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Genotyping	  by	  sequencing	  (GBS)	  in	  any	  large	  genome	  species	  
requires	  reducOon	  of	  genome	  complexity	  

Target	  enrichment	  
	  
•  Long	  range	  PCR	  of	  specific	  

genes	  or	  genomic	  subsets	  

•  Molecular	  inversion	  probes	  

•  Sequence	  capture	  approaches	  
hybridiza?on-‐based	  
(microarrays)	  

RestricOon	  Enzymes	  (REs)	  
	  
•  *Technically	  less	  challenging*	  

•  Methyla?on	  sensi?ve	  Res	  filter	  
out	  repe??ve	  genomic	  frac?on	  

	  
	  



Overview	  of	  Genotyping	  by	  Sequencing	  (GBS)	  

§  Focuses	  NextGen	  sequencing	  power	  to	  ends	  of	  restricOon	  fragments	  	  
	  	  	  	  in	  both	  reference	  and	  non-‐reference	  genome	  plants	  
§  Both	  SNPs	  and	  presence/absence	  markers	  can	  be	  scored	  
§  Small	  Indels	  are	  idenOfied	  but	  are	  not	  scored	  



GBS	  is	  a	  simple,	  highly	  mulOplexed	  system	  for	  construcOng	  	  
libraries	  for	  NGS	  

q  Reduced	  Sample	  handling	  	  

q  Few	  PCR	  &	  purificaOon	  steps	  
q  No	  DNA	  size	  fracOonaOon	  

q  Efficient	  barcoding	  system	  

q  Simultaneous	  marker	  discovery	  and	  genotyping	  

q  Scales	  very	  well	  



RADs	  vs	  GBS	  SNPs	  



Most	  frequently	  asked	  quesOon	  for	  new	  species	  	  

“How	  many	  SNP	  will	  I	  get?”	  

Answer:	  	  “It	  depends………..”	  
	  
q Genome	  size	  and	  expected	  hetrozygosity	  affects	  size	  of	  fragment	  pool	  
for	  desired	  amount	  of	  sequence	  coverage	  (enzyme	  choice	  and	  mul?plex	  
level).	  

q Amount	  of	  extent	  diversity	  and	  how	  well	  your	  samples	  capture	  that	  
diversity	  

q Reference	  genome	  sequence?	  3-‐4x	  more	  SNPs	  aMained	  by	  aligning	  to	  a	  
reference	  sequence	  



Cont…	  



Most	  significant	  GBS	  technical	  issues?	  	  

q DNA	  Quality	  	  

q DNA	  quanOficaOon	  



SAMPLE	  PROCESSING	  

DNA	  –	  Next	  GeneraOon	  Sequencing	  

	  -‐	  High	  molecular	  weight	  

	  -‐	  Good	  quality	  	  	  	  



RestricOon	  DigesOon	  
	  











BioinformaOcs	  
(GBS	  Pipelines)	  



TASSEL	  –	  tassel4.0standalone	  
hMp://www.maizegene?cs.net/index.php?op?on=com_content&task=view&id=89&Itemid=119	  

	  	  
User	  manual:	  Reference	  genome	  
hMp://www.maizegene?cs.net/tassel/docs/TasselPipelineGBS.pdf	  	  	  	  	  	  (Elshire	  et	  al.	  2011)	  
	  
User	  manual:	  without	  reference	  genome	  
hMp://www.maizegene?cs.net/images/stories/bioinforma?cs/TASSEL/
uneak_pipeline_documenta?on.pdf	  	  	  	  (Lu	  et	  al.	  2013)	  
	  
For	  more	  informa?on	  on	  GBS	  
hMp://www.maizegene?cs.net/gbs-‐bioinforma?cs	  	  
	  

ComputaOonally	  intensive	  
	  	  

JAVA	  environment	  	  
PERL	  +	  JAVA	  

GBS	  pipelines	  



GBS	  Vocabulary	  
Taxa	   	   	  Individual	  sample	  

Key	  file	   	   	  Text	  file	  containing	  

	   	   	  -‐	  Sample	  informa?on	  

	   	   	  -‐	  Barcode	  

	   	   	  -‐	  Flowcell	  and	  lane	  number	  

	   	   	  -‐	  Sample	  prepID	  

Barcode	  	   	  Unique	  DNA	  sequence	  associated	  with	  each	  taxa	  

Sequence	  file 	  Text	  file	  containing	  DNA	  sequences	  informa?on	  	  	  	  	  from	  Illumina	  

	   	   	  -‐	  Qseq	  or	  Fastq	  file	  

Read 	   	  DNA	  Sequence	  produced	  in	  sequencing..	  

GBS	  Tag	   	  DNA	  sequence	  starts	  with	  cut	  site	  remnant	  and	  having	  addi?onal	  sequence	  without	  

barcode	  	  

TagsByTaxa	  (TBT)	   	  Matrix	  of	  GBS	  tags	  (row)	  with	  taxa	  (columns)	  



GBS	  pipelines	  
Types	  

Discovery	  pipeline	  

v  Requires	  a	  reference	  genome	  

v  Mul?ple	  steps	  to	  process	  the	  data	  into	  genotypes	  

ProducOon	  pipeline	  

v  	  Uses	  info	  from	  discovery	  pipeline	  

v  	  Only	  one	  step	  from	  sequence	  to	  genotypes	  

UNEAK	  pipeline	  

v  	  Species	  without	  reference	  genome	  



Discovery	  GBS	  Pipeline	  



Key	  file	  format	  
Flowcell	   Lane	  Barcode	  

DNA	  
Sample	   LibraryPlate	   Row	   Col	  

Library	  
PrepID	  

Library	  
PlateID	   Enzyme	  FullSampleName	  

628NVAAXX	   5	   TGCA	   IS2787	   ICRISAT_Plate_1A	   A	   2	   250006891	   450013296	   ApeKI	   IS2787:628NVAAXX:5:250006891	  

628NVAAXX	   5	   ACTA	   IS3957	   ICRISAT_Plate_1A	   A	   3	   250006893	   450013296	   ApeKI	   IS3957:628NVAAXX:5:250006893	  

628NVAAXX	   5	   GTCT	   IS6193	   ICRISAT_Plate_1A	   A	   4	   250006895	   450013296	   ApeKI	   IS6193:628NVAAXX:5:250006895	  

628NVAAXX	   5	   GAAT	   IS9303	   ICRISAT_Plate_1A	   A	   5	   250006897	   450013296	   ApeKI	   IS9303:628NVAAXX:5:250006897	  

628NVAAXX	   5	   GCGT	   IS11119	   ICRISAT_Plate_1A	   A	   6	   250006899	   450013296	   ApeKI	   IS11119:628NVAAXX:5:250006899	  

628NVAAXX	   5	   TGGC	   IS13845	   ICRISAT_Plate_1A	   A	   7	   250006901	   450013296	   ApeKI	   IS13845:628NVAAXX:5:250006901	  

628NVAAXX	   5	   CGAT	   IS15752	   ICRISAT_Plate_1A	   A	   8	   250006903	   450013296	   ApeKI	   IS15752:628NVAAXX:5:250006903	  

628NVAAXX	   5	   CTTGA	   IS19132	   ICRISAT_Plate_1A	   A	   9	   250006905	   450013296	   ApeKI	   IS19132:628NVAAXX:5:250006905	  

628NVAAXX	   5	   TCACC	   IS20351	   ICRISAT_Plate_1A	   A	   10	   250006907	   450013296	   ApeKI	   IS20351:628NVAAXX:5:250006907	  

628NVAAXX	   5	   CTAGC	   IS22330	   ICRISAT_Plate_1A	   A	   11	   250006909	   450013296	   ApeKI	   IS22330:628NVAAXX:5:250006909	  

628NVAAXX	   5	   ACAAA	   IS23669	   ICRISAT_Plate_1A	   A	   12	   250006911	   450013296	   ApeKI	   IS23669:628NVAAXX:5:250006911	  

628NVAAXX	   5	   TTCTC	   IS303	   ICRISAT_Plate_1A	   B	   1	   250006913	   450013296	   ApeKI	   IS303:628NVAAXX:5:250006913	  

628NVAAXX	   5	   AGCCC	   IS2807	   ICRISAT_Plate_1A	   B	   2	   250006915	   450013296	   ApeKI	   IS2807:628NVAAXX:5:250006915	  

628NVAAXX	   5	   GTATT	   IS3971	   ICRISAT_Plate_1A	   B	   3	   250006917	   450013296	   ApeKI	   IS3971:628NVAAXX:5:250006917	  

628NVAAXX	   5	   CTGTA	   IS6351	   ICRISAT_Plate_1A	   B	   4	   250006919	   450013296	   ApeKI	   IS6351:628NVAAXX:5:250006919	  

628NVAAXX	   5	   AGCAT	   IS9468	   ICRISAT_Plate_1A	   B	   5	   250006921	   450013296	   ApeKI	   IS9468:628NVAAXX:5:250006921	  

628NVAAXX	   5	   ACTAT	   IS12169	   ICRISAT_Plate_1A	   B	   6	   250006923	   450013296	   ApeKI	   IS12169:628NVAAXX:5:250006923	  

628NVAAXX	   5	   GAGAAT	   IS13926	   ICRISAT_Plate_1A	   B	   7	   250006925	   450013296	   ApeKI	   IS13926:628NVAAXX:5:250006925	  

628NVAAXX	   5	   CCAGCT	   IS16044	   ICRISAT_Plate_1A	   B	   8	   250006927	   450013296	   ApeKI	   IS16044:628NVAAXX:5:250006927	  

Discovery	  pipeline	  



Cut site Read Barcode adapter Cut site 

Cut site Read Cut site Sequence Barcode adapter 

Cut site Read Cut site 

Potential chimeric sequence 

Rejected or Trimmed reads 

Common adapter 

Accepted read 
 Read Barcode adapter Cut site 

Short sequence 

Common adapter 

Adapter dimer 

Barcode adapter Common adapter Cut site 

ATGCCTCTGCCCTCGTTTAAGTCCGATTGCTGATAGTTATCTTTGTTTCTTACCAAAATCCACATGGCTG	  

GBS Restriction Fragment Structure 



Raw	  sequence	  data	  



MasterTagCounts	  

1453006	  	  	  	  2
CTGCCCTCGTTTAAGTCCGATTGCTGATAGTTATCTTTGTTTCTTACCAAAATCCACATGGCTG 64 409
CAGCAAAAAAAAAAAGGACATGGGTATCCGGTAACACTGCAGAAAATTTGAGTAAAAGGCGGTA 64 314
CAGCAAAAAAAAAAATCTCAGAAAATGCAGTGCAGAGTGTATATTTTGCTTGATCCTGGCTCAC 64 235
CAGCAAAAAAAAAACAAAAAAACAAAACAAAAGGATTTCTTTTAGGGAAAAAACATAAGGTGCG 64 338
CAGCAAAAAAAAAACAAATTGTCAATTATTACAATCCCAAAGGCGAATGACGAAACTAAAATCT 64 46
CAGCAAAAAAAAAACAAGACAGGAAGAACGGTGGTGGAGTTGAGTAGAGAGAGGCCAGCAAAGC 64 493
CAGCAAAAAAAAAACCCTCTGCTCTGAAGGTGGAAGGTAGGATAATGCACCTGGATATCAGAAA 64 281
CAGCTTACCCTTGTTTGGTTGCCCGCATACGCCTTTATGCAAGTTTGCACAGTGCTTAAAGCAG 64 171
CTGCAACAACAAGCTCGTCGGCGCCAAGTTCTTCGGCCTGGGGTACGAGGCCGCGCACGGCGGG 64 290
CTGCAACAACGTGTCCTTCGCGCCATATGGCGGGAACTGGCGCCGGGGCAAGAAGATCGCGGTG 64 382
CTGCAACAAGACAGAATTTGTTAAAATGTAATATGAAACAGACACATCAAGTTAAATTCTGGTA 64 239
CTGCAACAAGCAGAAGGTCCGGCGGGGCCTGTGGTCGCCGGAGGAGGACGAGAAGCTCATCAAG 64 197
CTGCAACAAGGAAATTGCAGGCGCGCGCGATACAATGTACCAATACAACGAAGATGCTCTCTGC 64 125
CTGCAACAAGTTTTTTGCGTGGGCAAGACTTCCATGCTTCTAGAGCCTGATCTCTCAAAATCTC 64 141

Tags	  

Total	  #	  
Tags	   Tags	  

size	  

Reads	  



MergeTagsByTaxa	  	  



BTx623	   N13	   E36-‐1	   ICSL1118	   ICSL1126	   ICSL1134	  
CTGCCCTCGTTTAAGTCCGATTGCTGATAGTTATCTTTGTTTCTTACCAAAATCCACATGGCTG	   64	   1	   0	   0	   0	   0	   1	  
CAGCAAAAAAAAAAAGGACATGGGTATCCGGTAACACTGCAGAAAATTTGAGTAAAAGGCGGTA	   64	   0	   0	   0	   0	   0	   0	  
CAGCAAAAAAAAAAATCTCAGAAAATGCAGTGCAGAGTGTATATTTTGCTTGATCCTGGCTCAC	   64	   0	   0	   1	   0	   0	   0	  
CAGCAAAAAAAAAACAAAAAAACAAAACAAAAGGATTTCTTTTAGGGAAAAAACATAAGGTGCG	   64	   1	   1	   0	   1	   0	   0	  
CAGCAAAAAAAAAACAAATTGTCAATTATTACAATCCCAAAGGCGAATGACGAAACTAAAATCT	   64	   0	   0	   0	   0	   0	   0	  
CAGCAAAAAAAAAACAAGACAGGAAGAACGGTGGTGGAGTTGAGTAGAGAGAGGCCAGCAAAGC	   64	   1	   0	   0	   0	   0	   1	  
CAGCAAAAAAAAAACCCTCTGCTCTGAAGGTGGAAGGTAGGATAATGCACCTGGATATCAGAAA	   64	   0	   0	   0	   0	   0	   0	  
CAGCTTACCCTTGTTTGGTTGCCCGCATACGCCTTTATGCAAGTTTGCACAGTGCTTAAAGCAG	   64	   0	   0	   0	   1	   0	   0	  
CTGCAACAACAAGCTCGTCGGCGCCAAGTTCTTCGGCCTGGGGTACGAGGCCGCGCACGGCGGG	   64	   0	   0	   0	   0	   0	   1	  
CTGCAACAACGTGTCCTTCGCGCCATATGGCGGGAACTGGCGCCGGGGCAAGAAGATCGCGGTG	   64	   0	   0	   0	   0	   0	   0	  
CTGCAACAAGACAGAATTTGTTAAAATGTAATATGAAACAGACACATCAAGTTAAATTCTGGTA	   64	   0	   0	   0	   0	   0	   0	  
CTGCAACAAGCAGAAGGTCCGGCGGGGCCTGTGGTCGCCGGAGGAGGACGAGAAGCTCATCAAG	   64	   1	   1	   1	   0	   0	   1	  
CTGCAACAAGGAAATTGCAGGCGCGCGCGATACAATGTACCAATACAACGAAGATGCTCTCTGC	   64	   0	   0	   0	   0	   0	   0	  
CTGCAACAAGTTTTTTGCGTGGGCAAGACTTCCATGCTTCTAGAGCCTGATCTCTCAAAATCTC	   64	   0	   0	   0	   0	   0	   0	  

TBT	  file	  

Ta
gs
	  



TagsOnPhysicalMap	  (TOPM)	  

Burrows	  –	  wheeler	  Aligner	  (BWA)/bowOe2	  FASTq/Tags	  

Aligned	  genome	  Sequence	  

Tags	  

SAMConverterPlugin	  

TOPM	  



Tag	   length	   chr	   start	   end	  
CACCCCCGCCAAGTGTTTCTGTGTTGAGGAGTCAACAAGAACCAATTGCAGGATGTAAAAGCAG	   64	   1	   12982	   13046	  
CTGCTGGTTAATACGTACTCCAGTTGGTTACCATGCACCAAGCAGGGCAAGGCACTCCTGCTCC	   64	   1	   2132	   2196	  
CTGCTGGTTAATACGTACTCCAGTTGGTTACTATGCACCAAGCAGGGCAAGGCACTCCTGCTCC	   64	   1	   2132	   2196	  
CAGCCCTACGGCCGCAACTGCAAAAATCAGATGTGAGCATAGTTCTCTAATGTATCATAAAAGT	   64	   2	   2266316	   2266380	  
CTGCTACCTCTGCCCTGCGTGCGTGACCCATACATACGGTGGGGCCGGGGTGTAAAATCTTGTG	   64	   2	   2926106	   2926170	  
CAGCGGCTGAACACTGACCAGGTTGACGGCGTCGCGCGCGGCGAGGGCGACGATGTCGGCGCAG	   64	   3	   2129422	   2129486	  
CTGCGGCGGGCTCCTACTCCCTCAACGGAAGAGGCGTTACGACGGGTGGAGGGGCAGTTTCTCT	   64	   3	   2140833	   2140897	  
CTGCGGCGGGCTCCTACTCCCTCAACGGAAGAGGCGTTACGACGGGGGGAGGGGCAGGTTCTCT	   64	   3	   2140833	   2140897	  
CTGCGGCGGGCTCCTACTCCCTCAACGGAAGAGGCGTTACGACGGGGGGAGGGGCAGTTTCTCT	   64	   3	   2140833	   2140897	  
CTGCGGCGGGCTCCTACTCCCTCAACGGAAGAGGCGTTACGACGGGGGGAGTGGCAGGTTCTCT	   64	   3	   2140833	   2140897	  
CTGCGGCGGGCTCCTACTCCCTCAACGGAAGAGGCGTTACGACGGGGGGAGTGGCAGTTTCTCT	   64	   3	   2140833	   2140897	  
CTGCGGCGGGCTCCTACTCCCTCAACGGAAGAGGCGTTACGACGGGGGGGGGGGCAGGTTCTCT	   64	   3	   2140833	   2140897	  
CTGCGGCGGGCTCCTACTCCCTCAACGGAAGAGGCGTTACGACGGGGGGGGTGGCAGGTTCTCT	   64	   3	   2140833	   2140897	  
CTGCGGCGGGCTCCTACTCCCTCAACGGAAGAGGCGTTACGACGGGTGGAGGGGCAGTTTCTCT	   64	   3	   2140833	   2140897	  
CTGCGGCGGGCTCCTACTCCCTCAACGGAAGAGGCGTTACGACGGGTGGAGTGGCAGGTTCTCT	   64	   3	   2140833	   2140897	  
CTGCGGCGGGCTCCTACTCCCTCAACGGAAGAGGCGTTACGACGGGTGGAGTGGCAGTTTCTCT	   64	   3	   2140833	   2140897	  
CAGCTGTCCCTTGTAACCTGCGGACATGACCGAACATCCAAGTACTCGAGAGCCTTGAAGGCTT	   64	   4	   56916960	   56917024	  
CTGCTTGTTGTTGTTGATTGCTCGTTGGCCGATCGGTGGTCGTTGTCGTCGTTGAGCTGGTAGC	   64	   4	   56942951	   56943015	  
CAGCGCCCAAACCTTCTTTCCCGCTCTTGTTGATTCCTCAGTCTCTCCAGTTCTTGGAACATCG	   64	   5	   54508281	   54508345	  
CTGCCTCAGCACAGCCGGTGCTCTTGGATCCTCGAGCACCTGCACTCTTTCAGGAGGCCAAGGA	   64	   5	   13747204	   13747268	  
CAGCACGCGTATCCTTGGCCCTTTATTGTTTGAAAATGACCTGTGACGGTGCCTTCTGCGTAGT	   64	   6	   52338128	   52338192	  
CTGCGGCGGCGGCATGACCGACGGGCGGCGTGGGTGCCGCAGTGCCGGCAACTTCCGCCGTTCT	   64	   6	   58276481	   58276545	  
CTGCCACAGACGGAGTTACGACAACCTTGCAAAACTCCGCCCGGCTTAAGTTAATTTAATCAGG	   64	   7	   18492751	   18492815	  
CAGCCAAAAAAATGGCAAAAGGTGTAGGACTTGGGTACGTCAAAATTCATTCATGTGAGAATGA	   64	   7	   19393217	   19393281	  

TOPM	  file	  



Key	  file	  
Qseq	  file	  

Tags	  file	  
TOPM	  file	  
TBT	  file	  

Hapmap	  file	  
(Sequence	  alignment	  file)	  

TagsToSNPByAlignmentPlugi
n	  

Hapmap	  file	  



v Discovery	  pipeline	  takes	  more	  Ome	  

	   	  Eg:	  Last	  maize	  build	  took	  >	  3	  months	  

v Most	  common	  alleles	  have	  been	  idenOfied	  in	  discovery	  pipelines	  

v Use	  of	  available	  informaOon	  from	  discovery	  pipelines	  to	  call	  SNPs	  

in	  new	  run	  

Why	  producOon	  pipeline?	  



GBS	  ProducOon	  pipeline	  



UNEAK	  pipeline	  
(Universal	  Network	  Enabled	  Analysis	  Kit)	  
A	  reference	  free	  SNP	  calling	  pipeline	  

Designed	  for	  species	  that…..	  

q  	  	  lack	  a	  reference	  genome	  

q  	  	  diploid	  or	  polyploid	  

q  	  	  inbreeders	  or	  outcrosses	  

q  	  	  having	  limited	  geneOc	  or	  genomic	  resources	  

Lu	  et	  al.	  2013;	  PLoS	  GeneOcs	  



HapMap 

Filter by Site 
Coverage 

Process 

File (data 
structure) 

HapMap 

Filter by Taxa 
Coverage 

Filter by 
Heterozygosity 

Filter by local LD 

Imputation 
Imputation & 

Phasing 

HETEROZYGOUS	  
NOT	  SOLVED	  YET	  

INBREDS	  
PARTIALLY	  SOLVED	  

GWAS/GS 

Clean	  Up	  and	  ImputaOon	  

G
B

S
H

ap
M

ap
Fi

lte
rs

 

MergeDuplicateSNPsPlugin	  

GBSHapMapFiltersPlugin	  



rs#	   alleles	   chrom	   pos	   ICSB617	   ICSB212	   ICSB536	   ICSB79	   ICSB538	   ICSB639	   ICSB417	   ICSB748	   ICSB563	  
S9_20491	   G/A	   9	   20491	   G	   N	   N	   N	   N	   N	   N	   N	   N	  
S9_23432	   C/Y	   9	   23432	   N	   N	   Y	   C	   N	   N	   C	   C	   N	  
S9_23452	   T/K	   9	   23452	   N	   N	   T	   T	   N	   N	   T	   T	   N	  
S9_26213	   G/A	   9	   26213	   N	   N	   N	   W	   N	   N	   N	   G	   N	  
S9_27701	   T/C	   9	   27701	   T	   N	   T	   N	   N	   Y	   C	   T	   N	  
S9_27720	   T/K	   9	   27720	   T	   N	   T	   N	   N	   T	   T	   T	   N	  
S9_30044	   C/T	   9	   30044	   C	   N	   N	   N	   N	   N	   N	   N	   N	  
S9_36986	   A/G	   9	   36986	   N	   N	   A	   N	   N	   N	   N	   N	   N	  
S9_39902	   C/T	   9	   39902	   N	   N	   N	   N	   T	   N	   T	   N	   T	  
S9_39912	   A/G	   9	   39912	   N	   N	   N	   N	   G	   N	   G	   N	   G	  
S9_40450	   A/C	   9	   40450	   N	   K	   N	   N	   N	   N	   N	   N	   N	  
S9_40452	   G/T	   9	   40452	   N	   N	   N	   N	   N	   N	   N	   N	   N	  
S9_40459	   A/G	   9	   40459	   N	   N	   N	   N	   N	   N	   N	   N	   N	  
S9_43958	   T/C	   9	   43958	   N	   N	   N	   Y	   N	   M	   N	   N	   N	  
S9_43982	   C/T	   9	   43982	   N	   N	   N	   N	   N	   N	   N	   N	   N	  
S9_44191	   G/C	   9	   44191	   N	   M	   N	   N	   N	   N	   N	   N	   N	  
S9_45394	   T/A	   9	   45394	   N	   N	   N	   N	   N	   N	   N	   N	   N	  
S9_56733	   C/M	   9	   56733	   N	   N	   N	   N	   N	   N	   C	   N	   N	  
S9_56734	   C/S	   9	   56734	   N	   N	   N	   N	   N	   N	   C	   N	   N	  
S9_56735	   T/W	   9	   56735	   N	   N	   N	   N	   N	   N	   T	   N	   N	  
S9_69001	   C/Y	   9	   69001	   C	   N	   N	   N	   N	   C	   N	   C	   N	  
S9_72163	   C/T	   9	   72163	   N	   N	   N	   N	   N	   N	   T	   N	   N	  
S9_74270	   C/T	   9	   74270	   C	   N	   T	   N	   N	   N	   C	   N	   N	  
S9_76335	   A/G	   9	   76335	   N	   A	   N	   N	   N	   N	   R	   A	   N	  
S9_76341	   T/G	   9	   76341	   N	   T	   N	   N	   N	   N	   K	   T	   N	  
S9_78501	   A/C	   9	   78501	   N	   A	   N	   N	   N	   N	   N	   N	   N	  

Hapmap	  file	  



Hapmap	  Files	  

Chromosome	   Unfilter	  
Filter2	  (mnMAF	  0.01,	  
mnTCov	  0.01,	  mnSCov	  

0.01,	  mnF	  0.8)	  

1	   1288506	   83460	  
2	   999490	   74192	  
3	   1077534	   74976	  
4	   868854	   64199	  
5	   528132	   52401	  
6	   706426	   51633	  
7	   569982	   28153	  
8	   462068	   30221	  
9	   618291	   48143	  
10	   659650	   49595	  

Total	   7778933	   556973	  





Discovery	  
pipeline	  

GBS	  
applicaOons	  

Literature	  

UNEAK	  
pipeline	  



Genome	  Wide	  AssociaOon	  Study	  (GWAS)	  



Association Mapping (AM) 

Linkage Disequilibrium 
mapping (LD mapping) 

Population mapping 

(or) 

(or) 



Generation of mapping population (RILs, 
NILs, DH, BC, F2) 

Genotyping – polymorphic markers 

Phenotyping – trait of interest 

Resolution power is low (10–30 cM) 

Small population size 

Modest degree of recombination within the population 

Linkage mapping – limited to sampling only two alleles at 
       a given locus in any given bi-parental 
       population 

Limitations 

Linkage mapping (or) Family mapping 



v  Currently	  exis?ng	  natural	  popula?ons	  are	  used	  Vs	  genera?ng	  a	  popula?on	  via	  a	  biparental	  cross	  	  
v  No	  need	  to	  develop	  mapping	  popula?on	  
v  A	  poten?ally	  large	  number	  of	  alleles	  per	  locus	  –	  as	  opposed	  to	  only	  two	  –	  can	  be	  surveyed	  simultaneously	  
v  Resolu?on	  can	  be	  drama?cally	  increased	  (e.g.	  2000	  bp	  in	  diverse	  maize	  inbred	  lines)	  -‐	  -‐	  -‐	  Fine	  mapping.	  
v  Reduces	  ?me	  
v  Considering	  recombina?on	  of	  history/evolu?on	  

AM is a multi-disciplinary field 
Ø   Genomics 

Ø   Genetics 

Ø   Molecular Biology 

Ø   Statistical Genetics 

Ø   Bioinformatics 

ASSOCIATION	  MAPPING	  



RecombinaOon:	  key	  of	  GeneOc	  variaOon	  or	  Success	  of	  Breeding	  



1. Genome wide scanning or AM 
 Markers spanned across the genome 

 Moderate to extensive LD 

2. Candidate gene scanning or AM 
 Sequencing only candidate gene 

 Low LD 

GWAS Types 

Success of either methods depends on population size and degree of LD 



HUMANS	  

AM	  is	  responsible	  for	  iden?fica?on	  and	  cloning	  of	  
q  	  CysOc	  fibrosis	  gene	  

q  	  Diastrophic	  displasia	  gene	  

q  	  Alzheimer’s	  disease	  

PLANTS	  

First	  AM 	  –	  Candidate	  gene	  analysis	  

	   	  Flowering	  Ome	  and	  dwarf8	  (d8)	  gene	  in	  Maize	  

First	  AM	   	  –	  Genome	  scan	  is	  in	  

	   	  Sea	  beet	  (Beta	  vulgaris	  ssp.	  mari.ne)	  	  

AM	  in	  human	  and	  plants	  



GENOME-‐WIDE	  ASSOCIATION	  MAPPING	  (GWA)	  
Sps	  –	   	  Self-‐ferOle 	   	  :	  Arabidopsis,	  rice	  

	  Clonally	  propagated 	  :	  Switch	  grass,	  grape	  

Number	  of	  markers	  to	  screen	  determined	  by	  	  
•  sample	  size,	  	  

•  Extent	  of	  LD	  

If	  LD	  is	  high,	  GWA	  is	  useful	  with	  low	  resoluOon	  mapping	  

E.g.:	  	  

	  Human	   	   	   	  –	  	  	  70,000	  	  	  markers	  

	  Arabidopsis	   	   	  –	  	  	  2,000	  	  	  	  	  markers	  

	  Diverse	  Maize	  Landraces	   	  –	  	  	  750,000	  markers	  

	  Elite	  Maize	  lines	   	   	  –	  	  	  50,000	  	  	  markers	  

	  Sorghum	  	   	  –	  	  	  556,000	  	  	  markers	  



Multi-disciplinary 
approach 

Mutagenesis 

Biochemical analysis 

Expression profiling 

Comparative genome 
mapping 

Bioinformatics 

Linkage mapping 

Positional 
candidates 

or  

Candidate 
genes 

CANDIDATE GENE APPROACH 



How to start? 



Ø  Germplasm	  choice	  

Ø  Trait	  evaluaOon	  
Ø  IdenOficaOon	  of	  candidate	  polymorphism	  

Ø  EsOmaOon	  of	  populaOon	  structure	  

Ø  StaOsOcal	  analysis	  

	  Basic	  resources	  for	  AM	  



	  GERMPLASM	  CHOICE	  
§  Encompass	  as	  much	  phenotypic	  variaOon	  as	  possible,	  and	  perhaps	  represent	  the	  breeding	  pool	  of	  a	  
crop	  species	  

§  GeneOc	   or	   phenotypic	   surveys	   can	   be	   used	   to	   iden?fy	   genotypically	   diverse	   subsets	   of	   the	  
available	  germplasm	  in	  order	  to	  maximize	  the	  range	  of	  alleles	  sampled	  in	  the	  popula?on	  

§  In	  some	  species,	  core	  sets	  of	  germplasm	  have	  already	  been	  defined	  and	  characterized,	  and	  can	  be	  
used	  to	  ini?ate	  preliminary	  associa?on	  studies	  

§  Germplasm	  should	  have	  maximum	  diversity	  of	  gene	  pool	  with	  more	  extensive	  recombina?on	  events	  

ü  Model based study found that more power is achieved by increasing the no of individuals rather 
than increasing the no of markers 

Community	  resources	  
Maize 	  	  	  	  	  	  	  	  	  300	  maize	  inbred	  lines	  (Flint-‐Garcia	  et	  al.,	  2005)	  

	  	  	  	  	  	  	  	  	  NAM	  panel	  consists	  of	  5000	  RILs	  (Yu	  et	  al.	  2008)	  

Sorghum	  	  	  	  	  	  	  	  	  377	  Associa?on	  mapping	  panel	  (Casa	  et	  al.	  2008)	  

	  	  	  	  	  	  	  	  	  107	  Sorghum	  Diversity	  Research	  Set	  (SDRS)	  (Shehzad	  et	  al.	  2009)	  

	  	  	  	  	  	  	  	  	  384	  Reference	  set	  of	  sorghum	  (Billot	  and	  Ramu	  et	  al.	  2013,)	  

Barley 	  	  	  	  	  	  	  	  	  3840	  Diverse	  germplasm	  set	  



Plant	  populaOons	  amenable	  for	  associaOon	  studies	  can	  be	  classifiable	  into	  one	  of	  five	  
groups	  
(i)	  	  	  	  	  ideal	  sample	  with	  subtle	  popula?on	  structure	  and	  familial	  relatedness	  
(ii)	  	  	  	  mul?-‐family	  sample	  
(iii)	  	  	  sample	  with	  popula?on	  structure	  
(iv)	  	  	  sample	  with	  both	  populaOon	  structure	  and	  familial	  relaOonships,	  and	  
(v)	  	  	  	  sample	  with	  severe	  popula?on	  structure	  and	  familial	  rela?onships.	  	  
Due	  to	  local	  adapta?on,	  selec?on,	  and	  breeding	  history	  in	  many	  plant	  species,	  many	  popula?ons	  for	  associa?on	  
mapping	  would	  fall	  into	  category	  four.	  	  

Linkage Disequilibrium (LD) 
q  Non-‐random	  associaOon	  between	  alleles	  at	  different	  loci	  

q  LD	  extends	  to	  a	  much	  longer	  distance	  in	  self-‐pollinated	  crops	  than	  in	  cross-‐

pollinated	  species	  

q  Genome-‐wide	  LD	  determines	  the	  mapping	  resoluOon	  and	  marker	  density	  for	  a	  

genome	  scan	  



MutaOon	   	  –	  Base	  for	  producing	  polymorphism	  

RecombinaOon	   	  –	  weakens	  the	  intra-‐chromosomal	  LD	  

	  	  	  	  inter-‐chromosomal	  LD	  broken	  by	   	  independent	  
assortment	  

PopulaOon	  size	   	  –	  Small	  pop	  –	  effect	  of	  gene?c	  drip	  result	  in	  constant	  loss	  
of	  rare	  allele	  combina?ons,	  thus	  LD	  increases	  

PopulaOon	  maOng	  system	  	  –	  Self	  vs	  Out	  cross	  

	  LD	  decay	  more	  –	  out	  cross	  sps	  –	  because	  recombina?on	  
leads	  to	  heterozygosity	  

Admixture	   	  –	  introduc?on	  of	  chromosomes	  of	  different	  ancestry	  and	  
allele	  frequency	  	  

	  Gene	  flow	  between	  gene?cally	  distant	  popula?ons	  

SelecOon	   	  –	  BoMle	  neck	  effect	  very	  few	  allele	  	  

•  	  combina?ons	  are	  passed	  to	  next	  genera?ons	  

•  	  Locus	  specific	  alleles	  

Factors	  affecOng	  LD	  



LD	  Decay	  



2.	  Genotyping	  
CANDIDATE	  GENE	  MARKERS	  
q May	  be	  from	  related	  or	  unrelated	  

q  ComparaOve	  genomics	  and	  BioinformaOcs	  

q  SNPs	  are	  preferred	  markers	  system	  in	  candidate	  gene	  approach	  

q  Promoters,	  Introns,	  Exons	  and	  5’	  /	  3’	  UTRs	  –	  targets	  for	  idenOficaOon	  of	  candidate	  gene	  SNPs	  

q  Rate	  of	  LD	  decay	  –	  denotes	  the	  no	  of	  SNPs	  per	  unit	  length	  

q  It	  is	  not	  essenOal	  to	  screen	  all	  SNPs.	  SNPs	  that	  cause	  phenotypic	  variaOon	  due	  to	  alter	  in	  proOen	  funcOon	  (Coding	  
SNPs)	  or	  gene	  expression	  (regulatory	  SNPs)	  should	  be	  a	  top	  priority	  	  

q  If	  there	  are	  block	  of	  several	  SNPs	  in	  significant	  LD,	  there	  is	  no	  need	  to	  do	  all	  SNPs.	  An	  alternaOvely,	  select	  and	  
score	  a	  fracOon	  of	  SNPs	  (Tag	  SNPs)	  that	  capture	  most	  of	  the	  haplotype	  blocks	  in	  a	  candidate	  gene	  region	  –	  more	  
cost	  effecOve	  

The	  extent	  of	  LD	  -‐	  dictates	  the	  number	  of	  markers	  

	  SNP	  marker	  –	  large	  number…..resoluOon	  is	  more	  

	  SSR	  markers	  –	  small	  number	  …..resoluOon	  is	  low	  

WHOLE	  GENOME	  SCANNING	  



3.	  PHENOTYPING	  DATA	  
AM	  	  	  –	   	  	  
a	  rela?vely	  large	  number	  of	  diverse	  accessions	  phenotypic	  data	  
collec?on	  with	  adequate	  replica?ons	  across	  mul?ple	  years	  
mul?ple	  loca?ons	  is	  challenging	  

•  	  Efficient	  field	  design	  with	  incomplete	  block	  design	  (e.g.,	  α-‐latce)	  
•  	  Appropriate	  sta?s?cal	  methods	  (e.g.,	  nearest	  neighbor	  analysis	  and	  

spa?al	  models)	  
•  Considera?on	  of	  QTL	  ×	  environmental	  interac?on	  should	  be	  explored	  

to	  increase	  the	  mapping	  power,	  par?cularly	  if	  the	  field	  condi?ons	  are	  
not	  homogenous	  (Eskridge,	  2003).	  

Data	  collecOon	  –	  repository	  (Database)	  



4.	  POPULATION	  STRUCTURE	  

StaOsOcal	  methods	  for	  calculaOng	  populaOon	  structure	  

•  Structured	  associaOons	  (SA)	  -‐	  uses	  a	  set	  of	  random	  markers	  to	  es?mate	  popula?on	  structure	  (Q)	  and	  
then	  incorporates	  this	  es?mate	  into	  further	  sta?s?cal	  analysis	  

•  Mixed	  model	  approach	  -‐	  random	  markers	  are	  used	  to	  es?mate	  Q	  and	  a	  rela?ve	  kinship	  matrix	  (K),	  
which	  are	  then	  fit	  into	  a	  mixed-‐model	  framework	  to	  test	  for	  marker-‐trait	  associa?ons	  

•  Principal	  component	  analysis	  (PCA)	  -‐	  summarizes	  varia?on	  observed	  across	  all	  markers	  into	  a	  smaller	  
number	  of	  underlying	  component	  variables	  



Genotyping	  Phenotyping	  

TASSEL	   K-‐matrix	  

Marker-trait 
association  

(Association 
Mapping) 

STRUCTURE	  

Dendogram	  LD	  

Germplasm	  

	  
TASSEL	  =	  Trait	  Analysis	  by	  aSSocia?on,	  Evolu?on,	  Linkage	  

Q-‐
Mat
rix	  

PCA	  

5.	  StaOsOcal	  Analysis	  



q  Associa?on	  mapping	  without	  considera?on	  of	  popula?on	  structure	  would	  result	  in	  a	  

high	  rate	  of	  false	  posi?ve	  Type	  I	  errors	  

q Mixed-‐model	  approach	  to	  account	  for	  mul?ple	  levels	  of	  relatedness	  simultaneously,	  

as	  detected	  by	  use	  of	  gene?c	  markers,	  has	  improved	  control	  of	  both	  type	  I	  and	  type	  

II	  error	  rates	  

q  False	  negaOve 	  :	  the	  declara?on	  of	  an	  outcome	  as	  sta?s?cally	  non-‐ 	  
	  	  	  significant,	  when	  the	  effect	  is	  actually	  genuine.	  

q  False	  posiOve 	  :	  the	  declara?on	  of	  an	  outcome	  as	  sta?s?cally	   	   	  	  	  
significant,	  when	  there	  is	  no	  true	  effect.	  

GLM – Genotypic data + Phenotypic data + Q-matrix/PCA 

MLM – Genotypic data + Phenotypic data + Q-matrix/PCA + K-matrix 

Points	  for	  Analysis	  



Trait	   Marker	   marker_p	   markerR2	  
FT	   S6_51258751	   0.002526	   0.118313	  
FT	   S6_49476889	   0.006728	   0.104095	  
FT	   S6_49476896	   0.006728	   0.104095	  
FT	   S6_51074660	   0.007553	   0.06921	  
FT	   S6_51074666	   0.007553	   0.06921	  
FT	   S6_57125381	   0.008782	   0.073529	  
FT	   S6_57125382	   0.008782	   0.073529	  
FT	   S6_50090655	   0.010302	   0.09183	  
FT	   S6_48617413	   0.011146	   0.092174	  
FT	   S6_50083373	   0.011984	   0.060825	  
FT	   S6_49946596	   0.01502	   0.06651	  
FT	   S6_48622968	   0.019185	   0.085937	  
FT	   S6_48825076	   0.021259	   0.063186	  
FT	   S6_51074670	   0.021644	   0.074513	  

AM	  results	  



AM	  is	  not	  a	  replacement	  of	  LM	  rather	  is	  a	  complementary	  to	  LM	  

§  AM	  –	  species	  specific	  and	  popula?on	  specific	  

§  Sps with low genetic diversity LM is superior to AM 

Ideal	  method	  	  
CombinaOon	  of	  AM	  and	  LM	  
§  where	  strength	  of	  each	  method	  are	  used	  to	  conduct	  

§  high-‐resolu?on	  power	  and	  	  

§  high-‐resolu?on	  tests	  

WHICH	  ONE	  IS	  BEST?	  
AssociaOon	  Mapping	  vs	  Linkage	  Mapping	  



JOINT	  FAMILY	  POPULATION	  MAPPING	  
Low	  detecOon	  power	  –	   	  low	  allele	  frq	  and	  QTLs	  with	  small	  effects	  

More	  false	  posiOves	  	  –	   	  genotype	  –	  phenotype	  covariance	  

Manipulate	  allele	  free	  and	  popula?on	  structure	  by	  controlled	  
crosses	  and	  using	  family	  mapping	  to	  enhance	  the	  power	  

Relevant	  ques?on	  is	  not	  what	  the	  nature	  of	  the	  genotyping	  data	  
will	  be,	  but	  rather	  how	  to	  select	  germplasm	  to	  maximize	  the	  allelic	  
diversity	  and	  the	  power	  to	  detect	  complex	  traits	  

Nested	  AssociaOon	  Mapping	  (NAM)	  

(Joint	  linkage	  associaOon	  mapping)	  



ResoluOon	  vs	  Research	  Time	  



GBS-‐SNP	  APPLICATIONS	  IN	  CROP	  PLANTS	  

SORGHUM	  &	  MAIZE	  

q Marker	  Discovery	  
q  Phylogeny/Kinship	  
q  Fine-‐Mapping	  	  
q  Genomic	  SelecOon	  
q  NAM-‐GWAS	  
q  GWAS	  
q  Improving	  reference	  genome	  assembly	  



	  SORGHUM	  

Total	  Accessions 	  :	  7173	  
Total	  SNPs	   	   	  :	  556,969	  
Total	  Data	  points 	  :	  3,995,138,637	  
	  

Total	  Accessions 	  :	  	  >	  30000	  
	  
Total	  SNPs	   	  	  	  	   	  :	  >	  1.5M	  

	  MAIZE	  

	  Marker	  Discovery	  



GeneOc	  Diversity/phylogeny	  

Source:	  Dr.	  Ram	  Sharma	   Cladogram  of  Maize  Hybrid  and  Landraces  

Cladogram  of  Sorghum



Biasness	  in	  coordinate	  analysis	  in	  SSR,	  Chip-‐SNPs	  and	  GBS-‐SNPs	  in	  maize	  

Source:	  Dr.	  Ram	  Sharma	  
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Chr	   LD	  decay	  (kb)	  
1	   125-‐150	  
2	   150-‐175	  
3	   100-‐125	  
4	   125-‐150	  
5	   150-‐175	  
6	   300-‐400	  
7	   125-‐150	  
8	   100-‐125	  
9	   125-‐150	  
10	   225-‐250	  

LD	  decay	  in	  sorghum	  	  

Source:	  Dr.	  Punna	  Ramu	  



Bi-‐Parental	  Linkage	  mapping/Fine	  Mapping	  



RecombinaOon	  break	  points	  



Accurate	  genomic	  predicOon	  of	  height	  based	  on	  GBS	  data	  in	  maize	  

Source	  :	  Jason	  Peiffer	  	  

Genomic	  predicOon	  in	  maize	  



GWAS	  examples	  in	  plants	  	  
GWAS	  directly	  hits	  known	  Mendelian	  
traits	  

Roamy	  et	  al.	  2013	  ;	  Genome	  Biology	  

GWAS	  of	  a	  more	  comples	  traits	  directly	  hits	  
known	  flowering	  Ome	  

Even	  with	  ~660K	  SNPs	  we	  almost	  missed	  ZmCCT	  (only	  one	  
significant	  SNP)	  



Morris	  et	  al	  2012;	  PNAS	  

Cont….	  



NAM	  (nested	  associaOon	  mapping)-‐GWAS	  in	  maize	  
Development	  of	  NAM	  mapping	  populaOon	  in	  maize	  	  
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The	  Maize	  B73	  reference	  genome:	  room	  for	  improvement?	  

q The	  B73	  reference	  genome	  accurate	  for	  B73	  but	  less	  so	  far	  other	  
maize	  lines	  line	  M017	  

q Even	  for	  73,	  some	  regions	  of	  the	  genome	  are	  in	  the	  wrong	  
locaOon	  

q Some	  large	  (mulOple	  BAC)	  conOgs	  could	  not	  be	  anchored	  
•  	   assigned	  to	  ‘chromosome	  0’	  
•  	   30	  chr0	  conOgs	  in	  B73	  RefGenV1	  
•  	   	  30	  chr0	  conOgs	  in	  B73	  RefGenV1	  

q Some	  regions	  of	  the	  genome	  are	  missing	  
•  	   ~	  5%	  of	  the	  73	  sequence	  is	  not	  in	  the	  B73	  reference	  genome	  	  
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