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Abstract

Since many gene duplications in the human genome are ancient duplications going back to the origin of vertebrates, the question may be

asked about the fate of such duplicated genes at the compositional genome transitions that occurred between cold- and warm-blooded

vertebrates. Indeed, at that transition, about half of the (GC-poor) genes of cold-blooded vertebrates (the genes of the gene-dense ‘‘ancestral

genome core’’) underwent a GC enrichment to become the genes of the ‘‘genome core’’ of warm-blooded vertebrates. Since the

compositional distribution of the human duplicated genes investigated (1111 pairs) mimics the general distribution of human genes (about

50% GC3-poor and 50% GC3-rich genes, the border being at 60% GC3), we considered two possibilities, namely that the compositional

transition affected either (i) about half of the copies on a random basis, or (ii) preferentially only one copy of the duplicated genes. The two

possibilities could be distinguished if each copy is put into one of two subsets according to its GC3 level. Indeed, in the first case, the two

distributions would be similar, whereas in the second case, the two distributions would be different, one copy having maintained the ancestral

GC-poor composition, and one copy having undergone the compositional change. Using this approach, we could show that, by far and large,

one copy of the duplicated genes preferentially underwent the GC enrichment. This result implies that this copy, which had possibly acquired

a different function and/or regulation, was preferentially translocated into the gene-dense compartment of the genome, the ‘‘ancestral genome

core’’, namely the ‘‘gene space’’ which underwent the compositional transition at the emergence of warm-blooded vertebrates.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Investigations from our laboratory (see Bernardi, 2003,

for a general review) have shown that: (1) the genomes of

vertebrates comprise two ‘‘gene spaces’’, a small gene-rich

space and a large gene-poor space; (2) the gene-rich space of

the genome of cold-blooded vertebrates (the ‘‘ancestral

genome core’’) is only slightly GC-richer compared to the

gene-poor space, whereas this difference is very strong in

warm-blooded vertebrates; indeed, (3) two independent

compositional transitions affected the ‘‘ancestral genome

core’’ of the cold-blooded vertebrate ancestors of mammals

and birds, which comprises about half of the genes (and the

associated non-coding regions, both intra- and inter-genic)
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leading to a considerable increase in GC (the molar ratio of

guanine + cytosine in DNA) to form the ‘‘genome core’’ of

the genomes of warm-blooded vertebrates (see Fig. 1a).

Recent results indicate that at least one round of genome

duplication occurred in early chordates (650–350 Mya),

13% of human genes still being recognizable as duplicates

(McLysaght et al., 2002). Along the same line, the phyloge-

netic analysis of 749 vertebrate gene families (Gu et al.,

2002) led to the identification of a pattern characterized by

two waves (I, II) and an ancient component (900–750 Mya).

Wave I (430–80 Mya) represents a recent gene family

expansion by tandem or segmental duplications, whereas

wave II (750–430 Mya), a rapid paralogous gene increase in

the early stage of vertebrate evolution, supports the idea of

genome duplication(s). Further analyses indicated that large-

and small-scale gene duplications both made a significant

contribution during the early stage of vertebrate evolution.

It has been argued (Friedman and Hughes, 2001; see also

Smith et al., 1999) that a ‘slow shuffle’ (individual gene

duplications followed by transpositions to form ‘‘paralo-

gons’’) is a more parsimonious explanation of the current



Fig. 1. (a) Scheme of the compositional transition from cold- to warm-blooded vertebrates. The ‘‘empty quarter’’ (genome desert) of their genomes is GC-poor

and gene-poor (blue box) and essentially did not undergo any compositional change. The gene-dense, moderately GC-rich ‘‘ancestral genome core’’ (pink box)

underwent a compositional change into a gene-dense, GC-rich ‘‘genome core’’ (red box). (b) A model of two situations hypothesized for duplicated genes at the

transitions from cold- to warm-blooded vertebrates. (1) One copy of each pair preferentially undergoes the transition (red arrow), the other copy maintaining its

original low GC level (blue arrow). (2) In addition to situation 1, both copies may undergo the transition or maintain their original low GC level.

Fig. 2. Distribution of GC3 values (a) of the complete data set of duplicated

genes used in this work (b) of 10,294 human genes from the RefSeq

database (Pruitt and Maglott, 2001).
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structure of the human genome than is a ‘big bang’

(duplication of the whole genome or of substantial sections

of it). McLysaght et al. (2002) noticed, however, that the

parsimony test (Gu and Huang, 2002; Meyer and Schartl,

1999; Wolfe, 2001) will, regardless of which model is

correct, always favor the slow shuffle whenever the density

of duplicated genes in a genome (or paralogon) is below

50%, as is the case in the well-documented paleopolyploids.

Accordingly, assuming that many gene duplications in

the human genome are ancient duplications going back to

the origin of vertebrates (Ohno, 1970; see also Wolfe, 2001

and Prince and Pickett, 2002, for recent reviews), a hypoth-

esis which we could demonstrate to be correct, the question

may be asked about the fate of duplicated genes at the

compositional transitions discussed above.

Since the compositional distribution (GC% at third

codons positions) of all human duplicated genes investigated

here is similar to the compositional distribution of human

genes, we considered two possibilities, namely, that the

compositional transition either (i) preferentially affected

one copy of the duplicated genes, or (ii) about half of both

copies. More precisely, the possible events in the second case

are presented in the scheme of Fig. 1b, which indicates that

the genes in which one copy preferentially underwent the

compositional transition were accompanied by the pairs of

genes which either maintained or changed their composition.

The first case would indicate that one copy, which had

possibly acquired a different function and/or regulation

through subfunctionalization (Force et al., 1999; Avaron et

al., 2003) or function partitioning (Wagner, 2000) or other

mechanisms, was selected for the compositional change, the

second copy keeping the ancestral GC-poor composition. In

contrast, the second case would indicate no such preference,

but rather a randomness in the genes that underwent the

compositional transition.

The present work, concerning duplicated human genes,

indicates that, indeed, one copy preferentially underwent the

compositional transition, implying a selection between the

two copies and possibly a different structure/function/regu-
lation of one copy relative to the other one. Some additional

implications will be discussed in the conclusions.
2. Materials and methods

2.1. Data sets of duplicated genes

Human gene families were retrieved, using the ACNUC

retrieval system (Gouy et al., 1985), from HOVERGEN

(Duret et al., 1994) release April 19, 2000 (an old release

having the advantage of not being contaminated by putative

genes). In this database, genes are clustered in families

according to their homology level. Pairs of coding sequen-

ces (CDS) with similar sizes (the difference in sizes being

arbitrarily set at V 7%) were collected from each family.

When explicitly defined, partial CDS, isoforms and alter-

natively spliced genes, as well as pseudogenes, were ex-

cluded from the data set. Also, the chromosomal location

and the related literature were checked whenever possible.

This procedure produced a data set of 1111 pairs of

duplicated genes. These genes represented 465 families

and included 1589 individual human CDS. Two hundred



Fig. 3. Distribution of third codon positions (GC3%) of (a) set 1 containing

the longer counterparts, (b) set 2 containing the shorter counterparts of 1111

CDS pairs, (c) the GC3-poorest set, and (d) the GC3-richest set of 1111 CDS

pairs.
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and forty of these families contained two members, the

remaining two hundred and twenty-five families being

made up of more than two members; in the latter case,

all possible comparisons, with CDS having similar size,

were considered.

CDS size was used as an arbitrary criterion for arranging

paralogous CDS, the longer counterpart being put in set 1

and the shorter in set 2. For the 147 pairs (13%) that had

identical sizes, they were assigned randomly to one of the

two sets. Average differences in size were small, 530 vs. 520

codons, with however, large standard deviations, 475 and

466, respectively. It is important to remark that, while the

size constraint leads to losing members of the same family

with a size difference >7%, such constraint favors extraction

of bona fide gene family members.
Fig. 4. Plot of GC3 to GC3 correlations (a) in the 1111 duplicated genes, (b) in dupl

z 0.75, (c) in tandemly duplicated genes.
2.2. Sequence analysis

Amino acid sequences were aligned using ClustalW

(version 1.81, Thompson et al., 1994) and back-translated

into their corresponding nucleic acid alignments. To calcu-

late the number of synonymous vs. non-synonymous sub-

stitutions, the method of Nei and Gojobori (1986) was used.

If the synonymous distances had a value z 0.75, alignments

were excluded from the analysis, because saturation had

been reached. Distance estimation by maximum likelihood

(Yang, 1997) was also used to confirm the results on the

correlation of synonymous vs. non-synonymous distances.

For each gene pair compared, base frequency differences

at third codon positions (DGC3) and frequency differences

for each amino acid (Daa) were calculated. Hydropathy

values of proteins were calculated according to Kyte and

Doolittle (1982), as in Lobry and Gautier (1994).
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3. Results

3.1. Compositional distribution of the data set

Fig. 2a shows the distribution of GC3 values of the

complete data set of duplicated genes used in this work.

The distribution is very similar to that of all genes extracted

from the RefSeq database (Pruitt and Maglott, 2001), which

include all ‘‘curated’’ genes that had been confirmed, as well

as ‘‘provisional’’ genes checked only once (Fig. 2b).

When the data set was split into two sets corresponding

to each of the two gene copies present according to an

arbitrary criterion, such as CDS size, the GC3 histograms of

the two sets are rather similar and show only small differ-

ences with that of the GC3 distribution of all human genes

(compare Fig. 3a and b with Fig. 2a).

In contrast, when the data set is split into two sets

according to GC3 levels, the GC3 distributions of the two

sets are almost mirror images of each other (Fig. 3c and d).
icated CDS after exclusion of pairs with proportion of synonymous changes



Fig. 6. Plots of average difference hydrophobicity (DHB) against average

DGC3, the data set were sorted according to DGC3 and averaged in five

classes of equal size.
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3.2. Compositional distributions and correlations

As shown in Fig. 4a, no correlation was found between

base frequencies at the third codon position of the two sets

as obtained according to an arbitrary criterion such as size,

whereas these correlations are highly significant between

pairs of orthologous genes of species as distant as human

and Xenopus (Bernardi et al., 1997; Cruveiller et al., 1999;

Bernardi, 2000). After excluding sequences with a propor-

tion of synonymous changes z 0.75, a significant correla-

tion (r = 0.31; p < 0.001) was, however, observed (Fig. 4b)

and this correlation improved when analyzing the GC3-set 1

vs. GC3-set 2 plot of gene copies colocalized on the same

chromosomes (Fig. 4c). Pairs showing a high proportion of

synonymous changes (z 0.75), represented 54% of the total

sample (1111 pairs), indicating that a substantial amount of

gene duplicates had diverged extensively, as expected.

As far as the chromosomal distribution of family mem-

bers is concerned, among the gene family members for

which the location is known (715 gene pairs belonging to

344 families), only 5.9% (42 pairs belonging to 20 families)

were found to be located on the same chromosome. Since 14

gene families had some members which colocalize and

others which are dispersed on different chromosomes, the

percentage of gene families with colocalized members is

9.5% (34 families). This indicates that the majority of gene

families in the human genome are not only highly divergent

but are also not located on the same chromosome.

Two additional observations made on duplicated genes

concern: (i) the existence of a correlation (r = 0.37,

p < 0.0001) between synonymous and non-synonymous

distances (Fig. 5), a result which is confirmed when max-

imum likelihood distance is used (r = 0.44, p < 0.0001). This

is in agreement with our previous proposal that synonymous

and non-synonymous changes in mammals are under com-

mon constraints (Mouchiroud et al., 1995; Alvarez-Valin et

al., 1998). The fact that the ratio dn/ds is less than 1 for
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Fig. 5. Plot of synonymous vs. non-synonymous distances of human

duplicated pairs. The correlation coefficient is given. The dashed line

corresponds to the diagonal.
almost all analyzed pairs, may indicate overdominance of

negative (purifying) selection in the evolution of human

gene families (see also Lynch and Conery, 2000; Kondra-

shov et al., 2002, for similar results). (ii) The increase in

hydrophobicity of the proteins encoded by the duplicated

genes whose GC3 was increased at the compositional

transition between cold- and warm-blooded vertebrates.

When the set of 1111 gene pairs was sorted according to

DGC3 values and divided into five subsets of equal size

(n = 222), and the DHb (hydrophobicity difference) was

calculated for each subset, the results show that DHb values

increase with increasing DGC3 values (Fig. 6), the change

being statistically very significant ( p < 0.0001, Kruskal–

Wallis non-parametric test). These results are in agreement

with our previous observation that DGC3 and DHb are

correlated in a comparison Xenopus vs. human (Cruveiller

et al., 1999) and with the fact that the GC3 level of human

coding sequences is correlated positively with protein hy-

dropathy index (Jabbari et al., 2003).
4. Discussion and conclusions

The results obtained in these investigations allow us to

draw some conclusions about the ‘‘major line’’ of events

following the ancestral gene duplications (the ‘‘major line’’

disregards a number of phenomena, like recent duplications,

because they do not blur the events concerning the majority

of duplicated genes). This ‘‘major line’’ can be described as

a succession of three steps which occurred in duplicated

genes during the evolution of the vertebrate genome (see

Fig. 7).

(i) Most of the original gene duplications of interest here

seem to have occurred in the fish genomes or earlier in

evolution. This is indicated by the compositional divergence

which is so strong as not to allow to recognize any

correlation between the copies of a given gene. Indeed,

the concentration of points on or around the diagonal found

when looking at GC3 plots shown by the minority of genes



Fig. 7. A scheme of the most frequent pathway following ancient gene

duplication (blue bars). One copy is supposed to be preferentially

transposed into the ancestral genome core (pink bars), which then

undergoes the major compositional transition (red bars).

K. Jabbari et al. / Gene 317 (2003) 203–208 207
which are localized on the same chromosomes (Fig. 4c)

indicates that genes arising from recent duplications show

very little compositional divergence. Moreover, this corre-

lation can be observed between orthologous genes from

human and Xenopus (Cruveiller et al., 1999) or human and

zebrafish (Belle et al., 2002).

(ii) While in the original duplication events, genes were

tandemly arranged, as suggested by many examples of

recent duplications, a transposition of one copy is indicated

by the fact that the majority of duplicated genes are found

on different human chromosomes.

It is interesting to notice that segmental duplications

are enriched within pericentromeric and subtelomeric

regions in the human genome (Amann et al., 1996; Trask

et al., 1998; Eichler et al., 1999; Horvath et al., 2000),

this bias has been quantitatively tested recently in the

working draft of the human reference sequence (Bailey et

al., 2001), and enrichment levels were 4.7- to 11.8-fold;

this bias appears to be more pronounced for interchromo-

somal than intrachromosomal duplications (for a review

see Samonte and Eichler, 2002). Moreover, pericentromeric

regions exhibited preferential duplication compared to sub-

telomeric regions.

(iii) In the majority of cases, only one copy underwent the

compositional change. Indeed, if a majority of both genes

from gene pairs had either undergone the compositional

transition, or maintained the original composition, there

would be little compositional difference between the two

genes of each pair, and Fig. 3c and d would not be mirror

images of each other. We know that compositional genome

changes took place in the ‘‘ancestral genome core’’ of the

ancestors of warm-blooded vertebrates. The compositional

change of one copy occurred, therefore, in the copy located

in the ‘‘ancestral genome core’’, whereas the other copy,

maintaining the original low GC level remained in the
‘‘empty quarter’’, which did not undergo any compositional

change.

To sum up, three steps could be identified in the major

line of evolution of duplicated genes: (i) the original tandem

duplications; (ii) the transposition of one copy of the

duplicated genes into the ‘‘ancestral genome core’’; and

(iii) the compositional change of this copy.

These steps may suggest (i) that duplications occurred

most frequently in the ‘‘ancestral empty quarter’’, possibly

in agreement with the preferential duplications in GC-poor

pericentromeric regions (see Saccone et al., 2002); (ii) that

the duplicated copy acquired, in all likelihood, a new

function; and (iii) that transposition of the duplicated copy

into the open chromatin of the ‘‘ancestral genome core’’ was

generally preferred, as in the case of retroviral integrations

(see Tsyba et al., 2003); interestingly, these latter events led

to a further gene enrichment in the ‘‘ancestral genome

core’’. Expectedly, the increased hydrophobicity of the

proteins encoded by genes located in the genome core were

accompanied by a shortening of introns and by a preferential

formation of CpG islands which will be described elsewhere

(Rayko, Jabbari and Bernardi, in preparation).

A final point is that our results have no bearing on the

controversy surrounding the classical two-round hypothesis

of vertebrate genome duplications predating the origin of

fishes (Ohno, 1970) nor on the debate between large-scale

or small-scale duplication (see McLysaght et al., 2002; Gu

et al., 2002).
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