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The King and Wilson paradox

“...the genetic distance between humans and the 
chimpanzee is probably too small to account for 
their substantial organismal differences.”

M.-C. King and A. Wilson 1975



Solutions to the paradox



• Coding (Classic)

Solutions to the paradox



from Bell et al. (2004)

The ASPM protein evolves rapidly and controls brain size



• Coding (Classic)

• cis-Regulatory (King and Wilson)

Solutions to the paradox



Prodynorphin in humans
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more repeats, more endorphins

Prodynorphin (PDYN) controls the expression of endorphins.
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Prodynorphin evolves rapidly in humans

Rockman et al. (2005) PLoS Biology



• Coding (Classic)

• cis-Regulatory (King and Wilson)

• Gene duplication (S. Ohno) 

Solutions to the paradox



from Popesco et al. (2006)

DUF1220 is highly duplicated in humans



• Coding (Classic)

• cis-Regulatory (King and Wilson)

• Gene duplication (S. Ohno) 

• Gene loss (“Less is more”)

Solutions to the paradox



Loss of myosin associated with cranial enlargement

from Stedman et al. (2004)
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• Coding (Classic)

• cis-Regulatory (King and Wilson)

• Gene duplication (S. Ohno) 

• Gene loss (“Less is more”)

Solutions to the paradox

Two aims:
-Quantify the amount of gain and loss
-Infer the action of natural selection



Outline

I.  Statistical and computational methods

II.  Quantifying gene gain and loss

III. Natural selection on gene duplicates



Preview of results

•Primates gain and lose genes at a rate twice as 
high as other mammals 

•At least 1,415 genes (6% of all genes) are not 
shared between humans and chimps

•Newly duplicated genes are undergoing 
adaptive evolution at a high rate



Outline

I.  Statistical and computational methods

II.  Quantifying gene gain and loss

III. Natural selection on gene duplicates



Gene families are groups of genes that share 
sequence and functional homology

The evolution of gene families



The size of gene families changes among 
species. 

S. cerevisiae C. elegans D. melanogaster H. sapiens A. thaliana

Homeodomain 9 109 148 267 118

121 437 357 1049706

1 183 25 59 4

Zinc-finger

Nuclear receptor

The evolution of gene families

from Venter et al. (2001)



A model for gene gain and loss

Hahn et al. (2005) Genome Research



A model for gene gain and loss

Hahn et al. (2005) Genome Research

Homogeneous birth and death process



A model for gene gain and loss

Birth = duplication
	
Death = deletion or pseudogenization
	

Hahn et al. (2005) Genome Research

Homogeneous birth and death process



Birth-death model of gene family evolution

Ancestral genome

Derived species A Derived species B



No model, no inference.

--J. Felsenstein

There are no true models, only helpful ones.

--G.E.P. Box



The necessary parameters:

Birth-Death transition probability  (Bailey 1964):

-Current family size
-Time since divergence

-Ancestral family size
-Gain and loss rates

Birth-death model of gene family evolution

Hahn et al. (2005) Genome Research
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Probabilistic graphical models



Inferring rates of gain and loss
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Inferring ancestral states
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Inferring ancestral states
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Inferring gains and losses
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Inferring gains and losses
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CAFE

www.bio.indiana.edu/~hahnlab/Software.html

De Bie et al. (2006) Bioinformatics

 (Computational Analysis of gene Family Evolution)

http://www.bio.indiana.edu/Softw
http://www.bio.indiana.edu/Softw
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III. Natural selection on gene duplicates



Genome size in mammals
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22,149

(Data from Ensembl v41)



The rate of gene gain and loss

We estimate λ (the gain/loss rate) to be 0.0017 /gene/my
across the whole tree



The rate of gene gain and loss

We estimate λ (the gain/loss rate) to be 0.0017 /gene/my
across the whole tree

This number is very similar to estimates by other groups for just the 
rate of gene duplication:

0.0013-0.0026 (Lynch and Conery 2003; Gibbs et al. 2004)



The rate of gene gain and loss
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Mouse
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Dog

0.0039
0.0024
0.0014

The rate of gain and loss in primates is 2-3 times higher 
than the rest of the mammals

Hahn et al. (2007) Genetics
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Accelerated rate of gene gain and loss in primates
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Accelerated rate of gene gain and loss in primates
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Accelerated rate of gene gain and loss in hominids

Orangutan

Locke et al. (in prep.)



Gene gain and loss in mammals
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Demuth et al. (2006) PLoS ONE
Gibbs et al. (2007) Science



Gene gain and loss in mammals
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1361/1122
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15/4

565/2171

Demuth et al. (2006) PLoS ONE
Gibbs et al. (2007) Science



In humans:

In chimpanzees:

Gene gain and loss in the great apes



•  675 genes have been gained
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•  740 genes have been lost
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•  675 genes have been gained

•  740 genes have been lost

In humans:

In chimpanzees:

Gene gain and loss in the great apes

+
1415



•  675 genes have been gained

•  740 genes have been lost

In humans:

In chimpanzees:

Gene gain and loss in the great apes

1,415 genes not shared between humans and chimps!

+
1415



An alternative method for estimating gain and loss



An alternative method for estimating gain and loss
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“Genes in a bag”

An alternative method for estimating gain and loss
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Species trees vs. gene trees
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Species trees vs. gene trees
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Hahn (2007) Genome Biology



Rapidly expanding gene families



Rapidly expanding gene families

The most common biological functions assigned to individual 
rapidly expanding families include: 

	 	 	 immune defense

	 	 	 brain and neuronal development

	 	 	 intercellular transport



Rapidly expanding gene families

The most common biological functions assigned to individual 
rapidly expanding families include: 

	 	 	 immune defense

	 	 	 brain and neuronal development

	 	 	 intercellular transport

Interestingly, these are the same functions that evolve rapidly at the 
nucleotide level in primates.



Accelerated evolution of gene families
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Large expansion of HLA genes in Rhesus macaque
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Gene losses
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Gene losses
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Gene losses

Checked for the presence of 424 genes “lost” from humans

Costello et al. (2008) RECOMB-CG
Schrider and Hahn (unpublished)
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Gene losses

Checked for the presence of 424 genes “lost” from humans

Costello et al. (2008) RECOMB-CG
Schrider and Hahn (unpublished)

221 genes found203 genes not found

12 in assembly gaps191 lost
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Differences between human and chimp



Differences between human and chimp

There are a large number of differences between 
humans and chimps (~6% at the gene level).



Differences between human and chimp

There are a large number of differences between 
humans and chimps (~6% at the gene level).

The genomic revolving door
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Human-chimp divergence

Polymorphism
(4Nµ)

Divergence
(2Tµ)



Human-chimp divergence
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Human-chimp divergence

Polymorphism
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Copy Number 6.40%



Human-chimp divergence

Polymorphism
(4Nµ)

Divergence
(2Tµ)

Nucleotides 0.10% 1.23%

Copy Number 6.40%0.55%

McCarroll et al. (2008) Nature Genetics



The King and Wilson paradox

Humans and chimps are 1% different at the 
nucleotide level

But the number of genic differences is much larger 
than equally distant pairs of non-primates



The King and Wilson paradox

Humans and chimps are 1% different at the 
nucleotide level

AACGCATCGATCGATCAGCTACGACG----------
----------TCGATCAACTACGACGAACGCATCGA



Differences between human and chimp

Do any of these gains or losses matter?



Outline

I.  Statistical and computational methods

II.  Quantifying gene gain and loss

III. Natural selection on gene duplicates
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Genome scans for positive selection

Positive selection in humans:



Genome scans for positive selection
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Genome scans for positive selection

Nielsen et al. 2005 35/13,653 (0.2%)

P<0.05

>0

FDR<0.05

Positive selection in humans:

2154/13,888 (1.1%)Bakewell et al. 2007
Gibbs et al. 2007

These analyses do not consider duplicates!



Genome scan for positive selection on duplicates



Mouse Rat Macaque Human



Mouse Rat Macaque Human



Mouse Rat Macaque Human

0.032



Mouse Rat Macaque Human

0.032

n=756 n=701 n=339 n=356

0.095 0.038



Test for dN/dS>1

M1a:

dN/dS<1
dN/dS=1

M2a:

dN/dS<1
dN/dS=1
dN/dS>1

Compare M1a vs. M2a in likelihood ratio test using PAML
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Mouse Rat Macaque Human

n=8,631 n=10,376
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Mouse Rat Macaque Human

n=585 n=558 n=279 n=252

Pairs of duplicates
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Gene conversion

Casola and Hahn (submitted)



Gene conversion

Casola and Hahn (submitted)



Gene conversion

Casola and Hahn (submitted)



Gene conversion

Gene conversion may cause false positives 
in tests for selection

Casola and Hahn (submitted)



Gene conversion

(<5% of paralogs have undergone conversion)



Gene conversion

(<5% of paralogs have undergone conversion)
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Gene conversion
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McGrath et al. (submitted)
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K. Pollard, UCSF

5kb upstream
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Rapidly-expanding families



Mouse Rat Macaque Human

Rapidly-expanding families

n=142 n=132 n=15 n=38
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Genome scan for positive selection on duplicates



There’s lots of positive selection!
(at least twice as much as on single-copy genes)

Genome scan for positive selection on duplicates



Why hasn’t anyone seen this before?
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The Ka/Ks ratio distribution of young human duplicatesFigure 3
The Ka/Ks ratio distribution of young human duplicates. The x axis is the 
Ka/Ks ratio on the branch leading to one human duplicated gene. The y axis 
is the number of genes within a Ka/Ks bin. (a) All genes from the 250 pairs, 
a total of 500 sequences. (b) The fast-evolving duplicate copies of 250 
pairs, a total of 250 sequences. (c) The slow-evolving duplicate copies of 
250 pairs, a total of 250 sequences.
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The Ka/Ks ratio distribution of young human duplicatesFigure 3
The Ka/Ks ratio distribution of young human duplicates. The x axis is the 
Ka/Ks ratio on the branch leading to one human duplicated gene. The y axis 
is the number of genes within a Ka/Ks bin. (a) All genes from the 250 pairs, 
a total of 500 sequences. (b) The fast-evolving duplicate copies of 250 
pairs, a total of 250 sequences. (c) The slow-evolving duplicate copies of 
250 pairs, a total of 250 sequences.

Ka/Ks ratio

Ka/Ks ratio

Ka/Ks ratio

N
u
m

b
e
r 

o
f 
g
e
n
e
s

N
u
m

b
e
r 

o
f 
g
e
n
e
s

0 0.5 1.0 1.5 2.0 2.5 >10

0 0.5 1.0 1.5 2.0 >10

0 0.5 1.0 1.5 2.0 >10

0

0

5

10

15

20

25

30

35

10

20

30

40

50

60

70

80

90

N
u
m

b
e
r 

o
f 
g
e
n
e
s

0

10

20

30

40

50

60

70

80

90

(a)

(b)

(c)

Zhang, Gu, and Li 2003

Why hasn’t anyone seen this before?



R56.4 Genome Biology 2003,     Volume 4, Issue 9, Article R56       Zhang et al. http://genomebiology.com/2003/4/9/R56

Genome Biology 2003, 4:R56

!"#$%&'()*+ ,'-+ .)+ (//+ *,'$$+ 0/1+ (2)+ ()*(+ (/+ .)+ *('(%*(%&'$$-

*%34%0%&'4(5+)6)4+%0+*/,)+/0+(2)+*".*(%("(%/4*+2'6)+/&&"11)!+.-

#/*%(%6)+*)$)&(%/47

8/*(+/0+(2)+0'*(9)6/$6%43+!"#$%&'()+&/#%)*+2'6)+2%32)1+:';:*
1'(%/*+<=%3"1)+>.?+(2'4+*$/@9)6/$6%43+!"#$%&'()+&/#%)*+<=%3"1)

>&?7+A2%*+*"##/1(*+ (2)+6%)@+(2'(+'0()1+3)4)+!"#$%&'(%/45+/4)

!"#$%&'()+&/#-+,'-+2'6)+"4!)13/4)+#"1%0-%43+*)$)&(%/45+@2%$)

(2)+0"4&(%/4'$+&/4*(1'%4(*+/4+(2)+/(2)1+&/#-+,'-+2'6)+.))4

1)$'B)!+(/+*/,)+)B()4(7

Different substitution patterns
C,/43+ (2)+ DEF+ 0'*(9)6/$6%43+ 2",'4+ -/"43+ !"#$%&'()*5+ DGH

2'6)+ '4+ )6)4+ ',%4/9'&%!+ *".*(%("(%/4+ #'(()14+ '&1/**+ (2)

*)I")4&)+.)(@))4+(2)+2",'4+'4!+,/"*)+/1(2/$/3*7+J4+/(2)1

@/1!*5+(2)*)+DGH+*)I")4&)*+*2/@+4/+$'13)+2%32$-9&/4*)16)!

1)3%/4*7+K4+(2)+/(2)1+2'4!5+LF+/0+(2)+DEF+*$/@9)6/$6%43+&/#%)*

*2/@+ )6%!)4&)+ /0+ '4+ "4)6)4+ *".*(%("(%/4+ #'(()14+ .)(@))4

2",'4+'4!+,/"*)+/1(2/$/3*5+@2%&2+*"33)*(*+(2'(+(2)-+2'6)

*/,)+*$/@9)6/$6%43+1)3%/4*+'4!+*/,)+0'*(9)6/$6%43+1)3%/4*+'(

(2)+#1/()%4+$)6)$7

J4+/1!)1+(/+%40)1+(2)+#/*%(%/4+/0+)'&2+',%4/9'&%!+*".*(%("(%/4

%4+(2)+*)I")4&)5+@)+%40)11)!+(2)+'4&)*(1'$+*)I")4&)*+.-+"*%43

MC8N+ <M2-$/3)4)(%&+C4'$-*%*+ .-+8'B%,",+N%O)$%2//!?+ PQR

*('4!'1!+*)((%43*5+@2%&2+'**",)+&/4*('4(+1'()*+'&1/**+*%()*7+J(

%*+#/**%.$)5+(2)1)0/1)5+(2'(+/"1+)*(%,'()!+*".*(%("(%/4*+,'-+.)

,/1)+ )6)4$-+ !%*(1%."()!+ (2'4+ (2)-+ '&("'$$-+ '1)7+ S/@)6)15

.)&'"*)+@)+'1)+&/,#'1%43+(2)+#)1&)4('3)+/0+*)I")4&)*+@%(2

)6)4+#'(()14*+%4+0'*(9)6/$6%43+&/#%)*+(/+(2/*)+%4+*$/@9)6/$6%43

&/#%)*5+(2%*+#/()4(%'$+.%'*+*2/"$!+.)+/4+./(2+*%!)*+/0+(2)+&/,9

#'1%*/4+'4!+*2/"$!+4/(+&2'43)+/"1+&/4&$"*%/47

=%3"1)+E+@%(2+'+&2%9*I"'1)+()*(+<!T+U+DT7QV5+!0+U+D5+!"W+G7GD?

*2/@*+(2'(+0'*(9)6/$6%43+!"#$%&'()*+2'6)+'+*%34%0%&'4($-+2%32)1

#1/#/1(%/4+ /0+ *)I")4&)*+@%(2+ '4+ )6)4+ *".*(%("(%/4+ #'(()147

A2%*+ 0%4!%43+ *"33)*(*+ (2'(+,/*(+ /0+ (2)+ 0'*(9)6/$6%43+ &/#%)*

2'6)+,/1)+1)$'B)!+0"4&(%/4'$+&/4*(1'%4(*+(2'4+*$/@9)6/$6%43

&/#%)*+'4!+()4!+(/+'&&","$'()+*".*(%("(%/4*+)6)4$-+'&1/**+(2)

*)I")4&)7+ A2)+ *"33)*(%/4+ /0+ 1)$'B)!+ 0"4&(%/4'$+ &/4*(1'%4(*

0/1+ -/"43+ !"#$%&'()*+ %*+ &/4*%*()4(+ @%(2+ (2)+ /.*)16'(%/4+ /0

N-4&2+'4!+X/4)1-+PTR7+K0+&/"1*)5+@)+&'44/(+)B&$"!)+(2)+#/*9

*%.%$%(-+ (2'(+ */,)+ /0+ (2)+ ',%4/9'&%!+ *".*(%("(%/4*+ %4+ 0'*(9

)6/$6%43+&/#%)*+,%32(+2'6)+.))4+!")+ (/+#/*%(%6)+Y'1@%4%'4

*)$)&(%/47

K"1+0%4!%43+%*+6)1-+!%00)1)4(+01/,+(2'(+/0+:/4!1'*2/6+#$"%&7

PLR5+@2/+0/"4!+/4$-+(@/+#'%1*+@%(2+"4)I"'$+)6/$"(%/4'1-+1'()*

/"(+/0+EH+#'%1*+*("!%)!+%4+,',,'$*7+Z%4&)+(2)-+'$*/+0/&"*)!

/4+ -/"43+ !"#$%&'(%/4*+ <G7GF+W+:*+W+ G7F?+ '4!+ (2)+ '##1/'&2

(2)-+"*)!+(/+ %!)4(%0-+!"#$%&'()+3)4)*+%*+*%,%$'1+(/+/"1*5+ (2%*

,'-+.)+!")+(/+(2)+!%00)1)4(+!'('*)(*+"*)!7+Z%4&)+(2)+4)"(1'$

#'(()14+ 0/"4!+ %4+ (2)+ 0'*(9)6/$6%43+ &/#%)*+ %4+ /"1+ *("!-+ %*+ (/

*/,)+ )B()4(+ *%,%$'1+ (/+ (2)+ )6/$"(%/4+ /0+ #*)"!/3)4)*5+ @)

)B',%4)!+ (2)+ #/**%.%$%(-+ /0+ (2)+ %4&$"*%/4+ /0+,'4-+ #*)"!/9

3)4)*+%4+/"1+*',#$)7

A2)+3)4)+#1)!%&(%/4*+%4+(2)+[4*),.$+!'('.'*)+PDFR+@)+"*)!

'$@'-*+#1/!"&)+'+(1'4*$'(%/4+0/1+)'&2+3)4)+'4!+'+*(1%43)4(+&1%9

()1%/4+<4)'1+0"$$9$)43(2+*%,%$'1%(-?+@'*+"*)!+%4+/"1+31/"#%43

,)(2/!\+&/4*)I")4($-5+/"1+!'('*)(+!/)*+4/(+%4&$"!)+#*)"!/9

3)4)*+!")+(/+#1),'("1)+&/!/4*7+Z%4&)+@)+$%,%()!+/"1+*)(+/0

!"#$%&'()!+3)4)*+ (/+:*+]+G7GF5+'+#*)"!/3)4)+ %4+/"1+ *',#$)

@/"$!+.)+ $%O)$-+ (/+2'6)+ $/*(+ %(*+ 0"4&(%/4+/4$-+ 6)1-+ 1)&)4($-5

/(2)1@%*)+%(+@/"$!+2'6)+3'%4)!+/4)+/1+,/1)+#1),'("1)+*(/#

&/!/4*+ *%4&)+ (2)+ (%,)+ /0+ 4/40"4&(%/4'$%^'(%/47+ J4+ (2)

[4*),.$+!'('.'*)+@)+"*)!+/4$-+(2/*)+3)4)*+<_O4/@4_+3)4)*?

The Ka/Ks ratio distribution of young human duplicatesFigure 3
The Ka/Ks ratio distribution of young human duplicates. The x axis is the 
Ka/Ks ratio on the branch leading to one human duplicated gene. The y axis 
is the number of genes within a Ka/Ks bin. (a) All genes from the 250 pairs, 
a total of 500 sequences. (b) The fast-evolving duplicate copies of 250 
pairs, a total of 250 sequences. (c) The slow-evolving duplicate copies of 
250 pairs, a total of 250 sequences.
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Why hasn’t anyone seen this before?

quences that were unlikely to be functional
proteins (21). Each sequence retained after this
initial filtering was then compared against all
other members of the intraspecific set to iden-
tify pairs of gene duplicates, which were then
analyzed for the degree of nucleotide diver-
gence (21). The analyses for C. elegans, D.
melanogaster, and S. cerevisiae were based on
the complete genomic sequences available for
these species.

The traditional approach to inferring the
magnitude of selective constraint on protein
evolution focuses on codons, comparing the
rates of nucleotide substitution at replacement
and silent sites (7, 15, 16). With this sort of
analysis, only the cumulative pattern of nucle-
otide substitution is identified, making it diffi-
cult to determine whether duplicate genes typ-
ically undergo different phases of evolutionary
divergence, e.g., an early phase of near neutral-

ity followed by a later phase of selective con-
straint. Some clarification of this issue can be
achieved by considering the features of sets of
gene duplicates separated by an array of diver-
gence times.

Under the assumption that silent substitu-
tions are largely immune from selection and
accumulate at a stochastic rate that is propor-
tional to time, we take the number of substitu-
tions per silent site, S, separating two members
of a pair of duplicates to be a measure of the
relative age of the pair. Letting R denote the
number of substitutions per replacement site, a
net (cumulative) selective constraint since the
time of origin of a pair of duplicates will be
reflected in an R/S ratio ! 1, whereas a net
acceleration of protein evolution will be re-
vealed by an R/S ratio " 1. Complete relaxation
of selection will result in R/S # 1. For the
duplicate genes that we have identified, there is

often considerable scatter around the neutral
expectation when S ! 0.05 (Fig. 1), suggest-
ing that early in their history, many gene
duplicates experience a phase of relaxed se-
lection or even accelerated evolution at re-
placement sites. The progressive decline of
R/S beyond this point reflects a gradual in-
crease in the magnitude of selective con-
straint. The vast majority of gene duplicates
with S " 0.1 exhibits an R/S ratio !! 1.

From the qualitative behavior of the cu-
mulative R/S ratio, some insight into the tem-
poral development of increasing selective
constraint on duplicate-gene evolution can be
obtained by considering a simple model in
which R declines relative to S, according to
the function

dR
dS

!
1

a " be"mS (1)

Under this model, assuming positive m, the
ratio of rates of replacement to silent substi-
tutions initiates with an expected value of
1/(a $ b) at S % 0 (reflecting the evolution-
ary properties of newly arisen duplicates) and
declines to 1/a as S 3 & (reflecting ancient
duplicates). Integrating this equation, the ex-
pected cumulative number of substitutions
per replacement site (R) can be described as a
function of the cumulative number of substi-
tutions per silent site (S),

R !
1

am !mS " ln " a " b
a " be"mS#$

(2)

The parameters a, b, and m can then be
estimated by performing least-squares analy-
sis on the pairwise gene-specific estimates of
R and S (22).

Given the inherently stochastic nature of
molecular evolutionary processes, Eq. 2 de-
scribes the average rate of accumulation of
amino acid–replacing substitutions fairly well,
explaining more than 50% of the variance in the
data in all cases (Fig. 1). Moreover, the pattern
is quite similar across species. The estimates of
dR/dS at low S are all ! 1, with a narrow range
of 0.37 to 0.46 and a mean value of 0.43 (SE %
0.01), and dR/dS gradually declines to asymp-
totic values in the range of 0.022 to 0.106
(mean % 0.053, SE % 0.009) (Table 1). These
results imply that, early in their evolutionary
history, duplicate genes tend to be under mod-
erate selective constraints with the rate of ami-
no acid substitution averaging about 43% of the
neutral expectation. The efficiency of purifying
selection subsequently increases approximately
10-fold, to the point at which only about 5% of
amino acid–changing mutations are able to rise
to fixation.

Some caveats in the interpretation of these
results are in order. First, the nucleotide di-
vergence statistics describe the average pat-
tern of molecular evolution. Individual
codons may, in many cases, deviate substan-

Fig. 1. Cumulative numbers of observed replacement substitutions per replacement site as a
function of the number of silent substitutions per silent site. Each point represents a single pair of
gene duplicates. The dashed line denotes the expectation under the neutral model, whereas the
solid line is the least-squares fit of Eq. 2 to the data (22). Open points denote gene pairs for which
the ratio R/S is not significantly different from the neutral expectation of 1.

Table 1. Fitted coefficients for the function describing cumulative replacement substitutions per
replacement site versus silent substitutions per silent site, Eq. 2, and for the function describing the rate
of loss of young duplicates, Eq. 3. The value r2 gives the proportion of variance in the observed values
described by the model; standard errors are in parentheses.

Species
Equation 2 Equation 3

m (dR/dS)S % 0 (dR/dS)S % & r2 d r2

H. sapiens 0.412 0.442 0.038 0.759 23.9 (2.0) 0.954
M. musculus 6.574 0.388 0.106 0.730 13.9 (3.2) 0.698
G. gallus 0.829 0.382 0.032 0.720 $ $
Danio rerio 0.857 0.450 0.022 0.677 $ $
D. melanogaster 0.564 0.372 0.050 0.533 8.2 (1.6) 0.766
C. elegans 0.547 0.500 0.062 0.647 7.0 (1.5) 0.735
A. thaliana 0.695 0.458 0.043 0.750 17.6 (5.0) 0.605
O. sativa 0.500 0.412 0.034 0.540 $ $
S. cerevisiae 20.357 0.433 0.090 0.531 7.5 (2.4) 0.538
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The Ka/Ks ratio distribution of young human duplicatesFigure 3
The Ka/Ks ratio distribution of young human duplicates. The x axis is the 
Ka/Ks ratio on the branch leading to one human duplicated gene. The y axis 
is the number of genes within a Ka/Ks bin. (a) All genes from the 250 pairs, 
a total of 500 sequences. (b) The fast-evolving duplicate copies of 250 
pairs, a total of 250 sequences. (c) The slow-evolving duplicate copies of 
250 pairs, a total of 250 sequences.
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Why hasn’t anyone seen this before?

quences that were unlikely to be functional
proteins (21). Each sequence retained after this
initial filtering was then compared against all
other members of the intraspecific set to iden-
tify pairs of gene duplicates, which were then
analyzed for the degree of nucleotide diver-
gence (21). The analyses for C. elegans, D.
melanogaster, and S. cerevisiae were based on
the complete genomic sequences available for
these species.

The traditional approach to inferring the
magnitude of selective constraint on protein
evolution focuses on codons, comparing the
rates of nucleotide substitution at replacement
and silent sites (7, 15, 16). With this sort of
analysis, only the cumulative pattern of nucle-
otide substitution is identified, making it diffi-
cult to determine whether duplicate genes typ-
ically undergo different phases of evolutionary
divergence, e.g., an early phase of near neutral-

ity followed by a later phase of selective con-
straint. Some clarification of this issue can be
achieved by considering the features of sets of
gene duplicates separated by an array of diver-
gence times.

Under the assumption that silent substitu-
tions are largely immune from selection and
accumulate at a stochastic rate that is propor-
tional to time, we take the number of substitu-
tions per silent site, S, separating two members
of a pair of duplicates to be a measure of the
relative age of the pair. Letting R denote the
number of substitutions per replacement site, a
net (cumulative) selective constraint since the
time of origin of a pair of duplicates will be
reflected in an R/S ratio ! 1, whereas a net
acceleration of protein evolution will be re-
vealed by an R/S ratio " 1. Complete relaxation
of selection will result in R/S # 1. For the
duplicate genes that we have identified, there is

often considerable scatter around the neutral
expectation when S ! 0.05 (Fig. 1), suggest-
ing that early in their history, many gene
duplicates experience a phase of relaxed se-
lection or even accelerated evolution at re-
placement sites. The progressive decline of
R/S beyond this point reflects a gradual in-
crease in the magnitude of selective con-
straint. The vast majority of gene duplicates
with S " 0.1 exhibits an R/S ratio !! 1.

From the qualitative behavior of the cu-
mulative R/S ratio, some insight into the tem-
poral development of increasing selective
constraint on duplicate-gene evolution can be
obtained by considering a simple model in
which R declines relative to S, according to
the function

dR
dS

!
1

a " be"mS (1)

Under this model, assuming positive m, the
ratio of rates of replacement to silent substi-
tutions initiates with an expected value of
1/(a $ b) at S % 0 (reflecting the evolution-
ary properties of newly arisen duplicates) and
declines to 1/a as S 3 & (reflecting ancient
duplicates). Integrating this equation, the ex-
pected cumulative number of substitutions
per replacement site (R) can be described as a
function of the cumulative number of substi-
tutions per silent site (S),

R !
1

am !mS " ln " a " b
a " be"mS#$

(2)

The parameters a, b, and m can then be
estimated by performing least-squares analy-
sis on the pairwise gene-specific estimates of
R and S (22).

Given the inherently stochastic nature of
molecular evolutionary processes, Eq. 2 de-
scribes the average rate of accumulation of
amino acid–replacing substitutions fairly well,
explaining more than 50% of the variance in the
data in all cases (Fig. 1). Moreover, the pattern
is quite similar across species. The estimates of
dR/dS at low S are all ! 1, with a narrow range
of 0.37 to 0.46 and a mean value of 0.43 (SE %
0.01), and dR/dS gradually declines to asymp-
totic values in the range of 0.022 to 0.106
(mean % 0.053, SE % 0.009) (Table 1). These
results imply that, early in their evolutionary
history, duplicate genes tend to be under mod-
erate selective constraints with the rate of ami-
no acid substitution averaging about 43% of the
neutral expectation. The efficiency of purifying
selection subsequently increases approximately
10-fold, to the point at which only about 5% of
amino acid–changing mutations are able to rise
to fixation.

Some caveats in the interpretation of these
results are in order. First, the nucleotide di-
vergence statistics describe the average pat-
tern of molecular evolution. Individual
codons may, in many cases, deviate substan-

Fig. 1. Cumulative numbers of observed replacement substitutions per replacement site as a
function of the number of silent substitutions per silent site. Each point represents a single pair of
gene duplicates. The dashed line denotes the expectation under the neutral model, whereas the
solid line is the least-squares fit of Eq. 2 to the data (22). Open points denote gene pairs for which
the ratio R/S is not significantly different from the neutral expectation of 1.

Table 1. Fitted coefficients for the function describing cumulative replacement substitutions per
replacement site versus silent substitutions per silent site, Eq. 2, and for the function describing the rate
of loss of young duplicates, Eq. 3. The value r2 gives the proportion of variance in the observed values
described by the model; standard errors are in parentheses.

Species
Equation 2 Equation 3

m (dR/dS)S % 0 (dR/dS)S % & r2 d r2

H. sapiens 0.412 0.442 0.038 0.759 23.9 (2.0) 0.954
M. musculus 6.574 0.388 0.106 0.730 13.9 (3.2) 0.698
G. gallus 0.829 0.382 0.032 0.720 $ $
Danio rerio 0.857 0.450 0.022 0.677 $ $
D. melanogaster 0.564 0.372 0.050 0.533 8.2 (1.6) 0.766
C. elegans 0.547 0.500 0.062 0.647 7.0 (1.5) 0.735
A. thaliana 0.695 0.458 0.043 0.750 17.6 (5.0) 0.605
O. sativa 0.500 0.412 0.034 0.540 $ $
S. cerevisiae 20.357 0.433 0.090 0.531 7.5 (2.4) 0.538
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Genome scans for positive selection

Nielsen et al. 2005 35/13,653 (0.2%)

P<0.05
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FDR<0.05

Positive selection in humans:

2154/13,888 (1.1%)Bakewell et al. 2007
Gibbs et al. 2007
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our data 39/125 (7.2%)

Genome scans for positive selection

Nielsen et al. 2005 35/13,653 (0.2%)

P<0.05

>0
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Test 2 (aka M7/M8)

Mouse Rat Macaque HumanChimp

n=476



our data 317/476 (3.6%)

Genome scans for positive selection

Nielsen et al. 2005 35/13,653 (0.2%)

P<0.05

>0

FDR<0.05

Positive selection in humans:

2154/13,888 (1.1%)Bakewell et al. 2007
Gibbs et al. 2007
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