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Experimental approaches, as well as computer analysis on
genomic sequences, have revealed a large variability in base
composition between regions in the same genome or between
genomes of different species. In most cases, however, the
biological causes of these compositional biases remain
unknown. The recent large increase in the availibility of
completely sequenced genomes can give new insight into
evolution processes involved in these compositional biases.
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Abbreviations
H heavy
L light
MHC major histocompatibility complex

Introduction
The first compositional bias in genomic DNA that has
been demonstrated is the variability of G+C content
among bacterial genomes [1]. Sueoka suggested that this
bias results from a mutational bias: mutation rates
(C,G)→(A,T) and (A,T)→(C,G) are not equal and their
ratio is species-dependent [1]. Before the emergence of
neutralism, this hypothesis stated that some patterns of the
genome could appear without natural selection. Since
Sueoka’s original hypothesis, mutational bias versus natur-
al selection has appeared as a frequent debate when
statistical structures of genomic sequences are under study.
Two questions can be asked: first, can statistical properties
of the genome increase organism fitness sufficiently to be
selected or second, can some characteristics of the muta-
tion/repair process generate observed structures? The
proposal that an increase in G+C content would allow
species to develop at higher temperature because of
greater genome stability is an example of the selectionist
point of view. The increase in genome data, however, has
served to weaken this theory [2]. Conversely, only one
mutation capable of modifying G+C content has been
described [3] and no direct demonstration of mutational
bias is available. An argument in favour of mutational bias
is the fact that no life-history trait common to bacteria hav-
ing the same G+C content, has yet been found. 

Codon usage is a statistical property of the genome that has
been studied since the first complete sequence became
available [4]. Strong relationships between gene expressiv-
ity and preferential codon usage related to tRNA having
high cellular frequencies have been shown for

Escherichia coli [5,6], yeast [7] and more recently for Bacillus
subtilis [8••]. This is a very strong argument for the exis-
tence of selection for codon usage in these organisms. For
most organisms, however, data on cellular tRNA frequen-
cies are not available and selection for codon usage has
been inferred from correlation between a measurement of
codon usage bias and expressivity [9–11]. The availability
of complete genome sequences now permits a more direct
approach using the number of genes for a tRNA to esti-
mate its cellular frequency [8••,12].

Several reviews exist on G+C content in bacteria [13••] and
codon usage [14–16]. In this review, I focus on two other
strong statistical departures of genomic sequence from ‘ran-
dom’: the asymmetry between genomic strands in bacteria
and the isochore organisation of vertebrate genomes. 

Strand asymmetry in bacterial genomes
(chirochores)
Strand asymmetries in bacteria are summarised in Figures 1
and 2 by the analyses of the Xyllela fastidiosa genome [17]
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Figure 1

Compositional strand asymmetry: a DNA walk. The complete
sequence of X. fastidiosa is represented by reading the sequence in
the third codon positions and walking into the plane according to the
four directions indicated on the bottom left of the figure. Dashed
arrows indicate the progression of the replication fork; solid arrows
indicate the displacement of polymerase during replication. Replication
of the leading strand results in the new lagging strand and implies
synthesis of small fragments (Okazaki fragments). Replication of the
lagging strand is a continuous process. Detail on the method can be
found in [18], another cumulative method has been described in [19].
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(the last complete genome published before this review).
The DNA walk (Figure 1; [18,19]) demonstrates that the
origin and terminus of replication separate the genome in
two regions that differ in their base composition. Namely
the leading strand is G+T-rich and the lagging strand is
C+A-rich. Figure 2 indicates that genes are preferentially
directed such that their transcription processes occur in the
same direction as the replication of the genome. 

In summary, bacterial genomes must meet criteria linked
to the following: first, G+C content; second, codon usage
caused by translation constraints; third, base composition-
al asymmetry; and fourth, preferential gene orientation
(see [20,21•] for review). Moreover the amino-acid compo-
sition of proteins may also be a constraint for the genome.
Mathematical developments as well as statistical analysis
of complete bacterial genomes have help greatly in under-
standing relationships between these four constraints.

The asymmetry in gene direction is generally considered
as resulting from natural selection acting to avoid head-on
collisions between replication and transcription [22].
Existence of selective pressure is confirmed as asymmetry
is stronger if only highly expressed genes are taken into
account [20]. Pressure leading to compositional asymmetry
is more difficult to determine. Compositional asymmetry
implies non-identity between the substitution processes
on the two strands. If the two processes where the same, at
equilibrium, base composition on each strand must verify
A=T and C=G [23,24]. This is not the case as, for most bac-
teria, the leading (respectively lagging) stand is
characterised by G→C and T→A (respectively C→G and
A→T) [25]. The overall G+C content varies greatly among
bacterial genomes (see ‘Introduction’), however, implying
that the substitution matrix has changed often during evo-
lution and the equilibrium condition may be doubtful. It
can be demonstrated [26] that if the substitution matrix
fulfils the requirements needed to ensure the same process
on the two strands, convergence toward G=C and A=T
continues even if the matrix is modified. The observed
asymmetry is very clearly incompatible with an identical
substitution process in the two strands. As replication is
known to be different on the two strands, strand asymme-
try has been proposed to result from the functioning of this
molecular process. As shown in Figure 1, replication works
continuously when the lagging strand is replicated (to gen-
erate the leading strand) but works discontinuously when
the leading strand is processed (and the lagging strand gen-
erated). Emphasis has been placed particularly on the fact
that the leading strand remains single-stranded longer than
the lagging one. This may favour some particular muta-
tions as the deamination of C and thus mutation C→T (see
review in [21•]), which is coherent with the structure,
depicted in Figure 1. A similar effect is observed for verte-
brate mitochondria [27], even if the replication process in
mitochondria is different. Confusing factors may result,
however, from other constraints such as G+C content, pref-
erential orientation of genes, codon usage or protein

characteristics. In fact, it appears that these different
genomic characteristics result from different pressures as
shown for C+G content and asymmetry [13••,28•] or com-
positional asymmetry and gene orientation [29•]. Their
effects can, however. interact as shown for example by pro-
tein constraints caused by codon usage [30], genomic G+C
content [31] or strand asymmetry [32,33,34•].

Bacterial genomes are therefore patterned strongly by
either selective or neutral pressures, acting at different lev-
els: transcription, translation, and replication. These
pressures occur independently of one of the main func-
tions of genomes: coding for proteins. Moreover, they
constrain this role. Finally, it must be said that, whatever
the pressure may be that maintains the asymmetry of the
genome, this asymmetry may be used in a functional
capacity, as seems to be the case for the expression of dif
during Escherichia coli replication [35].

Isochores
Isochore description
Isochores were originally identified as a result of a gradient
density analysis of fragmented genomes [36]: mammalian
genomes are a mosaic of regions having different homoge-
neous G+C content. Higher-density level genomic
segments are named heavy (H) isochores and lower-densi-
ty level segments are light (L) isochores. During the past
~25 years, this definition has evolved by synergy between
experimental approaches and genomic bioinformatics. If
the G+C content remains the basic definition of isochores,
they have been associated, very surprisingly, with a com-
plex set of biological properties, a priori largely unrelated.
Because very complete reviews have already been pub-
lished [37]; a brief summary of isochores properties is as
follows. First, genes are involved in isochore structure: G+C
content of all three codon positions, introns and flanking
sequences vary accordingly with the isochore class to which

Figure 2

Gene direction plotted along X. fastidiosa genome. Cumulative plotting
of gene direction — excess of CDS in which the transcribed strand has
been published — shows a majority of genes in which transcription
occurs in the same direction as replication-fork progression. The
maximum point of the graph corresponds to the terminus.
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the gene belongs. The stronger effect is on codon position
3 with a range of [0.28–0.95] for ~95% of human genes. The
amino-acid content of protein is also constrained by iso-
chore class, amino-acids encoded by G+C-rich codons
(alanine, arginine, glycine, and proline) are more frequent
in H isochores [38–40]. Second, the density of genes is
higher in H isochores than in L ones. Genes in H isochores
are more compact with a smaller fraction of intronic
sequences and code for shorter proteins than do genes in L
isochores [41,42]. Third, SINE (short-interspersed nuclear
element) sequences and particularly Alu are preferentially
found in H isochores, LINE (long-interspersed nuclear ele-
ment) sequences are preferentially found in L isochores.
More generally, inserted sequences are isopycnic with a
C+G content similar to their insertion context [43–46].
Fourth, chromosome banding is related to isochore organi-
sation: Giemsa bands are made of L isochores, the reverse
band being more heterogeneous (H and L isochores).
T bands, often found at the telomeric end of chromosomes,
are made of H isochores [47–52]. Isochore organisation is
therefore related to base composition, gene characteristics,
repeated sequence insertion sites, cytogenetic properties
and, finally, genetic characteristics.

Sequences from the Human Genome Project have recent-
ly allowed the direct analysis of G+C content variation at
the megabase scale along the genome. Analyses of
Chromosomes 21 [53•] and 22 [54••] are coherent with the
preceding description of isochores even if data is presently
unavailable for testing precisely the fourth point. An exten-
sive analysis of the MHC region [55,56•,57•] gives the same
conclusion. Figure 3 shows G+C content variation along the

longest contigs of the human working draft, in the excep-
tion of complete chromosomes.

Isochore taxonomic range
Variations of G+C content along bacterial genome have
been described in most taxons. Isochore definition, how-
ever, is restricted to the whole pattern described above
and shall be considered here only in vertebrates, even if
similar structures have been described in monocots [58].
The main results are as follows. First, isochores are found
unambiguously in mammals and birds but not in anoura
and fishes [59]. Second, isochores in reptiles are contro-
versial: it is the only instance for which density gradient
analysis and biocomputing on genomic sequences are at
odds. Although Olmo has found isochores in some rep-
tiles by density gradient analysis [60], Bernardi in several
extensive studies among vertebrate taxa (e.g. see [59])
limits the presence of isochores to birds and mammals
and explains this discrepancy by the non-detection of
satellite sequences. More recently, sequencing analyses
of Hughes et al. [61•] provide a strong argument for an
isochore organisation of crocodile and turtle but not snake
genomes. As will be discussed later, this point is of major
importance in the understanding of isochore evolution.
Third, isochore organisation is highly conserved among
mammals despite the numerous chromosomal rearrange-
ments that have taken place during mammalian
evolution. A specific pattern, however, is found in murids
[62]. In this taxon, the variance of G+C content among
isochore classes has been strongly reduced; this modifica-
tion implies all position of genes and, thus, the
amino-acid composition of proteins [63].

Figure 3

G+C profile along the longest human contigs.
Sequences have been retrieved from the
National Center for Biotechnology Information
website (http://www.ncbi.nlm.nih.gov:80/
entrez/); they correspond to the longest
contigs, with the exception of complete
chromosomes (21 and 22). Cytogenetic
localisation and accession number are shown
on each plot. The last sequence is the MHC
region that has been extended toward
centromere since publication cited in the
principal text. These profiles are fully
compatible with isochore organisation with
long L isochores (>2Mb for NT_003343) and
the detection of a new structure made of long
gradients with a weak but significant slope
(p-value <10–4) (NT_000481,NT001572).
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Isochore evolution
This hypothesis would clearly be falsified if the presence of
isochores in some reptile genomes is confirmed either by
new sequence analyses or by new experimental data. In this
case, new relations between isochores and organism fitness
must be found to support the selectionist point of view.
The first is that  isochores are formed by selection pressure.
The main argument for this has been the parallel between
isochores and homeothermy [37]. Until recently, the iso-
chore was clearly limited to homeotherms (mammals and
birds): an increase in C+G content in some part of the
genome can be interpreted as a solution to the problems
posed by high temperature. It must be said that such rela-
tionships between C+G content and temperature do not
exist in bacteria (cf. ‘Introduction’). Clearly, the presence of
isochores in some reptile genomes being confirmed [61•],
this hypothesis has now been falsified and another relation-
ship of isochore presence to organism fitness must be
found. However, indirect arguments in favour of a selection
pressure have been published. Some arguments exist relat-
ing H isochores to highly recombinant regions, particularly
in telomeric regions. As a higher recombination rate can
allow a more efficient selection pressure, this could explain
a patterning of isochore by both selection for high C+G
content and recombination rate variation along the genome
[64], even if other hypotheses, particularly gene conversion,
can explain these relationships [65]. Variability of isochore
organisation among mammals also creates certain issues for
debate from the selectionist point of view. It has been esti-
mated that the ancestor at the base of the murid lineage has
a human pattern [66], therefore the murid lineage has
undergone a genome homogenisation. This could indicate
a decrease in selection efficiency coherent with the increase
of mutation rate that is postulated for murids [67]. This last
argument originated from a comparison between polymor-
phism and C+G content [68••]. In this study, Eyre-Walker
shows that polymorphism in MHC is not compatible with a
stationary process and two hypotheses are explored: selec-
tion for C+G content and biased gene conversion. Selection
and neutral evolution cannot, therefore, be discriminated. 

The second hypothesis is that isochores result from muta-
tional biases: the main argument for this is that the small
effective size of vertebrate populations implies that only
high fitness increase can be selected and that is not com-
patible with a selection acting on one non-coding base (e.g.
see [69]). The alternative to selection is a mutational bias
(see ‘Introduction’) but at present no biological character-
istics of the mutation/repair process are known to lead to
an isochore pattern. A very elegant model was proposed
that relates variation of mutational bias to both the differ-
ence in replication time for the different isochore classes
and on different nucleotide pools that would be available
in the different stage of cellular division [70] but its pre-
dictions on substitution rates have been proven incorrect
(e.g. see [71]). Francino and Ochman [72] predicted that
selection acting on C+G content must imply a reduced
substitution rate in an H isochore submitted to purifying

selection. As the opposite is found for two globin pseudo-
genes, they conclude that isochores result from mutation
and not selection. Their analysis does not take into
account the large variability of mutation rate inside mam-
malian genome. This variability, independent from
isochore structure, could explain the observed difference
between substitution rate independently of presence or
absence of selection [71]. Another study on pseudogenes
concludes that there was an absence of selection [73]. The
authors made a careful estimation of substitutions that
have occurred since the integration of several retro-
pseudogenes originated from the same functional gene.
This CG→AT substitution occurs in excess, corresponding
to an insertion environment AT-rich of moderately CG-rich
sequences. Insertion of the same sequence in an H iso-
chore would have been an interesting comparison.

If the pioneering work of Bernardi and co-workers has
been fully confirmed by recent advances in complete
genome sequencing, the evolutionary mechanisms that
have created them remain largely unknown. The most
intriguing factor remains the correlation between varia-
tions of very different biological parameters.
Understanding the mechanisms of these correlations is the
key for reconstructing a coherent isochore evolutionary
history. In this scope, building genomic maps including
both compositional bias and a functional signal may be the
first step toward understanding the pressures that have
generated and maintained isochores [74].

Conclusions
Base composition as well as recombination and mutation
rate divide genomes in a complex mosaic. In the near future,
the availability of complete genome sequences will allow
one to draw compositional and mutational maps of genomes.
Such maps are the necessary, but not sufficient, condition
for functional and evolutionary interpretations of this
genome heterogeneity. They must be associated to a better
knowledge of genetic (recombination etc.) and molecular
(replication, transcription etc.) processes that manage the
genome. Taking simultaneously into account genetic infor-
mation written in the genome, evolutionary mechanisms
particularly at the level of populations and ecology and
genome functioning constraints are necessary for synthesis-
ing a view of genome evolution. As a result of their relatively
simple structure, compositional biases provide a promising
approach for integrative evolutionary studies.

Update
A very clear and possibly interesting complement to this
present review has just been published: a review on the
base composition of genomes and its implication for phy-
logenetic reconstruction [75].
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