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TODAY'S TOPICS

> Molecular Evolution

© Molecular and Genome Evolution, 1st ed. by Graur, 2016
Sinauer Associates, Inc. [ISBN: 1605354694]

 An Introduction to Molecular Evolution and Phylogenetics, 2" ed.
by Bromham, 2016. Oxford University Press [ISBN: 9780191070693]

* Molecular Evolution and Phylogenetics by Nei & Kumar, 2000
Oxford University Press. [ISBN: 0195135857]
-> M i y ics Analysis (MEGA): free software

MEGA

Molecular Evolutionary Genetics Analysis

MOLECULAR
EVOLUTION .. _
PHYLOGENETICS

Wﬁ (for Windows, MacOS, Linux)
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Molecular Evolution & Bioinformatics

“Bioinformatics and Molecular Evolution”
by Higgs and Attwood (2005) Blackwell Publishing [ISBN: 1405106832]

| Ch 1: explains how population genetics and molecular evolution are important
] and related to bioinformatics
(Ch 3: explains the basic mechanisms of molecular evolution

(PDF available on Canvas)

“Fundamental Concepts of Bioinformatics”
by Krane and Raymer (2003) Benjamin Cummings [ISBN: 0805346333]

(Ch 3: presents the basics of molecular evolution
(PDF available on Canvas)

BIDINFORMETCS

“Bioinformatics for Beginners”
by Choudhuri (2014) Elsevier [ISBN: 9780124104716]
(Ch 2: presents the foundation of molecular evolution
(PDF available on Canvas)
(The book accessible on Elsevier website from UNL)

*PDF files available in “Molecular Evolution readings” page on Canvas. ~ BIOS477/877 L3 - 3

Molecular Evolution

DNA molecules:
—> hereditary material for all living organisms

->» “documents of evolutionary history”
(Emile Zuckerkandle, one of the pioneers of molecular evolution)

The purpose of molecular evolutionary study:

—> to unravel historical records written in biological
molecules,

- to fill in the missing gaps found in these records,
- to put the information in order, and
- to decipher its meaning (Graur and Li, 2000)
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Molecular Evolution

What we can do:

- reconstruct the evolutionary history of genes and
genomes (evolution at the molecular level)

- reconstruct the evolutionary history of populations
and species (evolution at the organismal level)
- can be tracked both in space and in time

—> attempt to build a classification of the living world

- reconstruct the evolution of adaptation 4 @
(function) U
- identify the driving forces behind the

] <
evolutionary process

Tree of life
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Molecular Evolution

What's happening in this sequence?

>Seql

A 'CTCACCAACAAGAACATCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
ACCAGTCGCGAATTGGTCAAACGGGATCTCAAGGTTTGTTCAACTTTAATTATTTTGGTT
TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGCTGGTTAGAACTTG

It is not easy to find any pattern
from a single sequence
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https://www.megasoftware.net/

Molecular Evolution

Comparison gives us a lot more power!
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Molecular Evolution

Sequence comparison = Alignment

Seql ATGGCTCTCACCAACAAGAACATCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
Seq2 ATGGCACTCACCAACAAAAACGTCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC

Seql ACCAGTCGCGAATTGGTCAAACGGGATCTCA TTGTTCAACTTTA. TTTGGTT
Seq2 ACCAGTCGCGAATTGCTTAAGCGGGATCTCAAGGTTTGTTCGGAGAAAATCTTTGAAAGG

Seql TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGC! TAGAACTTG
Seq2 TTCCAAAGAATTACCTTTGTTTTTTTTGTTTTTTT ACTTG
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Molecular Evolution

‘ Which region is functionally more important?

Region A [more conserved]

Seql ATGGCTCTCACCAACAAGAACATCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
| | |
Seq2 ATGGCACTCACCAACAAAAACGTCATCTT

CGGTCTGGGCGGCATTGGTCTGGAC

Seql ACCAGTCGCGAATTGGTCAAACGGGATCTCAAGGTTTGTTCAACTTTAATTATTTTGGTT
I

| 1 I
Seq2 ACCAGTCGCGAATTGCTTAAGCGGGATCTCAAGGTTTGTTCGGAGAAAATCTTTGAAAGG

Seql TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGC TTG
PEEEEEE TE e 1l | LEEETE 1l
Seq2 TTCCAAAGAATTACCTTTGTTTTTTTTGTTTTTTT TTG
R—— Region B

A: More conserved ? [less conserved]
B: Less conserved H
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Molecular Evolution

Sequence comparison = Alignment

Seql ATGGCTCTCACCAACAAGAACATCATC!
Seq2 ATGGCACTCACCAACAAAAACGTCATC

C ‘GGCATTGGTCTGGAC
CGGTCTGGGCGGCATTGGTCTGGAC

Seql ACCAGTCGCH AAACGGGATCTC, 'TGTTCAACTTTAATTATTTTGGTT
Seq2 ACCAGTCGCGAATTGCTTAAGCGGGATCTCA. TTGT"
Seql TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGC! TTG

Seq2 TTCCAAAGAATTACCTTTGTTTTTTTTGTTTTTTTTGTAGAACTTG
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Molecular Evolution

‘ Can you see any pattern from the alignment below#

Seql ATGGCTCTCACCAACAAGAACATCATCTT
| |
Seq2 ATGGCACTCACCAACAAAAACGTCATCTT

CGETCTGGGCGGCATTGGTCTGGAC

'CGGTCTGGGCGGCATTGGTCTGGAC

Seql ACCAGTCGCGAATTGGTCAAACGGGATCTCAAGGTTTGTTCAACTTTAATTATTTTGGTT

[ LI [y
Seq2 ACCAGTCGCGAATTGCTTAAGCGGGATCTCAAGGTTTGTTCGGAGAAAATCTTTGAAAGG
Seql TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGCTGGTTAGAACTTG

EEEREE e 1l | EEETE 11
Seq2 TTCCAAAGAATTACCTTTGTTTTTTTTGTTTTTTTT ACTTG

?
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Molecular Evolution

By comparing sequences, we can speculate functional regions of the gene. }

Region A [more conserved]

Seql ATGGCTCTCACCAACAAGAACATCATCTTT 'CGGTCTGGGCGGCATTGGTCTGGAC
|

Seq2 ATGGCACTCACCAACAAAAACGTCATCTT CGGTCTGGGCGGCATTGGTCTGGAC

Seql ACCAGTCGCGAATTGGTCAAACGGGATCTCAAGGTTTGTTCAACTTTAATTATTTTGGTT

[ LI [Ny
Seq2 ACCAGTCGCGAATTGCTTAAGCGGGATCTCA TTGTT TTTGAA

Seql TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGC' GAACTTG
L e e NN RN
Seq2 TTCCAAAGAATTACCTTTGTTTTTTTTGTTTTTTT TTG
R—— Region B

[Eukaryotic gene: exons + introns]

Which is exon, A or B?

[less conserved]

12
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Molecular Evolution

[ Exons are functionally more important than introns. J

Region A: more conserved

Seql ATGGCTCICACCAACAAGAACATCATCTT CGGTCTGGGCGGCATTGGTCTGGAC
| | |

Seq2 ATGGCACTCACCAACAAAAACGTCATC CGGTCTGGGCGGC: TGGAC
Seql ACCAGTCGC AAACGGGATCTC AAC TGETT

[ [SNAAN [y
Seq2 ACCAGTCGCGAATTGCTTAAGC TCAAGETTIGT

A
Seql T CARAAAACTTAC ccec T Region B:
PEEEEEE FE e 1l | LEETEE 1l ]_ €9
Seq2 TTCC C TTTTTETTTITITIGTAGAACTTG  |esS conserved
usually

Exon (codes amino acids): functionally more important
Intron (does not code amino acids): less important
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Information Flow

e e ey
exonl intron exon 2 intron  exon3

DNA

transeription ﬂ e Mg

S'-untranslated region splicing ﬁ (introns removed)
C——— RNA
polyadenylation ﬁ
T AAAAA

translation -1
-

1@‘ Protein

[Phenotype]

A3ojo1q Je[nddour Jo
rwdo( [eNUI)
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Information Flow

4
exon 1 exon 2 intron  exon3

E—:I

transcription ﬂ 3'-untranslated region

—

5'-untranslated region splicing (introns removed)

polyadenylation ﬁ

/7 translation ,ﬂ,

[ 2 e

on, AB
Ty T N

(04 BIOS477/877 L3 - 17

rwido( [eHU)

Molecular Evolution
(Feedback)

( Sequences \
not directly related to

v a functions (introns, efc)

(P} [ ¥
exonl intron exon 2 intron '~ exon3

. g
More freely changed:
\ evolve faster i
S'-untranslated region splicing (introns removed) sequmces direc ﬂY

[ | 9
related to functions

polyadenylation [ Ve | (1 onslated exons, efc)
[ AAAAA

~7 translation 0 Need to belgonser'ved;

o
5 evolve slower
! L ‘ Function| \&ovestower  J

‘ Ny
A il 7 s -
< % Difference in . .
<o A 0 . functional Difference in

. evolutionary
{ 4 (selective)
0//) 4 constraints rates
%

transcription 3'-untranslated region
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Molecular Evolution

provides foundations and frameworks for
bioinformatics methods

“Nothing in biology makes sense except
in the light of evolution”
Dobzhansky (1973)

Molecular Evolution:
Bioinformatics Methods:

Mechanisms of sequence evolution

Similarity search

Molecular Evolutionary Methods: Functional domain search

Protein family classification
Functional annotation
6ene prediction

Sequence distance calculation
Phylogenetic reconstruction
Positive selection detection
Population genetics analysis
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Molecular Evolution

provides foundations and frameworks for
bioinformatics methods

“Nothing in bioinformatics makes sense

except in the light of evolution”
Higgs and Attwood (Chapter 1)

Molecular Evolution:
Bioinformatics Methods:

Mechanisms of sequence evolution

Similarity search

Molecular Evolutionary Methods: Functional domain search

Protein family classification
Functional annotation
Gene prediction

Sequence distance calculation
Phylogenetic reconstruction
Positive selection detection
Population genetics analysis
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Molecular Evolution
provides foundations and frameworks for
bioinformatics methods

More conserved regions are predicted to be
more functionally important

Molecular Evolution:

Mechanisms of sequence evalution Bioinformatics Methods:

Similarity search

Molecular Evolutionary Methods: Functional domain search

Protein family clgssification
Functional gnnotation
Gene prediction

Sequence distance calculation
Phylogenetic reconstruction
Positive selection detection
Population genetics analysis
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Molecular Evolution: Power of Comparison

Sequence 1 : wasey

Sequence 2

Lot Ll CITLIIE L i

Sequence 2

sequenced © Py L L1 .

Sequence 2 crre

Sequence 1
Evolutionary changes have

Ancestral accumulated since the
sequence

divergence from the
common ancestral sequence.

Sequence 2

Substitutions accumulate over ti
CED ..............r.'b Current  (Time)
Divergence happened

at this point
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Molecular Evolution: Power of Comparison

Sequence 1 i ; :
Sequence 2
P \

Sequence 1 [z I

Sequence 2 *’rx"x‘u'x‘rcm;\cmmcmwmmm'

Sequence 1f —

Sm“enml EHUEV R e e

ot Sequence 1
Lower the functional

Ancestral

sequence consfmir!fs )
-> more substitutions

o s Sequence 2
Substitutions accumulate over ti

snetierasesreasareese D> Current  (Time)
Divergence happened

at this point
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Molecular Evolution: Power of Comparison

Sequence 1 : ma e
Sequence 2
Sequence 1 I BLEE s
Sequence 2
e e L
Sequence 2 =
Sequence 1
Ancestral i i
Frea Comparative analysis
Sequence 2

Substitutions accumulate over ti
......................$ Current  (Time)
Divergence happened

at this point
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Molecular Evolution: Power of Comparison

exon
Sequence 1 T CTGGGCGGCATIGOTCTIGG:

1 5 5]
Sequence TCTGGGCEGCATIGGTCTOG:

Sequence

L1 1 1 LIt Ll JNRREN]

Sequence 2

Sequeneed ® I IYI L L 117 Vi) .

Sequence 2 TG

Sequence 1
Higher the functional

Ancestral :
sequence constraints

-> fewer substitutions

o 5 Sequence 2
Substitutions accumulate over ti

St Current  (Time)
Divergence happened

at this point
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Molecular Evolution: Power of Comparison

exon
Sequence 1 T CTGGGCGGCATIGOTCTIGG:

1 5 5]
Sequence CCGGICTOOGCEECATIGGTCTSG:

Sequence T R e
Sequence 2lacencrcaconnzralrbanbeosonrereanpbrrrarrcbdAbianstlzbALLY

Sequence HE IGINE H1 HIE 11 1 Vi e

Sequence 2{_ e
infron Sequence 1

Inverse correlation:
Ancestral Degree of functional constraints 4
sequence s,
Substitution rates W

Sequence 2

itutions accumulate over til
......................T& Current  (Time)
Divergence happened

at this point
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Molecular Evolution: Power of Comparison

exon
Sequence : GRRCAICATCIITGIGN.
Sequence 2 ,cccmmmwcaummmc;ég
Sequence =
Sequence 2L ccc

Sequence If TTeTTTTCCARARARCTTACTTTGTTTTCCCGCTGGT T
= ELEIELE I REE: Ok 1 JILLLL 111

Sequence 2| ZTCCARAGAATTACCTTTGITTTITTTGTITITTTICTA

C~auence 1

...---.> Remember!

=" Substitutions
accumulate on both

....-......> lineages

sequence

Sequence 2
Substitutions accumulate over i

IIIIIIIIIIIIIIIIIIIIII$ Currenf (Tlme)
Divergence happened
at this point
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Causes of Molecular Evolution

Sequence 1
Sequence 2

Sequence 1 ZECaA

TrecTT
LLILLL SN
Sequence 2

z
e e
Sequence 2 i

How do nucleotide or amino acid substitutions happen?
What are substitutions?
What is molecular evolution?
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Causes of Molecular Evolution
- (Present populations)

(Ancestral population) — increased
= o (human)

Z ncreased (chimp)
— no change

Evolution happens at the population level.

[Definition]
Evolution: any change in the frequency of alleles

within a gene pool from one generation to the next.
(population)

BIOS477/877 L3 - 31

Molecular Evolution: Power of Comparison

exon
Sequence 1 - GRRCAECATCTITGIGR.
Sequence ccmmrmcccanwrcrm;ég
Sequence 1
Sequence 2LAS:

Sequence If TTeTTTTCCcARARARCTTACTTITGTTTTCCCGCTGGT T
4 ELEIEE I PEOREE 2 R I JILLLL 111

Sequence 2\ ZTCCAAAGAATTACCTTTEITTTITTTETITTTTTTCTAGHA

Sequence 1
Total nucleotide sites compared = 166
Total nucleotide substitutions = 44
Nucleotide substitutions per site:
44/166 =0.27
Substitution rate = 0.27/(2xT)
Divergence time = T SRy

D CIEIF LR RS 2

< === TimesT - --=-g0----- TimesT - = = >
<€ t >
L——— Distance = 44/166 substitutions ——

Evolution happens
on both lineages!

St
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Causes of Molecular Evolution

Ancestral —— Seq el@ )
Sequence 2 (chimp)
Each seq is a single sample obtained from a large
population.
(Ancestral population) ‘ T
(chimp)

Evolution happens at the population level.
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Causes of Molecular Evolution

> What causes changes in allele frequencies?

Generation 0 Generation 1
N=10, fq(®)=10 N=10, fq(@)=10

— No evolution
N=10, fq(®)=10 N=10, fq(®)=8, fq(@)=2

— ® Evolution!

@ was changed to @ Mutation
oremoved into the population: Migration
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Causes of Molecular Evolution

> What causes changes in allele frequencies?

Genergtion 0 Population process Generation 1

N=10, fqo(®)=10

@ATD=CEAT
il

Mu'f::ion Rar’\doyn Natural selection
Migration g g:iech filters population

N=10, fq(®)=8, fq(®)-2

>

Note: A new green
mutant appeared but
was lost before the
next generation

Not all mutations
affect the
evolutionary process

inputs

. samples population
variation
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Causes of Molecular Evolution

> Three forces that change allele frequencies
1. Mutation

=> Mutation rates are usually very low
(10-8~10-19/base/year)

=> Higher mutation rates are found in
some genomes
[due to weak (or no) repair systems, efc.]
&g, animal mitochondrial DNA

some RNA viruses (&g, retroviruses)
(10-3 ~ 10-2/base/year!)
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Causes of Molecular Evolution

> Three forces that change allele frequencies
1. Mutation
-> Ultimate source of variation
=> Point mutations (eg,A ->T)
=> Recombinations —:—
=> Insertions and deletions (indels)

(Migration can also introduce new variation)
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Causes of Molecular Evolution

> Three forces that change allele frequencies
1. Mutation

RNA viruses

size (log(Kb))

Genome

L) o
% To exsiggt 4

2

3

2

2 3 a4 - s 7 s
Mutation rate (log{mutation per ite per genome replication))

10° 10% 10° 10° 107 10° 10° 10"
@ +sRNA [ —SsRNA A\ Retro © dsRNA K dsDNA <> ssDNA Genome size (bp)

Duffy et al. (2008) Peck & Lauring (2018)

—> Mutation rate (s/n/c or s/n/g)

+ssRNA (SARS-CoV-2, West Nile, dengue, Zika, etc.)

-ssRNA (Ebola, influenza, etc.)

Retroviruses (HIV, efc.) slnlc: substitutions per nucleotide site per cell infection
slnlg: substituti ide site per i
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Causes of Molecular Evolution

> Three forces that change allele frequencies

2. Natural Selection
[Definition]
Differential reproduction of genetically distinct individuals
or genotypes within a population
—> Negative (purifying) selection
Deleterious mutations are selected against and removed
from the population quickly
- Positive (advantageous) selection
Advantageous mutations will be fixed in the population
= Neutral mutations: free from natural selection
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Causes of Molecular Evolution

> Three forces that change allele frequencies
3. Random Genetic Drift

—> Random fluctuations in allele frequencies
produced by random sampling of gametes
in the process of reproduction

-> Direction of the change is random

- |ts effect is larger in small populations

g: < 1?1: loss (extinction)
o

fixation
BIOS477/877 L3 - 38
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Causes of Molecular Evolution

¢ Random Genetic Drift and population size

N=10 N=500
)
N fixed|
Sos g
= :
o !
< <

0 R B A |05f d 0
16 1116212631 36 41465156 6166 71 76 8186 91 %6 6 111621 231 3 4146 51 650166 71 76 81 8391 96
Goneration Generation

N: population size . q

2 alleles: A or a (both neutral) IPOPUIGTIOI’I SIIZB aff.eCfs hOW.

Fq(A) = Fq(a) = 0.5 at Generation 0 ong neutral mutations persist
Simulation program:
POPULLUS: . BIOS477/877 L3 - 39

Causes of Molecular Evolution

¢ Natural Selection

Positive selection

ara fixed
Soe
o

wl

Negative selection

Allele frequency: P(A)

Simulation program:
BIOS477/877 L3 - 40

POPULUS: A,
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Mutation vs. Substitution

> Mutations are changes in nucleotide sequences
that occur due to errors in replication or repair.

> Substitutions are mutations that have passed
through population process (drift and selection).

Population proces:

--*@_—»

Naruml;;.lection Substitutions

(EPREEIED) Random genetic drift

Mutations # Substitutions !!
BIOS477/877 L3 - 41
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Worksheet for calculating the number of nucleotide substitutions

exon

Sequence lrM‘GGC'Ircr ¢ " TGGAC
Sequence 2| GGCCGGTCTGEGCGGCATTGGTCTGGA

Beanene ) T I
Sequence 2l ACCAGTCGCGAATTGE TTAAGCGGGATC TCAAPETTTGTT CGGAGAAAATCT TTGAAAGE,

Sequence 1f py
Sequeace S s AR W 2 ) 4
intron

(Thisis the same alignment used in this lecture)

[exon]

Number of nucleotide sites compared within the exon =
Number of nucleotide substitutions within the exon =
Number of nucleotide substitutions per site within the exon =

lintron]
Number of nucleotide sites compared within the intron =
ions within t

Number of nucleotide substi intron =
Number of nucleotide substitutions per site within the intron =
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Mutation vs. Substitution

> Mutations are changes in nucleotide sequences
that occur due to errors in replication or repair.

> Substitutions are mutations that have passed
through population process (drift and selection).

Mutations # Substitutions !!

o Itis very difficult to directly estimate mutation rates.
 Changes observed by comparing sequences are

substitutions (after drift and selection).
eg,nucleotide substitutions, amino acid substitutions

[ Only if no drift nor selection, substitution rate = mutation rate ]
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>Adh(partial CDS)
lanogaster atg teg tEt act ttg acc aac aag aac gtg att ttc gtt geo ggt ctg gga gge att ggt
NER RAE £ QoG con o —om o oG e —om g o —on o g o e g

D. pseudoobscura -
D. melanogaster ctg gac acc age aag gag ctg ctc aag cge gat ctg aag aac ctg gtg ate cte gac cge
D. pseudoobscura -—-- —-- —-- —-= og- —-- t-- g-- PO N
D. melanogaster att gag aac ccg get gee att gec gag ctg aag gea atc aat cca aag gtg ace gte ace
D. pseudoobsSCUra —-- —-¢ -t == = == == —-= & == = o= o= oo g o - o aem -

D. melanogaster ttc tac cce tat gat gtg ace gtg cce att gec gag ace acc aag ctg ctg aag ace ate
D. pseudoobscura —-- -t == == == == =t == == g-G —=f == === == === =g == === === =
D. melanogaster ttc gcc cag ctg aag acc gte gat gtc ctg atc aac gga get ggt ate ctg gac gat cac
D! pseudocbscura —-t o o g0 o2 Jog QM IE I AT MIR SR MITEIEEEAEITY

(*: gap; exclude the gap sites from the calculation)

[1st codon position]
Number of nucleotide sites compared in the Ist codon positi
Number of nucleotide substitutions in the It codon position =

Number of nucleotide substitutions per site in the 1st codon position =

[2nd codon position]
Number of nucleotide sites in the 2nd codon position =,

Number of nucleotide substitutions in the 2nd codon positior
Number of nucleotide substitutions per site in the 2nd codon position =

[3rd codon position]
Number of nucleotide sites in the 3rd codon position =
Number of nucleotide substitutions in the 3rd codon position =

Number of nucleotide substitutions per site in the 3rd codon position = —
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https://cbs.umn.edu/populus
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