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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-

66 6 



74988 VALL I ET AL . J.. VlROL 

Envelop »» Nucleotid e #1 Concentration s 

oo 40 
E E 

SS 20 y|y y 

 Variabl e 
 Constant 

il l 
Nucleotide ::  A, J C__JJ A T_ C_ G. A. J C__G 

SIVsmm ' "  SIVnTec ~ HIV-1 B 
Envelop ee Regio n end Nucleotid e Identit y 

|| 40 

Envelop ee Nucleotid e 02 Concentration s 

Nucleotide ::  4. I__f i £ A-JLS. 
TlVs mm ^IVm a 

 V.rubl e 
DD Consten t 

A._JJ c o 
HIV-11 B 

Envelop ee Reglon t end Nucleotid e Identit y 

Envelopee Codon Usage 

oo 40 

i i 
o o 

 30 
a a 
D D 
JJ 20 -

Envelop ** Nuclaotid a #3 Concentration s 

 Variabl e 
aa Constan t 

kil l l 
TT _c___ a A T J 2 9. 

~~5Tvamm SlVmee 

II I 
j_sj_s a 4. i c _ Q 

""  SIVmec W5"-1~B 

Envelop ee Region s end Nucleotid e identit y 

Region:: V C V C V C 
SIVsmm SIVmac HIV-1 B 

V CC V C V c 
SIVsmm SIVmi c HIV-1 B 

Viruss Type and Envelop e Regio n 
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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. 
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