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ABSTRACT The inferred amino acid sequences of 10
specific gene products from nine retroviruses were aligned by
computer, all evolutionary distances between them calculated,
and evolutionary trees constructed. Not unexpectedly, the
various gene products are changing at different rates, the
reverse transcriptase being the least and the envelope proteins
the most different from one retrovirus to another. For the
most part, trees based on the retroviral enzyme sequences are
congruent, indicating that extensive genetic recombination has
not been a major factor in the evolution of the central part of
the genome. In the case of envelope protein sequences, how-
ever, the sequences clearly exhibit evidence of multiple cross-
over events between quite distantly related retroviruses. A
composite phylogenetic tree was constructed from the four
retroviral enzyme sequences, and a number of important
historical happenings were interpreted in the light of the time
scale it affords.

In recent years the complete nucleotide sequences of a
number of retroviruses have been published, presenting an
opportunity for a detailed analysis of their evolutionary
relationships. This is an especially interesting area of inquiry
because of the very high mutation rate observed in retrovi-
ruses (1, 2), on the one hand, and reports of widespread
genetic recombination (3-8), on the other. There is also
some confusion about evolutionary relationships among the
retroviruses, at least partly because of the limitations of
taxonomic criteria set in place before sequence data became
available. (9).

Although a number of studies have already appeared that
include sequence-based phylogenetic trees for various retro-
viruses (10-14), we felt that not all issues had been fully
addressed in those reports, and, in some cases, the interpre-
tation of events was arguable. Accordingly, we undertook an
analysis of a large set of retroviral sequences with an eye to
answering three questions: (i) how fast are the various gene
products of retroviruses changing relative to each other, (ii)
has recombination been a prominent factor in the evolution
of these retroviruses, (iii) what is the relationship of these
viruses one to another? We are not concerned here with
those recombinational events involving host genes that gave
rise to the acutely transforming viruses.

Our approach to measuring the rates of change of the
various gene products was straightforward. First, we deter-
mined the degree of sequence difference for a given gene
product between all pairs of the viruses under study, in each
case normalizing the value to the difference observed be-
tween the reverse transcriptase sequences of the same two
viruses. This way we dealt with relatively large numbers of
data that could be averaged and the amount of variation
assessed, a factor that bears significantly on the reliability of
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sequence-based trees. The tactic would only yield reliable
results, of course, for situations in which genetic recombi-
nation was not a significant factor. It was anticipated that
recombinational events, if they had occurred, would be
readily detected when phylogenetic trees were constructed
from the distance values. If anomalies were found, as indeed
they were, it would be necessary to omit those particular
data from the rate-measurement averaging.

In the analyses of the nine widely differing retroviruses,
most of their gene products yielded closely congruent trees,
but an anomalous pattern emerged from the comparisons of
the transmembrane proteins. Because previous reference
had been made to the possibility of recombination in the
envelope proteins of some of the retroviruses in that set of
nine, and because the results we observed were somewhat at
variance with other interpretations involving several other
retroviruses, we expanded our study to include an additional
eight retroviruses. Although not all of these viruses had been
completely sequenced, enough data were available to pro-
vide a coherent picture of several major evolutionary events.

METHODS

All computer operations were conducted on a DEC 11/730
VAX computer running the UNIX (Berkeley 4.3) operating
system. Retrovirus sequences were taken from the original
literature (6, 8, 13-28). Alignments were obtained by a
progressive scheme designed to emphasize historical con-
nections (29), and evolutionary trees were constructed on
the basis of these alignments. In essence, the progressive
alignment method begins with a conventional Needleman—
Waunsch alignment (30) of the two most similar sequences of
a set and then serially adds the next most similar sequence or
set of sequences. Gaps are preserved in all successive
alignments, and residue scoring by the minimum mutation
matrix (31) is averaged across the entire existing set of
sequences. Pairwise evolutionary distances (D) were deter-
mined after progressive alignment from the relationship

D= —In (Sreal - Sraﬁdom) x 100.

I(S identical — N random)

The D values were then used in a tree-growing program
similar to that described by Fitch and Margoliash (32). In the
case of a composite tree involving the four retroviral en-
zymes, D values were taken from each individual set and
combined in proportion to their average lengths.

Abbreviations: RNP, ribonucleoprotein; BaEV, baboon endoge-
nous virus; BLV, bovine leukemia virus; HIV, human immunode-
ficiency virus; HTLV, human T-cell leukemia virus; MMTV, mouse
mammary tumor virus; Mo-MLV, Moloney murine leukemia virus;
MPMYV, Mason-Pfizer monkey virus; REV, reticuloendotheliosis
virus; RSV, Rous sarcoma virus; SMRYV, squirrel monkey retrovi-
rus; SRV, simian retrovirus.
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RESULTS

We began our analysis by delineating the inferred protein
sequences of each of the mature gene products common to
nine widely divergent retroviruses, including the avian Rous
sarcoma virus (RSV), human T-cell leukemia viruses I
(HTLV-I) and II (HTLV-II), bovine leukemia virus (BLV),
simian retrovirus I (SRV-I), mouse mammary tumor virus
(MMTYV), visna lentivirus of sheep (Visna), human immuno-
deficiency virus (HIV), and Moloney murine leukemia virus
(Mo-MLYV). Where possible, the amino and carboxyl termini
for the putative gene products were set on the basis of
published experiments as determined by actual analysis of
the viral proteins (Fig. 1). Often, however, it was necessary
to make an arbitrary decision on the basis of terminator
codons or alignments with other sequences whose termini
had been experimentally determined. The situation is com-
plicated because many of the genes occur in overlapping and
out-of-step reading frames (34).

Altogether, 10 different segments were defined for study.
These included three regions of the gag-encoded structural
proteins denoted, respectively, gag amino for a segment
near the amino terminus, gag core for the adjoining segment
that spans approximately 225 residues, and gag RNP (ribo-
nucleoprotein) for the approximately 80-residue segment
that binds to RNA. The remaining segments analyzed were,
in order of their occurrence on the genome, the protease, the
reverse transcriptase, a section we call the “‘tether’’ (35), the
ribonuclease H, the endonuclease, and, finally, the ‘‘outer”
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and ‘‘inner”’ portions of the envelope protein, the latter
actually being the transmembrane protein.

Relative Rates of Change. The relative rates of change of
the 10 defined gene products were measured by normalizing
every postalignment pairwise distance to the corresponding
value observed for the reverse transcriptase. As expected,
the rates of change differ significantly. With the exception of
the relatively short gag RNP segment, the enzymes change
more slowly than the nonenzyme proteins (Table 1). The
reverse transcriptase is the slowest-changing entity, and the
outer envelope and amino-terminal gag proteins are the
fastest. The endonucleases and ribonucleases H are chang-
ing at 1.4 + 0.2 and 1.6 = 0.3, the rate of the reverse
transcriptases, respectively. The proteases are changing 1.8
+ 0.3 times faster than the reverse transcriptases, and the
tether regions more than twice as fast. The outside portions
of the envelope proteins are changing the most rapidly of all
(Table 1).

Evidence for Recombination. The phylogenetic trees ob-
tained for the four enzyme sequences (reverse transcriptase,
ribonuclease H, endonuclease, and protease) were, for the
most part, congruent; they were also consistent with many
other characteristics that can be used to group these viruses,
including the general aspect of their gene arrangements
shown in Fig. 1. For most of the gene products and all of the
enzymes, the Mo-MLV sequences were the most distant
from the others (Fig. 2). When envelope protein sequences
were used to make the trees, however, a quite different
picture emerged, apparently because of a major genetic
recombinational event. In the transmembrane protein tree,
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FiGc. 1. Coding regions from the genomes of nine retroviruses are depicted for each of the three reading frames. The gag region encodes
three to six different functional proteins; the pol region includes the protease (P), the reverse transcriptase (RT), a putative connecting segment
denoted a ‘“‘tether’’ (T), the ribonuclease H (RH), and the endonuclease (ED). The env region encompasses the envelope (EV) sequences. In
addition, long (L) and short (S) open reading frames (HTLV-I, HTLV-II, BLV, HIV, and visna) are indicated. The segment denoted “‘X"’
corresponds to a duplication of the protease region that in some viruses has been translocated to a position between the ribonuclease H and
endonuclease regions (33). Each of the boxed coding regions is oriented relative to the gag region arbitrarily placed in the first frame. Dashed
lines represent functional boundaries; solid lines indicate beginning and ending positions of open reading frames and stop codons within a

functional region of a reading frame.
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Table 1. Relative rates of change of retroviral proteins

Protein* Relative rate’

Reverse transcriptase (300) 1.0

Endonuclease (298) 14 + 0.2
gag RNP (81) 1.5 0.2
Ribonuclease H (133) 1.6 = 0.3
gag core (228) 1.6 = 0.3%
Protease (115) 1.8 £ 0.3
Envelope, inside (194) 1.9 = 0.38
Tether (127) 22 +04
gag amino (144) 24 +04
Envelope, outside (284) 2.6 = 0.58

*Values in parentheses are average lengths in residues after arbi-
trary trimming to most readily aligned segments.
tValue relative to reverse transcriptase; average of 36 determina-
tions, presented with standard deviation.
#Based on 28 determinations (8 others were omitted because of
evidence for recombination).
§Based on 20 determinations (16 others were omitted because of
evidence for recombination).

for example, the Mo-MLYV appears closely related to SRV-I1.
Conversely, in the cases of nonenvelope proteins, MMTV is
close to SRV-I, but in the transmembrane protein tree it is
the most distantly related to the others (Fig. 2).

The outer envelope protein sequences have changed so
much that it is difficult to make a reliable tree; still the
general topology obtained resembles that of the transmem-
brane proteins, indicating that the crossover occurred at a
point such that a major portion of the envelope gene was
involved in the exchange. Beyond that, hydropathy plots
(36) of the transmembrane proteins of all nine viruses were
consistent with an envelope exchange. In this regard, the
MMTYV pattern, although containing some unique features,
most closely resembles those of HIV and visna. In contrast,
the profiles of Mo-MLV and SRV-I are virtually indistin-
guishable.

Likely Gene Conversions. We uncovered two other in-
stances in this stage of our study where recombination
appears to have occurred, both of which involve the closely
related retroviruses HTLV-I and HTLV-II. Thus, the enve-
lope protein sequences in these two viruses are 85% identi-
cal, which is much too similar relative to the other gene
products to be the result of ordinary divergence. The reverse
transcriptase sequences of these two viruses, otherwise the
most conserved of the segments under study, are only 70%
identical. It appears the one of the viruses has captured the
other’s envelope protein gene during the interval since the
initial divergence. A similar situation exists for the gag core
proteins of these two viruses, which are also more than 85%
identical. The high degrees of similarity appear to be the
result of some kind of copy-choice having occurred during a
period of coinfection by these two human viruses.

Composite Tree. After the completion of our study on the
nine retroviruses discussed above, a number of other retro-
viral sequences became available, and it was clear that some
of these would be useful in sorting out apparently anomalous
resemblances. Accordingly, we constructed a composite
tree from the four sets of enzyme sequences from the
original set of nine viruses and then added data from a
number of other retroviruses. Full sequences were not
available in all cases, but we used our table of rates of
change (Table 1) to scale the relative position for each new
member. For example, the baboon endogenous virus
(BaEV) was added to the tree on the basis of its gag protein
sequences alone (26), after suitable scaling from the rates in
Table 1. Also, we limited our alignment of endonuclease
segments to approximately 180 residues, because that was
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FiG. 2. Evidence for recombination between progenitors of
MMTYV and Mo-MLYV is revealed by differences in evolutionary
trees for different gene products. In the cases of reverse transcrip-
tase (R.T.) and ribonuclease H (RNase H), the Mo-MLYV is the
“‘outlier,” but in the case of the transmembrane envelope protein
tree (ENV), Mo-MLYV has exchanged positions with MMTV.

all the sequence available for the squirrel monkey retrovirus
(SMRYV) enzyme (6).

The composite tree so obtained was consistent with simple
explanations for some genetic anomalies but not others. For
example, one genetic event accounts for one group of
retroviruses having a ‘‘single-RNP’’ and all the others hav-
ing a duplicated version (37). Similarly, a single duplication
event is consistent with the distribution of duplicated prote-
ases (19) in the hamster intracisternal A-type particle (IAP-
H18), the human endogenous retrovirus (HERV), MMTV,
Mason-Pfizer monkey virus (MPMV), SR-I, and—in all
likelihood—SMRYV, that part of the last-named not yet
having been reported. Another single event allows the
translocation (33) of the duplicated segment to a different
place in a line leading to three other retroviruses (Fig. 3).

The anomalous envelope pattern revealed in the various
trees involving MMTV and Mo-MLV (Fig. 2) was not so
easily explained, however. Thus, the human endogenous
retrovirus (HERV) has an envelope sequence that resembles
that of MMTYV, the anomalous outlier in Fig. 2. At the same
time, three other retroviruses in this cluster (SRV-I, MPMV,
and SMRYV) have envelope sequences that are ordinary and
in-line with a direct descendancy. At the least, two recom-
binational events are required to explain this distribution,
given the branching order based on our alignment of enzyme
sequences.

The inclusion in the tree of a second avian retrovirus, the
reticuloendotheliosis virus (REV-A), was also revealing.
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FiGc. 3. Composite phylogenetic tree of 17 retroviruses. An
initial tree was constructed on the basis of the four enzyme
sequences from 12 retroviruses. Five additional members (CAEV,
SMRV, MMTV, REV-A, and BaEV) were then added on the basis
of scaled similarities for various gene products, using the relative
rates listed in Table 1. The circled numbers refer to the following
historical events: 1, duplicate RNP; 2, primer-binding-site change
Pro—Lys; 3, primer-binding-site change Lys—Trp; 4, duplicate
protease; 5, exchange envelopes; 6, capture pseudoprotease; 7,
capture Pro primer-binding site; 8, capture envelope; 9, lose enve-
lope; 10, recapture envelope; 11, primer-binding-site change
Lys—Phe; 12, capture envelope; 13, capture gag amino. Diamonds
(0, #) denote retroviruses with anomalous envelope proteins.
Dashed lines denote horizontal gene transfers in the direction of the
circled numbers. BaEV, baboon endogenous virus; REV-A, avian
reticuloendotheliosis virus; MPMV, Mason-Pfizer monkey virus;
SMRYV, squirrel monkey retrovirus; HERV, human endogenous
retrovirus; IAP-H18, hamster intracisternal A-type particle; CAEV,
caprine arthritis/encephalitis virus; EIAV, equine infectious anemia
virus.

Indeed, the varying degrees of resemblance of BaEV, REV-
A, and Mo-MLYV envelope sequences with those of SRV-I,
MPMYV, and SMRV are best explained by a series of
recombinations between progenitors of these viruses. The
relative timing of these events can be estimated from their
dissimilarities. In this regard, the SRV-I transmembrane
sequence has about 85%, 60%, and 40% identity with the
corresponding sequences from BaEV, REV-A, and Mo-
MLV, respectively, a reflection of three events increasingly
distant in time.

DISCUSSION

Rates of Change. Although the inferred amino acid se-
quences of proteins with the same function in various
retroviruses are recognizably related, they are also vastly
different one to another. As an example, the reverse tran-
scriptases ranged from approximately 70% identity for the
closely related viruses HTLV-I and -II to less than 25%
identity for visna and Mo-MLYV. In the cases of the prote-
ases, which are known to be members of the acid protease
family (38, 39), the sequences from HIV and visna are as
different from each other as the corresponding sequences of
acid proteases from fungi and mammals (30% identical), and
those of HTLV-I and HIV are as divergent as a typical
mammalian acid protease and a hypothetical prokaryotic
single-domained ancestor (= 20% identical). Thus, the vari-
ation among these nine retroviral protein sequences covers
the complete span of diversity observed in the entire non-
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viral world. If we were to scale this change in absolute
terms, using rates of change reported from direct observa-
tion (1, 2), we would conclude that all these viruses have
descended from a common ancestor in the very recent past.
Given the episodic nature of viral change, however, it is
difficult to gauge how recent the “‘recent past’’ may be.

That the outer-envelope proteins are the fastest-changing
is hardly surprising, since it has been reported that two
different HIV isolates may be as much as 20% different in
these proteins (40). Actually, we were surprised that the rate
of change of outer-envelope proteins was not even faster,
since a priori we would have expected a higher proportion of
adaptive (as opposed to neutral) changes in these proteins. It
is likely that constraints exist for certain features, including
the regions involved in the disulfide bonding of the outer and
the transmembrane segments (41). Still, exposed as they are,
they exhibit very rapid evolutionary change, presumably as
a natural adaptation for evading host immunologic defense
systems (42-44).

Recombinational Events. In the past, recombination has
often been raised as a factor in the evolution and diversity of
retroviruses. Clark and Mak (3) provided compelling evi-
dence that the Friend spleen focus-forming virus (SFFV) is
doubly recombinant, its 5’, central, and envelope portions
being derived from three different viruses. They also showed
that the envelope region had recombined at different points
in various strains. In another case (7), the possibility was
raised, on the basis of fragmentary sequence data, that the
HIV envelope protein is a product of a recombination with
MMTV. It has been reported, also, that MPMV is the
product of a recombination, its envelope protein being
anomalously similar to that of the avian REV (8). Other
workers (6), using hybridization methods, have noted an
inconsistency with regard to the relationships of envelope
proteins relative to the rest of the viral genome, and the
anomalous similarity of the B-type MMTV envelope protein
sequence to those of typical C-type retrovirus envelopes has
been remarked on elsewhere (6, 45).

The composite phylogenetic tree presented here (Fig. 3)
puts many of these observations into perspective. In fact, we
would contend that neither HIV nor MPMYV is the direct
result of a recombinational event. Rather, in both cases past
comparisons were made inadvertently with other viruses that
were the result of recombination. It seems clear that one
major recombinational event involved the exchange of enve-
lope gene sequences between progenitors of two quite dis-
tantly related groups. Subsequent events involved one-way
horizontal transfers that we have dubbed *‘capture events’’ in
Fig. 3 to distinguish them from the two-way exchange.

Primer-Binding Sites. One characteristic that has been
used to categorize retroviruses in the past has been the
nature of their primer-binding sites. Thus, all retroviruses
have segments appearing at their genomic termini denoted
‘‘long terminal repeats’’ (LTRs) that contain an 18-base-pair
section that is complementary to a particular host-cell
tRNA. The amino acid corresponding to that tRNA is often,
but not always, the same for closely related retroviruses
(46). For example, most mammalian C-type retroviruses
have proline-tRNA binding sites.

Examination of the 18-base-pair primer-binding site in the
various retroviruses represented in our composite tree re-
vealed the likelihood of a horizontal transfer of a primer-
binding site from one group to another (Fig. 3). In this
regard, the entire 18-base-pair primer-binding site of the
HTLV-I/HTLV-II/BLV group is identical to that found in
the Mo-MLYV group, all corresponding to the proline tRNA.
Since all of the other 11 retroviruses have primer-binding
sites that differ one to another, it seems almost certain that
the two groups could not have maintained or established
these identities by any means other than horizontal transfer.
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It is likely that other captures or exchanges of primer-
binding sites have occurred, although we have not tried to
position them on the tree. For example, the 18-base-pair
primer-binding site of visna has no fewer than 11 differences
when compared with HIV, but it has only 2 differences when
compared with SRV-1.

Taxonomy, Phylogeny, and Evolution. The overall phylo-
geny of retroviruses put forth here was established on the
basis of the inferred amino acid sequences of their four
enzymes (Fig. 3). The tree is concordant with the existence
of various special features, including specific open reading
frames peculiar to various subgroups and several internally
duplicated or translocated segments. It divides contempo-
rary retroviruses into five groups, including two distinct and
distantly related families of leukemia viruses composed of
traditional C-type retroviruses on the one hand (9), and
E-type on the other (13). The third group is typified by the
avian RSV. A fourth group consists of morphologically
diverse members, including an intracisternal A-type particle
(IAP-H18), a B-type retrovirus (MMTYV), and several D-type
retroviruses. The fifth is a group of slow viruses that
includes HIV, visna lentivirus, caprine arthritis—encephalitis
virus (CAEV), and equine infectious anemia virus (EIAV).

Although recombination has occurred between some an-
cestors of these groups, the extent has not been great enough
to confound a tracing of the basic evolutionary network.
Instead, like other special features, the products of recom-
bination can serve as directional markers for the path of
evolution. Both residue replacement and recombination are
more frequent in the distal regions of retroviruses. It is
likely, of course, that recombination occurs at a constant
frequency along the entire retroviral genome, but those
events that survive natural selection occur more often in the
outlying portions. In this regard, the 4-kilobase section
encoding the four enzymes appears more refractory to both
recombination and residue substitution than either the enve-
lope or the terminal gag regions.

This work was supported by grants from the American Cancer
Society and by National Institutes of Health Grant GM34434.
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