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Gene

A gene is a sequence of nucleotides In
DNA or RNA that encodes the synthesis

of a gene product, either RNA or
protein.

Wilhelm Johannser(1857 1927) was a
Danish pharmacist, botanist, plant
physiologist, and geneticist. He is best
known for coining the terms gene,

a DNA molecule phenotype and genotype.
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Genome

Genome: The sum of all genetic material in an organism.

A The "general dictionary" of an organism's genetic information.
A The "general program" controlling development in an organism.

A The "general archive" of biological evolutionary history.
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Hans Winkler (187-1945 Dresden,
Germany, Botanist

He is remembered for coining the
term '‘genome in 1920, by making a
portmanteau of the word$EN
andchromoOME
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of DNA (or RNA in RNA viruses). The
genome includes both the genes (the
coding regions) and the noncoding DNA
as well as mitochondrial DNA and
chloroplast DNA.
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Genomics

Definition:
A crosddisciplinary field that studies the structure, function, evolution, assembly, and editing eftive
genome of an organism.

A Assembling the complete genome sequence of an organism.

A Systematicallanalyzinghe functions of all genes.

A Clarifying the interactions between genes.

A Revealing the regulation of genes in the growth and development of an organism.

A Elucidating the evolutionary laws of the genome.
A Brief Guide to Genomics NHGRI FACT SHEETS

genome.gov

https://www.genome.gov/aboutgenomics/factsheets/ABrietGuideto-Genomics



Genetics vs. Genomics

Fishing in a More Effective Way!



Genomics: Born alongside the Human Genome Projec
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Human Genome Project

A In the HGP, the study of five biological genomes was also included: Escherichia coli, yeast, C.

elegans, fruit flies, and mice, collectively referred to as the five "model organisms" for humans.

A The initial goal of the HGP was to invest $3 billion over 15 years (19907 2005) to complete the

analysis of the 3 billion nucleotide sequences across the 24 human chromosomes.

A The ultimate goal of the HGP was to decode life, understand the mechanisms of biological
processes, identify the causes of differences between species and individuals, uncover the
mechanisms of disease occurrence, and explore phenomena such as longevity and aging,

thereby providing a scientific foundation for the diagnosis and treatment of diseases.



What have we learned from the genome?

ACACTCGCTTCTGGAACGTCTGAGGTTATCAATAAGCTCCTAGTCCAGACGCCATGGGTCATTTCACAGAGGAGGACAAGGCTACTATCACA
GGCAAGGTGAATGTGGAAGATGCTGGAGGAGAAACCCTGGGAAGGCTCCTGGTTGTCTACCCATGGACCCAGAGGTTCTTTGACAGCTTTG
CTCTGCCTCTGCCATCATGGGCAACCCCAAAGTCAAGGCACATGGCAAGAAGGTGCTGACTTCCTTGGGAGATGCCACAAAGCACCTGGAT
GCACCTTTGCCCAGCTGAGTGAACTGCACTGTGACAAGCTGCATGTGGATCCTGAGAACTTCAAGCTCCTGGGAAATGTGCTGGTGACCGT
CATTTCGGCAAAGAATTCACCCCTGAGGTGCAGGCTTCCTGGCAGAAGATGGTGACTGCAGTGGCCAGTGCCCTGTCCTCCAGATACCACT!
CCCATGATTCAGAGCTTTCAAGGATAGGCTTTATTCTGCAAGCAATACAAATAATAAATCTATTCTGCTGAGAGATCACACATTTGCTTCTGAC
TGTTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTG
GTGGTGAGGCCCTGGGCAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGT
CCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACAC
GCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAA
CAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTT
GTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTC
ACTCGCTTCTGGAACGTCTGAGGTTATCAATAAGCTCCTAGTCCAGACGCCATGGGTCATTTCACAGAGGAGGACAAGGCTACTATCACAAG
CAAGGTGAATGTGGAAGATGCTGGAGGAGAAACCCTGGGAAGGCTCCTGGTTGTCTACCCATGGACCCAGAGGTTCTTTGACAGCTTTGGC
CTGCCTCTGCCATCATGGGCAACCCCAAAGTCAAGGCACATGGCAAGAAGGTGCTGACTTCCTTGGGAGATGCCACAAAGCACCTGGATGA
ACCTTTGCCCAGCTGAGTGAACTGCACTGTGACAAGCTGCATGTGGATCCTGAGAACTTCAAGCTCCTGGGAAATGTGCTGGTGACCGTTTT
TTTCGGCAAAGAATTCACCCCTGAGGTGCAGGCTTCCTGGCAGAAGATGGTGACTGCAGTGGCCAGTGCCCTGTCCTCCAGATACCACTGA
CATGATTCAGAGCTTTCAAGGATAGGCTTTATTCTGCAAGCAATACAAATAATAAATCTATTCTGCTGAGAGATCACACATTTGCTTCTGACAC
TTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGA
GGTGAGGCCCTGGGCAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGT



Outline of Content

AKey questions in biology:
AWnhy genome size is so variable?
AWhere do new genes and new functions come from?

AThe central role of duplication in evolution
AGene Duplication
A Genome Duplication

AThe fate of duplicated genes

ACase studies



Why is genome size so variable?

Prokaryotes

All eukaryotes
Algae
Protists
Fungi
Vascular plants
Arthropods
Chordates

Fishes, amphibians

Birds, mammals,
reptiles

|
ol 1 10 102 10° 104 10° 106
Genome size (Mb)
EVOLUTION 4e, Figure 14.1

© 2017 Sinauer Associates, Inc.

Gvalue paradox The observed discrepancy between genome

size and organismal complexity
10



Genome size is extremely variable among taxa

Birds —
n =475

Mammals —
n =657

Crocodilians —
n=9

Turtles —
n=63

Lizards —f
n=230

Caecilians —
n=3

Frogs —
n =498

Salamanders —
n =426

Lungfishes —
n=14
Coelocanths —
n=23
Ray finned fishes —
n=1819
Cartilaginous fishes —
n=183

Jawless fishes —
n=26

I I | | I I I
0 20 40 60 80 100 120

Genome Size (Gb)

Cvalue paradox The observed discrepancy
between genome size and organismal complexity
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Australian lungfish (Neoceratodus forsteri)

All lungfish genomes project

Article

Giant lungfish genome elucidates the
conquest ofland by vertebrates

https://doi.org/10.1038/s41586-021-03198-8  Axel Meyer'>"**, Siegfried Schloissnig®?, Paolo Franchini'?, Kang Du**"?, Joost M. Woltering'?,
¥ Iker Irisarri®", Wai Yee Wong®, Sergej Nowoshilow?, Susanne Kneitz’, Akane Kawaguchi?,
Recelveri 13 Mily 2020 Andrej Fabrizius®, Peiwen Xiong', Corentin Dechaud®, Herman P. Spaink', Jean-Nicolas Volff®,
Accepted: 6 January 2021 Oleg Simakov®"*, Thorsten Burmester®™**, Elly M. Tanaka?"**’ & Manfred Schartl>#"**

Published online: 18 January 2021

Article

The genomes of all lungfishinformon
genome expansion and tetrapod evolution

https://doi.org/10.1038/s41586-024-07830-1  Manfred Schartl***%, Joost M. Woltering®, Iker Irisarri®, Kang Du?, Susanne Kneitz®,

Martin Pippel”®'®, Thomas Brown’®", Paolo Franchini*?°, Jing Li*, Ming Li*, Mateus Adolfi',
Sylke Winkler’, Josane de Freitas Sousa®, Zhuoxin Chen', Sandra Jacinto', Evgeny Z. Kvon'®,
Accepted: 15 July 2024 Luis Rogério Correa de Oliveira", Erika Monteiro", Danielson Baia Amaral",

Thorsten Burmester™, Domitille Chalopin™, Alexander Suh'***?', Eugene Myers™®,

Oleg Simakov", Igor Schneider®" & Axel Meyer*™

Received: 4 July 2023

M Check for updates

Meyer et al.Nature 2021 Scharltet al. Nature 2024
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Why is genome size so variable?

Point mutation

TGCATTGCGTAGGC

Y
TGCATTCCGTAGGC

Inversion

—I:h_—;

Insertion
TGCATTTAGGC

TGCATTCCGTAGGC
cCG

Chromosome fusion

S—

Deletion
TGCATTCEGTAGGC

Y
TGCATTTAGGC

Gene duplication

e -

13



Why is genome size so variable?

Coding DNAvariation in the number
and structure of genes
(a) Prokaryote
Ly e, N Non-coding DNAvariation in regulatory
St SYSY(as RgziQR ¥V AY

(b) Unicellular eukaryote, compact genome

NN 1 N W s O

(c) Multicellular eukaryote, expanded genome

1SS 11111 S mm

|:| Complete genes ﬂ]]]]]]] Exons Intergenic regions Introns

14



Biological novelty must be at least partially explained
by the evolution of genes with new functions

Where do new genes come from?

15



Where do new genes come from?

Gene duplication is the primary source of new genes.

(a) Duplication by unequal crossing over (b) Duplication by retroposition

Repeated Exon 1 Exon 2
sequence ____ \

~— i H— Homologous : O~
A - H—— chromosomes .
align incorrectly | Transcription
~—T—EHH— Nascent MRNA = jr— ‘
ey | Introns spliced
out
Processed mRNA [
Inner l Reverse
T chromatids transcription

N\ Cross over DNA copy
% at non-allelic | Integration

~N repeat loci —

N H H}—
New gene /

New gene

< S {~CHHI=~HHP—— Duplication

I

~_—11 Deletion
N H—

Copy number variationpolymorphism in the number of gene copies among
individuals in a population. 16



Fate of Duplicated Genes

1 -
1 Full function { Duplication
1 Dead function
. 1 -
= New function r a
—+ T+ 1 - 1 =
1 - 1 [ - 1 = 1 -
Neofunctionalization Subfunctionalization Gene conservation Nonfunctionalization

17



Consequences of Copy Number Variation

Gene conservation with copy number variatiomcreased concentration of
amylase with more copies of AMY1 (in humans, related to-kigith diet)

(A) (B)
0.30 Biaka

W Low starch
M High starch

1

O

(O]

a
T

Japanese

Proportion of individuals

2 3 4 5 6 7 8 9 10 11 12 13 14 15
AMY1 diploid gene copy number

EVOLUTION 4e, Figure 14.4

© 2017 Sinauer Associates, Inc.
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Consequences of Copy Number Variation

Gene conservation with copy number variatiomcreased
unsaturated fatty acid production with more copies of fads2
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Consequences of Copy Number Variation

Neofunctionalization:transparent crystallin proteins in the lens of the eye

Guinea
Frog Turtle  Lizard Crocodile Bird Kangaroo Camel Human pig Rabbit

[T LS

P | Crystallin  Ancestral protein function

Small heat-shock proteins

Related to bacterial stress protein
NADPH-dependent reductase
Arginosuccinate lyase

a-Enolase

Glyceraldehyde phosphate dehydogenase
Lactate dehydrogenase

Similar to bacterial ornithine deaminase
Aldehyde dehydrogenase

Alcohol dehydrogenase
Hydroxyacyl-CoA dehydrogenase

=

20



Consequences of Copy Number Variation

Neofunctionalization:RNASEL1 in douc langur monkeys

e Nonsynonymous change
e Synonymous change

Douc langur
"RNASE1B

Douc langur RNASE1

Rhesus monkey RNASE1

Human RNASE1

Astudy of the pancreatic ribonuclease gene (RNASE1) and its duplicate gene (RNASE1Batiragleafobine monkey, douc langu

RNASE1B has evolved rapidly under positive selection for enhanced ribonucleolytic activity in an altered microenvironment,

a response to increased demands for the enzyme for digesting bacterial RNA. At the same time, the ability to degradéalodddeRNA,

a nondigestive activity characteristic of primate RNASE1, has been lost in RNASE1B, indicating functional specialieddcatiancf purifying selection.

This demonstrates the role of gene duplication in organismal adaptation by combining sequence analysis and functional assays
in delineating the molecular basis of adaptive evolution. 21



Consequences of Copy Number Variation

Subfunctionalizationcan lead to neofunctionalization:
evolution of antifreeze proteins

SAS-B
= m— el — === Sjalic acid synthase B locus (SAS-B)

SAS-B exons 1-6 in
original location

El E2 £3 E4 E5 E6

SAS-B is duplicated and translocated
to a different chromosome.

E1 E2 E3 E4 Eb E6
D s T O O SAS-B duplicate in new location

AFPIII results from a deletion
mutation in SAS-B duplicate.

_. AFPIll'is duplicated into a
string of tandem repeats.

AFPIl - AFPIII AFPIll - AFPII

< Tandem repeats ——————»

22



Gene Death and Pseudogenes

Not all duplicated genes evolve a new function.
Many are rendered functionless by loss of function mutations.

DNA sequence Protein sequence
3’ 5’
o [OPEpapA g ~CRianine>-Taine >
codon

g 5 ; . :
1-Base ACAGATGGTACGACAA (Coucine) Caline

insertion

3

’ 5
1-Base ’ :
Lo lepwpcge oD e~ Coucin)

. 3 5
Mutation to ACAATTGTACGACAA i
astopcodon LT | Gyels.

Pseudogenes NE (G KS &aSljdzSyoSa 63SySUAO0 aais
mutations in a duplicated gene; can remain in the genome accumulating mutation.

23



Genes (alleles) can be lost by genetic drift

——

1 Full function J Duplication
1 Dead function

. ———
1 New function r——
- I— T - - 1
I — T/ I ——

Neofunctionalization Subfunctionalization Gene conservation Nonfunctionalization

Single Copy number Gene
copy variation family
>
(&)
C
[0}
3| TAL _TAlAl A
[T

TEALY ymfé;E“w\_
Del Neo

Dap Dup
——

Time
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Gene Families

Gene familiesgroup of loci that arose by duplication (derived from a shared
ancestral sequence) and typically code for proteins with similar biochemical functio

Paralogscopies of genes that have arisen by duplicatior

Ve
BSubfamin< { At e 7(1 Subfamily

Hemoglobin f subfamily Hemoglobin o subfamily
A A

e N\
B & wpl Ay Gy e T yol  yol a2  al

Orthologs (orOhnologg: homologous genes in two or
more species

Myoglobin
(active in muscle)

Primates ——
100-140 100-140 Mya 40-50 Mya
Mya —— Placental
mammals >300 Mya @ Duplication
150-200 Mya dy/dg = 4.03
~ _eseeee Douclangur
 eeeeee RNASEIB
Jawed

Common ancestor S\ Verebrates "= Douc langur RNASE1

of cand p hemoglobin—" ‘

subfamilies £ Common ancestor of hemoglobin ‘ « Rhesus monkey RNASET

and myoglobin, 600-800 Mya
w— == Human RNASET1

EVOLUTION 4e, Figure 2.15

©2017 Sinauer Associates, Inc.
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Where do new genes come from?

Exon shufflingmixing exons from genes with different functions,
can create genes with new functions

(A) Adh
JUUHUHUH[E
I Adh gene retrotransposes
‘| /" into intron 3 of the
Ymp ! | Ymp gene

[RIN[N R <= .

(B) New stop codon
jingwei from the Adh gene

(NI N| NI —— Qﬂ IR

Exons
degenerate

EVOLUTION 4e, Figure 14.8
©

2017 Sinauer Associates, Inc.
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Where do new genes come from?

,A =N Introgression:introduction of new genes or alleles du
e F A0S to hybridization between previously isolated
. populations/species

1
photoperiod
threshold

summer winter

spring molt

L.S. Mills research photo by Jaco and Lindsey Barnard

27
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Where do new genes come from?

Introgression:introduction of new
B genes or alleles due to hybridization
y o’ between previously isolated
populations/species

28



Where do new genes come from?

Whole genome duplication

4x
1.0

0.8 -

06. neo-6x
0.4 1
0.2+ g |j_‘

0 10+

-
4x neo-6x  6Xx 1-

—
(<)
1

—_
L

—
(=)
|

Survivorship
Frequency

—
L

May 15 June 1 June 15 July 1

Date of first flowering

Western yarrow
(Achillea millefoliu Whole-genome duplicatiorrefers to the complete
replication of an organism's entire genome once or multiple

times, leading to an increase in chromosome ploidy.
29



Susumu Ohno

In this golden age of biology, a
book faces the danger of becoming
obsolete before its publication. It is
my belief that in order to avoid early
obsolescence, the author, judging
on the basis of the scant evidence
available, is obliged to anticipate
future developments and paint a
picture with broad strokes of his
brush. This | have done rather freely
In this book

1970 - Evolution by gene duplication

30



Leaps in evolution through
gene and genome duplications

fHad evolution been entirely dependent upon natural
selection, from a bacterium only numerous forms of

bacteria would have emerged. The creation of

metazoans, vertebrates and finally mammals from

unicellular organisms would have been quite impossible,

for such big leaps in evolution required the creation of

new gene loci with previously non -existent functions 0

Susumu Ohno 1970

Evolution by Gene Duplication

31




Jadl

IRy,

—natural selection merely modified while redundancy cred
Susumu Ohno (1970)
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Susumu Ohno, et al., 1967

Before the era of genomics arrived, Ohno made bold inferences primarily based on
cytogenetics (chromosome observation) and protein data, with many of his predictio

later confirmed by modern genomics.
33



Citations

Numbers of citations of Susum@hno's1970 Book "Evolution by gene duplication”
(Source: Google Scholar)
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8000

Citations
g

0

Number of Papers on gene and genome duplications
(Source: Google Scholar)

e Gane duplication”

i Ganome duplication”

1970 1975 1980 1985 1890 1995 2000 2005 2010 2015
35



Jacques Monod meetinrgussoi2001

Gene and Genome Duplications
organized by Axel Meyer and Yves Van de Peer

36



Rayfinned fishes comprise aboui0%of all species of vertebrates
Why are there so many fish?

Agnatha

(108 spp.) Chondrichthyes
(980 spp.)

Mammal
(4554 spp.)

Actinopterygii
Aves ; | (27,580 spp.)

(9924 spp.)
G

Reptilia
(7483 spp.)

Amphibia G. Fakf {FND2LIGSNEIARE
(6002 spp.) (8 spp.)
37
M. Miya



Why are there so many species of fishes?

38



The ThirdRound Wholég5enome Duplication (WGD)Tieleosts

17 Chordata

linkage groups lullu ol Eénliuulﬂl
1 10 17
. Chordata

chromosomes Iﬂlla otlle
e

0.0
17 Olfactores

34 inter 1R-2R |I
chromosomes "“ I' . ||| o Ill . o

54 Vertebrata IIII IIII / ,,l,/ V \\ \‘\\\
chromosomes |l|||||| . llll ] IIZEL 000000 000e.. "" ﬂﬂ #9.. 0000
1 1

30 F‘%/ 50 54

Vertebrata

Gnathostomata

chromosomes Illl !il; II.."I."u"u "EI !I"n..l' ".;Hﬂ Hl..
. " 10 - V

50 Euteleostomi

Euteleostomi

49 Amniota

chromosomes !lnlh|.,.,|1|0..II.|III....20 oll, séiif! ..lH 40",.“&.“!.;9

Human Chicken Medaka Gar Shark Lamprey Ciona Amphioxus

Holland and Daza, 2018
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Evolution of vertebrate Hox gene clusters-SGD

Zebrafish

1312 1110 9 8 7 6 5 4 3 2 1 Evi— i ECEC N Ao

13 1211 10 9 8 7 6 5 4 3 2 1

ﬁg o T EEE W AP
Ba —— B AR OB«
BB —EHEEEHEE WS ] Ca

Teleost
Ancesto

Ancient
ray-finned fish

wvew thetropicaltank.co.uk

loss of 3 genes
loss of 3 clusters ?

loss of 2 genes

13 1211 10 9 8 7 6 5 4 3 2 1
N mae B G nog m gmpNed
—m mmE 5XXmXAR
e o Bo
= SESEme==an 200 MYA
—EEEEEs TEeE oCe
r —m . = X Cp

TEEEEE mE D
E Da

loss of 9 genes
possibly loss of 1 cluster

13 1211 10 9 8 7 6 5 4 3 2 1

% amssmmsmsos 360 MYA

Genome duplication 4 -> 8

Hypothetical
Gnathostome Ancesto

H Othetical lgil1:4121110957554:121
Agna}t’Ean Ancestor SEssmmsx=ssm~oo 500 MYA
Genome duplication 1 ->2»
Ancestral loss of 3 genes

> loss of 6 genes

1312 1110 9 8 7 6 5 4 3 2 1
-l
e

X-EHE—0 D

Genome duplication 2 ->4
loss of 4 genes

Chordate State

5 400 MYA

Mouse
13 1211 10 9 8 7 6 5 4 3 2 1
[Ewect A
Xm X B
—3x7 C
Evx2] D

loss of 3 genes

Modified from:

Meyer (1998Nature

Widtbrodt, Meyer & Schartl (199@8ioEssays
Meyer & Malaga (1999Current Bi ng
Malaga & Meyer (2001Am. Zool.



Where do new genes come from?

Transduction

Conjugation

Horizontal gene transfermovement of genes from one
2NBI yAayYQa

ASy2YS AyiG2 0KS 3ISy?2

Transformation

transferred
gene

A

\

o1

bacterio_

/

plas\mid

7
donor

e,

\
(@)

N

)

A,

transferreigenejk{((
r

L recipient

=

terium
dead bacte

3
&;J

Z transferred

e
Ne

competent bacterium
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Where do new genes come from?

De novoorigin: C220rf45 in humans

Human TGGAGAGGCCGAGTCCTCCC
_E Chimp TGGAGAGGCTGAGTCCTCCC
Gorilla TGGAGAGGCTGAGTCCTCCC
Orangutan TGGAGAGGCTGAGTCCTTCC
-I_ Gibbon TGCAGAGGCTGAGTCCTTCC

Macacque TGGAGAGGCTGAGTCCTCCC
Stop codon

42



Sequence divergence (%)

How do proteircoding genes evolve?

Neutral theory of molecular evolutionhypothesis that most
polymorphic alleles within populations that do not become fixed, do not
significantly alter fitness (nearly neutral) and evolvegbyetic drift

0.5

o ® Third

® First

: Second

) I !

| | |
100 200 300 400 500 600 700
Time (Mya)

Pseudogenes
Intergenic regions
Introns

Coding

0 5 10 15 20
Evolutionary rate
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How do proteircoding genes evolve?

dn/ dsratio: nonsyn mutations have higher chance of influencing fithess (changing
protein structure) and should be rare relativegpnon mutations (selectively neutral)

e Nonsynonymous change
e Synonymous change

Duplication

dn/ds> 1positive selection on gene

dn/ds= 1neutral evolution (drift) I g
@ eeeoeoe RNASEIB

dn/ ds< 1purifying selection on gene

3000
‘= Douc langur RNASET

|

|

l

2500 | Rhesus monkey RNASE1
Purifying : Positive
selection : selection Human RNASE1

8 2000 I
C |
(0] |
= I
S 1500 I
(O] |
Q I
;E-, I
Z 1000 l
:

|

500 :

:

0 ! :_ I [ l
01 02 03 04 05 06 07 08 09 10 11 12 13 14

d\/ds 44



The number of protekezoding genes also varies greatly among
organisms for reasons that are not immediately clear

Diatom (Thalassiosira)
Malaria parasite (Plasmodium)
Red alga (Cyanidioschyzon)

Common s e Lo

ancestor Mouse-ear cress (Arabidopsis) »Plants
Legume (Lotus)
Smut fungus (Ustilago) A
Yeast (Schizosaccharomyces)  Fungi
Bread mold (Neurospora)
Yeast (Saccharomyces) y
Nematode (Caenorhabditis)

Mosquito (Anopheles)
Fruit fly (Drosophila)

Silk worm (Bombyx)
Tunicate (Ciona) >~Animals
Puffer fish (Fugu)
Chicken (Gallus)
Mouse (Mus)

Human (Homo) P,

|
0 10 20 30 40 50 60

Number of genes (x 1000)
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The relationship between genome size and preteding DNA differs
among groups

10% ¢ 100%
10%
_g i
<zt 10 g
& A @ Vertebrate animals
= 10° 3 © Invertebrate animals
g : I @ Land plants
= 10°F
g : O Green algae
= i © Fungi
il .
O Other unicellular
[ eukaryotes
102 ] O Prokaryotes
. @® Viruses
10_3 RN S N I ¥ T I S ST R AN TR R S B S W TR 1 | a1l Ll L1l

1073 102 10-1 100 10! 102 103 10
Genome size (Mb)
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The genomes of most animals and plants do not code for proteins

Human Genome Composition
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The genomes of most animals and plants are full ofcodmg DNA
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Evolution of norcoding DNA

Regulatory elementssequences that effect when, where, and/or how a
gene is expressed

Introns & alternative splicing
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Mobile element content (Mb)

Transposable elements
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Transposable elements (TES), or "jumping genes,D&IA sequences that can
move to different locations within a genome, a process called transposition, found
in nearly all organisms.






