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Abstract. The compositional distributions of high
molecular weight DNA fragments from 20 species
belonging to 9 out of the 17 eutherian orders were
investigated by analytical CsCl density gradient
centrifugation and by preparative fractionation in
Cs,S0,/BAMD density gradients followed by anal-
ysis of the fractions in CsCl. These compositional
distributions reflect those of the isochores making
up the corresponding genomes.

A ‘‘general distribution’” was found in species
belonging to eight mammalian orders. A ‘“‘myo-
morph distribution’” was found in Myomorpha, but
not in the other rodent infraorders Sciuromorpha
and Histricomorpha, which share the general distri-
bution. Two other distributions were found in a
megachiropteran (but not in microchiropteran,
which, again, shares the general distribution) and in
pangolin (a species from the only genus of the order
Pholidota), respectively.

The main difference between the general distri-
bution and all other distributions is that the former
contains sizable amounts (6-10%) of GC-rich iso-
chores (detected as DNA fragments equal to, or
higher than, 1.710 g/cm? in modal buoyant density),
which are scarce, or absent, in the other distribu-
tions. This difference is remarkable because gene
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leled by GC levels, the highest gene concentrations
being present in the GC-richest isochores.

The compositional distributions of mammalian
genomes reported here shed light on mammalian
phylogeny. Indeed, all orders investigated, with the
exception of Pholidota, seem to share a common
ancestor. The compositional patterns of the mega-
chiropteran and of Myomorpha may be derived
from the general pattern or have independent ori-
gins.

DNA — Base composition — Verte-
brates — Eutheria — Evolution

Introduction

.

“Twenty years ago we discovered, using Cs,SO, pre-

parative density gradient centrifugation in the pres-
ence of a sequence-specific DNA-ligand, Ag™, (a
method previously used in order to fractionate
mammalian satellite DNAs; Corneo et al. 1968),
that high molecular weight bovine DNA is charac-
terized by a strong compositional heterogeneity due
to the existence of a small number of discrete com-
ponents covering a wide GC range (Filipski et al.
1973). This heterogeneity concerned the ‘‘main-
band’’ DNA (as distinct from satellite and riboso-
mal DNAs) and was, therefore, different from the
heterogeneity previously detected in analytical
CsCl gradient (Sueoka 1959), which is essentially
due (1) to the eight GC-rich satellite DNAs that
form 23% of the bovine genome (Filipski et al. 1973;
Cortadas et al. 1977: Macava et al. 1978: Kovnecka
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Fig. 1. Scheme of the compositional organization of the ge-
nomes from warm-blooded vertebrates. In the example shown,
which concerns the human genome, the DNA consists of long
(>300 kb, on the average) segments, the isochores, which are
compositionally homogeneous (above an average size of 3 kb)
and belong to a small number of families, GC-poor (L1 and L2),
GC-rich (H1 and H2), and very GC-rich (H3). Physical and en-
zymatic degradation occurring during DNA preparation gener-
ates large DNA fragments, routinely in a size range of 50-100 kb.
(Modified from Bernardi et al. 1985.)

et al. 1978), and, to a small extent, (2) to ribosomal
DNA (Meunier-Rotival et al. 1979). Subsequent
work (Thiery et al. 1976) showed that discrete
“‘main-band”> DNA components covering a broad
GC range could be resolved in all other genomes of
mammals and birds which were investigated,
whereas the genomes of cold-blooded vertebrates
were characterized by a much lower degree of com-
positional heterogeneity.

The ‘‘major components’’ of the mammalian ge-
nomes, as the ‘‘main-band’’ DNA fragment families
were called to contrast them with “‘satellite’’ com-
ponents and with ‘‘minor’’ components (e.g., ribo-
somal DNA), did not vary in relative amounts or
modal buoyant densities over an average molecular
size range extending from 3 kb to over 300 kb
(Macaya et al. 1976). This demonstrated that the
DNA fragments making up the major DNA compo-
nents derive (see Fig. 1), by the unavoidable me-
chanical and enzymatic degradation occurring dur-
ing DNA preparation, from much longer DNA
segments (>300 kb; see also Bettecken et al. 1992),
homogeneous in composition, later called isochores
(for similar regions; Cuny et al. 1981). These form
the bulk of genomes of vertebrates and belong to a
small number of families covering a broad compo-
sitional range (30-60% GC in the human genome).
Incidentally, satellite and minor components may
also be viewed as isochore families because of their
compositional homogeneity (Bernardi 1989). The
relative amounts and GC levels of isochore families
define a compositional pattern which is character-
istic of a genome (Bernardi et al. 1985, 1988) and
represents a ‘‘genome phenotype’’ (Bernardi and
Bernardi 1986). Other compositional patterns are

those made up by the compositional distributions of
coding sequences (or their different codon posi-
tions) and introns (Bernardi et al. 1985, 1988:
Mouchiroud et al. 1987, 1988; Aissani et al. 1991;
Mouchiroud and Bernardi 1993).

The original observations (Thiery et al. 1976;
Macaya et al. 1976) showing a large difference in the
compositional patterns of cold- and warm-blooded
vertebrates were later confirmed and extended by
much more detailed studies, which indicated that
the former never reach GC levels as high as those
exhibited by the latter (Hudson et al. 1980; Bernardi
and Bernardi 1990a,b, 1991). These studies also
showed small differences between the composi-
tional patterns of mammals and birds (Cortadas et
al. 1979; Mouchiroud et al. 1987; Kadi et al. 1993) as
well as between the compositional patterns exhib-
ited by the mouse and the human genomes (Salinas
et al. 1986; Zerial et al. 1986; see below). The sig-
nificance of such differences was unequivocally
confirmed by the fact that they were paralleled by
compositional differences in homologous coding se-
quences (Mouchiroud et al. 1988; Bernardi et al.
1988; Mouchiroud and Gautier 1990; Bernardi
1993a; Mouchiroud and Bernardi 1993).

The first difference which was identified in the
compositional patterns of mammalian genomes con-
cerned the mouse and human genomes (Salinas et
al. 1986; Zerial et al. 1986; Mouchiroud et al. 1987,
1988; Bernardi et al. 1988; Mouchiroud and Gautier
1990; Mouchiroud and Bernardi 1993). The mouse
genome (like those of other Myomorpha, but not of
Sciuromorpha or Caviomorpha) has a narrower
compositional distribution, both at the DNA and at
the coding sequence level, compared to the human
genome (and to a number of other mammalian ge-
nomes). As a consequence, the GC-richest compo-
nent, the isochore family H3 of the human genome,
which is the richest one in genes (Mouchiroud et al.
1991), is simply absent in the mouse genome. The
genes present in the H3 family of human isochores
and their flanking sequences are found, however, in
the GC-richest isochore family (H2) of mouse, and
the compositional ranking order of third codon po-
sitions of homologous genes is preserved to a very
large extent (Mouchiroud et al. 1988; Mouchiroud
and Bernardi 1993). Moreover, the mouse genome
is characterized by a smaller amount of the GC-
poorest components and coding sequences com-
pared to the human genome.

The results and observations mentioned above
prompted a more detailed study aiming at further
investigating mammalian genomes for differences
and similarities in their compositional patterns. In-
deed, these investigations should help in under-
standing how isochores arose in the evolution of
vertebrates, how their composition was conserved



Table 1. A classification of mammals® and the species investigated in the present work
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Order, sub-, and infraorder Family Species investigated
Monotremata
Marsupialia
Insectivora Erinaceidae 1. Hedgehog Erinaceus europeus
Soricidae 2. Shrew Crocidura russula
Talpidae 3. Mole Talpa europea
Dermoptera
Chiroptera
Megachiroptera Pteropodidae 4. Fruit bat Pteropus sp.
Microchiroptera Vespertilionidae 5. Bat Myotis myotis
Primates Hominidae 6. Man Homo sapiens
Edentata
Pholidota Manidae 7. Pangolin Manis sp.
Lagomorpha Leporidae 8. Rabbit Oryctolagus cuniculus
Rodentia
Sciurognathi
Sciuromorpha Sciuridae 9. Squirrel Sciurus vulgaris
10. Woodchuck Marmota monax
Myomorpha Muridae 11. Rat Rattus norvegicus
12. Mouse Mus musculus
Cricetidae 13. Hamster Cricetus norvegicus
Spalacidae 14. Mole rat Spalax sp.
Gliridae 15. Dormouse Glis glis
Histricognathi
Caviomorpha Caviidae 16. Guinea pig Cavia porcellus
Cetacea
Carnivora Canidae 17. Dog Canis familiaris
Felidae 18. Cat Felis domesticus
Pinnipedia
Tubulidentata
Proboscidea
Hyracoidea
Sirenia
Perissodactyla Equidae 19. Horse Equus caballus
Artiodactyla Bovidae 20. Calf Bos taurus

2 From Nowak and Paradiso (1983). Rodents are classified according to Colbert and Morales (1991)

in some cases, and how it was changed in others, a
subject on which contrasting views exist (see Ber-
nardi 1993a). Moreover, they also might shed light
on mammalian phylogeny.

In the present work, we report on the composi-
tional patterns, as investigated at the DNA level, of
the genomes of 20 species belonging to nine out of
the 17 eutherian orders. Our efforts concentrated on
studying possible differences in the highest GC
range of DNA fragments because of the previously
found differences between the genomes of Myo-
morpha and those of most other mammals investi-
gated, and because the GC-richest isochores are
characterized by the highest gene concentrations.
In the following paper, the compositional distribu-
tions of the genomes of a smaller number of mam-
malian species will be examined at the level of cod-
ing sequences (Mouchiroud and Bernardi 1993).

Materials and Methods

Sources of Animals and Tissues. A garden dormouse, a hedge-
hog, a mole, and bats were captured in Normandy, in the Massif

Central, in West Germany (Thiery et al. 1976), and in the south
of France, respectively. Shrews were obtained from Dr. R.
Fons, Laboratoire Arago, Banyuls-sur-Mer, France. A fruit bat
and a pangolin were obtained in Ho Chi Minh Ville, Vietnam. A
human placenta was from a Parisian Hospital. Rats, mice, ham-
sters, guinea pigs, and rabbits were from the animal house of our
institute; a squirrel came from a local pet store. Mole rats were
provided by Prof. E. Nevo (Tel Aviv University, Tel Aviv, Is-
rael). Cat and dog livers were from the Laboratory of Physiology
of Paris VI University; horse liver, calf liver, and calf thymus
were from local slaughterhouses.

DNA Preparations. DNA was prepared according to Kay et
al. (1952), in most cases from either freshly excised or frozen
livers; in other cases, from fresh thymus (hedgehog, calf) or
placenta (man). The average size of DNA molecules, as deter-
mined by gel electrophoresis, was over 30 kb. Woodchuck DNA
was obtained from Dr. G. Fourel, Pasteur Institute, Paris.

DNA Centrifugation and Analysis. Analytical centrifugation
in CsCl density gradient was carried out as described previously
(Thiery et al. 1976; see this paper, or Bernardi and Bernardi
1990a, for other details and for the definitions of modal, p,, and
mean, (p), buoyant densities). Preparative centrifugations of
DNA in Cs,SO,/BAMD density gradients were done at 20°C and
40,000 rpm. BAMD is 3,6-bis (acetato-mercuri-methyl) dioxane
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(Cortadas et al. 1977, 1979; Macaya et al. 1978). The BAMD/
nucleotide ratio, r; was 0.10 in the case of shrew, fruit bat,
pangolin, mole rat, 0.14 in recentrifugation experiments and in
the experiment on the mouse genome (from Salinas et al. 1986)
reported here, and 0.13 in all other cases.

Results

Table 1 presents a simple classification of mammals
and a list of the species studied. This list includes
species which had been investigated previously,
like calf (Thiery et al. 1976) and mouse (Salinas et
al. 1986), as well as three species only studied by
analytical CsCl centrifugation: hedgehog, garden
dormouse (Thiery et al. 1976), and woodchuck.
Overall, 20 species belonging to nine out of the 17
eutherian orders were investigated. One species per

hedgehog and calf profiles are from Thiery et

1700 '7101 720 al. (1976), the woodchuck profile from F.

Kadi (personal communication). Profiles were
normalized to the same height.

order was studied, except for insectivores (3 spe-
cies from 3 families), chiropters (2 species from 2
suborders), carnivores (2 species from 2 families),
and rodents (8 species from two suborders, 3 in-
fraorders, and 5 families).

Figure 2 displays analytical CsCl density profiles
of unfractionated DNA preparations which repre-
sent, to a first approximation (i.e., neglecting mo-
lecular weight effects), distributions of buoyant
densities and (neglecting DNA methylation) of GC
levels (see Discussion). As shown in Table 2 and
Fig. 3, mammalian main-band DN As exhibit modal
buoyant densities comprised between 1.6965-
1.7008 g/cm?, which correspond to a GC range of
4%. Modal buoyant densities belong in two main
groups, centered on 1.698-1.699 and 1.700 g/cm?,
respectively, with one lower value (fruit bat, 1.6965



97

Table 2. Buoyant density properties of the DNAs investigated

Po (p) (p)-po >1.710 g/em?
Order Species (g/cm?) (g/cm?) (mg/cm?) (%)
Insectivora 1.7004 3.1

1.6976 2.5 7

1.6987 2.4 9
Chiroptera 1.6965 3.7 <1

1.7000 2.4 10
Primates 1.6984 2.2 8
Pholidota 1.6997 2.9 <1
Lagomorpha 1.6998 4.1 7
Rodentia 1.6982 2.4 9

1.6983 4.3

1.7008 1.6 <1

1.7006 0.3 2

1.7000 2.1 <4°

1.7000 1.9 2

1.6991 1.3

1.6989 2.9 6
Carnivora 1.6986 33 7

1.6990 2.7 6
Perissodactyla 1.6990 4.0 8
Artiodactyla 1.7000 3.9 78

2 This column lists rounded-out figures of the corresponding col-
umn from Table 3. Values equal to, or higher than 6 (typical of
the ‘‘general distribution’’) are shown in bold type

b Data from Thiery et al. (1976)

¢ No assessment available from fractionation results

9 The light satellite DNA was not taken into account in calculat-
ing {p)

¢ Based on the results of Rynditch et al. (1991)

f From the recentrifugation experiment of Fig. 6

€ Data from Cortadas et al. (1977)
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case of hedgehog, woodchuck,
Buoyant Density (g/cm3) and dormouse (Table 2).

g/cm®). Except for carnivores, different modal
buoyant density values were found within individ-
ual orders. Indeed, the three insectivores span al-
most a 3 mg/cm® range and the two chiropters al-
most a 4 mg/cm? range. Among rodents, woodchuck
and squirrel were close to 1.698 g/cm?; rat, mouse,
hamster, and mole rat exhibited values around

1.700 g/cm?; dormouse and guinea pig were close to
1.699 g/cm’.

Two points should be stressed here concerning
such differences in p,. First, they do not seem to be
due to trivial reasons, like the presence of satellite
DNAs. Even in the case of hedgehog, in which a
satellite shoulder is clearly visible at about 1.705
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Figs. 4-6. Fractionation in Cs,SO,/BAMD density gradient.
The transmission profiles recorded at 254.7 mp. during fraction
collection are shown on the top. The bottom panels show the
analytical CsCl profiles of fractions, the relative amounts of
DNA present in them, and the modal buoyant densities of the
peaks. Fraction 1 corresponds to pelleted DNA. Loads were 12

g/cm?, this cannot be responsible for the higher p,
value (by 1.7 mg/cm®) compared to mole, nor for the
2.8 mg/cm? difference with shrew. Second, at least
some differences are accompanied by other distinct
compositional features. The infraorder Myomorpha
not only shares a higher modal buoyant density
compared to the other rodents investigated but also
exhibits the lowest CsCl profile asymmetries, {p) —
po» as well as a scarcity of DNA having a modal
buoyant density higher than 1.710 g/cm®. Dormouse
DNA showed a lower p, value, 1.6991 g/cm?, but a
similar low asymmetry compared to other myo-
morph families.

The CsCl profiles of Fig. 2 also differ, as ex-
pected, in the number and the buoyant density of
satellites showing up as shoulders or separate peaks
(see the profiles of hedgehog, fruit bat, pangolin,
mouse, mole rat, guinea pig, cat, horse, calf). Cryp-
tic satellites, which cannot be detected in CsCl by
definition, were revealed by centrifugation in pre-
parative density gradients in the presence of a se-
quence-specific ligand, BAMD (Figs. 4-6). A sec-
ond centrifugation in Cs,SO,/BAMD at a different
ligand/nucleotide ratio was used in five cases
(mouse and guinea pig, see Fig. 6; rabbit, dog and
horse) in order to help assess the presence and
amount of GC-rich components. The compositional
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distributions of Figs. 4-6 are presented as histo-
grams in Fig. 7.

The CsCl density profiles of fractions from pre-
parative Cs,SO,/BAMD density gradients (Figs.
4-7) show in most cases symmetrical peaks with
increasing densities, except for the last, usually het-
erogeneous and multimodal, fraction(s). Satellite
DNAs were detected in all genomes. In general,
they appeared as DNA components deviating in
bioyant density from the light-to-heavy progression
of main-band fractions. In addition, or alterna-
tively, they were distinguished by the sharpness of
the corresponding peaks. Two typical examples of
these phenomena are (1) the 1.6994 g/cm® human
satellite DNA, which shows up as a narrow band in
fraction 8, whereas a main band DNA component
having exactly the same p, value shows a broad
peak and forms fraction 4; and (2) the 1.7046 g/cm>
rat satellite DNA present in fraction 9, whereas a
main band DNA component having exactly the
same p, value forms fraction 6. In other cases, the
satellite peak could be identified because it ap-
peared as such in the CsCl profile of Fig 2 (see, for
example, the 1.7117 peak of fraction 7 of the fruit
bat). Needless to say, the satellite DNAs of major
interest here were those which could interfere with
the assessment of GC-rich main-band DNA.
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In order to estimate the amount of DNA higher
than 1.710 g/cm? in p,, the GC-richest preparative
fractions of each DNA were assessed for the pres-
ence of satellite DNAs using the criteria just men-
tioned (see Table 3 and its footnotes). Then, the
relative amounts of all ‘“‘nonsatellite” DNA having
a p, value above 1.710 g/cm® were added up, as
shown in Table 3. We assumed that the presence of
GC-rich fractions from main-band DNA was con-
firmed when two subsequent fractions showed
peaks corresponding to the same nonsatellite com-
ponent and banding at a p, value equal to, or higher

than, 1.710 g/cm>. The value of 1.710 g/cm® was
chosen because it discriminates the DNAs of Myo-
morpha from those of most other mammals inves-
tigated.

Obviously, a sharp cut at 1.710 g/cm? is not an
ideal procedure. This is clearly shown in an extreme
case, in which a peak with a p, value of 1.7097
g/cm?, representing 9.3% of the rat genome (fraction
8), was not counted, whereas another one with a p,
value of 1.7108 representing 2% of the mouse ge-
nome (fraction 9) was. In this case, the identity of
the compositional distributions of the two murid ge-
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Fig. 7. Compositional distributions of mammalian DNAs. Diagrams are deduced from Figs. 4-6 and from previous data in the case

of calf (Cortadas et al. 1977). Black bars concern satellite DNAs.

nomes (neglecting the mouse satellite DNA) was
demonstrated by a detailed analysis of the CsCl pro-
files, as well as by the compositional distributions
of third codon positions (Bernardi et al. 1988;
Mouchiroud and Bernardi 1993). The results from
the investigations carried out on the mouse genome
(Salinas et al. 1986) can, therefore, be taken as a
paradigm for both rat and mouse genomes. In the
case of hamster, a more sizable amount (3-4%) of
DNA above 1.710 g/cm?® than that (2%) reported in
Table 3 was found in a number of experiments re-
ported elsewhere (Rynditch et al. 1991). A small
difference between the genomes of hamster on the
one hand and of rat and mouse on the other was
confirmed by compositional comparisons of third
codon positions (Mouchiroud and Bernardi 1993).

Higher values for GC-rich DNA compared to those
of Table 3 were found for guinea pig by a recentrif-
ugation experiment which could be compared with
a similar one carried on mouse DNA (Fig. 6).
Again, the differences found between mouse and
guinea pig were confirmed by a comparison of ho-
mologous sequences (Mouchiroud and Bernardi
1993).

The uncertainty in the quantitative estimates of
nonsatellite DNA banding above 1.710 g/cm? is,
however, mainly due to the widely different
amounts and buoyant densities of heavy satellites in
different mammals, as well as to the difficulty of
quantitative estimations of relative amounts of
DNA in the small GC-richest fractions. Another,
less important, reason for uncertainty was the dif-



ferent amounts of satellite DNAs in different ge-
nomes and the fact that relative amounts are re-
ferred to total and not to main-band DNA. For
these reasons, the significance of differences in the
actual values ranging from 6 to 10% is uncertain and
can only be estimated by compositional compari-
sons of coding sequences (see Mouchiroud and Ber-
nardi 1993). Under these circumstances, no attempt
was made to assess the very GC-rich ribosomal
DNA, which only represents 0.25-0.5% of the ge-
nome of mammals. (See Meunier-Rotival et al.
1979.)

In spite of these problems, the approach used
was satisfactory insofar as it could discriminate two
classes of genomes: Those which comprise more
than 6% and those which comprise less than 4%
main-band DNA components higher in p, than 1.710
g/cm’. Results on the compositional distributions of
coding sequences (third codon positions) and com-
parison of data from homologous sequences basi-
cally confirmed the conclusions drawn here in the
cases in which this approach could be applied
(Mouchiroud et al. 1988; Mouchiroud and Bernardi
1993).

Discussion

The Compositional Patterns of Mammalian
Genomes: the “General’’ and the
“Special’’ Patterns

In this work, our goal was to assess differences in
compositional patterns at the DNA level among and
within mammalian orders and to consider their rel-
evance for mammalian phylogeny. The major fea-
tures of the compositional distributions of large
DNA fragments are (1) the modal buoyant density,
Po; (2) the mean buoyant density, {p), and the CsCl
profile asymmetry, {p) — p,; and (3) the relative
amounts of DNA fragments having a p, value above
a certain level, which was taken here as 1.710
g/cm®. Among these features, the first one is signif-
icantly different for the three families belonging to
the insectivores, an order known to group together
diverse families, and for the two suborders of chi-
ropters. Smaller differences were found among the
three infraorders of rodents and even within the in-
fraorder of Myomorpha. These differences might,
however, be due to differences in DNA methyl-
ation, which causes a decrease of buoyant density
(Kirk 1967). This explanation certainly does not
hold, however, for Myomorpha, because composi-
tional differences matching those reported. here
were found at the coding sequence level (see
Mouchiroud and Bernardi 1993), and this is unlikely
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“to be the only reason for the difference between

chiropters, because the difference in buoyant den-,
sity is too large. It should be noted that modal buoy-
ant densities were already studied by Arrighi et al.
(1970) in 91 species from 10 eutherian orders (those
studied here, except for Pholidota, plus Edentata
and Dermoptera). In the six species identical to
those studied here, the reported p, values were sys-
tematically lower by 1-2 mg/cm?, but the range of
all values was the same as found by us. Unfortu-
nately, these authors did not report the CsCl pro-
files of their DNAs. As for the second feature, the
low asymmetry of CsCl profiles, {(p) — p,, clearly
distinguishes the Myomorpha and pangolin (if the
CsCl profile of the latter is corrected for satellite
DNAs) from all other mammals investigated. The
third feature, the amount of DNA having a p, >
1.710 g/cm?, appears to be the most indicative one.
(See below.)

Using these criteria, we have identified one
‘‘general’’ and three ‘‘special’’ compositional pat-
terns. The ‘‘general’’ compositional pattern of
mammalian genomes is basically characterized by
the presence of a relatively large amount (6-10%) of
main-band DNA higher than 1.710 g/cm? in p,. This
pattern is shared by species belonging to eight out
of the nine orders investigated—namely, Insec-
tivora, Chiroptera, Primates, Lagomorpha, Roden-
tia, Carnivora, Perissodactyla, and Artiodactyla.

A second compositional pattern, the ‘‘myomorph
pattern,’’ is that shown by a rodent infraorder,
Myomorpha (Colbert and Morales 1991), compris-
ing four families investigated here, murids, crice-
tids, spalacids, and glirids. This pattern exhibits a
narrower compositional distribution of DNA frag-
ments compared to the general distribution. As a
consequence, DNA fragments are scarce above a
buoyant density of 1.710 g/cm? (although less so in
hamster; see Rynditch et al. 1991), whereas p, val-
ues of unfractionated DNAs are high (1.700 g/cm?;
although less so, 1.6991 g/cm?, for dormouse, which
has a rather uncertain taxonomic position; Catzeflis
et al. 1992).

Compositional patterns resembling those of
Myomorpha, in that they lack GC-rich components,
are exhibited by pangolin, a species belonging to the
single genus (Manis) of the order Pholidota, and by
the fruit bat, which belongs to the Pteropodidae
family of Chiroptera, and whose DNA exhibits the
lowest modal buoyant density of all mammalian
DNAs investigated here (1.6965 g/cm®). These two
patterns are, however, different from each other.
Indeed, while in the first case, the distribution is
narrower than the general distribution (disregarding
the very GC-rich satellite; see Table 3), as already
described for Myomorpha, in the case of the fruit
bat the distribution is broad (even after correction



102

Table 3. An analysis of DNA fractions higher than 1.710 g/cm® in modal buoyant density

Relative amount (%)

Species Fraction Fraction Peaks p,* (g/em?) >1.710° (%)
7 6.5
8 1.9
1.5 1.6988 s°
0.4 1.7108 6.9
Mole 8 7.7 1.7118
9 3.4
1.2 1.7008 s©
1.2 1.7142
1.0 1.7249 s¢ 8.9
Fruit bat 7 13.9
0.4 1.6980 s°
0.5 1.7060
13.0 1.7117 s
8 3.9
1.6 1.6980 s
0.5 1.7077
1.8 1.7118 s¢ <1
Bat 7 7.1
0.2 1.7000 s°©
6.9 1.7123
8 5.7
2.9 1.7009 s¢
2.8 1.7146 9.7
Man 7 6.2
0.3 1.6990 s°©
5.9 1.7106
8 3.6
1.0 1.6994 s°
2.6 1.7120 8.5
Pangolin 7 8.1
2.1 1.7090
6.0 1.7157 s4
8 3.2
1.5 1.7099
1.7 1.7183 s¢ <1
Rabbit 6 7.2 1.7107
7 8.7 1.7175 s¢
8 3.2
1.6 1.7051 s©
1.6 1.7176 s¢ 7.2
Squirrel 8 7.7 1.7137
9 3.8
2.0 1.7004 s©
1.0 1.7150
0.8 1.7187 s¢ 8.7
Rat <1
Mouse 9 29
0.5 1.7000 s¢
2.4 1.7108 2.4
Hamster 8 3.6
2.0 1.7014 s¢
1.6 1.7108 1.6f
Mole rat 8 5.0
3.0 1.7000 s¢
2.0 1.7104 2
Guinea pig 8 8.6
4.0 1.7059 s©
4.6 1.7112
9 2.2
1.7 1.7058 s©
0.5 1.7130 5.18
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Table 3. Continued
Relative amount (%)
Species Fraction Fraction Peaks p.2 (glem?) >1.710° (%)
8 7.4 6.5
) 0.9
2.2 ) )
0.4 1.7013 s°
0.2 1.7120 )
] ) ) 1.6 1.7197 s¢ 6.7
Dog 7 5.7 1.7121
8 3.3 ] ]
1.6 1.7118 s#
) 1.7 1.7154 <8
2.3
1.0 1.6992 s°
0.7 1.7119 s8 ]
) ) ] 0.6 1.7150 s8 5.7
Horse 7 8.3 1.7109
9.5 ) )
5.0 1.7109 s&
4.5 1.7149 s8
9 29 ) )
1.5 1.7117 )
1.4 1.7145 s® 8.3

2 5 indicates satellite DNAs, as identified using the criteria dis-
cussed in the text and in the following footnotes.

b Relative amount of nonsatellite DNA having a modal buoyant
density higher than 1.710 g/cm?

¢ Peak too low in p, for the fraction in which it is present

9 Peak too high in p, to belong to main-band DNA. Also, in some
cases, large separation in p, from preceding fraction

for the GC-rich satellite), but shifted to lower values
as a whole. In this case, the heaviest main-band
peak is at 1.7077 g/cm?, but small, additional
amounts of GC-richer DNA might be hidden under
the very GC-rich satellite DNA. The possible con-
tribution of methylation to the density shift of fruit
bat DNA remains to be determined.

Phylogenetic Implications of Compositional
Patterns: Some General Considerations

Two considerations suggest that the compositional
patterns of warm-blooded vertebrates may have a
phylogenetic relevance. (1) The two compositional
patterns which were studied in a number of species,
the general and the myomorph patterns, are char-
acterized by a remarkable stability over geological
time (see the following two sections). Such a sta-
bility was first detected in early work (Thiéry et al.
1976) but received its strongest support from results
obtained on compositional patterns at the coding
sequence level (Mouchiroud et al. 1988; Bernardi et
al. 1988; Mouchiroud and Bernardi 1993), as well as
by analyses of the buoyant density properties of
unfractionated DNA (Bernardi and Bernardi
1990b). Interestingly, a conserved mode of chromo-

"¢ Peak corresponding to a satellite in CsCl profile (see Fig. 2)

f A higher value, close to 4%, can be estimated from the exper-
iments of Rynditch et al. (1991)
2 Sharp peak

“somal change is also observed in these two groups

of mammals (O’Brien and Seuanez 1988). (2) The
invariance of the compositional patterns of eight
birds belonging to eight different orders (Kadi et al.
1993) matches the widely accepted monophyly of
birds (Ansari et al. 1988). In this case, even more
than in that of mammals, there is a remarkable con-
servation in the karyotypes of the entire class (An-
sarj et al. 1988).

It should be noted that the stability of composi-
tional patterns in warm-blooded vertebrates is in
remarkable contrast with their relative instability in
cold-blooded vertebrates (Bernardi and Bernardi
1990a,b, 1991). In fact, this situation and the com-
positional transition of the genome between cold-
and warm-blooded led to the development of the
concepts of the conservative and transitional (or
shifting) mode in genome evolution (Bernardi et al.
1988).

Under these circumstances, differences in com-
positional patterns of warm-blooded vertebrates
may have a phylogenetic relevance, which may, in
turn, be expected to concern general rather than
detailed features such as those studied by the anal-
ysis of homologous sequences. This contribution
may, however, be very valuable if one considers the
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‘number of unsolved problems in mammalian phy-
logeny.

Phylogenetic Implications: the General
Compositional Pattern of Mammalian Genomes

The wide spread of the general compositional pat-
tern of mammals suggests by itself its presence in a
common ancestor for at least the eight orders in
which it was found. Otherwise, one should postu-
late a much less likely convergence from several
distinct ancestral compositional patterns into the
common pattern found in the present-day mammals
from the orders under consideration. It has been
argued elsewhere (Bernardi 1993b) that this ances-
tral pattern was probably reached gradually, at the
end of the evolution of early mammals, and that its
striking compositional heterogeneity might be re-
sponsible for genome instability leading to karyo-
typic changes that, in turn, might have contributed
to the mammalian radiation.

While the general compositional pattern of mam-
malian genomes has been shown to concern species
from eight of the 17 orders of Eutheria, preliminary
results indicate that species from at least one more
order, Cetacea, also share the general pattern (F.
Kadi, U. Arnason, G. Sabeur, and G. Bernardi, pa-
per in preparation). In other words, the conclusion
should be drawn that the majority of eutherian or-
ders exhibit the general pattern, thus justifying this
term. The general pattern suggests a common origin
not only for lagomorphs, rodents, primates, chi-
ropters, insectivores, and carnivores (see, how-
ever, the next section for the special cases of
Myomorpha and of the megachiropteran), as pro-
posed on the basis of paleontology (Fig. 8), but also
of artiodactyls, cetaceans, and perissodactyls.

Phylogenetic Implications: the Special
Compositional Patterns of Mammalian Genomes

As far as the compositional patterns other than the
general pattern are concerned, two basic possibili-
ties exist (Mouchiroud et al. 1988). Either these
‘‘special’’ patterns have an independent ancestral
origin or they are derived from the general pattern.

1. The case for separate ancestry is definitely
strong for the compositional pattern of pangolin.
Indeed, the order Pholidota may have been among
the first ones (together with the order Edentata) to
differentiate among all eutherian groups (Novacek
1992; see Fig. 8), and might, therefore, have arisen
from a different ancestor compared to all or most
other mammalian orders. ‘

2. In the case of different isochore patterns of the

fruit bat and of the bat, it should be recalled that

Megachiroptera, like the fruit bat, have been hy-
pothesized (Pettigrew 1986, 1991) to be more
closely aligned with primates than with Microchi-
roptera, such as the vespertilionid bat investigated
here. This view is, however, contradicted by a body
of paleontological and molecular evidence in favor
of bat monophyly (see Stanhope et al. 1992, and
references quoted therein). As far as isochore pat-
terns are concerned, a striking difference definitely
exists between fruit bat and bat. The pattern of the
former clearly is, however, very different from that
of primates, who share the general pattern with Mi-
crochiroptera. One should then draw the conclusion
that the shift in the compositional pattern of the
fruit bat took place after the appearance of a com-
mon ancestor for Mega- and Microchiroptera—
namely, that it derived from the general pattern. In
view of the stability of compositional patterns in
warm-blooded vertebrates, of the very large differ-
ence in buoyant density exhibited by the DNA of
fruit bat, and of the proposal that the two suborders
of chiropters are only distantly related (Smith 1976),
the explanation of a separate origin should be, how-
ever, kept open.

3. In the case of Myomorpha, Mouchiroud et al.
(1988) already considered the two possibilities of a
derived and of an ancestral origin for Myomorpha.
The predominant opinion from paleontology (No-
vacek 1992) is that Myomorpha have a common an-
cestry with Sciuromorpha and Histricomorpha—
namely, with infraorders that exhibit the general
pattern, in which case the myomorph pattern would
be derived from the general pattern. The view of a
derived origin of the myomorph patterns would be
in agreement (Fig. 9A) with the stratigraphic record
indicating a derivation of the infraorder Myomor-
pha from the suborder Sciurognathi (Carroll 1988)
and would not contradict the proposal that rodents
and lagomorphs (which exhibit the ‘“‘general pat-
tern’’) belong to the same superorder Glires (No-
vacek 1990).

Molecular data have been interpreted, how-
ever, to suggest (Easteal 1990; Li et al. 1990;
Bulmer et al. 1991) that Myomorpha branched off
before the divergence among carnivores, lagomor-
phs, artiodactyls, and primates—a divergence of or-
ders which all share the general pattern. In such a
case, Myomorpha would have had a separate an-
cestor (Fig. 9B), a possibility already considered by
Mouchiroud et al. (1988).

If, however, guinea pig (Which exhibits the gen-
eral pattern) diverged before the separation of pri-
mates and artiodactyls from Myomorpha, as sug-
gested by Graur et al. (1991) (see also Allard et al.
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1991; Hasegawa et al. 1992; and Li et al. 1992), the
myomorph pattern would, again, be derived from
the general pattern (Fig. 9C).

While the difference in the genome organization
of guinea pig (and squirrel) on the one hand, and
Myomorpha on the other, has been known for sev-
eral years now (Bernardi et al. 1988), the evidence
for the early divergence of guinea pig (Graur et al.
1991) relative to Myomorpha is far from compelling
(Luckett and Hartenberger 1993). The choice re-
mains, therefore (Mouchiroud et al. 1988), between
the first two possibilities, which cannot be recon-
ciled because the stratigraphic record for Myomor-
pha does not go beyond 50 Mya (Carroll 1988),
whereas Li et al. (1990) place the rodent (in fact, the
murid) divergence at 100 Mya.

At present, the absence of a fossil record for over

Novacek 1992.)

50 Mya may be seen as outweighing the molecular
data, and the first possibility should be considered
as more likely, as already proposed (Mouchiroud
et al. 1988). If the general pattern is primitive, the
myomorph pattern could be derived from it by a
release of the compositional constraints operating
on the “‘tails’’ of the compositional distribution of
coding sequences and third codon positions. This
would, indeed, push such *‘tails’’ toward 50% GC—
it would lower the high values and raise the low
values of the compositional distribution. (See
Mouchiroud and Bernardi 1993.)

The second, unorthodox scheme, with Myomor-
pha having a separate ancestor, deserves, however,
further studies because of its very interesting impli-
cations. Indeed, if correct, not only Pholidota, but
also Myomorpha, might have a (perhaps common)
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ancient origin; more important, the myomorph pat-
tern would be ancestral to the general pattern of
mammals and not vice versa. If the myomorph pat-
tern is primitive, an increase in compositional con-
straints should have taken place between the myo-
morph and the general patterns, leading to an
increased heterogeneity in the latter case. Interest-
ingly, in such a case, the myomorph pattern would
be intermediate, as expected, between the low het-
erogeneity pattern of cold-blooded vertebrates
(Bernardi and Bernardi 1990a,b, 1991) and the high
heterogeneity pattern of most mammals, although,
obviously, much closer to the latter.

While the DNA compositional patterns of the
megachiropteran and of myomorphs do not allow us
to decide at present whether they are primitive or
derived patterns, they are so different from those of
the suborder Microchiroptera and of other rodent
infraorders, respectively, that their current taxo-
nomical level should be raised. Indeed, genome
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CARNIVORES  Muyornorpha

Fig. 9. Schemes of origins of Myomorpha
according (A) to paleontological views (Carroll
1988; Novacek 1990), (B) to Li et al. (1990),
and to Bulmer et al. (1991) and (C) to Li et al.
(1992).

phenotypes (Bernardi and Bernardi 1986) are cer-
tainly no less important than morphological pheno-
types.

It should be noted that the results presented here
were obtained before the controversies on rodents
and chiropters arose, and that more detailed analy-
ses from the species investigated, as well as analy-
ses of DNAs from other species chosen in view of
the current controversies, might shed further light
on the problems discussed above. Moreover, the
present work should be extended to the mammalian
orders which were not explored here. Indeed, there
is a possibility for additional differences to be found
in other orders, like Monotremata and Marsupialia,
which have a very different past history compared
to Eutheria, or like Dermoptera, Tubulidentata, and
Hyracoidea, which have a controversial phyloge-
netic status. The analysis of compositional patterns
at the DNA level, used here, and the combination of
compositional heterogeneities and CsCl profile



“asymmetries (G. Bernardi and G. Bernardi, paper in
preparation) lend themselves especially well to a
rapid screening of a large number of species.
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