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Only 50% of the maize genome Is
shared between two varieties

Maize Humans

Fu & Dooner 2002, Morgante et al. 2005, Brunner et al 2005
Numerous PAVs and CNVs - Springer, Lai, Schnable in 2010
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GBS Data Analysis Pipeline

GBS Experimental Design



What Is appropriate library
coverage?

« Coverage can be controlled by enzyme choices:

— ApeKl (5bp) — Maize, sorghum, grape, switchgrass,
cacao

— Pstl (6bp) — wheat, barley, maize

— Pasl (7bp — using ApeKl overhangs ) — scrub jay
(Chen)

— Hindlll - cacao



What Is appropriate library
coverage?

« Coverage can be controlled by degree of
multiplexing in sequencing:

— 48 plexing
— 96 plexing
— 384 plexing

e Desired coverage depends on how many
markers are needed and tolerance of missing
data.



GBS Data Analysis Pipeline

Terms Used In the Pipeline



Reads -> Tags -> Aligned Tags ->
SNPs/INDELs

CAGCAAAAAAAAAAAAGAGGGATGCGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC

CAGCAAAAAAAAAAAAGAGGGATGCGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC

CAGCAAAAAAAAAAAAGAGGGATGCGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC

CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC
CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC

CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC

CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCATGTAGACGGGC



Reads -> Tags -> Aligned Tags ->
SNPs/INDELs

CAGCAAAAAAAAAAAAGAGGGATGCGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC
Tag 1 CAGCAAAAAAAAAAAAGAGGGATGCGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC

CAGCAAAAAAAAAAAAGAGGGATGCGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC

CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC
Tag 2 CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC

CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC

Tag 3 { CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCATGTAGACGGGC



Reads -> Tags -> Aligned Tags ->
SNPs/INDELs
r CAGCAAAAAAAAAAAAGAGGGATGCGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC
e Maize NAM population (5000 lines)
2.6 billion reads

6 million tags
Te

L CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC

Tag 3 { CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCATGTAGACGGGC



Reads -> Tags -> Aligned Tags ->
ApeK I sit SNPs/INDELs

CAGCAAAAAAAAAAAAGAGGGATGCGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC
CAGCAAAAAAAAAAAAGAGGGATGCGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC
CAGCAAAAAAAAAAAAGAGGGATGCGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC
CAGCAAAAAAAAAAAAGAGGGATGCGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC
CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC
CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC
CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC
CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC

CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC

---------------------------------------




Reads -> Tags -> Alighed Tags ->
ApeK I sit SNPs/INDELs

CAGCAAAAAAAAAAAAGAGGGATGCGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC
CAGCAAAAAAAAAAAAGAGGGATGCGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC
CAGCAAAAAAAAAAAAGAGGGATGCGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC
CAGCAAAAAAAAAAAAGAGGGATGCGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC

CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGTGTAGACGGGC
CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCATGTAGACGGGC

CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCATGTAGACGGGC
CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGG!

CAGCAAAAAAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGG( Reproducible sequencing
errors

---------------------------------------




Summary of the GBS pipeline
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GBS Data Analysis Pipeline

File Formats / Data Structure



HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HWI-ST397
HW

0000000000000 0000000000000000000000000O0

[ R Y N A A A A A A A AR AR AR AR AR AR A AR AR AR AP A AP AY AP AP AP PP PP AP AP AP RG ARG ARG ARG AR
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V 1.7 or earlier V1.8
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QSEQ file (pre-filter) e FASTQ file
FASTQ file
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GTCGATTCTGCTGACTTCATGGCTTCTGTTGACGACGATGTGGAACGAGCTGTTGTTGAAACTGATGAGGTTGCTGAGATCGGAAGAGCGGTTCAGCAGG yJggdeggac _Tb[\'T_baa""ddcdd”c"b_ab[K]]SO_\ \T\VVVW\'dc\"'b’
GAGAATCAGCTTTTCCAACACCTTGAGTTTGAGTATGCGATGACAGTTACTCTTACTGTCCATTGTCAGCATTGCCAGAGCTTGACCAGCTGAGATCGGA  fefefffefe_ddd]feeeceefffeeafbd d" dfefedccffeeefccedfea"deddczfae[[ba beeb_dabQcec c\'c'daT W]T_
ATGTACTGCACCGTTGCAAGCGAGCACCACCAAGCGGCGGTATGCACTTTGCAATATGTAGCTAGAATAGGATTTTCAGGTGATTAGGAGCGTAAAAAAG BBBBBBBI BBBB! BBBB! BBBB!

CCAGCTCAGCCTGCATTCTTTCAAAAACTTCCAATGCCTCTCTTGGCCTAGCATTTTGGGCATACCCTGTGACCATTGCTGTCCATGCCACCATATCCTT )9999ffgggggdeeggdffgfgc J099999gfaggceggeggcbgggggec ggegedd
GATTTTACTGCACATCGGTCTTGTCACACCAGCTATACCTGTAGAGTTGCCTTCCACAGTTGTAGAGATCGGAAGAGCGGTTCAGCGGGACTGCCGAGAA B BBBB BBBB BBBB BBBBBBBBE
TCACCCAGCATCACGCCCCTTCACATCCAGTAAAACCCCTGAATGATGTGCTGTCACTGTTTGATATACAGTTGTTAACGTGAGGACGGGCTTTGAAGGA BBBBBBBBBBBBBBEBBBBBBBBBBBBBBBEBBBBBBBBBBBBBBBBEBBBBBBBBBBBBBBBBBBBBI
CTTGACTGCCACCATGAATATGTGTTCCAAGTGCCACAAGGACTTGGCCCTGAAGCAAGAACAAGCCAAACTTGCAGAGATCGGAAGAGCGGTTCAGCAG  fffffffdefegfdffbcfeffeffffedegdggdgefbfercfcfided\]_]_Ya'JKW cc'cYdd Q[XYXabWala]_aZ]Y]TWddd™
CCACAACTGCTCCATCTTTTCCATGAGACATTGCTCCCGCCATTGCACCCTTGGCATCAGCAGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCG  VTMKOJIMUGVZNI[V_"_"YWZYPWILQSNYbb\Y_|
GTATTCTGCACACGAATCAGCTGAGACACCAATTGGGCATGAATCAAATGGCGCCATTGCCGGGGATCGAACCCCGAATCAAATGGTGCCATTGCCACTG  feeffcddbeabbdcaebeccaedZc be™ X \cbbed b[c\[decdbed™ A" bZdabZaVa\dZZ[SQccS ™ "c”_~c bTa™|
AATATGCCAGCAGTTAAGAGAGTTCAAGATCCAGGGCTCATATTCAGTCACCTATATCAATTTCGAAATGGATTTCCAGGGTTTTAAGAGCCTAACAAAG  effffefffffYfeedbdddad\ddbTh*abMb aedeedaedacdea’cWdaadcYdXdabb'dflefd db"dddddfefff "2 cc ac’
CTCCCTGCGGGTGCGCGCGACCCATCTTCAGTTGGAGCGTCTATCGGCGTTGCTGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCTCGTA  gggggggggaf ggfggggdggggf gfgdffiffggdgeggeggggcgbaedaebdd debeectaveecbabK_"_b_“d_beeT
TGGTACGTCTGCGGAATGGCGTTTTTTATGCCTTAGTGGTTCGCAGAGCATTTGGCAGCTGAGATGGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGAT  AYTLX]X]ZX)V

GGACCTACTGCCCAAGAACGGCTCACCCATCATCCGCTTTCTTCACCTTCCGTCTTCTTTGGCTGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGAC X jgeeaddddaalbXYZ~ bdk
GAGAATCAGCGTGTACGGGGCACGGGGTGACTGCTGTTGCGTGCGAGGGCTGAGATCGGAAGAGCGGTTCAGCAGGAGTGCCGAGACCGATCTCGTATGC  fdedffdc*ddbebececedlacde_"OTN__ aedeahabKW“MNYMCCﬂWOUSSE]SHUZU“IaZ
TTCTCCAGCCGCATGGGCCGGAGACCAGAGAGGCCTCCCCAGGATTTGCACGATAGACCACGACTTATGGACGATTGGGAAGCCCTTGTTGGAAGGAAAT BBBBI BBBBI BBBBI BBBBI

GCGTCAGCAAATGCCCCAACAGCCAAGTCAGCAATTGCCTCAGCAACTTGGGCCACAAACACCACAGCTGAGATCGGAAGAGCGGTTCAGCAGGAATGCC eeeb’ebbeeb™*bebeeb[ X~ *dXcabZb]bb bbb_dd]]_]_bbd\ \ cc[ __a_Vca_Sc’b]Y\c__]b’V\'[_PS
TAGGCCATCAGCTGACTTCCCGGGTGTGGAGAAAAGAGGGCCCCTCACTTCTCTCAAGTGCTGAGATCGGAAGAGCGGTTCAGCAGGAATGCGGAGACCG  dddddbffffffdfaadaeeffff[M[QUJda [VRIQR\cX[cddc[df*\cXMSSMQZ YATYEPTZS\ TV MSTTSNVYQQ
GGACCTACTGCCGGCGGGACGAAAGCGGTTGTTGAATGATGGGGGTCACTAGGCCTTCCAGGGCCTTTAAGCGCGCGCTGAGATCGGAAGAGGGGTTCAG  XVKYYIUWWM\O__BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBE
CTCCCTGTTGAAGCATGTGCAAAAGAGCTTGTTCTCGGCCTTCTTCAAGCCATTCTCTTGGCAGACGGCTTTGCCTAGAAGTTTCGCCCCATCACCCTTG BBBBBB! BBBB!
CGCCTTATCTGCCCTCGCCGGTCATGGGGAGTGGTGCCCCTACCTCGGACAAGACAGATGCAGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCG  \c\ededdc leeeWS[O" mcmcmmzmdNMe&m@keeVdd mbUQMNHUMPFGU
CCAGCTCAGCATGGATCTCTCCTTGATGGACTGAAAGCGCGTGTGCTCCCCTGTGTGATGGAAAGTGGCAGTGATCGGAAGTTCGGTACGGAAGGAGTGC NQHLGNUSTUIQUTX_O_X][_YX[KWU[O KI\[SYW]A
CCAGCTCAGCTCAAGCATTGGCTTCCGCTTTGGCATCCTGGAGGGTAAGCTTCTGCTCTTCTCACTAGAGGAGGATCCTGGCTATCGAAACCTGTTGTAT mYaYMFR“w‘kK\Va BBBBBB! BBBBBBBBBBBBBBBB BBBBBBBBBBB
ACAAACAGCAGAGGTCGCATTGTAGTTAGTCCGGGACTTGCCCAGTTCATTGCTGAGATCGGAAGAGCGGTTCAGCAGGCATGCCGAGACCGATCTCGTA QYAV BBBBBBBB]
GCTCTACAGCTTCTGGCCAGAATGCTTTTGGCACTTGTTTGTCACAAAGCATGCACTGAACCATATTCATGATAGTTCGATTTTTGCGTTCAGCTACCCC  b_‘ba\X\ZZ__; X"XUabbaKKK\V\ \XbUHMXURRNURTT PVQQTSXSVINIVXVSHWTTSIVYW Wa'_"\"B
TTCTCCAGCTGCTACATGCACCGTGGGAAGAAGGTCTGCCCCACATACCCACCAGCCATCGCCCTTCTCACATTCGATTCAAACATCTTTGGGTTATCCC a_ “ad_dda_edeeec]ed]cda™c'ca *"caclaa’yY_acc_'c[VAbcA "b'cG\"_JVYUabX UIXXX[OPVUW_]*
GAGATACAGCTGCGAATTGGGGGTTCCTGTGTTGCGAAGTGGCACTCGTGTGCCAAACTTGGCTACGCAGAGATCGGTAGAGCGGTTAAGCAGGAATGCC  eadcdeddffffefbbffdffefdfcedcdffffflabcbdYddebde_dadXc'cMcchc]™ BBBBBBBBBBBBBBBBBBBBB
AAAAGTTCAGCAATACCTGTTGAAGCCAAGCCCTTGTGGTGATTGCCTCGTTCATTGCTGCTGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCG  ddddNcb\_bdddddeaeceab’_JVX]_\___cbZT[ZQI[[Y] *cZ]bcbYbcYcUKN\S[ Q]IVVPIUIUQQRMQ[NW
GAATCTGCTACTAGTGAGCCTTTGTATGGGGACCGAGTTCAGAAGCTCTAACCCTCGTTTTCCCATCTGCTGAGATCGGAAGAGCGGTTCAGCAGGAATG  [\WAYNIXTXWURV]IT[[O*_[NPLWWTIXXRRYYTXR]T]XX"a *Y\WJIX]Y[GTTUULRKIMPEMT[O[Zaa"R:
TAGCATGCCTGCTGCAGGAGTTGGTGCCCAGCATTCTCAGGTGTAGTCCAAATTCTGTCTGATACTTATTGTTTATGCGATTTTGCCATCACATATGGAG  d]dcd]ddeeeeceZ ddaUY]*aX_*[[*acRda'~c’'c_eebbbda]X c"'ce "debc[[ Q_]['cd_Zee'aleeeda_"_ZX]"[*
TTCAGACAGATGATGCTTGTCAAGGGTCACCATCTTGCATTGCGCTGCGTCACATCCTTAGTGGGAATAGGGGATCAGCCTCGCTTTTTGAAGCTGAGTT BBBBBBBBBBBBBBBBBBBBBBBBEBBBBBBBBBBBBBBBEBBBBBBBBBBBBBBBBBBBBBBBBBBI

CTTGCTTCAGCCATGTAGAGTGGTGTTGCTCCTTTACTACCACGAATCATTGGTAACTCCCTGTTCTTATTCACCATTACCTCAGCAATCCTTGTGATTC  ggggggggggggggaggiggdifiebbeccgeggggeggggggadageggefgdibbeeeg *cchecUedeedfdfe
TTCAGACAGCCAAACGACGTCTTAGTGGAGAAAATACCTGAGAAAAGTCAAGAAACCAAAACACTAAAAAATGACCAAGAAATAGAGCAGAGATCGGAAG ggggggggggggggggggggeggggeggggegggdagedegggggdgbeddgeedgegdedggdedece""ba)(c f'dde[c[!
AGCCTCAGCTTGGTTGCTTGTGGTTGGGGGTGAGGGGGCGGGCGGGAACTTATGTTTGCGCCCCGAGGCGGAGCCGCTCTAGGCAGAGATCGGAAGAAGG BB BBBBBBB

CTTGACTGGGCGTGGTGCTGAGGCTACTGCGGAATTGAGGTGTTGTCATCCACCGGATTGGGTCGTAGGGCGTGGCTTTGAGCGGAGATCGGATGAGCGG BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBE
TTCAGACAGCCAACTGAGATGACTCTCATTCTTGGTAGGAACCAATTTCTGAGAGCTTCGTAATGACATCAACTACAGCTGTGATCGGAAGAGCGGTTCA  U[P[VZANWRIMIT\[J[_[I"RY[QWZ]"KSSUMGOZIOIWPTT_UNVVTWQMW[*O"\"]]aR][aBBBBBBBBB

GAGATACAGCAACAAATGATGTCATTCCTTGCAAAAGCTGTACAAAGCCCTGGTTTCTTAGCTCAGCTGGTACAGCAGAGATCGGACGAGCGGTTCGCCA BBBBI
GTGTTTGGTCGTGAAAGTGGACCTCTTTCAGGTGCAGGTGCGAGTAGAAGGAGGTCCCAGAGACGTGCGGCTGGAGATCGGAAGGGTGCTGAGGCGGGAA B BBBB BBBB BBBB BBB
GAGAAACCGCAGAATGATAGCAAAAAGCGCGTTACAGGAGATATTAAGAAAAGGAGACTTGCAATGCAGGAGTAAGAGATCCATTCTGCTATGCATGCTC BBBBBB BBBBBBBBBBBBBBBBBBBBBBBBB BBBBBBBBBBBBBE

CGTCAACTGCATGAAGGAGGTTGTCTGGCCGTTGGAGGAGTGATTTTGGAAGGCTGAGATCGGAAGAAAGGTTCAGCAGGAATGCAGAGACCGATCTCGT NBCYNHMMXZX“NRPTCCaMU'NMEGPPWQ\N][XdemamURaBBBBBBBBBBBBBBBBBﬂ



lllumina Raw Sequence

V 1.7 or earlier V1.8

QSEQ file (pre-filter) e FASTQ file
FASTQ file

GBS pipeline works With

H c\"b’
H WIT_
H BBBE
H! gedd
H BBBE
H! BBBI
H ddd™
H BBBE
H Ta™l
H chac’
H\ U 8 3 U a ole rbeeT
HWI- ST397 0 3 68 15762 200088 0 1 TGGTACGTCTGCGGAATGGCGTT'I'I'TTATGCCTTAGTGGTTCGCAGAGCATTTGGCAGCTGAGATGGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGAT ’\VTLX]X]ZXJ\ BBBB!

HWI-ST397 0 3 68 15903 200085 0 1 GGACCTACTGCCCAAGAACGGCTCACCCATCATCCGCTTTCTTCACCTTCCGTCTTCTTTGGCTGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGAC  ggggc ggg geggc JO¢ jgeeaddddaalbXYZ~ bdk
HWI-ST397 0 3 68 15921 200082 0 1 GAGAATCAGCGTGTACGGGGCACGGGGTGACTGCTGTTGCGTGCGAGGGCTGAGATCGGAAGAGCGGTTCAGCAGGAGTGCCGAGACCGATCTCGTATGC  fdedffdc ddbebececed[acde_"OTN__"a_ed*dadaabK][*X]NYMccWOUSSE]'S[[U'ZU™” I'a’Z_
HWI-ST397 0 3 68 15984 200085 0 1 TTCTCCAGCCGCATGGGCCGGAGACCAGAGAGGCCTCCCCAGGATTTGCACGATAGACCACGACTTATGGACGATTGGGAAGCCCTTGTTGGAAGGAAAT BBBB! BBBB! BBBB! BBBB!
HWI-ST397 0 3 68 15788 200096 O 1 GCGTCAGCAAATGCCCCAACAGCCAAGTCAGCAATTGCCTCAGCAACTTGGGCCACAAACACCACAGCTGAGATCGGAAGAGCGGTTCAGCAGGAATGCC eeeb’ebbeeb™*bebeeb[ X~ *dXcabZb]bb bbb_dd]]_]_bbd\ \ cc[ __a_Vca_Sc’b]Y\c__]b’V\'[_PS
HWI-ST397 0 3 68 15842 200099 0 1 TAGGCCATCAGCTGACTTCCCGGGTGTGGAGAAAAGAGGGCCCCTCACTTCTCTCAAGTGCTGAGATCGGAAGAGCGGTTCAGCAGGAATGCGGAGACCG  dddddbffffffdfaadaeeffff[M[QUJda [VRIQR\cX[cddc[df*\cXMSSMQZ YATYEPTZS\ TV MSTTSNVYQQ
HWI-ST397 0 3 68 15876 200105 0 1 GGACCTACTGCCGGCGGGACGAAAGCGGTTGTTGAATGATGGGGGTCACTAGGCCTTCCAGGGCCTTTAAGCGCGCGCTGAGATCGGAAGAGGGGTTCAG  XVKYYIUWWM\O__BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBE
HWI-ST397 0 3 68 15937 200097 O 1 CTCCCTGTTGAAGCATGTGCAAAAGAGCTTGTTCTCGGCCTTCTTCAAGCCATTCTCTTGGCAGACGGCTTTGCCTAGAAGTTTCGCCCCATCACCCTTG BBBBBB! BBBB! BB BBBB!

HWI-ST397 0 3 68 15958 200102 0 1 CGCCTTATCTGCCCTCGCCGGTCATGGGGAGTGGTGCCCCTACCTCGGACAAGACAGATGCAGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCG  \c\ededdceeeVeedffddaceedeeeWS[O® \cccccdadZd\daddeaacfefeee\/\d d CCbUQVWHUIKPFGU
HWI-ST397 0 3 68 15765 200113 0 1 CCAGCTCAGCATGGATCTCTCCTTGATGGACTGAAAGCGCGTGTGCTCCCCTGTGTGATGGAAAGTGGCAGTGATCGGAAGTTCGGTACGGAAGGAGTGC NQHLGNUSTUIQUTX_O_X][_YX[KWU[O KI\[SYW]A BBBBBB BBBBBBBBB
HWI-ST397 0 3 68 15912 200114 0 1 CCAGCTCAGCTCAAGCATTGGCTTCCGCTTTGGCATCCTGGAGGGTAAGCTTCTGCTCTTCTCACTAGAGGAGGATCCTGGCTATCGAAACCTGTTGTAT  alYaYM[*R™an [c[c\ VSBBBBBBBBBBBBBBBBBBBBBBBBBBBBEBBBBBBBBBBBBBBBBBBBBBBI
HWI-ST397 0 3 68 15791 200127 0 1 ACAAACAGCAGAGGTCGCATTGTAGTTAGTCCGGGACTTGCCCAGTTCATTGCTGAGATCGGAAGAGCGGTTCAGCAGGCATGCCGAGACCGATCTCGTA QYAV BBBBBBB! BBBBBBBB] BBBBBBBB]

HWI-ST397 0 3 68 15831 200117 0 1 GCTCTACAGCTTCTGGCCAGAATGCTTTTGGCACTTGTTTGTCACAAAGCATGCACTGAACCATATTCATGATAGTTCGATTTTTGCGTTCAGCTACCCC  b_‘ba\X\ZZ__; X"XUabbaKKK\V\ \XbUHMXURRNURTT PVQQTSXSVINIVXVSHWTTSIVYW Wa'_"\"B
HWI-ST397 0 3 68 15848 200124 0O 1 TTCTCCAGCTGCTACATGCACCGTGGGAAGAAGGTCTGCCCCACATACCCACCAGCCATCGCCCTTCTCACATTCGATTCAAACATCTTTGGGTTATCCC ai’\a"diddaﬁedeeec]ed]c’\da" “c'ca’"caclaa’Y_acc_ c[V bcr "b'cG\"_]*VYUabX UIXXX[OPVUW_]
HWI-ST397 0 3 68 15891 200120 0 1 GAGATACAGCTGCGAATTGGGGGTTCCTGTGTTGCGAAGTGGCACTCGTGTGCCAAACTTGGCTACGCAGAGATCGGTAGAGCGGTTAAGCAGGAATGCC  eadcdeddffffefbbffdffefdfcedcdffffflabcbdYddebde_dadXc'cMccbc]BBBBBBBBBBBBBBBBBBBBBI
HWI-ST397 0 3 68 15931 200128 0 1 AAAAGTTCAGCAATACCTGTTGAAGCCAAGCCCTTGTGGTGATTGCCTCGTTCATTGCTGCTGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCG  ddddNcb\_bdddddeaeceab’_JVX]_\___cbZT[ZQI[[Y] *cZ]bcbYbcYcUKN\S[ Q]IVVPIUIUQQRMQ[NW
HWI-ST397 0 3 68 15991 200121 0 1 GAATCTGCTACTAGTGAGCCTTTGTATGGGGACCGAGTTCAGAAGCTCTAACCCTCGTTTTCCCATCTGCTGAGATCGGAAGAGCGGTTCAGCAGGAATG  \WW\YN]XTXWURV]JT[[O”_| [NPLWWT]XXRRYVTXR]T]XX’\a ’\Y\WJX]Y[GTTUULRKIMPEMT[O[Zaa/\R
HWI-ST397 0 3 68 15765 200133 0 1 TAGCATGCCTGCTGCAGGAGTTGGTGCCCAGCATTCTCAGGTGTAGTCCAAATTCTGTCTGATACTTATTGTTTATGCGATTTTGCCATCACATATGGAG  d]dcd]ddeeeeceZ ddaUuY]*aX_"[[*acRda ¢ "c_eebbbda]X'c""ce "debc[[_Q_]['cd_Zee'aleeeda_" ZX]"[*
HWI-ST397 0 3 68 15810 200133 0 1 TTCAGACAGATGATGCTTGTCAAGGGTCACCATCTTGCATTGCGCTGCGTCACATCCTTAGTGGGAATAGGGGATCAGCCTCGCTTTTTGAAGCTGAGTT BBBBBBBBBBBBBBBBBBBBBBBBEBBBBBBBBBBBBBBBEBBBBBBBBBBBBBBBBBBBBBBBBBBI
HWI-ST397 0 3 68 15871 2001350 1 CTTGCTTCAGCCATGTAGAGTGGTGTTGCTCCTTTACTACCACGAATCATTGGTAACTCCCTGTTCTTATTCACCATTACCTCAGCAATCCTTGTGATTC  ggggggggggggdagaafagdffrebbecegeggggeggaggggdggeggefgdibbeeeg *cchecUedeedfdfe
HWI-ST397 0 3 68 15974 200136 0 1 TTCAGACAGCCAAACGACGTCTTAGTGGAGAAAATACCTGAGAAAAGTCAAGAAACCAAAACACTAAAAAATGACCAAGAAATAGAGCAGAGATCGGAAG ggggggggggggggggggggeggggeggggegggdagedegggggdgbeddgeedgegdedggdedece""ba)(c f'dde[c[!
HWI-ST397 0 3 68 15909 200147 0 1 AGCCTCAGCTTGGTTGCTTGTGGTTGGGGGTGAGGGGGCGGGCGGGAACTTATGTTTGCGCCCCGAGGCGGAGCCGCTCTAGGCAGAGATCGGAAGAAGG BBB BBBBBBBB
HWI-ST397 0 3 68 15946 200152 0 1 CTTGACTGGGCGTGGTGCTGAGGCTACTGCGGAATTGAGGTGTTGTCATCCACCGGATTGGGTCGTAGGGCGTGGCTTTGAGCGGAGATCGGATGAGCGG BBBBBBBBBBBBBBBEBBBBBBBBBBBBEBBBBBBBBBBBBBBBBEBBBBBBBBBBBBBBBBBBBBBE
HWI-ST397 0 3 68 15774 200153 0 1 TTCAGACAGCCAACTGAGATGACTCTCATTCTTGGTAGGAACCAATTTCTGAGAGCTTCGTAATGACATCAACTACAGCTGTGATCGGAAGAGCGGTTCA  U[P[VZANWRIMIT\[J™[_[I"RY[QW'Z]"KSSUMGOZIOIWPTT_UNVVTWQMW[*"O"\"]]aR][aBBBBBBBBB
HWI-ST397 0 3 68 15814 200155 0 1 GAGATACAGCAACAAATGATGTCATTCCTTGCAAAAGCTGTACAAAGCCCTGGTTTCTTAGCTCAGCTGGTACAGCAGAGATCGGACGAGCGGTTCGCCA BBBB!

HWI-ST397 0 3 68 15850 200154 0 1 GTGTTTGGTCGTGAAAGTGGACCTCTTTCAGGTGCAGGTGCGAGTAGAAGGAGGTCCCAGAGACGTGCGGCTGGAGATCGGAAGGGTGCTGAGGCGGGAA BB BBBBBBBB BBBBBBBB BBBBBBBB BBBBBBBI
HWI-ST397 0 3 68 15870 200157 0 1 GAGAAACCGCAGAATGATAGCAAAAAGCGCGTTACAGGAGATATTAAGAAAAGGAGACTTGCAATGCAGGAGTAAGAGATCCATTCTGCTATGCATGCTC BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBEBBBBBBBBBBBBBBBBBBE
HWI-ST397 0 3 68 15984 200158 0 1 CGTCAACTGCATGAAGGAGGTTGTCTGGCCGTTGGAGGAGTGATTTTGGAAGGCTGAGATCGGAAGAAAGGTTCAGCAGGAATGCAGAGACCGATCTCGT  N[a'cY Y\X\MXZX\WWRPTc cab[[T_[\IMZ\GPPWQ\_N]_[X\[]TcNcaa\URaBBBBBBBBBBBBBBBBBBI

HwW



QSEQ and FASTQ file formats

QSEQ file (pre-QC filter):

HWUSI-EAS690 1 6 54 282 1708 O 1 GAATCAGCTTGCTC aaaaa aaaa'aaa_" 1
CAATCATGCTTTGT a_'a_"a Ja'a 7a
TTATTGAATGAAGA _ A \AY ]2 1] X
GTTCACTCGTAGAA Z\[M"\X[W[XUTTYY
ATGTCCGTTCTTTCC VVWXVRVUTTRVV
TTTGAGCATATCCG VWXX

T

FASTQ file (post-QC filter):

@HWUSI-EAS690:2:1:0:1179#0/1
GAATCAGCTTGCTCCAATCATGCTTTGTTTATTGAATGAAGAGTTCACTCGTAGAAATGTCCGTTCTTCCTTTGAG

CATATCCGT

+HWUSI-EAS690:2:1:0:11794#0/1
d@aaaa aaaa aaa_”"a_‘"a_"alaa Ma_ A NAY M XL Z\[M\X[WIXUTTYYVVWXVRVUTTRVVVWXX

* New Illumina pipeline (v1.8) produces FASTQ files only



TagCounts File (.TC)

26442466 2

CAGCAAAAAAAAAAAAAAAAAAAACACCAAGTAATTTGATGTCTCATACCTCATACCACAGGAC 64 1
CAGCAAAAAAAAAAAAAAAAAAAACCAAGAATTTTATGTTTCCTACCTCCAACCCCAGGACTTT 64 36
CAGCAAAAAAAAAAAAAAAAAAAACCAAGTAATTTGATGTCCTATACCTCATCCCACAGGACTT 64 1
CAGCAAAAAAAAAAAAAAAAAAAACCAAGTAATTTTATTTCTCATACCTCATACCACAGGACTT 64 25
CAGCAAAAAAAAAAAAAAAAAAAACCCAAGAAATTTGATGTCTCAAACCCCAACACACAGGCTT 64 37
CAGCAAAAAAAAAAAAAAAAAAAACCCAAGAAATTTTTTGTCTCAAACCCCAACCCCCAGGCCT 64 1
CAGCAAAAAAAAAAAAAAAAAAAAGGGGTTTTGAATAAAAAAAACTGAAGGAGCAGAAAAAAAA 58 17
CAGCAAAAAAAAAAAAAAAAAAACACCAAGAAATTTGATGTTTCATACCTCATACCACAGGACT 64 23
CAGCAAAAAAAAAAAAAAAAAAACACCAAGTAATTTGATGTCTCATACCTCATACCACAGGACT 64 2
CAGCAAAAAAAAAAAAAAAAAAACCAAAAAATTTTATGTCTCAAACCCCAAACCCCAGGGCTTC 64 1
CAGCAAAAAAAAAAAAAAAAAAACCAAATAATTTGATGTCTCATACCTCATACCACAGGGCTTC 64 35




TagCounts File (.TC)

1

[Tégsﬂma J

26442466 — 2
Total #Tags

CAGCAAAAAAAAAAAAAAAAAAAACACCAAGTAATTTGATGTCTCATACCTCATACCACAGGAC 64 1
CAGCAAAAAAAAAAAAAAAAAAAACCAAGAATTTTATGTTTCCTACCTCCAACCCCAGGACTTT 64 36
CAGCAAAAAAAAAAAAAAAAAAAACCAAGTAATTTGATGTCCTATACCTCATCCCACAGGACTT 64 1
CAGCAAAAAAAAAAAAAAAAAAAACCAAGTAATTTTATTTCTCATACCTCATACCACAGGACTT 64 25
CAGCAAAAAAAAAAAAAAAAAAAACCCAAGAAATTTGATGTCTCAAACCCCAACACACAGGCTT 64 37
CAGCAAAAAAAAAAAAAAAAAAAACCCAAGAAATTTTTTGTCTCAAACCCCAACCCCCAGGCCT 64 1
CAGCAAAAAAAAAAAAAAAAAAAAGGGGTTTTGAATAAAAAAAACTGAAGGAGCAGAAAAAAAA 58 17
CAGCAAAAAAAAAAAAAAAAAAACACCAAGAAATTTGATGTTTCATACCTCATACCACAGGACT 164 23

#Reads




Tags-By-Taxa File (.TBT)

6040401 2) 88|

Lengt |08.07308.073|08.07308.07308.073|08.073 (08.073 108.073|08.073|08.073 |08.073 108.073 108.073 [08.073 |08.07308.073 08.073
[Tag h 1-19 [1-29 |1-6 1-24 |1-37 [1-15 [1-38 |1-44 |1-23 ([1-46 |1-31 |1-10 [1-49 [1-47 |1-7 1-48 [1-21
ig((ssixzﬁAAAAAAAAAAAAAAAcAcCAAGAAATTTGATGTCTCATACCTCATACCAA 64 0 0 1 0 o 0 o 0 0 0 o o 0 o o o 0
22(éiACAT¢AAAAAAAAAAAAAAACACCAAGAAATTTGATGTCTCATACCTCATACCAC 64 0 1 0 0 o 0 0 0 o 0 0 0 0 o 0 o o
ig((ssixzﬁAAAAAAAAAAAAAAAcAcCAAGAAATTTGATGTCTCATACCTCATAcccc 64 0 0 0 0 o 0 o 0 0 0 o 0 0 o o o 0
/(ig(éiAcAT?AAAAAAAAAAAAAAACACCAAGTAATTTGATGTCTCATACCTCATACCAC 64 0 0 0 0 o 0 0 0 0 0 0 0 0 o 0 o o
ig((ssixzﬁAAAAAAAAAAAAAAACACCAAGTAATrTGATrTCTCATACCTCATACCAA 64 1 0 0 0 o 0 o 0 0 0 o 0 0 o o o 0
/(i/é?fCACACAAAAAAAAAAAAACACCAAGTAATTTGATGTCTCATACCTCATACCACAGG 64 0 0 0 0 o 0 0 0 0 0 0 0 0 o 0 o o
iﬁgiﬁiggAAAAAAAACGG'I'I'CTCAA'I'I'CCAAGCCCAGATGAGTGAGAACCAGGCC 64 0 0 0 0 o 0 o 0 0 0 o 0 0 o o o 0
_CrﬁgilééégAcAAAAAAAGAGGGATGGGGCGGCTTGCGGGCATGGGACACAAGCGTG 64 0 1 0 0 o 0 0 0 o 0 0 0 0 o 0 0 o
(T::ggééégxéAAAAAAAGAGGGATGGGGCGGCWGCGTGCATGGGACACAAACGTG 64 0 0 0 0 o 0 o 0 0 0 o o 0 o o o 0
_Crﬁg(AZééégAcAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCCTG 64 0 0 0 0 o 0 0 0 o 0 0 0 0 o 0 o o
(T::ggééégxéAAAAAAAGAGGGATGGGGCGGCWGCGTGCATGGGACACAAGCGGG 64 0 0 0 0 o 0 o 1 0 0 o o 0 o o o 0
EQGG(;ACQA;GACAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGTG 64 0 0 0 0 o Q_ ol nl A el el A Al _a o B o o
QAEEé‘A;ééﬁAAAfAAAGAGGGATGGGGCGGC'I'I'GCGTGCATGGGACACAAGCGTG 64 0 1 0 ) 0.- e - TN




Tags-By-Taxa File (.TBT)
>

6040401 2 88|

Lengt |08.073108.073|08.073|08.073 [08.073 3|08.07308.073[08.07308.073 |08.073 08.073]08.073]08.073
[Tag h 1-19 [1-29 [1-6 1-24 [1-37 TaX a 1-46 [1-31 |1-10 [1-49 |1-47 [1-7 1-48 [1-21
ié(g;ﬁ?ﬁAAAAAAAAAAAAAAACACCAAGAAA'I'I'TGATGTCTCATACCTCATACCAA 6 4 0 0 1 0 n 0 0 0 0 0 0 0 0
/igGG(/iAc?{:AAAAAAA AAACACCAAGAAATTTGATGTCTCATACCTCATACCAC 6 4 o 1 0 o 0 0 0 0 0 0 O 0 0 o 0 0 0
ié(g;i??AAAAAAA AAACACCAAGAAATTTGATGTCTCATACCTCATACCCC 6 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
/igGG(/iAc?{:AAAAAAA AAACACCAAGTAATTTGATGTCTCATACCTCATACCAC 6 4 o 0 0 o 0 0 0 0 0 0 O 0 0 o 0 0 0
roancrr A | e4 1] o o o o o o o o o o o o o o o o
emrece” AN Tag S “| e o o o o o o o o o o o o o o o o o
weveuns B | 64 o o o o o o o o o o o o o o o o o
%\gi/géééﬁAAAAA GGATGGGGCGGCTTGCGGGCATGGGACACAAGCGTG 6 4 0 1 0 o 0 0 0 0 0 0 O 0 o 0 0 0 0
-(;:giééééﬁAAAAA GGATGGGGCGGCTTGCGTGCATGGGACACAAACGTG 6 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
$:g/(;/c\é\é/(\£AAAAA GGATGGGGCGGCTTGCGTGCATGGGACACAAGCCTG 6 4 0 0 0 0 0 0 0 0 0 0 O 0 o 0 0 0 0
-(;:giééégﬁAAAAAAA AGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGGG 6 4 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
g/;gi/égglgAcAAAAAAAGAGGGATGGGGCGGCTTGCGTGCATGGGACACAAGCGTG 64 0 0 0 0 0 Q_ o O o n o.n___o ___ol___aA___nal___ _ﬂ . _0- . 0 0
QAEEﬁ:ééﬁAAAfAAAGAGGGATGGGGCGGC'I'I’GCGTGCATGGGACACAAGCGTG 6 4 0 1 0 ) _Q . ,’ - N

--------------------------------------------- 0. absence

1. presence




Tags-On-Physical-Ma

0 File (TOPM)

1020631

2

ICAGAGATAAACGCAAGCAGAAGCAGGAGGAGGGAGGCAAAGATGACAAGGCCATGGGCA
GTGAC

64

o
=

-1

28230985

28230922

ICAGAGATAAACTAAAGCATCGATCCATCAAAATGAATTATGTAATTGCAAAAGTCAATTATGC
C

64

o
=

-1

3832211

3832148

ICAGAGATAAAGAGAGAGAAAAACTCAAAAAGAAAAGCATATCATGCAGGCGACGCAGAGAG
JATA

64

27993074

27993011

ICAGAGATAAATCCAAACGTTTTCTGTTCGGTAGGGTCTGTCAGCGAGGCAGAAAAAAAAAAA
JAA

51

3250207

3250257

ICAGAGATAAATTTGAACGGTAGTTAACTAGCAAATTCGTCTATATTAAATTCAATAGTATGAC
A

64

34487829

34487892

ICAGAGATAACTAGTTAATTAGTTGCATGCAAGTGTGTGCTCTTGTGCTATTGATTAAGCTGG
TA

64

1249312

1249375

ICAGAGATAACTTATATATTTGCATCCAAAGATAATCCAGCCGACAGCCCGACATATGTAAGA
CG

64

24463120

24463057

ICAGAGATAAGCTTTAGGGCACGAATCATATCTTCAACAGCATCCTCTATAGCACGCAATGGC
IAG

64

27908515

27908452

ICAGAGATAAGGATACCTACTGTGGATAAATACACAGAATATACACGTCGACGTGACCGGAC
JATC

64

41245835

41245898

CAGAGATAATAGTAGGATTCTGCGCAATGCAATCGAGTTTCACGCCTCTGTTCTTCAGTTCT
TG

64

28001431

28001368

ICAGAGATAATATCATCAGTACCTTCTTTATTTCCCAGAACGCCATCACCATCAGCTGAAAAAA
A

57

OO, W OINININ [0

8065543

8065487

ICAGAGATAATGCTCTTACACGGTACAAGGAGAAGAAGAAGAGAAGAAAGTAAGTGCATCTTA
CT

64

%

ICAGAGATAATTAAATATGTTTAGTTTTGACAGGTGAAGGAACAATAGTTAGCTTATCTGTCAT
G

64

24319222

24319285

ICAGAGATAATTGACAATGACGTAGGCATATTGACAACTTCAAAAATTATGCACAAAAATGTCC
A

64

8796128

8796191

[CAGAGATACAACCATCAAGAGAATCAAAGCAACGATACTCGGCTGAGCTGAAAAAAAAAAAA
JAA

50

23956554

23956603

ICAGAGATACAACGACGTGGCAAGGACAAGTCAGCCACGCGAGTTCACTGGACGGCGGACA
CGGG

64

2274574

2274637

ICAGAGATACAGTGTGGGTTCGATCATCCGGGATACTTCCATTTCTTATTTTCTTTACTCAGAA
A

64

20512714

20512777

ICAGAGATACATAGGCTAACCGGCAGTTGCCAACTAAGACTAATAAAAACTTCATCAAGAAAA
JAA

64

23636734

23636797

ICAGAGATACATAGGCTAATCGGCAGTTGCCAACTAAGACTAATAAAAACTTCATCAAGAAAA
JAA

64

23636734

23636797

ICAGAGATACATCATAACTGTGATACCTCAGTAGGACCACCAGGGTTGTGACTAGCTGTTAAA

AT

64

= = T e T T N N TN T TN TN T T N TN T T SN T T N

W O[R[N 0|01

29627153

29627090

O [PIOIC|IC 0|00 0 INIOIO |0 Ol |0 1010




Tags-On-Physical-Ma

0 File (TOPM)

1020631

2

ICAGAGATAAACGCAAGCAGAAGCAGGAGGAGGGAGGCAAAGATGACAAGGCCATGGGCA
GTGAC

64

o
=

-1

28230985

28230922

ICAGAGATAAACTAAAGCATCGATCCATCAAAATGAATTATGTAATTGCAAAAGTCAATTATGC
C

64

o
=

-1

3832211

3832148

ICAGAGATAAAGAGAGAGAAAAACTCAAAAAGAAAAGCATATCATGCAGGCGACGCAGAGAG
JATA

64

27993074

27993011

ICAGAGATAAATCCAAACGTTTTCTGTTCGGTAGGGTCTGTCAGCGAGGCAGAAAAAAAAAAA
JAA

51

3250207

3250257

ICAGAGATAAATTTGAACGGTAGTTAACTAGCAAATTCGTCTATATTAAATTCAATAGTATGAC
A

64

34487829

34487892

ICAGAGATAACTAGTTAATTAGTTGCATGCAAGTGTGTGCTCTTGTGCTATTGATTAAGCTGG
TA

64

1249312

1249375

ICAGAGATAACTTATATATTTGCATCCAAAGATAATCCAGCCGACAGCCCGACATATGTAAGA
CG

64

24463120

24463057

ICAGAGATAAGCTTTAGGGCACGAATCATATCTTCAACAGCATCCTCTATAGCACGCAATGGC
IAG

64

27908515

27908452

ICAGAGATAAGGATACCTACTGTGGATAAATACACAGAATATACACGTCGACGTGACCGGAC
JATC

64

41245835

41245898

CAGAGATAATAGTAGGATTCTGCGCAATGCAATCGAGTTTCACGCCTCTGTTCTTCAGTTCT
TG

64

28001431

28001368

ICAGAGATAATATCATCAGTACCTTCTTTATTTCCCAGAACGCCATCACCATCAGCTGAAAAAA
A

57

OO, W OINININ [0

8065543

8065487

ICAGAGATAATGCTCTTACACGGTACAAGGAGAAGAAGAAGAGAAGAAAGTAAGTGCATCTTA
CT

64

%

ICAGAGATAATTAAATATGTTTAGTTTTGACAGGTGAAGGAACAATAGTTAGCTTATCTGTCAT
G

24319222

24319285

oo [INIOIO |10 [OIo|Io|o |0 |0l

ICAGAGATAATTGACAATGACGTAGGCATATTGACAACTTCAAAAATTATGCACAAAAATGTCC
A

[CAGAGATACAACCATCAAGAGAATCAAAGCAACGATACTCGGCTGAGCTGAAAAAAAAAAAA

NNl [klele ek klelele e el s

Q7NL1270

-.0702101)

In the current pipeline, the TOPM file is derived from
the SAM output of the BWA alignment tool.




Tags-On-Physical-Ma

0 File (TOPM)

1020631

2

ICAGAGATAAACGCAAGCAGAAGCAGGAGGAGGGAGGCAAAGATGACAAGGCCATGGGCA
GTGAC

64

o
=

ICAGAGATAAACTAAAGCATCGATCCATCAAAATGAATTATGTAATTGCAAAAGTCAATTATGC
C

64

o
=

|
| Max

#mismatches

5| 28230922

3
11

3832148

ICAGAGATAAAGAGAGAGAAAAACTCAAAAAGAAAAGCATATCATGCAGGCGACGCAGAGAG
JATA

64

-1

27993074

27993011

ICAGAGATAAATCCAAACGTTTTCTGTTCGGTAGGGTCTGTCAGCGAGGCAGAAAAAAAAAAA
JAA

51

3250207

3250257

ICAGAGATAAATTTGAACGGTAGTTAACTAGCAAATTCGTCTATATTAAATTCAATAGTATGAC
A

64

34487829

34487892

ICAGAGATAACTAGTTAATTAGTTGCATGCAAGTGTGTGCTCTTGTGCTATTGATTAAGCTGG
TA

64

1249312

1249375

ICAGAGATAACTTATATATTTGCATCCAAAGATAATCCAGCCGACAGCCCGACATATGTAAGA
CG

64

24463120

24463057

ICAGAGATAAGCTTTAGGGCACGAATCATATCTTCAACAGCATCCTCTATAGCACGCAATGGC
IAG

64

27908515

27908452

ICAGAGATAAGGATACCTACTGTGGATAAATACACAGAATATACACGTCGACGTGACCGGAC
JATC

64

41245835

41245899

CAGAGATAATAGTAGGATTCTGCGCAATGCAATCGAGTTTCACGCCTCTGTTCTTCAGTTCT
TG

64

ICAGAGATAATATCATCAGTACCTTCTTTATTTCCCAGAACGCCATCACCATCAGCTGAAAAAA
A

57

OO, W OINININ [0

ST T e N T T el N S | TN N

|_20nn12”
80t Divergence P2

olo gOOOO o 10|

G

/64

[CAGAGATAATTGACAAT CGTAGGCATATTGACAACTTCAAAAATTATGCACAAAAATG‘I?
-l __

Tags } [Tag size

64

o

/O

Multi-
maps

Chr, strand, start
and end positions

ICAGAGATAATGCTCTTACACGGTACAAGGAGAAGAAGAAGAGAAGAAAGTAAGTGCATCTTA 6 4 % % * O
CT
ICAGAGATAATTAAATATGTTTAGTTTTGACAGGTGAAGGAACAATAGTTAGCTTATCTGTCAT 1 _____________ e T T T T T Tem e T ———————— N




rs#

S10_

22

S10_

33

S10_

338

S10_

378

S10_.

425

S10_.

465

S10_.

726

S10_.

733

S10_

756

S10_.

453

S10_.

453

S10_

320

S10_

209

S10_

853

S10_

862

S10_

954

S10_

954

S10_

12R

alleles chrom pos

99
GIA
99
CIT
44
GIA
44
TIA
44
AIG
44
TIG
45
AIC
45
TIG
45
TIG
48
AIT
48
AT
57
AIC
70
AIT
74
AIC
74
TIC
74
AIG
74
AIG

75
AlC

10 9922+

10 9933+

10 44338+

10 44378+

10 44425+

10 44465+

10 45726+

1045733+

10 45756+

10 48453+

10 48453+

10 57320+

10 70209+

10 74853+

10 74862+

10 74954+

10 74954+

1N 7R12R+

strand assembly#

MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_ve6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1

MSU_v6.1

Ml vR 1

HapMap Format (.hmp)

center

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

1N

Sample Sample Sample Sample Sample Sample Sample Sampl
~101:8 _102:8 _103:8 _104:8 _105:8 _106:8 _107:8 _108:¢
Sample_100 1PVTA 1PVTA 1PVTA 1PVTA 1PVTA 1PVTA 1PVTA 1PVT/

prot assay panel QCc :81PVTABX BXX:3: BXX:3: BXX:3: BXX:3: BXX:3: BXX:3: BXX:3: BXX:3

LSIDLSID

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

LSID

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

ode X:3:A4 A5 A6 A7 A8 A9 A10 Bl B2

NA G A N N N N N N N
NA T C N N N N N N N
NA N A N G N N N N A
NA N A N T N N N N A
NA N N N N N N N A N
NA N N N N N N N T N
NA N A A M A M A N A
NA N T T K T T K N K
NA T T T K T T T N T
NA N T N N N T T A N
NA N T T A A T T A N
NA A A A M A N N N A
NA N T N N N N T N T
NA N N N N C N N A N
NA T C N N T C N T N
NA A G N A N N N A G
NA A N N N A G G N G
NA A A NI LV M A A A A



rs# alleles chrom pos

S10_99
22 GIA
S10_99
33 CIT
S10 44
338
S10 44
378  TA
S10 44
425
S10 44
465
S10_45
726
S10_45
733
S10_45
756
S10_48
453 AT
S10_48
453 AT
S10 57
320
S10_70
209 AT

G/A

AIG

T/G

A/C

T/G

TIG

AIC

10 9922+

10 9933+

10 44338+

10 44378+

10 44425+

10 44465+

10 45726+

1045733+

10 45756+

10 48453+

10 48453+

10 57320+

10 70209+

strand assembly#

MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_ve6.1
MSU_v6.1

MSU_v6.1

center

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

HapMap Format (.hmp)

Sample Sample Sample Sample Sample Sample Sample Sampl
~101:8 _102:8 _103:8 _104:8 _105:8 _106:8 _107:8 _108:¢
Sample_100 1PVTA 1PVTA 1PVTA 1PVTA 1PVTA 1PVTA 1PVTA 1PVT/

prot assay panel QCc :81PVTABX BXX:3: BXX:3: BXX:3: BXX:3: BXX:3: BXX:3: BXX:3: BXX:3

LSIDLSID

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

LSID

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

The Hapmap file format is defined by the Human
HapMap Project (www.hapmap.org).

ode X:3:A4 A5 A6 A7 A8 A9 AI0 Bl B2
NA G A N N N N N N N
NA T C N N N N N N N
NA N A N G N N N N A
NA N A N T N N N N A
NA N N N N N N N A N
NA N N N N N N N T N
NA N A A M A M A N A
NA N T T K T T K N K
NA T T T K T T T N T
NA N T N N N T T A N
NA N T T A A T T A N
NA A A A M____. A NL____ No___N____ A
» .



rs# alleles chrom pos

S10_99
22 GIA
S10_99
33 CIT
S10 44
338
S10 44
378
S10 44
425
S10 44
465
S10_45
726
S10_45
733
S10_45
756
S10_48
453
S10_48
453
S10 57
320
S10_70
209 AT

N““"-—'LA__

G/A

T/A

AIG

T/G

A/C

T/G

TIG

AT

AT

AIC

10 9922+

10 9933+

10 44338+

10 44378+

10 44425+

10 44465+

10 45726+

1045733+

10 45756+

10 48453+

10 48453+

10 57320+

10 70209+

strand assembly#

MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_ve6.1
MSU_v6.1

MSU_v6.1

Alleles Chr

center

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

HapMap Format (.hmp)

Sample Sample Sample Sample Sample Sample Sample Sampl
~101:8 _102:8 _103:8 _104:8 _105:8 _106:8 _107:8 _108:¢
Sample_100 1PVTA 1PVTA 1PVTA 1PVTA 1PVTA 1PVTA 1PVTA 1PVT/

prot assay panel QCc :81PVTABX BXX:3: BXX:3: BXX:3: BXX:3: BXX:3: BXX:3: BXX:3: BXX:3

LSIDLSID

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

LSID

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Position

ode X:3:A4 A5 A6 A7 A8 A9 AI0 Bl B2
NA G A N N N N N N N
NA T C N N N N N N N
NA N A N G N N N N A
NA N A N T N N N N A
NA N N N N N N N A N
NA N N N N N N N T N
NA N A A M A M A N A
NA N T T K T T K N K
NA T T T K T T T N T
NA N T N N N T T A N
NA N T T A A T T A N
NA A A A M____. A NL____ No___N____ A
» .

Assembly Genotypes



rs# alleles chrom pos

S10_99
22 GIA
S10_99
33 CIT
S10 44
338
S10 44
378
S10 44
425
S10 44
465
S10_45
726
S10_45
733
S10_45
756
S10_48
453
S10_48
453
S10 57
320
S10_70
209

G/A

T/A

AIG

T/G

A/C

T/G

TIG

AT

AT

AIC

10 9922+

10 9933+

10 44338+

10 44378+

10 44425+

10 44465+

10 45726+

1045733+

10 45756+

10 48453+

10 48453+

10 57320+

10 70209+

strand assembly#

MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_v6.1
MSU_ve6.1
MSU_v6.1

MSU_v6.1

eg. R=A/G

center

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

IGD

HapMap Format (.hmp)

Sample Sample Sample Sample Sample Sample Sample Sampl
~101:8 _102:8 _103:8 _104:8 _105:8 _106:8 _107:8 _108:¢
Sample_100 1PVTA 1PVTA 1PVTA 1PVTA 1PVTA 1PVTA 1PVTA 1PVT/

prot assay panel QCc :81PVTABX BXX:3: BXX:3: BXX:3: BXX:3: BXX:3: BXX:3: BXX:3: BXX:3

LSIDLSID

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

LSID

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

IUPAC code Is used to

ode X:3:A4 A5 A6 A7 A8 A9 AI0 Bl B2
NA G A N N N N N N N
NA T C N N N N N N N
NA N A N G N N N N A
NA N A N T N N N N A
NA N N N N N N N A N
NA N N N N N N N T N
NA N A A M A M A N A
NA N T T K T T K N K
NA T T T K T T T N T
NA N T N N N T T A N
NA N T T A A T T A N
NA A A A M____. A NL____ No___N____ A
» .

encode heterozygous sites,



Binary compression of the files

 Tag-Counts (TC):
*oent.itxt  *.ent
e Tag-by-taxa (TBT):
*tbt.txt  *.tbt.bin
e Tags-on-physical-map (TOPM):
*.topm.ixt *.topm.bin
* Hapmap
*.hmp.txt GDPDM blobs

* 64 bp tags were represented as 2 long integers (8 bytes for long in Java).



Bioinformatics Challenges

Massive amounts of data

Complex genomes with many
unstable parts of a genome

No reference genome
Missing data
Phasing and imputation




Pipeline Implementation



Where to get the software

« Documentation and software (TASSEL) can be
downloaded at http://www.maizegenetics.net/.

« GBS Bioinformatics home page
http://www.maizegenetics.net/gbs-bioinformatics

e Source code Is available at http://sourceforge.net
(Project name: TASSEL)

 The Pipeline is installed at Cornell BioHPC lab, and
will be available through IPLANT Discovery
Environment;



Check List for Running the Pipeline

A computer with at least 8GB or more RAM
 Download TASSEL Standalone from maizegenetics.net
U BWA (for alignment to reference genome)

1 Netbeans (or other IDE for developers)

=
| TASSEL

L o C M @ wwwmaizegenetics.net/index.php?option=com_content&task=view&id=89&Itemid=119 oA

@ An Introduction to R Coleur Ramping for ... .m Downloads Integrat... @ coverage depth E Vi Cheat Sheet !3 Unidata | NetCDF (1 Other bookmark:

Buckler Lab forMaize
Genetics and Diversity:

Main Menu TASSEL

Home

People
Research

Bioinformatics Launch TASSEL 2.0
Publications

Germpl Tassel Version 3.0 Standalone (Build: September 15 Requi c
ﬁm assel Version 3.0 Standalone wmt Download the le
About U TASSEL 3.0 Standalone

ks file: TASSEL X.Xx

Site Map Tassel Version 2.1 (Build: March 15, 2010)
it Standalone
Launch TASSEL 2.1 (Requires: Java 1.6) —
Search Sit
- Launch TASSEL 2.1 (Requires: Java 1.5)

| - B TACCET a4 C4nndalana Mannirac: Tases 1 00



GBS Pipeline on Cornell BioHPC Lab

Step 1: Reserve a machine

Cornell University
Life Sciences Core Laboratories Center

SEARCH CORNELL: g0

. . . . @ People more options
Computational Biology Service Unit

CBSU / 3CPG BioHPC Laboratory (625 Rhodes Hall)

Reservations for remote workstations ||

These workstations can be only accessed remotely via an ssh client.
Total of 26 workstations available

m

Display reservations from |september 18,2011 | for | 20 days [~ |

New reservation from | September 13, 2011 2:00pm [~| 10 September 13,2011 200pm [~| formachine firstavailasle |~ | [ Reserve! ”
‘You can delete your reservations by clicking on [x], you can medify your resevations by clicking en them, you can add a new reservation by clickingb on the apprpriate "AVAILABLE™ text or in the box above.
cbsum1 cbsum1c2b001 ‘cbsum1c2b002
Linux Linux Linux Linux Linux Linux Linux Linux Linux Linux Linux Linux Linux Linux Linux Linux Linux
hs588 UNTIL 11:00
Sun Sep 18 2011 | PM AVAILABLE swi4 ALL DAY AVAILABLE AVAILABLE yis5 ALL DAY AVAILABLE YiS5 ALL DAY AVAILABLE mE39 ALL DAY yisS ALL DAY ¥iS5 ALL DAY AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE
AVAILABLE
sw54 UNTIL 10:30
Mon Sep 19 2011 | AVAILABLE AVAILABLE AW AVAILABLE AVAILABLE ¥j55 ALL DAY AVAILABLE ¥i55 ALL DAY AVAILABLE jmB89 ALL DAY ¥i55 ALL DAY ¥i55 ALL DAY AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE
AVAILABLE
Tue Sep 20 2011 | AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE ¥j55 ALL DAY AVAILABLE ¥i55 ALL DAY AVAILABLE jmB89 ALL DAY ¥i55 ALL DAY ¥i55 ALL DAY AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE
Wed Sep 21 2011 | AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE ¥j55 ALL DAY AVAILABLE ¥i55 ALL DAY AVAILABLE jmB89 ALL DAY ¥i55 ALL DAY ¥i55 ALL DAY AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE
Thu Sep 222011 | AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE ¥j55 ALL DAY AVAILABLE ¥i55 ALL DAY AVAILABLE jmB83 ALL DAY ¥i55 ALL DAY ¥i55 ALL DAY AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE
FriSep23 2011 | AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE ¥i55 ALL DAY AVAILABLE ¥iS5 ALL DAY AVAILABLE jmE39 ALL DAY ¥i55 ALL DAY ¥i55 ALL DAY AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE -
yis5 UNTIL 01:.00 yis5 UNTIL 11.00 yi55 UNTIL 01:00 [ yi55 UNTL 11.00
Sat Sep 24 2011 | AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE PM AVAILABLE Al AVAILABLE jmB83 ALL DAY PI Al AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE
AVAILABLE AVAILABLE AVAILABLE AVAILABLE
Sun Sep 25 2011 | AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE jmB89 ALL DAY AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE
?"E‘;afﬂ AW jmB89 UNTIL 11:00
Mon Sep 26 2011 | AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE ﬂzp'ﬂﬂ Bl "~ | AVAILABLE PM AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE
AVALABLE AVAILABLE
AVAILABLE
Tue Sep 27 2011 | AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE ;JHZDGTJEPIT SV AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE
AVAILABLE
Wed Sep 28 2011 | AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVNU?LE AVAILABL VAILABLE AVAILABLE AVAILABLE 1VAHJ-\BLE 1 AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE
4 4 A
Thu Sep 29 2011 | AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVNLH TT MIU\ E ‘ V) IIQEI I T { ELEP ( iIAH.@ n AIAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE
IO T T OO UL LU O =o'l
FriSep 30 2011 | AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVA L LABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE
Sat Oct 01 2011 | AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE
Sun Oct 02 2011 | AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE AVAILABLE -

K== " :




GBS Pipeline on Cornell BioHPC Lab

Step 2: Upload files

EE flowering - gisun@cbsuwrkst2 tc.cornell.edu - WinSCP EI@
o B - e W2 Default -
oy D datal r 3 ia | bwa @& cE = s s EEE
D:\data\aztec\gbs\flowering’ Local Mark Files Commands Session Options Remote Help
MName Ext Size Type Aworkdirdgizundworkshop/bwa
£, Parent direc| | Name Ext Size Changed Ri
| markergenotypesl62508 bt 20,959,975 TXT File + 5/20/2011 5:47:24 PM ™
= markers(]ﬁl}_‘(]Sjtxt 28,160 TXT FHE | maize.fafai 366 3/2/2011 1:11:18 AM ™
| NAM_DaysToSilk bt 3743236 TXT F!|E L | maize.fa.sa 258,304,1... 3/2/2011 12:48:18 AM ™
= NAM_D.a)r.sToTassel.bct 3777649 TXT F!Ie || maize.farsa 258,304.1... 3/2/2011 12:48:14 AM w
L NAM SilkingDate.ot +03LBI3 AT File || maize.fa.rpac 516,6081... 3/2/2011 12:48:10 AM ™
| NAM_TasselingDate.tut 4,071,058 TXT File | maize.fa.rbwt 7749123, 3/2/2011 12:48:01 AM ™
| NAMSum0607FloweringTraitBLUPsAcrossBEnvs.bd 302,380 TKT File maize.fa.pac 516,608.1... 3/2/2011 12:47:49 AM ™
| maize.fa.bwt 7749123, 3/2/2011 12:47:41 AM ™
| maize.fa.ann 488 3/2/2011 12:47:32 AM m
| maize.fa.amb 2073941 3/2/2011 12:47:31 AM ™
| maizefa 2100,873... 3/2/2011 12:47:31 AM ™
4| 11 IR 1 +
0B of 36,048 KiBin 0of 7 0B of 4961 MiBin 0 of 10
|‘=_‘¥ FT Create Directory L F10 Quit
8 SFTP3 0:01:15

Fetch (mac), FileZilla (win) or WinSCP (win)



GBS Pipeline on Cornell BioHPC Lab

Step 3: Type the command to run pipeline

f qisun@chsuwrkst2:~ EI@

Using username "gisun™. -
gizsun@chsuwrkst2.tc.cornell.edu's password:
Last login: Mon Sep 12 10:22:11 2011 from giprecisiond.tc.cornell.edu

Welcome to CESU BEioHPC Lab

Please remember: your home directory is network-mounted
and should never be used for computations!!!

Copvy vour files to /workdir/labid where labid is your id
and RUN ALL YOUR CCMPUTATICHS THERE!!!

time you use this workstation. When yvou are done, please
copy all your results to your home directory, Sworkdir
iz aonly accessible on a particular workstation.

For more info please check our online user's guide at
http://cbeu.tc.cornell.edu/lab/use.aspx

| |
| |
| |
| |
| |
| |
| |
| |
| You may need to create the /workdir/labid if it is the first |
| |
| |
| |
| |
| |
| |
| |

|

Admin u=ser: skipping procsched.pl
[gisunBchsuwrkst2 ~]5

Mac: terminal window; PC: Putty

tassel/run_pipeline.pl -forkl -QseqToTagCountPlugin -i . -k rice.key -e
apeki -endPlugin -runforkl



Tutorial:

1. Documentation of the plugins.
2. Step-by-step walkthrough of an

exercise project.

* Training project data is provided by Chih-
Wel Tung & Susan McCouch.



