Kinds of mutations

1. Point mutations (change in a single DNA base)

2. Chromosomal mutations
» Insertions & deletions
e TInversions
* Gene duplications
Polyploidizations

Synonymous ("silent") mutations:

Changes in the 314 base of a codon that do not
change the amino acid of the protein made by
that gene (because of redundancy in the
genetic code)

Non-synonymous (replacement) mutations:

Changes in a DNA sequence that do change an
amino acid

Mutations at single DNA bases

Purines Pyrimidines
Transversions
A

\
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Transitions Transitions

Transversions

Transitions are more frequent than transversions

Chromosome (karyotype) mutations

Karyotype: The chromosomal arrangement of an
individual (or species)

Changes in the karyotype
- Deletions and insertions
- Inversions
- Gene duplications
- Polyploidization




. Duplication:
Inversion: .
. . A doubling of a part of a chromosome,
A reversal of the orientation of a ;
of an entire chromosome, or even the
part of a chromosome
whole genome

Tandem duplication resulting from unequal crossing-over during meiosis

e A YA TR T Synteny between human and mouse
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Down’s Syndrome Male (21 triploidy)



The standard model of genome evolution What is the origin of novelty, and diversity?

DNA sequence

The engine :

The steering
wheel :

-

}
R
|
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Or, how do you acquire new function while maintaining the old?
Carroll S.B. et al. From DNA to Diversity (2001) Blackwell Science

DNA sequence (Altered)

Evolution by Gene Duplication

sz Ol 150 A new function is created by duplicating

an old gene and modifying the copy.

“natural selection merely modified,
while redundancy created”




Short
® indels

Domain
(exon)

Apparent Frequency

Gene

Gene cluster

Segment ct o
Nromosome  Genome

GATCTACCATGAAAGACTTGTGAATCCAGGAAGAGAGACTGACTGGGCAACATGTTA]
AAAGATTTGGACTGTAACTTAAAAATGATCAAATTATGTTTCCCATGCATCAG

3 SGAGAGTGAGAGAAGCTTCCAGTTAAGGTGACATTGAAGC(

( CTGAAAGATGAGGAAGAGTTGTATGAGAGTGG AGGGAAGGGGGAGGTGGAGGG
ATGGG GATGGGATAGCGCAAACTG GGAAGGGAAACCAGCACTGTA(
ACGAAGATGGCATATTTTGTTCAGGGAATGGTGAATTAAGTGTGGCAGGA/
TTGTAGACACAGTAATTTGCTTGTATGGAATTTTGCCTGAGAGACCTCATTGCAGTTTC|
TTTTTGATGTCTTCATCCATCACTGTCCTTGTCAAATAGTTTGGAACAGGTATAATGATY
ATAACCCCAAGCATAATATTTCGTTAATTCTCACAGAATCACATATAGGTGCCACAGT]
CCATTTTATGAATGGAGTEvolutionby GenomeDuplicationGATGAAAACCTTAG|
ATGAATGATTTGCGCAGGCTCACCTGGATATTAAGACTGAGTCAAATGTTGGGTCTGG
ACTTTAATGTTTGCTTTGTTCATGAGCACCACATATTGCCTCTCCTATGCAGTTAAGCA
GGTGACAGAAAAGCCCATGTTTGTCTCTACTCACACACTTCCGACTGAATGTATGTAT(
TTTCTACACCAGATTCTTCAGTGCTCTGGATATTAACTGGGTATCCCATGACTTTATTC]

TTCCCGTAAC T(;T( TTCTTGGGTTTAATAATTTGCTAGA/

AGTTTATTTTCTTTTTTTCTGAGAGAGAGGGTCTTATTTTGTTGCCCAGGCTGGTGTGCA

TGC ‘»\GTCAT ‘»\GCTC ATTG( GCCTTGATTGTCTGGGTTCCAGTGGTTCTCCCACCTCAG,
GCCTGCACCAC ( ACATCTGGCTAGTTTCTTTT ~\TTTTTT(

modified model of genome evolution

DNA sequence

Mutallom
The steering of

kinds

DNA sequence (Altered)

Drosophila homeobox genes as example of gene duplication

Normal fly

Extra set of wings!
Ubx (Ultrabithorax) gene mutant

Antennae are transformed into legs!
Antp (Antennapedia) gene mutant

Carroll S.B. et al. From DNA to Diversity (2001) Blackwell Science



Eight homeobox (Hox) genes regulate the identity of
regions within the adult and embryo.

Dl Scr

tnip

Ubx abd-A  Abd-B

DROSOPHILA HOX GENES

HEAD THORAX

ABDOMEN

Carroll S.B. et al. From DNA to Diversity (2001) Blackwell Science

At least 7 Hox clusters in zebrafish
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The Hox genes are paralogs with a highly conserved homeobox domain

Multiple alignment of the homeobox domain:

RIETANTLOLNEES
RIETABSLPL QW]

Helix

The Hox genes are transcription regulators and the Homeobox domain

is DNA-binding domain.

Carroll S.B. et al. From DNA to Diversity (2001) Blackwell Science

Evidence 2: Vertebrates have 4 copies of the Hox cluster

Vertebrates

Cephalochorates

Arthropods
Onychophora
Nematodes
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Carroll S.B. et al. From DNA to Diversity (2001) Blackwell Science




Susumu Ohno and the 2R hypothesis Distribution of chromosome number in fishes is bi-modal

e ) . ; Ploidy  Diploid
It is our contention that the ancestors of reptiles, Spseiss A mosome

birds, and mammals have experienced at least one nutmber
tetraploid evolution either at the stage of fish or at the . Siddd 50
stage of amphibians” (1970) Tetrazona bath iploi

Barbus tetrazona

Fasciata barb
“A mammalian ancestor might have gone through at Barbus fasciatus

least one round of tetraploid evolution at the stage of Phote

N Rutilus ratilus
fish” (1973) Schleie

Tinca tinca

Dibel 50
Leuciscus eephalus

Black shark 50
Labeo chrysophekadion

Barbe Tetraploid 100
Barbus barbsus

Carp 104
Cyprinus earpio

Goldfish 104

Carassius anratus

Evolution by gene duplication, Ohno (1970)

Polyploidy events during eukaryote evolution

The “one-to-four” rule:
One genome
Metazoa

duplication at Human ) N )
(e erisin oG 5 Chaton The human genome contains up to four paralogs of
vertebrates Xenopus many Drosophila genes.
Salmon
Zebrafish
Fugu .
Anott Lamprey invertebrate orthologue 10
s Amphioxus Marine
genome ver rateg
dtsilieztion i’”""’ invertsbrates vertebrate tetralogue V1

following Drosophila vertebrate tetralogue V2
divergence with Fungi
divergence w Tl vertebrate tetralogue V3

o vertebrate tetralogue V4
Gi lant:
oo Genome
Maize duplications
(" we’ll talk
Rice
(O Brassica about
.1— Arabidopsis

lamprey

- - - (other subfamilies)

J. FEBS Letters 400 (1997) 2-8



Things Fall Apart, or

How to turn 5 genes into 9 by a 2R model The ‘one-to-four’ rule does not hold up entirely
= unless we consider independent duplications and deletions

First round of
duplication

Table 1. Gene Number in Selected Animal Genomes

Species Group Gene number Reference

B1 C1 D1 B Az Bz C2 Dz E2 Gene retention Drosophila melanogaster Arthropoda 13,500 Adams et al. 2000

—_—
s Caenorhabditis elegans Nematode 19,000 The C. elegans Sequencing Consortium 1998
—> Gene deletion Ciona intestinalis Urochordata 15,500 Simmen et al. 1998
Fugu rubipiens Actinopterygii “similar to mammals” Elgar 1996
,000

Homo sapiens Mammalia 80,0 Antequera and Bird 1994
Ewing and Green 2000; Roest Crollius et al. 2000;
Lander et al. 2001; Venter et al. 2001
A2 B2 C2 D2 E2

Second round of
duplication

. . . - When the human genome was estimated at 80,000 genes the “one-to-
Ala Bla Cla D1a Ela Alb B1b C1b D1b E1b A2a B2a C2a D2a E2a A2b B2b C2b D2b E2b ©

l l l l l l l l l l l l l l four” hypothesis was reasonable but now that the estimate is at 35,000.
EXIXTIXT EIXTIXTX] EX T T X XTI TXTX]

Ala Bla Cla Dla Ela Alb B1b C1b D1b Elb A2a B2a C2a D2a E2a A2b B2b C2b D2b E2b

Wolfe, K.H. Nature Reviews Genetics (2001) 2 333-341 Makalowski W. Genome Research (2001) 66

-
N N
Single copy in ; ; 3 skeletal | heart& | PNS | PNS | CNS
non-chordate animals . ' o ; muscle | skeletal PNS
2 { 22 muscle

- w/ TNat TNa6 TNa2 TNa7 TNa5 TNa8
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Adult Early and | Early and Early CNS and | CNS and
Family of paralogs in vertebrates; up to 11 genes in mammals skeletal adult adult CNS, PNS PNS
muscle skeletal heart PNS, and
muscle; skeletal
electric muscle;
. 9 . e S PR organ in adult
Great and highly specific functional diversity G heart




Eight sodium channel genes
in teleosts exist on different
chromosomes, and appear
to have arisen through
chromosomal or whole-
genome duplication

In contrast, ten sodium
channel genes in mammals
exist on only four
chromosomes, and appear
to have arisen through
tandem duplications

human Nax

1-2-4 (2R) Model

A= Ancestral
Na+ Channel

8 genes in fish

10 genes in mammals

How to make comparisons
between genes? Have to
understand difference
between

Gene orthologs
Gene paralogs
(orthologous genes, vs.

paralogous genes)

human Nax

1-2-4 (2R) Model

A= Ancestral
Na+ Channel

M = Muscle
group

N = Neural group




1-2-4 (2R) Model pENIO 1-2-4 (2R) Model

SCN11

A= Ancestral A= Ancestral
Na+ Channel Na+ Channel

M = Muscle ‘ M = Muscle
group group

N = Neural group N = Neural group

SCN10
SONI1 1-2-4-8 Model

Mammalian Teleost Expression

SCN 5 T2and T7 Heart
A= Ancestral [and PNS in
Na+ Channel UEIET|

letal
Muscle, and
M = Muscle EO in some

group

N = Neural group SCN1, SCN2, T3 and T4 CNS/PNS
SCN83, SCN7, SCN9 [and heart in

mammals]




Evolution of novel gene function: A B8 pasirrhosiin Ratio of
s oz nonsynonymous
o emesi ]34 mutations to
Two evolutionarily 1ndep.en(‘1ent | W it synonymous
lineages of weakly—.electrlc fish co- stamarchortynctus mormyrs | mutations can
opted the same sodium channel /@:\ 2150 ¢ pardalis help detect
o1 19 S 74:172
gene ortholog to b.uﬂd anovel s different kinds of
structure: the electric organ. ) e selection
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! 4 D. rerio
Campylomormyrus pwhgp.!ﬂ“(/‘,'} 39114 © punctatus
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Evolution by Gene Duplication
Susumu Ohno, 1970
Purifying selection:
selection for an existing allele (DNA sequence),
and against other mutations at the same locus.
Nonsynonymous mutations selected against,
but synonymous ones can accumulate

Positive selection:

selection that favors new mutations, to fixation --
especially when the rate of fixations of
nonsynonymous mutations exceeds the rate of fixation
of neutral (Ssynonymous) mutations

“natural selection merely modified,
while redundancy created”




