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Abstract.  Thc compositional distributions of large
DNA fragments reflect those of the isochores that
make up vertebrate genomes and can provide novel
phylogenctic insights in the casc of mammalian ge-
nomes (sce Sabeur ct al. 1993). This approach has
been complemented here by an analysis of the com-
positional pattecrns of coding scquences and their
codon positions (which also rcflect the isochore pat-
tern) and by a comparison of the basc compositions
of codon posilions from homologous genes in a
number of pairs of spccics. The results oblained
using these two approachces support the existence of
a general compositional pattern for mammalian ge-
nomces and of a distinct pattern for Myomorpha.
The other two “‘*special” patterns identificd in a
mcgachiropteran and in pangolin could not be
tcsted here.
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Introduction

The discovery that mammalian genomes consist of
long (>300 kb, on thc average), compositionally ho-
mogencous DNA scgments belonging to a small
number of familics covcering a broad GC range
opencd new avenucs not only for studics of genome
organization (Bernardi 1989) but also for investiga-
tions of gecnomc cvolution (Bernardi 1993) and
mammalian phylogencsis (Sabcur ct al. 1993).

Presented at the NATO Advanced Rescarch Workshop on Ge-
nome Organization and Evolution, Spetsai, Greeee, 16-22 Scp-
tember 1992

Correspondence to: D. Mouchiroud

Mammalian genomes are characterized by com-
positional paticras that can be most convenicatly
studicd at the level of farge DNA fragments and of
coding scqucnces. Both of them reflect the compo-
sitional patterns of isochores. A rccent analysis of
DNA fragmcnt pattcrns {from thc gecnomes of 20
specics belonging to 9 out of the 17 cutherian orders
revcaled (Sabeur ct al. 1993) the cxistence of a gen-
cral pattern, which was found in the gecnomes of
specics belonging to cight orders, and three other
patterns. Onc of the latter, characterized by a nar-
rowcer distribution of DNA fragments, was found in
pangolin, a specics belonging to the only genus of
the order Pholidota. Sincc this order (together with
the order Edentata) is supposcd to have diverged
carly from all other cutherians (Novacck 1990), we
suggested that the compositional pattern of
pangolin is a primitive one. The other two patterns
which were identificd, that of a mcgachiroptcran
and that of Myomorpha, may be primitive or may
have derived from the gencral patlern.

In this work, we have approachcd the gencral
problecm of thc compositional paticrns of mamma-
lian genomces through the analysis of the composi-
tional distributions of coding scquencces and of their
diffcrent codon positions and through comparison
of homologous coding sequcnces. These two ap-
proachcs could only be applicd to some of the spe-
cics studicd at the DNA Icvcl—namecly, to thosc
specics for which cnough coding scquences arc
available in data banks.

‘Materials and Mcthods

“Complele coding scquences were obtaincd for all gences available

from GenBank, relcase 74 (December 92) with the ACNUC re-
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Fig. 1. Compositional distributions of coding scquences

the casc of murids,

and codon positions of genes from man, murids (mouse + rat), and calf, In
only onc out of cach pair of homologous genes (arbitrarily, the rat sequence) was taken into account. Each bar

corresponds to a 2.5% GC interval. The number of genes analyzed is indicated in Table |,

" tricval system (Gouy ct al. 1985). The secarch of homologous
coding scquences was performed by using the BLAST soltware
on protein scquences (Altschul et al. 1990). In the cases in which
composilional distributions or comparisons concerned sc-
quences pooled from dilferent species, only one sequence from
each homologous pair was used. Arbitrarily, rat sequences were
preferred over mouse sequences and calf sequences over those
from other artiodactyls. However, because of the existence of
multigenic familics, the pairwise association of homologous se-
quences from (wo species may be difficull and a stralegy de-
scribed elsewhere (Mouchiroud and Gautier 1990) was used
to choosc ‘‘orthologous’” gene pairs. Homologous coding
sequences were then aligned with the multiple alignment algo-
rithm CLUSTAL (Higgins and Sharp 1989). The nucleotide
alignment was obtained using the amino acid alignment and gaps
were discarded. Computer analyses were performed by using
ANALSEQ, a software for the statistical analysis of DNA sc-
quences that was devcloped by the Laboratoire de Biométric in
Lyon. The relationships between GC levels for pairs of homol-
ogous genes were quantificd by regression lines drawn using the
least squares method in order to compare statistically the slopes,
This would not have been possible il orthogonal regression (sce
D’Onofrio and Bernardi 1992) had been used.

Results

Histograms of compositional distributions of coding -

scquences and their codon positions are presented
as follows. Figurc 1 displays the data for the gences
from the species most represented in data banks,
namecly man, and for genes from the mammals that
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arc thc next-best represented—namely murids

_ (mousc and rat) and calf. Figurc 2 presents the data
for the scquences from rabbit and dog. Figures 1
and 2 show, thercfore, data for gencs from repre-
scntative species belonging to five mammalian or-
ders—namcly primatcs, rodents, artiodactyls, lago-
-morphs, and carnivores. Table | summarizes the
statistical analysis of all the data from Figs. 1 and 2,
as well as some additional data concerning smaller
samples from other specics—hamsler, guinca pig,
cat, goat, sheep, and pig.

Comparisons of GC levels of cxons and first-,
sccond-, and third-codon positions from homolo-
gous genes arc shown in Figs. 3-6. Comparisons
concern the following pairs of specics: man/calf
(Fig. 3), man/rabbit (Fig. 4), man/rat (Fig. 5), and
mousc/rat (Fig. 6). Figurc 7 comparcs GC levels of
third-codon positions for homologous genes from
hamster and murids, guinca pig and murids, calf and
pig, and man and dog.

Discussion

Compositional Patterns of Coding Sequences and
Codon Positions

In this scction, discussion will procced from the
morc general to the more detailed points. An anal-
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Fig. 2. Compositional distributions of coding sequences and codon positions of gencs from rabbit and dog. For other indications sce

legend of Fig. I,

Table I.  GC levels of coding scquences and codon positions from mammalian genes
Coding scquence Ist position 2nd posilion 3rd position
Order Numbcr
and specics of genes GC Sud GC Sud GC Sud GC Sud
Primatcs
Man 2772 53.6 1.7 56.0 7.1 42.2 7.2 62.5 15.5
Lagomorpha
Rabbit 236 54.7 7.3 56.3 6.8 40.0 6.3 * 6.8 16.3
Rodcents :
Mousc 1159 53.0 6.4 55.0 6.8 42.6 7.7 61.4 11.9
Rat 1350 52.6 59 55.0 6.5 40.8 6.5 62.0 10.7
Murids 2479 52.8 6.0 55.0 6.6...._.41.6 7.0 61.7 11.3
Hamsler 61 52.0 5.8 52.6 6.9 40.1 8.2 63.1 1.5
Guinca pig 20 52.5 6.1 53.2° 43 39.7 5.5 64.4 14.2
Carnivores ‘
Dog 80 52.8 8.1 549 7.5 40.5 6.4 62.9 15.8
Cat 14 53.8 7.5 56.4 7.1 42.4 5.5 62.6 15.6
Carnivorces 84 53.0 7.9 55.1 7.5 40.8 6.3 62.8 15.7
Artiodactyls
Calf 470 53.5 7.6 55.7. 7.4 41.0 7.5 63.5 15.2
Goat 17 55.0 6.7 57.9 5.8 36.6 4.0 70.3 14.4
Sheep 87 55.1 6.9 53.9 8.0 43.6 12.0 67.6 11.8
Pig 152 54.7 7.2 55.7 . 7.5 41.5 8.2 66.7 13.5
Artiodaclyls 693 53.9 7.4 55.7 7.3 41.3 8.2 64.7 14.5

ysis of the data from Tablc 1 shows (1) that GC
levels increcasc from sccond to first to third position,
the difference between sccond and third position
being about 20%, and (2) that compositional hclcro-
geneity (as indicated by standard dcviations) is
stronger, by a factor of about two, in third posi-
lions, comparcd to the other two positions. The het-
crogencity of sccond-codon-position GC was com-
parable to that of first-codon-position GC.

The most significant results of Table 1 concern,
however, the fact that murids and hamster from the

rodent infraorder Myomorpha cxhibit a lower vari-
ancc in cxons, and in first- and, cspecially, third-
codon positions, comparcd to othcr mammals (in-
cluding guinca pig, which bclongs to the rodent
infraorder Caviomorpha), whercas variances arc
similar for first- and sccond-codon positions. Ex-
pectedly, this difference is also very cvident in the
histograms of Figs. 1 and 2. Thc apparent devia-
tions cxhibited by GC valucs of goat, sheep, and pig
comparcd to othcr mammals and cven to another
artiodactyl, calf, will bc commented upon in the
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Fig. 3. Composilional corrclations between
pairs of homologous genes from man
(abscissa) and call (ordinate). Correlations
are shown for coding sequences and codon
positions. Slopes and correlation cocflicients

are indicated, The number of homologous
gene compared was 141, In the case of
third-codon positions, the broken line
corresponds Lo the unity slope.
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pairs of homologous genes from man
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next section. Figures | and 2 appcar also to indicate
a difference between rabbit, man, call and dog, the
latter showing a smaller percentage of GC-rich se-
quences and codon positions.

These results considerably extend previous re-
sults obtained on smaller-scquence samples and on
a smaller number of specics (Mouchiroud ct al.

(abscissa) and rabbit (ordinate). For other
indications sec legend of Fig. 3. The number
of homologous genes compared was 117,

1987, 1988; Bernardi ct al. 1988; D’Onolrio and Ber-
nardi 1992). As cxpected, they are in agrcement
with results obtained on the compositional patterns
of large DNA fragments (Sabeur ct al. 1993) in that
they fit into a gencral pattern and a murid (in fact, a
myomorph) pattern. The differences noted in this scc-
tion will bc commented further in the following onc.
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A Comparison of GC Levels of Coding Sequences
and Codon Positions from Homologous
Mammalian Genes

The compositional comparison of coding scquencces
and codon positions from man and calf (Fig. 3)
shows cxtremcly high corrclation cocfficicnts (0.98,

“except for first-codon position, in which casc the

valuc was 0.96) and slopes ranging from 0.96 for
third-codon positions to 1.00 for sccond positions.
Becausc of the corrclation between third-codon po-
sitions and the isochores containing the correspond-
ing genes (Bernardi ct al. 1985; Bernardi and Ber-
nardi 1986; Mouchiroud ct al. 1991), this implics a
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very high level of similarity in the isochore patterns
of human and bovine genomes. In particular, this
indicates that thc amounts of nonsatellitc DNA

above 1.710 g/em* in modal buoyant density in calf

and in man, studicd at thc DNA level by Sabeur ct
al. (1993), must be very close. It should be noted
that a very slight systematic upward shift of bovine
third-codon positions comparcd to human oncs
seems to suggest very slightly higher GC valucs for
the former genome compared to the latter (in agree-
ment with a slightly higher average GC in third-
codon positions of 63.5 *+ 15.2 vs 62.5 + 15.5 for
man), but this shilt is not statistically significant at
a threshold of 5% (P > 0.2).

The sccond comparison, between homologous
genes from two other gecnomes exhibiting the gen-
cral compositional pattern, man and rabbit (Fig. 4),
shows small, but significant differences. The corre-
lation cocfficicnts arc slightly lower (0.94-0.95),
and the slope for third-codon positions deviate
morce from unity, 1.08, respectively, than in the casce
of man/calf. This difference (in agreecment with a
higher average valuc for third-codon position GC;

sce Table 1) is significant (at the 5% threshold; P <
107% and is cssentially duc (o systematically
slightly higher values for GC-rich third-codon posi-
tions of rabbit. In turn, this suggests that GC-rich
DNA rcaches slightly higher GC values in rabbit
comparcd to man. Since the estimates (Sabeur ct al.
1993) of nonsatcellitc DNA having a modal buoyant
density higher than 1.710 g/cm? are very similar in
man and rabbit, an cxplanation for this apparent
discrepancy is that some GC-rich DNA of rabbit
may be hidden by the very abundant (9% of total
DNA) satellite having a p, valuc of 1.717 g/em® (sce
Sabeur et al. 1993).

In contrast with the above results, the compari-
son of homologous genes from man and rat (Fig. 5)
cxhibited lower slopes ranging from 0.64 for cxons
to 0.94 for sccond-codon positions and corrclation
cocfficients ranging from 0.87 to 0.97. These high
corrclation cocfficicnts indicate a large cxtent of
conservation in the ranking order of GC levels of
third-codon positions from homologous gencs in
spitc of the systematic differences affecting both
high and low GC levels.



Mousc/rat comparisons (Fig. 6) showed slopcs of
0.98 to 1.03 (the highcst slope being found for first-
codon posilion) and corrclation coefficients very
closc to onc, again confirming an cxtremely high
compositional similarity of thcsc coding scquences
and codon positions and of the corresponding iso-
chorcs. .

A comparison of third-codon positions from mu-
rids and hamster, on the onc hand, and murids and
guinca pig, on the other, showed (Fig. 7) a slight
differcncc in the first casc and a large difference in
the sccond. Both differences showed a trend similar
to that found in thc comparison of human third-
codon positions with the homologous valucs for ral.
The hamster/murid difference is in agreement with
the slightly higher amount of GC-rich DNA in ham-
ster (Sabeur et al. 1993), whereas that found in the
guinca pig/murid comparison is the dilference cx-
pected for a gencral pattern/myomorph pattern
comparison. The slope is slightly diffcrent from the
man/rat comparison (0.53 vs 0.66) (as is the corrc-
lation cocfficicnt), but this can bc understood as
duc to the much smaller number of points in the
guinca pig/murid comparison.

The last two comparisons of third-codon posi-
tions of Fig. 7 arc cspccially instructive. The first
onc, the bovinc/porcine comparison, is of intcrest in
two respects. Indeed, the extremely close GC levels
indicatc that a bias in the gene sample was in fact
responsible for the differences of Table [, and that
two specics from two different familics of artiodac-
tyls (Bovidac and Suidac) arc characterized by the
samc composilional pattern. The lowcer corrclation
cocfficicnt in this intraordinal comparison rclative
to the interordinal human/bovine comparison (0.95
instcad of 0.98) is certainly duc to the smaller num-
ber of scquencces uscd in the first case. The man/dog
comparison is also very inlcresting in that the iden-
tical values found indicate that the samc gencral
compositional paltcrn is present in primates and
carnivores. This stresscs the fact that the peculiar
featurcs of the distributions of GC levels of coding
sequences and codon positions from dog genes (Fig.
1) obviously arc the result of a biased genc sample.

Conclusions

The two approachcs uscd in the present work com-
plement the compositional analysis of largc DNA
fragments (Sabeur ct al. 1993) and provide very
stringent gcnome comparisons.

The compositional comparisons of codon posi-
tions from homologous genes show an extreme sim-
ilarity in the two cascs in which the largest number
of scquences arc available—namecly man/calf and
mousc/rat. Both of them strongly rcinforce the con-
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clusions drawn in the preceding paper (Sabeur ct al.
1993) and the similar oncs that onc could draw from
Figs. 1 and 2 of this paper.

It is of interest to note that the coding scquence
comparisons donc here arc informative for a non-
ncgligiblc part of the genomes under considcration.
Becausc of the lincar compositional correlations be-
tween coding scquences and their codon positions,
on the onc hand, and of the isochores containing
thcm on the other, the sequence comparisons prac-
tically concern as many isochores as the sequences
studicd. Assuming an isochore size of 300 kb (which
is, in all likclihood, a low cstimatc), when 200 ho-
mologous scquences arc comparcd, as in the casc of
man and rat, 2% of thcsc genomes arc cxplored
compositionally. It should be noted here that there
arc good rcasons to belicve that the data on the
coding scqucnces cxplored can be cxtrapolated to
all other coding scquences and to all the isochorces
conlaining them.

The scquence comparison approach is by far the
mos! telling relative to comparisons of histograms
concerning both homologous and non-homologous
genes (the lalter being predominant). This can be
Jjudged from the small yct significant differcnces de-
tected here in the compositional patterns of man
and rabbit or mousc and hamster. On the other
hand, they provide evidence for closc similaritics of
compositional patlcrns for genes fram specics be-
longing to diffcrent familics in the same order (calf
and pig) or to different orders (calf and man, man
and dog).

Although -alrcady discussed in previous work
(Mouchiroud ct al. 1987; 1988; Bernardi ct al. 1988;
Mouchiroud and Gauticr 1990), the man/murid com-
parison deserves some additional comments con-
cerning the relationship between the gencral pattern
and the myomorph pattern. It should be noted that
the diffcrences found arc also scen in intronic sc-
qucnces and in the 5’ and 3’ untranslated scquences
(data not shown). As indicated in the preccding pa-
per (Sabeur ct al. 1993), at present no absolutcly
clear-cut conclusion can be drawn as to which pat-
tern is primitive and which is derived. If the gencral
pattern is primitive, the myomorph pattern could be
derived from it by a rclcasc of the compositional
constraints opcrating on the ends of the composi-
tional distribution of coding scquences and third-
codon positions. This would, indced, push such
cnds toward 50% GC—namcly, it would lowcer the
high valucs and risc the low valucs. If the myo-
morph pattcrn is primitive, an incrcasc in composi-
tional constraints should have taken place between
the myomorph and the gencral pattern, lcading
to an incrcascd helerogencity in the latter casc. In-
terestingly, in such a casc, the myomorph pat-
tcrn would be intecrmediate between the low-
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heterogencity pattern of cold-blooded vertebrates
(Bernardi and Bernardi 1990a,b; 1991) and the high-
heterogencity pattern of most mammals, although
very much closer to the latter. If the myomorph
pattern is a derived onc, the closer similarity of the
hamster pattern (compared to the patterns of rat
and mouse) to the general pattern would suggest
that the former diverged from it carlicr than the

latter.
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