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Abstract

Gene duplication is a major driver of organismal adaptation and evolution and plays an important role in multiple human
diseases. Whole-genome analyses have shown similar and high rates of gene duplication across a variety of eukaryotic species.
Most of these studies, however, did not address the possible impact of interlocus gene conversion (IGC) on the evolution of gene
duplicates. Because IGC homogenizes pairs of duplicates, widespread conversion would cause gene duplication events that
happened long ago to appear more recent, resulting in artificially high estimates of duplication rates. Although the majority of
genome-wide studies (including in the budding yeast Saccharomyces cerevisiae [Scer]) point to levels of IGC between paralogs
ranging from 2% to 18%, Gao and Innan (Gao LZ, Innan H. 2004. Very low gene duplication rate in the yeast genome. Science
306:1367-1370.) found that gene conversion in yeast affected >80% of paralog pairs. If conversion rates really are this high,
it would imply that the rate of gene duplication in eukaryotes is much lower than previously reported. In this work, we apply four
different methodologies—including one approach that closely mirrors Gao and Innan’s method—to estimate the level of IGC in
Scer. Our analyses point to a maximum conversion level of 13% between paralogs in this species, in close agreement with most
estimates of IGC in eukaryotes. We also show that the exceedingly high levels of conversion found previously derive from
application of an accurate method to an inappropriate data set. In conclusion, our work provides the most striking evidence to
date supporting the reduced incidence of IGC among Scer paralogs and sets up a framework for future analyses in other

eukaryotes.
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Introduction

Accurate estimates of gene duplication rates have major con-
sequences for a number of important problems in biology,
ranging from models of genome evolution to understanding
the causes of human diseases, including cancer (Storchova
and Pellman 2004), Alzheimer’s disease (Rovelet-Lecrux et al.
2006), Parkinson’s disease (Singleton et al. 2003), and
Down syndrome (Korbel et al. 2009; Wiseman et al. 2009)
among others (Bort et al. 1997 Girirajan et al. 2011).
Duplications also play an important role in organismal adap-
tation (Conant and Wolfe 2008; Hahn 2009; Innan and
Kondrashov 2010). Therefore, knowing the rate at which
these mutations arise—and eventually fix—is key to under-
standing their role in evolution.

An early and very influential method for indirectly inferring
duplication rates was introduced by Lynch and Conery
(2000). In this article, the authors used the age distribution
of paralogous pairs found within a genome to infer both the
origination rate and loss rate of duplicates, based on a “demo-
graphic” model of duplicate gene life history. Lynch and
Conery (2000) estimated the age distribution of paralogs
using their synonymous divergence (e.g, the number of syn-
onymous substitutions per synonymous site or ds). Given the
observed age distributions in a number of whole-genome

sequences—especially the high numbers of very recent dupli-
cates—Lynch and Conery inferred duplication rates of
0.0023-0.0208 per gene per millions of years (My).

Lynch and Conery (2000) noted two caveats in using ds as
a measure of paralog age: both a high rate of interlocus gene
conversion (IGC) between paralogs and a high variance in ds
between genes can introduce biases in the age distribution.
Interlocus gene conversion is the one-way transfer of genetic
material between loci, with the donor locus sequence com-
pletely overwriting the acceptor locus sequence (Arnheim
et al. 1980; Miyata et al. 1980; Scherer and Davis 1980;
Slightom et al. 1980). Such gene conversion will cause two
paralogs to appear more similar (as assessed by ds or similar
statistics) than their actual chronological age, consequently
increasing the inferred rate of duplication in analyses based on
the number of recent duplicates.

Although multiple articles using updated approaches
based on ds confirmed the apparent high rate of duplication
(Gu et al. 2002; Lynch and Conery 2003), an intriguing study
claimed that the duplication rate inferred by such methods
may have vastly overestimated the true rate (Gao and Innan
2004). This study used an alternative method for assessing
the age of duplicates, the logic of which is relatively unim-
peachable: the phylogenetic distribution of genes can be
used as independent evidence for their duplication time.
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For instance, if two closely related species both have a pair of
paralogs, then it is more parsimonious to assume that there
was a single duplication event in their ancestor rather than
two independent duplication events. Consequently, if the
level of divergence between paralogs (as measured by ds)
is much lower than the level of divergence implied by their
phylogenetic distribution, IGC is likely to have occurred. The
same logic was applied in some of the original work describing
general patterns of “concerted evolution” (Zimmer et al.
1980). Of course, the same pattern would result from parallel
duplications in multiple lineages, especially if there is rapid
turnover of duplicated genes (Baltimore 1981; Nei and
Rooney 2005). Gao and Innan (2004) applied this phylogen-
etic test to 68 pairs of genes in the Saccharomyces cerevisiae
(Scer) genome and showed that 55 of them (81%) were more
similar than expected based on their phylogenetic distribu-
tion, presumably because of IGC. This high rate of gene con-
version suggested that estimates of the duplication rate based
on ds are highly inflated.

Gao and Innan’s work has been not only very influential
but also perplexing, because it does not seem to be in accord
with other data on the rate of either gene duplication or IGC.
For instance, after accounting for IGC, Gao and Innan inferred
0.00001-0.00006 gene duplication events per gene per My in
yeast. This value is in stark contrast to independent estimates
of gene duplication that do not rely on ds values between
paralogs: these studies range from 0.0012 in Drosophila (Hahn
et al. 2007), to 0.0016 in mammals (Demuth et al. 2006), to
0.0020 in yeast (Hahn et al. 2005). Alternative methods for
estimating the influence of gene conversion have also pro-
duced much different numbers, showing that IGC affects
from 2% to 15% of paralogs among yeast species (Drouin
2002; Morris and Drouin 2011), 8-10% in plants (Xu et al.
2008; Wang et al. 2009), 2% in the nematode Caenorhabditis
elegans (Semple and Wolfe 1999), 13-19% in mammals
(Ezawa et al. 2006; Hsu et al. 2009; McGrath et al. 2009),
and 7-14% in Drosophila (Casola et al. 2010).

Here, we repeat the analysis of Gao and Innan using an
expanded set of genes from the yeast genome, finding that
the effect of gene conversion is more than five times lower
than originally reported. Our approach mirrors the method-
ology developed by Gao and Innan but relies on a much larger
set of genes (475 vs. 68 pairs of gene duplicates). In addition,
we use three complementary approaches to estimate the
proportion of genes affected by IGC. The results of these
four analyses strongly indicate that only a small proportion
of Scer paralogs are affected by IGC and support previous
studies showing high rates of gene duplication in yeast.

Materials and Methods

S. cerevisiae Ohnolog Pairs and Their Orthologs in

S. castellii and Kluyveromyces polysporus

Our first analysis is similar to that of Gao and Innan (2004), in
which we compare synonymous divergence (ds) between
pairs of orthologs that are approximately the same age as
pairs of “ohnologs” generated by a whole-genome duplication
(WGD) event (fig. 1). Ohnologs are simply paralogous genes
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that originate from WGD events (Wolfe 2000). This term has
been increasingly used in studies concerned with post-WGD
gene evolution, not only in S. cerevisiae but also in teleosts
(Postlethwait 2007), humans (Makino and McLysaght 2010),
and plants (Schnable et al. 2011).

We first retrieved S. cerevisiae ohnolog pairs, ScT and Sc2,
for which we could identify clear orthologs in the genome of
Kluyveromyces polysporus (Kpol) and/or S. castellii (Scas),
using the set of 551 S. cerevisiae ohnologs from the Yeast
Gene Order Browser (Byrne and Wolfe 2005). To do so, we
used our previously described tool (Conant and Wolfe 2008)
that estimates the probability that a Scer gene is orthologous
(and not paralogous) to a gene in Kpol and/or Scas. The
analysis begins with an inferred pre-WGD gene order
(Gordon et al. 2009). We then use a model of post-WGD
duplicate loss to estimate the probability of all possible orthol-
ogy assignments. Note that these inferences rest on gene
order information: sequence data are not considered. We
required that the probability of this orthology inference be
greater than 0.9 for Scer-Scas comparisons and greater than
0.75 for Scer—Kpol comparisons (fewer pairs of orthologs are
shared between Scer and Kpol). We also required that the
Scer genes hit the Kpol or Scas ortholog in a GenomeHistory
(Conant and Wagner 2002) search with a BLAST E-value
threshold of 10™*. GenomeHistory was also used to calculate
ds values between these Scer—Kpol and Scer—Scas orthologs.
To limit possible biases due to saturation of synonymous sites,
we only used ds values that pass a saturation test (Hahn et al.
2004). After this correction, we identified 108 Scer—Kpol
orthologs and 263 Scer—Scas orthologs.

We also retrieved a set of S. cerevisiae genes that have no
ohnolog in any of the five post-WGD genomes. From the
study of Conant and Wolfe (2008), we obtained 766 S. cere-
visiae genes with only a single ortholog in each of S. bayanus,
Candida glabrata, S. castellii, and K. polysporus and a prob-
ability of orthology inference between these five genes of

S. cerevisiae  S. bayanus S. castellii K. polysporus

Fic. 1. Phylogenetic relationships of the species used in our analyses and
timing of whole-genome duplication (WGD, gray bar; cf. Scannell et al.
2007). Lineages used in the comparison of ohnolog and ortholog ds
values are represented by thick lines; the lineage leading to
Saccharomyces bayanus was only used in the approach relying on non-
synonymous divergence between ohnolog pairs.
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greater than 0.9. We then filtered this data set by applying the
same thresholds described earlier for GenomeHistory, as well
as our saturation test, and found 267 Scer—Kpol single-copy
orthologs and 288 Scer—Scas single-copy orthologs. Therefore,
the total number of orthologs—with or without paralogs in
Scer—between these species is 367 for Scer—Kpol and 551 for
Scer—Scas.

From the same data set of S. cerevisiae pairs of ohnologs
originally described by Byrne and Wolfe (2005), we also ob-
tained a high-confidence set of 475 pairs of ohnologs formed
by genes that share at least 30% amino acid identity and hit
each other with a BLAST E value> 10" (supplementary
table S1, Supplementary Material online). These high-
confidence pairs were used to infer gene conversion events.
Pairs that did not pass our saturation test were kept in the
data set to correctly assess the proportion of pairs with gene
conversion among all pairs of ohnologs.

Sequence Data Sets and GENECONV Analysis

S. cerevisiae nucleotide coding sequences and protein
sequences were retrieved from the fungal genomes research
database (http://fungalgenomes.org/). To identify gene
families, first we performed an all-against-all BLAST search
on a data set of all protein sequences longer than 50 amino
acids using default parameters, except a slightly more strin-
gent expected value of 1 x 10>, The BLAST output was used
to cluster S. cerevisiae proteins with the MCL program, version
09-308, under default settings except for the inflation value,
I=6 (Enright et al. 2002). Nucleotide alignments were ob-
tained from the protein alignments using TransAlign
(Bininda-Emonds 2005) implemented with MUSCLE (Edgar
2004). Alignments with fewer than three mismatches were
removed, as well as alignments with regions of low identity
according to a previously described method (Han et al. 2009).
Gene conversion events were identified with the program
GENECONV v.1.81 (Sawyer 1989), which employs permuta-
tion to determine whether possible gene conversion tracts
(identical or nearly identical segments in the alignment) are
statistically significant given the distribution of mismatches in
the entire sequence alignment. When the alignment includes
more than two sequences, GENECONV can assess both pair-
wise and global conversion tracts and calculates P values cor-
rected for sequence length and, for global comparisons, also
corrected for the number of aligned sequences. GENECONV
analyses were performed with default settings except for the
pairwise P values display option (-ListPair) and the “include
monomorphic sites” option for alignments of only two se-
quences (~Include-monosites). Only gene conversion tracts
with no mismatches and with P < 0.05 in the global or pair-
wise analysis were called significant.

Timing of Gene Duplication Events and Gene
Conversion

Gene families affected by gene conversion tend to show phy-
logenies with more gene duplications toward the tips of their
evolutionary tree because of the homogenization of

paralogous genes’ sequences (McGrath et al. 2009; Casola
et al. 2010). We tested whether gene trees showed such
gene conversion-driven bias by comparing the timing of du-
plications inferred through gene-tree/species-tree reconcili-
ation using NOTUNG (Chen et al. 2000), which is sensitive
to gene conversion bias, and through CAFE (Hahn et al.
2005), a method that employs only gene family sizes in
current-day species to infer the timing of gene duplication
and loss events across a species tree and is therefore immune
to the effects of gene conversion in establishing the time of
gene duplications. To assess gene duplications and losses with
CAFE, we used gene families built with MCL as described
earlier. Gene trees for the reconciliation analysis were ob-
tained from data derived from the analysis of nine fungal
genomes (Butler et al. 2009). We compared the gene dupli-
cation events according to the reconciliation method and the
gene family evolution approach in 141 gene families that do
not include ohnologs and have more than one gene in S.
cerevisiae and in at least one other species.

S. cerevisiae Ohnolog Pairs and Their Orthologs in

S. bayanus and Inference of Gene Conversion

Using dy

We applied a similar strategy to the one described earlier to
identify ohnolog pairs, Sc1 and Sc2, for which we could iden-
tify a clear ortholog to one of the two duplicates in the
genome of S. bayanus based on synteny information (Sb).
From this analysis, we retained triplets of three genes, Sc1,
and Sc2, and the S. bayanus ortholog of Sc1 (Sb). We required
that the probability of this orthology inference be greater
than 09 and that Sc7 hit both Sc2 and Sb in a
GenomeHistory (Conant and Wagner 2002) search with a
BLAST E-value threshold of 10~ We thus obtained 862 trip-
lets of genes (Sc1, Sc2, and Sb), of which nine were removed
due to the presence of premature stop codons in the coding
sequences. Note that the same ohnolog pair could be ana-
lyzed twice if the corresponding genes in S. bayanus also sur-
vive as ohnologs. In this case, both sets of genes were tested
for gene conversion and we report a potential event if either
comparison suggests it.

To analyze sequence divergence in these triplets, we first
aligned the protein sequences of each triplet using T-Coffee
(Notredame et al. 2000) and inferred the corresponding nu-
cleotide alignments. From those alignments we made max-
imum likelihood estimates (Conant and Wagner 2003) of the
number of nonsynonymous substitutions per nonsynon-
ymous site (dy) for each of the three branches in the triplet.
Define dy; and dy;, as the dy values for the branches leading
to Sc1 and Sc2, respectively, and dyg as that leading to Sb.
Because ScT and Sb are more closely related than either is to
Sc2, cases where dyg > dy, dy; indicate potential gene con-
version (see Evangelisti and Conant 2010 for details). To test
the statistical support for inferences of conversion, we used a
likelihood ratio test: we compared the likelihood of the se-
quence alignment under a model where all three dy values
were allowed to vary (InLHO) to a constrained model where
we required that dy;=dyg (INLHA). Statistical significance
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was assessed by comparing twice the difference in log likeli- Comparison of Ohnolog and Ortholog ds Values
hood for the two models to a x distribution with one degree

' Pairs of duplicates that experienced gene conversion are ex-
of freedom, as in Evangelisti and Conant (2010).

pected to have much lower levels of sequence divergence
Results than orthologous single-copy genes of similar age; this is the
basis of the test laid out by Gao and Innan. However, because
parallel duplication events can obscure the true age of dupli-
cates (i.e, by incorrectly implying that an ancestor had mul-
tiple gene copies), here we focus on paralogs generated by a
WGD event in the ancestor of the yeasts. Because of the
conserved syntenic relationships among these ohnologs, we
can be highly confident that two duplicates in this data set
originated at a specific point in the past (Wolfe and Shields
1997; Dietrich et al. 2004; Dujon et al. 2004; Kellis et al. 2004).

Both K. polysporus and S. castellii diverged from S. cerevisiae

We take four different approaches to inferring the amount of
gene conversion between paralogs in yeast (fig. 2). In the first
approach, we use the test outlined by Gao and Innan (2004),
but we ask what proportion of all pairs of genes duplicated by
a WGD show evidence for conversion. In the second, we
compare reconciled gene trees estimated from the paralog
sequences themselves to the maximum likelihood estimate of
when duplication events took place among nine fungal gen-
omes. In the third, we use the heterogeneity in divergence
along the sequence of yeast paralogs to determine the frac-

tion of gene pairs showing evidence for conversion. In the soon after the WGD (fig. 1) and represent the closest branch-

final approach, we use a likelihood-ratio test to compare the ing species to this event for which we have genome sequences

topology of trees generated using nonsynonymous diver- (Scannell et al. 2007). Thus, we used the ds values between

gence under models with and without IGC. S. cerevisiae genes and their orthologs in these two species to
A B

X
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Fic. 2. The four strategies used to identify IGC events in Saccharomyces cerevisiae (Scer). (A) Comparison of ohnolog and ortholog ds values. X and Y
ohnologs in Scer originated after WGD (ds1) and Scer and Kluyveromyces polysporus (Kpol) X orthologs diverged after speciation (ds2). IGC between
Scer ohnologs would lower the X-Y ds value (ds3) and result in a tree where the Y gene is moved closer to the X gene (dashed line). (B) Analysis of gene
trees and gene duplication events. Left panel: gene tree/species tree reconciliation without IGC shows that a single gene duplication event (lightning
bolt) formed the two paralogs A and B before Scer and Kpol diverged (this analysis excludes ohnologs). Right panel: phylogeny of the same four paralogs
after IGC between Scer A and B. The reconciliation analysis performed on this tree would predict two gene duplication events. (C) GENECONV
approach to detecting gene conversion. Upper panel: substitutions (black vertical bars) between Scer A and B paralogs (gray boxes) are uniformly
distributed without IGC (this analysis includes both ohnolog and nonohnolog gene duplicates). Lower panel: regions of 100% identity between the two
paralogs (gray double-headed arrows) are recognized using GENECONV as possible evidence of IGC. (D) Evidence for gene conversion among Scer
ohnolog pairs using nonsynonymous divergence. This approach follows the strategy showed in (A) but relies on changes in dy values in the presence of
IGC between Scer X and Y ohnologs. In A, B, and D, the gray lines represent non-Scer genes.
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estimate the expected sequence divergence between ohno-
logs in the absence of conversion. To detect an effect of IGC,
we take the lower 95% confidence interval on ds values be-
tween these orthologs as a minimum sequence divergence
bound; ohnologs with ds values below this bound are inferred
to have been recently converted (cf. Gao and Innan 2004).

We found 375 Scer—Kpol orthologs and 551 Scer—Scas
orthologs defined based on syntenic relationships between
these genomes (see Materials and Methods). The average ds
values between orthologs were 4.77 for the Scer—Kpol com-
parison and 4.50 for the Scer-Scas comparison, with no sig-
nificant difference in ds between these two data sets
(P> 0.05). However, we also found that orthologous genes
with paralogs in the same genome showed significantly lower
average ds values than orthologs with no paralogs in both
the Scer-Kpol and Scer-Scas comparison (4.12 vs. 5.04,
P=73x 10"%and 4.15 vs. 4.82, P= 8.7 x 10" >; respectively).
Although gene conversion is not expected to decrease se-
quence divergence between orthologs—and in fact has
been shown to sometimes increase divergence (Hurles et al.
2004)—to obtain the highest possible number of gene con-
version events, we calculated the lower 95% confidence inter-
vals using only orthologs without additional duplicates (the
effect of which is to give a larger value of ds as the lower
bound). For the 267 Scer-Kpol orthologs and 288 Scer—Scas
orthologs meeting these criteria, this corresponds to a cutoff
of ds=0.94 and ds = 1.12, respectively (fig. 3).

We were able to identify 475 high-confidence pairs of
ohnologs in the S. cerevisiage genome (see Materials and
Methods and supplementary table S1, Supplementary
Material online). If none of these genes has experienced
IGC—and assuming the rate of synonymous substitution is
nearly the same between orthologs and ohnologs in the ab-
sence of IGC (see Discussion)—then only approximately 2.5%
of ohnologs should have ds values lower than these cutoffs.

80 -
————— Scer-Scas orthologs

701 e Scer-Kpol orthologs

—— Scer ohnologs

60 -

50

40 |

30 4

Number of gene pairs

20 |

10

Instead, 13.7% (65/475) and 15.2% (72/475) of ohnolog pairs
show ds lower than 0.94 and 1.12, respectively (fig. 3). Given
that we expected 2.5% of these to occur by chance, our results
imply that the proportion of converted ohnolog pairs is max-
imally ~11.2-12.7%.

Analysis of Gene Trees and Gene Duplication Events

When paralogous genes undergo gene conversion, the gene
duplication event through which they originated will appear
to have occurred more recently than it actually did if this time
is inferred from sequence divergence. This logic applies to all
duplicates, whether or not they originate from WGD. To
detect this possible hallmark in gene duplicates originating
more recently than the ancestral WGD, we compared the
timing of duplication events inferred using gene-tree/
species-tree reconciliation with the timing inferred using a
maximum-likelihood approach based on gene copy numbers
that does not rely on sequence information and is therefore
unaffected by gene conversion (Hahn et al. 2005). This gen-
eral approach is similar in logic to that outlined in the previ-
ous section, but the timing of duplication is inferred from
different data. Additionally, the duplicates used in this ana-
lysis may be of many different ages—necessitating separate
comparisons of sequence-based inferences and copy-num-
ber-based inferences for each gene family—and parallel
duplication events may be possible, which may increase the
number of apparent conversion events.

We were able to identify 159 gene duplication events in
S. cerevisiae that were not generated by the WGD event (i.e,
they were not ohnologs). Of these, however, only 141 are
informative for this analysis because they also have multiple
copies in at least one of the eight other species in the
Saccharomycetaceae group with sequenced genomes.
For these 141 gene families, we constructed gene trees
using all identified orthologs and paralogs from all nine

0.1

1 10

Fic. 3. Divergence at synonymous sites between Saccharomyces cerevisiae (Scer) ohnologs, Scer—Kluyveromyces polysporus (Kpol) orthologs, and Scer—
Saccharomyces castellii (Scas) orthologs. The dashed vertical gray line and the dotted vertical gray line represent the lower boundary for a 95%
confidence interval of Scer-Kpol and Scer-Scas ortholog ds values, respectively.
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yeast species and then carried out gene-tree/species-tree rec-
onciliation using the program NOTUNG (Chen et al. 2000) to
identify the timing of inferred gene duplication events. We
also inferred the timing of duplication events using the pro-
gram CAFE (De Bie et al. 2006), which minimizes the number
of duplications and losses over the tree based on an analysis of
gene family size (copy number) in each species (Hahn et al.
2005).

If IGC has affected pairs of duplicates, the inferred timing of
duplication events in the tree reconciliation analysis will be
more recent than in the copy number analysis. Thus, to find
putative IGC events, we compared the timing of duplication
in the two analyses to identify instances in which tree recon-
ciliation implied a more recent duplication event than the
copy number analysis (cf. McGrath et al. 2009; Casola et al.
2010). However, in none of the 141 analyzed gene families did
we find this pattern. This implies that IGC has affected 0% of
these gene trees.

GENECONYV Approach to Detecting Gene Conversion

Even if IGC has not affected the value of ds across a gene, or
the gene tree inferred from whole-gene sequences, it can still
leave a smaller signature on sequence divergence. In any gene
conversion event, the conversion tract is the sequence that
has been “copied and pasted” from a donor gene into the
acceptor gene. Because the sequence corresponding to the
conversion tract is consequently identical between the two
paralogs, gene conversion events can be identified by looking
for identical stretches of DNA embedded within more-
diverged regions. Several statistical approaches have been de-
veloped to identify significant identical or highly similar DNA
fragments between two or more sequences (Stephens 1985;
DuBose et al. 1988; Sawyer 1989; Smith 1992; Sneath 1998;
Worobey 2001). We applied the widely used method imple-
mented in the program GENECONYV (Sawyer 1989) to iden-
tify conversion tracts in alignments of S. cerevisiae paralogous
genes.

To avoid possible biases due to poor alignment quality in
large gene families, we analyzed both whole-family alignments
that included all paralogs and pairwise alignments formed by
pairs of paralogs. The whole-family alignments were searched
using both the global and the pairwise options in GENECONV
(see Materials and Methods). The level of gene conversion,
measured as the proportion of gene pairs with evidence of
conversion over all the examined gene pairs, was below 5% at
P < 0.05 (table 1), implying that there is effectively no support
for IGC. The whole-family data set consisted of 650 gene
families, of which only 33 included ohnologs. Excluding
gene families with ohnologs did not affect the proportion of
gene pairs with gene conversion (data not shown). The pair-
wise alignment data set also showed a very low (<5% at
P < 0.05) proportion of gene pairs with gene conversion,
independently of the inclusion of ohnologs in the analysis
(table 1).

We have previously shown that the power of GENECONV
can be relatively low when paralogs have highly similar se-
quences (ds < 0.05) or the conversion tracts are very short
(McGrath et al. 2009). However, only 4% (234 of 5,812) of all
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S. cerevisiae pairs of paralogs analyzed here have ds < 0.05 and
only 5.6% of all pairs have ds < 0.1. Thus, only a small pro-
portion of S. cerevisiae paralogs could be converted without
GENECONYV detecting such events.

Evidence for Gene Conversion among S. cerevisiae
Ohnolog Pairs Using Nonsynonymous Divergence

One further signature of IGC could be a subtle effect on
only nonsynonymous substitutions (as measured by dy).
That is, if IGC is acting to maintain the functional similarity
between a pair of paralogs, there may be a selective ad-
vantage to conversion events that homogenize any non-
synonymous differences that appear. We have previously
found such a pattern of IGC among duplicated ribosomal
proteins created by WGD in S. cerevisiae, using a compari-
son of dy between ohnologs and orthologs (Evangelisti and
Conant 2010). This approach is again conceptually similar
to the one outlined earlier for all ohnologs but instead uses
a likelihood-ratio test to compare tree topologies obtained
using dy with or without gene conversion for each triplet
of genes (i.e, the pair of ohnologs and single ortholog). We
have used this approach to look for gene conversion in the
full set of ohnologs from S. cerevisiae.

We were able to find 862 gene triplets derived from 438
ohnolog pairs with high-confidence orthologs in S. bayanus
identified on the basis of conserved gene order (see Materials
and Methods and supplementary table S1, Supplementary
Material online). Among the 438 ohnolog pairs analyzed, 35
(8%) had a signature of conversion using nonsynonymous
divergence (dy), but only 25 of these pairs (5.7%) showed
statistically significant improvement when a model allowing
gene conversion was used (P < 0.05; see Materials and
Methods); once again, this is effectively the number of signifi-
cant tests expected under the null model. Strikingly, of these
35 pairs, 26 encode ribosomal proteins and have already been
identified as having undergone conversion (table 2;
Evangelisti and Conant 2010). Moreover, of the remaining
nine ohnolog pairs, five encode proteins associated with the
ribosome (table 2). These genes are unlikely to be a random
subset of all duplicates (see later).

Discussion

Our collective estimates of the number of paralogous pairs
affected by interlocus gene conversion in S. cerevisiae (0-13%)
are in stark contrast to those of Gao and Innan (81%),
whereas they agree with other estimates of gene conversion
in eukaryotes (Semple and Wolfe 1999; McGrath et al. 2009;
Wang et al. 2009; Casola et al. 2010), including studies in
S. cerevisiae (Drouin 2002; Morris and Drouin 2011). In add-
ition, the very high level of gene conversion inferred by Gao
and Innan seems unrealistic considering the implications of
their results. For instance, as stated in the article by Gao and
Innan, the gene duplication rate that would fit the estimated
81% of converted paralogs is approximately one duplication
per gene per billion years, which is several orders of magnitude
lower than gene duplication rates calculated using a variety of
approaches in several model species (Hahn et al. 2005;
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Table 1. GENECONV Estimates of Gene Conversion in Saccharomyces cerevisiae Gene Families.

Whole-Family Alignments Pairwise Alignments
Global Analysis Pairwise Analysis All Families All Families No Ohnologs
Gene pairs with conversion 40/1,213 57/1,213 409/9,064 383/8,056
Percentage gene pairs with conversion 33 4.7 4.5 4.8

Table 2. Ohnolog Pairs with High-Confidence Orthologs in Saccharomyces bayanus Showing Signature of Conversion Using Nonsynonymous

Divergence (dy).

Sc1? Annotation® Sc2¢ Annotation
EFT2 Elongation factor 2 EFT1 Elongation factor 2
ENO1 Enolase | ENO2 Enolase I
HSC82 Hsp90-type chaperone HSP82 Hsp90-type chaperone
IMD3 Inosine monophosphate dehydrogenase IMD4 Inosine monophosphate dehydrogenase g
MEP1 Ammonium permease MEP3 Ammonium permease §
RPL11B Protein of the large ribosomal subunit RPL11A Protein of the large ribosomal subunit g,-
RPL12B Protein of the large ribosomal subunit RPL12A Protein of the large ribosomal subunit 2
RPL13B Protein of the large ribosomal subunit RPL13A Protein of the large ribosomal subunit g
RPL15A Protein of the large ribosomal subunit RPL15B Protein of the large ribosomal subunit 3
RPL17B Protein of the large ribosomal subunit RPL17A Protein of the large ribosomal subunit i
RPL18A Protein of the large ribosomal subunit RPL18B Protein of the large ribosomal subunit 2
RPL1B Protein of the large ribosomal subunit RPL1A Protein of the large ribosomal subunit g
RPL20A Protein of the large ribosomal subunit RPL20B Protein of the large ribosomal subunit g
RPL21A Protein of the large ribosomal subunit RPL21B Protein of the large ribosomal subunit é‘
RPL23A Protein of the large ribosomal subunit RPL23B Protein of the large ribosomal subunit ?_;
RPL24A Protein of the large ribosomal subunit RPL24B Protein of the large ribosomal subunit g
RPL26B Protein of the large ribosomal subunit RPL26A Protein of the large ribosomal subunit O:T
RPL33B Protein of the large ribosomal subunit RPL33A Protein of the large ribosomal subunit c
RPL40A Protein of the large ribosomal subunit RPL40B Protein of the large ribosomal subunit %
RPLSA Protein of the large ribosomal subunit RPL8SB Protein of the large ribosomal subunit %
RPSOA Protein of the small ribosomal subunit RPSOB Protein of the small ribosomal subunit E
RPS11B Protein of the small ribosomal subunit RPS11A Protein of the small ribosomal subunit =
RPS14A Protein of the small ribosomal subunit RPS14B Protein of the small ribosomal subunit %
RPS17B Protein of the small ribosomal subunit RPS17A Protein of the small ribosomal subunit ?)
RPS18A Protein of the small ribosomal subunit RPS18B Protein of the small ribosomal subunit %
RPS19B Protein of the small ribosomal subunit RPS19A Protein of the small ribosomal subunit 5—
RPS25A Protein of the small ribosomal subunit RPS25B Protein of the small ribosomal subunit 2
RPS26B Protein of the small ribosomal subunit RPS26A Protein of the small ribosomal subunit ;,'
RPS4B Protein of the small ribosomal subunit RPS4A Protein of the small ribosomal subunit E
RPS6B Protein of the small ribosomal subunit RPS6A Protein of the small ribosomal subunit i
RPS8A Protein of the small ribosomal subunit RPS8B Protein of the small ribosomal subunit g
SSB1 ATPase that is a ribosome-associated molecular SSB2 ATPase that is a ribosome-associated molecular @

chaperone chaperone
SSF1 Constituent of 66S preribosomal particles, SSF2 Protein required for ribosomal large subunit

required for ribosomal large subunit maturation

maturation
TEF2 Translational elongation factor EF-1« TEF1 Translational elongation factor EF-1o
TIF2 Translation initiation factor elF4A TIF1 Translation initiation factor elF4A

*Saccharomyces cerevisiae ohnolog 1 (whose ortholog is the Saccharomyces bayanus gene Sb).

®SGD (Cherry et al. 1998) annotation of Sc1/Sc2.
“Saccharomyces cerevisiae ohnolog 2 (whose paralog is the S. bayanus gene Sb).

Demuth et al. 2006; Hahn et al. 2007). Furthermore, popula-
tion studies have shown that copy number polymorphisms
overlapping genes are common in S. cerevisiae, indicating that
genes are duplicated and lost at a high rate in this species
(Carreto et al. 2008).

Although our first approach closely followed the method
used by Gao and Innan, we found fewer than 15% of ohnolog
pairs with evidence for conversion using the same criteria,
compared with the previous estimate of 81%. We, therefore,
reasoned that this significant difference, rather than being
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methodological, must stem from discrepancies between the
data sets in this work and the original study. Indeed, we
observed several biases in the data set used by Gao and
Innan that were ultimately responsible for the exceedingly
high level of gene conversion originally reported.

For example, although it is not mentioned in their original
study, 50 of 68 pairs used by Gao and Innan are genes encod-
ing ribosomal proteins; among the 55 pairs of genes identified
as having undergone IGC by these authors, 47 were ribosomal
protein pairs produced by WGD. Recently, we have found
that at least 59% of S. cerevisiae ribosomal ohnologs showed
signatures of gene conversion, compared with 3% of genes
involved in metabolism (Evangelisti and Conant 2010). Given
that gene conversion in S. cerevisiae can derive from an
mRNA (or cDNA) donor (Derr and Strathern 1993; Storici
et al. 2007), genes with high transcription levels—including
ribosomal genes—could experience elevated conversion rates
because of their large number of transcripts, as has been
observed previously (Pyne et al. 2005; Sugino and Innan
2006). Therefore, the original data set of Gao and Innan did
not represent a random assemblage of genes but rather one
that was much more likely to show evidence for IGC.

In addition, as Lin et al. (2006) have shown, many pairs of
S. cerevisiae ohnologs and their orthologs in other species
show a very slow evolutionary rate of divergence due to
coding-region conservation and codon-usage bias, which
might be erroneously attributed to gene conversion. Lin
et al. (2006) further point out that at least 57 pairs of genes
analyzed by Gao and Innan show strong codon-usage bias.
This result implies that the distribution of ds values for all
orthologs may not be an appropriate point of comparison for
all ohnologs and may in fact lead to erroneous inferences
of IGC.

Finally, for our main analysis we used 475 pairs of ohnologs
so that we could analyze the effect of IGC on a “cohort” of
genes of equivalent ages. In contrast, Gao and Innan gener-
ated their data set by using only pairs of paralogs with
ds < 1.05; this meant that their analysis was already strongly
biased toward gene duplicates that were more likely to have
been converted. In other words, the data set of Gao and Innan
started by implicitly excluding many of the gene pairs that
were not converted. To further demonstrate the effects of
these inclusion criteria on their final results, we note that 49 of
the 55 pairs of genes identified as having been converted by
Gao and Innan are ohnologs (based on assignments in Byrne
and Wolfe 2005). If—instead of comparing these 49 genes
with all 68 pairs of genes with ds < 1.05—Gao and Innan
had compared them with the corresponding cohort of 475
pairs of currently existing ohnologs, they would have con-
cluded that 10.3% of these paralogs show evidence for IGC,
a result highly similar to ours.

The four methods we applied to detect IGC among
S. cerevisiae paralogs have the advantage of relying on differ-
ent evolutionary signals of this process. By using a data set of
ohnolog pairs in our first and fourth methods, we controlled
for independent, parallel gene duplications, which would have
increased the rate of false positives in our analysis. This bias
could affect estimates of gene conversion based on the
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comparison of duplication timing using gene trees and
copy number data among species, although we did not
find any evidence of conversion in the 141 Saccharomyces
gene trees analyzed. On the other hand, genes duplicated by
WGD may not be representative of IGC between all dupli-
cates: because the total length of the duplicated sequence has
a strong positive effect on the probability of pairing between
paralogous regions and subsequent IGC (Hsu et al. 2009),
ohnologs may experience more conversion than smaller-scale
duplicates. The GENECONV approach provides estimates of
gene conversion that are independent of both the inferred
timing of gene duplication and the accurate identification of
orthologs. Although GENECONV has limited power when
paralog divergence is low, the gene conversion events
missed by GENECONV wiill essentially involve donor and ac-
ceptor sequences that are identical or almost identical, with
minimal, in any, functional consequences for the acceptor
paralog (McGrath et al. 2009). Furthermore, GENECONV
has been shown to be inaccurate only when there is rampant
conversion (Mansai and Innan 2010), which is not observed in
S. cerevisiae. Therefore, our results are completely consistent
between methods, as would be expected with low levels
of IGC.

A possible caveat with any analysis of gene conversion is
the origin of paralogous genes. In fact, gene introgression from
closely related species could erase evidence of gene conver-
sion between paralogs by replacing converted genes with
their orthologs. Because S. cerevisiae is known to undergo
hybridization with congeneric species (Naumova et al. 2005;
Nakao et al. 2009; Libkind et al. 2011), this phenomenon
could lower the observed amount of gene conversion.
However, we note that these reported hybridization events
always involve S. cerevisige as a donor of genomic material,
not a recipient. Although we cannot exclude the possibility
that some genes have been introduced into S. cerevisiae by
ancient introgressions, there is no evidence that this process
has played a major role in the evolution of the budding yeast
genome.

Low levels of interparalog gene conversion have important
evolutionary implications. A primary conclusion of our study
is that the rate of gene duplication in S. cerevisiae is much
higher than reported by Gao and Innan (2004) and is in fact
much closer to the original estimate of Lynch and Conery
(2000). Consequently, our results support models of rapid
gene gain and loss as being primarily responsible for patterns
of gene family evolution (Nei and Rooney 2005), rather than
gene conversion. These results have major implications for,
among other things, our understanding of evolution, adapta-
tion, and the onset of disease.

Supplementary Material
Supplementary table S1 is available at Molecular Biology and

Evolution online (http://www.mbe.oxfordjournals.org/).
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