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RNA sequencing, transcriptome
and expression quantification



Lecture Overview

What is RNA-seq?
Basic concepts

Mapping-based transcriptomics (genome -
based)

De novo based transcriptomics (genome-free)

Expression counts and differential expression
Transcript annotation



Recap - Basics of the Next
Generation Sequencing (NGS)

* DNA Sequencing: “Process of determining the
precise order of nucleotides within a DNA
molecule.” -Wikipedia

Genetics Medicine

Molecular Taxonomy Forensics

Biology Biology
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Recap - Basics of the Next
Generation Sequencing (NGS)
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Features of Next Generation
Sequencing.
1. Massive sequence production (from 0.1 to 300 Gb).

2. Wide range of sequence lengths (from 50 to 3,000
bp).

3. Same or bigger error rate that the traditional
sequencing (from 87 to 99.9%).

4. Cheap price per base.



Features of Next Generation
Sequencing.

Inputs Outputs
- — Single Reads Library.
454 Pyrosequencing ) ) . . - sff files
(GS FLX Titanium XL+) |~ Pair Fnd Library (3 to 20 Kb insert size). — (fasta and fastq files)
— Multiplexed sample.
llumina
(HiSeq 2500) - Single Reads Library.
— Pair End Library (170-800 bp insert size). — fastq files (Phred+64)
— Mate Pair Library (2 to |0 Kb insert Size) — fastq files (Phred+33, lllumina 1.8+)
Mlurmina — Multiplexed sample.
(MiSeq)
— Single Reads Library.
(SSO(SJSI:Dtem) — Mate Pairs Library (0.6 to 6 Kb insert size).
e — Multiplexed sample.
— Single Reads Library.
“l:: :::::tl) — Pair End Library (0.6 to 6 Kb insert size). — fastq files (Phred+33)
— Multiplexed sample.
(P::;g:S) — Single Reads Library.




Library types (orientations)

e Single reads

F o—
e Pair ends (PE) (150-800 bp insert size)
F q ................. h R Nlumina

R h ............................................. q F "Iumina
F ﬁ ............................................. _ R 454/Roche



Library types (orientations)

% Multiplexing:
Use of different tags (4-6 nucleotides) to
identify different samples in the same lane/
sector.

AGTCGT

TGAGCA
AGTCGT

pe— ARESE
- — > ol
~h AGTCGT
AGTCGT Sequencing
ACTEET " —
TGAGCA > 4 TGERERA
R — TGAGCA
D> = > =%

N




File Formats

Fastq files:

SSS5S5S5SSSSSSSS5SSS555SSS5SSSSS55SS5SSSSSSSSSS
[2 0200000000600 0800000000080000000000000000844
ITIIIIIIXIIIIIIIIIIINIINNINININIINIININIIININI
JIJJIJIJIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIId
LLL L L L L L L L L L L L L L L L L L LLLLLLL L L L L L L LLLL

1"#$%&" ()*+,~./0123456789:; <=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ [\ ]~ “abcdefghijklmnopgrstuvwxyz{|})~
|

I I I
33 59 64 73 104 126

S - Sanger Phred+33, raw reads typically (0, 40)
X - Solexa Solexa+64, raw reads typically (-5, 40)
I - Illumina 1.3+ Phred+64, raw reads typically (0, 40)
J - Illumina 1.5+ Phred+64, raw reads typically (3, 40)
with O=unused, l=unused, 2=Read Segment Quality Control Indicator (bold)
(Note: See discussion above).
Phred+33, raw reads typically (0, 41)

Phred score of a base is: Qphred=-10 log10 (e)

Q=15 e=0.03 (min. used Sanger)
Q=20 e=0.01 (min. used 454 and lllumina)
Q=30 e=0.001 (standard used 454)



Lecture Overview

What is RNA-seq?
Basic concepts

Mapping-based transcriptomics (genome -
based)

De novo based transcriptomics (genome-free)
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Transcript annotation



RNA-seq

Exon Intron Exon Intron Exon Intron Exon
GT AG GT A(JJ GT AG
« ,i\TGd TAG, TAA, TGA
art codon Transcription Stop codon

Pre-mRNA

A

ATG TAG, TAA, TGA A

Start codon Stop codon A

A

MRNA A

AAAAAAAAA

A T
IA‘G’JA‘)'\", TUA

Start codon Stop codon

Translation



Overview of RNA-Seq

fragmen-
\ tation

mMRNA l RT
sequence library
RT\,_> — -
fragmen- - . .
tation /
short sequence reads == ———
Reconstruct original —_— ——
full-length transcripts T —

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



00 s [onl 2510 o less - 195X60

@HWI-STO866_0110:5:1101:1264:2090#GATCAG/1
AGGCACTCCCTGCAGGTGTTGGACCACCTGGCTGAGCCACAGCGTCGCTTCCTGCTGCCAGGGCCTCGGAGAGGGTGGCTGTGGAGACACTGTGGGAGCA
+HWI-STOB866_0110:5:1101:1264:2090#GATCAG/1
~_P\'ccceeceeeee[b[beedaae_fdddde_cfhheedfeeh__"aeadd'd]baccc\ [TKT\]_\ZQT*a[W[~*aW"'~'aX~X~"_Y]~aBBBB
@HWI-STO866_0110:5:1101:1418:2201#GATCAG/1
TCTTTATTGGCATCAGGCATCACCACACCATGGTTCTTGGCTCCCATGTTGGCCTGGACTCTCTTGCCATTCCGGGATCCTCTCTCATAGATGTACTCGC
+HWI-STOB866_0110:5:1101:1418:2201#GATCAG/1

__P"ccceegge] eghhhhdfhhhhhhhhhfhhefghffffhffhhfhegreeffgfegf ' fghhhffhhggadcX [ bbbbbbbbbcbbbecbR]aabaa
@HWI-STO866_0110:5:1101:1561:2232#GATCAG/1
CCGAAACCCCGAAAGCACCCCAAAATCCCTGTGGGGAACCCCGAAAATCCCGAAATTACCCCAAAATACCTGTGGGATACCCTGAAAACCCGAAAGCACC
+HWI-STO866_0110:5:1101:1561:2232#GATCAG/1
__[va\**\eleefdgbafagfffagfd'Rclcac a_ef[a_N']aced]\X]Z*RGYYYXa”_""bb_YYYb
@HWI-STO866_0110:5:1101:1675: 2246#GATCAG/1
GCTCAAGTCCCGGAGGAGGTCAGAGCTGGCATCTCTTCCCCAGCTGCTGCTCAGGAGTGTAAGCACCTGCAAACAGCTGCCAGCCAGGGAGCTGTGACTT
+HWI-STOB866_0110:5:1101:1675:2246#GATCAG/1

__I\"accccec[eagag' gggedbffhhffgfhhhhheaaefaghhhfdghhhdfd' ddgbd]_~abbbb__~ababbGXY_[aa”"a00T[ ' bbGYYS
@HWI-STO866_0110:5:1101:1752:2075#GATCAG/1
CAGCNGCTCTGGGCACCCTGTGCCAGGGCNTGNCCACCCTCCCAGCCAAGAATTCCTTCCCNATATCTAACCCAAATTTCTTCCCNGTAGGAGCAGGATG
+HWI-STOB866_0110:5:1101:1752:2075#GATCAG/1

Z_[aBQQQ" ccace_d_Y'a_Xd*ecc] fBPYBOYacedeZeVRbWVW\_\bcS\bdde' VBKKT*accab] GT\Z_YY" ' _]1YGBKKWWO] " _W~[W_R
@HWI-STO866_0110:5:1101:1888:2141#GATCAG/1
CAGATGAGGACTTTTGCTCCAAATGGGAAAGGAGAAAACCTCAGTCCGTAGAGATGCTCCCAGAGATAGTCCTAAAGATGAAGATGATGAAGACCCTTTG
+HWI-STO866_0110:5:1101:1888:2141#GATCAG/1

@HWI-STO866_0110:5:1101:1930:2172#GATCAG/1
ATCCAAGTTAAAACAGAGGCCTGTGACAGACTCTTGGCCCATCGTGTTGATACTAAAATGAAAGGAAACAAAGTGAATGAAGTACTGAATAGATTACACT
+HWI-ST@866_0110:5:1101:1930:2172#GATCAG/1

_"_a~cccegcgghhgZc' ghhc*egggd”_[d]defcdfd~Z~0XWaQ"~adghwwaff_H_cbdbbd\dbddV~_ZRMHHZGUZ_b_YRTGTT] '__bl[
@HWI-STO866_0110:5:1101:1945:2183#GATCAG/1
CTCACGATGGTCCCCAGGCTGTCCACAGTTGCCACACACTGATAATATCCTTCATCAGGTTTATTATGCTTGGAATGCACCACACTGTTAATTAATAAAG
+HWI-STOB866_0110:5:1101:1945:2183#GATCAG/1

~__ccc\ccY' ~ae'Z_'bR'b] faldec*ceeeffcrfcdceXc] cehehaebefd' eWw\\b]lbebeeedde ' R\_aa_c]lb\baaZ ' accdc[']a"a
@HWI-ST0866_0110:5:1101:1920:2205#GATCAG/1
GCCAGTACAGCTGTAGTAGTCTGTCCTTCCCATCCGTGCCCATGTGACACAGCAGGTTCACAGCATGGTGACCAGTTTGAAGCTTCCTACCTCTGTGGTA
+HWI-STO866_0110:5:1101:1920:2205#GATCAG/1
bbbeeeeegfggghfhfhhihihiiiiihiiiiiiiiighiiiiiiiiiiiihiihghiiiiiiihhhbdgh bddcddcccccbecce
@HWI-STO866_0110:5:1101:2095:2167#GATCAG/1
GTTCAGACAAGTTCGATCTCTTGTGCATCGACTGTGCTGGATGATAGTTTTTCAGTGAGTATTATGGTTAGTAGATATAGTACCAGGCTGCAAATAGCTA
+HWI-STOB866_0110:5:1101:2095:2167#GATCAG/1

@HWI-STO866_0110:5:1101:2494:2131#GATCAG/1
CTCGAAATCCAGGGCAACGTAGCACAGCTTCTCCTTGATGTCACGCACAATTTCTCTCTCAGCTGTGGTGGTGAAGCTGTAGCCTCTCTCTGTCAGGATC
+HWI-STO866_0110:5:1101:2494:2131#GATCAG/1

@HWI-STO866_0110:5:1101:2424:2217#GATCAG/1
TAACAGTCCCCCTGGTATGAAATGGCACCTTGGTTACACTGAGGGAGGGGTGAGGTTACAGGGAGTAATTTTCATGTGTAACTGGGGTTAAAAAAAAAAA
+HWI-STO866_0110:5:1101:2424:2217#GATCAG/1
@HWI-STO866_0110:5:1101:2485:2220#GATCAG/1
CCTGGATGGTGGGCTGATCAACTTTGAGAAGAGAAGGAAGGAGTTCGAAGTCATCGCGCAGATCAAGCTGCTCCAGTCGGCCTGCAACAACTACAGCTTC
+HWI-STO866_0110:5:1101:2485:2220#GATCAG/1
@HWI-STO866_0110:5:1101:2476:2244#GATCAG/1
CAGTACTCTTTGTACCGCTCATCTGCATCTCCAAACACTTTGTACCTGCTGCCTTTTATTTTGTATGTTTACCTGTGTCAGAGAGTCGCCAAGTTTGTTC
+HWI-STOB866_0110:5:1101:2476:2244#GATCAG/1
abbeeeeefgggghifiihiiihigaghefhhdgheghhhhf~afgffhfhiiihidfhhihihhiiggbg'gfdg'bdddeade" ] _Z*Y[]lbcbccb
@HWI-ST0866_0110:5:1101:2502:2189#GATCAG/1
AACAAAACGGGCTGTTTTAGGACCCTTGGTCCCAAGGGGTAATGGCCCTCAGCACCCACTATCCCTGCTCTCCAGGGCTCTCTAGGGATTTAGTGCTGAT
+HWI-STOB866_0110:5:1101:2502: 2189#GATCAG/1
_b_c iiiiihiiiiiiiiiiiiiiiiiiiiefhiihiiiihihihhhgggeeee_dddcddccccbecaccccccecbebecccecccedece
@HWI-STO866_0110:5:1101:2517:2226#GATCAG/1
TATCAATTTGCGCTTGATTACTAGTGCTACCTTCCCATACATTGCAGAGAGCGCGTGTCCATAGTGTATGGTACAGTACAACCAGCACCACAGCTTAGAG
+HWI-STO866_0110:5:1101:2517:2226#GATCAG/1

@HWI-STO866_0110:5:1101:2659:2245#GATCAG/1
TGCCTATGGAATTACGTTAATTTACACAAACAAATTCCATATTAGCTTTAAAAAATAAACCTACTTCTAACTAGAAGTGAAAGAAGTTTAAAAGTGCTGC
+HWI-STOB866_0110:5:1101:2659:2245#GATCAG/1
“YYccacc] ‘ae*affhhhbc*dgeghfeeafg' dfhhgf] fhhSYcgfd] cae_fghhRW\eb] ffhZV\'d]dR\V~Z_dced bGZ b bbzZ]]_Y"




Paired-End

el
Genomic DNA

‘ Fragment (200-500bp)

2=\

l Ligate Adaptors

l Generate Clusters

-

Sequence First End

...... §

Regenerate Clusters and
Sequence Paired End

/7 FonceL’/,

BILS

Bioinformatics
Infrastructure
for Life Sciences




Insert size

Insert size

Read 1

DNA-fragment

Adapter+primer

sssssssssssssssssadsaged

Pmmmmmm o

<€ >

Inner mate distance

Read 2



Paired-end gives you two files

FASTQ format (old):

N

@61DFRAAXX1®®Z®4:1:1@@:1@494:307@;;2
AAACAACAGGGCACATTGTCACTCTTGTATTTGARAAACACTTTCCGGCCAT

+
ACCCCCCCCCCCCCCCCcccccceececeeBLreccccecccamacAaceeccea

P . N

@01DFRAAXX100204:1:100:10494:3070/2
ATCCAAGTTAAAACAGAGGCCTGTGACAGACTCTTGGCCCATCGTGTTGATA
+

_A_arcccegcgghhgZc ghhcregggdA_[d]defcdfdAZAOXWaQAad

New: @<instrument>:<run number>:<flowcell ID>:<lane>:<tile>:<x-pos>:<y-pos>
<read>:<is filtered>:<control number>:<sample number>

Example:
@SIM:1:FCX:1:15:6329:1045 1:N:0:2

TCGCACTCAACGCCCTGCATATGACAAGACAGAATC
+

<>;##=><9=AAAAAAAAAAH <H<;<<<?P? =




Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
= o 3 - CJ ]
:1:]1:1:] [::]:1:] — [:]E :][:]:1 :]:1 —
el T ::]:1 i el e
T Y e e R = =

r----

Advancing RNA-Seq analysis

Brian J Haas & Michael C Zody Nature Biotech, 2010



Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads

= o 3 — —
s R — _ o
Dl:ll:l:] - —
- -
- O 8 ]

MAPPING “%u”

i OO OO0 O
O O 0—0 OOoOs— O o0
— O O—IOO0 = o0—O 0.

Genome




Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
= :1:1:1:1[: D:gm :][:1 -
— = 5 —

Align reads to
genome
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Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
= s R - q:l ]

—
e = - = —
= = [:::l:) — —
—
= e S OoE o
—
= — = O o o 8
MDN Align reads to
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? TopHat s
= 0= 3 e

O0————A O ooOo0—0 O
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- - OO0 O—O
— O O0—O0O COCOoc——0 S o, NATURE PROTOCOLS | PROTOCOL
= 0O CO—IOCO = o0—o 0o
Genome leferenpal gene a_nd transcript
expression analysis of RNA-seq
. ; experiments with TopHat and
Assemble transcripts flink ““ Cufflink
from spliced alignments | Cuftlinks ' utilinks

—

Cole Trapnell, Adam Roberts, Loyal Goff, Geo Pertea, Dachwan
Kim, David R Kelley, Harold Pimentel, Steven L Salzberg, John L
Rinn & Lior Pachter

Affiliations | Contributions | Corresponding author

Nature Protocols 7, 562-578 (2012) | doi:10.1038/nprot.2012.016

E= =—=:] Published online 01 March 2012




Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
= s SR = - -
E:E:chglzﬂéiél — ::E:]E?:jcj C;:: —
" g =222 Eg: o e e
e T e R == == =

MAPPING g e\ e

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

= O O =
s B = = = =0 o Y
= =
- e = Il -

R —= = =

= E:,EJL_lrﬂ 0 O — Ooo s
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e 0 oE o o=
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Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads

- = 3

- ]

- 3
e
4 = —= -
el T i = Y =
=
e [ A0 om o o=

End-to-end Transcriptome-based
RNA-Seq Analysis
Software Package

NATURE PROTOCOLS | PROTOCOL

De novo transcript sequence reconstruction from
RNA-seq using the Trinity platform for reference
generation and analysis

Brian J Haas, Alexie Papanicolaou, Moran Yassour, Manfred Grabherr, Philip D Blood,
Joshua Bowden, Matthew Brian Couger, David Eccles, Bo Li, Matthias Lieber, Matthew D
MacManes, Michael Ott, Joshua Orvis, Nathalie Pochet, Francesco Strozzi, Nathan Weeks,
Rick Westerman, Thomas William, Colin N Dewey, Robert Henschel, Richard D LeDuc, Nir

Friedman & Aviv Regev

Affiliations | Contributions | Corresponding authors

Nature Protocols 8, 1494—-1512 (2013) | doi:10.1038/nprot.2013.084
Published online 11 July 2013

Assemble transcripts
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Basic concepts of mapping-based RNA-seq - Spliced reads

Exon Intron Exon Intron Exon Intron Exon
GT AG GT A(J GT AG
. ,i\TGd TAG, TAA, TGA
art codon Transcription Stop codon
Pre-mRNA
AA
A
ATG TAG, TAA, TGA A
Start codon Stop codon A
A
MRNA A
R A AAAAAAAA

Start codon Stop codon

ATG l TAG, TAA, TGA

Translation



RNA-seq - Spliced reads

Go ﬁ’<’>‘@‘ﬂ:ﬂ ){’p’ = ERRARERNAN I

1 H—— I 1 pe - i .
CUFF.1837.1 CUFF.1838.1 CUFF.1840.1




Pre-mRNA

DNA
Exon Intron Exon Intron Exon Intron Exon
GT GT GT
« ?TGd TAG, TAA, TGA
art codon Transcription Stop codon
Pre-mRNA

ATG TAG, TAA, TGA
Start codon Stop codon
MRNA
ATG TAG, TAA, TGA
Start codon Stop codon

Translation



Pre-mRNA
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Pre-mRNA

7,730 kb 7,740 kb 7,750 kb 7,760 kb 7,770 kb
1 | | | | 1
— ' -t ) — > > > =
CUFF.28035.1 CUFF.27994.1 CUFF.28031.4 CUFF.28011.1
: 1 I PP —
CUFF.28042.1 CUFF.28031.2 CUFF.28013.1

CUFF.28042.2

CUFF.28031.3

CUFF.28031.1

CUFF.28031.5



Stranded rna-seq
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Overview of RNASeq

Bowtie (fast short-read alignment)

TopHat (spliced short-read alignment)

Cufflinks (transcript reconstruction from alignments)

Cuffdiff (differential expression analysis)

CummeRbund (visualization & analysis)



Tophat-mapped reads




Alignments are reported in a compact representation: SAM format

o J o Ol d WD BEH O

N e e = = N = Ve
o0 WN O

61G9EAAXX100520:5:100:10095:16477

83

chrl

51986

38

4 6M

51789

-264
CCCAAACAAGCCGAACTAGCTGATTTGGCTCGTAAAGACCCGGAAA
###CB?=ADDBCRBRCDEEFFDEFFFDEFFGDBEFGEDGCEFGEFGGGGG
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

o J o Ol d WD BEH O

el e e el e e
< o0 WN O

61G9EAAXX100520:5:100:10095:16477 (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
###CB?=ADDBCBCDEEFFDEFFFDEFFGDBEFGEDGCFGFGGGGG

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

HI:i:1

NM:1:0

SM: i : 38 (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 X0:1:40
17 X2:1:0

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



Samtools

* Tools for
— converting SAM <->BAM
— 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: samtools <command> [options]
Command: view SAM<->BAM conversion
sort sort alignment file
mpileup multi-way pileup
depth compute the depth
faidx index/extract FASTA
tview text alignment viewer
index index alignment
idxstats BAM index stats (r595 or later)
fixmate fix mate information
flagstat simple stats
calmd recalculate MD/NM tags and '=' bases
merge merge sorted alignments
rmdup remove PCR duplicates
reheader replace BAM header
cat concatenate BAMs
targetcut cut fosmid regions (for fosmid pool only)
phase phase heterozygotes



There is also CRAM...

CRAM compression rate File format File size (GB)

SAM 7.4
BAM 1.9
CRAM lossless 1.4
CRAM 8 bins 0.8

CRAM no quality scores 0.26



Visualizing Alignments
of RNA-Seq reads



Text-based A

lignment Viewer

% samtools tview alignments.bam target.fasta

T GTTTAATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAAC
ATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAAC
atttcatcttctaatttagaatcttgccaatcaagccctctcgaagttggcaatatctataactcaac
atttcatcttctaatttagaatcttgccaatcaagccctctcgaagttggcaatatctataactcaac
TAGGTTTAAT aatcttgccaatcaagccctctcgaagttggcaatatctataactcaacct
TAGGTTTAATTT tcttgccaatcaagccctctcgaagttggecaatatctataactcaacct
TAGGTTTAATTTCATCTT cttgccaatcaagccctctcgaagttggcaatatctataactcaacct
TAGGTTTAATTTCATCTTC TGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCT!
TAGGTTTAATTTCATCTTCTAAT TGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCT!
gtaggtttaatttcatcttctaatttag TGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCT!
TAGGTTTAATTTCATCTTCTAATTTAG GCCAATCAAGCCTTCTCGAAGTTGGCAATATCTATAACTCAACCT!
TAGGTTTAATTTCATCTTCTAATTTAG CAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCT!
TAGGTTTAATTTCATCTTCTAATTTAG CAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCT!
gccctctcgaagttggcaatatctataactcaacct
CCCTCTCGAAGTTGGCAATATCTATAACTCAACCT
ctctcgaagttggcaatatctataactcaacct
CTCGAAGTTGGCAATATCTATAACTCAACCT
CGAAGTTGGCAATATCTATAACTCAACCT
AAGTTGGCAATATCTATAACTCAACCT
CAATATCTATAACTCAACCT
CTATAACTCAACCT!

T
T
T

gtaggtttaatttcatcttctaatttagaatcttgccaatcaagcc
TAGGTTTAATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCC

gtaggtttaatttcatcttctaatttagaatcttgccaatcaagccc
TAGGTTTAATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCC
TAGGTTTAATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTC
TAGGTTTAATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAG
TAGGTTTAATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAG

ATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAAC
TTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCT

ctgcttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttce
tgcttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttcca
GCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAA cctccattcaagacttaattgactctgt,
GCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAA  cctccattcaagacttaattgactctgt
ctgcttctgagattcta CTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAA ctat]
ctgcttctgagattctaag CTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAA
ctgcttctgagattctaagt  TTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAAT
CTGCTTCTGAGATTCTAAGTAC ATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAATTGAC
CTGCTTCTGAGATTCTAAGTAC GCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAATTGACTC
CTGCTTCTGAGATTCTAAGTAC CATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAATTGACTCTG
CTGCTTCTGAGATTCTAAGTACC cattactataattggtgttatcgggtcttccaactcctccattcaagacttaattgactctgt
CTGCTTCTGAGATTCTAAGTACC tgttatcgggtcttccaactcctccattcaagacttaattgactctgt
CTGCTTCTGAGATTCTAAGTACCTT gggtcttccaactcctccattcaagacttaattgactctgt
ctgcttctgagattctaagtaccttagatgcc GGTCTTCCAACTCCTCCATTCAAGACTTAATTGACTCTG
CTGCTTCTGAGATTCTAAGTACCTTAGATGCCA ggtcttccaactcctccattcaagacttaattgactctgt
ctgcttctgagattctaagtaccttagatgccaag ggtcttccaactcctccattcaagacttaattgactctgt
CTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTA GTCTTCCAACTCCTCCATTCAAGACTTAATTGACTCTG
CTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACA gtcttccaactcctccattcaagacttaattgactctgt
CTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATT cttccaactcctccattcaagacttaattgactctgt
CTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAA cttccaactcctccattcaagacttaattgactctgt
CTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAATTGGTG
cttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaac
cttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaac
cttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaac  tccattcaagacttaattgactctgt
ttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaact tccattcaagacttaattgactctgt
tgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactce ccattcaagacttaattgactctgt
tgagattctaagtcccttagatgccaagtacattactataattggtgttatcgggtcttccaactcct cattcaagacttaattgactctgt
tgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactcct tcaagacttaattgactctgt
gagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactcctce AAGACTTAATTGACTCTG
agattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactcctcc cttaattgactctgt
AGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCC attgactctgt
gattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactcctcca
gattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactecctcca
gattctaattaccttagatgccaagtacattactataattggtgttatcgggtcttccaactccccca
aagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactcctccattcaag
cttccaactcctccattcaagacttaattgactctgt
TTCCAACTCCTCCATTCAAGACTTAATTGACTCTG
TCCAACTCCTCCATTCAAGACTTAATTGACTCTG
caactcctccattcaagacttaattgactctgt
caactcctccattcaagacttaattgactctgt
aactcctccattcaagacttaattgactctgt
aactcctccattcaagacttaattgactctgt]
tccattcaagacttaattgactctgt
ccattcaagacttaattgactctgt
ccattcaagacttaattgactctgt

ctcctccattcaagacttaattgactctgt|
cctccattcaagacttaattgactctgt

tccattcaagacttaattgactctgt
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IGV: Viewing Tophat Alignments
W
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Transcript Reconstruction Using Cufflinks

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



Transcript Reconstruction Using Cufflinks

a Splice-align reads to the genome
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b Build a graph representing alternative splicing events

(O 0] /[G )

D[D ——] \ (= — =]
[ = 0 El]\ (—o— =0—D)

[= O0—0— 00

From Martin & Wang. Nature Reviews in Genetics. 2011



Transcript Reconstruction Using Cufflinks

C Traverse the graph to assemble variants
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GFF file format

##gff-version 3

scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7
scaffold_7

maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker
maker

gene
mRNA
exon
exon
exon
exon
exon
exon
exon
exon
five_pris
cos
cos
cos
cDs
cDs
cos
cos
cDs
three_pr
gene
mRNA
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
cDs
cos
cos
cos
cDs
cDs
cos
cos
cDs
cDs
s
cos
cDs
cDs
s
cos
cDs
cDs
s
cos
cDs
three_pr
gene
mRNA
mRNA
exon
exon
exon

133848
133848
138974
135098
139616
144511
136342
133848
141262
144138
me_UTR
144511
144138
141262
139616
138974
136342
135098
134262
ime_UTR
83101
83101
95748
99113
90664
110231
113609
94057
84578
115452
111579
102917
96766
86666
99944
109766
93154
114737
83101
108533
117477
106779
105743
83101
84578
86666
90664
93154
94057
95748
96766
99113
99944
102917
105743
106779
108533
109766
110231
111579
113609
114737
115452
117477
ime_UTR
22451

22451
26810
26810
27950
33513

144662
144662
139077
135281
139836
144662
136437
134338
141383
144296
144592
144591
144296
141383
139836
139077
136437
135281
134338
133848
117593
117593
95871
99137
90748
110356
113679
94117
84670
115536
111669
103016
96849
86750
100109
109860
93282
114825
83155
108795
117593
106866
105835
83155
84670
86750
90748
93282
94117
95871
96849
99137
100109
103016
105835
106866
108795
109860
110356
111669
113679
114825
115536
117589
117590
37514
37514
37514
27088
28090
33610

144662

134261

R T I T S E
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ID=C55462A8A38E2878A71E2ABDAFB34661;Name=maker-scaffold_7-augustus-gene-0.11
649E923246BADE2184E579FA9124ABD; Parent=C55462ABA38E2878A71E2ABDAFB34661;Name=1: cornix-all_reads.72406.1; _AED=1.00;_eAED=1.00;_QI=71|0|0|0|0|0|8|414|347
649E923246BADE2184E579FA9124ABD: exon:7; Parent=A649E923246BADE2184E579FA9124ABD
649E923246BADE2184E579FA9124ABD  exon:6;Parent=A649E923246BADE2184E579FA9124ABD
649E923246BADE218B4E579FA9124ABD  exon 649E923246BADE2184E579FA9124ABD
649E923246BADE218B4E579FA9124ABD  exon 649E923246BADE2184E579FA9124ABD
649E923246BADE2184E579FA9124ABD: exon
649E923246BADE2184E579FA9124ABD: exon
649E923246BADE218B4ES579FA9124ABD  exon 649E923246BADE2184E579FA9124ABD
ID=A649E923246BADE218B4ES579FA9124ABD  exon:0;Parent=A649E923246BADE2184E579FA9124ABD
. ID=A649E923246BADE2184E579FA9124ABD: five_prime_utr;Parent=A649E923246BADE2184E579FA9124ABD
ID=A649E923246BADE2184ES579FA9124ABD: cds; Parent=A649E923246BADE2184E579FA9124ABD
649E923246BADE218B4E579FA9124ABD: cds; Parent=A649E923246BADE2184E579FA9124ABD
ID=A649E923246BADE218B4E579FA9124ABD: cds; Parent=A649E923246BADE2184E579FA9124ABD
ID=A649E923246BADE2184E579FA9124ABD: cds; Parent=A649E923246BADE2184E579FA9124ABD
649E923246BADE2184E579FA9124ABD: cds; Parent=A649E923246BADE2184E579FA9124ABD
649E923246BADE218B4E579FA9124ABD: cds; Parent=A649E923246BADE2184E579FA9124ABD
ID=A649E923246BADE218B4E579FA9124ABD: cds; Parent=A649E923246BADE2184E579FA9124ABD
ID=A649E923246BADE2184E579FA9124ABD: cds; Parent=A649E923246BADE2184E579FA9124ABD
ID=A649E923246BADE2184E579FA9124ABD: three_prime_utr;Parent=A649E923246BADE2184E579FA9124ABD
D=D3BD9A5F27797F56AB44A2EB90FF6BI9; Name=maker-scaffold_7-augustus-gene-0.6
FF5DDA190832937C45A0D2E674C9C26; Parent=D3BDIASF27797F56AB44A. F
FFSDDA190832937C45A0D2E674C9C26: exon: 8; Parent=CFF5DDA190832937C45A0D2E674C9C26
FF5DDA190832937C45A0D2E674C9C26: exon:9; Parent=CFF5DDA190832937C45A0D2E674C9C26
FF5DDA190832937C45A0D2E674C9C26: exon:10; Paren FF5DDA190832937C45A0D2E674C9C26
FF5DDA190832937C45A0D2E674C9C26
FFSDDA190832937C45A0D2E674C9C26
FFSDDA190832937C45A0D2E674C9C26
FF5DDA190832937C45A0D2E674C9C26
FF5DDA190832937C45A0D2E674C9C26
FF5DDA190832937C45A0D2E674C9C26
FFSDDA190832937C45A0D2E674C9C26
FF5DDA190832937C45A0D2E674C9C26
FF5DDA190832937C45A0D2E674C9C26
FFSDDA190832937C45A0D2E674C9C26

A649E923246BADE218B4E579FA9124ABD

~scaffold_7-augustus-gene-0.6-mRNA-1; _AED=1.00;_eAED=1.00;_QI=0|0|0|0|0|0|21|4|706

FFSDDA190832937C45A0D2E674C9C26: exon: 14;Paren
FF5DDA190832937C45A0D2E674C9C26: exon:15; Paren
FF5DDA190832937C45A0D2E674C9C26: exon:16;Paren
FFSDDA190832937C45A0D2E674C9C26: exon:17; Paren
FF5DDA190832937C45A0D2E674C9C26: exon: 18;Paren
FF5DDA190832937C45A0D2E674C9C26: exon:19; Paren
FFSDDA190832937C45A0D2E674C9C26: exon:20; Paren
FFSDDA190832937C45A0D2E674C9C26: exon:21;Parent=CFF5DDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: exon:22;Paren FF5DDA190832937C45A0D2E674C9C26

D=CFF5DDA190832937C45A0D2E674C9C26: exon:23;Parent=CFF5DDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: exon:24;Paren FFSDDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: exon:25;Parent=CFF5DDA190832937C45A0D2E674C9C26

FF5DDA190832937C45A0D2E674C9C26: exon:26;Parent=CFF5DDA190832937C45A0D2E674C9C26

FF5DDA190832937C45A0D2E674C9C26: exon:27; Paren FF5DDA190832937C45A0D2E674C9C26

FF5DDA190832937C45A0D2E674C9C26: exon:28;Parent=CFF5DDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: cds; Parent=CFF5SDDA190832937C45A0D2E674C9C26

FF5DDA190832937C45A0D2E674C9C26: cds;Parent=CFFSDDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: cds; Parent=CFF5DDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: cds; Parent=CFFSDDA190832937C45A0D2E674C9C26

D=CFF5DDA190832937C45A0D2E674C9C26: cds;Parent=CFFSDDA190832937C45A0D2E674C9C26

FF5DDA190832937C45A0D2E674C9C26: cds;Parent=CFFSDDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: cds; Parent=CFF5DDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: cds; Parent=CFFSDDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: cds; Parent=CFF5DDA190832937C45A0D2E674C9C26

FF5DDA190832937C45A0D2E674C9C26: cds; Parent=CFF5DDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: cds; Parent=CFF5DDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: cds; Parent=CFFSDDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: cds; Parent=CFFSDDA190832937C45A0D2E674C9C26

FF5DDA190832937C45A0D2E674C9C26: cds; Parent=CFF5DDA190832937C45A0D2E674C9C26

D=CFF5DDA190832937C45A0D2E674C9C26: cds; Parent=CFF5DDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: cds; Parent=CFFSDDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: cds; Parent=CFF5DDA190832937C45A0D2E674C9C26

FF5DDA190832937C45A0D2E674C9C26: cds; Parent=CFFSDDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: cds; Parent=CFF5DDA190832937C45A0D2E674C9C26

FFSDDA190832937C45A0D2E674C9C26: cds; Parent=CFF5DDA190832937C45A0D2E674C9C26

D=CFF5DDA190832937C45A0D2E674C9C26: cds;Parent=CFFSDDA190832937C45A0D2E674C9C26

. ID=CFF5DDA190832937C45A0D2E674C9C26: three_prime_utr;Parent=CFFSDDA190832937C45A0D2E674C9C26
ID=E1E94A56071E5D7940C93BE7OFD79ES6;Name=E1E94A56071E5D7940C93BE7OFD79ES6

I BB3B792BBFCD8B1C7A4070E76500CC5; Parent=E1E94A56071E5D7940C93BE70OFD79E56; Name=scaffold_7:22450-37514; _AED=1.00; _eAED=1.00;_QI=3008|0|0|0|0|0|11|762|414

1ID=1D629B10725FB97175585BA23623AFA6; Parent=E1E94A56071E5D7940C93BETOFD79ES6 ;Name=maker-scaffold_7-augustus-gene-0.10-mRNA-1; AED=1.00;_eAED=1.00;_QI=3008|0|0|0|0|0|10|0|400
1D=1D629B10725FB97175585BA23623AFA6: exon:40; Parent=10629B810725FB97175585BA23623AFA6

I BB3B792BBFCDBB1C7A4070E76500CC5: exon:39;Paren BB3B792BBFCD8B1C7A4070E76500CC5,1D629B10725FB97175585BA23623AFA6

ID=2BB3B792BBFCD8B1C7A4070E76500CC5: exon:38;Parent=2BB3B792BBFCD8B1C7A4070E76500CC5,10629B10725FB97175585BA23623AFA6
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GFF3 file format
mmmmmmmm

Chrl Snap gene 234 3657 ID=genel; Name=Snap1;
Chrl Snap mRNA 234 3657 . + . ID=genel.m1l; Parent=genel;
Chrl Snap exon 234 1543 . + : ID=genel.m1l.exonl;
Parent=genel.ml;
Chrl Snap CDS 577 1543 . + 0 ID=genel.m1.CDS1;
Parent=genel.ml;
Chrl Snap exon 1822 2674 . + : ID=genel.ml.exon2;
Parent=genel.ml;
Chrl Snap CDS 1822 2674 . + 2 ID=genel.m1.CDS2;
Parent=genel.ml;
start_ Alias, note, ontology _term ...
codon
stop_

codon



GTF file format

Sb_20131119_contig_1 Cufflinks transcript 1522 2095 1000 . . gene_id "CUFF.1"; transcript_id "CUFF 1.1 FPKM "2.6064385494"; frac "1.000000"; conf_lo " conf_hi "3.440036"; cov "4. 817376
Sb_20131119_contig_1 Cufflinks exon 1522 2095 1000 . . gene_id "CUFF.1"; transcript_id "CUFF.1.1"; exon_number " FPKM "2.6064385494 frac "1.000000" conf_hi "3.440 .817376";
Sb_20131119_contig_1 Cufflinks transcript 3626 4118 1000 . . gene_id "CUFF.3"; transcript_id "CUFF 3. FPKM "3.1548106029"; frac 00000"; conf_lo 3.729011"; cov "8 517658

Sb_20131119_contig_1 Cufflinks exon 3626 4118 1000 . . gene_id "CUFF.3"; transcript_id "CUFF.3. exon_number " FPKM "3.1548106029"; frac "1.000000"; _ conf_hi "3.729011"; cov .517668
Sb_20131119_contig_1 Cufflinks transcript 4855 5340 1000 . . gene_id "CUFF.5"; transcript_id "CUFF.5.1 7.0235237898"; frac "1.000000"; conf_lo "2.521814" _hi "16.171080"
Sb_20131119_contig_1 Cufflinks exon 4855 5340 1000 . . gene_id "CUFF.5"; transcript_id "CUFF.5.1"; exon_number FPKM "7. 0235237858 frac "1.000000"; conf_lo "

Sb_20131119_contig_1  Cufflinks transcript 5398 5975 1000 . . gene_id *
Sb_20131119_contig_1  Cufflinks exon 5398 5975 1000 . . gene_id "CUFF.4"; transcript_id "CUFF.4.1"; exon_number
Sb_20131119_contig_10  Cufflinks transcript 954 2795 1000 . . gene_id "CUFF.6"; transcript_id "CUFF.6.

Sb_20131119_contig_10  Cufflinks exon 954 2795 1000 . . gene_id "CUFF.6"; transcript_id "CUFF.6.1"; exon_number

3 1706609980"; frac "1 000000"; conf_lo .178010"
FPKM "3.1706609980' "1.000000"; conf_lo "
6.8195889357"; frac " 00000"; conf_lo .175059"
FPKM "6.8195889357 frac "1.000000"; conf_lo "

transcript_id ”CUFF 4.1"; FPKM

Sb_20131119_contig_1 Cufflinks transcript 4502 4718 1000 . . gene_id "CUFF.2"; transcript_id "CUFF.2.1"; FPKM "37.5296486924"; frac "1.000000"; conf_lo "2.51019: '9.099450' cov "60.418389 ;

Sb_20131119_contig_1 Cufflinks exon 4502 4718 1000 . . gene_id "CUFF.2"; transcript_id "CUFF.2 exon_number "1"; FPKM "37.5296486924" 1.000000"; conf_lo "2.510193"; conf_hi "9.099450"; cov "60.418389";
Sb_20131119_contig_1 Cufflinks transcript 10522 13208 1000 . . gene_id "CUFF.23"; transcript_id "CUFF.23.1"; FPKM "55.6377793473"; frac "1.000000"; conf_lo "48.93183: conf_hi "55.24153 cov "121.429110";
Sb_20131119_contig_1 Cufflinks exon 10522 13208 1000 . . gene_id "CUFF.23"; transcript_id "CUFF.23.1 exon_number "1"; FPKM "55.6377793473 frac "1.000000"; conf_lo "48.931832"; conf_hi "55.241530"; cov "121.429110";
Sb_20131119_contig_1 Cufflinks transcript 13270 14623 1000 . . gene_id "CUFF.7"; transcript_id "CUFF.7.1"; FPKM "41.2374406123"; frac "1.000000"; conf_lo "31.982715"; conf_hi "39.274371"; cov "89.788421";
Sb_20131119_contig_1 Cufflinks exon 13270 14623 1000 . . gene_id "CUFF.7"; transcript_id "CUFF.7. exon_number "1"; FPKM "41.2374406123"; frac "1.000000"; conf_lo "31.982715 conf_hi "39.274371 cov "89.788421";
Sb_20131119_contig_100022 Cufflinks transcript 3991 4547 1000 . gene_id " CUFF. 5: transcript_id "CUFF.54.1"; FPKM "52.757856512 frac "1.000000"; conf_lo "27.382285"; conf_hi "37.895127 cov "66.397320";
Sb_20131119_contig_100022 Cufflinks exon 3991 4547 1000 . . gene_id "CUFF.54"; transcript_id "CUFF.54.1"; exon_number "1"; FPKM "52. 7578565123” frac "1.000000"; conf_lo "27.382285"; conf_hi "37.895127"; cov "65 397320";
Sb_20131119_contig_100023 Cufflinks transcript 1097 2009 1000 . . gene_id "CUFF.9 transcript_id "CUFF.9.1"; FPKM "7. 4263254644"' frac " .000000" conf_lo "4.474632"; conf_hi "7.83060 cov "16.282075'
Sb_20131119_contig_100023 Cufflinks exon 1097 2009 1000 . . gene_id "CUFF. transcript_id "CUFF.9.1"; exon_number "1 FPKM "7.4263254644"; frac "1.000000"; conf_lo "4.474632"; conf_hi "7.830606"; cov "16.282075";
Sb_20131119_contig_100023 Cufflinks transcript 1 123 1000 . . gene_id "CUFF.8"; transcript_id "CUFF.8.1"; FPKM "5279 6631156093"; frac "1.000000"; conf_lo "42.624813"; conf_hi "69.749694"; cov "8277.399810";
Sb_20131119_contig_100023 Cufflinks exon 1 123 1000 . . gene_id "CUFF.8"; transcript_id "CUFF.8.1 exon_number "1"; FPKM "6279.6631156093"; frac "1.000000"; conf_lo "42.624813 conf_hi "69.749694 cov "8277.399810";
Sb_20131119_contig_100040 Cufflinks transcript 1 221 1000 . . gene_id "CUFF.10"; transcript_id "CUFF.10.1"; FPKM "233.0138642752"; frac "1.000000"; conf_lo '"22.182837"; conf_hi "38.203775"; cov '"306.188212";
Sb_20131119_contig_100040 Cufflinks exon 1 221 1000 . . gene_id "CUFF.10"; transcript_id "CUFF.10.1"; exon_number "1"; FPKM "233.0138642752"; 1.000000"; conf_lo "22.18283 conf_hi "38.203775"; cov "306.188212";
Sb_20131119_contig_100107 Cufflinks transcript 2 255 1000 . . gene_id "CUFF.11"; transcript_id "CUFF.11.1"; FPKM "29.5909083872"; frac " conf_lo i "9.918474"; cov "41.309085
Sb_20131119_contig_100107 Cufflinks exon 2 255 1000 . . gene_id "CUFF.11"; transcript_id "CUFF.11.1"; exon_number "1"; FPKM "29.590908387. .000000"; conf_lo conf_hi "9.918474"; cov "41.309085";
Sb_20131119_contig_100107 Cufflinks transcript 2041 2331 1000 . . gene_id "CUFF.12"; transcript_id "CUFF.12.1"; FPKM "18.4360530685"; frac " 2.807793"; "24.668034
Sb_20131119_contig_100107 Cufflinks exon 2041 2331 1000 . . gene_id "CUFF.12"; transcript_id "CUFF.12.1"; exon_number FPKM "18.4360530685"; conf_lo "2. 807793"; conf_hi "8.657363"; cov "24 668034";
Sb_20131119_contig_100111 Cufflinks transcript 21 129 1000 . . gene_id "CUFF.14"; transcript_id "CUFF.14.1"; FPKM 960.0565774823"; frac conf_lo "5.622026"; conf_hi "18.740088"; cov "4272.822539";
Sb_20131119_contig_100111 Cufflinks exon 21 129 1000 . . gene_id "CUFF.14"; transcript_id "CUFF.14.1"; exon_number ; FPKM "3960.0565774823"; ; conf_lo "5.622026' conf_hi 8.740088"; cov "4272.822539";
Sb_20131119_contig_100121 Cufflinks transcript 1756 2236 1000 . . gene_id "CUFF.17"; transcript_id "CUFF.17.1"; FPKM "52.3538569152"; frac " 23.640043" "75.482038";
Sb_20131119_contig_100121 Cufflinks exon 1756 2236 1000 . . gene_id "CUFF.17"; transcript_id "CUFF.17.1"; exon_number ; FPKM "52,3538569152" conf_lo cov "75.482038";
Sb_20131119_contig_100192 Cufflinks transcript 1840 2212 1000 . . gene_id "CUFF.20"; transcript_id "CUFF.20.1"; FPKM "24.9098132799"; frac “ 7.484312%;

Sb_20131119_contig_100192 Cufflinks exon 1840 2212 1000 . . gene_id "CUFF.20"; transcript_id "CUFF.20.1"; exon_number FPKM "24.9098132799"; conf_lo

Sb_20131119_contig_100107 Cufflinks transcript 430 902 1000 . . "CUFF 13"; transcript_id "CUFF.13.1"; FPKM 5.0500552879"; frac “ _ 10.508448"; conf_| hl "18. 137870"' cov "45.523657";
Sb_20131119_contig_100107 Cufflinks exon 430 902 1000 . . gene_id ript_id "CUFF.13.1"; exon_number FPKM "25.050055287' " 0 conf_hi "

Sb_20131119_contig_100192 Cufflinks transcript 1 616 1000 . . transcript_id "CUFF.19.1"; FPKM 2.2951435419"; frac 23.433223' | 33.823425

Sb_20131119_contig_100192 Cufflinks exon 1 616 1000 . . gene_id "CUFF. 19"; transcript_id "CUFF.19.1"; exon_number ; FPKM "42.295143541! conf_lo "23.433223"; conf_hi "

Sb_20131119_contig_10011 Cufflinks transcript 219 353 1000 . . gene_id "CUFF.15"; transcript_id "CUFF.15.1"; FPKM 118.4602721559"; frac '53.966826"; conf_hi '"84.2285

Sb_20131119_contig_10011 Cufflinks exon 219 353 1000 . . gene_id "CUFF.15"; transcript_id "CUFF.15.1"; exon_number FPKM "4118.4602721559" conf_lo “53.966826"; conf_hi "84. 228598"; cov "5420.068745";

Sb_20131119_contig_100040 Cufflinks transcript 945 2276 1000 - . gene_id "CUFF.38"; transcript_id "CUFF.38.1"; FPKM "69.4702369875"; frac " 60.275496"; conf_hi "70.712087"; cov "143.103653";
Sb_20131119_contig_100040 Cufflinks exon 945 1966 1000 - . gene_id "CUFF.38"; transcript_id "CUFF.38.1"; exon_number "1"; FPKM "69.4702369875"; conf_lo "60.275496' conf_hi "70.712087
Sb_20131119_contig_100040 Cufflinks exon 2079 2276 1000 - . gene_id "CUFF.38"; transcript_id "CUFF.38.1"; exon_number "2"; FPKM "69. 4702369375”; conf_lo "60.275496"; conf_hi "70.712087
Sb_20131119_contig_100121 Cufflinks transcript 1 150 1000 . . gene_id "CUFF.16"; transcript_id "CUFF.16.1"; FPKM 080.5400540118"; frac conf_lo "23.150255"; conf_hi "44.484805"; cov "1391.311243
Sb_20131119_contig_100121 Cufflinks exon 1 150 1000 . . gene_id transcript_id "CUFF.16 exon_number FPKM "1080. 5400540118' conf_lo "23.150255 conf_hi "44.484805"; cov ”1391 311243";

Sb_20131119_contig_10022 Cufflinks transcript 1510 2616 1000 . . gene_id "CUFF.22"; transcript_id UFF.22.1"; FPKM "10.9257515912"; frac "1.000000" 7.442428' cov "24.833916"
Sb_20131119_contig_10022 Cufflinks exon 1510 2616 1000 . . gene_id "CUFF.22"; transcript_id "CUFF.22.1"; exon_number ; FPKM "10.9257515912 frac " conf_lo ; cov "24.833916";
Sb_20131119_contig_100112 Cufflinks transcript 933 3862 1000 . . gene_id "CUFF.2 transcript_id "CUFF.21.1"; FPKM "13.6659124939"; frac "1 000000"; conf_lo "11.688997"

.000000"
conf_lo

conf_lo "11.688997
"12.049946"; conf_hi

Sb_20131119_contig_100112 Cufflinks exon 933 3862 1000 . . gene_id "CUFF.21"; transcript_id "CUFF.21.1"; exon_| number " FPKM "13.665912493!
Sb_20131119_contig_10022 Cufflinks transcript 2857 6365 1000 . . gene_id "CUFF.24"; transcript_id "CUFF.24.1"; FPKM "13.7863265713"; frac

Sb_20131119_contig_10022 Cufflinks exon 2857 6365 1000 . . gene_id "CUFF.24"; transcript_id "CUFF.24.1"; exon_number FPKM "13.786326571 . 000000 conf_lo "12.049946'
Sb_20131119_contig_100080 Cufflinks transcript 39 1611 1000 - . gene_id "CUFF.18"; transcript_id "CUFF.18.1"; FPKM "44.1667134200"; frac conf_lo "34.717689"; conf_hi
Sb_20131119_contig_100080 Cufflinks exon 39 135 1000 - . gene_id transcript_id exon_number "1"; FPKM "44.166713420 conf_lo "34.717689'
Sb_20131119_contig_100080 Cufflinks exon 207 1041 1000 - . gene_id transcript_id exon_number "2"; FPKM "44.166713420 conf_lo "34.717689 _|
Sb_20131119_contig_100080 Cufflinks exon 1128 1611 1000 - . gene_id transcript_id "CUFF.18.1 exon_number "3"; FPKM "44.1667134200" conf_lo "34.717689' conf_hi "42.267104'
Sb_20131119_contig_10026 Cufflinks transcript 1 1002 1000 . . gene_id "CUFF.49"; transcript_id "CUFF.49.1"; FPKM 9.5933867311"; frac 35.335602"; conf_hi "43.965643"; cov "8

Sb_20131119_contig_10026 Cufflinks exon 1 1002 1000 . . gene_id transcript_id "CUFF.49.1 exon_number FPKM "49.593386731
Sb_20131119_contig_10031 Cufflinks transcript 26 377 1000 . . gene_id "CUFF.25"; transcript_id "CUFF.25.1"; FPKM "43.3120795956"; frac "
Sb_20131119_contig_10031 Cufflinks exon 26 377 1000 . . gene_id "CUFF.25"; transcript_id "CUFF.25.1"; exon_number ; FPKM "43.3120795956";
FPKM "386.7080614787

conf_lo "35.335602
12.379816"; conf_hi
conf_lo "12.379816";

conf_hi "43.965643
22.244981

Sb_20131119_contig_10032 Cufflinks transcript 5174 5386 1000 . . gene_id "CUFF.2 transcript_id "CUFF.29.1 frac "1.000000 conf_lo "33.884660"; conf_hi
Sb_20131119_contig_10032 Cufflinks exon 5174 5386 1000 . . gene_id "CUFF.29"; transcript_id "CUFF.29.1"; exon_number " FPKM "386.7080614787' frac "1.000000"; conf_lo "33.88466 conf_hi "52.744990"; cov "584.846045";
Sb_20131119_contig_10032 Cufflinks transcript 160 3305 1000 . . gene_id "CUFF.35"; transcript_id "CUFF.35.1"; FPKM 9167626598"; frac "1.000000"; conf_lo cov "12.795227";

Sb_20131119_contig_10032 Cufflinks exon 160 3305 1000 . . gene_id "CUFF.35"; transcript_id "CUFF.35.1"; exon_number FPKM "5.9167626598"
Sb_20131119_contig_100403 Cufflinks transcript 822 1053 1000 . . gene_id "CUFF.30"; transcript_id "CUFF.30.1"; FPKM "90.3398746415"; frac "
Sb_20131119_contig_100403 Cufflinks exon 822 1053 1000 . . gene_id "CUFF.30"; transcript_id "CUFF.30.1"; exon_number ; FPKM "90.3398746415";
Sb_20131119_contig_100412 Cufflinks transcript 226 2367 1000 . . gene_id "CUFF.32"; transcript_id "CUFF.32.1"; FPKM "5.4971611120"; frac "1.

Sb_20131119_contig_100412 Cufflinks exon 226 2367 1000 . . gene_id "CUFF.32"; transcript_id "CUFF.32.1"; exon_number "1"; FPKM "5.4971611120"
Sb_20131119_contig_10031 Cufflinks transcript 1415 3072 1000 . . gene_id "CUFF.36"; transcript_id "CUFF.36.1"; FPKM "55 9644866986"; frac “
Sb_20131119_contig_10031 Cufflinks exon 1415 3072 1000 . . gene_id "CUFF.36"; transcript_id "CUFF.36.1"; exon_number " FPKM "55.9644866986"; frac conf_lo
Sb_20131119_contig_100403 Cufflinks transcript 2827 3748 1000 . . gene_id "CUFF.31"; transcript_id "CUFF.31.1"; FPKM "5.2492236693"; frac "1.000000"; conf_lo "3.027818"
Sb_20131119_contig_100403 Cufflinks exon 2827 3748 1000 . . gene_id "CUFF.31"; transcript_id "CUFF.31.1"; exon_number " FPKM "5.2492236693"; frac "1.000000"; conf_lo
S| 013111 ontig_100328 Cufflinks transcript 1505 3535 1000 . . gene_id "CUFF.33"; transcript_id "CUFF.33.1"; FPKM "4 5481695975"; frac "1.000000"; conf_lo "3.453060"

frac "1.000000"; cov "12. 795227"'

conf_hi ; cov
9.098097"; conf_hi "19.663630"; cov "118 213868";
conf_hi "6.262152"; cov "11.356891"
4.259535"; conf_hi .262152"; cov "11.356891";
"45.789638"; conf_hi "53.715558"; cov “119.323264";
45.789638 conf_hi "53.715558 cov "119.323264";
conf_hi "5.981787"; cov "12.544434";

.027818"; conf_hi .981787"; cov "12.544434";
conf_hi "5.296928 cov "10.333563";




GTF file format
mmmmmmmm

Chrl Snap exon 1543 gene_id “genel”;
transcript_id “transcriptl”;
Chrl Snap CDS 577 1543 . + 0 gene_id “genel”;
transcript_id “transcriptl”;
Chrl Snap exon 1822 2674 . + : gene_id “genel”;
transcript_id “transcriptl”;
Chrl Snap  CDS 1822 2674 . + 2 gene_id “genel”;
transcript_id “transcriptl”;
start_
codon
stop_

codon



Transcript Reconstruction from RNA-Seq Reads
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Transcript Reconstruction from RNA-Seq Reads
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De novo transcriptome assembly

No genome required

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

— differential expression



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 EEETG GTCTC
CACAG TTCCT GGTCT
CCACA CTTCC TGGTC  TGTTG
cccac GCTTC CTGGT TTGTT
GCCCA  CGCTT GCTGG CTTGT
cGeee GCGCT TGCTG TCTTG
cceec AGeeC CTGCT CTCTT

ACCGC CAGCG  CCTeC TCTCT

ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG

b Generate the De Bruijn graph

AGCGC CTCTT GGTCG
CAGCG CCTCT TGGTC
TCAGC  TCCTC  TTGGT

CTCAG TTCCT GTTGG
- k-mers (k=5)
CCTCA CTTCC  TGTTG

CCCTC GeTTC  TTGTT  CGTAG

GCCCT  CGCTT CTTGT  TCGTA

CGCCC GCGCT TCTTG GTCGT

CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :l— Reads

Sequencing error or SNP

(€ner~GersS~ G~ o)~ Gomnd)~ GFod)~(E2008 )~ oo~ Gomes)~(GRe0R -~(E2om~Eomad)

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



b Generate the De Bruijn graph

Sequencing error or SNP

-OO@-

¢ Collapse the De Bruijn graph

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
* Uniform coverage * Exponentially distributed coverage levels
* Single contig per locus * Multiple contigs per locus (alt splicing)
* Double-stranded e Strand-specific

Y [ rinity




Trinity Aggregates Isolated Transcript Graphs

Genome Assembly
Single Massive Graph

Entire chromosomes represented.

Trinity Transcriptome Assembly
Many Thousands of Small Graphs

v ®
E12o%e0 0 400 <8
@:@ %@0‘3 A G n%‘ K.
AT AARLAY X WA
® s

: F J

Ideally, one graph per expressed gene.



Trinity — How it works:

i -Bruii Transcripts
Lme.ar — de-Bruijn .
contigs graphs
' Isoforms

>a121:len=5845
>a122:len=2560
>a123len=4443
- ﬂ4‘l€n=48
>a125:len=8376
>a126.len=66

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

Thousands of disjoint graphs



Trinity output: A multi-fasta file

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

AT AT T T T T T AT T A A A AR T T A AR T A AR A AT AT A AL AT T AR T T G T AT T O AR A A T A T AAT G AR T T T L GAAC AR T TAAAA T TATCAAAAT AT ACAAAATTGATEGCALCACACCTAGUT TTC
TCCACTC! t e AGAAETAACITTGA TCCTCCTT AALCTCTTGACT TATAAAAN EAC"CAT"C"T"T“T"WNT
CTAAACACTAGTOCTCATTTTTCTTUTTTTTAAATATCAATT C. C. 2 CACALCAGUAUCAGTA
TTCAC AGAATATATATATATATA TTTTAAC 2 TATAG - AAAGAATACACTCATAAAAGATATTGOCCATTTCATAATTTCACTOTTTITTAC
AGTTATCTCAAAATGTAAGA A TACATT AGARA AGTA AGTGTA TATTTOTCAACA. TACATET
ATACT AGUA GeC T TCACC TTGATT TGTGACCE ATAL, ATTTGAAT
ATCCCAACAAAL TAT AUCAAACTC AL A A TCGTGTTCAAGECAACTCAAAATCACGUTCTTCAACCOATCT
TATTCAAAA TTTTTTTGLGUN TCATACTCT CAAGTAAGA. COTTACAALTAAAT ACCACTATEOTGA
TTTCTCAATCOCA ? ARGAATGCA TGCTCOT GA Tec r‘:ucﬂ:rc"r'rcncc"ﬂ.:M:"ﬂ.c—c"ucmrmc—caucacmucmmn
ALTUAL, AR = A TCGUCATCACATAATCAI TTTTCATCT A TCTTAAGET T AL, ARCCTTAC
ACATCAATACAC T7CT ACACGACACCTAACAT AAN r‘r‘rcuccrmrmuc:-'Acc-rmcc:Anrru—ccrccr:cuuc
CCOCCOTTAAN c CTAC"Mn.\..u.l. TTAT TATCTCTATCTOTUTUTOACTC. TTAATGACCACAL. TCoCCT
ACAACCTCT =TT T 2 TCAGTC! T "EI.EGC"CGCC?GTGE"CACAT"TCT"EC?CMMCGEACMCFGGMFCCWMECE"BAG
GLToACCTOT ? TCTCTTGLOTGLTEGUGL TS AGUCAAAN TCTCATCATCTCT TCTCGTGUCACCTACT ATCTCCCTTGAGCCTOTGTGUGTCCAT
ccoearTeTe AUGA. TGCCAC 2 TG T TG G T O T T ACACE T O T T T T O T AT AL GUCTAC AL TATUGUCTACCCAACCCAAACTCOCACTGEATGATC AAAAALCAAC
TCTCN TATACTTATTCTCTATTOOTGETT A TCCTCGAGETUGUN TCCTCTTUTTGLTUTCOTATATG CGTATAAACACTC
GTAAACCUAL, TCCTCCTTCTCATT CAATAATTTAATTTOCT o T ? "“FMT"CICCA"CAMC"CCT“CA:ULAA. A TCTCGATTACAACA.
AGATCTTGTTTTTIGCN TCTCATCTTCTCC TTATGLT T T AAA T T T T TAGT I TCT T TGTACTCTCAAGTOTTTTTC coCTeTeT ARG
"CKG"CCAGG"MC“CC?C'I’GCAC"T“I:CCCTCCACI TCTTTCAAAATTTTCTTTOTTCCCT ? IC“'l'"CCTCTMCC“CICCTCC"CMCTCTMCTCCM“CICAYCTCC"TCMC"CC‘I"‘TM"A"GAT
TGAAD: 7AGM?‘.‘EGM~\. GoT T TCGTTTOTTITITCTTOTTITICTTTITIC TTAATTTCT ACACACTT
TCACACTAAD CAAAGE. A ACGARTAAGACTA TCTCTAGEAD A AT T AT T O T AACT T CTAACALGTCCCOTTTACATETCCTGAACACACCTTT
CAATACTTCTALTAA TATTTTCTATTCGTTCC TCTACCOTCTAAGCCACTGUTCTCAAGE "CGACT“CGE&E"CAE&ECMECAGMC
TUAAGAN! 'GCCCATCCT ARGUA TTCCT ATAAN TCCCooTe TCTAGCTCT AR CTCGAT
ccarTeTeT TCTCTCACT TEGE! MC).I:"?GCMMH.L”-. ACGTTA, TCTTAA TTTCTTCCT ™ TAT ™c
AUA TCOTATOTTTT ACTGAATAAA TCTCTCTTGTOT CTCTCGCCTCAGATTCATTGATTTOATACTTTCT AGCTAATT
TG T TCAAL TAGAACGTCTAACAGCATCCGUTCALTUCETACT TETCCAAAATGUACACAATTATTCACCCTETTCOTAAA, AACTC TTCTCAA TATTTCTAACCTTOAATAATGTAT
7c c
TTTCTCCTT A GAGTGUAAALTT, 'COGLETCATA, TETCATGCTEGATETCCTT ACACTUGAGT
A TGLT AATCCA TAGAT ACA ATTTCA TAACCCTTOT TCACCT
GUITCTCTCOATACATCA, TGA o ACTCCAACTCTCTCT AACAN ‘l"‘PCCAC“ECC"CCTGC'ACC"TMCA"CIC“TCX"YCACCICRTCEAG
CTTCTCACTCT 767 AGCCAALGA: TETCACC TGCT ? TTATCOTCOTATCOLGEG TEGAACAACTCCAA
GUACCTGUTTAATCAATTGTGTGOAL ALUGTA TCAACTA TTCAGUTCTUTCAAGE, TTAT AL T TCTTCAAATACTCGAACATTAACTCTTCAGUGTCACCCAGETTGTAT
TCGTCAT TTGLC A A T AL T AL T AGE T TG L O T GO AL AT G T O A AL T T TG TGA T O L T T T TATCC T E T COTOTATAAAC TTCACAGCATCTTC TECAGAGE ACTE
TACTTCCCOTTCT cce CCALGUTTCCTCAATCALTCAAAAGACAGAATCOAAATAAGTCAGAT. TECCALTC. =TT ? AAGEGCGT
"CCAC?CEGCCCAC"NC"E).EC!"C"N?AEAT’GCCEANCAT"N!"T"ECCGACTC?GMA T TETCAACTTCTCTCCTAATTTTCCTCTAATGACAT TTCCTOGTACTTT TCCAGA
AT A T AT AR AL T T A T A G T T A T T AT O T T T T T T CAC AT C T T C T C TACCAT T C T TCCUCCALGUGC AT AAACATGLETTT AN TCTCATCCCE TGCATGATCAA
GETCATCAC! AR TAACGLTTTTT T TECTGCATCTTOTTATALT Tc A TEACACTCGTACTCOTCOCTATTOGEAA
orTreTT T TTTUTCACTAAD TGCATCTOTCN CACAATCGT T TGTCATC T T CGECTCAMIGECAGECACCTCCTGAGE CAALGTGAAAGETTCT
TCCTGLT TCTCTCTAAACCAATUGCCTTOALA T ‘-MCATC!"TCTCT“TC‘I‘"CMCAC!"TATCAGC“TCC"CM. TCCCATT T TATTATTTCCATTATCAACATAATCGTAAATGLGECE
TCarT AGT

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

AR T AT T T T T TG T AT T AAAAAL TTGAAATCAAAC AL ATATAC AU AT TCAATCTOG! - AAATATAA c x ACAATTAAAAT AR, AL TAGCTTTC

? TCCATCATCT TTCCTCOTTTGCAAACTCTTGACT ACTATAN ‘\GCAC’EAT‘C"T“T"PTCMNT

GTAAACACTAGTCOTCAGTTITIGCTITOTTTITAA AATTTACCACACAAAAACAAAACAGAACAAAACCCATATAAACCACACCAGCALCCAGL AL TEGED cGc
TTCACT AGA. TATAG ‘3 AAAGAA TACAE"EATW'A’MCEA!"NA’MT"MNT“T“ TAC

ACTTATCTCAAAATGTAAGAATTAGATCTCATTOAA TACATT AGAAAATCA AAGTA AGTGTA ACATTATTTCTCAACAN TACATET

ACACTOA AGT N Geo TCCAT TCAL TTGATT ACACACACCACAATTTGAAT

ATCCCAACAAN TAT 2 AT AR Al Al TCGTGTTCAAGECAAL TCAAAATCALGUTCTTCAACCOATCT

TATTCAAAA oI TGOA TCATACTC™ TAGE 'C CAAGTAAGAN 27 TTCOTTACAALTAAATTALTTAACCACTATOCTGA

TTTCTCAAT ? AAGAATGCAATCGTGTGLTEC AAGA Tec CATCTTTTCACCTTACALTTACTCTCALGAATAAAL TCACAUGEAACAACAACAGA
AUSEALA AR - A

TeGoeeT Tl TAG!

TAGATCTOATT

TTCCCAT

TTTTCATCTTC GACC A TCTTAAGET ™ CCAACCTTAC
GTGAACAACATCA ? TCTT A AACATCALGECT TARAN T T CAAC CTAAAACT T AAAAACC TAGE TTAAACCOCATATTTAATCCTTCCATCCCAARG
CCOCCOTTAAA TAAATCTOTTT TTAT TATCTCTATCTCTCTCTCOACT ? AACGTGACTTAATGACCACACAAATATCAGACTCOCCTECACACACCALCGT
ACAACCTCTTCCAN TTTTCCACCOTTT A TCAGTCTCAGCALTT TCACGLT TCACATTTOTTC A ACAACTTCGACTTCCTCACTGLCCTCAL
GCTCALC T TeTeT TEGUGUTUTUAAGECARAALT! TETCATCATOTET g1} COCTTGAGECTCTGTGUGTCCAT
ccocarTeTe TGCCAL A TCOTGLTCOTGUATCTCCTACACCTECOTTTTOCD CGo TAE,.E"A“CGGCTAECCMCECMACTCCCACNCANA“EMECMC
ceacereee TATACTTATTCTCTATTLOTGETT A TCCTCGAGETUGUALT TECTCTTUTTGLTUTCOTATATGY COTATAAACACTC
TA TCCTCOTTCTCATT CAATAATTTAATTTOT ATTAATTCACGATCA 7C A CGATTACAACA,
CAGATCTTGTTTITTIGLTOGE TETCTCATCTTCTECTG C"TCCCTCT“TATGC"TCACMT“CCT"MA“T“T“ACT“TC‘I‘“TCT&C"C"CMCTCT‘“I"‘TCTCACCICC‘I’CCCC“C"C"CCMMG
TEACTCCAGETAACTCOTCTGUALTTTC AAATTTTOTTTOTTCCD ACTTTCOTCTAACCTEACCTOD AGTCTAAGTGCA TTCAACTCOTTTAATATCAT
CChE&CCA“TGCm‘I‘"ACACTC?CMG"CCACTMCC“ACTCT“CGMACTGC"CMGA. A AT G T T T T T T T T T T T T T T T T T T T TCTCCATATTTAATTTUTAT ACACACTT
TCACACTAAD TCMEGMCAACACCACA'l'"C“E"AGCAE“ECAGCCTCCGTCFCAEAFCCEATCYGTMCT‘E’MCA TTTACATCTCC AUA ™~T
AT A T T AL T A ARG A T AR A AT T T T T AT G T T TG TATATCCAC T TACCOTCTAAGE CACTGUTETCAAGE T, AUATGUA TCGACTTUGCACTCACALCAGECAGART
TUARGAN ? AGUA TACTGAATTTCCTTOTCAATAAN TTCCCOCTET TCTAGCTCT AACGA TCGAT CGACACA
CCOTTCTCTCACATCTTCTCTCALTTOTT A G .JCAC’TGCMTCEAC’ CTCAACGT GAATTCTTAACCACATGUTTTCTTCCT
AUAA. TCOTGTOTTTT 2 ACTGAALAAA TeTeTeT T T TTCCTCTCGCCTCAGATTCATTGATTTOATACTTTCT """'M!"CATANT
TTGCTTCAALTAGA A CCGCTCACTECOTACT TG A TTATTCACCCTOTTCCTAA AR "C"CGCATCT"E"CAMNCACCA"A"T"C"MCCT“EM“MNTAT
AL G TATCT T TCTGU T TGO AL TEGAAAAACC TC AL TECAAAGT T T T 2 T TTALGCATC
GAGACTGUAD TCGT AATGCA ATTTGAACTCALCAT TCTCGeT 7cT AC
TCTCOTCACCTCCTTCTCT CTAATACTCTCACAACTGCAACTCTGTCOTTCAAALA A ? TGCT COTTAACATCAGTTCTTIC
A TCCAGCTTOTGACTCTTATCCATOCTATGE AGUA ? ACACACA TG ? TTATCCTCTCTCG!
MCMC"CCMCCAGC"CCT“MTCMT"C"C“CCM ACGAACACCTTCALGTOTG GLeTT ARCTTCTTGAAAT TGCMCA“TMCTC‘I‘"CICGC"EAC
CCACCTTOTATTCUTCAT TTCGCT ? TCCAGCTTALCTALG TG T CATGLCTCTGTTATCOTGTCCTCTATAAACT T cTTeT
ACTTCCOCTT Te¢TTCCceeT ? TeC ARCACACAATCGAAATARALTCACATACAACTGD CTCACTTTTTCACAAGE N <G
A TTCOTCAGETTOTTET CATCCATTTOTTT E“E"CM“T"C)«E“'K’GMME“?CT’CTCC“MT“T"ECTCTM. TTCOTGOTACTTTCCCA
)«CCCCTCEAEM"EATCTM"AMGT“CMCC'CACCT“CAM.L.\..A.L. TETCCTCOTTCACCATCTTOTCTACCAT T o COUATATACAT
2 2 AR, 7T ? TCTTCTTOTAL TC AUN 'GAGAGTGOTACTCCTC
GLTCTTGUGAACTTTCTT TCATAL, TTTGTGACTAACT TCCATCTCTCGE C. TCTCATCTGTGUGUTCAAGLEGEALCT. TCOTCALCCAAGE
TEAAACCTTCTTCCTECTTECCALTTOTC AACCAATGECCT T CTUA TCTTTCTCTTTCT 2 "!"‘A"l:ACC‘I’"EC?GM‘I’"CCEA‘I’"!"A"TA!"NEA!"A"EM"MNG

TAA CTTACGETCC ATA TCALT




Can align Trinity transcripts to genome scaffolds to examine intron/exon structures
(Trinity transcripts aligned using GMAP)
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An alternative: Pacific Biosciences (PacBio)

* Pros: Long reads (average 4.5 kbp), can give you full
length transcripts in one read

e Cons: High error rate on longer fragments (15%),
expensive

Read Length Distribution
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Abundance Estimation
(Computing Expression Values)



Calculating expression of genes and transcripts
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Calculating expression of genes and transcripts
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Normalized Expression Values

Gene expression for RNAseq analysis is based in how many reads map
to an specific gene. For comparison purposes the counts needs to be
normalized. There are different methodologies.

@® RPKM (Mortazavi et al. 2008): Reads per Kilobase of Exon
perMillion of Mapped reads.

@ Upper-quartile (Bullard et al. 2010): Counts are divided per
upper quartile of counts with at least one read.

@® TMM (Robinson and Oshlack, 2010):Trimmed Means of M values
(EdgeR).

@® FPKM (Trapnell et al. 2010): Fragment per Kilobase of exon per
Million of Mapped fragments (Cufflinks).



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 ililobase of transcript

per total IVlillion fragments mapped



Differential Expression Analysis
Using RNA-Seq



Differential expression

Mapped reads - condition 1

Mapped reads - condition 2



Diff. Expression Analysis Involves

* Counting reads
 Statistical significance testing

Sample_A Sample_B Fold_Change Significant?

Gene A 1 2 2-fold No

Gene B 100 200 2-fold Yes



Beware of concluding fold change
from small numbers of counts

Poisson distributions for counts based on 2-fold expression differences

1 ReadVersus 2 Reads

No confidence in 2-fold
2 difference. Likely

. . . observed by chance.
7 8 9 10

' ' \ ' ' : High confidence in 2-fold
- ” “-\. - difference. Unlikely
. . e T : , observed by chance.

From: http://gkno2.tumblr.com/post/24629975632/thinking-about-rna-seg-experimental-design-for




More Counts = More Statistical Power

Example: 5000 total reads per sample.

Observed 2-fold differences in read counts.

SampleA Sample B Fisher’s Exact Test
(P-value)
geneA 1 2 1.00
geneB 10 20 0.098

geneC 100 200 <0.001



Tools for DE analysis with RNA-Seq

ShrinkSeq
NoiSeq
baySeq
Vsf

Voom
SAMseq
TSPM
DESeq
EBSeq

Bioconductor NBPSeq

OPEN SOURCE SOFTWARE FOR BIOINFORMATICS edgeR

+ other (not-R)
including CuffDiff

See: http://www.biomedcentral.com/1471-2105/14/91



Tools for DE analysis with RNA-Seq

Software Normalization Notes URL

ERANGE RPKM Python et
Scripture RPKM Java hetpefowadroadnstiune.org/ : ,
BitSeq* RPKM Rloconductor, | ballwwbioconduciororg
EdgeR TMM ng;iic:jcr:tcluggr. http://www.bioconductororg/
Cuffinks* FPKM cooforms, hatplcufinks.chobumd.edu
MMSEQ* FPKM F:Z:fg:y”;s et g orgldsofwarelmmseg e
RSEM* FPKM | Calculate DE (EBSeq) | "P/deneribbiostatuisc.edulsem!

Glaus P. et al (2012) Bioinformatics 28:1721-1728 do0i:10.1093/bioinformatics/bts260




Differential Gene Expression

Statistical test to evaluate if one gene has an differential expression
between two or more conditions. These test can be based in different
methodologies.

@® Negative binomial distribution (DESeq, CuffLinks).

@ Bayesian methods for the negative binomial
distribution (EdgeR, BaySeq, BitSeq).

@ Non-parametric: models the noise distribution of count
changes by contrasting fold-change differences (M) and absolute
expression differences (D) (NOISeq).



Tools for DE analysis with RNA-Seq

Software  Normalization Input

Replicas

Library Size / http://www.bioconductor.org/
EdgeR ™M Yes | Raw Counts | . \ages)2 | IbiochtmiiedgeRhtmi

DESeq lerary Size No Raw Counts release/bioc/html/DESeq.html

baySeq Library Size Yes Raw Counts mm“'b‘mml E2||!|'. w——,

. . Raw or
Library Size / : http://bioinfo.cipf.es/noiseq/doku.php?
NOISeq RPKM / UpperQ No Nocrcr::]anlzed i

Differential expression in RNA-seq: a matter of depth. Genome Res.21:2213-23



Explorative Data Mining Methods

For gene expression there are some common tasks and associated
methods for the data mining:

» Clustering of the expression values and principal component
analysis to reduce the variables.

» (Classification using Gene Ontology terms and metabolic
annotations

» Summarization visualizing the expression data through heat
maps.



Cluster Analysis and Visualization

Cluster analysis or clustering is the task of assigning a set of
objects into groups (called clusters) so that the objects in the same
cluster are more similar (in some sense or another) to each other than
to those in other clusters. Clustering is a main task of explorative
data mining.The most used clustering algorithm for gene
expression are:

@® Hierarchical clustering (HCL), where the distance between
elements is used to build the clusters.

@® K-means clustering (KMC), where clusters are represented
by a vector.The number of clusters is fixed and the elements are
assigned based in its distance to the vector.



Severin AJ et al., 2010 BMC Plant Biology, 10:160

Cluster Analysis and Visualization

RPKM normalized log2-transformed transcription counts

young leaf

flower

one cm pod
pod-shell 10-DAF

pod-shell 14-DAF

seed 10-DAF
seed 14-DAF

seed 21-DAF

seed 25-DAF

seed 28-DAF

seed 35-DAF

seed 42-DAF

root

nodule

One of the most common classification data mining method is the use
of gene annotations such as GO terms or metabolic annotations. These
methodologies compare two groups between them to find if there are
term more represented in one group than in other. Some examples are:

@® Gene Set Enrichment Analysis (GSEA), computational
method that determines whether an a priori defined set of genes
shows statistically significant.

@ Profile comparisons, each group defines a profile based in the
annotation groups (generally GO terms). Profiles are compared to
find if they are significantly different.



Use of transcripts

* Transcripts can be assembled de novo or from
mapped reads and then used in gene
expression/differential expression studies

e Can be functionally anntoated



Functional annotation

e Take transcripts from Cufflinks or Trinity
* Annotate the sequences functionally in

Blast2GO
@ blast2go



Blast2GO

Select Tools View Info
® SPO_2518,DDX18_HUMAN

Analysis  Statistics
transport;binding;apoptos = {2

Flle Blast Mapping  Annotation
= B G0:0007067,G0:0016021

[Vi|nr  |sequence name | seq description |length |#... |min.evalue |[simmean [#G...|GO IDs | Enzyme |InterPro
¢6 transcription Etranscnptlon factor activity; F:zinc ion binding; IPR0O05829;
. regulation of transcription, DNA-dependent; IPR007219
S R R ELZZANN O OB L7 BE X z G transcrlpnon factor complex F:transporter activity;
C t
hypothetical protein Ceviral capsud no IPS match
NFIA_039100 . L
13885 gene_3885|GeneMar... [Neosartorya fischeri 312 20 1.0E-39 63.15% il
In NRRL 181]
mitochondrial F:metal ion binding; P:protein import into mitochondrial IPR0O04217;
intermembrane space inner membrane; C:mitochondrial inner membrane; PTHR11038
(713887 gene_3887|GeneMar... translocase subunit 87 20 1.0E-40 88.55% 5  C:mitochondrial i | space proteil p (PANTHER),
complex; P: k p PTHR11038:SF8
(PANTHER)
lysyl-trna synthetase C:cytopl P:auxin biosy ic process; F:nucleic acid IPR0O04364;
binding; F:lysine-tRNA ligase activity; ﬂ:lysyl-tRNA IPR0O04365;
ylation; IATP bind Elvsme IPR0O06195;
process IPRO12340;
s IPRO16027;
[_]3888 gene_3888|GeneMar... 592 20 0.0 73.55% 7 EC:6.1.1.6 |PRO18149;
IPRO18150;
G3DSA:3.30.930.1(
(GENE3D), SSF5568
(SUPERFAMILY)

udp-glc gal ic reticulum IPRO13657;
endoplasmlc P: P:carbohydrate P'I'HR1077B

GO Graphs Blast/IPS Results = Stati: ' Kegg Maps

InterProScan for gene_8871|GeneMark.hmm|286_aa done.
InterProScan Result:
InterProld: IPRO01715
InterProName: Calponin-Tike actin-binding
InterProType: Domain

DB-Name: GENE3D - G3DSA:1.10.418.10
InterProld: IPRO16146
InterProName: Calponin-homology
InterProType: Domain

DB-Name: SUPERFAMILY - SSF47576
InterProld: noIPR
InterProName: unintegrated
InterProType: unintegrated

DB-Name: PANTHER - PTHR19961

DB-Name: PANTHER - PTHR

_ Annotation already running



KEGG-mapping

File Blast Mapping Annotation Analysis  Statistics Select Tools View Info
= . G0:0007067,G0:0016021 €2 @ transport;binding;apoptos 2 ® SPO_2518,DDX18_HUMAN 2 @
[v] ‘ nr ‘ sequence name ‘ seq description ‘ length |x | min. eValue |sim mean |xc ICO IDs \ Enzyme ‘ InterPro
succinyl- synthetase F:ATP binding; F:succinate-CoA ligase (GDP-forming) IPRO03781;
< huni artivitv' P-tricarh lic acid cucle: C-succinate—-CnA linase o

[GOGraphs Application Messages = Blast/IPS Results = Statistics ~ Kegg Map: }

| pathways

Pentose phosphate pathway

Fructose and mannose metabolism
Butanoate metabolism

Carbon fixation in photosynthetic organisms
Lysine degradation

Tyrosine metabolism

Methane metabolism

Glyoxylate and dicarboxylate metabolism
Glutathione metabolism

Selenoamino acid metabolism
Phenylalanine metabolism

Benzoate degradation via CoA ligation
Valine, leucine and isoleucine biosynthesis
Reductive carboxylate cycle (CO2 fixation)
Galactose metabolism

Phenylalanine, tyrosine and tryptophan biosynth
N-Glycan biosynthesis

Photosynthesis

Drug metabolism - other enzymes

Sulfur metabolism

Fatty acid biosynthesis

Inositol phosphate metabolism
beta-Alanine metabolism

Drug metabolism - cytochrome P450
Pantothenate and CoA biosynthesis
Biosynthesis of unsaturated fatty acids
Cyanoamino acid metabolism

Terpenoid backbone biosynthesis
Histidine metabolism

T cell receptor signaling pathway

1.2.Diae Tropane, piperidine and pyridine alkaloid biosynthesis
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Color Enzyme Sequences
red ec:1.1.1.2 - alcohol dehydrogenase (NADP+) gene_674|GeneMark.hmm|333_aa, gene_5801|GeneMark.hmm|312_aa
orange ec:2.3.1.51 - 1-acylglycerol-3-phosphate O-acyltransferase gene_176|GeneMark.hmm|429_aa, gene_6693|GeneMark.hmm|292_aa
green ec:2.3.1.20 - diacylglycerol O-acyltransferase gene_176|GeneMark.hmm|429_aa, gene_7213|GeneMark.hmm|521_aa, gene_8170|GeneMark.hmm|470_aa
blue ec:2.3.1.15 - glycerol-3-phosphate O-acyltransferase gene_886|GeneMark.hmm|748_aa, gene_2640|GeneMark.hmm|823_aa
pink ec:1.1.1.72 - glycerol dehydrogenase (NADP+) gene_3376|GeneMark.hmm|325_aa, gene_4577|GeneMark.hmm|326_aa
violet ec:1.2.1.3 - aldehyde dehydrogenase (NAD+) gene_2201|GeneMark.hmm|497_aa, gene_5247|GeneMark.hmm|502_aa, gene_5611|GeneMark.hmm|471_aa
light-red ec:2.7.1.107 - diacylglycerol kinase gene_5292|GeneMark.hmm|409_aa
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