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Abstract. We have investigated the genome organiza-
tion in the flatworm Schistosoma mansoni. First, we an-
alyzed the compositional distributions of the three codon
positions. Second, we investigated the correlations that
exist between (1) the GC levels of exons against flanking
regions, (2) the GC levels of third codon positions
against flanking regions, (3) the dinucleotide frequencies
of exons against flanking regions, and (4) the GC levels
of 5" against 3’ regions. The modality of the distribution
of third codon positions, together with the significant
correlations found, leads us to propose that the nuclear
genome of this species is compositionally compartmen-
talized.
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In a recent paper (Musto et al. 1994) we have postulated
that the CpG shortage in the translated regions of the
flatworm Schistosoma mansoni (class Trematoda) is nei-
ther the result of the spontaneous deamination of the
modified base 5mC (Salser 1977), as generally accepted
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(Bird 1980, 1983; McClelland and Ivarie 1982; Schor-
deret and Gartler 1992), nor due to a ‘‘universal rule’’
that applies to both coding and noncoding sequences
(Ohno 1988; Yomo and Ohno 1989). On the contrary, we
have suggested that the CpG avoidance is due to com-
positional constraints (Bernardi and Bernardi 1986) de-
termined by different GC levels of the regions of DNA
that contain the genes. Indeed, we have found that the
CpG frequency in exons is significantly correlated with
the GC level of the DNA harboring the sequence, as is
the case in mammals and plants (Bernardi et al. 1985;
Montero et al. 1990).

Our suggestion implies that the genome of S. mansoni
is made up of isochores, or isochore-like structures,
which are long, compositionally homogeneous DNA
segments which can be subdivided into a small number
of families characterized by different GC levels. Isoch-
ores have been studied in detail in vertebrates and plants
(for reviews see Bernardi 1989, 1993) and have been
demonstrated in the unicellular parasites Plasmodium cy-
nomolgi (McCutchan et al. 1988) and Trypanosoma bru-
cei and T. equiperdum (Isacchi et al. 1993). Furthermore,
regional variations in GC levels have been detected in
the chromosome III of the yeast Saccharomyces cerevi-
siae (Karlin et al. 1993; Sharp and Lloyd 1993). So,
compositional compartmentalization appears to be a phy-
logenetically very widespread situation.
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In a series of papers, Bernardi and his colleagues have
demonstrated that in vertebrates compositional correla-
tions exist between the GC level of exons (and especially
third codon position) and the GC level of the isochores in
which they are embedded, as well as between exons and
the introns from the same genes. (See for instance Ber-
nardi et al. 1985, 1988; Bernardi and Bernardi 1985,
1986; Aissani et al. 1991; D’Onofrio et al. 1991;
Mouchiroud et al. 1991.) Furthermore, the compositional
distribution of third codon positions from compartmen-
talized nuclear genomes (like those of vertebrates) tends
to be multimodal, while noncompartmentalized genomes
(like those of most bacteria) generally display unimodal
distributions (Bernardi 1993; D’Onofrio and Bernardi
1992).

All these features are due to the fact that exons (and
their codon positions) and introns display the same GC
bias of the isochore in which they are embedded. As a
consequence, finding these compositional correlations
and a nonunimodal compositional distribution (in partic-
ular of third codon positions) may be taken as indicative
of a compartmentalized genome. However, it should be
remarked that a nonunimodal distribution may have dif-
ferent causes which are independent of the level of com-
partmentalization of the genome. For instance, different
GC levels in third codon positions might be due to dif-
ferent biases associated with the levels of gene expres-
sion and the actual populations of isoaccepting t--RNAs
(Ikemura 1981a,b, 1982).

In this paper we have analyzed the compositional pat-
terns and the compositional correlations of the nuclear
genes of S. mansoni. For a description of the sequences
analyzed, see Musto et al. (1994).

The compositional patterns of the three codon posi-
tions are shown in Fig. 1. The distribution of first codon
positions (Fig. 1a) is multimodal with three major peaks
at 35, 42.5, and 50% GC, respectively. Figure 1b shows
that the distribution of second codon positions is unimo-
dal with the highest concentration of genes at 32.5%, and
trails both toward high and low values, ranging from
12.5 to 62.5% GC. Third codon positions (Fig. 1c) show
two important features: first, 25% of the genes (9/37)
have GC levels equal to or lower than 20%; and the
highest value is only 50%; second, the distribution seems
to be bimodal since two peaks are evident, one at 25%
and the other at 40% GC.

The low GC levels of third codon positions may be a
characteristic of flatworms, since the nuclear encoded
genes of Turbellarians (free-living platyhelminths) tend
to display this feature (J. Garcfa-Fernandez, J. Bagufia,
and E. Salo, personal communication). On the other
hand, the bimodality of the distribution is, as mentioned
above, suggestive of the existence of compositional com-
partments. To investigate this possibility further, the
compositional correlations of exons and third codon po-
sitions against flanking sequences (defined in Musio et
al. 1994) were analyzed.
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Fig. 1. Compositional pattern of the genome of S. mansoni. Histo-
grams show the distributions of GC levels of first (a), second (b), and
third (¢) codon positions.

Figure 2a and b shows the plots of GC levels of exons
and third codon positions, respectively, against the GC
levels of the flanking regions, which comprise 16,963 bp.
(For details, see Musto et al. 1994.) In Fig. 2a, the least-
square line through the points exhibits a slope of 0.58,
and the correlation coefficient of 0.50 is significant (P <
0.01). In Fig. 2b the slope is 1.21 and the correlation
coefficient is 0.64 (P < 0.001). Although in the last plot
a point (marked with an arrow) was not taken into con-
sideration, it is evident that, as happens in composition-
ally compartmentalized genomes (see for instance Ais-
sani et al. 1991), a linear relationship exists between the
GC levels of exons (and third codon positions) and the
GC levels of the DNA regions harboring the sequences
analyzed.

Further, the distribution of points and the slope
greater than unity in the plot of Fig. 2b suggests that
when coding sequences are embedded in GC-poor re-
gions, their third codon positions are even poorer in GC,
while when located in the GC-richest regions they attain
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Fig. 2. Plots of GC levels of exons (a) and third codon positions (b) against the corresponding GC levels of the flanking regions. The correlation
coefficients () are given. The point marked by an arrow in b was not considered in calculating r. The diagonal line (slope = 1) is indicated by a
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Fig.3. Plot of dinucleotide (diNs) frequencies of exons against flank-

ing regions. Each diN is indicated; r and diagonal line as in Fig. 2.

not only the highest GC values but are even higher than
the surrounding sequences. A nearly identical situation is
found in mammals (Aissani et al. 1991).

More evidence of the homogeneous composition of
the exons and their flanking regions is shown in Fig. 3,
where the dinucleotide frequencies of the exons and the
translated regions are plotted against each other. It can be
seen that there is a highly significant correlation (r =
0.82, P < 0.0001), which suggests that the compositional
homogeneity extends to other levels of orders such as
dinucleotide usage and might not be limited to the base
composition.

Figure 4 shows the plot of GC levels of 5 against 3’
regions. The correlation coefficient is 0.49 (P < 0.01),
which means that the compositional homogeneity in-
cludes the surrounding regions of the exons. This is an
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Fig. 4. Plot of GC levels of 5 regions against 3’ regions. » and
diagonal line are as in Fig. 2.

important point since it suggests that each independently
considered region is compositionally correlated with the
others. This point is confirmed by plots of GC levels of
exons against the GC levels of 5" and 3’ regions, since the
correlation coefficients are 0.38 (P < 0.05) and 0.70 (P <
0.0001), respectively (data not shown).

In conclusion, we have found (1) that the composi-
tional pattern of third codon positions is bimodal and (2)
that there are linear and significant correlations among
the GC levels of exons and third codon positions against
the GC levels of flanking regions, between the dinucle-
otide frequencies of exons against flanking regions, and
between the GC levels of 5" against 3’. Further, in a
previous paper (Musto et al. 1994), we found that the
level of CpG in exons is linearly correlated with the GC
levels of flanking regions.
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All these results are compatible with our previous
suggestion that the nuclear genome of S. mansoni is com-
positionally compartmentalized, although experimental
work is needed to confirm this hypothesis. If it turns to
be true, this proposal could be important for understand-
ing the genomic organization of metazoans, since platy-
helminths are in a special position from a phylogenetic
point of view, being at the base of all triblastic animals
displaying bilateral symmetry (Barnes 1977; Strick-
berger 1990).
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