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Genomic coordinates

DNA	two	stranded	and	direc9onal		
But	there	is	only	one	coordinate	system	

	

200	 300	

upstream	for	the		
forward	strand	

Standard	formats	use	start	<	end	even	for	the	reverse	strand	
	

The	upstream	region	–	before	the	5’	end	rela9ve	to	the	direc9on	of	transcrip9on	

upstream	for	the		
reverse	strand	

5’	 3’	

5’	3’	
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Coordinate systems

• 0	
  based	
  à	
  0,	
  1,	
  2,	
  …	
  9	
  
• 1	
  based	
  à	
  1,	
  2,	
  3,	
  …	
  10	
  
	
  

Typically	
  
	
  

• 0	
  based	
  are	
  non-­‐inclusive	
  10:20	
  à	
  [	
  10,	
  20	
  )

• 1	
  based	
  include	
  both	
  ends	
  10:20	
  à	
  [	
  10,	
  20	
  ]
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What is a genomic feature?

	
  

• Feature:	
  a	
  genomic	
  region	
  (interval)	
  associated	
  with	
  a	
  
certain	
  annota9on	
  (descrip9on).	
  
	
  

Typical	
  aYributes	
  to	
  describe	
  a	
  feature	
  

1. chromosome	
  	
  
2. start	
  
3. end	
  
4. strand	
  
5. name	
  

Why	
  do	
  we	
  have	
  so	
  many	
  variants?	
  There	
  is	
  no	
  good	
  ra9onal	
  reason	
  …	
  history	
  I	
  guess	
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Data format fruit salat
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Most commonly used formats

	
  

• BED	
  –	
  UCSC	
  genome	
  browser	
  à	
  0	
  based	
  non	
  
inclusive	
  	
  à	
  also	
  used	
  to	
  display	
  tracks	
  in	
  the	
  
genome	
  browser	
  (US	
  “standard”)	
  	
  
(variants:	
  bigBed,	
  bedgraph)	
  

• GFF	
  –	
  Sanger	
  ins9tute	
  in	
  Great	
  Britain	
  à	
  1	
  
based	
  inclusive	
  indexing	
  system	
  (“European	
  
standard”),	
  	
  
(variants:	
  GTF,	
  GFF	
  2.0)	
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BED format

Search	
  for	
  BED	
  format	
  

Tab	
  separated	
  3	
  required	
  and	
  9	
  op9onal	
  columns.	
  Lower	
  numbered	
  filed	
  must	
  be	
  filled.	
  
	
  

1.  chrom 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (name	
  of	
  the	
  chromosome,	
  sequence	
  id)	
  
2.  chromStart	
  	
  	
  	
  	
  	
  (star9ng	
  posi9on	
  on	
  the	
  chromosome)	
  
3.  chromEnd	
  	
  	
  	
  	
  	
  	
  	
  (end	
  posi9on	
  of	
  the	
  chromosome,	
  note	
  this	
  base	
  is	
  not	
  included!)	
  
4.  name 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (feature	
  name)	
  
5.  score 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (between	
  0	
  and	
  1000)	
  
6.  strand 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (+	
  or	
  -­‐)	
  
7.  thickStart 	
  	
  (the	
  star9ng	
  posi9on	
  at	
  which	
  the	
  feature	
  is	
  drawn	
  thickly)	
  
8.  thickEnd	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (the	
  ending	
  posi9on	
  at	
  which	
  the	
  feature	
  is	
  drawn	
  thickly)	
  
9.  itemRGB 	
  	
  	
  (RGB	
  color	
  à	
  255,	
  0,	
  0	
  display	
  color	
  of	
  the	
  data	
  contained)	
  
10. blockCount	
  	
  	
  	
  	
  	
  (the	
  number	
  of	
  blocks	
  (exons)	
  in	
  the	
  BED	
  line.)	
  
11. blockSizes	
  	
  	
  	
  	
  	
  	
  	
  (a	
  comma-­‐separated	
  list	
  of	
  the	
  block	
  sizes)	
  
12. blockStarts	
  	
  	
  	
  	
  	
  (a	
  comma-­‐separated	
  list	
  of	
  the	
  block	
  starts)	
  

These	
  files	
  may	
  also	
  take	
  a	
  track	
  defini9on	
  line	
  that	
  is	
  visualiza9on	
  specific	
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BedGraph format

	
  

Tab	
  separated	
  4	
  required	
  columns.	
  
	
  

1.  chrom	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (name	
  of	
  the	
  chromosome,	
  sequence	
  id)	
  
2.  chromStart	
  	
  	
  	
  	
  	
  (star9ng	
  posi9on	
  on	
  the	
  chromosome)	
  
3.  chromEnd	
  	
  	
  	
  	
  	
  	
  	
  (end	
  posi9on	
  of	
  the	
  chromosome,	
  note	
  this	
  base	
  is	
  not	
  included!)	
  
4.  dataValue 	
  	
  	
  	
  	
  	
  	
  (value	
  of	
  the	
  data	
  for	
  that	
  region)	
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GFF format

	
  
Search	
  for	
  GFF3	
  à	
  hYp://www.sequenceontology.org/gff3.shtml	
  

Tab	
  separated	
  with	
  9	
  columns.	
  Missing	
  aYributes	
  may	
  be	
  replaced	
  with	
  a	
  	
  dot	
  à	
  .	
  

1.  Seqid 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (usually	
  chromosome)	
  
2.  Source	
  	
  	
  	
  	
  	
  	
  	
  	
  (where	
  is	
  the	
  data	
  coming	
  from)	
  
3.  Type	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (usually	
  a	
  term	
  from	
  the	
  sequence	
  ontology)	
  
4.  Start 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (interval	
  start	
  rela9ve	
  to	
  the	
  seqid)	
  
5.  End 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (interval	
  end	
  rela9ve	
  to	
  the	
  seqid)	
  
6.  Score 	
  	
  	
  	
  	
  	
  	
  	
  	
  (the	
  score	
  of	
  the	
  feature,	
  a	
  floa9ng	
  point	
  number)	
  
7.  Strand 	
  	
  	
  	
  	
  	
  	
  	
  (+	
  or	
  –)	
  
8.  Phase 	
  	
  	
  	
  (used	
  to	
  indicate	
  reading	
  frame	
  for	
  coding	
  sequences)	
  
9.  AZributes	
  	
  	
  	
  (semicolon	
  separated	
  aYributes	
  à	
  Name=ABC;ID=1)	
  

people	
  like	
  to	
  stuff	
  a	
  lot	
  of	
  informa9on	
  here	
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Wiggle format

	
  

• two	
  versions	
  à	
  fixed	
  step	
  and	
  variable	
  step	
  each	
  
trying	
  to	
  op9mize	
  the	
  amount	
  of	
  data	
  storage	
  

fixedStep chrom=chr1 start=100 step=1 
10 
15 
11 
22 
… … …  

variableStep chrom=chr1  
100 10 
101 15 
102 11 
103 22 
variableStep chrom=chr2 
2000 23 
2005 40  
… … …  

Wiggle	
  is	
  an	
  nasty	
  format	
  –	
  it	
  looks	
  simpler	
  than	
  it	
  is	
  –	
  please	
  avoid	
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Convert coordinates between formats 	
  	
  

Being	
  “one	
  off”	
  is	
  one	
  of	
  the	
  most	
  common	
  errors	
  in	
  bioinforma9cs.	
  
	
  
	
  
	
  

Conversion	
  from	
  GFF	
  to	
  BED	
  	
  
	
  

(start,	
  end)	
  à	
  (start	
  –	
  1,	
  end)	
  
	
  

Conversion	
  from	
  BED	
  to	
  GFF	
  
	
  

(start,	
  end)	
  à	
  (start	
  	
  +	
  1,	
  end)	
  
	
  

Not	
  that	
  there	
  will	
  be	
  differences	
  when	
  selecang	
  posiaons	
  that	
  
depend	
  on	
  the	
  END	
  coordinate!	
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Representing interval relationships

	
  

• We	
  have	
  a	
  gene	
  with	
  three	
  splicing	
  variants	
  

Start	
  at	
  1000	
  ends	
  at	
  8000,	
  each	
  exon	
  is	
  1kb	
  and	
  is	
  separated	
  by	
  1kb	
  
	
  
How	
  to	
  represent	
  this	
  in	
  a	
  data	
  format?	
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GFF

	
  

A	
  dis9nct	
  line	
  is	
  entered	
  for	
  each	
  exon,	
  repeated	
  for	
  each	
  transcript	
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Example BED

From	
  the	
  BED	
  format	
  specifica9on	
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Visualising in IGV
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BedTools

	
  

• High	
  performance	
  soYware	
  package	
  that	
  
operates	
  on	
  mul9ple	
  interval	
  oriented	
  data	
  
formats:	
  BED,	
  GFF,	
  SAM,	
  BAM	
  and	
  VCF	
  

	
  
• Download	
  and	
  install	
  bedtools	
  
	
  
hCp://bedtools.readthedocs.org/en/latest/	
  

	
  Quinlan	
  AR	
  and	
  Hall	
  IM,	
  
BEDTools:	
  a	
  flexible	
  suite	
  of	
  u3li3es	
  for	
  comparing	
  genomic	
  features.	
  	
  
Bioinforma:cs.	
  26,	
  6,	
  (2010)	
  

15



Excellent documentation
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A few BedTools operators

	
  

– slop	
  (extend)	
  
	
  

– flank	
  	
  

– merge	
  

– subtract	
  

– complement	
  	
  

Blue	
  à	
  before	
  
Red	
  à	
  aYer	
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Strand Awareness

	
  

• Some	
  tools	
  take	
  a	
  –l	
  (leM),	
  	
  -­‐r	
  (right)	
  
parameter	
  that	
  will	
  have	
  a	
  different	
  effect	
  if	
  
the	
  “stranded”	
  mode	
  is	
  turned	
  on	
  
	
  

1.  default	
  mode:	
  leY,	
  right	
  are	
  interpreted	
  on	
  
the	
  forward	
  strand’s	
  coordinate	
  system	
  	
  
	
  

2.  stranded	
  mode:	
  leY,	
  right	
  are	
  interpreted	
  in	
  
the	
  transcrip9onal	
  direc9on	
  5’	
  to	
  3’	
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How to learn Bedtoosl

	
  
Some	
  tools	
  may	
  require	
  a	
  genome	
  file,	
  a	
  tab	
  delimited	
  list	
  of	
  
chromosome	
  sizes	
  

Input	
  file	
  

genome	
  file	
  

results	
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Stranded mode

It	
  is	
  very	
  important	
  to	
  understand	
  what	
  happens	
  here.	
  	
  
It	
  can	
  be	
  occasionally	
  feel	
  counterintui9ve	
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BedTools is format aware for input

	
  

It	
  tries	
  to	
  keep	
  the	
  format	
  the	
  same	
  as	
  when	
  	
  it	
  is	
  possible.	
  
	
  
When	
  it	
  creates	
  a	
  new	
  dataset	
  with	
  less	
  informa9on	
  it	
  may	
  produce	
  a	
  
different	
  format.	
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Slop vs. Flank

The	
  best	
  is	
  to	
  draw	
  the	
  intervals	
  and	
  track	
  what	
  each	
  tool	
  does	
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Visualize you intervals

	
  

Prepare	
  simple	
  examples	
  and	
  explore	
  what	
  the	
  tool	
  does.	
  
	
  
Pay	
  close	
  amen9on	
  to	
  the	
  direc9onality	
  
	
  
Think	
  in	
  terms	
  of	
  “interval	
  opera9ons”	
  as	
  they	
  were	
  “mathema9cal	
  opera9ons”	
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Overlap/intersect two intervals

• Two	
  features	
  are	
  said	
  to	
  overlap	
  or	
  intersect	
  if	
  
they	
  share	
  at	
  least	
  one	
  base	
  in	
  common.	
  

Feature	
  A	
  

Feature	
  B	
  

Feature	
  C	
  

genome	
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Basic concepts

	
  

• For	
  any	
  opera9on	
  that	
  requires	
  two	
  files	
  the	
  
tools	
  will	
  require	
  a	
  file	
  A	
  and	
  file	
  B

• Each	
  element	
  in	
  file	
  A	
  is	
  matched	
  against	
  each
element	
  in	
  file	
  B

• File	
  B	
  is	
  loaded	
  into	
  memory	
  –	
  try	
  to	
  make	
  that	
  
the	
  smaller	
  file	
  
	
  

(for	
  example	
  the	
  A	
  file	
  contains	
  the	
  the	
  reads	
  	
  –B	
  file	
  contains	
  the	
  features)	
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Intersect: tutorial 	
  

Material	
  taught	
  at	
  Cold	
  Spring	
  Harbor	
  summer	
  workshops	
  
hep://quinlanlab.org/tutorials/cshl2014/bedtools.html	
   26



Regions not covered by intervals 	
  

27



Merging overlapping intervals 	
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Genome wide coverage

I Creates BedGraph file which is too large for bigger genomes to
load into memory

I Convert to BigWig using bedGraphToBigWig (UCSC toolkit). Only
parts of the file that are required are loaded 29



Example: ChIP-Seq

I Reference genome: mouse (mm9)
I Sequencing: input and H3K9Ac ChIP

30



ChIP-Seq: input data

I No enrichment in ChiP-Seq reads compared to input
31



ChIP-Seq: input data

I Clear enrichment. Is this significant, where does the enrichment
start and end 31



ChIP-Seq: calling peaks with MACS

I https://github.com/taoliu/MACS 32

https://github.com/taoliu/MACS


ChIP-Seq: visualising peaks in IGV

I MACs outputs peaks as BED file
33



Navigating intervals in IGV

I How to quickly navigate to next peak?
34



Navigating intervals in IGV

I Select BED track and pres Ctrl + F (forward)
34



Navigating intervals in IGV

I Select BED track and pres Ctrl + F (forward)
34



Navigating intervals in IGV

I Select BED track and pres Ctrl + B (backward) to go to back
34



Navigating intervals in IGV

I Select BED track and pres Ctrl + B (backward) to go to back
34



Navigating using feature/gene names

I Navigate to the gene ”UBC”
35



Navigating using feature/gene names

I Navigate to the gene ”UBC”
35



Navigating using feature/gene names

I Navigate to the gene ”UBC”
35



Navigating using feature/gene names

I Navigate to the gene ”UBC”
35



Navigating using feature/gene names

I Navigate to the gene ”UBC”
35



ChIP-Seq: bedtools use cases

I Find all genes/promoters that overlap with a peak
I bedtools intersect with -wa or -u option

I Merge peaks in close proximity
I bedtools merge with -d option

I For each peak, find genes that has the closest 5’ end
I bedtools closest
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From Sequence data to genotypes

l  A	
  common	
  sequencing	
  workflow	
  

	
  

Sequencing	
  reads	
  	
  à	
  	
  	
  Alignments	
  	
  à	
  	
  	
  Variant	
  calls	
  

	
  	
  	
  	
  	
  	
  	
  FASTQ	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  SAM/BAM	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  VCF	
  

a list of short 
sequences 

a list of short 
sequences 

and where they 
are in the genome 

a list of locations in 
the genome and 

what the base is at 
each 
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How to call variants?

	
  

l  Naive	
  variant	
  calling	
  

- Check	
  all	
  the	
  reads	
  that	
  cover	
  base	
  chr1:291	
  
- Add	
  up	
  the	
  bases	
  at	
  chr1:291	
  
- e.g.	
  10	
  A's,	
  2	
  G's	
  

· Is	
  this	
  an	
  A/G	
  heterozygous	
  site	
  or	
  two	
  sequencing	
  errors?	
  
	
  

l  Actual	
  variant	
  callers	
  
- Es9mate	
  likelihood	
  of	
  a	
  variant	
  site	
  vs	
  a	
  sequencing	
  error	
  

· Sequencing	
  error	
  rate	
  
· Quality	
  scores	
  

Note:	
  it	
  is	
  not	
  always	
  obvious	
  what	
  the	
  underlying	
  assump9ons	
  of	
  a	
  snp	
  caller	
  
are.	
  Especially	
  when	
  used	
  for	
  genomes	
  other	
  than	
  human/mouse.	
  These	
  are	
  
by	
  far	
  the	
  most	
  studied	
  and	
  customized	
  for.	
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Variant callers

I samtools/bcftools
I GATK: The Genome Analysis Toolkit
I VarScan

I samtools mpileup -f reference.fasta myData.bam | java -jar
VarScan.v2.2.jar pileup2snp –strand-filter 0 –output-vcf
–min-var-freq 0.8 –min-coverage 10 –variants 1

I Many more
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VCF: Variant Call Format

l  Represent	
  a	
  list	
  of	
  loca9ons	
  and	
  the	
  variant	
  call	
  at	
  each	
  

- Simple,	
  right?	
  
l  Yes	
  and	
  no.	
  

- Simple	
  founda9on	
  
· Loca9on	
  and	
  base	
  

- Complex	
  “bonus	
  features”	
  
· Indels,	
  structural	
  variants,	
  etc.	
  
· Mul9ple	
  samples	
  
· Haplotype	
  phasing	
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VCF: Variant Call Format
	
  

41



Variant Call Format

42



VCF and BCF

• The	
  same	
  rela9onship	
  as	
  SAM	
  and	
  BAM
formats

• BCF	
  –	
  binary,	
  compressed	
  VCF	
  –	
  much	
  smaller
but	
  need	
  to	
  be	
  operated	
  on	
  with	
  bc.ools
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How to characterize the effect of mutations?

What	
  effect	
  could	
  it	
  have?	
  

44



SnpEff

45



SnpEff report

46



RNA-Seq

47



RNA-Seq pipeline

	
  

There	
  are	
  three	
  major,	
  quite	
  independent	
  steps	
  

1.  Alignment	
  	
  à	
  produces	
  a	
  BAM	
  file	
  

2.  Quan6ta6on	
  (abundance	
  es6ma6on)	
  starts	
  with	
  a	
  BAM	
  
file	
  produces	
  tabular	
  files	
  
	
  

3.  Differen6al	
  Expression	
  Analysis	
  (sta6s6cal	
  inference)	
  à	
  
sta9s9cally	
  significant	
  changes	
  between	
  samples	
  

4.  Result	
  Annota6on	
  à	
  what	
  is	
  the	
  biological	
  significance	
  of	
  
results	
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RNA-Seq considerations

	
  

• Annota9on	
  informa9on	
  lacking:	
  

– Missing	
  altogether	
  à	
  transcriptome	
  assembly	
  
– Incomplete	
  à	
  new	
  transcripts	
  based	
  on	
  known	
  

exons	
  	
  
	
  

• Transcript	
  level	
  versus	
  exon	
  level	
  analysis	
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RNA-Seq alignment

	
  

1. Align	
  against	
  a	
  known	
  transcriptome:	
  	
  
	
  
– good:	
  efficient,	
  well	
  defined	
  answers	
  
– bad:	
  unable	
  to	
  discover	
  novel	
  transcripts,	
  may	
  align	
  reads	
  that	
  

would	
  map	
  beger	
  in	
  noncoding	
  regions	
  

2. Align	
  against	
  genome:	
  
	
  
– good:	
  discover	
  novel	
  transcripts	
  
– bad:	
  more	
  false	
  posi9ves,	
  more	
  uncertainty	
  

Some	
  (most)	
  methods	
  try	
  to	
  make	
  use	
  of	
  a	
  combina9on	
  of	
  both	
  

50



Align to transcripts

	
  

Simplest	
  approach:	
  
	
  
• Produce	
  	
  transcripts	
  sequences	
  and	
  treat	
  
them	
  as	
  the	
  “reference”	
  	
  

• Use	
  an	
  aligner	
  to	
  align	
  against	
  this	
  reference	
  

• Post-­‐process	
  the	
  results	
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Align to the genome

Typical	
  methodology	
  implemented	
  internally	
  by	
  tools	
  	
  
	
  
1. Separate	
  reads	
  (read-­‐pairs)	
  that	
  map	
  “correctly”	
  to	
  

exonic	
  loca9ons	
  
	
  
2. Re-­‐align	
  reads	
  that	
  did	
  not	
  map	
  in	
  step	
  1	
  to	
  

“poten9al”	
  junc9on	
  sites	
  
	
  
– create	
  a	
  puta9ve	
  transcriptome	
  by	
  fusing	
  sequences	
  at	
  the	
  
border	
  of	
  mapped	
  reads	
  

– iden9fy	
  intron	
  splicing	
  indictor	
  base	
  pairs:	
  GT	
  -­‐-­‐-­‐	
  AG,	
  etc.	
  
– train	
  machine	
  learning	
  algorithms	
  to	
  predict	
  junc9on	
  sites	
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Spliced alignments in IGV
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RNA-Seq analysis

Alignment	
  
– Tophat,	
  STAR,	
  SubRead,	
  RSEM

Feature	
  Coun<ng	
  
– Cuffdiff,	
  htseq,	
  featureCount,	
  eXpress,	
  corset,

NOTE:	
  most	
  read	
  counters	
  need	
  data	
  sorted	
  by	
  read	
  name	
  (!)	
  not	
  posi9on.	
  Most
aligners	
  produce	
  data	
  in	
  this	
  format	
  by	
  default.	
  But	
  remember	
  that	
  bam	
  files	
  sorted	
  by
read	
  name	
  cannot	
  be	
  visualized	
  in	
  IGV!	
  You	
  may	
  need	
  two	
  bam	
  files	
  for	
  each	
  dataset.

Differen<al	
  Expression	
  Analysis	
  (sta<s<cs)	
  
– Cuffdiff,	
  DESeq,	
  DESeq2,	
  edgeR,	
  EBSeq
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RNA-Seq analysis
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Thanks
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