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Abstract

A sequence analysis of the genomes of Anopheles gambiae and Drosophila melanogaster reveals that Anopheles DNA is more

heterogeneous and GC-richer thanDrosophilaDNA. The gene concentration across the Anopheles genome is characterized by low levels in the

GC-poor part of the genome and a 3-fold increase in the GC-richest part; this gene density gradient is approximately half that ofDrosophila. GC

levels of introns and flanking sequences are correlated with GC3 values (GC levels of third codon positions) of the corresponding genes with

slopes much lower than unity; in other words, most introns and intergenic sequences are less GC-rich than the corresponding GC3 values. These

findings, which describe a compositional shift within Diptera, is of interest because of their parallels in thewell studiedmajor shift in vertebrates.
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1. Introduction genome, since it covers a 20-fold range, but much less so in
Eukaryotic genomes exhibit a number of characteristic

features. The compositional (GC) heterogeneity is different

in different organisms and different gene density gradients

are observed in different species. The human genome, for

instance, covers a 30% GC range at an average size of 50 kb

(Bernardi et al., 1985; Zoubak et al., 1996; Jabbari and

Bernardi, 1998; see Bernardi, 2004, for a review); whereas,

at the same average size, the Drosophila genome only

covers a 10% GC range (Jabbari and Bernardi, 2000), and

the Arabidopsis genome an 8% GC range (Barakat et al.,

1998; Carels and Bernardi, 2000).

Gene concentration increases, as a general rule, from GC-

poor to GC-rich regions of eukaryotic genomes (Bernardi et

al., 1985; Mouchiroud et al., 1991; Zoubak et al., 1996). The

gene density gradient is, however, very steep in the human
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Drosophila, where the range is only 6-fold (Jabbari and

Bernardi, 2000; Adams et al., 2000), and in Arabidopsis

where the range is only 2-fold. There are also differences in

the slopes of the regression lines of plots of GC levels in

introns and flanking sequences vs. the GC3 values (GC levels

in third codon positions) of the corresponding genes. In the

human genome, the slope of the orthogonal regression line is

about 8 (Zoubak et al., 1996), whereas in Drosophila it is

about 3 and in Arabidopsis only 2.

In the present work, we performed a comparative analysis

on the compositional features of large DNA segments from

Anopheles and Drosophila. We also analysed the gene

distributions, as well as the compositional correlations be-

tween GC3 and GC levels of introns and flanking sequences.
2. Materials and methods

Genomic sequences of Anopheles and Drosophila were

downloaded from ftp://ftp.ensembl.org/pub/Anopheles-7.1a/

data/golden_path and Celera and BDGP’s, respectively.

These sequences were analysed using nonoverlapping 50

kb windows. To obtain an estimate of the compositional
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Fig. 1. GC histograms of large (50 kb) DNA sequences from Anopheles and

Drosophila. Dashed lines correspond to the modal GC levels. Average GC

levels, standard deviations and sample sizes are indicated.
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homogeneity along large sequences, we used the so-called

phase plots (Ruelle, 1989; Jabbari and Bernardi, 2000; see

also Clay, 2001, and references therein), in which the GC

level of each window (GCn) is plotted against that of the

following one (GCn + 1). Correlation coefficients of such plots

are good indicators of the GC level homogeneity across the

compositional spectrum of each genome.

To analyse the gene distribution across the genome, we

partitioned the Anopheles chromosomes into 1 Mb segments

and counted the coding sequences (CDSs), as annotated in
Fig. 2. GC levels of Anopheles and Drosophila DNA sequences of 50, 100 and 20

of the same size. r is the correlation coefficient, n the sample size. The main dia
the Anopheles genome release of Ensembl (Release 9.1a.1;

2-12-2002 and 19.2a.1; 29-09-2003).
3. Results and discussion

3.1. Compositional heterogeneity

As shown in Fig. 1, the GC distributions of large DNA

sequences (50 kb) from Drosophila and Anopheles are

different. The genome of Anopheles is GC-richer and more

heterogeneous (GC%= 44.7F 3.1) compared to Drosophila

(GC%= 42.5F 2.5). We note in passing that the 35.2% GC

of Anopheles reported by Holt et al. (2002) is grossly

incorrect.

Fig. 2 shows plots of GC levels of 50, 100 and 200 kb

segments from both Drosophila and Anopheles DNAs

(GCn) against those of the following segments (GCn + 1).

These are the so-called phase-plot (Ruelle, 1989; see also

Clay, 2001). At 50 kb, correlation coefficients were 0.61 for

Drosophila and 0.70 for Anopheles, indicating a larger

short-range compositional heterogeneity in Drosophila

compared to Anopheles. The differences were smaller for

100 and 200 kb segments, the slopes approaching the

diagonal with increasing segment size.

3.2. The compositional correlation of third codon positions

with introns and with long DNA sequences

Fig. 3a and b (bottom) shows a plot of GC3 levels of

coding sequences (only sequences starting with an ATG

were considered) against the GC levels of the

corresponding long sequences (20 kb on each side of
0 kb are plotted against the GC levels of the following (adjacent) sequences

gonal is shown.



Fig. 3. Plot of GC3 levels of Anopheles and Drosophila coding sequences against GC levels (a, b; top panels) of introns and (a, b; bottom panels) large (20 kb

on each side of the CDS) DNA sequences. The equations of the linear regression lines are shown.

Fig. 4. Comparison of gene density in Anopheles (filled circles, potential

outliers are in green) and Drosophila (empty circles, potential outliers are in

red). The regression equations exclusion outliers are y=� 1.023 + 0.036x,

r = 0.39 and y=� 8.84 + 0.24x; r= 0.72, respectively. Orthogonal angles are

indicated. Note that no significant change was noticed after exclusion of

potential outliers: 3 (red circles) out of 126 points in the case of D.

melanogaster and 7 (green circles) out of 191 points in the case of A.

gambiae.
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the coding sequences). The correlation coefficients r were

0.43 ( p< 0.0001) for Anopheles and 0.37 ( p < 0.0001) in

Drosophila.

Fig. 3a and b (top) shows correlations between intron GC

levels and the GC3 levels of the corresponding coding

sequences. The correlation coefficients are 0.42 in the case

ofAnopheles and 0.36 in the case ofDrosophila ( p < 0.0001).

Interestingly, the slopes are almost identical (0.25 vs. 0.24).

We notice that in both cases (introns and flanking

sequences) GC-poor genes tend to be closer to the diagonal

compared to those of GC-rich genes. Such a difference was

also observed in mammals and birds (Aı̈ssani et al., 1991;

Clay et al., 1996; Musto et al., 1999), as well as in the

compact genome of Fugu and the large genome of zebra

fish (paper in preparation). The fact that the slopes are

almost identical in the GC-intron vs. GC3 plots and that

Drosophila intron (or genome) size is about half that of

Anopheles (Zdobnov et al., 2002) is in contrast with the idea

(Duret and Hurst, 2001) that the slope of the regression line

relating GC3 and intron GC levels is dependent upon

transposon and repeat content of introns. It has also been

noted that the correlation between GC3 and intron GC, with

a slope which is very different from unity, is incompatible
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with mutational models of compositional heterogeneity,

because in that case all sequences are subject to the same

changes (Eyre-Walker, 1999).

3.3. Gene distribution in the genome of Anopheles

June 2003 releases (ftp://ftp.ensembl.org) of Anopheles

and Drosophila were analysed; CDS sequences were

counted in nonoverlapping chromosome segments of 1

Mb. In Fig. 4, the correlation coefficients of gene density

vs. GC level are strong and statistically very significant

( p < 0.0001); the angles of the orthogonal regression lines

are very different in Anopheles (2.5j) and Drosophila

(13.6j); and no significant change was noticed after exclu-

sion of outliers (3 out of 126 points in the case of

Drosophila and 7 out of 191 points in the case of

Anopheles). The genome of Anopheles shows an increase

in gene density from the GC-poorest to the GC-richest

regions, an almost 3-fold enrichment in genes when con-

sidering the GC-poorest and the GC-richest DNA seg-

ments, i.e., a 2-fold lower increase compared to

Drosophila.

Furthermore, a lesser variation of gene density is ob-

served in the GC-poor compared to the GC-rich part of the

genome. This gene density gradient is shared with the

human genome (Jabbari and Bernardi, 2000). Note that this

is also the case of Takifugu rubripes, as indicated by the

whole genome sequence analysis (Aparicio et al., 2002;

Jabbari and Bernardi, in preparation). Similarly to Anophe-

les and Drosophila, the well characterized genome of

Arabidopsis also shows a gradient in gene distribution

which, however, only shows a 2-fold range (Barakat et al.,

1998; Carels and Bernardi, 2000). The lower gene density in

Anopheles is understandable if one takes into account the

approximately 2-fold difference in genome size (Holt et al.,

2002) between these genomes (260 and 170 Mb, using Cot

analysis and 278 and 122 Mb using genome assemblies).

The higher GC levels attained by long DNA sequences

and coding sequences of Anopheles compared to Drosoph-

ila might be related to higher body temperature of the

former. We have not found, however, indications on this

point in the literature.
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