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Abstract A compositional analysis on a set of human genes
classified in several functional classes was performed. We found
out that the GC3, i.e. the GC level at the third codon positions,
of the genes involved in cellular metabolism was significantly
higher than those involved in information storage and processing.
Analyses of human/Xenopus ortologous genes showed that: (i)
the GC3 increment of the genes involved in cellular metabolism
was significantly higher than those involved in information stor-
age and processing; and (ii) a strong correlation between the
GC3 and the corresponding GCi, i.e. the GC level of introns,
was found in each functional class. The non-randomness of the
GC increments favours the selective hypothesis of gene/genome
evolution.
� 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

From the time of availability in public databases of several

hundred coding sequences, it was evident that human genes

covered a broad compositional range, especially at the third

codon positions [1,2]. The same features were observed in all

mammals and birds, so far analyzed, but not in amphibians

and fish [1,3,4] and, for a review, [5].

Comparative analyses of coding sequences from cold- and

warm-blooded vertebrates defined two classes of genes, i.e.

the GC-poor and the GC-rich. The former were essentially

those that showed close base composition among all verte-

brates, whereas the latter were essentially those that underwent

a compositional transition, becoming CG-richer in warm-

blooded vertebrates [6], reviewed in [7]. Interestingly, compar-

ative analyses of the GC3, i.e. the GC levels at the third codon

positions, confirmed the results obtained from comparing the

genomes of cold- and warm-blooded vertebrates [8]. Signifi-

cant correlations found between the GC3 of the genes and

the corresponding GC of introns and flanking regions, further

supported the role of GC3 as parameter to understand not

only gene, but also genome evolution [9–11].
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The compositional properties of GC-poor and GC-rich

human genes were paralleled by several observations concern-

ing structural and functional properties, such as: gene density

[10], gene structure [12,13], gene length [14], amino acid

frequencies and codon usage [2,15,16], expression breadth

[17–19], expression levels [20–22], chromosomal band localiza-

tion and chromatin structure [23–25], substitution rates, at

both gene and protein levels [26,27]. However, in spite of the

large number of studies, the adaptive or the stochastic nature

of the forces driving compositional changes, observed at cod-

ing and non-coding levels, is still a matter of debate in the field

of molecular evolution [5,7,28–30].

Here, in this study, we have performed a compositional anal-

ysis on a set of human genes classified in several functional

classes. We found out that the GC3 was significantly higher

in the genes involved in cellular metabolism than in those

involved in information storage and processing. The compari-

son of human/Xenopus orthologous genes showed that the

above result was due to a non-uniform GC3 increment among

functional classes. The same trend was found comparing the

non-coding sequences of human genes. Moreover, within each

functional class, a strong correlation between GC3 and GCi,

i.e. the GC levels of the introns, was found. According to

the above results, the selective hypotheses of gene/genome evo-

lution were favored.
2. Materials and methods

Human genes were retrieved from NCBI/CoreNucleotide database.
CleanUp 2.0 [31] was used to remove redundant entries. Sequences
without AUG and/or stop codons, as well as with internal stop codons,
were detected by CodonW 1.4.2 (J. Peden; http://www.molbiol.
ox.ac.uk/Win95.codonW.zip) and removed. The remaining 15112
CDS were classified in 25 functional classes. As described in COG
database [32,33], functional classes, denoted by capital letter, were
grouped in three broad categories, namely: (i) information storage
and processing; (ii) cellular processes and signaling; and (iii) meta-
bolism. The base composition of sequences was calculated by CodonW
1.4.2. The average GC3 level was compared among functional classes
by pairwise comparisons. Moreover, the average GC3 of each func-
tional class was compared with the average GC3 of the whole dataset.
The significance of the differences found in the pairwise comparisons
was assessed by the t-Student’s test, with Bonferroni’s correction for
multiple-comparisons. Indeed, in order to avoid a lot of spurious pos-
itives, the threshold (alpha level) of significance was lowered to
account for the number of comparisons performed. The human genes
of four functional classes were positioned in the chromosomal bands,
according to published data [34]. The comparative analysis was
extended to a specific subset of human/Xenopus orthologous genes
blished by Elsevier B.V. All rights reserved.
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Table 1
Classification of the human genes
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retrieved from HOVERGEN (release 48, May 2007) [35]. For those
genes, the corresponding intronic regions, localized between the
AUG and the stop codon of the human CDS, were retrieved from
UCSC database (http://genome.ucsc.edu/), and the interspersed repeats
removed by Repeat Masker (http://ftp.genome.washington.edu/).

3. Results

The classification of the human genes in 25 functional clas-

ses, denoted by capital letter, and the corresponding number

of genes was reported in Table 1. Functional classes were

grouped in three main categories: information storage and pro-

cessing (in blue), cellular processes and signaling (in black) and

metabolism (in red). Each category respectively represented,

about 21%, 33% and 15% of the all dataset. About 30% of

the all entries were not classified in any of the above-men-

tioned categories because the gene function was unknown or

predicted only (in grey). Four functional classes, namely [H],

[M], [N] and [Y], were represented by less than a hundred

sequences, and therefore removed from subsequent statistical

analyses.

The GC3 values, i.e. average and variance of each functional

class, and those of the whole dataset of human genes, were

reported in Table 2. In the same table the statistically signifi-

cant pairwise comparisons (alpha level 2.1 · 10�4; P < 0.05)

were also reported. The average GC3 of the functional classes

ranged from 53% to 63%, while that of the whole dataset was

58%. Sorting functional classes by GC3, it was observed: (i) the

clustering of the blue and red classes at the opposite extremes

of the GC3 range, whereas the black classes did not show any

biased distribution (for color code see Table 1); and (ii) the

clustering of the statistically significant pairwise comparisons

towards highest GC3 values (Table 2). The average GC3 of

each functional class was compared with the average GC3 of

the whole dataset of human genes. Nine classes turned out

to be statistically significant (Table 2, last line). The average
Table 2
Average and variance of GC3 levels

S = significant pairwise comparisons.
at-Student’s test with Bonferroni’s correction [n*(n � 1)/2 + n]. Alpha level 2
bFunctional classes sorted according to the average GC3 levels. Color code
GC3 of four classes, namely [A], [L], [J] and [O], were signifi-

cantly lower than the average GC3 of the whole data set,

whereas the average GC3 of five classes, namely [K], [T], [G],

[E] and [P], were significantly higher. It is worth stressing that

three out of four classes of the first group, namely [A], [L] and

[J], belonged to the category of information storage and pro-

cessing, while three out of five of the second group, namely

[G], [E] and [P], belonged to the category of metabolism (see

Table 1). Two classes, namely [O] and [T], confirmed the

absence of any specific trend in the category of cellular pro-
.1 · 10�4; P < 0.05.
as in Table 1.
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cesses and signaling. Since the former was significantly lower,

and the latter significantly higher than the average GC3 of

the whole data set of human genes. Interestingly, only one

class of the information storage and processing category, i.e.

the functional class [K] grouping genes involved in the tran-

scription process, was significantly higher than the average

GC3 of the whole dataset, stressing a link between transcrip-

tion and metabolism rate.

The human genes of the classes [A], [L], [E] and [P] were

localized in the four compositionally different subsets of chro-

mosomal bands, namely H3+, H3�, L1�, and L1+ bands

(Fig. 1). Two kinds of distributions were found: that of the

classes [A] and [L], and that of the classes [E] and [P]. The

two distributions were significantly different (v2 test, P <

1.7 · 10�2), because genes were differently distributed in H3+

and H3� bands (Fisher’s exact test, P = 0.0034). Actually,
Fig. 2. Histogram of the chromosomal ‘‘empty-bands’’.

Fig. 1. Histogram of the gene distribution in chromosomal bands.

Fig. 3. Histograms of the chromosomal band distribution of ‘‘single
the classes [E] and [P] were more represented in the H3+ bands

than the classes [A] and [L].

All four functional classes showed a significant clustering of

genes in the H3+ bands. The percent of ‘‘empty-bands’’ was

very high, not only as expected in the genepoor L1+ and

L1� bands, but also in the gene-rich H3+ bands. In fact, the

percent of H3+ ‘‘empty-bands’’ ranged from 46%, in [A], up

to 60%, in [E] (Fig. 2). Moreover, all four functional classes

showed that the percent of genes as a ‘‘single-genes/band’’

(black bars, Fig. 3) was lower than that of a ‘‘ P2genes/band’’

(grey bars, Fig. 3), especially in the H3+ bands.

In order to check if compositional differences among func-

tional classes were just a human genome peculiarity or a more

general facet of the gene/genome evolution in the transition

from cold- to warm-blooded vertebrate, a set of human/Xeno-

pus orthologous genes was retrieved. The analysis presented in

this paper was restricted to the GC3-poor classes, namely [A]

and [L], and to the GC3-rich classes, namely [E] and [P].

The number of orthologous genes found in each class was of

the same order of magnitude for [A], [L], [E] and [P], respec-

tively �24%, �22%, �18% and �25%. For the sake of simplic-

ity, human/Xenopus orthologous classes of genes from now on

will be denoted as [Ah], [Lh], [Eh] and [Ph] for the human

genes, and [Ax], [Lx], [Ex] and [Px] for the Xenopus ones.

The corresponding average and variance of GC3 were reported

in Table 3. From a compositional point of view, the [A], [L],

[E] and [P] classes were well represented by the corresponding

[Ah], [Lh], [Eh] and [Ph] classes, since the GC3 values were not

significantly different between corresponding functional clas-

ses. Needless to say, the average GC3 of the classes [Ah] and

[Lh] were both significantly lower than those of the classes

[Eh] and [Ph] (alpha level 6.2 · 10�3; P < 0.05). Among the

classes [Ax], [Lx], [Ex] and [Px], significant differences of the

average GC3 values were not found. In human, however, the

corresponding GC3 values were significantly higher (alpha

level 6.2 · 10�3; P < 0.05). More precisely, the GC3 increments

were higher in the classes of genes belonging to the category of

metabolism, i.e. [Eh] and [Ph], than those of the genes belong-

ing to the category of information storage and processing, i.e.

[Ah] and [Lh] (Table 3).

Last but not least, the average and variance of GCi, i.e. the

GC levels of the introns, were analyzed (Table 3). Between the

classes [Ah] and [Lh], no significant differences were observed.

The same result was found comparing the classes [Eh] and

[Ph]. However, the average GCi levels of the classes [Ah] and

[Lh] were both significantly lower than those of the classes

[Eh] and [Ph] (P-values ranging from P < 4.6 · 10�3 to P <
-genes/band’’ and ‘‘ P2 genes/band’’ in each functional class.



Table 3
Average and r2 of the GC3 and GCi levels in ortologous genes
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See Table 1 for description.
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Fig. 4. Correlation within each functional class between the GC levels at the third codon positions (GC3) and the GC levels of the corresponding
introns (GCi). Equations of linear correlation are shown.
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1 · 10�4, namely for [Ph] vs. [Ah] and for [Eh] vs. [Lh]). Within

each functional class, a strong correlation between GC3 and

GCi was found. Correlation coefficients (R2) ranged from

0.77 to 0.84, respectively for [Ph] and [Lh] functional classes

(Fig. 4).
4. Discussion

The evolution of the vertebrate genomes is still a matter of

intense selectionist/neutralist debate devoted to understand

the adaptive or stochastic nature of forces driving the compo-

sitional heterogeneity in the genomes of mammals and birds.

Several hypotheses have been proposed, such as: (i) new ther-
modynamic conditions [5], or different nucleosome formation

potential [30], supporting the adaptive hypotheses; and (ii)

mutational bias [29] or recombination events, coupled with

bias gene conversion (BGC) and bias mutation repair [28], sup-

porting the stochastic hypotheses.

With the aim to produce new evidences supporting the selec-

tionist or the neutralist hypothesis, we analyzed the base com-

position of human genes classified in 25 functional classes

(Table 1). The results can be summarized in the following

points:

(i) The average GC3 was significantly different among func-

tional categories (see Table 2). More precisely, the GC3

of metabolic category was significantly higher than that

of the whole dataset, whereas the information storage
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and processing one was significantly lower. Functional

classes of genes involved in cellular processing and sig-

naling did not show any specific trend. Indeed, the aver-

age GC3 of the genes belonging to this category was

lower, higher or not significantly different from that of

the whole dataset.

(ii) Genes from the metabolic category and from the infor-

mation storage and processing one were positioned in

the chromosomal bands. The two categories showed a

different chromosomal band distribution (Fig. 1), that

of metabolism being biased towards the H3+ bands. A

significant clustering of genes, especially in those bands,

was observed in all functional classes (Fig. 3).

(iii) For the same categories, a set of human/Xenopus orthol-

ogous genes was analyzed. In human, the average GC3

of the genes classified in the metabolic category were sig-

nificantly higher than those classified in the information

storage and processing one. In Xenopus, no significant

differences were observed. Pairwise comparison of

human/Xenopus orthologous genes showed that human

genes belonging to both categories underwent a GC3

increment, that, however, was higher in the metabolic

one (Table 3).

(iv) In each functional class a strong correlation between

GC3 and GCi was found (Fig. 4). The average GC3

was always higher than the corresponding average GCi

(Table 3).

The first point raised some questions on the randomness of

the factors affecting the base composition of coding and non-

coding regions. Indeed, from a stochastic point of view, it

would not be expected that a few functional classes were

GC-richer than others. However, the different chromosomal

band localization of the two categories of genes, point (ii),

could give support to the mutational mechanism or the BGC

hypothesis [29,28]. Indeed, the hypothesis of a mutational

mechanism that acts unlike in different gene regions [29] could

be easily extended to different genome regions. According to

the BGC hypothesis [28], it could be argued that in the human

genome metabolic genes preferentially cluster close to recombi-

nation hotspots [36]. Regarding the mutational mechanism

producing a mutational bias toward GC, it was already shown

that a mutational bias was found, indeed, in human genome,

but was towards AT [27]. Regarding the BGC, point (iii)

stressed the fact that compositional differences were not found

among functional classes in Xenopus. Two pictures can be

drawn out according to the absence or the presence of recom-

bination hotspots in Xenopus genome. In the first case, it

should be assumed a non-random appearance of recombina-

tion hotspots in the human genome, biased, indeed, towards

metabolic genes. In the second case, it should be assumed a

biased reshuffling producing a clustering of both metabolic

genes and recombination hotspots in the human genome. In

the two cases, due to the low probabilities of each event and

to the report that recombination hotspot sites were poorly con-

served among genomes [37], the organization and gene distri-

bution in the human genome should be unique. However,

comparative analyses among mammals and birds showed that

base compositions of orthologous genes were significantly cor-

related [5].

The criticism that the selective pressure would be confined

solely to the codon usage, a selection that, indeed, may act

in human genes [38], was countered by point (iv). The strong
correlations found between GC3 and GCi in each functional

class implied not only selection on codon usage, but also a

selection on a larger genomic scale, i.e. at isochore levels

[5,30]. The fact that among functional classes GC3 was higher

than GCi do not contradict the above hypotheses, but simply

supported the expectation of a selective pressure stronger at

coding than non-coding regions.

Therefore, the favoured answer to the question ‘‘Adaptation

or biased gene conversion?’’ [28], it is ‘‘adaptation.’’ Indeed,

the different base composition of genes in different functional

classes can be modulated by selective pressure which is not a

conclusion in contrast with the neutral theory of molecular

evolution [39] as reviewed in [7].
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