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ABSTRACT

Nonallelic gene conversion has been proposed as a major force in homogenizing the sequences of
paralogous genes. In this work, we investigate the extent and characteristics of gene conversion among
gene families in nine species of the genus Drosophila. We carried out a genome-wide study of 2855 gene
families (including 17,742 genes) and determined that conversion events involved 2628 genes. The
proportion of converted genes ranged across species from 1 to 9% when paralogs of all ages were in-
cluded. Although higher levels of gene conversion were found among young gene duplicates, at most 1-2%
of the coding sequences of these duplicates were affected by conversion. Using a second approach
relying on gene family size changes and gene-tree/species-tree reconciliation methods, we estimate that
only 1-15% of gene trees are misled by gene conversion, depending on the lineage considered. Several
features of paralogous genes correlate with gene conversion, such as intra-/interchromosomal location,
level of nucleotide divergence, and GC content, although we found no definitive evidence for biased
substitution patterns. After considering species-specific differences in the age and distance between
paralogs, we found a highly significant difference in the amount of gene conversion among species. In
particular, members of the melanogaster group showed the lowest proportion of converted genes. Our data
therefore suggest underlying differences in the mechanistic basis of gene conversion among species.

N every species, the vast majority of new genes derive
from the duplication of genes already present in the
genome. The duplication, loss, and sequence diver-
gence of genes is thought to be largely responsible for
the diversification of living organisms (OHNO 1970;
CoNANT and WorLrE 2008; HAuN 2009). In most cases,
the nucleotide sequences of duplicate genes tend to
diverge over time. However, as long as paralogous genes
share regions of sequence similarity, they can be in-
volved in recombination events. In evolutionary terms,
the crossover between homologous chromosomes du-
ring meiosis in sexually reproducing organisms repre-
sents the most relevant outcomes of recombination.
But recombination can also result in the unidirectional
transfer of DNA sequences, a process known as gene
conversion, which has been shown to occur between
both allelic and paralogous sequences.

Gene conversion and crossover differ in some essen-
tial aspects. Gene conversion implies the replacement of
an acceptor DNA sequence with a donor sequence that
usually does not exceed a few kilobases. On the other
hand, crossing-over between two homologous chromo-
somes leads to an exchange of sequences that will be
delimited by another crossover event or by the physical
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end of the chromosome. Both crossover and gene
conversion ultimately result from the repair process of
double-strand breaks of DNA, but conversion can derive
from a broader array of repair pathways (CHEN et al.
2007). Gene conversion between alleles influences sev-
eral aspects of population variation, including patterns
of linkage disequilibrium (LANGLEY et al. 2000). In this
article, however, we focus on the influence of nonal-
lelic, or “ectopic” gene conversion between paralogous
genes. A number of studies have suggested that con-
certed evolution driven by gene conversion is wide-
spread among gene families such as TRNA (STAGE and
EicksusH 2007), heatshock proteins (BETTENCOURT
and FEDER 2002), globins (STORZ et al. 2007), and
histones (GALTIER 2003). This view has been challenged
by the discovery of high rates of gene gain and loss
driving the evolution of clustered gene families (NEI
and RooNEyY 2005). The ultimate contribution of gene
conversion to the evolutionary patterns among dupli-
cates is therefore still an open question.

Genome-wide studies have shown that the proportion
of duplicate genes with evidence of conversion is
relatively low, from ~2% in Caenhorhabditis elegans to
~8% in Saccharomyces cerevisiae (in families with more
than two genes; it is higher in families of size two), and
~8-10% in rice (SEmMPLE and WoLrE 1999; DrROUIN
2002; WANG et al. 2007; XU et al. 2008). In humans,
different genome-wide surveys have reported from
less than 1% (Benovoy and Drouin 2009) to ~13%
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(McGRATH et al. 2009) of paralogs affected by gene
conversion. The fraction of converted young paralogs in
mouse has been also reported to be between 13 and 15%
(Ezawa et al. 2006; MCGRATH et al. 2009). The length of
converted tracts between paralogous genes varies from
~10 bp up to a few kilobases in S. cerevisiae (DROUIN
2002), plants (MONDRAGON-PALOMINO and GAuT 2005;
WANG et al. 2007; XU et al. 2008), C. elegans (SEMPLE and
WorrE 1999), humans (JACKsON et al. 2005; BENOvVOY
and DrRoOUIN 2009; McGRATH et al. 2009), and Drosophila
melanogaster (GLOOR et al. 1991).

Recently, growing attention has been dedicated to
studying the influence of conversion on patterns of
nucleotide substitution, in particular the increased rate
of AT — GC substitutions due to allelic gene conversion
(MAaRra1s 2003; DURET and GALTIER 2009). This process,
known as biased gene conversion (BGC), is thought to
be a major factor in shaping nucleotide composition
across the genomes of vertebrates and other organisms
(BIRDSELL 2002; AXELSSON et al. 2005; BERGLUND et al.
2009). In Drosophila, evidence for BGC is more con-
troversial, with some studies suggesting that this bias
could be present (GALTIER et al. 2006; HADDRILL and
CHARLESWORTH 2008) and others thatitis not (Ko et al.
2006). While the above data all come from allelic gene
conversion, BGC has been also suggested to be involved
in ectopic conversion events in mammals, birds,
S. cerevisiae, and Arabidopsis (GALTIER 2003; KupLa
et al. 2004; BACKSTROM e al. 2005; BENOVOY et al. 2005),
although we did not observe any such pattern in a survey
of recent duplicates in four mammalian genomes
(McGRATH et al. 2009).

A number of studies carried out in Drosophila have
detected instances of gene conversion between paral-
ogs, including in the a-amylase gene family (BRowN
et al. 1990; HICKEY et al. 1991; SHIBATA and YAMAZAKI
1995), trypsin (WANG et al. 1999), antibacterial peptide
attacins (LAazzaro and CrLARK 2001), esterase (KiNnG
1998), and engrailed transcription factors (PEEL et al.
2006). Surprisingly, only a few, partial surveys have
attempted to address the occurrence of gene conversion
in multiple gene families in fruit flies (THORNTON and
LonG 2005; Osapa and INnnNaN 2008). THORNTON and
LoNG (2005) focused on 13 genes from five families in
D. melanogaster and found a very low proportion of
converted genes using two different approaches, one
relying on the number of shared polymorphisms among
paralogs and the second using the GENECONV soft-
ware package (THORNTON and LoNG 2005). In contrast,
the recent study by Osapa and INNAN (2008) detected
gene conversion in 24 out of 28 pairs of paralogs in
D. melanogaster using a comparative phylogenetic
method (OsapA and INNAN 2008).

Despite the long history of studies of concerted
evolution in Drosophila, the impact of nonallelic gene
conversion on the evolutionary history of duplicate genes
in this genus remains unknown at a genome-wide scale.

The whole-genome sequencing of several Drosophila
species provides the opportunity to define the role of
ectopic gene conversion in a large-scale context within a
wellstudied, phylogenetically diverse taxonomic group.
We took advantage of these resources to perform a
computational survey of conversion among >17,700
paralogous genes in nine Drosophila species using two
different methods.

MATERIALS AND METHODS

Data sets: Drosophila gene duplicate sequences and gene
families were obtained as described elsewhere (HAHN el al.
2007). Briefly, gene models from the nine species were
obtained from the consensus gene set established by the
Drosophila Genome Sequencing and Analysis Consortium
(CLARK ef al. 2007). Gene families were built using the fuzzy
reciprocal BLAST (FRB) method, which relies on all-by-all
comparisons between the genomes using BLASTP; gene
families are formed in the clustering step of FRB by traversing
the graph of pairwise similarities to find the maximally con-
nected clusters that are disjoint from one another while
discarding nonreciprocal relationships (CLARK et al. 2007).
Paralogs from each family were separated according to the
species they belonged to and reprocessed to obtain a better
species-specific multialignment as follows. Protein sequences
corresponding to these paralogs were aligned and reverse
translated into their coding sequences using transAlign
(BiniNDA-EMONDS 2005) implemented with MUSCLE (EpGar
2004) to produce the nucleotide multiple-sequence align-
ments. To reduce the probability of false positives in the gene
conversion analysis, regions of poor alignment quality were
removed following a recently described procedure (HAN et al.
2009). Gene conversion can be very hard or impossible to infer
among identical or nearly identical sequences. Therefore,
alignments with fewer than three mismatches were not
screened for the GENECONYV analyses. In addition, a few
large histone gene families with problematic assignment to
mapped contigs in non-melanogaster species were excluded
from this study. Major gene conversion features, including the
number of gene pairs analyzed, number of conversion events,
and length of conversion tracts are summarized in supporting
information, Table S1 and Table S2.

The quality of a genome assembly influences the nucleotide
sequence and length of predicted genes, potentially introduc-
ing biases in the detection of gene conversion. Low sequenc-
ing coverage of a gene can lead to miscalled base pairs, likely
introducing a single-nucleotide difference between paralo-
gous genes. Because we find that duplicated sequences are
mostly not converted, the result of these errors is to increase
the power of GENECONV to detect conversion events. How-
ever, given that the nine species’ genomes we analyzed were
sequenced at deep coverage (CLARK el al. 2007)—and that
the low-coverage Drosophila genomes were not included in
our analyses—we expect that such a bias might affect only a
very limited number of paralogs. Low-quality genomes are
also characterized by smaller contigs and a higher number of
sequence gaps, which decrease the length of annotated gene-
coding regions by loss of exon sequences and splitting of genes
in more than one contig. Indeed, D. melanogaster has the best
assembly and the longest coding sequences on average among
the nine species. We noted that converted genes have shorter
coding regions than nonconverted genes (data not shown);
therefore, we should expect that genomes with lower sequence
quality and overall shorter genes would have higher levels of
gene conversion. However, there is no correlation between
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levels of conversion and average length of coding regions in
the nine species (R* = 0.0054). These observations indicate
that the assembly quality most likely is not affecting the
observed levels of gene conversion.

Detection of gene conversion events: To detect gene con-
version events among paralogs we used GENECONVv.1.81 [http:/
www.math.wustl.edu/~sawyer/geneconv (SAWYER 1989) ], which
establishes significance of highly similar tracts (representing
conversion events) using permutation. GENECONV can
recognize conversion tracts comparing all the sequences in
the alignments or by single pairwise comparisons. For these
tracts, called global and pairwise fragments, respectively,
GENECONV calculates P-values corrected for sequence
length and also the number of sequences in the case of global
comparison. In this work, however, we used GENECONV
pairwise Pvalues to minimize possible biases introduced by
families with very different number of paralogs.

GENECONV was run with default settings except for the
options required to display pairwise Pvalues (-ListPair) and to
include monomorphic sites in the calculation for alignments
of only two sequences (—Include-monosites). The latter option
allows the program to take into account constant sites and is
required to examine alignments with only two paralogs. All
fragments identified by pairwise comparisons with P < 0.05
were regarded as gene conversion events. Therefore, we
expect to see 5% of all comparisons to be “significant” even
when there is no conversion (see below). Tracts including one
or more mismatches were not searched by GENECONV given
the chosen settings. However, we noted that at least some
putative ancestral converted regions with one or more
mismatches were retrieved as multiple shorter tracts separated
by one mismatch.

Gene conversion features: We calculated the proportion of
converted genes as the ratio of gene pairs with conversion over
the total number of screened pairs per species. The genetic
divergence (number of synonymous substitutions per synon-
ymous site or ds) between paralogs was estimated from the
Nei—Gojobori method obtained with the codeml package in
PAML (Yanc 2007). Similar divergence values were obtained
from maximum-likelihood ds estimates using the same pack-
age. To correct for the decreased genetic divergence estimated
between converted pairs, we multiplied the original ds value by
the ratio of the alignment length and the length of the align-
ment minus the conversion tract. Average tract length was
calculated using all pairs or only pairs where the tract is not
delimited by any exon—intron boundaries or the 5'— or 3"-end
of the coding sequence. Scaffolds in non-melanogaster species
were mapped to Miller elements in a recent study (SCHAEFFER
et al. 2008), allowing us to estimate the proportion of con-
verted and nonconverted pairs residing on the same Muller
elements. Chromosome organization and names differ among
Drosophila species, whereas chromosomal arms (Muiller ele-
ments) identify common units across these species. Therefore,
Miller elements represent better physical references for
analyses of interspecies, chromosome-wide properties of con-
verted and nonconverted genes.

Effect of gene conversion on phylogenetic trees: As pre-
viously described (McGRATH et al. 2009), the effects of gene
conversion on phylogenetic trees can be inferred by compar-
ing different methods used for reconstructing the timing of
gene duplication events. This is because gene conversion will
cause tree-based methods to infer recent duplication events,
but the results from copy-number-based methods (such as is
implemented in the software package CAFE (HARN et al. 2005;
DE Bk et al. 2006)) are not affected by conversion. We inferred
lineage-specific duplications in each gene family using two
methods. The program NOTUNG (CHEN et al. 2000) was em-
ployed to calculate the number and timing of duplications by

reconciliation of gene and species trees, using the gene trees
for each Drosophila family in a previous study (HAHN et al.
2007). We also used the program CAFE (HAHN et al. 2005;
DE BIE et al. 2006) to estimate the timing of duplications by
comparing the size of gene families across different genomes.
For each lineage, the proportion of possible trees (gene fam-
ilies) affected by gene conversion is given by the number of
families with more duplicates inferred by NOTUNG than by
CAFE divided by the total number of families with more than
two members (on that lineage).

Statistical analyses: To determine the significant factors
affecting the level of gene conversion, we used an ANOVA,
implemented in R (http:/www.r-project.org/). Analyzed var-
iables included genetic divergence (ds) and physical distance
between pairs, GC content, chromosome location (genes of
each pair on the same or different chromosome arms, i.e.,
Miiller elements), and species. We compared two pairs of nested
general linear models, with or without the variable “species,”
using a likelihood ratio test (LRT).

All Drosophila assemblies, except in the D. melanogaster and
D. pseudoobscura genomes, are composed of scaffolds, many of
which have not been mapped yet onto specific Miiller elements.
Moreover, even when two scaffolds are mapped onto the same
element, their respective distance is unknown. Therefore, in our
analyses of physical distance between intraelement pairs we used
only pairs with genes on the same scaffold.

RESULTS

Amount of nonallelic gene conversion in Drosophila
genomes: We investigated the extent of nonallelic gene
conversion among paralogous genes in nine Drosophila
species. Our analysis was carried out on 17,742 genes
from 2855 gene families. A total of 2040 conversion
events were detected across 2628 genes from 700 fam-
ilies in these nine Drosophila genomes. Some of these
events involved the same orthologous genes in different
genomes, and—on the basis of divergence between
converted pairs—we estimated that about 200 “ances-
tral” gene conversion events occurred before the split of
different Drosophila species. Because the signature of
gene conversion degrades quickly, we are able to detect
only those cases where two species split very recently.
However, most of the conversion events that we were
able to detect occurred after the divergence of species
used in our analysis and are therefore unique (see
below). The number of gene conversion events, con-
verted pairs, and converted genes varied more than
twofold between Drosophila species (Table 1 and Table
S1). D. ananassae exhibited the lowest extent of conver-
sion in terms of number of events and number of
converted pairs or genes, while at the other end of the
spectrum D. grimshawi showed >10% higher values
compared to any other Drosophila species (Table 1
and Table S1).

Levels of nonallelic gene conversion in Drosophila
genomes from GENECONY analysis: We estimated the
proportion of converted genes in each species by di-
viding the number of gene pairs with conversion by the
total number of gene pairs that we were able to screen
with GENECONV. When pairs of paralogs of any age are
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TABLE 1

Levels of conversion in each species

Dmel Dyak Dere Dana Dpse Dwil Dvir Dmoj Dgri
Converted genes 217 319 213 192 399 261 286 276 465
Genes analyzed 1723 2451 1797 1848 2173 1868 1731 1731 2420
% converted pairs 7.47 9.01 7.89 12.53 9.75 12.28 11.77 14.15

% converted pairs represents the proportion of converted pairs over all screened pairs. Dmel, D. melanogaster; Dyak, D. yakuba,
Dere, D. erecta; Dana, D. ananassae; Dpse, D. pseudoobscura; Dwil, D. willistoni; Dvir, D. virilis; Dmoj, D. mojavensis; Dgri, D. grimshawi.

considered, the proportion of converted pairs varies
from 6.4% in D. ananassaeto 14.2% in D. grimshawi. In D.
melanogaster, 7.5% of paralogs showed evidence of
conversion (Table 1). Note that under the null hypoth-
esis of no conversion we expect to observe 5% of pairs
with P<<0.05; therefore, the proportion of true positives
likely varies from only 1-9%. These levels of conversion
are comparable to what has been observed in S. cerevisiae
(for families with more than two genes) and in rice
(DrROUIN 2002; WANG et al. 2007; XU et al. 2008), whereas
only 0.88% of all human and 2% of all C. elegans
paralogous pairs, respectively, appeared to have been
converted among paralogs of approximately the same
level of divergence (SEMPLE and WoOLFE 1999; BENOVOY
and Drouin 2009).

When the proportion of Drosophila converted pairs is
plotted against their divergence, we observe that con-
version levels are relatively low for very recent duplicates
(ds <0.1). This is most likely due to a higher proportion
of gene conversion false negatives in young paralogs, as
conversion events between sequences that are already
very similar are extremely difficult to detect. Observed
conversion levels reach a peak for 0.1 = dg < 0.3 in all
species and slowly decrease for paralogs with higher
divergence (Figure 1). In species of the Drosophila
subgenus the proportion of converted pairs is higher
than in members of the Sophophora subgenus for most
divergence intervals (Figure 1).

Other studies have shown that the level of conversion
tends to decrease when dsincreases (SEMPLE and WOLFE
1999; Xu et al. 2008; BEnovoy and Drouin 2009),
although a more complicated relationship between

divergence and proportion of converted pairs can
emerge when only young gene duplicates are examined
(McGRATH et al. 2009). However, given that different
methods and gene duplicates data have been used in
these studies, a straightforward comparison between the
levels of conversion in different organisms is not always
meaningful. Given this perspective, our results offer
some clues as to the features affecting variation in the
level and patterns of ectopic gene conversion in species
with various levels of phylogenetic relatedness (see sec-
tion Factors affecting gene conversion).

The effect of gene conversion on phylogenetic trees:
Because very high levels of gene conversion may not be
detectable by GENECONV—especially in cases where
the entire coding regions of two paralogs have been
homogenized—we used a second measure of the effect
of gene conversion by applying a procedure we recently
developed (MCGRATH et al. 2009). Because gene con-
version decreases the divergence between paralogs, it
can increase the number of apparently young duplicates
in a given genome; therefore, gene trees constructed
from families affected by gene conversion will show
evidence for recent duplications. However, gene con-
version will not affect the total number of gene copies in
a genome, so that methods that infer the timing of
duplication based on copy number are unaffected by
this bias. To examine the extent to which gene conver-
sion affects phylogenetic reconstruction, we compared
the number of recent duplicates calculated by two dif-
ferent methods, one affected and one unaffected by
gene conversion. In the first approach the number of
branch-specific duplicates is determined by gene-tree/
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species-tree reconciliation (see MATERIALS AND METH-
ops). In the second method, gene losses and gains are
estimated on the species tree using CAFE (HAHN e al.
2005; DE BIE et al. 2006), which relies only on the
number of paralogs in each genome. A higher number
of branch-specific duplications estimated by reconcilia-
tion rather than by CAFE indicates either the occur-
rence of gene conversion or independent gains and
losses of genes on different lineages (MCGRATH et al.
2009). A higher number of duplicates inferred by gene-
tree methods can also occur when the species tree used
in the reconciliation procedure contains a polytomy
(HanN 2007). Using this procedure we found that for
families containing two genes, gene conversion affects
from 1 to ~15% of trees, with levels varying across dif-
ferent branches of the Drosophila species tree (Figure 2).
Rates tend to be particularly low in short tip branches,
such as in the melanogaster subgroup, which includes D.
melanogaster; D. yakuba, and D. erecta (Figure 2). The rate
appears to be especially high on the branch leading to
the ancestor of the melanogaster subgroup—a known
polytomy (POLLARD et al. 2006)—which is consistent with
the idea that reconciliation methods infer excess dupli-
cation events on these branches.

Length of converted regions: The length of con-
verted regions ranged from ~10 bp to more than 3 kb.
D. pseudoobscura showed the smallest range with a max-
imum converted tract length of 1287 bp, compared to a
longest tract of 3079 in D. mojavensis (Table S2). The
average and median length of converted tracts varied
about twofold between the nine Drosophila genomes,
with particularly high values in D. grimshawi (Table S2).
Approximately 49-59% of tracts are shorter than 100 bp
in eight species, while in D. grimshawi only one tract out
of three is <100 bp. Furthermore, 33% of tracts in D.
grimshawi are longer than 300 bp, compared to less than
20% in the other species (Figure 3). Longer tracts in D.
grimshawi are most likely a by-product of the low
divergence between converted paralogs with respect to
other species (Figure 1 and Table S2). Indeed, detect-
able conversion tracts tend to shorten in increasingly
divergent pairs of duplicated genes, and the least di-
vergent paralogs (ds < 0.1) have the longest tracts in
every species (Figure S1). Other factors that could affect
the length of observed conversion tracts seem to be less
important. For instance, longer converted regions can
derive from longer exons, assuming that these tracts
mostly do not overlap introns. However, we found that
D. grimshawi exons in converted genes have comparable
length with exons in other species (Table S2). Among
the nine genomes, the longest exons have an average of
675 bp (in D. ananassae), a feature that could explain
the elevated average tract length in this species com-
pared to other fruit flies (Table S2).

In the majority of Drosophila genomes, converted
tracts covered ~9-10% of the genes’ coding sequences,
a percentage remarkably similar between species with
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Ficure 2.—Percentage of gene trees that show more dupli-
cations on a given branch than are inferred by changes in copy
number alone. The phylogram of the nine Drosophila species
analyzed in this work is depicted according to TAMURA et al.
(2004). (A) melanogaster group. (B) Sophophora subgenus.
(C) Drosophila subgenus. Mya, million years ago. Species abbre-
viations as in Table 1.

very different average and median tract length. D.
grimshawi once again represents an outlier in this sense,
with 13.5% of the coding sequences occupied by trans-
ferred tracts in converted paralogs, a consequence of
the longer tracts observed in this Hawaiian species
(Table S2 and Figure 3). Nevertheless, when all the an-
alyzed pairs are considered, converted regions corre-
spond to only ~1-2% of the coding sequence of gene
duplicates (Table S2), similarly to what has been found
in mammals (McCGRATH et al. 2009). Note that this
number includes the length of converted tracts in the
5% of expected false-positive pairs and therefore is an
overestimate of the total converted sequence.

Given that we searched for conversion events in the
coding regions of genes, some of the converted regions
we detected may overlap with introns or go beyond the
coding region boundaries at the 5'— and/or 3’-end of
genes. Because this could not only affect the estimate of
tractlength, but also lead to different conclusions in the
analyses discussed above, we examined the features
of converted regions that were contained within only
a single exon and do not extend to the exon-intron
boundaries. Most regions (71-88%) satisfied this con-
dition in the nine species. While the average tract length
dropped by 37-93 bp, the length and age distribution of
these regions were comparable to the distributions of all
tracts (data not shown), suggesting that this is not a
major factor affecting our results.

Factors affecting gene conversion: Several aspects of
gene structure and gene family organization have been
proposed to influence levels of nonallelic conversion
among paralogous genes. In our analysis, we examined
the impact of these features on ectopic gene conversion
in Drosophila.
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In the nine Drosophila genomes surveyed, 70-80% of
paralogous pairs reside on the same Miiller element. The
proportion of intra-Miller element converted pairs is
significantly higher than nonconverted pairs (P < 0.001,
Fisher’s exact test; Figure 4 and Table S1). Moreover,
intraelement converted pairs tend to be physically closer
than intraelement nonconverted pairs (significant sup-
port for all species except D. yakuba; ttest, Pvalue < 0.05;
Figure S2 and Table SI). This is particularly striking for
gene pairs separated by less than a few kilobases (Figure
S3). Both patterns are consistent with previous studies
(SEMPLE and WoLFE 1999; BENovoy and Drouin 2009;
McGRATH et al. 2009). Genes in converted pairs also tend
to have lower divergence than nonconverted paralogs
(#test, Pvalue < 0.05 for all species; Table S1). A different
picture emerges from the comparison of GC content
between converted and nonconverted pairs. In the four
species of the melanogaster subgroup, D. melanogaster; D.
yakuba, D. erecta, and D. ananassae, the proportion of G
and C bases is higher in converted pairs (54.3% vs. 53.1%
in converted and nonconverted pairs, respectively; see
also Table SI1), whereas the opposite is true for the
remaining five species (50.3% vs. 51.4% in converted and
nonconverted pairs, respectively; see also Table SI).
These trends are significant in seven species (&test, P>
value < 0.05).

Given that the physical distance between paralogs, the
sequence divergence between paralogs, and the GC
content within paralogs all affect levels of gene conver-
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sion, it may be that differences in these factors also
determine differences in apparent levels of gene con-
version among species. To test whether there is an effect
of “species” independent of differences in the age,
location on the same or different Miiller element, and
GC content among paralogs within each genome, we
performed aseries of nested ANOVAs. For each data set,
pairs of paralogs from all the Drosophila species were
combined together, and two nested models, one in-
cluding and the other excluding a “species” variable,
were compared. For the species variable, species were
simply distinguished by assigning a different integer
value to each of them. These models also included the
factors we previously showed to be important predictors
of gene conversion: nucleotide divergence, Miiller el-
ement location, and GC content. All these variables
were significant in this analysis as well (Table 2). The
difference in the explanatory power of each model
(with and without “species”) can be obtained using a
LRT. The results of the LRT indicate that species is a
highly significant variable affecting levels of gene con-
version (Table 2). We also compared a similar pair of
models in which we replaced the chromosomal location
variable with the physical distance between intrachro-
mosomal paralogs. Again, all variables were significant
predictors of gene conversion, and the LRT between the
two models showed that species membership is a
significant factor after taking into account the physical
distance between gene duplicates (Table S3).

100

80

60

%

40

20

F1GURE 4.—Proportion of converted pairs that
are on the same Miiller element (solid) com-
| | pared to the proportion of nonconverted pairs
(shaded). Species abbreviations as in Table 1.

Dmel Dyak Dere Dana Dpse Dwil Dvir

Dgri


http://www.genetics.org/cgi/data/genetics.110.115444/DC1/5
http://www.genetics.org/cgi/data/genetics.110.115444/DC1/3
http://www.genetics.org/cgi/data/genetics.110.115444/DC1/5
http://www.genetics.org/cgi/data/genetics.110.115444/DC1/4
http://www.genetics.org/cgi/data/genetics.110.115444/DC1/4
http://www.genetics.org/cgi/data/genetics.110.115444/DC1/5
http://www.genetics.org/cgi/data/genetics.110.115444/DC1/5
http://www.genetics.org/cgi/data/genetics.110.115444/DC1/5
http://www.genetics.org/cgi/data/genetics.110.115444/DC1/7

Gene Conversion in Drosophila 101

TABLE 2

Analysis of variance and likelihood ratio test (LRT) for
Drosophila gene pairs excluding (M1) and including (M2)
the species variable

Variables d.f. MS F P

M1 ds 1 2459 313.042 <2.2¢— 16 ***
ME 1 2459 309.221 <2.2¢ — 16 ***
% GG 1 3.20  40.736 1.799¢ — 10 #**

In(Likelihood) = —3712.529

M2 dg 1 2459 313.042 <2.2e — 16 ***
ME 1 2459 309.221 <2.2e — 16 *¥*
%GC 1 3.20  40.736 1.762e — 10 ##*
Species 1 1.14  14.553 1.368e — 04 **%*

In(Likelihood) = —3704.332
LRT: —2A In(L) = 16.4 P=5.15¢ — 05

MS: mean square. ME: Miller element.

Biased gene conversion: The repair mechanisms
involved in correcting mismatches on converted strands
can introduce a biased toward G and C nucleotides
(Marats 2003). We looked for evidence of BGC in our
data sets using two different approaches. First, we
compared the GC content of all tracts vs. nonconverted
flanking regions in converted genes. We found a sig-
nificantly higher percentage of GC in the tracts in all
species except D. grimshawi (paired #test, P<<0.05). The
trend also holds when only tracts =50 bp were used
(paired #test, P << 0.05). However, this pattern could be
created if GC content was a significant cause of gene
conversion, rather than an effect. Therefore, we also
asked whether GC content was higher in conversion
tracts compared to the same region within paralogs of
the same family with no conversion, whenever those
paralogs were available. Our analysis revealed no signif-
icant difference between converted and nonconverted
paralogs in these regions, exceptin D. ananassae (paired
ttest, P < 0.05). This suggests that GC content does not
increase upon conversion.

DISCUSSION

The dichotomy between concerted evolution and
birth-and-death processes has been at the core of the
debate around gene duplication for more than 20 years.
We investigated the extent of gene conversion, one of the
main drivers of concerted evolution in gene families, in
alarge genome-wide set of gene duplicates. Our survey of
>17,700 paralogous genes in nine Drosophila species
showed that gene conversion affects 1-9% of all paralogs,
after subtracting false positives (Table 1). However, when
gene duplicates are grouped by their divergence levels,
the proportion of converted pairs shows a skewed pat-
tern, with most conversion events occurring in relatively
young paralogs (Figure 1). This pattern derives from two
main features of gene conversion and the evolution of

gene families. First, gene duplicates that diverged a long
time ago share few regions of high similarity, which are
the substrate of recombination, and are therefore less
likely to be converted. Gene conversion tracts between
old duplicates are also more difficult to detect given that
they are broken up by mutations into smaller pieces and
GENECONYV, as well as other programs, has a limited
sensitivity to detect short conversion tracts (MCGRATH
et al. 2009). Second, conversion events between recently
diverged paralogs tend to be underestimated as a con-
sequence of the small number of substitutions between
them, which are used to identify converted regions
(McGRATH et al. 2009). Therefore, very young paralogs
are likely subjected to the highest levels of ectopic gene
conversion, but these events are mostly undetectable with
current methods and, more importantly, they have little
evolutionary consequence given that these genes already
share a very high sequence identity. On the contrary,
gene conversion affecting less-similar paralogs could
have a profound impact on gene families’ evolution by
homogenizing the coding sequences of those genes.
Indeed, our data indicate that gene conversion is a rel-
evant factor in the evolution of Drosophila gene dupli-
cates with sequence divergence between 0.1 < ds < 0.3,
where levels of conversion can vary between 30 and 60%
(Figure 1).

We used an alternative approach to GENECONV to
obtain an independent estimate of the effect of gene
conversion on phylogenetic trees. This method asks
whether reconciled gene and species trees disagree with
changes in the size of gene families (see MATERIALS AND
METHODsS). We found that between 1 and 3% of gene
trees in the melanogaster subgroup were possibly affected
by conversion, and up to ~15% in older branches of the
Drosophila genus phylogeny, particularly in the Soph-
ophora subgenus (Figure 2). These estimates can be
affected by a number of processes—not just gene
conversion—including high numbers of gene gains
and losses, and species trees that contain polytomies.
The high level of disagreement on the branch leading to
the melanogaster subgroup is most likely explained by the
polytomy at the root of this group, as large numbers of
duplications are incorrectly placed there by current rec-
onciliation methods (HauN 2007). While results from
the comparison of reconciliation and copy-number
methods provide a lower estimate of the effects of gene
conversion than do results from GENECONY, given the
short length of conversion tracts this outcome should
not be too surprising. The average conversion tract
contains only 9-13% of the coding region of any gene,
which may have little or no effect on the genealogy of
the genes considered.

Levels of gene conversion as high as 80% were re-
ported in a recent study of young gene duplicates in D.
melanogaster (Osapa and INNAN 2008). However, esti-
mates of gene conversion from their method could be
inflated by extensive parallel gene gains and losses, as
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they assumed that any families with two genes in both
D. melanogaster and either D. simulans or D. sechellia were
duplicated before the split of these species. Analysis of
gene families across 12 Drosophila genomes revealed
high levels of gene duplication and loss in all lineages
(HAHN et al. 2007). Moreover, a survey of copy-number
variation (CNVs) in 15 lines of D. melanogaster showed
133 entirely duplicated and 27 entirely deleted genes
(EMERSON et al. 2008). These observations suggest that
methods relying only on phylogenetic relationships
between orthologous/paralogous genes to detect gene
conversion—as was used by previous authors (Osapa
and INNAN 2008)—could be strongly affected by rapid
turnover in Drosophila gene families. The results from
our two different approaches indicate that gene con-
version can be quite common among recent gene du-
plicates in Drosophila, although D. melanogaster showed
an upper limit of 36% converted pairs. In addition, the
GENECONV analysis indicated that gene conversion
affects only ~9-13% of the coding region of converted
genes and a mere 1-2% of the coding regions of all
paralogs (Table S2).

Some features of converted genes have been found
to stand out when compared to genes with no conver-
sion. Several authors have described a negative correla-
tion between nonallelic gene conversion and both
physical distance and nucleotide divergence (SEMPLE
and WorLFE 1999; DrouiN 2002; Ezawa et al. 2006;
BeENovoy and Drouin 2009), but the relative contribu-
tion of each variable remains elusive. We recently
demonstrated that when divergence is taken into
account, chromosome location is still significant, but
physical distance is not, in converted pairs from four
mammalian genomes (MCGRATH et al. 2009). Here we
find that these three features (intra-/interchromosomal
location, physical distance within chromosomes, and
sequence divergence) are significantly associated with
pairs of converted genes in all Drosophila species
(except physical distance in D. yakuba; Table S1).

We also found differences among species in the GC
content between converted and nonconverted gene
pairs, with the four species of the melanogaster group
having higher average GC content in converted pairs,
whereas the remaining five species show the opposite
trend (Table S1). To our knowledge, this trend has not
been described before and suggests possible differences
in the recombination mechanisms and/or substitution
patterns among species of the Drosophila genus. Analyses
of substitution patterns in several organisms indicate
an AT — GC mutational bias in converted sequences
(MaRrats 2003). Our data set shows a significant enrich-
ment in G and C nucleotides in conversion tracts com-
pared to flanking coding sequence of converted genes in
eightspecies, which could be the result of BGC. However,
no significant GC bias was found between conversion
tracts and regions corresponding to the tracts in non-
converted paralogs except in D. ananassae (ttest, P =

0.037). Together, our results suggest that G and C
nucleotides play a causal role in nonallelic gene conver-
sion and are not the result of biased substitution pro-
cesses. Note that this effect of GC content may cause there
to be higher levels of conversion in coding sequences in
Drosophila, where the proportion of G and Cnucleotides
is higher.

One of the most interesting findings in our analysis
concerns interspecific variation in the amount of gene
conversion. Two main features emerged across species
of Drosophila. First, lower levels of gene conversion
were found in the melanogaster group compared to the
rest of the genus. Second, D. grimshaw: showed consis-
tently higher values of conversion in terms of converted
genes, amount of converted coding sequence, and
length of converted tracts (Tables 1, S1 and S2; Figure
3). Indeed, our multivariate analyses revealed that
species membership is a significant predictor of gene
conversion levels, even after taking into account differ-
ences among species in the age, physical distance,
Muller element location, and GC content of paralogs
(Tables 2, S3). While it is known that Drosophila species
differ in several aspects of recombination (e.g., male re-
combination in D. ananassae (KIKKAWA 1937; MORIWAKI
1937)), our results suggest an underlying difference
in the machinery involved in double-strand break
repair. The effects of these differences on other aspects
of genome evolution may be revealed only by more
thorough genetic and molecular experiments.
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FIGURE S1.—Length distribution of conversion tracts binned by divergence (ds) values. bp: base pair. Species abbreviations as
in Table 1.
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Table 1.
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FIGURE S3.—Physical distance between converted (A) and non-converted (B) gene pairs in intervals of 1,000 bp. Species
abbreviations as in Table 1.
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TABLE S1

Other Features of Gene Conversion in Drosophila

Dmel Dyak Dere Dana Dpse Dwil Dvir Dmoj Dgri

Events 179 212 151 134 308 215 237 237 367
Pairs 127 183 117 106 239 166 176 165 291
Families 94 139 99 86 166 111 123 120 204
Events/Pair 1.41 1.16 1.29 1.26 1.29 1.30 1.35 1.44 1.26
Pairs analyzed 1,699 2,030 1,482 1,653 1,907 1,702 1,433 1,402 2,057
% Conv. genes 12.59 13.02 11.85 10.39 18.36 13.97 16.52 15.94 19.21
%]IA Converted 89.76 86.75 89.72 84.38 80.40 92.86 89.63 94.34 91.43
%IA NC 72.33 75.49 71.18 73.95 67.74 70.04 73.76 75.19 77.58
Average distance Conv. 253 690 122 328 136 123 120 257 85
Average distance NC 1,525 1,427 1,098 1,154 1,440 383 1,277 1,993 536
Average ds Converted 0.626 0.637 0.564 0.649 0.507 0.507 0.562 0.572 0.308
Average ds NC 1.023 0.889 0.991 1.125 0.724 1.066 1.042 1.022 0.720
%GC Converted 53.69 53.82 54.10 55.39 54.62 45.43 50.82 50.66 49.79
%GC NC 52.51 52.86 53.72 53.15 55.15 46.70 51.93 52.67 50.52

The first five rows indicate the number of conversion events, converted pairs, gene families, conversion events per
converted pair, and number of gene pairs screened by GENECONYV, respectively. The size of families refers to the total
number of genes, converted and non-converted, in families with at least one pair of converted paralogs and families with no
converted pairs, respectively. % Conv. genes: proportion of screened genes that are converted. Average distance: distance
between pairs in kb. IA: intra-Miller element. NC: non-converted. bp: base pair. “Converted” and “All” refer to pairs of
duplicates. Species names abbreviations as in Table 1.
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TABLE S2

Conversion Tract Characteristics

Dmel Dyak Dere Dana Dpse Dwil Dvir Dmoj Dgri
Total tracts 35,111 42,411 28,480 27,890 55,644 41,902 44,633 40,217 110,865
Average 196 200 189 208 181 195 188 170 302
Median 92 92 94 85 94 102 83 94 176
Min 14 15 14 14 7 14 11 11 16
Max 2,213 2,837 1,739 2,657 1,287 1,716 3,079 1,577 2,437
% Tract/conv. genes 9.78 8.71 9.01 8.84 8.68 10.17 9.19 8.96 13.46
% Tract/all genes 1.00 0.94 0.80 0.76 1.26 1.13 1.18 1.11 2.30
Conv. Exons 574 518 549 675 561 555 608 567 604
All exons 373 392 396 425 411 415 407 414 402

Total tracts: base pairs covered by conversion tracts. Min, Max: shortest and longest converted tracts, respectively. %
Tract/conv. genes: percentage of coding sequence of converted pairs covered by converted tract(s). % Tract/all genes: percentage
of coding sequence of all surveyed pairs covered by converted tract(s). Conv. exons bp: average length of coding exons in
converted genes. All exons bp: average length of coding exons in all genes. All values are in base pairs. Species names
abbreviations as in Table 1.
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TABLE S3
Analysis of Variance and Likelihood Ratio Test (LRT) for Drosophila Gene Pairs Excluding (M1) and Including

(M2) the Species Variable

Variables d.f. MS F P

ds 1 42.49 407.798 < 2.2e-16 ***

Distance 1 3.98 38.216 6.623e-10 ***
Ml

%GC 1 8.24 79.055 < 2.2e-16 ***

In(Likelihood)= -2926.933

ds 1 42.49 409.055 < 2.2e-16 ***

Distance 1 3.98 38.334 6.237e-10 ***
M2 %GC 1 8.24 79.299 < 2.2e-16 ***

Species 1 2.84 27.331 1.755e-07 ***

In(Likelihood)= -2913.19

LRT: -2AIn(L)=27.5 P=1.58e-07

MS: mean square.



