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Transcript Reconstruction from RNA-Seq Reads
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Advancing RNA-Seq analysis

Brian J Haas & Michael C Zody Nature Biotech, 2010

New methods for analyzing RNA-Seq data enable de novo reconstruction of the transcriptome.
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Overview of the Tuxedo Software Suite

Bowtie (fast short-read alignment)

TopHat (spliced short-read alignment)

l

Cufflinks (transcript reconstruction from alignments)

!

Cuffdiff (differential expression analysis)

!

CummeRbund (visualization & analysis)
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The TopHat Pipeline
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Map reads to whole
genome with Bowtie
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Collect initially
unmappable reads
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Assemble
consensus of
covered regions
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Generate possible
splices between

ag ag neighboring
exons
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Build seed table
index from
unmappable reads

Map reads to possible
gt ag ag splices via seed-and-

extend
From Trapnell, Pachter, & Salzberg. Bioinformatics. 2009



Alignments are reported in a compact representation: SAM format
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61GO9EAAXX100520:5:100:10095:16477
83

chril

51986

38

4 6M

51789

-264
CCCAAACAAGCCGAACTAGCTGATTTGGCTCGTAAAGACCCGGAAA
###CB?=ADDBCBCDEEFFDEFFFDEFFGDBEFGEDGCFGFGGGGG
MD:Z:677

NH:1:1
HI:i:1
NM:1:0
SM:1:38
XQ:1:40
X2:1:0

SAM format specification: http://samtools.sourceforge.net/SAM1.pdf



Alignments are reported in a compact representation: SAM format
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61GO9EAAXX100520:5:100:10095:16477 (read name)
83 (FLAGS stored as bit fields; 83 = 00001010011 )

chrl (alignment target)

51986 (position alignment starts)

38
46M (Compact description of the alignment in CIGAR format)

51789

—-264 (read sequence, oriented according to the forward alignment)
CCCAAACAAGCCGAACTAGCTGATTTGGCTCGTAAAGACCCGGAAA

###CBR?=ADDBRCBCDEEFFDEFFFDEFFGDBEFGEDGCFGFGGGGG

MD:Z:67 (base quality values)
NH:1:1

HI:i:1

NM:1:0

SM: 438 (Metadata)

XQ:1:40

X2:1:0

SAM format specification: http://samtools.sourceforge.net/SAM1.pdf



Alignments are reported in a compact representation: SAM format

0 61GO9EAAXX100520:5:100:10095:16477 (read name)
1 83 (FLAGS stored as bit fields; 83 = 00001010011 )

15 SM:1:38
16 XQ:1:40
17 X2:1:0

SAM format specification: http://samtools.sourceforge.net/SAM1.pdf



e Tools for

— converting SAM <->BAM

Samtools

— Viewing BAM files (eg. samtools view file.bam | less)

— Sorting BAM files, and lots more:

Program: samtools (Tools for alignments in the SAM format)
Version: 0.1.18 (r982:295)

Usage:

Command:

samtools <command> [options]

view
sort
mpileup
depth
faidx
tview
index
idxstats
fixmate
flagstat
calmd
merge
rmdup
reheader
cat
targetcut
phase

SAM<->BAM conversion

sort alignment file

multi-way pileup

compute the depth

index/extract FASTA

text alignment viewer

index alignment

BAM index stats (r595 or later)

fix mate information

simple stats

recalculate MD/NM tags and '=' bases
merge sorted alignments

remove PCR duplicates

replace BAM header

concatenate BAMs

cut fosmid regions (for fosmid pool only)
phase heterozygotes



Visualizing Alignments
of RNA-Seq reads



Text-based Alignment Viewer

% samtools tview alignments.bam target.fasta

911 921 931 941 951 961 971 981 991 1001 1011 1021 1031 1041 1051 1061 1071
TAGGTTTAATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAATTGACTCTG

T GTTTAATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAAC ctgcttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttcc ctcctccattcaagacttaattgactctgt
T ATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAAC tgcttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttcca cctccattcaagacttaattgactctgt
T atttcatcttctaatttagaatcttgccaatcaagccctctcgaagttggecaatatctataactcaac GCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAA  cctccattcaagacttaattgactctgt
T atttcatcttctaatttagaatcttgccaatcaagccctctcgaagttggcaatatctataactcaac GCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAA  cctccattcaagacttaattgactctgt
aatcttgccaatcaagccctctcgaagttggcaatatctataactcaacctctgettctgagattcta CTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAA ctgt]
tcttgccaatcaageccctctcgaagttggcaatatctataactcaacctectgettctgagattctaag  CTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAA
cttgccaatcaagccctctcgaagttggcaatatctataactcaacctctgettctgagattctaagt  TTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAAT
TGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTAC ATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAATTGAC
TGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTAC GCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAATTGACTC
TGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTAC CATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAATTGACTCTG
TAGGTTTAATTTCATCTTCTAATTTAG GCCAATCAAGCCTTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACC cattactataattggtgttatcgggtcttccaactcctccattcaagacttaattgactctgt,
TAGGTTTAATTTCATCTTCTAATTTAG CAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACC tgttatcgggtcttccaactcctccattcaagacttaattgactctgt
TAGGTTTAATTTCATCTTCTAATTTAG CAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTT gggtcttccaactcctccattcaagacttaattgactctgt
gccctctcgaagttggcaatatctataactcaacctctgcttctgagattctaagtaccttagatgece GGTCTTCCAACTCCTCCATTCAAGACTTAATTGACTCTG
CCCTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTTAGATGCCA ggtcttccaactcctccattcaagacttaattgactctgt]
TAGGTTTAATTTCATCTTCTAATTTAGAATCT ctctcgaagttggcaatatctataactcaacctctgcttctgagattctaagtaccttagatgccaag ggtcttccaactcctccattcaagacttaattgactctgt
TAGGTTTAATTTCATCTTCTAATTTAGAATCT CTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTA GTCTTCCAACTCCTCCATTCAAGACTTAATTGACTCTG
TAGGTTTAATTTCATCTTCTAATTTAGAATCT CGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACA gtcttccaactcctccattcaagacttaattgactctgt
TAGGTTTAATTTCATCTTCTAATTTAGAATCT AAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATT cttccaactcctccattcaagacttaattgactctgt
CAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAA cttccaactcctccattcaagacttaattgactctgt
CTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAATTGGTG
cttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaac
cttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaac tccattcaagacttaattgactctgt
cttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaac  tccattcaagacttaattgactctgt|
ttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaact tccattcaagacttaattgactctgt
tgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactce ccattcaagacttaattgactctgt
tgagattctaagtcccttagatgccaagtacattactataattggtgttatcgggtcttccaactcct cattcaagacttaattgactctgt
tgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactect tcaagacttaattgactctgt
gagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactectce AAGACTTAATTGACTCTG
ATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAAC agattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactectece cttaattgactctgt]
TTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCT AGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCC attgactctgt
gattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactcctcca
gattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactcctcca
gattctaattaccttagatgccaagtacattactataattggtgttatcgggtcttccaactccccca
aagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactcctccattcaag
cttccaactcctccattcaagacttaattgactctgt
TTCCAACTCCTCCATTCAAGACTTAATTGACTCTG
TCCAACTCCTCCATTCAAGACTTAATTGACTCTG
caactcctccattcaagacttaattgactctgt
caactcctccattcaagacttaattgactctgt
aactcctccattcaagacttaattgactctgt
aactcctccattcaagacttaattgactctgt
tccattcaagacttaattgactctgt]
ccattcaagacttaattgactctgt
ccattcaagacttaattgactctgt
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What's New Citing IGV

NEWS July 3, 2012. Soybean (Glycine max) and Rat To cite your use of IGV in your publication:
»twmmoa  (rn5) genomes have been updated.

e

James T. Robinson, Helga Thorvaldsdéttir, Wendy

= .
= April 20,2012. IGV 2.1 has been released. Winckler, Mitchell Guttman, Eric S. Lander, Gad Getz, Jill P.
See the release notes for more details. Mesirov. Integrative Genomics Viewer. Nature

Biotechnology 29, 24-26 (2011), or

April 19, 2012. See our new |GV paper in Briefings in
Bioinformatics. Helga Thorvaldsdottir, James T. Robinson, Jill P. Mesirov.

Integrative Genomics Viewer (IGV): high-performance
Overview genomics data visualization and exploration.




IGV: Viewing Tophat AI|gnments
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GenomeView

€ > C (O genomeview.org 7 a X

JAnnot API

Demos Plug-ins

Join mailing list Support - Frequently asked questions Cite us

Start Now!

GenomeView is a next-generation stand-alone genome browser and editor initiated

Webstart:

High-mem webstart

Applet:

Documentation
Quick start guide
Manual
Advanced manual

Tutorials

Navigation

Download
Demos
Plug-ins

in the BSB group at VIB and currently developed at Broad Institute. It provides
interactive visualization of sequences, annotation, multiple alignments, syntenic
mappings, short read alignments and more. Many standard file formats are
supported and new functionality can be added using a plugin system.

Getting started

Get started with a five
minute quick-start
guide that will get up
and running in no
time

Web start
Click the launch button

to start GenomeView

Download

Download the current
release. You can also
start GenomeView

Support

If you experience any issues, head over
to the support section, we like to help
you.

Recent questions

How do I show annotation on a multiple
alignment?

Why does my multiple alignment load
as reference sequences?

Where do I find documentation?

Why doesn't GenomeView correctly
detect my BED file?

How do I fix the order of the tracks in
an integrated GenomeView instance?
How do I integrate GenomeView in my

Challenge
2011

Most creative visualization
award @ Illumina iDEA
challenge 2011




GenomeView: viewing TopHat alignments

e O 0 GenomeView :: 1951
File Edit Navigation Selection Plugins Help
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@ Features | CDS s
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@ Details on selected items:
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Transcript Reconstruction Using Cufflinks

a Splice-align reads to the genome
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176,804 kb
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From Martin & Wang. Nature Reviews in Genetics. 2011



Transcript Reconstruction Using Cufflinks

a Splice-align reads to the genome

176,800 kb 176,802 kb 176,804 kb 176,806 kb 176,808 kb
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b Build a graph representing alternative splicing events
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From Martin & Wang. Nature Reviews in Genetics. 2011



Transcript Reconstruction Using Cufflinks

C Traverse the graph to assemble variants

(0
= |
( O D)
d Assembled isoforms
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From Martin & Wang. Nature Reviews in Genetics. 2011
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Transcript Structures in GTF Format

(tab-delimited fields per line shown transposed to a column format here)

7000000090838467
Cufflinks

transcript

101

5716

1000

+

gene_id "CUFF.1"; transcript_id "CUFF.1.1"; FPKM "378.0239937260“

7000000090838467
Cufflinks

exon

101

5716

1000

+

gene_id "CUFF.1"; transcript_id "CUFF.1.1"; exon_number "1"; FPKM "378.0239937260“



De novo transcriptome assembly

No genome required

Empower studies of non-model organisms
expressed gene content
transcript abundance
differential expression



Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
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Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads

Assemble transcripts
de novo

nature = - - / < \
bl:)luhno]o“\ j) J—I_r’ J 1 _J ‘L" y Es[IN:?R-T(I)Té!:E) —

Grabherr, Haas, & I I I l I I t 9

Yassour et al., Nature
Biotechnology, 2011 \_ -/

Align transcripts
to genome

* How it works. v
* Applications of interest. I —




The General Approach to
De novo RNA-Seq Assembly
Using De Bruijn Graphs



Sequence Assembly via De Bruijn Graphs

a Generate all substrings of length k from the reads

ACAGC TCCTG GTCTC AGCGC ETETT GGTCG
CACAG TTCCT GGTCT CAGCG CCTCT TGGTC
CCACA CTTCC TGGTC TGTTG TCAGC TCCTC TTGGT
CCCAC GCTTC CTGGT TTGTT CTCAG TTEET GTTGG
GCCCA CGCTT GCTGG CTTGT CCTCA CTTCC TGTTG [ emers(k=s)
cGccc GCGCT TGCTG TCTTG CCCTC GCTTC TTGTT CGTAG
[elelciele) AGCGC CTGCT CTCTT GCCCT CGCTT CTTGT TCGTA
ACCGC CAGCG ccTGC TCTCT cGeee GCGCT TCTTG GTCGT
ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :|— Reads

b Generate the De Bruijn graph

Sequencing error or SNP

Deletion or intron
TCCTG CCTGC »{ CTGCT >(TGCTG GCTGG CTGGT TGGTC GGTCT GTCTC »(TCTCT
ETTEE TTEET

TCCTC CCTCT

(€ner~GersS -~ G~ Erom)~ Gomsd)~(GFo3)~(E1008 )~ GaomE)~ Gomes)~(GReoa~(EEom~Eomad)

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



b Generate the De Bruijn graph

Sequencing error or SNP

-O‘:H:B-

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



CAGCGCTTCCTS?,

e Assembled isoforms

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



Contrasting Genome and Transcriptome Assembly

Genome Assembly Transcriptome Assembly

Y [rinity




Trinity Aggregates Isolated Transcript Graphs

Genome Assembly Trinity Transcriptome Assembly
Single Massive Graph Many Thousands of Small Graphs

O
& 3*oN o0 4:",;*%
w8 ‘@CQ‘Q&@&@
5@73
‘@’. fte .Q‘rﬂ
' N

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



Trinity — How it works:

Li de-Bruiin Transcripts
|ne.ar i j .
contigs graphs
- Isoforms

>a1271:len=5845
—_— T — >a122:len=2560

—_—— T = el ..CTTCGCAA.. TGATCGGAT...
— — — >a124:len=48

_ >81254en=8876 ..ATTCGCAA..TCATCGGAT...
>a126:len=66

Thousands of disjoint graphs



%~ Inchworm Algorithm

Decompose all reads into overlapping Kmers (25-mers)

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

Extend kmer at 3’ end, guided by coverage.

GATTACA{
9



Inchworm Algorithm




Inchworm Algorithm



Inchworm Algorithm



Inchworm Algorithm
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Inchworm Algorithm
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Report contig:  ....AAGATTACAGA....

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



\ Inchworm Contigs from Alt-Spliced Transcripts

Expressed isoforms

soform A [ TR
soform e [



Inchworm Contigs from Alt-Spliced Transcripts

Expressed isoforms Expression

soform [l TN (low)
soform s [ (high)

Graphical
representation
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Chrysalis Re-groups Related Inchworm Contigs

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



Chrysalis

>2121:len=5845
>2122:len=2560
>a1236n=4443
.ﬂ-t:len:w
>a125:16n=3876
>2126:len=66

”

Build de Bruijn Graphs
(ideally, one per gene)

Integrate isoforms
via k-1 overlaps
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Butterfly

compact
graph

.CTTCGCAA..TGATCGGAT...
.ATTCGCAA..TCATCGGAT...

compact
graph with sequences
reads (isoforms and paralogs)



Butterfly Example 1:
Reconstruction of Alternatively Spliced Transcripts

@ATCC . .TATTCTGAG@
/
Butterfly’s Compacted @ATA.“GCCTGCAG@ 3

Sequence Graph \
2

TATCTTTCTG..GAACCTCAGT(1752nt)




Reconstruction of Alternatively Spliced Transcripts

AATTGAATCC.. TATTCTGAGG(3647nt)

T

Butterfly’s Compacted @ATA...GCCTGCAG@ EY)

Sequence Graph \
2

TATCTTTCTG..GAACCTCAGT(1752nt)

Reconstructed Transcripts




Reconstruction of Alternatively Spliced Transcripts

AATTGAATCC.. TATTCTGAGG(3647nt)

T

Butterfly’s Compacted  iccrcroam. cecroeactauzmm > 3

Sequence Graph \
2

TATCTTTCTG...GAACCTCAGT(1752nt)

Reconstructed Transcripts




Reconstruction of Alternatively Spliced Transcripts

AATTGAATCC.. TATTCTGAGG(3647nt)

T

Butterfly’s Compacted @ATA...GCCTGCAG@ 3

Sequence Graph \
2

TATCTTTCTG..GAACCTCAGT(1752nt)

Reconstructed Transcripts

Aligned to Mouse Genome

i HH —H——H—+H H H++HhH
Naa25 Nalpha acteyltransferase 25 (Reference structure)
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Butterfly Example 2:
Teasing Apart Transcripts of Paralogous Genes
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Teasing Apart Transcripts of Paralogous Genes

chr7:148,744,197-148,821,437
NM_007459; Ap2a2 adaptor protein complex AP-2, alpha 2 subunit

e HE

chr7:52,150,889-52,189,508
NM_001077264; Ap2al adaptor protein complex AP-2, alpha 1 subunit
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Strand-specific RNA-Seq is Preferred

Computationally: fewer confounding graph structures:
ex. Forward I=reverse complement

(GGAA '=TTCC)
Biologically: separate sense vs. antisense transcription

NATURE METHODS | VOL.7 NO.9 | SEPTEMBER 2010 | %BROAD

INSTITUTE

Comprehensive comparative analysis of strand-specific
RNA sequencing methods

Joshua Z Levin!®, Moran Yassour!-386, Xian Adiconis!, Chad Nusbaum', Dawn Anne Thompson!,
ir Friedman ndreas Gnir viv v
Nir Fried 34-\desG ke! & Aviv Regev!??

Strand-specific, massively parallel cDNA sequencing (RNA-seq) Nevertheless, direct information on the originating strand can
is a powerful tool for transcript discovery, genome annotation substantially enhance the value of an RNA-seq experiment. l-or
| ’d UTP second strand marking” identified as the leading protocol

'LU WNUUIT  UTLIWC il uTETY mitiTT wo uTvTwopTu a suniipgicnensave T nislrivounavdsnaolouny llULlLUUlEIb DoNYdCiiglcalc o CJ\{ILI
computational pipeline to compare library quality metrics from  boundaries of adjacent genes transcribed on opposite strands and
any RNA-seq method. Using the well-annotated Saccharomyces resolve the correct expression levels of coding or noncoding over-
cerevisiae transcriptome as a benchmark, we compared seven lapping transcripts. These tasks are particularly challenging in

library-construction protocols, including both published and small microbial genomes, prokaryotic and eukaryotic, in which



Overlapping UTRs from Opposite Strands

Schizosacharomyces pombe
(fission yeast)

chr1: 5,329,037-5,333,190
-

4,137 bp >
pssembied  SHED-E-E - IENENESFNESE SN NS
sequences KSR K K- KA i HE

Forward (0-500)

Read J.“_I_L‘-
o ML,
Reverse

>
HE-E-E1 <
Known SPAPSA3.08
annotation myosin I light chain [ ¢ Q¢ ¢ Qg ¢ ¢ ¢ ¢ ¢ ¢ oy (L gl

SPAPS8A3.09c
Protein phosphatase regulatory subunit Paai



Antisense-dominated Transcription

chr2:1,674,778-1,683,672

« 8,852 bp >
> > )y ) ) ) )
Assembled < comp3099_c512_seq1;6.726
sequences ¢ ¢ ¢ ( ¢ (£ ¢ ¢ ¢ ¢ ¢ ¢ ( ¢ (¢ ( (£
compl453_c208_seql0;17.408 comp5369_c113_seq5;0.392

[0 - 500]
rorwere un
Read - - ————

Reverse
Known
annotation < < <
EEEE EEMSI KRR
SPCC417.05c¢ SPCC417.06¢ SPCC417.07c
chitin synthase regulatory meiosis specific protein MT organizer Mtol

factor Chr2 (predicted) kinase Mug27/Slk1




Trinity output: A multi-fasta file

Pcomp0_c0_seql len=5528 path=[1:0-3646 10775:3647-3775 3648:3776-5527)

AATTGAATCCOTTTTTGTATTCARAAAC TTGAAATCARRG. CATZCARTCT ll!"A"urccu’-r'cGMCM"TMM"'rArcmArArAl:MM"'rcA"c:l:AccncAchm:‘."1":

AT T AT AT O A GA T A T A A A AT AT O T O A A CA ARG A AL T AR T TOAAE CE GAT T L T T T TG e ARAD T E T GACT T AGE AT CTOAGT AL TAT AAAAAGE AT E AT S E T T o T T T T TCAGTE:

GTARAC AL TAGTCS TS G T T T T TG T T T T T TTARATATC AR T T TACE AL AL ARAAAL AMAACAGAAL ARAAC L CATATARACE AL ALCAGE AGCAGE AL TEGECE TTGAGE ATTC TCCTTAGAT c-c;.uucu:cc
TTCACT AGA, TTTTAAC CAATCTAT 2 ARAGAATACACTEATAAAAGATAT 2 ATTTCACTCTTTTTAC

AGTTATCTCAAAATGTARGAATTAGATCTCATICAN TACATT AGAAA AGTA AGTGTA CACATTATTTETCAACA TACATET

Gee TCCAT ATGCTCACE TTGAT ACACACACCACARTTTGAAT

ALCARACEOECA CCCATCGEARN ) ACRGT G GTOT R A GECANS T E AR T A GO T AR CEATET
TT7TT TCATACTCS TAGE: COTACAAGTARGAA 212 TTCCTTACAASTAAATTACTTARCCACTATCCTGA
PTECTCAATCOEATATALT ARGAATGEAATSGTGTGETS ATGLGAAAGACCAGTCCTCACEA TTTTCACCTTACACTTACTCT ATARAGTCACAGGEAACAREAACAGA
ALTC. ARAL, T A TG 0 o TAATCA TTTTCATCTTC TCTTAAGCTCGAGECTTAGEGAACALGCCACCAACCTTAC
GTGAACANCATGA GATGCAGTTCTT 2 ARCATCALGLCCATTATARAN TTTTCAACCTARANCTZAAAANCCZAGOTTARACCCATATITANICCTICCATCCCARAG

c TAAATCTETTT TATTTATCCATATUTUTATCTOTOTOTCALCTEN A GACTTAATGACCACACAA,

CARCE GAN AT TG AD T T AL AN G2 E AL G R GE O TOT G0 T AL AT T IO T E CTCARAGT GE G L A AAC T2 EGACT R CTEACTOECE TCAC
cc-c;.ccrcrcccuc»ccccccc-ccccn-n-c-rcccrcc-ccccc-n-cm:cuu:-ucc 2CTCGTCATETETEGTGLCCTET 2 CTCCLTTGAGES AT
€COCGTTETG TGECAC A GE T TG T O TG e GO IO TACAC e T E O T T T T O T e AT ACGECTAL AL TATEGECTACCE ARCL CAAACTCECACTGEATGATE ARAARSCARL
COACCTGE T TG AGGTCEATGE TATACT TATTCTCTATTECTGE TTGTATAL, 3 TTCCTCGAGETEGEAGTS. TCCTOTTCTTGL TG TCCTGTATGTATGEAC AGGTATAARGACTC
GTAA. TCCTCCTTCICGTTTATATACAATAAT TTARTTZCT TCARAAATTAATTCACGATCAAALTCOTT = TCTCGATTACANC)
CAGATCTTGTTTTIGET TG T ATC T T TGO TG TG L AL T T O G TG T T T ATG L T T CAGART T O T T AAA T T T T TAG T T IO T T TG AL TE T ARG TC T T T T TC TCAGE A CTCL CL TETE TECAGARG
TCACTCCAGETARC TCCTCTGOACTTTCCCCTGEACACTCTTTCARARTTZTCT T TCTTCCET TAGAAGTTTCCTCTARCE T EACCTCL TCARGTCT ARG TGLARTCAC ATGTGE TTCAALTCCTTTAATATCAT
coae TTGCAA TGARS TAGTCTTEGAAACTGE TCARGAT CATGCTCGTTTCTTTTTTCITCTTITTCTTTTY TTAATTTCTATOGTCSCARGACACTT
TCACACTAMCT ARGE. CTCARCGAACA TCTCTAGEALT GLGTCTTCACATTCCC ATCTGTARCT T TAAC ACGTCLCETTTACATE TCCTGARG ACACCTTT
CAATAGTTCTAGTAAAGATCCAALALTATTTTCTATTCGTTCC CCACTETACCOTOT GLTETCARGE T TCGACTTCGEALTEM ARC
TEARGAACCTGCCCATCC TEGTGUGAACALGCCCAAGE AAGEGUTACTGAAT TTCO TTOTCAATAAN TcceceTeT TCTAGCTCT A CTCGAT
CCGTTCTCTCACATCTTCTCICACTTCTTCGECT TEGETAACALTTGEARGTCCAL TCAACGTTA TCTTAACE TTICTTCCT TTCTTATCOTCTTC
AR AT E TG TCT TR GA T E O AACTOARE A AACAT CCARE 2 E 20T AATCTTCCCATEGAACATCATE TTCLTETOGE TCATTGATTTCATACTTTCTCCCAAGE TARTT TGT
TTGCTTCAAGTAGARSGTCTAA CCGETCAGTCCCTACTTETECARA, TTATTCACCCTETTCCTAAA AACTCTCGEATCTTCTCAAATGLACCATATT TS TAACCTTCAATARTGTAT
226
TTTCTCCTT ARAA. GAG! AACTTAL, TCACA TCTCATCCTCQATCTCCTT TCGAGT
ATAL TGLETTCARATSCA ACTAGATCCCARCARGT, ATTTCA ATTGGATEGECTGTGEGTTAAGCETTOT T TCACGECCTEOCM Tcacer
GLOTCTCTCCATACATC! ATGAACACCEN ACTECARETCTCTCTTCARACA, ARCTCCAGTEOETECTGETACC TTARCATC ACTTCTTTGACCACATCCAG
CTTCTCACTCT 2c A CTCATCTGEACAACAC 2cCTGeT 2 ACGECAAGCTTATCCTC AATCGAACAACTCCAR
GEAGCTGETTAATCARTTGTGTGEACT ACGER TCARCEA TTCAGETCTCTCARGEN cceoT AL TTCTTEARAT AL TCGAAL AT TARE T TTCAGEGTCACCCAGE TTGTAT
TCGTCAT TTGCCT TGATGAGCTCCASCTTAGE TAGE TS TEGECCT 7 TCTCTTATCCICICCTC ARCT T ACTC
TACTZCCCOTTET. r7cccees TTCCTCAATCACTCGA ATCOAAATA TCCCACTCATCTGAGTTTT 2 A
2CCACT TTGCTCACCTTCTTC TTGTTTTCCCGACTCTGART T TCACTTCTCARCTTCTCTCCTAATTTTCLTC TTCCTCCTACTTS TCCAGA
ATCATGTAATAAAG T TCARC CTCAGE TTCAGECTCTATCT TS TCOTCL TTCACC ATCTTC TCTACC AT TCTE TTTTGEACACGTTCTCATCCCETCCC
GETCATCACTGACCARA TAMCGCTTTTT ATCTTATACAGA 2 GCCTCCTGEATCTTCTTGTACT 2e2 CGECATEA -c;.c:.:-ccnn-ccrcccmr—ccm
erTrers TTTCTCACTARE! GLATCTCT CACAATE ACTTGTCATCTGT TCOTGAGECARGGTGARAGLTTCT
ARCEA CAACCTT uMuAu.x TTGTGTTTCTT = TTGCTCAATTGECAT T T TATTATTTCOATTATCAACATAATCGTARATGEGECE
7cGrT TCCACAT COTEGECATEATGACA, CAGT

>comp0_c0_seq2 len=5399 path=[1:0- 3646 3648:3647-5398)

AATTGA TTTTTGTATTCAAAAALTTGAAATEAA. ATTCAATE AAATATAATGC AR T T T CGAAC AATTAAAA T TATGAAAAT AT ACAAAATTGATUGCALCACACCTAGETTTC
TECACTC cTe AUA CCC A ARG ARG T AR T TG AR O GAT T O T O T T TG AAAL T T TGAC T TAGE AT CTCAGTACTATAAAAAGC ACTCATTOTTTITTITICAGTCT
AATATCAATTTACCACACAAAAAC AAAACAGAAC AAAACCCATATAAACCACACCAGCACCAGE AL TOGLCCT TCTCOTTAGATECTACTCACATACACGE
TTTTAACT CAATES T ARAGAATAUACTUATAAA TATTGUCCATT 2 TTCACTCTTTTTAC
TACATT AGAAAATCAGUAAGTA AGTG! CACATTATTTOTCAACAACACCA TACATOTTACALCAGE
GC GCALT ATGUTCACC TTGATT GCTGAACACACACCACAATTTGAAT
? AUCAA ARS 2 A TCaTCTT MECCME"CMM"CAGGC"C"TCMCCEA?CT
“A"TCMMAGCCECA TTTIT CCACCTCATACTODN AL TAGECT COTACAAGTAAGAN, cx ACATTTCOTTACAALTAAATTALUTTAACCACTATECTGA
TTTCTCAAT b3 ? AAGAATGCAATCGTGTGLTCC ATGUGAAAGACCAGTCC CATCTTTTCACCTTACALTTACTCT ATAAACTUACAUGUAACAALAACAGA
AUTUALA T CACAAAACALT A TGTCOGAGT ACATAATCA TTTTCATCTTOT GACC A TCTTAAGCTCGAGECTTAGUGAACACGECACCAACCTTAL
GTGAACAACATCAAT GATCCAGTTOTTAAGTCS A A G AT T AT AR AR AT A T T T T T AR CT AR AR C T T AAAAACC TAGE TTAAAC CCATATTTAATCCTTCCATECCAANG
CCOCCOTTAAA TAAATCTOTTT TATTTATCCATATOTOTATCTOTOTUTOACTCAT AR ATGACTATATAA c? CACCACGT
ACAACCTCT A TTTTCCACCOTT TCAGTCTCAGCALTTT C"ChCGC"CGGC?CTCC"CACk'l"‘?CT“CC?CMAC?CCGCACmT"CCACT"CCTCAC?CCCC"CAG
GeroanoTC TEGUGATCTCTTGUCTGLTEGUGETETCAAGE: TAC CTTGAGCOTC
ccocarTeTeT TGCCAC A "CCTGC"CCTGEGTCTCC"ACACC"CCT"T“CCC"CIT&CGECT&CAE"A“CGCCT&CCCA&CCCMACTCCCACTGCANA"EAMMECMC
ceacerceTe? TATACTTATTCTCTATTOOTGETT A COCCAGCCATTCCTEGAGETCGEALT TCCTCTTETTGLTETC ACGTATAAAGACTC
GTAAACCCAL, TCOTTCTCATT CAATAATTTAATTTOTT TTAATACCTCAAAAAT TAAT TCACGATCAAALTCCTTCATGLATT ARGTTCTUGATTACAACA,
AGATCTTGTTTTTIGET TETCTCATCTTCTCCTG TTCCGTGTTTATGET TCCTTAAATTTTTAGT T TCTTTGTACTCTCAAGTOTTTTTC CCOCTCTET AC
AT CAGE T AR T O T TGO AL T T T CCCCTGCAC AL TCTTTCAAAATTTTOTTTOTTCON AT T T AR T AL T O T ARG T CTAAGTCC AAT CACATC TGO TTCAALTCCTTTAATATCAT
CCI.l:AECA"mm'l‘"ACMTCYCMG"CCAETMCC"MTCT"GGAMCM"CMA. CATGCTCAT T TTCTTITTCTGUATATTTAATTTOTAT ACACACTT
TCACACTAACT TCMECMCMACCACAT“C“E"AGCAE"CCAGCCTCCGT’CT"CAEAT“CCEATCNTAACT‘E"MCA COCTTTACATETCC AU ™~
AT A T T T AL T A AR GA T ARG AL TA T T T TCTAT T AT TCCTOTATATCCACTUTACCOTOT. 'GUTCTCAAGETCATAL TGACCACATGUAAGEACTEGACTTUGCACTEACALCAGECAGART
TUAAGAN c? ACAUGUCCAAGEA TACTGAATTTCCTT ATAAN TTCCCCETC CCGCC TCTAGCTCT AACGA CTCGAT CGACACA
CCC‘I“C'C'CACATC‘I“C'C'CAC’TC‘I“CGEC‘DCCACLCGC’CGC'MCKC"?CEWu.s.’n..I- ACGTTA. ACT GLTTTCTTCCT TTCTTATCCTCTTC
ATAA TCOTGTOTTTT TGAACAAAACATCC TCTCTCTTOTC TTCCCAT TCAGATTCATTGATTTCATACTTTCT AAGCTAATT GT
TTGCTTCAALTAGA T TCACTCCCTACTTOT A ACARTTATTCAGCCTOTTCOTAAA, TTCTAACCTTOAATAATGTAT
7c? TTTCTGUTTGOALT AAAACCTOALTOCAAAGT T AL b3 ToC TTALGCATC
CAGACTCCAE"m"CCACCAC“CGT"CAMTCCACCCACCACECMTAEATCCGMCWTACCMT"NMC"CAM\.". TETCGUTTAAGECTTCT AC
TCTCOTCACCTCCTTCTCT CAAT TAATACTCTCACAACTGCAACTCTGTOTTCAAACA ARACT o COTTAACATCAGTTCTTTC
ACCACATCCAGETTCTGACTCTTATCCATECTATGE T AUCCAAGUN ACACAUN! GCTeeT TeT TTATCCTCTCTCGECET CAATGE
ARCAACTOCA. TEGTTAATGAATTETOTCCAL ACGAACACCTTCALGTC GECTTAT TTCTTGAA TGEAACATTAACTCTTCAGGETCAL
CCACCTTOTATTCUTCAT TTCGET >y ? TCCAGCTTACC t TG ATGL T TG T TATCOTGTCOTCTATAAACTTCACALCATCTTCT
GCACACCAGTGTACTTCCCCTT AGEACTCTTCCCCCT AL T T O TCAAT CAGTCC AAAL A AL AR T COAAAATAAL TCAC AT AL AACT G CTCACTTTTTCACANGE N <G
TR TTGCACT T A T T T T T ACA T G e CA T CA T T T T T T T OO AL T C T CAA T T T CAC T TG TCAAC TTCTOTCOTAATTTTCOT ATCACATCL, TTCOTGUTACTTTCCCA
AECCC?CCLCM’CATCTM'AMGT“CMCC’CACCT“CA\-LL.\..n.L.D-u.L.\.sx TCACCATCTTOTCTACCATTOTCT COTTTT TTCTCATCCCGT ATATACAT
TOECATCATCAALCTCATCACTCACCAAA, 7T = GCTCCATCTTOTTUTAL TC AU 'GAGAGTGOTACTCCTC
ceTeT TTTCT TCATACACCTTTGTGACTA TCCATCTCTCGET GAATCOTC. TeT TCAAGUGCACCCACCTCOTCALCCANGE
TCAAACCTTCTTCOCTCCTTECCALTTOTC AACCA, = =z ACALTOA TCTTTCTCTTICT 2 T .n.|.AECI"‘GC?GMT"GCEAT“T"A"TAT‘?CEAT"A"EM"M?CG
TAAAT TTALGETCC ATA ACCTCALT

TCOTGET 7C7C7C ™




Can align Trinity transcripts to genome scaffolds to examine intron/exon structures
(Trinity transcripts aligned using GMAP)
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Improved reconstruction with deeper sequencing depth
and
Genome-based reconstruction is
more sensitive than de novo methods
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Summary

 Two paradigms for transcript reconstruction

— Rna-seq alignment assembly
* Tuxedo (tophat, cufflinks)

— genome-free de novo read assembly
* Trinity

* Best to pursue both strategies

— Maximize sensitivity for genome-based transcript
reconstruction + capture missing or ill-represented
transcripts via de novo assembly.



Software Links

Tuxedo

— Tophat: http://tophat.cbcb.umd.edu/

— Cufflinks: http://cufflinks.cbcb.umd.edu/
Trinity

— http://trinityrnaseq.sourceforge.net/
Visualization

— IGV: http://www.broadinstitute.org/igv/
— Genomeview: http://genomeview.org
GMAP

— http://research-pub.gene.com/gmap/
Samtools

— http://samtools.sourceforge.net/




Papers of Interest

* Next generation transcriptome assembly
— http://www.nature.com/nrg/journal/v12/n10/full/nrg3068.html

* Tuxedo protocol
— http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3334321/

* Trinity
— http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3571712/




