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Abstract
Fixation of mutations in human immunodeficiency virus type 1 (HIV-1), such as those conferring
drug resistance and immune escape, can result in a change in replication fitness. To assess these
changes, a real-time TaqMan PCR detection assay and statistical methods for data analysis were
developed to estimate sensitively relative viral fitness in competitive viral replication experiments
in cell culture. Chimeric viruses with the gene of interest in an HIV-1NL4-3 backbone were
constructed in two forms, vifA (native vif gene in NL4-3) and vifB (vif gene with six synonymous
nucleotide differences from vifA). Subsequently, mutations of interest were introduced into the
chimeric viruses in NL4-3VifA backbones, and the mutants were competed against the chimera
with the isogenic viral sequence in the NL4-3VifB backbone in cell culture. In order to assess
subtle fitness differences, culture supernatants were sampled longitudinally, and the viruses
differentially quantified using vifA- and vifB-specific primers in real-time PCR assays. Based on
an exponential net growth model, the growth rate of each virus was determined and the fitness cost
of the mutation(s) distinguishing the two viruses represented as the net growth rate difference
between the mutant and the native variants. Using this assay, the fitness impact of eight amino
acid substitutions was quantitated at highly conserved sites in HIV-1 Gag and Env.
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1. Introduction
In HIV-1 infection, emergence of some drug resistant (Martinez-Picado and Martinez, 2008;
Nijhuis, van Maarseveen, and Boucher, 2007) and escape mutants from host humoral and
cellular immune responses (Fernandez et al., 2005; Liu et al., 2007; Martinez-Picado et al.,
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2006; Troyer et al., 2009) have been associated with reduced replication fitness. Fitness can
in some cases be restored by compensatory mutations (Brockman et al., 2007; Koval et al.,
2006). Subtle changes in viral fitness can have substantial impacts on virus representation
over time. To estimate the impact of viral mutations on replication capacity, it is therefore
important to employ a sensitive method to determine replication fitness costs in surrogate
assays of viral replication in cell culture.

Several methods have been developed to estimate the replication capacity of HIV-1 strains.
Some studies measured viral replication using single cycle assays, by infecting indicator cell
lines (Mammano et al., 2000) or by infection with pseudotyped virus particles that contain
indicator genes (Petropoulos et al., 2000). These methods are simple and rapid but fail to
interrogate the entire life cycle. Other studies estimated viral replication capacities by
monitoring parallel mono-infections, with viral growth kinetics determined by
measurements of p24 production (Doyon et al., 1996), RT activity (Resch et al., 2002) or the
number of infected indicator cells (Brockman et al., 2006). Because of the difficulty in
ensuring identical growth conditions, comparisons between parallel mono-infections may
fail to detect more subtle differences in viral replication characteristics.

The gold standard for estimating the relative replication capacity of a viral strain is a dual
infection competition assay, in which both experimental and reference strains are grown
together to ensure equivalent growth conditions and during which they compete for
resources, more akin to replication in vivo. In some studies, the production ratio of the two
viruses in the competition was determined by bulk (Garcia-Lerma et al., 2004; Sharma and
Crumpacker, 1997) or clonal (Martinez-Picado et al., 1999; Wang et al., 2006) sequencing;
however, the breadth of range of detection was usually narrow for these methods. In other
studies, a small reporter gene (Ali and Yang, 2006) or synonymous mutations
(Anastassopoulou et al., 2009; Liu et al., 2007; Troyer et al., 2009; van Maarseveen et al.,
2006) was introduced into the reference viral genome as a tag to facilitate the differential
quantification of the two competing viruses. Synonymous mutations that avoid known sites
of important RNA structures are less likely to disrupt viral genome function and thus are less
likely to have an impact on viral replication capacity. The production of each virus can be
determined by a heteroduplex tracking assay (HTA) involving radioactive probes (Liu et al.,
2007; Quinones-Mateu et al., 2000; Troyer et al., 2009); oligonucleotide ligation assay
(OLA) (Ellis et al., 2004; Lalonde et al., 2007; Troyer et al., 2008), or by real-time PCR (Ali
and Yang, 2006; Anastassopoulou et al., 2009; van Maarseveen et al., 2006), reagents for
the latter of which can be more expensive but the assay is more sensitive and involves fewer
processing steps.

In one study (van Maarseveen et al., 2006), a tag composed of two synonymous mutations in
the gag-p24 gene was used. Viruses with mutations in protease or RT were competed against
the reference strain with the synonymously mutated gag-p24 tag in dual infections. Real-
time PCR assays were used to monitor viral growth and detect replication fitness costs. In
another study (Anastassopoulou et al., 2009), a tag composed of eleven synonymous
mutations in the vif gene was used. Both studies used specific probes to quantify the mutant
and reference viruses simultaneously in competitions. In the study using the gag-p24 tag
(van Maarseveen et al., 2006), plasmids with wild type and mutant gag-p24 were mixed in
different ratios in a total of 3×107 copies. The minor plasmid could be detected even when it
was present in only 1% of the mixture. In the study using the vif tag (Anastassopoulou et al.,
2009), no threshold for the detection of the minor strain was reported.

Previously, six synonymous mutations were introduced into the vif gene (Figure 1A) of the
HIV-1 lab strain NL4-3 (Liu et al., 2007; Troyer et al., 2009). Using HTA to monitor viral
growth in dual infections, no significant fitness impact was found associated with the
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introduction of these mutations. By competing chimeric mutant viruses (with the NL4-3
backbone containing the native vif) against chimeras with the isogenic viral sequences and
the mutated vif tag, the replication fitness impact of CTL escape mutations in Gag and Env
proteins was determined. Here, a real-time PCR based competition assay was developed that
differentially recognized the vif tag with a detection threshold for the minor viral strain as
low as 0.002%, and the replication fitness impact of eight Gag and Env mutations was
determined.

2. Materials and methods
2.1 Wild type and mutant chimeric viruses

Recombinant plasmids containing the backbone of pNL4-3 and gag (nucleotides 1089–2022,
HIV-1HXB2) or env (nucleotides 6347–7802, HIV-1HXB2) founder sequences derived from
the PBMCs of a patient infected with HIV-1 subtype B were generated previously (Liu et
al., 2007; Troyer et al., 2009, kindly provided by Dr. Eric J. Arts, Case Western Reserve
University, Cleveland, Ohio). The founder sequence refers to the consensus sequence of
viruses taken from the earliest time point sampled during infection, in this case, 8 days post
onset of the acute symptoms of viral infection (Liu et al., 2006, ~3 weeks post exposure to
the virus (Stekler and Collier, 2004)). For both gag and env founders, two forms of
recombinant plasmids were generated, one in native pNL4-3 (pNL4-3VifA) and the other in
pNL4-3 with six synonymous mutations introduced into the vif gene (pNL4-3VifB, Figure
1A). These six nucleotide differences were used to facilitate differential recognition in
competition assays. In the current study, using recombinant vifA plasmids as templates,
mutations at single sites in gag (n=2) and env (n=6) were introduced into the founder gag or
env gene using the QuikChange II XL site-directed mutagenesis kit (Agilent, La Jolla, CA).
Whole HIV-1 genome sequences in the resulting plasmids were determined to confirm the
presence of the desired mutations and the absence of additional mutations. HEK293T cells
(DuBridge et al., 1987) were then transfected with the founder or mutant recombinant
plasmids using FuGENE®6 Transfection Reagent (Roche, San Francisco, CA) and cell-free
supernatants were collected as viral stocks. The gag and env regions were then resequenced
to confirm the presence of the desired mutations in the chimeric viruses following
transfection.

2.2 p24 antigen capture assay and determination of TCID50

p24 production in transfection or culture supernatants was determined using an in-house
double-antibody sandwich ELISA specific for the HIV-1 p24 antigen, as described
previously (McClure et al., 2007). Viral infectivity was determined by 50% tissue culture
infective dose (TCID50) in PBMCs (all from a single HIV-negative donor) using the p24
antigen capture assay, as calculated by the Reed-Muench method (Reed and Muench, 1938).

2.3 Viral competitions
Two chimeric viruses (NL4-3VifA or NL4-3VifB backbones) were mixed at a ratio of 1:1
based on TCID50, and 5×105 PBMCs that had been prestimulated for 2 days with PHA
(1.5μg/ml) and then treated with IL-2 (20 U/ml) were infected at a multiplicity of infection
(MOI) of 0.005 (lower MOIs resulted in more variable mutant frequencies in dual
infections), in a total volume of 1 ml. After 24 h of infection (day 1), cells were washed with
complete IMDM (Iscove’s Modified Dulbecco’s Media supplemented with 2mM L-
glutamine, 100U/ml Penicillin, 100μg/ml streptomycin, and 10% FBS) and resuspended in
fresh culture medium [complete IMDM supplemented with 20 U/ml human recombinant
IL-2 (Roche, San Francisco, CA)] in a final volume of 2 ml. On days 2 through 9, 1 ml of
culture supernatant was collected from each infection and 1 ml of fresh culture medium was
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added back. All dual infections were done in triplicate. As control, single replicate mono-
infections were also performed in parallel for each competing virus at a MOI of 0.005.

2.4 Serial passage of chimeric viruses
Serial passages of chimeric viruses were set up as mono-infections in triplicate. At day 7 of
each passage, 500 μl of culture supernatants were used to inoculate 5×105 PHA-IL-2
stimulated fresh PBMCs.

2.5 RT PCR, PCR and sequencing
Viral RNA was purified from transfection or culture supernatants using a QIAxtractor
following the manufacturer’s recommendations (QIAGEN, Valencia, CA). For each
extraction, 200 μl of viral supernatant was used and a final elution of ~ 70 μl RNA was
obtained. The Turbo DNA free kit (ABI, Applied Biosystems, Foster City, CA) was used to
remove DNA from a 44 μl aliquot of RNA, and 1μl of the resulting RNA was used for
cDNA synthesis with SuperScript® III (Invitrogen, Carlsbad, CA). The primers used for
cDNA synthesis were RT2 (HIV-1HXB2 nucleotides 3301–3321, Liu et al., 2006) for the gag
fragments and gp120R2 (GTTGATCCTTTAGGTATCTTTCCACAGC, nucleotides 7968–
7995) for the vif-env fragments. The gag fragment was PCR amplified using primer pair
GAG-2 (nucleotides 794–817, Liu et al., 2006) and RSP15R
(CAATTCCCCCTATCATTTTTGGTTTCC, nucleotides 2377–2403), and the vif-env
fragment was amplified using primer pair envF (GCAGGTGATGATTGTGTGGCAAGT,
nucleotides 5055-507) and envR (CCCTCAGCAAATTGTTCTGCTGCT, nucleotides
7873–7896), and the PCR products were sequenced directly.

2.6 Real-time TaqMan PCR
Viral variant representation was quantified using an ABI 7300 Real-Time PCR System
(ABI). Single probe reactions contained 12.5 μl TaqMan® Gene Expression Master Mix
(ABI), 5μM probe, 20μM each of the forward and reverse primers and cDNA template in a
final volume of 25μl. Double probe reactions contained 5μM of each probe in a final
volume of 50μl. Probes and primers are listed in Table 1. Probe and primers located in gag
were used to quantify virus derived from transfection supernatants, while those located in vif
were used to quantify virus variants in culture supernatants. PCR cycling parameters were
50 °C for 2 min, 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1
min. Standard curves for real-time PCR were generated using 30 to 3×106 copies of
pNL4-3VifA or pNL4-3VifB, quantitated by spectrophotometry, as template in triplicate.
The copy numbers of viral cDNA were determined in duplicate, using 1 μl of cDNA as
starting material.

2.7 Calculation of replication fitness costs
To determine the impact of an amino acid substitution on the replication fitness of the
corresponding founder virus, the net growth rates between the mutant and the founder
viruses were compared in competitions using a mathematical model adapted from Wu et al
(Ma et al.; Wu et al., 2006). Because the turnover of free virus is typically fast in
comparison with those of infected cells and a quasi steady state is established rapidly, this
model assumes that the amount of free virus is proportional to the number of infected cells
(Ma et al.; Wu et al., 2006). Findings of cell-to-cell transmission as the dominant mode of
HIV-1 spread in T lymphocyte cultures also support this assumption (Dimitrov et al., 1993;
Hubner et al., 2009). Therefore, serial sampling of supernatants (and consequent 2-fold
dilution at each sampling) from our competition assays should have little effect on the rate
of free virus production (and this was confirmed experimentally, c.f. Figure 6). In Wu’s
model, viruses are assumed to reproduce continuously with an exponential net growth,
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V(0) is the number of infectious particles in the inoculum at time zero, V(t) is the free viral
production at time t after infection, and g is the net viral growth rate, a combined growth/
decay parameter for viral production. Therefore, the net growth rate difference (d) between
the mutant (m) and founder (f) viruses can be expressed as

and the ratio (r) of the net growth rates as

Here, copy numbers of cDNA derived from founder and mutant viruses in competition
culture supernatants were used as the values of Vf (t) and Vm (t), respectively.

Our method to estimate growth rate parameters differed from Wu’s method as follows. To
estimate d, the regression model was used:

(1)

where the outcome yi was ln[Vm (ti)/Vf (ti)], ti was the time at which the measurements were
collected, and εi, the error term, was distributed normally. In this regression model, the
estimated intercept, α̂, would provide an estimate of the log ratio of the number of infectious
particles of the two competing viruses in the inoculum, ln[Vm(0)/Vf(0)], and the estimated
coefficient of t, β̂, would provide an estimate of d. To estimate r, the growth rate ratio, the
regression model with intercept as the only covariant was used:

(2)

where the outcome yi was

In this regression model, the intercept, α̂, provides an estimate of r. Similar to the estimation
of d, gm and gf were obtained using a linear regression model with intercept, in which
ln[Vm(t)] or ln[Vf(t)] was regressed on covariate t (time). The coefficient of t provides an
estimate of net growth rate, gm or gf, and the intercept provides an estimate of the log
number of infectious particles in the inoculum, ln[Vm(0)] or ln[Vf(0)]. All parameters were
estimated using linear regression with generalized estimating equations (GEE) and
exchangeable working correlation matrix to account for intra-replicate correlations. All
confidence intervals (CI) were based on robust (empirical) standard errors.

Liu et al. Page 5

J Virol Methods. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Theoretically, a growth rate difference of d = 0 and a growth rate ratio of r = 1 indicates no
replication fitness differences. A growth rate difference of d > 0 and a growth rate ratio of r
> 1 indicates faster growth of the mutant virus, whereas a growth rate difference of d < 0
and a growth rate ratio of r < 1 indicates slower growth of the mutant virus. To account for
any fitness differences between the vifA and vifB founders and assay variations between
different experiments, estimates of d and r from competitions between a mutant and its vifB
founder (experimental) were compared to those estimated from competitions between the
corresponding vifA and vifB founders (control). To estimate the differences in d between
the experimental and the control data, an extended regression model and the combined data
from the control and experimental groups were used:

(3)

In this model two additional covariates were added to equation (1). The first new covariate,
xi, was an indicator variable (xi = 1 for control and xi = 0 for experimental data) and the
second new covariate, xi*ti, was an interaction between this indicator (xi) and the covariate t.
The estimated coefficient of the interaction term, β̂, was used to determine whether the value
of d estimated using the experimental data was significantly different from that estimated
using the control data, i.e., when β̂ was significantly different than zero (p-value associated
with the estimate β̂ < 0.05), the values of d in the experimental and control conditions were
considered to be significantly different. Similarly, to estimate the differences in r between
the experimental and the control data, regression equation (2) were modified:

(4)

The estimated coefficient, β̂, was used to determine whether the value of r estimated using
the experimental data was significantly different from that estimated using the control data.

3. Results
3.1 Quantification of pNL4-3VifA and pNL4-3VifB in mixtures by real-time PCR

To establish a real-time TaqMan PCR assay that can quantify differentially DNA containing
vifA or vifB in mixtures, our primers and probes were examined using plasmids
pNL4-3VifA and pNL4-3VifB as templates. The strategy of a common primer set and vifA
(FAM-labeled) and vifB (VIC-labeled) specific probes was tested first (Figure 1B.i, Table
1). The primers were located outside the vifA/vifB tag and the probes encompassed the tag
sequences. In real-time PCR reactions, the vifA probe could detect 30 copies (the lower
limit evaluated) of pNL4-3VifA in the absence of pNL4-3VifB, while binding to 3,000,000
copies of pNL4-3VifB in the absence of pNL4-3VifA was negative (Figure 2A). The same
specificity was found for the vifB probe (Figure 2B). However, when both targets were
present, such probes could not detect their specific targets when they were found at ≤ 1% of
the total (data not shown).

Therefore, another real-time PCR strategy was tested using common sense primer and
probe, and vifA- and vifB-specific antisense primers to quantify differentially DNA
containing vifA or vifB in mixtures (Figure 1B.ii, Table 1). Both vifA and vifB antisense
primers bound specifically to vifA and vifB DNA (data not shown). Although the amount of
the different strains in mixtures had to be determined in separate reactions, this real-time
PCR strategy was very sensitive. The presence of 30 copies of pNL4-3VifA or pNL4-3VifB
could be detected in mixtures with 3×106 copies of the other plasmid (0.001% sensitivity)
(Figure 3A and B). Furthermore, the presence of 3×106 copies of pNL4-3VifB did not
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interfere with the quantification of pNL4-3VifA (Figure 3C), and similar results were
obtained for pNL4-3VifB quantification in the presence of 3×106 copies of pNL4-3VifA
(data not shown). In the case of viral mixtures, 45 copies of gagVifA could be detected in
the presence of 1.98×106 copies of gagVifB (0.002% sensitivity) (Figure 3D). Similar
results were obtained when serially diluted gagVifB was mixed with 2.14×106 copies of
gagVifA (data not shown). Therefore, for the rest of the study, this latter strategy was used
to quantify viruses in competition assays.

3.2 Chimeric founder and mutant viruses
Chimeric viruses with the gag or env founder sequences derived from the PBMCs of a
patient infected with HIV-1 subtype B (Liu et al., 2006) in both NL4-3VifA and NL4-3VifB
backbones (gagVifA and gagVifB, envVifA and envVifB) were generated previously (Liu et
al., 2007; Troyer et al., 2009). Two Gag and six Env mutations were introduced individually
into the founder sequences in vifA backbones (Figure 4A) at amino acid sites that are over
98% conserved in HIV-1 group M sequences in the Los Alamos National Laboratory HIV
Sequence Database (based on the alignments from (Rolland, Nickle, and Mullins, 2007)).
The mutations introduced at these sites were observed at low frequency in PBMC-derived
sequences from this patient (Troyer et al., 2009). cDNA copy number, p24 production and
TCID50 derived from the transfection supernatants of the vifA founders (gagVifA and
envVifA) and the env2, env3 and env6 mutants were similar to those of the corresponding
vifB founders (gagVifB and envVifB). In contrast, the TCID50 of gag1, gag2, env1, env4
and env5 mutants were 1.5 to 2.5 log10 lower than their founders (Figure 4B&C).

3.3 Viral growth in cell culture
vifA founders and mutant viruses were competed against the corresponding vifB founders in
dual infections, and each competing virus also grown in mono-infections. All infections
started with an MOI of 0.005 and all competitions were started with a virus ratio of 1:1
based on their TCID50. Because the TCID50 of many mutant viruses were substantially
lower than their founder viruses, their cDNA copy numbers in the inocula were often higher
(Figure 5, day 0). The copy numbers of day 2 viruses were <10% of those of the viral
inocula, reflecting the eclipse phase of the initial round of infection. The founder-derived
(gag or env) regions of the day 9 viruses were sequenced from all infections, and no
additional mutations were found.

In control dual infections (Figure 5A and E), the growth kinetics of gagVifA and gagVifB,
as well as envVifA and envVifB, mirrored each other, indicating little fitness impact from
the synonymous nucleotide differences between vifA and vifB. Virus particles (measured as
viral cDNA copy number) derived from gagVifA and gagVifB increased rapidly during days
2 to 4 and then declined slowly after day 5 (Figure 5A). envVifA and envVifB, each of
which derived their env from the patient’s founder sequence, grew slower, and the virion
number increased steadily until day 7 or 8 (Figure 5E). Many mutant viruses showed slower
growth kinetics compared to their founders (e.g., gag1 and env4, Figure 5B and I). Similar
results were obtained with mono-infections (Figure 5D (gag) and L (env)).

3.4 Changes in replication fitness result from amino acid substitutions observed in vivo
In our competition assays, half the volume of supernatants were sampled and replaced with
fresh media each day, which resulted in 2-fold dilution of the supernatants at each sampling.
The model used here to determine viral growth assumes that the amount of free virus is
proportional to the number of infected cells (see Methods); thus, daily sampling from
supernatants should not reduce free viral production. To evaluate the impact of daily
sampling on viral growth, envVifA was competed against envVifB and supernatants were
sampled daily or only on days 4, 7 and 10 (no sampling or medium change on days 2, 3, 5,
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6, 8, and 9). Indeed, daily sampling did not reduce viral production of envVifA or envVifB
(Figure 6), thus validating the assumption above.

Data from the exponential growth period were used to calculate net growth rates, from days
2 to 5 for gag and days 3 to 7 for env chimeric viruses. Compared to individual net growth
rates (g) in Figure 7A and B, the growth rate differences (d) estimated using the regression
model (1) in Figure 7C and D, respectively, were consistent with individual g differences.
However, in some cases, the growth rate ratios (r) estimated using the regression model (2)
were quite different from those calculated based on the individual estimates of g and had
wide 95% confidence intervals (env1, env4 and env5, Figure 7E and F).

Consistent with previous findings (Liu et al., 2007; Troyer et al., 2009), the growth rate
differences between vifA and vifB founders were small, especially the gag founders
(ggagVifA − ggagVifB = −0.017 per day, <1% of the net growth rate of gagVifA; genvVifA −
genvVifB = −0.091 per day, <10% of the net growth rate of envVifA, Figure 7A, B, C and D).
The growth rate differences from different experiments were also small. For example, in
repeated experiments, we obtained ggagVifA − ggagVifB = 0.019 (95% CI: −0.016 to 0.053)
per day and genvVifA − genvVifB = 0.007 (95% CI: −0.004 to 0.018) per day. To further
examine the impact of the six synonymous vif mutations, 4 passages of gagVifA and
gagVifB were conducted, and sequences encompassing the vif tag were determined at day 7
of each passage. During this 28-day infection series (note that our competition assays were
only 9 days long), no mutations or reversions at any position within the vif tags were
observed, and no vifB or vifA viruses were detected in gagVifA or gagVifB cultures,
respectively, by our real-time PCR assay.

The two gag mutations, gag2 and especially gag1, reduced viral replication fitness
significantly (Figure 7C). For the env mutations, env4, env5 and env6 reduced viral fitness
significantly, env1 had little fitness impact (p = 0.46), and env2 and env3 had increased viral
fitness significantly (Figure 7D).

4. Discussion
A real-time TaqMan PCR based competition assay and statistical methods for data analysis
were described to estimate the impact of amino acid substitutions on HIV-1 replication in
cell culture. Native or mutant vif genes (vifA or vifB) in the NL4-3 strain backbone were
used as tags for discriminating virus variants in competition assays. vifA and vifB had six
synonymous nucleotide differences that had limited or no impact on viral replication.
Chimeric viruses were generated with the mutants of interest in the NL4-3VifA backbone
and competed against the chimera with the otherwise isogenic viral sequence in the
NL4-3VifB backbone. Using primers binding specifically to vifA or vifB, the wild type and
mutant viruses were quantified differentially, and the fitness costs of the mutations of
interest were determined based on an exponential net growth model. Using this method, the
fitness impact of eight mutations was determined at highly conserved amino acid sites, two
in Gag and six in Env.

Real-time PCR strategies that use specific probes can quantify chimeric wild type and
mutant viruses simultaneously in competitions (Anastassopoulou et al., 2009; van
Maarseveen et al., 2006); however, this strategy did not work well in our study. Using vifA-
and vifB-specific probes, neither pNL4-3VifA nor pNL4-3VifB could be detected
sensitively in plasmid mixtures. In contrast, using vifA- or vifB-specific primers separately,
the minor strain could be quantified even when it was present as only 0.001% of a plasmid
mixture. In gagVifA and gagVifB virus mixtures, minor strains with a proportion of as low
as 0.002% could also be detected.
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One popular method to determine the replication fitness differences between two viruses in a
competition is based on the relative fitness of the mutant, which is defined as the final
proportion of the mutant in total viruses normalized by its initial proportion in the inocula,
usually based on a prior TCID50 determination (Anastassopoulou et al., 2009; Liu et al.,
2007; Quinones-Mateu et al., 2000; Troyer et al., 2009). A relative fitness of 1 indicates no
fitness impact, < 1 indicates fitness cost and >1 indicates fitness gain from the mutation(s).
This method is simple as it samples only once at the end of the competition. Because this
method does not assume exponential growth, the restriction of sampling during exponential
growth could be relaxed. However, one problem associated with this method is that the
TCID50 values usually have large standard deviations, resulting a poor estimate of relative
fitness. For example, in competitions of viral mutants env4 and env5 against their founder
virus, the initial proportions of the mutants in the inocula based on TCID50 were 0.5 and the
mean final proportions of the mutants on day 7 were 0.73 for env4 and 0.83 for env5 (Figure
5I and J). Using this method, the relative fitness would be 1.46 for env4 and 1.66 for env5,
indicating a fitness gain, while our longitudinal data showed clearly fitness costs from the
two mutations.

In the current study, the fitness impact of mutations was determined from longitudinal
sampling and by an exponential growth model adapted from Wu et al (Ma et al., 2010; Wu
et al., 2006). Their web-based tool vFitness (Ma et al., 2010) allows researchers to estimate
growth rate differences (d) and ratios (r) between competing viruses. However, this tool is
not designed for multiple experimental replicates and it is difficult to determine whether the
estimated fitness change is significant. Based on the exponential growth model described in
vFitness, our estimation procedure took measurements from all experimental replicates and
accounted for intra-replicate correlations with generalized estimating equations (GEE).
Using an interaction term in the linear regressions, whether the d and r estimated from the
experimental group were significantly different from the control group could be determined.
Although our data contained small variability between assays, our statistical comparisons of
estimates of d and r from the experimental data to those estimates from the control data
allowed us to account for this assay variability.

Because our model assumes exponential net growth of viruses, it is important to monitor
viral growth in each dual infection and sample the supernatants within the exponential
growth phase. Yet, different sets of mutants experienced exponential growth at different
times following initiation of growth in culture. For example, chimeric gag founder viruses
had high net growth rates and reached viral production peak in 5 days. Calculations based on
samples after day 5 would violate the exponential growth assumption and underestimate the
fitness impact of the examined mutations. In our earlier experiments, viral supernatants of
days 4, 7 and 10 were sampled, and fitness costs associated with the gag1 and gag2
mutations were not detected (data not shown). In addition, the growth rate ratio r is a
nonlinear combination of individual growth rates (r = gf/gm). The assumption of exponential
growth is especially important for estimation of r from our regression model (2). Small
departures from measurements of exponential growth can occur even in carefully monitored
viral infections in cell culture conducted in the current study, which can have a major impact
on point estimates of r (Figure 7F). Therefore, determination of fitness costs from mutations
based on the estimation of d, which is less sensitive to small departures from exponential
growth, is recommended.

The mean value of d can be used to determine how soon a mutant can be fixed or lost in the
mixed population giving abundant target cells,
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For example, in our competition assays, the d between gag1 and gagVifB (ggag1 − ggagVifB)
was −0.85/day, and that between env5 and envVifB (genv6 − genvVifB) was −0.71/day. Thus,
in the presence of abundant target cells, it would take 10.8 and 12.9 days, respectively, for
gag1 or env5 virus to decline from 99% to 1% in a population mixed with their vifB
founders.

In summary, our real-time PCR based competition assays and analysis methods can be used
to estimate individual net growth rates of competing viruses and growth rate difference
between the two, and determine the fitness impact of mutations in HIV with increased
sensitivity and accuracy compared to previous methods. A web based tool that allows fitness
to be calculated using our method is available at http://
indra.mullins.microbiol.washington.edu/grc/.
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Figure 1. Real-time PCR strategies
A) Nucleotide sequences and the encoded amino acids of the vifA and vifB tags. B) Real-
time PCR strategies that differentially quantify DNA containing vifA and vifB in mixtures.
i) Use of a common primer set and vifA- and vifB-specific probes. Primers are located
outside the vifA/vifB tag and the probes encompass the tags. ii) Use of a common sense
primer and probe, and vifA and vifB specific antisense primers. The sense primer and probe
are located upstream from the tag, while the vifA- and vifB-specific antisense primers
encompass the tag.
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Figure 2. Detection of pNL4-3VifA and pNL4-3VifB using a common primer set and vifA- and
vifB-specific probes
A) Detection of pNL4-3VifA (from 30 to 3×105 copies), or 3×106 copies of pNL4-3VifB,
using the vifA-specific probe in the absence of the other plasmid. B) Detection of
pNL4-3VifB (30 to 3×105 copies), or 3×106 copies pNL4-3VifA, using the vifB-specific
probe in the absence of the other plasmid. The readings from 3×106 copies of pNL4-3VifB
or pNL4-3VifA with the vifA- or vifB-specific probes and no template controls are all
below the threshold. Results from triplicate reactions are shown.

Liu et al. Page 14

J Virol Methods. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Detection of pNL4-3VifA and pNL4-3VifB in mixtures using common sense primer and
probe and vifA- and vifB-specific antisense primers
A) Detection of pNL4-3VifA (30 to 3×106 copies) using the vifA-specific primer in the
presence of 3×106 copies of pNL4-3VifB. B) Detection of pNL4-3VifB (30 to 3×106 copies)
using the vifB-specific primer in the presence of 3×106 copies pNL4-3VifA. C) Comparison
of the threshold cycles in real-time PCR reactions containing differing amounts of
pNL4-3VifA with or without 3×106 copies of pNL4-3VifB, using vifA-specific primer. For
A) to C), results from triplicate reactions are shown. D) Quantification of serially diluted
chimeric virus gagVifA (dilution factors ranged from 1 to 106) with or without undiluted
gagVifB. Serially diluted transfection supernatants of gagVifA were mixed with undiluted
transfection supernatants of gagVifB at a 1:1 ratio based on volume. RNA was purified from
50μl gagVifA only samples or gagVifA/gagVifB mixtures. After DNase treatment, cDNA
was synthesized using 7μl DNA-free RNA and the PCR-amplifiable copy numbers of
gagVifA in 1μ cDNA were determined in real-time PCR using the vifA-specific primer. In
addition, the PCR-amplifiable copy number of gagVifB in the mixture was estimated from
1μ cDNA derived from 50μl of the gagVifB only sample using the vifB-specific primer.
The copy numbers in the gagVifB and gagVifA only samples in the figure were adjusted
(divided by 2) since there were only 25μl of gagVifA and gagVifB each in gagVifA/
gagVifB mixtures. Results from duplicate reactions are shown.
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Figure 4. Characterictics of gag and env chimeric founder and mutant viruses
A) Mutants and location of mutations in proteins from HIV-1HXB2. B) gag mutants. C) env
mutants. Viral RNA (~70μl) was purified from 200μl transfection supernatants. After
DNase treatment, cDNA was synthesized using 1μl DNA-free RNA and the PCR-
amplifiable copy numbers were determined in real-time PCR using specific gag primers and
probe. p24 production was determined by ELISA (McClure et al., 2007). TCID50 were
calculated using the Reed-Muench method (Reed and Muench, 1938) using PBMC and p24
antigen capture assays.
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Figure 5. Growth kinetics of gag and env chimeric viruses in dual and mono infections
Growth kinetics of gag chimeric viruses in dual (A–C) and mono-infections (D). Growth
kinetics of env chimeric viruses in dual (E–K) and mono-infections (L). All dual infections
were done in triplicate. In parallel, mono-infection of each competing virus was performed
in a single replicate. Supernatants from infections were sampled daily, viral RNA were
extracted and cDNA synthesized using 1μl DNase-treated RNA. cDNA copy numbers are
reported using real time PCR in duplicate reactions along with standard deviations. The gray
areas represent the data used for fitness calculations. Different symbols refer to different
culture replicates. Different colored lines refer to different chimeric viruses.
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Figure 6. Lack of impact of daily sampling on viral growth
The cDNA copy number of envVifA (A) and envVifB (B) derived from competition
supernatants. envVifA was competed against envVifB and competition supernatants were
sampled daily or only on days 4, 7 and 10 (no sampling or medium change on days 2, 3, 5,
6, 8, and 9). Reported are the means of triplicate competition experiments with standard
deviations.
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Figure 7. Fitness impact of Gag and Env mutations in dual infections in cell culture
Net growth rates (g) of individual chimeric gag (A) and env (B) viruses in competition
assays. Net growth rate differences (d) between chimeric gag (C) and env (D) vifA viruses
and the corresponding vifB founders in competition assays. Net growth rate ratios (r)
between gag (E) and env (F) vifA viruses and the corresponding vifB founders in
competition assays. See Methods for equations used to calculate each rate term. Reported
are the means and 95% CI from triplicate competition experiments. * indicates a significant
difference [p < 0.05, calculated using the extended regression model (3) for d and model (4)
for r] relative to the corresponding vifA and vifB founders.
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Table 1

Primers and probes in real-time TaqMan PCR

Name Sequence HXB2 location

To determine copy numbers of cDNA derived from transfection supernatants

gag B-S.1 (sense primer) CAAGCAGCCATGCAAATGTT 1372 to 1391

gag B-A.1 (antisense primer) CTAAAGGGTTCCTTTGGTCCTTGT 1647 to 1670

gag B.2 (antisense probe) 6FAM-TAGTTCCTGCTATGTCACTT-MGBNFQ 1488 to 1507

Common primer set and specific probes to differentiate vifA and vifB

VifAB_sensePrimer2 GGTCTGCATACAGGAGAAAGAGACT 5251 to 5275

VifAB_antisensePrimer TGCAGATGAATTAGTTGGTCTGCTA 5345 to 5369

MGB_VifA_antisenseProbe 6FAM-TACTTGTGTGCTATATCTCTTT-MGBNFQ 5313 to 5334

MGB_VifB_antisenseProbe VIC-CACCTGCGTGCTATACC-MGBNFQ 5318 to 5334

Common sense primer and probe, and specific antisense primers to differentiate vifA and vifB

VifAB_sensePrimer2

antisensePrimerVifA AGGGTCTACTTGTGTGCTATATCTCTTTT 5312 to 5340

antisensePrimerVifB CACCTGCGTGCTATACCTTTTCT 5312 to 5334

MGB_VifAB_antisenseProbe 6FAM-CTCCATTCTATGGAGACTC-MGBNFQ 5291 to 5309

J Virol Methods. Author manuscript; available in PMC 2014 April 01.


