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ABSTRACT: The discovery that the vertebrate genomes of warm-blooded verte-
brates are mosaics of isochores, long DNA segments homogeneous in base composi-
tion, yet belonging to families covering a broad spectrum of GC levels, has led to two
major observations. The first is that gene density is strikingly non-uniform in the
genome of all vertebrates, gene concentration increasing with increasing GC levels.
(Although the genomes of cold-blooded vertebrates are characterized by smaller
compositional heterogeneities than those of warm-blooded vertebrates and high GC
levels are not attained, their gene distribution is basically similar to that of warm-
blooded vertebrates.) The second observation is that the GC-richest and gene-richest
isochores underwent a compeositional transition (characterized by a strong increase
in GC level) between cold- and warm-blooded vertebrates. Evidence to be discussed
favors the idea that this compositional transition and the ensuing highly heteroge-
neous compositional pattern was due to, and was maintained by, natural selection.

hirty years ago we found that DNA-silver complexes could be fractionated in Cs,SO,

density gradients according to the frequency of silver-binding sites on DNA mole-
cules, thus allowing high-resolution, sequence-dependent fractionation of DNA.' This
approach led to the discovery of the striking compositional heterogeneity of high molec-
ular weight, “main band” (nonsatellite) bovine DNA? and to the subsequent findings that
(1) vertebrate genomes are mosaics of isochores (Fic. 1), namely, long DNA segments
(>300 kb), which are compositionally homogeneous (above a size of 3 kb) and belong to a
small number of families characterized by different GC levels (GC is the molar fraction of
guanine+cytosine in DNA); (2) isochore families define the isochore pattern of a
genome, which can be investigated on the large DNA fragments (approximately 100 kb in
size) that make up routine DNA preparations; and (3) isochore patterns differ between
cold- and warm-blooded vertebrates.>*

This straightforward approach, based on the nucleotide composition of DNA
sequences, not only has proven to be very powerful for the study of genome organization,
especially in the case of complex eukaryotic genomes, but also has led to novel insights
with interesting evolutionary implications. In this brief review (see also ref. 5) we first
present a summary of our current knowledge of the sequence organization of the human
genome, which is typical of mammalian genomes (these, in turn, share their basic proper-
ties with avian genomes). We then move into the evolutionary implications of our findings.
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The compositional pattern of the human genome, at the DNA level, is characterized
(Fi. 1) by GC-poor, L, isochores that represent about 63% of the genome, whereas GC-
rich, H1, H2, and H3 isochores make up about 24%, 7.5%, and 4.7%, respectively, of the
genome, the remaining DNA corresponding to satellite and ribosomal sequences.’
Another type of compositional pattern is that of coding sequences; in this case, either GC
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FIGURE 1. (A) Scheme of isochore organization of the human genome. This genome, which is typ-
ical of the genome of most mammals, is a mosaic of large (>300 kb on average) DNA regions, the
isochores, which are compositionally homogeneous (above a size of 3 kb) and can be partitioned into
a smaller number of families, “light” or GC poor (L1 and L2; here collectively indicated as L),
“heavy” or GC rich (H1 and H2), and very GC rich (H3). Isochores are degraded during routine DNA
preparation to fragments of approximately 100 kb in size. The GC range of isochores from the human
genome is 30-60%. (B) The CsCl profile of human DNA is resolved into its major DNA compo-
nents, namely, the families of DNA fragments derived from isochore families L (i.e., L1 + L2), H1,
H2, and H3. The relative amounts of major DNA components and their modal GC values are indi-
cated. Satellite DNAs are not represented.
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or, more informatively, GC; (the GC level of third codon positions) defines the pattern
(see, for example, the human GC; pattern in Fig. 3). Yet an alternative pattern is repre-
sented by the compositional distribution of introns, which, however, is less useful because
intron sequences, so far, are poorly represented in data banks. Compositional patterns have
been called genome phenotypes,’ because they differ not only between cold- and warm-
blooded vertebrates, as already mentioned, but also, to a lesser extent, among different ver-
tebrate orders within a class and even among different families within an order.®'0

An obvious question is whether any correlation exists between the compositional pat-
terns of coding sequences (which may represent as little as 3% of the genome in verte-
brates) and the compositional patterns of DNA fragments (which are formed by intergenic
sequences and introns and may represent 97% of the genome). Another question is
whether there is any correlation between the compositions of the coding sequences and the
introns from the same genes. The answer to both questions is yes. Indeed, linear correla-
tions hold between GC levels (in particular, GC; levels) of coding sequences and the GC
levels of the isochores in which coding sequences are embedded; likewise, linear correla-
tions hold between GC levels of coding sequences and GC levels of the corresponding
introns.'"'? These genome equations (FiG. 2), together with the equation of the universal
correlations to be discussed, amount to a genomic code.'3

The correlation between GC; of coding sequences and GC of isochores (Fic. 2) is espe-
cially important because it allows positioning of the distribution profile of coding
sequences relative to that of DNA fragments. In turn, this allows calculating the gene den-
sity by dividing the percentage of genes located in given GC intervals by the percentage of
DNA located in the same intervals. It came as a big surprise that the gene distribution in
the human genome (and, for that matter, in the genomes of all vertebrates; see below) is
strikingly non-uniform (Fic. 3), gene concentration increasing from very low levels in L
isochores to 20-fold higher levels in H3 isochores.®!!"14

H3 isochores have been called the genome core,'® because of their very high gene con-
centration (1 gene per 5-10 kb), which is comparable to those of compact eukaryotic
genomes, and because of their functional properties (Fic. 4). Indeed, genes located in H3
are mostly associated with CpG islands,'*!” comprise most or all housekeeping genes, are
actively transcribed, and are characterized by an open chromatin structure'® which features
scarcity, or absence, of H1 histones, acetylation of H3 and H4 histones, and a large nucleo-
some spacing.'® H3 isochores show their highest concentrations in the most thermal-dena-
turation—resistant reverse bands of metaphase chromosomes, the H3* bands,?>?> which
undergo very active recombination and replicate earliest in the cell cycle.” In contrast,
GC-poor isochores exhibit a generally closed chromatin structure, with only a few open
regions corresponding to genes that are largely transcribed in a tissue-specific or develop-
mentally regulated manner (Fic. 4) and are located in Giemsa bands and H3™ reverse
bands, in which H3 isochores cannot be detected.

The results just outlined raise the question, what is the evolutionary background of the
compositional properties and of the gene distribution of the human genome?

Compositional analysis of the genomes of all vertebrate classes shows that the compo-
sitional pattern just described for the human genome is basically shared by all warm-
blooded vertebrates. In contrast, cold-blooded vertebrates are endowed with genomes
characterized by a much lower level of compositional heterogeneity and by the fact that, as
a very general rule (see, however, Bernardi ez al.?*), they do not reach, by far, the high GC
levels attained by the genomes of warm-blooded vertebrates.> 2>-2” Genes, however, are
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FIGURE 2. Correlation between GC of coding sequences and the GC levels of the large DNA frag-
ments in which sequences were localized, or the GC levels of the corresponding introns (top frames);
black dots were not considered in the calculation of the regression line. The bortom frame shows the
correlation between GC, of coding sequences (filled circles) and of 3’ flanking sequences further
than 500 bp from the stop codon (open circles) and the GC levels of the DNA fractions in which the
genes were localized. Solid and dotted lines are the regression lines through the two sets of points,
respectively. The unity slope lines (broken diagonal lines) are also shown.

not uniformly distributed in these genomes either. Indeed, only the GC-richest 10% or so
of the compositional DNA fractions of cold-blooded vertebrates hybridize single-copy
DNA from human H3 isochores.” This indicates that in cold-blooded vertebrates as well,
genes are located in the GC-richest fractions of the genomes, even if these GC-richest
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fractions are much less GC-rich than the corresponding fractions of warm-blooded verte-
brates. These findings indicate that a compositional genome transition took place between
cold- and warm-blooded vertebrates and that this transition concerned a small part of the
genome, interestingly the gene-richest part of it.

The best evidence of the compositional transition is provided by comparisons of GC,
values of orthologous genes (Fic. 5). When such GC; plots concern genes from human and
other mammals sharing the “general mammalian pattern,” such as calf, the regression line
goes through the origin and is characterized by a slope of unity, the correlation coefficient
being very high. In other words, GC; values of orthologous genes of man and calf are very
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FIGURE 4. Scheme of transcribing regions in GC-rich and GC-poor isochores. In the former, genes
are very close to each other and, to a large extent, are transcribed constitutively (solid boxes). In the
second, genes are very sparse and are largely transcribed in a tissue-dependent or developmentally
regulated manner (open boxes). Note that the actual ratio of gene concentrations in H3 and L isoch-
ores is close to 20:1.
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close to each other. When the plot compares GC, values of orthologous genes from human
and chicken, the slope is close to unity, the straight line practically coincides with the diag-
onal, but the correlation coefficient is lower (due to the larger scatter of points), yet still
highly significant. This stresses three important points, namely, that (1) mostly the same
genes were affected by the compositional transition in the two independent lines of mam-
mals and birds; (2) these genes have a similar isochore distribution in mammals and birds;
and (3) this similar distribution reflects that of their common ancestral reptile. In contrast,
when the plot concerns human and Xenopus genes, points are scattered around the diago-
nal in the low GC range, showing little compositional change between the two species, but
human values are increasingly higher, on the average, than the corresponding Xenopus val-
ues, as increasingly higher GC ranges are explored. As a result, the slope, 2.7, is much
higher than unity.

At this point, we note that the compositional transition just described (1) concerned
only the GC-rich genes from the gene-dense regions, namely, the genome core; (2)
occurred (and was similar) in the independent ancestral lines of mammals and birds, but in
no cold-blooded vertebrate; and (3) stopped with the appearance of present-day mammals
and birds, as indicated by the essentially identical patterns found in different mammalian
orders (such as primates and artiodactyls; see Fic. 6) that diverged from each other some
100 million years ago, as well as in different avian orders.>>* This means that the conver-
gent compositional evolution, undergone by the genome core of the ancestors of mammals
and birds, apparently reached a compositional equilibrium at the time of appearance of
mammals and birds, and that from that time on the compositional changes associated with
the cold- to warm-blooded transition were maintained to the present day. This is remark-
able, if we consider that 38% coding sequences from warm-blooded vertebrates are char-
acterized by GC; levels higher than 70%. Incidentally, these high GC, levels cause a
strong bias in codon usage; indeed, at 100% GC;, only 50% of codons are available.

Two obvious questions arise about the cause(s) of (1) the compositional genome transi-
tions of vertebrates and (2) the maintenance of the new compositional patterns. The origi-
nal explanation for the compositional transition’ was that natural selection was responsible
for it. The selective advantages for the vertebrates that are characterized by high body tem-
peratures were considered to be the higher thermal stability of DNA, of RNA, and of the
important proteins encoded by the GC-rich coding sequences (e.g., housekeeping genes),
all these advantages simultaneously being achieved by the compositional transition.

As for the first two points, recall that H3 isochores are located?®?? in reverse chromo-
somal bands that had previously been identified as bands that are particularly resistant to
thermal denaturation®® and that abundant evidence exists in favor of the fact that GC
increases stabilize RNA structures (see, for example, refs. 29-31).

The third point requires a more detailed discussion. We recall that universal correla-
tions were reported>>3> between the GC levels of the three codon positions which hold
both intragenomically (within the coding sequences of the human genome, for example)
and intergenomically (within the coding sequences of different genomes, as averaged per
genome or per isochore family in the case of compartmentalized genomes). These correla-
tions have been reanalyzed using a vastly enlarged data set, and the results obtained are
shown in FIGURE 6. An implication of the positive correlations between GC, and GC, or
between GC; and GC, is that GC; increases should be accompanied by (1) increases in
quartet codons and decreases in duet codons, simply because the former are GC richer
than the latter in first and second positions; indeed, this was found to be the case (not
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FIGURE 6. Intergenomic compositional correlations. Plots for prokaryotes, eukaryotes, and
prokaryotes + eukaryotes are shown, along with the equations of orthogonal regression lines and
correlation coefficients. In the case of heterogeneous eukaryotic genomes, GC; values of genes
averaged per genome compartments (GC-poor, GC-intermediate, and GC-rich) are plotted against
the corresponding GC, and GC, values.

shown; see, however, Fic. 7, which displays the Grantham representation of the genetic
code); and (2) increases of amino acids encoded by codons of the GC class (namely, those
codons made up of G and/or C in first and second positions®? and decreases of amino acids
encoded by codons of the AT class (namely, those codons made up of A and/or T in first
and second positions). This was verified>? and rechecked on recent data (not shown).

A more recent finding is that GC; is positively correlated not only with the frequency
of amino acids of the GC class, but also with the hydropathy of the amino acids, from bac-
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FIGURE 7. The genetic code. The Grantham*® representation was modified in that codons rather
than anticodons are shown, a distinction is made among third position nucleotides of quartet, duet,
and odd number codons, and hydropathy values for amino acids* are shown.

teria and vertebrates (Fic. 8). Interestingly, although the slopes of the two regression lines
were identical, prokaryotic values were systematically more hydrophobic than vertebrate
values. This difference was accompanied by another remarkable property of prokaryotic
versus eukaryotic proteins, namely, that the former had a cysteine level half as high as that
of vertebrates. These novel findings stress the existence of unexpected global differences
between proteins from prokaryotes and those from vertebrates.

At this point, we pushed further our analysis of homologous genes from Xenopus and
man. Genes were divided into three groups, according to GCj; levels of human coding
sequences: 0—45%, 45-65%, and 65-100%. When amino acid compositions of the first
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and last groups were compared (Fic. 9A), differences were negligible in the GC;-poor
group, whereas they were very pronounced for about half the amino acids of the GC;-rich
group. (In the intermediate group, not shown, differences were close to those of the GC;-
poor group.) Indeed, in the GC,-poor and GC;-intermediate groups, changes were as small
as those found among amino acids from homologous proteins of calf and man (maximal
values covering the range between the two broken lines of Fig. 9A). These results are
remarkable, considering that the total number of amino acid substitutions was the same,
about 20% in the three classes of proteins from Xenopus and man. They are also remark-
able because the directional changes found in the GC;-rich group concern as much as one
fourth of all changes. In other words, the compositional transition affecting GC-rich genes
was accompanied by important changes in the relative amounts of some amino acids. Con-
sideration of the hydropathy of amino acids revealed (Fig. 9B) that remarkable changes
took place in the GC,-rich group leading to a net gain of hydrophoby, whereas, expectedly,
they did not occur in the GC,-poor group. These results indicate that, on the average, pro-
teins encoded by GCj-rich genes underwent structural changes at the cold- to warm-
blooded transition (Figs. 9 and 10). Current investigations concern the different extent of
changes in different proteins and the localization of changes within the polypeptide chains.

Very different behavior of the GC-rich compared to GC-poor genes was found not only
at the compositional transition taking place between cold- and warm-blooded vertebrates,
but also in the maintenance of the directional changes in mammalian genes. Indeed, when
GC-rich homologous coding sequences from four orders of mammals (which were sepa-
rated for about 100 millions years) were investigated, it was found that (1) the frequencies
of synonymous substitutions of quartet (fourfold degenerate) codons were gene specific,
correlated with the frequencies of non-synonymous substitutions and significantly devi-
ated from expectations based on a stochastic process in which nucleotide substitutions
accumulate at random over time (this being the case, in contrast, for GC-poor coding
sequences>**%); (2) synonymous positions (especially conserved positions) of quartet
codons exhibited significantly different base compositions compared to expectations
based on a “random” substitution process from the “ancestral” (consensus) sequence to the
present day (actual) sequences, whereas significant differences were rare in GC-poor
genes;*® and (3) intragenic variability of synonymous rates was correlated with that of
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FIGURE 9. Difference histogram of relative amounts (A) and hydrophoby (B) of amino acids from
homologous proteins of man and Xenopus. Proteins were partitioned into three groups according to
the GC; values of the corresponding human coding sequences. The GC;-rich group (closed boxes)
and the GC;-poor group (open boxes) are shown. The horizontal broken lines give the maximal dif-
ference values for calf and human homologous proteins. The vertical lines delimit the GC-poor and
GC-rich classes of amino acids (in A) and hydrophobic and hydrophilic amino acids (in B).

non-synonymous rates; moreover, the variation in GC level (and especially in C level) of
all silent positions along each gene was correlated with the variation in synonymous rate.>’
These results indicate that synonymous and non-synonymous rates as well as GC levels of
synonymous positions of GC-rich coding sequences are under some common selective
constraints, the constraints in synonymous positions being possibly related to selection for
translational accuracy.?®

Now it should be mentioned that an alternative interpretation for the regional GC
increases undergone by the genome core of warm-blooded vertebrates is that a mutational
bias (see, for example, Li*®) was responsible for it. This interpretation, however, is prob-
lematic in several ways. Indeed, it is difficult to understand (1) why the regional composi-
tional changes leading to the formation of GC-rich isochores never occurred in any cold-
blooded vertebrate; (2) why they only occurred in a very small part of the vertebrate
genome; (3) why they paralleled each other in mammals and birds; (4) why they reached
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an equilibrium a long time ago, in both mammals and birds, and were maintained since;
and (5) why they were different in different regions of the same gene.

It should also be stressed that the low GC levels of some thermophylic bacteria do not
contradict, as claimed,?! the selectionist interpretation given above. Indeed, different strat-
egies were developed by organisms to cope with long-term high body temperatures. It is
known that the DNAs of such bacteria are stabilized by particular DNA-binding proteins*’
and that their proteins can be stabilized by thermostable chaperonins.*!

In conclusion, recent results from our laboratory support the original working hypothe-
sis that selective advantages underlie the regional compositional changes accompanying
the transition from cold- to warm-blooded vertebrates;” moreover, they maintain the novel,
high GC levels attained.>*3¢ They considerably refine the original idea in stressing that (1)
selection concerns a small, yet functionally the most important part of the vertebrate
genome, the majority of which is not under comparable constraints; (2) two distinct
classes of coding sequences can therefore be distinguished in the vertebrate genome, only
one of which is under evident selection; (3) distinct regions can be detected inside coding
sequences, which have different properties, in terms of synonymous and non-synonymous
mutation rates; (4) GC increases in intergenic and intragenic (intronic) non-coding
sequences of the genome core can be explained by the fact that these sequences, which are
very short in the genome core,>*? are largely endowed with regulatory roles, and selection
can therefore operate on them as well; and (5) repair being much more active in tran-
scribed compared to nontranscribed or poorly transcribed sequences, the selection load is
very much reduced in the genome core and may be compatible with the small population
size of vertebrates.
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