed with KASII to produce 18:0-ACP. Furthesnipulation of the 18:0-ACP is desataturated tmlpce
18:1-ACP with the enzyme Stearoyl-ACP Desaturdadee elongated carbon chains are converted intyp &aftl
chains 16:0-CoA, 18:0-CoA and 18:1-CoA with theyane ACCsynthase and can then be transported iato th
cytoplasm. Adapted from Baud et al. (2008), Wdgekt al. (2009) and Li-Beisson et al. (2010).
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P |asm |d Stearyol-ACP

Desaturase

16:0-ACP —— 18:0-ACP —— 18:1-ACP

- -

v v ACC Synthase
Cytoplasm FAD2 18:1 Pool
PR (C18:1-CoA
18:2-CoA C18:1-PC)
FAD3
FAE
20:1-CoA
FAE
18:3-CoA
22:1-CoA

Figure 2.3: Simplified scheme of fatty acid elongation andyfattid desaturation of 18:1 fatty acids
produced in plastids. These fatty acids are el@ubaith the enzyme FAE to produce 20:1 and 201¥ fa
acid chains. Desaturation to produce 18:2 is ya¢al with the desaturase enzyme FAD2 and further

desaturation to produce 18:3 is completed with FAB®apted from Baud et al. (2008)

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

acid chains that are bound to a glycerol backb8&tyn{ne and Stobart, 1993). The structure is

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

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

phospholipid layer. These bodies are developeldarER however the precise method is not

fully understood. It has been suggested that %@ @iccumulate in the ER where they are
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budded off surrounded by a mono-phospholipid lalyat is thought to be derived from the ER
phospholipid bilayer (Robenek et al., 2006). Thaséies are released into the cytosol where,
during seed maturation, the water content of ttis decrease and result in the oil bodies
converging together bound by oleosins which bireddih bodies together during cytoplasmic

compression (Murphy and Vance, 1999).

DHAP 16:0-CoA 18:0-CoA 18:1-CoA

Endoplasmic
v v Vv v Reticulum
Glycerol-3- 4
J Acyl-CoA
GPAT Pool
Lysophosphatidate \
LPAAT P
Phosphatidate » Diacylglycerol
Phosphatidat
Phgzghgdygrglase l DAGAT

Triacylglycerol

Figure 2.4: Simplified diagram of triacylglycerol synthesisptant cells. Fatty acids synthesized in
plasmids and modified in the cytoplasm are trartspadio the endoplasmic reticulum. Hydroxyacetone
phosphate (DHAP) originating in the cytoplasm isv@rted into the glycerol backbone for
triacylglycerol molecule with the enzyme glycerepBosphate dehydrogenase. Kennedy pathway
catalyzes the reactions which binds Acyl-CoA molesuo the Gly-3-P molecule to produce
triacylglycerol molecule. Adapted from Baud (2008).

14



2.6.2 Genetic control of erucic acid accumulation

Erucic acid (C22:1) is one on the products of Meng fatty acid chain production in the
endoplasmic reticulum. Early studiesArabidopsis identified FAE1 as being responsible for
the accumulation of C20:1 and C22:1fatty acids €met al., 1995). IB. juncea a study
identified FAE candidate genes similar to thosentbin B. napusto control the expression of
erucic acid (Gupta et al., 2004TheFAEL.1 andFAE1.2 loci were mapped to linkage groups
LG3 and LG17 respectively. Similar B napus the two loci are located on each of the diploid
genomes AA and BB and control erucic acid in antadgdmanner. Analysis of low erucic and
high erucic lines irB. juncea uncovered 4 SNP IRAEL.1 and 3 SNP ifrAE1.2 that contribute

to the variation between high and low erucic aGdgta et al., 2004).

The identification of the genes contributing to@cuacid accumulation has determined that the
trait is controlled by 2 loci that contribute adely to the overall expression of erucic acid in

the seed. The loci of that control erucic acidehbgen identified as E1 on the A genome and E2
on the B and C genome for bdhnapus andB. juncea. High erucic acid lines having erucic

acid in the seed greater than 40% are homozygaugdat for all 4 alleles (EIE1E2E?2).
Conversely low erucic (>2%) are homozygous recesgivall four alleles (elele2e2) (Barret et
al., 1998; Gupta et al., 2004; Rahman et al., 2008kere are intermediate levels of erucic acid

which are determined by the relative contributibl@aminant and recessive alleles.

2.7 Genetic studies in Brassica

2.7.1 Molecular biology techniques for genetic stues
The detection and manipulation of genetic polymapis has played a key role in breeding for

economically important crop traits. For decadesiptseeders has used polymorphism for
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morphological traits as markers to trace the ddgnats by their linkage with detectable
morphological traits or markers. However, the raggstelopment in the field of molecular
biology has given plant breeders the power to usleecnlar markers (protein, DNA) for
manipulation of crop traits. Restriction fragméarigth polymorphisms (RFLP) were the first
DNA- probe based genetic markers widely used totiffepolymorphisms. RFLPs had a high
rate of reproducibility allowing them to be usedivelop some of the first molecular linkage
maps. Additionally RFLPs produced co-dominant reeslallowing for the identification of
heterozygote genotypes. RFLPs however are verytahtensive, required some sequence
knowledge to develop probes and required large atsaf high quality DNA for analysis. This

limited the ability for RFLPs to be used in highdbghput screening.

With the development of polymerase chain reactR@R) new marker techniques were
developed which overcame the issue of sequencel&dgesrequired by RFLPs. Random
amplified polymorphism (RAPD) and amplified fragniéength polymorphism (AFLP) were

two of the first marker types developed using PEghnhology to screen for polymorphisms.
RAPD markers used a randomly developed oligonudigbrimer to amplify random fragments
within the genome. These markers were highly &ffedn identifying polymorphisms but due

to the random binding of the single primer reprablility was inconsistent. This restricts the use
of RAPD for marker assisted selection. AFLP werkzed to produce molecular linkage maps
due to the high number of polymorphisms identitiedvever this method required a number of
steps to complete which reduced efficiency. BotiPRAand AFLP produced dominant markers
which do not allow for the identification of heteg@ote genotypes from homozygous dominant

genotypes restricting the populations that couldreyzed. Other marker techniques that have
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been developed that do not require sequence knge/liedlude sequence related amplified

polymorphism (SRAP), and inter-simple sequenceatsp@SSR) markers.

Marker technology has improved to develop a nunobether marker systems which require
some sequence knowledge such as single nucleaige@rphism (SNP) (Gupta et al., 2004),
simple sequence repeats (SSR) (Uzunova and Ec88),1€quence tagged site (STS) (Panjabi
et al., 2008b) and sequence characterized ampiigion (SCAR) markers (Rahman et al.,
2007). These markers are more difficult to devélopproduce more reproducible results due to

the specificity of the primers that are developed.

2.7.2 SSR markers

Simple sequence repeat (SSR) markers identifyrdififge in microsatellite regions within the
genome. Microsatellites are regions of tandematspef di, tri and tetra nucleotide regions that
occur repeatedly throughout the genome (Hamadia 4982; Vergnaud et al., 1991). These
regions are non-coding and have been shown to d@muently throughout the genomes in
plants and animals (Innan et al., 1997; Morgante@iivieri, 1993; Tautz, 1994; Weber and
Wong, 1993). Their function has not been cleatfntified however variation in canine species
and diseases in humans have been linked to miettitgategions (Fondon and Garner, 2004,
Pearson et al., 2005). Microsatellites are theltres replication slippage during meiosis which
causes mismatches between the DNA strands (Te284)1SSR are identified by probing BAC
libraries (Lowe et al., 2004) or sequence data ¢Tetral., 2008) to identify the microsatellite
regions in DNA. Unique oligonucliotide primers alesigned flanking the tandem repeats and
PCR is used to amplify this region. Polymorphisrasveen the genotypes are reflected by the
number of repeats that occur within the tandemaepgion. These are identified as DNA band

size differences of the PCR products which cansb&naall as 2 base pairs (bp). The small
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differences in band size requires a high fideligtinod of visualizing the band such as
polyacrylamide gels (Morin and Smith, 1995) or tagidlorescence capillary fragments analysis
using instruments such as Applied Biosystems ABISRMRR 3100 Genetic Analyzer (Oetting et

al., 1995).

2.7.3 SRAP markers

Sequence related amplified polymorphisms (SRAP)raekers which have been used to
identify high rates of polymorphism with no sequentformation available. The method uses
two primers which have a specific motif. The fordi@rimer is 18 bp long consisting of an 11
bp region of which the sequence of no specific eqaence (Li and Quiros, 2001). This region is
followed by an AATT region which is then followed b random trinucleotide. The reverse
primer follows a similar structure to the forwandnper however itis 17 bp long with a 10bp
region followed by GGCC and another random trinotitee region. It has been identified that
coding regions of genes in plants have a highgogtoon of A and T and a high proportion of C
and G nucleotides in the exon regions (Lin etl®99). This favors the forward primer to
anneal in coding regions of the genome and thasev@imer to favor annealing to non-coding
region. Initial studies showed a high proportidmarkers that are amplifying in regions with a
high concentration of coding genes (Li and Quigi)1). Initial five cycles of the PCR have a
lower annealing temperature which will allow fomspecific binding of the primers. The
annealing temp is then raised for the remaindén@tycles 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 gemeips that represent the genome based on

the recombination frequency of the polymorphic reaslwithin a mapping population. A large
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number of genetic maps have been developed faraullsape and mustard usingHs,

recombinant inbred, backcross and double haplgidijations (Table 2.2). Polymorphism
identified between the parents using molecular evarire indications of genetic variation found
within the genome. These maps can be used to ldwateci influencing or controlling the
guantitative traits such as yield, seed quality disease resistance by the association of such
guantitative trait loci (QTL) with molecular marlseplaced on a genetic linkage map. Early
genetic maps were constructed using primarily RFigPkers however more recently maps have
been published using SSR, SRAP, STS, AFLP, SCARARD 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 mapsymater programs are used to compute the
distance among the markers and determine the oraérich they are placed on genetic maps.
Mapmaker was one of the first widely used progrased to develop high density linkage maps
which operated on a MSDOS platform (Lincoln, 1998his program required a greater
understanding of programming and was time consunargvelop maps with a greater number
of markers without previous linked markers ideetifi JoinMap is a Windows based program
which identified linkage groups based on the lagamiof odds (LOD) to identify linkage groups
(Van Ooijen, 2001). This overcomes the need tatitleanchored markers in the development

of high density linkage maps.

2.7.6 Molecular mapping inBrassica
Linkage maps have been developed using RAPD, RRORA&LP markers for botB. napus
(Cheung et al., 1997a; Ferreira et al., 1994, ebissal., 1996; Landry et al., 1991; Lombard

and Delourme, 2001; Sharpe et al., 1995; Uzunoah ,1995) and. juncea (Aggarwal et al.,
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2003; Cheung et al., 1997b; Lionneton et al., 200&ymood et al., 2003; Sharma et al., 2002a).
More recently, maps using SSR markers have beeglaead inB. napus (Cheng et al., 2009;

Lowe et al., 2004; Piquemal et al., 2005; Uzunawa Bcke, 1999) anB. juncea (Ramchiary et

al., 2007b). Mapping iB. juncea was completed using markers developed from EStUiesexgs

of Arabidopsis to develop oligonucliotide primers (Panjabi et 2008a). These primers were
designed to identify polymorphism within intron r@gs of single copy genes which were used

to develop a linkage map of tBejuncea genome. SNP and STS markers have been used in the
development of linkage maps Bf napus (Qiu et al., 2006; Suwabe et al., 2008). A pubbarce
(www.Brassica.info) of SSR markers have been made available ri@geet al., 2008). These
markers have been contributed from a number ofcesurnd made available for public use in

Brassica genomic studies.
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Table 2.1:Overview of the linkage maps and marker techneledieveloped in amphidiploids specieBaissica.

Species Markers used Map Number of Reference
length Linkage groups

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 2073cM | 18 Cheung et al., 1997a
B.juncea | RFLP 1266 cM | 18 Axelsson et al., 2000
B.juncea | RAPD 790.4cM | 21 Sharma et al., 2002a
B.juncea | AFLP, RAPD 1641cM | 18 Lionneton et al., 2002
B.juncea | RFLP 1564 cM | 18 Mahmood et al., 200
B.juncea | AFLP, RFLP 1629¢cM | 18 Pradhan et al., 2003
B.juncea | RFLP, AFLP, SSR 1840 cM 18 Ramchiary et al., 2007|
B.juncea |STS 1922¢cM | 18 Panjabi et al., 2008b
B. napus AFLP, RAPD, RFLP, 1574 cM 19

SSR, SCAR Lombard and Delourme, 2001
B. napus AFLP, RAPD, RFLP, 2023 cM 19

SCAR, SSR Delourme et al., 2006
B. napus RFLP, RAPD, SSR 1441 cM 19 Uzunova et al., 199
B.napus | RFLP 1016 cM | 22 Ferreira et al., 1094
B.napus | RFLP 1656 cM | 19 Sharpe et al., 1995
B.napus | SSR, SCAR 2619¢cM | 19 Piquemal et al., 200
B.napus | RFLP 1238 cM | 18 Howell et al., 1996
B. napus RFLP, AFLP, SNP, SSR 2031 cM 19 Cryer et al., 200t
B. napus RFLP, AFLP, RAPD, 1792 cM 19

SNP, SSR Suwabe et al., 20C
B. napus AFLP, RFLP, SSR, STS 1685 cM 19 Qiu et al., 2006
B.napus | RFLP 1968 cM | 19 Parkin et al., 200
B.napus | SSR 1957cM | 19 Lowe et al., 2004
B.napus | RFLP 1656 cM | 19 Parkin et al., 199t
B. napus AFLP, RAPD, RFLP, 1912 cM 19

SSR Lombard and Delourme, 200:
B. napus AFLP, RAPD, RFLP, 2023 cM 19

SSR

Lombard and Delourme, 2001

21




2.8QTL analysis in Brassica

2.8.1 QTL analysis

The identification of QTL based on a linkage maguiees the analysis of the genotypic and
phenotypic variation within the population thab&ing studied. Phenotypic data collected from
field trials is used to determine if there is andigant correlation between the genetic region
determined by the marker segregation and the vamiabserved within the quantitative trait.
Multiple techniques have been developed to prebege regions and to minimize statistical

errors in the identification of QTL and their deption follows.

2.8.2 Single marker analysis

Single marker analysis is the simplest method téadang a QTL. Statistical analysis such as
Analysis Of Variance (ANOVA), t-test or linear regsion can be used to determine the
segregation of quantitative trait with the singlarker. Linear regression is commonly used for
single marker analysis as the coefficient of debeation () can be used to determine
phenotypic variation that can be explained by tlaeker. There are however a number of
downfalls to the use of single marker analysighieridentification of QTL. The further the
marker is away from the actual QTL reduces thatghd identify the correlation between the
marker and the QTL. This is due to recombinatiat ttan occur between the marker and the
QTL which effects the Restimation of the overall effects of the QTL. Tha result in the miss
calculation of the QTL, resulting in the underestiion of the overall effect (Tanksley, 1993).
This can be overcome by using a larger number okenga covering the entire genome

(Tanksley, 1993).
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2.8.3 Interval mapping

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

adjacent markers along the linkage map. This ased¥kage map covering the whole genome as
the basis of the analysis tests for QTLs locatatiénntervals between markers on identified
linkage groups. This overcomes the limitationsiofjle marker analysis by providing a larger
number of markers that covers the whole genomes rBuuces the effects of recombination of
the marker and the QTL which results in a moreatiffe estimation of the overall effect of the
QTL on the trait making it a more powerful tool foarker assisted selection (Lander and

Botstein, 1989; Liu, 1998).

2.8.4 Composite Interval mapping

To overcome the limitation of interval mapping carsje interval mapping (CIM) was
developed. Using SIM analysis to identify QTL résin bias based on the markers due to their
position on the linkage map and is effected by o@iEL located on the same linkage group
(Jansen, 1993; Zeng, 1993). CIM overcomes thisdomybining SIM with linear regression in
addition to the incorporation of additional markers statistical model (Jansen, 1993; Jansen,
1994; Zeng, 1993; Zeng, 1994). This method alltawsnore 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 correlatiohphenotypic data with the inheritance of
genetic regions within a segregating populatioimgl® marker analysis of a population can be

completed using ANOVA, t-test or linear regresdiomdentify the significant correlation
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between single marker and the trait(s) being studighis analysis can be completed using
simple statistical software to identify QTL. QThalysis using SIM can be completed using the
software programs Mapmaker/QTL (Lincoln, 1993) @ene (Nelson, 1997). Programs such
as Win QTL Cartographer (Basten et al., 2001) aap@TTL (Van Ooien et al., 2002) use CIM

to identify QTL.

2.10 QTL in Brassica

2.10.1 QTL analysis inBrassica

The identification of significant QTL can be usexaatool to improve selection in breeding
programs and the development of markers for maksisted selection. In oilseed rape (

napus) there has been a significant amount of researtie area of QTL identification. Studies
to identify QTL inB. napus has been completed in economically importantstisich as, oil
content (Burns et al., 2003; Delourme et al., 2@xke et al., 1995; Qiu et al., 2006; Zhao et al.,
2005), fatty acid composition (Barker et al., 20Bdrns et al., 2003; Ecke et al., 1995; Qiu et

al., 2006; Rajcan et al., 1999; Zhao et al., 2@0®) yield (Chen et al., 2007; Gul, 2003; Quijada
et al., 2006; Udall et al., 2006; Zhao et al., 2008s the demands on oilseeds increase there has
been more research for improvemenBrassica species. In responses there has been a number
of studies completed looking to identify QTL to pénprove the efficiency of breeding of

successful cultivars.

2.10.2 QTL for oil content inB. juncea
There are limited reports on QTL analysis for @htent inB. juncea. Analysis of aB. juncea
population comprising recombinant inbred lines (Rdhd characterized for RAPD markers

identified three QTL for oil content, each accoungtfor approximately a 6% increase in oil
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accumulation (Sharma et al., 1999). In anothatst(Lionneton et al., 2002), an AFLP based
genetic map developed from 131 DH lines was usadetatify two QTL for increases in oil
content, which were located on linkage groups L&ndd LG 18 accounting for 17.1% and 9.2%
of the variation observed, respectively. Thesistread opposite effects with the QTL on LG 11
corresponding to an increase in oil content whetlea®TL on LG 18 resulted in a decrease in
oil content. Unlike other studies, no correlati@iviieen fatty acid QTL and oil content was
observed (Mahmood et al., 2006b). A double hapBoidincea population containing 112 lines
were used to develop a RFLP linkage map consistird®O0 linked loci and the map was used to
detect QTL for oil content. The analysis identifi@x QTL for oil content accounting for 65.3%
of the observed variation in oil content in the plagion. Using a DH population &. juncea
containing 123 lines a linkage map was developetp using AFLP, RFLP and SSR markers
(Ramchiary et al., 2007). From this map seven @rloil content were identified on the A

genome and showed strong correlation between oteab and erucic acid levels.

2.10.3 QTL analysis for Fatty Acids inB. juncea

Oil quality is a major focus for breedersBrassica breeding. In the development of canola
quality B. juncea it is necessary to reduce erucic acid (22:1) kevéldditionally there is a focus
on developing specialty oils Brassica including high oleic and high erucic acid lines fo
specific markets. All of the breeding objectivesm denefit from marker assisted selection as
they would allow for selection of alleles that pucé the desired oil profile prior to field

screening.

In B. juncea there has been a number of studies identifying @f¥lthe major fatty acids. QTL
analysis for fatty acid in a DH populationBfjuncea identified 2 QTL for erucic acid

(Mahmood et al., 2003). This was confirmed in aro#xperiment looking at another DH
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population ofB. juncea (Lionneton et al., 2004). In both of these stadieere was a correlation
between QTL identified for erucic acid and oleinpleic and linolenic acid levels. This
corresponds to another work (Gupta et al., 200) s identified ZAE1 genes shown to act
additively in determining erucic acid levelsBnjuncea. From these studies the negative
relationship between oleic and erucic acid leveds wonfirmed. This was reinforced in a study
that modified the expression of tRAE andFatB genes through transformation with showed a
decrease in erucic acid and an increase in olaaglc and linolenic fatty acid levels (Sinha et
al., 2007). Studies to identify QTL for oleic at¢idve repeatedly identified 2 QTL which
generally correspond to QTL identified in eruciadadionneton et al., 2002; Lionneton et al.,
2004; Mahmood et al., 2003; Sharma et al., 2003ajilarly, common QTL are shared between
oleic acid and linoleic and linolenic as oleic adhe primary substrate for these fatty acids

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

2.10.4 Agronomic improvement oBrassica juncea

The development of crop cultivars requires the mupment of agronomic traits such as maturity
and seed yield. The inheritance of these agrontnaits is complex because they are highly
influenced by environmental factors which makegakection of such traits more difficult for
selection. This requires multi-location testingatzount for variation due to environmental

factors and then isolate the genetic factors ines@iv the performance of these traits.

The genetic control of yield requires multiple gemesponding to sink and sources signals as
well as environmental effects that contribute ® dlverall yield of a crop. IB. juncea the
investigation of QTL for yield contributing charadistics and overall yield was studied looking
at a DH population containing 112 individuals (Maod et al., 2005b). In this study 32 QTL

for five yield components iB. juncea including number of siliques, seeds per siliquiae
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length, test weight and silique weight were idigdi (Ramchiary et al., 2007b). Further
investigation analyzed overall yield related tdgieharacteristics including pods per plant,
silique length and seeds per silique. It was reacgetiiat there was no significant yield QTL that
could be identified and used as reliable methagetdcting high yield varieties (Mahmood et al.,

2005h).

Days to maturity irB. juncea is another important factor used for the seleatiboultivars. QTL
analysis for maturity ifB. juncea has not been heavily studied as the phenotypiciatian for
this trait is routinely collected during the figkesting. The analysis of a DBl juncea
population identified two QTL tightly linked to maity which also correlated with QTL
identified for days to flower and end of flowerinthis shows a strong correlation between

flowering and the determination of maturityBnjuncea (Mahmood et al., 2006a).

2.10.5 QTL for days to flower inB. juncea

The genetic factors that contribute to the dayfoteering are also a quantitatively inherited.
Days to flowering, days to end of flowering andafering period are all components that are
related to the maturity of oilseed mustard lin€bese traits are easily measured by observations
made during the field trial season and are usélderselection of cultivars. The investigation of
F2 Brassica sp. identified three QTL in the diploid speciggapa, B. nigra andB. oleracea

which corresponded to six QTL identifi®&d juncea suggesting a common ancestrally inherited
loci that related to flowering time (Axelsson et @001). A study using a RFLP map developed
from a DHB. juncea population showed a four times greater geneti@aade by the use of
phenotypic and genotypic evaluation of lines whiokld be a strong tool for breeders for

increasing the efficiency of the breeding prograalimood et al., 2006a). Another study
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identified three QTL for days to flower which alsllowed a significant negative correlation

between flowering and oil contentjuncea (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 mustaf@rg@ssica juncea) was developed using molecular markers.
The map is based on two genetically diverse doajtoid (DH) populations produced from
crosses between a yellow seeded mustard cultivMaMZ and two mustard lines “Vniimk351”
and “Vniimk405”. The microspores from F1 hybridstbé crosses Zem1 X Vniimk351 and
Zeml X Vniimk405 were used to develop 106 and 57IiDek, respectively. A parental
screening for 363 SSR (simple sequence repeats3RA®P (sequence related amplified
polymorphisms) revealed that only 32% of the SSRkera were polymorphic. Both DH
populations were then genotyped for the polymor@8& and SRAP markers to construct the
linkage maps. The linkage map based on the ZEM1ix\k351 population included 13 linkage
groups housing 79 SSR and 61 SRAP markers. Thecmagyed an overall length of 791 cM
with an average interval of 5.7 cM between the raexk The linkage map developed from the
ZEM1xVniimk405 population also contained 13 linkaggeups populated by 76 SSR and 62
SRAP markers. The second linkage map spannedamndesbf 623 cM overall with an average
interval of 4.6 cM between the markers. The map&bbped for the two populations share 47
common markers which are distributed throughoutitiitege maps. The development of the
molecular maps for these two DH populations throtinghuse of SSR and SRAP markers can be

used for further studies of tlige juncea genome.
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3.2 Introduction

As described in the Triangle of U (U, 1938assica juncea is an amphidiploid species which
originated by natural hybridization betweBrrapa (A genome) and. nigra (B genome).
ThereforeB. juncea is designated as having AB genome consisting afit8mosomes where 8
chromosomes originated froBi nigra and the 10 chromosomes from Bi@apa. The
approximate size of th. juncea genome is estimated at 1105 Mbp and the 2C gemaass of
2.29 pg/2C which is similar to the size of Benapus 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 dexktbp genetic linkage mapskfjuncea using
various types of molecular markers such as RFIARR(Sharma et al., 2002a), AFLP
(Lionneton et al., 2002; Pradhan et al., 2003; Raang et al., 2007a) and STS (Panjabi et al.,
2008a). The SSR markers have been used in theimgapiB. juncea for further saturation of
an existing molecular map consisting of RFLP and.Rifmarkers (Ramchiary et al., 2007b).
SRAP markers have been used in the comparativeestafithe genetic diversity &. juncea in
the Asian and European continent (Wu et al., 2008¢. linkage maps published by these
researchers describe 18 linkage groups represesdicty of the 18 chromosomesBfjuncea.
The coverage in terms of genetic distance rangegelea 1266 cM and 1933 cM (Axelsson et
al., 2000; Lionneton et al., 2002; Mahmood et2003; Panjabi et al., 2008b; Pradhan et al.,
2003; Ramchiary et al., 2007b) with the exceptiba RAPD based map which has been
described containing 21 linkage groups covering @4 distance. These linkage maps have
been used for the identification of QTL for oil (€ng et al., 1998; Mahmood et al., 2006b),

fatty acid (Gupta et al., 2004; Jagannath et @lL02 Lionneton et al., 2002; Mahmood et al.,
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2003), protein content (Mahmood et al., 2006b) agrnomic traits such as yield (Ramchiary et

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

The choice for the type of molecular markers tabed for linkage mapping studies depends on
many factors including their ability to detect polgrphism, ease of use, reproducibility and
most importantly how effectively they can be usadigh throughput screening for genotypic
selection (Agarwal et al., 2008; Varshney et &0%). RFLP markers have been shown to be
highly reproducible however they require prior seaee information, require the use of
radioactive isotopes, and protocols to use thenganerally laborious. Similarly, AFLP require
repeated steps which are time consuming for highutyhput screening. Microsatellite markers
have been shown to have a high degree of polym&mphind are reproducible for the purpose of
screening (Tautz, 1994). The SRAP marker can bé tgsidentify genomic regions of interest
as the amplified regions can be used for obtaisgygence data (Li and Quiros, 2001). The use
of microsatellite and SRAP markers for the develeptof genetic maps iB. juncea has been
limited. Currently there are number of publiclyadable libraries of SSR and SRAP markers
developed irB. napus, B. rapa andB. oleracea which can be investigated for use in the

development of a linkage map of tBejuncea genome.

The goal of this study was to develop linkage mage/o0 DH B. juncea populations developed
from the cross of ZEM1/Vniimk351 and ZEM1/Vniimk405ing SSR and SRAP markers that
have been effectively used in the developmentnbilge maps iB. napus. These genetic maps
would be valuable to understand the genome org@émrivaf B. juncea and development of

markers linked to economically important traitstsas 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 tvapping populations used in this study
originated from differing genetic backgrounds. ZEMas identified in Australia where it was
identified as being a natural mutation that had/Vew erucic acid expression (Kirk and Oram,
1981). Later studies identified polymorphisms athotheFAEL.1 andFAEL.2 genes that
resulted in the zero erucic acid designation oflittee(Gupta et al., 2004). These lines were
made publicly available for breeding and developnaécanola qualityB. juncea (Burton et al.,
2003). The Vniimk lines were obtained from pulidreeding programs in Russia. Vniimk 351
has been studied in plant regeneration studies@atine control similar to ZEM (Bonfils et al.,
1992). Vniimk 405 has been used for the studilbbigo candiada (White rust) resistance and
virulence ofAlbugo candiada races (Prabhu et al., 1998). Both Vniink351 an8l @@ moderate
erucic acid lines similar to nati# juncea species and have been developed for the condiment

mustard market in Russia.

Two DH populations oB. juncea were developed using microspore culture develdyyedow
AgroSciences (DAS) Inc, Saskatoon, Saskatchewde. fifst population comprising 106 DH
lines was developed from the Ikybrid of the pure line of Zem1 and Vniimk 351.eT$econd
population was developed from thedf the cross of the pure lines of ZEM1 and Vniig05.
This population included 56 DH lines. Both popwas were developed using DH protocols
proprietary to DAS. The DH populations were gepety for molecular markers at the
department of Plant Science at the University ohittdoa, Winnipeg. Genomic DNA was
isolated from young leaves at the two to three $¢afle for each of the 172 DH lines and the
three parental lines using a modified 2X CTAB methépproximately 2 g of plant tissue was
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macerated in liquid nitrogen for genomic DNA extrac. The ground tissue was mixed with 20
ml of 2x CTAB buffer (2% CTAB, 20mM EDTA, 100 mM i§; 1.4 M NaCl, pH-7.5) into 50 ml
tubes and incubated at 65 °C for 90 min. Afteubation 20 ml of chloroform was added and
vigorously mixed followed by separation in a cenge at 3200 rpm for 15 min to remove plant
material and proteins. The supernatant was exulaantd placed in a new 50 ml tube. Another
chloroform treatment was repeated as describedealsing equal volume to supernatant.
Following the centrifugation the supernatant wasaoeed and placed in new 50 ml tube. The
genomic DNA was precipitated from 15 ml of supeanausing 0.5 volume of isopropanol,
mixed and centrifuged at 3000 rpm for 2 min. Thpesnatant was discarded and the DNA was

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

3.3.2 Identification of polymorphisms and molecularmapping

For polymorphism detection, the DNA extracted frihra parental lines was used to amplify the
fragments by PCR for 384 SSR markers. The SSReprs@quences were obtained from the
Brassica Microsatellite ExchangeBfassica.info). All PCR reactions for SSR markers were
performed in 10 pl volumes containing 4.6 pl o,@H1 pl 10X PCR buffer (100mM Tris-HCI,
500mM KCl, 0.1% Triton X-100, pH-9.3), 0.8 pl 25mMigCl,, 0.04 pl 25mM dNTP, 0.3 pul
(0.5U) Taq polymerase, 0.05 pul 10 pM forward pripn@et5 pl 10 pM reverse primer, 0.05 ul 20
pM M13 labeled primer, and 3 ul of template DNAnstardized to 30 ug/ul. The PCR program
was as follows: 94 °C for 5 min; 5 cycles 94°C536rsec, 56 °C for 50 sec, 72 °C for 1 min, with
a 0.8 °C decrease in annealing temperature atoyatdy then 25 cycles with 94 °C for 50 sec, 51
°C for 50 sec, 72 °C for 1 min followed by a fieédngation at 72 °C for 5 min. For each of the
forward primers a 25 bp M13 sequence (5-CACGACGTRBAACGAC-3’) was added to

the 5" end to allow for separation of PCR proddotdragment analysis using ABI 3100 Genetic
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Analyzer (Applied Biosystem, CA, USA). M13 primdabeled with four colors (VIC-green,
NED-yellow, FAM-blue, PET-red) were added to theRP@roducts. For the parental screening
the VIC M13 primer was used to label all the PC&tions. Data collected from the ABI was
processed using GeneScan (Applied Biosystems, G#)doftware and visualized using

Genographer2.tttp://hordeum.oscs.montana.edu/software/genograpiuex.htm) to detect

polymorphism between the parental lines. Markerwoations that showed polymorphic band
patterns were selected for characterization or typireg of each of the two DH populations. For
population screening the selected markers wereitiaplollowing the same PCR protocol as
used for parental screening (described above)h B&R reaction was labeled with one of the
four colored M13 markers to allow for multiplex sening of the DH population. The PCR
products from each marker were pooled in equalmekifor fragment analysis. In a 384 well
plate 2.5 ul of pooled produces are mixed withpd.bf a 40ul 400-LIZ standard to 2mL
formamide solution. The mixture is denatured a8@3or 5 min and immediately placed on ice.

The denatured products were separated in the AB) &enetic Analyzer.

The SRAP screening used 16 primer pairs which auedad different florescent labeled forward
primers (VIC-green, NED-yellow, FAM-blue, PET-real)d an unlabeled reverse primers
described in Sun et al. (2007). All PCR reactifunsSRAP markers were performed in 10 pl
volumes containing 4.6 pul of @B, 1 pl 10X PCR buffer (100mM Tris-HCI, 500mM K®I,1%
Triton X-100, pH-9.3), 0.8 pl 25mM Mgg;10.04 pl 25mM dNTP, 0.3 pl (0.5U) Taq
polymerase, 0.15 ul 10pM labeled forward primetsQul 10pM reverse primer, and 3 pl of
template DNA standardized to 30 pg/pul. The PCRymnm was as follows: 94 °C for 5 min; 5
cycles 94 °C for 50 sec, 35 °C for 50 sec, 72 ?@ fwin; then 25 cycles with 94 °C for 50 sec,

51 °C for 50 sec, 72 °C for 1 min followed by aafielongation at 72 °C for 5 min. The PCR
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reaction followed the same protocol as describedhi® SSR marker screening. Analysis of the
amplified fragments was completed using 2.5 ul oftiplexed PCR products. The fragments
were denatured by adding 7.5 ul of formamide mweét 500-LI1Z standard and analyzed in

ABI 3100 Genetic Analyzer as described in SSR prooe

The SSR and SRAP marker data collected from the34BD genetic analyzer were processed
using GenScan (Applied Biosystems, CA, USA). Tl fNes were converted to a virtual gel-
like image and scored for all polymorphisms usimg &enographer 2.0 software (Genographer,
http://hordeum.oscs.montana.edu/software/genograptiex.html). The SSR markers were
scored as co-dominant and dominant markers and SRaRers were scored as dominant
markers. The marker scoring data for both popaativas recorded in a spreadsheet
independently and the linkage analysis was conmgpleseng 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 Pbjpulations was constructed based on a
total of 160 polymorphic loci as revealed by 89 S8 71 SRAP markers. A total of 10 SSR
and 10 SRAP markers were not associated with attyedinkage groups in our constructed

map. Logarithm of odds (LOD) values ranging frno 10 was used to select and identify 13
linkage groups populated with 140 markers. Thaltoiap coverage in length was 791 cM with
an average of 5.6 cM distance between the mark&rss distance roughly translates to 1.39

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

The SSR marker used in this study has also be@mteghin otheBrassica mapping studies
http://www Brassica.info/resource/markers/ssr-exchange.php). HowdkherSSR markers
selected for such mapping studies have had limisedin the development of genetic maps of
Brassica juncea inhibiting the ability to make comparisons withsing linkage maps (Koundal
et al., 2008; Ramchiary et al., 2007b). The maghkbped for the ZEM1 x Vniimk351
population shared 11 markers with a recently phblilsmap oB. juncea (Ramchiary et al.,
2007b). The SRAP markers selected for this studgwsed in genetic studies Brassica rapa
(Rahman et al., 2007) and were used to developtendense linkage map 8 napus (Sun et
al., 2007). There has been no current publicafitmeur knowledge) have reported the

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

population.

LG Number of Length Average Number Number
Molecular Markers interval SSR SRAP

1 37 119.9 cM 3.3cM 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 8.3cM 2 5

5 12 61.8 cM 5.6 cM 6 6

6 9 53.5cM 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 3.9cM 10 7

12 14 47.7 cM 3.7 cM 10 4

13 3 34.2 cM 17.1cM 1 2

Total 140 791.1 cM 5.7 cM 79 61

Segregation distortion was calculated for eaclhefrharkers tested used on the DH population.
The expected 1:1 segregation ratio was tested fatine 440 tested 9 (6 SSR and 3 SRAP) were
not found to follow the expected segregation. Hoke markers 4 showed significant distortion

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

distortion were found on linkage groups (LG) 15410 and 13. The missing loci were

associated with markers found on LG 1, 4, 9, 14, Hh
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Figure 3.1:13 Linkage groups identified for the ZEM1xVniimk3pdpulation. Markers starting with Na, Ni, Ra, BMS, BRMS,
CB, SR, MP, MD and BRAS identify the SSR markefd. other notations indicate the SRAP markers aisded 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 previakage map described in section 3.4.1,
162 polymorphic markers were used to develop atiekmap consisting of 94 SSR and 68
SRAP markers for the ZEM1 x Vniimk405 populatiof.total of 19 SSR and 6 SRAP markers
were not associated with any of the identified §ig& groups. The final map contained 137
markers distributed over 13 linkage groups baseckoraining markers. The map covers an
overall length of 623 cM with an average distaneeveen markers of 4.6 cMhis distance
roughly translates to 1.77 Mbp/cM based on thereded 1105 Mbp that makes up the B. juncea
genome (He et al., 2003). Similar to the observatimade with the genetic map developed for
the ZEM1 x Vniimk351 population, there was no ctatien of markers observed with other

published linkage maps &f juncea.

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

LG | # of Molecular Markers Length Average interval Number SSR  Number SRAP
1 24 82.2cM | 3.6cM 14 10
2 18 679cM | 4.0cM 7 11
3 16 73.0cM | 49cM 10 6
4 14 60.0cM | 4.6cM 10 4
5 12 345cM | 3.1cM 5 7
6 11 81.0cM | 8.1cM 6 5
7 9 30.0cM | 3.8cM 7 2
8 8 28.6cM | 41cM 5 3
9 6 358cM | 7.2cM 2 4
10 6 48.8cM | 9.8 cM 2 4
11 5 36.3cM | 9.1 cM 2 3
12 4 219cM | 7.3cM 2 2
13 4 23.6cM | 7.8cM 3 1
Total | 137 623.6 cM| 4.6 cM 75 62
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3.4.3 Segregation distortion in linkage maps

Segregation distortion was calculated for eaclhefmharkers tested used on the DH population.
The expected 1:1 segregation ratio was tested it 437 tested 13 (9 SSR and 4 SRAP)
markers showed significant distortion. Of the 1&kers with significant distortion 1 marker on
LG 7 was due to missing loci due to poor resolutarning screening. There were 6 distorted
markers on LG 8 with the segregation towards ZEM@h LG 7 there were 2 distorted markers
with segregation towards Vniimk405. Additionallyn@rkers on LG 4 showed distortion, 2
towards Vniimk405 and 1 towards ZEM1. One market.& 6 had significant segregation

distortion towards ZEM1.

3.4.4 Marker consensus between linkage maps

An analysis of the consensus between the two naagsoth populations was conducted using
JoinMap 3.0 to identify common markers. Little @ation was observed between the markers
evaluated for the two populations. The linkage sndgveloped for the two populations totaled
230 markers of which 47 (8 SRAP and 39 SSR) marnkere shared between both. There is an
observed correlation between a few markers on sirtiee linkage groups as seen in Table 3.3.
Similarities were found between LG1 in the ZEM1/Mmk351 map and LGL1 in the
ZEM1/Vniimk405 map with 6 markers common betweesntiio maps. However 6 markers
were also shared with LG1 of ZEM1/Vniimk351 map &@b of ZEM1/Vniimk405 map.

Other similarities included LG 13 and LG 14 in #EM1/Vniimk351 map with LG 3 and LG 4
in the ZEM1/Vniimk405 map respectively. Both shaéedommon markers between the two

linkage groups.

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

ZEM1xVniimk351 has an average marker interval @f& however this ranged between 3.6
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and 15.1 cM in specific linkage groups. This weftective of the marker density with the
genetic map. In this map markers are most den$&dnLG11 and LG13. The remainder of
the linkage groups on this map had a wider distidiouof markers and fewer markers per
linkage groups with produced much of the variamcearker distribution. There was also some
clustering of markers observed in LG 2 and LG hwitwide gap between markers at both ends

of the linkage group.

In the map developed for the ZEM1/Vniimk405 popialatthere is a total of 137 markers which
was similar to the 140 markers found on the maZEv1/Vniimk351 however the overall
distance of the map was almost 100 cM less. Hilsats the evenly distributed markers within
the ZEM1xVniimk405 map within each of the linkagegps. The average distance between
markers in this map was 4.6 cM and a range betBdsM and 9.8 cM in the individual linkage

groups. Clustering of markers was observed in LGZEM1/Vniimk405 map.

Table 3.3: List of common markers and their assoctad linkage groups identified in the linkage maps éveloped for the
two DH B. juncea populations. POP1 refers to the EM1xVniimk351 population and POP2 refers the ZEM1x\hiimk405
population.

LGin | LGin LGin | LGin LGin | LGin
Marker POP1| POP2 Marker POP1| POP2 Marker POP1| POP2
CB10358A 1 1 EM10DD13-151 2 12 BRAS002aA 13 3
CB10504 1 1 SR068 5 1 EM10DD13-84 13 3
NA14C12C 1 1 Ni3C05 5 6 PM880ODD13-358 13 3
Nal4Ci12 1 1 NA12D03 5 6 NalOHO02 13 £ |
Nal4C12B 1 1 Ni2D10 5 6 SR072 13 3|
MRO013 1 1 SRO89B 6 8 Ra2E04B 13 3
SR049A 1 4 SR094B 6 8 SRO51A 13 5
SR087 1 4 SR0O89A 6 11 CB10099A 13 4
CB10277 1 5 CB10092B 7 2 Ra2E04A 13 q
BG23PM32-203 1 5 NA10A1l1l 7 2 CB10336 14 4
SR079 1 5 PM88FE8-269 7 2 BG23BG45-98 14 }
SR051 1 5 NA12HO09 8 3 BG23PM29-141 14 AI
SR094A 1 5 BRMS40 10 4 MDO053 14 4|
SR051B 1 5 BRAS029 10 7 SRO055 14 AI
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 markdestified between the two maps developed for th1ZE/niimk351 and Zem1x
Vniimk405 populations. The ZEM1xVniimk351 linkageoups are located on the left and the common madk@ connected between the two linkage

groups
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3.5 Discussion

This study developed partial linkage maps of two Buncea populations using SSR and
SRAP molecular markers. The DH populations usee weveloped using a cross of yellow
seeded lines @. juncea ZEM1 and Vniimk351 (POP1) and ZEM1 and Vniimk4®50P2).

From the ZEM1/Vniimk351 population, 107 DH linesree@leveloped and used for the
development of a linkage map. A population of 37 lines was also developed from the cross

between ZEM1/Vniimk405 and analyzed for linkage rdapelopment.

Current molecular maps of tige juncea genome have relied heavily on RFLP and AFLP
markers for the development of linkage maps. dilg published map that has utilized SSR
markers (Ramchiary et al., 2007b) contains 63 S&Fens within a dense map including 1297
AFLP and 72 RFLP markers. Similarly the use of SRAdtkers have been limited to the study
of genetic diversity oB. juncea lines (Wu et al., 2009). The SRAP markers usegimmated from
earlyBrassica napus studies and they showed good polymorphisn& joincea. The SRAP
markers selected were not the same as in thosdrupeglious mapping studies for the
development of the two maps due to marker avaitgbBoth SSR markers and SRAP markers

have not been used to develop linkage mapB.fpmcea.

The genetic map developed from the ZEM1/Vniimk334 j@bpulation was comprised of 13
linkage groups with a total length of 791 cM andearrage marker interval of 5.7 cM. This
map does not span the entire 18 linkage groupsax$én other currently available maps. The
published linkage maps & juncea that cover the entire genome (Axelsson et al.120@heung

et al., 1997b; Lionneton et al., 2002; Mahmood e2803; Panjabi et al., 2008b; Pradhan et al.,
2003; Ramchiary et al., 2007b) have a length rapfiom 1266 cM to 2073 cM with an average
length of 1705 cM. Similar results were foundhe tinkage map developed from the
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ZEM1/Vniimk405 DH population. This map coveredlitkage groups with a total length of
623 cM and an average marker interval of 4.6 c\.thfe maps for both populations covered
only 13 of the 18 known linkage groupsBnjuncea, this accounts for the reduced map distance

in comparison to currently published linkage maps.

A comparison of the linkage map distance as conag@réhe physical distance of the genome
can show the relative differences between the otlyrpublished maps and the maps presented
in this study. As the B. juncea genome is estichtdecontain approximately 1105 Mbp the
distance represented in the ZEM1 x Vniimk351 andZE Vniimk405 population covers a
distance of 1.39 Mbp/cM and 1.77 Mbp/cM respectivelhe distance between each cM unit in
the linkage maps developed in this study is sigaiftly wider when compared to the relative
distance of current linkage maps that cover a rémge 1266 cM (0.87 Mbp/cM) to 2073 cM
(0.57 Mbp/cM) with an average distance of 1705 M64Mbp/cM). This suggests that the
linkage maps developed in this study are coverppgy@imately half of the physical distance of
the genome as compare to other complete linkages foaB. juncea as the number of base pairs

per centiMorgan are approximately half of thoseeobsd in these other studies.

As mentioned earlier the use of SSR markers inigidB. juncea linkage maps has been
limited. In the screening of SSR markers usethénconstruction of the two maps 341 SSR
markers were screened for the ZEM1/Vniimk351 an®/ZE/niimk405 populations and 79 and
75 markers were identified as being polymorphipeesively. A recently published map Bf
juncea identified 63 polymorphic markers from 363 SSR keas that were obtained from the
same public source used in this study (Ramchiag). €2007b). These markers were developed
from differentBrassica species including. oleracea, B. rapa andB. nigra andB. napus. They

were primarily used for the development of linkagaps forB. napus andB. rapa however they
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had limited use in the oth8rassica species mentioned. This low rate of polymorphigmtbe

B. juncea populations suggests that these markers are prefa@ty weighted to the A genome
and C genome that is common betwBenapus, B. oleracea andB. rapa. Studies suggest that
Brassica genomes are derived from a hexaploid ancestryrdisatted from the triplification of

an unknown ancient diploid species (Truco et &96). This common ancestry results in a
number of homologous regions identified within eB and C genome drassica sp.

However studies looking at the inherent similasitié the thred®rassica genomes shows that the
B genome oB. nigra comes from a more distant descendant than thatwdxs between the A
and C genomes @. rapa andB. oleracea respectively (Attia and &bbelen, 1986; Palmer et al.,
1983; Quiros et al., 1991; Song et al., 1988). sél&udies suggest a high degree of homology
with the C genome . oleracea and the A genome d&. rapa in comparison to the B genome
of B. nigra. Similar studies have shown a wide genetic degdretween the A and C genome to
that of the B genome and suggests that the A agpeih@me has a common ancestral lineage
(Lagercrantz, 1998; Lagercrantz and Lydiate, 19986his suggests that the coverage of the B
genome in both of the linkage maps developed ®ZEM1 x Vniimk351 and ZEM1 x
Vniimk405 populations may be limited as the markessd were developed for screening the
Brassica A and C genome This genetic distance will resufewer markers amplified within
the B genome which could explain the limited amaafrgolymorphic markers identified by
screening th®. rapa andB. napus derived SSR marker sequences8ifuncea. Also the rate of
polymorphisms identified in the amplified regionayrbe less in the B genome than is present in
the A and C genome resulting in a lower rate ofparphisms identified within othdrassica

species.
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This divergence has been illustrated in the devetoy of euploid inter-genetic translocation
lines developed betwed napus andB. nigra (Struss et al., 1995) where B genome traits such
as erucic acid were observed but there was no-gaeomic chromosome pairing observed
(Struss et al., 1991) such as observed in wheahtsegression lines (Ren et al., 1990).
However the 2 genes identified for erucic aci@irarinata andB. juncea have been identified
on the B genome of the amphidiploid species sugggestat there was an introgression of the
erucic acid genes from the A and C genome of thpseies to result in the additional erucic acid
gene appearing in the B genome of theseBrassica species (Struss et al., 1996). The genetic
variation between B genome and the A and C genoaseilustrated using repetitive sequence
probes which showed a wide variation between thaesgces found between these three
genomes (Somers and Demmon, 2002). Similar pateérgsnome duplication were observed
between the A and C genome in Bhanapus genome which leads to the similarity of replicatio

of markers within the napus genome (Parkin e28i03).

The limited number of polymorphisms observed inrtfierosatellite screening was further
observed with the relatively high degree of polypiosms observed in the SRAP markers
screened within the two populations. A total ofméarker pairs were screened for both
populations. This resulted in the identificatidrv@ polymorphic markers in the ZEM1 x
Vnnimk351 and 68 polymorphic markers in the ZEM1x1k405. Due to the random binding
of the SRAP markers there is an equal opporturdignaplification throughout the genome
allowing for more amplification within the B specifegion where the SSR markers may have

been limited due to their focus on A and C speg&oome amplification.

Both maps contained markers that had shown sigmifimarker segregation distortion.

Homology between 2 linkage groups showed evidehogaoker segregation which could be
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explained by amplification of multiple linkage gmmsicausing such distortion. Studies have
shown homologous regions between the A and B gerfbagercrantz and Lydiate, 1996). In
the ZEM1/Vniimk405 linkage map significant markegsegation was observed in 3 linkage
groups. These linkage groups could share homdietiyeen the A and B genome which can
result in a deviation within these regions duertgéfication of multiple regions within the

genome.

Currently there are a limited number of published#dge maps for thBrassica juncea genome.
As mentioned earlier, the available linkage mapgspaimarily developed using RFLP and AFLP
marker technology. A recent map (Ramchiary e28Q7b) introduced 69 SSR marker to an
existing map developed using RFLP and AFLP mark&te maps developed using the
population derived from ZEM1xVniimk351 and ZEM1xWnk405 shared 11 SSR markers
present in the linkage map developed by Ramchiaay €2005). There was a correlation
observed between LG 5 of ZEM1xVniimk351 and LG &@&M1XVniimk405 with 2 markers
located on LG15 of the Ramchiary map. Outsidénisfthere were common markers found on
LG 3, LG 6and LG 13 of the ZEM1xVniimk351 populatiavhich correlated with LG 17, LG 16
and LG1 of the Ramchairy's map respectively. Rerlinkage maps for the ZEM1xVniimk405
population there were correlations between markersG 2, LG7, LG8, and LG10 which
coincided with LG 9, LG 3, LG 12, and LG11 respeely. Markers on LG4 and LG12 of the
ZEM1xVniimk405 shared markers located on LG 18haf Ramchiary maps. As the LG12 of
the map is a small linkage group it is possiblé thi could be an unlinked portion of the LG4.
As use of SSR markers has been limited to one milyrpublishedB. juncea linkage map there
was no way to confirm a significant correlationhwitther linkage maps &. juncea populations

with the maps developed for the ZEM1xVniimk351 &@teM1xVniimk405 populations.
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Additionally there has been no published maps dpe=l using the SRAP primers utilized in the
development of the linkage maps. However, as thes&ers rely on a random binding for the
primers to anneal therefore the reproducibilitylefse markers beyond the populations being

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

Attempts have been made to correlate the A, B agdr@®mes with other linkage maps
developed foB. rapa andB. napus. Studies have repeatedly shown the similar lindsgween

A and C genomes in comparison to B genome usingentdr markers to determine the degree
of relativeness (Johnston et al., 2005; La Mural.e2010; Liu and Wang, 2006; Lysak, 2005;
Lysak and Lexer, 2006Y hese studies have shown that there is greatetigefistance between
the B genome that the A and C genome. This vanatiay relate to the increased selection for
markers that amplify in A genome regions with maskéat have been studied exclusivelBin
napus. This has been homology identified between B gamandB. napus has been displayed
using STS markers (Plieske and Struss, 2001) havesvescent research has shown there is still
a significant degree of variation between theseges 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 uskigting SSR and new molecular markers
can help improve the understanding of the genoofitise B. juncea species. Further screening
using SSR and SCAR markers can be used to cortbBatgenetic regions &. juncea with

other highly studied species suchBasiapus andB. rapa. Additionally, anchoring the maps
developed in this study with existing maps using.REnd AFLP markers will aid in correlation
within the currently published maps. These linkags offer another tool to breeders and
molecular biologists to further study tBeassica sp. and aid in the improvement of oil quality

and agronomic performance to help improve oilseedyxtion 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 mibtein and fatty acids using molecular markers
in two double haploid (DH) populations derived frtime crosses between a low erucic variety
ZEM1 and two moderate erucic acid linesVniink351 &miimk405. In both populations the
erucic and oleic acid content ranged between 0.b/34.0% and 15% to 49% respectively of
the overall fatty acids contained in the seedTdik differences observed in the erucic and oleic
acid content corresponded to variations observédimother fatty acids including linoleic,
eicosenoic and arachidic fatty acid. A QTL asa@yor fatty acids indentified QTLs on linkage
groups 1, 7 and 12 for the ZEM1xVniimk351 populatand on linkage groups 1, 3 and 4 for the
ZEM1xVniimk405 population. The deviation of fatigids in both population show significant
evidence for the monogenic inheritance of 81 gene which results in the variation observed
in the fatty acid profile of both populations. TQ@L analysis for the seed oil and protein
content in the ZEM1xVniimk351 population identifiedQTL on LG1 and 4 and 1 QTL on LG1
respectively. The QTL analysis ZEM1xVniimk405 df and protein content identified 1 QTL
for oil and protein on LG1. A significant positizerrelation between erucic acid and seed oil
content suggests that the variation in erucic eomtent accounted for much of the differences

observed in the seed oil content in both population
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4.2 Introduction

The primary use for oilsedgtassica crops in Canada is for the extraction of oil feeun the

food industry while the meal obtained as the bypob@f the oil extraction process is used as a
protein supplement in animal feed (StatCan, 202jnandate by the Canadian government to
increase the use of biodiesel will result in anease demand for oilseeds of which canola in the
major source in Canada (Canola Council of Cana@@a/2 This increase requires research to
focus on the increase of oil production from cutrm@ritivated acres and the increase of overall
oilseed production within Canad&rassica juncea offers the introduction of oilseed production

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

Brassica juncea has limited production within western Canada awhainly localized to the
southern regions of Saskatchewan and Alberta dtreetbot and dry condition within these
regions (Woods et al., 1991). Compared to thattoaclly grownB. napus, B. juncea has
improved drought and heat tolerance allowing grtow in regions not suited to current canola
production (Burton et al., 2008; Kumar et al., 198dmar et al., 1987; Kumar et al., 1994;
Sakova et al., 1995; Wright et al., 1995). Theangj of theB. juncea currently grown in
western Canada has been used for condiment mystaddction which requires low seed oil
content for processing coupled with moderate eracid and high glucosinolate levels which are
undesirable traits for canola quality oil (Hemingw&995; Skrypetz, 2003). High oil and low
erucic acid lines oB. juncea have been used for the development of canolatgumalistard

which would allow the canola quality oil productitmbe introduced in regions which are more

suitable forB. juncea production (Burton et al., 2004).

The improvement of oil content and oil quality isignificant component of breeding oilseed
Brassica juncea. Selection requires the evaluation of phenotggaita collected through testing
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in the field at a variety of locations to identifye desired qualities. QTL analysis can been used
to understand the genetic regions that signifigagzghtribute to the inheritance of oil content and
help identify genetic regions that control desioddjuality traits. Using molecular maps
developed foB. juncea from RFLP, AFLP and SSR markers have been usetthéor

investigation of quantitative traits such as oiklg and oil quality traits (Aggarwal et al., 2003;
Cheung et al., 1998; Lionneton et al., 2002; Mahdneioal., 2005a; Mahmood et al., 2006b;
Sharma et al., 1999; Sharma et al., 2002a). QHlyais has helped identify the number of
genes involved and aided in the isolation of gemeslved in the inheritance of traits such as
erucic, linolenic, oleic fatty acid expressionBrassica sp (Fourmann et al., 1998; Gupta et al.,

2004; Hu et al., 2006; Jourdren et al., 1996b; he&ion et al., 2002).

The goal of this study is to identify QTL for seeit| protein and the fatty acid content of two
DH Brassica juncea populations. Using linkage maps developed fohlpatpulations, a QTL
analysis was completed using data collected fradividual lines to identify genetic regions
involved in the inheritance of seed oil, proteir @pecific fatty acids within the oil. Genotypic
screening of QTL can allow breeders to screen @tjous for desired phenotypes prior to field

testing improving the efficiency of breeding pronsa
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4.3 Material and methods

Two DH populations oB. juncea were developed by DOW AgroSciences Inc. using thei
proprietary microspore culture protocol. The fpspulation was developed using a yellow
seeded, high glucosinolate, low erucic acid pure &fB. juncea (ZEM1) crossed to a yellow
seeded high glucosinolate, moderate erucic Bgjdncea pure line (Vniimk351). The;Fof this
cross was used as a source of microspores to get@®DH lines. Similarly the second
population was developed using the same yellowexkddgh glucosinolate, low erucic acid
pure line ofB. juncea (ZEM1) crossed to another yellow seeded high ginmate, moderate
erucic acidB. juncea pure line (Vniimk405). TheFof this cross was used as a source of
microspores to develop 56 DH lines. The DH linesengrown in the greenhouse and self

pollinated to produce seed for field evaluatioéf lines.

The DH populations were grown under field condisiam a replicated nursery format in Chile
during the winter 2009. The same populations wkse grown in the summer of 2010 at the
University of Manitoba, Winnipeg and Carman, Mahdo The individual DH lines and parental
lines were planted in single 2m rows and replicdt¢ithes at each location. The Chile trials
were completed by Dow AgroSciences at their wintasery site. Seed harvested at all three
trial locations was analyzed at the University airtoba 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 théyfacid profile was measured using Gas
Chromatography in the quality lab at the UniversityManitoba. Samples of approximately
30mg were collected from each line and placed epioendorf vials where 0.5 ml of heptane was
added. The samples were crushed and let stargfooximately 12 hrs to extract the oil. The
transesterification of the triglycerides into fa#tgid methyl esters was completed by adding 100
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(I solution of 0.5M sodium methoxide reagent (15%6dium methylate in 500 ml anhydrous
methanol) to the sample (F.W. Hougen and Bodo, 108iti3 1984). The vial was shaken
vigorously for 20 seconds and left to stand fon#utes and repeated once again after the time
had elapsed. The solution then had 100 pl of #etbwater (0.3% acetic acid) added to the vial
and mixed gently to combine the two solutions. Tambined solution was left to stand at 4
degrees C for 1-2 hours allowing the mixture tdlséChristie, 1989). From the reaction
mixture 250 pl was extracted and transferred toxd &utosampler vile fitted with a 250 pl
insert. The samples were analyzed using a Variatteh8900 Gas Chromatographer fitted with
a CP-Wax52 CB capillary column and flame ionizatil@tector. The column was 15 m x 0.32
mm fused with silica coated with a 0.025 micronyetthylene glycol phase (Varian, Walnut
Creek, USA). Ultra high purity (UHP) helium was ds&s the inert carrier gas was set at a flow
rate of 2.0 ml/min. Varian model CP-1177 injectaexe used in the Varian model CP-8400
autosampler with an inlet liner which was a cuptslwith 10% OV-1 on Chromsorb-W HP.
The injector operated at 250 degrees C with thensoloven programmed between 190 to 240
degrees C and the detector temperature at 280al€gr&he peaks were detected using Varian
Star Workstation software. The unit was calibratsithg a GLC #421 reference standard (Nu-

Check Prep, Elysain, Minnesota) to ensure propeof&tation.

The total seed oil and protein content were meadsusang near infrared spectroscopy based on
protocol developed at the University of Manitobadxhon the algorithms developed from
validated samples (Shenk and Westerhaus, 1991;h&incet al., 1989). Samples were
evaluated on a NIR system model 6500 Near Infr&mettroscope (FOSS, North America).
Results were collected using standard protocalserquality lab at the University of Manitoba

(Kim et al., 2007). Analysis was conducted on dngisamples and the data was collected on
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WinlISl v.1.04a software. Oil and protein levels eexpressed as the total of the overall seed

content.

Data was analyzed using Statistical Analysis Sy@eh{SAS Institute Inc. NC). The analysis
of variance for oil and protein content as welttes fatty acid profile were performed using
PROC MIXED. The variance between each line wa$yaad as a complete randomized block
design experiment with 4 replicates of each liiee analysis was complete using the model
Yijk = 4 +G + E + GE; + By + &k where  is the mean; i8 the effect of thé'line, § is the
effect of the | environment, GEis the interaction of th'iline with the {" environment, B is

the effect of the Rreplicate in the"] environment, andy is the random error.

QTL analysis for both populations was competed@$ihnQTL Cartographer v. 2.5 (Basten et
al., 2001) using composite interval mapping. Tatedtion of the QTL was performed at 1 cM
intervals using a 5 cM window size using backwandifrd regression analysis. The LOD
values were determined by threshold values estaratel 000 permutations of trait data across
all genetic intervals. The QTL analysis was doneib content, protein content, palmitic,

stearic, oleic linoleic, linolenic and eicosenaidarucic acid levels.
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4.4 Results

4.4.1 Oil and protein content variation

The oil content of the ZEM1xVniimk351 DH populaticenged from 24-45% while it was 33-
45% for the ZEM1xVniimk405 DH population. The oviédistribution of the oil percentage in
the ZEM1xVniimk 351 population had a mean valu8&#¥ and followed a normal distribution
skewed towards the higher oil content. The ZEMZEpti line had an oil content of 39% as
compared to the 46% observed in the Vniimk351 gatdine. The distribution of the
ZEM1xVniimk405 population also showed a normal rilisttion across the population with a
mean of 39% and is also skewed toward the higheoaient. The overall oil content of the

ZEM1 and Vniimk405 parental lines were observe@8%% and 46% respectively.

This distribution of the protein levels in both pibgtions followed the similar trends as observed
for the oil content. The protein content in theNEVniimk351 DH population followed

normal distribution within a 21-39% range and a meb27%. The distribution of the protein
content was skewed toward a lower protein levetresting the distribution observed for the oll
content observed within this population. The grot®ntent in the ZEM1xVniimk405 DH
population followed a normal distribution withird-33% range and a mean of 26%. The
parental lines contained a protein content of 26%EM1, 22% in Vniimk351 and 23% in
Vniimk405was observed in the ZEM1, Vniimk351 andiwk405 with values of 26%, 22% and

23% respectively.

The sum total of the oil and protein content witthie seed within the ZEM1 X Vniimk351
population followed a normal distribution with tata ranging from 62 to 73% with a mean of

66%. In the ZEM1xVniimk 405 the population follod/a similar distribution within the range
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of 62.5% to 72% with a mean of 66%. The overall dmail and protein of the ZEM1 parental
line was 65% with the Vniimk351 and Vniimk405 pogtibns having sum value of 68 and 69%

respectively.

Table 4.1: Statistical analysis of the percentageal@ontent, protein content and sum of oil and progin for the three
parental lines used in the development of both thBEM1xVniimk351 and ZEM1xVniimk405 populations.

Variable Line Mean I\S/IE:an StDev Minimum Maximum
Vniimk351 | 22.527 0.258 1.484 20.453 25.304
Vniimk405 | 23.601 0.216 1.479 21.316 27.971
PROTEIN ZEM1 26.602 0.103 1.429 22.532 31.347
Vniimk351 | 46.013 0.399 2.292 42.16 49.905
Vniimk405 | 46.063 0.416 2.851 38.468 52.088
OIL ZEM1 39.152 0.133 1.842 34.276 43.659
Vniimk351 | 68.479 0.282 1.623 65.361 73.228
Vniimk405 | 69.664 0.246 1.684 65.689 73.404
SUM ZEM1 65.754 0.0849 1.173 63.211 68.502
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Figure 4.1 Distribution of the percentage of oil, proteirdahe sum of oil and protein content in the
ZEM1xVniimk351 population.
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Figure 4.1: Distribution of the percentage of oil, protein &wim of oil and protein content of the
ZEM1xVniimk405 population.

4.4.2 Fatty acid variation

The fatty acid variation showed similar profileg Bignificant variation within the two DH
populations. Three fatty acids (oleic, eicoseramid erucic) had shown wide variation between
lines in both populations. The observed erucid &rels show variation within the population
of a minimum of 0.17% to a maximum value of 31%mi&r levels of oleic acid were observed
within the two populations which range from 16%&8% in the ZEM1xVniimk351 population
and 15% to 49% in the ZEM1xVniimk405 populationheldata collected from the three nursery
sites showed a distinct bimodal distribution iniglénoleic, eicosenoic, erucic and arachidic

fatty acids. This distribution is observed in mganic inheritance within the populations
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following a Mendelian 1:1 segregation ratio obsdrwéth the inheritance of a single gene in a

DH population.

Using a chi-squared goodness of fitness test tipeegation within the populations are evaluated
to determine if they fall within the expected lefeegation that would be expected in a DH
population. The erucic acid inheritance withintbpbpulations follows a distinct bimodal
distribution. Chi square tests on the segregatfdhe erucic acid within both populations show
significant evidence that the population is digttéal by a 1:1 ratio. The low erucic acid was

defined in both populations as having an erucid aontent >5% and high erucic acid was >5%.

A bimodal distribution was observed in oleic adisbaindicating a monogenic inherence. The
low oleic acid content was defined as being <25@tcacid content for both populations and
conversely the high oleic acid content was defiagthaving >25%. A chi squared analysis of
the distribution of high and low oleic content ioth populations supported the expected 1:1

segregation ratio in the DH populations.

Like the distribution of erucic and oleic fatty ddistribution, bimodal distribution patterns were
observed in the Linoleic, eicosenoic and aracHuality acids content. Low level of linoleic fatty
acid content was determined to be less than 308teafverall oil content. Low levels of
eicosenoic and nervonic acid content in both pdmria were determined to be <5% and <1%
respectively. All were shown to follow the expetfel segregation ratio as determined by chi
square analysis. Both were determined to be satinggat a 1:1 Mendelian segregation ratio as

expected in a DH population

The distribution of linolenic fatty acid within dothe ZEM1 x Vniimk351 and

ZEM1xVniimk405 populations follows a more normatlistributed pattern than observed with
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the other fatty acids observed in the populati®he distribution of linolenic acid ranged
between 7% and 14% of the overall oil content enZEM1xVniimk351 population and 7% and
16% of the oil contented in the ZEM1xVniimk405 pégiton. The parental variation within the
population for linoleic acid was 11%, 9% and 10%Z&M1, Vniimk351 and Vniimk405

respectively.

Table 4.2: Statistical analysis of the percentagd oil content, protein content and sum of oil and potein for the three
parental lines used in the development of both thBEM1xVniimk351 and ZEM1xVniimk405 populations.

Variable Line Mean SE Mean StDev Minimum Maximum
Vniimk351 2.7828 0.016 0.0531 2.7121 2.8781
C16:0 Vniimk405 2.2697 0.0228 0.0912 2.0968 2.401
ZEM1 3.2935 0.0183 0.1185 3.0272 3.4973
Vniimk351 1.1681 0.018 0.0596 1.1028 1.3088
C18:0 Vniimk405 0.9473 0.01 0.0401 0.8614 1.0103
ZEM1 1.9734 0.024 0.1559 1.6016 2.2676
Vniimk351 23.215 0.245 0.812 21.728 24.514
ci18:1 Vniimk405 17.98 0.249 0.995 16.078 19.325
ZEM1 43.148 0.436 2.825 36.489 47.349
Vniimk351 23.727 0.159 0.529 22.787 24.353
C18:2 Vniimk405 20.923 0.326 1.305 18.606 22.73
ZEM1 36.059 0.25 1.618 32.154 38.198
Vniimk351 11.048 0.136 0.452 10.464 11.757
C18:3 Vniimk405 10.763 0.0817 0.327 10.004 11.163
ZEM1 9.078 0.172 1.116 8.152 13.354
Vniimk351 0.6956 0.0142 0.0472 0.6113 0.7575
C20:0 Vniimk405 0.64637 0.00812 0.03247 0.59384 0.70813
ZEM1 0.55732 0.0062 0.0402 0.43633 0.66191
Vniimk351 12.301 0.107 0.356 11.898 13.022
C20:1 Vniimk405 10.148 0.213 0.852 8.397 10.947
ZEM1 2.47 0.148 0.959 1.33 4.422
Vniimk351 0.3246 0.00842 0.02794 0.28214 0.36152
C22:0 Vniimk405 0.5217 0.0193 0.0771 0.4351 0.697
ZEM1 0.25477 0.00475 0.0304 0.18588 0.32455
Vniimk351 21.334 0.229 0.761 20.134 22.167
c22:1 Vniimk405 31.546 0.65 2.6 28.59 37.331
ZEM1 2.239 0.277 1.751 0.334 7.098
Vniimk351 1.3608 0.0131 0.0435 1.2982 1.4322
C24:1 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, onounsaturated and polyunsaturated fatty acids oftte parental lines of
the ZEM1xVniimk351 and ZEM1xVniimk405 populations.

Variable Line Mean SE Mean StDev Minimum Maximum
Vniimk351 | 4.9711 0.0373 0.1237 4,7606 5.2276
SFA Vniimk405 | 4.3851 0.0225 0.0901 4,2363 4,523
ZEM1 6.073 0.0347 0.2246 5.6242 6.516
Vniimk351 | 58.723 0.254 0.842 57.173 59.843
MUFA | Vniimk405 61.68 0.383 1.532 59.695 64.296
ZEM1 44912 0.635 4,114 38.649 53.124
Vniimk351 | 34.775 0.168 0.557 33.677 35.534
PUFA | 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 gigerns 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, eicoseaic, erucic and arachidic fatty acids.

Population Oleic Acid Linoleic Acid Eicosenoic Eruec Arachidic
ZEM1xVniimk351 X2 P x2 P x2 P x2 P x2 P
Winnipeg | 1.40291| 0.0939 | 1.41177 0.2348 | 1.40291 0.0939 | 1.6408 0.2002 1.24742D.26404
Carman |0.94231| 0.1698 | 1.385| 0.2393 0.942310.1698| 1.8846/ 0.1698 0.0989 0.753(15
Chile | 0.96078| 0.1657 | 0.03922 0.8430 | 0.96078 0.1657 | 3.1765 0.0747 2.80583.09392
ZEM1xVniimk405
Winnipeg | 1.47273| 0.2249 2.2 0.1380 1.472730.2249| 0.8909 0.3452 0.69283D.40537
Carman | 1.47273| 0.2249 2.2 0.138Q 1.472730.2249| 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 2.6181B10564
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Histogram of the % of C18:1 in Overall Oil Content Histogram of the % of C20:1 in Overall Oil Content

40
Vniimk351 ZEM o0 ZEM Vniimk351

ﬂ 30-
0 T R T T T = 0 T T T
20 2

Frequency
N
o
Frequency

=

25 30 35 40 45 50 55 4 6 8 10 12
% C20:1

% C18:1

Histogram of the % of C22:1 in Overall Oil Content Histogram of the % of C24:1 in Overall Oil Content

ZEM Vniimk351 40| ZEM Vniimk351
50
> >
Q Q
[ [
Q Q
3 & 20-
o 4 ()]
& » &
0 . = T — "I—"_’_L' 0 . T T T ) T . . -
0 4 8 12 16 20 24 28 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
% C22:1 % C24:1
Histogram of Total MUFA Vniimk3si
201
ZEM —
9
o
2 10
[
i
0+ T T v v r
42 45 48 51 54 57
Total MUFA

Figure 4.2 Distribution of the monounsaturated fatty acidshiea ZEM1xVniimk351 population
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Histogram of the % of C16:0 in Overall Oil Content
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Histogram of the % of C18:2 in Overall Oil Content
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Histogram of Palmitic acid (C16:0) in ZEM1xVniimk405 Population Histogram of % Stearic acid (C18:0) in ZEM1xVniimk405 Population
30 30

Vniimk405 ZEM Vnimk405 ZEM
(] 9
& &
3 151 3 151
g g
'™ 'S
v
o L= — — ol | B —

21 24 27 3.0 33 0.9 12 15 18 2.1
C16:0 c18:0

Histogram of Arachidic acid (C20:0) in ZEM1 x Vniimk405 Population Histogram of % Behenic acid (C22:0) in ZEM1xVniimk405 Population

20

161 | ZEM | | Vniimk405 ZEM Vniimk405
[y 9
c c
g S o
g 8 g
e fre

v
ol = : : : : = ole== L : : -
0.4 0.5 0.6 0.7 0.8 0.9 0.16 0.24 0.32 0.40 0.48
C20:0 % C22:0
Histogram of total SFA
201
| Vniimk405 | ZEM |
[
3
2 107
1]
e
v
0 T T T T T
4 5 6 7 8
Total SFA

Figure 4.5 Histograms illustrating the distribution of sat@éffatty acids within the ZEM1xVniimk405 population

73



Histogram of Oleic acid (C18:1) in ZEM1xVniimk405 Population Histogram of Eicosenoic acid (C20:1) in ZEM1xVniimk405 Population
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Figure 4.6 Histograms illustrating the distribution of the noamsaturated fatty acids within the ZEM1xVniimk405
population.
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Histogram of Linoleic acid (C18:2) in ZEM1xVniimk405 Population

Histogram of Linolenic acid (C18:3) in ZEM1xVniimk405 Population
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Figure 4.7: Histogram illustrating the distribution of polywtarated fatty acids of the ZEM1xVniimk405.

4.4.3 Correlation of traits

The analysis of the correlation between fatty acichposition and oil content showed a number
of significant associations between the traitsorr€ations for both populations were completed
using the data collected from the three nursergdatenotypic evaluation trials and combined
to determine the correlation between each of théstcollected. There was a significant
negative correlation observed between oil and praentent in both populations. Overall oil
content had a negative correlation with stearieicoplinoleic and linolenic oil content. This was
contrasted with the high positive correlation betweicosenoic and erucic acid. A negative

correlation between long chain fatty acids eicogeaoid and erucic acid and shorter chain fatty
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acids stearic, oleic, linolenic and linoleic fa#tgids confirms that the accumulation of erucic

acid and eicosenoic acid are derived from otheéy tatids accumulated during biosynthesis.
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Table 4.5:

Pearson Correlation of the oil, proteirand 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 G20 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**
Ci8:1 0.097* -0.177* -0.251* 0.842** 0.853**
C18:2 0.294** -0.401** -0.428** 0.876** 0.81** 0.83**
C18:3 0.109* -0.149** -0.154** 0.501** 0.395** 0.6 0.216**
C20:0 -0.089* 0.141** 0.182** -0.776** -0.674* -913** -0.794* -0.519**
C20:1 -0.207** 0.304** 0.353** -0.909** -0.863** -®74** -0.899** -0.528** 0.908**
C22:0 0.079 -0.025 0.079 -0.736*1 -0.722* -0.89** -0.754** -0.484* 0.911* 0.854**
C22:1 -0.163** 0.258** 0.321** -0.898** -0.878** -®84** -0.897** -0.527** 0.907** 0.986** 0.986**
C24:1 -0.102* 0.219** 0.335** -0.885** -0.861** -979** -0.878** -0.507** 0.9** 0.979** 0.979** 0.981*
SFA 0.239** -0.422** -0.557** 0.956** 0.939** 0.81% 0.847** 0.436** -0.659** -0.869** -0.788** -0.8@** -0.852**
MUFA | -0.302** 0.32** 0.234** -0.589** -0.482** -0.59** -0.568** -0.441* 0.608** 0.581** 0.581** 0.5 0.523** -0.521*
PUFA 0.289** -0.394** -0.418** 0.931** 0.834** 0.90** 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, protén 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 G20 C20:1 C22:0 Cc22:1 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**
Ci18:1 0.092 -0.263** -0.125* 0.815** 0.147*
C18:2 0.248** -0.429** -0.149* 0.868** 0.142* 0.89%
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* -08p** -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** BT+ -0.009 -0.11* -0.257* -0.142* -0.261* -0.57*
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 &llde locations a QTL analysis was completed on
the two DH populations. The analysis was completddpendently using data from each
location for the oil, protein and fatty acid trait§his was due to significant location effects for

the traits under study showing quantitative phepictdistribution.

4.4.6 ZEM1xVniimk351 Population QTL Analysis

Analysis of data collected from the trial in Cammdentified a total of 10 QTLs for the
ZEM1xVniimk351 population for oil, protein and oteilinoleic, linolenic andirachidic fatty
acid content As seen in Table 4.7, three QTL for protein widentified from the data collected
in Carman found on LG 1, 7 and 12 which account2@8%6 of the variation in the population.
The QTL region on LG 7 was associated with C161 @h8:2 levels in the populations. An
additional QTL for C18:2 levels were identified b&6. Analysis of the sum of seed oil and
protein content identified 2 QTL on LG 4 and LGWith an R value of 16%. QTL for C18:3

and C20:0 were identified on LG 10 and LG12 regpelt
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Table 4.7: QTL analysis for ZEM1xVniimk351 using daa collected from Carman nursery trial. QTL region identified by
flanking markers and r? value noted for overall QTL effect.

Flanking Markers LG | Protein | Sum | C16:0| C18:2 | C18:3| C20:0
SA7PM32-167-

NA14C12A 1 0.18

BG23BG45-242-

FC1FE8-334 4 0.9

Nal2D08-SR094a 6 021
BG23PM29-99-

NA10A11 7 0.03 0.12 | 0.13
BRMS40-Nal0G10A 10 0 .04
SR027-CB10524C 11 0.0y

CB10288-CB10524a 12 0.04

MD053-CB10288 12 0 .09

2 R value explaining the phenotypic variation explaine
QTL analysis for ZEM1xVniimk351 for the data colted from the trial conducted in Chile

identified 14 QTL overall. In Table 4.8 the QTLadysis of the protein content identified 5 QTL
on 4 linkage groups (LG 3, LG 7, LG 11 and LG 1@ne of the two QTL on LG 3 correlated
with a QTL identified for oil content. An additiahQTL for oil was identified on LG 4 with
both QTL accounting for 18% of the variation obs&hin the population. A single QTL for
C16:0 FA content was identified on LG 11 with anvalue of 0.11 accounting for 11% of the
variation. 3 QTL for C18:3 were identified on LG7Zand 11 which accounted for 47% of the
variation within the population. Finally 1 QTL f@20:0 and two QTL C22:0 was identified on

LG1land LG 7.
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Table 4.8: QTL analysis for ZEM1xVniimk351 using daa collected from Chile nursery trial. QTL region identified by
flanking markers and r? value noted for overall QTL effect.

Flanking markers LG | Protein | Oil |C16:0 | C18:3| C20:0| C22:0
SA7PM32-167-NA14C12A | 1 034
FADPM32-176-

PM880ODD13-385 1 0.15
Nal2HO4A-BG23PM32-213 3 0.09 | 0.04

Nal0B07-CB10403a 3| 0141

BG23BG45-226-FADPM32-

60 4 0.1
BG23BG45-242-FC1FES8-

334 4 0.12

NalOAO08A-BG23PM29 7 042
BG23PM29-99-NA10A11 7 0.f1 0.22
CB10524C-PM88FES8-141 11 011
CB10099A-ODD3PM33-175 11| 0.i7

PM88FE8-141-Nal10H02 11 0%15
PM88PM45-364-CB10524A 12 0.07

2 R? value explaining the phenotypic variation explaine

Table 4.9 shows the results of the QTL analysihefZEM1xVniimk351 population identified a
total of 10 QTL for the data collected in Winnipatgthe Point research station. 3 QTL were
identified for protein on LG 1, 3 and 10 which aents for 24% of the variation observed in the
trial. 2 QTL for oil content were identified on LGand LG 4. The QTL on LG 1 correlated
with one of 2 QTL for C20:0 with the second QTLgidentified on LG 13. The QTL on LG
13 correlated with one of the 2 QTL for C18:3 wiitle 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 daa collected from Winnipeg nursery trial. QTL region identified
by flanking markers and r? value noted for overall QTL effect.

Flanking Markers LG | Protein | Oil |C18:2 | C18:3 | C20:0

SR120-BG23PM32-102 1 030

SR044-CB10277 1 0.08 0.15

Nal0B07-CB10403a 3 0.06

BG23BG45-242-
FC1FE8-334

4 0.09

CB10092B-NA10A11 7 0.19

BRAS029-NA10G10a 10 0.08

PM88PM45-364-
CB10524A

12 0.13

PROPM113-182-Nal0Bg 13 0.16 | 0.18

2R? value explaining the phenotypic variation explaine

A comparison of QTLs between the experiment locetidentifies some common QTLs
between locations. Similar QTL for protein contand oil content were identified on LG 3 and
LG 4 respectively in the QTL analysis completecimle and Winnipeg. The QTL identified at
both locations was correlated with a QTL for thensaf oil and protein content in the analysis
completed using the data obtained from the Carmeation. QTLs for protein were identified
on LG 7 in the QTL analysis completed on the datkected from Chile and Carman locations.
This region also contains a QTL for linoleic ac@htent identified using the data collected from
the Point research farm in Winnipeg. Similar Q@entified for C22:0 and protein were
identified on LG 1 from the analysis completed @le and Carman respectively. Similar
correlations between protein and C18:3 were idiedtibn LG 12 between the data collected in
Chile and Winnipeg respectively. Additional sinnitees were identified on LG 7 with QTL

identified for C18:2 and C22:0 between Carman amaneg locations.
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4.4.7 ZEM1xVniimk405 population QTL analysis

Analysis of the ZEM1xVniimk405 population identifi& total of 13 QTL as shown in Table
4.10. One QTL for protein was identified on LGvhich accounts for 13% of the variation.
One QTL for C16:0 levels where identified on LGWRich accounted for 20% of the variation
in the population. This QTL region was shared Witt8:0 and C18:1 levels which accounted
for 28% and 24% of the variation respectively. additional QTL for C18:0 was identified on
LG3 and LG 1 respectively. 2 QTLs for C18:2 weteritified on LG 4 and LG 11 which
accounts for 24% of the variation observed. FA8:@DTLs for on LG 1 and LG 3 which
accounted for 28% of the variation observed ingbpulation. Two additional QTLs were
identified on LG 3 and LG 9 for C22:0 which accathfor 18% of the variation. Finally 1 QTL

for C22:0 was identified on LG 1 sharing the regidmere 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 overallQTL effect.

Carman LG | Protein | C16:0| C18:0 | C18:2| C18:3| C20:0 | C22:0
Nal0C06B-- BG23PM29-

457 1 0.21
CB10373bA-- BG23PM29¢t

457 1 0.13

Nal0CO06A-- CB10504 1 046
EM1BG45-56-- CB578 3 032

SR072-- ODD3PM33-177| 3 042

BG23BG45-93-- MD053 4 0.i8

Ra2G08-- SR087 4 0210
SR071-- CB10534 9 008
SA7PM32-56-- BRAS158| 11 0.06

Ni3G05-- BG23PM32-275| 12 0.27| 0.28

2 R value explaining the phenotypic variation expldine
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In Table 4.11 the QTL analysis of the ZEM1xVniim&4population for the data collected for
the trials conducted at the University of Manitabaearch farm in Winnipeg identified shows
total of 9 QTL. One QTL was identified for oil apdotein content on LG 1 and LG 3
respectively. One QTL for C16:0 was identifiedlddl which accounted for 26% of the overall
variation observed. This QTL region was correlatéth a QTL identified for C18:2. An
additional QTL on LG 4 was identified for C18:2 lvihe two QTL accounting for 45% of the
variation observed. One QTL for the sum of oil @notein content was observed on LG 1
which correlated with a QTL for C18:3. An additedrQTL for C18:3 were observed on LG 3

which correlated with the QTL identified for pratei

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 overallQTL effect.

Point LG | Protein | Oil | Sum | C16:0| C18:2 | C18:3
SR068-- CB10501B 1 w® | 0.2F
CB10373bA--

BG23PM29-457 1 0.74

BG23PM29-457--

CB10504 1 0.06 0.23
EM10DD13-303--

NA12H09 3 | 0.8 0.18
Ni4D12-- CB10234b 4

Ra2G08-- SR087 4 024
CB10079-- BRAS029 7

2 R value explaining the phenotypic variation expldine
For the ZEM1xVniimk405 population a total of 8 QWere identified from the trial conducted

in Chile as shown in Table 4.12. One QTL for pimo@ontent was identified on LG 1 which
accounted for 26% of the variation observed. 2 @rloil content were identified on LG 1 and

LG 4 which covers 29% of the overall variation. eTQTL on LG 1 correlated with one of the 2
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QTL identified for C16:0 with the other QTL iden&tl on LG 9. One QTL for sum of oil and
protein was observed on LG6. Finally one QTL fa&8@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 regionidentified by
flanking markers and r2 value noted for overall QTL effect.

Chile LG | Protein | Oil Sum | C16:0| C18:3
MRO013-- PM880ODD13-271 1 0.26
ODD3PM33-45--

EM1PM113-356 1 0.18 0.08
FADPM32-296-- CB10092B| 2 0a7
MDO053-- Ra2G08 4

MDO053-- SR087 4 0.71

SR021-- NA12DO03 6 0.19

SR071-- CB10534 9 0.05

2 R* value explaining the phenotypic variation expldine

A comparison of the QTL analysis completed on tae dollected at the three experiment
locations identified similar regions where QTL weatentified on LG 1, LG 4 and LG 9 for the
ZEM1xVniimk405 population. QTL were identified & 4 in both the Winnipeg and Carman
location data for the C20:0 FA content. This regiso contained a QTL identified for oil at the
Chile location. Similar regions were identified b@1 between these two sites linked to protein
and C22:0 in Carman and oil in Winnipeg. Additibsianilar regions were identified between
QTL for sum of oil at the Winnipeg location and C3.&t the Carman location. A QTL located

on LG 9 in the Winnipeg and Chile analysis ideptifiQTL for C20:0 and C16:0 respectively.
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4.5 Discussion

Upon initial inspection of the phenotypic data eoted of the population the most significant
variations were observed in the fatty acid profitesach of the populations. Evaluation of the
parental lines of each population showed a sigaficzariation of the fatty acid profiles between
each of the parental lines. The ZEM1 parentakliwere identified as a zero erucic acid line
maintaining erucic acid levels less than 2% ofdherall fatty acid profile (Kirk and Oram,
1981). The two Russian mustard lines Vniimk351 ¥ndmk405 lines used to develop the
separate DH populations observed mean erucic eeaédd of 21.7% and 30.4% of the overall
fatty acid profile respectively. Although therem@esignificant variations observed in the fatty
acids between the parental lines in both populafidrappeared that the variation of the erucic
acid content provided the most significant variatio fatty acid content. This was observed in
the variation between the erucic acid and oleid,aghich is the precursor in erucic acid

synthesis.

Previous studies completed on erucic acid inhes@amthinBrassica species has identified two
alleles acting additively resulting in low, moderaind high erucic acid levels (Anand and
Downey, 1981; Chen and Heneen, 1989; Chen et%8;Dorrell and Downey, 1964; Harvey
and Downey, 1964; Kondra and Stephansson, 196%.inheritance of erucic acid levels has
shown that the zero erucic acid phenotype is dimtoeozygous recessive alleles of both genes
in Brassica juncea (Bhat et al., 2002; Kirk and Oram, 1981; Kirk addristone, 1983; Labana et
al., 1987). The tw&AE genes that have been determined to result inghation of erucic acid
within B. juncea have been defined &M\E1.1 andFAEL.2 (Gupta et al., 2004; Xu et al., 2010).
These genes produce a fatty acid elongase enzyahbah been shown to result in the elongation

of oleic acid to produce eicosenoic (C20:1) andaieracid (C22:1) irBrassica juncea (Gupta et
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al., 2004; Kanrar et al., 2005). The distributadrerucic acid phenotypes in both populations
indicate a single dominate alleles segregatingiwigach of the populations resulting in the
expression of moderate and low erucic acid at aégtegation ratio. This was also observed in
studies of erucic acid inheritanceBnjuncea where a single dominant gene was found
responsible for moderate erucic acid content wiflapulations segregating for erucic acid (Bhat

et al., 2002; Kirk and Hurlstone, 1983).

This single gene inheritance was also observelddrexpression of eicosenoic acid levels in the
populations. Moderate erucic acid levels correlateh higher concentrations of eicosenoic
acid which is the precursor to erucic acid levelanversely low erucic acid levels results in a
decrease in the concentration of eicosenoic av&ldavhich was observed in both populations.
This positive correlation supports early findingattshowed similar response (Cheung et al.,
1998; Lionneton et al., 2002; Mahmood et al., 200®he segregation within the eicosenoic
acid also follows a 1:1 segregation ratio indicgtine effects of a single gene. This suggests
that theFAEL gene in these populations was responsible foeldegation of oleic acid to
eicosenoic then eicosenoic to erucic acid. Th&uported by the negative correlation observed
in the oleic acid with both erucic and eicosendiclévels observed in both populations as it is

the substrate for the synthesis of both fatty acids

Variations in both populations showed a significaegative correlation between oleic and erucic
acid levels. The negative correlation has beeermks in a number d@rassica species looking

at the association between these fatty acids (Afemaand Becker, 2001; Bhat et al., 2002;
Burns et al., 2003; Ecke et al., 1995; Zhao eR@08). The analysis of the distribution of the
oleic acid in both populations showed that thers wd:1 segregation ratio which correlates to

the segregation of erucic acid and eicosenoic @mident.
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The distribution of the fatty acid in the two DHpdations shows that the linoleic fatty acids
follow a similar monogenic inheritance pattern®bserved in the erucic acid segregation
whereas the linolenic acid followed a more normsiridbution. Studies iBrassica have shown
that theFAD2 andFAD3 genes are involved in the desaturation of oleid aith respect to
these two fatty acids (Auld et al., 1992; Barrealet1999; Hu et al., 2006; Jourdren et al.,
1996a; Okuley et al., 1994). The FAD2 gene has bssociated with the desaturation of oleic
acid to product linoleic acid (Okuley et al., 19®&ng et al., 2010; Sivaraman et al., 2004).
Similarly theFAD3 gene has been linked to the further desaturafitinaleic acid to produce
linolenic acid (Barret et al., 1999; Jourdren et H996a); an undesirable component that leads to
reduced shelf life with the extracted oil (Scantidl &cVetty, 1999; Uppstrom, 1995). The two
genes required to produce linolenic acid resulbeémore normal distribution of the oil profile

due to the interaction between the two genes redtar the synthesis of linolenic acid.

QTL analysis for the ZEM1xVniimk351 population idéied 1 QTL for linoleic acid on LG 7
through data analyzed from both the Carman and W&gn A single QTL on LG 7 for
Linolenic acid was identified from the data colltfrom Chile. These regions could be
associated to theAD2 or FAD3 which have been to increase both fatty acids. adalysis of

the data collected for linoleic acid levels in bpttpulations follows a monogenic inheritance
pattern indicating that a single gene accountshifenariation which falls within the range of the
parental lines. The data shows that the populagiafso segregating at a 1:1 ration supporting
the singleFAD2 gene responsible for the variation of linoleicdaici the population. For
linolenic acid, 2 QTL were detected for both popiolas at all locations except for Carman for

ZEM1xVniimk351 population and Chile for ZEM1xVniirdk5 population. These two QTL
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may be linked to thEAD2 andFAD3 genes that produce the fatty acid desaturase exwimat

result in the synthesis of linolenic acid.

Though observed in small quantities, the inhergdmetween the overall saturated fatty acids
(SFA) in Vniimk405 population follows a more nornthétribution than observed in the
ZEM1xVniimk351 population which reflects the mulepenes involved in SFA biosynthesis
(Baud et al., 2008; Ohlrogge and Jaworski, 199He distribution of the palmitic (C16:0) and
stearic acid (C18:0) content in the ZEM1xVniimk4@&pulation showed no distinct distribution
pattern however there appears be a monogenic paitezrging from the C20:0 and C22:0 fatty
acids. This difference could be due to the smahiytation size in the ZEM1xVniimk405
population as compared to the ZEM1xVniimk351 popakawhich has almost twice as many
individuals in the population. A distinct bimod#ttribution was observed in the SFA in the
ZEM1xVniimk351 population. QTLs for SFA were idefied in both populations however little

correlation between the Chile, Winnipeg and Carfireld nursery sites was observed.

Very little research has been conducted on SH3 jancea as it is not a significant component
to the fatty acid profile only making up 5% to 6%dloe overall fatty acids. However there have
been studies identifying plant stearic acid asathy saturated fat showing little to no increase
in plasma cholesterol levels (Grundy, 1994; Yuletl®95) There has been development of
high stearic acid lines in other oilseed crops éB&d al.; Osorio et al.; Pérez-Vich et al., 2006)
however there has been little success in develamngentionaBrassica high stearic lines and
only transgenic approaches had significant effentthe fatty acid content (Hawkins and Kridl,
1998; Karim Zarhloul et al., 2006; Knutzon et &B92). There is room for research in this area
and may offeopportunities for future research on the areattyfacid manipulation in the

Brassica species QTL analysis completed on the two populationsiified some correlations
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between genes associated with fatty acid synth&sgigle QTL for palmitic acid (C16:0) was
identified at each location with the exception &M1xVniimk405 population data from Chile.
This single QTL suggests a small number of gengsoresible for the variation within the
populations. As palmitic acid is the precursostearic acid which is elongated KASI gene
within the cytoplasm, this QTL may be associatethwhis gene (Ohlrogge and Browse, 1995;
Pidkowich et al., 2007). A single QTL on LG7 wdsitified in the ZEM1xVniimk351
population was observed at the Carman and Winrfigrettpe locations which may be correlated
with theFAD2 gene which is responsible for the desaturatiosit acid to produce linoleic

acid (Okuley et al., 1994).

The populations used in this study were charaedrar variation of oil and protein levels in the
seed in addition to the fatty acids profile of eatlthe populations. Analysis of othBrassica
napus populations segregating for erucic acid have shawtiong correlation between fatty acid
profile and oil and protein content (Burns et 2003; Ecke et al., 1995; Qiu et al., 2006) and
similar results have been showrBrassica juncea (Cheung et al., 1998; Mahmood et al., 2006b;
Ramchiary et al., 2007b). Strong correlations vedrgerved between the monounsaturated and
polyunsaturated fatty acid and the oil and proteintent within both populations. This
correlation between fatty acid and oil content obseé within the two populations could explain

much of the variation of the oil content basedlmdbservation of previous studies.

Previous studies of oil contentjuncea have identified 2 to 7 QTL within the populations
studied (Lionneton et al., 2002; Mahmood et alQ6) Ramchiary et al., 2007b; Sharma et al.,
1999). The QTL analysis completed on the two Didypations in this study identified a small
number of QTL for oil content. The data collectexin the Winnipeg and Chile locations for

the ZEM1xVniimk351 population identified 2 QTL foil content. For the ZEM1xVniimk405
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population, one QTL was identified for oil contérdm the data collected in Winnipeg and 2
QTL identified from the data collected in Chilehélhigh correlation of fatty acid profile and oil
content identified from previous studiesBnnapus (Ecke et al., 1995B. rapa (Tanhuanpaa et
al., 1996) and. juncea ((Cheung et al., 1998; Lionneton et al., 2002; Blaiary et al., 2007b;
Sharma et al., 2002b) suggests that these QTL mdiphked to regions that control fatty acid
content. Similar observations were observed ir@fié analysis completed by Lionneton which
identified only 2 QTL for oil in these populatiorighe DH population in Lionneton et al. (2002)
study was developed from a cross between a modamate acid and high erucic adddjuncea
lines which showed a monogenic segregation sirtol#inose observed in the two DH
populations in this study (Lionneton et al., 200Zhe other studies that identified a higher
number of QTL for oil content have used populatithet are segregating for high erucic acid
and low erucic acid (Mahmood et al., 2006b; Ramghea al., 2007b). This added variation and
the correlation with erucic acid in these populagicould result in the identification of

additional oil QTL.

The analysis of the protein content data collededtified QTL for each of the locations it was
tested in. The analysis of the ZEM1xVniimk351 patian identified more QTL than the
ZEM1xVniimk405 population with 3 QTL identified ithe Carman and Winnipeg locations and
5 QTL from the data collected in Chile. A numbéthese QTL were related to QTL identified
for fatty acids. Additionally there is a signifitanegative correlation between protein and fatty
acid content which would suggest that these QTlLldba related to genes linked to fatty acid
synthesis. This negative correlation was obsemedriumber of studies analyzing oil and
protein content ifB. juncea (Cheung et al., 1998; Mahmood et al., 2006b; Raanglet al.,

2007b). In addition there is a significant enuimeental effect to the expression of oil content
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observed in th8rassica sp. which makes it difficult to identify the regiondweh account for
the accumulation of oil content (Chauhan et alL,@hauhan et al., 2011; Gunasekera et al.,
2006; Pritchard et al., 2000; Si et al., 2003; Zagal., 2005). Of the QTL identified in other
studies oB. juncea their overall QTL affect observed was less thab%2which makes it

difficult to identify minor effects with the signdant effects of environmental factors.

The molecular maps used in this study covered d8lgf the 18 linkage groups identifiedBn
juncea. This limited coverage of these maps can lingtdletection of significant QTL that are
found on other parts of the genome (Jansen, 19833,21994). The maps developed cover a
distance of 791 cM in the ZEM1xVniimk351 populatiand 624 in the ZEM1xVniimk405
population. Current published maps covering thérié&ge groups of thB. juncea genome
have map distance ranging from 1564 cM to 1922 kignfeton et al., 2002; Mahmood et al.,
2003; Panjabi et al., 2008a; Pradhan et al., 2B@®&)chiary et al., 2007b). With these maps
covering approximately 50% of the distance of otndslish 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 theritance of oil, protein and fatty acids within
two B. juncea DH populations using linkage maps and QTL analy3ise QTL analysis for seed
oil content conducted on the two DH populationddgd little correlation between QTL
identified between locations and populations. Boigports the significant effects of
environment factors on the expression of seeddasimilar effect was observed with seed
protein content in both populations as there wasamsistency in the region of which the QTL
were identified between locations and populatidfgrther analysis of the two populations
identified multiple QTL for oleic, linoleic and lalenic fatty acid in both populations however,
little correlation was observed between the locetior between the two populations. For both
DH populations under study, pattern of monogeneiitance in the erucic acid levels was
evident. The segregation of erucic acid contenttiwiboth of these populations lends further
support to the inheritance BAEL.1 andFAEL.2 genes that have been identified as being a key
factor in the accumulation of erucic acid. Theseegehave been identified as showing the
additive epistatic inheritance patterns which aatetor the variation in erucic acid as identified
first in B. napus and later irB. juncea. The segregation of a single homozygous dominam ge
inherited from the Vniimk (moderate erucic acidygrgal lines and a homozygous recessive
gene inherited from the ZEM1 (zero erucic acidepacorresponds to the variation observed in
both DH populations which correlates with previstigdies. In addition, significant correlations
observed between fatty acids and the accumulafion and protein was identified which
suggests that erucic acid is responsible for thatan observed in seed oil and protein content
within the two DHB. juncea populations. Further investigation to isolate afentify theFAE

gene involved in the accumulation of erucic acid ba used to develop gene specific markers to
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be incorporated into the linkage map developedhese DH populations. This will help
identify seed oil content QTL which are not linkedtheFAE gene which can be used for the

specific improvement of seed oil content witBinjuncea.
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5.0 General Discussion

The increase of oilseed production in Canada requadditional options for producers to
increase overall production and the improvemenmtilcfontent withinBrassica species.B.

juncea offers an opportunity to improve production usbuih strategiesBrassica juncea
production in western Canada is primarily dedicatedondiment mustard and has been shown
to grow successfully in the drier regions of Sashatan and Alberta where Canola production is
limited (Skrypetz, 2003). The introduction of @#xIB. juncea lines these regions provide
opportunities to increadérassica oilseed production in Canada to help meet the grow

demand.

Oil accumulation irBrassica has shown to be a complex inherited traits whislolve multiple
pathways (Baud et al., 2008). Studies to idergcific genes that can increase the
accumulation of fatty acids within the seed hawntdied a number of transcription factors that
are thought to control fatty acid accumulation (Euez et al., 2007; Mendoza et al., 2008; Mu

et al., 2008; To et al., 2006). Transgenic apgreatave been usedBnassica napus which

have shown an increase of oil accumulation thrahghover expression of genes involved in

fatty acid synthesis (Thelen and Ohlrogge, 200@0eg involved in the acyltransferase genes in
the Kennedy pathway (Jain et al., 2000; Jako gP@01; Taylor et al., 2002; Zou et al., 1997)
and cytosolic gly3PDH (Vigeolas et al., 2007). Tise of transgenic approaches has allowed for
the increase of oil content however the use of Gilhnology has limited application for

current cultivars due to the high cost of regisbrat

Through the use of QTL analysis and MAS it is ploiesio select favorable genotypes that have
an increase in fatty acid accumulation. Screefondavorable genotypes can improve the

efficiency of breeding. By selecting the desigethotypes the number of lines can be reduced to
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identify the desired phenotypes. Molecular markerge been linked to a number of important
traits such as disease resistance (Kole et al2&®ilet et al., 2001; Zhao and Meng, 2003),
improvement of fatty acid content (Hu et al., 20B&hman et al., 2008) and abiotic stress
tolerance (Kole et al., 2002b). These can be dgeel to allow for the profiling of lines by

selecting desired genotypes prior to phenotypieesung.

In this study, the development of the molecular sriap the two DH populations demonstrated
the effectiveness the use of SSR and SRAP maréeted genomic study drassica juncea.

The majority of the published linkage map®Boéssica juncea has been developed using AFLP
and RFLP markers with have limited applicationHggh throughput screening for the use of
MAS. The reproducibility and high rate of polymorgin makes SSR markers a good candidate
for MAS and genetic studie®evelopment of these maps offers opportunity todase the
opportunities to use SSR and SRAP markers for sorg8. juncea population as their use has

been limited to date.

The linkage maps developed in this study providéohi#ed coverage of the enti& juncea
genome. In the case of both of the DH populatidndied there linkage maps developed covered
13 of the 18 linkage groups. The uséodssica napus derived SSR and SRAP markers may
have contributed to the limited coverage of theoge®. TheB. nigra derived B genome which
contributes 8 chromosomesBojuncea has been shown to have wide genetic distanceéhak

and B genomes @. napus derived fromB. rapa andB. oleracea respectively.B. napus andB.
juncea share thé. rapa derived A genome which suggests the markers ustds study may

have favored this genome and resulted in the ldrgenome coverage. Further marker
screening would need to be completed to allowHerdomplete coverage of tBejuncea

genome using these markers.
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Through the phenotypic screening of the two poparatthe fatty acid profiles and oil and

protein content of each of the lines was evaluatedm these studies it was shown that both
populations were segregating for erucic acid. \Estidies into the heritability of erucic acid

have shown that the trait is controlled by two geimB. juncea with additive effects resulting in
high, moderate and low erucic phenotypic expressitme analysis of the two populations
developed from the cross between moderate erunas [[Vniimk351 and Vniimk405) and the

low (zero) erucic acid line ZEM1. There resultB{ populations showed a distinct 1:1
segregation of moderate and low erucic lines. $hggests the segregation of a single dominant

gene responsible for the moderate erucic acid gkipes within both populations.

Using phenotypic data collected from nursery tralsvo site locations in Manitoba and one in
Chile the oil and protein content were studied g€T L analysis. Using the linkage maps
developed the analysis of the fatty acid profild ait and protein content of each of the lines
identified a number of QTL within both populationkittle correlation was observed between
the two populations despite sharing a common paréne. Significant correlations between
specific fatty acids and oil and protein accumuolativere identified in the analysis of the lines
within the two populations. This suggests that mofcthe variation within oil content is
dependent of the fatty acids within the seed. @lmas been evidence that supports the increase
of erucic acid within the seed results in an insesi@ overall oil contents. This correlation has
been identified in other studies and supported thighsignificant positive correlation between
erucic acid content and oil content within the seAdditionally there is a significant negative
correlation between oil and protein content whigpprts previous studies relatedBi@ssica

oil and protein accumulation.
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This studies shows th8t juncea can contribute to the increase in oilseed produatithin
Canada. Further research will be required to imptbe availability of molecular markers
available for the B genome to aid in the genetidigs ofB. juncea. This will help in the
development of improved linkage maps coverage agdken density within the maps. This will
further the ability to scree. juncea genotypes for desired alleles. Further conclisaerived
from this study suggest that populations derivedifparental lines with varying fatty acid
profiles reduces the identification of oil cont€ifL due to the significant correlations between
fatty acids and overall oil accumulation. Thisretation causes a large amount of genetic
“noise” in the QTL analysis inhibiting the abilitg 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 coméihdata measured in
field trial at two sites in Manitoba and one in [@éHor ZEM1xVniimk351 DH population.

Source of DF Sum of Mean Expected Mean Square F Value Pr>F
Variation Squares Square

Sum QOil and Protein (Sum)

Line 107  3093.77173 28.913754 Var(Residual) + 50.59 <.0001
Q(Line,Location*Line)
Location 2 1498.976887 749.48844 Var(Residual) + 1311.3 <.0001
3 Q(Location,Rep(Location),Lo
cation*Line)
Rep(Location) 9  136.928501 15.214278 Var(Residual) + 26.62 <.0001
Q(Rep(Location))
Location*Line 206  441.515208 2.143278 Var(Residual) + 3.75 <.0001
Q(Location*Line)
Residual 1069 610.982343 0.571546 Var(Residual)
Seed oil content (Oil)
Line 107 14368 134.28356 Var(Residual) + 63.89 <.0001
3 Q(Line,Location*Line)
Location 2 2353.193417 1176.5967 Var(Residual) + 559.77 <.0001
09 Q(Location,Rep(Location),Lo
cation*Line)
Rep(Location) 9  144.794662 16.088296 Var(Residual) + 7.65 <.0001
Q(Rep(Location))
Location*Line 206 1153.319958 5.598641 Var(Residual) + 2.66 <.0001
Q(Location*Line)
Residual 1069 2246.969668 2.101936 Var(Residual)

Seed protein content (Protein)

Line 107 6733.489888 62.929812 Var(Residual) + 38.43 <.0001
Q(Line,Location*Line)

Location 2 164.686859 82.343429 Var(Residual) + 50.28 <.0001
Q(Location,Rep(Location),Lo
cation*Line)

Rep(Location) 9  103.999057 11.555451 Var(Residual) + 7.06 <.0001
Q(Rep(Location))
Location*Line 206 685.35369  3.32696 Var(Residual) + 2.03 <.0001

Q(Location*Line)

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) + 26.1 <.0001
Q(Line,Location*Line)
Location 2 108.109922 54.054961 Var(Residual) + 58.46 <.0001
Q(Location,Rep(Location),Lo
cation*Line)
Rep(Location) 3 0.706002 0.235334 Var(Residual) + 0.25 0.858
Q(Rep(Location))
Location*Line 190 90.192259 0.474696 Var(Residual) + 0.51 1
Q(Location*Line)
Residual 273  252.412315 0.924587 Var(Residual)
Palmitic acid content (C16:0)
. Var(ResiduaI) T 81.62 <.0001
Line 107  108.238122 1.011571 Q(Line, Location*Line)
Var(Residual) +
Location 2 6.951068  3.475534 Q(Location,Rep(Location),Lo 280.42  <.0001
cation*Line)
. Var(Residual) + 3.38 0.019
Rep(Location) 3 0.125809 0.041936 Q(Rep(Location]
Location*Line 190 4.035761 0.021241 Var(Residual) + 1.71 <.0001
Q(Location*Line)
Residual 273 3.383551 0.012394 Var(Residual)
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6.2 Appendix 1.1 Analysis of Variance (ANOVA) analysis of the comeéhdata measured
in field trial at two sites in Manitoba and oneGhile for ZEM1xVniimk405 DH population.

Source of DF Sum of Mean Expected Mean Square FValue Pr>F
Variance Squares  Square

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) + 67.8 <.0001
Q(Location,Rep(Location),Location*Li
ne)
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
Var(Residual) +
Location 2 4.952907  2.476453 Q(Location,Rep(hg)cation),Location*Li 90.73 <.0001
Rep(Location) 3 0.114693 0.038231 Var(Residual) + Q(Rep(Location)) 14 0.2436
Location*Line 110 3.898279 0.035439 Var(Residual) + Q(Location*Line) 1.3 0.0538
Residual 214 5841025 0.027295 Var(Residual)

Sum QOil and Protein (Sum)

Line 59 1381.552 23.41613 Var(Residual) + Q(Line,Location*Line) 24.25 <.0001
Var(Residual) +
Location 2 228.4646  114.2323 Q(Location,Rep(hg)cation),Location*Li 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
Var(Residual) +
Location 2 7279726  363.9863 Q(Location,Rep(hg)cation),Location*Li 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

Location

Rep(Location)
Location*Line

Residual

59

112

616

1971.635

142.094

45.86383

448.7902

1022.374

33.41755

71.04698

5.095981

4.007055

1.659699

Var(Residual) + Q(Line,Location*Line)

Q(Location,Rep(Location),Location*Li

Var(Residual) + Q(Rep(Location))

Var(Residual) + Q(Location*Line)
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Var(Residual) +

ne)

Var(Residual)

20.13

42.81

3.07

241

<.0001

<.0001

0.0013

<.0001



6.3 Appendix 2.1 QTL locations on the 13 linkage groups of the ligkanap developed
using SSR and SRAP markers based on the ZEM1xVB&hIOH population.
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6.4 Appendix 2.2QTL locations on the 13 linkage groups of the ligéanap developed
using SSR and SRAP markers based on the ZEM1xVAD&IOH population.
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