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Abstract
5-Methylcytosine (5mC) levels were determined in compositional DNA fractions corresponding to different isochore families
from the genomes of Xenopus, chicken, mouse and human, four vertebrates which show different isochore patterns. The results
obtained indicate that: (i) positive correlations exist between the 5mC levels and the GC levels of isochores within any given
genome; and (ii) DNA from Xenopus isochore families is twice as methylated as DNA from the isochores having the same GC
levels from mouse, human and chicken. Moreover, the positive correlations holding between CpG levels and the GC 3 levels of
coding sequences of warm-blooded vertebrates were shown to comprise two regions with a border at approx. 75% GC3. The
correlation corresponding to the higher region (which comprises only very rare high GC3 values in the case of Xenopus) has a
higher slope than that corresponding to the lower GC3 values, a phenomenon due in all likelihood, to the increasing contribution
of CpG islands. Finally, the observed/expected CpG ratio is higher in Xenopus than in warm-blooded vertebrates. © 1997 Elsevier
Science B.V.
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1. Introduction
Vertebrate genomes are mosaics of isochores, namely
of long, compositionally homogeneous D N A segments,
that belong to a small number of families having
different G C levels and different gene densities (see
Bernardi, 1995, for a recent review). In the present
work, we have studied the methylation levels within
four individual vertebrate genomes which are characterized by different isochore patterns.
The Xenopus genome shows a low G C level and the
typical isochore pattern of a cold-blooded vertebrate,
namely a pattern that is characterized by a very narrow
compositional distribution of D N A molecules (Thiery
et al., 1976; Bernardi and Bernardi, 1990a,b).
The chicken genome, like the genomes of all warm* Corresponding author. Tel. + 33 1 43 295824; Fax: + 33 1 44 277977.
1Present address: Istituto Superiore di Sanit/l, Viale Regina Elena 299,
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chromatography.
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blooded vertebrates, is composed of both G C - p o o r
isochores (the 'paleogenome', which corresponds to the
bulk of the genome of cold-blooded vertebrates) and
GC-rich isochores, which represent the 'neogenome'
(Bernardi, 1989), namely the regions of the warmblooded genome which have undergone a compositional
transition toward G C enrichment. The chicken isochore
pattern is characterized by a very broad compositional
distribution of D N A molecules, with a relatively large
proportion of GC-rich isochores which attain very high
G C levels (Cortadas et al., 1979; Olofsson and Bernardi,
1983; Kadi et al., 1993). This pattern is c o m m o n to all
the avian species studied so far ( K a d i et al., 1993;
Mouchiroud and Bernardi, 1993).
As far as m a m m a l s are concerned, both the h u m a n
and the mouse genomes were studied. While the former
is representative of the general m a m m a l i a n isochore
pattern, which is shared by the majority of m a m m a l i a n
orders (Sabeur et al., 1993), the latter shows a relatively
narrow distribution of D N A molecules in which both
very G C - p o o r and very GC-rich isochores are scarce or
absent (Salinas et al., 1986; Zerial et al., 1986;
Mouchiroud et al., 1988; Mouchiroud and Bernardi,
1993).
Other features of the genome organization are known
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in at least some of the species studied. These are the
distribution of repetitive and single-copy D N A
sequences (Meunier-Rotival et al., 1982; Soriano et al.,
1983; Olofsson and Bernardi, 1983), of CpG islands
(Aissani and Bernardi, 1991a,b) and of the isochore
family richest in genes among the isochore families of
the genomes under consideration (Cacci6 et al., 1994)
and the correlations between isochores and chromosomal bands of the human and mouse genomes (Saccone
et al., 1992, 1993, 1996, 1997). In addition, the four
vertebrate species selected for this study have relatively
large sequence sets in data banks.

2. Materials and methods

2.1. D N A sources and nucleoside analysis

D N A was prepared as previously described (Cuny
et al., 1981) from placenta (man), liver (mouse), and
blood (chicken and Xenopus). D N A preparations were
fractionated in CszSO4/BAMD preparative gradients,
as described (Cortadas et al., 1977, 1979; Macaya et al.,
1978). BAMD is 3,6-bis(acetato-mercuri-methyl-dioxane). A ligand/nucleotide molar ratio (rf) of 0.14 was
used in the case of man, mouse and chicken, whereas
an rf of 0.10 was used in the case of Xenopus. The
analytical procedure for the quantitative analyses of
nucleosides in D N A is described in the preceding paper
(Jabbari et al., 1997).
2.2. Data bank analyses

Sequences from GenBank (Release 99; 15 February
1997) and H O V E R G E N (Duret et al., 1994) were
processed using the A C N U C retrieval system (Gouy
et al., 1985); the program ANALSEQ (Gautier and
Jacobzon, 1989) was used to determine the base composition and doublet frequencies of coding sequences.
Four non-redundant data sets were obtained, which
comprise 888, 952, 3902 and 6657 coding sequences
from Xenopus, chicken, mouse and man, respectively.

3. Results

3.1. Methylation patterns in isochores from vertebrate
genomes

Fig. 1 displays the 5mC and the GC levels of compositional D N A fractions obtained from the four vertebrate
species analyzed, as well as the relative amounts of each
D N A fraction within each genome. These results can be
summarized as follows:
(1) D N A fractions from the Xenopus genome cover a
narrow GC range, from 36.4 to 43.5%, and methyla-

tion levels range from 1.14 to 1.40%, if the high
methylation levels observed in the last two fractions
(1.65 and 2.02%), which are due to a satellite DNA
component (Thiery et al., 1976; Macaya et al.,
1978), are neglected.
(2) As far as chicken is concerned, DNA fractions cover
a large GC range, the GC level varying from 36.5
to 57.2%, while methylation levels range from 0.37
to 0.71%, neglecting again the very high methylation
levels of the last three fractions (1.23-1.88%), which
are due, as in the case of Xenopus, to satellite DNAs
(Cortadas et al., 1979; Kadi et al., 1993).
(3) In the case of the mouse genome, GC levels of
isochores range from 35.5 to 50.2%, and methylation
levels range from 0.54 to 0.86%. The higher methylation level observed in fractions 3 and 4 is caused by
a satellite DNA, which is known to be hypermethylated, to the extent of 2.4-3.1% 5mC (Feinstein
et al., 1985).
(4) Finally, in the case of man, the GC level of isochores
varied from 37.2 to 50% and methylation levels
covered a 0.4-1.1% range. The relatively low GC
level of the last fraction, which contains DNA from
the H3 isochore family, is due to an AT-rich satellite.
Indeed, the GC level of the main-band D N A of the
last fraction, as estimated from its buoyant density
using analytical centrifugation and, therefore independently of the satellite, is 54% (Saccone et al.,
1996), and its methylation level, as measured on
fractions free of the satellite is 1.1%, well on the
regression line.
Positive, statistically highly significant correlations
hold between methylation and GC levels of DNA fractions (see Fig. 1) for all the species investigated.
Interestingly, the slopes cover a 3-fold range, the lowest
and the highest values being observed for the mouse
and chicken genomes, respectively. While the difference
between the slopes of human and chicken fractions is
doubtful, that of human and mouse D N A fractions
is clear.
3.2. An analysis o f CpG distribution in coding sequences

Correlations between CpG levels and GC levels have
already been reported for coding sequences of vertebrates (Bernardi et al., 1985; Bernardi, 1985; A~ssani
and Bernardi, 1991a,b), for coding sequences of viruses
of warm-blooded vertebrates (Bernardi and Bernardi,
1986) and for coding sequences of plants (Montero
et al., 1990). Here, we have re-examined this point by
using the currently available coding sequences of
Xenopus, chicken, mouse and human. The results are
shown in Fig. 2.
An increase in CpG (and GpC; not shown) with
increasing GC3 of coding sequences was observed in all
cases. A tendency towards increasing slopes in the
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Fig. 1. Plot of 5mC vs GC for compositional D N A fractions from Xenopus, chicken, mouse and man (left-hand scale). The histograms indicate
the relative amounts of D N A in the fractions (right-hand scale). Circles indicate 5mC levels. Least square lines through the points (and their
equations) are shown; only filled circles were used in drawing the lines. The Xenopus (broken) line is also shown in the other diagrams for
comparison. Likewise, the mouse and chicken lines are shown in the human diagram.

highest GC 3 range is evident in all warm-blooded vertebrates studied here, whereas this trend is barely visible
in Xenopus, in which case the G C 3 range does not reach
high values.
Interestingly, the observed/expected CpG ratios of
Xenopus coding sequences are higher than those of
coding sequences (in the same GC 3 range) from warmblooded vertebrates. Fig. 3 shows the results of the
man/Xenopus comparison.
Finally, the percentage of CpG doublets in positions
(1,2), (2,3), and (3,1 ) of coding sequences was analyzed
(Table 1). The 3,1 positions were predominant in all
cases, showing a slight increase from Xenopus (41%) to
chicken (45%). This trend is related to GC-richness of
the coding sequences analyzed, as shown by the fact
that the corresponding CpG o/e ratios were essentially
the same in all species.

vertebrates analyzed, is consistent with the results
obtained at the whole genome level (see Jabbari
et al., 1997). This finding shows that the difference
is not due to the presence or absence of satellite
DNAs, nor to the different amounts and qualities
of interspersed repeated sequences present in the
genomes of the three warm-blooded vertebrates
(see below).
(2) While all genomes show highly significant, positive
correlations between 5mC and GC levels, the slopes
of the regression lines between 5mC and GC levels
are different in different species, and thus represent
features characteristic of the genomes, as was previously observed for plants (Matassi et al., 1992).
The slope differences are, however, minor differences
compared with the large differences in methylation level between Xenopus and warm-blooded
vertebrates.

4. Discussion

In order to understand the 2-fold difference in slope
exhibited by mouse as compared with human DNA
fractions (see Fig. 1), the following should be recalled.
Reassociation kinetic experiments, which assessed the
distribution of the fold-back, fast, intermediate and slow
reassociating components in the isochore families of the
human and mouse genomes, show remarkable differ-

The results shown in Fig. 1 can be summarized as
follows:
(1) The 2-3-fold higher methylation level in Xenopus
isochores, compared with that of the corresponding
isochores (L1 and L2) of each of the warm-blooded
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Fig. 2. Plots o f C p G vs G C 3 o f c o d i n g sequences f r o m Xenopus, chicken, m o u s e a n d man. The e q u a t i o n s for the line t h r o u g h the p o i n t s (up to
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Fig. 3. O b s e r v e d / e x p e c t e d C p G r a t i o for c o d i n g sequences o f Xenopus
a n d man. B l a c k bars c o r r e s p o n d to results o b t a i n e d w i t h h u m a n
sequences b e l o n g i n g in 5 G C 3 intervals. W h i t e bars c o r r e s p o n d to the
excess C p G o/e values o f Xenopus c o d i n g sequences in the s a m e G C 3
intervals.

ences (Soriano et al., 1981). Indeed, while the total
amount of repeated sequences of all classes is very close
in the two genomes (41% in mouse and 38% in man),
their relative amounts decrease from 44% in L1 to 9%
in H2 for mouse, whereas it increases from 29% in L1
to 54% in H2 for man. These differences might account
for the differences in the methylation slopes, even if the
base compositions of denatured and of reassociated
D N A were the same within experimental error over the
whole cot range (cot is the product of the initial D N A
concentration and the reassociation time). It should be
stressed, however, that while the differences in methylation slopes can be explained by the different distribution
of repeated D N A , this factor cannot explain the large
difference between the Xenopus methylation and that of
warm-blooded vertebrates.

Table 1
C p G d o u b l e t s as d i s t r i b u t e d in different c o d o n p o s i t i o n s

CpG
CpG
CpG
CpG
CpG
CpG

1,2
2,3
3,1
1,2 o/e
2,3 o/e
3,1 o/e

Xenopus

std

Mouse

std

Man

std

Chicken

std

2.8
1.8
3.2
0.7
0.3
0.4

1.7
1.5
2.0
0.4
0.2
0.2

3.2
2.6
4.4
0.7
0.3
0.4

2.1
2.3
3.0
0.3
0.2
0.2

3.4
2.7
4.6
0.7
0.3
0.4

2.1
2.2
3.6
0.3
0.2
0.2

3.5
3.6
6.0
0.8
0.3
0.5

2.0
2.9
4.7
0.3
0.2
0.3
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On the other hand, the chicken genome (Olofsson
and Bernardi, 1983) is characterized by a lower proportion of repeated sequences (16%), the range being 13%
in L1 to 30% in H2. These much lower values, compared
with human DNA fractions, show again that the relative
amounts of repeated sequences are not the only factor
playing a role in the methylation level, a large part of
methylation being due to 5mC present in slow-reassociating fractions.
The results of Fig. 2 indicate two major differences
between the CpG levels of coding sequences of Xenopus,
as opposed to those of warm-blooded vertebrates. The
first difference is that coding sequences from warmblooded vertebrates reach higher GC3 values compared
with coding sequences of Xenopus. Only very few genes
having a GC3 level higher than 75% exist in Xenopus,
whereas the relative amounts of genes in mouse, man
and chicken are not only much higher than in Xenopus
but also increasingly so in this order. The second difference is that the slope of the CpG vs GC3 plot of warmblooded vertebrates becomes steeper at higher GC 3
levels. This latter difference is due in all likelihood to
CpG islands covering increasingly larger 5' regions of
the GC-rich coding sequences (Aissani and Bernardi,
1991a; Aissani and Bernardi, 1991b).
Another difference between the Xenopus data and
those from warm-blooded vertebrates is that the former
show a higher observed/expected CpG ratio than the
latter (Fig. 3), which is in agreement with overall results
from the genomes from cold and warm-blooded vertebrates (Jabbari et al., 1997).
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