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Abstract. This paper analyses the compositional cor-
relations that hold in the chicken genome. Significant
linear correlations were found among the regions stud-
ied—coding sequences (and their first, second, and third
codon positions), flanking regions (58 and 38), and in-
trons—as is the case in the human genome. We found
that these compositional correlations are not limited to
global GC levels but even extend to individual bases.
Furthermore, an analysis of 1037 coding sequences has
confirmed a correlation among GC3, GC2, and GC1. The
implications of these results are discussed.
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Introduction

The genomes of vertebrates are mosaics of isochores,
which are long, compositionally homogeneous DNA
segments (in the range between 3 and 300 kb) and belong
to a small number of families characterized by different
GC levels covering a 30–60% range (GC is the percent-
age of guanine + cytosine in a given genome, sequence,
or codon position) (Bernardi 1995). Among the different
classes of vertebrates, different compositional patterns
are recognized. Briefly, cold-blooded vertebrates are
characterized by low intermolecular compositional het-

erogeneities and CsCl band asymmetries and generally
display only GC-poor isochores (Hudson et al. 1980, Ber-
nardi and Bernardi 1990a, 1990b). On the other hand, the
genomes of warm-blooded vertebrates are by far more het-
erogeneous and reach very high values in GC levels, dis-
playing besides two GC-poor isochore families (L1 and L2,
which are similar in buoyant density with the isochores
representing the vast majority of the genomes of cold-
blooded species), some GC-rich, and very GC-rich iso-
chores, the H1, H2 and H3 families of isochores. It is im-
portant to note, however, that the compositional patterns of
all warm-blooded vertebrates are not identical.

Within mammals, a general pattern, characterized by
large amounts of very GC-rich (>50%) isochores was
found in eight out of nine mammalian orders studied
(Sabeur et al. 1993), and hence is thought to be the most
common within this class. The isochore families defining
this pattern are L1, L2, H1, H2 and H3. The human
genome is the most studied representative of this general
pattern (Bernardi 1995, Clay et al. 1996). Several special
patterns were described in some infraorders or families
of the orders Rodents, Chiropters and Insectivores, as
well as in the species Pangolin. Although different
among them, they all have in common the lack of the
GC-richest isochores present in the general pattern, and
the isochore families making up these genomes are L1,
L2, H1 and H2 (Salinas et al. 1986, Mouchiroud et al.
1988, Sabeur et al. 1993, Cacciò et al. 1994). The best
characterized species displaying these patterns are mouse
and rat. For a review of the evolutionatry history of these
patterns (see Bernardi 1995). In sharp contrast with the
differences just described within mammals, the availableCorrespondence to:G. Bernardi;e-mail: bernardi@alpha.szn.it
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data suggest that, within avian orders, the compositional
patterns are almost-identical and are characterized by a
compositional distribution of the DNA molecules very
similar to that of mammals, but displaying larger
amounts of very GC-rich isochores (Cortadas et al. 1979;
Olofsson and Bernardi 1983; Kadi et al. 1993).

In the case of the human genome, compositional cor-
relations exist between coding (translated) sequences
(and their codon positions) and the isochores or flanking
sequences in which each gene is located, as well as be-
tween exons and the corresponding introns. These find-
ings are not trivial, since translated sequences in the hu-
man genome constitute less than 5% of the whole
genome, while the rest is noncoding DNA, and hence
imply that compositional constraints operate in the same
direction (increasing or decreasing GC) on exons, on
introns, and on the isochores surrounding each gene. It is
important to note that these correlations are very well
established since they have been detected both experi-
mentally by compositional mapping and by the analysis
of DNA sequence data (see, e.g., Bernardi et al. 1985;
Aota and Ikemura 1986; Clay et al. 1996; reviewed by
Bernardi 1995).

From the point of view of the evolution of the ge-
nomes of warm-blooded vertebrates, it is clear that veri-
fying whether these compositional correlations hold even
within the avian genome is an important goal, since the
compositional transitions from GC-poor isochores of
cold-blooded vertebrates leading to the GC-rich iso-
chores present only in warm-blooded vertebrates oc-
curred twice independently during evolution. Indeed, it is
well established that mammals arose about 220 Mya
from therapsids and birds about 150 Mya from dinosaurs.
The aim of this paper is to analyze this problem taking
the chicken genome as a model.

Materials and Methods

Sequences were from GenBank (Release 109.0, October 1998). Only
complete genes (i.e., including initiation and stop codons) were ana-
lyzed. To study flanking regions and introns, genomic sequences were
preferred over cDNAs. A total of 1037 nonredundant genes was ana-
lyzed. To eliminate putative regulatory regions, flanking sequences (58

and 38) were defined as the DNA segments over 500 bp upstream or
downstream from initiation or stop codons, respectively. The mean size
of flanking regions was 3765 bp (minimum, 1310 bp; maximum,
8030 bp).

Results and Discussion

Compositional Correlations Among Codon Positions

Figures 1a and b display scatterplots of the GC levels of
third codon positions (GC3) versus the GC levels of first
(GC1) and second (GC2) codon positions, respectively,
for a collection of 1037 coding sequences. Although the
variation of GC3 is much larger than those for the other
codon positions, covering a range of 72.4%, the plots
also show strong and significant correlations. Indeed, the
Rvalues are 0.53 and 0.36, respectively, and the levels of
significance arep < 0.0001 in both cases. Figure 1c
shows the plot of GC1 versus GC2. TheR value is 0.36,
and again, the correlation is highly significant (p <
0.0001). The slopes of the orthogonal regression lines are
similar to those found for human genes (D’Onofrio et al.
1999), the main difference being that the slope is slightly
higher for chicken genes in the GC3 vs GC1 plot (4.69 vs
3.91). Similar results have been reported previously by
Sueoka (1992).

These results lead to two conclusions. First, the cor-
relations among codon positions are likely to be detected
within any compositionally heterogeneous genome. Sec-
ond, compositional constraints in the chicken genome, as
in the mammalian genome, are working in the same di-
rection over the three codon positions, although not with
the same amplitude, being higher on third than on first
and, finally, on second codon positions.

Compositional Correlations of Coding Sequences with
Flanking Regions and Introns

Figure 2a shows a plot of GC levels of coding sequences
versus the GC levels of the flanking regions (58 + 38). To
eliminate the influence of regulatory regions we ana-
lyzed only from base 500 upstream or downstream from
initiation or stop codons, respectively. Although this ap-
proach reduced the sample studies, the correlation is
highly significant (p < 0.0001), and hence it can be con-
cluded that there is a match between the GC levels of
exons and the GC levels of the flanking regions. It is
important to note that in the human genome, the slope of
the orthogonal regression line of the equivalent plot is
almost the same (Fig. 1b of Clay et al. 1996), even if, in
the latter case, the number and length of sequences ana-
lyzed are higher. This indicates that the relation that
holds between coding sequences and flanking regions is

Fig. 1. Plots of GC levels of third versus first
(a) and second(b) and first versus second(c)
codon positions of 1037 chicken genes. The
correlation coefficients and equations of the
orthogonal regression lines of each plot are given.
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constant in the compositionally heterogeneous genomes
of vertebrates. Figure 2b displays the plot of GC levels of
coding sequences versus the GC levels of the corre-
sponding introns. Even considering the relative scarcity
of sequences available, it is again clear that the compo-
sitions of both translated and nontranslated regions are
strongly correlated. Very similar results have been re-
ported within the human genome (Bernardi 1995; Clay et
al. 1996). However, in this case the slope is lowest in the
human genome, which is probably caused by the fact that
introns within the chicken genome reach higher GC lev-
els, while GC levels of exons reach approximately the
same GC levels. Finally, the GC levels of first and sec-
ond codon positions (GC1 and GC2) are both signifi-
cantly correlated with the GC levels of the corresponding
introns (not shown): indeed, theR value of the former
correlation is 0.53 (p < 0.0001), while that for the latter
is R 4 0.33 (p < 0.02).

These compositional correlations are not limited to
global GC levels but even extend to individual bases. For
example, Fig. 3 shows plots of the frequencies of each
base in coding regions versus the same base in flanking
sequences. In all cases, there are positive and highly
significant correlations (p < 0.001). An identical situa-
tion is found when the frequency of each base is com-
pared between exons and introns (not shown).

Compositional Correlations of GC3 with Flanking
Regions and Introns

Figure 4a displays a plot of GC3 levels versus the GC
levels of the flanking regions (as defined previously).
The value of the slope of the equation of the orthogonal
regression line is very close to 2.31, which is the value
obtained in the human genome (Clay et al. 1996). This
correlation is important because it can be used for defin-
ing the localization and distribution of genes within the
different isochores, as was done for the human genome
(Bernardi et al. 1985; Bernardi 1995; Clay et al. 1996).
As is the case in mammals, chicken genes exhibit dif-
ferent concentrations in the different isochores (Caccio et
al., 1994; McQueen et al., 1996, 1998). Although it can
be argured that the flanking regions analyzed here are

rather short (mean, 3900 bp), it is important to note that
when genes with flanking regions longer than 7000 bp
were analyzed, the results were the same (not shown).
Furthermore, in these longer sequences, the GC levels
ranged from 36 to 53%, which is similar to the GC levels
of the isochores in the chicken genome (Olofsson and
Bernardi 1983).

Figure 4b shows the correlations of GC levels of third
codon positions versus the GC levels of the correspond-
ing introns. As expected, there is a very significant cor-
relation which demonstrates that the compositional con-
straints acting on GC3 from different genes work in the
same direction and with the same amplitude on the cor-
responding introns.

Compositional Correlations of Noncoding Regions

Figure 5 displays the compositional correlations between
the GC levels of noncoding DNA, i.e., introns vs flank-
ing regions. In Fig. 5a the analysis was done on the
complete flanking regions, and a strong correlation was

Fig. 2. Plots of GC levels of coding sequences versus those of the
corresponding flanking sequences(a) and introns(b). The correlation
coefficients and equations are shown as in Fig. 1.

Fig. 3. Plots of the frequencies of each base in flanking regions
versus those in coding sequences. The correlation coefficients and
equations are shown as in Fig. 1.

Fig. 4. Plots of GC levels of third codon positions against the GC
levels of the corresponding flanking regions(a) and introns(b). The
correlation coefficients and equations are shown as in Fig. 1.
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found (0.88;p < 0.0001). This correlation is not the result
of a bias of either 58 or 38 regions (see Figs. 5b and c,
respectively), since the GC levels of separate sequences
are correlated with the GC levels of introns. In the human
genome the slopes of the orthogonal regression lines of
the same correlations are not as similar as for other plots
reported here (1.22 and 1.18 for introns, vs 58 and 38,
respectively). Two (not mutually exclusive) explanations
might account for this. First, as mentioned previously,
the GC levels of introns in the chicken genome reach
higher values than in the human genome, and second, the
data set that we analyzed is rather small given the scar-
city of long genomic sequences. As expected, the GC
levels of 58 and 38 flanking regions are significantly cor-
related between them (R 4 0.58,p < 0.02).

Finally, Figure 6 shows that the compositional corre-
lations just mentioned extend to the individual bases fre-
quencies (as in the case in the correlation between exons
and flanking regions; Fig. 3).

Conclusions

We analyzed the compositional correlations that hold in
the chicken genome between coding sequences (and their
different codon positions), and noncoding DNA (as a
whole or 58 flanking, 38 flanking, and introns). This

should help in understanding how compositional con-
straints operate in the avian genome, which is character-
ized by a higher compositional heterogeneity compared
to mammalian genomes, as shown by the comparison of
the compositional patterns of birds and mammals, at both
the DNA and the GC3 levels (Bernardi 1995).

We report that the same correlations that hold in the
human genome hold in the chicken genome and, remark-
ably, with similar equations.
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