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Introduc@on	
  &	
  Logis@cs	
  

De-­‐Bruijn	
  Graph	
  Interac@ve	
  Problem	
  (45	
  minutes)	
  

Assembly	
  Theory	
  Lecture	
  (45	
  minutes)	
  

Break	
  (10-­‐15	
  minutes)	
  	
  

Assembly	
  in	
  Prac@ce	
  Lecture	
  (30	
  minutes)	
  

Assembly	
  Analysis	
  Lecture	
  (45	
  minutes)	
  	
  

Break	
  (10-­‐15	
  minutes)	
  

Assembly	
  Analysis	
  Interac@ve	
  Problem	
  (45	
  minutes)	
  	
  



Instructors	
  

Sante	
  Gnerre	
  
Sante	
  has	
  been	
  working	
  on	
  assemblers	
  for	
  more	
  than	
  XII	
  years,	
  first	
  as	
  part	
  of	
  David	
  

Jaffe’s	
  group	
  developing	
  ARACHNE	
  and	
  ALLPATHS-­‐LG,	
  then	
  as	
  part	
  of	
  the	
  
Genome	
  Assembly	
  &	
  Analysis	
  Group	
  	
  (GAAG)	
  working	
  on	
  reference-­‐assisted	
  
assembler	
  technology.	
  	
  	
  He	
  is	
  now	
  part	
  of	
  the	
  BTL	
  working	
  on	
  furthering	
  
assembly	
  and	
  novel	
  new	
  technologies.	
  

Aaron	
  Berlin	
  
Aaron	
  has	
  been	
  analyzing	
  assemblies	
  for	
  6	
  years.	
  	
  	
  As	
  part	
  of	
  GAAG,	
  he	
  specialized	
  

in	
  analysis	
  and	
  assembly	
  with	
  new	
  sequencing	
  technologies	
  and	
  assemblies	
  of	
  
large	
  vertebrate	
  genomes.	
  	
  	
  Aaron	
  is	
  now	
  part	
  of	
  the	
  BTL,	
  s@ll	
  keeping	
  up	
  on	
  the	
  
cu_ng	
  edge	
  sequencing	
  technologies	
  

Sean	
  Sykes	
  
Sean	
  has	
  been	
  analyzing	
  assemblies	
  for	
  7	
  years.	
  	
  As	
  part	
  of	
  GAAG,	
  Sean	
  was	
  lead	
  on	
  

assembling	
  an	
  amazing	
  amount	
  of	
  reference	
  bacteria	
  as	
  part	
  of	
  the	
  Human	
  
Microbiome	
  project.	
  	
  	
  Sean	
  now	
  leads	
  the	
  team	
  that	
  builds	
  our	
  GAEMR	
  assembly	
  
analysis	
  soaware	
  and	
  maintains	
  our	
  high-­‐throughput	
  assembly	
  analysis	
  
pipelines.	
  



De-­‐Bruijn	
  Graph	
  Assembly	
  Exercise	
  



1.  Assembly	
  Theory	
  
•  WGS	
  Assembly	
  Primer	
  

•  Sanger	
  Read	
  Assemblers	
  

•  New	
  Technologies	
  
•  Short	
  Read	
  Assemblers	
  

2.  Assembly	
  in	
  Prac@ce	
  
•  What	
  makes	
  a	
  good	
  

assembly?	
  

•  How	
  do	
  genome	
  and	
  
sequencing	
  issues	
  impact	
  
assembly?	
  

Workshop	
  Overview	
  

3.  Assembly	
  Analysis	
  
•  Con@guity	
  
•  Completeness	
  

•  Correctness	
  
•  Pu_ng	
  It	
  All	
  Together	
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What	
  is	
  WGS	
  Assembly?	
  

? 



What	
  is	
  WGS	
  Assembly?	
  

Estimated genome size 

4.9 Mb 

5.4 Mb 

350 Kb 

180 Mb 

11.2 Gb 



•  Read	
  sequences	
  of	
  C,	
  G,	
  T,	
  As	
  from	
  a	
  given	
  organism	
  
•  We	
  do	
  not	
  know	
  where	
  each	
  sequence	
  comes	
  from	
  
•  Length	
  varies	
  
•  Quality	
  varies	
  
•  Enough	
  sequences	
  to	
  cover	
  DNA	
  many	
  @mes	
  (coverage)	
  
•  Automa@c,	
  rela@vely	
  inexpensive	
  lab	
  process	
  
•  Very	
  hard	
  algorithmically	
  

Really,	
  What	
  is	
  WGS	
  Assembly?	
  



Why	
  is	
  it	
  a	
  Hard	
  Problem?	
  

	
  
Challenges	
  

	
  
	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Polymorphism	
  
Repeats	
  

Sequencing	
  Errors	
  
Bias	
  
Contamina@on	
  

Engineering	
  



•  Polymorphism	
  
–  Humans	
  are	
  diploid	
  (23	
  homologous	
  pairs)	
  
–  Reads	
  from	
  homologous	
  regions	
  may	
  differ	
  

•  Repe@@veness	
  
–  SINEs	
  =	
  Short	
  INterspersed	
  	
  Elements	
  

•  Usually	
  ~500	
  b	
  in	
  length	
  
•  About	
  1.5M	
  in	
  the	
  human	
  genome	
  

–  LINEs	
  =	
  Long	
  INterspersed	
  	
  Elements	
  
•  Usually	
  ~1	
  Kb	
  in	
  length	
  
•  About	
  0.5M	
  in	
  the	
  human	
  genome	
  

–  Large	
  repeats,	
  segmental	
  duplica@ons…	
  
•  40	
  Kb	
  and	
  more!	
  

Genomes	
  Are	
  Not	
  Really	
  Random	
  



•  Sequencing	
  Errors	
  
–  Base	
  accuracy	
  varies	
  -­‐	
  Phred	
  scores	
  
–  Logarithmically	
  linked	
  to	
  probability	
  of	
  error	
  

•  Q10: 	
  P[wrong	
  base	
  call]	
  =	
  1	
  in	
  10	
  
•  Q20: 	
  P[wrong	
  base	
  call]	
  =	
  1	
  in	
  100	
  
•  Q30: 	
  P[wrong	
  base	
  call]	
  =	
  1	
  in	
  1,000	
  
•  Q40: 	
  P[wrong	
  base	
  call]	
  =	
  1	
  in	
  10,000	
  
•  Q50: 	
  P[wrong	
  base	
  call]	
  =	
  1	
  in	
  100,000	
  

–  Q50	
  is	
  considered	
  very	
  good	
  
–  Thousands	
  of	
  errors	
  for	
  mammalian	
  genomes!	
  

•  Cloning	
  bias	
  
–  Some	
  regions	
  not	
  represented,	
  some	
  over-­‐represented	
  
–  Not	
  truly	
  random	
  

Sequencing	
  is	
  Not	
  Perfect	
  



Assembly	
  Theory	
  Overview	
  

• 	
  	
  WGS	
  Assembly	
  Primer	
  
• 	
  	
  Sanger	
  Read	
  Assemblers	
  
• 	
  	
  New	
  Technologies	
  
• 	
  	
  Short	
  Read	
  Assemblers	
  



Sanger	
  Sequencing	
  

Genomic	
  DNA	
  

Paired	
  end-­‐reads	
  
Insert	
  

Paired	
  end-­‐reads	
  

Sequenced	
  libraries	
  

Clones	
  

Shearing	
  

Sequencing 



•  Inserts	
  
–  Different	
  library	
  sizes	
  (4Kb,	
  10Kb,	
  40Kb)	
  
–  Some@mes,	
  BAC	
  ends	
  (200Kb)	
  
–  Length	
  of	
  inserts	
  is	
  known	
  probabilis)cally	
  
–  Some	
  chimerism	
  is	
  expected	
  

•  Reads	
  
–  Each	
  comes	
  with	
  its	
  own	
  Phred	
  scores	
  
–  Average	
  read	
  length:	
  750	
  b	
  
–  Average	
  total	
  coverage:	
  7X	
  (it	
  varies)	
  

Sanger	
  Data	
  



More	
  About	
  Coverage	
  

•  Depth	
  of	
  coverage:	
  how	
  many	
  reads	
  on	
  average	
  cover	
  any	
  
given	
  base	
  of	
  the	
  sequenced	
  genome	
  

•  It	
  depends	
  on	
  the	
  es@mated	
  genome	
  size	
  

3 2 4 



The	
  ARACHNE	
  Assembler	
  

1.	
  	
  	
  Find	
  all	
  read-­‐read	
  overlaps	
  

3.	
  	
  Consensus	
  

4.  Scaffolds	
  

2.	
  	
  Layout	
  



•  If	
  we	
  had	
  all	
  and	
  only	
  the	
  “true”	
  aligns	
  
–  The	
  problem	
  would	
  be	
  trivial	
  
–  We	
  could	
  get	
  a	
  perfect	
  answer	
  

•  Missing	
  aligns	
  
–  Sequencing	
  errors	
  
–  Short	
  aligns	
  are	
  not	
  detected	
  

•  Wrong	
  aligns	
  
–  Sequencing	
  errors	
  
–  Repeats	
  

Finding	
  Read-­‐Read	
  Alignments	
  is	
  the	
  
Key	
  



The	
  Horse	
  Genome	
  

Horse chromosomes colored by 
scaffolds 
N50 contig size: 116 Kb 
N50 scaffold size: 29 Mb 



Assembly	
  Theory	
  Overview	
  

• 	
  	
  WGS	
  Assembly	
  Primer	
  
• 	
  	
  Sanger	
  Read	
  Assemblers	
  
• 	
  	
  New	
  Technologies	
  
• 	
  	
  Short	
  Read	
  Assemblers	
  



Sequencing	
  Cost	
  is	
  Dropping	
  Fast…	
  

Capillary 
Automated capillary 

454 

Illumina GA 

Illumina HiSeq 

Illumina GAII 
Illumina GAIIx 
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…But	
  Reads	
  Are	
  Much	
  Shorter	
  

New	
  sequencing	
  technologies	
  reads	
  average	
  length:	
  ~100	
  b	
  (short	
  overlaps)	
  

Sanger	
  reads	
  average	
  length:	
  ~750	
  b	
  (long	
  overlaps)	
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•  Compensate	
  length	
  with	
  coverage	
  
–  It	
  is	
  s@ll	
  vastly	
  cheaper	
  
–  Billions	
  of	
  reads	
  in	
  input	
  

•  Need	
  to	
  find	
  a	
  way	
  to	
  compress	
  data	
  
•  De	
  Bruijn	
  graph	
  

Shorter	
  Reads,	
  So	
  What?	
  



De-­‐Bruijn	
  Graph	
  

•  A	
  Mathema@cal	
  way	
  to	
  compress	
  genomic	
  data	
  
•  It	
  depends	
  on	
  a	
  chosen	
  k-­‐mer	
  size	
  (k)	
  
•  In	
  brief:	
  

–  Squeeze	
  together	
  perfect	
  repeats	
  of	
  size	
  ≥	
  k	
  
–  Build	
  a	
  directed	
  graph	
  (edges	
  are	
  perfect	
  k-­‐1	
  overlaps)	
  

R A B 

R C D Genome 

R 
A B 

C D 
De-Bruijn graph 



De-­‐Bruijn	
  Graph	
  by	
  Example	
  

k-mer 0 à 
k-mer 1 à 
k-mer 2 à 
… 
 

[0-4] 

[5] 

[6] 

[7] [8-12] 

CGATGCCGGT 
CGAT 
 CATG 
  ATGC 
   … 

CGATGCCG 

CCGG 

ACCG CGGCATCG 

CGGT 

k-mer size = 4 

k-mer size = 8 
CGATGCCGGTACCGGCATCG 

[0-2]      [3-5] 



Larger	
  K	
  is	
  Beuer	
  

C. jejuni – 2 Mb  
K 100 1,000 2,000 10,000 
edges 236 44 14 2 

graph 



Building	
  De-­‐Bruijn	
  Graphs	
  with	
  Reads	
  	
  

•  If	
  
–  Reads	
  are	
  perfect	
  (no	
  errors)	
  
–  Coverage	
  is	
  perfect	
  (no	
  cloning	
  bias	
  “holes”)	
  
–  We	
  know	
  the	
  “true”	
  (haploid)	
  genome	
  

•  And	
  if	
  
–  B1	
  :=	
  de-­‐Bruijn	
  graph	
  built	
  from	
  the	
  genome	
  
–  B2	
  :=	
  de-­‐Bruijn	
  graph	
  built	
  from	
  the	
  reads	
  

•  Then	
  
–  B1	
  =	
  B2	
  



Using	
  Reads:	
  	
  In	
  the	
  Real	
  World	
  

•  Reads	
  have	
  errors	
  
–  Must	
  error	
  correct	
  reads	
  first	
  
–  The	
  graph	
  would	
  explode	
  otherwise	
  

•  Usually	
  deal	
  with	
  polyploid	
  genomes	
  
–  Diploid	
  differences	
  appears	
  as	
  “bubbles”	
  

•  Sequencing	
  bias	
  
–  It	
  causes	
  loss	
  of	
  connec@vity	
  in	
  the	
  graph	
  



Illumina	
  Data	
  

•  Inserts	
  
–  Different	
  library	
  sizes	
  (frags,	
  jumps,	
  …)	
  
–  Length	
  of	
  inserts	
  is	
  known	
  probabilis)cally	
  
–  Chimerism	
  expected	
  (jumps,	
  long-­‐jumps)	
  

•  Reads	
  
–  Each	
  comes	
  with	
  its	
  own	
  Phred	
  scores	
  
–  Read	
  length:	
  101	
  b	
  
–  Average	
  coverage:	
  about	
  100X	
  



ALLPATHS-­‐LG	
  

1. Error correct, and build unipath graph 

2. Localize using jump reads 

4. Join contigs in scaffolds 

3. Build contigs 



It	
  Works	
  on	
  Small	
  and	
  Large	
  Genomes	
  



Assembly:	
  S@ll	
  an	
  Open	
  Problem	
  

•  By	
  and	
  large,	
  it	
  works,	
  but	
  caveat	
  emptor!	
  
•  Some	
  genomes	
  are	
  hard,	
  or	
  impossible	
  

–  Large	
  nuclear	
  size	
  
–  Very	
  polymorphic	
  
–  Too	
  repe@@ve	
  

•  Assessing	
  assemblies	
  is	
  difficult	
  
–  What	
  to	
  expect	
  in	
  output?	
  
–  How	
  to	
  find	
  problems?	
  
–  How	
  to	
  compare	
  different	
  assemblies?	
  



Ques@ons?	
  



Break	
  Time!	
  

	
  
	
  
	
  
	
  

Please	
  Enjoy	
  a	
  Short	
  Break!	
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•  “Good”	
  Assemblies	
  

•  Limita@ons	
  of	
  Good	
  Assemblies	
  

• Where	
  is	
  my	
  Gene?	
  

Assembly	
  in	
  Prac@ce	
  Overview	
  



	
  

•  “Good”	
  Assemblies	
  

•  Limita@ons	
  of	
  Good	
  Assemblies	
  

• Where	
  is	
  my	
  Gene?	
  

Assembly	
  in	
  Prac@ce	
  Overview	
  

Everyone	
  wants	
  one	
  	
  
but	
  hard	
  to	
  define	
  	
  



User	
  Defines	
  a	
  “Good”	
  Assembly	
  

•  Depends	
  on	
  the	
  goals	
  and	
  purpose	
  
–  Con@gs	
  vs.	
  scaffolds	
  
–  Base	
  quality	
  	
  
–  Repeat	
  content	
  

•  Spectrum	
  of	
  assembly	
  products	
  

Dra7	
   Finished	
  

Noncon0guous	
  Finished	
  

Targeted	
  Improvement	
  

Automated	
  Improvement	
  



	
  

•  “Good”	
  Assemblies	
  

•  Limita@ons	
  of	
  Good	
  Assemblies	
  

• Where	
  is	
  my	
  Gene?	
  

Assembly	
  in	
  Prac@ce	
  Overview	
  



Limita@ons	
  to	
  a	
  “Good”	
  Assembly	
  

	
  
Challenges	
  

	
  
	
  Polymorphism	
  
	
  Repeats	
  
	
  Sequencing	
  Errors	
  
	
  Bias	
  
	
  Contamina@on	
  
	
  Engineering	
  	
  
	
  

	
  



Effect	
  of	
  Polymorphism	
  

•  Polymorphism	
  creates	
  local	
  complexity	
  in	
  the	
  
graph	
  

•  This	
  can	
  lead	
  to:	
  
–  Inability	
  to	
  simplify	
  the	
  graph	
  (con@g	
  breaks)	
  
–  Incorrectly	
  simplifying	
  the	
  graph	
  (misassemblies)	
  

•  Result:	
  Gaps,	
  Small	
  Con@gs,	
  Misassemblies	
  

	
  
k-­‐mer	
  0	
  à	
  
k-­‐mer	
  1	
  à	
  
k-­‐mer	
  2	
  à	
  
k-­‐mer	
  3	
  à	
  
	
  

CGAWGCCGGT 
CGAA 
 CAAG 
  ATGC 
   TGCC 
   

	
  
	
  
	
  
	
  

Challenges	
  
	
  

	
  Polymorphism	
  

	
  Repeats	
  

	
  Sequencing	
  Errors	
  

	
  Bias	
  

	
  Contamina@on	
  

	
  Engineering	
  	
  
	
  

	
  



Effect	
  of	
  Genomic	
  Repeats	
  

•  Create	
  a	
  tangled	
  graph	
  
•  Read	
  pairs	
  can	
  help	
  to	
  untangle	
  

–  Span	
  across	
  repeats	
  
–  Reach	
  in	
  from	
  unique	
  on	
  each	
  side	
  

•  Result:	
  	
  Collapsed	
  Repeats,	
  Misassemblies,	
  Gaps	
  

R 
A B 

C D 

A B 

C D 

R 

	
  
	
  
	
  
	
  

Challenges	
  
	
  

	
  Polymorphism	
  

	
  Repeats	
  

	
  Errors	
  

	
  Bias	
  

	
  Contamina@on	
  

	
  Engineering	
  
	
  

	
  
E F 

H 
G 

I 

K 

J 

L 



Effect	
  of	
  Sequencing	
  Errors	
  

•  Random	
  errors	
  can	
  be	
  corrected	
  
•  Systema@c	
  errors	
  can	
  accumulate	
  

–  Looks	
  like	
  polymorphism	
  in	
  the	
  assembly	
  

•  Result:	
  	
  Gaps,	
  Consensus	
  Errors	
  

	
  
	
  
	
  
	
  

Assembly	
  Challenges	
  
	
  

	
  Polymorphism	
  

	
  Repeats	
  

	
  Sequencing	
  Errors	
  

	
  Bias	
  

	
  Contamina@on	
  

	
  Engineering	
  	
  
	
  

	
  
Genome: 
k-mer 0 à 
k-mer 1 à 
k-mer 2 à 
k-mer 3 à 
Consensus: 

CGATGCCGGT 
CGAA 
 CAAG 
  ATGC 
   TGCC 
CGAAGCCGGT 



Effect	
  of	
  Sequencing	
  Bias	
  

•  Certain	
  pauerns	
  of	
  DNA	
  can	
  be	
  recalcitrant	
  to	
  
Illumina	
  sequencing	
  
–  coverage	
  will	
  drop	
  close	
  to	
  zero	
  

•  Some	
  library	
  prepara@on	
  techniques	
  unevenly	
  
amplify	
  DNA,	
  
–  Areas	
  of	
  very	
  low	
  and	
  very	
  high	
  coverage	
  

•  Result:	
  	
  Gaps	
  

	
  
	
  
	
  
	
  

Assembly	
  Challenges	
  
	
  

	
  Polymorphism	
  

	
  Repeats	
  

	
  Errors	
  

	
  Bias	
  

	
  Contamina@on	
  

	
  Engineering	
  	
  
	
  

	
  

GCGCGCGCGGCG	
  



Effect	
  of	
  Contamina@on	
  

•  Contamina@on	
  does	
  not	
  typically	
  affect	
  the	
  
building	
  of	
  your	
  assembly	
  
–  Reduces	
  true	
  input	
  coverage	
  
–  Causes	
  problems	
  when	
  using	
  the	
  assembly	
  

•  Can	
  enter	
  at	
  any	
  stage	
  of	
  the	
  process	
  
–  Commonly	
  due	
  to	
  inefficient	
  DNA	
  extrac@on	
  

•  Result:	
  	
  More	
  con@gs,	
  larger	
  assembly	
  size	
  

	
  
	
  
	
  
	
  

Assembly	
  Challenges	
  
	
  

	
  Polymorphism	
  

	
  Repeats	
  

	
  Errors	
  

	
  Bias	
  

	
  Contamina@on	
  

	
  Engineering	
  	
  
	
  

	
  



•  Problem	
  is	
  too	
  complex	
  
•  Common	
  reasons	
  for	
  assemblies	
  crashing:	
  

–  Reads	
  have	
  too	
  many	
  errors	
  
•  Error	
  correc@on	
  is	
  too	
  complex	
  

–  Genome	
  is	
  too	
  repe@@ve	
  
•  Assembler	
  will	
  stall	
  sor@ng	
  out	
  repeats	
  

–  Genome	
  is	
  too	
  large,	
  or	
  you	
  have	
  too	
  much	
  data	
  
•  Machine	
  to	
  runs	
  out	
  of	
  memory	
  	
  

•  Result:	
  	
  	
  No	
  Assembly	
  

Effect	
  of	
  Compute	
  Limita@ons	
  
	
  
	
  
	
  
	
  

Assembly	
  Challenges	
  
	
  

	
  Polymorphism	
  

	
  Repeats	
  

	
  Errors	
  

	
  Bias	
  

	
  Contamina@on	
  

	
  Engineering	
  	
  
	
  

	
  



	
  

•  “Good”	
  Assemblies	
  

•  Limita@ons	
  of	
  Good	
  Assemblies	
  

• Where	
  is	
  my	
  Gene?	
  

Assembly	
  in	
  Prac@ce	
  Overview	
  



Gene	
  Broken	
  

Gene	
  A	
  
Con@g	
  1	
   Con@g	
  2	
  

Why	
  Is	
  Gene	
  Broken?	
  
•  Repeats	
  
•  Contamina@on	
  
•  Bias	
  
•  Data	
  quality	
  

Con@guity	
  Problem	
  



Gene	
  Missing	
  

Con@g	
  1	
  

Why	
  Is	
  Gene	
  Missing?	
  
•  True	
  dele@on	
  
•  Misassembly	
  
	
  

Completeness	
  Problem	
  



Gene	
  Differs	
  

Gene	
  A	
  
Con@g	
  1	
  

Why	
  Does	
  Gene	
  Differ?	
  
•  True	
  varia@on	
  
•  Data	
  quality	
  
•  Misassembly	
  

	
  

Correctness	
  Problem	
  



Ques@ons?	
  



Break	
  Time!	
  

	
  
	
  
	
  
	
  

Please	
  Enjoy	
  a	
  Short	
  Break!	
  



1.  Assembly	
  Theory	
  
•  WGS	
  Assembly	
  Primer	
  

•  Sanger	
  Read	
  Assemblers	
  

•  New	
  Technologies	
  
•  Short	
  Read	
  Assemblers	
  

2.  Assembly	
  in	
  Prac@ce	
  
•  “Good”	
  Assemblies	
  

•  Limita@ons	
  of	
  a	
  good	
  
assembly	
  

Workshop	
  Overview	
  

3.  Assembly	
  Analysis	
  
•  Con@guity	
  
•  Completeness	
  

•  Correctness	
  
•  Pu_ng	
  It	
  All	
  Together	
  



Assembly	
  Analysis	
  Overview	
  

• 	
  	
  Source	
  of	
  Problems	
  

• 	
  	
  How	
  to	
  Iden@fy	
  Problems	
  

• 	
  	
  Pu_ng	
  the	
  Pieces	
  Together	
  



Source	
  of	
  Assembly	
  Issues	
  

	
  
Challenges	
  

	
  
	
  Polymorphism	
  
	
  Repeats	
  
	
  Sequencing	
  Errors	
  
	
  Bias	
  
	
  Contamina@on	
  
	
  Engineering	
  	
  
	
  

	
  



•  Con@guity	
  
	
  “Long	
  con)gs	
  and	
  scaffolds”	
  

•  Completeness	
  
	
  “Minimal	
  missing	
  sequence”	
  

•  Correctness	
  
	
  “Few	
  assembly	
  errors”	
  

How	
  To	
  Iden@fy	
  Problems	
  



•  Con@guity	
  
	
  “Long	
  con)gs	
  and	
  scaffolds”	
  

•  Completeness	
  
	
  “Minimal	
  missing	
  sequence”	
  

•  Correctness	
  
	
  “Few	
  assembly	
  errors”	
  

How	
  To	
  Iden@fy	
  Problems	
  



Con@guity	
  Ques@ons	
  

•  “Why	
  is	
  my	
  gene	
  broken”?	
  

•  How	
  many	
  pieces?	
  

•  How	
  large	
  are	
  the	
  pieces?	
  
•  In	
  line	
  with	
  expecta@ons?	
  
•  Phenotypes	
  indicate	
  poten@al	
  problems?	
  



Con@guity	
  Analysis	
  

•  Total	
  Number	
  

•  Total	
  Size	
  
•  N50	
  Size	
  
•  Ungapped	
  vs.	
  gapped	
  size	
  



N50	
  Size	
  Calcula@on	
  

•  Length-­‐weighted	
  median	
  
•  Sort	
  sizes	
  from	
  largest	
  to	
  smallest	
  
•  Sum	
  sizes	
  to	
  get	
  total	
  length	
  
•  Find	
  con@g	
  size	
  where	
  sum	
  >=	
  ½	
  assembly	
  size	
  
	
  

Sizes	
   Sorted	
  Sizes	
   Cumula0ve	
  Total	
  

1,000	
   4,000	
   4,000	
  

1,500	
   3,000	
   7,000	
  

3,000	
   1,500	
   8,500	
  

4,000	
   1,000	
   9,500	
  

1,000	
   1,000	
   10,500	
  

1,000	
   1,000	
   11,000	
  

500	
   500	
   12,000	
  

N50	
  Size	
  



Con@guity	
  Stats	
  Table	
  



Cumula@ve	
  Sizes	
  Plots	
  



How	
  To	
  Iden@fy	
  Problems	
  

•  Con@guity	
  
	
  “Long	
  con)gs	
  and	
  scaffolds”	
  

•  Completeness	
  
	
  “Minimal	
  missing	
  sequence”	
  

•  Correctness	
  
	
  “Few	
  assembly	
  errors”	
  



Completeness	
  Ques@ons	
  

•  “Why	
  is	
  my	
  gene	
  missing?”	
  

•  Any	
  missing	
  informa@on?	
  

•  Have	
  we	
  used	
  read	
  data	
  effec@vely?	
  



Completeness	
  Analysis	
  

• Gap	
  end	
  sequence	
  
• Read	
  pair	
  mapping	
  	
  

• Reference	
  covered	
  



Gap	
  End	
  Analysis	
  

Example Gap Flanked by Low Complexity 
CCGGGCCAGATAGTCCAGCCCTTCGCGGCTGAGGATGCGCACGGCGCATCCAACCGAGTAGCGGTGGTCCCGCAACGAGA 
AGGCACGGTACCGCACGCGCCCAGAGGCGGGCTTGCTGGCGCCGGTGCTGGTGGAAGCCGCCGCGGATTTTGCCTTGGCC 
GCGCGCTTGGTGGATGTCAATCCGCTCATTCTGTCAAGGAGTGGAGCGGAGAGATGGGGGACGGAGGGGGAGGTGGGGGC 
CGAGAGGGAGGGGGGCAGAGAGGCGGGACAGGAGAAAGAGGAGGATTAGGGGGGAGGATGTTAGGCGCCACCAGGNNNNN 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
NNNNNNNNNNNNNNNNNNNNNNNNNNNGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
NCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTGTCCCCCTCGGCGACATGCGCCCGGAGACGGGA 
GGACAAGAGCTCGCACCCGGTCCCGACCCCCCTCCGGCCCCGGGCGGTACGGGCGGCGTTTCAGAGCGCCAGTTGGAGAG 
TCCGGCTGCCAATGGACATCCCTCCTCGTCGGCCCGCAGGGGACGAAAGGGGGAAAAAAAAGGCAGAAAAACGAAAAGAG 
GCAAAGTCCTTGCCCGAGAGAGGGGGCGACCGGAGGGCAGGCGGGGCCGATCGTCCCCCCGGTGCAATATGTGCGCGGCC 

Lots	
  of	
  G’s,	
  but	
  no	
  repea@ng	
  
pauern:	
  	
  Low	
  Complexity.	
  

CT	
  dinucleo@de	
  run:	
  Simple	
  
Sequence	
  Repeat,	
  a	
  specific	
  form	
  

of	
  low	
  complexity	
  



Gap	
  End	
  Analysis	
  



Read	
  Mapping	
  Stats	
  

http://samtools.sourceforge.net/ 

•  Align	
  read	
  data	
  back	
  to	
  scaffolds	
  using	
  BWA	
  
•  Using	
  samtools,	
  report	
  alignment	
  stats	
  



Comparison	
  To	
  Reference	
  

•  Nucmer	
  for	
  global	
  alignment	
  
•  Parse	
  coords	
  output	
  for	
  coverage	
  informa@on	
  

mummer.sourceforge.net 



How	
  To	
  Iden@fy	
  Problems	
  

•  Con@guity	
  
	
  “Long	
  con)gs	
  and	
  scaffolds”	
  

•  Completeness	
  
	
  “Minimal	
  missing	
  sequence”	
  

•  Correctness	
  
	
  “Few	
  assembly	
  errors”	
  



Correctness	
  Ques@ons	
  

•  “Why	
  does	
  my	
  gene	
  look	
  different?”	
  

•  Do	
  the	
  read	
  data	
  look	
  consistent?	
  
•  Does	
  this	
  assembly	
  match	
  what	
  we	
  expect?	
  



Correctness	
  Analysis	
  

•  Read	
  coverage	
  along	
  assembly	
  

•  BLAST	
  taxonomic	
  classifica@on	
  

•  Alignment	
  to	
  reference	
  

•  External	
  genomic	
  informa@on	
  



Read	
  Coverage	
  Along	
  Assembly	
  

Scaffold00001 
                 1,000               2,000                 3,000                4,000              5,000             6,000            7,000              8,000 
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0 
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BLAST	
  Bubbles	
  

Aligned 
Coverage 

% G/C 
0            20            40             60           80            100 

200 
 
 
 

150 
 
 
 

100 
 
 
 

50 
 
 
 

0 



BLAST	
  Heatmap	
  



Alignment	
  To	
  Reference	
  

Scaffold	
  2	
  

Scaffold	
  1	
  
E.	
  coli	
  Reference	
  

mummer.sourceforge.net 



16s	
  Analysis	
  Stats	
  

http://www.cbs.dtu.dk/services/RNAmmer 
http://rdp.cme.msu.edu 



Pu_ng	
  The	
  Pieces	
  Together	
  

•  Key	
  concepts	
  do	
  not	
  exist	
  in	
  a	
  vacuum	
  

•  Analysis	
  blurs	
  these	
  main	
  concepts	
  

• Metrics	
  define	
  course	
  of	
  ac@on	
  

•  Not	
  a	
  standard	
  process	
  



Con@g	
  Details	
  



Con@guity	
  Poten@al	
  Problems	
  

	
  
Challenges	
  

	
  
	
  Polymorphism	
  
	
  Repeats	
  
	
  Sequencing	
  Errors	
  
	
  Bias	
  
	
  Contamina@on	
  
	
  Engineering	
  	
  
	
  

	
  



Read	
  Coverage	
  Problems	
  

1500 
 
 

1000 
 
 

500 
 
 

0 

	
  
Challenges	
  

	
  
	
  Polymorphism	
  
	
  Repeats	
  
	
  Sequencing	
  Errors	
  
	
  Bias	
  
	
  Contamina@on	
  
	
  Engineering	
  	
  
	
  

	
  



BLAST	
  Bubble	
  Problems	
  

	
  
Challenges	
  

	
  
	
  Polymorphism	
  
	
  Repeats	
  
	
  Sequencing	
  Errors	
  
	
  Bias	
  
	
  Contamina@on	
  
	
  Engineering	
  	
  
	
  

	
  



BLAST	
  Heatmap	
  Problems	
  

	
  
Challenges	
  

	
  
	
  Polymorphism	
  
	
  Repeats	
  
	
  Sequencing	
  Errors	
  
	
  Bias	
  
	
  Contamina@on	
  
	
  Engineering	
  	
  
	
  

	
  



16s	
  Analysis	
  Problems	
  

	
  
Challenges	
  

	
  
	
  Polymorphism	
  
	
  Repeats	
  
	
  Sequencing	
  Errors	
  
	
  Bias	
  
	
  Contamina@on	
  
	
  Engineering	
  	
  
	
  

	
  



Con@guity	
  Poten@al	
  Problems	
  

	
  
Challenges	
  

	
  
	
  Polymorphism	
  
	
  Repeats	
  
	
  Sequencing	
  Errors	
  
	
  Bias	
  
	
  Contamina@on	
  
	
  Engineering	
  	
  
	
  

	
  



Gap	
  End	
  Poten@al	
  Problems	
  

	
  
Challenges	
  

	
  
	
  Polymorphism	
  
	
  Repeats	
  
	
  Sequencing	
  Errors	
  
	
  Bias	
  
	
  Contamina@on	
  
	
  Engineering	
  	
  
	
  

	
  



Read	
  Mapping	
  Poten@al	
  Problems	
  

	
  
Challenges	
  

	
  
	
  Polymorphism	
  
	
  Repeats	
  
	
  Sequencing	
  Errors	
  
	
  Bias	
  
	
  Contamina@on	
  
	
  Engineering	
  	
  
	
  

	
  



Read	
  Coverage	
  Problems	
  

	
  
Challenges	
  

	
  
	
  Polymorphism	
  
	
  Repeats	
  
	
  Sequencing	
  Errors	
  
	
  Bias	
  
	
  Contamina@on	
  
	
  Engineering	
  	
  
	
  

	
  



Ques@ons?	
  



•  Con@guity	
  
	
  “Long	
  con)gs	
  and	
  scaffolds”	
  

•  Completeness	
  
	
  “Minimal	
  missing	
  sequence”	
  

•  Correctness	
  
	
  “Few	
  assembly	
  errors”	
  

The	
  Three	
  C’s	
  



Assembly	
  Analysis	
  Exercise	
  #1	
  

Background:	
  	
  You	
  have	
  created	
  an	
  assembly	
  for	
  a	
  bacterial	
  
organism,	
  Treponema,	
  that	
  has	
  a	
  genome	
  es@mated	
  to	
  be	
  2.5	
  Mb	
  
in	
  size,	
  with	
  no	
  known	
  reference.	
  	
  From	
  prior	
  experience,	
  you	
  use	
  
200x	
  fragment	
  read	
  coverage	
  and	
  100x	
  jump	
  read	
  coverage,	
  and	
  
you	
  an@cipate	
  that	
  assemblies	
  of	
  this	
  organism	
  will	
  be	
  in	
  the	
  10	
  
scaffold	
  with	
  100	
  con@gs	
  range	
  and	
  total	
  size	
  very	
  close	
  to	
  the	
  
es@mate.	
  



Assembly	
  Analysis	
  Exercise	
  #1	
  

A.)	
  	
  Con@guity	
  stats	
  can	
  quickly	
  highlight	
  issues	
  which	
  may	
  be	
  
present.	
  	
  What	
  stands	
  out	
  when	
  looking	
  at	
  the	
  table	
  and/or	
  chart	
  
below?	
  



Assembly	
  Analysis	
  Exercise	
  #1	
  

B.)	
  	
  Next,	
  we	
  want	
  to	
  look	
  at	
  how	
  well	
  our	
  read	
  data	
  maps	
  back	
  to	
  
the	
  assembly	
  to	
  look	
  for	
  any	
  problems.	
  	
  What	
  can	
  we	
  learn	
  from	
  
the	
  table	
  below?	
  	
  Have	
  we	
  used	
  our	
  read	
  data	
  effec@vely?	
  



Assembly	
  Analysis	
  Exercise	
  #1	
  

C.)	
  	
  Now	
  that	
  we’ve	
  seen	
  how	
  our	
  read	
  data	
  was	
  used	
  in	
  the	
  
assembly,	
  we	
  should	
  inves@gate	
  the	
  read	
  coverage	
  along	
  our	
  
assembly.	
  	
  What	
  informa@on	
  can	
  you	
  quickly	
  learn	
  from	
  the	
  chart	
  
below?	
  



Assembly	
  Analysis	
  Exercise	
  #1	
  

D.)	
  	
  Since	
  this	
  organism	
  is	
  bacterial,	
  we	
  can	
  look	
  to	
  our	
  16s	
  
analysis	
  to	
  see	
  if	
  there	
  any	
  inconsistencies	
  in	
  our	
  assembly.	
  	
  Are	
  
there	
  any	
  indica@ons	
  here	
  about	
  possible	
  assembly	
  problems?	
  



Assembly	
  Analysis	
  Exercise	
  #1	
  

E.)	
  	
  BLAST	
  taxonomy	
  informa@on	
  can	
  help	
  determine	
  
contamina@on.	
  	
  Does	
  the	
  plot	
  below	
  indicate	
  the	
  presence	
  or	
  
absence	
  of	
  contamina@on?	
  



Assembly	
  Analysis	
  Exercise	
  #1	
  

F.)	
  	
  Is	
  there	
  a	
  problem	
  with	
  this	
  assembly?	
  	
  If	
  so,	
  what	
  do	
  you	
  
think	
  is	
  the	
  issue?	
  	
  If	
  you	
  are	
  unsure,	
  what	
  other	
  ques@ons	
  could	
  
you	
  ask	
  about	
  the	
  data?	
  



Assembly	
  Analysis	
  Exercise	
  #2	
  

Background:	
  	
  You	
  have	
  created	
  an	
  assembly	
  for	
  a	
  bacterial	
  
organism,	
  Klebsiella,	
  that	
  has	
  a	
  genome	
  size	
  es@mated	
  to	
  be	
  in	
  
the	
  range	
  of	
  5.5	
  -­‐	
  6.5	
  Mb.	
  Previous	
  Klebsiella	
  assemblies	
  have	
  
assembled	
  together	
  in	
  the	
  range	
  3-­‐10	
  scaffolds	
  and	
  23-­‐71	
  con@gs.	
  	
  
The	
  researcher	
  states	
  that	
  some@mes	
  Klebsiella	
  strains	
  have	
  non-­‐
chromosomal	
  (plasmid)	
  sequences.	
  
	
  



Assembly	
  Analysis	
  Exercise	
  #2	
  

A.)	
  Con@guity	
  stats	
  can	
  quickly	
  highlight	
  issues	
  which	
  may	
  be	
  
present.	
  What	
  stands	
  out	
  when	
  looking	
  at	
  the	
  table	
  and/or	
  charts	
  
below?	
  
	
  



Assembly	
  Analysis	
  Exercise	
  #2	
  

B.)	
  Next,	
  we	
  want	
  to	
  look	
  at	
  how	
  well	
  our	
  read	
  data	
  maps	
  back	
  to	
  
the	
  assembly	
  to	
  look	
  for	
  any	
  problems.	
  What	
  can	
  we	
  learn	
  from	
  
the	
  table	
  below?	
  Have	
  we	
  used	
  our	
  read	
  data	
  effec@vely?	
  



Assembly	
  Analysis	
  Exercise	
  #2	
  

C.)	
  Now	
  that	
  we’ve	
  seen	
  how	
  our	
  read	
  data	
  was	
  used	
  in	
  the	
  
assembly,	
  we	
  should	
  inves@gate	
  the	
  GC	
  content	
  and	
  read	
  coverage	
  
along	
  our	
  assembly.	
  What	
  informa@on	
  can	
  you	
  quickly	
  learn	
  from	
  
the	
  chart	
  below?	
  



Assembly	
  Analysis	
  Exercise	
  #2	
  

D.)	
  A	
  look	
  at	
  the	
  con@g	
  sequence	
  leading	
  into	
  gaps	
  can	
  provide	
  
insight	
  into	
  dis-­‐con@guity.	
  Does	
  the	
  sequence	
  at	
  the	
  ends	
  of	
  con@gs	
  
help	
  explain	
  the	
  fragmenta@on	
  of	
  the	
  assembly?	
  



Assembly	
  Analysis	
  Exercise	
  #2	
  

E.)	
  Since	
  this	
  organism	
  is	
  bacterial,	
  we	
  can	
  look	
  to	
  our	
  16s	
  analysis	
  
to	
  see	
  if	
  there	
  any	
  inconsistencies	
  in	
  our	
  assembly.	
  Are	
  there	
  any	
  
indica@ons	
  here	
  about	
  possible	
  assembly	
  problems?	
  



Assembly	
  Analysis	
  Exercise	
  #2	
  

F.)	
  BLAST	
  taxonomy	
  informa@on	
  can	
  help	
  determine	
  
contamina@on.	
  Does	
  the	
  plot	
  below	
  indicate	
  the	
  presence	
  or	
  
absence	
  of	
  contamina@on?	
  



Assembly	
  Analysis	
  Exercise	
  #2	
  

G.)	
  Further	
  NCBI	
  blast	
  informa@on	
  is	
  available	
  in	
  supplemental	
  tables.	
  Hits	
  are	
  
characterized	
  in	
  the	
  “SequenceAnnota@ons”	
  column	
  (GE=genomic;	
  VE=vector;	
  
PL=plasmid).	
  	
  Is	
  there	
  addi@onal	
  blast	
  and	
  taxonomic	
  informa@on	
  to	
  provide	
  
insight	
  into	
  the	
  nature	
  of	
  the	
  assembly?	
  	
  



Assembly	
  Analysis	
  Exercise	
  #2	
  

H.)	
  Is	
  there	
  a	
  problem	
  with	
  this	
  assembly?	
  If	
  so,	
  what	
  do	
  you	
  think	
  
is	
  the	
  issue?	
  If	
  you	
  are	
  unsure,	
  what	
  other	
  ques@ons	
  could	
  you	
  ask	
  
about	
  the	
  data?	
  



Assembly	
  Analysis	
  Exercise	
  #3	
  

Background:	
  	
  Several	
  auempts	
  were	
  made	
  to	
  assemble	
  	
  the	
  
genome	
  of	
  a	
  sample	
  presumed	
  to	
  be	
  Brucella	
  ovis,	
  with	
  es@mated	
  
genome	
  size	
  of	
  3.2	
  Mb	
  and	
  expected	
  GC	
  of	
  56%.	
  Only	
  fragment	
  
read	
  library	
  was	
  available	
  and	
  based	
  on	
  previous	
  experience	
  100x	
  
coverage	
  with	
  similar	
  genomes	
  produced	
  good	
  assemblies	
  with	
  
20-­‐40	
  scaffolds	
  and	
  N50	
  sizes	
  of	
  ~250	
  kb.	
  



Assembly	
  Analysis	
  Exercise	
  #3	
  

A.)	
  Con@guity	
  stats	
  can	
  quickly	
  highlight	
  issues	
  which	
  may	
  be	
  
present.	
  What	
  stands	
  out	
  when	
  looking	
  at	
  the	
  table	
  and/or	
  charts	
  
below?	
  



Assembly	
  Analysis	
  Exercise	
  #3	
  

B.)	
  Next,	
  we	
  want	
  to	
  look	
  at	
  how	
  well	
  our	
  read	
  data	
  maps	
  back	
  to	
  
the	
  assembly	
  to	
  look	
  for	
  any	
  problems.	
  What	
  can	
  we	
  learn	
  from	
  the	
  
table	
  below?	
  Have	
  we	
  used	
  our	
  read	
  data	
  effec@vely?	
  



Assembly	
  Analysis	
  Exercise	
  #3	
  

C.)	
  	
  Now	
  that	
  we’ve	
  seen	
  how	
  our	
  read	
  data	
  was	
  used	
  in	
  the	
  assembly,	
  we	
  should	
  
inves@gate	
  the	
  read	
  coverage	
  in	
  our	
  assembly.	
  Since	
  there	
  are	
  so	
  many	
  scaffolds,	
  
looking	
  at	
  coverage	
  along	
  the	
  reference	
  becomes	
  difficult.	
  	
  In	
  this	
  histogram,	
  we	
  
count	
  up	
  the	
  coverage	
  at	
  each	
  base,	
  and	
  then	
  plot	
  the	
  totals	
  at	
  each	
  coverage.	
  	
  
We	
  expect	
  a	
  bell-­‐shaped	
  curve.	
  	
  What	
  informa@on	
  can	
  you	
  quickly	
  learn	
  from	
  the	
  
chart	
  below?	
  



Assembly	
  Analysis	
  Exercise	
  #3	
  

D.)	
  	
  Since	
  this	
  organism	
  is	
  bacterial,	
  we	
  can	
  look	
  to	
  our	
  16s	
  analysis	
  
to	
  see	
  if	
  there	
  any	
  inconsistencies	
  in	
  our	
  assembly.	
  	
  Are	
  there	
  any	
  
indica@ons	
  here	
  about	
  possible	
  assembly	
  problems?	
  



Assembly	
  Analysis	
  Exercise	
  #3	
  

E.)	
  BLAST	
  taxonomy	
  informa@on	
  can	
  help	
  determine	
  contamina@on.	
  Does	
  the	
  
plot	
  below	
  indicate	
  the	
  presence	
  or	
  absence	
  of	
  contamina@on?	
  



Assembly	
  Analysis	
  Exercise	
  #3	
  

F.)	
  	
  Is	
  there	
  a	
  problem	
  with	
  this	
  assembly?	
  	
  If	
  so,	
  what	
  do	
  you	
  think	
  
is	
  the	
  issue?	
  	
  If	
  you	
  are	
  unsure,	
  what	
  other	
  ques@ons	
  could	
  you	
  ask	
  
about	
  the	
  data?	
  



Assembly	
  Analysis	
  Summary	
  

•  There	
  are	
  many	
  reasons	
  for	
  a	
  bad	
  assembly	
  

•  Key	
  metrics	
  define	
  assembly	
  quality	
  	
  

• Metrics	
  aid	
  in	
  diagnosing	
  poten@al	
  issues	
  



Assembly	
  Analysis	
  At	
  The	
  Broad	
  

•  GAEMR	
  soaware	
  package	
  

•  hup://www.broadins@tute.org/soaware/gaemr/	
  
•  Python	
  
•  Comprehensive	
  
•  Modular	
  

	
  



Ques@ons?	
  



Power	
  of	
  Mul@ple	
  Assemblies	
  

•  Why	
  do	
  they	
  help?	
  
•  Same	
  project	
  

–  Op@ons	
  Tes@ng	
  
–  Contamina@on	
  
–  Misassembly	
  

•  Between	
  projects	
  
–  Sanity	
  check	
  metrics	
  



Why	
  do	
  mul@ple	
  assemblies	
  help?	
  

•  Stochas@c	
  process	
  
–  Small	
  changes	
  to	
  input	
  creates	
  different	
  results	
  

•  Many	
  varying	
  factors	
  
–  Input	
  coverage	
  
–  Input	
  libraries	
  
–  Assembler	
  Op@ons	
  
	
  



Mul@ple	
  assemblies	
  of	
  the	
  same	
  project	
  

•  Tes@ng	
  op@ons	
  
•  Impact	
  of	
  coverage	
  
•  Contamina@on	
  detec@on	
  

–  Coverage	
  levels	
  can	
  reduce	
  or	
  remove	
  contamina@on	
  
•  Misassembly	
  verses	
  Rearrangement	
  

–  Reproducibility	
  	
  
	
  

	
  



Mul@ple	
  assemblies	
  compared	
  between	
  projects	
  

•  Range	
  of	
  metrics	
  
–  Locate	
  outliers	
  
–  Contamina@on	
  
–  Sequencing	
  Bias	
  
–  Poor	
  library	
  construc@on	
  


