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TODAY'S TOPICS

> Molecular Evolution

o 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]
= Molecular Evolutionary Genetics Analysis (MEGA): free software

MEGA

Molecular Evolutionary Genetics Analysis
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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]

BUKINAIES . 3: presents the basies of molecular evolution

(PDF available on Canvas)

“Bioinformatics for Beginners”
by Choudhuri (2014) Eilsevier [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. BIOS477/87713 - 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

L 4

Tree of life
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Molecular Evolution

What's happening in this sequence?

ATGGCTCTCACCAACAAGAACATCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
ACCAGTCGCGAATTGGTCAAACGGGATCTCAAGGTTTGTTCAACTTTAATTATTTTGGTT
AAAAAA AAAAACTTACTTTGTTTTCCCGCTGGTTAGAACTTG

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!

>Seql

a CCAACAAGAAC. TGT GGT TGGTCTGGAC
ACCAGTCGCGAATTGGTCAAACGGGATCTCAAGGTTTGTTCAACTTTAATTATTTTGGTT
TTGTTTTCCAAAAA; TGTTTT TAGAACTTG

>Seq2

ATGGCACTCACCAACAAAAAC TGT GGT TGGTCTGGAC
ACCAGTCGCGAATTGCTTAAGCGGGATCTCAAGGTTTGTTCGGAGAAAATCTTTGAAAGG
TTCCAAAGAATTACCTTTGTTTTTTTTGTTTTTTT TTG
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Molecular Evolution

Sequence comparison = Alignment

Seql ATGGCTCTCACCAACAAGAACATCATCTT CGGTCTGGGCGGCATTGGTCTGGAC
Seq2 ATGGCACTCACCAACAAAAACGTCATCTT! CGGTCTGGGCGGCATTGGTCTGGAC

Seql ACCAGTCGCGAATTGGTCAAACGGGATCTCAAGGTTTGTTCAACTTTA! TTTGGTT
Seq2 ACCAGTCGCGAATTGCTTAAGCGGGATCTCAAGGTTTGTTCGGAGAAAATCTTTGAAAGG

Seql TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGCTGGTTAGAACTTG
Seq2 TTCCAAAGAATTACCTTTGTTTTTTTTGTTTTTTT TTG
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Molecular Evolution

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

Region A [more conserved]

r Seql ATGGCTCTCACCAACAAGAACATCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
|

|
Seq2 CCAACAAAAACGTCATC ATTGGTCTGGAC

Seql ACCAGTCGC AACGGGATCTC 0 AACTT GGTT
[ [LANN ARy

Seq2 ACCAGTCGCGAATTGCTTAAGCGGGATCTC JETTTGT
Seql TTGTT CAAAAAAC TTGTT CCGC! da ACTTG
FEEREEE e e i I FEEEe 1 I
Seq2 TTCC: TACCTTTGTTTTTTTTGTTTT gaacrre
| S Region

[Eukaryotic gene: exons + introns]

A or B, which is exon?

[less conserved]
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Molecular Evolution

Sequence comparison = Alignment

Seql ATGGCTCTCACCAACAAGAACATCATC!

CGGTCTGGGCGGCAT c
Seq2 ATGGCACTCACCAACAAAAACGTCATCTT! CGGTCTGGGCGGCATTGGTCTGGAC
Seql ACCAGTCGC AAACGGGATCTC TCAACT

Seq2 ACCAGTCGCGAATTGCTTAAGCGGGATCTC GT! TTGAAAGG
Seql TTGTTTTCCAAAAAAC! TTGTTTTCCCGC TG

Seq2 TTCC C TTTTTTTTGTTTTTT TTG
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Molecular Evolution

Can you see any pattern from the alignment below?

Seql ATGGCTCTCACCAACAAGAACATCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
| | |
Seq2 ATGGCACTCACCAACAAAAACGTCATCT

CGGTCTGGGCGGCATTGGTCTGGAC

Seql ACCAGTCGCGAATTGGTCAAACGGGATCTCAAGGTTTGTTCAACTTTAATTATTTTGGTT

[ LI [Ny
Seq2 ACCAGTCGCGAATTGCTTAAGCGGGATCTC TTGT GAAAATCTT"

Seql TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGC' TAGAACTTG
LEEEELE e 1l | LI 1t
Seq2 TTCCAARAGAATTACCTTTGTTTTTTTTGTTTTTT ACTTG
L]
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Molecular Evolution

[ Exons are functionally more important than introns. }

Region A: more conserved

Seql ATGGCTCTCACCAACAAGAACATCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC }

| |
Seq2 ATGGCACTCACCAACAAARACGTCATC CGGTCTGGGCGGCATTGGTCTGGAC

Seql ACCAGTCGCH AAACGGGATCTC = AAC! TTTGGTT

[ [NNAAN (AN
Seq2 ACCAGTCGCGAATTGCTTAAGCGGGATCTC AGE! T

A .
Seql TTGTTTTCCAAA TACTTTGTTTTCCCGC' TA CTTG g
[ R TA Region B
Seq2 _TTCC gaacrre  |ess conserved

TACCTTTGTTTTTTTTGTTTTT

usually
Exon (codes amino acids): functionally more important
Intron (does not code amino acids): less important
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93 o,

exon1 intron exon 2 intron  exon 3

DNA

transcription 3'-untranslated region

S'-untranslated region splicing ﬂ, (introns removed)
I RNA

polyadenylation

] AAAAA
translation
0

0[01q JIE[nd[owW Jo
rwdo( [eNU)

Protein
[Phenotype]|
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Information Flow
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( Sequences \

not directly related to
functions (introns, efc)

exon1 intron

transcription 3-untransiated region More freely changed;
— \___evolve faster )/
S'-untranslated region splicing (introns removed)

|
polyadenylation ﬂ 1n
] AAAAA

~7 transiation O
0

(" Sequences directly

related to functions
(translated exons, efc.)

B
Need to be conserved;
\ evolve slower )

Difference in
functional
(selective)
constraints

Difference in

evolutionary
rates
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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:

Mechanisms of sequence evolution Bioinformatics Methods:

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

"Nothing in bioinformatics makes sense
except in the light of evolution”

Higgs and Attwood (Chapter 1)

Bioinformatics Methods:

Molecular Evolution:
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

t Molecular Evolution: J /N

Bioinformatics Methods:

Mechanisms of sequence evolution

Similarity search

Molecular Evolutionary Methods: Functional domain search

Protein family classification
Functional gnnotation
Gene prediction

Sequence distance calculation
Phylogenetic reconstruction
Pasitive selection detection
Populgtion genetics anglysis
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Molecular Evolution: Power of Comparison

Sequence 1 3 i i
Sequence 2
Sequence 1 I R
Sequence 2
semenced PPN N 1 1 0] -
Sequence 2 20
Sequence 1
Ancestral : :
Segaens Comparative analysis
Sequence 2

Substitutions gccumulate over tim

lllllllllllllllllllllllb Curr‘ent (Tl"\e)
Divergence happened

at this point
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Molecular Evolution: Power of Comparison

exon

Sequence 1 i : ; TCTGGGCGGCATIGGTCIGG,

Sequence 2| GG ICTGGGCGGCATIGGTCTIGG!

Loy e I ELEEEE ool 1 e RE LT

Sequence 2!

semenced PPN N 1 1 0] -

Sequence 2 TG

Sequence 1
Higher the functional

Ancestral

sequence constraints
- fewer substitutions

Sequence 2

Substitutions accumulate over tim

lllllllllllllllllllllllb Curr‘ent (Tl"\e)
Divergence happened

at this point
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Molecular Evolution: Power of Comparison

exon
Sequence 1 : : NTCATCTTTOTG
Sequence 2| G CCGGTCTGEGECGGCATTGGTCTGGA
Se 1
o ) LM el LLLLLL)
?“““*"“‘I“‘l’ff’lf??“?’i‘“ﬂT"T‘f"‘?"“f?‘f?‘l’?’?‘?’f’ .
Sequence 2| ra
ion Sequence 1
Inverse correlation:
Ancestral Degree of functional constraints ¢
sequence Vs,
Substitution ratesW
Sequence 2

Substitutions accumulate over tim

lllllllllllllllllllllll} Cur‘ren-‘- (Tln\e)
Divergence happened

at this point
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Molecular Evolution: Power of Comparison

Sequence 1
Sequence 2

Sequence 1
Sequence 2

Sequence 1 TTETTT: ARCTTG

LETREEL LE 1L )] ] LITLLE 111
Sequence 2 GAATTA

Sequence 1

Evolutionary changes have

accumulated since the
divergence from the

common ancestral sequence.

Ancestral
sequence

Sequence
Substitutions accumulate over tim

lllllllllllllllllllllll; Curr‘enf (Tlme)
Divergence happened

at this point
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Molecular Evolution: Power of Comparison

Sequence 1
Sequence 2

Sequence 1
Sequence 2

Sequence 1f
Seameneer].

c N
il (i BN AT e

21 TG
BHEV s R ] LITLLE 111
t;m\cr:rc

mfron Sequence 1

Lower the functional
Ancestral .
sequence constralr!'rs .

-> more substitutions

Sequence 2
Substitutions accumulate over tim

lllllllllllllllllllllll; Curr‘enf (Tlme)
Divergence happened

at this point
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Molecular Evolution: Power of Comparison

exon
Sequence 1 : i ; CTTTGTGS
o — sccooreTeeeceacATIGETCTGG:
] L 1§ el |
Sequence 2acenorcacannrrobtanbessanrcreans )
%‘rrmrrccmmcrmmmmﬂrmcccccrscmr pu—
Sequence S ATATIIRL AT 00 0 T TR
Sequence
mfron " ~auence 1
Remember!
T 2
annnn® Substitutions
Ancestral s

accumulate on bath
lineages

sequence ’...
..........>

Sequence 2
Substitutions accumulate over tim

lllllllllllllllllllllll) Curre"f (Tlme)
Divergence happened

at this point
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Molecular Evolution: Power of Comparison

exon
Sequence 1 i : ; T CTGGGCGGCATIGGTCIGG,
Sequence 2| GCCGGTCTGGECEGCATTIGGTCTGG!
LoNETon i I BT o il
Sequence 2acencrcacannrredrtanbessanrcrean;
Sequence 1 o TG

zl e T i
Sequence TG
infron
Sequence 1

Total nucleotide sites compared = 166

Total nucleotide substitutions = 44

Nucleotide substitutions per site:
44/166 =0.27

Substitution rate = 0.27/(2xT)

Sequence 2

Ancestral
sequence

Divergence time = T
KrorrranannrnnnP

<~ --- TimesT - ---0----- Time=T - = - >
s1€ } > s2
<€ t >
L Distance = 44/166 substitutions ———

Evolution happens
on both lineages!
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Causes of Molecular Evolution

Sequence 1
Sequence 2

Sequence 1

i CEEEE e R
Sequence 2

TTGTT! e
e Tl Ll L Lt
Sequence 2 =

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

BIOS477/877 L3 - 30

30
Causes of Molecular Evolution
(Present populations)
- !ost
TR @ (human)
g sgmm (i)
— 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)
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Causes of Molecular Evolution

> What causes changes in allele frequencies?

Generation 0 Population process Generation 1

N=10, f4(@)=10

QRAED=CEN 0D
1

Mu'gqrﬁon Ra;ndorn Natural selection

Migration gmc

N=10, fo(®@)=8, fq(@)=2

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

filters population

Not all mutations
affect the
evolutionary process

inputs

L samples population
variation

29
Causes of Molecular Evolution
o= Sequence 1 (1 )
Ancestral (
™ Sequence 2 (chimp)
Each seq is a single sample obtained from a large
population.
(Ancestral i 0pulatlon)< ‘ (i)
(chimp)
Evolution happens at the population level.
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Causes of Molecular Evolution
> What causes changes in allele frequencies?
Generation 0 Genergtion 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
or emoved into the population: Migration
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Causes of Molecular Evolution

> Three forces that change allele frequencies
1. 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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Causes of Molecular Evolution

> Three forces that change allele frequencies
1. Mutation

=> Mutation rates are usually very low
(108~10-1%base/year)

=> Higher mutation rates are found in
some genomes
[due to weak (or no) repair systems, efc.]
eg.,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
6 \a 10"
<
2 3
3 A e 510
g RNA viruses 3
K £ 10°
H c
¢ oy y Py Eukaryotes
5 m e, . ° i 2 407
g’ O T oexigh 4o T 10
8§ /S ¢
c
S 100
3 s
0 - 2 -3 -4 - -4 -7 - =] 10"
Mutation rte (og(mutation per site per genome replcatir)) =
10° 10* 10° 10° 107 10° 10° 10%
@ ssRNA [ -sSRNA Retro  @dRNA  J DNA < ssDNA Genome size (bp)
+ssRNA (SARS-CoV-2, West Nile, dengue, Zika, efc.) DufiyfedaliCors) L Lo (k)
-ssRNA (Ebola, influenza, efc.)
Retroviruses (HIV, etc.) slnlc: substitutions per nucleotide site per cell infection
sin/g: per site per BIOS477/877 L3 - 37

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
=> Its effect is larger in small populations

12—
:: < ;; !Fss (extinction)

ixation
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Causes of Molecular Evolution
¢ Random Genetic Drift and population size
N=500
fixed n;
H N
2047 N e ISR
02
““““““““ lost| |
16 111621263136 4146 5156 6166 7176 8186 91 96 1 6 1116212631 36 4146 5156 6166 71 76 81 86 91 96
Generation Generation
f;ﬁ:ﬂ:}’:{i;';':if:mh ) Population size affects how
Fq(A) = Fq(a) = 0.5 at Generation 0 | 10ng neutral mutations persist
Simulation program:
POPULUS: d 1 BIOS477/877 L3 - 40
40


https://cbs.umn.edu/populus

Causes of Molecular Evolution

e Natural Selection

Negative selection Positive selection

Simulation program:

POPULUS: i BIOS477/877 L3 - 41

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).

CEREO=C o it e
TR IY

(or migration)

Natural selection | Substitutions

Random genetic drift

Mutations # Substitutions !!
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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 !!

e |t is 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)

b ogaster atg teg ttt act ttg ac c gtg att tte gtt gee
D. pseudoobscura w4t g cmc - -c g -g

D. melanogaster ctg oot ctg cte a1g cge gat ety axg

D. pseudocbscura --- o= - == t== ge= === -t @ - -on

D. melanogaster ate gag sac cog get gec ALt gec gag ctg aag gea ate sat cca sag Gty ace gte sce
D. pseudocbscura --- —-¢ -t

D. malanogaster tic tac coc tat gat gig aco gtg coo AL goc gag acc ace aag ctg otg sy ace ate
D. pseudocbscura --- —-t === --c --- £ —-- - g-c -t —- -

5. melanogaster tte geo cag ctg asg sce gte git gte ctg atc ase g gt got ace ctg gic gat cac
D. pseudocbscura --t =Y

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

15t codon position]
Number of nucleotide sites compared in the 1st codon position =
Number of nucleotide substitutions in the Ist 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 position =
Number of nucleotide substitutions per site in the 2nd codon positio

[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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Worksheet for the number of

exon

Sequence 1 rA_Tch'Ircr GAnca N\
Sequence 2 GGCCGGTCTGGGCGGCATTGGTCTGGA
Sequence 1| TTGGTT
Jis )l Il N sy
Sequence 2ACCAGTCGCGAATTGETEARGCGGGATCTC AR, )

-
LTI LIS e 1 1 ) e [

intron

(This is the same alignment used in this lecture)

Sequence
Sequence 2 =

[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 =

[intron]

Number of nucleotide sites compared within the intron =
Number of nucleotide substitutions within the intron =

Number of nucleotide substitutions per site within the intron =
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