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0) Are there “laws” in genome evolution?



Genomes give abundant data

Cumulative sequenced genomes
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Review

Are There Laws of Genome Evolution?

Eugene V. Koonin*

National Center for Biotechnology Information, National Library of Medidne, National Institutes of Health, Bethesda, Maryland, United States of America

Abstract

Research in quantitative evolutionary genomics and
systems biology led to the discovery of several universal
regularities connecting genomic and molecular phenomic
variables. These universals include the log-normal distri-
bution of the evolutionary rates of orthologous genes; the
power law-like distributions of paralogous family size and
node degree in various biological networks; the negative
correlation between a gene'’s sequence evolution rate and
expression level; and differential scaling of functional
classes of genes with genome size. The universals of
genome evolution can be accounted for by simple
mathematical models similar to those used in statistical
physics, such as the birth-death-innovation model. These
models do not explicitly incorporate selection; therefore,
the observed universal regularities do not appear to be
shaped by selection but rather are emergent properties of
gene ensembles. Although a complete physical theory of
evolutionary biology is inconceivable, the universals of
genome evolution might qualify as “laws of evolutionary
genomics” in the same sense “law” is understood in
modem physics.



Some interesting “laws”

(Koonin, Hurst, Drummond & Wilke)
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Laws in a genome “parts list™?
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Laws in a genome “parts list™?

10x 3x



Laws in a genome “parts list™?
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Genomes Show Common Behavior
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Frequency

“Laws” in gene content
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1) Partitioning of a genome
iInto functional categories

(Monod at the genome scale)



Let us start from the Lac Operon
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Let us start from the Lac Operon

{a) Absence of inducer (b) Presence of inducer
Operator |« lac operon >
A Repressor binds to Y ¢ Y

/ transcription of lac operon

!
) % < 2 273

Repressor Inducer ]5 B-Galactosidase
\\ Permease
o) I'rans-
— etyla
Inducer-repressor Transcription and
complex does not translation of
bind to operator lac structural genes

Copynight 1999 John Wiley and Scns, Inc. All rights reserved,

Three functional ingredients
Metabolism (Lactose)
Transcription (Repressor-Operon)
Translation (Physiology / Growth Rate)

REGULATION Information Flow



Operon Model
(Jacob & Monod, JMB 1961)

Structural genes
do stuff

Regulatory genes
decide who does what




Parenthesis: Hierarchic vs Circular

Lac Repressor

1 lactose

Lac Operon

LacZ metabolic action

REGULATION Information Flow



Parenthesis: Hierarchic vs Circular

Lac Repressor

1 lactose

Lac Operon

LacZ metabolic action
LacY pump

lactose

REGULATION Information Flow



Monod at genome scale,
NEEDS STATISTICS

o. o
Metabolites o °° o o
Transcriptional

Regulation

Metabolism

(Translation, Physiology / Growth Rate)



Functional Annotations

Transcriptional
Regulation

Metabolism

Translation




Category counts for many genomes

(E.van Nimwegen, 2003)
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Genes in genome

Category Bacteria Eukaryotes
Transcription regulation 1.87 = 0.13 1.26 = 0.10
Metabolism 1.01 = 0.06 1.01 = 0.08
Cell cycle 0.47 = 0.08 0.79 £ 0.16
Signal transduction 1.72 = 0.18 1.48 = 0.39
DNA repair 0.64 = 0.08 0.83 = 0.31
DNA replication 0.43 = 0.08 0.72 = 0.23
Protein biosynthesis 0.13 = 0.02 0.41 = 0.15
Protein degradation 0.97 = 0.09 0.90 = 0.11
lon transport 1.42 = 0.28 1.43 = 0.20
Catabolism 0.88 + 0.07 0.92 +0.08
Carbohydrate metabolism 1.01 = 0.11 1.36 = 0.36
Two-component systems 2.07 = 0.21 NAP

Cell communication 1.81 £ 0.19 1.58 £ 0.34
Defense response NAP 3.35 + 1.41




Back to operon model: transcription factors
and metabolic enzymes

Constant fraction of
Metabolic enzymes

Exponent ~two for
transcription factors

10 T ' ' ‘ ' ‘
n & o) 500 1000 2000 5000 10000
O = i
g)) g 8 - Genes in genome
5 S 6- 22
5T
g3 47
& O 000 9
2e 27 5 o)
o 2 %9 (Stover et al Nature, 2000)
0 Q0

0 1,000 2,000 3,000 4,000 5,000 6,000
Number of predicted ORFs



2) Partitioning of a genome

iInto evolutionary families
(Dayhoff's Dream)



Margaret Oakley-Dayhoff




Why evolutionary families? Gene duplication

Gene with fowr
different functions

N ——Coasen __Casee
d BN d Im!

Subfunctionalization Neofunctionalization Degeneration/Gene loss



Duplication Track-record

Yeasts

Ascomycota fungi

Wapinski et al ‘07

K. lactis

L—— A. gossypii
K. waltii

r— D. hansenii

C. albicans
Y. lipolytica




Duplications occur at all scales

E.G. Yeast Whole-Genome Duplication

Ascomycota fungi

1 2 34 56 7 8 9 10 11 12 13 14 15 16

t
b/ | 34 56 7 8 9 10 11 12 13 14 15 18
—.—X—C-.—)@-X XH-E-ID-G-ER)-a-—
RTOEET R TR

2 3456 7 89 10n1

.1234567 8 9 10 11 12 13 14 15 16
. . G e4D 4D Gl aGE) - oD
Kellis et al ‘04

K. lactis
» 1 34 6 9 10 12 13 14 16
—— A. gossypii S. cerevisiae copy1
K. waltii | K. walti
.. <t > S. cerevisiae co
— D. hansenii 2 3 5 7 8 1 13 15 "
C. albicans

 Important evolutionary process
* Develops new functions
» Characteristic profile of action

S. pombe Archeascomycota

Wapinski et al ‘07

Development  Stress and carbohydrate Ccll cycle and meosis Ammo acid and Fundamcnul
metabolism nitrogen metabolism processes

All WGD paralogues
WGD-only paralogues
Non-WGD paralogues




The moves of Genome Evolution

Discover

Copy-Paste

! !

(e.g. duplication) New evolutionary

Evolutionary families of genes
families of genes



Detection of gene families

Q5E940_BOVIN
RLAO_HUMAN
RLAO_MOUSE

RLAO_RAT
RLAO_CHICK
RLAO_RANSY

Q7ZUG3_BRARE
RLAO_ICTRU
RLAO_DROME
RLAO_DICDI

Q54LP0_DICDI
RLAO_PLAF8
RLAO_SULAC
RLAO_SULTO
RLAO_SULSO
RLAO_AERPE
RLAO_PYRAE
RLAO_METAC
RLAO_METMA
RLAO_ARCFU
RLAO_METKA
RLAO_METTH
RLAO_METTL
RLAO_METVA
RLAO_METJA
RLAO_PYRAB
RLAO_PYRHO
RLAO_PYRFU
RLAO_PYRKO
RLAO_HALMA
RLAO_HALYO
RLAO_HALSA
RLAO_THEAC
RLAO_THEVO
RLAO_PICTO

Sequence alignments
threshold dependency
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Frequency

Gene-family size distributions

10000 S
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(Huynen Nimwegen MBE '98)



Gene-family size distributions

o——a §. cerevisiae 6218
o———e E. coli 4286

>——= Synechocystis sp. 3168
s>——= M. thermoautotrophicum 1871 1
=~ M. jannaschii 1735

. « H. influenzae 1715

+——a H, pylori 1566

+—— M. pneumoniae 677

+——e M. genitalium 468

+—— Vaccinia 262

b = T4 209

Frequency

A Gene Family Size

Early 2000s focus on wide tails
two main explanations

a) “designability” (e.g. Shakhnovich)

b) “genome growth” (e.g. Koonin)
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45}
50 — —
100 1000 10000

number of genes in the genome

No focus on common scaling
with genome size
Until late 2000s



Homology and Protein Domains

» Basic stable sub-shapes of proteins
* Conserved in evolution

« Determine possible protein functions
* Modular

cdk2 gi|116051
capk gi|7110693
csk gi|417209

I gi|125397
II gi|135001
III gi|11545906
v gi|146444

v gi| 66882

VI gi|2144279
VII gi|5542182
VIII gi|418468
IX gi|14488515
X gi| 6681275
XI gi|3420749

(Pyruvate kinase)
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Protein Domains

Jak2 37 380 401 482 545 808 849 1,124

Jak1l 34 420 439 544 583 855 875 1,153

SH2-PK

linker SH2-PK

linker

N lobe

Glycine-
rich loop



Viral

Yeast

C. elegans

Drosophila

Mammals

OplAP
CplAP

SplAP
SclAP

CeBIRT1
CeBIR2

Deterin
dBruce
DIAP1
DIAP2

Survivin
Bruce
ML-IAP
ILP2
XIAP
clAP1
clAP2
NAIP

Biologist's first slide
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“Coarse-grained” view of a protein

Structure / Evolution / Function



Taxonomy

2 Domain definitions

Fold Independently

Evolutionarily

Conserved
(shape)

T T
“Fold” (sequence)
(shape) 1“Superfamily”

(shape + monophyly) > “Fami|yu

(sequence)

3 Hierarchic classes



Genome-scale data

Databases of structural domain families
(SCOP / SUPERFAMILY, CATH / gene3D for structure)

« Cover hundreds of genomes
* Typically 30-60% sequence coverage
» 50-70% proteins with at least one hit

“Coarse-grained” view of a genome

—NEN NN N MW W Foomain

classes



Scaling Laws for Evolutionary classes
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Exercise

Go to

 Follow “"domain assignments” and click one prokaryote

* Download the “domain assignments” txt file

* Figure out the flle and make this plot, for 10 bacteria with

M M |

different sizes ., o, -

T F N — e 7

g L

O 100 E

m) E

= B

i 10 E

o E

3 C

© 1E

1 10 100
Number of Domains D

* Find 5 partners and share data to make ~50 points of this plot
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The existence of these scaling laws Is
surprising

It indicates that domain class partitioning
depends on size
and not on the specific
evolutionary history of a genome



3) Horizontal Gene Transfer (HGT)



“Moves” of gene-family dynamics

Copy-Paste

Intra species HGT +
Duplication Inter-species HGT

/

Loss



Main mechanisms of
Horizontal Gene Transfer

Transformation AP @
|} = 1Ul -

Bacterial DNA
¢ a Al
Transduction ‘Jf’ } Through phages

Conjugation

Direct DNA uptake

Sharing of plasmids
(through contact)




Horizontal transfer of genes is a dominant force of
bacterial gene-family evolution

— |B.aphidicola-aps

Y.pseudotuberculosis« = SN

(Grassi et al MGE 2012)



Large-scale studies reveal biases/mechanisms

phingomonadales
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A tree or a network, or both?

(Kloesges et al MBE 2010)



4) Main biological interaction networks



“Central Dogma” of Molecular Biology

DNA -> RNA -> Protein = Function
REGULATION
Information Flow

Network Approach (1) global (2) simple



Transcription Network

TF1 TF2

out

TF1/

DNA

DNA
GENE

E.coli network

Approach :
1) global
2) simple

ouT




Transcription Network

Directed graph / Factor graph. Two kinds of nodes

Regulatory (TFs)
Targets, or “structural” genes (TGs)

Deg ree sequences
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Topology approach example: network motifs

(> 500 genes, e.g. E.coli, S.cerevisiae)

Structural analysis

Example: network motifs =

subgraphs that are more

recurrent than in random networks

Randomizations =
Ensemble of random
graphs with the same
degree sequences as E.
coli, but shuffled links

Network motifs in E. coli
Uri Alon's group

(Shen-orr et al Nature Gen 02)
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Feedback vs Hierarchy

Feed baCK: MUItlStablllty, penOdlClty, - « « (Thomas, Kauffman, Savageau...)
Example Phage )\ (Arkin et al Genetics 98)

Switch involves mutual
| _I_ Negative feedback
cro Pr cl

Hierarchy: Organization of the transcription program
Example SIM mOtif(Shen-OrretaI Nat Genet 02)

ra) Input -> Output
X e Hierarchical structure
L2y s
O



Randomization Algorithms

Randomizations =
Ensemble of random graphs with the
same degree sequences as E. coli,

but shuffled links

O—®
Stub Pairing (Molloy-Reed) O—0
e
11 H b} ‘\ "/ ; \A{ ,
Switches” (Maslov-Sneppen) 5l /0 " @ @
A . »l A \
C . (_.
\ / \i\'llk‘h \ /
pariners
Importance Sampling Montecarlo ST 1 B, o
1 2 L 1(30mstraintT 1 I
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0 010
2 1 1 EE | 2
Ordered Reordered
0 1Copstraint Lo _0 0 0/ 11]0
1 0 010 p10 1101
0 0 00 [o |0 1010
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E. coli network:
hallow hierarchy with mostly self-feedback

' M TLALTIOAT
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Comparing Topologles

= Randomized
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Evolutionary analysis

Comparison of homology classes
with network interactions

Network
Interactions

Homology class
(common ancestor)



Main results:

Family expansion and autoregulations QS;Q

A A

CLASS

00—0-¢ LAYER
Family expansion and layers —booob e

LAYER

{/ / DISTANCE

Horizontal Transfer

(Cosentino Lagomarsino et al. PNAS 2007, 1
Sellerio et al, Mol Biosys 2009)



Metabolism at Large Scale
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Metabolic network:

Edges = Metabolic enzymes (genes)
Nodes = Chemicla reactions
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Metabolic network topology
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Degree distributions

(Jeong et al Nature 2002)
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Hierarchical modular structure

(Ravasz et al Science 2002)



Flux-balance approach

Describe stoichiometry il = S
Genome-scale 3 B+2C—D Reaction 2
as ﬂUX network metabolic reconstruction :
[BIE 5 30 Snuibs. Reaction n
. . ey oy Spppe == ]
Steady-state = linear programming
Reactions @rb""o‘;&l&o
; ; ; ; ; 12 n o
Objective fu_nctlon is typically T AT
Biomass metabolic reactions L
and constraints 2 p| - =y
s . :
m a -
E g . Pred ICtS many phenotypes Stoichiometric matrix, S Fluxes, v
In fast-growing bacteria S Tosis
Mass balance defines a V, — V+..=0
system of linear equations V, -2V, +..=0
V,+..=0
etc.
Define objective function To predict growth, Z = Vpiomass
(z=¢*v,+c,"v, ..)
Va Z
“ Point of

optimal v
Calculate fluxes
that maximize Z

Solution space
defined by
constraints

>V,




Proportion of horizontaly trarsferred genes

Integration of HGTs
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Position in the network

1. peripheral reactions (nutrient uptake

and first metabolic step) were more
likely to be transferred

(topology)

Fraction of conditions with fithess contribution
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1 2 3 4 5 6 7 8 9 10 =10
Number of gene transfers and losses on the phylogenetic tree

2. HGTs contributing to the evolution of

metabolic networks in proteobacteria were

generally environment-specific

(single KO FBA with 136 conditions)

3. coupled enzymes were gained or lost together
In a statistically significant manner (topology)

(Pal et al MBE 2005)



Conclusions

Abundant data on genome composition, with striking statistical regularities

“Laws” in the partitioning into functional and evolutionary elements
Horizontal transfers are a dominant for adding new genes in bacteria

New methabolic pathways can be “imported”, and controlled by a shallow hierarchy
of transcription factors.



