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High simian immunodeficiency virus (SIV) seroprevalence rates have been reported in the different African
green monkey (AGM) subspecies. Genetic diversity of these viruses far exceeds the diversity observed in the
other lentivirus-infected human and nonhuman primates and is thought to reflect ancient introduction of SIV
in the AGM population. We investigate here genetic diversity of SIVagm in wild-living AGM populations from
the same geographical locale (i.e., sympatric population) in Senegal. For 11 new strains, we PCR amplified and
sequenced two regions of the genome spanning the first zat exon and part of the transmembrane glycoprotein.
Phylogenetic analysis of these sequences shows that viruses found in sympatric populations cluster into
distinct lineages, with at least two distinct genotypes in each troop. These data strongly suggest an ancient
introduction of these divergent viruses in the AGM population.

Genetic diversity of lentiviruses has been extensively studied
during the last decade. Based on nucleotidic and amino acid
sequences of several genes, human immunodeficiency virus
type 1 (HIV-1) isolates fall into two major genetic clusters, M
and O (33, 46). This latter group was only recently described
and is represented by a limited number of viruses of Cam-
eroonian origin (7, 18, 26, 40, 61). Group M comprises the vast
majority of HIV-1 strains all over the world and is further
subdivided into nine distinct subtypes A to I, based on equi-
distant env and gag sequences (34, 41, 46). Separation of HIV-1
strains in two distinct clusters is thought to reflect multiple
introductions of nonhuman primate viruses into the human
population (58). Identification of simian immunodeficiency vi-
ruses (SIVs) in chimpanzees (Pan troglodytes) from Central
Africa (50, 51) related to HIV-1, i.e., with the same genetic
organization (25), is an argument in favor of this hypothesis.
Similarly, HIV-2 strains have been divided into five distinct
subtypes (17), A to E, based on env and gag sequences. Anal-
ysis of the phylogenetic relationships between SIVsm/SIVmac
(isolated from sooty mangabeys, Cercocebus atys, and several
species of captive macaques [5, 10, 48], respectively) and
HIV-2 shows that some human strains strongly cluster with
simian strains (24, 43). Here again, these results suggest mul-
tiple cross-species transmission from mangabeys to the human
population (16).

Among lentiviruses, nonpathogenic SIVs from African
green monkeys (Cercopithecus aethiops) (AGMs) form an in-
dependent lineage, equidistantly related to the other four phy-
logenetic groups used to classify primate lentiviruses (58).
High seroprevalence rates, from 30 to 50% (1, 19, 49), have
been reported in these monkeys in the wild; thus they repre-
sent a large reservoir (1, 2, 14, 19, 35) and probably an impor-
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tant source of infection for other nonhuman primates in their
natural habitat. Infection of heterologous species by SIVagm-
related strains has been reported by several groups (6, 27, 60).
Based on geographical distribution and phenotypic and genetic
characteristics, AGMs have been classified into four subspe-
cies: grivets (Cercopithecus aethiops aethiops), vervets (Cerco-
pithecus aethiops pygerythrus), tantalus (Cercopithecus aethiops
tantalus), and sabaeus (Cercopithecus aethiops sabaeus) (37,
56). Interestingly, each subspecies is infected by species-spe-
cific virus strains, referred to as SIVagm-gri, SIVagm-ver,
SIVagm-tan, and SIVagm-sab, respectively. Differences be-
tween viruses infecting one AGM subspecies are always less
than interspecies variations, and phylogenetic analyses for env
nucleotidic or protein sequences have confirmed these obser-
vations (1, 3, 22, 29, 38, 39, 45). Together, these findings sug-
gest that the four subspecies-specific SIVagm strains have
evolved coincidently with their natural hosts and have diverged
from a common ancestor.

To date, genetic diversity of these viruses has been studied
by comparing independent isolates in populations of different
geographic origins. The objective of this study was to deter-
mine genetic diversity of SIVagm-sab within AGMs of the
same geographical locale. For this purpose, we PCR amplified
and sequenced tat, env, and pol fragments from sabaeus viruses
recovered from monkeys living in nonoverlapping home
ranges, i.e., sympatric populations. Our data indicate the pres-
ence of distinct virus lineages, supporting a complex epidemi-
ological pattern of SIVagm in naturally infected AGM popu-
lations.

MATERIALS AND METHODS

Animals and serology. The AGMs are from two social troops, living in non-
overlapping home ranges, i.e., sympatric populations, numbered P (P031, P032,
P045, P051, P055, P056, P058, P081) and G (G021, G023, G024). Seroprevalence
rates were comparable between the two groups: 19 of 40 (47%) and 8 of 17
(47%) for P- and G-numbered monkeys, respectively. Animals were trapped and
sampled from September 1991 to January 1993 in the Fathala forest (Saloum
Delta National Park, Senegal). Trapping and blood sampling have been de-
scribed elsewhere (15). All animals were in good health and showed no clinical
signs of an AIDS-like related disease at the time of sampling. We also included,
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for comparison, two SIVagm-sab isolates (numbered with K) obtained from
AGMs living in Casamance (Senegal). The distance of approximately 200 km
between these two populations, i.e., allopatric populations, provides a reference
for genetic diversity of SIVagm-sab between sympatric populations. All the
AGMs used in this study had HIV/SIV-cross-reactive antibodies, as tested by
commercial HIV-1 plus -2 enzyme-linked immunosorbent assay (ELAVIA-Mixt;
Diagnostics Pasteur, Marnes la Cocquette, France), line immunoassay (INNO
LIA HIV1+2; Innogenetics NV, Antwerp, Belgium), and commercial HIV-1 and
HIV-2 Western blot (immunoblot) (New Lav Blot I and New Lav Blot II;
Diagnostics Pasteur). Animals were considered seropositive when cross-reactive
antibodies were observed against at least the two envelope glycoproteins of
HIV-2. For some animals (P051, P055, P056, P058, P081, K033, and K042), virus
isolation was performed as described previously (6).

PCR amplification. Seminested PCR was used to characterize viral sequences
from primary uncultured peripheral blood mononuclear cells (PBMC) (P031,
P032, P045, G021, G023, and G024) and from chronically infected Molt4-clone8
DNA (P051, P055, P056, P058, P081, K033, and K042). Two regions were
amplified, 460 bp from the transmembrane glycoprotein (TMgp) and a 460-bp
fragment containing the first far exon. Primers used are the following, and
location corresponds to SIVagm-sab1C sequence (28): SV3 (outer forward),
GTTGAAGCTGACCATTTGGGGTG (8219 to 8242); PS6 (outer reverse),
GAGCTCTTGCCACCCATATTCAT (8938 to 8915); EM1 (inner forward),
GGGAATATCAGTAACACATTGG (8478 to 8500) for env; TAT3 (outer for-
ward), CAGGGAGCCGTGGGACGAATGGCT (6017 to 6041); TAT2 (outer
reverse), CCATACTGGAATGCCATAAAACAC (6559 to 6535); TAT1 (inner
forward), CCCAAGGAATCTCCTTTTCCG (6086 to 6107). Genomic DNA
was prepared with the Ready Amp genomic DNA purification kit from Promega,
and 1 to 2 pg was used for amplifications. PCRs were performed in a final volume
of 100 pl containing 10 mM Tris-HCI (pH 9.0), 50 mM KCI, 1.5 mM MgCl,, 0.2
mM (each) deoxynucleoside triphosphates, 2.5 U of Tag DNA polymerase (Pro-
mega), and 0.4 pM each primer. Samples were overlaid with 100 wl of mineral
oil to prevent evaporation and subjected to amplification in a Perkin-Elmer DNA
thermal cycler. For each amplified region, thermocycling conditions were 94°C
for 30 s, 52°C for 30 s, and 72°C for 1 min, 25 cycles for the outer primers
(SV3/PS6 for TMgp, TAT3/TAT?2 for tat region). For the second round (EM1/
PS6 for TMgp, TAT1/TAT2 for tat region), 5 ul of the first amplification was
subjected to 40 cycles as follows: 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s
and a final extension for 7 min.

RT-PCR. The pol region, 320 bp from the integrase gene, was amplified by
reverse transcriptase PCR (RT-PCR) technique, with primers described by
Miura et al. (44). Briefly, viral RNA, extracted from 50 pl of plasma by the
guanidium thiocyanate-phenol-chloroform method (8), was retrotranscribed for
1 h at 42°C with avian myeloblastosis virus (Promega) and reverse PCR oligo-
nucleotide as primer, in a final volume of 20 wl containing 50 mM Tris-HCI (pH
8.3), 50 mM KCl, 10 mM MgCl,, 10 mM dithiothreitol, 0.5 mM spermidine, 1
mM (each) deoxynucleoside triphosphate, 0.5 M reverse primer, and 5 U of
avian myeloblastosis virus RT. Five microliters from the RT reaction was used
for amplification, with the same conditions as described for the second round for
env and fat regions.

DNA sequencing. Amplified SIV pol, env, and tat genes were directly se-
quenced. PCR products were separated on SeaPlaque GTG (FMC BioProducts,
Rockland, Maine) low-melting-point agarose gels, in 1X TAE buffer (Tris-HCl
[80 mM], sodium acetate trihydrate [66 mM], EDTA [0.1 mM], pH 7.8) and 0.5
mg of ethidium bromide per ml, and visualized by short exposure to UV light.
Bands were excised from the gel, and approximately 100 to 150 ng of DNA in 9
to 10 mg of agarose (assuming that 1 mg corresponds to 1 wl and 100% recovery)
was used for sequencing reactions. Each fragment was sequenced in both strands
with an Applied Biosystems sequencer (model 373A; Applied Biosystems, Inc.)
and a dye-deoxy terminator procedure, as specified by the manufacturer. After
cycle sequencing, samples were heated at 65°C for 10 min, to ensure melting of
the reaction before phenol (water saturated)-chloroform extraction and ethanol
precipitation.

Sequence analysis. Overlapping sequences were joined by using SeqEd-1.0
(Applied Biosystems, Inc.). Sequences were aligned by the CLUSTAL (20)
program. Evolutionary distances were calculated by using Kimura’s two-param-
eter method with correction for the multiple substitutions and excluding posi-
tions with gaps in aligned sequences (31). Phylogenetic relationships were com-
puted from the distance matrix by the neighbor-joining method (57). Reliability
of the branching orders was confirmed by the bootstrap approach (12). All these
methods were implemented with CLUSTAL V (21).

Nucleotide sequence accession numbers. The sequences have been submitted
to the GenBank database under accession numbers U37197 (tat G021), U37198
(tat G023), U37199 (tat K042), U37200 (tat K033), U37201 (tat P0O51), U37202
(tat G024), U37203 (tat P055), U37204 (tat P056), U37205 (tat P058), U37206
(tat PO31), U37207 (env K033), U37208 (env K042), U37209 (env P081), U37210
(env P058), U37211 (env P032), U37212 (env P045), U37213 (env P031), U37214
(env G023), U37215 (env G024), and U37216 (env G023) and U57593 to 57602
for pol.
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RESULTS

PCR and sequencing. To determine the genetic relation-
ships among SIVs present in this population, we PCR ampli-
fied and sequenced env (460 bp from the TMgp) and far (460
bp) regions for 11 new SIVagm-sab viruses found in naturally
infected AGMs. In four cases, we failed to amplify the SIV
fragment, despite repeated attempts under various amplifica-
tion conditions: env for P051 and tat for PO81, P045, and P032.
The env fragment allowed assessment of the variability of 140
amino acid residues in the TMgp, corresponding to the trans-
membrane domain and a part of the cytoplasmic region. Com-
bination of tat and env sequences allowed deduction of amino
acid sequences for Tat and Rev regulatory proteins. Align-
ments of these deduced amino acid sequences and compari-
sons with other SIVagm strains are depicted in Fig. 1. For
some of these viruses, a third region was characterized, 320 bp
from the integrase gene.

Comparisons of TMgp sequences. For the part of the TMgp,
an average identity of approximately 72% for protein se-
quences between the sabaeus monkey viruses from sympatric
populations is comparable to homology between SIVagm-ver
viruses (Table 1). In addition, these values ranging from 58.6
(between K042 and G024) to 91.7% (between P031 and P055)
in the sabaeus group allow detection of, first, highly divergent
strains (G024 and K042) and, second, closely related ones
(PO5S5, P056, POSS, and P031). Globally, intergroup homology
between SIVagm-sab and the other subspecies viruses is lower
than the identity between vervets and grivets. Analysis of
TMgp sequences revealed conserved regions for G, P, and K
viruses (Fig. 1), specific for SIVagm-sab viruses in the trans-
membrane domain and in the cytoplasmic domain. These re-
gions show limited variability, with conservative amino acid
changes (amino acids of the same class). A hypervariable do-
main is also observed at the same position as described for
SIVagm-ver (3) and is extended towards the C terminus of the
protein. In K042, an in-frame stop codon was found at the
same position as observed for SIVagm-sab1C (28). G021 also
contained an in-frame stop codon leading to a cytoplasmic tail
of 70 residues, to be compared with a nontruncated form of
approximately 150 amino acids found in P055 and P056 (data
not shown).

Comparisons of Tat and Rev sequences. Analysis of Tat
sequences revealed limited amino acid variability for the first
coding exon and the domains known to be important for pro-
tein function (cysteine-rich, basic domain [Fig. 1]). A first in-
teresting feature concerns variability in length and composition
observed for the first 10 amino acid residues of the different
Tat proteins (Fig. 1). This variability concerns insertion of
basic (arginine and/or histidine) and proline residues preced-
ing a highly conserved acidic sequence (QVWEELQEEL).
This part of the protein, by comparison with HIV-1 and HIV-2
Tat proteins, corresponds to the activation domain, and such
variability has not been described previously in any other len-
tivirus for a regulatory protein. As observed for Tat, domains
known to be responsible for Rev function in HIV-1 are con-
served (basic and leucine domains). Detailed analysis of the
Rev sequences, however, indicated that the C-terminal domain
is poorly conserved between the different viruses.

Analysis of the 5" splice junction for the tat gene (Fig. 2)
shows important differences compared with the SIVagm-sab1C
splice site for fat (28). In this latter strain, presence of a puta-
tive TA/GT 5’ splice site will give rise to a truncated Tat
protein (73 amino acids), restricted to the first coding exon.
The same situation was found in G023 and P051. In contrast,
the presence of another putative splice site, CA/GT, 6 bases
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FIG. 1. Multiple alignment of deduced amino acid sequences for Rev, Env, and Tat proteins, compared with SIVSAB1C. The amino acids for Env correspond to
the transmembrane and cytoplasmic domains of the TMgp (start at amino acid 659 in SIVSABIC). For Rev and Tat, domains known to be important for protein
function are underlined. For these sequences, the position of the two exons is indicated. In each alignment, dashes refer to gaps introduced to maximize alignment,

dots refer to identical amino acids, and the symbol # represents stop codons.

downstream of TA/GT in P055, P056, P058, and P031, can
allow the production of either a full-length or a truncated Tat
protein, according to the splice site used. These two splice sites
are found inverted at the same positions in G021 and G024,

and consequently, a truncated protein will be produced. K033
and K042 encode an identical full-length Tat protein, 8 amino
acid residues shorter at the C terminus compared with the
full-length P055 Tat.

TABLE 1. Amino acid sequence identity among SIVagm*

Sabaeus monkey Vervet
Monkey sp. Isolate Grivet 677
P032  P045 P05S5 P06 P058 PO81 G021 G023 G024 SAB1 K042 TYO 155 3
Sabaeus monkey  P031 829 742 917 815 904 719 737 80.2 64.4 73.6 709 409 438 423 36.6
P032 684 799 768 776 657 735 80.0 64.0 72.7 66.1 441 445 445 33.6
P045 746 681 704 89.1 67.6 68.0 62.1 66.2 748 378 4477 455 32.3
PO055 91.0 877 728 664 76.2 63.0 74.1 70.9 425 443 413 38.1
P056 86.5 68.6 69.6 75.4 59.4 71.3 70.1 443 446 423 39.6
P058 67.8 727 76.3 62.6 71.8 69.8 414 460 429 395
P081 68.7 70.7 62.2 67.1 71.3 359 423 438 40.4
G021 67.1 74.1 69.9 72.6 388 423 407 36.3
G023 59.2 72.3 64.5 408 298 421 32.0
G024 63.6 586 324 350 281 26.8
SAB1 69.9 402 464 429 39.4
K042 441 472 534 521
Vervet TYO 66.9 70.0 51.0
155 74.1 50.0
3 50.9

“ The sequences compared correspond to positions 659 to 796 in SIVSABIC (stop codon was omitted). Other SIVagm sequences were obtained from the Los Alamos
HIV database (46). Percentages of identity were determined by pairwise alignment and comparison.
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Strain Sequence Tat protetn

SIVagm-5ABIC,
G024, IO51: TACACAARC TAGTARGTATGA
TACACARCTA ATCCATATC — truncated

F:y
P51, PORE,

PO56, PORG: TACAGTACTAGTAAGTATGA
TACAGTACTA ATCCATATC ~» truncated
A
ur 1TACh RICCATATC — fulllength
A
5021, G023 TATARGTRCCAGT ARG TATCA
TATAGTACCA ATCCATATC  — fruncated
iy
ar TATA ATCCATATC +» bruncated
A
K033, Kn4z2: TACRCANMICMGTRAGTATGE

|

TRCACAACCH ATUCATATC
b

full leagth

FIG. 2. Putative splicing events for Tat proteins. In each case, the first se-
quence corresponds to the DNA sequence surrounding the splice sites, and the
second represents juxtaposition of 5’ splice donor and 3’ splice acceptor se-
quences. Stop codons generated by splicing events are shown in boldface. The
symbol A indicates a splice junction.

Evolutionary relationships between these viruses. To deter-
mine the evolutionary relationships between these SIVagm-sab
strains, phylogenetic analysis was performed for fat and env
nucleotidic regions, by the neighbor-joining method. As de-
scribed earlier, the viruses isolated from the sabaeus subspe-
cies form a distinct phylogenetic group in trees constructed for
both env and tat sequences (Fig. 3). Clustering of the different
viruses shows that these sequences are organized in distinct
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groups and reveals the presence of distinct SIVagm-sab phy-
logenetic lineages within sympatric AGM populations. Branch-
ing order allowed the designing of at least three clusters, des-
ignated A, B, and C for the env and tat sequences. The A group
contains four strains from P-numbered animals, and two
strains from this same P troop cluster in a separate B group.
Another group, C, contains divergent strains from the monkeys
numbered with G. Thus, in P and G troops, at least two dis-
tantly related virus groups are found, which are also distantly
related between the troops. The three groups, supported by
high bootstrap values, contain most of the sequenced viruses.
Some viruses were not designated as groups because either
they are represented by only one sequence in each phyloge-
netic tree (P032, P051) or they represent a divergent virus in
both trees (G023, sab1C). These strains may indicate the pres-
ence of other divergent viruses circulating in these AGM pop-
ulations. Viruses found in AGMs from Casamance (K033 and
K042), referred to as group D in the env and fat trees, can be
considered another independent lineage. They are more dis-
tantly related to any SIVagm-sab viruses. When phylogenetic
analysis was performed with Env amino acid sequences, an
identical clustering pattern was observed (data not shown).

These results were further confirmed by the phylogenetic
analysis of the pol region (Fig. 4), with a high conservation of
the different groups. Phylogenetic results obtained with this pol
region have been shown to be similar to those obtained with
the entire pol gene sequence (44). One change was observed
compared with results obtained for env and fat, concerning the
position of the P056 isolate. In env and tat trees, it clusters with
the A group and is distantly related to this group in the pol tree
(see Discussion).

DISCUSSION

In this study, we investigated the genetic diversity of
SIVagm-sab recovered from AGMs living in the same and
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L
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FIG. 3. Phylogenetic trees of SIVagm-sab subtypes derived from DNA sequences of partial env and fat genes. Phylogenetic relationships were determined by the
neighbor-joining method as described in Materials and Methods, with SIV from mandrill as an outgroup (46). Clusters found in more than 750 of 1,000 bootstraps are
indicated. Horizontal branch lengths are drawn to scale, while vertical branches are for clarity only. The different groups A, B, and C are indicated by brackets alongside

the trees.
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FIG. 4. Phylogenetic tree obtained for pol sequences. Groups A, B, and C are
the same as for env and tat trees, except for the position of the P056 isolate.

distant geographical areas in Senegal (P- and G-numbered
sympatric populations and K-numbered viruses). For 11 new
strains, env and fat regions were amplified and sequenced.
Results showed the presence of highly divergent viruses within
these populations, with amino acid sequence differences rang-
ing between 8 and 42% (mean, 28%). Even though limited
data are available for this part of the Env protein, and also only
a few SIVagm strains were characterized, these results indicate
that genetic diversity of these viruses could be more important
than previously described.

Comparison of sympatric and allopatric SIVagm-sab isolate
envelope sequences. Alignments of Env amino acid sequences
allowed detection of both conserved and variable regions, as
well as short signature sequences of SIV from sabaeus subspe-
cies. For the TMgp region that we have studied, identity was
lower than previously reported for the C-terminal region of the
external envelope glycoprotein (45), suggesting more diver-
gence in TMgp between the different SIVagm groups. Another
interesting result concerns the premature stop codon for K042
and G021 isolates. This feature has been reported for several
lentiviruses. For SIVmac, it has been suggested that such a
premature stop codon in the TMgp occurred after prolonged
virus propagation in cells of human origin, but that it is re-
moved after culture in macaque PBMC or in experimentally
infected macaques (23, 32, 47). Such premature stop codons
have also been reported for HIV-2 (63) and SIVagm (11)
isolates, for which the origin of this premature stop codon is
controversial (4, 13). Concerning our results on SIVagm-sab
strains, K042 and K033 were isolated and propagated in Molt4-
clone8, and G021 was directly amplified from DNA prepared
from PBMC. Direct sequencing of the PCR products gave
information about the major variant found in one animal.
Thus, this premature stop codon in G021 is of biological rel-
evance, and probably also in K042, for which its importance is
not yet understood.

Particular features of regulatory proteins Tat and Rev from
SIVagm-sab viruses. Most of the deduced amino acid se-
quences of Tat for P and G viruses contained a premature stop
codon generated after splicing between the two exons (TA/A).
In some strains, P031, P055, P056, and P058, a second putative
alternative splice site 6 bp downstream allowed production of
a full-length Tat protein containing the two exons. Whether
these two splice sites are used in vivo is not known, but for
example, both could be used at different stages of viral repli-
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cation. Two splice sites are also found in G021 and G024, but
only a truncated Tat protein can be encoded due to the pres-
ence of a premature stop codon. In contrast, K033 and K042
produced only full-length Tat proteins by replacement of TAA
by CAA and in the absence of a second putative splice site. In
HIV-1, the second Tat exon has been shown to be dispensable
for transactivation through the TAR structure but required for
posttranscriptional activation of env gene expression (30). For
HIV-2, in which TAR structure is closer to the structure found
in SIVagm-sab, this second Tat exon has been shown to in-
crease binding affinity of the protein for the TAR RNA struc-
ture (53). Relevance of this feature in the SIVagm-sab model
could be investigated by comparing relative transcriptional ac-
tivation by these proteins through the SIVagm-sab long termi-
nal repeat TAR structure.

The N-terminal region of the Tat protein has been shown to
correspond to an activation domain for HIV-1 proteins, and
deletion of amino acids preceding the cysteine-rich domain
completely abolishes the Tat activity (36, 52). This region
shows an important variability in length and composition in our
SIVagm-sab strains by insertion of basic and proline residues.
These additional amino acids could be of importance for Tat
activity and functions. We also observed an important variabil-
ity in the C-terminal region of Rev. In HIV-1, this domain has
been shown to be important for protein function (62, 64),
allowing multimerization of the protein (9) while interacting
with the Rev-responsive RNA element (42). Remarkably, such
variability has not yet been reported for lentivirus regulatory
proteins, and it could have important consequences for virus
biological characteristics in vivo.

Origins of the different SIVagm-sab lineages. Phylogenetic
analysis of three independent regions of the viral genome (pol,
tat, and env) allowed identification of distinct lineages of the
SIVagm-sab, equidistantly related, circulating in sympatric
populations. Some of these strains have been isolated by co-
culture, and others were directly amplified from PBMC of
seropositive monkeys. As shown by the phylogenetic analysis,
no selection was introduced by coculture, and these different
lineages reflect viral diversity in the wild. Failure to amplify tat
fragment from the B group, either from isolated virus (P081)
or directly from PBMC (P045), suggests that they are geneti-
cally distant. This is also the case for the env region from P051.
However, these results suggest that these different viruses are
biologically equivalent for transmission and/or infectivity as
they are found simultaneously within sympatric populations.

As the region from which these monkeys came is geograph-
ically isolated, AGMs from which they were recovered could
not have had recent contacts with other populations. Genetic
follow-up of an SIVagm infection in its natural host has shown
a limited variability of viral sequences (4), even for the so-
called variable regions of the external envelope glycoprotein,
and cannot account for the observed diversity. Amino acid
identity reported for four SIVagm-tan isolates by Miiller et al.
(45) was thought to reflect viral diversity within the whole
AGM subspecies, as these viruses were recovered from mon-
keys living in distant geographical areas. Our data indicate that
the same extent of diversity is found within sympatric popula-
tions. It is also important to note that our results, obtained by
phylogenetic analyses, are consistent with SIVagm subclassifi-
cation according to subspecies of origin. This is another argu-
ment in favor of ancient introduction of SIVagm in AGM
populations. One remaining question concerns the origins of
these highly divergent strains. Several hypotheses could be
proposed: either these viruses have diverged from a common
ancestor (star phylogeny) or this high diversity results from
multiple introduction of divergent viruses at different periods
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in the AGM population. In this latter case, one would expect to
find SIVagm strains from independent AGM populations clus-
tering together in the same phylogenetic group. This would
imply that the different SIVagm-sab lineages could be found in
the whole population and that they should have been spread
during the speciation of the different AGM subspecies. Further
characterization of SIVagm strains from various geographical
locations is necessary to confirm this hypothesis.

Actual evolution of these viruses. Description of different
subtypes in HIV-1 phylogeny has globally been coincident with
the geographical origins of the isolates and has been thought to
reflect recent introduction of HIV in human populations. For
example, the A and D subtypes are prevalent in central and
western Africa, and the B subtype is predominant in Europe
and North America. All these subtypes have been shown to
evolve rapidly with elevated mutation rates (for a review, see
reference 58). In the case of the feline immunodeficiency virus,
three env subtypes have been recognized but geographical
boundaries are less clear, especially for the B subtype (59).
Interestingly, viruses belonging to this group were recovered
from animals with no evidence of disease, some even having
low CD4 numbers. The authors conclude that this result sug-
gests, firstly, an earlier entry of the viruses in the feline popu-
lation compared with HIV-1 and, secondly, even if the virus is
more adapted to its host than are human viruses, an ongoing
evolution.

In the light of the results concerning the HIV-1 and feline
immunodeficiency virus genetic diversity and evolution, the
presence of multiple, divergent, and nonpathogenic SIVagm-
sab strains within AGM populations confirms a very ancient
SIV infection in AGMs. In the case of SIVagm from the
sabaeus subspecies, analysis of a complete provirus sequence
(28) has revealed that some regions of the genome are more
closely related to the SIVsm/HIV-2 lineages, suggesting that
recombination had occurred between divergent viral strains in
different hosts. Such recombination events have also been re-
ported for HIV-1 (54, 55) and HIV-2 (17), and it is highly
probable that it has also occurred between SIVagm strains
during their evolution. One remaining question is the actual
importance of recombination between the different genotypes
that we have found in our populations. Because of elevated
seroprevalence rates in the wild, it is highly probable that
AGMs could be infected by distinct SIVagm-sab strains, and
recombination events could play an important role in generat-
ing viral strains with particular biological properties. Results
obtained by comparison of phylogenetic trees for the three
studied regions indicate that the P056 isolate could have a
recombinant genome; in the pol tree, it is found in a separate
group compared with env and fat trees. Further investigations
should be performed to look for coinfection of monkeys by
several genetically distinct viruses and to elucidate the role of
recombination between these different strains in generating
viruses with new biological properties. These studies could
provide clues to a better understanding of evolution of human
lentiviruses.

ACKNOWLEDGMENTS

We thank Martine Peeters and Eric Delaporte for helpful discus-
sions and assistance in carefully reviewing the manuscript. We also
thank Abdoulaye Traore and Mamadou Diara for help in the field and
the Direction des Parcs Nationaux du Sénégal for permission to work
in the Saloum Delta National Park.

This work was supported by grants from the Institut de Recherche
pour le Développement en Coopération (ORSTOM).

10.

=3

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Benveniste, R. E., L. O. Arthur, C. C. Tsai, R. Sowd

J. VIROL.

REFERENCES

. Allan, J. S., M. Short, M. E. Taylor, S. Su, V. M. Hirsch, P. R. Johnson, G. M.

Shaw, and B. H. Hahn. 1991. Species-specific diversity among simian immu-
nodeficiency viruses from African green monkeys. J. Virol. 65:2816-2828.

. Allan, J. S., P. Kanda, R. C. Kennedy, E. K. Cobb, M. Anthony, and J. W.

Eichberg. 1990. Isolation and characterisation of simian immunodeficiency
viruses from two subspecies of African green monkeys. AIDS Res. Hum.
Retroviruses 6:275-285.

. Baier, M., C. Garber, C. Miiller, K. Cichutek, and R. Kurth. 1990. Complete

nucleotide sequence of a simian immunodeficiency virus from African green
monkeys: a novel type of intragroup divergence. Virology 176:216-221.

. Baier, M., M. T. Dittmar, K. Cichutek, and R. Kurth. 1991. Development in

vivo of genetic variability of simian immunodeficiency virus. Proc. Natl.
Acad. Sci. USA 88:8126-8130.

, T. D. Copeland, L. E.
Henderson, and S. Oroszolan. 1986. Isolation of a lentivirus from macaque
with a lymphoma. Comparison with HTLV III/LAV and other lentiviruses.
J. Virol. 60:483-490.

. Bibollet-Ruche, F., A. Galat-Luong, G. Cuny, P. Sarni-Manchado, G. Galat,

J.-P. Durand, X. Pourrut, and F. Veas. 1996. Simian immunodeficiency virus
infection in a patas monkey (Erythrocebus patas): evidence for cross-species
transmission from African green monkeys (Cercopithecus aethiops sabaeus)
in the wild. J. Gen. Virol. 77:773-781.

. Charneau, P., A. M. Borman, C. Quillent, D. Guétard, S. Chamaret, J.

Cohen, G. Rémy, L. Montagnier, and F. Clavel. 1994. Isolation and envelope
sequence of a highly divergent HIV-1 isolate: definition of a new HIV-1
group. Virology 205:247-253.

. Chomczynsky, P., and N. Sacchi. 1987. Single step method of RNA isolation

by guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem.
162:156-159.

. Daly, T. J., P. Rennert, P. Lynch, J. K. Barry, M. Dundas, J. R. Rusche, R. C.

Doten, M. Auer, and G. K. Farrington. 1993. Perturbation of the carboxy
terminus of HIV-1 Rev affects multimerisation on the Rev responsive ele-
ment. Biochemistry 32:8945-8954.

Daniel, M. D., N. L. Letvin, N. W. King, M. Kannagi, P. K. Sehgal, R. D.
Hunt, P. J. Kanki, M. Essex, and R. C. Desrosiers. 1985. Isolation of a T-cell
tropic HTLV IlI-like retrovirus from macaques. Science 228:1201-1204.
Daniel, M. D., Y. Li, Y. M. Naidu, P. J. Durda, D. K. Schmidt, C. D. Troup,
D. P. Silva, J. J. MacKey, H. W. Kestler III, P. K. Sehgal, N. W. King, Y.
Ohta, M. Hayami, and R. C. Desrosiers. 1988. Simian immunodeficiency
virus from African green monkeys. J. Virol. 62:4123-4128.

. Felsenstein, J. 1985. Confidence limits on phylogenies: an approach using

the bootstrap. Evolution 39:783-791.

Fomsgaard, A., P. R. Joh , W. T. Lond and V. M. Hirsch. 1993.
Genetic variation of the STVagm transmembrane glycoprotein in naturally
and experimentally infected primates. AIDS 7:1041-1047.

Fukasawa, M., T. Miura, A. Hasegawa, A. M: wa, S. Morikawa, H.
Tsujimoto, K. Miki, T. Kitamura, and M. Hayami. 1988. Sequence of simian
immunodeficiency virus from African green monkey, a new member of the
HIV-SIV group. Nature (London) 333:457-461.

Galat-Luong, A., G. Galat, F. Bibollet-Ruche, J. P. Durand, O. Diop, X.
Pourrut, P. Sarni-Manchado, M. Senzani, and G. Pichon. 1994. Social struc-
ture and SIVagm prevalence in two troops of green monkeys, Cercopithecus
aethiops sabaeus, in Senegal, p. 259-262. In J. R. Anderson, J. J. Roeder, B.
Thierry, and N. Herrenschmidt (ed.), Current primatology, behavioural neu-
roscience, physiology and reproduction. ULP, Strasbourg, France.

Gao, F., L. Yue, A. T. White, P. G. Pappas, J. Barchue, A. P. Hanson, B. M.
Greene, P. M. Sharp, G. M. Shaw, and B. H. Hahn. 1992. Human infection
by genetically diverse SIVsm-related HIV-2 in West Africa. Nature (Lon-
don) 358:495-499.

Gao, F., L. Yue, D. L. Robertson, S. C. Hill, H. Hui, R. J. Biggar, A. E.
Neequaye, T. M. Whelan, D. D. Ho, G. M. Shaw, P. M. Sharp, and B. H.
Hahn. 1994. Genetic diversity of human immunodeficiency virus type 2:
evidence for distinct sequence subtypes with differences in virus biology.
J. Virol. 68:7433-7447.

Gurtler, L. G., P. H. Hauser, J. Eberle, A. V. Brunn, S. Knapp, L. Zenkeng,
J. M. Tsague, and L. Kaptue. 1994. A new subtype of human immunodefi-
ciency virus type 1 (MPV-5180) from Cameroon. J. Virol. 68:1581-1585.
Hendry, R. M., M. A. Wells, M. A. Phelan, A. L. Schneider, J. S. Epstein, and
G. V. Quinnan. 1986. Antibodies to simian immunodeficiency virus in Afri-
can green monkeys in Africa in 1957-1962. Lancet ii:455.

Higgins, D. G., A. J. Bleasby, and R. Fuchs. 1992. CLUSTAL V: improved
software for multiple sequence alignment. Comput. Appl. Biosci. 8:189-191.
Higgins, D. G., and P. M. Sharp. 1988. CLUSTAL: a package for performing
multiple sequence alignment on a microcomputer. Gene 73:237-244.
Hirsch, V. M., C. McGann, G. Dapolito, S. Goldstein, A. Ogen-Odoi, B.
Biryawaho, T. Lakwo, and P. R. Johnson. 1993. Identification of a new
subgroup of SIVagm in tantalus monkeys. Virology 197:426-430.

Hirsch, V. M., P. Edmonson, M. Murphey-Corb, B. Arbeille, P. R. Johnson,
and J. I. Mullins. 1989. SIV adaptation to human cells. Nature (London)
341:573-574.

Hirsch, V. M., R. A. Olmsted, M. Murphey-Corb, R. H. Purcell, and P. R.

=4



VoL. 71, 1997

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Johnson. 1989. An African primate lentivirus (SIVgy) closely related to
HIV-2. Nature (London) 339:389-392.

Huet, T., R. Chenyier, A. Meyerhans, G. Roelants, and S. Wain-Hobson.
1990. Genetic organisation of a chimpanzee lentivirus related to HIV-1.
Nature (London) 345:356-358.

Janssens, W., J. N. Nkengasong, L. Heyndrickx, K. Fransen, P. M. Ndunbe,
E. Delaporte, M. Peeters, J.-L. Perret, A. Ndoumou, C. Atende, P. Piot, and
G. Van der Groen. 1994. Further evidence of the presence of genetically
aberrant strains in Cameroon and Gabon. AIDS 8:1012-1013.

Jin, M. J., J. Rogers, J. E. Phillips-Conroy, J. S. Allan, R. C. Desrosiers,
G. M. Shaw, P. M. Sharp, and B. H. Hahn. 1994. Infection of a yellow
baboon with simian immunodeficiency virus from African green monkeys:
evidence for cross-species transmission in the wild. J. Virol. 68:8454-8460.
Jin, M. J., H. Hui, D. L. Robertson, M. C. Miiller, F. Barré-Sinoussi, V. M.
Hirsch, J. S. Allan, G. M. Shaw, P. M. Sharp, and B. H. Hahn. 1994. Mosaic
genome structure of simian immunodeficiency virus from West African
green monkeys. EMBO J. 13:2935-2947.

Johnson, P. R., A. Fomsgaard, J. Allan, M. Gravell, W. T. London, R. A.
Olmsted, and V. M. Hirsch. 1990. Simian immunodeficiency viruses from
African green monkeys display unusual genetic diversity. J. Virol. 64:1086—
1092.

Kim, Y.-S., and A. T. Panganiban. 1993. The full-length Tat protein is
required for TAR-independent, posttranscriptional trans activation of hu-
man immunodeficiency virus type 1 env gene expression. J. Virol. 67:3739—
3747.

Kimura, M. 1983. The neutral theory of molecular evolution. Cambridge
University Press, Cambridge, United Kingdom.

Kodama, T., D. P. Wooley, Y. M. Naidu, H. W. Kestler III, M. D. Daniel, Y.
Li, and R. C. Desrosiers. 1989. Significance of the premature stop codon in
env of simian immunodeficiency virus. J. Virol. 63:4709-4714.

Korber, B. T. M., K. MacInnes, R. F. Smith, and G. Myers. 1994. Mutational
trends in V3 loop protein sequences observed in different genetic lineages of
human immunodeficiency virus type 1. J. Virol. 68:6730-6744.

Kostrikis, L. G., E. Bagdades, Y. Cao, L. Zhang, D. Dimitriou, and D. D. Ho.
1995. Genetic analysis of human immunodeficiency virus type 1 strains from
patients in Cyprus: identification of a new subtype designated subtype
I. J. Virol. 69:6122-6130.

Kraus, G., A. Werner, M. Baier, D. Binniger, F. J. Ferdinand, S. G. Norley,
and R. Kurt. 1989. Isolation of human immunodeficiency virus-related sim-
ian immunodeficiency viruses from African green monkeys. Proc. Natl.
Acad. Sci. USA 86:2892-2896.

Kuppuswamy, M., T. Subramanian, A. Srinivasan, and G. Chinnadurai.
1989. Multiple functional domains of Tat, the trans-activator of HIV-1,
defined by mutational analysis. Nucleic Acids Res. 9:3551-3561.

Lernould, J. M. 1988. Classification and geographical distribution of gue-
nons: a review, p. 54-78. In A. Gautier-Hion, F. Bourliere, and J. P. Gautier
(ed.), A primate radiation: evolutionary biology of the African guenons.
Cambridge University Press, Cambridge, United Kingdom.

Li, Y., Y. M. Naidu, M. D. Daniel, and R. C. Desrosiers. 1989. Extensive
genetic variability of simian immunodeficiency virus from African green
monkeys. J. Virol. 63:1800-1802.

Li, Y., Y. M. Naidu, P. Fultz, M. D. Daniel, and R. C. Desrosiers. 1989.
Genetic diversity of simian immunodeficiency virus. J. Med. Primatol. 18:
261-269.

Loussert-Ajaka, 1., M.-L. Chaix, B. Korber, F. Letourneur, E. Gomas, E.
Allen, T.-D. Ly, F. Brun-Vesinet, F. Simon, and S. Saragosti. 1995. Variabil-
ity of HIV type 1 group O strains isolated from Cameroonian patients living
in France. J. Virol. 69:5640-5649.

Louwagie, J., F. McCutchan, M. Peeters, T. P. Brenan, E. Sanders-Buell,
G. A. Eddy, G. van der Groen, K. Franser, G.-M. Gershy-Damet, R. Deleys,
and D. S. Burke. 1993. Phylogenetic analysis of gag genes from 70 interna-
tional HIV-1 isolates provides evidence of multiple genotypes. AIDS 7:769—
780.

Malim, M. H., J. Hauber, S.-Y. Le, J. V. Maizel, and B. R. Cullen. 1989. The
HIV-1 rev transactivator acts through a structured target sequence to acti-
vate nuclear export of unspliced viral mRNA. Nature (London) 338:254-257.
Marx, P. A., Y. Li, N. W. Lerche, S. Sutjipto, A. Gettie, J. A. Yee, B. H.
Brotman, A. M. Prince, A. Hanson, R. G. Webster, and R. C. Desrosiers.
1991. Isolation of a simian immunodeficiency virus related to human immu-
nodeficiency virus type 2 from a West African pet sooty mangabey. J. Virol.
65:4480-4485.

Miura, T., J. Sakuragi, M. Kawamura, M. Fukasawa, E. N. Moriyama, T.
Gojobori, K. Ishkawa, J. A. A. Mingle, V. B. A. Nettey, H. Akari, M. Enami,
H. Tsujimoto, and M. Hayami. 1990. Establishment of a phylogenetic survey
system for AIDS-related lentiviruses and demonstration of a new HIV-2

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

SIVagm-sab GENOTYPES 313

subgroup. AIDS 4:1257-1262.

Miiller, M. C., N. K. Saksena, E. Nerrienet, C. Chappey, V. M. A. Hervé, J. P.
Durand, P. Legal-Campodonico, M.-C. Lang, J.-P. Digoutte, A. J. Georges,
M.-C. Georges-Courbot, P. Sonigo, and F. Barré-Sinoussi. 1993. Simian
immunodeficiency viruses from Central and Western Africa: evidence for a
new species-specific lentivirus in tantalus monkey. J. Virol. 67:1227-1235.
Myers, G., B. Korber, S. Wain-Hobson, K.-T. Jeang, L. E. Henderson, and
G. N. Pavlakis (ed.). 1994. Human retroviruses and AIDS: a compilation and
analysis of nucleic acid and amino acid sequences. Theoretical Biology and
Biophysics Group, Los Alamos National Laboratory, Los Alamos, N.Mex.
Naidu, Y. M., H. W. Kestler III, Y. Li, C. V. Butler, D. P. Silva, D. K.
Schmidt, C. D. Troup, P. K. Sehgal, P. Sonigo, and M. D. Daniel. 1988.
Characterization of infectious molecular clones of simian immunodeficiency
virus (SIVmac) and human immunodeficiency virus type 2: persistent infec-
tion of rhesus monkeys with molecularly cloned STVmac. J. Virol. 62:4691-
4696.

Novembre, F. J., V. M. Hirsch, H. M. McClure, P. N. Fultz, and P. R.
Johnson. 1992. STV from stump-tailed macaques: molecular characterisation
of a highly transmissible primate lentivirus. Virology 186:783-787.

Ohta, Y., T. Masuda, H. Tsujimoto, K.-I. Ishikawa, T. Kodama, S.
Morikawa, M. Nakai, S. Honjo, and M. Hayami. 1988. Isolation of simian
immunodeficiency virus from African green monkeys and seroepidemiologic
survey of the virus in various non-human primates. Int. J. Cancer 41:115-122.
Peeters, M., C. Honore, T. Huet, L. Bedjabaga, S. Ossari, P. Bussi, R. W.
Cooper, and E. Delaporte. 1989. Isolation and partial characterisation of an
HIV-related virus occurring naturally in chimpanzees in Gabon. AIDS
3:625-630.

Peeters, M., K. Fransen, E. Delaporte, M. Vanden Haesevelde, G.-M. Ger-
shy-Damet, L. Kestens, G. van der Groen, and P. Piot. 1992. Isolation and
characterization of a new chimpanzee lentivirus (simian immunodeficiency
virus isolate cpz-ant) from a wild-captured chimpanzee. AIDS 6:447-451.
Reddy, M. V. R., M. Desai, J. Jeyapaul, D. D. K. Prasad, T. Seshamma, D.
Palmeri, and S. A. Khan. 1992. Functional analysis of the N-terminal domain
of Tat protein of the human immunodeficiency virus type 1. Oncogene
7:1743-1748.

Rhim, H., and A. P. Rice. 1994. Exon 2 of HIV-2 Tat contributes to trans-
activation of the HIV-2 LTR by increasing binding affinity to HIV-2 TAR
RNA. Nucleic Acids Res. 22:4405-4413.

Robertson, D. L., B. H. Hahn, and P. M. Sharp. 1995. Recombination in
AIDS viruses. J. Mol. Evol. 40:249-259.

Robertson, D. L., P. M. Sharp, F. E. McCutchan, and B. H. Hahn. 1995.
Recombination in HIV-1. Nature (London) 374:124-126.

Ruvolo, M. 1988. Genetic evolution in the African guenons, p. 127-139. In A.
Gautier-Hion, F. Bourliere, and J. P. Gautier (ed.), A primate radiation:
evolutionary biology of the African guenons. Cambridge University Press,
Cambridge, United Kingdom.

Saitou, N., and M. Nei. 1987. The neighbor-joining method: a new method
for reconstructing phylogenetic trees. Mol. Biol. Evol. 4:406-425.

Sharp, P. M., D. L. Robertson, F. Gao, and B. H. Hahn. 1994. Origins and
diversity of human immunodeficiency viruses. AIDS 8(Suppl. 1):527-S42.
Sodora, D. L., E. G. Shpaer, B. E. Kitchell, S. W. Dow, E. A. Hoover, and J. 1.
Mullins. 1994. Identification of three feline immunodeficiency virus (FIV)
env gene subtypes and comparison of the FIV and human immunodeficiency
virus type 1 evolutionary patterns. J. Virol. 68:2230-2238.

Tomonaga, K., J. Katahira, M. Fukasawa, M. A. Hassan, M. Kawamura, H.
Akari, T. Miura, T. Goto, M. Nakai, M. Suleman, M. Isahakia, and M.
Hayami. 1993. Isolation and characterization of simian immunodeficiency
virus from African white-crowned mangabey monkeys (Cercocebus torquatus
lunulatus). Arch. Virol. 129:77-92.

Vanden Haesevelde, M., J. L. Decourt, R. J. De Leys, B. Vanderbotght, G.
Van Der Groen, H. Van Heuverswijn, and E. Saman. 1994. Genomic cloning
and complete sequence analysis of a highly divergent human immunodefi-
ciency virus isolate. J. Virol. 68:1586-1596.

Venkatesh, L. K., and G. Chinnadurai. 1990. Mutants in a conserved region
near the carboxy-terminus of HIV-1 Rev identify functionally important
residues and exhibit a dominant negative phenotype. Virology 178:327-330.
Zagury, J. F., G. Franchini, M. Reitz, E. Collalti, B. Stracich, L. Hall, K.
Fargnoli, L. Jagodzinski, H.-G. Guo, F. Laure, S. K. Arya, S. Josephs, D.
Zagury, F. Wong-Staal, and R. C. Gallo. 1988. Genetic variability between
isolates of human immunodeficiency virus (HIV) type 2 is comparable to the
variability among HIV type 1. Proc. Natl. Acad. Sci. USA 85:5941-5945.
Zapp, M. L., T. J. Hope, T. G. Parslow, and M. R. Green. 1991. Oligomeri-
sation and RNA binding domains of the type 1 human immunodeficiency
virus Rev protein: a dual function for arginine-rich binding motif. Proc. Natl.
Acad. Sci. USA 88:7734-7738.



