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Continual human immunodeficiency virus type 1 (HIV-1) evolution and expansion within the human
population have led to unequal distribution of HIV-1 group M subtypes. In particular, recent outgrowth of
subtype C in southern Africa, India, and China has fueled speculation that subtype C isolates may be more fit
in vivo. In this study, nine subtype B and six subtype C HIV-1 isolates were added to peripheral blood
mononuclear cell cultures for a complete pairwise competition experiment. All subtype C HIV-1 isolates were
less fit than subtype B isolates (P < 0.0001), but intrasubtype variations in HIV-1 fitness were not significant.
Increased fitness of subtype B over subtype C was also observed in primary CD4� T cells and macrophages
from different human donors but not in skin-derived human Langerhans cells. Detailed analysis of the
retroviral life cycle during several B and C virus competitions indicated that the efficiency of host cell entry may
have a significant impact on relative fitness. Furthermore, phyletic analyses of fitness differences suggested
that, for a recombined subtype B/C HIV-1 isolate, higher fitness mapped to the subtype B env gene rather than
the subtype C gag and pol genes. These results suggest that subtype B and C HIV-1 may be transmitted with
equal efficiency (Langerhans cell data) but that subtype C isolates may be less fit following initial infection
(T-cell and macrophage data) and may lead to slower disease progression.

Rapid evolution of human immunodeficiency virus type 1
(HIV-1) within individuals and within the worldwide popula-
tion stems from high mutation frequencies and rapid viral
turnover in host cell infections (28, 40, 80). Divergent HIV-1
evolution coupled with continual introductions into susceptible
human populations have now led to extreme viral diversifica-
tion from original zoonotic jumps in central Africa (24, 39).
HIV-1 has disseminated to and established an epidemic in
nearly every geographic region in the world. At least two to
three separate introductions of HIV-1 into the human popu-
lation led to disproportionate spread of groups M (main), O
(outlier), and N (non-M/non-O) (reviewed in references 22, 24,
and 39). Although increased viral fitness may play a key role in
the predominance and extreme variation of HIV-1 group M
over group N or O isolates (reviewed in reference 61), few
studies have investigated fitness differences between any pri-
mary HIV-1 isolates (reviewed in reference 43).

HIV-1 group M can be further subdivided into ten different
subtypes or clades (A to J) based on envelope gene (env)
diversity (40, 68). Molecular epidemiologic and evolutionary

clock studies suggest that these subtypes may have evolved
from different founder viruses in different African pandemics
(39, 41). Expansion and overlap of these subtype-defined re-
gions during the past two decades is associated with dual-
subtype infections (9, 81) and detection of intersubtype HIV-1
recombinants (reviewed in references 60 and 54). Full genome
sequencing has now identified 14 circulating recombinant
forms of HIV-1, as well as many less stable forms of recombi-
nants with ill-defined intersubtype breakpoints (54).

The proportions of subtypes in defined populations are not
stable but are in constant flux due to new introductions of
HIV-1 clades, changes in human behavior, therapeutic inter-
vention, mode of transmission, and, possibly, subtype fitness
(40, 52, 61). Preliminary in vitro studies and epidemiologic
data suggest that the presence of some HIV-1 subtypes in
various regions may be related to the mode of transmission
(47, 48, 65). For example, the rapid spread of subtype B in the
developed world, as opposed to other subtypes, may be due to
specific introductions into male homosexual and intravenous
drug user populations (29). By contrast, subtypes A, C, D, and
E are found in heterosexual African populations, whereas sub-
type B is now nearly extinct (40).

However, one trend in subtype distribution throughout the
world is certain: subtype C infections have risen in prevalence
during the past 10 years and are now the predominant subtype
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worldwide (reviewed in reference 22). For example, subtype A
had previously dominated in sub-Saharan Africa during the
1980s and early 1990s but has recently been overrun by subtype
C infections (due in part to the raging epidemic in southern
Africa). Although subtype B likely preceded subtype C as a
founder clade in India and China, most new infections in these
countries are attributable to subtype C isolates or intersubtype
B/C recombinants (10, 22, 42, 57). Similar trends have been
observed in Uganda, Kenya, Tanzania, and South America
(e.g., Brazil and Argentina) (8, 15, 48, 65). However, it should
be noted that many of these temporal changes in subtype
distribution might be due simply to founder events in different
susceptible human populations. For example, subtype A, asso-
ciated with heterosexual transmission in Africa, has recently
emerged in Russia among intravenous drug users (7). This
population is typically infected by subtype B in most of the
developed world.

To date, research on biological differences between HIV-1
subtypes have been limited, but there have been hundreds of
reports on genotypic differences. The phyletic arrangement of
nucleotide substitutions separating subtypes appears to have
little consequence on HIV-1 replication kinetics (40). How-
ever, there is evidence that specific sequence alterations may
affect virus replication. For example, most subtype C isolates
appear to have an extra or third NF-�B element in the long
terminal repeat (LTR), whereas subtype F isolates contain
only one (33, 49). More NF-�B sites augment HIV-1 transcrip-
tion from the LTR in the presence or absence of HIV-1 Tat
protein as well as increase virus replication (33, 46). However,
recent studies suggest that this extra NF-�B site in subtype C
may be biologically inactive (69).

Additional studies suggest that subtype C HIV-1 isolates
may also encode a more active protease (79). Increased activity
of these individual functions may still be insufficient to over-
come the decreased replicative capacity of the CCR5-tropic
(R5) non-syncytium-inducing phenotype (4, 5, 75). Unlike
other subtypes, subtype C isolates fail to switch from an R5,
non-syncytium-inducing to a CXCR4-tropic (X4), syncytium-
inducing phenotype, typically found in late HIV disease (11,
55, 56).

Most studies focusing on phenotypic differences between
HIV-1 isolates of the same or different subtypes have only
analyzed cloned fragments of the viral genome (33, 49, 79) and
have not directly assessed the replication of primary HIV-1
isolates (reviewed in reference 43). In monoinfections, we ob-
served no significant differences in replication kinetics of
HIV-1 isolates of different subtypes. However, only gross dif-
ferences in HIV-1 replication efficiencies (e.g., nef deletion
[31]) are apparent in monoinfections due to inherent varia-
tions between infected cultures. Comparing the replication of
one HIV-1 isolate with that of another in dual infections pro-
vides an internal control and permits accurate assessment of
smaller differences in replicative capacity (21, 61, 62).

Here, we have compared the ex vivo fitness (or relative
replication efficiencies) of nine subtype B and six C HIV-1
isolates by performing head-to-head pairwise competitions in
different primary human cells. Subtype C HIV-1 isolates were
outcompeted by subtype B HIV-1 isolates in primary blood
mononuclear cells (PBMC), CD4� T lymphocytes, and blood-
derived macrophages. Detailed analyses of each step of the

retroviral life cycle suggested that the efficiency of host cell
entry could predict the winner of HIV-1 competitions. How-
ever, other steps in the retroviral life cycle likely contribute to
differences in replication efficiency. Interestingly a subtype C
and subtype B HIV-1 isolate were equally fit in epidermal
Langerhans cells. Since epidermal Langerhans cells provide a
model for primary HIV-1 infection in the genital tract, it is
conceivable that subtype C HIV-1 isolates may be efficiently
transmitted but less fit during disease progression. Although
we developed a model for subtype distribution in the world-
wide epidemic, the relevance of these ex vivo fitness results to
disease progression, transmission, and spread must be investi-
gated in longitudinal studies involving participants infected
with different subtypes.

MATERIALS AND METHODS

Cells and viruses. PBMC from HIV-seronegative blood donors were obtained
by Ficoll-Hypaque density gradient centrifugation of heparin-treated venous
blood. Prior to HIV-1 infection, the cells were stimulated with 2 �g of phytohe-
magglutinin (Gibco-BRL) per ml for 3 to 4 days and maintained in RPMI 1640
medium with 2 mM L-glutamine (Cellgro) supplemented with 10% fetal bovine
serum (Cellgro), 10 mM HEPES buffer (Cellgro), 1 ng of interleukin-2 (Gibco-
BRL) per ml, 100 U of penicillin per ml, and 100 �g of streptomycin per ml (both
from Cellgro).

Ten subtype B and subtype C HIV-1 isolates were obtained from the AIDS
Research and Reference Reagent Program. Eight of nine non-syncytium-induc-
ing/R5 subtype B and six of nine non-syncytium-inducing/R5 subtype C isolates
could be propagated and expanded in phytohemagglutinin-stimulated, interleu-
kin-2-treated PBMC (see Table 1). The stocks of subtype C and B isolates from
the AIDS Research and Reference Reagent Program that could not be propa-
gated have very low levels of reverse transcriptase activity and were not infectious
for several PBMC cultures. All but one of the 15 isolates were non-syncytium-
inducing HIV-1 isolates, as determined by the MT2 assay (75).

For all strains listed in Table 1, the letter before the dash indicates the subtype
of the viral envelope and precedes the year of isolation, country of origin, and
strain number (e.g., B2-92BR017 refers to a subtype B HIV-1 strain isolated in
Brazil in 1992). Although we achieved greater success in propagating subtype B
isolates, it appears that the inability to propagate the three subtype C stocks and
one subtype B isolate was due to a lack of infectious virus in the stock. This
problem has been observed frequently with several HIV-1 stocks and has been
reported to the repository. However, in recent clinical studies in Uganda and
Zimbabwe, it does appear that subtype C isolates are more difficult to propagate
from patient PBMC, but this has not been correlated with viral load or CD4 cell
count (K. Demers and E. J. Arts, unpublished results).

PBMC from three donors were purified from whole blood by density gradient
centrifugation as described above. It is important to note that three donors were
of two different racial groups (black and Caucasian) and from different ethnic
backgrounds. Since no differences in HIV-1 fitness were observed for these cells
from different donors, we have not reported ethnic and racial profiles. CD4� T
lymphocytes were then purified from the buffy coat with the MACS CD4� T-cell
isolation kit. Non-T cells, i.e., B cells, monocytes, NK cells, cytotoxic T cells,
dendritic cells, early erythroid cells, platelets, and basophils, are magnetically
depleted with a cocktail of anti-CD8, -CD11b, -CD16, -CD19, -CD36, and -CD56
antibodies. Isolation of highly pure CD4� T cells was then obtained on Midi-
MACS columns (Miltenyi Biotech).

Macrophages were also purified from PBMC from the same three donors.
Briefly, 10 � 106 unstimulated PBMC were added to 25-mm3 flask for 3 days.
Three washes with phosphate-buffered saline (PBS) removed nonadherent cells.
Ninety-five percent of the adherent cells were esterase and peroxidase positive,
expressing CD14 (described in reference 67). Finally, Langerhans cells were
obtained from suction blister roofs (i.e., epidermal sheets) induced on normal-
appearing skin of healthy volunteers. These epidermal sheets are devoid of blood
and contaminating fibroblasts; 2 to 3% of the cells within the sheets are Lang-
erhans cells, whereas the remainder are epithelial cells (i.e., keratinocytes) (35).

U87.CD4 (human glioma) cells expressing CCR5 or CXCR4 were obtained
through D. Littman and the AIDS Reagent Project. U87.CD4-CCR5 and
U87.CD4-CXCR4 cells were grown in Dulbecco’s modified Eagle’s medium
(complete medium) containing 1 mg of geneticin G418 (Life Technologies, Inc.)
per ml to maintain CD4 expression (19).
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Quantifying viral stocks and monitoring virus production. Tissue culture dose
for 50% tissue culture infectious dose (TCID50) was determined by serially
diluting supernatants of each stock of virus and performing quadruplicate infec-
tions of phytohemagglutinin- and interleukin-2-treated PBMC. Reverse tran-
scriptase activity in culture supernatants on day 10 of the infections was used to
calculate TCID50 values with the Reed and Muench method (64). Titers were
expressed as infectious units (IU) per milliliter. It is important to note that the
TCID50 assay and subsequent dual virus competitions were performed with
PBMC from the same donor and blood draw.

The assay to measure reverse transcriptase activity has been described previ-
ously (77). Viral RNA load was measured by the reverse transcription (RT)-PCR
amplification technique as described before (3). Viral RNA was purified from
pelleted virus particles (cell-free supernatants centrifuged at 32,000 � g for 40
min) with the Qiagen RNeasy kit and Qiashredder spin columns (Qiagen).
Genomic HIV-1 RNA (specifically the LTR region) was reverse transcribed with
the AG4 primer (3) and Moloney murine leukemia virus reverse transcriptase
(Gibco-BRL), then PCR amplified with unlabeled S1 primer and 5�-end �-32P-
labeled A13 primer as described previously (3). As a positive control, 10-fold
dilutions (10 to 108 copies) of HIV-1 pbs RNA (3) were RT-PCR amplified in
parallel with the samples. All RT-PCR samples were then run on denaturing 8%
polyacrylamide gels, which were dried, exposed to X-ray film (Kodak), and
analyzed with the Bio-Rad Phosphor-imager. Viral RNA loads quantified by this
method were equal to those obtained with Roche Amplicor assay (E. J. Arts,
unpublished data).

Coreceptor expression and polymorphisms. Unstimulated PBMC were left
untreated for 12 h. Following this incubation with drugs, the cells were centri-
fuged at 800 � g for 10 min and incubated on ice for 15 min with 5% bovine
serum albumin (Sigma, St. Louis, Mo.) in PBS (BioWhittaker, Walkersville,
Md.). Cells were again centrifuged at 800 � g for 10 min and resuspended in 50
�l of PBS. Then 5 �l of fluorescein isothiocyanate-conjugated anti-human CD4
antibody (Becton Dickinson Immunocytochemistry Systems, San Jose, Calif.), 20
�l of phycoerythrin-conjugated anti-human CCR5 antibody, or 5 �l of phyco-
erythrin-conjugated mouse immunoglobulin G2a (IgG2a) � isotype standard
(PharmMingen, San Diego, Calif.) was added to the suspension and incubated in
the dark on ice for 30 min (44). Cells were then washed with 5% bovine serum

albumin–PBS and 500 �l of PBS. After the final wash, the cells were fixed with
300 �l of 1% paraformaldehyde and analyzed with a FacsScan flow cytometer
and Lysis II software (Becton Dickinson, Bedford, Mass.).

DNA preparation and CCR5 genotyping. One hundred thousand PBMC were
obtained from each donor. DNA was purified with the QiaAmp blood kit as
described above. PCR amplification was performed in a solution (25 ml) con-
taining 2.5 pmol of the appropriate positive-strand and negative-strand primers,
67 mM Tris-HCl (pH 8.8), 6.7 mM MgSO4, 16.6 mM (NH4)2SO4, 10 mM
2-mercaptoethanol, 100 �M deoxynucleoside triphosphates, 2.5 U of thermo-
stable DNA polymerase (PE Applied Biosystems, Foster City, Calif.), and 10 to
50 ng of purified human genomic DNA. Oligonucleotide primers used to direct
amplification of CCR5 open reading frame products (wild-type, 312 bp; �32, 280
bp) were 62000� and 62311� (70). Amplicons for the CCR5 open reading frame
were visualized on 2% agarose gels following electrophoresis in Tris-borate-
EDTA, stained with a 1:10,000 dilution of SYBR Gold (Molecular Probes,
Eugene, Oreg.), and detected with a Storm 860 scanner (Molecular Dynamics,
Sunnyvale, Calif.).

HIV-1 infections and growth competition assays. All HIV-1 isolates listed
above were used in mono- and dual infection studies of PBMC. Virus was added
alone or in pairs to phytohemagglutinin- and interleukin-2-treated PBMC at a
multiplicity of infection of 0.01 IU/cell in a 24-well plate (500 IU of virus and
5 � 105 cells). Following an 8-h incubation at 37°C with 5% CO2, cells were
washed three times with 1� phosphate-buffered saline (PBS) and then resus-
pended in complete medium (106/ml). All monoinfection and dual-infection/
competition experiments were performed in PBMC from one donor and in
duplicate. As described for Fig. 2A, the dual-infection/competition assay in-
volved the addition of two HIV-1 isolates (multiplicity of infection of 0.01
IU/cell) and were performed alongside the monoinfections. Uninfected cultures
were used as HIV-negative control. Cell-free supernatants were assayed for
reverse transcriptase activity at days 1, 2, 5, 10, and 15 postinfection. Growth
curves were then plotted for each HIV-1 monoinfection (Fig. 1C). Two aliquots
of cells were removed at day 10 in the 210 dual infections performed for the full
pairwise competition study. Supernatants and two aliquots of cells were stored at
�80°C for subsequent analysis.

The same dual and monoinfection protocol was employed for experiments

TABLE 1. Characteristics and ex vivo fitness of primary HIV-1 isolates

Laboratory
reference name

Country of
origin Virus

Subtype
in HIV-1
regiona Phenotype/

coreceptor usageb
Mean intrasubtype
fitness valuec 	 SD

Mean intersubtype
fitness value 	 SD

Total relative
fitness valued

gag env

B2 Brazil 92BR017 B B NSI/R5 0.708 	 0.243 1.68 	 0.198 15.8
B3 USA 91US005 B B NSI/R5 0.453 	 0.155 1.37 	 0.270 11.8
B4 USA 93US076 B B SI/X4 1.482 	 0.180 1.99 	 0.005 23.8
B5 USA 91US056 B B NSI/R5 0.807 	 0.156 1.65 	 0.159 16.3
B6 USA 91US714 B B NSI/R5 1.28 	 0.167 1.90 	 0.070 21.6
B7 Brazil 92BR023 C B NSI/R5 0.979 	 0.132 1.67 	 0.181 17.7
B8 Brazil 92BR028 B B NSI/R5 1.56 	 0.111 1.98 	 0.019 24.3
B9 Brazil 92BR018 B B NSI/R5 1.17 	 0.120 1.84 	 0.104 20.5
B10 Brazil 92BR003 B B NSI/R5 0.561 	 0.101 1.06 	 0.135 10.8

All B isolates 1.00 	 0.066 1.68 	 0.061

C2 Nigeria 97USNG30 C C NSI/R5 1.31 	 0.242 0.143 	 0.104 7.83
C3 S. Africa 97ZA012 C C NSI/R5 1.55 	 0.144 0.669 	 0.194 13.8
C5 S. Africa 97ZA003 C C NSI/R5 1.00 	 0.318 0.385 	 0.176 8.45
C6 India 98IN022 C C NSI/R5 1.45 	 0.216 0.539 	 0.125 12.1
C8 Nigeria 96USNG58 C C NSI/R5 0.524 	 0.160 0.108 	 0.108 3.59
C9 Malawi 93MW959 C C NSI/R5 0.174 	 0.174 0.0728 	 0.045 1.53

All C isolates 1.00 	 0.123 0.319 	 0.061

a MA and CA coding regions of gag were sequenced and analyzed as described in the text. C2 and C3 domains of the env gene were sequenced and analyzed as
described in the text.

b Biological phenotype and coreceptor usage were predicted by the charge of the amino acid residues at position 306 and 322. NSI and SI, non- and syncytium-
inducing, respectively.

c Relative fitness between two isolates of the same or different subtypes was calculated as the fraction of virus produced (f0) divided by the proportion of that virus
in the initial inoculum (i0). Mean fitness value (w) is the average fitness of all intra- or intersubtype competitions plus or minus the standard deviation between each
competition.

d Total relative fitness value is the sum of all relative fitness values of each HIV-1 isolate in 14 competition experiments.
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involving CD4� T lymphocytes and macrophages. Langerhans cells within tissue
were infected with HIV-1 as previously described (35). Briefly, skin was draped
over 50-�l droplets containing 0.01 IU of B5 and/or C5 virus (250 IU of each
virus for approximately 25,000 Langerhans cells within each explant) for 2 h.
Excess virus was then washed from skin in PBS, and explants were floated on
complete medium in six-well plates and cultured at 37°C in 5% CO2 for 3 to 4
days postinfection. HIV-1-infected Langerhans cells that had emigrated (i.e.,
crawled out) from explants were then harvested for DNA.

PCR and RT-PCR of HIV-1 env gene. For all competition experiments, proviral
DNA was extracted from lysed PBMC, T cells, macrophages, or Langerhans cells
with the QIAamp DNA blood kit (Qiagen). Viral RNA was purified from
pelleted virus particles (cell-free supernatants centrifuged at 32,000 � g for 40
min) with the Qiagen RNeasy kit and Qiashredder spin columns (Qiagen). Viral
DNA isolated from infected cells or reverse transcribed from viral RNA, i.e.,
with Moloney murine leukemia virus reverse transcriptase and the ED14 primer
(18), was (i) PCR amplified with a set of external primers, envB (25) and ED14
(gp120-coding region of env, 
1.7 kb), followed by (ii) nested amplification with
the E80-E125 primer pair (71) (C2-V3 env region, 0.48 kb) (Fig. 2B). Both
external and nested PCRs were carried out in a 100-�l reaction mixture with
defined cycling conditions (62). PCR-amplified products were isolated in agarose
gels and then purified with the Qiaquick PCR purification kit (Qiagen).

In the dual infection/time course experiments, DNAs extracted from the five

time points were PCR or RT-PCR amplified with conserved HIV-1 primer pairs
specific for early minus-strand DNA, late minus-strand DNA, integrated HIV-1
proviral DNA, unspliced HIV-1 genomic RNA, and multiply spliced mRNA.
Defined cycling conditions and annealing temperatures for each primer pair are
available upon request. Quantitative assessment of each step in the retroviral life
cycle involved a single round of PCR amplification with radiolabeled sense
primer and unlabeled antisense primer. Linearized HXB2 DNA was PCR am-
plified with the same sets of primers and used as an amplification control (3). The
amount of PCR-amplified product generated from 102 to 108 copies was plotted.
For R2 values greater than 0.95, the equation of a line for each set of primers was
used to calculate the copy number in the original samples used in the PCR
analyses.

Relative production of each virus at the various steps in the retroviral life cycle
involved external and nested PCR amplifications with unlabeled primer pairs.
Five microliters of sample DNA was added to the external PCR, and 5 �l of the
external PCR amplification product was transferred to the nested amplification.
An early product of HIV-1 minus-strand DNA, incorporating the minus-strand
strong stop and the region following the first template switch, was PCR amplified
with the SU3-1 (nucleotide positions 432 to 456) in the HXB2 genome) and
AU5-1 (nucleotides 600 to 581) external primer pairs and the SU3-1–AU5-2
(nucleotides 580 to 560) nested primer pair. The late minus-strand DNA product
was PCR amplified with the SR-1 (nucleotides 467 to 490)–AUNS-8 (nucleotides

FIG. 1. Measuring titers of HIV-1 stocks and replication kinetics. Four primary HIV-1 isolates, two subtype C and two subtype B strains (B2,
B5, C2, and C5), were employed in monoinfection studies and are representative of the 15 isolates examined in this study. (A) Quantifying viral
load in each stock by infection of PBMC with serially diluted virus (Reed-muench technique), by RT-PCR-amplifying HIV-1 RNA (3), and by
measuring endogenous reverse transcriptase (RT) activity in virus stocks (77). Details of each assay are provided in the Materials and Methods
section. (B) Coreceptor usage of each HIV-1 isolate. U87 cells expressing CD4 and CCR5 or CXCR4 were exposed to equal IU of each HIV-1
isolate. Virus production was measured by reverse transcriptase activity in the cell-free supernatant. All isolates except B4 were predicted to be
R5/non-syncytium-inducing isolates, based on a more neutral V3 loop and neutral or negatively charged amino acids at position 306 and 322.
(C) Virus production from PBMC monoinfected with 0.01 IU of B2, B5, C2, and C5 HIV-1 isolates. Reverse transcriptase activity in cell-free
supernatant was measured during the 15-day monoinfection. (D) Virus production was measured by reverse transcriptase activity following a
15-day PBMC dual infection with B2, B5, C2, and C5. Two hundred and ten dual infections were analyzed with the same approach.
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820 to 796) external primer pair and the SR-2 (nucleotides 521 to 544)–AUNS-7
(nucleotides 786 to 764) nested primer pair.

Unspliced and multiplyspliced HIV-1 RNAs were first reverse transcribed with
Superscript II murine leukemia virus reverse transcriptase (Roche) and the
AUNS-8 or E15 (nucleotides 8445 to 8424) primer, respectively. Unspliced
cDNA was externally amplified with the SR-1–AUNS-8 primer pair and ampli-
fied with the SR-2–AUNS-7 nested primer pair, whereas multiply spliced cDNA
was externally amplified with the SR-2–E15 primer pair and then PCR amplified
with the SMS-7 (positions 5956 to 5979)-E15 nested primer pair.

External PCR amplification of the integrated HIV-1 was performed with the
Alu and Alu-LTR primers. The Alu primer anneals to the highly redundant Alu
sequence in the genome, while the Alu-LTR primer anneals to a sequence in the
U3 region (14). The external PCR cycling conditions (35 cycles with a 72°C
polymerization step for 2 min) were optimized for amplification of a 2-kbp
fragment (i.e., HIV-1 DNA integrated within 2 kbp of an Alu sequence in the
host cell genome). A nested PCR was then performed on the integrated HIV-1
DNA amplified in the external PCR. Three microliters of external amplification,
unlabeled LTR-1 (nucleotides 59 to 79) primer and �-32P-end-labeled AU3-1
(nucleotides 456 to 432) primer were added to the nested reaction mixture. To
ensure that unintegrated DNA was not amplified in this PCR, 0.18 �l (or the
equivalent amount of the original DNA sample carried over from the external to
the nested amplification) was PCR amplified with the nested primer pair LTR-1
and �-32P-labeled AU3-1) (44).

Heteroduplex tracking assay for detection of two HIV-1 env fragments. Nested
PCR products of the env gene were analyzed by heteroduplex tracking analysis
(62). The same genomic regions (C2-V3) were PCR amplified from a subtype E
HIV-1 env clone (E-pTH22) (18) for use as a DNA probe. For this amplification,
the E80 primer was radiolabeled with T4 polynucleotide kinase and 2 �Ci of
[�-32P]ATP. For the time course experiments, probe DNA was generated via
PCR amplification of DNA from a subtype E-infected cell with the SU3-1–
[32P]AU5-2 (early minus-strand DNA), SR-2–[32P]AUNS-7 (late minus-strand

DNA), SR-2–[32P]AUNS-7 (unspliced RNA), and LTR-1–[32P]AU3-1 (integrat-
ed DNA) primer pairs.

Probe from the multiply spliced mRNA analysis was PCR amplified from the
SVH6 Rev vector (containing a fusion of the two rev exons) with the SMS-7-
[32P]E15 primer pair. This SVH6 Rev vector was kindly provided by A. Co-
chrane, University of Toronto (50). Radiolabeled PCR-amplified probes were
separated on 1% agarose gels and purified with the Qiaquick gel extraction kit
(Qiagen). Reaction mixtures contained DNA annealing buffer (100 mM NaCl, 10
mM Tris-HCl [pH 7.8], and 2 mM EDTA), 10 �l of unlabeled PCR-amplified
DNA from the competition culture, and approximately 0.1 pmol of radioactive
probe DNA (62). Reaction mixtures contained DNA annealing buffer (100 mM
NaCl, 10 mM Tris-HCl [pH 7.8], and 2 mM EDTA), 10 �l of unlabeled PCR-
amplified DNA from the competition culture, and approximately 0.1 pmol of
radioactive probe DNA (62).

Reaction mixtures containing DNA amplified from the competition and probe
were denatured at 95°C for 3 min and then rapidly annealed on wet ice. After 30
min on ice, the DNA heteroduplexes were resolved on Tris-borate-EDTA buffer
on 5 to 8% nondenaturing polyacrylamide gels (30:0.8 acrylamide-bisacrylamide)
for 2.5 h at 200 V. The percentage of polyacrylamide in the gel matrix was
dependent on the size of the amplified product employed in the heteroduplex
tracking analysis (see above). Gels were dried and exposed to X-ray film (East-
man Kodak Co., Rochester, N.Y.). Heteroduplexes representing production of
each isolate in a dual infection were quantified with the Bio-Rad Phosphor-
imager. Figures 2C and D show two representative heteroduplex tracking anal-
yses involving competitions between subtype B and C isolates.

Estimation of viral fitness. Classic models for estimating the replicative ca-
pacity or fitness of a virus are based on single competition experiments with equal
multiplicities of infection of each virus. In our HIV-1 competition experiments,
the final ratio of the two viruses produced from a dual infection was determined
by heteroduplex tracking analysis and compared to production in the monoin-
fections. Production of individual HIV-1 isolates in a dual infection (f0) was

FIG. 2. Strategy for HIV-1 competition experiments and heteroduplex tracking method for dual virus detection and quantification. (A) Virus
was added alone or in pairs to phytohemagglutinin- and interleukin-2-treated PBMC at a multiplicity of infection (MOI) of 0.01. Cells were washed
after 8 h to remove virus. Cells and virus supernatant was harvested at day 10 and lysed. (B) Extracted DNA or RNA from dual infections was
PCR or RT-PCR amplified with conserved HIV-1 env primers. PCR-amplified env products were denatured, annealed to a radiolabeled env probe,
and then run on an 8% nondenaturing polyacrylamide gel (C and D). Heteroduplexes generated from monoinfections (C) were then used to
identify those isolates found in the heteroduplex tracking analysis (HTA) of each dual infection (D). Phosphor-imaging analysis of each
heteroduplex was used to quantify the production of each virus in a dual infection. Multiple heteroduplexes can track to a single HIV-1 isolate
because these isolates represent the propagated quasispecies and not a single clone.
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divided by the initial proportion in the inoculum (io) and is referred to as relative
fitness (w � f0/i0) (62). The ratio of the relative fitness values of each HIV-1
variant in the competition is a measure of the fitness difference (WD) between the
two HIV-1 strains (WD � wM/wL), where wM and wL correspond to the relative
fitness of the more and less fit virus, respectively (62).

Nucleotide sequence analysis. A segment of the HIV-1 env gene (C2-C3; 336
bp) was PCR amplified with the E80-E125 primer pair. This PCR product was
then sequenced in the sense and antisense directions with the E80 and E125
primers, respectively. env sequences were obtained for B4 (accession number
AY090772), B5 (U79719), B6 (AY090773), B9 (AY090774), C3 (af286227), C5
(AY090775), and C6 (AF286232) with the ABI Prism BigDye terminator cycle
sequencing ready reaction kit (Perkin-Elmer). The University of California–
Davis sequencing facility performed all sequencing reactions. Nucleotide se-
quences of the env gene from the other HIV-1 isolates had been determined
previously and submitted to GenBank under the following accession numbers:
B2 (U08687), B3 (U27434), B7 (U08779), B8 (U16218), B10 (U08670), C2
(AF096349), C8 (AF096329), and C9 (U08453).

Two segments of the gag gene were also PCR amplified and sequenced for
almost all of the subtype B and C isolates used in this study. The MA-CA
segment was PCR amplified with the GS6 (nucleotide positions 794 to 815 in the
HXB2 genome) and GA9 (nucleotides 1625 to 1605) primer pair and sequenced
with the same primers, whereas the CA-NC fragment was PCR amplified and
sequenced with the GS7 (nucleotides 890 to 911) and GA8 (nucleotides 1427 to
1404) primer pair. Only the B7 sequence of the MA-CA gag fragment was
obtained from GenBank (U86559). Accession numbers of the nucleotide se-
quences encoding the MA-CA region of gag are as follows: B2 (AY090741), B3
(AY090746), B4 (AY090739), B5 (AY090740), B6 (AY090744), B8 (AY090743),
B9 (AY090742), B10 (AY090745), C2 (AY090752), C3 (AY090751), C5
(AY090749), C6 (AY090747), C8 (AY090748), and C9 (AY090750).

Accession numbers of the nucleotide sequences encoding the CA-NC coding
region of gag are as follows: B2 (AY090762), B3 (AY090757), B4 (AY090759),
B5 (AY090756), B6 (need sequence), B7 (AY090758), B8 (AY090763), B9
(AY090761), B10 (AY090760), C2 (AY090765), C3 (AY090764), C5
(AY090753), C6 (af286232), C8 (AY090754), and C9 (AY090755). Nucleotide
sequences were edited and translated with the BioEdit software and then aligned
with the Clustal X version 1.63b program.

Phylogenetic analyses. The gag and env sequences of the HIV-1 isolates used
in this study and the set of reference strains were aligned with the Clustal X
version 1.63b program. Pairwise DNA distance matrices were also generated
with the Kimura two-parameter model (37). Phylogenetic analyses were per-
formed with the MEGA version 1.02 program. Tree topologies were confirmed
by the neighbor-joining method with the Kimura two-parameter distance matri-
ces (37). Bootstrap resampling (1,000 data sets) of the multiple alignment tested
the statistical robustness of the trees. Finally, phylogenetic trees based on nu-
cleotide distance were schematically represented with the TreeView program
(53).

Pairwise matrices were also constructed with the log10 value of the fitness
differences in the pairwise competition experiments (Fig. 3 and 4). First, fitness
differences were always calculated as wM/wL as described above. Virus pairs of
equal fitness would have WD values equal to 1 in competition, which is compa-
rable to HIV-1 isolates with identical nucleotide sequences, i.e., a genetic dis-
tance of zero. A log base 10 value would equate a WD of 1 to 0. Phylogenetic trees
based on fitness difference were then determined with the Neighbor.exe program
in the PHYLIP package (66). The TreeView program was used to draw the
phylogenetic tree.

RESULTS

Characterization of HIV-1 isolates. Several primary HIV-1
isolates were propagated and counted on phytohemagglutinin-
stimulated, interleukin-2-treated PBMC isolated from the
same donor and blood draw. Table 1 lists the subtype B and C
HIV-1 isolates employed in the pairwise competition experi-
ments. With the exception of HIV-1 B4, all isolates were R5
and non-syncytium inducing. Coreceptor utilization was pre-
dicted from the amino acid sequence in the V3 region of env,
i.e., positively charged amino acids at positions 306 and 322 in
the loop. Coreceptor utilization was confirmed for the B2, B4,
B5, C2, and C5 isolates with CD4-positive U87 cells expressing

FIG. 3. Pairwise competitions in PBMC to compare intrasubtype HIV-1 fitness differences. Nine subtype B and six subtype C HIV-1 isolates
were employed in pairwise intrasubtype competitions. Fitness differences were plotted for the paired competitions between subtype B (panel A)
and C (panel C) isolates. Fitness difference of each competition pair is presented as the fitness value of the isolate in the column divided by the
fitness value of the isolate in the row. Average relative fitness values from these intrasubtype competitions in PBMC are provided in Table 1 and
plotted with a phyletic analysis in Fig. 6.
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CXCR4 or CCR5 (Fig. 1B). All R5/non-syncytium-inducing
HIV-1 isolates were unable to infect CXCR4�/CD4� U87 cells
(Fig. 1A). By contrast, only the CXCR4 coreceptor mediated
entry and replication of the B4 isolate (data not shown). To
control for biological phenotype, this study focused on the ex
vivo fitness of R5/non-syncytium-inducing HIV-1 isolates. Of
note, the X4/syncytium-inducing phenotype is rare among sub-
type C isolates in the world (76).

Accurate TCID50 values (infectious dose of virus for 50%
infection of PBMC) were derived from quadruplicate PBMC
infections with serially diluted virus stocks (Fig. 1B). These
TCID50 values, representing the infectious virus titer (IU per
milliliter), were compared to assays that do not distinguish
between infectious and inactive virus particles. Differences in
the reverse transcriptase activity or viral RNA load of four
virus stocks roughly corresponded to the differences observed
in infectious titers (i.e., TCID50 values) (Fig. 1B). Accurate
quantification of virus rules out the possibility that outgrowth
of one isolate in a dual infection was due to major differences
in virus inocula. The amount of HIV-1 p24 in virus stocks did
not provide an accurate estimate of infectious titers (data not
shown).

Nine subtype B and six subtype C HIV-1 isolates (0.01 mul-
tiplicity of infection) were used in mono- or dual infections of
PBMC treated with phytohemagglutinin and interleukin-2.
Duplicate pairwise competition experiments with all 15 viruses
required 210 dual infection comparisons. Virus production in
culture supernatants was monitored 1, 2, 5, and 10 days postin-
fection with a radioactively labeled reverse transcriptase assay.
Differences in B2, B5, C2, and C5 HIV-1 production were not
observed in PBMC monoinfections (Fig. 1C) or in dual infec-
tion with this particular combination of HIV-1 isolates (Fig.
1D). Similar results were obtained with the other 11 monoin-
fections and with the 210 dual infections (175,000 	 4,500
cpm/ml at day 10).

Ex vivo fitness analyses. Conventional assays involving re-
verse transcriptase activity or p24 antigen capture do not dis-
tinguish between two HIV-1 isolates in a dual infection (Fig.
1C and D). We have previously modified the heteroduplex
tracking assay to monitor and quantify dual virus production in
these competitions (62). This technique is schematically out-
lined in Fig. 2A and B. HIV-1 env DNA is PCR amplified, then
denatured, and annealed to a radiolabeled env DNA probe.
DNA heteroduplexes representing the two HIV-1 isolates in
each dual infection migrate to different positions in a nonde-
naturing polyacrylamide gel (Fig. 2C).

Figure 2D represents a heteroduplex tracking analysis of a
small subset of the pairwise competitions performed with the
subtype B and C HIV-1 isolates. Heteroduplexes correspond-
ing to the subtype B or C HIV-1 isolate in the dual infection
were matched with the heteroduplex from the respective
monoinfection (Fig. 2C). It is important to note that the entire
HIV-1 quasispecies, propagated from individual patient sam-
ples and not from single HIV-1 clones, was used in these dual
infections. Thus, more than one heteroduplex band was ob-
served with several primary HIV-1 isolates (e.g., B5 and B8,
Fig. 2D).

Relative production of each isolate in a dual infection as-
sessed by heteroduplex tracking analysis provides a measure of
ex vivo fitness for that virus (i.e., relative fitness, or w) as well

FIG. 4. Comparing the relative fitness of subtype B and C HIV-1
isolates in direct competition. Subtype C isolates C2 (A), C3 (B), C5
(C), C6 (D), C8 (E), and C9 (F) were used to compete against each of
the B isolates (B2, B3, B4, B5, B6, B8, B9, and B10) with equal
multiplicities of infection for each isolate and PBMC cultures.
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as fitness difference of the two isolates in the dual infection
(typically WD � wM/wL) (62). Mean relative fitness values for
each isolate in pairwise inter- and intrasubtype competitions
are shown in Table 1. Recombination between two isolates in
a competition can result in a heteroduplex’s migrating between
the two parental heteroduplexes. Due in part to a low multi-
plicity of infection, recombination within this 400-nucleotide
region is a low-frequency event (�0.01% of parental virus
production) and is below the limit of detection by heteroduplex
tracking analysis (62).

Intrasubtype B competitions revealed that not a single sub-
type B HIV-1 isolate outcompeted all other isolates of the
same subtype (Fig. 3A). As an example, HIV-1 B2 had greater
relative fitness in competition with B3, B5, and B10, but was
less fit than B4, B6, B7, B8, and B9 (Fig. 3A). In the pairwise
subtype B competitions, B10 and B3 were the least fit, whereas
B4 (X4/syncytium inducing) and B8 were the most fit (Fig. 3A
and Table 1). Although the X4/syncytium-inducing phenotype
is generally associated with increased replication efficiency, the
B4 isolate was outcompeted by the R5/non-syncytium-inducing
B8 isolate in PBMC (WD � 2; Fig. 3A). Similar exceptions to
X4 dominance have been described previously (62). Fitness
differences between B isolates in competitions with B4 (P �
0.76, paired t test value � 0.31), B6 (P � 0.96, t � 0.058), or
any other subtype B isolate were not significant (Table 1), as
reflected by mean relative fitness values (w) of 
1 for each
subtype B competition.

Similar findings were obtained with the intrasubtype C com-
petitions (Fig. 3B and Table 1). Mean w between subtype C
isolates in intrasubtype competitions were similar to those be-
tween subtype B isolates (Table 1). The C9 isolate was the least
fit, whereas C2 and C3 were the most fit (Table 1 and Fig. 3B).
With the exception of C9, fitness differences among different
subtype C isolates were not significant (C’s versus C2, P � 0.38;
C’s versus C6, P � 0.156).

In contrast to the intrasubtype competitions, significant dif-
ferences in fitness were observed when subtype B isolates were
placed in competition with subtype C isolates (Fig. 4; Table 1).
Almost all subtype B isolates outcompeted subtype C isolates
in phytohemagglutinin- and interleukin-2-treated PBMC cul-
tures (Fig. 4). Although there appears to be a dichotomy be-
tween ex vivo and in vivo subtype C fitness, reduced replicative
capacity and pathogenesis may actually increase spread in the
human population (23).

The mean w for all subtype C isolates in intersubtype B
versus C competitions (w � 0.319 	 0.0610; Table 1) was less
than the mean w of the subtype B or C isolates in the pairwise
intrasubtype competitions (w � 1.00 	 0.0664 for intrasubtype
B and 1.00 	 0.123 for intrasubtype C competitions; Table 1)
(P � 0.0001; Student’s t test). In the intersubtype competitions,
C9 remained the least fit of all HIV-1 isolates (Fig. 4F)
whereas the X4/syncytium-inducing B4 isolate outcompeted
every R5/non-syncytium-inducing subtype C isolate (Fig. 4). C3
and C5 were the only subtype C isolates that could compete
with subtype B isolates (Fig. 4B and C), but most of the “wins”
were against the B10 isolate, again the least fit isolate in in-
trasubtype B competitions (Fig. 3 and 4). Interestingly, the
R5/non-syncytium-inducing B8 isolate had a slightly greater
fitness than the X4/syncytium-inducing B4 isolate in both the
intra- and intersubtype competitions (Table 1). In addition, B8

was slightly more fit than B4 in head-on competitions in PBMC
(WD � 2; Fig. 3A).

Effect of primary human cell type on dual HIV-1 competi-
tions. Although the results in Table 1 and Fig. 4 suggest that
subtype C isolates are less fit than the subtype B isolates, these
assays were performed in duplicate with PBMC from a single
donor and blood draw. We have, however, observed limited
variability in the relative production of two HIV-1 isolates
(WD) when PBMC from different donors were used in dual-
infection/competition assays (62). To test for possible host-
specific variations in HIV-1 fitness, the fitness of B5 and C5
HIV-1 isolates was compared in PBMC from three different
donors. In addition, we examined the fitness of these two
isolates in establishing systemic infections (e.g., blood-derived
macrophages and CD4� T lymphocytes) as well as in Langer-
hans cells, cells thought to be the initial target during sexual
transmission of HIV-1 (30, 35, 74, 82). Dual infection between
B5 and C5 was selected because of moderate competition in
PBMC (WD of B5/C5 � 8; Fig. 4C).

There was no significant difference in the B5 and C5 relative
fitness values derived from competitions in the PBMC of three
different donors (Fig. 5C). Relative fitness values were unaf-
fected by variable CCR5 expression on the CD4� cell popu-
lation in phytohemagglutinin- and interleukin-2-treated
PBMC (57 to 65%; Fig. 5B). All three donors were wild-type
homozygotes for the CCR5 allele (73), i.e., they lacked the
32-amino-acid CCR5 deletion (Fig. 5B). In addition, each do-
nor was heterozygous for the �2459 promoter polymorphism
(A/G), which is one genetic factor responsible for various lev-
els of surface CCR5 expression (45).

Increased CCR5 surface expression may mediate increased
entry of R5/non-syncytium-inducing HIV-1 isolates and may
augment HIV-1 production in monoinfections (58, 78). If,
however, both viruses are restricted to enter through the same
coreceptor, individual host cell differences in surface corecep-
tor expression should have a similar effect on both viruses in a
given dual-infection assay. Use of different PBMC in these
competitions did affect overall but not relative production of
these viruses.

The B5-versus-C5 competition was also performed in CD4�

T cells and in macrophages from the same three donors. There
were slight but insignificant differences in the relative fitness
values in the CD4� T cells, macrophages, and PBMC (Fig.
5C). This, however, does not imply that these cells supported
the same level of HIV-1 replication. Total virus production in
macrophage infections was at least 10-fold less than that ob-
tained in CD4� T-cell infections. Finally, the B5-versus-C5
HIV-1 competition was also performed in skin-derived Lang-
erhans cells from three different donors. In these experiments,
epidermal sheets were obtained from suction blister roofs in-
duced on the thighs of healthy donors and then exposed to
virus. Four days following exposure to virus, PCR-amplified
env DNA was then used in heteroduplex tracking analysis as
described above (Fig. 5A). In these competitions, C5 repli-
cated relatively well in skin-derived Langerhans cells, as re-
flected by a lower WD value (wB5/wC5  1) compared to other
primary cell types (PBMC, CD4� T cells, and macrophages;
Fig. 5C). The possibility that subtype C isolates may have a
slightly greater fitness in Langerhans cells than in blood-de-
rived CD4� cells will be the subject of future studies.
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Where in the replication scheme do HIV-1 isolates compete?
We have developed a method to determine which steps in the
retroviral life cycle have the greatest impact on the replication
efficiency and outcomes of these competition experiments. A
schematic outline of this approach is shown in Fig. 6A. PBMC
cultures were monoinfected and coinfected with 0.01 IU of the
C2, C5, B2, and B5 HIV-1 isolates. All of these isolates had
different fitness values in the full pairwise competition exper-

iments (Table 1 and Fig. 3 and 4) but showed similar produc-
tion in monoinfections (Fig. 1C). Various HIV-1 fragments
representing different steps in the HIV-1 life cycle were PCR
or RT-PCR amplified from each sample of the time course
competition (8, 24, 48, 110, and 240 h; Fig. 6A).

For these studies, we designed several sets of conserved
HIV-1 primers with sequence identity to all known HIV-1
clades (Fig. 6B; the positions of these primer sets are outlined

FIG. 5. Comparing the relative fitness values of B5 and C5 HIV-1 isolates derived from competitions in CD4� T cells, macrophages, and
skin-derived Langerhans cells from different donors. (A) An example of B5 and C5 monoinfections and dual infection of skin-derived Langerhans
cells (LC) from donor D. Skin explants were obtained from suction blister roofs isolated from the thighs of healthy donors (35) and exposed to
a multiplicity of infection of 0.01 of the virus (250 IU added to approximately 25,000 Langerhans cells embedded within each skin explant).
Langerhans cells were then allowed to emigrate from explants and were harvested on day 3 or 4 postinfection. DNA extracted from lysed cells was
subjected to HIV-specific PCR amplifications and heteroduplex tracking analysis. Purification and subsequent HIV infections of macrophages and
CD4� T cells were done as described in Materials and Methods. Similar heteroduplex tracking analyses were performed on these samples.
(B) Genetic characteristics and coreceptor expression on host PBMC cells. T cells and macrophages were purified from PBMC from three donors.
Fluorescence-activated cell sorting analysis was performed on the PBMC populations prior to cell isolation to measure CCR5 and CD4 expression.
PBMC labeled with fluorescein isothiocyanate-labeled anti-CD4 antibody and phycoerythrin-labeled anti-CCR5 antibodies were analyzed with the
FACScan flow cytometer and Lysis II software (44). Percentages represent the fraction of CCR5-positive cells in the CD4-positive-gated
lymphocyte population. Genetic polymorphisms at position �2459 in CCR5 promoter and the presence or absence of a 32-codon deletion (32 aa
del) in the CCR5 open reading frame were also determined. wt, wild type; nd, not determined. (C) Relative fitness of the B5 and C5 HIV-1 isolates
derived from dual infection of PBMC, CD4� T cells, macrophages, and skin-derived Langerhans cells from different donors. Relative fitness value
was measured as the proportion of each virus produced from the dual infection (f0) divided by the initial fraction of that virus added to the culture
(i0) (62).
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in Materials and Methods). Quantitative PCR with these ra-
diolabeled primer pairs was used to estimate the amounts of
each HIV-specific (B5 or C5) product during the virus life
cycle (Fig. 6A). In contrast, heteroduplex tracking analysis
performed with unlabeled PCR products provided a relative
measure of dual virus production during each step in the life
cycle. Copy numbers of each PCR-amplified HIV-1 DNA
product were calculated as described previously (see Materials

and Methods). The amount of PCR-amplified product was
plotted against the copy number of the control template (102 to
108 copies; Fig. 6D). All regressions had an R2 value of greater
than 0.95 within the range of 102 to 105 copies but reached an
amplification plateau at 106 to 107 copies. As described below,
all of the HIV-1-specific products amplified from the B5 and
C5 monoinfections fit within the linear range.

The timing of various events in the HIV-1 C5 life cycle (Fig.

FIG. 6. Time course competitions in PBMC with subtype B and C HIV-1 isolates and detection of HIV-1 products at different steps in the
retroviral life cycle. (A) Schematic representation of pairwise dual infections with B2, B5, C2, and C5. PBMC were exposed to virus for 8 h, washed
extensively, and reincubated at 37°C. Cells and supernatant were harvested at 8, 24, and 48 h and at 5 and 10 days postinfection. (B) Viral RNA
or DNA extracted from infected cells was RT-PCR or PCR amplified with primer sets specific for early reverse transcripts, late reverse transcripts,
integrated DNA, unspliced mRNA, and multiply spliced mRNA. Approximate positions of the primers are indicated. Radiolabeled primer pairs
were used to detect and quantify products in both mono- and dual infections (C, D, and E), whereas an external-nested PCR amplification was
necessary to generate sufficient product for heteroduplex tracking analysis (HTA) (Fig. 7). (C) Quantifying the level of HIV-1 integration during
monoinfections with C5 and B5 HIV-1 isolates. HIV-1 DNA integrated within 4 kb of an Alu sequence in the human genome was PCR amplified
with Alu and HIV-1 Alu-LTR primers (14). The primer pair LTR-1 and �-32P-end-labeled AU3-1 was used for nested amplification of the previous
PCR products. Time course samples for the C5 and B5 monoinfections were subjected to this external-nested PCR. To control for carryover of
unintegrated HIV-1 DNA from the sample into the external and then nested PCR amplifications, 0.5 ml of the 240-h sample was added straight
to the nested amplification (44). (D) Tenfold dilutions of linearized HXB2 plasmid (108 to 102) were PCR amplified with the nested primer pair
as an amplification control and to estimate copy number for each specific product. Similar amplifications were performed on the different RNA
and DNA HIV-1 products (A and B). However, in vitro-transcribed HIV-1 RNA was quantified, diluted, and used as template for control RT-PCR
amplifications (data not shown). Copy number of sample RNA/DNA was derived from amplifications of known copies of control template. Copy
number of control DNA and resulting PCR-amplified early, late, or integrated DNA product was plotted to obtain an equation of the line. All
power regressions had R2 values of greater than 0.95 with a template copy range of 102 to 106. (E) Approximate copy numbers of early and late
reverse-transcribed DNA, integrated DNA, unspliced mRNA, and multiply spliced mRNA from the C5 monoinfection were plotted against time.
Similar results were observed in the B5 monoinfection as well as in the B5-versus-C5 dual infection (data not shown). (-), minus strand; (-)ss,
minus-strand strong stop.
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6D) was similar to that characterized previously (36) and rep-
resentative of other mono- and dual infections. For example,
entry of viral RNA and reverse transcription occurred within
8 h of C5 virus exposure, whereas HIV-1 integration and
mRNA transcription were only detected by quantitative PCR
at 24 to 48 h postinfection (Fig. 6C and D). It is important to
note that virus titers were carefully calculated in TCID50 ex-
periments and confirmed by comparison with viral RNA loads
and reverse transcriptase activity in the same stocks (Fig. 1B).
However, it was surprising to observe a decrease in unspliced
HIV-1 RNA in cells following initial entry and a single round
of infection (24 to 48 h). This decrease may be attributable to
the rapid processing of HIV-1 RNA to multiply spliced mes-
sages and RNase H degradation of the RNA genome during
reverse transcription.

To measure dual virus production throughout the retroviral
life cycle, the same sets of primers were used to amplify DNA
from samples at different time points as well as from reference
HIV-1 genomes. These two PCR products were mixed, dena-
tured, and annealed as described previously. Figure 7A pro-
vides an example of a heteroduplex tracking analysis per-
formed on late minus-strand DNA amplified samples of four
mono- and six dual infections at the 120-h time point. Relative
production of each nucleic acid-mediated step (entry, early and
late reverse transcription, integration, and HIV-1 transcrip-
tion, i.e., unspliced and multiply spliced mRNA) was then
plotted against time (Fig. 6B, C, and D).

Unspliced and multiply spliced mRNA was not analyzed by
heteroduplex tracking analysis for the B2 versus C2, B5 versus
B2, or C2 versus C5 dual infections. For these competitions,
relative production of the other steps in the retroviral life cycle
was determined (data not shown). In each of these competi-
tions, WD values calculated from heteroduplex tracking analy-
sis of PCR-amplified proviral DNA (Fig. 3 and 4) were nearly
identical to the WD calculated from heteroduplex tracking
analysis of RT-PCR-amplified viral RNA from cell-free super-
natant (Fig. 7). As described previously (62), relative virus
production in a dual infection can be measured 10 to 15 days
postinfection by using proviral DNA within infected cells or
viral RNA in HIV-1 particles released into the medium.

Reverse transcription of minus-strand strong-stop DNA and
the first template switch are the first replication steps following
host cell entry and core dissolution. Early minus-strand DNA
was detected by PCR as early as 8 h postinfection in the B5 and
C5 monoinfections (Fig. 6D). After only 8 h of competition,
heteroduplex tracking analysis revealed an increase in the pro-
duction of B5 early minus-strand DNA over that of C5 or B2
in the competition (Fig. 7B and D). This finding suggests an
increase in host cell entry by the B5 HIV-1 isolate over C5 or
B2. The WD or ratio of early minus-strand DNA production
was maintained throughout the dual infection (10 days). Al-
though B2 minus-strand DNA rebounded during competition,
the relative amount of B5 early DNA still remained greater
than that of B2 (Fig. 7D). Early minus-strand DNA synthesis

FIG. 6—Continued.
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could not be analyzed in the B2-versus-C5 competition (Fig.
7C).

The U5 of the long terminal repeat and noncoding region,
i.e., a product of late reverse transcription, was also PCR
amplified (Fig. 6B) and subjected to the same heteroduplex
tracking analysis (Fig. 7B). Again, amounts of the late reverse-
transcribed B5 DNA were greater than those of the B2 or C5
product in the dual infections (Fig. 7B and D). Increased
fitness of the B2 isolate over C5 (Fig. 4) was reflected in a
fourfold increase in late minus-strand DNA synthesis as early
as 8 h postinfection (Fig. 6C). In all dual infections shown in
Fig. 7, relative production of early and late reverse-transcribed
DNA was nearly identical, suggesting that entry, and not effi-
ciency of reverse transcription, was responsible for the fitness
difference.

Integrated DNA was PCR amplified as described previously
(14, 44) and in Materials and Methods, quantified (Fig. 6C and
D), and then used in heteroduplex tracking analysis (Fig. 7).
Proviral DNA integration is the step that follows reverse tran-
scription in the retroviral life cycle. Consistent with the esti-
mated 12 to 24 h required for this event (36), significant levels
of integrated HIV-1 DNA were only detected at 24 h postin-
fection with B5 (data not shown) or C5 (Fig. 6D). Again, the
ratio or WD of B5 to C5 integrated DNA was similar to the WD

of B5 to C5 early or late reverse-transcribed DNA (Fig. 7B).
Similar results were observed in the other dual infections (Fig.
7C and D).

RNA was extracted from cells at all time points and sub-
jected to RT-PCR specific for unspliced HIV-1 mRNA and
multiply spliced message. Relative amounts of unspliced
HIV-1 RNA in the cell can be used as a measure of host cell
entry because encapsidated HIV-1 RNA is released into the
cell immediately following membrane fusion (Fig. 6D). Con-
sistent with an early entry effect, the relative amount of un-
spliced B5 RNA was greater than that of unspliced C5 or B2
RNA in the dual infections (Fig. 7B and D). Increased HIV-1
RNA entry also appeared to predict the “winner” of the B2-
versus-C5 competition (Fig. 7C). In contrast to unspliced
RNA, multiply spliced RNA was only detected 48 h postinfec-
tion and represented active mRNA transcription from the
HIV-1 LTR. Unlike entry, relative transcription from each
proviral template (measured by heteroduplex tracking analy-
sis) appeared to have little effect on the outcome of the com-
petition (Fig. 7).

It is likely that an early event in the replication cycle (e.g.,
entry) is controlling these HIV-1 competitions (B2 versus B5,
B2 versus C5, and B5 versus C5), whereas subsequent events in
retroviral replication (e.g., reverse transcription, integration,
and transcription) have minimal affect on the outcome. How-
ever, the initial impact of entry was not always maintained
throughout the dual infection. For example, increases in
HIV-1 B5 over B2 entry into host cells were diminished over
the time course. After a 15-day dual infection, the WD of B2
versus B5 was approximately 1.8. The effect of entry on pre-
dicting the winner of a competition was most evident in the
B5-versus-C9 dual infection (data not shown). The inability of
C9 to compete with B5 (WD � 20; Fig. 4) was evident early in
the infection; a 15-fold increase in B5 over C9 minus-strand
DNA was observed just 8 h after infection. This difference was

maintained throughout subsequent steps in the retroviral life
cycle.

Variations in the efficiency of translation, posttranslational
modifications, or assembly could not be analyzed without spe-
cific monoclonal antibodies or other markers that accurately
differentiate between viral proteins of two isolates. Lack of
continual outgrowth of the fitter variant is likely due to deple-
tion of susceptible CCR5�/CD4� cells in the culture (2) as well
as receptor downregulation, which would prevent superinfec-
tion (17, 26). Competition during entry may also be due to viral
interference on host cell receptors, i.e., subtype B isolates may
bind more efficiently to CD4/CCR5 and exclude subtype C
isolates from binding. These hypotheses will be tested in sub-
sequent studies with HIV-1 clones pseudotyped with subtype B
or C env genes.

Applying phyletic analyses to fitness differences. Consider-
ing that HIV-1 subtypes are subdivided based on env sequence
diversity, we also used a phyletic approach to compare fitness
differences to specific regions in the HIV-1 genome. Pairwise
comparisons of the genetic distances between the gag (matrix-
capsid coding regions) and env (C2-C3 domains) genes of these
subtype B and C isolates were used to construct phylogenetic
trees (Fig. 8B and C). We also employed this neighbor-joining
method to construct phyletic trees based on fitness differences
rather than genetic distances. Equal fitness or no competition
between a pair of HIV-1 isolates would result in a fitness
difference of 1 (WD � wM/wL), which would be analogous to
two HIV-1 isolates’ having identical sequences. Thus, nondi-
rectional measures of fitness difference in the pairwise inter-
and intrasubtype competitions (Fig. 3 and 4) could be derived
from log10 values of WD.

Although the phyletic fitness trees were not rooted with
reference strains (e.g., HIV-1 group O isolates or simian im-
munodeficiency virus strain cpz [SIVcpz]), subtype B isolates
still formed a cluster at the bottom of the fitness tree (Fig. 8A),
which corresponded to a similar cluster of subtype B env or gag
sequences in the genetic distance tree (Fig. 8B and C). Subtype
C isolates also grouped together in the fitness tress as well as
in the gag and env phylogenetic trees (Fig. 8). In the fitness
tree, the presence of the B3 and B10 isolates in the subtype C
cluster reflects the poor replicative capacity of these subtype B
strains in the pairwise competitions (Table 1; Fig. 3 and 4). In
addition to losing competitions with nearly every subtype B
isolate (Fig. 3A), the B3 and B10 isolates were also less fit than
some subtype C isolates, hence their position on the fitness
tree.

Analyses involving the B7-92BR023 isolate provided the
only notable exception to this similarity between the tress
based on fitness and genetic distance. This isolate is closely
related to other subtype B isolates when comparing fitness and
env sequences. By contrast, the gag sequences (region encoding
the matrix and part of the capsid) of B7 were not closely
related to other subtype B gag sequences, but instead clustered
with the gag sequences of subtype C isolates. Previous reports
have characterized the B7-92BR023 isolate as an intersubtype
B/C HIV-1 recombinant with subtype B env and C gag (16).
Sequence analyses from this study suggest a subtype C pol gene
and a possible breakpoint in the env gene (data not shown).
Thus, the fitness (or replication efficiency) of at least the B7
isolate maps to the env gene and not the gag (Fig. 8C) or pol
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gene (protease-reverse transcriptase coding regions; data not
shown).

DISCUSSION

During the past 15 years, the mechanics and specifics of
HIV-1 replication have been resolved by sophisticated molec-
ular and biochemical experiments. However, the vast majority
of these studies have utilized a handful of subtype B laboratory
strains to define the steps of HIV-1 replication. Although gen-
eral mechanisms may be conserved, the extreme HIV-1 heter-
ogeneity found in the current epidemic may also predict phe-
notypic and catalytic variations in virus replication. To date,
there are few examples of natural polymorphisms in HIV-1
associated with altered replication kinetics (33, 38, 46, 49).
Even fewer studies have compared the fitness or replication
efficiency of heterogeneous primary HIV-1 isolates (6, 43, 62).
Phenotypic differences between HIV-1 subtypes have typically
focused on specific genomic segments or sequences without
comparing the replication efficiency of the complete virus (33,
38, 46, 49). Hence, this study has investigated the ex vivo fitness
differences between primary HIV-1 isolates of subtypes B and
C. It is also part of a series of investigations comparing ex vivo
HIV-1 fitness to disease progression (62) and intersubtype
recombination (2, 63).

Fitness is an evolutionary term used to define an organism’s
replicative capacity in a given environment (21). Although the
most “fit” isolate may win a given competition in the confines
of the tissue culture microenvironment, ex vivo fitness may be
unrelated to the ability of the same virus to survive in a host or
to be transmitted within a given population (61). However, our
results suggest a possible relationship between ex vivo and in
vivo fitness of subtype C that may be used to model HIV-1
subtype C spread in the human population.

In the competition experiments, all of the R5/non-syncyti-
um-inducing subtype B isolates outcompeted the R5/non-syn-
cytium-inducing subtype C isolates, whereas differences in in-
trasubtype HIV-1 fitness were not significant. Dominance of
HIV-1 subtype B over C was not due to genetic variability in
the host PBMC population or differences in CCR5 expression.
Increased fitness of the B5 over the C5 isolate was also ob-
served in CD4� T-cell and macrophage cultures. By contrast,
C5 efficiently competed with the B5 isolate in skin-derived
Langerhans cells. Phyletic analyses of fitness differences and
genetic distances suggest that the efficiency of HIV-1 replica-
tion may map to the env gene, as opposed to either the gag or
pol gene. Although this hypothesis is based on one isolate (B7),
preliminary data suggest that the efficiency of host cell entry
may control fitness (A. J. Marozsan and E. J. Arts, unpublished
data).

Average relative fitness values were not significantly differ-
ent in intrasubtype competitions. This does not imply that all
subtype B isolates have equal fitness. In fact, several subtype B
and C strains were fitter than some but not all isolates of the
same subtype. In intrasubtype competitions, a lower intrinsic
fitness (e.g., replication efficiency) of subtype C isolates may
imply that all HIV-1 group M subtypes are segregated based
on both genetic distance and a phenotypic attribute (such as
replication efficiency). It is important to note that the standard
classification of HIV-1 subtypes is based solely on sequence

diversity in specific genomic regions (40), and not on pheno-
type or even serotype (12). Preliminary results suggest that
HIV-1 isolates of subtypes A, B, D, and E have similar relative
fitness values in pairwise competitions. We used neighbor join-
ing to construct and compare phyletic trees based on genetic
and fitness differences. Only subtype C isolates appeared to
form a distinct cluster in the phyletic trees based on fitness
differences. By contrast, the vast majority of subtype A, B, and
D isolates have similar replication efficiencies and group to-
gether in these fitness tress.

Subtype C infections have increased in prevalence during
the past 10 years of the AIDS epidemic (22). Increased spread
over other subtypes is due in part to founder effects and raging
pandemics in southern Africa and increasing subtype C infec-
tions in South America, India, China, and Southeast Asia (8,
10, 22, 42, 48, 57, 65). Introductions of subtype C into these
regions may be a founder event, but other subtypes did preexist
in some populations (e.g., A and B in southern Africa and
India) (40). In regions such as the Yunnan Province of China,
subtype C is responsible for the recent pandemic, even though
this province is part of the Golden Triangle of intravenous
drug use and surrounded by areas with a high prevalence of
subtype B and CRF01 (subtype E) viruses (L. Zhang, Y. Cao,
J. Yu, T. He, Z. Chen, N. Yin, S. Mei, Z. Zhou, Y. He, W. Lu,
Z. Chen, and D. D. Ho, 9th Conference on Retroviruses and
Opportunistic Infections, abstr., p. 58, 2002).

The rapid insurgence of subtype C throughout the world
suggests that this clade may be fitter within the population. It
is also quite conceivable that a subtype such as C may be
introduced into human subpopulations with different social
and sexual mixing patterns than populations infected by an-
other subtype(s) (32, 51, 72). Thus, subtype C may not be in
direct competition with other subtypes in these geographical
regions. However, subtype C has obviously expanded beyond
these possible subpopulations and appears to be spreading
more rapidly than other subtypes. Based on these findings, we
have devised a preliminary model of subtype prevalence in the
HIV-1 epidemic.

First, subtype C isolates may replicate less efficiently than
subtype B and possibly other group M subtypes in PBMC.
Second, we and others have shown that ex vivo fitness (or
replication efficiency) is a strong correlate of the rate of HIV-1
disease progression, that is, individuals infected with a less-fit
HIV-1 isolate progress to AIDS at a slower rate and vice versa
(6, 62). However, we may be overextending our observations
(62; this study) to suggest that HIV-1 subtype C-infected indi-
viduals may progress to AIDS more slowly. Cross-sectional
studies have actually described higher viral loads in patients
infected with subtype C than in patients infected with other
group M subtypes (e.g., A and D) (48). In addition, subtype
C-infected individuals definitely progress to AIDS, as do most
HIV-1-infected patients not receiving antiretroviral therapy.

Unfortunately, there are only a few prospective longitudinal
studies analyzing disease progression in cohorts infected with
different subtypes. A preliminary study observed similar rates
of disease progression among individuals infected with differ-
ent subtypes (A through D) (1). By contrast, Kaleebu et al.
(34) observed faster rates of disease progression among a large
cohort of Ugandans infected with subtype D compared to
subtype A. They presuppose that subtype D HIV-1 isolates
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FIG. 8. Analysis of phenotypic and genotypic relationships of
HIV-1 isolates with the neighbor-joining method. Phyletic neighbor-
joining trees were constructed from matrices of pairwise log10 fitness
differences as well as from nucleotide distances in the env and gag
genes. (A) The neighbor.exe program in the PHYLIP package was
used to draw a phyletic tree based on the log10 values of the fitness
difference in the pairwise dual-infection/competition experiments.
Equal relative fitness values result in a fitness difference of 1. Thus,
log10 values of wM/wL provide a unidirectional measure of fitness dif-
ference for comparison to genotypic distances. (B and C) Phylogenetic
analyses of the gag and env sequences, respectively, of 15 subtype B and
C isolates and of several reference HIV-1 isolates (see Materials and
Methods for accession numbers). A 400-bp region of the env gene
C2-C3 region (B) and a 500-bp region of the gag gene (C) were used
to construct phylogenetic trees by the neighbor-joining method. env
and gag subtypes are indicated. Bootstrap resampling values of 70 to
90% and �90% are indicated by ** and *, respectively. The branch
lengths are drawn to scale. The scale bar represents 0.1 substitution per
nucleotide.
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may replicate more efficiently than subtype A, a hypothesis
similar to that developed from these ex vivo fitness studies on
subtype C. To place these findings in the context of the model,
it is possible that individuals infected with subtype C could
survive longer but still maintain viral loads for efficient trans-
mission. Infection of macaques with SIV strains pseudotyped
with HIV-1 subtype B or C env genes (SHIV) may be an
appropriate animal model to compare subtype-specific differ-
ences in disease progression (13, 27, 47). Longitudinal studies
of defined cohorts following acute or early infections with
various subtypes should also provide direct evidence of differ-
ential disease progression.

Maintenance of efficient subtype C transmission in lieu of
reduced replicative capacity in blood cells may be supported by
the competition experiments in Langerhans cells. A subtype C
isolate could compete efficiently with a subtype B strain in
skin-derived Langerhans cells but not in macrophages or T
cells. Importantly, we exposed Langerhans cells to HIV-1 sub-
types B and/or C in a relatively physiological state (i.e., while
they remained “immature” within epithelial sheets) (35), as
opposed to exposing these cells to HIV-1 after they had been
allowed to crawl out of tissue and become activated, or “ma-
ture” (20, 59). Although it is controversial, we and others have
suggested that Langerhans cells are the initial target cells in-
fected following sexual exposure to HIV (29, 35, 74, 82). Our
current finding that subtype C HIV-1 is able to compete with
subtype B HIV-1 in Langerhans cells may be an important
factor in the efficient transmission and spread of subtype C
HIV-1 within a given population.

In summary, increased survival time of subtype C-infected
individuals and maintenance of transmission efficiency in
Langerhans cells (but not PBMC) may favor subtype C spread
in geographical regions harboring several subtypes. Computer
simulations are in development to test this epidemiological
model.

HIV-1 competition experiments can be used to determine
which steps in the HIV-1 life cycle have the greatest impact on
relative fitness. Ultimately, knowing how primary HIV-1 iso-
lates compete may reduce the necessity for these laborious
competition experiments as well as identify HIV-1 genes or
proteins controlling fitness. Time course competition experi-
ments suggest that the fitness of wild-type HIV-1 is controlled
by the efficiency of host cell entry and not by reverse transcrip-
tion, integration, or transcription from the LTR. The impact of
entry on replication efficiency is not surprising considering the
following points: (i) the HIV-1 env gene displays the greatest
heterogeneity among HIV-1 isolates, whereas the gag and pol
genes are more conserved (40), and (ii) increases in heteroge-
neity likely augment differences related to the function or
activity of that region or gene. Comparisons with neighbor-
joining analyses revealed that fitness differences were more
closely related to the genetic distances in env than in gag or pol.
Specifically, one subtype B isolate, B7-92BR023, was a B/C
recombinant containing a subtype B env gene but subtype C
gag and pol genes (16).

Based on these time course experiments and phylogenetic
analyses, it is somewhat surprising that the fitter isolate did not
continue to outgrow the less-fit isolate after initial entry. At a
multiplicity of infection of 0.01, all susceptible cells in a PBMC
culture are infected after three rounds of HIV-1 replication

(E. J. Arts et al., submitted for publication). Thus, intracellular
steps would have a greater effect on competitions with longer
incubation times (�120 h). We have preliminary data that
constant addition of new cells would enhance the effect of
HIV-1 entry on these competitions. Other steps in the retro-
viral life cycle must contribute to replication efficiency but do
not override the entry effect. It is quite possible that an extra
NF-�B site in the LTR (33, 49) and/or a more active protease
(79) in subtype C isolates may have evolved to compensate for
poor entry efficiency. The impact of the HIV-1 env gene on the
efficiency of entry and relative fitness can only be confirmed
with HIV-1 clones pseudotyped with these exogenous env
genes. These experiments are currently under way in our lab-
oratory.

In conclusion, subtype C HIV-1 isolates appear to be less fit
than subtype B isolates in PBMC but equally fit in skin-derived
Langerhans cell cultures. Fitness difference is not due to dif-
ferential coreceptor usage, but may be due to the efficiency of
host cell entry mediated by CD4 and CCR5. Although the
relationship between ex vivo replication efficiency and subtype
fitness in the human population is tenuous, these observations
will be used to build epidemiological disease models for host-
virus interactions and to add insight into the disproportionate
spread of a given HIV-1 subtype within the human population.
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