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Chromosomes of warm-blooded vertebrates are mosaics

of isochores, megabase deoxyribonucleic acid (DNA)

stretches that are fairly homogeneous in base com-

position. In the human genome, isochores can be assigned

to five families that cover a very broad range of guani-

ne+cytosine (30–60% GC; this range is narrower in cold-

blooded vertebrates). The isochore structure of the gen-

ome led to new insights into a number of important

genome features such as (1) the distribution of genes, (2)

the structure of chromatin, and (3) the localisation of

insertions/deletions and of the integration of proviral

sequences. Moreover it also led to (1) the discovery of a set

of correlations (collectively called the genomic code)

linking coding sequences and extended flanking non-

coding sequences, as well as other genome features, (2)

the visualisation of the isochore patterns of the genomes

as genome phenotypes, that may be conserved or change

in evolution, like the classical phenotypes, and (3) the

development of the neoselectionist theory of evolution,

which explains the two modes, conservative and shifting,

of genome evolution.

The Genome

The term genome was proposed 92 years ago by Winkler
(1920) to designate the haploid chromosome set. This
definition, originally concerning eukaryotic cells, was for-
gotten for many years until it was justified by two dis-
coveries; the constant amount of deoxyribonucleic acid
(DNA) per haploid cell of a given species (Vendrely and
Vendrely, 1948) and the identical functional potential of
DNA in all the cells of an organism (Gurdon, 1962).

In the 50s and 60s of the last century, the word genome
indicated the sum total of genes, an extrapolation from the
prokaryotic to the eukaryotic genome. At the end of the
60s, however, the kinetics of reassociation of DNA, based
to a large extent on the separation of double- from single-
stranded DNA on hydroxyapatite (Bernardi, 1965), led to

the discovery of repeated sequences (Britten and Kohne,
1968), and to the conclusion that genes only represented a
part, and often a very small part, of the eukaryotic genome,
which was then redefined as the sum total of coding and
noncoding sequences. It is now known that in the human
genome there are only approximately 21 000protein coding
sequences that represent approximately 1.5% of the gen-
ome (Clamp et al., 2007).
Although the term genome changed its meaning three

times in the first 50 years of its life, it remained the oper-
ational definition which it was at the beginning and which
still is proposed, often implicitly, in most current text-
books. This was in contrast with the conceptual definition
of the gene (Johannsen, 1909), which was viewed as the
ultimate unit of inheritance, phenotypic difference and
mutation.
A crucial question then is whether the genome is satis-

factorily described by an operational definition or is more
than the sumof its parts. This dilemmamay also be phrased
in a different way, namely whether the component parts of
the genome are endowedwith simple additive properties or
with cooperative properties. The first view could be called
the operational view of the genome, according to which,
although a large amount of details is available, no com-
prehensive rules about the organisation of genome have
emerged so far. The second view would be that the genome
is an integrated ensemble, because structural, functional
and evolutionary interactions occur among different parts
of the genome.
The solution to this problem required a strategy.

This was achieved by the development of a compositional
approach relying on the most elementary property of
DNA,base composition.The rationalewas the assumption
that the properties of the genome depend upon its nucle-
otide sequences, both coding and noncoding. Originally,
this compositional strategy was based on the fractionation
(and characterisation) of large (up to 50 kb) DNA f
ragments by preparative ultracentrifugation in density
gradients of Cs2SO4 run in the presence of a sequence-
specific ligand, Ag+ (Corneo et al., 1968). More recently,
this approach was based on the analysis of genome
sequences.

The Isochores

The compositional strategy led to a breakthrough, namely
the demonstration that the genomes of vertebrates (and
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other eukaryotes) were mosaics of isochores, originally
defined as DNA stretches over 300kb in size, that had a
fairly homogeneous guanine+cytosine (GC) level and
belonged in a few families endowed with remarkably dif-
ferent properties (Filipski et al., 1973; Thiery et al., 1976;
Macaya et al., 1976). It is now known (Costantini et al.,
2006) that in thehumangenome theaverage sizeof isochores
is approximately 1Mb (one megabase is one million base
pairs). It is also known (Costantini et al., 2007) that iso-
chores correspond to the ultimate, highest resolution
chromosomal bands (approximately 3000 of themwere seen
in the human genome) and to replication units (Costantini
and Bernardi, 2008a). A map of isochores on human
chromosome21 is shown in Figure1. The isochore families of
the human genome are shown in Figure 2.

In the case of the human genome, a typical mammalian
genome, some major observations were made. The first
observation was the demonstration that gene density was
strikingly nonuniform in the genome, being very low in the
GC-poorest isochore family L1 and increasingly higher in
the GC-richer families, to reach a maximum in the GC-
richest H3 family (Bernardi et al., 1985;Mouchiroud et al.,
1991; Zoubak et al., 1996; Figure 3). The discontinuity
indicated by the two different slopes of gene density versus
GC levels among GC-poor families and between them and
GC-rich families (Figure3), aswell as by the different sizes of
isochores and introns (see Table 1) identified two genome
spaces; a small, GC-rich, gene-rich genome core, consisting
of isochore families H2 andH3 and a largeGC-poor, gene-
poor genome desert, represented by families L1, L2
and H1.

As shown in Table 1, a number of other basic properties
were found to be associatedwith the genome core and to be
strikingly different (in most cases, just opposite) in the
genome desert. In the interphase nuclei of warm-blooded
vertebrates, chromatin was ‘open’ in theGC-rich isochores
of the genome, ‘closed’ in the GC-poor, gene-poor ones
(Saccone et al., 2002; see Figure 3). Interestingly, the gene-
rich and gene-poor regions of the genome have different

locations, in the central region and at the periphery of the
interphase nucleus, respectively.
The genome core also showed an early replication timing

(Costantini and Bernardi, 2008a) and a high recombin-
ation rate (Fullerton et al., 2001; Kong et al., 2002). The
open chromatin of the genome core is, indeed, the prefer-
ential location for the initial integration of retroviral
sequences (see Bernardi, 2005, for a review) and Alu
sequences (Costantini et al., 2012), for the transposition of
duplicated genes (Jabbari et al., 2003; Rayko et al., 2005),
for segmental duplications (Jurka et al., 2004), for dele-
tions/insertions (Costantini and Bernardi, 2009) and for
karyotypic changes (Bernardi, 1993). The frequencies of
GC-rich (and, especially, CpG-containing) trinucleotides
increases with the increasing GC levels of isochores,
whereas those of GC-poor trinucleotides decreases (Cost-
antini and Bernardi, 2008b; Arhondakis et al., 2011). In
both cases frequencies are strikingly different from the
expectations for random sequences having the same GC
levels. DNA methylation increased with increasing GC,
but less than the methylation acceptor sites, the dinucleo-
tides CpG (Varriale and Bernardi, 2009). The structural
and functional properties of isochores shown in Table 1

indicate that isochores represent a fundamental level of
genome organisation (Eyre-Walker and Hurst, 2001).
Isochores also led to new insights in genome structure,

function and evolution.

The genomic code

A set of strong correlations (collectively called the genomic
code) link (1) the GC levels of coding sequences (long
interspersed repeated elements (LINES) and short inter-
spersed repeated elements (SINES)) with those of their
extended noncoding flanking sequences (Bernardi et al.,
1985; Costantini and Bernardi, 2008c); (2) the GC levels
of coding sequences with the thermodynamic stability
(Bernardi and Bernardi, 1986), the secondary structures
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Figure 1 Overview of the isochores of human chromosome 21. The top frame shows the compositional profile at a 100 kb resolution. Broken horizontal

guidelines indicate GC levels. In the bottom frame the horizontal red stretches represent isochores. (From data of Costantini et al., 2006.)
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(Chiusano et al., 1999, 2000), and hydropathy (D’Onofrio
et al., 1999) of proteins and (3) and the GC levels of non-
coding and regulatory sequences with their short sequence
frequencies (Bernardi et al., 1973; Costantini andBernardi,
2008b). The existence of these correlations is very import-
ant because (1) it rules out the hypothesis of ‘junk DNA’
(Ohno, 1972) andof ‘selfishDNA’ (Doolittle andSapienza,
1980; Orgel and Crick, 1980), (2) it connects the nucleotide
coding sequence with the detailed structure and the sta-
bility of proteins and (3) it links theGC levels of noncoding
and regulatory sequenceswith nucleosome positioning and
transcription factor binding, that is, the regulation of gene
expression (Arhondakis et al., 2011). The latter point is

very important because changes in the organismal pheno-
type depend much more on changes in regulatory
sequences, than on changes in protein coding genes as first
proposed a long time ago (Zuckerkandl and Pauling, 1965;
King and Wilson, 1975) and now well established (see, for
example, Kasowski et al., 2010). We also know that cis-
regulatory sequences and chromatin structure are two
major factors that influence gene expression, and both act
via protein/DNA interaction. Although on the protein
side, transcription factors are concerned in the first case
and histones in the second, on the DNA side, short nucle-
otide sequences are involved in both cases. Indeed, the
different frequencies of trinucleotides in different isochore
families (Costantini and Bernardi, 2009) and specifically in
the corresponding regulatory sequences imply a different
regulation of gene expression in different isochore families
(Arhondakis et al., 2011). This is interesting because dif-
ferent functional gene classes are differentially distributed
in isochore families (see D’Onofrio et al., 2007), and
because it suggests possible coregulations of genes located
in the same isochore family. In general, housekeeping genes
tend to be located in GC-rich isochores, whereas genes
associated with development are preferentially located in
GC-poor isochore families (Hiratani et al., 2004;Ren et al.,
2007;Kikuta et al., 2007;Navratilova andBecker, 2009; see
Arhondakis et al., 2011, for a review) that are compacted
into ‘closed’ chromatin at the end of development.

The neoselectionist theory

The isochore patterns are genome phenotypes; like orga-
nismal phenotypes they may evolve according to a con-
servative or to a shifting mode (Figure 4). The conservation
of the genome phenotype over extended evolutionary times
(e.g. 100 million years in the case of mammalian genomes)

Table 1 The genome core: structural and functional

propertiesa

GC level High

Isochore size Small

Gene density High

Chromatin structure Open

Nuclear location Central

Intron size Small

‘GC-rich triplets’ +

‘GC-poor triplets’ 2

DNA methylation 2

LINES 2

SINES +

DNA duplications +

Insertions/deletions +

Provirus integration +

Recombination rate +

Replication Early

a‘+’ and ‘2’ signs have obvious meanings.
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Figure 2 The histogram shows the isochores as pooled in bins of 1% GC. Colours represent isochore families. The Gaussian profile shows the distribution of

isochore families, namely the genome phenotype. Reproduced from Costantini et al. (2006) with permission of Cold Spring Harbor Laboratory Press.
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Figure 3 A scheme of the major properties (DNA amounts, gene density and chromatin structure) of the isochore families belonging in the two genome

spaces: the genome core and the genome desert. Gene densities show two different slopes, a shallow one for GC-poor isochores and a steep one between

GC-poor and GC-rich isochores. They cross each other between H1 and H2 isochores, so defining the two genome spaces.
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Figure 4 The two modes of compositional evolution of the vertebrate genome. In the shifting mode, the modestly GC-rich isochores of the genomes from
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ancestral sequence is characterised by a conservative mode. The GC-poor regions of the genomes of cold-blooded vertebrates do not undergo major
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was explained by the neoselectionist theory (Bernardi,
2007) as due to the fact that insertions/deletions and the
clustering of point mutations (that are always adeni-
ne+thymine (AT)-biased, GC!AT predominating over
AT!GCchanges) lead to chromatin alterations that affect
gene expression and, as a consequence, to negative selec-
tion of the carriers. The shifting mode is exemplified by the
genome changes that took place between cold- and warm-
blooded vertebrates and led from a modestly hetero-
geneous genome to a strikingly heterogeneous one (Figure

4). Positive selection may be the main explanation for the
shifting of the genome phenotype of cold-blooded to that
of warm-blooded vertebrates.

Conclusions

In conclusion, the genome is an integrated ensemble which
obeys a set of rules, the genomic code, and which encodes
not only aminoacid sequences (according to the genetic
code) and the secondary structure of proteins but also the
regulation of gene expression. The high level of order
implied by the genomic code is preserved by natural
selection, mainly negative selection. This is Darwinism at
the genomic level. See also: Base Composition Patterns;
Biased Gene Conversion and its Impact on Human
Genome Evolution; Evolutionary History of the Human
Genome; GC-rich Isochores in the Interphase Nucleus;
Gene Distribution in Human Chromosomes; Genome
Organization of Vertebrates; The Neo-selectionist Theory
of Genome Evolution
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en AND à travers les organs, les individus et les espèces ani-
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