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The gain and loss of genes during 600 million years of vertebrate 
evolution
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Abstract

Background: Gene duplication is assumed to have played a crucial role in the evolution of
vertebrate organisms. Apart from a continuous mode of duplication, two or three whole genome
duplication events have been proposed during the evolution of vertebrates, one or two at the dawn
of vertebrate evolution, and an additional one in the fish lineage, not shared with land vertebrates.
Here, we have studied gene gain and loss in seven different vertebrate genomes, spanning an
evolutionary period of about 600 million years.

Results: We show that: first, the majority of duplicated genes in extant vertebrate genomes are
ancient and were created at times that coincide with proposed whole genome duplication events;
second, there exist significant differences in gene retention for different functional categories of
genes between fishes and land vertebrates; third, there seems to be a considerable bias in gene
retention of regulatory genes towards the mode of gene duplication (whole genome duplication
events compared to smaller-scale events), which is in accordance with the so-called gene balance
hypothesis; and fourth, that ancient duplicates that have survived for many hundreds of millions of
years can still be lost.

Conclusion: Based on phylogenetic analyses, we show that both the mode of duplication and the
functional class the duplicated genes belong to have been of major importance for the evolution of
the vertebrates. In particular, we provide evidence that massive gene duplication (probably as a
consequence of entire genome duplications) at the dawn of vertebrate evolution might have been
particularly important for the evolution of complex vertebrates.

Background
;L(* 2([.(<76<J* &A* D(5)(V5+)(* J(<&'(2* &77.52* +)* +<* (D(5R

6<75(+26<J*?+7(,*C.55(<)%I0*)L(*J(<&'(*2([.(<7(20*&5*+)*%(+2)

A652)*>5+A)2* )L(5(&A0*+5(*+D+6%+V%(* A&5*'&5(* )L+<*\9*>6AA(5(<)

D(5)(V5+)(* 2?(76(20* ]L6%(* '+<I* '&5(* +5(* .<>(5]+I,* ;L(2(

D(5)(V5+)(*J(<&'(*2([.(<7(2*7&D(5*+*?LI%&J(<()67*>62)+<7(

&A*'&5(*)L+<*93"*'6%%6&<*I(+52*&A*(D&%.)6&<0*>+)6<J*V+7Q*+2*A+5

+2* )L(* 2?%6)* V()]((<* A62L(2* +<>* %+<>* D(5)(V5+)(2,* P<A&5).R

<+)(%I0*J(<&'(*2([.(<7(2*&A*7+5)6%+J6<&.2*A62L*2.7L*+2*2L+5Q20

5+I2*&5*2Q+)(20*&5*&A*^+]%(22*D(5)(V5+)(2*2.7L*+2*%+'?5(I2*+<>

Published: 24 May 2006

Genome Biology 2006, 7:R43 (doi:10.1186/gb-2006-7-5-r43)

Received: 10 February 2006
Revised: 27 March 2006
Accepted: 3 May 2006

The electronic version of this article is the complete one and can be 
found online at http://genomebiology.com/2006/7/5/R43

http://genomebiology.com/2006/7/5/R43
http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/info/about/charter/


R43.2 Genome Biology 2006,     Volume 7, Issue 5, Article R43       Blomme et al. http://genomebiology.com/2006/7/5/R43

Genome Biology 2006, 7:R43

L+JA62L0*]L67L*>6D(5J(>*](%%*V(A&5(*)L+)*)6'(0*+5(*<&)*+D+6%+R

V%(*I(),

$+2(>* &<* 5+)L(5* 6<+77.5+)(* 6<>67+)&52* 2.7L* +2* J(<&'(* 26_(

+<>*62&_I'(*7&'?%(Y6)I0*̀ L<&*+%5(+>I*2.JJ(2)(>*6<*\S/"*)L+)

)L(*J(<&'(2*&A*M(+5%IN*D(5)(V5+)(2*L+D(*V((<*2L+?(>*VI*)]&

]L&%(*J(<&'(*>.?%67+)6&<2*MaOB2N*b\c,*E&5(*)L+<*!"*I(+52

%+)(50*6'?&5)+<)*6<>67+)6&<2*A&5*)]&*5&.<>2*M\8Z!8N*&A*%+5J(R

27+%(* J(<(* >.?%67+)6&<2* 6<* (+5%I* D(5)(V5+)(* (D&%.)6&<* 7+'(

A5&'*)L(*+<+%I262*&A*!"#$J(<(2*+<>*!"#$J(<(*7%.2)(52*b!R9c,

@6<7(*)L(<0*)L(*!8*LI?&)L(262*L+2*V((<*L(+D6%I*>(V+)(>0*+<>

2(D(5+%*'&>6A67+)6&<2*L+D(*V((<*?5&?&2(>0*+22.'6<J*+*>6D(5R

26)I*&A*2'+%%*+<>*%+5J(*27+%(*J(<(*>.?%67+)6&<*(D(<)2*M5(D6(](>

6<* b3cN,* $+2(>* &<* [.+>5.?%67+)(* ?+5+%&JI* V()]((<* >6AA(5(<)

J(<&'67*2(J'(<)2*b#Rdc0*&5*+*%+5J(*6<75(+2(*6<*)L(*<.'V(5*&A

<(]* >.?%67+)(>* J(<(2* +)* )L(* >+]<* &A* D(5)(V5+)(* (D&%.)6&<

+V&.)* #""*'6%%6&<* I(+52* +J&* MEF4N* bSc0* 2&'(* L+D(* 6<>((>

2)5&<J%I*+5J.(>*A&5*)]&*5&.<>2*&A*J(<&'(*>.?%67+)6&<20*?&2R

26V%I*6<*D(5I*2L&5)*2.77(226&<*b\"0\\c,*`)L(520*&A)(<*+<+%I_6<J

)L(*2+'(*>+)+*V.)*.26<J*>6AA(5(<)*)(7L<6[.(20*A&.<>*&<%I*7%(+5

(D6>(<7(*A&5*&<(*J(<&'(R>&.V%6<J*(D(<)*b\!R\9c,*@)6%%*&)L(52

L+D(* 5(^(7)(>*]L&%(* J(<&'(* >.?%67+)6&<2* 6<* D(5)(V5+)(2* +%%

)&J()L(5*+<>*&<%I*+77(?)*+*7&<)6<.&.2*5+)(*&A*J(<(*>.?%67+R

)6&<*b\30\#c,*8(7(<)%I0*+>>6)6&<+%*(D6>(<7(*A&5*)]&*5&.<>2*&A

]L&%(* J(<&'(* >.?%67+)6&<2* ]+2* ?5(2(<)(>* b\/c0* 7&'V6<6<J

>+)+*A5&'*J(<(*A+'6%6(20*?LI%&J(<()67*)5((20*+<>*J(<&'67*'+?

?&26)6&<,* 1<* ?+5)67.%+50* ]L(<* (Y+'6<6<J* )L(* J(<&'67* '+?

?&26)6&<* &A* )L&2(* J(<(2* 6<* )L(* L.'+<* J(<&'(* )L+)* 7+<* V(

)5+7(>*V+7Q*)&*+*>.?%67+)6&<*(D(<)*+)*)L(*V+2(*&A*D(5)(V5+)(20*+

7%(+5*?+))(5<*&A*)()5+R?+5+%&JI*('(5J(20*'+Q6<J*+*7&<D6<76<J

7+2(*A&5*\8Z!8,

aL&%(* J(<&'(* >.?%67+)6&<* (D(<)2* 2L+?6<J* )L(* J(<&'(2* &A

D(5)(V5+)(2*L+D(*<&)*&<%I*V((<*?5&?&2(>*6<*)L(*(+5%I*(D&%.R

)6&<*&A*D(5)(V5+)(20*V.)*+%2&*6<*)L(*2)('*%6<(+J(*&A*5+IRA6<<(>

M+7)6<&?)(5IJ6+<N*A62L(20*+A)(5*)L(65*>6D(5J(<7(*A5&'*)L(*%+<>

D(5)(V5+)(2,*4J+6<0*)L(*A652)*2)5&<J*6<>67+)6&<2*A&5*+*A62LR2?(R

76A67* J(<&'(* >.?%67+)6&<* MK@OBN* b\dc* 7+'(* A5&'* 2).>6(2

V+2(>*&<*!"#$J(<(2*+<>*!"#$7%.2)(52,*TY)5+*!"#$J(<(*7%.2)(52

>627&D(5(>* 6<* )L(* _(V5+A62L* M%&'("$ )*)("N* b\Sc0* '(>+Q+

M+),-(&.$/&0(1*.N*b!"c0*)L(*4A567+<*767L%6>*M+)*"23)"4(.$'(/"5

0(26.N*b!\c0*+<>*)L(*?.AA(5A62L*M7&8(96:6$)6;)(1*.N*b!!c0*2.JR

J(2)(>*+<*+>>6)6&<+%*J(<&'(*>.?%67+)6&<*6<*5+IRA6<<(>*A62L(2

M47)6<&?)(5IJ66N*V(A&5(*)L(*>6D(5J(<7(*&A*'&2)*)(%(&2)*2?(76(2,

C&'?+5+)6D(*J(<&'67*2).>6(2*L+D(*+%2&*5(D(+%(>*'+<I*'&5(

J(<(2*+<>*J(<(*7%.2)(52*A&5*]L67L*)]&*7&?6(2*(Y62)*6<*)(%(&2)

A62L(2* V.)* &<%I* &<(* 7&J<+)(* 7&?I* 6<* &)L(5* D(5)(V5+)(2,* ;L(

&V2(5D+)6&<2* )L+)* >6AA(5(<)* ?+5+%&J2* +5(* A&.<>* &<* >6AA(5(<)

%6<Q+J(*J5&.?2*+<>*2L&]*2I<)(<I*]6)L*&)L(5*>.?%67+)(>*7L5&R

'&2&'+%*5(J6&<2*b!:c*+<>*)L+)*'+<I*?+5+%&J&.2*?+652*2(('

)&*L+D(*&56J6<+)(>*+)*+V&.)*)L(*2+'(*)6'(*bS0!9c*2.??&5)*)L(

LI?&)L(262*)L+)*)L(2(*J(<(2*+5&2(*)L5&.JL*+*7&'?%()(*J(<&'(

>.?%67+)6&<*(D(<)*>.56<J*)L(*(D&%.)6&<*&A*)L(*+7)6<&?)(5IJ6+<

%6<(+J(,*$&)L*-+<>(?&(%(**0$&/,*bSc*+<>*CL562)&AA(%2**0$&/,*b!9c

6>(<)6A6(>*>.?%67+)(>* J(<(2* 6<*7&8(96:6$+<>*(2)6'+)(>* )L+)

:8*)&&Q*?%+7(*+V&.)*:!"*)&*:3"*EF4,*;L(*2?%6)*V()]((<*5+IR

A6<<(>* A62L(2* +<>* %+<>*D(5)(V5+)(20* >+)(>* +)*93"*EF40*]+2

.2(>*+2*+*7+%6V5+)6&<*?&6<)*A&5*)L(*>+)6<J*&A*)L(*J(<(*>.?%67+R

)6&<*(D(<)2*6<*A62L(2,*e&](D(50*)L(*'&2)*7&<7%.26D(*(D6>(<7(

A&5*+*7&'?%()(*J(<&'(*>.?%67+)6&<*6<*5+IRA6<<(>*A62L(2*7+'(

A5&'* )L(* 7&'?+5+)6D(* +<+%I2(2* &A* )L(* 5(7(<)%I* >()(5'6<(>

7*0)&"<"'$ J(<&'(* 2([.(<7(* +<>* )L(* L.'+<* J(<&'(

2([.(<7(*b!3c,*f+6%%&<**0$&/,*b!3c*7&'?+5(>*)L(*7L5&'&2&'+%

>62)56V.)6&<*&A*J(<(2*&A*7*0)&"<"'$]6)L*)L&2(*6<*L.'+<*+<>

&V2(5D(>* )L+)*'+<I* 6<76>(<)2* &A* L.'+<* 2I<)(<I* 2(J'(<)2

](5(*A&.<>*6<*>.?%67+)(*&<*)]&*>6AA(5(<)*7*0)&"<"'$7L5&'&R

2&'(2,

4?+5)* A5&'* +* 7&<)6<.&.2* 75(+)6&<* &A* J(<(2* b!#c* )L5&.JL

2'+%%R27+%(*J(<(*>.?%67+)6&<*(D(<)2*2.7L*+2*.<([.+%*75&226<JR

&D(5*&5*5(D(52(*)5+<2756?)6&<0*D(5)(V5+)(*J(<&'(2*L+D(*)L.2

'&2)*?5&V+V%I*V((<*2L+?(>*VI*)]&*&5*'&5(*aOB*(D(<)2,*42*+

'+))(5*&A*A+7)0*6)*62*(D(<*D(5I*)('?)6<J*)&*2?(7.%+)(*)L+)*D(5)(R

V5+)(2* +2*](* Q<&]* )L('* )&>+I*'6JL)* <&)* L+D(* (Y62)(>* 6A* 6)

](5(*<&)*A&5*)L(2(*'+^&5*>.?%67+)6&<*(D(<)2*b\0!/0!dc,*@6'6R

%+5%I0* )L(* A62LR2?(76A67* J(<&'(*>.?%67+)6&<*'6JL)* L+D(* 7&<R

)56V.)(>*)&*)L(*V6&%&J67+%*>6D(526A67+)6&<*&A*5+IRA6<<(>*A62L(2

b\dc0*+%)L&.JL*&)L(52*5(^(7)*2.7L*+*LI?&)L(262*b!Sc,*g(D(5)L(R

%(220*+*5(7(<)*?+?(5*VI*@7+<<(%%**0$&/,*b:"c*2.JJ(2)2*+*7%(+5*%6<Q

V()]((<* J(<&'(* >.?%67+)6&<* +<>* 2?(76+)6&<* 6<* I(+2)20* +<>

+%2&* 6<* ?%+<)20* J(<&'(R]6>(* >.?%67+)6&<* (D(<)2* L+D(* V((<

+22&76+)(>*]6)L*2?(76+)6&<*+<>*+>+?)6D(*5+>6+)6&<2*b:\R::c,

e(5(0*](*5(?&5)*&<*J(<(*J+6<*+<>*%&22*6<*2(D(<*>6AA(5(<)*D(5R

)(V5+)(*J(<&'(20*<+'(%I*L.'+<0*'&.2(0*5+)0*7L67Q(<0* A5&J0

_(V5+A62L*+<>*?.AA(5A62L,*;L(*+6'2*&A*&.5*2).>I*](5(H*)&*>()(5R

'6<(*6<*]L67L*?+5)*&A*)L(*D(5)(V5+)(*)5((*J(<(*>.?%67+)6&<*+<>

J(<(* %&22* L+D(* V((<* )L(* '&2)* (Y)(<26D(h* )&* 6<D(2)6J+)(

]L()L(5* )L(5(* 62* +* V6+2* 6<* J(<(* %&22* )&]+5>2* )L(* A.<7)6&<+%

7%+22*>.?%67+)(>*J(<(2*V(%&<J* )&* +<>*]L()L(5* )L62* 62* 7&55(R

%+)(>*]6)L*)L(*'&>(*&A*>.?%67+)6&<*M2'+%%R27+%(*D(52.2*%+5J(R

27+%(Nh*+<>*)&*2?(7.%+)(*&<*)L(*6'?&5)+<7(*&A*)L(2(*(D(<)2*A&5

)L(*(D&%.)6&<*&A*D(5)(V5+)(2*6<*J(<(5+%,

Results and discussion
;L(*7.55(<)*7&'?&26)6&<*&A*D(5)(V5+)(*?5&)(&'(2*620*)&*+*%+5J(

(Y)(<)0*)L(*5(2.%)*&A*J(<(*>.?%67+)6&<*+<>*J(<(*%&22*(D(<)2*)L+)

L+D(*&77.55(>*+)*>6AA(5(<)*)6'(2*>.56<J*D(5)(V5+)(*(D&%.)6&<

b30S0\/c* M2((*+%2&* )L62* 2).>IN,*;&* 2).>I* )L(* 7&<2([.(<7(2*&A

)L(2(*(D(<)2*&<*D(5)(V5+)(*?5&)(&'(2*+<>*D(5)(V5+)(*(D&%.R

)6&<0* ](* >(%6<(+)(>* J(<(* A+'6%6(2* +<>* .2(>* )L(2(* A&5* 7&<R

2)5.7)6<J*?LI%&J(<()67*)5((2*M2((*E+)(56+%2*+<>*'()L&>2N,*;L(

>(%6<(+)6&<*&A*J(<(*A+'6%6(2*5(2.%)(>*6<*S09#\*A+'6%6(2*]6)L*+

=("'&$&5*%)"."13(/&$&.)J5&.?,*42*(Y?(7)(>0*=("'&$]+2*'&5(

&A)(<*A&.<>*+2*A652)*&.)J5&.?*2([.(<7(*MV())(5*TRD+%.(*27&5(

6<* $i4@;N* )L+<* %)"."13(/&$ M30#"S* D(52.2* :0d3!0* 5(2?(7R

)6D(%IN,*a(*>627+5>(>*#"!*'.%)6RJ(<(*A+'6%6(20*A&5*]L67L*<&

=("'&$&5*%)"."13(/&$&.)J5&.?*2([.(<7(*7&.%>*V(*6>(<)6A6(>,



http://genomebiology.com/2006/7/5/R43 Genome Biology 2006,     Volume 7, Issue 5, Article R43       Blomme et al. R43.3

com
m

ent
review

s
reports

refereed research
deposited research

interactions
inform

ation

Genome Biology 2006, 7:R43

Gene duplication in the vertebrate tree
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Hypothetical examples of phylogenetic trees with duplication and gene loss eventsFigure 1
Hypothetical examples of phylogenetic trees with duplication and gene 
loss events. The phylogenetic trees were inferred from a gene family 
including members of all genomes used in the current study (human, HS; 
mouse, MM; rat, RN; chicken, GG; frog, XT; zebrafish, DR; Tetraodon, TN; 
Ciona, CI). All nodes are assumed to be supported by >70% in bootstrap 
analysis. Gene duplication can be recognized if at least two gene copies are 
present for the same species. (a) The duplication event (represented by a 
pink diamond) was inferred to have occurred early in vertebrate evolution 
because both land vertebrates and fishes have two copies of the gene. This 
is the most likely explanation, since the alternative assumption, where all 
lineages have undergone separate gene duplication events, is much less 
parsimonious. Subsequently, a gene loss event can be inferred for 
Tetraodon, since gene2 is missing (dotted line). The general conclusion of 
this hypothetical tree is thus one gene loss event of a TN duplicate that 
first had been created in the common ancestor of land vertebrates and 
fishes. For all other genomes, we count two retained duplicates after this 
ancient duplication event. (b) This more complex phylogenetic tree 
contains three duplication events (again indicated by diamonds). The 
oldest duplication event (pink diamond) is dated early in vertebrate 
evolution (TP13, similar to the one in (a)). HS, MM, RN and GG lost gene2, 
which is interpreted as gene loss of a TP13 duplicate in the common 
ancestor of these organisms (thus at TP7; Figure 2). GG also lost gene1, a 
gene loss event at TP6 of a duplicate that originated at TP13. The orange 
diamond indicates a duplication event in the common ancestor of the 
fishes, not shared with land vertebrates (TP12), resulting in gene1 and 
gene1' for both DR and TN. Finally, DR gene1 and gene1" are the result of a 
species-specific duplication event in DR.
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J(<(*%&22*&5*<&<A.<7)6&<+%6_+)6&<*b!#0:!c,*e&](D(50*)L(5(*62*+

5(+2&<+V%(* 7L+<7(* )L+)* V&)L* 7&?6(2* ]6%%* V(* 5()+6<(>0* +A)(5

]L67L*>6AA(5(<)*27(<+56&2*7+<*V(*(<D626&<(>H*&<(*&A*)L(*)]&

>.?%67+)(2*'6JL)* +7[.65(* +* <(]* A.<7)6&<* M<(&A.<7)6&<+%6_+R

)6&<Nh*)L(*>.?%67+)(2*.<>(5J&*2&R7+%%(>*2.VA.<7)6&<+%6_+)6&<0

6<*]L67L*V&)L*J(<(*7&?6(2*%&2(*+*7&'?%('(<)+5I*2()*&A*2.VR

A.<7)6&<2* +<>* )L(5(VI* >6D6>(* )L(* +<7(2)5+%* J(<(k2* &56J6<+%

A.<7)6&<2*b:/c0*&5*6<2)(+>*&A*>6D(5J6<J*6<*A.<7)6&<*V&)L*J(<(

7&?6(2* 5('+6<* %+5J(%I* 5(>.<>+<)* +<>*?5&D6>(* )L(* &5J+<62'

Gene duplications and gene losses mapped on the vertebrate treeFigure 2
Gene duplications and gene losses mapped on the vertebrate tree. The vertebrate tree is shown with branch lengths proportional to time. The divergence 
times were taken from [35,68,69]. Abbreviations of species names are as in Figure 1. The numbers in colored circles indicate the different time points 
analyzed, referred to in the text as TPx. The total number of inferred duplications at each time point (TP) is shown in italics. The (negative) bars on the 
plots (with gray background) show the fraction of genes that was lost again after they have been created in a specific duplication event (indicated in colors 
corresponding to the time points (TP)). The total amount of gene loss for each organism is indicated under the species name.
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7.55(<)* ?+5+<&'(* M)L(* A.%%* 2()* &A* ?+5+%&J2* 6<* +* J(<&'(N* &A

Table 1

Number of genes in genomes, gene families, phylogenetic trees, and trees with GOslim annotation

Homo sapiens Rattus norvegicus Mus musculus Gallus gallus Xenopus tropicalis Danio rerio Tetraodon nigroviridis

Genome 22,218 21,952 24,461 17,709 24,405 22,877 28,005

Gene families 14,054 (0.63) 14,155 (0.64) 14,813 (0.61) 9,875 (0.56) 13,336 (0.55) 14,597 (0.64) 12,373 (0.44)

Phylogenetic 
trees

13,080 (0.59) 12,537 (0.57) 13,325 (0.54) 9,292 (0.52) 11,747 (0.48) 13,785 (0.60) 11,660 (0.42)

Phylogenetic 
trees with GO 
annotation

12,470 (0.56) 11,919 (0.54) 12,669 (0.52) 8,806 (0.50) 11,049 (0.45) 13,244 (0.58) 11,097 (0.40)

The fraction of the proteome analyzed at a certain step in the procedure is in parentheses (see Materials and methods for details).
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A&5* _(V5+A62L* +<>* /"l* A&5* 7*0)&"<"',* e&](D(50* )L(* )&)+%
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Which genes have been retained or lost?
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>6226'6%+5*?+))(5<2*&A*J(<(*5()(<)6&<*+<>*J(<(*%&220*)L(*O(<(
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]6)L6<*)L(*%+<>*D(5)(V5+)(2*&5*]6)L6<*)L(*A62L(2*7&.%>*<&)*V(

&V2(5D(>0*2.JJ(2)6<J* )L+)* %+<>*D(5)(V5+)(2*&<*)L(*&<(*L+<>
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'&>(*&A*>.?%67+)6&<*&<* )L(*5()(<)6&<*&A*J(<(2*V(%&<J6<J* )&

>6AA(5(<)* A.<7)6&<+%* 7+)(J&56(2,*a(*+%5(+>I*2L&](>* )L+)* )L(
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kBg4*V6<>6<Jk0*k5(7(?)&5*+7)6D6)Ik0*k6&<*)5+<2?&5)k0*+<>*k?5&)(6<

'&>6A67+)6&<k*2L&]*26J<6A67+<)%I*L6JL(5*%(D(%2*&A*J(<(*5()(<R

)6&<* A&%%&]6<J*aOB* (D(<)2* M;G\!* +<>*;G\:h* ;+V%(* !N* )L+<

]L(<*2.7L*J(<(2* +5(*V(6<J* 75(+)(>* 6<* 2'+%%(5R27+%(* (D(<)2,

4J+6<0* 6)* 2L&.%>*V(*<&)(>* )L+)*](*+22.'(* )L+)*'+<I*&A* )L(

J(<(2*75(+)(>*+)*;G\!*+<>*;G\:*+5(*)L(*5(2.%)*&A*+*aOB*(D(<)

M2((* +V&D(N,* `<* )L(* &)L(5* L+<>0* J(<(2* V(%&<J6<J* )&* &)L(5

A.<7)6&<+%* 7%+22(2* 2.7L* +2* k(%(7)5&<* )5+<2?&5)k0* k+'6<&* +76>

+<>*>(56D+)6D(*'()+V&%62'k*+<>*k8g4*V6<>6<Jk*2(('*)&*L+D(

V((<*5()+6<(>*6<*?+5)67.%+5*A&%%&]6<J*2'+%%R27+%(*>.?%67+)6&<

(D(<)2*6<*+)*%(+2)*A&.5*>6AA(5(<)*2?(76(2*&A*)L(*>+)+2()*M;+V%(

!N,*;L(*2)5&<J*V6+2*6<*J(<(*5()(<)6&<*A&5*5(J.%+)&5I*J(<(2*A&%R

%&]6<J* %+5J(R27+%(* J(<(* >.?%67+)6&<* (D(<)2* 62* D(5I*'.7L* 6<

7&<J5.(<7(*]6)L*]L+)*L+2*V((<*&V2(5D(>*6<*?%+<)2,*;L(5(*)&&0

J(<(2*6<D&%D(>*6<*)5+<2756?)6&<+%*5(J.%+)6&<*+<>*26J<+%*)5+<2R

>.7)6&<*2(('*)&*L+D(*V((<*?5(A(5(<)6+%%I*5()+6<(>*A&%%&]6<J

J(<&'(* >.?%67+)6&<2* b:!09/09dc,* TD(<* 6<* I(+2)0* +* %+5J(

<.'V(5*&A*>.?%67+)(2*5(2.%)6<J*A5&'*)L(*aOB*]6)L*A.<7)6&<2

6<*)5+<2756?)6&<*](5(*&V2(5D(>*b9Sc,*@6'6%+5%I0*6<*V&)L*D(5)(R

V5+)(2*M)L62*2).>IN*+<>*?%+<)2*b:!0::c0*>(D(%&?'(<)+%*J(<(2

+5(*&V2(5D(>*)&*V(*](%%* 5()+6<(>* A&%%&]6<J*J(<&'(*>.?%67+R

)6&<2,*K.5)L(5'&5(0* )L(*L6JL* 5()(<)6&<* 5+)(*&A* )5+<2756?)6&<

A+7)&52*A&%%&]6<J*aOB*(D(<)2*'6JL)*V(*(Y?%+6<(>*VI*)L(*A+7)

)L+)*)L(I*+5(*&A)(<*+7)6D(*+2*?5&)(6<*7&'?%(Y(2*+<>*?5&V+V%I

<((>* )&* V(* ?5(2(<)* 6<* 2)&67L6&'()567* [.+<)6)6(2* A&5* )L(65

Origin of duplicates in different vertebratesFigure 3
Origin of duplicates in different vertebrates. The number of duplicates and 
their origin (in the vertebrate tree) is shown for all organisms analyzed in 
the current study. (a) The absolute number of duplicated genes; (b) the 
relative contribution of the origin of duplicates to the total duplicate 
content of each vertebrate genome. Colors correspond to the duplication 
events indicated in Figure 2. Pink represents genes of which a major 
fraction is assumed to have been created during 1R/2R, while orange 
refers to the fraction of genes of which many are assumed to have been 
created during the FSGD.
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Table 2

Excess of gene retention in parts of the vertebrate tree

GOslim label, category, description Organism TPs showing significant difference TP with highest number of duplicates q-value

GO:0006118, BP, electron transport HS TP13 vs TP1 TP1 6.73E-05

DR TP12 vs TP10 TP10 2.50E-04

DR TP13 vs TP10 TP10 8.60E-06

GO:0006519, BP, amino acid and derivative 
metabolism

HS TP13 vs TP1 TP1 8.69E-04

DR TP12 vs TP10 TP10 5.37E-04

DR TP13 vs TP10 TP10 1.47E-08

GO:0007165, BP, signal transduction TN TP13 vs TP11 TP13 5.76E-04

XT TP13 vs TP8 TP13 9.18E-04

RN TP13 vs TP2 TP13 1.44E-17

MM TP13 vs TP3 TP13 8.32E-19

HS TP13 vs TP1 TP13 2.43E-02

DR TP12 vs TP10 TP10 3.60E-16

DR TP13 vs TP10 TP10 6.40E-12

GO:0003677, MF, DNA binding XT TP13 vs TP8 TP13 4.38E-02

RN TP13 vs TP2 TP13 1.20E-08

MM TP13 vs TP3 TP13 1.86E-07

DR TP12 vs TP10 TP10 1.51E-10

DR TP13 vs TP10 TP10 3.99E-10

GO:0004872, MF, receptor activity TN TP13 vs TP11 TP13 6.34E-03

XT TP13 vs TP8 TP13 5.83E-03

RN TP13 vs TP2 TP13 2.26E-11

MM TP13 vs TP3 TP13 7.47E-09

DR TP12 vs TP10 TP10 1.01E-08

DR TP13 vs TP10 TP10 7.37E-05

GO:0006464, BP, protein modification RN TP13 vs TP2 TP13 8.16E-12

MM TP13 vs TP3 TP13 7.26E-07

HS TP13 vs TP1 TP13 2.43E-02

DR TP12 vs TP10 TP10 1.00E-09

DR TP13 vs TP10 TP10 2.63E-07

GO:0005515, MF, protein binding TN TP13 vs TP11 TP13 5.76E-04

XT TP13 vs TP8 TP13 1.01E-02

RN TP13 vs TP2 TP13 2.31E-12

MM TP13 vs TP3 TP13 3.72E-08

DR TP12 vs TP10 TP10 7.78E-07

DR TP13 vs TP10 TP10 4.01E-06

GO:0007275, BP, development TN TP13 vs TP11 TP13 3.71E-02

XT TP13 vs TP8 TP13 4.50E-02

RN TP13 vs TP2 TP13 7.64E-08

MM TP13 vs TP3 TP13 1.49E-06

HS TP13 vs TP1 TP13 1.88E-02

DR TP12 vs TP10 TP10 1.18E-06

DR TP13 vs TP10 TP10 1.06E-03

GO:0006350, BP, transcription TN TP13 vs TP11 TP13 1.97E-02

RN TP13 vs TP2 TP13 7.13E-11

MM TP13 vs TP3 TP13 3.82E-11

DR TP12 vs TP10 TP10 1.54E-20

DR TP13 vs TP10 TP10 4.11E-11

GO:0003723, MF, RNA binding RN TP13 vs TP2 TP2 4.71E-02

HS TP13 vs TP1 TP1 9.08E-03

DR TP12 vs TP10 TP10 9.36E-04
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)(6<*'&>6A67+)6&<k* A&%%&]6<J*aOB2,*42*+*'+))(5*&A* A+7)0* )L(

L6JL(5*5()(<)6&<*&A*J(<(2*V(%&<J6<J*)&*)L(2(*?+5)67.%+5*7%+22(2

62* ?5(>67)(>* VI* )L(* kJ(<(* V+%+<7(k* LI?&)L(2620* ]L67L* 2)+)(2

)L+)*5()(<)6&<*&A*J(<(2*)L+)*'+I*L+D(*2)5&<J*>&2+J(*(AA(7)20

2.7L*+2*)5+<2756?)6&<*A+7)&520*]6%%*V(*2(%(7)(>*+J+6<2)*6A*)L(I

+5(*7&?6(>*]6)L&.)*)L(65*?+5)<(52*6<*)L(*5(J.%+)&5I*&5*?5&)(6<

6<)(5+7)6&<*<()]&5Q*b3"R3:c,*`<*)L(*&)L(5*L+<>0*6A*)L(*J(<(20

(<7&>6<J*?5&>.7)2*)L+)*7&&?(5+)(*6<*)L(*2+'(*7&'?%(Y*?+)LR

]+I*&5*<()]&5Q0*+5(*>.?%67+)(>*+)*)L(*2+'(*)6'(0*]L67L*62*)L(

7+2(* 6<* aOB20* J(<(* >&2+J(* (AA(7)2* '6JL)* V(* +D&6>(>* VI

5()+6<6<J*+%%*J(<(2*6<*)L+)*?+5)67.%+5*7&'?%(Y*&5*<()]&5Q,*1)

2L&.%>*V(*<&)(>*)L+)*)L(*(Y7(?)6&<+%%I*L6JL*<.'V(5*&A*2?(R

76(2R2?(76A67*>.?%67+)6&<2*6<*_(V5+A62L*&.)2L6<(2*)L(*<.'V(5

&A*5()+6<(>*aOB*>.?%67+)(2*6<*)L62*?5&)(&'(,*;L62*(Y?%+6<2

]LI*'+<I*J(<(2*&A*O`2*5(2.%)6<J*A5&'*aOB2*+5(*5()+6<(>*6<

(Y7(22*6<*+%%*2?(76(2*(Y7(?)*_(V5+A62L*M;+V%(*!N,

K6J.5(* 9* 2L&]2* )L(* 5()(<)6&<* &A* >.?%67+)(2* 6<* L.'+<* +<>

_(V5+A62L*A&%%&]6<J*aOB*(D(<)2*M+22.'(>*+)*;G\!*+<>*;G\:N

D(52.2*2'+%%R27+%(*>.?%67+)6&<*(D(<)2*A&5*)L(*O`@%6'*&<)&%&R

J6(2*kV6&)67*2)6'.%.20*k26J<+%*)5+<2>.7)6&<k0*k)5+<2756?)6&<k0*+<>

k'()+V&%62'k,*42*7+<*V(*2((<0*+?+5)*A5&'*+*%+5J(5*<.'V(5*&A

J(<(2* )L+)* L+D(* )&* >&* ]6)L* 26J<+%* )5+<2>.7)6&<* +<>
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7&'?%(Y(2*+<>*<((>*)&*V(*?5(2(<)*6<*2)&67L6&'()567*[.+<)6)6(2

A&5*)L(65*7&55(7)*A.<7)6&<6<J*MA&5*(Y+'?%(0*J(<(2*6<D&%D(>*6<

)5+<2756?)6&<+%* 5(J.%+)6&<* +<>* 26J<+%* )5+<2>.7)6&<N0* 62* L6JL

A&%%&]6<J*M?+%(&N?&%I?%&6>I*(D(<)20*]L6%(*)L62*62*<&)*)L(*7+2(

]L(<*2.7L*J(<(2*+5(*V(6<J*>.?%67+)(>*6<>6D6>.+%%I,

1)*L+2*V((<*2.JJ(2)(>*)L+)*?&%I?%&6>I*(D(<)2*7+<*V(*+22&76+)(>

]6)L* 6'?&5)+<)* (D&%.)6&<+5I* )5+<26)6&<20* '+^&5* %(+?2* 6<

>(D(%&?'(<)0* +<>Z&5* +>+?)6D(* 5+>6+)6&<2* &A* 2?(76(2

b\0\d0!d0:\0::03:03/c,*;L(*L6JL*5()(<)6&<*&A*'+<I*6'?&5)+<)

J(<(2* 6<D&%D(>* 6<* )5+<2756?)6&<+%* 5(J.%+)6&<0* 26J<+%6<J0* +<>

>(D(%&?'(<)*+A)(5*?+%(&?&%I?%&6>I*(D(<)2*+2*2L&]<*L(5(*+<>

6<*?5(D6&.2*2).>6(20*+<>*)L(*A+7)*)L+)*6<*?+5)67.%+5*2.7L*J(<(2

+5(*7&<26>(5(>* 6'?&5)+<)* A&5* 6<)5&>.76<J*?L(<&)I?67*D+56+R

)6&<*+<>*6<75(+2(*6<*V6&%&J67+%*7&'?%(Y6)I0*'+Q(2*6)*)('?)6<J

)&*2?(7.%+)(*&<*)L(*6'?&5)+<7(*&A*2.7L*%+5J(R27+%(*>.?%67+)6&<

(D(<)2*A&5*D(5)(V5+)(*(D&%.)6&<,*42*A+5*+2*](*Q<&]0*]6)L6<*)L(

+<6'+%* %6<(+J(0* D(5)(V5+)(* J(<&'(2*+5(* 2)6%%* )L(*'&2)* 7&'R

?%(Y0*+<>0*+)*%(+2)*7&'?+5(>*)&*6<D(5)(V5+)(20*D(5)(V5+)(2*2)6%%

>&*7&<)+6<*7&<26>(5+V%I*'&5(*J(<(20*+*'+^&56)I*&A*]L67L* 62

?5&V+V%I*75(+)(>*VI*J(<(*+<>*+<76(<)*J(<&'(*>.?%67+)6&<2,

aL()L(5*)L(2(*k+<76(<)k*(Y)5+*J(<(2*+5(*2.AA676(<)*)&*(Y?%+6<

)L(* 6<75(+2(>* '&5?L&%&J67+%* 7&'?%(Y6)I* &A* D(5)(V5+)(2* 62

>&.V)A.%0*V.)*)L(I*'6JL)*L&%>*+)*%(+2)*?+5)*&A*)L(*+<2](5,

DR TP13 vs TP10 TP10 3.42E-05

GO:0006811, BP, ion transport TN TP13 vs TP11 TP13 1.11E-02

XT TP13 vs TP8 TP13 1.79E-02

RN TP13 vs TP2 TP13 1.23E-11

MM TP13 vs TP3 TP13 1.34E-06

HS TP13 vs TP1 TP13 3.84E-02

DR TP12 vs TP10 TP10 8.52E-03

DR TP13 vs TP10 TP10 1.00E-02

The GOslim label, its category (MF, molecular function; BP, biological process) and the general description are shown. For each organism (HS, 
human; MM, mouse; RN, rat; GG, chicken; XT, frog; DR, zebrafish; TN, Tetraodon), the number of species-specific duplicates was compared to the 
number of duplicates from time points (TPs) coinciding with WGDs (TP12 and TP13). The time points showing a significant difference (q < 0.05) in 
comparison are shown (TPx vs TPy), followed by the time point with the highest number of duplicates. The last column shows the q-value. Only 
significant results that are discussed in the text are listed (others can be found in Additional data file 1; Table S2).

Table 2 (Continued)

Excess of gene retention in parts of the vertebrate tree
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Materials and methods
Construction of the dataset and phylogenetic analysis 
of gene families
;L(* ?5(>67)(>* ?5&)(6<* 2([.(<7(2* A5&'* L.'+<* M5(%(+2(

:\,:3>N0* '&.2(* M5(%(+2(* :\,::JN0* 7*0)&"<"'$ '(:)">()(<(.

M5(%(+2(* :\,\7N0* _(V5+A62L* M%&'("$ )*)("0* 5(%(+2(* jA62L3N0* 5+)

M?&006.$'")>*:(26.0*5(%(+2(*:\,:9+N0*7L67Q(<*M@&//6.$:&//6.0

5(%(+2(* :\,\JN0* +<>* A5&J* MA*'"16.$ 0)"1(2&/(.0* 5(%(+2(* :\,\+N

](5(*5()56(D(>*A5&'*T<2('V%*b3dc,*1A*'.%)6?%(*2?%67(*D+56+<)2

](5(*5(?&5)(>* A&5*&<(*J(<(0*&<%I* )L(* %&<J(2)* )5+<2756?)*]+2

.2(>,*;5+<2?&2&<R%6Q(*J(<(2*](5(*5('&D(>*V+2(>*&<*L&'&%R

&JI*]6)L*Q<&]<*)5+<2?&2&<2*b3Sc,

;&*>(%6<(+)(*D(5)(V5+)(*J(<(*A+'6%6(20*+*26'6%+56)I*2(+57L*]+2

?(5A&5'(>*M$i4@;G0*b#"ch*TRD+%.(*7.)&AA*TR\"N*]6)L*+%%*?5&R

)(6<2* A5&'* )L(* &5J+<62'2* %62)(>* +V&D(0* ?%.2* )L(*?5&)(6<2* &A

=("'&$ ('0*.0('&/(.$ Mb#\c0* D(526&<* \N* +<>* %)"."13(/&$ 4*/&5

'":&.0*)$MT<2('V%*b3dc0*D(526&<*:N0*]L67L*](5(*+>>(>*+2*&.)R

J5&.?*2?(76(2,*$(7+.2(*)L(*A&7.2*&A*)L62*2).>I*]+2*)&*6>(<)6AI

J(<(2*)L+)*](5(*>.?%67+)(>*>.56<J*D(5)(V5+)(*(D&%.)6&<0*&<%I

D(5)(V5+)(*J(<(2*](5(*.2(>*+2*V%+2)*[.(5I,*$%+2)*L6)2*V()]((<

D(5)(V5+)(*2([.(<7(2*]6)L*+*V())(5*27&5(*)L+<*)L(*V(2)*27&5(

V()]((<* +* D(5)(V5+)(* 2([.(<7(* +<>* +<* &.)J5&.?* 2([.(<7(

M%)"."13(/&$&5*=("'&N*](5(*5()+6<(>*6<*)L(*J(<(*A+'6%I,*;L(

%)"."13(/&$&5*=("'&$2([.(<7(*]+2*.2(>*)&*5&&)*)L(*?LI%&J(R

<()67*)5((*M2((*V(%&]N,*8(>.<>+<7I*V()]((<*)L(*A+'6%6(2*]+2

Retention of duplicates in human and zebrafish following WGDs and small-scale duplications for four different functional categoriesFigure 4
Retention of duplicates in human and zebrafish following WGDs and small-scale duplications for four different functional categories. The retention of 
duplicates in (a,b) human and (c,d) zebrafish following WGD events (assumed at TP12 and TP13) versus small-scale duplication events for the GOSlim 
ontologies 'biotic stimulus' (BS), 'signal transduction' (SD), 'transcription' (TR), and 'metabolism' (MET). Color codings correspond to time points in Figure 
2. (a,c) Absolute numbers of retained duplicates. (b,d) Relative numbers of retained duplicates normalized for the total amount of duplicates in the 
genome.
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5('&D(>,*O(<(*A+'6%6(2*]6)L&.)*+*L&'&%&J*6<*=("'&$&5*%)"5

."13(/&$](5(*>627+5>(>*A5&'*)L(*>+)+2(),

K&5*+%%*5()+6<(>*J(<(*A+'6%6(2*+*'.%)6?%(*+%6J<'(<)*]+2*75(R

+)(>*]6)L*;RC&AA((*\,:/*.26<J*>(A+.%)*?+5+'()(52*b#!c,*4%6J<R

'(<)*7&%.'<2*7&<)+6<6<J*J+?2*](5(*5('&D(>*]L(<*+*J+?*]+2

?5(2(<)* 6<*X\"l*&A* )L(*2([.(<7(2,*;&* 5(>.7(* )L(*7L+<7(*&A

6<7%.>6<J*'62+%6J<(>*+'6<&*+76>20*+%%*?&26)6&<2*6<*)L(*+%6J<R

'(<)*%(A)*&5*56JL)*A5&'*)L(*J+?*](5(*+%2&*5('&D(>*.<)6%*+*7&%R

.'<*6<*)L(*2([.(<7(*+%6J<'(<)*]+2*A&.<>*]L(5(*)L(*5(26>.(2

](5(*7&<2(5D(>*6<*+%%*J(<(2*6<7%.>(>*6<*&.5*+<+%I2(2,*;L62*]+2

>()(5'6<(>*+2*A&%%&]2H* A&5*(D(5I*?+65*&A*5(26>.(2* 6<*)L(*7&%R

.'<0*)L(*$i`@PE#!*D+%.(*]+2*5()56(D(>,*1A*+)*%(+2)*L+%A*&A

)L(*?+652*L+>*+*$i`@PE#!*D+%.(*!"0*)L(*7&%.'<*]+2*7&<26>R

(5(>*+2*7&<2(5D(>,

g(6JLV&5*^&6<6<J*)5((2*M]6)L*3""*V&&)2)5+?*5(?%67+)(2N*](5(

7&<2)5.7)(>*.26<J*GeFi1G*:,3*b#:c,*K+'6%6(2*7&<)+6<6<J*'&5(

)L+<*\""*?5&)(6<2*](5(*+%6J<(>*]6)L*C%.2)+%a*\,d:*b#9c*+<>

](5(*V&&)2)5+??(>*\""*)6'(2,*K+'6%6(2*]6)L*'&5(*)L+<*!#"

J(<(2*](5(*(Y7%.>(>*A5&'*)L(*>+)+2()0*V(7+.2(*GeFi1G*]+2

.<+V%(* )&* V.6%>* +* ?LI%&J(<()67* )5((,* ;L(* <(6JLV&5R^&6<6<J

)5((2*](5(*?+52(>0* +<>*?LI%&J(<()67* 6<A&5'+)6&<*2.??&5)(>

VI*+*V&&)2)5+?*D+%.(*&A*+)*%(+2)*/"l*]+2*7&<26>(5(>*A&5*A.5)L(5

+<+%I262,

Functional annotation of the gene families
O(<(*A+'6%6(2*](5(*A.<7)6&<+%%I*+<<&)+)(>*.26<J*O`*b9#0#3c,

;L(* O`* +<<&)+)6&<* A&5* L.'+<* +<>* '&.2(0* +2* ](%%* +2* )L(

1<)(5G5&* +<<&)+)6&<* A&5* +%%* &5J+<62'2* %62)(>* +V&D(* ]+2

>&]<%&+>(>* A5&'*T<2('V%,*K&5* )L(*&5J+<62'2* )L+)*>6>*<&)

L+D(*+*O`*+<<&)+)6&<0*+*O`*%+V(%6<J*]+2*&V)+6<(>*V+2(>*&<

)L(* 1<)(5G5&* +<<&)+)6&<* b##c,* 1<* +* A652)* 2)(?0* )L(* 1<)(5G5&

+<<&)+)6&<*]+2* %6<Q(>* )&* )L(*7&55(2?&<>6<J*O`*+<<&)+)6&<

]6)L*)L(*1<)(5G5&!O`*'+??6<J*Mb#3c0*D(526&<*&A*4?56%*!""3N,

@6<7(* 2&'(* O`* 7+)(J&56(2* &<%I* 7&<)+6<* +* 2'+%%* A5+7)6&<* &A

J(<(20* 6<*+*2(7&<>*2)(?*+%%*O`*%+V(%2*](5(*5('+??(>*)&*)L(

O`2%6'* &<)&%&JI0* +* 5(>.7(>* D(526&<* &A* O`* &<)&%&JI* Mb#3c0

J(<(567*D(526&<*&A*4.J.2)*!""!N,*O`*+<<&)+)6&<*?(5* A+'6%I

]+2*&V)+6<(>*VI*%62)6<J*)L(*O`2%6'*%+V(%2*A&5*+%%*)L(*J(<(2*&A

)L+)*A+'6%I,*4*](6JL)0*([.+%*)&*)L(*?(57(<)+J(*&A*J(<(2*]6)L

O`2%6'*+<<&)+)6&<*]6)L6<*)L(*2+'(*2.V7+)(J&5I*M'&%(7.%+5

A.<7)6&<0*7(%%.%+5*7&'?&<(<)0*V6&%&J67+%*?5&7(22N*)L+)*7+556(>

)L62*%+V(%0*]+2*+))+7L(>*)&*+%%*)L(*O`2%6'*%+V(%2,*`<%I*O`2%6'

%+V(%2*]6)L*+*](6JL)*J5(+)(5*)L+<*:"l*](5(*7&<26>(5(>*+2*5(?R

5(2(<)+)6D(*A&5*)L(*A+'6%I*V(7+.2(*6)*62*.<%6Q(%I*)L+)*+*O`2%6'

%+V(%*+2756V6<J*A(](5*'('V(52*&A*)L+)*A+'6%I*62*5(?5(2(<)+)6D(

A&5* )L(*(<)65(* A+'6%I,*4* %&](5*7.)&AA* %(+>2* )&*+*7&<26>(5+V%(

6<75(+2(* 6<* )L(* <.'V(5* &A* O`2%6'* %+V(%2* A&5* (+7L* A+'6%I0

]L67L*'(+<2* )L+)* 5+5(* O`* %+V(%2* ]&.%>* V(* +226J<(>* )&* +<

(<)65(*A+'6%I,*4*L6JL(5*7.)&AA*&<%I*>(75(+2(>*)L(*<.'V(5*&A

O`2%6'*%+V(%2*A&5*(+7L*A+'6%I*2%6JL)%I*M4>>6)6&<+%*>+)+*A6%(*\h

K6J.5(*@\N,

Relative dating of duplication events
GLI%&J(<()67*)5((2*](5(*2I2)('+)67+%%I*+<+%I_(>*A&5*)L(*?5(2R

(<7(*&A*J(<(*>.?%67+)6&<*(D(<)2*+)*>6AA(5(<)*?&6<)2* 6<*D(5)(R

V5+)(* (D&%.)6&<* M2((* V(%&]N,* B.?%67+)6&<* (D(<)2* ](5(

(D+%.+)(>*VI*5(%+)6D(*>+)6<J0*)L.2*V+2(>*&<*)L(*5(%+)6D(*?&26R

)6&<*&A*)L(*>.?%67+)(>*J(<(2*7&'?+5(>*)&*2?(76+)6&<*(D(<)2*6<

)L(*?LI%&J(<()67* )5((,*O(<(* %&22* A&%%&]6<J*J(<(*>.?%67+)6&<

(D(<)2*]+2*+%]+I2*7&.<)(>*+2*?+526'&<6&.2*+2*?&226V%(,*;]&

LI?&)L()67+%*(Y+'?%(2*)L+)*(Y?%+6<*6>(<)6A67+)6&<*&A*J(<(*%&22

+A)(5*>.?%67+)6&<*+5(*J6D(<*6<*K6J.5(*\,*K&5*6<2)+<7(0*+*>.?%6R

7+)6&<*(D(<)*62*5(J62)(5(>*+)*;G\:*MK6J.5(*!N*6A*+*%+<>*D(5)(R

V5+)(*+<>*+*A62L*J(<(*+5(*7%.2)(5(>*+)*&<(*26>(*&A*)L(*5&&)*+<>

+)*%(+2)*&<(*&)L(5*D(5)(V5+)(*2([.(<7(*62*A&.<>*&<*)L(*&)L(5

26>(* &A* )L(* 5&&),* K&5* (Y+'?%(0* )L(* )&?&%&JI* MMM;gJ(<(\0

e@J(<(\N0* e@J(<(!N0* C1N0* 2.??&5)(>* VI* V&&)2)5+?* D+%.(2

L6JL(5* )L+<*/"l0* 62* +*'6<6'+%* 5([.65('(<)* A&5*+77(?)6<J*+

>.?%67+)6&<* (D(<)* +)* ;G\:,* 4* )5((* ]6)L* &<%I*'+''+%2* +<>

+'?L6V6+<20* 2.7L* +2* MMMe@J(<(\0* m;J(<(\N0* Me@J(<(!0

m;J(<(!NN0*C1N*>&(2*7&<)+6<*+*>.?%67+)6&<*(D(<)0* 2L+5(>*VI

'+''+%2* +<>* +'?L6V6+<20* V.)* >&(2* <&)* +%%&]* &<(* )&* 7&5R

5(7)%I*6>(<)6AI*)L(*)6'(*?&6<)*&A*)L(*>.?%67+)6&<*(D(<)*26<7(*6)

62*?&226V%(*)L+)*)L(*>.?%67+)6&<*)&&Q*?%+7(*+)*;GS*&5*+)*;G\:,

;&* 6>(<)6AI* +* >.?%67+)6&<* &<*;GS0*](*<((>* +* A62L* J(<(* )L+)

7%.2)(52*&.)26>(*)L(*>.?%67+)6&<*<&>(,*4%%*2756?)2*)&*?+52(*?LIR

%&J(<()67*)5((2*+5(*+D+6%+V%(*.?&<*5([.(2),

;&*>()(5'6<(* 6A* )L(5(* +5(* +<I* 26J<6A67+<)* >6AA(5(<7(2* 6<* )L(

)&)+%*<.'V(5*&A*>.?%67+)(2* 6<* )L(*D(5)(V5+)(*?5&)(&'(20*](

?(5A&5'(>*?+65]62(*7&'?+562&<2*+<>*.2(>*)L(*K62L(5k2*(Y+7)

)(2),*;L62*)(2)*]+2*+%2&*.2(>*)&*>()(5'6<(*]L()L(5*J(<(*5()(<R

)6&<*+)*>6AA(5(<)* )6'(*?&6<)2*&5*V()]((<*>6AA(5(<)* 2?(76(2* 62

V6+2(>* )&]+5>2* ?+5)67.%+5* A.<7)6&<+%* 7+)(J&56(2* MO`2%6'N

b:9c,*;L(*A+%2(*>627&D(5I*5+)(*'()L&>*M[RD+%.(N*b#/c*]+2*.2(>

)&*7&55(7)*A&5*'.%)6?%(*LI?&)L(2(2*)(2)6<J*+<>*+>^.2)(>*1*D+%R

.(2*2'+%%(5*)L+<*","3*](5(*7&<26>(5(>*+2*26J<6A67+<),

Additional data files
;L(* A&%%&]6<J* +>>6)6&<+%* >+)+* +5(* +D+6%+V%(*]6)L* )L(* &<%6<(

D(526&<* &A* )L62* ?+?(5,* 4>>6)6&<+%* >+)+* A6%(* \* 7&<)+6<2* +>>6R

)6&<+%*6<A&5'+)6&<*+V&.)*)L(*+??%6(>*'()L&>2*+<>*)L(*5(2.%)20

6<7%.>6<JH*+<*(Y?%+<+)6&<*+V&.)*)L(*2())6<J*&A*)L(*](6JL)*7.)R

&AA*6<*)L(*%+V(%%6<J*&A*J(<(*A+'6%6(2*]6)L*O`2%6'*+<<&)+)6&<h

;+V%(*@\0* 2L&]6<J* 26J<6A67+<)* )5(<>2* 6<* )L(* )&)+%* +'&.<)*&A

>.?%67+)(* ?+652* 6<* )L(* D(5)(V5+)(* J(<&'(2h* +<>* ;+V%(* @!0

2L&]6<J*)L(*(Y7(22*&A*J(<(*5()(<)6&<*6<*?+5)2*&A*)L(*D(5)(V5+)(

)5((,*4>>6)6&<+%*>+)+*A6%(*!*%62)2*)L(*?5&)(6<2*]6)L*>(2756?)6&<2

MT<2('V%N,

4>>6)6&<+%*K6%(*\4>>6)6&<+%*6<A&5'+)6&<*+V&.)*)L(*+??%6(>*'()L&>2*+<>*)L(*5(2.%)2C&<)+6<2*+<*(Y?%+<+)6&<*+V&.)*)L(*2())6<J*&A*)L(*](6JL)*7.)&AA*6<*)L(*%+V(%%6<J*&A*J(<(*A+'6%6(2*]6)L*O`2%6'*+<<&)+)6&<h*;+V%(*@\0*2L&]6<J*26J<6A67+<)*)5(<>2*6<*)L(*)&)+%*+'&.<)*&A*>.?%67+)(*?+652*6<*)L(*D(5)(V5+)(*J(<&'(2h*+<>*;+V%(*@!0*2L&]6<J*)L(*(Y7(22*&A*J(<(*5()(<)6&<*6<*?+5)2*&A*)L(*D(5)(V5+)(*)5((,C%67Q*L(5(*A&5*A6%(4>>6)6&<+%*K6%(*!G5&)(6<2*]6)L*>(2756?)6&<2*MT<2('V%NG5&)(6<2*]6)L*>(2756?)6&<2*MT<2('V%N,C%67Q*L(5(*A&5*A6%(

Authors' contributions
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