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Genome	
  assembly	
  

•  Assembly	
  –	
  in	
  silico	
  merging	
  and	
  ordering	
  shorter	
  
sequence	
  fragments	
  (reads)	
  sampled	
  from	
  a	
  set	
  
of	
  larger	
  sequences	
  in	
  order	
  to	
  reconstruct	
  
con;guous	
  sequence	
  fragments	
  (con9gs)	
  

•  Scaffolds	
  –	
  ordered	
  and	
  oriented	
  con;gs	
  crea;ng	
  
larger	
  sequences	
  

•  Multi-stage pipelines of assemblers: 

  Correcting reads measurement errors 
  Constructing contigs 
  Resolving repeats 
  Scaffolding contigs 



Assembler	
  types	
  
•  First	
  assemblers	
  using	
  overlaps	
  or	
  string	
  graphs	
  and	
  small	
  
input	
  volumes:	
  Phrap,	
  GigAssembler,	
  Celera,	
  ARACHNE,	
  
and	
  Phusion	
  

•  Overlap	
  graph	
  approach:	
  Edena	
  and	
  Newbler,	
  SGA	
  

•  Word	
  look-­‐up	
  tables	
  to	
  greedily	
  extend	
  reads:	
  SSAKE,	
  
SHARCGS,	
  VCAKE,	
  OligoZip,	
  PRICE,	
  and	
  Monument	
  

•  Word	
  look-­‐up	
  and	
  de	
  Bruijn	
  graphs:	
  Euler,	
  AllPaths,	
  and	
  
Velvet	
  

•  Op;mal	
  memory	
  usage	
  (fiVng	
  whole	
  genomes):	
  ABySS,	
  
Meraculous,	
  SOAPdenovo,	
  and	
  Cortex	
  



Assembly	
  accuracy	
  assessment	
  
•  Calcula;on	
  of	
  con;g/scaffold	
  length	
  summary	
  
sta;s;cs:	
  
– N50	
  
–  Total	
  sequence	
  lengths	
  
–  Total	
  number	
  of	
  produced	
  sequences	
  
–  Read	
  coverage	
  
Addi;onal	
  methods:	
  

•  Reference	
  genome	
  
•  Independent	
  experimental	
  proof	
  
•  Transcriptome	
  informa;on	
  
•  Closely	
  related	
  and	
  well-­‐sequences	
  species	
  (pa[erns	
  
of	
  indels)	
  

•  Use	
  of	
  “core	
  genes”	
  



Why	
  genome	
  simula;on?	
  

•  Possibility	
  to	
  use	
  genome	
  with	
  no	
  reasonable	
  
homology	
  to	
  anything	
  other	
  than	
  own-­‐created	
  
out-­‐group	
  genomes	
  –	
  fair	
  blind	
  test	
  

•  Define	
  the	
  propor;ons	
  of	
  the	
  genome	
  (eg.	
  size)	
  -­‐>	
  
maximum	
  number	
  of	
  par;cipants	
  covered	
  

•  They	
  could	
  simulate	
  diploid	
  genome	
  with	
  
precisely	
  and	
  fully	
  known	
  haplotypes	
  



Tasks	
  
•  Simula;on	
  of	
  genome	
  using	
  Evolver	
  (Edgar	
  R,	
  	
  Asimenos	
  G,	
  
Batzoglou	
  S,	
  Sidow	
  A.	
  h[p://www.drive5.com/evolver/)	
  

•  Read	
  simula;on	
  using	
  their	
  own	
  tool	
  SimSeq	
  (
h[ps://github.com/jstjohn/SimSeq)	
  

•  17	
  different	
  groups	
  providing	
  de	
  novo	
  assemblies	
  

•  Mul;ple	
  sequence	
  alignment	
  with	
  Cactus	
  for	
  assessing	
  
assembly	
  rela;onships	
  with	
  simulated	
  sequences	
  

•  Addi;onal	
  BLAST	
  verifica;ons	
  



Genome	
  simula;on	
  
•  Evolver	
  input:	
  human	
  chr13	
  (95.6	
  

Mb),	
  non-­‐N,	
  divided	
  into	
  4	
  
chromosomes	
  

•  ~200	
  my	
  to	
  generate	
  most	
  recent	
  
common	
  ancestor	
  (MRCA),	
  ~50	
  my	
  
for	
  two	
  lineages	
  

The phylogeny of the simulated haploid genomes. The root 
genome derives from human chromosome 13. The α1 and α2 
haplotypes form the diploid genome from which we generated 
reads. The β and β2 haplotypes form a diploid out-group 
genome that was made available to the assemblers. 

Genome simulation statistics. (A) Event numbers are between the previous branch point and the named node. Mb: size of the genome in megabases; GC: 
percentage GC content; Reps: percent of the genome masked by the union of tandem repeats finder and RepeatMasker, *is the published value for 
chromosome 13 (Dunham et al. 2004); Reps 100mer: percent repetiteveness of the sequence and its reverse complement for 100-mers calculated with the 
tallymer tool (Kurtz et al. 2008); Chr: number of chromosomes; Subs: number of substitution events; Dels: number of deletion events; Inv: number of inversion 
events; Moves: number of translocations; Copy: number of DNA segmental duplications; Tandem: number of tandem repeat insertions; Chr Split: number of 
chromosome fission events; Chr Fuse: number of chromosome fusion events. (B) Differences between haplotypes α1 and α2 as determined by inspection of 
the Evolver pairwise alignment. SNPs: count of single nucleotide polymorphisms; Subs: count of substitutions, including SNPs; α Subs: sum of the lengths of all 
substitutions; Indels: count of insertion deletion events; α Indels: sum of the lengths of all insertion deletion events; Inv: the sum of number of inversions 
invoked in each of the α1 and α2 Evolver steps. 

A 

B 



Read	
  simula;on	
  (1)	
  
•  One	
  combined	
  short	
  read	
  dataset	
  with	
  mul;ple	
  read	
  
libraries	
  for	
  the	
  Illumina	
  Hi-­‐seq	
  2000	
  plamorm	
  

•  No	
  suitable	
  sonware	
  for	
  that	
  (Illumina	
  in-­‐house	
  tools,	
  
dwgsim,	
  metasim,	
  PEMer,	
  ReSeqSim,	
  SimNext,	
  Flux	
  
Simulator,	
  Mason)	
  

•  Wrote	
  their	
  own	
  simulator	
  SimSeq	
  that	
  combines	
  Illumina	
  
mate-­‐pair	
  and	
  paired-­‐end	
  read	
  modeling	
  with	
  their	
  own	
  
empirical	
  error	
  models	
  trained	
  on	
  Illumina	
  data	
  

•  Added	
  3	
  copies	
  of	
  E.	
  coli	
  sequence	
  to	
  the	
  two	
  haplotype	
  
sequences	
  (~5%	
  bacterial	
  contamina;on	
  rate)	
  	
  



Read	
  simula;on	
  (2)	
  

•  Paired-­‐end	
  sampling	
  (rand.	
  fragments	
  uniformly)	
  
– 200	
  &	
  300	
  bp	
  insert	
  +/-­‐	
  20	
  &	
  30	
  standard	
  devia;on	
  

•  2	
  x	
  100	
  bp	
  
•  22,499,731	
  read	
  pairs	
  (~40x	
  coverage)	
  
•  0.01	
  probability	
  of	
  being	
  a	
  duplicate	
  

•  Mate-­‐Pair	
  sampling	
  
– 3	
  &	
  10	
  kb	
  loop	
  length	
  +/-­‐	
  300	
  &	
  1000	
  standard	
  
devia;on	
  
•  2	
  x	
  100	
  bp	
  
•  500	
  bp	
  loop	
  fragmenta;on	
  size	
  +/-­‐	
  50	
  bp	
  
•  11,249,866	
  read	
  pairs	
  (~20x	
  coverage)	
  
•  0.05	
  &	
  0.08	
  probability	
  of	
  being	
  a	
  duplicate	
  



Read	
  simula;on	
  (3)	
  

•  Base-­‐level	
  error	
  model	
  –	
  dependent	
  on	
  the	
  
posi;on	
  within	
  the	
  read	
  and	
  the	
  underlying	
  
reference	
  base	
  
– Human	
  mitochondiral	
  genome	
  Illumina	
  reads	
  
assembled	
  with	
  MIA	
  

– Mapped	
  reads	
  to	
  assembly	
  with	
  BWA	
  (default	
  
seVngs)	
  

– Kept	
  all	
  alignments	
  with	
  mapq	
  score	
  >	
  10	
  
– Using	
  Phred	
  to	
  create	
  empirical	
  distribu;on	
  of	
  scores	
  

– Each	
  posi;on	
  in	
  read	
  got	
  quality	
  score	
  



Par;cipants	
  

Groups that submitted assemblies. The first 17 rows in the table correspond to entries submitted by participants in the 
competition. Assemblies with IDs beginning with “n,” (for naïve), were generated by organisers of the competition to 
demonstrate the performance of popular programs run with variations on their default parameters.  
*CSHL.1 used the β genome though that team’s top assembly, CSHL.2, which is referred to in the main paper as CSHL, did 
not. 



N50	
  and	
  NG50	
  
N50 – measure of the average 
length of a set of sequences, with 
greater weight given to longer 
scaffolds using total length of 
assembly 

NG50 – identical to N50 except 
using total length of genome 
(average of α1 & α2) 

Contig path – maximal 
subsequences of contigs that are 
entirely consistent with α1,2. 

Scaffold path – maximal 
concatenations of contig paths and 
scaffold breaks that maintain 
correct order and orientation. 

Block – maximal gapless 
alignment of a set of sequences 
(by MSA) 

N50 statistics. Assemblies are sorted left to right in descending 
order by scaffold path NG50. Data points for each assembly are 
slightly offset along the x-axis in order to show overlaps. 



Coverage	
  
Assembly coverage along 
haplotype α1 stratified by 
scaffold path length weighted 
overall coverage.  

The top 6 rows show density 
plots of annotations. CDS: 
coding sequence; UTR: 
untranslated region; NXE: non-
exonic conserved regions within 
genes; NGE: non-genic 
conserved regions; island: CpG 
islands; repeats: repetitive 
elements 

For example, the left most light-
orange block of the WTSI-S 
assembly row represents a 
region of haplotype α1 that is 
almost completely covered by a 
scaffold path from the WTSI-S 
assembly greater than one 
megabase in length. 



Coverage	
  sta;s;cs	
  

Coverage statistics for the top assembly from each team. Hap Total: overall 
coverage, Hap α1: percent coverage for Haplotype α1, Hap β2: percent 
coverage for Haplotype β2, Bac: percent coverage of the bacterial 
contamination, Genic: percent coverage of the coding sequences (176 genes 
in total, >=95% coverage), Unmapped: number of unmapped bases, many 
corresponding to short contigs. 



Coverage	
  sta;s;cs	
  

Coverage statistics for the top assembly from each team. Hap Total: overall 
coverage, Hap α1: percent coverage for Haplotype α1, Hap β2: percent 
coverage for Haplotype β2, Bac: percent coverage of the bacterial 
contamination, Genic: percent coverage of the coding sequences (176 genes 
in total, >=95% coverage), Unmapped: number of unmapped bases, many 
corresponding to short contigs. 



Summary	
  of	
  results	
  

Rankings of the top assembly from each team in eight categories. For each category all the received assemblies 
were ranked. The sum of the rankings from each category was then used to create an overall rank for the 
assemblies, the top (lowest number) ranked assembly from each group was then selected for inclusion in this 
manuscript. Numbers are ranks, with values shown in parentheses. Overall: sum of all rankings (possible range 
8-160), CPNG50: Contig path NG50, SPNG50: Scaffold path NG50, Struct.: Sum of structural errors, CC50: 
length for which half of any two valid columns in the assembly are correct in order and orientation, Subs.: Total 
substitution errors per correct bit, Copy Num.: Proportion of columns with  a copy number error, Cov. Tot.: Overall 
Coverage, Cov. Genic: Coverage within coding sequences. 



Discussion	
  
•  Basic	
  N50	
  sta;s;c	
  correlates	
  well	
  with	
  path	
  and	
  
con;guity	
  metrics	
  and	
  can	
  be	
  useful	
  comparing	
  
assemblies	
  created	
  even	
  different	
  programs	
  

•  Con;g	
  path	
  NG50	
  is	
  weakly	
  correlated	
  with	
  scaffold	
  
path	
  (R2	
  =	
  0.38)	
  and	
  con;guity	
  (R2	
  =	
  0.31)	
  

•  Some	
  methods	
  are	
  good	
  on	
  certain	
  categories	
  (BGI),	
  
but	
  others	
  in	
  various	
  categories	
  (Broad)	
  

•  Assemblathon	
  2:	
  	
  
– At	
  least	
  one	
  mammalian	
  genome	
  scale	
  data	
  set	
  
–  Should	
  feature	
  real	
  data	
  for	
  evalua;ng	
  metrics	
  
–  Expand	
  to	
  other	
  sequencing	
  technologies	
  





Long-­‐range	
  con;guity	
  

The proportion of correctly contiguous pairs as a function of their separation 
distance. Each line represents the top assembly from each team. Correctly 
contiguous 50 (CC50) values are the lowest point of each line. The legend is 
ordered top to bottom in descending order of CC50. Proportions were 
calculated by taking 100 million random samples and binning them into 2,000 
bins, equally spaced along a log10 scale, so that an approximately equal 
number of samples fell in each bin. 


