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SIVV and HIV : A General Introductio n 

Thee Start of the AIDS Epidemic and the Discovery of HIV : 
InIn the early 1980's an epidemic of Kaposi's Sarcoma and other opportunistic infections 
emergedd among homosexual men in the United States (13). Originally considered a rare 
syndrome,, AIDS subsequently spread among intravenous drug users, haemophiliacs, partners 
off  infected individuals, blood product recipients, and also the infants of mothers with AIDS. 
Thee epidemiology of AIDS suggested an infectious etiology. In 1983 a French group led by 
Montagnierr first isolated a lentivirus from patient material which then became known as LAV 
(noww known as Human Immunodeficiency Virus 1 or HIV-1 (5)). First recognized in the 
Unitedd States, reports of HIV-1 seronegative AIDS later came from West-Africa, and in 1986 
thee same French team isolated another HIV-1 related virus designated HIV-2 (18). The gene 
orderr as well as phylogenetic relationship of HIV-1 and HIV-2 (Figure #1) made it clear that 
thee two viruses were of the same family. Phenotypic differences were observed with HIV-2 
infectionn appearing to be much less virulent, and less infectious according to lower 
transmissionn rates. 

AID SS in Non-Human Primates: 
Inn the 1980's an increase in the incidence of lymphoma in rhesus macaques in the California 
Regionall  Primate Research Center and subsequently in the New England and Tulane primate 
centerss were observed. Unlike the first increase in lymphomas in the 1960's and 1970's these 
tumorss were not consistently positive for SRV (Simian Retrovirus (typeD)(53)), certain 
serotypess of which cause retroperitoneal fibromas in rhesus monkeys. Years earlier leprosy in 
Africann sooty mangabeys was being studied at the Tulane Primate Research Center (6). As 
thiss species was endangered there was an effort to develop another animal model for leprosy 
usingg rhesus macaques. Tissue from lepromatous leprosy lesions from sooty mangabeys was 
usedd to inoculate Asian rhesus macaques. It is highly likely that these transmission 
experimentss led to the transmission of Simian Immunodeficiency Virus (SIV) from these 
sootyy mangabeys to rhesus macaques. Unaware of the asymptomatic infection of sooty 
mangabeyss with SIVsm (the small letters denote the species specific strain of the virus) the 
housingg of these animals with rhesus macaques likely led to the spread of the infection. 
Simultaneously,, similar outbreaks in rhesus macaques were observed at the California 
Regionall  Primate Research Center (35). Evidence suggests that asymptomatic of SIVsm 
carrierss were transferred from Tulane and then from California to other research centers, 
precipitatingg the outbreaks of lymphomas at Tulane, California, and the New England Primate 
Researchh Center. Antibodies of affected animals reacted with some antigens of HIV-1, and a 
subsequentt study revealed a significant disease association with transmission of tissues from 
animalss which developed lymphoid neoplasms (42,55). The first virus isolations 
(21,44,54,60),, and their use in experimental infections, revealed that an immunodeficiencey 
syndromee could be reproduced in Asian nonhuman primates with an etiologic agent related to 
HIV-22 (subsequently called SIV). Certain variants of SIVsm were found that were extremely 
pathogenicc (31), and were studied extensively although the disease characteristics were not 
veryy characteristic of those of AIDS in humans. Designated SIVsmPBjl4 this isolate caused 
enormouss immune activation (23) characterized by extensive lymphoid hyperplasia and 
haemorrhagicc enteritis (32), displaying unique lentivirus-host interactions resembling 
superantigen-likee activity (67). The linking of the epidemic of lymphomas, opportunistic 
infections,, and AIDS in macaques with a lentivirus recovered from asymptomatic sooty 
mangabeyss (30,60) allowed investigations to trace the origin and spread of the primate 
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epidemicc in the major primate centres. The viruses isolated from sooty mangabeys (6,30,60) 
weree later found to be natural asymptomatic infections in this species. These findings sparked 
thee search for the origin of the lineage of primate lentiviruses and lead to the discovery of 
moree and more primate specific lentiviruses causing asymptomatic infections in African 
nonhumann primates. 

Figuree #1: The genomic organization of the primate lentiviruses HIV-1/SIVcpz and HIV-2/SIVsm. Both have 
similarr patterns of genomic organization and length (between 9 and 10 kb) of linear double-stranded proviral 
DNA.. Structural genes are shaded; regulatory and accessory genes are are represented by black squares. Vpu is 
foundd exclusively in HIV-1 and SIVcpz. 
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Naturall  Asymptomatic Infection in Africa: 
Thee five major lineages of currently known primate lentiviruses are designated SIVcpz from 
chimpanzees,, SIVagm from African green monkeys, SIVsm from sooty mangabeys, SIVsun 
fromm sun-tailed monkeys, and SlVl'hoest from L'hoest monkeys (together with SIVmnd from 
mandrills).. Based upon genetic analysis the origin of HIV-2 was traced to SIVsm transmitted 
too humans (34,40). Virus characterization studies revealed the geographic clustering of HIV-2 
strainss in humans with SIVsm in feral sooty mangabeys, supporting the hypothesis that each 
HIV-22 subtype originated from widely divergent SIVsm strains (16,37). This led to an 
extensive,, and still ongoing, search of the African continent for new virus strains from all of 
thee nonhuman primate species. Knowledge of the ability or inability to infect other species 
hass added to the understanding of the transmission of lentiviruses between man and the 
nonhumann primates. The ability to efficiently infect other species is essential to the spread 
fromm one species to another. Of the 92 species of monkeys in Africa currently only seven 
(possiblyy eight, SIVrcm from a Red capped mangabey has an original env but appears to be a 
chimaeraa (36,69)) are known to be infected with distinct viruses of the HIV/SIV family. The 
greatestt problem is the difference between viral phylogenies and the actual distribution 
historyy of the virus itself. The extinction of lineages during history and the fragmentary 
recompilationn of the development of the pandemic from the information available only shows 
aa fraction of what may have taken place. The recent discovery of a new SIVcpz isolate 
(SIVcpzUS)) which clusters closer to HIV-1 than another isolate from chimpanzees 
(SIVcpzant)) is important as it is most related to a new group of human isolates (type N (33)). 
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Phylogeneticc analysis has provided data supporting the relationship of the human viruses 
HIV-11 with SIVcpz, and HIV-2 with SIVsm (Chapter 2, Figure 2 (38,61)). The nonhuman 
primatee viruses being nonvirulent in their natural hosts and the human viruses being highly 
pathogenic. . 

Evidencee for  Cross-species Transmission between Primates: 
Asidee from the experimental or nosocomial transmission of SIVsm from African sooty 
mangabeyss to Asian rhesus macaques, there are cases of transmission of SIVagm from 
sympatricc African green monkeys to a yellow baboon, a chacma baboon, and a patas monkey 
(7).. Studies in West Africa had shown a distinct clustering of the different HIV-2 strains in 
humanss to be related to several sooty mangabey strains (34). Marx et al studied 197 captive 
andd wild sooty mangabeys, and local inhabitants in West Africa. Each separate subtype of 
HIV-22 found in villagers clustered geographically with the SIV strain found in sooty 
mangabeyss from that locale (16). There was greater variation between the viruses found 
withinn a feral troup of sooty mangabeys than there was between selected variants with 
individuall  sooty mangabeys and the HIV-2 found in the human inhabitants. Based on this 
observationn they proposed that multiple transmissions had occurred between man and sooty 
mangabeys.. More recently evidence for cross species transmission of SIVcpzUS a virus of 
Pann troglodytes troglodytes has been proposed as the closest lentivirus relative to HIV-1 in 
man,, and a likely source for the current HIV-1 epidemic in humans ((33,37) Figure #2). 

Figuree #2: A phylogenetic tree of the complete outer membrane or envelope gene (env or gpl60) of 
representativee isolates of the HIV/SIV lentiviral family. Env is approximatley 3.5 kb in length and contains the 
regionss of the virus which interact with the cellular membrane during binding, entry and infection, and is one of 
thee main targets of the immune response. The relationship of the various genes is shown by the length of the 
branchess of the tree, with a longer branch denoting a less related relative. Representative isolates of the virus, 
andd their relationship to HIV-1 types M, N, and O, SIVcpz, HIV-2, and SIVsm are observed. The closely related 
virusess are believed to be the result of the cross species transmission from chimpanzee (SIVcpz) and sooty 
mangabeyy (SIVsm) to man (HIV-1 and HIV-2 respectively). 
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Assessmentt of the in vitro capabilities for transmission into cells of other species led to 
severall  set backs in models for HIV-1 infection. The known isolates from chimpanzees 
resemblee that of HIV-1 but are of littl e experimental value as they do not infect lower species 
off  primates (8). The only strains of the virus that do grow in human cells are SIVcpz, SIVsm, 
SIVFhoest,, and SIVsun. The cross species barriers of infection became even more 
complicated.. This coupled with the species barriers between the African nonhuman primates 
(8)) and their species specific strains (2) points to these four viruses as the existing relatives of 
thee progenitors of the human lentiviruses HIV-1, and HIV-2. 

Molecularr  Evolution of SIV: 
Thee finding that variation of only nine of the thousand amino acids in the envelope of the 
viruss (Env, or gpl60 (the translated protein), or env (the viral gene) could lead to a one 
hundredd fold difference in replication between SIV variants (3) revealed the importance of 
smalll  numbers of amino acid changes encoded in env. Large scale sequencing and analysis of 
envenv clones demonstrated that the hydrophillic and externalized regions were highly variable 
(VV regions). The internalized and hydrophobic regions were found to be less variable 
(constantt or C regions (24)) and have altered codon usage (70). The first variable regions of 
thee SIV env were suggested to play a role in mucosal transmission (VI and V2 (4,57)). The 
effectt of glycosylation on the tertiary structure of env became apparent when the Ab binding 
profiless to successive Envs during infection were found to vary according to the addition or 
deletionn of glycosylation sites in the VI and V4 regions (64,65). The spontaneous changes 
broughtt about by the infidelity of the reverse transcriptase of the virus was thought to 
inadvertantlyy allow the selection of escape mutants (63) which Abs could no longer bind. The 
complexityy of the folded structure of the HIV and SIV env and it's biological function in 
bindingg and infection showed that various nonadjacent areas of the nascent Env participate in 
thee conformation and binding to CD4, accessory coreceptors and to facilitate entry (12). The 
studyy of the Env structure showed that the cooperation of numerous amino acids scattered 
throughoutt the internal and external areas of the folded protein cooperate to define its 
biologicall  function (43,48,49,56,58,59). Antibody-antigen interactions followed during in 
vivovivo infection indicated that mutations in the env occur in a site specific manner, and these Ab 
sensitivee sites were mapped to the VI,2,3,4 and V5 (virtually all the externalized areas 
(11,47)).. Using mutagenesis and studying variants generated in vivo, two independent groups 
demonstratedd that the V3 region of the SIV env did play a definite role (39,50,71) in SIV 
pathogenesis.. Several mutations were mapped which markedly affected cell entry, and 
phenotypee (from monocyte-derived macrophage tropic to infectious in peripheral blood 
mononuclearr cells (PBMCs) or the complete abrogation of either (39,71)). 

Biologicall  Variation of SIV: 
Cellularr tropism of HIV and SIV is largely controlled by the env gene and is currently one of 
thee most intensely studied areas of AIDS research. HIV and SIV infection is initiated by 
virusess with a macrophage tropic phenotype (M(f>). Frequently during progression to AIDS 
HIVV strains will switch to T cell tropism (TT). This TT phenotype characterized in vitro by 
growthh in MT-2 cells and the formation of syncytia in these cells (SI for syncytium inducing, 
andd NSI for nonsyncytium inducing viruses (20,22,51)). The cloning of the first coreceptors 
whichh HIV-1 utilizes during binding and entry (CCR5 and CXCR4), in conjunction with the 
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Figuree #3: Different patterns of HIV and SIV infection in vivo. Shown (upper) is the typical picture observed of 
aa progressor of HIV-1 infection in man. An initial peak in virus load is seen, followed by containment of viral 
replication,, and then decreasing CD4 T-cell counts, eventual rise in viral load, and progression to AIDS. In long 
termm nonprogressors of HIV-1 infection in man (middle) the initial virus load peak is contained for an 
indeterminatee amount of time and no or minimal loss of CD4 T-cells is seen. The natural infection of nonhuman 
primatess is characterized by to moderate high virus loads, and sustained normal amounts of CD4 T-cell counts 
withh no progression to AIDS (lower). 
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CD44 T-cell receptor, was a major breakthrough in AIDS research (1,25,26,29). The family of 
G-protein-coupledd seven-transmembrane-domain proteins (19,29) are the mediators of 
chemokinee activity. The majority of M«J) isolates appear to specifically use CCR5, a receptor 
forr the CC chemokines RANTES, MIP-lcc, and MIP-lp (19). The TT viruses predominantly 
usee CXCR4, a receptor for the CXC chemokine SDF-1 (9). Subsequently the V3 mediated SI 
andd NSI virus infections were shown to be mediated by a TT coreceptor (1,25), and a M(J> 
coreceptorr respectively (29). More recently coreceptors for HIV and SIV have been cloned 
(27).. HIV and some SIV isolates use a myriad of coreceptors with which to bind to a cell and 
gainn entry, and some isolates can do so even without the use of CD4, using only the 
coreceptorr to gain cellular fusion (28). Human coreceptors allow cell entrance to SIV (14,17) 
withoutt any loss of infection efficiency. In the case of SIVsm M«J> and TT viruses can both use 
CCR5.. Usage of the same coreceptor by the two types SIVsm virus is differential with two 
differentt domains of the coreceptor being utilized (26). HIV-2\SIVsm viruses generally prefer 
thee CCR5 coreceptor, although they can utilize numerous other coreceptors (15,17,27,66). 
HIV-11 generally uses CCR5 in early infection, and CXCR4 exclusively or as well as CCR-5 
(duall  tropism) in late symptomatic infection during progression to AIDS. Broadening of 
coreceptorr usage and its importance to disease progression in humans is still heavily debated 
(20,22).. Progression to AIDS in SIV infection is neither related to broadening nor switching 
off  coreceptor use (45). In fact CXCR4 is never used by SIV strains early or late in infection 
(14,45,46). . 

Determinantss of Transmission of SIV: 
Thee entry of SIV through non-abrasive mucosal oral, vaginal or rectal surfaces results in the 
selectionn of a small number of genomes (bottleneck transmission) and results in the decrease 
inn genomic heterogeneity (10,57,62). Even with intravenous, mucosal or infected microgolial 
celll  inoculation of virus the resulting effect is the same (52,62). Regardless of the route of 
infection,, or the size of the inoculum, there is an initial selection that results in the decreased 
heterogeneityy of virus. Later in the infection variants found in the primary inoculum but not 
predominantt early in infection are frequently re-emerge (4,57). Transmission studies with 
SIVsmB6700 have shown genotypic and phenotypic selection of M<j> variants in the initial 
infectionn in neonates (4,57). The genomes present in the blood as measured by genotypic and 
phenotypicc characteristics are influenced by humoral and cellular immune responses and the 
stagee of infection. 

Thee SIV Model Used in the Present Study: 
Holtermann and coworkers from the Biomedical Primate Research Centre (Rijswijk, The 
Netherlands)) performed a passage experiment in rhesus macaques that was recently published 
withh the department of Human Retrovirology (AMC, Amsterdam, The Netherlands (41)). 
Initiallyy ten Asian rhesus macaques of an average age of 18 months were inoculated with a 
SIVV B670 stock (6,60) originating from a virus infecting sooty mangabeys. It took seven 
monthss before the first of these rhesus macaques became ill , or showed signs of progression 
too AIDS. During a total of five passages of large inoculum the time to death decreased from 
sevenn to thirty three months during the first passage to one to two months during passages 
fourr and five respectively. A correlation was shown in this study between the plasma viral 
loadd and monkey survival. Plasma load as indicated by this study is clearly related to the 
virulencee of the virus and/or the susceptibility of the host (68). The present thesis includes a 
geneticc analysis of the env of the in vivo serial passage of SIVsmB670. 
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Scopee of this Thesis: 
Chapterr two describes the use of Likelihood Mapping and Quartet Puzzling to unveil the 
familyy tree of SIVs isolated from different species of African monkeys. The evolution of viral 
geness having different roles in the asymptomatic infection of African feral nonhuman 
primatess is analysed. The next chapters three to six describe the SIV env evolution during 
seriall  in vivo passage of SIVsmB670 in rhesus macaques. Chapter three describes the amino 
acidd changes in the SIV env gene related to increased virulence and changes (or the the 
absencee thereof) in coreceptor usage. Chapter Four describes the shortening of the 
asymptomaticc period during serial population passage and how it is related to changes in the 
variablee versus the constant env regions. The phylogenetic methods used to determine the 
coursee of natural SIV infections were subsequently applied to the SIV data set in Chapter 
Five.. Chapter Six compares the viral load data and env evolution during serial passage and the 
relationshipp between viral load and genetic diversity. Finally in chapter seven the relationship 
betweenn SIV virulence and env variation is discussed. 
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Abstract::  Cross species transmission of a lentivirus from sooty mangabeys to humans gave 
riserise to HTV-2 and similarly suggestive evidence has been presented that transmission from 
chimpanzeess to humans gave rise to HIV-1. In order to identify the putative common ancestor 
off  SlVsm, SIVcpz, and HIV-l/HIV- 2 virus family we applied likelihood mapping and quartet 
puzzling.. The gag and env of SIV isolates from eight species of monkey as well as the HIV-1 
groupp M, N, and O viruses were analysed. Likelihood mapping showed that phylogenetic 
reconstructionn of the SIV/HIV cluster was possible because the sequence data had a tree-like 
structure.. The SIV isolates of Cercopithecus 1'hoesti 1'hoesti and Cercopithecus 1'hoesti 
solatiasolatia were consistently placed in a separate cluster and possibly are genetically at the root 
off  the primate lentivirus phylogenetic tree. After the SIV variants of mandrills diverged there 
weree three separate clusters observed (when judged on the basis of the env): SIVsm/HiV-2, 
SIVcpz/HIV-11 M, N, O, and SIVsyk/SIVagm. A somewhat different branching pattern was 
seenn with gag: SIVcpz/HIV-1, and SlVsab at the root of the SIVsyk/SIVagm, and the 
SIVsm/HiV-22 clusters. 

Introduction ::  Eight of the ninety one species of African primates have been found to natu-
rallyy harbour lentiviruses that have been partially or totally characterized (1). SlVsm from 
sootyy mangabeys (Cercocebus torquatus atys), SIVmnd from the mandril l (Mandrillus 
sphinx),sphinx), SlVsykes from sykes monkeys (Cercopithecus mitis\ SIVcpz from chimpanzees 
(Pan(Pan troglodytes)» SlVl'hoest from L'hoest monkeys (Cercopithecus 1'hoesti 1'hoesti), 
SIVsunn from sun-tailed monkeys (Cercopithecus I 'hoesti solatus), SIVrcm from red-capped 
mangabeyss (Cercocebus torquatus torquatus, which appears to be a complex recombinant of 
SIVcpzz and SIVagm (6)), and SIVagm from the four subspecies of the African green monkey 
(Cercopithecus(Cercopithecus aethiops). The SIVrcm, as well as SIVdrill, SIVwcm, and SIVtal are partially 
characterisedd (from drill , white-crowned mangabey, and talapoin monkeys (6,8,26,33)). 
Cross-speciess transmission of virus in wild monkeys has also been documented in several, 
sympatricc species with the SIVagm from African green monkeys infecting a yellow chacma 
baboon,, and a patas monkey (4,17,33,35). Of these species infected in the wild or in captivity 
noo pathology resulting from these infections has been observed, except for the death of the 
patass monkey infected with SIVwcm which suffered from an AIDS-like syndrome (4). The 
newlyy found SIVrcm gag clusters with the SIVagm clade, and the pol gene clusters with 
SIVcpzz (12). 

Thee numbers of infected feral African monkeys varies greatly by species with Talapoins 
beingg tested at 70% seropositive, Sooty mangabeys at 57%, African green monkeys at 36%, 
andd Sykes monkeys at 34% being the most seroprevalent species (Levy, The Retroviridae 4, 
andd (11,15,18)). Other SIV infected species are found to be far less seropositive with Man-
drillss at 15%, Colobus at 10%, with Chimpanzees, and Baboons (other than mandrills) both 
havingg less than 1% seropositivity. There have been no Orangutans or Gorillas who have 
testedd positively (1,3). 

Transmissionn of SlVsm to Asian primates results in AIDS resembling that seen in humans 
infectedd with HIV. When pathogenicity is taken as evidence for recent viral introduction these 
dataa suggest the emergence of the virus after the separation of the Asian, and African pri-
mates.. In humans AIDS is caused by two strains of the virus with HIV-1 and HIV-2 closely 
relatedd to SIVcpz (11), and SlVsm (6) respectively. So far, of the eight SIV strains known, 
onlyy four (SlVsm, SIVrhoest, SIVsun, and SIVcpz) can infect human cells (1,6,15,23). The 
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inabilityy of some SIV species specific strains to infect cells of even other non-human pri-
mates,, than the species which the virus was isolated, as in SIVsykes (16) makes them, aside 
fromfrom the phylogenetic data, unlikely to have been the source of the human epidemic. 

Wee used likelihood-mapping, which determines the best arrangement of the smallest 
information-containingg subset of a tree (the quartet, or four taxa (30), to examine the branch-
ingg pattern of the family of SIV and HIV strains. Our application of this method to the 
HIV/SIVV alignments showed them to be highly informative compared to some HIV align-
ments,, and the reconstruction of the phylogeny was tree-like (34). The analysis of the varia-
tionn in the nonsynonymous substitution between the env and gag alignments showed a greater 
adaptivee pressure upon the env. 

Material ss and Methods: 

Sequences::  The sequence accession numbers for the sequences used are: SlVl'hoest 
AF075269,, SIVmnd M27470, SIVsun AF131870, SIVrcm AF1028, SIVcpzUS gag 
AF1033 818, HIV 1,2 and SIV other gag and env sequences are available at 
http://hiv-web.lanl.gov/MAP// hivmap.html. No envelope sequences for SIVrcm are presently 
available. . 

Phylogeneticc Analysis: Env, gag, and mitochondrial 12S rRNA (Old World primate species) 
genee sequences were formatted into the Clustal format using Omiga 1.1.3 (Oxford Molecular 
Limited).. Clones were aligned using ClustalX (32) and further optimised manually. Phylo-
geneticc analysis was conducted using MEGA (20), ClustalX (32), and PUZZLE 4.02 (30,31). 
Neighbour-joining,, maximum-likelihood and puzzle-based trees were produced using the 
Tamura-Neii  distance estimation with pair-wise comparison and then boot-strapped with 1000 
replicationss before tree construction with and without preselected outgroups. The maximum-
likelihoodd mapping and quartet puzzling (QP) was carried out using Tamura-Nei distance 
estimation.. Likelihood mapping was used to visualize the phylogenetic content of the se-
quencee alignments (31). Briefly, likelihood-mapping is the construction of all quartets of 
sequencess possible (e.g. A,B,C, and D, and then A,B,C, and E, etc. until all of the possible 
quartetss of sequences in the analysis have been compared) and calculation of the relative 
weightss of the probabilities for all of the three resolved tree structures (#1: A is like B, but not 
CC or D, #2: A is like C, but not like B or D, and #3: A is like D, but not like B or C (29-31)) 
andd the four unresolved structures (partially resolved #1: A is like B or C, but not D, partially 
resolvedd #2: A is like B or D, but not C, partially resolved #3: A is like C or D, but not D, and 
unresolved:: A is not like B, C, or D). Thus, for the first four sequences analysed using 
likelihood-mapping,, the seven possible locations of the probability vectors include three with 
aa completely resolved placement of the four taxa, three with one taxon split between attrac-
tionn to two others and not alike the fourth taxon (partially resolved), and one of star-like form 
orr no favoured relation between the four taxa (unresolved). These seven relations can be 
plottedd in a triangle to show the phylogenetic signal. The corners represent areas of com-
pletelyy resolved (tree-like) quartets (A is most like one of B,C or D, resolved #1,2, and 3); the 
sidess represent quartets with a split between equal attraction of one taxon for two other taxa 
(partiallyy resolved: A is like B and C, B and D, or C and D); and the centre of the triangle 
representss an area of equal likelihood or distance between the four taxa (A is not like B,C, or 
D,, unresolved, giving a star-like formation). If each possible quartet vector (resolved, par-
tiallyy resolved and unresolved quartet comparison) is plotted as a point in the triangle it gives 
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aa rapid visualisation of the phylogenetic content of the alignment data (robustness of the tree, 
orr lack thereof). 

Treee construction was carried out using the maximum-likelihood based PUZZLE 4.02 (31). 
Thee maximum-likelihood analysis is used for determination of a tree and its corresponding 
branchh lengths that have the greatest likelihood of reconstructing the correct phylogeny. The 
numberss of possible topologies increases exponentially as the number of taxa rises, making 
heuristicc searches very slow. Reconstructing a tree using all of the possible sets of four taxa, 
orr quartets, allows the heuristic search to proceed efficiently in a ML procedure (30). Quartet 
puzzlingg reconstructs the ML tree for all possible quartets. The total set of quartet trees are 
subsequentlyy combined to form a complete tree in the quartet puzzling step (QP). This 
proceduree was carried out 1000 times. The (QP) tree is a majority-rule consensus (22) of the 
sett number of puzzling steps. There are three main steps to the QP method, ML determination 
off  all possible quartet trees, combining all of the quartet trees one thousand times to form a 
completee tree (puzzling step), and the final majority rule consensus computation of all inter-
mediatee trees (31). For the analysis of the progenitor sequences only the relationship of these 
groupss are of interest and not details of the structure of the clusters themselves. Then a 
likelihoodd mapping analysis is sufficient. The clusters selected were SIVFhoest and SIVsun 
ass A and the rest of the aligned sequences (both env and gag) selected as B. The correspond-
ingg likelihood mapping triangle diagrams show the possible relationships in detail (19,31), 
andd show the robustness of the internal edge of the tree. The analysis of the synonymous (ds) 
andd nonsynonymous (dn) nucleotide substitutions was conducted using the automated SNAP 
systemm (found at http://hiv-web.lanl.gov (10,25)) using the Nei and Gojobori method. 
Alignmentss are from the Los Alamos web site. 

Thee resolution of complex phylogenies is helped by using longer sequences, such as we have 
donee here, to avoid trees containing littl e information and having star topologies. The use of 
quartett analysis, with its focus on small informative subtrees (29-31), has been applied to an 
inferencee method that takes advantage of the determination of all possible quartets, or heuris-
ticc search, unavailable to the other methods, to time consuming or available only as a statisti-
call  test of best fit  (21). PUZZLE 4.0.2 incorporates a first-step plot of all the possible four 
taxaa quartets as a means of weighting the best placement of them all within a phylogeny. 
Withh seven possible organizations for each quartet, calculation of all possibilities is feasible. 
Thee maximum likelihood of the grouping of a quartet can also be plotted graphically to give 
ann idea of the "tree likeness" of the data known as likelihood mapping as shown in Figure 1 A, 
B,, and C. The four taxa are compared by grouping three and comparing the fourth to them by 
placingg it in one of the seven possible maximum-likelihood areas as a dot: with taxon D most 
likee taxa A,B or C (the three corners: tree-like), split between A and B or A and C or B and C 
(thee three sides: unresolved between the two), and lastly, unlike A,B or C and placed in the 
middlee as a neutral attractor (star formation). The centre of the maximum-likelihood triangles 
aree inhabited by star-like phylogenies lacking tree-like content, i.e., having no attraction to 
clusterr with the other taxa (31,34). The percentages of the contents of the complete set of 
quartetss are displayed in the numbered triangles. Each of the seven areas has a finite number 
off  the maximum likelihood dots, with the total of the seven being one hundred percent. 

Results: : 

Likelihoodd Mapping: The phylogenies were shown to all contain large amounts of tree 
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topologyy information. The env, gag and 12s alignments carried 95.3,98.2, and 87.1 % respec-
tivelyy of resolved quartets (Figure 1 A, B, 12s not shown). The top triangle shows the distribu-
tionn pattern of the data in the seven basins of attraction or quartet possibilities. The three 
cornerss of all three likelihood-mapping analysis, where completely resolved trees are found, 
containn virtually all of the content. The analysis of the internal edge containing the SlVl'hoest 
andd SIVsun (Figure 1C, quartet diagram) was used to ascertain the robustness of the separa-
tionn of these two sequences as a cluster (of progenitor sequences), as opposed to a cluster 
containingg all the remaining sequences. This algorithm analyses exhaustively all of the 
possiblee quartets of sequences. Two from one side of the branch (designated (a) and (a) for 
theree is littl e separation between the two sequences) and two from the other side of the 
internall  branch ((b) and (b)), chosen at random to encompass all of the possible subsets of the 
alignmentt taxa. This compares the branch the SlVl'hoest, and SIVsun are placed on against 
alll  of the combinations of all of the other sequences to analyse the probability that they are 
nott the root. This allows the analysis of the possibility of the incorrect rooting of the trees, 
andd in this case of the incorrect selection of possible progenitor sequences (Figure 1C). This 
wass carried out for the env as well as the gag genes where the results were exactly the same 
{env{env analysis, and quartet designation are shown). The robustness of the branching separation 
off  the two clusters is seen as the absence of any shared quartets which would appear in the 
centree of the triangles. The taxa were set in two distinct clusters, with 100% of the phylogen-
eticc information confirming the separation of these subsets of the sequences as evolutionarily 
distinct. . 

Phylogenyy construction: 
Thee gpl60 env quartet puzzling tree (Figure 2 A) shows the divergence of the SlVl'hoest and 
Sunn from the Mnd as a branching pattern also found in the gag tree (Figure 2B), and sup-
portedd by the likelihood-mapping. The env of the viruses has evolved further than the gag as 
iss seen in the trichotomy of the Agm, Cpz, Sm families, plus the Sykes sequence alone, 
whereass in the case of the gag phylogeny the Agm and Sm sequences cluster together on a 
branchh opposite the Cpz cluster. The tantalus env clusters with the other Agm substrains but 
hass a very long branch, whereas the gag is short and could possibly be indicative of an earlier 
recombinantt such as that seen in the genome of the YBF30 N strain (Figure 2A, and 2B (11)). 
Thee recombinant nature of YBF30 N is known, but has not been analysed previously using 
twoo complete different alignments of genes. The clustering of the env with the CpzUS, and 
thee gag on a sublying branch of CpzUS and CpzGab is in accordance with the analysis done 
withh half genome concatomers of protein sequences (11). The new CpzUS sequence does not 
varyy markedly from the CpzGab in the env phylogeny and in the gag it clusters further away 
withh the Ant70 sequence. The branching of the three (Agm, Sm, and Cpz) strains varies 
betweenn the env with three distinct branches and the gag with two branches and the Agm and 
Smm splitting further on the branch together with the Sabaeus as outlier. The Sabaeus appears 
too cluster differently in the env and gag genes as well. The 12s mtRNA followed a different 
radiationn of the species (not shown). Human 12s sequences cluster with the gorilla sequence 
andd not with either species of chimpanzee as in the case of HIV-1. As the 12s evolution is not 
involvedd in the immune selection of the virus-host evolution and is inherited in a maternal 
fashionn it is not surprising that the branching pattern varies. 
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Figuree 1: Likelihood-mapping analysis for the env gpl60 (A), and gag (B) alignments. The top triangle shows the 
distributionn pattern of the quartet analysis, and the bottom triangles show the distribution of the data in the seven 
basinss of attraction or quartet possibilities. The majority of the data clusters in the three corners, where completely 
resolvedd robust trees with large amounts of phylogenetic content are found. The likelihood-mapping analysis can 
alsoo be applied to the testing of an internal edge of a tree in divided into two clusters. Two-cluster likelihood-
mappingg analysis (C) of the env gpl60 alignment split into two disjoint groups: (a,a)=(SIVrhoest and SIVsun) and 
(b,b)=(alll  possible combinations of a duo of the remaining sequences). Each quartet's likelihood is plotted with the 
threee possible arrangements plotted in a triangle (C upper panel). The tips of the triangle display the support for one 
off  the three arrangements as labelled in the lower right triangle, and the quartet diagram. The percentage of the 
quartetss supporting the grouping of the SlVl'hoest with the SIVsun with the exclusion of all other combinations of 
twoo sequences is found in the upper comer of the three areas ((a,a)-(b,b)). The clusters chosen separate the possible 
progenitorr sequences (SlVl'hoest and Sun), from the rest of the HIV/SIV sequences analyzed (C quartet diagram). 
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Thee differences in the evolutionary patterns in the env, and gag was studied to illustrate the 
markedd differences in evolutionary pressure between pathogenic infection in man and the 
ancientt nonpathogenic infection in nonhuman primates. The ds/dn ratios (Table 1) clearly 
showw the four fold rate of variation of HIV-1 env substitutions as compared to that of SIV 
env.env. The ratios of gag and nef arc two fold higher in HIV-1 and the ratio for pol is less than 
onee and a half. 

Tablee 1: Mean synonymous nucleotide substitutions (ds), nonsynonymous nt substitutions (dn) shown as ds/dn. 
Estimatedd by the method of Gojobori and Nei (25) as implemented in SNAP (10) analysis software. The 
estimationn was carried out on alignments of the env gpl60 or complete gag, nef, or pol. 

Ratioss of Genetic Variation as Measured by 
Synonymous/Nonsynonyy mous Substitutions (ds/dn) 

HIV- 1 1 

SIV V 

env env 

1.93 3 

8.85 5 

gag gag 

4.97 7 

9.6 6 

nef nef 

3.5 5 

7.23 3 

pol pol 

6.21 1 

8.23 3 

Discussion::  A true primate lentivirus phylogeny is very difficult to reconstruct as ancient as 
welll  as recent cross-species transmissions have occurred, not to mention recombination 
eventss and missing strains. The branching of three (Agm, Sm, and Cpz) strains varies be-
tweenn the env (with three distinct branches) and the gag (with two branches and the Agm and 
Smm splitting further on). 

Withoutt causing any pathology SIVsm in its natural host replicates to high levels, 10s to 107 

copiess per millilitr e plasma (27). This implies rapid replication kinetics and viremia. The 
branchess of the SIVsm sequences (Figure 1A) are comparable to those of HIV-2 and implies 
aa relatively equal rate of evolution (as compared to the longer branches of the SIVcpz and 
HIV-11 sequences). The branch lengths of the pathogenic SIVsm related viruses used in 
experimentall  infections (SIVsmB670, smH4, Mac239) do not produce longer branches than 
HIV-22 in the env or gag. The mutation rate of the env of SIVsm in Sooty mangabeys, SIVagm 
inn African green monkeys, and SIVsm (B670, SMH4, and Mac239) strains in Rhesus ma-
caquess has been studied, and the rates are similar (102 to 10"3 substitutions per site per year 
(5,9,24,27)). . 

Figuree 2: Phylogenetic inference for the env gp!60 (A),and gag (B). Trees were constructed using Puzzle 4.0.2 
withh the Tamura and Nei distance approximation and 1000 tree puzzling steps. The quartet puzzling percentages 
off  the important branches are in bold numbers. The scale bar is found in the lower left hand corner. 
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Thee SIVagm replicates to the lowest levels, and thus would presumably be less likely to 
rapidlyrapidly adapt (2,14). The SIVagm cluster the furthest from the root gag branches and the 
branchh lengths of the gag cluster are roughly equal to those of the SIVagm env cluster (Figure 
22 A and B). This dichotomy as compared to the SIVsm/HIV-2, and SIVcpz/HIV-1 clusters, 
wheree the env is more variable than the gag (presumably caused by the immune systems 
pressure)) has been attributed to the lack of immune response (7). Studies comparing env and 
gaggag sequences derived sequentially from the same SIVagm infected African green monkey 
wouldd be needed to resolve the branching pattern. Based on natural history data and our 
currentt analysis it appears that mutation rate and virus load are not the only predictors of 
virulence. . 

Thee large territory inhabited in Africa and the overlap with the other species would increase 
thee chances of cross species transmission. In the case of SIVsykes the vims requires it's own 
hostt cells to infect and replicate (very host specific), which dramatically reduces the chances 
off  finding these infections in other species. SIVsykes, a virus of a cercopithecus, was isolated 
fromfrom a hybrid monkey which was found to be a cross of mitis and ascaneus, and thus may 
explainn it's odd host specific replication requirements. It is evident how the Cercopithecus 
L'hoest,, Sun and Mnd would be subject to cross species transmission of SIV as they inhabit 
smalll  regions which partially overlap. The geographic overlap may have been greater in the 
pastt but the habitat left is very small and may put the monkeys in close contact. This makes 
thee relatedness of the three, and the stable changes between them in env and gag an example 
off  a probably complete history. The long branches to the other strains suggesting missing 
isolates,, or a case of very quick episodic evolution between the SlVl'hoest, SIVsun, SIVmnd 
andd the rest of the known strains. 

Thee HIV-1 YBF30 N isolate has been shown to be a recombinant of env and gag-pol or 3' and 
5'' to SIVcpzGAB (28) or to SIVcpzUS respectively (11,13,36). We analysed the env and gag 
geness separately. The branching of the gag outside the SIVcpzGAB and US branch had a far 
lowerr quartet puzzling probability than the clustering of the env (65 versus 95 respectively, 
Figuress 2A and 2B). There may as yet be other subtypes that the Type N gag clusters together 
withh having a more highly supported quartet puzzling probability, lying between the Type N 
andd the Type M, and O. 

Thee isolation of the SIVFhoest and SIVsun led to the proposal due to their clustering that 
thesee SIV strains formed a new lineage evolved within the Cercopithecus 1'hoesti 
superspeciess (1). Seeming to predate the mandrill as a new lineage the distance between the 
SlVl'hoest,, SIVsun and the SIVmnd may be due to separate origins in history and as the 
numberr of known SIV strains increases they will likely be separate related lineages, as is 
supportedd here by the branching analysis. The distances shown by the branching of the env 
andd gag genes are almost identical and imply a common ancestral distance with no recombi-
nationn between the two genes of the two separate families (SlVl'hoest and SIVsun are 
CercopithecusCercopithecus and SIVmnd from a mandrill is a Cercocebus which is more related to sooty 
mangabeyss (1)). The equal branch lengths of the two genes in the three viruses may imply 
equall  evolutionary pressure upon them (1,15). This may be the fourth and fifth clusters of the 
SIV/HIVV family but the distances between these three viruses easily fits into the species 
specificc family of the four SIVagm strains, and may be another example of cross species 
transmission. . 
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Thee data gained in recent years by the isolation of new strains of SIV have yielded more 
insightt into the relation between the nonhuman primate viruses and those found in humans. 
Thee large gaps in the HIV\SIV tree result most likely from our snapshot of time sampling of 
thee millennium old infection, and the surprisingly low rate of infection among some of the 
ferall  monkeys. The ability of only four of the known strains to infect human cells and their 
geneticallyy relevant identities point to them as the putative progenitors of HIV infection in 
man. . 
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Abstract::  The SIVsm DeltaB670 strain was serially passaged in vivo five times (Holterman et 
alalyy Journal of General Virology 80:3089-3097,1999). During passage the viral variants shifted from 
moderatee (passages 1 and 2) to highly virulent (passages 3 to 5). This shift was not accompanied 
byy a change in coreceptor use, as exclusive CCR5 usage was demonstrated for viruses with both 
modestt and high virulence. The CI to C4 region of 50 env clones derived from serum was sequenced. 
Duringg the evolution towards increasing virulence there were no alterations in glycosylation sites, 
charge,, hydrophobicity, secondary structure prediction, of the envelope region studied between 
thee early and the late passages. Selection and fixation of nonsilent mutations found in the env of 
thee heterogenous uncloned SIVsm DeltaB670 primary inoculum were observed during passage. 
Selectionn was most clearly marked by four amino acid alterations in the V1,V3,C3, and V4 region. 
Thee VI contains a threonine (T) stretch possibly containing an O-linked glycosylation site(s) which 
aa substitution (T134I) may alter. In the V3 region fixation of a valine (V) in place of a leucine (L), 
orr isoleucine (I), at env position 327 is associated with increased virulence, as is K358R in the C3, 
andd T423K in the V4. 

Introduction ::  Primate lentiviral infection is characterized by extensive virus replication resulting 
inn a quasispecies (32) consisting of a rated distribution of fitness variants. The numerous genetic 
variantss produce a group of viral genomes that are similar but not alike. Substitutions in the viral 
proteinss may cause an alteration in their folding, conformation and antigenic sites (49). Different 
variantss may have different abilities to interact with the receptor, and coreceptors used to bind, 
enter,, infect and replicate within different cell types (2). Evolution of the envelope of primate lentiviruses 
iss correlated with changes in cell tropism (22). Although an expanded coreceptor repertoire is not 
aa prerequisite for progression to AIDS (26), viral variants with virulent properties do emerge (42,53). 
Duringg adaptation to a new species the viral quasispecies provides a variety of different and selectable 
candidatess for the various genes which must vie for survival (77). The acquisition of virulence 
duringg infection with a large primary incoculum is known to be the effect of the competition between 
thee many genomes present and the selection and or recombination of these during infection. As 
thee average virulence increases so does the inherent advantage of being the first to infect the diminishing 
numberr of uninfected target cells 

Thee outer envelope of the virus (env) is responsible for the binding and infection of cells, and contains 
determinantss important in viral pathogenesis (62,80). The role of the outer protein in receptor binding, 
infection,, syncytium induction and host immune response belies it's importance in the progression 
off  SIV and HIV infection to AIDS. Analysis of the quasispecies variability during cross-species 
passagee displays the molecular footprint of adaptation occurring due to the fixation of mutations 
specificc to function in the new host environment. Study of the HIV and SIV env has led to much 
attentionn being placed upon the roles of glycosylation (1,7,14,15,51,55,73), charge (36,57), secondary 
structuree (28,38,49,60), amino acid variation (12,13,23,25,54,55,61,69,71,74,88), tropism (4,5,16,57,62, 
68,78,79,82),, and coreceptor usage (18,30,31,46,66,75,92) upon escape from either B(l 1,20,48-50,60), 
TT cell responses (17,38,90), or from increased chemokine concentrations (21). 

Thee infection of a cell by HIV-1,2, and SIV begins with the binding of CD4 by the viral Env (env 
genee protein). For entry and infection, the fusion of the envelope and the cellular membrane must 
occurr which is mediated by CD4 and a suitable coreceptor expressed externally on the host cell. 
Thee discovery that CD4 alone was not sufficient for binding but required a coreceptor (29,33) led 
too the identification of multiple coreceptors (31). Macrophage tropic strains (M<{>) of HIV-1 use 
CCR55 and T-cell tropic strains (T-tropic) use CXCR4 in addition to CD4. Other coreceptors such 
ass CCR2b and CCR3 also function in membrane fusion and infection and some viruses can use 
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multiplee coreceptors (92). Repertoires of viral coreceptors play an important role in viral tropism 
andd progression to AIDS. The CCR5 using strains of HTV-1 are either M«j» or dual tropic (T cell 
orr M<|>) viruses usually found during the asymptomatic period (22), but can also predominate during 
diseasee progression (26). Evolution of the virus causes the acquisition of mutations in the env which 
cann lead to the emergence of T-tropic viruses using CXCR4 (22). The broadened usage of coreceptors 
iss believed to decrease the immune pressure on the virus by providing multiple escape routes into 
thee target cells. Viruses found early in infection typically are slowly replicating M<J> and non-syncytium 
inducingg (NSI) whereas the viruses that emerge late in infection or during progression are usually 
T-tropicc rapidly replicating, syncytium inducing (SI), and are associated with CD4+ T cell decline 
andd progression to AIDS (22,81). Progression to AIDS without the SI phenorype and altered coreceptor 
usee does occur, but less commonly (26). 

Thee coreceptors used by SIV are manifold as in HIV infection (31). The majority of SIV strains 
testedd use CCR5 as the major receptor, but also use the growing myriad of other coreceptors in 
aa strain dependent manner (31). The regions of the env used in binding the coreceptors by SIV 
iss as yet undetermined, although it was shown that M<|> and T tropic SIVs use CCR5 differentially, 
andd bind the coreceptor in two different areas (30). It has been suggested that during disease progression 
theree is evolution of particular pathogenic "end stage" variants, with particular sequences, which 
becomee fixed (42,53). In this study following in vivo passage we found that there was a narrowing 
off  the quasispecies and the acquisition of particular sequences in the VI to V4 domains. Four amino 
acidd substitutions were associated with the increasing virulence which was apparent with each passage. 
Thee marked decrease in the asymptomatic phase of the infection after each passage resulted in 
increasedd virulence with no qualitative changes in the manifestations of disease (persistence of 
antigenemiaa and rapid loss of T helper/memory cells) during adaptation (47). No alterations were 
foundd in the exclusive CCR5 coreceptor usage during the acquisition of increased virulence. 

Material ss and Methods: 

Virus.. The SlVsm DeltaB670 strain used is one of the commonly used members SIVsm/HIV-2 
familyy of lentiviruses (SIVmac, SIVsmmH4 and SIVPBj 14) originally derived from sooty mangabeys 
whenn captive-bred Asian macaques were accidentally infected with SlVsm (23,24,44,70). The SIVsm 
DeltaB6700 strain used is well studied and has been used in previous experimental infections of 
rhesuss macaques because it accurately reproduces the clinical and pathological manifestations of 
AIDSS seen in humans (3,5,6,8,41,52,65,70,71,85,91). The virus stock has been analysed as to genotypic 
andd phenotype variation during experimental infection of non-human primates and during in vitro 
infectionn of rhesus macaque and human PBMCs (3,64). 

Passage.. As reported elsewhere (47), selective in vivo passage was carried out with sixteen age 
matchedd Asian rhesus macaques (Macaca mulatto) of one and a half years of age. Passage with 
SIVsmm DeltaB670 was performed by intravenous inoculation, with the first rhesus macaque receiving 
5X1022 infectious doses of cell free virus. The following rhesus macaques (P2 to P6A and P6B) were 
inoculatedd with uncultured cryopreserved peripheral blood mononuclear cells (PBMC) taken at 
thee end stage of disease from the preceding rhesus macaque (Figure 1). Routine clinical biochemistry 
andd haemotological analysis was performed at two week intervals, and following two months, at 
fourr week intervals. The CD4+ T cell changes in concentration were monitored by FACScan (Becton 
Dickinson)) using double labelling with Leu3a and 4B4, as described earlier (47). 

Figuree 1: The survival in months of animals in the serial passage of SIVsm DeItaB670. 
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EnvEnv RT-PCR and Cloning Strategy. Genomic viral RNA was extracted from macaque serum 
usingg silica beads and a chaotropic agent according to the Boom method (9), and used as template 
inn a reverse transcriptase reaction followed by PCR amplification. The 3' PCR primer was also 
usedd to prime the reverse transcriptase reaction, followed by a single PCR reaction. Extraction 
off  the viral RNA from 15 ul volumes of serum was completed by eluting in 10 ul H20 containing 
400 units of RNAsin (Promega, Madison, Wis.). The 10 ul volume of nucleic acids was then divided 
intoo two, and 3.0 ul of 5 x OF (One-Tube (83)) buffer (67mM Tris (pH 8.9), 50mM KC1,6 uM 
EDTA,, 0.1 % Triton X-100, and 05 mM EOT) was added to each aliquot as well as 4 units of Superscript 
II  (Boehringer Mannheim, Germany), 1.5mM Mg2*, 10 mM of mixed deoxynucleoside triphosphates 
(dNTPs)) and 1 ng of 3' primer f5TATAGCGGCCGCCTACTTTGTGCCACGTGTTG(8173» 
withh a final volume of 15 ul. Reagents were assembled at room temperature and incubated at 37°C 
forr 90 minutes. Primers for RT-PCR (Applied Biosystem Inc., The Netherlands) correspond to 
nucleotidess in the env region of SIVsmH4 (44), sequence coordinates are given following the 3' 
base,, underlined nucleotidess represent restriction enzyme sites included to facilitate cloning (5'GC 
GAAGCTTGGGATAATACAGTCACAGAACC (7089)). The 3' primer for PCR being the same 
ass used in the RT reaction. The template for the PCR amplification was composed of 5 ul each 
off  the duplicate RT reactions, 10 ng each of 3' and 5' PCR primer, 10 ul of OT buffer, 25 mM dNTPs, 
1.55 units of Taq polymerase (Peritin Elmer Cetus) and H20 to a final volume of 100 ul. PCR cycling 
consistedd of 1 minute at 95°C, 1 minute at 55°C and 2 minutes at 72°C (repeated 35 times), final 
extensionn was carried out for 10 minutes at 72°C. PCR-amplified products were once again purified 
withh the Boom method (9), eluted and then digested with Notl and Hindlll. Purification on an 0.8% 
agarosee gel followed, and extracted with the Boom method (9), as above. The eluted fragments 
weree ligated overnight into plasmid pSP73 (with an added Notl site between the Kpnl and Sacl 
sitess (Promega, Madison,WIS.) and transformed into E.coli DH5a by electroporation (Cellporator, 
Bethesdaa Research Laboratories, Gaithersburg, Md.). 

Sequencee Analysis. Double-stranded DNA was harvested by Qiagen column, and used for cycle-sequencing 
usingg the ABI PRISM Sequence Reagents (Applied Biosystem Inc., The Netherlands). Sequence 
primerss were the SP6 and T7 standards and four SIVsm env specific designed from SIVsm DeltaB670 
sequencess provided by Chris Contaq (Stanford) and Michel Murphey-Corb (Tulane Regional Primate 
Center).. The primers are 3'svseqV2Vl CAGGAGCAAAGCATAACCTGGCGGTGCAC, 5'svseq 
V2V33 CAGGAGAATCCTGTGACAAGCAT TATTGG, 3'svseq V3V2 CAGGACCTGATTGGG 
TCTCTCATTTATGG,, and 5'svseqV3V4 CAGGAGTCATACCAGTCACCATTATGTCAGG. 
Thee timepoints for sampling by sequencing of serum viral RNA were seroconversion and death. 
Thee sequenced clones were named by passage number (PI to P6A and B) and seroconversion (S) 
orr death (D). The sequences were aligned using CLUSTAL W(41) and adjusted by eye. The proposed 
aminoo acid alignments were translated using MEGA (59). Sequence analyses were performed with 
thee Mac Vector (Kodak) program using windows of hydrophilicity and amphiphilicity of 8 and 
I II  respectively. Secondary structure predictions were produced by the neural network protein secondary 
structuree program PredictProt of the Protein Design Group EMBL using the MSF format of analysis. 

Chemokinee Receptor Usage. The coreceptor usage of the P5 (isolate 8980)) and P5 clone (smF539) 
andd other strains (SIV mac 251, and macBK28) will be published in full (46,66). Briefly, CD4 
transformedd HOS cell lines expressing CCR1, CCR2b, CCR3, CCR4, CCR5, CCR8, CX3CR1, 
CXCR4,, BOB, and Bonzo were used Reported here are only the CCR5, BOB, and Bonzo determinations 
ass the passaged virus used only CCR5 and the comparable strains used CCR5, BOB and Bonzo. 
Thee CD4 HOS cells containing HTV-2 LTR driving green fluorescence protein (GFP) via the CMV 
promotorr driving a hygromycin-resistant construct were grown in DMEM, 10% FCS, 0.5 mg/ml 
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neomycin,, and 100ug/ml hygromycin, with the pBABE-puro introduced coreceptors held under 
lug/mllug/ml puromycin selection. HOS-CD4 coreceptor expressing cells were seeded in wells at 2x10* 
perr well and infected with 0.5 to 800X103 TCID of the stocks with 20ug/ml Polybrene for 2 hours 
att 37°C. Cells were washed, cultured for 48 hours and analysed for GFP fluorescence with FACS 
(46,66).. Shown are only the coreceptors relevant to the SlVsm DeltaB670 strain and only as positive 
orr negative. The coreceptor usage for the PI to P5 viruses did not vary and was exclusively CCR5 
(Tablee 1 (46,66)). 

Tablee 1: Summary of CD4-coreceptor mediated infection assays. HOS-CD4 cells containing the HIV-2 LTR driving g 
GFPP and expressing the indicated pBABE-puro introduced coreceptor were infected with virus stocks and 48 hours 
laterr were analysed for GFP fluorescence with FACS (46,66), data shown are only positive or negative and limited 
too the coreceptors used by the B670 derivatives. The SIV mac239 and smLib-l(18) are also in HOS-CD4 cells and 
SIVV B670CL12 and 3 are in QT6 cells (31). 

Summaryy of Coreceptor Usage of Passaged SIV and 
Relatedd Strains 

Virus s 
Isolate e 

B6700 (PI) 

B6700 CL12 

B6700 CL3 

P5 5 

smF3599 (P5) 

smPBj6 6 

MACC BK28 

MAC251 1 

MAC239 9 

smLib-1 1 

CCR5 5 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

CXCR4 4 

--

--

--

--

--

--

--

--

--

--

BOB B 

--

--

--

--

--

nt t 

+ + 

+ + 

+ + 

+ + 

BONZO O 

--

--

--

--

--

nt t 

+ + 

+ + 

+ + 

+ + 

*I ss infectious for MO but not productive (46). 

Diseasee Characteristics. The passage of SIVsm DeltaB670 in juvenile rhesus monkeys resulted 
inn the decrease of the asymptomatic period from eighteen months to one and two months, by the 
fifthfifth  and sixth passage respectively (Figure 1 (47)). Disease development was characterised by 
rapidd loss of CD4+ T cells persistent and persistently high level plasma viremia. A marked reduction 
off  the asymptomatic period occurs within three consecutive passages, dropping to weeks after P2. 
Thee P3 inoculum resulted in the decrease of the asymptomatic period to weeks, and the increase 
off  the p27 concentration to more than 25 nanograms per millilitr e within two weeks. The increasing 
virulencee peaks at P4, showing a radically aggressive progression with almost one hundred nanogram 
perr millilitr e concentrations of p27 and progression to AIDS within one month. Further passage 
off  the virus did not result in any increased gains in virulence. The P6A and P6B animals progressed 
too AIDS witiii n two months with rapid CD4+ T celt loss and high persistent plasma antigenemia 
levelss (47). 
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Results: : 

Thee env was sequenced from multiple clones at seroconversion and death in each rhesus macaque 
(Macaca(Macaca mulatto), after the initial inoculation and passage of SIVsm DeltaB670. The pattern of 
envenv mutation and fixation was found to occur as a stepwise selection during adaptation of a number 
off  variations found in the heterogenous primary inoculum, but also included changes not found 
earlierr (Figure 2). The variable (V) domains contained the majority of the substitutions, although 
thee constant (C) domains contained fixed and spontaneous mutations as well. The VI and V4 were 
foundd to be the most variable of the env domains with accompanying mutations in the V2 and V3 
ass well as the constant regions. Glycosylation is reported to play a role in infection (1,7,15,51,55,71,73) 
becausee of it's effect on conformation, and on pathogenesis by means of epitope masking (10,15,50). 
However,, no alterations in this regard were observed in the sites contained in the env regionn sequenced 
Neitherr the charge of the predicted translation products or the secondary structure changed. The 
sequencee variations were compared to sequences from the published literature on experimental 
infectionss and similarities were found in the specific sites with fixations and sporadic mutations. 

Thee major sequence variation occurred in the first (VI) and fourth variable region (V4), as is common 
too SIV infection in non-human primates (4,10,12-14,20,23,35,43,55,56,68,71,73,74,76,77,87,88). 
Alterationss were also seen to occur in the other env regions sequenced, including the constant domains. 
Alll  fifty clones sequenced were found to be unique, but mere were predominantly founder derived 
(earlyy passage or PI) substitutions (Figure 2) selected and fixed during passage. The env substitutions 
seenn were traceable to the multiple alignments produced by sequential isolate sequencing from 
thee published literature of experimental infection of Asian monkeys with the most commonly used 
strainss of SIV (see Table 2 for references as to relations). There was one stop codon introduced 
presumablyy by a Taq or a reverse transcriptase error and a deletion C terminal to the V4 region 
inn one clone (PI-6). 

Thee selection of amino acid substitutions found within the heterogenous PI sequences is scattered 
throughoutt the env regions sequenced. There were fourteen sites of recurrent substitutions where 
thee mutation selected later in the passage could also be found as one of the many variations seen 
inn the heterogenous PI sequence population (Figure 2). Eleven of these were sites of charged amino 
acidss and two were substitutions between aliphatic amino acids. The PFK motif (amino acids 93-95) 
off  the CI is seen in the majority sequence of PI sequences and is found again in the P6 sequences, 
butt not elsewhere in between. The D150N motif is found in half the PI clones and then reappears 
inn a minority of the P2 and further sequences. The E188K is present in one PI sequence and then 
dominantt after P3S. This charge changing is also seen in SMM9,H4 and PBj 14, although for E188R 
Selectedd from the PI sequences were G202E, I223V, L327V G355E, K358R, K381E, T423KJ 
andd R, K432,433N or R, and lastly E437Q, R439K. 

Figuree 2: Alignment of the predicted translation products of the SIVsm DeltaB670 envelope sequences VI to V4 
off  clones from the viral RNA in the serum of the serially infected rhesus monkeys. The amino acid sequence of the 
passagee clones are compared in order with a consensus sequence, SIVsmm9, SIVsmH4 and SIVsmPBj 14. Amino 
acidd substitutions are indicated, similarity by a dash, a dot indicates a gap introduced to maximize alignment, and 
ann asterisk indicates an in-frame stop codon. The cysteine loops contained within this envelope fragment are indicated 
beloww the alignment by dashed lines and labelled by the variable regions contained within them. Numbering is from 
thee beginning of the gpl20 envelope protein. 
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Thee variation in the VI loop produced no extra N-linked glycosylation sites although there were 
threee PI clones with sites additional to those in the prevailing PI sequences (PI-5,6 and 10) that 
weree not seen in later clones. No additional glycosylation sites were seen in the adapted sequences 
ass found in other experimental infections (16,73,74). Most variation in the VI was Ala to Thr (eg. 
A135T)) or the reverse with selection for the stable Pro (P135) in the tip of the VI loop. The variation 
inn the VI region is seemingly strain or host dependent as there was little in common between the 
sortss of variants (Table 2). The passage VI substitutions being mostly A,TJ\Q or S single substitutions 
withinn the serine-threonine rich region, with no obvious pattern except for the absence of glycosylation 
sitee alterations. The only alteration seen in the passage being the N164S mutation in clone P6B-4 
whichh shifts a NXT site to a NXS site one amino acid further. No pattern was seen in the variation 
off  charged sites with substitutions seen between positive, negative and neutral amino acids. The 
T134II  substitution seen in the later passages is found commonly in SIV SMH4 clones (43) and 
althoughh not fixed in all clones alterations in this site may involve O-linked glycosylation variations 
(15). . 

Thee V2 region variations were more limited with charged amino acids being substituted for like-charged 
aminoo acids (such as R187K), with the same exchange seen in SIVMne infection (74). The R197T 
mutationn removes a charge that exists in SIVsmH4 but not in the other strains. The eleven amino 
acidd V2 accessory loop is highly variable with most variations being size conservative. The D198G 
iss found in some SIVmac239 clones (6/16 (61)). Variation in the V2 region consisted of four amino 
acidd changes, two of which were variations away from charged amino acids (R-T and E-G). Half 
off  the variation was found in the small "accessory" loop of the V2 consisting of only ten amino 
acidss (amino acids 201-214). 

Thee C2 region was the most stable domain having only four amino acid changes in the P6B sequences 
(I223V),, as seen in the other SIVsm strains. The I-V or V-I variation was seen three times in the 
passagee (C-terminal to the V2 region, mid in the V3 loop and in the CD4 binding region) and is 
aa conservation of aliphatic amino acids. The 1223 V substitution is seen in four of the five P6B clones, 
producingg the motif NTSIVQ. All other SIVs have the motif NTS VIQ with no variation of the 
glycosylationn site or of the V or I to give the NTSIIQ seen in the other fifteen clones or the P6B 
clones.. Situated between two disulphide bonds eight amino acids apart containing an N-linked 
glycosylationn site there is possibly a constraint for aliphatic amino acids as no change in flexibility 
orr antigenicity was seen. The two T294S substitutions shift an N-linked glycosylation site one amino 
acid. . 

Variationn in the V3 loop was minimal compared with that in HIV-1 infections and consisted of 
onee site with four G323A changes, both being tiny hydrophobic amino acids. The L327V mutation 
iss a mix of all three aliphatic amino acids, found to be important at the tip of the SIV V3 as well 
ass in HIV-2 (57).This selection and fixation occurs concomitantly with thee persistent antigenemia 
seenn in these later infections, variation in the V3 of quickly progressing monkeys was also found 
inn SIVsmH4 infection (43), but not at the same site. The variation at this site was not found elsewhere 
withh other strains having a conserved L at this site except for one SIVmac239 clone having a V 
att this site (1/16 (12)). The single change in the V3 domain is one of the three I-V selections in 
thee P6 clones but two clones were also found to encode a Lys (L) at the same position but also 
beingg aliphatic. The post-V3 K358R selected in almost all clones mimics that variation seen in 
envenv clones from the brain of a SIVsniF236-infected macaque (13). The unchanged predicted structure 
forr the V3 loop (between early and late passage virus), although more hydrophobic, was similar 
too the sheet-tum-sheet form of the HTV-1 V3 (40,60), and supported by the similarities and conserved 
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elementss in the V3 sequences of HIV and SIV (49). 

Thee start of the C3 region is a site of variation common between SIV and HTV-1 strains (67) and 
alsoo during the passage. The G355E being in die PI clones is also selected in SIVsmH4 and SIVsm/F236 
infectionss (13,43), but arguably not important in adaptation. The S357N mutation is the opposite 
off  that seen in SIVsmH4 infection (13) where the N was selected with 1/25 reverting to the S. The 
K358RR variation was not found elsewhere but the opposite charge effect was seen (K-E) in the 
SIVsmH44 and the SIVmac239 infections (12,43). 

Thee V4 region is variable in the same manner as the VI region, in mat no discernible pattern can 
bee found in the various strains. The SIVMne infections predominate with NXT or NXS shifts (14,73,74) 
butt there are no variations as such within the passage or other strains. The V4 region of the P6 sequences 
iss more hydrophilic due to the T423K and the R421K substitutions although no other changes were 
predictedd and the changes seen in the smH4 sequences is a general tendency toward positively charged 
aminoo acids while the mac variations were neutral. The T423K substitution is found in the SIVSMM9 
envenv as an invariant position (37). The passage P6 sequences all increased in charge by two in the 
P6AA clones whereas the P6B clones increased by one due to the Q432E mutation. The C4 which 
containss the CD4 binding regionn had one variation in the passage sequences with the V450I substitution 
selectedd in all ten P6 clones and is the norm in this region of all SIV strains and is invariant. 

Tissuee dependent changes found in the VI region glycosylation sites in smH4 infections were not 
encounteredd (13,43). Adding or deleting trios of T and S rich motifs and with the loss or gain of 
NXTT or NXS glycosylation sites as seen in most SIVMne infections (14,73) differ in character 
fromm those in mac 142,239,251 and Bk28 infections (4,11,12,20), and also to those in our passage 
study.. The only VI glycosylation alteration was at A128T in three PI sequences. This change is 
onlyy found in sequences with an added proline (L93P), charge reversing E95K, and further only 
withh in clones with the "AAP" motif of SIVB670-CL6 (Figure 2 (3)). Another site of additional 
glycosylationn is the N163S of P6B-4, which is also found at this site in SIVsmH4. In the V2 accessory 
loopp a site is created, N208S, also seen in SIVsmH4 and SIVPbj 14, and seen in minority in PI, 
P3DD and P4D. In the tip of the V4 (N426T/S) a glycosylation site is found in minority in the PI, 
P3D,, and P4D sequences (common to SIVSMM9 and SIVPbj 14 as well). Although not selected 
forr during passage and adaptation, it is of note that these seemingly extraneous substitutions sites 
aree only found in the death samples, and not during seroconversion samples. The T134I found in 
cloness after P3S is similar to the O-linked glycosylation sites found in SIVMne infections and proven 
too play a role in antibody neutralization (15,53). 

Tablee 2: The variations seen in the passage sequences were compared to those seen in other experimental infections. 
Listedd are die common variations or variations in similar motifs in the various SIV strains the numbering corresponds 
too that of B670 or smH4 although variation between strains is one to four amino acids in length at most. 
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Mutatio n n 

L93P P 

E95K K 

K120R R 

T134I I 

T133.135& & 
136A A 

T140R R 

K187R R 

T197R R 

S204N N 

N205T T 

G207E E 

I223V V 

G322A A 

L327I.V V 

S333P P 

N347K K 

G354E E 

S356N N 

K358R R 

K381E E 

G391R R 

T423K K 

K433R.N N 

E437K,Q Q 

V450I I 

Regionn of 
Mutatio n n 

CI I 

CI I 

VI I 

VI I 

VI I 

VI I 

V2 2 

V2 2 

V2 2 

V2 2 

V2 2 

C2 2 

V3 3 

V3 3 

V3 3 

V3 3 

C3 3 

C3 3 

C3 3 

C3 3 

C3 3 

V4 4 

V4 4 

V4 4 

V4 4 

SIVV  Passage 
Strain n 

SMH4 4 

SMH4 4 

SMH4, , 
MAC142.239&25 5 
1 1 
MNE E 

SM/F236 6 

SMH4,, F236& 
MNE E 

MAC239 9 

MNEE & MAC239 

MNE& & 
MAC239A-T T 

MACC 142,239,251 

SMH4 4 

SMH44 E-K 

4/55 P6B 

MAC2391/166 L-V 

MNE E 

39/50 0 

SMH4 4 
MAC(all) ) 
MACBK28, , 
MNE E 

SMH4 4 
MAC(all) ) 
MNE E 

SMF236 6 

all l 

MAC239 9 

SMM9 9 

SMH4 4 

SMH4 4 

all l 

Referencee Number 

(43) ) 

(43) ) 

(43) ) 
(20) ) 
(73) ) 

(13,43) ) 

(13,43,73) ) 
(14,74) ) 

(4) ) 

(12,54,74) ) 

(74) ) 
(12) ) 

(20) ) 
(11) ) 

(43) ) 

(43) ) 

(12) ) 

(74) ) 

((34JK-R) ) 

(43) ) 
(4,11,12) ) 
(11,20) ) 
(74) ) 

(11-13,20) ) 
(11,20) ) 
(74) ) 

(13) ) 

(34,68) ) 

(37) ) 

(43) ) 

(43) ) 

Comments s 

seenn in all SlVsm 

seenn in all SIVsm 

3/99 clones 
alwayss K 
alwayss R 
PBMCss only 

rhesuss and nemestrina 

nott seen in SIVmac 

neurotropic c 

14/188 clones in MNE, 1/16 MAC239 

5/188 MNE 
4/166 MAC239 

alwayss S 
alwayss N 

NN in others 

GG in all others 

alll  others V 

alll  others G 

alll  others V 

alll  others K 

1/111 G-E 
allG G 
allG G 
alll  E 

24/255 S-N 
K-N N 
N N 

16/54 4 

K-R R 

linkedd to macrophage tropism 

invariantt in SMM9 

P-RR 6/11 
P-KK 1/11 

K-RR 5/11 

alll  I 
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Thee P6 sequences contain a relatively low level of intrasample variation as compared to the earlier 
sequences,, although the P6 isolates are more virulent (Figure 2 and Table 2). The loss of immune 
controll  may explain the more homogenous, less variable P6 sequences as these animals do not 
seroconvertt and develop no measurable immune response as is seen in SIVsmPBj 14 infection of 
pig-tailedd macaques (71,82). The changes in variable regions as reported in various experimental 
infectionss (4,11-14,20,43,68,73,74) related to the antigenicity or natural history are clearly ordered; 
V1>V4>V3>V22 (Figure 1). The variation seen in the C3 region just C-terminal to the V3 loop 
iss the exception with the C3 being more variable than the V3 region, although the C3 constant domain 
iss sometimes more variable than the V3 variable domain in HIV-1 infection (67). The C2 region 
iss stable in all of the sequences. The four amino acid substitutions possibly linked to increased 
virulencee are T134I, L327V, K358R, and T423K. 

Alignmentt of the VI variable domain sequences with SIVsm DeltaB670 sequences found to be 
cruciall  to transplacental transmission, macrophage tropism (M<J>) and T cell tropism (3,30) and 
CCR55 coreceptor usage (30,31) showed that four main variants of virus (Figure 2, B670CL3a,b, 
andd CL12a,b) found in the primary inoculum were also present up to P3D, and only one following 
thatt passage. This is likely due to a selective bottleneck event during transmission (Figure 1, and 
2).. The study of infection of pregnant monkeys and genotypic analysis of the viruses transmitted 
too offspring allowed Amadee et. al. to show genotypic selection and transmission of macrophage 
tropicc viruses (M<|> (3)). The motifs found in the VI of the most transmissible M<j> virus (B670-CL12 
(cloness L45 and L30 used as examples (64))) were die same motifs selected during this passage. 
Thee M<(> virus marker sequences were found to increase from the PI passage to a majority of the 
cloness sequenced after the second passage (P2D to P6A and P6B, Figure 2). The other viruses seen 
inn the PI sequences were the T cell tropic B670-CL3 (clones B4 and B7), and three B670-CL6 
sequences,, although not seen again in the later passages where the heterogeneity of the quasispecies 
decreasedd as the virulence increased. The T cell tropic motifs of the SIVsm DeltaB670 variants 
foundd in infected rhesus and human PBMCs respectively (3,64), were not seen after PI (Figure 
2).. The positive to negatively charged change of "GR" for "ET", "VT" , and "EE" is in a hotspot 
off  variation in the VI during passage (Figure 2, fourth shaded column of amino acids). The B670-CL4 
sequencee not sampled earlier in the passage, but present in the primary inoculum, are found again 
inn the P3S and P3D sequences (P3S-3, P3D-1&3), a sampling result also seen (3) to occur in mixed 
viruss inoculations and multiple timepoint sequencing during infection. The predominating VI sequence 
iss the macrophage tropic one (AA-T-TTA-GRAD-Q, as seen in the shadowed columns of the alignment 
inn Figure 2 (64)). A majority of the fifty clones sequenced contain the GRAD motif, with seven 
off  the clones after P2S being exactly the same in all positions as B670CL12. 

Figuree 3: Alignment of the predicted translation products of the SIVsm DeltaB670 envelope VI domain of clones 
fromfrom the viral RNA in serum of the serially infected rhesus monkeys, and three SIVsm DeltaB670 clones known to 
havee specific tropisms and transmission characteristics (3). The predicted amino acid sequences of the passage clones 
aree aligned in comparison to clone B670C-L12A and B ( macrophage tropic, CCR5 dependent (31) and most frequently 
transmittedd transplacentally), B670CL-4 (source of RNVEA motif seen in P3S and P3D), B670CL-6 (source of AAP 
motiff  seen in PI), and B670CL-3A and B (T-cell tropic and CCR5 dependent (31)). Amino acid substitutions are 
indicatedd using the one letter code and similarity to B670CL12A by a dash. 
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SIVV B670 and Passage Sequence Env VI Amino Acid Alignment 

B670CL12a a 
B670CL12b b 
B670CL4 B670CL4 
B670CL6 6 
B670CL3a a 
B670CL3b b 
SIVSMM9 9 
SIVH4ENV V 
PBJ14 4 
PII  1 
PII  2 
PII  3 
PII  4 
PII  5 
PII  6 
PII  7 
PII  8 
PII  9 
PII  1 0 
P2S S 
P2S S 
P2S S 
P2S S 
P2S S 
P2D D 
P2D D 
P2D D 
P2D D 
P2D D 
P3S S 
P3S S 
P3S S 
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P3S S 
P3D D 
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P4S S 
P4S S 
P4S S 
P4S S 
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P6A A 
P6A A 
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P6A A 
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3 3 
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1 1 
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3 3 
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2 2 
3 3 
4 4 
5 5 
1 1 
2 2 
3 3 
4 4 
5 5 
1 1 
2 2 
3 3 
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3 3 
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3 3 
4 4 
5 5 

WGLTGNAATTTTTTTTASTTTT •  P  •  •  KGRADWNETSSCVKNNNCTGLEQEP )  Mf 

R-VEA—— K---— V AD .  .  '~— 
T-—A--AAP—RR VT- N -- -

-VP--
hzi hzi 

-ET. NN P -
-ET. NN P -

D--P—-Q-S-.TPP SS .  II- K DSDP-IR S -  — 
_ G —— -A I  — .  TA-P S .  --.VAEN-I--SNP- I  S- A 

TP-P—-QQ TQAS-T-TSPItf- K DSDP-I- I 

- P —— A—A-T-KG--A -
- T — A — A A P - -R R 
-T—-A--AAP—R R 
-V-P-P—-A.T-S-T. " " 
-P—---V--P ,,  .  .- I  — . 

AA-V-.—AA-- --
-T—-A--AAP—R R 

-VT-N --
-VT-N --
-VT-N --
-- E E 

-VT-N --

-—H--
— H--
--  — H-

-AE--

R—EAA TA S — T -

-R-VEA—-----T- ..  .  .- .  E E 
— - rr  — - - 1 -AT .  — .  E E 
-R-VEA —— ----- T — 

-I --

—I-A- T T 
---I-A . . 

A-- TT TEK -
A-- TT T -  — 

-EE--

-I --
-AA TA -

**  — »-I-A .  . -

N--

—— E — • 

--K TT — 

N--

52 2 



Discussion:: Alignment of the env VI variation during passage shows the presence early in the 
passagee of clones similar to the B670-CL3A, 3B (T cell tropic, CCR5 dependent (331)), B670-CL4, 
andd B670-CL6 sequences (Figure 2) present in the SlVsm DeltaB670 quasispecies. Later passages 
havee more homology to the M<|> B670-CL12 (CCR5 dependent (31)) sequences. The homologies 
off  the selected sequences and coreceptor usage of the virus provide evidence for the tropism of 
thee viruses, in relation to the variation observed The passage in rhesus macaques showed the quasispecies 
heterogeneityy decreased with the acquisition of increasing virulence and the predominant virus 
wass tneM<|> or R5(CCR5 coreceptor) tropic vir^ 
transmissionn (3,89). 

Thee characterization of some of the coreceptors used by HIV-2 and SIV (27) has shown that coreceptor 
usagee of the M<|> and T cell tropic strains of these viruses (19,26,30,31,84) can differ during the 
stagess of infection, but that it is not a requirement for progression to AIDS (26). The change in 
coreceptorr usage from M<|> to T cell tropic in HIV-1 infections is known to coincide with a switch 
inn coreceptor usage (22,75). The coreceptors involved in HTV-1 infection being CCR5 and CCR3 
forr the macrophage dependent (R5) variants and CXCR4 for T cell infecting viruses (X4) and R5X4 
whichh have dual tropism. Concomitant to the switch from the M«j> tropic R5, and repopulation of 
thee quasispecies with T cell X4, R5X4 variants, is the loss of CD4+ cellss and phenotypic transition 
fromm non-syncytium inducing to syncytium inducing (NSI to SI (22,75)). The close relation of 
HIV-22 and SlVsm is shown by their high env sequence homology (up to 60 %), although differences 
havee been found in the utilization of CXCR4 (27). The broadening or multi-usage of coreceptors 
mayy be a correlate of disease progression in HIV-2 (75). The tropism switch, phenotype alteration, 
andd loss of CD4+ cells occurs in HIV-1,2 and some SIV infections (not including asymptomatic 
infectionn of Chimpanzees or African green monkeys). However of the SIVs evaluated so far all 
exceptt SrVcpz use CCR5 (22,27,78,84). T cell tropic HIV-2 uses CXCR4 and not CCR5 (which 
aree both utilized by T cell tropic HIV-1 (84)). The pattern of SIV coreceptor use also differs in 
usingg CCR5, Bonzo and BOB (27) for macrophage and T cell tropic viruses alike (30). Oddly, 
inn this study the T cell tropic B670-CL3 CCR5 dependent genotypes are found only in the early 
samples.. This does not mimic the phenotype switching seen in HIV-1 infections sometimes found 
duringg progression to AIDS in humans (22,78), but agrees with the finding of disease progression 
inn the absence of SI viruses and without the associated broadening of the coreceptor repertoire 
(26).. The lack of T cell tropic sequences in P6 may be due to the very short progression times after 
P4,, and thus the of time and/or selection pressure to cause phenotype switching to exclusive T cell 
tropicc variants. 

Thee total env protein molecular weight is made up of 64% amino acid chain and the remaining 
36%% composed of N and 0-linked grycosylation. Glycosylation sites play an important role in modulating 
humorall  immune responses against envelope antigens. They may act to totally dissipate Ab binding 
afterr carbohydrate removal (1) and the alteration of these sites should be an effective method of 
immunee evasion (11,20,39,49). In SIVMne infection the predominant variation was seen to be the 
addhkivftdetion/sliifangg of the NXT/S N-linked grycosylation sites in foe VI and V4 regions (14,15,53,73,91). 
Thee HTV-1 env is O-linked glycosylated and predicted to have eight O-linked glycosylated sites 
perr gpl60 by molecular weight (7). O-linked grycosylation sites are known to be rich in serine 
andd threonine although the actual sequence needed is elusive. The changes seen in thee VI in the 
chainn of threonines (notably the T134I substitution) could be alterations in the location and amount 
off  O-linked grycosylation, as the role in antibody recognition or evasion played by O-linked glycosylation 
hass been shown (15). There was littl e or no alteration of the N-linked glycosylation sites in the 

53 3 



VII  or the V4 of the P3 or later sequences as compared to those of the PI, P2, or P3 isolates. There 
aree undoubtedly varying roles played by glycosylation in the various strains during infection, but 
itt is unexpected that so littl e or no difference be found between the PI and P6 clones in relation 
too the increased virulence. Due to the rapid progression of the infections after the first passages, 
thee time needed for seroconversion (three to four weeks) was not reached. The mutations seen in 
thiss passage experiment were found to exist to some degree in all of the commonly used strains 
(4,11-14,35,43,68,73,74).. Amino acid substitutions common to the present passage experiment 
andd other experimental infections suggests that limited variation is permitted after a state of optimal 
fitnesss is reached (53). The similarities in the variable motifs within the common variable regions 
aree to an extent similar within thesee infections. Most of die selected mutations were charge altering 
(positivee to negative, negative to positive or charged to uncharged) making up the majority of the 
changess while composing only 15% of the amino acids (K, R and E). That charged amino acids 
commonlyy found exposed at the surface of the envelope could be the cause of the over-representation 
off  these three amino acids in the variation during passage. 

Thee antigenic area found to produce the most efficiently binding antibodies was referred to as the 
principall  neutralizing domain (PND). The PND of SIV differs from that of HTV-1 and 2 is conformational 
andd localised between the C2 and the C-terminus of the Env protein (48,50). The mutations seen 
heree could be descriptive of a viral Env protein with an even less immunogenic tertiary structure 
soo as to evade the humoral immune response lagging during the initial post-infection viremic stage. 
Thee decreased heterogeneity in the P3, P4 and P6 sequences gives support to the notion of driving 
virall  variation by selection for variants present in the host (63,72). The need for a stable V3 loop 
inn the conformational folding of the SrVsm Env may be why there are no linear-V3 peptide binding 
Abss in SIV infection as opposed to those seen in HIV-1 infection (50). If the V3 must remain in 
conformation,, it could be that minute variations provided by the C3 variations are sufficient to 
alloww correct orientation of the V3 loop in its function and structure. 

Threee studies have shown the importance of the SIVsm V3 in tropism and pathogenicity (43,57), 
andd of CCR5 usage (30). The first change shown in the V3 loop (H342P) allowed the infection 
off  PBMCs and macrophages in culture (43). The assumption in this latter study was that variation 
att this V3 residue, in addition to downstream substitutions, affected cell tropism of SIVsm and 
thuss indirectly had an effect on virulence. In our passage experiment the P6 clones were found 
nott to possess this mutation although the disease characteristics were the same. This proline is present 
inn the B670 isolates and was found to be stable in the passage sequences throughout this study. 
Althoughh a similar G to R substitution, as seen in the passage, was found to be necessary for the 
macrophagee tropism of SIVmac239 (68), the V3 substitution here is just 3' of the loop (K358R), 
thirtyy residues away. The exact same G391R substitution is found in one P4D and two P6A sequences. 
Thee V3 and C3 changes seen (L327V and K358R) selected during passage may have effects upon 
alteredd coreceptor usage, or possibly even CTL epitopes. Reduced replication in macrophages, 
wass shown to be the result of two substitutions in the V3 and these produced a virus that used CCR5 
inn a more T-tropic manner (30,57,58). Variations found in the V3 were shown to alter the region 
off  CCR5 used with dependence on the second extracellular loop as do T tropic strains (30,57). 
Thee V4 mutation T423K varies between SIV SMM9 (K), H4 (Q), and PBJ14 (I) with the T423I 
foundd in some passage clones as well as in PBJ14, what role this mutation plays in the infection 
hass not been studied. 

Duringg passage the virulencee of this uncloned strain increased markedly. Thee "differential utilization" 
off  M<|) and T tropic SfV strains of CCR5 may explain the ability of two separate B670 clones (CL3 
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andd CL12, or PI versus P4) to have different env sequences and yet both utilize the same coreceptor 
exclusivelyy (31). The selection during passage of a CCR5 dependent M<|> tropic strain has been 
shownn to be important in pathogenesis (45,86). Although the env variation found during passage 
mayy not lead to alterations in coreceptor usage, it may be involved in increased affinity for CCR5 
orr for the adaptation to receptors/coreceptors not yet known. The data presented support the concept 
thatt alterations in coreceptor repertoire are not important in AIDS pathogenesis caused by virulent 
strainss of SIV. There were neither selected changes in glycosylation, nor charge. Detailed comparison 
off  these changes within the passage revealed the commonality of these selected amino acid substitutions 
withh the published literature, suggestive of a shared rule of env variation, probably under the biochemical 
constraintss of tertiary structure and function. Selection and fixation of amino acid substitutions 
foundd in the heterogenous uncloned primary inoculum SIVsm DeltaB670 happened simultaneously 
withh the development of increased virulence. The four substitutions selected occurred in the VI , 
V3,, C3, and V4 (T134I, L327V, K358R, and T423K), and were all found to be minority substitutions 
acquiredd from SIVsm DeltaB670. These substitutions selected may together or in part be involved 
orr associated with increased virulence. 
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Durin gg six blood passages of simian immunodeficiency viru s SIVsm in rhesus macaques, the asymptomatic 
periodd shortened from 18 months to 1 month. To study SIVsm envelope gene (env) evolution durin g passage 
inn rhesus macaques, the CI  to CD4 binding regions of multipl e clones were sequenced at seroconversion and 
againn at death. The env variation found durin g adaptation was almost completely confined to the variable 
regions.. Intrasample sequence variation among clones at seroconversion was lower  than the variation among 
cloness at death. Intrasample variation among clones from a single time point as well as intersample variation 
decreasedd durin g the passage. In the variable regions, the mean number  of intrasample nonsynonymous 
nucleotidee substitutions decreased from the first passage (5.26 x 10~2  0.6 x 10~z per  site) to the fifth 
passagee (244 x 10~*  0.4 x 1 0- 3 per  site), whereas in the constant regions, the mean number  of intrasample 
nonsynonymouss nucleotide substitutions differed less between the first  and fifth  passages (1.14 x 10_ 1

0.277 X 1 0- 1 and 0.80 x 10"2  044 x 10~2 per  site). Shortening of the asymptomatic period coincided with 
aa rise in the Ks/Ka rati o (rati o between the number  of synonymous [Ks] and the number  of nonsynonymous 
[Ka][Ka]  substitutions) from 1.080 in passage one to 1.428 in passage five and mimicked the difference seen in the 
intrahostt  evolution between asymptomatic and fast-progressing individual s infected with human immunode-
ficiencyficiency viru s type 1. The distributio n of nonsynonymous substitutions was biphasic, with most of the adap-
tationn of env variable regions occurring in the first  three passages. This phase, in which the symptom-free 
periodd fell to 4 months, was followed by a plateau phase of apparently reduced adaptation. Analysis of codon 
usagee revealed decreased codon redundancy in the variable regions. Overall, the results suggested a biphasic 
patternn of adaptation and evolution, with extremely rapid selection in the first  three passages followed by an 
equilibriu mm or  stabilization of the variation between env clones at different time points in passages four  to six. 

Thee discovery of lymphomas in macaques previously housed 
withh sooty mangabeys or  Africa n green monkeys (7,16,18,22) 
ledd to the isolation of the first simian immunodeficiency virus 
(SIV)) isolates and characterization of the wasting diseases that 
theyy caused in macaques. Later, it was found that African feral 
monkeyss were commonly SIV infected (22%) (14, 24, 30) and 
thatt  SIV infection was endemic in sooty mangabeys housed at 
somee centers. At the Tulane Regional Primate Research Cen-
ter,, tissue-derived inoculum from a sooty mangabey was used 
too inoculate several macaques intravenously; one died of a 
wastingg syndrome 18 months later  (rhesus macaque B670) (7). 
Thee transmission of this mangabey virus (SIVsm) to Asian 
macaquess resulted in an infection characterized by a loss of 
CD4++ T cells, persistent serum antigenemia, and trapping of 
virion ss in the follicular  dendriti c cell foot processes (6), all 
hallmark ss of human immunodeficiency viru s (HIV ) infections. 

Studiess with molecular  clones have shown that single nucle-
otidee substitutions in env of HI V and SIV can cause changes in 
thee biological phenotype, neutralizing antibody escape, and 
growthh kinetics (1, 15, 25). The env nucleotide substitutions 
seenn durin g HI V infection are concentrated in the variable 
regions.. The predominance of nonsynonymous over  synony-
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mouss substitutions is believed to be due to immune pressure 
(5,, 11) on various viral proteins as well as on env. During 
cross-speciess transmission of a lentivirus, adaptation occurs for 
accommodationn to the newly encountered nonhost environ-
ment.. This process allows the viral proteins needed in the 
infectivee processes to adapt to the cellular  composition of the 
neww host. 

Thee sequencing of multipl e env clones at a particular  time 
pointt  in infection gives an approximation of the quasispecies 
presentt  in the blood at that time. A comparison of the variation 
withi nn these sequences gives an idea of the relative intrasample 
variationn taking place at that time in the gene sequenced (env). 
Ann inverse correlation between viru s variation and length of 
thee immunocompetent period has been shown for  asymptom-
aticc carriers of HI V and for  individual s progressing to AID S 
(31).. Progression to AID S following HTV infection is known to 
bee load dependent, with the more rapidly replicating and syn-
cytium-inducingg phenotypes being the most efficient in the 
pathwayy of events leading to immunodeficiency (26, 39). 

Too study the relationship between viral variation and 
lengthh of the asymptomatic period, we passaged SIVsm in 
Asiann macaques. The cross-species transmission was carried 
outt  with the Delta B670 SIV strain (7) as the primar y inoculum 
followedd by four  serial intravenous inoculations with periph-
erall  blood mononuclear  cells (PBMC) taken from animals at 
thee symptomatic stage of infection. The viral quasispecies pres-
entt  in the monkeys at seroconversion and death were sampled, 
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andd multiple env clones were sequenced. We report here on 
thee shortening of the asymptomatic period from 18 months to 
aa few weeks and the concomitant reduction of intrasample and 
intersamplee variations. Finally, we observed that the rate of 
nonsynonymouss nucleotide substitutions during env adaptation 
off  SIVsm in rhesus macaques was variable and that the 
changess seen occurred almost entirely in the env variable re-
gions,, where limited codon usage was found. 

MATERIALSS AND METHODS 

Vims.. The Delta B670 SIV strain (3, 6, 7, 9, 31a, 33, 41) is an SIV originally 
foundd in a sooty mangabey presenting with a cutaneous lepromatous lesion. 
Whenn tissue from this animal was used to infect rhesus macaques, it closely 
reproducedd AIDS in humans (33). The virus inoculum was proven to be free of 
typee D retrovirus, which can cause such symptoms as well (28). 

Passage.. A full history of the passage is currently being prepared (unpublished 
data).. Briefly, six Asian rhesus macaques, all 2 years of age, were used for the 
purposee of experimental infection with an SIVsm strain. The first virus sampled 
(PI)) was the Delta B670 SIV stock from the macaque inoculated with the sooty 
mangabeyy virus (33). The second monkey (P2) was infected intravenously with 
55 X 102 infectious doses of the Delta B670 SIV strain. The monkeys then were 
intravenouslyy inoculated in a serial fashion with 2 x 106 PBMC taken at the 
symptomaticc stage. Passage five symptomatic-stage PBMC were used to infect 
twoo monkeys (passages six A and six B). The time to death postinfection (tdpi) 
andd moment of sampling (ms) for the animals were as follows: PI—tdpi, 18 
months,, and ms, 18 months; P2—tdpi, 12 months, and ms, 3 and 7 months; 
P3—tdpi,, 9 months, and ms, 2 and 4.1 months; P4—tdpi, 4 months, and ms, 1 and 
1.88 months; P5—tdpi, 2 months, and ms, not done, as no sample was available; 
P6A—tdpi,, 2 months, and ms, 2 months; and P6B—tdpi, 2 months, and ms, 2 
months.. Animals were euthanatized upon evidence of undue suffering. PBMC 
usedd for serial passages were not cultured or cocultivated. 

RNAA isolation and RT-PCR. Viral RNA was harvested with silica in the 
presencee of a chaotropic agent (10) from the sera of experimentally infected 
Asiann macaques and was used as a template in a reverse transcriptase (RT) PCR 
(RT-PCR).. Viral RNA was isolated from 20-yJ volumes of sera, resuspended in 
200 u.1 of RNasin-containing H20 (1 U/u.1), and used in an RT reaction consisting 
off  a mixture of 5 u,! of viral RNA 250 u-M each deoxynucleoside triphosphate 
(dNTP),, 2 ng of 3' RT-PCR primer (SIV4Notl: TTATATGCGGCCGCCTAC 
TTTGTGCCACGTGTTG)) per u.1,2.5 mM Mg2+, 1 U of RNasin (Promega) per 
u.1,, 10 U of Super Script I (Gibco-BRL), and 1 x reaction buffer (37) in a 20-u.l 
volume.. The components were assembled at 37°C and incubated at that temper-
aturee for 90 min. The PCR mixture consisted of 250 u.M each dNTP, 2 ng of 3' 
andd 5' (SIV1HIII : GTAGACAAGCTTGGGATAATACAGTCACAGAAC) 
PCRR primers per u.1, 1 x reaction buffer, 2.25 mM Mg2+, and 1.5 U of Taq poly-
merasee (Perkin-Elmer Cetus) in a final volume of 100 u.1 including 5 u.1 of RT 
reactionn mixture. The PCR mixture was overlaid with paraffin and heated to 95°C 
forr 5 min followed by 35 cycles of 1 min at 95°C, 1 min at 55°C followed by 1 min 
att 72°C, and finally 10 min at 72°C in a Perkin-Elmer Cetus DNA Thermocycler. 
RTT reactions and PCRs were carried out in duplicate for each sample to prevent 
misprintingg and to preserve the fidelity of the virus genotypes sampled. 

Sampless were combined after PCR and size selected on 0.8% agarose gels 
followedd by excision of the 1,151-bp band, The excised band was isolated from 
thee gel slice and digested with Noll and rVmdIII, followed by agarose gel and 
silicaa gel fragment isolation (10). The size-selected, digested, purified RT-PCR 
productt was ligated overnight into plasmid pSP64 (Promega) containing a Notl 
site.. The ligated product was electroporated into electrocompetent Escherichia 
colicoli C600, and plasmid DNA from sequencing was isolated with Qiagen columns. 

Sequencingg and analysis. Double-stranded plasmid DNA was sequenced with 
customm labelled dye primers (ABI, Foster City, Calif.) by use of an ABI model 
373AA automated sequencer and version 1.2.0 software. Clones were assembled 
andd aligned with the Sequence Navigator program (ABI). Nucleotide sequences 
weree aligned with Sequence Navigator and Clustal V (21), with final adjustments 
beingg carried out visually. All positions with an alignment gap in at least one 
sequencee were excluded from any pairwise sequence comparisons, p distances, 
definedd as the number of synonymous or nonsynonymous substitutions divided 
byy the total number of synonymous or nonsynonymous sites (34), were used to 
measuree the relative genetic variation between clones. Synonymous and nonsyn-
onymouss nucleotide p distances (Ks and Ka, respectively) were calculated with 
thee MEGA program (27). Intrasample calculations are the result of comparisons 
off  clones from the same time point or quasispecies (within a sample); inter-
samplee calculations are the result of comparisons of clones one by one from two 
differentt time points or quasispecies (between two samples). Samples were 
namedd for their passage (P) position (from 1 to 6) and for the time of sampling, 
eitherr at seroconversion (S) or death (D); e.g., P2S is the passage two serocon-
versionn sample. P6A and P6B were considered one sample (P6) in the data 
calculationss since there was no significant difference between them. 
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FIG.. 1. Intrasample and intersample variations. Intrasample (A) and inter-

samplee (B) p distances are shown. Groups of five clones per sample were 
comparedd to each other (intrasample) or to the five clones in another sample 
(intersample).. The resulting numbers are plotted against the position of the 
samplee along the passage, from one to six, at seroconversion (S) and death (D). 
Sampless without letters were at death. The symbols (O and A) denote the means 
off  all values, and the variance is shown by the vertical bars. 

RESULTS S 

Intrasamplee genetic variation at seroconversion was lower 
thann that at death. Declining genetic variation, as measured by 
pp distances, was observed during the first three passages, co-
incidentt with a decrease in the sequence variation within the 
quasispeciess (Fig. IB). The values for the last three passages 
weree not significantly different (0.0155 t 0.0090, 0.0140
0.0065,, and 0.0154  0.0092) and indicated that further adap-
tationn to the host did not occur. The intrasample variation was 
higherr at death than at seroconversion in all passages (Fig. 
1A).. The intersample variation decreased gradually from 
0.04233  0.015 to 0.0185  0.0110 during the first three pas-
sagess and then stabilized. The number of intrasample varia-
tionss was one half the number of intersample variations, 
suggestingg continuing replacement of genotypes (high inter-
passagee p distances). Although the intersample variations 
decreasedd gradually during the first three passages, they re-
mainedd higher than the intrasample variations. 
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KaKa values for the variable and constant regions. The Ka values 
forr the variable (Fig. 4A) and the constant (Fig. 4B) regions 
decreasedd rapidly from PI to P3S, when the Ks values in-
creased.. The Ks values for the variable and constant regions 
weree similar from PI to P3S, when the Ka values were more 
thann fourfold higher for the variable regions than for the con-
stantt regions. At seroconversion in passage three, there was 
almostt no nonsynonymous variation in the constant regions, 
whenn the Ks values were similar (variable, 0.0144; constant, 
0.0133)) and the Ka values for the variable regions were 13 
timess the Ka values for the constant regions (0.0187 and 
0.0014).. Variable-region Ka values from P3S onward remained 
fourfoldd those for the constant regions. The Ks values for the 
variablee regions rose while those for the constant regions re-
mainedd level in the last two passages. The KslKa ratios for the 
constantt regions were always greater than one, while those for 
thee variable regions were less than one in five of the eight 
sampless (Fig. 4A and B). 
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FIG.. 2. Intrasample synonymous and nonsynonymous variations. Intrasam-
plee nonsynonymous (A) and synonymous (B) p differences are shown. The five 
cloness of a sample were compared to one another individually, and the synon-
ymouss and nonsynonymous p distances were calculated. The symbols (O and A) 
denotee the means of all values, and the variance is shown by the vertical bars. 

Nonsynonymouss variations decreased during the first three 
passagess and subsequently stabilized. Synonymous and non-
synonymouss substitutions in passage one were almost equal in 
number,, suggestive of a heterogeneous founder population 
adaptingg during the introduction of SIVsm to rhesus macaques 
(Fig.. 2A and B). The intrasample nonsynonymous variation 
decreasedd threefold in the first three passages (from 0.0325
0.00655 to 0.0110  0.0004). In passages three to six, the syn-
onymouss variation was twice the nonsynonymous variation. 
Thee intrasample variation was lower at seroconversion than at 
deathh during the first two passages and to a lesser extent during 
thee last two passages. The lowest values for synonymous and 
nonsynonymouss variations were at seroconversion in the third 
passage,, with the rate of adaptation leveling off in the following 
passages.. Intersample nonsynonymous and synonymous varia-
tionss were higher than intrasample variations (Fig. 3A and B), 
reflectingg the adaptation that occurred over time during the 
infectionn (intrahost) and between the successive passages (in-
terhost). . 

Thee Ks and Ka values for  the env variable and constant 
regionss followed dissimilar  trends. Figure 4 shows the Ks and 
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FIG.. 3. Intersample synonymous and nonsynonymous variations. Intersam-
plee nonsynonymous (A) and synonymous (B) p differences are shown. The five 
cloness of a sample were compared to those of the next sample individually, and 
thee synonymous and nonsynonymous p distances were calculated. The symbols 
(OO and A) denote the means of all values, and the variance is shown by the ver-
ticall  bars. 
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FIG.. 4. Intrasample variations of constant and variable regions. Ks (synony-

mous)) and Ka (nonsynonymous) substitutions per synonymous or nonsynony-
mouss site were calculated by dividing the CI to CD4 binding region clones into 
variablee (A) and constant (B) regions and comparing these selected regions one 
att a time among the clones of each sample. 

Thee variable regions of the envelope gene had a decreased 
codonn redundancy. The alterations in Ks and Ka values led us 
too examine the nature of the substitutions and changes in 
nucleotidee concentrations of the variable and constant regions 
off  env (Fig. 5A to C). Differences found in the envelope se-
quencess of SIVsm were compared to SIVmac251 (29) and to 
555 HIV type 1 (HIV-1) subtype B gpl20 sequences (Los 
Alamoss Sequence Database). Figure 5 shows that env was rich 
inn adenine (A), with increased concentrations in the variable 
regionss compared to the constant regions. The ratios of the 
fourr nucleotides remained constant throughout the passages 
andd within the HIV sequences. It has been reported that nu-
cleotidee composition affects the evolution of RNA viruses (12) 
andd that individual genes of retroviruses have characteristic 
basee compositions (8). We found that individual regions within 
retrovirall  genes, at least env, had characteristic base composi-
tions.. The A concentration in the variable regions was higher 
thann that in the constant regions, except at the first nucleotide 
off  SIVmac251 and the third nucleotide, of HIV-1 subtvce B 
(Fig.. 5A and C). The greatest difference seen in nucleotide 
concentrationn was in HIV env, with its 20% discordance be-

tweenn the variable and constant regions. Nucleotides in posi-
tionn 1 of the SIV strains were almost equal between the two 
regions.. In the SIV strains, the mostly synonymous third nu-
cleotidee showed higher A levels in the variable regions; HIV-1 
subtypee B displayed the opposite pattern. 

Thee effects of the nucleotide concentrations found were 
examinedd with regard to codon usage within the two env do-
mains,, constant and variable. Although the nucleotide concen-
trationss varied between viruses, the codon usage frequencies 
weree similar (Fig. 5D). Of the 61 possible codons (there are 64 
possiblee codons with three encoding stop messages not found 
withinn the envelope gene), the number used was 11% lower 
(onn average) in the variable regions. 

DISCUSSION N 

Thee endemic infection of feral monkeys with SIV has no 
knownn associated pathology, apparently due to the historic 
geneticc accommodation (13) of the virus. The host adaptation 
off  the virus, or host-pathogen coevolution, leads to asymptom-
aticc infection of most African primate species with their own 
host-adaptedd strains (2, 23). No natural SIV infection has been 
foundd in Asian primates, and cross-species transmission (e.g., 
Africann SIV in Asian macaques) leads to the development of 
AID SS presenting the common markers of HIV-1 infection (20, 
36).. A cross-species population passage may cause initially 
rapidd genomic evolution during adaptation to the new immune 
environment.. Large numbers of nonsynonymous changes are 
duee to the env alterations needed to avoid immune attack and/ 
orr to maximize the affinity of the viral env protein for efficient 
bindingg to and infection of the cells of the new host species. 
Sincee natural cross-species transmission occurs via blood con-
tact,, rather than by mucosal contact, intravenous serial passage 
wass carried out. Parenteral transmission is one of the major 
routess of infections with HIV-1 and HIV-2, which is closely 
relatedd to SIVsm. Recently, it was shown that the route of 
transmissionn (mucosal versus blood) does affect virus hetero-
geneityy (4, 34a, 38a), both routes resulting in the transmission 
off  a more homogeneous selection of variants. Similar obser-
vationss were made by Amadee et al. (using the same strain, 
Deltaa B670 SIV, as was used here [3,4]), who also showed that 
intravenous,, oral, and transplacental transmissions limit virus 
heterogeneityy and select for macrophage tropism, as we found 
forr intravenous passage (39a). 

Thee decrease in the Ka values after the first three passages 
suggestss that the adaptation of SIVsm to rhesus macaques is 
rapidd and punctuated. The decreases in the times to death 
postinfectionn and env adaptation follow similar patterns, with 
thee intrasample sequence variation levelling off once the time 
too death postinfection is less than 4 months (passages four to 
sixx A and six B) (Fig. 4A). The decreased intrasample variation 
remainss stable after the third passage, indicating that env vari-
ationn is restricted, most likely because of the adaptive equilib-
riumm reached. The nearly 50% decrease in env variation indi-
catess that the total adaptation rate is decreasing and that there 
iss positive or purifying selection of a narrow assortment of env 
genotypes.. The lowest Ks value is that for P3S, with almost zero 
variationn of the constant regions and a Ka of 10.0 for the 
variablee regions, since an almost clonal population was 
present. . 

Thee low variation in seroconversion samples compared to 
deathh samples is evidence of a strong founder effect, since 
'hiss outgrowth of a dominant homogeneous viral population 
emergess prior to detectable immune responses. This finding is 
inn accord with the variation seen in env of HIV-infected indi-
vidualss progressing to AIDS, in whom homogeneity at sero-
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FIG.. 5. Envelope nucleotide concentrations and envelope codon usage. Nucleotide concentrations of the variable and constant regions were calculated for the three 
positionss of each codon (A, B, and C) in env. The numbers indicate the average for the sums of all clones (SIVmac251 [29] and HIV-1 subtype B data were from the 
Loss Alamos Sequence Database). Variation among clones was less than 0.2%. (D) By use of the MEGA program, the numbers of codons used to represent amino acids 
inn the variable and constant regions were calculated for the above-mentioned sequences. The percentage of 61 codons is the number of codons used divided by 61 (the 
totall  number of codons, not including those that represent stop signals). 

conversionn is higher than that at death (40). The hypothesis 
thatt quasispecies homogeneity in HIV infections is caused by 
single-particlee transmissions is not confirmed here, since even 
afterr the passage of millions of virus particles, we saw the same 
patternss of homogeneity at seroconversion and heterogeneity 
att death. The effect is thus caused by the selective amplification 
andd eventual outgrowth of a dominant viral genome that then 
diversifiess into a quasispecies under the influences of replica-
tionn competence during adaptation, the immune system, and 
celll  availability. 

Thee fourfold higher Ka values for the variable regions than 
forr the constant regions indicate positive selection (32). Simi-
larityy in Ks values and discontinuity in Ka values underscore 
thee difference in the functions of the constant and variable 
regionss and the system governing nucleotide substitutions. If 
thee rate of nucleotide substitutions caused by RT errors is 
constantt over all the nucleotides of a retroviral gene, then 

theree should be equal amounts of variation in all regions. The 
distinctt variations in Ka values reported here are presumably 
thee effects of immune pressure, variations in receptor and 
coreceptorr binding sites on the variable regions, and purifying 
selectionn on the constant regions. The similarity of the Ks 
valuess for the constant and variable regions reflects the effects 
off  purifying selection on nucleotide substitutions in conserved 
regions. . 

Increasingg the concentration of a single nucleotide may af-
fectt the number of possible codons that can encode amino 
acids.. Amino acids with more than four representative codons 
(leucine,, serine, and arginine have six) can be represented by 
codonss with various nucleotide concentrations, as opposed to 
methioninee and tryptophan, which have single codons. Thus, 
thee result of an increased concentration of one nucleotide is 
thatt fewer codons can encode these amino acids when they are 
presentt in the variable regions, where the highest adenine (A) 
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concentrationss are found (Fig. 5D). Although this concentra-
tionn effect is only possible with these three amino acids, there 
iss a resulting reduction in the number  of codons used in en-
codingg the other  amino acids as well. As shown in Fig. 5, the 
redundancyy in the codons used in the variable regions is de-
creasedd up to 12% compared to that in the constant regions. 
Reducedd codon usage will lower  the redundancy of the en-
codedd amino acids. Presumably, the net effect is greater  amino 
acidd variation from a given nucleotide substitution in the vari-
ablee regions than in the constant regions, which are more 
bufferedd by increased codon redundancy. This strategy of re-
ducedd redundancy would cause more amino acid substitutions 
inn the variable regions ass a selective advantage against humoral 
andd cell-mediated immunities while allowing the constant re-
gionss to remain stable during the adaptation reported here. 

Reachingg a plateau in the evolutionary pace in passages 
threee to six suggests that sufficient env adaptation has occurred 
forr  optimal fitness. Exponential gains in the growth kinetics of 
RNAA viruses (35) occur  in vitr o during a more prolonged series 
off  passages. The short adaptation phase seen here could result 
fromm immune system-driven positive selection, since the pre-
viouss experiments were performed with tissue culture under  no 
suchh selection. This short adaptation phase could also be and 
probablyy is just as likely caused by selection for  viruses with 
greaterr  replication competence in the new species, and not 
immunee selection alone. With the increase in pathogenicity, 
thee shortening of the asymptomatic period falls below the 
responsee time for  humoral immunity. This effect may lead to 
decreasedd adaptation, or  evolutionary stasis, of env in the pla-
teauu phase from passages four  to six. If so, it appears that env 
genee substitution is selected for  by immunocompetence; there-
after,, selective amplification and purifyin g selection control the 
breadthh and direction of variation. Because env is the target for 
neutralizingg antibodies and cell-mediated immunity, this find-
ingg is significant because env contains determinants for  cell 
tropismm and replication, thus playing a putative role in viru-
lence. . 

Inn the first passage, nonsynonymous variations are almost 
equall  to synonymous variations. Since these adaptive varia-
tionss are not selective, they must be occurring in a very large 
andd heterogeneous quantity of virus to produce the variations 
inn noncoding nucleotides. Decreasing adaptation then contin-
uess to the seroconversion in passage three, at which point the 
lowestt  nonsynonymous and synonymous variations are seen. 
Accordingg to the competition exclusion principl e (17, 19), 
equilibriu mm and competition lead to the outgrowth of a very 
homogeneouss population, which we saw at seroconversion in 
passagee three. The P3S quasispecies is dominated by a virus or 
virusess with a narrowed selection of genomes compared to that 
seenn at passage one. The drop in evolution rate thus signals the 
endd of the adaptation phase and allows competition among the 
virusess then present, which are of reasonably equal fitnesses. 
Theirr  competition to achieve the greatest replication compe-
tencee decides the dominance of the next progeny, not adapta-
tionn or  immune evasion. This point marks the end of rapid env 
evolutionn and of large virulence increases as well. 

Shpaerr  and Mullin s have shown that immunogenicity and 
pathogenicityy are presumably linked (38) by the correlation of 
highh rates of amino acid change with increased virulence. The 
cross-speciess transmission of SIVsm into rhesus macaques 
wouldd require the adaptation to the new host of the proteins 
thatt  are involved in cell binding, entry, replication, immune 
evasion,, and escape. The burst of evolution seen in the first 
threee passages is evidence of this positive selection and its 
enforcementt  by the immune response to a foreign pathogen 
(32),, as well as the cell-dependent changes needed for  entry. 

Thee increased intrasample genetic variation seen between se-
roconversionn and death confirms the notion that competent 
immunee responses drive viral evolution to a certain extent. 
Thatt  nonsynonymous variations are greater  than synonymous 
variationss represents positive selection, and not drift , and the 
adaptationn phase of the first three passages is exemplary evi-
dencee of this fact. The plateau phase of the later  passages is 
illustrativ ee of the purifyin g selection that takes place during 
lentrvira ll  infections. In the absence of an antibody response, 
thee evolutionary rate of the adapted replication-competent 
viruss is close to stasis. The results reported here present sug-
gestivee evidence for  the relationship of particular  env se-
quencess to virulence in rhesus macaques following inoculation 
withh SIVsm. 

ACKNOWLEDGMENT S S 

Wee thank H. Niphuis (Biomedical Primate Research Centre) for 
providin gg the passage monkey serum. P. J. Spencer  Vall i thanks his 
fatherr  for  encouragement, support, and wisdom. We thank Carla 
Kuikenn (Los Alamos National Laboratory ) for  crucial discussions; 
Lucyy Phillip s for  much needed editorial assistance; Debbie Hauer, J. 
Cements,, and C. Zink (Johns Hopkins University School of Medicine) 
forr  cloning advice; Chri s Contag (Stanford University School of Med-
icine)) for  help with the sequence primer  design; and Howard S. Fox 
(Scrippss Research Institute) for  the SIVmac sequences. 

REFERENCES S 
1.. Allan, J. S, P. Ray, S. Broussard, E. Whitehead, C. Hubbard, T. Butler, K. 

Brasky,, P. Ludw, C. Cheng-Mayer, j . A. Levy, et al. 1995. Infection of 
baboonss with simian/human immunodeficiency viruses. J. Acquired Immune 
Defic.. Syndr. Hum. Retroviral . 9:429-441. 

2.. Allan, J. S, M. Short, M. E. Taylor, S. Su, V. M. Hlrsch, P. R. Johnson, G. M. 
Shaw,, and B. H. Hahn. 1991. Species-specific diversity among simian immu-
nodeficiencyy viruses from African green monkeys. J. Virol . (5:2816-2828. 

3.. Amedee, A. M , N. Lacour, J. L. Gierman, L. N. Martin , J. E. Clements, R. 
Bohm,, Jr., R. M. Harrison, and M. Murphey-Corb. 1995. Genotypic selec-
tionn of simian immunodeficiency virus in macaque infants infected transpla-
centally.. J. Virol . 69:7982-7990. 

4.. Amedee, A.M„N . Lacour, L. N.Martin , J. E. Clements, R. B. Bohm, Jr,B . 
Davison,, R. Harrison, and M. Murphey-Corb. 1996. Genotypic analysis of 
infantt  macaques infected transplacental̂  and orally. J. Med. Primatol. 25: 
225-235. . 

5.. Back, N. It , L Smit, M. Schutten, P. L Nan, M. Tersmette, and J. 
GoudsmiLL  1993. Mutations in human immunodeficiency virus type 1 gp41 
affectt  sensitivity to neutralization by gpl20 antibodies. J. Virol . 67:6897-
6902. . 

6.. Baskln, G, B„  L. N. Martin , M. Murphey-Corb, F. S. Hu, D. Kutbier , and B. 
Davison.. 1995. Distributio n of SIV in lymph nodes of serially sacrificed 
rhesuss monkeys. AIDS Res. Hum. Retroviruses 11:273-285. 

7.. BasUn, C. B, L N. Martin ,, S. R. Rangan, B. J. Gormua, M. Murphey-Corb, 
R.. H. Wolf, and K. F. Soike. 1986. Transmissible lymphoma and simian 
acquiredd immunodeficiency syndrome in rhesus monkeys. JNCI  77:127-139. 

8.. Berkhout, R, and F. J. van Hemert 1994. The unusual nucleotide content of 
thee HIV RNA genome results in a biased amino acid composition of HIV 
proteins.. Nucleic Acids Res. 22:1705-1711. 

9.. Bohm, R. P, Jr., L. N. Martin , B. Davison-Fairburn, G. B. Baskln, and M. 
Murphey-Corb .. 1993. Neonatal disease induced by SIV infection of the 
rhesuss monkey (Macaca mulatta). AIDS Res. Hum. Retroviruses 9:1131-
1137. . 

10.. Boom, & , C J. SoL M. M. SalJmans, C L Jansen, P. M. Wertheim-van 
Dillen,, and J. van der  Noordaa. 1990. Rapid and simple method for  purifi -
cationn of nucleic acids. J. Clin. Microbiol . 28:495-503. 

11.. Bou-Habib, D. C, G. Rooeriqnez, T. Oraveo, P. W. Berman, P. Lusso, and 
M.. A Norcross. 1994. Crypti c nature of envelope V3 region epitopes pro-
tectss primary monocytotropic human immunodeficiency virus type 1 from 
antibodyy neutralization. J. Virol . 68:6006-6013. 

12.. Branson, E. C, and J. N. Anderson. 1994. Nucleotide composition as a 
drivin gg force in the evolution of retroviruses. J. Mol. Evol. 38-506-532. 

13.. Brown, E. W., N. YohU, C Packer, and S.J. O'Brien. 1994. A lion lenovirus 
relatedd to feline immunodeficiency virus: epidemiologic and phylogenetic 
aspects.. J. Virol . 6*5953-5968. 

14.. Chen, Z, P. Teller, A. Gertie, P. Reed, L. Zhang, D. D. Ho, and P. A. Marx. 
19%.. Genetic characterization of new West African simian immunodefi-
ciencyy virus (SIV) SIVsm: geographic clustering of household-derived SIV 
strainss with human immunodeficiency virus type 2 subtypes and genetically 
diversee viruses from a single feral sooty mangabey troop. J. Virol . 70:3617-

68 8 



75000 VALL I  ET AL . J.. VIRO L 

15.. Chodbro, B, K. Wduty, J. NifUo, Md &  Perrrsaan. 1992. Macrophage-
tropi cc human immunodeficiency virus isolates from different patients exhibit 
unusuall  V3 envelope sequence homogeneity in comparison with T-cell-
tropi cc isolates.'  definition of critical amino acids involved in cell tropism. 
J.. Virol . 6fc6547-6554. 

16.. Ckaattk, IC, aad S. Nortey. 1993. Lack of immune suppression in SIV-
infectedd natural hosts. AID S 7(Supp) 1.)&25-S35. 

17.. Clarke, D. K , E. A Dnaite, S. F. Elena, A. Mora, E. Domingo, and J. 
HoDaad.. 1994. The red queen reigns in the kingdom of RNA viruses. Proc. 
NatLL  Acad. ScL USA 9fc4821-4824. 

18.. Duid , M. D, N. L, Letrta , N. W. King, M. Kaanagi, P. K. Seagal, R. D. 
Haat,, P. J. Kaakt, M. Essex, aad R, C. Dearaieri. 1985. Isolation of T-cell 
tropicc HTUV-III-Lik e retroviru s from macaques. Science 228:1201-1204. 

19.. Drake, J. W. 1993, Rates of spontaneous mutation among RNA viruses. 
Procc Natl. Acad. Sri. USA 90:4171-4175. 

20.. Cao,F,LYae,AT.WhIte,P. G.Pappo^J. ltoi*«*,AP.llan*<w,B.M . 
Greene,, P. M. Sharp, G. M. Shaw, aad B. R Haaa. 1992. Human infection 
byy genetically diverse SIVSM-rclated HIV- 2 in West Africa. Nature 358: 
495-499. . 

21.. ffifgtns, D. G„  and P. M. Sharp. 1988. CLUSTAL : a package for performing 
multipl ee sequence alignment on a microcomputer. Gene 73:237-244. 

22.. Hlrsea, V. M , aad P. S. Johnson. 1994. Pathogenic diversity of simian 
immunodeficiencyy viruses. Viru s Res. 32:183-203. 

23.. Hlrsea, V. M , R. A. Olmsted, M. Murphey-Coro, R, R Parcell, and P. R. 
Johnson.. 1989. An African primate lentrviru s (STVsm) closely related to 
HIV-2 .. Nature 33*389-392. 

24.. Hnet, T , R. Caeynier, A Meyerhans, G. Rodaats, aad S. Waln-Hobson. 
1990.. Genetic organization of a chimpanzee lentiviru s related to HIV-1. 
Naturee 345:356-359. 

25.. Joaa,S-V^I^B. Stephens, R J. Adaau,L.FoiTtnian, and O.Narayan. 1994. 
Pathogenesiss of STVmac infection in Chinese and Indian rhesus macaques: 
effectss of splenectomy on virus burden. Virology 200:436-446. 

26.. Jarruuuu, S, B. van Genen, G. J. Wevertlng, D. Vaa Strrjp , P. Nam, R. 
Coatlnbo,, M. Koot, H. Schattensaker, and J. Gondsmlt 1994. The natural 
historyy of HIV- 1 infection: virus load and virus phenotype independent 
determinantss of clinical course? Virology 204:223-233. 

27.. Kaauu-, S, K. Tamara, and M. Nei. 1994. MEGA: Molecular  Evolutionary 
Geneticss Analysis software for  microcomputers. Comput Appl. Biosci. 10: 
189-191. . 

28.. Lackner, A A, P. F. Moore, P. A Man, R, J. Mann, M. B. Gardner, and 
L.. J, Loweastlne. 1990. Immunohistochemkal localization of type D retro-
viruss serotype 1 in the digestive tract of rhesus monkeys with simian AIDS. J. 
Med.. Primatol. 19-339-349. 

29.. Lao*,T.F^M.J.B»cnmekr,D.D.Wati7,D.B.JakBbowskl,aiidH.S.Fox. 
1995.. Serial passage of microglial SIV results in selection of homogeneous 
envv quasispecies in the brain. Virology 212:458-465. 

30.. Um«istliie(UJ^N.C.Ped*n«ii,J.Hit»ln*,K.CPallls,AUyeda,P.Marx , 
N.. W. Lerche, R. J. Mann, and M. B. Gardner. 1986. Seroepidemiologic 
surveyy of captive Old-Worl d primates for  antibodies to human and simian 
retroviruses,, and isolation of a lentrviru s from sooty mangabeys (Cercoccbus 
atys).. Int . J. Cancer  38:563-574. 

31.. Lakashov, V . V , C L Kalken, aad J. GoadsaUt 1995. Intrabost human 
immunodeficiencyy virus type 1 evolution is related to length of the immu-
nocompetentt  period. J. Virol . 6*6911-6916. 

31a.MIUer,, M. A , M. Marnaey-Corb, aad R. C Moatdaro. 1992. Identification 
off  broadly reactive continuous antigenic determinants of simian immunode-
ficiencyficiency virus glycoproteins. AIDS Res. Hum. Retroviruses &1153-1164. 

32.. Miaddl , D. P. 1996. Positive selection and rates of evolution in immunode-
ficiencyy viruses from humans and chimpanzees. Proc Natl. Acad. Set. USA 
9*3284-3288. . 

33.. M*n>«^-Cof^M^LN.Martia,S.R.Ran*^G.B.BasUn,B.J.Comu , 
R.. H. WoU, W. A Andes, M. West, aad R. C Moatdaro. 1986. Isolation of 
ann HTLV-III-relate d retroviru s from macaques with simian AIDS and its 
possiblee origin in asymptomatic mangabeys. Nature 321:435-437. 

34.. Nei, M , aad T. Gojobori. 1966. Simple methods for  estimating the numbers 
off  synonymous and nonsynonymous nucleotide substitutions. Mot. Biol. 
Evol.. 3:418-426. 

34a.Ndldez,, O, R. Le Graad, P. Caafcar, B. Vaslm, A. Cheret, F. Mathem, F. 
Theodora,, P. Roqaes, aad D. Dormant. 1998. Selective quasispecies trans-
missionn after  systemic or  mucosal exposure of macaques to simian immuno-
deficiencyy virus. Virology 243:12-20. 

35.. Novella, L S, E. A Daarte, S. F. Ekaa, A Moya, E. Domingo, and J. J. 
Holland.. 199S. Exponential increases of RNA virus fitness during large 
populationn transmissions. Proc Natl. Acad. Sci. USA 92^841-5844. 

36.. RdaiaBB,iLA,iLTenoer-Rs^P.Rac^D.CMoalefkMi,Y.YaaatoBÜ,W . 
Lin ,, B. J. Raaxll, and N. L. Letria . 1994. Immunopathogenic events in acute 
infectionn of rhesus monkeys with simian immunodeficiency virus of ma-
caques.. J. Virol . 68:2362-2370. 

37.. Sdlner, L. N., R. J. Codes, aad J. S. Mackenzie. 1994. Sensitive detection of 
Rosss River  virus—a one-tube nested RT-PCR. J. Virol . Methods 49:47-58. 

38.. Shpaer, E. G, and J. L Mullnu . 1993. Rates of amino acid change in the 
envelopee protein correlate with pathogenicity of primate lentiviruses. J. Mol. 
Evol.. 37:57-65. 

38a.Sodora,, D. L , F. Lee, P. J. Dailey, and P. A Mar x 1998. A genetic and viral 
loadd analysis of the simian immunodeficiency virus during the acute phase in 
macaquess inoculated by the vaginal route. AIDS Res. Hum. Retroviruses 14: 
171-181. . 

39.. Tenmette, M , J. M. Lang*, R, E. de Goede, F. de Wolf, J. K. EefHak-
Sehattenkerk,, P. T. ScbeUekeas, R. A Coutinbo, J. G. Huisman, J. 
Gondsmlt,, and F. Mledeaia. 1989. Association between biological properties 
off  human immunodeficiency virus variants and risk for  AIDS and AIDS 
mortality .. Lancet Ü983-985. 
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Species-specificc strains of simian immunodeficiency viru s (SIV) are nonpathogenic in African primates. The 
SIVV strain most dosery related to human immunodeficiency virus type 2 (HIV-2) is SIVsm, the strain specific 
too the sooty mangabey (Cemxebus atys). Infection of Asian primates with SIV causes AIDS and allows the study 
off  the adaptive evolution of a lentfviru s to replicate evidently in a new host, providing a useful animal model 
off  HIV infection and AIDS in humans. Serial passage of SIVsm from sooty mangabeys in rhesus macaques 
drasticallyy shortened the time of disease progression from 1.5 years to 1 month as the retroviru s adapted to 
thesee Asian hosts. In the present study we analyzed the quasispecies nature of the SIVsm envelope gene (em) 
durin gg serial population passage in rhesus macaques. We asked ourselves if phylogenetic evidence could be 
providedd for the structured topology of the SIVsm env tree and subsequently for the adaptive evolution of 
SIVsmm em. Likelihood mapping showed that phylogenetic reconstruction of the passage was possible because 
aa high percentage of the sequence data had a "tree-like "  form. Subsequently, quartet puzzling was used and 
producedd a phytogeny with a structure parallel to the known infection history. The adaptation of SIVsm to 
Asiann rhesus macaques appears to be an ordered process in which the env evolves in a tree-like manner, 
particularl yy in its constant regions. 

Zoonoticc transmission of some lentiviruses causes AIDS. 
Thee two principal etiologic agents of AID S in humans are the 
humann immunodeficiency viruses types 1 and 2 (HIV- 1 and 
HIV-2) ,, whose probable ancestors are found in two species of 
ferall  African primates (simian immunodeficiency virus SIVcpz 
andd SIVsm) (17). HIV- 2 appears to be descended from the 
SIVsmm lineage (Fig. 1), as shown not only by sequence homol-
ogyy but also by the geographically localized infections (27) of 
humanss and sooty mangabeys (Cercocebus atys) with this virus. 
However,, the issue of HIV origins remains open to question 
(33a).. The SIV strains do not induce disease in their  natural 
hosts.. The relation between pathogenesis and virus strain is not 
weltt  understood but appears to be both host and pathogen 
related.. When Asian macaques are experimentally infected 
withh SIVsm, SIVagm, SIVmac, or  a related molecular  clone, 
thee disease course mimics that seen in human AID S (41) and 
thuss provides a useful model for  vaccine testing. 

Althoughh the length of the asymptomatic period of SIV 
infectionn varies greatly among individual Asian primates, the 
numerouss SlVsm-derived viruses show a wide spectrum of 
pathogenicityy or  virulence. The most pathogenic SIVsm strain 
iss the SIVsmPbJ14 (14, 20, 37), with an average time to death 
off  14 days. SIVsmH4 and SIVMac239 are both pathogenic 
duringg experimental infection but have a mean time to death of 
11 year  (19,21-24). The related clones SIVsmm9 and SIVIAl l 
aree relatively nonpathogenic, with times to death of several 
years.. The length of the asymptomatic period during experi-
mentall  infection with the many SIVsm-derived clones (11, 25, 
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28,31,37,, 41,42, 46) is presumably virus strain dependent, as 
shownn by repeated infections with the same clones. 

Vira ll  variation is known to occur  within a single cycle of 
intracellularr  replication (40), and the progeny virus from an 
infectedd cell may vary genetically from the parental virus. This 
geneticc flexibility  enables the rapid development of new mu-
tantss (3) by means of subtle changes in the env surface glyco-
proteinn (3,9,12). The env genes of HIV- 2 and SIVsm have the 
samee functional layout, with five variable and constant do-
mainss and discrete (over  98% nonsynonymous [35, 38, 55]) 
nucleotidee changes within the variable regions (VI , V2, V3, 
V4,, and V5). The high nonsynonymous-substitution rate sup-
portss positive selection for  nonfounder  or  adapted mutant 
viru ss by outgrowth of these new variants from the circulating 
viru ss population of founder  or  primar y inoculum genotypes 
(14,, 33, 47). Thought to be driven by the antigenic selection 
(14,, 47) of new variants, constant evolution of new genotypes 
andd the coexistence of distinct strains (54) during infection is 
believedd to be sequence variation dependent, due to the num-
berr  of different genomic variants that exist at any one time. 

Thee goal of this study was to examine viral sequence varia-
tionn during adaptation of the VI  to V4 regions of the env gene 
off  SIVsm in the serum of immunodeficient rhesus macaques 
thatt  were experimentally infected. The experiment was carried 
outt  by serial population passaging of a known SIVsm strain 
(SIVsmB670),, accentuating the selection for  adapted mutants 
inn vivo (10), to elucidate the changes in the env gene that 
influencee the marked increases in pathogenicity and virulence 
off  SIVsm infection in the rhesus macaque model. Phylogenetic 
inferencee methods have been used to study the origins of HIV 
(33a,, 34,36) and the epidemiology of HI V infections (17) and 
too determine definitive transmission patterns (27). The use of 
phytogenyy reconstruction methods with a known infection his-
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FIG.. 1. Phylogeny of the African SIV and HIV- 2 strains commonly used 
inn experimental infections. Known pathogenic and less pathogenic SIVs are 
seenn to cluster together (e.g., SIVH4 and SIVSMM9, and SIVMM239 and 
SIVMM1A11)) according to virus strain and not by pathogenicity. The PI and P6 
sequencess are more divergent than some of the other clades. It is also noteworthy 
thatt the pathogenicity of the P6A and P6B viruses is equal to that of PBJ14 but 
theree is no tendency for these two SIVSMM derived env sequences to cluster 
together.. The same results were achieved with different PI and P6A or P6B 
sequencess as examples. This tree was constructed with PUZZLE 3.0 with the 
Tamura-Neii  distance approximation and 1,000 tree-puzzling steps and was 
rootedd with the serial passage PI sequence. The number at each internal branch 
iss the percentage of the 1,000 intermediate trees having that branching pattern. 
Thee branch lengths are not important in this cladogram; only the reliability 
valuess and branching pattern are important. 

toryy has allowed the study of the evolutionary pattern of 
SIVsmm env adaptation during serial passaging. We used likeli-
hoodd mapping (49) to display the amount of tree-like infor-
mationn contained in the SIVsm env sequence set and to infer 
thee phylogeny. The various modes of nucleic acid evolution 
havee led to the development of programs that infer tree-like 
relationshipss (18, 51), net-like geometries (4), and start forma-
tionss (49). The likelihood mapping shows the phylogenetic 
contentt in a graphic form, demonstrating whether the data are 
suitablee for phylogenetic reconstruction. 

Likelihoodd mapping determines the best arrangement of the 
smallestt information-containing subset of a tree, the quartet 
(fourr taxa [49]). Plotting all of the possible quartets as tree-, 
net-,, or star-like relationships of the seven possible forms of a 
quartett of sequences (16, 49) allows efficient visualization of 
thee estimated phylogenetic content. Our application of this 
methodd to the SIVsm passage alignment showed it to be highly 
informativee compared to HIV alignments, and the reconstruc-

tionn of the phylogeny was tree-like. Construction of trees by 
quartett puzzling (QP) (48-50) produced a phylogeny that 
showedd the adaptive process to be highly structured, since the 
divergencee increases with passaging. The ordered divergence 
fromm the primary inoculum occurred in the same time, at the 
samee rate, as the shortening of the asymptomatic period or the 
increasee in pathogenicity of the passaged SIVsm strain. The 
adaptationn of SIVsm to Asian rhesus macaques is thus a struc-
tured,, quickly occurring process in which the env gene evolves 
inn a tree-like manner. 

MATERIAL SS AND METHODS 

Virus.. Delta B670 (2, 5-7, 32, 35, 55) is an SIV strain that was originally 
discoveredd in a sooty mangabey presenting with a cutaneous lepromatous lesion. 
Whenn tissue from this animal was used to inoculate rhesus macaques, it resulted 
inn a syndrome that closely reproduced the effects of AID S in humans (55). The 
viruss isolate was proven to be type D negative and was extensively characterized 
(2,, 5, 55). 

Passage.. The passaging was carried out with seven age-matched Asian rhesus 
macaques,, all 2 years old. Their experimental infection with an SIVsm strain was 
performedd in six consecutive steps. The first monkey was infected intravenously 
withh 5 x 102 infectious doses of SIV Delta B670. The next five monkeys were 
intravenouslyy inoculated in a serial fashion with 2 x 106 peripheral blood mono-
nuclearr cells (PBMC) taken at the symptomatic stage of disease from the pre-
cedingg rhesus macaque. For passage 5, PBMC of the passage 5 monkey (P5) were 
usedd to infect two monkeys (P6A and P6B) because littl e blood was available 
fromm monkey P5 due to its rapid progression to AID S and sudden death. The 
timee to death postinfection (tdpi) and moment of sampling for the reverse 
transcriptasee PCR (RT-PCR) were as follows: PI, tdpi = 18 months,, RT-PCR at 
188 months; P2, tdpi = 12 months, RT-PCR at 3 and 7 months; P3, tdpi = 9 
months,, RT-PCR at 2 and 4.1 months; P4, tdpi = 4 months, RT-PCR at 1 and 
1.88 months; P5, tdpi = 2 months, RT-PCR not done since no sample was 
available;; P6A, tdpi = 2 months, RT-PCR at 2 months; P6B, tdpi = 2 months, 
RT-PCRR at 2 months. The animals were euthanized upon evidence of undue 
discomfort.. PBMC used for serial passage were not cultured or cocultivated with 
anyy other cells. 

Virall  RNA was harvested with silica in the presence of a chaotropic agent (8) 
fromm the serum of the infected macaques for use as a template in the RT-PCR. 
Virall  RNA was isolated from 20 u.1 of sera and resuspended in 20 u.1 of RNasin 
inn H 2 0 (I U/(xl) and used in a reverse transcription reaction (5 u.1 of viral 
RNA,, 250 |xM each deoxynucleoside triphosphate, 2 ng of 3' RT-PCR primer 
[SIV4Notl:: TTATATGCGGCCGCCTACTTTGTGCCACGTGTTG] per u.1, 
2.55 mM Mg2 +, 1 U of RNasin [PromegaJ per u.1, 10 U of Super Script I 
[Gibco-BRLJ,, and l x reaction buffer [45] in a 20-u.l volume). The components 
weree assembled at 37°C and incubated at that temperature for 90 min. The PCR 
mixturee consisted of 250 u.M each deoxynucleoside triphosphate, 2 ng of 3' and 
5'' (SIV1HIII : GTAGACAAGCTTGGGATAATACAGTCACAGAAC) PCR 
primerss per uj, 1 x reaction buffer, 2.25 mM Mg2"* , and 1.5 U of Taq polymerase 
(Perkin-Elmerr Cetus) in a final volume of 100 u.1 including 5 u.1 of the reverse 
transcriptionn reaction mixture. The PCR mixture was overlaid with paraffin, 
heatedd to 95°C for 5 min, and subjected to 35 cycles of 1 min at 95°C, 1 min at 
55°C,, and I min at 72°C, ending with 10 min at 72°C in a Perkin-Elmer Cetus 
DNAA thermocycler. The reverse transcription reaction and PCR were done in 
duplicatee for each sample to prevent mispriming and to ensure the fidelity of the 
viruss genotypes sampled. After PCR, the samples were combined and size se-
lectedd on 0.8% agarose gels. The 1,151-bp band was excised and isolated from 
thee gel slice, digested with Noil and Hindlll, and again isolated from the agarose 
gell  by silica particle (8) fragment isolation. Size-selected, digested, purified 
RT-PCRR product was ligated overnight into plasmid pSP64 (Promega) contain-
ingg a Noll site. Ligated products were electroporated into electrocompetent 
EscherichiaEscherichia coli C600, and double-stranded plasmid DNA for sequencing was 
isolatedd on Qiagen columns. Five clones per sampled time point were sequenced, 
exceptt for the primary inoculum (PI), for which 10 clones were sequenced. The 
cloness were named by the passage number (P), and by the infection point, i.e., 
seroconversionn (S) and death (D). 

Sequencingg and analysis. The double-stranded plasmid DNA was sequenced 
byy using custom-labelled dye primers (Applied Biosystems Inc.) with an auto-
matedd sequencer (model 373A; Applied Biosystems) and version 1.2.0 software. 
Cloness were assembled and aligned with the Sequence Navigator program (Ap-
pliedd Biosystems) or Clustal V (18) and further optimized manually. Phyloge-
neticc analysis was conducted with MEGA (26), Clustal V (18), PAUP 3.1.1 (52), 
andd PUZZLE 3.0 (49). Neighbor-joining, maximum-likelihood (ML) , and puz-
zle-basedd trees were produced by using the Tamura-Nei distance estimation with 
pairwisee comparison and then bootstrapped with 1,000 replications before tree 
constructionn with and without preselected outgroups (PI sequences). The ML 
mappingg and QP were carried out by using the Tamura-Nei distance estimation 
(49).. Briefly, likelihood mapping is the construction of all quartets of sequences 
possiblee (e.g., A, B, C, and D, and then A, B, C, and E, etc., until all of the 
possiblee quartets of sequences in the analysis have been compared) and calcu-
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FIG.. 2. SIVsmB670 passage full-length clone NJ tree constructed with ClustalV, allowing for positions with gaps. The numbers on the major branches are the 
bootstrapp values (percentages) after 500 resamplings. The tree is rooted with the Pl-1 clone. The tree had similar topology to trees generated by MP. The scale bar 
iss in the bottom left-hand corner. 

lationn of the relative weights of the probabilities for all three resolved tree 
structuress (1: A is like B but not C or D; 2: A is like C but not like B or D; and 
3:: A is like D but not like B or C) (48-50) and four unresolved structures 
(partiallyy resolved I: A is like B or C but not D; partially resolved 2: A is like B 
orr D but not C; partially resolved 3: A is like C or D but not B; and unresolved: 
AA is not like B, C, or D). Thus, for the first four sequences analyzed by likelihood 
mapping,, the seven possible locations of the probability vectors (49) include 
threee with a completely resolved placement of the four taxa, three with one taxon 
splitt between attraction to two others and not like the fourth taxon (partially 
resolved),, and one of star-like form or no favored relation between the four taxa 
(unresolved).. These seven relations can be plotted in a triangle to show the 
phylogeneticc signal (see Fig. 3, 5, and 7). The corners represent areas of com-
pletelyy resolved (tree-like) quartets (A is most like one of B, C or D, resolved 1, 
2,, and 3); the sides represent quartets with a split between equal attraction of one 
taxonn for two other taxa (A is like B and C, B and D, or C and D, partially 
resolved);; and the center of the triangle represents an area of equal likelihood or 
distancee between the four taxa (A is not like B, C, or D, unresolved, giving a 
star-likee formation). If each possible quartet vector (resolved, partially resolved, 
andd unresolved quartet comparison) is plotted as a point in the triangle, it gives 
aa rapid visualization of the phylogenetic content of the alignment data (robust-
nesss of the tree, or lack thereof). Tree construction was carried out with the 
ML-basedd PUZZLE 3.0 (48). The ML analysis is used for determination of a tree 
andd its corresponding branch lengths that have the greatest likelihood of recon-
structingg the correct phylogeny. The numbers of possible topologies increases 
exponentiallyy as the number of taxa increases, making heuristic searches very 
slow.. Reconstructing a tree from all of the possible sets of four taxa, or quartets, 
allowss the heuristic search to proceed efficiently in an ML procedure (50). QP 
reconstructss the ML tree for all possible quartets. The total set of quartet trees 
iss subsequently combined to form a complete tree in the QP step. This procedure 
wass carried out 1,000 times. The QP tree is a majority-rule consensus (30) of the 
sett number of puzzling steps. There are three main steps to the QP method; ML 
determinationn of all possible quartet trees, combining all of the quartet trees 
1,0000 times to form a complete tree (puzzling step), and the final majority-rule 
consensuss computation of all intermediate trees (49). The HIV sequences from 
444 progressors and nonprogressors at seroconversion and after 5 years of infec-
tionn (29) are available upon request. 

RESULTS S 

Constructionn of molecular  phylogenetic trees. Our study 
includedd seven Asian rhesus macaques whose serial infection 
involvedd a well-characterized viral isolate (SIVsm B670) (2, 5, 

6,, 35), and known times of infection, seroconversion, and di-
rectionn of transmission. It thus relates a serial population pas-
sagee and known phylogeny of an SIV. The use of phylogenetic 
analysiss on the quasispecies sequences allows evaluation of the 
inferencee methods and insight into the pattern of viral evolu-
tion.. The inference of the correct molecular phylogeny has 

FIG.. 3. HIV-1B likelihood-mapping analysis for the 44 HIV-1 infected pro-
gressorss and nonprogressors (29). The top triangle shows the distribution pattern 
off  the quartet analysis, and the bottom triangles show the distribution of the data 
inn the seven basins of attraction or quartet possibilities. As shown, the majority 
off  the data clusters in the center of the triangle, where unresolved or star-like 
treess with little phylogenetic content are found. The three corners of the trian-
gles,, where completely resolved trees are found, are virtually devoid of content. 
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thee sequences, except for the pairs of sequences from individual patients, which group together. 
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importantt implications for our understanding of transmission 
patternss and quasispecies evolution. We used four different 
tree-buildingg methods: neighbor-joining, ML, maximum parsi-
monyy (MP), and QP. The results of the four methods were 
similarr only if the number of taxa used in the analysis was 
reduced.. The neighbor-joining, ML, and MP methods accom-
modatedd all 50 clones and maintained a recognizable portrayal 
off  the known phylogeny (Fig. 2), albeit with discrepant branch 
placement.. Inordinate amounts of time were needed with MP 
forr branch swapping to prevent the irreversible misplacement 
off  branches early on in the stepwise addition. The QP recon-
structionn produced the most true phylogeny, with knowledge of 
thee relation of the viruses present at the time points sampled 
duringg the serial passage. The more closely related sequences 
(lesss heterogeneity between the sampled time points; e.g., the 
geneticc distance between PI to P2S is more than from P3D to 
P4S)) after the third passage present a resolution problem for 
alll  of the known methods. The P3S, P3D, and P4D sequences 
clusteredd consistently. The discrepancy was the branching or-
derr of the P6A and P6B sequences, which were closer to the 
founderr PI and P2 sequences than to their precursor P3 and P4 
sequences.. This problem was not resolved by the use of other 
distancee estimation methods or increased bootstrap resam-
plings. . 

Thee problem with tree construction with a large number of 
taxaa is the inability to calculate all of the possible tree combi-
nations.. It is further complicated by the long-standing prob-
lemss in phylogenetic inference. The evolutionary history of 
retrovirusess is difficult to reconstruct because of recombination 
betweenn similar but unlike RNA strands, selection of progeny 
duringg rapid turnover of viral genomes, differences in the rates 
off  mutation among strains, unbalanced nucleotide frequencies, 
andd differences in the individual substitution rates of the al-
readyy skewed nucleotide concentrations. The use of quartet 
analysis,, with its focus on the smallest informative subtree (27, 
48-50),, has been applied to an inference method that takes 
advantagee of the determination of all possible quartets, or 
heuristicc search, which is unavailable to the other methods, too 
time-consuming,, or available only as a statistical test of best fit 
(27).. PUZZLE 3.0 (48-50) incorporates a first-step plot of all 
thee possible four taxon quartets as a means of weighting the 
bestt placement of them all within a phylogeny. With seven 
possiblee organizations for each quartet, calculation of all pos-
sibilitiess is feasible. The ML of the grouping of a quartet can 
alsoo be plotted graphically to give an idea of the "tree likeness" 
off  the data known as likelihood mapping (49) (see Fig. 3, 5, 
andd 7). The four taxa are compared by grouping three and 
comparingg the fourth with them by placing it in one of the 
sevenn possible ML areas as a dot: with taxon D most like taxon 
A,, B, or C (the three corners: tree-like), split between A and B, 
AA and C, or B and C (the three sides: unresolved between the 
two),, and, lastly, unlike A, B, or C and placed in the middle as 
aa neutral attractor (star-like formation). The centers of the ML 
triangless are inhabited by star-like phylogenies lacking tree-
likee content, i.e., having no attraction to cluster with the other 
taxaa (Fig. 3 and 4). The percentages of the contents of the 
completee set of quartets (^300,000 for 50 taxa) are displayed 
inn the numbered triangles. Each of the seven areas has a finite 
numberr of the ML dots, with the total of the seven being 100%. 

Thee utility of likelihood mapping is shown by analysis of an 
extensivee set of HIV-1B sequences (Fig. 3) (29) from 44 in-
fectedd progressors and nonprogressors sampled at seroconver-
sionn and 5 years thereafter. The three corners contain 74% of 
thee quartets, and fully 26% of the quartetss are unresolved, with 
pointss in the center of the triangle (16.3%) being neutral at-
tractorss or star forms. The phylogeny of this alignment (Fig. 4) 

FIG.. 5. Likelihood-mapping analysis for the SIVsmB670 passage complete 
clonee alignment. The top triangle shows the distribution pattern of the quartet 
analysis,, and the bottom triangles show the distribution of the data in the seven 
basinss of attraction or quartet possibilities. As shown, the majority of the data 
clusterss in the three corners, where completely resolved robust trees with large 
amountss of phylogenetic content are found. The three corners of the triangles, 
wheree completely resolved trees cluster, have almost the entire content. 

showss intrapatient sequence clustering and no definition of 
evolutionn of the HIV-1 B env gene over time. Evolution of 
HIV-11 during infection is not as structured as the cross-species 
passagee because several, or many, infections have already 
takenn place between the progenitor virus (presumably a rela-
tionn of SIV from chimpanzees) and the modern HIV-1. The 
lackk of sequences from the "original" founder of HIV-1 leaves 
aa gap in the phylogeny. Without the founder and early infec-
tionn sequences, the variation is seen to be nonstructured, since 
theree is no directed evolution or divergence over time. 

Figuree 5 shows the tree likeness of all 50 taxa of the SIVsm 
passage.. The sequence alignment contains a very high 96.5% of 
thee phylogeny in the three corners, or "in" the tree. There are 
2411 variable and 135 parsimonious sites of 1,119 nucleotides in 
thiss alignment. The split-between-partners quartets or sides of 
thee triangle include 3.1% that cluster between two other taxa 
andd only 0.4% that are unresolved ("out" of the tree) in the 
"star""  area where HIV-1 phylogenies exist (Fig. 4). 

Thee phylogeny derived from generation of all possible quar-
tets,, QP (Fig. 6), tells the complete story of the serial passage 
inn graphic form. As the infection history is known, the tree is 
rootedd in the Pl-1 clone as the founder sequence. The heter-
ogeneityy of the PI sequences is evidenced by the long branches 
thatt contain only pairs of taxa. The initial adaptative effect is 
seenn in the large differences in the lengths of the PI branches, 
varyingg from Pl-6 to Pl-8 and Pl-9 (which are the same dis-
tancee from Pl-1). P2S and P2D are not completely separate, 
withh two clusters forming, but four of the five P2-D taxa are 
distinctlyy divergent from the P2-S cluster, and P2D-2 is a likely 
founderr for the next passage, although P2S-4 is actually closer 
too the P3 to P6 sequences. The branch lengths and the clus-
teringg numbers place the P2 taxa between the PI and the P3 to 
P66 taxa. This pattern follows the changes in pathogenicity 
duringg passage and holds for the PI to P2 clustering as well. 
Thee P3 to P6 taxa are placed on the same branch, with a 
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FIG.. 6. SIVsmB670 passage complete clone phylogenetic inference for Ihe passage alignment. The tree was constructed by ML determination (PUZZLE 3.0) with 
thee Tamura-Nei distance approximation and 1,000 tree-puzzling steps. The QP percentages of the important branches are shown by boldface numbers. The scale bar 
iss in the lower left-hand corner. The tree shows the pattern of evolution during adaptation of SI Vsm to a new species of nonhuman primate and the effect of the serial 
passagess upon env during the increases of pathogenicity. 

clusteringg value of 64, since the P3 and P4 taxa do not carry 
muchh information that could cluster them separately as distinct 
clades.. The differences in branch lengths are indistinct because 
off  minimal sequence variation between the P3 and P6 clones. 
Theree is an almost quantum-like effect, with the branch lengths 
off  the P3S-1 and seven other taxa all being equal. The P4D-4 
andd six other clones also have equal branch lengths, seemingly 
twicee as long as those of the P3S-1 length. The tree continues 
too grow outward from the root, with the P6 sequences having 
longerr branch length than those of the P3 and P4 sequences. 
Thee P6B sequences form a distinct branch, except for the 
P6B-44 clone, which has seven amino acid substitutions not 
foundd in the other P6B sequences. 

MLL mapping was used to display the amount of tree-like 

informationn held by a separation of the sequences (PI and P2 
ass one cluster and the P3 to P6A and P6B sequences as an-
other).. The robustness of the branching separation of the two 
clusterss (Fig. 7) is seen as the absence of any shared quartets 
whichh would appear in the center of the triangles. The mapping 
showss the correlation of the branching order and distinctly 
alteredd pathogenicities of these quasispecies. The taxa were set 
inn two distinct clusters, with 97.6% of the phylogenetic infor-
mationn confirming the separation of these subsets of the pas-
sagee clones as evolutionarily distinct. 

Wee divided variable and constant regions into two separate 
phytogeniess to assess the pattern of evolution of these two 
functionall  types of env domains during adaptation and increase 
inn pathogenicity (Fig. 8 and 9). The variable-region phylogeny 
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FIG.. 7. SIVsmB670 passage complete clone two-cluster likelihood-mapping 
analysis.. The sequences were split into two disjoint groups: a (PI to P2) and b (P3 
too P6). The corners of the triangles are labelled with the corresponding tree 
topologies.. The top triangle shows the distribution pattern of the quartet anal-
ysis,, and the bottom triangles show the distribution of the data in the seven basins 
off  attraction or quartet possibilities. The likelihood-mapping analysis can also be 
appliedd to the testing of an internal edge of a tree. The clusters chosen separate 
thee early, less pathogenic env clones of the virus from the later, more pathogenic 
envenv clones. 

showss the large heterogeneity within the PI sequences that was 
observedd above. With 65% of the variable sites being found 
withinn the variable regions, the PI sequences are split into 
threee separate branches. Cluster definition decreases after se-
roconversionn of passage 3 (P3S clones), except for the P6B 
sequences.. The heterogeneity appears to be very large, but, as 
thee distance bar shows, the distances are far greater than those 
encounteredd in the constant regions. Misclustering was found 
duee to the enormous variation, and not the similarity, of the 
sequences.. In the variable regions, the average diversity was 
limitedd after the P3D sequences. 

Thee constant-region tree structure places the different pas-
sagess in order (Fig. 9). The PI heterogeneity is still large, but 
nott large enough to reduce the cluster definition of the whole 
tree,, as in the variable regions. The P3S sequences are the most 
clusteredd and mark the greatest increase in pathogenicity, with 
virall  diversity increasing as the passage progresses toward the 
P66 sequences. 

DISCUSSION N 

Seriall  passage of SIVsmB670 from sooty mangabeys in rhe-
suss macaques has drastically shortened the time of disease 
progressionn from 1.5 years to 1 month during adaptation of the 
retroviruss to the Asian rhesus macaque hosts. The increase in 
pathogenicityy has been correlated with higher antigen levels in 
plasma,, persistent plasma antigenemia, and a more rapid loss 
off  T-helper/memory cells (53a). The more rapid disease pro-
gressionn of the P6 inoculum produces clinical symptoms similar 
too those due to the slower progressing PI inoculum. The 
SIVsm-relatedd strain PBJ14 (Fig. 1) is pathogenic within 2 
weekss in pig-tailed, cynomolgus, and some rhesus macaques 
(43)) but does not produce the immunodeficiency seen in 
HIV-11 infections. It caused massive T-cell proliferation, in-
creasedd cytokine release, and mucoid diarrhea, and its env 

glycoproteinn has some superantigen-like properties (44). The 
P66 inoculum reproduced the relevant immunodeficiency symp-
tomss to model AIDS in humans, except for lack of serocon-
version. . 

Thee present study was used to analyze the genetic adapta-
tionn of the SIVsm env gene during serial population passage in 
rhesuss macaques. The clones sequenced were all unique, with 
decreasedd heterogeneity or viral diversity in the P6 sequences 
comparedd to those of PI. The heterogeneity or divergence seen 
mayy not be representative of genotypes present in tissue, but, 
forr the purpose of identifying the evolutionary path during the 
adaptationn of the env gene between the PI and P6 sequences, 
thiss single compartment sampling suffices. The major areas of 
variabilityy were observed in the VI and V4, as is the norm in 
SIVV infections (10,19, 39), but mutations were seen also within 
thee V2 and V3 regions and the C3 region just C-terminal to the 
V33 loop. 

Phylogeneticc inference methods were used to analyze the 
evolutionn of the env gene of SIVsm during adaptation in rhesus 
macaques.. The QP method was used to allow the rendering of 
phylogeneticc content of the data set and for the two-cluster 
mappingg of the variable versus the constant domains of the 
env.env. Four-taxon trees may, in some purposely selected cases, be 
difficultt to resolve (18a), but a one-tree example is not a de-
finingfining study (54). Sequence length is always a crucial factor in 
treee building, but the simultaneous analysis of many lineages 
tendss to improve phylogenetic estimation considerably (18b). 
Quartetss can be hard, but extra information helps. If all that is 
availablee consists of data on species A, B, C, and D, it might be 
relativelyy difficult to find the correct tree for them. However, if 
additionall  data are available (species E, F, G, . . .) and an 
attemptt is made to find a tree for all the species, that part of 
thee tree relating A, B, C, and D will be expected to be more 
accuratee than if just the data for A, B, C, and D were available. 
Theree are many examples of subsets of four species which in 
themselvess might be hard to resolve correctly but which are 
correctlyy resolved thanks to additional data (e.g., inordinately 
longg sequences or many lineages). PUZZLE 3.0 gains advan-
tagee from extra data in the same way. Its "understanding" or 
resolutionn of the quartet A, B, C, and D may be incorrect, but 
thee information on the relationships of A, B, C, and D implicit 
inn its treatment of A, B, C, and E, of A, B, D, and E, of A, C, 
D,, and E, of B, C, D, and E, of A, B, C, and F, of A, B, D, and 
F,, of A, C, D, and F, of B, C, D, and F, of A, B, C, and G, etc., 
shouldd overcome this problem (17a). Using this quartet-based 
heuristicc search algorithm (50) for the best tree fit  and 50 
sequencess of 1,119 bp each, we found that the sampled se-
quencess diverged from that of the primary inoculum in a time-
dependentt fashion, following the path of the serial passage. 
Thee topology of the tree placed the env sequences in clusters 
roughlyy according to the pathogenicity of the virus and the 
historyy of the passage infections. 

Thee relationship between infection history, pathogenicity, 
andd the hierarchy of the inferred trees indicates that env plays 
aa role in the progression to AIDS during SIV infection. The 
sequencee divergence and its correlation with enhanced viru-
lencee suggest that our recorded amino acid substitutions are 
importantt to the shortening of the asymptomatic period of 
progressionn to AIDS in the Asian rhesus macaques. 

Virall  diversity decreased during passaging (Fig. 6, 8, and 9) 
(53),, in particular in the constant regions, following the initial 
adaptationn to the new host. The phenomenon of viral diversity 
iss pivotal to the production of vaccines. We have shown here 
thatt this diversity is related to the level of adaptation of the 
viruss to its new environment and that, after several infections, 
ann equilibrium is reached in amino acid substitution (unpub-
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FIG.. 8. Phylogenetic inference for (he variable regions of the SIVsmB670 passage alignment. The tree was constructed by ML determination (PUZZLE 3.0) with 
thee Tamura-Nei distance approximation and 1,000 tree-puzzling steps. The QP percentages of the important branches are shown by boldface numbers. The scale bar 
iss in the lower left-hand corner. The pattern of evolution of the variable regions is less structured than that of the constant regions (Fig. 9). The PI to P6 sequences 
clusterr together on one branch, except for the root (Pl-1) and four PI clones (Pl-2, Pl-3, Pl-6, and Pl-10). 

lishedd data), KJKa ratio (53), and branch length variation at 
whichh the virus is optimally tailored to the surrounding condi-
tions.. Variation in the amino acids of the env product was 
greatestt in the VI and V4 regions followed by V2 and V3. The 
differencee in receptor sequence between the CD4 of sooty 
mangabeyss and Asian rhesus macaques is not known, nor is the 
differencee in relatedness of the accessory receptors for this 
viruss in these two hosts (1, 13, 15). The adaptive process may 
hingee on the viral need for the most efficient env conformation 
too bind the CD4 T cells and begin the infective process. In-
creasedd pathogenicity would imply increased viral adaptation 

andd increased ability to bind and enter the target cells of the 
neww host. The most variable, or most adaptable, regions were 
VII  and the V4. The precise role of VI (in HIV or SIV infec-
tions)) is not yet known. V3 and C4 are known to play a role in 
thee binding of CD4 (23); although not binding directly, they 
playy a conformational role. Because V3 and C4 span V4, V4 
(alongg with other regions in the env gene) may encode amino 
acidss that are part of the CD4 binding domain. If the binding 
off  the CD4 and accessory receptor are relevant to the devel-
opmentt of lentivirus pathogenicity, it would follow that the 
fastest-adaptingg areas of the env gene would be those need-
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FIG.. 9. Phylogenetic inference for the constant regions of the SIVsmB670 passage alignment. The tree was constructed by ML determination (PUZZLE 3.0) with 
thee Tamura-Nei distance approximation and 1,000 tree-puzzling steps. The QP percentages of the important branches are in bold numbers. The scale bar is in the lower 
left-handd corner. 

edd to contact the CD4 and accessory receptor for SIVsm The relative clustering of the env sequences by virulence and 
(CCKR-55 is the known accessory receptor for HIV-1 and SIV by sequence divergence shows the impact of genetic variation 
(15).. If so, VI and V4 are in conformational contact and are of env upon pathogenicity. The difficulty of nonrobust phylo-
thee major env structures involved in binding and entry. genetic separation of the P3 to P6 sequences shows that env 
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evolutionn is not a simple linear process. Apparently, conver-
gencee can occur during multiple serial infections after adapta-
tionn has occurred in relation to the env gene of SIVsm. The 
decreasingg heterogeneity seen in the P3 to P6 taxa may reflect 
thee reduced adaptation and convergence or sequence stability 
off  the new consensus around which these sequences evolve in 
aa decreasing area or may indicate that selection has effectively 
removedd unsuccessful variants. 
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Abstract::  Lentiviruses in primates susceptible to AIDS swarm as a quasispecies of genetic 
andd biological variants which evolve as the infection persists. The development of AIDS is 
associatedd with the evolution of highly fit  and highly virulent end-stage variants. To deter-
minee when virulent end-stage variants emerge in a susceptible host we correlated the virus 
loadd (prognostic for disease progression) with the degree of variation of the CI to CD4 
bindingg regions of the env. This was studied during the sequential in vivo passage of SIVsm 
DeItaB6700 in a uniform group of age and sex matched rhesus monkeys (Macaca mulatto). 
Interestingly,, the most marked sequence variation was observed in animals participating in 
earlierr passages with low viral loads. Certain genotypic motifs found in the highly fit 
end-stagee variants could be traced back to animals with low virus loads and a long survival 
history.. These data suggest that the evolution of highly-fit end-stage variants begins during 
periodss of low viral loads. They may be in part be driven by host immune responses early in 
infectionn until they become highly fit  and capable of immune escape. 

Introduction ::  The use of SIV in macaques allows for the analysis of virus of known se-
quence,, and parameters or determinants of disease progression. The various strains of SIV 
differr in their infective and disease causing capacities (1,24) and in their various natural hosts 
ass well as in experimental infections in other primate species (25,38). Patterns of disease have 
beenn widely investigated with studies on prior immunization and analysis of the progressors 
andd slow progressors after infection to show that early replication patterns correlate with 
diseasee outcome (20,42). The route of transmission has also been shown to influence early 
virall  selection and diversity (6,40). Virus load is a measure of disease progression in suscepti-
blee hosts (9,20,22,31,38,42). In disease resistant hosts viral loads as high as 105 to 107 copies 
perr millilitr e have been reported (38,42). 

Thee ability of lentiviruses to absorb remarkable variations in their genomes and remain 
replicationn competent or fit  is due to their quasispecies nature (17). The various copies of the 
SIVV genome present during infection are all slightly different from one another due to the 
infidelityy of their own reproductive machinery, and thus the virus may be more or less fit 
becausee of these variations. The size of the infectious inoculum is crucial as the variability of 
thee virus can be detrimental if the inoculum is too small and only incompetent or less fit 
variantss are transmitted alone (8,15). Increases in the size of the infectious inoculum have 
beenn shown to exponentially increase the virulence or pathogenicity of the virus during 
infectionn (8,35). Whereas dilute passages of virus, or lowered inoculum size promotes the 
expressionn of genetic and phenotypic variants (39) there is a finite limit to the extent to which 
thee transmitted quasispecies, or inoculum can be reduced (8), limited reduction in the size of 
thee transmitted quasispecies gives less prevalent or less replication competent variants a 
chancee at the limited number of target cells. Experimental infection with a pathogenic 
clonee can result in rapid progression as the initial burst of replication of a fit  variant can 
overcomee the effect of dose (23). Although quasispecies support the replication of the most fit 
variantss by virtue of their quicker replication capacity (better able to compete to be the 
founderr of the next round of replication or infective party to a new target cell) the sequence 
spacee within which they operate (17) is prone to disruption by the stochastic action of newly 
derivedd mutants of already fit variants (7). Although the derivation of new more fit variants is 
thee basis for genetic variation during adaptation and infection the antigenic variation is not 
necessarilyy dependent upon immune selection as has long been proposed (13), but also to the 
actionn of the stochastic behaviour of large fit quasispecies (7). The combination of viral 
variationn and immune response leads to a change in the biological properties of the during 
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infectionn and frequently a change in the tropism of the target cells (10), and the evolution of 
moree virulent variants during progression to AIDS (19,28). The stabilization levels of viremia 
aree predictive of the outcome of the infection (19,43), and increased viral load is a marker for 
aa more rapid progression to AIDS. 

Too study the molecular evolution of a pathogen during cross species transfer the sooty 
mangabeyy strain of SIVsm was sequentially passaged six times (23) in Asian rhesus ma-
caques.. Pathogenesis was studied by following the fixation of env sequences, plasma viral 
load,, disease characteristics, and length of the asymptomatic period during adaptation to a 
neww host The highest rates of evolution as measured by intrasample nonsynonymous varia-
tionn were found in the initial passages and correlated with low virus load. These infections 
demonstratedd that large amounts of nonsynonymous variation, or antigenic diversity are 
relatedd to decreased replication kinetics, or less fit  early passage variants of SIVsm. Eventu-
allyy the selection and fixation of these nonsynonymous variations led to increased loads and 
highh virulence. 

Material ss and Methods: 

Virus.. The SIV strain used in the multiple passage is of the SIVsm family of lentiviruses 
(SrVmac,, SrVsmmH4 and SIVPBj 14) originally discovered in sooty mangabeys or in captive 
Asiann macaques infected accidentally with SIVsm (11,12,21). The SIVsm DeltaB670 strain 
usedd is well characterised and has been used in previous experimental infections of rhesus 
macaquess because it accurately reproduces the clinical manifestations of AIDS seen in 
humanss (2-4,18,26,32,34,37,41,49). The virus stock has been thoroughly analysed as to 
genotypicc and phenotype variation during experimental infection of non-human primates and 
duringg in vitro infection of rhesus macaque and human PBMCs (2,30). 

Passage.. As reported elsewhere (23), the passage was carried out using 16 age matched Asian 
rhesuss macaques (Macaca mulatta) of two years of age. The passage with SIVsmDeItaB670 
wass carried out using intravenous inoculation, with the first rhesus macaque 
receivingg 5xl02 infectious doses of cell free virus. The following rhesus macaques (for P2 to 
P6AA and P6B, there were two infections at the P6 level) were inoculated with 2xl06 uncul-
turedd cryopreserved peripheral blood mononuclear cells (PBMC) taken at the symptomatic 
stagee of disease from the preceding rhesus macaque. Routine clinical biochemistry and 
haematologicall  analysis was performed at two week intervals, and following two months, at 
fourr week intervals. The CD4+ T cell changes in concentration were monitored by FACScan 
(Bectonn Dickinson) using double labelling with Leu3a and 4B4, as described earlier (33). The 
concentrationss of SIV p27 antigen were measured with an SIV p27 antigen capture assay 
(Coulterr Corporation). 

Clinicall  Findings During Serial Passage: The levels of plasma antigen (p27) and CD4+ T 
cellss were measured at all available time points. Shortening of the asymptomatic period 
coincidedd with decreased viral diversity, greater plasma antigen levels, and a more rapid 
CD4++ T cell loss. The concentrations of SIVp27 and relative percentages of CD4+ T cells 
weree monitored throughout the passage, no data was available for passage one (PI), except 
forr the last serum sample, as used for RT-PCR amplification, cloning, and load determination. 
Thee P5 resulted in unexpectedly quick progression to AIDS, and no samples were available 
forr haematological assay or for sequence, or load determination. The passage of SIVsm 
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DeltaB6700 in juvenile rhesus monkeys resulted in the decrease of the asymptomatic period 
fromfrom eighteen months to one and two months, in the fifth and sixth passage respectively. 
Diseasee development was characterised by rapid loss of CD4+ T cells persistent and persis-
tentlyy high level plasma viremia (23). The pathological and clinical manifestations of disease 
didd not change during the decrease in the clinical latency. The rapid reduction of the asymp-
tomaticc period occurs within three consecutive passages, dropping to weeks after P3 (23). 

Vira ll  load determination: Determination of SIV RNA levels in plasma of infected macaques 
wass carried out using a highly sensitive and reproducible quantitative competitive (QC) RT-
PCRR assay (43). Briefly, 200 pi of plasma was added to 600 pi of guanidine-isothiocyanate-
basedd lysis solution containing 300 copies of internal standard RNA. The RNA was precipi-
tatedd by propanol-2 and was reversed transcribed and amplified with rTth DNA polymerase. 
Thee amplification products were hybridised in six five-fold dilutions to a capture probe that 
wass that was covalently bound to microwell plates. The amplification products were detected 
byy a streptavidin-horseradish-peroxidase-mediated calorimetric reaction. The amplified 
internall  standard was hybridised to a rearranged 26-bp capture probe in separate micro wells. 
Thee number of RNA copies in the plasma sample was calculated from the optical density of 
thee sample wells compared to that of the corresponding internal standard. The number of 
RNAA copies in the plasma sample was calculated from the optical density of the sample wells 
comparedd to that of the corresponding internal standard well. Data was plotted for each 
individuall  animal involved in the sequential in vivo passage as the concentration of RNA per 
mll  of plasma (23). 

EnvEnv RT-PCR, Cloning Strategy, and Sequencing: Genomic viral RNA was extracted from 
macaquee serum, amplified using RT-PCR and 60 env genes were sequenced form the VI to 
V4,, and analysed using phylogenetic analysis (44), and Ks/Ka variation (46). Briefly, viral 
RNAA was extracted using silica beads and a chaotropic agent according to the Boom method 
(5),, and used as template in a reverse transcriptase reaction followed by PCR amplification. 
Thee 3' PCR primer was also used to prime the reverse transcriptase reaction, followed by a 
singlee PCR reaction and cloning (44). The time points for sampling by sequencing of serum 
virall  RNA were seroconversion and death. The sequenced clones were named by passage 
numberr (PI to P6A and B) and start (S) or death (D). The sequences were aligned using 
CLUSTALL W(18) and adjusted by eye. Synonymous and nonsynonymous nucleotide varia-
tionss (P-Distances) were calculated by using the MEGA program (29,46). Intrasample varia-
tionn calculations are the result of comparisons of clones from the same time-point (within a 
sample). . 

Results::  Increasingly rapid progression to AIDS caused by the large inoculum size occurred 
inn the first three passages. Macaques infected with only 50 MID50 of another nonpassaged 
SIVsmm strain died between twelve and thirty weeks with loads of up to 109 per millilitr e of 
plasmaa (20). During the first passage the virus at time of death showed a large amount of 
heterogeneityy (46). During the second (and later) passages there was a very rapid progression 
too AIDS and death. As has been shown (23) the monkeys with extended TDPI (time of death 
postt infection) showed a lower load and some containment of viremia before death, whereas 
thee fast progressing monkeys showed no containment of viremia reaching a plateau at a high 
earlyy peak load. The data were analysed according to TDPI, synonymous and 
nonsynonymouss intrasample genetic variation, and virus load at peak, start (first available 
sample),, and death. 
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Figuree 1: Nonsynonymous (A), and Synonymous (B) P-Distances within the V1 to V4 sequenced env clones versus 
thee virus viral load in the serum of the serially passaged SIVsm. P-Distances are the numbers of nucleotide 
substitutionss between two strands of nucleic acid divided by the number of nucleotides they comprise in length, 
andd gives an estimate of the average genetic heterogeneity. 
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Thee nonsynonymous and synonymous genetic variation versus viral load (Figure 1A & B) 
followw different patterns, with the nonsynonymous variation being biphasic with a steep 
declinee from the initially heterogenous primary inoculum at the lowest viral load. The synon-
ymouss variation follows no particular pattern when compared to either viral load (Figure 1 A), 
orr TDPI (similar pattern, not shown). The nonsynonymous genetic heterogeneity decreased 
almostt three fold in the first passage and then remained at a low level thereafter when com-
paredd to virus load (Figure IB); this biphasic pattern is similar to the relationship of TDPI and 
virall  load (23). The increasing peak viral load follows a consistent decline in the TDPI and 
alsoo in nonsynonymous genetic variation (Figure 2). 

Figuree 2: Time of death post infection versus nonsynonymous genetic variation. 
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Discussion::  Lentiviral evolution during sequential passage is under the influence of popula-
tionn passage (8,35), purifying selection and the steady state variability or quasispecies of an 
adaptedd virus population (7,14,17), and antigenic variation which is not dependent upon 
immunee selection (13,47). Sequential passage of a sooty mangabey derived SIVsm in rhesus 
macaquess resulted in marked increases in the virulence of the virus. A genetic quasispecies 
withh a wide range around the master sequence was found during adaptation and was initially 
associatedd with lower viral loads. The peak loads increased from 105 in the first passage to 
1099 in the end of the fifth passage. The genetic variation of the evolving virus decreased from 
thee first passage to the third passage and remained at a basal level with a nominal amount of 
nonsynonymouss variation (Figure 1A). Heterogeneity of the passaged virus was always 
presentt and displayed a quasispecies nature. The TDPI of the passages decreased in a similar 
patternn as the genetic variation and remained at an exceedingly short average after the fourth 
passagee (Figure 2). 
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Rapidd progression to AIDS occurred in the abscence of an effective immune response 
(viremiaa was controlled to some extent only in one monkey in passage two and three). Anti-
genicc variation is decreased by the rapid adaptation and the selection for the most rapidly 
replicatingg viral variant. Rapid replication after the initial selection and dissemination pre-
cludee the immune system of producing even a weak or shortened suppression of viral replica-
tion. . 

AA large number of seedling viruses used as the inoculum increases the chances that a better 
adaptedd or more rapidly replicating virus will exist in the inoculum population. Progeny wil l 
bee selected as founders by the preceding rounds of replication and infection thereby raising 
thee ability to replicate of the entire virus population. During decreasing TDPI and genetic 
variationn of the quasispecies its phenotype narrows (15,16,36). The large number of genomes 
presentt overcomes the stochastic events of reverse transcriptase errors, sampling errors during 
fluctuatingg viral loads and immune or tissue specific selection as the quasi-species swarm 
evolvess through sequence space towards elevated terrain (17). Nonsynonymous genetic 
variationn is the hallmark of lentiviral infection and over time the heterogeneity or breadth of 
thee quasispecies will alter according to selection and escape event, as will the master or 
consensuss sequence encoding the aggregate of the quasispecies existing at any time. A virus 
iss in constant competition due to the competitive exclusion principle (7). The complex 
mixturee of unique antigenically distinct viral genomes compete as a most fit variant is se-
lectedd over its nearest relatives (derived by errors of the reverse transcriptase) which may 
havee some advantage, be neutral, or have some disadvantage, as compared to the other 
virusess present. Selection of fitness occurs by several processes of replication kinetics, cell 
tropisms,, and immune escape ability. The sequence most fit  (replicating to the highest levels, 
tropicallyy advantaged, or more immune resistant) in a given host is at a peak of efficiency, 
andd variation is of a limited value, as the virus would then shift to a lower terrain in the 
fitnessfitness landscape or lesser ability to replicate (17). The life cycle of SIV is dependent upon 
acclimatizationn to produce increased virulence (27) as is seen by the rapid and directed 
directionn of the nonsynonymous variation. 

Thee events that take place early in HIV/SIV infection have a distinct role in the outcome of 
thee infection. Diverse profiles of plasma viremia occur during infection and progression and 
thee early containment is a prognostic indicator of a long asymptomatic period, and early 
viremiaa is predictive of a more rapid disease progression (20,31,48). The emergence of 
cytopathicc and antigenic variants influences the progression to disease (19,28). The selection 
earlyy in the infection of antigenically distinct env fixations (nonsynonymous variations) may 
alsoo be an indicator of progression (45). The viruses containing advantageous mutations early 
inn infection are selected during the heterogeneic phase of the infection and fixed in a sequen-
tiall  fashion leading to a more fit quickly replicating variant (Figure 1A). The consensus 
sequencee or intrasample nonsynonymous variation is seen to follow a biphasic pattern after 
thee needed variations present in the primary inoculum are found, selected and fixed (45). 
Thesee variants correlate directly with the viral load, whereas the synonymous or antigenically 
indistinctt variations have no correlation (Figure IB). This implies that the low virus load 
correlatedd env variations explored by the virus and fixed could be the cause of the increased 
loadd and virulence. The existence of the variations early in infection would lead one to 
believee that the development of pathogenesis is caused by the rapid replication (even in the 
earliestt infection the load is 10s copies per ml of plasma), and continuous adaptation of the 
viruss in selecting the virulence inducing substitutions in the env of the early passages until 
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theyy are all present in one genome. The study of these early infection selections could lead to 
thee finding of env variations that could be used as a prognostic indicator. As demonstrated in 
thiss study the ability to replicate efficiently with decreasing genetic heterogeneity are key 
predictorss of a rapid progression to AIDS. 
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Generall  Discussion: 

Thee structure and function of viral genes and their interaction with cellular factors greatly 
influencee the events during infection. Viral variation of the env in human infections is 
governedd by both functional and epidemiological variables. It is difficult to trace due to the 
usuallyy unknown infectious inoculum, and the detection of infection well past seroconversion. 
Inn order to study the human infection we have used an analogous animal model. SIV is 
Africann in origin, and in Asian non-human primates it induces AIDS, where as in its "natural 
host""  species of African origin it is nonpathogenic. The infection in the African nonhuman 
primatess is species specific and there are now eight separate strains of SIV which have been 
characterizedd (11,12,14). The SIV strain most closely related to human immunodeficiency 
viruss type 2 (HIV-2) is SIVsm, the strain specific to the sooty mangabey (Cercocebus atys 
(8)).. The experimental infection of Asian primates with SIV allows the study of the viral 
infectionn with a known strain of the virus from the moment of infection. The sequencing of 
largee numbers of clones of the env reveals the genetic imprint made on the virus in time. 

AA preponderonce of nonsynonymous nucleic acid changes is seen as evidence of adaptive 
evolutionn (classically known as Darwinian evolution, or the opposite form of selection to the 
neutrall  theory (13)). The high rate of amino acid change belies a biological pressure upon the 
proteinss translated from the nucleic acid of the organism, and from there a selection from the 
pooll  of available genomes (which is very large in SIV infection). The reference to the 
competingg models (Darwinian and neutral) is important as the evolution seen during infection 
off  SIVsm in a new species is rapid and punctuated (20). Evolution of the env takes place at an 
extremelyy rapid rate during the initial infections but then moves towards a steady state of low 
variation.. The two modes of variation (synonymous and nonsynonymous) are shown to vary 
dramaticallyy according to the time after cross-species transmission. The decrease in variation 
coincidess with the increase in virulence, and the markedly shortened asymptomatic period 
beforee progression to AIDS. Variation in codon usage between the variable (external), and the 
constantt (internal) regions allows the virus to adjust at different rates in different regions to 
changess caused by mistakes in reverse transcription, and may be a possible mechanism of 
increasingg amino acid variation to escape immune selection. 

Thee clustering of env sequences according to passage and pathogenicity shows that variation 
foundd during passage takes place in a structured manner. Likelihood mapping (17,19) showed 
thatt phylogenetic reconstruction of the passage was possible because a high percentage of the 
envenv nucleic acids sequenced contained tree-like data. The use of quartet puzzling (18) to 
producee the phylogenies showed a correlation between the env sequences, number of 
passages,, and increased pathogenicity. 

Originallyy the T cell CD4 receptor was thought to be the only mediator of binding and entry 
off  HIV and SIV. Inconclusive inhibition of binding and entry by Abs led to the belief that 
theree must be other cellular receptors in use by these viruses, and the cloning of the first and 
recognitionn of the other "orphan" coreceptors was the beginning of the understanding of 
tropismm during infection. What were termed coreceptors are now known to be able to support 
bindingg and infection without the use of CD4 in some cases. The genetic variation in the env 
andd its biological significance was shown to differ with the situation in HIV-1 in humans (5), 
wheree the env follows similar patterns of variation but the biological pattern of infection 
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variess with the switch from CCR5 use to CXCR4 use late in infection. Switches in coreceptor 
usee from CCR5 (macrophage tropic virus) to CXCR4 (T cell tropic virus) herald the 
progressionn to AIDS in some cases (5,7). In the SIVsm transmission there was no change in 
coreceptorr usage throughout the passage. The variation in the env would lead one to believe 
thatt it played a role in the increased pathogenicity. The lack of variation of coreceptor usage 
mayy mean the changes seen in the env are for increased binding of the receptor, and or 
coreceptorss used. The charted changes in the env show that in later passages some clones are 
foundd that were not seen in the earlier passages, but were present in the primary inoculum (1). 
Largee quasispecies can dominate, or suppress, fitter variants (6) simply by occupying the 
availableavailable target cells. In in vitro studies decreasing the size of the quasispecies, or dilute 
passage,, can bring out variants not seen earlier in infection (16). The decreasing heterogeneity 
off  the quasispecies during passage did not obscure the earlier hidden (or minority and thus not 
sampled)) variants. In passage three (P3S-3, P3D-1 & 3) variants known to exist in the 
primaryy inoculum were present at a percentage high enough to be found during isolation from 
thee serum. 

Virall  load is a clinical marker of the health of the HIV infected, especially when under drug, 
orr multi-drug treatment, a rise in viral load can mean the beginning of the failure of 
interventionn as mutants arise able to replicate while under treatment. During the serial 
passagee the virus load increased until the third passage. The virus load increased as the 
geneticc heterogeneity of the quasispecies decreased. Population passages cause vast gains in 
growthh rates during each large quasispecies infection (4,15). The large number of genomes 
presentt increases the chances that there is a very fit variant in the inoculum, the stochastic 
naturee of virus growth (21) leads to a competition between the most fit variants. The 
increasedd homogeneity seen during passage may be an indicator of greater intrinsic 
differencess seen between variants present than in HIV infection (21), which allow for the 
outgrowthh of the major variant in spite of the complex relationship of replicative ability, host 
cell,, and cellular stimulation. 

Thee wild populations of primates represent an unexplored reservoir of evolving and emerging 
infectiouss diseases that can spread to man (3,9,10,14,22). This reservoir can be used to serve 
ass an indicator of coming pathogens and provide models of natural transmission dynamics. 
Thee low frequency of seropositivity in the wild population may be due to predation effects. 
Thee seemingly nonpathogenic infection may possibly make the infected non-human primates 
moree opportune to other pathogens, or predators, thus removing them from the population 
beforee the virus could spread to the remaining troupe members. It may be that the feral 
populationss have already been through the selection of an "ancient infection" (2). The genetic 
pooll  of African nonhuman primates surviving today may be the descendants of ancestors who 
weree long term nonprogressors, or had resistance genes able to ensure asymptomatic 
infectionn and survival. There is a discontinuity between the numbers of infected feral 
monkeyss found and the nonmonogamous mating habits of these species which should lead to 
aa higher seroprevalence. Elucidation of the transmission patterns and serosurvey of the feral 
speciess is seemingly impossible now with the large scale destruction of their territories, and 
decreasingg population size. Any advances made in understanding the infection among the 
nonhumann primates, and its natural history, might help to elucidate its spread to man. Wild 
primatee populations remain a source of emerging human virus infection. 
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Summary: : 

Thee introduction of this thesis describes the history of the AIDS pandemic and the viruses 
discoveredd almost simultaneously in man and in non-human primates in two primate colonies 
onn opposite coasts of the United States. The discovery of the causative agent followed the 
advancingg "syndrome" by several years and the link between HIV and SIV was slowly brought 
too light after much confusion as to how a human epidemic could have spread in North America, 
whilee the virus reservoir was in African non-human primates. Originally thought to be a disease 
off  homosexuals, it's spread to haemophiliacs, blood bank recipients and the heterosexual 
populationn showed how incipient it was. The development of an animal model for use in 
vaccinee studies was complicated by the apparent large genetic differences between HIV-1 in 
mann and the SIV found in the nonhuman primate colonies. The discovery of an HIV-1-like virus 
inn chimpanzees and the realization that HIV-2 originated in sooty mangabeys brought about the 
changee in research direction that led to today's studies. 

Chapterr two is a paper about the natural infection in nonhuman primates. We used the known 
strainss of SIV as well as newly cloned and analysed SIVrcm, L'hoest, Sun, and CpzUS to gain 
insightt into the phylogeny of their env gpl60 and gag genes to study the patterns of evolution of 
thee immune reactive outer proteins and the more core proteins. The L'hoest virus is seen to be 
thee most likely progenitor of the present pandemic, and all of the HIV/SIV species. 

Chapterr three is a study of the role of the env adaptations in cellular tropism, and virulence. No 
changess in glycosylation, charge, hydrophobicity or secondary structure prediction were seen 
betweenn the env clones of the early versus the late passages. Motifs of macrophage tropic B670 
withinn the env VI were selected and fixed. Present in the primary inoculum they became the 
majorityy of the virus sampled in the later passages. During the increase in virulence and de-
creasee in env evolution there were no alterations in coreceptor CCR5 being used exclusively. 
Thesee results show that the increased pathogenicity and env variation are not related to 
coreceptorr switching in SIVsm infection. 

Chapterr four describes the serial passage of SIVsm from sooty mangabeys in rhesus macaques, 
whichh drastically shortened the time of disease progression from 1.5 years to 1 month as the 
viruss adapted to its new Asian host. The use of a well studied virus isolate in in vivo experi-
mentall  infection allows the comparison of the disease characteristics and the genetic variation 
duringg transmission to a new species and passage in that species. To study SIVsm env evolution 
duringg passage in rhesus macaques, multiple env clones were sequenced at seroconversion and 
againn at death. The env variation found during adaptation was almost completely confined to the 
variablee or exposed regions. Shortening of the asymptomatic period coincided with a rise in the 
Ks/Kaa ratio (ratio between the number of synonymous [Ks] and the number of nonsynonymous 
[Ka]]  substitutions). The Ks/Ka ratio followed the changes in the disease characteristics with 
mostt of the adaptation occurring in the first three passages followed by near stasis. Analysis of 
codonn usage revealed decreased codon redundancy in the variable regions. 

Thee quasispecies nature of the SIVsm env was studied in chapter five. We obtained phylogen-
eticc evidence provided by the structured topology of the SIVsm env tree. Likelihood mapping 
showedd that phylogenetic reconstruction of the passage was possible because a high percentage 
off  the sequence data had a "tree-like" form. Subsequently, quartet puzzling was used and 
producedd a phylogeny with a structure parallel to the known infection history. The adaptation of 
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SrVsmm to Asian rhesus macaques appears to be an ordered process in which the env evolves in 
aa tree-like manner, particularly in its constant regions. 

Inn the sixth chapter we compare the measured virus load during increased virus virulence. In 
ferall  sooty mangabeys SIVsm is nonpathogenic while replicating to high copy numbers (as does 
SlVagmm in African Green monkeys). We studied the effect of multiple passages on virus load 
andd genetic variation. The virus load from multiple monkeys at each passage was measured to 
assesss the relationship between pathogenicity and virus load. Nonsynonymous mutations were 
fixedd in the sequential passages and present in the early passages. The selected and fixed 
mutationss related to increased virulence existed in the primary inoculum, but not in one viral 
genome.. Shortening of the disease free period was shown to be correlated with increased viral 
loadd and decreasing genetic heterogeneity. 

Finallyy the conclusion to this thesis is the discussion of the findings and a chance to philoso-
phizee about the possible ramifications. 
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Samenvatting: : 

Inn hoofdstuk één wordt een overzicht gegeven van de geschiedenis van de pandemische HIV-
infectiee en de gelijktijdige ontdekking van een virus (SIV) bij apen in twee apen kolonies in 
dee Verenigde Staten. De ontdekking van het HIV-virus kwam een aantal jaren na het 
beschrijvenn van het in toenemende mate voorkomende AIDS syndroom. De relatie tussen 
HIVV en SIV kwam langzaam aan het daglicht nadat veel verwarring was ontstaan over hoe 
eenn virus van een Afrikaanse aap een epidemie bij de mens in de VS had kunnen 
veroorzaken.. Terwijl men aanvankelijk dacht dat het een infectie was die alleen voorkwam bij 
homosexuelen,, bleek dat de verspreiding onder patiënten die behandeld waren met 
bloedproductenn aantoonde dat HIV ook met bloed overdraagbaar was en in Afrika werd 
verspreidd door middel van heterosexuele overdracht. De ontwikkeling van een diermodel 
werdd gecompliceerd door de grote genetische verschillen tussen het HIV-1 in mensen en het 
SIVV gevonden in bovengenoemde apenkolonies. De ontdekking van een HIV-lachtig virus in 
chimpanseess (SIVcpz) en vervolgens de ontdekking dat HIV-2 afkomstig was van sooty 
mangabeyss (SIVsm) was de doorbraak die leidde tot het hedendaagse onderzoek. 

Inn hoofdstuk twee wordt een vergelijkende studie van het SIV beschreven. Wij hebben 
gebruikk gemaakt van bekende SIV stammen en de in 1999 ontdekte virussen L'hoest, Sun en 
CpzUSS om de stamboom te analyseren van env gp!60 en gag structurele genen met als doel 
hett bestuderen van patronen van evolutie van het virus. Uit dit onderzoek bleek dat het 
L'hoestt virus naar alle waarschijnlijkheid de voorouder van de hedendaagse HIV- en SIV-
soortenn is. 

Inn het derde hoofdstuk is een studie beschreven over het gebruik van co-receptoren door het 
viruss in rhesusmakaken tijdens een infectie met SIVsm. Er werden geen veranderingen in 
glycosylering,, lading, hydrofobiciteit of de voorspellende secundaire structuur gezien tussen 
dee verschillende passages van het virus. Bepaalde macrofaag-tropische B670 motieven 
binnenn het eerste variabele gebied (VI) van het env gen, aanwezig als een minderheid in het 
primairee inoculum, bleken het leeuwedeel van de motieven te vormen na meerdere passages. 
Tijdenss de toename in virulentie en afname van genetische variatie in het env gen gedurende 
dee eerste drie passages van dit virus werden er geen veranderingen in CCR5 co-receptor 
gebruikk gevonden. Deze resultaten wijzen erop dat een toename van de pathogeniciteit niet 
vann invloed is op het co-receptor gebruik tijdens een infectie met SIVsm. 

Hoofdstukk vier van dit proefschrift beschrijft het effect van seriële passage van SIVsm 
-- afkomstig uit sooty mangabeys - in rhesusmakaken waardoor de incubatietijd van de ziekte 
werdd verkort van 1.5 jaar tot 1 maand als uiting van de aanpassing van het virus aan de 
nieuwee - uit Azië afkomstige - gastheer. Het gebruik van een goed bestudeerd virus voor in 
vivovivo infecties maakt het mogelijk de genetische variatie tijdens transmissie naar een nieuwe 
soortt te bestuderen in relatie tot de pathogeniciteit van het virus. Om de evolutie van het 
SIVsmm omhulsel bij resus makaken te bestuderen werd van een aantal viruspreparaten de 
RNAA sequentie bepaald op het moment van seroconversie en op het moment van overlijden. 
Dee variatie binnen het env gen tijdens het adaptatieproces was vrijwel volledig beperkt tot de 
gebiedenn die zich aan de buitenzijde van het envelop eiwit bevinden. Verkorting van de 
asymptomatischee periode viel samen met met een verhoging van de Ks/Ka ratio (de 
verhoudingg tussen het aantal synonieme [Ks] en niet synonieme [Ka] substituties). De Ks/Ka 
ratioo daalde en ging gepaard met een versneld ziekte proces gedurende de eerste drie 
passages.. Tijdens deze passages vond er een verandering plaats van een heterogene tot een 
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vrijwell  homogene virus populatie. Analyse van het codongebruik liet zien dat het aantal 
codonss dat werd gebruikt voor het coderen van bepaalde aminozuren daalde na de passage. 

Hett kwasi-soortspecifieke karakter van het env gen van SIVsm is beschreven in hoofdstuk 
vijf .. De vraagstelling was of er phylogenetisch een verband gelegd kon worden tussen de 
variatievariatie in env en veranderingen in de ziekteprogressie. Likelihood-mapping en quartet-
puzzlingg toonden vervolgens aan dat de viruspopulatie binnen elke passage correleerde met 
eenn specifieke plek op de phylogenetische boom en het daarbij behorende ziekteverloop. De 
adaptatiee van SIVsm in Aziatische rhesusmakaken bleek een gestructureerd proces te zijn 
waarinn het geconserveerde gebied van het env gen veranderde in phylogenetische clusters die 
correleerdenn met de virulentie van de viruspopulatie tijdens desbetreffende passage. 

Bijj  in het wild levende sooty mangabeys is SIVsm niet pathogeen terwijl zeer hoge 
hoeveelhedenn virus voorkomen in het bloed zoals ook gevonden is in SlVagm geïnfecteerde 
Africann green monkeys. In hoofdstuk zes werd het effekt van meerdere virus passages op de 
hoeveelheidd virus en de genetische variatie bestudeerd. De gemeten hoeveelheid virus in het 
bloedd steeg in het algemeen tijdens de passages met een maximale waarde van 1010 copieèn 
SIVsmm RNA per millilite r serum terwijl de virus variatie daalde. Een verkorting van de 
levensduurr na infectie hing samen met een afname van genetische variatie en een toename 
vann de hoeveelheid virus in het bloed. 

Inn hoofdstuk zeven, de algemene discussie, worden de bevindingen van de in dit proefschrift 
beschrevenn experimenten bediscussieerd. 
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