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ELOISA YUSTE,1 SONSOLES SÁNCHEZ-PALOMINO,1† CONCHA CASADO,1

ESTEBAN DOMINGO,2 AND CECILIO LÓPEZ-GALÍNDEZ1*
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Muller’s ratchet predicts fitness losses in small populations of asexual organisms because of the irreversible
accumulation of deleterious mutations and genetic drift. This effect should be enhanced if population bottle-
necks intervene and fixation of mutations is not compensated by recombination. To study whether Muller’s
ratchet could operate in a retrovirus, 10 biological clones were derived from a human immunodeficiency virus
type 1 (HIV-1) field isolate by MT-4 plaque assay. Each clone was subjected to 15 plaque-to-plaque passages.
Surprisingly, genetic deterioration of viral clones was very drastic, and only 4 of the 10 initial clones were able
to produce viable progeny after the serial plaque transfers. Two of the initial clones stopped forming plaques
at passage 7, two others stopped at passage 13, and only four of the remaining six clones yielded infectious
virus. Of these four, three displayed important fitness losses. Thus, despite virions carrying two copies of
genomic RNA and the system displaying frequent recombination, HIV-1 manifested a drastic fitness loss as a
result of an accentuation of Muller’s ratchet effect.

Genetic variation provides the background on which evolu-
tion acts in living organisms. RNA viruses display extreme
genetic variation (13, 15, 25, 47) which, although it is an ener-
getically inefficient process, offers clear adaptive advantages.
Variation in RNA viruses is the result of an error-prone rep-
lication machinery and of the lack of repair and proofreading
mechanisms (6, 12–14, 47). Variant genomes are continuously
arising in any replicating viral population, forming a complex
swarm of related genomes termed quasispecies (18) which are
subjected to positive and negative selective forces, as well as to
other nonselective mechanisms such as genetic drift or random
sampling events like genetic bottlenecks.

Retroviruses display unique features in their replication cy-
cles that have implications for genome variation. One is the
need for reverse retrotranscription of the genomic viral RNA,
an error-prone process (3). Another is the presence of two
copies of the genomic RNA per virus particle, in what has been
termed pseudodiploidy (27). The process of retrotranscription,
with the requirement of enzyme strand transfers, provides the
mechanistic basis for a high recombination potential. However,
an important source of genetic variation in human immuno-
deficiency virus type 1 (HIV-1) results from point mutations,
which have been identified in the emergence of mutants resis-
tant to retroviral inhibitors (30, 34, 43), or in the nonsyncytial-
to-syncytial switch, which occurs in the course of infection (20,
29) and is associated with changes in coreceptor usage (42).

RNA viruses are increasingly recognized as useful models to
test concepts and theoretical predictions of molecular evolu-
tion. Some advantages of RNA viruses as model systems in-
clude their short duplication times, small genomes, and high
rates of genetic variation and the possibility of using large

population sizes. Among the principles of population biology
which have been addressed with RNA viruses are the Red
Queen hypothesis and the competitive exclusion principle,
which were tested by using vesicular stomatitis virus (VSV) (5,
12). The first principle describes fitness gains in two variants
when they are cocultured in the same environment, although
one overgrows the other. The more general competitive exclu-
sion principle states that when two organisms coexist in the
same environment with limited resources, one will eventually
overgrow the other (reviewed in reference 12). Another pre-
diction of classical population genetics that found ample con-
firmation with RNA viruses is the operation of Muller’s ratchet
(33). In its initial formulation it recognized the tendency of
populations of asexual organisms to lose fitness due to the ac-
cumulation of deleterious mutations which could not be com-
pensated by sex or recombination (33). The Muller’s ratchet
effect was experimentally documented for the first time with
bacteriophage f6 by using an experimental design that in-
volved serial plaque-to-plaque transfers (4) and then with VSV
(17), foot-and-mouth disease virus (FMDV) (19), and bacteria
(1). The plaque transfers, which represent severe bottleneck
events, produced in all of these cases decreases in average
fitness, some of which were very intense.

HIV-1 is currently one of the most thoroughly studied hu-
man pathogens. Although many in vivo studies have been per-
formed on HIV-1 evolution (reviewed in references 7 and 44),
studies on the in vitro evolution of HIV-1 in cell culture are
scarce. HIV-1 is an attractive model to analyze the possible
operation of Muller’s ratchet for theoretical and practical rea-
sons. The HIV-1 virion contains two copies of the genome, and
the virus displays high recombination rates (9, 11, 26, 28, 40)
which, from a theoretical point of view, could potentially coun-
teract the debilitating effects of Muller’s ratchet on virus fitness
(4, 6, 17, 32, 33, 35, 36). Also, HIV-1 infection has a diverse
natural history, with different routes of infection (by sexual
transmission, by vertical transmission, or by infected blood or
blood products), and these routes of infection may often in-
volve different infecting doses (small in sexual transmission,
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larger in drug user transmission, and probably even larger in
transfusion-associated cases) resulting, in some cases, in bot-
tlenecks. In addition, infected individuals show different pat-
terns of disease progression. In this background, it is interest-
ing to study how genetic bottlenecks may affect fitness values of
HIV-1, a problem that has not been approached experimen-
tally with retroviruses.

In the present study, fitness evolution was analyzed by using
10 biological clones derived from an HIV-1 isolate. Each HIV-
1 clone was subjected to 15 serial plaque-to-plaque transfers,
taking advantage of a plaque assay in MT-4 cells (22). The
results document a high fitness heterogeneity among the initial
clones and strong fitness losses in the viruses subjected to
repeated bottleneck passages, to the point that 6 of the 10 ini-
tial clones did not survive through 15 bottleneck transfers.

MATERIALS AND METHODS

Cells, viruses, and biological cloning. The HIV-1 parental population, isolate
s61 (41), was obtained from a 4-year-old child and was isolated by standard
coculture procedures. Ten biological clones were obtained from this viral pop-
ulation by using an MT-4 plaque assay as previously described (22, 41). In this
method, the plaques produced do not result in lysis of the monolayer; rather,
there is a formation of plaques (visible by the naked eye or by microscopy) due
to the accumulation of cells that support viral replication following infection of
a single cell (22). Plaques appear 7 to 10 days after infection. Viruses from
randomly chosen, well-isolated plaques are the origin of viral populations des-
ignated A1 to K1. In subsequent plaque transfers, viral clones are designated
with the same letter followed by a number that indicates the total number of
plaque isolation passages (for example, B6 is clone B1 after five serial plaque-
to-plaque transfers). Virus from each plaque was resuspended in 300 ml of
culture medium, diluted 1:10, and used to infect MT-4 monolayers. The number
of plaques was quantified in each passage for each virus. The plaque assay on
MT-4 cells was used for titration of all viral stocks used in the study. Titers were
expressed as PFU per milliliter. When a viral population did not yield plaques on
MT-4 cells, its infectivity was also tested in cultures of MT-2 cells (22) or in
peripheral blood mononuclear cells.

HTA. DNA extraction was carried out by using the Instagene purification
matrix (Bio-Rad) according to the manufacturer’s instructions. The heteroduplex
tracking assay (HTA) (10) was carried out with a cDNA copy of a 650-bp frag-
ment corresponding to the V1-V2 region of the env gene. To amplify this DNA,
a nested PCR was carried out with primers 91ECU (59CTTAGGCATCTCCTA
TGGC39; positions 5535 to 5555 [numbering is as in reference 39]) and 92ECD
(59GGAGCAGCAGGAAGCAC39; complementary to positions 7370 to 7388)
and nested primers 99ECU (59AGAGCAGAAGACAGTGGC39; positions 5783
to 5801) and 52EV1D (59TAATGTATGGGAATTGGCTCAA39; complemen-
tary to positions 6429 to 6451). Amplifications were carried out for 35 cycles of
94°C for 1 min, 55°C for 55 s, and 72°C for 1 min, with an extension cycle of 10
min at 72°C.

In order to determine the proportion of each molecular species during com-
petition passages, amplified cDNA of clone J1 was labeled with [a-32P]dCTP
(3,000 Ci/mmol) in a PCR amplification. About 10,000 cpm of this radioactive
PCR probe was mixed with 50 to 100 ng of unlabeled second-round PCR product
from the competing virus in annealing buffer (0.1 M NaCl, 10 mM Tris HCl [pH
7.8], and 2 mM EDTA). The DNA mixtures were denatured at 94°C for 2 min
and then quickly cooled (10). Heteroduplexes were resolved in denaturing 8%
polyacrylamide–15% urea gels in TBE (88 mM Tris-borate, 89 mM boric acid,
and 2 mM EDTA). Autoradiograms were obtained by exposing gels on a Fuji
2000 instrument for 2 h. The quantification of the ratio of the J1 cDNA (homo-
duplex) to the cDNA of the competing virus (heteroduplex) was determined by
densitometry with the help of the PCBAS program.

Detection of mixed viral populations by HTA. To test the reliability of the
HTA for the detection and quantification of viral populations, cultures with
different proportions of clones A1 and J1 were grown and proviral DNA was
subjected to HTA analysis (Fig. 1A). The assay was able to detect the presence
of a homoduplex amounting to about 10% of the total DNA and of a hetero-
duplex amounting to about 30% (Fig. 1A). DNA from each of the biological
clones analyzed in this study displayed a heteroduplex (A1 to I1) with a distinct
mobility when J1 was used as a probe (Fig. 1B). Each clone showed a distinct gel
mobility reflecting its specific nucleotide sequence. For clone H1, two DNAs with
different mobilities were detected (Fig. 1B), but the origin of this heterogeneity
was not investigated. Each clone maintained its characteristic HTA pattern
during five passages in cell culture under the same conditions used for the
competition assays (Fig. 1C). Also, independent experiments with the same DNA
preparations produced identical HTA patterns (data not shown).

Fitness assay. Fitness determination was performed by growth competition
experiments as previously described (24). Briefly, the assay consists of the coin-
fection of cultures with known amounts of the virus to be tested together with a

reference clone. These cocultures are performed at different initial proportions,
and the cultures are allowed to compete for a number of infections, after which
the ratio of the two viruses is quantified by a phenotypic assay (4, 17, 19) or by
a genotypic assay, as was done in this work (Fig. 1B). The proportion of the com-
peting variant with respect to the reference strain (Rn) is divided by its propor-
tion in the initial mixture (Ro), and this value (Rn/Ro) is plotted versus the
competition passage to derive the fitness vector (24). In all cases, three compe-
tition passages were carried out by infecting MT-4 cells with mixtures of the
clonal population to be tested and J1 at initial ratios of 1:9, 1:1, and 9:1. For each
competition passage, 5 3 104 MT-4 cells were infected with 5 3 1023 PFU of the
mixture of viruses (multiplicity of infection of 0.1 PFU per cell). Virus was
recovered from the culture supernatant when a cytopathic effect was evident
(about 5 to 7 days postinfection). Fresh MT-4 cells were then infected with 50 ml
of this supernatant diluted 1:10. Similar results were obtained for competitions
carried out with the different initial ratios. Unless stated otherwise, the results
presented are those obtained with the 1:1 initial ratio. The proportion of each
clone in the competition passages was determined by using the HTA and divided
by the proportion of the two clones in the starting competition mixtures. Ratios
were used to calculate the fitness vectors as previously described (24). The slope
of the fitness vector represents the fitness value of the corresponding viral clone;
by this procedure, the fitness value of the reference clone J1 is zero.

RESULTS

Serial plaque-to-plaque transfers of biological HIV-1 clones.
To study whether Muller’s ratchet can operate in HIV-1, vi-
ruses from 10 biological clones of isolate s61, termed A1, B1,
D1, E1, F1, G1, H1, I1, J1, and K1, were obtained as described
in Materials and Methods. Each viral clone was subjected to

FIG. 1. HTA as a tool for quantification of mixed viral populations. (A)
Quantification of two viruses present in different proportions. Mixed infections
with clones J1 and A1 were carried out with decreasing (from 100 to 0%) and
increasing (from 0 to 100%) proportions of the two viruses. Proviral DNA ob-
tained from the infections was subjected to HTA with, as a labeled probe, cDNA
of the V1-V2 region of the env gene, as described in Materials and Methods. (B)
The same HTA analysis with DNAs of all initial clones, A1 to J1, using cDNA of
clone J1 as a probe. All clones formed heteroduplexes (HT), whereas J1 formed
a homoduplex (HO). The H1 population was probably a mixture of two clones.
(C) Stability of the HTA pattern of each initial clone after five passages in cell
culture. HTA patterns of amplified proviral DNAs from the first (lanes 1) and
fifth (lanes 5) passages are shown.
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repeated plaque-to-plaque transfers in MT-4 cells (Fig. 2).
Unexpectedly, 15 serial plaque-to-plaque passages could be
completed for only six clones: B1, D1, F1, I1, J1, and K1.
Plaque formation was not observed with clones A1 and G1 at
passage 8 and with clones E1 and H1 at passage 14. Repeated
plating of these viruses failed to produce visible plaques. In the
case of clone H1, very small plaques were observed at transfer
13, following 12 to 14 days of plaque development, which
represents a 7-day delay relative to normal plaque formation.
Further plating of this population did not yield any plaques.
This loss was preceded by a decreasing number of plaques in
previous transfers. There were significant differences in the
virus titers obtained among the different clones and within a
clone during the plaque transfers (data not shown). Al-
though titers varied in a rather irregular fashion, there was
a trend towards decreasing titers with increasing plaque
transfers. Visible plaques were obtained from populations
D15, F15, K15, and I15, but no infectious virus was recovered
from clones B15 and J15. These viruses were unable to grow
not only in MT-4 cells (Fig. 2) but also in other cell lines, such
as MT-2 or peripheral blood mononuclear cells (data not
shown). These results highlight the frequent loss of infectivity
of HIV-1 clones upon serial bottleneck passages.

Fitness decrease upon plaque-to-plaque transfers of HIV-1.
The determination of relative fitness values was carried out by
growth competition experiments with mixed infections of each
viral population to be tested and clone J1, which was used as a
reference (24). As an example, results of an experiment cor-
responding to the fitness determination for clone D1 are shown
in Fig. 3. The HTA patterns obtained for five serial competi-
tion passages between D1 and J1, mixed at the three initial
proportions of 1:9, 1:1, and 9:1 are shown (Fig. 3A), as is the
fitness vector derived from the competition series with the 1:1
initial proportion (Fig. 3B). The fitness vectors and fitness
values for all of the starting populations A1 to K1 are displayed

in Fig. 4A and B, respectively. The fitness values ranged from
0.38 (clone A1) to 58 (clone I1) relative to that for J1.

Fitness values were obtained for each of the clonal popula-
tions that yielded infectious virus after the 15 serial plaque
transfers: populations D15, F15, I15, and K15 (Fig. 5). Fitness
losses were observed in all cases except for clone F1, which
experienced a 27% fitness gain at transfer 15 (Table 1). Clone
I1 displayed a 99% fitness loss, suggesting that this clone may
also be evolving towards extinction. Therefore, serial plaque-
to-plaque transfers of HIV-1 clones led either to loss of virus
infectivity or to strong fitness decreases in 9 of 10 clones tested.

DISCUSSION

Severe Muller’s ratchet effect in HIV-1. The results reported
here with HIV-1 extend previous observations of the deleteri-
ous effects of repeated population bottlenecks on the fitness of
bacteriophage f6 (4), VSV (17), and FMDV (19) to a retro-
virus. Despite important biological differences among the four
viral systems, in all cases decreases in average fitness have been
observed, providing clear support for the accentuation of Mul-
ler’s ratchet effect when viral populations are subjected to
repeated bottleneck passages (1, 4, 6, 12, 17, 32, 33). Despite
the fact that HIV-1 has two genomic RNA molecules in each
particle and shows high rates of molecular recombination (9,
11, 28, 40), only 4 of 10 clones maintained plaque-forming
potential over 15 plaque transfers. The fitness loss for HIV-1

FIG. 2. Schematic representation of the derivation of HIV-1 clones and of
serial plaque-to-plaque transfers. Procedures for isolation of virus from individ-
ual plaques of the HIV-1 isolate s61 on MT-4 cells are detailed in Materials and
Methods. Viruses from randomly chosen individual plaques were diluted and
plated again (circles and arrows). Filled boxes indicate the viral populations from
which infectious virus could not be rescued upon subsequent plating or infection
in liquid medium in different cell lines (as described in Materials and Methods).
The 15 intended serial plaque transfers could be completed only for clones B1,
D1, F1, I1, J1, and K1, although infectious virus could be rescued only from
populations D15, F15, I15, and K15.

FIG. 3. Fitness vector determination for HIV-1 clone D1. The fitness value
was obtained from competition passages between clones D1 and J1 as described
in Materials and Methods. A total of five competition passages were carried out
with, as starting viruses, mixtures of D1 and J1 at ratios of 1:9, 1:1, and 9:1. (A)
Result of the HTA assay. HT (heteroduplex) represents the proportion of D1
virus; HO (homoduplex) represents the proportion of J1. (B) From the 1:1 initial
mixture, the proportions of D1 and J1 DNAs (measured and quantified by
densitometry of the autoradiogram) (Rn) were obtained for the five competition
passages. This proportion was compared to the ratio of the two viruses in the
initial mixtures (Ro). The value in each passage (solid squares) was used to
derive the fitness vector for D1 (24). Details of all procedures involved are given
in Materials and Methods.
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was more severe than the reductions observed with other RNA
viruses when a similar experimental design was used (Table 2).

To determine the relative fitness in HIV-1 populations, we
have applied a genetic method (HTA) instead of a phenotypic
assay as previously used for other RNA viruses (19, 24). This
genetic technique offers the advantage that it can be used with
any virus in which genetic differences from a reference virus
are detectable. However, the use of a genetic method does not
impose any selective pressure against variants, present or
emerging in the quasispecies, during competition experiments
as is the case with phenotypic selection (4, 17, 19). In the
present study, new variants were detected in the course of
some of the competition passages, like the one found in the
fifth passage of the competition culture between K1 and J1
carried out at a proportion of 1:9 (arrow in Fig. 5A). Addi-
tional variant genomes were also seen in the competitions
between B1 and J1 and between A1 and J1 carried out at a
ratio of 1:9 between the two competing viruses. However, a
repetition of these two competition experiments with the same
starting inocula did not produce variant heteroduplexes (re-
sults not shown). These observations suggest that such variants
arose as a result of stochastic genetic variation events in the
course of each competition. Viral populations showing these
variant genomes were excluded from the calculation of fitness
values. It could be argued that recombinants that could arise in
the course of the serial competitive infections involved in the
fitness assays could modify our measurements of relative fit-
ness values. This is highly unlikely, because it implies that a
recombinant between the reference J1 clone (with the lowest
fitness among the clones studied) and the clone to be tested
(harboring deleterious mutations) would be more fit than the
parental J1 clone itself. Moreover, values obtained for homol-

ogous recombination with viral vectors and reporter genes in
retroviruses are from 2 3 1025 to 2 3 1024 recombinations/
nucleotide/cycle (26, 45, 51). These rates indicate that viable
recombinant viruses are very unlikely to rise in the micro-
method applied in the competition experiments because of the
small viral inoculum (5 3 103 PFU), the low number of repli-
cation cycles (around seven cycles in each passage), and the
small population size produced at the end of each passage (for
example, around 3.5 3 104 PFU in first passage and 2.4 3 104

PFU in the second passage).
There are several mechanisms that either alone or in combi-

nation could contribute to greater fitness losses induced by
serial genetic bottlenecks in HIV-1 than in other RNA viruses
previously examined (4, 6, 17, 19, 35, 36) (Table 2). One pos-
sible mechanism stems from the plating system of HIV-1 on
MT-4 cells, which does not result in the formation of lytic
plaques. Rather, despite some cell killing, sites of virus pro-
duction appear as localized clusters of virus-producing cells
(22). Also, titers obtained from HIV-1 plaques are low, with
values around 103 to 104 total PFU per plaque, compared with
titers in the range of 109 to 1010 PFU per plaque for VSV or f6
and around 105 PFU per plaque for FMDV. Therefore, the
number of replication rounds and the possibility of competi-
tion among components of HIV-1 quasispecies during plaque
development could be more restricted for HIV-1 than for
other viruses. The lower chance of local quasispecies optimi-
zation within each plaque would result in cumulative lower
fitness values after repeated plaque-to-plaque passages. An-
other possibility is that the mutational input in the case of
HIV-1 may be larger than that for nonretroviral riboviruses.
Such a difference does not seem to be supported by compar-
ative analyses of mutation rates and frequencies (14, 16, 31, 37,

FIG. 4. Fitness vectors and corresponding fitness values of the initial clones. (A) Fitness vectors of all of the initial clones, determined as indicated in Materials and
Methods and in the legend to Fig. 3. In all lineages, the 1:1 competition cultures were used in the calculation of the vectors, except for clones I1 and H1. In these viruses
the vectors were drawn with 1:9 competition cultures because of the very high fitness value of clone I1, which completely suppressed the J1 population, and because
of the presence of two populations in clone H1 (Fig. 1B). Vectors were drawn with data from at least three competing passages. (B) Slopes of fitness vectors (fitness
values) for the initial HIV-1 clones. Clone J1 was used as a reference, and consequently its slope is zero.
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47). However, a number of environmental modifications (in-
cluding biases in nucleotide substrate concentrations) can af-
fect the retroviral mutation rates (2, 46), and it cannot be
excluded that such an effect could operate during HIV-1 mul-

tiplication in MT-4 cells. Yet another explanation could lie in
the origin of the clones used in this study: they were obtained
from a natural HIV-1 isolate which was passaged only once in
MT-4 cells before biological cloning and thus had limited ad-

FIG. 5. Fitness alterations produced in the viral populations after 15 serial plaque-to-plaque transfers. (A) HTA patterns obtained from the competitions at the 1:9,
1:1, and 9:1 proportions with cDNAs from the initial clone K1 and the final clone K15, using J1 cDNA as a probe. The arrow points to a new variant genome with a
different HTA mobility arising at passage 5 of the competition series carried out at a 1:9 ratio of K1 and J1 in competition culture. (B) Comparison of the vectors in
lineages for D1 to D15, F1 to F15, I1 to I15, and K1 to K15. The continuous lines represent initial fitness vectors, and the dashed lines represent final fitness vectors.
For I1 to I15, a different scale has been used due to the wider range of values plotted. All of the vectors corresponding to final populations (transfers 15) are below
the corresponding values for the initial clones, except for clone F1 (see text). Procedures are described in Materials and Methods, and fitness values are summarized
in Table 1.
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aptation to the cell culture system. This possibility seems un-
likely, since no difference in Muller’s ratchet effect was de-
tected when FMDV populations with different degrees of
adaptation to the BHK-21 cell line, on which this effect was
tested, were compared (19).

A rapid debilitating effect as a result of a limited number of
bottleneck events could have implications for the evolution of
the pathogenic potential of HIV-1 in vivo. Although the num-
ber of infectious particles that are transmitted and initiate viral
multiplication is not known, it cannot be excluded that one or
a limited number of HIV-1 particles may initiate an infection
(48, 52). In this case, fitness differences between clones due to
deleterious mutations may influence the outcome of the infec-
tious process. Also, the implementation of hard triple- or mul-
tidrug therapy produces drastic and sustained reductions in the
sizes of viral populations, which may contribute to fitness losses
of the surviving HIV-1 (21, 23).

Fitness variations among components of the mutant spec-
tra. Viral quasispecies are important reservoirs of genetically
and phenotypically relevant variants (reviewed in references 15
and 25). Examples are the preexistence in many natural qua-
sispecies of HIV-1 mutants resistant to antiretrovial inhibitors
(30, 34, 43) and the presence of phenotypic variants within viral
populations (12–15). In the present analysis, biological clones
derived from a field HIV-1 isolate displayed large fitness dif-
ferences (Fig. 4 and Table 1) with regard to replication in
MT-4 cells. The observed clonal variations in relative fitness
values (Fig. 4 and Table 1) range from no difference between
clones B1 and K1 to 1.04-fold between clones D1 and B1 to
153-fold between clones A1 and I1. However, even small fit-

ness differences can become quantitatively important with re-
gard to the dominance of viral subpopulations, given the large
number of replication rounds during the natural infection with
HIV-1 (8). Obviously, fitness values determined in MT-4 cells
may not parallel fitness in lymphocytes or other natural host
cells of HIV-1. It seems unlikely, however, that fitness hetero-
geneity is restricted to MT-4 cells.

The urgent need for the development of an effective anti-
AIDS vaccine is reinforced by the explosive expansion of the
AIDS epidemic in developing countries (38). Although other
approaches are also possible, current concepts of RNA virus
population heterogeneity and dynamics suggest that an im-
mune response against a large number of B-cell and T-cell
epitopes can be achieved with attenuated virus (50). The dy-
namics of viral quasispecies suggest that a broad, multivalent
immune response may diminish the chances of selecting escape
mutants (14). Obviously, safety concerns must always be con-
sidered in the development of live retrovirus vaccines, and
even more so since the detection of in vivo recombination of
attenuated simian immunodeficiency virus strains in rhesus
monkeys (49). Experiments to investigate the nature of the
genetic lesions that mediate the severe fitness losses observed
in HIV-1 are now in progress. Knowledge of such genetic al-
terations may help in the design of highly debilitated strains of
HIV-1.
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