
Assembly	Required	

From:	h3p://www2.fml.tuebingen.mpg.de/raetsch/members/research/transcriptomics.html	



Transcript	Reconstruc/on	from	RNA-Seq	Reads	

Nature	Biotech,	2010	



Transcript	Reconstruc/on	from	RNA-Seq	Reads	



Transcript	Reconstruc/on	from	RNA-Seq	Reads	



Transcript	Reconstruc/on	from	RNA-Seq	Reads	

Trinity	

GMAP	

Non-model	organisms:	
	“I	don’t	have	a	

reference	genome!”	



Transcript	Reconstruc/on	from	RNA-Seq	Reads	

Cufflinks	

TopHat	



Transcript	Reconstruc/on	from	RNA-Seq	Reads	

Cufflinks	

TopHat	



Transcript	Reconstruc/on	from	RNA-Seq	Reads	

Trinity	
Oases	
SoapDenovoTrans	
AbyssTrans	
IDBA-Tran	
Shannon	
BinPacker	
Bridger	
…	

GMAP	
BLAT	
AAT	
Spidey	
Sim4	
…	

Cufflinks	
String/e	
IsoLasso	
Bayesembler	
Trip	
Traph	
CEM	
TransComb	
…	

TopHat		
STAR	
HISAT	
GSNAP	
…	

Many	tools	to	choose	among:	



Graph	Data	Structures	Commonly	Used	For	Assembly	

Reads	to	Graph		

•  Sequence	
•  Order	
•  OrientaNon	(+,	-)	
•  Overlap	

GATC	

CGATCA	

GTC	

CG	

AGTCA	

AGC	

GATTACA	

Nodes	=	sequence	(+/-)	
Edges	=	order,	overlap	



Graph	Data	Structures	Commonly	Used	For	Assembly	

GATC	

CGATCA	

GTC	

CG	

AGTCA	

AGC	

GATTACA	

GATCGTCCGAGCGATTACA	

Reads	to	Graph		

•  Sequence	
•  Order	
•  OrientaNon	(+,	-)	
•  Overlap	

Nodes	=	sequence	(+/-)	
Edges	=	order,	overlap	



Read	Overlap	Graph:				Reads	as	nodes,	overlaps	as	edges	



Read	Overlap	Graph:				Reads	as	nodes,	overlaps	as	edges	

Node	=	read	
Edge	=	overlap	



Read	Overlap	Graph:				Reads	as	nodes,	overlaps	as	edges	

Transcript	A	

Transcript	B	

	Generate	consensus	sequence	where	reads	overlap	

Node	=	read	
Edge	=	overlap	



Finding	pairwise	overlaps	between	n	reads	involves	~	n2	comparisons.	

Imprac)cal	for	typical	RNA-Seq	data	(50M	reads)	



No	genome	to	align	to…			De	novo	assembly	required	

Want	to	avoid	n2	read	alignments	to	define	overlaps	

Use	a	de	Bruijn	graph	



Sequence	Assembly	via	de	Bruijn	Graphs	

From	MarNn	&	Wang,	Nat.	Rev.	Genet.	2011	

Generate	all	substrings	of	length	k	from	the	reads	

k-mers	(k=5)	

Reads	



Sequence	Assembly	via	De	Bruijn	Graphs	

From	MarNn	&	Wang,	Nat.	Rev.	Genet.	2011	

Generate	all	substrings	of	length	k	from	the	reads	

k-mers	(k=5)	

Reads	



Sequence	Assembly	via	De	Bruijn	Graphs	

From	MarNn	&	Wang,	Nat.	Rev.	Genet.	2011	

Generate	all	substrings	of	length	k	from	the	reads	

Construct	the	de	Bruijn	graph	

k-mers	(k=5)	

Reads	

Nodes	=	unique	k-mers	



Sequence	Assembly	via	De	Bruijn	Graphs	

From	MarNn	&	Wang,	Nat.	Rev.	Genet.	2011	

Generate	all	substrings	of	length	k	from	the	reads	

Construct	the	de	Bruijn	graph	

k-mers	(k=5)	

Reads	

Nodes	=	unique	k-mers	
Edges	=	overlap	by	(k-1)	



Sequence	Assembly	via	De	Bruijn	Graphs	

From	MarNn	&	Wang,	Nat.	Rev.	Genet.	2011	

Generate	all	substrings	of	length	k	from	the	reads	

Construct	the	de	Bruijn	graph	

k-mers	(k=5)	

Reads	

Nodes	=	unique	k-mers	
Edges	=	overlap	by	(k-1)	

(k-1)	overlap	



Sequence	Assembly	via	De	Bruijn	Graphs	

From	MarNn	&	Wang,	Nat.	Rev.	Genet.	2011	

Generate	all	substrings	of	length	k	from	the	reads	

Construct	the	de	Bruijn	graph	

k-mers	(k=5)	

Reads	

Nodes	=	unique	k-mers	
Edges	=	overlap	by	(k-1)	

(k-1)	overlap	



Sequence	Assembly	via	De	Bruijn	Graphs	

From	MarNn	&	Wang,	Nat.	Rev.	Genet.	2011	

Generate	all	substrings	of	length	k	from	the	reads	

Construct	the	de	Bruijn	graph	

k-mers	(k=5)	

Reads	

Nodes	=	unique	k-mers	
Edges	=	overlap	by	(k-1)	



From	MarNn	&	Wang,	Nat.	Rev.	Genet.	2011	

Construct	the	de	Bruijn	graph	

Collapse	the	de	Bruijn	graph	



From	MarNn	&	Wang,	Nat.	Rev.	Genet.	2011	

Collapse	the	de	Bruijn	graph	

Traverse	the	graph	

Assemble	Transcript	Isoforms	



Contras/ng	Genome	and	Transcriptome	De	novo	Assembly	

Genome	Assembly	 Transcriptome	Assembly	

•  Uniform	coverage	 •  ExponenNally	distributed	coverage	levels	

•  Single	conNg	per	locus	 •  MulNple	conNgs	per	locus	(alt	splicing)	

•  Assemble	small	numbers	of	
large	Mb-length	chromosomes	

•  Assemble	many	thousands	of	Kb-length	
transcripts	

•  Double-stranded	data	 •  Strand-specific	data	available	



Trinity	Aggregates	Isolated	Transcript	Graphs	

Genome	Assembly	
Single	Massive	Graph	

Trinity	Transcriptome	Assembly	
Many	Thousands	of	Small	Graphs	

Ideally,	one	graph	per	expressed	gene.	EnNre	chromosomes	represented.	



RNA-Seq	
reads	

Linear	
con/gs	

de-Bruijn	
graphs	

Transcripts	
+	

Isoforms	

Trinity	–	How	it	works:	

Thousands	of	disjoint	graphs	



Inchworm	Algorithm	
•  Decompose	all	reads	into	overlapping	Kmers	=>	hashtable(kmer,	count)	

AATGTGAAAACTGGATTACATGCTGGTATGTC… 
	AATGTGA	
ATGTGAA	
TGTGAAA	
…	

Read:		

Overlapping	kmers	of	length	(k)	

Kmer	 Count	among	
all	reads	

AATGTGA 4	

ATGTGAA 2	

TGTGAAA 1	

GATTACA 9	

Kmer	Catalog	(hashtable)	



Inchworm	Algorithm	
•  Decompose	all	reads	into	overlapping	Kmers	=>	hashtable(kmer,	count)	

•  IdenNfy	seed	kmer	as	most	abundant	Kmer,	ignoring	low-complexity	kmers.	

GATTACA	
9	

Kmer	 Count	among	
all	reads	

AATGTGA 4	

ATGTGAA 2	

TGTGAAA 1	

GATTACA 9	

Kmer	Catalog	(hashtable)	



Inchworm	Algorithm	
•  Decompose	all	reads	into	overlapping	Kmers	=>	hashtable(kmer,	count)	

•  Extend	kmer	at	3’	end,	guided	by	coverage.	
G	

A	

T	

C	

•  IdenNfy	seed	kmer	as	most	abundant	Kmer,	ignoring	low-complexity	kmers.	

GATTACA	
9	



Inchworm	Algorithm	

G	

A	

T	

C	

4	

GATTACA	
9	



Inchworm	Algorithm	

G	

A	

T	

C	

4	

1	
GATTACA	

9	



Inchworm	Algorithm	

G	

A	

T	

C	

4	

1	

0	

GATTACA	
9	



Inchworm	Algorithm	

G	

A	

T	

C	

4	

1	

0	

4	

GATTACA	
9	



GATTACA	

G	

A	

T	

C	

4	

1	

0	

4	

9	

Inchworm	Algorithm	



GATTACA	

G	

A	

T	

C	

G	 A	

T	

C	

G	

A	

T	C	

4	

1	

0	

4	

9	

1	

1	

1	
1	

5	

1	

0	

0	

Inchworm	Algorithm	



GATTACA	

G	

A	

4	

9	

5	

A	

T	

C	

G	

T	

C	

G	

A	

T	C	

1	

0	

4	 1	

1	

1	
1	

1	

0	

0	

Inchworm	Algorithm	



GATTACA	

G	

A	

4	

9	

5	

Inchworm	Algorithm	



GATTACA	

G	

A	

4	

9	

5	

G	

A	

T	

C	

6	

1	

0	

0	

Inchworm	Algorithm	



GATTACA	

G	

A	

4	

9	

5	

A	
6	

A	
7	

Inchworm	Algorithm	

Remove	assembled	kmers	from	catalog,	then	repeat	the	enNre	process.	

Report	conNg:						….AAGATTACAGA….		



Inchworm	ConNgs	from	Alt-Spliced	Transcripts	

Isoform	A	

Isoform	B	

Expressed	isoforms	



Inchworm	ConNgs	from	Alt-Spliced	Transcripts	

Isoform	A	

Isoform	B	

Graphical	
representaNon	

Expressed	isoforms	
(low)	
(high)	

Expression	



Inchworm	ConNgs	from	Alt-Spliced	Transcripts	



Inchworm	ConNgs	from	Alt-Spliced	Transcripts	

+	 No	k-mers	
in	common	



Inchworm	ConNgs	from	Alt-Spliced	Transcripts	

+	



Chrysalis	Re-groups	Related	Inchworm	ConNgs	

+	

Chrysalis	uses	(k-1)	overlaps	and	read	
support	to	link	related	Inchworm	conNgs	



Chrysalis	

Integrate	isoforms	
via	k-1	overlaps	 Build	de	Bruijn	Graphs	

(ideally,	one	per	gene)	



Thousands	of	Chrysalis	Clusters	



(isoforms	and	paralogs)	



Bu3erfly	Example	1:		
ReconstrucNon	of	AlternaNvely	Spliced	Transcripts	

Bu3erfly’s	Compacted	
Sequence	Graph	

Reconstructed	Transcripts	

Aligned	to	Mouse	Genome	



ReconstrucNon	of	AlternaNvely	Spliced	Transcripts	

Bu3erfly’s	Compacted	
Sequence	Graph	

Reconstructed	Transcripts	

Aligned	to	Mouse	Genome	



ReconstrucNon	of	AlternaNvely	Spliced	Transcripts	

Bu3erfly’s	Compacted	
Sequence	Graph	

Reconstructed	Transcripts	

Aligned	to	Mouse	Genome	



ReconstrucNon	of	AlternaNvely	Spliced	Transcripts	

Bu3erfly’s	Compacted	
Sequence	Graph	

Reconstructed	Transcripts	

Aligned	to	Mouse	Genome	

(Reference	structure)	



Teasing	Apart	Transcripts	of	Paralogous	Genes	
Ap2a1	 Ap2a2	

Bu3erfly	Example	2:	



Teasing	Apart	Transcripts	of	Paralogous	Genes	
Ap2a1	 Ap2a2	



Strand-specific	RNA-Seq	is	Preferred	
ComputaNonally:	fewer	confounding	graph	structures	in	de	novo	assembly:	
																ex.		Forward	!=	reverse	complement		

																					(GGAA	!=	TTCC)	
Biologically:	separate	sense	vs.	anNsense	transcripNon	
	



dUTP	2nd	Strand	Method:		Our	Favorite	

Modified	from	Parkhomchuk	et	al.	(2009)	Nucleic	Acids	Res.	37:e123	

RNA	

PCR	and	paired-end	sequencing	

Adaptor	liga/on	

U	 UU	U	 UU	U	

U	 UU	U	 UU	U	

USER™		
(Uracil-Specific	Excision	Reagent)	Remove	“U”s	

Second-strand	synthesis	with	dTTP	à	dUTP	

U	 UU	U	 UU	U	

First-strand	synthesis	with	normal	dNTPs	
cDNA	

Slide	courtesy	of	Joshua	Levin,	Broad	InsNtute.	



Overlapping	UTRs	from	Opposite	Strands	

Schizosacharomyces	pombe	
(fission	yeast)	



AnNsense-dominated	TranscripNon	



Trinity	output:	A	mulN-fasta	file	



•  Trinity	assembly	pracNcal	


