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A mutation’s effect on fitness or phenotype may in part depend on the interaction of the mutation with the
environment. The resulting phenotype or fitness is important, since it determines the adaptive potential of a
species. To date, most studies have focused on alterations to protein-coding regions of the genome and their
consequential fitness effects. Non-protein-coding regulatory regions have been largely neglected, although they
make up a large and important part of an organism’s genome. Here, we use human immunodeficiency virus
type 1 as a model system to investigate fitness effects of random mutations in noncoding DNA-binding sites of
the transcriptional promoter. We determined 242 fitness values for 35 viral promoter mutants with one, two,
or three mutations across seven distinct cellular environments and identified that (i) all mutants have an effect
in at least one cellular environment; (ii) fitness effects are highly dependent on the cellular environment; (iii)
disadvantageous and advantageous mutations occur at high and similar frequencies; and (iv) epistatic effects
of multiple mutations are rare. Our results underline the evolutionary potential of regulatory regions and
indicate that DNA-binding sites evolve under strong selection, while at the same time, they are very plastic to
environmental change.

Non-protein-coding regulatory regions comprise a signifi-
cant part of an organism’s genome and determine gene expres-
sion, affect disease susceptibility (44) and contain crucial in-
formation for an organism’s complexity (6, 22). However,
compared to our knowledge on protein-coding regions, our
knowledge on the evolution of non-protein-coding regulatory
regions is scarce.

A key function of regulatory regions is controlling gene
expression, which is a tightly regulated process, as the levels of
different gene products have to be tuned towards a well-bal-
anced state. Regulation of gene expression depends on the
interaction of transcription factors and cofactors with DNA-
binding sites that are located upstream of the protein-coding
regions of the genome. Due to the short length of DNA-
binding sites (on average, 5 to 10 base pairs) and the relatively
strict motifs that are necessary for binding a specific transcrip-
tion factor, mutations in DNA-binding sites may have a large
impact on a gene’s expression profile and, therefore, its phe-
notype (31, 33, 63, 68).

Epistasis between DNA-binding sites may also significantly
contribute to a gene’s expression profile. Epistasis occurs when
two or more loci interact and the collective contribution of
different loci to phenotype or fitness deviates from their com-
bined individual effects. Their combined effects may then be
either stronger (synergistic) or weaker (antagonistic) than ex-

pected (13, 18, 66). Although epistasis was found to have a
small role in Caenorhabditis elegans (47), it is widespread in
protein-coding regions of many different organisms e.g., Dro-
sophila (65), Escherichia coli (16), Aspergillus niger (12), bacte-
riophage �6 (5), and vesicular stomatitis virus (54). In addition,
epistasis has been found among genes that confer drug resis-
tance in human immunodeficiency virus type 1 (HIV-1) (4).
What the role of epistasis is for regulatory regions, however, is
unclear.

Due to easy genetic manipulation and availability of differ-
ent host-cell environments, HIV-1 offers a unique opportunity
to investigate the fitness effect of mutations in DNA-binding
sites across several environments. A retrovirus, such as HIV-1,
exploits the host transcription machinery to initiate viral tran-
scription by binding several host-cell transcription factors to
specific DNA-binding sites encoded in its 5� long terminal
repeat (LTR). In this way, HIV-1 can initiate and regulate
transcription and thus sustain virus propagation (21, 38, 61,
63). It is estimated that at least 2,000 transcription factors are
encoded by the human genome (28, 62), and expression of
these factors depends on, e.g., cell type, stage of development,
and activation state. Therefore, optimal DNA-binding site
composition of the HIV-1 LTR is likely to vary with transcrip-
tion factor availability in the specific host-cell type that is
infected.

In this study, we aimed to unravel the evolutionary potential
of DNA-binding sites. To do so we determined the fitness
effect (i.e., relative growth rate) of random single, double and
triple nucleotide changes in DNA binding sites of the tran-
scriptional promoter of HIV-1. To assess the influence of the
host-cell environment, a mutation’s fitness effect was measured
across seven distinct host-cell environments. In addition, we
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directly test for the presence of epistasis between DNA-bind-
ing sites by constructing double mutants from combinations of
the single-mutant set.

MATERIALS AND METHODS

Mutagenesis. We constructed 15 viruses containing a single point mutation, 15
viruses with two point mutations, and 5 viruses with three point mutations within
the transcriptional promoter of HIV-1. Random mutations were blindly chosen
from all available possibilities. Eight of the mutants containing two mutations
were constructed out of single mutants (also see section on epistasis). The other
seven mutants contained two or three mutations that were randomly distributed
across the transcriptional promoter. Mutagenesis was performed on the
pBlue3�LTR intermediate plasmid by a PCR strategy with a mutagenic primer as
described previously (23). Molecular clones containing one, two, or three nucle-
otide changes were obtained by insertion of the respective XhoI-HindIII frag-
ment of pBlue3�LTR into the 3�LTR of the HIV-1 molecular clone pLAI. The
3�LTR from positions �147 to �1 is subsequently inherited in both LTRs of the
viral progeny after the first round of virus replication. To prevent the occurrence
of extra mutations in the genome which may influence the obtained fitness
measurements we took three precautionary measures: (i) the region containing
the mutation was separately cloned into the HIV-1 genome, thereby preventing
the introduction of additional mutations during the mutagenesis PCR; (ii) all
virus stocks to be utilized in competition experiments were produced in trans-
fected C33A cells that support production of viral particles but not multiple
rounds of HIV-1 infection, thereby excluding mistakes made by reverse tran-
scription, the step at which the majority of mutations are introduced into the
HIV-1 genome; and (iii) each competition was repeated between two and five
times with virus stocks produced by at least two different plasmid preparations.

Cell lines and PBMCs. The human lymphocytic SupT1, MT2, MT4, and C8166
T-cell lines were cultured in RPMI 1640 (Gibco BRL) supplemented with 10%
fetal calf serum, penicillin (100 units/ml), and streptomycin (100 units/ml). The
cervix carcinoma cell line C33A (ATCC HTB31) was cultured in Dulbecco’s
modified Eagle’s medium (Gibco BRL) with the same supplements. Some SupT1
T-cell line cultures were supplemented every three days with tumor necrosis
factor alpha (TNF-�; 50 ng/ml). Peripheral blood mononuclear cells (PBMCs)
were isolated from fresh buffy coats (Sanquin Central Laboratory Blood Bank,
Amsterdam, The Netherlands) by standard Ficoll-Hypaque density centrifuga-
tion. PBMCs isolated from a single donor were pooled and frozen in multiple
vials and thawed when needed. After thawing, the PBMCs were activated with 3
�g/ml phytohemagglutinin and cultured in RPMI medium containing 10% fetal
calf serum, penicillin (100 units/ml), and streptomycin (100 units/ml) with re-
combinant interleukin-2 (100 units/ml). All cell lines and PBMCs were kept at
37°C and 5% CO2.

Virus stocks. C33A cells were calcium phosphate-transfected with 5 �g of the
pLAI molecular clones to produce virus. The virus concentration was determined
by the capsid (CA)-p24 enzyme-linked immunosorbent assay (23).

Competition experiments. Competition experiments were performed to deter-
mine mutant virus fitness relative to the parental wild-type (wt) virus pLAI. A
total of 106 cells was infected with virus stocks of the mutant and the wt (1 ng
CA-p24). On average, cell cultures expanded from 106 to 107 cells over 3 to 4
days of culture. Infections were monitored for viral replication by measuring
CA-p24 production in the culture supernatant and by monitoring syncytia for-
mation by microscopic inspection, with the peak of infection typically reached
between days 4 to 6 of culture. Competition experiments were repeated three to
five times and each competition was continued for three passages by isolating
virus at peak infection and subsequently infecting a fresh batch of host cells.
Competition experiments were performed under seven different conditions
(SupT1, MT2, MT4, and C8166, the SupT1 T-cell line with TNF-�, and PBMCs
from two donors), which are referred to as cellular environments throughout the
article. Total cell DNA was isolated before passage from approximately 0.25 �
106 cells as described previously (60). Proviral LTR sequences were PCR am-
plified and sequenced with the �21M13 Big Dye Primer cycle sequencing kit
(ABI) to determine the ratio of both competitors (29) and calculate relative
fitness (60).

It is known for vesicular stomatitis virus that when infection frequencies
become too high (multiplicity of infection [MOI] � 1), competition between
viruses may suffer from density-dependent selection, which can result in aberrant
estimates of relative fitness (41). In our experiments, the initial MOI is small
(0.001), so we do not expect density-dependent selection to play an important
role. To directly check this we have tested infection with initial MOIs of 0.0001
and 0.01 for a number of mutants, and this did not affect our fitness estimates. In

addition, the relatively small number of viral generations within the competition
experiments (viral generation time is approximately 2 days) (46, 51), compared
to the large initial number of infected cells, makes it so that de novo mutations
during the competition experiment will not affect our fitness estimates. Even if
such mutations are advantageous, they will not reach substantial copy numbers
over the duration of the experiment. Direct evidence for insensitivity of our
method for de novo mutations comes from the high reproducibility of fitness
estimates between replicates and the fact that we never observed any new
mutations in our sequencing. Also, recombination is unlikely to affect our results,
because effective recombination for HIV depends on multiple infection of cells
(3), and as indicated, the MOI in our experiments is low. Furthermore, recom-
bination between the wild type and single mutants is neutral, as it does not create
new genotypes, and we did not observe recombinant genotypes in any of our
sequencing data.

Fitness calculation and statistics. For each competition experiment, we com-
pute the relative fitness (Wm) of the mutant, by comparing the n-fold expansion
of the mutant and wild type (30) as follows: Wm 	 {ln[Nm(T) � d/Nm(0)]/
ln[Nw(T) � d/Nw(0)]}, in which Nm(0) and Nw(0) are the initial densities of the
mutant and wild-type genotype, respectively, and Nm(T)and Nw(T) are the cor-
responding densities at the end of the experiment and d is the dilution factor.
The relative fitness Wm of a mutant is a dimensionless factor that scales the
growth rate of the mutant compared to the wild type within a specific cellular
environment. For simplicity, we assume that mutations affect the Malthusian
(i.e., exponential) net replication rate, as we cannot distinguish between
effects on replication rate and death rate (36). Since mutant-to-wild type
ratios can be determined with an accuracy of within 5%, we added this
measurement error to the variance of each fitness value.

The contributions of genotype, environment, and the interaction between
environment and genotype to relative fitness were assessed in a linear model with
genotype, environment, and genotype by environment as fixed factors.

The constructed double mutants were tested to correlate with expected addi-
tive fitness values of the single mutations (Wi � Wj � 1). Since we used Malthu-
sian growth rates, an additive model is theoretically more appropriate than a
multiplicative model; under the additive model, absence of epistasis corresponds
to absence of linkage disequilibrium (S. P. Otto, personal communication). All
statistics were determined with the programs Prism 3.0 and SPSS 12.0.1.

DNA-binding site predictions. To screen for DNA-binding sites, we used the
Web-based program Matinspector (7). Core and matrix probabilities were set at
0.75. The core sequence consists of the highest conserved nucleotide motif,
typically encompassing 4 nucleotides, in the complete sequence (matrix) that
defines the DNA-binding sites, which is typically around 5 to 10 nucleotides long.

RESULTS

Single nucleotide changes affect fitness in an environment
dependent manner. In order to study the effect of mutations in
noncoding regions with regards to viral fitness, we introduced
random mutations into the transcriptional promoter of HIV-1,
which contains a variety of transcription factor binding sites
(Fig. 1). Fifteen mutant viruses were constructed with a single
nucleotide substitution, seven viruses were constructed with
two substitutions, and five viruses were constructed with three
substitutions. The relative fitness of each mutant virus was
determined by performing in vitro competition experiments
against the parental wt molecular clone. The wt strain is the
high-fitness molecular clone pLAI (45). Competitions were
performed by introducing the mutant and wt viruses in equal
amounts into a host cell culture environment and were con-
tinued for three passages. At peak infection, cellular DNA
was isolated and frequency of the competitors was deter-
mined by sequencing analysis. The change in frequency for
the mutant was used to calculate the relative fitness of the
mutant (29, 30, 60).

To assess the influence of the cellular environment on fit-
ness, competitions were performed in seven cell culture envi-
ronmental settings, i.e., four distinct laboratory human lym-
phocytic T-cell lines (SupT1, MT-2, MT-4, and C8166), one of
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the T-cell lines (SupT1) with added inflammatory cytokine
TNF-�, and two batches of freshly isolated PBMCs obtained
from two healthy donors. SupT1 is a human leukemic T-cell
line, and MT-2, MT-4, and C8166 are T-cell lines that have
been immortalized through transformation by the human T-
cell leukemia-lymphoma virus type I (57). The cells have dif-
ferent genetic backgrounds and are immortalized and activated
in different ways and consequently contain different pools of
transcription factors. For instance, the SupT1 T-cell line con-
tains no basal levels of activated transcription factors that
interact with the NF-
B DNA-binding sites (p50/p65). The
addition of TNF-� to the SupT1 T-cell culture activates and
releases these factors into the nucleus. Although exact differ-
ences between the T-cell lines have not been assessed, several
differences are known for transcription factors ETS1, C/EBP,
GATA, NF-
B, STAT5, and SP1 (1, 9, 37, 40, 49).

We first determined the contribution of each source of vari-
ation (genotype, environment, and genotype by environment)
to relative fitness. All three factors significantly contribute to
fitness (Table 1). The strong interaction between genotype and
environment is illustrated by the changing relative fitness of
mutant 4 (C-1263A), which had a disadvantageous effect in
the SupT1 T-cell line, was neutral in PBMC donor 4, and was
beneficial in the MT2, MT4, and C8166 T-cell lines, the SupT1
T-cell line with TNF-�, and PBMC donor 2 (see Fig. 3 and
Table 2). The mean fitness effects of viruses with a single
mutation were similar for each environment (analysis of vari-
ance P 	 0.612) (Fig. 2a) and were close to neutrality when
measured over all environments (0.996 � 0.008 [mean � stan-
dard error of the mean {SEM}]) (Fig. 2).

Our competition experiments give a good indication as to
which mutants really have a fitness effect, i.e., have fitness
different from neutrality. Within each competition experiment,
the mutant and wild type are facing equal conditions, and copy
numbers are large enough to cancel out stochastic effects. If we
use as a heuristic criterion for nonneutrality either the mutant
or the wild type consistently reaching a frequency above 85%
after three rounds of competition, we find that 65% (63 out of
97) of fitness effects of mutants deviate from neutrality (31
positive and 32 negative). If we statistically test for nonneu-
trality, we find that 32 (out of 97) fitness effects are significantly
different from neutrality (two-tailed t test with P � 0.05; also,
applying sequential Bonferroni’s correction for multiple test-
ing) (Fig. 3; Table 2) (50). However, applying a Bonferroni’s
correction will greatly increase the number of type II statistical
errors. A type II error occurs when a nonneutral fitness effect
would, by lack of statistical power, not pass the significance test
and falsely be categorized as neutral. Thus, by applying the
correction method, we underestimate the number of nonneu-
tral fitness effects. However, if Bonferroni’s correction is not
applied, type I errors will obscure the results. A type I error
occurs when a neutral fitness effect is falsely attributed as
nonneutral. Therefore, one overestimates the number of non-
neutral fitness effects. It is possible to side-step Bonferroni’s
correction by estimating the possible number of type I errors
that result from a t test. If we follow the approach used in
reference 15 and apply a noncorrected two-tailed t test we can
subsequently estimate the type I statistical error. This calcula-
tion predicts that approximately five (i.e., 97 � 0.05) neutral
fitness effects are falsely attributed as nonneutral. Thus, we
find that around 58 (out of 97) mutant fitness effects are non-
neutral, which roughly corresponds to our heuristic estimate.
In any case the number of nonneutral fitness effects is surpris-
ingly high.

Single nucleotide changes can strongly affect binding affin-
ity. To explain the strong, environmentally driven fitness effects
of single point mutations, we examined whether the mutations
affect the predicted affinity of the DNA-binding sites. First, we
used the program Matinspector (48) to determine the core and
matrix probability of the known DNA-binding sites shown in
Fig. 1. We subsequently used this threshold value (core and

FIG. 1. Mutations introduced into the transcriptional promoter of HIV-1. The introduced single-nucleotide changes are indicated below the
sequence, a deletion is indicated by a delta. All mutations were randomly chosen except for mutant 9 (T-98 deleted), which was taken from a
previous study (63). This LTR domain encodes a large variety of transcription factor binding sites and the generally accepted sites are boxed.
Nucleotide positions are relative to the transcription start site.

TABLE 1. Contribution of each source of variation to
relative fitness of �1 mutants

Source of variation SS type IIIa df F b

Genotype 1.322 14 51.278
Environment 0.159 5 14.414
Genotype by environment 1.535 75 11.117

Error 1.028 558

a SS, sum of squares.
b P � 0.0001.
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matrix probability, 0.75) to screen for additional binding sites
that could in principle be functional in macrophages and T
lymphocytes. This analysis suggests that the HIV-1 transcrip-
tional promoter might in fact be densely packed with overlap-
ping DNA-binding sites, with a total of 86 potential sites in the
147 nucleotide sequence segment shown in Fig. 1. Each of our
15 random single mutations affects on average three to four
sites, and creates two new sites (see Table S1 in the supple-
mental material). These statistics underline the potential sen-
sitivity of DNA-binding sites to genetic change. They also pro-
vide a possible explanation for the strong dependence of the
fitness effects on the cellular environment, since the function-
ality of the (potential) binding sites depends on the presence of
specific host cellular transcription factors. Furthermore, the
dense packing of binding sites may also explain why mutations
in between the commonly accepted DNA-binding sites (i.e.,
mutations 1, 2, 3, and 15 in Fig. 1) significantly deviate from
being neutral in several environments.

Additive fitness versus epistasis. Next, we examined fitness
effects of random double and triple mutations (Fig. 4). Similar
to viruses with a single-nucleotide change the contribution of
each source of variation to relative fitness was significant while
genotype and genotype by environment contributed the most
(see Tables S2 and S3 in the supplemental material). The
average fitness effect over all environments was negative both
for two mutations (0.924 � 0.023 [mean � SEM]) and three
mutations (0.903 � 0.023 [mean � SEM]).

To directly test for epistasis, we constructed eight additional,
nonrandom double mutants by combining mutations from the
single-mutant set. These double mutants were assayed in five
cellular environments, and the observed fitness was compared
with the expected additive fitness based on the single mutants’
fitness values (Fig. 5). The complete set of double mutants
strongly correlates with a model of additive fitness, (n 	 40,

FIG. 2. Distribution of relative fitness values of random HIV-1
LTR mutants. (A) Fitness was measured relative to the wild type for 15
viruses with a single-nucleotide substitution in seven cellular environ-
ments. The dotted line indicates fitness 1. (B) Relative fitness of all
mutants yields a distribution that fits a normal distribution (indicated
by the bold line; Kolmogorov-Smirnov test, P 	 0.077).

TABLE 2. Relative fitness of viruses with a single nucleotide substitution

Mutation
no. Substitution

Relative fitness (mean � SE) in indicated cellular environment

SupT1 SupT1 � TNF-� MT2 MT4
PBMC

C8166 Donor 2 Donor 4

1 T-1363A 0.929 � 0.028b 0.975 � 0.008b 1.046 � 0.013b 1.025 � 0.033 1.023 � 0.009 1.0 � 0.006 1.006 � 0.006
2 C-1353T 1.007 � 0.006 1.015 � 0.004b 1.035 � 0.011b,e 1.014 � 0.029 1.025 � 0.007 1.0 � 0.006 1.0 � 0.006
3 C-1293T 1.014 � 0.009 1.046 � 0.035 1.141 � 0.003d,e 1.171 � 0.016d,e 1.082 � 0.005b 1.072 � 0.004d,e 1.0 � 0.004
4 C-1263A 0.905 � 0.015c,e 1.052 � 0.007c,e 1.104 � 0.019d,e 1.079 � 0.017b 1.048 � 0.011b 1.025 � 0.005d,e 1.0 � 0.005
5 C-1153T 1.097 � 0.019d,e 1.169 � 0.029d,e 1.124 � 0.029c,e 1.071 � 0.014c,e 1.063 � 0.021b NDf ND
6 C-1153G 1.057 � 0.021b 1.048 � 0.010b 1.048 � 0.018b 0.998 � 0.030 1.058 � 0.014c,e 1.0 � 0.000 1.026 � 0.004b

7 G-1053A 1.036 � 0.019 0.912 � 0.021d,e 0.999 � 0.004 0.984 � 0.007b 1.006 � 0.008 ND ND
8 A-1023T 1.000 � 0.023 0.882 � 0.024b,e 0.932 � 0.002c,e 1.020 � 0.015 0.946 � 0.004b 0.924 � 0.009c,e 0.955 � 0.009b

9 T-983
g 1.094 � 0.011c,e 0.959 � 0.004d,e 1.070 � 0.007d,e 0.971 � 0.010b 1.014 � 0.003a 0.984 � 0.004c,e 0.992 � 0.005
10 A-883
 1.0 � 0.004 0.994 � 0.018 1.035 � 0.018a 0.997 � 0.018 0.991 � 0.009 1.009 � 0.002 1.0 � 0.000
11 T-853G 0.826 � 0.001d,e 0.826 � 0.001d,e 0.641 � 0.108a 0.873 � 0.019b 0.778 � 0.014d,e ND ND
12 G-783T 0.844 � 0.051b 1.094 � 0.007d,e 1.0 � 0.000 1.073 � 0.020b 1.001 � 0.007 ND ND
13 C-683G 0.985 � 0.010 0.903 � 0.038b,e 1.045 � 0.018d 0.980 � 0.012b 0.988 � 0.007 0.982 � 0.005b 0.972 � 0.004d,e

14 G-653
 0.967 � 0.015b 0.915 � 0.013c,e 0.959 � 0.009b 1.018 � 0.003a 0.939 � 0.013a 0.893 � 0.010c,e 0.866 � 0.010c,e

15 C-423T 0.891 � 0.008d,e 0.931 � 0.023c,e 1.003 � 0.015 1.049 � 0.013a 0.964 � 0.003a 1.0 � 0.006 1.010 � 0.003

a P � 0.05.
b P � 0.01.
c P � 0.001.
d P � 0.0001.
e Relative fitness remained significantly different from neutrality after sequential Bonferroni corrections.
f Not determined.
g 
, deletion.
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r2 	 0.71, P � 0.0001). In individual t tests, 2 out of 40 fitness
values deviated significantly from the additive fitness model
(mt1 multiplied by mt2 and mt9 multiplied by mt15 for SupT1
cells; P values of 0.02 and 0.03, respectively). However, after
sequential Bonferroni’s correction, none of the interactions
were significantly different from additivity, and the two hits
could well be type I statistical errors (i.e., we estimate the type
I error to be 40 � 0.05, 2 false positives).

DISCUSSION

In this study, we demonstrate the sensitivity of non-protein-
coding DNA-binding sites to random mutations and changes in

the cellular environment. Single nucleotide substitutions in the
transcriptional promoter of the HIV-1 molecular clone pLAI
were sufficient to trigger a strong, host-cell dependent fitness
effect. Surprisingly, positive and negative fitness effects are
balanced, which is in sharp contrast to fitness distributions of
random point mutations in protein-coding regions, where ben-
eficial mutations are typically rare (5, 12, 26, 27, 39, 43, 55).
Furthermore, even after applying the rather strict sequential
Bonferroni’s criterion, 13 out of 15 mutants had a significant
fitness effect in at least one of the environments, while if we use
our heuristic competitive criterion directly obtained from the
competition experiments, 12 mutants had an advantageous fit-
ness effect in at least a single environment. In any way, in
contrast to protein-coding regions, silent mutations seem rare.
Finally, in protein-coding regions, a substantial fraction of mu-
tations will have strong deleterious effects, e.g., mutations may
lead to a stop codon or a frameshift, causing premature ter-
mination or erroneous translation. Such strong deleterious mu-
tations did not occur in our data set.

Another important finding in our study is the lack of epista-
sis. Epistasis is commonly observed in various organisms, such
as Drosophila (65), yeast (56), bacteriophage �6 (5), vesicular
stomatitis virus (54), Escherichia coli (16), and Aspergillus niger
(12). In addition, epistasis has been found in HIV-1 among
genes that confer drug resistance (4). However, these examples
are all based on interactions between protein-coding regions,
and it is yet unclear whether epistasis is important for a gene’s
expression profile as well. We conclude that, at least in our
data set, strong epistatic effects are rare. Whether this is a
common feature of regulatory regions requires further analysis
and may for instance depend on the complexity of the tran-
scriptional network (14, 17, 24, 25, 53, 70). It should be stressed
that our method assesses only whether epistatic effects are
common in randomly generated mutants. Therefore, even if

FIG. 3. Relative fitness of viruses with a single-nucleotide substitution measured in seven different cellular environments. Relative fitness values
for all mutants are plotted on the nucleotide position within the transcriptional promoter. Different colors depict different cellular environments
in which mutations were tested. The generally accepted DNA-binding sites are highlighted as light blue bars. For standard errors and significance
see Table 1.

FIG. 4. Relative fitness of viruses with one, two, and three point
mutations. The average fitness effect within each mutation class is
indicated by a horizontal black line. The average fitness effect of a
single nucleotide substitution is 0.996 � 0.008 [mean � SEM] with a
95% CI of 1.012 to 0.979, that of two substitutions is 0.9241 � 0.023
[mean � SEM] with a 95% CI of 0.971 to 0.877, and that of three
substitutions is 0.9032 � 0.023 [mean � SEM] with a 95% CI of 0.951
to 0.856.
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epistatic effects seem rare, they might still play an essential role
and affect the adaptive rate.

In vivo, within a single patient, HIV-1 will encounter differ-
ent pools of transcription factors in variant cell types and in
differentially activated cells, e.g., in different body compart-
ments or due to viral or bacterial coinfections (10, 19, 35). Also
within a single cell, the promoter may experience variable
conditions that affect its activity (64). Thus, the local environ-
ment of the transcriptional promoter of HIV-1 can be envis-
aged as heterogeneous and multidimensional, as the pool of
transcription factors varies both temporally and spatially. To
overcome the hurdle of a highly unpredictable environment,
HIV-1 may have evolved a generalist promoter that provides
transcriptional activity across many different environments.
Indeed, our data show that the wild-type virus displays good
fitness across all tested environments, whereas in any spe-
cific environment, HIV-1 could, in principle, evolve to
higher fitness.

It has been speculated that DNA-binding sites can evolve
faster than protein-coding regions due to their small size. This

is based on the finding that promoter sequences have diverged
extensively among relatively closely related species, including
gains and losses of binding sites and changes in the position of
regulatory sequences relative to the transcription start site (32,
52, 59, 67, 69). Moreover, a comparison of well-characterized
regulatory regions in mammals revealed that approximately
one-third of the binding sites in humans are probably not
functional in rodents (11). Classic neutral theory of evolution
has been proposed for the evolution of DNA-binding sites (42,
58), but this process seems too slow to explain their rapid
turnover (2, 6, 33, 34, 68). Their fast rate of evolution may
instead be a consequence of the tight interplay between the
genotype of a DNA-binding site and the transcription fac-
tors in the environment, where minor changes in either have
a direct and strong effect on fitness as indicated by our
experiments.

In this paper, we underline the evolutionary potential of
regulatory regions as we show how sensitive DNA-binding sites
are to mutations in their sequence and to changes in the cel-
lular environment. From HIV-1 and other animal retroviruses,

FIG. 5. The relative fitness of a virus with two nucleotide substitutions corresponds well to an additive model. The fitness values of the
single-mutant virus are indicated as green and purple squares, and their identity is shown above the graphs (see Fig. 1 and Table 1 for mutation
numbers). Bars on circles represent standard errors. The five cellular environments in which relative fitness was measured are indicated below the
graphs.
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it is known that the transcriptional promoter is a major deter-
minant for virulence and minor changes or rearrangements can
have a significant impact on cell tropism and pathogenicity (8,
20, 38). Our data indicate that DNA-binding site evolution is
very plastic to environmental change, and it may therefore, in
general, play a pivotal role in the rapid adaptation to new
environments.
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