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Malaria infections frequently consist of mixtures of drug-resistant
and drug-sensitive parasites. If crowding occurs, where clonal
population densities are suppressed by the presence of coinfecting
clones, removal of susceptible clones by drug treatment could
allow resistant clones to expand into the newly vacated niche
space within a host. Theoretical models show that, if such com-
petitive release occurs, it can be a potent contributor to the
strength of selection, greatly accelerating the rate at which resis-
tance spreads in a population. A variety of correlational field data
suggest that competitive release could occur in human malaria
populations, but direct evidence cannot be ethically obtained from
human infections. Here we show competitive release after py-
rimethamine curative chemotherapy of acute infections of the
rodent malaria Plasmodium chabaudi in laboratory mice. The ex-
pansion of resistant parasite numbers after treatment resulted in
enhanced transmission-stage densities. After the elimination or
near-elimination of sensitive parasites, the number of resistant
parasites increased beyond that achieved when a competitor had
never been present. Thus, a substantial competitive release oc-
curred, markedly elevating the fitness advantages of drug resis-
tance above those arising from survival alone. This finding may
explain the rapid spread of drug resistance and the subsequently
brief useful lifespans of some antimalarial drugs. In a second
experiment, where subcurative chemotherapy was administered,
the resistant clone was only partly released from competitive
suppression and experienced a restriction in the size of its expan-
sion after treatment. This finding raises the prospect of harnessing
in-host ecology to slow the spread of drug resistance.
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Resistance to antimicrobial drugs is usually detected in pathogen
populations within a few years of drug deployment. The
subsequent evolution is one of the leading causes of failure to
control infectious diseases in humans (1, 2). A key determinant of
the time taken for a resistant mutant to spread sufficiently to
undermine the clinical usefulness of a drug is the strength of
selection for resistance. Even small differences in the relative fitness
of wild-type and drug-resistant pathogens can alter the useful
therapeutic lifespan of a drug by decades (3). The strength of
selection is determined by a number of factors. Best known are
those factors affecting parasite exposure to drugs, such as the
frequency of drug use (4-9). In most mathematical models of this
process, drug use reduces the fitness of drug-sensitive parasites
while having no impact on resistant clones. However, the biology of
malaria has led several theoreticians to propose that, where sensi-
tive and resistant parasites coinfect the same host individuals, drug
use would further increase the relative fitness of drug-resistant
clones by removing drug-sensitive competitors (4, 9-13). Similar
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proposals have been made in the context of antiviral and antibac-
terial drugs (14-16).

The argument goes as follows. Imagine a person is infected with
two clones of malaria parasites, one of which is resistant. If the
drug-sensitive clone is removed by chemotherapy, the relative
fitness of the resistant clone in the population will increase simply
because it survives, whereas the other does not. But if the resistant
clone experiences competitive release, whereby it is able to expand
to fill the niche space from which it was previously excluded, the
increase in relative fitness would be doubled if the clones were
equally sharing the niche space and more than doubled if the
resistant clone was in the minority. The effect gets even stronger as
the number of sensitive clones in an infection increases.

If competitive release translates into increased transmission, it
could have extremely large effects on the useful therapeutic lifespan
of a drug. Where mixed infections are common, the magnitude of
these effects could, in theory, be comparable to or even greater than
that arising from the survival advantage of resistance alone (4).
Theory also shows that if competitive release occurs, it would be a
major determinant of whether drug resistance will spread to
fixation or stabilize at intermediate frequencies (12), and of how
resistance evolution will proceed when transmission is reduced by
malaria-control programs (17).

A key question, then, is whether competitive release occurs. For
malaria, there is direct evidence of the cocirculation of multiple
Plasmodium clones in both acute and persistent human infections,
including the coexistence of resistant and sensitive clones (18-23).
A body of correlational epidemiological evidence is consistent with
crowding effects in human malaria infections (24-28), and some
patterns of drug resistance in Africa are more readily explained by
invoking competitive release (11, 29). However, unambiguous
experimental evidence of competitive release cannot be ethically
obtained from human infections. Antimalarials are normally used
to relieve suffering, and direct tests for competitive release require
that clone performance in treated infections be compared with that
in untreated infections.

We have therefore tested for competitive release after chemo-
therapy by using the rodent malaria model P. chabaudi in laboratory
mice. Here strong crowding effects occur, whereby parasite and
transmission stage densities of individual clones can be severely
suppressed by the presence of coinfecting clones (30-36). This
competitive suppression substantially reduces the transmission of
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Fig. 1. Parasite densities through time in experiment 1. Asexual density from qPCR (black lines) and gametocyte density from qRT-PCR (gray lines) are given
for the resistant (a and b) and sensitive clone (c and d) in single (solid lines) and mixed (dotted lines) clone infections. Drug treatment (b and d) or sham injection
(a and ¢) was administered on days 7-10 inclusively (marked by hashed vertical lines). Posttreatment sampling began on day 12. Minimum y axis value represents
the lowest reliable detection threshold of qPCR. Mean densities (= 1 SEM) were calculated from all mice that were alive on the respective sampling day, a
maximum of 20 per group at the start of the experiment. Malaria-induced deaths progressively reduced sample sizes, particularly in the untreated groups, and
one to three mice were removed per group on days 6, 7, 13, and 14 for other experiments. Numbers of surviving mice during the key posttreatment phase are

shown in Fig. 2.

individual clones to mosquitoes (34). Administering chemotherapy
immediately after the inoculation of infections of sensitive and
resistant clones allows resistant clones to exploit the host in a way
they cannot when competitors are present (37). Thus, there is
competitive release with experimental protocols that mimic pro-
phylactic chemotherapy.

But the critical issue is whether drug treatment administered
during acute infections results in competitive release. Typically,
malaria parasites are exposed to antimalarial chemotherapy not at
the start of infections, but during treatment of clinical symptoms,
which only appear after parasite densities have reached high levels.
By the time the parasite becomes established and treatment occurs,
the immune system may have become sufficiently primed to control
any competitive release of the resistant clone (38). Here we report
experiments testing for competitive release during the acute phase
of infections. We found that competitive release did occur. Indeed,
after curative or near-curative chemotherapy, this release was so
great that the resistant clone did better than it did when a
competitor had never been present. Moreover, drug regimes that
only partially cleared the sensitive clone maintained a degree of
competitive suppression, raising the prospect that in-host ecology
could be harnessed to slow the spread of drug resistance.

Results

Curative Chemotherapy (Experiment 1). As found previously (33-37),
the resistant clone was competitively suppressed by the sensitive
clone in the absence of drug pressure so that, over the first 2 weeks
of infection, it achieved densities of about half (60.4 == 16.9%) that
achieved when alone (total asexuals days 3-14, F; g = 10.7, P = 0.01;
total gametocytes days 3—14, F'; g = 8.4, P = 0.02) (Figs. 1 a and b
and 2). Four days of pyrimethamine treatment, which was initiated
when mice began to lose weight and became anemic, cleared the
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sensitive clone from all infections (Fig. 1 ¢ and d). Host mortality
also was reduced by chemotherapy in single infections of the
sensitive clone (50% untreated, 5% treated; x> = 15.5, P = 0.002,
df = 3). As expected, the density of the resistant clone was
unaffected by drug treatment in single infections (total asexuals
days 12-14, Fy 190 = 0.5, P = 0.5) (Figs. 1 a and b and 2).

When the drug-sensitive competitor was removed by chemother-
apy from the mixed infections, the resistant clone went on to
produce at least twice as many asexual parasites and gametocytes
as it produced when the competitor was present or than it did in
treated infections when alone (competition—drug treatment inter-
action: total asexuals days 12-14, Fy;5 = 5.9, P = 0.03; total
gametocytes days 13-14, F; 15 = 6.0, P = 0.03) (Figs. 1 and 2). Thus,
in the mixed infections, competitive release occurred after the
elimination of the sensitive clone by chemotherapy. The resistant
clone was able to capitalize on the removal of the competitor to such
an extent that it produced significantly more gametocytes after
treatment than it was able to do from infections in which a
competitor had never been present (total gametocytes days 13—14,
Fy7 =854, P=0.02) (Figs. 1b and 2b). We note that chemotherapy
had no effect on anemia or mortality of mice harboring single
infections of the resistant clone or mixed infections of the resistant
and sensitive clones (P > 0.25).

Subcurative Chemotherapy (Experiment 2). As in experiment 1, the
resistant clone was competitively suppressed by the sensitive clone
in untreated infections, producing about half (58.7 = 9.8%) the
number of asexual parasites as it did when the sensitive clone was
absent (Figs. 3 and 4). One and 2 days of drug treatment were
subcurative: The asexual and gametocyte densities of the sensitive
clone were reduced, but the clone was not eliminated (treatment
main effect: total asexuals days 12-21, F> 24 = 31, P < 0.001; total
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