RNA-Seq Empowers Transcriptome Studies

\ Extract RNA, convert to cDNA

_/

Next-gen Sequencer
(pick your favorite)




RNA-Seq Empowers Many Facets of
Biological Investigations

* Transcript identification (ie. which genes active)
* Expression Levels

e Alternative splicing isoforms

* Allelic variants

* Mutations

* Fusion Transcripts

* RNA-editing



RNA-Seq is Empowering Discovery at Single Cell Resolution
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RNA-seq analysis flow chart.

http://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1004393 @PLOS g%ngLATIONAL




RNA-seq library fragmentation and size selection strategies that influence
interpretation and analysis.

Tissue

ksolate total RNA

JAY COMPUTATIONAL
http://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1004393 @PLOS BIOLOGY




RNA-seq library fragmentation and size selection strategies that influence
interpretation and analysis.
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RNA-seq library fragmentation and size selection strategies that influence

interpretation and analysis.

Assess RNA quality  ¢==  [solate total RNA
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RNA-seq library fragmentation and size selection strategies that influence
interpretation and analysis.
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RNA-seq library fragmentation and size selection strategies that influence
interpretation and analysis.
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RNA-Seq: How do we make cDNA?

Prime with Random Hexamers (R6)
mRNA

5’ 3’
&) [&] [&]

Reverse transcriptase ‘

cDNA First strand synthesis

——fr] =] ———J
RNase H ‘

DNA polymerase
DNA Ligase

cDNA Second strand synthesis

v

lllumina cDNA Library

Slide courtesy of Joshua Levin, Broad Institute.



RNA-seq library fragmentation and size selection strategies that influence
interpretation and analysis.
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RNA-seq library fragmentation and size selection strategies that influence
interpretation and analysis.

Tissue
A 3t >

/ DNAse treat and enrich
Gel electrophoresis of RNA N\ \/\
A0, Partially  Heavily intact NSO o Enviched RNA
degraded  degraded \_N\V‘ &% ritsonal RNA
v OIANA  (OIANA  toalRNA \/\/\\/\M B }conamingeon
- VLA NN XN i
= My V /\ J 4
- NN L AU e e =
-0 - s NN N T Gaciw
1 ASO \/-\/\
RNA fragmentation
:;,? (Enzymatic, sanication, e4c.}
—ell CONA synthesis CDNA (aftes size sedection)
00 w2 O e & I bp
- R AT o Wl e
WV w Y Y\ 07\
\VASS VAR VAN Rl b
1 Capillary electrophoresis of total RNA - e Size (bp}
Intact total RNA Partlally degraded total ANA (Nebuization, sonication, CONA (after size exclusion)
: , s enzymatic, etc) ¢ 00 8o
g 185 ' RiNto. ¥ ' ns  RNG Size selection or exclusion ¢ J \
g g (e.g. PAGE, SPRI magnetics beads, etc.) g Y | A—
3 I l‘.
g l,___‘r 1|"-'\4\,--'r‘l.u|‘._—- . !?{M V\ \/\ ]‘ ) S *'»__
Size (op) Sz (b = \<\/\/\/\ Sz (bp)
Heaily degraded total RNA Completely degraded total ANA —? = \/\"‘ AVAV
\ -
g | pN) I AINZ e '\J“\\Jh\/ AVAN
1) =i g
SNV e \ —550 Small RNAS are lost
“ T — bt -~ -0 .
4 T e =50 w9
Size (bp) Size (bp) 200 2o .
o BV AN
VN

.pcbi.1004393

©PLOS

COMPUTATIONAL
BIOLOGY



RNA-seq library fragmentation and size selection strategies that influence
interpretation and analysis.
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RNA-seq library enrichment strategies that influence interpretation and analysis.
RNA-seq Strategy Tissue
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RNA-seq library enrichment strategies that influence interpretation and analysis.
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RNA-seq library enrichment strategies that influence interpretation and analysis.
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RNA-seq library enrichment strategies that influence interpretation and analysis.
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RNA-seq library enrichment strategies that influence interpretation and analysis.
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Generating RNA-Seq: How to Choose?

Many different instruments hit the scene in the last decade

IHlumina

lon Torrent

Slide courtesy of Joshua Levin, Broad Institute.

Helicos

L

. . . ‘
Pacific Biosciences Oxford Nanopore
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Generating RNA-Seq: How to Choose?

‘l‘/

IHlumina

SRS
lon Torrent “What I especially like about this baby is this little Oxford Nanopore
drawer where I can keep my lunch.”

Slide courtesy of Joshua Levin, Broad Institute.



Generating RNA-Seq: How to Choose?

Popular choices for RNA-Seq today

IHlumina

. . . ‘
lon Torrent Pacific Biosciences Oxford Nanopore



Generating RNA-Seq: How to Choose?

[Current RNA-Seq
workhorse]

IHlumina

lon Torrent

Popular choices for RNA-Seq today

[Full-length single
molecule sequencing]

Pacific Biosciences

[Newly emerging
technology for full-length
single molecule sequencing]

_/

B AUNION

//

Oxford Nanopore




Yu@E Illumina Sequencing by Synthesis

l Cluster Generation

Pl o) 201/512

Nluminalne  https://www.youtube.com/watch?v=fCd6B5HRaZ8




Millions to Billions of Reads

fragmen-
\' tation

mRNA l RT
(Avg. ~ 2 kb)
sequence library
RT\,_, I
fragmen-

tation (Avg. ~ 300 b)

short sequencereads == =

(~ 75 to 150 b reads, SE or PE)

Adapted from: http://www?2.fml.tuebingen.mpg.de/raetsch/members/research/transcriptomics.html



Common Data Formats for RNA-Seq

FASTA format:

>61DFRAAXX100204:1:100:10494:3070/1
AAACAACAGGGCACATTGTCACTCTTGTATTTGAAAAACACTTTCCGGCCAT

FASTQ format:

@61DFRAAXX100204:1:100:10494:3070/1
AAACAACAGGGCACATTGTCACTCTTGTATTTGAAAAACACTTTCCGGCCAT | Read

+
ACCCCCCCCCCCCCreeeecceccecceeeBLrccccccccc@@cAcceeCcA | Quality values




Interpreting Base Quality Values

@61DFRAAXX100204:1:100:10494:3070.1
AAACAACAGGGCACATTGTCACTCTTGTATI TGAAAAACACTTTCCGGCCAT

+
ACCCCCCCCCCLeececccceccccececgBrccccccccc@@cAcccecA

T

AsciiEncodedQual (‘B’) = 63

Phred_Quality_Value = AsciiEncodedQual(‘B’) — 33 =30

Phred_Quality_Value =-10 * log,,(Pwrong(‘T’))

Pwrong(‘T’) = 10~(30/-10) = 10~-3 = 0.001

Read

Quality values



Paired-end Sequences

e

Two FastQ files, read name indicates
left (/1) or right (/2) read of paired-end

@61DFRAAXX100204:1:100:10494:3070/1
AAACAACAGGGCACATTGTCACTCTTGTATTTGAAAAACACTTTCCGGCCAT
+

ACCCCCCCCCCCeeeeceeccecccccceceBcrccceccccc@@mcecAaccececca

@61DFRAAXX100204:1:100:10494:3070/2
CTCAAATGGTTAATTCTCAGGCTGCAAATATTCGTTCAGGATGGAAGAACA
+

C<CCCCCCCACCCLLeLeeceecceecececcecceccecccecceccecceeencccc




& C | www.bioinformatics.babraham.ac.uk/projects/fastqc/good_sequence_short_fastgc.html#M4 7 a @ B =

: Wed 25 Mar 2015
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& c

www.bioinformatics.babraham.ac.uk/projects/fastqgc/bad_sequence_fastgc.html
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What to do?

* Trim the reads?
e Start over —try sequencing it again?



Trimming low quality regions of reads: Trimmomatic

< C' | ® www.usadellab.org/cms/?page=trimmomatic Y% a E B
USADELLAB.org Home Research Education Service & Software

Supporting Info About Us NGS, DE and other things

Trimmomatic: A flexible read trimming tool for lllumina NGS data

Citations

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible trimmer for Illumina Sequence Data. Bioinformatics, btu170.

Downloading Trimmomatic

Version 0.36: binary, source and manual

Quick start

Paired End:

java -jar trimmomatic-0.35.jar PE -phred33 input forward.fq.gz input reverse.fq.gz

output_ forward paired.fq.gz output forward unpaired.fq.gz
output reverse paired.fq.gz output reverse unpaired.fq.gz ILLUMINACLIP:TruSeq3-

PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36

| -

Publications



rontiers in ORIGINAL RESEARCH ARTICLE
GENETICS published: 31 January 2014

doi: 10.3389/fgene.2014.00013

On the optimal trimming of high-throughput mRNA
sequence data

Matthew D. MacManes™?*

" Department of Molecular, Cellular and Biomedical Sciences, University of New Hampshire, Durham, NH, USA
2 Hubbard Center for Genome Studies, Durham, NH, USA

“... researchers interested in assembling transcriptomes de novo

should elect for a much gentler quality trimming, or no trimming
at all.”

“... trimming at PHRED=2 or PHRED=5 optimizes assembly quality.”



Aggressive Trimming may be harmful, whereas light trimming could be beneficial

Fewer errors in the assembly Fewer unique kmers
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MultiQC - aggregation across all QC on all samples

&« C' | ® multiqc.info

Current version: v1.2 Home Docs Plugins Logo Example Reports ~

MultiQC

® Python Package Index

Aggregate results from bioinformatics analyses across & Documentation

many samples into a single report
Ll 51 supported tools

MultiQC searches a given directory for analysis logs and compiles a HTML
report. It's a general use tool, perfect for summarising the output from
numerous bioinformatics tools.

B Publication / Citation

I Get help on Gitter
Introduction to MultiQC (7:19)
Installing MultiQC (4:33) >_ Quick Install
Running MultiQC (5:27) pip install multiqc # Install
multiqc . # Run

Using MultiQC Reports (6:06)




In silico normalization of reads




Impact of Normalization on De novo Full-length
Transcript Reconstruction

i Normalized
7 . Downsampled

a L Normalized
4,500 1 Downsampled

4,000 A
3,560049
3,000 A
2,500 A
2,000 A
1,500 -
1,000 -

500 -

(on
©
o
S

Number of full-length transcripts
Number of full-length transcripts
(%)}
o)
o
o

Total 30x 20x 10x 5x Total 100x 50x 30x  20x  10x 5x
(100%) (31%) (24%) (15%) (9.3%) (100%) (35%) (27%) (23%) (20%) (16%) (13%)
S. pombe RNA-seq Trinity assembly Mouse RNA-seq Trinity assembly

Largely retain full-length reconstruction, but use less RAM and assemble much faster.

Haas et al., 2013



RNA-Seq Challenge: Transcript Reconstruction

fragmen-
\' tation
mRNA l RT
(Avg. ~ 2 kb)

sequence library
RT\,_, I

fragmen-
tation

(Avg. ~ 300 b)

short sequence reads == —==
Reconstruct original
full-length transcripts

(~ 75 to 150 b reads, SE or PE)

Adapted from: http://www?2.fml.tuebingen.mpg.de/raetsch/members/research/transcriptomics.html



Transcript Reconstruction from RNA-Seq Reads
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.



Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
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Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
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Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
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Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
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Assemble transcripts
de novo



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

[:) :L-—m:] ———————— —E“—"h—_—_—_:] —————— I
- I
— “ Many tools to choose among: :
T . — e =
— - SNl o@m o o =
Align reads to Trinity semble transcripts
genome TopHat Oases de novo
STAR
HISAT SoapDenovoTrans
O— 0 ) AbyssTrans
— O T GSNAP [::1:] y ]
= —oaac - ——— IDBA-Tran m—
I - ) Gl el G o 0§ Shannon
= O O0—O0O COOoOoOcs—— o,
= 0O CO—IOoOOo = o—o o= | BinPacker
Genome Bridger  gmap
.................. . BLAT
Assemble transcripts . Cufflinks : . AAT | Align transcripts
from spliced alignments : Stringtie : . Spidey | | to genome
: IsoLasso . Sim4 v

- Bayesembler :
I I R Y :
[l | éTraph : [l =T ]
(T =] : CEM :

| ' TransComb [ |




Graph Data Structures Commonly Used For Assembly

RNA-Seq reads
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* Sequence
* Order

Orientation (+, -)
Overlap

< Reads to Graph ;

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



Graph Data Structures Commonly Used For Assembly

RNA-Seq reads

— — . = _—
80 @3 — = = — & -
O =3 58 v — = - ]
]
] Bl ™ 1] B0 B = B
e T —F— I — . —
Sequence
Order
Orientation (+, -) Reads to Graph
Overlap

Nodes = sequence (+/-)

GATCGTCCGAGCGATTACA Edges = order, overlap



Genome-Guided Transcript Reconstruction

Splice-align reads to the genome
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From Martin & Wang. Nature Reviews in Genetics. 2011



Genome-Guided Transcript Reconstruction

Splice-align reads to the genome
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Alignment segment piles => exon regions

From Martin & Wang. Nature Reviews in Genetics. 2011



Genome-Guided Transcript Reconstruction

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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Large alignment gaps => introns

From Martin & Wang. Nature Reviews in Genetics. 2011



Genome-Guided Transcript Reconstruction

Splice-align reads to the genome

176,800 kb 176,802 kb 176,804 kb 176,806 kb 176,808 kb
1 1 1 1 1
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Overlapping but different introns = evidence of alternative splicing

From Martin & Wang. Nature Reviews in Genetics. 2011



Genome-Guided Transcript Reconstruction

Splice-align reads to the genome

176,808 kb

176,806 kb

176,804 kb

176,802 kb

176,800 kb
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From Martin & Wang. Nature Reviews in Genetics. 2011



Genome-Guided Transcript Reconstruction

Splice-align reads to the genome

176,800 kb 176,802 kb 176,804 kb 176,806 kb 176,808 kb
1 I 1 I 1

| |
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Individual reads can yield multiple exon and intron segments (splice patterns)

From Martin & Wang. Nature Reviews in Genetics. 2011



Genome-Guided Transcript Reconstruction

Splice-align reads to the genome

176,800 kb 176,802 kb 176,804 kb 176,806 kb 176,808 kb
1 I 1 I 1
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Nodes = unique splice patterns

From Martin & Wang. Nature Reviews in Genetics. 2011



Genome-Guided Transcript Reconstruction

Construct graph from unique splice patterns of aligned reads.
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Nodes = unique splice patterns

From Martin & Wang. Nature Reviews in Genetics. 2011



Genome-Guided Transcript Reconstruction

Construct graph from unique splice patterns of aligned reads.

(0 O] G 00—
(1 - O—0) (00— O—D)
[= 0—O0— 00

Nodes = unique splice patterns

Edges = compatible patterns
From Martin & Wang. Nature Reviews in Genetics. 2011



Genome-Guided Transcript Reconstruction

Construct graph from unique splice patterns of aligned reads.
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Nodes = unique splice patterns
Edges = compatible patterns

From Martin & Wang. Nature Reviews in Genetics. 2011



Genome-Guided Transcript Reconstruction

Traverse paths through the graph to assemble transcript isoforms
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From Martin & Wang. Nature Reviews in Genetics. 2011



Genome-Guided Transcript Reconstruction

Traverse paths through the graph to assemble transcript isoforms

]

[k )
Reconstructed isoforms
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From Martin & Wang. Nature Reviews in Genetics. 2011



What if you don’t have a high quality reference genome sequence?



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

T~
—

TranscriptA [ IS

Generate consensus sequence where reads overlap

Node = read
Edge = overlap

=
~~

Transcript B [




Finding pairwise overlaps between n reads involves ~ n? comparisons.

Number of alignments (x*2)

0e+00 2e+05 4e+05 6e+05 8e+05 1e+06

I I I I I I
0 200 400 600 800 1000

Number of reads (x)

Impractical for typical RNA-Seq data (50M reads)



No genome to aligh to... De novo assembly required

. T— . —
- I B I
. e 4

Want to avoid n? read alighments to define overlaps

Use a de Bruijn graph



Sequence Assembly via de Bruijn Graphs

Generate all substrings of length k from the reads

- k-mers (k=5)

ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :I- Re a d S

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



Sequence Assembly via De Bruijn Graphs

Generate all substrings of length k from the reads

- k-mers (k=5)

ACCGC

ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :I- Re a d S

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



Sequence Assembly via De Bruijn Graphs

Generate all substrings of length k from the reads

- k-mers (k=5)

ACCGC

ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :I- Re a d S

Construct the de Bruijn graph

Nodes = unique k-mers
From Martin & Wang, Nat. Rev. Genet. 2011



Sequence Assembly via De Bruijn Graphs

Generate all substrings of length k from the reads

- k-mers (k=5)

CCGCC

ACCGC

ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :I- Re a d S

Construct the de Bruijn graph

Nodes = unique k-mers
From Martin & Wang, Nat. Rev. Genet. 2011 Edges = overlap by (k-l)



Sequence Assembly via De Bruijn Graphs

Generate all substrings of length k from the reads

- k-mers (k=5)
(k-1) overlap

CCGCC

ACCGC

ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :I- Re a d S

Construct the de Bruijn graph

Nodes = unique k-mers
From Martin & Wang, Nat. Rev. Genet. 2011 Edges = overlap by (k-l)



Sequence Assembly via De Bruijn Graphs

Generate all substrings of length k from the reads

- k-mers (k=5)
(k-1) overlap

CCGCC

ACCGC

ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :I- Re a d S

Construct the de Bruijn graph

@oesBaEeocd)

Nodes = unique k-mers
From Martin & Wang, Nat. Rev. Genet. 2011 Edges = overlap by (k-l)



Sequence Assembly via De Bruijn Graphs

Generate all substrings of length k from the reads

ACAGC TCCTG GTCTC AGCGC CTCTT GGTCG
CACAG TTEET GGTCT CAGCG CETET TGGTC
CCACA CTTCC TGGTC TGTTG TCAGC TCCTC TTGGT
CCCAC GCTTC CTGGT TTGTT CTCAG TTCCT GTTGG k k _ 5
GCCCA CGCTT GCTGG CTTGT CCTCA ETTEC TGTTG I -mers ( - )
CGCCC GCGCT TGCTG TCTTG CCCTC GCTTC TTGTT CGTAG
CCGCC AGCGC CTGCT CTCTT GCCCT CGCTT CTTGT TCGTA
ACCGC CAGCG CCTGC TETET CGCCC GCGCT TCTTG GTCGT
ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :l— R ea d S

Construct the de Bruijn graph

Sequencing error or SNP

o N N 8 o G D (R DN DR e

Nodes = unique k-mers
From Martin & Wang, Nat. Rev. Genet. 2011 Edges = overlap by (k-l)



Construct the de Bruijn graph

Sequencing error or SNP

Deletion or intron

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



Collapse the de Bruijn graph

Assemble Transcript Isoforms

------ ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTGGTCGTAG
------ ACCGCCCACAGCGCTTCCT- - - - - - - - CTTGTTGGTCGTAG
------ HCCGECCTCAGEGETTCOT- - -- - -- - CTTGTTGGTCGTAG
------ ACCGCCCTCAGCGCTTCCTGCTGGTCTCTTGTTGGTCGTAG

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



Contrasting Genome and Transcriptome De NOVO Assembly

Genome Assembly

Uniform coverage

Single contig per locus

Assemble small numbers of
large Mb-length chromosomes

Double-stranded data

Transcriptome Assembly

Exponentially distributed coverage levels

Multiple contigs per locus (alt splicing)

Assemble many thousands of Kb-length
transcripts

Strand-specific data available

¥ [ rinity



Trinity Aggregates Isolated Transcript Graphs

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

&
%
B 9:"30 @ G:’ -3
@3@ g@.“"@ o’

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



Trinity — How it works:

Linear Transcripts
contigs +
Isoforms
>a121len=5845
—_— T — >a122:len=2560
—_—— T = :ij::::“ ..CTTCGCAA..TGATCGGAT...
- o ..ATTCGCAA...TCATCGGAT...
>a126:len=66

Thousands of disjoint graphs



Inchworm Algorithm

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

Read: AATGTGAAAACTGGATTACATGCTGGTATGTC..

AATGTGA
ATGTGAA Overlapping kmers of length (k)

TGTGAAA

Kmer Catalog (hashtable)

Kmer Count among
all reads

AATGTGA 4

ATGTGAA 2

TGTGAAA 1

GATTACA 9




Inchworm Algorithm

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

* |dentify seed kmer as most abundant Kmer, ignoring low-complexity kmers.

GATTACA
9

Kmer Catalog (hashtable)

Kmer Count among
all reads

AATGTGA 4

ATGTGAA 2

TGTGAAA 1

GATTACA 9




-

%= Inchworm Algorithm

=

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

e |dentify 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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Report contig:  ....AAGATTACAGA....

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



4 Inchworm Contigs from Alt-Spliced Transcripts

Expressed isoforms

soform A [ T
soform 8



Inchworm Contigs from Alt-Spliced Transcripts

Expressed isoforms Expression

soform A [ TR (low)
soforms [ (high)

Graphical
representation



= | Inchworm Contigs from Alt-Spliced Transcripts




‘5’3 (e Inchworm Contigs from Alt-Spliced Transcripts
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~ ) Inchworm Contigs from Alt-Spliced Transcripts




Chrysalis Re-groups Related Inchworm Contigs

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



Chrysalis

>2121:len=5845
>2122:lern=2560
>a123l6n=4443
ﬂtlen:w
>a125:6n=3876
>2126:len=66

”

~ Build de Bruijn Graphs
(ideally, one per gene)

Integrate isoforms
via k-1 overlaps
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overlap segs
using (k-1) mers
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.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)

A

Butterfly’s Compacted @ATA...GCCTGCAG@ 32

Sequence Graph \
2

TATCTTTCTG..GAACCTCAGT(1752nt)

Reconstructed Transcripts




Reconstruction of Alternatively Spliced Transcripts

AATTGAATCC.. TATTCTGAGG(3647nt)

T

Butterfly’s Compacted  iccrcroan. cecroeactauzm > 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—HH H H++HH
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
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Trinity output: A multi-fasta file

[Pcomp0. c0_seql len=5528 path=[1:0-3646 10775:3647-3775 3648:3776-5527]

ARTTGAATCCCTTTTTGTATTUAAAAAL TGMA’CMA"A!:A?I?ACI-&I""M"G"CG?CA"?OCMAA"A"MTGC AATTT ACAATTAAAATT 2. AR TAGUTTIC
TECACTCTCL ARGARLTAAITTGA CCTECTTTGCARMITETTCGACT TATAAAAAGEACTCATTUTTTITITTICAGTOT
eru:?mrcc-:f.crﬁcrc—rrw-a-cuﬂ—mcxcuw:Awmucwcccrr ANCCAUNICAGE, ToooccT TETCCTTAGK TALTE, Lac
TTCACTCALTAAGA. T ACARTETAT T AAAGAATACACTEATARA = TTCACTCTTTITTAC
AT TATCTCAARATGTAAGAATTAGATETCATTCAAATGLTACATT A ACTA A A CACATTATTTUTUAACA TACATETTAL,
ACACT e LTUALC TG AEAC. ATTTGAAT
ATCCCAAGAA, TAT 3 ALCARACTO! AT RS C 2 '-""'“ACCACAACC?GCNT“EMGGCMGTCM’CMG:TC’?CMECCA"C!‘
TATTCAARAAGLS TTTTIT TCATACTCTECATGEA TAGE = C TACAAETAANTTAUTTAACCALTATOCTGA
TTTGTCAAT T ARGA TG AAGACCAGTC AGTCA E"T'I’CACC'Y&Em“TLC"C'CAEGMTAMC”GLLA-GEWMCMR
Pl . AAAUALT AAT TITTCATCYT TCTTAMNG T CTTAC
GTUAACAACATUAAT CCAGTTCTT AR TATAAMALA T T CAAC CTARAAC T T AAAAACC TAGU TTAAAC CCATAT T TAATCCTTCCATCCCAAAD
COCCCUTTARAAGEALT TAAATCTOTT CATATTTATCCATATOTETATOTOTETOTUAL TN T L. T, T ACGT
ACAACCTCTY TITTCCACOTT TCAGTC ALTTTACCAAGE TCACGETEGUCTC TGO TEAUATT IO T TLOTC ACTTCGACTTCC TEAG
GeToaAnCTC CTCTTGUCTGUTUGCGETETUAAGE CARAARL TE, TETCATCATOTCT CTOTCE TACT CTCCCTTCAGLCTOTG T
CCCoaTTeTe CAALGA, TGLCA ACGC T TG T O TGLGTO T O TACACE P e O T T T T U O T CAT AL GUCTAC A TATSGUCTALCCAACCCAN CECAC AAAAAGCAAC
C"&ECTGE“L'"Cl:CT‘CnATGC"A'AC‘I"A"TCTCTAT‘ECTGE"TCTATh A TTCCTCGAGETEGCALTEALGTCUGETCOTOTTETTC ce:murcrucchcmrurmnn-c
TTCTCGTT CAATAATTTAATTTUST T TEARAAAATTAATT ATCAAACTCOTTCATGOATT TCTCGAT
CAGA"C"TC‘I"'P?CC"QGCG TETCTCATCTTCTCL TTCCATGTTTATGLT AT T CTTAAA T T T I TAGT T IO T T TG TACTE TCAAGTOTTTTY ceocTeTeT AXC
)n"'CCAEC"ME"GCTCTGCAC“T""CCC'KG"ACA TCTTTEAAAATTTTOTTTICOTTOOCT TAGARLTTTCOTOTAAL! "‘BMCT’CE"CAACTC?MCTGCM"EA”ATCMC"ME”ECT“TM"A‘MT
CEA'C Ly AUTCCAGTA TAGTOT AR "C,u“nn. G T T TCT T T T IT L TOT T T TTOTTITY TTAATTTUTATCGTCLCARGACACTT
TCATAUTAN 2 AUGARLA TCTCTAGEACT GCGTOTTCACATTCCCATOTATARCT IO b2 CTTTACATOTLS ™T
CAATACTTCOTALRTAN AUACTATTTTICTATICGTOCC COACTOETACCOT TUTCAAGETE. CATGTCOC ATGOA TUGACTTUGCACTOALAL AC
TEAAGAALCTGLCCATCOCT AGTA TACTGAATTTCCTT ATARN TTCCCCaTeTC TCTAGETCT TCGATCO
ccarTeTeT TTCTCTCACTTICTTOGEC TOGUTARCALT * TCAACGTTA TETTAMCE, TTcC TTTCTTASGCOTCTTC
ACARACATTCCTUTCTTTTCGATCCCAACTGARLAAA TeTCTeT AAATCT RCATCA"'C“TCE“E"CGCCYCAGA"TCA“TCA'T’ ATAE"T"E“CCCAAGC'MT“-ATANT
"TCC"YEAI- T AGAACGT O TARCAGE AT O GE T L AL T OO A T T T AR A AT GO AL AL AR T T AT T C AL O T T TO L T AAA AL COATARAL TC T U GUATCTTC TCAMAT GLAC CATAT T TE T AAICTTCAATAATGTAT
eI, 2 g RSN IRANECRGE GLATGCTAAGTCAAC JOCTITIARRCCCCOAL. i " ITATC
TTTCTCGT A AAACT CAATGOTET 2 262 LACTEGAGT
ATAL, TOUTTCAAAT CCAETAGAT ANCAALT. ATTTCAAC TCCATUGLCTATGUGTTAALCETTCT TCCTCACCTY
GETTCTCTCCATALATE ATGARCA TAGTC! ACTOCARETETGTET ARCARS, A TOL AL L SO T GO TACE ST AR —rere ATCCA
CTTCTCACTCD e AGEC TUTCALCTCC AL AACACAL) TeoTGED e AUGUCA, TTATCOTOTGTOLGCGT ATUGAALAACTCCANR
GUAUCTGUTTARTCAATTGTGTGLALT TCAACE, TTCAGUTCT ToceT AT TCT IO ARAT AL TEGAAL AT TAAL TETTCAGUGTCACCCAGE TTGTAT
TUGTCAT TTGUCT LAA TGATSACCTOUALCTTAGE TAGLZETCGECCD ALCTT TETCTTATCCTETCOTOTATAAALT ToeT ACTC
TACTT ™ Tceeeee TTCCTCAATCACT ATCUAR. AGAALTOCCALTCATCTGAGT T ° T
TCCAC TTGCTCALOTTCT TCOCCATGUATTIGTTYT TTCACTTETCAACTTCTETCCTAATTTICCTC TCCTUGTACTTT TCCAGA
AT A T AR T AR T T A AL T CAGE T CAG O T AT T TS T L CTCC T TCACC AT O T TE T L TACCATTC T2 OO AR T TeT CAX
GUTCATCAC RAA GTARCGOTYTTIT oT TECTGUATOTTOTTGTALT = o 2 TEACAECCATACTCOTCUCTGTTUGOAN
cTTTCT TTTCTCACTARCT GEATCTCTCOLG AATCGT ALTTGTCATCTRTOGEC zcer CAALGTGAAAGTTTCT
TCOTGUTTGLCAGTTOTCTGTAR TTEAGA T 2, TTGTATTTCTT TTATCAGETTGE TEAATTGECATTTTATTATITECAT AGATAATUGTAA
TCGTTAGLGTCCTUCACATS TCAGT

>comp0. c0_seq? len=5399 path=[1:0-3646 3648:3647-5398]

AT AT T T T T TG T AT T AR AR T T A AR T AR AL AL AT AT AL AL AT T L AR T T O AT GA T TG L AR AR T A T A A TGO AR T T T L GARL AR T TARAA TTATCAARAT AT AL AAAA TTOAT OGO AL CACACE TAGL T 7

TECACTC 7 AAGAALTAACTTGA, TOCTUCTTTGUAALG ZCITGACT TCAGTAUTATAAMAAGEACTCATICITOTTIC
GTAARCRET - T AT TS ARATATLA AGAALAAL TARACE. L AGEANTLGLO Goe
TTCAC A CAATT T AR 'GATM'A’TGECEA"'TCA'MHC&CNT"P‘"AC
CTTATCTCAAAATGTAAGAAT TAGATCTUATTCAA, AAGTA AGTGTAA TATTTCTCAACAN TACATCTTACACCAGS
ACACTOA AGUAUCTAT C TCAL TTGATT CTGTAACCATGARLAL, ATTTGAAT
ATCCCARTARACATTATT AUTGCAAUCAR CCCAT AR CACARD x5 S TUGTGTTCAAGECARGTEARAATEAUGETETTCAACCLATCT
TATTCAAAR TTTTIT ALTCTOATGCAAC! TETAGEL cC AGTAAGAN, T TTCOTTACAALTAARTTAUTTAACCALTATUCTGA
TTTOTEAAT ? ARGAR A ? ARGA e COTTTCACCTTACALTTA ATARALTOAL, A AUAACAGA
AUTUAL, ARRTAGT A TGTCOGAGET ACATANTCA TTITCATCTTOT CC. "C‘TmE"CGAGGC!"AGCGMCA"GECACL‘MCC"TAD
GTGAACAACATOAAT, GATCCAGTTUTTAAGTS A 14 ATTATAARACATACCTTITTCAAL CTAAAACTTAAAN TAGUTTAA, TTAATCOTTCCAT AAG
CCCCOCTTAMANGE, TAAATCTETTT AL CATAT T T AT ECATAT S T TAT T O T U T U TCAC TCATCAATCAGE TECACAAL G TCACT T CAAATA T CACGT
ACARCCTOTT TTTTCCACOTT 2 LE"T’ACLMGC'C&CGC"CCGCTCNE'CIE%HC‘I"CC?CMACTGCCEA-MC'I"EGACT"CCTCACTGCCC"CAC
coTuAtCerC TCTTGLCTGLTGGLGE TETCARGE CARAAL TEALC ToTear gl TAC TGAGE AT
CCOCATTCTOTOGEN: AUGA. TGUCA A ‘CCMC"CCTGEGTC!CE"ACACC'."JCT"PCCE'CAT)«ECGCTLEAL’A"CGCCYAECCAACCCMACTCCCACTGCA?CA"EMGCME
CCACCTGETCTUAGG TATACTTATTICTCTATTLRCTGETT A CCCC TCCTCGAGET TECTOTTOTTGLTATC ACACGTATAAALACTE
GTAAALCCAL, TEOTTCTOATT CAATAATTTAATTITODT .lAA’ACC"CAMA.IT"M‘F'L‘KGA"CMJ&C'CCT"EAHA.AA 3 AAGTTUTCGAT ACA
AGATCTTATTTITGET TETCATCTTOTCC TTCCATATITTATCLT T AAA T T I T TAGT T TCT T TGTALTC T CAAGTCTTTITIC cocTeTeT AT
AL CAGE T AR T ECTOTGCAC T T T CCCOTGE AL AL T C T T TEAMAATTTTOT T IO TTLO0 AT O T T AACE T AL CTCC T CAAGTCTAAGTGUAATCACATGTGC TTCAMITCOTTTAATATOAT
COACALCATTGUARMTTACAGTCOTGARLT TAGTCT A = TCGTTTOTTTITITOTTCTTIOTCTTTT TTAATTTCT =
TCACALTAACT AR AGAA ACGAAUAAGACCA TETCTAGEAL TCUGTCTTCACATTCOCATCTGTAACTTCT CCTTTACATOTCC AL ™
AT AL T T T AL T A ARG A T ARG AL AT T T T T AT T GT T COTGTATATCC AL T TACCOTOT, TUTCAAGETC MEATGUA TCGACTTUGEALTCACAUCAGECAGAAC
TOARGAALCTGLOCATE ARGEAAGEGUTACTGAATTTCLTT ATAAA! TTCCConTeT ToTAGCETAT AR - TECLGUALGACACA
oG T TG A AT T T T TG AL T T O T TUGLCTCC AL ALGE TUGUTARC AL TTGLUAAGTOCALT ACGTT TOTTAACTA GETTTOTT TTCTTAT ™c
ACARALATTCCTGTOT T M NUGATCCCARCTCARC ARARCATCCARLTETC 2T T TCC T e TGO CTCAGATTCATTGATT TUATAL AGETAN aT
"YCC"‘?CMC'MMEGNTMCAGEATCCGC"CAC'CCS‘.‘ACT“C‘CCMMYOCM&"M"T&T“CM&L TCTTCUTAA AAACTCT TCTCAA ‘NCACCA"A"T“C'MLCT‘HM'MTC"AT
2eTe. TTCTGUITGEALT AAACCTOALTEOAR LETLGE, 0 A cararonToc TTALUCATC
GAGAC CACTCATT ot =, AUA TTTGAACTCACCATTGEATGOGLTETOGUT TeT T C
TETCOTCACCTOOTTOTD A STARTALTC CTGCAACTOTAUTCTTUARAL, AT TUGTACCTTA TCTTTC
ACCACATCCAGETTCOTGACTCTTATC ACCUAAGE, e AURCACA z TCCGATET GOGCAAGCTTATCOTCTOTCGECET
AACARCTECA, TOGTTAATGAATTOTGTOCAC T TGTGAAG TAT T 2 CAACATTAACTOTTOALGETCAC
CCACCTTETATTICUTCAT TTCGCT > s 2 TCCAGTT TGS TATTATCOTGTCOTOTATAA 2 Trer
GUAUAL TETACTTCCCOTT AGUACTETTOCCNC z - :m&xwrcﬁmcacmu-ccw'uc"cmaﬂv‘Mcrcccmct\'c-cw'-f'ﬂmmu:cccrcc
GUAA. TTGCACT TTOCTCAGETTOTZG AT T T T TICCCO AL T CTCAAT T T EAC T TG TCAAC TTCTCICC TAATTTZCOT ATUN TTLOTGOTACTITCCCA
ALCCCTCCACARTCATGTAATAAAGTTCAACC TCAUCTTCALCETCTATE TOCTCCTTCACCATCITOTCTACCATTOTCT GAA; TECTTYT TTOTCATC
? ? ? TUACCAAA, A TTITTGS . Yz & Bep 0 3 TCCATCTTOTTOTAL AUALGTGAGAGTGUTACTOCTC
GceouT TTTCTTC T T T TECATCTCTRCE TUTCATCTGTGUGUTCAAGUGEA! CTCCTUALCCANGE
TEAA. TCTTOCTECTTOCCALT AACCA. Ly 2 7 ACRGTCARGATET n.u'.'E"T"C" T T CTGAAT T O AT TITATTAT T TCLATTATCAAGATAATCG
TAA CLTTALGOTCC COCCATGATUACAAGEGEALAACCTOALT
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< C' @& GitHub, Inc. [US] https://github.com/trinityrnaseq/trinityrnaseq/wiki Y a H o DB ¢ L) &

RNA-Seq De novo Assembly Using Trinity » Pages €2)

e Trinity Wiki Home
¢ |Installing Trinity
o Trinity Computing
Requirements
o Accessing Trinity on
Publicly Available
Compute Resources
o Run Trinity using Docker
e Running Trinity
o Genome Guided Trinity
Transcriptome Assembly

o Gene Structure
Annotation of Genomes

» Trinity process and resource

Quick Guide for the Impatient monitoring

o Monitoring Progress
Trinity assembles transcript sequences from Illlumina RNA-Seq data. During & Trmty Run
o Examining Resource

Download Trinity here. U§a_ge at the End of a
Trinity Run
Build Trinity by typing 'make' in the base installation directory. * Output of Trinity Assembly
e Assembly Quality
Assemble RNA-Seq data like so: Assessment

o Counting Full-length
Transcripts
Trinity --seqType fq --left reads_1.fq --right reads_2.fq --CPU 6 --max_memory 20G o RNA-Seq Read

Representation

o Contig Nx and ExN50

Find assembled transcripts as: 'trinity_out_dir/Trinity.fasta' —

o Examine strand-

Use the documentation links in the right-sidebar to navigate this documentation, and e
specificity of reads

contact our Google group for technical support. % Downstremminalyses



Framework for De novo Transcriptome Assembly and Analysis

Reads
(per sample) l i l i

Abundance estimation =

oesrin T

Assembled
transcripts

(all samples)

Identify differentially expressed transcripts

MA plot Voicano plot
S
EdgeR,
Bioconductor, Expression patterns, transcript clusters
& Trinity [ T

» Combine reads

i Normalization?

De novo assembly

Assembled
transcripts

Identify coding regions

1.3 Billion
Total Reads
86 Million

Normalized Reads



Example Applications of the Trinity RNA-Seq Protocol
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Biomedical Applications for de Novo Transcriptome Assembly

Fusion transcripts in Cancer

Normal Translocation
chromosome 9 t(9:22)
Normal Philadelphia
chromosome 22 chromosome

22q11.2
(bcr)

-~

9q34.1  d S 2"
(abl)
Fusions Identified in a cohort of acute myeloid

BCR--ABL1 fusion in ~95% of leukemias (AML) using de novo transcriptome

chromic myelogenous leukemias (CML) assembly. Engl ) Med. 2013 May 30; 363(22)



Biomedical Applications for de Novo Transcriptome Assembly

Detection & Reconstruction of Viral and Microbial Transcripts in Cancer

Tumor Viruses

* Human papilloma virus (HPV) in cervical cancer
* Hepatitis B & Cin liver cancer

e Eppstein Barr Virus in lymphomas

e T-lymphotrophic virus in adult T-cell leukemia

Bacterial / Cancer Associations

» Helicobacter pylori / stomach cancer
* Fusobacterium nucleatum / colon cancer




Contrasting Genome-guided and De novo Assembly

Genome-guided reconstruction is
more sensitive than genome-free methods

k-1 :
reads _() Overlap requirements reads | X .
Genome-free de novo assembly >> Genome-guided assembly

3000 Cufflinks (genome-guided)
8000 -~

# Genes w/ fully 7000 - Trinity (genome-free)

reconstructed 6000

transcripts 5000
4000
3000
2000
1000

0
é 0 10 20 30 40 50 60

Million PE reads
Mouse data



Summary

Transcript reconstruction from RNA-Seq data may leverage
genome-guided or de novo assembly

Transcriptome assembly uses directed graph data structures and
path traversal

Advantages and disadvantages to assembly approaches
— Genome-guided: well-matched samples and very sensitive

— De novo: almost any sample will do, but requires higher depth
of read coverage

Biomedical applications for de novo transcriptome assembly
— Cancer research: fusion transcripts & pathogen detection



Strand-specific RNA-Seq is Preferred

Computationally: fewer confounding graph structures in de novo assembly:
ex. Forward !=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!-3$, Xian Adiconis!, Chad Nusbaum!, Dawn Anne Thompson!,
Nir Friedman®*, -\ndreas Gnirke' & Aviv Regev!>*

Strand-specific, massively parallel cDNA sequencing (RNA-seq) Nevertheless, direct information on the originating strand can
Is.8 powesiol tost fuv Lanseript discmin gimane sanatation seestantGly subanceibe valie _9_’._?‘.’_._1.‘_.\_'.7\._‘.5_?‘.1_.?}???.'_‘.’_‘.?_‘.‘_._?.0’
e

‘dUTP second strand marking’ identified as the leading protocol
tL".'l''L''II\J\JSC'I.ICI.TVI.'.'C"''l'l'lclll'-' TiCiTTwoT uTvoilupTu a'Lummigicnensive T VIBAdTLIOCU dMTariu s 'UC“CI'I]U'L'I‘K‘.UUT:‘IE TNV UCITISIcanc 1'51':'(:4\':('&:[
computational pipeline to compare library quality metrics from boundaries of adjacent genes transcribed on opposite strandsand
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



dUTP 2 Strand Method: Our Favorite

RNA

l First-strand synthesis with normal dNTPs
cDNA

l Second-strand synthesis with dTTP 2 dUTP

==U=U=—UU U uu

l Adaptor ligation

/
/-u-u—uu_u—uu—
/
/U-U_UU_U—Uu-
l USER™
l Remove “U”s (Uracil-Specific Excision Reagent)
/
7T T = =
/
7T T = =
l PCR and paired-end sequencing
y
7

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

Slide courtesy of Joshua Levin, Broad Institute.



Overlapping UTRs from Opposite Strands

Schizosacharomyces pombe
(fission yeast)

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

4,137 bp >
assembled  SHED-E-E - IENENESFNESE S NENE
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 >
D D
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 EEEEEEEEE
SPCC417.05c¢ SPCC417.06c¢ SPCC417.07c
chitin synthase regulatory meiosis specific protein MT organizer Mtol

factor Chr2 (predicted) kinase Mug27/Slk1




Abundance Estimation
(Aka. Computing Expression Values)



Calculating expression of genes and transcripts
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Slide courtesy of Cole Trapnell



Calculating expression of genes and transcripts

|||I|I |
o
il

| —— e 2 . E S
Low High
= == L Ll —_
3 O ] 4 | —{
Short transcript Long transcript

Read count

Expression Value

T 2 3 4 1T 2 3 4

Slide courtesy of Cole Trapnell



Normalized Expression Values

* Transcript-mapped read counts are
normalized for both length of the transcript
and total depth of sequencing.

* Reported as: Number of RNA-Seq Fragments
er i\ilobase of transcript

per total IVlillion fragments mapped

RPKM (reads per kb per M) used with Single-end RNA-Seq reads
FPKM used with Paired-end RNA-Seq reads.



Transcripts per Million (TPM)

_FPKM. ;. ¢
EJFPKM

I'PM .

Preferred metric for measuring expression
* Better reflects transcript concentration in the sample.
* Nicely sums to 1 million

Linear relationship between TPM and

FPKM values. TPM

Both are valid metrics, but best to be consistent.

FPKM



Multiply-mapped Reads Confound
Abundance Estimation

Isoform A
I N - I
I I L |
| & =B | | & B |

Blue = multiply-mapped reads
Red, Yellow = uniquely-mapped reads



Multiply-mapped Reads Confound
Abundance Estimation

Isoform B

Blue = multiply-mapped reads
Red, Yellow = uniquely-mapped reads

—>» EM —>

Adj Model Params, [ ] L

Proportioning Reads

Use Expectation Maximization (EM) to find the
most likely assignment of reads to transcripts.

Performed by:

* Cufflinks, String Tie (Tuxedo)

* RSEM, eXpress (genome-free)

» Kallisto, Salmon (alighnment-free)



Expression Quantification Results

target_id

TRINITY_DN10_c0_g1_i1
TRINITY_DN11_c0_g1_i1
TRINITY_DN12_c0_g1_i1
TRINITY_DN17_c0_g1_i1
TRINITY_DN18_c0_g1_i1
TRINITY_DN18_c1_g1_i1

TRINITY_DN19_c0_g1_i1

(ex. from Kallisto)

length
334
319
244
229
633
289

283

eff_length

100.489

87.9968

38.2208

30.2382

384.493

65.795

61.0618

est_counts
13
0

2

19

10

tpm
4186.62
0
1693.43
5351.21
1599.2
491.864

5299.91



Evaluating the quality of your transcriptome assembly




De novo Transcriptome Assembly is Prone to Certain Types of Errors

Error type

Family
collapse

Chimerism

Unsupported
insertion

Incompleteness

Fragmentation

Local
misassembly

Redundancy

Transcripts

geneAA IEEEEE—
geneAB m—
geneAC IE——

n=3

Eeemsm———— geneC

geneB I———
n=2

n=1

n=1

n=1

Assembly

n=1

Il
—

n

n=1

Il
—

n

n=4

n=1

n=3

Smith-Unna et al. Genome Research, 2016

Read evidence

bases in reads

Uyl

ATAGGGCGATCGGTG

agreement

coverage
}
I

no reads align to insertion

=_.'—_— —

read pairs align off end of contig

-
— L Se—
Se—

— " S—
—

bridging read pairs

— " —— -



o Ny

=== |ransRate

@ input data

assembled contigs paired-end reads

assign multimapping
reads

©

EE————
: z 4
y y

= "'}

- e
w.._ll.-"

collect contig score

components
MWM\’V*’\ coverage
_W'V_V'\_/'W\_/'V'W' accuracy

— " — e bad/QOOd
= 1

@ calculate contig scores

0.57

0% 01
0.65

@ calculate assembly score
s ().01

0.57 - 0.55  0.80
o.ssj i |_
[| =044

m— ().98
; assembly
quality

completeness
score

Smith-Unna et al. Genome Research, 2016



Simple Quantitative and Qualitative Assembly Metrics

Read representation by assembly

Align reads to the assembled transcripts using Bowtie.
A typical ‘good’ assembly has ~80 % reads mapping to the assembly
and ~80% are properly paired.

Given read pair:  =——> Possible mapping contexts in the Trinity assembly are reported:
Proper pairs Improper pairs Left only Right only
% é




Assembled transcript contig is only as good as its read support.

% 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 atttcatcttctaatttagaatcttgccaatcaagccctctcgaagttggeaatatctataactcaac 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 gtcttccaactccteccattcaagacttaattgactctgt
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

NEWS July 3, 2012. Soybean (Glycine max) and Rat
»iwmeiis  (rn5) genomes have been updated.

;“E” April 20, 2012. IGV 2.1 has been released.
See the release notes for more details.

April 19, 2012. See our new IGV paper in Briefings in
Bioinformatics.

Overview

R e e e

Citing IGV
To cite your use of IGV in your publication:

James T. Robinson, Helga Thorvaldsdéttir, Wendy
Winckler, Mitchell Guttman, Eric S. Lander, Gad Getz, Jill P.
Mesirov. Integrative Genomics Viewer. Nature
Biotechnology 29, 24-26 (2011), or

Helga Thorvaldsdottir, James T. Robinson, Jill P. Mesirov.
Integrative Genomics Viewer (IGV): high-performance
ggngmic_s d_a_ta vjsuali;atip_n_gnd exploration.
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Can Examine Transcript Read Support Using IGV

X IGV

File Genomes VYiew Tracks Regions Tools GenomeSpace Help
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Can align Trinity transcripts to genome scaffolds to examine intron/exon structures

800

(Trinity transcripts aligned to the genome using GMAP)

IGV
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The Contig N50 statistic

“At least half of assembled bases are in contigs
that are at least N50 bases in length”

In genome assemblies — used often to judge ‘which assembly is better’

Assemblies ordered by length: ‘ ‘

\ \
ﬁﬁ"’&*— l-lr.ll !

0 500000 1000000 1500000 2000000 2500000 3000000 3500000 4000000

!

N50 contig length = 500k




Often, most assembled transcripts are *very* lowly expressed
(How many ‘transcripts & genes’ are there really?)

1.4 million Trinity

. transcript contigs
N50 ~ 500 bases
=
&
Cumulative
# of <t
+
Transcripts =
20k transcripts
2
S I | | | |

-1 * minimum TPM

Expression

* Salamander transcriptome



N50 Calculation for Transcriptome Assemblies??

R N
1-+*Plﬂlwm.ﬁumumn A o 300000

0 10000 20000 30000 40000 50000 60000 70000 80000 90000 T

N50 length?

: . . |l
In transcriptome assemblies — N50 is not very useful. (small)

* Overzealous isoform annotation for long transcripts drives
higher N50

* Very sensitive reconstruction for short lowly expressed
transcripts drives lower N50



Compute N50 Based on the Top-most Highly Expressed Transcripts (ExXN50)

e Sort contigs by expression value, descendingly.
 Compute N50 given minimum % total expression data thresholds => ExN50

—
_ N50=3457, g?;
_ and &
S 24K transcripts | & C.E
L]
o
| |
2 |
= = &
A 8 4 \
[N |
|
| o
Lo
-
=
= o
B T | | | | |
0 20 40 (S1d! a0 T 100
Ex 90% of

expression data



ExN50 Profiles for Different Trinity Assemblies Using Different Read Depths

L)
2 - - tiny
o small
more -

- enough 7 \ Millions of Reads
8 | ".//
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o Thousands of

I T T T | | Reads

0 20 40 60 80 100

Ex

Note shift in EXN50 profiles as you assemble more and more reads.

* Candida transcriptome



Evaluating the quality of your transcriptome assembly

* Mouse transcriptome

Full-length Transcript Detection via BLASTX

Known protein (SWISSPROT)
Trinity transcript /_W

# genes with full-length transcripts

90C0

8000 1
7000
6000
5000
4000 1
3000 1
2000

1000

Have you
sequenced
deeply
w—==FL-genes enough?
= owissprot gt80
10 20 30 40 50

# Million PE reads

Haas et al. Nat. Protoc. 2013
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@3 UNIVERSITE
& DE GENEVE

FACULTE DE MEDECINE CEGG Home | OrthoDB v9| BUSCO v2

NIl <& oF Assessing genome assembly and
B U S C V2 annotation completeness with
Benchmarking Universal Single-
Copy Orthologs

About BUSCO

BUSCO v2 provides quantitative measures for the assessment of genome assembly, gene set,
and transcriptome completeness, based on evolutionarily-informed expectations of gene content
from near-universal single-copy orthologs selected from OrthoDB va.

BUSCO assessments are implemented in open-source software, with a large selection of
lineage-specific sets of Benchmarking Universal Single-Copy Orthologs. These conserved
orthologs are ideal candidates for large-scale phylogenomics studies, and the annotated
BUSCO gene models built during genome assessments provide a comprehensive gene
predictor training set for use as part of genome annotation pipelines.



< C @ busco.ezlab.org % a @ = e

UNIVERSITE

Y DE GENEVE

FACULTE DE MEDECINE

Assessing genome assembly and
annotation completeness with
Benchmarking Universal Single-
Copy Orthologs

#Summarized BUSCO benchmarking for file: Trinity.fasta
#BUSCO was run in mode: trans

Summarized benchmarks in BUSCO notation:
C:88%[D:53%],F:4.5%,M:7.3%,n:3023

Representing:
1045 Complete Single-copy BUSCOs
1617 Complete Duplicated BUSCOs
139 Fragmented BUSCOs
222 Missing BUSCOs
3023 Total BUSCO groups searched




Detonate: Which assembly is better?

“RSEM-EVAL [sic] uses a novel probabilistic model-based method to compute the
joint probability of both an assembly and the RNA-Seq data as an evaluation score.”

scorerseM-EVAL(A) = log P(A, D)

“the RSEM-EVAL score of an assembly is defined as the log joint probability
of the assembly A and the reads D used to construct it”

log P(A4, D) = log / P(D|A, A)P(A|A)P(A)dA
A
~ }ogP(D|A, AMLE)J‘F}OgP(AU\MLE)J

likelihood assembly prior

1
— E(M_I_ 1)logN,

- -

BIC penalty

Li et al. Evaluation of de novo transcriptome assemblies from RNA-Seq data, Genome Biology 2014



Detonate: Which assembly is better?

“RSEM-EVAL [sic] uses a novel probabilistic model-based method to compute the
joint probability of both an assembly and the RNA-Seq data as an evaluation score.”

scorerseM-EVAL(A) = log P(A, D)

“the RSEM-EVAL score of an assembly is defined as the log joint probability
of the assembly A and the reads D used to construct it”

Bigger Score'=Better Assembly

Li et al. Evaluation of de novo transcriptome assemblies from RNA-Seq data, Genome Biology 2014



Detonate: Which assembly is better?

“RSEM-EVAL [sic] uses a novel probabilistic model-based method to compute the
joint probability of both an assembly and the RNA-Seq data as an evaluation score.”

Simulated Real Yay
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RSEM-EVAL Score RSEM-EVAL Score

RSEM-EVAL Genome-free metric

Li et al. Evaluation of de novo transcriptome assemblies from RNA-Seq data, Genome Biology 2014



Hands-on Workshop Activities
Inputs

Alignment

Transcript assembly
Reference guided

Abundance utlmaﬁon

Expmslon analysis

Qutlily control

(Tomorrow)

G'PLOS |sauseymome:



