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SUMMARY

The compositional distributions of genomes, genes (and their third codon positions) and long terminal repeats from
retroviruses of warm-blooded vertebrates are characterized by a striking bimodality which is accompanied by a remark-
able compositional homogeneity within each retroviral genome. A first, major class of retroviral genomes is GC-rich, whereas
a second, minor class is GC-poor. Representative expressed viral genomes from the two classes integrate in GC-rich and
GC-poor isochores, respectively, of host genomes. The first class comprises all oncoviruses (except B-types and some
D-types), the second, lentiviruses, spumaviruses, as well as B-type and some D-type oncoviruses (e.g., mouse mammary
tumor virus and simian retroviruses type D, respectively). The compositional bimodal distribution of retroviral genomes and
the accompanying compositional homogeneity within each retroviral genome appear to be the result of the compositional

evolution of retroviral genomqs in their integrated form.

INTRODUCTION

Previous investigations from our laboratory have shown
that the integration of expressed retroviral genomes into
mammalian genomes is isopycnic and compartmentalized,
i.e., takes place in isochore families (or compositional com-
partments) of the host genomes that are close in compo-
sition (and therefore in buoyant density) to the integrated
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viral genomes. It should be recalled that mammalian ge-
nomes, as well as avian genomes, are mosaics of long DNA
segments (> 300 kb on the average), the isochores, that are
homogeneous in base composition and belong to a small
number of families which cover a broad GC range (Ber-
nardi et al., 1985; Bernardi, 1989).

An isopycnic integration was first shown for the genome
of BLV (Kettmann et al., 1979; 1980), then for the genomes
of MMTV (Salinas et al., 1987), RSV (Rynditch et al.,
1991) and HTLV-I. Three of these retroviral genorﬁes, BLYV,
RSV and HTLV-I, are GC-rich and integrate in the
GCo-rich isochores of the host genome. One, MMTV, is
GC-poor and integrates in the GC-poor isochores of the
host genome. Interestingly, eight out of nine HBV se-
quences integrated in the hepatocarcinoma Alexander cell
line were also found in the GC-richest isochores which
matched compositionally the HBV sequences (Zerial et al.,
1986).

Several points should be stressed: (i) that the isopycnic
integration was demonstrated by detecting the retroviral
sequences in compositional fractions (as obtained by
Cs,S0, density gradient centrifugation in the presence of
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sequence-specific DNA ligands; see the references quoted
above) of host DNA preparations 50-100 kb in size; (i)
that for each virus all the independent host cell isolates gave
essentially the same results; and (iif) that the isopycnic
integration of retroviral sequences is paralleled by the find-
ing that mobile sequences, like SINES and LINES (Singer,
1982), are also found in genome regions which are close in
composition to those of mobile sequences (Soriano et al.,
1983); these are GC-rich for SINES and GC-poor for
LINES. In other words, the situation found for integrated
retroviral sequences and for mobile sequences is similar to
that found for coding sequences in general, since the latter
are compositionally correlated with the genome regions in
which they are located (Bernardi et al., 1985; Bernardi,
1989).

Under these circumstances, an analysis of the composi-
tion of viral genomes that integrate into the host genome
should be of interest (i) because it should allow classifying
viral genomes according to their presumed integration in
different compositional compartments of the host genome;
and (i) because it might shed light on the expression and
evolution of both the viral genomes investigated and of the
host genomes.

In the present paper we have studied these problems by
investigating the compositional distribution of retroviral ge-
nomes from warm-blooded vertebrates, of their genes and
of their LTRs. The retroviral sequences investigated here
were obtained from Release 69.0 (September 1991) of Gen-
Bank. The ACNUC retrieval system (Gouy et al., 1984)
was used. Computer analysis was performed by using
ANALSEQ, a software developed by the Laboratoire de
Biomeétrie of the University of Lyon for the statistical anal-
ysis of nt sequences.

RESULTS AND DISCUSSION

(a) The compositional distribution of retroviral genomes,
genes, third-codon positions, and LTRs

Fig. 1A shows a histogram of the compositional distri-
bution of all complete genomes from retroviruses that are
currently available (see Table I for a list). Genomes from
different isolates of the same viruses or from very closely
related viruses were pooled together in order not to bias the
distribution. The histogram is characterized by two peaks,
centered at 539, GC, and at 43%, GC, respectively. The
bimodality of the histogram of Fig. 1A is found again in the
histograms of Figs. 1B and 1C, which concern retroviral
genes and third-codon positions, respectively, from the
same genomes. In the latter case, the distribution is more
spread out and the limits between the two classes are less
well defined. This depends upon the fact that the third-
codon position of coding sequences that are below 459,
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Fig. 1. Compositional distributions of (A) the 31 complete retroviral ge-
nomes of Table I; (B) their 115 coding sequences; and (C) the correspond-
ing third-codon positions. Numbers of (A), (B) and (C) are plotted against
7 GC. Each bar in the histograms has a width corresponding to a 2%, GC
interval.

GC are lower in GC than the first and second positions,
whereas the opposite is true for coding sequences that are
above 459, GC (D’Onofrio and Bernardi, 1992).

The histograms of Fig. 2, which concern gag, pol, and
env genes from the genomes of Table I show that the genes
derived from low-GC genomes are all GC-poor, whereas
those derived from high-GC genomes are all GC-rich. In
other words, different genes from the same retroviral ge-
nomes are very close to each other in compositional prop-
erties. Again, histograms of third-codon positions are more
spread out than those of coding sequences, as expected, but
the two classes of genes are still very evident.

The compositional distribution of two other sets of ret-
roviral genes, regulatory genes (which will be called here reg
for short) and v-onc genes seemed not to be bimodal
(Fig. 3). This is, however, due to the fact that the reg genes
present in the genomes studied here were predominantly
associated with GC-poor genomes, whereas v-onc genes
were predominantly associated with GC-rich genomes. A
closer analysis showed that the only reg genes present in a
GC-rich retroviral genome, those of HTLV-I are GC-rich.
In the case of v-onc genes, most of them are GC-rich and
are present in GC-rich genomes. Two of them (ros and yes)



TABLE 1

List of the retroviral genomes investigated in the present work®
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Mnemonic Name % GC . bp Subfamily
or type®
*FIV Feline immunodeficiency viruses 36.68 9471 L
EIAVCG , Equine infectious anemia virus 38.51 8407 L
'SMFVGENOME Simian foamy virus type 1 39.20 12972 S
OLVCG Ovine lentivirus (SA-OMVV) 40.60 9256 L
CEAVCG Caprine arthritis encephalitis virus 41.03 9180 L
VLVCG Visna lentivirus Icelandic strains LV1-1 and 1514 41.49 9202 L
*HIV1 Human immunodeficiency viruses type 1 42.00 9387 L
*SRV Simian type D retroviruses 42.84 8163 D
MMTPROCG Mouse mammary tumor virus 43.32 9900 B
*SIvV Simian immunodeficiency viruses 43.79 9828 L
BIM127 Bovine immunodeficiency-like virus 44.98 8482 L
*HIV2 Human immunodeficiency viruses type 2 45.36 9695 L
ACSUR2CG Avian sarcoma virus UR2 47.90 3165 (8]
PCSLTRA Human retrovirus type D (SMRV-HLB; SMRV-H) 49.56 8785 D
ACSY73CG Avian sarcoma virus Y73 50.24 3718 (o
FCVF6A Feline leukemia virus subgroup A (FeLV-FAIDS) 50.73 8440 (o}
PCBCG Baboon endogenous virus 51.18 8018 C+D
PCGGPE Gibbon ape leukemia virus 52.34 8088 (o)
ACSASVXX Avian sarcoma virus CT10 53.20 2428 (o)
ALVCG Avian leukemia virus ALV-RSA 53.28 7286 0
*MuLV Murine leukemia viruses 53.27 8333 o
*MuSV Murine osteosarcoma viruses 53.40 3909 (o]
*HTLV-12 Human T-cell leukemia viruses (type 1, 2) 53.62 8807 (o)
MLFRO Friend spleen focus-forming virus 53.75 6296 (0]
ALRCG Rous sarcoma virus (Prague strain subgroup C) 53.84 9625 (o
*MoMSV Moloney murine sarcoma viruses 54.21 5831 (o)
BLVCG " Bovine leukemia virus 54.43 8714 o
PCS Simian sarcoma virus 55.11 5159 0
MLAPRO Abelson murine leukemia virus 55.21 5894 (o]
AC2E21CG Avian retrovirus MH2E21 56.39 2630 (o)
ACF Fujinami sarcoma virus 59.73 4788 0o

# Mnemonics %, GC and bp are from GenBank (release 69.0 September 1991). Asterisked mnemonics concern pooled genomes from different isolates
of the same virus or from closely related viruses (a complete list can be provided upon request).
® L, Lentivirinae; S, Spumavirinae; O, Oncovirinae; B and D are retroviruses of types B and D, respectively (Coffin, 1990), C+D, a retrovirus of mixed

type (Kato et al., 1987).

are relatively GC-poor and belong to genomes (from avian
sarcoma viruses UR2 and Y73, respectively) which are at
the borderline between GC-poor and GC-rich genomes.
An analysis of all complete v-onc genes from GenBank,
including genes from retroviral genomes only partially se-
quenced, showed that this larger set comprised both GC-
poor and GC-rich genes, the latter being predominant
(Fig. 3).

As far as LTR sequences from the genomes of Table I
are concerned, they also show a bimodality (Fig. 4A). If,
however, LTRs are divided into two groups, those belong-
ing to GC-poor (Fig. 4B) and those belonging to GC-rich
retroviral genomes (Fig. 4C), it is clear that a minority of
GC-poor genomes comprise relatively GC-rich LTRs (this
is the case for simian retrovirus type D, and immunodefi-
ciency viruses, except for the feline inmunodeficiency virus,
FIV), and a minority of GC-rich genomes comprise GC-

poor LTRs (this class is exclusively associated with avian
retroviral genomes, including RSV).

A plot of GC levels of genes and LTRs from the retro-
viral genomes against the GC levels of the corresponding
genomes (Fig. 5), reveals that gag, pol and env genes have
GC levels which are very close to those of the other genes
from the genomes to which they belong; this is much less
true for reg and onc genes which show a number of devi-
ating points. In the case of reg genes, this deviation might
be due to the fact that average GC values under consider-
ation concern small-size genes; in the case of oncogenes,
the deviation might be due to the fact that the transduced
c-onc genes were slightly different in composition from those
of the viral genomes and that transduction events were
relatively recent, leaving insufficient time to the slightly dif-
ferent oncogenes to adjust to the GC level of the other
retroviral genes. Finally, GC levels of LTRs from GC-rich
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Fig. 2. Compositional distributions of retroviral genes gag, env and pol
from the genomes of Table I (left panels) and of their third-codon posi-
tions (right panels). Open and hatched bars concern genes from the com-
plete retroviral genomes belonging to the two classes shown in Fig. 1A
(see text). Note that the abscissa scale is expanded compared with that
of Fig. 1.

retroviral genomes are comparable in composition to those
of the corresponding genomes particularly in the case of
GC-rich genomes, with the exception of the GC-poor LTRs
associated with the GC-rich genomes of avian retroviruses
(Fig. 5).

(b) The isopycnic integration of retroviral sequences

As an introduction to the discussion of the results just
presented, it may be appropriate to recall a few points
concerning the integration of retroviral sequences, as seen
in a compositional perspective.

The isopycnic integration of expressed viral sequences
found in our laboratory (see INTRODUCTION) contradicted
the generally held opinion (for a review, sece Weinberg,
1980) that viral integration in the host genome is random.
This view was based on the primary structure of host-virus
DNA junctions and on restriction analysis of flanking se-
quences (reviewed in Rynditch et al., 1991) which, in fact,
did not rule out a regional specificity of integration, such as
the isopycnic integration.

Other independent observations also contradicted the
concept of random integration, in that they demonstrated
a preference for the integration of expressed proviral se-
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Fig. 3. Compositional distribution of retroviral genes reg and v-onc from
the genomes of Table I and from GenBank (left panels) and their third-
codon positions (right panels). Open and hatched bars in the four top
panels concern genes from the two classes shown in Fig. 1A (see text).
Note that the abscissa scale differs from that of Fig. 2.

quences into transcriptionally active regions of the genome
and in recombination-prone sites (see Rynditch et al.,
1991).

We have recently shown that the isopycnic integration in
the GC-rich regions of the mammalian genome and the
integration in highly transcribed sequences are two sides of
the same coin (Rynditch et al., 1991). Indeed, investiga-
tions from our laboratory (Bernardi et al., 1985; Bernardi,
1989; Mouchiroud etal., 1991; Aissani and Bernardi,
1991a,b) have shown that the GC-richest regions of the
mammalian (and avian) genome have, by far, the highest
concentrations of genes and of CpG islands. The latter are
regularly associated with constitutively expressed house-
keeping genes (Gardiner-Garden and Frommer, 1989).
These findings point to a high level of transcription in those
regions which largely correspond to a rather open chroma-
tin structure characterized by nucleosome-free stretches,
absence of histone H1, acetylation of histones H2 and H4
(Tazi and Bird, 1990; see also Aissani and Bernardi,
1991a,b). Interestingly, the GC-richest host genome regions
are rich in repetitive sequences and microsatellites and
are highly prone to recombination (see Bernardi, 1989;
1992). '

The case of MMTYV is different from those just dis-
cussed, but reinforces the isopycnic integration model, in
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Fig. 4. Compositional distribution of LTR sequences from the retroviral
genomes of Table I (A). The distributions of LTRs from GC-poor (open
bars) and from GC-rich (hatched bars) genomes of Fig. 1A are shown
separately in (B) and (C), respectively.

that these viral sequences, which are GC-poor, integrate
into GC-poor sequences of the host genome (Salinas et al.,
1987).
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(c) The compositional distribution of retroviral sequences

The main result obtained in the present work is the dem-
onstration of a bimodal distribution of GC levels of retro-
viral sequences. One class is GC-rich, covers a 48-60%,
GC range and comprises genomes like those of BLV, RSV
and HTLV-], which are known to be integrated in the
GC-richest components of the bovine, hamster and human
genomes, respectively (see INTRODUCTION). Another class
is GC-poor, covers a 38-46%, GC range and comprises
genomes like that of MMTV, which is known to be inte-
grated in the GC-poor fractions of the mouse genome.

The bimodality just discussed is also found for retroviral
genes gag, pol, and env. This is the consequence of the
compositional homogeneity of the retroviral sequences de-
rived from the same genome. Two other sets of genes
showed a distribution which seemed to be unimodal in our
sample of retroviral genomes. In the case of reg genes, this
was due to their predominant presence in GC-poor ge-
nomes; in the case of v-onc genes, to the fact that our
sample almost exclusively comprised v-onc genes from GC-
rich genomes. In fact, these two classes of genes are also
characterized by a bimodal distribution, as shown by the
facts that reg genes associated with GC-rich genomes (like
HTLV-I) are GC-rich and that GC-poor v-onc genes exist
(Fig. 3, bottom frame). A bimodality was also found for
LTRs, but as already pointed out, the correspondence of
GC-rich and GC-poor LTRs with GC-rich and GC-poor
genomes, respectively, was not always observed, in partic-
ular in the case of the GC-poor LTRs which are present in
the GC-rich retroviral genomes of birds. A more detailed
analysis of L'TRs is currently under way in order to better
understand such situations.
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Fig. 5. Correlations between GC levels of retroviral genes and LTR sequences and GC levels of the corresponding retroviral genomes are shown for the
GC-poor (open symbols) and GC-rich genomes (blackened symbols). GC-poor LTRs associated with GC-rich viral genomes are shown as blackened
triangles. Diagonal (45°) lines correspond to identical GC levels of LTRs and viral genomes.



212

The question should now be considered which sub-
families (oncovirinae, lentivirinae and spumavirinae; Cof-
fin, 1990) of retroviruses belong to each class. The GC-
poor class comprises lentiviruses and spumaviruses, which
have no oncogenes, but contain genes for regulatory pro-
teins. This class also comprises oncoviruses of the B-type
and some D-types, which also do not contain oncogenes.
The GC-rich class comprises all oncoviruses, except for
those of B-type and some D-types, namely all retroviruses
containing oncogenes, like RSV, and some retroviruses
which do not contain oncogenes, like BLV and HTLV-1.
It should be noted that the human retroviruses type D
correspond to genomes which are at the borderline between
the two classes.

The above considerations indicate that compositional
classes correspond to well-defined groups of retroviruses.
In turn, these groups justify considering the existence of a
major and a minor class of retroviruses. This conclusion
cannot be simply drawn on the basis of the histograms of
Fig. 1, because they depend upon the sample of genomes
which are available in data banks. If, however, one con-
siders which sub-families of retroviruses are represented in
each class, the minor and the major classes indicated by the
histograms appear to exist, because oncoviruses are much
more numerous than lentiviruses and spumaviruses, at least
among the retroviruses studied so far. It is important to
note that the GC-rich class seems not only to comprise the
majority of retroviral genomes, but also to integrate into the
very small GC-richest compartments of the mammalian or
avian genomes. In contrast, the minor GC-poor class ap-
pears to integrate into the very large GC-poor compart-
ments of the host genomes.

(d) Evolutionary implications

We will now discuss the question as to why the compo-
sitional distribution of retroviral sequences is not a contin-
uous one. This question has interesting implications for the
compositional evolution of retroviral genomes. It should be
recalled that GC-rich isochores only appeared in vertebrate
evolution after the emergence of warm-blooded vertebrates
(Bernardi et al., 1985; 1989; Bernardi and Bernardi,
1990a,b; 1991). At that time, some compartments of the
genomes of cold-blooded vertebrates underwent a GC in-
crease by fixation of directional point mutations (Bernardi
et al., 1988), leading to the formation of the neogenome of
warm-blooded vertebrates, whereas other compartments
did not undergo such GC increase and formed the paleo-
genome {Bernardi, 1989; Fig. 6).

One should now take into account the great evolution-
ary antiquity of retroviruses (Temin, 1980; 1989) and, in
particular, the fact that ancestors of the retroviral genomes
under consideration were in all likelihood present in cold-
blooded vertebrates. Even if sequence homology evidence
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Fig. 6. (A) Scheme of the compositional genome transition accompany-
ing the emergence of warm-blooded from cold-blooded vertebrates. The
compositionally homogeneous, GC-poor genomes of cold-blooded verte-
brates are changed into the compositionally heterogeneous genomes of
warm-blooded vertebrates. The latter comprise a paleogenome (corre-
sponding to about two thirds of the genome) which did not undergo any
large compositional change and a neogenome (corresponding to the re-
maining one third of the genome, with the GC-richest part only repre-
senting 3%, of the genome). In the scheme, the mosaic structure of the
warm-blooded vertebrate genome is neglected; GC-poor isochores (open
bar), GC-rich isochores (hatched bar) and GC-richest isochores (black-
ened bar) are represented as three contiguous regions. (B) Scheme of
genome organization in warm-blooded vertebrates. The genome consists
of long DNA segments (> 300 kb, on the average) that are composition-
ally homogeneous (above a size of 3 kb) and belong in a small number
of families, GC-poor (open boxes; L1 and L2), GC-rich (hatched boxes;
H1 and H2) and very GC-rich (blackened boxes; H3). Physical and en-
zymatic degradation occurring during DNA preparation generates large
DNA fragments, routinely in a size range of 50-100 kb.

is not yet available, information on retroviruses from cold-
blooded vertebrates exists. For example, a type C virus is
responsible for lymphosarcoma in northern pike, Esox
lucius (Papas et al., 1976; see Martineau et al., 1992, for
other examples).

At this point, two different situations should be consid-
ered. In the case of retroviral genomes which are located
in the paleogenome of warm-blooded vertebrates, no com-
positional changes probably occurred relative to their an-
cestors located in the genome of cold-blooded vertebrates,
even if, obviously, a number of mutations and genome re-
arrangements took place.

In the case of retroviral genomes located in the neoge-
nome of warm-blooded vertebrates, the explanation that
these genomes originated from the host genomes after the
compositional transition from cold- to warm-blooded ver-
tebrates took place is certainly incorrect because of the



considerations made above about the antiquity of retrovi-
ruses. An alternative explanation, which appears to be the
correct one, is that these retroviral genomes co-evolved
compositionally in their integrated form, in concert with the
host genome’s isochores and genes that underwent the
compositional transition.

In other words, what is proposed here is that the com-
positional evolution of integrated retroviral genomes fol-
lowed the same pathways as the host genes carried by the
same families of isochores. Very interestingly, even regula-
tory sequences (LTRs) largely followed such compositional
evolution in spite of constraints associated with their reg-
ulatory sequences. Needless to say that what has just been
discussed only applies to the compositional evolution of
retroviral sequences. It is obvious that a large number of
other mutations (occurring during transcription and ret-
rotranscription) which did not cause compositional
changes, accompanied this compositional evolution.

As a final remark, it should be stressed that non-
expressed retroviral sequences exhibit, as a rule, a much
broader distribution in the host genome than that found for
expressed sequences (Rynditch et al., 1991). Since the ini-
tial integration of a retroviral sequence may be targeted
towards compositional compartments which are relatively
broad in GC (Salinas et al., 1987) this may indicate (¢) that
selection for expressed sequences favors the retroviral in-
tegrated sequence$ which are characterized by a good com-
positional matching with the host genome isochores; (ii)
that the nonh-isopycnic integration may concern largely de-
leted and/or rearranged sequences.
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