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ABSTRACT 

Oat SNP Marker Discovery and Mapping Based on 454 Pyrosequencing of Genome-Reduced 

Avena magna Murphy et Terrell  

 

Rachel R. Redman 

Department of Plant and Wildlife Sciences, BYU 

Master of Science 

 

The size and complexity of the oat genomes (Avena L., x = 7) have made genetic studies, 

including the discovery of molecular markers, difficult. Recent attention to these species has 

resulted in the development of many DArT -based markers in the tetraploid A. magna Murphy et 

Terrill (2n = 28, CCDD genomes), along with numerous RFLP‘s, SSR‘s, DArT‘s, and 

EST-based SNPs in hexaploid A. sativa L. (2n = 42, AACCDD). Here we report the first SNP 

markers for tetraploid oat based on genome reduction and high-throughput pyrosequencing in 

two inbred lines of A. magna: A-169 (wild) and Ba 13-13 (domesticated). Initially, the genomes 

were reduced using restriction digests with EcoRI and BfaI and sequenced to produce 706,426 

reads for both genotypes that were subsequently assembled into 57,048 contigs with an average 

read length of 345 bp. Comparisons of the contigs between the two lines resulted in the detection 

of 31,304 in silico SNPs. High Resolution Melt (HRM) and KASPar assays were used to validate 

1,108 of these in silico SNPs across a panel of diploid, tetraploid, and hexaploid oats. Of the 

assays, 119 were validated using HRM and 384 using KASPar genotyping in the Fluidigm EP1 

system. Both sets of assays were then mapped on a population of 117 F2:8 recombinant inbred 

lines (RILs) developed from the A-169 x Ba 13-13 cross. A map of the A. magna genome was 

then constructed. The markers and map provide a new set of genomic tools for tetraploid and 

hexaploid oat breeding and allow for tracking of genes controlling traits of economic importance 

and other interesting genes through the evolution of Avena. 
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CHAPTER 1: SNP MARKER DEVELOPMENT VIA GENOME COMPLEXITY 

REDUCTION AND 454 PYROSEQUENCING 
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INTRODUCTION 

 

Cultivated oat (Avena sativa L. and A. byzantina C. Koch, 2n = 6x = 42, AACCDD 

genomes) was the world‘s seventh most important cereal crop with 11.3 million harvested acres 

in 2008 (UN-FAO, faostat.fao.org). Although oat acreage worldwide has been declining over the 

past 100 years with the demise of the agrarian horse culture, the nutritional benefits of common 

oat are beginning to make oat a desired component of the human diet. In turn, the demand for 

high-quality commercial oat is increasing primarily due to its whole grain soluble fiber content. 

The ability of beta glucan to lower serum LDL cholesterol has been medically documented and 

led the Food and Drug Administration to allow the labeling of whole-oat products as heart 

healthy beginning in 1998 (Cervantes-Martinez 2001). Additionally, oat has a favorable fatty 

acid composition and higher and more complete protein composition than other cereals (Holland 

2001). Oat is also used in some brands of dog and chicken feed (Magness 1973). 

 

Avena magna (2n = 4x = 28, CCDD) is a weedy tetraploid species native to heavy clay 

soils in agricultural areas of northern Morocco. The species is of increasing interest to oat 

breeders due to its high protein content (up to 25% of the groat mass), large caryopses, and 

exceptional crown rust and powdery mildew resistance (Ladizinsky 1995; Ladizinsky 2000). 

This wild oat species has potential to improve hexaploid oat through gene transfer because it 

appears to be closely related to A. insularis, the tetraploid ancestor of hexaploid oat (Ladizinsky 

1998; Jellen and Ladizinsky 2000). In order to facilitate genetic studies in A. magna, a 

recombinant inbred line (RIL) population derived from a cross between two A. magna 

genotypes, Ba 13-13 and A-169, was developed. The parental line Ba 13-13 is a phenotypically 
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uniform, fertile, and cytogenetically stable oat derived from dual-backcross hybridization with 

hexaploid A. sativa, followed by repeated selfing, to transfer domestication syndrome genes 

(non-shattering, yellow lemma, glabrous, reduced awns) from A. sativa into A. magna 

(Ladizinsky 1995). 

 

Recently, Oliver et al. (2011) reported the development of the first genetic map for A. 

magna using the A-169 x Ba 13-13 RIL population. Their map was based on EST-SNP and 

DArT markers. Since these new markers were derived either from cDNAs (EST-SNPs) or 

PstI-digested genomic sequence clones (DArTs), they are expected to be biased for coding 

regions, leaving gaps on the chromosomes of the genetic map. The development of 

genomic-based markers would serve to fill these gaps and extend the existing linkage groups.  

 

Since Avena chromosomes – and therefore, the Avena genome – are massive (comparable 

in size to those of the Triticeae grasses), a stringent genome reduction- reduced complexity 

sequencing (GR-RSC) protocol might be useful to identify genomic SNPs for a fraction of the 

cost of alternative methods like whole-genome sequencing (Figure 1). Maughan et al. (2009) 

developed a genomic reduction approach based on restriction digest and restriction-site 

conservation to dramatically reduce the size and complexity of four Amaranthus genomes and 

produce the first SNP-based linkage map in this genus. Large genomes can theoretically be 

reduced by >90% using this restriction site conservation and biotin-streptavidin paramagnetic 

bead separation method. Multiplex identifier (MID)-barcodes were then attached to the target 

genomes. These barcodes allowed for pooling of the DNA samples followed by parallel, 

high-throughput DNA sequence analysis in matching genomic contigs from the four genotypes 
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to identify single-base differences. Assays for these interparental SNPs were then designed 

without further genotyping. 

  

Single-nucleotide polymorphisms were chosen as the marker of interest as they 

demonstrate lower mutation rates than tandem repeats (Xu et al. 2005). They are also the most 

frequent form of DNA sequence variation in eukaryotic genome sequences (Garg et al. 1999), 

allowing for dense genetic mapping. This type of high density, SNP-based linkage map affords 

the potential of identifying causal mutations (Rafalski 2002). Genome reduction and 

454-pyrosequencing was used for SNP discovery on cattle (Van Tassell et al. 2008); however, 

due to pooled sampling of the restriction fragments, the individual alleles could not be assigned 

without further genotyping. Maize SNP discovery encountered similar problems (Barbazuk et al. 

2007). 

 

Putative SNPs generated from sequencing must be validated and translated into working 

PCR-based assays. A powerful technique called high resolution melting (HRM) was developed 

in 2003 and is capable of detecting polymorphisms, mutations, deletions, insertions or epigenetic 

differences in double-stranded DNA (Reed 2007). The method uses high data-density 

acquisition, and detects small sequence differences in PCR fragments, simply by direct melting 

and reannealing of the double helix. Melting curves can thus be used for mutation scanning, 

sequence matching, and mutliplex genotyping - analyses that traditionally required processing of 

PCR products by electrophoresis or other non-homogeneous means (Gundry 2003). 
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 Here we report the use of GR-RSC to discover SNPs in our tetraploid oat mapping 

parents, eliminating the need for additional genotyping and providing novel genomic SNP 

markers to further populate the A-169 x Ba 13-13 linkage map. These genomic-based SNPs were 

further validated through polymorphism screening using a panel of tetraploid and hexaploid 

mapping-population parents. In addition, we compared the value of HRM versus 

KASPar/Fluidigm SNP assay platforms. 
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MATERIALS AND METHODS 

 

Plant Materials 

 

 

 Deoxyribonucleic acid from A. magna lines Ba 13-13 and A-169 were used for genome 

reduction, sequencing, SNP identification and assay validation. Strain Ba 13-13 is a 

domesticated, tetraploid A. magna line originating in Israel that is morphologically similar to 

common hexaploid oat. The line originated from a cross between hexaploid A. sativa (cv. ‗Ogle‘, 

‗86-4189‘, ‗86-4467‘ or ‗86-5698‘) and a wild tetraploid A. magna line, A-169. The pentaploid 

progeny from this cross were then backcrossed twice with a wild tetraploid parent, with selection 

in the offspring for individuals that were fertile, tetraploid, and carried the domestication traits 

(Ladizinsky 1995). An F2 population was developed by crossing Ba 13-13 by A-169 at BYU (E. 

Jellen, personal communication). A single-seed descent approach was used to advance the 

population to the F8 generation at BYU and USDA-ARS (Aberdeen, ID), resulting in 117 

recombinant inbred lines (RILs). Ploidy levels were cytologically inspected at both the F2 and F8 

stages. Plants were grown in a 22-30°C greenhouse with a 16 hour photoperiod.  

 

DNA Extraction 

 

Genomic DNA was extracted as described in Maughan et al. (2009). Approximately 4 cm 

of young leaf tissue from each sample was placed in individual 2 ml tubes and ground into 

powder by submerging the tubes in the liquid N2 and emaceration using a plastic tube pestle. A 

cetyltrimethylammonium bromide (CTAB) extraction procedure was performed (Kidwell and 

Osborn 1992). In brief, 600 µl of extraction buffer [0.35 M sorbitol, 0.3 M TrisHCl pH 8.0, 5 

file:///C:/Documents%20and%20Settings/Rachel/Desktop/2011%2006%2002%20-%20Masters%20Thesis%20-%20Robert%20Byers.docx%23_ENREF_8
file:///C:/Documents%20and%20Settings/Rachel/Desktop/2011%2006%2002%20-%20Masters%20Thesis%20-%20Robert%20Byers.docx%23_ENREF_8
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mM EDTA pH 8.0, 2M NaCl, 2% CTAB, 5% (w/v) N-lauroylsarcosine, 2% (w/v) 

Polyvinylpyrrolidone (PVP40, K29-32), and 0.5 % (w/v) sodium metabisulfite] was added and 

mixed with the powder. The solution was incubated for 60 min at 65°C then mixed with 600 µl 

chloroform. After mixing, the solution was centrifuged at 10,000 g for 20 min and the aqueous 

phase was transferred to a new 2 mL tube. Chilled isopropanol (600 ul) was added to the aqueous 

layer and the solution was mixed by inversion to precipitate the DNA. The samples were 

centrifuged at 10,000 g for 30 min. and supernatant was discarded. The DNA pellet was rinsed 

twice with 70% ethanol, dried, and then suspended in 1xTE buffer and quantified using the 

NanoDrop ND 1000 Spectrophotometer (NanoDrop Technologies, Montchanin, DE, USA).  

 

 

Genome Reduction 

 

We reduced the genomes of Ba 13-13 and A-169 using the techniques of Maughan et al. 

(2009). Genomic DNA was subjected to a double digestion with four- and six-base specific 

restriction endonucleases BfaI and EcoRI, respectively. Double stranded adapters labeled with a 

5′-biotin molecule were ligated to the 6-base recognition sites, while the four-base recognition 

sites were ligated to unlabeled adapters. Streptavidin paramagnetic beads were used to separate 

the four-base unlabeled fragments from the labeled six-base fragments. The MID barcodes were 

incorporated onto the remaining DNA fragments via complementary PCR primers. A PCR 

process allowed for the annealing of these barcodes into the remaining amplified DNA 

fragments. Parental genotypes Ba 13-13 and A-169 were labeled with their own unique 10-base 

MID sequence to allow for post-sequencing bioinformatic separation. Prepared samples were 

then pooled and electrophoresed to select for the 500-650 base pair fragments, which were 
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excised from the gel. 

 

454 Pyrosequencing, Assembly, and SNP Detection 

 

 

The 454 pyrosequencing protocol was performed as described in Maughan et al. (2009). 

A single micro-bead sequencing run was performed as a service at the Brigham Young 

University DNA Sequencing Center (DNASC) using a Roche-454 GS FLX instrument and 

Titanium reagents (Roche, Branford, CT, USA). The DNA from lines Ba 13-13 and A-169 were 

uniquely labeled with separate MID barcodes. After sequencing, each parent was separated into 

respective MID- barcode pools bioinformatically using CLCBio Workbench (v. 3.5.1; 

Katrinebjerg, Aarhus N, Denmark). Contigs were assembled for each pool de novo. Roche 

Newbler assembler (v. 2.0.00; Branford, CT, USA) assembled these contigs following the 

parameters of minimum overlap length of 50 bp, with minimum overlap identity at 95%. 

Newbler‘s gsAssembler allowed for de novo assembly of reads into contigs for each parental 

line. A custom PerlScript (SNP_Finder 3.0; Maughan et al. 2009) created at Brigham Young 

University was used to identify SNPs between the parental reads within large contigs (>200 bp). 

Putative SNPs were identified based on the following criteria: 1) at least 10x read coverage; 2) 

MID-barcode alleles were 90% identical for each parent; and 3) 40% minimum allele frequency.  

 

High Resolution Melt 

 

Genotyping was performed by High Resolution Melt (HRM) analysis as described in 

Oliver et al. (2011), using a Bio-Rad C1000 thermal cycler with a CFX96 optics module. 

Bio-Rad‘s 1x SsoFast EvaGreen Supermix was mixed with 55 ng genomic DNA in each 
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reaction. For each reaction 0.5 μM forward and reverse primers (Supplemental Table 1) were 

used in a 12.5 μl reaction volume. The thermocycling protocol used was as follows: 1) 

denaturation at 98°C for 2 min; 2) 46 cycles of 98°C for 2 sec and 55°C for 5 sec, 3) melt 

gradient from 65°C to 95°C, increasing in 0.2°C increments every 10 sec. Melt curves were 

analyzed using Bio-Rad Precision Melt Analysis Software Version 1.0.534.0511. The differences 

in relative fluorescence units as a function of melting temperatures allowed for differentiation of 

primary polymorphic alleles as well as insertions, deletions and null alleles. 

 

False Discovery Validation 

 

Thirteen primers (contig5030, contig5075, contig6122, contig6183, contig6404, 

contig6465, contig6923, contig7003,contig7325, contig7662, contig7937, contig8269, 

contig11641) were randomly chosen from the robust HRM reactions to validate SNPs via Sanger 

sequencing. These primers were used to PCR-amplify the genomic regions of Ba 13-13 and 

A-169. Qiagen HotStart Taq Master Mix (Qiagen, Valencia, California, USA) was used for the 

PCR amplification. The thermocycling conditions were as follows: 95°C for 15 min followed by 

34 cycles of 94°C for 30 sec, 55°C for 1 min, and 72°C for 1 min. The final 10-min extension 

step was done at 72°C. PCR products were visualized using 1.2% agarose gel. The amplified 

PCR products were then extracted from the gel, and purified using a QIAquick PCR Purification 

Kit with QIAquick spin columns in a microcentrifuge (Qiagen, Valencia, CA, USA). 

PCR-purified DNA was transformed into the pGEM
®
- T-Easy Vector system using 

JM109 competent cells, following the manufacturer‘s protocol (Promega, Madison, WI, USA). 

The plasmid containing the DNA insert using the GenElute plasmid Miniprep Kit (Sigma, St. 



www.manaraa.com

10 
 

Louis, MO, USA) followed by enzymatic cleavage. Plasmid DNA was then quantified using 

Nanodrop (ND 1000 Spectrophotometer, Nanodrop Technologies Inc., Montchanin, DE, USA) 

and 300-400 ng of it was amplified using Big Dye cycle sequencing and T3 forward 

(5‘AATTAACCCTCACTAAAGGGA 3‘) and T7 reverse (5‘TAATACGACTCACTATAGGG 3‘) 

primers. The sequencing reaction profile included 25 cycles of 96°C for 10 sec followed by 50°C 

for 6 sec, and 60°C for 4 min. Amplified PCR product was purified with Sephadex G-50 protocol 

(GE Healthcare) and sequenced with an ABI3730xl DNA Analyzer (Applied Biosystems, Foster 

City, California). Sequenced vectors were screened using the NCBI VecScreen. Sequences which 

were conserved with the genomic regions of grass families were included in the studies. 

Sequences were aligned using MEGA 4.1 software (Tamura et al. 2007). 
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RESULTS AND DISCUSSION 

 

 

Genome reduction with methylation-sensitive and -insensitive enzymes allows the 

interrogation of areas of the chromosome neglected by EST-based markers. Maughan et al. 

(2009) reported that digestion with the BfaI-EcoRI restriction enzyme cocktail produced a 

continuous smear with Amaranthus DNA following electrophoresis. Although the 

restriction-digested A. magna DNAs in our study likewise presented a continuous smear 

following electrophoresis, post GR-RSC in our case resulted in an unusually large fraction of 

sequences ranging from 200-400 bps - considerably smaller than the 500-650 bp fragments 

initially excised from the reduction gel. We attributed this disparity to sub-optimal 454 

sequencing performance and/or inefficient size selection (Figure 2). 

 

Table 1 presents the results of the GR-RCS procedure with A. magna DNA. 

Pyrosequencing returned a total of 706,426 reads. These were then assembled into 57,048 large 

contigs (> 300 bp), producing 27,200,520 total bases of sequence. Average read length was 345 

bp with most reads greater than 40x quality. The average read depth per contig (Figure 3) was 

16x. Barcodes MID1 (A-169) and MID2 (Ba 13-13) were removed prior to sequence assembly 

using Newbler‘s de novo assembler. As expected, reads from A-169 and Ba 13-13 were found in 

almost equal proportions, specifically 47% and 53%, respectively (Table 1).   

 

Sequence classifications (gene ontology), as determined using BLAST2Go, are presented 

in Figure 4. The presence of a diverse distribution of sequences in terms of molecular function, 

biological process and cellular components indicates that the pool of GR-RSC treated A. magna 

DNAs included a wide range of transcribed sequences (Figure 4). As expected, SNP composition 
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was predominantly in the form of C/T and A/G transitions (Figure 5). 

 

SNP_Finder detected 31,304 total sequence variants, with most contigs containing only a 

single SNP and at an average 16X coverage at each SNP. SNP_Finder filtered these SNPs using 

strict parameters, resulting in 12,642 SNPs and 6,502 contigs containing true SNPs (Table 2). Of 

the 13 SNPs chosen for validation, only four verified the SNP-identified assembly from 

Newbler, while the remainder appeared to be amplified PCR products of orthologous and/or 

paralogous sequences—likely a result of the tetraploid nature of A. magna. This finding suggests 

that the relatedness of the two subgenomes may complicate the development of future SNP 

assays. 

 

Conclusion 

 

 

This paper emphasizes the development of rapid marker discovery in the oat genus Avena 

using the wild Moroccan tetraploid A. magna (Murphy 1968) as a source of new DNA 

sequence-based markers. Genetic marker discovery in tetraploid oat by single nucleotide 

polymorphisms (SNPs) should provide at least four major benefits for improvement of cultivated 

oat. First, it provides a new set of CCDD genome specific markers for application in cultivated 

hexaploid oat breeding assuming tetraploid markers are transferable to hexaploid oat. Second, it 

provides a basis for genetic map development in A. magna, and potentially also A. murphyi 

(Ladizinsky, 1995) and A. insularis Ladizinsky, all of which are potential genetic resources for 

exotic alleles to improve cultivated hexaploid oat. Third, the A. magna-derived SNPs may 

potentially be used to track the genetic heritage of genes controlling traits of economic 

importance and other chromosome segments of interest back through the evolutionary ancestors 
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of oat. Lastly, these markers may be used to create a SNP panel that can be used to screen global 

diversity in all Avena species. Species-specific SNPs may be detected and analyzed for 

evolutionary patterns and divergences when Avena species of diverse genome composition are 

screened. 
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CHAPTER 2: SINGLE NUCLEOTIDE POLYMORHISM DEVELOPMENT  

AND GENETIC MAPPING IN TETRAPLOID AVENA MAGNA 
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INTRODUCTION 

 

 

 Common cultivated oat, Avena sativa L. and A. byzantina C. Koch, have attracted very 

little attention until recently, despite being the world‘s fifth of sixth most significant cereal crop. 

Current research and industry support have uncovered and promoted a series of unique health 

benefits from regular oat consumption. One of the most valuable findings was the ability of oat 

soluble fiber (beta-glucans) to lower serum LDL cholesterol (Braaten et al. 1994). Dietary protein 

from plant sources has also been shown to have profound health benefits (Nutall et al. 1984; Wang 

et al. 2008). The good quantity and quality of oat seed protein, combined with high oil content, 

anti-itch properties, antioxidants, and soluble fiber all make oat an attractive commodity for 

various industries including breakfast cereals, agronomy, and cosmetology (Eggum et al. 1989). 

While other cereal crops have comparable protein content, oats have been shown to have higher 

levels of the limiting amino acid lysine (Young and Pellett 1994). The health benefits from oat are 

attracting more attention and therefore increasing protein content is a valuable objective (Jones et 

al. 1948).   

 

 While common oat has a diploid chromosome number of 2n = 6x = 42 (AACCDD genome 

composition), A. magna Murphy et Terrell (syn. A. maroccana Gdgr) has 2n = 4x = 28 (CCDD 

genomes). The latter species inhabits disturbed field sites on heavy alluvial clays in northern 

Morocco. While seed protein percent in common oat ranges to near 17%, A. magna seed has been 

found to exceed 30% protein, making it a potentially valuable resource for improving common 

oat‘s protein content (Ladizinsky and Fainstein 1977). Besides high seed protein content, A. 



www.manaraa.com

16 
 

magna carries other desirable qualities such as resistance to crown rust (Puccinia coronata f. sp. 

avenae) and powdery mildew (Erysiphe graminis; Ladizinsky 1995; Ohm and Shaner 1992). 

 

 Crosses between A. magna and A. sativa have been attempted for introgression purposes; 

however, hybrid progeny of such crosses are male-sterile pentaploids (Harlan et al. 1973; 

Ladizinsky 1995; Ladizinsky and Fainstein 1977; Thomas 1992). Pollination of these hybrids with 

either tetraploid or hexaploid pollen will rescue the sterility by converting it back to 4x or 6x, 

respectively, thus allowing traits of interest to be transferred in the process. 

 

 Ladizinsky (1995) took the novel approach of trying to transfer the ‗domestication 

syndrome‘ traits from A. sativa to create a novel crop, A. magna subsp. domestica. He described 

the domestication syndrome in A. magna as being controlled by four loci: a partially dominant 

gene for large, geniculate awns (A); a dominant lemma color gene, with black being dominant to 

yellow (Lc); a dominant gene for pubescent versus glabrous lemma (Lp); and a dominant gene for 

non-shattering spikelets (basal articulation, Ba). One of the second-backcross A. magna lines 

having the domestication syndrome from A. sativa was named Ba 13-13 and was crossed with a 

wild A. magna line, A-169, to make an F2 mapping population (Jellen 2000). Oliver et al. (2011) 

advanced these lines to the F8 via single-seed descent to make a recombinant inbred line (RIL) 

mapping population and reported tight coupling linkage between the A (prominent awn) allele and 

a heterochromatic knob at the telomere of one of the C-genome chromosomes, with the Lp locus 

mapping to a different chromosome. This telomeric knob had previously been noted on apparently 

homologous chromosomes in A. magna, A. sativa, A. insularis Ladizinsky, and on chromosome 

5C in the wild hexaploid A. sterilis L. (Jellen and Ladizinsky 2000; Jellen et al. 1993). Its 
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segregation in the Ba 13-13 x A-169 progenies was also verified in the F2 (Jellen 2000) and RIL 

populations (Oliver et al. 2011). 

 

 The creation of molecular genetic maps in cultivars and wild relatives of economically 

important allopolyploid crops like oat can provide powerful tools for marker-assisted selection 

(MAS), to evaluate breeding value of these genetic resources, and to resolve questions related to 

genome origins and evolution. Molecular markers that have been used for mapping in oat include 

sequence characterized amplified regions or SCARs (Chong et al. 2004; Orr and Molnar 2008); 

amplified fragment length polymorphisms or AFLPs (Jin et al. 2000; Yu and Wise 2000); 

restriction fragment length polymorphisms or RFLPs (O‘Donoughue et al. 1995; Kremer et al. 

2001); simple sequence repeats or SSRs (Li et al. 2002; Pal et al. 2002); diversity array technology 

or DArT markers (Tinker et al. 2009); and SNPs. (Groh et al. 2001). 

 

 The first genetic map created for tetraploid oat was an AFLP-based map in A. barbata, a 

weedy AABB-genome tetraploid (Gardner and Latta, 2006; Latta and Gardner 2009). Nineteen 

linkage groups were reported and 129 loci mapped. Oliver et al. (2011) reported the first complete 

linkage map of tetraploid oat in A. magna. This map was constructed of DArT markers, small 

numbers of SNPs and SSRs, domestication syndrome genes A and Lp, and the telomeric 5CL knob 

(Jellen 2000). The Oliver et al. (2011) map is potentially biased toward genic regions because it 

was based on DArT markers derived from cloned, PstI-digested – and therefore, hypomethylated - 

oat genomic fragments.   
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 Single-nucleotide polymorphisms are potentially the most abundant, and generally the 

most informative, genetic markers for linkage mapping – short of mapping by sequencing. The 

two main problems with SNP markers are the initial requirement of DNA sequence data – which 

can be very expensive to generate – to identify the SNPs, and design of precise assays that can 

discriminate among homologous, paralogous, and orthologous SNPs. Paralogous SNPs can be an 

obstacle in species with large, highly duplicated genomes, like Avena. Orthologous SNPs can be 

especially problematic in allopolyploid species like A. magna (4x) and A. sativa (6x). Highly 

sensitive SNP assay methods like high-resolution melt-curve analysis (HRM) have proven useful 

in the mapping of selected SNPs in hexaploid oat populations (Oliver et al. 2011). Although HRM 

is capable of detecting point mutations, deletions, insertions or epigenetic differences in double 

stranded DNA (Wittner et al. 2003), it can prove time-intensive and costly, In contrast, other SNP 

assaying chemistries like TaqMan (Applied Biosystems, Foster City, CA, USA), KASPar 

(KBiosciences, Hoddesdon, UK), and Golden Gate (Illumina, San Diego, CA, USA) can be run on 

high-throughput platforms like Illumina‘s BeadXpress Reader or the Fluidigm 96.96 EP1 

instrument (Fluidigm, South San Francisco, CA, USA). 

 

 Here we report the development of 436 new A. magna genomic SNPs derived from 

genome-reduced restriction site conservation (GR-RSC) methodology. These SNPs allowed for 

the refinement of linkage groups in the Oliver et al. map (2011) by filling in gaps and extending 

linkage groups. We compared two alternative methodologies for detecting these genomic SNPs in 

an F8 RIL-based mapping population: namely, high-resolution melting (HRM) analysis on a 

Bio-Rad instrument and KASPar assays detected on a Fluidigm 96.96 EP1 platform. This work 
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provides a genetic foundation for further domestication of the tetraploid oat A. magna and for the 

transfer of economically useful genes from this species to common hexaploid oats. 
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MATERIALS AND METHODS 

 

Plant Materials 

 

 

A total of 117 A. RILs were previously developed by crossing A. magna subsp. domestica 

var. Ba 13-13 with wild A-169, then selfing the F2 plants to the F8 by single-seed descent to form 

the BAM population (Ladizinsky 1995; Oliver et al. 2011). Seed was provided by Dr. Eric 

Jackson (USDA-ARS, Aberdeen, ID, USA). Sixteen oat lines (Table 3) were selected for 

validation purposes while an additional 65 wild tetraploid lines and four hexaploid lines were 

selected to determine the level of diversity across the SNP loci (Table 4). These lines were 

provided by Dr. Rick Jellen at Brigham Young University and from the USDA-ARS germplasm 

bank at Aberdeen. All plants were grown in 4-inch square pots, in a greenhouse with an 

approximately 16-h photoperiod and a daytime temperature ranging from 22-30°C.  

 

SNP Primer Development 

  

A total of 1,208 previously identified GR-RSC SNPs were chosen for genotyping. 

RepeatMasker (v.3.2.9 Tritticae) database was used to eliminate sequences having significant 

homology to the Triticum cytoplasmic genomes. A primer design program, PrimerPicker 

(KBiosceinces 2009), processed the sequences using default parameters. Primers were then 

randomly selected and synthesized by Bioneer Inc. (Alameda, CA, USA). 
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HRM and KASPar Genotyping  

 

 

Single-nucleotide polymorphism marker screening and genotyping was performed on two 

different platforms. Small-scale, HRM genotyping was performed using a Bio-Rad C1000 thermal 

cycler with a CFX96 optics module (Hercules, CA, USA) as previously described by Oliver et al. 

(2011), while large-scale genotyping of SNPs was performed using the Fluidigm (San Francisco, 

CA, USA) 96.96 Dynamic Array IFC‘s on the EP1 System. Protocols recommended by 

KBioscience and Fluidigm were followed.     

 

In brief, Bio-Rad‘s 1x SsoFast EvaGreen Supermix was mixed with 55 ng genomic DNA 

in each reaction. In addition to the genomic DNA, 0.5 μM forward and reverse primers were 

used in a 12.5 μl reaction volume. The thermocycler protocol used was as follows: 1) 

denaturation at 98°C for 2 min; 2) 46 cycles of 98°C for 2 sec and 55°C for 5 sec; 3) melt 

gradient from 65°C to 95°C, increasing in 0.2°C increments every 10 sec. Melt curves were 

analyzed using Bio-Rad Precision Melt Analysis Software Version 1.0.534.0511. The differences 

in relative fluorescence units as a function of melting temperatures allowed for genotyping.  

 

The KASPar (KBioscience Ltd., Hoddesdon, UK) assay was used to validate a portion of 

the identified SNPs. Assays were designed for SNPs where coverage was between 12-20X and 

SNP flanking sequences were at least 100 bp long. All assay primer sets were designed using 

PrimerPicker using default parameters.  

 

The KASPar reactions produce fluorescence intensities at two unique wavelengths, each 

corresponding to the presence of a an alternate nucleotide at the SNP. Fluorescence intensities 
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were measured with the Fluidigm EP1 reader and plotted two-dimensionally. Genotype calls based 

on EP1 measurements were made using the Fluidigm SNP Genotyping Analysis (Fluidigm 2011) 

program. All calls were manually checked for accuracy and ambiguous data points were left 

uncalled. The Fluidigm assay is based on KASPar genotyping chemistry, but using a nano-scale 

reaction volume. Each 96.96 Fluidigm chip accommodates 96 primer pairs x 96 genotypes, 

producing a total of 9,216 genotypic data points at a cost of ~$0.05/dpt. Genetic maps based on 

KASPar genotyping data were constructed in JMP Genomics v. 5.1 (SAS, Cary, NC, USA) using 

a regression mapping algorithm.  

 

 

SNP Diversity Data Analysis 

 

Alleles for each segregating RIL in the Bio-Rad assays were scored based on the melting 

curve profile of the mapping parents. Different alleles melt at different temperatures and the 

Bio-Rad software colors these as green or red. Missing data, or those RILs that did not amplify, 

were colored black. The alleles were exported into a spreadsheet where the colors were then 

converted into 0‘s and 1‘s for the biallelic data. A numerical value of 2 was assigned to designate 

missing data and were disregarded for mapping purposes. Fluidigm assays were scored and 

converted similarly, based on segregation of the parent‘s florescence. Both datasets were then 

converted into a binary matrix. Those reactions that had greater than 10% failure of RIL 

amplification were disregarded for both platforms.  

 

file:///C:/Documents%20and%20Settings/Rachel/Desktop/2011%2006%2002%20-%20Masters%20Thesis%20-%20Robert%20Byers.docx%23_ENREF_5
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Map Construction 

 

Genotype calls for the 117 BAM RILs at each locus were determined automatically by 

the Fluidigm progarm and then verified via visual inspection upon comparison with the parental 

alleles. Using this information, preliminary mapping of linkage groups was performed in 

MapManager QTX v.1.1 (Rockefeller University, New York City, NY, USA). This framework 

map was constructed for consensus and reference using markers from the tetraploid map 

developed by Oliver et. al (2011). Further linkage analysis and map construction were performed 

using JMP Genomics v. 5.1. Multilocus ordering was determined using an algorithm based on 

the evolutionary optimization strategy (Mester et al. 2003; Mester et al. 2004), with maximum 

likelihood estimation to calculate pairwise recombination fractions (rf) for all marker pairs. 

Preliminary clustering and assignment of markers to a linkage group (LG) was evaluated at a rf = 

0.05 threshold. Markers were then attached to the framework scaffold 

 

Diversity Panel and Assay Validation 

 

A panel of 16 oat lines representing various Avena genome combinations, including 

diploids and allopolyploids, was surveyed for SNP assay validation across the same 330 primers 

selected for the Bio-Rad analysis. Another 69 oat lines were selected for the tetraploid diversity 

analysis and assayed across the 768 primer sets selected for the Fluidigm EP1 analysis. The same 

platform protocols were used as described above. Each allele was scored as described above and 

converted to a binary matrix. The JMP Genomics v. 5.1 program was used to create a 

dendrogram via Neighbor-Joining analysis.   



www.manaraa.com

24 
 

RESULTS AND DISCUSSION 

 

SNP Assay Validation 

 

A panel of 16 oat lines representing various Avena genome combinations, including 

diploids and allopolyploids, was surveyed for SNP assay validation across the same 330 primers 

selected for the Bio-Rad analysis. Another 69 oat lines were selected for the tetraploid diversity 

analysis and assayed across the 768 primer sets selected for the Fluidigm EP1 analysis. The same 

platform protocols were used as described above. Each allele was scored as described above and 

converted to a binary matrix. The JMP Genomics v. 5.1 program was used to create a 

dendrogram via Neighbor-Joining analysis.   

 

For our purposes, any SNP with a >10% amplification failure rate was considered 

incomplete for mapping and discarded. The 65.3% and 58.6% attrition rates for HRM and 

KASPar markers, respectively, can possibly be attributed to a number of factors. In the case of 

the KASPar assays on the Fluidigm platform, DNA template concentrations may have been 

sub-optimal, given the very large size, and duplication, of the A. magna genome. Poor DNA 

quality might also be an issue and interfere with both assay types, as other researchers have 

noted that high-quality oat DNA is unusually difficult to purify owing to its high polysaccharide 

content (E. Jellen, personal communication). The failure of large portions of several reactions to 

separate from the origin was probably indicative of poor amplification.   

 

Figure 6 demonstrates a robust Bio-Rad assay. RILs that contained the allele from the Ba 



www.manaraa.com

25 
 

13-13 parent were designated green. Alleles from the A-169 parent were labeled red. The 

differences in melting temperatures between the two alleles are visualized by a shift or space in 

the melt curves. Similarly, Figure 7 shows strong segregation of alleles for a KASPar assay. 

Alleles from one parent fluoresced red, while alleles from the other parent fluoresced green. The 

SNP may be visualized by individual clustering of the RILs. Figure 8 displays the markers run 

on the two platforms and their BAM genetic map distributions. Whereas markers assayed via 

KASPar chemistry on the Fluidigm system were randomly distributed along the length of all 16 

linkage groups, the HRM-assayed SNPs showed some clustering. This was particularly true on 

linkage groups 14 and 15. We cannot conceive of a rational explanation for this clustering effect 

with the HRM marker set. 

 

 

Linkage Map Construction 

 

Delineation of linkage groups, selection of framework markers, and resolution of marker 

order were performed using JMP Genomics mapping package, with algorithms based on marker 

order and incrementally-increasing recombination thresholds (Korol et al. 2009; Mester et al. 

2004). Figure 9 illustrates a high degree of segregation distortion in the mapping data, with 

markers skewed toward the wild A-169 parent predominating on linkage groups 2, 4, 6, and 14. 

In contrast, linkage groups 5, 15, and 16 were heavily skewed toward markers from domesticated 

Ba 13-13. Linkage group 1 was unique in having only minor segregation distortion. Interestingly, 

linkage group 9, which harbors the telomeric knob in A-169 and several domestication syndrome 

genes originally contributed to Ba 13-13 by A. sativa, showed evidence of A-169 marker 
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distortion at one end. Though the knob was not included as a marker for this map, cytological 

analysis of the F8 BAM RILs verified a 41:59 skewed ratio in favor of lines homozygous for the 

knob (R. Jellen, personal communication). This region is likely represented by the three markers 

having >50% distortion toward A-169 at the ―bottom‖ of the BA_09 column in Figure 9. 

 

We expected 14 linkage groups for the 14 chromosomes in tetraploid oat. MapManager 

recovered 14 linkage groups (Figure 10). However, recombination analysis of each marker in 

JMPGenomics created 16 linkage groups (Figures 11 and 12). We believe increasing marker 

density would resolve the discrepancy between the two maps. The average distance of markers 

on the linkage groups was 12.1 cM, and ranged from 8.4 cM on linkage group 6 to just under 20 

cM on linkage group 2. The largest gap on any linkage group was 35.8 cM on BAM 7 and the 

average across the linkage groups was 25.3 cM, suggesting the linkage groups were fairly sound 

(Table 5). In addition, the heat plot in Figure 12 detected a marker ―island‖ at one end of linkage 

group 12 showing strong correlation with markers from linkage group 4 [red ―lines‖ in the lower 

left (horizontal line) and upper right (vertical line) quadrants of the grid]. Whether this is 

indicative of synteny between these two linkage groups, the presence of a reciprocal 

translocation in these regions, or some other phenomenon remains to be seen. 

 

An allotetraploid oat genome was recently resolved into 14 linkage groups for the first 

time with both C and D genome classes distinguished (Oliver et al. 2011). Figure 13 illustrates 

the importance of genomic-based markers to supplement existing maps created by EST-SNP and 

DArT markers. The red markers in Figure 13 clearly demonstrate how the GS-RSC SNPs from 

this study extended linkage groups and filled in ―gaps‖, especially in gene-poor regions of the 
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chromosomes.  

 

 

Avena Diversity Validation Panel 

 

 

Thirty-two taxonomic entities have been distinguished among oats; however, there are 

discrepancies reported in the classification of some of the species (Jellen and Leggett 2006). 

Four basic genomes (A, B, C, and D) have been identified, with potentially a fifth genome (M) in 

A. macrostachya. Cytogenetic analysis, including C-banding, genomic and fluorescent in situ 

hybridization (GISH and FISH), provided the primary tools for identifying the individual 

chromosomes within the genus. 

  

To further validate the accuracy of our results, we ran each of the 330 Bio-Rad assays 

across a selected diversity panel of 16 lines encompassing most known genome combinations 

and diversity within the genus Avena (Table 3). Melt curve analysis was scored based on 

differences in melting temperatures. Results were converted into binary matrix format and run 

through JMP Genomics v. 5.1 software to create a dendrogram (Figure 14). The resulting 

dendrogram formed four major clades. All six A. magna lines fell into the same clade, as 

expected. The diploid species formed two clades, with the CC genomes separating from the 

AA/DD genomes, which concurs with previous cytogenetic research (Jellen et al. 1994). The 

hexaploids, A. insularis, and A. murphyi constituted a fourth clade. The data confirmed what is 

most likely the correct relationship among the species. Avena insularis (4x, CCDD) is the 

progenitor of wild A. sterilis (6x, AACCDD), which in turn is the progenitor of domesticated A. 
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sativa (Jellen and Ladizinsky 2000; Zhou et al. 1999). The results further indicate that A. 

murphyi (AACC or CCDD) might either be a progenitor of A. insularis, or both tetraploids 

participated in the hybridization event that gave rise to A. sterilis. This latter scenario would have 

to invoke a partial restituion mechanism and stabilization of the amphidiploid nucleus with only 

two copies of the C genome. 

 

Tetraploid Diversity Panel 

 

A panel of tetraploids was created to determine genetic diversity based on the SNP 

markers interrogated. The diversity panel consisted of 65 wild tetraploid lines and four 

domesticated hexaploid lines (Table 4), representing seven oat species: A. agadiriana (AAAA or 

AABB); A. barbata (AABB); A. magna (CCDD); A. murphyi (AACC or CCDD); A. sativa 

(AACCDD); A. sterilis (AACCDD); and A. vaviloviana (AABB). A total of 318 SNP markers 

(636 alleles) were polymorphic on the Fluidigm EP1 platform. These polymorphisms created 

clear genotypic clusters for scoring. 

 

A dendrogram created from biallelic scoring of these markers (Figure 15) produced six 

distinct clades. As expected, the majority of the A. magna accessions grouped together in two 

clades (red and green branch lines). Closely related in the adjoining clade was the A. murphyi 

group (blue branch lines). This supports the cytogenetic data that both species have at least one 

subgenome in common (the C). Interestingly, A. vaviloviana (AABB) grouped among A. 

murphyi accessions, suggesting they have an ancestral relationship or possibly share subgenomes 

(common variants of the A). The A. agadiriana (AAAA or AABB) accessions grouped together 
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in a fourth clade (turquoise branch lines), along with several A. murphyi accessions, possibly 

indicating a molecular relationship between A. murphyi and A. agadiriana. As expected, the A. 

sativa (AACCDD) oat cultivars grouped together in their own clade (orange branch lines). 

However, PI 657271 (hexaploid A. sterilis) fell into the group with A. agadiriana and A. murphyi 

(turquoise). A sixth, small clade contained a mixture of species (purple branch lines). It should 

be noted that discrepancies in the clades may be the result of misclassification of USDA-ARS 

materials. Some of these misclassifications were confirmed by seed morphology analysis. Not 

only does the dendrogram further validate the accuracy of the KASPar/Fluidigm SNP assay 

method, but also it may potentially be used to extract species-specific SNPs, although 

polymorphisms arising from indel mutations would not be scorable using this marker platform – 

in contrast to the HRM method (Wittner et al. 2003). 

 

The introduction of molecular markers has revolutionized genetics. Technology is 

enabling the study of species that were not previously viewed as economic priorities, being too 

remote, expensive or complex for consideration in plant breeding communities (Eathington et al. 

2007). The array of polymorphisms and molecular techniques that are available is increasing, 

and the arrival of low-cost genomic sequencing is a source of an escalating set of available 

markers (Cullis 2002). As more genetic information becomes available, the application of 

molecular markers to other experimental methods will become simpler, allowing for novel 

genetic analysis that is currently impossible to undertake. 

 

This study reports on the production and utilization of a toolbox of genomic 

sequence-based SNP markers and their application for genetic mapping and diversity analyses in 
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an obscure secondary germplasm resource, A. magna. Although the GR-RSC technique has 

allowed for marker development in a species that could someday be commercialized into an 

important high-protein oat crop, its broader relevance is to potentially facilitate molecular 

genetic marker development in a wide range of minor crops and wild crop relatives (Maughan et 

al. 2009). 

 

As cost and time requirements are decreased, scientists will view the functions of plants 

with incredible opportunity for innovative research. Unknown mutations will be identified, along 

with increased understanding of structure-function relationships (Bernardo 2008). Molecular 

markers can be used in either marker-assisted selection or marker assisted introgression. 

However, as sequencing supplies increased information, molecular properties may reduce the 

need for introgression, thereby removing the need for growing or rearing plants in order to 

measure phenotype. 

 

Plant breeding programs can take advantage of this knowledge to increase crop yield, 

disease resistance, and a multitude of other qualities (Eathington et al. 2007). The understanding 

of the interaction between genes and environmental factors, including other organisms, also 

allows for discovering chromosomal conservation and evolution (Bernardo 2008). Such genetic 

variation, both within and outside specific plant species, augments transgenic possibilities, or the 

transfer of genes between species by molecular techniques (Gelvin 2003). 
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CHAPTER 3: LITERATURE REVIEW 
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INTRODUCTION 

 

Here we emphasize the utility of rapid marker discovery in the oat genus Avena using the 

wild Moroccan tetraploid A. magna (Murphy, 1968) as a source of new DNA sequence-based 

markers. Genetic marker discovery in tetraploid oat by single nucleotide polymorphisms (SNPs) 

should provide at least four major benefits for improvement of cultivated oat. Firstly, it provides 

a new set of markers for application in cultivated hexaploid oat breeding. Secondly, it provides a 

basis for genetic map development in A. magna, and potentially also A. murphyi (Ladizinsky, 

1995) and A. insularis Ladizinsky, all of which are potential genetic resources for exotic alleles 

to improve cultivated hexaploid oat. Thirdly, the A. magna-derived SNPs potentially allow for 

tracking the genetic heritage of genes controlling traits of economic importance and other 

chromosome segments of interest back through the evolutionary ancestors of oat. Finally, these 

markers also provide for creation of a SNP panel that can be used to screen global diversity in all 

Avena species. Consequently, species-specific SNPs may be detected and analyzed for 

evolutionary patterns and divergences when Avena species of diverse genome composition are 

screened. 

 

  Common cultivated oat (Avena sativa L. and A. byzantina C. Koch, 2n = 6x = 42, 

AACCDD genomes) was the world‘s seventh most important cereal crop, at 11.3 million 

harvested acres in 2008. (UN-FAO, faostat.fao.org). Although oat acreage worldwide has been 

declining over the past 100 years with the demise of the agrarian horse culture, the nutritional 

benefits of the common oat are beginning to make substantial contributions to the human diet. 

Therefore, the demand for high-quality commercial oats is increasing, due to the oat groat‘s 
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elevated soluble fiber content. The ability of soluble beta glucan fibers to lower serum LDL 

cholesterol has been medically documented and led the Food and Drug Administration to 

approve whole-oat product labeling as a health benefit beginning in 1998 (Cervantes-Martinez, 

2001). Additionally, these crops have higher protein and oil contents than the other cereal grains 

(Holland, 2001). While oats are suitable for human consumption as oatmeal and rolled oats, one 

of the most common uses is as livestock feed. Oats are also used in some brands of dog and 

chicken feed (Magness, 1973). 

 

The species composition of the oat genus Avena has been extensively studied 

cytogenetically and taxonomically, the latest review being that of Jellen and Leggett (2006). 

Prior to C-banding homoeologous chromosome groups in oat were unable to be differentiated by 

physical identification (Rajhathy 1963, Thomas 1974). In the late 70‘s Yen and Filton (1977) 

reported the first differences in heterochromatin detected by Giemsa stained C-banding in 

diploids. In 1988, Fominaya et al. performed the same method on diploids and tetraploids. The 

C-genome chromosomes were found to have significantly darker staining heterochromatin than 

the A genome. Hutchinson and Postoyko (1986) and Jellen (1994) published similar results on 

hexaploid A. sativa. The seven C-genome chromosomes were easily distinguished from the 

others as a consequence of their darker staining. However, the A- and D- genome chromosomes 

were difficult to be separated from one another. Linares et al. (1992) later attempted to assign the 

A- and D-genome chromosomes in A. byzantina based on euchromatin staining intensity and 

prominence and location of telomeric and interstitial bands. The analysis by Jellen et al. (1993) 

on C-banding patterns in AA diploids, AABB tetraploids and AACC tetraploids indicated 

significant alterations to the A- and D-genomes which prompted further investigation to 
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positively distinguish the two. In 1994, Jellen et al. provided the information necessary to 

differentiate the A- and D-genome using a powerful application of fluorescent microscopy 

known as fluorescent in situ hybridization (FISH). This technique allows for the detection of 

RNA or DNA sequences in a variety of cells, tissues and tumors. More specifically, FISH is a 

cytogenetic technique that is used to detect and localize a target nucleic acid sequence. FISH 

patterns combined with chromosome size and arm ratios identified by previous karyotyping 

analyses resulted in the development of a uniform nomenclature system to describe each 

chromosome in hexaploid oat. The A-genome comprises of the 8A, 11A, 13A, 15A, 16A, 17A, 

and 19A chromosomes. The C-genome comprises of the 1C, 2C, 3C, 4C, 5C, 6C, and 7C 

chromosomes. Finally, the D-genome contains the 9D, 10D, 12D, 14D, 18D, 20D, and 21D 

chromosomes. Correct and uniform identification facilitates the ability to perform further oat 

cytogenetic research. Homeologous relationships may be evaluated between the three genomes, 

subgenome origins may be determined, alien genes may be introduced, and genes and molecular 

markers may be correctly identified and anchored. 

 

Avena magna (2n=4x=28) is a rather obscure, weedy tetraploid oat species native to 

heavy clay soils in agricultural areas of northern Morocco. It is of increasing interest to oat 

breeders due to its high protein content (up to 25% of the groat mass), large caryopses, and 

exceptional crown rust and powdery mildew resistance (Ladizinsky 1995; Ladizinsky 2000). 

This wild oat species has dramatic implications for genetic improvement of hexaploid oat 

because it is one of three possible ancestor-tetraploids of cultivated oat (Ladizinsky 1998; Jellen 

and Ladizinsky 2000). In order to facilitate genetic studies in A. magna, our lab made a 

recombinant inbred line (RIL) population derived from a cross between two A. magna 
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genotypes: Ba 13-13 and A-169. Parent Ba 13-13 is a phenotypically uniform and 

cytogenetically stable line derived from dual-backcross hybridization with hexaploid A. sativa, 

followed by repeated selfing, to transfer Ladizinsky‘s domestication syndrome (non-shattering, 

yellow lemma, glabrous, reduced awns) into A. magna (Ladizinsky, 1995). 

 

Since essentially nothing was previously known about the molecular nature of A. magna, 

we used a genomic complexity-reduction and pyrosequencing protocol for rapid marker 

discovery using Ba 13-13 and A-169. We followed a recently developed genomic reduction 

approach based on restriction-site conservation using unique multiplex identifier (MID)-barcodes 

(Maughan et al. 2009) to dramatically reduce the size of the two parental genomes in preparation 

for 454-pyrosequencing. The resulting sequence-based contigs were assembled and screened for 

Single Nucleotide Polymorphisms (SNPs). Putative SNPs are being validated by a 

low-throughput genotyping technique called High Resolution Melting (HRM), which is capable 

of detecting polymorphisms, mutations, deletions, insertions and epigenetic differences in 

double-stranded DNA (Reed, 2007). As these A. magna-based SNPs are validated, they are being 

mapped onto the tetraploid population and are also being screened for polymorphism using a 

panel of hexaploid mapping-population parents. Once validated, the panel of SNPs can be 

screened on other species for global diversity of all other genome combinations. Species-specific 

SNPs may be derived to facilitate gene transfer from wild species for breeding purposes and to 

clarify evolutionary relationships among subgenomes within Avena. 
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PLANT BREEDING 

 

Plant breeding is a scientific art that has been practiced for thousands of years. Initially, 

selecting plants with desirable traits for propagation was standard for breeders. More complex 

molecular techniques have since evolved. Regardless of the breeding technique used, the goals of 

plant breeding programs remain largely unchanged. Improvements in disease and pest resistance, 

yield, quality and durability are among the qualities that are aggressively being explored 

(Eathington et al. 2007). Molecular techniques generate the fragments of DNA sequences that 

may represent variation in genomes. Genome variation between two lines within a species can be 

measured. These DNA fragments are called molecular markers (Tanksley 1983).  

Gene mapping is produced as the chromosomal location or distance between markers is 

discovered. Genetic maps are created based on recombination frequencies. Partial exchange of 

homologous chromosomes during meiosis is referred to as recombination. The frequency of 

analysis may be determined by statistical analysis. Higher rates of recombination imply greater 

distances between molecular markers on the chromosome. Plant breeders may take advantage of 

these gene maps by using marker assisted selection. Marker assisted selection allows for the 

indirect selection of traits of interest based on the location of the molecular markers (Collard 

2007). The goal of each molecular method is to generate dense, repeatable, accurate molecular 

marker maps. Sequencing methods are quickly emerging as the technique of choice for 

developing these maps, but its applications have yet to be fully realized (Rudd et al. 2005). As 

present limitations are diminished, and future applications and sequencing procedures are 

presented, the revolutionary effects of whole genome sequencing on plant breeding programs 

will be more fully recognized.   
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HISTORY OF MOLECULAR MAPPING 

 

Gregor Mendel opened the door to modern genetics with his pea plant experiments in the 

mid-1800s. His discovery of patterned inheritable traits became the foundation of molecular 

mapping (Weiling 1991). In fact, until recently genetic linkage maps predominately contained 

markers for alleles with major phenotypic effects, or macromutations (Tanksley 1983). Many 

molecular techniques have emerged, contributing to denser, more accurate, rapid mapping. These 

methods include random fragment length polymorphisms (RFLPs; Tanksley et al. 1989), random 

amplified polymorphic DNAs (RAPDs; Martin et al. 1991), amplified fragment length 

polymorphisms (AFLPs; Blears et al. 1998), simple sequence repeats (SSRs; Oetting et al. 1995), 

diversity arrays technology (DArTs; Wenzl et al. 2004) and inter simple sequence repeats 

(ISSRs; Ratnaparkhe et al. 1998). Each of these marker systems has distinct disadvantages.  

Consequently, biotechnology has turned to sequencing to revolutionize molecular mapping.  

 

Frederick Sanger successfully sequenced the phi X 174 bacteriophage genome in 1975 by 

enzymatic synthesis. His ―shotgun‖ sequencing method commenced with utilizing random 

fragments of genomic DNA as primers to polymerase chain reaction (PCR) amplify the whole 

genome. The amplification products were overlapped and assembled based on overlapping 

contiguous transcripts, or contigs. Any gaps remaining between these contigs were resolved 

using custom primers (Sanger et al. 1977). Sequence segments, or reads, between 800-1000 

nucleotides in length are capable. The method dramatically improved earlier DNA sequencing 

techniques developed by Allan Maxam and Walter Gilbert, as well as Sanger and Alan Coulson's 

own 'plus and minus' technique presented 2 years earlier (Sanger and Coulson 1975).Sanger‘s 

method enabled unprecedented speed in sequencing projects, expanding the scope of realistic 
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sequencing endeavors in all areas of biotechnology. Additionally, the use of radioisotopes and 

other toxic substances was limited, solidifying Sanger sequencing as the principle platform for 

nearly three decades (Sanger et al. 1977). 

 

Perhaps the greatest accomplishment of the Sanger method was the complete sequencing 

of the human genome in 2000 (Waterston et al. 2002). This endeavor quickly drove the 

development of increasingly efficient automated procedures and process parallelization. New 

methods emerged to improve the speed, cost, throughput, and ability to process complex 

genomes for sequencing. This new wave of technology has become known as next-generation 

sequencing.  

 

Next-generation sequencing was introduced by Pal Nyren and Mostafa Ronaghi in 1996 

with their Pyrosequencing method (Nyren 2007). Unlike Sanger sequencing, which detects chain 

termination with dideoxynucleotides (Sanger et al. 1977), Pyrosequencing observes nucleotide 

incorporation by pyrophosphate release. Single strands of DNA act as templates while 

complementary strands are synthesized (Ronaghi et al. 1996). The DNA polymerase and 

chemiluminescent enzyme activity is monitored. Nucleotide solutions of A,C,G, and T are added 

and removed sequentially, producing light as the solutions complement the order of the unpaired 

template (Nyren 2007). The need for labeled primers, gel-electrophoresis and labeled nucleotides 

are thus eliminated. Despite the additional advantages of accuracy, flexibility, parallel 

processing, rapid analysis of large sample sizes and relatively simple automation, 

Pyrosequencing produces shorter DNA sequence read lengths of 300-500 nucleotides (Ronaghi 

et al. 1996). Consequently, genome assembly may prove more difficult, especially in the 
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presence of repetitive DNA. The history of biotechnology has proven that limitations soon lead 

to improvements, with no exception here. 

 

Pyrosequencing was first commercialized by Roche‘s 454 Life Sciences in 2005. Their 

GS20 sequencing machine and GS FLX series were the first next-generation sequencing methods 

on the market. As many as- 400-600 million base pairs are capable of being sequenced within 

hours (Wheeler 2008). Advances in speed, read lengths, higher accuracy, and lower cost allowed 

the first competitive alternative to Sanger sequencing  

 

Despite the progress in genetic research by next-generation sequencing, the limitations in 

utilizing these methods remains historically unchanged. Cost, time, effectiveness, and 

reproducibility still remain the principle determining factors of any research-based method 

(Coombs 2008). New technology brings novel concerns as well. Whole genome sequence 

analyzers have generated unprecedented amounts of data in a short period of time. In addition to 

the storage of this massive quantity of data, there is a need for bioinformatics programs and 

computers capable of processing prodigious amounts of information (Rudd et al. 2005). These 

programs increase the cost and complexity of such methods because of the need to hire or train 

personnel to run these programs and interpret their output. Notwithstanding, genome sequencing 

has profoundly impacted plant breeding programs. Genetic markers and maps are being 

developed with unprecedented accuracy, speed and depth. The properties and functions of 

genomes are being discovered, as well as the ability to view the original transcriptome 

expression (Eathington et al. 2007).  
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EFFECTS OF MAPPING ON PLANT BREEDING 

 

The introduction of molecular markers has revolutionized genetics. Technology is 

enabling the study of species that were not previously viewed as economic priorities, being too 

remote, expensive or complex for consideration in plant breeding communities (Eathington et al. 

2007). The array of polymorphisms and molecular techniques that are available is increasing, 

and the arrival of genomic sequencing is a source of an escalating set of available markers 

(Cullis 2002). As more genetic information becomes available, the application of molecular 

markers to other experimental methods will become simpler, allowing for novel genetic analysis 

that is currently impossible to undertake. 

 

As cost and time requirements are decreased, scientists will view the functions of plants 

with incredible opportunity for innovative research. Unknown mutations will be identified, along 

with increased understanding of structure-function relationships (Bernardo 2008). Not only will 

genes be sequenced, but the expression of genes will continue to be found. Epigenomic 

understanding will increase plant breeders‘ knowledge of desirable traits. Molecular markers can 

be used in either marker-assisted selection or marker assisted introgression. However, as 

sequencing supplies increased information, molecular properties may reduce the need for 

introgression, thereby removing the need for growing or rearing plants in order to measure 

phenotype. 

 

Characteristics that involve a large number of genes, or traits that are complicated to 

select due to genotype-environment interactions have been difficult to analyze. As sequencing 

allows for the direct monitoring of genotypes, the efficiency for selecting such traits is enhanced. 
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Plant breeding programs can take advantage of this knowledge to increase crop yield, disease 

resistance, and a multitude of other qualities that fall into this category (Eathington et al. 2007). 

The understanding of the interaction between genes and environmental factors, including other 

organisms, also allows for discovering chromosomal conservation and evolution (Bernardo 

2008). Such genetic variation, both within and outside specific plant species, augments 

transgenic possibilities, or the transfer of genes between species by molecular techniques (Gelvin 

2003). The transgenic properties alone, indicated by genomic sequencing of molecular markers, 

are invaluable to plant breeders. 
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TABLES 

 

 

 

Table 1. Newbler Assembler results. All assembled contigs and unassembled singletons were 

compared to the NCBI non–redundant monocot database by BLASTx. 

 

 

Total Number of Reads 706,426 

Total Number of Bases 27,200,520 

Number of Aligned Reads 1,177,520 

Number of Aligned Bases 363,482,847 

Number of Contigs 57,048 

Number of Bases 31,911,706 

Average read length per contig 345 bp 

Average reads depth per contig 16x 
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Table 2. SNP markers identified by SNP Finder. Number of SNPs found and coverage. True 

SNP results are reported for strict parameters.  

 

 

 

Total number of SNPs found 31,304 

Average coverage 16x 

  

True SNP Results for 10x, 40% MAF, 100% match within accession 

Total true species SNPs found 12642 

Total contigs containing true SNPs 6502 

Total true SNPs/assembly length 0.000268 
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Table 3. A list of 16 Avena diversity lines for SNP assay validation. 

 

  

 

 

VALIDATION 

PANEL  

    

 ID AVENA SPECIES GENOME DESIGNATION 

1 PI 657427 damascena AdAd or DdDd 

2 CN 23017 canariensis AcAc or DcDc 

3 PI 657352 wiestii AsAs 

4 PI 657576 eriantha CdCd 

5 PI 657337 ventricosa CvCv 

6 PI 657606 murphyi AACC or CCDD 

7 PI 657271 sterilis AACCDD 

8 PI 657514 magna CCDD 

9 PI 657613 magna CCDD 

10 PI 657620 magna CCDD 

11 Cc 7070 magna CCDD 

12 Cc 7071 magna CCDD 

13 Cc 7073 magna CCDD 

14 BYU 210 insularis AACCDD 

15 BYU 661 sativa AACCDD 

16 BYU 284 sativa AACCDD 
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Table 4. The list of Avena genotypes used for the tetraploid-SNP diversity analysis. 

   

Accession Species Origin Locality 

A-169 magna Morocco unknown 

BA 13-13 magna Israel cultivated 

GS7 sativa Indiana cultivated 

Ogle sativa Illinois cultivated 

PI 412765 vaviloviana Ethiopia Shewa 

PI 412767 vaviloviana Ethiopia Shewa 

PI 412768 vaviloviana Ethiopia Shewa 

PI 657271 sterilis Morocco Merchouch 

PI 657274 barbata Morocco Merchouch 

PI 657351 barbata Morocco Ain Aouda 

PI 657355 murphyi Morocco Tangier 

PI 657357 murphyi Morocco Tangier 

PI 657358 murphyi Morocco Tangier 

PI 657361 murphyi Morocco Tangier 

PI 657364 murphyi Morocco Tangier 

PI 657366 murphyi Morocco Tangier 

PI 657367 murphyi Morocco Tangier 

PI 657368 murphyi Morocco Tangier 

PI 657370 murphyi Morocco Tangier 

PI 657371 murphyi Morocco Tangier 

PI 657372 murphyi Morocco Tangier 

PI 657373 murphyi Morocco Tangier 

PI 657374 murphyi Morocco Tangier 

PI 657375 murphyi Morocco Tangier 

PI 657379 murphyi Morocco Tangier 

PI 657381 murphyi Morocco Tangier 

PI 657394 barbata Morocco Larache 

PI 657514 magna Morocco Maaziz 

PI 657515 magna Morocco Maaziz 

PI 657519 magna Morocco Had Brachoua 

PI 657522 magna Morocco Rommani 

PI 657528 magna Morocco Rommani 

PI 657534 magna Morocco El Gara 

PI 657535 magna Morocco El Gara 

PI 657536 magna Morocco El Gara 

PI 657538 magna Morocco El Gara 

PI 657539 magna Morocco El Gara 

PI 657541 magna Morocco Ben Slimane 

PI 657544 magna Morocco Ben Slimane 

PI 657546 magna Morocco Rommani 

PI 657548 magna Morocco Rommani 

PI 657551 magna Morocco Rommani 

PI 657555 magna Morocco Had Moualine el Oued 
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PI 657557 magna Morocco Had Moualine el Oued 

PI 657585 agadiriana Morocco Tifnit 

PI 657590 agadiriana Morocco Tamri 

PI 657591 agadiriana Morocco Tamri 

PI 657592 agadiriana Morocco Tamri 

PI 657594 agadiriana Morocco Tamri 

PI 657595 agadiriana Morocco El Jadida 

PI 657596 agadiriana Morocco El Jadida 

PI 657598 murphyi Morocco Tangier 

PI 657600 murphyi Morocco Tangier 

PI 657601 murphyi Morocco Tangier 

PI 657602 murphyi Morocco Tangier 

PI 657604 murphyi Morocco Tangier 

PI 657605 murphyi Morocco Tangier 

PI 659373 magna Morocco Maaziz 

PI 659376 magna Morocco Had Brachoua 

PI 659378 magna Morocco Had Brachoua 

PI 659380 magna Morocco Rommani 

PI 659383 magna Morocco Rommani 

PI 659385 magna Morocco Rommani 

PI 659388 magna Morocco Maaziz 

PI 659390 magna Morocco Maaziz 

PI 659399 magna Morocco Rommani 

PI 659406 magna Morocco Had Moualine el Oued 

Provena sativa Idaho cultivated 

TAM-0301 sativa Texas cultivated 
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Table 5. Marker distribution and lengths of linkage groups in a genetic map constructed from a 

wild x cultivated A. magna RIL population. The map was constructed using JMP Genomics 

v.5.1. 

Linkage 
Group  

Total 
no. 

markers  
Total length 

(cM)  
Largest 

gap (cM)  
Ave. marker 

distance (cM) 

         

BAM 1  16  137.8  29.3  15.4 

BAM 2  11  122.1  26.1  19.9 

BAM 3  13  122.2  28.4  16.4 

BAM 4  18  149.8  30.7  14.5 

BAM 5  13  73.9  17.8  10.8 

BAM 6  19  88.4  31.3  8.4 

BAM 7  15  128  35.8  13.9 

BAM 8  24  150  22.8  11.2 

BAM 9  22  110.6  16.4  9.3 

BAM 10  22  133.5  24.9  10.9 

BAM 11  18  119.8  29  11.8 

BAM 12  23  155.8  25.9  12.2 

BAM 13  24  145.3  18.3  11 

BAM 14  20  124.8  17.1  11.5 

BAM 15  25  122.9  31.1  8.9 

BAM 16  19  95.6  19.2  9.3 

Total  302  1980.5 Ave 25.3  12.1 
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FIGURES 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Alternative strategies for developing molecular genetic markers in oat. The cost of 

sequencing remains a concern, especially in large or complex genomes, or orphan crops. 

Transcriptome analysis and DArT arrays have been used to overcome cost and complexity 

obstacles. Genome reduction is a novel, relatively inexpensive method for generating genetic 

markers for such crops.  
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Figure 2. Frequency of pyrosequencing read lengths (in bp, x-axis) plotted against number of 

library reads.(y-axis). 
 

 
  Read Lengths (bp)  
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Figure 3. SNP detection and coverage results. 31,304 SNPs were identified. (A) Number of 

contigs sorted by SNP quantity. (B) Number of ―true‖ SNPs with 6X coverage and above. 
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Figure 4. Putative gene ontology (GO) pie charts for the pool of GR-RSC DNAs from two A. 

magna lines, as determined by BLAST2Go, showing homology to genes for (A) molecular 

functions, (B) biological processes, and (C) cellular components. 
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Figure 5. Pie chart depicting SNP classification results from the GR-RSC treated A. magna 

DNAs. As expected, C/T and A/G SNPs derived from pyrimidine/pyrimidine and purine/purine 

transition mutations were more prevalent than purine/pyrimidine transversions. 
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Figure 6. Bio-Rad Precision Melt analysis of contig5030 ran across a subset of the BAM RIL 

population. Differences in melting temperatures, indicated by red and green respectively, 

validate putative SNPs. 
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Figure 7. Fluidigm analysis. Example of SNP assays using the KASPar genotyping chemistry on 

Fluidigm access array on the F8 RIL mapping population. SNP loci grs_54878 demonstrates 

dominance. The no template control (NTC) is located at the origin of the Cartesian graph. 
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Figure 8. Marker groupings are demonstrated for both Fluidigm (red) and Bio-Rad (blue) 

genotyping platforms. While Bio-Rad appears to have minor clustering along a few linkage 

groups, the majority of the markers appear to have random distribution across all linkage groups, 

supporting the efficacy of both chemistries.  
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Figure 9. The genetic distances (cM) of markers on each linkage group is shown in addition to 

segregation distortion. The blue spectrum indicates predominance of the A. magna A-169 allele 

at a given locus, while red indicates the predominance of the Ba 13-13 mapping parent‘s allele at 

a given locus.  
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Figure 10. Genetic map of A. magna A-169 x Ba 13-13 RIL population, including GR-RSC SNP 

markers (BA_grs_XXX) generated from Fluidigm assays. Other markers are as follows:  

GMI_XXX, hexaploid EST-SNPs; oPt-XXX, DArTs; AB_AM_XXX, SSRs. Distance shown is 

in centiMorgans (cM) in Multipoint.  
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Figure 12. Heat Plot generated by JMP Genomics v. 5.1 (SAS, Cary, NC). Plot is based on 

marker-to-marker correlation coefficients. The key indicates decreasing levels of correlation 

between markers, i.e. dark red indicates 100% of the markers are shared between two RILs, dark 

purple indicates 21.43% shared markers. 
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