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Recombination in HIV and the
evolution of drug resistance:
for better or for worse?
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Summary

The rapid evolution of drug resistance remains a major
obstacle for HIV therapy. The capacity of the virus for
recombination is widely believed to facilitate the evolu-
tion of drug resistance. Here, we challenge this intuitive
view. We develop a population genetic model of HIV
replication that incorporates the processes of mutation,
cellular superinfection, and recombination. We show that
cellular superinfection increases the abundance of low
fitness viruses at the expense of the fittest strains due to
the mixing of viral proteins during virion assembly. More-
over, we argue that whether recombination facilitates the
evolution of drug resistance depends critically on how
resistance mutations interact to determine viral fitness.
Contrary to the commonly held belief, we find that, under
the most plausible biological assumptions, recombina-
tion is expected to slow down the rate of evolution of
multi-drug-resistant virus during therapy. BioEssays
26:180-188, 2004. © 2004 Wiley Periodicals, Inc.

Introduction

HIV, like all retroviruses, is essentially diploid, since every
virion contains two copies of the complete RNA genome. Fol-
lowing the infection of a cell, the reverse transcriptase (RT)
attaches to one RNA strand and transcribes the genomic RNA
into proviral DNA. During this process, the RT carrying the
nascent DNA provirus can fall off its current RNA template and
reattach to the other. It has been estimated that the reverse
transcriptase alternates on average about three times bet-
ween the two genomic RNA strands per replication cycle in
HelLa-CD4 cells'"? and at an even higher rate immune cells
(D. Levy, personal communications).!"? If the infecting virion
carries two distinct genomic RNA strands, then the process of
template switching may lead to the production of a recombi-
nant provirus. Such heterozygous virions may be produced if a
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cell is simultaneously infected by two or more distinct
proviruses.

Recombination in retroviruses can be viewed as a form of
sexual reproduction.®® As in sexual reproduction, retroviral
recombination results in the production of progeny virus by
random reshuffling of the two parental genomes. However, in
contrast to sexual reproduction in higher organisms, there are
no distinct sexes in retroviruses. More importantly, in retro-
viruses recombination of parental genes is frequency depen-
dent,® since it requires multiple infections of a single cell.
Because recombination can create a multiple-drug-resistant
virus out of two single-drug-resistant strains, it is frequently
stated that recombination facilitates the evolution of drug
resistance in HIV infection.®~® Indeed, recombinant virus can
easily be selected for in in vitro experiments.2568 Typically
the conditions in these experiments favour the production of
recombinants by infecting cells at a high multiplicity of infection
with a virus population consisting of equal mixtures of both
parental types. However, in vivo the multiplicity of infection
may be considerably lower, and the parental strains may have
low frequencies in the total virus population.

Recombination is not necessarily beneficial for the virus.
Just as recombination can create a fitter virus by recombining
the appropriate parts of two parental genomes with lesser
fitness, so it can create a less fit virus by breaking up favour-
able combinations of mutations in the parental genomes.
The interplay between recombination, mutation and fitness is
highly complex. Therefore mathematical models are useful
tools to delineate the effect of recombination on the evolution
of drug resistance. Several mathematical models have been
developed to investigate the effect of mutation rate on the
diversity of the viral population and its impact on the likelihood
of pre-existing resistant virus in drug-naive patients as well as
the probability of emergence and rate of increase of resistance
during therapy.!'°='® The effect of recombination, however,
remains largely unexplored. To our knowledge, there is only
one study by Boerlijst et al.,*” which has addressed the effect
of retroviral recombination on the genetic diversity of the virus
population replicating on simple fitness landscapes. They
showed that, for low mutation rates, recombination can reduce
the genetic diversity in the virus population. However, for high
mutation rates, recombination can shift the viral population
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beyond the error threshold, a mutational threshold beyond
which all genomic information is lost irretrievably, because at
low frequencies of the master-sequence recombination acts to
randomize the viral quasispecies.

Population genetic models have played an essential role in
uncovering the problems and developing hypotheses regard-
ing the evolution of recombination in eukaryotic organisms (for
arecent review see Ref. 14). Here we adopt this approach and
develop a population genetic model of HIV replication that
builds the basis for a detailed analysis of the combined effect of
mutation, recombination and superinfection on the evolution of
drug resistance.

Model

We consider two loci with two alleles (a/A and b/B) coding
for drug sensitivity (wild type, lowercase) and drug resistance
(mutant, uppercase). Thus we have four types of proviruses,
which are fully sensitive (ab), partially resistant (aBand Ab), or
fully resistant (AB). The changes in provirus frequencies after
the completion of a full replication cycle can be described by
dividing the replication cycle into three steps.

First, assuming that all infected cells carry either one or two
proviruses, we calculate the frequencies of single- and double-
infected cell types from the provirus frequencies. With four
proviruses, we have four types of single-infected cells and ten
types of double-infected cells. The frequency of a cell infected
with a single provirus is the product of the frequency of
the corresponding provirus type and the probability that a
cell carries only one provirus. Analogously, the frequency of
double-infected cells is given by the product of the frequencies
of both corresponding proviruses times the probability that a
cell carries two proviruses. The probability of being infected
once or twice is given by 7—fand f, where f denotes the
frequency of superinfected cells.

Second, we determine the frequencies of homozygous
and heterozygous virions from the frequencies of single- and
double-infected cells. For simplicity, we assume that both
single- and double-infected cells release the same amount of
virions. Clearly, only cells carrying two distinct proviruses can
produce heterozygous virions. However, also in these cells
only half of the released virions are heterozygous, assuming
random packaging of RNA genomes. When both proviruses
are transcribed simultaneously, the corresponding viral pro-
teins may be mixed in the assembly of new virions. As a result,
the virions may contain proteins derived from one provirus but
carry the genomic RNA from the other. This leads to a se-
paration of phenotype and genotype: the fitness of a virion may
no longer reflect the genomic RNA that it carries. This
phenomenon has been termed phenotypic mixing.'>'® As a
result, the fitness of the released virions is somewhere in
between that of both parental proviruses. In the model, we
assume that the average virion fitness is the average of the
fitness of the two parental proviruses. Thus, an important

implication of superinfection is that it is detrimental to the fitter
virus, but beneficial to the less fit virus.

Third, we calculate the provirus frequencies in the next
generation from the virion frequencies produced in the current
generation as a function of the mutation rate, u, and the re-
combination rate, p. Since the mutation rate per base pair
during reverse transcription is orders of magnitude higher than
that of the cellular RNA polymerases,!'”'® we assume that
mutations occur only during reverse transcription. During
reverse transcription, the RT molecule may jump back and
forth between the two genomic RNA strands thus producing a
recombinant provirus. The probability that a recombination
event occurs between both resistance loci is given by the
parameter, p, termed the recombination rate for short. The
calculation of the production of a recombinant provirus from a
heterozygous virion is illustrated with an example in Fig. 1A.

In the terminology of population genetics, the model out-
lined above is a two-locus—two-allele model, where the term
locus refers to a site in the viral genome that confers drug
resistance and the two alleles represent drug sensitivity (wild
type) or drug resistance (mutant) at each locus. However, the
implementation of our model allows simulation of multiple loci
with two alleles per locus. A detailed description of the model
and a discussion of its assumptions are provided in the
Appendix.

Viral fitness

We assume that, during drug therapy, the double-resistant
provirus AB has highest fitness and the sensitive wild-type
provirus ab has lowest fitness. In absence of drug therapy,
the situation is reversed. Assuming that the fitness costs in-
crease with the number of mutant alleles, the double-resistant
provirus has lowest fitness. The drug-sensitive wild-type pro-
virus (ab) has highest fitness, since otherwise the mutant
proviruses would dominate the population also in the absence
of drugs. Without loss of generality, the fithess of the fittest
provirus is set to 1 and that of the least-fit provirus is set to
1— s, where sis the selection coefficient. Both, in absence and
in presence of therapy, the single-resistant proviruses aB and
Ab have intermediate fitness. Here we assume that both
single-resistant mutants have the same fitness given by
Wag = Wap = /(1 — 8) — E where E denotes the epistasis, a
measure of the degree of synergistic or antagonistic fithess
interactions between the two loci. For our simulations, we
consider the cases E=0, E<0 and E> 0. For vanishing
epistasis (E= 0), the contributions of each mutant allele to
fitness are independent, that is, each mutant allele reduces
fitness by the same multiplicative factor. If epistasis is negative
then the loci interact synergistically in reducing fitness. If
epistasis is positive, the loci interact antagonistically in re-
ducing fitness. For a graphical illustration of epistasis in
absence of drugs see Fig. 1B. In general the epistasis in a two-
locus—two-allele model is given by E= W,, Wag — Wag Wap.
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Figure 1. A: Calculation of proviral frequencies
by example. Let i be the probability of mutation (per
locus and per replication cycle) and p be the pro-
bability of recombination between both loci. There
are four different pathways to produce an aB
provirus from an abaB virion. Consider for example
the left-most pathway. The RT attaches to the ab
RNA strand with probability 0.5, does not mutate the
a allele with probability 7—u, remains on the same
template with probability 7—p, and mutates allele b
into B with probability x. Thus the overall probability
to produce an aB provirus from an abaB virion for
this pathway is given by 0.5(7 — w)(1— p)p. The sum
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2 of the probabilities of all four pathways is given by
0.5 (1—p). Note, that this is independent of the
recombination rate. In fact, it can be shown that only
the provirus frequencies produced from the double-
heterozygous virions abAB and aBAb depend on
the recombination rate. B: Epistatic effects in
proviral fitness in absence of drugs. The wild-type
provirus ab has fitness 1 and the double-mutant
provirus AB has fitness 7—s (see plot B). For
vanishing epistasis, (E= 0, solid line), the fitness
is reduced by the same multiplicative factor for each
mutant allele resulting in a linear decrease of fithess
on a logarithmic scale. For synergistic epistasis
(E< 0, dashed line) the fitness decrease is faster
and for antagonistic epistasis (E> 0, dot-dashed
line) slower than linear. In presence of the drug,
the fitness rankings are reversed (see plot C), with

Number of mutant loci

) the drug-resistant mutant provirus ABhaving fithess
1 and the drug-sensitive wrlild-type provirus having
fitness 1—s.

Pre-existence of resistant mutants

Previous studies have indicated that the pre-existence of
mutants may be a decisive factor in the emergence of
resistance in response to therapy.'"'® Therefore, we
investigated the effect of recombination on the frequency of
provirus types in absence of therapy. Starting from a
population consisting only of wild-type virus, we simulated
our model until the provirus frequencies reached equilibrium
(mutation-selection balance). Fig. 2 shows the equilibrium
provirus frequencies as a function of the recombination rate

for synergistic, antagonistic, and vanishing epistasis. For
antagonistic epistasis, recombination reduces the proviral
frequencies of the wild type and the double mutant and
increases the frequencies of both single mutants. However,
since the absolute changes are small, the numerical effect
is negligible for all proviruses except for the double mutant.
For synergistic epistasis, the situation is reversed. The
frequencies of the wild-type and double-mutant provirus
increase at the expense of the single mutants. Again the
effect is only discernible for the double-mutant provirus. When
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are f=0.3, u=3x 10 °and s= 0.1 in both plots.

Figure 2. Equilibrium frequencies of Az single and B: double mutants in absence of therapy as a function of the recombination rate for
synergistic (E = —0.05), antagonistic (E = 0.05), and vanishing (E = 0) epistasis. The single mutants are more (less) frequent for synergistic
(antagonistic) epistasis than for vanishing epistasis because their fitness is higher (lower). However, the numerical effect of recombination
on the frequency of single mutants is negligible. The frequency of the double mutant is also higher (lower) for synergistic (antagonistic)
epistasis. However this effect is due to the higher (lower) frequency of the single mutants and not to differences in fithess, since the fitness of
the double mutant is always setto 7 — s, independent of the magnitude of epistasis. Recombination increases (decreases) the frequency of
double mutants for synergistic (antagonistic) epistasis, but the numerical effect is only moderate. The parameters used for the simulations
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epistasis vanishes, recombination has no effect on the proviral
frequencies.

The reason for the dependence on epistasis is as follows.
Non-vanishing epistasis creates linkage disequilibrium. Link-
age disequilibrium is a measure of deviation from random
association between alleles, here given by D= P, Pag— P.s
Pap, where Py, denotes the frequencies of the corresponding
provirus. In absence of any other force shaping genetic asso-
ciations between alleles, linkage disequilibrium and epistasis
take on the same sign.("*'® Recombination breaks up any
non-random genetic associations and thus reduces the ab-
solute level of linkage disequilibrium. For synergistic (i.e.
negative) epistasis, this implies increasing P,, and P,p at
the expense of P,z and P, For antagonistic (i.e. positive)
epistasis the situation is reversed. Higher rates of recombina-
tion reduce the linkage equilibrium more strongly and therefore
the effect on the proviral frequencies increases with increasing
recombination rate. For vanishing epistasis, recombination
does not have an effect on the proviral frequencies, since the
alleles are in linkage equilibrium (D= 0).

Over the entire range from no recombination (p =0) to
complete random reassortment (p = 0.5), the frequency of the
double-mutant provirus changes only moderately. The reason
is that recombination can only affect proviral frequencies
during the reverse transcription of abAB or aBAb virions.
However, the production of these heterozygous virions is a
rare event, requiring superinfection with either two rare
proviruses (aB and Ab) or one frequent provirus (ab) and

one extremely rare provirus (AB). The magnitude of epistasis
has much stronger effects on proviral frequencies, since it
determines the fitness of the proviruses relative to each other.
With increasing E, i.e. from synergistic to vanishing to
antagonistic epistasis, the frequency of double mutants
increases. Fig. 3A shows that also the fraction of double-
infected cells, f, has a stronger effect on the proviral
frequencies than recombination rate. For f= 0the equilibrium
frequency of the double and single mutants are in good
numerical agreement with the expected value according to the
equations given in Ref. 20. With increasing fthe frequency of
all mutant proviruses increases relative to the wild type for all
levels of epistasis because, in a superinfected cell, the fitter
virus loses while the less-fit virus gains by phenotypic mixing.
This is in line with recent experimental and theoretical studies
indicating that, due to phenotypic mixing, deleterious mutants
may persist at high frequencies in the viral quasi-species if the
multiplicity of infection is high.®'=2%)

Dynamics of appearance of resistant mutants
during therapy

During therapy the fitness ranking is reversed with the wild type
having lowest and the double mutant having highest fithness
(see Fig. 1C). To determine how recombination affects the rate
at which multiple-drug resistance evolves during therapy, we
started simulations from a population consisting only of wild-
type virus and measured the number of virus generations until
90% of the provirus population was double-resistant. Fig. 3B
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Figure 3. A: Provirus frequencies of single and double
mutants in absence of therapy increase as the fraction of

T synergistic epistasis, but decelerates it for antagonistic

double-infected cells fincreases. This increase occurs at
the expense of the wild type. However, due to the small
absolute changes in the mutant frequencies the numerical
1 effect is negligible for the wild type. The increase in the
frequencies of mutant proviruses is due to mixing of viral
proteins in the assembly of virions in superinfected cells,
1 which involves a fitness cost to the fitter provirus but a
benefit to the less-fit provirus. Parameters: = 3x 102,
p=0and s=0.1. B: Recombination accelerates the rate
4 of emergence of the double-resistant mutant provirus for

epistasis. Time to resistance is measured here as the
4 number of generations until the double-resistant mutants
reach a frequency of 0.9 starting from a completely homo-

geneous wild-type population (P, = 7). The relative effect
of recombination is stronger the smaller the selection
coefficient, s, between the wild type and the double-
resistant mutant. The value of s=0.7 was chosen to
emphasize the effect of recombination, although larger,

recombination rate
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shows that the effect of recombination on the rate at which
double-resistant mutants emerge again depends on epistasis.
Importantly, recombination only accelerates the emergence of
double resistance for synergistic epistasis. For antagonistic
epistasis, recombination decreases the rate at which the
double mutant emerges. The reasons for the dependence on
epistasis are analogous to those given in the previous section.
Increasing the fraction of double-infected cells decreases the
rate of emergence of double-resistant provirus for any level of
epistasis (data not shown), because of the negative impact of
superinfection on the fitness of the fittest provirus in double-
infected cells.

Multilocus simulations

Numerical simulations of our model assuming three or four
resistance loci suggest that the results do not change quali-
tatively with increasing number of loci (data not shown).
Recombination increases the frequency of the sensitive and
the fully resistant provirus at the cost of the intermediate
proviruses, only when the intermediate provirus types are fitter
than expected on the basis of the sensitive and the fully
resistant provirus (synergistic epistasis). Moreover, recombi-
nation accelerates the evolution of the fully resistant provirus
only for synergistic epistasis. In order to be able to compare the
effect of recombination between simulations with different

184 BioEssays 26.2



Problems and paradigms

number of resistance loci, the selection coefficient, s, of the
mutant strain with the maximum number of resistance alleles
was fixed to 0.1. Moreover, we assumed a fixed value of
synergistic epistasis (E= —0.01) between all pairs of mutants
differing by two resistance loci (i.e. between mutants having
0and 2, 1and 3, or 2 and 4 resistance alleles). Comparing the
number of generations required for the fully resistant mutant to
reach 90% frequency for p = 0 and p = 0.5, suggests that the
factor of delay between no and full recombination increases
linearly with the number of loci (data not shown). In contrast,
the factor of change between no and full recombination in the
pre-existence frequency of the fully resistant strain appears to
change faster than linearly.

Discussion

The simulations of our model show that the effect of re-
combination on both the frequency of pre-existence and the
rate of emergence of proviruses carrying multiple resistance
mutations depends critically on epistasis. Recombination
facilitates the evolution of drug resistance with synergistic
epistasis and inhibits it with antagonistic epistasis. This raises
the question of what form of epistasis we expect for drug
resistance mutations in the presence and absence of drug
therapy.

In the presence of combination therapy, a good case
can be made for antagonistic epistasis. A virus carrying
resistance to only one out of a cocktail of drugs will likely have
low fitness similar to that of fully sensitive virus. A large
increase infitness will only occur when all resistance mutations
are combined in one virus. This situation may correspond to
antagonistic epistasis. In contrast to the prevailing view,®=9
recombination would thus slow down rather than accelerate
the emergence of multi-drug resistance against combination
therapy.

The situation is less clear for the emergence of resistance
during monotherapy. Often single-point mutations confer high
levels of resistance and thus large fitness gains during
therapy, while further mutations are frequently compensatory
to restore the fitness costs associated with resistance.®*~27
This situation may (but need not) reflect synergistic epistasis
and thus recombination could accelerate the emergence of
high-level drug resistance during monotherapy. However, the
probability of recombination between two loci depends
inversely on their proximity on the genome. Mutations coding
for resistance to one drug or to combinations of drugs affecting
a single target gene tend to be in closer proximity on the
genome than mutations coding for resistance to combinations
of drugs targeting different viral genes.®® Thus we expect
that recombination of resistance mutations is less probable
for therapies that affect a single target gene than for com-
binations of drugs affecting multiple target genes. This could
be taken into account in a rational design of new combination
therapies.

Whether HIV mutations that confer drug resistance to a
single drug or combinations of drugs have antagonistic,
vanishing, or synergistic epistasis in the absence of therapy
is unclear. Although this could in principle be determined
experimentally, to our knowledge no such information is
currently available. In other RNA viruses, such as FMDV and
bacteriophage MS2, no evidence has been found for either
synergistic or antagonistic epistasis.®®3% Extensive simula-
tions of our model suggest that the effect of recombination on
the frequency of proviruses carrying drug-resistance muta-
tions prior to therapy is weak irrespective of the epistasis, the
frequency of superinfection, or the fitness of the double-
resistant mutant.

Our simulations show that for any level of epistasis in-
creasing superinfection increases the frequency of double-
mutant provirus before therapy, but decreases its rate of
emergence during therapy. This is because phenotypic
mixing, that is mixing of the viral proteins produced by distinct
proviruses inside one cell, is on average detrimental to the fitter
provirus but beneficial to the less-fit provirus. Such fitness
costs have been demonstrated experimentally in the RNA
phage ©6.%"32) Further costs to superinfection arise if the
number of virions released from a superinfected cell increases
slower than linearly with the number of proviruses. This raises
the question why retroviruses have evolved diploidy and re-
combination. Provided recombination is not an inevitable
consequence of the viral replication strategy, it must confer
a selective advantage. However, since superinfection is a
necessary prerequisite for heterologous recombination, this
selective advantage must outweigh the costs of superinfection.
If recombination is indeed advantageous, we expect that
retroviruses have evolved strategies to facilitate superinfec-
tion. Here there is conflicting evidence. On the one hand, some
HIV strains induce syncytium formation resulting in giant multi-
nucleated cells which may contain more than one provirus. It
has been speculated that this strategy has evolved to enhance
recombination,® although it may also be a side effect of the
fusion of the virion with the cell membrane required for viral
entry. On the other hand, several HIV proteins have been
identified that downregulate the CD4 receptor following
infection of a target cell.®®3% |t has been suggested that HIV
downregulates its entry receptor to prevent virions from
reattaching to the CD4 receptor on its producer cell after bud-
ding,®® but CD4 downregulation could have also evolved to
reduce the chance of superinfection.

The precise selective advantage of retroviral recombina-
tion remains unclear. Our simulations show that the genetic
variation and rate of adaptation only increases for synergistic
epistasis. Retroviral recombination can be regarded as a form
of sexual reproduction and thus the evolution of retroviral
recombination is intimately connected with the evolution of
sexual reproduction. Many hypotheses have been put forward
for the evolutionary advantage of sex, but to overcome its cost
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the evolution of sexual reproduction has to fulfil stringent
conditions.®®® Either epistasis has to be synergistic but
weak, %35 or the selection has to fluctuate rapidly,® such
that favoured combinations of alleles become disfavoured
over only two to five generations.('® As no experimental evid-
ence has yet been obtained supporting either of these condi-
tions in HIV, the identification of the evolutionary advantage of
recombination in HIV remains a fundamental problem of evolu-
tionary biology with important implications for drug therapy.
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APPENDIX

Multilocus—two-allelle model of HIV

replication with mutation, super-infection,

and recombination

Inthe terminology of population genetics, the model presented
in detail below is a multilocus—two-allele model, where the
term locus refers to a site in the viral genome that confers drug
resistance and the two alleles represent drug sensitivity (wild
type) or drug resistance (mutant) at each locus. The imple-
mentation of our model allows simulation of multiple loci with
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two alleles per locus. However, the model is best explained by
considering only two loci. In the two-locus model, we have four
types of proviruses, ab, Ab, aB, and AB, where lowercase
letters denote drug-sensitive wild-type alleles and uppercase
letters denote drug-resistant mutant alleles. (The program was
written in C++ and run under Linux. A copy of the code can be
obtained freely on request from the authors.)

Step 1: Calculation of infected cell frequencies
Given four types of proviruses (ab, aB, Ab, AB), we have four
different types of single-infected cells and ten different types of
double-infected cells. If P, denotes the frequency of provirus
ab and fdenotes the fraction of double-infected cells then the
frequency of single-infected cells harbouring provirus ab is
given by

Cab:(1_f)Pab

The frequency of a double-infected cell harbouring two
copies of the ab provirus is given by

Cabab = fPab Pab

and the frequency of a double-infected cell harbouring two
different proviruses, say ab and Ab, is given by

Cavab = 2f Pap Pap

Since P,y + Pap+ Pag+ Pag= 1, the sum over all single- and
double-infected cells equals one. Analogous equations can be
derived for more than two loci.

Note that we make three simplifying assumptions in this
step. First, we neglect cells that are infected by more than two
proviruses. However, at least in solid tissues, where the virus
may be predominantly transmitted via cell-to-cell spread, the
frequency of cells infected by more than two proviruses may be
high relative to the frequency of single- and double-infected
cells.®® The rationale for this simplification is that double
infection is sufficient for the production of heterozygous virions
and thus for recombination. Allowing for infection by more
than two proviruses should therefore not result in qualitative
differences. Second, we assume that the fraction of double-
infected cells, f, is constant. More realistically fis expected to
depend on the total virus load, as the probability of super-
infection should increase with increasing virus load. However,
our model does not allow the calculation of the total virus load,
since all variables are expressed as frequencies rather
than total abundances. In order to account for the effects of
changes in the fraction of superinfected cells, we simulate our
model over a range of values of . (Note, that we use the term
superinfection in the cellular sense as opposed to super-
infection of a host from different external sources.) Finally, we
assume that the probabilities of superinfection by two strains
are independent. This corresponds to the standard assump-
tion of well-mixedness in virus dynamics models.®”~4"
However, if multiple infection occurs from the same source,

as may be the case for cell-to-cell transmission, the frequency
of “homozygous” cells will be higher and that of recombination
lower. Thus the assumption of well-mixedness is expected to
enhance the effects of recombination.

Step 2: Calculation of the virion frequencies

Next we determine the frequencies of homo- and hetero-
zygous virions that infect the next generation of cells from the
frequencies of single- and double-infected cells. Cells infected
with a single provirus or two copies of the same provirus pro-
duce only homozygous virions. Assuming random segrega-
tion, half of the virions released by cells infected with two
distinct proviruses are also homozygous carrying two identical
copies of RNA derived from the same provirus. The other half
of the released virions are heterozygous. When two distinct
proviruses are simultaneously transcribed in the same cell,
both of them produce viral proteins, which may be mixed in the
assembly of new virions. As a result, some virions may contain
proteins derived from one provirus but carry the genomic RNA
from the other. This leads to a separation of phenotype and
genotype: the fitness of a virion may no longer reflect the
genomic RNA that it carries.

This phenomenon has been termed phenotypic mixing and
hiding'®'® Assuming random assembly, all virions released
from a cell that is infected with two active proviruses will have
(on average) the same fitness irrespective of their genomic
RNA. In general, the fitness of the virions may be at some
intermediate value between that of both parental proviruses.
Here we assume that the average virion fitness is the average
of the fitness of the two parental proviruses.

The calculation of the virion frequencies is best illustrated
by an example. The frequency of abab virions that infect the
next generation of cells is given by

Vabab = [1/ V] [Wab(Cap + Capab) + 0.25((Wap + Wap)/2 Capab
+ (WaB + Wab)/2 Cagab + (Wa + Wab) /2 Cagab)]

where Wy, Wap, Wap, and wyug are the fitness values of the
corresponding proviruses and V is a normalisation factor to
ensure that the sum over all virion frequencies equals 1. The
factor 0.25 accounts for the fact that only a quarter of the
virions released from cells infected with two different pro-
viruses are homozygous for ab.

In our model, superinfection has two effects on fitness.
First, superinfection is detrimental for the fitter provirus, but
beneficial for the less fit provirus because of phenotypic mixing
in virion assembly. Second, we assume that the number of
virions released from an infected cell is independent of the
number of proviruses it carries. Thus double-infected cells
produce half as much virus per infecting virion as single-
infected cells. The biological justification of the assumption of
independence is that transcription of the provirus is likely
not the rate-limiting step in virion production, since multiple
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polymerases can transcribe a provirus simultaneously.
Furthermore, we checked that the assumption that double-
infected cells produce twice as much virus as single-infected
cells does not change our main results qualitatively. The
reason why this assumption does not result in qualitative
changes is that it increases the absolute fitness of all virus
types equally and does not increase the fitness of any
particular virus relative to that of any other virus.

Step 3: Calculation of provirus frequencies

in the next generation

After a virion has bound to the surface of a target cell, both
genomic RNA strands are released into the cell cytoplasm
and the RT begins to synthesize proviral DNA. The mutation
rate per base pair during reverse transcription is around 1 04-
10~° and is orders of magnitude higher than that of the cellular
RNA polymerases.!'”'® Therefore we neglect the mutations
that occur during transcription of the provirus and assume
that mutations occur only during reverse transcription. During

reverse transcription, the RT molecule may jump back and
forth between the two genomic RNA strands thus producing a
recombinant provirus. For a given virion particle we can cal-
culate the probability of producing a certain provirus type as a
function of the mutation rate, y, and the recombination rate, p.
Fig. 1A illustrates how the probability of producing an aB
provirus out of an abaBvirion is calculated. In this manner, one
can calculate the production of all provirus types from all
virion types. The frequency of a particular provirus in the next
generation is then given by the product of the probability of
production and the virion frequency summed over all virion
types in the current generation. In contrast to standard
models of HIV dynamics,®"~*") the above model describes
the changes in provirus frequencies assuming discrete, non-
overlapping generations. At the cost of this simplifying assu-
mption, and of not keeping track of the absolute virus levels,
our model is thus independent of the potentially unreliable
estimates on infection dynamics such as virus production
rates, virion life span or target cell turnover.
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