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Important genetic terms

» Given position in the genome (i.e. locus) has several
associated alleles (A and G) which produce genotypes r,/r,

SNP at locus X

»Haplotypes
- Combination of alleles at different loci
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Abstract

This tutorial is a learning resource that outlines the basic process and provides specific
software tools for implementing a complete genome-wide association analysis.
Approaches to post-analytic visualization and interrogation of potentially novel findings
are also presented. Applications are illustrated using the free and open-source R
statistical computing and graphics software environment, Bioconductor software for
bioinformatics and the UCSC Genome Browser. Complete genome-wide association data
on 1401 individuals across 861,473 typed single nucleotide polymorphisms from the
PennCATH study of coronary artery disease are used for illustration. All data and code, as
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GWAS main philosophy

» GWAS = Genome Wide Association Studies

» IDEA = GWAS involve scan for large number of genetic markers
across the whole genome of many individuals to find specific
genetic variations associated with the disease and/or other

phenotype

» Find the genetic variation(s) that contribute(s) and explain(s) complex
diseases



GWAS visually

» GWAS tries to uncover links between genetic basis of the disease

» Which set of SNPs explain the phenotype?

Genotype Phenotype
ATGCAGTT control
TTGCAGTT control
CTGCAGTT control
ATGCGGTT case
TTGCGGTT case

CTGCCGTT case

SNP



GWAS workflow

Large cohort (>1000) of cases and controls ﬂg‘é’ E?f i
-
Get genome information with SNP arrays S ;m $ ga 3238

Find deviating from expected haplotypes

visualize SNP-SNP interactions using HapMap
\. J
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@ Detection of potential association signals and their fine X ?
mapping (e.g. detection of LD, stratification effect)
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The era of hypothesis generating research

Running a GWAS: Getting your genotype data

* Select your chip
* Complete your genotyping
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Identify phenotype

Sub divide populations

ﬁ’ﬁ’f?ﬁ'ﬁ” KR

| Sequence DNA

L
-ni‘ifl‘

" ® 310 131 A2 13 14 s A% 2
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Compare sequences

¢ Identify SNPs

Chromosomal Region 1 Chromosomal Region 2 Chromosomal Region 3

|

AcTTAFGATCGA GTACTENGGATA ccTaTREAGGG

Person 1 2 .a TAGCT CATG CCTAT } CGAT rccec Personl
ACTTAREGATCGA GTACTANGGATA ’ GCTATREAGGG

Person 2 ScaatlicTaceT CATGATRCCTAT | <ceaTARETCCC Person 2
ACTTAEGATCGA GTACTENGGATA GCTATREAGGG

Person3 S caa TAGCT CATG CCTAT CGAT vccc Person3

sSNP1 sSNP2 SNP3

Verify GBIO0002



Relationship between Genotypes and Phenotypes

Phenotype\
* Genotype: Indicates e -
the alleles that the e L .

organism has

8 8
inherited regarding a . (>
8b 8

particular trait.
 Phenotype: The

actual visble trait of  , (i @
85 8d

the organism.




Uses oiGWAS
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Human Genome Statistics

TNumber of Chromosomes : 23 pairs
1Genome Size 3,079,843,74' Basepairs

TNo of Genes 32,185
I a0
(F W 51 )

| | IO (|
Gene This Is a sequenceof nucleotidesin the ((

| & 1)) )
DNA that codes for a molecule (eg., a 1© 2 2 « &
prOtein) autosomes sex chromosomes



Gene Structure

Transcription Transcription
initiation termination
) 15_1 — T - . SNPs: Frequently Occurring
Promoter . t Geneth Varlants
region Translation start Translation
codon (ATG) STOP codon

Most of the population At least 1 percent of the population
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Let usidentify signal (infrom of SNP$from GWAS DATA



PLINK : Introduction

A PLINKs a free, open-sourcedesignedto perform arangeof basic,large-scaleanalysesn
a computationally efficient manner

A PLINKs whole genomeassociationanalysistool.
A PLINKhasawell documentedmanual
A Availablefor linux, MACansdMAGDOS

A Commandine versionis faster than graphicalPLINK



A

PLINK : Multfeature tool

Mergetwo or more files

Extractssubsets(SNPor individuals)

Compresgiatain a binary file format

PLINKhasnumeroususefulfeaturesfor managingand analyzinggeneticdata
Readdatain a variety of formats

Recodeandreorder files



Input Files

A Genotypedatais atext file

A Pedigreefile (.ped)

A Map file (map)

A Genotypedatais a compressedinary file
A FampFile(.fam)

A Bimfile (bim)

A Bedfile (.bed)



PED Input File

PedigreeFile- the first sixcolumnsare mandatory.

A FamilylD

A Individual ID g ¢
A PaternallD 31 13’
A Maternal ID -2
A Sex(1=male 2=female other=unknown) g 1
A Phenotype

O® O O ® @suwno

OO O O ® ruuwne

R R R R R suwno

NN R R R suwno

NP>OPDP
OO >

D=0 -0

=00+



MAP Input File

MAP Filehas4 columns

A chromosome(1-22, X,Yor 0if unplaced)  coumni columnz column3 columna

A rst# or snpidentifier 1 snpl 9 1
A Geneticdistance(morgang 1 5np2 D 2

A Basepair position (bp units)



Others Input File

*.ped *.map

FID IID PID MID Sex P rs1 rs2 rs3 Chr SNP GD BPP

1 1 0 0 2 1 CT AG AA 1 rsl 0 870000

2 2 0 0 1 0 CC AA AC 1 rs2 0 880000

3 3 0 0 1 1 T AA A 1 rs3 0 890000

* fam * bed * bim

FID D PID MID Sex P Contains binary version of the Chr SNP GD BPP Allelel  Allele2

i1 2 o0 ® 2 1 SNP info of the *.ped file. 1 rs1 0 870000 C T

5 ) 0 0 1 0 (not in a format readable for 1 rs2 0 880000 A G

humans)
3 3 0 0 1 1 1 rs3 0 890000 A C
Covariate file

FID 1D C1 c2 a3

1 1 000812835 000606235  -0.000871105 FID__| FamilyID rs{x} | Alleles per subject per SNP

2 2 -0.0600943 0.031899%4 -0.0827743 IID | Individual ID Chr | Chromosome

3 3 -00431903 000133068  -0.000276131 PID | Paternal ID SNP | SNP name
MID | Maternal ID GD | Genetic distance (morgans)
Sex | Sex of subject BPP | Base-pair position (bp units)
P Phenotype C{x} | Covariates (e.g., Multidimensional

Scaling (MDS) components)




QC of genetic DATA

A Avital stepthat shouldbe part of any GWASs the useof appropriate QC

A Without extensive QC, GWAS will not generate reliable results because raw
genotypedata are inherently imperfect.

A Errorsin the data canarise for numerousreasons,for example,due to poor quality
of DNAsamples,poor DNAhybridization to the array, poorly performing genotype
probes,andsampleY A E modzoddamination.



QC of genetic DATA

The QCstepsconsistof filtering out of SNPsand individualsbasedon the following:

(1)individual and SNPmissingness
(2) inconsistenciesn assignedand geneticsexof subjects(seesexdiscrepancy),
(3) minor allele frequency(MAF),

(4) deviationsfrom HardycWeinbergequilibrium (HWE,



Important Commands

Step Command Function
1: Missingnesof SNPstt 3 Sy 2 Excludes SNPs that are missing in a large proportion of the subjec
and individuals this step, SNPs with low genotype calls are removed.
nTnYAYR Excludes individuals who have high rates of genotype missingness
this step, individual with low genotype calls are removed.
2. Sex discrepancy Checks for discrepancies between sex of the individuals recorded |

the dataset and their sex based on X chromosome

e heterozygosity/homozygosity rates.

3: Minor allele Timaf Includes only SNPs above the set MAF threshold.

frequency (MAF)

4: HardyWeinberg  ttmve Excludes markers which deviate from Hagy/einberg equilibrium.
equilibrium (HWE)
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Example data

iDownload the example data from the
course website (PLINK FOLDER)

I HapMap_3 r3 1.bed
I HapMap_ 3 r3 1.bim
I HapMap_ 3 r3 1.fam

By looking into file extension, BED FORMAT



TS
Large cohort (>1000) of cases and controls ‘{i ! '
-

Get genome information with SNP arrays = >

Herewe havesampleDATA (a®ur studied cohort).




Large cohort (>1000) of cases and controls

==

Get genome information with SNP arrays

e

Find deviating from expected haplotypes
visualize SNP-SNP interactions using HapMap

.

lEm

mapping (e.g. detection of LD, stratification effect)

 Detection of potential association signals and their fine J

\

= —

Detectionof LD, population stratification gomesunder Filteration step)
LetsPerform Quality filteration



Quality control processes

1Missing genotype
IHardyWeinberg Equilibrium
IMinor Allele frequency

1 Linkagedisequilibriumpruning



Missing genotype (1)
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Missing genotype (2)
A Download Example files from website
A Copy all Files in PLINK Directory
plink --bfile HapMap 3 r3_1-missing
A output:
A plink.imissand

A plink.Imiss

A These files show respectively the proportion of missing SNPs per individual and the
proportion of missing individuals per SNP.



Command Prompt
C:\Users\archanarcd C:\Users\archana\Desktop\GBID2 2020\CLASS 2\plink wint4d 20200616

C:\Users\archana\Desktop\GBI02_ 20820\CLASS 2\plink win6d 20200616>plink --bfile HapMap 3 r3 1 --missing
PLINK v1.968b6.18 64-bit (16 Jun 2828) www . cog-genomics.org/plink/1.9/
(C) 2005-2020 Shaun Purcell, Christopher Chang  GNU General Public License v3
Logging to plink.log.
Options in effect:
--bfile HapMap 3 r3 1
--missing

16268 MB RAM detected; reserving 8134 MB for mailn workspace.

1457897 variants loaded from .bim file.

165 people (8@ males, 85 females) loaded from .fam.

112 phenotype values loaded from .fam.

Using 1 thread (no multithreaded calculations invoked).

Before main variant filters, 112 founders and 53 nonfounders present.
Calculating allele frequencies... done.

Warning: 225 het. haploid genotypes present (see plink.hh ); many commands
treat these as missing.

Total genotyping rate 1s ©.997378.

--missing: Sample missing data report written to plink.imiss, and variant-based
nissing data report written to plink.lmiss.

C:\Users\archana\Desktop\GBI02 2820\CLASS 2\plink wintd 20200616>
C:\Users\archana\Desktop\GBI02 2020\CLASS 2\p11nk_win64_2@2@@616>l




Missing genotype (3)

# Generate plots

iIndmiss<-read.table(file="plink.imiss', header=TRUE)
snpmiss-read.table(file="plink.Imiss', header=TRUE)

hist(indmisg,6],main="Histogramindividual missingnesy
#selectscolumn6, namesheaderof file

hist(snpmis$,5],main="HistogramSNPmissingnesy

. Histogram individual missingness
#selectcolumnb, namesheaderof file g g

60
1

Frequency

20

|

| | | I I
0.000 0.005 0.010 0.015 0.020

indmiss, 6]




Missing Rate PePerson(1)

A Theinitial stepin all data analysisis to excludeindividuals with too much
missingGenotypedata.

A A line in the terminal will appear, indicating how many individuals were
removeddue to low genotyping If any individuals were removed,a U t c3lled

plink.irem will be created, listing the Family and Individual IDs of these
removedindividuals



Missing Rate PePerson(2)

# Delete individuals withmissingness>0.02
plink --bfile HapMap 3 r3_X-mind 0.02--make-bed--out HapMap_ 3 r3 2

C:\Users\archana\Desktop\GBIO2_ 2020\CLASS 2\PLINK 2>plink --bfile HapMap_3 r3_ 1 --mind ©0.02 --make-bed --out HapMap 3 r3 2
PLINK v1.90b6.20 64-bit (21 Sep 2020) WwWwW.cog-genomics.org/plink/1.9/
(C) 2005-2020 Shaun Purcell, Christopher Chang GNU General Public License v3
Logging to HapMap_3 r3 2.log.
Options in effect:
--bfile HapMap_3 r3 1
--make-bed
--mind 0.02
--out HapMap_3 r3 2

§16268 MB RAM detected; reserving 8134 MB for main workspace.

1457897 variants loaded from .bim file. &

165 people (80 males, 85 females) loaded from .fam.

112 phenotype values loaded from .fam.

1 person removed due to missing genotype data (--mind).

ID written to HapMap_3 r3 2.irem .

Using 1 thread (no multithreaded calculations invoked).

Before main variant filters, 112 founders and 52 nonfounders present.
Calculating allele frequencies... done.

Warning: 225 het. haploid genotypes present (see HapMap_3 r3 2.hh ); many
commands treat these as missing.

Total genotyping rate in remaining samples is 0.997486.

1457897 variants and 164 people pass filters and QC.

Among remaining phenotypes, 56 are cases and 56 are controls. (52 phenotypes
are missing.)

--make-bed to HapMap_3 r3 2.bed + HapMap_3 r3_2.bim + HapMap_3 r3 2.fam ...




Missing Rate PePerson(3)

plink --bfile HapMap_ 3 r3_2-mind 0.2--make-bed--out HapMap 3 r3 3

=
Command Prompt —

- -make-bed
--out HapMap_3 r3 4

16268 MB RAM detected; reserving 8134 MB for main workspace.
Error: Failed to open HapMap_3_ r3_3.bed.

C:\Users\archana\Desktop\GBI0O2_2020\CLASS 2\PLINK_2>plink --bfile HapMap_3_r3_2 --mind ©.2 --make-bed --out HapMap_3 r3_3
PLINK v1.90b6.20 64-bit (21 Sep 2020) www.cog-genomics.org/plink/1.9/
(C) 2005-2020 Shaun Purcell, Christopher Chang GNU General Public License v3
Logging to HapMap_3_r3_3.log.
Options in effect:
--bfile HapMap_3 r3_2
- -make-bed
--mind @.2
--out HapMap_3_r3_3

16268 MB RAM detected; reserving 8134 MB for main workspace.

1457897 variants loaded from .bim file.

164 people (79 males, 85 females) loaded from .fam.

112 phenotype values loaded from .fam.

© people removed due to missing genotype data (--mind).

Using 1 thread (no multithreaded calculations invoked).

Before main variant filters, 112 founders and 52 nonfounders present.
Calculating allele frequencies... done.

Warning: 225 het. haploid genotypes present (see HapMap_3_r3_3.hh ); many
commands treat these as missing.

Total genotyping rate is ©.997486.

1457897 variants and 164 people pass filters and QC.

Among iremaiiving phenotypes, 56 are cases and 56 aire coitirols.— (52 phenotypes
are missing.)

--make-bed to HapMap_3_r3_3.bed + HapMap_3_r3_3.bim + HapMap_3_r3_3.fam ...
done.

C:\Users\archana\Desktop\GBI02_2020\CLASS 2\PLINK_2>




Missing Rate PesNF(1)

ISubsequent analyses can be set to
automatically exclude SNP®n the basis of
missinggenotyperate, with the --geno option:
the default is to includall SNPS (i.e-geno 1).
1'To Include only SNPswith a 90% genotyping
rate (10% missing) use

--bfile file --geno 0.1

1As with the--maf option, these counts are
calculatedafter removing individualswith high

mIissing genotype rates.



Missing Rate PeBNR?2)

plink --bfile HapMap_3 r3 3-geno0.2--make-bed--out HapMap 3 r3 4

C:\Users\archana\Desktop\GBI02 202@\CLASS 2\PLINK 2>plink --bfile HapMap 3 r3 3 --geno ©.2 --make-bed --out HapMap 3 r3 4
PLINK v1.90b6.20 64-bit (21 Sep 2020) wWww . Ccog-genomics.org/plink/1.9/
(C) 2005-2020 Shaun Purcell, Christopher Chang GNU General Public License v3
Logging to HapMap_3 r3 _4.log.
Options in effect:
--bfile HapMap 3 r3 3
--geno 0.2
--make-bed
--out HapMap_3_r3 4

16268 MB RAM detected; reserving 8134 MB for main workspace. &

1457897 variants loaded from .bim file.

164 people (79 males, 85 females) loaded from .fam.

112 phenotype values loaded from .fam.

Using 1 thread (no multithreaded calculations invoked).

Before main variant filters, 112 founders and 52 nonfounders present.
Calculating allele frequencies... done.

Warning: 225 het. haploid genotypes present (see HapMap_3 r3_4.hh ); many
commands treat these as missing.

Total genotyping rate is ©.997486.

@ variants removed due to missing genotype data (--geno).

1457897 variants and 164 people pass filters and QC.

Among remaining phenotypes, 56 are cases and 56 are controls. (52 phenotypes
are missing.)

--make-bed to HapMap 3 r3 4.bed + HapMap 3 r3 4.bim + HapMap 3 r3 4.fam ...

C:\Users\archana\Desktop\GBI02_202@\CLASS 2\PLINK_2>I




Missing Rate PeBNP. Delete SNPs

# Delete SNPs witmissingness-0.02.
plink --bfile HapMap_3 r3_4-geno0.02--make-bed--out HapMap_3 r3 5

C:\Users\archana\Desktop\GBIO2 2020\CLASS 2\PLINK 2>plink --bfile HapMap 3 r3 4 --geno 0.02 --make-bed --out HapMap 3 r3 5
PLINK v1.98b6.20 64-bit (21 Sep 2020) www.cog-genomics.org/plink/1.9/
(C) 2e85-2020 Shaun Purcell, Christopher Chang GNU General Public License v3
Logging to HapMap 3 r3 5.log.
Options in effect:
--bfile HapMap_3_r3_ 4
--geno 0.02
--make-bed
--out HapMap_3 r3_5

16268 MB RAM detected; reserving 8134 MB for main workspace. 4
1457897 variants loaded from .bim file.
164 people (79 males, 85 females) loaded from .fam.

112 phenotype values loaded from .fam.

Using 1 thread (no multithreaded calculations invoked).

Before main variant filters, 112 founders and 52 nonfounders present.
Calculating allele frequencies... done.

Warning: 225 het. haploid genotypes present (see HapMap 3 r3 5.hh ); many
commands treat these as missing.

Total genotyping rate is ©.997486.

26686 variants removed due to missing genotype data (--geno).

1431211 variants and 164 people pass filters and QC.

Among remaining phenotypes, 56 are cases and 56 are controls. (52 phenotypes
are missing.)

--make-bed to HapMap_3 r3_5.bed + HapMap_3_r3_5.bim + HapMap_3 r3 5.fam ...




Checkfor sexdiscrepancy

A Subjects who were a priori determined as females must have a F value c
<0.2, and subjects who were a priori determined as males must have a F
value >0.8.

A This F value is based on the X chromosome inbreeding (homozygosity)
estimate.

A Subjects who do not fulfil these requirements are flagged "PROBLEM" b
PLINK.

plink --bfile HapMap 3 r3 5-checksex



C:\Users\archana\Desktop\GBI0O2 2020\CLASS 2\PLINK 2>plink --bfile HapMap 3 r3 5 --check-sex
PLINK v1.90b6.20 64-bit (21 Sep 2020) www.cog-genomics.org/plink/1.9/
(C) 2005-2020 Shaun Purcell, Christopher Chang GNU General Public License v3
Logging to plink.log.
Options in effect:
--bfile HapMap 3 r3 5
--check-sex

16268 MB RAM detected; reserving 8134 MB for main workspace.
1431211 variants loaded from .bim file.

164 people (79 males, 85 females) loaded from .fam.

112 phenotype values loaded from .fam.

Using 1 thread (no multithreaded calculations invoked).

Before main variant filters, 112 founders and 52 nonfounders present.
Calculating allele frequencies... done.

Warning: 181 het. haploid genotypes present (see plink.hh ); many commands
treat these as missing.

Total genotyping rate is ©0.997997.

1431211 variants and 164 people pass filters and QC.

Among remaining phenotypes, 56 are cases and 56 are controls. (52 phenotypes
are missing.)

--check-sex: 23430 Xchr and © Ychr variant(s) scanned, 1 problem detected.
Report written to plink.sexcheck .

C:\Users\archana\Desktop\GBI0O2 2020\CLASS 2\PLINK 2>
Capture Effects Tools Help




Generateplots to visualize

A #These checks indicate that there is one woman with a sex discrepancy, F value of 0.99.

(When using other datasets often a few discrepancies will be found).

#READplink.sexcheck

gender <read.tablgfile.choosd), header=T)
hist(gendef,6],main="Gender" xlab="F")

male=subset(gendegender$PEDSEX1)
hist(male[,6],main="Men" xlab="F")

female=subset(gendegender$PEDSEX?2)
hist(female[,6],main="Women"xlab="F")



Visualization
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Delete individuals with sexliscrepancy (1)

A Readplink.sexchecKile
A Selectspecificrow (164)
A Select firsttwo columnvalue

A Storeinformation in dd_filter.txt



Delete individuals with sexliscrepancy (2)

ACKAA O2YYlIYR NBY2@0Sa GKS fAa0 2F AYyRA
plink --bfile HapMap_3 r3_ 5-removedd _filter.txt --make-bed--out HapMap 3 r3 6

Select Command Prompt

--out HapMap_3 r3 6
--remove dd_filter.txt

16268 MB RAM detected; reserving 8134 MB for main workspace.

1431211 variants loaded from .bim file.

164 people (79 males, 85 females) loaded from .fam.

112 phenotype values loaded from .fam.

--remove: 163 people remaining.

Using 1 thread (no multithreaded calculations invoked).

Before main variant filters, 112 founﬂers and 51 nonfounders present.
Calculating allele frequencies... done.

Warning: 181 het. haploid genotypes present (see HapMap_3 r3 6.hh ); many
commands treat these as missing.

Total genotyping rate in remaining samples is ©.998078.

1431211 variants and 163 people pass filters and QC.

Among remaining phenotypes, 56 are cases and 56 are controls. (51 phenotypes
are missing.)

--make-bed to HapMap_3 r3 6.bed + HapMap 3 r3 6.bim + HapMap 3 r3 6.fam ...
done.

C:\Users\archana\Desktop\GBIO2 2020\CLASS 2\SESSION>I




Allele Frequency

how often an form
of a gene shows
up in a population n S’éé j fé }
over several = 4
GG Gg gg

generations

the number of copies 8 8 G G 8
of a particular allele * 3 3 & S G

divided by the

number of copies of 8 8 Q G
all alleles at the
genetic place in a 6 G

population. 3 G




GENOTYPES
l

Allele Frequency

l

Major and MinorAllele




Genotypes specific SNP matrix

A Supposewne have nindividualsgenotypesfor N SNPs

-

[ AA

AG

GG

SNP1 SNP2 SNP3

cG TT
CG AT

CG 00

GG
CG

£C

—

SNPN

+ Individual 1
+— Individual 2

+ Individual n

A Thegenotypescorrespond to a matrix X of size n x p



Allele Frequency

iTo generate a list of minor allele frequencies

(MAF) for each SNP, based @il founders in the
sample

T Thisg A £ £ O N@Bimkirds with U @d®Bl@ns:
CHR Chromosome
SNP { bt ARSYUOAUSNJ
Al Allelel code (minor allele)
A2 Allele2 code (major allele)
MAF Minor allele frequency
NCHROBS Nanissing allele count



Minor Allele Frequency (MAF)

A Once individuals with too much missing genotype data have been excluded,
subsequentanalysescan be set to automatically exclude SNPson the basisof MAF
(minor allele frequency).

A Include SNPsvith MAF>=0.05.

A Thedefault valueis 0.01.



Minor Allele Frequency (MAF)

A Minor allele frequency (MAF) is the frequency at which the second most
commonallele occursin a givenpopulation

plink --bfile HapMap_ 3 r3_6-freq --out MAF_check

Command Prompt

PLINK v1.90b6.20 64-bit (21 Sep 2020) www.cog-genomics.org/plink/1.9/
C) 2005-2020 Shaun Purcell, Christopher Chang GNU General Public License v3
ogging to MAF_check. log.
Dptions in effect:

--bfile HapMap_3 r3 6

--freq

--out MAF_check

6268 MB RAM detected; reserving 8134 MB for main workspace.

431211 variants loaded from .bim file.

63 people (79 males, 84 females) loaded from .fam.

12 phenotype values loaded from .fam.

sing 1 thread (no multithreaded calculations invoked).

Before main variant filters, 112 founders and 51 nonfounders present.
alculating allele frequencies... done.

arning: 181 het. haploid genotypes present (see MAF_check.hh ); many commands
reat these as missing.

otal genotyping rate is ©.998078.

-freq: Allele frequencies (founders only) written to MAF _check.frq .




Exercise : Visualizhe MAF

A Readthe MAF checkrg

A Drawthe histogramplot in R



Visualizethe MAF

maf_freq<- read.table("/ path/ MAF_check.frty header FRUE) OK |l yv3S aLJ G Ké GA 0K &2 NJ

hist(maf_freq[,5],main = "MAF distribution” xlab = "MAF")

MAF distribution

250000

Frequency
100000

0
|

0.0 0.1 0.2 0.3 0.4 0.5

MAF




Filtration based on MAF

# Remove SNPs with a low MAF frequency.

plink--bfile HapMap 3 r3_6 --maf 0.05--makebed--out HapMap 3 r3 7

# A conventional MAF threshold for a regular GWASIis between 0.01 or 0.05,
dependingon samplesize



CountSNPsinderMAF< 0.01?



Hardy-Weinberg Equilibrium(1)

1'To generate a list of genotype counts and HanBinberg

test statistics for each SNP, use the option
--hardy

g KA OK O NXplind.lsv@. The fil&JHasghe following
format

SNP SNP identifier

TEST Code indicating sample

Al Minor allele code

A2 Major allele code

GENOGenotype counts:11/12/22

O(HET) observed hetrozygosity

E(HET) Expected hetrozygosity

P H-W p-value



HardycWeinberg equilibrium(2)
A SelectingSNPs with HWE-palue below0.00001

plink --bfile HapMap_ 3 r3_7#-hwe l1le-6 --make-bed--out HapMap _hwe_filter_stepl



* LD: If Alleles occur together more often than can
be accounted for by chance, then indicate two
alleles are physically close on the DNA

In mammals, LD is often lost at ~100 KB

In fly, LD often decays within a few hundred
bases

A Linkagedisequilibrium (LD) Thisis a measureof y 2 yamdom associationbetween
allelesat different loci at the samechromosomein a givenpopulation.

A SNPsare in LD when the frequency of associationof their alleles is higher than
expectedunderrandomassortment

A LD concernspatterns of correlationsbetween SNPs



Linkagedisequilibrium pruning(1)
ISometimesit Is useful to generatea pruned subsetof SNPshat are In

approximate linkage equilibrium with each other. Thiscanbe achievedvia
two commands

-iindep which prunes basedon the varianceA y b I facko2 ¢¥IF),which
recursivelyremovesSNPsvithin a sliding window;

plink --bfile HapMap 3 r3_7#-indep 100 52 --make-bed--out HapMap 3 r3 8



Linkagedisequilibrium pruning(2)

STEP 1 — Prune these 8 SNPs

:'IIIIIIII:'IIIIII

F XXX X XX X X P XX X X X, 0oX,



Linkagedisequilibrium pruning(3)

iEachis a simipe list of SNPIDs both these U  8a& subsequentlybe
a LIS Oasthé&aryumentfor a-- extractor --excludecommand

1 The parameters for --indep are: window size in SNPs (e.g. 50), the
number of SNPsto shift the window at each step (e.g. 5), the VIF
threshold. The VIFis 1/(1-R”"2) where R”2 is the multiple correlation
O 2 S Y Jdr & $NFbeingregressedn all other SNPsimultaneously

1 Thatis, this considersthe correlationsbetween SNPsbut alsobetween
linear combinationsof SNPs



How many snp in LD with window size 500 |,
0007



clustering

plink.exe--bfile HapMap 3 r3 8 --cluster

which generates four output files:

plink.clusterQ

plink.clusterl

plink.cluster2

plink.cluster3
that contain similar information but in different formats. The
The *.clusterO file contains some information on the clustering process. This
file can be safely ignored by most users.
The *.clusterl file contains information on the final solution, listed by
cluster.
The *.cluster2 file contains the same information but listed one line per
individual



The *.cluster3 file is in the same format as cluster2 (one line per
iIndividual) but contains all solutions (i.e. every step of the clustering
from moving from N clusters each of 1 individual (leftmost column
after family and individual ID) to 1 cluster (labelled O) containingall N
iIndividuals (the final, rightmost column)

Plink.clusterl

| : 1 ' 2 ' 3 : 4 ' ) : 6 : 7 ' 8 : 9 : 0 ' 1 ' 2 : o ' 4
S0L-0 1328 _MNAOB989 1408 _NA12155 1358_NA12/707 1358_NA12/716 1344 _NA12057 1350_NA11832 1350_NA10855 1349 NA1184(

Thereis only one cluster.
What if we have morethan one cluster?



We will perform this
: analysisin other R
package

Threecluster



AssocilationAnalysis

1Case/control

I Multiple-testing correction



Basic case/control association test

To perform a standard case/control association analysis, use the option:
plink.exe--bfile HapMap_3 r3_8--assoc

which generates a file
plink.assoc
which contains the fields:
CHR Chromosome

SNP SNP ID

BP Physical position (base-pair)

Al Minor allele name (based on whole sample)
F A Frequency of this allele in cases

F U Frequency of this allele in controls

A2 Major allele name

CHISQ Basic allelic test chi-square (1df)

P Asymptotic p-value for this test

OR Estimated odds ratio (for Al, i.e. A2 is reference)



Adjustment for multiple testing

To generate a file of adjusted significance values that correct for all tests performed
and other metrics, use the option:

plink.exe--bfile HapMap_3 r3_8-assoc-adjust

which generates the file

plink.adjust
which contains the fields

CHR Chromosome number

SNP SNP identifer

UNADJ Unadjusted p-value

GC Genomic-control corrected p-values

BONF Bonferroni single-step adjusted p-values
"HOLM Holm (1979) step-down adjusted p-values
SIDAK_SS Sidak single-step adjusted p-values

SIDAK_SD Sidak step-down adjusted p-values

FDR_BH Benjamini & Hochberg (1995) step-up FDR control
FDR_BY Benjamini & Yekutieli (2001) step-up FDR control

This file is sorted by significance value rather than genomic location, the most
significant results being at the top.



Let usvisualizeGWASesult



LETS INSTALIPBkcage

1. Open Rvindow

2. Install.package€'gqgman’)

3. Loadin library
library("ggman'’)



U gwas<- data.framgread.tablgfile="plinkassot,header=TRUE))

U manhattanlgwas main = "Manhattan Plot'ylim = ¢(0, 10),col="blue")

Manhattan Plot

-logyo(p)

oON & O @ O
l

1 2 3 4 & 8 10 12 15 19 23

Chromosome



Unit of iInformation in Bioinformatics
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https://www .genomegov/humanrgenome

m National Human Genome B voar Searcrbere
Research Institute

About Genomics Research Funding Research at NHGRI Health Careers & Training News & Events About NHGRI

Home / About Genomics / The Human Genome Project

The Human Genome
Project



https://www.genome.gov/human-genome-project

Human Genome- 1990-2003

The first printout of the human genome to be presented as a series of books, displayed at
the Wellcome Collection, London




Genomic information

i
ﬁﬁﬁﬁ%ﬁ%ﬁﬁ ------ ------ ------ ***** -----
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20 21 22 = X X
Graphical representatlon of the idealized human diploid karyotype,

showing the organization of the genome into chromosomes. This
drawing shows both the female (XX) and male (X¥) versions of the
23rd chromosome pair. Chromosomes are shown aligned at their
centromeres. The mitochondrial DNA is not shown.

NCEBI genome |51
1D

Ploid

iploid

Genome size 3,234.83 Mb (Mega-basepairs) per haploid geno

6,469.66 Mb total (diploid).
Number of 23 pairs
hromosomes

More Information :

DNAsequence RNA
seqguence Protein
sequence
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@ ensembl.org/Homo_sapiens/Info/Index

* @ ¢ 0O :
Login/Register

BLAST/BLAT | VEP | Tools | BioMart | Downloads | Help & Docs | Blog Bl - Search Human... Q

q Human (GRCh38.p13) v

Search Human (Homo sapiens)

SEEU ] N\ Cle A Search Human...

e.g. BRCA2 or 17:63992802-64038237 or rs699 or osteoarthritis

Genome assembly: GRCh38.p13 (GCA_000001405.28)

£
887
o More information and statistics E E E E

I'!] Download DNA sequence (FASTA) R
View karyotype
‘k Convert your data to GRCh38 coordinates P——

0y
Display your data in Ensembl —l
h play'y

—a

Example region
GRCh37 Full Feb 2014 archive with BLAST, VEP and BioMart ¥

Comparative genomics

sl

Gene annotation

What can | find? Protein-coding and non-coding genes, splice variants, cDNA
and protein sequences, non-coding RNAs.

o Mare about this genebuild
I'!] Download FASTA files for genes, cDNAs, ncRNA, proteins
I'!] Download GTF or GFF3 files for genes, cDNAs, ncRNA, proteins

\ Update your old Ensembl IDs

Variation

Pax6 INS
BRCA2

Example gene

u‘?l
L

Example transcript

ATCGAGCT



http:// humanproteomemap.org/ (HumanProteomeMap (HPM)

< C  ® Notsecure | humanproteomemap.org * @ ¢ e

@ HUMAN PROTEOME MAP

Home

( About Human Proteome Map } ( Statistics )

The Human Proteome Map (HPM) portal is an interactive resource to the scientific community by integrating the Organs/cell types 30
massive peptide sequencing result from the draft map of the human proteome project. The project was based on Genes identified 17,294
LC-MS/MS by utilizing of high resolution and high accuracy Fourier transform mass spectrometry. All mass Proteins identified 30,057
spectrometry data including precursors and HCD-derived fragments were acquired on the Orbitrap mass Peptide sequences 293.700
analyzers in the high-high mode. Currently, the HPM contains direct evidence of translation of a number of protein N-terminal peptides 4,297

products derived from over 17,000 human genes covering >84% of the annotated protein-coding genes in

humans based on >290,000 non-redundant peptide identifications of multiple organs/tissues and cell types from Splice junctional peptides 66,947

individuals with clinically defined healthy tissues. This includes 17 adult tissues, 6 primary hematopoietic cells and Samples 85

7 fetal tissues. The HPM portal provides an interactive web resource by reorganizing the label-free quantitative Adult t.|ssues 17

proteomic data set in a simple graphical view. In addition, the portal provides selected reaction menitoring (SRM) Fetal tissues

information for all peptides identified. Cell types 6
Adult tissues

Spinal cord Frontal cortex

Retina
T
P Hematopoietic cells
s R > Fetal tissues @
' Esophagus q Liver s : ¥
Testi " Heart : .
. osns.‘_“ 'ﬁ ea '.! \D

¥ 4 Com edond tor Com I tor
... . BN a mon myelodproges mon hymphesd rogen


http://humanproteomemap.org/
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FPOR ENERGY ENARLENGES

INNOVATIVE APFROACHES

ALONG UNCONVENTIONAL PATHS
U.S. DEPARTMENT OF ENERGY

DNA SEQUENCE DATA
~FRON\ GENOME PROJECTS

Genes and other
DNA sequences

" contain instructions
on how and when
to build proteins

cqg{éllFY
PROTEIN
MAICHINES

'PROTEINS

Proteins perform many of life’s most essential functions. To carry out their
specific roles, they often work together in the cell as protein machines.

Protect workers

and the public \ o
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! L &af&g“ HL-

Apply knowledge of
microbial functional
copabilities

00dl.

,fsx LORE /"

»

FUNCTION'S — o
IN MICROBIAL"
COMMUNITIES" »

..,

MOMMUNITY
OF CELLS

COMPUTATIONAL
CAPABILITIES

TO UNDERSTAND
COMPLEX
BIOLOGICAL
SYSTEMS

ttu{uuc'ruuz: GENE
REGULATORY NETWORKS

WORKING
CELL

Many protein
machines interact
through complex,

interconnected
pathways. Analyzing
these dynamic processes
will lead to models of life
processes.

URL DOEGenomesTolife.org
10/02




Bioinformatics Significance

.} BERESEARCH NEWS

. Missing Alzheimer’s Gene Found

. Researchers find the gene that causes Alzheimer’s disease in "Volga German” families. It shows
a remarkable similarity to another recently discovered Alzheimer's gene

pinpointed as the likely site of the Alz-
heimer’s gene. “That was like a sledgeham-
mer to the forehead,” says Schellenberg. “It
went from being a ho-hum project to ... say-
ing ‘oh my God this is the gene.””

Within a few days, the team sequenced
the gene from Volga German family members,
with help from David Galas and his col-

gene discavery,
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Dennis Selkoe of Harvard Medical
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“It is very important thar the new gene on
chromosome 1 has high homology o $182.7
he adds. The similariey beeween the two genes
may mean that the proteins they encede
have similar functons. According 1o Selkoe,
the resemblance “sugpests thar something
about this type of ... protein is very unpos-
tant for (hc P.nlug\ ol ‘\l.ho. mer's discase.

- " '
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the abnormil “sennle plagues” that stud Al
heimver's patients’ brains. But mutant APP
genes turned out o account for only 2% o
3% of tamiliad "\l.‘l’u-m:cx S Ciasts

Abour a vear later, several teams, mclud
ing Schellenbery’s, showed thar many more
cases of familial Alzbvevmer's are cased by a
unkmn defective gene on chromosome '4
T har gene was klencified earlier this yearby a
ream led by Peter St Geosge Hyskop of the
Universaty of Toron-

ed o direcs
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SERICTKC \!‘l. Tt
DN A sequences known 1o come from active
genes. Wasco found an EST with a sequence
SI82, Tanzi recalls, and sand,
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After the SI82 sSOguUCnCe Was ’.'f.l‘.-']l\lll‘\*\
Tans and Wasco 1old Schellenberg
Wasca's idea. “Having scen a zilhon candt
Jares lfor the Volga German genel come and
go, 1 wasn't excited,” Schellenberg recalls.
But Epheat Levy-Lahad, in his lab group,
went ahead and checked. She found that the
new acne was nos ondy on chromosome |, but
was in the very stretch of DNA dhat she had

tageed (EST) sequences,
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ro: the results were re-
ported in the 29 June
i=sise of Nature.
Intriguang as these
discoveries were, chey
left wntouched one
handful of Alzhe:
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identified by Thomas
Bird at the Vererans
Affairs Medical Cen-
ter i Seattle: the so-
called Volga Ger
mans, who were all de
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of ethnic Germans Liv-
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Family resemblance. Mulasions o the simitar protaing made by the
ganas S182 and STAMZ2 cluster arcund the membrane-spanning regions.



Changes in the number and order of genes (A-D) create genetic
diversity within and between populations.

Insertion (T W )

Deletion (T8
Copy Number Variant (l__®_®& ]

Inversion

Reference




Why do we need DATABASES ?

Post-Genomic Era: Lots of Data!

[ s INTERPRETATION | T E—

Analyze

Understand Organize

Large Macromolecules
Biological Databases
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DATABASES

A database is a

collection of data
In an organized
manner, which is
accessible in
various ways.

.,




What are BiologicalDatabase8?

. ¢ Bioloal
Biological Database EZ?;‘;;GSSGZ Biological

+ It is a collection of data that is : Heterogeneity
structured, searchable, updated High volume data
periodically and cross-referenced.

« Stores biological data in electronic ; Uncertaumt‘y
form. + Data curation

» Purpose- 5 Data integration
- Systemization of database 5 Data sharing

- Availability of biological data 7. Dynamics

- Analysis of computed biological data




Types oBiologicalDatabase8?

There are many different types of database but for routine sequence
analysis, the following are initially the most important.

»Primary databases
» Secondary databases
» Composite databases

S

Genbank

DDBJ




Interconnectionshbetween Databases

Y ENA/EBI'Y

E!\‘IBL Bank

Sequence Read Ardu
T ﬂ‘ Archiv
BioProje ct




PrimaryDatabases

Theses are the primary sources of data used to store nucleic acid, protein sequences and
structural information of biological macromolecules.

Same primary databases-
NCBI(The National Centre for Biotechnology Information)
GenBank
DDBJ (DNA data bank of Japan)
SWISS-PROT(Swiss-Prot )
PIR (Protein Information Resource)
PDB(Protein Data Bank)

This sequence collection of this database is due to the efforts of basic research from
academic industrial and sequencing lab)




Classification PrimaryDatabases

V Sequence Information
V DNA: EMBL  DDBJ
V Protein: SwissProt, TREMBL, RIRYL

V Genome Information
V GDB, MGDACeDB

V Structure Information
V PDB, NDB, CCDB/CSD



The National Center foBiotechnologylnformation

B Bethesda,
MD

Created in 1988 as a art of the
National Library of Medicine at NIH

— Establish public databases

— Research in computational biology

— Develop software tools for sequence analysis
— Disseminate biomedical information




PrimaryDatabases GenBank

V Databasdrom NCBIjncludessequencedrom publicly available
resources

GenBank [Nucleoide v | Search

GenBank ¥ Submit ¥ Genomes ¥ WGS ¥ Metagenomes ¥ TPA ¥ TSA ¥ INSDC v Other ¥

GenBank Overview GenBank Resources
GenBank Home

What is GenBank?

GenBank © is the NIH genetic sequence database, an annotated collection of all publicly available DNA sequences (Nucleic Acids

Research 2013 Jan:41(D1):D36-42). GenBank is part of the International Nucleotide Sequence Database Collaboration, which comprises
the DNA DataBank of Japan (DDBJ), the European Nucleotide Archive (ENA), and GenBank at NCBI. These three organizations exchange Search GenBank
data on a daily basis.

Submission Types

Submission Tools

Update GenBank Records

A GenBank release occurs every two months and is available from the fip site. The release notes for the current version of GenBank
provide detailed information about the release and notifications of upcoming changes to GenBank. Release notes for previous GenBank
releases are also available. GenBank growth siatistics for both the traditional GenBank divisions and the WGS division are available from
each release. GenBank growth statistics for both the traditional GenBank divisions and the WGS division are available from each release.

An annotated sample GenBank record for 2 Saccharomyces cerevisiae gene demonsirates many of the features of the GenBank fiat file
format.




V Open «Gene» andSearchrKRAS

= NCBI

Resources [¥/ How To (¥

Gene

Gene sources
Genomic
Mitochondria
Organelles

Categories
Alternatively spliced
Annotated genes

V| KRAS

G sezrch

Create RSS Create alert Advanced

Tabular + 20 per page~ Sort by Relevance «

See KRAS KRAS proto-oncogene, GTPase in the Gene database

kras in Homo sapiens Mus musculus Rattus norvegicus All 238 Gene records

Search results

Re
op Organisms [Tree

Filters: Manage Filters

ts by taxon

Homo sapiens (755)
Mus musculus (134)

Eg:ﬁi;ging ltems: 1 to 20 of 1257 Page of 63 Next> Last>> Rattus norvegicus (74)
. ) , Cricetulus griseus (8)
Pseudogene 0 See also 16 discontinued or replaced items. Xenopus laevis (7)
Sequence content All other taxa (339)
CCDS Name/Gene ID = Description Location Aliases More...
Ensembl ] KRAS KRAS proto-oncogene,  Chromosome 12, C-K-RAS, CFC2,
RefSeq ID: 3845 GTPase [Homo sapiens NC_000012.12 K-RAS2A, K-RAS2B, Fiud related data
RefSeqGene (human)] (25204789..25251003, K-RAS4A, K-RAS4B,
complement) K-Ras, KI-RAS1, Databasg: | Select
Status et KRAS2, NS, NS3, RALD,
v Current RASK2, c-Ki-ras2, KRAS
Clear all ] Kras Kirsten rat sarcoma viral Chromosome 6, Al929937, K-Ras, K-Ras
ID: 16653 oncogene homolog NC 000072.6 2, K-ras, Ki-ras-2, Kras2,
Show additional filters [Mus musculus (house  (145216699..145250291, c-K-ras, c-Ki-ras, p21B, Search details
mouse)] C’omplement) ras, Kras lvnacra11 r2a14-1 annm




~ Genomic context

Location: 12p12.1

Exon count: B

=T

See KRAS in Genome Data Viewsar

Annotation release Status Assembly Chr
109 current GRCh38.p12 (GCE_000001405.38) 12
105 previous assembly GRCh37.p13 (GCE_000001405.25) 12

Location

NC_000012.12 (25204789..25251003, complement)

NC_000012.11 (25358180..25403870, complement)

Chromosome 12 - NC_000012.12

Go to refere rlencl

Graphics FASTA GenBank

|25 288 K
Configure tracks

)
Hd
HH_

[ 25052101 [ 25357942 b
LRNF - ETFRF1 LOCI11601779  LOCLOBHGATIL
CENPURZ KRS if—
CASC
« @Genomic regions, transcripts, and products
Genomic Sequence: |NE_DUI}D12.‘12 Chromosome 12 Reference GRCh38.p12 Primary Assembly V|
Go to nucleotide:
. £ mc_000012.12 - | Find: v @& [ @, A == A Tools ~ || Tracks ~ | @& 7 ~
| 25,255 K 25258 K |25,245 K |25.248 K 2523 K 25238 K 25,225 K 25220 K | 25,215 & |25.218 K |25.285 K
Genesz, HCBI Homo 3apiens Anncotation Release 109, 2018-03-27 ||
KRAS
HH_BOASEE 4 =i - = 1 { - - — »> HP_BR49TE 2
HH_B33360.3 [ 1 > > 1 {— > - - » HP_283524.1
¥M_B11S286532.2 |- - > 1 { + g — > ¥P_B11518955 1
HM_BBETI98E9.4 |- i > + 1 {1—- - = —] XP_BBET19132 1

HA
HH

HA_
HH |



Format B> omo sapiens chromosome 12, GRCh38.p12 Primary Assembly

MCBI Reference Sequence: NC_000012.12
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Homo sapiens chromosome 12, GRCh38.p12 Primary Assembly

MCEBEI Reference Sequence: NC_000012.12
—— e ——
>NC_888812.12: c25251883-25284789 Homo sapiens chromosome 12, GRCh38.pl12 Primary Assembly | Header starsvith W ngg@ Q
GEAACGCATCGATAGCTCTGCCCTC TGLGGCCGCCCGECCCCEAACTCATCGGTGTGCTCGGAGCTCGAT
TTTCCTAGGCGGCGGECCGCGECG6CEEAGGCAGCAGCEECEGCGECAGTEGCGECGECGEAAGETGECGEC
GECTCGECCAGTACTCCCGGECCCCCGCCATTTCGGACTGEEAGCGAGCGCGECECAGGCACTEGALMGGCEE
COGCEGEECCAGAGECTCAGCGECTCCCAGETGCGEGAGAGAGGTACGEAGCGEACCACCCCTCCTGEEC
CCCTECCCGGEETCCCGACCCTCTTTECCEGCGCCGEGLGEEECCEECEECEAGTEAATGAAT TAGEGGETC
CCCGGAGGEGECGEGETGE6GGECGCGEGCECEEEETCGEEECEEECTEEETEAGAGEEETCTGLAGGGEEE
AGGCGCGCEGEACGEGECGECECGEGEGAGTGAGGAATGEECEETGCGEEECTGAGGAGGGTGAGGC TGEAG
GCGETCGCCGCTGETGCTGC TTCCTGGACGEGEAACCCCTTCCTTCCTCCTCCCCGAGAGCCGLGGECTGE
AGGCTTCTGEEEAGAAAC TCEGECCGGECCEECTGCCCCTCGEAGCGEETGEEEETGLGETGEAGGETTACTC
CCGCEGLGECCCCGECCTCCCCTCCCCCTCTOCCCGCTCCCGCACCTCTTGCCTCCCTTTCCAGCACTCGE -
CTGCCTCGETCCAGCCTTCCCTGCTGCATTTGGCATCTCTAGGACGAAGETATAAACTTCTCCC TCGAGC (Jhe FASTA format IS NOW
GCAGGCTGEACGGATAGTGGTCCTTTTCCGTGTGTAGGGGATGTGTGAGT AAGAGGGEEAGETCACGTTTT
GEAAGAGCATAGGAAAGTGC TTAGAGACCACTGTTTGAGGTTATTGTGT T TGGAAAAAAATGCATC TGCC :
TCCGAGTTCCTGAATGCTCCCCTCCCCCATGTATGGGC TGTGACAT TGCTGTGECCACAAAGGAGGAGET lJf]I\/EEfESEiI f()r Eill (jfitfit)51§563§5
GEAGGTAGAGATGETGEAAGAACAGETGECCAACACCCTACACGTAGAGCCTGTGACCTACAGTGAALAG
GAAAAAGT TAATCCCAGATGETCTGTTTTGCTTGGETCAAGT TAAACCCGAAGAAAACCCGCAGAGT AGAA
GCAAGGCTTTTTCCTTGCTAGT TGAGTGTAGACAGCAATAGCAAAAATAGTACTTGAAGTTTAATTTACC Eir](j SS()ft\A/EirEE tr]Eit r]Eir](jIEEE;
TGTTCTTGTCCTTTCCCCTATTTCTTATGTATTACCCTCATCCCCTCGTCTCTTTTATACTACCCTCATT .
TTGCAGATGTGTTCTACATCTCAAGAGT TATTACAGTACTCCAAAACAGCACTTACATGATTTTTTAAAC
TTACAGAGGAATTGTAGCAATCCACCAGC TAACCGCCTGAAATAGACT TAAACATGTGCATCTCCTTTTT D NA and prOteIn Sequences
TTTTTTTTTTTTGAGACACAGTCTCGCTCTGT TGCCCAGGC TEGAGTGCAATGECGLGGETATCGEC TCAC . ]
TEAAACCTCCGCCTCCTGEGTTCAAGCAATTCTCCTGCCTCAGCCTCCCGAGTAGC TGGGACTAGT AGET (AS pe C Ifl Ca‘tl ons:
GCACGCCACCATGCCCAGCTAATTTTTGTATTTTTAGTAGAGACAGAGTTTCATCATGTTGGTCAGGATG .
GTCTCCATCTGCTCTGTTGCCCAGGCTGGAGTGCAGTGGCGCCGTCTCGECTCACTGCAACCTCTGCCTC

CTOCAT TCAAGCAATTCTCCTGCCTCAGCCTCOCOGAATAAC TGOEATTACAGGTATCTGCTGCCATGCCC k)ne header |Ine
GoCTAATTTTTTGTATTT TTAGTAGAGACOGEEGTTTCACCATGTTGGTCAGGC TG TCTAGAACTCCTG ktarts WIth>W|th a ends Wlth [return]
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