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Genome as a Genetic Material
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Genomes in Various Species




Genome Changes

from http://www.tolweb.org/



Genome Changes by Errors
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Genome Changes by Errors
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Genome Changes by Errors
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Genome Changes by Errors
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Genome Changes by Errors
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Genome Duplicates
Autopolyploidy in Dendranthema
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What Happens to Duplicated Genes
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Evolutionary Fate of Duplicated Genes
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Doubling the product.



Evolutionary Fate of Duplicated Genes
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Evolutionary Fate of Duplicated Genes
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Long-term maintenance of duplicates




Evolutionary Fate of Duplicated Genes
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Evolutionary Fate of Duplicated Genes
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Partitioning the ancestral functions

Subfunctionalization



Evolutionary Fate of Duplicated Genes
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Evolutionary Fate of Duplicated Genes
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Background

1. Genome changes at various levels.

e.g., Gene duplication

2. Natural selection plays a crucial role.

Natural selection is one of the key factors to
determine the fate.



Questions

1. Genome changes at various levels.
e.g., Gene duplication

How often does gene duplication occur?

2. Natural selection is one of the key factors to
determine the fate.

Good changes are likely accepted.

How selection works on duplicated genes
together with others such as drift, mutation,
gene conversion?



Estimating Gene Duplication Rate

by Comparative Genomics



Model: Yeast (Saccharomyces cerevisiae)

Bread, Beer, Wine...



Yeast Genome

statstos
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Schizosaccharomyces pombe

The complete genome sequence of the first eukaryote,
Saccharomyces cerevisiae, appeared in 1996.

Genomic sequences are available for >10 relative species.



Power of Comparative Genomics

Without genomic information
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Power of Comparative Genomics

Without genomic information
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Power of Comparative Genomics

Without genomic information

d=0.028

Human Orangutan



Power of Comparative Genomics

Without genomic information

d=0.028

Human Orangutan

“Molecular Clock”



Power of Comparative Genomics

Without genomic information

Species A Species B

Evolutionary Analysis



Power of Comparative Genomics

Without genomic information

—-eew-a--- Duplication (25 MYA)

Speciation (14 MYA)

= 4=0.05

Human Orangutan Human Orangutan



Power of Comparative Genomics

With genomic information

Species A Species B
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The Rate of Gene Duplication
Lynch and Conery 2000 Science 290: 1151-1155
8.3 per gene per billion years
Data: Saccharomyces cerevisiae genome

Method: Counting young duplicated genes in the genome



The Rate of Gene Duplication
Lynch and Conery 2000 Science 290: 1151-1155
8.3 per gene per billion years
Data: Saccharomyces cerevisiae genome
Method: Counting young duplicated genes in the genome

Surprisingly High!
On the order of point mutation rate.



The Rate of Gene Duplication

Lynch and Conery 2000 Science 290: 1151-1155
8.3 per gene per billion years
Data: Saccharomyces cerevisiae genome

Method: Counting young duplicated genes in the genome

What if duplicated genes are cheating their ages?



What is ” Young” for Duplicated Gene?

“Young”: Genes duplicated recently
“Old": Genes duplicated a long time ago

“Look Young": Duplicated genes with low divergence
“Look Old": Duplicated genes with high divergence

according to Molecular Clock



What is ” Young” for Duplicated Gene?

“Young”: Genes duplicated recently
“Old": Genes duplicated a long time ago

“Look Young": Duplicated genes with low divergence
“Look OIld": Duplicated genes with high divergence

according to Molecular Clock
Question

“Look Young" = "Young"?

Does a molecular clock hold for duplicated gene?



The Rate of Gene Duplication
Lynch and Conery 2000 Science 290: 1151-1155
8.3 per gene per billion years
Data: Saccharomyces cerevisiae genome

Method: Counting “ " duplicated genes



Nucleotide Evolution in Duplicated Genes
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Nucleotide Evolution in Duplicated Genes
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How does a molecular clock work for the
divergence between duplicates?
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Independent Evolution
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Independent Evolution

+ Gene duplication

To — I ——

<+

T —— ——

<+

T2 —— I — -

<+

T3~ —7—

-+

Ta — N INEN IR I——IRIE RN R—

<+

Too— H—/— . —

Young Pair

Molecular Clock

\
Old Pair




Concerted Evolution
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Concerted Evolution
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Concerted Evolution
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Concerted Evolution
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Concerted Evolution
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Model-Free Estimation of
the Gene Duplication Rate in Yeast
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Complete Geneome Sequnece
Gofieau et al. (1996)
Science 274: 546-567

Shotgun Sequneces
Cliften et al. (2003)
Science 301: 71-76
Kellis et al. (2003)
Nature 423: 241-254



Model-Free Estimation of
the Gene Duplication Rate in Yeast

1. Identifiy dupicated genes (denoted by X and Y) in the
baker's yeast (Saccharomyces cerevisiae) genome
2. Find evidence for the presence of the orthologs of X
and Y
S. cerevisiae genome Target genome
—we-mw-aw- O -
—
= e C o Y o D

AXB/CYD/O
Both present



Estimating the Minimum Age, 7},
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Estimating the Minimum Age, 7},
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Estimating the Minimum Age, 7},
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Estimating the Minimum Age, 7},
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Estimating the Minimum Age, 7},

Te Ts TaTs T2 T1 To
12 LA/ AR SEE S i
Ks 0.5 0.25 0

S. cerevisiae AXB/CYD/0O

— S.paradoxus Both present

S. mikatae Both present
7 S. kudriavzevii Both present

S. bayanus Both present

S. castellii

S. kluyveri
Tm



Minimum Ages of Duplicated Genes in the
Baker’s Yeast Genome

x v . paradozus 5. bayanus 5. castellii 5. Huyveri

YHROS3C  VHROSSC Axn Axe Axe
YCLOGEW  YCRO40W AXB/-¥D/2 Jevoga XB/CYDx2/1  AXB/-YD/1 A-B/ 0 —
YNLOIOC  YNLoaaw AXB/-YD/1 /-¥D/0 /e AX-/CYD/D /10 0
VAROGAW  YHR213W-B -¥D/3 - /10 -
YPLOGIW  YNLa3sw 0.0053 /-¥D/0 J—r /—10

YeLissw  YPL220W 00200 AXE/CYD/0  AXE/CYD/0 XB/-YD A-B/CYD /0

YORsooW  YPLO7OC 00200  AXE//0 AB//1 XB/ 1 /—r0

YDL136W  YDL101W 00265 AXE/CYD/O XB/CY-/0 AXB/CY-/0  AXE/CYD/0  A-B/CYD/0

YER1SIC  YPLOSOC 0.0208 Jc¥pr AX-/CYD/1 AXB/CYD/O  XB/ /1 /C¥YD.¥D/0

YNLOISC  YNLO34W 00320 AXB/CY-/1 /CY-YD/0 se¥D/0 se¥n/2 /=10

YBROIIW  YDRO12W 00354 AXB/CYD/D AXB/CY--YD/0  AXD/CYE/0  AXD/CYB/0  AXD/—/0

YHR4IC  YNL162W 00677 AXB/CYD/O -XB/CYD/0 AXB/CYD/0  AXB/CYD/D  AXB/-YD/0

YHR203C  YIR1450 00699 AXB/CYD/D  AXB/CYD/O AXB/—/2 AXB/CY

YEROTAW  YILOSSC 00699  AXB/CYD/D  AXB/CYD/0 AXB/CYD/0  AXB/CYD/0

YBLOT2C  YER102W 00047 AXB/CYD/O AX-/eYD/0 AX-/CYD/0 A/

YBRODSC  YNLO3OW 01839 AXB/CYD/D  AXB/CYD/0 /=12 XB/CYD/0  XB/CYDx2/0

YHLOOIW  YKLOOGW 01888 AXB/CYD/O AX-/-¥D/1 AXB/CYD/0  AXB/CY-/0  -XB/CYD/0

YILOISW  YFROSIG-A 01412 AXB/CYD/O AX-/eYD/0 AXB/CYD/0  AXB/CY-/0 -xB/—/1

YGRossC  YPRioaC 01445  AXB/CYD/0 AX--XB/CYD/O  AXB/CYD/0  AXB/CYD/0 e

YHLO33C  YLLO4sC 045t AXB/CYD/O AXB/CY-/0 AXB/CYD/0  AXB/CYD/0 =t

* Tandem duplicated genes for which the gene order of X, Y and markers s given by AXYB in 5. cercvisiac,




Model-Free Estimation of
the Gene Duplication Rate in Yeast

1-5 gene pairs with T;,, = Tj

= duplication rate = 0.01-0.06 per billion years

About 1/100 of molecular clock-based estimate
by Lynch and Conery

So many old genes look as if they are young.

Gao and Innan 2004 Science 306: 1367-1370



Can we do that?
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Summary 1

1. Low estimate of gene duplication rate by comparative
genomics

Analysis with a single genome do not
work well...
2. Genome-wide demonstration of concerted evolution in

duplicated genes

Molecular clock does not hold
for duplicated genes.



Selection and Evolutionary Fate of
Duplicated Genes under

the Pressure of Gene Conversion



Evolutionary Fate of Duplicated Genes
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Evolutionary Fate of Duplicated Genes
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Evolutionary Fate of Duplicated Genes
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Evolutionary Fate of Duplicated Genes
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Evolutionary Fate of Duplicated Genes
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Under what condition does neofunctionalization occur?



Evolutionary Fate of Duplicated Genes
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Under what condition does neofunctionalization occur?

= Look at nucleotide polyorphism!



Single Nucleotide Polymorphisms
(SNPs)

in Duplicated Genes



Typical Pattern of Polymorphism in
Duplicated Genes

Proximal & Distal Amy in D. melanogaster

D. simulans

Proximal Amy

Distal Amy

Data:

112223344555677778889899990001
454541376661286605573472754990114
818013762183557080972631945908416

1

11

CCCGGCGGAGCGCCCCGGCCGCCCTGCCCGCCCCGGCGCCGCGCTTG

0o/YYAQ0/E00004{000006000: {01/0000x
A AAAT AR ATT A

CAAATTAC A ATT AR
CAAAT AR ATT S

FAAA*TAGYGtTTT**A*AT*T

Ar

“AAA**AG*G**TTT**A"AT*

“*AAA**AG'G**TTT*

CA*AGA**AG**TT* **A*AT**

AN AR AT AR E A AT FAAT
A AR TT e AT

CC AT GA*G*G*
Trrssssprrrg
SRRV C R
CAAYCGA*GYG*
CAA**GA*G*G*
CTA* R AAR AR

Inomata et al.

e AAT*
e A CTAA*FA*CHAY
e T A AAT A

AN T
e T AAT

Trrssewrrnay

T T

[ * AAA* FA* " s s Tttt v s e s TuTrnn s s s THAAA 2 AT 2 2 2 A
CTCAAA**

AT

ATkt AT AAATF AT A
Y T R T
P Y TR
SO ATA* TP ATYCAYCTrCAT A
A ATA** AT A*CTA*AT*A*
A TAt AT ERAYITACAT A
A ATA* AT AACATECAT A
Y T E R
AT AT EAAARTErr ok
WA TAGCHTTrRAC A A A

A A AAATCFYTATAAY

T I SRR I
AR TACHT A e a g
AR TACATrr e A pr A
AT rrra o r A AAAT S FAC AR
raaaapn

L “*A**GA**“AG* *T*T***AAT*****TAC T****"++

1995 Genetics 141: 237-244



Effect of Gene Conversion on Polymorphism

Shared Yy A\ -
Fixed
e Y vwll oy
Il Il
! ! !
Gene | ! I |
Il Il Il
! ! !
-
! !
Il Il
Gene Il ! !
! !
! I
) JJJILCIL
hw1 0 6 .53.563.33 0 0 .53.53 0 Kw1 =3.05
hwz .33.53.53 6 0 .33 0 .53 0 0 Kwz =2.85
ho 2576 50 0 1 6.331 Ko =4.80

D 0 2.1830 0 0 0.130 0 Dsum=0.43



Modeling Duplicated Genes
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Two-Locus Model

. Two duplicated loci (sites), | and Il, with two neutral
alleles (A and a) at mutation-drift equilibrium

. Four haplotypes, A— A, A—a,a— Aanda—a

. Symmetrical mutation rate, u, between A and a at
each loci (0 = 4N p)

. Recombination rate, (R = 4Nr)
. Gene conversion rate, ¢ (C' = 4N¢)
c A-a c
— T~
‘C\

a—A c

A-A



Recursions for Haplotype Frequencies

x1: frequency of A — A
xo: frequency of A —a
x3: frequency of a — A
x4: frequency of a — a

zy = (1—2p)x + (p+c)(xe +x3) —7D
xh = (1-2u—c)wy+ pu(z1 +x4) +7D
vs = (1—2u—c)ws+ pu(w1 +x4) +7D
gy = (1-2wza+ (p+c)(w2+x3) —rD



Backward Diffusion Equation

At equilibrium, g = g(x1, 9, x3) satisfies

where

L(g): differential operator (next slide)



Diffusion Operator

L(g) =
z1(1 —2x1) Og xo(1l —x2) Og z3(1 —x3) Og
AN 9222 4N 9223 AN 9223
+a:1332 dg r1x3 09 Tox3 Og
2N 3:518:102 2N axlal'g 2N 81'281'3
)
+[—2px1 + (u+ ) (x2 + 3) — rD]a—g
T
dg
+H[—2(p + c)wa + p(1 — 22 — x3) + TD]a—
Z2
dg

+H—-2(p+ c)xg + p(l —z2 — x3) + 7“D]87:3



Transformation of the three variables
(xla Zo, l’g) v (pa q, D)

1+ X2
q = T1+23
D = T1Ty4 — T2X3

At equilibrium, g = g(p, q, D) satisfies

E[L'(9)] =0

Ref: Ohta and Kimura 1969 Genetics 63: 229-238



Differential Operator

L'(g) =

829 829
—p)— 1—qg)—2
p(1—p) 2 +q(1—q) 0

+[pg(1 = p)(1 —q) + D(1 - 2p)(1 — Qq)]gxg

Jg Jg Jg
—_— D(l —2p)—— +2D(1 — 29) ———
+2D5 5, T 2P =555 +2D(1 = 24) 5 55

dg

+[0(1 —2p) = C(p - Q)]% +10(1-29) = Clp— )]+

+[Cp(1 —p) —Cq(1 —q) + (2+ 46 +2C + R)D]| —=



Four Equations of E(p?), E(pq) and E(D)
g=p":
1+60—2(1+20+C)E(p®) +2CE(pq) =0
g=nq:
2E(D) 4+ 2CE(p?) + (46 4+ 2C)E(pq) + 6 = 0
g=2D:

C —2CE(p®) — (40 +2C + R)E(D) =0



Exact Solutions for E(p?), E(pq) and E(D)

E(p”) =g
E(pq) = —1;09 a 25”
=52

where
a=20+C,0=2+2a+ R
A =4C? + 46[20C + 2a(1 + 6)]
w=8C%+48[a(1 + a) — 2



Expectations of h,, h, and D

B(h,)=1-22
E(h) =1+ 129 5 2(1C—i’—wa))\
C 2\
z0)-5(1-%)

Innan 2002 Genetics 161: 865-872



Two-Locus Model — Finite-Site Model

—fiTe[e] = i ] = oL —

MY N W

—{ea = [ [ e —

E(Ky,) =L x E(hy)

E(Ky) = L x E(hy)
E(Dgsum) =L x E(D)



Finite-Site Model — Infinite-Site Model

. 20(2C + R+ 2)
B(Ky) = lim L x E(hy) = 4(C+—R+2

O(4C?+4C+2CR+R+2)

B(Ky) = lim LxE() = C(AC+R+2)

20C

E(Doyn) = lim L x B(D) = ——2—
( J= lim o< B0} AC+R+2

where

© = LO: Mutation rate per gene

Innan 2003 Genetics 163: 803-810



Estimating O, C, and R

A Kw+2Dsum n__ Kw+2Dsum
O=—— o ="
C, _ K’w — 2Dsum

2(Kp — Ky)

K2 +4D2%, — 4Ky Dum

sum

= 2(Kb - Kw)Dsum




Proximal & Distal Amy in D. melanogaster

11111111111 1111111
11222334455567777888989999000101122323344444
45454137666128660557347275499011499803589710324
81801376218355708097263194590841652883313161169

D. simulans CCCGGCGGAGCGCCCCGGCCGCCCTGCCCGCCCCGGCGCCGCGCTTG

[ * " AAA* A+ * # * A T v #aaaa s TaTraan s s THAAAS ## ¥ T4 22 A ¥
S AAA* A E AT e A sk AT AT A x s s AT HAAAS S AT AT
A AAAT A E A ATT AN A Ak T AT ARk AT AAAAF R AT AR A
WA AAAT A AT A ah ke T A

Proximal Amy [« * AAA® «A**+* s TT s asastassssssCapesssssaTuursspn

 AAAT T AG Gt TTT* *A* %+ #x v ATA*** * T+ *A**T**AT*A*
o AAA**AG G *TTT* *A*AT*T**ATA****T**A**TA*AT*A*
O AAA**TAG G TTTT* *A*AT*****TA****T**A**T+**AT A"

L +*A**GA**AG* *TT***A*AT****ATA****T**A**T**AT*A*

[ s # A% * * A s st rxx s T O FAAT * * ¢ 4 4+ s Ca Tt s x s aThd s s s g
WA p N AT A AT AT A  ANTAAAACT ARk
A A GATGE G AT A FAAT Rk TAC T * At **ssnssssps
Tt s s s s At CH t HCTAA**A*C A* ***** *AAA****TA*AA*

Distal Amy B R R R T B e T R A Y T

A A GATGEGr AT FEAAT A F A ATACH T E ek a g

AT GACGY G AT FFAAT A F Y ATAC T A v A A

WA RAE R AR ATk kT AT AR a ok k  AAAT AR A

L * A" *GA* “AG* *T*T***AAT*****TACH T *rtrrrvnsunsps

Observed: K,, = 45.89, K3 = 68.16, Dgyp = 0.67
Estimated: 8 = 0.0172, C' = 1.03, R = 66.6

Data: Inomata et al. 1995 Genetics 141: 237-244




RHCE & RHD in Human: Anything Strange?

1111111111
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Cons. GTAGGTTTAAGATAGTGACCGGGCCGGTGAGAGCGAGGAATCGCGAGCTA
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Innan 2003 PNAS 100: 8793-8798



RHCE & RHD in Human: Anything Strange?

Distributions of Shared and Fixed Sites
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RHCE & RHD in Human: Anything Strange?

Distributions of Shared and Fixed Sites

15
B Shared
10 B Fixed
5
0 Exon 1 Exon 2 Exon 3 Exon 4 ‘ Exon 5 ‘ Exon 6 Exon7 [Exon 8‘ Exon 9‘10
0 250 500 750 1000 1254

Position

Does Selection Against Gene Conversion in Exon 7
Explain the Data?



Selection Against Gene Conversion:
Selection for Neofunctionalization
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Selection Against Gene Conversion:
Selection for Neofunctionalization
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Selection Against Gene Conversion:
Selection for Neofunctionalization
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Modeling the Battle
Selection vs. Gene Conversion

A and B have different functions so that
haplotypes with two different alleles are favored

Advantageous (fitness = 1)

A-B

— ~
‘(,\ /C'

B-A

Deleterious (fitness = 1 — )

Population parameters, 8 = 4Nu, R = 4Nr, and C = 4Nc¢



(
= (
(
(

Recursions for Haplotype Frequencies

x1: frequency of A — A
To: frequency of A — B
x3: frequency of B — A
x4: frequency of B — B

1—2u)xy + (u+ ¢)(z2 + 23) — rD — sx1(xo + x3)
1—2u—c)xo + p(z1 + z4) + rD + sxo(x1 + 24)
1—2p—c)zs + p(xy + 24) + 7D + szz(z1 + 24)

1—2p)zs + (p+ ¢)(xa + x3) — rD — szy(xg + 23)



Backward Diffusion Equation

At equilibrium, g = g(x1, 9, x3) satisfies

where

L(g): differential operator (next slide)



Differential Operator

L'(g) =
xl(l—xl)@ xg(l—xg)@ 3@,(1—9@,)8729
4N 0z? 4N 03 4N ox?
+x1x2 dg r1x3 dg Toxy Jg

2N 3z18x2 2N 8%181‘3 2N aIEQaI’g

0
+[—2pz1 + (1 + ¢)(z2 + x3) — rD — sz (z2 + 333)]87591

0
+[—2(u + c)xe + p(z1 + x4) + rD + szo(z1 + 554)]8752
99
8333

+[—2(p + )3 + p(xy + x4) + 7D + sx3(z1 + 24)]



Transformation of the three variables
(xla Zo, xd) v (pa q, D)

X1 + o
q = T1+x3
D = x1x4— 2923

At equilibrium, g = g(p, q, D) satisfies

E[L'(g)] =0



Differential Operator

L'(g) =
0%g 0%g
p(1 —p)78p2 +q(1 —q)—aq2
829
+[pg(1 —p)(1 —q) + D(1 —2p)(1 - 261)}7.932
3
dg dg dg
7 — ) —2_ 1 9D(1 — 2¢)—2—
+2D8p5‘q+2D(1 p)apaD-i- ( q)aan

+ ...continue



Differential Operator

+0(1 = 2p) — C(p —q)
+4Nsp(1 — p —2q + 2pq) — 4ANsD(1 — 2p)]%
+[0(1 -2q) = C(p—q)

0
+4Nsq(1 —2p — q + 2pq) — 4NsD(1 — Qq)]a—z
+[Cp(1 —p) — Cq(1 —q) + (2+46 +2C + R)D
99

—8Nspg(1 —p— g +pg) + 8NsD*| -0



Three Equations of F(p?), E(p®) and E(p*)
1-6E(p*) + E(@*) =0

—0—C+4Ns+4(0 + C — ANs)E(p?)
— 8NsE(p®) + 16NsE(p*) =0
g=D:
C — 4Ns — 2(C — 8Ns)E(p?) — 8NsE(p*) = 0

Assumption: Strong selection (i.e.,p+q = 1)



Solutions

0—C+2Ns 0 —3C+4Ns
E@?) ="~ "1" = —
P) =N PP = e ms
C(0 —8Ns) + 8(Ns)? + C?
E(p4): ( ) ( )
16(6 + Ns)
Then,
0+C
—1_ 2\ _
0 —C+2Ns
E(hy) =1—-2E(pq) = 201 Ns)

Innan 2003 PNAS 100: 8793-8798



Interpretation of Theoretical Results

If selection is sufficiently strong, the target site of selection
could be a fixed (or nearly fixed) site

Additional mutations likely fix in the surrounding region of
the target site by hitchhiking effect

Signature of Selection

A peak of the divergence between duplicated genes in
regions of functional importance



Selection Around Exon 7 in the RH Genes?

B Shared
10 B Fiyed
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1. All 15 fixed sites are around exon 7, which encodes
amino acids that characterize the difference between
RHCE and RHD antigens.

2. Most fixed sites are non-synonymous
(13 non-synonymous vs. 2 synonymous)



Hypothetical History of the Rh genes
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Hypothetical History of the Rh genes
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Hypothetical History of the Rh genes
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Hypothetical History of the Rh genes
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Hypothetical History of the Rh genes
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Similar Pattern in Human Opsin Genes

3000

Two amino acid differences in exon 5 contribute to the
changes between the red and green opsins

Data: Zhao, Hewett-Emmett, and Li 1997 J. Mol. Evol. 46: 494-496.



Simulating Divergence

Original region Duplicated region

Gene conversion | -
Gene conversion Il

1. Simulated region (L bp) assigned to a (0,1) interval
2. Mutation rate p per region per generation

3. Gene conversion rate c¢ per site per generation
e Gene conversion is initiated at rate g
e Tract length follows a Geometric distribution with
a mean tract length of 1/Q (1/q = L/Q bp)

Teshima and Innan 2004 Genetics 166: 1553-1560



How Concerted Evolution is Terminated?

1. Accumulation of a number of point mutations
Gene conversion is terminated once
the divergence between the duplicates (d) hits a
threshold value, d;.
imporatnt parameters: ¢/u, di, Q

2. Drastic changes of DNA sequences
Mutations such as transposons and large in/dels
automatically terminates gene conversion.
imporatnt parameters: pr

3. Selection for neofunctionalization
Gene conversion is deleterious.
imporatnt parameters: s/c



Summary

. Demonstrating how comparative genomics works
. Estimate of gene duplication rate

. Genome-wide demonstration of concerted evolution in
yeast

. Development of basic theory to analyze DNA
polymorphism data in duplicated genes

. Selection for neofunctionalization works against gene
conversion
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