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Today's topics

» Molecular Evolution

[Some textbooks]
= 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]

and Phylog ics by Nei & Kumar, 2000
Oxford University Press. [ISBN: 0195135857]
= Molecular Evolutionary Genetics Analysis (MEGA): free software

: f Molecutar,
MOLECULAR votdl MEGA
EVOLUTION. i ?on e

Phylogenetics

Molecular Evolutionary Gentics Analysis

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

monformatcs [ “Bioinformatics and Molecular Evolution” by Higgs and
Attwood (2005) Blackwell Publishing [ISBN: 1405106832]
o Ch 1: how population genetics and molecular evolution are
important and related to bioinformatics

o Ch 3: the basic i of molecular evol
(PDF available on Canvas)

“Fundamental Concepts of Bioinformatics” by Krane and
HONGRNRTES Ray (2003) Benjamin Ci ings [ISBN: 0805346333]
o Ch 3: presents the basics of molecular evolution

(PDF available on Canvas)

“Bioinformatics for Beginners”

by Choudhuri (2014) Elsevier [ISBN: 9780124104716]

o Ch 2: presents the foundation of molecular evolution
(PDF available on Canvas)

(all chapters are accessible on Canvas via UNL libraries)
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History of Genomics, Bioinformatics, and Molecular Evolution

Molecular evolution ][ Phyl

o
@C‘..Q\@‘ “s\“-i‘°°
S RO
e
AN

Jo sIoquiny

.
&
> &5
B ’

A

S

‘ 1950 ‘ 1960 ‘ 1970 il)ec/l%b' 1990‘ 1995 2000 2005 2014 2015 2020 Dec)PUZO

BIOS477/877 13 -4

Molecular Evolution

> DNA molecules:
=> Hereditary material for all living organisms
= “Documents of evolutionary history”
(Emile Zuckerkandl, one of the
pioneers of molecular evolution) a1 V“"‘““T:’““'

HMAN-GAMA

HEMOGLOBIN CHAINS.

Zuckerkandl (1965)

GLY PRO PROPRO GLU SER % GLY GLU PRO PRO PRO PRO PRO
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Molecular Evolution
What can we 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

P

(function) Py U z

= |dentify the driving forces behind the ‘ 9
evolutionary process %

Tree of life
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https://www.megasoftware.net/

How to analyze sequences

What's happening in this sequence?

>Seql
ATGGCTCTCACCAACAAGAACATCATC! 'CGGTC TGGTCT
ACCAGTCGC A

AAAARACTTAC CCGC

It is not easy to find any pattern
from a single sequence
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Alignment of sequences

Sequence comparison = Alignment

Seql : ATC TGGAC
Seq2

Seql AcC rc AAC

Seq2 ACC

Seql ARAAACTTAC ceac TG

Seq2 TTCC 176
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Finding patterns: less vs. more

{ Two regions have different levels of conservation }

Fewer changes [more conserved]

Seql ATGGCTCTCACCAACAAGAACATCATC 'CGGTCTGGGCGGCATTGGTCTGGAC
| [

Seq2 ATGGCACTCACCAACAAAAAC TC! CGGTC! TGGAC

Seql ACCAGTCGCGAAT! ARACGGGATCTC: AAC TTTGGTT
[ LEVETE

Seq2 ACCAGTCGCGAATTGCTTAAGCGGGATCTC. [

Seql TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGC CTTG

L L e A RN NN RN
Seq2 TTCC CTTTGTTTTTTTTGTTTTTTT \GAACTTG

R—— More changes
[less conserved]

‘ Why the difference? ‘
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Comparing sequences

Comparison gives us a lot more power!

>Seql
ATGGCTCTCACCAACAAGA. 'GGCATTGGTCTC
\CCAGTC AAAC AC
CAAAAAACTTAC TTG

>Seq2
ATGGCACTCACCAACAAAAACGTCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
ACCAGTCGCGAATTGCTTAAGCGGGATCTCAAGGTTTGTTCGGAGAAAATCTTTGAAAGG
TTCCi C’ TTG
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Finding patterns

Can you see any pattern from the alignment below?

Seql ATGGCTCTCACCAACAAGAACATCATCTT o GGCATTGGTCTGGAC
| | |

Seq2 ATGGCACTCACCAACAAAAACGTCATCTT CGGTCTGGGCGGCATTGGTCTGGAC

Seql ACCAGTCGC AR TC TTGGTT

[ [ARNNN] [N
Seq2 ACCAGTCGCGAATTGCTTAAGCGGGATCTCAAGGTTTGTTCGGAGAAAATCTTTGAAAGG

Seql TTGITTTCCAAAAAACTTACTTTGTTTTCCCGCTGGTTAGAACTTG
L O L I R ARy
Seq2 TTCC: e TTTTTGTTTTTT ACTTG

What do you notice in the distribution of changes?
Does any region have more (or fewer) changes?
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Difference in sequence conservation

‘ Which region is functionally more important? ‘

Region A [more conserved]

Seql ATGGCTCTCACCAACAAGAACATCATCTT CGGTCTGGGCGGCATTGGTCTGGAC
| | |
Seq2 ATGGCACTCACCAACAAAAACGTCATCTT GGCATTGGTCTGGAC
Seql ACCAGTCGC A ARC! TTGGTT
[ [ARNNA] e
Seq2 ACCAGTCGCGAATTGCTTAAGCGGGATCTCAAGETTIGT T

Seql TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGCTGGTTAC CTTG
FEREEEE e e i | FELTEE 1T
Seq2 TTCC TACCTTTGTTTTTTTTGTTTTTT TTG

J
R Region B
[less conserved]
AorB ?
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Molecular evolution as information feedback

999 N e N
exonl intron exon 2 intron  exon3

[ T |
transcription ﬂ

>
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1
3untranslated region

S-untranslated region  splicing ﬂ (introns removed)

[ s o e |
polyadenylation ﬂ

7

/’ | 2 ‘ Function

=

Molecular evolution

<
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Functional constraints and molecular evolution

N9 Te 89 Tey A A
exonl intron  exon2 infron  exon3 functions (introns, etc.)
’ g
transcription ﬂ B it A More freely changed;
\ evolve faster )
S-untranslated region ~ splicing ﬂ (introns removed) /W\

polyadenylation ﬂ

~7 translation U

’%’0/ 5@?

i —

AAAAA

£ Focon

associated to functions
(translated exons, etc.)
N =
Need to be conserved;
evolve slower

( Sequences \
“‘ not directly associated to

Difference in
functional
(selective)
constraints

Difference in
evolutionary

rates
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Identifying functional regions

‘ Which region is exon? A or B? ‘

Region A: more conserved

Seql ATGGCTCTCACCAACAAGAAC
| | |
Seq2 ATGGCACTCACCAACAAAAACGTCATC

CGGTCTGGGC

TGGAC
CGETCTGGGCGGCATTGGTCTGGAC

Seql ACCAGTCGCGAAT!
[ LEVEEE 1
Seq2 ACCAGTCGCGAATTGCTTAAGCGGGATCTCA. 3 TCTT

Region B:

less conserved

AAACGGGATCTC AAC! TTTGGTT ]

PEEEEEE T e | LR 1t

Seql TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGCTGGTTAGAACTTG
Seq2 TTCCAAAGAATTACCTTTGTTTTTTTTGTTTTTTTTGTAC CTTG

usually

Exon (codes amino acids): functionally more important
Intron (does not code amino acids): less important
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Functional constraint
Simple but important concept

More conserved regions are predicted to
be more functionally important

E Molecular Evolution: ] /\

Mechanisms of sequence evolution Bioinformatics Methods:

Similarity search

Molecular Evolutionary Methods: Rusird e arndh

Protein family classification
Functional annotation
Gene prediction

Sequence distance estimation
Phylogenetic reconstruction
Positive selection detection
Population genetics analysis
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Molecular evolution

provides foundations and frameworks
for bioinformatics methods

“Nothing in biology makes sense except

in the light of evolution”

Dobyz

ky (1973)

“Nothing in bioinformatics makes sense except

in the light of evolution”

Higgs and Attwood (Chapter 1)
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Molecular evolution:

a study of sequence divergence

Sequence |

Sequence 2

Sequence 1

Sequence 2

TG

Sequence 1
Sequence2 =

Ancestral
sequence,

FLEILEE BT EE e o)) I LITILE 111

TG

Sequence 1

Comparative analysis

. . Sequence 2
Substitutions accumulate over time
.----.---.----.---.---.---u-) Current

Divergence happened
at this point

(Time)
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Molecular evolution: power of comparison
Sequence 1
SeZuencez ) Lancd
Sequence 1 TTGGTT
Se:u:nceZ L1 1 LLILLL 1l LILLLL
Sequence 1
chumcz N
Sequence 1
Evolutionary changes have
Ancestral accumulated since the
SEELEEE divergence from the common
ancestral sequence.
Sequence
Substitutions accumulate over time
essssssassarnssassasassasa)  Current (Time)
Divergence happened
at this point
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Molecular evolution: power of comparison
exon vs intron (continued)

Sequence 1
Sequence 2 ! [
S 1 e "]
52332222 e L L e khen b L)
S 1f chacrre
szx::z! NI T
L L Sequence 1
A \ Lower the functional
ncestral .
sequence consfralr!‘rs )
-> more substitutions
Sequence 2
Substitutions accumulate over fime
sesssssssnssssnnsnnnannnnnnnss)  Cyrprent (Time)
Divergence happened
at this point
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Molecular evolution on both lineages
(amount of evolution = divergence time x 2)

exon

Sequence 1 : ; :
Sequence 2 CGOTCTGOGCEEEATIGOTCIGEAC
Sequence 1
= [i5 ) I 1 DI S
Sequence 2 laccacrceceanrrecrranscacs: adb )
Sequence | [T TGTTTTCCARAAAACT T ACTI TGTTTTCCCGCTGGTT. crTe

I R A ]
Sequence 2 ShacTza

TATron

Sequence 1

Total nucleotide sites compared = 166

Total nucleotide substitutions = 44

Nucleotide substitutions per site:
44/166 =0.27

Substitution rate = 0.27/(2xT)

Ancestral
sequence

Sequence 2
Evolution happens
on both li |

€--==- Time=T -===~ 0------ Time=T --=>
S1 } S2
L Distance = 44/166 substitutions ————1
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Molecular evolution: power of comparison
exon vs intron

exon
Sovune> [ o )
::2::2:; Ll L ] SN e T
:ﬁz:zxzi I e
Sequence 1
Ancestral Highi’;;g:rz::fsﬁond
sequence.

-> fewer substitutions

. 5 Sequence 2
Substitutions accumulate over time

PP AR, S Ty e 11 (Time)
Divergence happened
at this point
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Molecular evolution on both lineages

exon

Sequence 1 ; Grnch
Sequence 2 CGGTCTGGGCGGCATTGGTCTGGAC
Sequence 1

3 i R T |
Sequence 2 laccacrecceanrrecTranceceeaTcTean J
Sequence 1 G TG
Sequence 2 \ SR LI I e N e A

infron Sequence 1

__.----"""'> Remember!
Ancestral Substitutions
sequence, accumulate on both
"----......> lineages
Sequence 2

Substitutions accumulate over time
sessssssssssssnsnnnnnnnnnnnss)  Cyprent (Time)
Divergence happened
at this point
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What is molecular evolution?

Sequence |
Sequence 2

Sequence 1
oy I BT i
Sequence 2

Sequence 1 T

I R A
Sequence2 ze

How do nucleotide or amino acid substitutions
happen?
What are substitutions?
What is molecular evolution?

24
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Molecular evolution at the population level

= Sequence | (human)

Ancestral ——

T Sequence 2 (chimp)
‘ Each sequence is a single sample obtained from a large population. ‘

< ‘ -
(chimp)

‘ Evolution happens at the population level. ‘

(Ancestral population)
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Definition of evolution

(Present populallons)

— lost
(Ancestral population) ~ — increased
{ -
(chimp)
— m chargg

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)
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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, fa(®)=2
— @ Evolution!

@ was changed to ® : Mutation
or @ moved into the population: Migration
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Causes of molecular evolution

{ What causes changes in allele frequencies? }

Generation 0 pulation process ion 1

N=10, fq(®)=10

-'-

Mutation Random  Natural selection

or
Migration dﬂ?;{w

N=10, fq(®)=8, fq(®)=2

>

Note: A new green
mutant appeared but
was lost before the
peXijgenengtion filters population

Not all mutations
affect the evalution

inputs

o samples population
variation
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Causes of molecular evolution
1. Mutation and migration

» Mutation
= Ultimate source of variation
= Point mutations (e.g.,A ->T)

= Recombinations —~——
= |Insertions and deletions —-—
(indels)

» Migration
= can also introduce new variation
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Rates of mutation

= Mutation rates are usually very low
(108~10"%/base/year)

= Higher mutation rates are found in some
genomes

o due to weak (or no) repair systems, etc.
o e.g.,animal mitochondrial DNA
some RNA viruses (e.g., retroviruses)
(103 ~ 102 /base/year!)
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Genome size (log(Kb))

Very high mutation rates:
RNA viruses

s RNA viruses
x
m A
o, oS 4

3
°

Mutation rate (s/n/c or s/n/g)

3

- 3 S 6 g °
Mutation rate (log{mutation per site per genome replication))
10° 10¢ 10° 10° 107 10° 10° 10

Genome size (bp)
Peck & Lauring (2018)

@ +sRNA [l —ssRNA /\ Retro © dsRNA J dsDNA <> ssDNA

Duffy et al. (2008)
+sSRNA (SARS-CoV-2, West Nile, dengue, Zika, efc.)
-ssRNA (Ebola, influenza, efc.)

Retroviruses (HIV, efc.)

sin/c: substitutions per nucleotide site per cell infection
slnlg: itutions per ide site per i
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Causes of molecular evolution
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
BI10S477/877 L3 -33
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Causes of molecular evolution
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

> Its effect is larger in small populations
12 -
\ . o—» loss (extinction)

fixation
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Random genetic drift and population size

Population size affects how long neutral mutations persist

fixed |

Allelo Frequency
Allele Frequency

lost |

1 6 11162126 31 36 41 46 51 56 6166 7176 81 86 91 96

16 111621263136 4146 5156 6166 71 76 81 86 91 96
Generation Generation

N: population size
2 alleles: A or a (both neutral)
Fq(A) = Fq(a) = 0.5 at Generation 0

Simulation program used:
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Allele frequency: P(A)

Effects of selection on allele frequency
With natural selection, alleles will be either fixed or lost quickly

Negative selection Positive selection

05

quency: P(A)
ki
W
(
=]
]
o

05

w0 W
Generation Generation

Simulation program used: POPULUS
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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).

T R

Note: this is
unrelated to a type .
of genetic m Natural selection | Substitutions
terond [atations ]

(or migration)  *
Random genetic drift

[ Mutations # Substitutions!! ]
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https://cbs.umn.edu/populus
https://cbs.umn.edu/populus

Mutation vs. Substitution (continued)

» 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!!

= [tis very difficult to directly estimate mutation rates.

= Changes observed by comparing sequences from
different species are substitutions (after drift and

selection). e.g., nucleotide substitutions, amino acid substitutions

*Spontaneous (or raw) mutation rate driven by replication errors, damage, and repair errors

[ Only if no drift nor selection, substitution rate = mutation rate* ]
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Worksheet for calculating the number of nucleotide substitutions

(handout or available also on Canvas)

1. For exon and intron regions
2. For each of three codon positions

= Count the numbers of:
o Nucleotide sites compared
o Nucleotide substitutions

= Then calculate the number of nucleotide substitutions per site

Fill out the numbers and bring it Thursday!
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