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ABSTRACT

We investigated patterns of rate asymmetry in sequence evolution among the gene pairs (ohnologs)
formed by whole-genome duplication (WGD) in yeast species. By comparing three species (Saccharomyces
cerevisiae, Candida glabrata, and S. castellii) that underwent WGD to a nonduplicated outgroup
(Kluyveromyces lactis), and by using a synteny framework to establish orthology and paralogy relationships
at each duplicated locus, we show that 56% of ohnolog pairs show significantly asymmetric protein
sequence evolution. For ohnolog pairs that remain duplicated in two species there is a strong tendency for
the faster-evolving copy in one species to be orthologous to the faster copy in the other species, which
indicates that the evolutionary rate differences were established before speciation and hence soon after
the WGD. We also present evidence that in cases where one ohnolog has been lost from the genome of a
post-WGD species, the lost copy was likely to have been the faster-evolving member of the pair prior to its
loss. These results suggest that a significant fraction of the retained ohnologs in yeast species underwent

neofunctionalization soon after duplication.

UPLICATION is a major motor of evolutionary
innovation. Gene duplications facilitate both the
acquisition of new functions (OuHNO 1970) and the
partitioning of old functions (FORCE et al. 1999; LyNcH
and Forck 2000a). Whole-genome duplication (WGD)
creates massive, albeit temporary, genomic plasticity
and facilitates potentially radical biochemical innova-
tion and species radiations (LyNcH and Force 2000b;
Papp et al. 2003; SCANNELL et al. 20006).

Duplicates are retained either because an exact du-
plicate provides increased dosage or because functional
diversification makes their presence advantageous or
even essential. It is this postduplication diversification
that we examine in this study. The concept of duplica-
tion leading to functional divergence was popularized
by OHNO (1970), who suggested that after duplication,
one copy of a gene would retain the ancestral function
and the other would be free to evolve a new function.
This process is called neofunctionalization. In the past
decade an alternative method of preservation of dupli-
cates has been suggested: subfunctionalization, where
both copies of the gene lose some subset of the ancestral
functions, leaving two more specialized daughter genes,
each of which carries out part of the ancestral function
and neither of which is sufficient alone (FORcCE et al.
1999; LyncH and Forck 2000a).

Polyploidization is a particular and dramatic type of
duplication process (BYRNE and Branc 2006), resulting
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in the duplication of all the genes in the genome and
their associated regulatory elements. The simultaneous
creation of these duplicates makes them ideal for study-
ing the large-scale features of evolution after duplica-
tion. We have suggested that the duplicates arising from
WGD should be called ohnologs (WoLrFE 2000). Most
loci quickly return to single copy after WGD, but those
ohnologs that remain (typically 10-30% of the original
set of loci; BYRNE and WoOLFE 2005; MAERE el al. 2005;
PATERSON et al. 2006) are a major part of the ancient
WGD’s legacy to the organism. In this study we exam-
ine the postpolyploidy evolution of such ohnologs in
multiple degenerate polyploid yeast species simulta-
neously. Whole-genome sequence data are available for
many yeast species, including several that are descended
from a common ancestor that underwent a WGD, mak-
ing yeasts a model system for studying the outcome of
WGD (WoLrE and SHIELDS 1997; DIETRICH ef al. 2004;
KEeLLIS et al. 2004).

Theoretical considerations suggest that some form of
symmetry breaking is needed for the functional diver-
sification of duplicates (KRAKAUER and Nowak 1999).
Previous studies have revealed asymmetric sequence
divergence in 20% or more of ohnologs and non-WGD
duplicates in many organisms, including yeast (VAN DE
PEER et al. 2001; ZHANG et al. 2002; CONANT and WAGNER
2003; Branc and Worre 2004; Kerris et al. 2004).
KeLLIS et al. (2004) found that in yeast any acceleration
at a locus is typically confined to only one ohnolog and
proposed that neofunctionalization had taken place
at most duplicate loci showing accelerated evolution.
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However, their result was questioned on statistical
grounds by LyncH and Katju (2004). Asymmetric
sequence evolution is expected to be seen if neofunc-
tionalization has occurred, but because subfunctionali-
zation can also sometimes cause rate asymmetry (He
and ZHANG 2005) the observation of asymmetry per seis
not strong evidence of neofunctionalization. The large
population size of most yeast species means that on
theoretical grounds subfunctionalization through the
fixation of degenerative mutations by genetic driftis not
expected to be a frequent mechanism of duplicate
retention in yeast (LYNCH and ForcEe 2000a). Neverthe-
less a number of yeast gene pairs, which initially looked
like candidates for classical neofunctionalization, were
recently reported to be convincing examples of sub-
functionalization, because homologs from an outgroup
genome that diverged before the WGD compensated for
the functions of both duplicates when they were
knocked out (vaNn Hoor 2005). This result has reopened
the question of the extent and significance of asymmet-
ric evolution in yeast ohnologs.

In this study we aim to identify both significantly
asymmetric loci and significant trends that characterize
asymmetric duplicate evolution, using a curated data set
of multiple yeast genomes where relationships among
orthologous and ohnolog loci are inferred using syn-
teny relationships (ByrNE and Worre 2005). We are
primarily interested in quantifying the extent of rate
asymmetry at duplicate loci, the timing of its establish-
ment, and its relationship to neofunctionalization. Is
the asymmetric fate of a pair of ohnologs established
early postpolyploidization? If it is, we expect one par-
ticular member of the pair to consistently evolve faster
than the other, even on nonshared phylogenetic
branches. This is the first hypothesis we set out to test.
Second, if an asymmetric evolutionary trajectory is
established early after genome duplication we should
also see a significant correlation between asymmetry on
the shared and postspeciation branches, so we test for
this as well. Finally, we also ask whether the pattern of
asymmetric evolution we observe is characteristic of
neofunctionalization. The neofunctionalization model
predicts that the slower-evolving ohnologs maintain
a more essential ancestral function while the faster
ohnologs are free to potentially evolve a new function.
Thus, if neofunctionalization is a major feature of du-
plicate preservation, we expect not only that asymmetric
evolution is established soon after duplication, but also
that the copy of the duplicate that is consistently faster
evolving across a number of species is significantly more
likely to be nonessential, to be uncharacterized, and
even to be lost from the genome in some species.

MATERIALS AND METHODS

Genomes: We studied the three genomes that diverged af-
ter the WGD: Saccharomyces cerevisiae (GOFFEAU et al. 1996),

Candida glabrata (DUJON et al. 2004), and S. castellii (CLIFTEN
et al. 2003; reannotated as described in BYRNE and WOLFE
2005; CLIFTEN et al. 2006). We call these post-WGD genomes.
We also include Kluyveromyces lactis (DUJON et al. 2004) in our
analysis to act as an outgroup (Figure 1A). This non-WGD
genome allows us to identify appropriate outgroup genes at
each duplicate locus, overcoming a major difficulty faced by
many previous analyses of duplicate gene evolution. We
previously used the term “pre-WGD” to refer to species such
as K. lactis that diverged from the S. cerevisiae lineage before
WGD occurred in the latter, but we have now adopted the less
confusing term “non-WGD” (BYRNEsS et al. 2006) for these
species. We used data from the non-WGD species K. wallii
(KeLLIs et al. 2004) and Ashbya gossypii (DIETRICH et al. 2004)
for some analyses. Genomic sequences and homology assign-
ments were taken from the Yeast Gene Order Browser (YGOB)
(ByrNE and WoLrE 2005).

Pairwise species comparisons: Phylogenetic software has
difficulty recovering the correct branching relationship
among the three post-WGD species, probably due to a sys-
tematic bias (PHILLIPS ef al. 2004; supplemental note S2 in
ScANNELL et al. 2006). Since we wish to use phylogenetic
signals to filter our data (see below), this is a particularly im-
portant issue. To overcome this difficulty, our analyses are
based on three separate pairwise comparisons among the post-
WGD species, i.e., S. cerevisiae—C. glabrata, S. cerevisiae=S. castellii,
and C. glabrata=S. castellii (abbreviated as Scer—Cgla, Scer-Scas,
and Cgla—Scas, respectively).

The data sets used for analysis were obtained by a series of
progressively more stringent filtering processes, as described
below and summarized in supplemental Table 1 at http:/
www.genetics.org/supplemental/.

Set 0: To generate our initial data set of loci the curated
homology assignments from YGOB (ByrNE and WoLrE 2005)
were used. These contain 780 loci that have a K. lactishomolog
and a pair of ohnologs present in at least one postWGD
genome. Examining these loci across the three species pairs
generated 1986 data points, with the data binned into three
categories: two-copy in both species (“2:2”), two-copy in the
first species only (“2:17), or two-copy in the second species
only (“1:2”). We refer to this data set as set 0 (supplemental
Table 1 at http:/www.genetics.org/supplemental/). A locus
can appear in this data set more than once. For example, in
Figure 2, the K. lactis gene KLLLAOF04345g is orthologous to
the S. cerevisiae ohnolog pair REGI/REG2, to the S. castellii
ohnolog pair Scas_661.18% and Scas_718.54, and to the
C. glabrata gene CAGLOKI11814g (the other member of this
pair was not retained in C. glabrata). This locus was scored in
the 2:2 data set for the Scer—Scas comparison, in the 2:1 data
set for Scer-Cgla, and in the 1:2 data set for Cgla—Scas. To
avoid any double counting of loci, the loci identified in each
pairwise genome comparison are examined separately.

Set 1: For each of the 1986 data points in set 0 we tested if
the synteny assignment (i.e., the classification of the genes
from two post-WGD species as orthologs and paralogs) by
YGOB against the K. lactis genome was robust, as defined by
ByrNE and WoLFE (2005). To assign synteny at a locus YGOB
aligns the orders of genes in paired sister regions from
multiple postWGD genomes. Robustly scored synteny at a
locus means that homologous genes from the postWGD
genomes being considered are present in an unambiguously
syntenic context (e.g., the two S. cerevisiae genes, the two
S. castellii genes, and the single C. glabrata gene at the
highlighted locus in Figure 2) and that any absent genes are
absent from a clearly syntenic region of the aligned post WGD
genome (e.g., the absent C. glabrata gene marked with an “X”
in Figure 2). We also checked that the scoring against two
other non-WGD genomes, K. waltii and A. gossypii, did not
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disagree with the syntenic classification against K. lactis. These
filtering steps left 1160 data points with robust scoring, and 28
of these were rejected because they caused the codeml
program (see below) to fail. The remaining 1132 robust data
points are referred to as set 1 (supplemental Table 1 at http:/
www.genetics.org/supplemental/), which contains 364 loci
from the Scer-Cgla comparison, 437 loci from the Scer—Scas
comparison, and 331 loci from the Cgla-Scas comparison.

Set 2: For each data point in set 1, protein sequences for all
homologous genes from the three post-WGD and the three
non-WGD species were aligned using ClustalW (CHENNA et al.
2003), and the gapped alignment was mapped onto those
genes’ nucleotide sequences. PAUP (Sworrorp 2003) was
used to draw a maximum-likelihood (ML) tree for the locus
on the basis of this nucleotide alignment. The ML trees were
then pruned down to the four (2:1 and 1:2 categories) or five
(2:2 category) genes of interest at that data point (i.e., the
genes from the two post-WGD species and the outgroup
K. lactis). Using PAUP we tested if the gene order tree (based
on the YGOB scoring) and the pruned ML tree had the same
topology. Figure 2 shows an example of a locus that passes this
test. A total of 560 data points passed this phylogenetic filter
(~50% of the data), and we refer to these as set 2 (189 Scer—
Cgla, 231 Scer-Scas, and 140 Cgla—Scas loci; supplemental
Table 1 at http:/www.genetics.org/supplemental/). Set 2
includes 373 data points (33% of those in set 1) where the
syntenic and phylogenetic relationships agreed perfectly (row
labeled “EQL” in supplemental Table 1). For the 2:2 catego-
ries an additional 187 data points produced trees with one
post-WGD clade present and in agreement with YGOB, but the
copies of the second ohnolog failed to recapitulate the
expected species phylogeny (row “ONE” in supplemental
Table 1). We consider these loci to have sufficient phyloge-
netic evidence to justify their use, and they are included in the
set 2 data set. This filtering has a more severe effect on 2:1 and
2:1 categories than on the 2:2 categories, because with only
four genes at 2:1 and 1:2 loci, phylogeny must agree either
perfectly with synteny or not at all. In the 2:2 categories there
were just 7 trees with the correct topology but the opposite
ortholog and paralog assignments to YGOB (7 vs. 206; P =
1.14e30 by Fisher’s exact test; row “OPP” in supplemental
Table 1), providing evidence that the assignments of orthol-
ogy/paralogy by phylogenetic and gene order methods are in
good agreement and that this is a reasonable filter for our
data. Of the remaining data points in set 1 that were excluded
from set 2, 439 (39%; row “GC” in supplemental Table 1)
produced trees showing some evidence of gene conversion,
in that both genes from one or both species formed a mono-
phyletic group in the pruned ML tree. A further 126 trees
(11%; row “OTH” in supplemental Table 1) are topologically
different in other ways.

Set 3: Using a protein alignment and the PAML (YANG 1997)
program aaml with a local clock, we carried out likelihood-
ratio tests (LRTs) on all loci in set 2 to test whether two distinct
rate parameters for each duplicate (e.g., one rate for the
S. cerevisiae gene in the A clade and another for the S. cerevisiae
gene in the B clade in Figure 1C) explained the sequence data
significantly better than one common rate parameter for both
ohnologs. We carried out LRTs separately in each species with
ohnolog pairs (i.e., in both species for 2:2 loci and in the single
two-copy species for 2:1 and 1:2 loci), accounting for re-
dundant tests at loci that are in multiple categories. To correct
for multiple testing we controlled for the false discovery rate
(BENjAMINT and HOCKBERG 1995). We refer to the 272 data
points (49% of set 2 data) with significantly asymmetric rates
of amino acid substitution in all species with ohnolog pairs
(z.e., in both species for 2:2 loci and the two-copy species for
2:1 and 1:2 loci) as set 3 (95 Scer—Cgla, 97 Scer-Scas, and 80

Cgla—Scas loci; supplemental Table 1 at http:/www.genetics.
org/supplemental/). Across the three species, 653 ohnolog
pairs were tested (267 pairs in S. cerevisiae, 168 in C. glabrata,
and 218 in . castellii) and 367 of these pairs were significantly
asymmetric (56%).

For each data point in set 2 the protein sequences of the
four or five genes were aligned using ClustalW (CHENNA et al.
2003), and the gapped alignment was mapped onto their
nucleotide sequences. Using the ML tree and the nucleotide
alignment the PAML (YaNG 1997) program codeml was used
to estimate the rate of amino acid divergence (K,) on all
branches using the free-ratio model. All sites with alignment
gaps were removed. Like others (KeLLIS et al. 2004), we use Ky
rather than o (K,/Kg), because synonymous substitutions
between ohnolog pairs formed by WGD are essentially sat-
urated and because we do not expect mutation rate biases be-
tween ohnologs (L1 1997). Tests that rely on the amino acid
replacement rates alone are hence more appropriate.

Computational methods and statistical analysis: Perl scripts
were used to automate and parallelize PAUP, PAML, counting,
and statistical operations on the data. The R package (http:/
www.r-project.org) was used to carry out statistical analysis.

Yeast lethality and functional information: Yeast viability
data were downloaded in May 2004 from the Munich In-
formation Center for Protein Sequences (MIPS) Comprehen-
sive Yeast Genome Database (CYGD) (GULDENER et al. 2005).
Functional characterizations of S. cerevisiae genes were taken
from the Saccharomyces Genome Database (SGD) (CHRISTIE
et al. 2004) in March 2006.

RESULTS

Asymmetry is widespread and significant: We exam-
ined rate asymmetry among ohnologs in pairwise com-
parisons of three paleopolyploid yeast genomes (Figure
1). To quantify the asymmetry at a locus, we defined a
rate asymmetry measure, R', for a pair of ohnologs as the
maximum divided by the minimum of the rates of
amino acid divergence (K,) on the terminal branches
leading to those ohnologs (e.g., in Figure 1B the length
of branch Al divided by the length of branch Bl gives
the R'-value for the S. cerevisiae ohnologs at the locus).
In a previous study (FARES et al. 2006) we used a differ-
ent measure of asymmetry (R) calculated from amino
acid distances from S. cerevisiae ohnologs to C. albicans
outgroup genes, but here we focus on the nonshared
component of the ohnologs’ evolution. For every 2:2
locus in each pairwise comparison of species an R'-value
can be calculated for the ohnologs in both species,
allowing comparison of the asymmetry in each since
speciation.

Calculating R'-values for S. cerevisiae ohnologs at all
2:2 loci in the Scer-Scas comparison that passed our
filtering steps (set 2; see MATERIALS AND METHODS)
reveals that asymmetric amino acid divergence is wide-
spread (Figure 3A). We present the Scer—Scas compar-
ison as it is the one with the most data, but results from
the Scer—Cgla and Cgla—Scas data sets are similar. All but
19 ohnologs of 166 (89%) have an amino acid distance
on the terminal branch leading to one ohnolog that is
>10% greater than that leading to the other (R > 1.1).
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the branches leading to REG2 (Figure 2). Regl is simi-
lar in length to the orthologous proteins in non-WGD
species, whereas Reg2 has been shortened substantially.
REGI and REG2 code for alternative regulatory sub-
units of protein phosphatase 1 (Glc7; FREDERICK and
TaTcHELL 1996). The reason why REG2 has become
much shorter and faster evolving than REGI is not
known, but there is some evidence that the two genes
have diverged in function: only REG2 is activated by
the oxygen-dependent transcription factor Hapl (TER
LiNDE and STEENSMA 2002), and only REGI plays a role
in glucose repression (FREDERICK and TATCHELL 1996;
JIANG et al. 2000). Moreover, Reg2 has lost a protein
domain that the amino terminus of Regl shares with two
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ground shows the syntenic context at the locus,
identifying orthologs and paralogs. The topology
of the maximum-likelihood tree, from the Scer—
Scas comparison in the 2:2 category, agrees per-
fectly with the topology derived from synteny,
so this locus passes our phylogenetic filter and
is retained in set 2. Furthermore, the orthologs
REG2 and Scas_718.54 are the faster-evolving oh-
nologs in each species, making this a locus with
consistent asymmetric evolution. The “X” marks
the loss of the “fast” copy of the gene from C.
glabrata, when it is compared to either S. cerevisiae
(Scer—Cgla, 2:1) or S. castellii (Cgla—Scas, 1:2).
Branch lengths show the pronounced asymmetric
protein sequence evolution on both the shared
and the terminal branches for this locus.
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uncharacterized yeast proteins, Ykr075¢ and Yor062c

(KANIAK et al. 2004).

Although R'-values give a direct measure of the asym-
metry at a locus they do not tell us whether the observed
asymmetry is statistically significant. For each species
pair we carried out LRTs in both species at all data
points to test whether two distinct rate parameters for
each duplicate (e.g., one rate for the S. cerevisiae gene
in the A clade and another for the S. cerevisiae gene in
the B clade, and similarly for the S. castellii ohnologs, in
Figure 1B) explained the sequence data significantly
better than one common rate parameter for both
clades. We find that the rates of amino acid substitution
are significantly asymmetric in both species at 37% of
loci, in the Scer—Scas comparison (P < 0.05; Figure 3B).
The percentage of loci that are significantly asymmet-
ric in both species is even higher for the 2:2 loci in the
two other pairwise species comparisons (48 and 45%
for the Scer—Cgla and Cgla—Scas data sets, respectively;
supplemental Table 1 at http:/www.genetics.org/
supplemental/). Notably, the higher the value of R’
for S. cerevisiae ohnologs at a locus the more highly sig-
nificant the likelihood-ratio test for those ohnologs is
likely to be (Pearson’s r = 0.59, Spearman’s s = 0.59;
P <2.2¢16 for both; Figure 3B). Overall, across all three
species, 56% of ohnolog pairs show significantly asym-
metric protein sequence evolution.

Asymmetry is consistent across species: Asymmetry is
clearly widespread among yeast ohnologs within a spe-
cies, but we also wish to examine whether asymmetry
is consistent across post-WGD species. In other words, is
the same copy the faster-evolving one in multiple post-
WGD species? For each 2:2 category, and examining
only loci that have significantly asymmetric rates of

amino acid divergence (K,) in both species (set 3; see
MATERIALS AND METHODS), we tested whether the faster-
evolving copy of the duplicate in one species is also the
faster-evolving ohnolog in a second species. We use the
term “consistently asymmetric” to describe loci of this
type. For example, the locus in Figure 1B is consistently
asymmetric because the Al branch is longer than the
B1 branch, and the A2 branch is longer than the B2
branch. Note that we exclude shared evolutionary his-
toryin the two species by comparing only values of Ky on
the terminal branches after the speciation event.

At 89-90% of loci the faster-evolving ohnolog in one
species is the faster-evolving ohnolog in the other spe-
cies too (Table 1A, “Fast (sp. 1) is fast (sp. 2)” row; P <
0.0001 in each of the three comparisons). In other
words, for any species pair, the faster-evolving copy in
one species is significantly more likely to be the ortho-
log rather than the paralog of the faster copy in the
other species.

Including all the loci with nonsignificant asymme-
try (data set, 2:2 loci from set 2; results, supplemental
Table 2A at http: /www.genetics.org/supplemental /) or
applying even more stringent cutoffs (data set, 2:2 loci
from set 2 with R’ > 1.25 and an absolute K, difference
> 0.1; results, supplemental Table 2B at http:/www.
genetics.org/supplemental/) does not change the ob-
served trends or their significance. Reducing the data
set only to loci where the synteny and phylogeny agree
perfectly causes no qualitative difference in our results
(data set, 2:2 loci from the EQL data set in supplemen-
tal Table 1 at http:/www.genetics.org/supplemental/;
results, supplemental Table 2C at http:/www.genetics.
org/supplemental/), although significance decreases in
comparisons where statistical power is greatly reduced.
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TABLE 1

Consistency of asymmetric evolution

S. cerevisiae—C. glabrata S. cerevisiae=S. castellii C. glabrata=S. castellii

Locus status® Loci % Loci % Loci %
A.
Fast (sp. 1) is fast (sp. 2) 58 89 55 89 37 90
Fast (sp. 1) is slow (sp. 2) 7 11 7 11 4 10
Total no. of loci 65 100 62 100 41 100
P=1.06e6 P=4.37¢6 P ="794e5
B.
Shared branch is fast 52 90 45 82 33 89
Shared branch is slow 6 10 10 18 4 11
Total fast (sp. 1) is fast (sp. 2) 58 100 55 100 37 100
P=48le6 P = 5.60e4 P=3.15e4

The data set used is set 3 (2:2 categories; supplemental Table 1 at http:/www.genetics.org/supplemental/).
Rates of amino acid divergence are examined on (A) terminal branches and (B) shared branches. P-values are
from Fisher’s exact two-tail tests against neutral expectation.

““Fast (sp. 1) is fast (sp. 2)” means that the same ohnolog is the faster-evolving one in both species. “Fast (sp.
1) is slow (sp. 2)” means that the faster copy in one species is the slower-evolving copy in the other. “Shared
branch is fast” means that the shared branch leading to the consistently faster orthologs is the faster of the two
shared branches. “Shared branch is slow” means that the shared branch leading to the consistently faster or-

thologs is the slower shared branch.

To rule out the possibility that the ohnolog rate
asymmetry we observe is due to recombination or gene
conversion of the “faster-evolving” ohnolog with a
member of a paralogous family, we excluded all ohno-
logs with homology (BLASTP Evalue <1e20) to any
other gene(s) in their genome. This step excluded 31—
35% of the ohnolog pairs in the three genomes.
Repeating the analyses without these loci makes no
qualitative difference to the results (data not shown).

As an illustration of the consistent direction of
asymmetry across species, Figure 4 compares the termi-
nal (species-specific) branch lengths in S. cerevisiae and
S. castelliv at each of the 62 loci that are significantly
asymmetric in both species in the 2:2 category (the same
data set as in Table 1A). Each circle shows the branch
lengths for the faster-evolving and the slower-evolving
ohnologs in S. cerevisiae plotted against each other, and
each of the triangles plots the Kjy-values for the
orthologs in S. castellii of each of those ohnologs, with
dashed lines joining the corresponding pairs. The
seven triangles above the diagonal line in Figure 4 rep-
resent the small fraction of loci (11%) where the faster-
evolving ohnolog is different in each species, while the
remainder shows consistent asymmetry.

Asymmetry is established early after duplication:
The consistent asymmetry across postWGD species,
even after shared evolutionary history has been ex-
cluded, suggests that an asymmetric evolutionary “tra-
jectory” may have been established before speciation.
To explore this further we inspected the shared branches
at 2:2loci (e.g., branches AS and BS in Figure 1B) to see
if there is a significant correlation between asymmetry in
amino acid distances on the shared and postspeciation

branches. Examining the shared branches leading to
consistently faster-evolving ohnologs [Fast (sp. 1) is
Fast (sp. 2) row in Table 1A], we find a significant trend
for that branch to be the faster of the two shared
branches (P < 0.001; Table 1B). The bias of fast over
slow is consistent and always >4:1, suggesting that
asymmetric evolution began before speciation. We have
previously shown that the post-WGD species considered
here diverged soon after polyploidization (SCANNELL
et al. 2006), so the asymmetric sequence divergence
must itself have begun soon after the genome duplica-
tion. The same study also reported a significant over-
representation of convergent gene losses after the
speciation of the three post-WGD genomes, which is
also consistent with an early established evolutionary
trajectory.

The faster-evolving ohnolog is never essential and is
often less well characterized: One of the questions we
address is whether the slow-evolving ohnologs tend to
maintain a more essential ancestral function while the
faster-evolving ohnologs have been freed to “experi-
ment” and potentially evolve a new function, as pre-
dicted by the neofunctionalization model. We never
find a fast copy of a duplicate that is essential. For
example, for the 166 loci in Figure 3A, we find no fast-
evolving ohnologs that are essential whereas we do see 7
loci where the slower-evolving ohnologs are essential.
Even with this small number of loci the trend is
significant (P = 0.015 for Fisher’s exact test). For the
other 2:2 comparison featuring S. cerevisiae (which is the
only species for which genomewide knockout data is
available) the result is consistent and also significant
(Scer—Cgla, 0/136 vs. 8/128; P=0.007). In the 2:1 and
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Ficure 4.—Consistent rate asymmetry across species. A plot
of branch lengths (K, units) for the 62 significantly asymmet-
ric 2:2 loci from the Scer—Scas species comparison in set 3
(the same data set as in Table 1) is shown. Each circle shows
the branch lengths for faster (xaxis) and slower (y-axis) gene
copies in S. cerevisiae, corresponding to branches Al and BI,
respectively, in Figure 1B. Triangles connected by dashed
lines to each circle show the corresponding data for S. castellii,
but the value of branch A2 (i.e., the S. castellii branch orthol-
ogous to the faster copy in S. cerevisiae) is always plotted on the
x-axis, and the value of branch B2 (i.e., the S. castellii branch
orthologous to the slower copy in S. cerevisiae) is always plotted
on the y-axis, regardless of which of A2 and B2 is actually the
longer branch in S. castellii. Hence any triangle lying above the
diagonal is a locus where a different ohnolog is faster evolving
in each species. A small number of points with branch lengths
>1 are not shown.

1:2 categories we see no examples of essential genes
being faster evolving but we also see only one and two
examples of slower-evolving ohnologs being essential,
so the results are not statistically significant.

For the most asymmetrically evolving loci (R > 2; 45
loci; Figure 3A), if one of the ohnologs is uncharac-
terized it is almost always the faster-evolving ohnolog
(14 vs. 1; P < 0.05 by Fisher’s exact test). Uncharac-
terized genes are those for which almost no functional
information is available in the SGD database (CHRISTIE
et al. 2004) . Examples of ohnolog pairs consisting of one
slow-evolving and well-characterized gene and one fast-
evolving and uncharacterized gene include the known
and putative pseudouridine synthases PUSI and PUS2
(R = 8.5), the sorting nexin gene VPS5 and its un-
characterized ohnolog YKRO78W (R = 5.3), and the
well-characterized kinase NPRI and its poorly under-
stood ohnolog PRR2 (R = 5.7). For each of these pairs
the rate asymmetry is highly significant (P < 1¢20).

Duplicates lost from one species are faster evolving
in other species: We noted an apparent trend that, at

loci where one species retained only one ohnolog but
other specie(s) retained pairs, the lost gene tended to
be orthologous to the faster-evolving member of the
pair. An example is the locus shown in Figure 2, where C.
glabrata has lost its ortholog of the fast-evolving gene
REG2 and retained its ortholog of the slower gene
REGI. To investigate this further we tested for an asso-
ciation between increased rate of substitution in some
ohnolog copies and loss of the orthologous copy in
other species. We used the 2:1 and 1:2 categories
(examining only loci that have significantly asymmetric
rates of amino acid divergence; set 3; see MATERIALS AND
METHODS) to ask if the copy of the ohnolog thatis lostin
one species is faster evolving in a second species (e.g., in
Figure 1C, where gene copyA has been lostin C. glabrata,
we would test whether the branch Al is longer than
the sum of the Bl and BS branches). If so, the orthologs
of lost duplicates should be faster evolving than
the paralogs of lost duplicates. Comparing the rate of
amino acid divergence on the branches leading to both
ohnologs in the two-copy species, we find this to be the
case (Figure 5A). The branches leading to the orthologs
of lost genes are significantly longer than the branches
leading to the paralogs of the same lost genes (P < 0.01
by paired Wilcoxon’s signed rank tests on distributions
for each comparison in Figure 5A). There is no qualita-
tive difference to our results when we also include loci
with nonsignificant rate asymmetry (set 2; supplemental
Figure 1 at http://www.genetics.org/supplemental/).

We considered that the rate asymmetry we observed
between orthologs and paralogs of lost duplicates might
be due to ongoing pseudogenization of the ohnolog
that has been lost from other species. Using genomic
data from S. bayanus (a sensu stricto species that diverged
from the S. cerevisiae lineage much more recently than
C. glabrata or S. castellii) we used YGOB to identify the
syntenic ortholog in S. bayanus of the S. cerevisiae gene
that is the ortholog of the duplicate lost from the other
species in the Scer-Cgla 2:1 and Scer-Scas 2:1 cate-
gories. Using the PAML program yn00 (YANG 1997) we
estimated the synonymous and nonsynonymous sub-
stitution rates between the S. cerevisiae and S. bayanus
orthologs of the lost duplicate. In all cases we find a
high level of constraint (w < 0.3), indicating that the
surviving orthologs of lost duplicates are still subject
to purifying selection even though they have evolved
quickly.

Another way to express this trend is from the per-
spective of the two-copy species. The numbers and per-
centages in Figure 5B count the number of cases where
the lost copy of a gene in the one-copy species is the
ortholog (“fast ohnolog is lost”) or the paralog (“slow
ohnolog is lost”) of the faster-evolving ohnolog in the
two-copy species. The lost copy is more often the
ortholog rather than the paralog of the faster copy in
any other species that retains both copies, by a factor
of over fourfold (P < 0.05; Figure 5B).
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FIGURE b.—Association across species of fast-evolving and lost ohnologs. (A) Distributions of rates of amino acid divergence
(Kx) on branches leading to orthologs of a lost duplicate (dark shading) are significantly greater than that on branches leading
to the paralog of the lost duplicate/ortholog of the retained duplicate (light shading), in the three pairwise comparisons Scer—
Cgla, Scer—Scas, and Cgla—Scas, over loci in 2:1 and 1:2 categories from set 3. P-values are from paired Wilcoxon’s signed rank tests
on the underlying data, with data binned for display only. We tested the hypothesis that the “lost duplicate’s ortholog” K, dis-
tribution is greater than the “lost duplicate’s paralog” K, distribution. (B) The 2:1 and 1:2 locus classes and the losses at them are
illustrated under the distributions for each species comparison in A. The estimated K, on branches with dark shading (leading to
ortholog of loss) or light shading (leading to paralog of loss) becomes part of the corresponding darkly shaded or lightly shaded
distribution. The numbers and percentages to the right of each box show the trend for the fast-evolving copy in the two-copy
species to be lost from the single-copy species. “Fast ohnolog is lost” means the faster copy of the gene has been lost in the other
species. “Slow ohnolog is lost” means the opposite. P-values are from Fisher’s exact two-tail tests against neutral expectation.

DISCUSSION

As a mechanism of duplicate preservation neofunc-
tionalization makes a number of predictions that our
results endorse. OHNO (1970) predicted that when one
copy of a duplicate gene pair acquires a selectively
advantageous novel function and is maintained in a
genome, the duplicates will evolve asymmetrically, with
the neofunctionalized copy experiencing accelerated
sequence evolution compared to its paralog. Our obser-
vation of widespread asymmetric sequence divergence
in yeast ohnologs (Figure 3A) is consistent with exten-
sive neofunctionalization and agrees with previous work
(CoNANT and WAGNER 2003; KELLIS et al. 2004; FARES
et al. 2006), confirming that most duplicated loci have
evolved at least somewhat asymmetrically and many
have evolved extremely asymmetrically.

It should be noted that asymmetric rates of ohnolog
evolution can also be caused by asymmetric subfunc-
tionalization arising due to an uneven partitioning of
functions between the duplicates and hence differing
levels of functional constraint (HE and Zuanc 2005).
However, the large population sizes of yeasts mean that
subfunctionalization is not expected to be an important
mechanism of duplicate retention (LyNcH and Force

2000a). Although rate asymmetry itself is not conclusive
evidence of neofunctionalization, the overall patterns
of asymmetric evolution that we observe in yeasts are
highly suggestive of neofunctionalization.

The significant asymmetry observed in amino acid
substitution rates for 56% of ohnolog pairs is strikingly
higher than the 30% previously reported for duplicates
in a number of species (CONANT and WAGNER 2003).
This difference may be due to our use of interspecific
outgroup genes or our use of phylogenetic filters to
remove duplicates that appear to have undergone gene
conversion and that would not be expected to show
evidence of asymmetric evolution. It is apparent that a
very large fraction of the ohnolog pairs preserved in
degenerate polyploid yeast genomes have evolved sig-
nificantly asymmetrically.

Our discovery that the direction of asymmetry is con-
sistent over evolutionary time (z.¢., on the branches before
and after speciation; AS/BS, A1/B1, and A2/B2 in Figure
1B) is characteristic of neofunctionalization for several
reasons. First, asymmetric evolution is a consequence of
the action of neofunctionalization as a mechanism of
duplicate preservation and so is expected to have
begun shortly after polyploidization. The significant cor-
relation of the faster shared branch and the consistently
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faster-evolving ohnolog (Table 1B) offers direct support
that this is what has happened. We have previously
shown that the post-WGD species diverged soon after
polyploidization (SCANNELL et al. 2006), so the asymmet-
ric sequence divergence must itself have begun soon
after the genome duplication. Second, the early estab-
lishment of an asymmetric evolutionary trajectory also
means that the identity of the faster-evolving ohnolog is
expected to be the same across species. The observation
that, even after controlling for shared evolutionary
history, the faster-evolving ohnologs in one species are
significantly more likely to be faster evolving in other
species (~90% of 2:2 loci; Table 1A) shows that this is
indeed the case. Although asymmetric subfunctionaliza-
tion can also result in evolutionary rate asymmetry (He
and ZHANG 2005) neither of these trends is expected
under subfunctionalization because asymmetry is not a
consequence of that preservation mechanism, but some-
thing that may happen later. After subfunctionalization,
accelerated evolution, if it occurs, could occur in dif-
ferent copies of the duplicate in different species, or in
only one species, rather than consistently in the same
copy across species as we observe.

Our results indicate that neofunctionalization oc-
curred soon after duplication and was widespread. Was
neofunctionalization also the initial mechanism of
preservation of the gene pairs? In principle, the rate
asymmetries we observe could alternatively have been
caused by neofunctionalization occurring at loci that
had already been preserved in duplicate either by rapid
subfunctionalization (HE and ZuHANG 2005) or by
dosage selection (SuciNo and INNAN 2006). However,
duplicate preservation by neofunctionalization also
predicts that while one of the ohnologs retains an
ancestral function the other is relieved of selective
constraint, becomes free to evolve more rapidly, and
potentially acquires a new function. Our finding that
faster-evolving ohnologs are never essential and often
uncharacterized provides support that this is what has
happened in yeast ohnologs. The trend is again more
suggestive of neofunctionalization than of subfunction-
alization, because preservation due to subfunctionaliza-
tion strongly rules out the possibility of future loss of
either member of the pair; the partitioning of important
ancestral subfunctions, which is integral to the initial
preservation of the pair, cannot easily be reversed. Yet we
see such losses, and, as predicted under neofunctional-
ization, they are predominantly losses of orthologs of
the faster-evolving members of the ohnolog pair (by a
factor of 4:1; Figure 5B). Similarly after neofunctional-
ization the ancestral function of the slow-evolving gene
is more likely to have been characterized than any novel
function the fast-evolving ohnolog may have acquired.

Although we can rule out the partitioning of discrete
ancestral functions (i.e., classical subfunctionalization)
as a common mechanism of yeast ohnolog preserva-
tion, we cannot rule out preservation for dosage reasons

followed by later neofunctionalization. In particular, itis
possible that preservation for dosage can be followed
later by shifts in the expression levels of an ohnolog pair,
resulting in a highly expressed gene copy that retains
the ancestral function and a lowly expressed copy that
may become neofunctionalized. This idea is explored
elsewhere (D. R. ScANNELL and K. H. WoLrE, unpub-
lished data).

In conclusion, the consistent patterns of rate asym-
metry and loss that we observe in yeast ohnologs dem-
onstrate that neofunctionalization was widespread soon
after WGD. The large proportion of neofunctionalized
loci and the later loss of some faster-evolving ohnologs
further suggest that neofunctionalization may also have
been the method of duplicate preservation at many loci.
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