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Abstract
A few months ago the International Human Genome Sequencing Consortium (IHGSC) published a 61-page paper on the human genome
(IHGSC, Nature 409 (2001) 860). Here comments will be presented on some points of the paper that were previously investigated in our
laboratory, and some misunderstandings and misconceptions about the organization and the evolutionary history of the human genome will
be discussed. A very recent article on the same subject (Eyre-Walker and Hurst, Nat. Rev. Genet. 2 (2001) 549) will also be addressed. The
present paper is a complement to two review articles which were published last year (Bernardi, Gene 241 (2000) 3; Gene 259(1) (2000) 31).
q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The draft sequence paper published by the International
Human Genome Sequencing Consortium (IHGSC) is different from previous sequence reports (including the paper
published simultaneously by Venter et al., 2001), which
presented data and addressed issues of sequence analysis
and gene prediction, in that the IHGSC attempted to also
present a general picture of a very broad and complex
research area, that of the organization and evolution of the
human genome. This attempt was apparently too ambitious,
also in view of the time and space limitations imposed on
the authors. As a consequence, some erroneous and controversial conclusions found their way into the paper. Since, in
all likelihood, the IHGSC article will have a very wide
circulation, it is important that such conclusions be
corrected or critically discussed before they spread into
the literature and become (at least temporarily) established
truths.
This discussion of the IHGSC paper is, in fact, already
underway on some of the topics addressed. For instance, the
proposed horizontal transfer of bacterial genes to vertebrates was shown to be explained, in most cases, by descent
through common ancestry (Stanhope et al., 2001; Roelofs
and Van Haaster, 2001; DeFilippis et al., 2001). Here, the
discussion will be focused on some subjects of the IHGSC
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paper previously dealt with in our laboratory, such as the
broad genomic landscape, namely the isochore pattern of
the human genome, the distribution of repeats and genes
in the isochores, and the mutational bias, i.e. the nonrandomness of the mutational input.

2. Broad genomic landscape (p. 875) 1
2.1. Long-range variation in GC content (pp. 876–877)
According to the authors, “Bernardi and colleagues
(Bernardi et al., 1985; Bernardi, 2000a) proposed that the
long-range variations in GC content may reflect that the
genome is composed of a mosaic of compositionally homogeneous regions that they dubbed ‘isochores’. They
suggested that the skewed distribution is composed of five
normal distributions, corresponding to five distinct types of
isochore (L1, L2, H1, H2 and H3, with GC contents of
,38%, 38–42%, 42–47%, 47–52%, respectively)”.
Even if it has occurred to us to sometimes mention
isochores as ‘homogeneous regions’ for brevity, in our
original paper, specifically dealing with the problem of the
compositional heterogeneity of isochores, we defined
isochores as ‘fairly homogeneous regions’ (Cuny et al.,
1
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Fig. 1. (Top) Scheme of the isochore organization of the human genome.
This genome, which is typical of the genome of most mammals, is a mosaic
of large DNA segments, the isochores, which are compositionally fairly
homogeneous and can be partitioned into a small number of families, ‘light’
or GC-poor (L1 and L2), and ‘heavy’ or GC-rich (H1, H2 and H3).
Isochores are degraded during DNA preparation to fragments of 50–100
kb in size. The GC range of these DNA molecules from the human genome
is extremely broad, i.e. 30–60%. (From Bernardi (1995).) (Bottom) The
CsCl profile of human DNA is resolved into its major DNA components,
namely DNA fragments derived from each one of the isochore families (L1,
L2, H1, H2, H3). Modal GC levels of isochore families are indicated on the
abscissa (broken vertical lines). The relative amounts of major DNA
components are indicated. Satellite DNAs are not represented. (From
Zoubak et al. (1996).)

1981). Indeed, the major DNA components (namely the
compositional families of 50–100 kb DNA molecules
derived from isochore families; see Fig. 1) are only about
30% more heterogeneous (by comparison of standard deviations) than bacterial DNAs having the same size and composition.
The IHGSC authors studied “the draft genome sequence
to see whether strict isochores could be identified” and
failed to find any. They concluded that their results “rule
out a strict notion of isochores as compositionally homogeneous” and that “isochores do not appear to deserve the
prefix ‘iso’.”
Since the terminology ‘strict isochores’ used by the
authors denotes sequences that cannot be distinguished

from random (uncorrelated) sequences in which every
nucleotide is free to change, their failure to identify ‘strict
isochores’ in the human genome could be predicted on two
accounts: first, for over 40 years (Rolfe and Meselson, 1959)
random sequences have been known to be much more
homogeneous than the least heterogeneous genomic
DNAs, namely bacterial DNAs (viral DNAs are not considered here), which are in turn much more homogeneous than
eukaryotic DNAs; second, ‘strict isochores’ cannot exist in
any natural DNA because non-coding sequences are compositionally correlated with the coding sequences that they
embed (Bernardi et al., 1985; D’Onofrio et al., 1991; Clay
et al., 1996) and coding sequences are made up of codons, in
which the compositions of the three positions are correlated
with each other (D’Onofrio and Bernardi, 1992). Detailed
discussions of this problem are presented elsewhere (Clay
and Bernardi, 2001a,b; Clay et al., 2001; Clay, 2001).
In summary, the conclusion of the authors that ‘isochores’
are not ‘strict isochores’ is correct, but it is something we
have known for 20 years, since Cuny et al. (1981) quantified
the heterogeneity of isochore families. Around the same
time as the IHGSC paper, other laboratories also missed
the point that ‘strict isochores’ cannot exist in natural
DNA and also took random sequences as references for
compositional homogeneity (Häring and Kypr, 2001; and
also, in part, Nekrutenko and Li, 2000; these papers have
been commented on in detail in the references quoted
above). Moreover, perfectly homogeneous isochores separated by hyper-sharp boundaries were displayed by EyreWalker and Hurst (2001) in a figure entitled the ‘classic
isochore model’, further confusing the issue for the nonspecialist. Ironically, the ‘classic isochores’ of Eyre-Walker
and Hurst (2001) managed to beat even ‘strict isochores’, as
far as compositional homogeneity is concerned. Both ‘strict
isochores’ and ‘classic isochores’ are misleading definitions
that hopefully will have a short life-time in the literature,
since they concern sequences that do not exist in natural
DNAs.
Along another line, the authors do not seem to accept the
idea that the human genome is a mosaic of isochores,
namely that the large-scale compositional heterogeneity
is discrete or discontinuous, rather than continuously drifting, as widely believed 30 years ago (until the publication
of the work of Filipski et al., 1973) and as later proposed as
a model by Fickett et al. (1992). The authors’ tacit rejection of the discontinuous compositional heterogeneity
neglected, however, the detailed investigations that led to
this conclusion (Filipski et al., 1973; Thiery et al., 1976;
Macaya et al., 1976), as well as the data concerning
compositional discontinuities between isochores, as
detected at the sequence level (Fukagawa et al., 1995)
and at the chromosomal level (Saccone et al., 2001; see
below). The authors also apparently overlooked the
evidence that the heterogeneity arose by formation of
GC-rich isochores at the transition between cold- and
warm-blooded vertebrates, from regions that were much
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Fig. 2. A colour-coded compositional map of the chromosomes of the human genome, representing 100 kb moving window plots that scan the draft human
genome sequence of International Human Genome Sequencing Consortium (2001). Colour codes span the spectrum of GC levels in five steps, from ultramarine
blue (GC-poorest isochores) to scarlet red (GC-richest isochores). (Modified from Pavliček et al. (2001b).)

more homogeneous and lower in GC level and, in fact,
very similar to the GC-poor isochores of the human
genome (see Bernardi, 2000b, for a review). This emergence from the much more homogeneous compositional
spectrum of the genome of cold-blooded vertebrates was
the primary source for a discontinuous distribution.
A compositional map of human chromosomes derived
from the IHGSC data (Fig. 2; see also Pavliček et al.,
2001b, for more detailed maps) is very telling because it

graphically displays the mosaic organization of the human
genome. Indeed, apart from the abundance of gaps (grey
bars) in the euchromatic regions of most chromosomes, the
striking feature of the map is undoubtedly the large proportion of the genome represented by long GC-poor regions,
uninterrupted by GC-rich regions. The next most notable
observation is the scarcity of GC-poor regions in many of
the blocks characterized by GC-rich regions. As far as these
two points are concerned, the results fit with the previous
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Fig. 3. Correlations between chromosomal bands, isochores, and gene
concentration in human chromosomes 21 and 22. (Bottom to top) Bands:
ideogram at a resolution of 850 bands showing the four classes of G bands
staining with different intensities and the two classes (H3 1, red; H3 2,
white) of R bands. The two chromosomes are represented according to
their relative cytogenetic size. GC: the GC profiles were obtained using a
window size of 100 kb; 37, 41, 46 and 53% GC were taken as the upper
values of the L1, L2, H1 and H2 isochore families, respectively. The grey
bars indicate the DNA sequences not yet available. Genes/Mb: gene density
per Mb. The blue histogram concerns chromosomal bands, and the red
histogram concerns 1 Mb segments. (From Saccone et al. (2001).)

estimates of the relative amounts of GC-poor and GC-rich
isochores (see Fig. 1) and with the very high yields of physically separated major DNA components (Cuny et al., 1981).
They contradict the suggestion (Eyre-Walker and Hurst,
2001), for which no evidence is quoted, that the isochore
structure accounts for ‘only some parts’ of the genome.
The third observation is the increasing compositional
fluctuations when moving from GC-poor to GC-rich
isochores. This had already been noticed in previous work
(Cuny et al., 1981; De Sario et al., 1996, 1997) and was
confirmed by a detailed analysis of chromosomes 21 and 22
(Saccone et al., 2001) (see Figs. 3 and 4). A working hypothesis, currently being tested in our laboratory, is that the
increase in compositional fluctuations may be due to a
simultaneous requirement both for AT-rich regions to link
DNA to the chromosome scaffold and for the very high GC
levels of coding sequences and associated CpG islands in
H2 and H3 isochores.
In their conclusion, the IHGSC authors mention (p. 860)
“suggestions that large GC-poor regions are strongly correlated with ‘dark G-bands’ in karyotype” ignoring the fact
that our present knowledge of the correlations between

isochores and chromosomal bands goes much beyond that.
Indeed, in situ hybridization of DNA from different isochore
families on metaphase chromosomes at 400-band resolution
showed, already several years ago, that H2 and H3 isochores
hybridize on a small set of R(everse) bands that essentially
correspond to the bands most resistant to heat-denaturation
of Dutrillaux (1973), whereas GC-poor isochores are mainly
concentrated on G(iemsa) bands (Saccone et al., 1992, 1993,
1996). More recently, in situ hybridization of the GC-poorest L1 isochores on prophase chromosomes at 850-band
resolution showed that they were located on a number of
G bands that largely correspond to the most intensely staining G bands of Francke (1994), and defined the R bands
corresponding to the GC-richest H3 isochores (Saccone et
al., 1999; Federico et al., 2000). These bands were called
L1 1 and H3 1 bands, respectively, the remaining G and R
bands (L1 2 and H3 2) being characterized (see Fig. 5) by an
intermediate GC composition (Federico et al., 2000). Interestingly, H3 1 bands have a lower compaction of DNA
compared with L1 1 bands, a point which will be commented upon later. Moreover, L1 2 bands were observed that
exhibited higher GC levels compared to some H3 2 bands,
the G or R banding depending upon the higher or lower GC
levels, respectively, of flanking bands (Fig. 4). G and R
bands therefore appear to depend largely on compositional

Fig. 4. (Bottom to top) Bands: band ideograms as in Fig. 3. G1–G4 (the four
types of G bands showing decreasing staining intensities from G1 to G4; see
Francke, 1994), H3 1 and H3 2 bands are indicated. GC%: average GC level
of each chromosomal band (horizontal blue lines), and GC levels observed
at band borders (vertical red lines indicate the GC difference over 300 kb
regions around band borders; red and blue arrows indicate the GC level on
the R and G band side, respectively). Note that all G bands showed lower
GC levels than the adjacent R bands, and all R bands showed higher GC
levels than the adjacent G bands. These differences were enhanced at band
border regions (see above). (From Saccone et al. (2001).)
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Fig. 5. Identification of the GC-poorest and the GC-richest chromosomal bands. Human karyotype at a resolution of 850 bands per haploid genome showing the
chromosomal bands containing the GC-poorest (blue bars on the right of each chromosome) and the GC-richest isochores (red regions inside the chromosomes). The grey scale of the G bands is according to Francke (1994). The GC-richest isochore bands are from Saccone et al. (1999). (From Federico et al.
(2000).)

contrasts between adjacent regions, rather than just on their
absolute GC levels.
At this point, two observations should be mentioned: (i)

the sharp discontinuities at band borders (Fig. 4); and (ii) the
correlation between the GC level of bands and replication
timing, the GC-richest bands replicating early and the GC-
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poorest bands replicating late in the cell cycle (Federico et
al., 1998, 2000). Incidentally, the latter findings contradict
early data suggesting a lack of correlation between GC
levels of isochores and replication timing (Eyre-Walker,
1992), which are still considered by Eyre-Walker and
Hurst (2001).
3. Repeat content of the human genome (p. 879)
3.1. Distributions by GC content (pp. 884–885)
The starting point of this section is our original findings
(Meunier-Rotival et al., 1982; Soriano et al., 1983) on the
preferential location of GC-poor LINEs and GC-rich Alus in
GC-poor and GC-rich isochores, respectively.
According to the authors, “the preference of LINEs for
AT-rich DNA seems like a reasonable way for a genomic
parasite to accommodate its host, by targeting gene-poor
AT-rich DNA and thereby imposing a lower mutational
burden. Mechanistically, selective targeting is nicely
explained by the fact that the preferred cleavage site of
the LINE endonuclease is TTTT/A (where the slash indicates the point of cleavage), which is used to prime reverse
transcription from the poly(A) tail of LINE RNA.” Whether
this interpretation involving a ‘lower mutational burden’ is
correct is doubtful. Indeed, it is difficult to see why the same
reasoning would not apply to the SINEs located in the generich, GC-rich isochores, since in both cases integration practically only occurs in intergenic regions, and the ‘mutational
burden’ cannot be too different.
As far as SINEs are concerned, the authors raise the question “How do SINEs accumulate in GC-rich DNA, particularly if they depend on the LINE transposition machinery
(Jurka, 1997)?”. According to the authors, “One possibility
is that SINEs somehow target GC-rich DNA for insertion.
The alternative is that SINEs initially insert with the same
proclivity for AT-rich DNA as LINEs, but that the distribution is subsequently reshaped by evolutionary forces (Smit,
1999; Arcot et al., 1998).” Having tacitly ruled out possibility
1 (see our Table 1), and having shown that “recent Alus show
a preference for AT-rich DNA resembling that of LINEs” (a
result independently found by Pavliček et al., 2001a), they
ask the question “What is the force that produces the great
and rapid enrichment of Alus in GC-rich DNA?” and
conclude that “this could be a higher rate of random loss of
Table 1
Explanations for the accumulation of SINEs in GC-rich isochores
1. SINEs target GC-rich isochores for insertion
2. Young SINEs target GC-poor isochores for insertion but
(a) there is a higher rate of random loss of SINEs from GC-poor
isochores
(b) SINEs are eliminated from GC-poor isochores by negative
selection
(c) SINEs deletions are more tolerated in GC poor isochores
3. SINEs are positively selected in GC-rich isochores

Alus in AT-rich DNA, negative selection against Alus in ATrich DNA or positive selection in favour of Alus in GC-rich
DNA (see Table 1). The first two possibilities seem unlikely
because AT-rich DNA is gene-poor and tolerates the accumulation of other transposable elements. The third seems
more feasible, in that it involves selecting in favour of the
minority that lie in GC-rich regions rather than against the
majority that lie in AT-rich regions. But positive selection for
Alus in GC-rich regions would imply that they benefit the
organism.” The latter point was judged by the authors to be
important enough to be included among the main conclusions
of the paper (p. 860).
If one considers the very important, yet very rare role
played by positive selection in evolution, this proposal
(considered as controversial by the authors themselves)
should be supported by evidence stronger than the hypothesis of Schmid (1998) that mention. This hypothesis postulates that the transcription of some SINEs under conditions
of stress produces RNAs that specifically bind a particular
protein kinase (PKR), which blocks the ability of PKR to
inhibit protein translation. Such a promotion of protein
translation under stress, while interesting in itself, should,
however, concern the majority of Alus located in GC-rich
isochores in order to account for the proposal, whereas the
hypothesis of Schmid (1998) involves a small number of
Alus and does not say anything about their isochore localization. “The idea that Alu correlates not with GC content
but with actively transcribed genes” is contradicted by the
finding that the highest density of Alu elements is in H2
isochores (Zerial et al., 1986; Jabbari and Bernardi, 1998;
Pavliček et al., 2001a), a point not obvious in the graphs of
the IHGSC paper which do not go beyond 54% GC, whereas
the highest density of genes is in H3 isochores (Zerial et al.,
1986; Mouchiroud et al., 1991; Zoubak et al., 1996).
The other two possibilities, ruled out either on no grounds
at all (possibility 1 in Table 1), or “because GC-poor DNA is
gene-poor and tolerates the accumulation of other transposable elements” (possibility 2 of Table 1), deserve to be
considered more seriously, because they are in fact likely
to account for the situation under discussion, even if their
relative extents cannot be estimated at present. Concerning
possibility 1, one should recall that even if lower than in GCpoor isochores, the frequency of potential acceptor sites
TTT/A in GC-rich isochores is still much higher than the
frequency of inserted Alus. There is, therefore, no shortage
of available acceptor sites in GC-rich isochores, and the
preference of young Alus to integrate in the GC-poor
isochores does not mean that integration into GC-rich
isochores does not occur. Indeed, Fig. 23 of the IHGSC
paper and the results of Pavliček et al. (2001a) show only a
two-fold higher frequency in L1 compared to H3 isochores.
Concerning possibility 2, one should remember that the
stability of an inserted sequence depends upon its compositional match with the isochore. Exclusion of inserted
sequences which do not compositionally fit the isochores is
well demonstrated in the case of proviruses, as is the lack of
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transcription of proviruses that deviate from a good compositional match (see Rynditch et al., 1998, for a review). The
concept of the compositional match between the transposed
sequence and the isochore in which it is inserted is missing
(or tacitly rejected) in the reasoning of the authors. In
contrast, they propose the explanation that repeated
sequences may ‘modulate’ the overall GC content. This
explanation is, however, contradicted by the evidence that
the isochore composition is very similar whether one
includes or excludes repeated sequences (Pavliček et al.,
2001a). In fact, after elimination of repeats, GC-rich
sequences become, if anything, slightly GC-richer (Pavliček
et al., 2001a), a trend opposite to that expected from the
putative ‘modulation’.
3.2. Biases in human mutations (pp. 885–886)
“By studying sets of repeat elements belonging to a
common cohort, one can directly measure nucleotide substitution rates in different regions of the genome.” Using this
approach, the authors find strong evidence that “the pattern of
neutral substitution differs as a function of local GC content
(Fig. 27 of the IHGSC paper).” The authors conclude that
“because the results are observed in repetitive elements
throughout the genome, the variation in the pattern of nucleotide substitution seems likely to be due to differences in the
underlying mutational process rather than to selection.”
In fact, the authors report two distinct observations. The
first one is that “there is an absolute bias in substitution
patterns resulting in directional pressure towards lower
GC content throughout the human genome.” This observation was previously made by Eyre-Walker (1999) and Smith
and Eyre-Walker (2001) on single nucleotide polymorphisms (SNPs), and by Alvarez-Valin and Bernardi (2001) in a
study of genes from the genetic disease mutation data set. In
both cases, however, the conclusion was that the maintenance of base composition against the GC ! AT mutational
bias was due to selection (and/or to gene conversion,
according to Smith and Eyre-Walker, 2001) adding one
additional argument to many others accumulated over the
years (see Bernardi, 2000a,b, for reviews). In their very
recent paper, Eyre-Walker and Hurst (2001) examine the
two remaining explanations and defend biased gene conversion against selection. Now, the arguments against the
biased gene conversion that Eyre-Walker and Hurst
(2001) quote, namely the positive correlation of Ks with
GC, the ancient Y-linked GC-rich genes, and the high parameter sensitivity, are so serious that they make it difficult to
accept the biased gene conversion as an explanation. In
contrast, the arguments that Eyre-Walker and Hurst
(2001) raise against selection have all been rebutted in
papers (Chiusano et al., 1999, 2000; Cruveiller et al.,
1999, 2000; Bernardi, 2000b) that they overlooked. We
still consider, therefore, that the selection explanation is
the only one which accounts for the formation and maintenance of isochores.
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While the authors of the IHGSC paper take into consideration the selection explanation for GC-rich isochores, they
prefer to account for them by “a constant influx of transposable elements” that “tend to increase the GC content”. As
already mentioned, this conclusion is contradicted by the
finding of Pavliček et al. (2001a) that transposable elements
such as Alu sequences tend to slightly decrease the GC level
of the GC-rich isochores in which they are inserted.
The authors’ second observation is that GC base pairs are
“more likely to mutate towards AT base pairs in AT-rich
regions than in GC-rich regions.” They conclude that “this
bias could be due to a reported tendency for GC-rich regions
to replicate earlier in the cell cycle than AT-rich regions and
for guanine pools, which are limiting for DNA replication,
to become depleted late in the cell cycle, thereby resulting in
a small but significant shift in substitution towards AT base
pairs (Wolfe et al., 1989; Mathews and Ji, 1992). Another
theory proposes that many substitutions are due to differences in DNA repair mechanisms, possibly related to transcriptional activity and thereby to gene density and GC
content (Sueoka, 1988; Holmquist and Filipski, 1994;
Eyre-Walker, 1999).” It has been repeatedly stressed that
the depletion hypothesis (still considered as a possibility
also by Eyre-Walker and Hurst, 2001) is ruled out by the
fact that the inactive X chromosome and the GC-rich satellite DNAs of mammals replicate at the very end of the cell
cycle (see Bernardi et al., 1988, 1993; see also Graur and Li,
2000). This shows that any GC depletion at the end of the
cell cycle would not be strong enough to alter the base
composition of newly replicated DNA. The repair explanation also is notoriously unsatisfactory because it would
essentially concern transcribed sequences, whereas the
mutational bias under discussion concerns both transcribed
and non-transcribed sequences.
In conclusion, the GC ! AT mutational bias throughout
the human genome (Eyre-Walker, 1999; Smith and EyreWalker, 2001; International Human Genome Sequencing
Consortium, 2001; Eyre-Walker and Hurst, 2001; AlvarezValin and Bernardi, 2001) adds one more argument to
several others raised over the years by our laboratory (see
Bernardi, 2000a,b) and finally puts to rest the mutational
bias hypothesis as an explanation for the formation and
maintenance of isochores. At the same time, it contradicts
the proposal of Francino and Ochman (1999) that mutation
alone is responsible for the formation and maintenance of
isochores, as well as the (already quoted) IHGSC conclusion
that “the variation in the pattern of nucleotide substitution
seems likely to be due to differences in the underlying mutational process rather than to selection.”

4. Gene content of the human genome
4.1. Protein-coding genes (pp. 896–898)
This section of the IHGSC paper largely concentrates on
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Fig. 6. Profile of gene concentration (red dots) in the human genome, as
obtained by dividing the relative numbers of genes in each 1.5% GC3
interval of the histogram of gene distribution (yellow bars) by the corresponding relative amounts of DNA deduced from the CsCl profile (blue
line). The positioning of the GC3 histogram relative to the CsCl profile is
based on the correlation of GC3 vs. GC of the isochores embedding the
corresponding genes. (Modified from Bernardi (2000a).)

gene features like intron and exon size. Before discussing
these results, it is appropriate to summarize the evidence for
the existence of two classes of genes in vertebrates and
plants. When, prompted by our early results (Bernardi et
al., 1985), we investigated in detail the distribution of
genes in the human genome (Mouchiroud et al., 1991;
Zoubak et al., 1996), we found that, contrary to the general
belief, this distribution is strikingly uneven, GC-poor
isochores having a very low, and GC-rich isochores an
increasingly high gene density. Moreover, as shown in
Fig. 6, the plot of gene density vs. GC is characterized by
two different slopes that cross each other at about 46% GC, a
value that can be taken as the border between two ‘gene
spaces’ (see Bernardi, 2000a, for a review), representing
about 12% and 88% of the genome, respectively. These
spaces were called the ‘genome core’ and the ‘empty quarter’ (from the classical name of the Arabian desert), respectively. The ‘genome core’ is endowed with several specific
features: (i) a very high density of genes; (ii) genes with
high GC levels, short introns and associated CpG islands;
(iii) early replication; (iv) high recombination levels; and
(v) high transcription levels and an open chromatin structure
(which is reflected even in the lower compaction of H3 1
bands relative to L1 1 bands; see Fig. 3). In contrast, the
‘empty quarter’ is characterized by opposite features. It
should be stressed that these different functional properties
were present well before the two independent compositional

transitions that took place in the reptilian ancestors of
present day mammals and birds and concerned only one
of the two gene spaces, namely the genome core.
A second line of evidence comes from the existence of
two classes of genes in plants, a GC-rich class with no or
few short introns, and a GC-poor class with numerous, long
introns (Carels and Bernardi, 2000). The similarity of the
properties of each class, as present in the genomes of maize
and Arabidopsis, is particularly remarkable in view of the
fact that these plants exhibit very large differences in
genome size, average intron size, and DNA base composition. The functional relevance of the two classes of genes is
stressed by the conservation in orthologous genes from
maize and Arabidopsis not only of the number and location
of introns, but also of the relative size of concatenated
introns. Since housekeeping genes were found to be associated with GC-rich genes not only in Arabidopsis and
maize (Chiapello et al., 1998), but also in vertebrates (see
Larsen et al., 1992; Bernardi, 1995, for a review), shortage
and small sizes of introns might be generally viewed as
advantageous features for genes that are transcribed in a
constitutive or at least in an extensive way. In the case of
GC-poor genes, which are largely tissue-specific in vertebrates, the abundance and size of introns in these genes
would be favourable for alternative splicing, an important
mechanism of expression regulation of tissue-specific genes
(Bell et al., 1998).
Although not mentioned by the authors, their results on
intron size as a function of local GC level (see Fig. 7, a
modification of Fig. 36c of the IHGSG paper) provide excellent support for the existence of two classes of genes in that
they show a sharp transition in intron size, with a midpoint

Fig. 7. Dependence of mean exon and intron lengths on GC content. For
exons and introns, the local GC content was derived from alignments to
finished sequence only, and was calculated from windows covering the
feature or 10,000 bp centred on the feature, whichever was larger. The
vertical straight line added in this paper to the original figure marks the
midpoint of the transition. (Modified from Fig. 36c of International Human
Genome Sequencing Consortium (2001).)
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at about 45% GC, in agreement with the boundary between
the genome core and the empty quarter of Fig. 6.
The plot of gene density as a function of GC in the human
genome, as determined for 9315 genes (see Fig. 8, a modification of Fig. 36b of the IHGSG paper), is essentially
identical to that published by us for 1610 and 4270 genes
10 and 5 years ago, respectively (Mouchiroud et al., 1991;
Zoubak et al., 1996). Most surprisingly, the authors did not
mention these results in spite of the fact that a review article
presenting them (Bernardi, 2000a) is quoted in their reference list. Expectedly, the gene density values fall on two
straight lines crossing each other at about 46% GC (see Fig.
6).
The explanations given by the authors for the results of
Fig. 7 (their Fig. 36c) are astonishing. Indeed, they propose
that “the variation in gene size and intron size can partly be
explained by the fact that GC-rich regions tend to be genedense with many compact genes, whereas AT-rich regions
tend to be gene-poor with many sprawling genes containing
large introns.” Obviously, this is not an explanation, but just
a description of the situation. Also surprising is the statement that “the correlation between gene density and GC
appears to be due primarily to intron size, which drops
markedly with increasing GC content” (our Fig. 8; Fig.
36b of the IHGSG paper), since it ignores the fact that
introns represent only 2–4% of the genome. Only at the
end do the authors cautiously approach the obvious explanation and consider that “intergenic distance is also probably lower in high-GC areas”. Their caveat that “this is hard
to prove directly until all genes have been identified”

Fig. 8. Gene density as a function of GC content. Values are less accurate at
higher GC levels because the denominator is small. The two slopes added
here to the original figure concern the genes from GC-poor and GC-rich
isochores, respectively. For 9315 known genes mapped to the draft genome
sequence, the local GC content was calculated in a window covering either
the whole alignment or 20,000 bp centred around the midpoint of the
alignment, whichever was larger. Ns in the sequence were not counted.
The GC content for the genome was calculated for adjacent non-overlapping 20,000 bp windows across the sequence. Both the gene and the
genome distribution have been normalized to sum one. (Modified from
Fig. 36b of International Human Genome Sequencing Consortium (2001).)
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suggests a high level of uncertainty in the estimate of the
number of genes in the very section of the article providing
such an estimate.
Fig. 9 shows an independent assessment of the two
classes of genes as present in chromosomes 21 and 22. In
this case, gene density was calculated on a Mb (megabase)
scale. Again the two slopes cross each other at 45% GC.

5. Concluding remarks
The work of over 2000 people of the IHGSC can only be
commended because of the amount of information and
details that have been provided to researchers in many
research areas spanning from medicine to evolution.
Two general remarks can, however, be made, in addition
to the specific ones discussed above. The first one concerns
the 11 points listed in the Introduction of the IHGSC paper.
Although the authors do not make any explicit claim that
these points correspond to new discoveries, nonetheless this
is the impression the reader receives. A careful reading of
the points shows, however, that none of them are original
with one exception (on horizontal transfer), which raises,
however, serious criticisms. The lack of any conceptual
breakthrough is not surprising, since the themes approached
in the paper were the subjects of active research in many
laboratories around the world for the past three decades.

Fig. 9. The average GC level of each band of chromosomes 21 and 22 was
plotted against its gene density. The highest and lowest gene densities were
found in H3 1 and L1 1 bands, respectively, as expected. The remaining G
and R bands (the L1 2 and H3 2 bands) showed gene densities that are
correlated with their GC level, independently of their cytogenetic band
type (G or R). Three points, indicated by the arrows, represent three outliers
(two L1 2 bands and one H3 1 band) not taken into consideration when
drawing the regression line. Inclusion of these points does not significantly
change the lower slope and only slightly changes the higher slope (From
Saccone et al. (2001).)
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Obviously, this does not detract anything from the value of
the vast amount of information presented in the paper.
The second remark concerns the denial of the very existence of isochores. While a mistake in itself, the major
problems are its consequences which, apparently, were not
realized by the authors. The first one is the tacit denial of a
compositionally discontinuous sequence organization and
the return to the continuous compositional spectrum for
the human genome that was the predominant view until
the work of Filipski et al. (1973). The second consequence
is the denial of “an important level of genome organization,
insofar as gene density (Zoubak et al., 1996), gene length
(Duret et al., 1995), and patterns of codon usage (Sharp et
al., 1995), as well as the distribution of different classes of
repetitive elements (Soriano et al., 1983; Duret et al., 1995),
are all correlated with GC content” (Fullerton et al., 2001).
Other properties that could be added to the list are replication timing, recombination frequency (Fullerton et al.,
2001), chromosomal banding, and stability and transcription
of integrated sequences. In other words, the second consequence is the denial of “a fundamental level of genome
organization” (Eyre-Walker and Hurst, 2001).
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