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Letter

A burst of protein sequence evolution
and a prolonged period of asymmetric evolution
follow gene duplication in yeast

Devin R. Scannell''? and Kenneth H. Wolfe

Smurfit Institute of Genetics, Trinity College Dublin, Dublin 2, Ireland

It is widely accepted that newly arisen duplicate gene pairs experience an altered selective regime that is often
manifested as an increase in the rate of protein sequence evolution. Many details about the nature of the rate
acceleration remain unknown, however, including its typical magnitude and duration, and whether it applies to both
gene copies or just one. We provide initial answers to these questions by comparing the rate of protein sequence
evolution among eight yeast species, between a large set of duplicate gene pairs that were created by a
whole-genome duplication (WGD) and a set of genes that were returned to single-copy after this event. Importantly,
we use a new method that takes into account the tendency for slowly evolving genes to be retained preferentially in
duplicate. We show that, on average, proteins encoded by duplicate gene pairs evolved at least three times faster
immediately after the WGD than single-copy genes to which they behave identically in non-WGD lineages. Although
the high rate in duplicated genes subsequently declined rapidly, it has not yet returned to the typical rate for
single-copy genes. In addition, we show that although duplicate gene pairs often have highly asymmetric rates of
evolution, even the slower members of pairs show evidence of a burst of protein sequence evolution immediately
after duplication. We discuss the contribution of neofunctionalization to duplicate gene preservation and propose
that a form of subfunctionalization mediated by coding region activity-reducing mutations is likely to have played

an important role.

[Supplemental material is available online at www.genome.org.]

Theory indicates that one of three fates awaits all newly created
duplicate gene pairs (Force et al. 1999; Lynch et al. 2001): non-
functionalization (one copy is disabled and eventually lost, re-
storing the ancestral genotype and phenotype), subfunctional-
ization (the ancestral gene functions are partitioned between the
two duplicates, thus restoring the ancestral phenotype but alter-
ing the genotype), or neofunctionalization (retention of both
gene copies confers an advantage, so both genotype and pheno-
type are altered). In the event that one member of a pair becomes
nonfunctionalized, the selective constraints that operated on the
single ancestral gene are presumed to be inherited by the remain-
ing functional duplicate. Indeed, unless the retained gene copy
resides at a different genomic location than the ancestral gene (in
which case reproductive isolation may emerge between lineages)
(Lynch and Force 2000a; Scannell et al. 2006), the net effect of
nonfunctionalization is likely to be the restoration of the predu-
plication status quo. In contrast, if a gene pair is either subfunc-
tionalized or neofunctionalized, then both members will be
maintained by selection, but the presence of (partial) redundancy
may result in one or both genes experiencing an altered selective
regime relative to the ancestral single-copy state. Thus, gene du-
plication may initiate a period of altered molecular evolution and
duplicate preservation may result in this being prolonged. How-
ever, because the vast majority of new genes originate by gene
duplication, the distinction between duplicated and single-copy

"Present address: Lawrence Berkeley National Lab, 1 Cyclotron
Road, MS 84R0171, Berkeley, CA 94720, USA.

2Corresponding author.

E-mail DScannell@Ibl.gov; fax (786) 549-0137.

Article published online before print. Article and publication date are at http://
www.genome.org/cgi/doi/10.1101/gr.6341207.

genes is essentially a semantic one, and it is apparent that the
evolutionary dynamics of a gene formed by duplication must
eventually change into the dynamics of a single-copy gene.
Several authors have reported that duplicate genes exhibit
an elevated rate of protein sequence evolution (Lynch and Con-
ery 2000; Nembaware et al. 2002; Jordan et al. 2004), and this has
been interpreted to mean that both members of a pair are subject
to weaker purifying selection than single-copy genes (Kon-
drashov et al. 2002). However, it has also been observed that
duplicated genes may exhibit asymmetric protein sequence evo-
lution (i.e., the pair consists of a “slow” gene copy and a “fast”
gene copy) (Van de Peer et al. 2001; Conant and Wagner 2003;
Zhang et al. 2003; Brunet et al. 2006), and this asymmetry has
been taken as support for the Ohno model of evolution after gene
duplication (Kellis et al. 2004), which hypothesizes that one
member of a pair (the “slow” copy) maintains the ancestral rate
of evolution (and the ancestral role), while the “fast” copy may
evolve to optimize a novel beneficial function (Ohno 1970). It is
worth pointing out, however, that the observations themselves
are not mutually exclusive. For instance, it is possible that young
and old duplicated pairs are subject to different selection pres-
sures, and that age differences between data sets have contrib-
uted to different conclusions. Moreover, in either case, substitu-
tions are presumed to be accepted for the same underlying rea-
son: The presence of a redundant gene copy complements any
loss of the ancestral function (due either to a loss-of-function
mutation or to the gain of an alternative function) in its paralo-
gous partner. An important corollary of this idea is that as du-
plicates accumulate substitutions, they become progressively less
able to complement one another (Gu et al. 2003) and at some
point must fail to do so completely. Surprisingly, few investiga-
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tors have studied when this loss of complementation may occur
(Lynch and Conery 2000). In this study we examine the rate of
protein sequence evolution in multiple time intervals after gene
duplication and attempt to clarify previous observations by fo-
cusing on three distinct aspects of duplicate gene-pair evolution:
the magnitude of the increase in the rate of protein sequence
evolution exhibited by duplicate genes; the symmetry of this
effect (whether it is exhibited equally by both copies); and the
duration of the effect (how soon after gene duplication the rate of
protein sequence evolution returns to the preduplication level).
We do this by comparing rates of protein sequence evolution in
85 loci that were retained in duplicate and 808 loci that were
returned to single-copy after the yeast whole-genome duplica-
tion (WGD) (Wolfe and Shields 1997; Dietrich et al. 2004; Kellis
et al. 2004).

Our approach differs in a number of ways from that of pre-
vious investigators. First, we have chosen to study only genes for
which either single-copy orthologs or double-copy co-orthologs
are available in eight yeast species, four of which diverged after a
WGD in their common ancestor (post-WGD yeasts; Saccharomy-
ces cerevisiae, Saccharomyces bayanus, Candiuda glabrata, and Sac-
charomyces castellii) and four of which diverged from this lineage
prior to the WGD (Kluyveromyces waltii, Kluyveromyces lactis, Ash-
bya gossypii, and Candida albicans; we refer to the first three as
non-WGD yeasts and use C. albicans as an outgroup). More spe-
cifically, our set of single-copy loci consists of genes that are
single-copy and orthologous in the three non-WGD yeasts and
that are also currently single-copy and orthologous in all four
post-WGD yeasts. In contrast, although the genes in our double-
copy data set also possess only a single ortholog in each of the
non-WGD yeasts, they have been retained in duplicate in all four
post-WGD yeasts. Our motivation for requiring that all genes in
our data sets have single-copy orthologs in multiple non-WGD
species is discussed below, but the motivation for studying gene
pairs that are retained in duplicate in multiple post-WGD yeasts
is simple: It allows us to study the same gene pairs in successive
time intervals after gene duplication.

The second major difference between our approach and pre-
vious studies is that we use concatenated alignments to study the
group properties of duplicates and single-copy genes. We esti-
mate the average increase, after the WGD, in the rate of protein
sequence evolution in double-copy sequences on different
branches of the phylogenetic tree. Although concatenating align-
ments in this manner prevents us from identifying individual
gene pairs that exhibit particularly asymmetric protein sequence
evolution or that are evolving very rapidly (Byrne and Wolfe
2006), it increases our power to identify general evolutionary
trends associated with gene duplication. In this regard, our ex-
perimental design is similar to the study by Lynch and Conery
(2000), in which data from a large number of pairs were fitted to
an evolutionary model in order to make inferences about the
evolution of the “average” or “ideal” gene pair.

Finally, we use a method we developed recently (Scannell et
al. 2006) to correct for the fact that genes that are retained in
duplicate do not comprise a random sample of the genome but
are, on average, more slowly evolving (prior to duplication) than
genes that are not retained in duplicate (Davis and Petrov 2004).
This bias can lead to a scenario where an interspecies comparison
of the rates of protein sequence evolution between sets of or-
thologous genes that either have paralogs or do not have para-
logs can fail to detect a true increase in the rate of protein se-
quence evolution in the former set. It is likely that this effect has

been a significant source of error in previous studies (Davis and
Petrov 2004) and, by correcting for it, we show that although the
rate of protein sequence evolution in duplicated genes in modern
S. cerevisiae has declined significantly from its high immediately
after the WGD, it still has not returned to the preduplication rate
for at least one member of most gene pairs.

Results

Assessing the effect of gene duplication on protein sequence
evolution

To assess the impact of gene duplication on the rate of protein
sequence evolution, we first assembled two super-alignments,
called A1 and A2. Al is a concatenation of the aligned protein
sequences of genes in our single-copy data set (324,540 columns
from 808 loci that are single-copy in all seven ingroup species),
and A2 is a concatenation of the aligned protein sequences in our
double-copy data set (33,720 columns from 85 loci that are
double-copy in the four post-WGD species and single-copy in the
three non-WGD species). We then used the procedure described
in Scannell et al. (2006) to mitigate rate biases between sequences
in the super-alignments Al and A2 due to the preferential reten-
tion of slowly evolving genes in duplicate (Davis and Petrov
2004). Briefly, this procedure pairs each column in A2 with a
“control” column in A1l that contains exactly the same amino
acid residues in some of the non-WGD species (usually three
species; see below), and so can be considered to be following a
similar evolutionary trajectory in the non-WGD species. We then
use only these matched columns to assemble two new super-
alignments, A1’ and A2'. Because there are about 10 times more
columns in Al than A2, it is possible to find a matching column
in Al for almost every column in A2.

We then performed maximum likelihood branch-length
evaluation on Al’' and A2’ using the established phylogenetic
relationships among the yeast species represented in these super-
alignments (see Methods; Scannell et al. 2006). Tree T1 is derived
from the super-alignment A1’ and tree T2 is derived from the
super-alignment A2’ (Fig. 1A, left). We then modify the topolo-
gies of T1 and T2 to produce a final pair of trees, T1’ and T2', with
a single topology (Fig. 1A, right). In the case of T2, we simply
average the lengths of all the duplicated branches between the
clades labeled “Copy 1” and “Copy 2” (Fig. 1A, bottom) and
collapse one of the redundant clades. In the case of T1, we par-
tition the branch on which the WGD occurred into pre- and
post-duplication branches as described (Fig. 1A, top; Scannell et
al. 2006). Because T1' and T2’ have identical topologies (Fig. 1A,
right) we can estimate the rate of protein sequence evolution on
T2' relative to T1' by comparing branch lengths between them.
For convenience, we report the length of each branch on T2 as
a percentage of the length of the corresponding branch on T1' in
all subsequent analyses. In addition, because we are only inter-
ested in this scaled value (i.e., the rate of protein sequence evo-
lution of double-copy sequences relative to appropriate single-
copy control sequences) and not the actual length of the
branches on either T1" or T2’, we will refer to this percentage
simply as the “relative rate of protein sequence evolution.”

In Supplemental Figure 1, we show that our column-
matching procedure can substantially reduce the effect of the
bias noted by Davis and Petrov (2004) that slowly evolving genes
are more likely to be retained as duplicates. We first confirm their
result for our data set. In the non-WGD species K. waltii, K. lactis,
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Figure 1. Measuring the increase in the rate of protein sequence evolution after gene duplication. (A) Construction of a pair of topologically identical
trees, T1" and T2’ (right), from a tree derived from single-copy sequences only (T1; obtained from super-alignment A1’) and a tree derived from single-
and double-copy sequences (T2; obtained from super-alignment A2’). The tree T1' was derived from the tree T1 by partitioning the branch between
the divergence of the non-WGD yeasts and the divergence of S. castellii from the S. cerevisiae lineage into pre- and post-duplication segments (light-blue
line and gray box). As in Scannell et al. (2006), we assumed that the length of the preduplication branch on T1 is the same as that on T2 (red line).
The tree T2’ was derived from the tree T2 by averaging the lengths of all duplicated branches between the post-WGD clades labeled “Copy 1” and
“Copy 2" (light-green ovals). A filled circle (®) indicates the inferred point of duplicate gene divergence. The branches labeled X, Y, and Z on T2’ are
referred to in the text. (B) Tree showing the length of branches on T2' as a percentage of the length of the corresponding branches on T1’, which is
a measure of the rate of evolution of double-copy sequences relative to single-copy sequences. Percentages (+ one standard deviation) are averages
from 100 bootstrap replicates (see Methods). The branch lengths drawn are the averages on T1’ from the same 100 bootstrap replicates. Branches are

colored according to the arbitrary scale shown.

and A. gossypii, the average rate of protein sequence evolution of
genes that were retained in duplicate in post-WGD species is only
78%-80% of the average rate of those that were not retained in
duplicate (Supplemental Fig. 1A). That is, the median evolution-
ary rate in the non-WGD species for genes in set A2 is about 20%
lower than for those in set Al, even though the distinction be-
tween sets A2 and Al concerns whether or not they are dupli-
cated in a different group of species. We then demonstrate that
the column-matching procedure can reduce this rate bias. We
performed column-matching in three ways, by matching col-
umns in Al to those in A2 on the basis of having identical amino
acid residues in two, three, or four non-WGD species (the three
pre-WGD species noted above and Saccharomyces kluyveri) (see
Methods). As the number of matched species increases, the me-
dian relative rate of protein sequence evolution in non-WGD
species in A2’ relative to A1’ increases from 92% to 94% to 97%
(Supplemental Fig. 1B-D), indicating that Davis and Petrov’s bias
is being eliminated. We note that this is not a trivial consequence
of the site-pairing procedure (which causes the non-WGD se-
quences to be identical in A1’ and A2'), because the branch
lengths in the post-WGD clade change by a similar amount
(Supplemental Fig. 1, cf. A and D; the median changes in the
relative rate of protein sequence evolution in the non-WGD and
post-WGD clades are 18% and 19%, respectively). Column-
matching with four non-WGD species is the most effective
method, but because of the more demanding match requirement
(identical residues in four non-WGD species), it is not possible to
find matches for 6.3% of the columns in A2 (Supplemental Fig.
1D). For the remainder of this study, we therefore chose to use
super-alignments made by column-matching with three non-
WGD species (K. lactis, K. waltii, and A. gossypii), because this
criterion allows matching of almost all columns in A2 (99.7%)
and the amelioration of the rate bias is only slightly less than

when four non-WGD yeasts are used (Supplemental Fig. 1C). In
addition, for convenience, we will refer to corresponding se-
quences in alignments to which the column-matching procedure
has been applied (e.g., the K. lactis derived sequences from both
A1’ and A2’) as “equivalent” sequences because, in lineages that
have not undergone duplication, such sequence pairs exhibit ap-
proximately equal rates of protein sequence evolution.

Elevated rate of protein sequence evolution in double-copy
sequences relative to equivalent single-copy sequences

After controlling for the Davis and Petrov effect as described
above, we find that the relative rate of sequence evolution of
proteins in the A2’ set is greater than the expected 100% in all
branches descended from the WGD (median 128%; range 111%-—
342%; Fig. 1B) but very close to this value for all other branches
(median 95%; range 93%-107%). The observation that all of the
branches in the post-WGD clade are significantly longer than
expected indicates that double-copy sequences experience a con-
siderable increase in the rate of protein sequence evolution rela-
tive to equivalent single-copy sequences. As we discuss in more
detail below, this appears to be true for duplicates derived from
the WGD even in modern §. cerevisiae (the relative rate of protein
sequence evolution on the terminal S. cerevisiae branch is
111 = 3%) and appears to be especially true on the earliest
branch after duplication (342 + 54%). We also note that the
change in the relative rate of protein sequence evolution on suc-
cessive branches after the WGD in Figure 1B declines monotoni-
cally on successive branches from the WGD to modern S. cerevi-
siae (342% > 128% > 124% > 111%), which is consistent with a
progressive restoration of purifying selection after gene duplica-
tion and conforms precisely to the expectation under the model
outlined previously.

Genome Research 139
www.genome.org


http://genome.cshlp.org
http://www.cshlpress.com

Downloaded from genome.cshlp.org on October 6, 2008 - Published by Cold Spring Harbor Laboratory Press

Scannell and Wolfe

We performed three control experiments to confirm our ob-
servations. First, we considered the possibility that the column-
matching procedure we used might artificially inflate the esti-
mated relative rate of protein sequence evolution among double-
copy sequences (although Supplemental Fig. 1A strongly suggests
that this is not the case). To test this, we replaced A2 with an
equal number of randomly sampled columns from A1l and car-
ried out all other steps as previously. As expected for a negative
control, we detected no acceleration on any branch (Supplemen-
tal Fig. 2A). Second, we considered that spurious matches be-
tween columns in Al and A2 based on rare combinations of
amino acids in K. lactis, K. waltii, and A. gossypii might cause us
to overestimate the relative rate of protein sequence evolution in
double-copy sequences. We therefore excluded all sites from A1’
and A2’ that possessed an amino acid combination in K. lactis, K.
waltii, and A. gossypii that was observed fewer than five times in
either Al or A2. Excluding these sites causes our estimates of the
relative rate of protein sequence evolution in double-copy se-
quences to be slightly increased for the post-WGD clade, and
probably slightly improved for the non-WGD clade (Supplemen-
tal Fig. 2B), but ultimately supports the same conclusions as Fig-
ure 1B. Third, to exclude the possibility that the differing num-
bers of sequences in A1 and A2 made a comparison between trees
derived from these super-alignments inappropriate, or that the
tree-processing steps introduced an error of some kind, we re-
moved all of the sequences from one of the duplicate clades from
A2 (e.g., the sequences corresponding to “Copy 2” in Fig. 1A,
bottom, left) and repeated all other previous steps. Again, the
results were not significantly affected (Supplemental Fig. 2C),
and we conclude that sequences of retained duplicate gene pairs
evolve faster at the protein sequence level than equivalent single-
copy sequences.

Double-copy sequences experience a burst of protein sequence
evolution immediately after duplication

As expected, the greatest increase in the relative rate of protein
sequence evolution among double-copy sequences is observed
immediately after the WGD. On the branch between the WGD
and the divergence of S. castellii from the S. cerevisiae lineage, we
estimate that double-copy sequences evolved on average at
342 + 54% the rate of equivalent single-copy sequences (Fig.
1B), and this is probably a lower-bound estimate for several rea-
sons. One is that we averaged the relative rate of protein se-
quence evolution between the two duplicate clades and if (as we
show below) the increase in the relative rate of sequence evolu-
tion is usually experienced primarily by one member of each
duplicate pair, the increase in some gene copies could be up to
twice that shown in Figure 1B. Such a value would be similar to
the 10-fold average increase in the nonsynonymous substitution
rate detected by Lynch and Conery (2000). In addition, we did
not attempt to remove duplicated pairs that are undergoing gene
conversion from our data set, except for those encoding cytosolic
ribosomal proteins (see Methods). Since gene conversion will
cause us to underestimate the lengths of branches on T2 only
(Fig. 1A, bottom, left), it is possible that it has depressed our
estimates of the rate increase in double-copy sequences. Finally,
we note that all the sequences in A1 must have been duplicated
for at least a short period of time after the WGD (Scannell et al.
2000), so it is possible that they also experienced a brief increase
in the rate of protein sequence evolution. If this is the case, then

comparing branch lengths between T1" and T2’ will tend to un-
derestimate the increase in the rate of protein sequence evolution
attributable to gene duplication.

The branch from the WGD to the first speciation event ac-
counts for ~10% of the time from the WGD to the present (Scan-
nell et al. 2006), so the increase in the relative rate of protein
sequence evolution we observe on that branch is the average
value over a reasonably long period of time (roughly 10 Myr).
This suggests that the increase may have been more modest to-
ward the end of this branch and potentially much greater imme-
diately after the WGD. We used the genome sequence of K.
polysporus (Scannell et al. 2007a) to investigate this possibility
further. Because K. polysporus diverged from the S. cerevisiae lin-
eage on the branch between the WGD and the divergence of §.
castellii, it should allow us to partition the branch immediately
after the WGD into two segments. On the branch immediately
after the WGD, we expect the estimated relative rate of protein
sequence evolution to be greater than 342 + 54%, and on the
other we expect it to be less. Surprisingly, however, when we
applied our method to super-alignments that included K. polyspo-
rus sequences, Al and A2y, (similar to A1 and A2 above, but
including sequences from K. polysporus; see Methods), we were
unable to estimate reliably the length of the branch between the
WGD and the divergence of K. polysporus on tree T1’ (this is done
by comparison to T2'; see Fig. 1A). In 33 of 100 pseudo-replicates,
we obtained a very short branch length (mean 0.009 amino acid
substitutions per site) and consequently estimated the rate of
protein sequence evolution in double-copy sequences immedi-
ately after the WGD to be >1000% of the single-copy rate in
many cases. However, the remaining 67 pseudo-replicates indi-
cated a short negative branch, and the average of all 100 pseudo-
replicates was not distinguishable from zero (—0.003 + 0.011
amino acid substitutions per site). Although this is nominally
consistent with our previous conclusion that K. polysporus and S.
cerevisiae diverged very soon after the WGD (Scannell et al.
2007a), additional data (not shown) indicate that two sources of
error may be contributing to underestimation of the length of
the branch between the WGD and this divergence event. For
example, it is possible that gene-conversion events between du-
plicate pairs that occurred prior to the divergence of the K.
polysporus and S. cerevisiae lineages are causing the WGD to ap-
pear to occur at a later time on tree T2 than was actually the case.
In addition, we have previously shown that it is very difficult to
determine whether genes in K. polysporus are orthologs or para-
logs (created by the WGD) of their closest homologs in the other
sequenced post-WGD yeast species (Scannell et al. 2007a). If
some of the single-copy K. polysporus sequences in Aly,, are
paralogs rather than orthologs of the sequences from the other
post-WGD species in Aly,,,, then we will infer that K. polysporus
diverged from these species earlier than was actually the case.
The combination of these two sources of error (gene conversion
in T2 and cryptic paralogs in T1) will cause us to underestimate
the length of the branch between the WGD and the divergence
of K. polysporus on T1' (Fig. 1A, top). We are therefore currently
unable to confirm that the relative rate of protein sequence evo-
lution on the branch between the WGD and the divergence of K.
polysporus is >342 + 54%. However, we were able to estimate that
the relative rate of protein sequence evolution on the branch
between the divergence of K. polysporus and S. castellii is
252 + 37%, which is consistent with the pattern of a sudden
increase in the rate of protein sequence evolution after WGD
followed by a slowdown.
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An elevated rate of protein sequence evolution persists
in double-copy sequences for a long time after duplication

The rate of protein sequence evolution in double-copy sequences
on the terminal S. cerevisiae branch is higher than for equivalent
single-copy sequences (111 + 3%), suggesting that duplicate
pairs still experience a more permissive selective regime due to
the presence of a partially redundant gene copy. Because it is
surprising that this effect is still observed so long after the WGD
(on the order of 100 Myr) (Wolfe and Shields 1997; Friedman and
Hughes 2001), we verified this result by performing a codon-
based analysis of selective constraint between orthologous se-
quences from S. cerevisiae and S. bayanus that are either derived
from single-copy or double-copy sequences (see Methods). The
divergence time between this pair of species is ~15% of the age of
the WGD (Scannell et al. 2006). The nonsynonymous substitu-
tion rate is significantly (19.8%) higher between orthologs that
are members of duplicate pairs than between orthologs that are
single-copy genes (Table 1). The former are also ~10% less con-
strained (as inferred from the dy/ds ratio) and we note that this
effect is only observed if the biased retention of slowly evolving
sequences in duplicate identified by Davis and Petrov (2004) is
corrected for (compare the “% Difference” in dy/dg values be-
tween columns labeled “Site-matched” and “Random sample”).
Table 1 also confirms that the column-matching procedure op-
erates by selecting a subset of sites from the super-alignment Al
that are evolving more slowly than average, but does not other-
wise affect the data (compare the dy and dg values between
single-copy loci for the columns labeled “Site-matched” and
“Random sample”). Most importantly, however, it is clear that
the altered molecular evolution of duplicated gene pairs can per-
sist for a very long period of time after the initial duplication
event.

Double-copy sequences evolve asymmetrically
at the protein sequence level

To examine the possibility of asymmetric rates of protein se-
quence evolution between members of duplicated pairs, we per-
formed maximum-likelihood branch-length evaluation indi-
vidually on each of the 85 double-copy loci we collected (Meth-
ods). We designated the duplicate clades (e.g., the clades labeled
“Copy 1” and “Copy 2” in Fig. 1A, bottom, left) as either “ini-
tially fast-" or “initially slow-" evolving based on the relative
lengths of only the first branches after the WGD (i.e., the
branches from the WGD event to the divergence of S. cerevisiae
and S. castellii). We then assembled a new super-alignment,
A2,4ym, Dy concatenating sequences from all the “initially fast”
clades together. Using A2,,,,,, and Al, we repeated all the steps
performed to create Figure 1B except the final averaging step

Table 1.

between the two duplicate clades (Fig. 1A, bottom). Instead, we
compared the lengths of branches in the “initially fast” and “ini-
tially slow” clades on the tree reconstructed from A2, sepa-
rately to the equivalent branches on the tree reconstructed from
single-copy loci. Branches in the “initially fast” and “initially
slow” clades exhibit radically different rates of protein sequence
evolution (Fig. 2). Between the WGD and the present, sequences
on the “initially fast” S. cerevisiae lineage have evolved on average
at 140% of the rate of those on the “initially slow” lineage. Im-
portantly, although we treat these data as a measure of the asym-
metry of protein sequence evolution, we note that the method by
which we constructed A2,,y,, (on the basis of the initial branch
after the WGD only) represents an implicit test of the hypothesis
that duplicated sequences evolve asymmetrically. If this hypoth-
esis is false, then no difference in the relative rate of protein
sequence evolution between “initially fast” and “initially slow”
clades should be observed on any branch other than the first
branch after the WGD (which we forced to be asymmetric). In
fact, the distinction is apparent on every pair of branches (Fig. 2;
range 15%-67%) and all differences are greater than the sum of
the standard deviations on the relevant branches. Thus, within
gene pairs, the copy that evolved faster immediately after the
WGD tended to keep evolving faster in later time periods too.

To formulate an explicit test, we calculated the sum of the
differences in relative rates of protein sequence evolution be-
tween the “initially fast” and “initially slow” clades for all pairs of
duplicate branches excluding the first branches after the WGD,
and compared the value obtained from the tree derived from
A2,4ym to the distribution of values obtained from 100 random-
ized data sets (i.e., clades were not partitioned into “initially fast”
and “initially slow” clades prior to concatenation). Using this
measure of asymmetry, the tree derived from A2, was more
asymmetric than all but one of the randomized data sets, sug-
gesting a nominal significance of P < 0.02. We confirmed this
conclusion by comparing the number of substitutions observed
on the terminal S. cerevisiae (or S. bayanus) branches with that
expected, assuming equal rates of protein sequence evolution.
Despite the fact that these branches are separated from the
WGD—and the branches that we used to partition the data into
“initially fast” and “initially slow” clades—by tens of millions of
years, we find that 37% more substitutions accumulated on the
terminal S. cerevisiae branch in the “initially fast” clade than on
the terminal branch in the “initially slow” clade (x> goodness-
of-fit test, P<1 X 10~ '!; absolute branch-lengths 0.078 and
0.057 substitutions per site, respectively).

Although the analysis of substitutions on the terminal S.
cerevisiae branches implies that our observation of asymmetric
protein sequence evolution is not conditional on the inclusion of
C. glabrata, it is clear from Figure 2 that C. glabrata contributes

Sequences derived from duplicate gene pairs (“Double-copy”) have experienced an elevated nonsynonymous substitution rate

and decreased selective constraint relative to single-copy sequences (“Single-copy”) since the divergence of S. cerevisiae and S. bayanus

Random sample of sites from A1 and A2

Site-pairing procedure between A1 and A2

Single-copy (A1) Double-copy (A2)

% Difference®

Single-copy (A1’) Double-copy (A2") % Difference®

dy 0.069 0.076 9.6%
dq 1.119 1.250 11.8%
d/ds 0.062 0.061 ~1.9%

0.063 0.076 19.8%
1.131 1.250 10.5%
0.056 0.061 8.5%

Codon super-alignments were obtained by back-translating the protein super-alignments used to create Figure 1B. The values shown are the averages
of 100 pseudo-replicates. The site-pairing procedure corrects for the Davis and Petrov effect and is described in the text.
2% Difference is the difference between the single-copy and double-copy rates as a percentage of the single-copy rate.
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Figure 2. Asymmetric protein sequence evolution is initiated very soon after gene duplication and persists in modern duplicates. The tree was

reconstructed from A2

asym

and shows branch lengths expressed as percentages of the length of the corresponding branches on a tree reconstructed from

equivalent single-copy sequences (see text for details). Branch lengths are the averages of 100 pseudo-replicates and the coloring scheme is the same

as in Figure 1.

significantly to our measure of asymmetry. The difference in the
relative rates of protein sequence evolution is 67% for the termi-
nal C. glabrata branches, whereas for all other pairs of branches
that contribute to our measure the contribution is in the range of
from 15% to 34%. By systematically excluding one or more post-
WGD species from the alignments Al and A2,,,,, we show in
Supplemental Table 1 that the observation of asymmetric evolu-
tion is not conditional on the inclusion of C. glabrata or any
other post-WGD lineage (P < 0.02 in all cases). Similarly, we con-
sidered the possibility that the asymmetry we observe is attrib-
utable to the influence of just a small number of highly asym-
metric gene pairs and is not a property shared by most double-
copy loci. To address this, we generated 100 bootstrap replicates
of A2, by sampling 50% of the double-copy loci without re-
placement from our data set of 85 loci. Following partitioning
into “initially fast” and “initially slow” clades, the mean asym-
metry of these 100 data sets was significantly greater than that of
100 randomized data sets (P < 1 X 10~ 'S by Wilcoxon rank-sum
test; Supplemental Table 2). This confirms that a substantial frac-
tion of double-copy loci contribute to asymmetric protein se-
quence evolution.

Three other features of Figure 2 are notable. First, the rela-
tive rate of protein sequence evolution on the first branch after
the WGD is significantly >100% in both the “initially fast” and
“initially slow” clades. The relative rate on this branch in the
“initially fast” clade is greater than five times the expected
(single-copy) rate. More surprisingly, the relative rate in the “ini-
tially slow” clade is 216 = 33%, more than twice the expected
value. This strongly suggests that both members of duplicated
pairs experience a burst of protein sequence evolution after gene
duplication. This result is unlikely to be an artifact of the method
we used to estimate the rate on this branch (Fig. 1B, top), because
even if we assume that the WGD occurred immediately after the
divergence of the non-WGD yeasts (i.e., reducing the red branch
in Fig. 1A to zero, which minimizes the estimated increase in the
rate of sequence evolution on the first branch after the WGD), we
find that the first branch after the WGD in the “initially slow”
clade is 127 = 5% of the length of the equivalent branch on T1'.

In addition, the terminal S. castellii branch in the “initially slow”
clade also shows significant acceleration (Fig. 2; 129 + 2%).

Second, although both the “initially fast” and “initially
slow” duplicate clades experience a rapid decline in the rate of
protein sequence evolution (Fig. 2), the levels to which they fall
are very different. The terminal branches in the “initially fast”
clade are still evolving much faster than expected (123%-173%),
but in the “initially slow” clade the rate increase attributable to
the presence of a paralog has virtually disappeared on all
branches after the divergence of S. castellii (94%-116%). Again,
these observations are unlikely to be artifactual, since our com-
parison of dy and dg between S. bayanus and S. cerevisiae (see
above) supports a real difference in rates between single-copy and
double-copy sequences, and alignment error is expected to be
negligible at this distance. This observation is discussed in more
detail in the Discussion section.

Finally, we infer that the rapid emergence of “fast” and
“slow” members of gene pairs represents a decisive and largely
irreversible evolutionary change, because our partitioning of
genes into “initially fast” and “initially slow” copies based on the
rate on the first branch after WGD is a remarkably accurate pre-
dictor of the rates of evolution on all subsequent branches (Fig.
2). In independent work, our laboratory has described this evo-
lutionary pattern as “consistent asymmetry” (Byrne and Wolfe
2006) and possible bases for this pattern are considered there and
in the Discussion section.

The pattern of amino acid substitution does not differ
between double-copy and single-copy sequences

Because gene duplication is often associated with evolutionary
innovation, we considered the possibility that the mode as well
as the tempo of protein sequence evolution may be affected by
gene duplication. We therefore compared the pattern of amino
acid substitutions occurring in T2' and T1’ on three different
branches (labeled X, Y, and Z in Fig. 1A, bottom, right). We chose
these branches because they are short (minimizing the number of
sites that have sustained multiple substitutions), they have simi-
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lar lengths (so results can be compared between branches), and
because branches Y (immediately after the WGD) and Z (the
branch from the divergence of S. bayanus to modern S. cerevisiae)
are of particular interest. We used maximum-likelihood to recon-
struct internal nodes in the trees and inferred substitutions by
parsimony. We classified substitutions on a spectrum from “Con-
servative” to “Radical” using the Universal Evolutionary Index
(Tang et al. 2004), an empirically derived index specifying the
relative frequencies of amino acid-changing single nucleotide
substitutions (see Methods). We did not detect any difference in
the proportions of substitutions of different types between cor-
responding branches on T2" and T1' (Table 2). We obtained simi-
lar results (data not shown) when substitutions were classified
using the “Grantham Matrix” (Li et al. 1985), which is based on
physico-chemical properties of amino acids (Grantham 1974).
Because we have sufficient statistical power to detect even a small
departure from expected values, we conclude that gene duplica-
tion does not lead to a disproportionate increase in certain types
of amino acid substitutions, but results in a general increase in
the rate of protein sequence evolution. This is consistent with
results suggesting that neither positive selection (which is likely
to have contributed to asymmetric evolution of duplicate pairs
after the WGD) (Fares et al. 2006) nor gene duplication per se is
associated with altered patterns of amino acid substitution
(Seoighe et al. 2003; Conant et al. 2006; Hanada et al. 2006).

Discussion

In this study we examined the relative rates of protein sequence
evolution of double-copy genes in successive time intervals after
the yeast WGD by comparing the lengths of equivalent branches
between trees drawn from double-copy and single-copy se-
quences (Fig. 1). Because the time between speciation events is
fixed, any differences in branch lengths compared in this way
must be due to differences in substitution rates. Moreover, be-
cause of the large size of our data set (Rokas et al. 2003) and
provided that no systematic biases exist (Phillips et al. 2004), any
observed rate differences can be attributed to gene duplication.
This approach is conceptually similar to that taken by Halligan
and Keightley (2006), who compared the rate of nucleotide sub-
stitution between putatively neutrally evolving intronic sites and
promoter regions and concluded that the rate of evolution in
promoters is constrained by purifying selection. In our case we
sought to identify a sample of single-copy sites that were under a
level of constraint similar to that experienced by double-copy

sequences prior to the WGD. We showed empirically that match-
ing sites between Al and A2 that were following similar evolu-
tionary trajectories in non-WGD yeasts is an effective way to do
this (Supplemental Fig. 1).

The column-matching procedure we used here could be im-
proved if more data were available. We used sequences from the
same three non-WGD species both to pair sites between Al and
A2 and subsequently to evaluate the efficacy of the procedure,
whereas it would be desirable to use different sets of taxa for these
two purposes. More generally, the site-matching procedure as
implemented here is an ad hoc approximation of a principled
method. By pairing sites with identical combinations of amino
acids we sought to pair sites that, on average, are evolving at similar
rates in species that have not undergone the WGD. If genome se-
quences from more non-WGD species were available, however, it
should be possible to assign sites in A1 and A2 to rate classes by
maximum likelihood and then derive A1’ and A2’ by simply sam-
pling the appropriate number of sites from each rate class.

The observation that both the “initially fast” and “initially
slow” duplicate clades experienced a burst of protein sequence
evolution after the WGD (Fig. 2) is the most striking result of this
study. Previous work has typically focused either on identifying
cases of asymmetric protein sequence evolution (Van de Peer et
al. 2001; Conant and Wagner 2003; Zhang et al. 2003; Brunet et
al. 2006) or on testing whether gene duplication leads to an in-
crease in the rate of protein sequence evolution (Lynch and Con-
ery 2000; Nembaware et al. 2002; Jordan et al. 2004) and has not
attempted to quantify the relative contributions of the two pro-
cesses. Indeed, it was often unclear whether observation of the
latter effect was a consequence of failure to control for the
former. Our data clarify these issues and we estimate that the
“initially slow” clade evolved at twice the expected rate
(216 = 33%) on the first branch after the WGD, while the “ini-
tially fast” clade evolved at more than twice this rate again
(544 = 82%).

One possible explanation for the dramatic change in the
pattern of molecular evolution after gene duplication is that it is
a consequence of the mechanism of duplicate gene preservation
(Kellis et al. 2004). While this view has been criticized because
the long-term molecular evolution of double-copy genes does
not necessarily reflect the (potentially subtle) molecular events
that led to their initial preservation (Lynch and Katju 2004), we
believe that it has merit in the present case. Specifically, although
our analysis of the relative rates on the very short branch be-
tween the WGD and the divergence of K. polysporus is incom-

Table 2. The pattern of amino acid substitution does not differ between sequences derived from duplicate gene pairs (“Double-copy”;
from A2’) and single-copy sequences (“Single-copy”; from A1’) either prior to the WGD (branch X), immediately after the WGD (branch
Y), or in modern sequences (since the divergence of S. cerevisiae and S. bayanus; branch Z)

Number of amino acid substitutions of type

Branch Locus type Conservative Moderately conservative Moderately radical Radical P-value

Non-WGD (branch X) Single-copy 275 102 42 14 0.312
Double-copy 314 121 69 22

Post-WGD (branch Y) Single-copy 419 203 153 48 0.240
Double-copy 811 474 285 93

Modern (branch Z) Single-copy 578 302 201 56 0.337
Double-copy 1255 699 435 156

The branches X, Y, and Z are labeled in Figure 1A, bottom, right. Note that because the residues present at the time of duplicate gene divergence on
T1' (black dot in Fig. 1A, top, right) cannot be reconstructed, branch Y on T1’ was treated as extending from the divergence of pre-WGD and post-WGD
lineages to the divergence of S. castellii. P-values were calculated using a x? test of homogeneity.
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plete, the data are clearly compatible with our other results and
indicate that the rate acceleration stems from the earliest time-
points after the WGD. On this basis, we suggest that any account
of the preservation of genes in duplicate after the WGD must
incorporate the dramatic (though asymmetric) increase in the
rate of molecular evolution of both gene copies after duplication.
Ultimately, only three explanations are possible: The presence of
redundant gene copies either permitted the accumulation of pre-
viously forbidden deleterious mutations, permitted the accumu-
lation of previously forbidden beneficial mutations (i.e., permit-
ted an adaptive valley to be crossed) (Poelwijk et al. 2007), or a
combination of both (Piatigorsky and Wistow 1991; Hughes
1994). Although we recognize that the last possibility may be the
most likely, we initially consider only the first two. Of these, we
believe that the rapid accumulation of slightly deleterious muta-
tions due to the presence of a (partially) complementing paralog
is much more likely than an explosive accumulation of beneficial
substitutions by both duplicates. Indeed, it is not hard to imagine
that immediately after the WGD, many previously deleterious
mutations could be fixed. Moreover, if each member of a dupli-
cate pair were to fix activity-reducing mutations, then neither
copy could immediately be lost and more such mutations might
accumulate. For the remainder of the Discussion we refer to the
process of duplicate preservation due to partial loss-of-function
mutations in coding regions as ARMs (activity-reducing muta-
tions) (Stoltzfus 1999; but see also Dermitzakis and Clark 2001;
Postlethwait et al. 2004) because our results pertain only to pro-
tein sequences. We point out, however, that ARMs are conceptually
identical to quantitative subfunctionalization as proposed by
Lynch and coworkers (Force et al. 1999; Lynch and Force 2000b).

An important consequence of ARMs is that genes will be
retained in duplicate in the population for longer than would
otherwise have been the case (Stoltzfus 1999; Lynch and Force
2000Db). This is because the segregation of partial loss-of-function
alleles can slow the dynamics of gene loss, while the fixation of
a partial loss-of-function allele by one duplicate will prevent fixa-
tion of a null allele by its paralog. Note, however, that even in the
latter case, the subsequent fixation of suppressor mutations at
the first locus can result in a genotype that will again permit the
fixation of a null allele at the second locus. Thus, ARMs do not
preclude the eventual loss of one of the duplicates or a role for
other mechanisms of duplicate preservation, but may function
primarily to retard the return of double-copy loci to a single-copy
state. This points to a key difference between ARMs (quantitative
subfunctionalization) and “classical” subfunctionalization.
Whereas the latter describes the loss of discrete subfunctions that
may be very difficult to regain (e.g., a protein domain), the
former proposes a quantitative decrease in function that is much
more likely to be reversible (e.g., an enzyme whose activity has
been compromised by ARMs may sustain a gain-of-function mu-
tation that restores the ancestral level of activity). As discussed
below, ARMs may thus be unusually qualified to facilitate addi-
tional evolutionary changes. In recent work, we have proposed
that selection for increased gene dosage (quantitative neofunc-
tionalization) (Scannell et al. 2007b) may have similar conse-
quences (Conant and Wolfe 2007).

Because duplicate genes that are subject to ARMs are re-
tained in the genome for longer, they have an increased prob-
ability of sustaining mutations that confer novel beneficial func-
tions (Force et al. 1999; Stoltzfus 1999). Indeed, we have previ-
ously argued that neofunctionalization occurred at many loci
after the WGD (Byrne and Wolfe 2006) because we showed that

if one post-WGD species had lost one member of a duplicate pair,
it was always the copy that was faster evolving in the other spe-
cies (see, for example, REG1/REG2 in Byrne and Wolfe 2006). We
observed that this is incompatible with classical subfunctional-
ization on the shared post-WGD branch. This observation is im-
portant because, of the genes that have been retained in dupli-
cate in S. cerevisiae, 50% are not duplicated in K. polysporus (Scan-
nell et al. 2007a) and 25% are not duplicated in S. castellii
(Scannell et al. 2006), so they cannot have been preserved by
classical subfunctionalization prior to the divergence of these
species. A possibility is that some of the duplicates were preserved
by classical subfunctionalization after the divergence of S. cerevi-
siae from the other lineage. This could occur if a locus was pre-
served in duplicate (perhaps due to ARMs) up to the time of
divergence and was subsequently resolved independently in the
two daughter lineages (Scannell et al. 2006). This appears to have
occurred to the SNF12/RSC6 duplicate pair. S. cerevisiae SNF12
and RSC6 have been shown experimentally to perform nonover-
lapping subsets of the functions performed by the single S. kluyveri
ortholog (van Hoof 2005), yet only a single SNF12/RSC6 gene has
been retained in S. castellii and K. polysporus (at the SNF12 locus;
as can be seen using the Yeast Gene Order Browser) (Byrne and
Wolfe 2005). These lineages must therefore have fixed null alleles
at the SNFI12 locus after their divergence from the S. cervisaie
lineage. Although no well-supported examples of neofunctional-
ization after the WGD are known, by increasing the opportunity
for novel beneficial functions to evolve, it is almost certain that
ARMs have also facilitated the preservation of genes in duplicate
by neofunctionalization. In summary, we propose that three out-
comes are possible for a pair of duplicates initially maintained in
duplicate by ARMs: The pair may be permanently preserved ei-
ther by neofunctionalization or classical subfunctionalization;
one of the copies may sustain a mutation that restores the an-
cestral level of function and allows the second copy to be lost; or
both copies are preserved indefinitely if no suppressor, subfunc-
tionalizing, or neofunctionalizing mutations are fixed.

An important implication of our proposal is that loci that
are double-copy in multiple post-WGD species may not have
been preserved by the same mechanism in all lineages. For ex-
ample, in one lineage, ARMs may culminate in a complete par-
titioning of ancestral subfunctions (van Hoof 2005; Hickman and
Rusche 2007), while in the other lineage, the increased muta-
tional opportunity afforded by ARMs may facilitate the emer-
gence of a novel beneficial allele at one locus. If this occurs, there
may also be positive selection for the restoration of the ancestral
level of function at the paralogous locus. This is consistent with
the observation that substitutions favored by positive selection
occurred at both fast- and slow-evolving members of duplicate
gene pairs (Fares et al. 2006) and suggests that a combination of
neutral and directed evolution contributed to the burst of protein
sequence evolution experienced by both members of duplicate
pairs after the WGD. The conclusion that loci may have been
preserved in duplicate independently in different species has
both theoretical and practical implications. First, by causing
(sub)functions to be located at different chromosomal locations
in different lineages, it may contribute to reproductive isolation
between species (Lynch and Force 2000a) in a manner similar to
the reciprocal loss of ancestrally duplicated genes (Scannell et al.
2006). Second, it reinforces the view that experimentation in
multiple yeast species will ultimately be required to determine
why particular gene pairs have been retained in duplicate (van
Hoof 2005; Hickman and Rusche 2007).
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Are ARMs consistent with the asymmetric protein sequence
evolution seen in Figure 2? The answer to this may reside in the
manner in which substitutions are accumulated after gene dupli-
cation. During the initial burst of substitution that followed the
WGD, it is likely that the fraction of acceptable mutations de-
clined rapidly as the ability of duplicates to perform the ancestral
function was eroded: Every time one copy fixed a partial loss-of-
function mutation, the other copy was committed to supplying
more of the required function and was consequently unable to
fix mutations that would have been acceptable on a different
genetic background (Weinreich et al. 2006). Importantly, due to
the stochastic nature of protein sequence evolution, this is likely
to be an inherently asymmetric process, making an unequal di-
vision of labor between duplicates a much more likely outcome
than both duplicates declining to half the ancestral level of ac-
tivity. Thus, the existence of fast and slow clades in Figure 2 may
primarily be a reflection of the existence of “minor” and “major”
members of gene pairs, respectively (though, as noted above,
directional selection is also likely to contribute). Under this view,
a natural interpretation of the persistent asymmetry observed in
modern sequences (Fig. 2; Table 1) is that the process of accumu-
lation of slightly deleterious mutations is incomplete and that
duplicate pairs retain redundant capacity (Harrison et al. 2007).
An alternative interpretation is that the increase in the rate of
sequence evolution attributable to the presence of a paralog no
longer operates, but that “minor” and “major” gene copies are
now expressed at different levels. In this scenario, the persistent
difference in evolutionary rates may be due to the dependence of
protein sequence evolution on factors such as selection for trans-
lational efficiency (Drummond et al. 2005, 2006; Kim and Yi
2006). Although we do not consider this issue resolved, we prefer
the former explanation because it accords with our previous ob-
servation that the process of gene loss that was begun by the
WGD may not yet be fully complete (Scannell et al. 2007a).
Moreover, the continuing slowdown seen in both the “initially
fast” and “initially slow” clades (Fig. 2) suggests that their rates
have not yet reached equilibrium (as would be indicated by suc-
cessive branches showing similar rates). We conclude that the
altered selective regime experienced by double-copy sequences
begins immediately after duplication and can persist for tens of
millions of years.

Methods

Generation of super-alignments

We used the Yeast Gene Order Browser (YGOB) (Byrne and Wolfe
20035) to identify loci at which both duplicates derived from the
WGD have been retained in the four post-WGD species S. cerevi-
siae, S. bayanus, C. glabrata, and S. castellii, and for which the
orthology/paralogy relationships between duplicates in different
species are known (double-copy loci) (Scannell et al. 2006). We
also assembled a set of loci at which only single-copy syntenic
orthologs have been retained in the same four post-WGD species
(single-copy loci). We discarded any loci for which syntenic or-
thologs in the non-WGD species K. waltii, K. lactis, and A. gossypii
were unavailable in YGOB, as well as any loci for which we could
not identify an ortholog in C. albicans using the reciprocal-best-
hit BLAST methodology between C. albicans and K. lactis. We also
discarded any loci that code for cytosolic ribosomal proteins.
Coding sequences for all genes were obtained from the Web site
of the consortium that sequenced the relevant genome (Kellis et
al. 2003, 2004; Dietrich et al. 2004; Dujon et al. 2004) except for

S. castellii (Cliften et al. 2003), which we have previously rean-
notated (wolfe.gen.tcd.ie/ygob/scas/; Scannell et al. 2006),
S. cerevisiae (www.yeastgenome.org), and C. albicans (www.
candidagenome.org). We translated and aligned the sequences at
each locus, removed gapped sites, and discarded alignments
shorter than 50-amino-acid sites in length. Finally, we generated
super-alignments by concatenating all of the alignments derived
from the remaining single-copy (808) or double-copy (85) loci as
appropriate. The resulting super-alignments, which we refer to as
A1l and A2, consist of 324,540 and 33,720 amino acid sites (col-
umns), respectively.

Generation of pseudo-replicates and confidence estimates

In the main text we review a sampling procedure (which we have
previously described; Scannell et al. 2006) to select sub-
alignments from Al and A2 (called A1" and A2’) that we use for
phylogenetic reconstruction (see “Phylogenetics,” below). Unless
otherwise stated, however, we always performed the sampling
procedure 100 times and generated 100 pairs of pseudo-replicate
super-alignments ([A1'y, A2',]. . .[A1" 190, A2"100])- All subsequent
steps were then performed separately on each pseudo-replicate
pair ([Al’,, A2'.]), and we report the average results with the
associated standard deviations. Prior to generating each pseudo-
replicate pair, we also randomized the relationships between du-
plicate clades from different loci in A2. Consider two alignments,
each of which consists of two duplicate clades (DC1 and DC2),
which in turn consist of four orthologs each. Because all of the
sequences in DC1 (or DC2) at each locus are orthologs, but there
is no relationship between sequences in DC1 (or DC2) at differ-
ent loci, it is possible to concatenate the sequences in DC1 from
locus one with the sequences from either DC1 or DC2 from locus
two.

Phylogenetics

We determined the topology of the species tree for the yeasts
used in this study by removing the C. glabrata sequence from the
super-alignment Al and generating 100 pseudo-replicate align-
ments (30,000 sites each) from the remaining sequences. C. gla-
brata was omitted because although its phylogenetic relationship
to the other species is known with certainty from gene loss and
other data, phylogenetic inferences based on C. glabrata se-
quence data have been shown to be unreliable (Scannell et al.
2006). We then used the WAG+G(8)+I+F model (as implemented
in Tree-Puzzle) (Schmidt et al. 2002) to determine the maximum-
likelihood topology for each bootstrap replicate and obtained a
consensus topology, which is supported by all 100 pseudo-
replicates. Since this topology (modified to include C. glabrata)
(Fig. 1A) recapitulates the putative relationships between these
yeast species (Scannell et al. 2006), it was imposed for all subse-
quent analyses: All parameters (branch-lengths, gamma rate
classes, etc.) other than the topology were optimized for all trees
derived from the super-alignments A1’ and A2'. The imposed
topology was modified as necessary to accommodate the exist-
ence of duplicate gene pairs in A2’, and the WAG+G(8)+I+F
model as implemented in Tree-Puzzle was used for all figures in
the main text. The model WAG+G(8)+F (no invariant sites) was
used for all Supplemental figures because it significantly reduces
the required computation time.

S. kluyveri and K. polysporus analyses

We generated super-alignments including the non-WGD species
S. kluyveri exactly as described above, in “Generation of super-
alignments,” but with the additional requirement that ortholo-
gous S. kluyveri genes could be identified at each locus using the
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reciprocal-best-hit BLAST methodology between S. kluyveri and K.
lactis proteins. We obtained 793 single-copy and 81 double-copy
loci and the resulting super-alignments, Alg,, and A2, consist
of 307,374 and 29,918 aligned sites, respectively. The phyloge-
netic relationship between S. kluyveri and the other species was
determined using the super-alignment Alg,, and the procedure
described above, in “Phylogenetics.” For analyses involving K.
polysporus, we used 11 alignments of double-copy loci and 59
alignments of single-copy loci from Scannell et al. (2007a). These
were concatenated (as described above, in “Generation of super-
alignments”) to produce Aly,, and A2p,, which consist of
23,157 and 4904 aligned sites, respectively.

Calculation of synonymous and nonsynonymous substitution
rates

We calculated the average dy and dg between orthologous single-
copy S. cerevisiae and S. bayanus sequences by removing all se-
quences other than those from S. cerevisiae and S. bayanus from
A1 either before or after performing the site-pairing procedure to
correct for the over-representation of slow-evolving genes in
double-copy (see Results). We then replaced each amino acid
with the codon that encodes it and used yn00 in the PAML pack-
age to estimate synonymous and nonsynonymous distances be-
tween the two nucleotide sequences. The procedure to estimate
the average dy and dg between orthologous double-copy S. cer-
evisiae and S. bayanus sequences was identical except that dupli-
cated sequences from each species were concatenated to produce
a single pairwise nucleotide super-alignment (201,708 nucleo-
tides in length; the nucleotide super-alignment derived from
single-copy sequences is 100,854 nucleotides in length) prior to
using yn00 to estimate synonymous and nonsynonymous dis-
tances.

Partitioning duplicates into fast-evolving and slow-evolving
copies

We performed maximume-likelihood branch-length estimation
individually for each of the 85 double-copy loci in our data set as
described in the “Phylogenetics” section, but with four, rather
than eight, gamma rate classes. We then compared the lengths of
the branches between the nodes corresponding to the WGD
event and the divergence of S. castellii (i.e., the first branches after
the WGD) and considered the longer branch to be at the base of
the “initially fast” evolving clade and the shorter branch to be at
the base of the “initially slow” evolving clade. We assembled a
super-alignment, A2,,y,,, from the alignments of the remaining
loci by ensuring that the fast-evolving clades were always con-
catenated together.

Comparison of substitution patterns between single-copy
and double-copy sequences

We performed a joint reconstruction of the sequences at internal
nodes of a randomly chosen pair of super-alignments A1’ and A2’
(see “Generation of pseudo-replicates and confidence estimates”)
using Fastml and the model WAG+G(8) (Pupko et al. 2002). We
then used parsimony to infer the substitutions between the
nodes at which the marginal probability of the most likely amino
acid was at least twice the probability of the next most likely one
and not less than 0.25. Finally, we classified all substitutions as
“Conservative,” “Moderately Conservative,” “Moderately Radi-
cal,” and “Radical” using either the Universal Evolutionary Index
(Tang et al. 2004) or the Grantham Matrix (Grantham 1974; Li et
al. 1985) and compared the proportions of substitutions of each
type between equivalent branches on T1’ and T2’ using a x? test

of homogeneity. Comparisons were made between three pairs of
branches (X, Y, and Z) (see main text; Fig. 1A, bottom, right).
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