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Summary

Some years ago Wilson and co-workers proposed that the higher rates of
karyotypic change and species formation of mammals compared to cold-
blooded vertebrates are due to the formation of small demes, as favoured by
the social structuring and brain development of the former. Here, evidence
is reviewed which indicates that mammals are more prone to karyotypic
change and species formation than cold-blooded vertebrates because of their
different genome organization. A similar evidence has also recently become
available for birds. Although this different organization appears to be a
necessary and, in all likelihood, a sufficient condition for the increased rates
of karyotypic change and species formation found in mammals, it is still
possible that social structuring and brain development may have played an

additional accelerating role.

Introduction

Two basic issues in biodiversity are the formation and the extinction "of
species. As pointed out recently (Benton, 1995) the present-day 5-50 million
species were reached by a process of massive diversification, which was not,
apparently, a stochastic process, substantial bursts of multiplication of major
taxonomic groups coinciding with their invasion of new habitats, which was
often associated with the acquisition of new adaptations. This diversification
was interrupted by mass extinctions, the largest of which have been identified.

In contrast with species extinction, species formation raises very special
problems. The difficulty of producing discontinuities, namely groups (species),
from a continuous process (evolution) was realized by Darwin who considered
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that speciation was ‘the mystery of mysteries’ and by Bateson (‘the origin and
nature of species remains utterly mysterious’). Needless to say,. disqussions on
the nature of speciation-assume that species have an objective existence, a
point on which not everybody is in agreement. We will accept here Mayr's
definition of species as groups of actually or potentially interbreeding natural
populations which are reproductively isolated from other such groups.

It should be briefly recalled here, first, that isolating factors may be
prezygotic (e.g. seasonal or habitat isolation) or postzygotic (hybridiinviabi-
lity and sterility); and, second, that the major speciation models comprise: (i
allopatry, physical isolation inevitably leading to evolutionary divergenc
through natural selection and genetic-drift; extensive biogeographical evidenc
exists in favour of this model; (ii) éympatr / involving no physical isolation,
but genetic similarity except at the few-loé\:esponsible for reproductive isola-
tion and ecological divergence; this model is supported by the cichlids of Lake
Victoria; and (iii) stasipatry, chromosomal rearrangements reducing fecundity
when’ heterozygous.

We will concentrate on the last model because the view that karyotypic
change and species formation are closely linked appears to be supported in
the case of the speciation of vertebrates (which will be discussed here) by the
work of Wilson and co-workers.

According to White (1968) and Grant (1973), fixation of karyotypic muta-
tions can facilitate species formation and adaptive evolution at the organismal
level (see Bush etal., 1977) by acting: (i) as a sterility barrier (stasipatric
species formation; White, 1968, 1978), the mutant karyotype functioning
at the population level as a cytogenetic reproductive isolating mechanism;
(ii) as a regulatory mutation, producing an altered pattern of gene expres-
sion that results in an organism with a new and fitter phenotype (see, fur
example, Zieg etal., 1977); (iii) as a linker of loci that previously were far
apart in the genome, thereby creating a particular combination of alleles
(Dobzhansky, 1970).

These points were reconsidered by Wilson et al. (1974, 1975; Levin and
Wilson, 1976: Bush etal., 1977) when they found that cold-blooded verte-
brates exhibit a species formation rate which is, on the average, 20% that
of mammals, and a karyotypic change rate which is close to 10% that of
mammals. Bush etal. (1977) proposed that

The propensity to form small demes is attributable to several factors, one of
which may be especially important for understanding how mammals have
achieved remarkably high rates of adaptative evolution. This factor is social
structuring. If it were not for this social factor, mammals, because of their
high dispersal power, might have evolved at the same rate or more slowly
than most lower vertebrate.

More recent work, has stressed the importance of brain development in
organismic evolution (Wyles etal., 1983; Wilson, 1985).

I will propose here a different explanation for the different karyotypic
change rate of cold-blooded vertebrates and mammals. The basic idea,
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HUMAN GENOME
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Fig. 3.1. Scheme of the isochore organization of the human genome. This genome, which is 3
typical mammalian genome, is a mosaic of large (~300 kb) DNA segments, the isochores.
These are compositionally homogeneous (above a size of 3kb) and can be subdivided into a
small number of families, GC-poor (L1 and L2), GC-rich (H1 and H2), and very GC-rich (H3).
The GC-range of the isochores from the human genome is 30-60% (from Bernardi, 1993b).

first mentioned six years ago (Bernardi, 1989) and further developed later
(Bernardi, 1993a), is that the genomes of mammals are more prone to
karyotypic changes than those of cold-blooded vertebrates, because of their
different organization. The evidence in favour of this explanation will be
reviewed. Although the genome organization of mammals appears to be a
necessary and, in all likelihood, a sufficient condition for their increased rates
of karyotypic change and species formation, the factors discussed by Wilson
and co-workers may have played an additional accelerating role.
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Genome Organization is Different in Mammals and Cold-blooded
Vertebrates

The vertebrate genomes are mosaics of isochores (Fig. 3.1), comprising long
DNA segments that are homogeneous in base composition (Macaya etal.,
1976; Thievy%t al., 1976). In warm-blooded vertebrates, isochores (or, more
precisely, th 100-200 kb DNA fragments derived from them: see Fig.3.1)
cover a very wide GC range, and attain very high GC values. In the human
genome, isochores can be assigned to two GC-poor families (L1 and L2)
representing two thirds of the genome, and to three GC-rich families (H1, H2
and H3) forming the remaining one third (Fig. 3.2). In contrast, in cold-blooded
vertebrates, isochores are much more uniform in composition and never attain
the highest GC levels of the genomes of mamamals, as shown by the investiga-
tions by Hudson et al. (1980) and of Bernardi and Bernardi (1990a,b).
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Fig. 3.2. Histogram of the isochore families fromithe human genome. The relative amounts of
major DNA components derived from isochore families L (i.e., L1 + L2), H1, H2, Hs'jsee
$accone: et al., 1993) are superimposed on the CsCl profile of human DNA (from Mouchiroud
etal, 1991).

On the other hand, histograms of GC levels of third codon positions of
genes from mammals are very highly biased towards very high GC levels.
In cold-blooded vertebrates, in contrast, the distribution covers a lower
GC range and is more symmetrical (Bernardi et al., 1985, 1988; Bernardi and
Bernardi, 1991) (Fig. 3.3). In conclusion, the compositional patterns of mam-
mals and cold-blooded vertebrates are very different, at both the DNA and
the coding sequence levels.

Gene distribution is similar in all vertebrates

/
Compositional correlations (Bernardi et al., 1985) exist between exons (and
their codon positions) and isochores (Fig. 3.4), as well as between exons and
introns (Aissani etal., 1991). These correlations concern, therefore, coding
and non-coding sequences and are not trivial since coding sequences only
make up about 3% of the genome, whereas non-coding sequences correspond
to 97% of the genome. The compositional correlations represent a genomic
code (Bernardi, 1993b). It should be noted that a universal correlatior
(Fig. 3.4) holds among GC levels of codon positions (third positions against
first and/or second positions). This is apparently due to compositional con-
straints working in the same direction (towards GC or AT), although to dif-
ferent extents, on different codon positions, as well as on the isochores.

The compositional correlations between GC; (the GC level of third codon
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Fig. 3.4.[%6(‘. levels of third codon positions from human genes are plotted against the GC
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The correlation coefficient and slope are indicated. The dash-and-point line is the diagonal line
(slope = 1). GC levels of third codon positions would fall on this line if they were identical to
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(from Mouchiroud et al., 1991). |
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positions) and isochore GC have a practical interest in that they allowed us
to position the coding sequence histogram of Fig. 3.3 relative to the CsCl pro-

-1 file of Fig.3.5 and to assess the gene distribution in the human genome

(Mouchiroud et al., 1991; Bernardi, 1993b). In fact, if one divides the relative

number of genes per histogram bar by the corresponding relative amount of

DNA., one can see that gene concentration is low and constant in GC-poor

isochores, increases with increasing GC in isochore families H1 and H2, and

reaches a maximum in isochore family H3, which exhibits at least a 20-fold

higher gene concentration compared to GC-poor isochores (Fig. 3.6).

Recent results (mentioned in Bernardi, 1993b) have shown that the gene
distribution is similar in all vertebrate genomes in that the isochore family H3
hybridizes preferentially on the GC-richest DNA fractions in all cases.

(B) Plot of
GC levels of third codon positions of genes from prokaryotic and eukar-
yotic genomes are plotted against GC levels of first +sccond positions.
All values are averaged per genome (or per genome compartment, in

—_

the case of compositionally compartmentalized genomes) (From
D'Onofrio and Bernardi, 1992). —_—
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Fig. 3.5.\Composilionai patterns of vertebrate genomes. Top: CsCl profiles of DNAs from
Xenopus, chicken, mouse, and man (from Thiery et al., 1976). Bottom: Histograms showing
the relative amounts, modal buoyant densities and GC levels of the major DNA components
from Xenopus, chicken, mouse, and man, as estimated after fractionation of DNA by

BAMD: BAMD is bis (acetatomercurimethyl) dioxane). The major DNA components are the
families of large DNA fragments (see Fig. 3.1) derived from different isochore families. Satellite
and minor DNA components (such as rDNA) are not shown in these histograms (from
Bernardi, 1993b). b
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Chromosome organization is different in cold- and warm-blooded vertebrates

Differences related to those described at the DNA and coding sequence level
also exist at the chromosomal level. In human metaphase chromosomes
T(elomeric) bands, the subset of R{everse) bands that is most thermal-
denaturation resistant, are essentially formed by GC-rich isochores (mainly of
the H2 and H3 families). In contrast, R’-bands, namely the R-bands exclusive
of T-bands, comprise both GC-rich isochores (of the H1 family) and GC-poor
isochores. Finally, G(iemsa) bands are formed almost exclusively by GC-poor
isochores (Saccone et al., 1992, 1993; see Fig. 3.7). The difference in GC Jevel
between G-bands and T-bands is about 15%. About 20% of genes are present
in G-bands and about 80% in R-bands (60% of them in T-bands). The location
of a majority of genes in T-bands is of interest in view of the association of
telomeres with the nuclear matrix and envelope (de Lange, 1992).

Whereas the organization of metaphase chromosomes just described is
essentially valid for all mammals and also for birds, cold-blooded vertebrates
are characterized by metaphase chromosomes in which an R banding cannot
be elicited (Schmid and Guttenbach, 1988).
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Fig. 3.6. Profile of gene concentration in the human genome as obtained by dividing the
relative amounts of genes in each 2.5% GC interval of the histogram by the carresponding
relative amounts of DNA deduced from the CsCl profile. The apparent decrease in gene con-
centration for very high GC values (broken line) is due to the presence of (DNA in that
region. The lasl concentration values are uncertain because they correspond to very low
amounts of DNA (from Bernardi, 1993b). !

Rearrangements are most frequent at compositional discontinuities

_ The genomes of warm-blooded vertebrates differ compositionally from those
of cold-blooded vertebrates in that about one third of the mammalian genome
underwent GC increases, whereas the remaining two-thirds did not. These two
compartments were called the neogenome and the paleogenome, respectively
(Bernardi, 1989; Fig.3.8). Such changes took place through the fixation of
directional point mutations, as shown by sequence comparisons of homolo-
gous genes (Bernardi et al., 1988). The compositional differences in the iso-
chore pattern of warm- compared to cold-blooded vertebrates are paralleled
by chromosomal changes, namely the formation of R-bands (and their subset
of T-bands).

The crucial point now is that recombinational events in mammals are
much more frequent in the Reverse bands and at the Reverse-Giemsa border
than in Giemsa bands or than in the genomes of cold-blooded vertebrates.

Detailed information, mainly concerning the human genome, shows
that translocation breakpoints are not randomly located on chromosomes
(Sutherland and Hecht, 1985; see also Fig.3.9). Indeed, R-bands and
G/R borders are the predominant sites of exchange processes, including
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Fig. 3.7. A scheme of the relative amounts of isochore families L1 + L2, H1, H2 and H3 in

- G-bands, R’-bands and T-bands: R’-bands are R-bands exclusive of T-bands (from Saccone

etal., 1993).
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Fig. 3.8. Scheme of the compositional genome transition accompanying the emergence of
warm-blooded from cold-blooded vertebrates. The compositionally fairly homogeneous genomes
of cold-blooded vertebrates are changed into the compositionally helerogeneous genomes of
warm-blooded vertebrates. The latter comprise a paleagenome (corresponding to about two
thirds of the genome) which did not undergo any large compositional change and a neogenome
(corresponding to the remaining third of the genome, with the GC-richest part only representing
3% of the genome). In the scheme, GC-poor isochores (open bar), GC-rich isochores (hatched
bar) and GC-richest isochores (black bar) are represented as three contiguous regions, neglecting
the mosaic structure of the isochores in the warm-blooded vertebrale genome (see Fig. 3.1).
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Fig. 3.9. Compositional map of the long arm of human chromosome 21. Long horizontal lines
indicale positions of the breakpoints associaled with the rearranged chromosomes listed at
the right of the figure. Short horizontal lines indicate the compositional DNA fraclions
hybridizing single-copy probes localized in dillcrent Giemsa positive (dark) and Glemsa
negalive (light) or Reverse bands (Irom Gardiner et al., 1990).

spontaneous translocations, -spontaneous and induced sister-chromatid
exchanges, and the chromosomal abnormalities seen after X-ray and chemical
damage. They also include the hot spots for the occurrence of mitotic
chiasmata (Morgan and Crossen, 1977; Sutherland and Hecht, 1985; Kuhn
and Therman, 1986; Hecht, 1988). Likewise, fragile sites tend to be more fre-
quent in R-bands or near the border of R- and G-bands (Aurias et al., 1978;
Yunis and Soreng, 1984; Hecht, 1988). It has been suggested that fragile sites
could be the points at which chromosomes break to form rearrangements
(Hecht and Hecht; 1984a,b). These observations indicate that R-bands and
G/R borders are particularly prone to recombination and suggest that these
phenomena are associated with the compositional discontinuities at G/R
borders and within R bands. Cancer-associated chromosomal aberrations are
also non-random, with a limited number of genomic sites consistently
involved and frequently associated with cellular oncogenes and fragile sites
(Mitelman and Heim, 1988). Incidentally, chromosomal rearrangements may
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have as an important consequence the activation of oncogenes by strong pro-
motors that have been put upstream of them by the .rearrangement (Klein,
1983). : -

At this point, the question should be raised as to why recombination
phenomena are so frequent in the neogenome of warm-blooded vertebrates.
The high GC level per se is unlikely to be responsible because, although rare,
genomes which are relatively high in GC (but in a uniform way)are also found
among cold- blooded vertebrates (Bernardi and Bernardi, 1990a,b). What
seems to matter is, therefore, the presence of compositional discontinuities
which exist not only at the borders of G- and R- (or T-) bands, but also within
R-and T-bands (Gardiner etal., 1990). The latter are due to the presence of
thin G-bands (which can be detected at high resolution; Yunis, 1981) and also
to the compositional heterogeneity of the GC-rich isochores present in R- and
T-bands. ;

Concerning the molecular basis for the association between chromosome
breakpoints and compositional discontinuities, one possibility is that chroma-
tin structure is more ‘open’ at compositional discontinuities (as was shown to
. be the case for CpG islands and the very GC-rich genes which associated with
them (Tazi and Bird, 1990; sce also Aissani and Bernardi, 1991a,b)) so allow-
ing recombination to take place, possibly using the many repeated sequences
concentrated in those regions. Indeed, the regions which are most susceptible
to recombination correspond to high concentrations of Alu sequences (Zerial
etal., 1986), CpG islands (Aissani and Bernardi, 1991a,b) and minisatellites
(Jeffreys etal., 1985).

In conclusion, what is proposed here is that the two major compositional
shifts which occurred in the genomes of vertebrales, namely those accompany-
ing the emergence of birds and mammals, led to the formation of strongly
composilionally compartmentalized genomes which are characterized by a
. remarkable degree of instability. It should be stressed that, although we do
not believe that ‘if it were not for social structuring, mammals, because of
their high dispersal power, might have evolved at the same rate or more
slowly than most cold-blooded vertebrate’ (Bush et al., 1977), we can accept
that social structuring and brain development may have played an additional
accelerating role.
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