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Allelic recombination has previously been shown to increase the GC-content of the sequences of a wide variety of eukary-
otic species. Ectopic recombination between clustered tandemly repeated genes has also been shown to increase their GC-
content. Here we show that gene conversions between the dispersed genes found in the duplicated regions of the yeast and
Arabidopsis genomes also increase their GC-content when these genes are more than 88% similar.

Introduction

The nucleotide content of genes and genomes changes
duringevolution. Processes thatincrease AT-content are well
known. They include the deamination of 5-methylcytosine
into thymine and oxidative damage to cytosine or guanine
(Lindahl 1993; Birdsell 2002). Processes that increase
GC-content are not so well known (Sueoka 2002). However,
many studies have shown that DNA repair mechanisms are
biased toward GC nucleotides (Brown and Jiricny 1988,
1989; Bill et al. 1998). Frequent DNA repair, such as the
DNA repair associated with recombination, is therefore
expected to increase GC-content during evolution. These
predictions have been confirmed by several studies that
showed that allelic recombination does increase the GC-
content of yeast, Caenorhabditis elegans, Drosophila,
Xenopus, bird, and mammalian DNA sequences (Gerton
et al. 2000; Fullerton, Bernardo Carvalho, and Clark 2001;
Galtier et al. 2001; Marais, Mouchiroud, and Duret 2001;
Takano-Shimizu 2001; Birdsell 2002; Duret 2002; Kong
et al. 2002; Galtier 2003; Marais 2003; Jensen-Seaman
et al. 2004; Meunier and Duret 2004). One would also
expect that ectopic gene conversions, i.e., gene conversions
between duplicated genes located at different loci, would
also increase the GC-content of the genes involved. In fact,
some studies have shown that ectopic recombination be-
tween clustered tandemly repeated genes also increase their
GC-content (Hickey, Wang, and Magoulas 1994; Galtier
2003; Kudla, Helwak, and Lipinski 2004; Noonan et al.
2004). Here we use ohnologs, i.e., duplicated genes produced
by genome duplications (Wolfe 2001), to show that gene
conversions between dispersed duplicated genes also in-
crease their GC-content.

The ohnologs found in the yeast (Saccharomyces
cerevisiae) and Arabidopsis thaliana genomes are particu-
larly well suited to test the effect of ectopic gene conver-
sions on the GC-content of genes because they consist
of pairs of duplicated genes which were all created at
the same time. The yeast genome duplication occurred
some 150 MYA (Langkjaer et al. 2003). As a result of this
duplication, 54 duplicated gene blocks can still be found in
the yeast genome and all but two of these duplicated gene
blocks are found on different chromosomes (Wolfe and
Shields 1997). The A. thaliana genome contains ohnologs
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derived from at least two complete genome duplications,
the last of which occurred some 24-40 MYA (Blanc,
Hokamp, and Wolfe 2003). Here, we only analyzed the
Arabidopsis ohnologs from the most recent duplication
in order to use genes that were duplicated at the same time.
These recently duplicated genes represent 85% of the
ohnologs found in the Arabidopsis genome, and most
of them are located on different chromosomes (Blanc,
Hokamp, and Wolfe 2003).

Materials and Methods

The sequences of the 750 yeast ohnologs (375 pairs of
genes) and of the 4,994 Arabidopsis recent ohnologs (2,497
pairs of genes) were downloaded from the National Center
for Biotechnology Information Web site (http://www.ncbi.
nlm.nih.gov/) using the lists of duplicated genes found by
the studies of Wolfe and Shields (1997) and Blanc,
Hokamp, and Wolfe (2003) (http://wolfe.gen.tcd.ie/). Each
pair of duplicated genes was aligned using ClustalW
(Thompson, Higgins, and Gibson 1994). The average GC-
content (%) at the third position of codons and the average
uncorrected sequence similarity of each aligned gene pair
were then computed using an in-house PERL script.

The yeast recombination data of the study of Gerton
et al. (2000) were obtained from http://derisilab.ucsf.edu/
hotspots/. The median recombination rate was computed
from the seven replicates of red:green ratios for each of
the 750 yeast ohnologs. Our yeast recombination values
are therefore median recombination rates. Because of the
low density of genetic markers, the recombination map
of Arabidopsis still does not allow to measure local recom-
bination rates (Wright, Agrawal, and Bureau 2003; Marais,
Charlesworth, and Wright 2004). We therefore did not
attempt to measure the effect of recombination on the
GC3-content of Arabidopsis ohnologs.

All statistical analyses (Kolmogorov-Smirnov tests of
normality, linear and nonlinear regression analyses, etc.)
were performed using S-plus v6.2 (Insightful Corporation,
Seattle, Wash.) and Excel (Microsoft Corporation,
Redmond, Wash.).

Results

Figure 1 clearly shows that the genes found in the
duplicated regions of the yeast genome are divided into
two groups. The first group is composed of sequences less
than 87.7% similar, and there is no correlation between
sequence similarity and GC-content at third positions of
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Fic. 1.—Relationship between the average GC-content of third codon
positions (GC3) and the average sequence similarity of the 375 pairs of
ohnologs in the yeast genome.

codons (¥ = 1 X 107%, P = 0.98). The second group is
composed of sequences more than 87.7% similar, and there
is a significant correlation between sequence similarity and
GC-content at third positions of codons (r2 = (0.085, P =
0.036). This division into two groups (i.e., with two regres-
sions) is significantly better than a less complex model with
a single regression (F = 2.93, P = 0), and the inflection
point is at 87.7% similarity (95% confidence interval
[CI] of 79.1%-94.3%). The mean GC3-content of se-
quences less than 87.7% similar is 39.3% and is signifi-
cantly lower (Wilcoxon rank-sum test, Z = 542, P = 0)
than that of sequences more than 87.7% similar (with
a mean GC3-content of 43.0%). In contrast, the mean me-
dian recombination rate (and standard error) of sequences
less than 87.7% similar (1.07 = 0.01) is not significantly
different (Z = 0.07, P = 0.95) from that of sequences more
than 87.7% similar (1.09 = 0.02).

Figure 2 does not show a clear division of yeast ohno-
logs into two groups based on their median recombination
rates. However, it shows that lower recombination rates are
more frequent than higher recombination rates and that
recombination rates are positively correlated with GC3-
content (* = 0.16, P = 0). We also performed a multiple
nonlinear regression analysis of the effect of similarity and
recombination on GC3-content. We found that recombina-
tion rate has no effect on GC3-content. In fact, for recom-
bination rate, both the slopes before and after the inflection
point are not significantly different from zero (P = 0.24 and
0.16, respectively).

Figure 3 shows that the ohnologs found in the
Arabidopsis genome are also divided into two groups.
The first group is composed of sequences less than
86.6% similar, and there is no correlation between sequence
similarity and GC-content at third positions of codons (77 =
0.001, P = 0.08). The second group is composed of se-
quences more than 86.6% similar, and there is a significant
correlation between sequence similarity and GC-content at
third positions of codons (? = 0.10, P = 2 X 107°). This
division into two groups (i.e., with two regressions) is sig-
nificantly better than a less complex model with a single
regression (F = 20.70, P = 0), and the inflection point
is at 86.6% similarity (95% CI of 85.6%—87.6%). The mean
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Fic. 2.—Relationship between the GC-content of third codon posi-

tions (GC3) and the median recombination rate of the 750 ohnologs found
in the yeast genome.

GC3-content of sequences less than 86.6% similar is
43.49% and is significantly lower (Wilcoxon rank-sum test,
Z = 3.40, P = 0.0007) than that of sequences more than
86.6% similar (45.65%).

Discussion

In both yeast and Arabidopsis, the GC-content of the
third codon positions of sequences less than 88% similar
shows no correlation with sequence similarity, whereas that
of sequences more than 88% similar shows a significant
correlation with sequence similarity (figs. 1 and 3). Because
this division into two groups is not due to differences in
recombination (fig. 2), our results suggest that ectopic gene
conversions increase the CG-content of dispersed dupli-
cated yeast and Arabidopsis genes. Some of the genes
which were duplicated 150 MYA in the yeast genome
and 24-40 MY A in the Arabidopsis genome have retained
a high level of similarity through gene conversions, and
these conversions have also increased their GC-content.

Both experimental and sequence analyses studies have
shown that gene conversion is more frequent between more
similar sequences (Borts and Haber 1987; Modrich and
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Fic. 3.—Relationship between the average GC-content of third codon

positions (GC3) and the average sequence similarity of the 2,497 pairs of
recent ohnologs in the Arabidopsis genome.
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Lahue 1996; Drouin 2002), and the study of Gao and Innan
(2004) has shown that many yeast ohnologs have been sub-
ject to numerous gene conversions. One therefore expects
similar sequences to become even more similar due to gene
conversions, whereas less similar sequences will gradually
diverge from one another and thus escape gene conversions.
In fact, the clear division of the yeast ohnologs into two
groups (below and above 87.7% similarity; fig. 1) likely
represents genes that escaped and genes still undergoing
gene conversions, respectively. Furthermore, this division
into two groups is not due to different recombination rates
of the genes found in the two groups because the average
recombination rate is the same in both groups. The absence
of such visually obvious groups in Arabidopsis (fig. 3)
could be the result of the lower level of recombination
in Arabidopsis and the fact that the ohnologs of this species
diverged more recently. In fact, the shape of the distribution
observed in Arabidopsis and the excess of data points
between 70% and 85% similarity are what would be
expected under the hypothesis of recently duplicated genes
undergoing a continuous rate of escape from gene conver-
sion (fig. 3). The fact that a similarity of at least 88% is
necessary to observe an effect in both species suggests that
the mechanisms responsible for ectopic gene conversions
are similar in fungi and plants.

Another hypothesis which could explain our results
would be that they reflect differences in codon usage. Under
this hypothesis, more conserved genes would use more
codons containing guanine or cytosine in third codon posi-
tions. However, this hypothesis would not explain why the
correlation between GC-content and similarity is limited to
gene having more than 88% similarity, why this correlation
is limited to gene having more than 88% similarity in two
very different species, and why this correlation is of the
same magnitude in both species (° of 0.085 and 0.10
for yeast and Arabidopsis, respectively). Because optimal
codons are known to be species specific and there is strong
selection for optimal codons in yeast but not in Arabidopsis,
one would not expect selection for optimal codons to lead to
similar increases in GC3 in these two very different species
(Sharp et al. 1988; Duret and Mouchiroud 1999). In con-
trast, the GC-biased gene conversion hypothesis explains
both the fact that conversions are limited to very similar
sequences and the fact that GC-content increases with
similarity.

The fact that the correlation between GC-content and
similarity is relatively small is consistent with the previous
yeast study of Gerton et al. (2000), where frequent allelic
recombination only resulted in GC-content increases of
a few percent. Similarly, the correlation between the GC-
content of the third codon positions of 6,143 yeast open
reading frames and their mean allelic recombination rate
is also relatively low (p*> = 0.156) but is highly significant
P=37X 10_2”, Birdsell 2002). Because gene conver-
sions between unlinked repeated sequences are less fre-
quent than between alleles (Petes and Hill 1988; Haber
et al. 1991; Goldman and Lichten 1996), one expects ec-
topic gene conversions to have a smaller effect than allelic
gene conversions. Interestingly, the correlation we ob-
served between the recombination rate and GC3-content
of yeast ohnologs (¥ = 0.16; fig. 2) is very similar to that
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of Birdsell (2002). This suggests that yeast ohnologs are
a representative sample of yeast genes.

The effect of biased gene conversion on GC-content
requires that the gene being converted and its template be
different (Galtier et al. 2001). Because highly inbreed species
would be homozygous for most of their genes, one would not
expect biased gene conversion to affect the GC-content of
their genes. This prediction is supported by the absence of
correlation between the rate of crossing over and the GC-
content of the genes found in Arabidopsis, a species with
a selfing rate of about 99% (Marais, Charlesworth, and
Wright 2004). The presence of a positive correlation between
recombination rate and GC-content in yeast (see above), an-
other species with a selfing rate of about 99% (Johnson et al.
2004), might be due to the very high level of recombination
of this species. The fact that we observed significant corre-
lations between the similarity of ohnologs more than 88%
similar and the GC-content in both Arabidopsis and yeast
is therefore likely due to the relatively high level of mis-
matches between these duplicated genes relative to those
of alleles and the fact that ectopic conversions occur even
in self-fertilizing species (Haubold et al. 2002).
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