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CHAPTER ONE 
 

BACKGROUND AND PROJECT OVERVIEW 
 
 

 Anthocyanin pigments are responsible for purple pigmentation in plant tissues in 

a variety of species.  Mutation in anthocyanin genes thus results in non-purple stems 

and leaves.  For example, the anthocyaninless (anl) gene in Brassica rapa, a member of 

the Cruciferae family, is responsible for non-purple plants that are used to model 

recessive inheritance.  To date, the anl gene has not been mapped in any Brassica 

species.  The purpose of my thesis is to create a microsatellite-based linkage map of the 

anl locus in rapid-cycling Brassica rapa (RBr).  This linkage group may then be 

utilized for map enhancement, physical mapping, and comparative mapping studies. 

 
1.1  Cruciferae 

 
 Plants in the Cruciferae (Brassicaceae) family are characterized physically by 

the presence of cross-shaped, four-petaled flowers. Most of the approximately 3500 

species which comprise Cruciferae can be readily recognized by these yellow flowers 

and a pungent odor conferred by glucosinolate compounds.  Cruciferae consists of 

about 350 genera, including the Brassicas.  Brassica members are studied primarily 

because of their value as crop plants:  B. rapa is comprised of turnips, Swedish and 

Chinese cabbages; B. nigra contains mustards; and B. oleracea varieties include 

cabbage, Brussels sprouts and kale (Lowe et al. 2004). 
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As a general trend, DNA content in Brassicas evolved from a smaller to a larger 

amount.  The exception is B. rapa, which shows a decrease in genome size over 

evolutionary time (Johnston et al. 2005).  The triplicate presence of many segments in 

Brassica genomes points to descent from a common hexaploid ancestor, followed by 

divergence in to diploid genomes (Lagercrantz and Lydiate 1996).   

 The relationship between several members of the Brassica genus has been 

described by the �U triangle� model, so named for its proposition by Nagaharu U in 

1935.  Brassica rapa (n = 10), B. nigra (n = 8) and B. oleracea (n = 9) are designated as 

the A, B and C Brassica genomes, respectively.  Under the U triangle postulate, the 

origins of the allotetraploid species B. juncea (n = 18, AABB), B. napus (n = 19, 

AACC) and B. carinata (n = 17, BBCC) are attributed to hybridization of the three 

diploid progenitors (U 1935).  This description of the evolutionary relationship among 

Brassicas is consistent with recent findings:  fluorescent probes from all chromosomes 

in the A and B genomes bind within the B. juncea (AABB) genome (Maluszynska and 

Hasterok 2005).  Additionally, the majority of microsatellite regions identified in B. 

napus (AACC) can be matched to regions in the A and C genomes (Saal et al. 2001).   

 The overall content of the Brassica A, B and C genomes is highly conserved, 

although the chromosomal arrangement for each Brassica species is unique.  Nearly 

every region of the B genome corresponds to segments of the A and C genomes, as 

determined by comparative mapping (Lagercrantz and Lydiate 1996).  In fact, complete 

homologs may be represented by linkage groups G1 (B. nigra) to R5 (B. rapa) and G4 

to R6.  However, the majority of chromosome segments consist of rearranged and 
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inverted regions of the Brassica genomes as opposed to large collinear regions.  For 

example, the conserved G1(B)/R5(A) group is disrupted in the B. oleracea (C) genome:  

half of the corresponding O5(C) linkage group maps to other linkage groups in the A 

and B genomes (Lagercrantz and Lydiate 1996).  Other observations distinguish the A 

and C from the B genome.  At least 12 regions have been identified in which end 

regions of A and C linkage groups are present in internal regions of C genome linkage 

groups.   

 Despite their overall genome content similarity, there exist some differences in 

microsatellite content among the Brassica species.  GA/CT repeats are common in B. 

nigra, B. napus and B. oleracea.  Contrastingly, B. rapa displays a greater number of 

GT/CA repeats.  The GA/CT motif is both longer (an average of 31.5 units) and more 

polymorphic (67.9%) as compared to the GT/CA repeat (25.1 units, 45.9%) (Lowe et 

al. 2004).    However, homologous microsatellites are highly conserved among diploid 

species of the U triangle.  As such, single primer pairs can successfully amplify 

homologous microsatellites in both B. oleracea and B. rapa (Saal et al. 2001).  For 

example, of 81 locus-specific primer pairs derived from B. napus, 83% successfully 

amplify regions in B. oleracea, B. rapa, or both (Plieske and Struss 2001).  This 

genomic similarity allows for information transfer and for a wide range of primer 

choice in Brassica mapping projects.  In large part due to advances in mapping 

technology, a number of species from the Cruciferae plant family have been at least 

partially mapped or sequenced over the past 20 years.   
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1.2  Anthocyanins and the Brassica rapa Anthocyaninless Mutants 
 

Anthocyanins are flavonoid pigments that are responsible for purple coloration 

in the stems and leaves of a variety of plant species.  They have been cited as 

contributing to protection from photoinhibition (Dodd et al. 1998), protection from 

UVB light (Klaper et al. 1996), and modification of captured light quality and quantity 

(Barker et al. 1997).  Additionally, anthocyanins may be involved in metal 

accumulation.  For example, Brassica anthocyaninless mutants show decreased 

tungsten accumulation (Hale et al. 2002) and fail to produce a water-soluble blue 

compound, likely a molybdenum-anthocyanin complex, in peripheral cell layers upon 

addition of molybdenum (Hale et al. 2001).     

Anthocyanin-related genes have been isolated in diverse species.  AN1 and AN2 

encode transcription factors that regulate pigment production in petunia (Mol et al. 

1996).  Pp1, Pp2 and Pp3 contribute to purple pigment in bread wheat (Dobrovolskaya 

et al. 2006).  Anthocyanin accumulation in pepper flowers is attributed to gene A, 

orthologs of which have been mapped in the related Solanaceae species tomato and 

potato (Chaim et al. 2003).  In the model organism Arabidopsis thaliana, study of 

anthocyaninless mutants led to the discovery of ANL1 (TAIR (The Arabidopsis 

Information Resource) accession number 3685319), which is responsible for 

anthocyanin production; ANL2, a homeobox gene that affects anthocyanin distribution 

(Kubo et al. 1999); AN11 (TAIR accession number 2010356), which contributes to 

anthocyanin production; Tt9 (TAIR accession number 3685406), which is involved in 
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flavonoid biosynthesis; and three other pigmentation genes (TAIR accession numbers 

2027523, 2159098 and 3713922). 

Anthocyanins are present in rapid-cycling Brassica rapa (RBr), also known as 

Wisconsin Fast Plants, so named for its short generation time and rapid seed maturation 

(Musgrave 2000).  These traits render RBr particularly useful for science education and 

research (Williams and Hill 1986).  Absence of anthocyanin pigment in RBr is a 

recessive trait controlled by the anthocyaninless (anl) locus, and this trait is used to 

model autosomal recessive inheritance in teaching labs (Fast Plants, 

http://www.fastplants.org, 2006).  The B. rapa anthocyaninless phenotype has also been 

used as a marker to assess honey bee pollen deposition patterns (Morris et al. 1995) and 

to evaluate gene flow from transgenic plants in to wild relatives (Manasse 1992).  

While complete absence of anthocyanin pigment results from mutation at the anl locus, 

intensity of anthocyanin coloration is a quantitative trait in those plants that possess a 

wild-type ANL allele (Goldman 1999).  The purple anthocyanin (0-9) (Pan(0-9)) trait 

quantitatively describes the phenotypic intensity of anthocyanin pigments in RBr, 

which is likely controlled by multiple modifying alleles (Fast Plants, 

http://www.fastplants.org, 2006). 

 
1.3  Genetic Markers 

 
 Neutral DNA sequence variations that occur throughout plant and animal 

genomes can serve as genetic markers to identify chromosomal positions.  Assessing 

linkage values between a series of markers allows for genetic map creation based on 
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marker order along a chromosome or established linkage group (Griffiths et al. 1999).  

Several types of markers are currently utilized in mapping.  Restriction fragment length 

polymorphisms (RFLPs) are defined as differences in enzymatic cut sites between two 

alleles at the same locus.  When digested with the same enzyme or set of enzymes, 

segments of DNA with different RFLPs will be cut in different locations.  Each piece of 

original DNA is then identifiable by a unique set of bands (�DNA fingerprint�) resolved 

with gel electrophoresis; differing band sizes are visible based on the location of the 

RFLP cut sites in the sequence.  It is thus possible to identify a particular band that 

frequently segregates with a mutant phenotype.  By assessing this co-segregation 

frequency, the map distance between the trait locus and the cut site polymorphism can 

be determined. 

Despite their exploitation in mapping, RFLPs offer only limited information 

because their loci are not often polymorphic in the population under investigation.  A 

different type of marker with higher heterozygosity has been developed in the form of 

microsatellites (Weber and May 1989; Litt and Luty 1989).  First identified in humans, 

microsatellites, or simple sequence repeats (SSRs), are tandem repeats of two to six 

base pair units scattered throughout genomes of both plants and animals (Sharopova et 

al. 2002).   The number of repeated units varies between alleles, likely due to a slipped-

strand mispairing mechanism that occurs during replication (Levinson and Gutman 

1987).  By designing primer sequences complementary to flanking regions of a 

particular microsatellite, it is possible to amplify the length polymorphisms using 

polymerase chain reaction (PCR) and to visualize the length differences on 
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electrophoretic gels (Broun and Tanksley 1996).  A genetic map of a mutant gene may 

then be constructed based on the frequency with which particular microsatellite alleles 

co-segregate with a mutant phenotype.  Microsatellites have been used for mapping a 

variety of species, including maize (Sharopova et al. 2002), rice (Wu and Tanksley 

1993) and the Arabis genus (van Treuren et al. 1997). 

 
1.4  Gene Mapping 

 
Genetic maps are representations of gene arrangement on chromosomes based 

on recombination frequency between loci.  Mapping a trait gene involves identifying 

genetic markers that segregate with the phenotype in question more frequently than 

would be expected for unlinked loci (50%).  Distance between a marker and the gene 

conferring the phenotype is determined based on these recombination frequencies.  A 

map containing the trait gene is then constructed by compiling linkage data from a set 

of markers. 

Genetic mapping is a two-step process which involves both linkage detection 

and assessment of linkage intensity (Mather 1938).  The recombination frequency 

between a marker and a trait gene is first used to detect linkage; next, probabilistic 

models are used to assess map distance or linkage intensity between the two loci 

(Balding et al. 2001).    

The LOD score (logarithm of the odds) method assesses the probability that a 

trait locus and a marker are linked within a pedigree (Morton 1995).  First, two-point 
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LOD scores (z) are used to describe the probability that two loci are linked and do not 

segregate independently.  Mathematically, 

z = log [probability of observed pedigree data if � < .5] 
             [probability of observed pedigree data if � = .5],          

 
where � is the recombination frequency between the two loci being studied.  In general, 

LOD scores greater than three (odds of 1000:1) are accepted as evidence that a trait 

locus and a marker are linked (Morton 1995).   

Next, multi-point LOD scores involving several markers are calculated to 

determine the probability that co-segregation between the markers and the trait locus is 

due to genetic linkage.  Interference, defined as the assumption that only one crossover 

event may occur across a pair of adjacent intervals, is taken in to account in linkage 

analysis.  For example, the Haldane map function (1919) calculates distances based on 

the assumption of no interference, such that multiple crossovers may occur between 

adjacent loci.  Contrastingly, the Morgan map function assumes complete interference, 

such that only one crossover may theoretically occur between adjacent loci (Morgan et 

al. 1915).  While the Haldane function tends to overestimate distance between two loci, 

the Morgan mapping function gives an underestimate of map distance due to 

associating recombination frequency exactly to map distance (Lynch and Walsh 1998).   

The Kosambi map function (1944) takes in to account an intermediate level of 

interference when converting recombination frequency to map distance, and likely 

gives the most accurate estimation of the genetic distance. 
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Computerized algorithms containing the Kosambi mapping function are often 

employed to assess the probability of a particular marker arrangement occurring based 

on multi-point LOD scores that encompass all linked markers.  For example, the 

MapManager QTX program (Manly et al. 2001) uses a log-likelihood approach, which 

sums the LOD scores from each possible marker permutation and determines the most 

likely marker order based on the highest likelihood sum (Lathrop et al. 1985).  The trait 

locus is then placed in its most likely map location relative to the ordered genetic 

markers.  Each locus in the linkage group is thus linked to at least one other locus in the 

group (Ott 1999). 

 
1.5  Project Overview 

Brassica rapa anthocyaninless mutants are studied and utilized in inheritance 

modeling experiments, and anthocyanin pigmentation genes have been mapped in 

Arabidopsis, a related Crucifer.  However, the anthocyaninless (anl) locus has not been 

mapped in any Brassica species.  In this thesis I identify a microsatellite marker-based 

linkage group containing anl in rapid-cycling Brassica rapa (RBr), and develop a 

linkage map of the locus and surrounding region.  This linkage map may be integrated 

in to known B. rapa linkage groups, used for RBr map enhancement, and used for 

comparative mapping among related species.  
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CHAPTER TWO 
 

MATERIALS AND METHODS 
 
 

 This chapter describes the materials and methods used to carry out the thesis 

project. 

 
 2.1  Pedigree Design 
 
 Three-generation pedigrees were used to assess linkage between the anl locus 

and microsatellite markers.  An inbred sib-pair mating pattern was designed to develop 

families in which the F2 anthocyaninless plants would have a high likelihood of alleles 

identical by descent.  The parental generation (P) consisted of 32 true-breeding purple 

Wisconsin Fast Plants (genotype A,A at the anl locus) and 32 homozygous recessive 

anthocyaninless plants (genotype a,a at the anl locus) (Carolina Biological Supply 

Company, Burlington, NC; �Non-Purple Stem, Hairless,� catalog number 15-8812; and 

�Standard Brassica rapa,� catalog number 15-8804, respectively).  One purple and one 

anthocyaninless plant constituted a mating pair.  Plants in the first offspring generation 

(F1) would then be heterozygous at the anl locus (genotype a,A).   

Each parental mating pair was tested for polymorphism for those markers that 

displayed more than one allele in a generic stock of RBr tissue.  F1 sibling pairs whose 

parents showed polymorphism for a given marker were then genotyped for that marker.  



 

  11 

F1 siblings were assigned a phenotypic designation based on visual observation and a 

genotype/allele designation based on band separation using gel electrophoresis.  For 

each pair of F1s in which a given marker was polymorphic and informative 

(heterozygous for both anl and a marker), the resulting F2 anthocyaninless offspring 

were genotyped for that marker.  This inbred sib-pair mating design offered the most 

information from the smallest number of plants, by ensuring that alleles from the F2 

anthocyaninless test population could be traced to their parental generation ancestor.  In 

this way, linkage phase for both the marker and anl would be known, such that marker 

segregation in the F2 generation could be followed to identify markers linked to anl 

(Figure 2.1).   

 
2.2  Statistical Analyses 

 
 Three levels of statistical analyses were used in this project.  First, for each 

marker that was polymorphic within a family, anthocyaninless F2 offspring were 

assigned a Parental (P) or Recombinant (R) designation for segregation between anl and 

the marker.  The P:R ratio was then assessed for deviation from the expected 1:1 ratio 

for unlinked loci by the chi-square test.  Markers presenting significant chi-square 

values (p < 0.05) were identified as candidates for linkage to anl:  segregation of a 

marker with the anthocyaninless phenotype can be inferred as segregation of that 
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marker with the anl locus, since only recessive anl mutants produce the anthocyaninless 

phenotype. 

Next, among those markers that were candidates for linkage to anl, a two-point 

LOD score test was used to estimate distance between each candidate marker and the 

anl locus.  LOD scores ‡ 3.0 were accepted as evidence of linkage, as this value is the 

standard cutoff value for assignment of significant linkage (Morton 1995).  With a LOD 

score of 3.0, the odds are 1000:1 (with a 5% chance of error, p < 0.05) that the given 

data represent actual linkage between the two loci.   

Lastly, after testing each marker individually for linkage to anl, those markers 

with preliminary LOD scores ‡ 3.0 were further analyzed with the Kosambi map 

function (p < 0.05) of MapManager QTX to determine multi-point LOD scores and 

most likely marker arrangements among the linkage group (Kosambi 1944; Manly et al. 

2001).  Computer algorithms such as those employed by MapManager QTX make use 

of data from each F2 plant to quickly calculate the likeliest marker arrangement within a 

linkage group.  

 
2.3  Plant Care 

 
 Seeds were sown in peat pots containing a 50/50 peat/vermiculite light potting 

mix, and grown at room temperature under constant fluorescent light.  Soil moisture 

was maintained by a self-watering system consisting of a felt wick partially submerged 

in a tray of reverse-osmosis water.  5 mL fertilizer, at a concentration of 7 g/L, was 

added to each pot once per week.  Each generation of plants took approximately four 
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weeks to fully develop.  During this time, plant tissue was harvested and frozen at -20
 

C to be stored for future purification.  Plants were pollinated after approximately three 

weeks, at which point there were enough flowers to ensure that an adequate number of 

seeds would be produced for the subsequent generation.  After pollination, seed pods 

were allowed to develop for three weeks, were removed from the watering system to 

dry for one week, and were then planted to yield the next generation. 

 
2.4  DNA Purification and Quantitation 

DNA was purified from frozen plant tissue using Plant DNAzol Reagent 

(Invitrogen Corporation, Carlsbad, CA) and polyvinylpyrrolidone to remove 

polyphenols according to the manufacturer�s recommended protocol.  DNA samples 

were quantitated using Quant-iT PicoGreen Reagent (Invitrogen).   

 
2.5   Polymerase Chain Reaction (PCR) Primers 

In order for a mapping project to be successful, a sufficient number of primers 

are needed to amplify many markers throughout the genome.  138 microsatellite primer 

pairs were obtained and tested for amplification and polymorphism within the RBr test 

population.  Sequence similarity among the Brassica genomes allowed for utilization of 

markers that had originally been developed for B. napus, B. nigra and B. oleracea 

(Lagercrantz et al. 1993).  Some primers had previously been used in this lab; 

additional microsatellites were required in order to carry out the mapping project.  

These additional sequences were obtained from the Microsatellite Information 

Exchange, a primer sequence list available from the Multinational Brassica Genome 
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Project public domain (http://www.brassica.info/ssr/SSRinfo.htm, 2006).  Custom-

synthesized primers were ordered from Integrated DNA Technologies (Coralville, IA).  

An effort was made to test microsatellites from each known B. rapa linkage group.  

Table 2.1 identifies microsatellite names, references and primer sequences of all 

microsatellites tested. 

 
2.6   Polymerase Chain Reaction (PCR) Program 

 
 The PCR technique was used to amplify microsatellite alleles (Mullis 2003).  A 

PCR reaction mixture and program suitable for amplifying the Brassica rapa 

microsatellites had been previously optimized in the lab.  

PCR reactions were carried out as follows:  1X Accuprime II buffer 

(Invitrogen), 1.5 mM MgCl2, 200 uM dNTPs, 0.05 U/uL Accuprime Taq DNA 

polymerase (Invitrogen), 40 ng Brassica rapa DNA, 10 pmol forward primer, and 10 

pmol reverse primer in a total reaction volume of 10 uL.  The PCR program was as 

follows:  94° C for 2 minutes; 24 cycles at 94° C for 30 seconds, 61° C for 1 minute, 

and 72° C for 1 minute; and finished at 72° C for 4 minutes.   

 
2.7   Gel Electrophoresis for Genotyping 

 
Microsatellite alleles were resolved by non-denaturing polyacrylamide gel 

electrophoresis.  Most PCR products were resolved using minigels (Mini-Protean III 

(Bio-Rad Laboratories, Hercules, CA)) consisting of 8% acrylamide/bis (24:1) run at 

150 Volts for 60 to 90 minutes, depending on allele size.  When marker alleles could 
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not be resolved on minigels, they were resolved in large (18 cm) gels (Protean II (Bio-

Rad)) which consisted of 8% acrylamide/bis (19:1) run at 150 Volts for 1350 Volt-

hours.  Gels were stained with SYBR Green Stain (Invitrogen) and visualized with a 

Molecular Dynamics Storm 860 Scanner (GE Healthcare, Piscataway, NJ). 
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Figure 2.1  Mating design used in Brassica rapa anl mapping project.   
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Table 2.1 
 
Microsatellites tested for amplification and polymorphism in RBr anl mapping project. 

 

Microsatellite Reference
1
 Primer sequences 

Bn9a 

 

Bn12a 

 

BRMS-001 

 

BRMS-002 

 

BRMS-003 

 

BRMS-005 

 

BRMS-006 

 

BRMS-007 

 

BRMS-008 

 

BRMS-011 

 

BRMS-014 

 

BRMS-015 

 

BRMS-016 

 

BRMS-017 

 

BRMS-018 

 

BRMS-019 

 

BRMS-020 

 

BRMS-024 

 

1 
 

2 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

GAGCCATCCCTAGCAAACAAG 
CGTGGAAGCAAGTGAGATGAT 
GCCGTTCTAGGGTTTGTGGGA 
GAGGAAGTGAGAGCGGGAAATCA 
GGTGGCTCTAATTCCTCTGA 
ATCTTTCTCTCACCAACCCC 
GATCTTCTCTCCAAAA 
TCCAAGCTAAATTACG 
ACGAATTGAATTGGACAGAG 
CAGATGGGAGTCAAGTCAAC 
ACCTCCTGCAGATTCGTGTC 
GCTGACCTTTCTTACCGCTC 
TGGTGGCTTGAGATTAGTTC 
ACTCGAAGCCTAATGAAAAG 
AAATTGTTTCTCTTCCCCAT 
GTGTTAGGGAGCTGGAGAAT 
AGGACACCAGGCACCATATA 
CATTGTTGTCTTGGGAGAGC 
GAACGCGCAACAACAAATAGTG 
CGCGTCACAATCGTAGAGAATC 
CCGTAAGGAATATTGAGGCA 
TTCCCAATTCTCAAACGGTA 
TCGCCAATAGAACCCAAAACTT 
CATCTCCATTGCTGCATCTGCT 
TCCCGTATCAATGGCGTAACAG 
CGATGCTGACATTATTGTGGCG 
GGAAAGGGAAGCTTCATATC 
CTGGAAAGCATACACTTTGG 
TCCCACGCCTTCTAGCCTTC 
ACCGGAGCTTTTCTGTTGCC 
CCCAAACGCTTTTGACACAT 
GGCACAATCCACTCAGCTTT 
AACAAGAGAAGGAGAGCCACCG 
CGCTTATAAAATGGCAGTCGCA 
TGAATTGAAAGGCATAAGCA 
CAGCCTCCACCACTTATTCT 
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Table 2.1 � Continued 
 

Microsatellite Reference
1
 Primer sequences 

BRMS-025 

 

BRMS-026 

 

BRMS-027 

 

BRMS-029 

 

BRMS-030 

 

BRMS-031 

 

BRMS-033 

 

BRMS-034 

 

BRMS-036 

 

BRMS-037 

 

BRMS-040 

 

BRMS-042-2 

 

BRMS-044 

 

BRMS-048 

 

BRMS-050 

 

BRMS-051 

 

BRMS-054 

 

BRMS-056 

 

CAL-SSRLS-I07 

 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

3 
 

4 

TGAAAACAAGCGCTACATGTGG 
CAAGCAAGCATGACAAGCAACA 
CCTATCCTCGGACTAATCAGAA 
GTGCTTGATGAGTTTCACATTG 
GCAGGCGTTGCCTTTATGTA 
TCGTTGGTCGGTCACTCCTT 
AACAAATGACACACACCACACT 
ATTGAAAATCTTAACCGTGAAG 
TCAGCCTACCAACGAGTCATAA 
AAGGTCTCATACGATGGGAGTG 
TGCCACCAATGACAATGACACTATC 
GATGCACTGGGACCACTTACATTTT 
GCGGAAACGAACACTCCTCCCATGT 
CCTCCTTGTGCTTTCCCTGGAGACG 
GATCAAATAACGAACGGAGAGA 
GAGCCAAGAAAGGACCTAAGAT 
GGTCCATTCCTTTTTGCATCTG 
CATGGCAAGGGGTAACAAACAT 
CTGCTCGCATTTTTTATCATAC 
TACGCTTGGGAGAGAAAACTAT 
TCGGATTTGCATGTTCCTGACT 
CCGATACACAACCAGCCAACTC 
AGCTCCCGACAGCAACAAAAGA 
TTCGCTTCCTTTTCTGGGAATG 
AGGCGAGGAGAAGACAACACAA 
TACGGGTGGTTTGAATCAGCAG 
TGCCTCCTCTCATTTTTTCTCC 
TGACCGAGAGGTTCACAAGTAA 
AACTTTGCTTCCACTGATTTTT 
TTGCTTAACGCTAAATCCATAT 
GGCCAAGCCACTACTGCTCAGA 
GCGGAGAGTGAGGGAGTTATGG 
GAATCTCTGCAAGAAACAAATG 
TTCCTCAGCATCAAGTAACCTC 
GATCAAGGCTACGGAGAGAGAG 
CGTGACGCTAGAGTAATCGAGT 
GTTAAGTGTGGCGTTAGAGG 
CCTTGGTACATGCCACTGAA 
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Table 2.1 � Continued 
 

Microsatellite Reference
1
 Primer sequences 

Ni2-C12 

 

Ol10-F12 

 

Ol11-H08 

 

SSR Na10-G10 

 

SSR Na12-C06 

 

SSR Na12-C08 

 

SSR Na12-D04 

 

SSR Na12-D07 

 

SSR Na12-D10 

 

SSR Na12-E05 

 

SSR Na12-E06A 

 

SSR Na12-F12 

 

SSR Na12-H09 

 

SSR Ra1-A04 

 

SSR Ra1-F03 

 

SSR Ra1-F06 

 

SSR Ra1-F09 

 

SSR Ra1-G07 

 

SSR Ra1-H02 

5 
 

6 
 

6 
 

5 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 

ACATTCTTGGATCTTGATTCG 
AAAGGTCAAGTCCTTCCTTCG 
TCCATGTTTCATGTTGGAGG 
CTCTCCGGCTTCACTTTCC 
ATCGAAGGCAAATCACCAAG 
CAGTGATTCAGAGGTATAGAG 
TGGAAACATTGGTGTTAAGGC 
CATAGATTCCATCTCAAATCCG 
AACGGATGAAGAACACATTGC 
TAGGGCCTGTTATTCGATGG 
GCAAACGATTTGTTTACCCG 
CGTGTAGGGTGATCTAGATGGG 
ACGGAGTGATGATGGGTCTC 
CCTCAATGAAACTGAAATATGTGTG 
GAATCCAACGGATCAGAAGC 
GCGTTCCAGAGACTCCTCC 
GCCCTCAAAAAGAGAGTTGC 
TTGATGTGGGTGAGGCTAGG 
CGTATGTTTGTTCCACCTGC 
ACTAGCAACCACAACGGACC 
TTGGGTTGACTACTCGGTCC 
CCGTTGATTTGGCTAAGACC 
CGTTCTCACCTCCGATAAGC 
TCCGATGTAGAATCAGCAGC 
AGGCGTCTATCTCGAAATGC 
CGTTTTTCAGAATCTCGTTGC 
GTTTTCCAAATTATCCCCCG 
TTCCCATGGTTTCTAGAGGG 
AACTCGCTTTTACCGTCGTC 
CAAGACGTGGAGCTGAAGTG 
ACCAAAATGTGTGAAGCCAC 
CTTGTGGCCAGATTCATCAC 
AAAACGGATAAACGTCACCG 
GAACAGTCTTACACCCGATTTAG 
ATCGACATCGAACGAAAAGC 
TCACCCTCTACCTCCACCAC 
CGATTTGCTTTCCTCGAATC 
CATGTCGCAATAATAGCATAAAGTG 
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Table 2.1 � Continued 
 

Microsatellite Reference
1
 Primer sequences 

SSR Ra1-H11 

 

SSR Ra2-A01 

 

SSR Ra2-A02 

 

SSR Ra2-A04 

 

SSR Ra2-A05 

 

SSR Ra2-A06 

 

SSR Ra2-A07 

 

SSR Ra2-A09 

 

SSR Ra2-A10 

 

SSR Ra2-A11 

 

SSR Ra2-B01 

 

SSR Ra2-B02 

 

SSR Ra2-B05 

 

SSR Ra2-B07 

 

SSR Ra2-B08 

 

SSR Ra2-B09 

 

SSR Ra2-B12 

 

SSR Ra2-C01 

 

SSR Ra2-C03 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 

CGCTAATGTGTGGTGGATTG 
ACCGGAGCGGTTTACATAAC 
TTCAAAGGATAAGGGCATCG 
TCTTCTTCTTTTGTTGTCTTCCG 
AACCTCCGACGTGTGTGTG 
TCATCACCACCATCACCATC 
AAAAACTCCTCTTCAACG 
CCCAAAGTTAGGTTTTAATGTAATCTC 
GCTAGTTTACGCGGCGG 
AAACGACATCGGCAAAGAAG 
CATTATGTATGTATGTGTGTGTGTGTG 
TCTTGGTTGACTTCATAAACGG 
CCGACACCGCTAGTTAGTCC 
AGACAAATTTATTACTTACCTGC 
AATATATCGTCGGAGTCGGG 
CAAGATGACATCGGACCACC 
CCAGTGTGTGTGTGTGTGTG 
TTTAACAGATAGCGCAGTGGTC 
GACCTATTTTAATATGCTGTTTTACG 
ACCTCACCGGAGAGAAATCC 
TGTTGTAGCCTAACCCGGAG 
TTATGACGTAATATTATATGTAACTTG 
GATGGTTTTTCGTTTTCACG 
TCAGCTGTCACGTCTTGTCG 
AGGCGCGTTTATACATCGG 
GAAGGCATTTCTTTTCCACG 
TTTAACTGCTGCAGGTCGC 
GGGCAAATGTGATAAATCCG 
CAATTCATTTGTGACCACACC 
GTCCACGTATTGTGCGTAGG 
ACATTATACGAATCCTTGTCCC 
GTCATGACATTTCGCGAGG 
TCTGAGTGAGTGTGTGTGTGTG 
ATTACGTTCGGTCCAAGCAC 
ATAGTAAGCGTCGCTCGTGG 
AACCCTTTATGGGAAAACGG 
AGACCGGTGTCATCATTATTATC 
CCTCTCTGCAGAACTGCTCC 
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Table 2.1 � Continued 
 

Microsatellite Reference
1
 Primer sequences 

SSR Ra2-C05 

 

SSR Ra2-C07 

 

SSR Ra2-C08 

 

SSR Ra2-C09 

 

SSR Ra2-C11 

 

SSR Ra2-C12 

 

SSR Ra2-D01 

 

SSR Ra2-D03 

 

SSR Ra2-D04 

 

SSR Ra2-D06 

 

SSR Ra2-D07 

 

SSR Ra2-D09 

 

SSR Ra2-E01 

 

SSR Ra2-E02 

 

SSR Ra2-E03 

 

SSR Ra2-E04 

 

SSR Ra2-E07 

 

SSR Ra2-E09 

 

SSR Ra2-E11 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 

GTAACCCGACGGTTGTATGG 
CGCAATATGAGTTCCCTTCC 
ATTTCCGAATCGGGAGTTTC 
ACTTGCAAACGCACACACAC 
AGAGTGTGCGAGCTTAACGG 
TCCACGCTATATTTCCGACC 
ATCCCCTTCATCATCCTCG 
TCTGGACTGATCAGAACTCGG 
CGCCTATTTCACACACACAC 
GTGTTACACGCTCACAACGC 
CTTGAGTGTGTGTGTATGTGTGC 
GCACGCTACCCGTTACCAC 
ACGATGCGATCGATAAATCC 
CACAACTATACACGTGCGCC 
CATGACTGAATCTTTGTGTGTGTG 
CACTGACACCAGCAACGG 
TGGATTCTCTTTACACACGCC 
CAAACCAAAATGTGTGAAGCC 
CGCGTGTGGGTGTGTG 
TCGACACAGTTTCAGCCAAG 
GTTTTCGCGTCTTTGGACTC 
CTGCAGCGCTGTCTAT 
TGCGCATAATAATATCTCGGG 
ATTTGTCTCGGACAGATGC 
TCTATATTAACGCGCGACGG 
GCACACACACACTCAAACCC 
TGGTTATCGTTGTATGGGTGG 
ACGCACACTCTACACTCTACAC 
AGGTAGGCCCATCTCTCTCC 
CCAAAACTTGCTCAAAACCC 
ACACACAACAAACAGCTCGC 
AACATCAAACCTCTCGACGG 
ATTGCTGAGATTGGCTCAGG 
CCTACACTTGCGATCTTCACC 
TTCATACCATCGAGTTTGCG 
TTCAGTAAGTAACCCTTAATTTACACG 
GGAGCCAGGAGAGAAGAAGG 
CCCAAAACTTCCAAGAAAAGC 
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Table 2.1 � Continued 
 

Microsatellite Reference
1
 Primer sequences 

SSR Ra2-E12 

 

SSR Ra2-F01 

 

SSR Ra2-F04 

 

SSR Ra2-F09 

 

SSR Ra2-F11 

 

SSR Ra2-G02 

 

SSR Ra2-G03 

 

SSR Ra2-G04 

 

SSR Ra2-G05 

 

SSR Ra2-G08 

 

SSR Ra2-G09 

 

SSR Ra2-G10 

 

SSR Ra2-G11 

 

SSR Ra2-H01 

 

SSR Ra2-H02 

 

SSR Ra2-H03 

 

SSR Ra2-H04 

 

SSR Ra2-H06 

 

SSR Ra2-H07 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 

TGTCAGTGTGTCCACTTCGC 
AAGAGAAACCCAATAAAGTAGAACC 
AAATTGTTGTGTTTAAAAATGTC 
TGAATCGAAGGAAAAGGACG 
CCTACAAACACATAAATAAAGAGAGAG 
AACAACATAAAAGATTCATTTCG 
AGCCGTTATTATCGTCGTGG 
TCATTGCATCAGATTGTCGG 
TGAAACTAGGGTTTCCAGCC 
CTTCACCATGGTTTTGTCCC 
GGGTTATTTCACGCAACTCG 
ACACAGGCGGGTTACATAGC 
ACTTGTAATGCACTCGCACG 
TGGAGATTATTCCGCTGTCC 
AAAACGACGTCATATTGGGC 
CGCTTCTTCTTCTCAGTCTCG 
GCCAACTTAATTGATGGGGTC 
CCTCAATGTTCTCTCTCTCTCTCTC 
ATGTCCGGATAACCGAATCC 
GAAGCTTTTCAATTTTTAAGTTCTCTC 
ACAGCAAGGATGTGTTGACG 
GATGAGCCTCTGGTTCAAGC 
GAGACTCTCTCTCTCTCTCTCT 
AATACGTGTGTGCCACCAAA 
TATGTGTGTGTGTGTGTGCG 
TATCCGTGTCCGTGTATCCC 
ACGTCGTCACACCAAACG 
GTTTGCCGACGAAAGAGG 
AGTGCGCACGATGTGTAAAA 
CACTAACGCATTATTTTATATGGGTG 
AATTAGTTGCGTGTCCTGGC 
TGTTATTAAATCCTTTGGACGC 
GAAGACAAGAGATCATGGGAGG 
TGAAATCGGTTTGATTCTTCG 
GAATTCAGAGGTATCTACACGGC 
TAACAAAGACCCTGCGTTCC 
ATCATCAATCCTGACGAGGC 
CGCGCACACACACACAC 
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Table 2.1 � Continued 
 

Microsatellite Reference
1
 Primer sequences 

SSR Ra2-H08 

 

SSR Ra2-H09 

 

SSR Ra2-H10 

 

SSR Ra2-H11 

 

SSR Ra2-H12 

 

SSR Ra3-B10 

 

SSR Ra3-C01 

 

SSR Ra3-C04 

 

SSR Ra3-C09 

 

SSR Ra3-C11 

 

SSR Ra3-D02B 

 

SSR Ra3-D04 

 

SSR Ra3-D08 

 

SSR Ra3-D09 

 

SSR Ra3-D10A 

 

SSR Ra3-E04A 

 

SSR Ra3-E05 

 

SSR Ra3-F07 

 

SSR Ra3-G11 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

6 

ACAATGCGCGTGTTTCTCC 
GTGATCACAAGACACCGCC 
TATGTGCGCCTGTTAGTGTG 
ACATCGTTTAGCATGCTCCC 
GCGCGTGTAGGCTACGTC 
CGGCCGCGGCAACTG 
ACATGGAGCTTCTCCTTTCG 
GCGTGCACACACACACAC 
ACAGACGCACACAGACGC 
ACAAATACCGGAGCATCGTC 
CCTACCACGGTTCTGATTCTTC 
TGTCCAATTTTGGGCAAATC 
ACTCGGTGGAACGTCTTTG 
GTTGTGTGGAATTGTGAGCG 
CTAACCTCAGACGGAGACGG 
CTTTAAACTCCGACCAACCG 
CCTACCTCCGATAGTCCAATG 
TTTTATTGGAGGGAAAGGGG 
GTCGTGTTAACCGAACGCAC 
CGCACAAGCACACTCTGTATG 
CACAGGAAACCGTGGCTAGA 
AACCCAACCTCAACGTCTTG 
AAAAGGACCTACCAATTTCGTG 
CGACCCAAACTGAGCCATAC 
GCCATACCGCACAAGAGC 
ACGTGGCTAGGAGAGAATCG 
TTTTATCCCCAAACGCAAAG 
AATTCAATAAGCCGTCCCAG 
AATAGCCTTCTAGGGCCAGG 
ACCCATTACGCACAGTGCTC 
CTTTGGGGTGTATTCGGTTC 
ACAAACTCGGTTTCTCCCG 
TTCTCATGCTCCAACCACAG 
GTTTCTTCCAAGCCAAGCTG 
GGTGGCATCTTGTGTGTGC 
TATTATATACACATCACCGTTGACC 
TAGAACACCGCAGGAGAACC 
GTCGTGTTAACCGAACGCAC 
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Table 2.1 � Continued 
 

Microsatellite Reference
1
 Primer sequences 

SSR Ra3-H01 

 

SSR Ra3-H03A 

 

SSR Ra3-H05 

 

SSR Ra3-H09 

 

SSR Ra3-H10 

 

SSR Ra3-H12 

 

6 
 

6 
 

6 
 

6 
 

6 
 

6 
 

TCGCGTCCCTCTTTTGATAC 
CACAAACCACACATGGATGC 
AAGCACTGACTTTGAGCCG 
ACGTGTATGTGCCCTGTGTG 
CCAAATGATCTGCGGGTAAC 
AAGCTCCCATTTCTGGTGTG 
GTGGTAACGACGGTCCATTC 
ACCACGACGAAGACTCATCC 
TAATCGCGATCTGGATTCAC 
ATCAGAACAGCGACGAGGTC 
ATAATGGCTGCTGCAGGTTC 
CCTACTACAACTATACGTTATGCCTG 

 

1
References cited are 1 = Kresovich et al. (1995), 2 = Szewc-McFadden et al. (1996), 3 

= Suwabe et al. (2002), 4 = Smith and King (2000), 5 = Lowe et al. (2002), and 6 = 
Lowe et al. (2004). 
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CHAPTER THREE 
 

RESULTS 
 

 This section presents the stepwise and final results leading to the identification 

of a linkage group containing the anthocyaninless (anl) locus in rapid-cycling Brassica 

rapa (RBr). 

 
3.1   Scope of Project 

 
 In this thesis project I assessed 138 microsatellites from Brassica species for 

linkage to anl in rapid-cycling Brassica rapa.   I tested each primer pair for 

amplification in stock RBr tissue, analyzed the amplified microsatellites for 

polymorphism in the test population, assessed the polymorphic microsatellites for 

linkage to anl, and combined the linked microsatellites in to a linkage map surrounding 

the anl locus. 

 

3.2  F2 Test Population 

 
I developed six parental mating pairs between true-breeding purple and 

anthocyaninless RBr strains, yielding 44 F1 plants (22 F1 sib-pairs).  The inbred sib-

pairs produced 699 F2 plants, 177 (25.32%) of which were anthocyaninless.  This ratio 

is consistent with autosomal recessive inheritance of the trait.  The 177 anthocyaninless 
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F2 plants constituted the RBr test population for determining linkage between anl and 

the polymorphic microsatellite loci. 

 
3.3 Microsatellite Markers 

 
I tested a total of 138 microsatellite markers for amplification and 

polymorphism in the RBr test population (Table 2.1).  The similarity of microsatellite 

content between Brassicas in the U Triangle allowed for analysis of microsatellites first 

identified in B. napus, B. oleracea and B. nigra (Saal et al. 2001; Plieske and Struss 

2001).  Of the 138 primer pairs tested, 37 amplified a product in stock RBr tissue under 

my PCR conditions.  Of these, 22 displayed at least two alleles in the RBr test 

population (Table 3.1).  I further tested each of the polymorphic markers for linkage to 

anl. 

 
3.4   Microsatellite Bn9a 

 
Figure 3.1 shows a gel of the PCR products in one RBr family, generated from a 

PCR reaction using primer pairs for the microsatellite marker Bn9a.  For genotyping, I 

assigned allele numbers to each PCR product; the smallest allele received the number 

"1" and subsequent alleles received consecutive numerical designations.  Lane 1 shows 

a 100-base pair (bp) ladder, which was used as a size reference for allele size 

comparison between gels.  Lanes 2 and 3 show the Bn9a genotypes for the parental 

plants in this family, which in this case were 1,1 and 2,2.  Lanes 4 and 5 show a pair of 

F1 siblings (genotypes 1,2 or 2,1) that were generated from the parental plants.  These 
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siblings (plant identification numbers S1 and S13) were crossed to yield the three F2 

anthocyaninless offspring shown in Lanes 6 through 8.  All three of the anthocyaninless 

offspring presented genotype 1,1, indicating that there were three maternal, zero 

heterozygous and zero paternal offspring, for a total of six parental and zero 

recombinant events between Bn9a and anl within this family.  

 Figure 3.2 shows a family that contained 10 anthocyaninless F2 offspring (Lanes 

6 through 15) generated from the heterozygous F1 siblings (Lanes 4 and 5, plant 

identification numbers S6 and S11, genotypes 1,2 or 2,1), which themselves were 

produced from the homozygous parents (Lane 1, genotype 1,1 and Lane 2, genotype 

2,2).  Of the ten anthocyaninless F2 offspring, seven displayed parental genotypes for 

marker Bn9a, three were heterozygous and zero were paternal.  This gel thus represents 

a total of 17 parental and three recombinant events between marker Bn9a and the anl 

locus.  

In Figure 3.3, Lanes 1 and 2 show the Bn9a genotypes for the parental 

generation.  Lanes 3 and 4 show the heterozygous Bn9a genotypes for the same two F1 

siblings shown in Figure 3.2 (plant identification numbers S6 and S11), and Lane 5 

contains a 100-bp ladder for size reference.  The five additional F2 anthocyaninless 

offspring (Lanes 6 through 10) were generated from a cross between these F1 siblings.  

The offspring showed three maternal, two heterozygous and zero paternal genotypes for 

Bn9a, for a total of eight parental and two recombinant events between Bn9a and anl.  
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 Lanes 2 and 3 of Figure 3.4 show the homozygous genotypes (1,1 and 2,2) for 

the parental generation of a third family for marker Bn9a.  Lanes 4 and 5 contain the 

heterozygous F1 generation (plant identification numbers S17 and S22, genotype 1,2 or 

2,1).  Lanes 6 through 10 contain the five anthocyaninless F2 offspring generated from 

a cross between the F1 siblings.  There were four maternal (genotype 1,1), one 

heterozygous (genotype 1,2 or 2,1) and zero paternal (genotype 2,2) anthocyaninless 

offspring.  As shown on this gel, there were thus nine parental and one recombinant 

event between the Bn9a and anl loci.  

Figure 3.5 shows an additional six maternal, two heterozygous and zero paternal 

F2 anthocyaninless offspring for marker Bn9a within this S17 x S22 family (Lanes 6 

through 13).  Lanes 1 and 3 contain DNA from the homozygous parents and Lanes 4 

and 5 show the heterozygous F1 siblings used to generate the F2 test population.  There 

were a total of 14 parental and two recombinant events between Bn9a and anl shown on 

this gel.   

Combining the data from all of the families that were informative for Bn9a, this 

marker showed 23 maternal, eight heterozygous and zero paternal genotypes in the 31 

F2 anl plants.  This means there were 54 parental events and eight recombinant events 

in the segregation of Bn9a and anl.  

Preliminary chi-square results revealed linkage between Bn9a and the anl locus 

(Table 3.2).    
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Two-point LOD analysis between Bn9a and anl further confirmed that the two 

loci were linked, with a LOD score of 6.417 at a recombination frequency of 15% 

(Figure 3.6).   

 
3.5   Microsatellite BRMS-024 

 
 Figure 3.7 shows a gel with the genotypes of one family for marker BRMS-024.  

Lane 1 contains the 100-bp reference ladder.  Lanes 2 and 3 contain the parental plants, 

with genotypes 2,2 and 1,3.  Lanes 4 and 5 contain the heterozygous F1 offspring (plant 

identification numbers D5 and D11) used to generate the F2 anthocyaninless test 

population shown in Lanes 6 through 21.  The test population included seven maternal 

(genotype 2,2), seven heterozygous (genotype 2,3 or 1,2) and two paternal (genotype 

1,3) offspring for marker BRMS-024.  Thus, there were 21 parental and 11 recombinant 

events between BRMS-024 and anl within this family.  

Figure 3.8 shows a family containing six maternal, eight heterozygous, and one 

paternal F2 anthocyaninless offspring for marker BRMS-024 (Lanes 6 through 20).  

This generation was produced from crossing F1 hybrid siblings (plant identification 

numbers D31 and D32, Lanes 4 and 5), which themselves were generated from the 

parents shown in Lanes 1 and 2.  In this family there were 20 parental and ten 

recombinant events between marker BRMS-024 and the anl locus.  

Lane 1 of Figure 3.9 shows the 100-bp size reference.  Lanes 2 and 3 show the 

homozygous parents (genotypes 1,1 and 3,3) which were used to generate the F1 hybrid 
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siblings (plant identification numbers M1 and M13) shown in Lanes 4 and 5.  Lanes 6 

through 8 show three F2 anthocyaninless offspring, one with maternal genotype, two 

with heterozygous genotypes and zero with paternal genotype for marker BRMS-024.  

Thus there were four parental and three recombinant events between BRMS-024 and anl 

in this family.  

 As shown in Figure 3.10, there were a total of five maternal (genotype 1,1), two 

heterozygous (genotype 1,3 or 3,1) and zero paternal (genotype 3,3) offspring for 

marker BRMS-024 in the F2 anthocyaninless test population (Lanes 6 through 12).  This 

means that there were 12 parental and two recombinant events between BRMS-024 and 

anl in this family.  Lanes 1 and 2 show the homozygous parents, and Lanes 4 and 5 

show the F1 heterozygous siblings (plant identification numbers M14 and M21) that 

were inbred to create the F2 generation.  

 Figure 3.11 represents the genotypes of another family for marker BRMS-024.  

Lanes 1 and 2 show the parents (genotypes 2,2 and 1,3), Lane 3 contains the 100-bp 

ladder for size reference, Lanes 4 and 5 show the heterozygous F1 siblings (plant 

identification numbers S1 and S13), and Lanes 6 through 8 show the F2 anthocyaninless 

offspring generated from a cross between these F1 siblings.  This family displayed zero 

maternal, three heterozygous and zero paternal genotypes for marker BRMS-024, with 

three parental and three recombinant events between BRMS-024 and the anl locus. 
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 15 F2 anthocyaninless offspring are shown in Figure 3.12 (Lanes 6 through 20).  

Based on the parental genotypes (Lanes 1 and 2), the F2 generation shows seven 

maternal, seven heterozygous and one paternal BRMS-024 genotype.  Thus, there were 

a total of 21 parental and nine recombinant events between BRMS-024 and the anl locus 

in the F2 anthocyaninless generation of this family.  The F1 siblings (plant identification 

numbers S6 and S11) are shown in Lanes 3 and 4.  

 The BRMS-024 genotypes of the last family used to test this marker for linkage 

to anl are shown in Figure 3.13.  Lane 1 includes the 100-bp size reference, Lanes 2 and 

3 contain the DNA from the parental generation (genotypes 2,2 and 1,3), and Lanes 4 

and 5 contain the DNA from the F1 siblings (plant identification numbers S17 and S22) 

generated from crossing the parental plants.  The 13 F2 anthocyaninless plants 

generated from a cross between these F1 siblings are shown in Lanes 6 through 18.  

Here there were six maternal (genotype 2,2), seven heterozygous (genotypes 1,2 and 

2,3) and zero paternal (genotype 1,3) offspring for marker BRMS-024.  This family 

therefore had 19 parental and seven recombinant events between BRMS-024 and the anl 

locus.  

 The combined family data from gel Figures 3.7 through 3.13 includes 32 

maternal, 36 heterozygous and four paternal genotypes in the F2 anthocyaninless test 

population.  Therefore, there were 100 parental and 44 recombinant events in the 
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segregation of BRMS-024 and anl in to F2 offspring. This data indicated linkage 

between the two loci (Table 3.3).   

Two-point LOD analysis between the two loci further indicated that the loci 

were linked:  at a recombination rate of 31%, the logarithm of the odds in favor of 

linkage was 4.853 (Figure 3.14). 

 
3.6  Microsatellite Ra2-G05 

 Figure 3.15 shows the genotypes of one family for microsatellite marker Ra2-

G05.  Lane 1 contains a 100-bp ladder.  Lanes 2 and 3 show the two parental plants, 

homozygous for alleles 2 and 3, respectively.  Lanes 4 and 5 show the heterozygous F1 

siblings (plant identification numbers D31 and D32, genotypes 2,3 or 3,2), and Lanes 6 

through 20 represent the 15 anthocyaninless F2s generated from crossing the F1 

siblings.  There were seven maternal (genotype 2,2), seven heterozygous (genotype 2,3) 

and one paternal (genotype 3,3) anthocyaninless offspring, for a total of 21 parental and 

nine recombinant events between Ra2-G05 and anl within this family.   

 As shown in Figure 3.16, there were eight maternal (genotype 2,2), three 

heterozygous (genotype 2,3) and zero paternal (genotype 1,2) F2 anthocyaninless 

offspring (Lanes 6 through 16).  These 11 offspring were generated from a cross 

between the F1 siblings (plant identification numbers M4 and M23) shown in Lanes 4 

and 5, whose genotypes for Ra2-G05 were 2,3 and 1,2.  Lanes 1 and 2 show the 

parental generation plants and Lane 3 contains a 100-bp ladder for size reference.  The 
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test population for this family presented 19 parental and three recombinant events 

between Ra2-G05 and the anl locus.  

 Figure 3.17 displays 12 anthocyaninless F2 offspring (Lanes 6 through 17), with 

two of these offspring presenting the maternal genotype (2,2), nine showing 

heterozygous genotypes (3,2 and 2,1) and one showing the paternal genotype (3,1), for 

a total of 13 parental and 11 recombinant events between marker Ra2-G05 and anl.  

Lane 1 shows the 100-bp ladder, Lanes 2 and 3 show the parental plants, and Lanes 4 

and 5 show the F1 plants (plant identification numbers R3 and R4) used to generate the 

F2 test population.   

 Lanes 1 and 2 in Figure 3.18 depict the parental genotypes for marker Ra2-G05 

within this family.  Lane 3 contains a 100-bp ladder for size reference, and Lanes 4 and 

5 show the F1 siblings (plant identification numbers R11 and R18) that were crossed to 

produce the F2 offspring.  There were 18 total anthocyaninless F2 plants (Lanes 6 

through 23), with nine showing the maternal genotype (2,2), nine showing heterozygous 

genotypes (2,1 and 1,2) and zero showing the paternal genotype (1,1) for Ra2-G05.  

There were 27 parental and nine recombinant events between Ra2-G05 and the anl 

locus.   

 Combining the data from each of the Ra2-G05-informative families, there were 

26 maternal, 28 heterozygous and two paternal F2 anthocyaninless offspring, 

corresponding to 80 parental and 32 recombination events between marker Ra2-G05 
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and the anl locus in this test population.  The chi-square data indicating linkage 

between the two loci is shown in Table 3.4.   

 The results of two-point LOD analysis between Ra2-G05 and anl are shown in 

Figure 3.19.  A LOD score of 4.613 is indicated at a recombination frequency of 29%. 

 
3.7 Linkage Group 

 The combined chi-square data from Tables 3.2 through 3.4 indicated that three 

markers (Bn9a, BRMS-024 and Ra2-G05), out of the 22 polymorphic markers tested, 

were candidates for linkage to anl.  Two-point LOD score analysis between the three 

candidate markers and anl further verified that each was linked to anl:  each of the three 

markers presented LOD scores ‡ 4.6 at distances less than 34 cM from the anl locus.  

The next step in map development was to assess multi-point LOD scores among all 

three markers and anl in order to develop an ordered linkage group.  MapManager QTX 

(Manly et al. 2001), with the Kosambi map function (p < 0.05; Kosambi 1944) was 

used to determine multi-point LOD scores and likely map distances between anl and 

each of the linked markers.  The results of the computer-based linkage analysis are 

shown in Table 3.5.  These multi-point LOD scores verify that Bn9a, BRMS-024 and 

Ra2-G05 form a linkage group with anl, all with LOD scores ‡ 5.0.  Note that all LOD 

scores increased compared to the two-point assessment, and distances between each 

marker locus and anl are slightly changed from those determined via two-point LOD 

score analysis.  Because MapManager makes use of data from each plant when 

computing the multi-point LOD scores, as opposed to data from only those subset of 
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plants that were informative for a particular marker, the multi-point LOD scores are 

more comprehensive and provide a stronger linkage assessment. 

 I next created a linkage map based on the map distances and LOD scores 

identified in Table 3.5.  This linkage map (Figure 3.20) contains the three linked 

microsatellite markers and the anl locus, and is the first genetic map of an anthocyanin 

gene in the Brassica species. Using multi-point LOD analysis allowed for identification 

of a relatively large linkage group (46.9 cM), which would have been difficult to 

discover without assessing marker-to-marker linkage.  Note that at least one marker is 

identified on each side of anl;  the discovery of microsatellite markers flanking anl is 

important in integrating this anl linkage group in to known RBr linkage groups, and for 

locating anl homologs in related species via comparative mapping.  
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                     Figure 3.1  Bn9a genotypes for RBr family S1 x S13. 

 
 
 

 

 

                       

                         Figure 3.2  Bn9a genotypes for RBr family S6 x S11.  

 
 

 

   400 bp � 
 
   300 bp � 
 
 

   200 bp � 

�
 P

 

  �
 L

ad
d

er
 

�
 F

1
 

  �
 a

n
l 

F
2

 

   (L
 1

0
) 

     (L
 1

5
)  

 

 
 
 

 
400 bp � 
 
300 bp � 
 
 

200 bp � 

      �
 L

ad
d

er
 

�
 P

 

  �
 F

1
 

 �
 a

n
l 

F
2
 



 

  37 

 

 

                                  

Figure 3.3  Additional Bn9a genotypes for RBr family S6 x S11. 

 

 

 

 

                             

Figure 3.4  Bn9a genotypes for RBr family S17 x S22. 
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              Figure 3.5  Additional Bn9a genotypes for RBr family S17 x S22. 
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Figure 3.6  LOD curve for assessing recombination frequency between marker Bn9a      
                   and the anl locus. 
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Figure 3.7  BRMS-024 genotypes for RBr family D5 x D11. 
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Figure 3.8  BRMS-024 genotypes for RBr family D31 x D32. 
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                         Figure 3.9  BRMS-024 genotypes for RBr family M1 x M13. 
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Figure 3.10  BRMS-024 genotypes for RBr family M14 x M21. 
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