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With perfect knowledge it could run 15X faster, 

current reality ~3X  



GS versus GWAS 

ÅSame data: genome wide marker and 

phenotypes, different statistics 

ÅGWAS ï Genome Wide Association 

Studies are aimed identifying causative 

genes and variants 

ÅGS ï Genomic Selection aims to predict 

phenotype using the complete genotype 

 



Challenges 

ÅGenotype to unite worldôs germplasm 

resources 

ÅResolve complex traits so perfect LD 

remains for more than 15 meioses. 

ÅCollect and mathematically model 

relevant trait and environmental 

interaction 

ÅDeploy 



The Maize Diversity Project 

McMullen & Flint-Garcia, at University 

of Missouri 

Holland, at North Carolina State Univ. 

Ware, at Cold Spring Harbor Lab. 

Sun & Kresovich, Cornell University 

Doebley, University of Wisconsin 

USDA-ARS & NSF Plant Genome 

 

www.panzea.org 



Unite worldôs 

germplasm diversity 



Maize has more molecular diversity 

than humans and apes combined 

Silent Diversity (Zhao PNAS 2000; Tenallion et al, PNAS 2001) 

1.34% 
0.09% 

1.42% 

Maize likely has functional variation 
at every gene.  In total, there could 

be 100,000s of  functional SNPs 
(Single Nucleotide Polymorphisms) 



Only 50% of the maize genome is 

shared between two varieties 

Fu & Dooner 2002, Morgante et al. 2005, Brunner et al 2005 

Numerous PAVs and CNVs - Springer, Lai, Schnable in 2010 
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Maize genetic variation has been 

evolving for 5 million years  
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The Maize HapMapV2 Project 
Ware, at Cold Spring Harbor Lab. 

Ross-Ibarra, Univ. California, Davis 

X. Xun & S. Chi, Beijing Genome Inst. 

Y. Xu, CIMMYT 

J. Lai, Chinese Agri. Univ. 

Q. Sun, Cornell Univ. 

N. Springer, Univ. of Minnesota 

McMullen, at University of Missouri 

Doebley & Kaeppler, Univ. of Wisconsin 

USDA-ARS, NSF, BGI, JGI 



Maize HapMap2 
Å Increase the breadth of samples (teosinte, landraces, improved lines) 

ï All inbred lines 

Å Whole Genome Shotgun, Illumina Paired-End, 76-100bp 

Å 103 lines, 13 Billion reads,  1Tbp of sequence 

Å Median 5X coverage 
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The Warning & It Applies To 

Many Other Studies 
ÅCSHL & BGI alignment pipelines only 

agree 50% of time with same data 

Å~160M SNPs identified ï most probably 

really exist somewhere 

ïMOST DO NOT EXIST WHERE ALIGNED 

ïGENETIC AND EVOLUTIONARY CONTROLS 

Å>50% errors if accept standard pipelines 

Å55M pass various population & genetic 

filters 



HapMapV2 Results 

Å55M SNPs identified 

ÅDomestication & improvement 

loci found 

ÅCopy number and PAV 

identified 

ï80-90% of the genome in flux 

ïExplain many QTL 

 



Genotyping By Sequencing  

GBS 
Reduced representation sequencing 

for rapidly genotyping highly diverse 

species 
      RJ Elshire,  JC Glaubitz, Q Sun, JA Poland, K 

Kawamoto, ES Buckler, and  SE Mitchell 

Institute for 

Genomic Diversity 

 

PlosONE 2011 

http://www.maizegenetics.net/ 



What is GBS? 
ÅUse next generation sequencing to 

genotype a reduced representation 

portion of a genome 

ÅRAD, RRL, CROPS, GBS 

ÅMolecularly the most effective 

approaches use restriction enzymes 

ïThe first maize HapMap was RRL (Gore 

et al 2009 Science) 

ïRecent efforts are drive price down 



Expectation of marker 

distribution 
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GBS 96-plex Protocol 
http://www.maizegenetics.net/ 

 1. Plate DNA 

&  

    adapter 

pair 

Barcode 

 Adapter 

ñSticky Endsò 

Barcode 

(4-8 bp) 

Common 

 Adapter 

primer 1 primer 2 

       2. Digest DNA with  methylation- 

      sensitive Restriction Enzyme 

 

3. Ligate adapters 

(Steps 2 & 3 may be done simultaneously) 

 

ApeKI (5 base-cutter) or PstI  (6 base-cutter) 
 



GBS 96-plex Protocol 
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Plate DNA &  

    adapter pair 
Pool 

DNAs 

PCR 

Primer

s 

 Digest DNA with RE 

 Ligate adapters 

(may be done simultaneously) 

Evaluate  

fragment sizes 

Clean-up 

CTGCAATCTTGGACAATGTATGTAGGGACTAGGGACAGTGATGTAATTAC 

CAGCACTAATTCACACAATTTTGTCGGTTGATGTTACTGCAGTGGATCTT 

CAGCACTAATTCACACAATTTTGTCGGTTGATGTTACTGCAGTGGATCTT 

CAGCACTAATTCATACAATTTTGTTGGTTGATGTTACTGCAGTGGATCTT 

CTGCGATCGCCGCGCCGATGAACGGGCCTACCCAGAAGATCCACTGCAGT 

CTGCGATCGCCGCGCCGATGAACGGGCCTACCCAGAAGATCCACTGCAGT 

CTGCCGTTGCTGGCAGTGCTACAACTCTTCACCTGACTGAAAGCTACTAA 

CAGCTAGCGCAAGTGTTTGTGTTGCGCGCGCGCTGTGGAAAAGTGTGCCG 

CAGCTAATTTTTTGGTATTTATTTGAAATAAGTTCCCACTACTCGCGGTT 

CAGCTAATTTTTTGGTATTTGTTTGAAATAAGTTCCCACTACTCGCGGTT 

CAGCCACTTCCCTCATTTGAAACTTTTTGGATCTTTGAAGACCAATAGAT 

CAGCTAAGAAGATAGAGCCAAACAAGGTGGGCCTGCCAACGTCTCCTTCC 

CAGCTAAGAAGATAGAGCCAAACAAGGTGGGCCTGCCAACGTCTCCTTCC 

CTGCGACTCGTGCTTCGCCGCGGCCTGAAGAACCCGGTCTTTCACCGCCG 

CTGCTCGGTAGTAAACGGGTACAGAATTTAATCCCGCATCATTTGGAAGC 

Sequence (8 x 96 samples 

per flowcell) 

1.3 million reads per sample 

110Mbp (today) 



Costs per DNA sample  

at various multiplex levels 
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GBS has been used in 11 

plant species 



Molecular Biology Basically Solved 
Over 30,000 samples run in the last months 

Cacao,	190	
Grape,	570	

Maize,	11115	

Reed	Canary	
Grass,	1045	

Sorghum,	3325	

Switchgrass,	
950	



The main GBS challenges 

currently are 

bioinformatics 



Bioinformatics Problems 

ÅMassive amounts of data 

ÅComplex genomes with many 

unstable parts of a genome 

ÅNo reference genome 

ÅMissing data 

ÅPhasing and imputation 



Discovery 
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Homology 

Genetic Logic 
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GBS Bioinformatic Pipelines 



Only 50% of the maize genome is 

shared between two varieties 

Fu & Dooner 2002, Morgante et al. 2005, Brunner et al 2005 

Numerous PAVs and CNVs - Springer, Lai, Schnable in 2010 
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