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SUMMARY

This review will first present some properties (including compositional pattern, correlations between isochores and
chromosomal bands, and gene distribution) of the human genome, the most extensively studied among vertebrate
genomes. It will then explain how these properties came about during the evolution of the vertebrates.

INTRODUCTION

The word genome is over 70 years old. It was coined
by Winkler (1920) to denote the sum total of the genes
(of a haploid cell) of an organism. Obviously, the non-
coding sequences, whose existence was not known at that
time, are now included in the definition. One might think
that Winkler’s definition is still a valid one because: (i)
none of the current textbooks of molecular biology or
genetics goes any further than it; (ii) there is a widespread
belief that comprehensive rules about the organization of
genomes have not yet emerged; and (iii) the various
genome projects currently under way have not yet led to
new general insights in this field.
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However, while the original definition obviously is still
operationally valid, the genome is much more than the
sum total of the coding and non-coding sequences of an
organism. The genome is a structural, functional and evo-
lutionary system whose nucleotide sequences obey pre-

- cise rules that amount to a genomic code (see section b).

This view has emerged as a result of the compositional
approach to the study of the genome, which was devel-
oped and used in our laboratory over the past 25 years.
The tacit assumption of this approach is that composi-
tional properties (base composition, frequency of short
sequences) are important features for genome structure
and function. This presentation will review our investiga-
tions by taking the isochore organization of the human
genome as its focal point, and by making use of its evolu-
tionary history to elucidate some of its properties.

THE HUMAN GENOME: ISOCHORE ORGANIZATIO.N

(a) Isochores, compositional patterns and genome
phenotypes

The human genome is a mosaic of isochores (see
Bernardi et al.,, 1985; Bernardi, 1989; 1993a, for reviews),
very long (>300 kb, on the average) DNA segments (i)
that are compositionally homogeneous (above a size of
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3 kb; Macaya et al.,, 1976; see also Bettecken et al., 1992)
and (ii) that belong to a small number of families which
cover a very extended (30-60%) GC range. Random
physical and enzymatic degradation occurring during
DNA extraction breaks down isochores into the large
DNA fragments, 50-100 kb in size, which form routine
high-molecular-weight DNA preparations (Fig. 1). It
should be stressed that isochores correspond to a size
range comprised between those of genes and of chromo-
somal bands. This size range is poorly known, and yet it
is very important for understanding genome
organization.

The compositional distribution of large DNA frag-
ments from the human genome is characterized by the
presence of five families of fragments (the ‘major DNA
components’) derived (i) from two GC-poor isochore
families L1 and L2, forming together some 60% of the
genome; (ii) from two GC-rich isochore families, H1 and
H2, forming about 20% and 10% of the genome, respec-
tively; and (iii) from one very GC-rich isochore family,
H3, forming almost 5% of the.genome (Fig. 2). The re-
maining DNA is formed by satellite DNA and minor
DNA components (like rDNA), which may also be con-
sidered as isochores because of their compositional
homogeneity; these components will, however, be ne-
glected here. The major DNA components were discov-
ered twenty years ago in the bovine genome (Filipski
et al,, 1973) using Cs,SO, preparative density gradient
centrifugation in the presence of a sequence-specific DNA
ligand, Ag*. This approach, previously used in order to
fractionate mammalian satellite DNAs (Corneo et al.,
1968), has a much higher resolving power than CsCl den-
sity gradient centrifugation (compare the top and bottom
parts of Fig.3). Isochores were discovered in 1976
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Fig. 1. Scheme of the isochore organization of the human genome. This
genome is a mosaic of large (> 300 kb) DNA segments, the isochores,
which are compositionally homogeneous (above a size of 3 kb) and can
be subdivided into a small number of families, GC-poor (L1 and L2),
GC-rich (H1 and H2), and very GC-rich (H3). The GC-range of the
isochores from the human genome is 30-60% (see also Fig. 2) (Modified
from Bernardi, 1993a).
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Fig. 2. Histogram of the isochore families from the human genome. The
relative amounts of major DNA components derived from isochore
families L (ie., L1+ L2), H1, H2, H3 (see Saccone et al., 1993) are
superimposed on the CsCl profile of human DNA. (Modified from
Mouchiroud et al., 1991).

(Macaya et al,, 1976), but they were so named (for ‘equal
regions’) only later (Cuny et al., 1981).

The compositional distributions of large DNA frag-
ments (namely plots of relative DNA amounts versus GC;
see Fig. 3), of exons, of their codon positions (see Fig. 4
for the compositional distribution of third codon posi-
tions), and of introns represent the compositional pat-
terns of genomes and define genome phenotypes
(Bernardi and Bernardi, 1986). These are different in
different vertebrate classes and even, to a smaller extent,
within each vertebrate class (see Fig. 3), except for birds
(see section e). Genome phenotypes are also different
among plant genomes, to mention another group of or-
ganisms investigated in our laboratory (Salinas et al,
1988; Matassi et al,, 1989; 1991; 1992; Montero et al.,
1990). The concept of genome phenotype was introduced

"to stress the fact that the genome is not only a source of

genetic information, but also a structure whose features,
interactions and functions can be modulated by base
composition (by changing codon usage, transcription
rate, etc.).

(b) Compositional correlations and the genomic code
Linear compositional correlations exist (i) between
exons (and their codon positions) and the isochores con-
taining the corresponding genes (Fig. 5A), as well as be-
tween exons and introns of the same genes (Bernardi and
Bernardi, 1985; 1986; Aissani et al., 1991); and (ii) among
codon positions (Bernardi and Bernardi, 1985; 1986;
1991; D’Onofrio and Bernardi, 1992; Fig. 5B). The former
correlations (i) concern, in fact, coding sequences on the
one hand and non-coding sequences on the other, and
are different in the case of vertebrates and plants. In con-
trast, the second correlation (ii) is a universal correlation
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Fig. 3. Compositional patterns of vertebrate genomes. Top: CsCl pro-
files of DNAs from Xenopus, chicken, mouse and man. (Froin Thiery
et al,, 1976). Bottom: Histograms showing the relative amounts, modal
buoyant densities and GC levels of the major DNA components from
Xenopus, chicken, mouse, and man, as estimated after fractionation of
DNA by, preparative density gradient in the presence of a sequence-
specific DNA ligand (Ag* or BAMD; BAMD is bis (acetato mercuri
methyl) dioxane). The major DNA components are the families of large
DNA fragments (see Fig. 1) derived from different isochore families.
Satellite and minor DNA components (such as rDNA) are not shown
in these histograms. (Modified from Bernardi, 1989).

valid from prokaryotes to man. These correlations indi-
cate the existence of compositional constraints which act
in the same direction, but to different extents, on both
coding and non-coding sequences, as well as on the
different codon positions. The correlations constitute a
genomic code (Bernardi, 1990; 1993a), namely a set of
rules which are obeyed by the nucleotide sequences form-
ing the genomes.

(c) Gene distribution in isochores and chromosomal
bands; compositional maps and gene density maps

The localization of genes in compositional fractions of
DNA immediately led to the discovery that gene distribu-
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tion is strikingly non-uniform in the human genome
(Bernardi et al., 1985). The compositional correlations
between third codon positions and the isochores contain-
ing the corresponding genes (Fig. 5A) can be used in
order to investigate gene distribution (Mouchiroud et al.,
1991; Bernardi, 1993a,b; S. Zoubak and G.B., in prepara-
tion). This approach has shown that gene concentration
is low and constant over GC-poor isochores, increases
over GC-rich isochores and reaches a maximum in the
GC-richest isochores. This maximum is at least 20-times
higher than the low, constant level found in GC-poor
isochores (Fig. 6). The relative gene concentrations in the
three compositional compartments of the human genome
(GC-poor, GC-rich and very GC-rich) can be estimated
as 4%, 20% and 76%, respectively (S. Zoubak and G.B,,
in preparation).

Because gene concentration parallels GC levels, a com-
positional map (Bernardi, 1989) of the human genome,
or at least of regions of it, is of great interest because it
is, in fact, a gene density map. Compositional maps can
be constructed at the molecular (DNA) level or at the
chromosomal level. In the first case, one can hybridize
probes, that are located on a physical map, to fraction-
ated DNA, and so determine thé¢ GC levels over
100-200 kb around the landmark corresponding to the
probe (Bernardi, 1989; Gardiner et al., 1990; Pilia et al.,
1993). In the second case, fractionated DNA is hybridized
on metaphase chromosomes under conditions in which
repeated sequences are competed out (Saccone et al.,
1992; 1993). In some instances, a compositional map may
be directly derived from sequence contigs (Ikemura and
Aota, 1988; Ikemura et al,, 1990) or, in the special case
of yeast, from an entire chromosome sequence (Sharp
and Lloyd, 1993; Karlin et al., 1993).

Compositional mapping at both DNA and chromo-
somal levels has shown (i) that G-bands are essentially
formed by GC-poor isochores of the L1 and 1.2 families;
(ii) that R’-bands (namely, R-bands exclusive of T-bands)
are formed by GC-poor and GC-rich isochores (mostly
of the H1 family) at comparable extents; and (iii) that
T-bands (Dutrillaux, 1973; Ambros and Sumner, 1987)
are formed by GC-rich isochores (mostly of the H2
family) and by the very GC-rich isochores of the H3
family. The latter point is in agreement with the finding
that the genes which are richest in GC in their third
codon positions are located in T-bands (Ikemura and
Wada, 1991; De Sario et al,, 1991). Fig. 7 presents the
isochore distribution in chromosomal bands. On the
basis of Figs. 6 and 7 and of other analyses, it was possible
to estimate (S. Zoubak and G.B, in preparation) that
20% of genes are located in G-bands and 80% in
R-bands. This is in agreement with previous values based
on chromosomal localization of poly(A)*RNA (Yunis
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Fig. 4. Compositional distribution of third codon positions from vertebrate genes. The number of genes taken into account is indicated. The available
gene sample of Xenopus was small, but the difference with the gene distribution from warm-blooded vertebrates was also found for homologous
genes, indicating that this difference is not due to the sample used (see also Fig. 8). A 2.5% GC window was used. The broken line at 60% GC is

shown to provide a reference (From Bernardi, 1993a).
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Fig. 5. Compositional correlations. (A) GC levels of third codon posi-
tions from human genes are plotted against the GC levels of DNA
fractions (solid dots) or extended sequences (circles) in which the genes
are located. The correlation coefficient and the slope are indicated. The
dash-and-point line is the diagonal line (slope=1). GC levels of third
codon positions would fall on this line if they were identical to GC
levels of surrounding DNA. The broken lines indicate a +5% GC
range around the slope (From Mouchiroud et al, 1991). (B) Plot of
GC levels of third codon positions of genes from prokaryotic and eukar-
yotic genomes are plotted against GC levels of first +second positions.
All values are averaged per genome (or per genome compartment, in
the case of compositionally compartmentalized genomes) (From
D’Onofrio and Bernardi, 1992).

et al., 1978), and with values calculated for a different set
of 1000 genes with known band location (Craig and
Bickmore, 1993). However, the percentage of genes lo-
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Fig. 6. Profile of gene concentration in the human genome as obtained
by dividing the relative amounts of genes in each 2.5% GC interval of
the histogram by the corresponding relative amounts of DNA, as de-
duced from the CsCl profile. It should be noted that the apparent
decrease in gene concentration for very high GC values (broken line)
is due to the presence of rDNA in that region; and that the last concen-
tration values are uncertain because they correspond to very low
amounts of DNA (From S. Zoubak and G.B,, in preparation).

cated in T-bands was estimated to be 58% by S. Zoubak
and G.B. (in preparation), as against only 46% by Craig
and Bickmore (1993).
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(d) Some functional aspects of the isochore organization
of the human genome -

The gene concentration profile (Fig. 6) defines two very
different sets of compositional compartments in the
human genome. The first is characterized by a very low
and constant gene density and corresponds to almost two
thirds of the genome. The second one shows an increas-
ingly higher gene density and corresponds to the remain-
ing third or so of the genome. The latter compartments
comprise the GC-rich isochores (mostly of the H1 family)
of the R’-bands, and the GC-rich and very GC-rich
isochores (of the H2 and H3 families) which essentially
form the T-bands.

In the. GC-rich compartments, the increasing gene con-
centration is paralleled by an increasing concentration of
CpG islands (Aissani and Bernardi, 1991a,b) and of CpG
doublets (Bernardi et al., 1985; Bernardi, 1985). Since
CpG islands are regularly associated with housekeeping
genes but much less so with tissue-specific genes
(Gardiner-Garden and Frommer, 1987), it is conceivable
that housckeeping genes are predominantly located in
the GC-rich compartments. In contrast with CpG islands
and CpG doublets, Alu sequences do not parallel gene
concentration, their peak coinciding with that of H2
isochores (Zerial et al., 1986; see Fig. 2).

The coding sequences of the GC-rich compartments
increasingly stand out from the compositional back-
ground of intergenic sequences, in contrast to the coding
sequences located in GC-poor isochores, which have the
same GC level as the intergenic sequences (Aissani et al,
1991). Moreover, the coding sequences of the GC-rich
isochores are at least largely embedded in an open chro-
matin structure (Tazi and Bird, 1991; Aissani and
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‘Bernardi, 1991a,b). Transcription and recombination

reach the highest levels in the GC-rich and very GC-rich
regions of the genome (sec references in Bernardi, 1989;
Rynditch et al.,, 1991; Eyre-Walker, 1993).

It should also be noted that R-bands replicate early in
the cell cycle and condense late, whereas G-bands repli-
cate late and condense early. Because of the gene distribu-
tion in isochores (see Fig. 6) and of the isochore
distribution in R- and G-bands (see Fig. 7), both GC-
rich and GC-poor genes should be expected to replicate
early and late in the cell cycle, as it was indeed observed
(Eyre-Walker, 1992). It is remarkable, however, that
gene-rich chromosomal regions replicate early and gene-
poor regions replicate late, and that the gene-richest re-
gions are predominantly located at telomeres, namely at
chromosomal sites that are tightly associated with the
nuclear matrix and that interact with the nuclear enve-
lope (de Lange, 1992).

Finally, as GC reaches the highest levels, both codon
usage and amino-acid utilization become extreme
(D’Onofrio et al., 1991). As far as the former is concerned,
it should be recalled that at 100% GC in third codon
position (a value approached by a number of the GC-
richest human coding sequences; see Figs. 4 and 6) only
50% of the codons are used. Concerning aa utilization,
those aa only comprising G and/or C in first and second
codon positions, namely Gly, Ala, Pro and Arg (quartet),
are abundant in proteins encoded by GC-rich coding se-
quences, whereas they are rare in proteins encoded by
GC-poor coding sequences (D’Onofrio et al., 1991). In
other words, genes located in GC-poor and GC-rich

isochores greatly differ in codon usage and in the aa

abundance of the encoded proteins.

A conclusion to be drawn from the results presented
in this section is that, even if our knowledge on the subject
is still limited, the isochore structure definitely has a
number of important functional counterparts.

'THE EVOLUTIONARY HISTORY OF THE ISOCHORE

ORGANIZATION OF THE HUMAN GENOME

(e) The isochore patterns of vertebrate genomes

At this point, a crucial question should be asked,
namely why a compositional map is a gene concentration
map or, more specifically, why gene density, transcrip-
tion, recombination, replication and condensation timing
are correlated with GC levels of isochores in the human
genome? This question can be answered, at least to a
large extent, by comparing first the compositional pat-
terns of the human genome with those of other mammals,
of birds and of cold-blooded vertebrates, and then dis-
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cussing the problem of gene distribution in vertebrate
genomes (see section f).

(1) The mammalian patterns

The human genome pattern (see Figs. 2-4) is typical
of the ‘general’ mammalian pattern which is by far the
predominant genome pattern in mammals. This general
pattern has been recognized in species belonging to 9 out
of 10 orders investigated (Sabeur et al., 1993; Mouchiroud
and Bernardi, 1993). Three ‘special’ patterns have been
found in some mammalian genomes, one in pangolin
(which belongs to the only genus of the order Pholidota),
one in a megabat, and one in Myomorpha (megabats and
Myomorpha belong to two orders, chiropters and rodents,
respectively, in which the other sub-orders exhibit the
general pattern). A comparison of the compositional pat-
terns of man and mouse (Figs. 3 and 4) shows that the
main difference between the general and the myomorph
patterns is that the latter is narrower than the former (see
also section below).

In the case of the general and of the myomorph pat-
terns, homologous coding sequences from several species
could be investigated. This showed the existence of a con-
servative mode of genome evolution (Bernardi et al.,
1988), in which the base composition of codon positions
are very remarkably conserved (Fig. 8). Indeed, not only
first and second, but also third codon positions of homol-
ogous genes of mouse and rat (which exhibit the myo-
morph pattern) or of man and calf (which exhibit the
general pattern) are very close in GC levels. This conser-
vation is very striking if one considers two points: (i) that

it applies not only to third codon positions having GC .

levels around 50%, but also to those having extreme
values, over 90% GC (Bernardi et al., 1988, 1993); and
(i) that it accompanies large nucleotide divergences
(Bernardi et al., 1988, 1993). In the case of the myomorph
pattern, 12% of third codon positions are different in rat
and mouse (which diverged about 20 Myr ago); in the
case of the general pattern, 20% of third codon positions
differ in their nucleotides in man and calf (which diverged
at least 65 Myr ago). This second point suggests that
mammalian genomes are at a compositional equilibrium,
and that (because of the correlation of Fig. 5A) the hun-
dreds of isochore pairs hosting the homologous genes
investigated in the pairs of species under consideration
are compositionally very close. Since the correlation of
Fig. 5A has a general validity, all isochores containing
homologous genes are compositionally close. This is in
agreement with the existence of common compositional
patterns at the DNA level, which were found experimen-
tally (Sabeur et al., 1993). Moreover, if one considers the
increasing evidence for the conservation of gene arrange-
ments (linkage maps) among mammals (see O’Brien,
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Fig. 8. GC levels of third codon positions of human genes (ordinate)
are plotted agains those of their homologs from (top frame) bovine,
(center frame) chicken and (bottom frame) cold-blooded vertebrates
(abscissa). Least-square lines are shown in the top and center frames,
the diagonal line (slope=1) in the bottom frame (Modified from
Mouchiroud and Bernardi, 1993; Kadi et al,, 1993; and Bernardi and
Bernardi, 1991; from top to bottom, respectively).

1993), one should draw the conclusion that, as a rule,
syntenic regions, within either the general or the myo-
morph patterns, are compositionally similar.

It should be noted that, although the compositional
pattern of myomorphs is narrower than the general
pattern of mammals (see Figs. 3 and 4), the compositional



ranking order of third codon positions of homologous
genes is very largely conserved (Mouchiroud et al., 1988;
Mouchiroud and Bernardi, 1993). This indicates that the
compositional ‘compression’ exhibited by the genome of
myomorphs occurred in a most orderly way, as if by
release of constraints on extreme values.

(2 ) The avian pattern

The conservative mode of evolution also appears to
prevail in the case of birds, where a single compositional
pattern was found, the avian pattern (Kadi et al., 1993).
This mainly differs from those of mammals in that it
reaches slightly higher GC levels (Figs. 3 and 4). A com-
positional comparison of codon positions from homolo-
gous genes of man and chicken (Fig. 8) revealed not only
excellent correlations for second and first codon posi-
tions, but also a good one (the correlation coefficient
being 0.78) for third codon positions (Fig. 8). This is a
remarkable result for species which originated totally in-
dependently from each other, from different reptilian lin-
eages and far apart (over 50 Myr) in time. The alternative
explanation that the change already took place in the
common ancestor of mammals and birds can be ruled
out, because this ancestor, which existed more than 320
Myr ago (Carroll, 1987), was also at the origin of all
reptiles (see Fig. 9), and none of present day reptiles in-
vestigated so far shows a compositional pattern similar
to those of warm-blooded vertebrates (Bernardi and
Bernardi, 1990a,b; 1991). Needless to say, that the third
codon position correlations could also be explained by
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Fig. 9. Simplified phylogeny of amniotes. The classs Reptilia, as custom-
arily defined, includes all the stippled lineages (From Carroll, 1987).
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the unorthodox bird-mammal relationship proposed by
Hedges et al. (1990). This might, however, be due to the
compositional similarity of mammalian and avian genes
used in constructing the phylogenetic tree (see Bernardi
and Powers, 1992; Steel et al., 1993).

( 3 ) The cold-blooded vertebrate patterns

In contrast with the results just mentioned for warm-
blooded vertebrates, the comparison of human genes with
homologous genes from cold-blooded vertebrates
(Bernardi and Bernardi, 1991) shows that third codon
positions of human genes are either equal or, more often,
higher in GC than those of homologous genes from cold-
blooded vertebrates; only exceptionally they are lower
(Fig. 8). Similar differences can be observed at the DNA
fragment (or isochore) level in that the human genome,
as well as the genomes of warm-blooded vertebrates in
general, attain higher GC levels and show a larger com-
positional heterogeneity than those of cold-blooded
vertebrates (Bernardi and Bernardi, 1990ab; 1991).
Differences between cold- and warm-blooded vertebrates
can also be seen at the chromosomal level. As suggested
by Cuny et al. (1981) and then demonstrated by Medrano
et al. (1988) and, in much more detail, by Schmid and
Guttenbach (1988), chromosomes from cold-blooded
vertebrates do not show any R-banding and only a poor
G-banding or no G-banding, although they do show a
replication banding (see references in Bernardi, 1989).

These differences exemplify the transitional or shifting
mode in genome evolution (Bernardi et al., 1988), in
which compositional changes take place in some regions
of the genome (Figs. 10 and 11). :

(f) Gene distribution in vertebrate genomes

The strikingly non-uniform distribution of genes in the
genomes of warm-blooded vertebrates raises the question
as to how genes are distributed in the compositionally
uniform genomes of cold-blooded vertebrates. It was al-
ready suggested (Bernardi and Bernardi, 1990b) that all
vertebrate genomes share a non-uniform and similar gene
distribution. This suggestion was based on the general
consideration that, if the gene distributions were different
in cold- and warm-blooded vertebrates, this major evolu-
tionary transition should have been accompanied by a
most unlikely massive reshuffling of genes. In fact, it was
recently demonstrated (S. Caccid, P. Perani, S. Saccone
and G.B,, in preparation) that, under conditions in which
only single-copy sequence can hybridize, the GC-richest
human isochores show homology not only with the GC-
richest isochores of other mammals and birds, but also
with the GC-richest isochores of cold-blooded verte-
brates (the latter being obviously much lower in GC than
the former). This indicates that the non-uniform gene dis-
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geneity, those of mammals and birds underwent GC increases in some
isochore families.

tribution found in the human genome is also present in
cold-blooded vertebrates. In this connection one should
recall here the existence of some, admittedly limited, syn-
tenic regions shared by fishes and mammals (Morizot,
1990). It will be interesting to see whether the early/late
replication pattern, which is shared by all vertebrates (see
Bernardi, 1989, for references), also shows some corre-
spondence between warm- and cold-blooded vertebrates,
in that gene-rich regions might replicate early not only
in warm- but also in cold-blooded vertebrates.

On the basis of the points mentioned above, the com-
positional transition which took place between reptiles
and mammals or birds appears to have affected a pre-
existing gene distribution pattern which was not basically
modified by the compositional changes, in spite of the
occurrence of genome size changes. The compositional
transition concerned, by far and large, the same genes
and their corresponding isochores in the temporally and
phylogenetically independent events that led to the emer-
gence of mammals and birds (see Figs. 8 and 10). A
number of genes (like the globin genes) are known to be

Cold-blooded vertebrates

genome

Warm-blooded vertebrates

| [T e
neogenome

paleogenome

Vertebrates
L T
Gene distribution

Fig. 11. Scheme of the compositional genome transition accompanying
the emergence of warm-blooded from cold-blooded vertebrates. The
compositionally homogeneous genomes of cold-blooded vertebrates are
changed into the compositionally heterogeneous genomes of warm-
blooded vertebrates. The latter comprise a paleogenome (corresponding
to approximately two-thirds of the genome) that did not undergo any
large compositional change and a neogenome (corresponding to the
remaining one-third of the genome, with the GC-richest part only repre-
senting 4-5% of the genome). In the scheme, the mosaic structure of
the warm-blooded vertebrate genome (see Fig. 1) is neglected; GC-poor
isochores (open bar), GC-rich isochores (hatched bars), and very GC-
rich isochores (black bar) are represented as three contiguous regions
(From Bernardi, 1993c). The bottom bar represents gene concentration

- .in the human genome (low, intermediate and high, respectively, in the

GC-poor, GC-rich and GC-richest isochores). It indicates that gene
distribution remains basically unchanged throughout vertebrates in
spite of changes in genome size.

present on different isochores in mammals and birds
(Bernardi et al,, 1985), but, on the basis of Fig. 8, they
should represent a minority of genes.

(g) The evolution of the vertebrate genome: the
paleogenome and the neogenome

To sum up, the genomes of cold-blooded vertebrates
are characterized by a low degree of compositional
heterogeneity, their isochores covering, for each species,
a narrow range of GC values. Still, gene distribution is
highly non uniform, the highest GC levels within such
narrow ranges being associated with the isochores that
are the richest in GC; moreover, an early-late replication
timing is present.



At two different geological times, the ancestors of pre-
sent-day mammals and birds underwent similar GC in-
creases in the gene-rich isochores of their genomes. Once
the transitional mode of genome evolution had accom-
plished these changes, a conservative mode took over.
This mantained within very narrow compositional levels
the GC-rich isochores, including the extremely GC-rich
third codon positions of a number of genes.

The part of the genome which was not changed compo-
sitionally at the reptile/warm-blooded vertebrate trans-
ition was called the paleogenome, the part which was
changed the neogenome (Bernardi, 1989). Although only
representing a minority, 35%, of the genome, the neoge-
nome contains the majority of genes (Fig. 11), in man
over 75% of them. It appears, therefore, that the
isochores that underwent the compositional transition
between reptiles and mammals or birds are characterized
by a high gene concentration, and by a high transcriptioh
level (and, possibly, by early replication). This may even
be a necessary condition for the compositional transition
to take place, but certainly is not a sufficient one. Indeed,
none of genomes from cold-blooded vertebrates investi-
gated so far shows a compositional pattern like those of
warm-blooded vertebrates.

The distinction between paleogenome and neogenome
is of interest in another respect. Indeed, the GC-rich chro-
mosomal bands from the compositionally heterogeneous
genomes of warm-blooded vertebrates show a very high
recombination rate (see references in Bernardi, 1989;
Rynditch et al., 1991; Eyre-Walker, 1993) and these bands
simply do not exist in cold-blooded vertebrates (Medrano
et al.,, 1988; Schmid and Guttenbach, 1988). It has been
suggested (Bernardi, 1993c), therefore, that the neoge-
nome is responsible for the higher rate of karyotypic
change and species formation of mammals and birds
compared to the lower rates exhibited by cold-blooded
vertebrates.

The results obtained on the compositional transition
and on the compositional conservation of vertebrate ge-
nomes raise the question of the causes of such changes
and such conservation. This point has already been dis-
cussed (Bernardi and Bernardi, 1986; Bernardi et al.,
1988; Bernardi, 1993a) and will be dealt with further else-
where (G.B., in preparation).
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