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We will talk about disequilibrium and

irreversibility. . .
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Markovian Sequence Evolution

Nucleotide substitution models: i.i.d Markov models of evolution, i.e. a
master equation:

@ ,. X _ |
gt ®= Q@ ® i 2fAGGT
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Markovian Sequence Evolution

Nucleotide substitution models: i.i.d Markov models of evolution, i.e. a
master equation:

@ ,. X _ |
gt ®= Q@ ® ;i 2fAGGT

The solution to this equation, with initial condition g, is:
h i
(t)y= e o

P(t) = e

Such a model is not complete. ..
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Choosing Parameters

Specifying an evolutionary mode ) postulating a form for the rate
matrix:

A C G T

0 1

A Qac Qac Qat
Q= CB Qca Qce QT
G @Qsa Qacc QcTA

T Qta Q1c QTs
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Choosing Parameters

Specifying an evolutionary mode ) postulating a form for the rate
matrix:

A C G T

0 1
A Qac Qac Qat
0 = CB Qca Qcc Qcrt :
G @Qca Qe Qat
T Qta Qrc Qe

Widely used models:

TCA(i
3
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Specifying an evolutionary mode ) postulating a form for the rate
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Choosing Parameters

Specifying an evolutionary mode ) postulating a form for the rate
matrix:

A C G T

0 1
A Qac Qac Qat
0 = CB Qca Qcc Qcrt :
Qaa Qac QaT
T Qta Qrc QTe

Widely used models:

OTCAG_'L

T T T T
_ ® CC§
Q AL A A

GGG

Felsenstein
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Choosing Parameters

Specifying an evolutionary mode ) postulating a form for the rate
matrix:

A C G T

0 1
A Qac Qac Qat
0 = CB Qca Qcc Qcrt :
G @Qca Qe Qat
T Qta Qrc Qe

Widely used models:

0 1
T kKt 1t 7
_ K ¢ C C§.
Q AL A A K AR’
G ¢ ¢ Ko

Hasegawa-Kishino-Yano
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Choosing Parameters

Specifying an evolutionary mode ) postulating a form for the rate
matrix:

A C G T

0 1
A Qac Qac Qat
0 = CB Qca Qcc Qcrt :
G @Qca Qe Qat
T Qta Qrc Qe

Widely used models:

OT C A Gl
T ket 1 7T
_ Ki ¢ C C§.
Q 'CA\%A A Ko AR\’
G o c koo

Tamura-Nei
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Two Evolutionary Models

All preceding models are nested into the following:

OA G T C

A aAbA C A

_ RBagc dc e .

QR 1@p dr  f (A
C cc¢c ecfc

1

A possible alternative:

0 A C G Tl

A rac rac AT
_ %fGT r'ca rCT§.
QRCS_ .
r'ct I'ca I'GT
T raT rac rac
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Two Evolutionary Models - 2
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Two Evolutionary Models - 2

Equilibrium £ 4

Time Rev. —/——=. \ =
2
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Estimating Parameters

For a given triple alignment ~! of nucleotide sequences from 3 species,
the likelihood of the alignment is:

W X

L = %P 2 o P4 0 [P 2 « [PM] 1 4
k=1 0; 42f ACGTy

The vector © represents the ancestral nucleotide distribution at the root

node.
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Equilibrium
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The stationarity index

The equilibrium distribution of a Markov process is de ned b y:
Q =0
Just taking the difference between present and stationary distribution:

And rearrange the terms:

STlp = ct G= GC GC
STlp = A T
STl = C G
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The STI - Reverse complement symmetry

Substituting the equilibrium distribution:

(1 co; ca: ce:;l  co)
Where:
f'eT+ IcT

'act ragt fgrt et
For the reverse complement symmetric model the STI has a simple form:

CG—

STlh = 6c GcC
STl =( A 7T)
STlI3 =( ¢ 0
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Analysis of the Fly Genome

Results about the time reversal properties for the evolution of the vy
genome:

» Alignment of 3 Drosophilas: sechellia, simulans and melanogaster
» Removed annotated coding regions

» Rates have been estimated using a maximum likelihood algorithm
» Sliding window analysis, 50kbp length

» For each window we have calculated the stationarity index in the
simulans lineage

D.Sechellia D.Simulans D.Melanogaste
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Analysis of the Fly Genome - Stationarity
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Reversibility
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Time Reversiblility: the Detailed Balance

Time reversibility is usually de ned in terms of the detailed balance
conditions

Qji i= Qijj j
From which one can derive the General Time Reversible (GTR)
Parameterization:

Qm= 1Q@p 1 d t for
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Time reversibility: Kolmogorov Cycle Conditions

A lesser known formulation of time reversibility:

De nition. A Markov process is said to satisfy the Kolmogorov cycle
conditions if the following equality on generators holds:

Qilin Qinin 17 Qisip = Qigiy 111 Qi, 1, Qinia  8l1;:::;1n 2C

i_SMi_B
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-Time reversibility: Kolmogorov Cycle Conditions - 2

Moreover the following proposition (relevant when analyzing biological
sequences) holds:

Proposition. If the coef cients of the rate matrix are strictly positive a nd
If Kolmogorov conditions hold for three cycles then they hold for cycles of
arbitrary length.

Proposition. Given a four states Markov process with strictly positive
rate matrix coef cients, if the conditions:

QQRQQ =Q Q Q Q ; (-2)
holdfor (; ; ; )equalto(AGCT),(AGT,Qand(ACGT)

then Kolmogorov conditions hold for 3-cycles.
Ans lastly:

Proposition. If the coef cients of the rate matrix are strictly positive a nd
If Kolmogorov conditions hold for four cycles then they hold for cycles of
arbitrary length.
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IRI - The general iid case

To check reversibility for nucleotide sequences we need to check the

following conditions on four cycles:
A G A G A G
T C T C T C

Qadlcc1Q1a QaATRTRccA

R QAQe@cQTa+ QaQTQCcA
Rly = QaRcQTRca QadReRTRcA

- QAR QTRcat QadReRTRcA
Rlg := QaRcRcR71a QaATRTRc A

QarRccQTa+ QAT cA
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Iri for the Reverse Complement Symmetric Model

Out of the previous indices we get a specialized version of the IRI:

2 .2 2 .2
'adGcT TadcT

IRI; =
2 .2 2 2
'adctt radcr

IR, = 0

RI3 = 0

The IRI1 will thus be comprised in the interval [ 1; 1] and if the system
under study evolves time symmetrically:

IRI; =0
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Irreversiblility in the Fly Genome

Plots of the IRI for the Drosophila simulans genome and for the null
model:
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If water I1s around. ..

Cytosine can easily decay into Uracil:

NH, o)
H
+ H,0 + NH3
AN AN
N o) N 0
Cytosine Uracyl
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If water I1s around. ..

Cytosine can easily decay into Uracil:

NH, o)
H
+ H,0 + NH3
AN AN
N 0 N 0
Cytosine Uracyl

On the other hand Gp(pairs often occur in a methylated form:

NH, NH, 0O
H4C H4C
3 3 \ |
+ CHy—— * HO ——= T NHj
AN AN X\
N 0 N ® N 0
Cytosine Methylcytosine Thymine

The net effect is the decay of CpGpairs into TpGand CpApairs.
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A Nucleotide Substitution Model with ~ Cp@ecay

We need to extend the con guration space:

C=151 .. SN s 2fACGTO:
We assume the following form for the generator:
X X 1
— CpG .
Q= Qi + Qi;ip+1-
1=1 1=1
Where:
A=z |z
I 1 N |
And:
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The IRI of a Process with  Cpecay

We get two IRI's in this case:

2 .2 2 2
Rl = [ADGT TadcCT
L= 272 1722

AdGT™ fadcCT
2 2 revy2y2
rghract rcp@”  (rer+ repdrac
r&kract repd? + (rer+ r&a%ric

IRIcpG:=
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Analysis of the Human Genome

» Alignment of Human, Chimp and Rhesus Macagque genomes
» Rates have been estimated using a maximum likelihood algorithm
» Sliding window analysis, 1 Mbp length

» For each window we have calculated the STls, IRIzc and IRIcpgin the
human lineage

Human Chimp Macaqut
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STl Human
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IRl HuUman
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Summary

» Commonly used evolutionary models assume equilibrium and
reversibility

» We have introduced indices to test for equilibrium (STI) and
reversibility(IRI) on each single branch of a given phylogeny

» Analysis in Drosophila and Human show clear violation of the
equilibrium/reversibility.

» Further work has to be done to asses how this violations affect
speci ¢ bioinformatic algorithms.
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It's Evolution Baby. ..

Thank you!
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