
Genetic Variation in HTLV-IIILAV Over Time in 
Patients with AIDS or at Risk for AIDS 

In a study of genetic variation in the AIDS virus, HTLV-IIIILAV, sequential virus 
isolates from persistently infected individuals were examined by Southern blot 
genomic analysis, molecular cloning, and nucleotide sequencing. Four to six virus 
isolates were obtained from each of three individuals over a 1-year or 2-year period. 
Changes were detected throughout the viral genomes and consisted of isolated and 
clustered nucleotide point mutations as well as short deletions or insertions. Results 
from genomic restriction mapping and nucleotide sequence comparisons indicated that 
viruses isolated sequentially had evolved in parallel from a common progenitor virus. 
The rate of evolution of HTLV-III/LAV was estimated to be at least nucleotide 
substitutions per site per year for the env gene and for thegag gene, values a 
millionfold greater than for most DNA genomes. Despite this relatively rapid rate of 
sequence divergence, virus isolates from any one patient were all much more related to 
each other than to viruses from other individuals. In view of the substantial 
heterogeneity among most independent HTLV-III/LAV isolates, the repeated isola- 
tion from a given individual of only highly related viruses raises the possibility that 
some type of interference mechanism may prevent simultaneous infection by more 
than one major genotypic form of the virus. 

G ENOMIC HETEROGENEITY HAS 

been firmly established as a promi- 
nent characteristic of the AIDS vi- 

rus, HTLV-IIIILAV (1-9). Furthermore, 
the gene encoding the extracellular envelope 
glycoprotein of this virus is relatively hyper- 
variable in comparison with the remainder 
of the viral genome (3-5,9). These findings, 
along with analogous data for equine infec- 
tious anemia virus and visna iirus, two 
lentiviruses in which variation in the enve- 
lope region correlates with demonstrable 
chBnges- in antigenicity (1 O), suggest that 
genetic variation in HTLV-IIIILAV might 
affect viral pathogenesis, perhaps allowing 
the virus to escaoe host immune defenses. 
Variation within the env gene, as well as 
other genes, might also give rise to viruses 
with altered virulence, tissue tropism, or 
drug sensitivity. 

We recently compared the nucleotide and 
deduced amino acid sequences of the env 
genes of five independent isolates of HTLV- 
IIIILAV (9). The results indicated that (i) 
within the extracellular env gene there are 
localized regions of hypervariability inter- 
spersed with regions of strong conservation; 
(ii) genetic changes among different viruses 
result largely from duplications, insertions, 
or deletions of short stretches of nucleotides 
as well as from an accumulation of nucleo- 
tide point mutations; and (iii) hypervariable 
env regions, and some constant regions, 
have properties predictive of antigenicity 
based on analysis of predicted secondary 
protein structure, hydrophilicity, and glyco- 
sylation pattern (9). 

To define further the extent, rate, and 
nature of genetic variation of HTLV-1111 
LAV in vivo we have studied sequential 
virus isolates from three persistently infected 
patients with AIDS or risk factors for AIDS. 
The isolates were obtained on four to six 
occasions over a 1- or 2-year period. The 
first patient (coded WMJ) was a Haitian 
child with AIDS who was born in Miami, 
Florida, in 1982 and infected perinatally by 
her HTLV-IIIILAV-positive mother. The 
second patient (coded WMF) was a 34-year- 
old Haitian woman with AIDS-related com- 
plex (ARC) who was also from Miami and 
whose only known risk factor for HTLV- 
IIIILAV infection was heterosexual expo- 
sure. The third patient (coded RJS) was a 
31-year-old American homosexual man 
from California who, despite chronic 
HTLV-IIIILAV infection, remained clini- 
cally well for 5 years but eventually devel- 
oped evidence of T-cell dysfunction [Walter 
Reed stage V ( l l ) ] .  He reported having 
sexual encounters with at least 1000 differ- 
ent men between 1980 and 1985. These 
three subjects thus represented a broad clini- 
cal spectrum of HTLV-IIIILAV-related dis- 
ease (AIDS, ARC, and clinically normal 
virus carrier), different modes of virus trans- 
mission (perinatal, heterosexual, and homo- 
sexual), and widely different numbers of 
exposures to the AIDS virus (presumably 
one for WMJ, limited encounters for WMF, 
and very large numbers for RJS). All virus 
isolations were made from the patients' pe- 
ripheral blood mononuclear cells (PBMC) 
that were cocultivated with normal PBMC 

and, in most instances, transmitted to im- 
mortalized T-cell lines. 

Figure 1 shows that, for patient WMJ, the 
Sst I, Eco RI, and Pst I restriction enzyme 
patterns for each of the five isolates were 
identical and that the Bgl I1 and Pvu I1 
patterns were almost identical. With Hind 
111, the isolates were clearly distinct but still 
highly related; for example, the loss of a 
single Hind I11 site in WMJ-1 led to the 
Hind I11 pattern observed in WMJ-2 (see 
Fig. 2). In contrast, the enzyme cleavage 
patterns of the five WMJ isolates, which as a 
group were quite similar to each other, 
differed markedly from viruses of patients 
WMF and RJS as well as from all other 
patients' viruses tested (1, 2, 8). 

The observation that serial virus isolates 
from a single patient (WMJ) were more 
highly related to each other than to viruses 
from other patients was also true for isolates 
from WMF and RJS. For example, the four 
isolates from WMF were identical in Sst I 
and Eco RI patterns and nearly identical 
when analyzed with Pvu I1 and Pst I. More- 
over, the differences with Hind I11 could be 
explained simply by either the loss or gain of 
single restriction sites. For RJS, all six iso- 
lates were identical with Sst I and Eco RI 
and nearly identical with Bgl 11, Pvu 11, and 
Pst I. 

For most virus isolates shown in Fig. 1, 
the sizes of the restriction fragments gener- 
ated by any given enzyme added up to 9 
kilobases, the approximate genomic size of 
HTLV-IIIILAV (1, 12, 13). However, for 
certain virus isolates from patients WMF 
and RJS, some of the restriction enzymes 
generated fragments that added up to more 
than one genomic equivalent (for example, 
Bgl 11, Pvu 11, and Pst I digestions of RJS-4; 
the Hind I11 patterns of RJS-2, RJS-5, and 
RJS-6; the Bgl I1 pattern of WMF-1; and 
the Pst I pattern of WMF-3). These particu- 
lar isolates were therefore composed of a 
mixture of more than one highly related, yet 
genotypically distinct, virus populations. 
That the restriction digestions did, in fact, 
reflect accurately the presence of more than 
one predominant viral genotype and were 
not reflecting incomplete digestions was 
shown by the following: (i) several different 
enzymes generated bands whose additive 
size in each case was greater than 9 kb; (ii) 
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Fig. 1. Southern blot hybridization analysis of 
sequential H T L V - I I U V  isolates. V i m  was 
isolated from patients' peripheral blood mononu- 
clear cells and propagated in tissue culture. High 
molecular weight DNA was prepared and South- 
ern transfers performed as described (26, 27). 
WMJ isolates 1,2,3,4, and 5 were obtained from 
blood samples at intervals of 3, 4, 1, and 4 
months, respectively. The last of these samples 
was obtained 1 month before the patient's death 
at 3 years of age. WMF isolates 1,2,3, and 4 were 
obtained at intervals of 6, 10, and 6 months, 
respectively, and RJS isolates 1,2,3,4,5, and 6 at 
intervals of 3,4, 5, 7, and 4 months, respectively. 
Neither WMF nor RJS had developed AIDS. For 
each set of isolates from each patient, a panel of 
six restriction enzymes was used to map the viral 
genomes. The number of each virus isolate is 
indicated above the panels and the restriction 
enzymes are shown below each panel. Of note, 
the resmction enzymes Hind 111, Bgl 11, Eco RI, 
Pvu 11, and Pst I were used in combination with 
Sst I, an enzyme known to cut the viral long 
terminal repeat. Thus, all viral bands generated 
represent internal viral fragments. Viral DNA's of 
patient RJS were also digested with the five 
restriction enzymes alone (without the addition of 
Sst I) because of the extra Sst I site present in the 
3' half of all RJS isolates that was not present in 
WMJ or WMF isolates. 

Patient WMJ 
1 2 3 4 5  1 2 3 4 5 4 2 3 4 5  1 2 3 4 5  1 2 3 4 5  1 2 3 4 5  

Sst I Hind Ill Bgl II V U  II Pst I 

Pa' 
1 

tient WMF 
2 3 4  1 2 3 4  1 2 3 4  1 2 3 4  1 2 3 4  1 2 3 4  

Ss t  I Hind Ill Bgl II Eco RI Pvu II Pst  I 

Patlent RJS 
1 2 3 4 5 6  1 2 3 4 5 6  1 2 3 4 5  6  1 2 3 4 5 6  1 2 3 4 5 6  1 2 3 4 5 6  

repeated digestions of these same DNA's 
with excess enzyme gave identical results; 
and (iii) molecular clones of viral DNA 
obtained from several of these DNA's corre- 
sponded to the different viral patterns appar- 
ent on the blot hybridizations (14). 

Although more than one predominant 
Sst I Hind Ill Bgl II Eco RI P Pst I 

viral genotype was present in- some virus 
isolates, all of the genotypically distinct viral 
forms in any one patient were still very 
similar to each other as opposed to indepen- 
dent virus isolates from different individuals 
that were distinct. For example, although 
two viral forms could be distinguished by 
the Bgl I1 digestion of WMF-1, these two 
viral forms were identical in their Sst I, Hind 
111, Eco RI, Pvu 11, and Pst I patterns. 

hW.1-1 RSHS HUP 
10184 - B I B I H I P X Y K B  I 111 I BSH IIJ 

WMJ-2 B S H S  HUP 
1/85 - B ?: P XYK B BSIf 

I I r 1 1 1 1  IU 

S H S  HfrP - B ?: P XYK B BSH 
I I 1 1 1 1 1  IU 

Similarly, the two viral forms dis;inguish- 
able by Hind I11 in RJS-2, RJS-5, and RJS- 
6 were identical in Sst I, Eco RI, Pvu 11, and 
Pst I patterns. By way of contrast, the WMF 
viruses and the RJS viruses, as groups, dif- 
fered from each other dramatically in Sst I, 
Hind 111, Bgl 11, Pvu 11, and Pst I patterns. 
Thus, within any given individual, even one 
presumably exposed to numerous different 
AIDS viruses [see also (2)] ,  only one or a 
verv limited number of virus strains. as 

S H S  H U P  - P XYK B BSH - 
WMJ-5 B S H S  HUP E U  K K B B "  P X Y K B B S H  
10185 - - I I I I 1 111 1 111 

L l  k b l  

u 
LTR gag PC 1 s o r  tat P ~ V  3 '  o r f  LTR 

Fig. 2. Resmction enzyme cleavage patterns of five sequential H T L V - I I U V  isolates from patient 
WMJ. V i m - i n f d  DNA from WMJ-1 through WMJ-5 (see Fig. 1) was digested with the indicated 
resmction enzymes, Southem-blotted, and hybridized to subgenomic probes of H T L V - I I U V  
(clones ABH5 and ABH8) (1) as described. For isolates WMJ-1, WMJ-2, and WMJ-3, the proviral 
DNA was molecularly cloned into A phage and the restriction cleavage patterns confirmed. These 
clones, designated AWMJ-1 (V), AWMJ-2 (111), and AWMJ-3 (111), were subsequently subjected to 
nucleotide sequence determination (see Fig. 3). Dates of the phlebotomies from which the viruses were 
derived are indicated. Resmction sites are depicted by letters (B, Bgl 11; S, Sst I; H, Hind III; U, Pvu 11; 
P, Pst 1; E, Eco RI; K, Kpn I; L, Sal I; X, Xho I; Y, Xba I). Restriction enzyme site differences among 
the five isolates are shown. Asterisks denote sites present in WMJ-1 but missing in other viruses, 
whereas solid dots denote sites that are absent in WMJ-1 but present in other viruses. Note that the 
resmction enzyme differences among the five viruses are not consistent with a direct, sequential 
evolution of changes From isolates WMJ-1 to WMJ-2, and so on, to WMJ-5 (see text). Beneath the 
restriction maps is drawn to scale the genomic organization of HTLV-III/LAV (13). 

: K U E  
A 

deked by restriction enzyme analysis, c&.~ld 
be detected by virus isolation and DNA blot 
hybridization. It is possible, of course, that 
these patients were actually infected with 
many different genotypic viral forms but, 
because of their unequal growth characteris- 
tics, most were not evident after cultivation 
in vim. We cannot rule out this possibility, 
but it is of note that recent work involving 
Southern blot hybridization analyses of un- 

20 JUNE 1986 REPORTS 1549 



cultured brain and lymphoid tissues from 
AIDS patients also indicates the presence of 
only one or a very limited number of pre- 
dominant viral forms in situ (8). 

To define in greater detail the nature of 
genetic changes in HTLV-IIIILAV that oc- 
cur in infected patients over time, we used 
subgenomic probes to map the restriction 
enzyme cleavage patterns of isolates WMJ-1 
through WMJ-5 (Fig. 2). In addition, the 
proviral genomes of WMJ-1, WMJ-2, and 
WMJ-3 were molecularly cloned and the 
nucleotide and deduced amino acid se- 
quences of their env genes determined (Fig. 
3). The restriction maps in Fig. 2 represent 
the restriction cleavage patterns of proviral 
DNA for each of the five WMJ isolates 
shown in Fig. 1. The results indicate that 
each of the five WMJ isolates that were 
obtained over a 1-year period were highly 
related to each other, differing in only one 
or a few restriction sites. For example, out of 
29 restriction sites tested, WMJ-2 differed 
from WMJ-1 in only four sites and from 

WMJ-3, WMJ-4, and WMJ-5 in three, one, 
and one sites, respectively. Of particular 
note was the finding that although the five 
WMJ virus isolates were obtained sequen- 
tially, these viruses had apparently not 
evolved genetically in such a direct fashion, 
that is, from WMJ-1 to WMJ-2 to WMJ-3, 
and so on. This could be deduced from the 
restriction maps by observing the nondirec- 
tional changes in certain of the Pvu 11, Hind 
111, Kpn I, and Bgl I1 sites (Fig. 2). 

That isolates WMJ-1, WMJ-2, WMJ-3, 
WMJ-4, and WMJ-5 had evolved in parallel 
was confirmed by determining and compar- 
ing the env nucleotide sequences of molecu- 
lar clones of proviral DNA from WMJ-1, 
WMJ-2, and WMJ-3 (Fig. 3). Overall, the 
env of WMJ-1 (clone AWMJ-1-V) differed 
from WMJ-2 (clone AWMJ-2-111) in 2.8% 
of nucleotides and that of WMJ-2 differed 
from WMJ-3 (clone AWMJ-3-111) in 3.1% 
of nucleotides. If WMJ-3 had evolved di- 
rectly from WMJ-2, which had in turn 
evolved from WMJ-1, one would have ex- 

pected to find approximately 5% to 6% 
nucleotide differences between WMJ-3 and 
WMJ-1. This was not the case because 
WMJ-3 differed from WMJ- 1 by only 2.3% 
of nucleotides. Direct inspection of the nu- 
cleotide alignment of WMJ-1, WMJ-2, and 
WMJ-3 (Fig. 3) also revealed many exam- 
ples where WMJ-1 was more similar to 
WMJ-3 than to WMJ-2, and vice versa. Of 
importance, the restriction patterns of each 
of the three WMJ proviral clones that were 
sequenced corresponded exactly (20 out of 
20 restriction sites) to the predominant ge- 
nomic proviral forms for WMJ-l, -2, and -3 
present in infected cells and shown in Figs. 1 
and 2. Furthermore, between 5 and 20 
proviral DNA clones were obtained from 
the recombinant libraries of each isolate, 
and, again, the ones chosen for sequence 
analysis were full-length and representative 
of the majority. Finally, to be certain that 
the observed nucleotide differences among 
the clones were not an artifact due to techni- 
cal procedures, we sequenced a portion of 

SIGNAL PEPTIDE <----- \/ -----> 
WMJl GAGAAAGAGCAGAAGACAGTGGCAATGAGAGTGAAGGGGATCAGGAGGAATTGTCAGCACTTGTGGATATGGGGCACCATGCTCTTTGGGATGTGGATGATCTGTAGTGCTGTAGAACAA 120 

GluLysGluGlnLysThrValAlaMetArgVa1LysGlyIleArgArgAsnCysGlnHisLeuTrpIleTrpGlyThrMetLeuPheGlyMetTrpMetIleCysSerAlaValGluGln 
WMJ2 -------------------------------------------T---------------------------------G------------------------------------------ . - ~  - ~e t 
WMJJ ------------------------------------------------------------------------------------c----------------------------------- 

Leu 

EXTRACELLULAR REGION 
WMJ1 T T G T G G G T C A C A G T C T A T T A T G G G G T A C C T G T G T G G A A A G G G T C T G G G C C A C A C A T G C C  240 

LeUTrpVa1ThrVa1TyrTyrG1yValPrOVa1TrpLysGluAlaThrThrThrLeuPheCysAlaSerAspAlaLysAlaTyrSerThrGluAlaHlsLysValTryAlaThrHlsAla 
m J 2  -----------------------------------------------------------T--------------G--------------------------T------------------ 

Asn 
WMJ3 -----------------------------------------------------------T------------------------GA---------------T------------------ 

Asp Asn 

WNJl TGTGTACCCACAAACCCCAATCCACXAGAAGTAGTATTGGTGTGACAGTTTTAACATGTGGTTATGGTAGAACAGATGCATGAGGATATAATCAGTTTATGGGAT 360 
CysValProThrAsnProAsnProGlnG1uVa1Va1LeuGluAsnValThrGluAsnPheAsnMetTrpLysAsnAsnMetValGluGlnMetH~sGluAspIleIleSerLeuTrpAsp 

WMJ2 ------------G--------------------A------G------------------------------------------------------------------------------- 
ASP Ile Gly WJJ ----------------------------------------------------------------------C------------------------------------------ 

G ~ Y  

WMJ1 CAAAGCCTAAAACCATGTGTAAAATTAACCCCACTCTGTGTTACTTTAAATTGCATTGATXAGAACATTACTGATTGGGAGRATCXATAATAGGAGGAGGAGAAGTCTGC 180 
GlnSerLeuLysProCysValLysLeuThrPr~Le~Cy~ValThrLeuAsnCysIleAspLysAsnIleThrAspTrpGluAsnL sThrIleIleGlyGlyGlyGluVa1LysAsnCys 

m J 2  ------------------------------------------------------------------------------A ------ .................................. 
Lys Thr 

W J 3  - - - - - - - - - - - - - - - - - - A - - - - - - - - - - - - - - - - - - - - - -  -------------- 
Ile Thr Arg 

WMJl TCTTTCAATATCACCACAAGCATAAGAGATAAGGTGCATAAXGAATATGCACTTTTTTATAAXCTTGATGTAGTACCAATMGAGTAATAATGACAGTAGTACATATAGATTGATACAT 600 
SorPheAsnIleThrThrSerI1eArgAspLysValH~sLysGluTyrAlaLeuPheTyrLysLeuAspValValProIleLysSerAsnAsnAspSerSerThrTyrArgLeuIleHls 

WMJ2 ----------------------G-------------------------------------------------------------G--G-----A---------G-------------A-- 
GlyAsp Asn Arg Asn 

~ J J  ..................... ?!!---A------------ ................................................................................ 
Asn 

WMJl TGTAATACCTCAGTCATTACACAGGCCTGTTCGAAGGTATCCTTTGAACCRXTTCCCATACATTATTGTSCCCCGGCTGGTTTTGCGATTCTAAAGTGTRXTGATXAGXAGTTCRATGGA 720 
CysAsnThrSerValIleThrG1nA1aCysSerLysVa1SerPheGluProIleProIleHlsTyrCysAlaProAlaGlyPheAlaIleLeuLysCysAsnhspLysLysPheAsnGly 

WMJ2 ------------------------------C-A--------------------------------------------------------------A------------------------ 
pro WJJ ------------------------------C-A--------------------------------------------------------------A------------------------ 
Pro 

WMJl ACAGGACCATGTACTAATGTCAGCACAGTACAATGTACACATGGAATTAGACCAGTAGTGTCAACTCRACTGCTGTTAAATGGCAGTCTAGCAGAAGAAGAGATAGTAATTAGATCTGAA 840 
ThrGlyPe0CysThrAsnValSerThrVa1G1nCysThrHisGlyIleArgProValValSerThrGlnLeuLeuLeuAsnGlySerLeuAlaGluGluGluIleValIleArgSerGlu 

m J 2  ................................................................................................ 
WJJ - - - - - - - - - - - - - - - - - - - - - - - - - - - A - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C - - - - - - - - - - - -  

Ile 

WMJl AATTTCACAGACAATGCTAAAACCATAATAGTACACCTGAATGAATCTGTAGAAATTAATTGTACAAGACCCAACAACAATGTAAGAAGRAGACATATACATATAGGACCAGGGAGAGCA 960 
AsnPheThrAspAsnAlaLysThrI1eI1eVa1HisLeuAsnGluSerValGluIleAsnCysThrArgP~oAsnAsnAsnValArgArgArgH~sIleHlsIleGlyProGlyArgAla 

W J 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  --AG-C--TC------------------- 
TYr SerLeuSer 

- 7 7  ---------------------------------------------------------------------------C---T ---c.------------------------- 

WMJl TTTTATACAGGAGAAATAAGAGGAAATATAAGACAAGCACATTGTAACATTAGTAGAGCAAAATGGAATAACACTTTAAAACAGATAGTTGAGAAXTTAAGAGAACAATTTAAGAATAAA 1080 
PheT rThrGlyGluIleArgGlyAsnIleArgG1nAlaHisCysAsnIleSerArgAlaLysTrpAsnAsnThrLeuLysGlnIleValGluLysLeuArgGluGlnPheLysAsnLys 

W X  J2 ---Cg ---- A --------- T ----- T .......................................................................................... ---- 
Ara A e a  Ile Ile 

m J 3  -----~-----~A------T------------------------------------------------------------------------------- 
Lys Ile 

WXJl AOMTAGTCTTTAATCATTCCTCAGGAGGGGACCCAGAAATTGTAACGCACAGTTTTAATTGTGGAGGGGAATTTTTCTACTGTGATTCAACACAACTGTTTAATAGTACTTGGAATGTT 1,200 
T h r I l e ~ a l ~ h e ~ s n H i s S e e ~ e r ~ l y ~ l y ~ s p P r o G l u ~ l e V a l T h e H i s S e r P h e A s n ~ y s ~ l y ~ l y ~ l u ~ h e ~ h e ~ y r ~ y s ~ s p ~ e r T h r G l n L e u P h e A s n S e r T h r T r p A s n V a l  

W J 2  ------------------------------------------------------------------------------------A---------------------------------G- - 
As n G ~ Y  mJJ --l-------------TC-------------------------------------------------------------------A--A-----A-------------------------- 

Ser AsnThr Lys 

WXJl ACTGGCATTGAAGGAAATAATAACACTGRAGAAAATATCACACTTCCATGCAGAATAAAACAAATTATAAACATGTGGCAGGGAGTAGGCAAAGCAATGTATGCCCCTCCCATCGGAGGA 1320 
ThrGlyIleGluGlyAsnAsnAsnThrGluG1uAsnIleThrLeuProCysArgIleLysGlnIleIleAsnMe~TrpGlnGlyValGlyLysAlaMetTyrAlaProProIleGlyGly 

W J 2  - - - - A - - - - A - - - - - G - - - - - - - A - A ~ A G ~ A ~ ~ ~ T C ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - - ~ - ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ - - ~ - ~ ~ - ~ A - - - -  - .. .. . . . . . . . -. . - . - - 
ASP LysAsnSerTheLeu Gln 

W J 3  ---!i!---!x! ................................ c ....................................... A A-C--- 
ASP Ile Ser 

WMJl CAAATTAGATGTTCATCAAATATTACAGGGCTGCTATTAACAAGAGATGGTGGTAATAGCAGCAGCAGGGAAGAGATCTTCAGACCTGGAGGAGGAAATATGAGGGACAATTGGAGAAGT 1440 
GlnIleArgCysSerSerAanI1eThrGlyLeuLeuLeuThrArgAspGlyGlyAsnSe~SerSerArgGluGluIlePheArgProGlyGlyGlyAsnKetArgAspAsnTrpArgSer 

m J 2  ........................................................................................................................ 
m J 3  ........................................................................................................................ 
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the env gene of two proviral clones from the 
same library. These two clones (AWMJ-2-111 
and AWMJ-2-XII), both isolated from a 
recombinant h phage library of WMJ-2 
DNA, were identical in 1220 out of 1221 
nucleotides sequenced. Thus, the sequenced 
proviral clones were representative of the 
predominant viral forms in each of the iso- 
lates, and the observed sequence differences 
reflected variation in the HTLV-IIIILAV 
env gene. 

Since it was shown that WMJ-1, WMJ-2, 
and WMJ-3 were highly related and had 
evolved from a common progenitor, and 
since the date of infection of patient WMJ 
by HTLV-IIIILAV was known, it was pos- 
sible to determine the approximate rate of 
genetic evolution for the AIDS virus during 
a natural infection. Many data (15) docu- 
menting the rates of evolution of other 
RNA viruses as well as DNA genomes had 
led to the conclusion that RNA viruses in 
general evolve at a rate much greater than 
DNA genomes. For calculating the rate of 
genetic change for HTLV-IIIILAV, we as- 
sumed that WMJ-1, WMJ-2, and WMJ-3 
had all evolved from a common progenitor 

virus sometime within the preceding 5 
years. This supposition was based on the 
following information. (i) Patient WMJ, 
who had only a single perinatal exposure to 
HTLV-IIIILAV, was 2 years old when iso- 
lates 1, 2, and 3 were obtained. (ii) WMJ-1, 
-2, and -3 were but three of five highly 
related viruses isolated from this same pa- 
tient. (iii) All five WMJ viruses were highly 
related to each other and very different, as a 
group, from other independent viruses that 
we had evaluated (including five other iso- 
lates from Haitian individuals living in Mi- 
ami). (iv) Within the hypervariable envelope 
regions [see (9)], the nucleotide sequences 
of WMJ-1, -2, and -3 were very similar to 
each other and dramatically different from 
those of isolates from other patients. These 
data, taken together, indicate that the five 
WMJ isolates all evolved from a common 
progenitor virus. Conceivably, patient WMJ 
could have been infected perinatally with 
more than one virus. Even if this were so, 
however, these viruses would still have had 
to evolve in the immediate past from a com- 
mon progenitor virus present in WMJ's 
mother. A large body of evidence [see (1, 2, 

8,9) and herein] indicates that the five WMJ 
isolates could not have had disparate origins. 

Using 1 to 5 years as an estimate of the 
time since divergence of WMJ-1, WMJ-2, 
and WMJ-3 from a common point, we 
calculated the rates of evolution for the env 
and gag genes of HTLV-IIIILAV as fol- 
lows: 

R = DI2T 

where R is the rate of nucleotide substitu- 
tions per site per year and T is the time since 
divergence of the viruses 

where P is the proportion of different nucle- 
otides between the homologous genes. 
From this equation and the determined nu- 
cleotide sequences of WMJ-2 and WMJ-3 
[see (16)], the rate of evolution (R) foi the 
HTLV-IIIILAV env gene was estimated to 
be between 1.58 x and 3.17 x 
nucleotide substitutions per site per year for 
T values of 1 year and 5 ygars, respectively. 
Similarly, the rate of genetic mutation for 
thegag p24 and p15 genes was estimated to 
be between 1.85 x and 3.70 x 

EXTRACELLULAR REGION <----- \/ -----> TRANSMEMBRANE REGION 
WMJ1 GAATTATATAAATATAAAGTAGTWTTGAACCATTAGGAGTAGCACCCACCAAGGCAAAGAGAAGAGTGGTGCAGAGAG~GAGCAGTGGGAGCAATAGGAGCTATGTTCCTT 1560 

GluLeuTyrLysTyrLysValValL sIleGluProLeuGlyValAlaProThrLysAlaLysArgArgValValGlnArgGluLysArgAlaValGlyAlaIleGlyAlaMetPheLeu 
WMJ2 ......................... 9 -------------------------------------------------------------------------A ------------------- 

WMJl GGGTTCTTGGGAGCAGCAGGAAGCACTATGGGCGCAGCGTCACTGACGCTGACGGTACAGGCCAGACAATTATTGTCTGGTATAGTGCAACAGCAGAACAATTTGCTGAGGGCTATTGAG 1680 
GlyPheLeuGlyAlaAlaG1ySerThrMetGlyAlaAlaSerLeuThrLeuThrValGlnAlaArgGlnLeuLeuSerGlyIleValGlnGlnGlnAsnAsnLeuLeuArgAlaIleGlu 

WMJ2 -------------------------------------GC--------------------------------------------------------------------------------T 

WMJl AAACTCATTTGCACCACTACTGTGCCTTGGAACGCTAGTTGGAGTAATAAATCTATGGATCAAATTTGGAATAACATGACCTGGATGGAGTGGGAAAGAGAAATTGACAATTACACAAGC 1920 
Ly~LeuIleCysThrThrThrV11ProTrpAsnAlaSerTrpSerAsnLysSerXetAspGlnIleTrpAsnAsnMecThrTrpMecGluTrpGluArgGluIleAspAsnTyrThrser 

mJ.7 ---------------------------------------------------------A-----------G-----C-------------------------------------------- 
Asn ~ e u  

WMJ3 -------------- --- ------------------ -------------- ----- T--A ----------- tz!---C ------ - ------------------------A ---------- A- 
LeuAsn Asp Leu Glu Asn 

WMJl TTAATATACAACTTAATTGAAGAATCGCAGAACCAGCAAGAAAAGAATGAACAAGAATTATTAGAATTGGATAAGTGGGCAAGTCTGTGGAATTGGTTTTCCATAACAAACTGGCTGTGG 2040 
LeuIleTyrAsnLeuIleG1uG1uSerGlnAsnGlnGlnGluLysAsnGluGlnGluLeuLeuGluLeuAspLysTrpAlaSerLeuTrpAsnTrpPheSerIleThr~snTrpLeuTrp 

WMJ2 A---------G-----------------------------G----------------------------------------------------------GA---------T--------- 
Ile Ser olv A=" ---= m J 3  ----------G-----------------------------z:---------------------------------------------------------AA------------------- 

Ser Asn 

WMJl TATATAAAAATATTTATAATGATAGTAGGAGGCTTGGTAGGTTTAAGMTAGTTTTTAGTGTACTTTCTATAGTGAATAGAGTTAGGCAGGGATACTCACC TTATCATTTCAGACCCAC 2160 
TyrIleLysIlePheIleMe~IleValGlyGlyLeuValGlyLeuArgIleValPheSerValLeuS~rIleValAsnArgValArgGlnGlyTyrSerPr~Le~SerPheGlnThrH~s 

WMJ2 --------------C---------------------A---------------------C------------------------------------------------------------- 
Ile Th r 

WMJl CTCCCAACCCCGAGGGGACCCGACAGGCCCGAAGGAACAGMGAAGAAGGTGGAGAGAGAGACAGAGACAGATCCGTTCGATTGGTGCATGGATTCTTAGCACTTATCTGGGACGATCTG 2280 
LeuProThrProArgGlyProAspArgProGluGlyThrGluGluGluGlyGlyGluArgAspArgAspArgSerValArgLeuValHi8GlyPheLeuAlaLeuIleTrpAspAspLeu 'mJ2 -------------------------------------T---------------------------------------------------------------------------------- -. 

rle W J 3  -------------------------------------T---------------------------------------------------------------------------------- 
Ile 

WMJl CGGAGCCTGTGCCTCTTCAGCTACCACCGCTTGAGAGACTTACTCTTGATTGTAACGAGGATTGTGGAACTTCTGGGACGCAGGGGGTGGGAAGCCCTCAAGTATTGGTGGAATCTCCTG 2400 
ArgSerLeuCysLeuPheserTyrH1sArgLeuArgAspLeuLeuLeuIleValThrArgIleValGluLeuLeuGlyArgArgGlyTrpGluAlaLeuLysTyrTrpTrpAsnLeuLeu 

m J 2  -----------------------------------------------------G-A---------------------------------------------------------------- 

WMJl CAGTATTGGAGCAAGGAACTAAAGAATAGTGCTGTTGGGTTGCTTAATGCCATTGCTATAGCAGTAGCTGAGGGGACAGATAGGGTTATAGAAGTAGTACAAAGAATCTGTAGAGCTATT 2520 
GlnTyrTrpSerLysGluLeuLysAsnSerAlaValGlyLeuLeuAsnAlaIleAlaIleAlaValAlaGluGlyThrAspArgValIleGluValValGlnArgIleCysArgAlaIle 

WMJ2 ........................................................................................................................ 

WMJl ATCCACATACCTAGAAGAATAAGACAGGGCTTGGAAAGGGCTTTGCTATAA 2571 
IleHlsIleProArgArgIleArgGlnGlyLeuG1uArgAlaLeuLeu*** 

WMJ2 ................................................... sequenced as described (9, 28). Alignment of the sequences was performed 
painvise with the assistance of NUCALN 129). Seauences are numbered 

W J 3  ................................................... according to WMJ-1 starting with the first nicl;otide'following a TAA stop 
Fig. 3. Nucleotide and amino acid sequence alignment of the entire envelope codon. Genomic regions corresponding to the signal peptide, the extracellu- 
genes of three sequential virus isolates from patient WMJ. Molecular clones lar glycoprotein (gp120), and the membrane-associated glycoprotein 
of WMJ-1, WMJ-2, and WMJ-3 [designated AWMJ-1 (V), XWMJ-2 (111), (gp41) are shown. Dashes indicate nucleotide identity and spaces indicate 
and XWMJ-3 (111), respectively] were obtained and their envelope genes delet~ons in WMJ-2 and WMJ-3 with respect to WMJ-1. 
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This rate of genetic change for the AIDS 
virus is more than a millionfold greater than 
for most DNA genomes (15, 17-19) and 
may even be tenfold greater than for some 
other RNA viruses including certain retro- 
viruses and influenza A virus (1 5, 17, 20). 

We also compared the nature and distri- 
bution of nucleotide changes within the env 
genes of sequentially isolated viruses from 
persistently infected individuals with those 
in independent virus isolates from different 
patients (9, 21). The changes in the env 
genes of WMJ-1, WMJ-2, and WMJ-3 were 
almost exclusively nucleotide point muta- 
tions. This corroborates our earlier findings 
with independent virus isolates that single 
and clustered base pair substitutions, pre- 
sumably resulting from errors in transcrip- 

tion, are an important source of variation in 
HTLV-IIIILAV (9) .  In addition to point 
mutations, however, there were also three 
small (3 bp) deletions in WMJ-2 and WMJ- 
3 compared to WMJ-1 (Fig. 3). Their pres- 
ence underscores the importance of nucleo- 
tide deletions or insertions as well as substi- 
tutions as a mechanism for genomic change 
in the AIDS virus, a conclusion again based 
on the analysis of independent HTLV-IIII 
LAV isolates (9). The distribution of nucle- 
otide substitutions and deletions or inser- 
tions in the three WMJ isolates was not 
uniform throughout the env gene. Instead, 
such changes were clustered, coinciding 
with hypervariable regions previously iden- 
tified in five independent AIDS virus iso- 
lates (see Fig. 4). 

These analyses allowed us to address a 
number of important issues concerning the 
biology of HTLV-IIIILAV. The first of 
these relates to the origin of the genomic 
variation described here and elsewhere (1- 
9). It is possible that the genomic differences 
previously identified in independent AIDS 
virus isolates resulted from artifacts due to 
the growth of virus in vitro rather than from 
variation that arose in vivo. Our finding that 
viruses isolated repeatedly and over a pro- 
longed period from a given patient are 
similar to each other as a group but different 
from viruses isolated from other patients 
indicates that most, if not all, of the geno- 
typic differences are indeed the result of 
mutations that have occurred in vivo. This 
conclusion is further supported by the find- 

0 
IR K QKEYA FYKLD PI N T Y L CN SUITQRCPKUSFEPIPIHYC PACFRILKCN K FNCTCPCTNUSTUQCTHClRPUUSTQLLWK;SLbEEIUVIRS NFIDNAKTlIVQlJl SU 

WIJ2 t tt t t t t 
MJ3 t t t 

1 EXTRACELLUMR REGION (--- 

18$--,---) TRRNSHEHBRANE REGION 

Fig. 4. Computer graphic illustrating relative variation, or divergence, in the 
envelope genes of five independent AIDS virus isolates and the position of 
amino acid differences among WMJ-1, WMJ-2, and WMJ-3. The five 
independent isolates were HTLV-IIIb (BH-lo), LAV (LAV-la), ARV 
(ARV-2), HTLV-IIIRF (HAT-%), and HTLV-IIIwMj., (WMJ-1) [see (9 ) ] .  
Their relative degrees of variation were calculated as described (21) and 
plotted on the ordinate from 0 (minimum divergence) to 10 (maximum 
divergence). Beneath the abscissa are single letter codes for conserved amino 
acids as defined by identity in five out of five or four out of five of the 

sequences. Arrows beneath this relative consensus sequence indicate the 
position of amino acid changes in WMJ-2 and WMJ-3 compared to WMJ-1. 
Double arrows represent identical amino acid substitutions in WMJ-2 and 
WMJ-3 compared to WMJ-1 while boxed double arrows indicate different 
amino acid substitutions, Numbering of amino acids is based on the 
envelope sequence as shown on the abscissa. Note that most of the amino 
acid differences among the three WMJ isolates are confined to regions of 
either high or intermediate envelope variability. 
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ing that different virus isolates obtained 
from a single specimen of blood (but cul- - - 
tured separately with the use of different, 
HLA-unrelated donor ljimphocytes for virus 
amplification) have similar genomic restric- 
tion cleavage patterns (14). 

h o t h e r - p d i n t  of biological importance 
concerns the molecular basis of vari- 
ation in HTLV-IIIILAV. It  is now clear that 
isolated and clustered nucleotide substitu- 
tions as well as deletions, insertions, and 
duplications are largely responsible for the 
genetic variation in the env gene. The under- 
lying mechanisms responsible for these 
changes have not been demonstrated, but 
errors in reverse transcription leading to 
nucleotide substitutions -and copy-choice 
misreading (22) of  the viral RNA template 
seem to be likely sources. Other sources of 
variation. es~eciallv recombination between 

, ' 
different viral molecules, could also play a 
role as in other retroviruses (22, 23). This 
may be especially important in HTLV-1111 
LAV since genetically distinct viruses can 
persist in an infected individual for long 
periods and since the AIDS virus is cvto- 
bathic and presumably undergoes l;rge 
numbers of  replicative cycles during the 
course of infection. 

Also important is the rate of evolution of 
HTLV-IIIILAV, as defined as the rate at 
which viable mutations accumulate in the 
genome (15). Our  finding that the rate of 
genetic change is approximately lo-* to 

nucleotide substitutions per site per 
year for env and tenfold less forgag raises the 
possibility that viral properties such as tissue 
tropism, virulence, rate of replication, sensi- 
tivity to  antiviral drug therapy, and resist- 
ance to  immunologic attack may be similarly 
modified in biologically and clinically im- 
portant ways. 

The observation that viruses isolated se- 
quentially have evolved in parallel implies 
that a varienl of  related yet distinct viral 
forms can ~ e r s i s t  in individuals for Dro- 
longed periods. This is not surprising in 
view of  the complex life cycle of retroviruses 
that includes a chromosomally integrated 
proviral DNA stage that has the 
for indefinite persistence. Whether different 
viruses replicate and express their genomes 
simultaneously in vivo or  whether some are 
hidden as replication-inactive proviral DNA 
is not known. Together, the rapid rate of 
genetic change and the parallel evolution of 
viral variants support the view that HTLV- 
IIIJLAV populations within infected pa- 
tients may be extremely heterogeneous and 
that any single isolate from a patient may or  
mav not reuresent the most abundant o r  
relkvant vari'ant at that time. Future studies 
of viral pathogenesis will need to take these 
considerations into account. 

Our finding, based on restriction enzyme was taken from Gojobori and Yokoyama (17) and 

mapping, of either a single variant or several assumes equal rates of substitution among the four 
wpes ofnucleotides Since the envelope se uences of 

hiehlv related variants in eve* ~ a t i e n t  that v i : ~ ~ - l ,  WMJ-2, and lilMJ-3 differed ;om each 
Y i . I 

we have analyzed thus far (total of 35 pa- 0th" by approxiniately the same degree (see text), 
and sincegw p24 arid 15 sequences arere ava~lable 

tients) is remarkable given the fact that only for WMJ-2 and 'MI-3, the rate of genetic 

many of these individuals u,ere homosexual change for these last two isolates a.as determined. 
The 0 %  p24 and p l 5  sequences of m1,MJ-2 and 

men from HTLV-IIIILAV endemic regions ~ ~ 1 . 3  \irere   den tical in lrneth but differed in 4 of " 
1089 nucleotides. The env ienes  of these \riruses u'ho had hundreds> and in cases thou- differed in length 3 nucleotides and 

sands, of different sexual partners. This ap- throughout the gene by a iotd of 79 of 2568 
parent paradox, that on the one hand exten- nucleot~des. The rate of evolut~on of en]> of HTLV- 

IIIiLAV nas calculated both 1~1th and arithout the 
sive genomic heterogeneity of independent 3-bp deletion included in the calculation; nearly 
AIDS viruses is common Jiet, on the other identical results were obtained and the values given 

in the text include thls 3-bp deletion. 
hand, each patient appears to  be infected 17. T ,  Goiobor~ and S .  Yokovama. Proc. Natl. Acad Sci. 
with only a limited number of predominant 
viral forms, has no ready explanation. It  is 
possible that the observation could be due 
to  selective pressures of cultivation in vitro, 
but the fact that only very similar viruses 
were cultured from patient RJS over a 2- 
year period using different, HLA-unrelated 
donor lymphocytes for virus amplification 
makes this unlikely. Instead, the finding may 
imply that once infected with one AIDS 
virus, individuals are protected from infec- 
tion by other AIDS viruses. It  seems unlike- 
ly that such an effect could be the result of 
classical viral Interference mechanisms 
whereby a cell infected with one strain of 
virus loses its receptor for that and other 
closelj~ related viruses (24), since many 
chronically infected patients have normal o r  
near normal numbers of T4' l~imphocytes 
only a small proportion of which are infect- 
ed with HTLV-IIIILAV at any one time (1, 
25). It  is conceivable that immunologic or 
nonirnrnunologic events that occur after the 
initial infection with HTLV-IIIILAV lead 
to protection from subsequent viral infec- 
tions. The elucidation of such processes 
could be important in developing methods 
for the treatment and prevention of  AIDS. 
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