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Discovery of the Nuclein
(Friedrich Miescher, 1869)

Tubingen, around 1869

42,

[Dahm, 2005]

Discovery of Nuclein:
o from lymphocyte & salmon
o “multi-basic acid” (> 4)
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Discovery of the Nuclein
(Friedrich Miescher, 1869)

Tubingen, around 1869

[Dahm, 2005]

Discovery of Nuclein:
o from lymphocyte & salmon
o “multi-basic acid” (> 4)

“If one ...wants to assume that a single substance .. . is the specific

cause of fertilization, then one should undoubtedly first and foremost

consider nuclein.” [Miescher, 1874]
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Learning About the Central Dogma

RNA

transcript mRNA inactive

DNA b
protein

mRNA — protein —

NUCLEUS CYTOSOL
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Learning About the Central Dogma

RNA protein
transport  translation activity
control control control
RNA . 4 5 g "
DNA transcript __ mRNA mRNA —. protein— . Inactive
1 2 protein
transcriptional RNA
control processing

control

NUCLEUS CYTOSOL
Goal: Learn to predict what these processes accomplish:
o Given the DNA, ..., predict all gene products
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Learning About the Central Dogma

transport RNPs, mRNA  miRNAs, mRNA Enzymes, Metabolites,

binding proteins, ... secondary structure, ... Ligands, Subunits,...
RNA . protein
transport  translation  activity
control control control
RNA 4 5 g .
DNA transcript __, mRNA mRNA —. protein — . nactive
1 2 protein
transcriptional RNA
control processing

‘ control

Chromatin structure RNA structure &
Transcript. factors, ...  binding factors, ..

NUCLEUS CYTOSOL
Goal: Learn to predict what these processes accomplish:

o Given the DNA, ..., predict all gene products
f(DNA, 1 2 3) = RNA F(RNA, 4 5) = protein
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Learning About the Central Dogma

transport RNPs, mRNA  miRNAs, mRNA Enzymes, Metabolites,

binding proteins, secondary structure, ...  Ligands, Subunits,...
RNA . protein
transport  translation  activity
control control control
RNA 3 4 R —
DNA transcript __ mRNA mRNA —. protein— . inactive
1 2 protein
transcriptional RNA
control processing

‘ control
Chromatin structure RNA structure &
Transcript. factors, ...  binding factors, ..
NUCLEUS CYTOSOL
Goal: Learn to predict what these processes accomplish:

o Given the DNA, ..., predict all gene products
f(DNA, 1 2 3) = RNA F(RNA, 4 5) = protein

o Estimating f, F amounts to cracking the codes of
transcription, epigenetics, splicing, ..., protein interactions, ...
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Learning About the Central Dogma

transport RNPs, mRNA  miRNAs, mRNA Enzymes, Metabolites,
binding proteins, ... secondary structure, ... Ligands, Subunits,...

RNA Processing System

RNA ‘ ; protein
transport  translation activity
control control control

LY 5 N
DNA . transcript mRNA mRNA rotein inactive
-— — ~ " protein
transcriptional RNA
control processing
control

Chromatin structure RNA structure &
Transcript. factors, ...  binding factors, ..
NUCLEUS CYTOSOL
Goal: Learn to predict what these processes accomplish:

o Given the DNA, ..., predict all gene products
f(DNA, 1 2 3) = RNA F(RNA, 4 5) = protein

o Estimating f, F amounts to cracking the codes of
transcription, epigenetics, splicing, ..., protein interactions, ...
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Machine Learning
Learning from empirical observations

large cven
clas51f1cat10n function SUPPOI‘ hypotheses
theoretical generalization class ®

m ar intrainin
glven 1 O rl th 1 %et Od L4 S}gtem
regresﬁlglw b prOpOSGd results @ hyperplane earnlnghnear

S BOO0S 1ng kerrie] s

support
1pp : d 1 s based, optimization
kernels ataprOb ems examp €S AdaBoost

Order els positive KED prob lem combination
analysis¥ vector
Vector

Frequent words of abstracts from publications 1998-2004.
[wordle.net]
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Machine Learning
Learning from empirical observations

Given: Observations of some complex phenomenon
Goal: Learn from data & build predictive models

Gunnar Ritsch (FML, Tiibingen) Empirical Models of the Central Dogma IST Austria, Vienna 4


http://www.fml.mpg.de

Machine Learning
Learning from empirical observations

Given: Observations of some complex phenomenon
Goal: Learn from data & build predictive models

Example:

Feature 2

Feature 1 "

Two different classes of observations
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Machine Learning
Learning from empirical observations

Given: Observations of some complex phenomenon
Goal: Learn from data & build predictive models

Example:

Feature 2

Feature 1
Infer separation between classes
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Machine Learning
Learning from empirical observations

Given: Observations of some complex phenomenon
Goal: Learn from data & build predictive models

Example:

Feature 2

Feature 1 -
Rule for classifying new examples
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Example: Splice Site Recognition

/True Splice Sites -
DNA 1 I I I
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Example: Splice Site Recognition

Potenlial/Sglice Sites
DNA I T 11T I 1T 1T AT T 1 117 I.:
N7 N A
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Example: Splice Site Recognition

Potential/&glice Sites

RGN
DNA IO T T THTT 1T 1 117 I.:
Nt Nod N A A N7 N\ =/

CT.. .GTCIGTA. . .GAAGCTAGGAGCGC. . .ACGFGT. ..GA

~ 150 nucleotides window around dimer
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Example:

Splice Site Recognition

Potential/Sglice Sites

DNA 1

Basic idea:

GC Content before 'AG'

®'\ decoy

RGN .-
(T 1TT T (1T 1100 THTT 1T 1 1] I..
Nt Nod N A A N7 N\ =/

CT.. .GTCIGTA. . .GAAGCTAGGAGCGC. . .ACGFGT. ..GA

~ 150 nucleotides window around dimer

For instance, exploit that exons
have higher GC content

sites
e true or

splice sites

-\ D that specific motifs appear near
— splice sites.
[Sonnenburg et al., 2007]
GC Content after 'AG'

Empirical Models of the Central Dogma IST Austria, Vienna
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Example: Splice Site Recognition

Potenlial/SQlice Sites

RGN
DNA IO T T THTT 1T 1 117 I.:
Nt Nod N A A N7 N\ =/

CT.. .GTCIGTA. . .GAAGCTAGGAGCGC. . .ACGFGT. ..GA

~ 150 nucleotides window around dimer

Basic idea: .
In practice: Use one feature per

possible substring (e.g. <20) at all
positions

150-(4'+. . . +4%°) ~ 2.10" features

World records in splice site and
transcription start site recognition.

GC Content before 'AG'

GC Content after 'AG' www.shogun-toolbox.org
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Learning About the Genome

Goal: Estimate f to predict RNAs

RNA
transcript ___ mRNA

transcriptional RNA
11213 F— control processing
’ - control

NUCLEUS CYTOSOL
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Learning About the Genome

Goal: Estimate f to predict RNAs

V DNA
1 " 4
transcriptional RNA
11213 F— control processing
’ - control

RNA
transport
control

RNA 3
transcript . mRNA mRNA

NUCLEUS CYTOSOL

Need:
o Good inference method v
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Learning About the Genome

Goal: Estimate f to predict RNAs

v v - :
f(DN A, 1 92 3) = RNA =

RNA
transcript ___ mRNA

NUCLEUS CYTOSOL

Need:

o Good inference method v
o Inputs (DNA, 12 3)
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Learning About the Genome

Goal: Estimate f to predict RNAs

vv ? oI
f(DNA, 123) = RNA "= .22,

RNA
transcript ___ mRNA

NUCLEUS CYTOSOL

Need:

o Good inference method v
o Inputs (DNA, 12 3) ?
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Learning About the Genome

Goal: Estimate f to predict RNAs

? ? nace 5
V V ¢ ¢ DNA transcript . mRNA mRNA
1 " 4
transcriptional RNA
11213 F— control processing
’ - control

NUCLEUS CYTOSOL

Need:
o Good inference method v
o Inputs (DNA, 12 3) :

o Outputs (complete transcriptome)
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Learning About the Genome

Goal: Estimate f to predict RNAs

V V ? ? DNA. tral:g::ipt —« mRNA mRNA
f(DNA, »=z) ~ RNA

Need:
o Good inference method

o Inputs (DNA, %3
o Outputs (complete transcriptome)

e N
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Learning About the Genome

Goal: Estimate f to predict RNAs

v v ? ? - Bl ol e
f(DNA, =) ~ RNA

NUCLEUS CYTOSOL

Need:
o Good inference method

o Inputs (DNA, %3
o Outputs (complete transcriptome)

e N

Intermediate Goal: Fully reconstruct RNAs from experimental data
Solution: Deep RNA sequencing (RNA-seq)

f(DNA, RNA-seq) = RNA
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Deep RNA Sequencing (RNA-seq)

fragmen-
tation (‘
RT
mRNA

sequence library

Sequencers produce ~ 10°
reads of length 50-150nt
(100-500Gbp) per run.

genome

transcripts —

aligned ==
reads ~

Gunnar Ritsch (FML, Tiibingen) Empirical Models of the Central Dogma IST Austria, Vienna 7


http://en.wikipedia.org/wiki/File:RNA-Seq-alignment.png
http://www.fml.mpg.de

Deep RNA Sequencing (RNA-seq)

fragmen-
tation (‘
RT S —
mRNA ———

sequence library

= fml

= JRT Sequencers produce =~ 10°

fragmentation I’eadS (0] Iength 50—150nt
[e]

short sequence reads

How to reconstruct RNAs?
How to quantify RNAs?

genome

transcripts —
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RNA-seq Analysis Steps

. reads Accurate spliced

[De Bona et al., 2008, Jean et al., 2010]
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RNA-seq Analysis Steps
= fml

@ Quantitative studies: 4 Isoform quantitation
What is expressed? rQuant and bias modeling
[Bohnert et al., 2009, 2010]

alignments

s . reads Accurate spliced
equencing PALMapper alignments
[De Bona et al., 2008, Jean et al., 2010]
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RNA-seq Analysis Steps
= fml

@ Quantitative studies: i Isoform quantitation
What is expressed? rQuant and bias modeling
[Bohnert et al., 2009, 2010]

o Differential analyses: Tests for differential
Are there differences > rDiff isoform expression

between conditions? [Stegle et al., 2010, 2011 i.p]

alignments

s . reads Accurate spliced
equencing PALMapper alignments
[De Bona et al., 2008, Jean et al., 2010]
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RNA-seq Analysis Steps
= fml

@ Quantitative studies: Isoform quantitation

—> . .
What is expressed? rQuant and bias modeling
[Bohnert et al., 2009, 2010]

o Differential analyses: Tests for differential
Are there differences > rDiff isoform expression

between conditions? [Stegle et al., 2010, 2011 i.p.]

o Discovery: Are there
any novel isoforms?

Graph construction
& sampling

[Behr et al., 2011 i.p.]

—| SplAdder

alignments

e

. reads Accurate spliced
Wr alignments

[De Bona et al., 2008, Jean et al., 2010]
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Gunnar Ritsch (FML, Tiibingen)

RNA-seq Analysis Steps

@ Quantitative studies:
What is expressed?

o Differential analyses:
Are there differences
between conditions?

o Discovery: Are there

any novel isoforms?

@ De novo annotation:

Where are the genes?

alignments

Hi0

>

>

rQuant

rDiff

SplAdder

mGene.ngs

=tml

Isoform quantitation

and bias modeling
[Bohnert et al., 2009, 2010]

Tests for differential

isoform expression
[Stegle et al., 2010, 2011 i.p.]

Graph construction
& sampling

[Behr et al., 2011 i.p.]

Gene finding with
RNA-seq evidence
[Behretal., 2010, 2011 i.p.]

Accurate spliced
alignments

[De Bona et al., 2008, Jean et al., 2010]
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Oqtans: Galaxy-based Transcriptome Analysis

Sequencing Read Mapping }—)
Cufflinks
GFF Toolkit*
ﬁ
oqtans 4p»

=fml

Transcript N
Quantification

mTIM* rQuant*

SplAdder* rDiff*
 ASP* > Cufflinks/

mGene.web* Cuffdiff

* developed by the MLB
Rdtsch Research Group, FML,
Tibingen

online
quantitative
transcript

analysis

www.oqtans.org
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RNA-seq Quantitation and Biases

fragmen-,
tation '/
RTl ——

mRNA

sequence library

= = JRT
-

i fragmentation

short sequence reads

genome

transcripts

aligned == =
reads

junction reads~;

Gunnar Rétsch (FML, Tiibingen) Empirical Models of the Central Dogma
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Biases due to ...
o cDNA library construction
o Sequencing
o Read mapping

read coverage
B (o)) ©
o o o

N
o

relative transcript position 5’ -> 3’

(average over annotated
transcripts of length ~1kb for the
C. elegans SRX001872 dataset)
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The rQuant Approach

[Bohnert & Rétsch, 2010]

Short transcript isoform

read coverage

relative transcript position 5’ -> 3’
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The rQuant Approach

[Bohnert & Rétsch, 2010]

Short transcript isoform

read coverage

relative transcript position 5’ -> 3’

Long transcript isoform

read coverage

relative transcript position 5’ -> 3’
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The rQuant Approach

[Bohnert & Rétsch, 2010]

Short transcript isoform

w
o

o

(%

>

o

v

kel

©

[

2

genome position p
Long transcript isoform

o e |
o)

o

(%

>

o

v

kel

3

= —_— B

genome position p
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The rQuant Approach

[Bohnert & Rétsch, 2010]

Short transcript isoform

[
o)
©
(%
>
I}
v
e w, Mixture of transcripts
o
[
— o)
genome position p g expected
>
S
Long transcript isoform i)
o S
o W, e
g B genome position p
>
o
v
e A — M
3
4 1

genome position p

Mp = WAAp + WBBp
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The rQuant Approach

[Bohnert & Rétsch, 2010]

Short transcript isoform

(]
o)}
©
9]
>
)
v]
e w, Mixture of transcripts
o
(]
— )}
genome position p g expected
3
L. v] observed
Long transcript isoform i)
_ [
o — ]
o W, e
g B genome position p
>
o
v]
e A — M
9]
[ R - S — ]

genome position p

My =wah, + wsB, = mingu, >0 i (M, R,)
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Transcriptome Reconstruction with RNA-seq

[Behr et al., 2010, 2011, i.p.]

genomic position

Step 1: SVM Signal Predictions

| RTTON 11PR T

123 Ll

Tuegenemocel I N\ =

Step 2: Integration

Score f(ylx)

genomic position

Based on algorithms in [Altun et al., 2003, Ritsch and Sonnenburg, 2007]
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Transcriptome Reconstruction with RNA-seq
[Behr et al., 2010, 2011, i.p.]

genomic position

Tuegenemocel I N\ =

Step 1: SVM Signal Predictions

123 TI [T ot g Liw s 1

tis |

A I

Step 2: Integration

¢y v ’
VH_'_

Score f(ylx)

genomic position

Based on algorithms in [Altun et al., 2003, Ritsch and Sonnenburg, 2007]
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Transcriptome Reconstruction with RNA-seq
[Behr et al., 2010, 2011, i.p.]

genomic position

Tuegenemocel I N\ =

Wrong gene model . L& ]
Step 1: SVM Signal Predictions
8 Ldlen ot g Liw s !
tis |
acc 1 |
don | |
stop L |
Step 2: Integration
= A,
2 v | Fiarge margin
s Ly § targe margin
o
3 y
A

genomic position

)

Gunnar Ritsch (FML, Tiibingen)

Based on algorithms in [Altun et al., 2003, Ritsch and Sonnenburg, 2007]
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Transcriptome Reconstruction with RNA-seq
[Behr et al., 2010, 2011, i.p.]

genomic position

Tuegenemocel I N\ =

Wrong gene model . L& ]

Step 1: SVM Signal Predictions

123 T Ll ot g Liw s !

tis |

acc 1 |

don | |

stop I |
RNA-seq

°

&

=

H

S b o M old Hle b 1 I | L1t 1 HRYD
=]

intron support
from spliced reads k:} k:{ —

Step 2: Integration

A,

4 — } targe margin
v A

Score f(ylx)

genomic position

)

Based on algorithms in [Altun et al., 2003, Ritsch and Sonnenburg, 2007]
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Transcriptome Reconstruction with RNA-seq

[Behr et al., 2010, 2011, i.p.]

genomic position

123 Ll

Tuegenemocel I N\ =

Wrong gene model -~ I

Step 1: SVM Signal Predictions

ot g L uy !

°
)
g
o | I ]

intron support
from spliced reads

Step 2: Integration

Score f(ylx)

=

—

IT

larger margin

genomic position

)

Gunnar Ritsch (FML, Tiibingen)

Based on algorithms in [Altun et al., 2003, Ritsch and Sonnenburg, 2007]
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Transcriptome Reconstruction Accuracy

0.7

o
=)
T

cds transcript F—score
2

/—*/‘\q/“

02t
—+— mGene - w/o RNA-seq
01r —p— mGene.ngs - w/ RNA-seq
—&— Cufflinks - [Trapnell et al. 2010]
% 10 20 30 40 50 60 70 80 %

expression percentile

100

C. elegans, [Behr et al., 2011]
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Transcriptome Reconstruction Accuracy

L Insufficiencies 4
o7k 1. algorithms
2. annotation

ol Insufficient
) information
8]
@ osf
L
c
= 04F
5]
%)
c
© oaf
=
%)
°
o

02

—+— mGene —w/o RNA-seq
o1r —p— mGene.ngs — w/ RNA-seq
—&— Cufflinks - [Trapnell et al. 2010]
o ‘ : ‘ ‘ : ‘ i
0 10 20 30 40 50 70 80 90 100

60
expression percentile
C. elegans, [Behr et al., 2011]
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Transcriptome Reconstruction Accuracy

0.7

o o g o
w ES o )

cds transcript F—score

o
N

0.1

Insufficiencies  }
1. algorithms
2. annotation

Insufficient
information

f(DNA, GZ23) =RNA

—+— mGene —w/o RNA-seq
—P— mGene.ngs - w/ RNA-seq

—&— Cufflinks - [Trapnell et al. 2010]

Gunnar Ritsch (FML, Tiibingen)
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C. elegans, [Behr et al., 2011]
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Transcriptome Reconstruction Accuracy

L Insufficiencies 4
07k 1. algorithms &
2. annotation
ol Insufficient
) information
1)
@ osf
L
—
Soat
1)
8 f(DNA, 2 ®) =RNA
g 03r (A. thaliana)
[} - RNA-seq
3 Qo8 A -
- — O
02 5
O
@ \
o1 s N
0.7~ DNA
[Behr et al., 2009]
% 10 20 30 40 50 70 80 90 100

60
expression percentile
C. elegans, [Behr et al., 2011]
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Transcriptome Reconstruction Accuracy

L Insufficiencies 4
07k 1. algorithms &
2. annotation
ol Insufficient
) information
1)
@ osf
L
-
% 04Ff
1)
2 f(ONA, 2 9) =RNA
g 03r (A. thaliana)
» ~ RNA-seq
o e
Ol Q o8F A Nucleosome  — 4
i S positions cis
‘f v RNA secondary= 2
01t W . structure cs
0.7~ DNA
[Behr et al., 2009]
% 10 20 30 10 50 70 80 90 100

expression percentlle
C. elegans, [Behr et al., 2011]
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Digestion

We can
o reconstruct RNAs from experimental data (RNA-seq) and
o predict RNAs from sequence and other cis information.
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Digestion

We can

o reconstruct RNAs from experimental data (RNA-seq) and
o predict RNAs from sequence and other cis information.

Limitations:

o Have incomplete annotations, imperfect inference algorithms.
o Ignore trans-effects,

Need:

f( D N A' 1 cis/trans? 2 cfs/trans) - R N A

F(RNA, 4, 5) = protein
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Digestion

=tml

We can
o reconstruct RNAs from experimental data (RNA-seq) and
o predict RNAs from sequence and other cis information.
Limitations:
o Have incomplete annotations, imperfect inference algorithms.
o Ignore trans-effects, dynamics, spatial information.

Need:

f( D N A ! cis/trans?1 C/s/trans) — R N A
F(RNA, 4, 5) = protein
f' ( D NA! cis/trans 1 z:/s/trans) — d R N A/ d t

F'(RNA, 4, 5) = dprotein/dt

Gunnar Ritsch (FML, Tiibingen) Empirical Models of the Central Dogma IST Austria, Vienna 14
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Approaches to Understanding Molecular Pathways

“Interesting”
mutants

|

Identify molecular
phenotypes

:

Characterize
molecular
pathways

o CBP20/80

[Laubinger et al., 2008]

o sRNA biogenesis (dcl1-4)

[Laubinger et al., 2010]
o NMD [w/ A.Wachter|

o Exosome [w/ E. Conti]

Gunnar Ritsch (FML, Tiibingen) Empirical Models of the Central Dogma
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Gunnar Ritsch (FML, Tiibingen)

Approaches to Understanding Molecular Pathways

“Interesting”
mutants

|

Identify molecular
phenotypes

:

Characterize
molecular
pathways

o CBP20/80

[Laubinger et al., 2008]

o sRNA biogenesis (dcl1-4)

[Laubinger et al., 2010]
o NMD

o Exosome

[w/ A.Wachter|

[w/ E. Conti]
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Cell types &
development

}

Identify & associate
molecular phenotypes

Environment

Characterize
molecular
pathways

o A. thaliana tissue atlas

[Laubinger et al., 2008]

o A. thaliana stress & light response

[Zeller et al., 2009, Hartmann et al., 2011, i.P]

o C. elegans tissue/development atlas

[Gerstein et al., 2010, Spencer et al., 2011]
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Identify molecular
phenotypes

:

Characterize
molecular
pathways

o CBP20/80

[Laubinger et al., 2008]

o sRNA biogenesis (dcl1-4)

[Laubinger et al., 2010]
o NMD

o Exosome

[w/ A.Wachter|

[w/ E. Conti]
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Cell types &
development

}

Identify & associate
molecular phenotypes

Environment

Characterize
molecular
pathways

o A. thaliana tissue atlas
[Laubinger et al., 2008]

o A. thaliana stress & light response

[Zeller et al., 2009, Hartmann et al., 2011, i.P]

o C. elegans tissue/development atlas

[Gerstein et al., 2010, Spencer et al., 2011]

Empirical Models of the Central Dogma

fml

Natural
variation

}

Associate with
genetic variation

!

Characterize
molecular
pathways

o A. thaliana genome

variation [Clark et al., 2007a]

o O. sativa genome
variation [McNally et al., 2009]

o A. thaliana transcriptome

variation [w/ R. Mott & R. Clark]
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Approaches to Understanding Molecular Pathways

“Interesting” Cell types & Enwronment Natural
mutants development variation

Identify molecular [ ldentlfy & associate ) [ Associate with )
S

ml

phenotypes molecular phenotype genetic variation
Characterize Characterize Characterize
molecular molecular molecular
pathways pathways pathways
o CBP20/80 o A. thaliana tissue atlas o A. thaliana genome
[Laubinger et al., 2008] [Laubinger et al., 2008] variation [Clark et al., 2007a]
o sRNA biogenesis (dcl1-4) o A. thaliana stress & light response o O. sativa genome
[Laubinger et al., 2010] [Zeller et al., 2009, Hartmann et al., 2011, i.P.] variation [McNally et al., 2009]
o NMD [w/ A.Wachter] o C. elegans tissue/development atlas o A. thaliana transcriptome
o Exosome [w/ E. Conti] [Gerstein et al., 2010, Spencer et al., 2011] variation [w/ R. Mott & R. Clark]
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Analysis of C. elegans Transcriptomes

7 developmental stages

VoY

total RNA (all cells)

Gunnar Ritsch (FML, Tiibingen)

13 embryonic cell types

\

embryo
‘ chitinase
000,
s 0000
%000
cultre X \
o %o FACS
\ /

total RNA °o
(amplified)

Empirical Models of the Central Dogma

12 other cell types

b |

IP RNA
(amplified)

2011]

[Spencer et al.,
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Analysis of C. elegans Transcriptomes

7 developmental stages | 13 embryonic cell types | 12 other cell types
N \
embryo
N | chitinase
embryo 000,
N ’V # 8%
S s )
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o oo i i
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™~ @ ~
Chromosome X (Kbp)
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- transcript
2
>
8
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c Tiling array
o signal
°
4
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£
S
z

[Spencer et al., 2011]
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Analysis of C. elegans Transcriptomes

7 developmental stages | 13 embryonic cell types | 12 other cell types
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Detected TARs

[Spencer et al., 2011]
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Identification of novel TARs

Detected TARs:

o Overlap TARs with coding
genes: =~ 91%

22,3 Mb o ~ 22 Mb not in protein
(49 %) ) )
coding regions

WormBase non-redundant
coding gene models TARs

0 =~ 14 Mb novel TARs

_ Empirical Models of the Central Dogma IST Austria, Vienna 17


http://www.fml.mpg.de

Identification of novel TARs

fml
Detected TARs:

o Overlap TARs with coding
genes: =~ 91%

22 il 0 = 22 Mb not in protein
(49 %) . .
coding regions
WormBase -redundant -
coding gene models -T-Z?g;e undan 0 =~ 14 Mb novel TARs

Chromosome I
3502K  3593K  3594K  3595K 3506k  3597K  3598K  3509K  3600K  3601K

Gene Models
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WBGene00005509
TARs L2 intestine L RUNE IR ]
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= | = I | |}
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Identification of novel TARs

fml
Detected TARs:

o Overlap TARs with coding
genes: =~ 91%

22 il 0 = 22 Mb not in protein
(49 %) . .
coding regions
WormBase -redundant -
coding gene models -T-Z?g;e undan 0 =~ 14 Mb novel TARs
Chromosome I

3592K  3593K  3594K  3595K 3596k 3597K  3598K  3599K  3600K  3601K
' 4 s " ' " 4 s 4 y
} + t + + t + t t 1

Gene Models
Las o | ]
WBGene00005509 L2-int L2-int-RT DNA

& i nmil nl i :
TARs L2 intestine ! L AR L2-int-1 =-=
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Understanding Global Expression Patterns

o Gene expression atlas, many interesting special cases.

o How can we understand global patterns of regulation?
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Understanding Global Expression Patterns

“1}
2L

S

o Gene expression atlas, many interesting special cases.

o How can we understand global patterns of regulation?

o = M ©
—T—TT

e = N oW
— T

—— hbl-1 3F —— mec-17
~o— hih-2 —o— nip-8
—— hih-3 2r
—o— pha-4 14k
0k
-1}
Cs1(n=102) 21 ©s3(n=567)
EE LE L1 L2 L3 L4 YA EE LE LI L2 L3 L4 YA
—— chn-1 3 —o— puf-8
—— spo-11 —6— 85G-2
—o— flh-1 2F
1+
0+
=1k
| CS5 (n=496) 2T css (n=92)

EE LE L1 L2 L3 L4 YA

EE LE L1 L2 L3 L4 YA

Group genes with similar
expression profiles:

o Clustering via
Self-Organizing
Maps (SOMs)

O Analyse gene sets
defined by clusters

EE=early embryos stage, LE=late embryos stages, L1-L4=larval stages, YA = young adults

Gunnar Ritsch (FML, Tiibingen)

Empirical Models of the Central Dogma
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Understanding Global Expression Patterns

Expression patterns of
developmental stages
assigned to 8 clusters

CS1 contains genes with
elevated expression
in early embryos (EE)

(S5, €S8 contain highly
expressed genes in
young adults

Cs4 cs1
L L1 ] LT L1 ]
N —

-

54 021 195

Mean-centered log expression
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Understanding Global Expression Patterns
~ fml

Sequence motifs over- or underrepresented in SOM clusters
= putative regulatory elements

Example: Motif related to vertebrate transcription factor (C/EBPalpha)

o = o o =
- &N Mt B ® N~ W ®» = = = T
o o o o o o o o O o o o o o

Eeem T

TNOTDO~DD

under-representation i 1 | over-representation
-20 20
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Understanding Global Expression Patterns
~ fml

Sequence motifs over- or underrepresented in SOM clusters
= putative regulatory elements

Example: Motif related to vertebrate transcription factor (C/EBPalpha)

—wammhmmvc—’:gﬂ?-z
6 06 606 6 6 & 6 6 6 o6 6 O
T [%]

s iE B W%C oM
0 T
TNOTODO~OD

under-representation i 1 | over-representation
-20 20
Next steps:
o Analyse sub-genic features (as for A. thaliana) [Eichner et al., 2011]

o Higher genomic resolution by RNA-seq (in prep.)
o Higher temporal & spatial resolution by single cell analysis
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Multiple reference genomes and transcriptomes for A. thaliana
G. Xiangchao, et al., G. Ratsch, R. Mott, Nature (accepted in principle)

Arabidopsis distribution
-+ Accession collected

Gunnar Ritsch (FML, Tiibingen)

Empirical Models of the Central Dogma

@ University of Oxford

Genome sequencing & reconstruction
G. Xiangchao, N. Harberd, R. Mott

University of Utah
Transcriptome sequencing
J. Steffen, C. Toomajian, R. Clark

Max Planck Campus Tiibingen
Reannotation & transcriptome analysis
O. Stegle, J. Behr, P. Drewe, A.
Kahles, R. Bohnert, G. Jean, S. J.
Schultheiss, G. Ratsch

University of Bath (P. Kover),
Kansas State University (K. L.
Hildebrand, C. Toomajian), EBI (P.
Derwent, P. Kersey), The Sainsbury
Laboratory (E. Kemen)
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18 +1 reference genomes and transcriptomes for A. thaliana
Multiparent Advanced Generation Inter-Cross (MAGIC) lines

(T
gy

n founders
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18 +1 reference genomes and transcriptomes for A. thaliana
Multiparent Advanced Generation Inter-Cross (MAGIC) lines
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18 +1 reference genomes and transcriptomes for A. thaliana
Multiparent Advanced Generation Inter-Cross (MAGIC) lines

II " " " o Eventually 1200 lines

n founders . ..
H H H o Imputation of magic lines

genomes based on
L

founders
n(n-1)
" |H F1

Tl
| EEEE i EEEE
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18 +1 reference genomes and transcriptomes for A. thaliana
Multiparent Advanced Generation Inter-Cross (MAGIC) lines
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n founders

o Eventually 1200 lines

o Imputation of magic lines
genomes based on
founders

o Powerful QTL mapping
population
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18 +1 reference genomes and transcriptomes for A. thaliana
Multiparent Advanced Generation Inter-Cross (MAGIC) lines

L
| TR

Tl
| EEEE i EEEE

n founders

o Eventually 1200 lines

o Imputation of magic lines
genomes based on
founders

o Powerful QTL mapping
population

This talk: Genome and
transcriptome analysis of the
MAGIC lines founders
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Outline

Genome
sequencing

N

Genome
reconstruction

Gunnar Ritsch (FML, Tiibingen)

Transcriptome

sequencing )

Ny

) Genome

reannotation

Empirical Models of the Central Dogma

A7
T

Quantitaitve mRNA
variation

Qualitative proteome
variation

IST Austria, Vienna

23


http://www.fml.mpg.de
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Genome
reconstruction

~ Transcriptome
sequencing

Genome
reannotation

Quantitaitve mRNA
variation

I ——

Qualitative proteome
variation
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Sequencing 18 Arabidopsis genomes

R — L L e

Reference Genome
-

Aligned —
Genomic Y
Sequencing 1
Reads

o ~40x coverage with illumina paired end reads
o Multiple insert sizes (200 & 400 bp, read lengths 32-51bp)
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Sequencing 18 Arabidopsis genomes

Govrage e |l O et A

Reference Genome T R A O
[}
Aligned 4 |
Genomic | :
Sequencing X
Reads g -
1 I 1 1

~40x coverage with illumina paired end reads

Multiple insert sizes (200 & 400 bp, read lengths 32-51bp)
Iterative read mapping against the reference genome

Full de novo assembly with SOAP and integration of contigs

© 06 0 o
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Sequencing 18 Arabidopsis genomes

R —— L L e

Reference Genome MM M08 AR A 00O 0O A O 000000 000 00
1
Aligned |
Genomic |
Sequencing
Reads

i
| | &

~40x coverage with illumina paired end reads

Multiple insert sizes (200 & 400 bp, read lengths 32-51bp)
Iterative read mapping against the reference genome

Full de novo assembly with SOAP and integration of contigs
Extensive genomic variation (3Mbp SNPs, 15Mbp indels)
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Sequencing 18 Arabidopsis genomes

R —— L L e

Reference Genome MM M08 AR A 00O 0O A O 000000 000 00
]
Aligned |
Genomic |
Sequencing
Reads i
| —"

~40x coverage with illumina paired end reads

Multiple insert sizes (200 & 400 bp, read lengths 32-51bp)
Iterative read mapping against the reference genome

Full de novo assembly with SOAP and integration of contigs
Extensive genomic variation (3Mbp SNPs, 15Mbp indels)

= < 1 error / 10kb = good enough for genome reannotations

© 06 0 0 o
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Transcriptome Sequencing

RNA-seq (lllumina, 76bp) of founder accessions:

o Strand-specific, 50 million reads per strain

o Non-strand-specific, 13 million reads in two replicates

crs
9350k 9361k 9362 9353k 9364k 9ISk 986k 96Tk Gk 9

Gene Models —

FlEF A

Gunnar Ritsch (FML, Tiibingen) Empirical Models of the Central Dogma

o Validation of genome
sequence
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Transcriptome Sequencing

RNA-seq (lllumina, 76bp) of founder accessions:
o Strand-specific, 50 million reads per strain

o Non-strand-specific, 13 million reads in two replicates

AT1G64970

o Validation of genome

sequence
Col-0 (Haplotype I)
Ler-0 (Haplotype 1) o Genome
Po-0 (heterozygous) reannotation
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Training

o Training on col-0 reference
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Genome Reannotation

Reference
Annotation

Accession
Genomes

Accession
RNA-seq

)+

De novo
prediction

)

Accession
Annotation

Gunnar Ritsch (FML, Tiibingen)

o Training on col-0 reference

o Strain-specific predictions, accounting for strain
coordinate system

Empirical Models of the Central Dogma

IST Austria, Vienna
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Genome Reannotation

Reference
Annotation

o Training on col-0 reference

o Strain-specific predictions, accounting for strain
coordinate system
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Genome Reannotation

Reference
Annotation

Accession
Genomes

\ x 19 strains

Accession
RNA-seq

\ D A i
e NovVo o o C on
—{m}—* plediction —*@ﬂlﬂm@—* Annatation

Gunnar Rétsch (FML, Tiibingen)

o Training on col-0 reference

o Strain-specific predictions, accounting for strain
coordinate system
o > 8,000 genes with new transcript annotations

o Per accession: ~ 1,500 new transcripts, ~ 650
new introns, ~ 500 new TIS/STOP sites

Empirical Models of the Central Dogma IST Austria, Vienna 28
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Amino acid variability

Large effects changes

Category n Mean pair AA-distance
Coding gene 27,203 NN |
Pseudogene 909 N | |
A. lyrata 27,203 [ |
Disruption n
Any 2,446 I [
Multiple 538 D | ]
Splice site (CDS) 167 [N | ]
Translation stop 133 [N | |
Translation start 94 1 | |
Premature stop 341 1 | ]
Frame shift 1,169 [l [ ]
RN
Fraction = O 0.5 1
% AA changes

1.2 3 4 5 1020 30 40 50100

—
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Amino acid variability

Large effects changes

Category n Mean pair AA-distance

Coding gene 27,203 NN |

Pseudogene 909 | |

A. lyrata 27,203 [l ||

Disruption n AT1G64970

Any 2,446 I | | Haplotype |
Multiple 538 D | ]

Splice site (CDS) 167 [N i
Translation stop 133 [N
Translation start % I -

Premature stop 341 1 | ]
[ _Frame shift 1,169 [l [ ]
B
Fraction = 0 0.5 1
% AA changes
1.2 3 4 5 1020 30 40 50100
—-—
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Haplotype Il

Col-0 (Haplotype 1)
Ler-0 (Haplotype II)
Po-0 (heterozygous)

IST Austria, Vienna
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Gene expression variability

diff. expression
Category / gene family n TR
e _— © ~19,000 genes with
i I — H
Coding gene 27,416 detectable expression
Defensin-lke 284 | L]
F-bo» 651 I H H
TypeIIMADSboxT; 42 I Qo 9,360 dlfferentlally
MYBTF 142 I
Cytochrome P450 211 I expressed genes
bZIP TF 74 I
bHLHTF 151 I I
Receptor-like kinase 587 ] ° 1’712 Wlth
TIR-NB-LRR (TNL) 78 e ———
CC-NB-LRR (CNL) 47 I — fold—change > 10
Primary pumps ATPase 79 I .
Eukaryotic initiation factor 93 e ——— Qo 308 Wlth
Cytoplasmic ribosomal 232 |
Kinesin 58 —— fold—change > 50
[ R R R R R
Fraction = 0 02 04 06 08 1
Expression
I Differentially expressed
I Expressed

Not expressed
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Gene expression variability

Category / gene family

Isoform distance

L2 A A B |

diff. expression

[ e e B R
Pseudogene 924 NN ]
New gene 447 ND I
Coding gene 27,416 NN | | IEEEE—
Defensin-like 284 NN | L]
F-box 651 NN I
Type Il MADS box TF Bl e —— I
MYBTF 142 I | | EEE———
Cytochrome P450 211 NN | | I
bZIP TF 74 I I
bHLHTF 151 |
X i L
TIR-NB-LRR (TNL) 78 i - ||
CC:NB:LRR (CNL) 47 W -
Primary pumps ATPase 79 I I
Eukaryotic initiation factor 93 I I
Cytoplasmic ribosomal 232 N I
Kinesin 58 I —
[ T T e e T A A T O A R O R B O
Fracion= 0 02 04 06 08 1|0 02 04 06 08 1
Distance Expression
. 0-1% >20-50% Il Differentially expressed
> 1-5% Il >50-80% E d
>5-10% [l > 80-100% B Expresse
>10-20% Not expressed

Gunnar Rétsch (FML, Tiibingen)

Empirical Models of the Central Dogma

~19,000 genes with
detectable expression
o 9,360 differentially
expressed genes
o 1,712 with
fold-change >
o 308 with
fold-change >

10

50
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Gene expression variability

Category / gene family

Isoform distance

L2 A A B |

diff. expression

L T A A |
Pseudogene 924 NN ]
New gene 447 ND I
Coding gene 27,416 NN | | IEEEE—
Defensin-like 284 IEEG— -
F-box 651 NN I
Type Il MADS box TF Bl e —— I
MYBTF 142 I | | EEE———
Cytochrome P450 211 NN | | I
bZIP TF 74 I I
bHLHTF 151 |
X i L
TIR-NB-LRR (TNL) 78 i | E—
CC:NB-LRR(CNL) _47 NN .
Primary pumps ATPase 79 I I
Eukaryotic initiation factor 93 I I
Cytoplasmic ribosomal 232 N I
Kinesin 58 I I——
L A L B B B
Fracton= 0 02 04 06 08 1|0 02 04 06 08 1
Distance Expression
I 0-1% >20-50%

Gunnar Rétsch (FML, Tiibingen)

> 1-5% Il >50-80%
>5-10% Il > 80-100%
>10-20%

I Differentially expressed
I Expressed

Not expressed

Empirical Models of the Central Dogma

o ~19,000 genes with
detectable expression
o 9,360 differentially
expressed genes
o 1,712 with
fold-change > 10
o 308 with
fold-change > 50
o Causes of
differential
expression?

IST Austria, Vienna 31
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[DESeq, Anders 2010 rDiff, Stegle & Drewe et al. 2010]
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Strain-specific deletion (genome reconstruction)
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Gene expression variability

Structural Variation

] LM“L
J_LJ_‘_I_“._..__

—Arg‘rd—ﬂéiﬂ%—@mﬁu = =

Strain-specific deletion (genome reconstruction)
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Gene expression variability

Structural Variation

%—gé%m&ﬁu 2=8 -

Strain-specific gene model change (genome reannotation)
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Structural

total: 9360
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Other.

Other
Structural

Structural
total: 9360 (FC > 50): 308
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Structural

tructural
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Gene expression variability
Mappable cis eQTLs

Gene !
o T 030F fart ‘Associations (365)
éssoc; o:\hs (741) = Upstream @l Introns
020 ene lengf 0.25 == 5 UTR == 3 UTR
5 B CDS exons = Downstream
o < 2 020
19 o <
< © 5
] § 3 015
T
g 2 o Intron 1
[ ° w
2 0.10 Exon 1 !
7]
2
8 0.05! Last exon
300 200  -100 0 100 200 300 600 bp -100 bp +100bp +600 bp
Position relative to gene start (kb) Position relative to gene structure
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Gene expression variability
Mappable cis eQTLs

Gene + Gene
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total: 9360
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MAGIC Lines & Association Studies

Multiparent Advanced Generation Inter-Cross (MAGIC) lines

Complete Generations of 5-6 selfing
diallele intermating generations
cross
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—— ;(” ) —— outcrossed ——
|:||] HH ﬂl] HH families EE EE ii ii
o Currently 500 available MAGIC lines [w/ Richard Mott]

n founders
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MAGIC Lines & Association Studies

Multiparent Advanced Generation Inter-Cross (MAGIC) lines

Complete Generations of 5-6 selfing
diallele intermating generations
cross

- n(n-1)

JUTT L

n founders

o Currently 500 available MAGIC lines [w/ Richard Mott]
o =200 natural strains with RNA-seq [w/ Magnus Nordborg]
Goals:

o Associate molecular phenotypes with genotypic variation
o Identify trans-factors: 1 ..., 2 .on

o Extend models: f(DNA, ) = RNA
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Summary & Conclusions

Observe qualitative and quantitative transcriptome variation
o during development
o under different external conditions
o with different genotypes
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o candidates of trans-acting factors
o sequence information

Gunnar Ritsch (FML, Tiibingen) Empirical Models of the Central Dogma IST Austria, Vienna 36


http://www.fml.mpg.de

Summary & Conclusions

Observe qualitative and quantitative transcriptome variation
o during development
o under different external conditions
o with different genotypes

Extract cues by associating transcriptome variation with
o expression of factors
o genotypes/polymorphisms

Computational modeling combining
o yet incomplete knowledge
o candidates of trans-acting factors
o sequence information

Goal: Develop/extend predictive models of the central dogma
f(DNA, 1 2 3) = RNA F(RNA, 4 5) = protein
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