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Different strains of the same "species" of microorganism often display dis- 
tinctive properties. In a growing number of cases, linkage of phenotypic traits 
with genetic markers is allowing complicated biological assays to be replaced 
by genetic typing. The detection of such genetic variation has been revolu- 
tionized by the PCR, which allows fragments of even the most complex ge- 
nomes to be isolated in an essentially pure form in a matter of hours. Differ- 
ences between gene segments can then be determined by direct sequencing 
of the PCR product. To further expedite, and thereby to extend genetic screen- 
ing assays to greater numbers of samples, multiple nonsequencing methods 
have been developed that are simpler, typically require less complex appara- 
tus, and are of lower cost than DNA sequencing. For example, heteroduplex 
analysis has been used in the field of medical genetics (1-7) and for the detec- 
tion of genetic polymorphisms in human populations. (8'9) These methods 
have involved use of nondenaturing as well as slightly denaturing gel elec- 
trophoresis conditions. (1~ Vinyl polymer gels have also been used for the 
diagnosis of mutations within proto-oncogenes. (12-14~ 

Nonsequencing genetic analysis methods can also facilitate study of com- 
plex and rapidly evolving genetic systems such as RNA viruses. Recently de- 
scribed heteroduplex mobility assays, ~ now used to classify HIV-1 strains 
into genetic subtypes, are presented here. These assays should also be readily 
applicable to the analysis of other highly variable microorganisms. 

SEQUENCE, STRUCTURE, AND ELECTROPHORETIC MOBILITY OF 
HETERODUPLEXES 
Heteroduplexes are formed by simply denaturing and reannealing (usually by 
heating and cooling) partially complementary DNA strands. Sequence varia- 
tion can then be detected by noting a reduced electrophoretic mobility of 
DNA heteroduplexes following electrophoresis through a polyacrylamide gel. 
The structural distortions of the DNA double helix caused by mismatched 
nucleotides (resulting from base substitution mutations) and unpaired nu- 
cleotides or "gaps" (resulting from insertions or deletions within otherwise 
annealed regions) reduce the mobility of the DNA through the pores of the 
gel. The effects of theses distortions on heteroduplex mobility are far less 
pronounced in larger pore, agarose gels. 

Unpaired nucleotides in heteroduplexes result in greater mobility retarda- 
tion than mismatched nucleotides. (1'z'16-19) The nature of unpaired nucle- 
otides in gaps also influences DNA structure and, therefore, mobility in poly- 
acrylamide gels. For example, the larger the gap, the slower the heteroduplex 
mobility. (18'z~ The identity of the unpaired nucleotides also has an effect. For 
example, single purine insertions result in greater mobility shifts than single 
pyrimidine insertions. (19) The exact sequence of the base-paired nucleotides 
neighboring a gap also has a noticeable influence on heteroduplex mobility, 
indicating that the base stacking interactions close to the helix distortion 
impacts on the final structure and resulting mobility. (19,z~ The spatial ar- 
rangement of gaps also influences structure. For example, two single nucle- 
otide insertions separated by a half turn of the helix (5 bp) will largely cancel 
out the mobility retardation caused by each individual insertion, whereas 
mobility retardation is increased if the two insertions are separated by 10 
nucleotides. (18) Such reinforcement is presumably the result of the insertion- 
induced bends lying on the same side of the heteroduplex molecule, resulting 
in a larger total curvature of the DNA fragment. The more centrally located 
the unpaired nucleotides are, relative to the extremities of the fragment, 
the greater the mobility retardation. (2~ The same effects of central location 
and phasing of DNA bends is observed for mobility retardations induced by 
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DNA-bending proteins (21-23) and DNA-bending sequences such as the poly(A) 
stretch found in trypanosome kinetoplasts. (zL24) 

The structure of heteroduplexes has also been analyzed using chemical and 
enzymatic probes. (z~ The resulting structural model for an unpaired gap 
structure is of a nonflexible kink in the double helix to accommodate the 
likely extrahelical nucleotides. In contrast, mispaired nucleotides are thought  
to result in a more flexible, bubble-like distortion of the double helix in 
which every nucleotide is equally accessible to chemical modification and 
little overall perturbation of the helix structure is detected. (2~ The stronger 
effects on mobility of unpaired versus mispaired nucleotides and of increas- 
ing gap size were also noticed using the HIV-1 envelope DNA sequences 
described below (ls'~7) (data not shown). 

HETERODUPLEXES FORMED BY HIVol ENVELOPE GENE SEQUENCES 
Heteroduplexes derived from HIV-1 envelope genes were detected when mul- 
tiple, genetically divergent, proviral DNA sequences from an individual in- 
fected more than 5 years were coamplified in the same PCR reaction and 
analyzed by polyacrylamide gel electrophoresis. (ls'17) With the nested PCR 
conditions used, primer binding and extension efficiency during the last PCR 
cycle was low, such that rather than being duplicated, the previous amplifi- 
cation products reannealed randomly to form heteroduplexes. ~ The 
reduced migration exhibited by some of the resulting heteroduplexes (de- 
tected following electrophoresis by ethidium bromide staining and UV illu- 
mination) indicated that at least a portion of the sequence diversity seen 
within a single blood sample could be detected by this method. Multiple 
pairwise heteroduplexes formed using previously sequenced variants indi- 
cated that a semiquantitative relationship existed between their electro- 
phoretic mobility and the level of sequence divergence between the rean- 
nealed DNA strands. (~s'~7) Using regions of significant base mismatch and 
length variation (Fig. 1), this relationship could be used to rapidly classify 
HIV-1 strains into envelope sequence subtypes in what we refer to as the 
heteroduplex mobility assay, or HMA. (is) 

A variation of the HMA involves labeling products of one PCR reaction 
(e.g., using radioactive or fluorescent molecules) and reannealing it to a 100- 
fold mass excess of unlabeled DNA from another PCR reaction, such that the 
labeled "probe" fragments are entirely driven into heteroduplexes formed 
with the unlabeled PCR product (the "driver"). Following polyacrylamide gel 
electrophoresis and detection, only heteroduplexes between the two sets of 
fragments should be detected. The mobility of the labeled heteroduplexes 
could therefore reveal the genetic relationships between complex mixtures of 
sequences (ls'26) as well as allow detection of specific variants within these 
mixtures, as indicated by fast migrating heteroduplexes. ( ~ 7) This heteroduplex 
tracking assay (HTA) proved useful for tracking the evolution of HIV-1 within 
individuals, ~ in investigations of suspected HIV-1 transmission, (16) and in 
detecting the source of sample contamination. (27) 

The World Health Organization (WHO) Network on HIV Isolation and 
Characterization recently conducted a pilot study comparing different meth- 
ods of HIV-1 envelope gene sequence subtype determination. (zS) Results ob- 
tained using HMA, RNase A cleavage of RNA/DNA heteroduplexes, (29,3~ and 
anchored primer PCR (3L32) were then compared with results from DNA se- 
quencing. All 54 isolates for which DNA sequence information was available 
were subtyped correctly by HMA, (33) and because of its speed, low cost, ease 
of use, and high specificity, HMA was chosen as the initial screening method 
to determine the HIV-1 subtypes prevalent in countries in which vaccine 
trials are being prepared. (28) 
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FIGURE 1 (A) Distribution of unpaired bases (gray line) and mismatched plus unpaired bases 
(black line) in aligned HIV sequences across the SU-coding sequence. The number of differences 
were counted between individual pairs of sequences and tabulated along the y-axis. Fragments 
amplified by the second-round primer sets used in this study are shown. (B) Degree of divergence 
between individual pairs of sequences sampled using fragments delimited by the EDS-ED12 
(black line), ES7-ES8 (gray line), and ED31-ED33 (thick black line) primers. Plots were generated 
using viruses from within the same subtype, between different subtypes, and between the main 
and O groups. 
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METHOD DETAILS 
DNA Puri f icat ion  
The starting material for HMA is PCR-amplified DNA fragments. Substrates for 
PCR can include purified DNA or detergent lysed cells from a variety of 
sources. Red-cell-depleted whole blood and fresh or frozen white blood cells 
can also be used. (34) However, it should be kept in mind that amplification 
directly from cellular material is less sensitive than with purified DNA be- 
cause of the presence of inhibitors and thus is more noticeably dependent on 
the initial proviral DNA load in each sample. 

PCR Amplification 
Nested PCR reactions are used to generate sufficient quantities of product for 
HMA. For analysis of the HIV-1 e n v  gene, well-conserved primer sequences 
were chosen. First-round reactions were conducted using ED3 [5'-TTAGGCA- 
TCTCCTATGGCAGGAAGAAGCGG; corresponding to positions 5956-5985 of 
the HIV-1-HXB2 genome (GenBank accession no. K03455)] and ED14 
(5'-TCTTGCCTGGAGCTGTTTGATGCCCCAGAC; positions 7960-7931). These 
amplify an -2-kb fragment, spanning from the first exon of rev and the 
complete surface (SU) protein coding sequence of e n v .  Three sets of second 
round primers have been used to date, depending on the region to be ana- 
lyzed (Fig. 1). They include ED5 (5'-ATGGGATCAAAGCCTAAAGCCATGTG; 
positions 6556-6581) and ED 12 (5'-AGTGCTTCCTGCTGCTCCCAAGAACCC- 
AAG; positions 7822-7792), used to amplify the 1.2-kb first variable (V1) 
through V5 coding domains of the SU protein. ED31 (5'-CCTCAGCCATTA- 
CACAGGCCTGTCCAAAG; positions 6816-6844) and ED33 (5'-TTACAGTAGA- 
AAAATTCCCCTC; positions 7359-7380) amplify the 0.5-Kb C2 through C3 
coding domains of SU. Finally, ES7 (5'-tgtaaaacgacggccagtCTGTTAAATGGC- 
AGTCTAGC; positions 7001-7020) and ES8 (5'-caggaaacagctatgaccCACTTC- 
TCCAATTGTCCCTCA; positions 7647-7667) amplify the 0.7-kb V3 through 
V5 coding domains of SU [lowercase letters are complementary to the uni- 
versal M13 (ES7) or the reverse (ES8) sequencing primers; these allow direct 
sequencing of the PCR product but are not essential for heteroduplex analy- 
sis]. The 50-1~1 PCR reaction mixtures contained 200 nM primers, 50 mM KC1, 
10 mM Tris (pH 8.3), 1% DMSO, 1% glycerol, 200 ~M of each dNTP, and 1.25 
mM MgCl 2 (or 1.8 mM MgC12 in the case of ES7-ES8 amplifications). First- 
round PCR reactions also included 0.2-2 ~g of target DNA. Thermal cycling 
conditions were 3 cycles of 94~ for 1 min, 55~ for I rain, and 72~ for I min 
followed by 32 cycles of 94~ for 15 sec, 55~ for 45 sec, 72~ for 1 min, with 
a final extension at 72~ for 5 rain and storage at -20~ until use. 

One hundred-microliter volume second-round reactions were initiated 
with 2 ~l of the first-round reaction as template. Additional quantities of DNA 
from the uncharacterized strain can be generated by repeating the second- 
round amplification with another aliquot of first-round material. Ten nano- 
grams of plasmid DNA containing HIV-1 envelope genes as envelope se- 
quence subtype references were amplified using second-round primers only. 
Positive control (10 copies of pNL4-3, containing the HIV-1IIIB genome) and 
negative control (no template added) reactions were included and carried 
through the two rounds of amplification. 

In some instances, standard amplification conditions, in which primers 
were annealed at 55~ did not yield a visible product. In these instances, a 
"step-up" amplification is carried out for the first 5 cycles, during which 
primers were annealed at lower temperatures (as low as 37~ followed by 30 
cycles under standard conditions. If samples were still negative after the step- 
up amplification, an alternative set of second-round or first-round primers 
(e.g., ED3-ED12 with 1.4 mM MgCl2) were used. 
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Second-round reactions are checked for amplif icat ion products on a 1% 
agarose gel, mixing 5 I~l of the PCR reaction with 1 i~l of Ficoll-Orange G 
loading dye (5 • = 25% Ficoll, 1% Orange G) and electrophoresis at 100 V for 
1 hr in 1 • TBE (89 mM Tris-borate, 89 mM boric acid, 8 mM EDTA) or TAE (40 
mM Tris base, 20 mM acetic acid, 2 mM EDTA) buffer. The gel is then  stained 
with e th id ium bromide (0.5 ~g/ml in H20) for 30-60 min,  and the DNA is 
detected by UV transi l lumination.  

Heteroduplex Formation 
The first step in the process of analysis of heteroduplexes is to assess the 
genetic diversity of each PCR-amplified sample. This analysis provides a base- 
line heteroduplex pattern (because of quasispecies diversity in vivo) with 
which to compare deliberately formed heteroduplexes.  It is useful if this 
sample is run on the same gel as the heteroduplexes formed between refer- 
ences and the unknown,  so that  bands present as a result of intra-quasispecies 
heteroduplexes can be identified (Figs. 3 and 4, below, U lanes). PCR frag- 
ments  generated from reference strains in plasmids do not  result in detectable 
heteroduplexes, because, except for errors in t roduced dur ing PCR, all du- 
plexes should be perfectly complementary  (Fig. 2). In a 500-1~1 Eppendorf  PCR 
reaction tube, mix 5 i~l of second-round PCR reaction (~  100--250 ng of DNA) 
with 5 ~l of H20 and 1.1 i~l of 10• heteroduplex anneal ing buffer (10x - 1 M 
NaCl, 100 mM Tris at pH 7.8, 20 mM EDTA). 

Heteroduplexes are deliberately formed using approximately equal amounts  
of amplified fragments from the u n k n o w n  and each reference. Mix, as above, 

FIGURE 2 Heteroduplexes formed between pairs of DNA fragments PCR amplified from subtype 
references. ED12-ED5 env gene fragments (1.2 kb) were separated in a 5% polyacrylamide gel at 
70 mA for 1000 V hr. The subtypes of the two fragments compared are noted above each lane. 
Numbers next to letters refer to different reference strains, listed below along with the clone 
name and GenBank accession number (when available): (Lane A1) RW20, U08794; (lane A2) 
IC144, no sequence; (lane A3) SF170, M66533 (Figs. 3 and 4); (lane B1) BR20, U08691; (lane B2) 
TH14, U08801; (lane B3) SF162, M65024; (lane C1) MA959, U08453; (lane C2) ZM18, L22954; 
(lane C3) IND868, U07103; (lane C4) BR25, U09133; (lane D1) UG21, U08804; (lane D2) UG38, 
U08806; (lane D3) UG46, U08809; (lane El) TH22, U09131; (lane E2) TH06, U08810; (lane E3) 
CAR7, no sequence; (lane F1) BZ162, L22084; (lane F2) BZ163, L22085. (Lane M) The molecular 
mass marker; the 1.35-kb HaeIII fragment from ~X174 is visible. (ssDNA) Single-stranded DNA; 
(Ho) the position of homoduplex migration. 
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5 ixl of the second-round PCR reaction from the u n k n o w n  (--~ 100-250 ng of 
DNA) with 5 ixl of the second-round PCR reaction from the analogous frag- 
m e n t  of e n v  derived from a reference strain and 1.1 ~1 of the 10x anneal ing  
buffer. 

Form heteroduplexes by heat ing the mixture to 94~ for 2 m i n  in a ther- 
mocycler or boil ing water bath. Cool tubes rapidly by transferring to wet ice. 
Heteroduplexes can be kept at room temperature  before loading or stored at 
- 20~ Samples are mixed with Ficoll-Orange G loading dye prior to loading 
on a gel. Rapid cooling facilitates stable format ion of heteroduplexes between 
highly divergent sequences but  is less impor tan t  for creating heteroduplexes 
between closely related sequences. Note that  the apparent  he teroduplex  yield 
will generally be greater between more  closely related sequences (Fig. 3). 

Polyacrylamide Gel Electrophoresis 
Heteroduplexes are examined after electrophoresis on a 5% polyacrylamide 
gel (using a 30% acrylamide, 0.8% bis-acrylamide stock) in TBE buffer. A 
50-ml mixture is prepared per gel, and polymerizat ion is initiated with the 
addit ion of 50 mg of a m m o n i u m  persulfate and 33 p~l of TEMED. We have 
used the GIBCO BRL V16 vertical gel electrophoresis apparatus and glass 
plates with 1.5-mm spacers. Other  gel systems, including fluorescence-based 
au tomated  DNA sequencers can also be used (data not  shown). ED5-ED12 
fragments (1.2 kb) are separated at a constant  200 V for 6 hr or at a 70-mA 
constant  current  for 1000 V hr. EST-ES8 fragments (0.7 kb) are separated at 
250 V for 3 hr. ED31-ED33 fragments (0.5 kb) are separated at 250 V for 2 hr. 
Urea (10% wt/vol) can also be added to gel mixtures to enhance  mobil i ty  
shifts. 

STRATEGY FOR SUBTYPING 
Nested PCR is used to generate either 1.2-, 0.7-, or 0.5-kb e n v  gene fragments 
from uncharacterized strains of HIV-1. The same size fragments are also am- 
plified from a series of plasmids conta ining HIV-1 e n v  genes from different 
subtypes used as references. Heteroduplexes formed between the u n k n o w n  
sample and the most  closely related reference sequences exhibit  the fastest 
mobilit ies and thus indicate the likely subtype of that  strain (Figs. 2-5). For 
subtype assignment,  heteroduplexes formed with a set of references should 
have markedly faster mobilities than  with other  subtypes. Unknowns  should 

FIGURE 3 Heteroduplexes formed between DNA fragments amplified from infected blood sam- 
ples and reference plasmids. ED12-ED5 fragments (1.2 kb) were separated in a 5% polyacryla- 
mide gel at 200 V for 6 hr. Reference fragments are noted above each lane and described in the 
legend to Fig. 2. The subtype determined for each unknown was B (Ua), B (Ub), and A (Uc). ssDNA 
and Ho are defined in the legend to Fig. 2. IS He refers to the position of intrasample hetero- 
duplexes, indicated by solid vertical bars next to the gels. The ssDNA is indicated with an arrow. 
Nonspecific amplification products in sample Ub are found just above the ssDNA indicator. 
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initially be compared with each of the reference strains available to obtain 
both clear results and to gain familiarity with the assay. Subsequently, when 
analyzing a geographic region suspected of having principally a single or few 
subtypes (e.g., subtype B in North America, subtypes B and E in Thailand), it 
is possible to reduce the number of reference strain comparisons required to 
definitively assign a subtype. In Thailand for example, where both the sub- 
type B and E strains predominate and are still relatively homogeneous, Os'3s) 
it has been possible to positively identify the subtype of an unknown by 
comparison to standards from only the B and E clades. (~3) The high degree of 
homology within these subtypes and, therefore, the very fast mobility of their 
heteroduplexes provide a high degree of confidence in assigning a subtype. 
Even though a single subtype predominates in the United States, making 
subtype assignments is slightly more complex because the virus population 
in the United States is more diversified and U.S. subtype B heteroduplexes will 
not migrate as rapidly as Thai subtype B heteroduplexes. Therefore, we rec- 
ommend that North American sequences be compared with multiple B ref- 
erence strains in addition to at least a single strain from other subtypes (as 
negative controls). When the expected subtype is not known and in geo- 
graphic regions where multiple subtypes are present, such as in Uganda, it is 
necessary to compare each unknown with a panel of two or more references 
from each available subtype. Comparison to only a single reference sequence 
from a given subtype may result in ambiguous and, in rare cases, erroneous 
assignments. 

There is great flexibility in the choice of reference strains for each subtype. 
Within a given geographic region, resident HIV strains of the same subtype 
are more likely to be closely related to each other than to other geographi- 
cally more distant strains of the same subtype. The use of locally derived 
references may therefore result in faster migrating heteroduplexes with an 
unknown, thereby permitting more rapid and confident assignment of sub- 
type and intrasubtype relationships to be drawn. Use of closely related refer- 
ence strains also allows confident subtype assignments using fewer pairwise 
comparisons. 

Subtypes may also be assigned using smaller regions of the e n v  region 
amplified with other second round primers [ES7-ES8 (Fig. 4) and ED31-ED33 
(Fig. 5)] and are particularly useful when ambiguous results are obtained with 
the larger fragment. The effect of gaps versus mismatches on the mobility of 
heteroduplexes is relatively stronger in shorter fragments than in longer frag- 
ments, particularly in the lower range of sequence divergence such as that 
found within an individual. (ls'17) However, normally, very few or no gaps are 
found in the ED31- to ED33-amplified regions (Fig. 1A). 

Some samples may be difficult to subtype with confidence by HMA. This 
generally indicates detection of a genetic outlier within a known subtype 
(relative to the reference strain used), as shown in Figure 4, or the detection 
of a new subtype. It is also possible, however, that the difficulty stems from 
a large deletion or insertion in the V1-V2 or V4-V5 region or, less likely, 
another region of e n v  (Fig. 1A). Such deletions have not affected subtype 
assignments to date (see a discussion of very large deletions, below), exam- 
ining ~300 strains (data not shown). (ls'16'33) Nonetheless, the next step in 
characterizing an unusual strain would be to try another fragment of e n v  or 
determine a portion of the DNA sequence. As shown in Figure 4, even though 
the fastest migrating ED5-ED12 heteroduplexes were found with the un- 
known annealed with subtype A references, their mobilities overlapped that 
formed with other subtype references. Use of ES7-ES8, however, permitted 
unambiguous assignment of the unknown as belonging to subtype A. There 
is no limitation in performing HMA with other segments of the viral genome. 
The degree of variation presently required for good discrimination of hetero- 
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FIGURE 4 Heteroduplexes formed between different size DNA fragments from a HIV-1 subtype A 
unknown (U) and reference sequences. (Left) ED12-ED5 region (1.2 kb), 200-V electrophoresis 
conditions. (Right) ES7-ES8 region (0.7 kb), 250-V conditions. Heteroduplexes in lanes A3 and ,42 
are within the ssDNA region. Reference fragments are noted above each lane and described in the 
legend to Fig. 2. ssDNA, IS He, and Ho are defined in the legends to Figs. 2 and 3. Nonspecific 
amplification products are seen above the ssDNA indicators. 

duplexes is within the range of 5-25%; hence, the degree of mismatch ex- 
pected to be encountered should guide these decisions. Because the degree of 
DNA mismatch variation is similar in all three regions analyzed to date (Fig. 
1B), the greater discrimination afforded by the larger fragments is largely the 
result of length variation and the associated helix-destabilizing effects of 
adjacent mismatched sequences. 

HETERODUPLEX PA'I'I'ERN ANALYSIS 
The Problem of Inherent Quasispecies Complexity 
When  amplifying viral sequences from a plasmid or a single provirus or RNA 
template, no heteroduplexes can be formed, because all DNA strands are 
perfectly complementary (except as a result of polymerase error during am- 
plification) and only homoduplexes are seen on the polyacrylamide gel. 
When  such fragments are reannealed together, a simple heteroduplex pat tern 
of two single or overlapping bands is typically observed (Fig. 2). (is-17) W h e n  
amplifying sequences from a viral quasispecies, heteroduplexes can form be- 
tween different, s imultaneously amplified variants within the mixture. (ls'17) 
In the latter situation, multiple heteroduplexes are seen when  the PCR reac- 
t ion is analyzed on polyacrylamide gels (Figs. 3 and 4, U lanes). Heterodu- 
plexes can take the form of sharp bands or of a smear-like pattern. The 
complexity of the heteroduplex pattern and, by extension, the genetic diver- 
sity in a single sample can vary widely. For example, soon after infection in 
vivo and often following virus isolation in vitro, quasispecies typically display 
a very low level of heterogeneity that  is reflected by the presence of primarily 
homoduplexes  in polyacrylamide gels. (17) Conversely, uncul tured proviral 
DNA samples from individuals infected for >5 years typically display a high 
level of viral sequence complexity. (17) Complex quasispecies are seen as both 
homoduplexes  and as heteroduplexes with reduced mobility. Quasispecies 
can consist of multiple variants in the absence of a clearly dominan t  se- 
quence, and in these cases, homoduplexes are not  necessarily visible and no 
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FIGURE 5 Effect of urea concentration on the mobility of using fragments derived from the 
0.5-kb ED31-ED33 region. Plasmids harboring e n v  genes from the same person (intraperson), 
same subtype, and different subtypes were used as the source of the DNA fragment pairs used. 
Urea concentrations present in the gel are indicated at lef t .  

particularly bright heteroduplex bands are observed on the polyacrylamide 
gel (i.e., a smear is evident). 

When  locating the position of the major heteroduplexes formed between 
a reference (e.g., clone-derived) sequence and an uncharacterized strain, it is 
important  to identify heteroduplexes formed by the unknown ' s  quasispecies. 
For that  reason, the PCR reaction of the u n k n o w n  sample is heated and 
cooled by itself and analyzed (preferably on the same gel as the heterodu- 
plexes formed with reference sequences). Heteroduplexes resulting from in- 
herent  quasispecies complexity can then be identified and disregarded when  
looking for interstrain heteroduplexes (Figs. 3 and 4). 

If a single variant or a collection of highly related variants is amplified 
from the u n k n o w n  sample, a single homoduplex  band is seen in the gel. 
When  such products are reannealed with a reference sequence, two fast mi- 
grating homoduplexes (usually with indistinguishable or similar mobilities, 
e.g., see homoduplex bands at the bot tom of Fig. 3) are seen. In addition, 

occasionally comigrating) sharp heteroduplex bands are usually two (but 
seen. In contrast, when  a complex quasi-species is reannealed with a reference 
sequence, the heteroduplexes formed between the reference and the mult iple 
variants can take the form of a series of bands or a diffuse smear. Occasion- 
ally, then,  difficulties in identifying the interstrain heteroduplexes may be 
encountered.  We have found it useful to serially dilute the genomic DNA 
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prior to nested PCR to generate products derived from a less complex mixture 
or a single variant. Assigning subtypes with less complex quasispecies is easier 
because of the simpler pattern of heteroduplexes formed with reference se- 
quences. Alternatively, one sample used in forming the heteroduplexes can 
be labeled and used in a heteroduplex tracking assay to permit unambiguous 
identification of intersample heteroduplexes. 

Appearance of Single-stranded DNA 
Discrete single or multiple bands migrating with a mobility of -40% that of 
homoduplexes are sometimes seen when examining PCR products (including 
that formed by references alone) (Figs. 2-4). These bands correspond to col- 
lapsed single-stranded DNA (ssDNA) fragments that failed to reanneal with a 
complementary strand. (2s) Their uniform positioning makes them useful for 
visual comparison of heteroduplex mobilities. 

Very Large Deletions 
Detection of PCR products with reduced size in agarose gels is generally 
indicative of the presence of a subpopulation of viral genomes with large 
internal deletions, not of the type that characterizes normal variation in the 
V1-V2 and V4-V5 region (Fig. 1A) but rather that extends into normally 
conserved regions of the coding sequence and hence is derived from obvi- 
ously defective genomes. Because short DNA fragments are preferentially am- 
plified, the majority of the amplified DNA may in some cases consist of 
smaller than expected fragments. (36) The occasional presence of these short 
amplification products results in heteroduplexes formed between fragments 
differing greatly in size that migrate near the top of the gel. Detection of these 
heteroduplexes formed within individual patients' quasispecies is thus an- 
other indication of deleted genomes. To prevent amplification of the smaller 
products, nested PCR is repeated using serially decreasing amounts of input 
genomic DNA until the shorter proviruses are diluted out and only the correct 
size DNA fragment is amplified. (36) This dilution procedure is usually success- 
ful as deleted proviral genomes typically make up only a minority of target 
proviruses (data not shown). 

Nonspeciflc Amplification Products 
Another potential source of apparently very slowly migrating heteroduplexes 
is fragments formed by amplification of nonviral DNA. Such nonspecific 
amplification products can be identified by their uniform presence in all 
lanes containing these products (Figs. 3 and 4). 

GEL ELECTROPHORESIS--GENERAL CONSIDERATIONS 
Heteroduplex mobility can be greatly slowed at higher temperatures or in the 
presence of denaturing agents in the gel matrix, particularly when the rean- 
nealed DNA strands are from very divergent strains. Temperature increases 
result in local increases in duplex melting and thus further slow heteroduplex 
mobility. In Figure 5 the decrease in mobility with increasing concentration 
of the denaturant urea is greater for more divergent heteroduplexes than for 
the more related sequences. To compare data acquired across experiments, it 
is therefore important to consistently reproduce the electrophoresis condi- 
tions as closely as possible. For this purpose the gel units, plates, acrylamide 
concentration, voltage/current, and buffer conditions should be carefully ad- 
hered to in each experiment. 

PHYLOGENETIC INFERENCES 
Given specific electrophoretic conditions, an equation can be derived to es- 
timate the genetic distance between two DNA fragments from their hetero- 
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duplex mobility. (is) The estimated genetic distances can then be used to 
derive fairly reliable phylogenetic relationships between multiple sequences 
without analyzing all of the possible pairwise heteroduplexes. For this pur- 
pose we typically evaluate 25-33% of the [Nx (N-  1)]/2 possible comparisons 
(where N= number of sequences being compared). 

Relative mobilities of heteroduplexes are typically estimated from photo- 
graphs or video-captured images of ethidium bromide stained gels. The dis- 
tance between the loading well and the midpoint between the two hetero- 
duplexes is measured and divided by a value corresponding to the distance 
between the loading well and the midpoint between the two homoduplexes 
(the latter often migrate with the same mobility) as given below. A more 
precise measurement would involve measuring each heteroduplex band in- 
dependently. Often, when the complexity of the unknown quasispecies is 
high, more than two heteroduplexes are formed with the reference sequence. 
In such instances the approximate midpoint between the most prominent 
heteroduplexes has been used to estimate mobilities. 

To determine DNA distances, the sequences of each reference, bounded by 
the second-round primers, are first aligned using one of the available com- 
puter programs (e.g., GENALIGN, Intelligenetics Inc., Mountain View, CA), 
including manual refinement [e.g., MASE(37)]. DNA distances are then calcu- 
lated by counting mismatches after removal of unpaired sites (gaps) intro- 
duced to maintain alignment [e.g., DNADIST from the PHYLIP software pack- 
age(38)]. This method was chosen to provide a comparison of HMA data to the 
currently most commonly used methods of HIV sequence analysis for inves- 
tigation of phylogenetic origins. (39) These methods ignore gaps because there 
is no generally accepted "means of weighting them. Weighting factors are 
normally available as a user definable option but have not been thoroughly 
investigated to date. Despite this caveat, a generally reliable relationship be- 
tween heteroduplex mobility and DNA distance is possible. 

To estimate DNA distances from heteroduplex mobility data, standard 
curves are generated for the relevant electrophoresis conditions by reanneal- 
ing together pairs of DNA fragments of known sequence. Relative mobilities 
are then plotted against genetic distances, and the curve is approximated, for 
example, by an exponential function. 

Using the 1.2-kb EDS-ED12 fragments and the exact electrophoresis con- 
ditions described above, constant 200-V conditions result in the following 
relationship: DNA distance = - ln[(mobil i ty-  0.106)/0.94]/7.86. Using con- 
stant 70 mA (for 1000 V hr) results in the following relationship: DNA dis- 
tance = -ln[(mobility - 0.045)/1.14]/13.55. 

Once a calibration curve has been obtained, a matrix of distances between 
pairs of samples may be constructed. If comparisons between every pair of 
samples (including references) have been made, the matrix of genetic dis- 
tances will be complete and can be used in any distance-based phylogenetic 
method, for example, the neighbor-joining (4~ and Fitch-Margoliash (41) 
methods. If, however, only a fraction of all pairwise comparisons are made, 
then the matrix of genetic distances will be incomplete and one is limited, 
at present, to the use of the Fitch-Margoliash least-squares method. This 
method has been implemented in the computer program FITCH, part of J. 
Felsenstein's PHYLIP software (38) [PHYLIP may be obtained by "anonymous 
ftp" at genetics.washington.edu. Information files and programs are located 
in the/pub/phylip subdirectory. Users are required to register with J. Felsen- 
stein (e-mail: joe@genetics.washington.edu). PHYLIP is available for Macin- 
tosh, IBM-compatible, and UNIX computers]. With FITCH, the user has the 
option of including missing values in the distance matrix. This is done by 
using the subreplicate option. The documentation file included with the 
software describes how this may be done. FITCH writes the phylogenetic tree 
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in parenthetical notation and places it in a file called "Treefile". This tree 
description can be used in a number  of different phylogenetic programs 
including PAUP 3.1.1(42) and MacClade.(43) 

WHY DETERMINE HIV-1 SUBTYPES? 
There are several reasons to anticipate that HIV-1 genetic variation will im- 
pact on vaccine efficacy. (44'4s) The few mutations observed between sub- 
clones of the same HIV-1 strain (46) or rapidly generated following passage in 
vitro (47) can strongly influence recognition by monoclonal antibodies or neu- 
tralization with immune sera. Some cross-neutralization experiments using 
sera and viral isolates from individuals infected with different subtypes indi- 
cated that neutralization titers were generally higher using viruses and sera of 
the same subtype than of different subtypes. (47) Difficulties in establishing 
protection against slightly heterogeneous strains in animal vaccine mod- 
els (48-s~ suggest that the high level of genetic variation found between the 
major subtypes of HIV-1 will also affect vaccine efficacy. It is therefore pos- 
sible that vaccines will induce levels of protection against challenge strains 
that at least are in part proportional to their level of genetic relatedness to the 
vaccine strain. However, evidence of convergence of protein structure in the 
V3 region of Env in viruses from different HIV-1 subtypes has been presented 
recently, (sl) suggesting that some cross-protection may be possible. Nonethe- 
less, if phylogenetically defined groups broadly correspond to antigenic 
groups, vaccination using the most appropriate (antigenically related) strain 
will require information regarding the genetic subtypes of the most likely 
challenge strains found regionally. 

A large breadth of HIV-1 sequence variation has occurred world-wide. (39'sa) 
A growing number of highly divergent subtypes are being documented, (s2-s4) 
including recent documentation of an outlier group (group o,(SS'S6)), diver- 
gent from the previously recognized "main"  group of HIV-1 strains by as 
much as 45% in e n v  (Fig. 1B). In Thailand, prevalent subtypes have been 
shown to vary according to risk group within the same city. (3s'sT) The pre- 
dominance of phylogenetically clustered strains in some geographic areas 
may reflect introduction by single individuals into high risk groups. (xs'z6'3s'sS) 
The ensuing rapid transmission of these variants may have then obscured an 
otherwise more gradual cont inuum of sequence variation present in the do- 
nor population. Strong founder effects as well as uneven geographic and 
temporal sampling may have all contributed to the phylogenetic clustering 
predominantly seen today. 

The main group of HIV-1 isolates can to date be grouped within one of 
eight distinct genetic subtypes (A-H) whose envelope sequences differ by up 
to 30%. These subtypes may therefore have evolved from a common human  
precursor along with the fitful nature of global virus spread. When the in- 
crease in HIV-1 genetic variation was analyzed within a geographic area in 
which a single subtype was introduced, a gradual increase in genetic diversity 
was observed over time. (s9) Alternatively, distinct zoonotic transmissions 
from a yet undetermined source, perhaps chimpanzees, may account for the 
various subtypes. (~176 Multiple zoonotic transmissions for HIV seem particu- 
larly likely when considering HIV-2, which is now recognized to be phylo- 
genetically indistinguishable from SIV, (61'62) and the highly divergent HIV-1 
type O group. 

HIV-1 SUBTYPING KIT 
An HIV-1 envelope gene subtyping kit, based on the heteroduplex mobility 
assays presented here, has been developed in collaboration with the WHO 
Network on HIV Isolation and Characterization and is available freely 
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t h r o u g h  the  N a t i o n a l  Ins t i tu tes  of  H e a l t h  (NIH) AIDS Resea rch  a n d  Refe rence  
Reagen t  P r o g r a m  in t he  U n i t e d  States.  It c u r r e n t l y  cons i s t s  of  23 r e f e r e n c e  
p l a s m i d s  f r o m  e igh t  HIV-1 sub types ,  a de ta i l ed  p ro toco l ,  a n d  t h e  fou r  sets o f  
PCR p r i m e r s  desc r ibed  here .  These  p r o t o c o l s  are sub jec t  to i m p r o v e m e n t ,  
pa r t i cu l a r l y  w i t h  respec t  to t h e  g e n o m i c  r eg ions  a n a l y z e d  a n d  t h e  gel cond i -  
t ions  used.  The  r ap id  c o m m u n i c a t i o n  of  t e c h n i c a l  i m p r o v e m e n t s  a n d  t h e  
s u b m i s s i o n  to t h e  N I H  a n d  MRC AIDS r e a g e n t  p r o g r a m s  o f  s u b c l o n e s  o f  n e w  
HIV sub types  for  d i s t r i b u t i o n  for  h e t e r o d u p l e x  ana lys i s  wil l  g r ea t l y  i m p r o v e  
la te r  ve r s i ons  of  t h e  kit  a n d  are e n c o u r a g e d .  
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