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We determined the nucleotide sequences of two related isolates of simian immunodeficiency virus from the
sooty mangabey monkey (SIVsmm) that exhibit dramatic differences in virulence. These isolates are separated
by one experimental cross-species transmission, from sooty mangabey to pig-tailed macaque. The parental
virus (SIVsmm9), nonpathogenic in the original host (sooty mangabeys), causes a chronic AIDS-like disease in
macaques. In contrast, the variant virus (SIVsmmPBj14) induces an acute lethal disease in various macaque
species and is also pathogenic for sooty mangabeys. The combination of necessary and sufficient mutations that
determined the acutely lethal phenotype on the SIVsmm9 genetic background is included within a maximal set
of 57 point mutations, plus two insertions located in the long terminal repeat (22 bp spanning an NF-KB-like
enhancer element) and in the surface envelope glycoprotein (5 amino acids). Comparisons of synonymous and
nonsynonymous nucleotide substitutions in the genome of SIVsmm indicated that selective pressures, probably
due to the host immune response, favored amino acid changes in the envelope. This immunoevolutionary
mechanism could explain the increase in diversity and the apparition of new virulent phenotypes after
cross-species transmission.

In murine or feline retroviral infections, enhanced patho-
genicity has been linked to major genetic changes, such as
the generation of replication-defective viral genomes (for a
review, see reference 30), and/or a limited number of point
mutations, which were located mostly in the long terminal
repeat (LTR) or envelope gene (25, 26, 28). For human
immunodeficiency virus (HIV), sequence variations through-
out the genome have been extensively documented (16).
Mutations are generated by the high error rate of RNA-
dependent polymerases involved in retrovirus replication
(19, 21). While limited changes have been shown to induce
significant changes in HIV tropism or biological properties in
vitro (5, 23, 29), little is known about the consequences of
observed genetic variability on the pathogenicity in vivo. In
addition, the nature of selective pressures that might fix or
eliminate particular mutations in the viral population is still
unclear.
SIVsmmPBjl4, an acutely lethal variant of simian immu-

nodeficiency virus (SIV), provides an attractive model to
study the interplay between primate lentivirus variability
and pathogenicity in vivo. SIVsmmPBjl4 was obtained after
experimental transmission to a pig-tailed macaque (Macaca
nemestrina) of SIVsmm9, which was isolated from a natu-
rally infected asymptomatic sooty mangabey monkey (Cer-
cocebus atys) (10, 11). The parental isolate (SIVsmm9),
nonpathogenic in the original host (sooty mangabeys),
causes a chronic AIDS-like disease in various macaque
species. In contrast, the variant isolate (SIVsmmPBjl4)

* Corresponding author.
t Present address: Diagnostics Pasteur, 3 bd R. Poincard, 92430

Marnes la coquette, France.

induces a profuse mucoid diarrhea and death within 2 weeks
after infection in macaques. The variant is also pathogenic
for seronegative sooty mangabeys (11).

Thus, these two closely related SIV strains, separated by
only one cross-species transmission in vivo, constitute a
unique model for analyzing genetic changes responsible for
distinct pathogenic effects. Infectious molecular clones were
previously derived from SIVsmmPBjl4 (7). Some of these
reproduce in pig-tailed macaques the same acute disease as
that induced by the original isolate (7). Sequence compari-
sons between SIVsmmPBjl4 molecular clones and unrelated
isolates from the SIVsmm-SIVmac-HIV type 2 (HIV-2)
subgroup suggest that the acutely lethal phenotype could be
associated with a duplication encompassing an NF-KB-like
enhancer element in the LTR (7). However, no sequence
data or molecular clones from the parental SIVsmm9 were
available for sequence comparisons and genetic analysis.

In the present work, we analyzed nucleotide sequences of
viral DNA present in cells infected with the parental virus
(SIVsmm9) or the lethal variant (SIVsmmPBjl4). These
sequences, representing the equivalent of five complete
proviral genomes, were compared to each other and to
previously reported sequences of molecular clones of
SIVsmmPBjl4 that exhibited the lethal phenotype (7). These
comparisons provided an appraisal of the number of muta-
tions and selective pressures that accompanied the interspe-
cies transmission: divergence between these two SIV strains
was driven by positive selection for change, especially in
env. In addition, we observed that a maximum of 57 point
mutations on the SIVsmm9 genetic background, plus two
insertions (22 bp in the LTR and 15 bp in env), were
sufficient to explain the lethal SIVsmmPBjl4 phenotype.
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These data will help to identify more precisely the set of
genetic modifications that were necessary and sufficient to
determine the acutely lethal phenotype of SIVsmmPBjl4.

MATERIALS AND METHODS

Cell cultures and DNA samples. As a starting material, we
used total cellular DNA from human or pig-tailed macaque

peripheral blood mononuclear cells (PBMC) infected with
either SIVsmm9 or SIVsmmPBjl4 virions. DNA was ex-

tracted within the first week postinfection to minimize in
vitro selection. SIVsmm9 virions were originally isolated
from PBMC of a naturally infected asymptomatic sooty
mangabey monkey in Yerkes Regional Primate Research
Center (10). SIVsmmPBjl4 virions were originally obtained
from necropsy samples from pig-tailed macaque PBj or from
a biological clone (no. 3) obtained from a limiting dilution of
the original isolate that also induced the acute lethal disease
in vivo (7, 11).
PCR. The polymerase chain reaction (PCR) was carried

out for 40 cycles with 1 ,ug of total genomic DNA, 20 pmol of
each primer, and 40 nmol of each deoxynucleoside triphos-
phate in 10 mM Tris-50 mM KCI-2 mM MgCl2 (total
volume, 100 ,lI). The cycling conditions were 94°C denatur-
ation (1 min), 55°C annealing (1 min), and 72°C extension (1
or 2 min). All experiments included a negative control
without DNA. To control PCR artifacts, each fragment was

obtained from a minimum of two independent amplifications.
In similar amplification conditions, Taq polymerase errors
have been estimated to occur at a frequency of less than 10-'
per cycle (8). Amplified products were separated by electro-
phoresis and further analyzed by Southern blot hybridization
with an SIVmac probe.

Primer sequences and positions (the latter as described by
Chakrabarti et al. [4]) were as follows: LTR1, GGTTCTC
TCCAGCACTAGCAGG (40 to 62); POL2, CCAAAGAG
AGAATTGAGGTGCAGC (2035 to 2058); POL5, GCTA
TACATGGGCAAGTAAATGC (4158 to 4181); P1, CAGA
AATAGGGATACTTGGGGAAC (6227 to 6251); P2, GCCT
GAATAATTGGTATCATTACA (6825 to 6848); P7, ATCA
GCTGGCGGATCAGGAAATG (8406 to 8428); and LTR2,
GGTCCTAACAGACCAGGGTC (240 to 259). The follow-
ing pairs of primers were used for amplification to cover the
complete genome: LTR1-POL2, POL2-POL5, POL5-Pl, P1-
P2, P2-P7, and P7-LTR2.

Cloning and sequencing. For each region, the products
from two or more different amplifications were blunt-end
ligated into SmaI-digested and phosphatase-treated
M13mpl8 vector and transformed into competent Esche-
richia coli DH5aF'. The recombinant clones were selected
by in situ hybridization with 32P-labelled, amplified frag-
ments. The single-stranded DNA from recombinant phages
was sequenced by using dideoxy nucleotides with T7 DNA
polymerase (Sequenase) primed by specific internal se-

quences or universal sequencing oligonucleotides.
Direct sequencing of PCR products was used to confirm

major genotypes by a modification of a published procedure
(17). Amplified DNA was extracted from low-melting-point
agarose, and 2 ,lI of annealing buffer (40 mM Tris, 20 mM
MgCl2, 50 mM NaCl) and 10 pmol of one of the PCR primers
were then added. This mixture was denatured at 100'C for 5

min and then immediately transferred to a dry ice-ethanol
bath for 1 min before sequencing. Sequencing reaction
mixtures were incubated at 37°C.

Nucleotide sequence accession numbers. The nucleotide
sequence data of SIVsmmPBjl4 and SIVsmm9 proviral

DNA, including indications of variable positions within each
strain, have been submitted to the EMBL nucleotide se-
quence data base and have been assigned the accession
numbers M80193 and M80194, respectively.

RESULTS

The complete proviral sequences of SIVsmm9 (10,637 bp)
and SIVsmmPBjl4 (10,674 bp) were determined. Each nu-
cleotide position was sequenced several times from different
cloned PCR fragments. Using this method, we obtained an
average of three different complete proviral sequences for
SIVsmmPBjl4 (for LTR, 4 sequences per position [s/p]; for
gag, 2.8 s/p; for pol and central region, 3.3 s/p; for env and
nef, 3.5 s/p) and an average of two different complete
proviral sequences for SIVsmm9 (for LTR, 2.7 s/p; for gag,
1 s/p; for pol and central region, 1.6 s/p; for env and nef, 3.3
s/p).

All sequences from both isolates were aligned; this multi-
ple alignment defined variable and conserved positions. It
also allowed the visualization of inter- and intraisolate vari-
ations. Intraisolate nucleotide variations in SIVsmm9 or
SIVsmmPBjl4 averaged 1%. Nucleotide divergence be-
tween the two isolates averaged 1.6%.
The observed variations fell into four categories: varia-

tions present in clones derived from the isolate SIVsmm
PBj14 and never observed in clones derived from SIVsmm9
were designated "PBj specific"; likewise, those present only
in smm9 were designated "smm specific"; positions at
which we found both smm-specific and PBj-specific varia-
tions were designated "completely segregated" (or PBj plus
smm specific); and variations present in both isolates were
designated "nonspecific" (Fig. 1).

Fifty-seven PBj-specific mutations were identified, repre-
senting 0.74% of mutated base pairs in proviral DNA. It is
important to note that all the PBj-specific mutations de-
scribed here were also present in an infectious clone carrying
the lethal phenotype, previously obtained from the same
biologically cloned isolate (7). Thirty-six of these mutations
led to amino acid changes; i.e., 1.08% of the amino acids in
the viral proteins were changed. Two insertions due to
sequence duplications in SIVsmmPBjl4-derived PCR frag-
ments were observed. These insertions were also present in
lethal SIVsmmPBjl4 infectious clones and absent from all
the clones derived from the parental minimally pathogenic
isolate. They included a 22-bp duplication in the U3 domain
of the LTR, encompassing a NF-KB-like enhancer element
and a 15-bp insertion in the SUgpl20-coding region (Fig. 2).
Direct sequencing of PCR products from both isolates con-
firmed that viral genomes with these two insertions formed
the major (if not the only) genotype in SIVsmmPBjl4, while
those without these insertions constituted the major (if not
the only) genotype in SIVsmm9.

In addition, we noted a 36-bp duplication in tat of both
SIVsmmPBjl4 and SIVsmm9, absent from other known
SIVs and HIVs. This duplication maps to the first domain of
tat, which is not essential for transactivating activity for
HIV-1. As is frequently observed for most SIV isolates (3,
15), the in-frame stop codon that prematurely truncates
TMgp41 was observed for clones derived from SIVsmm
PBj14 cultivated on human peripheral blood lymphocytes
but not for SIVsmmPBjl4 cultivated on macaque peripheral
blood lymphocytes. No other truncation was observed,
suggesting a low frequency of defective viruses in the
analyzed samples.
When the different viral proteins were considered, PBj-

VOL. 66, 1992



416 COURGNAUD ET AL.

aminoacid varlations

untranslated or synonymous nuclelc acid varlations

NFKB

FIG. 1. Schematic representation of the genomic maps of SIVsmmPBjl4 and SIVsmm9, with the corresponding nucleic acid variations.
Top panel, mutations leading to amino acid changes; bottom panel, untranslated or synonymous mutations. The two insertions, in the LTR
(NFKB site) and in the env gene, are shown. Symbols for mutations are as follows: A, smm specific; , PBj specific; 0, nonspecific; *, PBj
plus smm specific (see Results for explanation of designations).

specific amino acid changes varied from 0% (Vif and Vpx) to
2.3% (Tat) (Table 1). Although we sequenced fewer gag
fragments from SIVsmm9, only two mutations led to PBj-
specific amino acid changes, one in CAp25 and the other in
MAp16. In Pol, two, four, and six PBj-specific amino acid
changes were observed for the protease, reverse transcrip-
tase, and integrase/endonuclease domains, respectively. In
Env, eight and three PBj-specific amino acid changes were
observed for SUgpl20 and TMgp4l, respectively.
Apart from point mutations in SUgpl20, a unique cluster

of five nucleotide changes at positions 7205 to 7211 was
observed that led to three amino acid changes: amino acids

SIVSMM9
SIVPBJ14
SIVSMMH4
SIVmac251
SIVmacl42

SIVSMM9
SIVPBJ14
SIVSMMH4
SIVmac251
SIVmac142

378 to 380 are Asp-Ile-Lys in SIVsmm9 PCR fragments,
Asp-Thr-Lys in a previously sequenced SIVsmmPBjl4 mo-
lecular clone that did not carry the lethal phenotype (7), and
Lys-Thr-Glu in SIVsmmPBjl4 PCR fragments and another
previously sequenced infectious clone that carried the lethal
phenotype (7). The domain encompassing this hypervariable
motif does not align with previously identified HIV or SIV
epitopes or functional domains.
Three of the 31 cysteines present in Env of SIVsmm9 (at

positions 312, 460, and 742) were changed to tyrosines in all
SIVsmmPBjl4 sequences. However, these three cysteines
were also mutated to tyrosines in SIVsmmH4, an indepen-

6473 6506
ACAACAACACAAACA...............TCAACAACACCACCATCACCAATAATAGCAAAG
---------------ACAACAACACAAGCA------------A------------C-------
---------GC--T-...............A- -G--A--C--AGTG--GC--A---T
-T-------GC-G--............. C..-----T--G-----GT-T--GA--A-AT-G-C
GC-T- AC---- ................A--------G--AA----GT-GAG-C-AG-G-C

ThrThrThrGlnThr...............SerThrThrProProSerProIleIleAlaLys
---------------ThrThrThrGlnAla------------Thr---------Thr------
---------AlaIle...............Thr------AlaThrProSerValAlaGluAsn
Iele------Ala...............Pro---SerAla---ValSerGluLysIleAsp
AlaSer---Thr---...............Thr------AlaLys---ValGluThrArgAsp

FIG. 2. Comparison of nucleic acid and amino acid sequences of the env gene of different SIV isolates. A short insertion (TTTQA) is
present only in SIVsmmPBjl4 isolate. Numbers (top of figure) are positions in SIVsmm9 isolate.
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TABLE 1. Analysis of nucleic acid variation between SIVPBj14
and SIVsmm9 in the different viral regions

No. of nucleic acid variationsb:

Viral region' Associated with Not associated with
phenotypec phenotyped

Synonymous Expressed Synonymous Expressed

Gag (507) 6 2 11 6
Pol (1,022) 8 12 16 10
Vif (214) 2 0 0 7
Vpx (112) 0 0 0 5
Vpr (101) 1 2 0 4
Tat 1(97) 2 3 3 0
Tat 2 (31) 0 0 1 1
Rev 1(21) 0 1 0 0
Rev 2 (79) 0 0 4 2
Env (887) 2 11 6 24
Nef (261) 0 5 3 4

Total 21 36 44 63

a Number of amino acids is given in parentheses.
b Mutations are classified according to their specificities. Mutations leading

to amino acid changes and those without amino acid modification are
designated expressed and synonymous, respectively.

c PBj-specific mutations.
d Nonspecific mutations.

dent isolate from an asymptomatic sooty mangabey monkey
(14). SIVsmmH4 has an additional cysteine at position 21
(Tyr in both smm9 and PBj14) and lacks one cysteine
residue, found at position 803 in both smm9 and PBj14,
which is replaced by Tyr.

Six amino acid variations that have never been observed
with other SIVs and HIVs (16) were identified in SIVsm-
mPBjl4 (three in Env, one in Pol, and two in Nef). Finally,
for intra- and/or interisolate variations in SIVsmm9 and
SIVsmmPBjl4, a higher number of nucleotide substitutions
led to amino acid changes. This is essentially due to a low
ratio of synonymous to nonsynonymous mutations in the 3'
part of the genome, encompassing env and nef (Table 1).
This has been also observed for HIV-1 (24) and SIVmac (2).

DISCUSSION

In this report, we provide comparative sequence informa-
tion for the complete genomes of two closely related SIV
isolates that diverged during an interspecies in vivo trans-
mission and resulted in a major change in virulence.

Infectious clones of SIVsmmPBj14 that exhibited acute
pathogenicity in pig-tailed macaques were previously se-
quenced (7). However, the closest previously sequenced
relative of these infectious clones was SIVsmmH4, an inde-
pendent isolate from an asymptomatic sooty mangabey
monkey (14). Amino acid divergence between these previ-
ously sequenced isolates, ranging from 3% (Pol) to 23%
(Nef), was too high to allow any reasonable interpretation of
the molecular basis for SIVsmmPBjl4 virulence. No se-
quence information on the parental strain SIVsmm9 was
then available.
Because of the small amount of viral DNA in infected

tissues and PBMC, we used a strategy based on the cloning
and sequencing of PCR products to obtain sequence infor-
mation on these parental and variant SIV isolates. In addi-
tion, we could examine structure-pathogenicity relationships
by taking advantage of three types of information: first, the
sequence of molecular clones known to exhibit the acutely

lethal phenotype, which allowed us to confirm that PBj-
specific mutations observed for the PCR-derived fragments
were indeed linked to the lethal phenotype and were not
introduced during PCR amplification; second, the absence of
the acutely lethal pathogenicity of isolate SIVsmm9, which
ruled out a detectable presence of the lethal genotype in this
isolate; and third, the close genetic relationship between
SIVsmm9 and SIVsmmPBjl4, which allowed informative
sequence comparisons.

In that context, the following interpretation was attributed
to the different classes of variations defined in Results. (i)
Nonspecific variations cannot be sufficient by themselves to
explain the phenotypic differences between the two isolates.
They define the common genetic background of both pheno-
types. This background, in conjunction with additional iso-
late-specific variations, is necessary for encoding both phe-
notypes. (ii) While each isolate-specific variation could be
sufficient by itself to determine the phenotype, a combina-
tion of two or more might be necessary, with the others
being neutral. The identification of phenotypically neutral or
necessary changes among the set of isolate-specific changes
described here will require future studies involving directed
mutagenesis and the construction of chimeric infectious
clones.

It is important to note that, if only one sequence had been
obtained for each isolate, all differences between these two
sequences would have had to be considered isolate specific.
In fact, the definition of isolate specificity stricto sensu
requires the sequencing of a large number of fragments. In
the present study, the equivalents of three and two complete
proviruses were sequenced for SIVsmmPBjl4 and
SIVsmm9, respectively. Previous sequences of lethal molec-
ular clones of SIVsmmPBjl4 were also included in our
comparisons. However, with further sequencing data, some
variations designated here as isolate specific could be iden-
tified as nonspecific. Therefore, the number of PBj-specific
changes identified here represents an overestimation of the
number of changes responsible for the phenotypic differ-
ences.
The phenotypic influence of rare variants might be missed

by our approach. However, most infectious clones derived
from PCR fragments carry the PBj phenotype (7), indicating
that the acute pathogenicity is indeed carried by a genotype
frequently present in biological clone 3 and is not due to the
combined action of multiple genotypes. Thus, the minimal
number of necessary and sufficient changes that determined
the acutely lethal phenotype is included within the set of
isolate-specific changes described here.

Therefore, starting from the SIVsmm9 genetic back-
ground, the combination of necessary and sufficient muta-
tions that determined the PBj14 phenotype is included within
a maximal set of 57 mutations (36 if synonymous mutations
in known open reading frames are excluded) plus two
insertions (22 bp in the LTR and 15 bp in env).
From these results, it is tempting to speculate on the

genetic events possibly involved in the acute pathogenicity
of SIVsmmPBjl4. Previous work (7) suggested that the
duplication of an NF-KB-like enhancer site in the U3 domain
of the LTR may be necessary to determine the acutely lethal
phenotype. In murine retroviruses, limited modifications of
the viral LTRs lead to significant changes in the specificity of
the virus-induced pathology as well as in the length of the
latent period before the onset of disease (12, 26). For HIV or

SIV LTR, several studies have shown that the deletion of
enhancer sites can delay replication (18, 20, 22). However,
the link between replication kinetics in vitro and pathoge-
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nicity in vivo is not clearly demonstrated. Additional en-
hancer elements have also been found in nonpathogenic
SIVagm and SIVmnd isolates (16), and other molecular
changes are likely to participate in SIVsmmPBjl4 pathoge-
nicity.
Apart from the NF-KB duplication in the LTR, most

changes in these otherwise remarkably conserved isolates
are located in env: a 15-bp duplication, a hypervariable
motif, and several point mutations. From the present data
and data from similar models of other pathogenic retroviral
infections (for example, see references 1 and 25), the candi-
dates that could best explain the SIVsmmPBjl4 phenotype
by a combined effect are env and LTR. For HIV-1, limited
modifications in Env can be associated with marked differ-
ences of the viral tropism (5, 23, 29) and of direct cytopathic
effects (9). Other experiments based on the reconstruction of
recombinant viral hybrids between cytopathic and noncyto-
pathic isolates suggested that different parts of the viral
genome are required to reconstitute a given virulent pheno-
type (13, 27).
The sequence data presented here also provide informa-

tion on the pattern of nucleotide and amino acid substitu-
tions in SIVsmm. Comparison of synonymous and nonsyn-
onymous mutations within and between these two closely
related SIV isolates reflected selective pressures in different
parts of the genome. For Pol (1,022 amino acids), we
observed a total of 24 synonymous versus 22 expressed
mutations; for Gag (507 amino acids), we observed 17
synonymous versus 8 expressed mutations; and for Env (887
amino acids), we observed only 8 synonymous versus 35
expressed mutations (Table 1). A low rate of fixation of
synonymous mutations in env suggested the existence of
strong selective pressures favoring envelope protein varia-
tions. Similarly, with closely related isolates of HIV-1 from
patients infected from the same source (24) or with SIV in
which mutations are monitored over time (2), positive selec-
tion for change is observed: the fixation of a replacement
mutation in env is two to four times as likely as the fixation
of a synonymous mutation. These differences likely reflect
the adaptation of the viral envelope protein to the host
immune response. In our study, this interpretation is sup-
ported by previous work showing that SIVsmmPBjl4 es-
capes neutralization by neutralizing antibodies to SIVsmm9,
detected in serum from pig-tailed macaque PBj (11).

In Yerkes Regional Primate Research Center, SIVsmm
chronically infects a large proportion of sooty mangabey
monkeys, which do not show any sign of AIDS-like disease
(10). Thus, the apparent phenotypic stability of SIVsmm in
the original host is in contrast to the virulence change that
occurred following the experimental cross-species transmis-
sion. Although the acute lethality of SIVsmmPBjl4 is un-
usual, the origin of SIVmac subacute pathogenicity has also
been attributed to a recent cross-species transmission from
sooty mangabeys to rhesus macaques (for a review, see
reference 6). The respective roles of virus and host factors
remain unclear. However, these observations could find
some immunoevolutionary explanation if we assume the
hypothesis that positive selection for change in SIVsmm
Env, also observed for SIVmac (2) and HIV-1 (24), is due to
immunological pressures that in turn depend on viral immu-
nogenicity.
Long-term adaptation of persistent viruses (and other

parasites) tends to reduce their immunogenicity. The evolu-
tionary achievement of a minimal level of viral immunoge-
nicity should be possible if the virus is kept in a stable
immunological context, i.e., if it persists for a long period of

time in a group of genetically related hosts and their descen-
dants. A low immunogenicity should in turn reduce immu-
nological selection for change. It could even result in nega-
tive selection of further changes: most new virus variants
could be more immunogenic and thus counterselected. On
the other hand, following cross-species transmission into a
new immunological environment, the virus could be more
immunogenic. The resulting increase in immunological pres-
sures would restore positive selection for change. Thus, a
sudden modification of the immunological environment of
the virus could occasion a shift from negative to positive
selection for virus genetic change that boosts virus diversity.
This could explain the outbreak of new phenotypes or
changes in virulence that occur after the transmission of
viruses from the original host to a genetically unrelated
organism.
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