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Abstract
The genomes of the ancestors of mammals and birds underwent a compositional change in which the gene-richest regions increased their
GC levels. Here we investigated this compositional transition by analyzing the levels of G and C in third codon positions, as well as the codon
frequencies of orthologous genes from human, chicken and Xenopus. The results may be summed up as follows: (i) GC-poor genes, that did
not undergo the compositional transition, showed only minor differences in orthologous sets from Xenopus, human and chicken; this is
remarkable in view of the very many nucleotide substitutions that occurred over the long evolutionary times separating these species; (ii) GCrich genes, that underwent the compositional transition, showed large differences between Xenopus and warm-blooded vertebrates, but not
between chicken and human. In other words, the independent changes that occurred in avian and mammalian genes, on the average, were the
same. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
DNAs from warm-blooded vertebrates (mammals and
birds) exhibit high compositional heterogeneities and
strongly asymmetrical bands in analytical density gradients
of CsCl, whereas DNAs from cold-blooded vertebrates
(®shes, amphibians and reptiles) are generally characterized
by low compositional heterogeneities and by only slightly
asymmetrical CsCl bands (Thiery et al., 1976; Bernardi and
Bernardi, 1990a,b; satellite mitochondrial and ribosomal
DNAs are neglected here). Both differences, in heterogeneity and asymmetry, are due to the presence in the genomes
of warm-blooded vertebrates of a small percentage (about
15%) of GC-rich DNA molecules (GC is the molar ratio of
guanine 1 cytosine in DNA) that are absent, or scarcely
represented, in the genomes of most cold-blooded vertebrates. The ®ndings just mentioned indicated that two
major compositional shifts occurred in the distinct ancestral
lines leading to warm-blooded vertebrates (see Bernardi,
2000a,b, for recent reviews, and discussion).
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The two major shifts were then detected at the coding
sequence level (Bernardi et al., 1985, 1988; Perrin and
Bernardi, 1987; Mouchiroud et al., 1987, 1988; Bernardi
and Bernardi, 1991). Indeed, coding sequences from coldblooded vertebrates are compositionally relatively homogeneous and generally characterized by low GC levels,
whereas coding sequences from warm-blooded vertebrates
are compositionally much more heterogeneous and reach
very high GC levels, up to 100% GC in the third codon
positions of genes.
In other words, the compositional distributions of coding
sequences showed patterns that mimicked those ®rst seen at
the DNA level. This can be understood since linear correlations hold between the GC levels of coding sequences and
those of the DNA molecules carrying the sequences
(Bernardi et al., 1985; Clay et al., 1996).
The best evidence for the major shifts was obtained by
comparing GC3 values (GC3 is the average GC level of
third codon positions of a gene) of orthologous genes from
human and Xenopus (Perrin and Bernardi, 1987; Mouchiroud
et al., 1987, 1988; Bernardi and Bernardi, 1991; D'Onofrio et
al., 1999; Cruveiller et al., 1999). These GC3 plots show that
while in the case of GC-poor genes, human and Xenopus
values lie around the diagonal, in the case of GC-rich
genes, human genes tend to have increasingly higher values
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compared to their Xenopus orthologs. At the protein level,
proteins encoded by GC-poor genes show similar amino acid
frequencies, whereas those encoded by GC-rich genes show
signi®cant changes of amino acids leading to an increased
hydrophobicity of proteins (Cruveiller et al., 1999).
It is important to stress that the 15% or so of the genome
affected by the compositional transitions was made up by
the gene-richest regions of the genome which comprise
about 50% of the genes. These regions replicate early in
the cell cycle, have a high transcriptional and recombinogenic activity and are endowed with an open chromatin
structures (see Bernardi, 2000a,b, for reviews).
The present investigation concerns a detailed analysis of
the compositional transition, which was performed by
comparing: (i) three sets of orthologous genes, from
human/Xenopus, chicken/Xenopus, and human/chicken,
respectively; (ii) two large non-redundant sets of human
and chicken genes (see section 2). The comparison
concerned the levels of individual nucleotides in third
codon positions, the amino acid composition of the encoded
proteins and codon usage. Data from ultracentrifugation
analyses of DNAs, as well as the compositional properties
of genes, indicate that the genomes of Xenopus,on one hand,
and of human and chicken on the other, are good representatives of the genomes of cold- and warm-blooded vertebrates, respectively (Bernardi, 2000a). Moreover, a large
number of sequences from these genomes are available,
making it possible to perform reliable statistical analyses
on orthologous genes.

tions, as well as codon frequencies, were determined by
using the program ANALSEQ (Gautier and Jacobzone,
1989). The same analyses were performed on two large
sets of non-redundant human (7771, 3973 of which
.60% GC3) and chicken (1262, 674 of which .60%
GC3) genes. Redundancies were removed by CLEANUP
(Grillo et al., 1996).
3. Results
3.1. Compositional correlations between orthologous genes
The frequencies of C3 and G3 (the molar ratio of cytosine
and guanine at third codon positions) in the Xenopus genes
that were orthologous to human and chicken genes, respectively, showed positive and statistically signi®cant correlations, with R values equal to 0.52 for C3 and ranging from
0.46 to 0.55 for G3, P-values being lower than 10 23±10 25
and slopes being equal to 2.0±2.4 (Fig. 1). Data covered
comparable ranges in the two sets of genes, and showed
very close averages and standard deviations (Table 1).
The corresponding plots for human and chicken genes
(Fig. 2), showed high correlation coef®cients, 0.65 and
0.62 (P , 1025 ), as well as slopes equal to 0.90 and 0.92,
for C3 and G3, respectively.
3.2. Codon frequencies
The results of Fig. 1 corroborate the observation that two

2. Materials and methods
Homologous sequences were retrieved from the
HOVERGEN Database (Duret et al.,1994) using a computer program written in C language. Datasets of homologous
genes were checked in order to remove paralogous and
partial genes. Orthologous sequences were identi®ed
using the PROTDIST software (Felsenstein, 1989) on the
basis of the Kimura (1983) Kimura's (1983) distance
D  2ln 1 2 p 2 0:2p2 , where p is the proportion of
amino acids that differ between the two sequences. When
more than one couple of homologous genes were identi®ed,
only that showing the lowest D-value was retained and the
other discarded as paralogous. Only proteins having a size
difference lower than, or equal to, 30 residues were used,
creating three datasets of orthologous genes which
comprised (i) 453 gene pairs from Xenopus and human
(255 gene pairs .60% GC3); (ii) 273 gene pairs from Xenopus and chicken (168 gene pairs .60% GC3); and (iii) 643
pairs of genes from human and chicken (343 gene pairs
.60% GC3). The three gene sets were different from
each other, the percentage of non-overlapping pairs being
equal to 61% for the human/Xenopus, 67% for the human/
chicken and 15% for the chicken/Xenopus comparison (see
Fig. 9). The average base compositions of third codon posi-

Fig. 1. C3 and G3 levels of genes from human and chicken were plotted
against those of orthologous genes from Xenopus. N is the number of gene
pairs analyzed. The correlation coef®cients and the equations of the orthogonal regression lines are reported. The broken line is the diagonal.
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Table 1
The frequencies of C3 and G3 in the Xenopus genes that were orthologous to human and chicken genes
Species

H. sapiens
X. Iaevis
G.gallus
X. Iaevis
G.gallus
H. sapiens

Pairs of orthologues

453

273

643

GC3

C3

C3

Mean

SD

Mean

SD

Mean

SD

0.63

0.16

0.33

0.11

0.30

0.07

0.51

0.10

0.26

0.07

0.25

0.05

0.66

0.17

0.35

0.10

0.31

0.84

0.52

0.10

0.27

0.07

0.25

0.05

0.64

0.17

0.33

0.11

0.31

0.08

0.64

0.16

0.34

0.11

0.30

0.08

classes of genes can be distinguished in the human genome.
The former one is made of GC3-poor genes that are compositionally close to those of Xenopus genes, the latter one, the
GC3-rich genes, shows an increasing GC3 level in human
compared to Xenopus (see Bernardi, 2000a, for a review).
The threshold between GC3-poor and GC3-rich genes falls

Fig. 2. C3 and G3 levels of human genes are plotted against those of orthologous chicken genes. Other indications as in Fig. 1.

around 60% GC3. Indeed, two clear-cut results have been
reported: (i) orthologous proteins from Xenopus and human
higher than 60% GC3 show large differences at the amino
acid level, affecting protein hydrophobicity (Cruveiller et
al., 1999); and (ii) the compositional distribution of
human genes shows a discontinuity at 60% GC3 (see
Bernardi, 2000a, for a review).
In view of the similarity of results involving human and
chicken in Figs. 1 and 2, this separation at 60% GC3 was
also applied to the chicken/Xenopus and human/chicken
comparison.
The sets of orthologous gene pairs from human/Xenopus
and chicken/Xenopus were split into two sub-sets according
to the GC3 levels of the GC-richer organism: the `GC-poor
genes' (0±60% GC3), and the `GC-rich genes' (60±100%
GC3). In each sub-set, the average frequencies of all codons,
as well as their differences, were calculated for both species
(Figs. 3±6).
The relative frequencies of codons of the GC3-poor genes
were very similar in both human/Xenopus and chicken/
Xenopus comparisons. Indeed, differences were very small
and their averages were 0:08% ^0:06 and 0:1% ^0:09,
respectively.
Also the histograms of codon frequencies of the GC3-rich
genes were very similar in both comparisons, averages
being 0:75% ^0:4 and 0:73% ^0:4. However, some
differences were observed, mainly among the four-fold
degenerate codons. Indeed, in the human/Xenopus comparison, the differences of the C-ending codons was higher than
that of the G-ending codons, whereas in the chicken/Xenopus comparison, C- and G-ending codons showed much
closer frequencies.
Finally, the histograms of GC-poor and GC-rich genes
from human and chicken were very similar (Figs. 7, 8)
and, indeed, the average and standard deviations were
0:21% ^0:15 and 0:18% ^0:12, respectively.
Identical results were obtained comparing nonhomologous sets of human and chicken genes (data not
shown).

Fig. 3. Codon frequencies of human (top) and Xenopus (middle) GC-poor (0±60% GC3) orthologous genes. The bottom histogram shows the differences in codon frequencies.
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Fig. 4. Codon frequencies of human (top) and Xenopus (middle) GC-rich (60±100% GC3) orthologous genes. The bottom histogram shows the differences in codon frequencies.
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Fig. 5. Codon frequencies of chicken (top) and Xenopus (middle) GC-poor (0±60% GC3) orthologous genes. The bottom histogram shows the differences in codon frequencies.
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Fig. 6. Codon frequencies of chicken (top) and Xenopus (middle) GC-rich (60±100% GC3) orthologous genes. The bottom histogram shows the differences in codon frequencies.
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Fig. 7. Codon frequencies of human (top) and chicken (middle) GC-poor (0±60% GC3) orthologous genes. The bottom histogram shows differences in codon frequencies.
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Fig. 8. Codon frequencies of human (middle) and chicken (top) GC-rich (60±100% GC3) orthologous genes. The bottom histogram shows differences in codon frequencies.
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4. Discussion

4.2. Amino acid and codon frequencies

4.1. Third codon positions

As far as GC3-poor genes are concerned, the results are
very clear-cut in that differences in amino acids and codon
usage between Xenopus and human or chicken are extremely small, con®rming the data of Cruveiller et al. (1999).
In other words, the average levels of amino acids and the
average codon frequencies of the two sets of orthologous
data are very similar and the hydropathy of proteins was the
same (Cruveiller et al., 1999). Not surprisingly, this also
applies to the comparison of GC3-poor genes from human
and chicken.
In contrast, GC3-rich genes of human and chicken show
remarkable differences in the levels of encoded amino acids
and codon frequencies relative to Xenopus and an increase
in the hydrophobicity of proteins. Very interestingly, such
differences are, however, very small when chicken and
human data are compared.
It is remarkable that codon choices are the same even for
quartet codons. Indeed, it could be claimed that the similarity
in codon preferences between human and chicken for each
set of genes is nothing but the predictable result of the fact
that genes with similar GC3 levels are compared. Therefore
one might expect for the case of GC3 data set, that G- and Cending codons exhibit higher values in both species.
However, an examination of Figs. 4 and 6 show that codon
frequencies in quartets is the same for both species. For
instance in the leucine codon group, CTG was by far the
most frequent codon in both species, while CTC is the second
in the order of frequency, while in the glycine codon group,
GGC is the most frequent codon in both species. The same
comparison for the remaining codon groups and also for the
case of GC3-poor data set clearly indicates that the similarity
in codon frequencies go much beyond what would be
expected from the similarity in GC3 levels.
It is important to stress that CsCl pro®les and GC3 plots of
avian genomes indicate an extremely high level of similarity
among different orders (Kadi et al., 1993; Mouchiroud and
Bernardi, 1993). This similarity also applies to the mammalian genomes belonging in the `general pattern' (Sabeur et
al., 1993; Mouchiroud and Bernardi, 1993), namely to most
mammalian genomes (except for the genomes of murids). In
other words, what has been shown here for human and
chicken genes is generally valid for avian genomes and
for the genomes of most mammals. Unfortunately, the scarcity of sequence data prevents us from making a similar
statement for the genomes of cold-blooded vertebrates.
Preliminary indications suggest, however, that this might
be the case. If so, the comparisons analyzed here should
apply to cold- and warm-blooded vertebrates, in general.

The high correlation coef®cients and similar high slopes of
the linear regressions of C3 and G3 plots of human or chicken
versus Xenopus (Fig. 1) considerably extend previous data
(see Bernardi, 2000a), since (a) the sample sizes were larger;
(b) the correlations involving C3 and G3 were better than
those concerning GC3; (c) the correlations were very similar
for the two plots, in spite of the fact that the samples of
orthologous genes were different in the two cases, with a
large percentage of non-overlapping genes (see Fig. 9).
In both cases, at low C3 or G3, values of warm-blooded
vertebrates are similar to values in orthologous genes from
Xenopus. In contrast, at high C3 or G3, values of warmblooded vertebrates are higher than those of orthologous
Xenopus genes.
In the case of the human/chicken comparison, which are
based on yet another set of orthologous genes (see Fig. 9),
correlation coef®cients are higher than in the plots of Fig. 1
and slopes are close to unity. In other words, points from
both human and chicken orthologous genes tend to be
compositionally similar in their third codon positions.
Moreover the same result was also obtained from sets of
non-homologous genes.
The conclusions that can be drawn from Figs. 1 and 2
con®rm and reinforce those previously obtained by comparing GC3 values of orthologous genes. Indeed, the compositional transitions concerned the GC-rich genes from the
gene-dense regions of the genomes. Moreover, they were
similar in the independent ancestral lines of mammals and
birds, and stopped at least at the time of appearance of
present-day mammals and birds.

4.3. One or two transitions leading to the genomes of warmblooded vertebrates?
Fig. 9. Degree of overlap of the sets of orthologous genes investigated in
this work. Figs. indicate numbers of genes, H/X, H/G and G/X the orthologous sets of human/Xenopus, human/chicken and chicken/Xenopus genes.

The simplest explanation for the striking similarity of
mammalian/avian data is that this is the consequence of a
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compositional transition in the common ancestor of
mammals and birds. In fact, this was claimed to be the
case (Hughes et al., 1999) on the basis of the similarity of
GC3 levels of genes from turtle and crocodile with their
chicken orthologs. Unfortunately, the data of Hughes et al.
(1999) are not acceptable, because they show no correlation
with the orthologous Xenopus genes, as it is expected. This
suggests that they either concern outliers, or, that the plots
are simply unreliable because of the sample being extremely
small and the coding sequences only partial. Ironically, what
the results of Hughes et al. (1999) failed to prove, had
already been demonstrated by AõÈssani and Bernardi
(1991a,b; a report apparently overlooked by Hughes et al.,
1999). Indeed, these authors provided evidence for crocodiles and turtles displaying a genome heterogeneity that
mimicks that of warm-blooded vertebrates, yet genes from
turtles and crocodiles lack such diagnostic features of the
genomes of mammals and birds as CpG islands.
This heterogeneity cannot, however, be taken as an
evidence for a single transition, because of the very homogeneous genomes of squamates (see below).
Incidentally, the proposal of Hughes et al. (1999) that this
single transition took place before the separation of amniota,
perhaps in the common ancestor of tetrapods, between 450
and 350 Mya, present extremely serious problems. Indeed,
there is no evidence of a compositional transition between
®shes and the common ancestor of tetrapods (see Bernardi
and Bernardi, 1990a,b). But even if there were one, this
would not account for the transition under discussion here,
which concerns the genomes of Xenopus, as a representative
of cold-blooded vertebrates, and of warm-blooded vertebrates.
The ancient Haemothermia hypothesis, which puts
mammals and birds in sister groups (a hypothesis revived
by Hedges et al., 1990), whose common ancestor might
have undergone the transition, does not deserve any discussion here since this hypothesis has been disposed of by the
phylogenies of Figs. 10 and 11.
Indeed, if we consider the `classical' phylogenetic tree of
amniotes (Fig. 10), the problem with the single transition is
that the squamates (snakes and lizards) are endowed with
genomes that are typically `cold-blooded', namely remarkably homogeneous in terms of base composition. Since,
according to Fig. 10, the ancestors of squamates were
endowed with `warm-blooded', heterogeneous genomes,
the squamate genomes should be the result of a process of
extreme compositional homogeneization for which there is
no example among vertebrate genomes. Indeed, only one
case (the case of murids) is known in which an increased
mutation rate has led to a decreased genome heterogeneity
compared to other mammals, yet this homogeneization did
not reach by far, the very high homogeneity of the genomes
of squamates (see Bernardi, 2000a,b). If squamates are at
the root of the reptilian tree (Fig. 11), as strongly suggested
by recent data (Hedges and Poling, 1999), a major dif®culty
with the single transition is that squamates, as already
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mentioned, exhibit very homogeneous genomes, the
amounts of GC-rich components being comparable to
those of the Xenopus genome. In fact the tree strongly
supports two independent compositional transitions, to
mammals and birds.
A last point about the single compositional transition
should be stressed. Indeed, the similarity of third codon
positions, of average amino acid composition of proteins
and of codon frequencies would have lasted not over 100
million years (the radiation time of mammalian orders), but
over more than 300 million years (since the time of the
common ancestor of warm-blooded vertebrates; see Benton,
1990).
A last-ditch attempt to save the regional mutational bias
hypothesis (see Bernardi, 2000b) as an explanation of the
®ndings reported here would be to consider: (i) that the
orthologous genes investigated are syntenic; and (ii) that
the same mutational biases in the replication machinery

Fig. 10. The classical phylogeny of living reptiles based on morphology and
fossil reports (from Hedges and Poling, 1999) is compared with the CsCl
pro®les (from Thiery et al., 1976) of representative species T. graeca, G.
gallus, I. iguana and H. sapiens (the three vertical bars correspond to buoyant densities of 1.690, 1.700 and 1.710 g/cm 3, respectively).
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problems associated with that proposal (see Bernardi,
2000a,b, for a more detailed discussion).
In contrast, the results can be explained by natural selection. The proposal that a major selective advantage accounting for the compositional transition is increased body
temperatures, may possibly also account for the increased
compositional heterogeneity of the genomes of some
reptiles (T. graeca, C. niloticus, C. cerastes; Bernardi and
Bernardi 1990a,b; AõÈssani and Bernardi, 1991a,b).
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