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Viral populations in a human immunodeficiency virus type 1 (HIV-1)-infected individual behave as a
quasispecies with a rated distribution of fitness variants. Fitness distributions in naturally occurring viral
populations have been difficult to study due to the lack of markers for individual virus clones and complicating
inter- and intrahost factors like the presence of multiple cell types with distinct tropisms, differences in route
of transmission, and intervening immunity. Here, we quantitated the relative fitness in vivo of three subpopulations of HIV-1 marked by mutations at codons 41 and 215 of reverse transcriptase (RT) directly related to
zidovudine resistance in an untreated individual who was infected by a zidovudine-resistant strain transmitted
from a donor on therapy. The transmission event did not have a substantial impact on the distribution of
mutants within the dominant virus population replicating to high levels in the recipient. The evolution of the
RT gene was monitored for 20 months. All 102 clones obtained from the donor and the recipient at the different
time points contained the M41L mutation, which is associated with a fourfold reduction in zidovudine
sensitivity. The leucine at position 41 was stable, although it was encoded by TTG and CTG triplets that
fluctuated in abundance partially due to founder effects of clones with nonsilent mutations at codon 215. Of the
three subpopulations in the patient, distinguished by a tyrosine (TAC), aspartic acid (GAC), or serine (TCC)
at the 215 position of RT, the relative fitness of the GAC variant was calculated to be 10 to 25% higher than
the initial TAC variant, and the relative fitness of the TCC variant was 1% higher than that of the GAC variant.
Similar to other RNA viruses, lentivirus populations like HIV-1 in patients with a high virus load apparently
consist of a broader spectrum of fitness variants than the 1 to 2% fitness difference sufficient for significant
replicative advantage.
initial population fitness, the number of infectious virions
transmitted (i.e., the transmission bottleneck and viral dose),
and the subsequent cellular environment (29). In a previous
study, we presented evidence that the relative fitness of HIV in
vivo can be assessed by studying individuals who were not
treated with antiviral drugs and were newly infected by a population of HIV-1 marked by mutations at reverse transcriptase
(RT) codons conferring drug resistance (15).
Resistance to zidovudine is conferred by amino acid changes
that appear in ordered fashion: a K70R mutation first, followed by T215F/Y, M41L, D67N, and K219Q mutations and
the eventual reappearance of the codon 70 mutation (3, 4, 18,
21). Clearly, the mutant viruses are highly fit in the presence of
drug. Recent evidence indicated that the K70R mutation was
solely responsible for the loss of HIV-1 RNA load suppression
by zidovudine, paving the way for selection of the M41L and
T215F/Y mutants (9). These results suggested that under initial zidovudine pressure, the K70R mutation is the most easily
created (by an A-to-G transition) (19) or is already present,
since it is found in zidovudine-untreated individuals (24, 27),
indicating that it is able to survive under less favorable conditions. In contrast, HIV-1 variants with the M41L and T215F/Y
mutations are never found in untreated people, indicating reduced fitness in an environment requiring competition with
zidovudine-sensitive strains. Because of the now widespread
use of zidovudine, some individuals were recently found to be
newly infected with resistant strains like those with the M41L
and T215F/Y mutations (1, 10, 14, 34). This allows fitness
calculations in an environment where drug selection is absent,
the target cell population is relatively intact, and the viral

In viruses with a diploid genome, such as human immunodeficiency virus (HIV), which show genetic exchange through
recombination, the fitness of viral variants is particularly difficult to assess (6, 12, 13, 17, 30). Viral fitness in vitro can be
equated to the overall replicative ability to produce infectious
progeny in a defined host cell environment (17), and by analogy, viral fitness in vivo can be equated to the ability to produce
infectious progeny in a defined host or host population. The
latter is more cumbersome than the former because of complicating inter- and intrahost factors like the presence of multiple cell types with distinct virus susceptibility, an intervening
immune system and multiple more or less efficient routes of
transmission. Still, it is important to identify the major parameters of HIV fitness variation in vivo, since it is well established
that a high replicative ability coincides with the long-term
maintenance of a high steady-state level of circulating virus,
which directly influences the clinical outcome of an HIV-infected individual (5, 16, 22, 23).
For HIV, data on the relative fitness in vivo are scarce (7),
and for RNA viruses, like vesicular stomatitis virus (VSV),
only in vitro data are available (13). Growth competition experiments with VSV, using genetically marked, antibody-resistant mutant clones, yielded the most significant information on
parameters modulating viral fitness (12, 30). In vitro fitness in
VSV was shown to depend on multiple factors, including the
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generation time can be relatively well estimated. In our previous study, relative fitness was calculated by using standard
formulas for the effects of selection at a single locus in an
asexual haploid population. The relative fitness gain of the
viral population with a single mutation at codon 215 of RT,
creating a serine (TCC), was calculated to be between 0.4 and
2.3% with respect to the remainder of the viral population. A
limitation of our previous study was that the assessment of the
frequency distribution of the viral variants relied mainly on the
determination of the relative amounts of an A or a C at the
second position of codon 215 of RT, using the microtiter format point mutation assay, which allowed us to estimate the
frequency of the TCC mutant only. Hence, we used a model to
compare the fitness of only one single variant to the rest of the
population. Since then, we have identified the donor of the
virus transmitted to the seroconverter by needle sharing and
isolated cDNA clones from viral RNA in virions circulating in
the blood of the donor and the recipient over a 20-month
period. From each sample, 10 to 17 clones encompassing the
amino-terminal 750 nucleotides of the RT coding region were
sequenced. These new data allowed us to study the effects of
the transmission bottleneck on the viral fitness of multiple
clones as well as the impact of the intrahost environment. In
addition, besides the 215 locus, the variation of all other loci of
RT related to zidovudine resistance in the absence of drug
could be included as markers for HIV variant clones. To allow
calculations on the relative in vivo fitness of more than two
competing variants, we derived a model and applied it to this
untreated case of infection with a zidovudine-resistant strain
and its donor.
MATERIALS AND METHODS
Study population. Individuals seroconverting for HIV-1 antibodies or antigen
are prospectively identified among homosexual men and intravenous (i.v.) drug
users participating in the Amsterdam cohort studies since 1984 and 1986, respectively (11, 32). Samples are collected every 3 to 6 months. To identify
infections with zidovudine-resistant HIV-1 strains, all individuals seroconverting
during the period from 1992 to 1995 were tested for zidovudine resistanceconferring mutations. A total of 35 seroconversions were documented within this
period, 12 among homosexual men and 23 among i.v. drug users.
Screening for new infections with zidovudine-resistant HIV-1 strains. Viral
RNA was isolated from serum collected at the first HIV-1 antibody-positive
sampling by the method of Boom et al. (2). The 59 part of RT, encoding the first
250 amino acids, was amplified as described by Nijhuis et al. (28). Subsequently,
the amplified RT region was directly sequenced with Thermosequenase (Amersham) and an automated ALF sequencer (Pharmacia). Fluorescein isothiocyanate-labeled primers used for sequencing were f-CCTGTCAACATAATTGG
AAG (HIVHXB2CG [GenBank accession no. K03455] nucleotides [nt] 2492 to
2511) and f-GGAAGTTCAATTAGGAATACC (nt 2812 to 2832) for the sense
sequence and f-GAAGTCTTCATCTAAGGGAC (nt 2920 to 2900) and f-CTG
CCAGTTCTAGCTCTGCTTC (nt 3461 to 3440) for the antisense sequence.
Sequences were assembled with Geneskipper software (EMBL; C. Schwager),
and phylogenetic analysis was done with Mega (20) software. In total, 4 of the 35
tested individuals were infected with an HIV-1 strain with zidovudine resistanceconferring mutations; 3 were i.v. drug users, and 1 was a homosexual man (10).
Three (two i.v. drug users and the homosexual man) were infected with a virus
with the M41L and the T215Y combination of mutations, and one was infected
with a mutant with the D67N and K70R combination of mutations. Only one i.v.
drug user had a follow-up long enough to allow the present analysis (IVDU-93).
The seropositive donor of this HIV-1 strain was identified on the basis of
epidemiological information, which was confirmed by phylogenetic analysis of
the recipient RT and V3 sequence (8, 10a).
Sequence analysis of RT clones. The HIV-1 viral load in serum samples from
the donor and recipient was assessed by using NASBA (33). The serum sample
from the donor (taken 4 weeks after the seroconversion sample of the recipient)
contained 0.5 3 105 viral RNA copies/ml, and the sera of the recipient (taken at
seroconversion and 1, 5, 9, 12, 16, and 20 months thereafter) contained 0.7 3 105
to 2.0 3 105 RNA copies/ml. The 59 part of HIV-1 RT from serum samples of the
donor and recipient was amplified as above with an input of at least 500 molecules of RNA (lower limit of amplification, ,50 molecules) (28). PCR products
from the different samples were cloned with a TA cloning kit (InVitrogen;
Promega). Sequencing of the individual clones was performed from bacterial
colonies as described by Mulder-Kampinga et al. (25) but modified to use

J. VIROL.
RT-specific sequencing primers, Thermosequenase, and an automated ALF sequencer (see above).
Model to fit competition of multiple (three) populations. Classical models for
estimating selection coefficients in population genetics consider the time course
of the relative frequencies p and 1 2 p of two variants. Plotting log [p/(1 2 p)],
i.e., the log of the ratio of the two variants (17), as a function of the generation
time results in a straight line. The selection coefficient is the slope of this line and
can hence be estimated by simple linear regression. As we have three populations, this classical toolbox is insufficient for the data under consideration. Although general population genetics models for such high-dimensional situations
have been derived before (see, e.g., reference 26), we prefer to be explicit about
the underlying assumptions and derive such a model for the HIV-1 infection at
hand. As the viral load remains approximately constant over the 20 months of the
study period, we will make use of a quasiequilibrium assumption arguing that
new productive infections and turnover of productively infected cells should
approximately balance one another. Additionally, HIV-1 populations with functional differences in RT are expected to differ in the rate at which they productively infect target cells. A priori, such populations are not expected to have
substantial differences in the lifetime of infected cells, in the burst size, or in the
clearance rate of viral particles. Numbering variants as 0, 1, and 2, we may write
three differential equations for the productively infected cells I as
dI1
dI0
5 bV0 2 dI0,
5 (1 1 s1)bV1 2 dI1, and
dt
dt
dI2
5 (1 1 s2)bV2 2 dI2
dt

(1a to c)

where b is infection rate per virus particle and d is the inverse lifetime of
productively infected cells. The parameters s1 and s2 are the selection coefficients. Because the dynamics of viral particles are much faster than those of the
productively infected cells (31), it is fair to assume that the viral load, V, is
proportional to the productively infected cells I. By appropriate scaling of the
infection rate b, we can substitute V0 5 I0, V1 5 I1, and V2 5 I2. The infection
rate, b, and the turnover rate, d, may be functions of time because they may
depend on the availability of target cells and/or on the immune responses to the
virus. Because in the examined infection the viral load remains approximately
constant over the 20 months of the study period, we assume that b and d remain
constant. Additionally, as the viral load remains in equilibrium, we obtain from
equation 1a that b . b(1 1 s1) . (1 1 s2) . d. Hence, we make the approximation that b . d and eliminate the unknown infection rate, b, from the model
by scaling time in terms of the generation time, 1/d. For three variant populations, the fractions of the populations can be defined as
p0 5

V0
V1
V2
,p 5
, and p2 5
V0 1 V1 1 V2 1 V0 1 V1 1 V2
V0 1 V1 1 V2

(2a to c)

where p0 is the fraction of the less fit variant, p1 is the fraction of the intermediate
fit variant, and p2 is the fraction of the most fit variant. V0, V1, and V2 are the viral
loads of the respective variants. By conventional calculus, one can derive that the
growth rate of the fractions should obey
p 0 5 1 2 p 1 2 p 2,

dp1
5 p1(s1 2 s1 p1 2 s2 p2), and
dT

dp2
5 p2 (s2 2 s1 p1 2 s2 p2)
dT

(3a to c)

where s1 and s2 are the selection coefficients and T is the time scaled by the
generation time. The viral generation time is defined as the average time from
release of a virion until it infects another cell and causes the release of a new
generation of virions. Perelson et al. (31) estimated the HIV-1 generation time
to be 2.6 days. Equation 3 represents a classical ecological competition model
which can indeed describe our data involving the transient outgrowth of one
variant before it is outcompeted by the fittest variant. The solution of equation
3 is given by
p1(T) 5

p1(0) exp (s1 T)
p1(0) exp (s1 T) 1 p2(0) exp (s2 T) 1 1 2 p1(0) 2 p2(0)

(4a)

p2(T) 5

p2(0) exp (s2 T)
p1(0) exp (s1 T) 1 p2(0) exp (s2 T) 1 1 2 p1(0) 2 p2(0)

(4b)

and

where p1(0) and p2(0) are the initial frequencies of variant 1 and variant 2,
respectively. Note that this model is identical to the general textbook model (see
equation 2.67 in reference 26). The solution also shows that the ratio of the
frequencies of variant 1 and 2 should fit to a straight line on a log scale, i.e.,
ln

p2(T)
p1(T)

5 ln

p2(0)
p1(0)

1 (s2 2 s1)T

(5)
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TABLE 1. Frequency distribution of clones in donor and recipient of the leucine-encoding triplets TTG and CTG at position 41 of RT linked
to nonsilent changes at codon 215

Donor
Recipient
Recipient
Recipient
Recipient
Recipient
Recipient
Recipient

No. of clones for:

Time

Patient

TAC (Tyr) at 215

Months

Days

0
1
5
9
12
16
20

0
30
147
266
376
489
601

GAC (Asp) at 215

CTG-TAC

TTG-TAC

CTG-GAC

TTG-GAC

5
7
1

9
9
8

1

2
10
4
5
3
0

8
4
6
5

Note that in a system of two competing variants, equation 5 simplifies to the
conventional population genetics model (see, e.g., reference 26) that we used
previously (15). Calling s2 2 s1 5 s, p1 5 p, and p2 5 1 2 p 5 q, we can rewrite
equation 5 into the classical model
s 5

q(t) p(0)
1
ln [
]
T
p(t) q(0)

(6)

RESULTS
Distribution of RT codon 41 mutations among HIV-1 RT
molecular clones. All 102 cDNA clones of HIV-1 RT derived
from the serum of both the donor and the recipient at seroconversion and 1, 5, 9, 12, 16, and 20 months thereafter encoded a leucine at position 41 which confers zidovudine resistance usually in association with a tyrosine or phenylalanine at
amino acid 215. Except for the amino acid at position 215 (see
below), the amino acids (positions 67, 70, and 219) involved in
zidovudine resistance had a normal sensitivity-conferring sequence. Although codon 41 was invariant at the amino acid
level, it was not invariant at the nucleotide level: we found two
triplets differing in the first nucleotide, CTG and TTG. The
virus population of the donor consisted of 64% (9 of 14 clones)
TTG triplets, hardly changing to 59% (10 of 17 clones) at
seroconversion in the recipient and changing to 0% (0/12
clones) at 20 months (Table 1; Fig. 1). As previously reported
(15), three variants at codon 215 created by nonsilent mutations were found within the virus population of this individual:

FIG. 1. Frequency distribution of the TTG and CTG triplets at codon 41 for
the TAC, GAC, and TCC triplets at codon 215.

TCC (Ser) at 215
CTG-TCC

TTG-TCC

1
1
2
2
1
5

1
2
0

tyrosine (TAC), serine (TCC), and aspartic acid (GAC).
Among the clones with a tyrosine-encoding triplet TAC at
position 215, the percentage of TTG triplets at position 41 did
not change significantly (64% in the donor and 56 and 89%,
respectively, at seroconversion and 1 month thereafter in the
recipient), but the clones disappeared altogether at 5 months
after seroconversion. The clones with a serine-encoding triplet
at position 215 showed a decrease in TTG triplets at position
41 to 0% at 20 months. The same was seen, but was more
pronounced, in the clones with an aspartic acid (GAC) codon
at position 215 (Table 1); however, this occurred only after an
initial rise to 100% TTG at 5 months. The percentage of TTG
triplets increased from 67% (2 of 3) 1 month after seroconversion to 100% (10 of 10) at 5 months and then decreased to
0% (0 of 12) at 20 months. Together, these data (Fig. 1)
indicated that stochastic events rather than true selection at
the first, silent nucleotide of codon 41 were operational.
Relative fitness of HIV-1 strains with nonsilent mutations at
codon 215 of RT. For RT, the transmission of the viral population from the donor to the recipient had little impact: at time
zero, both the donor and recipient RT populations were dominated by a tyrosine (TAC) at codon 215 (i.e., 100% in the
clones from the donor versus 94% in the clones from the
recipient). Within the recipient, the tyrosine-encoding sequences disappeared within 5 months following seroconversion
and were replaced by aspartic acid (GAC) and serine (TCC)
sequences (Fig. 1; also see Fig. 2 and 4). The fact that the GAC
(Asp) mutant rapidly replaced the initial TAC (Tyr) variant
and was slowly replaced by the TCC (Ser) mutant population
suggested that when ordered by fitness, the variants are in the
order TCC . GAC . TAC. Therefore, in our model, we let p0
be the fraction of the initial TAC variant, p1 be the fraction of
the GAC variant, and p2 be the fraction of the most fit TCC
variant (equations 2 to 5). Scaling the fitness of the initial TAC
population to 1, our objective was to estimate the relative
fitness of the TCC and GAC populations. The standard formulas applied in population biology to calculate relative fitness
compare only two different populations. As we attempted to
compare the fitness of more than two populations, the standard formulas were adapted to describe the behavior of multiple competing populations (see Materials and Methods). In
Fig. 2, We plotted the data as ln TCC/GAC according to
equation 5 and found by linear regression that the slope was
0.134 per month and the intercept ln[p2(0)/p1(0)] 5 22.92. For
estimating the difference between the selection coefficients, we
divided the slope of 0.134 per month by 30/2.6 . 11.5 generations per month to obtain s2 2 s1 . 0.01. According to
equation 5, we obtained exp(22.92) . 0.05 as the expectation
for the ratio TCC/GAC on day zero. Note, however, that a
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FIG. 2. Vector plot of the ratio of the frequencies of the TCC [p2(t)] and
GAC [p1(t)] variants. We plotted ln [p2(t)/p1(t)] and obtained, by linear regression, a slope of 0.134 per month with an intercept at 22.92. The latter meant that
the ratio p2(0)/p1(0) . 0.05. By scaling the time by the generation time of 2.6
days, we found from the slope that s2 2 s1 . 0.01 (equation 5).

small error in estimating the slope of this regression line would
strongly affect the estimate of the initial TCC/GAC ratio. For
that reason, we varied the p2(0)/p1(0) ratio in our analysis (see
Fig. 3). As the TCC mutant had a higher fitness than the GAC
mutant, it would indeed be natural to assume that its initial
frequency should be lower. Otherwise, the TCC mutant would
have dominated the GAC mutant all the time. Thus, the presence of the TCC mutant and the absence of the GAC mutant
on day 0 in the data could be assigned to sampling error.
Unfortunately, the data in the initial, rather dynamic phase
of the infection do not allow for a similar procedure on the
fractions of the TAC and GAC populations. In this initial
phase of the infection during which the mutation from the
TAC codon to GAC or TCC probably occurred, the number of
mutant clones is expected to be at a level too low to be reliably
represented in the 10 to 17 clones analyzed. As a result of that,
there were only two nonzero data points for the TAC population, and one of these had a zero value for the GAC popula-
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tion. Therefore, calculating the ratios of the TAC and GAC
variants was not possible, and not knowing the initial frequency
p1(0) of the GAC variant made estimating its selection coefficient, s1, a difficult task. This could be illustrated by the density
plot (Fig. 3), where we plotted the goodness of fit, i.e., the sum
of the squared distances between the data and the model, for
various estimates of s1, p1(0), and p2(0), using the above estimates of s2 2 s1 . 0.01 and p2(0)/p1(0) . 0.05. The dark boxes
along the diagonal (Fig. 3) indicated an excellent fit to the data
(i.e., x2 . 0.05). As shown in Fig. 3, very reasonable fits for a
wide range of selection coefficients could be obtained by adjusting the initial frequency p1(0) of the GAC variant; i.e., high
selection coefficients could be explained by low initial frequencies. However, at lower values of p1(0) and hence of p2(0), it
becomes more difficult to explain the presence of the TCC
variant in the first sample. Similarly, at higher values of p1(0),
it becomes more difficult to explain the absence of the GAC
variant in the first sample. The probability of finding the TCC
variant in the 17 sequences of the first sample was 1 minus the
chance of not finding it, i.e., 1 2 [1 2 p2(0)]17, which for p2(0)
, 0.003 becomes less than 5%. Because p2(0)/p1(0) . 0.05, this
implied that p1(0) . 0.06. Similarly, the probability of not
finding the GAC variant in the 17 sequences of the first sample
was [1 2 p1(0)]17, which for p1(0) . 0.16 was less than 5%.
With these constraints, we found that 0.06 , p1(0) , 0.16,
which, according to Fig. 2, implied that we obtained an excellent fit to the data for 0.1 , s1 , 0.25. Thus, our results
indicated that the relative fitness of the GAC variant should be
10 to 25% higher than that of the initial TAC variant and that
the relative fitness of the TCC variant should be 1% higher
than that of the GAC variant. The data and the model for a
relative fitness of the GAC variant of 10, 20, and 30% were
plotted (Fig. 4). The curves from the model fitted the data very
well for all three estimates.
DISCUSSION
Every clone in the HIV-1 population infecting the i.v. drug
user under study contained leucine at position 41. Since it is
known that this mutation in an HXB-2 background confers a
fourfold decrease in sensitivity to zidovudine (18), the complete HIV-1 population can be considered at least partially

FIG. 3. Goodness of the fit between the model and the data. For a whole range of selection coefficients, s1, and initial frequencies, p1(0) and p2(0), we computed
the sum of square distances x2 between our model (equation 5) and the data. A black square depicts a good fit, i.e., x2 . 0.05. Fully white squares correspond to x2 . 0.37.
The three panels denote three different estimates of the initial ratio of the TCC over the GAC variant; i.e., from left to right, we depict p2(0)/p1(0) 5 0.025, p2(0)/p1(0)
5 0.05, and p2(0)/p1(0) 5 0.1. We obtained poor fits for even larger initial ratios, e.g., for p2(0)/p1(0) 5 0.2. The plots show that variant 1 (GAC) should have either
a high initial frequency or a high selection coefficient.
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change through recombination would counteract it. Studies are
underway to formally establish a direct link with RT function in
in vitro experiments. During the initial phase of the infection,
when the 215-tyrosine was replaced, the changes in the viral
population were too fast to be fully covered by the sampling
intervals used. Therefore, to enable calculation of the relative
fitness of the 215-tyrosine population, the levels of the aspartic
acid and serine populations during the initial phase of the
infection were estimated by calculating the sum of the squared
distances (x2) between model and data for a whole range of
selection coefficients and initial frequencies. This showed that
the population with a 215-tyrosine was 10 to 25% less fit than
the 215-aspartic acid population that was 1% less fit than the
215-serine population. The fitness difference between clones
coding for aspartic acid and those coding for serine was relatively minor, as reported previously (35). A greater initial
abundance of the GAC population would explain its initial
outgrowth over the TCC population. The data we generated
are comparable to those reported for VSV by Duarte et al.
(12). These authors found, even after short in vitro passages,
large fitness increases of up to 250%, a lot higher than the 10
to 25% that we observed. Similar to RNA viruses, lentivirus
populations in patients with high virus loads apparently consist
of a broader spectrum of fitness variants than was previously
assumed (7) and much broader than the 1 to 2% fitness gains
sufficient for a significant reproductive advantage.
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