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1Institut des Sciences de l’Evolution, Unité Mixte de Recherche 5554 Centre National de la Recherche Scientifique, Université
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Abstract

Ribosomal DNA (rDNA) is one of the most conserved genes in eukaryotes. The multiples copies of rDNA in the genome
evolve in a concerted manner, through unequal crossing over and/or gene conversion, two mechanisms related to
homologous recombination. Recombination increases local GC content in several organisms through a process known as
GC-biased gene conversion (gBGC). gBGC has been well characterized in mammals, birds, and grasses, but its phylogenetic
distribution across the tree of life is poorly understood. Here, we test the hypothesis that recombination affects the
evolution of base composition in 18S rDNA and examine the reliability of this thoroughly studied molecule as a marker of
gBGC in eukaryotes. Phylogenetic analyses of 18S rDNA in vertebrates and angiosperms reveal significant heterogeneity in
the evolution of base composition across both groups. Mammals, birds, and grasses experience increases in the GC content
of the 18S rDNA, consistent with previous genome-wide analyses. In addition, we observe increased GC contents in
Ostariophysi ray-finned fishes and commelinid monocots (i.e., the clade including grasses), suggesting that the genomes of
these two groups have been affected by gBGC. Polymorphism analyses in rDNA confirm that gBGC, not mutation bias, is
the most plausible explanation for these patterns. We also find that helix and loop sites of the secondary structure of
ribosomal RNA do not evolve at the same pace: loops evolve faster than helices, whereas helices are GC richer than loops.
We extend analyses to major lineages of eukaryotes and suggest that gBGC might have also affected base composition in
Giardia (Diplomonadina), nudibranch gastropods (Mollusca), and Asterozoa (Echinodermata).
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Introduction

Genes encoding ribosomal RNA (rRNA) are among the
most utilized and conserved genes in eukaryotes. Conser-
vation has been demonstrated in both linear sequences

and secondary structures, which suggests that rRNA is un-

der strong purifying selective pressure. Eukaryote genomes
organize the single rRNA of the small ribosomal subunit

(18S) and two of the rRNAs of the large ribosomal subunit

(5.8S and 28S RNA) into a shared transcription unit.
Transcription units formmultigene families in long tandem

arrays, the ribosomal DNA (rDNA) loci, carried by one or

a small number of chromosomes (Dover 1994; Gonzalez
and Sylvester 2001; Eickbush TH and Eickbush DG 2007).

Variable numbers of rDNA loci occur in different species

(from a few tens to more than 50,000 copies), so that, de-
pending on the considered species, rDNA can contribute

a substantial percentage of the nuclear genome (Long

and Dawid 1980; Rogers and Bendich 1987).
One of the most remarkable features of rDNA loci is the

homogeneity in sequence among transcription units within

a genome. This ability to change sequences in a highly

orchestrated manner, that is, to spread or eliminate new

mutations arriving in one unit to adjacent units, is known
as concerted evolution (Dover 1994; Elder and Turner 1995;

Liao 1999; Eickbush TH and Eickbush DG 2007). Concerted

evolution of rDNA leads to high redundancy of ribosomes,

which is presumably beneficial to the organism as all ribo-

somal subunits are equally compatible with other compo-

nents of the cellular translational machinery (Averbeck and

Eickbush 2005). Concerted evolution of rDNA occurs in

many species, including angiosperms (Flavell and O’Dell

1976; Wendel et al. 1995; Franzke and Mummenhoff

1999; Fuertes Aguilar et al. 1999; Lim et al. 2000; Koch

et al. 2003; Kovarik et al. 2004, 2005; Rauscher et al.

2004) and vertebrates (Brown et al. 1972; Arnheim et al.

1980, 1982; Hillis et al. 1991).
Two classes of mechanisms have been put forward to

explain the concerted evolution of rDNA (reviewed in
Kupriyanova 2000; Eickbush TH and Eickbush DG
2007): unequal crossing over between homologous
rDNA units (Brown et al. 1972; Petes 1980; Szostak
and Wu 1980; Endow and Komma 1986; Schlotterer
and Tautz 1994) and gene conversion, that is, the copy
and paste of one genomic copy onto another, whether
they are orthologous or not (Hillis et al. 1991; Gangloff
et al. 1996; Benevolenskaya et al. 1997; Fuertes Aguilar
et al. 1999; Liao 2000; Lim et al. 2000). Today, it is widely
accepted that concerted evolution in rDNA results from
a combination of both these mechanisms (Eickbush TH
and Eickbush DG 2007), the two being mechanistically
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related to the molecular process of homologous
recombination.

Interestingly, recombination is associated with GC bias
in a number of organisms (reviewed in Marais 2003; Duret
and Galtier 2009). Such a bias may be produced by muta-
tion, selection favoring G and C bases or GC-biased gene
conversion (gBGC). gBGC is a bias in the cellular DNA re-
pair machinery that results in a meiotic segregation distor-
tion favoring G and C over A and T alleles, hence increasing
GC content in the long term. gBGC affects single-copy
genes (Romiguier et al. 2010) and multicopy genes under-
going concerted evolution (Galtier 2003; Kudla et al. 2004)
in mammals (Galtier et al. 2001; Montoya-Burgos et al.
2003; Meunier and Duret 2004; Spencer 2006; Duret and
Arndt 2008), birds (Webster et al. 2006), yeasts (Birdsell
2002; Mancera et al. 2008), and grasses (Glémin et al.
2006; Haudry et al. 2008; Escobar et al. 2010) and to a lower
extent Drosophila (Galtier et al. 2006; Haddrill et al. 2007).
gBGC is a recently discovered evolutionary force, which
not only impacts GC-content dynamics but also affects
functional components of the genome by impeding
the action of natural selection (the Achilles’ heel
hypothesis; Galtier et al. 2009). Birdsell (2002) and Lynch
(2007) suggest that gBGC could be a ubiquitous
mechanism resulting from the generalized AT bias of
the mutation process. The recent discovery of widespread
AT-mutation bias and GC-fixation bias in bacteria
(Hershberg and Petrov 2010; Hildebrand et al. 2010) some-
what confirms this view. In eukaryotes, gBGC has so far
been studied in a handful of taxa for which genome-wide
comparative data are available. Its phylogenetic
distribution across the tree of life, therefore, is only vaguely
understood despite the potential importance of this
process in molecular evolution.

rDNA is an ideal target to study the impact of gBGC in
the evolution of eukaryotic genomes because it has a very
specific evolutionary dynamics (i.e., long-term high recom-
bination rate thanks to concerted evolution) and because it
has been sequenced in a very large number of species. We
reasoned that the analysis of GC-content variations in
rDNA could give insight into the prevalence of gBGC in
various lineages of the eukaryotic tree. In this paper, we
analyze the evolution of base composition in the 18S rDNA
and examine the reliability of this molecule as a marker of
gBGC. We first analyze vertebrates and angiosperms be-
cause these two groups have been thoroughly studied in
terms of base composition (e.g., Eyre-Walker and Hurst
2001; Wang et al. 2004) and contain clades in which gBGC
has been documented (e.g., mammals, birds, and grasses).
These groups serve as positive controls in our tests, that is,
if rDNA is an appropriate marker of gBGC, we expect to
find signatures of GC enrichment in, at least, these three
groups. Because the secondary structure of the 18S rRNA
is well known, we quantify the effect of gBGC in helix and
loop sites of the molecule. Single nucleotide polymor-
phisms (SNPs) data are used to confirm that gBGC (or se-
lection for GC content), not mutation biases, is at work in
rDNA. Finally, we extend the analysis of base composition

in 18S rDNA to various groups of eukaryotes to pinpoint
potential gBGC events across the eukaryotic tree.

Materials and Methods

Interspecific Data Sets in Vertebrates and
Angiosperms
Sequences of the 18S rDNA of vertebrates and angio-
sperms were obtained from the SILVA database (Pruesse
et al. 2007). We downloaded 1,655 sequences (526 spe-
cies) of vertebrates and 6,085 sequences (2,186 species)
of angiosperms. Sequences were edited and aligned with
ARB (Ludwig et al. 2004). Edition consisted in filtering
out short and low-quality sequences. In the vertebrate
data set, we first selected sequences �1,200 nt (nuc_ge-
ne_slv parameter) and �95% alignment quality (align_-
quality_slv parameter). Then, we ordered selected
sequences by percentage of quality (seq_quality_slv
and pintail_slv parameters), next by alignment quality,
and finally by sequence length. In this way, we assembled
287 high-quality sequences (287 species). Angiosperm
sequences were selected in a similar way. However, be-
cause there were much more sequences of angiosperms
than vertebrates, our criteria could be more restrictive:
�1,700 nt and�98% alignment quality for the first filter.
Then, we ordered and selected sequences as above and
randomly chose one sequence per genus. Our data set of
angiosperms consisted of 1,049 high-quality sequences
(1,049 species).

Selected sequences were aligned using the ARB aligner,

which uses an 18S rRNA secondary structure backbone.

Three alignments were obtained in each data set: 1) the

complete alignment (i.e., all sites); 2) the alignment of

paired double-strand regions (i.e., helix sites); and 3) the

alignment of unpaired single-strand regions (i.e., loop sites).

Ambiguously aligned sites, as well as sites including gaps in

more than 50% of sequences, were excluded of the final

alignment with Gblocks 0.91b (Castresana 2000) set to

the following parameters: minimum number of sequences

for a conserved position5 n/2 þ 1 (where n5 number of

taxa); minimum number of sequences for a flanking posi-

tion5 0.85� n; maximum number of contiguous noncon-

served positions5 8; minimum length of a block5 2; and

allowed gap positions 5 with half. The final alignments of

all, helix, and loop sites in the vertebrate data set contained

1,342, 894, and 480 nt, respectively. In the angiosperm data

set, alignments consisted of 1,400, 969, and 454 nt, respec-

tively. Note that the sum of helix and loop sites does not

correspond to the number of aligned positions at all sites

because each of the three alignments was separately trea-
ted with Gblocks.

The CpG methylation-deamination process leads to hy-
permutability in vertebrates and angiosperms (Bird 1980;
Kovarik et al. 1997; Arndt et al. 2003). To account for
the potential influence of CpG sites in our results, we
cleaned up the raw alignments of all sites by eliminating
sites involved in CpG, TpG, or CpA pairs in at least 50%
of the sequences of the alignment. We only analyzed
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alignments including all sites because sites in helix or loop
alignments were not always physically adjacent. CpG-fil-
tered alignments were treated with Gblocks as described
above. The alignment without CpG consisted of 1,102 sites
in vertebrates and 1,096 sites in angiosperms.

All alignments are available for download at http://
mbb.univ-montp2.fr/MBB/subsection/data.php?section5
2&from_dts55&nb_dts55.

Vertebrate and Angiosperm Phylogenies
We inferred phylogenetic trees of vertebrates and angio-
sperms with PhyML 3.0 (Guindon and Gascuel 2003) using
the alignments including all sites. We used a general time
reversible (GTR)þ Iþ Gmodel of sequence evolution, four
categories for the gamma distribution, parsimony starting
trees, and subtree pruning and regrafting branch swapping.
Generally, species belonging to most terminal clades
grouped together, although relationships among deep
clades were not well resolved, consistent with previous
reports (Hasegawa and Hashimoto 1993; Soltis et al.
2000; Winchell et al. 2002; Mallatt and Winchell 2007;
Swalla and Smith 2008; The Angiosperm Phylogeny Group
2009). For this reason, we adjusted the trees to be
congruent with the most recent and accepted phylogenies
of vertebrates and angiosperms, whereas relationships
among more recently derived groups were kept as inferred
by PhyML. In vertebrates, we used the backbone phylogeny
proposed by Alfaro et al. (2009) and manually adjusted it
following other publications (van Tuinen et al. 2000;
Venkatesh et al. 2001; Hudelot et al. 2003; Miya et al.
2003; Murata et al. 2003; Brinkmann et al. 2004; Douzery
and Huchon 2004; Inoue et al. 2004; Townsend et al.
2004; Lavoué et al. 2005; Sullivan et al. 2006; Hugall
et al. 2007; Mallatt and Winchell 2007). In angiosperms,
we used the phylogeny suggested by The Angiosperm
Phylogeny Group (2009) and adjusted it (Olmstead et al.
2000; Karehed 2001; Lundberg 2001; Tamura et al. 2004;
Nickrent et al. 2005; González et al. 2007; Wanga et al.
2009; Worberg et al. 2009). The main analyses presented
here were obtained with the modified trees. However, to
test the robustness of our results, we also performed
analyses using unmodified trees.

Analyses of Heterogeneity in Base Composition
We estimated the GC content at all, helix, and loop sites.
We first performed analysis of variance (ANOVA) using the
proportion of GC (data arcsin square root transformed) in
each of these three alignments as variable and clades as
factors with R 2.9.1 (R Development Core Team 2009).
Clades were delimited in order to work at taxonomic levels
similar to those in which gBGC has been documented
(mammals, birds, and grasses). In vertebrates, clades within
Actinopterygii (ray-finned fishes) generally corresponded
to taxonomic orders and in Sarcopterygii (coelacanths,
lungfishes, and tetrapods) to taxonomic classes (fig. 2).
In angiosperms, clades were consistent with taxonomic or-
ders or superorders of APG III (The Angiosperm Phylogeny
Group 2009) (fig. 3).

We also tested heterogeneity in the GC content using
nonhomogeneous models of sequence evolution and the
phylogenies of vertebrates and angiosperms. These models
were fitted with BPPML (Dutheil and Boussau 2008) and

NHML (Galtier and Gouy 1998), which use a maximum

likelihood approach and account for nonstationary (ances-

tral and current GC content can differ) and nonhomoge-

neity (branches can have distinct GC) in base composition

across the phylogeny. We estimated the GC content at any

node (or groups of nodes) and the equilibrium GC content

(GC*) at any branch (or group of branches) of the phylo-

genetic tree. GC* is defined as:

GC � 5
AT/GC

AT/GC þ GC/AT
; ð1Þ

where AT/ GC refers to the substitution rate from A or T to
G or C bases, and GC / AT holds for the inverse (Sueoka
1962). GC* is a more appropriate measure of the evolutionary
dynamics than the current GC (Meunier and Duret 2004; Du-
ret and Arndt 2008).

We fitted hierarchical models of sequence evolution to

test whether branches underwent similar evolution of base

composition. We used likelihood-ratio tests (LRT) to assess

whether more complex models provided a significantly im-

proved fit compared with simpler models. In vertebrates,

GC and GC* were estimated using eight hierarchical nested

models (see table 1): 1) one estimate for all branches of the

phylogeny (homogeneous); 2) cyclostomes and the remain-

ing clades (jawed vertebrates); 3) we distinguished sharks

and Euteleostomi among the jawed vertebrates; 4) we dis-

tinguished Actinopterygii and Sarcopterygii among Eute-

leostomi; 5) we distinguished Coelacanths, lungfishes,

and tetrapods among Sarcopterygii; 6) we distinguished

amphibians and amniotes among tetrapods; 7) terminal

clades (as shown in fig. 2); and 8) each branch of the tree

has its own GC and GC*. Note that in models 3–7, different

GC and GC* were estimated in internal branches. In angio-

sperms, six hierarchical nested models were fitted (see table

1): 1) homogeneous; 2) Amborellales, Nymphaeales, Aus-

trobaileyales, magnoliids–Chloranthales, monocots, Cera-

tophyllales, and eudicots have different GC and GC*; 3)

we distinguished commelinids and non-commelinids

among monocots; 4) we distinguished basal eudicots (Ra-

nunculales, Sabiaceae, Proteales, Buxales, and Trochoden-

drales) and core eudicots among eudicots; 5) terminal

clades (as shown in fig. 3); and 6) each branch of the tree

has its own GC and GC*. As above, in models 2–5 different

GC and GC* were estimated in internal branches.
Analyses in vertebrates and angiosperms were per-

formed using all, helix, and loop sites separately. Addition-
ally, we performed analyses using the phylogenetic trees
inferred with the 18S rDNA and the alignments in which
CpG sites were removed. In all cases, we analyzed align-
ments in which invariable sites were removed. This is be-
cause invariable sites are presumably under strong selective
constraints and were useless for our analyses of the evolu-
tion of base composition. As expected, removing invariable
sites affected GC but not GC* estimates.
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Because the data set in angiosperms was too big for phy-
logenetic analyses of base composition (1,049 sequences),
we reduced the number of sequences to two per taxo-
nomic order (according to The Angiosperm Phylogeny
Group 2009) when possible. For this, we estimated the per-
centage of identity among sequences of each order and
randomly selected pairs of sequences among those with
level of identity equal to the median value of the order.
We preferred to select pairs of sequences showing median
rather than maximal divergence to avoid picking sequences
with peculiar evolutionary dynamics (e.g., pseudogenes)
that would have remained undetected along the filtering
process described above. The data set of angiosperms
on which we fitted the nonhomogeneous models of se-
quence evolution consisted of 121 sequences (121 species).

To test whether base composition evolved differently in
helix and loop sites, we performed an LRT to compare the
log likelihood of a model including all sites, and the sum of
log likelihoods of models including helix and loop sites an-
alyzed separately. This test uses the total number of param-
eters estimated in each model as the number of degrees of
freedom. If the GC content evolved differently between he-
lices and loops, we expected that the sum of log likelihoods
of models separating loops and helices would significantly
improve the fit relative to the model considering all sites.
Analyses were performed in vertebrates and angiosperms
separately using variable and invariable positions of the
alignments. The alignment of all sites was obtained by con-
catenating helix and loop alignments treated with Gblocks.
We estimated log likelihoods using a model assuming one

GC* per terminal clade (models 7 in vertebrates and 5 in
angiosperms) and one free GC* for each internal branch. In
this analysis, branch lengths were fixed (to values estimated
with PhyML using a GTRþ IþGmodel) to be sure that the
detected heterogeneity between loop and helix sites re-
flects variations in GC-content dynamics, not in lineage-
specific evolutionary rate.

Polymorphisms in rDNA
SNPs from rDNA loci were retrieved from the Polymorphix 2
database (Bazin et al. 2005). These data contained partial or
complete sequences of any of the following: 5S, 5.8S, 18S,
28S, internal transcribed spacers (ITS-1 and ITS-2), and inter-
genic spacers (IGS). In many cases, alignments consisted of
contigs of these regions (e.g., partial 18S, completes ITS-1,
5.8S and ITS-2, and partial 28S). In angiosperms, 311 align-
ments (267 species) containing five sequences of the same
species or more were retrieved. In vertebrates, as few as 18
alignments (15 species) containing four sequences of the
same species or more were available in the Polymorphix
2 database. Because the last update of this database was
in November 2004, we complemented the SNP data set
in vertebrates with data from GenBank (requested on 21
May 2010). We performed searches of nuclear rDNAs using
the following command line: (vertebrate* NOTmitochond*)
AND (5S OR 5.8S OR 18S OR 28S OR spacer). The final data
set in vertebrates consisted of 51 alignments (42 species)
containing four sequences of the same species or more.

Intraspecific rDNA sequences were aligned with Prank v.
100311 (Loytynoja and Goldman 2005). The resulting

Table 1. Hierarchical Models of Sequence Evolution of the 18S Ribosomal DNA.

Model 2lnL Dev. df P value

Vertebrates

1. Homogeneous 13568.60

2. Cyclostoma 1 Jawed vertebrates 13567.59 2.01 1 0.1558

3. Cyclostoma 1 Chondrichthyes

1 Euteleostomi 13554.27 26.64 2 1.64 3 1026

4. Cyclostoma 1 Chondrichthyes

1 Actinopterygii 1 Sarcopterygii 13535.99 36.56 1 1.48 3 10-9

5. Cyclostoma 1 Chondrichthyes 1 Actinopterygii

1 Coelacanth 1 Dipnoi 1 Tetrapoda 13532.88 6.21 1 0.0127

6. Cyclostoma 1 Chondrichthyes 1 Actinopterygii

1 Coelacanth 1 Dipnoi 1 Amphibia 1 Amniota 13527.21 11.35 1 0.0008

7. Terminal clades (as shown in fig. 2) 13481.32 91.77 31 6.32 3 1028

8. One GC* per branch 13202.85 556.95 533 0.2287

Angiosperms

1. Homogeneous 11598.04

2. Amborellales 1 Nymphaeales 1 Austrobaileyales

1 Magnolids–Chloranthales 1 Monocots

1 Ceratophyllales 1 Eudicots 11540.53 115.03 10 5.14 3 10-20

3. Amborellales 1 Nymphaeales 1 Austrobaileyales

1 Magnolids–Chloranthales 1 commelinids

1 non-commelinids 1 Ceratophyllales 1 Eudicots 11537.41 6.24 2 0.0441

4. Amborellales 1 Nymphaeales 1 Austrobaileyales

1 Magnolids–Chloranthales 1 commelinids

1 non-commelinids 1 Ceratophyllales

1 basal eudicots 1 core eudicots 11537.00 0.82 1 0.3660

5. Terminal clades (as shown in fig. 3) 11472.39 129.22 64 2.62 3 1026

6. One GC* per branch 11335.82 273.13 162 1.08 3 1027

NOTE.—lnL: log likelihood; Dev.: residual deviance; degrees of freedom (df): residual degrees of freedom. Analyses performed in all sites of the molecule.
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alignments were filtered with Gblocks using the same pa-
rameters described above. Note that all our SNP alignments
consisted of sequences from just one species, hence SNPs
were not oriented. We deliberately analyzed nonoriented
SNPs given the rarity of appropriate outgroups across
the various alignments. Polymorphism analyses were per-
formed using a homemade program that calculates the
number of polymorphic AT4 GC sites and, among these
sites, the number of sites with GC frequency .0.5, ,0.5,
and 50.5. SNP counts were pooled by clade (as shown in
figs. 2 and 3) and two-sided binomial tests were performed
to test for mutational AT4 GC equilibrium. Atmutational
equilibrium, one expects AT / GC 5 GC / AT, that is,
equal amounts of SNPs in which GC is the most frequent
allele and SNPs in which AT is the most frequent allele.

We analyzed a subset of sufficiently annotated align-
ments of vertebrates and angiosperms to determine
whether forces shaping base composition act differently
in the different fragments of rDNA loci (as documented
for noncoding polymorphisms in the X chromosome of
D. simulans; Haddrill and Charlesworth 2008). We esti-
mated the mean per site polymorphism rate (number
of SNPs/alignment length) of each alignment and com-
pared fragments (5S, 5.8S, 18S, 28S, ITS-1, ITS-2, and IGS)
using nonparametric Kruskal–Wallis tests with R 2.9.1 (R
Development Core Team 2009).

Interspecific Data Set in Other Eukaryotes
We downloaded sequences of the 18S rDNA of most ma-
jor lineages of eukaryotes from the SILVA database. Se-
quences were edited as described above using the length
and quality thresholds given in table 4. The final data set
of eukaryotes consisted of 11,259 sequences (6,689 gen-
era, all lineages confounded) and included 2,506 Viridi-
plantae, 1,993 Fungi, and 5,211 Metazoa. We determined
the distribution of GC content per genus (across species)
within each eukaryotic lineage.

Results

Heterogeneity in Base Composition of the 18S
rDNA in Vertebrates and Angiosperms
Base composition of the 18S rDNA significantly varies
among taxonomic groups in both vertebrates and angio-
sperms (P, 2.20� 10�16 in all ANOVAs). This is true for
alignments including all sites, helix, and loop sites.
Noteworthy, helices are GC richer than loops (fig. 1),
whereas loops evolve faster (vertebrate tree lengths:
helix 5 1.67; loop 5 2.92; angiosperm tree lengths:
helix 5 20.60; loop 5 31.02; differences in tree length
between vertebrates and angiosperms essentially reflect
differences in the number of analyzed species). Among
vertebrates, four GC-rich clades stand out from the
remaining groups: birds, Cypriniformes, mammals, and
Siluriformes (fig. 1A). In angiosperms, heterogeneity in
base composition is less remarkable than in vertebrates.
However, monocots, especially commelinids, are GC
richer than all other flowering plants (fig. 1B).

Nonhomogeneous models of sequence evolution, ex-

plicitly taking into account phylogenetic relationships, con-

firm heterogeneity in base composition among major

clades in vertebrates and angiosperms (table 1). In verte-

brates, almost all clades within Actinopterygii and Sarcop-

terygii have increased GC content relative to their

ancestors. Ostariophysi (i.e., Siluriformes, Clupeiformes,

and Cypriniformes), mammals, and birds are remarkable

in this respect. GC content in the ancestor of Ostariophysi

has increased ;5% relative to the ancestor of Actinopter-

ygii. Consistently, GC* at the base of this clade is high (0.79

overall sites), although GC* values are lower in more re-

cently derived branches (fig. 2). Interestingly, GC* is greater

in helix (0.81) than loop (0.73) sites in this branch. Mam-

mals and birds have experienced an increase of;4% in the

GC content relative to the ancestral Sarcopterygii. Analysis

of GC* suggests that the increase took place at the base of

amniotes (GC* overall sites5 0.89) and affected loop (1.00)

more than helix (0.79) sites (fig. 2). Unlike Clupeiformes,

Cypriniformes, and Siluriformes, GC* is high in extant

mammals (0.69 overall sites), birds (0.85), and Lepidosauria

(0.86), although low in the turtle (0.51) and crocodiles

(0.49)—but the numbers of sequences analyzed in these

two clades were low (one and three, respectively). On

the other hand, a few clades of vertebrates show a decrease

in GC content (low GC*), including Chondrostei, Coela-

canth, and Dipnoi (lungfishes) (fig. 2). Importantly, the

GC dynamics significantly vary between helix and loop sites

in vertebrates (LRT: v2425185:82, P 5 5.35 � 10�20).
Among angiosperms, monocots, especially commelinids

(grasses, palm trees, gingers, bananas, arrowroots, and al-

lied), show the most important increase in GC content rel-

ative to the ancestor of all angiosperms but Amborellales

(fig. 3). In commelinids, this increase is of about 3% for helix

and 7% for loop sites. GC* are high in commelinids for all

sites, helix, and loop sites and higher in helices than loops.

Indeed, GC* in loop sites in this clade are the highest of all

angiosperms. GC* values in the ancestor of magnoliids,

Chloranthales, monocots, and Eudicots (MCME) are also

high, although most lineages have apparently engaged in

GC erosion (note the lower GC* values of most terminal

clades relative to more internal branches; fig. 3). Indeed,

most Eudicots have low GC*, especially Gunnerales, Sabia-

caeae, Santalales, and Trochodendrales. This suggests that

an evolutionary force increasing the GC content was active

at some point in the evolution of angiosperms, and is no

longer active in most groups (especially Eudicots), with the

notable exception of commelinids. As in vertebrates, the

GC dynamics significantly varies between helix and loop

sites in angiosperms (LRT: v2525299:05, P5 2.08 � 10�36).
We were concerned about the effects of CpG hyper-

mutable sites and the phylogenetic trees on our results.

As expected, there is a reduction in the GC content of se-

quences without CpG sites. Nevertheless, the patterns ob-

served in vertebrates and angiosperms are robust and do

not depend on CpG sites (with the exception of birds; sup-

plementary figs. S1 and S2, Supplementary Material online)
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or on the phylogenetic trees (supplementary figs. S3 and S4,
Supplementary Material online).

GC Content and Polymorphisms in Vertebrates and
Angiosperms
We performed SNP analyses to discriminate between the
potential evolutionary forces underlying rDNA GC-

content evolution, namely gBGC (or selection for GC

content) versus mutation biases. Specifically, we aimed

at testing the null hypothesis of mutational equilibrium,

which predicts equal average population frequencies for

AT and GC alleles, whereas directional processes (gBGC or

selection) predict higher frequencies for GC alleles (Duret

et al. 2002; Galtier et al. 2006). Note that nonequilibrium

mutation dynamics with an increasing bias toward GC/

AT mutations also predicts higher GC allele frequencies.

Because the multigenic nature of rDNA, we are not sure

that we analyzed true intralocus polymorphism or

FIG. 1. Distribution of the GC content of 18S ribosomal DNA in vertebrates (A) and angiosperms (B). Numbers above boxplots are the number

of analyzed genera. Open boxes: helix sites; gray boxes: all sites; and filled boxes: loop sites. Horizontal dotted lines represent means across all

species for each type of sites (up: helix; middle: all; and low: loop).
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between-loci differences. However, in a multigenic family,
both intralocus and interlocus biased-gene conversion

increases fixation rates as compared with the neutral
unbiased case (Walsh 1985). Without gBGC, we also ex-
pect that, on average, the number of gene copies fixed for
GC equals the number of gene copies fixed for AT. Pre-
dictions are therefore similar for intralocus and between-
loci variation, so that our approach appears robust to the
uncertainty about the nature of polymorphism data—in
neither case does one expect asymmetrical SNP frequency
spectra in absence of gBGC/selection.

In vertebrates, 673 polymorphic sites in rDNA loci were
found out of a total of 60,586 aligned sites (1.11% of poly-
morphism). Overall clades and species, GC alleles in rDNA
segregate at higher frequency than AT alleles (0.61 and 0.39,
respectively; P 5 1.02 � 10�8). GC alleles segregate at sig-
nificantly higher frequencies than AT alleles in Amphibia,

Chondrostei, and Cypriniformes (table 2). The average fre-
quency of GC alleles in these clades spans 0.58–0.67. In an-
giosperms, the data set of polymorphisms in rDNA loci is
much bigger than in vertebrates. It contained 3,425 poly-
morphic sites of a total of 164,127 aligned sites (2.09% of
polymorphism). Analysis of this data set reveals that, over-
all clades and species, GC alleles in rDNA segregate at high-
er frequency than AT alleles (0.63 and 0.37, respectively; P
, 2.20� 10�16). Significant GC-biased spectra are found in
asterids, Caryophyllales, monocots, Ranunculales, and ro-
sids (table 2). The frequency of GC SNPs in these clades
spans 0.62–0.71.

Not surprisingly, we found significant differences in the
per site polymorphism rate among fragments of the rDNA
loci in vertebrates (Kruskal–Wallis test: v26527:51, P ,

0.0001) and angiosperms (v26564:80, P , 0.0001) (table
3). As expected, regions that are not directly involved in

FIG. 2. Evolution of the GC content of 18S ribosomal DNA across the phylogeny of vertebrates. Only results of alignments with variable sites are

shown. Values correspond to current GC (in parentheses in terminal branches), ancestral GC (in parentheses in internal nodes), or GC* (red

characters along branches) at all/helix/loop sites; GC* are shown only for the most representative internal branches. Colors in terminal

branches represent average GC content (blue: lowest GC; red: highest GC). Note that the color scale is relative to the data set and is not

directly comparable with figure 3. Branch lengths are given in units of per site substitution rate.
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the ribosome structure (IGS, ITS-1, and ITS-2) are probably
less constrained by selection, hence more likely to accumu-
late polymorphisms. Polymorphism rate is high in 5S se-
quences too, although this gene codes for a functional
RNA. This is possibly because 5S sequences are
usually poorly annotated and frequently correspond to the
actual 5S fragment as well as part of the untranscribed spacer.

Heterogeneity in Base Composition of rDNA
Among Eukaryotes
The GC content in rDNA varies significantly among major
lineages of eukaryotes (F11,66775 302.47, P, 2.20� 10�16).

Differences are highly significant even after excluding a po-

tential outlier (Diplomonadina; table 4, fig. 4A). We

obtained the distribution of GC content in the 18S rDNA

across eukaryotic genera and selected the 5% exhibiting the

highest values (336 genera). These extreme values

correspond to 1 Diplomonadina (Giardia), 330 Metazoa

(2 annelids, 30 arthropods, 1 cephalochordate, 190

vertebrates, 56 echinoderms, 3 hemichordates, 47 mollusks,

and 1 nematode), and 5 Viridiplantae (2 Ulvophyceae, 1

bryophyte, and 2 commelinid monocots) (supplementary

table S1, Supplementary Material online).

FIG. 3. Evolution of the GC content of 18S ribosomal DNA across the phylogeny of angiosperms. Only results of alignments with variable sites

are shown. Values correspond to current GC (in parentheses in terminal branches), ancestral GC (in parentheses in internal nodes), or GC* (red

characters along branches) at all/helix/loop sites; GC* are shown only for the most representative internal branches. Colors in terminal

branches represent average GC content (blue: lowest GC; red: highest GC). Note that the color scale is relative to the data set and is not

directly comparable with figure 2. Branch lengths are given in units of per site substitution rate. MCME: Magnoliids–Chloranthales–Monocots–

Eudicots.
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We also performed separate analyses in Metazoa, Viridi-
plantae, and Fungi. In Metazoa, genera showing the 5%
highest GC content in 18S rDNA are represented by 1
Polychaeta (Annelida), 3 insects, 3 Hemichordata, 13 Aster-
oidea echinoderms, 35 mollusks (1 Aplacophora, 2 Bivalvia,
and 32 Doridina nudibranch), and 123 vertebrates (1
Elopomorpha, 7 Percomorpha, 18 Ostariophysi, 2 Polypter-
iformes, 2 Amphibia, 34 birds, 20 Lepidosauria, and 39
mammals) (fig. 4B). In Viridiplantae, the highest GC
content corresponds to 2 genera of Ulvophyceae, 1 of
Chlorophyceae, 6 of Trebouxiophyceae, 2 of Briophyta,
and 82 of Tracheophyta, including 1 fern, 1 conifer, 9 rosids,
3 magnolids, 6 non-commelinid monocots, and 62 comme-
linids (supplementary fig. S5, Supplementary Material on-
line). In fungi, the highest GC content corresponds to 38
Saccharomyceta (2 Dothideomycetes, 20 Eurotiomycetes,
1 Lecanoromycetes, 1 Lichinomycetes, and 14 Sordariomy-
cetes) and 4 Agaromyceta (2 Boletales, 1 Hymenochaetales,
and 1 Polyporales) (supplementary fig. S6, Supplementary
Material online).

Discussion

Heterogeneity in Base Composition of the 18S
rDNA
We show significant heterogeneity in base composition in
rDNA across the vertebrate and angiosperm phylogenies.
The average GC level observed among vertebrates in this
study is 54.0%, very close to previous reports (55.4% in Xia
et al. 2003; 54.3% in Wang et al. 2006; and 54.8% in Varriale

et al. 2008). In angiosperms, base composition in rDNA has
been less considered, and there is no study to compare
with.

Within vertebrates, the highest GC content in rDNA was
found in mammals, birds, and Ostariophysi (ray-finned
fishes). In the latter, Siluriformes, Cypriniformes, and Clu-
peiformes exhibit high current GC content, although they
do not display high GC*. However, GC* is high in the an-
cestral branch leading to Ostariophysi, suggesting that an
episode increasing the GC content took place in the ances-
try of this group. This would explain the high GC observed
in current sequences. Among angiosperms, monocots, and
especially commelinids, Dioscoreales, Liliales, and Panda-
nales, display the highest GC content (and high GC*) of
all flowering plants. Interestingly, high GC* was inferred
in the branch grouping magnoliids–Chloranthales and
monocots and in the branch at the base of Eudicots.

Evolution of Base Composition in the rRNA
Secondary Structure
According to our analyses, rDNA loops evolve 1.75 times
faster than helices in vertebrates and 1.50 in angiosperms.
Our estimates are quantitatively consistent with previous
results in eukaryotes (e.g., 1.37-fold faster in Smit et al.
2007) and qualitatively with past observations in angio-
sperms (Soltis et al. 1997; Soltis PS and Soltis DE 1998).
It has been suggested that rates of evolution in rDNA vary
with the distance from functionally important parts of the
ribosome, such as the transfer RNA path and the peptidyl-
transferase center (Smit et al. 2007). Although loops may
engage in tertiary interactions (Dutheil et al. 2010) or junc-
tions that link several helices together (Smit et al. 2006),
they appear generally less constrained than helices. This
is likely because loops are free to evolve by substitutions
that do not change the secondary structure, hence may
be neutral and fix by drift, whereas helices need much rarer
compensatory mutations to maintain stability and high fit-
ness (Gavrilets 2004; Meer et al. 2010).

On the other hand, helices were GC richer than loops
(respectively 59.8% and 43.9% in vertebrates; 63.1% and
46.1% in angiosperms), whereas loops displayed a very high

Table 2. Polymorphism in Ribosomal DNA in Vertebrates and Angiosperms.

Clade Na Nsp AT > 0.5 GC > 0.5 P value GC/(GC 1 AT)

Vertebrates

Chondrostei 14 12 75 154 1.95 3 1027 0.67

Cypriniformes 16 11 76 103 0.05 0.58

Percomorpha 14 13 58 51 0.56 0.47

Amphibia 7 6 53 103 7.67 3 1025 0.66

Angiosperms

Monocots 62 52 344 640 2.20 3 10216 0.65

Ranunculales 9 9 20 50 4.40 3 1024 0.71

Trochodendrales 1 1 29 25 0.68 0.46

Asterids 96 80 230 454 2.62 3 10216 0.66

Caryophyllales 10 9 32 69 2.96 3 1024 0.68

Rosids 128 111 581 898 2.20 3 10216 0.61

Saxifragales 5 5 29 24 0.58 0.45

NOTE.—Na: number of alignments; Nsp: number of species; AT. 0.5: SNPs in which A or T is the majority allele; GC. 0.5: SNPs in which G or C is the majority allele. Clades
are sorted by phylogenetic proximity.

Table 3. Average Per site Polymorphism Rate (and the

corresponding standard error mean) in Different Fragments of the

Ribosomal DNA Loci.

Fragment Vertebrates Angiosperms

5S 0.0601 (0.0097) 0.0396 (0.0028)

IGS 0.0686 (0.0496) 0.0247 (0.0074)

ITS-1 0.0362 (0.0207) 0.0250 (0.0026)

ITS-2 0.0156 (0.0081) 0.0227 (0.0023)

18S 0.0085 (0.0069) 0.0183 (0.0085)

5.8S 0.0071 (0.0055) 0.0124 (0.0023)

28S 0.0021 (0.0015) 0.0075 (0.0028)
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content of adenine relative to uracil (respectively, 39.6%
and 7.0% in vertebrates; 43.3% and 10.7% in angiosperms).
This pattern of base composition in helix and loop regions
seems to be universal: it has been observed in prokaryotes
(Galtier and Lobry 1997; Wang and Hickey 2002; Wang et al.
2006) and eukaryotes (Wang et al. 2006; Smit et al. 2006,
2007). There is evidence that adenine contributes to the
stability of the single-stranded regions of the RNA (Gutell
et al. 2000). Also, because there are three hydrogen bonds
in GC pairs and two in AT pairs, it has been suggested that
GC pairs stabilize double-helix structures (Marmur and
Doty 1959; Wada and Suyama 1986; Galtier and Lobry
1997).

Faster loop evolution seemed associated with enrich-
ment in G and C bases in several clades, especially Polypter-
iformes and tetrapods among vertebrates, and
Austrobaileyales among angiosperms (see the higher
GC* relative to current GC in loop sites in figs. 2 and 3).
This difference in the GC enrichment of the secondary
structure, which was found highly significant by LRT, is
likely due to their baseline difference in GC content: be-
cause loops are AT richer than helices, AT / GC substi-
tutions are more likely to occur in the former than the
latter. Nevertheless, GC enrichment in helix sites was ob-
served in Polypteriformes, Holostei, Osteoglossiformes,
mammals, birds, and Lepidosauria among vertebrates
and Berberidopsidales among angiosperms (see the higher
GC* relative to current GC in helix sites in figs. 2 and 3).

Mutation Bias or gBGC/Selection for GC?
rDNA sequences have one characteristic that makes them
particular relative to most genes in the genome and that
makes them especially interesting for this broad phyloge-
netic study: besides they are under strong purifying selec-
tive pressure (which guarantee that sequences are not
saturated), the different paralogous copies of the rDNA
undergo more frequent recombination events than most
other genes in the genome thanks to concerted evolution
(either through gene conversion, unequal crossing over or
both). In addition, concerted evolution has been shown to
enhance selection efficacy (Mano and Innan 2008).

Concerted evolution should enhance gBGC too because
it is formally equivalent to selection (Nagylaki 1983). All
in all, the existence of multiple rDNA loci evolving in a con-
certed way presumably exacerbates the effects of recombi-
nation, including gBGC, as compared with a single-locus
sequence.

We hypothesized that variations in the GC content of
rDNA could serve as an indicator of the gBGC (or selection)
process because this molecule is submitted to high recom-
bination. Two aspects of our results are in agreement with
this hypothesis. First, we find that the heterogeneity in base
composition of rDNA coincide with the documented oc-
currence of gBGC: mammals, birds, and grasses, in which
significant gBGC has been detected from genome-wide
analyses (Glémin et al. 2006; Webster et al. 2006; Haudry
et al. 2008; Duret and Galtier 2009), show distinctively high
rDNA GC content and GC* (grasses make the majority of
commelinid species in this data set). However, comprehen-
sive analyses of base composition have only been made in
a few species, and we lack information on, for example,
sharks, ray-finned fishes, non-grass monocots, or eudicots.
For this reason, results in Ostariophysi and commelinids
cannot be compared with previous reports because these
groups were overlooked in the past.

The second line of evidence comes from polymorphism
data analyses. Allele frequency spectra were found signifi-
cantly GC biased in 8 of 11 clades of vertebrates or angio-
sperms, and unbiased in three, for which limited amount of
data was available. Hence, these data reveal a strong excess,
among AT versus GC polymorphic sites, of SNPs for which
G or C is the majority allele (table 2). Remarkably, this ex-
cess is detected in groups showing increasing (e.g., mono-
cots, Siluriformes), stable (e.g., asterids, rosids), or
decreasing (Chondrostei) rDNA GC content. We argue that
such a pattern is consistent with the hypothesis of gBGC/
selection-driven evolution of rDNA GC content and rejects
the hypothesis of a GC-biased mutation process.

Because we analyzed nonoriented polymorphisms, the
SNP frequency spectrum has a U form: SNPs in which
AT is the majority allele are found at one extreme and
at the other extreme are GC alleles. In the absence of

Table 4. GC Content in 18S Ribosomal DNA in Major Lineages of Eukaryotes.

Lineage N Length (nt) Quality (%) Mean GC 6 SD (range)

Alveolata 371 1,700 98 0.46 6 0.013 (0.41–0.49)

Amoebozoa 45 1,200 95 0.52 6 0.004 (0.50–0.52)

Choanoflagellida 5 1,600 85 0.46 6 0.004 (0.45–0.47)

Cryptophyta 75 1,200 95 0.46 6 0.008 (0.45–0.48)

Diplomonadina 6 1,300 80 0.71 6 0.023 (0.68–0.75)

Euglenozoa 46 1,700 98 0.50 6 0.003 (0.49–0.51)

Fungi 1,993 1,700 98 0.47 6 0.013 (0.41–0.52)

Haptophyceae 117 1,700 95 0.49 6 0.005 (0.48–0.50)

Heterokont 463 1,700 98 0.46 6 0.015 (0.41–0.50)

Metazoa 5,211 1,700 95 0.50 6 0.024 (0.40–0.60)

Rhodophyta 421 1,200 98 0.50 6 0.011 (0.47–0.52)

Viridiplantae 2,506 1,700 98 0.49 6 0.013 (0.44–0.54)

All eukaryotes 11,259 — — 0.49 6 0.025 (0.40–0.75)

NOTE.—N: number of sequences; length and quality refer to the thresholds used to filter short and low-quality sequences; nt: nucleotides; SD: standard deviation calculated
across sequences.
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any fixation bias (gBGC or selection), all classes of
mutations have equal probability of reaching a given pop-
ulation frequency. Assuming that GC content is at equilib-
rium, symmetric AT versus GC allele-frequency patterns
would be expected (i.e., AT and GC polymorphisms reach
the same frequency). Observing a higher average allele
frequency of GC alleles in species for which rDNA GC con-
tent is at equilibrium is therefore indicative of a fixation

bias, such that G and C alleles have a higher probability
to reach high frequencies than A and T alleles (Webster
and Smith 2004; Galtier et al. 2006). SNP data, therefore,
support the existence of a GC-biased fixation process
(gBGC or selection) in groups showing equilibrium rDNA
GC content (e.g., asterids, rosids).

The situation is more complex when GC content is not
at equilibrium. In this case, asymmetric allele-frequency

FIG. 4. Distribution of the GC content of 18S ribosomal DNA among major lineages of eukaryotes (A) and metazoans (B) for all sites of the

molecule. Numbers above boxplots are the number of analyzed genera; horizontal lines represent the median across all genera (dotted) and the

highest 95% percentile (continuous). Trees in the lower part of the figures represent the phylogeny of Eukaryotes, in A (Delsuc et al. 2005), or

the animal phylogeny, in B (Halanych 2004).
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patterns are expected even under the neutral hypothesis
because the numbers of AT / GC and GC / AT muta-
tions arising at each generation differ from each other
(Galtier et al. 2006). First, consider the case of increasing
GC content (as in mammals, birds, and commelinids). If
a GC-biased mutation process was the cause of GC
increase, then the number of AT / GC mutations would
be greater than the number of GC / AT mutations, and
we would expect to observe higher frequencies of AT than
GC SNPs. We found the opposite pattern, rejecting the mu-
tation bias hypothesis as far as GC-increasing species are
concerned. The observed pattern, however, would be ex-
pected if GC-increase was caused by an increased
intensity of gBGC/selection. Now consider the case of
GC-decreasing sequences, as in Chondrostei. In this case,
the hypothesis of an AT-biased mutation process would
predict a majority of GC / AT mutations and therefore
of high GC-frequency SNPs.

Taken together, polymorphism data reject the

hypothesis of mutation-driven GC content increase in

rDNA. Rather, they support a model in which rDNA GC

content is governed by two opposing forces, namely

gBGC/selection, which tends to increase GC content,

and AT-biased mutation pressure, which tends to

decrease it. Depending on the relative importance of these

forces, the GC content in rDNA will increase when gBGC

(or selection) is switched on or strengthened (as in

mammals, birds, or commelinids), decrease when gBGC

(or selection) is switched off or weakened (as in

Chondrostei), or remain stable if the two forces are

unchanged for a long enough period of time.

Biased Gene Conversion or Selection for GC?
Our results on divergence and polymorphisms in rDNA are
compatible with gBGC, but they do not rule out the

possibility of selection for GC content, which is formally

almost indistinguishable from gBGC. It has been postulated

that because genomes are organized in isochores in mammals

and birds but not in amphibians and fishes, high GC content

could be an adaptation to homoeothermy (Bernardi et al.

1985; Bernardi 1993, 2000; Varriale et al. 2008). Our finding

of high GC content in cold-blooded Ostariophysi (not to

mention commelinid monocots) is incompatible with

selective hypotheses based on thermal adaptation. It could

still be possible that high GC was selected because it confers

higher bend ability to the DNA molecule (Vinogradov 2003)

or because it stabilizes RNA (Bernardi 2007). However, few

data support these hypotheses, and they cannot explain

why such selection should be higher in groups as diverse

as Ostariophysi, birds, mammals, and commelinids. GC

content could be selected because it stabilizes helices. How-

ever, this hypothesis does not explain why GC content in

loops also increases in parallel. Although we cannot com-

pletely exclude the possibility that the patterns detected in

this study are produced by some selective advantage, it seems

more likely to us that they have been produced by a neutral
mechanism, namely gBGC.

rDNA as a Marker of gBGC in Eukaryotes
By combining information of both interspecific divergence
and intraspecific polymorphisms, we explored the evolu-
tionary processes driving rDNA base composition in differ-
ent lineages of eukaryotes, especially in vertebrates and
angiosperms, and identified gBGC (or selection for GC)
as the dominant GC-increasing force. This suggests that
the GC content in 18S rDNA can be used as a reliable
marker of gBGC to scan other groups of eukaryotes.

We analyzed GC content in 18S rDNA in some of the
most representative kingdoms of eukaryotes. Besides the
above discussed amniotes, Ostariophysi, and commelinids,
we found that Giardia among Diplomonadina, Ulvophy-
ceae among green algae, Doridina nudibranch gastropod
mollusks, and Asterozoa echinoderms among Metazoa, ex-
hibit the highest GC among all eukaryotes. GC content in
Giardia is clearly out of the range of all other eukaryotes
and might be explained by very specific mechanisms.
The other groups suggest that gBGC could be a mechanism
that shapes genome landscapes in more clades of eukar-
yotes than previously suspected. The sparse distribution
of these groups also suggests that either gBGC has indepen-
dently evolved many times or has recurrently intensified at
different phylogenetic scales. Although general trends can
hardly be drawn, the phylogenetic pattern in Metazoa is
worth noting. Basal Metazoan groups exhibit very low
GC content, whereas medium and strong enrichments
seem to occur in protostomes and deuterostomes, respec-
tively (fig. 4B).

Our results are based on one genetic marker, the rDNA.
Yet, they can extrapolate to the rest of the genome if two
assumptions are verified: 1) that the mechanism of gBGC is
similar during ectopic and allelic recombination and 2) that
gBGC affects translated and nontranslated DNA in a similar
way. Although these two assumptions are worth verifying
experimentally, there is no a priori reason to suspect they
are invalid. Furthermore, the fact that we find similar pat-
terns of GC enrichment in rDNA in groups in which gBGC
has been documented using genome-wide analyses (e.g.,
mammals, birds, and grasses) suggests that rDNA consti-
tutes a reliable marker of this molecular process at a broad
phylogenetic scale. Based on these results, we hypothesize
that gBGC might be active in more eukaryotic groups than
previously thought, a hypothesis that requires to be con-
firmed or falsified using genome-wide analyses. Accumula-
tion of genomic data thanks to high-throughput
sequencing technologies would certainly allow this in
the near future.

Supplementary Material

Supplementary table S1 and figures S1–S6 are available at
Molecular Biology and Evolutiononline (http://
www.mbe.oxfordjournals.org/).
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Glémin S. 2010. An integrative tests of the dead-end hypothesis

of selfing evolution in Triticeae (Poaceae). Evolution

64:2855–2872.

Eyre-Walker A, Hurst LD. 2001. The evolution of isochores. Nat Rev

Genet. 2:549–555.

Flavell RB, O’Dell M. 1976. Ribosomal RNA genes in homeologous

chromosomes of groups 5 and 6 in hexaploid wheat. Heredity

37:377–385.

Franzke A, Mummenhoff K. 1999. Recent hybrid speciation in

Cardamine (Brassicacea)-conversion of nuclear ribosomal ITS

sequences in statu nascendi. Theor Appl Genet. 98:831–834.
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