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Abstract
A computer analysis of 946 human DNA sequences larger than 50 kb and representing about 118 Mb of DNA has led to the
following observations. (i) Positive correlations hold between CpG levels and the GC levels of isochores and coding sequences,
as expected from previous results. (ii) The correlation between CpG levels and the GC levels of pseudogenes is characterized by
lower CpG values (at comparable GC levels) and by a lower slope compared with the correlation with coding sequences; this
finding suggests that an extensive methylation followed by deamination has taken place on CpG doublets from inactive genes
leading to a further CpG shortage. (iii) The frequency of CpG islands in long human sequences increases with increasing GC and
almost parallels gene frequency. (iv) The frequency of Alu sequences also increases with increasing GC, but attains a maximum
in H2 isochores, in agreement with previous experimental data. (v) The ratio 5mC/CpG (namely, the methylation level over
available sites) decreases with increasing GC levels of isochores. This decrease is due only to a small extent to the increase of
(unmethylated) CpG islands in GC-rich isochores, and takes place in spite of the increase of strongly methylated Alu sequences
in GC-rich isochores; this stresses the much lower relative methylation (5mC/CpG) of single-copy sequences located in GC-rich
isochores relative to those located in GC-poor isochores. (vi) CpG levels of Alus and CpG islands are positively correlated with
the GC levels of the long sequences in which they are located. (vii) The CpG levels of both Alus and CpG islands increase with
their GC levels. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
The availability of an increasing number of long
sequences belonging to different isochore families in
databanks, now makes it possible to investigate some
properties of isochores, the long, compositionally
homogenous DNA segments making up vertebrate
genomes, at the level of primary structure, and to
compare these properties with those observed previously
on compositional fractions of DNA (for a review, see
Bernardi, 1995).
In the present work we have taken advantage of about
118 Mb of human sequences longer than 50 kb to investigate the following points: (i) the correlations between
CpG levels and the GC levels (GC is the molar fraction
of guanine+cytosine in DNA) of isochores, coding
sequences and pseudogenes; (ii) the correlation between
the 5-methylcytosine/CpG ratio (5mC values being
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obtained from Cacciò et al., 1997) and the GC levels of
isochores; (iii) the correlations between the frequencies
of CpG islands and Alu sequences, respectively, and the
GC levels of isochores; (iv) the correlations between GC
and CpG levels of Alus or CpG islands and the GC
levels of the isochores containing them; and (v) the
correlations between the CpG levels of Alus or CpG
islands and the GC levels of these sequences.

2. Materials and methods
2.1. Databank sequences analysis
946 sequences longer than 50 kb were collected from
GenBank (Release 115; February 1998) using the
ACNUC retrieval system (Gouy et al., 1985). The
program ANALSEQ (Gautier and Jacobzone, 1989)
was used to determine the base composition and doublet
frequencies of 6682 non-redundant human coding

0378-1119/98/$ – see front matter © 1998 Elsevier Science B.V. All rights reserved.
PII: S0 3 7 8 -1 1 1 9 ( 9 8 ) 0 0 47 4 - 0

124

K. Jabbari, G. Bernardi / Gene 224 (1998) 123–128

sequences; this dataset was obtained by using
HOVERGEN (Duret et al., 1994), a database in which
genes from vertebrates are grouped into homologous
families on the basis of amino-acid sequence similarity.
Pseudogenes were extracted from HOVERGEN, using
‘pseudo’ as a keyword to search the database; the small
size of the resulting data set allowed its manual cleaning.
118 Mb (118 665 550 bp) of DNA were selected and
assigned, according to their average GC levels, to four
isochore families, L (i.e., L1+L2), H1, H2, and H3.
The three isochore boundaries were taken as 41%, 46%,
53% GC ( Zoubak et al., 1996); 37% GC was taken as
the boundary L1 and L2.
Coding sequences were assigned to isochore families
on the basis of their GC values (GC is the average
3
3
GC level of third codon positions) and of the correlation
between GC level of human genes and the GC level of
3
isochores in which they are embedded (Clay et al., 1996;
Zoubak et al., 1996).
The observed CpG frequency and the CpG frequency
expected from the base composition was assessed for
each long sequence. CpG islands are defined here as
sequences longer than 500 bp, with an average GC level
higher than 50% and a frequency of CpG greater than
60% of the statistically expected value (see GardinerGarden and Frommer, 1987; Larsen et al., 1992). CpG
islands were determined by moving window CpG density
plots (200 bp window size), using the GCG window
program (Devereux et al., 1984). Alu sequences were
identified using the program RepeatMasker (Jurka et al.,
1996; Smit and Green, 1996).

Fig. 1. The relative amounts of long (>50 kb) human DNA sequences
in 2.5% GC (histogram) are compared with the CsCl profile of human
DNA (>50 kb).

3. Results and discussion
3.1. Correlations between CpG and GC levels of
isochores and coding sequences
As a preliminary remark, it should be noted that the
long human genomic sequences (>50 kb) were well
distributed among isochore families, as judged by comparing (Fig. 1) the histogram of GC levels with the CsCl
profile of human DNA (>50 kb).
The results obtained on CpG doublets from long
sequences, assigned to four isochore families L (i.e.,
L1+L2), H1, H2, and H3 on the basis of their GC
levels (see Section 2), showed that CpG frequencies
exhibit ( Fig. 2A) a linear increase with GC of isochore
families. A similar increase was observed also when
plotting CpG against GC of coding sequences, as
assigned to isochore families on the basis of the criteria
indicated in Section 2.
The linear increase of CpG with increasing GC of
long sequences and coding sequences confirms and considerably extends previous findings (Aı̈ssani and
Bernardi, 1991a,b) which concerned coding sequences,

Fig. 2. Plots of CpG (A) and CpG o/e (B) versus GC of 946 long
(>50 kb) human genomic DNA sequences or of the coding sequences
divided into four classes corresponding to isochore families L1+L2,
H1, H2, and H3 (see Section 2).

introns and flanking sequences. The shifts to the top
right of the coding-sequence points relative to the points
of long DNA sequences (Fig. 2A) is due to the higher
GC and CpG levels of coding sequences, respectively,
compared to non-coding sequences. The plots of
observed/expected CpG ratios ( Fig. 2B) exhibited by
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the long sequences and by coding sequences were similar
to those of Fig. 2A.
3.2. Correlation between CpG and GC levels of
pseudogenes
Fig. 3 compares the CpG vs GC plots of coding
sequences (A) and pseudogenes (B). While the first plot
shows a positive correlation with an increasing slope, as
expected from the data of Fig. 2A, the second one is
characterized by comparatively lower values of CpG for
corresponding GC levels. The CpG levels of some
pseudogenes, for T-cell binding protein (DB protein),
dihydrofolate reductase, calmodulin and zeta globin, are
higher than average.
3.3. CpG islands and Alu sequences in human isochores
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ing to the L1, L2, H1, H2, and H3 isochore families,
respectively (see Fig. 4A). This histogram is similar to
that (Fig. 4B) corresponding to the gene distribution in
the same isochore families ( Zoubak et al., 1996). The
data of Fig. 4A and B show that density of CpG islands
increases by a factor of 15–16 between L1 and H3. This
ratio is close to the ratio, 17, of the gene concentrations
in (L1+L2) and H3 ( Zoubak et al., 1996), the difference
arising, in all likelihood, from the presence of CpG
island-negative genes in L1 isochores.
Alu repeats were found to account for 4.32%, 6.36%,
12.98%, 19.45%, and 16.30% of the long sequences
located in the L1, L2, H1, H2, and H3 isochore families,
respectively (Fig. 4C ). Interestingly, about 23% of all
CpG dinucleotides of the human genome were found to
be present in Alu repeats, with only minor differences
in the different isochore families. The contribution of

CpG islands were found to represent 0.34%, 0.89%,
1.70%, 3.19%, and 5.47% of the long sequences belong-

Fig. 3. Plot of CpG versus GC of human coding sequences (A) and
pseudogenes (B); solid circles correspond to some pseudogenes exhibiting relatively high CpG levels (see text). Broken lines at 7% CpG and
70% GC are shown to provide a reference. Note that a plot of CpG
vs GC concerning the same sample of coding sequences was published
3
by Cacciò et al. (1997).

Fig. 4. Density of CpG islands, genes (from Zoubak et al., 1996) and
Alu sequences in isochore families. Relative numbers of sequences over
relative amounts of isochore families are presented in the histograms.
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Alu repeats to the methylation pattern of the human
genome is of interest, because Alus are known to represent approx. 10% of the human genome ( Kochanek
et al., 1993; 12%, in our analysis) and to account for up
to 30% of the total methylation level (HellmannBlumberg et al., 1993). Since the frequency of Alu
repeats increases by a factor of almost 5 from L1 to H2
in the sequences analyzed (see Fig. 4C ), in agreement
with previous experimental data ( Zerial et al., 1986),
the gradual increase in the methylation level of human
isochores is due in part to the uneven distribution of
these repeats, i.e., to their concentration in the GC-rich
part of the human genome.
In connection with the results on Alu sequences, it
should be mentioned that the experimental results of
Zerial et al. (1986) are confirmed here on the basis of
the analysis of long human sequences (see Fig. 4B).
Incidentally, these results were claimed to be contradicted by an analysis of the distribution of Alu sequences
in introns, which showed approximately equal levels in
L1+L2, H1+H2, and H3 isochore families (Duret
et al., 1995). This discrepancy is due to the fact that in
the first study the frequencies of Alu sequences were
measured in isochores, whereas in the second they were
measured only in introns and not in intergenic DNA.
There is, therefore, no contradiction between the two
sets of data, and the supposed argument against the
preferential integration of Alu repeats into compositionally matching isochores is not supported by these findings. In fact, the composition of Alu sequences does
tend to match that of the isochores in which they are
embedded (see below). In contrast, what the data of
Duret et al. (1995) do show is that Alu sequences tend
to avoid the introns of the GC-richest genes.
3.4. Correlations between 5mc/CpG and GC levels of
long sequences and coding sequences
The 5mC/CpG ratio was calculated using the 5mC
values determined in Cacciò et al. (1997) for compositional fractions of placental human DNA and the CpG
frequencies observed in the long sequences. This ratio
decreased with increasing GC (Fig. 5). Since this result
is influenced by the CpG islands, which are known to
be unmethylated, and by the higher methylation of Alu
sequences in somatic cells, the contribution of these
elements to the long human sequences was investigated.
The contribution of CpG islands to the observed
5mC/CpG ratio in the long DNA sequences was assessed
and the ratio was recalculated excluding CpG islands,
since they are unmethylated. However, after correction
for CpG islands, the ratio 5mC/CpG still decreased with
increasing GC.
The contribution of Alu sequences to the observed
5mC/CpG ratio was also assessed and the ratio was
recalculated excluding Alu sequences, since they are

Fig. 5. The ratios of 5mC, as estimated from the data of Cacciò et al.
(1997), to CpG of long sequences (solid circles), or of long sequences
minus CpG islands (open circles), minus Alus (open squares) and
minus Alus and CpG islands (open triangles) are plotted against GC
of long sequences.

hypermethylated. As expected, the ratio 5mC/CpG further decreased with increasing GC. Fig. 5 also shows
the results obtained after correction for the contribution
of CpG islands and Alu sequences.
The results of Figs. 2 and 3A lead to two straightforward conclusions: (i) at comparable GC level, CpG
levels are higher in coding than in non-coding sequences;
and (ii) at high GC levels, the slope of the plot CpG vs
GC of coding sequences is higher compared to that at
low GC levels.
Finding (i) may be due to the fact that CpG tends to
be less methylated and subsequently deaminated in
coding versus non-coding sequences. Finding (ii) may
be due to an increasing contribution of CpG islands
covering the 5∞ ends or covering coding sequences; this
stresses the fact that coding sequences undergo a less
severe loss of CpGs, being less methylated than noncoding sequences.
The results obtained with pseudogenes ( Fig. 3B) suggest that, upon loss of function, CpG doublets undergo
methylation, deamination of 5mC to T and a selective
loss of CpG. Pseudogenes showing higher CpG values
might correspond to sequences that have been inactivated more recently. More detailed studies on this point
are in progress and will be reported elsewhere.
3.5. Correlation between GC and CpG levels in Alus or
CpG islands and the GC level in the long sequences
Figs. 6 and 7 show that significant positive correlations exist between the GC and CpG levels of Alu
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sequences or CpG islands and the GC levels of the long
sequences containing them, on one hand, and between
CpG levels in Alu sequences or CpG islands and their
GC levels.
While the latter result is somehow expected, the
former is of great interest because it indicates that both
Alu sequences and CpG islands, which are thought to
play a regulatory role in transcription and replication
(see Chu et al., 1998,Delgado et al., 1998 Federico et al.,
1998) undergo compostional constraints, as do regulatory sequences of retroviruses, the long terminal repeats
( Zoubak et al., 1992; see also Rynditch et al., 1998, for
a recent review).
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