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Genetic Relationships Determined by a 
DNA Heteroduplex Mobility Assay: 

Analysis of HIV- 1 env Genes 
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The genetic diversity of human immunodeficiency virus (HIV) is a major concern thought 
to impact on immunologic escape and eventual vaccine efficacy. Here, simple and rapid 
methods are described for the detection and estimation of genetic divergence between 
HIV strains on the basis of the observation that DNA heteroduplexes formed between 
related sequences have a reduced mobility in polyacrylamide gels proportional to their 
degree of divergence. Reliable phylogenetic subtypes were assigned for HIV-1 strains 
from around the world. Relationships between viruses were closest when derived from 
the same or epidemiologically linked individuals. When derived from epidemiologically 
unlinked individuals, the relationships between viruses in a given geographic region 
correlated with the length of time HIV-1 had been detected in the population and the 
number of strains initiating widespread infection. Heteroduplex mobility analysis thus 
provides a tool to expedite epidemiological investigations by assisting in the classifi- 
cation of HIV and is readily applicable to the screening and characterization of other 
infectious agents and cellular genes. 

H u m a n  immunodeficiency viruses, like velope (mu) glycoprotein coding sequences 
other RNA viruses, exist within their hosts have been found to vary by up to 8%, with 
as pools of related genetic variants, often an unusually high ratio of nonsynonymous 
referred to as quasispecies (1-3). Within to synonymous mutations, indicative of 
infected individuals the HIV-1 surface en- strone selection for viral surface chanee. 
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- - .  
and numerous small in-frame nucleotide 
deletions and insertions (4-7). The highly 
variable and continuously evolving nature 
of HIV-1 within individuals accounts for 
the rapid emergence of viral variants resis- 
tant to neutralizing antibodies, cytotoxic T 
lymphocytes, and antiviral drugs (8-1 3), 
and contributes to the high level of genetic 
diversity observed between viral strains 
identified worldwide. The difficulty in elic- 
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iting cellular and humoral immunity against 
heterologous viral strains suggests that the 
development of effective vaccines for pro- 
tection against lentiviruses such as HIV-1 
will present a considerable challenge (14- 
16). Vaccines that include antigens closely 
related to those likely to be presented by an 
infectious challenge are therefore thought 
to elicit greater protective immunity and 
may require geographically and temporally 
specific formulation. 

The aforementioned insights into the ge- 
netic variation of HIV-l have been achieved 
partly through large-scale DNA sequence 
analyses. The large number of basic questions 
remaining about HIV genomic variation as it 
relates to virus transmission, disease progres- 
sion, tissue specificity, vaccine development, 
and drug resistance portends a need for fur- 
ther, extensive genetic analysis of HIV. Rapid 
assays were therefore developed for estimating 
the degree of genetic similarity between virus- 
es without costly and laborious large-scale 
DNA sequencing. 

Nested polymerase chain reaction (PCR) 
(1 7) with two 35 primer-extension cycles was 
used to amplify a 1.8-kb and then a 0.7-kb 
internal fragment of the HIV-1 env (encoding 
the V3-V5 region of the surface protein) 
directly from the peripheral blood mononu- 
clear cells (PBMC) of an asymptomatic 
HIV- 1 seropositive man (1 8-20). The condi- 
tions used permitted detection of a single 

DNA (ng) 5 10 50 100 500 50) 500 500 500 
Cycles 35 35 35 35 35 33 35 35 25 
Resolution - - - - - - + - -  
HeatfCool - - - - - t - t - 

Fig. 1. Nested PCR analysis of HIV-1 env DNA 
from uncultured human PBMC analyzed on a 
2.5% agarose (A) or a 5% polyacrylamide (B) 
gel. PBMC were isolated and DNA was purified 
and amplified as described in (21). DNA (ng) 
corresponds to the amount of PBMC DNA in the 
35-cycle, first round of PCR. Cycles indicates 
the number of anneallextend cycles in the 
second round of PCR. Resolution, formation of 
heteroduplexes (HeatICool) and conditions of 
gel electrophoresis are as described (21, 22). 
Molecular weight markers (M) are 4x1 74 DNA 
digested with Hae Ill. 

molecule of target DNA (2 1). When analyzed 
on an agarose gel, a single band of the expect- 
ed apparent molecular weight was observed 
(Fig. 1A). However, when the DNA was 
analyzed on a neutral 5% polyacrylamide gel, 
additional, prominent bands of higher appar- 
ent molecular weight were observed (Fig. 1B). 
Given the known variability of HIV-1 within 
PBMC populations, the possibility that the 
slower migrating bands were composed of 
heteroduplexes formed between divergent 
DNA molecules during the last denature 
and reanneal (heatlcool) cycle of PCR was 
investigated. 

Procedures expected to reduce or elimi- 
nate heteroduplex formation were per- 
formed. We resolved heterodu~lexes into 
homoduplexes by subjecting a fraction of 
the amplification products to a single addi- 
tional round of PCR amplification using 
fresh Taq polymerase and an excess of 
primers (Resolution +; Fig. lB, lane 7) 
(22). Additionally, the number of diver- 
gent proviral genotypes amplified was re- 
duced to a single target molecule by serial 
lowering of the amount of input PBMC DNA 
serving as first PCR round template (Fig. lB, 

lanes 1 to 5) (23). Both procedures resulted in 
the loss of the slowly migrating DNA bands. 
When the DNA that had been resolved was 
melted and reannealed (in the presence of 
EDTA to block polymerase activity), the 
same series of slowly migrating bands reap- 
peared (Fig. lB, lane 8). We reasoned that 
heterodu~lexes would be formed more effi- 
ciently at a lower primerltemplates ratio and 
at high product concentration, for example, 
during later rounds of PCR. Accordingly, 25 
cycles of amplification in the second round 
reduced the level of slower migrating DNA 
(as compared to 35 cycles) (Fig. lB, lane 9). 

Analvsis of heterodu~lexes formed bv de- 
naturing and reannealing mixtures of DNA 
fragments from divergent HIV-1 env genes of 
known sequence confirmed that distortions of 
the double helix reduced fragment mobility in 
polyacrylamide gels (24, 25). When two di- 
vergent 0.7-kb fragments were mixed and 
reannealed, nearly comigrating homoduplex 
bands plus two additional slower migrating 
bands were observed (Fig. 2A inset), whereas 
mixtures of three different sequences yielded 
six heteroduplex bancis (25). Thus, each pos- 
sible heteroduplex is formed and the strand- 

+ lntrasubject 
US-US 
US-AFR 

Fig. 2. Heteroduplex mo- 
bil~ty and DNA distance of 

DNA distance (%) HIV-1 env sequences (V3- 
V5 region) from within the 

same and between different infected individuals. (A) Heteroduplex mobilities were calculated as the 
average distance of migration of the two heteroduplex bands divided by the distance of migration 
of the homoduplex bands, with plasmid subclones as starting material for PCR amplification of env 
gene fragments. Genetic distances were determined by the standard method of maximum 
likelihood in the program DNADIST, counting only mismatches between aligned sequences, 
discounting unpaired bases caused by insertions and deletions (20, 27). Relative mobilities are 
plotted against divergence for four sets of sequence comparisons: lntrasubject (+) comparisons 
were made on four sets of sequences, one each from two AIDS patients and two time points from 
one asymptomatic individual. lntrasubject comparisons for which no gaps appear within heterodu- 
plexes are also shown (0). US-US comparisons (0) were made with six sequences from 
epidemiologically unlinked individuals from North America [NL4-3. SF2, SF162, MA5 (29). and 
BUOl and PEOl (34)l. US-AFR (*) comparisons were made between two African [NDK, MAL (29)] 
and the North American virus sequences. The NDK-MAL comparison displayed the fastest mobility 
and least sequence divergence In this group. (Inset) Ethidium-stained 5% polyacrylamide gel with 
representative heteroduplexes formed from the intrasubject, intersubject, and US-AFR groups. 
respectively. (9) Relationships between viral quasispecies from epidemiologically unlinked individ- 
uals. PCR amplified viral DNA from the PBMC of four infected individuals (quasispecies) was 
generated. The 32P-labeled mixture from one individual (upper number) was melted and reannealed 
in the presence of a 100-fold excess of unlabeled DNA from another individual (lower number) (21). 
Subjects 1 through 3 were infected in North America, subject 4 was infected in Africa. An 
autoradiograph of these products separated on a 5% polyacrylamide gel is shown. The common 
band seen approximately half way down the gel is single-stranded DNA. 
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specific composition of mismatched and un- 
paired nucleotides (gaps) affects their mobili- 
ty. Heteroduplexes with mismatched nucleo- 
tides but without gaps caused by in-frame 
insertions and deletions displayed reduced 
mobilities when the degree of divergence ex- 
ceeded 1 to 2% and the mobility generally 
decreased with the degree of mismatch (Fig. 
2A, filled circles), whereas a single 3-base 
pair (bp) gap induced a noticeable mobility 
retardation in 3.2-kb heteroduplexes (25). 
The greater reduction in mobility caused by 
gaps relative to mismatched nucleotides prob- 
ably reflects the sharp bend in the double- 
stranded DNA molecule reauired to accom- 

duplexes) was then compared to the known 
genetic divergence between the fragments 
(Fig. 2A), the latter determined by the stan- 
dard method of counting only mismatches 
between aligned sequences, discounting un- 
paired bases caused by insertions and deletions 
(20, 27). 

Three groupings were observed by both 
mobility and sequence analysis: Large mobil- 
ity shifts and divergence were observed for 
heteroduplexes formed between Zairian and 
between Zairian and North American strains; 
intermediate shifts and divergence were o b  
served for the comparison of independent 
North American strains; and the smallest 
shifts and divergence were observed for the 
comparisons of sequences derived from the 
same subject (Fig. 2A). Heteroduplexes dis- 
playing the full range of mobilities observed 
are shown in the Fig. 2A inset. For some 
sequences derived from the long term-infect- 
ed asymptomatic individual the mobility shifts 
were atypically high and partially overlapped 
those observed between independent North 

American isolates (Fig. 2A). When hetero- 
duplexes differing by only mismatches were 
analyzed, a better correlation between mobil- 
ity and divergence was observed, but with a 
lower slope (Fig. 2A, filled circles). The 
scatter of values observed in the intrasubject 
range is thus largely attributable to the large 
influence of gaps on electrophoretic mobility 
(gaps not included when DNA distance was 
determined). 

Estimates of genetic distance between vi- 
rus strains can also be obtained without isola- 
tion of individual molecules, by tracking het- 
eroduplexes formed between entire pools of 
viral genetic variants present within individ- 
uals. Given the large affect of gaps on hetero- 
duplex mobility, this may provide a more 
reliable estimate of overall genetic distance 
between quasispecies than comparison of any 
given pair of sequences from these pools. 
Nested PCR products were derived from 
PBMC DNA from four individuals containing 
at least 20 to 50 template molecules of HIV- 1 
DNA, as measured by end point dilution (28) 

modate the extra nucleotides and the result- 
ing impairment of migration through the gel 
matrix (26). 

The corresponding 0.7-kb fragment of env 
was amplified from each of 39 cloned HIV-1 
strains of known sequence. These included 3 1 
molecules obtained directly from the PBMC 
DNA of three North American subjects [one 
long-term asymptomatic, two with acquired 
immunodeficiency syndrome (AIDS)], six in- 
dependent HN-1 isolates from North Amer- 
ica, and two isolates from Zaire. Heterodu- 

Uganda 
Tanzania 

D 

USSF2 
USSFl62 

USMWO B 
USMAIO 

plexes were formed by pairwise combination 
of am~lified ~roducts from the same individual 
and between epidemiologically unrelated 
North American and Zairian isolates. The 
relative mobility of heteroduplexes (to homo- 

U.S.A. 
Brazil 
Thailand 
Netherlands 
France 
Egypt 
Uganda eg;f: IN744 

Fig. 4. (A) Phylogenetic 
tree based on DNA dis- 
tances inferred from het- 
eroduplex mobility analysis 
of 87 HIV-1 env genes 
(50). The countries of ori- 
gin of the sequences 
shown are indicated along 
the right side of the figure 
along with a single letter 
indicating HIV-1 subtype 
(29). The first two letters of 
the sequence name refer 
to their country of origin. 
BZ, Brazil; DJ, Djibouti; 

IC144 
Uganda 

- Djibouti 
-Dl263 Ivory Coast 

- SU6( 

DNA distance (%) I lndia 
Zambia 

Fig. 3. Correlation between DNA heteroduplex 
mobilities and DNA distances. Heteroduplexes 
were generated between PCR fragments de- 
rived from the viruses shown in Fig. 48. Their 
relative mobilities and DNA distances were 
determined as described in Fig. 2. Ninety-four 
of the 190 possible pairwise combinations were 
evaluated. A curve approximating the relation- 
ship shown was calculated by the least- 
squares method and is given by the equation. 
DNA distance = -In[(mobility - 0.045)/1 .14]/ 
13.6. Estimated DNA distance values above 
30% were not reliable and were kept at that 
maximum limit. (Inset) Ethidium bromids 
stained polyacrylamide gel showing the range of 
heteroduplex mobilities observed in this study. 

EG, Egypt; FR, France; IN, India; IC, Ivory Coast; NL, Netherlands; RW, Rwanda; SE, Senegal; SM, 
Somalia; TA, Tanzania; TH, Thailand; UG, Uganda, US, United States; Z4, Zaire; ZM, Zambia; and 
ZI, Zimbabwe. POC samples (within subtype B) refer to U.S. armed forces servicemen found to be 
infected after tours of duty outside the United States. Sequence designations within boxes 
correspond to those found in the DNA sequence tree shown in Fig. 48. Solid vertical bars indicate 
multiple sequences derived from single individuals from the United States. The striped vertical bar 
at the bottom of the figure indicates sequences derived from sexual partners from Zambia. (B) 
Phylogenetic tree based on DNA distance determined from 20 HIV-1 env genes for which 
sequences are known and subgroups assigned (29). The numbers adjacent to branches refer to 
the frequency (of 100 repetitions) with which the sequences to the right cluster together after 
bootstrap analysis (51). 

g;; # ~~~~r 
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to ensure a representative sampling of the 
auasis~ecies. Radioactivelv labeled, tracer . L 

amounts of amplified products from one qua- 
sispecies were mixed, denatured, and an- 
nealed with a 100-fold excess of unlabeled, 
amplified DNA from a second individual. 
Under these conditions, all radiolabeled 
DNA strands formed heteroduplexes with un- 
labeled strands, and the electrophoretic mo- 
bility of the radioactive tracer DNA reflects 
the genetic distance between the two quasis- 
pecies. When quasispecies from epidemiolog- 
ically unlinked individuals within the United 
States were com~ared. large mobilitv shifts 

L , -  

were observed (Fig. 2B), as expected fkm the 
analvsis of individual molecules (Fig. 2A). , - 
The mobility shifts were most extreme when 
samples from the African-acquired infection 
were hybridized with those from North 
America. The simultaneous comparison of 
pools of variants afforded by this hetero- 
duplex tracking analysis (HTA) thus al- 
lows estimation of genetic divergence be- 
tween entire quasispecies. 

To develop a quantitative screening assay 
for determining the genetic relationship be- 
tween HIV strains, we also used 1.3-kb 
DNA fragments spanning the five hypervari- 
able regions of the HIV-1 enw surface glyco- 
protein gene (21 ). Using the longer frag- 
ments, we obtained a more predictable rela- 
tionship between heteroduplex mobility and 
genetic distance throughout the range of 
sequence divergence examined (Fig. 3). A 
representative gel showing the range of het- 
eroduplex mobilities observed is shown in 
the Fig. 3 inset. An exponential equation 
was derived to describe a curve fitting the 
exoerimental data from oairwise analvsis of 
2denvelope genes of known sequence (Fig. 
3). This equation was used to estimate the 
genetic distance between HIV envelope 
genes from an additional 67 viruses exam- 
ined by pairwise heteroduplex mobility anal- 
ysis (HMA). A phylogenetic tree was then 
constructed from deduced DNA distances 
(Fig. 4A). All of the major and many of the 
minor branch nodes were the same as in a 
tree generated by an analogous distance ma- 
trix method and bootstrapping for analysis of 
the subset of 20 known sequences (Fig. 4B). 

Five subtypes of HIV-1 enw genes have 
been recognized by DNA sequence analysis 
as belonging to clusters that differ by more 
than 20% divergence over a 300-bp region 
analyzed (29). Each of these subtypes also 
segregated by HMA, and in addition a sixth 
subtype, referred to as F, was found in Brazil. 

Within the group of 67 sequences as- 
signed to subtypes by HMA, 34 of a group of 
36 were assigned to the same subtype by 
anchored PCR typing or DNA sequencing of 
the viral gag gene (30-32). In one of the 
discordant cases, the subtype of the enw gene 
determined by sequence analysis from the 
same isolate did indeed match that deter- 

0 1  , I I I I 1 I I 
Intra- Thailand India North America/ Brazil Uganda Africa 

subject Europe 

Fig. 5. Genetic diversity of HIV strains within different populat~ons. Paiwise genetic distances were 
inferred by heteroduplex mobility as described In Fig. 3 and plotted according to the country or 
continents of origin. lntrasubject corresponds to estimated DNA distances between virus clones 
obtained from within five infected subjects. (+) intrasubtype comparisons; (0) intersubtype 
comparisons. 

mined by HMA. This virus therefore ap- 
pears to represent a recombinant formed 
between viruses from two subtypes. In the 
second discordant case the enu gene was not 
sequenced to allow comparison to the HMA 
result. All of 26 subtype assignments made 
by env gene sequence analysis from the group 
of 67 (33) were assigned to the matching 
subtype by HMA. Hence, we found 100% 
correspondence between HIV-1 subtype as- 
signments made by HMA and by DNA 
sequence analysis. 

Among the closest genetic relationships 
inferred by HMA were, as expected, HIV 
genes derived from the same infected per- 
son (Fig. 4A, the GD25-GD26 and MA 
groups, respectively). A more distant yet 
linked relationship was noted for viruses 
from sexual partners (ZB18 and ZB19, Fig. 
4A). It is notable that the four epidemio- 
logically unlinked subgroup E sequences 
from (Northern) Thailand showed a level 
of sequence similarity comparable to that 
obtained from a single individual [Figs. 4 
and 5; similar results were obtained for an 
additional 11 isolates from the same region 
(34)l. In addition, all five epidemiologically 
unlinked sequences from Bombay, India 
(subgroup C),  were closely related, as were 
an additional five isolates from Bombay and 
Goa examined by DNA sequence analysis 
(35). Widespread HIV-1 infection in Thai- 
land and in Bombay occurred within 4 to 5 
years from the time these samples were 
taken, and infection levels in some high- 
risk groups in these areas have now reached 
15 to 50% (36-38). The unusually high 
level of sequence conservation in these 
groups may reflect the recent and rapid 
dissemination of HIV from a single source 
of entry into the Bombay and Northern 
Thailand populations (that is, a founder 

effect). The high level of viremia (39, 40) 
together with the low level of viral genetic 
diversity found early in infection (25, 41- 
44) may contribute to the effective spread 
of highly conserved viral genotypes in the 
initial stage of HIV spread in a given 
geographic region. 

Whereas a more extensive molecular ep- 
idemiological analvsis will be reauired to - 
substantiate the breadth of subtype represen- 
tation in individual regions, distinct geo- - - 
graphic clustering was noted in multiple 
instances. All isolates from North America 
(n = 15) and Europe (n = 3) belonged to 
subtype B, representatives of which were 
also found in Brazil (8/12), Thailand (2/6), 
Egypt ( I l l ) ,  and Uganda (1115). Subtype C 
was found principally along the South and 
East coast of Africa and the West coast of 
India, in agreement with a previous link 
made between HIV-1 strains from South 
Africa and India (45). In contrast, the 36 
strains examined from Africa beloneed to u 

four subtypes. In addition, isolates related in 
their gag sequence to the E and F enw subtype 
isolates found in Thailand and Brazil, re- 
spectively, were also found in Africa (32). 

In the analysis shown in Fig. 5, we plot 
the pairwise relationships between viruses 
within a given geographic region. A gradi- 
ent of increase in divergence is noted, with 
the level correlating with the time the virus - 
has been thought to have infected each 
population in large numbers. The predom- 
inance of a single, uniformly divergent sub- 
type in North America and Europe may 
reflect spread from a single point of intro- 
duction in past decades followed by a grad- 
ual increase in seauence diversitv. In con- 
trast, the pattern hoted in ~ h a i l a k d  reflects 
the recent introduction of virus from two 
divergent sources. The divergence noted 
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within the Brazilian population similarly 
reflects the presence of two subtypes, but 
also suggests that the virus has been 
spreading there for a time similar to its 
residence in North America. The high 
degree of viral genetic diversity seen with- 
in the African sam~le  sets is consistent 
with the presence of multiple subtypes and 
the longer time of residence of HIV-1 on 
that continent (46, 47). 

Heteroduplex mobility and tracking anal- 
yses provide simple screening tools for deter- 
mining relationships between HIV-1 strains as 
well as other variable viruses, microorganisms, 
and cellular genes. Each can be rapidly clas- 
sified into sequence homology groups after 
PCR amplification of variable regions and 
HMA, comparing unknown sequences 
against themselves or standard reference se- 
quences. The DNA sequence of genetically 
common or rare variants could therefore be 
determined on a selective rather than random 
basis. On  a routine basis the identity and 
purity of HIV-1 strains and PCR-amplified 
DNA can be sim~lv and raoidlv monitored. . , . , 

Heteroduplex analysis can also be used for 
tracking specific sequence variants within in- 
dividuals (25) and assisting in establishing 
epidemiological linkages between individuals 
(48). We demonstrate here that a auantita- \ .  , 
tive assay can be developed for rapid and 
accurate subtyping useful in evaluating the 
patterns of infectious agent transmission with- 
in large populations. The quantitative assay 
can also assist identification of commonly cir- 
culating strains for temporally and geograph- 
ically specific vaccine formulations as well as 
estimating the breadth of the infectious agent 
challenees likelv to be encountered within a 

u 

vaccine trial setting. The low level of genetic 
diversitv seen in regions of recent HIV-1 
spread present rapidvly closing windows of 
opportunity for vaccination against still rela- 
tively homologous viral challenge. 
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