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Why	  transcriptome	  assembly?	  

•  Finding	  new	  transcripts	  
	  
•  Only	  exons:	  shorter	  than	  full	  genome	  
– coding	  regions:	  target	  of	  interest?	  
–  transcriptome	  assembly	  easier	  than	  full	  genome	  
assembly?	  



How:	  mapping	  vs	  de	  novo	  



Differences	  between	  genome	  and	  
transcriptome	  assembly	  

•  Genome	  assembly:	  	  
–  uniform	  coverage	  
–  linear	  sequence	  

•  Transcriptome	  assembly:	  	  
–  abundance	  differences	  
–  alterna)ve	  splicing	  
–  need	  for	  segmenta)on	  



Combinatorial	  complexity	  
•  Exon	  usage	  
•  Isomer	  usage	  

1.  0 0 0!
2.  0 0 1!
3.  0 1 0!
4.  0 1 1!
5.  1 0 0!
6.  1 0 1!
7.  1 1 0!
8.  1 1 1!

N	  exons:	  2N-‐1	  possible	  
isomers	  



Combinatorial	  complexity	  

N	  exons:	  2N-‐1	  possible	  isomers	  	  	  	  	  	  	  	  	  	  	  2	  	  	  	  	  	  	  	  -‐1	  	  	  possible	  isomer	  sets	  	  2N-‐1	  

…	  



Transcript	  reconstruc)on,	  approach	  1:	  
Mapping	  against	  exon	  graph	  



Read	  mapping	  decomposi)on	  

From	  Garber	  2011	  



Abundance	  es)ma)on:	  using	  EM	  
algorithm	  

From	  Pachter	  2011	  

Compa)bility	  matrix	  

Task:	  maximize	  likelihood	  func)on	  

abundance	  





From	  Pachter	  2011	  

E-‐step:	  assign	  reads	  propor)onally	  to	  
transcripts	  
	  
M-‐step:	  recalculate	  isoform	  
abundances	  based	  on	  propor)onally	  
assigned	  read	  counts	  

Note:	  
EMèregularized	  EM	  (Li	  et	  al.	  2005)	  
Or	  ML	  èBayes	  (e.g.	  Cufflinks)	  



Transcript	  reconstruc)on,	  approach	  2:	  
Mapping	  against	  reference	  genome	  

1.  Segmenta)on	  problem	  
2.  Isomer	  resolving	  problem	  



Split-‐read	  &	  paired-‐end	  read	  
informa)on	  

From	  Garber	  2011	  



Segmenta)on:	  moving	  window	  analysis	  
•  Oxford	  dic)onary	  of	  sta)s)cs:	  	  Scan	  sta(s(c	  

“A	  sta)s)c	  used	  to	  iden)fy	  clusters	  of	  events	  in	  space	  or	  )me.	  A	  
window	  of	  length	  or	  radius	  h	  traverses	  the	  )me	  series	  or	  spa)al	  
region.	  The	  value	  of	  the	  scan	  sta)s)c	  is	  the	  maximum	  number	  of	  
events	  that	  fall	  within	  this	  window.”	  

•  Joseph	  Naus	  1963	  PhD	  thesis	  



Scan	  distribu)on	  
•  Significance	  of	  event	  
•  Segment	  “signal”	  from	  background	  
•  Window	  size?	  
•  Background	  noise?	  

From	  Garber	  2011	  



Scan	  distribu)on	  

From	  Garber	  2011	  



Soeware:	  Scripture	  

From	  Gufman	  et	  al.	  2010	  



Segmenta)on	  done.	  Which	  isomer	  
candidates	  are	  real?	  

•  Report	  all	  possible	  isomers	  
•  Report	  minimum	  number	  of	  isomers	  to	  
explain	  the	  data	  

•  U)lize	  abundance	  informa)on	  to	  select	  
isomers	  
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Soeware	  

•  Scripture	  (2010)	  
–  Report	  all	  (significant)	  transcripts	  

•  Cufflinks	  (2010)	  
–  1)	  transcript	  reconstruc)on	  
–  2)	  abundance	  es)ma)on	  

•  IsoLasso	  (2011),	  iReckon	  (2013)	  
–  “Simultaneous”	  transcript	  
reconstruc)on	  &	  abundance	  es)ma)on	  

1.  Isoform	  iden)fica)on	  
2.  Re-‐mapping	  of	  reads	  
3.  Isomer	  selec)on	  &	  abundance	  es)ma)on	  

(regularized	  EM)	  



In	  prac)ce	  
> bowtie2-build chr18.fa chr18!
> tophat2 -r 50 -p 4 -o top2 chr18 chr18_1.fq chr18_2.fq!
!
> cufflinks –p 4 –o outdir top2/accepted_hits.bam!
  !
-rw------- 1 somervuo somervuo  50K Jul 15 10:43 genes.fpkm_tracking!
-rw------- 1 somervuo somervuo  67K Jul 15 10:43 isoforms.fpkm_tracking!
-rw------- 1 somervuo somervuo    0 Jul 15 10:42 skipped.gtf!
-rw------- 1 somervuo somervuo 898K Jul 15 10:43 transcripts.gtf!
!
> java –jar ScriptureVersion2.0.jar –task reconstruct -alignment top2/
accepted_hits.bam –genome chr18.fa –out out –strand unstranded –chr 18 !
!
-rw------- 1 somervuo somervuo  80K Jul  8 15:13 out.connected.bed!
-rw------- 1 somervuo somervuo 250K Jul  8 14:09 out.pairedCounts.txt!
-rw------- 1 somervuo somervuo 229K Jul  8 14:09 out.pairedGenes.bed!
-rw------- 1 somervuo somervuo 104K Jul  8 14:09 out.scripture.paths.bed!



De	  novo	  transcriptome	  assembly	  
•  ESTs	  

–  Clustering	  
–  Assembly	  

hfp://compbio.dfci.harvard.edu/tgi/defini)ons.html	  



De	  novo	  assembly	  

Sequencing	  errors	  
Repeats	  

Short	  reads	  



Shortest	  superstring	  problem	  
•  Given	  a	  set	  of	  strings,	  find	  a	  shortest	  string	  
that	  contains	  all	  of	  them	  

•  Similar	  to	  Traveling	  Salesman	  problem	  (NP)	  
à	  Have	  to	  use	  heuris)c	  approaches,	  e.g.:	  

•  Greedy	  algorithm	  (performance	  guarantee	  2)	  
– Merge	  a	  pair	  of	  strings	  with	  maximum	  overlap	  
un)l	  only	  one	  string	  remains	   Solu)on	  can	  be	  

twice	  as	  bad	  as	  
the	  op)mal	  
solu)on	  
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OLC	  

•  Overlap:	  iden)fy	  all	  poten)ally	  overlapping	  
pairs	  of	  reads	  (define	  minmatch	  &	  score)	  

•  Layout:	  
– compute	  score	  for	  each	  pairwise	  alignment	  
– merge	  reads	  into	  con)gs	  

•  Compute	  Consensus	  sequence	  for	  each	  con)g	  
from	  mul)ple	  alignment	  of	  reads	  (majority/
quality	  weighted	  vo)ng	  of	  each	  base)	  



•  3	  NP-‐complete	  subproblems	  
•  Exact	  algorithm	  
•  Approxima)on	  algorithm	  



Long	  vs	  short	  reads	  

read1	   read2	  



Graph	  problems	  
•  Eulerian	  cycle	  problem	  
–  find	  a	  cycle	  in	  a	  graph	  that	  visits	  every	  edge	  exactly	  
once	  

–  linear	  )me	  algorithm	  
•  Hamiltonian	  cycle	  problem	  
–  find	  a	  cycle	  in	  a	  graph	  that	  visits	  every	  node	  exactly	  
once	  

– NP-‐complete	  



Assembler	  based	  on	  deBruijn	  graph	  
•  Pevzner,	  Tang,	  Waterman:	  An	  Eulerian	  path	  approach	  to	  DNA	  

fragment	  assembly,	  PNAS	  2001	  
•  nodes	  are	  k-‐mers	  instead	  of	  full-‐length	  reads	  

–  small	  k	  
àdense	  graph	  

–  large	  k	  
àsparse	  graph	  

	  



deBruijn	  graph	  
Nicolaas	  de	  Bruijn	  1946	  “superstring	  problem”:	  find	  a	  shortest	  
circular	  ‘superstring’	  that	  contains	  all	  possible	  ‘substrings’	  of	  
length	  k	  (k-‐mers)	  over	  a	  given	  alphabet.	  

k=4	  



From	  Compeau	  et	  al.	  2011	  



Velvet:	  Zerbino	  &	  Birney	  2008	  

User	  must	  define	  
kmer	  length	  

Complexity	  ~	  N	  logN	  
N:	  number	  of	  nodes	  



•  U)lizes	  velvet	  deBruijn	  graph	  
•  Assembly	  with	  mul)ple	  k-‐mers,	  merging	  



Trinity	  
•  De	  novo	  assembly:	  

1.  Inchworm:	  ini)al	  assembly	  
2.  Chrysalis:	  clustering	  
3.  Buferfly:	  solving	  isomers	  

•  Ac)vely	  developed	  hfp://trinityrnaseq.sourceforge.net/	  
•  Guidelines	  

–  Abundances:	  RSEM	  
–  Genome-‐guided	  assembly	  



In	  prac)ce	  
> velveth vdir 25 –fastq –shortPaired chr18_12.fq!
> velvetg vdir –ins_length 200 –read_trkg yes!
> oases vdir –ins_length 200 –min_trans_lgth 200!
!
-rw------- 1 somervuo somervuo  25M Jul 16 11:56 Graph2!
-rw------- 1 somervuo somervuo  11M Jul 16 11:59 LastGraph!
-rw------- 1 somervuo somervuo 1.2K Jul 16 11:59 Log!
-rw------- 1 somervuo somervuo 5.5M Jul 16 11:56 PreGraph!
-rw------- 1 somervuo somervuo  34M Jul 16 11:55 Roadmaps!
-rw------- 1 somervuo somervuo  84M Jul 16 11:55 Sequences!
-rw------- 1 somervuo somervuo 1.3M Jul 16 11:59 contig-ordering.txt!
-rw------- 1 somervuo somervuo 2.6M Jul 16 11:56 contigs.fa!
-rw------- 1 somervuo somervuo 253K Jul 16 11:59 stats.txt!
-rw------- 1 somervuo somervuo 1.6M Jul 16 11:59 transcripts.fa!
!
!
> python oases_pipeline.py -m 19 -M 29 -o odir -d " -fastq -
shortPaired chr18_12.fq " -p " -ins_length 200 –min_trans_lgth 200"!
!
!



In	  prac)ce	  
> Trinity.pl --seqType fq --JM 10G --left chr18_1.fq --right chr18_2.fq --CPU 4 
--bfly_opts “-V 5” !

-rw------- 1 somervuo somervuo 2.2M Dec 18 15:13 Trinity.fasta!
-rw------- 1 somervuo somervuo  583 Dec 18 15:13 Trinity.timing!
-rw------- 1 somervuo somervuo  78M Dec 18 14:56 both.fa!
-rw------- 1 somervuo somervuo    7 Dec 18 14:56 both.fa.read_count!
-rw------- 1 somervuo somervuo 159M Dec 18 14:59 bowtie.nameSorted.sam!
-rw------- 1 somervuo somervuo    0 Dec 18 14:59 bowtie.nameSorted.sam.finished!
-rw------- 1 somervuo somervuo    0 Dec 18 14:59 bowtie.out.finished!
drwx------ 3 somervuo somervuo 4.0K Dec 18 15:04 chrysalis!
-rw------- 1 somervuo somervuo 3.6M Dec 18 14:58 inchworm.K25.L25.DS.fa!
-rw------- 1 somervuo somervuo    0 Dec 18 14:58 inchworm.K25.L25.DS.fa.finished!
-rw------- 1 somervuo somervuo    8 Dec 18 14:58 inchworm.kmer_count!
-rw------- 1 somervuo somervuo 148K Dec 18 14:59 iworm_scaffolds.txt!
-rw------- 1 somervuo somervuo    0 Dec 18 14:59 iworm_scaffolds.txt.finished!
-rw------- 1 somervuo somervuo    0 Dec 18 14:57 jellyfish.1.finished!
-rw------- 1 somervuo somervuo 125M Dec 18 14:57 jellyfish.kmers.fa!
-rw------- 1 somervuo somervuo  13M Dec 18 14:59 scaffolding_entries.sam!
-rw------- 1 somervuo somervuo 6.3M Dec 18 14:59 target.1.ebwt!
-rw------- 1 somervuo somervuo 279K Dec 18 14:59 target.2.ebwt!
-rw------- 1 somervuo somervuo 170K Dec 18 14:58 target.3.ebwt!
-rw------- 1 somervuo somervuo 557K Dec 18 14:58 target.4.ebwt!
lrwxrwxrwx 1 somervuo somervuo   73 Dec 18 14:58 target.fa -> /…/inchworm.K25.L25.DS.fa!
-rw------- 1 somervuo somervuo    0 Dec 18 14:59 target.fa.finished!
-rw------- 1 somervuo somervuo 6.3M Dec 18 14:59 target.rev.1.ebwt!
-rw------- 1 somervuo somervuo 279K Dec 18 14:59 target.rev.2.ebwt!
!



drwx------ 4 somervuo somervuo 4.0K Dec 18 15:02 Component_bins!
-rw------- 1 somervuo somervuo    0 Dec 18 15:00 GraphFromIwormFasta.finished!
-rw------- 1 somervuo somervuo 2.1M Dec 18 15:00 GraphFromIwormFasta.out!
-rw------- 1 somervuo somervuo 1.5M Dec 18 15:00 bundled_iworm_contigs.fasta!
-rw------- 1 somervuo somervuo  57M Dec 18 15:02 bundled_iworm_contigs.fasta.deBruijn!
-rw------- 1 somervuo somervuo    0 Dec 18 15:00 bundled_iworm_contigs.fasta.finished!
-rw------- 1 somervuo somervuo 507K Dec 18 15:03 butterfly_commands!
-rw------- 1 somervuo somervuo 507K Dec 18 15:13 butterfly_commands.completed!
-rw------- 1 somervuo somervuo    0 Dec 18 15:02 chrysalis.finished!
-rw------- 1 somervuo somervuo 138K Dec 18 15:03 component_base_listing.txt!
-rw------- 1 somervuo somervuo    0 Dec 18 15:03 file_partitioning.ok!
-rw------- 1 somervuo somervuo 643K Dec 18 15:03 quantifyGraph_commands!
-rw------- 1 somervuo somervuo 643K Dec 18 15:04 quantifyGraph_commands.completed!
-rw------- 1 somervuo somervuo    0 Dec 18 15:04 quantifyGraph_commands.run.finished!
-rw------- 1 somervuo somervuo    7 Dec 18 15:02 rcts.out!
-rw------- 1 somervuo somervuo    0 Dec 18 15:02 readsToComponents.finished!
-rw------- 1 somervuo somervuo  79M Dec 18 15:02 readsToComponents.out.sort!
-rw------- 1 somervuo somervuo    0 Dec 18 15:02 readsToComponents.out.sort.finished!
 !

-rw------- 1 s s 5.9K Dec 18 16:49 c420.graph.allProbPaths.fasta!
-rw------- 1 s s 134K Dec 18 16:23 c420.graph.out!
-rw------- 1 s s 1.8M Dec 18 16:23 c420.graph.reads!
-rw------- 1 s s  492 Dec 18 16:49 c420.graph_finalCompsWOloops.L.dot!
-rw------- 1 s s  492 Dec 18 16:49 c420.graph_withLoops.J.dot!
!

directory	  chrysalis:	  



Read	  error	  correc)on	  

CCCCTTTCTATACAGCCCTATCTCATATAGCTACTATTCCGACATATTCT 
CCCCTTTCTATACAGCCCTATCTCATATAGCTACTATTCCGACATATTCT 
CCCCTTTCTATACAGCCCTATCTCATATAGCTACTATTCCGACATATTCT 
CCCCTTTCTATACAGCCCTATCTCATATAGCTACTATTCCGACATATTCT 
CCCCTTTCTATACAGCCCTATCTCATATAGCTACTATTCCGACATATTCT 
CCCCTTTCTATACAGCCCTATCTTATATAGCTACTATTCCGACATATTCT 
CCCCTTTCTATACAGCCCTATCTCATATAGCTACTATTCCGACATATTCT 
 



SEquencing	  Error	  CorrEc)on	  in	  Rna-‐seq	  data	  (SEECER)	  



Which	  transcript	  reconstruc)on	  
method	  is	  the	  best?	  

•  Which	  implementa)on	  is	  best?	  
– Algorithm,	  parameters	  
– Thresholds,	  k-‐mer	  coverage,	  branching	  
– Length	  vs	  accuracy	  

•  Mapping	  
•  De	  novo	  



Comparing	  methods	  





Comparing	  methods…	  

From	  Garber	  2011	  

From	  Schultz	  et	  al.2012	  



Plarorms	  

•  454	  
•  Illumina	  
•  SOLiD	  
•  IonTorrent/Proton	  
•  PacBio	   RNA-‐Seq	  library	  prepara)on	  

•  Normaliza)on	  
•  Strand	  specificity	  



www.pnas.org/cgi/doi/10.1073/pnas.0910449107	  

Example	  

•  10	  mosquito	  species	  
•  Non-‐normalized	  RNA-‐Seq	  libraries	  
•  13M	  36bp	  Illumina	  reads	  per	  species	  
•  Denovo	  assembly	  

–  Velvet:	  kmers	  17,	  19,	  21,	  23,	  25,	  27,	  and	  
29	  

•  Phylogenic	  tree	  construc)on	  (RAXML,	  
MrBayes)	  
–  Orthologs:	  reciprocal	  best-‐	  BLAST-‐hit	  

matches	  between	  reference	  and	  single	  
con)gs	  of	  all	  nine	  Anopheles	  species	  



Goal	  to	  find	  orthologous	  sequences:	  
why	  RNA-‐Seq?	  

1.  only	  7%	  of	  the	  Anopheles	  gambiae	  genome	  codes	  for	  
proteins	  

2.  transcriptomes	  contain	  few	  simple-‐sequence	  regions	  and	  
repe))ve	  elements	  	  

3.  uneven	  abundance	  of	  transcripts	  [varying	  over	  five	  orders	  
of	  magnitude]	  means	  that	  even	  light	  sequence	  coverage	  
should	  provide	  in-‐depth	  sampling	  of	  a	  few	  hundred	  loci	  

4.  highly	  expressed	  genes	  are	  typically	  involved	  in	  
housekeeping	  and	  energy	  func)ons	  and	  therefore	  tend	  to	  
be	  well-‐conserved,	  leading	  to	  the	  expecta)on	  that	  
orthologous	  genes	  can	  be	  efficiently	  sampled	  across	  
species	  	  



Data	  matrix	  
reciprocal	  BLAST	  

A	  

B	  

ref	   1	   2	   9	  



Example:	  Dungbeetle,	  8	  species	  
Trinity assembly!
!
species  non-empty graphs contigs     length: sum min max   N50!
------------------------- -------     --------------------------!
bimaculatus :       44208   73357        54398613 201 13577 1308!
binotatus   :       34509   71843        47086800 201 14386 1020!
dubitatus   :       70153  148960        77120739 201 16022  657!
itens       :       35530   58027        44741528 201 18201 1440!
mamomboensis:       29301   41479        30622569 201 14393 1223!
vadoni      :       68092  150436        75159079 201 13967  613!
viettei     :       76352  131742        82123256 201 22170  996!
viettei46   :       48734   86633        58982768 201 15280 1182!
!
single sequence (seq1) per component!
!
species      contigs sumlength all%   min max   N50!
-----------  ----------------- -----  --------------!
bimaculatus  44678   33780803  62.1   201 13577 1358!
binotatus    34908   25815360  54.8   201 14386 1228!
dubitatus    71321   38930669  50.5   201 16022  736!
itens        35836   28915349  64.6   201 18201 1528!
mamomboensis 29501   22938250  74.9   201 14393 1298!
vadoni       69060   37687554  50.1   201 13967  728!
viettei      77469   48412226  59.0   201 22170 1013!
viettei46    49493   35185008  59.7   201 15280 1303!
!



Example:	  Dungbeetle,	  8	  species	  
1.  BLASTX	  (id	  >=30%)	  against	  16502	  uniprot	  Tribolium	  protein	  sequences	  
2.  select	  best	  con)gs	  covering	  uniprot	  sequences	  (dynamic	  programming)	  
3.  con)g	  alignment	  against	  uniprot	  sequences	  (exonerate	  -‐m	  proten2dna)	  
4.  realignment	  (compute	  consensus	  and	  con)g	  alignment	  against	  it)	  
5.  calculate	  differences	  in	  posi)ons	  where	  all	  8	  species	  cover	  reference	  



Example:	  Melitaea	  cinxia	  
RNA-‐Seq	  evidence	  for	  gene	  models	  

•  186M	  Illumina	  2*76nt	  
•  28Gbp	  àduplicate	  removal,	  quality	  filtering	  à15Gbp	  

Mapping	  (Bow)e	  +Tophat	  +	  Cufflinks)	  

Denovo	  transcriptome	  assembly	  (Trinity)	  



Summary:	  transcriptome	  assembly	  

•  Tasks	  
– Segmenta)on	  
–  Isomer	  finding	  
–  (abundance	  es)ma)on)	  

•  Approaches	  
– Mapping	  
– De	  novo	  (OLC,	  deBruijn	  graph)	  

•  Valida)on	  
– Known	  transcripts	  



To	  go	  further	  

•  Similari)es	  between	  metagenomics,	  
haplotype	  inference,	  and	  transcriptomics	  
(Trapnell)	  

•  J.	  Laserson,	  V.	  Jojic,	  and	  D.	  Koller	  (2011).	  
"Genovo:	  De	  Novo	  Assembly	  For	  
Metagenomes."	  Journal	  of	  Computa5onal	  
Biology,	  18(3),	  429-‐43.	  	  


