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Summary. The compositional properties of  DNAs 
from 122 species of  fishes and from 18 other cold- 
blooded vertebrates (amphibians and reptiles) were 
compared with those from 10 warm-blooded ver- 
tebrates (mammals and birds) and found to be sub- 
stantially different. Indeed, DNAs from cold-blood- 
ed vertebrates are characterized by much lower 
intermolecular compositional heterogeneities and 
CsCI band asymmetries, by a much wider spectrum 
of  modal buoyant densities in CsC1, by generally 
lower amounts of  satellites, as well as by the fact 
that in no case do buoyant densities reach the high 
values found in the GC-richest components of  DNAs 
from warm-blooded vertebrates. 

In the case of  fish genomes, which were more 
extensively studied, different orders were generally 
characterized by modal buoyant densities that were 
different in average values as well as in their ranges. 
In contrast, different families within any given order 
were more often characterized by narrow ranges of  
modal buoyant densities, and no difference in modal 
buoyant density was found within any single genus 
(except for the genus Aphyosemion,  which should 
be split into several genera). 

The compositional differences that were found 
among species belonging to different orders and to 
different families within the same order are indic- 
ative of  compositional transitions, which were shown 
to be essentially due to directional base substitu- 
tions. These transitions were found to be indepen- 
dent of  geological time. Moreover, the rates of  di- 
rectional base substitutions were found to be very 
variable and to reach, in some cases, extremely high 
values, that were even higher than those of  silent 
substitutions in primates. The taxonomic and evo- 
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lutionary implications of  these findings are dis- 
cussed. 
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Introduction 

Earlier investigations from our laboratory revealed 
that the DNAs of  cold-blooded and warm-blooded 
vertebrates are characterized by strikingly different 
compositional properties (Macaya et al. 1976; Thiery 
et al. 1976; Cortadas et al. 1979; Bernardi et al. 
1985, 1988; Bernardi 1989). The former are gen- 
erally characterized by only slightly asymmetrical 
CsCI bands and by low levels ofinterm01ecular com- 
positional heterogeneities. The latter exhibit strong- 
ly asymmetrical CsC1 bands and high levels of  in- 
termolecular compositional heterogeneities; both 
differences are due to the existence in warm-blooded 
vertebrates of  GC-rich DNA components (namely, 
families of  DNA fragments in the 50-100-kb size 
range having a similar composition) that are absent 
or very scarcely represented in most cold-blooded 
vertebrates. These differences were initially estab- 
lished in investigations concerning 11 species of 
mammals, 2 species of  birds, and 6 species of  cold- 
blooded vertebrates. 

Later expansions of  the sample of  cold-blooded 
vertebrates investigated (Hudson et al. 1980; Pizon 
1983; Pizon et al. 1984; Bernardi and Bernardi 1990) 
provided results in agreement with the earlier data. 
Moreover, it was shown that modal buoyant den- 
sities of  DNAs from cold-blooded vertebrates cov- 
ered a much wider spectrum than those of  D N A s  
from warm-blooded vertebrates and that satellite 



bNAs were generally present in lower amounts 
(Bernardi and Bernardi 1990). Other differences be- 
tween the genomes of  cold-blooded and warm- 
blooded vertebrates concerned coding sequences 
(Bernardi et al. 1985, 1988; Mouchiroud et al. 1987, 
1988; Perrin and Bernardi 1987). These differences 
paralleled those found at the DNA level, in that 
COding sequences from cold-blooded vertebrates 
Were generally characterized by low GC levels, 
Whereas most coding sequences from warm-blooded 
vertebrates were characterized by high GC levels. 
Such differences were also found in comparisons of  
homologous genes. 

In the present work, we attempted (1) better to 
define the features of  the large compositional changes 
of the genome that accompanied the transition from 
Cold- and warm-blooded vertebrates; and (2) to ana- 
lyze the frequent compositional changes (indicated 
by the wide spectrum of  modal buoyant densities) 
that took place in the genomes of  cold-blooded ver- 
tebrates over evolutionary time. 

It should be recalled here that two modes of  evo- 
lution have been recognized in the vertebrate ge- 
nome on the basis of  comparisons of  homologous 
coding sequences (Bernardi et al. 1988). In the con- 
servative mode, which is predominant in the evo- 
lution of  mammalian genomes (and was also found, 
at the DNA level, in avian genomes), enormous 
numbers of  nucleotide substitutions accumulated 
OVer many millions of  years, but the composition 
of coding sequences (and of  their different codon 
Positions, including third positions), of  the associ- 
ated introns, and of  the intergenic noncoding se- 
quences remained within very narrow limits. Such 
an invariance is accompanied by nucleotide diver- 
gences as high as 50% (without correction for mul- 
tiple hits), and by differences in GC levels attaining 
50% in the third codon positions of  pairs of  ho- 
mologous coding sequences. The conclusion was then 
drawn that the conservative mode is not only due 
to Some extent of  compositional conservation in the 
nucleotide substitution process itself(namely to the 
tendency toward equal rates in the forward and 
backward changes from AT to GC base pairs), but 
also to negative selection acting at a regional (iso- 
chore) level to eliminate any strong deviation from 
a functionally optimal composition of  isochores. If  
SUch were not the case, it would be impossible to 
explain, for instance, why extremely high GC values 
(in excess of  90%) are conserved in third codon 
Positions of  a number of  homologous mammalian 
genes over very extended evolutionary times. 

In the shifting (or transitional) mode, large com- 
Positional changes occur. In the case of  the two in- 
dependent major transitions that corresponded to 
the appearance of  mammals and birds, respectively, 
relatively rapid, regional accumulations of  nucleo- 
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tide substitutions biased toward GC increases took 
place. As already mentioned, comparisons of  the 
compositional properties of  coding sequences from 
cold- and warm-blooded vertebrates (Bernardi et al. 
1985, 1988; Mouchiroud et al. 1987, 1988; Perrin 
and Bernardi 1987) showed that the differences seen 
at the DNA level were paralleled by differences found 
at the gene sequence level. Such changes were 
ascribed to negative selection of  isochores with de- 
creased GC levels and positive selection ofisochores 
with increased GC levels, under the influence of  the 
functional advantages associated with such com- 
positional shifts (Bernardi and Bernardi 1986; Ber- 
nardi et al. 1988). 

The methods used in the present work were de- 
scribed in the preceding article (Bernardi and Ber- 
nardi 1990). 

Resu l t s  

Comparisons of DNAs from Cold-Blooded and 
Warm- Blooded DNAs 

In Fig. 1 the modal buoyant densities, P0, of  DNAs 
from Osteichthyes and mammals are compared and 
it appears that values from mammals correspond to 
the lower values of  Osteichthyes. This comparison 
is, however, misleading. Indeed, modal buoyant 
densities characterize DNAs from cold-blooded 
vertebrates well, since they exhibit low asymmetries 
and low intermolecular compositional heterogene- 
ities, but modal buoyant densities are inappropriate 
for DNAs of  warm-blooded vertebrates, where the 
opposite is true. In fact, as shown by Fig. 2, the CsCl 
band asymmetry, A, and the intermolecular com- 
positional heterogeneity, H, of  DNAs from warm- 
blooded vertebrates are so large as to fall practically 
outside the range exhibited by the DNAs from cold- 
blooded vertebrates. It should be stressed that the 
A and H values used in Fig. 2 and Table 1 (see 
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Fig. 1. Modal buoyant densities of DNAs from Osteichthyes 
(open histogram from Bernardi and Bemardi, 1990) are com- 
pared with modal and mean buoyant densities of DNAs from 
mammals (cross-hatched and solid histograms). 
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bands, and do not include the contribution of sat- 
ellite DNAs. The latter contribution can usually be 
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Fig. 2. Comparison of CsCI band asymmetry (a) and inter- 
molecular compositional heterogeneity (b) of DNAs from Os- 
teichthyes (open histograms; from Bernardi and Bernardi 1990) 
with DNAs from mammals  (solid histogram) and birds (cross- 
hatched histogram) 
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Fig. 3. The histogram of the modal buoyant densities of  major 
DNA components (black bars) from the human genome (which 
is representative of the genomes from most mammals) is com- 
pared with the histogram of modal buoyant densities of  the ge- 
nomes from Osteichthyes (open histogram) and Chondrichthyes 
(cross-hatched histogram). Major DNA components from mu- 
rids, cricetids, and spalacids did not reach values higher than 
1.710 g/cm 3, whereas those of  birds reached higher values than 
those shown (unpublished). 

estimated by studies involving preparative Cs2SOJ 
Ag § and Cs2SO4/BAMD density gradient centrifu- 
gation (Corneo et al. 1968; Filipski et al. 1973; Thiery 
et al. 1976; Bernardi and Bernardi 1990). 

The comparison under consideration can be im- 
proved by using (Fig. 1) the mean buoyant densities 
(p) of DNAs from mammals, whereas the modal 
buoyant densities of  cold-blooded vertebrates can 
be used in the comparison, as they are very close to 
the mean buoyant densities. In this case, the values 
from warm-blooded vertebrates correspond to the 
higher values of Osteichthyes. 

It should be pointed out, however, that the asym- 
metry, heterogeneity, and mean buoyant density are 
calculated by weight-averaging methods; and that 
the relative amounts of DNA fragments from warm- 
blooded vertebrates decrease as their GC level in- 
creases. As a consequence, the compositional dif- 
ferences between the genomes of cold-blooded and 
warm-blooded vertebrates, which have been dis- 
cussed above, are underestimated by the approaches 
just described. Differences become much more ev- 
ident when the modal buoyant densities and relative 
amounts of DNA components from warm-blooded 
vertebrates (namely, of  the families of  DNA frag- 
ments in the 30-100-kb size range, that are char- 
acterized by close GC levels) are taken into consid- 
eration. If  this is done (Fig. 3), it is clear that DNA 
components exist in the genomes of warm-blooded 
vertebrates and they are higher in GC levels than 
any DNA from cold-blooded vertebrates. 

Another way to compare DNAs from cold- and 
warm-blooded vertebrates is to take into consid- 
eration average P0, (~), A, and I:I values and their 
standard deviations. The results of Table 1 indicate 
that the average modal buoyant densities, p0, are 
lower for DNAs from warm-blooded vertebrates 
compared to DNAs from cold-blooded vertebrates, 
as expected from the histogram of  Fig. 1. The av- 
erage mean buoyant densities, (~), are essentially 

Table 1. Properties of DNAs from vertebrates 

Number  of  Po crp0 (~) ~.~ • ~A I:I o .  
species" (g/cm 3) (mg/cm 3) (g/cm 3) (mg/cm 3) (mg/cm 3) (mg/cm 3) %GC %GC 

Chondrichthyes 12 (9) 1.7035 1.1 1.7044 1.4 0.87 0.54 3.4 0.9 
Osteichthyes 110 (98) 1.7014 2.2 1.7016 2.2 0.65 0.54 2.6 1.1 
Amphibians 5 (3) 1.7020 1.7 1.7026 1.7 0.58 0.13 2.9 0.05 
Reptiles 13 (6) 1.7019 1.8 1.7028 1.7 0.73 0.54 3.0 1.05 
Mammals  10 (7) 1.7000 0.7 1.7025 1.1 2.5 0.9 4.7 0.4 
Birds 2 1.6999 0.1 1.7031 0.0 3.1 0.2 6.7 0.2 
Perciformes 30 (29) 1.7004 0.8 1.7009 0.9 0.42 0.57 2.4 0.8 
Tetraodontiformes 11 1.7027 1.4 1.7033 1.6 0.56 0.40 2.8 1.1 
Murids + cricetids 3 1.7004 0.3 1.7018 0.3 1.43 0.09 4.3 0.3 
Other mammals  8 (4) 1.6997 0.8 1.7027 1.1 3.08 0.42 5.0 0.3 

"Numbers  concern the species compared in Po, (p), and A values; numbers in parentheses concern the species compared in H valueS, 
if difl'erent. Data from Bernardi and Bernardi (1990) for fishes, amphibians, and reptiles; from Thiery et al. (1976) for mammalS 
and birds (in this case H values were calculated in the present work) 
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Fig. 2. Comparison of CsCI band asymmetry (a) and inter- 
molecular compositional heterogeneity (b) of DNAs from Os- 
teichthyes (open histograms; from Bernardi and Bernardi 1990) 
with DNAs from mammals  (solid histogram) and birds (cross- 
hatched histogram) 
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Fig. 3. The histogram of the modal buoyant densities of  major 
DNA components (black bars) from the human genome (which 
is representative of the genomes from most mammals) is com- 
pared with the histogram of modal buoyant densities of  the ge- 
nomes from Osteichthyes (open histogram) and Chondrichthyes 
(cross-hatched histogram). Major DNA components from mu- 
rids, cricetids, and spalacids did not reach values higher than 
1.710 g/cm 3, whereas those of  birds reached higher values than 
those shown (unpublished). 

estimated by studies involving preparative Cs2SOJ 
Ag § and Cs2SO4/BAMD density gradient centrifu- 
gation (Corneo et al. 1968; Filipski et al. 1973; Thiery 
et al. 1976; Bernardi and Bernardi 1990). 

The comparison under consideration can be im- 
proved by using (Fig. 1) the mean buoyant densities 
(p) of DNAs from mammals, whereas the modal 
buoyant densities of  cold-blooded vertebrates can 
be used in the comparison, as they are very close to 
the mean buoyant densities. In this case, the values 
from warm-blooded vertebrates correspond to the 
higher values of Osteichthyes. 

It should be pointed out, however, that the asym- 
metry, heterogeneity, and mean buoyant density are 
calculated by weight-averaging methods; and that 
the relative amounts of DNA fragments from warm- 
blooded vertebrates decrease as their GC level in- 
creases. As a consequence, the compositional dif- 
ferences between the genomes of cold-blooded and 
warm-blooded vertebrates, which have been dis- 
cussed above, are underestimated by the approaches 
just described. Differences become much more ev- 
ident when the modal buoyant densities and relative 
amounts of DNA components from warm-blooded 
vertebrates (namely, of  the families of  DNA frag- 
ments in the 30-100-kb size range, that are char- 
acterized by close GC levels) are taken into consid- 
eration. If  this is done (Fig. 3), it is clear that DNA 
components exist in the genomes of warm-blooded 
vertebrates and they are higher in GC levels than 
any DNA from cold-blooded vertebrates. 

Another way to compare DNAs from cold- and 
warm-blooded vertebrates is to take into consid- 
eration average P0, (~), A, and I:I values and their 
standard deviations. The results of Table 1 indicate 
that the average modal buoyant densities, p0, are 
lower for DNAs from warm-blooded vertebrates 
compared to DNAs from cold-blooded vertebrates, 
as expected from the histogram of  Fig. 1. The av- 
erage mean buoyant densities, (~), are essentially 

Table 1. Properties of DNAs from vertebrates 

Number  of  Po crp0 (~) ~.~ • ~A I:I o .  
species" (g/cm 3) (mg/cm 3) (g/cm 3) (mg/cm 3) (mg/cm 3) (mg/cm 3) %GC %GC 

Chondrichthyes 12 (9) 1.7035 1.1 1.7044 1.4 0.87 0.54 3.4 0.9 
Osteichthyes 110 (98) 1.7014 2.2 1.7016 2.2 0.65 0.54 2.6 1.1 
Amphibians 5 (3) 1.7020 1.7 1.7026 1.7 0.58 0.13 2.9 0.05 
Reptiles 13 (6) 1.7019 1.8 1.7028 1.7 0.73 0.54 3.0 1.05 
Mammals  10 (7) 1.7000 0.7 1.7025 1.1 2.5 0.9 4.7 0.4 
Birds 2 1.6999 0.1 1.7031 0.0 3.1 0.2 6.7 0.2 
Perciformes 30 (29) 1.7004 0.8 1.7009 0.9 0.42 0.57 2.4 0.8 
Tetraodontiformes 11 1.7027 1.4 1.7033 1.6 0.56 0.40 2.8 1.1 
Murids + cricetids 3 1.7004 0.3 1.7018 0.3 1.43 0.09 4.3 0.3 
Other mammals  8 (4) 1.6997 0.8 1.7027 1.1 3.08 0.42 5.0 0.3 

"Numbers  concern the species compared in Po, (p), and A values; numbers in parentheses concern the species compared in H valueS, 
if difl'erent. Data from Bernardi and Bernardi (1990) for fishes, amphibians, and reptiles; from Thiery et al. (1976) for mammalS 
and birds (in this case H values were calculated in the present work) 
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Fig. 4. Comparison of the ranges of modal buoyant densities exhibited by DNAs from species of cold-blooded vertebrates belonging 
to the same order. Figures in parentheses indicate the numbers of  species analyzed. In the case of Perciformes, Synchiropus splendidus 
was not taken into account for reasons given in the text. 

mouse, and human DNAs. In this respect, the much 
larger fish DNA sample studied here, as well as DNAs 
from amphibians and reptiles, show the same prop- 
erties as those found previously. 

These findings are of interest not only because 
they provide additional comparisons, but also be- 
cause they show comparable values of  heterogeneity 
for DNAs from cold-blooded vertebrates and DNAs 
from bacteria. Because the latter have genome sizes 
that are smaller by two to three orders of  magnitude, 
this observation can only be understood (Hudson 
et al. 1980; Cuny et al. 198 I) if the genomes of  cold- 
blooded vertebrates are made of  compositionally 
homogeneous regions, the isochores (Bernardi et al. 
1985). Likewise, DNAs of cold-blooded vertebrates 
show asymmetries and heterogeneities that are com- 
parable with those of  individual major components 
from mammalian genomes, in spite of  the fact that 
some of the latter (like the H2 and H3 components) 
have kinetic complexities that are much smaller (H2 
represents about 8% of the genome and H3 about 
5% of  the mammalian genome). 

Comparisons of DNAs from Cold-Blooded 
Vertebrates 

A comparison of  the modal buoyant densities of  
DNAs from cold-blooded vertebrates indicates that 

different orders are generally characterized by dif- 
ferent average values and different ranges of  values 
(see Table 2 and Fig. 4). This point was studied in 
more detail in Fig. 5, which displays histograms of 
modal buoyant densities exhibited by DNAs of fish 
species as analyzed by genus, family, and/or order. 
Expectedly, the scatter of  values generally increased 
when moving from the genus to the family and to 
the order, but large scatters were found not only in 
some orders, but also, although less frequently, in 
families and even within one genus (which might, 
however, be considered as several genera; see Dis- 
cussion). 

Table 2 presents the standard deviations of mod- 
al buoyant densities corresponding to these groups 
of DNAs. As already mentioned, because of  the gen- 
erally low asymmetries of  fish DNA bands, results 
concerning mean buoyant densities are similar to 
those of modal buoyant densities (see Table 3 of 
Bernardi and Bernardi 1990). In fact, because asym- 
metries are, in part at least, due to GC-rich cryptic 
or poorly resolved satellites (Bernardi and Bernardi 
1990), modal buoyant density data are likely to be 
more reliable in the case of fish DNAs. Standard 
deviations, a, of values higher than unity correspond 
to differences that were very significant under our 
experimental conditions, and definitely indicated, 
therefore, compositional transitions. Such high val- 
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l~ig" 5. Histograms showing modal buoyant densities of  D N A  
from fish species belonging to the same genus, family, and/or 
Order. The numbering of the right side of the figure refers to the 
fish orders (see Table 2). Data are from Table 3 of Bernardi and 
l~ernardi (1990). 

Ues were found in 1 genus (Aphyosemion; see Dis- 
CUssion) out of  16, in 4 families (Aplocheilidae, Ser- 
ranidae, Balistidae, and Tetraodontidae) out of 14, 
and in 7 orders (Rajiformes, Gadiformes, Cyprino- 
dontiformes, Scorpaeniformes, Perciformes, Pleu- 
ronectiformes, Tetraodontiformes) out of  11. 

Discussion 

(Bernardi 1989) of two main compartments. (1) The 
paleogenome is similar to what it presumably was, 
and still is, in cold-blooded vertebrates; this com- 
partment, which corresponds to two-thirds of  the 
genome, is made up of  late-replicating, composi- 
tionally homogeneous, GC-poor isoehores contain- 
ing GC-poor genes. (2) The neogenome, which cor- 
responds to the remaining third, is characterized by 
compositional features that are different from what 
they were in the genomes of  cold-blooded verte- 
brates; in the neogenome, the ancestral, early-rep- 
licating, GC-poor isochores were changed into com- 
positionally heterogeneous GC-rich isochores that 
contain abundant genes. Whether this early-repli- 
cating genome compartment, which is not (or is 
much less) compositionally distinct in cold-blooded 
vertebrates, already contained (and still contains) a 
much higher gene concentration than the late-rep- 
licating compartment is not known but is possible. 
Otherwise, the compositional transition from cold- 
to warm-blooded vertebrates should have been ac- 
companied by massive genome rearrangements, 
leading to the very high gene concentrations that are 
found at present in the GC-richest regions of  the 
genome of  warm-blooded vertebrates. Some rear- 
rangements definitely took place, however. Suffice 
it to mention here that the a- and/3-globin genes, 
which are contiguous and GC poor in the genome 
of Xenopus, are on different chromosomes in both 
mammals and birds. Moreover, in the case of  mam- 
mals, the a-globin gene cluster became GC rich, 
whereas the t3-globin gene cluster remained GC poor; 
in the case of  birds both the a- and the /3-globin 
gene clusters became GC rich. 

Compositional Transitions in the Genomes 
of Vertebrates: The Cold- to Warm-Blooded 
l"ertebrate Transition 

The differences found between the DNAs from cold- 
and warm-blooded vertebrates (see the first section 
of the Results) definitely establish the existence of  
a major discontinuity between these DNAs. The 
accompanying changes in coding sequences essen- 
!ially parallel the DNA changes, in that genes located 
in the GC-rich isochores of  warm-blooded verte- 
brates show increased GC levels in their coding se- 
quences and introns (Bernardi et al. 1985, 1988; 
MOUehiroud et al. 1987, 1988; Perrin and Bernardi 
1987). Such changes were demonstrated in homol- 
OgOus coding sequences as well, thus unequivocally 
.sh~wing that directional mutations had been fixed 
in those genes. 

It should be stressed that the compositional 
Changes just discussed did no! concern the totality 
f t h e  genome of  cold-bloodeta vertebrates. Indeed, 

,ue genome of  warm-blooded vertebrates consists 

Compositional Transitions in the Genomes 
o f  Cold-Blooded Vertebrates 

The data of Table 2 show significant compositional 
differences among the DNAs of  fishes belonging to 
the same order and/or family. In fact, compositional 
transitions are not only frequent in the genomes of  
fishes, but also in those of  other cold-blooded ver- 
tebrates, amphibians and reptiles. For instance, the 
order Anura among amphibians, and the order Sau- 
ria among reptiles definitely exhibit compositional 
transitions in their families (a > 1). Here we will 
concentrate, however, on the compositional tran- 
sitions of fishes, because of  the much larger number 
of  DNAs investigated and because an extensive pa- 
leontological record is available to date the time of  
appearance of the fish groups under consideration 
(Nelson 1984; Carroll 1988; and references quoted 
therein). 

In the case of  fish genomes compositional tran- 
sitions (as indicated by standard deviations of  po 
values equal to, or higher than, unity) were found 
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in 6% o f  the genera, 29% o f  the families, and  64% 
o f  the orders examined.  I f  account  is taken o f  the 
possibility that  Aphyosemion should be split into 
several genera, no significant devia t ion would exist 
in any genus investigated by us, whereas this would 
be the case for 36% o f  the families. This result is 
particularly striking i f  one considers that  the stan- 
dard  deviat ion o f  modal  buoyant  densities o f  DNAs  
f rom a whole ver tebrate  class, mammals ,  is only 
0.7, a value below the significance threshold, con- 
sidered to be equal to one (see Table  1). 

In fact, the spread o f  the transit ional mode  o f  
evolut ion in fish genomes must  be severely under-  
es t imated on the basis o f  the data o f  Table 2 for the 
following reasons. (1) The  small size o f  most  sam- 
ples raises the possibility that  some higher s tandard 
deviat ions  were missed because certain species were 
not  studied. (2) Significant changes that  occurred in 
one direction (GC increases, for instance) could have 
subsequently been counterbalanced by changes in 
the opposite  direction (GC decreases). (3) Compo-  
sitional changes could occur wi thout  being accom- 
panied by easily detectable differences in modal  
buoyant  densities. Indeed,  changes in CsCI band 
asymmet ry  and in D N A  heterogeneity can occur 
wi thout  practically affecting modal  buoyant  densi- 
ties (compare mur ids  + cricetids with other  mam-  
mals in Table  1). (4) The  presence o f  identical values 
o f  modal  buoyant  densities within a group, due to 
the overrepresenta t ion o f  a genus or a family, may  
cause a decrease in the s tandard deviations.  These 
were, therefore,  also calculated by taking into ac- 
count  only one value out  o f  groups o f  identical ones 
f rom the same genus or family. The  increases in 
s tandard deviat ions so obta ined were, however,  neg- 
ligible, except for Perciformes.  In this case, the stan- 
dard  deviat ion became higher than unity and, there- 
fore, significant. Interestingly, the existence o f  this 
problem was pointed  out  by the fact that one family 
o f  Perciformes,  Serranidae, showed a s tandard de- 
viat ion higher than unity, whereas the order  as a 
whole did not.  

The Compositional Transitions ofFish 
Genomes: The Nature o f  the Changes 

Two mechanisms,  not  exclusive o f  each other,  may  
be responsible for composi t ional  transitions. The 
first mechanism concerns expans ion-cont rac t ion  
phenomena  affecting repeated sequences. 

1) Changes in highly repeated, clustered se- 
quences (satellite DNAs) can be neglected here for 
two different reasons. First, fish satellite DNAs  are 
systematically GC rich and are a lmost  always pres- 
ent  in small relative amounts  (Bernardi and Ber- 
nardi  1990); and second, calculating GC levels f rom 
{p) values (without taking into account  satellites; as 

done in Table 3 o f  Bernardi and Bernardi  1990) or 
f rom Po values very  largely or completely eliminates 
composi t ional  changes associated with the presence 
o f  different amoun t s  o f  satellite DNAs.  

2) Changes in interspersed repeated sequences 
(and in noncoding intergenic sequences, in general) 
need more  serious considerat ion.  Indeed,  we have 
shown (Bernardi and Bernardi  1990) that i f  poly- 
ploid genomes are neglected (see below), G C  levels 
decrease or  increase when c values increase or  de- 
crease, respectively. Such changes are apparently due 
to the expansion or  contract ion o f  noncoding inter- 
genie sequences (and o f  the interspersed repeat  fam- 
ilies contained in them), which are lower in G C  than 
the coding sequences that  they surround.  Changes 
due to this cause are small, however ,  as an increase 
o f  1 lag in c value is required to obtain, on the av- 
erage, a 5% G C change. It is reasonable to conclude 
that  changes in genome size due to regional expan- 
s ion-cont rac t ion  phenomena  are not  conducive  to 
large G C changes and are, therefore,  in general, not  
responsible for composi t ional  transitions. In fact, in 
the species under  considerat ion a change o f  1 pg is 
an enormous  change, and may  more  often be the 
consequence ofdip lo id iza t ion  (which does not  cause 
by itself any significant change in composi t ion)  than 
o f  regional composi t ional  changes (Bernardi and 
Bernardi  1990). 

The  above considerat ions suggest that  composi-  
t ional transitions, as investigated here, are essen- 
tially due to an alternative possibility, namely  to 
directional nucleotide changes. Ideally, this alter- 
nat ive explanation should be supported by the find- 
ing that  homologous  coding sequences show GC 
changes (especially in third codon positions) that 
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Average GC levels of third codon positions of genes 
from six fish species are plotted against the GC levels of the 
corresponding genome. Fish species are 1, Brachydanio rerio (2); 
2, Cyprinus carpio (6); 3, Carassius auratus (2); 4, Lophius ameri- 
canus (3); 5, Torpedo marmorata (2); and 6, Salmo gairdneri (4). 
Values in parentheses indicate the number of coding sequences 
studied; genes for histones, protamines, and additional copies of 
genes from multigene families were disregarded. 
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Fig. 7. Ranges of modal buoyant den- 
sities from teleostean fish species be- 
longing to different orders (data from 
Bernardi and Bernardi 1990) are pre- 
sented on a generalized diagram of rela- 
tionships of the major groups of extant 
teleosts (Nelson 1984; all lines indicat- 
ing postulated relationships are shown 
as the same, regardless of whether the 
affinity is considered highly speculative 
or relatively certain; the area of the 
blocks is roughly proportional to the 
number of species recognized in the in- 
dicated group; the gray area represents 
the percentage of species normally con- 
fined to fresh water). In the case of Per- 
ciformes, Synchiropus splendidus was 
not taken into account, for reasons giv- 
en in the text. In the case of Ostario- 
physi, the first value refers to the superor- 
der and the second to the order 
Cypriniformes. In the case of Ophidi- 
iformes and Gadiformes, the first value 
refers to both orders and the second to 
Gadiformes only. Underlined values 
correspond to significant compositional 
transitions within the designated order 
(a> 1). 

Correlate with the overal l  compos i t iona l  t ransi t ion 
of the genome.  Al though this in fo rmat ion  is not  
available so far, we know, at least, that  the com-  
Positional t ransi t ions under  considera t ion here are 
aCCOmpanied by  only m i n o r  changes in c values;  
and that  G C  levels o f  third codon posi t ions  aver-  
aging genes f rom the same genomes  are correlated 
With the G C  levels o f  the genomes  (Fig. 6). I t  should 
be Stressed that,  a l though the n u m b e r  o f  genes in- 
Vestigated is necessarily small because sequence da ta  
for fish genes are still scanty,  the results o f  Fig. 6 
are credible because they fit with the genome  hy- 
POthesis ( G r a n t h a m  et al. 1980), which applies  to 
C~ homogeneous  genomes  (Bernardi  
and Bernardi  1986). Obvious ly ,  the data  o f  Fig. 6 
SUpPort the explanat ion  o f  direct ional  nucleot ide 
changes, because they indicate that  changes in ge- 
home compos i t ion  are paralleled by  changes in gene 
COmPositions. 

~ Transitions in Fish Genomes." 
ndependence from Evolutionary Time 

The COmpositional t ransi t ions o f f i sh  genomes  raise 
an impor tan t  quest ion abou t  how the underlying 
nUcleotide changes are related to evolu t ionary  t ime.  
1~: This poin t  can be approached  in different ways. 

~rst o f  all, no corre la t ion appears  to exist between 
r~~ buoyan t  densit ies o f  D N A s  f rom species be- 

longing to different orders o f  teleosts and  the evo-  
lu t ionary relat ionships a m o n g  these orders.  As 
shown in Fig. 7, there are no visible t rends in the 
compos i t iona l  proper t ies  o f  the genome  f rom the 
older  groups to the m o r e  recent  ones. Moreover ,  
groups compr is ing  very  large number s  o f  species, 
like Ostar iophysi ,  m a y  exhibi t  a na r row range o f  
moda l  buoyan t  densities, whereas  groups compr i s -  
ing a m u c h  smal ler  n u m b e r  o f  species, like Cypr ino-  
don t i fo rmes  and  Te t raodon t i fo rmes ,  show a very  
large spec t rum.  Second, i f  the spread o f  m o d a l  buoy-  
ant  densit ies (as indicated by  their  s tandard  devia-  
tions) exhibi ted by a fish order  or  family  (showing 
no large differences in c values and,  therefore,  no 
m a j o r  role o f  expans ion-con t rac t ion  p h e n o m e n a  af- 
fecting intergenic sequences) is p lot ted against  the 
t ime  o f  their  respect ive appearance  (Fig. 8), no sig- 
nificant correlat ion is found.  In  o ther  words,  the 
average compos i t iona l  divergence that  took  place 
a m o n g  the species under  considera t ion since the ap-  
pearance  o f  the corresponding groups (and that  led 
to the differences in moda l  buoyan t  density) is not  
related to evolu t ionary  t ime.  (One should consider  
here that  all small  recent  compos i t iona l  divergences 
accumula te  in the lower r ight-end corner  o f  Fig. 8, 
and  that  all m a m m a l s  invest igated exhibi t  a stan- 
da rd  dev ia t ion  o f  only 0.7.) In  fact, the averaging 
m e t h o d  used to p roduce  the da ta  o f  Fig. 8 hides the 
fact tha t  changes m u c h  larger than  the average took  
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place within a time that obviously was shorter than 
the time elapsed since the appearance of the group. 
Indeed, even within a given group, pairwise com- 
parisons of  modal buoyant densities give different 
values (see below). 

The independence of compositional transitions 
upon evolutionary time can be explored in more 
detail. If  we take into consideration the two groups 
of Cyprinodontiformes, the aplocheiloids and the 
other Cyprinodontiformes (Poecilidae, samples 69, 
70 of  Table 3 of  Bernardi and Bernardi 1990; fun- 
dulines, sample 65; and New World cyprinodon- 
tines, samples 64-68), for which the time of sepa- 
ration is established at 200 million years (Myr) ago 
(Parenti 1981), it is obvious (Fig. 8 and Table 2) 
that the former group underwent a much larger com- 
positional divergence compared to the latter. In both 
cases, the number of genera (6 and 5, respectively) 
and species (17 and 8, respectively) investigated ap- 
pears to be satisfactory for the present purpose. Pair- 
wise comparisons of  modal buoyant densities in- 
dicate in addition that the maximal compositional 
divergence was much larger in the first group than 
in the second. A GC level difference of  8.6% was 
found between two aplocheiloids, Aphyosemion 
australe (sample 56) and Rivulus holmiae (sample 
61). In contrast a maximal difference of only 1.3% 
GC was found between two species from the other 
Cyprinodontiformes, Cyprinodon salinus (sample 
64) and Jordanella floridae (sample 68). 

Compositional Transitions in Fish Genomes: 
The Rates o f  Directional Nucleotide 
Substitutions 

The GC differences characterizing compositional 
transitions allow one to calculate directional sub- 
stitution rates, provided that an estimate of the di- 
vergence time is available and that GC changes are 
only or essentially due to directional nucleotide sub- 
stitutions. I f  these conditions are satisfied, the rates 
of  directional mutations (AT = GC) per site and 
per year can be calculated in pairwise comparisons 
as (GC1 - GC2)/2N, where GCI and GC2 are the 
GC percentages of  the genomes having the higher 
and lower GC level, respectively, and N is the num- 
ber of  years since the appearance of  the group (order 
or family) comprising the two species. 

A case that lends itself to such an analysis and 
that is particularly relevant here is that of three 
species from the genus (or genera) Aphyosemion. 
Indeed, A. punctatum (sample 46 of Table 3 of  Ber- 
nardi and Bernardi 1990) has a genome character- 
ized by a GC level of 41.9% and a c value of  0.6 
pg, whereas the genomes ofA. australe (sample 56) 
and A. striatum (sample 55) have GC levels of  46.7% 
and 48.1%, respectively, and the corresponding c 
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Standard deviations of  average modal buoyant densities, 
a, of  DNAs from fish species belonging to the same family, or 
order, are plotted against the time of  the appearance of  these 
groups. Groups are: Lamniformes, 1; Cypriniformes, 7; Salmon- 
idae, 8; Gadiformes, 10; Aplocheilidae, 12A; Cyprinodontidae, 
12B; Aphyosemion, A; Perciforrnes, 14; Tetraodontiformes, 16. 
Numbers  correspond to those of Table 2 and Fig. 5. 

values are 0.73 and 0.65 pg, respectively. These 
slightly higher c values correspond to differences 
that are small enough not to cause more than a 0.5% 
GC difference, whereas the GC differences under 
consideration are between 5 and 6%. Moreover, these 
c value differences, if due to amplification of inter- 
spersed repeats, should lead to lower GC levels, 
whereas the opposite is found. In fact, at least in the 
case ofA. australe, the increased c value may be due 
to the influence of a GC-rich satellite (see Fig. 1 of 
Bernardi and Bernardi 1990). 

The time of  divergence for the group Aphyose- 
mion was estimated using Nei's genetic distances as 
calculated by Douchement et al. (1984). Divergence 
times are based on Sarich's (1977) correlations of 
genetic distance and divergence times for verte- 
brates, as modified by Carlson et al. (1978; see also 
Graves and Somero 1982). This leads to an estimate 
of  23.2 _+ 4.3 Myr for the separation of  Archiaphy- 
osemion (A. punctatum), Mesoaphyosemion (A. aus- 
trale and A. striatum), and Paraphyosemion. Using 
this time, one can calculate a compositional substi- 
tution rate equal to 1.55.10 -9 per site per year. This 
value, if  corrected for multiple hits, would be higher 
than the rate of  synonymous substitutions as mea- 
sured in primates (2.10 -9, corrected for multiple hits; 
Li et al. 1987). Needless to stress that this conclusima 
is most striking, as the comparison concerns the 
numbers of  AT to GC changes (4 changes) on the 
one hand and the numbers of all (12) changes ola 
the other hand. 

Two remarks are appropriate at this point. The 
first is that the separation time of  the species under 
consideration is certainly overestimated. Indeed, the 



extremely high compositional substitution rate, as 
calculated for the whole genomes (and therefore 
mainly for intergenic sequences that represent the 
Vast majority of  the genome) should be accom- 
panied by higher first and second codon position 
Substitutions, which are responsible for the amino 
acid changes used to determine separation time. This 
obviously leads to overestimating separation time. 
The second remark is that, although our data on 
Aphyosemion correspond to the highest composi- 
tional substitution rate found by us so far, other 
data are likely to approach them; this should be true 
of rates concerning at least some Tetraodontiformes. 

Compositional Transitions in Fish Genomes: 
Evolutionary Implications 

The results discussed in the preceding section have 
important evolutionary implications that will be 
elaborated further elsewhere. Suffice it to mention 
here that the existence of  extremely high rates of  
nUcleotide substitutions (as exemplified by the case 
~ indicates that the molecular clock 
(ZUckerkandl and Pauling 1962; Zuckerkandl 1987) 
may be disrupted during at least some composi- 
tional transitions. Effects along the same line have 
been detected between homologous coding se- 
quences having undergone compositional changes 
in mammals (Mouchiroud and Gautier 1988, 1990; 
Saccone et al. 1989). 

More generally, the independence of  composi- 
tional changes from evolutionary time indicates that 
the genome phenotype (namely, the compositional 
Pattern of  the genome; Bernardi and Bernardi 1986), 
like the classical phenotype (corresponding to the 
gene products) does not undergo changes according 
to a molecular clock. Yet the genome phenotype 
and the classical phenotype do not behave sym- 
metrically relative to each other. 

In the conservative mode of  genome evolution 
there is no change in the genome phenotype, and 
Yet the classical phenotype may be altered because 
~ very small number of  changes in critical genome 
S~tes, which do not show up in the compositional 
laattern of  the genome. 

In the transitional or shifting mode of  evolution, 
the genome phenotype undergoes compositional 
transitions, and these transitions are always accom- 
Panied by changes in the classical phenotype. The 
reason is that the GC increases or decreases occur- 
ring in third codon positions, in introns, and in 
tlOneoding intergenic sequences, which change the 
genorne phenotype, are accompanied by GC in- 
creases or decreases, respectively, in first and second 

d, ~ positions. (This is exemplified by the tran- 
L tl~ from cold-blooded to warm-blooded ve~e- 
orates.) Changes are, therefore, simultaneously in- 
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troduced in the genome phenotype and in the 
classical phenotype. 

In conclusion, although changes in the genome 
phenotype are always accompanied by changes in 
the classical phenotype, the reverse is not necessarily 
true. In particular, the classical phenotype changes 
associated with speciation may be accompanied by 
a spectrum of  compositional changes ranging from 
undetectable to very large ones. Large and rapid 
compositional changes, like those exemplified by 
Aphyosemion, may be taken as molecular evidence 
of  punctuated equilibria (Eldredge and Gould 1972), 
a point that will be discussed further elsewhere. 

Compositional Transitions in Fish Genomes: 
Taxonomic Implications 

As just mentioned, changes in the classical pheno- 
type, and in particular those associated with specia- 
tion, may be accompanied or not by changes in the 
genome phenotype. On the other hand, changes in 
the genome phenotype, at least those large enough 
to be detected by differences in modal buoyant den- 
sities, are inescapably accompanied by large changes 
in the classical phenotype. It is conceivable, there- 
fore, that they always are associated with speciation. 
Although this is obvious for genomes, like the bac- 
terial genomes, that consist almost solely of  genes, 
it is not so for genomes predominantly made up of  
noncoding intergenic sequences, like those of  ver- 
tebrates. In this case, the association with speciation 
is due to the fact that compositional changes in the 
predominant noncoding intergenic sequences are 
accompanied by similar although slighter compo- 
sitional changes in the first and second codon po- 
sitions of  coding sequences. Accordingly, modal 
buoyant density, a parameter related to the genome 
phenotype, should be of  important taxonomic value 
not only in the case ofprokaryotic genomes (a point 
already recognized by microbiologists; see Marmur 
et at. 1963; Mandel 1969), but also in that of  eu- 
karyotic genomes. 

The following are some examples in which modal 
buoyant densities helped to solve taxonomic prob- 
lems in ichthyology by supporting one among di- 
vergent taxonomic proposals. 

1) Tetraodontiformes, an order that is problem- 
atic as far as taxonomy is concerned (Rosen 1982; 
Zehren 1987), exhibit a wide range of  modal buoy- 
ant densities, large differences being shown even by 
species belonging to the same family. In particular, 
Balistidae (which are heterogeneous in P0) were split 
(Matsuura 1979) into two families, Balistidae and 
Monacanthidae. At least in partial agreement with 
this proposal, Monacanthidae are homogeneous in 
terms of  po (see Table 3 of  Bernardi and Bernardi 
1990). This suggests that additional investigations 
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on the compositional patterns of  Tetraodontiformes 
could clarify their complex taxonomic relationships. 

2) The DNA of  Synchiropus splendidus exhibits 
a modal buoyant density, 1.7073 g/cm 3, which is 
the highest among those observed in the present 
work. This density is much closer to those found in 
Gadiformes than to those of  Perciformes and favors 
the placement, already proposed by Gosline (1970) 
of  Callionymidae (the family to which S. splendidus 
belongs), in the superorder Paracanthopterygii (see 
Table 2 of  Bernardi and Bernardi 1990) together 
with the order Gadiformes (as accepted by Nelson 
1976) rather than in the order Perciformes (as pro- 
posed more recently by Nelson 1984). 

3) The families Pomacentridae, Cichlidae, Lab- 
ridae, and Scaridae were put together into a group 
called Pharyngognathi (Liem and Greenwood 1981; 
see, however, Stiassny and Jensen 1987), but ana- 
tomical features of  Scaridae placed them apart from 
the other families (Monod 1986). In agreement with 
the latter proposal, the modal buoyant density of  
Scaridae is different from those o f  Pomacentridae, 
Cichlidae, and Labridae. 

4) Species from tbe genus Aphyosemion are char- 
acterized by DNAs ranging in modal buoyant den- 
sity from 1.7008 to 1.7066 g/cm 3. This genus has 
been split, however, into four genera on the basis 
of  morphology (Clausen 1967) and of  electropho- 
retie mobility of  proteins (Douchement et al. 1984). 
Interestingly, species belonging to three of  these gen- 
era (Arehiaphyosemion, Mesoaphyosemion, and 
Paraphyosemion; these comprise ,  respect ively,  
species 47-51 and 57-58, species 55-56, and species 
52-54 of  Table 3 of  Bernardi and Bernardi 1990) 
were analyzed and found to fall into three much 
more homogeneous classes of  modal buoyant den- 
sities (Bernardi and Bernardi 1990). 

Compositional Transitions in Fish Genomes." 
The Causes 

As far as the causes of  compositional transitions are 
concerned, two possibilities should be considered, 
namely mutational pressure (Sueoka 1988; Wolfe et 
al. 1989) or selection. Although the problems as- 
sociated with the idea that mutational pressure may 
be the cause (and not simply the mechanism) of  
compositional transitions have already been dis- 
cussed (Bernardi et al. 1988) and will be further 
commented upon elsewhere, here we make some 
remarks about selection as an explanation. 

In general, the selective advantages leading to 
compositional transitions in the genome are difficult 
to define, presumably because they are associated 
with a number of  different biological requirements. 
The observed compositional transitions probably 
are the result of  an equilibrium between different 
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Fig. 9. GC level ranges of DNAs from warm- and cold-blooded 
vertebrates, invertebrates, protists, and prokaryotes. Data are 
from Norm ore and Brown (1973), M andel (1973), and Thiery et 
al. (1976). 

selective pressures. For example, it is impossible to 
define at present the selective advantages associated 
with the compositional transitions o f  the Aphyose- 
mion genomes. However, in the case of the transi- 
tion from cold-blooded to warm-blooded verte- 
brates, one major environmental change appears to 
have been involved, namely an increase in body 
temperature. In such a case, one could expect to 
identify specific advantages of  certain composition- 
al transitions. Indeed, these advantages have been 
detected (Bernardi and Bernardi 1986) in that the 
regional GC increases accompanying the transition 
lead to a higher thermostability of  chromosomal 
regions, transcripts, and proteins. 

It should be noted that the observation that com- 
positional transitions are so much more frequent in 
cold-blooded than in warm-blooded vertebrates is 
in line with the explanation given above. A higher 
degree of  homeostasis and/or of  environmental sta- 
bility appears to lead to more stable compositional 
patterns of  the genome, as indicated by the increas- 
ing spread of  modal buoyant densities (or GC levels) 
of  DNAs, when going from warm-blooded to cold- 
blooded vertebrates, to invertebrates, to unicellular 
eukaryotes, and to bacteria (see Fig. 9). 
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