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Background

Gene numbers vs. genome sizes

 How do new genes birth?
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The distribution of gene numbers and genome sizes across 6,794 extant species



Background

A classic view: Gene duplication

S.Ohno  Evolution
by Gene
Duplication

" Springer-Verlag Berlin Heidelberg GmbH

Published in 1970

Ohno model

A
e S—

l duplication

A
—

l neofunctionalization
A+B

—

l specialization

B
— I —

Gene duplication creates redundancy, the redundant copy
accumulates beneficial mutations which provides fuel for

innovation
)

Susumu Ohno 1970
Evolution by gene
duplication

1R and 2R hypothesis

“Junk DNA” 1972
KEFEZ



Examples of Functional innovation via New gene
1. Antifreeze Proteins (AFPs) 1/ 5&EH

AFPIII Tis8

» AFPs specifically bind to ice
crystal surfaces

« Stops or slows further ice
crystal growth

* Prevents ice recrystallization

 Protects cells and tissues
from freezing damage

0°Cto11°C Winter flounder
even -2 °C

COL1A1 GIG2 XYLT1 KAT8  ANAPC2

Cunner GIMAP4

DIC CLDN9 GIMAP-C GIMAP-C GIMAP-C MYCBPAP
GIMAP-C AFPI

Grubb SCUIin AFPI (c) Grubby Sculpin
NCKAPT1 —_— A LNPKB  HOXD9B

PLEKHA3 AFPI-like  Hoxp11B MTX2
genes
0°C1t021°C Different way of new genes AFPI brith for "Antifreeze"

Rahman, A.T. et al. 2019.
Rives, N. et al. 2024.

Grubby sculpin j 5



Examples of Functional innovation via New gene

2. X-inactive specific transcript (Xist) in Eutherians[ *'*]

Mouse
Human
Cow
Dog

Elephant
Opossum

Platypus
Chicken
Xenopus
Fugu
Tetraodon
Zebrafish
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_macroH2A SHE*
H3TrimK27 ~

Y90
) e XIST RNA
H3TrimK9
H3TrimK20

Nucleus

A Cdx4 ChIC1 m Fitx Cnbp2 cht
Human (1087 kb) iy~ XS —<-X—

P Hpiak{ and
Opossum (> 580kb) .
| el | — -1

Chicken (220 kb)
o mdimdimdl b lb-l-ilb-lm
I e e N | ] [T | | —

Xenopus (371kb)
Cdx4 Chic1 Fip1l2 Rasl1i1ic  UspL Wave4 Xpct

—

Chicken 65000 70000

310000 315000 320000 325000 330000 335000 340000

—eeef—— e e T O

h4 h3 h2 h1

Xist

Human

-= Protein-coding exon

-~ Non-coding RNA exon -=- Repeatsequence(SINE, LINE, ...)

Xist DNA loci
. <€<Xj Mechanism: s :
* Pseudogenization [{(REZ ]
inactivation
- X3  X-chromosome inactivation
activate

14

Laurent D. et al. 2006.



Examples of Functional innovation via New
3. Syncytin 1 (ERVW1) in Homo sapiens

Placenta
2 3456 7 89 101112131415 16 17 18 19 20 21 22 23 24

4 cl."';.' N
.0' C‘

In situ detection of HERV-W envelope glycoprotein in tissue sections

A o
Syncytin-1 LQNRALDLLTAEGGCL
MPMV Env  LQNRRGLDLLTAEQGGIICLJA

6 14 17 20

Mechanism:
* Retroviral genes

e & -y
..-‘-‘g'A \"‘61-

'7 -t 1)

SR ALY Ny TI A |

e Human placental

a-c negative control _
morphogenesis

d synctin 1 in COS cells

aRE

synctin 1

8 Syncytin-1

g VIPMV Env Mi, S. et al. 2000.
Blond, J. L. et al. 2000.




Outline

1. Molecular mechanisms to generate new genes
O De novo gene generation

2. How did new genes evolve?
o Evolutionary forces acting on new genes
o Rate of new gene evolution
o Patterns of new gene evolution

3. How to date gene ages?
o How can we use the age of genes?



Molecular mechanisms to generate new genes

Classical model: gene duplication-divergence

l Duplicate

' Diverge

-




Molecular mechanisms to generate new genes

2. Retroposition . duplication-divergence 4. Horizontal gene transfer 5. Gene fusion

Species A

} Ouslicate j Trensfer Based on the products of ancestors and
1 & N SpeCIeSB Gene fusion prOdUCtS Of neW genes

l Reverse

transcription/ l Diverge \ Diverge
insertion

. - soces— D

Classified into 4 types:

6. Gene fission 7. New splice variant 8. Reading-frame shifting 9. De novo origination
[ E o K

1. exon shuffling, 2. retroposition,

1 Alternative splicing

- a— i Ise“p"g;fep“de 3. gene duplication-divergence,
shiftin r . .
| Evolve new exor ’ 4. Horizontal gene transfer, 5. gene fusion,
s, S R - S 6. gene fission, 7. new isoform
divergence, 8. reading frameshift
11. TE domestication 12. Bidirectional promoters 13. Pseudogene regulators 14. Noncoding RNA genes . .
u parental ™ | Nonooding . * Noncoding to Protein
- Acaire o suxdicas] o Acauire N 9. de novo genes, 10. short repeat
lmsert {S;ﬁ;g‘;pﬁonl [pseudogemze B ol Exon expansion, 11. TE domestication,
/\ ; Position-unfixed 1 .
g e pseudo- I Nl noncoding B e IER A 12. bidirectional promoter
Siresh S | Rhis Bl B O Short peptide
A ) leveeiene gene Transorive » Protein to Noncodin
[ =] C:
— - - — Regulator B NSNS 13. pseudogene regulators (Xist)

 Noncoding to Noncoding
11 14. IncRNA genes



Molecular mechanisms to generate new genes

The generation of new regulatory elements in new genes

Class | TGTTACGGACCTGGTGTTTGTGTCTCCTCAAAATTCACATGCTGAATCCC

i i ivii i i i i v

Retroviruses TGCTATGGACTGAATGTTTGTGTCCCCCCAAAATTCATATGTTGAAGCCC

0o I oo BT o SO e 2>
LTR elements

150 soo I oo O o>
DIRS

g I T | T I s

PLE - Penelope-like elements

TSDy
LINEs

0 [ o M o M e

SINEs

CAACTCCCAAC-TGACCTTATCTGTGGGGGAGGCTTTTGAAAAGTAATTA
i ii i ivv ivvi v i i ii 1 i

TAATCCCCAATG@GATGGTATTAGGAGGTGGGGCCTTTG GAGGTGATTA

GGTTTAGCTGAGCTCATAAGAGCAGATCCC-CATCATAAAATTATTTTCC
v v v i i i iv v iii v vi

EGATTAGATGAGGTCATGAGGGCGGGGCCCTCATAATGGGATTAGTGCC@

TTATCAGAAG CAGAGAGACAAGCCATTTCTCTTTCCTCCCGGTG
i vi v v i i v VvV
ETAT—AAAAGAGACCYCAGAGAGCT———CCCTTGCCCCTTCCGCCATGTG

AGGACACAGTGAGAAGTCCGCCATCTGCAATCCAGGAAGAGAACCCTGAC
v i iiv iiv 1 v
AGGACACAGTGAGAAG-GCGCCGTCTACGAACCAGGGAATGAGCCCTCAC

CGAGTC AGCCTTCAGA
i i i
CAGAAACTGAATCTGCCGGCGCCTTGATCTTGGACTTCCCAGCCTCCAGA

AATGTGAGAAA-AAACT-CTGTTGTTGAAGCCACCCAGTCTTTTGTATTT
v i v i v Vv
ACTGTGAGAAATAAATTTCTGTTGTTTAAGCTACCCAGTCTATGGTATTT

Diverge

TGTTATAGCACCTTACACTGAGTAAGGCA 9743
v iiiv v v i

Retrogenes TGTTATAGCAGCCCGAACAGACTAAGACA 374
Dy | TRENDS in Genetics
Class Il - subclass 1 Experimentally characterized cis-regulatory sequences from the /#-globin locus are
highlighted in yellow and the homologous nucleotides from the MalLR (LTR)
“classical” autonomous DNA transposons sequence are highlighted in blue.

Ry, - TRANSPOSASE - Prain

“classical” nonautonomous DNA transposons

Sourced from Class Il - subclass 2

Helitrons
TC HELICASE, (rpal) CTRR

Mavericks

> rd ores R pos ]2
Structures of eukaryotic mobile elements Makatowski, W. et al. 2019.

Jordan, |. K. et al. 2003.
Chen, G. et al. 2024.

HERIEE
W ITGA2 gene
- .
oz — [ — >

BHE & ERVK solo-LTRs

¢
"f’ﬁhrz —

* recruited existing regulatory elements

* transposable elements

12



De novo gene generation

Stepwise de novo gene origination

purple: T—C substitution
green: two-nucleotide ‘AC’ insertion
orange: gain of ‘TGA’ stop codon

No homology

De novo origination

Stop codon l Indel

r Nrthnlnnniie = 8 '

4 13 12 1 10 9 8 7 6 5 4 3 2

—

O Mya

L. perrieri
~——— O. brachyantha
punctata

meridionalis
glumaepatula

barthii

glaberrima
nivara

sativa ssp. indica
rufipogon
sativa ssp. japonica ©

00000000

= |

34

37
. 41 90—

bré br5 br4 br3 br2 br1 Ve LOYQ geite
evolutionary branch

Osjap05g30030

L\o 1INV v\al INvy NV INI 11 IvvwaulL QHUUIUO

De novo gene origination Stepwise de novo gene origination

13 Oryza [FEE]



De novo gene generation

Stepwise de novo gene origination

No homology

De novo origination

Stop codon l Indel
Orthologous - |

noncoding 1

Start codon l Substi'[cution and/or indel

Orthologous | =
noncoding 2

l Stop codon
Orthologous N

noncoding 3 l

Origin of
transcription & l i

Origin of i
coding ability
De novo gene ORF in focal species

De novo gene origination Stepwise de novo gene origination

14



De novo gene generation

De novo genes vs. orphan genes

Orphan genes are genes that lack a detectable homologue outside of a given species or lineage.

de novo genes orphan genes
Origin mechanism
Focus novel genes arising from previously | genes without detectable homologs in
non-coding DNA other species
Emphasis Functional origin Evolutionary isolation
Species- :
specific? Not necessarily Yes
Homology Usually Yes Usually

15

rapid divergence

alternative reading frames

gene transfer from rapidly
evolved viruses or bacteria

gene loss




How did nhew genes evolve?



Evolutionary forces acting on new genes

e Natural selection for functional innovation

 Sexually antagonistic selection

 Approaches to detect these evolutionary forces

e Positive selection

 Copy number variants (CNVs) in population
genomics

o AMY gene in human population T °
Amylase: S 15

1< g
o) (i< mpammmm——— | O
é S 3 ; <

e e D> i< —
i b s 4 e
oD o ) </ e—

17 Bolognini, D. et al. 2024.



Examples of Copy number variants (CNVs) in population genomics

Adaptive Increase of Amylase Gene Copy Number in Peruvians Driven by

Potato-rich Diets

Kendra Scheer, ©2 Luane J. B. Landau, "= Kelsey Jorgensen, “=' Charikleia Karageorgiou, Lindsey Siao,

Can Alkan,Angelis M. Morales-Rivera, Christopher Osborne,
Melisa Kiyamu, =/ Maria Rivera-Chira, 2/ Fabiola Leon-Velarde,
Abigail W. Bigham, ©2% Omer Gokcumen

Peru fp&
Peruvians &

The potato is native to the Andes Mountains in South America!

Obed Garcia,

Frank Lee,

Laurel Pearson,
Tom Brutsaert,

Potato-rich Diets
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Kendra S. et al. 2025.



New genes with detectable molecular functions and fertility effects

Jgw gene

D. teissieri
Adult
L3 Female Male

1 5E 5k A yande _ 51 =k B> 1=
Parental genes g :

b A HE e ~ '
ij 2 !‘:l [ Jingwel
Chimeric gene

D. yakuba

Duplicated region Retroposed region

The Adh gene inserted into yande gene after reverse transcription, and the exons of
the two genes are transcribed together to produce a chimeric new gene (jingwei).

jingwei gene (jgw) show specific high expression in Adult

jingwei (jgw) encodes a novel alcohol dehydrogenase-like enzyme[fi £ #], likely Male of D. teissieri.

contributing to Drosophila’s metabolic adaptation and possibly reproductive fithess.

Drosophila
19 Long, M. et al. 1993.
Zhan, Z. et al. 2011.



New genes with detectable molecular functions and fertility effects

Apl & Arts genes

Ancestral 3L

I—.'—I

Duplication Drosophila

urrent 3L

spa-2 Apl CR18217 Arts

originated through a duplication event on chromosome 3L (paralogous relationship)

= =
4 —a L —
e =
()] @

——
@ @
= =
— ——
© o
) @
C oC

Importin-f3 KAP95

Apl [LLE TN A0 I I I | N |
15011 gt N {1 ) I |

 Null means the CRISPR/Cas9 knockouts.

Apl & Arts * Raw counts of offspring are scaled to the mean counts from control lines.
 distinct exon-intron organizations * Knocking out Apollo significantly reduces male fertility.
_ , _ J _ J P _ g N 4 y Functional essentiality and fertility effects
e unique coding regions * Knocking out Artemis significantly affects female fertility.
240

VanKuren, N. W. et al. 2018.



Rate of new gene evolution
2'0%0 o5 [—— S. cerevisiae 8%0 = D. melanogaster 2'1%0 30 [ Homo sapiens

20 S. paradoxus 24 ' S’:;Séfans P_ Chimp/bonobo
58 | 279 i 16 Gorilla

S. mikatae . @nanassae 78

S. kudriavzevii 12 . pseudoobscura ﬁ'ﬁ | Rhesus/baboon

TS - willistoni Marmoset

D. virilis Tarsier
S. lebanonensis Rat/rabbit

—O— | ; I —> 0O (Mya) T O I I > O (Mya)
69 62 54 33 31 13 5 90 67 43 29 9

S. uvarum 12103 19,704

C. castelli

e C. briggsae
A. thaliana — C. tribulationis

6/
27% C. nigoni

173 ) |

C. rubella ol C. remanei Chinese hamster
C. hirsuta 1879 1 C. tropicalis Guinea pig
— C. elegans

B. rapa 12,054 o Rabbit

A. arabicum C. bovis Human

I T T O T > 0 (Mya) | O —> 0O (Mya) 1 T T O | > 0 (Mya)
g7 44 32 21 13 130 60 3 8/ 79 ) 2 13

Overview of new gene origination in humans and several other species

1. New genes have continuously emerged on a long time scale, often
2. Recent lineages tend to acquire new genes more rapidly than ancient lineages.

e 25¢ M~ compared to 4-7 ¢ M~ in human, 34 ¢ M~! compared to 5-11 ¢ M~ in Arabidopsis.




Patterns of new gene evolution

1. Structure

Debated R = 0.9507

P=0.0022
How does the structure of de novo
proteins evolves?

2.0 1.5 1.0 0.5
Gene origination time

more complex?

Tertiary structure of de novo proteins in Oryza.

ISD: intrinsic structural disorder [ATE4&4Z=EL]

* Oryza de novo genes showed a steady evolution of structure that is accompanied by increasing complexity in a relatively short time of 2.4 million years.

22



Patterns of new gene evolution

2. Expression patterns of new genes

testis cells
non-testis cells

other 15 tissues

Drosophila gene ages

testis

‘Out of testis’ expression pattern of new genes at the single-cell level in Drosophila

As genes become older, they gradually accumulate expression in non-testis tissues.

‘out of testis’ pattern

majority of new genes exhibit testis expression

23



Patterns of new gene evolution

2. Expression patterns of new genes

As genes become older, they gradually accumulate expression in non-testis tissues.

‘out of testis’ pattern ‘out of pollen [{£#7] hypothesis

majority of new genes exhibit testis expression more highly expressed in anthers[££] and other male flower tissues

Drosophila

Arabidopsis [H\FE7¥]

24



How to date gene ages”?



How to date gene ages?

 Genomic screen of a gene for paralogous sequences

O previously existing genetic material

gene duplication, TEs or genic recombination { Ge I l I re e
I'he Time Tree of (

I'ree of Genes Along the Evolution History

O previously nhon-existing material

Human Data Fly Data Mouse Data

potential de novo gene

Rat Data| |Opossum Data| |Chicken Data

* Phylostratigraphy

L e~
o Phylo-: RA KB D. erecta

o stratigraphy: tthE & D. melanogaster —{»>—————1 >

Jingwei

New gene D. teissieri

Common D. yakua

ancestor
Common

ancestor DD_D_D D. santomea

The orthologous relationship across species groups is determined by a surrounding the gene of interest, which
IS created by a high-quality reciprocal genome alignment.

*° Shao Y. et al. 2019.



How can we use the age of genes?

Relative ATAC-seq signals (%)
From the conserved period

-—

F. serratus

Vertical axis represents:

» the percentage (%) of relative
chromatin accessibilities of the
genomic regions categorized by
the evolutionary ages of their
seguences

Anole lizard

F. distichus

~

In brief:

(@)

-

5
>

when the new genes expression

TAI: transcriptome age indices

o show conserved expression in the Stages o show high expression in the of
of development. (embryonic) development.
o7 Uesaka, M. et al. 2021.

Lotharukpong, J. S. et al. 2024.



How can we use the age of genes?

Relative ATAC-seq signals (%)

From the conserved Deriog
13 —

11

50

8

Anole lizard

—

F. serratus

.

)

o O

COoL e
N WD BN 2NWHO W

o 9
w B
g On

S

—_—t

b F. distichus
Early

Low

Hourglass model

TAIl: transcriptome age indices Stages
O show expression in the O show high expression in the of
of development. (embryonic) development.
08 Uesaka, M. et al. 2021.

Lotharukpong, J. S. et al. 2024.



How can we use the age of genes?

What am | curious about ......

{ GenTree

I'he Time Tree of Genes Along the Evolution History

The ages of the key genes (or marker
genes) affecting late development and
morphological diversity (wing shape, leg or
tail, to the extreme, the sex organs)?

Human Data Fly Data Mouse Data

Rat Data| | Opossum Data| |Chicken Data

Relative ATAC-seq signals (%)
From the conserved period

T-cel Isf\';

Uesaka, M. et al. 2021.
Li, S. et al. 2019.




Thanks for your attention!
Q&A
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Due to time limitations,
a lot has not been shared yet...
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0 Utl I n e « Molecular mechanisms to generate new genes

* Diverse molecular mechanisms for forming new gene structures
* The generation of new regulatory elements in new genes
* De novo gene generation

Molecular mechanisms to generate new

 De novo genes versus orphan genes

geneS * The prevalence of de novo genes
@) De novo gene generation  Rate of new gene evolution
 Methods to date gene ages
HOW d|d new genes eVOlve?  New genes with detectable molecular functions and fertility effects
. _ * New genes with the evolution of functional essentiality
o Evolutionary forces acting on new genes . New genes integrate into and change existing gene networks :

O Rate of new gene evolution « Patterns of new gene evolution

'®) Patterns Of new gene eVOIUtiOn » The rapid evolution of the nascent structure of de novo protein

 Increasing structural complexity of de novo genes in evolution

» Expression and interaction patterns of new genes

How to date gene ages?

« Evolutionary forces acting on new genes

O HOW can we use the age Of geneS? * Functional and phenotypic evidence for adaptation and sexual conflicts

* The application of new genes in agriculture and medicinei

» Conclusions and perspectives

32



1. Exon shuffling 2. Retroposition 3. Gene duplication-divergence 4. Horizontal gene transfer 5. Gene fusion
----------- : o - - i i Species A-==~~-~-1 P - S
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RIS ' M. pah ATA €
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M.m.musGER AT GM
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gene l Transcribe . R A

=] [
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. - - Lo <o M.m.musAFG AT G
Figure 1 Sk o mmEcmm 1
7 Llojp'EMR® o oom@ 00 | M.m 2.0% O ..
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58 . yakuba
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. ananassae - sl
: : Rhesus/baboon
S. kudriavzevii . pseudoobscura /

Origin and structure of young y S. uvarum : W.’I‘I"Stom
chimeric gene Bnams4b . D. virilis
C. castelli

Anther tapetum cell f Denovo protein e

R = 0.9507
P=0.0022
S. lebanonensis

Start codon 4 —_—T—T— > 0 (Mya) 0 (Mya)

205 Mya ? —T_iv T
o oo BT o 82 17 12 8 5 69 62 54 33 31

-

o
IS
1

Bnams4b

-
-

4.6 Mya 22

Ve - Iy I e S De novo protein intel
‘ —i’\ il protein to form comg 12.8% )
. o

SsP1 Tocl59 Arabidopsis Brassica Bhams4b C nlgon[

% 28 L A. lyrata .
. 4b | C. briggsae
nams 20 | A. thaliana

Plastid —— Outer-envelope membrane ¢ C. tribulationis
C. rubella C. remanei

Emerging ORFs with
o
N

transmembrane

{ f oAl 1.5 1.0 ; ; Adaptive  Neutral Deleterious
] C. tropicalis
F . 2 10,871 © oz C elepans Gene origination time
Ig U re . B. rapa . eleg :
C. becei

A. arabicum C. bovis ® Testis @ Expression in nontestis tissues Nontestis tissues
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