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Completed Genomes

More than 200 complete
genomes have been
sequenced




Evolution




Cumulative sequenced genomes
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Three Kingdoms

ENTAMOEBAE
SLIME MOLDS

ANIMALS

ACTERIA GRAM-POSITIVE METHANOBACTERIUM
PURPLE BACTERI BACTERIA ERIl

FUNGI

PLANTS
CILIATES

CYANOBACTERIA
FLAVOBACTERIA

FLAGELLATES

THERMOTOGA

MICROSPORIDIA
DIPLOMONADS

AQUIFEX

UNIVERSAL ANCESTOR

Prokaryotes — No Cell nucleus, Eukaryotes — Cell nucleus
No organelles

M. Madigan and B. Marrs, 1997
4000 Myr: life originated in the sea / shallow ponds
3500 Myr: bacteria emerged from the seas to colonise the land
1000 Myr: plants / fungi slowly colonized inland of coastal margins
700 Myr: insects / arthropods crawled out to feed on plants .
350 Myr: vertebrates adapted to air breathing / survival on land VII’USQS?



Evolutionary Taxonomy

* Track DNA of species to determine
phylogenetic relationship between species

* Assumptions

— DNA mutates slightly over generations

— Species descended from a common ancestor must
have DNA sequences “similar” to each other



Examples

 Example sequence:
— Base substitution:
— Base insertion:
— Base deletion:
—Sequence insertion:
—Sequence deletion:

—Sequence duplication: CG

—Sequence inversion:

CGTGACTTCC
CGGGACTTCC
CGATGACTTCC

CG GACTTCC
CGTATTAGGACTTCC
CG CTTCC

CG

'GACTTGACTTCC

CAGTCC



Base mutations (general): definitions

e Base mutations: the source of sequence variation
e Transitions more frequent than transversions

Purines A G

Pyrimidines C T

1 Transitions

@ Transversions
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transitions

Molecular evolution via substitutions

transversions

(R

|

©

>T

transitions

transitions— pyrimidine to pyrimidine
transversions — purine to pyrimidine or

vice-versa

Thymine 0
H,C

Pyrimidines H N/ H

Purines
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Base mutations in ORFs: definitions

Second letter

First letter

: : i G uGuU
UUU | phanyl. ucu UAU . ugu U
uuc alan!?rpe uee Uac | Tyrosine T Cysteine c
Serine
UUA e icine HEE UAA | Stop codon| | USA | Stopcodon| A
bla UAG | Stop codon | [ UGG | Tryptophan| G
M ceu CAU | Histidine || CGU u
tHe Leuc Fee Pralin = cac Argini .
CUA e Cca 5 caa | con g A
cuG £CG CAG utamine | | CGG
st c UGC UGA
AUU AL : AGU ; u
AUC |lsoleucine || Ac2 o Asparagine| | aoc | Serine :
recninge .
AAG | ¥sine AS2 | Arginine : Sllent NnonN-sense
GUU GCU GAU | Aspartic || GGU g
GUC i GCC : acid GGC :
GUA Ll Gea Alaoing GAA | ¢ i GGA Glycine i UGG )
ks i sas [H§ 1 | 6oc G oelon coo
+H N (I: H - +H3N_(|:_H
NS missense b
T L
SH NH
Cysteine
(Cys or C)
Tryptophan
(Trp or W)
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Base mutations in ORFs: definitions

(cntd)

tggagctAtt

tgtgggctgt
tcattcttet

cggtacaaca

attgctaagt Aacatttacc ccctgaagtt aatgGatcaa

aatgaaTcgt Cttattgaat Taacaggttg gatcgttctt

M N R L I E L
tggcgtggcg agtcacattg acaactatca gccacctgaa

caagtaagct ctgcacttgt ggagcgacat gctgcccgtc

tcaagagaga
gtcgtttcag
cagagtgctt
cgggtgcatg

120
180
240
300

missense nonsense

silent

\

tggagctGtt

tgtgggctgt
tcattcttet

cggtacaaca

attgégaagt Ifcatttacc ccg¥gaagtt aatgAatcaa

aatgaaCcgt Gttattgaat Aaacaggttg gatcgttctt

M N R V
tggcgtggcg agtcacattg acaactatca gccacctgaa

caagtaagct ctgcacttgt ggagcgacat gctgcccgtc

tcaagagaga
gtcgtttcag
cagagtgctt

cgggtgcatg

120
180
240
300
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Base mutations in ORFs: definitions

(cntd)

tggagctAtt

tgtgggctgt
tcattcttet

cggtacaaca

attgctaagt

aatgaaTcgt

Aacatttacc ccctgaagtt aatgGatcaa
Cttattgaat Taacaggttg gatcgttctt

M N R
tggcgtggcg

caagtaagct

L I E L
agtcacattg acaactatca gccacctgaa

ctgcacttgt ggagcgacat gctgcccgtc

tcaagagaga
gtcgtttcag
cagagtgctt
cgggtgcatg

120
180
240
300

deletion

tggag@

tgtgggctgt
tcattcttet

cggtacaaca

attgctaagt
aatgaaCcgt

Tacatttacc cgf€tgaagtt aatgAhatcaa

Gttattgaa- Taacaggttg gatcgttctt

M N R
tggcgtggceg

caagtaagct

V I E
agtcacattg acaactatca gccacctgaa

ctgcacttgt ggagcgacat gctgcccgtc

tcaagagaga
gtcgtttcag
cagagtgctt

cgggtgcatg

120
180
240
300
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Evolution at the DNA level

Deletion  \utation
..ACGGTGCAGTTACCA... SEQUENCE EDITS

|

AC----CAGTCCACCA...

= >
REARRANGEMENTS .
Inversion > €
Translocation > =

Duplication i > >

14



Molecular Evolution and its
consequences

Most related sequences have many positions
that have mutated several times

Rate of accepted mutation is usually not the
same for all types of base substitution

Different codon position have different
mutation rates

Influence of selective pressure on the
observed frequency of synonymous and non-
synonymous mutations



Most related sequences have many positions that have
mutated several times

* Neither of the following is true

— Sequences have only diverged to a moderate degree such that no
position has been subjected to more than one mutation

* If so, once the sequences are aligned, all mutational events could be observed
as nonidentical aligned bases and assume mutation to be from one base to
another

— All sequences evolved at a constant mutation rate for all mutations at
all times

* If so, the number of observed differences between any two aligned sequences

would be directly proportional to the time elapsed since they diverged from
their most recent common ancestor

e Evolutionary distance = p-distance (fraction of misaligned residues)

— Because of overlapping mutations, p-distance is an underestimate of
the number of mutations that actually occurred



How many mutations?

 Knowing DNA seq info, measure the mutation
amount in the evolutionary descent

* ancestor seq SO: ACCTGCGCTA
* intermediate seq S1: ACGTGCACTA
 descendentseq S2: ACGTGCGCTA
e (SO,S2) => 1 mutation =>1/10

* (S0,S1,52) => 3 mutations => 3/10

e G->A->G isa “hidden” mutation




Rate of accepted mutation is usually not the same for
all types of base substitution

* Simplest model: rates identical and time-
invariant with no substitution preferences

e Whether a mutation is retained or lost from

populations’ gene pool will depend on many
factors including..

— AA sequence is altered or not
— Effect on function

—>Rate of mutation and substitution preferences
can vary at each position along the genome



R = transitions/tranversions

* R=%but 4 in practice (mitochondrial gene
sequences from mammalian subfam Bovinae)

100 1
90 Purines

A G
701
60-
50

401

Base Pair Differences

0 Pyr'imidinesc T

1 Transitions

20 1
104

g'........................................
0 2 4 6 g8 10 12 14 16 18 20
Time Since Divergence (MY)

@ Transversions

FIG. 3. Total nucleotide substitutions (squares) vs transversion

differences (circles) between pairs of bovid taxa plotted against esti- Janacek et al Mol Phylogenet
mates of time since divergence. Taxon pairs and references for diver- | '

gence times are listed in Table 2. Evol. 6: 107-119, 1996 19



Different codon positions have
different mutation rates

Second letter

First letter

U ¢ A G UuGU
5 : G i
| Uoc heat |lucol A (i FOS mene [
i UUA |\ e e weiie UAA | Stop codon| | YOA | Stopcodon| A
L UUG UG uag Stop codon| | UGG Tryptophan| G
g — 1l o i
g cuc cec [ | CAC ae [ C
L cua ucineg cca | raling vy . . CGA raimane :
cua CCG CAG utaming | | CGG G UGC UGA
L AUU ACU | b Asparagine A Sering .
| AUC IREle acc | AAC | TERRIRG AGC C
A ELaua EEEERED { Threonine | ——— ' _
| 2US I wethionined | ACA | . =y silent non-sense
codon = ________ BRI oSS £ e S o
L GUU GCU | GAU | Aspartic | | GGU g
e i GEC . acid GGC :
G || Gy | Valine o EAIamne ey cca | Glvcine i UGG i
|| 6UG GCG | GAG a{;ﬁam'{ GGG - ?oo $oo
k. . L el e G
: g missense T
Synonymous mutations almost &, "
. _ & NH
always from third codon position Systalns
(Cys or C)

=> mutation rate will be higher ey
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Influence of selective pressure on the observed
frequency of synonymous and non-synonymous
mutations

Mutation: maintain or loose

Depends on the selective pressure on the
species and on whether the fitness of the
organism changes because of mutation

No selective pressure => random genetic drift

Fitness: positive selection (mutation kept) vs
negative selection (mutation lost)



Influence of selective pressure on the observed
frequency of synonymous and non-synonymous
mutations

* With aligned sequences, possible to identify
the type of selection

— Synonymous mutations will not affect fitness, thus
neither selected for nor against...=> null model

— Ratio of the rates of non-synonymous
mutations/synonymous mutations to determine
positive, negative or neutral selection



Evolution — Synonymous vs hon-synonymous
mutations for protein-coding regions

GGT-TCC-AGC-TAT-CTA-TTA-ATT-GGT-AGC
GGC-AGT-GCA-TGG-TTG-CTT-TTG-GGC-AGT

nonl-synonymous Synonymous

ly—Ser—Ser—Tyr—Leu—Leu—Ile—Gly—~Ser
0 ly—Ser—Ala—Trp—Leu—ILeu- Leu—Gly—=Ser

D\ = # of Non-synonymous mutations
D = # of Synonymous mutations

dy= rate of non-synonymous mutations
dg= rate of synonymous mutations

To get the rates, we need to apply correction! We will talk more on this shortly.
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Tests for selection on sequences (rule of thumb)

QL

N

=1 when replacement substitions are neutral

QMSL

N

<1 when replacement substitions are deleterious

L B

N

dS

> when replacement substitions are advantageous

Also denoted as Ka/Ks test

24



An example of Neutral theory

Prediction:

Synonymous substitutions

accumulate in genomes faster

than do non-synonymous
ones

Synonymaus

0.2 (13.05 x 10°%/ site/ year)

0.19

Number of nucleotide substitutions

Nonsynonymous
(3.59 x 10°%/ site/ year)

T T
0 5 10 15

Years

Influenza virus evolution over 20 years
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How many mutations?

 Knowing DNA seq info, measure the mutation
amount in the evolutionary descent

* ancestor seq SO: ACCTGCGCTA
* intermediate seq S1: ACGTGCACTA
 descendentseq S2: ACGTGCGCTA
e (SO,S2) => 1 mutation =>1/10

* (S0,S1,52) => 3 mutations => 3/10

e G->A->G isa “hidden” mutation




Modeling mutations

* Assume mutations are very rare, so that no more
than 1 mutations occurs at the same site..very
restrictive

* Or use a suitable mathematical tool...probabilities

e Central question: Relate the observed fraction of
sites that have mutated to the actual number of
mutations that have occurred, which is not
measurable from the data!!

27



Probability that next base is A?

« AGCCTACTGGCCAGGACCTC..
* Prob(A atsite21)= 7



Recovering hidden mutations

Given a sequence, we are interested in
Prob(purine|i) or Prob(pyrimidine]|i)
Assume in each generation, base i has 1.5%
change of transversion =>

— P(change|i) = 0.015 and P(no-change|i) = 0.985
Assume changes within generations are
independent to each other

Consider changes over 2 generations with 4
possibilities: change/no-change, followed by
change/no-change



Recovering hidden mutations

P(change,change|i) = 0.01522 = 0.000225
P(change,no-change|i) =0.015 * 0.985 =
0.0148

P(no-change,change|i) =0.985*0.015 = 0.0148
P(no-change,no-change|i) = 0.98572 =
0.970225

Probability of hidden mutation: P(no-
change,no-change|i) + P(change,change|i) =
0.970225 + 0.000225 = 0.97045



Mutations with Poisson model and
distance correction
Central question: Relate the observed fraction of
sites that have mutated to the actual number of

mutations that have occurred, which is not
measurable from the data!l

(blackboard)
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Jukes Cantor model for estimating
distances between sequences — Markov

1-3f f Cg) 1-3f
1

A -
| A C G T
f 1-3f f f f YA
f f A f 1-3f f f |C
: f f 1-3f f |G
' f f f 1-3f )T

Markov Transition probability

1-3f Matrix




For markov models

pr(state after next is S, | current state is S))

= Zj pr(state after next is S,, next state is Sj | current state is S))

= 2 pr(next state is S| current state is S) x pr(state after nextis S | current
state is S;, next state is Sj)

=2,Pij X Pk

= (i,k)-element of P?, where P=(p; ).

More generally,

pr(state t steps from now is S, | current state is S) =i,k element of P!



For Markov models

M,(t)=P(SP'=j|SP° =i)= > P(SP'"=k,SP'=j|SP°=i)=
k=1..K
> P(SP"™ =k|SP° =i)P(SP' = j| SP"* = k,SP° = )

k=1..K

= 3 P(SP" =k|SP® =i)P(SP' = j|SP'™" = k) =

k=1.K

D, PSP =k|SP® =I)\P(SP'= jISP™ =k)= ¥ M,(t-Da, =

k=1..K k=1..K

M(t) = M(t = 1).A=M(t - 2).AA... =
M(t) = M(0).A" =A";since M(0)=Identity Matrix in DNA/protein evolution case
— M(t +d) = A'A° = M(t).M(d)



Jukes-Cantor model - Formulation

A C G T

1-3f(t)  f(t) f (1) f (1)
f()  1-3f(@)  f() f (1)
f (1) f()  1-3f@)  f()
f (1) f (1) ()  1-3f(1)

M (t) =

— O O >

M (t + At) = M (t).M (At)
M) = lim M (t+AAti— M (1) _ im M (t).M (At)A; MOMO) _ 1 o m0)




Jukes-Cantor model - Formulation

tth step probability

A C G T distribution matrix
1-3f(t) f(t) f(t) f(t) OR
f(t) 1-3f(t) f(t) f(t)

M (t) = f (1) f (t) 1-3f(t) f(t) t-step transition matrix

because (I,J) element is
T (1) T (1) T (1) 1-31(Y) the Prob.(To)move frorln

state | to J in t-steps

M (t + At) = M (t).M (A1)

M) = limMEFAD MO o MO-M(AY - M (1).M(0)
At—0 At At—0 At

— M (t).M '(0)



JC model derivation- cont’d

M'(t)=M(t).M'(0) =

1-3f() f@)  f@ ()
fM)  1-3f() () f(@)
f)  f(t)  1-3f@)  f()
ft) f(t)  f()  1-3f()

-3f'(0)
t'(0)
f'(0)
t'(0)

£'(0)
-3f'(0)

£'(0)

f'(9)

t'(0)
f'(0)
-3f'(0)
t'(0)

£'(0)

t'(0)

£'(0)
-3f'(0)

= f'(t)=f'(0)-3f(t)f'(0)-3f(t)f'(0)+ f(t)f'(0)+ f(t)f'(0)
=f'0)-4f(t)f'(0)=a—4af
= f'=a—4af




JC model derivation- cont’d

M'(t)=M(t).M'(0) =

1-3f() f@)  f@ ()
fM)  1-3f() () f(@)
f)  f(t)  1-3f@)  f()
ft) f(t)  f()  1-3f()

-3f'(0)
t'(0)
f'(0)
t'(0)

£'(0)
-3f'(0)

£'(0)

f'(9)

t'(0)
f'(0)
-3f'(0)
t'(0)

£'(0)

t'(0)

£'(0)
-3f'(0)

= f'(t)=f'(0)-3f(t)f'(0)-3f(t)f'(0)+ f(t)f'(0)+ f(t)f'(0)
=f'0)-4f(t)f'(0)=a—4af
= f'=a—4af




JC model — cont’d

. —4at

—4at
and 1-3f =272 _p i ]
4 J

f

| # |

the probability that two sequences differ at a given position,

=Total mismatches/sequence length or D

=1- prob. that the positions are identical

1- prob. that the positions (stay the same + both change to the same nt)

3 (1 _asa
:1_{PA2A T PAZT T PAZG T PAZC}:Z(l_e : t)



JC model — last step

3aT 3aT

Total number of substitutions per site=2x3at=6at = K
Since D = %(1—e‘8“t) = D = %(1—e“”<’3)

~K="2In-2Dp)
4 3

K.n =corrected distance



lllustration

Human and bovine beta-globins are aligned with no deletions at 145 out of
147 sites. They differ at 23 of these sites. Thus n,/n =23/145, and the
corrected distance using the Jukes-Cantor formula is (natural logs)

—19/20 x log(1 — 20/19 x 23/145) = 17.3 x 1072 per site

=>17.3 x 102 x 145=25.1

K = In@-22d):
20 19

K =100



Corrected distances between protein sequences

» Below diagonal: observed number of differences per 100 amino acids
» Above diagonal: number of differences per 100 amino acids
» Correction method: Jukes-Cantor

hum mac bov pla chi sha 19 20
hum - 5 17 26 37 109 K :_—In(]___d);
20 19
mac 5 -—-- 19 26 36 100
K*100
bov 16 17 -—- 32 47 109
pla 23 23 27 -~ 35 106
chi 31 30 37 29 -—-—-- 98

sha 65 62 65 64 61 -



Other models

o Kimura's K2P model (1980)
1-f-2g f 1-f-2g
CA. G
1 |

9
9 9

9

] ]
1-f-2g (E | f | Q 1-f-2g

o And others: F84 model (Felsenstein)..




The general time-reversible model

o And there is of course the general 12-parameter model which has

arbitrary rates for each of the 12 possible changes (from each of the
4 nucleotides to each of the 3 others).

» (Neither of these has formulas for the transition probabilities, but
those can be done numerically.)

A C G T

A am, Prg Y
C| am, O, &,
G| B, oOm, VIT,
T

yIm, €M, VT,



Concluding points on theoretical models
of substitutions

» Most models assume that sites evolve
independently (which is not entirely realistic).

o more realistic models ? the more complicated
the model, it is hard to compute the probabilities

o For proteins each of the transition probabilities
are widely different, simple modeling not
possible! — What to do? — Numerical Solution



Blackboard notes

e Re-derive JC based on rate matrix

* Introduce more complex model such as
Kimura

e Use Kimura model to calculate
transition/transversion rate ratio R



Evolution: Neutral or Selection based?

» Selectionists: evolutionary changes are due to natural selection

» Neutralists : most evolutionary change at the molecular level is driven

by random drift of selectively neutral mutants rather than natural
selection (Neutral Model)

Selectionists vs neutralists — agree to not agree!

= still not resolved; leaning towards selectionists
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Problems with Neutral Theory

* Neutral mutations, should vary as a function
of generation/life time; there should be more
changes per million years for rodents than for
primates

* However, some proteins evolve at constant
rate among lineages without regard to
generation time: same rate between mice/rats
and chimp/human



Molecular Clock Hypothesis

For any given protein or DNA sequence, the rate of evolution is
approximately constant over time in all evolutionary lineages

08~ P
-
-
-
0.7 - - i‘:l\r'Ia.l:s-u!:bials—.'l“'la.ce'nt.njs
e
— -
p- K- o
2 o6 -
g =
= 05 - = = Primates-Ferungulates
-
: o
E_‘ 04 - Camnivores-Ungulates
-
-
:E 0.3 Horse-Donkey - ¥Perissodactyls- Artiodactyls
-
- *Camelids-Ruminants
E 02 B
- Caprﬁ'\as-ﬂovi.nes
01k - F— Apes-Monkeys
b ﬁheep—Gmt
SHumanGorilla , | , , .,  , 4,y gy
a 20 40 60 BO 100 120 140

Million years

FIGURE 4.15 Number of amino acid replacements per amino acid site in a com-
bined sequence consisting of hemoglobins o and f, eytochrome ¢, and fibrinopep-
tide A among various mammalian groups plotted against geological estimates of
divergence times. The dashed line represents the molecular clock expectation of
equal rates of amino acid replacement in all evolutionary lineages. There are two
large deviations of the observed values from the expected line. These dewviations
indicate a slowdown in evolution following the divergence between apes and
monkeys, and an acceleration following the divergence between horse and don-
key. However, these inferences are based on specific paleontological estimates of
divergence times (33 million years for the ape-monkey split and 2 million years
for the horse-donkey split), and if these time estimates are inaccurate (arrows), the
deviation of these lineages from a strict molecular clock may not be significant.
Muodified from Langley and Fitch (1974}

Emile Zuckerkand|
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Different proteins have different rates

Sl ] )
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

of years since divergence

Millions
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Next week: Phylogenetic trees





