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ABOUT THIS LECTURE

Genomics

C Whatisa ¢ 1 9 D9bha9aqd
C Structureof Genomes
C GenomidFeatures

Transcriptomics

C Whatisatranscriptome
C Whyisit importantfor livingbeings
C Coding and notodinggenes
C How to study genexpression



Whatare Genomics

Aninterdisciplinary field of biologystudyingthe many aspectsof genomes

A Structuralgenomics the study ofgenomestructureand
organization

A Functionalgenomics the study of gen@xpression
(transcriptomic$ andproteins(proteomic9 andtheir
functionsand interactions

A Comparativegenomics studyingthe genomestructureand
functionacrosdifferent speciesand theevolutionof
genomes

A Metagenomicsstudies environmental samples containing
genetic material from several individuals and species

A Pangenomicsdetermines the entirety of genes and
genomes withing a certain species
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Whatis a genomeanyway’

The entirety of genetic material inczll

Sometimes more broadly referred to the
genetic makeup of a whole organism
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Physicabrganization of thgenome

Different in prokaryotes and eukaryotes Eularyote @ Prolaryote

10 um
Prokaryotes Eukaryotes
p’ Lol f . Nucleolus
Nucleus Cytoplasmic
Cell Nuﬂear membrane
membrane
Membrane
Endoplasmic
reticulum
Cell wall ¥ it Ribosomes
(in some eukaryotes)
Chloroplast — % 4 )
Capsule \ Y
(some prokaryotes) / : There Can be

Flagellum

Golgi

- C . more than one
Mitochondrion 3 S y. 2 Y S 7\ y




Genomesn eukaryoticcells
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Mitochondria

Chloroplast
Photosynthesis Cellularrespiration:
Convertshe a dzyjighttenergy to Breaks down glucose (from food
energyrich glucoseand oxygen or photosynthesis) to release

(makingusbreath, yayyyJ ) energy (ATP)
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ChloroplastsandMitochondria

Mitochodria and Chloroplastanay haveoriginated asendosymbionts

(Mitochondria are descendants
of purple non-sulfur bacteria)

Aerobic

/- _~" bacterium

Endosymbiosis

l 7,

Mpytochondrion g

Ancestral eukaryotic cell Eukaryotic cell with
(Chloroplasts are descendants mitochondrion .
of cyanobacteria) A Gene eXpPressSion processes
Sholosvatiione: in organelles are similar to

bacteria

Chl last bacterium . .
°'°"\ ‘ N “a equivalent processes in
W) 9
Endosymbiosis N :

A Organelle genes are more

- similar to bacterial genes
Eukaryotic cell with chloroplastand than to those in the host cel
mitochondrion




NucleaDNA

Oftenreferredto when peoplespeakof «the Genome»

nuclear
envelope

nucleolus

nucleoplasm
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NucleaDNA

CHROMOSOME
~Telomere

Nucleus

Euchromatin

- Centromere Gene

Histone Nucleosome

DNA accessible: the gene is active

Heterochromatin

DNA sequence

DNA inaccessible: the gene is inactive

DNA Double Helix



GenomicComponents Codinggenes

ONA  STTITITITTINIIRN,
Acoding gendsa DNA ALY 1 AlYil4 J[ T Dﬂ‘bﬂ
sequencehat contains prematA S il oy TSI
Informationthat is later ,l,

translatedto proteins (through
the intermediate of RNA)

S L L L L L L L

Proteinsare molecules
composeddf aminoacids
required for the structure,
function, and regulation of the
02ReéQa G(AaadzsSa

Translation




Genomic ComponentCoding genes

In eukaryotes the entire geneistranscribedin mRNAbut exonsare theonly componentsending

up inproteins
Regulatory sequence Regulatory sequence
— YW
Enhancer I
/silencer Promoter 5'UTR Open reading frame /silencer
= E— T S
Proximal Core Start Stop
ona b T N W -}
Transcription Bon Bon
bl - : Wi ¢tw
ow| ¢w
mMRNA Post-transcription
modification Protein coding region
5’cap p P Opqlimw

Translation

Protein




GenomicComponents RepetitiveDNA

Twomaintypesof repetitive DNA:

ATandemrepeats DNA sequence motifs repeated directly
adjacent to each other in the genome

Alnterspersedrepeats identical or similar DNA sequences
found in different locationscatteredacrosshe genome

_\—T_/— Chromosome 1

Interspersed repeats

_/—-—\— Chromosome 2

Tandemly
repeated DNA




GenomicComponents RepetitiveDNA

Tandemrepeats

AMicrosatellites sequence motifs of-10 nucleotide length that are
repeated 550 times
(e.0.GTAETAGTAGTASTCor TATATATATATATATATATAYATA

AMinisatellites: sequence motifs 2100 nucleotide length repeated 2 to
several hundred times



GenomicComponents RepetitiveDNA

Tandemrepeats

Functions Telomeric
o Whenlocatedin promoter or regulatoryregions Dispersed— 8

influencegeneregulation A RS

o Intelomeresandcentromeresaidin chromosome Centromeric

H H “1; H (alpha satellite arrays)

integrity and s_tab!llty andchromosomepairing Peri-contromeric

o Formrecombinationhotspots S onomeric 111“5)

satellites, -1s

Usage Sub-telomeric

o0 Genetic Markers: In nenodingregions
selectionpressuremight be absent andallow
more frequentmutationsA usefulto study
diversityandevolutionin apopulation'species



GenomicComponents RepetitiveDNA

Interspersedrepeats Transposable elements (TES)

Transposable elements are the main group of interspersed repeats
Sequences of DNA that move (or jump) from one location in the genome to another

Typically, between 100 to 10,000 base pairs in length, but sometimes far larger

LY LIN} O0AOSET ¢9 TFI YAt AS-8yINNDE Nt &It (6K AR
insertions are members of the same family if they are longer than 80 base pairs, and :
at least 80% sequence identity over 80% of their length



GenomidcComponents RepetitiveDNA

Interspersedrepeats Transposable elements (TES)

. . Rightly 507
Infamously known as junk DNA (Ohno, 1972), selfish DNA ‘

(Dawkins , 1976), parasitic DNA (Orgel and Crick, 1980 = Yes ang No!

TEsare mutagengshat candamagecellsin severalways
- Extensive sourcef mutationsand polymorphisms
- Madification of gene structure and regulatory regions by TE insertion
- TEjumpinginto a genecandisruptthe functioningof the gene
- TEbeingcut out of agenemightdisruptthe functioningof the gene
- Accumulation®f the samesequencecanhinder precise chromosomal
pairingA unequal crossovers
- Expression of damaging proteins

Soa K 2 dzf gR yidBiITES???



GenomicComponents RepetitiveDNA

Interspersedrepeats Transposable elements (TES)

TEs are strictly regulated!

A They have evolved selktgulatory mechanisms controlling their own copy numbers.
A A variety of host factors are employed to control TE expression (small RNAs, chrom
and DNA modification pathways , sequerspecific repressors)

And: TEs have important benefits, too!

Transposonsandrive evolutionand playan essentiapart in geneexpressiorregulation



GenomicComponents RepetitiveDNA

Interspersedrepeats Transposable elements (TES)

Evolution

It isveryrare that mutations indelsor duplicationshavepositiveeffects butit doeshappen,
drivingadaptionandprovidinga selectiveadvantageh EvolutionJ

TEs Contribute to exon shuffling, a mechanism for forming new genes, by taking adjacent bp

with them when jumping
> £, 8
f l} ‘/f&«? ¢

Many TEs contain enhancer, promoter, or silencer sequences that influence nearby genes.

Gene Expression Regulation

Might contribute to stress responses but TEs and stress is a complex system, not clear yet



Interspersedrepeats Transposable elements (TES)

Two main types

. Copy-and-paste mechanism

—
interrupted
DNA sequence

Class I Retrotransposons —
aO2dntBlJ auS YSOKI S;
A they copythemselvesn RNAthen transposon

back to DNAthen are insertedback
in thegenome

. Cut-and-paste mechanism

interrupted Firstdiscoveredn maize

Class II: DNA transposons P oo

¢ AL i X A A A A ] by Barbara McClintock,
a0 dﬂﬂl—LJl_ aus Y'SOKI ; / NobelPrizefor Physiology
A theyareexcisedrom DNA and mnsposox 5 and Medicine 1983

reintegratedin anotherlocation



transposon
——

e ——

inverted transposase gene B
repeat  gene
sequence

A typical transposon encodes
the enzyme transposase,
surrounded by inverted
repeat sequences.

transposon
—

disrupted gene B

Transposase facilitates recombination
between inverted repeats. Transposon
is cut from its original location and
inserted into a new location.



Thiscanleadto visible effects

If a pigment gene in maize is
disrupted in some cells by a
transposableelement the kernelsin
agraincanhavebeautiful patterns

Dependingon the position of the TE
insertion and the duration of the
interruption, kernelsare more or less
pigmented




Transposonsanenhancegenefunction

K P
RcMYB114_| White rose —— o ,“ ),

Rosa1 insertion r
_ﬁ—chMYmu Redrose —— P ’

Transcriptiorfactors ACT W A‘\'\ON Productionof
RcMYB114 proteinsfor
\ S N CT-) g[- ) ) S— pigmentation

e, (GENE 2 e

e (SENE 3 |




1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

RcMYB114 gDNA

<Rosa1 marker

RcMYB114 gDNA

<Rosa1 marker

35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51

RcMYB114 gDNA

<Rosa1 marker
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Genome size

19.6 Gb

‘ 2.1Gb

® 25mb
« 34Mb

! Fruit fly
D. melanogaster ®

Honey bee )

A. mellifera

0. sativa

C3
spruce
jes

Green algae
V. carteri

Z

C. crispus

Malaria parasite

P. falciparum
' Baker’s yeast

S. cerevisiae Diatom ;

P, tricornutum
Axolotl - 32GBgenome
\(§ Simemaia * Pmmzoanmm’ Largestever sequenced
Y —— s ek \ Aboutthe samenumber
0 250 500 750 1000 1250 1500 1750 2000 Mya of genesashumans
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LS U g@tdback togenes

“ Exon & Intron .
Transposon & Intergenic Genome size
I I | |
Lyrate rockcress
main components of the human genome (ARtidopai freia) 1
Arabidopsis %_!&ﬁ_ﬁ
bidopsis thalian 1
LTR retrotransposons 8% ((:;!:sella o %_urﬁ
(Capsella rubella) 1
DNA transposons 3% SINEs 13% Chinese cabbage [ &
simple sequence repeats 3% F(:::r:;‘_c& o) 1 3 °
segmental éassavsa L 37.5 ¢
duplications 5% (Manihot aseulenta) 1
Soybean . 0.98G
miscellaneous LINEs 20% (Glycine max) 1
heterochromatin 8% Tomato [ 63.2 H © 096G
. . (Solanum lycopersicum) -
miscellaneous gleilsl o slloe Rice [ ] v
unique sequences 12% genes 1.5% (Oryza sativa) 1
Purple false brome ’
(Brachypodium distachyon) -
- I—E Maize 256G
. (Zea mays) 1
introns 26% Sorghum - 62 i a
3.2Gb [k orper QN ane e -
! (Picea abies) ] T 1 p— F
~20 000genes 0% 20% 40% 60% 80% 100%

Aboutthe samenumber
of genesashumans



X | fiyidRythe transcriptome

Transcriptome: /
The complete set of . 5

transcribed genes at a

certain time point in a
cellitissue/organism o -

/My
Proteome: I

An

GENOME = 5
roteins presenata  An  TRANSCRIPTOME ohenoiype
S henotype
certa_ln time pom_t in a éfnot eg t%anscqr?bedto MRNAS
cell/tissue/organism genotyp mMRNAs translatedto

proteins
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The genome is the same in all cells and tissues of an organism

Exceptions include mutations and mitotic recombination.

A if heritable, they are a characteristic of evolution

XtyR GKS GN}yac b

The transcriptome varies between cells and tissues *
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Example: Plants 4 -
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Typical Plant = | N

-

Roots, Stem, Leaves K¢ LPhioém {;« =S
A E,‘ Ah“s*

Trichome 33

- Parenchyma cells YN it ol LR o
- Collenchyma cells N H- 8 505 e
- Sclerenchyma cells
- Xylem cells

- Phloem cells X o0dzAt RAY3 UXabhyRaz2NAlYaA
- Meristematic cells - Dermal tissue - Roots

- Epidermal cells - Vascular tissue - Stems

- Ground tissue - Leaves

{SOSNIt OS¢t tfils Gl

2 Stomate ” AR

Cbllenchyma
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How do cells know what to be?

Cell differentiation

Differentiation changes a cell's size, shape, membrane
potential, metabolic activity, and responsiveness to signals.

e

No change in DNA sequence involved.
Since each cell possesses the same genome,
cell types must be regulated differently SEX CELL "

b - A
~
1 "
% (]
. %

IMMUNE CELL

Dolly was cloned
4+ from a mature cell

EPITHELIAL CELL

4l= [Ah

MUSCLE CELL

FAT CELL

*

STEM CELL BONE CELL

W NERVOUS CELL BLOOD CELL



- E
How do cells know whatto be? o [ ¢&~

2l
Cell differentiation 2"

Highly complex system afene expression regulationetworks

Regulation by:

A cellextrinsic factors
A proteins secreted by other cells, temperature, oxygen etc.

and

A celkintrinsic factors

histones,chromatin remodelindepigenetics)

& (9 i:‘oﬁ @ f4
Blastocyst & Q,q,{‘:{* -
0 gl



GeneEXxpressioiRegulation

Activators
RNA polymerase
h Transcription factors
| ]
Signal <, Cytoplasm i . G
ene
S Degradated ;,
\ Protein
Enhancer
Chromatin NUCIEUS

ive Protein

DNA Gene Available
AN/ N/N/AN for Transcription,

Cleavage Chemical
Modification
Transport to Cellular
RNA Primary Destination
Introna/W Transcript Polypeptide
Exon ]

\

mRNA in Nucleus

RNA Processing

e
=)

Tail /
Sl 3 Degradation
Transcript of m~RNA
- to Cytoplasm mRNA in f;\'\

Cytoplasm

DNA bending protein

Enhancer
Distal control
elements
Transcription
factors and mediator g
proteins

Butthere are alsoinsulators
andinhibitorsX
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GeneExpressioiRRegulation

transcription factors

of eukaryotic cells

1 Activator proteins bind to pieces of
DNA called enhancers. Their binding
causes the DNA to bend, bringing _~
them near a gene promoter, even 204
though they may be thousands of
base pairs away.

Otff;er transcription
ctor proteins 4 Aninsulator can stop the enhancers
from binding to the promoter, if a

2 Other transcription fa€for proteins protein called CTCF (named for
join 'the activatogfroteins, forming the sequence CCCTC, which occurs f!

inallinsulators) binds to it. /

ex which binds to

e \ \ Insulator

5 Methylation, the addition of

3 This protein complex makes it easier

for RNA polymerase to attach tothe a rne'U'lyldgroupto theC
moter ibi nudeotides, prevents CTCF
g I’goene. and starttranscrioing from attaching to the insulator,

turning it off, allowing the

CTC
RNA polymerase (CCC-hinding factor) enhancers to bind to the promoter.




Celldifferentiation- andwhatelse?

Phenotypic Plasticity

Gene expression regulation processes are not only responsible for the general morphology
(phenotype) of an organism but also aidsRmenotypic Plasticity

AUGKS oAt Ale géendtypeéty/expregsRlikiereht Ritahofy@sin
adaptation to varying environmental conditions

Most widespread (but not only) in basically immobile organisms that
cannot move away from adverse conditioysplants

Changes induced by phenotypic plasticity include
- Morphological, Physiological, behavioral

Environmental stimulants can be:
- Seasonal changes, Chemicals (e.g. hormones), Diet



Arctic Fomouflage in
Summer and Winter

Male Mallard during mating
season and rest of the year

Chemical cues

Water fleas
produce spines and
helmets when
sensing predater
released chemicals

C22R RSUSNXAYSa
A Royal Jelly diet (Secretion‘*’f"”
from nurse bee gland#}

~

AW SSoONBFRQ.RAS
(pollen and honeypy, &



=0\:

How carnwe studyall this? OMICS

All

Genes ‘ £

Genomics mRNAs ‘ "

rmowICsceu S Proteins ‘ Al
- ATTCGATCICGGGARPA- TranSCl‘IptomICS Meta bOI Ites

-ATTCGATCICGGGAAAA-

Proteomics All
SEREENS .E.' Metabolomics | Phenotypes

Genome sequence

EH“U“ ) Hormonomics| | Phenomics

0e

Microarray :
RNAseq Protein profile lonomics

Metabolic map



[ S atadvith just oneTranscriptomics

Transcriptome:
The complete set dfanscribed geneat a
certain time point in a cell/tissue/organism

Genome Transcriptome Phenotype

§->%w->,-ﬂ;

Genes mRNAs Proteins  Trait

andnon- codlngRNAsl



Transcriptomicscoding and nortoding RN/

= PSS N

Transcriptomics studies often focus onding DNAtranslated to proteins), but:
A only about 23% of eukaryote genomes is coding DNA!
¢tKS NBaid ¢1a O2yaARSNBR aWdzy1¢ Ay (KS

But: 8090% of eukaryote genome transcribed at some péjnhon-coding DNA

Approximationrangesamongspecies



Housekeeping norcoding RNASs

Housekeeping: required all the time for the &
maintenance of basic cellular function =l | %g
oo Ay e
Lo, et
TRANSLATION c. AZEZE@ KA
. growing peptide chain ”:i;ggon__‘ 52“:?’
tRNAs

incoming tRNA ('[I‘an Sfer R NAS)

'c.?&\k bound to amino acid

)

outgoing
empty tRNA
tRNA || tRNA
\ A= ”
UU U|CUA (i )
(S
rRNAs /

U \
UGGAAAUGGAAAGAUUUCAAAUGGUUCAAA osomaIRNAs_,)
G ST

RNA NGNS 3
Peptide Synthesis y 21 [ IV Y




EXCISED
LARJAT- SHAPED
INTRON ; : :E

WA Rk

snRNA aid in Splicing

Small nucleolar RNAs (SNORNAgg snoRves

__ small subunit
V. i
ribosomal proteins

~isldeD Large subunit
el DNA

-~ o R o ribosomal proteins
- . . L18_ O

snoRNA stabilize the rRNA structure
during ribosome biogenesis



miRRNA gene Pri:miRNA Pre-miRNA m I R N AS
’@’ ==, Coml Ce=ls (Intrinsic) RNA Interference
| - - Micro RNAs (miRNAS) and
S'RNAS\ e A small interfering RNAs (SiIRNAS)
(ma_ml;_/ = "= suppress gene expression by:
extrinsing

v

Highly specific
Viral defense
Genome stability

Complementary binding of the
guide strand to target mRNA

+

w M
uu
Passenger strand is

Sente Activated RISC

/

@%T@}ﬁ

Incomplete complementary
binding of the guide strand to
target mRNA

CENeR D
- —
l l 3UTR

Translational repression,
mRNA degradation,
mRNA cleavage

mRNA cleavage

- Degradation of mRNA

- Inhibition of translation

- Heterochromatin formation
(epigenetics)

X YR S@SxodigRNEs, Y 2
# involved in gene expression regulation

Multiple targets
Gene expression regulation



NCRNAs are part of a complex regulatory syste

Shoot development

negative feedback

delayed vegetative

root development

regulatios

Pi homeostasis

|

phase change

Example:
NCRNA in plant stress response

N/Pi metabolism

Root developmental Lateral root

development

miR160 miR162 miR164 miR171 miR395 miR399

signal transduction

UBC24/PHO2

miR156

Up- and downregulation of miRNAsS
Drought stress in maize for drought stress response in maize

NACI HD-ZIPIN AGO] HAP2

ea! developmental N homeocstases,

Cu homeostass,

stress response

and polarity reduce root growth

Latersl root Homeostasis and N-remobilization Cu homeostasis,

developement feedback regulation floral development oxidative stress




Nice and well, but now how are RNAs investigate

Transcriptomics TechnologieBeginnings
CANBGO FddSYLIWa G2 OFLWGdINBE YR Ay@dSadaial

Among others including
A Sanger Sequencing
A Expressed Sequence Tags (EST)
A Serial Analysis of Gene Expression (SAGE)
A Northern Blotting
A Reverse transcriptase quantitative PCR
A X X

A In the beginning, investigating transcripts was laborious, expensive and usually
captured only a small number of genes



Transcriptomics TechnologieBeginnings

Sanger Sequencing

What is
Sanger

Sequencing?

Frederick Sanger
BritishBiochemist

Nobelprize 1980for first-ever
DNAseqguencingechnique



healthy diseased

Northern Blotting B

Samples

allows to investigate one
or a small number of genes

RNA Extraction

-~

[
Electrophoresis
e
el

N

S
< Do
-~ %% / !

control
healthy
diseased

Visualization of labeled
RNA on X-ray film

N
| —
N— RNA separated by size
< Z Running
A ‘i/ buffer W—

Northern Blottin
(Transfer ofRNAt membrane)




DNA with sequence of interest

5 3
3 5

LLL Primer
DNA polymerase

Denature and anneal primers

First cycle

Second cycle

5

I IHERE
| O I

Third cycle

3

LY e —
|IBEREERRERRRE
8 3 \

S o O

Fe———e 5

LY ———

5 3

)

20 to 30 cycles

Millions of copies

Polymerase
ChainReaction
(PCR)

Buffer
- Tag DNA
Polymerase

MO DNA template
» Nucleotides

> Primers



Transcriptomics TechnologieNowadays

These first techniques are still in use, they a¥asstive,
specific (with genespecific primers) and rapid
BUT they only capture a tiny subsection of a transcriptome

Two dominant contemporary techniques:
Microarrays and RNAequencing vl
5595t 2LISR Ay GKS mddn{
respectively AL

Allow to capture a complete picture of the transcriptome



=~ Cancer

Normal ) "'fr’ i
Cell Cell Samples ﬁ\i@é “ Gell
— G)t significant:
& = & =
&> ® o
Lemy @@ @) Cell Culture ! = @& @
& @ 2. @ 7 @ Not present in cells
i | i | (O Presentin both cells
mRNA RNA Isolation mRNA Significant:
! ! @ n normal cells only
Reverse cDNA
Transcription . In disease cells only
"NV NVW

cDNA
& Labeling

Hybridise
cDNA probes to
oligo sequences

on microarray




Transcriptomics TechnologiedRNASequencing

Number of publications referring to different
transcriptomics methods over the last three decad

First descriptions of RNA Sequencing in 2006 and 2008,
overtook microarrays as dominant technique in 2015.

Advantages:

- Very high throughput

- Allows detection and quantification of transcripts

- Analyzing of noftoding RNASs

- Alignment to reference ande novoassembly possible
- Information about alternative splicing events



